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The Abl tyrosine kinases, Abl and Arg, play a role in the reg-
ulation of the actin cytoskeleton by modulating cell-cell adhe-
sion and cell motility. Deregulation of both the actin cytoskel-
eton and Abl kinases have been implicated in cancers. Abl
kinase activity is elevated in a number of metastatic cancers
and these kinases are activated downstream of several onco-
genic growth factor receptor signaling pathways. However, the
role of Abl kinases in regulation of the actin cytoskeleton dur-
ing tumor progression and invasion remains elusive. Here we
identify the Abl kinases as essential regulators of invadopodia
assembly and function. We show that Abl kinases are activated
downstream of the chemokine receptor, CXCR4, and are re-
quired for cancer cell invasion and matrix degradation in-
duced by SDF1�, serum growth factors, and activated Src ki-
nase. Moreover, Abl kinases are readily detected at
invadopodia assembly sites and their inhibition prevents the
assembly of actin and cortactin into organized invadopodia
structures. We show that active Abl kinases form complexes
with membrane type-1 matrix metalloproteinase (MT1-MMP),
a critical invadopodia component required for matrix degrada-
tion. Further, loss of Abl kinase signaling induces internaliza-
tion of MT1-MMP from the cell surface, promotes its accumu-
lation in the perinuclear compartment and inhibits
MT1-MMP tyrosine phosphorylation. Our findings reveal that
Abl kinase signaling plays a critical role in invadopodia forma-
tion and function, and have far-reaching implications for the
treatment of metastatic carcinomas.

Podosomes and invadopodia are specialized protrusive
structures consisting of a core assembly of F-actin- and actin-
binding proteins that form on the ventral surface of migratory
and invading cells. These structures are observed in physio-
logical and pathological processes that involve remodeling of
the extracellular environment and are found in endothelial

cells during extracellular matrix (ECM)5 degradation (1),
transmigrating monocytic cells (2, 3), osteoclasts during bone
reabsorption (4), and cancer cells during invasion and metas-
tasis (5). Although podosomes and invadopodia are structur-
ally distinct, they share many common features such as the
enrichment of integrins, actin regulatory proteins, matrix
metalloproteinases (MMPs), and tyrosine kinases (6–8).
Carcinoma cells utilize invadopodia to degrade the ECM

during tumor invasion and metastasis (8). Invadopodia assem-
bly occurs through sequential steps that begin with the as-
sembly of precursor structures containing actin, cortactin,
Tsk5, N-WASP, and other actin regulatory proteins, and pro-
gress into mature structures with matrix degradation activity
(9). Invadopodia were first described in cells transformed with
oncogenic v-Src (10), and endogenous Src kinases have been
shown to promote podosome/invadopodia formation in re-
sponse to growth factors and chemokines (1, 11–13). Src
phosphorylates several invadopodia components including
cortactin, N-WASP, and Tsk5/FISH (14). Cortactin regulates
the formation and maturation of invadopodia (9, 15). Tyro-
sine phosphorylation of cortactin regulates the recruitment of
N-WASP, Nck, and Arp2/3-dependent actin polymerization
at invadopodia. Moreover, subsequent cortactin dephosphor-
ylation promotes invadopodia maturation and MMP-depen-
dent matrix degradation (16–18). While cortactin was ini-
tially identified as a Src substrate, recent reports showed that
Abl kinases phosphorylate and interact with cortactin and
may mediate Src-induced cortactin phosphorylation in re-
sponse to growth factor stimulation (19, 20).
The Abl family of non-receptor tyrosine kinases consists of

two members, Abl (Abl1) and Abl-related gene (Arg or Abl2).
Abl tyrosine kinases were first identified as oncogenes in leu-
kemias harboring aberrant Abl fusion proteins (i.e. Bcr-Abl,
Tel-Abl, Tel-Arg) generated by chromosomal translocation
events (21). Constitutive activation of Abl kinases promotes
proliferation and tumorigenesis (22, 23). Recently, accumulat-
ing data suggest that activation of the Abl kinases may play a
role in the development of solid tumors as Arg is elevated in
advanced and high-grade colorectal and pancreatic cancers
(24, 25). Moreover, Abl kinase activity is required for the pro-
liferation, survival and invasion of breast cancer cells (22, 23,
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26). Abl kinases have been implicated in the regulation of cy-
toskeletal dynamics, cell morphology, adhesion, and migra-
tion (21, 27). In this regard, in addition to cortactin, Abl
kinases phosphorylate and interact with a number of actin-
regulatory proteins including N-WASP (20, 28) (29), the Abl-
interacting (Abi) proteins (30, 31), and WAVE2 (32). We pre-
viously showed that Abl kinases are activated downstream of
Src kinases in response to growth factor stimulation and are
required for cytoskeletal remodeling downstream of cell sur-
face receptors (12, 33, 34). Here we examine whether the ef-
fects of Src and extracellular factors on invadopodia forma-
tion and maturation are mediated, in part, by Abl kinases. We
show that the Abl kinases are required for Src-induced inva-
dopodia formation and MMP-dependent matrix degradation
and function downstream of chemokines in these processes.

EXPERIMENTAL PROCEDURES

Antibodies—Anti-Abl (clone 8E9), anti-phosphotyrosine
(clone 4G10), and anti-CrkL were purchased from BD Bio-
sciences. Anti-Arg (clone 9H5) and anti-GFP antibodies were
purchased from Santa Cruz Biotechnology. Anti-cortactin
(4F11) was purchased from Upstate. Anti-phospho-CrkL
(Tyr207), anti-phospho-Akt (Ser-473), anti-Akt, and anti-NA,
K-ATPase were purchased from Cell Signaling Technology.
Anti-MT1-MMP (clone 3G4.2) used for Western blot analysis
and anti-MT1-MMP (clone 113-5B7) used for immunopre-
cipitation were purchased fromMillipore/Chemicon. Recom-
binant human SDF-1� was from R&D Systems.
Cell Culture—The human breast adenocarcinoma cell line,

MDA-MB-231 was purchased from American Type Culture
Collection (ATCC, Manassas, VA). MDA-1833 (bone metas-
tasis) and MDA-4175 cells (lung metastasis) are organ-spe-
cific metastases derived from in vivo selection from parental
MDA-MB-231 cells and were a generous gift from Dr. Joan
Massague (Memorial Sloan-Kettering Cancer Center). MDA-
MB-231 and their derivative cell lines were cultured in Dul-
becco’s modified Eagle’s medium (DMEM, Invitrogen) sup-
plemented with 10% fetal bovine serum (FBS, Invitrogen) and
4 mM L-glutamine (Invitrogen). The respective non-metastatic
and metastatic mouse melanoma cell lines, B16F-0 and
B16F-10 (ATCC), were cultured in DMEM containing 10%
FBS and 4 mM L-glutamine. The human embryonic kidney cell
line, HEK-293T (ATCC), was cultured in Eagle’s Minimum
Essential Medium (MEM, Invitrogen) supplemented with 10%
FBS. The embryonic mouse fibroblast cell line, NIH3T3
(ATCC), was cultured in DMEM supplemented with 10% Bo-
vine Calf Serum (Hyclone). The human non-tumorigenic
mammary epithelial cell line, MCF10A (ATCC) was cultured
in DMEM supplemented with 5% heat inactivated horse se-
rum (Sigma), 4 mM L-glutamine, 10 �g/liter insulin (Invitro-
gen), 20 ng/ml epithelial growth factor (Sigma), 500 ng/ml
hydrocortisone (Sigma), and 100 ng/ml cholera toxin (Sigma).
All cultures were maintained at 37 °C in humidified air con-
taining 5% CO2.
Drug Treatment—STI571/Gleevec was a generous gift from

Novartis. In brief, cells were cultured in serum-free medium
overnight and incubated with either the vehicle dimethysul-

foxime (DMSO, Sigma) or 10 �M STI571 for a period of 1–16
h as indicated.
Transfections and Retroviral Transduction—Various

pcDNA3.1 constructs (MT1-MMP, Abl, Arg) and PX1-Arg-
YFP fusion constructs were expressed in HEK293T cells using
CaCl2 phosphate-mediated transfection. Cells were used for
experimental procedures 48 h following transfection. Retrovi-
ral transduction of PX1-Arg-YFP fusion and MIGR1 con-
structs expressing constitutively active SrcY527F, Abl, and/or
Arg (WT, wild type; PP, constitutively active; and KR, domi-
nant inactive) were performed by transfecting HEK293T with
along CMV-VSVG and gag/pol packaging constructs. Me-
dium containing virus was collected, filtered, incubated on
cells with polybrene (8 �g/ml) for a period of 6–24 h. Cells
were then sorted for GFP� expression and cultured and used
accordingly.
RNA Interference—B16F10 and NIH3T3SrcY527F cells

were transfected with small interfering RNA (siRNA) (Dhar-
macon). Either a non-targeted control or mouse specific
siRNAs targeting Abl (GAAGGAAAUCAGUGACAUAUU)
and Arg (GAAAUGGAGCGAACAGAUAUU) were trans-
fected into cell using Oligofectamine as previously described
(35).
Transduction of Lentiviral MicroRNAs—Lentiviral

microRNAs (miRNAs) were transduced into various cell lines
as previously described (35). Constructs encoding human-
specific Abl miRNA (GGTGTATGAGCTGCTAGAGAA)
and Arg miRNA (CCTTATCTCACCCACTCTGAA) were
cloned in tandem into the pFc-EmGFPW vector and trans-
fected into HEK293T cells along with pCMV-VSVG, pRSV-Rev
and pMDL plasmids as described (36). Lentiviral supernatants
were collected, filtered, and placed on cells (MDA-MB-231 and
derivative cell lines) with 8 �g/ml polybrene. Cells were then
sorted by flow cytometry to collect GFP� populations and either
cultured or immediately used under “Experimental Procedures.”
Similarly, the mouse cell line, NIH3T3SrcY527F was transduced
withmouse-specific miRNAs to individually and simultaneously
target Abl (CAGTTTGACATCCACCTTT) and/or Arg
(CCGTTTGGGTGATGCTGAA).
Western Blotting—Cells were washed with ice-cold phos-

phate-buffered saline (PBS) and lysed in Nonidet P-40 lysis
buffer (50 mM Tris hydrochloride, pH 8.0, 150 mM sodium
chloride, and 1% Nonidet-P40) containing protease and phos-
phatase inhibitors (2 �g/ml aprotinin, 10 �g/ml leupeptin, 1
�g/ml pepstatin A (Thermo Scientific), 10 mM sodium fluo-
ride, 1 mM phenylmethanesulfonyl fluoride, and 10 mM so-
dium orthovanadate). Cell debris was removed by microcen-
tifugation and protein concentrations were quantified using
the Bradford Protein Assay (Bio-Rad) according to the manu-
facturer’s instructions. Cell lysates were then diluted in sam-
ple buffer (100 mM Tris, pH 6.8, 200 mM dithiothreitol, 4%
sodium dodecyl sulfate, 0.2% bromphenol blue, and 20% glyc-
erol) and boiled for 5 min. Proteins were separated by SDS-
PAGE and transferred to nitrocellulose membranes. Mem-
branes were blocked in Tris-buffered saline Tween-20 (TBST)
containing either 5% (w/v) nonfat milk powder or 5% (w/v)
bovine serum albumin (BSA) for 1 h and then incubated with
in blocking solution containing primary antibody overnight at
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4 °C. Blots were washed several times with TBST and incu-
bated with secondary Horseradish peroxidase (HRP)-conju-
gated antibody (Santa Cruz Biotechnology) for 1 h followed
by several washes with TBST. Proteins were visualized using
ECLWestern blotting Detection Reagent (GE Healthcare).
Immunoprecipitations—Cells were washed in cold PBS and

lysed in Nonidet P-40 Lysis Buffer. Protein concentration was
quantified and 0.5–1 mg of protein were incubated with 2 �g
of primary antibody or control IgG between 4–16 h at 4 °C.
Then lysates containing protein-antibody complexes were
incubated with 40 �l of protein A/G PLUS-agarose (Santa
Cruz Biotechnology) for 4 h at 4 °C. Lysates were centrifuged
and agarose-bound immune complexes were washed several
times with Nonidet P-40 lysis buffer. Beads were then sus-
pended in sample buffer, boiled, and processed as described
for Western blotting.
Biotinylation of Surface Proteins—Cells were pretreated for

1 h with either DMSO or 10 �M STI571. Alternatively, cells
were transduced with miRNAs for Abl kinases, sorted by flow
cytometry for GFP� expression, and cultured. Medium was
aspirated from cells and cells were washed several times with
ice-cold PBS containing MgCl2 and CaCl2 (PBS�/�, Invitro-
gen). Surface proteins were labeled with 1 mg/ml Sulfo-NHS-
SS-Biotin (Pierce) reconstituted in PBS�/� and incubated for
30 min at 4 °C. Unreacted biotin was quenched with 20 mM

Tris, pH 8.0 followed by several washes with ice-cold PBS�/�.
Then cells were lysed in RIPA buffer (150 mM sodium chlo-
ride, 50 mM Tris, pH 8.0, 1% Nonidet P-40, 0.5% sodium de-
oxycholate, 0.1% sodium dodecyl sulfate) supplemented with
protease and phosphatase inhibitors. Then 250 �g of protein
from cell lysates were incubated with NeutrAvidin-agarose
Resin (ThermoScientific) for 1 h at 4 °C. Bead resin was
washed several times with PBS�/� containing 1% Nonidet
P-40 and protease/phosphatase inhibitors. Subsequently,
beads were suspended in sample buffer and analyzed by
Western blotting for detection of MT1-MMP and Na, K�

ATPase, as a loading control.
Immunofluorescence Microscopy—Cells were cultured on

either bare or gelatin-coated glass coverslips. Exponentially
growing cells were fixed with 4% (w/v) paraformaldehyde
(PFA) prepared in PBS for 15 min and then permeabilized
with PBS containing 0.2–0.5% (v/v) Triton X-100 for 10 min.
Next, fixed cells were blocked in PBS containing 3% (w/v)
BSA for 1 h, incubated with the appropriate primary antibod-
ies for an additional hour, and followed with incubation with
either the appropriate Alexa Fluor conjugated secondary anti-
bodies (Santa Cruz Biotechnology). Alternatively, secondary
staining procedures included Alexa Fluor-conjugated anti-
phalloidin antibodies (Molecular Probes) to stain F-actin.
Lastly, cells were stained with Hoechst (Molecular Probes) to
identify the nuclei. Fluorescent images were acquired using
the Zeiss Axio Imager (Carl Zeiss MicroImaging). Confocal
images were gathered using the Leica SP5 confocal scanning
microscope. Images were analyzed using MetaMorph soft-
ware (MDS Analytical Technologies).
Fluorescent in Situ Gelatin Zymography—Glass coverslips

were coated with 20 �g/ml OregonGreen-conjugated gelatin
(Molecular Probes) suspended in 2% sucrose for 1 h. Gelatin

solution was removed, and coverslips were incubated with
0.5% glutaraldehyde in PBS for 15 min. Plates were washed
several times and then quenched with 5 mg/ml of sodium
borohydride for 3 min followed with several wash in PBS.
NIH3T3SrcY527F cells were plated on gelatin for a period of
3 h; MDA-MB-231 and their derivative cell lines were exam-
ined after 6 h. Cells were then fixed and stained according to
procedures outlined in the section describing immunofluores-
cence microscopy. Matrix degradation was quantified by
counting the total number of cells producing gelatin-degrada-
tion patches/nuclei in five individual fields; results are ex-
pressed as the mean � S.E.
Matrigel Invasion—Invasion was evaluated by plating

25,000 cells in the upper chambers of 8.0 �m pore size matri-
gel chambers (BD Biosciences) in serum-free medium. Cells
were allowed to invade for up to 48 h in the presence of either
serum-containing medium or serum-free medium containing
150 ng/ml of SDF1-�. Then the remaining cells, medium, and
matrigel were removed from the upper chambers and cells on
the undersurface of the membrane were fixed, stained with
DiffQuik (Dade Behring), and quantified under the 20� ob-
jective. Each experiment analyzed cells in at least four differ-
ent fields performed in triplicates.
Statistical Analysis—Experiments were performed at least

three independent times. Unpaired student t-tests were per-
formed to determine statistical significance using the
GraphPad software (www.graphpad.com). p � 0.05 was con-
sidered statistically significant. Densitometry was performed
using the Image J software.

RESULTS

Abl Kinases Regulate Cell Invasion and MMP-dependent
ECM Degradation—Metastatic tumor cells invade their sur-
rounding microenvironment by employing a variety of mech-
anisms that include protease-mediated degradation of ECM
and tissues. Whereas increased invasiveness correlates with
enhanced metastatic activity, the ability of cancer cells to
spread from the primary site of tumor growth to specific or-
gans may require the activation of distinct signaling pathways.
Elevated Abl kinase activity has been detected in highly inva-
sive breast cancer cell lines (26). However, it is not known
whether Abl kinases are required for matrix degradation and
invasion of breast cancer cells with organ-specific metastatic
capacity. To investigate the requirement for Abl kinases in
these processes, we employed MDA-MB-231-derived breast
cancer cell lines of varying metastatic potential, which were
selected in vivo for their ability to metastasize to either the
bone (MDA1833) and lung (MDA4175) (37–40). These breast
cancer cells were depleted of Abl and Arg following transduc-
tion with lentivirus encoding Abl/Arg-specific microRNAs
(miRNAs). Abl and Arg protein levels were decreased by
greater than 90%. This reduction in Abl and Arg proteins cor-
related with a reduction (greater than 75%) in phosphoryla-
tion of CrkL at an Abl kinase specific phosphorylation site
(tyrosine 207) (Fig. 1C). Silencing of Abl and Arg resulted not
only in markedly decreased invasion toward serum, but also
dramatically impaired protease-mediated matrix degradation
in the parental cell line and the MDA-MB-231-derivative cell
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lines with ability to metastasize to either bone or lung (Fig. 1,
A and B). Furthermore, reconstitution of miRNA-resistant
mouse Abl partially restored the invasive phenotype and the
ability to degrade the matrix (Fig. 1, D and E). Abl kinases are
also required for invasion and matrix degradation of mela-
noma cells (supplemental Fig. S1). Abl kinase activity was ele-
vated in the metastatic melanoma cell line, B16F10 compared
with its non-metastatic counterpart, B16F0 (supplemental Fig.
S1A) and silencing of Abl kinases in the B16F10 metastatic
melanoma cell line significantly decreased invasion and ma-
trix degradation (supplemental Fig. S1, B and C). Moreover,
expression of activated Abl kinases enhanced invasion and
matrix degradation in B16F0 melanoma cells with weak meta-
static potential (data not shown). Taken together, these find-
ings support a requirement for Abl family kinases in matrix
degradation and invasion of metastatic cancer cells.
Src-induced ECMDegradation IsMediated by Abl Kinases—

A role for Src in metastasis has been well established and sev-
eral Src kinase inhibitors are effective in inhibiting prolifera-
tion, invasion, and migration in vitro and in vivomodels (41–
44). Because Abl kinases function downstream of Src in
growth factor receptor signaling (12, 33), we hypothesized
that the invasive properties of Src are mediated, in part, by
activation of Abl kinases. Silencing of Abl, Arg, or both Abl
and Arg together in NIH3T3 cells expressing constitutively
active SrcY527F resulted in a dose-dependent decrease in
MMP-dependent gelatinase activity (Fig. 2, A and B). Knock-
down of both Abl and Arg was required for maximal inhibi-
tion of MMP-dependent gelatinase activity (60% compared
with controls) while depletion of Abl or Arg alone resulted in
partial inhibition of matrix degradation (Fig. 2A). Similarly,
inhibition of Abl kinase activity with the pharmacological in-
hibitor, STI571/Gleevec or knockdown of Abl/Arg in MDA-
MB-231 breast cancer cells expressing constitutively active
Src markedly decreased gelatinase activity by 43 and 58%, re-
spectively, compared with controls (Fig. 2C). Moreover, ex-
pression of activated Arg kinase (Arg-PP) further enhanced
matrix degradation in breast cancer cells, and pharmacologi-
cal inhibition of endogenous Src kinases abrogated matrix
degradation in these cells (supplemental Fig. S2). Collectively,
these data show that endogenous Src and Abl family kinases
are required for efficient ECM degradation.
Abl Kinases Are Activated Downstream of SDF1�/CXCR4—

SDF1� (CXCL12) is a well-characterized chemokine that
plays a critical role in metastasis and invasion in melanoma as
well as lung and breast cancer (53–56). SDF1� signals
through the CXCR4, a G protein-coupled receptor, to activate
signaling pathways required for cell proliferation, survival and

migration. Interestingly, Src kinase is required for SDF1�-
induced survival of metastatic breast cancer cells (37). Thus,
we examined whether Abl kinases were activated in response
to SDF1� in MDA-MB-231 breast cancer cells. Stimulating
MDA-MB-231 cells with SDF1� induced rapid activation of
the endogenous Abl kinases as detected by increased tyrosine
phosphorylation of CrkL, which was abolished by treatment
with the Abl kinase inhibitor STI571 (Fig. 3A). Notably, inhi-
bition of the Abl kinases did not inhibit activation of Akt by
SDF1�, which has been linked to cell survival (Fig. 3A). In
contrast, inhibition of endogenous Src with the Src-selective
inhibitor SU6656 impaired Akt activation induced by SDF1 �
(supplemental Fig. S3). Depletion of Abl and Arg with specific
miRNAs impaired SDF1�-induced invasion (Fig. 3B). More-
over, inhibition of Abl kinases with STI571 impaired matrix
degradation by 60% compared with control cells (Fig. 3C).
Reduced invasion and matrix degradation were not due to
differences in CXCR4 expression as treatment with STI571 or
silencing of Abl kinases with miRNAs did not alter CXCR4
protein levels or surface expression (data not shown). Further,
we found that activation of Abl kinases downstream of
SDF1�/CXCR4 is Src-dependent as pharmacological inhibi-
tion of endogenous Src kinase significantly decreased the
phosphorylation of CrkL at the Abl-specific site, Tyr-207
(supplemental Fig. S3). Thus, Abl kinases are activated down-
stream of the CXCR4 chemokine receptor and are required
for SDF1�/CXCR4-mediated invasion and matrix
degradation.
Abl Kinases Are Required for Invadopodia Formation—Ma-

trix degradation is mediated by invadopodia in carcinoma
cells and activation of Src has been shown to be necessary and
sufficient for invadopodia formation (11, 45). Because Abl
kinases are required for matrix degradation and invasion in
Src-transformed cells (Fig. 2), we asked whether activated Abl
kinases were sufficient to promote invadopodia formation. To
address this question, untransformed NIH3T3 fibroblasts
were transduced with either control vector, constitutively ac-
tive Src, or constitutively Abl and Arg. Cells expressing con-
stitutively active Abl and Arg were elongated, displayed mem-
brane ruffles, and formed cortactin- and actin-positive
podosome-like structures at the cell periphery that were mor-
phologically distinct from the podosome rosettes observed in
Src-transformed cells (Fig. 4A). Importantly, the structures at
the cell periphery showing colocalization of actin and cortac-
tin overlapped with areas of matrix degradation (supplemen-
tal Fig. S2A). Next, we asked whether Abl kinases were local-
ized to invadopodia and were required for their formation. To
determine the whether Abl kinases were localized to inva-

FIGURE 1. Abl kinases are required for invasion and MMP-dependent matrix degradation. A, MDA-MB-231, MDA1833, a derivative that metastasizes to
the bone, and MDA4175, a derivative that metastasizes to the lung, were transduced with the indicated lentiviral miRNAs, sorted, and plated on the upper
wells of matrigel invasion assay chambers in serum-free medium. Invasion toward serum-containing medium was analyzed after 48 h. Cells on the under-
surface of the matrigel membrane were stained and quantified below as mean � S.E. B, cells transduced with lentiviral miRNAs for control or Abl�Arg
miRNAs, were sorted and plated on coverslips coated with OregonGreen-conjugated gelatin for 6 h. Cells were fixed and nuclei stained with Hoechst (blue).
Areas of gelatin degradation (black area) were quantified as mean � S.E. Experiments are quantified from five randomly selected fields under a 20� objec-
tive. Data are representative of at least three independent experiments. C, Western blot analysis of lysates from control (C) and Abl/Arg (A/A) knockdown
cells with antibodies for Abl, Arg, p-CrkL (Y207), and total CrkL. D, MDA-MB-231 cells expressing either control or Abl/Arg lentiviral microRNAs were retrovi-
rally transduced with miRNA-resistant mouse wild type (WT) Abl and analyzed for invasion and gelatinase activity. Gelatin degradation is quantified as de-
scribed in Fig. 1B. E, Western blot analysis of knockdown and reconstituted cells with indicated antibodies as above, with tubulin staining used as a loading
control. Data are representative of three independent experiments.
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dopodia, NIH3T3 fibroblasts expressing constitutively active
Src were transduced with either wild type, constitutively ac-
tive, or kinase-inactive Arg tagged with yellow fluorescent
protein (YFP). The Arg-YFP fusion proteins were analyzed for
co-localization with cortactin, which marks invadopodia pre-
cursors as well as mature invadopodia structures. Wild type
and constitutively active Arg co-localized with cortactin at
invadopodia assembly sites (Fig. 4B). In contrast, expression
of kinase-inactive Arg (ArgKR) disrupted invadopodia forma-
tion (Fig. 4B, bottom panels).
To further examine the requirement for Abl kinases in Src-

mediated invadopodia formation, Abl kinases were inhibited

by treatment with STI571 or depleted with Abl/Arg siRNAs.
Both kinase inhibition and silencing of Abl and Arg abrogated
invadopodia formation (Figs. 5, A and B). Taken together,
these data reveal that Abl kinases are required for Src-induced
invadopodia and that activated Abl kinases promote the accu-
mulation of cortactin-rich structures that resemble invadopo-
dia precursors.
Inhibition of Abl Kinases ImpairsMT1-MMP and Cortactin

Localization—Next, we examined whether Abl kinases modulate
invadopodia components responsible for ECM degradation. To
this end, we examined the localization of MT1-MMP,
which is required for matrix degradation in MDA-MB-

FIGURE 2. Abl kinases are required for Src-dependent matrix degradation. A, NIH3T3-SrcY527F cells were transduced with lentiviruses encoding either
control scrambled or Abl/Arg miRNAs, sorted by flow cytometry, and plated on cover slips coated with Oregon Green-conjugated gelatin for 3 h. Dark areas
of gelatinase activity (black) reveal MMP-mediated degradation. Nuclei are labeled with Hoechst (blue). Matrix degradation was quantified (right) by count-
ing the total number of cells producing gelatin-degradation patches/nuclei in five individual fields; results are expressed as the mean � S.E. B, Western blot
analysis of lysates from cells transduced with scrambled (Scr) control or Abl and Arg miRNAs with the indicated antibodies. C, MDA-MB-231 cells were se-
rum-starved overnight, and then treated with either vehicle (DMSO) or 10 �M STI571 for 1 h to inhibit Abl kinases (top panels) and analyzed for matrix deg-
radation as above. MDA-MB-231 cells were transduced with lentiviruses encoding either control or Abl/Arg miRNAs (lower panels), sorted by flow cytom-
etry, and plated on FITC-gelatin coated coverslips for 3 h and then fixed. Dark areas of gelatinase activity (black) reveal MMP-mediated degradation. Nuclei
are labeled with Hoechst (blue). Matrix degradation was quantified (shown right) by counting the number of cells producing gelatin-degradation patches in
five individual fields. Results are expressed as the mean � S.E. Data are representative of at least three independent experiments.
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231 cells. In control cells, MT1-MMP is localized in a
punctate pattern throughout the cell and on the ventral sur-
face. In contrast, cells depleted of Abl kinases with miRNAs
or treated with STI571 exhibited perinuclear accumulation of
MT1-MMP (Fig. 6, A and B). To determine whether loss of
Abl kinases promoted MT1-MMP internalization, cell surface
proteins were biotinylated before and after depletion of Abl
kinases with miRNAs or after kinase inhibition with STI571.
We observed that inhibition of Abl kinases resulted in de-
creased levels of MT1-MMP at the surface (Fig. 6, C and D).
Notably, depletion of Arg appeared to inhibit MT1-MMP cell
surface levels to a greater extent than Abl depletion (Fig. 6C).
Cortactin has been shown to regulate MT1-MMP recruit-
ment to invadopodia as well as matrix degradation (16, 18).
We observed that cortactin also exhibits a perinuclear local-
ization pattern following inhibition of Abl kinases (Fig. 6E).
Thus, Abl kinases regulate the accumulation of MT1-MMP
and cortactin at invadopodia and the localization of MT1-
MMP at the cell surface. These findings suggest that Abl ki-
nases may regulate trafficking and positively regulate the lo-
calization of MT1-MMP at the cell surface.
Abl Kinases Interact with MT1-MMP—The activity of

MT1-MMP is regulated by phosphorylation, degradation,
autocatalysis, and endocytosis (46–49). Indeed, phosphoryla-
tion of MT1-MMP by Src kinase is important for migration of
tumor and endothelial cells (46). We examined whether the

Abl kinases interacted with MT1-MMP. We observed that
MT1-MMP interacted strongly with exogenous Arg wild type
(Arg-WT) and constitutively active Arg (Arg-PP) (Fig. 7, A
and B). In contrast, a weak interaction was detected between
MT1-MMP and kinase-inactive Arg (Arg-KR) (Fig. 7, A and
B). The interaction between Arg and MT1-MMP was de-
tected following immunoprecipitation of either MT1-MMP
(Fig. 7A) or Arg (Fig. 7B). Similarly, active Abl but not kinase-
inactive Abl interacted with MT1-MMP (supplemental Fig.
S4). Expression of wild-type Arg kinase promoted tyrosine
phosphorylation of MT1-MMP, which was further aug-
mented by expression of constitutively active Arg (Fig. 7, A
and B). The Arg/Abl-induced tyrosine phosphorylation of
MT1-MMP is likely indirect because we did not detect tyro-
sine phosphorylation of purified MT1-MMP with the Abl
kinases in an in vitro kinase assay (data not shown). Thus,
these data suggest that active Abl kinases may activate endog-
enous tyrosine kinases to promote MT1-MMP tyrosine phos-
phorylation and that the interaction of the Abl kinases with
MT1-MMP likely requires Abl activation by upstream signals
initiated by chemokines, growth factors, or oncogenic tyro-
sine kinases.

DISCUSSION

In this study, we reveal a functional role for Abl kinases in
invadopodia formation, invasion, and matrix degradation.

FIGURE 3. Abl kinases are activated downstream of SDF1� and are required for SDF1�-induced invasion and matrix degradation. A, MDA-MB-231
cells were serum-starved overnight and then treated with either vehicle (DMSO) or 10 �M STI571 for 1 h, followed by treatment with 150 ng/ml human re-
combinant SDF1� for the indicated times. Cells were lysed and analyzed for phosphorylated and total CrkL and Akt proteins. B, MDA-MB-231 breast carci-
noma cells expressing either control or Abl/Arg lentiviral miRNAs were serum-starved and then plated in the upper wells of matrigel invasion assay cham-
bers, and allowed to chemotax toward SDF1�. Quantification is shown as fold-difference normalized to controls. C, MDA-MB-231 cells were serum-starved
overnight, and then treated with either vehicle (DMSO) or 10 �M STI571 for 1 h. Cells were plated on Oregon Green-conjugated gelatin-coated cover slips
and cultured in serum-free medium containing either vehicle alone or 150 ng/ml of SDF1� with or without 10 �M STI571. After 6 h, cells were fixed and
stained with Hoechst to stain the nuclei (blue) and analyzed for gelatin degradation (black regions). Experiments are quantified from five randomly selected
fields under a 20� objective. Data are quantified as mean � S.E. and are representative of at least three independent experiments.
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While Abl kinases have long been recognized as oncogenic in
leukemias, recent reports also support an oncogenic role for
Abl kinases in the progression and metastasis of solid tumors
(22–24, 26, 50). Whereas activating mutations of the Abl ki-
nases in solid tumors are rare, endogenous Abl kinases are
activated by upstream signals emanating from receptor tyro-
sine kinases (RTKs), which often are up-regulated in cancers.
Our previous work identified Abl kinases as targets of RTKs
such as the PDGFR and EGFR, and showed that Abl kinases
are also activated downstream of the Src kinase (12, 51). Here
we demonstrate that Abl kinases are required for Src-induced
invadopodia formation, cell invasion, and matrix degradation.
Previous studies have shown that Abl kinases are required for
cell proliferation, survival, and migration induced by Src ki-

nase and growth factors (23). Thus, it can be surmised that
hyperactive RTK and Src signaling in cancers might lead to
the inappropriate activation of Abl kinases. Moreover, phar-
macological Src inhibitors such as Dasatinib, also inhibit Abl
kinases and are effective in preventing tumor cell growth, in-
vasion and metastasis using in vitro and in vivomodels (43,
52). Our findings suggest that the effects of Dasatinib and
similar inhibitors may be mediated in part by abrogation of
Abl and Arg kinase activities.
The invasive program of metastatic malignancies is pro-

moted by chemokine signaling (53–55). In particular, the che-
mokine receptor, CXCR4, is highly expressed in melanoma
and breast tumor cells while its ligand, SDF1�, is elevated in
the microenvironment of metastatic lesions such as lymph
nodes, bone marrow, lungs, and liver (56). Activation of
CXCR4 is important in stimulating the growth and survival of
primary and metastatic tumor cells (53, 57). Moreover, down-
stream signaling by the Src kinase is required for SDF1�-in-
duced survival and metastasis of tumor cells that overexpress
CXCR4 (37, 39). Numerous studies have placed Src kinase
downstream of CXCR4 signaling (37, 58–60). Here we show
for the first time that Abl kinases are activated downstream of
SDF1�/CXCR4 in a Src-dependent manner, and that Abl

FIGURE 4. Active Abl kinases promote formation of podosome-like
structures and localize at invadopodia. A, NIH3T3 fibroblasts were retro-
virally transduced with either vector, constitutively active Src (SrcY527F), or
simultaneously with constitutively active Abl and Arg (AblPP/ArgPP). Cells
were plated on glass cover slips for 6 h, fixed and co-stained for F-actin
(green) and cortactin (red). Merged fields demonstrate co-localization be-
tween cortactin and F-actin at invadopodia-like sites. Hoechst (blue) stains
the nuclei. B, NIH3T3-SrcY527F fibroblasts were transduced with either wild
type (WT), constitutively active (PP), or dominant inactive (KR) forms of Arg-
YFP. Cells were sorted for YFP expression by flow cytometry, plated on gela-
tin-coated cover slips for 3 h and stained for cortactin (red), GFP (Arg), and
Hoechst (nuclei). Colocalization is indicated by yellow in merged fields.

FIGURE 5. Abl kinases are required for invadopodia formation.
A, NIH3T3-SrcY527F cells were treated with DMSO or with 10 �M STI571 for
16 h, fixed and co-stained for cortactin (red, left panels) and F-actin (green,
middle panels). Merged fields (right panels) demonstrate co-localization be-
tween cortactin and F-actin at invadopodia. B, NIH3T3-SrcY527F cells were
transfected with either control or Abl and Arg siRNAs for 48 h, and then
fixed and co-stained for cortactin and F-actin. C, lysates from cells trans-
fected with control (Con) or Abl/Arg (A/A) siRNAs were analyzed by Western
blotting for the indicated proteins.
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kinases regulate SDF1�-mediated invasion and matrix deg-
radation. Interestingly, in contrast to Src kinases, which are
required for maximal Akt activation downstream of
SDF1�/CXCR4 in metastatic breast cancer cells (37), we
found that inhibition of Abl kinases did not affect Akt acti-
vation. Thus, our findings suggest that Src signaling func-
tions upstream of both Abl kinases and Akt in cells stimu-
lated with SDF1�.

The functions of CXCR4 during invasion and metastasis
are mediated in part by regulation of MMPs. In this regard, it
has been demonstrated that both CXCR4 and MT1-MMP are
required for melanoma cell metastasis to the lungs, with

CXCR4 activation required for early stages of metastasis while
MT1-MMP function is required for latter stages (55). More-
over, SDF1� stimulates invasion by upregulating MT1-MMP
which may be due, in part, to activation of Rac GTPase (61).
In this regard, Abl kinases are intimately involved in the regu-
lation of actin cytoskeletal dynamics and modulate the activi-
ties of Rho GTPases (34, 62, 63). Specifically, we previously
demonstrated that Abl kinases are required for Rac activation
(34, 63). Future studies are underway to determine whether

FIGURE 6. Inhibition of Abl kinases impairs localization of MT1-MMP
and cortactin to invadopodia. A, NIH3T3-SrcY527F cells were plated on
FITC-gelatin in the presence or absence of STI571 (10 �M) for 3 h.
B, MDA-MB-231 cells expressing constitutively active SrcY527F were trans-
duced with lentiviruses encoding either control or Abl/Arg miRNAs, sorted
by flow cytometry, and plated on FITC-gelatin-coated cover slips for 6 h. A
and B, cells were fixed and stained for MT1-MMP (red). Dark areas of gelatin-
ase activity (black) reveal MMP-mediated degradation. Nuclei were labeled
with Hoechst (blue). C, NIH3T3- SrcY527F cells expressing the indicated miR-
NAs were biotinylated for 30 min, lysed, and incubated with neutravidin
beads. Protein complexes bound to beads were analyzed by SDS-PAGE and
blotting for cell surface MT1-MMP. Total cell lysates from biotinylated sam-
ples were examined for total MT1-MMP and indicated proteins. Densitome-
try analysis show a ratio of surface MT1-MMP: Total MT1-MMP and were
normalized to controls. D, MDA-MB-231 cells were treated with vehicle or
10 �M STI571 for 24 h. Cells were biotinylated for 30 min, lysed, and incu-
bated with neutravidin beads. Protein complexes bound to beads were
washed and analyzed by SDS-PAGE for cell surface MT1-MMP and Na,K-
ATPase. Results are representative of at least three independent experi-
ments. UB, unbiotinylated control. Densitometry shows a ratio of surface
MT1-MMP: surface Na,K-ATPase normalized to controls. E, NIH3T3-SrcY527F
cells (left panels) and MDA-MB-231-SrcY527F cells (right panels) were plated
on FITC-gelatin-coated cover slips for 6 h, and then fixed and stained for
cortactin (red), and nuclei were labeled with Hoechst (blue); dark areas of
gelatinase activity (black) reveal MMP-mediated degradation.

FIGURE 7. MT1-MMP interacts with Arg kinase. A, active Arg is detected in
protein complexes with MT1-MMP and promotes increased tyrosine phos-
phorylation of MT1-MMP. HEK293T cells were co-transfected with MT1-
MMP and either vector or the indicated Arg constructs: WT, constitutively
active (PP), or dominant inactive (KR). Lysates were immunoprecipitated
with MT1-MMP antibody and blotted for Arg, phosphotyrosine (pTyr), and
MT1-MMP. Total lysates are shown in the bottom two panels. B, HEK293T
cells were transfected with the indicated Arg-YFP fusion constructs (WT, PP,
or KR), and the corresponding lysates were immunoprecipitated with
anti-GFP antibodies and analyzed by Western blotting for GFP (Abl),
MT1-MMP, and pTyr. Data are representative of at least three indepen-
dent experiments.
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Abl kinases regulate the activities of Rho family of GTPases
during cancer cell invasion.
Protease-dependent mesenchymal cell motility is mediated

by protrusive invadopodia structures (5, 64, 65). Activation of
Src kinase is required for induction of invadopodia (11). Here
we demonstrate that Abl kinases are required for invadopodia
assembly. We show that expression of constitutively active
Abl kinases promotes formation of invadopodia-like struc-
tures and that loss of Abl kinase activity or down-regulation
of Abl and Arg, as well as expression of dominant inactive
Arg kinase, abrogates formation of invadopodia. This sug-
gests that phosphorylation of specific targets of Abl kinases
are important in the formation of these structures. In this
regard, several components of invadopodia such as cortac-
tin and N-WASP have been identified as targets of Abl ki-
nases (20, 28, 66, 67). However, while cortactin is required
for assembly of invadopodia precursors, tyrosine phosphor-
ylation of cortactin is not required for invadopodium precur-
sor formation (9). Thus, phosphorylation of other Abl targets
may be required for invadopodia assembly. Possible candi-
dates are N-WASP and Abi1. Interestingly, a recent report
demonstrated that Abi1, a substrate of Abl kinases, localized
at invadopodia, and was required for the formation of these
structures (68).
Abl kinases likely regulate distinct stages of invadopodia

assembly and function. While dispensable for invadopodia
precursor formation, phosphorylation of cortactin is required
for invadopodia maturation, recruitment of MT1-MMP- and
MMP-mediated matrix degradation (9, 16). Here we demon-
strate that inhibition of Abl kinases results in mislocalization
of MT1-MMP to the perinuclear region and that Abl kinases
regulate the phosphorylation and surface expression of MT1-
MMP. In this regard, we have recently shown that Abl kinases
regulate lysosomal and protein trafficking as inhibition of Abl
kinases induces perinuclear aggregation of lysosomes and im-
pairs the processing of cathepsins and lysosomal hydrolases
(35). Taken together, our findings suggest that Abl kinases
regulate MT1-MMP trafficking as well as recruitment to inva-
dopodia and matrix degradation activity. Regulation of MT1-
MMP by Abl kinases may be mediated in part by cortactin
phosphorylation and indirectly through tyrosine phosphoryla-
tion of MT1-MMP by yet to be identified protein kinases.
Collectively, our findings uncover new roles for the Abl ki-
nases in the regulation of tumor invasion and have implica-
tions for the development of therapies in the treatment of
metastatic invasive carcinomas.
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