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Abstract
Invasive carcinoma cells use specialized actin polymerization-driven protrusions called
invadopodia to degrade and possibly invade through the extracellular matrix during metastasis.
Phosphorylation of the invadopodium protein cortactin is a master switch that activates
invadopodium maturation and function. Cortactin was originally identified as a
hyperphosphorylated protein in v-Src-transformed cells, but the kinase or kinases which are
directly responsible for cortactin phosphorylation in invadopodia remain unknown. In this study,
we provide evidence that the Abl-related non-receptor tyrosine kinase Arg mediates EGF-induced
cortactin phosphorylation, triggering actin polymerization in invadopodia, extracellular matrix
degradation, and matrix proteolysis-dependent tumor cell invasion. Both Src and Arg localize to
invadopodia and are required for EGF-induced actin polymerization. Notably, Arg overexpression
in Src knockdown cells can partially rescue actin polymerization in invadopodia, while Src
overexpression can not compensate for loss of Arg, arguing that Src indirectly regulates
invadopodium maturation through Arg activation. Our findings suggest a novel mechanism by
which an EGFR-Src-Arg-cortactin pathway mediates functional maturation of invadopodia and
breast cancer cell invasion. Further, they identify Arg as a novel mediator of invadopodium
function and a candidate therapeutic target to inhibit tumor invasion in vivo.
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INTRODUCTION
Complications from metastasis are the major cause of death in breast cancer patients.
Metastatic carcinoma cells must initially invade through the basement membrane, a network

*Correspondence should be addressed to: Hava Gil-Henn: 333 Cedar Street SHM-CE-33, New Haven, CT 06520, phone
(203)785-4265, fax (203)785-7979, hava.henn@yale.edu, Anthony Koleske: phone (203)785-5624, fax (203)785-7979,
anthony.koleske@yale.edu, John Condeelis: phone (718)678-1126, fax (718)678-1128, john.condeelis@einstein.yu.edu.
5These authors contributed equally to this work.

NIH Public Access
Author Manuscript
Cancer Res. Author manuscript; available in PMC 2012 March 1.

Published in final edited form as:
Cancer Res. 2011 March 1; 71(5): 1730–1741. doi:10.1158/0008-5472.CAN-10-1432.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



of extracellular matrix proteins that support the overlaying epithelium (1). Once they have
escaped the primary tumor, cancer cells must also degrade the vascular sub-endothelial
basement membrane to gain entry into the bloodstream. Directed invasion of cancer cells
through the ECM and their intravasation into the bloodstream is mediated by
chemoattractants such as EGF, which are produced by other cell types including tumor-
associated macrophages (2,3). It is believed that invasive cancer cells penetrate these
barriers by forming specialized F-actin rich protrusions called invadopodia that localize
matrix degrading activity to cell-substrate contact points (4–8).

Invadopodia proceed through several different stages during their maturation into functional
structures. First, small punctate clusters, or invadopodium precursors, uniquely containing
actin and the actin polymerization regulators cortactin, N-WASp, and cofilin are formed (9–
12). These precursors can have two fates: they can disappear or become stabilized and
mature into functional invadopodia. Stabilization and maturation requires cortactin tyrosine
phosphorylation, which leads to generation of free actin barbed ends in invadopodia and
increased invadopodial lifetime (9,10). The final maturation stage involves acquisition of
matrix degrading ability through delivery of matrix metalloproteinases such as MT1-MMP
into invadopodia (9,10,13,14). Understanding the mechanisms that govern invadopodium
formation and function is an essential step in the prevention of invasion and metastasis.

The cortactin gene (CTTN), located in chromosome 11q13, is amplified in various human
carcinomas and is usually correlated with poor patient prognosis (15,16). Cortactin localizes
to invadopodia in invasive breast cancer cells, where it regulates both their formation and
function (10,17). Cortactin tyrosine phosphorylation is essential for generation of free actin
barbed ends required for actin polymerization in invadopodia (9) and for efficient ECM
degradation (17–19) and metastasis in vivo (20). Cortactin phosphorylation promotes release
of cofilin from cortactin, leading to free actin barbed end generation (9,21), and also enables
binding of proteins such as Nck1, leading to enhancement of N-WASp-mediated Arp2/3-
dependent actin polymerization (9,21–24). Combination of both pathways is important for
actin polymerization in invadopodia, which is believed to mediate invadopodium-dependent
protrusion into the ECM. Cortactin phosphorylation is therefore a critical regulator of
invadopodial function and tumor metastasis, but how this phosphorylation is achieved
specifically in invadopodia has not been established.

We show here that Arg and Src, but not Abl, localize to invadopodia of mammary
carcinoma cells, where they specifically mediate cortactin tyrosine phosphorylation. Arg is
not required for initial invadopodium precursor formation, but is critical for regulating
invadopodial activation in response to EGF by promoting the generation of free actin barbed
ends. Both Src and Arg localize to invadopodia and are essential for their activation and
function. Interestingly, Arg overexpression in Src knockdown cells can partially rescue
invadopodial activation and function, while Src overexpression cannot compensate for loss
of Arg function. These experiments demonstrate an EGFR-Src-Arg-cortactin pathway
mediates functional maturation of invadopodia and breast cancer cell invasion, and identify
Arg as a novel mediator of invadopodia function in breast cancer cells.

MATERIALS AND METHODS
Reagents and antibodies

The following antibodies were used: anti-Tks5, anti-Abl (Santa Cruz, Santa Cruz, CA), anti-
cortactin, anti-actin (Millipore, Billerica, MA), anti-Src (Calbiochem, Gibbstown, NJ), anti-
pY418-Src (Cell Signaling, Beverly, MA), FITC-anti-biotin (Jackson Laboratories, Bar
Harbor, ME), anti-GFP (Rockland Immunochemicals, Gilbertsville, PA), pY421-cortactin
(Sigma, St. Louis, MO), Anti-Arg antibody (Clone AR11) was a generous gift from Dr.
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Peter Davies (Albert Einstein School of Medicine, NY) (25). Human recombinant EGF was
from Invitrogen (Carlsbad, CA). Alexa-405-gelatin and Alexa-568-fibronectin/gelatin
coated dishes were prepared as previously described (9,10,26).

RNAi
Control non-silencing siRNA pool (D-001810-10), Arg siRNA pool (L-003101-00), Abl
siRNA pool (L-003100-00) and Src siRNA pool (L-003175-00) were from Dharmacon
(Thermo Fischer, Lafayette, CO). MDA-MB-231 cells were nucleofected with 2 μM siRNA
according to the manufacturer’s instructions (Lonza, Basel, Switzerland). siRNA-treated
cells were used 72 hours post-transfection, a period of maximal knockdown as confirmed by
immunoblot.

Constructs and cell lines
MDA-MB-231 human breast carcinoma cells were from the American Type Culture
Collection. AmphoPack 293 packaging cell line was from Clontech. The rat mammary
adenocarcinoma cell line MTLn3 was from Dr. Garth Nicolson (Institute for Molecular
Medicine, Huntington Beach, CA)(9). Previously described murine YFP rescue constructs of
Arg (27) were subcloned into pLXSN retroviral vector. Murine cortactin-TagRFP was
previously described (28). Src-YFP and Src-TagRFP were subcloned from mouse Src cDNA
into pEYFP-N1, pTagRFP-N1, and pLXSN vectors. Packaging cells were transfected using
Lipofectamine 2000 and retroviral sups were used to infect MDA-MB-231 cells followed by
selection with 600μg/mL G418 to generate stable cell-lines. MDA-MB-231 cells were
cultured in DMEM supplemented with10% FBS and antibiotics.

Co-localization analysis
MDA-MB-231 cells were plated on Alexa-405-labeled gelatin matrix for 4 hours, fixed
using 3.7% PFA, permeabilized with 0.1% TX-100, and fluorescently labeled for either Arg,
Abl, or Src-TagRFP and Tks5. Images were acquired on an Olympus IX81 microscope
(Olympus, Center Valley, PA) with a Sensicam QE cooled CCD (Cooke, Romulus, MI)
camera using IP Lab 4.0 and processed using the ImageJ Jacop colocalization plug-in.

Invadopodium precursor formation analysis
Arg, Abl, Src, or non-silencing control knockdown cells were stained for invadopodium
precursors as punctate structures in which F-actin and cortactin co-localize, as previously
described (9).

Barbed end assay
The barbed end assay was performed as previously described (9).

Immunoprecipitation and western blot analysis
Cells were immunoprecipitated and/or blotted as described previously (28). Quantification
was performed using Quantity One software (BioRad, Hercules, CA).

Immunofluorescence analysis of cortactin tyrosine phosphorylation in invadopodia
Cells stably expressing cortactin-TagRFP were knocked down using control, Arg, Abl, or
Src specific siRNA, plated on fibronectin/gelatin matrix, starved for 12-16 hours and
stimulated with EGF for 0 or 3 minutes. Cells were fixed and labeled with anti-pY421
cortactin antibodies. The intensity of cortactin-TagRFP and pY421-cortactin in invadopodia
was quantified, the ratio of pY421-cortactin/cortactin-TagRFP was expressed as the relative
fold change.
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Matrix Degradation Assay
Cells were plated on Alexa-568-fibronectin/gelatin-coated matrix for 22 hours. The cells
were fixed and imaged using a Nikon TE2000 microscope with a Retiga cooled CCD
camera (Q Imaging, Surrey, BC, Canada) and Nikon Elements software (Nikon, Melville,
NY). Degradation area per field was measured using ImageJ.

Transwell Invasion Assay
The assay was performed as previously described (26).

Statistical Analysis
Unless otherwise noted, for all experiments containing single comparisons, One-Way
ANOVA with Newman-Kuels post-tests were performed. For grouped samples, Two-Way
ANOVA with Bonferroni post-tests were performed using GraphPad Prism. All graphs are
mean ± SEM and *=P<0.05, **=P<0.01, ***=P<0.001.

RESULTS
Arg localizes to invadopodia in metastatic breast cancer cells

Invadopodia initially form as punctate structures, or precursors, enriched in F-actin,
cortactin, Tks5, and the Arp2/3 complex, which mature to acquire matrix degrading
capabilities (9,10,14,18,24,29,30). Based on our previous demonstration that Arg interacts
with cortactin via a series of binding and phosphorylation events to promote F-actin-based
cell edge protrusion in fibroblasts (22), we hypothesized that Arg may have a similar role in
invadopodia.

Immunofluorescence labeling of endogenous Arg in MDA-MB-231 cells plated on a
fluorescent substrate showed co-localization with the invadopodium marker Tks5, and with
degradation puncta, suggesting that Arg localizes to active, degrading invadopodia in these
cells (Figure 1A, a1-4). Consistent with these findings, a functional Arg-YFP fusion protein
co-localized with F-actin and cortactin in invadopodia of MTLn3 cells, both while growing
in constant 10% serum (steady state) and in serum starved cells acutely stimulated with EGF
(Figure S1). Surprisingly, despite its abundance in MDA-MB-231 cells, the closely related
Abl kinase did not localize to Tks5-containing, matrix-degrading invadopodia (Figure 1A,
b1-4). In agreement with previous studies (9, 10, 24, 29, 31), Src-TagRFP also localized to
invadopodia both at steady state (Figure 1Ac1-4) and following EGF stimulation (Figure
S2). These data suggest that Arg and Src may regulate invadopodial formation or function in
invasive human breast cancer cells.

Invadopodium precursor formation does not depend on Abl family kinases or Src
We next sought to determine if Abl family kinases or Src regulate the initial formation of
invadopodium precursors. Using siRNA, we knocked down Arg, Abl, or Src in these cells
(Figure S3A), along with Tks5, which is required for invadopodium precursor formation, as
a control (Figure S3B). Arg, Abl, and Src knockdown cells plated on fibronectin/gelatin
substrates revealed no significant difference in the number of F-actin- and cortactin-positive
invadopodium precursors compared to control cells expressing non-silencing siRNA
whereas knockdown of Tks5 reduced precursor formation by 80% (Figure S3C,D). These
experiments suggest that despite their localization to invadopodia, Arg and Src are not
required for the formation of invadopodium precursors in breast cancer cells.
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Arg is required for cortactin phosphorylation at invadopodium precursors
Stimulation with the growth factor EGF, a major chemoattractant for invading cancer cells,
induces phosphorylation of the invadopodial core protein cortactin, which is essential for
maturation of invadopodia (9). Activated EGF receptor has been shown to bind to and
activate the Abl family kinases (32,33). Based on these observations, we hypothesized that
Arg may phosphorylate cortactin in invadopodia in response to EGF. Control and
knockdown cells were treated with EGF and labeled with a phosphorylation-specific
antibody for cortactin. Cortactin phosphorylation was increased in invadopodium precursors
of EGF-stimulated control or Abl siRNA treated cells, while almost no cortactin
phosphorylation was detected in either Arg or Src knockdown cells (Figure 2A,B).
Supporting these data, and confirming our previous in vitro data (22,28), Arg also co-
immunoprecipitated with cortactin in cells treated with EGF in a concentration-dependent
manner (Figure 2C). These data suggest that Arg and Src, but not Abl, regulate cortactin
phosphorylation within invadopodium precursors in response to EGF.

Arg and Src, but not Abl, are required for stimulation of actin barbed end generation in
invadopodia

EGF stimulation of breast cancer cells triggers downstream signaling cascades leading to
actin polymerization in invadopodia, a process that requires cortactin tyrosine
phosphorylation (9,24,26). Because they are required for cortactin tyrosine phosphorylation
in response to EGF in invadopodia (Figure 2), we hypothesized that Arg and Src might
regulate actin polymerization in these structures. For this assay, we stimulated serum-starved
cells with EGF in order to synchronize the generation of free actin barbed ends within
invadopodium precursors in control and knockdown cells. We then quantified free actin
barbed ends specifically within these structures following EGF stimulation, as described
previously (9). Cells treated with control siRNA or Abl siRNA yielded a 2.3-fold increase in
barbed end intensity in invadopodium precursors in response to EGF (Figure 3A, a-d, 3B)
suggesting that Abl is not essential for this process. Interestingly, knockdown of either Arg
or Src disrupted the EGF-dependent generation of barbed ends in invadopodium precursors
(Figure 3Ae-h, 3B). These data suggest that both Arg and Src are essential for the EGF-
dependent burst in actin polymerization in stimulated invadopodia.

Arg kinase activity is required for new F-actin barbed end generation at invadopodia
Given that Arg is required for cortactin phosphorylation in invadopodia (Figure 2A, B),
which is important for actin polymerization in these structures, we also hypothesized that
Arg kinase activity would be required for new barbed end formation. To test this hypothesis,
we expressed Arg-YFP or a kinase-inactive Arg-YFP (Arg KI-YFP) in cells knocked down
for endogenous Arg (Figure S4A). Arg knockdown cells rescued with Arg-YFP exhibited a
2-fold increase in actin barbed end formation within invadopodium precursors in response to
EGF. In contrast, EGF treated Arg KI-YFP cells or wild-type cells treated with STI-571, an
inhibitor of Abl family kinases, did not induce increased actin barbed end formation in these
structures (Figure 3Ci-p, 3D). These data strongly support the idea that Arg kinase activity is
required for new actin barbed end generation within developing invadopodia.

Arg is required for Src-mediated stimulation of cortactin phosphorylation and actin barbed
end generation in invadopodia

Both Src and Arg were required for EGF-dependent stimulation of barbed end formation,
suggesting they may act in a sequential pathway leading to actin polymerization in
invadopodia (Figure 3). Previous findings from both our lab and the Van Etten lab have
established that full Arg activation requires both autophosphorylation of a tyrosine in the
Arg linker region (Y272) as well as Src-dependent phosphorylation of a tyrosine in the Arg
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activation loop (34,35). To determine whether Src plays this same regulatory role in Arg
activation in invadopodia, we used cells stably overexpressing Arg-YFP treated with Src
siRNA or a non-silencing control siRNA (Figure S4B). Cells overexpressing Arg-YFP and
control siRNA showed almost 3-fold induction of free barbed ends in invadopodium
precursors following EGF stimulation. When Src was knocked down in cells overexpressing
Arg-YFP, only a partial (1.4-fold) EGF-induced increase in actin incorporation was
observed (Figure 4Aa-d, 4B), suggesting that Arg requires Src expression for full
stimulation of EGF-induced actin polymerization at invadopodia. To further validate this
hypothesis, we expressed an Arg-YFP mutant with the activation loop tyrosine Y439, which
is phosphorylated by Src (34), mutated to phenylalanine (Y439F) (Figure S4C). This mutant
only partially rescued the barbed end formation in cells following EGF stimulation, even
when expressed in the presence of endogenous Src (Figure 4C, D). We suggest that this
partial rescue of barbed end generation results from partial activation of Arg via Arg-
mediated autophosphorylation. However, Arg cannot reach its full activation state in the
absence of Src (34).

If Src lies upstream of Arg in the EGF-receptor signaling pathway, then knockdown of Arg,
even in Src overexpressing cells, should eliminate any barbed end response to EGF. To
examine this possibility, we used cells stably expressing Src-TagRFP treated with either Arg
siRNA or a non-silencing control siRNA. As predicted, knockdown of Arg in cells
overexpressing Src-TagRFP blocked the generation of actin barbed ends at invadopodium
precursors in response to EGF (Figure 4Ae-h, 4B).

Consistent with the data described above, cortactin phosphorylation within invadopodia was
only partially rescued when Arg-YFP was expressed in Src knockdown cells (Figure 5) or
when Arg Y439F-YFP was expressed in presence of endogenous Src (Figure S5). No
cortactin phosphorylation was observed when Src was overexpressed in Arg knockdown
cells (Figure 5). Together with the results described above, these data suggest that Src lies
upstream of Arg in regulating cortactin phosphorylation and barbed end formation in
response to EGF at invadopodia.

Knockdown of Arg and Src reduces extracellular matrix degradation and tumor cell
invasion

In the final stage of maturation, invadopodia acquire the ability to focally degrade the
extracellular matrix via matrix metalloproteinases (9,10,18). This process allows the cells to
escape through the basement membrane surrounding the primary tumor (36,37). We
therefore tested whether Arg, Abl, or Src knockdown cell lines form mature invadopodia
that are capable of degrading a fibronectin/gelatin matrix (24). Interestingly, Arg
knockdown cells, and to a lesser extent Src knockdown cells, exhibited decreased ability to
degrade fluorescently-labeled fibronectin/gelatin matrix compared to control cells, while
Abl knockdown cells were able to degrade matrix at control levels, both when cultured in
constant 10% serum (Figure 6A,B) and when serum starved followed by acute EGF
stimulation (Figure S6).

As Arg and Src regulate matrix degradation in breast cancer cells, we hypothesized that they
might also regulate the ability of breast cancer cells to invade through an extracellular
matrix barrier. To test this hypothesis, we assayed the ability of serum-starved MDA-
MB-231 cells treated with Arg, Abl, or Src siRNA to invade towards serum-containing
media through Matrigel-coated membranes. To control for matrix proteolysis-independent
amoeboid-like migration (37–41), we also measured invasion of identically treated cells
with the general matrix metalloproteinase inhibitor GM6001. Cells treated with either Arg or
Src siRNA, but not Abl siRNA, exhibited a dramatic reduction in proteolysis-dependent
invasion through Matrigel-coated chambers (Figure 6B). Importantly, Arg, Abl, or Src
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knockdown cell lines displayed no significant differences in migration rates as measured
with uncoated migration wells (data not shown). These data suggest that Arg and Src both
play critical roles in matrix degradation and subsequent tumor cell invasion.

Arg kinase activity is required for extracellular matrix degradation and tumor cell invasion
Because Arg kinase activity was required for actin barbed end generation in developing
invadopodia (Fig. 3), we also tested whether Arg kinase activity was required for subsequent
matrix degradation and tumor cell invasion. Re-expression of full length Arg-YFP, but not a
kinase inactive mutant (Arg KI-YFP), in Arg knockdown cells rescued both matrix
degradation and invasion through Matrigel to control levels (Figure 6C,D). Similar to the
kinase inactive mutant, chemical inhibition of Arg kinase activity with 3.3 μM of the Abl
family kinase inhibitor STI-571 significantly reduced both matrix degradation and tumor
cell invasion (Figure 6Co,p, 6D). Together, these observations indicate that Arg kinase
activity is required for matrix degradation and proteolysis-dependent tumor cell invasion.

DISCUSSION
Free actin barbed end generation followed by actin polymerization is required for the
stabilization and maturation of invadopodia into functional structures. While it has been
shown that cortactin phosphorylation is critical for barbed end formation and actin
polymerization in invadopodia (9,18,26,29), it is not clear which kinase is responsible for
this phosphorylation and subsequent regulation of actin polymerization. Here, we present
evidence that the Arg non-receptor tyrosine kinase is responsible for regulating actin
polymerization in invadopodia. Arg localizes to and is required for cortactin
phosphorylation in invadopodia. The kinase activity of Arg is required for efficient barbed
end generation and for the matrix degrading ability of mature invadopodia. Our data suggest
that while Src alone is not capable of stimulating actin polymerization at invadopodia, EGF
signaling through Src is required for full Arg-mediated cortactin phosphorylation and actin
polymerization at invadopodia. Taken together, these data show that Arg is a novel, central
regulator of the actin polymerization machinery in invadopodia and subsequent matrix
degrading and invasive behavior of human breast cancer cells.

Arg, but not Abl, localizes to and is required for invadopodium function
It was previously shown that Abl family kinases are highly expressed in breast cancer cell
lines, and their expression levels and activity directly correlate with cell invasiveness (42).
Arg and Abl share extensive similarity in their N-terminal and kinase domains and both
have been shown to phosphorylate cortactin on tyrosine residues in vitro and following
growth factor or integrin signaling in fibroblasts (22,28). It is therefore somewhat surprising
that only Arg, but not Abl, regulates cortactin phosphorylation and polymerization of actin
in invadopodia, processes that are critical for the invasiveness of breast cancer cells. The
differential effect of Arg versus Abl on invadopodial function may lie in their divergent
patterns of localization in the cell - while Arg localizes to invadopodia, Abl is excluded from
these structures. Arg and Abl differ most extensively in their C-terminal extensions,
suggesting that structural differences may account for their non-redundant roles in breast
cancer cells.

Arg is a novel regulator of tyrosine phosphorylation in invadopodia
Tyrosine kinase signaling has an important role in regulating invadopodial function, such as
matrix degradation and actin polymerization (5,29), however little is known about the role of
specific kinases in these processes. Overexpressed Src stimulates invadopodial formation
and function in breast carcinoma cells, while the Src kinase family inhibitor PP2 reduces
these functions (9–11,21,29,31,43). Cortactin is central to invadopodial function and
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requires phosphorylation to promote actin polymerization and matrix degradation of these
structures. Because cortactin was originally identified as a Src substrate (44,45), has been
shown to promote cortactin phosphorylation when overexpressed in cells (9,10,45,46), and
can promote actin polymerization in vitro through interactions with Nck1 and N-WASp
(23), it has been inferred that Src is solely mediating cortactin phosphorylation at
invadopodia, thereby mediating invadopodial actin polymerization and function.

Previously, we have demonstrated that Arg has a lower KM for cortactin than Src in vitro,
suggesting that Arg may be more adept than Src at cortactin phosphorylation (28). We also
have demonstrated that Src phosphorylation of Arg is required for full Arg activation
(34,35). Here, we show that both Src and Arg are required for downstream cortactin
phosphorylation. However, since Arg kinase activity is critical for actin polymerization and
Src overexpression cannot compensate for Arg knockdown, we favor a model in which Src
acts upstream to activate Arg. Consistent with this model, several observations suggest that
Src family kinases can activate Arg in vitro (34,35) and following growth factor stimulation
in cells (28,32,42,47,48). Taken together, these observations strongly suggest that Arg is a
central kinase responsible for direct cortactin phosphorylation at invadopodia, while Src
may regulate invadopodia function through promotion of Arg activity as well as additional
independent pathways.

Model for regulation of actin polymerization in invadopodia by a Src-Arg relay
Abl family kinases are highly expressed in breast cancer cell lines, where they signal
downstream of EGFR or Src kinases (32). Abl and Arg bind directly to phosphorylated
EGFR through their SH2 domains, an interaction which activates the kinases and is
important for their ability to regulate migration and invasion towards growth factors in vitro
(33,42). Based on these studies and on the data presented here, we propose a model by
which EGF signaling through Src activates Arg to phosphorylate cortactin and stimulate
actin polymerization in invadopodia (Figure 7). According to our model, Arg is recruited to
invadopodium precursors, where it uses its PXXP1 motif to bind to the cortactin SH3
domain (22) (Figure 7A). EGF stimulation leads to EGF receptor autophosphorylation,
providing potential binding sites for both Arg and Src SH2 domains (33,42,46). Binding of
the Src and Arg SH2 domains relieves their autoinhibited conformation, enabling Src and
Arg to autophosphorylate. In this particular pathway, activated Src can further stimulate Arg
via phosphorylation of an additional tyrosine in its activation loop, enabling full Arg kinase
activity (34,35) (Figure 7B). Fully activated Arg phosphorylates cortactin on its three major
tyrosine residues (Y421, Y466, Y482) (Figure 7C). Phosphorylated cortactin promotes free
barbed end generation in invadopodia through activation of N-WASp-Arp2/3-mediated actin
polymerization (9,26) (Figure 7D). These coordinated activities lead to formation of an
invadopodial protrusive force that enables cancer cells to penetrate and degrade through the
matrix and metastasize to distant tissues and organs.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Arg and Src, but not Abl, localize to invadopodia
(A) MDA-MB-231 cells were plated on Alexa-405 labeled gelatin matrix, fixed, and labeled
for Arg (a1) or Abl (a2), and the invadopodia marker, Tks5 (a2 and b2). Cells expressing
Src-TagRFP and knocked down for endogenous Src (c1) were plated on Alexa-405 gelatin,
fixed, and labeled for Tks5 as above (c2). Co-localization masks are shown for the kinases
with Tks5 at invadopodia actively degrading Alexa-405 gelatin matrix (a3,4, b3,4, c3,4). (B)
Quantification of the co-localization (Manders coefficient) between Arg, Abl, Src, and Tks5
at matrix-degrading invadopodia. n=24 (Arg), n=17 (Abl), n=13 (Src). Scale bars=10 μm.
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Figure 2. Arg is required for cortactin phosphorylation at invadopodium precursors
(A) MDA-MB-231 cells stably expressing cortactin-TagRFP were treated with siRNA
specific for control, Arg, Abl, or Src, plated on fibronectin/gelatin matrix and starved before
EGF stimulation. Cells were fixed and labeled for phosphorylated cortactin using a
phosphospecific cortactin antibody (anti-pY421) before (0min.) or after (3min.) EGF
stimulation. (B) Cortactin phosphorylation was measured as the ratio of pY421 signal/
cortactin-TagRFP signal at invadopodium precursors. Control siRNA: n=105(0min.)/
n=127(3min.), Abl siRNA: n=110(0min.)/n=97(3min.), Arg siRNA: n=138(0min.)/
n=136(3min.), Src siRNA: n=122(0min.)/n=160(3min.). Scale bars=10 μm. (C) MDA-
MB-231 cells were treated with increasing concentrations of EGF for 3 minutes, lysed,
immunoprecipitated with anti-cortactin antibodies followed by immunoblotting with anti-
Arg antibodies. The samples were blotted with anti-cortactin as control.
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Figure 3. Arg kinase activity is required for actin barbed end generation at invadopodia
(A) MDA-MB-231 cells were knocked down using control, Arg, Abl, or Src siRNA and
either left untreated (a,c,e,g) or stimulated with EGF for 3 minutes (b,d,f,h). Cells were fixed
and labeled for biotin-actin and Arp2 as an invadopodium marker. (B) Quantification of free
actin barbed ends as measured by average biotin-actin intensity in stimulated invadopodia
containing Arp2. Control siRNA: n=404(0min.)/n=365(3min.), Abl siRNA: n=312(0min.)/
n=271(3min.), Arg siRNA: n=283(0min.)/n=252(3min.), Src siRNA: n=296(0min.)/
n=256(3min.). (C) Cells stably expressing RNAi-resistant rescue mutants of Arg (Arg-YFP
or Arg KI-YFP=kinase inactive) or YFP alone were knocked down using Arg siRNA,
stimulated and labeled as in (A) (i-n). Alternatively, MDA-MB-231 cells were treated with
3.3 μM STI-571 prior to EGF stimulation (o, p). (D) Quantification of free actin barbed ends
from experiments in (C). Arg-YFP: n=308(0min.)/n=209(3min.), YFP: n=127(0min.)/
n=275(3min.), ArgKI-YFP: n=196(0min.)/n=181(3min.), STI-571: n=289(0min.)/
n=415(3min.). Scale bars=5μm.
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Figure 4. Arg is required for Src-mediated stimulation of actin barbed end formation in
invadopodia
(A) Representative images of MDA-MB-231 cells stably expressing Src-TagRFP (a-d) or
cells stably expressing Arg-YFP (e-h), treated with control siRNA (a,b,e,f), Arg siRNA
(c,d), or Src siRNA (g,h). Cells were either left untreated (a,c,e,g), or stimulated with EGF
for 3 min. (b,d,f,h), fixed and stained for biotin-actin and Arp2 as an invadopodium marker.
(B) Quantification of barbed ends as measured by the average actin intensity at stimulated
invadopodia in response to EGF (all conditions n=200). The difference between all 3 minute
stimulation values are statistically significant as measured by individual Post-Hoc student’s
t-test (p<0.01). Scale bars=5μm. (C) Representative images of cells knocked down for
endogenous Arg and re-expressing YFP, Arg-YFP, or mutant Arg Y439F-YFP. Scale
bars=5μm. (D) Cells were stimulated and treated as above, and actin barbed ends were
quantified as in B. YFP: n=127(0min.)/n=275(3min.), Arg-YFP: n=308(0min.)/
n=209(3min.), ArgKI-YFP: n=196(0min.)/n=181(3min.), STI-571: n=289(0min.)/
n=415(3min.).
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Figure 5. Arg is required for Src-mediated cortactin phosphorylation in invadopodia
(A) MDA-MB-231 cells stably expressing cortactin-TagRFP were treated with control
siRNA, Arg siRNA, or Src siRNA and transfected with either Arg-YFP (two upper panels)
or Src-YFP (two lower panels), plated on fibronectin/gelatin matrix, and starved before EGF
stimulation. The cells were fixed and labeled for phosphorylated cortactin using a
phosphospecific cortactin antibody (anti-pY421) before (0min.) or after (3min.) EGF
stimulation. Scale bars=20μm. (B) Cortactin phosphorylation was measured as the ratio of
pY421 signal/cortactin-TagRFP signal at invadopodium precursors. Control siRNA
+ArgYFP: n=50(0min.)/n=49(3min.), Src siRNA+ArgYFP: n=48(0min.)/n=53(3min.),
Control siRNA+SrcYFP: n=55(0min.)/n=48(3min.), Arg siRNA+SrcYFP: n=48(0min.)/
n=48(3min.).
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Figure 6. Arg kinase activity is required for extracellular matrix degradation and invasion
(A) MDA-MB-231 cells treated with control, Arg, Abl, or Src siRNA were plated on
Alexa-568 fibronectin/gelatin matrix and allowed to degrade for 22 hours. Shown are
representative images (left panels) and quantification masks (right panels) of degradation
areas. (B) Quantification of matrix degradation from conditions as in A; n=60 fields (upper
graph) and MDA-MB-231 cells knocked down as in A and B were plated on Matrigel-
coated membranes and allowed to invade for 20 hours; n=12 (lower graph) (C) MDA-
MB-231 cells stably expressing Arg-YFP, Arg KI-YFP, or YFP control were treated with
Arg siRNA, control siRNA, or with STI-571, and plated on fibronectin/gelatin matrix and
allowed to degrade as in A. Shown are representative images (left panels) and quantification
masks (right panels). (D) Quantification of matrix degradation area from conditions in C.
YFP n=31, Arg-YFP n=30, ArgKI-YFP n=30, STI-571 n=10. MDA-MB-231 cells were
plated on Matrigel-coated membranes and allowed to invade, as described in C. YFP n=8,
Arg-YFP n=6, ArgKI-YFP n=8. Invasion was normalized to migration rate, proteolysis-
independent invasion, and protein re-expression levels where appropriate. Scale bars=10μm.
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Figure 7. Model for EGF-stimulated activation of actin polymerization at invadopodia
(A) Cortactin and actin form invadopodium precursors, to which Arg is recruited via a
phosphorylation-independent binding interaction. (B) EGF stimulation promotes
dimerization and tyrosine phosphorylation of the receptor. The phosphorylated receptor
binds to the Arg SH2 domain, allowing for autophosphorylation of its linker tyrosine (Y272)
and weak activation. The phosphorylated receptor also binds and activates Src kinase, which
can phosphorylate Arg on its activation loop tyrosine (Y439), resulting in full Arg kinase
activation. (C) Fully activated Arg phosphorylates cortactin at invadopodium precursors. (D)
Phosphorylated cortactin induces Arp2/3-dependent actin polymerization. NTA, N-terminal
acidic region; VCA, verprolin-cofilin-acidic domain; PolyP, poly-proline domain.
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