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The nonreceptor Abl tyrosine kinase stimulates F-actin microspikes and membrane ruffles in response to adhesion and
growth factor signals. We show here that induced dimerization of Abl-FKBP, but not the kinase-defective AblKD-FKBP,
inhibits cell spreading on fibronectin. Conversely, knockdown of cellular Abl by shRNA stimulates cell spreading. The
Abl kinase inhibitor, imatinib, also stimulates cell spreading and its effect is overridden by the imatinib-resistant
AblT315I. Expression of Abl but not AbkKD in Abl/Arg-deficient cells again inhibits spreading. Furthermore, Abl inhibits
spreading of cells that express the activated Rac, RacV12, correlating with RacV12 localization to dorsal membrane
protrusions. Ectopic expression of CrkII, a Rac activator that is inactivated by Abl-mediated tyrosine phosphorylation,
antagonizes Abl-mediated dorsal membrane localization of RacV12. Ectopic expression of a dynamin-2 mutant, previously
shown to induce Rac-GTP localization to the dorsal membrane, abolishes the stimulatory effect of imatinib on cell
spreading. These results suggest that Abl tyrosine kinase, through CrkII phosphorylation and in collaboration with
dynamin-2 can regulate the partitioning of Rac-GTP to favor dorsal ruffles during cell spreading. The Abl-dependent
dorsal membrane localization of activated Rac explains its positive role in ruffling and negative role in cell spreading and
migration.

INTRODUCTION

The Abl gene is present in the genomes of multicellular
eukaryotes from Caenorhabditis elegans to human and en-
codes a nonreceptor tyrosine kinase with a conserved actin-
binding domain (McWhirter and Wang, 1993; Van Etten et
al., 1994; Woodring et al., 2003; Hantschel et al., 2005;
Wiesner et al., 2005). The mammalian Abl tyrosine kinase is
constitutively expressed and essential to the proper devel-
opment as the knockout of mouse Abl gene causes neonatal
lethality (Schwartzberg et al., 1991; Tybulewicz et al., 1991).
An Abl-related gene (Arg) is also present in the mammalian
genome; although the knockout of Arg did not cause devel-
opmental defects, the combined ablation of Abl and Arg
leads to early embryonic lethality (Koleske et al., 1998). The
Abl tyrosine kinase undergoes nucleocytoplasmic shuttling
and plays an important role in the regulation of cell growth
and cell death (Wang, 2000; Zhu and Wang, 2004). The
conserved interaction between Abl and actin suggests the
regulation of actin dynamics to be a key function of this
tyrosine kinase (Woodring et al., 2003). Indeed, the Abl
tyrosine kinase is found to stimulate dorsal ruffles in re-
sponse to growth factors such as platelet-derived growth
factor (PDGF) and epidermal growth factor (EGF; Plattner et

al., 1999; Sini et al., 2004). Abl kinase is also activated by cell
adhesion to stimulate the formation of F-actin microspikes
(Lewis et al., 1996; Woodring et al., 2002).

Dorsal ruffles and microspikes are formed as a result of
regulated actin polymerization at the plasma membrane.
The ability of Abl kinase to promote actin polymerization is
suggested by the findings that Abl phosphorylates compo-
nents of the WAVE complex, including Abi-1/2 and WAVE2
(Dai and Pendergast, 1995; Fan and Goff, 2000; Leng et al.,
2005; Stuart et al., 2006). The WAVE complex is composed of
WAVE1/2, Abi1/2, NAP1, SRA, and HSPC300 subunits
(Eden et al., 2002; Innocenti et al., 2004). The WAVE complex
can be activated by Rac-GTP binding the SRA, or NCK
binding the NAP1 subunit (Cory and Ridley, 2002; Eden et
al., 2002; Steffen et al., 2004). Activated WAVE complex
stimulates Arp2/3 to nucleate actin polymerization (Takenawa
and Miki, 2001; Stradal et al., 2004; Soderling and Scott,
2006). Abl-mediated tyrosine phosphorylation of WAVE2 is
associated with an enhanced stimulation of the Arp2/3 com-
plex and increased membrane ruffles (Leng et al., 2005; Stu-
art et al., 2006). Activated Abl tyrosine kinase also phosphor-
ylates the Dok-1 adaptor protein to recruit Nck-family of
adaptors, leading to Rac-GTP-independent formation of F-
actin microspikes (Woodring et al., 2002; Woodring et al.,
2004). These results establish Abl as a positive effector in
transducing growth factor and cell adhesion signals to the
stimulation of actin polymerization.

Paradoxically, Abl tyrosine kinase inhibits cell migration,
a process that is also dependent on actin polymerization
(Suetsugu and Takenawa, 2003). Inhibition of Abl tyrosine
kinase stimulates the migratory response of carcinoma cells
to hepatocyte growth factor (Frasca et al., 2001). Ectopic
expression of Abl tyrosine kinase in Cos1 or Abl/Arg double
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knockout cells inhibits cell migration (Kain and Klemke,
2001). During migration, cells form lamellipodia at the lead-
ing edge (Small et al., 2002). This process of lamellipodia
extension also promotes cell spreading on extracellular ma-
trix (ECM) proteins such as fibronectin (Price et al., 1998).
The small GTPase Rac is essential for lamellipodia formation
in migratory and spreading cells (Ridley et al., 1999, 2003).
Ectopic expression of a dominant negative Rac mutant,
RacN17, inhibits lamellipodia extension and cell spreading
(Clark et al., 1998; Price et al., 1998). Fibroblasts derived from
Rac1 knockout mouse embryos spread slower than the Rac1
wild-type (wt) cells due to the deficiency in lamellipodia
formation (Vidali et al., 2006).

Abl has been reported to exert positive and negative ef-
fects on Rac. The oncogenic v-Abl tyrosine kinase stimulates
Rac and Rac-dependent pinocytosis to promote cell prolif-
eration (Renshaw et al., 1996). The cellular Abl tyrosine
kinase is activated by growth factors such as PDGF and EGF
to increase the levels of Rac-GTP and stimulate membrane
ruffling (Sini et al., 2004). On the other hand, Abl-dependent
tyrosine phosphorylation of Crk has also been shown to
disrupt the Crk-Cas complex, correlating with a reduction of
Rac-GTP level and the inhibition of cell migration (Kain and
Klemke, 2001).

Previous studies have established that Abl kinase is acti-
vated upon cell adhesion to ECM proteins such as fibronec-
tin (Lewis et al., 1996; Lewis and Schwartz, 1998; Woodring
et al., 2001; Woodring et al., 2002; Woodring et al., 2005). Abl
activity peaks between 15 and 25 min after plating cells onto
fibronectin-coated surface and returns to a basal level that is
higher in attached than detached cells (Lewis et al., 1996;
Lewis and Schwartz, 1998; Woodring et al., 2001, 2002, 2005).
We show here that Abl tyrosine kinase exerts a negative role
in cell spreading, consistent with its inhibitory effect on cell
migration (Frasca et al., 2001; Kain and Klemke, 2001). Fur-
thermore, we show that Abl kinase inhibits the spreading of
cells that express the constitutively active RacV12 protein.
The Abl kinase caused preferential localization of RacV12 to
dorsal membrane protrusions. Ectopic expression of CrkII,
antagonizes Abl-mediated dorsal membrane localization of
RacV12 and reduced Abl-mediated inhibition of cell spread-
ing. Ectopic expression of a dynamin mutant, previously
shown to induce Rac-GTP localization to the dorsal mem-
brane, abolishes the stimulatory effect of imatinib on cell
spreading. Our findings suggest that Abl kinase-dependent
dorsal membrane sequestration of Rac-GTP may reduce the
pool of Rac-GTP for lamellipodia formation at the leading
edge and thus account for Abl-dependent inhibition of cell
spreading and migration.

MATERIALS AND METHODS

DNA Constructs, Transfection, and Retroviral Infection
Abl-FKBP and the AblKD-FKBP coding sequence was released from pC4M-
Fv2E vector (Vella et al., 2003) by XbaI and BamHI digestion and blunt-end
ligated into PMSCVhyg (Clontech, Palo Alto, CA) at the XhoI site. The wt-Abl
(murine type IV), AblT315I, and AblKD were ligated into PMSCVhyg at the
SalI site. The Phoenix retroviral expression system (Orbigen, San Diego, CA)
was used to produce recombinant retrovirus. Hemagglutinin (HA)-RacV12
and green fluorescent protein (GFP)-Rac (gifts of Mark H. Ginsberg, UCSD,
La Jolla, CA), GFP-RacV12 (a gift of Martin A. Schwartz, University of Vir-
ginia, Charlottesville, VA), myc-CrkII and myc-CrkI-Y221F (gifts of Kritiina
Vuori, The Burnham Institute, La Jolla, CA), and HA-dynamin-2 and HA-
dynamin-2-K44A (gifts of Sandra L. Schmid, The Scripps Research Institute,
La Jolla, CA) were transfected using Lipofectamine 2000 (Invitrogen, Carls-
bad, CA). Stable polyclonal 3T3/Abl-FKBP, 3T3/AblKD-FKBP, 3T3/FKBP,
Abl/Arg DKO/vector, Abl/Arg DKO/Abl, and Abl/Arg DKO/AblKD were
selected by hygromycin resistance after infection with the pMSCVhyg retro-
viruses.

Short Hairpin RNA Knockdown
Targeting sequences against LacZ and Abl were AACAGTTGCGCAGCCT-
GAATG and AACCTGTACACTTTCTGTGTG, respectively. Pairs of comple-
mentary oligonucleotides were annealed and ligated into HindIII/BglII-di-
gested pRS short hairpin RNA (shRNA) expression retrovirus vector
(Brummelkamp et al., 2002). The phoenix retroviral expression system (Orbi-
gen) was used to produce shRNA expression virus. Stable polyclonal LacZ
and Abl knockdown cell lines were selected by puromycin resistance.

Cell Culture and Reagents
NIH3T3 fibroblasts and Abl/Arg double 6 knockout fibroblasts were cultured
in DMEM, supplemented with 10% fetal bovine serum (Hyclone, Logan, UT)
and antibiotics. Dimerizer, AP20187 (ARIAD, Cambridge, MA) was used at 50
nM. Imatinib was used at 5 �M. Coverslides were coated with fibronectin at
10 �g/ml at 4°C overnight.

Cell Spreading Assays and Immunofluorescence
Cells of �80% confluence were trypsinized, resuspended in serum-free
DMEM containing 0.5 mg/ml soybean trypsin inhibitor, and washed twice
with serum-free DMEM/0.1% BSA. Cells were held in suspension in DMEM/
0.1% bovine serum albumin (BSA) for 45–75 min at room temperature and
then plated on fibronectin-coated coverslides and allowed to spread at 37°C.
At various time points, cells were fixed in 4% paraformaldehyde, permeabil-
ized in 0.3% Triton X-100/phosphate-uffered saline (PBS), blocked in 10%
goat serum/PBS, and then stained with monoclonal anti-Abl 8E9 (BD Bio-
sciences, San Jose, CA) followed by Alexa 568–conjugated secondary anti-
body and/or Alexa 546– or 488–conjugated phalloidin (Molecular Probes,
Eugene, OR). Fluorescent images were captured with a CCD camera. The
surface areas of cells were measured with Image-Pro Software (Media Cyber-
netics, Carlsbad, CA). At least 100 cells were analyzed per sample. Results
were from three independent experiments.

Adhesion Assay
Plates (96-well) were coated with fibronectin at concentrations of 0.1 to 20
�g/ml. Suspension cells were prepared as in the spreading experiments,
seeded at 1 � 104 cells per well, and allowed to adhere for 5–120 min at 37°C.
Wells were washed twice with serum-free DMEM/0.1% BSA, and adherent
cells were fixed with 5% glutaraldehyde and then stained with crystal violet
(0.1%). After extensive washing to remove the free dye, the cell-bound crystal
violet was extracted with 0.5% Triton X-100, and absorbance was measured at
595 nm.

Rac-GTP and Rho GTP Pulldown Assay
Suspension cells were prepared as in spreading experiments and were al-
lowed to spread on fibronectin-coated six-well plates for the indicated time.
Cells were lysed on plates in the presence of glutathione S-transferase (GST)-
PBD (Pak Rac-binding domain). Rac-GTP was pulled down with bacteria-
purified GST-PBD as described (Azim et al., 2000). Rho-GTP was pulled down
with bacteria-purified GST-RBD (Rhotekin Rho binding domain; Hall and
Nobes, 2000). X-ray films of the immunoblotting experiments were scanned,
and digital signals were quantitated with Chemilmager 4400 software (Alpha
Innotech, San Leandro, CA).

Immunoprecipitation, Immunoblotting, and Antibodies
Cells were lysed in RIPA buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 1% Triton
X-100, 0.5% deoxycholate, 0.1% SDS, protease inhibitor cocktail [Roche, Indi-
anapolis, IN], 1 mM phenylmethylsulfonyl fluoride, 1 mM EDTA, 10 mM
sodium vanadate, and 10 mM �-glycerol-phosphate). Whole cell lysate (50
�g) was fractionated on SDS-PAGE, transferred to nitrocellulose membrane,
and blotted with primary antibodies, followed by horseradish peroxidase–
conjugated secondary antibodies, and visualized by chemiluminescence. For
immunoprecipitation, 1 mg of cell lysate was used. Antibodies used were as
follows: anti-Abl, 8E9 (BD Biosciences, San Jose, CA), anti-phosphotyrosine,
4G10 (Upstate Biotechnology, Lake Placid, NY), anti-tubulin (Santa Cruz Bio-
technology, Santa Cruz, CA), anti-HA (Covance, Madison, WI), anti-GFP (Clon-
tech), anti-Rac1 (Stratagene, La Jolla, CA), anti-RhoA (Santa Cruz Biotechnology),
anti-dok-1 (Santa Cruz Biotechnology), and anti-actin (Sigma, St. Louis, MO).

Microscopy
Fluorescent images were obtained with a fluorescence microscopy (Zeiss,
Thornwood, NY) or a delta vision deconvolution microscope system (Nikon
TE-200 microscope, Melville, NY). SEM images were obtained with a Hitachi
S-2700 scanning electron microscope (Hitachi High-Technologies, San Jose, CA).

Quantitation of Dorsal Localization of RacV12 and
F-actin
The localization of GFP-RacV12, GFP-Rac, and GFP was examined in fully
spread cells by deconvolution microscopy. Dorsal membrane protrusions are
mostly absent from fully spread 3T3/vector cells. With 3T3/Abl cells that
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overexpressed Abl, prominent dorsal membrane protrusions with GFP-sig-
nals were observed in fully spread cells. Therefore, we made a binary dis-
tinction between cells with GFP signals in dorsal membrane protrusions (of
various degrees) and cells without GFP signals in dorsal membrane protru-
sions. A similar binary distinction was applied to the quantitation of dorsal
F-actin ruffles. The percentage of cells with or without dorsal F-actin ruffles
was determined by examining at least 50 cells for each sample from three
independent experiments. For experiments in Figure 7E, 3T3 cells plated in
the presence or absence of imatinib were allowed to spread for 20 or 40 min,
fixed, and stained with Alexa-546–conjugated phalloidin. Individual cells
were analyzed for size and dorsal F-actin protrusions. Cells were grouped
into 11 categories based on size, and in each category, at least 50 cells were
counted to determine the percentage of cells with dorsal F-actin ruffles.

RESULTS

Dimerization of Abl-FKBP Inhibits Cell Spreading on
Fibronectin
We generated an Abl-FKBP, as well as an Abl kinase defec-
tive-FKBP (AblKD-FKBP) fusion protein and adopted the
strategy of activating Abl kinase activity with a chemical
inducer of dimerization (Smith and Van Etten, 2001; Vella et
al., 2003). Previous studies have shown that in the presence
of a bivalent FKBP ligand, FKBP-Abl or Abl-FKBP under-
goes dimerization leading to its autophosphorylation and
kinase activation (Smith and Van Etten, 2001; Vella et al.,
2003). The Abl-FKBP and AblKD-FKBP used in this study
was constructed by fusing two copies of FKBPv, a variant of
FKBP that specifically interacts with a synthetic ligand,
AP20187 (Clackson et al., 1998), and the HA epitope to the
C-terminus of Abl (murine type IV; Figure 1A). The Abl-
FKBP or AblKD-FKBP fusion cassette was then introduced
into an MSCV-based retroviral vector for the production of

recombinant retroviruses, which were used to infect
mouse 3T3 fibroblasts and to establish polyclonal cell lines
stably expressing Abl-FKBP, AblKD-FKBP, or FKBP (3T3/
Abl-FKBP, 3T3/AblKD-FKBP, and 3T3/FKBP). The level
of Abl-FKBP and AblKD-FKBP in 3T3/Abl-FKBP and
3T3/AblKD-FKBP cells was comparable to that of endog-
enous Abl (Figure 1B). The Abl-FKBP protein contained
basal tyrosine phosphorylation in the absence of AP20187
(Figure 1B). After the addition of dimerizer, we observed
a further approximate twofold increase in Abl-FKBP tyrosine
phosphorylation (Figure 1B), confirming that inducing Abl-
FKBP dimerization elevated its kinase activity (Smith and Van
Etten, 2001; Vella et al., 2003). As a control, the AblKD-FKBP
protein did not contain detectable tyrosine phosphorylation in
the absence or presence of dimerizer (Figure 1B).

To examine the effect of Abl-FKBP dimerization on cell
spreading, exponentially growing cells were trypsinized and
then treated with dimerizer (or vehicle control) while they
were held in suspension in serum-free media. After a 30-min
preincubation with dimerizer, cells were plated on fibronec-
tin-coated coverslides, allowed to spread under serum-free
condition, and then collected for image analyses after stain-
ing with fluorescently labeled phalloidin. Dimerizer treat-
ment did not change the spreading of control 3T3/FKBP
cells (Figure 1C), as measured by either cell surface area
(Figure 1D) or percentage of spread cells (Figure 1E). The
spreading of 3T3/Abl-FKBP cells were reduced when com-
pared with the 3T3/FKBP cells even in the absence of dimer-
izer (Figure 1, C–E). With dimerizer treatment, the spread-
ing of 3T3/Abl-FKBP cells was further decreased (Figure 1,

Figure 1. Dimerization of Abl-FKBP causes
slower cell spreading on fibronectin. (A) Dia-
gram of Abl (murine type IV) and Abl-FKBP
fusion proteins. PTK, protein tyrosine kinase
domain; NLS, nuclear localization signal; NES,
nuclear export signal; FABD, F-actin binding
domain; FKBPv, modified FK506 binding do-
main (Clackson et al., 1998). The kinase defec-
tive mutant (KD) was created by substitution
of Lys 295 with His (Welch and Wang, 1995).
(B) The indicated cells were detached, held in
suspension for 45 min in serum-free DMEM,
and then treated with AP20187 (50 nM) or
vehicle (0.1% ethanol) for 30 min. Cells were
harvested for immunoprecipitation (IP) and
immunoblotting (WB) with indicated antibod-
ies as described in Materials and Methods. (C)
The indicated cells were treated with AP20187
or vehicle as in B. Cells were fixed 40 min after
plated on FN (10 �g/ml)-coated slides and
stained with Alexa 546–conjugated phalloi-
din. Scale bars equal 50 �m. (D) Quantitation
of cell spreading in C by measuring cell sur-
face area shown as box plots with the mini-
mum, the median, the maximum, the 25th and
the 75th percentile values. Values shown are
from at least 100 cells for each sample. (E)
Quantitation of cell spreading in (C) by count-
ing the number of spread cells (marked by
arrows in C) among at least 100 cells. The
values and standard deviations were from
three independent experiments.
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C–E). By contrast, the spreading of 3T3/AblKD-FKBP cells
was increased relative to 3T3/FKBP cells in the absence of
dimerizer (Figure 1, C–E). Furthermore, dimerizer treatment
did not alter the spreading of 3T3/AblKD-FKBP cells (Fig-
ure 1, C–E). Thus, dimerization-induced activation of Abl-
FKBP kinase caused a reduction in cell spreading on fi-
bronectin.

Inhibition of Endogenous Abl Kinase Promotes Cell
Spreading
Abl kinase is transiently activated upon cell adhesion to
fibronectin (Lewis et al., 1996; Lewis and Schwartz, 1998;
Woodring et al., 2002). To examine if endogenous Abl also
inhibits cell spreading, we stably expressed Abl-shRNA
(3T3/Abl-shRNA) to reduce its levels by about twofold (Fig-
ure 2B). We found the 3T3-Abl-shRNA cells to spread faster
than 3T3/LacZ-shRNA cells (Figure 2, A and B), consistent
with Abl being a negative effector in cell spreading. We also
performed spreading experiments with 3T3 cells in the pres-

ence or absence of an Abl kinase inhibitor, imatinib
(Gleevec, Novartis, Stein, Switzerland; Druker et al., 1996;
Schindler et al., 2000). Cells treated with imatinib consis-
tently spread faster than those treated with vehicle control
(Figure 2, A and B). To demonstrate that the effect of ima-
tinib was due to the inhibition of Abl kinase, we used an
imatinib-resistant Abl kinase, AblT315I, which was con-
structed based on the mutation identified in a imatinib-
resistant BCR-ABL kinase (Gorre et al., 2001). Wild-type
murine Abl and its 315I derivative (AblT315I) were ex-
pressed in 3T3 fibroblasts via retroviral-mediated gene
transfer. Cell spreading and immunoblotting experiments
were performed 48 h after infection to ensure high levels of
ectopic Abl and AblT315I expression (Figure 2C). By mea-
suring the phosphotyrosine content of Dok-1, a known sub-
strate of Abl kinase (Woodring et al., 2002), we confirmed
that AblT315I activity was resistant to imatinib (Figure 2C).
Cells expressing ectopic wt-Abl (3T3/Abl) spread slower
than those infected with retroviral vector (3T3/vector), but

Figure 2. Knockdown of Abl or inhibition of
Abl kinase by imatinib promotes cell spread-
ing. (A6) Top left panel: 3T3 cells stably ex-
pressing LacZ shRNA; top right panel: 3T3
cells stably expressing Abl shRNA. Bottom left
panel, 3T3 cells treated with vehicle; bottom
right panel, 3T3 cells treated with imatinib (5
�M). The indicated cells were detached and
held in suspension for 30 min in serum-free
DMEM, and then treated with imatinib (5 �M)
or vehicle (0.1% DMSO) for 45 min before
plating on FN (10 �g/ml)-coated coverslides.
Cells were fixed 20 min later and stained with
Alexa 546–conjugated phalloidin. Scale bars,
50 �m. (B) Quantitation of cell spreading in
(A) by measuring cell surface area shown as
box plots. Values shown are from at least 100
cells for each sample. (C) 3T3 cells were in-
fected with retrovirus encoding vector, Abl, or
Abl315I, treated with imatinib or vehicle as in
(A) 48 h after infection, and then harvested for
immunoblotting (WB) and immunoprecipita-
tion (IP) with the indicated antibodies. (D)
Cells in C were fixed 20 min after plated on
FN-coated coverslides and then stained with
anti-Abl/Alexa 568– conjugated secondary
antibody (red) and Alexa 488–conjugated
phalloidin (green). Scale bars, 25 �m. (E) The
indicated cells treated with imatinib or vehicle
as in A were plated on FN-coated coverslides,
fixed at the indicated time, and the percentage
of spread cells determined. In the 3T3/Abl
sample, only cells with increased anti-Abl im-
munofluorescence signal were scored. At least
100 cells were counted in each sample from
three independent experiments. (F) The 3T3/
vector or 3T3/Abl cells were detached and
replated on fibronectin. Cell adhesion was
measured at the indicated time after plating
on 10 �g/ml fibronectin, or at 1 h after plating
cells on different concentrations of FN (0, 0.1,
0.5, 1, 5, 10, and 20 �g/ml) as described in
Materials and Methods.
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the negative effect of Abl was overridden by imatinib (Fig-
ure 2D). The ectopic expression of AblT315I inhibited
spreading to a similar extent as that of Abl (Figure 2D,
vehicle); however, imatinib did not reverse the negative
effect of AblT315I (Figure 2D, imatinib). Thus, the stimula-
tory effect of imatinib on cell spreading is mediated through
its inhibition of the Abl tyrosine kinase.

In time-course experiments, we found that the stimulatory
effect of imatinib was observed during the first 20 min of
plating cells onto a fibronectin-coated surface (Figure 2E, top
panel), consistent with previously reported transient activa-
tion of Abl kinase activity upon cell adhesion to fibronectin
(Lewis et al., 1996; Lewis and Schwartz, 1998). The overpro-
duction of wt-Abl significantly reduced the rate of cell
spreading (Figure 2E, bottom panel); however, the addition
of imatinib accelerated spreading to a level comparable to
that found with imatinib-treated 3T3/vector cells (Figure 2E,
compare the two imatinib time courses). Therefore, the neg-
ative effect of Abl overproduction on cell spreading requires
its kinase activity. We also examined the effect of Abl over-
production on cell adhesion as a function of time and fi-
bronectin concentrations (Figure 2F). Abl overproduction
did not affect cell adhesion at the fibronectin concentration
tested (0.1 �g/ml�20 �g/ml); neither did it affect cell ad-
hesion between 5 and 120 min after plating on fibronectin
(Figure 2F). Thus, Abl kinase is unlikely to interfere with cell
spreading by impairing cell adhesion.

Expression of Abl Kinase in Abl/Arg Double Knockout
Mouse Fibroblasts Inhibits Cell Spreading
Previous studies have used fibroblasts derived from Abl/Arg
double knockout (DKO) mouse embryos to study the effect
of Abl kinase on the F-actin cytoskeleton (Woodring et al.,
2002; Sini et al., 2004; Leng et al., 2005). The Abl/Arg DKO
cells are deficient in forming F-actin microspikes when
spreading on fibronectin-coated surfaces, but microspikes
are formed through Abl reconstitution (Woodring et al.,
2002). We expressed murine wt-Abl (type IV) or its kinase-
defective mutant (AblKD) in the Abl/Arg DKO cells via
retroviral-mediated gene transfer and generated polyclonal
populations of stable expressers through hygromycin selec-

tion (Figure 3A). As previously reported (Woodring et al.,
2002), Abl-reconstituted Abl/Arg DKO cells displayed F-actin
microspikes when spreading on fibronectin, which was not
observed in Abl/Arg DKO cells expressing vector or AblKD
(Figure 3B). In addition, we found that Abl-reconstituted
Abl/Arg DKO cells spread slower than those reconstituted
with vector or AblKD (Figure 3, B and C). These results
further provide genetic evidence for the negative effect of
Abl tyrosine kinase on cell spreading.

Imatinib Does Not Affect the GTP Loading of Rac and
Rho during Cell Spreading
It is well established that adhesion signals activate Rac-GTP
to stimulate lamellipodia extension through actin polymer-
ization (Takenawa and Miki, 2001; Eden et al., 2002; Inno-
centi et al., 2004). Because imatinib stimulates cell spreading,
we determined its effect on Rac-GTP during cell spreading
using the Rac-GTP-binding domain of PAK (PBD) as an
affinity ligand GST-pulldown assay (Azim et al., 2000). As
expected, the Rac-GTP levels were low in detached 3T3 cells
but increased rapidly after cell plating on fibronectin (Figure
4, A and B). The addition of imatinib did not affect the
Rac-GTP levels during the time frame when it stimulated
cell spreading (Figure 4, A and B). In other experiments, we
found the GTP-loading of Rac and Cdc42 to be similar
between 3T3/vector cells and 3T3/Abl cells that overpro-
duce the Abl protein (not shown). Thus, we were unable to
observe an effect of either the endogenous Abl or overpro-
duced Abl on adhesion-induced GTP-loading of Rac.

The levels of Rho-GTP are regulated by cell adhesion as
well, but in a different manner from that of Rac-GTP (Ren et
al., 1999; Arthur and Burridge, 2001). Detached fibroblasts
maintained Rho-GTP. On cell adhesion, the level of Rho-
GTP is initially reduced to allow the extension of lamellipo-
dia (Ren et al., 1999; Arthur and Burridge, 2001). The Rho-
GTP level then rises during cell spreading to promote the
formation of actin stress fibers (Ren et al., 1999). Using the
Rho-GTP binding domain of Rhotekin as an affinity ligand
(Ren and Schwartz, 2000), we were able to detect the tran-
sient reduction in Rho-GTP followed by a restoration of
Rho-GTP levels during cell spreading on fibronectin (Figure

Figure 3. Expression of Abl in Abl/Arg dou-
ble knockout fibroblasts inhibits cell spread-
ing. (A) Cells expressing vector (V), wild type
Abl (Abl), or kinase defective Abl (KD) were
harvested for immunoblotting (WB) with in-
dicated antibody. (B) The indicated cells were
detached and held in serum-free DMEM for 45
min. After plating on FN (10 �g/ml)-coated
coverslides for 20 min, cells were fixed and
stained with anti-Abl/Alexa 568–conjugated
secondary antibody (red) and Alexa 488–con-
jugated phalloidin (green). Scale bars, 25 �m.
(C) Quantitation of cell spreading in B by mea-
suring cell surface area shown as box plots.
Values shown are from at least 100 cells for
each sample.

Abl Inhibits Cell Spreading

Vol. 18, October 2007 4147



4, C and D). Again, we were unable to detect any significant
effects of imatinib on the Rho-GTP levels (Figure 4, C and D).
These results show that imatinib stimulates cell spreading
without affecting the overall level of Rac-GTP or Rho-GTP.

Ectopic Expression of RacV12 Does Not Override the
Negative Effect of Abl on Cell Spreading
To demonstrate that Abl can inhibit cell spreading despite
the activation of Rac, we performed spreading experiments
with constitutively active RacV12 (Ridley et al., 1992). We

transfected 3T3/vector or 3T3/Abl cells with plasmids ex-
pressing HA-RacV12 and/or GFP. The levels of HA-RacV12
were determined by immunoblotting of whole cell lysate
(Figure 5A, top panel), and the levels of HA-RacV12-GTP by
GST-PBD pulldown (Figure 5A, middle panel). As expected,
ectopic expression of RacV12 stimulated cell spreading (Fig-
ure 5B, compare bars 1 and 2, and 4 and 5). However,
RacV12-transfected 3T3/Abl cells still spread slower than
the RacV12-transfected 3T3/vector cells (Figure 5B, compare
bars 2 and 5). The overproduction of Abl did not affect the
levels of RacV12 protein, nor did it affect the binding of
RacV12 to GST-PBD (Figure 5A, compare lanes 5 and 2). The
levels of RacV12 and its binding to GST-PBD were also
unaffected by imatinib treatment (Figure 5A, lanes 3 and 6).
Nevertheless, imatinib treatment was able to stimulate the
spreading of RacV12-transfected 3T3/vector or 3T3/Abl
cells to a similar extent (Figure 5B, bars 3 and 6). In addition
to cotransfection with GFP, we also examined a GFP-RacV12
fusion protein and observed similar results (Figure 5C).
Therefore, ectopic expression of RacV12 does not override
the negative effect of Abl on cell spreading.

Abl Kinase-dependent RacV12 Localization to Dorsal
Membrane Protrusions
Previous studies have shown that Abl tyrosine kinase stimu-
lates dorsal ruffles in response to growth factor stimulation
(Plattner et al., 1999; Sini et al., 2004). Dorsal ruffles are mem-
brane protrusions also stimulated by Rac-mediated actin poly-
merization (Burridge and Wennerberg, 2004). Given the obser-
vations that Abl kinase did not affect the level of RacV12
(Figure 5A) but reduced cell spreading (Figure 5, B and C), we
examined whether Abl altered the localization of RacV12 (Fig-
ure 6). Among fully spread 3T3/Abl cells, we found GFP-
RacV12 localized to dorsal membrane protrusions in �60% of
the cells (Figure 6A, left panels). In the other 40% of fully
spread 3T3/Abl cells, GFP-RacV12 was found at the peripheral
membranes and cytosolic space (Figure 6A, middle panels), a
distribution similar to that in fully spread 3T3/vector cells
containing physiological levels of Abl (Figure 6B, left panel).
Thus, overproduction of Abl causes dorsal membrane localiza-
tion of GFP-RacV12 in fully spread cells. This effect of Abl
overproduction was completely abrogated by treatment with

Figure 4. Imatinib does not affect GTP-Rac or GTP-Rho levels
during cell spreading. (A) 3T3 fibroblasts were serum starved for
18 h before detachment. Cells were held in serum free DMEM for 30
min and then treated with imatinib (5 �M) or vehicle (0.1% DMSO)
for 45 min. Cells were plated on FN-coated dishes for the indicated
time and harvested for Rac pull-down with GST-PBD as described
in Materials and Methods. (B) Quantitation of data in A as described
in Materials and Methods. The ratio of GST-PBD pull-downed Rac
over total Rac of the vehicle-treated 5-min sample was set to 1.
Values shown are from three independent experiments. (C) Cells
were processed and harvested as in A and Rho was pulled down
with GST-RBD (Rho-binding domain of Rhotekin) as described in
Materials and Methods. (D) Quantitation of GST-RBD pull-down Rho
as in B. Values are from three independent experiments.

Figure 5. Abl inhibits the spreading of cells expressing RacV12. (A) 3T3 cells were infected with retrovirus encoding vector or Abl, and
transfected 48 h later with HA-RacV12 and/or GFP. Transfected cells were detached and held in serum-free DMEM for 30 min, treated with
imatinib (5 �M) or vehicle for 45 min and plated on FN (10 �g/ml)-coated plates, collected at 20 min after plating for immunoblotting (WB)
and GST-PBD pulldown as described in Materials and Methods. (B) Cells prepared as in A were plated on FN (10 �g/ml)-coated coverslides
for 20 min, fixed and stained with anti-Abl/Alexa 568–conjugated secondary antibody. In the 3T3/vector sample, GFP-positive cells were
evaluated for spreading. In the 3T3/Abl sample, cells that were GFP positive and with higher levels of Abl were scored. At least 100 cells
were counted in each sample from three independent experiments. (C) The indicated cells were transfected with GFP-RacV12, treated and
cell spreading determined as in B. At least 100 cells were counted in each sample from three independent experiments.

H. Jin and J.Y.J. Wang

Molecular Biology of the Cell4148



imatinib in that GFP-RacV12 was distributed at the peripheral
membranes and cytosolic space in �96% of fully spread cells
(Figure 6A, right panels). We also examined the distribution of
GFP-Rac in 3T3/Abl cells. Without imatinib, �40% of fully
spread 3T3/Abl cells showed GFP-Rac in dorsal membrane
protrusions, which were less prominent than those found in
3T3 cells expressing GFP-RacV12 (Figure 6C, left panels). With
imatinib, virtually none of the GFP-Rac was localized to dorsal
membrane protrusions (Figure 6C, right panels). As a control,
GFP signal was found at the cell periphery and diffusely in the
cytosolic space of, and we did not observe dorsal membrane
localization of GFP with or without imatinib fully spread 3T3/
Abl cells (Figure 6D). These results showed that Abl tyrosine
kinase could sequester Rac at the dorsal membrane, correlating
with the formation of dorsal protrusions.

Abl Kinase Prolongs Dorsal Ruffling during Cell
Spreading
Activated Rac-GTP stimulates membrane protrusions in-
cluding ruffles and lamellipodia (Ridley and Hall, 1992). If

the Abl-mediated RacV12 localization to dorsal ruffles also
applied to the endogenous Rac-GTP, we would expect 3T3/
Abl cells to exhibit increased dorsal ruffling relative to their
imatinib-treated counterparts. We therefore examined dor-
sal ruffles, which was scored as F-actin–rich wrinkles on the
topside of spreading cells away from the fibronectin-coated
surface by deconvolution microscopy (Figure 7, A and B).
Immediately after plated on fibronectin-coated coverslides,
3T3/Abl cells displayed dorsal ruffles irrespective of ima-
tinib treatment (small cells, 550–750 �m2; Figure 7, A and C),
indicating that adhesion-induced dorsal ruffles does not re-
quire Abl kinase activity. Among the larger and more
spread-out 3T3/Abl cells, 70–80% retained dorsal ruffles in
the absence of imatinib but only 20–30% retained dorsal
ruffles in the presence of imatinib (large cells, 1500–1750
�m2; Figure 7, B and C).

The observation that overproduction of Abl kinase pro-
moted dorsal ruffles (Figure 7, A–C) prompted us to exam-
ine whether endogenous Abl also regulates dorsal ruffling
during cell spreading. By scanning electron microscopy, we

Figure 6. Abl Kinase promotes RacV12 local-
ization to dorsal membrane protrusion. The
indicated 3T3/vector or 3T3/Abl cells were
transfected with GFP-RacV12 (A and B), GFP-
Rac (C), or GFP (D), treated with imatinib (5
�M) or vehicle (0.1% DMSO) and then al-
lowed to spread on FN. Cells were fixed be-
tween 60 and 90 min after plating, stained
with anti-Abl/Alexa 568–conjugated second-
ary antibody (red). Images of fully spread cells
were captured by deconvolution microscopy.
Representative Z sections from the top of the
cells are shown: GFP (green), Abl (red) and
merge (yellow). Cells with or without dorsal
localization of GFP-RacV12, GFP-Rac, or GFP
were determined as describe in Materials and
Methods. (A) GFP-RacV12–transfected 3T3/
Abl cells. Left panels, a cell with GFP-positive
dorsal membrane protrusions (yellow arrow),
representing �58% of spread cells among 50
cells counted. Middle panels, a cell without
GFP-positive dorsal membrane protrusions,
representing �42% of spread cells among 50
cells counted. Right panels, an imatinib-
treated GFP-RacV12–transfected 3T3/Abl cell.
Of 50 cells examined, �96% showed GFP sig-
nals at the peripheral membrane and in the
cytosolic space. Scale bars, 10 �m. (B) GFP-
RacV12–transfected 3T3/vector cells. Left
panels, a cell with GFP signal at the peripheral
membrane and in the cytosolic space, repre-
senting 91% of spread cells among 50 cells
counted. Right panels, an imatinib treated
GFP-RacV12–transfected 3T3/vector cells. Of
50 cells counted, 97% showed GFP signals at
the peripheral membrane and in the cytosolic
space. Scale bars equal 10 �m. (C) GFP-Rac–
transfected 3T3/Abl cells. Left panels, a cell
with GFP-positive dorsal membrane protru-
sions (yellow arrow), representing �39% of
spread cells among 50 cells counted. Middle
panels, a cell without GFP-positive dorsal
membrane protrusions, representing �61% of
spread cells among 50 cells counted. Right
panels, imatinib treated GFP-Rac transfected
3T3/Abl cells. Of 50 cells examined, �98%
showed GFP signals at the peripheral membrane and in the cytosolic space. Scale bars, 10 �m. (D) GFP transfected 3T3/Abl cells. Left panels,
a cell with GFP signal diffusely throughout the cell, representing �97% of spread cells among 50 counted. Right panels, imatinib treated GFP
transfected 3T3/Abl cells. Of 50 cells examined, �97% showed GFP signals diffusely throughout the cell. Scale bars, 10 �m.
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Figure 7. Abl kinase prolongs dorsal ruffling during cell spreading. (A) and (B) 3T3/Abl cells treated with imatinib (5 �M) or vehicle (0.1%
DMSO) were allowed to spread on FN (10 �g/ml)-coated coverslides, fixed at 20 or 40 min, stained with anti-Abl/Alexa 568–conjugated
secondary antibody (red) and Alexa 488–conjugated phalloidin (green). Z-section images from the top of cells captured by deconvolution
microscopy are shown. Yellow arrow points to F-actin–rich dorsal protrusions. (A) A representative image of a small cell (cell area from 550
to 750 �m2). Scale bars, 10 �m. (B) Representative images of a large cell (cell area from 1500 to 1750 �m2). Scale bars, 10 �m. (C) Quantitation
of cells showing dorsal F-actin ruffles as described in Materials and Methods. (D) 3T3 cells treated with imatinib (5 �M) or vehicle (0.1% DMSO)
were allowed to spread on FN-coated coverslides and fixed. Images were collected by scanning electronic microscopy (SEM) show dorsal
ruffles in vehicle and imatinib treated cells. Scale bars, 5 �m. (E) 3T3 cells treated with imatinib or vehicle as in (D) were fixed at 20 or 40 min
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confirmed that fibronectin-induced dorsal ruffling occurred
irrespective of imatinib treatment (Figure 7D), consistent
with the result that imatinib did not affect fibronectin-in-
duced GTP loading of Rac (Figure 4A), which stimulates
membrane protrusions (Ridley and Hall, 1992). We then
determined the percentage of cells with dorsal F-actin ruffles
as a function of cell area, collecting data at 20 and 40 min
after plating cells on fibronectin (Figure 7E). We found an
inverse correlation between cell area and dorsal ruffles. In-
terestingly, this negative correlation was significantly en-
hanced with imatinib-treated cells (Figure 7E), suggesting
imatinib-treated cells lose their dorsal ruffles faster than
their untreated counterparts. This result is consistent with
the notion that Abl tyrosine kinase maintains dorsal ruffling
during cell spreading.

Effects of Crk and Dynamin on Abl-dependent Dorsal
Localization of RacV12
To explore the mechanism of Abl kinase-dependent dorsal
membrane location of activated Rac, we examined the effect
of CrkII. Previous studies have shown CrkII to stimulate cell
spreading and migration by activating Rac (Kain and Klemke,
2001; Abassi and Vuori, 2002). Previous studies have also
established CrkII to be a substrate of Abl (Feller et al., 1994;
Ren et al., 1994) and that tyrosine phosphorylation of CrkII at
Y221 leads to an intramolecular SH2-Ptyr interaction that
inactivates the CrkII SH2 adaptor function (Rosen et al.,
1995). When CrkII was coexpressed with GFP-RacV12 in
3T3/Abl cells, we observed a reduction in the dorsal mem-
brane localization of the GFP signal (Figure 8A). Corre-
spondingly, expression of CrkII stimulated the spreading of
3T3/Abl cells (Figure 8B). The ectopic expression of CrkII
did not completely abrogate the effects of imatinib on GFP-
RacV12 localization and spreading (Figure 8, A and B). We
also examined the effect of CrkII-Y221F mutant. We found
that the Y221F mutation did not create a constitutively active
CrkII in that it did not reduce Abl-dependent dorsal mem-
brane localization of GFP-RacV12, neither did it stimulate
cell spreading (Figure 8B). Furthermore, CrkII-Y221F main-
tained dorsal localization of GFP-RacV12 in imatinib-treated
3T3/Abl cells (Figure 8A), corresponding to a slower rate of
cell spreading (Figure 8B). These results suggest that the
interplay between CrkII and Abl may regulate the localiza-
tion of active Rac and cell spreading.

We also examined the role of dynamin-2 in Abl-depen-
dent dorsal localization of RacV12 because a previous report
has shown dynamin-2 to play a role in Rac translocation to
the leading edge (Schlunck et al., 2004). The ectopic expres-
sion of wt-dynamin-2 did not affect the localization of GFP-
RacV12 or the spreading of 3T3/Abl cells (Figure 8, C and
D). Expression of a dominant negative dynamin-2-K44A,
which has been shown to induce dorsal membrane localiza-
tion of Rac-GTP and inhibit cell spreading (Schlunck et al.,
2004), did not cause a significant further spreading inhibi-
tion of 3T3/Abl cells that already spread slowly due to the
overproduction of Abl. However, in the presence of dy-
namin-2-K44A, the spreading stimulatory effect of imatinib
was partially abolished (Figure 8D), correlating with sus-
tained dorsal localization of GFP-RacV12 (Figure 8C). These

results suggest that the Abl kinase and the dominant nega-
tive dynamin mutant are likely to act through the same or an
interdependent mechanism to regulate active Rac localiza-
tion and cell spreading.

DISCUSSION

Abl Regulates Cell Spreading
We have established that Abl tyrosine kinase regulates cell
spreading with several lines of evidences. Expression of Abl,
but not its kinase-defective mutant (AblKD), in Abl/Arg dou-
ble knockout cells inhibits cell spreading (Figure 3, B and C).
Dimerization-induced activation of Abl-FKBP (but not
AblKD-FKBP) or overproduction of Abl exerts a negative
effect on 3T3 cell spreading (Figures 1, C–E, and 2D). Con-
versely, shRNA-mediated Abl knockdown or inhibition of
Abl kinase with imatinib stimulates cell spreading, and an
imatinib-resistant AblT315I kinase overrides this effect (Fig-
ure 2, A, B, and D). Cell spreading is a complex and dynamic
process. Using total internal reflection fluorescence (TIRF)
microscopy, a previous study has described two modes of
spreading: anisotropic and isotropic (Dubin-Thaler et al.,
2004). The isotropic spreading, with a higher initial rate of

Figure 7 (cont). after plated on FN-coated coverslides. Individual
cells were analyzed for size and dorsal F-actin protrusions as de-
picted in A and B. Cells were grouped into 11 categories based on
size, and in each category, at least 50 cells were counted to deter-
mine the percentage of cells with dorsal F-actin ruffles.

Figure 8. Effects of CrkII and dominant negative dynamin-2 on
RacV12 dorsal membrane localization. (A) 3T3/Abl cells were co-
transfected with GFP-RacV12 and CrkII, or CrkII-Y221F. Trans-
fected cells were treated with imatinib (5 �M) or vehicle (0.1%
DMSO) and allowed to spread on FN (10 �g/ml)-coated coverslides
and fixed between 60 and 90 min. Dorsal localization of GFP signals
in fully spread cells was scored as in Figure 6. (B) 3T3/Abl cells
were cotransfected with GFP and CrkII, or CrkII-Y221F. Transfected
cells were treated with imatinib or vehicle and allowed to spread on
FN-coated coverslides for 20 min. Percentage of spread cells was
determined among at least 100 GFP-positive cells. The values and
standard deviations were from three independent experiments. (C)
3T3/Abl cells were cotransfected with GFP-RacV12 and dynamin-2,
or dynamin-2-K44A. Transfected cells were treated with imatinib or
vehicle and allowed to spread on FN-coated coverslides and fixed
between 60 and 90 min. Localization of GFP signals in fully spread
cells was scored as in Figure 6. (D) 3T3/Abl cells were cotransfected
with GFP and dynamin-2, or dynamin-2-K44A. Transfected cells
were treated with imatinib or vehicle and allowed to spread on
FN-coated coverslides for 20 min. Percentage of spreading cells was
determined as in B.

Abl Inhibits Cell Spreading

Vol. 18, October 2007 4151



area increase and 78% of the cell edge extending, is more
prevalent with serum-starved cells (Dubin-Thaler et al.,
2004). The Abl kinase is activated by growth factors and by
cell adhesion (Lewis et al., 1996; Plattner et al., 1999). We
conducted the spreading experiments in serum-free condi-
tion that favors isotropic spreading. Although we did not
apply TIRF in this study, our results suggest that inhibition
of Abl tyrosine kinase further enhance isotropic spreading in
serum-starved cells. In other words, the Abl tyrosine kinase
may antagonize the isotropic mode or stimulate the aniso-
tropic mode of spreading as indicated by the slower rate of
area increase and the prolonged dorsal ruffling during cell
spreading with increased Abl activity.

Regulation of Rac-GTP Localization
Rac is activated by cell adhesion to induce lamellipodia
formation and thus promotes cell spreading (Clark et al.,
1998; Price et al., 1998; Vidali et al., 2006). Although Abl has
been shown to enhance growth-factor–stimulated Rac-GTP
levels (Sini et al., 2004), we have found that Abl kinase does
not affect the GTP loading of Rac stimulated by cell adhesion
to fibronectin (Figure 4, A and B). We also show that Abl
kinase activity is not required for fibronectin to initiate dor-
sal ruffles (Figure 7, A, C, and D); instead, Abl kinase pro-
longs dorsal ruffling during cell spreading (Figure 7, B, C,
and E). Furthermore, Abl inhibits the spreading of cells that
express the activated Rac mutant, RacV12 (Figure 5, B and
C), correlating with an Abl kinase-dependent localization of
RacV12 to the dorsal membrane protrusions (Figure 6).
These results suggest that Abl tyrosine kinase may regulate
the partitioning of Rac-GTP to favor dorsal ruffles and thus
reducing the pool of Rac-GTP for lamellipodia extension to
inhibit lamellipodia extension.

The membrane localization of Rac-GTP is stimulated by
cell adhesion signals (del Pozo et al., 2000, 2002, 2004). Tar-
geting of Rac-GTP to cholesterol-enriched membrane mi-
crodomains is required for Rac-GTP to activate its down-
stream effectors (del Pozo et al., 2004). Results from this
study suggest that the distribution of Rac-GTP within the
plasma membrane may be further regulated through inte-
grin-dependent activation of Abl tyrosine kinase. Shlunck et
al. (2004) have proposed that Rac-GTP is translocated
through a dynamin-dependent endocytosis pathway to the
basal membrane that contacts the ECM and thus fueling the
continuous extension of the lamellipodia during cell spread-
ing. This notion is consistent with the findings that Rac-GTP
is distributed in the plasma membrane and the cytoplasm
(Del Pozo et al., 2002).

We have replicated the result of Shlunck et al. (2004),
showing that the dominant negative dynamin-2-K44A mu-
tant inhibits the spreading of 3T3 cells (not shown). With
3T3/Abl cells that already spread slower because of the
overproduction of Abl, dynamin-2-K44A does not further
reduce cell spreading (Figure 8D). However, the stimulatory
effect of Abl kinase inhibitor imatinib is stunted in 3T3/Abl
cells expressing dynamin-2-K44A (Figure 8D). This result
suggests that Abl either acts upstream or in parallel with
dynamin to regulate RacV12 localization to the dorsal mem-
brane. A recent report has shown that the Abl tyrosine
kinase can inhibit the endocytosis of activated EGF receptor
(Tanos and Pendergast, 2006). It is conceivable that Abl
tyrosine kinase may prevent the endocytosis of Rac-GTP–
containing lipid domain and thus reducing the rate and/or
frequency of lamellipodia extension on the fibronectin ma-
trix. The precise mechanism for how Abl tyrosine kinase
sequesters Rac-GTP at the dorsal location will await further
investigation.

Role of Abl Substrates
We have established that the negative effect of Abl on cell
spreading requires its tyrosine kinase activity. The Abl ty-
rosine kinase phosphorylates a number of proteins that have
been implicated in the regulation of F-actin polymerization
(Woodring et al., 2003). These include the Crk-family, the
Dok-family, the p130Cas-family of adaptor proteins, and the
components of the WAVE complex (Dai and Pendergast,
1995; Mayer et al., 1995; Kain and Klemke, 2001; Woodring et
al., 2004; Leng et al., 2005). Tyrosine phosphorylation of
Dok-1 by Abl has been shown to promote F-actin micro-
spikes during cell spreading (Woodring et al., 2004). We also
observed Abl-dependent formation of microspikes in Abl-
reconstituted Abl/Arg DKO cells (Figure 3B). Despite in-
creased Dok-1 phosphorylation, we did not observe F-actin
microspikes in spreading 3T3 cells overexpressing Abl either
in the presence or absence of imatinib (Figure 2, B and C).
These observations suggest that microspike formation is not
necessary for Abl to inhibit cell spreading; additionally,
neither wt-Dok-1 or Dok-1 phosphorylation site mutant,
Dok-1 Y361F (Woodring et al., 2004) reverses Abl-mediated
inhibition of cell spreading (data not shown), suggesting
Dok-1 phosphorylation by Abl may not be sufficient to in-
hibit cell spreading. Nevertheless, Dok-1 and WAVE2 phos-
phorylation by Abl is likely to stimulate actin polymeriza-
tion at the dorsal membrane (Woodring et al., 2004; Stuart et
al., 2006), which may contribute to the sequestration of Rac-
GTP.

Our results suggest that Abl-dependent phosphorylation
of Crk is involved in the regulation of Rac localization and
cell spreading. During cell spreading on fibronectin, CrkII
stimulates membrane localization of Rac-GTP without af-
fecting the overall levels of Rac-GTP (Abassi and Vuori,
2002). We have found that overproduction of CrkII reduces
the dorsal membrane localization of RacV12 and partially
reduces the spreading defect of 3T3/Abl cells (Figure 8, A
and B). By contrast, we found that CrkII-Y221F, which is not
phosphorylated by Abl (Feller et al., 1994), does not stimu-
late the spreading of 3T3/Abl cells (Figure 8B). Thus, mu-
tation of Y221 does not create a constitutively active CrkII
for cell spreading; rather, it abolishes the spreading-stimu-
latory activity of CrkII. Abassi and Vuori (2002) have shown
that CrkII stimulates the membrane targeting of RacV12 and
that CrkII-Y221F was defective in this activity . We have
found that expression of CrkII-Y221F maintains the dorsal
membrane localization of Rac-GTP in 3T3/Abl cells (Figure
8A), suggesting that this mutant is not defective in targeting
Rac-GTP to the membrane, but rather, it preferentially target
Rac-GTP to dorsal membrane ruffles. Treatment with ima-
tinib did not reverse the dorsal sequestration of RacV12 in
cells expressing CrkII-Y221F (Figure 8A). These results sug-
gest that the interplay between Abl and CrkII is involved in
the regulation of Rac-GTP localization and thus cell spread-
ing. However, this interaction is likely to be modulated by
other mechanisms to account for the net negative effect of
Abl kinase on cell spreading.
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