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Phosphorylated cortactin recruits Vav2 guanine 
nucleotide exchange factor to activate Rac3 and 
promote invadopodial function in invasive breast 
cancer cells

ABSTRACT Breast carcinoma cells use specialized, actin-rich protrusions called invadopodia 
to degrade and invade through the extracellular matrix. Phosphorylation of the actin nucle-
ation–promoting factor and actin-stabilizing protein cortactin downstream of the epidermal 
growth factor receptor–Src-Arg kinase cascade is known to be a critical trigger for invadopo-
dium maturation and subsequent cell invasion in breast cancer cells. The functions of cortactin 
phosphorylation in this process, however, are not completely understood. We identify the 
Rho-family guanine nucleotide exchange factor Vav2 in a comprehensive screen for human 
SH2 domains that bind selectively to phosphorylated cortactin. We demonstrate that the 
Vav2 SH2 domain binds selectively to phosphotyrosine-containing peptides corresponding to 
cortactin tyrosines Y421 and Y466 but not to Y482. Mutation of the Vav2 SH2 domain disrupts 
its recruitment to invadopodia, and an SH2-domain mutant form of Vav2 cannot support ef-
ficient matrix degradation in invasive MDA-MB-231 breast cancer cells. We show that Vav2 
function is required for promoting invadopodium maturation and consequent actin polymer-
ization, matrix degradation, and invasive migratory behavior. Using biochemical assays and a 
novel Rac3 biosensor, we show that Vav2 promotes Rac3 activation at invadopodia. Rac3 
knockdown reduces matrix degradation by invadopodia, whereas a constitutively active Rac3 
can rescue the deficits in invadopodium function in Vav2-knockdown cells. Together these 
data indicate that phosphorylated cortactin recruits Vav2 to activate Rac3 and promote inva-
dopodial maturation in invasive breast cancer cells.

INTRODUCTION
To invade surrounding tissues, invasive epithelial cancer cells must 
penetrate the basement membrane, a network of extracellular ma-
trix (ECM) proteins that supports the overlying epithelium. Cancer 
cells can penetrate this barrier by forming protrusive actin-rich 
structures called invadopodia that concentrate ECM degrading 
activity to cell–substrate contact points. Invadopodium formation 
is stimulated by epidermal growth factor (EGF) released by tumor-
associated macrophages (Wyckoff et al., 2004; Roh-Johnson et al., 
2014). Once formed, invadopodia provide routes for metastatic 
cells to escape the epithelium, traverse the stroma, and enter the 
bloodstream (Yamaguchi et al., 2005b).
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Resh, 1995; Lapetina et al., 2009; Oser et al., 2009, 2010; Mader 
et al., 2011; Bravo-Cordero et al., 2013).

We screened a library of human SH2 domains to identify those 
that bind selectively to tyrosine-phosphorylated cortactin. We dem-
onstrate that these proteins bind selectively with high affinity to 
phosphotyrosine-containing peptides containing cortactin residues 
Y421 or Y466 but not to phosphopeptides containing Y482. We 
report here, for the first time, that phospho-cortactin binds selec-
tively to the Rho-family GTPase guanine nucleotide exchange factor 
(GEF) Vav2. Knockdown of either cortactin or Vav2 or mutational 
disruption of their binding interface abrogates Vav2 localization to 
invadopodia and decreases matrix degradation and cell invasion. 
We show that invadopodia require Vav2 GEF activity for maturation, 
although a deficit in Vav2 can be rescued by exogenous Rac3 activa-
tion. Using a fluorescence resonance energy transfer (FRET)–based 
biosensor for Rac3, we find “rings” of Rac3 activity around invado-
podia that form just before they begin to degrade matrix. Together 
these data reveal that phosphorylated cortactin recruits Vav2 to 
invadopodia to activate Rac3 and support actin polymerization, in-
vadopodium function, matrix degradation, and invasion.

RESULTS
Identification of Vav2 as a phospho-cortactin–binding 
protein
We showed previously that phospho-cortactin can bind to the SH2 
domains of Arg and Nck1 and that all three proteins are key regula-
tors of actin-interacting proteins in fibroblasts and cancer cells 
(Lapetina et al., 2009; Oser et al., 2010). To identify possible addi-
tional interacting partners of phospho-cortactin, we screened a set 
of 104 glutathione S-transferase (GST)–tagged human SH2 domains 
(of 115 total SH2 domain–containing proteins in the human pro-

teome) for their ability to selectively bind 
tyrosine phosphorylated cortactin. Replicate 
samples of nonphosphorylated wild-type 
cortactin (Cort), a nonphosphorylatable cor-
tactin mutant with three key tyrosine resi-
dues mutated to phenylalanine (Cort3F), or 
phosphorylated cortactin (CortP) were spot-
ted on nitrocellulose membranes, along 
with pervanadate-treated or phosphatase-
treated cell extracts as positive and negative 
controls for tyrosine phosphorylation. The 
membranes were placed into 96-well plates, 
and each well was incubated with a distinct 
GST-SH2 domain–horseradish peroxidase 
(HRP) conjugate (Machida et al., 2003, 2007; 
Gifford et al., 2014). Binding to the pervana-
date-treated positive control verified that 
each SH2 domain was able to bind phos-
photyrosine-containing proteins. No SH2 
domain bound to the phosphatase-treated 
cell- lysate negative control. We identified 
39 SH2 domains that bound selectively to 
phospho-cortactin but did not bind non-
phosphorylated cortactin or cortactin 3F 
(Figures 1, A–D, and 2, A and B, and Sup-
plemental Figure S1).

The 10 most strongly detected phospho-
cortactin–binding SH2 domains included 
several known cortactin-binding proteins, 
such as Arg, Src, Nck1, and Abl, and we 
detected novel interactions with the SH2 

Invadopodia mature via a series of events into matrix-degrading 
structures. Initially, small punctate clusters form called invadopo-
dium precursors, which are composed of actin, the actin nucleation–
promoting factors cofilin, cortactin, and N-WASp, and the actin- 
related protein (Arp) 2/3 complex (Lorenz et al., 2004; Desmarais 
et al., 2009; Oser et al., 2009). These precursors have two fates: they 
can either disappear (Moshfegh et al., 2015) or stabilize through 
increased actin polymerization and recruitment of matrix metallo-
proteinases, developing into matrix-degrading invadopodia (Artym, 
2006; Oser et al., 2009; Sharma et al., 2013; Beaty and Condeelis, 
2014). We previously showed that an EGF receptor–Src-Arg kinase 
cascade phosphorylates cortactin to trigger actin polymerization 
and invadopodia stabilization (Mader et al., 2011; Beaty et al., 
2013). Disruption of Arg-mediated cortactin phosphorylation in 
invasive human breast cancer cells compromises invadopodia func-
tion and reduces the ability of the cell to invade the ECM. Moreover, 
knockdown of Arg results in decreased invasion and metastasis in a 
mouse xenograft model of human breast cancer (Gil-Henn et al., 
2013).

In invadopodium precursors, cofilin initiates the polymerization 
of short actin filaments that stimulate Arp2/3 complex to nucleate 
dendritic actin filament to drive protrusions and maturation of the 
invadopodium (Uruno et al., 2001; Weaver et al., 2002; Yamaguchi 
et al., 2005a; Oser et al., 2009; Magalhaes et al., 2011; Bravo- 
Cordero et al., 2013). Of importance, cortactin contains two 
tyrosine phosphorylation sites (Y421, Y466) that regulate cofilin acti-
vation and therefore invadopodium function (Oser et al., 2010; 
Magalhaes et al., 2011; Bravo-Cordero et al., 2013). In addition, 
phospho-cortactin (Y421, Y466) binds to the SH2 domain–contain-
ing proteins Nck1, Src, and Arg, driving invadopodium formation 
and function as a mature ECM degradation organelle (Okamura and 

FIGURE 1: SH2 domains in the human proteome against phosphorylated cortactin identify Vav2 
as a phospho-cortactin–binding protein. (A) Schematic of dot blot membranes used in the SH2 
domain–binding screen. Nonphosphorylated cortactin (Cort), a nonphosphorylatable cortactin 
mutant (Cort-3F), and phosphorylated cortactin (Cort-P) were spotted on nitrocellulose 
membrane disks. Pervanadate- or phosphatase-treated cell lysates were used as positive and 
negative controls, respectively. Each disk was probed with a separate GST-SH2 domain fusion in 
quadruplicate. (B) Selected examples of control, positive, and negative binding results. A 
negative control GST-only probe did not bind to any sample. The Arg SH2 domain bound to 
both the positive control and Cort-P but not to nonphosphorylated Cort, Cort-3F, or the 
negative control, demonstrating specific binding to phosphorylated cortactin. The Grb2 SH2 
domain bound only to the positive control, demonstrating that the probe was active but does 
not bind to phosphorylated cortactin. (C) Quantification of binding signal to Cort-P from 
examples in B. (D) Quantification of binding signal to positive control from examples in B.
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creasing concentrations of these top 10 hits 
to determine their relative apparent binding 
affinities. Each SH2 domain probe bound 
phospho-cortactin in a concentration-de-
pendent manner with submicromolar affin-
ity. The Arg SH2 domain bound with the 
tightest apparent affinity, followed by the 
Nap4, Vav2, PLCγ, p85α, Fyn, Brk, Src, 
Nck1, and Abl SH2 domains (Figure 2B and 
Supplemental Figure S1). Note that p85α 
and PLCγ contain two tandem SH2 domains, 
and the SH2 probe contained both SH2 
domains. This screen demonstrated that 
phospho-cortactin binds selectively and 
with high affinity to discrete groups of SH2 
domain–containing proteins.

The Vav2 SH2 domain binds phospho-
cortactin in vitro and in vivo
Cortactin was initially reported to be phos-
phorylated on three tyrosine sites (Y421, 
Y466, Y482; Zhan et al, 1993), but mutation 
of only two of these sites (Y421 and Y466) 
abrogates cortactin tyrosine phosphoryla-
tion by both Src and Abl family kinases 
(Boyle et al., 2007). We incubated 5 nM of 
each fluorescently labeled nonamer cortac-
tin phosphopeptide (Figure 2C) with in-
creasing concentrations of monomeric SH2 
domains cleaved from GST and monitored 
the change in fluorescence polarization to 
measure the affinities and binding specifici-
ties of SH2 domain binding. Each SH2 
domain bound to phospho-Y421 and phos-
pho-Y466 peptides with submicromolar to 
low-micromolar affinities (Figure 2E) but 
bound with significantly weaker affinity (KD > 
5 μM), if at all, to the phospho-Y482 pep-
tide. In the few cases in which saturated 
binding was not achieved, we report the 
lower limits of KD. The Arg SH2 domain 
showed a 2.5-fold greater affinity for the 
phospho-Y421 peptide relative to the phos-
pho-Y466 peptide, whereas other SH2 do-
mains bound with similar affinities to both 
sites (Figure 2, C–E, and Supplemental 
Figure S2). The Vav2 SH2 domain bound 
with similar low-micromolar affinity to both 
the phospho-Y421 and phospho-Y466 pep-
tides (Figure 2D). These data indicate that 
the identified SH2 domains bind selectively 
and with high affinity to the phospho-Y421 
and phospho-Y466 peptides.

Given Vav2’s involvement in promoting 
Rac-mediated cellular protrusions (Liu and 
Burridge, 2000; Marignani and Carpenter, 
2001), we decided to see whether a Vav2–
cortactin interaction was involved in breast 
cancer invadopodium function. As a first 

step, we tested whether purified recombinant full-length Vav2 and 
phosphorylated cortactin interact directly in vitro and in cells. We 
incubated agarose beads covalently coupled to phosphorylated 

domains of the Rho-family GTPase activator Vav2, Nap4/SOCS7, 
the p85α subunit of phosphoinositide 3-kinase, phospholipase Cγ, 
and the Src-family kinase Fyn. We repeated the screen using in-

FIGURE 2: Validation of SH2 domain screen for phospho-cortactin–binding proteins and 
identification of the Vav2 SH2 domain as a specific binder of the cortactin 421 and 466 
phosphotyrosine residues by fluorescence anisotropy. (A) Cortactin-spotted nitrocellulose disks 
were probed with increasing concentrations of the top interacting SH2 domains. Selected 
noninteracting SH2 domains were also tested as negative controls (GST, the AblR174K SH2 
point mutant). (B) Each SH2 domain identified in the original screen bound to phosphorylated 
cortactin in a concentration-dependent manner with submicromolar affinities, whereas none of 
the negative control SH2 domains bound with appreciable affinity. The maximal concentration 
tested was 1.0 µM, and therefore we place a lower limit on the negative control binding 
affinities. Note that p85α and PLCγ contain two tandem SH2 domains. For these experiments 
these probes contained both SH2 domains (N + C). It is important to note that these apparent 
affinities are for GST-SH2 fusions, which can dimerize and likely lower the reported KdAPP values. 
(C) Cortactin domains (NTA; N-terminal acidic region; SH3; Src homology 3) and construction of 
fluoresceinated (Flu-) peptides corresponding to each cortactin phosphorylation site. 
(D) Example fluorescence polarization curves for the Vav2 SH2 domain and phosphorylated 
cortactin peptides. Vav2 SH2 domain binds in a concentration-dependent manner to 
phosphorylated sites 421 (421pY; circles) and 466 (466pY; squares) but not to 482 (482pY; 
triangles) or nonphosphorylated controls of each site (noP). (E) Calculated KD values from 
fluorescence anisotropy experiments as described in C and D for the top 10 binding candidates 
from initial screen in Figure 1. Note that p85α and PLCγ contain two tandem SH2 domains. 
Here, N and C refer to either the individual N-terminal or C-terminal SH2 domains, respectively. 
All experiments were done in triplicate. Under conditions in which saturation was not achieved, 
a lower limit for binding affinity is given.
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plish this, we generated stable cell lines expressing RNA interference 
(RNAi)–resistant Vav2-GFP, Vav2-SH2m-GFP, or GFP alone, in which 
we knocked down >98% of the endogenous Vav2 using small inter-
fering RNA (siRNA; Figure 4C). After plating on matrix for 4 h, we 
fixed the cells and immunofluorescently labeled GFP and Tks5, a 
scaffolding protein found in invadopodia. Vav2-GFP colocalized with 
puncta of Tks5 and matrix degradation (Figure 4, D–F), indicating 
functional invadopodia, whereas Vav2-SH2m-GFP did not. Together, 
these results suggest that Vav2 requires SH2 domain–mediated 
binding to phosphorylated cortactin to localize to invadopodia.

ECM degradation is the hallmark of fully mature invadopodia 
(Chen, 1989; Barsky et al., 1983; Artym, 2006; Oser et al., 2009). We 
found that Vav2-knockdown cells were deficient in degradation, as 
revealed by the total area of matrix degradation observed over 18 h 
(Figure 5, A and B). Expression of RNAi-resistant Vav2-GFP rescued 
these deficits, whereas Vav2-SH2m-GFP could not rescue this phe-
notype (Figure 5, A and B, and Supplemental Figure S4).

Vav2 knockdown does not affect the assembly of cortactin 
and Tks5-positive invadopodial precursors, but Vav2 is 
required for EGF-stimulated actin polymerization at 
invadopodia
We next determined which step in invadopodium maturation was 
affected by the loss of Vav2 function. We serum starved control 231 
cells or Vav2-knockdown 231 cells, with or without Vav2-GFP and 
Vav2-SH2m-GFP rescue, overnight while inhibiting matrix degrada-
tion with the matrix metalloproteinase inhibitor GM6001. After 12 
h, we washed out the inhibitor and stimulated with EGF to synchro-
nously induce invadopodia formation (Mader et al., 2011). Each cell 
type formed statistically indistinguishable numbers of cortactin- 
and Tks5-positive puncta, which may be on the path to making in-
vadopodia (Figure 5E). Together with the finding that matrix degra-
dation is compromised in Vav2-knockdown cells, these results 
suggests that whereas Vav2 does not appear to be required for 

cortactin or nonphosphorylatable cortactin (Cort-3F) with increas-
ing concentrations of full-length Vav2. Vav2 binds to phosphory-
lated cortactin with low-micromolar affinity (KD = 1.5 ± 0.3 μM) but 
does not detectably bind nonphosphorylatable cortactin (Figure 3, 
A–C). We also examined the phospho-cortactin–Vav2 interaction 
in cells by transiently transfecting HEK293T cells with control green 
fluorescent protein (GFP), wild-type cortactin-GFP (Cort-WT-GFP), 
or Cort-3F-GFP and treated with pervanadate to promote cortac-
tin phosphorylation. Endogenous Vav2 coimmunoprecipitated 
with wild-type cortactin but not with GFP only or with Cort-3F-GFP 
(Figure 3D). We also found that cortactin coimmunoprecipitated 
with wild-type Vav2 after pervanadate treatment but not with GFP 
or with Vav2 bearing a point mutation (R698K) in its SH2 domain 
that disrupts binding to phosphotyrosine (Vav2-SH2m; Figure 3E). 
Together with the binding experiments, these results indicate that 
Vav2 interacts directly with phospho-cortactin in an SH2 domain–
dependent manner and that this interaction can occur in cells.

Vav2 localizes to invadopodia and is required for matrix 
degradation
Although phospho-cortactin interacts with Vav2 in vitro and in cells 
(Figures 2 and 3), it was important to test whether this interaction 
occurs at invadopodia, which comprise a small fraction of the total 
cell volume. To test this hypothesis, we used the highly invasive 
MDA-MB-231 triple-negative (Her2–/ER–/PR–) breast cancer cell 
line, which produces invadopodia in culture and exhibits aggressive 
invasive behavior in vivo (Artym, 2006; Gil-Henn et al., 2013; 
Patsialou et al., 2013). MDA-MB-231 cells (231 cells) were incubated 
on a fluorescently labeled gelatin matrix and immunostained for 
Vav2 and cortactin, which is known to localize to invadopodia 
(Bowden et al., 2006). Vav2 and cortactin colocalized prominently at 
sites of matrix degradation (Figure 4A).

We next asked whether Vav2 localization to invadopodia required 
binding of the SH2 domain of Vav2 to phospho-cortactin. To accom-

FIGURE 3: Phospho-cortactin binds to Vav2. Representative Coomassie blue–stained SDS–PAGE gel showing binding 
of Vav2 to Tyr-phosphorylated cortactin (CortP) (A) beads but not to nonphosphorylatable cortactin (Cort3F) beads (B) 
nor to beads blocked with an excess of Tris. (C) Fitted single-site-binding curves demonstrating Vav2 binding to CortP 
(1.5 ± 0.3 µM) but not to nonphosphorylated cortactin or control beads. (D) Vav2 coimmunoprecipitates only with 
phosphorylated cortactin. GFP control, wild type cortactin-GFP (WT-GFP), or nonphosphorylatable cortactin-GFP 
(3F-GFP) was expressed in HEK293T cells and immunoprecipitated using anti-GFP or immunoglobulin G (IgG) control, 
and immunoblots were probed for endogenous coimmunoprecipitating Vav2 and cortactin. (E) Cortactin 
coimmunoprecipitates with only Vav2 containing a functional SH2 domain. GFP control, wild-type vav2-GFP (WT-GFP), 
or SH2 mutant Vav2 (R698K) (SHm-GFP) was expressed in HEK293T cells and immunoprecipitated using anti-GFP or IgG 
control, and immunoblots were probed for endogenous coimmunoprecipitating Vav2 and cortactin.
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data suggest that proper Vav2 localization to invadopodia is critical 
for EGF-induced actin polymerization at invadopodia.

Vav2 is required for invasion through extracellular matrix
To determine whether Vav2 affects invasive migration toward a che-
motactic cue, we plated MDA-MB-231 cells in 0.5% serum and mea-
sured their ability to invade through Matrigel (Gaggioli et al., 2007) 
toward 10% serum–containing medium. Vav2-knockdown cells ex-
hibited significantly reduced invasion compared with control cells 
and were rescued by reexpression of Vav2-WT but not Vav2-SH2m, 
indicating that Vav2 is required for invasive cell migration through 
ECM and the SH2 domain of Vav2 is essential for mediating this 
function (Figure 5C).

To account for possible migratory deficits resulting from altered 
Vav2 knockdown, we also measured the ability of cells to chemotax in 
a Dunn chamber using serum as an attractant (Zicha et al., 1997; Allen 
et al., 1998). Serum-starved cells were plated in the center of the 
chamber, and migration toward a chemotactic gradient of 10% serum 

cortactin:Tks5 puncta formation, Vav2 does regulate the matura-
tion of invadopodium precursors into fully mature matrix-degrad-
ing invadopodia.

Cofilin and Arp2/3 complex–dependent actin polymerization is 
required for invadopodial maturation (Yamaguchi et al., 2005a; 
Desmarais et al., 2009; Oser et al., 2009, 2010; Magalhaes et al., 
2011). To investigate whether Vav2 has a role in this process, we 
measured the relative assembly of actin at invadopodia as described 
previously (Oser et al., 2009, 2010; Mader et al., 2011). Briefly, we 
serum starved cells overnight, stimulated them for 3 min with EGF, 
and visualized the relative incorporation of biotinylated G-actin 
monomers at barbed ends of preexisting actin by measuring the 
average biotin-actin intensity at Arp2-positive puncta. We found 
that the intensity of actin was increased by 25% in control siRNA-
treated cells after EGF treatment (Figure 6, A and E). This EGF-in-
duced increase in actin barbed-end labeling was not observed in 
Vav2-knockdown cells and could be restored by reexpression of 
wild-type Vav2-GFP but not Vav2SH2m-GFP (Figure 6, B–E). These 

FIGURE 4: Localization of Vav2 to invadopodia is mediated by its SH2 domain. (A) Colocalization of Vav2 and cortactin 
at sites of gelatin degradation. Insets, blow-ups of sites of invadopodia action. Scale bars, 10 µm. (B) Domain diagram of 
Vav2 indicating relevant mutations: SH2mut (R698K) and GEFi (L342R/L343S). (C) Western blot analysis of MDA-MB-231 
cells transfected with control or Vav2 siRNA and cell lines stably expressing RNAi-resistant rescue constructs with 
wild-type Vav2-GFP (Vav2(R)), Vav2SH2m-GFP (SH2m(R)), or Vav2GEFi-GFP (GEFI(R)). Blots were immunoblotted for 
Vav2 and for β-actin as a loading control. (D–F) Endogenous Vav2 was knocked down in cells stably expressing 
RNAi-resistant Vav2-GFP (D) or Vav2SH2m-GFP (E). Cells were plated on fluorescent gelatin and immunostained for 
TKS5 and GFP. Scale bars, 10 µm. (F) Quantification of colocalization of WT and SH2m Vav2 with Tks5 at invadopodia.
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was visualized by videomicroscopy over 4 h. 
We found that Vav2-knockdown cells have a 
deficit in directional migration, whereas their 
migration speed was similar to that of wild-
type cells (Supplemental Figure S3).

Vav2 acts through Rho-family GTPases 
to regulate invadopodium function
Depletion of Vav2 in MDA-MB-231 cells in-
duces a severe invadopodial maturation de-
fect that is rescued by wild-type Vav2-GFP 
but not by Vav2-SH2m-GFP. Because Vav2 is 
a GEF, we also asked whether Vav2 GEF 
activity is required for its role in promoting 
invadopodia function. To address this, we 
mutated the catalytic residues of the Vav2 
Dbl domain to render it inactive (L342R/
L343S; hereafter denoted Vav2GEFi; Mar-
coux and Vuori, 2003) and developed a cell 
line stably expressing Vav2GEFi-GFP (Figure 
4C). After knockdown of endogenous Vav2, 
we found that Vav2GEFi-GFP–expressing 
cells have impaired ability to degrade ma-
trix, similar to Vav2-knockdown cells or cells 
expressing Vav2-SH2m-GFP (Figure 5B). 
Vav2GEFi-GFP was also unable to rescue 
the defects in Matrigel invasion of Vav2-
knockdown cells (Figure 5C).

Active Rac3 can rescue the Vav2-
knockdown phenotype in invadopodia
The finding that Vav2 GEF activity is re-
quired for invadopodium function raised the 
question of which Rho-family GTPase is 
targeted by Vav2 in this context. Despite 
repeated attempts, we did not observe sig-
nificant changes in the activities of Rac1, 
RhoA, or Cdc42 in whole-cell extracts of 
EGF-stimulated cells (unpublished data), 
possibly because invadopodia represent a 
small fraction of the total cell volume. As an 
alternative approach, we tested whether 
constitutively active (generated by mutation 
of a conserved glutamine to leucine; hence 
QL) mutants of Rho-family GTPases (Figure 
5F) could rescue invadopodial function in 
Vav2-knockdown cells, an approach previ-
ously used by others (Razidlo et al., 2014). 
MDA-MB-231 cells in which Vav2 was 
knocked down via siRNA were transfected 
with constitutively active mutants of RhoA, 

FIGURE 5: Degradation of ECM requires both the SH2 domain and the GEF function of Vav2, 
and a constitutively active form of Rac3 can rescue Vav2 deficiency. Parental MDA-MB-231 cells 
or cells stably expressing GFP-tagged, RNAi-resistant WT or mutants of Vav2 were treated with 
control siRNA or Vav2 siRNA (Vav2 KD), plated on a fluorescent matrix, and allowed to degrade 
for 18 h. (A) Representative images of degradation area formed by the different cell lines. 
(B) Quantification of invadopodia matrix degradation area per cell. Ten fields were averaged in 
triplicate experiments. Vav2-knockdown and mutant constructs degrade significantly less matrix 
than wild-type constructs or control (p < 0.05). (C) Parental and mutant MDA-MB-231 cells were 
plated on a Matrigel-coated Transwell insert and allowed to migrate toward serum-containing 
medium. Relative invasion through Matrigel was quantified and normalized to proteolysis-
independent migration. Vav2-knockdown and mutant constructs have a significant defect in 
Transwell invasion, but constitutively active Rac1 (Q61L), Rac3 (Q61L), RhoA (Q63L), or Cdc42 
(Q61L; QL mutants) rescue the Vav2-knockdown phenotype (p < 0.05). Experiments performed 
in triplicate (n = 10 per condition). (D) Cells were treated with a control siRNA, Vav2 siRNA, or 
Rac3 siRNA or transfected with a dominant-negative (T17N) form of Rac3. Quantification of 
invadopodia matrix degradation area per cell for each of the cell types normalized to control. 
Ten fields were averaged in triplicate experiments. (E) Quantification of invadopodium formation 
(as measured by cortactin/Tks5 double-positive puncta). Cells were serum starved overnight in 
the presence of MMP inhibitor and treated with EGF (n = 20 per condition). (F) Western blot 

analysis of MDA-MB-231 cells transfected 
with control siRNA, Rac3 siRNA, and Vav2 
siRNA and cell lines stably expressing rescue 
constructs with mCherry-tagged dominant-
negative Rac3(TN), constitutively active 
Rac1(QL), Rac3(QL), RhoA(QL), or Cdc42(QL). 
Samples were immunoblotted for Rac3, Vav2, 
or mCherry and for β-actin as a loading 
control.
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cells to degrade matrix, consistent with a central role for Rac3 in 
allowing invadopodia to become functional (Figure 5D). The domi-
nant-negative Rac3 construct appeared to be more potent in dis-
rupting matrix degradation than Rac3 knockdown and approached 
a level that was indistinguishable from that of Vav2 knockdown. The 
elevated inhibition could be due to residual wild-type Rac3 after 
knockdown. Alternatively, the dominant-negative mutant of Rac3 
may block Vav2 from activating other Rho GTPases, including Rac1 
and Cdc42.

A Rac3 FRET biosensor reveals “rings” of Rac3 activity 
that surround active invadopodia and precede matrix 
degradation
To pinpoint where and when Rac3 becomes activated during matrix 
degradation, we developed a new FRET-based Rac3 biosensor 
(Dora-Rac3). Constructed similarly to previous RhoA and Rac1 bio-
sensors (Pertz et al., 2006; Timmerman et al., 2015; van Unen et al., 
2015; Kedziora et al., 2016), a full-length Rac3 was placed at the C-
terminal end of the biosensor (see Materials and Methods for 
details). The design preserved an intact C-terminal hypervariable 
region and a CAAX box (for prenylation) in Rac3, thereby minimizing 

Rac1, Rac3, and Cdc42. We found that constitutively active Rac3 
alone fully rescued matrix degradation ability in Vav2-knockdown 
cells (Figure 5D and Supplemental Figure S4). Although Rac1 and 
Rac3 have substantial amino acid sequence homology (92%) and 
are both expressed in MDA-MB-231 cells, previous work suggested 
that Rac3 has a distinct role in promoting cancer aggressiveness 
(Gest et al., 2013).

Rac3 is a Vav2 GEF substrate
Rac3 has not previously been identified as a Vav2 substrate. We 
performed in vitro GTP exchange assays with purified proteins to 
test whether Vav2 is capable of promoting nucleotide exchange on 
purified Rac3. Purified recombinant Vav2 promoted GTP loading 
onto recombinant Rac1 and Rac3, but its activity was significantly 
reduced using Cdc42 as a substrate (Figure 7, A–C). The relative 
activities we measured for Vav2 on Rac1 and Cdc42 are consistent 
with a previous study (Abe et al., 2000). These data indicate that 
Vav2 is a GEF for Rac3.

We knocked down Rac3 and, in separate cells, expressed a dom-
inant-negative (T17N) mutant that is incapable of GTP binding 
(Figure 5F). We found that both treatments disrupted the ability of 

FIGURE 6: EGF-induced formation of actin barbed ends at invadopodia requires Vav2. Parental and Vav2-rescued 
MDA-MB-231 cells were knocked down using control or Vav2 siRNA and either left untreated (0 min EGF) or stimulated 
with EGF for 3 min. Cells were fixed, gently permeabilized, and allowed to incorporate biotin-actin, followed by fixation 
and staining for biotin actin and Arp2 to label invadopodia. Representative micrographs for control scrambled siRNA 
(A), Vav2 siRNA knockdown with GFP rescue alone (B), an RNAi-resistant Vav2-GFP construct (C), or an RNAi-resistant 
Vav2-GFP with the SH2m mutation (D). Scale bars, 10 µm. (E) Quantification of free actin barbed-end formation as 
measured by average biotin-actin intensity in Arp2-positive puncta.
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perturbation of its interaction with plasma 
membrane and RhoGDI. The sensor also 
consists of a bright FRET pair, Cerulean and 
Venus, and a p21-binding domain (PBD) of 
Pak1 that binds to active Rac3. When GTP is 
loaded onto the Rac3 moiety, the modules 
form a closed conformation and increase 
FRET between the two fluorescent proteins 
(Figure 7D).

To validate the Dora-Rac3 biosensor, we 
expressed it in HEK293 cells and measured 
its fluorescence emission spectrum (Figure 
7F, normalized to Cerulean emission) upon 
donor excitation at 430 nm. A constitutively 
active mutant of Rac3 (Q61L) was con-
structed in the biosensor and showed pro-
nounced FRET emission (FRET/CFP ratio of 
3.65). As a negative control, a biosensor 
mutant bearing point mutations (H83,86D) 
in the PBD that disrupts Rac3 binding pro-
duced minimal FRET (ratio of 0.74). The high 
dynamic range (4.93-fold) of the Dora-Rac3 
suggests a sensitive response of the biosen-
sor to the activation of Rac3. Overexpres-
sion of the wild type Dora-Rac3 under 
growth conditions (10% serum) yielded ele-
vated FRET (ratio of 1.59) in comparison 
with the negative control, consistent with a 
“hyperactivation” state of Rac3 as previ-
ously described (Mira et al., 2000). The ele-
vated FRET is also sensitive to coexpression 
of RhoGDI (unpublished data), indicating 
that the expression level of the sensor could 

FIGURE 7: Rac3 GTP/GDP exchange is stimulated by Vav2. (A) Coomassie blue–stained gel 
showing a prominent band at the expected (150 kDa) molecular weight for Vav2-MBP. 
(B) Representative fluorescence traces from mant-GTP exchange assays performed with Vav2 
GEF and the indicated Rho-family GTPase. The control trace represents Rac1 with no Vav2 
added. Experiments were run in triplicate, and maximum slope was used to quantify exchange 
activity according to the kit manufacturer’s instructions. (C) Quantification of relative GEF 
activity for the various GTPases normalized to Rac1. (D) Diagram of FRET Rac3 biosensor. 
(E) Western blot analysis of parental MDA-MB-231 cells or cells stably expressing the Rac3 
biosensor. Blots were immunoblotted for Rac (top) and β-actin (bottom) as a loading control. 
(F) Emission spectrum of Rac3 biosensor activity in cell lysates of cells expressing WT, CA 
mutant, RBD mutant, or Rac3 + Vav2 (DH/PH). (G) A 3D plot of maximum intensity projection 
over time (50 min) of FRET ratio from a representative invadopodium. (H) A 3D plot of minimum 
intensity projection over time (50 min) of gelatin intensity from a representative invadopodium 
corresponding to G. (I) Still frames from movies of MDA-MB-231 cells expressing the Rac3 FRET 
biosensor plated on fluorescent matrix. Insets, ring of Rac3 activity around actively degrading 
invadopodia. Scale bars, 10 µm. (J) Radial heat-map kymograph representation of invadopodia. 
To depict Rac3 FRET activity, mean FRET values in concentric annuli centered on a degradation 
puncta identified in the fluorescent gelatin channel were recorded and plotted as a function of 

time as a heat map. A boundary between the 
“ring” and “center” was determined by 
maximizing the mean difference in FRET 
signal between the “ring” and “center” 
among the pooled data. (K) LOWESS 
smoothed fits of the FRET signal from the 
“ring” and “center” regions, with 95% 
confidence intervals, along with averaged 
FRET data from a control area of the cell that 
is not participating in matrix degradation. 
Time zero is the onset of degradation 
observed in the fluorescent gelatin channel. 
As the invadopodium degrades gelatin, Rac3 
activity increases in a ring around the 
invadopodium core over a time scale of 
minutes to hours and then returns to 
baseline. In contrast, control areas of the cell 
and the center of degradation puncta do 
not change significantly from baseline. 
(L) LOWESS smoothed fit of the gelatin 
intensity at invadopodia, averaged over time 
from 25 to 75 min, as a function of distance 
from the center of matrix degradation 
activity, with 95% confidence intervals. 
(M) LOWESS smoothed fit of the FRET ratio 
at invadopodia, averaged over time from 25 
to 75 min, as a function of distance from the 
center of matrix degradation activity, with 
95% confidence intervals.
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Rac3. Blockade of Rac3 activity by knockdown or expression of a 
dominant-negative mutant of Rac3 recapitulates the Vav2 knock-
down phenotype.

Vav-family GEFs play general roles in cancer invasiveness
Vav2 is one of three Rho GTPase GEFs that couple a Dbl homology 
domain with SH2 and SH3 binding domains (Schuebel et al., 1996). 
Vav2 has been relatively understudied in cancer, although there is 
some clinical evidence suggesting that it may participate in metas-
tasis in cancer patients. Jiang et al. (2014) showed that Vav2 overex-
pression can predict a more aggressive subtype of breast cancer. In 
melanoma cells, knockdown of Vav2 reduced invasiveness in re-
sponse to a gradient of CXCL12 (Bartolome, 2006). In contrast, in 
non–small cell lung cancer samples, as well as in head and neck 
squamous cell carcinoma samples, hyperphosphorylation of Vav2 is 
correlated with more aggressive tumors (Patel et al., 2007; Ahn 
et al., 2013). Finally, in a model of hepatocellular cancer, a metasta-
sis-suppressive microRNA was found to exert its effects, in part, by 
down-regulating Vav2 (Wang et al., 2013). Razidlo et al. (2015) impli-
cated Vav1, a closely related family member of Vav2, in the invasive 
behavior of pancreatic tumor cells. In their system, Vav1 activates 
Cdc42 downstream of activation by Src, promoting invasive behav-
ior. Knockdown of Vav1 dramatically reduces the invasive behavior 
of pancreatic tumor cells.

Vav2 is required for invadopodia-mediated matrix 
degradation
Because invadopodia are dynamic structures and comprise only a 
small fraction of the total cell volume, we used a novel Rac3 biosen-
sor to directly demonstrate that Rac3 activity is distributed in a ring-
like structure at mature, matrix-degrading invadopodia. This result 
echoes previous findings in which Rho-family GTPases were found 
to exhibit extraordinarily tightly regulated ring activity patterns at 
invadopodia related to the regulation of actin polymerization by co-
filin (Bravo-Cordero et al., 2011).

Taken together, our results indicate that Vav2 functions to 
promote invadopodia maturation. The function of active Rac3 at 
invadopodia is unclear; possibilities include modulating actin po-
lymerization or assisting with the recruitment of matrix metallopro-
teinases (MMPs) because MMP recruitment cannot occur without 
proper actin polymerization at invadopodia (Murphy and Courtnei-
dge, 2011). It is also possible that in addition to its GEF activity, the 
SH3 domains of Vav2 are important for its function at invadopodia. 
For example, Trio, a different Rho-family GTPase, requires its SH3 
domain to interact with Rac1 for promoting invadopodia disassem-
bly (Moshfegh et al., 2015).

Rac3 is required for matrix degradation by invadopodia 
and is the target of Vav2
An unresolved question is how Rac3 activity is confined to a ring 
around actively degrading invadopodia. Previous work suggested 
that such a tight spatiotemporal pattern of Rho GTPase activation 
requires interplay between GEFs and GAPs (Moshfegh et al., 2015). 
Note that we did not detect restricted Rac3 diffusion at invadopodia 
(unpublished data), suggesting that sustained localization of Rac3 to 
invadopodia is unlikely and that a gradient of active Rac3 in a more 
homogeneous distribution of total Rac3 is more probable.

Rac3 is hyperactive in a number of highly aggressive human 
cancer cell lines, and this is associated with increased membrane 
localization and up-regulated Pak kinase activity (Mira et al., 2000). 
Introducing constitutively active Rac3 increases the invasiveness of 
the MDA-MB-435 melanoma cell line, whereas a dominant-negative 

be important. Nevertheless, coexpression of the DH/PH domain of 
Vav2 significantly increased FRET, demonstrating a catalytic activity 
of Vav2 toward Rac3 in vivo (Figure 7F).

We generated an MDA-MB-231 cell line stably expressing low 
levels of the Dora-Rac3 biosensor to limit off-target effects often 
caused by overexpression (Figure 7E). These cells were serum 
starved overnight and then plated in serum-containing medium on 
a fluorescent gelatin matrix. The sensor imaging was conducted us-
ing total internal reflection fluorescence (TIRF) microscopy to focus 
on the Rac3 activation events in invadopodia while rejecting the vast 
background signal contributed from the cell volume. In contrast to 
previous studies of Rac1 in invadopodia, we failed to detect Rac3 
activation in the center of invadopodia during prolonged imaging. 
Instead, we observed an increase of Rac3 activity (FRET/CFP ratio 
increase of 0.2–0.3 above baseline) in ring-like structures surround-
ing invadopodia and coincident with the onset of gelatin degradation 
as observed in the fluorescent matrix channel (shown as time-aver-
aged three-dimensional [3D] plots in Figure 7, G and H, and at a 
single time point in Figure 7I). To analyze these structures quantita-
tively, we measured the mean FRET signal in concentric circles cen-
tered on degradation puncta observed in the gelatin channel as a 
function of time from the onset of degradation. The FRET signal 
from each circle was averaged and is presented as a radial 
kymograph in Figure 7J and as a radial cross section in Figure 7M 
(Figure 7L shows the corresponding gelatin intensity plot). These 
“activity rings” of Dora-Rac3 appeared before gelatin degradation 
was detected, increased coincident with the first detection of 
degradation, and persisted for up to 1 h during matrix degradation 
before gradually decaying to baseline (Figure 7K). In contrast, the 
center of the ring remained at baseline throughout the time period 
of active degradation at a similar FRET ratio to control areas of the 
cell where matrix degradation was not observed. These sensor stud-
ies, for the first time, revealed tightly regulated spatiotemporal 
dynamics of Rac3 activation in relation to invadopodia and suggest 
a potential role of Rac3 activation in invadopodia maturation and 
matrix degradation.

DISCUSSION
Invadopodia are actin-rich, subcellular structures capable of degrad-
ing extracellular matrix that are required for tumor metastasis in a 
number of different cancer cell types (Artym, 2006; Dedes et al., 
2010; Bravo-Cordero et al., 2011). We investigated the conse-
quences of cortactin phosphorylation downstream of the EGF-Src-
Arg kinase cascade, which was previously described as a key mole-
cular switch promoting the maturation of invadopodia into 
degradative structures (Mader et al., 2011; Magalhaes et al., 2011). 
To accomplish this, we performed a high-throughput screen of a 
nearly complete human SH2 domain library to identify the SH2 do-
mains that selectively interact with phosphorylated cortactin. 
Among the strongest hits identified in this screen was the SH2 do-
main of a Rho-family GEF, Vav2.

We investigated the role of Vav2 in invadopodia function in 
metastatic breast cancer cells downstream of its recruitment by 
phosphorylated cortactin via its SH2 domain. We showed that 
Vav2 localizes to invadopodia in MDA-MB-231 cells and that the 
Vav2 SH2 domain is required for this localization. Although Vav2 is 
not required for invadopodium precursor formation, it does ap-
pear to be essential for matrix degradation—the hallmark of ma-
ture invadopodia—as well as for invasion through ECM toward a 
chemotactic cue. We show that Vav2 is required for actin polymer-
ization and that its GEF activity is critical for its function at invado-
podia. Moreover, we showed that the target of Vav2 GEF activity is 
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Recombinant SH2 domain binding was measured on cortactin 
affixed to nitrocellulose as described previously (Machida et al., 
2007). Briefly, dots (0.4 μg in 1 μl) of phosphorylated cortactin, 
cortactin 3F, pervanadate-treated cell lysate, and phosphatase-
treated cell lysate were spotted on nitrocellulose membrane and 
dried overnight. Membranes were soaked in transfer buffer (20% 
MeOH, 12.5 mM Tris-HCl, pH 8.0, 100 mM glycine) for 30 min, 
rinsed twice with TBST (150 mM NaCl, 10 mM Tris-HCl, pH 8.0, 
and 0.05% Tween-20), and blocked at room temperature for 1 h in 
TBST with 10% nonfat dry milk, 1 mM Na3VO4, and 1 mM EDTA. 
Recombinant SH2 domains conjugated to GSH horseradish per-
oxidase were added at a concentration of 1 μg/ml and incubated 
for 1 h at room temperature, washed with TBST, dried, incubated 
with ECL solution, and exposed to film (Nollau and Mayer, 2001; 
Machida et al., 2007).

5-Carboxyfluorescein–labeled peptide synthesis
Peptides corresponding to tyrosine phosphorylation sites Y421 
(SSPIpYEDAA), Y466 (SSPVpYETTE), and Y482 (EDDTpYDGYE) 
were synthesized on a 30-μmol scale using microwave-assisted reac-
tions and standard Fmoc chemistry. After removal of the final Fmoc 
protecting group, the resin was washed alternatively with dimethyl-
formamide (DMF) and methylene chloride for a total of 16 washes 
and dried for 20 min under N2. The peptides were treated overnight 
with a cocktail composed of 5-carboxyfluorescein, succinimidyl 
ester (8 mg, 0.017 mmol), and diisopropylethylamine (24 μl, 17.8 mg, 
0.138 mmol) in 1.5 ml DMF.

Completed peptides were treated with a cleavage cocktail of 
2.5% (vol/vol) 3,6-dioxa-1,8-octanedithiol, 2.5% (vol/vol) H2O, 
2.5% (vol/vol) triisopropylsilane in trifluoroacetic acid (50% power 
at 400-W maximum, 38°C ramp for 2 min, hold for 30 min; fol-
lowed by treatment with fresh cocktail at 50% power, 400-W maxi-
mum, 38°C, ramp 2 min, hold 5 min). Crude peptides were con-
centrated by rotary evaporation and reconstituted in acetonitrile/
water (1:1) for purification by reverse-phase high-performance liq-
uid chromatography (HPLC).

The efficiency of each synthesis was assessed by matrix-assisted 
laser desorption/ionization time-of-flight (MALDI-TOF) analysis of 
the crude reaction mixture followed by purification to homogeneity 
by reverse-phase HPLC. Peak samples were reconfirmed by a sec-
ond round of MALDI-TOF. After purification, peptides were lyophi-
lized and stored in the dark at −20°C.

Fluorescence polarization measurements
SH2 domains were dialyzed into binding buffer (50 mM HEPES, 
pH 7.25, 150 mM NaCl, 0.01% NP40, 5% glycerol) and 30 μl vol-
ume serially diluted into prechilled 384-well low-flange black, flat-
bottom nonbinding microplate (Corning) while on ice. A 5-μl 
amount of 35 nM fluorescent peptide dissolved in binding buffer 
was added to each well (final concentration 5 nM) and mixed five 
times by pipetting, and plates were incubated at 4°C for 40 min. 
Fluorescence polarization experiments were performed with an 
Analyst AD (Molecular Devices, Sunnyvale, CA) spectrofluorimeter. 
Each well was excited using 485-nm light, and emission was read 
at 530 nm. Fluorescence polarization was measured 1 mm from 
the bottom of each well with an integration time of 560 ms. All 
experiments were conducted in triplicate. The change in fluores-
cence polarization was normalized such that maximum change for 
each condition was set at an arbitrary value of 100 for the ease of 
comparison. Normalized values were graphed and fit to a single-
binding-site hyperbola using GraphPad Prism.

version of Rac3 reduces its aggressiveness (Baugher et al., 2005). 
There is also evidence that Rac3 depletion is correlated with a reduc-
tion in MMP-9 secretion via a Pak-dependent mechanism (Gest et al., 
2013). Clinical studies have found Rac3 to be overexpressed in some 
types of human breast cancer tumors (Morris et al., 2000). Moreover, 
increased Rac3 expression is correlated with decreased disease-free 
survival in prostate cancer patients (Engers et al., 2007).

GEFs as pharmacologic targets for the disruption  
of cancer invasion
Because of their role in promoting cancer progression, Rho-family 
GTPases are tempting pharmacologic targets. In fact, Rho GTPase 
inhibition decreases metastasis in some models without affecting 
normal cell viability (Montalvo-Ortiz et al., 2012; Menhofer et al., 
2014). Unfortunately, these inhibitors have pleiotropic effects that 
can cause collateral damage to the vasculature, nervous system, 
and immune system. Instead, the inhibition of GEF activity—for ex-
ample, a selective Vav2 inhibitor—may be a more promising target, 
as Vav2-knockout mice are generally viable and have no gross defi-
cits (Doody et al., 2001; Vigil et al., 2010). Alternatively, direct inhibi-
tors of the Vav2 SH2–phospho-cortactin interaction may be worth 
pursuing; indeed, specific inhibitors of the SH2 domains of Grb2, 
Grb7, and STAT3 have been developed and show promising results 
in breast cancer models (Morlacchi et al, 2014).

MATERIALS AND METHODS
Molecular cloning and protein purification
Human Vav2 and Vav2 mutant cDNAs (kind gifts from Christopher 
McCulloch, University of Toronto) were cloned into pFastBac 
expression vectors (Qiagen), pLXSN, pBabe, or pN1 vectors as 
appropriate. Mutants were introduced by PCR and site-directed mu-
tagenesis. Expression levels of Vav2 mutants were determined by 
Western blotting of puromycin-selected (0.5–1.0 μg/ml) or G418-
selected (200–800 μg/ml) cells.

Purified recombinant Vav2 was generated using baculovirus pro-
duced in Sf9 cells and used to infect Hi5 cells according to the man-
ufacturer’s protocol (Bac-to-Bac expression system; ThermoFisher). 
Hi5 cells were pelleted 48 h after baculovirus infection, resuspended 
in lysis buffer (20 mM Tris, pH 8.0, 100 mM NaCl, 5% glycerol, and 
protease and phosphatase inhibitors), dissociated by being passed 
through a French press, lysed with 1% Triton X-100, and bound to 
glutathione beads. Protein was cleaved with PreScission Protease as 
previously described (Warren et al., 2012), and buffer exchanged 
over a G-25 column into assay buffer: 25 mM 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid (HEPES), pH 7.35, 100 mM NaCl, 
5% glycerol, 0.01% Triton X-100, and 1 mM dithiothreitol.

For imaging experiments, 100,000 cells were plated in six-well 
plates and transfected with 1 μg of plasmid DNA using JetPrime 
reagent as per the manufacturer’s instructions 24–48 h before imag-
ing. siRNA target sequences used for Vav2 and Rac3 knockdowns 
were 5′-CUGACGUCUUUCUGAUCUG-3′ (Rac3) and 5′-AAAGUCC-
GGUCCAUAGUCA-3′ (Vav2) (Dharmacon, GE Life Sciences). Nonsi-
lencing control siRNA was obtained from Qiagen.

Screening assay
Recombinant phosphorylated cortactin was expressed in insect cells 
using Arg- and His-tagged cortactin. Lysates were incubated with 
nickel beads, and high-salt washes (0.5, 1.25, 0.5 M KCl) were used 
to wash impurities and cortactin-bound Arg. Elution was performed 
with 200 mM imidazole, and phosphorylation was confirmed by 
Western blotting using anti-phosphotyrosine antibodies.
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Matrix degradation assay and immunofluorescence
The invadopodia matrix degradation assay was performed as 
previously described (Mader et al., 2011). In summary, gelatin was 
conjugated with either Alexa 405 or Alexa 568 dye (Molecular 
Probes). MatTek dishes or coverslips were treated with 1 M HCl and 
coated with 50 μg/ml poly-l-lysine. A 2.5% gelatin/2.5% sucrose 
solution was made in PBS supplemented with a 1:50 mix of Alexa-
labeled gelatin, and unlabeled gelatin was warmed to 37°C before 
addition to poly-l-lysine–coated dishes. Gelatin was cross-linked 
with 0.5% glutaraldehyde and quenched with 5 mg/ml sodium bo-
rohydride. We plated 200,000 MDA-MB-231 cells on the gelatin 
overnight. Cells were fixed with 4% paraformaldehyde (PFA), per-
meabilized with 0.1% Triton X-100, and then blocked with 2% FBS 
and 3% BSA in PBS. All antibodies were diluted in blocking buffer.

Invadopodium precursors were identified as previously de-
scribed (Mader et al., 2011). Briefly, cells were plated on fluorescent 
dye–conjugated gelatin in the presence of the broad-spectrum 
MMP inhibitor GM 6001, serum starved overnight, and stimulated 
with 2.5 nM EGF. Precursors were identified as cortactin-Tks5–rich 
puncta not colocalizing with degradation puncta, whereas mature 
invadopodia colocalize with degradation puncta. Degradation area 
was calculated as total area per field in thresholded images and 
normalized to the total number of cells in each field in ImageJ. Im-
ages were acquired on a Nikon TE2000 inverted microscope with a 
Retiga cooled charge-coupled device (CCD) camera using Nikon 
Elements and processed using ImageJ.

Colocalization analysis
MDA-MB-231 cells were plated on fluorescently labeled gelatin, 
fixed with 4% PFA, permeabilized with 0.1% Triton X-100, and fluo-
rescently labeled as described in Oser et al. (2010). Images were 
acquired by a Nikon TE2000 inverted microscope with a Retiga 
cooled CCD camera using Nikon Elements and processed using Im-
ageJ and the JaCop plug-in.

Transwell invasion assay
Transwell invasion assays were performed as described (Oser et al., 
2010). Briefly, the bottom surface of 8.0-μm Transwell supports 
(CoStar) were treated with 10 μg/ml fibronectin for 1 h and dried. Up-
per surfaces were coated with 50 μl of reduced growth factor Matrigel 
(2.5 mg/ml) for 1 h at 37 C. Excess Matrigel was gently removed and 
the chamber equilibrated in DMEM at 37°C for 1 h. After equilibra-
tion, the bottom chamber medium was replaced with 10% FBS in 
DMEM. A total of 50,000 cells were resuspended in 200 μl of 0.5% 
FBS/DMEM and plated in the upper chamber. As a control, cells were 
also plated in Transwell membranes without Matrigel and allowed to 
invade for 24 h, followed by fixation in 4% PFA. Cells that did not in-
vade were scraped off the upper surface of the membrane with cot-
ton swabs, and cells at the bottom were stained with 4′,6-diamidino-
2-phenylindole and counted under a fluorescence microscope.

Actin barbed-ends assay
The measurement of actin incorporation into barbed ends in invado-
podia was performed as described previously (Oser et al., 2009). In 
summary, cells were transfected and serum starved overnight. Cells 
were stimulated with 2.5 nM EGF in L15 medium and permeabilized 
in 20 mM HEPES (pH 7.5), 138 mM KCl, 4 mM MgCl2, 3 mM ethyl-
ene glycol tetraacetic acid, 0.2 mg/ml saponin, 1 mM ATP, and 1% 
BSA. Cells were incubated with 0.5 μM biotin-actin (Cytoskeleton) 
for 1 min and fixed with 4% PFA, blocked with 1% FBS with 1% BSA 
and 3 μM phalloidin in BSA, and immunostained with fluorescein 
isothiocyanate (FITC)–anti-biotin, cortactin, and Arp2 to identify 

Binding assay
Recombinant protein was covalently coupled to AminoLink beads at 
a concentration of 1 mg/ml gel bed as per the manufacturer’s 
protocol and stored as 50% slurry in 50 mM HEPES, pH 7.25, 
125 mM NaCl, 0.01% NP40, and 5% glycerol. Input protein was di-
luted in a serial manner with 20 μl saved as input sample. Beads 
were blocked with Tris and 5% bovine serum albumin, and the reac-
tion was incubated at 4°C with rotation for 2 h. Supernatant was re-
moved and beads rapidly washed with 1 ml of binding buffer (3.65× 
phosphate-buffered saline [PBS]). Bound protein was recovered with 
4× SDS–PAGE buffer and analyzed by SDS–PAGE gel stained with 
Coomassie Blue R-250. Densitometry was performed with Quantity 
One software. Background-subtracted and binding curves were 
generated by GraphPad Prism according to Specific binding = 
(Bmax*[Ligand]/[Ligand]) + KD + Nonspecific*[Ligand].

Coimmunoprecipitation and Western blotting
Cells were transiently transfected using JetPrime. After 48 h, cells 
were incubated with 150 μM sodium pervanadate for 15 min, 
washed with PBS, and lysed with immunoprecipitation buffer con-
taining 20 mM HEPES, pH 7.5, 100 mM NaCl, 1 mM EDTA, 5% 
glycerol, and 1% Triton X-100 with protease and phosphatase in-
hibitors. Lysates were centrifuged at 14,000 rpm in an Eppendorf 
table-top centrifuge for 10 min at 4°C and precleared with protein 
A/G beads for 20 min with rotation. Protein concentration was 
determined using a bicinchoninic acid protein assay kit (Pierce 
Chemical), and an equal amount of total protein was used for 
immunoprecipitation using 2 μg of antibody. Lysates were then incu-
bated with antibody overnight at 4°C before protein A/G beads 
were added for 1 h. Beads were washed and then boiled in SDS–
PAGE buffer run on an SDS–PAGE gel. Protein was then transferred 
to a nitrocellulose membrane and immunoblotted.

Cell lines and culture
The MDA-MB-231 cell line (American Type Culture Collection 
[ATCC]) and the HEK 293 cell line (ATCC) were grown in DMEM 
supplemented with 10% fetal bovine serum (FBS), antibiotics, and 
l-glutamine. Stable cell lines were produced by first transfecting 
the Phoenix Amphotrophic packaging cell line with a retroviral 
construct (pLXSN or pBabe) using Lipofectamine or JetPrime ac-
cording to the manufacturer’s instructions. After 48 h, virus-con-
taining supernatant was collected, filtered, and combined with 
concentration reagent (42.5% PEG 6000, 1.5 M NaCl, 40% PBS) in 
a 1:4 PEG-to-supernatant ratio. Solution was incubated for 24 h 
and centrifuged, and the pellet was resuspended in PBS and im-
mediately used to infect MDA-MB-231 cells. Cells were selected 
with 600–800 μg/ml G418 or 0.5 μg/ml puromycin to generate 
stable lines.

Serum starvation was performed in 0.5% FBS and 0.5% BSA in 
DMEM overnight. Cells were starved in 0.345% BSA in L15 medium 
for 10 min and then stimulated with 2.5 nM EGF. Live-cell imaging 
was performed in phenol red–free DMEM supplemented with 
20 mM HEPES and 10% FBS.

Antibodies and reagents
Cortactin (sc-30771), Tks5 (sc-30122), and Arp2 (sc-H-84) antibodies 
were from Santa Cruz Biotechnology. Cortactin (ab33333) was from 
Abcam. Anti-actin (Millipore), anti-GFP (Rockland), Rac1/3 (Upstate), 
specific anti-Rac3 (ProteinTech Group), and anti-Rac1 (Upstate) were 
also used. All Alexa Fluor–conjugated secondary antibodies were 
obtained from Molecular Probes (Life Technologies). GM 6001 was 
from Enzo Life Sciences.
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centric annuli centered on the degradation spot. FRET intensity for 
each annulus was averaged. Then the time of the onset of degrada-
tion was determined separately for each new degradation spot, and 
the FRET data for each spot were synchronized to the timing of deg-
radation initiation. A boundary between the “ring” and the “center” 
was then determined by finding a radial distance value that maxi-
mized the mean difference in FRET between the center and ring 
among the pooled experimental data, and the data were then plot-
ted as a function of time. A control area of the cell that did not cause 
degradation in the gelatin channel was analyzed analogously.

Statistical analysis
Analysis was performed with unpaired, two-tailed t-test or ANOVA 
with Newman–Keuls posttest, as appropriate. Significance was 
defined as p < 0.05. Error bars represent SEM. Calculations were 
performed using GraphPad Prism.

invadopodium precursors. Barbed-end intensity at each invadopo-
dium was determined by measuring FITC-biotin mean fluorescence 
intensity in background-subtracted images and were normalized to 
the no-stimulation control condition.

Immunoblotting
Cells were washed with PBS, lysed in SDS–PAGE sample buffer, and 
boiled. Samples were subjected to SDS–PAGE, transferred to nitrocel-
lulose, blocked with 4% milk or 5% BSA (4G10 antibody only), and 
processed/immunoblotted as previously described (Mader et al., 2011).

GEF activity assay
Recombinant baculovirus expressing MBP-Vav2 was purified from 
Hi5 insect cells as previously described in Tanis et al. (2003). The 
MBP tag was cleaved off with PreScission protease before use. Glu-
tathione S-transferase (GST)–tagged Rac3 was produced from bac-
terial cells using the pGEX-6P1 plasmid, and the GST tag was 
cleaved with PreScission protease. Before use in assays, proteins 
were exchanged into the manufacturer’s recommended buffer. 
Other Rho GTPases used in the assay were purchased from the 
manufacturer (Cytoskeleton). We determined Vav2 exchange activ-
ity on Rac3 and other Rho GTPases using a fluorophore-based 
RhoGEF exchange assay kit according to the manufacturer’s instruc-
tions (BK100; Cytoskeleton).

Fluorescence spectroscopic analysis of N-methylanthraniloyl 
(mant)–GTP incorporation into purified Rho-family GTPase was car-
ried out at 25°C. Exchange reaction assay mixtures containing 
20 mM Tris (pH 7.5), 50 mM NaCl, 10 mM MgCl2, 50 μg/ml BSA, 
0.75 μM mant-GTP, and 2 μM Rac1, Cdc42, or Rac3 GTPase were 
prepared and allowed to equilibrate. After equilibration, the mix-
tures were placed into the fluorescence spectrophotometer, and 
fluorescence measurements were taken approximately every 10 s 
with excitation and emission wavelengths of 360 and 440 nm, 
respectively, and 10-nm bandwidth. After ∼120 s to establish a base-
line, purified Vav2 was added to 0.8 μM, and the relative mant fluo-
rescence was measured. Experiments were performed in triplicate.

FRET imaging
The construction of the dimerization-optimized reporter for activa-
tion (Dora)–Rac1 sensor and its negative control was described 
previously (Timmerman et al., 2015). The Dora-Rac3 biosensor and 
its control were generated by replacing the coding sequences of 
Rac1 with those of Rac3. The Dora-Rac3 biosensor was subcloned 
into pLXSN retroviral plasmid. Fluorimetry on cell extracts was per-
formed after transfection of the indicated the plasmids into HEK293 
cells using JetPrime. Cells were fixed with formaldehyde in PBS and 
fluorescence spectra measured with excitation at 433 nm and emis-
sion spectrum between 40 and 600 nm as described previously 
(Pertz et al., 2006). Live-cell FRET imaging was performed on a cus-
tom Nikon Ti-E microscope with a 60× TIRF objective (numerical 
aperture 1.49), an iXon Ultra electron-multiplying CCD, and 
MetaMorph software. Cells were maintained in a heated chamber 
supplemented with 5% CO2. Excitation was performed with a 
442-nm laser, and TIRF FRET images were acquired with 500-ms 
exposure for the donor and acceptor channels. Images of the Alexa 
567–labeled gelatin substrate were also obtained. Images were ana-
lyzed with custom-written software in ImageJ and R. Rac3 activation 
was monitored by measuring yellow fluorescent protein FRET and 
cyan fluorescent protein donor intensities. For spatiotemporal analy-
sis of Rac3 activity at invadopodia, areas of new degradation were 
identified in the fluorescent gelatin channel. Using custom-written 
software in R, Matlab, and ImageJ, we assessed FRET activity in con-
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