
JCB: Article

The Rockefeller University Press   $30.00
J. Cell Biol. Vol. 199 No. 3  527–544
www.jcb.org/cgi/doi/10.1083/jcb.201203025 JCB 527

X. Yu and T. Zech contributed equally to this paper.
Correspondence to Laura M. Machesky: l.machesky@beatson.gla.ac.uk
Abbreviations used in this paper: BM, basement membrane; CIA, circular inva-
sion assay; DCIS, ductal carcinoma in situ; FLIM, fluorescence-lifetime imaging 
microscopy; IAEDANS, 5-({2-[(iodoacetyl)amino]ethyl}amino)naphthalene-1- 
sulfonic acid; LE, late endosome; MMP, matrix metalloproteinase; NT, nontarget-
ing; N-WASP, Neural Wiskott-Aldrich syndrome protein; PA, photoactivatable; 
PMT, photomultiplier tube; TMA, tissue microarray; WT, wild type.

Introduction
Actin-driven cell shape alteration and migration as well as  
enzymatic modification of surrounding ECM are vital for tumor 
cells to invade and metastasize. Neural Wiskott-Aldrich syn-
drome protein (N-WASP) is a widely expressed member of the 
WASP/Scar family, which are major Arp2/3 complex-based  
actin nucleation–promoting proteins. N-WASP acts as a scaf-
fold to coordinate signals from small GTPases, receptor tyrosine  
kinases, phospholipids, and SH3-domain–containing proteins to 
drive actin nucleation. Despite reports that N-WASP can promote 
filopod assembly (Miki et al., 1998), loss of N-WASP does not 
affect Cdc42-induced filopod formation in cultured primary  
fibroblasts, but modestly reduces clathrin-mediated endocytosis 

(Lommel et al., 2001). N-WASP is implicated in fission of  
endocytic vesicles and propelling vesicle departure from the 
plasma membrane (Taunton et al., 2000; Benesch et al., 2002;  
Merrifield et al., 2002), as well as the actin-driven dorsal ruf-
fling that accompanies macropinocytosis (Legg et al., 2007).  
N-WASP is also implicated in lamellipodia generation in primary 
cultured Schwann cells (Jin et al., 2011). Thus, N-WASP–mediated 
actin nucleation contributes to plasma membrane protrusions 
and optimal function of both clathrin-dependent and clathrin-
independent endocytosis (Yarar et al., 2007).

An emerging body of evidence suggests that N-WASP 
is linked with cancer progression and invasion. For example, 
N-WASP is up-regulated in metastatic liver lesions compared 
with primary colorectal tumors (Yanagawa et al., 2001). Inter-
estingly, N-WASP (but not other WASP/Scar family members) 

Metastasizing tumor cells use matrix metallo-
proteases, such as the transmembrane colla-
genase MT1-MMP, together with actin-based 

protrusions, to break through extracellular matrix bar-
riers and migrate in dense matrix. Here we show that 
the actin nucleation–promoting protein N-WASP (Neu-
ral Wiskott-Aldrich syndrome protein) is up-regulated 
in breast cancer, and has a pivotal role in mediating  
the assembly of elongated pseudopodia that are instru-
mental in matrix degradation. Although a role for N-WASP  
in invadopodia was known, we now show how N-WASP 

regulates invasive protrusion in 3D matrices. In actively 
invading cells, N-WASP promoted trafficking of MT1-MMP  
into invasive pseudopodia, primarily from late endo
somes, from which it was delivered to the plasma mem-
brane. Upon MT1-MMP’s arrival at the plasma membrane 
in pseudopodia, N-WASP stabilized MT1-MMP via direct 
tethering of its cytoplasmic tail to F-actin. Thus, N-WASP 
is crucial for extension of invasive pseudopods into which 
MT1-MMP traffics and for providing the correct cytoskel-
etal framework to couple matrix remodeling with protru-
sive invasion.

N-WASP coordinates the delivery and  
F-actin–mediated capture of MT1-MMP at  
invasive pseudopods
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DCIS lesions. Knockdown cells prepared for histological analysis 
showed negative to weak staining in comparison with nontarget-
ing (NT) control MDA-MB-231 (unpublished data). In contrast, 
N-WASP expression was up-regulated in invasive breast cancer 
samples (Fig. 1 A). To quantify N-WASP expression in human 
breast cancers, a tissue microarray (TMA; Biomax Z7020004) 
of 75 cores including normal/hyperplasia and tumor samples was 
stained and scored for N-WASP using the weighted histo-score 
method (see Materials and methods; Kirkegaard et al., 2006). 
N-WASP expression in invasive breast cancer was significantly 
higher than in normal or DCIS tissues (P < 0.05; Fig. 1 B). Further-
more, in normal mouse mammary glands, N-WASP consistently 
showed weak to moderate expression throughout various stages 
of mammary ductal homeostasis (Fig. 1 C), whereas mammary 
tumors from the MMTV-PyMT (n = 9) and MMTV-erbB2 (acti-
vated HER2, n = 5) mouse models (Muller et al., 1988; Fluck and 
Schaffhausen, 2009) consistently showed a dramatic increase in  
N-WASP expression (Fig. 1 D).

N-WASP drives cell elongation and  
the extension of long pseudopodia in  
3D matrices
Most studies of N-WASP depletion have not revealed a role for 
N-WASP in peripheral lamellipodia extension or motility in 2D 
on rigid substrates (Snapper et al., 2001; Bryce et al., 2005; 
Kowalski et al., 2005; Misra et al., 2007; Sarmiento et al., 2008; 
Desmarais et al., 2009), although N-WASP has been implicated 
in filopodia (Hüfner et al., 2002; Bu et al., 2009) and lamelli-
podia formation in Schwann cells (Jin et al., 2011) and circular 
dorsal ruffles (Legg et al., 2007). We found that MDA-MB-231 
invasive breast cancer cells depleted of N-WASP with two indi-
vidual oligos by 90% using siRNA (Fig. S1 A) showed normal  
shape and motility parameters on a rigid 2D surface (Fig. S1, C 
and D). Protein levels of Scar/WAVE1, Scar/WAVE2, and WASH 
do not detectably change upon N-WASP depletion (Fig. S1 B). 
This suggests that in MDA-MB-231 cells, like most other cells 
studied to date, N-WASP does not have a detectable nonredun-
dant role in motility on a 2D surface.

However, in 3D microenvironments, depletion of N-WASP 
dramatically affected the ability of MDA-MB-231 cells to invade 
in a 3D invasion assay where the cells crawled first through a filter 
(0 µM in Fig. 2 A) and then into a thick plug of Matrigel toward 
a gradient of serum with 25 nM of EGF (Hennigan et al., 1994). 
There was no difference between the N-WASP–depleted and NT 
cells in the number of cells that were able to migrate through the 
filter, which indicates that noninvasive migration was not impaired 
by N-WASP depletion. However, N-WASP–depleted cells showed 
greatly impaired invasive activity in Matrigel plugs, with in-
vading cells reduced to around 10% (siN-WASP #1) and 30%  
(siN-WASP #2) compared with control (Fig. 2 A). To understand 
why cells depleted of N-WASP failed to invade, we first examined 
their morphology. In the inverted invasion assay, normal MDA-
MB-231 cells elongated and formed elaborate long trains of cells 
connecting each other end-to-end and projecting into the Matrigel 
(Fig. 2 B and Video 1). N-WASP knockdown cells, in contrast, crossed 
over to the other side of the filter and then piled up as rounded cell 
aggregates that did not elongate or invade (Fig. 2 B and Video 2).

is concentrated within invadopodia and is required for their forma-
tion (Lorenz et al., 2004; Yamaguchi et al., 2005; Oser et al., 2009). 
Additionally, N-WASP is important for the polarized formation of 
punctate structures, termed invadopodia precursors, in the leading 
edges of chemotaxing cells on 2D rigid glass substrates (Desmarais  
et al., 2009). The efficient function of invadopodia requires coor-
dination of multiple machineries, including N-WASP–Arp2/3– 
mediated actin polymerization, cross-linking (fascin), maturation 
(cortactin), and accumulation of proteases such as matrix metal-
loproteinases (MMPs; Yamaguchi et al., 2005; Artym et al., 2006; 
Clark et al., 2007). However, the function of N-WASP in cancer 
cell migration and invasion has not yet been investigated in 3D 
ECM, nor has the effect of N-WASP depletion on trafficking of 
matrix degrading enzymes been investigated.

MMPs are multifunctional zinc-dependent endopepti-
dases involved in both signaling and matrix remodeling. Of this 
family, the membrane-anchored MT1-MMP is implicated both 
in the breaching of basement membranes (BMs) and in cell inva-
sion through interstitial type-I collagen tissues (Sabeh et al., 2004; 
Hotary et al., 2006). MT1-MMP expression is correlated with the 
malignancy of multiple tumor types including lung, gastric, colon, 
breast, cervical carcinomas, gliomas, and melanomas (Seiki et al., 
2003). Sabeh et al. (2004) have demonstrated that MT1-MMP 
serves as the dominant protease of both tumor cells and fibroblasts 
to degrade type-I collagen. Cells lacking MT1-MMP display no 
defects in 2D proliferation or migration across collagen-coated 
surfaces, but their capacity to invade is severely impaired (Sabeh 
et al., 2004). Cell surface MT1-MMP activity can be modulated 
by various routes, such as endocytosis (Jiang et al., 2001), re-
cycling, autocatalytic processing, and posttranslational regu-
lation (Ludwig et al., 2008; Poincloux et al., 2009). MT1-MMP  
accumulates at invadopodia and is important for focal degrada-
tion of ECM at these sites (Nakahara et al., 1997; Linder, 2007; 
Caldieri et al., 2009). Delivery and docking of MT1-MMP–
containing vesicles at invadopodia requires membrane fusion 
machinery such as the vSNARE, VAMP7, and exocyst complex 
members as well as Rab8 (Bravo-Cordero et al., 2007; Steffen 
et al., 2008; Poincloux et al., 2009). Rab8 promotes polarized 
transport of newly synthesized membrane proteins in fibroblasts, 
and thus may control trafficking of newly synthesized MT1-MMP 
from the Golgi complex to the plasma membrane (Peränen et al., 
1996). Here, we demonstrate that N-WASP–mediated actin po-
lymerization drives invasive pseudopods, into which MT1-MMP 
is delivered, and we provide a novel F-actin–mediated mechanism 
for directed receptor targeting and stabilization of the invasive 
degrading machinery of cancer cells.

Results
N-WASP expression is increased in invasive 
breast cancer
To investigate the role of N-WASP in breast cancer invasion, we 
first assessed N-WASP expression in human breast cancer tis-
sues. Normal breast, ductal carcinoma in situ (DCIS), and inva-
sive ductal carcinoma were analyzed using immunohistochemistry 
to stain for N-WASP. N-WASP appeared weak, but showed spe-
cific cytoplasmic staining of epithelial cells in normal tissue and 

http://www.jcb.org/cgi/content/full/jcb.201203025/DC1
http://www.jcb.org/cgi/content/full/jcb.201203025/DC1
http://www.jcb.org/cgi/content/full/jcb.201203025/DC1


529N-WASP in 3D cancer cell invasion • Yu et al.

In CIA, instead of extending elongated cylinder-like pseudo-
pods, N-WASP–depleted cells displayed a threefold reduction 
in cell length/width ratio and small spiky protrusions (Fig. 3 B). 
However, dilution of the Matrigel with PBS (2.5 mg/ml Matrigel 
or 1.25 mg/ml Matrigel rather than the usual 5 mg/ml Matrigel) 
restored both migration velocity and directionality (Fig. 3 B 
and Video 4), which indicates that the Matrigel is providing 
a physical barrier to movement. In addition, the morphology of 
the knockdown cells in diluted Matrigel resembled the controls 
(longer pseudopodia and elongated shape; Fig. 3 B). Thus, we 
conclude that depletion of N-WASP in a 3D environment sup-
presses long pseudopod formation and invasion.

N-WASP is important for path generation 
during invasion in 3D matrix
During invasion, some cells become path-generating “leaders,” 
which degrade matrices to lay down microtunnels for following 

N-WASP–depleted cells were also impaired in invasion 
in a modified version of the circular invasion assay (CIA; Kam 
et al., 2008), which enabled resolution of subcellular struc-
tures by both live cell time-lapse and fixed cell immunofluo-
rescence (Fig. 3 A; Yu and Machesky, 2012). This assay is 
based on a wound-healing assay that is overlaid with Matrigel, 
and the cells invade into an empty space, rather than toward a 
specific attractant. Movement in the CIA was dependent on 
ECM remodeling, as knockdown of MT1-MMP, or inhibition 
with a broad MMP inhibitor, GM6001, reduced migration 
speed by 30–50% (Yu and Machesky, 2012). Similar to cells 
depleted for MT1-MMP, N-WASP–depleted cells (using two 
separate oligos siN-WASP #1 and siN-WASP #2) did not mi-
grate far from the start point of the CIA (marked by black 
lines) and showed a 40% reduction of cell speed and persis-
tence as analyzed with the ImageJ Chemotaxis Plugin (Fig. 3 A 
and Video 3).

Figure 1.  N-WASP expression increases in both human and mouse invasive breast cancers. (A) Immunohistochemical staining of N-WASP in human 
breast cancer tissues. Left and middle panels show expression of N-WASP in human normal tissue and DCIS. The right panel shows the expression 
level of N-WASP in human invasive ductal carcinoma. The insets show enlarged images of N-WASP staining in different tissues. (B) Bar graphs indicate 
histochemistry scores of normal/DCIS and invasive breast cancer cores from a 75-core human breast cancer TMA. All error bars indicate means ± SD;  
*, P < 0.05 by t test. (C) Immunohistochemical staining of N-WASP in mouse virgin and lactating mammary glands. Samples from three mice were stained 
and imaged. The insets show enlarged images of N-WASP staining in mouse virgin and lactating mammary glands. (D) Immunohistochemical staining of 
N-WASP in primary tumors from MMTV-PyMT (n = 9) and MMTV-erbB2 (n = 5) mouse models. Bars: (main panels) 200 µm; (insets) 100 µm.

http://www.jcb.org/cgi/content/full/jcb.201203025/DC1
http://www.jcb.org/cgi/content/full/jcb.201203025/DC1
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“leader” cells when mixed with RFP-siN-WASP cells (Fig. 4 A, 
right, white arrowheads; and Fig. 4 B). N-WASP–depleted (red) 
cells rarely assumed the position as a leader in the invasion front, 
and they were less elongated than the NT cells (Fig. 4, A and C).  
Consistently, in the inverted invasion assay, RFP-expressing 
siN-WASP cells displayed impaired invasion, but invaded nearly 
normally when mixed with GFP-NT cells (Fig. 4 C). Therefore, 
we conclude that N-WASP–depleted cells are unlikely to have 
a defect in movement in 3D matrix, but they are impaired in the 
formation of elongated pseudopodia and path generation.

N-WASP knockdown cells are defective in 
matrix degradation by MT1-MMP
To directly address the possibility that N-WASP–depleted cells 
were defective in matrix remodeling, we explored their abil-
ity to remodel uncrosslinked collagen (Sabeh et al., 2004; Wolf 

cells (Fisher et al., 2009; Scott et al., 2010). If the function of 
N-WASP was to be limiting for matrix remodeling, but not for 
movement or chemotaxis in 3D matrix, nor for joining together 
with other cells in an invasion stream, we would expect that 
addition of normal cells together with N-WASP–depleted cells 
might rescue the invasion defect caused by N-WASP deple-
tion. Indeed, in both the CIA (Fig. 4 A) and the inverted in-
vasion assay (Fig. 4 C), addition of normal (GFP-expressing, 
NT siRNA–transfected) green cells to red N-WASP knockdown 
(RFP-expressing, siN-WASP–transfected) cells significantly 
rescued the invasion defect of the N-WASP knockdown cells  
(Fig. 4, A and C). In a mixed population of GFP- and RFP-
expressing NT cells, the green and red cells showed a roughly 
50:50 ratio as leading or following cells, as the white arrowheads 
indicate in Fig. 4 (A, left, and B). However, in 90% of inva-
sion strands, GFP-expressing NT cells are the path-generating 

Figure 2.  N-WASP mediates leading cell collective invasion into 3D matrices. (A) Cells that migrated into Matrigel plugs in an inverted invasion assay were 
stained with CalceinAM and visualized by confocal microscopy. Serial optical sections were captured at 15-µm intervals and presented as a sequence in 
which the individual optical sections are placed alongside one another, with increasing depth from left to right as indicated. The assays were quantified 
by measuring the fluorescence intensity of cells penetrating 30 µm and greater. 0 µm indicates cells that crawled through the filter but did not enter the 
gel. The invasion capacity was expressed as a percentage of the total fluorescence intensity of all cells within the plug, as shown in the bar graph. At least 
three independent experiments were performed. All error bars indicate means ± SD; **, P < 0.01 by a t test. Bar, 100 µm. (B) Matrigel plugs containing 
cells from inverted invasion assays were fixed and stained with phalloidin (actin, red) and DAPI (DNA, blue). Strands of invading cells are shown in cross 
section and side views. Bar, 50 µm.
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of stroma. MDA-MB-231 cells transfected with a NT siRNA 
were able to degrade BM collagen IV efficiently within the 3-d 
culture period. However, N-WASP–depleted cells left the BM 
collagen IV relatively unscathed (Fig. 5 C). Quantification of the 
remaining collagen IV staining intensity shows a 50% reduction 
of matrix remodeling by siN-WASP cells compared with con-
trol (Fig. 5 D). Likewise, siRNA depletion of MT1-MMP or 
addition of 5 µM GM6001 significantly blocked the ability of 
MDA-MB-231 cells to degrade and remodel the BM collagen 
IV as described previously (Fig. 5, C and D; Kowalski et al., 
2005; Chun et al., 2006). Collectively, these data provide clear 
and direct evidence that N-WASP has a role in matrix degra-
dation and contributes to the breakdown of physiological BMs 
such as would be encountered in a tumor environment.

et al., 2007) and native cross-linked BMs (Hotary et al., 2006). 
When NT control cells were plated onto thin uncrosslinked col-
lagen matrix, they rapidly degraded large areas of matrix under-
neath the cell (Fig. 5 A; Sabeh et al., 2004). However, knockdown 
of MT1-MMP or N-WASP nearly completely prevented this 
remodeling (Fig. 5 A; Sabeh et al., 2004). In a more quantifi-
able assay, where the cells were embedded in a collagen matrix 
containing DQ collagen (Wolf et al., 2007), the amount of deg-
radation of DQ collagen was reduced by 40–50% upon inhibi-
tion or knockdown of MT1-MMP or N-WASP (Fig. 5 B). We 
next analyzed the ability of cells to degrade native peritoneal  
BM as described previously (Hotary et al., 2006). This isolated  
BM appears as two layers of continuous and organized sheets 
of type IV collagen- and laminin-rich ECM flanked by a layer  

Figure 3.  N-WASP is required for extension of elongated matrix degrading pseudopods and propulsion through dense matrix. (A) MDA-MB-231 cells 
treated with siRNA NT and N-WASP invading under Matrigel (photos show 5 mg/ml Matrigel, bar graphs show concentrations as indicated) in a CIA. 
Black lines indicate the start of the cell front at t = 0 h. Cell migration speed and persistence in CIA are shown in the bar graph. Persistence is obtained 
by using the Euclidean distance divided by the total distance between the start and end points of cell movement. At least three independent experiments 
were performed and quantified. Error bars indicate means ± SD; **, P < 0.01 by t test. Bar, 100 µm. (B) Cells invading in CIA were fixed and stained 
with phalloidin (actin, red) and DAPI (DNA, blue) for confocal imaging. The length of actin pseudopods and the ratio of cell length/width in CIA are shown 
in the bar graph. Error bars indicate means ± SD; **, P < 0.01; *, P < 0.05 by t test. At least 30 cells were analyzed in three independent experiments. 
Bars, 20 µm.
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Figure 4.  N-WASP is required for path generation during invasion. (A) Equal numbers of RFP-expressing cells transfected with either NT or N-WASP siRNA 
(red) were mixed with GFP-labeled cells treated with NT siRNA (green) in CIA. Cells were fixed and stained for DNA (blue) to show path-generating and 
following cells in the invading strands. Arrowheads indicate leading cells of invasive cell strands. Arrows indicate the direction to the wound edge. At least 
three independent experiments were performed and quantified. Bar, 10 µm. (B) Bar graphs indicate the percentage of leading and total cells of GFP- and 
RFP-positive cells. Error bars indicate means ± SD; **, P < 0.01 by t test. (C) A similar setup was used as in A, except that NT or N-WASP siRNA RFP-
expressing cells alone were seeded for inverted invasion assay. Serial optical sections were captured at 10-µm intervals and presented as a sequence in 
which the individual optical sections are placed alongside one another with increasing depth from left to right as indicated. Images at 0 µm indicate cells 
that came though the filter but did not enter the gel. Invasion capacity was expressed as a percentage of the total fluorescence intensity of all cells invading 
beyond 30 µm within the plug as shown in the bar graph. At least three independent experiments were performed and quantified. Bar, 100 µm.
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Figure 5.  N-WASP is crucial for pericellular collagenolysis in vitro and on native BMs. (A) Immunofluorescence images of cells on FITC-conjugated type-I 
collagen film (green). Cells were labeled for filamentous actin (red, phalloidin) and DNA (blue, DAPI). Bar, 50 µm. (B) Quantification of FITC fluorescence 
release after incubating cells with DQ collagen matrix from three independent experiments. (C) MDA-MB-231 cells were cultured atop of mouse peritoneal 
BM for 3 d and then fixed and stained for collagen IV (green), actin (phalloidin, red), and DNA (DAPI, blue). The cells remodel and degrade BM, and the 
remaining collagen IV is shown by antibody staining (green). Bar, 100 µm. (D) The total fluorescence intensity of remaining collagen IV is represented in the 
bar graph. At least three independent experiments were performed and quantified. Error bars indicate means ± SD; **, P < 0.01; *, P < 0.05 by t test.

N-WASP drives invasive pseudopods  
into which MT1-MMP traffics from  
Rab7-positive late endosomes (LEs)
Because loss of N-WASP inhibited MT1-MMP dependent 
matrix degradation, we hypothesized that actin-rich regions of 
invasive pseudopods might be sites of MT1-MMP trafficking 

(Frittoli et al., 2011). To first address whether N-WASP played 
a direct role in MT1-MMP protein levels, internalization, or re-
cycling, we measured total and surface levels of MT1-MMP, 
rates of internalization, and recycling, and found no effect of 
N-WASP depletion (Fig. S2, A–C). We next hypothesized that 
N-WASP likely has a more indirect role in trafficking and may 

http://www.jcb.org/cgi/content/full/jcb.201203025/DC1
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Figure 6.  MT1-MMP traffics from a late endosomal compartment to the plasma membrane and associates with N-WASP. (A) NT and N-WASP knockdown 
cells invading in CIA were fixed and stained with anti-Arp2/3 and cortactin to reveal actin-rich puncta (arrowheads) in NT cells (top). (B) Immunofluores-
cence images of invading cells expressing mCherry-MT1-MMP (red) and staining for endogenous N-WASP (green) in CIA, with arrows pointing toward the 
wound edge. Bar, 10 µm. Enlarged images show details (boxed regions) of the invasive pseudopods containing MT1-MMP vesicles and N-WASP puncta. 
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(C) Endogenous MT1-MMP vesicles colocalize with endogenous Rab7. Arrows point toward the wound edge. Bar, 20 µm. Inset images show the LE/LY 
vesicles containing both MT1-MMP and Rab7 (enlarged views of the boxed regions). (D) MDA-MB-231 cells expressing PA mCherry-MT1-MMP (red) and 
GFP-Rab7 (green) were plated in CIA and imaged by confocal microscopy. Photo-activation was achieved with a 405-nm laser aimed at a small area 
(region A) containing GFP-Rab7–positive vesicles (also MT1-MMP), marked by the red box. Images were then captured at 3.2 s per frame over a period 
of >6 min (Video 6). Single-section confocal images of activated mCherry-MT1-MMP and images of merged mCherry-MT1-MMP and GFP-Rab7 at certain 
time points were presented. The insets are enlarged images showing increased signals of photoactivated mCherry-MT1-MMP on the plasma membrane 
area near the activated vesicles. The enlarged area is indicated with the yellow dotted line at time point “2 m 29 s.” The same areas are shown in time 
points “0 s” and “3 m 37 s.” The integrated fluorescence intensity of activated region A (red) and a area of plasma membrane (region B) near the activated 
vesicles (light blue) was quantified for each frame of Video 6, and the values are plotted against elapsed time. (E) Quantification of fluorescence intensity of 
activated mCherry-MT1-MMP vesicles in multiple experiments indicated the exit rate of photoactivated mCherry-MT1-MMP from the Rab7-positive compart-
ment (n = 10). Error bars indicate means ± SEM. Bars: (A) 20 µm; (B) 5 µm; (C) 1 µm; (D) 10 µm; (B–D, insets) 1 µm.

 

promote MT1-MMP to preferentially traffic into invasive pseu-
dopodia, and to be stabilized at sites of invasive matrix remod-
eling. The leading pseudopods of invading NT cells displayed 
numerous N-WASP–dependent puncta rich in cortactin, actin, 
N-WASP, and Arp2/3 complex, and also showed degradation of 
nearby surrounding matrix (Fig. 6 A; Yu and Machesky, 2012). 
Notably, these puncta, which contacted the Matrigel, also con-
tained vinculin (82%, n = 17 cells) and focal adhesion kinase 
(74%, n = 12 cells; Fig. S3). But as previously reported (Yu and 
Machesky, 2012), cells also displayed some puncta at the glass 
bottom surface that lacked N-WASP but were rich in vincu-
lin and FAK, which we assume were focal adhesion structures 
(Fig. S3). MT1-MMP also partially colocalized with N-WASP 
in the matrix contacting cytoskeletal puncta (Yu and Machesky, 
2012), and we frequently observed vesicles containing MT1-
MMP directly trafficking into invasive pseudopods in CIA. 
These vesicles often localized adjacent to the puncta rich in  
N-WASP or overlapped with the N-WASP–rich invadopodia-
like structures (Fig. 6 B). Thus, we conclude that the majority of  
N-WASP– and Arp2/3 complex–rich puncta that we observed in  
invasive pseudopodia in the CIA also contained FAK and vin-
culin, and were most likely hybrid invadopodia/focal adhesion 
structures formed by a coalescence of these structures, which 
are more distinct in 2D (Wang and McNiven, 2012).

Additionally, a significant portion of MT1-MMP could be 
found in intracellular vesicles. Co-labeling with endocytic mark-
ers revealed that the majority of this vesicular MT1-MMP was in 
a Rab7- and CD151-positive LE compartment, which is in agree-
ment with previous studies showing localization of MT1-MMP 
to a VAMP7-positive compartment (Fig. 6 C and Fig. S4 A; 
Steffen et al., 2008). We also saw partial colocalization with 
Rab8, in agreement with previous studies (unpublished data; 
Bravo-Cordero et al., 2007). Using live-cell video microscopy, 
we found that MT1-MMP cotrafficked bi-directionally in inva-
sive pseudopods together with Rab7 and CD151, but not the 
early endosome marker Rab4 (Fig. S4 A and Video 5). The traf-
ficking into invasive pseudopods was affected by loss of N-WASP, 
as >70% of NT cells contained five or more MT1-MMP vesicles 
within the pseudopods (n = 23; Fig. S4 B), whereas N-WASP–
depleted cells (>90%) had fewer MT1-MMP vesicles within 
these structures (n = 41; Fig. S4 B). Because only a few studies 
have shown trafficking back to the plasma membrane from the 
LE compartment (Zech et al., 2011; Dozynkiewicz et al., 2012), 
we tested whether the LE vesicles that were rich in MT1-MMP 
were capable of delivering MT1-MMP to the plasma membrane, 
or were rather only involved in its degradation. We constructed 

a photoactivatable mCherry-tagged MT1-MMP (PA-mCherry-
MT1-MMP) to follow MT1-MMP dynamics in live cells during 
the invasion process. We used GFP-Rab7 as a marker for the LE 
compartment, and when we photoactivated Rab7-positive vesi-
cles, we initially observed a flash of PA-mCherry-MT1-MMP 
on this compartment, which subsequently redistributed to the 
nearby plasma membrane (Fig. 6 D and Video 6). We measured 
the time course over which photoactivated PA-mCherry-MT1-
MMP fluorescence was lost from Rab7 vesicles, and found that 
this corresponded to the subsequent increase of fluorescence on 
the nearby plasma membrane (Fig. 6 D, graphs). The fluores-
cence intensity of the activated vesicles was recorded in multiple 
cells (n = 10) and plotted in Fig. 6 E, where we can see clearly 
that the PA-mCherry-MT1-MMP exits quickly from the Rab7 
compartments upon activation. Thus, a proportion of the 
MT1-MMP in the Rab7-positive LE vesicles that we observe in 
invading cells is in transit to the plasma membrane from this 
compartment. We were not able to measure traffic specifically 
into the tips of invasive pseudopodia (rather than generally to the 
nearby plasma membrane) because the signal from PA-mCherry-
MT1-MMP was not bright enough.

A link formed between MT1-MMP and actin 
contributes to delivery and stabilization 
of MT1-MMP at the plasma membrane of 
invasive pseudopods
To determine whether N-WASP contributed to entrapment of 
MT1-MMP at pseudopod tips, we investigated the dynamic be-
havior of MT1-MMP within invasive structures. We hypoth-
esized that the cytoplasmic tail of MT1-MMP might connect 
to the actin cytoskeleton and thus be tethered in actin networks 
generated by N-WASP in invasive pseudopodia. We performed 
photobleaching experiments to test whether MT1-MMP at the 
plasma membrane in invasive pseudopodia had reduced mo-
bility compared with MT1-MMP in other regions of the cell 
surface (e.g., at the plasma membrane adjacent to the nucleus). 
Photobleaching of mCherry-MT1-MMP in invading pseudo-
pod tips in matrix of control NT-transfected cells revealed a 
very low, 5%, mobile fraction, indicating that nearly 95% of 
the enzyme doesn’t exchange with the neighboring plasma 
membrane and isn’t replaced by vesicular trafficking within 
the time frame of our experiment (1 min; Fig. 7, A and B). 
Indeed, the photoactivation experiments in Fig. 6 indicate that 
the delivery of PA-mCherry-MT1-MMP to the plasma mem-
brane occurs over a period of several minutes, not seconds. 
In contrast, 22 ± 4% of mCherry-MT1-MMP on the cell body 
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stabilizing MT1-MMP in invasive pseudopods, possibly via 
assembly of dense actin meshworks in these structures. These 
invasive pseudopods not only need to generate mechanical 
force to push and pull against the matrix, but also direct and 
sustain MT1-MMP–based degradation. To demonstrate such 
an inside-out mechanism of MT1-MMP capture, we analyzed 

plasma membrane is mobile and recovers quickly (t1/2 = 15 s)  
after bleaching (Fig. 7, A and B). Depletion of N-WASP, which 
causes loss of actin-rich hotspots and blunting of pseudopods, 
led to an increase of the mobile MT1-MMP fraction in pseu-
dopods to 15 ± 3% compared with NT-transfected cells (Fig.7, 
A and B). Thus we conclude that N-WASP is important for 

Figure 7.  MT1-MMP is tethered to invasive pseudopods in an N-WASP–dependent manner. (A) MDA-MB-231 were transfected with mCherry-MT1-MMP 
or mCherry-MT1-MMPCT, as indicated, as well as GFP-actin, and subjected to CIA. Selected actin-rich areas in invasive pseudopods or areas of the cell 
body (boxes shown in A and quantified in B) of NT or N-WASP–depleted cells as indicated were photobleached using a 405-nm laser, and recovery of 
mCherry-MT1-MMP fluorescence was recorded for 58 s. (B) Quantification of fluorescence recovery was of at least 30 cells in three independent experi-
ments. Error bars indicate means ± SEM. Bar, 10 µm.
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the FLIM signal (Fig. 8 F) and increased the motility of the pro-
tease in invasive pseudopods in the FRAP experiment (Fig. S5, 
F and G), thus demonstrating that this interaction is dependent 
on this motif in cells (Fig. 8 F). We also further investigated 
the ability of MT1-MMP with the LLY/AAA mutation to drive 
invadopodia assembly (Fig. 8 G). Although WT MT1-MMP 
could rescue cells depleted of MT1-MMP by siRNA, the LLY/
A mutant MT1-MMP was unable to rescue. Likewise, LLY/A 
mutant MT1-MMP was unable to rescue the reduction of inva-
sion observed in the circular Matrigel invasion assay (Fig. S5, 
A and B; Yu and Machesky, 2012).

To investigate whether F-actin binding of MT1-MMP in 
invasive pseudopods is necessary and sufficient for a cell to 
increase invasion, we replaced the cytoplasmic tail of MT1-
MMP with the actin-binding domain of ezrin (aa 552-585; 
MT1-MMPEZ-ABD) and compared the invasion and invadopo-
dia formation with cells transfected with either MT1-MMP 
or MT1-MMP CT. The mCherry-MT1-MMPEZ-ABD construct 
shows similar distribution to WT MT1-MMP, with a slightly 
increased intracellular pool (Fig. 8 G). We also compared the 
mobility of WT mCherry-MT1-MMP and mCherry-MT1-
MMPEZ-ABD in invasive pseudopods using FRAP and did not 
find any significant difference in the mobility of these proteins 
(Fig. S5 G). For invadopodia degradation assays, we first de-
pleted endogenous MT1-MMP using siRNA against the 5 un-
translated region in MDA-MB-231 cells and then transfected 
WT and mutant MT1-MMP into them. Consistently, full-
length MT1-MMP dramatically increased MDA-MB-231 cell 
degradation on a thin layer of gelatin (Fig. 8 G), which agrees 
with previous work (Nakahara et al., 1997). The actin-binding 
domain mutant of MT1-MMP (mCherry-MT1-MMPEZ-ABD) 
was able to promote matrix degradation in a similar fashion 
(Fig. 8 G). In contrast, MT1-MMP-CT– and MT1-MMP-
LLY/A–expressing cells barely show any gelatin degradation 
(Fig. 8 G). Collectively, these observations indicate that the 
capacity of the cytoplasmic tail to recruit MT1-MMP to the 
subplasmalemmal actin cytoskeleton facilitates the concentra-
tion of MT1-MMP at actin-enriched sites to confer effective 
matrix degradation during invasion.

Discussion
N-WASP had been previously described as a component of 
invadopodia and their precursor structures, but the molecu-
lar mechanism of how N-WASP drives invasion hasn’t been 
studied in 3D (Lorenz et al., 2004; Yamaguchi et al., 2005).  
N-WASP has recently been implicated in breast cancer me-
tastasis in a mouse model (Gligorijevic et al., 2012). Here we 
provide a direct mechanism by which N-WASP drives invasive 
migration via the generation of elongated pseudopods that allow 
cells to remodel matrix and generate force to crawl through 
it. Although N-WASP and its hematopoietic homologue WASP 
have been implicated in chemotaxis on a 2D surface (Isaac et al.,  
2010), we did not find any evidence of significantly reduced 
noninvasive migration of N-WASP–depleted cells through 
filters in 3D (Fig. 2). Furthermore, when we diluted Matri-
gel in the CIA (Fig. 3), this restored the migration speed of 

the mobile fraction of MT1-MMP-CT (MT1-MMP with-
out its cytoplasmic domain), which is ineffective at rescuing 
(Uekita et al., 2001). We found that MT1-MMP-CT has an 
increased mobile fraction of 12% compared with around 5% 
for full-length mCherry-MT1-MMP in invasive pseudopods of 
NT cells (Fig. 7, A and B). To further explore the role of actin 
networks in stabilization of MT1-MMP in invasive pseudopo-
dia, we treated cells either with siRNA against Arp2 to block 
Arp2/3 complex–mediated actin assembly or with 2 µM Latrun-
culin A to partially depolymerize filamentous actin (Fig. S5,  
C and D). In both cases, mCherry-MT1-MMP became more 
mobile in the plasma membrane of remaining pseudopodia in 
Matrigel. The observation that GFP-actin exchanged much 
faster in LatA-treated cells (Fig. S5 E) verified that the LatA 
mobilized the actin network as expected. Thus, branched actin 
networks formed by Arp2/3 complex and filamentous actin  
stabilize MT1-MMP in pseudopods.

Because it has been recently highlighted that some recep-
tors can be sorted on membranes putatively via links with actin 
filament networks (Puthenveedu et al., 2010), we hypothesized 
that MT1-MMP might directly interact with F-actin, and we 
tested whether binding to F-actin could determine MT1-MMP 
mobility on the plasma membrane. We first performed bio-
chemical experiments to see if F-actin could deplete soluble 
peptides corresponding to the MT1-MMP tail from the superna-
tants in a centrifugation experiment. MT1-MMP wild-type 
(WT) cytoplasmic tail or peptides of cytoplasmic tail where the 
LLY motif, previously found to be important for MT1-MMP to 
confer invasiveness (Uekita et al., 2001), was exchanged to 
AAA (labeled as LLY/A in the figures) were incubated with  
F-actin purified from rabbit muscle. Actin filaments readily  
depleted MT1-MMP cytoplasmic tail peptides but not mutant 
LLY/A peptides from the supernatants (Fig. 8, A–D). We fur-
ther explored the specificity of the interaction of the MT1-MMP 
tail peptide with actin filaments using a fluorescence anisotropy 
experiment (see Materials and methods), where fluorescently 
labeled short actin filaments were incubated with soluble pep-
tides corresponding to either WT or mutant LLY/A MT1-MMP 
tail or a scrambled peptide of the MT1-MMP tail that preserves 
the overall positive charge of the WT peptide (Fig. 8 E). Fluor
escence anisotropy also revealed specific binding to the WT 
with a Kd = 43 ± 6.5 µM, but not the mutant peptides, which 
suggests that the LLY motif was important for the interaction 
between MT1-MMP and actin filaments.

To further investigate whether the interaction between 
F-actin and MT1-MMP could also be observed in living cells, 
we transfected MDA-MB-231 cells with MT1-MMP-GFP and 
Lifeact-TagRFP to measure fluorescence-lifetime imaging 
microscopy (FLIM) in invasive pseudopods. Cells transfected 
only with the MT1-MMP-GFP donor showed an average fluor
escence lifetime of 2.4 ns at the tips of invasive pseudopods. 
In contrast, cells containing both the MT1-MMP-GFP donor 
and Lifeact-TagRFP as an acceptor showed a significant shift 
of 150 ps in the fluorescence lifetime of MT1-MMP-GFP to 
2.25 ns (Fig. 8 F), thus confirming that the cytoplasmic tail of 
MT1-MMP has the ability to interact with actin in invasive 
pseudopods. Mutation of the LLY motif to AAA also abolished 
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Figure 8.  MT1-MMP actin binding is both necessary and sufficient to induce matrix degradation. (A–C) 25 µM final concentration of WT (A and C) cyto
plasmic MT1-MMP tail peptide or LLY/AAA (B and C) cytoplasmic MT1-MMP tail peptide were tested for their ability to bind to increasing amounts of 
F-actin in an in vitro binding assay. Actin was allowed to polymerize for 1 h. After centrifugation, 10% of total F-actin pellets (p) and supernatants (s) were 
run on a 4–12% NuPAGE gel using MES running buffer. (D) Quantification of Coomassie gel densitometry of peptide bands. n = 5. (E) Relative steady-
state fluorescence anisotropy was measured between IAEDANS-labeled filamentous actin (2 µM) and increasing concentration of MT1 peptide constructs: 
MT1_tail (closed squares), MT1tail_L1Y/A (open circles), and MT1tail_scrambled (open triangles). The binding curve was fitted with the equation given in 
the Materials and methods section (“Steady-state fluorescence anisotropy experiments”), and the Kd value was calculated (see Results). (F) MDA-MB-231  
cells were transfected with MT1-MMP-GFP alone or together with Lifeact-TagRFP and invaded in Matrigel in CIA. Cells were imaged using a spinning disc 
FLIM system. Fluorescence lifetime was measured in the pseudopod area and quantified from 30 cells in n = 3. Bar, 10 µm. (G) Immunofluorescence  
images of mCherry, mCherry-MT1-MMP, mCherry-MT1-MMPCT, and mCherry-MT1-MMPEZ-ABD expressing MDA-MB-231 MT-MMP knockdown cells (red) on 
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vesicles and on the plasma membrane, we could clearly see 
enrichment of MT1-MMP in actin hotspots (Fig. 6 B), and 
we observed trafficking of small mCherry-MT1-MMP vesi-
cles into invasive pseudopods (Fig. S4). We were surprised 
by how relatively immobile MT1-MMP was in the plasma 
membrane of invading pseudopods, with only 5% exchanging 
within 1 min of photobleaching. But previous studies have 
already highlighted that receptor mobility in a 3D environ-
ment can be significantly different from what is observed in 
a 2D tissue culture models (Serrels et al., 2009). Depletion of 
N-WASP or loss of the MT1-MMP cytoplasmic tail increased 
the mobility of the receptor two- to threefold and caused a 
concomitant reduction of invasive migration and matrix re-
modeling capacity. We did not observe a direct interaction 
between N-WASP and MT1-MMP by coimmunoprecipitation 
(unpublished data), but rather we found that the cytoplasmic 
tail of MT1-MMP contained a filamentous actin-binding se-
quence that regulated MT1-MMP mobility in pseudopodia. 
Loss of this sequence ablated actin interaction and invasive 
matrix remodeling while increasing MT1-MMP mobility in 
the invasive pseudopod. Restoration using an actin-binding 
motif from ezrin rescued the stabilization of MT1-MMP and 
degradative capacity of cells.

Recently, a mechanism for recruitment of MT1-MMP to a 
new form of degradative focal adhesions has been proposed that is 
dependent on a p130Cas–FAK complex through interaction with 
the MT1-MMP cytoplasmic tail (Wang and McNiven, 2012). How-
ever, in this study, disruption of the MT1–MMP–p130Cas–FAK 
complex function solely impaired MT1-MMP–mediated degrada-
tion at focal adhesions, but not invadopodia, which suggests that a 
different machinery might be responsible for targeting MT1-MMP 
to invadopodia-like structures, at least in 2D. In contrast, other 
laboratories have reported p130Cas and FAK, as well as vinculin 
and paxillin, at invadopodia sites (Alexander et al., 2008; Branch  
et al., 2012), and shown that p130Cas and FAK are mechano-
sensitive proteins involved in invadopodia maturation and re-
sponsiveness to myosin-II activity. FAK has also been identified 
as a negative regulator of invadopodia in MTLn3 breast cancer 
cells (Chan et al., 2009), where focal adhesions and invadopodia 
may compete for the same tyrosine phosphorylated proteins. In our 
CIA, where cells contacted both Matrigel and a glass substratum, 
we observed that the majority of small puncta contacting matrix in 
invasive pseudopods also contained FAK and vinculin (Fig. S3). 
This suggests that in our 3D experimental conditions, hybrid struc-
tures form, which have elements of both focal adhesions and in-
vadopodia. Clearly, various cell types have different requirements 
for vinculin, FAK, and p130Cas and invadopodia for invasion and 
invadopodia assembly. Evidence indicates that hybrid focal adhe-
sion/invadopodia structures involving these molecules can drive 
invasive behavior in 3D and that sometimes seemingly contradict-
ing results (Alexander et al., 2008; Chan et al., 2009; Wang and 
McNiven, 2012) about the role of focal adhesion molecules in  
invasion probably reflect the complexity of the system and the 

N-WASP–depleted cells to normal, which indicates that mi-
gration through Matrigel was not likely hindered by a loss of 
the ability of N-WASP–depleted cells to generate a gradient of 
the growth factor components found in Matrigel. Finally, when 
we mixed N-WASP–depleted cells 50:50 with normal NT 
controls, this rescued invasion into thick gels, and N-WASP– 
depleted cells rarely participated as “leader cells” in the in-
vasion chains (Fig. 4). Thus, we conclude that N-WASP con-
tributes to the formation of elongated protrusions rich in actin 
cytoskeletal components (F-actin, cortactin, and Arp2/3 com-
plex), and that these protrusions are required to overcome the 
physical barrier to cell translocation provided by ECM.

The main morphological defects of N-WASP–depleted 
cells migrating in 3D included blunted pseudopods, loss of  
actin-rich punctae, and reduced numbers of MT1-MMP vesicles in 
leading pseudopodia. MT1-MMP has previously been implicated 
as a Rab8 vesicle cargo (Bravo-Cordero et al., 2007). Although we 
saw overlap of MT1-MMP with the Rab8 compartment, the over-
whelming majority of MT1-MMP vesicular structures that we saw 
were Rab7 positive. This agrees with a previous study also show-
ing colocalization of MT1-MMP with a VAMP7-positive compart-
ment (Steffen et al., 2008). Although it may seem surprising that 
MT1-MMP largely recycles from a Rab7-positive LE, it is becom-
ing increasingly apparent that invasive cancer cells recycle several 
receptors, including integrins, from this compartment. We recently 
demonstrated that 51 integrin traffics to the plasma membrane 
from a Rab7- and WASH-positive compartment to promote inva-
sion (Zech et al., 2011), that Rab25 and CLIC3 promote the 
recycling of 51 integrin from the late endosomal/lysosomal 
compartment, and that this has implications for pancreatic cancer 
metastasis and poor prognosis (Dozynkiewicz et al., 2012). It is 
thus emerging that trafficking from the LE compartment of both 
integrins and MT1-MMP is an important driver of invasive migra-
tion. Taking advantage of a PA-mCherry-MT1-MMP probe, we 
have shown that MT1-MMP traffics to the nearby plasma mem-
brane from Rab7 containing LE/LY. Ideally, we would have liked 
to focus here on delivery to specific actin puncta in pseudopods, 
but the PA-mCherry-MT1-MMP probe was not bright enough to 
visualize specific delivery to pseudopod tips. Thus it remains for 
the future to determine how N-WASP affects polarized vesicle de-
livery into invasive pseudopods and whether these vesicles dock 
specifically at actin hotspots or whether the MT1-MMP is later 
captured at these sites.

N-WASP–depleted cells degraded quantitatively less 
collagen or native peritoneal BM than control cells in mul-
tiple assays (Fig. 5). Surprisingly though, N-WASP depletion 
did not affect the overall expression of MT1-MMP, its sur-
face expression level, proteolytic processing, or the rate of 
internalization or recycling. Rather, depletion of N-WASP led 
to loss of prominent clustered actin-rich hotspots in invasive 
pseudopodia during 3D invasion and to increased mobility 
of the major collagenase MT1-MMP in the plasma mem-
brane. Although MT1-MMP is generally localized in internal 

Alexa Fluor 488–conjugated gelatin (green). The percentage of cells showing matrix degradation was quantified after 3 h incubation. At least 30 cells of 
each expressing construct were imaged for quantification from three independent experiments. Bar, 10 µm.
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were obtained from the American Type Culture Collection and grown 
in complete DME supplemented with 10% FBS and 2 mM l-glutamine. 
Cells were grown in a humidified incubator with 5% CO2 at 37°C. 
DNA plasmids and siRNA were transfected using the Amaxa “Nucleo-
fector” system (Solution V, Program X-013; Lonza), according to the 
manufacturer’s instructions.

Antibodies and reagents
We diluted antibodies 1:1,000 for Western blotting and 1:200 for im-
munofluorescence. Antibodies were obtained from the following sources: 
Altas (Sigma-Aldrich), rabbit polyclonal anti–N-WASP (HPA005750); 
Millipore, mouse monoclonal anti-cortactin (4F11), rabbit polyclonal anti-
p34-Arc (ARPC2), and mouse monoclonal anti-MT1-MMP (MAB3328); 
BD, rabbit polyclonal anti-Rab7; Ambion, monoclonal mouse anti-GAPDH; 
Santa Cruz Biotechnology, Inc., polyclonal rabbit anti-EGFR; Invitrogen, 
rhodamine phalloidin, anti–mouse IgG, anti–rabbit IgG Alexa Fluor anti
body, and DQ collagen; Jackson ImmunoResearch Laboratories, HRP– 
conjugated secondary antibodies; GenScript, >90% purity biotinylated 
MT1-MMP cytoplasmic tail peptides. The human issue microarray was ob-
tained from Biomax (catalog no. Z7020004).

Immunoblotting
Cells processed for Western blotting were lysed in RIPA buffer (50 mM 
Tris-HCl, 150 mM NaCl, 1% NP-40, and 0.25% sodium deoxycholate) 
with protease inhibitor cocktail (Thermo Fisher Scientific). After SDS-PAGE 
and transfer to polyvinylidene fluoride membranes (GE Healthcare), ECL 
chemiluminescence detection kits (Thermo Fisher Scientific) were used to 
detect proteins of interest according to the manufacturer’s instructions and 
with appropriate HRP-conjugated secondary antibody (1:10,000 dilution). 
Western blot images were recorded and processed using GeneSnap soft-
ware and Bio-imaging system (Syngene). Western blots are representative 
of at least three repeats showing typical levels of knockdown. Quantifica-
tion of Western blots was done using ImageJ to outline the bands on the 
blots and measure the pixel density.

Constructs and siRNAs
The plasmid containing mCherry-MT1-MMP was a gift from P. Chavrier (In-
stitute Curie, Paris, France). GFP-Rab4 was a gift from G. Gould (University 
of Glasgow, Scotland, UK). GFP-Rab7 and GFP-CD151 were obtained 
from Addgene and GFP-LAMP1 was obtained from Origene. GFP-Lifeact 
and RFP-Lifeact were gifts from R. Wedlich-Soldner (AG Cellular Dynamics 

large number of factors that impact on whether a cell can migrate 
efficiently or degrade matrix.

The short cytoplasmic tail of MT1-MMP (20 aa) has pre
viously been shown to directly interact with the µ2 subunit of the 
clathrin adaptor complex AP2 via a dileucine motif LL572. How-
ever, interfering with internalization of MT1-MMP using aptamer 
peptides did not inhibit invasive migration (Wickramasinghe 
et al., 2010). Our data strongly suggest that N-WASP does not 
significantly regulate the overall levels or endocytic trafficking 
of MT1-MMP (Fig. S2) but rather controls the spatial organiza-
tion and proper positioning of MT1-MMP with respect to active 
actin-based protrusions. We provide evidence that coupling to the 
actin cytoskeleton makes MT1-MMP more effective at degrading 
matrix at contact sites, and this is supported by previous observa-
tions of invadopodia-like structures forming specifically at places 
where invading cells encounter barriers to migration (Wolf et al., 
2007; Wolf and Friedl, 2009). This is also supported by Hoshino 
et al. (2012), who used FRAP experiments and observed slower 
mobility of MT1-MMP at invadopodia than at other regions of 
the plasma membrane. We propose a model whereby N-WASP 
generates actin networks in invasive pseudopodia, where MT1-
MMP is handed over from cargo vesicles (Fig. 9) to actin-rich 
regions of pseudopodia generated by N-WASP. Once MT1-MMP 
is resident in invading pseudopodia, it is then specifically stabi-
lized by actin networks to make degradation more effective for 
coupling with invasion (Fig. 9).

Materials and methods
Cell culture and transfection
All reagents used for cell culture were purchased from Invitrogen un-
less otherwise indicated. MDA-MB-231 breast adenocarcinoma cells 

Figure 9.  Model of how N-WASP, MT1-MMP, and F-actin coordinate to function during cell invasion in 3D matrices. N-WASP localizes to and concen-
trates at the front of invading pseudopods, where it polymerizes F-actin (green) to form actin-rich hotspots that also contain cortactin and Arp2/3 complex. 
MT1-MMP (red) was delivered via LE/lysosomal trafficking to the plasma membrane, where it is captured and anchored by F-actin. MT1-MMP becomes 
enriched at degradation sites by interacting with actin patches.
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scanner unit and a modulated 60-mW 488-nm laser (Deepstar; Omicron) as a 
light source, which, in combination with the modulated intensifier from the LIFA 
system, allows measurement of fluorescence lifetimes using frequency domain. 
Lifetime images were acquired using the standard 488-nm filter set integrated 
in the spinning disk scan head. Standard halogen illumination in combination 
with filter blocks for GFP (470/40×, T495LP, 525/50M) or RFP (560/40×, 
585LP, 632/60M) were used to check the samples for expression of the probes. 
Erythrosine was used as reference standard with a known lifetime of 0.086 ns.  
Donor (D) lifetime, , was analyzed using the FLIM software (version 1.2.1; 
Lambert Instruments).

Time-lapse microscopy with modified CIA
For the CIA method, “wounds” were created by placing a silicon self-stick 
cellular stopper (Thermo Fisher Scientific) in the center of a 35-mm glass bot-
tom dish (Ibidi) before seeding 6 × 105 MDA-MB-231 cells. After 16 h, 5 mg/ml 
of Matrigel diluted in PBS was overlaid onto the “wounded” cell monolayer 
to create a matrix barrier against the cellular surface and allowed to polym-
erize for 2 h before adding growth medium on the top of the set Matrigel. 
The wounded monolayer, with overlaid Matrigel and DME (Invitrogen), 
supplemented with 10% FBS and 1% glutamine, was then imaged with a 
time-lapse microscope (TE 2000; Nikon) with a Plan-Fluor 10× objective lens 
(Nikon). The cells were incubated in a humidified atmosphere of 5% CO2 at 
37°C for 24 h or longer for real-time imaging with a charge-coupled device 
camera (CoolSnap HQ2; Photometrics) equipped with an PFS (Perfect Focus 
System) device before fixation and immunofluorescence. The imaged cells 
were tracked using ImageJ plugin Manual Tracking, and the tracking results 
were analyzed using the ImageJ plugin Chemotaxis Tool to calculate cell 
speed and persistence. Persistence was calculated as the ratio between the 
Euclidean distance and the total distance traveled, with a value of 1 equal to 
a cell traveling in a straight line. This quantification was done in least three 
independent experiments for each assay.

Type-I collagen film degradation assay
A collagen film assay was performed as described in a previous study, 
with modifications (Sabeh et al., 2004). In brief, 200 µl FITC conjugated 
type I collagen (Sigma-Aldrich) was distributed evenly on glass-bottom  
microwell dishes (14-mm microwell; MatTek) and allowed to dry for 2–3 h 
to form a uniform collagen film. 5 × 104 MDA-MB-231 cells were seeded 
to the collagen film and incubated for 48 h. Cells then were fixed and 
labeled with rhodamine phalloidin and DAPI (Molecular Probes). Images 
were captured with a confocal microscope (Fluoview FV1000) fitted with 
a uPlan-SApochromat 60×/1.35 NA oil objective lens. The confocal micro-
scope was equipped with a PMT to capture images, and the acquisition 
software was FV10-ASW1.7.

Quantitative 3D collagen degradation assay
A 3D collagen degradation assay was performed as described previously, 
with modifications (Wolf and Friedl, 2009). In brief, CHL-1 cells treated with 
NT, N-WASP, MT1-MMP siRNA, or 5 µM GM6001 MMP inhibitor were em-
bedded into collagen I lattices (BD) containing DQ-FITC–labeled type I colla-
gen monomers (2%; Molecular Probes). After 40 h of culture, solid-phase 
collagen including cells was pelleted, and the supernatant containing re-
leased FITC-collagen fragments was analyzed spectrofluorimetrically (Quan-
taMasterTM 40 spectrofluorometer; Photon Technology International). The 
degradation of fibrillar collagen for each sample was calculated as fluores-
cence released from DQ-FITC–labeled type I collagen monomers subtracted 
by background fluorescence, which was calculated by pelleting nondigested 
cell-free collagen lattices. Quantification of degradation was done in at least 
three independent experiments in duplicate for each assay.

Quantification of cell length/width ratio
To measure cell length/width ratio (Fig. 3 B), at least 30 confocal im-
ages of cells stained with rhodamine phalloidin and DAPI were cap-
tured. To obtain the length of cells, we drew a line from rear point of the 
main cell body passing the center of nucleus to the tip of the longest 
pseudopod, which was defined as the cell length. For the cell width, we 
drew a line passing the center of the nucleus that crosses the widest 
point of cell main body. The ratio of length/width reflects cell morphol-
ogy in CIA. This quantification was done in at least three independent 
experiments for each assay.

Invadopodia gelatin degradation assay
Invadopodia gelatin degradation assays were performed as described 
previously (Artym et al., 2006). In brief, coverslips were acid-washed and 
coated with 50 µg/ml poly-l-lysine for 15 min, washed with PBS, and cross-
linked with 0.5% glutaraldehyde for 15 min. The coverslips were then inverted 

and Cell Patterning, Max Planck Institute of Biochemistry, Martinsried, Ger-
many; Riedl et al., 2008). The PA-mCherry vector was a gift from  
V. Verkhusha (Department of Anatomy and Structural Biology and Gruss-
Lipper Biophotonics Center, Albert Einstein College of Medicine, New 
York, NY; Subach et al., 2009). mCherry was replaced with PA-mCherry 
in the previously described mCherry-MT1-MMP construct (Steffen et al., 
2008). Primers to generate the MT1-MMPCT and ezrin actin-binding do-
main fusion constructs from MT1-MMP are 5-CTTGCAGTCTTCTTCTTC-3 
and 5-CTTGCAGTCTTCTTCATCCACAACGAGAAC-3, respectively. N-WASP 
siRNA oligo #1 was from QIAGEN, the target sequence is 5-CAGATAC-
GACAGGGTATCCAA-3; N-WASP siRNA oligo #2 was obtained from 
Thermo Fisher Scientific, the target sequence is 5-TAGAGAGGGTGCT-
CAGCTAAA-3. N-WASP shRNA was from Open Biosystems clone ID 
V2HS_244163. NT control siRNA and ON-TARGETplus SMARTpool 
siRNA targeting MT1-MMP were purchased from Thermo Fisher Scientific. 
Oligos targeting the noncoding sequence of MT1-MMP were obtained 
from QIAGEN, and the target sequences are MT1-MMP siRNA oligo #1, 
5-GACAGCGGTCTAGGAATTCAA-3; and MT1-MMP siRNA oligo #4, 
5-CACAAGGACTTTGCCTCTGAA-3.
Histochemistry staining and scoring of TMA
The weighted histoscore is calculated using the following formula: (0 × 
percentage of negative staining) + (1 × percentage of weak staining) +  
(2 × percentage of moderate staining) + (3 × percentage of strong stain-
ing). This gives a value between 0 and 300. This value represents the 
staining intensity of each core of TMA (Kirkegaard et al., 2006).

Confocal live cell imaging
MDA-MB-231 cells transfected with mCherry-MT1-MMP together with GFP-
Lifeact, GFP-Rab7, GFP-CD151, GFP-LAMP1, or GFP-Rab4 were set up for 
CIA supplied with DME (supplemented with 10% FBS and 1% glutamine). 
Cells were imaged with an inverted confocal microscope (Fluoview FV1000; 
Olympus) equipped with a uPlan-SApochromat 60×/1.35 NA oil objective 
lens in an atmosphere of 5% CO2 at 37°C. The images were collected with 
a photomultiplier tube (PMT) in place, using the acquisition software FV10-
ASW1.7. The images were captured every 10 s for 30, 50, or 90 frames in 
multiple experiments. FRAP analysis of cells in CIA was performed using the 
same microscope with pixel resolution 512 × 512 and 2% power of 488 nm 
and 561 nm laser power. Effective photobleaching of mCherry was achieved 
using 70% of 405 nm laser power, 10 µs/pixel dwell time, and a 300-ms 
bleach time. Images were captured every 2 s for 30 frames.

Invasion assays
Inverted invasion assays were performed as described previously (Hennigan 
et al., 1994). In brief, Matrigel (BD) was diluted with PBS to 5 mg/ml and po-
lymerized in transwell inserts (Corning) at 37°C for at least 1 h. Inserts were 
then inverted, and 5 × 104 cells were seeded directly onto the outside surface 
of the filter. For experiments with GFP- and RFP-expressing cells, RFP-labeled 
cells were depleted with N-WASP using siRNA oligos. 2.5 × 104 cells of each 
fluorescent cells were thoroughly mixed and applied to the filter. Serum-free 
medium was finally added to transwell inserts, and medium supplemented 
with 10% FBS and 25 ng/ml EGF was added atop the Matrigel. Invading cells 
were stained with Calcein-AM (Invitrogen) for 1 h at 72–96 h after seeding. 
Cells failing to cross the filter were removed with tissue, and confocal micros-
copy was used to visualize cells that crossed through the filter. Serial optical 
sections were captured at 10- or 15-µm intervals using an inverted confocal 
microscope (Fluoview FV1000) fitted with a uPlan-SApochromat 60×/1.35 
NA oil objective lens. The confocal microscope was equipped with PMT, and 
the acquisition software was FV10-ASW1.7. The obtained images were ana-
lyzed and reconstructed with Volocity software. We measured the fluorescence 
intensity for each section using the ImageJ plugin Area Calculator. For experi-
ments with GFP- and RFP-expressing cells, the fluorescence intensity of GFP 
and RFP channels were quantified and added up for each section to obtain the 
fluorescence intensity. Finally, the relative index of invasion was calculated as 
the fluorescence intensity of cells that had invaded beyond 30 µm versus the 
total fluorescence intensity of all cells captured in the sections imaged. At least 
three independent experiments were performed using duplicate samples. For 
immunofluorescence imaging, samples were fixed in 4% formaldehyde for 
30 min, followed by washing and permeabilization with 0.1% Triton X-100 
for 30 min. Samples were then washed and stained with rhodamine phalloidin 
and DAPI overnight at 4°C and subsequently washed three times with PBS.

Fluorescence resonance energy transfer detection by FLIM analysis
MD-MB-231 cells were prepared for CIA as mentioned but incubated in 
20 mM Hepes-containing medium. Fluorescence resonance energy transfer was 
detected with a LIFA System (Lambert Instruments) on an inverted microscope 
(Eclipse TE 2000-U; Nikon) equipped with a Yokogawa CSU 22 confocal 
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for 1 h at room temperature. Suspensions were pelleted for 1 h at 
100,000 g 4°C in a Beckman table-top ultracentrifuge. Pellets and su-
pernatants were brought to a volume of 100 µl with NuPAGE samples 
buffer, and 10 µl were run on a 4–12% NuPAGE gel.

Steady-state fluorescence anisotropy experiments
The steady-state fluorescence anisotropy measurements were performed 
with a Jobin Yvon (HORIBA) spectrofluorometer equipped with a thermo-
stable cuvette holder. The experiments were performed at pH 8.0 in a buf-
fer containing 2 mM Tris/HCl, 0.2 mM ATP, 0.005% NaN3, 0.5 mM 
2-mercaptoethanol, 100 mM KCl, and 2 mM CaCl2 (buffer F). The excita-
tion wavelength for 5-({2-[(iodoacetyl)amino]ethyl}amino)naphthalene-1-
sulfonic acid (IAEDANS) was 350 nm, and the fluorescence anisotropy of 
the IAEDANS was recorded at 490 nm. The optical slits were set to 5 nm 
in both the excitation and emission side. Actin was labeled with IAEDANS 
fluorescent probes on Cys374 (Visegrády et al., 2004). The labeling ratio 
(the probe concentration vs. actin concentration) for IAEDANS was 0.9.

We have used a quadratic equation to fit the binding data and cal-
culate the Kd: [PL]/[P] = (([P] + [L] + Kd) – (([P] + [L] + Kd)2 – 4 × [P] ×  
[L])0.5)/2 × [L], where [PL] is the concentration of the peptide bound to actin, [L] 
is the total concentration of the peptide, which is varied, [P] is the total concen-
tration of actin, and [PL]/[P] is the fraction of ligand bound to receptor.

Online supplemental material
Fig. S1 shows that depletion of N-WASP does not affect cell migration 
on a 2D rigid surface, and also shows representative knockdowns of  
N-WASP and normal migration parameters when cells are on a rigid 2D 
surface. Fig. S2 shows that depletion of N-WASP has no effects on MT1-MMP 
levels, endocytosis, or recycling rates. Also shown are Western blots 
of MT1-MMP levels and the results of endocytosis and recycling assays 
using biotinylated surface labeling of MT1-MMP. Fig. S3 shows that 
the focal adhesion proteins vinculin and FAK partially colocalize with 
invadopodia-like structures in CIA. The figure also shows cells migrating 
in the CIA and morphology of focal adhesions and invadopodia-like 
structures. Fig. S4 shows that MT1-MMP colocalizes to LE/LY but not 
EE compartments. The figure also shows still images from movies of 
MT1-MMP colocalizing with late endocytic but not early endocytic com-
partments, and shows preferential localization of MT1-MMP–containing 
vesicles to the leading half of cells migrating in CIA. Fig. S5 shows 
MT1-MMP cytoplasmic tail mutant expression and the effect on cell inva-
sion in CIA and mobility in FRAP. The figure also shows a Western blot 
of expression levels of MT1-MMP and mutants in cells depleted of en-
dogenous MT1-MMP but rescued with mutants. Also shown is the lack of 
rescue of invasion in CIA when MT1-MMP knockdown is replaced with 
LLY/AAA mutant and various control FRAP experiments of MT1-MMP in 
pseudopodia of cells invading in CIA. Video 1 shows 3D reconstruction 
of MDA-MB-231 cells invading into Matrigel in 3D invasion assay, cor-
responding to Fig. 2 B. Video 2 shows a 3D reconstruction of N-WASP 
knockdown MDA-MB-231 cells invading into Matrigel in a 3D invasion 
assay corresponding to Fig. 2 B. Video 3 shows migration of cells invad-
ing in CIA with control and N-WASP knockdown, corresponding to stills 
in Fig. 3 A. Video 4 shows invasive migration of cells in CIA in various 
concentrations of Matrigel, corresponding to Fig. 3 B. Video 5 shows 
colocalization of mCherry-MT1-MMP with GFP-Rab7 corresponding to 
stills shown in Fig. S4 A. Video 6 shows photoactivated MT1-MMP traf-
ficking from a Rab7-positive LE to the plasma-membrane, corresponding 
to still images in Fig. 6 D. Video 7 shows mCherry-MT1-MMP vesicles 
trafficking into invading pseudopods in NT cells while invading in CIA, 
but not in N-WASP knockdown cells, and corresponds to stills shown in 
Fig. S4 B. Online supplemental material is available at http://www.jcb 
.org/cgi/content/full/jcb.201203025/DC1.
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on an 80-µl drop of 1 mg/ml Alexa Fluor 488–conjugated gelatin (Invitro-
gen) for 10 min. After washing with PBS, the coverslips were then quenched 
with 5 mg/ml sodium borohydride for 3 min followed by another washing 
with PBS. Finally coverslips were sterilized with 70% ethanol for 5 min and 
incubated in complete growth medium for 1 h before use. To assess the 
ability of cells to form invadopodia, cells were cultured on cross-linked fluor
escent conjugated matrix for 3 h. The percentage of cells showing degra-
dation was quantified and shown in a bar graph.

BM degradation and transmigration assay
Peritoneal BM was prepared as previously described (Witz et al., 2001; 
Hotary et al., 2006). In brief, the peritoneal BM was isolated by stripping 
the overlying mesothelial cells from C57BL/6 mouse mesentery using 1 N 
ammonium hydroxide and mounting the isolated mesentery on 6.5-mm di-
ameter Transwells (BD). After washing with PBS, 5 × 104 MDA-MB-231 
cells were seeded on the top of the BMs in DME supplemented with 10% 
FBS. 1 ml of medium was placed in the lower chambers. After 3 d of cul-
ture, the samples were fixed in 4% formaldehyde and stained for collagen IV 
on both sides. BM and cells were visualized with an inverted confocal 
microscope fitted with a uPlan-SApochromat 60×/1.35 NA oil objective 
lens (Fluoview FV1000; Olympus). The confocal microscope was equipped 
with a PMT to capture images, and the acquisition software was FV10-
ASW1.7. To quantify remaining collagen IV staining, z-stack images of  
10 BM areas were collected from the top of the BM to the bottom. The ex-
tended focus projection images of z stacks were used to analyze the total 
staining of collagen IV. Quantification was done in at least three indepen-
dent experiments in duplicate for each assay.

Cell surface biotinylation and MT1-MMP trafficking assays
Cell surface proteins were biotinylated by incubating the cells with 0.5 mg/ml 
sulfo-NHS-SS-biotin (Pierce) as described previously (Le et al., 1999). 
Cleared cell lysate containing 400 µg of total protein from each sample 
was incubated with NeutrAvidin Agarose Resin (Thermo Fischer Scientific) 
to pull down biotinylated proteins. The samples were then analyzed by im-
munoblotting for MT1-MMP or EGFR. Three independent experiments 
have been performed on three occasions.

MT1-MMP internalization and recycling assays were performed as 
described previously for integrins (Roberts et al., 2001), with the follow-
ing modifications: monoclonal mouse anti–MT1-MMP (MAB3328) was 
used to coat the ELISA plates at 5 µg/ml at 4C° overnight. MDA-MB-
231 cells were not serum-starved; receptor internalization conditions for 
recycling were 30 min at 37°C; 10 µg/ml collagen was added to the 
cells during the internalization and recycling periods. In brief, cells were 
cooled on ice with ice-cold PBS and labeled with 0.2 mg/ml NHS-SS-
biotin (Pierce) for 30 min on a rocker at 4°C. Labeled cells were washed 
two times with cold PBS on ice and transferred to 37°C medium in the 
presence (for internalization experiments only) or absence of 0.6 µM  
primaquine for the indicated times. Medium was aspirated and the cells 
were rapidly cooled down on ice with the addition of ice-cold PBS. 
Remaining cell surface biotin was removed with 20 mM MesNa in 50 mM 
Tris, pH 8.6, and 100 mM NaCl for 15 min on a rocker at 4°C. The 
reaction was quenched with 20 mM iodoacetamide for 10 min, and, 
subsequently, cells were lysed and centrifuged, and 50 µl of postnuclear 
supernatant was plated on the prepared antibody-coated 96-well plated 
and incubated overnight at 4°C.

F-actin sedimentation assay
Rabbit muscle actin was purified as described previously (Spudich 
and Watt, 1971; Machesky and Hall, 1997). In brief, muscle acetone 
powder was extracted in 20 ml G buffer (2 mM Tris, pH 8, 0.2 mM 
ATP, 0.5 mM DTT, and 0.2 mM CaCl2) per gram of acetone powder 
on ice for 30 min. This was sedimented for 30 min at 30,000 g at 
2°C, and the extraction step followed by centrifugation was repeated. 
The combined supernatants were made up to 50 mM KCl and 2 mM 
MgCl2, and the solution was stirred at room temperature for 30 min 
and then on ice for 30 min. Finally, the solution was brought up to  
0.8 M KCl and stirred for a further 30 min on ice before sedimentation 
at 100,000 g for 2 h at 4°C. The pellets were resuspended in G buffer  
with Dounce homogenization and dialyzed for 2 d into G buffer, then 
sedimented for 2 h at 100,000 g to pellet the oligomers. The top two 
thirds of the supernatant was removed and used as G-actin. MT1-MMP  
cytoplasmic tail peptides were solubilized in G buffer at 2 µg/µl. Cyto
plasmic tail peptides (final concentration, 25 µm) in G buffer were 
mixed with the indicated concentrations of G-actin, brought to a final 
concentration of 0.1 KCl to allow F-actin polymerization, and incubated  
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