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ABSTRACT Directional mesenchymal cell invasion in vivo is understood to be a stimulated 
event and to be regulated by cytokines, chemokines, and types of extracellular matrix (ECM). 
Instead, by focusing on the cellular response to ECM stiffness, we found that soft ECM (low 
stiffness) itself is sufficient to prevent stable cell-to-cell adherens junction formation, up-
regulate matrix metalloproteinase (MMP) secretion, promote MMP activity, and induce inva-
dosome-like protrusion (ILP) formation. Consistently, similar ILP formation was also detected 
in a three-dimensional directional invasion assay in soft matrix. Primary human fibroblasts 
spontaneously form ILPs in a very narrow range of ECM stiffness (0.1–0.4 kPa), and such ILP 
formation is Src family kinase dependent. In contrast, spontaneous ILP formation in malig-
nant cancer cells and fibrosarcoma cells occurs across a much wider range of ECM stiffness, 
and these tumor cell ILPs are also more prominent at lower stiffness. These findings suggest 
that ECM softness is a natural stimulator for cellular invasiveness.

INTRODUCTION
Individual cell invasion falls into two categories: mesenchymal inva-
sion and amoeboid invasion. The former requires proteolytic activity 
toward extracellular matrix (ECM), and the latter does not (Wolf 
et al., 2007; Lammermann and Sixt, 2009; Friedl and Alexander, 
2011). Cell invasion can be stimulated by various types of cytokines, 
chemokines, and ECM. Without stimulation, basal cell invasion in a 

three-dimensional (3D) matrix is determined by the cellular response 
to the matrix ligand type, density, geometry, and stiffness (Nelson 
et al., 2006; Wolf and Friedl, 2011). To simplify and dissect basal 
invasion, here we focus on how cell invasion is regulated selectively 
by substrate stiffness under conditions in which the ECM type and 
ligand density are constant.

Amoeboid invasion uses Rac-dependent filapodia or Rho-domi-
nated blebbing to help cells penetrate, stretch, and squeeze through 
the ECM to reach a distal docking ligand so as to pull the trailing cell 
body forward (Friedl et al., 2001; Lorentzen et al., 2011; Poincloux 
et al., 2011). For amoeboid cell invasion, the ECM has to be either 
porous enough for a cell to squeeze in or “soft” enough for a cell to 
penetrate through. However, it is largely unknown how ECM stiff-
ness/softness regulates mesenchymal-type cell invasion.

RESULTS
Soft matrix prevents stable cell-to-cell adherens 
junction formation
Cells can respond to the stiffness of their surrounding matrices 
(Discher et al., 2005). A simplified model of two-dimensional (2D) 
cell culture has been developed to investigate the cell response to 
ECM stiffness without changing ECM ligand type, density, or geom-
etry (Pelham and Wang, 1997; Liu et al., 2010; Myers et al., 2011). 
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MMPs, but also membrane-type MMPs contribute to the ECM deg-
radation during the early stage of cell adhesion to the soft ECM.

Soft matrix induces invadosome-like protrusion formation
Next we examined cell morphology to determine whether changes 
consistent with cell invasion were influenced by ECM stiffness. We 
stained F-actin in human primary fibroblasts at 4 h of cell adhesion 
to the ECM substrates of varying stiffness, ranging from gigapascals 
on glass down to 0.1 kPa. Strikingly, for all cells cultured on the ECM 
substrates with stiffness >6.4 kPa, F-actin morphology was similar to 
that of the classic long F-actin stress fibers in normal primary fibro-
blasts traditionally cultured on glass or plastic tissue culture plates 
(Gu et al., 2011). Of interest, by reducing stiffness to 0.4 kPa, the fi-
broblasts formed fewer, shorter, and thinner F-actin fibers. Remark-
ably, at 0.2 kPa, these cells lost almost all short F-actin fibers. In-
stead, F-actins formed large and condensed clusters in these cells 
(Figure 4A). Such dramatic cytoskeletal morphology changes drew 
our attention to costaining the major membrane-type MMP-14 in 
these cells together with F-actin and cell-to-matrix adhesion mole-
cule integrin β1. In all cells cultured at 6.4-kPa and higher stiffness, 
integrin β1 clustered at the tips of F-actin stress fibers to form classic 
focal adhesions as seen in fibroblasts cultured on glass or plastic tis-
sue culture plates (Gu et al., 2011). MMP-14 showed the expected 
pattern of intracellular clusters at the perinuclear endocytic-recycling 
compartment (Williams and Coppolino, 2011). MMP-14 did not 
show a strong fluorescence signal at the cell surface, as it was evenly 
distributed on the cell surface, and the weak homogeneous fluores-
cence signal was subtracted by the confocal microscope offset set-
tings. Of interest, cells on gels of 0.4-kPa stiffness formed much 
smaller integrin β1 focal adhesions on the tips of fewer, shorter, and 
thinner F-actin fibers, whereas MMP-14 morphology did not dra-
matically change in comparison to cells on gels of 6.4-kPa stiffness. 
In contrast, for cells on gels of 0.2-kPa stiffness, MMP-14 formed 
large clusters on the cell surface and colocalized with the F-actin 
clusters in these cells. Meanwhile, cell surface integrin β1 localized in 
small clusters in and around these large MMP-14– and F-actin–posi-
tive clusters (Figure 4B). This morphology, including MMP-14, F-ac-
tin, and integrin β1, is similar to the newly defined cell invasion struc-
tures called invadosomes (invadopodia and podosomes) that are 
found in highly invasive cells (Buccione et al., 2004; Linder, 2009). 
Note that these previously reported examples of invadosomes were 
observed in traditional in vitro cell culture conditions on plastic or 
glass. Invadosomes usually have a round actin core and situate be-
hind the plasma membrane borderline from an xy view on traditional 
2D culture surfaces. In comparison, the clusters we found on the gels 
of 0.2-kPa stiffness situate at the tip of the plasma membrane. They 
stretch outward and have shapes more like the filopodium-like pro-
trusions (FLPs) found in invasive cancer cells in 3D cultures (Shibue 
et al., 2012). However, due to limited characterization of recently 
reported FLPs and lack of information regarding MMP-14 clustering 
in FLP structures, here we term these clusters on gels of 0.2-kPa stiff-
ness as invadosome-like protrusions (ILPs; Carman, 2009).

Zoom-in and 3D confocal microscopy showed such MMP-14 and 
F-actin clusters in cells on gels of 0.2-kPa stiffness displayed colum-
nar structures on the z-axis that are perpendicular to the stiffness gel 
surface (Figure 4C). These MMP-14 clusters were confirmed to be on 
the cell surface by staining the MMP-14 extracellular hinge region 
domain without membrane permeabilization (Figure 4D). Mean-
while, another invadosome marker protein, cortactin, colocalized 
perfectly with MMP-14 and F-actin at these structures (Figure 5A). 
Further, in situ invadosome zymography assays showed ECM degra-
dation at these structures in cells on gels of 0.2-kPa stiffness, whereas 

By using such cell culture systems, we fine-tuned ECM stiffness from 
the gigapascal range of glass and plastic, traditional in vitro cell cul-
ture, down to 0.1 kPa. The basal stiffness of soft tissues such as 
lymph node, liver, and lung ranges from ∼0.1 to ∼20 kPa (Discher 
et al., 2005; Hinz, 2007; Janmey and McCulloch, 2007). Similar to 
cells cultured on glass and plastic, primary human fibroblasts cul-
tured for 24 h on the ECM substrates with stiffness >6.4 kPa display 
classic fibroblast morphology, with mesenchymal cadherin-11 clus-
tering in adherens junctions (AJs; Valencia et al., 2004; Lee et al., 
2007), as well as long actin stress fibers (Gu et al., 2011). Strikingly, 
fibroblasts grown on gels of 0.2-kPa stiffness lost both AJs and well-
organized long actin stress fibers, regardless of cell density (Figure 
1A and Supplemental Figure S1A). The loss of AJ formation on gels 
of 0.2-kPa stiffness was further confirmed by staining the p120 
catenin, an AJ structural component protein (Figure 1B). The total 
amount of cadherin and catenin proteins in these cells on substrates 
with varying stiffness remained stable (Figure 1C). To initiate indi-
vidual cell invasion, cells in tissue must break adhesion interactions 
with neighboring cells (Friedl and Alexander, 2011). Such loss of 
cell-to-cell adhesion suggests a cell migration/invasion phenotype.

Soft matrix up-regulates matrix metalloproteinase secretion 
and promotes matrix metalloproteinase activity
Matrix metalloproteinases (MMPs) are critical proteinases in ECM 
degradation and include two major subfamilies of secreted MMPs 
(MMP-2, -3, etc.) and integral membrane MMPs (MMP-14 [MT1-
MMP], -15, etc.; Kessenbrock et al., 2010). For all types of MMPs 
that were measured, increased ECM stiffness significantly inhibited 
MMP secretion from these cells (Figure 2A). Previous studies re-
ported that increased ECM stiffness significantly promotes primary 
cell proliferation (Wang et al., 2000; Liu et al., 2010). Thus, by nor-
malizing to total cell numbers at 48 h after cell seeding, the relative 
amount of MMPs secreted per cell were even lower on stiffer sub-
strates (Figure 2B). Further, the total MMP activities of these se-
creted MMPs also were higher on softer substrates and lower on 
stiffer substrates (Figure 2C). Of interest, we also detected small dif-
ferences of MMP secretion on substrates with varying stiffness as 
early as 4 h after cell seeding (Supplemental Figure S1B), suggest-
ing that cells begin responding to stiffness during their initial adhe-
sion to ECM. To determine whether MMP secretion correlated with 
actual ECM degradation, we used an MMP ECM degradation func-
tional assay using DQ collagens that were evenly cross-linked to 
substrates with varying stiffness. DQ collagens have no fluorescence 
in their intact form but emit strong fluorescence upon degradation 
by MMPs or other proteinases. Using this sensitive assay, we noted 
a substantial DQ collagen degradation difference as early as 4 h af-
ter cell seeding onto substrates of varying stiffness. Maximal DQ 
collagen degradation by cells was detected on the gels of 0.2-kPa 
stiffness, intermediate degradation was noted on the gels of 25.6-
kPa stiffness, but only minimal DQ collagen degradation was de-
tected on glass (Figure 3A). Fluorescence intensity quantitation 
shows DQ collagen degradation per cell on gels of 0.2-kPa stiffness 
was nearly fivefold that on 25.6-kPa gels and more than eightfold 
that on glass (Figure 3B). Tissue inhibitor of metalloproteinase-1 
(TIMP-1) preferentially inhibits secreted MMPs, as well as MT4-MMP 
and MT6-MMP, but not other membrane-type MMPs, such as MMP-
14 (MT1-MMP). In contrast, TIMP-2 and batimastat inhibit both se-
creted and membrane-type MMPs (Nagase et al., 2006; Sabeh 
et al., 2009). In our DQ collagen assay, both TIMP-2 and batimastat 
significantly inhibited DQ collagen degradation by cells on the gels 
of 0.2-kPa stiffness. TIMP-1 partially inhibited such degradation 
(Figure 3, A and B). These results suggest that not only secreted 
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secreted MMPs, which is consistent with our previous findings 
(Supplemental Figure S1B). A 3D-to-2D xz-axis maximum projection 
showed these ILPs formed on gels of 0.2-kPa stiffness invaded into 

cells on gels of 6.4-kPa stiffness did not form such structure to de-
grade ECM (Figure 5B, top). The ECM degradation at the center of 
these cells on gels of 0.2-kPa stiffness was most likely performed by 

FIGURE 1: ECM softness prevents AJ formation. (A) Primary human fibroblasts (3 × 104 cells per well) were seeded onto 
gels of varying stiffness in 12-well plates and cultured for 24 h. Cell surface cadherin-11 was live stained by monoclonal 
anti–cadherin-11 (3H10) antibody for 1 h at room temperature, followed by fixation and secondary antibody staining. 
Plasma membranes were then permeabilized, and intracellular F-actins were stained by phalloidin. Cell nuclei were 
stained by DRAQ5. Arrows point to cadherin-11 adherens junctions. Scale bar, 100 μm. (B) Primary human fibroblasts 
(3 × 104 cells per well) were seeded onto gels of varying stiffness in 12-well plates and cultured for 24 h. Cells were then 
fixed, and cell membranes were permeabilized. p120 catenin was stained by monoclonal anti–p120 catenin antibody. 
Arrows point to p120 catenin–positive adherens junctions. Scale bar, 50 μm. (C) Primary human fibroblasts were cultured 
as in A, and total cell lysates were subject to SDS–PAGE and Western blot for cadherin-11, p120-catenin, α-catenin, and 
β-catenin. β-Actin as protein loading control.
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ing ILPs as early as 1 h after cell seeding, and ILP formation peaked 
at 4 h. After that, some fibroblasts started to lose ILPs over time and 
displayed a long, linear cell shape (Supplemental Figure S2, A and 
B). Thus spontaneous ILP formation in these normal primary fibro-
blasts is induced by matrix softness during the initial stage of cell 
adhesion to ECM. The loss of ILPs over time occurs possibly be-
cause fibroblasts can remodel ECM and change the surrounding 
ECM properties, including stiffness over time (see later discussion of 
Figure 9B; Jodele et al., 2006; Neilson, 2006).

Soft matrix–induced ILP formation is Src family 
kinase dependent
Src is a nonreceptor tyrosine kinase that associates with integrins 
and focal adhesion kinase (FAK) to regulate cell adhesion (Zachary 
and Rozengurt, 1992; Parsons and Parsons, 1997). Previously inva-
dosome formation in fibroblasts cultured on stiff surfaces such as 
glass was only studied in Src-transformed fibroblasts. Further, Src 
has been reported to regulate invadosome formation in many other 
cell types (Hauck et al., 2002; Bharti et al., 2007). Of interest, recent 
studies suggest that not only Src, but also Src family kinases (SFKs), 
are invadosome-formation regulators (Ayala et al., 2008; Enomoto 
et al., 2009). Thus we quantitated SFK activity over time during ILP 

the fluorescent ECM on top of the stiffness gels underneath (Figure 
5B, bottom). All these characteristics of such MMP-14– containing 
structures in cells on gels of 0.2-kPa stiffness fulfilled the criteria for 
ILPs (Buccione et al., 2004; Carman, 2009; Linder, 2009). These find-
ings led us to propose that soft ECM itself is sufficient to induce 
spontaneous ILP formation in primary human fibroblasts. Indeed, fi-
broblasts have long been defined as mesenchymal invasive cells 
(Bhowmick et al., 2004; Gaggioli et al., 2007). However, previously 
invadosomes were reported in macrophages, cancer cells, and Src-
transformed fibroblast cell lines but not in normal primary fibroblasts 
(Mizutani et al., 2002; Bharti et al., 2007). These data now reveal that 
normal primary fibroblasts can spontaneously form ILPs on soft ECM 
but not on stiff surfaces such as glass or plastic tissue culture plates. 
As a control, we switched from collagen-coated stiffness gels to fi-
bronectin-coated stiffness gels and also saw similar ILP formation on 
these soft matrices (Supplemental Figure S1C). These results sug-
gest that such ILP formation is particularly stiffness but not matrix 
type dependent. Of interest, serum in the media is essential for ILP 
formation on gels of 0.2-kPa stiffness regardless of whether they are 
collagen or fibronectin coated (unpublished data).

Next we determined the time frame of ILP formation on gels of 
0.2-kPa stiffness. About 30% of the primary fibroblasts began form-

FIGURE 2: ECM softness upregulates MMP secretion and promotes MMP activity. (A) Primary human fibroblasts 
(2 × 104 cells per well) were seeded onto gels of varying stiffness in 12-well plates and cultured for 48 h. Cell culture 
medium from each condition was collected and subject to the RayBio Human MMP Array to determine the total 
secreted MMP protein quantity in each medium. (B) Three independent experiments (n = 3, ±SD) as in A were 
performed and quantified. Note that proliferation rates vary on gels of different stiffness . Total MMP quantities were 
normalized to total cell numbers on gels of varying stiffness at 48 h. Student’s t test was used for the comparison of 
each mean with the mean of MMP protein quantity of the same MMP type on 0.2-kPa gels. *p < 0.05 considered 
significant. (C) Cell culture conditioned media were collected as in A, and the total MMP activity in each medium was 
measured and quantified (n = 3, ±SD) and normalized to cell number. Student’s t test was used for the comparison of 
each mean with the mean of “0.1 kPa.” *p < 0.05 considered significant.
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SFK inhibition only partially blocked focal 
adhesion formation and cell spreading in 
cells on gels of 6.4-kPa stiffness (Figure 6, C 
and D, and Supplemental Figure S2C), since 
SFK also regulates integrin focal adhesion 
formation (Zachary and Rozengurt, 1992; 
Parsons and Parsons, 1997).

Further phosphokinase antibody array 
analyses revealed that Pyk2 and SFKs, in-
cluding Src, Fyn, Hck, Lyn, and Yes but not 
Lck or Fgr, were significantly activated at the 
4-h time point of cell adhesions on gels of 
0.2-kPa stiffness (Supplemental Figure S3A), 
which is the time point at which ILP forma-
tion peaked on such soft gels (Supplemen-
tal Figure S2, A and B). In comparison, these 
SFKs were less activated at the same time 
point of cell adhesion onto the stiffer matri-
ces of 25.6-kPa gels or glass (Supplemental 
Figure S3A). It will be important to under-
stand the roles of SFK regulators such as 
RPTPalpha (Jiang et al., 1999) and CSK 
(Nada et al., 1991; Superti-Furga et al., 
1993) and SFK downstream effectors such 
as Grb2 (Yamaguchi et al., 2005; Murphy 
and Courtneidge, 2011), Tks4 (Buschman 
et al., 2009; Gianni et al., 2009), and Tks5 
(Diaz et al., 2009) during such ILP formation 
on soft matrix.

Of interest, when ILP formation peaked 
on gels of 0.2 kPa stiffness (4-h time point 
of cell adhesions), paxillin but not FAK was 
significantly activated (Supplemental Figure 
S3B), which is consistent with previous find-
ings that paxillin is phosphorylated during 
invadopodia formation (Badowski et al., 
2008) and FAK depletion actually switches 
focal adhesion formation to invadopodia 
formation (Chan et al., 2009). We also de-
tected that Akt, MEK 1/2, ERK 1/2, p38α, 
and JNK proteins were significantly phos-
phorylated at the time point at which these 
ILP formation peaked on gels of 0.2-kPa 
stiffness (4-h time point of cell adhesions; 
Supplemental Figure S3, C and D). These 
signaling pathway results are consistent 
with previous findings on the invadopodia 
formation signaling pathway (Schwartz 
et al., 1995; Duong et al., 1998; Furmaniak-
Kazmierczak et al., 2007; Gil-Henn et al., 
2007; Magalhaes et al., 2011; Yamaguchi 

et al., 2011; Pignatelli et al., 2012) and further support that on gels 
of 0.2-kPa stiffness, these cell surface adhesion structures contain-
ing colocalized MMP-14, cortactins, and actins are ILPs (Figures 4 
and 5).

Primary fibroblasts form ILPs in a narrow range of ECM 
stiffness, but ILP formation in malignant cells occurs 
across a wide range of ECM stiffness
To determine whether ECM softness induced spontaneous ILP for-
mation is general for primary cells of various tissues, we compared 
normal human fibroblasts from synovium, skin (Hs27), and lung (LL 

formation in normal primary fibroblasts on substrates with varying 
stiffness by using an anti–phospho-Src (pY418) antibody that recog-
nizes all activated SFKs (Oneyama et al., 2008; Enomoto et al., 2009). 
Strikingly, SFK phosphorylation was turned on early, maintained, and 
raised during cell adhesion on soft (0.2-kPa stiffness) gels. However, 
on gels of 25.6-kPa stiffness, although SFK phosphorylation was 
turned on early, it gradually decreased over time. On the rigid glass 
surface, SFK phosphorylation was only weakly and transiently turned 
on during cell adhesion (Figure 6, A and B). Specific SFK inhibition 
by SU6656 or Dasatinib significantly blocked ILP formation and cell 
spreading in primary fibroblasts on gels of 0.2-kPa stiffness. Such 

FIGURE 3: ECM softness stimulates matrix degradation. (A) DQ collagens were cross-linked 
onto gels of varying stiffness. Primary human fibroblasts (2 × 104 cells per well) were seeded 
onto gels of varying stiffness in 12-well plates and cultured for 4 h with or without MMP 
inhibitors. Cell nuclei were stained by DRAQ5. Green fluorescence indicated cleaved DQ 
collagen. Scale bar, 100 μm. (B) Five independent experiments (n = 5, ±SD) as in A were 
performed, and the fluorescence intensities of DQ collagens in these images were measured, 
quantified, and normalized to number of cells. Student’s t test was used for the comparison of 
each mean with the mean of “No inhibitor 0.2 kPa.” *p < 0.05 considered significant.
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of these cells can invade regardless of ECM stiffness, which is con-
sistent with previous findings that some cancer cell lines can form 
invadosomes on gels of very rigid stiffness (Parekh et al., 2011).

Similar ILP formation is detected in cells cultured 
in soft 3D matrices
Finally, we were interested in whether we could find the ILPs that we 
observed on soft 2D stiffness gels during real-time cell invasion in 
soft 3D matrices. We developed a directional cell invasion assay in 
which we could use four-dimensional (4D; three space dimensions 
plus time) confocal live-cell imaging to trace real-time cell invasion 
in 3D matrices (Supplemental Figure S5). During 16-h directional 
cell invasion in this assay, these human primary fibroblasts invaded 
300 μm in distance (Figure 9A and Supplemental Video S1). During 
this invasion through the 3D soft matrix, high-magnification, small-
pinhole confocal microscopy detected that every single primary fi-
broblast formed several invasive protrusions that looked similar to 

24), normal human endothelial cells (HUV-VE-C), two examples of 
invasive human breast cancer cells (MDA-MB-231 and BT549), and 
two examples of invasive human fibrosarcoma cells (HS 93.T and 
HS913T). For all cells tested, the number of cells forming ILPs de-
creased when ECM stiffness increased. Thus ECM softness induces 
spontaneous ILP formation in all cell types. However, for all normal 
human fibroblasts and endothelial cells, spontaneous ILP formation 
was restricted to a very narrow range of ECM stiffness, 0.1–0.4 kPa. 
In contrast, for all malignant cancer cells and fibrosarcoma cells, 
spontaneous ILP formation occurred over a much wider range of 
ECM stiffness. For example, ∼30% of the MDA-MB-231 breast can-
cer cells still spontaneously formed ILPs on glass (Figures 7, A and 
B, and 8, A and B, and Supplemental Figure S4, A and B). These 
results suggest that, for normal fibroblasts or endothelial cells, a 
slight decrease of ECM stiffness of tissue can induce their invasion, 
whereas a slight increase of ECM stiffness can quickly shut down 
their invasion. However, for cancer cells or fibrosarcoma cells, many 

FIGURE 4: ECM softness induces spontaneous ILP formation. (A–C) Primary human fibroblasts were seeded onto gels 
of varying stiffness and cultured for 4 h. Cells were then fixed, and cell membranes were permeabilized for 
immunofluorescence (IF) staining. MMP-14 and integrin β1 were stained by primary antibodies, followed by fluorescent 
secondary antibodies. F-actin was stained by phalloidin–Alexa 647. All 2D images were projected from relevant confocal 
3D stacks by the maximum projection method. Scale bar, 100 μm; in zoom panels, 10 μm. Arrows point to ILPs. 
(A) F-actin was stained by phalloidin–Alexa 647 and was defined as green color. (C) Top, zoom views of ILPs. Bottom, 
z-axis orthogonal views of ILPs showing their classic columnar shapes. The z-axis distances are 5× exaggerated. The 
vertical line defines the orthogonal view position. (D) Primary human fibroblasts were seeded onto gels of varying 
stiffness and cultured for 4 h. Cells were then fixed, but with no cell membrane permeabilization before IF staining. 
MMP-14 was stained by a primary antibody that specifically recognizes the MMP-14 extracellular hinge region domain. 
Cell nuclei were stained by DRAQ5. All 2D images were projected from relevant confocal 3D stacks by the maximum 
projection method. Scale bar, 100 μm.
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FIGURE 5: ECM softness induces spontaneous ILP formation. (A) Cells were prepared as in Figure 4B. MMP-14 and 
cortactin were stained by primary antibodies and followed by fluorescent secondary antibodies. F-actin was stained by 
phalloidin–Alexa 647. All 2D images were projected from relevant confocal 3D stacks by maximum projection method. 
Scale bar, 100 μm; in zoom panels, 10 μm. Arrows point to ILPs. (B) Gelatin–Oregon 488 was cross-linked to stiffness 
gels before cell seeding. Black areas represent degraded gelatins. Arrows point to ILPs.
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optimal matrix stiffness–regulated 3D mesenchymal cell invasion 
may represent the intersection of the stiffness cell-matrix “proteoly-
sis” curve and the stiffness cell-matrix “adhesion” curve (Figure 9D). 
According to our findings in stiffness-regulated ILP formation, the 
stiffness cell-matrix proteolysis curves of normal cells are distinct 
from those of malignant cells (Figure 8B).

We showed, for the first time, that normal cells can spontane-
ously form ILPs in response to a very narrow range of soft ECM stiff-
ness, suggesting that normal cells are largely kept quiescent from 
invasion by surrounding tissue stiffness. Even a modest reduction in 
normal soft tissue stiffness could prompt enhanced matrix invasion. 
Thus, when the surrounding tissue stiffness decreases, quiescent 
normal cells (such as fibroblasts and endothelial cells) may be acti-
vated for invasion. For example, during the early stages of wound 
healing, the decrease of matrix density and stiffness due to injury 
and/or fluid infiltration readily encourages fibroblast local invasion 
into the wounded site until a point at which physiologically appro-
priate matrix density and stiffness are rebuilt.

In contrast, malignant cells can form ILPs across a wide range of 
ECM stiffness. Some cancer cells can even form ILPs on superhard 
surfaces such as glass or plastic, suggesting that they are intrinsically 
invasion active and can overcome the surrounding tissue stiffness 
inhibition of cell invasion (Parekh et al., 2011). However, both the 

the ILPs that we observed on soft 2D stiffness gels (Figure 9B vs. 
Figures 4 and 5). Of interest, we also found that these fibroblasts 
largely remodeled their surrounding matrices during 3D invasion 
(Figure 9B, gelatin panels), which is similar to a previous finding that 
fibroblasts make tunnels in 3D soft matrix during invasion (Gaggioli 
et al., 2007).

DISCUSSION
We found that soft ECM 1) prevents stable cell-to-cell adherens 
junction formation, 2) up-regulates MMP secretion, 3) promotes 
MMP activity, and 4) induces ILP formation (Figure 9C). These find-
ings suggest that ECM softness itself is sufficient to promote cellular 
invasiveness even without additional stimulation from cytokines or 
chemokines in vivo. However, 3D mesenchymal cell invasion is a 
complicated process of 2D cell migration (focal adhesion–based 
cell-to-matrix attachments, etc.) plus cell-matrix proteolysis (invado-
some formation and MMP secretion, etc.; Wolf et al., 2007; Wolf 
and Friedl, 2011). Other laboratories report that stiffer substrate ac-
tually promotes focal adhesion–based 2D cell migration (Zaman 
et al., 2006; Levental et al., 2009; Liu et al., 2010; Pathak and Kumar, 
2012). Our results indicate that increased matrix stiffness is nega-
tively correlated with cell-matrix proteolysis while being positively 
correlated with cell-matrix adhesion. Thus we hypothesize that the 

FIGURE 6: ECM softness–induced ILP formation is SFK dependent. (A) Primary human fibroblasts were seeded onto 
gels of varying stiffness and cultured for the hours indicated. Total cell lysates were subject to SDS–PAGE and Western 
blot for phospho-SFK (Y419 on c-Src). The anti–phospho-Src (pY419) antibody recognizes all activated SFKs. Total c-Src 
as protein loading control. (B) Three independent experiments (n = 3, ±SD) as in A were performed, and phospho-SFK 
Western blot band intensities were quantified. Student’s t test was used for the comparison of each mean with the 
mean of SFK phosphorylation at 1 h on 0.2-kPa gels. *p < 0.05 considered significant. (C) Primary human fibroblasts 
were seeded onto gels of varying stiffness and cultured for 4 h with or without SFK inhibitors. Top, arrowheads point to 
cells unable to form ILPs upon SFK inhibition on gels of 0.2-kPa stiffness. Bottom, arrows point to cells unable to form 
stress fibers upon SFK inhibition on gels of 6.4-kPa stiffness. Scale bar, 100 μm. (D) Three independent experiments 
(n = 3, ±SD) as in C and Supplemental Figure S2C were performed, and the percentage of cells forming ILPs on gels of 
0.2-kPa stiffness was quantified. In each experiment, 200 cells in total were counted. Student’s t test was used for the 
comparison of each mean with the mean of “No src inhibitor.” *p < 0.05 considered significant.
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FIGURE 7: ECM softness differentially induces spontaneous ILP formation in primary cells, 
cancer cells, fibrosarcoma cells, and so on. Primary human fibroblasts (A) and MDA-MB-231 
human breast cancer cells (B) were seeded onto gels of varying stiffness and cultured for 4 h. 
Invadosome marker proteins MMP-14 and cortactin were stained by primary antibodies and 
followed by fluorescent secondary antibodies. Arrowheads point to cells forming ILPs. Scale bar, 
100 μm (A), 50 μm (B). Continues

normal and malignant cells studied here always formed more ILPs 
on soft substrates than on stiff substrates. These findings suggest 
that normal human primary fibroblasts and some cancer cells favor 
“softness” rather than stiffness for directional invasion, although, 
given the great heterogeneity of cancer cells, other cancer cells 
might favor “stiffness” for invasion (Alexander et al., 2008). Solid 

tumors are believed to be stiffer than their 
surrounding soft tissues (Huang and Ingber, 
2005; Ng and Brugge, 2009). Hence our 
findings suggest that surrounding tissue 
softness might be a natural stimulator for 
tumor cell invasion out of their “stiffer” pri-
mary locations.

Together these findings reveal the strik-
ing effects of soft matrix on adherens junc-
tions, MMPs, and ILPs, which all contribute 
to cell invasion.

MATERIALS AND METHODS
Cell culture
Primary human fibroblasts were recovered 
from human synovial tissues that were ob-
tained after synovectomy or joint replace-
ment surgery performed at Brigham and 
Women’s Hospital (Boston, MA). Fibroblasts 
were released from synovial tissue by minc-
ing, followed by collagenase digestion, pu-
rified by serial passage as previously de-
scribed (Agarwal et al., 2008), and used in 
experiments between passages 5 and 10. 
Hs27 human skin fibroblasts, LL 24 human 
lung fibroblasts, HUV-EC-C human umbili-
cal vein endothelial cells, MDA-MB-231 
human breast cancer cells, BT549 human 
breast cancer cells, HS 93.T human fibrosar-
coma cells, and HS 913T human fibrosar-
coma cells were purchased from the 
American Type Culture Collection 
(Manassas, VA). All cells were cultured in 
DMEM, supplemented with 10% fetal 
bovine serum (FBS; Hyclone, Logan, UT), 
l-glutamine, penicillin/streptomycin, 2-mer-
captoethanol, and essential and nones-
sential amino acids at 37°C under 10% CO2 
unless otherwise indicated. HUV-EC-C 
human umbilical vein endothelial cells 
were cultured in ATCC-formulated F-12K 
medium, supplemented with 10% FBS 
(Hyclone), 0.1 mg/ml heparin (Sigma-Aldrich, 
St. Louis, MO), 0.03–0.05 mg/ml endothelial 
cell growth supplement (Sigma-Aldrich), and 
l-glutamine, penicillin/streptomycin at 37°C 
under 5% CO2. Cell culture reagents were 
purchased from Invitrogen (Carlsbad, CA) 
unless otherwise indicated.

Reagents
TIMP1, TIMP2, and batimastat were from 
Sigma-Aldrich. Rabbit anti-MMP14 (hinge 
region) and mouse anti–integrin β1 anti-
bodies were from Abcam (Cambridge, MA). 
Mouse anti-cortactin antibody was from 

Millipore (Billerica, MA). Rabbit anti–p-c-Src (Tyr-419) antibody and 
Src family kinase inhibitors Dasatinib and SU6656 were from Santa 
Cruz Biotechnology (Santa Cruz, CA). DQ collagen, Oregon Green 
488–conjugated gelatin, mouse anti–cadherin-11, mouse anti–α-
catenin, and mouse anti–β-catenin antibodies, Alexa Fluor–conju-
gated anti-mouse, anti-rat, and anti-rabbit secondary antibodies, 
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slips (Fisher Scientific, Pittsburgh, PA) were 
treated with a 1% solution of 3-(trimethox-
ysilyl)propyl methacrylate (Sigma-Aldrich) 
in acetone for 30 min, followed by a brief 
wash in methanol, and were then com-
pletely dried. Gel solutions (100 μl/gel) 
containing 0.075% ammonium persulfate, 
0.15% tetramethylethylenediamine, and 
variable ratios of acrylamide/bisacrylam-
ide (Bio-Rad, Hercules, CA) were delivered 
onto the silanized coverslips. Another 
piece of untreated glass coverslip was 
placed on top of the gel solution to sand-
wich the polymerizing gel solutions be-
tween the two glass surfaces. After gel 
polymerization, the untreated glass cover-
slip on top was removed, and the gel with 
the bottom silanized coverslip was loaded 
into 12-well plates. Gel surface was de-
rivatized with heterobifunctional cross-
linker Sulfo-SANPAH (Fisher Scientific; 
Pelham and Wang, 1997). Monomeric col-
lagen (PureCol; Advanced BioMatrix, 
Poway, CA), DQ collagen (Invitrogen), or 
Fibronectin (Invitrogen) diluted in phos-
phate-buffered saline (PBS) at 0.1 mg/ml 
was delivered to each well and incubated 
for 4 h at room temperature. Default coat-
ing for all experiments is PureCol unless 
noted otherwise. The well plate was rinsed 
in PBS and ultraviolet sterilized before cell 
seeding.

Total MMP quantity assay and total 
MMP activity assay
Total MMP protein quantity in cell culture 
conditioned media was determined and 
quantified by the RayBio Human MMP Array 
1 (AAH-MMP-1–8; RayBiotech, Norcross, 
GA) according to manufacturer’s instruc-
tions. Total MMP activity in cell culture con-
ditioned media was determined using the 
Mca-PLGL-Dpa-AR-NH2 fluorogenic pep-
tide substrate (ES001; R&D Systems) ac-
cording to manufacturer’s instructions. A 75-
μl amount of conditioned medium was 
transferred to a single well of a 96-well plate 
containing 25 μl of 20 μM substrate and in-
cubated for 30 min. Fluorescence was mea-
sured at excitation 320 nm and emission 
420 nm, and background fluorescence 
(blank media) was subtracted for quantifica-

tion. Activated recombinant human MMP-2 (902-MP; R&D Systems) 
was used as positive control.

Immunofluorescence microscopy and 3D directional 
invasion assay
For immunofluorescence staining, cells cultured on stiffness gels 
were fixed in 4% paraformaldehyde (Electron Microscopy Sciences, 
Hatfield, PA) for 15 min. For intracellular protein staining, cells were 
permeabilized with 0.3% Triton X-100 (Thermo Fisher Scientific, 
Rockford, IL) for 10 min. Permeabilized cells were labeled with 

and Alexa Fluor–conjugated phalloidin were from Invitrogen. 
Mouse anti–p120-catenin antibody was from BD Biosciences (San 
Jose, CA). Mouse anti–cadherin-11 (3H10) was previously raised in 
this laboratory (Valencia et al., 2004). DRAQ5 was from Cell Signal-
ing (Danvers, MA). Human phosphokinase antibody array was from 
R&D Systems (Minneapolis, MN).

Stiffness gel preparation
Stiffness gels were prepared as previously described with slight 
modifications (Liu et al., 2010). Briefly, round 18-mm glass cover-

  Continued
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primary antibodies for 1 h at room temperature or 
16 h at 4°C, followed by secondary antibody label-
ing for 1 h, and mounted on slides with FluorSave 
Reagent (Calbiochem, San Diego, CA). Immuno-
fluorescence images were captured on a Nikon 
TE2000-U inverted microscope equipped with 
Nikon C1 confocal system controlled by Nikon EZ-
C1 software, using a Nikon Plan Apo 60×/1.40 oil 
objective or a Nikon Plan Apo 20×/0.75 objective 
(Nikon, Melville, NY). The 3D confocal microscopy 
was performed by scanning multiple confocal layers 
along the z-axis. For 4D time-lapse confocal live-
cell imaging experiments, cells were live stained by 
DiI (Invitrogen, Carlsbad, CA) and then seeded in 
35-mm glass-bottomed Petri dishes (World Preci-
sion Instruments, Sarasota, FL) with a Matrigel dam 
(Supplemental Figure S2f). These dishes were 
mounted onto the confocal microscope with a heat-
ing chamber at 37°C and superfused with 10% CO2. 
The 4D confocal microscopy was performed by 3D 
confocal microscopy scanning over time. Fluores-
cence 3D or 4D image reconstruction and protein 
colocalization analysis were performed in Meta-
Morph Imaging software, version 7.6.1.0 (Universal 
Imaging, Chesterfield, PA).

SDS–PAGE and Western blotting
For SDS–PAGE experiments, cells were lysed at 4°C 
in a cell lysis buffer of the following composition: 1% 
Triton X-100, 50 mM 4-(2-hydroxyethyl)-1-pipera-
zineethanesulfonic acid, 150 mM NaCl, 5 mM EDTA, 
5 mM ethylene glycol tetraacetic acid, 20 mM NaF, 
20 mM sodium pyrophosphate, 1 mM phenylmethyl-
sulfonyl fluoride, and 1 mM Na3VO4; pH 7.4. DC pro-
tein assays (Bio-Rad Laboratories, Hercules, CA) 
were performed on cell lysate samples. Equal 
amounts of protein from each sample were run on 
each lane of SDS–PAGE gels. After gel electrophore-
sis, proteins were transferred to a polyvinylidene 
fluoride membrane for Western blotting analysis. 
Proteins on the membranes were labeled with pri-
mary antibodies overnight at 4°C, then labeled by 
peroxidase-conjugated secondary antibodies and 
visualized by enhanced chemiluminescence detec-
tion reagents (Thermo Fisher Scientific). β-Actin was 
blotted as protein loading control.

Statistics
Numerical data are presented as means ± SD. Stu-
dent’s t test was used for the comparison of two 
means (*p < 0.05 considered significant).

FIGURE 8: ECM softness differentially induces 
spontaneous ILP formation in primary cells, cancer 
cells, fibrosarcoma cells, and so on. (A) HS 93.T human 
fibrosarcoma cells were prepared as in Figure 7. 
Arrowheads point to cells forming ILPs. Scale bar, 
100 μm. (B) Cells as indicated were seeded onto gels 
of varying stiffness and cultured for 4 h. Percentage 
of cells forming ILPs was quantified (n = 3, ±SD). In 
each experiment, 200 cells in total were counted.
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FIGURE 9: Similar ILP formation is detected in cells cultured in soft 3D matrices. (A) Primary human fibroblasts were live 
stained by DiI and then seeded into the 3D cell invasion assay as in Supplemental Figure S5. All 2D images were 
projected from relevant confocal 3D stacks by maximum projection method. Scale bar, 100 μm. Images were taken by a 
20× objective with large pinhole. (B) Cells invading as in A were imaged by a 63× objective with small pinhole. All 2D 
images were projected from relevant confocal 3D stacks by maximum projection method. Scale bar, 100 μm. Arrows 
point at ILPs. (C) Schematics of ECM softness–induced ILP formation. (D) Schematics of stiffness cell-matrix adhesion 
curve and stiffness cell-matrix proteolysis curve.
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