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embrane Type-1 Matrix

Metalloproteinase  (MT1-MMP,
MMP-14) is regarded as the prototype of
a membrane-tethered protease. It drives
fundamental biological processes rang-
ing from embryogenesis to cancer metas-
tasis. The proteolytic cleavage of proteins
by MT1-MMP can rapidly alter the bio-
physical properties of a cell’s microen-
vironment. Cell’s must thus be able to
sense and react to these alterations and
transduce these effectively in biochemi-
cal signals and cell responses. Although
many cells react-as acutely tosuch physi-
cal stimuli as they do to chemical ones,
the regulatory effects of these have been
less extensively explored. In order to
investigate a possible interdependency
of proteolytic matrix cleavage by MT1-
MMP and the generation and sensing of
force by cells, a model system was estab-
lished which exploits the properties of a
matrix array of parallel collagen-I fibers.
The resulting anisotropy of the matrix
with high tensile strength along the
fibers and high mobility perpendicular to
it allows the convenient detection of bun-
dling and cleavage of the collagen fibers,
as well as spreading and durotaxis of the
cells. In summary, we have demonstrated
that cell adhesion, force generation and
force sensing are vital for the regulation
of MT1-MMP for efficient cleavage of
collagen-I.

The function of proteases constitutes a
common necessity in any tissue remodel-
ing process, ranging from embryogenesis
to cancer.™ As such, it was recognized
early on that the metastatic potential of
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cancer cells relies on the ability to degrade
the extracellular matrix (ECM) of base-
ment membranes.” Nevertheless the com-
plex action of proteases has to be regulated
beyond a simple “path-clearing-process”.®
The ECM can be regarded not only as a
physical obstacle, but also as a scaffold
which -provides sufficient - resistance to
allow cells the development of traction
for migration. Cancer cells would ben-
efic from proteolysis as an instrument
to modulate (1) their attachment to and
detachment from the ECM, (2) the local
biomechanical properties of the ECM and
(3) the overall structure of their microen-
vironment.” The ability to regulate matrix
proteolysis and sense the micromechanics
of their environment could be regarded to
be essential in this context.

In our recent work we hypothesized
a putative interdependency of cellular
matrix adhesion, force exertion on the
matrix and proteolysis for ECM remodel-
ing.® An anisotropic matrix of fluorescently
labeled, parallel collagen-I fibers proved to
be a versatile platform to visualize these
interdependencies by atomic force micros-
copy (AFM) or fluorescence microscopy.
Labeling of the collagen matrix with fluo-
rophores simplifies the visualization of the
cellular response.”!?

A human melanoma cell line (MV3)
transfected with MTI-MMP or an
empty control vector (MOCK) served as
a model.® These cells have been shown to
express o3, integrin for collagen-I adhe-
sion and have been used for cell migration
studies previously in reference 13 and 14.
By seeding MV3 cells that stably express
MTI-MMP onto the parallel collagen
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Figure 1. Representative confocal images and schematic representations of melanoma cells (MV3-clone). The cells express either MT1-MMP (+MT1-
MMP) or an empty control vector (MOCK) and were exposed to isotropic or anisotropic matrices of collagen-I for one hour. An MV3 cell expressing (a)
an empty control vector or (b) MT1-MMP on an isotropic collagen matrix shows that features of the interaction of the cells with the collagen are dif-
ficult to detect. (c) The parallel alignment of collagen fibers causes matrix anisotropy, with high tensile strength along the fibers and high mobility and
pliability of the fibers perpendicular to it (arrows). MV3-cells align along the fibers, but show no features of matrix cleavage under control conditions.
(d) Expression of MT1-MMP in cells that are exposed to an anisotropic matrix induces visible matrix defects. However, pharmacological interference
with cell adhesion, force generation or force sensing abolishes the cell’s ability to cleave the fibers. (e) The addition of cytochalasin D breaks down the
actin network. The cells are still able to attach to the collagen, but are unable to generate any force. (f) Blocking o, 8,-integrins with antibodies inhibits
the cell’s ability to attach to the collagen. The cells squeeze themselves between the collagen layer and the solid support, a process also known as
durotaxis. (g) Blebbistatin inhibits non-muscular myosin. Even low concentrations (1 M) are enough to interfere with the cell’s ability to cleave and

matrix we could assess their responses to
a number of conditions which influences
their ability to adhere to, or generate
forces (e.g., pull) on the collagen fibers.
The interaction of the MV3 cells with the
parallel collagen is easy to visualize, dis-
placement or cleavage of the fibers can be
evaluated from the images in a “binary”—
yes or no—fashion.

After exposing the collagen lattice for
one hour to the MV3 cells, it become
apparent that matrix anisotropy was
essential for the detection of proteolysis
and that expression of MT1-MMP causes
the formation of “floppy” collagen fibers
(Fig. 1). Despite the expression of vari-
ous soluble proteases by the MV3 cells,
the proteolysis depended on the expres-
sion of the membrane bound MT1-MMP

and remained a very local phenomenon.”
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This is in line with previous functional
observations by us, where proteolysis was
found to be a highly regulated and local
phenomenon 18

Since MV3 cells rely on o, integrins
to adhere to collagen-1, these were blocked
by corresponding antibodies. Strikingly,
after seeding the cells onto the parallel col-
lagen matrix in the presence of these anti-
bodies collagen fiber cleavage decreased by
more than 90% (Fig. 1f). Another strik-
ing aspect was the promoted durotaxis, a
phenomenon marked by the migration of
cells toward a stiffer environment, observ-
able here by cells residing between the
collagen matrix and the underlying sup-
port. It could be concluded that integrin-
based adhesion either impairs durotaxis
or stiffness sensing is dysregulated in the
absence of functional adhesion. However,
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the function of collagen binding integrins
is in this context vital for the efficacy of
matrix cleavage by MT1-MMP. Whether
this is linked to cell adhesion and force
generation as such, or compartmental-
ization of MTI-MMP into membrane
microdomains by integrins remains to be
elucidated.”?” Independent from this con-
sideration and the relevance of integrins
for the generation of cell traction given,
we hypothesized actually that force gen-
eration or sensing would nonetheless be
vital in either of these processes.

Based on the aforementioned results,
actin and myosin II functionality were
blocked individually. In essence, the
dependence of collagen-I remodeling
and fiber cleavage on the cells ability to
either (1) exert force onto the substrate
or (2) the ability to sense it were probed
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individually. It was hypothesized recently
that acto-myosin contractile units act
as mechanosensors that adapt mechani-
cal power to the stiffness of the cell sub-
strate.”! In short, breaking down the actin
cytoskeleton with cytochalasin D (Fig. 1e)
or inhibiting myosin II with blebbistatin
(Fig. 1g) led to the complete absence of
cleaved collagen fibers one hour after seed-
ing the cells onto the parallel collagen.
Interestingly, neither of the substances had
an acute effect on the presence of MT1-
MMP on the cells’ surface.??

In summary, we have demonstrated
a stringent dependency of extracellular
proteolysis from force generation, force
sensing and cellular adhesion. The mecha-
nisms for the integration of physical and
biochemical processes on the cellular level
remain to be elucidated. It can, however,
be concluded that methods which enable
the quantification of basic biophysical
parameters such as cell and matrix stiff-
ness on a'subcellular level will be of major
significance.
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