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Abstract Cell migration is a crucial event for physiolog-
ical processes, such as embryonic development and wound
healing, as well as for pathological processes, such as cancer
dissemination and metastasis formation. Cancer cell migra-
tion is a result of the concerted action of matrix metallo-
proteinases (MMPs), expressed by cancer cells to degrade
the surrounding matrix, and integrins, the transmembrane
receptors responsible for cell binding to matrix proteins.
While it is known that cell-microenvironment interactions are
essential for migration, the role of the physical state of such
interactions remains still unclear. In this study we investi-
gated human fibrosarcoma cell migration in two-dimensional
(2D) and three-dimensional (3D) fibronectin (FN) microen-
vironments. By using antibody blocking approach and cell-
binding site mutation, we determined that α5 β1-integrin is
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the main mediator of fibrosarcoma cell migration in 2D FN,
whereas in 3D fibrillar FN, the binding of α5 β1- and αv β3-
integrins is not necessary for cell movement in the fibrillar
network. Furthermore, while the general inhibition of MMPs
with GM6001 has no effect on cell migration in both 2D
and 3D FN matrices, we observed opposing effect after tar-
geted silencing of a membrane-bound MMP, namely MT1-
MMP. In 2D fibronectin, silencing of MT1-MMP results in
decreased migration speed and loss of directionality, whereas
in 3D FN matrices, cell migration speed is increased and
integrin-mediated signaling for actin dynamics is promoted.
Our results suggest that the fibrillar nature of the matrix gov-
erns the migratory behavior of fibrosarcoma cells. There-
fore, to hinder migration and dissemination of diseased cells,
matrix molecules should be directly targeted, rather than spe-
cific subtypes of receptors at the cell membrane.

Keywords Cell migration · Fibronectin matrix ·
MT1-MMP · Integrins · Tumor microenvironment

1 Introduction

The interaction of cancer cells with their local microenvi-
ronment is crucial for the onset of cell migration during
metastasis. The migration path results from the concerted
action of cell adhesion and extracellular proteolysis [1].
Hence, understanding how distinct properties of the extracel-
lular environment regulate cell migration locally may provide
means to develop specific therapeutic interventions. In this
context, extracellular proteases such as matrix metallopro-
teinases (MMPs) have been identified as significant regula-
tors of extracellular matrix (ECM) properties.

The family of MMPs comprises several multidomain zinc-
dependent endopeptidases, which exert proteolytic activi-

123

http://dx.doi.org/10.1007/s00466-013-0960-6


500 Comput Mech (2014) 53:499–510

ties and regulate tissue remodeling under physiological and
pathological conditions [2,3]. In particular, the cell sur-
face associated MT1-MMP has been identified as a key
player in tumor progression, since it promotes cell migra-
tion, invasion and metastasis [4]. Due to its ability to acti-
vate e.g. pro-MMP-2 and pro-MMP-13, MT1-MMP acts
as a pacemaker of proteolytic cascades [5,6]. Furthermore,
MT1-MMP cleaves several ECM proteins, such as collagen,
laminin, fibrin, vitronectin and fibronectin, as well as cell sur-
face receptors, such as CD44 and integrins, which mediate
cell adhesion to the ECM [7,8].

Integrins are heterodimeric transmembrane proteins that
bind to specific motifs of ECM proteins and regulate cell
migration, as well as adhesion-dependent functions, such as
differentiation, proliferation and survival [9]. Upon bind-
ing to the ECM, integrins initiate the assembly of large
protein complexes, named focal adhesions, where several
kinases (e.g. FAK, Src and p130Cas) are recruited, thereby
acting as signaling hubs [10]. Although expressed in cells
embedded in 3D environments, focal adhesion proteins are
not assembled in aggregates but are rather diffusely distrib-
uted in the cytoplasm. As such, it has recently been shown
that upon migration, cell speed and directionality are reg-
ulated by different focal adhesion proteins which act on
protrusion activity and matrix deformation in 3D systems,
whereas these processes are redundant in the control of cell
speed in 2D systems [11]. Furthermore, reports on block-
ing integrin interactions with their respective ligands and its
effect on cell migration suggest that integrin-dependent adhe-
sion is the main mode of cell-ECM fiber binding in cancer
cells [12,13].

Matrix degradation is considered as a prerequisite for
the migration and invasion of neoplastic cells in tissues and
MT1-MMP has been shown to be crucial for collagenolysis,
whereas secreted MMPs are not [14,15]. Matrix degradation
mediated by MT1-MMP takes place at focal adhesion sites
and is dependent on FAK-p130Cas complexes due to the
physical interaction between MT1-MMP and FAK [16]. In
collagen matrices cancer cells display a mesenchymal mode
of migration, where matrix is degraded by MT1-MMP activ-
ity and is dependent on the formation of β1-integrin-mediated
lamellipodial protrusions in the direction of motility [17,18].
At the leading edge, integrins and MT1-MMP localize at sites
of interactions with collagen fibers thereby orchestrating cell
traction and matrix degradation [17,18]. Whether these two
separate but interdependent processes are co-localized, is still
a matter of debate [17,19].

For tumor progression, the relevance of cell migration
within an ECM network has been highlighted in stud-
ies, which report on qualitative and quantitative differences
in migration between 2D and 3D environments [20,21].
Regarding the role of ECM proteins in modulating the inter-
actions between MT1-MMP and integrins, surfaces coated

with matrix proteins have been shown to differentially reg-
ulate the localization and activity of MT1-MMP, αv β3- and
β1-integrins [20]. Fibronectin, which serves as ligand for
αv β3- and α5 β1-integrins, is an ECM glycoprotein involved
in several physiological processes such as embryonic devel-
opment, cell migration, and vasculogenesis [22]. Upregula-
tion and increased assembly of fibronectin matrix might be
crucial for the regulation of architecture of the premetasta-
tic cancer cell niche [23,24]. In vitro studies using surfaces
coated with fibronectin indicated that protein degradation and
reduced stability in focal adhesion formation at the leading
edge are key events to trigger migration in invasive cancer
cells which express MT1-MMP [25,26].

The invasion of tumor cells in 3D matrix systems has been
described using two main model systems of the ECM, namely
reconstituted basement membranes or fibrillar networks of
type I collagen. However, the diversity of matrix molecules
and biomechanical properties encountered by cancers cells
in tissues is significantly different from the environments
currently mimicked by conventional in vitro approaches.
Recently, the physiological impact of MT1-MMP proteoly-
sis in the regulation of fibronectin matrix turnover and α5 β1-
integrin endocytosis in fibrillar matrices assembled by fibrob-
lasts has been investigated [27].

However, the functional mechanism, which underlies can-
cer cell sensing of the structural properties of fibronectin
matrices has not been determined yet. In particular, it is not
clear whether MT1-MMP in turn, contributes to integrin-
mediated tumor cell migration in 3D fibrillar fibronectin
matrices. In this work, we examine the function of inte-
grins and MMPs in human HT1080 fibrosarcoma cells using
blocking or inhibition approaches, and demonstrate that inte-
grin binding and MT1-MMP expression are essential for
cell migration in 2D fibronectin environment, but not in
3D fibrillar fibronectin matrix. Given these findings, we
address whether MT1-MMP is an important regulator of
integrin-mediated fibrosarcoma cell migration in 3D fibrillar
fibronectin matrices. Our results show that inhibition of MT1-
MMP activity has an opposite effect on integrin-mediated
signaling in cells cultured on 2D fibronectin or 3D fibrillar
fibronectin matrices, suggesting that in the latter, an amoe-
boid, rather than a mesenchymal mode of migration, is dom-
inant.

2 Materials and methods

2.1 Cell cultures

Stably transfected NIH3T3 fibroblasts expressing fluores-
cent fibronectin (FN) (kindly provided by T. Ohashi and
H.P. Erickson, Duke University, USA) were generated by
inserting a FN-YPet/Neo expression vector, as described in
Ohashi and Erickson [28]. Clones were selected with G418
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(0.7 mg/ml, Life Technologies) and screened for visible FN
matrix fibrils by fluorescence microscopy. Cells were main-
tained in culture in DMEM supplemented with 10 % fetal
calf serum (FCS).

FNRGE/RGE fibroblasts from mouse embryos, in which
functional RGD (Arg-Gly-Asp) motif in fibronectin is
mutated to RGE (Arg-Gly-Glu) were kindly provided by
R. Fässler (Max Planck Institute for Biochemistry, Martin-
sried, Germany). The generation of the knockin mice and
the establishment of the cell line were described in [29].
Cells were cultured in DMEM supplemented with 10 % fetal
bovine serum (FBS). Cells were adapted to grow in serum
replacement medium (DMEM /Aim-V Medium /RPMI1640/
non-essential amino acids; all from Life Technologies) and
then used for FN matrix assembly.

Human fibrosarcoma cells HT1080 (ATCC, CCL-121)
were maintained in DMEM supplemented with 1 % L-
glutamine, 1 % penicillin/streptomycin and 10 % FBS.

2.2 Preparation of fibronectin substrates

2.2.1 Fibronectin coated surfaces

Cellular fibronectin from human foreskin fibroblasts (Sigma-
Aldrich) was reconstituted in distilled sterile water at a con-
centration of 0.5 mg/ml. For surface coating, the solution
was diluted in sterile PBS at a concentration of 10μg/ml.
35 mm dishes or 8-well μ-slide chambers (Ibidi GmbH) were
then incubated with fibronectin solution at a concentration of
12μg/cm2. The samples were kept for 45 min at room tem-
perature (RT) and allowed to air dry.

2.2.2 Fibrillar fibronectin matrices

The procedure for the preparation of cell-derived fibrillar FN
matrices is depicted in Fig. 1. The dishes were coated with

2 % 3-aminopropyltriethoxysilane (Sigma-Aldrich) diluted
in ethanol for 15 min at RT. After rinsing, the surfaces
were incubated in a 2 % glutaraldehyde aqueous solution
(Sigma-Aldrich) for 30 min at RT. Surfaces were then
coated with fibronectin as described above. FN-YPet or
FNRGE/RGE fibroblasts were trypsinized with 0.25 % (w/v)
Trypsin/EDTA and plated on the surfaces at a density of
10,000 cells/cm2 until reaching confluence. Cell lysis and
matrix preservation were performed as described in Mao and
Schwarzbauer [30]. In brief, cells were washed once with a
buffer consisting of 100 mM Na2HPO4, 2 mM MgCl2, 2 mM
EGTA. After adding cell lysis buffer (8 mM Na2 HPO4,1 %
NP-40; pH 9.6), the samples were incubated at 37◦C for
10 min; the lysis buffer was then refreshed and samples were
incubated for 20 min at 37◦C.

The FN matrix was washed once with a buffer contain-
ing 300 mM KCl, 10 mM Na2 HPO4; pH 7.5, followed by
rinsing with water and PBS. Fresh matrices were prepared
for each set of experiments and their integrity was inspected
by fluorescence microscopy before and after lysis (Fig. 2).
For the visualization of the matrix produced by FNRGE/RGE

fibroblasts, fibronectin was immunostained. FN-RGE matri-
ces were blocked with 1 % (w/v) BSA/PBS for 30 min, and
incubated with anti-fibronectin antibody (Millipore) and then
Alexa Fluor 488 conjugated goat anti-rabbit IgG (Life Tech-
nologies).

2.3 Integrin blocking

HT1080 cells in culture were treated with cell dissociation
buffer (Life Technologies) for detachment. Then, 150,000
cells were resuspended in 50 μl serum-free DMEM contain-
ing 2 mg/ml BSA and 1:20 dilutions of primary antibod-
ies against αv β3- and α5 β1-integrins (Millipore). Cells were
incubated for 30 min on ice, centrifuged at 500 × g for 5 min
at 4◦C and plated onto either FN coatings or FN fibrillar
matrices for further analysis.

Fig. 1 Preparation of FN fibrillar matrices for studies on cancer cell
migration. a Globular FN is crosslinked to the surface. b Fibroblasts
are seeded on the substrate and c cultured until reaching confluence. d

upon formation of a FN fibrillar network, fibroblasts are then removed
by lysis. e HT1080 human fibrosarcoma cells are seeded on FN fibrillar
matrices
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Fig. 2 Imaging of fibrillar
fibronectin matrix. Fibronectin
matrices are prepared as
described in the text. A
representative matrix imaged by
epifluorescence microscopy is
shown before (a) and after (b)
cell lysis. Scale bar, 20 μm

2.4 MMP inhibition and MT1-MMP silencing

For general MMP inhibition, the broad-spectrum hydrox-
amate inhibitor of matrix metalloproteinases GM6001 and
its respective GM6001 control (both from Merck KgaA)
were added to the culture media to a final concentration of
10 μM. MT1-MMP gene expression was knocked down with
ON-TARGETplus Human MT1-MMP siRNA SMARTpool
(Thermo Fisher Scientific); the knocked down cells are indi-
cated as “siMT1-MMP” or siM. The non-targeting control is
indicated as “siControl” or siC. The siRNA-transfection was
performed with DharmaFECT transfection reagent (Thermo
Fisher Scientific) according to manufacturers’ instructions.

Cell contractility was inhibited by adding 50 μM of the
specific myosin II inhibitor Blebbistatin (Sigma) to the cul-
ture medium directly before starting the migration assays.

2.5 Microscopy and image analysis

Following detachment from the culture flask with an EDTA-
based dissociation buffer, HT1080 human fibrosarcoma cells
were suspended in Opti-MEM (Life Technologies) contain-
ing 10 μM of cytoplasmic dye (CellTrackerTM Red CMTPX,
Life Technologies) for 30 min at 37◦C. Cells were then pel-
leted, resuspended in culture medium and plated on the sur-
faces at a density of 25,000 cells/well for migration experi-
ments. Cells were monitored using an Olympus IX inverted
fluorescence microscope and an UPlanFL 20x/0.50 Ph1 or a
PlanApo 60x/1.40 oil objective (all Olympus Europa Hold-
ing GmbH) with a Delta Vision system (Applied Precision
Inc.). Time-lapse imaging was performed at 37◦C under a
5% CO2 atmosphere; images of at least three different fields
per sample were acquired every 10 min for 8 h.

2.6 Analysis of protein expression

Detection of proteins was performed by SDS-PAGE gel elec-
trophoresis and western blot analysis. Briefly, HT1080 cells

were seeded at a density of 120, 000 cells/cm2 either on FN
coating or on fibrillar FN matrix. Cells were lysed 1 hr after
plating on these substrates, in 1 % IGEPAL CA-630, 0.25 %
sodium deoxycholate, 667 mM EDTA, 100 mM PMSF,
200 mM Na3VO4, 50 mM Tris–HCl, 150 mM NaCl contain-
ing protease inhibitors (Complete Mini, Roche). Equal pro-
tein amounts were separated by SDS–PAGE and transferred
to a PVDF membrane. The membranes were then probed
with the primary antibodies overnight at 4◦C. After washing
and incubation with horseradish peroxidase-conjugated sec-
ondary antibodies (Santa Cruz), bands were detected using
the ECL Plus Detection Kit (GE Healthcare) and the Fujifilm
LAS-3000 System (Fuji Photo Film, Europe).

2.7 Analysis of cell migration speed and directional
persistence

The centroid position (x,y) of each migrating cell was calcu-
lated at each time step (10 min) for the entire duration of the
experiments using the particle analyzer of ImageJ software
[31]. For the analysis, cells were not considered if they (i) left
the image field, (ii) were dividing, (iii) formed clusters, (iv)
underwent apoptosis or (v) migrated in regions where matrix
was not present or very sparse. The distance that the centroid
of the cell moved (over each time step value in space) was
then used to calculate cell migration speed during the 8 h time
period. Migration speed data for each cell at all time points
were then compiled to obtain the mean cell migration speed
for the entire duration by dividing the contour length of the
trajectory by the duration between the end points.

Furthermore, the end-to-end distance and the directional
change (�) between consecutive steps were evaluated. Per-
sistence was defined by the ratio of the end-to-end dis-
tance and the contour length as described in [32]. In order
to estimate time dependent behavior, the trajectories were
grouped into 2 h-long segments, for which the end-to-end
distance, contour length and average velocity were also cal-
culated.
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2.8 Statistical analysis

Experiments were repeated three to five times and approxi-
mately 100 cells from three different observation fields for
each treatment group were analyzed. All statistical process-
ing and box-and-whisker plots were done using R, the sta-
tistical programming language. The polar histograms of step
directions and the histograms of average velocities were plot-
ted using Gnuplot. For the velocity and persistence box-and-
whisker plots, each box is defined by the 1st and 3rd quartile
of the data, the line in the box indicates the median. Whiskers
extend to the extreme of the data, or maximum to 1.5 times
the interquartile range of the box. The black squares indicate
the remaining data points, thus the outliers.

The angular persistence is presented using the normalized
histogram of the step angles (the angle between consecu-
tive steps), generated for 10 degree broad pockets (36 values
between −π–π ), plotted in a polar plot. The bars point in
the direction of the middle value of the histogram pockets,
and the length is proportional to the probability density at
that angle. The velocity histograms were produced calculat-
ing a histogram using 50 pockets between the minimum and
maximum of the data set. For better visibility, the histograms
were plotted as scatter plots and a line produced by a cubic
spline interpolation to guide the eye in Gnuplot (see support-
ing material Fig. S1).

To probe the similarities between the mean values of data
sets (velocities or angles), the Wilcoxon rank sum (or Mann-
Whitney-Wilcoxon) test was used. The null hypothesis was
that the means are equal (their difference is zero), and the
alternative hypothesis was that they differ with a non-zero
value. The p-values were calculated using a normal approx-
imation, for the data sets containing more than 50 elements.
The similarity of sample distributions were tested using the
two-sided Kolmogorov-Smirnov test. The null hypothesis is
that the two data sets are pulled from the same distribution
(one has a distribution not less and not greater than the other).
Exact p-values can not be calculated for data with ties, which
was the case for all of our samples, and asymptotic distribu-
tions were used.

3 Results and discussion

3.1 Tumor cell migration is increased in presence of
fibrillar fibronectin matrix and is dependent on the
RGD sequence in cell-binding domain

Since the nature of cell adhesive interactions with the extra-
cellular matrix (ECM) regulates migration, we first com-
pared the effects of 2D and 3D fibronectin (FN) environments
on human fibrosarcoma cell speed and directionality. Cells
adhering and migrating on surfaces coated with cellular FN

served as a 2D system (indicated as “FN coating”). This form
of FN is in a globular conformation, hence not preassembled
in fibers and it is adsorbed on the surface of the dish. Upon
adhesion, cells assemble it into fibrils via cytoskeletal reorga-
nization [33]. For the formation of 3D fibrillar FN matrices,
embryonic fibroblasts were maintained in culture for several
days to assemble the matrix (indicated as “FN matrix”) and
then lysed as described in materials and methods. Further-
more, to determine the specific involvement of the FN cell-
binding domain on tumor cell migration, fibroblasts, which
express a mutated cell-binding domain (RGE instead of RGD
sequence), were used to produce the fibrillar matrix (indi-
cated as “FN-RGE matrix”). Hence, while the assembly of a
fibrillar microstructure is maintained in this type of matrix,
its cell-adhesive properties are drastically reduced [29]. Cell
migration on these different FN environments was monitored
by time-lapse fluorescence microscopy (Fig. 3a, Video S1
and Video S2). To visualize and track the migrating cells, a
live cell labeling was used (Fig. 3a, in red) whereas the fib-
rillar FN matrix could be directly visualized by imaging the
YFP-fusion protein expression (Fig. 3a, in green). As shown
in the box-and-whisker plots (Fig. 3b), the migration speed of
fibrosarcoma cells on FN coating is low and remains unvaried
during the entire observation time. In contrast, on fibrillar FN
matrix, cells migrate at a higher speed, which also remains
constant over time. Upon mutation of the RGD sequence
in the cell-binding domain of fibrillar FN-RGE matrix, cell
migration is drastically decreased in comparison to the FN
matrix group. The average migration velocity of cells on FN
matrix is statistically significant different, in comparison to
the FN coating and the FN-RGE matrix groups, as indicated
in the probability distribution plots (Fig. S1A). These dif-
ferences in migration could be observed for a longer time
period, i.e. 8 h after seeding on different FN environments
(Fig. S2). It should be noted that the velocity distribution
remained unchanged for the 2 h and up to the 8 h observation
time.

Since the structure of the ECM modulates directional
migration, we quantified migration persistence over time as
described in materials and methods. On both fibrillar FN
matrices, namely FN matrix and FN-RGE matrix, the direc-
tionality of cell migration is higher than on FN coating
(Fig. 3c). The relative distance and direction of migrating
cells is shown in the polar plots in Fig. 3d. Here the starting
point of all cells is assigned to the middle of the plot and
the relative positions of cells 4 h after the beginning of the
migration experiment are shown. Note that the directionality
in migration is evident only for the FN matrix (Fig. 3d in
green) and the FN-RGE matrix (Fig. 3d in cyan) groups.

The differences in cell migration speed on FN coating
and fibrillar FN matrix are in agreement with other stud-
ies on NIH3T3 fibroblasts and human keratinocytes migra-
tion in fibrillar FN [20]. Therefore, the increased migration
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Fig. 3 Migration speed of
fibrosarcoma cells in fibronectin
environments. a Fluorescence
microscopy images of HT1080
cells stained with a cytoplasmic
labeling dye (red) on FN
coatings (first row), on fibrillar
FN matrices (green, second row)
and on fibrillar FN-RGE
matrices (third row). The
colored lines show the tracking
paths at the indicated time
points. Scale bar, 50 μm. b
Box-and-whisker plots of cell
migration speed on FN coating
(in red), FN matrix (in green)
and FN-RGE matrix (in cyan).
The first box of each group
indicates the analysis of cell
speed for 0–2 h, the second box
for 2–4 h. The box plot shows
median and quartiles, with data
points outside the whiskers
being outliers. c and d Analysis
of directionality of migration,
evaluated as persistence at 0–2
and 2–4 h in the box plot (in c),
and as persistence angle in the
polar plots (in d). (Color figure
online)

speed cannot be specifically attributed to cancer cells, but it is
rather a general phenomenon, which takes place in this type
of extracellular environment. The reduced migration speed of
cells plated on FN-RGE matrices suggests that the immediate
interaction of integrins with the RGD site of FN is important
for binding and regulation of migration.

The increase in migration persistence we observed for
both FN and FN-RGE matrices stems from the fibrillar nature
of these environments. Here, cells exhibit an elongated phe-
notype as they align along FN fibers and follow their inherent
paths (Video S1). In contrast, on FN coatings, migration is
random and cells present a round shape. Therefore, direction-
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ality is mainly regulated by the fibrils independently of the
cell-binding domain, suggesting contact guidance as possible
mechanism for efficient cell migration.

3.2 α5 β1-integrin binding to fibronectin modulates tumor
cell migration

Several integrin types bind to FN [34]. More specifically, the
RGD motif in the cell-binding domain of FN is a ligand for
both α5 β1- and αv β3-integrins [35,36]. In cancer, the expres-
sion of integrins, in particular in terms of specificity and
affinity, is regulated by several intracellular and extracellu-
lar factors. We confirmed the expression of α5 β1- and αv β3-
integrins in HT1080 fibrosarcoma cells at both gene and pro-
tein level (data not shown). To determine the role of integrins
in modulating cell migration speed, we performed receptor
blocking experiments using specific antibodies against α5 β1-
and αv β3-integrins prior to seeding cells on FN coatings
or on FN matrices. The quantitative analysis of cell migra-
tion speed is shown in Fig. 4a. On FN coatings, cancer cell
migration is significantly decreased when α5 β1- integrins
are blocked, whereas αv β3-integrin blocking does not affect
migration (see also Fig. S1B). Interestingly, for fibrosarcoma
cells seeded on FN matrices, migration is slightly increased
when α5 β1-integrin is blocked, whereas blocking of αv β3-
integrin has no effect. On all types of FN environments, com-
bining both treatments elicits similar responses after α5 β1-
integrin blocking; therefore migration is not completely sup-
pressed (data not shown). Furthermore, directionality is not
regulated by either integrin binding to FN (Fig. 4b), corrob-
orating the finding that fibrillar topography is the main regu-
lator of migration persistence. It should be noted that on FN
coating blocking of αv β3-integrin increases directionality,
whereas blocking of α5 β1-integrin increases random motil-
ity. Taken together, these results indicate that α5 β1-integrin
differentially modulates cell migration in 2D and 3D FN envi-
ronments.

It has been previously shown that the strength of HT1080
cell adhesion to either FN coatings or fibrillar FN matri-
ces is drastically decreased upon antibody blocking of α5 β1-
integrin [37,38]. In contrast, blocking of αv β3-integrin does
not significantly affect fibrosarcoma cell adhesion [38,39],
although this integrin type binds to fibrillar FN [40] and is
important for adhesion to FN in other cell lines. Upon α5 β1-
integrin blocking, the reduced migration speed on FN coat-
ings suggests that cell binding via α5 β1-integrin is necessary
for promoting migration in 2D. For matrix remodeling and
fibrillogenesis, the nature of interaction between cells and the
globular form of FN proteins is mostly mediated by α5 β1-
integrins, thereby resulting in receptor clustering, focal adhe-
sion assembly and actin stress fiber bundling [36]. Following
the activation of downstream signaling to the cytoskeleton
and further regulation of forces at adhesion sites, traction

Fig. 4 Effects of inhibition of integrin binding on cell migration in
fibronectin environments. a HT1080 cells that were pre-treated with
either α5 β1- or αv β3- integrin blocking antibodies were then seeded on
FN coated surfaces (groups in red) or on fibrillar FN matrices (groups in
green). Migration speed is shown for 0–2 and 2–4 h time intervals after
cell seeding. b Polar plots indicating the persistence angle of migration
in cells plated on FN coated surfaces (left, in red) and on fibrillar FN
matrices (right, in green). (Color figure online)

forces exerted by the cell result into a forward movement
[33]. In 2D systems, like surface coating with FN, block-
ing of α5 β1-integrins and preventing their interaction with
FN might negatively regulate force generation [41], thereby
causing a decrease in migration speed. In contrast, adhesion
of fibrosarcoma cells via α5 β1-integrins seems to hinder their
migration within the fibrillar FN matrix to some extent. In
fact, among the different integrins which are known to inter-
act with FN, α5 β1-integrin has the highest binding affinity
[42]. Additionally, the fibrillar conformation of FN might
facilitate the binding of other integrin types [34], although
these are not the main mediators of mature focal adhesion
assembly and cytoskeleton signaling. Furthermore, as sug-
gested in other reports, physical and topographical cues of the
3D fibrillar matrix, and the resulting variation in stiffness of
the environment, might affect the nature of interaction of inte-
grins with the matrix [21]. In particular, matrix topography
regulates cell migration rate regardless of ligand density and
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linear topographical cues on surfaces, which mimic aligned
matrix fibers, represent an important regulator of direction-
ality of migration via actomyosin contractility. Additionally,
higher speed could be due to low adhesion structures in
response to reduced matrix stiffness in comparison to the
coating. As such, when integrin binding is blocked, the bio-
chemical information conveyed by the receptor is absent and
matrix stiffness governs cell migratory behavior [43]. It is
also possible that fibrosarcoma cells switch their migration
mode from mesenchymal to amoeboid when interacting with
3D fibrillar FN matrices. The former involves focal adhesions
and actin stress fiber formation, the latter implies weak adhe-
sive interactions to the substrate [44].

3.3 Different effects of MT1-MMP on integrin-mediated
signaling in 2D and 3D fibronectin matrices

For invasion, cancer cells not only activate integrin-de-
pendent migration pathways, but also upregulate the expres-
sion of proteolytic enzymes to penetrate and simultaneously
reorganize interstitial tissues [45]. Contact-dependent pro-
teolysis is tightly connected to ECM topography and the
corresponding receptors which bind to the ECM [46,47].
Additionally, the close relationship between proteolysis, cell
adhesion and force generation has been recently reported
[48,49]. To determine the role of protease activity on cancer
cell migration in FN environments, we focused on matrix
metalloproteinases (MMPs), which are known to be the major
determinants of matrix degradation [44]. We first inves-
tigated the contribution of MMPs to fibrosarcoma migra-
tion processes in fibrillar FN matrices by using a gen-
eral inhibitor of MMPs, the broad-spectrum hydroxamate
inhibitor GM6001 [50,51]. Our analysis of migration speed
and directionality indicates that the general inhibitor has no
effect on cells plated on either FN coating or fibrillar FN
matrix (Fig. 5a, b). Since it has been reported that cancer
cells can switch between protease-driven and actomyosin-
based motility [52,53], we also determined the effects of
myosin II inhibition on fibrosarcoma cell migration (Fig. 5).
Here, migration is efficiently inhibited by blebbistatin treat-
ment of cells on fibrillar FN matrices, whereas on FN coat-
ings migration speed is low but still comparable to the control
group (Fig. 5a). Treatment with blebbistatin has however no
distinct effect on the directionality of migration (Fig. 5b).

For breast cancer cells it has been shown that broad inhi-
bition of MMPs doesn’t result in efficient blocking of cell
migration in collagen matrices and that addition of ROCK1
inhibitors is required [54]. Therefore, inactivity of MMPs
could cause tumor cells to switch to a migratory behavior
which is dependent on cell contractility and upregulation of
ROCK activity [55,56]. We could also speculate here that
active protrusive behavior, rather than local matrix degrada-

Fig. 5 Effects of matrix metalloproteinases and myosin II inhibition on
cell migration in fibronectin environments. a HT1080 cells were seeded
on FN coated surfaces (groups in red) or on FN matrices (groups in
green) and incubated in the presence of the MMP inhibitor control (GM
ctrl.), the MMP inhibitor GM6001 (GM) or blebbistatin (Blebb.). The
migration speed is shown in the box plots, where the cell velocities for
0–2 h and for 2–4 h are indicated in the first and second box respectively.
b Polar plots showing the persistence angle of migration of cells plated
on FN coated surfaces (left in red) and on fibrillar FN matrices (right,
in green), treated as described in (a). (Color figure online)

tion, is mostly responsible for migration in FN environment
[57].

It has been previously shown that one of the membrane
bound MMPs, namely MT1-MMP, regulates cell migration
through modulation of focal adhesion stability on FN coated
surfaces [25]. More in detail, the local lysis of FN at cell
adhesion sites facilitates focal adhesion turnover, thereby
promoting cell migration [26]. Therefore, to determine the
specific role of MT1-MMP activity in cancer cell migra-
tion within fibrillar FN matrices, we employed an RNA
silencing approach prior to cell seeding (Fig. 6a). Silenc-
ing of MT1-MMP significantly reduces migration speed of
HT1080 cells on FN coatings (Fig. 6b and S1C) but not on
fibrillar FN matrices, where even a slight increase in migra-
tion is observed (Fig. 6b and S1D). From gene expression
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Fig. 6 Effects of MT1-MMP silencing and α5 β1—integrin inhibition
on migration and adhesion-mediated signaling in fibrosarcoma cells. a
Western blot analysis of HT1080 cells which were either transfected
with a non-targeting control (siC) or MT1-MMP (siM) siRNA and then
seeded on FN coating or on FN matrix. Untreated cells are indicated as
control (ctrl.) b and c HT1080 cells were plated on FN coating (groups
in red) or on FN fibrillar matrix (groups in green) 48 h after siRNA
transfection and migration speed and directionality were analyzed. Cells
transfected with MT1-MMP siRNA were additionally incubated with
the α5 β1—integrin blocking antibody (siM/α5 β1) prior to seeding on
fibronectin environments. d Representative western blots showing the
expression and phosphorylation of focal adhesion proteins. α-Tubulin
is used as loading control of the whole cell lysate. (Color figure online)

analysis, we observed that silencing of MT1-MMP reduces
expression of the α5- integrin subunit (Fig. 6a), which could
explain the increased migration speed in siMT1-MMP trans-
fected cells, similar to α5 β1-integrin blocking on fibrillar FN
matrices. To confirm this hypothesis, MT1-MMP silenced
cells were additionally blocked with α5 β1-integrin antibod-
ies and then plated on FN coatings or fibrillar FN matrices.
As shown in Fig. 6b, on FN coatings MT1-MMP silenced
and α5 β1-integrin blocked fibrosarcoma cells present a sig-
nificant decrease in migration speed in comparison to the
control and the MT1-MMP silenced groups (Fig. S1C). On
fibrillar FN, these cells migrate at a speed comparable to that
of cells only silenced for MT1-MMP (Fig. S1D). The resepc-
tive directionality as shown in the polar plots in Fig. 6c is not
affected by abolishing the expression of MT1-MMP or by
further inhibiting the binding of α5 β1-integrins.

MT1-MMP regulates cell migration behavior on FN by
influencing adhesion mediated signaling pathways [25].
Here, we determined the role of MT1-MMP expression on
the phosphorylation of FAK (Tyr397), ERK1/2 (Tyr 204/187)
and cofilin (Ser3) in fibrosarcoma cells cultured either on
FN coating or on fibrillar FN matrix (Fig. 6d). Following
MT1-MMP silencing, cells plated on FN coatings show no
changes in the expression and phosphorylation of FAK and
ERK1/2 in comparison to the controls, whereas the expres-
sion and phosphorylation of cofilin are increased (Fig. 6d
left). On fibrillar FN matrices, MT1-MMP silencing leads
to downregulation of FAK phosphorylation (1.2-fold), and
more pronounced downregulation of cofilin (2.9-fold) com-
pared to controls (Fig. 5d right). Phosphorylation of ERK1/2
is decreased in MT1-MMP silenced cells. To summarize
these findings, MT1-MMP silencing has an opposite effect on
protein phosphorylation and expression if cells are cultured
on FN coatings or fibrillar FN matrices. If FN is presented in
a folded conformation, MT1-MMP silencing enhances the
phosphorylation of cofilin. If FN is presented in a fibrillar
conformation, phosphorylation of FAK and expression of
cofilin are both reduced.

FAK phosphorylation is required for integrin-dependent
migration [58]. It has been demonstrated that FAK directs
MT1-MMP to focal adhesions and in turn MT1-MMP
cleaves FAK, thereby directly regulating focal adhesion sta-
bility and turnover on FN coated surfaces [25,26]. In this
context, the differences in phosphorylation of FAK and ERK
in 2D and 3D fibronectin environments could be attributed
to a different mode of migration adopted by fibrosarcoma
cells. In agreement with Takino et al. [25,26], on FN coatings
α5 β1-integrin binding and signaling, as well as MT1-MMP
activity are required for efficient migration, which can be con-
sidered as mesenchymal migration. Here, it could be possible
that at focal adhesions MT1-MMP and α5 β1-integrin phys-
ically interact and random migration (Fig. 4b) is the result
of cofilin phosphorylation. In presence of fibrillar FN matri-
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ces, cell migration is independent of integrin binding and of
MT1-MMP proteolytic activity, therefore suggesting that in
this case amoeboid migration mechanisms are predominant
[18,59]. In fact, the reduced phosphorylation of cofilin and
therefore its higher activity in cells might signal for direction-
ality sensing (Fig. 4b) along with acto-myosin based motility
(Fig. 5).

4 Conclusion

Significant progress has been made in understanding the
molecular mechanisms that regulate tumor cell migration.
Many of the mechanisms that govern integrin-mediated adhe-
sion also regulate local proteolytic activity. In this work we
have shown that the presentation of fibronectin (FN) in its
globular (2D) or fibrillar form (3D) regulates the concerted
action of integrins and matrix metalloproteases necessary for
cancer cell migration. In more detail:

1. The directionality of migration is regulated by the struc-
ture of FN fibrils independently of its cell-binding
domain.

2. The mode of migration of fibrosarcoma cells within 3D
FN matrices appears to be based on actomyosin contrac-
tility. In fact, α5 β1-integrin hinders cancer cell migra-
tion within the 3D FN, since blocking this integrin type
causes an increase in migration speed only in 3D FN.
Furthermore, efficient blocking of cell migration in 3D
FN environment is achieved by myosin II inhibition.

3. Targeting of MT1-MMP significantly reduces migration
speed of cells on FN coatings but not on fibrillar FN matri-
ces. An opposite effect on protein phosphorylation and
expression in cells cultured on 2D FN coatings or 3D
fibrillar FN matrices is observed, suggesting that in 3D
FN an amoeboid, rather than a mesenchymal mode of
migration, is dominant.

Taken together, the results presented in this study empha-
size the importance of the structural properties of the tumor
microenvironment in modulating the migratory behavior of
cancer cells. Therapeutic targeting of cryptic epitopes and
cell binding sites of matrix molecules should be therefore
considered as a possible strategy to efficiently hinder migra-
tion and dissemination of diseased cells.

What remains to be determined in future work is the switch
between the formation of focal adhesions and the generation
of invasive, matrix-degrading adhesion structures. It will also
be important to characterize the spatial and temporal dynam-
ics of adhesions in cells migrating in 3D matrices, and the
adhesion-mediated signaling pathways in tumor cells during
different modes of migration.
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