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For the invasive migration of tumor cells, at least two mechanisms are currently discussed:
(1) the mesenchymal mode depending on extracellular proteolysis and (2) the proteolysis-
independent amoeboid mode depending on the activity of the Rho kinase ROCK. The ability
of tumor cells to switch between different modes of motility has been shown to limit the
efficiency of agents aimed to reduce invasion. Here we show by combining 2D and 3D
migration assays that humanmammary tumor cells exhibited a strongly reducedmigration
velocity as compared to their normal counterparts indicating that high invasiveness is not
necessarily correlated with high migratory capacity in 2D assays. This reduced migration
was apparently due to significant differences in actin organization, decreased persistence of
lamellipodia by 50% and increased cell substrate adhesion. These differences resulted from
a 2.5-fold higher activity of ROCK and were mediated by its downstream effectors myosin
light chain kinase and cofilin. Thus, inhibition of ROCK activity caused a marked increase in
2D migration efficiency by 40%, without, however, affecting 3D invasion. A massive
reduction of invasion by 60% was achieved by the simultaneous inhibition of the ROCK-
dependent amoeboid and the extracellular proteolysis-dependent mesenchymal mode.
These results may point to a new efficient strategy for blocking tumor cell invasion in vivo.
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Introduction

Cell migration is a biological process that contributes crucially
to a variety of physiological events such as embryonic
morphogenesis, wound healing and the inflammatory reac-
tion. Moreover, cell migration is also responsible for the
malignancy of cancer diseases as it allows tumor cells to
invade the surrounding tissues, thereby forming metastases
[1].

Cell migration is usually considered a four step cycle
starting with the actin-polymerization-driven formation of
membrane protrusions (lamellipodia, filopodia) at the cell
irfel).

er Inc. All rights reserved
front [2,3]. For efficient migration to occur, these protrusions
must be anchored to the extracellular matrix (ECM) by specific
receptors of the integrin protein family forming sites of cell–
substrate contact, i.e., focal adhesions (FA) and focal contacts
(FC). When the formation of these adhesions is disturbed,
lamellipodia are retracted as membrane ruffles and the
efficiency of migration is markedly reduced [4]. The migratory
cycle is continued by acto-myosin-driven contraction of the
cell body and is completed by the subsequent detachment of
the cell rear. This migratory cycle is initiated and regulated by
motogenic mediators including soluble components such as
growth factors and cytokines as well as constituents of the
.
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ECM, comprising mainly fibronectin and laminin [5,6]. Upon
binding to their respective receptors on the cell surface, the
motogens trigger signaling cascades in which the small
GTPases of the Rho family such as Cdc42, Rac1 and RhoA are
central players [7–10]. When bound to GTP, these proteins
recruit a variety of target proteins that regulate and modulate
the organization of cytoskeletal and adhesive structures. Rac1
and Cdc42 have been shown to act as regulators of actin
filament assembly essential for the formation of lamellipodia
and filopodia protrusions during the initial phase in cell
migration. The formation of small FC at the leading edge of
protrusions [11,12] involves the aggregation of integrins
triggering the activation of RhoA that can recruit the Rho
activated kinase (ROCK) which in turn phosphorylates a range
of cytoskeletal proteins promoting the formation of contractile
acto-myosin bundles and the generation of the larger and
more organized FA [13]. The small FC at the cell front are
thought to be essential for efficient cell migration since they
act as anchoring sites for the transmission of acto-myosin-
driven generation of cellular tension necessary for the 3rd step
during cell locomotion. In contrast, the larger FA seem to
inhibit cell migration by forming stable and less dynamic
anchoring structures resulting in stronger adhesion [14–16].

The capacity of tumor cells to invade surrounding tissues
depends on specific migratory mechanisms that allow trans-
migrating layers of ECM. More recently, using a 3D model, it
was proposed that the mechanisms of invasive cell migration
are defined by specific cell morphologies [17,18]. Thus,
rounded cells migrate in an amoeboid fashion depending on
the RhoA/ROCK signaling pathway and being associated with
the formation of small membrane blebs and patches rich in
actin filaments [19]. This mode of migration does not require
pericellular proteolysis. On the contrary, elongated cells
migrate in a mesenchymal style that does not depend on
RhoA/ROCK signaling but on the activity of extracellular
proteases [20].

The ability of tumor cells to switch between different
modes of motility may limit the efficiency of agents aimed to
reduce invasion [17]. Accordingly, inhibition of Rho or ROCK
function is only effective against cells moving in an amoeboid
fashion and may result in the selection of cells with an
elongated morphology. Conversely, it has been observed that
inhibition of extracellular proteases does not affect tumor
cells moving with rounded cell morphology and that elon-
gated cells are induced to switch to the amoeboid mode of
movement [19]. This may account for the limited efficiency of
matrix metalloproteinase (MMP) inhibitors in clinical trials
[21].

In this report, we have evaluated the migration of human
mammary tumor cells (MDA-MB231) by applying high resolu-
tion 2D motility [22] as well as modified 3D invasion assays
[23]. Unexpectedly, MDA-MB231 cells exhibit a migratory
phenotype characterized by a reduced migration velocity in
2D systems as compared to their normal human mammary
counterparts (HUMEC). The reduced migration is correlated
with significant differences in terms of actin filament
organization and cell substrate adhesion, both of which
obviously resulting from increased ROCK activity. Conse-
quently, inhibition of ROCK activity induces an increase in
2D migration velocity whereas this inhibition has no effect on
3D invasion. In agreement with previous reports, 3D invasion
was reduced only by 38% after inhibition of MMP. Here we
show that simultaneous inhibition of ROCK and MMP has a
strikingly stronger impact on tumor cell invasion resulting in a
reduction of about 60%.
Materials and methods

Antibodies and reagents

Monoclonal antibodies against RhoA/B/C, Rac1 and β-actin
were from Cytoskeleton (Denver, CO, USA), against vinculin
and cofilin from Sigma-Aldrich (Deisenhofen, Germany),
against vinculin Y822, paxillin, paxillin Y31, paxillin Y118,
focal adhesion kinase (FAK), FAK Y397, FAK Y576 and MLC S19
from Biosource (Camarillo, CA, USA) and against cofilin S3
from Cell Signaling Technology (Beverly, MA, USA). The ROCK
inhibitor Y27632 was purchased from Calbiochem (San Diego,
CA, USA).

Cells and cell culture

HUMEC cells were purchased from Cambrex Bio Science
(Verviers, Belgium) and subcultured at 37°C/5% CO2 in
complete mammary epithelial basal medium (Cambrex Bio
Science, Verviers, Belgium). MDA-MB231 cells were fromATCC
(Manassas, VA, USA) and grown in a Dulbecco's Modified Eagle
Medium (DMEM) plus 10% fetal calf serum. Cells were
harvested for subculturing or for subsequent experiments
using 0.05% trypsin/0.05% EDTA in PBS (Cambrex Bio Science,
Verviers, Belgium), whereas HUMEC cells were used only
between passage 7 and 10. For immunofluorescence staining
and scanning EM, cells were grown to sub-confluence on glass
cover slips (Eppendorf, Hamburg, Germany). For quantifica-
tion of cell motility, cells were plated into chambered cover
slips (Nalge Nunc International, Wiesbaden, Germany). For
Western blot analysis and ROCK activation assay, the cells
were plated on 10 cm culture plates. All glass surfaces used for
cell culture were coated with collagen I, laminin or fibronectin
at concentrations of 2.5 μg/cm2. Cell migration was stimulated
by adding 10 ng/ml human recombinant epidermal growth
factor (EGF) for 1 h (Sigma-Aldrich, Deisenhofen, Germany).

Quantification of cell motility

Phase contrast image series of motile cells were obtained
using an inverted LSM 510 (Zeiss, Oberkochen, Germany)
equipped with a 63×1.4 NA Ph3 plan apochromat objective
and an incubation chamber for constant temperature, apply-
ing LSM 510 standard software. Lamella dynamics and cell
migration velocity were analyzed by the computer-assisted
stroboscopic analysis of cell dynamics (SACED [22]). For each
substrate, at least 10 individual cells were monitored over a
period of 10 min by capturing digital images every 2 s. Sub-
sequently, eight areas of interest were marked on each image
by lines that crossed the cell lamella. The resulting 1 pixel
wide areas were cut and lined up in time space plots that
allowed the quantification of relevant motility data as
described before [22].
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3D cell migration assay

3D cell migration assays were performed using transwell
24-well tissue culture plates (Becton Dickinson, Heidelberg,
Germany) composed of a polycarbonate membrane contain-
ing 8 μm pores covered either with native collagen I gels
(1.67 mg/ml) (IBFB, Leipzig, Germany) or 25 μg/cm2 Matrigel®

(Becton Dickenson, Heidelberg, Germany). The gels were
allowed to polymerize for 2 h at 37°C and had a minimum
thickness of 20 μm. Both chambers were filled with growth
medium containing either MMP inhibitor mix (20 μM GM6001;
10 μM calpeptin, 10 μg ml−1 aprotinin and 10 μg ml−1

leupeptin (Calbiochem, Darmstadt, Germany), 2.5 μM
Y27632 (Calbiochem, Darmstadt, Germany) or a combination
of both inhibitors. The lower chamber additionally contained
EGF (10 ng/ml). 2×105 cells were seeded into the upper
chamber of the transwell and allowed to migrate for 16 h to
the underside of the membranes. The cells that had
transmigrated were fixed with 4% paraformaldehyde (PFA)
in PBS for 10 min and then washed with PBS. The fixed cells
were stained with hematoxylin and examined under a Nikon
TE2000 microscope (Nikon, Düsseldorf, Germany). The num-
ber of the hematoxylin-positive nuclei was counted in four
randomly chosen fields of three independent experiments.
Alternatively the quantification of invasive cells was done
by CellTiter-Glo® Luminescent Cell Viability Assay according
to the manufacturer's protocol (Promega, Madison, WI,
USA).

Determining the migratory phenotype

The migratory phenotype of MDA-MB231 cells was deter-
mined by embedding cells in 1.5 mm thick collagen I gels
(1.67 mg/ml). Cells were treated with MMP inhibitor mix (see
above) or 2.5 μM Y27632 (Calbiochem, Darmstadt, Germany)
or a combination of both inhibitors for 16 h. Cell morphol-
ogy was determined by generating confocal z-stacks span-
ning at least 500 μm in the center of the gel. Cells were
classified as amoeboid when the quotient between length
and width was below 1.5, above this value cells were
assorted as mesenchymal. At least 200 cells in four in-
dependent assays were analyzed for the statistical data of
the migratory phenotype.

Immunofluorescence staining

Cells were fixed in 4% PFA in cytoskeleton buffer (150 mM
NaCl, 5 mM MgCl2 5 mM EGTA, 5 mM glucose, 10 mM MES,
pH 6.1) for 20 min at 37°C, washed in PBS containing 30 mM
glycine, permeabilized in PBS/0.5% Triton X-100 for 10 min,
rinsed in PBS and blocked in 3% BSA/PBS for 30 min. The
samples were incubated with primary antibodies diluted in
0.3% BSA in PBS for 90 min at 37°C, washed three times with
PBS and incubated with Cy3-conjugated secondary antibo-
dies (Jackson Laboratories, West Grove, PA, USA) for 60 min
at 37°C together with Alexa-488 phalloidin (Molecular
Probes, Leiden, Netherlands). All samples were mounted in
anti-fade reagent (Biomeda Corporation, Foster City, CA,
USA) and analyzed by using a LSM 510 (Zeiss, Oberkochen,
Germany).
Scanning electron microscopy (EM)

For scanning EM, cells were fixed in 2% glutaraldehyde in
0.1 M sodium cacodylate, pH 7.3, for 20 min, transferred to
0.1% aqueous tannic acid and rinsed with distilled water. For
scanning EM of the cytoskeleton, the cell membrane was
removed by PEG-GTX (10 mM PIPES, 50 mM EDTA, 10 mM
KOH, 27 mM KCl, 0.1% Triton X-100, 4% polyethyleneglycol
(MW 6000), 10% glycerin, pH 7.2) for 5 min, washed briefly in
PBS and fixed with 4% glutaraldehyde in PBS. All specimens
were dehydrated through a graded series of ethanol and
critical point dried from CO2 in 10 cycles according to
Svitkina et al. using a Balzers CPD 030 (BAL-TEC, Schalks-
muehlen, Germany) [24]. Dried specimens were mounted on
aluminum sample holders and coated with a 2 nm layer of
platinum/palladium in a HR 208 sputter coating device
(Cressington, Watford, UK). Scanning EM was performed
with an XL 30 SFEG (Philips, Eindhoven, Netherlands).

Immunoblot analysis

MDA-MB231 and HUMEC cells (5×105) were cultured to 20%
confluence on 10 cm dishes coated with 2.5 μg/cm2 collagen I.
Cell migration was induced by adding 10 ng/ml EGF for 1
h (Sigma-Aldrich, Deisenhofen, Germany). To inhibit ROCK,
2.5 μM Y27632 was simultaneously added. As controls, cells
detached by the addition of 0.05% EDTA/PBS for 7.5 min were
used. The expression analysis of proteins was done by a 10%
polyacrylamide SDS gel and subsequent blotting onto a nitro-
cellulose-membrane (Protan-Nitrocellulose, Schleicher–Schuell,
Dassel, Germany). Afterwards, the proteins were detected using
the respective antibodies, visualized by chemiluminescence
(ECL, Amersham, Braunschweig, Germany), documented on
XAR-5 films (Kodak, Stuttgart,Germany)andevaluatedbydigital
image analysis. Quantification of band intensity was performed
using Metamorph software (Universal Imaging Corporation,
Downingtown, USA) on digitalized X-ray films.

ROCK activity assay

MDA-MB231 and HUMEC cells were treated according to the
procedure described above for immunoblot analysis. After
being washed two times with cold PBS, cells were collected
witha cell scraper, centrifuged for 5min at 500×g and lysedwith
Phospho-Cell-Lysis-Buffer (20 mM Tris (pH 7.5), 150 mM NaCl,
1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 2.5 mM sodium
pyrophosphate, 1mMß-glycerolphosphate, 1mMNa3VO4, 1 μg/
ml leupeptin and protease inhibitor mix (Sigma-Aldrich,
Deisenhofen, Germany) for 30 min at 4°C. Samples were
centrifugedat 15,000×g for 10minbeforeprotein concentrations
of supernatants were determined by Bio-Rad DC protein assay
(Bio-Rad, Munich, Germany). ROCK activity was determined by
the Rho-kinase Assay Kit (Cyclex Co, Ohara, Japan) according to
the manufacturer's protocol using a universal microplate
reader EL800 (Bio Tek Instruments Inc, Winooski, USA).

Statistical analysis

Statistical evaluation of SACED-derived motility data was
performed with SPSS software (SPSS Inc., Chicago, USA).
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Results were expressed asmean values with bars representing
95% confidence intervals (CI) of mean values. Statistical
significance between data groups was determined byWhitney
U test and considered to be significantly different at values
P<0.01.
Results

MDA-MB231 cells are capable of efficient invasion in 3D
systems

To characterize the invasive potential of MDA-MB231 and
HUMEC cells, we examined their ability to transmigrate
reconstituted basement membranes (Matrigel® 25 μg/cm2) or
native collagen I gels (20 μm thick) in transwell chamber
assays (Fig. 1). MDA-MB231 cells efficiently invaded the
Matrigel and collagen I gels, whereas in contrast, the HUMEC
cells completely failed to cross both systems.

MDA-MB231 show high lamellipodia dynamics but inefficient
migration on 2D surfaces

Evaluation of the SACED-derived motility data revealed
significant differences in migration velocities (Fig. 2a) as well
as in lamellipodia dynamics (Fig. 2b–d) between HUMEC and
MDA-MB231 cells on 2D surfaces. On all substrates, the
average migration velocity of HUMEC cells (52.5 to 66.6 μm
per hour) was significantly higher than that of MDA-MB231
cells (15.1 to 18.7 μm per hour) (Fig. 2a). The frequencies of
lamellipodia protrusion, retraction and ruffle formation
showed a ratio of 1:1:1 in MDA-MB231 cells pointing to in-
Fig. 1 – MDA-MB231 cells exhibited a high capacity for
invasion whereas HUMEC cells failed to invade. 3D invasion
assays using transwell membranes with 8 μmpores covered
either with native collagen I or Matrigel®. Cells were allowed
to migrate for 16 h to the underside of the membranes and
counted after staining as indicated inMaterials andmethods.
Data represent the mean of values obtained from 3
independent experiments. Error bars indicate 95% CI ofmean
values.
efficient lamellipodia adhesion that might be responsible for
less efficient, i.e., slower migration (Fig. 2b). In contrast,
HUMEC cells showed very low ruffling rates in relation to
lamellipodia formation pointing to an efficient formation of
substrate adhesions which is assumed to represent a prereq-
uisite for more efficient migration in 2D systems (Fig. 2b).
Accordingly, HUMEC displayed significantly higher lamellipo-
dia persistence with 41.24 to 33.28 s than MDA-MB231 cells
(28.44 to 20.71 s) (Fig. 2c). The average velocity of lamellipodia
protrusion for HUMEC with 3.39 to 4.44 μm per minute was
significantly slower than forMDA-MB231 cells (6.84 to 11.41 μm
per minute). In conclusion, the motility data point to signifi-
cantly different mechanisms involved in 2D cell migration
between both cell types. HUMEC cells are capable of efficient,
i.e., fast migration due to efficient adhesion of lamellipodia,
whereas the inefficient adhesion and higher dynamics of
lamellipodia in MDA-MB231 cells resulted in significantly
lower migration velocities.

MDA-MB231 cells form a cortical actin ring but no regular
lamellipodia

HUMEC cells were clearly polarized with long retraction fibers
at the rear and a broad lamella at the front which formed
characteristic lamellipodia and filopodia (Fig. 3a). The actin
system was arranged in fibrous arrays in the peri-nuclear
regionwhereas the broad cell lamella lacked fibrous structures
andwas filled with a lose network of actin (Fig. 3c). In contrast,
MDA-MB231 cells appeared less polarized forming only very
small lamellipodia (Fig. 3b) instead of an extended cell lamella.
The peripheral regions of MDA-MB231 cells were filled with
regular arrays of parallel actin bundles forming a distinct
cortical actin ring (Fig. 3b, d). High resolution scanning EM
images clearly revealed the dense cortical array of actin
filaments and the absence of a lose network characteristic
for lamellipodia (Fig. 3d).

MDA-MB231 cells exhibit peripheral FA underneath the
cortical actin ring

To investigate whether differences in cell substrate adhesions
between HUMEC and MDA-MB231 cells were responsible for
the different modes of migration in 2D and 3D systems, we
analyzed the formation and distribution of FA. Hence, double
fluorescence labeling of HUMEC (Fig. 4a, c, e) and MDA-MB231
cells (Fig. 4b, d, f) grown on cover slips coated with collagen I
using phalloidin and antibodies against vinculin (Fig. 4a, b),
paxillin (Fig. 4c, d) and FAK (Fig. 4e, f) was preformed. Mi-
grating HUMEC and MDA-MB231 cells both formed paxillin,
vinculin and FAK containing FA, which, however, differed
significantly in their distribution. The broad lamella regions in
HUMEC cells were devoid of large actin fibers and contained
numerous FA predominantly found at the end of fine short
bundles of actin filaments that were arranged parallel to the
direction of cell migration (Fig. 4, arrows). In contrast, in MDA-
MB231 cells, themajority of FA was distributed all over the cell
periphery and connected to long arrays of fibrous actin which
showed no preferred orientation with respect to the direction
of cell migration (Fig. 4, arrows). This circular and peripheral
distribution of FA might impede a directional force transduc-



Fig. 2 – SACED assay derived motility data of migrating HUMEC and MDA-MB231 cells on 2D surfaces displayed significant
differences in migration velocities (a) as well as in lamellipodia dynamics (b–d) between both cell types. HUMEC cells showed a
higher migration velocity (a) and significantly higher lamellipodia persistence (c) than MDA-MB231 cells. Frequencies of
lamellipodia protrusion and ruffle formation showed a 1:1:1 ratio in MDA-MB231 cells (b) pointing to inefficient lamellipodia
adhesion as a reason for less efficient, i.e., slowmigration. In contrast, HUMEC cells showed very low ruffling rates in relation to
lamellipodia formation pointing to efficient adhesion and migration (d). Error bars indicate 95% CI of mean values.
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tion to the substratum and thus antagonize efficient
migration.

MDA-MB231 cells exhibit higher adhesion potential

A peripheral distribution of FA is often seen in tightly
adherent less motile cells like fibroblasts, which are charac-
terized by high adhesion potential. To explore the adhesion
behavior, we performed adhesion assays using 2D surfaces
coated with collagen I, collagen IV, fibronectin and laminin.
HUMEC and MDA-MB231 cells were seeded on coated surfaces
and allowed to adhere for 15, 30 or 60 min. After washing off
non-adherent cells, adhesive cells were counted in 4 ran-
domly chosen fields of 3 independent experiments using a
Nikon TE2000 microscope (Nikon, Düsseldorf, Germany).
MDA-MB231 cells exhibited a 3- to 9-fold higher adhesion
potential than HUMEC independent of the used substrate
(data not shown).

MDA-MB231 contain more activated FA proteins, but less
active FAK resulting in more stable FA

MDA-MB231 cells contained significantly higher amounts of
phosphorylated, i.e., active forms of the FA proteins paxillin
(Y118) and vinculin (Y822) (Fig. 5a) explaining the high ad-
hesion potential of theses cells. Additionally, FAK was
expressed at about 48% higher levels in MDA-MB231 cells
than in HUMEC cells. Intriguingly, however, in MDA-MB231
cells, the proportion of FAK phosphorylated at Y397 and Y576,
which are both required for maximal catalytic activity, was
about 50% lower than in HUMEC cells pointing to lower kinase
activity (Fig. 5a). This lower activity of FAK might result in



Fig. 3 – Different organization of the actin filament system of HUMEC (a, c) and MDA-MB231 cells (b, d) grown on collagen I
shown by phalloidin staining (a, b) and scanning EM after removal of the plasma membrane (c, d). The peri-nuclear region of
HUMEC cells was enriched in fibrous arrays of actin filaments (a) whereas the broad cell lamella lacked fibrous structures and
was filled with a lose network of actin (c). In MDA-MB231 cells, no typical lamellipodia were formed and the peripheral regions
were filled with regular arrays of parallel actin bundles (b, d). Scale bar, 10 μm (a, b), 2 μm (c), 5 μm (d).
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reduced turnover rates of FA, thereby stabilizing peripheral FA
(see Fig. 4) and consequently contributing to the reduced
migration velocity of MDA-MB231 cells.

MDA-MB231 cells over-express Rac1 and Rho and exhibit
increased ROCK activity

Immunoblot analysis of cell lysates revealed that MDA-MB231
expressed significantly higher amounts of Rho than HUMEC
cells (Fig. 5b). ROCK activity was significantly elevated 2.5-fold
in MDA-MB231 cells (Fig. 5c). This high ROCK activity may be
responsible for the formation of the characteristic cortical
actin arrays and prominent FA observed in MDA-MB231 cells
(see Fig. 4). In addition, expression levels of Rac1 in MDA-
MB231 were significantly higher than in HUMEC cells (Fig. 5b)
whichmight explain the hyperactivity of lamellipodia inMDA-
MB231 cells shown by quantification of lamellipodia frequen-
cies and velocities (Fig. 2).

ROCK inhibition modulates FA dynamics and actin
cytoskeletal organization in MDA-MB231 cells

Based on the observed over-expression of RhoA, we examined
whether RhoA signaling is responsible for reduced migration
rates of MDA-MB231 cells. Reduction of ROCK activity by about
20% was achieved by application of the specific inhibitor
Y27632 (Fig. 6) and caused dramatic changes in cell morphol-
ogy, adhesion and the migratory phenotype of MDA-MB231
cells. Y27632-treated MDA-MB231 cells switched to a HUMEC-
like polarized morphology with a broad front lamella and a
HUMEC cell-like mode of migration when seeded on surfaces
coated with collagen I. Inhibitor-treated cells displayed a
decreased intensity of vinculin-containing FA as illustrated in
the intensity scan (Fig. 7b). In untreated MDA-MB231 cells,
extended vinculin-rich FA were predominantly found at the
periphery of the leading edge (Fig. 7c, e, g, arrows). In contrast,
after inhibitor application, significantly smaller FA were
distributed over the broad front lamella (Fig. 7d, f, h, arrows).
In addition to the altered distribution and size of FA, their
average number decreased significantly in average from 58 to
28 per cell after inhibitor application (Fig. 8a). The altered
pattern of FA was accompanied by a significant increase of the
average cell size from 1748 to 2138 μm2 (Fig. 8b). This change in
cell size and morphology might be due to a reorganization of
the actin cytoskeleton which was reflected in a relaxation of
the peripheral actin ring and a reduced density of the cortical
actin. The density of the actin cytoskeleton was quantified by
scanning EM measuring the gaps between parallel actin fibers
after removal of the plasma membrane. The average distance
between parallel actin fibers in control cells was 0.095 μm
whereas inhibited cells relaxed their actin filaments by about
100% to an average distance of 0.19 μm (Fig. 8c). Together,
these findings show significant differences in lamellipodia
formation, FA dynamics and actin cytoskeleton organization
between control and Y27632-treated cells which are presum-
ably a consequence of altered Rho/ROCK signaling.



Fig. 4 – Different distribution of FA in HUMEC (a, c, e) and MDA-MB231 cells (b, d, f) grown on collagen I. Double fluorescence
staining using Alexa-488 phalloidin and antibodies against vinculin (a, b), paxillin (c, d) and FAK (e, f) showing that.
Migrating HUMEC and MDA-MB231 cells both formed FA containing paxillin, vinculin and FAK, which however significantly
differed in their distribution. In HUMEC cells, FA were formed predominantly at the end of fine short bundles of actin
filaments that were arranged parallel to the direction of cell migration (a, c, e; arrows). These FA appeared generally in
the transition zone between lamellipodia and the lamella. In contrast, in MDA-MB231 cells, the majority of FA was
distributed all over the cell periphery and connected to long arrays of fibrous actin which showed no preferred orientation
with respect to the direction of cell migration (b, d, f; arrows). Scale bar, 10 μm.
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ROCK inhibition renders MDA-MB231 cells more motile by
switching to a different mode of migration

Evaluation of the SACED-derived motility data showed signif-
icant differences in migration velocity (Fig. 9a) as well as in
lamellipodia frequency and lamellipodia velocity (Fig. 9b–d)
between controls and Y27632-treated cells on 2D surfaces
coated with collagen I. The average migration velocity of un-
treated MDA-MB231 cells was with 27.93 μm per hour
significantly lower than of inhibitor-treated cells with
44.75 μm per hour (Fig. 9a). Simultaneously, the frequency of
lamellipodia formation decreased from 1.96 to 1.79 perminute
(Fig. 9b) whereas the persistence of protrusions increased
significantly from 13.03 to 16.49 s (Fig. 9c). The average velocity
of lamellipodia protrusion decreased from 5.94 to 5.58 μm
per minute (Fig. 9d). All data point to a clear effect of ROCK



Fig. 5 – Expression patterns of FA proteins, small GTPases
and activity of ROCK differ significantly between HUMEC and
MDA-MB231 cells. Immunoblot analysis of cell lysates using
antibodies against paxillin, paxillin Y31, paxillin Y118,
vinculin, vinculin Y822, FAK, FAK Y397, FAK Y576, FAK Y925
and actin (a) as well as Rac1 and RhoA/B/C (b). MDA-MB231
cells contained significantly higher relative amounts of
phosphorylated, i.e., active FA proteins. Additionally
MDA-MB231 cells expressed about 48% more FAK whereas
the relative amounts of FAK phosphorylated in Y397 and
Y576 were reduced by about 50% (a). MDA-MB231 cells
expressed significantly higher amounts of Rac1 and Rho than
HUMEC cells (b). This high level of Rho expression might
contribute to 2.5-fold higher ROCK activity (c). Error bars
indicate 95% CI of mean values.

Fig. 6 – Application of Y27632 caused a significant decrease
of ROCK activity by about 50% in lysates of MDA-MB231 cells.
Error bars indicate 95% CI of mean values.
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inhibition on the mode of cell migration characterized by a
higher persistence of lamellipodia which is correlated with
higher efficiency of cell migration in 2D systems. Hence,
RhoA/ROCK signaling might be responsible for the compa-
rable low migration velocities of MDA-MB231 cells on 2D
surfaces resulting from reduced lamellipodia persistence.

Modified migratory phenotype correlates with reduced
phosphorylation of myosin light chain (MLC) and cofilin

Inhibition of ROCK and EDTA-induced detachment caused a
decrease in levels of phosphorylation in the FA protein
paxillin by about 13% and in vinculin by about 21% (Fig. 10a),
indicating that reduced phosphorylation is correlated with
reduced activity of paxillin and vinculin in FA. The disassem-
bly of FA is controlled by at least two different pathways based
either on the FAK/Src signaling complex activating cytosolic
cysteine proteases or on the reduction of tension forces via de-
phosphorylation of MLC at S19. Our results indicate that the
FAK/Src signaling complex did not contribute to the disas-
sembly of FA since both auto-phosphorylation sites in FAK
(Y397 and Y576) showed no significant changes upon inhibi-
tion with Y27632 (Fig. 10b). Similar results were obtained
analyzing the activity of Src (data not shown). In control cells,
phosphorylated MLC was detected in high amounts whereas
inhibitionwith Y27632 reduced the amount of phosphorylated
MLC S19 significantly by 13%. Interestingly, EDTA-induced
detachment and subsequent cell rounding resulted in the
increase of MLC phosphorylation at S19 indicating that cell
rounding is correlated with activation of acto-myosin and
elevated tension (Fig. 10b).

Cofilin is an actin-binding and -depolymerizing protein
that is inactivated through the ROCK effector kinase LIM by
phosphorylation of S3. Inactivated cofilin is no longer able to
promote actin filament disassembly leading to an increase of
stable actin filaments and reduced migration velocity.
Inhibition of ROCK caused a significant decrease in cofilin
S3 levels by 66%, whereas EDTA detachment had only slight
effects (Fig. 10c). These results suggest a proximate effect of
ROCK on the phosphorylation of cofilin S3 and reduced
migration of MDA-MB231 cells. Immunofluorescence staining
revealed a reduced localization of inactive cofilin S3 in the
Y27632-treated MDA-MB231 cells (data not shown). Together,
these findings show that the observed differences in
lamellipodia dynamics between HUMEC and MDA-MB231
cells might result from differences in FA dynamics and
organization of the actin cytoskeleton as a consequence of
modulated Rho/ROCK signaling.

High ROCK activity disables persistent migration on 2D
substrates but creates an additional amoeboid migration
mode in 3D environments

To test the hypothesis, if the activity of ROCKmight contribute
to the invasion processes, we used transwellmigration assays.



Fig. 7 – Inhibition of ROCK by Y27632 modulates size and distribution of FA in MDA-MB231 cells. Intensity scans of vinculin
immunofluorescence of untreated (a) and Y27632-inhibited MDA-MB231 cells (b). The corresponding fluorescence images
are shown in c and d. Control cells exhibited larger and more peripheral FA indicated by more prominent red stained peaks
in the intensity scan (a). Treatment of MDA-MB231 cells with Y27632 resulted in a redistribution of smaller FA behind the
leading edge (b, d). Immunofluorescence labeling of paxillin (e, f) and vinculin (g, h) in untreated (e, g) or Y27632-treated
MDA-MB231 cells (f, h). In untreated MDA-MB231 cells, the majority of FA was arranged around the cell periphery and
connected to bundles of actin fibers (e, g, arrows). Y27632-treated MDA-MB231 cells developed a brought lamellipodium and
had a reduced amount of larger FA predominantly found at the end of fine, short bundles of actin filaments that were
oriented parallel to the direction of cell migration (f, h; arrows). These mature FA appeared generally in the transition zone
between lamellipodia and the lamella. Scale bars, 10 μm.
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Fig. 8 – Effects of ROCK inhibition on the actin filament
system, FA quantity and cell morphology of MDA-MB231
cells. The number of FA was significantly reduced when
Y27632was added (a). Additionally, ROCK inhibition resulted
in a relaxation of the acto-myosin system as shown by a
statistically significant increase of cell size (b) and a reduced
density of the actin meshwork in the lamella (c). Error bars
indicate 95% CI of mean values.
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We investigated the morphological phenotype and the
invasive capacity of MDA-MB231 cells while inhibiting MMP
activity, ROCK activity or both. In collagen gels, the migration
phenotype of MDA-MB231 cells was characterized by a nearly
equal proportion of polarized elongated spindle-shaped,
mesenchymal and of less polarized, more spherical amoeboid
cells. In the presence of MMP inhibitor cocktail, a transition
from a spindle-shaped to less polarized amoeboid shape
occurred. More than 63% of the migrating cells exhibited an
amoeboid migration phenotype (Fig. 11b). Cell invasion
assessed using transwell chambers revealed that MMP inhib-
itor application significantly inhibited invasion through
collagen I gels. However, when MDA-MB231 cells were treated
with Y27632, they changed their mode of migration to a more
mesenchymal phenotype (71%) without losing their invasive
capacity. Intriguingly, the combined inhibition of MMP and
ROCK resulted in equal ratios of mesenchymal and amoeboid
cells, but simultaneously significantly reduced invasion
compared to control and MMP-inhibited cells was observed
(Fig. 11a). These results suggest that the changes of the actin
cytoskeleton due to ROCK inhibition, which renders cellsmore
mesenchymal, are not sufficient to reduce invasion. Conse-
quently, MDA-MB231 cells primarily use the mesenchymal,
MMP-dependent pathway for invasion. Inhibition of the MMP-
dependent pathway using MMP inhibitor cocktail reduced the
invasion potential only by a fraction of 38%. Simultaneous
inhibition of MMP and ROCK decreased the invasion potential
of MDA-MB231 cells by about 60%. This indicates that ROCK
inhibition successfully prevents invasion, when additionally
MMP-dependent invasion is blocked. Consequently, the Rho/
ROCK-dependent amoeboid mode of migration represents an
alternative invasion strategy used by MDA-MB231 cells. Our
data suggest that the inhibition of both pathways will be
necessary to prevent tumor cell invasion.
Discussion

The unexpected observation that highly invasive MDA-MB231
cells display a reduced migratory capacity made necessary to
study themechanisms involved in this process in more detail.
Our results based on 2D and 3D motility assays show that
hyperactive RhoA/ROCK signaling induces the generation of a
specific actin filament organization and themodification of FA
dynamics. Both may be responsible for the adoption of a
specific migratory phenotype suited for invasion but charac-
terized by reduced migration in 2D systems.

High invasiveness is not correlated with high migration
velocities

MDA-MB231 cells have been shown to adopt an elongated,
spindle-shaped morphology and move as individual cells
during invasion in vivo and in vitro [25,26]. This mesenchymal
mode of invasion is coupled to the cleavage and remodeling of
ECM components using MMPs and other proteases [27,28] and
most likely predominates in carcinomas that undergo an
epithelial to mesenchymal transition [29]. In our study,
however, we observed mesenchymal behavior for only about
55% of MDA-MB231 cells invading 3D collagen matrices, while
about 45% of the cell population exhibited a different amoe-
boid phenotype. This phenotype has also been described for
other types of tumor cells [17,18]. The amoeboid motility
does not require extracellular proteases [30] but is associated
with the formation of small, bleb-like protrusions being
dependent upon ROCK activity. It has been hypothesized that
Rho/ROCK signaling triggers contractile force generation
resulting in hydrostatic pressure and subsequent bleb-like



Fig. 9 – Migration of MDA-MB231 is accelerated by ROCK inhibition. SACED analysis of individuallymigratingMDA-MB231 cells
treated with Y27632 and control cells on collagen I. The assay revealed differences in migration velocities (a) as well as in
lamellipodia frequency (b), lamellipodia persistence (c) and velocities (d). ROCK-inhibited cells were characterized by higher
migration velocity (a) and significantly higher lamellipodia persistence (c) as compared to control cells resulting in a more
efficient net translocation. Protrusion frequencies (b) and velocity (d) were reduced in ROCK-inhibited cells. Error bars indicate
95% CI of mean values.
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protrusions in A375m2 melanoma and LS174T colon carci-
noma cells [19]. This is consistent with previous studies on
metastatic mammary carcinoma cells which express elevat-
ed levels of ROCKII [31] and move as rounded cells lacking
any extended protrusions in vivo [32]. Consistently, other
studies have shown that inhibition of ROCK reduces the
invasive behavior of tumor cells in vivo [33,34], most
probably through a reduced amoeboid cell movement.
Apparently, as shown here, MDA-MB231 cells constitutively
employ besides the mesenchymal also the amoeboid mode
of invasion promoted by RhoA/ROCK signaling.

The currently accepted concepts on cell migration are
based on studies monitoring the movement of different cell
types on 2D substrates [2,9]. For different types of tumor cells,
it has been shown that their invasive capacity seems to be
highly correlated with efficient migration on rigid 2D surfaces
[35–37]. Using the SACEDmotility assay, we show that HUMEC
cells are capable of efficient, i.e., fast migration due to the
higher persistence of lamellipodia. Intriguingly, the highly
dynamic lamellipodia in MDA-MB231 cells resulted in signif-
icantly lower velocities of cell migration. It has been shown
recently for epidermal keratinocytes that, for efficient migra-
tion to occur, lamellipodia have to be stabilized by the
formation of cell substrate adhesions by β1integrins binding
to fibronectin [4]. Our results provide strong evidence that
high invasiveness as studied in 3D systems is not necessarily
correlated with a high migratory capacity in 2D systems.

Marked differences in the mode of migration may depend on
the specific organization of the actin system

We have shown that MDA-MB231 cells form a cortical actin
ring consisting of large actin bundles which fill the peripheral
cell regions. This actin organization has been described for
cells displaying a high activity of ROCK that has also been
reported to be responsible for the assembly of numerous
peripheral FA [38,39] which we observed in MDA-MB231 cells.
This array of FAmight impede a directional force transduction
to the substratum and thus antagonize efficient migration of
MDA-MB231 cells. A comparable distribution of FA is often
seen in tightly adherent less motile cells [16,39] and may be
responsible for the 3- to 9-fold higher adhesion potential of
MDA-MB231 cells as compared to HUMEC. Our results show
that in HUMEC cells the FA are associated with short bundles
of actin filaments which are arranged parallel to the direction
of cell migration and are usually considered the main motive
force transducers for cell migration in fibroblasts [40].

Our immunoblot analyses show that MDA-MB231 cells
contained significantly higher amounts of phosphorylated,
i.e., active forms of the FA proteins paxillin and vinculin which



Fig. 10 – Effects of EDTA-induced detachment and ROCK
inhibition on the phosphorylation of paxillin and vinculin (a),
FAK, MLC (b) and cofilin (c). EDTA detachment reduced the
phosphorylation of paxillin, vinculin and FAK and enhanced
the phosphorylation of MLC. Cofilin phosphorylation
remained almost unchanged. ROCK inhibition reduced
phosphorylation of paxillin by 13%, vinculin by 21%, MLC by
13% and cofilin by 66% but had no effect on phosphorylation
of FAK. Expression of total proteins remained unchanged by
EDTA-induced detachment and ROCK inhibitor treatment.

Fig. 11 – Simultaneous inhibition of MMP and ROCK
significantly reduced invasion. 3D invasion assays using
transwellmembraneswith 8μmpores coveredwith collagen
I gels (a). MMP inhibitormix reduced invasion ofMDA-MB231
significantly, whereas application of Y27632 did not result in
a significant inhibition. Intriguingly, the simultaneous
application of MMP inhibitor mix and Y27632 led to a
significantly stronger inhibition than the MMP inhibitor mix
alone. Data were the mean of values obtained from 3
independent experiments. Error bars indicate 95% CI of mean
values (a). Migratory phenotypes of MDA-MB231 cells in
collagen I gels (b). Treatment with the MMP inhibitor mix
increased the amount of amoeboid cell to about 63% in
contrast to Y27632 that reduced the amount of amoeboid cell
to about 29%. Simultaneous application of MMP and ROCK
did not change the proportion of phenotypes in the cell
population but reduced the invasive capacity of the
MDA-MB231 cells significantly (61%) by repression of the
alternative amoeboid migratory phenotype. At least 200 cells
in four independent assays were analyzed.
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was also observed in a variety of other cell types [41–43].
Additionally, MDA-MB231 over-expressed FAK. Intriguingly,
however, the twomajor tyrosine phosphorylation sites in FAK,
Y397 and Y576, that are required for maximum catalytic
activity have been reported to show lower phosphorylation
levels than in HUMEC cells pointing to lower kinase activity
[44–47]. This might result in reduced turnover rates of FA, thus
stabilizing peripheral adhesions and consequently contribut-
ing to the reduced rate of migration described here for MDA-
MB231 cells.

RhoA/ROCK signaling might regulate adhesion and migration

RhoA is considered to mediate signaling events leading to the
formation of contractile acto-myosin bundles and FA via its
downstream effector kinase ROCK. [48–50], thereby regulating
various contractile processes including cell motility [51],
smooth muscle contraction [52], tail retraction of migrating
monocytes [53] and cytokinesis [54]. Consistently, the ROCK
inhibitor Y27632 has been shown to have a negative impact on
all these cellular functions [55]. In different tumor cells, levels
of Rho-GTPases have been observed to be significantly ele-
vated [8], especially during progression to more invasive and
metastatic forms [56–60] and as shown here in MDA-MB231
cells. Microarray analysis of metastatic cells identified RhoA
and its downstream effector kinase ROCK in an in vivo
invasion mouse model as highly deregulated genes [61–63].
In addition to elevated expression of Rho-GTPases, increased
levels of ROCK were observed in esophageal squamous cell
carcinoma [64], testicular germ cell [65] and pancreatic tumors
[66] pointing to a central function of Rho/ROCK signaling.
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Elevated ROCK activity might be responsible for the formation
of the characteristic cortical actin arrays and prominent FA
we observed in MDA-MB231 cells and thereby contribute to
their inefficient migration in 2D systems. This would explain
our finding that inhibition of ROCK has a stimulating effect
on MDA-MB231 cell motility by rendering lamellipodia more
persistent which is apparently a prerequisite for efficient
migration in 2D systems. Our observation that the levels of
MLC phosphorylation in S19 decrease upon inhibition with
Y27632 point to reduced acto-myosin contractility which may
explain the increase in cell size and the described loosening
of the cortical actin ring in MDA-MB231 cells. Additionally
we show that inhibition of ROCK causes a decrease in the
phosphorylation levels of the FA proteins paxillin and vin-
culin which has been shown to be correlated with reduced
activity of these proteins. This is in agreement with our
observation that FA become reduced in size and quantity
upon ROCK inhibition. Our results indicate that FAK/Src
signaling does not contribute to the disassembly of FA since
the phosphorylation levels of both proteins show no
differences upon ROCK inhibition. Based on our finding that
ROCK inhibition results in significantly reduced levels of MLC
phosphorylation, a tension force-mediated mechanism via
the acto-myosin system is probably involved in FA disas-
sembly. These results are consistent with other reports in
which Y27632 was shown to inhibit stress fiber formation
[67–69].

The LIM kinase/cofilin pathway might also contribute to
the specific migratory phenotype of MDA-MB231 cells. LIM
kinase is a downstream effector of ROCK and known to
inactivate the actin-depolymerizing protein cofilin by phos-
phorylation [70]. The phosphorylation of cofilin at S3 by LIM
kinase is thought to contribute to Rho-induced stress fiber
formation [70] andmight also be responsible for the formation
of the cortical array of stress fibers we observed in MDA-MB
cells and which are considered to result in reduced migration
velocity [69]. Cofilin activity is also known to be required for
the generation of free actin-barbed ends necessary for the
formation of extended lamellipodia protrusions [71]. This is in
agreement with our observation that suppression of ROCK
activity by Y27632 and the resulting increase in cofilin activity
force MDA-MB231 cells to form a broad front lamella and a
regularly organized actin mesh work in the lamellipodia. In
conclusion, high RhoA/ROCK activity is apparently responsi-
ble for the organization of the actin filament system as well as
the stability of FA in MDA-MB231 cells, thereby determining
their migratory capacity of cells.

Combined inhibition of MMP and ROCK efficiently reduces the
invasive capacity of MDA-MB231 cells

As shown in this study, invasive MDA-MB231 cells are
constitutively capable of employing two different migratory
mechanisms for penetrating ECM mesh works. The ability of
tumor cells to switch between these different modes of
motility may explain why several clinical trials with MMP
inhibitors were unsatisfying and this therapeutic approach is
considered less promising than a couple of years ago [5,72,73].
Our in vitro results allow the speculation that combined
inhibition of ROCK and of extracellular proteases might
provide an efficient strategy for blocking tumor cell invasion
in vivo.
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