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Introduction

Metastasis is a multistep process where cells escape the primary 
tumor and disseminate through the body to establish second-
ary tumors at distant sites. To achieve this, cancer cells form 
actin-rich protrusions called invadopodia that, in their mature 
form, degrade the ECM and facilitate local invasion of the cells 
into the surrounding tissue (Schmitz et al., 2000; Fidler, 2003; 
Condeelis et al., 2005; Yamaguchi et al., 2005). Although much 
progress has been made in understanding the molecular mecha-
nisms that regulate invadopodia dynamics in recent years (Chen 
and Wang, 1999; Ayala et al., 2006; Buccione et al., 2009; 
Destaing et al., 2011; Linder et al., 2011; Courtneidge, 2012; 
Hoshino et al., 2013; Beaty and Condeelis, 2014; Bergman et 
al., 2014; Paz et al., 2014; Hastie and Sherwood, 2016), the 
mechanisms of how invadopodia transition from initial precur-
sors to mature degradative structures are not fully understood.

Rac3, a member of the p21 Rho family of small GTPases, 
is an understudied paralog of the canonical Rac1 GTPase and 
has been implicated in cancer cell invasion (Baugher et al., 
2005; Gest et al., 2013; Rosenberg et al., 2017). Rho-family 
GTPases are molecular switches that cycle between the GTP-
bound on state and the GDP-bound off state, regulated by 

guanine nucleotide exchange factors (GEFs) that activate and 
GTPase-activating proteins (GAPs) that inactivate them as 
well as the inhibitory guanine nucleotide dissociation inhibi-
tor (GDI; Hall, 2005). In nonpathological circumstances, Rac3 
is primarily expressed in the brain and neuronal tissues (Cor-
betta et al., 2009; Vaghi et al., 2012). However, up-regulation 
of Rac3 has been reported in aggressive breast carcinoma as 
well as prostate and brain cancers (Hwang et al., 2005; Engers 
et al., 2007; Gest et al., 2013). Despite 93% primary sequence 
identity between Rac3 and the canonical Rac1, there is evidence 
to suggest that these paralogs play antagonistic roles. In neuro-
nal differentiation, Rac1 and Rac3 play opposing roles in which 
Rac3 functions as a negative regulator (Hajdo-Milasinovic et 
al., 2007). A specific role for Rac3 in autophagy has also been 
found (Zhu et al., 2011).

In breast cancer, expression of Rac3 is linked to increased 
tumor invasion in vitro, although its mechanism of action is un-
known (Baugher et al., 2005; Chan et al., 2005; Rosenberg et 
al., 2017). Furthermore, little work has been done to elucidate 
differential signaling networks involving Rac1 and Rac3. This 
is intriguing because the Switch I/II regions that mediate reg-
ulator and effector binding are identical and thus, they could 
interact with the same GEFs, GAPs, and downstream effectors. 

The initial step of metastasis is the local invasion of tumor cells into the surrounding tissue. Invadopodia are actin- 
based protrusions that mediate the matrix degradation necessary for invasion and metastasis of tumor cells. We 
demonstrate that Rac3 GTPase is critical for integrating the adhesion of invadopodia to the extracellular matrix (ECM) 
with their ability to degrade the ECM in breast tumor cells. We identify two pathways at invadopodia important for 
integrin activation and delivery of matrix metalloproteinases: through the upstream recruiter CIB1 as well as the 
downstream effector GIT1. Rac3 activity, at and surrounding invadopodia, is controlled by Vav2 and βPIX. These 
guanine nucleotide exchange factors regulate the spatiotemporal dynamics of Rac3 activity, impacting GIT1 localiza-
tion. Moreover, the GTPase-activating function of GIT1 toward the vesicular trafficking regulator Arf6 GTPase is re-
quired for matrix degradation. Importantly, Rac3 regulates the ability of tumor cells to metastasize in vivo. The 
Rac3-dependent mechanisms we show in this study are critical for balancing proteolytic activity and adhesive activity 
to achieve a maximally invasive phenotype.
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This suggests that differential regulation of these paralogs in-
volves coordinated spatial and temporal control of upstream 
regulators, downstream effectors, and the GTPases themselves.

In this study, we show that at invadopodia in metastatic 
breast cancer cells, Rac3 is required to integrate adhesion sig-
naling and ECM degradation. Rac3 is recruited by its specific 
binding partner, CIB1, and promotes integrin activation at inv-
adopodia. We developed a sensitive monomeric Förster reso-
nance energy transfer (FRET)-based fluorescent biosensor for 
Rac3 that allowed us to specifically probe the spatiotemporal 
dynamics of Rac3 activity at invadopodia. We found that ac-
tivation of Rac3 is coordinated by two GEFs, Vav2 and βPIX, 
and subsequently active Rac3 modulates vesicular trafficking 
of MT1–matrix metalloproteinase (MMP) through its effec-
tor GIT1. Moreover, we show that Rac3 significantly impacts 
breast tumor metastasis in vivo. We propose that Rac3 regu-
lates the balance of adhesion and matrix degradation to promote 
tumor invasion and metastasis.

Results

Rac3 is enriched at invadopodia and 
required for matrix degradation
Rac3 is known to enhance breast cancer cell invasion (Chan et 
al., 2005; Gest et al., 2013; Rosenberg et al., 2017); however, 
the molecular mechanism by which Rac3 promotes invasion 
is unknown. We hypothesized that Rac3 impacts invasion by 
regulating the functions of cancer-specific invadopodia, which 
control ECM degradation. Unlike the canonical Rac1 (Mosh-
fegh et al., 2014), we find that endogenous Rac3 is enriched at 
the invadopodia core in two different breast cancer cell lines: 
the rat adenocarcinoma MTLn3 and the human triple-negative 
MDA–MB-231 (Fig. 1 A; primary antibodies for Rac3 showed 
negligible cross-reactivity to Rac1—see Fig. S1). To character-
ize this further, we serum starved MTLn3 cells and stimulated 
with EGF to induce the synchronous formation of invadopod 
precursors, which cannot yet degrade the ECM. The number 
of Rac3-positive invadopodia increased after EGF stimulation 
(Fig. 1 B), suggesting that Rac3 progressively accumulates at 
the core in the early stages of invadopodia formation. Next, we 
used siRNA to deplete Rac3 in both MTLn3 and MDA–MB-
231 cells. In both cases, Rac3 depletion resulted in reduced 
ECM degradation, whereas invadopodia formation (denoted by 
cortactin and Tks5 colocalization; Oser et al., 2009; Beaty et al., 
2013) was unaffected (Figs. 1 C and S2 A), confirming a recent 
observation (Rosenberg et al., 2017). Depletion of Rac3 had no 
effect on the expression levels of Rac1, Cdc42, and RhoA (Fig. 
S2, B and C). Furthermore, we used four individual siRNA oli-
gonucleotides (Fig. S2 D) as well as rescued the defect in ma-
trix degradation by expressing WT but not dominant-negative 
(DN) Rac3 (Fig.  1  D). Interestingly, the phenotype observed 
in this study for Rac3 was the opposite of Rac1 depletion, 
which results in increased ECM degradation without affecting 
the steady-state number of invadopodia (Fig. 1 D), consistent 
with previous findings (Moshfegh et al., 2014). Depletion of 
either Rac1 or Rac3 did not appear to impact the localization 
of the other protein (Fig. S2 E). Though homologous in pri-
mary sequence to Rac1, these data suggest that Rac3 regulates 
different functions at invadopodia from Rac1 and that Rac3 is 
dispensable for the formation of invadopodia precursors but is 
required for the maturation of these structures as defined by 

their ability to degrade the ECM (Artym et al., 2006; Oser et al., 
2009; Mader et al., 2011).

To see whether invadopodia dynamics are impacted in 
Rac3-depleted cells, we transfected control or Rac3-depleted 
cells with cortactin-mtagRFP and Tks5-EGFP and imaged the 
cells every 2 min for 4 h to characterize invadopodia lifetimes. 
Although depletion of Rac1 was previously shown to stabi-
lize invadopodia and increase their lifetimes (Moshfegh et al., 
2014), depletion of Rac3 resulted in invadopodia that were sig-
nificantly more unstable than those in control cells (Videos 1 
and 2). The mean lifetime of steady-state invadopodia in control 
cells was 50.74 min (± 2.66 min), whereas that in Rac3-depleted 
cells was 20.64 min (± 7.96 min), a 60% reduction (Fig. 1 E). 
Further analysis showed that in control cells, 28.3% (± 4.6%) 
of invadopodia persisted for >1  h, whereas in Rac3-depleted 
cells, most of the invadopodia lasted for <20 min (Fig. 1 E and 
Videos 1 and 2). In this experiment, we did not know whether 
an invadopod recruited Rac3 nor whether that corresponded 
with long or short lifetimes. To address this, we overexpressed 
mCherry-Rac3 and saw that invadopodia that recruited Rac3 
had a twofold increase in lifetime compared with those that 
did not (Fig.  1 F). These results indicate that Rac3 promotes 
structural stabilization of invadopodia, which is important for 
their transition to mature, degrading states (Bravo-Cordero et 
al., 2011; Beaty et al., 2013).

Rac3 regulates integrin signaling at 
invadopodia through CIB1
β1 integrin is known to stabilize invadopodia and promote their 
maturation by triggering phosphorylation of cortactin via Arg 
kinase (Beaty et al., 2013). As our data suggest that Rac3 is also 
important for stabilizing invadopodia, we hypothesized that 
Rac3 regulates integrin signaling at invadopodia. To test this 
idea, we stained EGF-stimulated cells for active and total β1 in-
tegrin with the invadopodia markers (Fig. 2 A). In control cells, 
we found that, in agreement with previous work (Beaty et al., 
2013), levels of active β1 integrin were increased at invadopodia 
5 min after EGF stimulation. In contrast, integrin activation was 
significantly impaired at invadopodia in Rac3-depleted cells at 
the same time point (Fig. 2 A). Next, we exogenously activated 
integrins using Mn2+ stimulation (Vallar et al., 1999) and found 
that this rescued the decrease in invadopodia lifetime observed 
in Rac3-depleted cells (Fig. 2 B). This indicates that Rac3 is re-
quired to promote integrin activation and invadopodia stability.

Although Rac3 has been implicated in the adhesion of 
neuronal cells (Hajdo-Milasinovic et al., 2007, 2009), a direct 
role in modulating integrin activation has not been shown. We 
hypothesized that Rac3 may regulate integrin activity though its 
specific binding partner calcium and integrin binding protein 
1 (CIB1). This protein interacts with Rac3 but not with Rac1 
(Haataja et al., 2002). CIB1 also has the ability to interact with 
many α integrin chains and regulates integrin activity (Freeman 
et al., 2013). We first investigated whether CIB1 plays a role 
at invadopodia. We found that CIB1 localizes to invadopodia 
(Fig. 2 C); however, in contrast with Rac3, CIB1 is recruited 
to invadopodia precursors independent of EGF stimulation 
(Fig. 2 D). CIB1 is enriched at ∼30% of invadopodia in both 
starved and EGF-stimulated cells (Fig.  2  D), similar to the 
steady-state proportion of invadopodia containing Rac3 (not 
depicted). This suggests that CIB1 is recruited to invadopodia 
upstream of Rac3. When CIB1 was depleted, cells phenocopied 
the defect in ECM degradation observed in Rac3-depleted 
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Figure 1. Rac3 is enriched at invadopodia and required for matrix degradation. (A) Endogenous Rac3 accumulated at invadopodia in MTLn3 or MDA–
MB-231 cells plated on a 405-nm fluorescent gelatin matrix. Invadopodia are denoted by cortactin colocalization with spots of matrix degradation.  
(B) Quantification of endogenous Rac3 accumulation at invadopodia in MTLn3 cells stimulated with 5 nM EGF for the indicated times. n ≥ 30 invadopodia 
from ≥20 cells for each condition; three independent experiments. (C, images) MTLn3 cells transfected with control (top) or Rac3 siRNA (bottom) and plated 
on 405 nm fluorescent gelatin overnight. (C, bottom left) Normalized, mean degradation area/field. n ≥ 10 fields for each condition; three independent 
experiments. (C, bottom right) Mean number of invadopodia/cell. n ≥ 50 invadopodia from ≥25 cells for each condition; three independent experiments. 
Western blot of cell lysates of control and Rac3 siRNA–treated MTLn3 cells blotted for Rac3 and β-actin with quantification. (D) Rescue of siRNA Rac3 or 
Rac1 depletion by expression of WT or DN Rac3 or Rac1, respectively. (D, top) Degradation area/cell. n ≥ 20 cells for each condition; three independent 
experiments. (D, bottom) Mean number of invadopodia/cell. n ≥ 25 invadopodia from ≥20 cells for each condition; three independent experiments.  
(D, right) Western blot of cell lysates of control and Rac1 siRNA–treated MTLn3 cells blotted for Rac1 and β-actin, with quantification below. (E, left) Mean 
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cells. Although the numbers of invadopodia formed are simi-
lar in control and CIB1-depleted cells, ECM degradation was 
reduced by 81% (± 2.2%; Fig. 2 E). Furthermore, as with Rac3, 
depletion of CIB1 resulted in decreased invadopodia lifetimes 
(Fig. 2 F and Video 3).

We wanted to determine whether CIB1 is an upstream reg-
ulator or downstream effector of Rac3 at invadopodia. A previ-
ous study concluded that CIB1 is a downstream effector of Rac3 
after showing that it can interact with constitutively active Rac3 
(Haataja et al., 2002). However, Haataja et al. (2002) did not 
demonstrate whether a DN mutant of Rac3 (T17N) could bind 
CIB1. Pulldown experiments in cells overexpressing Rac3 and 
CIB1 showed that CIB1 interacts with WT Rac3 as well as both 
the DN (T17N) and the constitutively active mutants (Q61L or 
G12V) of Rac3 (Fig. S2 F). These results show that Rac3 and 
CIB1 binding is independent of Rac3 activation. Because CIB1 
does not interact with Rac1, which differs from Rac3 primarily 
at the C-terminal polybasic hypervariable region (Haataja et al., 
1997, 2002), the Rac3–CIB1 interaction may depend on their 
cellular localizations, which are likely determined also by the 
N-terminal myristoylation of CIB1 and the interaction of Rac3 
with cytoplasmic GDI (Zhang et al., 2009) as well as insertion 
into appropriate membrane domains. Based on our result and 
the observation that CIB1 is recruited to invadopodia before 
Rac3 during EGF-dependent invadopodia precursor formation 
(Fig. 2 D), we hypothesized that CIB1 may help recruit Rac3 
to invadopodia. Indeed, in CIB1-depleted cells, the number of 
Rac3-positive invadopodia was significantly reduced (Fig. 2 G). 
Although additional mechanisms may also mediate Rac3 re-
cruitment to invadopodia, these data show that CIB1 localizes 
Rac3 to invadopodia, where it promotes integrin activation and 
stabilization of these structures.

Rac3 biosensor reveals two spatially 
distinct pools of activity at invadopodia
To better understand the role of Rac3, we wished to deter-
mine its activation dynamics at invadopodia. We developed a 
monomeric single-chain genetically encoded FRET-based bi-
osensor that is specific for Rac3. This biosensor was similar 
to the design of our Rac1 (Moshfegh et al., 2014) and Rac2 
(Miskolci et al., 2016) sensors and consisted of a monomeric 
Cerulean1 and monomeric circularly permuted (cp229) Venus 
fluorescent protein FRET pair with the p21 binding domain 
(PBD) of p21-activated kinase-1 (PAK1) and a full-length 
Rac3 (Fig. 3 A). In this biosensor, (A) fluorescent proteins re-
tained the monomeric mutation (A206K) to prevent spuriously 
high FRET through aggregation when inserted into membrane 
domains, (B) reversibility between the on and off states was 
achieved by monomeric components and fine-tuning of the 
binding domain affinity by incorporation of an autoinhibitory 
structure, and (C) an intact C terminus of Rac3 allowed for in-
teraction with GDI and for insertion into appropriate membrane 
domains. Extensive fluorometric characterization of the Rac3 
biosensor revealed an almost twofold difference between the 
on (Q61L) and the off states (T17N or plus excess GDI) of the 
biosensor (Fig. 3 B). Two different constitutively active mutants 
(G12V or Q61L) showed increased FRET when compared with 

the WT Rac3 biosensor, but GDI coexpression impacted FRET 
only for the WT and G12V (binds GDI) but not Q61L (does not 
bind GDI; Fig. S3 A). The T17N DN and two effector-binding 
mutants (T35S and Y40C) showed reduced FRET (Fig. S3 A). 
Coexpression of Rac-targeting but not Rho- or Cdc42-targeting 
GEFs resulted in increased FRET in the presence or absence of 
GDI (Fig. S3, B and C). Coexpression of p50RhoGAP (targets 
Rac) also reduced FRET, whereas expression of p190RhoGAP 
or Rap1GAP (not Rac targeting) had no effect (Fig. S3 D). To 
confirm that expression of the Rac3 biosensor did not result in 
aberrant downstream signaling, we performed a pulldown assay 
using purified exogenous PBD. The Rac3 biosensor only inter-
acted with an exogenous effector when both PBDs within the 
biosensor were mutated (2× PBD, H83D/H86D) so they could 
not bind active Rac3 (Fig. S3 E). When expressed in breast can-
cer cell lines (MTLn3/MDA–MB-231), we observed an ∼30% 
difference between the constitutively active versus DN versions 
of the Rac3 biosensor (Fig. S3, F and G). The biosensor also re-
sponded to stimulation with serum after starvation (Fig. S3 H). 
Finally, we applied the synonymous codon modification (Wu et 
al., 2015) to prevent homologous recombination during trans-
fection and transduction. Thus, we have generated a functional, 
reversible, and specific biosensor that can be used to explore the 
activity dynamics of Rac3 with high spatiotemporal resolution.

We first studied the activity patterns of Rac3 at steady-
state invadopodia using total internal reflection fluorescence 
(TIRF) microscopy of fixed samples. As previously described 
(Bravo-Cordero et al., 2011), we defined two regions of invado-
podia measurements. The “core” of the invadopod corresponds 
with the region defined by the cortactin/Tks5 staining and is 
the central part the structure. The “ring”-like region was de-
fined as a radius of 1.74 µm (8 pixels) around the invadopo-
dia core. By taking a ratio of the mean FRET/donor intensity 
in the core to the ringlike region, we identified two pools of 
Rac3 activity at these structures (Fig. 3 C), in contrast with a 
previous observation where only ring-localized Rac3 activity 
was reported (Rosenberg et al., 2017). We calculated the SD 
of the activity distribution within the populations and used 1.0 
± 1 SD as the cutoff for high core or ring activity. At 4.8% (± 
3.8%) of invadopodia, high Rac3 activity was observed in the 
core of the structure, whereas in 17.8% (± 6.9%) of invadopo-
dia, a ring of Rac3 activity surrounding the core was observed 
(Fig. 3, C and D). No difference in the ratio of core/ring Rac3 
activity was observed at the other 77.4% (± 8.7%) of invado-
podia. This suggests dynamic regulation of Rac3 activity at in-
vadopodia. Interestingly, the ring pattern of Rac3 activity was 
more distinct in cells expressing a constitutively active biosen-
sor (Fig. S3 I), indicating that forced activation of Rac3 results 
in stable, localized activity in the ring compartment. Consis-
tent with the fixed data, live imaging showed Rac3 activity in 
both the core and the ring region of invadopodia. As Rac3 ac-
tivities in the ring region appeared stochastic, we first took the 
time-lapse series of activity data and maximally projected it in 
time. The ringlike localization of Rac3 activity was more read-
ily visualized and quantified in this manner (Fig. 3 E), similar 
to the previously observed ring localization of RhoC activity 
(Bravo-Cordero et al., 2011). Maximum projections of regions 

invadopodia lifetime. n ≥ 30 invadopodia from ≥10 cells for each condition; three independent experiments. (E, right) Same data shown as histogram 
with bins corresponding with invadopodia lifetimes in 20-min intervals. (F) Fold change in lifetime of invadopodia containing mCherry-Rac3 in MTLn3 cells.  
n = 29 invadopodia from ≥10 cells for each condition; three independent experiments. *, P ≤ 0.05; **, P ≤ 0.01. All error bars are SEM.
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Figure 2. Rac3 regulates integrin signaling at invadopodia through CIB1. (A, images) Images of control (top) or Rac3 siRNA (bottom)–treated MDA–MB-
231 cells plated on gelatin, starved, and stimulated with EGF for 0 min (left) or 5 min (right). Cells were stained for active or total integrin as well as 
cortactin and Tks5 to denote invadopodia. Yellow arrows indicate invadopodia. (A, graph) The ratio of active/total integrin at invadopodia in control or 
Rac3 siRNA–treated cells. n ≥ 25 invadopodia from ≥5 cells for each condition; three independent experiments. (B) Exogenous Mn2+ treatment rescues 
invadopodia lifetimes in Rac3-depleted cells. n ≥ 98 invadopodia from ≥3 cells for each condition; three independent experiments. (C) Images of endoge-
nous CIB1 at invadopodia (cortactin/matrix) in MTLn3 cells. (D) Endogenous CIB1 accumulation at invadopodia in MTLn3 cells stimulated with 5 nM EGF 



JCB • Volume 216 • NumBer 12 • 20174336

without invadopodia showed random FRET patterns, indicating 
the ringlike activity of Rac3 is specific to these structures (Fig. 
S3 J). We then used autocorrelation analysis of the fluctuation 
in Rac3 activity within the ring region as a function of time, and 
this analysis quantitatively indicated a stochastic and nonoscil-
latory behavior in the ring (Fig. 3 F, left). Using the same auto-
correlation analysis, the core-associated Rac3 activity showed a 
distinct, oscillatory periodicity of 12 ± 3 min (Fig. 3 F, right). 
The differential Rac3 activity dynamics in the core versus the 
ring region of invadopodia suggests distinct Rac3 regulatory 
mechanisms in these compartments.

Vav2 and βPIX GEFs concertedly 
regulate Rac3
To identify the regulators of Rac3 activity at invadopodia, we 
turned to two candidate GEFs, Vav2 and βPIX, that have been 
shown to be important in integrin-dependent signaling path-
ways (Abe et al., 2000; Mayhew et al., 2006; Rosenberger and 
Kutsche, 2006; Jones et al., 2013). Vav2 traditionally targets the 
canonical Rho-GTPases RhoA, Rac1, and Cdc42, associates 
with β1 integrin, and is a downstream target of EGFR signal-
ing, both of which are important in invadopodia regulation. Re-
cently, Vav2 was implicated in Rac3 activation at invadopodia 
in a ringlike region around the core, although Vav2 does not lo-
calize to this ringlike structure (Rosenberg et al., 2017). We also 
confirmed that the endogenous and EGFP-Vav2 are localized at 
the core of invadopodia and not in a ring (Fig. 4 A) and that its 
depletion results in decreased ECM degradation (Fig. 4 C), sim-
ilar to previous findings (Rosenberg et al., 2017). βPIX is a GEF 
for Rac1 and Cdc42 (Shin et al., 2002) and associates with GIT1 
and paxillin at focal adhesions (Botrugno et al., 2006; May-
hew et al., 2006). Previously and in this study, we found that 
depletion of βPIX also decreases ECM degradation (Fig. 4 C; 
Moshfegh et al., 2014). As with active Rac3, we observed that 
βPIX localized both in the core and in the ring region around in-
vadopodia in both MDA–MB-231 and MTLn3 cells (Fig. 4 B).

To see whether these GEFs impact Rac3 activity, we de-
pleted them using siRNA and then used our biosensor to de-
termine any changes in Rac3 activity at the core or ring region 
around invadopodia. As before, we determined the population 
of invadopodia that showed high Rac3 activity either in the core 
or the ring for control, Vav2, or βPIX-depleted cells (Fig. 4 D). 
When Vav2 was depleted, the population with higher Rac3 ac-
tivity in the ring region was unaffected, but the population of 
invadopodia with higher Rac3 activity in the core was signifi-
cantly reduced (Fig.  4  D). This indicates that Vav2 primarily 
regulates Rac3 activity in the core of invadopodia. Conversely, 
when βPIX was depleted, the percentage of invadopodia with 
higher Rac3 activity in the core was unaffected, but the per-
centage with higher Rac3 activity in the ring region was sig-
nificantly reduced, indicating that βPIX primarily regulates 
Rac3 activity within the ring region (Fig. 4 D). The whole-cell 
intensity of Rac3 activity was unaffected by depletion of ei-

ther GEF (Fig.  4  D), suggesting a mechanism by which two 
GEFs spatially regulate Rac3 activation at invadopodia with a 
high degree of specificity.

Rac3 regulates MT1-MMP–mediated matrix 
degradation via GIT1
Our data suggest that Rac3 is recruited to invadopodia by 
CIB1 and that this promotes invadopodia stability by regulat-
ing integrin signaling. However, this interaction with CIB1 was 
not dependent on the activation status of Rac3 (Figs. 2 G and 
S2 F). Based on our observation of highly localized and dy-
namic Rac3 activity patterns at invadopodia regulated by two 
upstream GEFs, we hypothesized that Rac3 activity is also 
critical to regulating invadopodia function, likely through an 
activity-dependent interaction with a downstream effector mol-
ecule. Because depletion of Rac3 resulted in a defect in ECM 
degradation (Fig. 1 C), we investigated whether recruitment of 
MT1-MMP, the enzyme predominantly responsible for matrix 
degradation (Castro-Castro et al., 2016), is impacted by loss 
of Rac3. We quantified the levels of endogenous, extracellular 
MT1-MMP at invadopodia in control or Rac3-depleted cells 
and found a significant reduction in the amount of MT1-MMP 
at invadopodia in Rac3-depleted cells (Fig. 5 A). This suggests 
that Rac3, via its downstream signaling pathway, regulates 
MT1-MMP delivery and/or presentation at invadopodia to im-
pact matrix degradation.

Recent work has shown that delivery of MT1-MMP to the 
cell surface is dependent on the small GTPase Arf6 (Marchesin 
et al., 2015). Arf6 localizes to invadopodia, and depletion of 
Arf6 results in decreased matrix degradation, similar to Rac3 
depletion (Hashimoto et al., 2004). As such, we decided to 
focus on GIT1, a molecule that interacts with Rac3 in a GTP-de-
pendent manner and contains an Arf-GAP domain specific to 
Arf6 (Vitale et al., 2000; Hajdo-Milasinovic et al., 2009). We 
hypothesized that Rac3 regulates trafficking or exocytosis of 
MT1-MMP at invadopodia via GIT1, which regulates the GTP 
cycling of Arf6 through its GAP domain. Consistent with a 
function downstream of Rac3, depletion of either GIT1 or Arf6 
resulted in normal formation of invadopodia but decreased ECM 
degradation (Figs. 5 B and S4 A). Expressing EGFP-GIT1 in 
the GIT1-depleted background rescued the loss of degradation 
(Fig. 5 C). Importantly, we found that EGFP-GIT1 localized to 
invadopodia in two distinct pools: at the core of invadopodia 
and in a ringlike region around invadopodia (Figs. 5 D and S4 
B), similar to Rac3 activity at these structures (Fig. 3 C). Fur-
thermore, EGF stimulation of MTLn3 cells showed that GIT1 
translocated from primarily ring localization in starved cells to 
predominantly core localization after 3 min of EGF stimula-
tion (Fig. 5 E). However, live imaging demonstrated that GIT1 
was not retained in the core but that it oscillated at invadopo-
dia, remaining a mean of 16.4 min (±2.27 min) in the ring and 
3.7 min (± 0.34 min) in the core of steady-state invadopodia 
(Fig. 5 F, Fig. S4 C, and Video 4). The dwell time of GIT1 in 

for the indicated times or plated overnight on gelatin (steady state). n ≥ 50 invadopodia from ≥25 cells for each condition; three independent experiments. 
(E) MTLn3 cells transfected with control (top) or CIB1 siRNA (bottom) and plated on 405 nm fluorescent gelatin overnight. (E, top) Normalized, mean deg-
radation area/field. n ≥ 10 fields for each condition; three independent experiments. (E, bottom) Mean number of invadopodia/cell. n ≥ 50 invadopodia 
from ≥25 cells for each condition; three independent experiments. Western blot of cell lysates of control or CIB1 siRNA–treated MTLn3 cells blotted for CIB1 
or β-actin with quantification. (F) Invadopodia lifetime when CIB1 is depleted. n ≥ 30 invadopodia from ≥10 cells for each condition; three independent 
experiments. (G) Images of endogenous Rac3 localization at invadopodia in control or CIB1-depleted cells. Quantification of number of invadopodia/cell 
positive for endogenous Rac3 in MTLn3 cells treated with control or CIB1 siRNA. n ≥ 75 invadopodia from ≥27 cells for each condition; three independent 
experiments. *, P ≤ 0.05; **, P ≤ 0.01; ***, P ≤ 0.01. All error bars are SEM.
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Figure 3. Rac3 FRET biosensor reveals two spatially distinct pools of Rac3 activity at invadopodia. (A) Biosensor design: inactive (left) and active (right) con-
formations. Black Xs indicate H83D/H86D GTPase binding–deficient mutations. Cyan cylinders indicate monomeric Cerulean fluorescent protein, and yellow 
cylinders indicate circularly permuted (cp229) monomeric Venus fluorescent protein. (B) Representative normalized emission spectra of biosensor mutants in 
HEK293 cells excited at 433 nm and normalized to donor emission at 474 nm. G12V (active, black line), T17N (inactive, blue line), and G12V coexpressed 
with 2× excess GDI (red line) are shown. (C) Representative image of an invadopodium showing the two spatially distinct pools of Rac3 activity in MDA–MB-
231 cells. (C, top) Ringlike region of Rac3 activity around the invadopod. (C, bottom) Rac3 activity at the invadopod core (denoted by cortactin). Dashed lines 
indicate core and ringlike invadopod regions. (D) Percentage of invadopodia with high core or ring Rac3 activation. n ≥ 100 invadopodia from ≥10 cells; 
three independent experiments. (E, left) Linescan measurement along invadopodia of maximum-intensity projections of Rac3 activity and cortactin fluorescence. 
n = 7 invadopodia from ≥5 different cells imaged on ≥3 independent days. (E, right) Maximum-intensity projection of FRET/donor ratio for Rac3 at an inva-
dopod. Projection is 21 frames (1 min/frame). (F, left) Autocorrelation function of the fluctuation of Rac3 activity in the ringlike region around the invadopodia. 
The autocorrelation function did not inflect after the zero crossing (no periodicity). n = 9 invadopodia ring measurements from ≥6 different cells; three or more 
independent experiments. (F, right) Autocorrelation function of the fluctuation of Rac3 activity within the invadopodia core. Period of oscillation: 12 min ± 3 min 
(±SD). n = 6 invadopodia core measurements from ≥5 different cells; three or more independent experiments. All error bars are SEM. CI, confidence interval.
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Figure 4. Vav2 and βPIX GEFs work in concert to regulate Rac3 at invadopodia. (A) Image of EGFP-Vav2 localized to invadopodia core in MDA–MB-231 
cells plated on gelatin for 6 h or MTLn3 cells plated on gelatin for 16 h. The bottom graph shows quantification of the percentage of Vav2-positive invado-
podia in the indicated cell line. (B) Image of EGFP-βPIX localized to the ring (top) or core (bottom) of invadopodia in MDA–MB-231 cells plated on gelatin 
for 6 h or MTLn3 cells plated on gelatin for 16 h. White arrows indicate invadopodia. Quantification of the percentage of βPIX-positive invadopodia in the 
indicated cell line. (C, left) Normalized mean degradation area per field in MDA–MB-231 cells with control, Vav2, or βPIX siRNA and plated on 405 nm flu-
orescent gelatin for 6 h. n ≥ 10 fields for each condition; three independent experiments. (C, right) The mean number of invadopodia per cell for the same 
conditions. n ≥ 50 invadopodia from ≥25 cells for each condition; three independent experiments. Western blot of cell lysates of control, Vav2 (top), or βPIX 
(bottom) siRNA–treated MDA–MB-231 cells blotted for Vav2, βPIX, or β-actin with quantification. (D, right) The percentage of invadopodia with high core 
(black bars) or high ring (gray) Rac3 activity in MDA–MB-231 cells with control, Vav2, or βPIX siRNA. n ≥ 18 invadopodia in ≥5 cells; three independent 
experiments. Data were analyzed using a one-tailed paired Student’s t test. (D, left) Whole-cell intensity quantification of Rac3 activity in control, Vav2, or 
βPIX-depleted cells. Representative images of Rac3 activity in control (top), Vav2 siRNA (middle), or βPIX siRNA (bottom)–treated cells. Dashed lines indicate 
the invadopodium core and ring. All Rac3 activity images are scaled identically. *, P ≤ 0.05; **, P ≤ 0.01; ***, P ≤ 0.001. All error bars are SEM.
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the invadopodia core is similar to that of Rac3 activation in this 
location, suggesting that GIT1 translocation between the core 
and ring could be mediated by the periodic modulation of up-
stream Rac3 activity. Consistent with a role for Rac3 activity in 
regulating GIT1 localization, depletion of Rac3 or expression of 
a Rac3 mutant that is deficient in effector binding (T35S/Y40C; 
White et al., 1995) resulted in predominantly core localization 
of GIT1, although the percentage of GIT1-positive invadopo-
dia was not altered (Figs. 5, G and H). Furthermore, depletion 
of GIT1 did not affect localization of Rac3 at invadopodia 
(Fig. S4 D), strengthening the hypothesis that GIT1 functions 
as an effector of Rac3 at these structures. Moreover, we pro-
duced CRI SPR/Cas9 genetic deletion of Rac3 in MTLn3 cells  
(Fig. S5, A–C) and expressed mutants of Rac3, including the 
T35S/Y40C mutant. This version of Rac3 was not able to res-
cue the matrix degradation defect (Fig. S5 D), indicating that 
Rac3–effector interaction is required for the ring localization 
of GIT1 and for matrix degradation. The nontargeting control 
and Rac3 knockouts showed appropriate phenotypes, similar to 
control and Rac3 siRNA (Fig. S5 C), and did not impact expres-
sion levels of other Rho GTPases (Fig. S5 B).

To determine whether GIT1 Arf-GAP activity is required 
for invadopodia function, we overexpressed EGFP-GIT1-R39K 
(Arf-GAP–deficient mutant; Hajdo-Milasinovic et al., 2009) 
in MTLn3 cells. Similar to depletion of GIT1, inhibition of 
its Arf-GAP activity resulted in decreased matrix degradation 
compared with cells overexpressing WT EGFP-GIT1 (Fig. 5 I). 
These data agree with previous studies demonstrating that 
GTP–GDP cycling by Arf6 is important for invadopodia-de-
pendent matrix degradation (Hashimoto et al., 2004; Marchesin 
et al., 2015). Finally, we investigated whether Rac3, GIT1, and 
Arf6 regulate surface presentation of MT1-MMP at invado-
podia or trafficking of MT1-MMP to these structures. We ex-
pressed MT1-MMP–GFP (Bravo-Cordero et al., 2007) in cells 
treated with Rac3, GIT1, or Arf6 siRNA and stained for surface 
MT1-MMP before permeabilization. Depletion of either Rac3 
or GIT1 resulted in reduced extracellular but not intracellular 
MT1-MMP at invadopodia (Fig. 5 J). In contrast, both surface 
and intracellular levels of MT1-MMP at invadopodia were re-
duced in Arf6-depleted cells (Fig. 5 J). These data suggest that 
Rac3 and GIT1 specifically regulate surface presentation of 
MT1-MMP at invadopodia. The Arf6 data are consistent with a 
previous study showing that this protein regulates trafficking of 
MT1-MMP to the plasma membrane (Marchesin et al., 2015); 
however, given the localization of Arf6 to invadopodia (Fig. S4 
A), it is likely that Arf6 plays a role in both trafficking and sur-
face presentation of MT1-MMP at invadopodia.

Rac3 promotes invasion and metastasis of 
breast cancer cells
To evaluate the functional relevance of the signaling axes in-
volving Rac3, we first sought to determine the ability of tumor 
cells to invade through ECM. We used the in vitro invasion 
assay where tumor cells migrate in response to serum through 
a Matrigel-coated filter in culture (Bravo-Cordero et al., 2011). 
Compared with the control siRNA-treated condition, depletion 
of Rac3 significantly impacted the ability of MTLn3 cells to 
invade through the matrix (Fig. 6 A) as expected from their re-
duced matrix degradation capacity and reduction in MT1-MMP 
presentation at invadopodia. Importantly, we observed that de-
pletion of other signaling axes members, Vav2, βPIX, CIB1, 
GIT1, and Arf6 GTPase, also resulted in reduced invasion 

through Matrigel-coated filters (Fig. 6 A). We next investigated 
whether overexpressing constitutively activated Rac3 in an oth-
erwise noninvasive, normal epithelial MCF10A cells would re-
sult in a gain of function. Unlike MDA–MB-231 and MTLn3 
cells, MCF10A cells do not express Rac3 (Fig. 6 B; Gest et al., 
2013). When G12V or Q61L mutant of Rac3 was expressed 
in MCF10A cells, we observed formation of cortactin and 
Tks5-positive invadopodia and associated matrix degradation 
(Fig. 6 B). Importantly, overexpression of constitutively active 
Rac1 (Q61L) did not result in the induction of invadopodia in 
these cells (Fig. 6 B). These results corroborate the functional 
impact of the pathways controlled by Rac3 signaling axes, im-
portant for invasion of breast tumor cells.

Finally, we sought to determine whether Rac3 is import-
ant in the mouse model of breast tumor metastasis. We used 
the MTLn3 cells knocked out for Rac3 using CRI SPR/Cas9 
(Fig. S5), stably expressed EGFP, and orthotopically injected 
into the mammary fat pad of 6–8-wk-old female severe com-
bined immune deficiency mice. We found that lung metastasis 
was significantly reduced in mice bearing the Rac3-knockout 
MTLn3 tumors compared with the nontargeting control tumors 
(Fig. 6 C). Validating our in vitro invasion defects (Fig. 6 A), 
circulating tumor cells were also significantly reduced in mice 
bearing the Rac3-knockout MTLn3 cells (Fig. 6 C), suggesting 
defects in their ability to invade and intravasate during the early 
stages of metastasis. Collectively, this demonstrates that path-
ways regulated by Rac3 (Fig. 6 D) have a significant, functional 
impact on breast tumor dissemination and metastasis.

Discussion

Invadopodia are actin-rich structures critical for tumor cell 
invasion and dissemination in many cancers including breast, 
prostate, head and neck, and melanoma (Clark et al., 2007; 
Desai et al., 2008; Bravo-Cordero et al., 2011; Gligorijevic et 
al., 2012; Moshfegh et al., 2014; Jimenez et al., 2015; Nich-
olas et al., 2016). They are specialized, coordinated, and reg-
ulated organelles that are required to breach basement lamina 
(Lohmer et al., 2014), for localized probing and degradation of 
the ECM microenvironments (Parekh et al., 2011), and cell–
cell interactions (Roh-Johnson et al., 2014) during many phases 
of the metastatic cascade. The protease-dependent phase of the 
cascade (Gimona et al., 2008; Yu et al., 2012) requires cells to 
sense their microenvironment in order to spatially and tem-
porally regulate ECM degradation and forward migration. In 
fact, both integrin and growth factor signals are integrated by 
invadopod core proteins to define tumor cell invasion (Eddy et 
al., 2017). Thus, we hypothesized that a molecular mechanism 
exists that balances cell–ECM adhesion and ECM degradation 
during tumor invasion. In this study, we define a novel role for 
Rac3 as a central node that links adhesion-based sensing of the 
ECM to surface presentation of MT1-MMP, a key enzyme re-
quired to degrade the ECM.

Invadopodia are formed in a stepwise manner with the ini-
tial establishment of a precursor complex followed by the tran-
sition to a mature invadopod that can degrade the ECM (Eddy 
et al., 2017). This transition is controlled by Arg-dependent 
phosphorylation of tyrosine-421 of cortactin, resulting in re-
cruitment of the Nck–N-WASP complex followed by integ-
rin-talin–NHE-1–mediated release of activated cofilin from 
cortactin, driving actin polymerization, stabilization, and 
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Figure 5. Rac3 targets GIT1 to regulate MT1-MMP–mediated matrix degradation at invadopodia. (A) Images of control (top) or Rac3 siRNA (bottom)–
treated MTLn3 cells plated on 405 nm fluorescent gelatin for 16 h. Cells were stained with anti–MT1-MMP antibody for 30 min before fixation. Quantifica-
tion of the intensity of MT1-MMP at invadopodia in control or Rac3 siRNA–treated cells. n ≥ 20 in ≥8 cells; three independent experiments. (B) MTLn3 cells 
with control (top) or GIT1 siRNA (bottom) and plated on 405 nm fluorescent gelatin overnight. White arrows indicate invadopodia. (B, left) Normalized 
mean degradation area per field. n ≥ 10 fields for each condition; three independent experiments. (B, right) Mean number of invadopodia per cell. n ≥ 50 
invadopodia from ≥25 cells for each condition; three independent experiments. (B, bottom) Western blots of cell lysates of control and GIT1 siRNA–treated 
MTLn3 cells blotted for GIT1 and β-actin with quantification. (C) Expression of GFP-GIT1 rescues the matrix degradation defect when GIT1 is depleted. 
n ≥ 36 invadopodia fields and ≥21 cells for each condition; three independent experiments. (D) Representative MTLn3 cells expressing EGFP-GIT1 and 
plated on 405 nm fluorescent gelatin for 16 h. (D, top) Ringlike localization of EGFP-GIT1. (D, bottom) Core localization of EGFP-GIT1 at invadopodia. 
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maturation of invadopodia (Beaty and Condeelis, 2014). We 
now demonstrate that recruitment of Rac3 to invadopodia is 
also critical for the stabilization of invadopodia structures 
through the regulation of inside-out integrin signaling. Deple-
tion of Rac3 results in unstable, short-lived invadopodia that 
cannot degrade the ECM. We show that this stems from defects 
in integrin activation at these structures in the absence of Rac3 
recruitment to invadopodia. Our data suggest that recruitment 
of Rac3 via its interaction with CIB1 is important for efficient 
integrin signaling at invadopodia. As Rac3 accumulates at inva-
dopodia in response to EGF stimulation, this suggests that Rac3 
is an important node connecting EGFR signaling with adhesion 
signaling at invadopodia.

Furthermore, we show that active Rac3 spatially regulates 
its downstream effector GIT1 to mediate surface presentation 
of MT1-MMP and ECM degradation at invadopodia. We show 
that the Arf-GAP activity of GIT1 is required for efficient ma-
trix degradation, supporting a model in which Rac3 and GIT1 
control the spatial localization of Arf6 activity, likely import-
ant for regulating the delivery of MT1-MMP to invadopodia 
(Marchesin et al., 2015). Because GIT1 is a downstream ef-
fector of Rac3, we asked how the activity of Rac3 at invado-
podia is regulated and whether this impacts GIT1 recruitment 
to invadopodia and its activation of the downstream signaling 
pathway involving GIT1–Arf-GAP functions. We approached 
this question by developing a genetically encoded FRET-based 
biosensor for Rac3. This biosensor was designed with high sen-
sitivity based on monomeric fluorescent proteins in contrast to 
other designs using dimerizing fluorescent protein pairs (Re-
inhard et al., 2016; Rosenberg et al., 2017). Within the activa-
tion compartment of the membrane subdomains, dimerization 
effects could: (A) push toward elevated FRET through ag-
gregation caused by reduced diffusive degrees of freedom or  
(B) bias the biosensor to a high FRET state because of an in-
creased apparent on rate as a result of dimerization between 
the components within the biosensor. Indeed, previous results 
using a dimerizing biosensor pointed to ring localization of 
Rac3 activity at invadopodia but not in the core (Rosenberg 
et al., 2017). Our biosensor balanced the on versus off rates 
using monomeric fluorescent proteins and included autoinhib-
itory regulation of the binding domain affinity, allowing us to 
monitor the activity of Rac3 with excellent sensitivity. Using 
this biosensor, we found that two differentially regulated pop-
ulations of active Rac3 are present at invadopodia. In the inv-
adopod core, Rac3 activity oscillated at a similar rate as other 
core components, including cortactin and Tks5, observed both 
during 2D and 3D invasion (Magalhaes et al., 2011). The sec-
ond population of active Rac3 exists in a ringlike compartment 
around the core. Importantly, this oscillation and changes in the 
location of Rac3 activity were not caused by changes in the bulk 
protein localization of Rac3, as we have never observed ringlike 
accumulation of Rac3 protein at invadopodia. Interestingly, the 

ringlike localization of Rac3 activity was more clearly observed 
when the data were subjected to a maximum projection over 
time. This indicates a temporally stochastic activation dynamic 
that eventually coalesces into a ringlike region similar to the 
RhoC activity that we have described previously in this location 
(Bravo-Cordero et al., 2011). Indeed, expression of the consti-
tutively activated version of the Rac3 biosensor showed a more 
prominent ringlike Rac3 activity in the absence of such tem-
poral projection methodology, pointing to the reversibility of 
the biosensor being critical to observing these highly transient 
activation patterns that regulate biological functions.

Our biosensor revealed that two GEFs, Vav2 and βPIX, 
together orchestrate the complex dynamics of Rac3 activity 
at invadopodia. We found that Vav2 regulates Rac3 activity in 
the core of invadopodia, whereas βPIX activates Rac3 only in 
the ringlike compartment. As depletion of either GEF does not 
affect Rac3 activity in the other compartment, this suggests 
independent mechanisms of upstream regulation. Recently, 
recruitment of activated Vav2 at the core of invadopodia was 
shown to be downstream of Arg kinase–mediated phosphoryla-
tion of cortactin (Rosenberg et al., 2017). Consistent with this, 
depletion of Rac3 had no effect on the phosphorylation of cort-
actin tyrosine-421 (not depicted), suggesting that the core-asso-
ciated Vav2-Rac3-GIT1 axis is downstream of the Arg kinase 
pathway. However, βPIX is traditionally linked to adhesion sig-
naling (Turner, 2000). This suggests that the ringlike compart-
ment may also be adhesion dependent, which is consistent with 
previous observations of paxillin and other adhesion-associated 
molecules surrounding invadopodia cores (Branch et al., 2012). 
Thus, it is conceivable that localization of βPIX surrounding 
the invadopodia activates Rac3 in this ringlike region, promotes 
Rac3–GIT1 interaction, and potentially results in a positive 
feedback loop as GIT1 and βPIX also interact (Botrugno et al., 
2006). This would stabilize the active βPIX–Rac3–GIT1 axis, 
resulting in sustained signaling to Arf6 GTPase. Although the 
function of this ringlike compartment remains unclear, several 
other molecules show similar localization. Previously, we found 
that activity of RhoC and its upstream activator p190RhoGEF 
also surround the core of the invadopodia (Bravo-Cordero et 
al., 2011). In a related study, the localization of p190RhoGEF 
was organized through interaction with focal adhesion kinase, 
which was required for the spatially distinct activation pattern 
of RhoC at the leading edge (Bravo-Cordero et al., 2013), fur-
ther pointing to the likely requirement for correctly placing 
upstream GEF complex to sculpt the Rho GTPase activation 
dynamics within a subcellular compartment.

We found that localization of GIT1, the downstream target 
of Rac3, mirrors that of Rac3 activity and exhibits similar dy-
namics as the core oscillation of Rac3 activity. Our data suggest 
that collectively, these proteins regulate surface presentation of 
MT1-MMP at invadopodia. Future studies will investigate how 
changes in the localization of activated GIT1 could modulate 

(E) The percentage of invadopodia with EGFP-GIT1 in MTLn3 cells after starvation and EGF stimulation for indicated times. Significance is shown relative 
to the relevant bar at 0 min. n ≥ 50 from ≥15 cells per condition; three independent experiments. (F) Differential localization times of EGFP-GIT1 at the 
core or ring of invadopodia in MTLn3 cells. n = 7 invadopodia from ≥5 different cells pooled from three independent experiments. (G) The percentage of 
GIT1-positive (total, core, or ring localization) invadopodia in MTLn3 cells treated with control (black bars) or Rac3 siRNA (gray bars) plated on gelatin for 
16 h. (H) The percentage of GIT1-positive (total, core, or ring localization) invadopodia in MTLn3 cells transfected with WT (black bars) or Rac3 T35S/
Y40C effector binding mutant (gray bars) plated on gelatin for 16 h. (I) Normalized mean degradation area per field for cells overexpressing EGFP-GIT1 
WT (black bars) or EGFP-GIT1-R39K (Arf-GAP deficient mutant). n ≥ 10 fields for each condition; three independent experiments. (J) Percentage of invado-
podia with cytoplasmic (internal) MT1-MMP or surface (external) MT1-MMP in cells treated with the indicated siRNA. Significance is shown relative to the 
relevant control bar. *, P ≤ 0.05; **, P ≤ 0.01; ***, P ≤ 0.001. All error bars are SEM.
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Figure 6. Rac3 impacts invasion, dissemination, and metastasis. (A) The percentage of invading cells in the in vitro invasion assay for cells with control, 
Rac3, CIB1, GIT1, Arf6, Vav2, or βPIX siRNA. n ≥ 900 cells per condition; three independent experiments. (B) Representative image showing MCF10A 
cells transfected with Rac3 G12V mutant (left cell) or untransfected (right cell) plated on 405 nm fluorescent gelatin for 16 h. Zooms show invadopodia 
(cortactin colocalizing with spots of matrix degradation). (B, bottom) Quantification of the percentage of cells transfected with the indicated constructs 
that have at least one degrading invadopod (identified by the colocalization of cortactin, Tks5, and spots of matrix degradation). The Western blot shows 
Rac3 expression levels in lysates from the indicated cell lines. (C) Representative images of lung metastases in MTLn3 nontargeting (NT) control (top) or 
Rac3-knockout (KO) cells (bottom) expressing EGFP. (C, top) Normalized lung metastases in mice spontaneous metastasis assay with nontargeting control or 
Rac3-knockout MTLn3 cells. (C, middle) Number of circulating tumor cells in the blood of the same mice. n = 9 control or 16 Rac3-knockout tumor-bearing 
mice. A Mann-Whitney U test was used to determine significance. *, P ≤ 0.05; **, P ≤ 0.01; ***, P < 0.001. (C, bottom) Representative H&E-stained sec-
tions of lungs in control mice versus Rac3-knockout mice. (D) Model of the signaling axes centering on Rac3 addressed in this study. All error bars are SEM.
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the membrane trafficking pathways that target MT1-MMP de-
livery to invadopodia (Hashimoto et al., 2004; Sakurai-Yageta 
et al., 2008; Yu et al., 2012; Monteiro et al., 2013; Marchesin 
et al., 2015). Interestingly, the exocyst complex docks at inv-
adopodia from the lateral aspect of the core (Monteiro et al., 
2013), potentially coinciding with the ringlike localization 
of the βPIX–Rac3–GIT1 axis. Thus, it would be interesting 
to see whether the Arf-GAP function of GIT1, specifically in 
this ringlike region around invadopodia, is important to drive 
the vesicular trafficking at this location to enhance the surface 
presentation of MT1-MMP through efficient exo/endocytic 
cycling. To this end, additional work is needed to understand 
the spatial regulation of membrane recycling mediated by Arf6 
GTPase (Marchesin et al., 2015). In light of the fact that inva-
dopodial membrane is recycled within a specialized proinvasive 
compartment (Frittoli et al., 2014; Hagedorn et al., 2014), it is 
possible that Arf6 at invadopodia could have dual functions in 
recycling both the invadopodial membrane at the core and the 
plasma membrane at the ring to direct invadopodia maintenance 
as well as the delivery of MT1-MMP and the exocyst complex 
to invadopodia. These dual functions could be differentially 
mediated by Vav2–Rac3–GIT1–Arf-GTPase axis at the core 
of invadopodia to direct invadopodial membrane recycling and 
maintenance as well as βPIX–Rac3–GIT1–Arf-GTPase in the 
regions around invadopodia to direct exocyst complex function.

Ultimately, we linked our molecular analyses of Rac3 in 
balancing ECM adhesion and ECM degradation to a functional 
role in a mouse model of breast adenocarcinoma metastasis. We 
show that genetic deletion of Rac3 significantly impacts lung 
metastasis in the orthotopic metastasis assay in mice. Our data 
demonstrate that this is likely through defects in invasion and 
intravasation, which are important during the early phases of 
the metastatic cascade. In summary, we show that Rac3 is a crit-
ical signaling node that regulates the balance of ECM adhesion 
and ECM degradation, which is required for efficient invasion 
of breast tumor cells during the metastatic cascade.

Materials and methods

Cell culture
MTLn3 cells were cultured in MEM supplemented with 5% FBS, 1% 
glutamine, and penicillin/streptomycin (Invitrogen) as previously de-
scribed (Neri and Nicolson, 1981). Transfections were performed as 
follows using Lipofectamine 2000 (Invitrogen). Cells were plated at 
2 × 105 cells/well of a six-well plate. The next day, 2 µg of DNA was 
added to 250  µl of Opti-MEM and vortexed. 4  µl of Lipofectamine 
2000 was added to 250 µl of Opti-MEM, vortexed, and then incubated 
at room temperature for 5 min. The Lipofectamine solution was then 
added to the DNA mixture, vortexed, and incubated for 20 min at room 
temperature. In this time, cells were washed once with PBS, and then 
500 µl of Opti-MEM was added to the well. Transfection mixture was 
added, and the media were replaced with normal culture medium 45 
min later. MDA–MB-231 (HTB-26; ATCC) cells were cultured in 
DMEM supplemented with 10% FBS, 1% glutamine, and penicillin/
streptomycin (Invitrogen). MCF10A (CRL 10317; ATCC) cells were 
cultured following the ATCC protocols. MCF10A cells were trans-
fected with Lipofectamine 2000 using the same protocol as for MTLn3 
cells (Ioannou et al., 2015). MDA–MB-231 cells were transfected ei-
ther by nucleofection according to manufacturer’s protocols (Lonza) or 
using Lipofectamine 2000 using the same protocol as for MTLn3 cells. 
All cell lines were mycoplasma tested.

Degradation assays
Atto-680 NHS Ester (Sigma-Aldrich) or Alexa Fluor 405 NHS Ester 
(Thermo Fisher Scientific) were conjugated to 0.2% porcine gelatin 
(Sigma-Aldrich) according to the manufacturer’s protocols. 35-mm 
glass-bottom MatTek dishes (MatTek Corporation) were coated with 
a thin gelatin layer as previously described (Chen, 1989). In brief, 
dishes were coated with poly-l-lysine (50 µg/ml) for 20 min, washed 
three times with PBS, and then incubated with a prewarmed (37°C) 
0.2% solution of gelatin (Sigma-Aldrich) dissolved in PBS for 10 min. 
Dishes were again washed three times in PBS before cross-linking with 
a 0.2% (0.02% for MDA–MB-231 cells) solution of glutaraldehyde fol-
lowed by quenching with a 5 mg/ml solution of sodium borohydride 
(Sigma-Aldrich). Before plating cells, dishes were incubated in normal 
culture medium for at least 20 min. Cells were plated at a density of 105 
on these dishes for 16 h (MTLn3 and MCF10A) or 4 h (MDA–MB-
231) before fixation in 3.7% PFA. Gelatin degradation was measured 
by quantifying the mean area of nonfluorescent pixels per field using 
a manual threshold in ImageJ (National Institutes of Health).10–15 
random fields were imaged per condition, and each independent ex-
periment was performed at least three times and averaged. For rescue 
experiments, only the degradation area underneath transfected cells 
was quantified. Invadopodia were identified by costaining with Cort-
actin (mouse; ab33333; Abcam) and Tks5 (rabbit; M-300 [Santa Cruz 
Biotechnology, Inc.] or 09-403 [EMD Millipore]) antibodies and then 
were manually counted from images.

EGF stimulation
EGF stimulation was performed as previously described (Bra-
vo-Cordero et al., 2011; Moshfegh et al., 2014). In brief, MTLn3 cells 
were starved for 3 h in L15 media containing 0.00345% BSA at 37°C 
(without CO2) and then stimulated with 5 nM EGF (53003-018; Invi-
trogen) for the indicated times before fixing with 3.7% PFA. Stimula-
tions were performed at 37°C.

Pulldown experiments
HEK293T cells were plated at a density of 106 cells on poly-l-lysine–
coated six-well plates. The next day, the cells were transfected using 
Lipofectamine 2000 according to the manufacturer’s protocols. 24  h 
later, cells were lysed in a buffer containing 1% NP-40, 20 mM Tris, 
pH 7.5, 150 mM NaCl, 10 mM imidazole, pH 8.0, 1 mM PMSF, and 
protease inhibitors. Lysates were clarified by centrifugation at 14,000 
rpm for 10 min at 4°C. After removing an “input” fraction, lysates were 
incubated with washed COB ALT resin overnight at 4°C with rotation. 
Samples were washed 3× in lysis buffer, resuspended in final sample 
buffer, and analyzed by Western blotting. Biosensor pulldowns using 
purified PAK1-PBD-agarose beads were performed as previously de-
scribed (Moshfegh et al., 2014). To prepare the glutathione (GSH)-aga-
rose beads, 72 mg of GSH-agarose (Sigma-Aldrich) was resuspended 
into 10 ml of sterile water and incubated at 4°C for 1 h. The suspen-
sion was briefly centrifuged, and the pellet was washed three times 
with sterile water followed by washing twice in resuspension buffer 
(50 mM Tris, pH 8.0, 40 mM EDTA, and 25% sucrose). The washed 
GSH-agarose slurry was resuspended in 1 ml of resuspension buffer. 
To produce GST-PAK1-PBD, pGEX-PBD (a gift from G. Bokoch; Be-
nard and Bokoch, 2002) was transformed into BL21DE3-competent 
bacteria (Agilent Technologies) and grown in a shaker flask at 225 rpm 
and 37°C until it reached the optical density of 1.0 at 600 nm. Protein 
synthesis was induced by addition of IPTG at 0.2 mM and then imme-
diately chilled to room temperature and allowed to incubate in a shaker 
flask at 225 rpm and 24°C overnight. The next day, bacteria were 
pelleted and resuspended in 20 ml of resuspension buffer containing 
1 mM PMSF, protease inhibitor cocktail (Sigma-Aldrich), and 2 mM 
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β–mercaptoethanol and rotated on a Nutator for 20 min at 4°C. After 
the incubation, 8 ml of detergent buffer (50 mM Tris, pH 8.0, 100 mM 
MgCl2, and 0.2% [wt/vol] Triton X-100) was added, and the mixture 
was incubated at 4°C for 10 min on a Nutator. After the incubation, the 
mixture was ultrasonicated (4× cycle of 30-s ultrasonication followed 
by 1 min rest on ice) and centrifuged at 22,000 g for 45 min at 4°C. The 
supernatant was transferred to a 50-ml tube, and 1 ml of GSH-agarose 
beads as prepared earlier was added and incubated at 4°C for 1 h on 
a Nutator. The beads were then pelleted by a brief centrifugation and 
washed four times with the wash buffer (50 mM Tris, pH 7.6, 50 mM 
NaCl, and 5 mM MgCl2) followed by resuspension into 500 µl of 50:50 
glycerol/wash buffer, and 50 µl aliquots of this mixture was frozen at 
−80°C for storage. For pulldown experiments, HEK293T cells were 
transfected and lysed as above. Lysates were clarified by centrifugation 
at 14,000 rpm for 10 min at 4°C. After removing an “input” fraction, 
lysates were incubated with PAK1-PBD–conjugated agarose beads 
for 1 h at 4°C, washed 3× in lysis buffer, resuspended in final sample 
buffer, and analyzed by Western blotting. Incubation with Ponceau S 
solution (Sigma-Aldrich) was used to visualize GST–PAK1-PBD to 
control for equal loading. Anti-GFP (mouse; 11814460001; clones 7.1 
and 13.1 mix; Roche) antibody was used to detect the Rac3 biosensor 
or fluorescently tagged Rac3 protein.

Western blotting
Cell lysates were resolved on 10% or 12% SDS-polyacrylamide gels. 
Proteins were transferred to polyvinylidene fluoride membranes. Pri-
mary antibody incubations were done overnight at 4°C at 1:1,000 
dilution. Secondary fluorescently conjugated antibodies (LI-COR 
Biosciences) were diluted 1:10,000 and incubated for 1  h at room 
temperature. Immunoblots were visualized using the Odyssey Im-
ager (LI-COR Biosciences).

Invadopod lifetime
An invadopod lifetime assay was performed as previously described 
(Moshfegh et al., 2014). In brief, MTLn3 cells were transfected with 
cortactin-mTagRFP and Tks5-EGFP before plating on gelatin-coated 
coverslips for 16 h. Imaging was performed on a widefield epifluores-
cence microscope (see the Microscopy imaging section), and cells were 
imaged every 2 min for 4 h. Invadopod lifetime was manually quanti-
fied for at least 20 invadopodia in a minimum of five cells per condi-
tion for three independent experiments. Control and siRNA conditions 
were imaged on the same day for each independent experiment. For ex-
periments overexpressing mCherry-Rac3, invadopodia lifetimes were 
quantified and categorized according to whether they recruited Rac3 at 
any point during their lifetime. For Mn2+ experiments, Rac3-depleted 
MDA–MB-231 cells were plated on gelatin-coated coverslips for 2 h 
before incubation with 5 mM Mn2+ (Theodosiou et al., 2016) for 45 
min before the initiation of imaging. Cells were imaged every 2 min for 
3 h with Mn2+ in the media. Residence time of EGFP-GIT1 in the core 
or ring of invadopodia was manually counted from time-lapse videos in 
which cells were imaged every 2 min for at least 4 h.

In vitro invasion assays
In vitro invasion assays were performed as previously described (Bra-
vo-Cordero et al., 2011). In brief, 5 × 105 cells were suspended in low 
(0.25%)-serum culture medium and plated in duplicate in the top well 
of growth factor–reduced Matrigel-coated invasion chambers (8-µm 
pore size; BD BioCoat; 354483; BD). Normal serum-containing media 
(5% serum) were placed in the lower chamber, and cells were allowed 
to invade for 24 h at 37°C. (For MDA–MB-231 cells, the low-serum 
culture media contained 0.5% serum, whereas normal growth media 
contained 10% serum.) The assay was fixed with 3.7% PFA for 20 min 

and then stained with DAPI or NucBlue Live Cell Stain ReadyProbes 
reagent (R37605; Molecular Probes) to visualize nuclei. Four to six 
random fields were acquired at 20× magnification on an SP5 confocal 
microscope (Leica Microsystems). The number of invaded cells was 
counted manually with ImageJ software and normalized to the total 
number of cells present in the insert. Data are means of three indepen-
dent experiments for each condition.

Reagents
Cortactin–mtagRFP-T (Oser et al., 2009) and Tks5-EGFP (Courtneidge, 
2012) have been previously described. To generate cortactin-miRFP703, 
mTag-RFP was replaced with miRFP703 (Shcherbakova et al., 2016). 
Cortactin antibodies were purchased from Abcam (mouse; clone 0.T.21; 
used at 1:600; ab3333) and Santa Cruz Biotechnology, Inc. (goat poly-
clonal; G-18). Rac3 (07-2151 polyclonal for immunofluorescence) anti-
body was purchased from EMD Millipore; Rac3 (rabbit, ab129062 for 
Western blotting) antibody was purchased from Abcam. β-Actin (mouse; 
clone AC-15; sc-69879; Santa Cruz Biotechnology, Inc.), βPIX (rab-
bit; 07-1450-I; EMD Millipore), and Vav2 (rabbit; H-200; Santa Cruz 
Biotechnology, Inc.) were also used. The GFP antibody was purchased 
from Roche (mouse; clones 7.1 and 13.1 mix; 11814460001). Unless 
stated, all primary antibodies were used at 1:200 dilution for immunoflu-
orescence and 1:1,000 for Western blotting. Additionally, the following 
antibodies were used: RhoA (mouse; 26C4; sc-418; Santa Cruz Bio-
technology, Inc.), Cdc42 (rabbit; 1:200 Western blot; P1; sc-87; Santa 
Cruz Biotechnology, Inc.), Rac1 (mouse; clone 23A8; EMD Millipore), 
GIT1 (mouse; transduction 611396; BD), polyclonal MT1-MMP (rab-
bit; AB6004; EMD Millipore), monoclonal MT1-MMP (mouse; clone 
LEM-2/15.8; MAB3328; EMD Millipore), Arf6 (mouse; 3A-1; Santa 
Cruz Biotechnology, Inc.), CIB1 (mouse; clone 3C5; MAB2601; EMD 
Millipore), total integrin β1 (mouse; P5D2; sc-13590; Santa Cruz Bio-
technology, Inc.), active integrin (9EG7), and rat anti–mouse CD29 
(550531; BD). MT1-MMP–GFP was as previously described (Bravo- 
Cordero et al., 2007). pEGFP-GIT1 was a gift from R. Horwitz (Allen 
Institute for Cell Science, Seattle, WA; 15226; Addgene). GIT1-R39K 
was generated using the QuikChange mutagenesis kit (Agilent Technol-
ogies). WT Rac3 was purchased from cdna.org. Activating and inacti-
vating mutations were generated using the QuikChange mutagenesis kit 
(Agilent Technologies; see the Mutagenesis primers section for primers 
used). Rac1 and Rac3 were cloned into pTriEX-His-Myc-4 backbone 
(Novagen) at EcoRI and XhoI sites for protein expression. pcDNA3.1-
CIB1-Myc was a gift from J. Groffen and N. Heisterkamp (Children’s 
Hospital Los Angeles, Los Angeles, CA, and University of Southern Cal-
ifornia, Riverside, CA; 32505; Addgene). It was cloned into pEGFP-N1 
using the EcoRI and KpnI sites. pEGFP-Vav2 was derived from pC.HA 
Vav2, which was a gift from J. Brugge (14554; Addgene; Moores et al., 
2000). pEGFP-βPIX was a gift from P. Hordijk (University Medical Cen-
ter, Amsterdam, Netherlands).

Primers used
Primers used in this study can be found in Table 1.

RNAi
siRNA SMA RTpools for Rac3 (Human L-008836 and rat M-114657); 
GIT1 (M-088071-01); CIB1 (M-096735-01); Vav2 (M-005199-02); 
βPIX (M-009616-00); and Arf6 (M-096951-01) were purchased from 
GE Healthcare. Individual oligonucleotides for Rac3 (LU-008836) were 
also purchased from GE Healthcare. Transfections were performed 
with Oligofectamine (Invitrogen) for MTLn3 cells or electroporated 
using Amaxa Cell Line nucleofector kit V (VACA-1003; Lonza) for 
MDA–MB-231 cells following the manufacturers’ protocols. Knock-
down was assessed and subsequent assays were performed at 48  h 
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(MTLn3) or 72 h (MDA–MB-231) after transfection. Quantification of 
knockdown efficiencies was performed using ImageJ.

Generation of Rac3-knockout cell line using CRI SPR/Cas9
Four different 20-nt guide sequences for Rac3 were selected using the 
online CRI SPR Design Tool (http ://tools .genome -engineering .org). 
Sequences for primer pairs are as follows: single-guide RNA (sgRNA) 
1, 5′-CAC CGA GAA CCG ATC TCT CGG GCCA-3′ and 5′-AAA CTG 
GCC CGA GAG ATC GGT TCTC-3′; sgRNA 2, 5′-CAC CGG GAC ACA 
ATT GAA CGG CTGC-3′ and 5′-AAA CGC AGC CGT TCA ATT GTG 
TCCC-3′; sgRNA 3, 5′-CAC CGA CTT GAC AGA ACC GAT CTCT-3′ 
and 5′-AAA CAG AGA TCG GTT CTG TCA AGTC-3′; and sgRNA 4,  
5′-CAC CGG GCA GTG GTG CCG CAC CTCT-3′ and 5′-AAA CAG AGG  
TGC GGC ACC ACT GCCC-3′.

A negative control NT1 of sequence 5′-GCG AGG TAT TCG GCT 
CCG CG-3′ was also used. This was derived from a negative control 
sequence pulled from the GeCKOv2 Mouse Library Pool A (Shalem 
et al., 2014). sgRNAs were cloned into the lentiCRI SPR v2 plasmid 
(Sanjana et al., 2014; Shalem et al., 2014) by digestion with BsmBI 
(Esp3I; ER0451; Thermo Fisher Scientific). lentiCRI SPR v2 was a gift 
from F.  Zhang (Massachusetts Institute of Technology, Cambridge, 
MA; 52961; Addgene) The GP2-293 cell line (Takara Bio Inc.) was 
used to produce lentivirus by cotransfecting the pVSVg, gag-pol, rev, 
and tat vectors (Takara Bio Inc.). MTLn3 cells were infected with the 
lentivirus containing the four sgRNAs or NT1 control sgRNA and were 
cultured as described in the Cell culture section. They were selected for 
stable incorporation of the CRI SPR/Cas9 vector by puromycin treat-
ment (2 µg/ml). CRI SPR knockout efficiency was assessed by West-
ern blotting for Rac3 (Fig. S5 A). Successful knockout was achieved 
with sgRNA2 and sgRNA4, and we proceeded to use sgRNA2 cells in 
subsequent experiments.

Rac3 biosensor
The previously published and optimized single-chain FRET biosensor 
for Rac1 (Moshfegh et al., 2014; Miskolci et al., 2016) was used as 
the backbone for the Rac3 biosensor. In brief, the optimized biosen-
sor backbone contained a monomeric Cerulean1 (mCer1) as the FRET 
donor as well as two tandem PBDs of p21-activated kinase 1 (PAK1; 
amino acid residues 70–149) to achieve autoinhibitory regulation, sep-
arated by the structurally optimized linker (5′-GSG GPP GSG GSG-3′) 
monomeric circularly permutated-229 Venus (mcp229Ven) as a FRET 
acceptor as well as a full-length WT Rac3. The second PBD contained 
H83D and H86D point mutations to render it unable to bind to ac-
tive GTPase. Furthermore, the final version of the Rac3 biosensor also 
contained an additional linker optimization applied to mcp229Ven by 
replacing the first 16 amino acids with a flexible, structureless linker 
that is resistant to protease cleavage (Whitlow et al., 1993). Rac1 was 
replaced by a full-length WT Rac3, PCR-amplified using the primer 
pair 5′-CCT TAT ATG CAT TGT TAT ATG AAT TCA TGC AGG CCA TCA 
AGT GCG TGG TGG-3′ and 5′-CGA TTA AAT ATA CGC AAT ATC TCG 
AGT TAC TAG AAG ACG GTG CAC TTC TTC CCC-3′, and then was 
subcloned into the biosensor backbone using the EcoRI and XhoI re-
striction sites. The synonymous modifications (Wu et al., 2015) were 
applied to the mCer1 and the second PBD as in the original Rac1 bio-
sensor. The resulting biosensor construct was cloned into a pTriEX-4 
backbone (Novagen) at NcoI–XhoI sites. The QuikChange mutagen-
esis kit (Agilent Technologies) was used to introduce point mutations 
into the fragment encoding the Rac3 GTPase, producing different mu-
tant versions of the biosensor.

Mutagenesis primers
Mutagenic primers used in this study can be found in Table 2.

Fluorometric characterization and validation
Characterization of biosensor response was performed in HEK293T 
cells by transiently overexpressing WT or mutant versions of the bio-
sensor with or without the appropriate upstream regulators as described 
previously (Pertz et al., 2006; Hodgson et al., 2008). In brief, HEK293T 
cells were plated overnight at 1.25 × 106 cells/well of six-well plates 
coated with poly-l-lysine (Sigma-Aldrich) and then transfected the 
next day using Lipofectamine 2000 reagent (Invitrogen) according to 
the manufacturer’s protocols. Biosensors were cotransfected at ratios 
of 1:2 with GDI or 1:3 with GAP or 1:0.5–10 for cotransfection with 
GEFs (±GDI) as indicated. Adherent cells were washed in PBS and 
fixed using 3.7% formaldehyde 48 h after the transfection, and fluores-
cence emission spectra were measured with a spectrofluorometer using 
a plate reader (Horiba-Jobin-Yvon Fluorolog-3MF2 and MicroMax 
plate reader attachment; HOR IBA). The fluorescence emission spectra 
were obtained by exciting the specimen at 433-nm wavelength light, 
and emission fluorescence was scanned between 450–600 nm. The 
background fluorescence reading of cells containing an empty vector 
(pCDNA3.1) was used to measure light scatter and autofluorescence 
and was subtracted from the data. The resulting spectra were normal-
ized to the peak mCer1 emission intensity at 474 nm to generate the 
final ratiometric spectra.

To validate the biosensor in cancer cells using exogenous stim-
ulation, MTLn3 cells transiently expressing the biosensor were serum 
starved for 3  h and stimulated using medium containing 5% serum. 
Cells were fixed and imaged at 0, 3, and 10 min after stimulation and 
analyzed for FRET change.

Microscopy imaging
MDA–MB-231 cells were plated at 2 × 105 cells per well the day be-
fore transfection. The cells were cotransfected with cortactin-mtagRFP 
and the Rac3 biosensor using Lipofectamine 2000 (Invitrogen) accord-
ing to the manufacturer’s protocol. The next day, cells were replated 
on unlabeled gelatin. Cells were time-lapse imaged beginning 2–3 h 
after plating. Coverslips were cleaned by ultrasonication followed by 
soaking in 100% ethanol before use in these studies and coated with 
gelatin as described in the Degradation assays section (Bravo-Cordero 
et al., 2011; Moshfegh et al., 2014). Cells were imaged in Ham’s F-12K 
medium without phenol red (Crystalgen), sparged with argon gas to 
remove dissolved oxygen, and supplemented with 5% FBS, 10  mM 
Hepes, Oxyfluor reagent (1:100 dilution; Oxyrase Inc.), and 10  mM 
dl-lactate (Sigma-Aldrich). Cells were imaged at 37°C in a closed 
chamber mounted on a microscope stage. For fixed imaging, cells were 
fixed for 20 min with 3.7% PFA/PBS at 6 h after plating on gelatin 
and processed for immunofluorescence. We used the standard widefield 
microscopy, TIRF microscopy, and image deconvolution (3D blind- 

Table 1. Primers used in this study.

Primer Sequence

CIB-GFP EcoR1 
forward

gatccgacttatgaattctgccaccatggggggctcggg 
cagtcgcctg

CIB-GFP Kpn1 
reverse

ataagtcggatcggtaccttcaggacaatcttaaaggagctggc

GIT1 R39K 
forward

gtgctgcagcgtgcacaagagcctgggacgccac

GIT1 R39K 
reverse

gtggcgtcccaggctcttgtgcacgctgcagcac

Vav2 EcoR1 
forward

attattattgaattcgccaccatggagcagtggcggcagtg

Vav2 Kpn1 
reverse

ttattattaggtaccccctggatgccctcctcttctac

http://tools.genome-engineering.org
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iterative algorithm was used; Microvolution, LLC) in our fluorescence 
microscopy experiments.

Rac3 activity was measured in cells using an IX81-ZDC micro-
scope (Olympus) with TIRF modality. For live-cell imaging, images 
were acquired through a 60× magnification objective lens (UIS 60× 
1.45 NA TIRF; Olympus) using a custom microscope (Spiering and 
Hodgson, 2012) capable of simultaneous acquisition of FRET and 
mCerulean emissions through two Coolsnap ES2 cameras (Photomet-
rics) mounted via an optical beam splitter and containing a T505LPXR 
mirror, ET480/40M for mCerulean emission, and ET535/30M for 
mVenus-FRET emission (Chroma Technology Corp). Relative intensi-
ties between the two channels were balanced by inclusion of a neutral 
density filter (ND0.2) so that the range of brightness in both mCeru-
lean and FRET channels were similar to each other. Cells were illu-
minated by a 442-nm solid-state diode laser (SpectraPhysics) attached 
to a single-line TIRF module (Olympus) and were combined with the 
mercury arc lamp–sourced excitation light via ZT442dcrb-UF3 custom 
notch-dichroic mirror (Chroma Technology Corp). This arrangement 
allowed for TIRF modality imaging of mCerulean and FRET chan-
nels as well as epifluorescence acquisitions of other wavelengths as 
required. Metamorph (7.8.13; Molecular Devices) was used to perform 
the image acquisition. Metamorph and MatLab (Mathworks) were 
used to perform image processing and data analysis. Image process-
ing included camera noise subtraction, flatfield correction, background 
subtraction, image registration, ratio calculations, and correction for 
photobleaching (Spiering et al., 2013). In brief, camera noise images 
were acquired at the same exposure times as the foreground image sets 
but without the field illumination. This represented the camera read 
noise and the dark current noise and was subtracted from all subsequent 
foreground images. Flatfield correction involved acquisition of cell-
free fields of view with the same exposure and field illumination con-
ditions as the foreground image sets and then camera noise subtracted 
to obtain the shading images. The camera noise–subtracted foreground 
images were then divided by the shading images to obtain flatfield-cor-
rected images. A small region of interest in the background (cell-free) 
area was selected in the flatfield-corrected foreground image sets, and 
the mean gray value from such a region was subtracted from the whole 
field of view, calculated, and processed at each time point to result in 
the background-subtracted image sets. The background-subtracted 
image sets were then subjected to an affine transformation based on a 
priori calibration to account for misalignments between the two cam-
eras used for the simultaneous imaging of the FRET and the mCerulean 
channels. After the transformation, a linear X–Y registration was per-
formed on the two resulting image sets before ratio calculations where 
the FRET image set was divided by the mCerulean channel image set. 
For photobleach correction of the ratio image set, whole-cell mean gray 
values were calculated at each time point and fitted to a biexponential 

decay model. The inverse function of the regressed model was then 
multiplied into the ratio image set to approximate for the effect of pho-
tobleaching. For fixed-cell biosensor imaging, a single Coolsnap HQ2 
camera (Photometrics) attached on the bottom port of the microscope 
was used together with a 60× magnification objective lens. In this case, 
excitation and emission filter wheels switched appropriate filter sets in 
addition to the laser light source to acquire mCerulean, mVenus, and 
FRET emissions plus any other additional wavelengths as required. 
For imaging of biosensors, we adjusted the camera acquisition time 
duration by targeting to fill ∼80% of the total digitization range of the 
charge-coupled device circuitry to maximize the dynamic range, using 
excitation intensities of 0.4–1.0 mW at the specimen plane.

Analysis of integrin staining at invadopodia
A region was created in Metamorph that encompassed a single inva-
dopod. Invadopodia were identified using costaining of cortactin and 
Tks5, and then the mean fluorescence intensity in the active or total 
integrin images was measured using the region described above. A ratio 
of active over total integrin was taken for each invadopodia.

Rac3 activity analysis at invadopodia
A binary mask was created in Metamorph using cortactin fluorescence 
intensity as a reference to designate the core of the invadopodium. Sub-
sequently, this mask was dilated 8 pixels, and the original core was sub-
tracted to result in a binary mask designating the invadopodial ringlike 
region surrounding the core. These binary masks were used to measure 
the intensity in each compartment of the invadopodium. The area of 
the ring was based on spatial distance of 1.74-µm radius outside of 
the core, which is similar to the binary mask used in a previous work 
(Bravo-Cordero et al., 2011). A ratio of FRET intensity in the core/ring 
was calculated. To determine the threshold of an invadopodium that 
contains high core activity versus high ring activity, the SD of the core/
ring ratio of the population of invadopodia was calculated. Invadopodia 
were designated as having high core Rac3 activity if the core/ring ratio 
was ≥1.0 + 1 SD. Conversely, invadopodia were designated as having 
high ring Rac3 activity if the core/ring ratio was ≤1.0 − 1 SD.

Maximum-intensity projections were created from at least 20 
frames of time-lapse videos for Rac3 activity and cortactin-mtagRFP. 
Videos were acquired at a rate of one frame per min for at least 1 h. Li-
nescan analysis of maximum-intensity projections was performed in 
Metamorph. 3.2-µm linescans were measured for each maximum-in-
tensity projection using both vertical and horizontal lines passing 
through the center of the invadopodium (designated by maximum cort-
actin intensity). Linescans were normalized to 1.0 at the minimal center 
value (Rac3 activity) or the maximal center value (cortactin). The fluo-
rescence datasets were aligned to the maximal center value position of 
cortactin fluorescence to represent the center of the invadopodia cores.

Autocorrelation analysis for periodicity
To quantitatively determine the periodicity of biosensor activity fluctu-
ations within the core of an invadopodium versus the ring surrounding 
the invadopodium, the time series of the ratio of intensities measured 
within binary masks created to target the core of invadopodium ver-
sus the ring surrounding the invadopodium core were analyzed using 
the autocorrelation function xcov in MatLab. The individual auto-
correlation function distribution was smooth-spline fitted, pooled 
between all invadopodia analyzed in all cells imaged and the mean 
autocorrelation function, and the 95% confidence intervals were cal-
culated by a nonparametric bootstrap method (Efron and Tibshirani, 
1993). The measured temporal width to the peaks of the first side 
lobes after the zero-crossing was taken as the period of oscillation 
(Machacek et al., 2009).

Table 2. Mutagenic primers used in this study.

Primer Sequence

Rac3 G12V forward ggtcggcgacgtcgccgtgggga

Rac3 G12V reverse tccccacggcgacgtcgccgacc

Rac3 T17N forward gacggcgccgtggggaagaattgcttgctgatc

Rac3 T17N reverse gatcagcaagcaattcttccccacggcgccgtc

Rac3 Q61L forward ggacacagcgggtctggaggactacgatc

Rac3 Q61L reverse gatcgtagtcctccagacccgctgtgtcc

Rac3 T35S forward cccggagagtacatccccagcgtttttgacaac

Rac3 T35S reverse gttgtcaaaaacgctggggatgtactctccggg

Rac3 Y40C forward caccgtttttgacaactgctctgccaacgtgatgg

Rac3 Y40C reverse ccatcacgttggcagagcagttgtcaaaaacggtg
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Analysis of tumor intravasation and metastasis in vivo
MTLn3 cells stably expressing EGFP and containing Rac3 deletion 
via CRI SPR/Cas9 were injected into the mammary gland of female 
severe combined immune deficiency mice (6–8 wk old; Jackson Im-
munoResearch Laboratories, Inc.; Zhou et al., 2014). 1.0 × 106 cells 
were trypsinized and resuspended in 100  µl of PBS per mouse for 
the injection. (Total number of mice injected: CRI SPR/Cas9 non-
targeting control, n = 20 mice; Rac3-knockout mice, n = 20 mice). 
Mice were sacrificed 3–4 wk after injection when the primary tumor 
had reached 1 cm in diameter. Lung metastases were confirmed and 
counted at necropsy using a fluorescent microscope to image EGFP 
fluorescence. Randomly selected 12 fields of view at 10× magnifica-
tion per mouse lung (six fields of view per lung lobe) were analyzed 
for the total EGFP fluorescence area ratio to the background area. 
To quantify the circulating tumor cell counts, 1 ml of mouse blood 
obtained through cardiopuncture at the time of euthanasia was lysed 
in red blood cell lysis buffer (04-4300-54; Thermo Fisher Scientific/
eBioscience) according to the manufacturer’s protocols. The remain-
ing cells were plated into MTLn3 growth media and cultured for one 
additional week. The numbers of EGFP-positive MTLn3 cells were 
quantified by counting 1/4 of the area of 10-cm tissue culture dishes 
per animal. All animal experiments were performed in accordance 
with an approved protocol by the Office of the Institutional Animal 
Care and Use Committee of the Albert Einstein College of Medicine 
(protocol 20140415). For data analysis, mice with primary tumors 
that showed indications of ulceration or intraperitoneal growths were 
omitted from the final tally. Lung samples were fixed in 10% neutral 
formalin buffer and then sent to the Einstein Histopathology Core, 
where they were paraffin embedded, sectioned, and stained with H&E.

Statistical analysis
The two-tailed Student’s t test was used to determine the p-val-
ues for all experiments unless otherwise stated. In experiments 
where more than two samples were compared, an ordinary one-
way ANO VA was used with a Tukey multiple comparison test. No 
randomizations were used. The investigators were not blinded to 
allocation during experiments and outcome assessment. Data distri-
bution should meet the normal distribution requirements. In animal 
experiments, data distribution was not assumed a priori to be normal 
distribution; therefore, the Mann-Whitney U test was used. No esti-
mate of variation. No preestablished criteria were used to determine 
data inclusion/exclusion.

To determine the required numbers of animals for the metas-
tasis and intravasation assays, we estimated that at least 15 animals 
for the metastasis and intravasation assays would provide >84% 
study power to detect a 2.2-fold increase or decrease between exper-
imental conditions at a two-sided α level of 0.05, as previously de-
scribed (Wang et al., 2003).

Online supplemental material
Fig. S1 shows the specificity of Rac3 antibody. Fig. S2 shows how 
Rac3 is enriched at invadopodia and required for matrix degradation. 
Fig. S3 shows how a Rac3 FRET biosensor reveals two spatially dis-
tinct pools of Rac3 activity at invadopodia. Fig. S4 shows how Rac3 
targets GIT1 to regulate MT1-MMP–mediated matrix degradation at 
invadopodia. Fig. S5 shows CRI SPR/Cas9 genetic editing of Rac3. 
Video 1 shows invadopodia lifetimes in control cells. Video 2 shows 
how invadopodia lifetimes are significantly reduced when Rac3 is 
depleted. Video  3 shows how invadopodia lifetimes are significantly 
reduced when CIB1 is depleted. Video 4 shows how GIT1 oscillates 
between invadopodia core and the ring.
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