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ABSTRACT B1 integrin has been shown to promote metastasis in a number of tumor models,
including breast, ovarian, pancreatic, and skin cancer; however, the mechanism by which it
does so is poorly understood. Invasive membrane protrusions called invadopodia are believed
to facilitate extracellular matrix degradation and intravasation during metastasis. Previous
work showed that B1 integrin localizes to invadopodia, but its role in regulating invadopodial
function has not been well characterized. We find that B1 integrin is required for the forma-
tion of mature, degradation-competent invadopodia in both two- and three-dimensional ma-
trices but is dispensable for invadopodium precursor formation in metastatic human breast
cancer cells. B1 integrin is activated during invadopodium precursor maturation, and forced
B1 integrin activation enhances the rate of invadopodial matrix proteolysis. Furthermore, 1
integrin interacts with the tyrosine kinase Arg and stimulates Arg-dependent phosphoryla-
tion of cortactin on tyrosine 421. Silencing B1 integrin with small interfering RNA completely
abrogates Arg-dependent cortactin phosphorylation and cofilin-dependent barbed-end for-
mation at invadopodia, leading to a significant decrease in the number and stability of mature
invadopodia. These results describe a fundamental role for B1 integrin in controlling actin
polymerization—-dependent invadopodial maturation and matrix degradation in metastatic
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tumor cells.

INTRODUCTION

Although significant advances have been made in the screening
and treatment of primary cancers, metastasis remains the major
cause of cancer-related death in these patients. For cells to escape
from the primary tumor, actin-based invasive protrusions called inva-
dopodia are believed to facilitate tumor cell basement membrane
degradation, migration through the stroma, and intravasation
(Eckert et al., 2011; Huttenlocher and Horwitz, 2011; Linder et al.,
2011; Magalhaes et al., 2011). Invadopodia are enriched in actin
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regulators, such as N-WASp, cortactin, Arp2/3, and cofilin, as well as
in proteinases (e.g., membrane type 1 matrix metalloprotease [MT1-
MMP], MMP-2, MMP-9, and seprase; Mueller et al., 1999; Oser
et al., 2009). In contrast to podosomes formed by hematopoietic
cells, focal adhesion proteins (e.g., vinculin, paxillin, and focal adhe-
sion kinase) are not concentrated in invadopodial protrusions (cores),
with the exception of B1 integrin and talin (Mueller et al., 1999;
Chan et al., 2009; Huttenlocher and Horwitz, 2011; Linder et al.,
2011). Although it is well established that podosomes are adhesive
structures, it is unclear whether the invadopodium core adheres to
the extracellular matrix (ECM) and whether local adhesion regulates
invadopodial function in metastatic tumor cells (Linder et al., 2011).

Integrins belong to a family of heterodimeric transmembrane ad-
hesion proteins consisting of 18 o and 8 3 subunits that can assem-
ble into 24 distinct heterodimers (Takada et al., 2007). In addition to
facilitating cell adhesion to the ECM, integrins have also been impli-
cated in nearly every stage of tumor development, including tumor
induction, epithelial-mesenchymal transition, local invasion, migra-
tion, intravasation, extravasation, and dissemination (Huttenlocher
et al., 1998; Felding-Habermann et al., 2001; Guo and Giancotti,
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2004; White et al., 2004; Maschler et al., 2005; Park et al., 2006;
Sameni et al., 2008; Huck et al., 2010). B1 integrin is up-regulated in
highly invasive breast carcinoma cells in vivo and promotes metasta-
sis in a number of tumor models, including breast, ovarian, pancre-
atic, and skin cancer (Trikha et al., 1994; Wang et al., 2004; Huck
et al., 2010; Grzesiak et al., 2011; Lahlou and Muller, 2011; Mitra
etal., 2011). Consistent with a role in tumor cell invasion, B1 integrin
has been shown to promote degradation of type IV collagen at the
whole-cell level and localize to invadopodia; Chen and coworkers
demonstrated that a3f1 and a6B1 integrins localize to the invado-
podium core in highly metastatic LOX melanoma cells (Mueller
et al., 1999; Sameni et al., 2008). Although it is known that B1 inte-
grin activates p190RhoGAP and recruits seprase to the invadopo-
dium core (Nakahara et al., 1998; Mueller et al., 1999), the detailed
mechanism by which B1 integrin regulates invadopodia is poorly
understood (Buccione et al., 2009; Linder et al., 2011; Murphy and
Courtneidge, 2011).

The stages of invadopodium formation and maturation have
been characterized (Artym et al., 2006; Oser et al., 2009). Briefly,
growth factors (e.g., epidermal growth factor [EGF]) stimulate inva-
dopodium precursor formation through the assembly of a core
structure comprising cortactin, N-WASp, cofilin, and Tks5 (Artym
etal., 2006; Oser et al., 2009). The activated EGF receptor (EGFR) is
believed to recruit the tyrosine kinase Src by its SH2 domain, lead-
ing to Src-mediated activation of the Abl-family kinase Arg (Mader
et al, 2011). Arg has been identified as the primary kinase that
phosphorylates cortactin on tyrosine 421 (Y421), which induces Na*/
H* exchanger-1 (NHE-1) and Nck1 recruitment to invadopodia (Oser
et al., 2009; Mader et al., 2011; Magalhaes et al., 2011). NHE-1 in-
creases the local intracellular pH to release cofilin from its inhibitory
interaction with cortactin (Magalhaes et al., 2011). This allows cofilin
severing to generate free actin barbed ends, which elongate to
form daughter filaments, on which Nck1 is believed to induce
N-WASp-Arp2/3-dependent actin polymerization at invadopodia
(Oser et al., 2009). Although cortactin tyrosine phosphorylation and
cofilin severing activity are not required for initial invadopodium
precursor formation, they are critical for induction of actin polymer-
ization and matrix degradation, which are collectively referred to as
invadopodial maturation (Yamaguchi et al., 2005; Artym et al., 2006;
Oser et al., 2009). Thus Arg-mediated cortactin phosphorylation is
a key switch that initiates invadopodial maturation.

Although Arg has been shown to play a prominent role in regu-
lating invadopodial function (Mader et al., 2011), the upstream reg-
ulators of Arg in invadopodia are poorly understood. Arg kinase
activity is enhanced by cell adhesion in fibroblasts, and Arg was
shown to bind to the B1 integrin cytoplasmic tail in vitro and in neu-
rons (Hernandez et al., 2004; Lapetina et al., 2009; Warren et al.,
2012). In the present study, we investigate how 1 integrin regulates
invadopodial formation, maturation, and dynamics and evaluate
whether B1 integrin interacts with Arg and affects its kinase activity
at invadopodia.

RESULTS

B1 integrin is required for invadopodial maturation, stability
and matrix degradation but not precursor formation
Metastatic human MDA-MB-231 breast carcinoma cells were se-
lected to study the role of B1 integrin in regulating invadopodia
because they produce numerous invadopodia, express high levels
of B1 integrin relative to 3 and B5 integrins, and are highly invasive
in vivo (Artym et al., 2006; Patsialou et al., 2009; Mierke et al., 2011).
To assess whether B1 integrin regulates invadopodium formation,
we treated MDA-MB-231 cells with control or 31 integrin siRNA. 1
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integrin knockdown by two different small interfering RNAs (siRNAs)
was highly efficient, resulting in >95% reduction in B1 integrin ex-
pression (Figure 1A and Supplemental Figure S2A). MDA-MB-231
cell spreading on gelatin requires both 1 integrin— and B3 integrin—
mediated adhesion, as cell spreading is unaffected by siRNA knock-
down of either protein alone but is impaired in $1/B3 integrin dou-
ble-knockdown cells (Figure 1B and Supplemental Figure S1E).
We took advantage of the fact that overall cell adhesion and focal
adhesion formation on Alexa 405-labeled gelatin were modestly or
not affected in B1 integrin—knockdown cells to evaluate its specific
role in regulating the invadopodial compartment (Supplemental
Figure S1, A-E).

MDA-MB-231 cells were plated on thin, Alexa 405-labeled gela-
tin for 4 h to visualize invadopodial matrix degradation (Mader et al.,
2011) and immunostained for B1 integrin and the invadopodium
markers cortactin and Tks5 (Seals et al., 2005; Chan et al., 2009;
Oser et al., 2009). We found that B1 integrin localizes to the core of
mature, actively degrading invadopodia in control cells, and silenc-
ing B1 integrin, but not B3 integrin, results in significant reduction in
the number of mature invadopodia (Figure 1, B and C, and Supple-
mental Figures S1, G and H, and S2B; p < 0.0025; p < 0.01). Accord-
ingly, there is a fourfold decrease in the mean degradation area/cell
in B1 integrin—knockdown cells, indicating that these cells are less
degradative during the 4-h plating period overall (Figure 1G).
Knocking down B1 integrin in MTLn3 cells—another highly meta-
static mammary adenocarcinoma cell line—also results in a decrease
in the number of mature invadopodia, suggesting that 81 integrin
may play a general role in regulating invadopodial maturation in
metastatic breast cancer cells (Supplemental Figure S2, C and D).

Invadopodia initially form as nonproteolytic precursor structures,
which polymerize actin and recruit MMPs to develop into fully func-
tional, mature invadopodia (Artym et al., 2006; Sakurai-Yageta et al.,
2008; Oser et al., 2009). To determine whether B1 integrin affects
the early stages of invadopodium precursor formation, control and
B1 integrin—-depleted MDA-MB-231 cells were serum starved over-
night and stimulated with EGF to synchronously induce precursor
formation (Oser et al., 2010). Control and B1 integrin-knockdown
cells form nearly identical numbers of cortactin/Tks5—rich invadopo-
dium precursors during the first few minutes after EGF stimulation
(Figure 1D), suggesting that the early stages of EGF-induced invado-
podium precursor formation can occur in a B1 integrin-independent
manner. Consistent with a role in precursor maturation, $1 integrin is
enriched by 1.7- and 1.6-fold after 3 and 5 min of EGF stimulation,
respectively, and is enriched 1.8-fold in mature invadopodia com-
pared with precursors at steady state (Supplemental Figure S3).

Synergistic cofilin/Arp2/3-dependent actin polymerization is re-
quired to stabilize invadopodia, allowing them to mature and de-
grade the ECM (Yamaguchi et al., 2005). Because integrins are ad-
hesion receptors, we hypothesized that B1 integrin might also
stabilize invadopodia by anchoring them to the ECM for efficient,
focused matrix degradation. To test this, we plated control and 1
integrin—depleted cells expressing Tag red fluorescent protein
(RFP)—cortactin and green fluorescent protein (GFP)-Tks5 on Alexa
405-labeled gelatin and used live-cell time-lapse microscopy to
determine invadopodium lifetime. Invadopodium precursors were
identified as punctate, nondegrading TagRFP-cortactin/GFP-Tks5—
rich structures, whereas mature invadopodia were defined as struc-
tures that were actively degrading the ECM. Control cells form many
long-lived invadopodia that often persist in a single location for
>1 h; B1 integrin—-depleted cells, on the other hand, form unstable
invadopodia that often cannot anchor to the matrix and quickly dis-
assemble (Supplemental Movies S1 and S2). When we quantified
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FIGURE 1: B1 integrin is required for invadopodial maturation, stability, and matrix degradation but not precursor
formation. (A) Western blot analysis of MDA-MB-231 cells transfected with control or $1 integrin siRNA (SMARTpool) for
96 h. Blots were stained for B1 integrin and B-actin (loading control). (B, C) Steady-state invadopodial matrix
degradation assay: MDA-MB-231 cells were plated on Alexa 405-labeled gelatin for 4 h. (B) Representative images of
B1 integrin (C27), cortactin (sc-30771), and Tks5 staining. Red arrowheads denote mature invadopodia; blue arrowheads
denote invadopodium precursors. Inset, magnified image of invadopodia in the box. Bar, 10 ym. (C) Quantification of
mature invadopodia formed by control or $1 integrin siRNA (SMARTpool)-treated cells in the steady-state invadopodial
matrix degradation assay. Mature invadopodia were scored as cortactin-Tks5-rich structures that colocalize with a
degradation hole in Alexa 405-labeled gelatin. n > 100 cells; three independent experiments. *p < 0.0025 compared
with control siRNA. (D) Invadopodium precursor formation assay: quantification of the number of cortactin- and
Tks5-rich invadopodium precursors formed in MDA-MB-231 cells stimulated with EGF for O (untreated), 1, 3, or 5 min.
Precursors were scored as punctate cortactin-Tks5-rich structures that do not colocalize with a degradation hole in
Alexa 405-labeled gelatin. n > 45 cells; three independent experiments. *p < 0.017 compared with control siRNA 0 min;
**p < 0.007 compared with B1 integrin siRNA 0 min. (E, F) TagRFP-cortactin- and GFP-Tks5-expressing control and 1
integrin—-knockdown cells were plated on Alexa 405-labeled gelatin and imaged by time-lapse microscopy for 3 h.

(E) Representative images of a TagRFP-cortactin- and GFP-Tks5-rich mature invadopodium formed by a control cell and
a short-lived, invadopodium precursor formed by B1 integrin-depleted cells (see Supplemental Movies S1 and S2). Box,
3.85 pm. (F) Quantification of invadopodium lifetimes in control and 1 integrin siRNA (SMARTpool)-treated cells
generated from time-lapse movies. n > 250 invadopodia; n > 22 cells; three independent experiments. *p < 0.0002
compared with control siRNA. (G) Quantification of invadopodial degradation area/field in the steady-state invadopodial
matrix degradation assay normalized to the number of cells/field. *p < 0.003 compared with control siRNA.
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invadopodium lifetimes, we found that invadopodium precursor
and mature invadopodium lifetimes were reduced by ~50 and ~40%,
respectively, in cells treated with B1 integrin siRNA compared with
control (Figure 1, E and F). Taken together, these data suggest that
B1 integrin is dispensable for initial invadopodium precursor forma-
tion, but its function is critical for the subsequent stabilization and
maturation of these precursors into fully functional, degradative
invadopodia.

B1 integrin is activated in invadopodium precursors, and
stimulation of 31 integrin-mediated adhesion accelerates
invadopodial maturation in EGF-stimulated cells

Integrins are believed to exist in three major conformation states in
cells: inactive (bent), activated/”primed” (extended but unligated)
and adherent (extended and ligated to the ECM; Frelinger et al.,
1988; Xiong et al., 2001; Takagi et al., 2002; Mould and Humphries,
2004; Legate et al., 2005; Nishida et al., 2006; Askari et al., 2010).
To determine the activation status of 1 integrin during invadopo-
dium precursor maturation, we used the EGF stimulation assay. Cells
were treated with EGF and immunostained with antibodies against
cortactin and Tks5 to identify invadopodia as well as activated B1
integrin (conformation-sensitive 9EG7 antibody) and total B1 integ-
rin (P5D2 antibody; Bazzoni et al., 1995). The ratio of activated to
total B1 integrin mean fluorescence intensity (MFI) at invadopodium
precursor cores was used to determine the activation status of 1
integrin. We found that B1 integrin activation increases by 28 and
50% in invadopodium precursors after 3 and 5 min of EGF stimula-
tion, respectively (Figure 2, A and B), indicating that B1 integrin
adopts an adhesion-competent conformation during invadopodial
maturation.

To further characterize the role of B1 integrin activation in regu-
lating invadopodial function, we pretreated adherent cells with
mouse immunoglobulin G (IgG) isotype control, a nonactivating B1
integrin antibody (K20), a function-stimulating B1 integrin antibody
(TS2/16), or a function-blocking B1 integrin antibody (mAb13) and
then stimulated them with EGF to induce invadopodium precursor
formation (Supplemental Figure S7C; Mould et al., 1996; Byron
et al., 2009). When cells are treated with control IgG or the K20 an-
tibody, which clusters but does not activate 1 integrin (Miyamoto
et al., 1995; Byron et al., 2009), invadopodium precursors mature
and degrade Alexa 405-labeled gelatin 30 min after EGF stimula-
tion (Figure 2, C and D). We found that cells pretreated with the
TS2/16 antibody, which stimulates B1 integrin-mediated adhesion
likely by favoring its extended conformation, form invadopodium
precursors that mature within 15 min, suggesting that forced B1 in-
tegrin activation/adhesion accelerates invadopodium precursor
maturation (Figure 2, C and D; Bharadwaj et al., 2005; Byron et al.,
2009). Similar results were obtained in cells pretreated with Mn?* to
activate integrins, including B1 integrin (Supplemental Figure S4B).
Treatment with the TS2/16 antibody does not, however, affect the
formation of nonproteolytic precursors at any time point (Supple-
mental Figure S4A). Conversely, treatment with the mAb13 blocking
antibody suppresses invadopodial maturation at both 15 and 30 min
after EGF stimulation (Figure 2D). Collectively these data demon-
strate that B1 integrin is activated in invadopodium precursors, and
B1 integrin—-mediated adhesion enhances the rate of invadopodial
ECM proteolysis.

B1 integrin interacts with Arg at invadopodia

Cortactin tyrosine phosphorylation is a critical step in invadopodial
maturation, initiating cofilin-dependent barbed-end formation and
Arp2/3-dependent actin  polymerization (Oser et al, 2009;
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Magalhaes et al., 2011). Mader et al. (2011) showed that Arg phos-
phorylates cortactin on tyrosine 421 in invadopodium precursors;
however, the mechanism of Arg activation at invadopodia is not fully
understood. Because B1 integrin binds Arg in vitro (Warren et al.,
2012), we reasoned that Arg binding to B1 integrin might be neces-
sary for its activation in invadopodium precursors to promote
maturation.

To address whether 1 integrin from MDA-MB-231 cells is com-
petent to bind Arg, we incubated lysates with beads coated with
full-length Arg (Calderwood et al., 2003; Lapetina et al., 2009). B1
integrin is specifically pulled down by the Arg beads but not by the
negative control bovine serum albumin (BSA)-coated beads (Figure
3A). We next asked whether B1 integrin interacted with Arg at
invadopodia.

To evaluate this, we plated MDA-MB-231 cells on Alexa
405-labeled gelatin and conducted acceptor photobleaching fluo-
rescence resonance energy transfer (FRET) experiments between B1
integrin (acceptor) and Arg (donor). Regions containing Tks5-rich
mature invadopodia were bleached, and B1 integrin-Arg FRET effi-
ciency was calculated. Although there is a modest increase in FRET
between B1 integrin and Arg at steady state, this interaction is sig-
nificantly enhanced in cells treated with MnCl; to activate integrins,
including B1 integrin localized to invadopodia (Figure 3, B and C;
p < 1.12E-5; Supplemental Figure S5A; Bazzoni et al., 1995). Under
starvation conditions in which the levels of activated B1 integrin are
low, however, relatively low B1 integrin-Arg FRET is observed in in-
vadopodium precursors (Supplemental Figure S5C). Furthermore,
the FRET between B1 integrin and Arg is ~2-fold higher in the inva-
dopodium core than the surrounding plasma membrane at steady
state and ~1.5-fold higher in the invadopodium cores of MnCly-
treated cells, suggesting that this interaction preferentially occurs in
the invadopodial compartment (Supplemental Figure S5D). Last, to
control for nonspecific interactions between antibodies within the
invadopodial compartment, we calculated the FRET efficiency
between B1 integrin and cortactin and found that it was minimal
(~2-fold less than steady state and ~4-fold less than MnCl,-treated
cells; Figure 3C and Supplemental Figure S5B).

To confirm the FRET results by an independent method, we used
the in situ proximity ligation assay (PLA), a technique that uses DNA
aptamer-conjugated antibodies to detect very close interactions
between two proteins with high spatial resolution (Figure 3D;
Fredriksson et al., 2002). PLA was performed with B1 integrin and
Arg or IgG antibodies, the latter of which served as the negative
control. Colocalization of PLA signals with Tks5-rich mature invado-
podia was used to quantify the interaction. Results indicate that 1
integrin—Arg pairing in mature invadopodia yields a sixfold increase
in PLA signal compared with the level observed using B1 integrin
and a nonspecific IgG (Figure 3, E and F). Thus FRET and PLA ex-
periments indicate that B1 integrin interacts with Arg in invadopo-
dia, Arg preferentially interacts with activated B1 integrin, and B1
integrin might play a role in Arg activation.

B1 integrin is required for Arg-mediated cortactin Y421
phosphorylation at invadopodium precursors

Next we investigated whether 31 integrin is required for Arg recruit-
ment to invadopodia. Of interest, despite interacting with B1 integ-
rin, Arg recruitment is not affected in 1 integrin—knockdown cells
(Supplemental Figure S6A), raising the possibility that the interac-
tion between Arg and B1 integrin might be responsible for activat-
ing invadopodial Arg. To test this, we evaluated Arg kinase activity
in invadopodium precursors using the EGF stimulation assay to
measure cortactin phosphorylation status. Because cortactin Y421
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FIGURE 2: B1 integrin is activated in invadopodium precursors, and stimulation of 1 integrin—-mediated adhesion
accelerates invadopodial maturation in EGF-stimulated cells. (A, B) MDA-MB-231 cells were stimulated with EGF, fixed,
and stained with antibodies against total B1 integrin (P5D2), activated 1 integrin (JEG7), cortactin, and Tks5.

(A) Representative images of activated 1 integrin staining at 0 min (untreated) and 3 and 5 min after EGF stimulation.
The four leftmost panels show insets of the box on the far right. Arrowheads denote invadopodium precursors
containing cortactin and Tks5. Bar, 10 um. (B) Quantification of the ratio of activated 1 integrin:total 31 integrin MFI at
the core of invadopodium precursors. n > 39 invadopodium precursors; n > 122 cells; three independent experiments.
*p < 0.05 compared with 0 min. (C, D) Invadopodium maturation assay. MDA-MB-231 cells were plated on Alexa
405-labeled gelatin, pretreated with IgG, K20 1 integrin antibody (nonactivating), TS2/16 31 integrin antibody
(activating), or mAb13 B1 integrin antibody (blocking) and stimulated with EGF for 0, 3, 15, or 30 min. (C) Representative
merged images of cortactin- and Tks5-rich invadopodia formed by cells pretreated with IgG or TS2/16 and then
stimulated with EGF for 0 or 15 min. Inset, magnified image of invadopodia in the box. Bar, 10 pm. (D) Quantification of
cortactin- and Tks5-rich mature invadopodia at each time point. n > 40 cells; three independent experiments. *p < 0.047.

Volume 24 June 1, 2013 B1 integrin regulates Arg at invadopodia

1665



A Beads 5% Input
BSA Arg BSA Arg

B Steady state: Mn2+:
Donor (Arg)  Acceptor (1)

Donor (Arg)  Acceptor (1)

Pre

Post

FRET
Efficiency

@)
*

D

16% - * FRET pair: r%a‘ S
> . P
Iy ) - )

512% ] B1 integrin-cortactin (s.s.) ?.

;::_, * = 31 integrin-Arg (S-S-) <40nm Rolling circle §

i 8% 1 = 31 integrin-cortactin (Mn2+) ‘ A x ﬁ

=

W 40 - = B1 integrin-Arg (Mn2+) ]\/ )\/ ]\/ NA

T8

0% -

E
= € 16% *
g2
-]
83 12% - _
g % PLA pair:
ﬁ-‘; 8% - B1 integrin-IgG
ST m 31 integrin-Arg
g .
== 4%
S ©
02 I
X S 0% A

B1 integrin interacts with Arg in invadopodia. (A) Representative Western blot from the Arg bead pull-down
assay. MDA-MB-231 cell lysates were incubated with BSA (negative control) or full-length Arg-coated beads, and the
resulting pull-downs were run on SDS-PAGE and stained for B1 integrin. Two independent experiments. (B, C) B1 integrin—
Arg acceptor photobleaching FRET. (B) Representative images of FRET efficiency between 1 integrin and Arg at Tks5-rich
mature invadopodia in MDA-MB-231 cells at steadly state (s.s.) or after integrin activation with 1 mM MnCl; for 30 min
(Mn?*). Dashed white circles denote mature invadopodia. Inset, magnified view of B1 integrin and Arg colocalized at
invadopodia and the associated FRET efficiency. LUT bar indicates linear scale of FRET efficiency from 0 to 16%. Bar, 10 um.
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phosphorylation at invadopodia is dependent upon Arg (Mader
etal., 2011), we used a phospho-specific Y421 cortactin antibody to
evaluate Arg kinase activity at invadopodium precursors in cells
treated with control or B1 integrin siRNA. Whereas EGF stimulates a
60% increase in cortactin Y421 phosphorylation in control cells, no
increase in cortactin phosphorylation was observed in cells treated
with B1 integrin siRNA, with the level of cortactin pY421 remaining
at the background observed in Arg-knockdown (KD) cells (raw 3-min
ratio of pY421/total cortactin—$1 KD, 0.33, vs. Arg KD, 0.34; Figure
4, A and B). This suggests that EGFR-Src signaling alone is not suf-
ficient to induce Arg-mediated cortactin phosphorylation, and 1
integrin is essential for Arg activation at invadopodium precursors.

Given that B1 integrin activation enhances its interaction with
Arg, we tested the hypothesis that promoting B1 integrin-medi-
ated adhesion with function-stimulating antibodies could enhance
Arg-dependent cortactin Y421 phosphorylation at invadopodium
precursors. To do this, we repeated the cortactin phosphorylation
assay in cells pretreated with the 1gG, K20, TS2/16, or mAb13
antibodies. Whereas treatment of control cells with IgG or the
K20 B1 integrin antibody induces cortactin phosphorylation simi-
lar to EGF alone (~45% increase), B1 integrin activation with the
TS2/16 antibody resulted in an 85% increase in cortactin phos-
phorylation (Figure 4B). Conversely, inhibiting B1 integrin activa-
tion by pretreatment with the mAb13 antibody completely
blocked this phosphorylation event (Figure 4B). The additive ef-
fect of B1 integrin activation on cortactin phosphorylation was
found to depend on Arg kinase activity, since cortactin phospho-
rylation remained at the basal level in Arg-knockdown cells after
stimulation (Figure 4B and Supplemental Figure S6C). Taken to-
gether, these experiments identify B1 integrin as an upstream
regulator of Arg and demonstrate that B1 integrin-mediated ad-
hesion is an important trigger that promotes Arg kinase activity in
invadopodium precursors.

B1 integrin is required for cofilin-mediated barbed-end
formation and actin polymerization at invadopodium
precursors

The finding that B1 integrin promotes cortactin Y421 phosphoryla-
tion led us to investigate whether B1 integrin is also important for
actin polymerization at invadopodia, since cortactin phosphoryla-
tion is the primary regulator of cofilin activity in precursors (Oser
et al., 2009; Magalhaes et al., 2011). In MTLn3 cells, cofilin severs
F-actin in invadopodium precursors to produce free barbed ends
that elongate and serve as sites for Arp2/3-dependent actin nucle-
ation and polymerization (Yamaguchi et al., 2005; Oser et al., 2009).
In MDA-MB-231 cells, EGF stimulation results in a peak in barbed-
end intensity at 3 min (Oser et al., 2010). To determine whether
barbed-end formation in MDA-MB-231 cells also requires cofilin
severing activity, cells were treated with either control or cofilin
siRNA for 48 h, and the barbed-end assay was performed as de-
scribed previously (Figure 5E; Chan et al., 1998; Oser et al., 2009).
As in MTLn3 cells, cofilin knockdown in MDA-MB-231 cells abro-
gated EGF-dependent barbed-end formation at invadopodium
precursors (Figure 5D), indicating that barbed-end formation in
MDA-MB-231 cells requires cofilin.

To determine whether B1 integrin regulates cofilin activity and
actin polymerization at invadopodium precursors, we used cofilin—f3-
actin acceptor photobleaching FRET and the barbed-end assay
(Chan et al., 1998; Oser et al., 2009). Because cofilin is an F-actin—
binding and —severing protein, cofilin—B-actin FRET correlates with
increased cofilin activity. In control cells, EGF enhances the interac-
tion between cofilin and actin at invadopodium precursors, resulting
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in ~40% increase in FRET efficiency after 3 min (Figure 5, A and B).
Cofilin binding to actin is significantly reduced in B1 integrin—de-
pleted cells, in which the FRET efficiency at invadopodium precur-
sors decreases by ~20% after EGF stimulation (Figure 5, A and B;
p <0.018).

Although these data suggests that cofilin activity may be sup-
pressed in B1 integrin-knockdown cells, the generation of free actin
barbed ends is a more direct measurement of cofilin activity (Wang
et al., 2007). Therefore we visualized the incorporation of biotiny-
lated G-actin monomers at the barbed ends of preexisting actin fila-
ments in invadopodium precursors to measure relative barbed-end
number (Chan et al., 1998; Oser et al., 2009). Consistent with the
FRET experiments, EGF stimulates a significant increase in barbed-
end formation in control cells after 3 min; barbed-end intensity in
invadopodium precursors in B1 integrin—knockdown cells, however,
is significantly reduced at this time point (Figure 5, C and D;
p < 1.22E-11). Taken together, these data demonstrate that B1 inte-
grin is an important regulator of cofilin severing activity, free actin
barbed-end formation, and actin polymerization at invadopodium
precursors.

B1 integrin is essential for invadopodium formation

in physiologically relevant three-dimensional matrix

To assess the role of B1 integrin in regulating invadopodia in a more
physiological three-dimensional (3D) context, MDA-MB-231 cells
were treated with control or B1 integrin siRNA, transfected with
TagRFP-cortactin, and cultured in 3D extracellular matrix consisting
of type | collagen, dequenched (DQ) type | collagen, and Matrigel
for 24-36 h (Nystrom et al., 2005). In a 3D environment, invadopo-
dia form as thin, 3- to 4-um protrusions that are typically enriched in
cortactin and MT1-MMP and >7 um in length and degrade collagen
along the length of and at the tip of the protrusion (Supplemental
Figure S7A,; Li et al., 2010; Magalhaes et al., 2011). Whereas control
cells formed long, branched protrusions associated with local ma-
trix degradation, B1 integrin—knockdown cells and cells treated with
the B1 integrin function-blocking antibody (mAb13) formed seven-
fold fewer degradative invadopodial protrusions (Figure 6, A and B,
and Supplemental Movies S3 and S4). Furthermore, invadopodium
length was decreased by >40%, and the amount of degradation
associated with each protrusion was significantly decreased in B1
integrin-depleted cells in 3D matrix (Figure 6, C and D, and Supple-
mental Figure S7B; p < 3.15E-9). Thus the data implicating B1
integrin in regulating invadopodial actin polymerization and matu-
ration in metastatic breast cancer cells in two dimensions is consis-
tent with a role for B1 integrin in a more physiologically relevant 3D
matrix.

DISCUSSION

Invadopodia are believed to facilitate multiple stages of tumor cell
metastasis, including local invasion, migration through the stroma,
and intravasation (Artym et al., 2006; Huttenlocher and Horwitz,
2011; Linder et al., 2011; Magalhaes et al., 2011, Bravo-Cordero
et al., 2012). In this study, we investigated the roles of $1 and B3 in-
tegrins in regulating invadopodial function in metastatic human
breast cancer cells. On the basis of the data presented here, we
propose the following model in which B1 integrin is not required for
the initial formation of invadopodium precursors but drives invado-
podial maturation, whereas B3 integrin is important for overall adhe-
sion but is not required for invadopodial function (Figure 7). B1
integrin interacts with Arg at invadopodia and is required for its ki-
nase activity in MDA-MB-231 cells. Depletion of B1 integrin by siRNA
completely blocks Arg-dependent cortactin Y421 phosphorylation
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B1 integrin is required for Arg-mediated cortactin Y421 phosphorylation at invadopodium precursors in
response to EGF stimulation. (A, B) Cortactin Y421 phosphorylation at precursors in the invadopodium precursor
formation assay in MDA-MB-231 cells. (A) Representative images of control and 31 integrin siRNA (SMARTpool)-treated
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(B) Quantification of pY421 cortactin:total cortactin MFI at invadopodium precursors in cells treated with control or 1
integrin siRNA (left; n > 125 invadopodium precursors; n> 85 cells; three independent experiments) and control and Arg
knockdown cells pretreated with 1gG, K20, TS2/16, or mAb13 for 10 min before EGF stimulation (right; n > 80
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and cofilin activity, leading to a decrease in the number and stability ~ B1 integrin activation and adhesion regulate invadopodial

of mature, actively degrading invadopodia. Thus we provide evi-  function
dence that B1 integrin is a critical regulator of invadopodial matura- ~ The role of integrin activation and adhesion in regulating invadopo-
tion by stimulating the Arg—cortactin—cofilin pathway. dial function is incompletely understood (Buccione et al., 2009;
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FIGURE 7: Model of B1 integrin—-dependent regulation of
invadopodia. B1 integrin is activated in invadopodium precursors,
leading to increased local 1 integrin adhesion in the protrusion/core,
which is a key switch that drives Arg activation, cortactin
phosphorylation, and MMP recruitment during invadopodial
maturation. It is proposed that 1 integrin-EGFR cross-talk activates
Arg by a three-step mechanism: 1) Arg binding to the 1 integrin
cytoplasmic tail is believed to disrupt its autoinhibitory conformation,
unmasking the Y272 autophosphorylation site and Y439 on the
activation loop. 2) Integrin-mediated clustering of Arg likely facilitates
autophosphorylation on Y272. 3) EGFR activation induces Src-
dependent Arg phosphorylation on Y439, resulting in full Arg kinase
activation. Arg-dependent cortactin phosphorylation results in the
recruitment of NHE-1 to increase the local intracellular pH, resulting in
disruption of the inhibitory interaction between cortactin and cofilin
and recruitment of Nck1 for N-WASp activation to induce Arp2/3-
dependent actin polymerization. In this way, B1 integrin acts as a
critical upstream regulator of Arg kinase activity, actin polymerization,
and subsequent protease recruitment to promote efficient
invadopodial matrix degradation.

Linder et al., 2011; Murphy and Courtneidge, 2011). We demon-
strate that B1 integrin is activated in invadopodial protrusions (core),
favoring adhesion to the ECM. Stimulation of B1 integrin—-mediated
adhesion increases the rate of invadopodial matrix proteolysis, en-
hances the interaction between B1 integrin and Arg, and induces
Arg kinase activity. Conversely, inhibiting B1 integrin adhesion com-
pletely blocks Arg activation, as well as invadopodial maturation.
Taken together, these experiments identify B1 integrin activation
and adhesion to the ECM as a key upstream switch in invadopodial
maturation that drives Arg activation, cortactin phosphorylation,
and recruitment of MT1-MMP to activate MMP-2 and MMP-9 for
matrix degradation (Deryugina et al., 2001).

Recently a number of groups have shown that invadopodia are
surrounded by a ring of proteins, including Hic-5, paxillin, and B1
integrin, as well as RhoC GTPase activity (Bravo-Cordero et al.,
2011; Branch et al., 2012; Pignatelli et al., 2012). These proteins play
a critical role in regulating the geometry of the invadopodial protru-
sion, as well as the efficiency at which it degrades the underlying
extracellular matrix. The differences in B1 integrin localization at
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invadopodia observed in MCF10A-CA1D breast epithelial cells
(ring; Branch et al., 2012) compared with the localization in highly
metastatic breast cancer and melanoma cells reported here and
elsewhere (core) raises the intriguing possibility that there is a switch
in integrin localization as tumor cells progress through the meta-
static cascade (Mueller et al., 1999). It will be interesting to explore
which molecules regulate the transition from B1 integrin distribution
in a ring to the invadopodium core and how differential integrin lo-
calization affects the metastatic potential of tumor cells.

B1 integrin—-EGFR cross-talk is required to activate Arg

at invadopodia

Cross-talk between integrins and growth factor receptors is a well-
established phenomenon (lvaska and Heino, 2011). Classically, inte-
grin—growth factor receptor cross-talk has been associated with pro-
liferation, but more recently these cross-talk mechanisms have been
implicated in tumor cell migration and invasion. Norman and co-
workers showed that B1 integrin and EGFR interact in the endocytic
compartment to stimulate Akt phosphorylation and invasion in ovar-
ian carcinoma cells (Caswell et al., 2008). In the present study, we
show that B1 integrin-EGFR cross-talk in invadopodia regulates Arg
kinase activity and actin polymerization, revealing yet another con-
text in which the two receptors cooperate to promote tumor cell
invasion.

EGFR signaling through Src was shown to phosphorylate Arg on
its activation loop (Mader et al., 2011); here we demonstrate that B1
integrin interacts with Arg in invadopodia. Because both of these
events are required for Arg kinase activity at invadopodium precur-
sors, we propose the following three-step model of Arg activation in
invadopodia: Arg is likely recruited to invadopodia via its interac-
tions with actin and/or cortactin (Wang et al., 2001; Lapetina et al.,
2009). 1) Arg binding to B1 integrin is believed to disrupt the Arg
autoinhibitory (folded) conformation, resulting in extension of the
molecule and unmasking of the Y272 autophosphorylation site and
Y439 on the activation loop (Tanis et al., 2003). 2) Integrin-mediated
clustering of Arg would then facilitate autophosphorylation on Y272,
whereas 3) EGFR activation induces Src-dependent Arg phosphory-
lation on Y439, resulting in full Arg kinase activation (Mader et al.,
2011). This model is supported by three main lines of evidence:
1) B1 integrin interacts with Arg at invadopodia, and this binding
event is required to activate Arg in vitro (Simpson, Bradley, and
Koleske, unpublished data), 2) Arg kinase activity at invadopodia is
abrogated in B1 integrin—depleted cells, and 3) in the absence of
EGF/serum, B1 integrin activation alone is not sufficient to induce
Arg-dependent cortactin Y421 phosphorylation (Supplemental
Figure S6B). Collectively these findings indicate that 1 integrin and
EGFR signaling converge at the level of Arg (Figure 7), as both
signals are required for efficient Arg activation at invadopodia.

B1 integrin regulates actin dynamics at invadopodia

B1 integrin is required for Arg-mediated cortactin phosphorylation,
which, in turn, promotes cofilin severing activity and actin polymer-
ization at invadopodia. In melanoma cells, B1 integrin stimulation
with laminin peptides induces p190RhoGAP phosphorylation and
activation at invadopodia (Nakahara et al., 1998); however, the ki-
nase responsible for this phosphorylation event has not been identi-
fied. Of interest, integrins have been shown to activate Arg-depen-
dent p190RhoGAP phosphorylation in fibroblasts and neurons
(Hernandez et al., 2004; Bradley et al., 2006; Warren et al., 2012).
Because p190RhoGAP localizes to the invadopodium core and in-
hibits RhoC to allow cofilin to become activated (Bravo-Cordero
etal., 2011), it is tempting to speculate that f1 integrin—dependent
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Arg activation promotes cofilin-mediated barbed-end formation
both by phosphorylating cortactin to relieve cortactin-dependent
cofilin sequestration and by deactivating RhoC in invadopodia to
prevent inhibitory cofilin phosphorylation. In this way, B1 integrin
signaling through Arg may be the predominant mechanism that
spatiotemporally regulates actin polymerization at invadopodia.
Here we show that B1 integrin is a major regulator of invadopo-
dial maturation in both two- and three-dimensional extracellular
matrices. B1 integrin promotes metastatic dissemination in a num-
ber of tumor models, including breast and ovarian cancer (Huck
et al., 2010; Mitra et al., 2011); however, the precise mechanism by
which B1 integrin enhances the metastatic potential of tumor cells is
not known. Our data indicate that 1 integrin likely promotes breast
cancer metastasis via the B1 integrin-Arg pathway described here.
Because invadopodia are believed to facilitate transendothelial mi-
gration and invadopodial protrusions on tumor cells have been re-
cently identified adjacent to blood vessels in vivo (Gligorijevic et al.,
2012), it will be interesting to explore the possibility that f1 integrin
enhances breast cancer cell metastasis by promoting invadopodial
basement membrane degradation and intravasation in vivo.

MATERIALS AND METHODS

Cell culture

MDA-MB-231 cells were grown in DMEM supplemented with 10%
fetal bovine serum (FBS) and antibiotics. For EGF stimulation experi-
ments, MDA-MB-231 cells were serum starved in 0.5% FBS and
0.8% BSA in DMEM for 12-16 h. Cells were then starved in 0.345%
BSA in L15 media for 10 min immediately before stimulation with
2.5 nM EGF. Live-cell imaging experiments were conducted at 37°C
using L15 media and 10% FBS. MTLn3 cells were grown in aMEM
supplemented with 5% FBS and antibiotics.

Antibodies and reagents

The B1 integrin (C27) antibody was obtained from Vitatex (Stony
Brook, NY). Cortactin (sc-30771), Tks5 (sc-30122), Arp2 (sc-H-84),
and the K20 (sc-18887) and P5D2 (sc-13590) B1 integrin antibodies
were from Santa Cruz Biotechnology (Santa Cruz, CA). The cortactin
(ab33333) antibody was from Abcam (Cambridge, MA). The acti-
vated B1 integrin antibody (?EG7; 550531) and the function-block-
ing B1 integrin antibody (mAb13; 552828) were from BD PharMin-
gen Biosciences (San Diego, CA). The function-stimulating 1
integrin antibody (TS2/16; MA2910) was from Thermo Scientific
(Waltham, MA). The B-actin (AC-15) and phospho-Y421 cortactin
antibodies were from Sigma-Aldrich (St. Louis, MO). Fluorescein iso-
thiocyanate (FITC)-anti-biotin antibody was from Jackson Immu-
noResearch Laboratories (West Grove, PA). Mouse IgG1 (MAB002)
was from R&D Systems (Minneapolis, MN). Anti-cofilin (AE774) was
custom made as described previously (Yamaguchi et al., 2005). The
Arg (AR19) antibody was a generous gift from Peter Davies (Albert
Einstein School of Medicine, New York, NY). All Alexa Fluor second-
ary antibodies were from Molecular Probes (Life Technologies,
Carlsbad, CA). For Western blots, the following antibodies were
used: B1 integrin (610467, BD PharMingen Biosciences), Arg (AR19),
cofilin (AE774), and B-actin (AC-15).

DNA constructs, RNA interference, and transfection

For live-cell imaging, 10° MDA-MB-231 cells were plated on a six-
well plate and then transfected with 0.5 pug of TagRFP-cortactin
(Oser et al., 2009) and GFP-Tks5 (kindly provided by Sara Court-
neidge, Burnham Institute for Medical Research, La Jolla, CA; Stylli
et al., 2009) using Lipofectamine LTX and PLUS reagent 24 h before
imaging per manufacturer’s instructions. MT1-MMP-GFP was de-
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scribed previously (Galvez et al., 2002). The control empty vector
and stable B1 integrin shRNA cell lines were generated using pGIPZ
shRNA lentiviral vectors (Open Biosystems, Huntsville, AL). ON-
TARGETplus SMARTpool B1 integrin (human, L-004506-00-MDA-
MB-231 cells; rat, L-089600-01-MTLn3 cells), B3 integrin (L-004124-
00-0010), Arg (L-003101-00), and cofilin (L-012707-00) siRNAs were
obtained from Dharmacon (Lafayette, CO). The siGENOME B1 inte-
grin siRNA (D-004506-03) was also from Dharmacon. Nonsilencing
control siRNA was obtained from Qiagen (Valencia, CA). For siRNA
transfection, 10¢ MDA-MB-231 cells were transfected with 2 uM
siRNA using the Amaxa V nucleofection system (Lonza, Basel,
Switzerland) 48-96 h before each experiment. MTLn3 cells were
transfected with 100 nM B1 integrin siRNA in Oligofectamine for
48 h as described previously (Kempiak et al., 2005).

Invadopodial matrix degradation assay,
immunofluorescence, and fixation protocols

The invadopodial matrix degradation assay was conducted as de-
scribed previously (Mader et al., 2011; Sharma et al., 2013). Briefly,
gelatin was conjugated with an Alexa 405 dye (Molecular Probes,
Eugene, OR). MatTek dishes (MatTek Corporation, Ashland, MA)
were treated with 1 N HCl and coated with 50 ug/ml poly-L-lysine. A
0.2% gelatin solution was prepared in phosphate-buffered saline
(PBS), and a 1:40 mixture of Alexa 405-labeled gelatin:unlabeled
gelatin was warmed to 37°C before addition to the poly-L-lysine.
Gelatin was cross-linked with 0.01% glutaraldehyde, which was
then quenched with 5 mg/ml sodium borohydride. MDA-MB-231,
2 % 105 cells, was plated on Alexa 405-labeled gelatin for 4 h, and
7.5 x 10* MTLn3 cells were plated overnight before fixation. Unless
otherwise indicated, cells were fixed with 4% paraformaldehyde
(PFA), permeabilized with 0.1% Triton X-100, and blocked with 1%
FBS and 1% BSA in PBS. All primary and secondary antibodies were
diluted in blocking buffer. For Arg staining, cells were fixed in 2%
PFA. For cofilin staining, cells were fixed and stained using the
protocol described previously (Eddy et al., 2000).

Invadopodium precursors were identified as cortactin-Tks5-rich
punctate structures that do not colocalize with degradation holes,
whereas mature invadopodia are similar structures that do colocal-
ize with degradation holes. Degradation area was calculated as the
total area covered by degradation holes/field in thresholded images
using the Analyze Particles tool in ImageJ (National Institutes of
Health, Bethesda, MD) and normalized to the number of cells in
each field to give degradation area/cell. All fixed cell images (ex-
cept FRET and 3D) were acquired on a DeltaVision Core Microscope
(Applied Precision, Issaquah, WA) using a CoolSnap HQ2 camera
(Photometrics, Tucson, AZ), 60x/numerical aperture (NA) 1.4 oil ob-
jective, standard four-channel filter set, and softWoRx software.
Fixed cells were imaged in PBS at room temperature.

Invadopodia lifetime analysis

Cells were transfected with control or B1 integrin siRNA 96 h before
imaging, cotransfected with TagRFP-cortactin and GFP-Tks5 for 24 h,
and plated on Alexa 405-labeled gelatin for 2 h before imaging on
the DeltaVision Core Microscope in a 37°C heated chamber. Images
were acquired every 2 min for the RFP and GFP channels and every
10 min for the Alexa 405 channel for 3 h in 15 random fields.
Because invadopodia in MDA-MB-231 cells are stationary structures
(in contrast to MTLn3 cells; Yamaguchi et al., 2005), stationary cort-
actin-Tks5-rich dots (1-2 pm) were identified as nondegrading inva-
dopodium precursors and mature, degrading invadopodia as de-
scribed earlier. Lifetimes were calculated as the time from initial
invadopodia assembly (appearance slice) to the disappearance of
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the structure using a custom invadopodia tracker plug-in (Sharma
et al., 2013). For Figure 1E, still images of representative invadopo-
dia were generated by cropping areas surrounding invadopodia in
background-subtracted images.

Invadopodium maturation assay

Cells were plated on Alexa 405-labeled gelatin in the presence of
the broad-spectrum MMP inhibitor GM6001 (25 pM; Enzo Life Sci-
ences, Plymouth Meeting, PA) to prevent degradation of the gelatin
before the assay. Cells were then starved for 12-16 h as described
and pretreated with 2.5 pg/ml mouse IgG, nonactivating K20 B1
integrin antibody, function-stimulating TS2/16 B1 integrin antibody,
or function-blocking mAb13 B1 integrin antibody in DMEM starva-
tion media for 30 min before EGF stimulation. Cells were stimulated
with 2.5 nM EGF (+ antibody) for 0, 3, 15, or 30 min, fixed, and
stained for cortactin and Tks5. Mature invadopodia were identified
as in the invadopodial matrix degradation assay.

Quantitative immunofluorescence

For quantitative immunofluorescence, cells from each sample were
imaged using the same neutral density (ND) filter and exposure time.
Invadopodium precursors were identified using two markers, and the
mean gray value (MGV) within invadopodia was measured in ImageJ
by drawing regions of interest around the invadopodium in back-
ground (BG)-subtracted images. In EGF stimulation experiments,
MGV at invadopodium precursors after EGF stimulation was normal-
ized to 0-min (untreated) MGV for that condition (Mader et al., 2011).
For quantification of B1 integrin enrichment at invadopodia, MGVs at
the invadopodia and the surrounding 1 pm were determined in
background-subtracted images. 31 integrin enrichment at invadopo-
dia was calculated using (31 integrin MGV/yadopodiaa/B1 integrin
MGVsurrounding cytosoI—BG) -1

Acceptor photobleaching FRET

MDA-MB-231 cells were plated on Alexa 405-labeled gelatin, fixed,
and immunostained as described. The following antibody combina-
tions were used for FRET experiments: 1) Arg AR19/Alexa Fluor
488-donkey anti-mouse (donor) and B1 integrin (C27)/Alexa Fluor
555-goat anti-rat (acceptor), 2) cortactin/Alexa Fluor 488-donkey
anti-mouse (donor) and B1 integrin (C27)/Alexa Fluor 555-goat anti-
rat (acceptor), and 3) chicken cofilin 774/Alexa Fluor 488-goat anti-
chicken (donor) and B-actin AC-15/Alexa Fluor 555-goat anti-mouse
(acceptor). For the B1 integrin—-Arg and —cortactin experiments, co-
localization of Tks5 and cortactin with degradation holes in Alexa
405-labeled gelatin were used to identify invadopodia, respectively.
For B1 integrin activation experiments, cells were stimulated with
1 mM MnCl; for 30 min before fixation to avoid antibody species
conflicts with the TS2/16 antibody. Because our Zeiss laser scanning
microscope (LSM5 LIVE DuoScan; Zeiss, Jena, Germany) does not
have a far-red laser, Tks5- and cortactin-rich invadopodia were im-
aged on the DeltaVision Core Microscope as described, and the
same cells were then located using gridded coverslips (MatTek) and
imaged on the Zeiss microscope. For all FRET experiments, cells
were imaged in PBS at room temperature on the Zeiss laser scan-
ning microscope (LSM5 LIVE DuoScan) using a 60x/NA 1.4 oil ob-
jective, the LSM 5 Live DuoScan software, and a cooled charge-
coupled device camera. Aregion of interest surrounding invadopodia
was bleached using 100% 561-nm laser power (acceptor channel),
and images were acquired in both the 488- and 561-nm channels
before and after bleaching. FRET efficiency was calculated as the
E=1-(donor pre/donor post) in background-subtracted images and
was corrected for fluctuations in laser power and donor bleaching in
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ImagelJ. As a control for the B1 integrin—Arg FRET experiment, cells
were stained only with the AR19 Arg antibody/Alexa 488 and Tks5/
Alexa 647. Regions surrounding Tks5-rich invadopodia were then
bleached using the 561-nm laser, and the FRET efficiency was calcu-
lated as described. This resulted in a minimal increase in FRET effi-
ciency in the Alexa 488 channel (mean, 0.9%). The acceptor photo-
bleaching FRET controls for the cofilin—B-actin secondary antibody
pairs were described previously (Oser et al., 2009).

Barbed-end assay

The barbed-end assay was performed as described previously (Chan
etal., 1998; Oser et al., 2009). Briefly, cells were treated with control,
B1 integrin, or cofilin siRNA and serum starved for 12-16 h as de-
scribed. Cells were stimulated with 2.5 nM EGF and permeabilized
with 20 mM  4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES; pH 7.5), 138 mM KCl, 4 mM MgCl,, 3 mM ethylene glycol
tetraacetic acid, 0.2 mg/ml saponin, 1 mM ATP, and 1% BSA. Cells
were incubated with 0.4 pM biotin-actin (Cytoskeleton, Denver, CO)
for 1 min at 37°C and then fixed with 4% PFA, blocked with 1%
FBS/1% BSA/3uM phalloidin in PBS, and immunostained with FITC—
anti-biotin, as well as cortactin and Arp2 to identify invadopodium
precursors. Cells were imaged on the DeltaVision Core Microscope,
and the barbed-end intensity at each invadopodium was deter-
mined by measuring the FITC-biotin MGV in background-sub-
tracted images. Barbed-end intensities were normalized to the
0-min MGV for each experiment (Mader et al., 2011).

Three-dimensional invadopodium matrix degradation assay
MDA-MB-231 cells were transfected with control or B1 integrin
siRNA (SMARTpool) for 96 h and then transiently transfected with
TagRFP-cortactin as described. We resuspended 3.5 x 10% cells in a
3D matrix containing type | collagen (BD PharMingen Biosciences)
and Matrigel (Invitrogen) at final concentrations of 4.6 and 2.2 mg/ml,
respectively, on a MatTek dish for 1 h at 37°C before adding
DMEM/10% FBS as described previously (Nystrom et al., 2005;
Magalhaes et al., 2011). To visualize invadopodial matrix degrada-
tion, DQ-type | collagen was added in a 1:10 ratio with unlabeled
type | collagen (Invitrogen, Carlsbad, CA). Cells were allowed to
invade for 24-36 h before fixation in 4% PFA for 7 min at 4°C, and
a 25- to 50-uym zstack (0.5-um step) was acquired using a
25x/1.05 NA water immersion objective on an inverted Olympus
IX70 microscope (Olympus America, Melville, NY; Wyckoff et al.,
2000). Cells were imaged in PBS at room temperature. Invadopodia
were quantified as 2- to 3-um-wide protrusions that were >7 pm in
length and colocalize with degradation (enhanced DQ-type | colla-
gen signal; Magalhaes et al., 2011). Invadopodium length was cal-
culated in ImagelJ. Degradation area was calculated as the MFI in
the DQ-type | collagen channel along the length of all protrusions
>7 pum in length. The 3D reconstructions were generated from z-
stacks using Imaris (Bitplane, Zurich, Switzerland).

Proximity ligation assay

MDA-MB-231 cells were plated for the invadopodial matrix degra-
dation assay, fixed, permeabilized, and stained with primary anti-
bodies (C27, B1 integrin; AR19, Arg; IgG) as described. The assay
was conducted according to manufacturer’s instructions for the
Duolink Il Probe Maker PLUS, PLA probe anti-mouse MINUS, and
detection reagent orange (Olink Bioscience, Uppsala, Sweden).

Western blotting
Cells were transfected with control, nontargeting siRNA or cofilin,
Arg, or B1 integrin siRNA for the specified times. Cells were then
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lysed using SDS-PAGE sample buffer, sonicated, and boiled at
95°C. A polyacrylamide gel was prepared, and lysates were run at
120V for 1.5 h. Protein was then transferred to nitrocellulose paper,
blocked using the Odyssey solution (LI-COR Biosciences, Lincoln,
NE), and immunostained. Odyssey anti-mouse 680, anti-rabbit 800,
and anti-chicken 800 secondary antibodies were used. All primary
and secondary antibodies were diluted in Odyssey blocking solu-
tion. Fluorescent secondary antibodies were detected using the
Odyssey scanner. Quantitation of protein expression was performed
by measuring the MGV of each band in background-subtracted im-
ages in ImageJ.

Bead pull-down assay

Full-length histidine-tagged Arg was purified from insect cells using
the Bac-to-Bac baculovirus expression system (Invitrogen) and cou-
pled to AminoLink beads (Pierce, Rockford, IL) as described previ-
ously (Lapetina et al., 2009; Warren et al., 2012). Briefly, purified re-
combinant His-Arg was buffer exchanged into 3.65x PBS (36.5 mM
phosphate, 500 mM NaCl, 9.5 mM KCI) and linked to AminoLink
beads at 4°C rotating overnight to a final concentration of 14 ug
Arg/pl beads. Sodium cyanoborohydride was added to a final con-
centration of 50 mM to catalyze the coupling reaction. After linking,
remaining active sites on the beads were blocked with 100 mg/ml
BSA in 1 M Tris-HCI, pH 7.4. Beads were also linked with the same
BSA solution in the absence of Arg as a negative control. Beads
were washed and resuspended in a buffer containing 25 mM HEPES,
pH 7.25, 100 mM NaCl, 5% glycerol, and 0.01% Triton X-100 before
use. For pull-down assays, one million MDA-MB-231 cells were ly-
sed in a pull-down buffer (10 mM 1,4-piperazinediethanesulfonic
acid, 50 mM NaCl, 150 mM sucrose, 1 mM Na3zVOy, 50 mM NaF,
40 mM NayP,07, 0.05% Triton X-100, pH 6.8; Lad et al., 2007). Cells
were then incubated with either BSA or Arg beads for 2 h, washed,
and run on SDS-PAGE. Blots were then probed for B1 integrin.

Statistical analysis

Statistical analysis was conducted using an unpaired, two-tailed Stu-
dent’s t test. Statistical significance was defined as p < 0.05. Error
bars represent SEM. All graphs are displayed as mean + SEM.
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