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ABSTRACT
The recruitment and migration of neutrophils are critical for
innate immunity and acute inflammatory responses. However, the mechanism that regulates the recruitment and migration of neutrophils has not been well characterized. We
here reveal a novel function of c-Abl kinase in regulating
neutrophil migration. Our results demonstrate that c-Abl kinase is required for neutrophil recruitment in vivo and migration in vitro, and the inhibition of c-Abl kinase activity has
a significant impact on neutrophil migratory behavior. Moreover, c-Abl kinase activation depends on ␤2 integrin engagement, and the activated c-Abl kinase further regulates
actin polymerization and membrane protrusion dynamics at
the extended leading edges during neutrophil migration. In
addition, we identify the Rho GEF Vav1 as a major downstream effector of c-Abl kinase. The C-terminal SH3-SH2SH3 domain and proline-rich region of Vav1 are required for
its interaction with c-Abl kinase, and c-Abl kinase probably
regulates the activity of Vav1 by direct phosphorylation at
Tyr-267 in the DH domain. Together, these results indicate
that c-Abl kinase plays a critical role in ␤2 integrin-dependent neutrophil migration by regulating Vav1 activity.
J. Leukoc. Biol. 93: 611– 622; 2013.

Introduction
PMN is an essential component of the innate immune system,
accounting for 60% of the total peripheral leukocytes under

Abbreviations: Ac⫽acidic, c-Abl PP⫽a double-proline mutation in the regulatory Src homology 2-cytochalasin D linker conferring constitutive activity
to c-Abl kinase, CD⫽cytochalasin D, CTD⫽C-terminal domain, DH⫽Dbl
homology, dHL-60 cell⫽neutrophil-like differentiation of human promyelocytic leukemia cell, GEF⫽guanine nucleotide exchange factor,
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homeostatic conditions [1]. When acute inflammation occurs,
neutrophils are rapidly recruited and extravasated from blood
into infection sites, where they destroy the invading microorganisms by phagocytosis of pathogens and releasing several
antimicrobial chemicals [2, 3]. However, the excessive and improper recruitment of neutrophils usually result in serious tissue injury [4]. Therefore, understanding the molecular mechanism underlying the recruitment and migration of neutrophil
is of great physiological and pathological importance.
Cell migration is a highly complicated and regulated process, in which the regulation of actin cytoskeleton plays a pivotal role by promoting the formation of membrane protrusions at the leading edge and providing a driving force, together with molecular motors, to move the cell body [5, 6].
Molecules involved in regulating actin cytoskeleton rearrangement have been well identified. c-Abl kinase, a nonreceptor
tyrosine kinase expressed ubiquitously in mammalian cells,
serves as an important link in signal transduction pathways
that promote actin dynamics and cytoskeletal rearrangement
[7–9]. Especially, c-Abl kinase is a key factor involved in the
formation of membrane ruffling and cell spreading, as well as
the dynamic formation or extension of filopodia and lamellipodia in response to extracellular signal or adhesion stimulation. c-Abl kinase achieves those functions by interacting with,
targeting, and phosphorylating the molecules (such as WiskottAldrich syndrome protein family verprolin-homologous protein 1/2 and Abl interactor 1/2) that regulate cytoskeletal dynamics [10 –13]. It also promotes actin-related protein 2/3mediated actin polymerization and actin cytoskeleton
reorganization, ultimately regulating cell migration [14]. In
addition, c-Abl kinase is a component of podosomes in murine
and human macrophages, and its expression and function are
essential for podosome formation and macrophage migration
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through matrigel matrices and endothelial cell monolayers
[15]. However, the mechanisms underlying the regulation of
actin cytoskeleton by c-Abl kinase and the downstream effector
of c-Abl kinase, as well as their roles in neutrophil migration,
have not been well identified.
The rearrangement of actin cytoskeleton is highly influenced by the activity of Rho family GTPases [16]. One extensively studied family of GEF, which is responsible for the enzymatic activity of Rho GTPases, is the Dbl family proto-oncogene Vav [17]. The Vav subgroup of Dbl family GEF consists
of three members (Vav1, Vav2, and Vav3) in mammals with
distinctive patterns of cellular expression. Vav1, the first discovered member, is a hematopoietic, cell-specific signal protein
[18, 19], and it is involved in the alterations of cell shape and
motility by triggering cytoskeletal changes, as demonstrated by
its ability to induce membrane ruffles and lamellipodia formation [20, 21]. Vav1-deficient neutrophils migrate poorly as a
result of its crawling defect [22].
In the present study, a signaling mechanism that controls
actin polymerization and membrane protrusion dynamics at
the leading edge during ␤2 integrin-dependent neutrophil
migration is well-defined, with c-Abl kinase playing a central,
regulatory role. In addition, we find Vav1 colocalizes and interacts with c-Abl kinase at the leading edges of migrating neutrophils. Vav1 is phosphorylated directly by c-Abl kinase at Tyr267 in the DH domain, suggesting that it is an essential substrate of c-Abl kinase in the regulation of neutrophil
migration. Taken together, we demonstrate a critical role of
c-Abl kinase in neutrophil migration by regulating Vav1 activity, providing the feasibility to target c-Abl kinase for the amelioration of acute inflammation-related diseases.

MATERIALS AND METHODS

Reagents and antibodies
STI571 (a specific inhibitor of c-Abl kinase) was a gift from Novartis
Pharma (Basel, Switzerland). Calcein-AM was purchased from Invitrogen
(Carlsbad, CA, USA). Glutathione-Sepharose 4B beads were purchased
from Amersham Biosciences (GE Healthcare, UK). Human fibrinogen was
purchased from Calbiochem (EMD Millipore, Billerica, MA, USA). PP2
(Src kinase inhibitor), fMLP, and TRITC-conjugated phalloidin were purchased from Sigma-Aldrich (St. Louis, MO, USA).
The antibodies against c-Abl (K12), Vav1 (C-14), c-Myc (9E10), and Rac1
(C-14) were obtained from Santa Cruz Biotechnology (Santa Cruz, CA,
USA). The mAb for c-Abl (8E9) was obtained from Abcam (UK). The rabbit polyclonal antibody against Vav1 (R775) was purchased from Cell Signaling Technology (Danvers, MA, USA). Blocking antibody for CD18 (IB4)
was obtained from Ancell Technologies (Canada). Antibodies for phosphotyrosine (PY20), GST (G7781), and ␤-actin (AC-40) were obtained from
Sigma-Aldrich. Alexa-Fluor 488-conjugated goat anti-mouse IgG secondary
antibody was purchased from Invitrogen.

rDNA constructs
The GST-CrkII-CTD plasmid was kindly provided by Dr. Giorgio Scita (European Institute of Oncology, Milan, Italy). The GST-PAK1 PBD (aa 67–150
from human PAK1) plasmid was kindly provided by Dr. Gary Bokoch (The
Scripps Research Institute, La Jolla, CA, USA). The pCMV-Myc-c-Abl WT
and kinase dead plasmids were kindly provided by Dr. Zengqiang Yuan (Institute of Biophysics, Chinese Academy of Sciences, Beijing, China). The
pCMV-Myc-c-Abl PP (P242E, P249E) was generated by PCR using the Easy
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Mutagenesis System (TransGen Biotech, China) and pCMV-Myc-c-Abl WT
as template. The PINCO GFP-Vav1-WT plasmid was kindly provided by Dr.
Daniel Davis (Imperial College London, UK). The sequences encoding the
domains of Vav1 were amplified by PCR using the above vector as template. BamHI and EcoRI restriction sites were introduced by PCR primers,
and the fragments were subcloned into the pGEX 2TK vector. The point
mutants were introduced using pGEX-2TK Vav1 domain plasmid with a
one-step overlap extension PCR method by using the Easy Mutagenesis System. All mutations were verified by sequencing.

Neutrophil isolation, dHL-60 cells, and HEK-293T
cell transient transfections
Male BALB/c mice (18 –22g) were purchased from Animal Experimental
Center of Jilin University (Changchun, China). Human neutrophils were
collected from healthy human volunteers. Human neutrophils and murine
neutrophils were freshly isolated from whole blood using the density gradient technique [23, 24]. Remaining erythrocytes were removed by hypotonic
lysis. More than 95% of the cells isolated were neutrophils, as assessed by
Wright-Giemsa staining, and the viability was determined to be ⬎95% by
trypan blue exclusion test. The isolated neutrophils were kept on ice and
used within 4 h. HL-60 was grown in IMDM supplemented with 10% FCS
in 5% CO2 humidified air at 37°C. The neutrophil-like dHL-60 was carried
out using the method by Hauert et al. [25]. HL-60 cells (5⫻106) were
transferred to new flasks containing 15 ml IMDM supplemented with 10%
FCS and 1.25% DMSO and induced for 5 days. Cell viability was evaluated
using trypan blue exclusion test, and the morphological changes were visually assessed after Giemsa-Wright’s staining. The HEK 293T cells were cultured in DMEM supplemented with 10% FCS. HEK-293T cells were transfected with c-Abl expression constructs using Lipofectamine 2000 (Invitrogen), according to the manufacturer’s instructions.

In vivo neutrophil infiltration assay
Neutrophil infiltration to the peritonitis was carried out as described [26] with
some modifications. The isolated murine neutrophils were incubated with
2 M calcein-AM at 4°C for 30 min. Then, the cells were pretreated with
STI571 (10 M) or DMSO (vehicle control) for 30 min. After washing, the
cells were resuspended in saline. For the thioglycollate-induced acute peritonitis model, the treated neutrophils were injected into the tail veins of
littermates, which were i.p.-injected with 2 ml 3% thioglycollate, 2 h earlier.
The mice were euthanized 1.5 h later, and their peritoneal cavities were
lavaged with 2 ml ice-cold PBS. Cells in their peritonea were collected, and
fluorescent-labeled murine neutrophils were analyzed by cell counting under a fluorescence microscope (Nikon Eclipse 80i).

Transwell assay
Transwell chambers were coated with fibrinogen, which is a well-known ligand for ␤2 integrin, as the ECM substrate to imitate the physiological microenvironment for ␤2 integrin-dependent neutrophil migration, at 4°C
overnight. dHL-60 cells or human PMNs were suspended in a buffer containing 138 mM NaCl, 4.6 mM KCl, 20 mM Hepes, pH 7.5, and 10 mM glucose (10⫻106 cells/ml) and labeled with 2 M calcein-AM. Then, the cells
were resuspended in IMDM containing 2.5% FCS. In the assays with c-Abl
kinase inhibitor STI571, cells were preincubated for 30 min in the absence
or presence of the inhibitor (10 M) at 4°C. Then, the treated cells (0.35
ml) were placed in 3-m pore polyester membrane Transwell inserts
(Corning, Corning, NY, USA) in 24-well plates. IMDM, with 2.5% FCS containing 100 nm fMLP as chemoattractants, was added to the lower wells.
After incubation for 90 min, the fluorescence intensity of the cells migrated through the inserts was measured on a Molecular Devices (Sunnyvale, CA, USA) Gemini XPS microplate reader using excitation/emission
wavelengths of 485/530 nm. The fluorescence intensity of total cells was
also measured to determine the percent of migrated cells.
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Cell-populated agarose drop assay
Cell-populated agarose drop assay was derived from the method as described by Rosello et al. [27]. After preincubation, with or without STI571
(10 M) at 4°C for 30 min, dHL-60 cells or human PMNs were suspended
at 20 ⫻ 106 cells/ml in IMDM supplemented with 0.3% agarose and maintained at 37°C to prevent gelling. Drops (2 l) were taken from the cell
suspension and plated in the center of 35-mm culture dishes coated with
fibrinogen. The preparation was placed at 4°C for 15 min to allow the agarose to solidify. Then, the medium supplemented with 100 nM fMLP was
added to cover the solidified agarose drop. Cell migration distance was
then recorded by fluorescence microscopy (Nikon Eclipse 80i) after 120
min incubation. Data are expressed as a migration ratio, which represents a
relative ratio of the migration distance of the STI571-treated group with to
of the untreated group.

Time-lapse microscopy of migrating neutrophils in a
Zigmond chamber
dHL-60 cells were resuspended in Hanks’ buffer [1 mM Hepes (pH 7.2),
0.14 M NaCl, 5.4 mM KCl, 1 mM Tris, 1.1 mM CaCl2, and 0.4 mM MgSO4]
containing 5 mg/ml BSA. The cells were seeded on a fibrinogen-precoated
coverslip to adhere for 10 min. Then, after preincubation, with or without
STI571 (10 M), the coverslips were rinsed and placed on a Zigmond
chamber (Neuroprobe, Gaithersburg, MD, USA). Migration buffer (100 l;
Hanks’ buffer containing a 1:10 dilution of 10% gelatin in H2O) was added
to one groove of the chamber, and the migration buffer containing fMLP
(100 nM) was added to the other side. For live cell imaging, dHL-60 cells
in a Zigmond chamber were placed in a temperature-controlled incubator
at 37°C and recorded under a Nikon microscope (Eclipse 80i). Time-lapse
images were captured at 20-s intervals with a charge-coupled device camera.
The recorded data were used for analyses of dHL-60 cell migration using
NIH ImageJ software. For kymograph analysis, time-lapse images were captured at one image/s, and kymographs were generated for randomly chosen cells along a one-pixel-wide line oriented in the direction of protrusions, using ImageJ with the kymograph plug-in (written by J. Rietdorf and
A. Seitz, European Molecular Biology Laboratory, Germany). Kymographs
were then analyzed by ImageJ to determine relative velocity of membrane
protrusion.

Immunofluorescence and confocal microscopy of
migrating neutrophils
After being exposed to fMLP for the indicated time, dHL-60 cells were
fixed in Zigmond chambers with 4% paraformaldehyde. The coverslips
containing the cells were removed from the chamber and incubated with
antibodies against c-Abl and Vav1, respectively. Then, the cells were washed
and incubated in PBS containing Alexa Fluor 488-conjugated goat antimouse and TRITC-conjugated goat anti-rabbit secondary antibody. After
washing, the coverslips were mounted on a Zeiss confocal imaging system.
Measurement of colocalization between c-Abl and Vav1 was carried out
from original images using ImageJ software.

F-actin content assay
F-actin content was quantified according to the methods as described [28,
29] with some modifications. The dHL-60 cells were seeded in a fibrinogen-precoated six-well plate to adhere for 10 min and then treated with
STI571 (10 M), IB4 (10 g/ml), and CD (1 M), respectively. For the
effect of STI571 on fMLP-triggered F-actin accumulation in suspended
dHL-60 cells, dHL-60 cells were pretreated directly with STI571 (10 M) or
CD (1 M) for 30 min at 4°C. After those treatments, dHL-60 cells were
stimulated with fMLP (100 nM) for the indicated time at 37°C. The cells
were then washed with PBS, and 400 l fixative-containing rhodamine
phalloidin (20 mM KPO4, 10 mM Pipes, 5 mM EGTA, 2 mM MgCl2, 0.1%
Triton X-100, 3.7% formaldehyde, and 2 M rhodamine phalloidin) was
added. After incubation for 1 h on a rotator, the cells were transferred to a
1.5-ml tube. Cells were pelleted by centrifugation, and the pellets were washed
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with washing buffer (0.1% saponin, 20 mM KPO4, 10 mM Hepes, 5 mM
EGTA, and 2 mM MgCl2). Pellets were then resuspended in methanol and
incubated for 1 h to extract the rhodamine phalloidin, which was further measured with Molecular Devices Gemini XPS plate reader. F-actin content is expressed as a relative fold change in the MFI of untreated control cells at Time
0. Each time-point consists of three independent experiments.

Immunoprecipitation and immunoblotting
The cells (1⫻107/sample) were lysed in the lysis buffer [50 mM Tris (pH
7.5), 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Nonidet P-40, 2.5 mM
sodium pyrophosphate, 1 mM NaF, 1 mM Na3VO4, 1 mM ␤-glycerophosphate, 1 mM PMSF, and 20 g/ml aprotinin/leupeptin]. After incubation
on ice for 15 min, the lysates were centrifuged at 15,000 g for 25 min. The
supernatants were incubated with the indicated antibodies at 4°C for 2 h,
and then 20 l protein A/G-Sepharose beads (50% slurry) were added.
After incubation for another hour, the immunoprecipitates were washed
and resolved by SDS-PAGE. Proteins were transferred to nitrocellulose
membranes. The membranes were incubated with 5% nonfat milk in TBST
and then with the indicated primary antibodies and the HRP-conjugated
secondary antibodies. Chemiluminescent detection was performed by using
ECL Plus Western blotting reagents, according to the manufacturer’s protocol (Amersham Pharmacia Biotech, Piscataway, NJ, USA). Quantification
was performed using ImageJ software.

Protein expression and GST pull-down assay
Escherichia coli strain BL-21 (DE3) was transformed with corresponding plasmids and cultured overnight. GST-fusion protein expression was induced
with IPTG. Cells were harvested in lysis buffer [20 mM Hepes (pH 7.5),
120 mM NaCl, 10% glycerol, 2 mM EDTA, 1 mg/ml lysozyme, 1 mM
PMSF, 10 g/ml each aprotinin and leupeptin] and homogenized by sonication. After centrifugation, GST-fusion proteins in supernatant were purified by glutathione-Sepharose 4B beads, according to the manufacturer’s
instructions (Amersham Pharmacia Biotech).
For GST pull-down assay, dHL-60 cells were stimulated and lysed as mentioned above. Cell lysates were incubated with 10 l glutathione-Sepharose
beads coated with GST or GST-fusion proteins. After 2 h incubation, the
beads were collected by centrifugation and washed with ice-cold lysis buffer. After boiling in Laemmli sample buffer, the coprecipitated c-Abl kinase
was detected by immunoblotting.

In vitro kinase assay
The stimulated dHL-60 cells or HEK 293T cells transfected with Myc-c-Abl
PP were lysed, and c-Abl kinase was immunoprecipitated by anti-c-Abl or
anti-Myc antibody from the lysate supernatants described above. Immunoprecipitates were washed extensively with the kinase buffer [25 mM Tris
(pH 7.5), 2 mM DTT, 5 mM ␤-glycerophosphate, 1 mM Na3VO4, and 10
mM MgCl2]. After preincubation at 37°C for 5 min, 30 l reactants were
initiated by the addition of 3 g GST fusion protein (GST-CrkII-CTD, GSTVav1 WT, GST-Vav1 Y267F and Y604F) and 5 M ATP. Reactions were terminated by the addition of 20 l 2⫻ Laemmli sample buffer, and the samples were resolved by immunoblotting.

Rac1 activation assay
The biological activity of Rac1 protein was analyzed using GST pull-down assay
as described previously [30]. In brief, GST-PAK1 PBD fusion protein was purified by glutathione-Sepharose 4B beads as mentioned above. The dHL-60 cells
or human PMNs were seeded in a fibrinogen-precoated 10-cm plate to adhere
for 10 min and then treated with or without STI571 (10 M). After treatments, the cells were stimulated with fMLP (100 nM) for the indicated time at
37°C. The cells were lysed, and the cell lysates were incubated for 1 h at 4°C
with glutathione-Sepharose beads coated with GST-PAK1 PBD. Beads were
washed with lysis buffer and boiled in Laemmli sample buffer, and the amount
of Rac1 protein bound to GST-PAK1 PBD protein, as well as the levels present
in whole cell lysates, was analyzed by immunoblotting.
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Statistical analysis
Data shown represent mean ⫾ sem. Statistical significance was determined
by Student’s t-test. Statistical analysis was performed using SPSS version
13.0. P ⬍ 0.05 was considered statistically significant.

RESULTS

Neutrophil recruitment in vivo and migration in vitro
require c-Abl kinase activity
We first investigated the role of c-Abl kinase activity in neutrophil recruitment in vivo by thioglycollate-induced acute peritonitis model. Purified normal murine neutrophils from peripheral blood were treated with or without STI571 and fluorescence-labeled with calcein-AM. Then, the treated murine
neutrophils were injected into the tail veins of littermates, in
which acute peritoneal inflammation was induced by i.p. injection of thioglycollate. As shown in Fig. 1A, ⬃2.9 ⫻ 104
cells/ml murine neutrophils without STI571 treatment were
detected in peritoneal cavities of the mouse models. When
treated with STI571, only ⬃1.71 ⫻ 104 cells/ml neutrophils
were found in peritoneal cavities. The results showed that significantly lower numbers of neutrophils treated with STI571
were recruited into the peritoneal cavity, suggesting that c-Abl

kinase activity is required for in vivo neutrophil infiltration in
the peritonitis model.
Transwell assay was used to evaluate the effect of c-Abl kinase on the migration capacity of neutrophils in the presence
or absence of STI571. As illustrated in Fig. 1B, ⬃28.5% of neutrophil-like dHL-60 migrated through the filters to the lower
wells in 90 min in response to fMLP stimulation. However,
only ⬃7.1% of the cells treated with STI571 migrated though
the filters during the incubation time. Further, a cell-populated agarose drop assay was used to evaluate the role of c-Abl
kinase in neutrophil migration. The migration distance of
dHL-60 cells treated with or without STI571 was recorded under a fluorescence microscope. Data were expressed as a relative migration ratio of the migration distance of the STI571treated group to that of the untreated group. As shown in Fig.
1C, dHL-60 cells without STI571 treatment were much more
motile than the treated cells, and they migrated a longer distance. In addition, we further confirmed the effects of c-Abl
kinase in human PMNs on migration capacity. Similar results
were observed in human PMNs; STI571 treatment significantly
reduced the migration number of human PMNs in the Transwell experiment (Fig. 1D), and the migration distance was also
significantly reduced as evaluated by the cell-populated aga-

Figure 1. c-Abl kinase is required for neutrophil recruitment and migration in vivo and in vitro. (A) Murine neutrophils were isolated from peripheral blood. The calceinAM-labeled neutrophils, treated with or without STI571
(STI; 10 M), were injected into the tail veins of the thioglycollate-induced acute peritonitis littermates. The fluorescence-labeled murine neutrophils in the peritonea were
analyzed by cell counting under a fluorescence microscope (line:mean, Student’s t-test, P⬍0.05; n⫽30 mice for
each condition). (B) Transwell migration assay with
dHL-60 cells. The fluorescence-labeled dHL-60 cells were
incubated with or without STI571 (10 M) for 30 min before transferring to the upper 3-m pore polycarbonate
membrane inserts coated with fibrinogen. The cells, migrated to the lower compartment of the Transwell containing100 nM fMLP or not, were quantified after 90 min. The results are presented as the mean ⫾ sem from three independent experiments (Student’s t-test, P⬍0.01). (C) Cell-populated agarose drop assay with dHL-60 cells. The agarose drops with fluorescence-labeled dHL-60 cells, treated
with or without STI571 (10 M), were plated in the center of culture dishes coated with fibrinogen. After 2 h, the cells migrated out of agarose
drops were measured using fluorescence microscopy. Values are normalized to the migration distance of control cells without STI571 treatment.
Each bar represents the mean ⫾ sem from three independent experiments (Student’s t-test, P⬍0.01). (D) Transwell migration assay with human
PMNs as described in B. (E) Cell populated agarose drop assay with human PMNs as described in C.
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rose drop assay (Fig. 1E). Therefore, these results demonstrate
that c-Abl kinase activity is indispensable for cell migration in
neutrophil-like dHL-60 cells and human PMNs.

Inhibition of c-Abl kinase activity impacts neutrophil
migratory behavior
We quantitatively investigated the effects of c-Abl kinase on
dHL-60 cell migration and morphological changes using timelapsed videomicroscopy to record dHL-60 migration in a Zigmond chamber (Fig. 2A; Supplemental Movie 1 for dHL-60
normal control and Supplemental Movie 2 for STI571-treated
dHL-60). dHL-60 cells exhibited a hypermotile phenotype,
which was characterized by the formation of broad lamellipodia at the leading edge with fast deformability and highly polarized morphology. Conversely, the cells exposed to STI571
exhibited a very weak morphological polarization and moved
more slowly. Wind-rose plots of tracked migration paths of
dHL-60 cells were plotted using ImageJ (Fig. 2B), and quantitative assessment of migratory behavior, such as accumulated
distance, Euclidean distance, and average velocity, was obtained by tracking individual cells (Fig. 2C). dHL-60 cells without STI571 treatment migrated a longer distance during the
15-min observation period, and the average accumulated distance and Euclidean distance was 98.3 and 61.6 m, respectively. Moreover, dHL-60 cells without STI571 treatment exhibited a faster velocity, and the average velocity of the cell population was ⬃8.1 m/min. When treated with STI571, the
migratory capacity of dHL-60 cells was impacted significantly,
and the accumulated distance, Euclidean distance, and average velocity were reduced greatly compared with that of untreated dHL-60 cells.

c-Abl kinase activity is essential for membrane
protrusion dynamics and ␤2 integrin-dependent actin
polymerization in neutrophils
In a variety of cell types, c-Abl kinase is required for cell polarization, membrane ruffling, and pseudopodium formation [12,
13]. Moreover, the presence of c-Abl kinase in the cortex of
membrane protrusions prompted us to examine whether the
dynamics of membrane protrusions are regulated by c-Abl kinase during neutrophil migration. Therefore, we captured live
images of dHL-60 cells in a Zigmond chamber for 60 s (Supplemental Movie 3 for dHL-60 normal control and Supplemental Movie 4 for STI571-treated dHL-60). Figure 3A illustrated the representative images of control dHL-60 cells and
STI571-treated dHL-60 cells. These images clearly demonstrated that membrane protrusion of control dHL-60 cells
was much more vigorous than that of STI571-treated
dHL-60 cells. Kymograph analyses (Fig. 3B) confirmed that
dHL-60 cells with STI571 treatment displayed a greatly diminished membrane dynamics compared with the control
cells. Histogram analyses of relative membrane protrusion
velocity generated from kymographs revealed that the membrane protrusion velocity for control cells was ⬃10⫻ higher
than that of STI571-treated cells (Fig. 3C), suggesting that
c-Abl kinase is responsible for the vigorous membrane protrusion of dHL-60 cells.
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It is generally accepted that the driving force for cell migration is provided by the dynamic rearrangement of actin
cytoskeleton, which induces membrane protrusion and
pseudopod formation at the leading edge [31], and neutrophils use actin polymerization-based protrusion to control
their motility [28]. Our results above indicated that c-Abl
kinase is essential for membrane protrusion dynamics. So,
we further evaluated the effects of c-Abl kinase on actin polymerization during ␤2 integrin-dependent neutrophils migration. The results showed that with ␤2 integrin engagement, a burst of actin polymerization increased to 31%
above the level of resting dHL-60 cells, and the maximal
change of fluorescence intensity was detected at 3 min after
fMLP stimulation (Fig. 3D), whereas CD treatment completely inhibited the increase in actin polymerization. When
the adherent dHL-60 cells were treated with STI571 and IB4
(blocking the binding of ␤2 integrin to their ligands), the
␤2 integrin-dependent actin polymerization was abolished
almost completely compared with the control group. In addition, suspended dHL-60 cells showed a rapid and transient increase of actin polymerization after fMLP stimulation (Fig. 3E). fMLP-triggered actin polymerization was not
affected significantly by pretreatment of dHL-60 cells with
STI571 under a suspended condition, suggesting that c-Abl
kinase is not involved in FPR1-triggered signaling. Taken
together, these results indicate that c-Abl kinase is required
for actin polymerization after ␤2 integrin engagement.

c-Abl kinase activation depends on ␤2 integrin
engagement
c-Abl kinase has been reported to be activated by various extracellular receptors, such as integrin family [32]. To determine whether c-Abl kinase was activated during ␤2 integrindependent neutrophil migration, we conducted an in vitro
kinase assay by using GST-CrkII-CTD as a substrate to test cAbl kinase activity. As shown in Fig. 4A, the level of Crk phosphorylation was elevated gradually, suggesting that c-Abl kinase
activity was enhanced after ␤2 integrin engagement. However,
the level of Crk phosphorylation was inhibited significantly
when the adherent dHL-60 cells were treated with STI571 and
IB4 (Fig. 4B). The results indicated that blocking the binding
of ␤2 integrin to their ligands may markedly inhibit c-Abl kinase activity, suggesting that c-Abl kinase activity depends on
␤2 integrin engagement. In addition, Src family kinases are
indispensable for signal transduction of ␤2 integrin signaling
[33, 34]. We found that the inhibition of Src with PP2 diminished the ␤2 integrin-dependent c-Abl kinase activation (Fig.
4B), suggesting that c-Abl is an essential component of Srcbased signaling in regulating ␤2 integrin-dependent neutrophil migration. We further found that the exposure of suspended cells to fMLP did not induce the activation of c-Abl
kinase (Fig. 4C). In addition, when dHL-60 cells were plated
on the BSA substrate, c-Abl kinase activity did not increase
(Fig. 4D). Together, the distinct patterns of c-Abl kinase activation between adherent and suspended cells suggest that the
specific regulation of c-Abl kinase activity is ␤2 integrin engagement-dependent.
Volume 93, April 2013
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Figure 2. c-Abl kinase is required for normal migration behavior of fMLP-stimulated neutrophils. (A) Time-lapsed photomicrographs (20⫻ objective) of dHL-60 cells, which were treated with or without STI571 (10 M) and stimulated with 100 nM fMLP in a Zigmond chamber, were obtained for 15 min at 30-s intervals, as described in Materials and Methods, and subjected to quantitative analyses of cell migration (see Supplemental Movies 1 and 2). Original scale bar ⫽ 10 m. (B) Wind-rose plots of migration paths of fMLP-stimulated dHL-60 cells treated with or without
STI571 (10 M) over a 15-min observation period. Migration tracks from one experiment are shown. (C) Accumulated distance, Euclidean distance, and average velocity are presented as the mean ⫾ sem from three independent experiments (line:mean; Student’s t-test, P⬍0.001).

c-Abl kinase and Vav1 constitutively interact at the
leading edge of migrating neutrophils
Vav1 is an essential regulator for cytoskeleton rearrangement
in leukocyte and also required for ␤2 integrin signaling net616 Journal of Leukocyte Biology
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works in neutrophil [21, 35]. Thus, we speculated whether cAbl kinase and Vav1 were involved in the same pathway in response to ␤2 integrin-dependent neutrophil migration. We
first analyzed the subcellular localization of c-Abl kinase and
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Figure 3. c-Abl kinase is critical for membrane protrusion dynamics and ␤2 integrin-dependent actin
polymerization in neutrophils. (A) Time-lapse images
of dHL-60 cell migration treated with or without
STI571 (10 M) in a Zigmond chamber for 60 s (see
Supplemental Movies 3 and 4). (B) Kymograph analysis showed membrane protrusion dynamics along
the line orthogonal to the leading edge of the cells
generated from the time-lapse images shown in A.
Dashed line indicates the boundary of the membrane protrusions. (C) Analyses of relative membrane protrusion velocity calculated from kymographs. The bar over the graph represents the mean ⫾ sem from three separate experiments (Student’s t-test, P⬍0.01). Values are normalized to
the membrane protrusion velocity of the cells without STI571 treatment. (D) Effects of c-Abl kinase on F-actin content in dHL-60 cells during ␤2
integrin-dependent migration. dHL-60 cells were seeded on fibrinogen-precoated plates to adhere for 10 min and then treated with STI571 (10
M), IB4 (10 g/ml), and CD (1 M), respectively. After treatment, dHL-60 cells were stimulated with fMLP (100 nM) for the indicated time at
37°C. F-actin was calculated by measuring the fluorescence of extracted rhodamine phalloidin in a fluorometer, as described in Materials and
Methods. Bar graphs show the changes in F-actin content expressed as a relative fold change in the MFI of untreated control cells (Con) at Time
0. Error bars represent the sem from three separate experiments/time-point. (E) The effects of STI571 on fMLP-triggered F-actin accumulation in
suspended dHL-60 cells, which were pretreated with STI571 (10 M) or CD (1 M) for 30 min at 4°C. Thereafter, the cells were stimulated with
fMLP (100 nM) for the indicated time at 37°C, and then F-actin content was measured as described in D. Data were expressed as a relative fold
change in the MFI at Time 0. Error bars represent the sem from three separate experiments/time-point.

Vav1 during ␤2 integrin-dependent dHL-60 cell migration.
The confocal images revealed that in untreated dHL60 cells,
endogenous c-Abl kinase and Vav1 were cortically distributed
around the plasma membranes with some cytoplasmic localization. Upon ␤2 integrin engagement, c-Abl kinase and Vav1
were enriched and colocalized at the leading edge of the polarized dHL-60 cells, as shown by the merged images and histograms, which were line-scanned profiles of fluorescence intensity of c-Abl kinase and Vav1 along the indicated lines analyzed by NIH ImageJ (Fig. 5A). These results suggest that the
recruitment of c-Abl kinase and Vav1 to the leading edge of
polarized dHL-60 cells could be induced by ␤2 integrin engagement.
The observation that endogenous c-Abl kinase and Vav1 colocalized at the leading edge raises the possibility that c-Abl
kinase interacts with Vav1. Next, we examined the interaction
between c-Abl kinase and Vav1 by immunoprecipitation. After
␤2 integrin engagement at the indicated time-point, dHL-60
cells or human PMNs were lysed for coimmunoprecipitation
using anti-c-Abl or anti-Vav1 antibody, followed by immunoblotting with anti-Vav1 or anti-c-Abl antibody. As shown in Fig.
5B and C, endogenous Vav1 coprecipitated with c-Abl kinase
and vice versa. This association between c-Abl kinase and Vav1
was not affected by ␤2 integrin engagement, suggesting that
c-Abl kinase and Vav1 constitutively interact in dHL-60 cells
and human PMNs.
To determine further whether the interaction between c-Abl
kinase and Vav1 is direct and which domain or motif of Vav1
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is required for the efficient interaction, we constructed the
GST fusion proteins using Vav1 WT and mutants, including
Vav1 WT (1– 845 aa), NTD (1–558 aa), PSH (559 – 845 aa), SH
(612– 845 aa), and PSH⌬P (P607 608 609 610A, 559 – 845 aa;
Fig. 5D), and tested their binding affinity with c-Abl kinase by
GST pull-down assay. As shown in Fig. 5E, c-Abl kinase coprecipitated with GST-Vav1 WT but not GST, whereas c-Abl kinase
coprecipitated weakly with the NTD. In addition, c-Abl kinase
efficiently coprecipitated with the PSH domain, and the binding affinity of the SH domain and PSH⌬P domain (replacement of the four adjacent prolines with alanine) was reduced
by ⬃49% and ⬃44%, respectively, compared with the PSH domain. The above results indicate that Vav1 interacts directly
with c-Abl kinase in vitro; the C-terminal SH3-SH2-SH3 domain and proline-rich region of Vav1 play a pivotal role for its
efficient interaction with c-Abl kinase.

Vav1 is a major effector of c-Abl kinase in
neutrophils
We further tested whether Vav1 is a downstream effector of
c-Abl kinase and whether c-Abl kinase affects ␤2 integrin-dependent neutrophil migration by regulating Vav1 activity. We
first examined the dynamic changes in the tyrosine phosphorylation level of Vav1. As shown in Fig. 6A, the tyrosine phosphorylation level of Vav1 increased gradually in dHL-60 cells
upon ␤2 integrin engagement. When the adherent dHL-60
cells were treated with STI571, the tyrosine phosphorylation
level of Vav1 was reduced significantly, suggesting that the actiVolume 93, April 2013
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Figure 4. c-Abl kinase is activated following ␤2 integrin engagement. (A) dHL-60 cells were incubated on the surface of fibrinogen and stimulated with fMLP for the indicated time. TyrP, Tyrosinase-related protein 1. (B) For inhibition assay, dHL-60 cells were added on fibrinogen for
10 min, and the adherent dHL-60 cells, pretreated with STI571 (10 M), PP2 (5 M), or IB4
(10 g/ml), were stimulated with fMLP. (C) dHL-60 cells in suspension were stimulated with
fMLP for the indicated time. (D) dHL-60 cells were incubated on the surface of BSA and stimulated with fMLP for the indicated time. The dHL-60 cells were lysed after treatment, as described in A–D. c-Abl kinase activity was determined by in vitro kinase assay using GST-CrkIICTD as a substrate. Phosphorylation of GST-CrkII-CTD was tested by immunoblotting (IB) with
antibody for phosphotyrosine (PY20). The level of GST-CrkII-CTD was detected with the antiGST antibody to demonstrate equal loading. The immunoblotting bands were quantified by densitometry and processed with NIH ImageJ software, and data were normalized with respect to controls. Data are representative of three independent experiments. IP, Immunoprecipitation.

vation of Vav1 depends on c-Abl kinase activity. Similarly, in
human PMNs, the tyrosine phosphorylation level of Vav1 increased gradually upon ␤2 integrin engagement, and STI571
treatment reduced its phosphorylation dramatically (Fig. 6B).
Furthermore, to predict and screen for the potential phosphorylation sites of the tyrosine residues, Scansite (version 2.0;
http://scansite.mit.edu) was used to analyze the potential motifs and sites within the Vav1 protein [36], which are most
likely to be phosphorylated by c-Abl kinase. A low-stringency
Scansite search produced two putative tyrosine phosphorylation sites, mapping at Tyr-267 and Tyr-604 of the Vav1 protein
sequence (Fig. 6C). A middle-stringency Scansite search indicated that the Tyr-267 site would, more likely, serve as a physiological substrate of c-Abl kinase, as the Tyr-267 site has a
score of 0.209%, which was close to the top scores of 0.2%,
deemed a high-stringency setting (Fig. 6C). Then, we identified this prediction by point mutation and in vitro kinase assay. The point mutants (Y267F and Y604F) were introduced
from the pGEX-2TK Vav1 wide-type plasmid, with a one-step
overlap extension PCR method, by using the Easy Mutagenesis
System. The GST-fusion proteins of WT Vav1 or mutants
(Y267F and Y604F) were purified further with glutathioneSepharose 4B beads. The pCMV-Myc-c-Abl PP (constitutively
active c-Abl) plasmid was transfected into HEK 293T cells (the
tyrosine kinase activity of c-Abl PP was confirmed, as shown in
Supplemental Fig. 1). Myc-c-Abl PP was immunoprecipitated
using anti-c-Myc antibody from the lysates of transfected HEK
293T cells. Then, pellets of immunoprecipitated c-Myc-Abl PP
were mixed respectively, with rGST-fusion proteins of WT Vav1
or mutants (Y267F and Y604F) for in vitro kinase assay. As
shown in Fig. 6D, the Y604F mutant was slightly less phosphorylated, whereas the tyrosine phosphorylation level of the Y267F
mutant was reduced significantly. The above results indicate
618 Journal of Leukocyte Biology
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that Tyr-267 in Vav1 is an authentic phosphorylation site of
c-Abl kinase.
Vav1 functions as a GEF for small GTPase Rac1, whereas
Rac1 plays a pivotal role in regulating actin cytoskeleton dynamics [37]. To examine whether c-Abl kinase activates Vav1,
which further activates Rac1, in the ␤2 integrin-mediated signaling pathway, we examined the Rac1-GTP level (the activated form of Rac1) by using a GST pull-down method described previously [30]. The levels of Rac1-GTP were increased
markedly upon ␤2 integrin engagement in dHL-60 cells (Fig.
6E). However, the reduction of c-Abl kinase activity with
STI571 treatment led to the inhibition of Rac1 activity by 63 ⫾
12%. Similarly, STI571 treatment significantly inhibited Rac1
activation in human PMNs (Fig. 6F). Thus, c-Abl kinase is required for Rac1 activation in dHL-60 cells and human PMNs.

DISCUSSION
Here, we demonstrate that c-Abl kinase is crucial for neutrophil recruitment and integrin-dependent migration, and the
inhibition of c-Abl kinase activity impacts neutrophil migratory
behavior significantly. In addition, c-Abl kinase activation depends on ␤2 integrin engagement, and the activated c-Abl kinase further regulates actin polymerization and membrane
protrusion dynamics. Furthermore, Vav1 is a major downstream effector of c-Abl kinase, which probably regulates the
activity of Vav1 by directly phosphorylating Vav1 at Tyr-267 in
the DH domain. Taken together, these results indicate that
c-Abl kinase plays a critical role in ␤2 integrin-dependent neutrophil migration by regulating Vav1 activity.
Cell migration is a highly complex and tightly regulated process, and actin cytoskeleton rearrangement plays a pivotal role
in cell polarization and migration by promoting membrane
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Figure 5. c-Abl kinase and Vav1 constitutively interact at the leading edge of migrating cells. (A) Adherent dHL-60 cells on immobilized fibrinogen were stimulated with fMLP for the indicated time. Differential interference contrast (DIC) images showed the morphology of corresponding cells. Confocal microscopy images showed the distribution of c-Abl kinase and Vav1. c-Abl kinase was detected using a mouse antihuman c-Abl mAb (8E9) and an Alexa Fluor 488-conjugated goat anti-mouse IgG secondary antibody (green). Vav1 was assessed using a rabbit polyclonal antibody against Vav1 (R775) and TRITC-conjugated goat anti-rabbit secondary antibody (red). The merged images
demonstrated the colocalization (yellow). Histogram indicated the ratio of MFI of c-Abl kinase and Vav1 along the indicated lines, which
was analyzed by NIH ImageJ. Original scale bar ⫽ 5 m. (B) Adherent dHL-60 cells on immobilized fibrinogen were stimulated with 100
nM fMLP at 37°C for the indicated time. Then, the cells were lysed, and the supernatants were incubated with c-Abl kinase or Vav1 antibodies. The immunoprecipitated proteins were separated by SDS-PAGE and immunoblotted for Vav1 or c-Abl kinase. (C) Human PMNs were
treated as described in B. The immunoprecipitated proteins were separated by SDS-PAGE and immunoblotted for Vav1 or c-Abl kinase.
(D) A schematic diagram of the WT and truncate mutants of GST Vav1. CH, Calponin-homology domain; PH, pleckstrin homology domain;
CRD, cysteine-rich region. (E) Untreated dHL-60 cells were lysed, and the lysates were incubated with GST, GST Vav1 WT, GST Vav1 NTD,
GST PSH, GST Vav1 SH, or GST Vav1 PSH⌬P. Bound proteins were separated by SDS-PAGE and immunoblotted with anti-c-Abl antibody.
The equivalent amount of c-Abl kinase added to the binding reactions was shown in the “Input” panel. Data are representative of three independent experiments.

www.jleukbio.org

Volume 93, April 2013

Journal of Leukocyte Biology 619

Figure 6. Vav1 is a major effector
of c-Abl kinase in neutrophils. (A)
Adherent dHL-60 cells were stimulated as described in Materials and
Methods, Vav1 was immunoprecipitated from the cell lysates, and the
tyrosine phosphorylation level of
Vav1 was detected by immunoblotting with antiphosphotyrosine antibody. Then, the blots were
stripped and reprobed with antiVav antibody to demonstrate equal
loading. (B) Human PMNs were
treated as described in A. (C) The
“Scansite 2.0” (version 2.0) software was used to screen for the
potential motifs or tyrosine phosphorylation sites of Vav1 protein.
When the “low stringency” criteria
was used, two predicted tyrosine
phosphorylation sites (Y267 and
Y604) were found in peptide map,
and the surface accessibility (SA)
was also shown. (D) GST-fusion
proteins of WT Vav1 or mutants
(Y267F and Y604F) were purified
by glutathione-Sepharose 4B beads.
The pCMV-Myc-c-Abl PP plasmid
was transfected into HEK 293T
cells. Cell lysates were immunoprecipitated using anti-c-Myc antibody,
and in vitro kinase assay was performed as described in Materials
and Methods. Precipitates were
immunoblotted using antiphosphotyrosine antibody. Data are representative of three independent experiments. (E) The biological activity of Rac1 protein in dHL-60 cells
was analyzed using a pull-down assay, as described in Materials and
Methods. Levels of total Rac1 are
used to show cell lysate input.
Quantification of the relative level
of Rac1-GTP was calculated by NIH
ImageJ. Each bar represents the
mean ⫾ sem from three separate
experiments (Student’s t-test,
P⬍0.01). Values are normalized to
the level of Rac1-GTP in the cells
without STI571 treatment. (F)
Rac1 activity in human PMNs was
analyzed as described in D.

protrusion and providing the driving force [5, 6]. Current evidence supports that c-Abl kinase is involved in the reorganization of the actin cytoskeleton in a variety of cellular processes
[9]. Especially in the past decade, the functions of c-Abl kinase
in slow-migrating mesenchymal cells have been well identified
as an important signaling molecule that promotes actin dy620 Journal of Leukocyte Biology
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namics and cytoskeletal rearrangement [7, 8]. However, it is
not yet known if c-Abl kinase regulates the actin cytoskeleton
dynamics in highly polarized and rapidly moving neutrophils.
Here, we report an essential role of c-Abl kinase in regulating
␤2 integrin-dependent neutrophil migration. The biochemical
data and time-lapse observation indicate that treatment with
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STI571, a small molecule inhibitor of c-Abl kinase, significantly
impacts integrin-dependent actin polymerization and membrane protrusion dynamics at the leading edge and results in a
markedly defect in neutrophil migration behaviors (Figs. 2A–C
and 3A–D). Several reports have implicated the role of c-Abl
kinase in regulating cytoskeleton dynamics within microspikes,
membrane ruffling, neurite extension, synapses, filopodia, lamellipodia, and podosome [12, 13, 15, 38, 39]. On the basis of
our findings, we conclude that c-Abl kinase, linking external
signals to the cytoskeleton remodeling, plays a crucial role in
␤2 integrin-dependent neutrophil migration via positively regulating actin polymerization and membrane protrusion. Thus,
our results extend the previous understanding of how c-Abl
kinase affects cell migration.
Our findings led us to seek out the downstream effector and
reveal the possible mechanism by which c-Abl kinase regulates
␤2 integrin-dependent neutrophil migration. It is reported
that Vav1 is required for integrin-dependent functions of neutrophils and acts as an important signaling molecule involved
in cytoskeletal rearrangement [35]. We here identify that Vav1
is a major downstream effector of c-Abl kinase in neutrophils.
Our results show that upon ␤2 integrin engagement induced
by chemoattractant, c-Abl kinase and Vav1 are recruited to the
leading edge of neutrophils (Fig. 5A). In addition, c-Abl kinase constitutively and directly interacts with Vav1 in neutrophils to form a functional complex (Fig. 5B and C). These results provide spatially instructive cues for localized actin polymerization in the membrane protrusion region. Vav1 also
functions as an adaptor platform, and the C-terminal of Vav1
contains several essential domains or motifs, such as SH3, SH2,
and proline-rich sequences, to mediate protein interaction and
complex assembly [40]. Although Cui et al. [41] reported that
the Vav SH2 domain and c-Abl kinase SH3 domain are critical
for their association, our results show that this complex formation requires the whole C-terminal SH3-SH2-SH3 domain and
proline-rich region next to the N-terminal SH3 domain of
Vav1 (Fig. 5D and E), suggesting that besides the SH3 domain,
the proline-rich region of c-Abl kinase is also possibly involved
in this interaction.
Previous reports showed that Vav1 can be phosphorylated by
c-Abl kinase during neutrophil adhesion and spreading [41],
but the phosphorylation sites have not been well identified.
Our results demonstrate that the tyrosine phosphorylation
level of Vav1 also depends strictly on c-Abl kinase activity during integrin-dependent neutrophil migration (Fig. 6A and B).
Thus, we took advantage of Scansite to predict the possible
phosphorylation sites of Vav1. The biochemical data from in
vitro kinase reaction with purified c-Abl and Vav1 proteins
concur with the Scansite phosphorylation site prediction,
showing that Tyr-267 of Vav1, but not Tyr-607, is the main tyrosine phosphorylation site of c-Abl kinase (Fig. 6C and D).
Scansite identifies short protein sequence motifs that are recognized by signaling domains or kinases [36]. The Scansite
algorithm only contains a limited amount but well-defined kinase catalytic motifs and sites so that only ⬃32% of the detected phosphopeptides are readily assigned to a known motif
class [42]. Therefore, besides Tyr-267, there might still be
other sites phosphorylated by c-Abl kinase, which cannot yet
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be predicted by Scansite. The DH domain (185–375 aa) of
Vav1 has catalytic GEF activity toward the Rho GTPase family
[18]. Tyr-267 of Vav1 is located exactly in the DH domain,
suggesting that c-Abl kinase probably regulates the GEF activity
of Vav1 by directly phosphorylating Vav1 at Tyr-267 in the DH
domain. It has been reported that the Ac domain of Vav1 contains at least three tyrosine sites, including Tyr-142, Tyr-160,
and Tyr-174, and those phosphorylation sites are crucial for
Vav1 GEF activity [18, 43, 44]. Thus, Vav1 activation dose not
completely depend on c-Abl kinase; other tyrosine kinases,
such as Src- or Syk-family kinases, may also play essential roles.
In conclusion, we reveal a novel signaling function of c-Abl
kinase in neutrophil migration. Our results show that ␤2 integrin-dependent c-Abl kinase activation and recruitment to the
leading edge are necessary for actin polymerization and membrane protrusion. In addition, we identify Vav1 as a major
downstream effector of c-Abl kinase in ␤2 integrin signaling.
After being activated, c-Abl kinase may phosphorylate and regulate the activity of Vav1, which further affects small GTPase
Rac1 activation. Taken together, we demonstrate a critical role
of c-Abl kinase in ␤2 integrin-dependent neutrophil migration
by regulating Vav1 activity. This provides the feasibility for targeting c-Abl kinase to restrict the recruitment and migration
of neutrophils for amelioration of inflammation-related disease.
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