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ABSTRACT Invadopodia are membrane protrusions dynamically assembled by invasive cancer cells in contact with the extra-
cellular matrix (ECM). Invadopodia are enriched by the structural proteins actin and cortactin as well as metalloproteases such as
MT1-MMP, whose function is to degrade the surrounding ECM. During metastasis, invadopodia are necessary for cancer cell in-
travasation and extravasation. Although signaling pathways involved in the assembly and function of invadopodia are well studied,
few studies address invadopodia dynamics and how the cell-ECM interactions contribute to cell invasion. Using iterative analysis
based on time-lapse microscopy and mathematical modeling of invasive cancer cells, we found that cells oscillate between inva-
dopodia presence and cell stasis—termed the “invadopodia state”—and invadopodia absence during cell translocation—termed
the “migration state.” Our data suggest that 31-integrin-ECM binding and ECM cross-linking control the duration of each of the two
states. By changing the concentration of cross-linkers in two-dimensional and three-dimensional cultures, we generate an ECM in
which 0-0.92 of total lysine residues are cross-linked. Using an ECM with a range of cross-linking degrees, we demonstrate that
the dynamics of invadopodia-related functions have a biphasic relationship to ECM cross-linking. At intermediate levels of ECM
cross-linking (0.39), cells exhibit rapid invadopodia protrusion-retraction cycles and rapid calcium spikes, which lead to more
frequent MT1-MMP delivery, causing maximal invadopodia-mediated ECM degradation. In contrast, both extremely high or
low levels of cross-linking lead to slower invadopodia-related dynamics and lower ECM degradation. Additionally, 31-integrin in-
hibition modifies the dynamics of invadopodia-related functions as well as the length of time cells spend in either of the states.
Collectively, these data suggest that 31-integrin-ECM binding nonlinearly translates small physical differences in the extracellular
environment to differences in the dynamics of cancer cell behaviors. Understanding the conditions under which invadopodia can
be reduced by subtle environment-targeting treatments may lead to combination therapies for preventing metastatic spread.

INTRODUCTION

Invadopodia (1) are dynamic membrane protrusions involved
in the invasive motility of cancer cells. Their function is to
degrade the surrounding extracellular matrix (ECM). In
tumors in vivo, they are necessary for cancer cell intravasa-
tion into (2) and extravasation (3) out of the blood vessels.
In vitro, invasive cancer cells assemble invadopodia when
grown on various ECM components and in the presence of
growth factors. Invadopodia have the appearance of puncta
rich in actin, actin-regulatory proteins (e.g., cortactin), tyro-
sine kinases, and proteases (e.g., MT1-MMP). Although a
large number of invadopodia components are found in other
motility-related structures such as focal adhesions and lamel-
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lipodia, the unique feature of invadopodia is the high ECM-
degrading activity.

Assembly and maturation of an individual invadopodium
has been well studied (4,5) using two-dimensional (2D)
in vitro assays. Invadopodium precursors consisting of cor-
tactin, cofilin, and N-WASP are first assembled (6). The
structure is then stabilized via focal adhesion proteins
such as fl-integrin by binding the structure tip to the
ECM (7,8). During invadopodia maturation, cortactin phos-
phorylation leads to continuous actin polymerization and
MTI1-MMP recruitment to the tips of the invadopodia via
late endosomes (9). Transmembrane MT1-MMP assures
focalized ECM degradation of the surrounding ECM,
and the invadopodia become mature and functional
(at ~50 min) (6). During ECM-degrading activity, mature
invadopodia exhibit calcium spikes dependent on store-
operated calcium entry, which are necessary for MTI1-
MMP recycling to the plasma membrane (10). Mature
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invadopodia also exert physical forces on the ECM by means
of protrusion-retraction cycles, during which actin filaments
polymerize (protrusion) and depolymerize (retraction)
repeatedly (11). Physical and proteolytic ECM remodeling
by invadopodia are coordinated via cortactin (de)phosphory-
lation and positive feedback from MT1-MMP (12,13).

The assembly of invadopodia and the level of ECM degra-
dation were shown to be linked to ECM properties such as ri-
gidity, density, and cross-linking (14—16). This points to the
essential role in adhesion-based signaling in the invadopodia
progression. A recent study of 81-integrin’s role in invadopo-
dia strengthened this link, demonstrating that $1-integrin is
localized to invadopodia and directly links the structure to
the ECM (7). Although elimination of #1-integrin does not
inhibit invadopodia precursor assembly, it disables invadopo-
dia maturation and the ECM-degrading function.

Recent studies of invadopodia in three dimensions
(13,17,18) and in vivo (2,19) demonstrated that invado-
podia are present at the front of the cells migrating in an
MMP-dependent manner. Depending on the ECM parame-
ters, including density, fiber size, stiffness, and/or cross-
linking, such migration can result in a broad range of speeds
(6-30 um/h for breast carcinoma) (13,20,21). In vivo, the
presence of invadopodia was also shown to be highly depen-
dent on ECM cross-linking (2). Although the studies of
three-dimensional (3D) and in vivo invadopodia established
the link between invadopodia and cell movement, it is not
known if cells that assemble invadopodia can translocate
the cell body simultaneously or if they move and assemble
invadopodia in a sequential manner.

We used iterative cycles of time-lapse microscopy and
mathematical modeling to address the role of invadopodia
dynamics and ECM cross-linking in invasive cell motility.
We found that the dynamics of invadopodia assembly and
function have a nonmonotonic (biphasic) relationship with in-
creases in ECM cross-linking. Furthermore, we show that the
presence of invadopodia and the migration of cells are nega-
tively correlated, with the level of active $1-integrin control-
ling the duration of each of the two states. We demonstrate that
partial blocking of Bl-integrin increases the duration of
migration and shortens the period of active ECM degradation
by inhibiting invadopodia activity. Taken together, our results
suggest that invadopodia-driven, MMP-dependent motility
consists of oscillations between 1) sessile invadopodia assem-
bly leading to ECM degradation and 2) migration. Modulation
of B1-integrin activity or ECM cross-linking can be used to
reduce or eliminate invadopodia, which are necessary for in-
travasation and metastasis (2).

METHODS
Cell culture

The mouse breast carcinoma line Cerulean-cortactin-MTLn3 was a gift
from Dr. Ved Sharma from Albert Einstein College of Medicine (22).
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The cells were cultured in a-minimal essential medium (Gibco, Thermo
Fisher Scientific, Waltham, MA), supplemented with 5% fetal bovine
serum (FBS) (Gemini Bio Products, West Sacramento, CA), penicillin-
streptomycin mixture (Gibco, Thermo Fisher Scientific), and 0.5 mg/mL
G418 (Sigma-Aldrich, St. Louis, MO). Cerulean-LifeAct-MDA-MB-231
and Cerulean-LifeAct-H2B-GFP cell lines were generated using the
mCerulean3-LifeAct-7 plasmid, selected with 0.5 mg/mL G418 over a
4-week period and purified by fluorescence-activated cell sorting.
mCerulean3-LifeAct-7 was a gift from Michael Davidson (plasmid
#54721; Addgene, Cambridge, MA). Cells from the human cell lines
MDA-MB-231 and Hs-578T (American Type Culture Collection, Mana-
ssas, VA) were cultured in Dulbecco’s modified eagle medium (Gibco,
Thermo Fisher Scientific), supplemented with 10% FBS and 1% peni-
cillin-streptomycin. For Hs-578T cells, | mM pyruvate (Gibco, Thermo
Fisher Scientific) and 0.01 mg/mL bovine insulin (Sigma-Aldrich) were
added to the culture media.

Cumulative degradation of gelatin layer

MTLn3, MDA-MB-231, and Hs578T cells were cultured on the gelatin-
coated plates (~500 nm thick) described previously (22). Briefly, acid-
washed 35 mm MatTek (MatTek Corporation, Ashland, MA) dishes were
treated with 50 ug/mL poly-L-lysine (Gibco, Thermo Fisher Scientific)
for 20 min and then incubated with Alexa 488 dye-labeled gelatin
(Sigma-Aldrich) for 10 min. Plates were then washed with phosphate-buff-
ered saline (PBS) (Gibco, Thermo Fisher Scientific) and cross-linked by
glutaraldehyde (GTA) (Sigma-Aldrich) on ice for 15 min (from 0.0 to
5.0% v/v GTA in water), extensively rinsed with PBS, quenched with
5 mg/mL sodium borohydride (Sigma-Aldrich), and sterilized with 70%
ethanol (Decon Laboratories, King of Prussia, PA).

60,000 cells per dish were plated for 18 h on 35 mm MatTek dishes. Cells
were fixed with 4% vol paraformaldehyde (Electron Microscopy Sciences,
Hatfield, PA) for 15 min and permeabilized with 0.1% Triton X-100
(Sigma-Aldrich) for 10 min. Fixed cells were then blocked in 1% bovine
serum albumin (fraction V; Sigma-Aldrich) and 1% FBS for 2 h, incubated
at 1:100 with anti-cortactin antibody (ab-33333; Abcam, Cambridge, UK)
for 2 h, and incubated for 2 h with Alexa-Fluor-633 (1:250) and Alexa-
Fluor-546-Phalloidin (1:250) (Abcam).

Imaging of the invadopodia precursors and cumulative degradation at
18 h were performed using an Olympus FluoView 1200 confocal micro-
scope (Olympus, Tokyo, Japan) with sequential imaging of 6 X 1 um z-sec-
tions per stack.

Invadopodia degradation was assessed by quantifying the area of degra-
dation per cell and the number of invadopodia precursors (colocalization of
actin and cortactin) per cell at each condition in Fiji (23). For area of degra-
dation, thresholding and particle size analysis were performed using
Fiji. Experiments were done in triplicates by imaging >10 fields of view
and >100 cells in each sample.

3D FITC-DQ collagen | assay

100,000 MTLn3 cells were suspended in 100 uL of collagen mixture con-
taining the following: 1.5 mg/mL collagen (Corning, Tewksbury, MA),
50 mM Tris-HCI, 2.5 mM CaCl2, 1 mM dithiothreitol (Sigma-Aldrich),
0.15 mg/mL fluorescein isothiocyanate-dequenched (FITC-DQ) collagen
I (Molecular Probes, Thermo Fisher Scientific), and transglutaminase II
(TGII) (R&D Systems, Minneapolis, MN) at 1:50,000-1:800,000 dilution.
Similarly to GTA, TGII cross-links free amine groups of glutamine and
lysine residues of collagen I (24). The mixture was pipetted in a 35 mm
MatTek dish and incubated at 37°C for 30 min, forming a 650-um-
thick 3D cell culture. 2 mL of media («-minimal essential medium and
5% FBS) was pipetted into the plate. At O and 42 h, 10 image stacks
(20 x 5 um) were collected. An Olympus FluoView FV1200 confocal mi-
croscope (Olympus) was used, with 488 nm laser excitation.
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3D collagen degradation was assessed by measuring the area positive for
DQ collagen at each condition. Briefly, images captured at 42 h were
thresholded, and particle analysis was used in Fiji to quantify the area pos-
itive for FITC-DQ collagen fluorescence. Measured values were subtracted
from negative controls treated with GM6001 MMP inhibitor. All measure-
ments were done in 10 fields of view per sample, with three biological re-
peats per condition.

3D collagen pore size measurement

3D cultures embedded in FITC-DQ collagen I and cross-linked to different
degrees were imaged by reflection confocal microscopy. Images were thresh-
olded with the “yen” algorithm in Fiji, filtered using a LoG 3D plug-in, and
thresholded again with “yen” to get the binary image of the pores. Finally,
particle analysis was used to measure the size of the pores.

Cross-linking degree measurements

Measurement of cross-linking degree followed previously published tech-
niques (24,25). Briefly, 0.2% weight per volume gelatin samples were
mixed with 0.0-5.0% v/v GTA and incubated on ice for 10 min. Cross-
linking was quenched with 5 mg sodium borohydride for 15 min. For
collagen, a mixture of 1.5 mg/mL collagen I in PBS, 50 mM Tris-HCI,
2.5 mM CaCl2, and 1 mM dithiothreitol was cross-linked with 1:0.5K—
1:800K TGII:collagen at 37°C for 30 min.

Non-cross-linked amino groups were neutralized by incubation with
4% NaHCO; and 0.5% trinitrobenzenesulfonic acid (Sigma-Aldrich) for
2 h at 37°C in the dark. Finally, samples were incubated at 37°C for 1 h
with 6 M HCL (Sigma-Aldrich). The absorbance was measured at
345 nm using an Infinite M200 PRO plate reader (Tecan, Mannedorf,
Switzerland).

Live cell imaging

Live cell imaging was performed for invadopodia lifetime, cortactin oscil-
lations, and calcium spike analysis. In brief, Cerulean-cortactin-MTLn3
cells were cultured on MakTek dishes coated with Alexa 488 or 546 gelatin
and incubated in culture conditions for 16 h. For lifetime analysis and cor-
tactin oscillations, the media were changed to L-15 with 5% FBS, 1:100
Oxyfluor (Oxyrase, Mansfield, OH), and 10 mM sodium lactate (Sigma-Al-
drich) as reactive oxygen scavengers. Dishes were placed in a 37°C live-cell
imaging chamber, and time-lapse imaging was performed on a widefield
Olympus IX81 microscope (Olympus) equipped with an LED lamp, Hama-
matsu Orca 16-bit charge-coupled device (Hamamatsu, Hamamatsu,
Japan), automated z-drift compensation IX3-ZDC (Olympus), automated
Prior stage (Prior Scientific, Rockland, MA), and environmental chamber.
An Olympus 60X 1.4 NA Oil M Plan Apochromat objective was used.

Measurement of invadopodia stability

Images were captured every 10 min for >16 h (1.67 mHz). Invadopodia
lifetimes were measured in Fiji and defined as the time between appearance
and disappearance of cortactin punctae. Punctae present at the first or last
frames were not taken into account. The invadopodia stability ratio was
defined as the ratio of the number of mature invadopodia (those with life-
times of >50 min (6)) to the total number of invadopodia.

Cortactin oscillations in invadopodia core

Images were collected every 30 s (33.3 mHz) for 4 h. Oscillations of
cortactin fluorescence were measured only in mature invadopodia
(present >50 min). For inhibiting F-actin polymerization, 4 uM cytocha-
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lasin D (Sigma-Aldrich) was added to the media before imaging. In Fiji,
we filtered individual invadopodia precursors with a LoG 3D (26) plug-in
and tracked the centers of the invadopodia in all frames by SpotTracker
(26). A custom-written Fiji plug-in was used to measure the average signal
inside the invadopodium as well as 4-8 circular areas inside the cytoplasm
at each particular frame. In MATLAB (The MathWorks, Natick, MA), fast
Fourier transform was applied to the time-resolved cortactin signal in the
invadopodia and the surrounding cytoplasmic regions. High frequencies
from the cytoplasm were removed, and the filtered invadopodia signal
was returned to the time domain by inverse fast Fourier transform. Finally,
the MATLAB autocorrelation function was used to measure oscillation fre-
quencies in the invadopodia.

Calcium spikes

After cells were plated for 16 h, cells were incubated for 15 min at
room temperature in L-15, 2.5 mM probenecid (Life Technologies, Freder-
ick, MD), 2.5 uM Fluo4-AM (Life Technologies), and 0.02% Pluronic (Life
Technologies) (10). Cells were then washed twice with PBS and incubated
in L-15 with 5% FBS for 30 min at 37°C. Time-lapse imaging was per-
formed at 5 s intervals (200 mHz) for 1 h. Cytoplasmic calcium spikes
were measured by monitoring intracellular Fluo-4-AM signals over time
(10). In Fiji, entire cells were used as regions of interest; background sub-
traction was done by subtracting the fluorescent signal measured in inactive
regions. Measurements of inactive cells (~70% of total, <10 spikes per
hour) were not taken into account (10,27). In MATLAB, power spectrum
was applied to the time-resolved signal in the cytoplasm. Dominant fre-
quencies at different conditions were further compared.

Measurement of the MT1-MMP delivery event
frequency

To visualize the MTI-MMP delivery event to the plasma membrane,
Hs-578T cells were transiently transfected with MT1-MMPpHIluorin 24 h
before imaging. Transfection was performed via an electroporation tech-
nique, in which a 2 ug plasmid vector was mixed with 1 x 10° cells and
50 uL nucleofection solution R (Lonza, Basel, Switzerland). Nucleofection
was then performed on the mixture using program X-001 of a nucleofector
device (Lonza). Transfected cells were then plated in a glass-bottom plate,
and 24 h after plating, 30 min time-lapse movies were captured from the
cells using a 488 nm laser. A delivery event was defined as the moment
that MT1-MMP flashes appeared, and the rate of delivery was measured
as one over the average of the interval between successive flashes.

B1-integrin-blocking assay

The blocking of 81-integrin activity was done by applying a 4B4 (31-integ-
rin-blocking antibody (Beckman Coulter, Brea, CA) at doses of 0, 0.4, 0.6,
and 2 ug/mL to the cultures 2 h after plating the cells. MDA-MB-231 cells
were plated at a density of 60,000/x cm® on Alexa 488 gelatin-coated
dishes, and time-lapse movies were recorded. Displacement of the cells
over time was measured using the Fiji plug-in TrackMate (28). For area
of degradation, thresholding and particle size analysis were performed us-
ing Fiji. Experiments were done in triplicates by imaging >10 fields of view
and >100 cells in each sample.

Statistical analysis

A one-way analysis of variance with Tukey’s multiple-comparison posttests
was performed to compare the 2D and 3D invadopodia degradation data.
A two-tailed Student’s 7-test was performed for statistical analysis as indi-
cated, and the statistical significance was defined as *p < 0.05, **p < 0.01,
and ***p < 0.001. Data are shown as mean + SE.
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RESULTS

Breast cancer cells switch from migration to
invadopodia-mediated ECM degradation

To determine whether cell migration occurs simultaneously
or sequentially with invadopodia assembly, we acquired
time-lapse recordings of >100 cells in each of the two breast
carcinoma cell lines known to spontaneously assemble inva-
dopodia (MTLn3 and MDA-MB-231). Cells were engi-
neered to stably express fluorescent invadopodia markers
(Cerulean-cortactin or Ceruelan-LifeAct) and cultured on
fluorescent Alexa 488 gelatin (Movies S1 and S2). Record-
ings were scored by tracking the centroid path over time
(Fig. 1, A-C, path) as well as quantifying the number of in-
vadopodia (Fig. I C, cyan punctae).

In the beginning of Movie S1, the tracked cell migrates
relatively fast (>0.3 um/min or >18 um/h) (Fig. 1 D, red
trace). Although the cell assembles several short-living
(<10 min lifetime) invadopodia precursors characterized

by cortactin-enriched punctae, none of them result in any
detectable ECM degradation. Starting at 380 min, the speed
of the cell decreases (<0.2 um/min), and the cell assembles
mature invadopodia characterized by cortactin-enriched
punctae with >50 min lifetimes colocalized with ECM
degradation (Movie S1, red circles, and Fig. 1 D, blue
trace). Similar observations were next confirmed in the
MDA-MB-231 cells (Movie S2), in which several cycles
of switching between migration and mature invadopodia
were observed (Fig. | E).

Based on these observations, we defined two oscillating
cell states: migration state, in which cells exhibit speeds
of >0.3 um/min and no ECM degradation, and invadopodia
state, in which cells exhibit punctae rich in cortactin (or
actin) colocalized with ECM degradation and migrate at
speeds of <0.2 um/min.

Our previous work in vivo suggested that the balance be-
tween migration and invadopodia is determined by ECM
cross-linking (2). Moreover, ECM cross-linking has been
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demonstrated to enhance integrin signaling (29) and in-
crease levels of ECM degradation by invadopodia (15).
Hence, we hypothesized that the frequency of switching
between the invadopodia state and migration state will
be controlled by ECM cross-linking and integrin-driven
ECM-cell interactions (20,21,29-32). To develop a gener-
alizable prediction, we developed a phenomenological,
nondimensional mathematical model (see Supporting Mate-
rial) based on the observed state oscillations and prior
studies on ECM-cell interactions in 2D, 3D, and in vivo
environments.

The dynamic variables used in the model were the
concentration of ECM interacting with the cell (repre-
sented by Cgcnm), abundance of the invadopodia state (repre-
sented by I), and abundance of the migration state
(represented by M). Cell-ECM interactions were assumed
to be constant for specific ECM conditions and were
addressed by the adhesion constant Ka. To address the
dynamic properties of the migration and degradation oscil-
lations, we varied the degree of ECM cross-linking (ex-
pressed as X, the ratio of cross-linked lysine residues to
the total number of lysine residues). We additionally intro-
duced a model-fitting parameter (n), which was used to fit
the model to different ECM dimensionalities. Parameter
“n” was further experimentally determined to be 6 in 2D as-
says and 7 in 3D conditions (Fig. S1).

Fig. 1 F shows one run of the model simulation for a cell
oscillating between invadopodia (blue line) and migration
(red line). The dynamics of the transition between invadopo-
dia and migration states observed at a single-cell level
(Fig. 1, D and E) are recapitulated and extended in the
repeated cycles of migration and invadopodia that the model
demonstrates. Fig. | G summarizes the model simulations
for varying X, n, and oscillation frequencies. The model
suggests that an increase in ECM cross-linking will enable
a biphasic change in the frequency of migration and invado-
podia switches in cells. Such a prediction implies that at an
intermediate cross-linking X, the number of switches from
migration to degradation and vice versa will reach a
maximum (Fig. 1 G, yellow regions), which will in turn
result in the maximal number of degraded punctae.

Invadopodium maturation and ECM degradation
biphasically conform to ECM cross-linking in 2D
and 3D

To test if the prediction of our model was supported in
experimental invadopodia assays, we measured invadopo-
dia assembly and function in the ECM with increasing
cross-linking degrees. Breast carcinoma MTLn3 cells
were plated on a thin fluorescent gelatin layer cross-linked
from O to 0.92 cross-linking degree (Fig. S2 A) using the
chemical cross-linker GTA. At 18 h after plating, the num-
ber of invadopodia precursors, mature invadopodia, and
ECM degradation were measured (Fig. 2, A-D). The num-
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ber of invadopodia precursors reached a plateau at 0.39
cross-linking degree (Fig. 2 B), whereas the number of
mature invadopodia showed a strong biphasic trend with
an increase in cross-linking (Fig. 2, C and D). The peak of
the biphasic trend was at the intermediate cross-linking level
(0.39) for both the total number of spots degraded over 18 h
(Fig. 2 C) and for mature invadopodia present at the time of
cell fixation (Fig. 2 D). Moreover, the portion of invadopo-
dia precursors that mature and degrade ECM, reported as
the invadopodia stability ratio, was at its maximum at the
cross-linking degree of 0.39 (Fig. 2 E). The trend in
increase of total area of degradation further confirms that
the increase in the cross-linking degree has a biphasic rela-
tionship with invadopodia maturation and degradation. Our
results were also confirmed using two additional human
breast carcinoma cell lines: MDA-MB-231 and Hs-578T
(Fig. 2 F). All three cell lines presented biphasic distribu-
tions of invadopodia-based degradation with increased
cross-linking, with the peak at the intermediate cross-link-
ing (X = 0.39). In conclusion, as predicted in our model,
the experimental data show a biphasic trend in invadopodia
degradation with an increased cross-linking ratio.

The results of the 2D invadopodia assay were then vali-
dated in a 3D invadopodia assay using FITC-DQ-collagen
that was cross-linked using TGII from a 0 to 0.87 cross-linking
degree (Fig. S2 B) (2,13,24,33). Colocalization of the FITC-
DQ collagen I signal with cortactin, actin, and MT1-MMP
confirmed that the 3D collagen degradation was due to invado-
podia activity (Fig. 3 A). Interestingly, invadopodia-mediated
degradation also followed a biphasic trend in a 3D environ-
ment, with maximal degradation present at an intermediate
level of cross-linking (0.36) (Fig. 3 B).

Furthermore, measurements of collagen gel pore size and
storage modulus revealed monotonic variation of these vari-
ables by increasing ECM cross-linking (Fig. S2, C and D).
Biphasic variations of invadopodia-mediated ECM degrada-
tion as a response to monotonic changes of ECM cross-link-
ing, pore size, and storage modulus pretermits passive
regulation of invadopodia activity by ECM stiffening and
suggests that invadopodia are actively responding to these
changes at the molecular level.

Collectively, our model and experimental end-point
measurements showed that the intermediate cross-linking
degree results in the increase of the total number of invado-
podia maturing and degrading the ECM over time. We hy-
pothesized that this can be a result of faster dynamics of
invadopodia activities, such as faster protrusive cycles
and/or more frequent delivery of MT1-MMP.

Frequency of invadopodium protrusion-
retraction cycles changes biphasically with an
increase in ECM cross-linking

To assess the effect of ECM cross-linking on invadopodia
protrusion-retraction cycles, the fluorescence intensity of
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FIGURE 2 ECM cross-linking biphasically reg-
ulates invadopodia maturation and degradation.
(A) Representative fluorescence micrographs
show colocalization of actin (red) and cortactin
(cyan) in invadopodia of MTLn3 cells. The
lower-right panel shows degradation of gelatin at
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Cross-linking degree (X)

0 .17 .39 .68 .78 .83 .86
Cross-linking degree (X)

18 h. Scale bars, 10 um. (B-D) Shown are the
relative number of invadopodia precursors (B),
number of degradation spots (C), and number
* of mature invadopodia (D) at different cross-
linker (GTA) concentrations in MTLn3 cells. In
(B)—(D), the bars represent >300 cells in three
separate experiments per condition; data are
normalized to 0.05% GTA. (E) Shown is the inva-
dopodia stability ratio at three concentrations of
cross-linker; the bars represent >200 invadopodia
in three separate experiments per condition;
mean *= SE are shown. (F) Shown is the area of
degradation measured at 18 h in three breast carci-
noma cell lines: MTLn3 (blue), MDA-MB-231
(green), and Hs578 (red). Experiments are per-
formed in triplicate, and circles represent the
average degradation area per cell in >10 fields
of view at each repeat. Lines represent mean
values, and shaded areas represent 95% confi-
dence intervals. In (B) and (F), vertical axes are
in logarithmic scale. All p-values report compari-
son to a 0.39 cross-linking ratio condition. *p <
0.05, **p < 0.01, ***p < 0.001. To see this figure
in color, go online.
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cortactin punctae (Movie S3) was monitored in MTLn3
cells at various gelatin cross-linking degrees (Fig. 4). Cor-
tactin signal oscillations at invadopodia, reflecting the cy-
cles of protrusion-retraction, were filtered (Fig. 4 B) and
analyzed by autocorrelation (Fig. 4 C). The autocorrelation
algorithm correlates the signal of the cortactin oscillations
with delayed copies of itself to find the periodicity of a
repeating pattern within the signal. Results show average
frequencies of protrusion-retraction cycles of ~2.5 mHz at
low or high (0.18 or 0.69) cross-linking degrees and a
significantly higher frequency of 3.08 mHz at intermediate
cross-linking (Fig. 4 D). This reflects significantly faster
protrusion-retraction cycles and suggests that the dynamics
of invadopodia protrusive cycles are in direct relationship
to ECM cross-linking (Fig. 4 D). Furthermore, inhibiting
F-actin polymerization by 4 uM cytochalasin D resulted
in total abrogation of cortactin oscillations (Movie S4;
Fig. 4, E and F), confirming that measured oscillations in
cortactin signals reflect cycles of invadopodia protrusions
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and retractions. Combined with the results shown in Figs.
2 and 3, these data indicate that increased degradation at in-
termediate ECM cross-linking may be the consequence of
faster protrusive cycles.

Next, we tested if the increase in ECM cross-linking
affects proteolytic degradation of ECM by increased dy-
namics of calcium spikes and consequent MT1-MMP recy-
cling to the plasma membrane (10).

Calcium spiking frequency biphasically changes
with an increase in ECM cross-linking

Calcium spikes dependent on store-operated calcium entry
were recently shown to be essential both for precursor as-
sembly via Src activation and MT1-MMP recycling to the
plasma membrane during ECM degradation (10). As cal-
cium channels are commonly mechanosensitive (34-36)
and calcium spiking can be influenced by ECM (37), we hy-
pothesized that the frequency of calcium spikes will reach a



Phalloidin DQ Collagen |

*

MT1-MMP Cortactin

MT1-MMP 4.«
DQ collagen: I+

] * *
1.0 1

0.8 1

0.6

0.4 1 |+‘
0.2 4 T
ool mmlll 1l I

TO GM 0 .04 .17 .24 .36 .59 .74 .81 .85 .87
Cross-linking degree (X)

DQ collagen area / cell

FIGURE 3 Collagen I cross-linking regulates ECM remodeling and
degradation in three dimensions. (A) Representative fluorescence images
depict MTLn3 cells in a 3D collagen I matrix. After 42 h, cells are fixed
and immunostained for actin (red), cortactin (yellow), and MT1-MMP
(cyan). Collagen fibers were detected with reflected confocal microscopy
(magenta), and collagen degradation was measured using FITC-DQ
collagen I (green). (B) Shown are FITC-DQ collagen-positive areas in 3D
cultures. Green bars present FITC-DQ collagen-positive areas measured
at 42 h postembedding into collagen with different cross-linking degrees.
The red bar (TO) represents 0 h; the blue bar (GM) represents culture after
42 h treatment with GM6001, both at a cross-linking degree of 0.36. Exper-
iments are performed in triplicate, and bars represent the average area
per cell in >10 fields of view at each repeat. All p-values report comparison
to the condition with 0.36 cross-linking ratio. *p < 0.05, **p < 0.01,
***p < 0.001. To see this figure in color, go online.

peak value at a cross-linking degree of 0.39, in coordination
with protrusion-retraction dynamics. To test this, we moni-
tored calcium spikes in MTLn3 cells with invadopodia,
recording Fluo-4-AM signals at different cross-linking de-
grees (Movie S5; Fig. 5, A and B). Dominant frequencies
of calcium spikes were determined by power spectrum
analysis (Fig. 5 C). Consistent with our model, calcium
spikes are fastest at the intermediate cross-linking level
(Fig. 5 D). Next, we tested if the fastest calcium spikes re-
sulted in a more frequent delivery of MT1-MMP vesicles
to the invadopodia plasma membrane.

MT1-MMP-containing vesicle delivery to the
plasma membrane is biphasically regulated by
ECM cross-linking

MTI1-MMP is recycled by acidic late endosomes to the tip of
mature invadopodia, where it is exocytosed to the neutral

Cross-Linking Controls Invadopodia Speed

environment. We tested the MT1-MMP delivery rate using
pH-sensitive MT1-MMPpHluorin. This fluorescent protein
marks the exocytic events of MT1-MMP, which appear as
GFP-positive blinking spots colocalized with the invadopo-
dia (38). The exocytosis of MT1-MMPpHluorin vesicles
was monitored at different cross-linking ratios (Movie S6;
Fig. 5, E and F) to calculate the average vesicle delivery
rate for each condition. At a cross-linking ratio of 0.39,
MT1-MMP-vesicles were delivered more frequently
compared to other cross-linking ratios (Fig. 5, F and G).
Interestingly, frequencies of calcium spikes and MTI-
MMP vesicle delivery operated in a similar range, suggest-
ing a coordination between cycles of calcium spikes and
vesicle delivery (37).

Collectively, our data suggest that frequencies of protru-
sive cycles in invadopodia as well as frequencies of calcium
spikes and MT1-MMP delivery to the invadopodia plasma
membrane change in concert and are controlled by ECM
cross-linking.

Switching between migration and invadopodia
states is regulated by §1-integrin activity

The coordinated relationship between ECM properties and
invadopodia dynamics and function suggest a central role
for the outside-in signaling provided by ECM-integrin inter-
actions. As mentioned above, $1-integrin is localized to in-
vadopodia and in its absence, invadopodia maturation and
ECM-degrading function are disabled (7). We hypothesized
that interactions between ECM and (1-integrin are the mas-
ter regulator of invadopodia dynamics and, consequently, of
the length of time that cell will spend in the invadopodia
state. We next tested this hypothesis in our model as well
as experimentally.

In our model, the effect of cell.ECM interaction on
invadopodia dynamics was examined by varying the adhe-
sion constant (Ka) from 1 (Fig. 1 E) to 0.2 and 0.01 s !
(Fig. 6 A). A decrease in Ka reflects lower cell-ECM adhe-
sion strength. Whereas modifying ECM cross-linking alters
adhesion strength externally by changing the number of
ECM molecules proximal to the cell, adhesion strength
can also be targeted by modifying the integrin ability to
bind ECM. The model results suggest that a decrease in
adhesion strength (Ka = 0.2) will cause a decrease in the
period spent in the invadopodia state, simultaneously
increasing the time spent in the migration state to the point
where invadopodia are completely eliminated and the cell
continuously migrates (Ka = 0.01).

To test the simulation results, @1-integrin’s ability to
bind to the ECM was increasingly blocked using different
doses of a monoclonal blocking antibody (4B4). The extent
of invadopodia degradation and the average lengths of
both invadopodia and migration states, which occur on
the timescale of hours, were measured at various doses
of 4B4. Results show that with increasing concentrations
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of 4B4, the average time that a cell spends in the invado-
podia state decreases, whereas that of the migration state
increases (Fig. 6, B and C). At 2.0 ug/mL of 4B4, ECM
degradation is totally halted, and cells migrate continu-
ously. Higher concentrations of blocking antibody also
block migration and cause cell detachment from the gelatin
layer (=>4.0 ug/mL). Furthermore, we tested the effect of
partial 81-integrin inhibition on the dynamics of invadopo-
dia-related activities, such as cortactin oscillations, which
occur on the timescale of minutes. Results show a signifi-
cant decrease in the frequency of cortactin oscillations
from 3.08 mHz in control cells to 2.39 mHz in cells with
partial G1-integrin inhibition (Fig. 6 D). Such a decrease
is reminiscent of the effect of extreme ECM cross-linking
values (Fig. 4 D). Collectively, these results indicate that
interactions between the ECM and $1-integrin are involved
in regulating invadopodia-related dynamics on the time-
scale of minutes and, in turn, the frequency of switching
between invadopodia and migration states on the timescale
of hours (Fig. 6 E).
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DISCUSSION

Invadopodia assembly and function have been well studied
as measures of cancer cell invasiveness, but the relationship
between invadopodia and cell translocation and the dy-
namics of these events were never directly addressed.
Here, to our knowledge, we demonstrate for the first time
that cancer cells with invadopodia repeatedly oscillate be-
tween invadopodia and migration states. Importantly, we
show that the degree of ECM cross-linking controls the bal-
ance between the two states via the level of 81-integrin ac-
tivity. Moreover, ECM cross-linking controls invadopodia
dynamics and function, which involve protrusion-retraction
cycles and calcium-dependent MT1-MMP delivery to the
plasma membrane.

The increase in ECM cross-linking has been previously
demonstrated to increase the number of focal adhesions
(29) and invadopodia (2,14,39). Further, the stiffness of
the ECM has been reported to affect invadopodia numbers
and activity (15). Finally, either an increase in ECM
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stiffness or mechanical stretching of the ECM layer has been
demonstrated to increase MMP expression (40,41). Here,
we show that the increase in ECM cross-linking affects in-
vadopodia-related dynamics and their ECM-degrading
function. Although the number of precursors plateaus with
the increase in cross-linking, the number of mature invado-
podia demonstrates a pronounced biphasic trend, suggesting
that the cross-linking variations may be more important in
later steps of invadopodia assembly, such as maturation
and MT1-MMP delivery steps. Our data on MT1-MMP
recycling confirm this hypothesis. Collectively, our data
demonstrate that intermediate levels of ECM cross-linking
support the highest speeds of protrusive cycles as well as
the most frequent MT 1-MMP delivery via Ca>* oscillations
while making invadopodia more stable, resulting in a peak
of degradative activity. Furthermore, the extent of interac-
tions between ECM and f1-integrin dictates the length of
time that a cell can spend in the invadopodia state and the
frequency of switching between migration and invadopodia
states.

Previous quantitative studies in both invadopodia—
generated by cancer cells (13)—and podosomes—generated
by macrophages or dendritic cells (11,42,43)—have shown
an oscillatory behavior of the structure core, reflecting pro-
trusion-retraction cycles. Intensity fluctuations in the core

017 039 0.68
Cross-linking degree (X)

three separate experiments per condition. Pairwise
comparisons were done with a 0.39 cross-linking
ratio condition. Errors are shown as mean + SE.
*p < 0.05, ¥*p < 0.01, ***p < 0.001. To see
this figure in color, go online.

actin and cortactin content are a direct measure of the verti-
cal movement of the protrusion tip “digging” into the ECM
(11). Similar oscillations were seen in stiffness levels of the
podosome structure itself, as measured by atomic force
microscopy (42). Lengths of protrusion-retraction cycles
(i.e., core oscillations) reported in various cell types were
300-900 s (11,13). Elimination of such cycles was seen
with perturbations of actin core by inhibition of Rho-associ-
ated protein kinase or myosin light-chain kinase (11) or in-
hibition of cortactin phosphorylation (13). Our data suggest
that the cell “sensing” of ECM cross-linking translates into
frequency of protrusion-retraction cycles in a coordinated
fashion. Thus, the ECM cross-linking degree optimal for
maximal degradation is in coordination with the fastest pro-
trusion-retraction cycles as well as the highest frequencies
of calcium spikes and MT1-MMP delivery. Interestingly,
coordination between calcium spikes and oscillations in
cortical actin (as well as N-WASP and PI(4,5)P2) was
recently demonstrated to be essential in vesicle secretion
in leukemia cells (44.45).

In breast carcinoma (7) as well as metastatic melanoma
(46), B1-integrin is localized to invadopodia. 81-integrin is
also highly expressed in breast carcinoma compared to (33
and @5 and is necessary for invadopodia maturation,
whereas (33’s role focuses on general adhesions. Our model

Biophysical Journal 114, 1455-1466, March 27, 2018 1463



Pourfarhangi et al.

Ka=1 K ,=0.2

of the state

Relative abundance

oM h o o =

Relative abundance
of the state

oM h o o =~

Relative abundance
of the state

o bh o o

0 250
Time unit

500 0 250

Time unit

500

oo}
w
=]

*%
—
*

N
o

Migration period (h)
>

Invadopodia period (h) O
=Y

o

K 2=0.01

FIGURE 6 (l-integrin regulates balance be-
tween migration and invadopodia states. (A)
Shown are the simulation results of the cancer
cell oscillation between invadopodia (blue) and

0

migration (red) for decreasing values of K,, indi-
cating the elimination of the invadopodia state at
K. = 0.01 (right panel). (B) The change in time
spent in migration state (h) with increasing doses
of @l-integrin blocker is shown. (C) The change
in time spent in the invadopodia state (h) and inva-
dopodia degradation with increasing doses of
B1-integrin blocker 4B4 is shown. The blue line
shows relative invadopodia degradation per cell
(blue axis). Pairwise comparisons were done with
the control condition (0 ug/mL 4B4). (D) Cortactin
oscillation frequency is measured in cells treated
with PBS (green bar) or cells treated with

250
Time unit

500

-
N

o
)
Area of degradation

e
FS

0.0 04 06 20 4.0
4B4 (ug/ml)

o

E

B
=}

w
o

Migration
assembly

frequency (mHz)
- N
o o

Cortactin oscillation

0.0 04 06 2.0 4.0
4B4 (ug/ml)

" Extreme cross-linking- rare state switching

Invadopodia Degradation

Moderate cross-linking- frequent state switching

i it o e e A

0.6 pug/mL 4B4 @l-integrin inhibitor (gray bar).
Experiments were done on a gelatin layer with a
cross-linking degree of 0.39, in triplicate, and
errors are shown as mean * SE. *p < 0.05,
**p < 0.01. (E) Shown is a summary of the conclu-
sions. The levels of ECM cross-linking determine
ECM-integrin interactions, which control the
speed of invadopodia “digging” and ECM degra-
dation. Faster invadopodia dynamics lead to more
frequent switching between the invadopodia and
migration states and, finally, to higher total ECM
degradation. To see this figure in color, go online.

Migration

i

0.0 0.6
4B4 (ug/ml)

Time

and results of blocking interactions between ECM and
Bl-integrin suggest that the balance between migration
and invadopodia states can be altered via ECM-@1-integrin
binding levels. Previous reports of dose response to soluble
factors such as epidermal growth factor demonstrated
similar biphasic trends of invadopodia numbers and/or
chemotactic migration to increasing epidermal growth fac-
tor concentrations (47-49). Taken together, these data
suggest that conditions in the extracellular environment
cannot be directly taken as having a positive or negative
effect on motility or invadopodia functions. Cells continu-
ously adapt their behavior to match the conditions encoun-
tered in the extracellular environment, and this may include
reverting to their invasive behaviors. It is possible that each
stage of invadopodia assembly contains equilibrium points,
and those invadopodia that do not reach stable conformation
are continuously eliminated. Such a model is strengthened
by a recent mathematical study on focal adhesion growth
(50) suggesting that focal adhesions grow to the stable equi-
librium length. Whereas the adhesions that did not reach
equilibrium fully disassemble, those that surpass equilib-
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rium size go through partial disassembly. Finally, stable
focal adhesion size was found to be in direct relationship
with ECM stiffness. In conclusion, our observations suggest
the importance of considering nonlinear relationships be-
tween cells and their immediate environments, which are
further complicated by receptor transactivation and inherent
heterogeneities in cell transcription levels.

Data presented can be summarized in the model in which
ECM-g1-integrin adhesion regulates the dynamics of inva-
dopodia-related processes occurring on the timescale of
minutes (speed of protrusion-retraction cycles and ECM
degradation). This in turn regulates the dynamics of invado-
podia-migration oscillations, which occur on the timescale
of hours. Our data demonstrate that faster protrusion-
retraction cycles are in conjunction with faster MT1-MMP
recycling and calcium spikes, leading to faster ECM degra-
dation. Next, this leads to invadopodia disassembly and cell
translocation to a place with an intact ECM. In this model,
integrin signaling regulates the speed and the efficiency of
invadopodia short-scale dynamics, thus regulating long-
scale dynamics of switches from the cell migration state



to the invadopodia state (Fig. 6 E). Our mathematical
modeling strengthens this view. By simulating a wide range
of conditions in a generalizable, nonparametric manner, the
model predicts that changes in ECM-integrin binding and/or
ECM cross-linking will induce changes in frequency of
oscillations between migration and invadopodia states.
Physically, this can be interpreted as a requirement for
nonoverlapping levels of cell-ECM adherence in each of
the states.

Our findings suggest the possibility of targeting invado-
podia via ECM-modulation treatments. As invadopodia
in vivo are necessary for intravasation (19) and extravasa-
tion (3)—and hence, metastasis (19)—an understanding of
the relationships between the ECM and invadopodia carries
powerful implications for future chemotherapies. If invado-
podia and their degradative activity can be destabilized by
minute changes in ECM cross-linking, this might potentially
turn off the cancer cell metastatic potential. In vivo, there
are several enzymes catalyzing covalent cross-links of
collagen and elastin in cancer. These include lysyl oxidase,
PLOD2, and TGII enzymes, all of which were linked to
increased cancer cell motility and metastasis (51-53). Addi-
tionally, ECM cross-linking can be induced by nonenzy-
matic glycation between sugars and proteins, resulting in
advanced glycation products that were shown to increase
invasion in cancer cells (54). Reduction of ECM cross-
linking via inhibitors specifically designed for lysyl
oxidase, PLOD?2, or TGII (48,55,56) as well as inhibitors
of glycation such as flavonoids or aspirin (57) are likely
to contribute toward invadopodia reduction. Our work
suggests that such inhibitors can be valuable in reducing
metastatic potential in neoadjuvant therapy.
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Model description

The mathematical model was developed based on the following assumptions and can be
applied to any dimensionality of ECM architecture:

1. Average concentration of growth factor stimuli and intact, non-degraded ECM s
assumed to be constant in the system;

2. High ECM concentration and crosslinking ratio can create physical barriers, inhibiting
cell migration through the ECM (1, 2);

3. ECM degradation rate is assumed to exponentially decrease as ECM concentration is
depleted (exponential decay);

4. The potential of the cell for ECM degradation is assumed to decay between two cycles
of MMP delivery (3);

5. It is assumed that cells migrate in a constant speed in a condition when there is no
physical barrier opposing the cell movement.

The sets of ordinary differential equations predicting the changes in these three variables
are as follows:

dc Crey— C

% =K, * M * Cepy (( ECM ECM)/(l N X)nCE*'CM) - K. (1 — exp(—KiCCECM)) (Eq.1)
dl

i K 1 (1 - exp(_KiCCECM)) - K1 (Eqg. 2)
M c

ar Km(l/(l + X)n)V - KemM ECM/cECM (Eqg. 3)

The first term of Equation 1 captures the increase in the ECM concentration when a cell
moves from an area where ECM was degraded to an area with high abundance of intact ECM.
Hence, the extent of the migration (M) has a direct positive effect on the increase in the local ECM
concentration. As the migration requires cell-ECM adhesions to be created in the cell front and
dissociated at the cell rear (4), dependence of cell migration to cel-ECM adhesions will be
nonlinear (5). To capture the non-linear role of adhesions, M is multiplied by K.C?cu. Next,
increase in ECM concentration and cross-linking ratio will reduce the cell movement by reducing
ECM pore size (1, 2). To introduce this hindering effect to Equation 1, the first term of this equation

is multiplied by <(CECM_ CECM)/(l + X)nc: ) Higher ECM concentration and cross-linking ratio
ECM

decrease the value of this term, therefore decreasing the total value of the whole Equation 1
(dCecw/dt). In this term, exponent n is a constant dependent on cell and ECM geometry, adapting
the equation for various types of ECMs and cells. The exponent n captures the non-linear effects
of crosslinking in creating physical barriers against cell migration. The value of this exponent was
determined experimentally (Figure S1). The second term of Equation 1 depicts the degradation
rate of the intact ECM by proteolytic activity of invadopodia. It is assumed that ECM degradation
would exponentially reduce with the level of intact ECM, due to lesser availability of non-degraded
ECM for proteolysis.

The first term of Equation 2 is the rate at which a cell degrades ECM. The higher the levels
of Invadopodia state (I) and ECM concentration (Cecu), the higher is the rate of invadopodia
degradation. In this model, it is assumed that between two protease delivery events, the potential
of invadopodia proteolytic activity decreases due to lesser availability of protease molecules (eg.



MT1-MMP). The second term of Equation 2 captures this negative effect on the invadopodia
degradation value.

Table S1. List of variables and constants used in the model

Variable/Constant Description Unit Value reference
C I ECM concentration D&ff::é?:;; s 100 to 0 NA
C *ECM Intact ECM concentration Dimensionless 100 NA
1 Invasion state abundance Dimensionless Iy = 1e107° NA
M Migration state abundance Dimensionless My =1 NA
X ECM crosslinking ratio Dimensionless Oto1l NA
K, Cell-ECM adhesion constant 1/s 1 -
K. Unit adjusting constant 1/s 1 -
K. MT1-MMP proteolysis rate constant 1/s 0.00201 (6)
K. Unit adjusting constant 1/s 1 --
K; MT1-MMP turnover rate constant 1/s 1726 3)
K, Unit adjusting constant 1/um 1 -
K. Unit adjusting constant 1/s 1 -
V Maximum migration speed um/s 0.083 @)
Indicator of the ECM cross-linking ratio . . 6 for 2D; 7 in This paper
n effect on cell migration dimensionless 3D assay Figure S1

Equation 3 represents variations in the Migration state levels over time. We assume that
each cell has a constant rate of migration in a condition when there is no physical barrier opposing
the cell movement. In 2D environment, where there are no physical barriers present on the dorsal
side of the cell, the increase in size and number of focal adhesions on the ventral side of the cell
can mimic physical barrier. In the first term of Equation 3, this constant speed is denoted by V.
However, the extent of ECM crosslinking affects this speed. An increase in ECM crosslinking ratio
decreases ECM pore size, resulting in a decrease in the velocity of cell migration (2). We assumed
that the cell speed non-linearly decreases as the crosslinking ratio increases. The second term of
Equation 3 accounts for the physical barriers that ECM concentration is responsible for. As a cell
degrades its surrounding ECM, Cgcy decreases which causes a decrease in CECM/C*ECM, resulting
in a decrease in the ECM concentration role in opposing cell migration. The second term is then
multiplied by the amount of the Migration state, because it is assumed that the higher the value
of the Migration state, the higher are the effects of physical barriers on the cell migration.

The set of ordinary differential equations consisting of Equations 1-3 was simultaneously
solved using the kinetic values as indicated in Table 1 and the following initial conditions

Cly= C*ECM =100 (%, intact ECM at the beginning)
Mo =1
I, =1e10®

M, and I are initial values of migration and Invadopodia states. It is assumed that the cell
is initially in Migration state, until it reaches a point where it switches to Invadopodia state.



Our model has no spatial terms defined and does not store information about ECM
concentration distribution. The model assumes a fixed concentration of intact ECM prior to the
arrival of cells with degradation capacity, and that cells always migrate to in the direction where
intact ECM is present which in turn stimulates ECM degradation. Such locations can be either in
areas not previously visited by the cell or in the vicinity of previously degraded punctae. As a
result, new invadopodia assembles and matures and new ECM degradation punctae are formed.
If a cell initiates invadopodia assembly at previously degraded punctae, disassembly will occur
prior to invadopodia maturation due to the absence of adhesion ligands in the ECM (Movie S1,
S2).

In regard to ECM role in Migration/Invadopodia oscillations, our model is adhesion-centric.
As integrin molecules are well-known mechanosensors, physical forces are likely to influence
adhesion strengths and numbers. However, we do not explicitly address physical force effect on
the system. Surrogates of the physical force are introduced to the model in the Equation 3, where
both increase in cross-linking and concentration of the ECM exert hindering effect towards the
abundance of cell migration state (M) as well as the maximum migration speed (V). For example,
the model assumes that when ECM cross-linking is negligible, all cells will “move” at a maximum
velocity V and these values will both be lower at higher ECM cross-linking and/or concentration
levels.
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Supplementary Figures:

Figure S1.
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Figure S1. Fitting the value of n to the experimental data. In the model, cross-linking ratio
was fixed to the optimal value measured experimentally (0.39 for 2D, 0.36 for 3D). The number
of predicted invadopodia/migration switches over time was plotted at different values of n. The

value of n with maximal number of switches was chosen, 6 for 2D (A) and 7 for the 3D (B)
conditions.



Figure S2.
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Figure S2. Measurements of physical properties of gelatin and collagen gels: A and B.
Increase of the cross-linking ratio of the gelatin (A) and collagen gels (B) with increase in the
cross-linker concentration. Errors are shown as SEM. C. Images of a representative 3D collagen
gel taken by reflection confocal microscopy (raw image, left; processed image, right). Scale bar 5
pm. Bar graph shows pore sizes at different cross-linking degrees. T-test pairwise comparison
performed among samples. P<0.05 *, P<0.01 **, P<0.001 *** D. Storage modulus of the collagen
samples cross-linked with TG Il, measured at 0.1-5 Hz frequencies of the strain control test.



Supplementary Movies

Supplementary Movie 1. MTLn3 cell switching from Migration to Invadopodia state.

Time lapse of Cerulean-cortactin-MTLn3 cells (left) cultured on Alexa 488-Gelatin
(middle); overlay (right) used for measurements in Figure 1A-D. Centroid tracking is shown in blue
and representative invadopodia are marked with red circles (starting 380 and 810 minutes). At
the beginning of the movie, cell is migrating across the gelatin layer and assembles short-lived
invadopodia precursors. When the cell centroid becomes stationary, the number of ECM-
degrading invadopodia increases. Time between frames: 10 minutes. Scale baris 10 ym.

Supplementary Movie 2. MDA-MB-231 cell switching between Migration and Invadopodia
states.Time lapse movie acquired from a Cerulean-Lifeact-H2B-GFP-MDA-MB-231 cell (left)
cultured on Alexa 488-gelatin (right). Centroid tracking is shown in blue and invadopodia are
denoted by red circles (Starting at 110, 370 and 520 min). Time between frames: 10 minutes.
Scale bar 10 uym.

Supplementary Movie 3. Oscillations of cortactin fluorescent signal in invadopodia

Representative example of time lapse recording of Cerulean-cortactin-MTLn3 cells (left)
on gelatin with 0.39 cross-linking degree, used for cortactin oscillation measurements in Figure
4B. The cortactin punctae were filtered by Laplacian of Gaussian filter (right, Log 3d). Inserts
zoome-in to an individual invadopodium. Time between frames: 30 seconds. Scale bars are 10 ym
in the left and right panels and 5 pm in the inserts.

Supplementary Movie 4. Absence of cortactin oscillations upon F-actin polymerization
inhibition by Cytochalasin D.

Representative example of time lapse recording of Cerulean-cortactin-MTLn3 cells (left)
cultured on gelatin with 0.39 cross-linking degree and treated with 4 yM Cytochalasin D.
Invadopodia precursors, visible as cortactin punctae, were filtered by Laplacian of Gaussian filter
(right, Log 3d). Inserts zoom-in to an individual precursor. Time between frames: 30 seconds.
Scale bars are 10 um in the left and right panels and 5 pm in the inserts.

Supplementary Movie 5. Dynamics of calcium spikes measured by Fluo-4-AM.

Representative example of time lapse recording of Cerulean-cortactin-MTLn3 cells on
gelatin with 0.39 cross-linking degree. Cells were loaded with Fluo4-AM and used to measure
calcium spikes in Figure 5A-D. Time between frames: 5 seconds. Scale bar is 10 um.

Supplementary Movie 6. Dynamics of MT1-MMP vesicle delivery to the plasma membrane.

Representative example of time lapse recording of HS-578T-MT1-MMP-pHIluorin cells on
gelatin with 0.39 cross-linking degree, used to measure frequency of delivery of MT1-MMP
containing vesicles to the plasma membrane in Figure 5E-G. Cross-linking degree of 0.39 is
shown. Time between frames: 30 seconds. Scale baris 10 ym.
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