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Metastasis is a key event ofmalignant tumor progression. The
capability tometastasize depends on the ability of the cancer cell
to migrate into connective tissue, adhere, and possibly transmi-
grate through the endothelium. Previously we reported that the
endothelium does not generally act as barrier for cancer cells to
migrate in three-dimensional extracellular matrices (3D-
ECMs). Instead, the endothelium acts as an enhancer or a pro-
moter for the invasiveness of certain cancer cells. How invasive
cancer cells diminish the endothelial barrier function still
remains elusive. Therefore, this study investigateswhether inva-
sive cancer cells can decrease the endothelial barrier function
through alterations of endothelial biomechanical properties. To
address this, MDA-MB-231 breast cancer cells were used that
invade deeper andmore numerous into 3D-ECMs when co-cul-
tured with microvascular endothelial cells. Using magnetic
tweezer measurements, MDA-MB-231 cells were found to alter
themechanical properties of endothelial cells by reducing endo-
thelial cell stiffness. Using spontaneous bead diffusion, actin
cytoskeletal remodeling dynamics were shown to be increased
in endothelial cells co-cultured with MDA-MB-231 cells com-
paredwithmono-cultured endothelial cells. In addition, knock-
down of the �5 integrin subunit in highly transmigrating
�5�1high cells derived from breast, bladder, and kidney cancer
cells abolished the endothelial invasion-enhancing effect com-
parable with the inhibition of myosin light chain kinase. These
results indicate that the endothelial invasion-enhancing effect is
�5�1 integrin-dependent. Moreover, inhibition of Rac-1, Rho
kinase,MEKkinase, andPI3K reduced the endothelial invasion-
enhancing effect, indicating that signaling via small GTPases
may play a role in the endothelial facilitated increased invasive-
ness of cancer cells. In conclusion, decreased stiffness and
increased cytoskeletal remodeling dynamics of endothelial cells
may account for the breakdown of endothelial barrier function,
suggesting that biomechanical alterations are sufficient to facil-
itate the transmigration and invasion of invasive cancer cells
into 3D-ECMs.

The malignancy of tumors is responsible for most cancer-
related deaths. A benign tumor becomes malignant when can-
cer cells spread from the primary tumor and form metastases
(1–4). The process of metastasis can be described in several
steps that involve the dissemination of cancer cells from the

primary tumor into the extracellular matrix (ECM),2 the inva-
sion of cancer cells through connective tissue, adhesion of can-
cer cells to the endothelium of blood or lymph vessels, possibly
the transmigration of cancer cells through the endothelium
(intravasation and/or extravasation), and subsequently, the for-
mation of a secondary tumor in a distant targeted organ (5, 6).
The impact of endothelial cells on the regulation of cancer

cell invasiveness into 3D-ECMs is so far unknown. The regula-
tion of cancer cell invasiveness may be a complex scenario that
is not fully characterized yet (7). In many previous studies the
endotheliumacts as a barrier against the invasion of cancer cells
(6, 8). Furthermore, the endothelium reduces pronouncedly the
invasion of cancer cells and, hence, metastasis formation (9).
However, several recent reports propose a novel paradigm in
which endothelial cells modulate the invasiveness of several
cancer cells by increasing their dissemination through vessels
(10) or by increasing the invasive capability of cancer cells to
migrate into the ECM (11). Among these cancer cells is the
human breast cancer cell line MDA-MB-231.
Although several adhesion molecules have been identified

that play a role in tumor-endothelial cell interactions and,
hence, metastasis formation, the biomechanical properties of
endothelial cells co-cultured with cancer cells are still elusive.
There may be altered biomechanical properties of endothelial
cells that support the ability of the endothelium to act either as
a barrier or as an enhancer for cancer cell invasion. Biome-
chanical properties have been studied so far only on cancer cells
(11–14). Amain biochemical pathway of the tumor-endothelial
interaction has been reported to involve cell adhesion receptors
and integrins such as platelet endothelial cell adhesion mole-
cule-1 (PECAM-1) and �v�3 integrins, respectively (15). Integ-
rins are transmembrane adhesion receptors that cluster after
activation and assembly of focal adhesions in cell-matrix as well
as in cell-cell adhesive interactions (16). In addition, integrins
forge a link between the ECM and the actin cytoskeleton that
can be tensioned bymyosin-II motors acting on actin filaments
(17–19). The connection between integrins and the actomyosin
cytoskeleton is facilitated through the mechano-coupling focal
adhesion and cytoskeletal adaptor protein vinculin (20). Fur-
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thermore, this connection determines the amount of cellular
counterforces that maintain the morphology and shape of cells
and, hence, provide the cellular stiffness (21). Taken together,
until now a biomechanical approach investigating the endothe-
lial barrier breakdown in the presence of co-cultured invasive
cancer cells is still elusive.
As microrheologic measurements such as magnetic tweezer

rheology turn out to be adequate for the identification of cell
mechanical properties such as cellular stiffness, in this study
endothelial stiffness using magnetic tweezers was measured in
co-culture with invasive MDA-MB-231 cells as well as in
mono-culture. The results are that highly invasive breast cancer
cells influenced the cellular mechanical properties of co-cul-
tured microvascular endothelial cells by lowering the stiffness
of endothelial cells. In addition, nanoscale particle tracking
method diffusion measurements of actomyosin cytoskeletal-
bound beads, which serve as markers, are suitable to determine
the actomyosin cytoskeletal remodeling dynamics. Thus, cyto-
skeletal remodeling dynamics of endothelial cells using nano-
scale particle trackingweremeasured either inmono-culture or
in co-culture with highly invasive MDA-MB-231 cells. Here,
the cytoskeletal remodeling dynamics of endothelial cells were
increased in co-culture with highly invasive cancer cells. These
findings indicate that highly invasive breast cancer cells actively
altered the biomechanical properties of co-cultured endothelial
cells. Hence, these results may provide an explanation for the
breakdown of the endothelial barrier function of monolayers.
In conclusion, a mechanism in which a decrease in endothe-

lial cell-cell adhesion molecule expression such as PECAM-1
and vascular endothelial-cadherin (VE-cadherin), a decrease in
endothelial cell stiffness, and an increase in cytoskeletal remod-
eling dynamics account for the endothelial barrier breakdown
by highly invasive MDA-MB-231 cells was provided in this
study.

EXPERIMENTAL PROCEDURES

Cell Culture—Human MDA-MB-231 and MCF-7 breast
cancer cell lines, humanT-24 bladder, and 786-Okidney cancer
cell lines were purchased from ATCC-LGC-Promochem
(Wesel, Germany). Human umbilical vein endothelial cells
(HUVECs) were isolated as described (20, 22). Human dermal
microvascular endothelial cells (HDMECs) and human pulmo-
nary microvascular endothelial cells (HPMECs) were pur-
chased (Promocell, Heidelberg, Germany). Endothelial cell
purity was determined by flow cytometric analysis using VE-
cadherin (Coulter, Krefeld, Germany) and PECAM-1 (Biozol,
Eching, Germany). Endothelial cell isolations contained less
than 0.3% contaminating cells. HPMECs and HDMECs were
used in passage 4–6 and cultured in Endothelial Cell Growth
MediumMV 2 (Promocell) containing 5% FCS.
Breast, bladder, and kidney cancer cells were maintained in

low glucose (1 g/liter) Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal calf serum (low endo-
toxin), 2 mM L-glutamine, and 100 units/ml penicillin-strepto-
mycin (DMEM complete medium, all from Biochrom, Berlin,
Germany). 80% confluent cancer cells were used in passages
5–30. Accutase was used for cell harvesting, and the percentage
of dead cells was less than 1%. Mycoplasma contamination was

excluded using the Mycoplasma detection kit (Roche Diagnos-
tics). All chemicals used were purchased from Sigma unless
otherwise indicated.
3D-ECMTransmigration and Invasion—Three-dimensional

collagen type I matrices were prepared as a 1:1 mixture of col-
lagen R (Serva, Heidelberg, Germany), and collagen G (Bio-
chrom)was described (11). 100,000 cancer cells were seeded on
top of the 3D-ECMs. For transendothelial migration in the
presence of an endothelial cell monolayer (600,000 endothelial
cells per 3.5-cm dish stained with 15 �MCyTrack orange for 10
min at room temperature) and for invasion in the absence of an
endothelial cell monolayer, cancer cells were seeded on
3D-ECMs. After 3 days, cancer cells cultured on and inside the
collagen matrices were fixated with 2.5% glutaraldehyde solu-
tion in PBS, the fraction of cancer cells that invaded 3D-ECMs,
and their invasion depth was measured by optical sectioning.
After this time, differences in the invasiveness of cell lines were
clearly visible. Non-invasive cells can be readily identified by
their nuclei located in one layer that coincides with the location
of the topmost collagen fibers. A cell was counted as invasive
when its nucleus is located below the layer formed by the non-
invasive cells. Because of the depth of field of a 40 � 0.6 NA
objective, the uncertainty of this method is�5�m. In addition,
the 3D-ECM matrices contain fibronectin (FN) sequestered
from the fetal calf serum in the medium and FN secreted from
the cancer cells (14). As FN is the main ligand for �5�1 integ-
rins, the matrices are suitable for analyzing �5�1-dependent
cell behavior. To analyze the function of integrin ligands in
more detail, three-dimensional collagen matrices were also
polymerized in the presence of 100 �g/ml FN (3D-FN-ECMs).
The invasion depthwas determined by focusing themicroscope
to the center of the nucleus; the value was read from themotor-
ized z-drive of themicroscope andwas corrected for the refrac-
tive index of water (1.33). The z-focus at the gel surface served
as the reference.
For inhibition of contractile forces, the myosin light chain

inhibitor 15 �MML-7 (Calbiochem) was incubated with cancer
cell lines 2 h before co-culture (with HPMECs) transmigration
and invasion assay start. For inhibition of small GTPase signal-
ing, 100 �M Rho kinase inhibitor (Y27632, Calbiochem), 100
�M Rac1 inhibitor, 100 �M MEK inhibitor (PD98059, Calbi-
ochem), or 50�MPI3K inhibitor (LY294002, Calbiochem)were
incubated with cancer cells 2 h before co-culture (with
HPMECs) start.
To analyze whether endothelial cell invasion was responsible

for increased cell invasion during MDA-MB-231 co-culture,
endothelial cells were stimulated with 100 ng/ml rhVEGF(165)
and 100 ng/ml rhbFGF (both from Promocell) in the absence
(mono-cultured) and presence of MDA-MB-231 cancer cells
(co-cultured).
Isolation of Tumor Cell Variants—Tumor cell variants with

high (�5�1high) and low �5�1 (�5�1low) integrin expression
were isolated from parental MDA-MB-231 breast cancer cells,
T24 bladder cancer cells (24-�5�1high and 24-�5�1low), and
786-O kidney cancer cells (786-�5�1high and 786-�5�1low)
using a cell sorter, and single cells were plated into 96-well
plates. Cells were expanded to subcell lines, and the expression
of �5 integrin was measured by flow cytometry. Repeated mea-
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surements of �5�1 expression on the cell surface confirmed
that the �5�1 expression phenotype of the subcell lines
remained stable for at least 100 generations as described (14).
siRNA Transfection—200,000 80% confluent �5�1high cells,

24-�5�1high cells, and 786-�5�1high cells were seeded in 3.5-cm
dishes and cultured in 2ml ofDMEMcompletemedium. 5�l of
a solution containing 20 �M �5-integrin (target sequence,
CCCATTGAATTTGACAGCAAA) or Allstar-control RNAi-
solution (control-siRNA), 12 �l of HiPerFect-Reagent (Qia-
gen), and 100 �l of DMEM were mixed (14, 23). RNAi-medi-
ated �5-integrin knockdown was confirmed by flow cytometry
using anti-�5-integrin and Cy2-labeled anti-mouse-IgG anti-
bodies (Dianova). Transfection efficiency was determined by
flow cytometry to be �99% using 20 �M Alexafluor546-labeled
siRNA.
Magnetic Tweezers—10,000 cancer cells live-stained with 5

�g/ml carboxyfluorescein diacetate (CFDA; Invitrogen) and
10,000 HPMECs were seeded in 3.5-cm culture dishes (Nunc)
and were co-cultured for 12 h. Using magnetic tweezers, step-
forces ranging from 0.5 to 10 nanonewtons were applied to
superparamagnetic epoxylated 4.5-�m beads coated with 100
�g/ml FN (11, 20, 24). 2 � 105 beads were sonicated, added to
105 cells, and incubated for 30 min at 37 °C and 5%CO2. Meas-
urements were performed at 37 °C in CO2-free medium using
an inverted microscope (DMI-Leica, 40� magnification). The
creep response J(t) of cells during force application followed a
power-law in time, J(t)� a(t/t0)b, where the prefactor a and the
power-law exponent bwere force-dependent, and the reference
time t0 was set to 1 s. The bead displacement in response to a
staircase-like force followed a superposition of power laws (25)
fromwhich the force dependence of a and bwas determined by
a least-squares fit (20).
The parameter a (�m/nanonewtons) characterizes the elas-

tic cell properties and corresponds to a compliance that is the
inverse of cellular stiffness (20). The force/distance relationship
in units of nanonewtons/�m is related to cell stiffness in units
of Pa by a geometric factor that depends on the contact area
between the bead and the cell (or the degree of bead internal-
ization) and the cell height. If those parameters are known, for
example from scanning electron micrographs, the geometric
factor can be estimated from a finite element analysis (26).
Without knowing the height of the cell and the degree of bead
internalization, one can still estimate the typical strain � as the
bead displacement d divided by the bead radius r, and the typ-
ical stress � as the applied force F divided by the bead cross-
sectional area �r2 such that the cellular stiffness is G � �/� �
(r/d)( F/(�r2)) (27). For 4.5-�m beads, the geometric factor is
0.14 �m�1, and a cell with an apparent stiffness of 1 nanonew-
ton/�m would have a “proper” stiffness of 140 Pa.

The power law exponent b (creep exponent) reflects the sta-
bility of force-bearing cellular structures such as actomyosin
stress fibers connected to the beads. A value for b � 1 and b �
0 indicates Newtonian viscous (such as silicone oil) and elastic
behavior (such as polyacrylamide gels), respectively (28). A cell
shows the behavior of a viscoelastic material when it has elastic
structures and viscous elements that build its cytoskeleton. A
non-zero power-law exponent b denotes that during the mag-
netic force application, one part of the deformation energy is

not elastically stored in the cytoskeleton but is dissipated in the
form of heat as the cytoskeletal structures to which the bead is
connected remodel (29). Hence, dissipation is directly linked to
the rate at which the elastic bonds in the cytoskeleton break up
and turn over. The turnover of actomyosin bonds also contrib-
utes to the dissipative properties (30), and although this is not
considered a remodeling event, it enables contractility-driven
shape changes in the cytoskeleton.
Spontaneous Bead Diffusion—Before cell detachment,

HPMECs (15 �MCyTrack orange stained) were incubated with
FN-coated beads for 30 min at 37 °C, 5% CO2, and 95% humid-
ity. Unbound FN beads were washed away by using 1� HEPES
buffer before co-culture start. FN beads bound to CFDA (5
�g/ml)-stained cancer cells are not observed in the fields of
view used for bead-tracking. The binding of FN beads during
co-culture with endothelial-bound FN beads was below 1% as
determined under the fluorescent microscope at 20� magnifi-
cation and 24 fields of view. For mono-culture 400,000 cells of
80% confluent HPMECs and for co-culture 200,000 HPMECs
and 200,000 CFDA-stained MDA-MB-231 cells seeded into
3.5-cm dishes and cultured overnight at 37 °C, 5% CO2, and
95% humidity. The spontaneous bead diffusion was analyzed
using an inverted fluorescent microscope, and the position of
beadswas tracked over 5min. Beadmovementswere computed
from phase contrast images recorded with 10� magnification
using a Fourier-based difference-with-interpolation algorithm
(31). These beads moved spontaneously with a mean square
displacement (MSD) that also followed a power law with time,
MSD�D(t/t0)� � c. The evolution of theMSDover time, t, can
be described by an apparent diffusion coefficient, D, and the
persistence of motion can be described by the power-law expo-
nent,� (31). Depending on the power-law exponent�, the bead
motion can be classified as brownian or diffusive for � � 1,
subdiffusive for � � 1, superdiffusive (�persistent motion) for
� �1, and ballistic for � � 2. The term c reflects random noise
from thermal and non-thermal sources such as single myosin
motors, and t0 was arbitrarily set to 1 s.
The fit parameters were determined by a least-squares fit

(31). Themeasurements of spontaneous beadmovements were
performed after at least 16 h of bead binding, which is sufficient
to connect the FN beads to the cytoskeleton. The details of the
connection matter little and do not influence the bead motion
once the beads are firmly connected to the cytoskeleton (32).
Scanning EM—The cells were fixed on and in three-dimen-

sional collagen matrices with 2.5% glutaraldehyde-fixed, dehy-
drated through a graded ethanol series, washed with hexadim-
ethylsilazane reagent (Electron Microscopy Science, Hatfield,
PA), and air-dried as described (11). After sputter-coating of
the samples with gold, cells were analyzed using a scanning
electron microscope (ISI-SX-40, International Scientific
Instruments, Milpitas, CA).
Transmission EM—The cells were fixed in 4% paraformalde-

hyde/0.1% glutaraldehyde, post-fixed in 2% buffered osmium
tetroxide, dehydrated through a graded ethanol series, and
finally embedded in epoxy resin. For orientation, 1.0-�m sec-
tions were stained with toluidine blue. The 70-nm ultrathin
sections were stained with uranyl acetate and lead citrate
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and examined with a Transmission EM (EM906E; Zeiss,
Oberkochen, Germany).
Flow Cytometry—80% confluent cells were harvested and

resuspended in HEPES buffer (20 mM Hepes, 125 mM NaCl, 45
mMglucose, 5mMKCl, 0.1% albumin, pH7.4). Cancer cells were
incubated with mouse antibodies against human �5 (Biozol,
Eching, Germany). Microvascular endothelial cells (HDMECs
and HPMECs, passages 2–4) were mono-cultured or co-cul-
tured with CFDA-stained (5 �g/ml carboxyfluorescein diace-
tate, Invitrogen) MDA-MB-231 cells or CFDA-stained MCF-7
cells for 16 h and incubated with VE-cadherin and PECAM-1.
Isotype-matched antibodies were used as controls (Caltag, Bur-
lingame, CA). After 30 min at 4 °C, cells were washed and
stained with an R-phycoerythrin-labeled goat anti-mouse-IgG
(F(ab)

2
fragment; Dianova). Flow cytometry measurements

were performed using a FACSCalibur System (BDBiosciences).
For the staining of internalized receptors, endothelial cells were
permeabilized using 0.1–0.3% Triton X-100 for 5 min at 37 °C.
Statistics—The data were expressed as the mean values �

S.E. if not indicated otherwise. Statistical analysis was per-
formed using the two-tailed unpaired t test; p � 0.05; P was
considered to be statistically significant.

RESULTS

Endothelial Cells Enhance MDA-MB-231 Cell Invasiveness—
To investigate how the invasive behavior of highly invasive and
weakly invasive breast cancer cells is affected by the co-culture
with an endothelial cell monolayer on top of 3D-ECMs (Fig.
1A), two well established human breast cancer cell lines, the
highly invasive MDA-MB-231 cells and the weakly invasive an
MCF-7 cells, were cultured in the presence or absence of mac-
rovascular (HUVECs) and microvascular (HPMECs or
HDMECs) endothelial cells. In the presence of a closed endo-
thelial cell monolayer on top of the 3D-ECMs, the invasiveness
of MDA-MB-231 cells was increased (Fig. 1, D–F). The per-
centage of invasive MDA-MB-231 cells increased in the pres-
ence of co-cultured HPMECs (60.2% � 2.2) as well as HUVECs
(32.7% � 1.2) (Fig. 1D). In contrast, the invasiveness of the
weakly invasive MCF-7 cells was not affected (Fig. 1, D and G),
and the percentage of invasiveMCF-7 cells was even decreased
in presence of HUVECs (Fig. 1D). These results show that the
presence of a closed endothelial cell monolayer on the surface
of the 3D-ECMs enhanced the invasiveness of MDA-MB-231
cells (Fig. 1,D–F), whereas the invasiveness of MCF-7 cells was
not affected (Fig. 1, D and G). Taken together, these results
indicate that the endothelial cellmonolayer did not increase the
invasiveness of all breast cancer cell lines, which was consistent
with a previous report (11). The increased invasiveness of
MDA-MB-231 cells into 3D-ECMs was evoked by HUVECs as
well as HPMECs as indicated by increased numbers of invasive
MDA-MB-231 cells (Fig. 1D) and an invasion profile which
shows that MDA-MB-231 cells invaded deeper into the
3D-ECMs when co-cultured with endothelial cells (Fig. 1,
E–G). For the weakly invasive MCF-7 cancer cells, HUVECs
hardly evoked an increase in invasiveness (Fig. 1,D andG), and
HPMECs even had no effect on enhancing the invasiveness of
MCF-7 cells (Fig. 1D).

To analyze whether the endothelial cells are able to invade
the dense 3D-ECMs, endothelial cell monolayers were cultured
in the presence and absence of the growth factors rhVEGF165
(100 ng/ml) and rhbFGF (100 ng/ml). Indeed, these growth fac-
tors induced the invasiveness of endothelial cells into
3D-ECMs. To investigate whether the presence of MDA-MB-
231 cells could further enhance the invasiveness of endothelial
cells in the presence of both growth factors, endothelial cells
were co-cultured with MDA-MB-231 cells in the presence and
absence of MDA-MB-231 cells. These growth factors induced
the invasiveness of endothelial cells into three-dimensional col-
lagen matrices (Fig. 1H). The growth factor-induced increased
invasiveness of endothelial cells was not affected by co-culture
of endothelial cells with MDA-MB-231 cells (Fig. 1H). These
results indicate that the slightly induced invasiveness of endo-
thelial cells toward 3D-ECMs could not explain the increased
numbers of invasive cells observed during co-culture with inva-
siveMDA-MB-231 cells. Furthermore, the amount of endothe-
lial cell invasiveness is insignificant compared with the strong
increase of invasive cells during the co-culture withMDA-MB-
231 cells (Fig. 1, D and H). In addition, the endothelial cell
invasion depth is �45 �m (Fig. 1J). Thus, the increase in inva-
sion depths observed during MDA-MB-231 and endothelial
cell co-culture could not be explained by enhanced invasiveness
of endothelial cells. Thus, the increase of invasive cells during
co-culture of cancer cells and endothelial cells could be
explained by increased numbers of invasive, fluorescently
labeled CFDA-stained MDA-MB-231 cells.
Endothelial Cell Stiffness Is Decreased by Co-cultured Inva-

sive MDA-MB-231 Cells—To analyze whether highly invasive
cancer cells facilitate the transmigration through the endothe-
lium by altering biomechanical properties of endothelial cells
such as cell stiffness, the cell stiffness of co-cultured andmono-
cultured endothelial cells was determined using magnetic
tweezers. Cellular stiffness is a measure of the resistance by an
elastic body such as endothelial cells to external applied forces
to non-permanent deformation. The stiffness of cells is deter-
mined by their ability to generate and transmit contractile
forces (14). Human microvascular endothelial cells were co-
culturedwithMDA-MB-231 cells. Endothelial cell stiffnesswas
measured by applying force to FN-coated beads that were
bound through cell-matrix adhesion receptors such as integrins
to the actomyosin cytoskeleton of mono-cultured and co-cul-
tured endothelial cells. FN bead binding toward endothelial
cells was analyzed by staining of endothelial cells with CyTrack
orange and cancer cellswithCFDA. Indeed, almost all FNbeads
bound to endothelial cells, which had been incubated with the
FN beads 2 h before co-culture start. The FN bead binding to
cancer cells during the co-culture was below 1% (data not
shown). Fig. 2A shows a scanning electron microscopic image
of a FN bead that was attached to an endothelial cell after incu-
bation for 30 min. The highly invasive MDA-MB-231 cells
decreased cellular stiffness in co-cultured HPMECs compared
with mono-cultured HPMECs (Fig. 2B). The co-culture of
weakly invasive MCF-7 cells with HPMECs had no effect on
endothelial cell stiffness (data not shown).
To confirm that the FN-coated beads were bound to integ-

rins such as the FN receptors �5�1 or �v�1, the binding was
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inhibited by adding 10 �g/ml concentrations of an inhibitory
�1 integrin antibody to endothelial cells before FN bead incu-
bation. The observation was a complete reduction of FN beads
that were bound to endothelial cells, indicating that the FN

bead binding was indeed to �1 integrins (data not shown). As
bead displacement follows a power law, cellular fluidity can be
measured by analyzing the power-law exponent b (creep expo-
nent b). The creep exponent b can have two extreme values; a
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value of 0, such as elastic solid materials, and a value of 1, such
as viscous fluids. Normally, the cells have b values between 0.1
and 0.5, which indicate viscoelastic behavior (20). Here, the
creep exponent b was not significantly altered between co-cul-
tured and mono-cultured endothelial cells (Fig. 2C).

Cytoskeletal Remodeling Dynamics of Endothelial Cells Are
Increased by Co-cultured Highly Invasive MDA-MB-231 Cells—
Alterations in actin cytoskeletal structures and dynamics are
supposed to play a role in transendothelial migration (23).
Therefore, here we investigated how the remodeling of cyto-
skeletal structures such as the formation or degradation of
stress fibers in endothelial cells affects their barrier function in
the presence and absence of the invasive MDA-MB-231 breast
cancer cells. To analyze whether the cytoskeletal remodeling
dynamics are altered in co-cultured endothelial cells compared
with mono-cultured endothelial cells, nanoscale particle track-
ing was used. For this method, the displacement of FN-cell-
bound beads, which were connected to the actomyosin cyto-
skeleton via integrin receptors expressed on the cell surface of
endothelial cells, was analyzed (Fig. 3A). This method was cho-
sen due to its high accuracy and the possibility to directly visu-
alize the movement of particles evoked by ATP-driven cyto-
skeletal rearrangements. In summary, the nanoscale particle-
tracking method analyzes the random walk of unforced,
spontaneously diffusing beads. These beads are bound to integ-
rins, initiate focal adhesion formation, and anchor to the acto-
myosin cytoskeleton of endothelial cells. The beads do not
move unless the focal adhesions and/or the actin structures to
which they are firmly connected reorganize (31, 32). The evo-
lution of theMSD of beads over time (t) can be described by an
diffusion coefficient (D) and the direction of bead-motion as an
index of persistence (�) according to MSD � D(t/t0)� � c (31).
The MSD of beads that were bound to co-cultured endothelial
cells was significantly higher (p� 0.001) compared withmono-
cultured endothelial cells (Fig. 3B). The diffusion coefficient D
of FN beads bound to co-cultured endothelial cells (HDMECs)
wasmarkedly higher (p� 1.77� 10�0.7) comparedwithmono-
cultured endothelial cells, indicating that the speed (obtained
by the square root of the diffusion coefficient D) of cytoskeletal
remodeling is increased in MDA-MB-231 cells co-cultured
endothelial cells. These results suggest thatMDA-MB-231 cells
induce amore dynamic remodeling of the actin cytoskeleton in
co-cultured endothelial cells compared mono-cultured endo-
thelial cells (Fig. 3C). Depending on the values of the power-law
exponent � (�index of persistence), the bead motion can be
classified as brownian or diffusive motion for � � 1, subdiffu-
sive motion for � � 1, superdiffusive motion (�persistent
motion such as directedmotion) for � � 1, and ballistic motion
for � � 2. As the FN beads were bound to the endothelial acto-
myosin cytoskeleton via integrins, the persistent (directed)

FIGURE 1. MDA-MB-231 breast cancer cells were at least 3-fold more invasive after co-culture with an endothelial cell monolayer. A, shown is a
schematic presentation of the transendothelial cancer cell invasion assay. Fluorescently labeled (CyTrack orange) endothelial cells were cultured 16 h before
co-culture assay start on top of 3D-ECMs to obtain a fully closed endothelial cell monolayer. Fluorescently labeled (CFDA) cancer cells were seeded on top of
the endothelial cell monolayer and were co-cultured for 3 days. Then cancer cells on top of the 3D-ECMs were counted (numbers 1– 8), and cancer cells inside
the 3D-ECM (collagen matrix) were counted (numbers 1–9). B, shown is an invasion assay. Single cells of MDA-MB-231 breast carcinoma cells (100,000 cells) were
added on the surface 3D-ECMs of collagen type I and cultured for 3 days. Collagen matrices were fixed with 2.5% glutaraldehyde and processed for S.E. The
image shows MDA-MB-231 cells adhered (right arrow) or invaded (two left arrows). C, shown is a transendothelial 3D-ECM invasion assay. The transmission
scanning electron microscopic image show MDA-MB-231 breast cancer cells (TC, 100,000 cells) that had transmigrated through the microvascular endothelial
cell monolayer (EC) and invaded into 3D-ECMs for 3 days. D, the endothelium enhanced MDA-MB-231 cell invasion (100,000 cells) into three-dimensional
collagen matrices. Microvascular HPMECs (E) and macrovascular HUVECs (F) enhanced MDA-MB-231 breast cancer cell invasion but not MCF-7 (100,000 cells)
breast cancer cell invasion (G). H, endothelial cell migration (HPMECs and HUVECs) into three-dimensional collagen matrices in the presence of the growth
factors 100 ng/ml rhVEGF(165) and 100 ng/ml rhbFGF after 3 days is shown. In addition, HPMECs and HUVECs were also co-cultured with MDA-MB-231 cancer
cells as well as rhVEGF(165) and rhbFGF. I, mean invasion depths of MDA-MB-231 cells and MCF-7 cells in the presence (CC) or absence of endothelial cells (MC)
show that the invasion depths of MDA-MB-231 is significantly increased by co-culture with HPMECs (left) and HUVECs (right). J, mean invasion depths of
HPMECs and HUVECs values show that endothelial cells cannot invade deep into the matrices. bFGF, bovine FGF. *, p � 0.05; **, p � 0.01; ***, p � 0.001.

FIGURE 2. MDA-MB-231 cells reduced the cellular stiffness of endothelial
cells, which is a measure of resistance toward external deformation by
forces applied to cytoskeletal-bound beads through integrins. A, shown
is a scanning electron microscopic image of a FN-coated bead that was bound
to endothelial cells 30 min before the co-culture assay start. The bar is 10 �m.
B, the cellular stiffness of microvascular endothelial cells was decreased after
co-culture with the invasive MDA-MB-231 breast cancer cells measured dur-
ing increasing force application to FN-coated beads, which were, before the
co-culture assay start, bound to integrins on endothelial cells. C, as the bead
displacement follows a power law, the creep exponent b (�power-law expo-
nent) can have values of b � 0 such as an elastic solid, of b � 1, such as a
viscous fluid, and between 0 � b �1, such as a viscoelastic material and, thus,
describes the cellular fluidity, which is determined by cytoskeletal structures.
The creep exponent b of co-cultured and mono-cultured microvascular endo-
thelial cells was not significantly altered. The values are expressed as the
mean � S.E. *, p � 0.05.
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motion of the beads reflects cytoskeletal remodeling such as
reorganization of actinmicrofilaments. Here, the persistence of
the bead movement, which is a measure of the directionality,
was not altered between co-cultured or mono-cultured endo-
thelial cells (Fig. 3D).
Highly Invasive Cancer Cells Decrease Cell-Cell Adhesion

Molecule Expression on Microvascular Endothelial Cells—To
investigate whether highly invasive cancer cells alter the cell-
cell adhesion molecule expression on human microvascular
endothelial cells during co-culture, HPMECs were co-cultured
for 16 hwith highly invasiveMDA-MB-231 andweakly invasive
MCF-7 cells. Using flow cytometric analysis, the co-culture of
microvascular endothelial cells and highly invasive MDA-MB-
231 breast cancer cells revealed that the PECAM-1 and the
VE-cadherin are down-regulated during co-culture with highly
invasive MDA-MB-231 cells (Fig. 4, A, D, G, and H) compared
with mono-cultured endothelial cells (Fig. 4, C, F, G, and H).
Moreover, the down-regulation of PECAM-1 and VE-cadherin
was only observed during co-culture with highly invasive
MDA-MB-231 cells compared with weakly invasive MCF-7
cells (Fig. 4, B, E,G, andH). Taken together, these results show
that the co-culture of endothelial cells with highly invasive can-
cer cells leads to a decrease in cell-cell adhesion molecule
expression, altered biomechanical properties of endothelial
cells, and subsequently, breakdown in endothelial barrier
function.
To investigate whether the decreased expression of

PECAM-1 and VE-cadherin receptors on endothelial cells dur-
ing co-culture with MDA-MB-231 cells is due to increased
membrane shedding of these receptors, the co-culture of
MDA-MB-231 cells and HPMECs was performed in the pres-

ence and absence of the broadmatrix-metalloproteinase inhib-
itor GM6001 (Fig. 4, I and J). Indeed, the reduction of
PECAM-1 andVE-cadherin receptor expression on endothelial
cells during co-culture withMDA-MB-231 cells was evoked by
increased membrane shedding of the cell-cell adhesion
receptors.
Cancer Cells with High �5�1 Expression Transmigrate More

Efficiently Compared with Cancer Cells with Low �5�1
Expression—To analyze whether the increased invasiveness of
MDA-MB-231 cells is facilitated by increased expression of the
�5�1 integrin on their cell surface, the invasiveness of high and
low �5�1 integrin-expressing subcell lines derived from paren-
tal MDA-MB-231 cells was determined using a 3D-ECM inva-
sion assay. The results show that �5�1high cells invaded in
greater quantity and deeper into 3D-ECMs during co-culture
with HDMECs or HPMECs compared with mono-cultured
cells (Fig. 5, A–D), whereas the invasiveness of �5�1low cells
was not significantly affected (Fig. 5, A–D). Knockdown of the
�5 integrin subunit in �5�1high cells decreased the endothelial-
mediated increased invasiveness to the level of mono-cultured
�5�1high cells as shown by the decreased numbers of invasive
cells and their decreased invasion depth (Fig. 5, E and F). These
results demonstrate that the knockdown (knockdown effi-
ciency was 43.5 � 2.1%, n � 3) of the �5 integrin subunit abol-
ished the endothelial-facilitated increased invasiveness of
�5�1high cells, suggesting an involvement of �5�1 integrin sig-
naling in this process.
In addition, to determine whether the increased expression

of �5�1 integrins on the cell surface of invasive breast cancer
cells is transferable to other cancer cells such as bladder (T24)
and kidney cancer cells (786-O), subcell lines with high and low

FIGURE 3. MDA-MB-231 cells increased the cytoskeletal remodeling dynamics of co-cultured microvascular endothelial cells. A, a FN-coated 4.5-�m
bead is bound to the actin cytoskeleton of an endothelial cell that was stained with Alexa546-phalloidin after 24 h of bead-incubation. A dense network of actin
fibers surrounds the bead. The images are recorded at different focal planes 2 �m apart. All bars are 10 �m. B, the MSD of spontaneous bead motion was
increased in co-cultured (CC) HDMECs (n � 625) compared with mono-cultured (MC) HDMECs (n � 133). C, the diffusion coefficient (D) of cytoskeletal bound
FN beads is significantly increased in co-cultured HDMECs compared with mono-cultured HDMECs. D, the persistence (�directionality) � of FN bead motion
was not altered between co-cultured and mono-cultured endothelial cells. ***, p � 0.001.
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�5�1 integrin expression were generated. The 24-�5�1high
cells expressed mean MFI values of 274.9 � 27.0 and the
24-�5�1low cells of 45.7 � 7.7, which is a 6.0-fold difference.
The 786-�5�1high cells expressed mean MFI values of 333.0 �
63.1, and the 786-�5�1low cells expressed mean MFI values of
35.3� 6.2, which is a 9.4-fold difference. Indeed, the number of
invasive cells of 24-�5�1high cells and 786-�5�1high cells was

increased in the presence of HPMECs, but invasiveness of
24-�5�1low cells and 786-�5�1low cells was not affected by the
presence of HPMEC (Fig. 6A, B and C, D, respectively). Knock-
down of the �5 integrin subunit in 24-�5�1high cells and 786-
�5�1high cells decreased the endothelial-mediated increased
invasiveness to the level of mono-cultured �5�1high cells, as
shown by the decreased numbers of invasive cells and their
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decreased invasion depth, whereas the invasiveness of control
siRNA-treated co-cultured cancer cells (24-�5�1high and 786-
�5�1high cells, respectively) was not affected (Fig. 6, E and F).
FN Enhances the Transmigration of Highly Invasive Cancer

Cells—To investigate whether embedded FN in the 3D-ECMs
underneath the endothelial cells can further increase the endo-
thelial-facilitated invasiveness, the invasiveness of �5�1high
cells was analyzed in the presence or absence of embedded FN.
The results show that embedded FN (100 �g/ml) enhanced the
endothelial-facilitated invasiveness of �5�1high cells as shown
by increased numbers of invasive cells (Fig. 7A) and their
increased invasion depth (Fig. 7B). These findings suggest that

the stimulation of FN binding receptors with embedded FN
may facilitate the increased invasiveness of highly invasive (and
highly �5�1 integrin expressing) cancer cells through
enhanced contractile force transmission and generation.
The Inhibition of Contractile Forces Reduces the Endothelial-

facilitated Invasiveness of �5�1high Cells—To investigate
whether the inhibition of contractile forces affects the endothe-
lial-facilitated increased invasiveness of �5�1high cells, the
myosin light chain kinase was inhibited by adding the inhibitor
ML-7 to �5�1high cells 2 h before co-culture and invasion assay
start. The inhibition of contractile forces led to decreased inva-
siveness of HPMEC-co-cultured�5�1high cells (Fig. 7,C andD)

FIGURE 4. MDA-MB-231 cells decreased the expression of endothelial cell-cell adhesion proteins. A–C, flow cytometric analysis of PECAM-1 expression on
HPMECs co-cultured (CC) with highly invasive MDA-MB-231 cancer cells (A), on mono-cultured (MC) HPMECs (B), and on HPMECs co-cultured (CC) with weakly
invasive MCF-7 cancer cells (C) - is shown. One representative experiment of three is shown. D–F, shown is a flow cytometric analysis of VE-cadherin expression
on HPMECs co-cultured with invasive MDA-MB-231 cancer cells (D), on mono-cultured HPMECs (E), and on HPMECs co-cultured with weakly invasive MCF-7
cancer cells (F). One representative experiment of three is shown. G, MFI (mean � S.E., n � 3) of PECAM-1 expression on HPMECs co-cultured with MDA-MB-231,
mono-cultured HPMECs, and HPMECs co-cultured with weakly invasive MCF-7 is shown. H, MFI (mean � S.E., n � 3) of VE-cadherin expression on HPMECs
co-cultured with highly invasive MDA-MB-231, mono-cultured HPMECs, and HPMECs co-cultured with weakly invasive MCF-7 is shown. I, flow cytometric
analysis of PECAM-1 expression on HPMECs co-cultured with highly invasive MDA-MB-231 cancer cells in the absence of GM6001 (left) and in the presence of
GM6001 (middle) is shown. One representative experiment of three is shown. MFI (mean � S.E., n � 3) of PECAM-1 expression on HPMECs co-cultured with
MDA-MB-231 in the absence of GM6001 (black bars) and in the presence of GM6001 (gray bars) is shown. J, flow cytometric analysis of PECAM-1 expression on
HPMECs co-cultured with highly invasive MDA-MB-231 cancer cells in the absence of GM6001 (left) and in the presence of GM6001 (middle) is shown. One
representative experiment of three is shown. MFI (mean � S.E., n � 3) of PECAM-1 expression on HPMECs co-cultured with MDA-MB-231 in the absence of
GM6001 (black bars) and in the presence of GM6001 (gray bars) is shown. *, p � 0.05; **, p � 0.01.

FIGURE 5. Microvascular endothelial cells increased the invasiveness of �5�1high cancer cells derived from parental MDA-MB-231 breast cancer cells
and knockdown of �5 integrin subunit in �5�1high cells abolished the endothelial invasion-enhancing effect. A, the percentage of invasive �5�1high

cells, but not of �5�1low cells, is increased in the presence of HDMECs and HPMECs (C). B and D, the invasion profile shows that the �5�1high cells invaded
deeper into the 3D-ECMs when co-cultured (CC) with HDMECs (B) or HPMECs (D), whereas the invasiveness of �5�1low cells was not significantly altered. E,
knockdown of the �5 integrin subunit in �5�1high cells reduced the percentage of invasive cells in co-culture with HDMECs and HPMECs below the mono-
cultured level. F, the invasion profile shows that knockdown of the �5 integrin subunit in �5�1high cells reduced the invasion depths in co-culture with HDMECs
and HPMECs the below mono-cultured level. ***, p � 0.001.

Cancer Cells Alter Endothelial Cell Biomechanical Properties

NOVEMBER 18, 2011 • VOLUME 286 • NUMBER 46 JOURNAL OF BIOLOGICAL CHEMISTRY 40033



as shown by the decreased percentage of invasive cells (Fig. 7C)
aswell as their decreased invasion depth (Fig. 7D). These results
indicate that the endothelial-mediated increased invasiveness
of�5�1high cells depended on the generation or transmission of
contractile forces of cancer cells.
The Inhibition of Small GTPase Signaling Reduces the Endo-

thelial-facilitated Invasiveness of �5�1high Cells—To analyze
whether small GTPase signaling pathways play a role in endo-
thelial cell-facilitated increased invasion of MDA-MB-231
cells, inhibitors against Rho kinase (Y27632), Rac-1 (Rac Inh),
MEK (PD98059), and PI3K (LY294002) were added 2 h before
co-culture invasion assay start. The results show reduced num-
bers of invasive cells in the presence of HPMECs as well as
reduced invasion depths after the addition of Rho kinase inhib-
itor (Y27632), Rac-1 inhibitor (Rac Inh), MEK inhibitor
(PD98059), and PI3K inhibitor (LY294002) (Fig. 7, C and D),
indicating that small GTPases are involved in the endothelial-
facilitated MDA-MB-231 cancer cell invasion.

DISCUSSION

Cancer cell transendothelial migration and invasion are
complex events and depend on biomechanical and biochemical

properties of the endothelium and the connective tissue. This
study demonstrates that the invasiveness of MDA-MB-231
breast cancer cells is increased in co-culture with human
microvascular or macrovascular endothelial cells as indicated
by increased numbers of invasive cancer cells and their
increased invasion depth. In addition, this article shows that
invasive cancer cells altered the biomechanics of endothelial
cells.
To reveal the function of the endothelium in cancer cell inva-

sion, highly invasive MDA-MB-231 cells and weakly invasive
MCF-7 cells were co-cultured with two different types of
microvascular endothelial cells. In agreement with a previous
report (11), endothelial cells increased the numbers of invasive
MDA-MB-231 breast cells as well as their invasion depth in
3D-ECMs. In contrast to MDA-MB-231 cells, MCF-7 breast
cancer cells did not transmigrate through an HPMEC mono-
layer, and only less than 2% ofMCF-7 cells were able tomigrate
through an HUVECmonolayer. These results indicate that the
invasiveness of MCF-7 was not enhanced by endothelial cells.
Because of these findings, the suggestion was that certain

cancer cells such as MDA-MB-231 cells may alter the biome-
chanical properties of endothelial cells in order to transmigrate

FIGURE 6. Microvascular endothelial cells (HPMECs) increased the invasiveness of 24-�5�1high cells derived from T24 bladder as well as the invasive-
ness of 786-�5�1high cells derived from 786-O kidney cancer cells. Knockdown of �5 integrin subunit in 24-�5�1high cells and 786-�5�1high cells abolished
the endothelial invasion-enhancing effect. A, the percentage of invasive 24-�5�1high cells, but not of 24-�5�1low cells, was increased in the presence of
HPMECs. B, the invasion profile shows that the 24-�5�1high cells invaded deeper into the 3D-ECMs when co-cultured with HPMECs, whereas the invasiveness
of 24-�5�1low cells was not significantly altered. E, knockdown of the �5 integrin subunit in 24-�5�1high cells and 786-�5�1high cells reduced the percentage
of invasive cells in co-culture with HPMECs to the level of mono-cultured 24-�5�1high cells and 786-�5�1high cells, respectively. F, the invasion profile shows
that knockdown of the �5 integrin subunit in 24-�5�1high and 786-�5�1high cells reduced the invasion depths in co-culture with HPMECs to the level of
mono-cultured 24-�5�1high cells and 786-�5�1high cells, respectively. ***, p � 0.001.
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and invade 3D-ECMs. Hence, this study focuses on the biome-
chanical mechanism that leads to higher invasiveness of MDA-
MB-231 cells after transendothelial migration. To identify this
mechanism, stiffness and cytoskeletal remodeling dynamics of
endothelial cells were investigated in co-culture with MDA-
MB-231 cancer cells and compared with mono-cultured endo-
thelial cells.
Recent results have been shown that single or loosely clus-

tered endothelial as well as a closed endothelial cell monolayer
facilitate MDA-MB-231 cell invasion (11). Therefore, a co-cul-
ture of mixed MDA-MB-231 cells and endothelial cells was
used to analyze the mechanical properties of endothelial cells.
Here, the cellular stiffness of with MDA-MB-231 cells co-cul-
tured endothelial cells was decreased compared with mono-
cultured endothelial cells. This result suggests that MDA-MB-
231 cells broke down the endothelial barrier by lowering the cell
stiffness. In contrast, the weakly invasive MCF-7 cancer cells
were not able to regulate the biomechanical properties of co-
cultured endothelial cells (data not shown), suggesting that
only highly invasive cancer cells are able to decrease the
mechanical stiffness and, hence, increase the deformability of
endothelial cells to transmigrate through the endothelial

monolayer. Furthermore, this behaviormay be a prerequisite to
overcome and break down the endothelial barrier.
In a previous study, our group found that force fluctuations

in an endothelial cell monolayer are widely spread to far distant
endothelial cells, suggesting that these force fluctuations are
not locally restricted (31). Thus, this study analyzed whether
the cytoskeletal remodeling dynamics of endothelial cells are
altered during co-culture with MDA-MB-231 cells compared
with mono-cultured endothelial cells. Indeed, the MDA-MB-
231 cells increased the cytoskeletal remodeling dynamics in co-
cultured endothelial cells by 5-fold. In contrast to MDA-MB-
231 cancer cells, the non-invasive MCF-7 cancer cells did not
alter the cytoskeletal remodeling dynamics of endothelial cells
when co-cultured. These results indicate that the ability of
highly invasive cancer cells to regulate biomechanical proper-
ties of co-cultured endothelial cells may help these cancer cells
to transmigrate and invade connective tissue.
Previous studies have reported that endothelial cells are

exposed to high forces and, hence, respond to them with dis-
ruption of their cell-cell adhesions and, subsequently, of the
whole endothelial monolayer when neutrophiles or lympho-
cytes adhere to the endothelium (33, 34). Hence, neutrophiles

FIGURE 7. The endothelial-facilitated invasiveness of �5�1high cells was enhanced in the presence of embedded FN and reduced after the addition of
the myosin light chain kinase inhibitor ML-7 as well as of inhibitors of small GTPase signaling. A, the percentage of invasive �5�1high cells derived from
MDA-MB-231 cells was increased in the presence of HPMECs cultured on 3D-FN-ECMs. CO, co-cultured. B, the invasion profile shows that the �5�1high cells
invaded deeper into the 3D-ECMs when co-cultured with HPMECs on 3D-FN-ECMs. C, incubation of the �5�1high cells with 15 �M ML-7 (myosin light chain
kinase inhibitor), 15 �M Y27632 (Rho kinase inhibitor (Inh)), 100 �M Rac Inh (Rac-1 inhibitor), 100 �M PD98059 (MEK inhibitor), and 50 �M LY294002 (PI3K
inhibitor) 2 h before the co-culture invasion assay start reduced the percentage of invasive cells in the presence of HPMECs. D, the invasion profile shows that
the invasion depths were reduced in �5�1high cells in the presence of HPMECs pretreated with ML-7, Y27632, Rac inhibitor, PD98059, and LY294002 compared
with untreated cells. ***, p � 0.001.
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and lymphocytes transmit (shear) forces to transmigrate
through the endothelium and, finally, into the connective tissue
(33, 34). Therefore, the cell surface expression of cell-cell adhe-
sion molecules such as VE-cadherin and PECAM-1 was ana-
lyzed during co-culture with highly invasive MDA-MB-231
cells andweakly invasiveMCF-7 cells. Indeed, the expression of
VE-cadherin and PECAM-1 on the cell surface of microvascu-
lar endothelial cells was reduced after co-culture with highly
invasive MDA-MB-231 cells but not with weakly invasive
MCF-7 cells, indicating that only the highly invasive cells are
able to reduce the cell-cell interactions between neighboring
endothelial cells to mediate cancer cell transmigration. The
reduction of cell-cell adhesion molecules on endothelial cells
and endothelial cell stiffness led to a reduction in endothelial
cell barrier function. Whether the reduced cellular stiffness of
endothelial cells is mediated by a decrease in cell-cell adhesion
molecule expression or vice versa has to be further investigated.
For cancer cell transmigration, a dual function of the endo-

theliumwas suggested acting either as an enhancer or inhibitor
of cancer cell invasion depending on the cancer cell type co-cul-
tured (35). Here, it was confirmed that highly invasive MDA-
MB-231 breast cancer cells transmigrate through HUVEC and
HPMEC monolayers, indicating that their invasive capability
was increased in the presence of macrovascular and microvas-
cular endothelial cells. In contrast to previous reports present-
ing the endothelium as a “passive” barrier for cell invasion (36,
37), this study shows that the co-culture with highly invasive
MDA-MB-231 cells caused biomechanical alterations in endo-
thelial cells that reduced the expression of cell-cell adhesion
molecules and, subsequently, the stiffness of endothelial cells.
These mechanical alterations may enable cancer cells to trans-
migrate through an endothelial monolayer and migrate into
connective tissue. Thus, the endothelial barrier function seems
to be lowered by alterations in endothelial biomechanical prop-
erties. These biomechanical results are consistent with an up-
regulation of the Erk phosphorylation reported in HUVECs
during co-culture with colon cancer cells (38). Moreover, this
study shows that the inhibition of the upstream regulatory pro-
tein of ErkMEK abolished the endothelial-facilitated increased
invasiveness of �5�1high breast cancer cells. These results sug-
gest that cancer cells may apply forces toward the endothelial
cell monolayer to alter endothelial mechanical properties and,
hence, facilitate cancer cell transendothelial migration. Indeed,
for the transmigration and invasion of highly invasive MDA-
MB231 cells, contractile forces are necessary to overcome the
endothelial barrier because inhibition of the myosin light chain
kinase and subsequently the transmission or generation of con-
tractile forces reduces the number of transmigrating and invad-
ing cells, indicating that the endothelial-facilitated increased
invasiveness depends on the�5�1 integrin expression. Another
supporting point was that �5�1high cells are able to transmit
and generate 7-fold higher contractile forces compared with
�5�1low cells (14).
To reveal by which mechanism cancer cell invasiveness is

enhanced by endothelial cells, the transendothelial migration
and invasion assay was performed in the presence of embedded
FN in 3D-FN-ECMs. As expected, the number of transmigrat-
ing and invasive �5�1high cells as well as their invasion depths

was increased in the presence of an HPMEC cell monolayer,
whereas the invasiveness of �5�1low cells was not affected.
These results suggest that FN activates the �5�1 integrins and,
subsequently, increases the transmission and generation of
contractile forces in �5�1high cells, which further increased
their ability to transmigrate and finally to invade. Furthermore,
the inhibition of the smallGTPases Rho kinase andRac-1 andof
its signaling pathway by PI3K inhibitor revealed that small
GTPase signaling may play a role in endothelial-facilitated
increased invasiveness of �5�1high cells. In addition, the endo-
thelial-facilitated increased invasiveness of �5�1high cells is not
restricted to breast cancer cells, as the invasiveness of �5�1high
cells derived from bladder and kidney cancer cells was similarly
increased by endothelial cells.
Taken together, biophysical measurements may shed light

on the biomechanicalmechanism that facilitates transendothe-
lial migration of cancer cells. Furthermore, this study indicates
that MDA-MB-231 cells break down the endothelial barrier
function by lowering cellular stiffness through remodeling of
the actin cytoskeleton. In addition, endothelial cells may
secrete FN, which then further activates�5�1 integrins on can-
cer cells by increased transmission or generation of contractile
forces and, subsequently, enhances their invasiveness.
In conclusion, this study shows that the endothelium was no

passive barrier for cancer cell invasion. Instead, the endothe-
lium seems to act cancer cell-specific, as it increased or
decreased cancer cell transmigration and invasion of certain
cancer cell lines. In addition, biomechanical properties of endo-
thelial cells were altered by a certain type of cancer cells with
distinct biomechanical properties, indicating that these biome-
chanical alterations may play a role in the transendothelial
migration process of cancer cells. Finally, this article suggests
that biomechanical alterations in endothelial cells evoked by
certain cancer cells might provide a biomechanical selection
process toward higher invasiveness of cancer cells. In conclu-
sion, biomechanical interactions between highly invasive can-
cer cells and endothelial cells facilitate the transmigration of
cancer cells, further enhance their invasion into connective tis-
sue, and subsequently, may determine the malignancy of
tumors.
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