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Abstract The interstitial tumor microenvironment is composed of heterogeneously organized collagen-rich
porous networks as well as channel-like structures and interfaces which provide both barriers and guidance
for invading cells. Tumor cells invading 3D random porous collagen networks depend upon actomyosin
contractility to deform and translocate the nucleus, whereas Rho/Rho-associated kinase-dependent con-
tractility is largely dispensable for migration in stiff capillary-like confining microtracks. To investigate
whether this dichotomy of actomyosin contractility dependence also applies to physiological, deformable
linear collagen environments, we developed nearly barrier-free collagen-scaffold microtracks of varying cross
section using two-photon laser ablation. Both very narrow and wide tracks supported single-cell migration
by either outward pushing of collagen up to four times when tracks were narrow, or cell pulling on collagen
walls down to 50% of the original diameter by traction forces of up to 40 nN when tracks were wide,
resulting in track widths optimized to single-cell diameter. Targeting actomyosin contractility by synthetic
inhibitors increased cell elongation and nuclear shape change in narrow tracks and abolished cell-mediated
deformation of both wide and narrow tracks. Accordingly, migration speeds in all channel widths reduced,
with migration rates of around 45-65% of the original speed persisting. Together, the data suggest that
cells engage actomyosin contraction to reciprocally adjust both own morphology and linear track width to
optimal size for effective cellular locomotion.

Introduction

Tumor progression is accompanied by the spread of
tumor cells to adjacent and distant tissues through inva-
sion and metastasis and, consequently, reduced progno-
sis on patients’ life span [1,2]. Tumor-surrounding tis-
sues range from extracellular matrix (ECM)-rich con-
nective tissues and stiffened desmoplastic tumor stroma
to nearby fat and muscle layers [3,4]. Invading cancer
cells are therefore confronted with ECM that, besides
a range of stiffness values, consists of different topolo-
gies, including discontinuous pores bordered by fibrillar
collagen or continuous channel-like tracks of linear or
nonlinear shape [5]. In vivo, the degree of confinement
can vary considerably, with spaces in randomly orga-
nized collagen-rich networks ranging from 1 to 20 µm [6]
and in linear-organized topologies in or near perimus-
cular or perineural tissues from 2 to 30 µm in diameter
[7]. Whether these different geometries impose differ-
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ent mechanical and molecular requirements on invading
cells remains unclear.

Mesenchymal cell invasion into complex substrates
potentially providing physical constraints has been con-
ceptualized as a multi-step process. Actin-mediated
cell polarization and protrusion of the leading edge
are followed by integrin-mediated substrate attach-
ment for transient anchorage and actomyosin contrac-
tion of the cell body, with the latter two jointly gen-
erating the traction force that enables cells to pull
on substrate, accompanied by focalized substrate
proteolysis to widen ECM gaps, and finally followed by
de-adhesion at, and forward-slipping of, the cell rear
[8–11]. Cell locomotion also includes the actomyosin
contraction- and tubulin-dependent forward motion of
the cell nucleus, the cell’s stiffest and largest organelle
[12–15]. Actomyosin contractility depends on myosin
II intercalation between actin filaments leading to
their displacement and overall stress fiber shortening
[16]. Myosin-II activity is regulated by the small Rho
GTPase RhoA that acts through its effector protein
Rho-associated coiled coil-containing kinase (ROCK)
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enabling the phosphorylation of the myosin II light
chain [17]. RhoA/ROCK signaling, by regulating cell
body contraction and adhesion strength, determines
traction force and migration efficacy [9,18,19]. Indeed,
interference with the Rho/ROCK axis reduces tumor
cell migration speed in vitro, with outreach to reduced
metastasis formation in vivo [20–23].

Actomyosin contractility function on migration may
depend on the topology and the degree of cell con-
finement by the extracellular environment. Cells are
confined when they are embedded in extracellular sub-
strate that causes the adaptation of a polarized cell’s
typical cross section to smaller areas [22]. Accord-
ingly, interference with contractility reduced migra-
tion efficacy in soft confining collagen hydrogels in
vitro [22,23], but also in wider linear soft collagen-
based microtracks of 200 µm2 cross section [24]. Con-
versely, interfering with cell contraction in confining
(30 µm2) linear stiff polydimethylsiloxane (PDMS)
microchannels left cell speed unaltered [25]. Thus,
while Rho/ROCK-dependent actomyosin contractility
impacts cell migration in collagen-based discontinu-
ous three-dimensional (3D) networks or larger tracks,
in stiff confinement contractility-independent migra-
tion modes exist. Whether confined linear in vivo-
like interstitial environments can support Rho/ROCK-
independent migration remains unclear.

We here developed an assay of engineered micro-
tracks of various defined cross sections in a collagen lat-
tice ranging from 7 - 460 µm2 and probed the necessity
of actomyosin contractility for cell migration in depen-
dence of lateral confinement. Different from previously
used PDMS-based approaches, the 3D collagen track
structure was deformable, hence allowing for recipro-
cal adjustment of cell-channel width by pulling on and
pushing of walls by the moving cells. Using pharma-
cological interference with Rho/ROCK signaling, we
found that migration speed was reduced in all track
diameters, while ECM deformation was abolished. The
data suggest that in pliable linear environments, acto-
myosin contractility is required for ECM pulling in large
tracks or pushing in confining tracks to deform, and
hereby accommodate, track diameters to cellular and
nuclear shape to enable high-speed migration.

Material and methods

Reagents and antibodies: The following dyes and
antibodies were used for microscopy: Alexa Fluor
568-conjugated phalloidin (#A12380, ThermoFisher),
DAPI (Sigma) and polyclonal affinity-purified rab-
bit anti-COL1 3

4 C short antibody (Immuno-Globe)
directed against the C-terminal cleavage neo-epitope of
collagen type I [26]. For Western blotting, polyclonal
rabbit antihuman phospho-myosin light chain 2 anti-
body (Thr18/Ser19; #3674, Cell Signalling Technol-
ogy), polyclonal rabbit antihuman myosin light chain
2 antibody (#3672, Cell Signalling Technology) and
Odyssey system-specific antibodies goat anti-rabbit 608

and goat anti-rabbit 800 (both Li-Cor Bioscience) were
used. For functional studies, the following small syn-
thetic drugs were used: ROCK-inhibitor Y-27632 (H2O-
dissolved, at indicated concentrations; Santa-Cruz);
Myosin II-inhibitor blebbistatin (DMSO-dissolved, at
indicated concentrations; Sigma); and MMP-inhibitor
GM6001 (DMSO-dissolved, 5 µM; Calbiochem).

Cell culture: The following cell lines were used:
wildtype human fibrosarcoma HT1080 cells (ACC315;
DSMZ Braunschweig), or HT1080 cells expressing
either cytoplasmic TagRFP in combination with nuclear
histone-2B (H2B)-coupled eGFP, cytoplasmic eGFP
in combination with H2B-coupled mCherry, or H2B-
coupled mCherry alone. Expression of fluorescent mark-
ers was induced by transduction with a lentiviral vector
and did not affect migration kinetics (data not shown).
All cells were cultured (37◦C, 10% CO2, humidified
atmosphere) in Dulbecco’s modified Eagle’s medium
(DMEM; Invitrogen) supplemented with 10% fetal calf
serum (FCS; Sigma), penicillin (100 U/ml; PAA), strep-
tomycin (100 µg/ml; Invitrogen), L-glutamine (2 mM;
Lonza) and sodium pyruvate (1 mM; Gibco).

Collagen microtrack migration assay: Fibrillar
collagen lattices (end concentration of 6 mg/ml) were
generated by preparing a mixture of acid collagen type
I solution (rat tail; Corning) supplemented with 10x
Minimum Essential Serum (Sigma) and 1N NaOH with
a resulting pH of 7.4. 100-200 µl of this mix was added
to a self-constructed wax–glass [22] or silicon–glass
chamber of 1-2 mm thickness. Fibrillar collagen gels
were formed upon polymerization at 37◦C for 15 min-
utes after which culture medium was added. Chambers
were sealed and stored for up to 24 hours before laser
ablation. Tracks of indicated cross sections and a length
of approximately 1 mm were dissected from the collagen
network using a Ti-sapphire laser (Chameleon Ultra II,
Coherent) at 830 nm, a scanning frequency of 50 Hz, a
pixel dwell time of 21 µs and pixel size of 0.32 µm, and a
laser power of approximately 300 mW under the objec-
tive (Nikon 2.5x 1.1 NA water objective) of a multipho-
ton microscope setup (TriMScope II; LaVision BioTec).
Cell-free microtracks were imaged using forward detec-
tion of second harmonic generation signal generated by
excitation at 830 nm, a line frequency of 800 Hz, and
a laser power of 35 mW under the objective. Within
24 hours after track generation, chambers were opened,
cell culture medium removed, HT1080 cells seeded on
top of the track entrances, and chambers filled up with
culture medium. Before re-sealing the chamber, cham-
bers were cultured in an upright position for at least
1 hour to allow cell attachment to collagen and equi-
libration of the medium. Collagen lattices and culture
medium were supplemented with GM6001 to enable cell
migration in guiding tracks bordered by intact collagen
and, where indicated, with Y-27632 or blebbistatin, and
subjected to life microscopy for 24 hours.

Time-lapse microscopy and quantification of
cell migration: Cells were monitored using a Zeiss
Axiovert 200M microscope (plan-NEOFLUAR 10x/0.3
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NA air objective) equipped with a Moticam-pro 2850
CCD camera, an Okolab stage incubator (37◦C, 10%
CO2) and run by Micromanager 1.4 software for 22-
25 h with 4-min frame intervals. Migration speed from
individual cells was quantified using manual computer-
assisted tracking of xy paths with 4-min time intervals
[Autozell software, Centre for Computing and Com-
munication Technologies (TZI), University of Bremen,
Germany]. The mean speed per cell in the tracks was
calculated by dividing path length by time and there-
fore included also the ‘stop’ phases.

Confocal fluorescence and reflection
microscopy: Cell–collagen samples were fixed with 4%
PB-buffered paraformaldehyde (PFA), washed, stored
at 4◦C and stained with fluorescent dyes as indi-
cated. Imaging of fixed samples was performed using
a FV1000 confocal microscope (Olympus, 40x/0.8 NA
water objective). For confocal time-lapse microscopy, an
SP5 confocal laser scanning microscope system (Leica,
40x/0.5 NA objective) was utilized.

Scanning electron microscopy: To visualize the
microtracks in the collagen lattice at single fibril reso-
lution, scanning electron microscopy (SEM; Sigma 300,
Zeiss) was utilized. As preparation, cell-free samples
were fixed for 1 hour at room temperature (RT) with
2% glutaraldehyde (Merck) in 0.1 M cacodylate buffer,
followed by two washes in the same buffer. 1% osmium
tetroxide (EMS) in 0.1 M cacodylate buffer was used
as a secondary fixative with incubation for 1 hour at
RT. Samples were processed by dehydration through a
graded series of ethanol followed by critical point-drying
using CO2 and then sputtered with a conductive metal
and imaged.

SDS-Page and Western blotting: Sub-confluent
adherent cells were washed and directly exposed to
Laemmli lysis buffer on ice. Where indicated, cells
were pre-treated with inhibitors of actomyosin con-
tractility for 1 hour. Lysates were harvested, boiled
for 10 minutes at 95◦C and stored at -20◦C. Sam-
ples were separated by 15% SDS-PAGE electrophore-
sis, transferred onto polyvinylidene fluoride (PVDF)
membranes, blocked using Li-Cor blocking buffer (Li-
Cor Biosciences), incubated with primary anti-pMLC
antibody at 4◦C overnight and a secondary antibody
for 1 hour, and fluorescence was detected using the
Odyssey system (Li-Cor Biosciences). To strip blots,
western blot stripping buffer (Restore Plus, Thermo-
Scientific; for wet PVDF membranes) or harsh strip-
ping buffer (62,5mM Tris pH 6.8, 0,5% SDS, 0,7% β-
mercaptoethanol; for methanol-reactivated dried PVDF
membranes) was used. After confirmation of complete
stripping by fluorescence detection, blots were blocked
again with Li-Cor blocking buffer before a second stain-
ing with MLC-specific and secondary antibody and flu-
orescent bands were detected. Fluorescent intensities
were quantified using Li-Cor Biosciences ImageStudio
Lite Version 5.2.

Gel contraction assay: Collagen type I lattices (300
µl; 1,7 mg/ml; rat tail) containing 420.000 cells were

polymerized in triplicates in a 48-well cell culture plate,
loosened from the well, and culture medium was added.
Where indicated, Y-27632 or blebbistatin was added to
both collagen and supernatant. After incubating plates
for 48 hours, decrease in collagen gel surface was moni-
tored at a dissection microscope equipped with a cam-
era.

Cell viability assay: Cells were cultured in a 48-well
culture plate with indicated inhibitor concentrations.
After 24 hours, the culture medium potentially contain-
ing dead cells was collected, and adherent cells detached
and mixed with their original supernatant. The cell sus-
pension was incubated with 1 µl of propidium iodide for
1 minute and measured at a FACScalibur machine (BD
Biosciences) for propidium iodide-positive cells using
the 585/40 filter. Data were analyzed using the FlowJo
software in which the gating was set based on the con-
trol samples.

Proliferation assay: Cells were cultured and treated
with indicated inhibitor concentrations in triplicates in
plastic flat-bottom 96-well culture plates for 24 hours,
and subsequently fixed with 4% PFA. Fixed samples
were stained with DAPI and the entire well imaged
using epifluorescence microscopy combined with auto-
mated multi-position image acquisition and stitching
(Leica DMI6000B, 10x/0.9 NA water objective). Num-
bers of cell nuclei per condition were determined by
automated DAPI counting as explained in the section
‘Image analysis.’

Image analysis: Image processing and quantification
were performed by Fiji ImageJ (1.52n; National Insti-
tutes of Health) [27]. Images were cropped, rotated,
manually adjusted for contrast and brightness and
displayed in virtual colors. Images were reconstructed
as maximum intensity projections from all fluorescence
z-scans and 1 reflection scan. Areas of contracted gels
were measured manually using the polygon selection,
and track width and minor nuclear diameter using the
straight line function. For quantification of prolifera-
tion, tile scans were stitched into a single image, thresh-
olded (Otsu white), processed using watershed function
and the number of nuclei counted in an automated
fashion. The nuclear irregularity index (NII) [28,29]
was determined in an automated fashion, with mal-
segmented nuclei being excluded manually. To deter-
mine cell length and nuclear position over time, cells
were tracked on three points, leading edge, nucleus cen-
ter and cell rear using Manual Tracking plugin in Fiji
Image J, and the mean was formed. For quantifica-
tion of proteolysis, the mean gray value of the COL1
3
4 signal per image was determined, subtracted from
background signal and divided by the number of nuclei
in an image. For track deformation analysis, a z-plane
intersecting the complete track within a region of inter-
est was selected and stabilized over time [30]. Fluores-
cence channels were spatially median-filtered (2 pixels),
and the reflection channel was spatiotemporally mean-
filtered (xy: 1 pixel, time: 2 frames). Kymographs were
generated using the multi-kymograph analysis function
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in Fiji. The reflectance channel was median-filtered (4
pixels) prior to kymograph generation. Last, the man-
ual tracking Fiji plugin was used to track the collagen
speckle pattern over time. Manual tracks were imported
into MATLAB (Version 2018b), and a custom script (to
be provided upon request) was used to calculate the
strain and force over time.

Force calculation: The quantification of force on the
track wall over time was based on a simplified lin-
ear relation between cell-induced Stress and Strain
within the collagen matrix (E =Stress/Strain), where
(1) Strain = relative deformation of the collagen with
respect to time point 0, (2) Stress = cell-induced force
F divided by cell–collagen contact area (a square of
20 µm x 20 µm2, thus 400 µm2 area, was assumed,
providing a rough estimate), and (3) Youngs modulus
Ecollagen [6mg/ml] =340 Pa (interpolated value from a
range of determined stiffness values from rat tail colla-
gen preparations of 3-7 mg/ml [31]).

Statistics: Statistical analysis was performed by
Kruskal–Wallis test with Dunn’s multiple comparisons
tests to detect differences between multiple groups with
non-Gaussian distribution, or the Mann–Whitney test
to detect differences between two groups with non-
Gaussian distribution using GraphPad Prism (version
8) software.

Results

Generation of collagen-ablated microtracks
To investigate tumor cell invasion into linear channel-

like structures of very small, intermediate and large
cross section relative to cell size, and in order to achieve
standardized conditions, we adapted a pre-existing
assay of two-photon laser-generated microtracks in col-
lagen lattices [32]. Linear tracks were cut into a poly-
merized high-density 3D collagen lattice using two-
photon laser ablation with an opening to the collagen–
medium interface (Fig. 1A). To match the range of
pre-existing tissue track widths observed in vivo [7],
various track diameters were generated, with diameters
between 2.6 and 21 µm and rectangular cross sections
ranging from 7 to 460 µm2 size (Fig. 1B, C). Because
of the small difference in pre-set versus measured diam-
eters, 2 µm pre-set tracks were in the following named
‘narrow’ tracks, and 20 µm pre-set tracks were named
‘wide’ tracks (Fig. 1C). The ablation yielded smooth
cutting edges of collagen fibrils without damage to
the surrounding collagen (Fig. 1D). These barrier-free
tracks of various cross sections in the same collagen lat-
tice were used for multiplexed side-by-side analyses of
cancer cell invasion.

Fibrosarcoma cell migration in microtracks in
single and collective mode

To enable tumor cell migration entry intro micro-
tracks, we overlaid mesenchymal HT1080 fibrosarcoma
cells onto the top of the collagen, thus providing direct
access to the entrance of the pre-existing microtracks.

To minimize collagen degradation by HT1080 cell-
expressing matrix metalloproteinases (MMPs), includ-
ing MT1-MMP or MMP-2 [26,33,34], all experiments
were performed in the presence of the broad-spectrum
MMP-inhibitor GM6001, in order to maintain an intact
microtrack architecture for cell guidance (Figure S1).
After entering the wide tracks, migrating HT1080 cells
started to follow the pre-existing channel structure
individually, but then merged into multi-cellular clus-
ters, (Fig. 2A, B; Supplementary Movie 1). The migra-
tion efficacy of both single or collectively moving cells
was unaltered, and all cells predominantly moved in
forward direction, but single cells had a higher ten-
dency to occasionally also move backward, thus moved
with less persistence than grouped cells (Fig. 2B-D).
In the different channel widths, cells migrated with
average speeds ranging from 0.5 µm/min in narrow (7
µm2) to 0.7 µm/min in wide (460 µm2) tracks (Fig.
2E). The average speed range maintained within all
tracks exceeded the average migration speed observed
for HT1080 cells in randomly polymerized fibrillar col-
lagen (0.3 µm/min) [22]. Thus, the pre-existing micro-
track architecture supported efficient fibrosarcoma cell
migration, alone or in groups, in tracks of all tested
diameters.

Modulation of track diameters by fibrosarcoma
cell-mediated pushing and pulling during migra-
tion

Migrating cells not only sense, integrate and adapt to
signals from the environment, but reciprocally respond
to, and thereby change, properties of the invaded
microenvironment [5]. Consistently, both outward and
inward deformation of the track boundary by migrating
cells was observed. Single cells and, to greater extent,
file-like cell clusters migrating through confining micro-
tracks had a larger diameter than the pre-generated
diameter of narrow tracks (Fig. 3A, left). As a result,
cells migrating in narrow tracks pushed track bound-
aries outward to diameters 3-8 times larger than the
original diameter, in agreement with previously pub-
lished data [32], and with residual widening persisting
after cells had migrated through these tracks (Fig. 3B,
left). In wide channels, when transmigrated by either
single cells touching one side of the wall only, or by col-
lectively migrating cells, the track diameters remained
similar to the pre-existing sizes (Fig. 3A, B; each right).
In addition, increased reflection signal was observed
along the walls of wide tracks after cell transmigration,
implying traction force-mediated collagen reorganiza-
tion during migration (Fig. 3A, right). However, when
single cells attached to both sides of the walls, they
dynamically narrowed track diameters similar to the
size of the cell body, which resulted in smaller diameters
than the original track widths, and partially persisted
after cell transmigration (Fig. 3B, C; Supplementary
Movie 1). When measured on four different example
cells, track diameters narrowed from 22 µm original
size down to 17 µm and up to 11 µm, thus reduced
in size by 23–50% (Fig. 3D). Thus, to generate cell
size-matching track diameters associated with effective
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Fig. 1 Setup of a collagen model with microtracks of vary-
ing cross-sections. A Schematics depicting the setup of a col-
lagen lattice within a 3D chamber from which microtracks
of varying cross-sections were laser-ablated. Top right,
entrances of three microtrcks into collagen (arrowheads),
imaged by scanning electron microscopy. B Overview of
used microscope settings during laser ablation and indi-
cated output parameters measured from negative reflec-
tion signal by confocal reflection microscopy. C Microtracks

(arrowheads) of indicated microscope-set diameters after
laser ablation. Images were generated from PFA-fixed colla-
gen samples by second harmonic generation, with loss of sig-
nal indicating ablated regions. Drifting of the sample during
laser ablation sometimes resulted in slightly shifted ablated
areas (asterisks). D Entrance of 10 µm wide microtrack
imaged by scanning electron microscopy. Arrowheads indi-
cate cleanly cut fibers. Scale bars: 20 µm (C); 2.5 µm (D)

migration, cells push ECM away in confining spaces or
pull on wide boundaries [35].

To quantify the forces that migrating cells apply on
their environment, we focused on cells pulling onto the
collagen walls of wide tracks. The emerging strain field
was characterized by tracking speckles within the col-
lagen lattice, obtaining trajectories that delivered dis-
placement vectors within the collagen matrix upon trac-
tion by migrating cells (Fig. 3E, F; Supplementary
Movie 2). From these, we could calculate the strain
and, estimating a collagen elasticity of 340 Pa and a
cell–collagen contact area of 400 µm2, determine the
emerging traction forces per cell of up to approximately
40 nN (Fig. 3G, H). This force is sufficient to lead to the
narrowing of wide tracks and, although not tested here,
might be as well sufficient to push collagen outward.

Migration efficacy and modulation of microtrack
width are mediated by actomyosin contractility

The modulation of track diameter by cell-mediated
pushing and pulling forces during migration implies
the involvement of actomyosin contractility. To test
whether actomyosin activity is required for migration
and track deformation, we initially measured MLC
phosphorylation and collagen contraction after titrat-
ing the small synthetic inhibitors Y-27632 and bleb-
bistatin. Increasing concentrations of Y-27632 gradu-
ally decreased the amount of pMLC (Supplementary
Figs. 2A and 3), similar to other cells and models
[22,36]. Blebbistatin caused a dose-dependent increase
in the pMLC/MLC ratio by nearly 400% (Supplemen-
tary Figs. 2B and 3), consistent with the compensatory
activation of the Rho pathway in response to myosin-II
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Fig. 2 Characterization of HT1080 cell migration in
microtracks. A All cells migrated within collagen-ablated
wide track with a general migration direction from left
to right (see white arrow). Images of cells with indicated
nuclear and cytoplasmic labels within track (arrowheads) at
different time points over 3 hours. Differently colored aster-
isks indicate individual nuclei. S, single moving cell; C, col-
lectively moving cells. B Trajectories of cells in wide tracks
over 24 h. Colorful arrows point to regions of respectively
colored trajectories where cells changed migration direc-
tion. C Average speed per cell migrating as single cell or
within a collective as indicated in (A). D Persistance of

cells migrating as single cells or within a collective. Persis-
tance was calculated as track length divided by the beeline.
E Mean migration speed of individual cells over 6–22 hours
in tracks of varying diameters. Data represent 53–80 cells
per condition (N = 3), and are also shown in Fig. 4C). Hor-
izontal. lines and boxes and whiskers show the medians,
25th/75th, and 5th/95th percentile. Dots show all individ-
ual measurements outside of the 25th to 75th percentile.
Mann-Whitney test. Ns, not significant; *, p-value < 0.05;
**, p-value < 0.01; ****, p-value < 0.0001. All scale bars:
50 µm

inhibition [36,37]. Accordingly, both ROCK or myosin
II inhibition compromised HT1080-induced contraction
of collagen lattices in a dose-dependent manner (Fig.
4A). We further pursued treatment with a 20 µ M
concentration for both inhibitors, which inhibited colla-
gen contraction near-maximally, while 40 µ M did not
significantly increase this effect further. To rule out tox-
icity effects, we confirmed that HT1080 cells remained
viable in the presence of each inhibitor at the selected

dose (Supplementary Fig. 2C). In addition, Y-27632 did
not compromise cell proliferation, whereas blebbistatin
caused a mitotic delay by approximately 40% (Supple-
mentary Fig. 2D), in accordance with a function of
myosin II in contraction of the cleavage furrow dur-
ing cytokinesis [38,39]. Together, Y-27632 and blebbis-
tatin are capable inhibitors of actomyosin contraction
for functional migration experiments.
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Fig. 3 Quantification of HT1080 cell-induced collagen deformation during microtrack migration. All cells migrated �
within collagen-ablated wide tracks with a general migration direction from left to right. (A) Single cells (s) and cell
clusters (c) migrating in tracks of indicated widths. Arrowheads, visualization of track boundaries before (cyan), during
(yellow) and after (red) cell passage; note the equal distance between arrowheads along the track length. Small white arrows
indicate collagen densification. (B) Track widths before, during (’During S’, during single cell transmigration; ’During C’,
during collective cell transmigration) or after cell passage of narrow or wide tracks. Data represent 3-27 measurements (dots)
per condition (N=2). Solid line with whiskers, mean and SD. Cyan dotted lines, initial track diameter. Cyan arrow indicates
difference between track diameter before and after cell transmigration. Black dotted rectangle, deformed track diameters by
single cells attaching to both track walls. Kruskal-Wallis test with Dunn’s multiple comparisons test. *, p -value < 0.05; **,
p -value < 0.01; ****, p-value < 0.0001. (C-F) 3D timelapse confocal microscopy of cell-induced track deformation, where
80 µm deep z-stacks with 5 µm step sizes were taken at 4-min time intervals. Each of the three different cell nuclei is
color-coded by dots throughout these panels. (C) Imaging sequence taken from a plane in the middle of a track at indicated
time points, corresponding to the upper part (ROI1) of Movie 1. Color-coded lines indicate track wall deformation. (D)
Kymograph analysis from two image sequences from the upper (ROI1) and lower (ROI2) part of Movie 1. From the x-
positions K1 and K2 of both ROIs (left, blue dotted arrows), track deformation over time is shown (K1, middle; K2,
right). White dotted lines show deformation of the collagen as a function of time (vertical axis). (E) Tracking of the
local collagen speckle pattern (colored dots and lines) over time. Dotted rectangle depicts region of zoom-in on the right,
demonstrating that collagen displacement is increasing towards the track edge (compare long red and green with short pink
and yellow colored trajectories). (F) Strain analysis by cell-induced change of collagen speckle distance over time. Blue
arrows, magnitude and direction of collagen displacement with respect to the first time point (0). Colored double arrows a
and b in upper and lower image indicate increased distance between track edge and speckle-like positions within the collagen
after cell passage. (G) Cartoon depicting collagen deformation (strain) by transmigrating cell and calculation principle of
cell-derived traction force onto collagen leading to track deformation. The depicted formulas are applied for the calculation
of traction force F. (H) Quantification of F on the track wall over time. Scale bars: 50 µm (A), 20 µm (C; D and E, left),
10 µm (D and E, right; F)

When challenging the ability of cell contraction, we
noticed that cell entry into the tracks was somewhat
delayed, especially in narrow tracks, yet cells migrated
in all track sizes, although generally in lower numbers
compared to the control condition (Fig. 4B; Supplemen-
tary Movies 3 and 4). After track entry, the migration
speed of all contraction-compromised cells was reduced
in tracks of all diameters compared to control condi-
tions (Fig. 4C, D). This reduction, when calculating
the median speed of individual cells from each condi-
tion, ranged from 44-64% of the original migration of
untreated cells. When considering the migratory mor-
phology, we noted that treated cells were characterized
by long cellular protrusions, yet migrated by a combi-
nation of single-cell, strand-like or clustered mode (Fig.
4B). Thus, after near-abrogation of contractility migra-
tion persists, with a speed reduction to around half in
all channel sizes, as compared to 90% migration inhi-
bition in collagen networks [22]. We finally studied the
impact of contractility on cell-mediated deformation of
both wide and narrow ECM tracks. Upon treatment
with Y-27632, the diameter of migrating cells was, as
in control cells, larger than the initial narrow track
diameters (Fig. 4E). As a result, narrow track diam-
eters increased by a factor 2–5 around the cell body,
but returned to their initial diameter after cell passage
(Fig. 4E, F). Accordingly, wide track walls were not
deformed during the passage of Y-27632-treated cells,
and diameters remained unchanged afterward, indicat-
ing that collagen deformation was lost. Thus, contrac-
tile cell–matrix interaction is required to deform the
cell–collagen interface and to cause persistent track
widening and narrowing, respectively.

Nuclear deformation upon ROCK-inter-
ference in narrow tracks. We reasoned that two dif-
ferent mechanisms accounted for the reduced migration
speed in both conditions, namely a pulling deficit in
wide channels, versus insufficient propagation of the
stiff and large nucleus in narrow tracks. We there-
fore studied the impact of contractility on cellular and
nuclear morphology, and nuclear position and shape
during migration (Fig. 5A). Upon ROCK-inhibition,
all these parameters were unchanged in wide tracks,
whereas multiple cellular and nuclear morphological
changes occurred in narrow tracks (Fig. 5B–F). Inter-
ference with contraction in cells migrating in narrow
tracks resulted in a highly heterogeneous increase in cell
length (Fig. 5B). Although the position of the nucleus
within cells was not altered for the majority of ROCK-
inhibited cells, a subpopulation of these cells in narrow
tracks had a tendency to drag the nucleus at its rear-
end for prolonged times (Fig. 5C), consistent with the
notion that the actin cytoskeleton positions the nucleus
within the cell [40,41]. When assessing the shape of
the nucleus at the different conditions, we observed
that minor nuclear diameters narrowed upon migra-
tion in confinment. Interference with ROCK decreased
the nuclear diameter even further (Fig. 5D, E), consis-
tent with findings that cells become softer after inhi-
bition by cell contractility [42]. Accordingly, nuclear
shapes were more irregular in narrow tracks in ROCK-
inhibited cells compared to non-treated cells, reflecting
decreased nuclear width and increased nuclear length
(Fig. 5F). Thus, an active Rho/ROCK pathway is indis-
pensable for cells in narrow tracks to maintain cellular
and nuclear morphology for effective migration.
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Fig. 4 Dependence of fibrosarcoma cell migration on acto-
myosin contractility through microtracks of all diameters. A
Dose-dependent inhibition of collagen gel contraction (top;
dotted circles indicate collagen area) and quantification
(bottom). Collagen areas were related to normalized control
gel without cells. Bars and error bars, mean and SD. Data
represent 7-9 gels per condition (N = 3). B Representative
image series depicting cell migration through microtracks
of indicated width in the absence or presence of Y-27632.
C, D Mean migration speed of individual cells at indicated
conditions over 6–22 hours. Horizontal lines and boxes and
whiskers show the medians, 25th/75th, and 5th/95th per-
centile. Dots show all individual measurements outside of
the 25th to 75th percentile. Data represent 47–80 cells per

condition (N = 3–4). E Migrating cells in tracks of indicated
diameter in the presence of Y-27632. Arrowheads, visualiza-
tion of track boundaries before (cyan), during (yellow) and
after (red) passage of the cell body; note the equal distance
between arrowheads along the track length. F Track widths
before, during (‘During S’, during single cell transmigra-
tion; ‘During C’, during collective cell transmigration) or
after cell passage of narrow or wide tracks in the presence
of Y-27632. Data represent 3–12 measurements (dots) per
condition (N = 1). Solid line with whiskers, mean and SD.
A, C, D Kruskal-Wallis test with Dunn’s multiple compar-
isons test; F Mann-Whitney test. Ns, not significant; **,
p-value < 0.01; ****, p-value < 0.0001. Bars: 50 µm
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Fig. 5 Cell and nuclear morphology in microtracks in the
absence or presence of Y-27632. A Schematics depicting cel-
lular and nuclear parameters analyzed. B Quantification of
mean cell length over time at indicated conditions. C Quan-
tification of mean nuclear position over time calculated as
percentage of cell length over time. Dotted box indicates
cells in which the nucleus located at cell rear, as indicated
in the drawing. (B,C) Data represent mean value of 5-25
cells (dots) per condition over 3-13 hours (N=1). Solid line
with whiskers, mean and SD. D Image of fluorescent nuclear
H2B-mCherry signal at indicated conditions. Dotted lines

indicate track walls, arrowheads indicate strongly deformed
nuclei. E, F Quantification of minor nuclear diameter (E)
or nuclear irregularity index (F) at indicated conditions.
Horizontal lines and boxes and whiskers show the medians,
25th/75th, and 5th/95th percentile. Dots show individual
measurements outside of the 25th to 75th percentile. Data
represent 42-105 nuclei per condition (E), or 63-439 nuclei
per condition, each from 2 experiments (F). B, C, E, F
Kruskal-Wallis test with Dunn’s multiple comparisons test;
ns, not significant; *, p-value < 0.05; **, p-value < 0.01;
****, p-value < 0.0001. Scale bar: 20 µm

Discussion

We here show that barrier-free deformable collagen-
based microtracks with high or low level of confine-
ment support mesenchymal fibrosarcoma cell migration
in dependence of actomyosin contractility. The data fur-
ther show that cells apply forces in the nN range to gen-
erate stress or strain to deform the stubstrate and that,
vice versa, substrate geometry and spacing impact cell
shape. Thus, efficient migration in microtracks is sup-
ported by reciprocal cell–tissue deformation to achieve
physical space accommodation and is suggested to be
impacted by the stiffness of both the cell and its envi-
ronment.

Space negotiation in confining environments
During movement within complex collagen-based 3D

substrates, the morphology of a polarized mesenchy-
mal proteolytic cell converts into an elongated shape
of around 10 µm in diameter and 50-100 µm2 in cross
section, respectively [22]. When tissue space is smaller
than this cell size, i.e., in narrow tracks, the moving cell
has to negotiate the available space by either (i) adapt-
ing its shape to match the degree of confinement or (ii)
by generating space [32,43,44]. To adapt its shape, a
cell needs to deform its cell body including the stiff
nucleus that has been identified as the rate-limiting
organelle: if tissue size is smaller than the nucleus
can maximally deform the cell will undergo migration
arrest [22,44,45]. Here, we show that cells in narrow,
when compared to wide, tracks only modestly reduced
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migration speed and nuclear diameter, consistent with
the notion that the cell nucleus forms elongated, but
not the complex hour-glass, morphologies typical for
migration in confining networks [22]. This may con-
tribute to the largely unimpeded and relatively higher
migration efficacies in narrow-continuous as compared
to fibrillar-discontinuous spaces. Further, moving cells
may negotiate confinement by increasing space, either
(iia) by MMP-mediated substrate degradation leaving
behind a proteolytic path exactly matching the cell size
[22,33,34] or (iib) exerting pushing forces onto the pli-
able ECM substrate [42]. Consistent with these con-
cepts, we observed that when microtracks are transmi-
grated by proteolytic cells, this will lead to a degrada-
tion signal linearly localized along the track wall, and
over time to loss of track-mediated guidance, shown by
both small and massive outbreaks of cells. We assume
that this reduced collagen integrity will lead to low-
ered stiffness at the cell–collagen interface, consistent
with ECM degradation-derived local softening at inva-
sive fronts of collagen-embedded mammary epithelial
EpH4 cell clusters [46]. To focus on the physical defor-
mation of intact ECM with defined stiffness, but not
protease-dependent ECM plasticity, we here minimized
proteolytic collagen degradation by a broad-spectrum
MMP-inhibitor. Consequently, in accordance with data
shown by Ilina et al [32], during migration in the most
confining tracks cells widened the narrow track diame-
ters up to tenfold by physical means. Similarly, widen-
ing of pre-existing tissue tracks has also been observed
in vivo, where during perimuscular invasion tumor cells
widened narrow linear spaces by twofold to 5-10 µ m
diameter [7]. Our data presented here are further in
accordance with a model established in Zanotelli et al.
[42]: ECM confinement induces cell deformation, and
the presence of the cell, especially the stiff nucleus, pro-
vides resistance and indents the ECM. These interac-
tions concurrently deform both the cell including its
nucleus and the ECM until a reciprocal equilibrium is
reached and the path size matches the cell dimension.
This interconnected dual deformation enables migraion
in tracks initially smaller than the cell’s size without
the need for MMP-mediated ECM remodeling.

The impact of cell or substrate stiffness in acto-
myosin contractility-dependent space negotia-
tion

The generation of actomyosin-related force necessary
for ECM deformation costs energy, which increases with
ECM confinement and cell- and ECM stiffness [47].
We here relate actomyosin contractility to its func-
tion to provide intra- and extracellular forces that con-
tribute to high-speed migration in linear deformable
ECM tracks. First, engagement of the nucleus by the
actomyosin network and tension-mediated regulation
of lamin A/C expression maintains nuclear stiffness,
and upon interference with actomyosin contractility cell
stiffness decreases [42,48–51]. Second, actomyosin con-
traction is required to transport the nucleus through
small spaces [15,22] that, when inhibited, results in
rear-oriented nuclear positioning as was observed in

a subset of our cells migrating in the narrow tracks.
Third, cells exert contractile traction forces toward col-
lagen thereby pulling on and deforming the environ-
ment. The estimated traction forces of up to 40 nN
onto collagen by by 2D speckle tracking are consistent
with findings on approximately 30 nN-strong traction
forces by mouse embryonic fibroblasts within collagen
analyzed by 3D particle velocimetry, that in vinculin
KO cells reduced to traction forces less than 1 nN [52].
Fourth, actomyosin contractility associated with persis-
tent widening of narrow tracks is indicative of lateral
forces including nuclear stiffness. Consequently, the use
of Y-27632 inhibitor led to a reduction of lateral forces
applied upon the substrate associated by a decrease
in nuclear diameter indicative of reduced nuclear stiff-
ness. Thus, although actomyosin contractility-derived
force is not required for the principal capacity of cells
to migrate in confining tracks, it regulates cell stiffness,
nuclear positioning and matrix traction and hereby pro-
vides the necessary force to enhance ECM deformation,
allowing for efficient migration.

Substrate stiffness represents a counter-force to cell
stiffness, and therefore, the rigidness of the environment
invaded by tumors needs to be considered. The stiff-
ness of the collagen used in this study was relatively
low (0.34 kPa), whereas loose fibrillar collagen type-
I- and type-III-based porous protein networks, such
as in mouse dermis and breast in vivo, scale typically
between 0.2 and 3 kPa [reviewed in van Helvert, 2018
[5]]. In progressing MMTV mouse tumors, the elastic
modulus of mammary glands increases from 0.8 to 1.7
kPa [53], and skeletal myofibers are with around 12
kPa even stiffer [3,54]. Thus, whereas the often used
synthetic PDMS migration channels of 1000 kPa stiff-
ness [31,55] are much above the stiffness of in vivo tis-
sues typically invaded by tumors, the collagen hydro-
gels used here scale in their soft range. However, even
though our microtrack model represents a relatively soft
environment, it has been shown that invading cells can
widen linear track-like spaces surrounded by environ-
ments of higher stiffness as well. For example, Zan-
otelli and colleagues treated a 3 mg/ml collagen hydro-
gel with ribose, which increased the stiffness from 0.4
to 0.55 kPa [42,56]. In this setting, single migrating
cells kept deforming the 7 µm-wide tracks to the same
extent (by ˜1.5 µm), albeit at the cost of higher glucose
uptake. Thus, migration-associated track widening in
confining tracks is an energy-consuming process where
ATP consumption in the cell increases the stiffer the
ECM is [42] but, as long as sufficient energy is present,
takes place. In line with these findings, melanoma cells
migrating in tracks between myofibers in a live mouse
were able to open confined track space by around 2
times from around 3 to 5-10 µm [7]. From this data,
we conclude that ECM deformation behavior of linear
confinement is relevant for both softer or stiffer envi-
ronments.

What is then the requirement of actomyosin con-
tractility for migration in linear confinement of dif-
ferent stiffness? Cell migration through confining non-
deformable PDMS-based tracks did not depend on
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Rho/ROCK-dependent cellular contractility [25], and
a compensatory, osmosis-related mechanism has been
proposed for the ongoing migration activity of cells
devoid of myosin activity [57]. In our deformable col-
lagen tracks, in contrast, cell speeds were reduced
by approximately 35-55% upon ROCK or myosin II
interference, regardless of channel cross section. It will
be therefore interesting to investigate what the depen-
dence on actomyosin contractility is for migration in
track-like topologies of physiologic environments that
better match the medium stiffness ranges of human tis-
sues.

Outlook
In summary, we have shown that migrating mes-

enchymal cancer cells morphologically adapt to the
geometry of their microenvironment, but reciprocally
also deform the environment by actomyosin contrac-
tility to create an optimal balance between available
substrate space and cell deformation needed for opti-
mized migration. Further studies should investigate
the behavior of different, i.e., epithelial, cancer types
of varying epithelial–mesenchymal transition states in
microtrack migration, as well as further integrate the
various topologies, space availabilities and stiffness
ranges of invaded tissues in vivo [5]. Lastly, the rele-
vance of the tumor invasion delay induced by targeting
of actomyosin contractility observed here requires fur-
ther studies in the context of anticancer invasion and
metastasis treatment in the living organism in vivo.

Supplementary information The online version con-
tains supplementary material available at https://doi.org/
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Acknowledgements We kindly thank Mietske Wijers for
assistance with imaging by scanning electron microscopy
and Esther Wagena for the generation of cell lines. We would
like to acknowledge the Microscopic Imaging Centre core
support at Radboudumc for the use of facilities. This work
was supported by a RIMLS Junior Researcher grant 2015 for
L.B. to P.F. and K.W. and a grant from the Dutch Cancer
Foundation KWF to K.W. [grant number 11199].

Author contribution statement

K.W., P.F. and L.B. conceived and designed the experi-
ments. L.B., GJ.B., F.G., J.B. and D.vE. performed the
experiments. L.B., GJ.B., F.G., J.B., D.vE. and M.S.
analyzed the data. L.B. and K.W. wrote the paper. All
authors read and corrected the manuscript.

Declarations

Conflict of interests We declare we have no competing
interests.

Open Access This article is licensed under a Creative Com-
mons Attribution 4.0 International License, which permits
use, sharing, adaptation, distribution and reproduction in

any medium or format, as long as you give appropriate credit
to the original author(s) and the source, provide a link to
the Creative Commons licence, and indicate if changes were
made. The images or other third party material in this arti-
cle are included in the article’s Creative Commons licence,
unless indicated otherwise in a credit line to the material. If
material is not included in the article’s Creative Commons
licence and your intended use is not permitted by statu-
tory regulation or exceeds the permitted use, you will need
to obtain permission directly from the copyright holder.
To view a copy of this licence, visit http://creativecomm
ons.org/licenses/by/4.0/.

References

1. G.P. Gupta, J. Massague, Cancer metastasis: building a
framework. Cell 127, 679–695 (2006). https://doi.org/
10.1016/j.cell.2006.11.001

2. M. Diepenbruck, G. Christofori, Epithelial-
mesenchymal transition (EMT) and metastasis:
yes, no, maybe? Curr. Opin. Cell Biol. 43, 7–13 (2016).
https://doi.org/10.1016/j.ceb.2016.06.002

3. L. Beunk, K. Brown, I. Nagtegaal, P. Friedl, K. Wolf,
Cancer invasion into musculature: mechanics, molecules
and implications. Semin. Cell Dev. Biol. 93, 36–45
(2018). https://doi.org/10.1016/j.semcdb.2018.07.014

4. P.G. Gritsenko, O. Ilina, P. Friedl, Interstitial guid-
ance of cancer invasion. J. Pathol. 226, 185–199 (2012).
https://doi.org/10.1002/path.3031

5. S. van Helvert, C. Storm, P. Friedl, Mechanoreciproc-
ity in cell migration. Nat. Cell Biol. 20, 8–20 (2018).
https://doi.org/10.1038/s41556-017-0012-0

6. K. Wolf, S. Alexander, V. Schacht, L.M. Coussens, U.H.
von Andrian, J. van Rheenen, E. Deryugina, P. Friedl,
Collagen-based cell migration models in vitro and in
vivo. Semin. Cell Dev. Biol. 20, 931–941 (2009). https://
doi.org/10.1016/j.semcdb.2009.08.005

7. B. Weigelin, G. Bakker, P. Friedl, Intravital third har-
monic generation microscopy of collective melanoma cell
invasion: principles of interface guidance and microvesi-
cle dynamics. IntraVital. 1, 32–43 (2012). https://doi.
org/10.4161/intv.21223

8. D.A. Lauffenburger, A.F. Horwitz, Cell migra-
tion: a physically integrated molecular process.
Cell 84, 359–369 (1996). https://doi.org/10.1016/
S0092-8674(00)81280-5

9. A.J. Ridley, Rho GTPases and cell migration. J. Cell
Sci. 114, 2713–2722 (2001)

10. P. Friedl, K. Wolf, Tube Travel: The Role of Proteases in
Individual and Collective Cancer Cell Invasion. Cancer
Res 68, 7247–7249 (2008)

11. P. Friedl, K. Wolf, Proteolytic interstitial cell migration:
a five-step process. Cancer Metastasis Rev 28, 129–135
(2009). https://doi.org/10.1007/s10555-008-9174-3

12. N. Caille, O. Thoumine, Y. Tardy, J.-J. Meister, Con-
tribution of the nucleus to the mechanical properties
of endothelial cells. J. Biomech 35, 177–187 (2002).
https://doi.org/10.1016/s0021-9290(01)00201-9

13. F. Guilak, J.R. Tedrow, R. Burgkart, Viscoelastic prop-
erties of the cell nucleus. Biochem. Biophys. Res. Com-
mun 269, 781–786 (2000). https://doi.org/10.1006/
bbrc.2000.2360

123

https://doi.org/10.1140/epje/s10189-022-00182-6
https://doi.org/10.1140/epje/s10189-022-00182-6
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.cell.2006.11.001
https://doi.org/10.1016/j.cell.2006.11.001
https://doi.org/10.1016/j.ceb.2016.06.002
https://doi.org/10.1016/j.semcdb.2018.07.014
https://doi.org/10.1002/path.3031
https://doi.org/10.1038/s41556-017-0012-0
https://doi.org/10.1016/j.semcdb.2009.08.005
https://doi.org/10.1016/j.semcdb.2009.08.005
https://doi.org/10.4161/intv.21223
https://doi.org/10.4161/intv.21223
https://doi.org/10.1016/S0092-8674(00)81280-5
https://doi.org/10.1016/S0092-8674(00)81280-5
https://doi.org/10.1007/s10555-008-9174-3
https://doi.org/10.1016/s0021-9290(01)00201-9
https://doi.org/10.1006/bbrc.2000.2360
https://doi.org/10.1006/bbrc.2000.2360


Eur. Phys. J. E (2022) 45 :48 Page 13 of 14 48

14. G.G. Gundersen, E.R. Gomes, Y. Wen, Cortical control
of microtubule stability and polarization. Curr. Opin.
Cell Biol 16, 106–112 (2004). https://doi.org/10.1016/
j.ceb.2003.11.010

15. D.G. Thomas, A. Yenepalli, C.M. Denais, A. Rape, J.R.
Beach, Y.-L. Wang, W.P. Schiemann, H. Baskaran, J.
Lammerding, T.T. Egelhoff, Non-muscle myosin IIB is
critical for nuclear translocation during 3D invasion. J.
Cell Biol 210, 583–594 (2015). https://doi.org/10.1083/
jcb.201502039

16. K. Pankova, D. Rosel, M. Novotny, J. Brabek, The
molecular mechanisms of transition between mesenchy-
mal and amoeboid invasiveness in tumor cells. Cell. Mol.
Life Sci. C 67, 63–71 (2010). https://doi.org/10.1007/
s00018-009-0132-1

17. A.J. Ridley, Rho GTPases and actin dynamics in mem-
brane protrusions and vesicle trafficking. Trends Cell
Biol. 16, 522–529 (2006). https://doi.org/10.1016/j.tcb.
2006.08.006

18. K.A. Beningo, K. Hamao, M. Dembo, Y.-L. Wang, H.
Hosoya, Traction forces of fibroblasts are regulated by
the Rho-dependent kinase but not by the myosin light
chain kinase. Arch. Biochem. Biophys 456, 224–231
(2006). https://doi.org/10.1016/j.abb.2006.09.025

19. A.J. Ridley, M.A. Schwartz, K. Burridge, R.A. Firtel,
M.H. Ginsberg, G. Borisy, J.T. Parsons, A.R. Horwitz,
Cell migration integrating signals from front to back.
Science 80(302), 1704–1710 (2003). https://doi.org/10.
1126/science.1092053

20. S. Liu, R.H. Goldstein, E.M. Scepansky, M. Rosen-
blatt, Inhibition of Rho-associated kinase signaling pre-
vents breast cancer metastasis to human bone. Can-
cer Res. 69, 8742–8751 (2009). https://doi.org/10.1158/
0008-5472.CAN-09-1541

21. A. Sadok, A. McCarthy, J. Caldwell, I. Collins, M.D.
Garrett, M. Yeo, S. Hooper, E. Sahai, S. Kuemper, F.K.
Mardakheh, C.J. Marshall, Rho kinase inhibitors block
melanoma cell migration and inhibit metastasis. Can-
cer Res. 75, 2272–2284 (2015). https://doi.org/10.1158/
0008-5472.CAN-14-2156

22. K. Wolf, M. te Lindert, M. Krause, S. Alexander,
J. te Riet, A.L. Willis, R.M. Hoffman, C.G. Figdor,
S.J. Weiss, P. Friedl, Physical limits of cell migra-
tion: Control by ECM space and nuclear deformation
and tuning by proteolysis and traction force. J. Cell
Biol. 201, 1069–1084 (2013). https://doi.org/10.1083/
jcb.201210152

23. T. Lammermann, B.L. Bader, S.J. Monkley, T. Worbs,
R. Wedlich-Soldner, K. Hirsch, M. Keller, R. Forster,
D.R. Critchley, R. Fassler, M. Sixt, Rapid leukocyte
migration by integrin-independent flowing and squeez-
ing. Nature. 453, 51–55 (2008). https://doi.org/10.
1038/nature06887

24. S.P. Carey, A. Rahman, C.M. Kraning-Rush, B.
Romero, S. Somasegar, O.M. Torre, R.M. Williams,
C.A. Reinhart-King, Comparative mechanisms of can-
cer cell migration through 3D matrix and physiological
microtracks. Am. J. Physiol. Physiol. 308, C436–C447
(2015). https://doi.org/10.1152/ajpcell.00225.2014

25. E.M. Balzer, Z. Tong, C.D. Paul, W.C. Hung, K.M.
Stroka, A.E. Boggs, S.S. Martin, K. Konstantopoulos,
Physical confinement alters tumor cell adhesion and

migration phenotypes. FASEB J. 26, 4045–4056 (2012).
https://doi.org/10.1096/fj.12-211441

26. K. Wolf, Y.I. Wu, Y. Liu, J. Geiger, E. Tam, C. Overall,
M.S. Stack, P. Friedl, Multi-step pericellular proteolysis
controls the transition from individual to collective can-
cer cell invasion. Nat. Cell Biol. 9, 893 (2007). https://
doi.org/10.1038/ncb1616

27. J. Schindelin, I. Arganda-Carreras, E. Frise, V. Kaynig,
M. Longair, T. Pietzsch, S. Preibisch, C. Rueden, S.
Saalfeld, B. Schmid, J.-Y. Tinevez, D.J. White, V.
Hartenstein, K. Eliceiri, P. Tomancak, A. Cardona, Fiji:
an open-source platform for biological-image analysis.
Nat. Methods. 9, 676–682 (2012). https://doi.org/10.
1038/nmeth.2019

28. E.C. Filippi-Chiela, M.M. Oliveira, B. Jurkovski, S.M.
Callegari-Jacques, V.D. da Silva, G. Lenz, Nuclear
morphometric analysis (NMA): Screening of senes-
cence, apoptosis and nuclear irregularities. PLoS One.
7, e42522 (2012). https://doi.org/10.1371/journal.pone.
0042522

29. M. Krause, F.W. Yang, M. Te Lindert, P. Isermann,
J. Schepens, R.J.A. Maas, C. Venkataraman, J. Lam-
merding, A. Madzvamuse, W. Hendriks, J. Te Riet,
K. Wolf, Cell migration through three-dimensional con-
fining pores: speed accelerations by deformation and
recoil of the nucleus. Philos. Trans. R. Soc. Lond. B.
Biol. Sci. 374, 20180225 (2019). https://doi.org/10.
1098/rstb.2018.0225

30. K. Li, The image stabilizer plugin for ImageJ, (2008)
31. S. van Helvert, P. Friedl, Strain stiffening of fibrillar

collagen during individual and collective cell migration
identified by AFM nanoindentation. ACS Appl. Mater.
Interf. 8, 21946–21955 (2016). https://doi.org/10.1021/
acsami.6b01755

32. O. Ilina, G.-J. Bakker, A. Vasaturo, R.M. Hoffman, P.
Friedl, Two-photon laser-generated microtracks in 3D
collagen lattices: Principles of MMP-dependent and -
independent collective cancer cell invasion. Phys. Biol.
8, 15010 (2011). https://doi.org/10.1088/1478-3975/8/
1/015010

33. E.I. Deryugina, G.X. Luo, R.A. Reisfeld, M.A. Bourdon,
A. Strongin, Tumor cell invasion through matrigel is reg-
ulated by activated matrix metalloproteinase-2. Anti-
cancer Res. 17, 3201–3210 (1997)

34. F. Sabeh, I. Ota, K. Holmbeck, H. Birkedal-Hansen,
P. Soloway, M. Balbin, C. Lopez-Otin, S. Shapiro, M.
Inada, S. Krane, E. Allen, D. Chung, S.J. Weiss, Tumor
cell traffic through the extracellular matrix is con-
trolled by the membrane-anchored collagenase MT1-
MMP. J. Cell Biol. 167, 769–781 (2004). https://doi.
org/10.1083/jcb.200408028

35. M. Lintz, A. Munoz, C.A. Reinhart-King, The mechan-
ics of single cell and collective migration of tumor cells.
J. Biomech. Eng. 139, 210051–210059 (2017). https://
doi.org/10.1115/1.4035121

36. Z.M. Goeckeler, P.C. Bridgman, R.B. Wysolmerski,
Nonmuscle myosin II is responsible for maintaining
endothelial cell basal tone and stress fiber integrity.
Am. J. Physiol. Cell Physiol. 295, C994-1006 (2008).
https://doi.org/10.1152/ajpcell.00318.2008

37. E.E. Joo, K.M. Yamada, MYPT1 regulates contractil-
ity and microtubule acetylation to modulate integrin

123

https://doi.org/10.1016/j.ceb.2003.11.010
https://doi.org/10.1016/j.ceb.2003.11.010
https://doi.org/10.1083/jcb.201502039
https://doi.org/10.1083/jcb.201502039
https://doi.org/10.1007/s00018-009-0132-1
https://doi.org/10.1007/s00018-009-0132-1
https://doi.org/10.1016/j.tcb.2006.08.006
https://doi.org/10.1016/j.tcb.2006.08.006
https://doi.org/10.1016/j.abb.2006.09.025
https://doi.org/10.1126/science.1092053
https://doi.org/10.1126/science.1092053
https://doi.org/10.1158/0008-5472.CAN-09-1541
https://doi.org/10.1158/0008-5472.CAN-09-1541
https://doi.org/10.1158/0008-5472.CAN-14-2156
https://doi.org/10.1158/0008-5472.CAN-14-2156
https://doi.org/10.1083/jcb.201210152
https://doi.org/10.1083/jcb.201210152
https://doi.org/10.1038/nature06887
https://doi.org/10.1038/nature06887
https://doi.org/10.1152/ajpcell.00225.2014
https://doi.org/10.1096/fj.12-211441
https://doi.org/10.1038/ncb1616
https://doi.org/10.1038/ncb1616
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1371/journal.pone.0042522
https://doi.org/10.1371/journal.pone.0042522
https://doi.org/10.1098/rstb.2018.0225
https://doi.org/10.1098/rstb.2018.0225
https://doi.org/10.1021/acsami.6b01755
https://doi.org/10.1021/acsami.6b01755
https://doi.org/10.1088/1478-3975/8/1/015010
https://doi.org/10.1088/1478-3975/8/1/015010
https://doi.org/10.1083/jcb.200408028
https://doi.org/10.1083/jcb.200408028
https://doi.org/10.1115/1.4035121
https://doi.org/10.1115/1.4035121
https://doi.org/10.1152/ajpcell.00318.2008


48 Page 14 of 14 Eur. Phys. J. E (2022) 45 :48

adhesions and matrix assembly. Nat. Commun. 5, 3510
(2014). https://doi.org/10.1038/ncomms4510

38. A.F. Straight, A. Cheung, J. Limouze, I. Chen, N.J.
Westwood, J.R. Sellers, T.J. Mitchison, Dissecting tem-
poral and spatial control of cytokinesis with a myosin II
Inhibitor. Science 80(299), 1743–1747 (2003). https://
doi.org/10.1126/science.1081412

39. Y. Matsui, Y. Nakayama, M. Okamoto, Y. Fuku-
moto, N. Yamaguchi, Enrichment of cell populations in
metaphase, anaphase, and telophase by synchronization
using nocodazole and blebbistatin: a novel method suit-
able for examining dynamic changes in proteins dur-
ing mitotic progression. Eur. J. Cell Biol. 91, 413–419
(2012). https://doi.org/10.1016/j.ejcb.2011.12.008

40. P.M. Davidson, B. Cadot, Actin on and around the
nucleus. Trends Cell Biol. 31, 211–223 (2021). https://
doi.org/10.1016/j.tcb.2020.11.009

41. F.J. Calero-Cuenca, C.S. Janota, E.R. Gomes, Dealing
with the nucleus during cell migration. Curr. Opin. Cell
Biol. 50, 35–41 (2018). https://doi.org/10.1016/j.ceb.
2018.01.014

42. M.R. Zanotelli, A. Rahman-Zaman, J.A. VanderBurgh,
P.V. Taufalele, A. Jain, D. Erickson, F. Bordeleau,
C.A. Reinhart-King, Energetic costs regulated by cell
mechanics and confinement are predictive of migration
path during decision-making. Nat. Commun. 10, 4185
(2019). https://doi.org/10.1038/s41467-019-12155-z

43. M. Krause, K. Wolf, Cancer cell migration in 3D tissue:
negotiating space by proteolysis and nuclear deforma-
bility. Cell Adh. Migr. 9, 357–366 (2015). https://doi.
org/10.1080/19336918.2015.1061173

44. Y. Fu, L.K. Chin, T. Bourouina, A.Q. Liu, A.M.J.
VanDongen, Nuclear deformation during breast cancer
cell transmigration. Lab Chip. 12, 3774–3778 (2012).
https://doi.org/10.1039/c2lc40477j

45. P.M. Davidson, C. Denais, M.C. Bakshi, J. Lammerd-
ing, Nuclear deformability constitutes a rate-limiting
step during cell migration in 3D environments. Cell.
Mol. Bioeng. 7, 293–306 (2014). https://doi.org/10.
1007/s12195-014-0342-y

46. J. Alcaraz, H. Mori, C.M. Ghajar, D. Brownfield, R.
Galgoczy, M.J. Bissell, Collective epithelial cell invasion
overcomes mechanical barriers of collagenous extracellu-
lar matrix by a narrow tube-like geometry and MMP14-
dependent local softening. Integr Biol. Quant. Biosci.
from Nano to Macro. 3, 1153–1166 (2011). https://doi.
org/10.1039/c1ib00073j

47. V. te Boekhorst, L. Preziosi, P. Friedl, Plasticity of
cell migration in vivo and in silico. Annu. Rev. Cell
Dev. Biol. 32, 491–526 (2016). https://doi.org/10.1146/
annurev-cellbio-111315-125201

48. X. Zhang, Y. Lv, Suspension state increases reattach-
ment of breast cancer cells by up-regulating lamin A/C.
Biochim. Biophys. Acta - Mol. Cell Res. 2017, 2272–
2282 (1864). https://doi.org/10.1016/j.bbamcr.2017.09.
006

49. H.-R. Thiam, P. Vargas, N. Carpi, C.L. Crespo, M.
Raab, E. Terriac, M.C. King, J. Jacobelli, A.S. Alberts,
T. Stradal, A.-M. Lennon-Dumenil, M. Piel, Perinuclear
Arp2/3-driven actin polymerization enables nuclear
deformation to facilitate cell migration through complex
environments. Nat. Commun. 7, 10997 (2016). https://
doi.org/10.1038/ncomms10997

50. K.R. Wilhelm, E. Roan, M.C. Ghosh, K. Parthasarathi,
C.M. Waters, Hyperoxia increases the elastic modulus
of alveolar epithelial cells through Rho kinase. FEBS
J. 281, 957–969 (2014). https://doi.org/10.1111/febs.
12661

51. J. Swift, I.L. Ivanovska, A. Buxboim, T. Harada,
P.C.D.P. Dingal, J. Pinter, J.D. Pajerowski, K.R. Spin-
ler, J.W. Shin, M. Tewari, F. Rehfeldt, D.W. Spe-
icher, D.E. Discher, Nuclear lamin a scales with tissue
stiffness and enhances matrix-directed differentiation.
Science 80, 1240104 (2013). https://doi.org/10.1126/
science.1240104

52. I. Thievessen, N. Fakhri, J. Steinwachs, V. Kraus, R.S.
McIsaac, L. Gao, B.-C. Chen, M.A. Baird, M.W. David-
son, E. Betzig, R. Oldenbourg, C.M. Waterman, B.
Fabry, Vinculin is required for cell polarization, migra-
tion, and extracellular matrix remodeling in 3D colla-
gen. FASEB J. 29, 4555–4567 (2015). https://doi.org/
10.1096/fj.14-268235

53. K.R. Levental, H. Yu, L. Kass, J.N. Lakins, M. Ege-
blad, J.T. Erler, S.F.T. Fong, K. Csiszar, A. Giac-
cia, W. Weninger, M. Yamauchi, D.L. Gasser, V.M.
Weaver, Matrix crosslinking forces tumor progression by
enhancing integrin signaling. Cell. 139, 891–906 (2009).
https://doi.org/10.1016/j.cell.2009.10.027

54. D.T. Butcher, T. Alliston, V.M. Weaver, A tense situa-
tion: Forcing tumour progression. Nat. Rev. Cancer. 9,
108–122 (2009). https://doi.org/10.1038/nrc2544

55. A. Haeger, M. Krause, K. Wolf, P. Friedl, Cell jam-
ming: collective invasion of mesenchymal tumor cells
imposed by tissue confinement. Biochim. Biophys. Acta
- Gen. Subj. 2014, 2386–2395 (1840). https://doi.org/
10.1016/j.bbagen.2014.03.020

56. F. Bordeleau, B.N. Mason, E. Macklin, M. Mazzola,
M.R. Zanotelli, S. Somasegar, J.P. Califano, C. Mon-
tague, D.J. Lavalley, J. Huynh, Matrix stiffening pro-
motes a tumor vasculature phenotype. PNAS. 114, 492–
497 (2017). https://doi.org/10.1073/pnas.1613855114

57. K.M. Stroka, H. Jiang, S.-H. Chen, Z. Tong, D. Wirtz,
S.X. Sun, K. Konstantopoulos, Water permeation drives
tumor cell migration in confined microenvironments.
Cell. 157, 611–623 (2014). https://doi.org/10.1016/j.
cell.2014.02.052

123

https://doi.org/10.1038/ncomms4510
https://doi.org/10.1126/science.1081412
https://doi.org/10.1126/science.1081412
https://doi.org/10.1016/j.ejcb.2011.12.008
https://doi.org/10.1016/j.tcb.2020.11.009
https://doi.org/10.1016/j.tcb.2020.11.009
https://doi.org/10.1016/j.ceb.2018.01.014
https://doi.org/10.1016/j.ceb.2018.01.014
https://doi.org/10.1038/s41467-019-12155-z
https://doi.org/10.1080/19336918.2015.1061173
https://doi.org/10.1080/19336918.2015.1061173
https://doi.org/10.1039/c2lc40477j
https://doi.org/10.1007/s12195-014-0342-y
https://doi.org/10.1007/s12195-014-0342-y
https://doi.org/10.1039/c1ib00073j
https://doi.org/10.1039/c1ib00073j
https://doi.org/10.1146/annurev-cellbio-111315-125201
https://doi.org/10.1146/annurev-cellbio-111315-125201
https://doi.org/10.1016/j.bbamcr.2017.09.006
https://doi.org/10.1016/j.bbamcr.2017.09.006
https://doi.org/10.1038/ncomms10997
https://doi.org/10.1038/ncomms10997
https://doi.org/10.1111/febs.12661
https://doi.org/10.1111/febs.12661
https://doi.org/10.1126/science.1240104
https://doi.org/10.1126/science.1240104
https://doi.org/10.1096/fj.14-268235
https://doi.org/10.1096/fj.14-268235
https://doi.org/10.1016/j.cell.2009.10.027
https://doi.org/10.1038/nrc2544
https://doi.org/10.1016/j.bbagen.2014.03.020
https://doi.org/10.1016/j.bbagen.2014.03.020
https://doi.org/10.1073/pnas.1613855114
https://doi.org/10.1016/j.cell.2014.02.052
https://doi.org/10.1016/j.cell.2014.02.052

	Actomyosin contractility requirements and reciprocal cell–tissue mechanics for cancer cell invasion through collagen-based channels
	Introduction
	Material and methods
	Results
	Discussion
	Author contribution statement
	References
	References




