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Abstract. The newly established breast cancer cell line G3S1,
derived from EM-G3 breast cancer progenitors, was analyzed
for functional changes related to neoplastic progression
manifested by elevated invasiveness and enhanced capability
to degrade gelatin. Degradation of gelatin and invasiveness
of G3S1 cells was found to be dependent on the activity of
matrix proteinases and actin cytoskeletal dynamics. Therefore,
the expression and activity of these proteases was compared
in G3S1 and EM-G3 cells. Despite enhanced capability of
G3S1 cells to degrade gelatin, these cells exhibited lower
levels of secreted extracellular matrix degrading proteases
than parental EM-G3 cells. However, the expression of
membrane-bound MT1-MMP was strongly elevated in
G3S1 cells. While the degradation of gelatin was associated
with invadopodia-like structures in both EM-G3 and G3S1
cells, the cytoskeletal remodeling dynamics was greatly
elevated in G3S1 cells, suggesting that upregulation of MT1-
MMP, together with elevation of cytoskeletal remodeling
dynamics can effectively cause elevated invasiveness and
enhanced matrix degrading capability in G3S1 cells.

Introduction

Neoplastic progression in carcinoma cells is often associated
with an increased capacity for cell invasion through barriers
of extracellular matrix (1). Two main modes of overcoming
the barrier of the surrounding tissue by tumor cells were
described: the proteolysis dependent mode requiring extra-
cellular proteolysis and the recently described proteolysis
independent amoeboid mode depending on the activity of the

Rho kinase ROCK (2,3). In amoeboid mode, the upregulation
of ROCK was shown to result in the generation of sufficient
actomyosin force to deform collagen fibers and give tumor
cells ability to push through the extracellular matrix (ECM)
(4,5). In contrast, protease dependent cell motility is associated
with elevated expression and activation of extracellular matrix
degrading proteases and substantial changes in structure and
dynamics of actin cytoskeleton (6). Extracellular proteases
remodel the ECM to drive the dissemination of cancer cells
into normal adjacent tissue. The proteases implicated in the
process of tumor invasion and metastasis include, among
others, metalloproteases, serine proteases and cathepsins
(reviewed in ref. 7). In general, cancer cells have elevated
levels of proteases belonging to more than one class (7).

In addition to the activation of extracellular proteases,
changes in actin cytoskeletal structure and dynamics were
found to be very important for protease-dependent mode of
invasion. The major actin-rich adhesive structures, responsible
for cellular invasion, are podosomes and invadopodia. Both
structures establish close contact to the substrate but can also
degrade components of the ECM. Focal degradation of extra-
cellular matrix localized at podosomes or invadopodia is
thought to contribute to cellular invasiveness in both physio-
logical and pathological situations. While podosomes are
formed in cell types such as monocytes, endothelial and
smooth muscle cells, invadopodia, structurally close related
proteolytically active plasma-membrane protrusions, were
found in carcinoma cells and Src-transformed fibroblasts
(reviewed in refs. 8-10). Podosomes and invadopodia are very
important, but probably not solely responsible for invasion
related alterations in actin structure and dynamics. Other
structures and mechanisms were also suggested to take part
in the local modulation of cytoskeletal structures such as
contractile forces, the turnover of substrate adhesions and their
associated microfilaments that were required for cell invasion
(11,12).

Previously, we established a new breast cancer cell line
G3S1, derived from EM-G3 breast cancer progenitors by
chronic nutritional stress and treatments with tumor promoter
TPA (12-O-tetradecanoylphorbol-13-acetate). G3S1 cells
exhibited elevated invasiveness in Matrigel invasion chambers
as compared to parental EM-G3 cells. Elevated invasiveness
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of G3S1 cells was accompanied by higher incidence of specific
dynamic morphotypes myzitiras (sucker-like) and newly
observed vthela morphotype (leech-like) (13).

In this study, we analyzed functional changes associated
with neoplastic progression of G3S1 cells emphasizing
expression and activation of extracellular proteases as well as
actin cytoskeletal structures and dynamics.

Materials and methods

Cell culture. EM-G3 cells were maintained in H-MEM
(Invitrogen, Carlsbad, CA) supplemented with non-essential
amino acids, 0.5 μg/ml hydrocortisone, 5 μg/ml insulin, 10-10 M
cholera toxin, 5 ng/ml epidermal growth factor (EGF), 10%
bovine and 2% fetal bovine serum, penicillin, and streptomycin
(EMA medium, all supplements from Sigma, St. Louis, MO)
while G3S1 cells also grew in H-MEM supplemented with
non-essential amino acids with 10% bovine serum only.

Invasion assays. Invasion assay was performed according to
the manufacturer's protocol (Oris™ Cell Invasion & Detection
Assay, Platypus Technologies, Madison, WI). Briefly, 4x104

cells were seeded in individual wells of basement membrane
extract (BME) coated 96-well plate with a stopper to restrict
cell seeding to the outer annular regions of the wells. Removal
of the stopper reveals a round unseeded region, into which the
seeded cells invade. Cells were then overlaid with BME to
create 3-dimensional invasion matrix. Invasion was assessed
after 3 days using Nikon-Eclipse TE2000-S microscope as a
decrease of cell-free area quantified by NIS-Elements software.

Immunoblotting. Subconfluent cell cultures were washed with
phosphate buffered saline (PBS) and lysed in modified RIPA
buffer [50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 5 mM
EDTA, 1% NP40, 1% sodium deoxycholate, 50 mM NaF,
1% aprotinin and 0.1 mM Na3VO4]. Protein concentrations
in lysates were determined using the BCA assay (Pierce).
Lysates equivalent to 10-30 mg protein were diluted in 2X
SDS-PAGE sample buffer for immunoblot analysis of whole-
cell extracts. For immunoblotting, samples were separated on
10% SDS-polyacrylamide gels and transferred onto nitro-
cellulose membranes. Non-specific activity was blocked by
incubating 45 min at room temperature in Tris-buffered saline
containing 0.05% Tween-20 (TBST) and 4% bovine serum
albumin (BSA). Membranes were then incubated overnight in
primary antibody, washed extensively with TBST, and then
incubated for 1 h at room temperature with HRP-conjugated
secondary antibody. After extensive washing in TBST, the
blots were developed by enhanced chemiluminescence and
exposed to autoradiographic film. Primary antibodies against
MT1-MMP, uPA and LIMK1 were purchased from Santa
Cruz Biotechnology Inc. (Santa Cruz, CA), phospho-cofilin
antibody was from Cell Signaling Technology (Danvers, MA).
Secondary HRP-conjugated antibodies were from Santa Cruz
Biotechnology Inc.

In gel gelatin zymography. In total, 2x105 cells were plated per
well of a 24 well plate. After 16 h, cells were washed with
PBS and incubated in 300 μl of serum-free media for 48 h.
Aliquots (25 μl) of the conditioned media were loaded for
zymography on a 10% SDS-PAGE gel containing 1 mg/ml

gelatin as described (36). Briefly, gel proteins were washed
for 1 h in 50 mM Tris-HCl (pH 7.5), 0.1 M NaCl, 2.5%
Triton X-100, and then incubated at 37°C in 50 mM Tris-HCl
(pH 7.5), 10 mM CaCl2 and 0.02% NaAzide for 17 h. The
gels were stained with Coomassie Brilliant Blue and destained
in 7% acetic acid/5% methanol.

FITC-gelatin zymography. Coverslips were coated with FITC-
gelatin (1 mg/ml), air dried, rehydrated with water for 15 min
in 4°C and fixed with 0.5% glutaraldehyde for 30 min in
4°C. Cells were grown on FITC-gelatin coated coverslips for
48 h and then fixed in 4% paraformaldehyde (30 min),
permeabilized in 0.5% Triton X-100, washed three times
with PBS, blocked in 3% BSA and then stained with Alexa 594
phalloidin (Molecular Probes, Eugene, OR). Coveslips were
then washed four times and mounted. Images were acquired
by Leica TCS SP2 microscope system using Leica 63x/1.45 oil
objective. Concentrations of inhibitors used in FITC-gelatin
zymography were: GM6001 10 μM (Sigma), aprotinin
100 μg/ml (Serva, Heidelberg, Germany), E-64 50 nM
(Serva), latrunculin A 100 nM (Sigma).

Cytoskeletal remodeling dynamics (nanoscale particle
tracking). Cells (200,000) of 80% confluent EM-G3 or G3S1
cells were seeded into Ø 3.5 cm dishes. After overnight culture,
fibronectin (FN) coated beads were bound to the cells for
30 min at 37°C, 5% CO2 and 95% humidity. The position of
beads was tracked for 5 min from bright-field images recorded
with a CCD camera (ORCA ER) at a frame rate of 8.3 Hz.
An intensity-weighted center of mass algorithm was used to
determine the bead positions with 10 nm accuracy (14). These
beads moved spontaneously with a mean square displace-
ment (MSD) that also followed a power-law with time,
MSD = D·(t/t0)ß + c. An apparent diffusivity D* was calculated
as the squared distance a bead had traveled during a 1 sec
time interval, averaged over all recording times and beads
(16,38). The persistence of motion can be described, by the
power-law exponent, ß. c reflects random noise from thermal
and non-thermal sources such as single myosin motors, and t0

was arbitrarily set to 1 sec. The fit parameters were determined
by a least-squares fit (15,16).

Results

G3S1 cells have greater capability to degrade gelatin than
EM-G3 progenitors. The neoplastic progression has often
been found to be associated with increased capability of the
cells to degrade ECM (17). We employed FITC-gelatin
zymography to examine whether neoplastic progression of
G3S1 cells is accompanied with increased capability to
degrade ECM compounds. We found that the degradation of
FITC-gelatin was substantially increased in G3S1 cells when
compared to parental EM-G3 cells (Fig. 1A).

In carcinomas, the degradation of ECM is associated with
specific actin-rich cellular structures called invadopodia (10).
We analyzed the sites of FITC-gelatin degradation using a
confocal laser scanning microscopy and found that both
EM-G3 and G3S1 cells form invadopodia-like structures, seen
as protruding F-actin rich structures colocalizing with sites of
FITC-gelatin degradation (Fig. 1B).
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Elevated invasiveness of G3S1 cells is accompanied by
increased cytoskeletal remodeling dynamics. Alterations in
actin cytoskeletal structures and dynamics were generally
found to be important for protease-dependent mode of inva-
sion (reviewed in ref. 18). Therefore, we analyzed whether
differences in invasiveness of G3S1 and EM-G3 cell lines
correlate with alterations in cytoskeletal remodeling dynamics.
To measure the cytoskeletal dynamics in EM-G3 and G3S1
cells, we employed nanoscale particle tracking method,
because of high accuracy and possibility of direct visuali-
zation of particles movement representing ATPdriven cyto-
skeletal rearrangements. Nanoscale particle tracking analyzes
the random walk of unforced, spontaneously diffusing beads.
In this study, 4.5 μm diameter carboxylated polystyrene beads
were coated with human fibronectin and attached to subcon-
fluent cells. The beads bind to integrins at the cell surface,
initiate focal contact formation, and anchor firmly to the actin
cytoskeleton. The beads cannot move unless the focal contacts
and actin structures to which they are attached rearrange (19).
ATP-driven cytoskeletal rearrangements can be quantified
by an apparent diffusivity D* of the beads, measured as the
squared distance of bead motion during a 1 sec time interval.
The diffusion coefficient D* was significantly increased in
G3S1 cells compared to EM-G3 cells (Fig. 2A), suggesting
that G3S1 cells exhibit higher cytoskeletal dynamics when
compared to EM-G3 cell.

INTERNATIONAL JOURNAL OF ONCOLOGY  36:  833-839,  2010

Figure 1. G3S1 cells degrade gelatin more effectively than EM-G3 cells. (a) EM-G3 and G3S1 cells were grown on FITC-gelatin coated cover slips and
stained for F-actin. (b) Detailed view of sites of degradation. Only inner sections of ventral sides of cells are shown. Bottom and right images show cross
sections (positions indicated by dashed line, oriented so that outer edge of the image represents the bottom), where protrusions of actin structures are apparent.
Scale bars: 20 μm (A), 5 μm (B).

Figure 2. Increased cytoskeletal remodeling dynamics in G3S1 cells. (a) We
used nanoscale particle tracking of FN-coated beads that were bound to the
actin cytoskeleton via integrins. The apparent diffusivity, D (describing the
speed of cytoskeletal remodeling processes), was 2-fold increased in G3S1
cells compared to EM-G3 cells (bars are mean ± SE). (b) Western blot
analyses show that G3S1 cells expressed higher levels of phosphorylated
cofilin and more LIMK1 compared to EM-G3 cells. The results are
representative of at least two independent experiments.
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The higher cytoskeletal remodeling dynamics is often
associated with increase phosphorylation of cofilin, an actin
severing protein (20). We have found increased cofilin
phosphorylation and increased expression of cofilin regulating
kinase LIMK1 in G3S1 cells (Fig. 2B), which further supports
the observation of elevated actin cytoskeletal remodeling
dynamics in G3S1 cells.

Membrane-bound MT1-MMP but not secreted proteases are
elevated in G3S1 cells. Degradation of extracellular matrix
compounds by breast cancer cells is often associated with
elevated expression and/or activation of matrix proteinases
(reviewed in ref. 21). To examine which proteinases are
responsible for increased ECM degradation, we performed
zymography assays on the conditioned media of G3S1 and
EM-G3 cells. We detected as the major gelatinase activity in
the region of the zymograms corresponding to MMP-2
(gelatinase A). Surprisingly, the less invasive EM-G3 cells
had greatly elevated secretion of MMP-2 (Fig. 3A). As the
breast cancer progression is often accompanied with increased
secretion of urokinase plasminogen activator uPA (22), we next
examined the expression of uPA and again, unexpectedly,
we found that less invasive EM-G3 cells secrete more uPA
(Fig. 3B).

TOLDE et al:  MMPs AND CYTOSKELETAL DYNAMICS IN THE PROGRESSION OF INVASION

Figure 3. Expression of matrix-degrading proteases in EM-G3 and G3S1 cells.
EM-G3, G3S1 and control SC cells were grown in 24-wells plates in serum-
free medium. After 48 h, the medium was collected and equal amounts were
subjected to (a) gelatin zymography, (b) casein zymography or (c)
immunoblotting. The results are representative of at least two independent
experiments.

Figure 4. Sensitivity of gelatin degradation to selected inhibitors in EM-G3 and G3S1 cells. EM-G3 (left pannel) and G3S1 (right pannel) cells were treated with
10 μM GM6001, 100 μg/ml aprotinin, 50 nM E-64 and 100 nM latrunculin. Scale bars: 10 μm.
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Results from recent in vitro studies highlight that a
membrane-bound MT1-MMP but not secreted MMPs, is
critical for both the breaching of basement membranes by
tumor cells and cell invasion through interstitial type I collagen
tissues (23). Therefore, we next analyzed the expression of
membrane-bound matrix metalloproteinase MT1-MMP and
found it greatly increased in G3S1 cells (Fig. 3C), suggesting
that MT1-MMP could be responsible for elevated gelatin
degradation by G3S1 cells.

Gelatin degradation capability of EM-G3 and G3S1 cells is
sensitive to protease inhibitors and latrunculin. To further
confirm the role of matrix metalloproteinases and cytoskeletal
dynamics in elevated gelatin degradation by G3S1 cell line,
we performed gelatin degradation assays with general class
specific protease inhibitors and actin polymerization inhibitor
latrunculin. FITC-gelatin zymography assays were per-
formed with general metalloproteinase inhibitor GM6001,
uPA proteinase inhibitor aprotinin, cysteine cathepsin inhibitor
E-64 and latrunculin. In the presence of GM6001 the ability
of both G3S1 and EM-G3 cells to degrade FITC-gelatin was
greatly decreased (Fig. 4), suggesting that matrix metallopro-

teinases are mostly responsible for the degradation of gelatin
by G3S1 and EM-G3 cells. Aprotinin was also able to
decrease to some extent FITC-gelatin degradation by EM-G3
and G3S1 cells, suggesting the possible role of uPa proteinase
in gelatin degradation by EM-G3 and G3S1 cells. In contrast,
cysteine cathepsin inhibitor E64 did not significantly influence
the degradation of FITC-gelatin by either EM-G3 or G3S1
cells. Surprisingly, the most inhibitory for gelatin degradation
was treatment with very low dose of latrunculin (100 nM). At
100 nM concentration latrunculin had only negligible effect
on cell morphology (Fig. 4), and only moderate effect on
chemotaxis (Fig. 5B), suggesting that the effects of 100 nM
latrunculin reflect more probably a decrease of actin
cytoskeletal dynamics than disruption of actin cytoskeleton
integrity.

Increased invasiveness of G3S1 is MMP-dependent and
sensitive to latrunculin. To determine relative contribution of
matrix proteases and cytoskeletal dynamics on invasiveness
of EM-G3 and G3S1 cells, we performed 3D invasion assays
with class-specific inhibitors of selected extracellular protei-
nases and with actin polymerization inhibitor latrunculin.
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Figure 5. Invasiveness of G3S1 cells is MMP-dependent. Cell invasion (a) and chemotaxis (b) assay in presence of 20 μM GM6001 (+GM), 100 μg/ml
aprotinin (+A), 50 nM E-64 (+E) and 100 nM latrunculin (+Lat). Cell invasion was calculated as % of not treated EM-G3 cells and averaged from at least three
independent experiments performed in triplicates. The data are presented as mean ± SD.
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Indeed, we found that the invasiveness of both cell lines was
greatly inhibited by general MMP inhibitor GM6001 (Fig. 5A)
in spite of increased chemotaxis in the presence of this
inhibitor (Fig. 5B). Inhibition of MMPs in G3S1 cells using
10 μM GM6001 resulted in a 60% decrease in invasion,
lowering the invasion efficiency close to the invasion
efficiency of EM-G3 cells. uPA proteinase inhibitor aprotinin
also lowered the invasion rate to some extent (ca 41%
decrease in G3S1 cells); however, this could also be at least
partly attributed to the decrease in chemotaxis (ca 24% in
G3S1 cells) in the presence of this inhibitor. Cysteine
cathepsins inhibitor E-64 did not significantly influenced the
invasiveness of either EM-G3 or G3S1 cells. Consistent with
the profound effect of latrunculin on gelatin degradation by
G3S1 cells, the treatment with 100 nM latrunculin resulted in
63% decrease of the G3S1 invasiveness whereas the
invasiveness of EM-G3 cells was not significantly altered
(Fig. 5A). Notably the great decrease of invasiveness of
G3S1 cells was achieved in spite of increase of active MMP-2
secretion in both EM-G3 and G3S1 cells after 100 nM
latrunculin treatment (data not shown). Taken together, our
data suggest that neoplastic progression of human breast
cancer cell line G3S1 is associated with an MT1-MMP
dependent increase of ECM degradation and an increase of
actin cytoskeletal dynamics.

Discussion

Cancer cell invasion through surrounding tissue is a critical
step in the process of metastatic transformation. In order to
overcome the ECM barriers, tumor cells use different strate-
gies; proteolysis- or force-dependent remodeling of the ECM
(24,25). Our data show that the invasive G3S1 cells can
effectively degrade gelatin and that their invasion is inhibited
by MMP and in part by uPA protease inhibitors, suggesting
that the invasive G3S1 cells employ the proteolysis-dependent
mode of invasion. Accumulated lines of evidence on MMPs
in human cancer tissues have demonstrated that MT1-MMP
plays an essential role in invasion and metastases in most
cancers (reviewed in ref. 26). In this study we report an upregu-
lation of MT1-MMP in more invasive G3S1 cells compared
to EM-G3 cells. We hypothesize that the upregulation of
MT1-MMP could be at least in part responsible for elevated
MMP-dependent invasiveness of G3S1 cells.

Previous studies reported that at least four parameters
such as adhesion strength, cytoskeletal remodeling dynamics,
enzymatic matrix degradation and the generation and trans-
mission of contractile forces regulated cell motility in a 3D
ECM (24,27). None of these parameters seems to be solely
responsible for increased invasiveness, but the balance of all
four determines the migratory behavior of cells. Our data
show that besides the enzymatic degradation of the ECM, the
cytoskeletal remodeling dynamics facilitates elevated cell
invasion. We found that more invasive G3S1 cells exhibit
greater cytoskeletal remodeling dynamics and in contrast to
EM-G3 cells are sensitive to latrunculin treatment for invasion
indicating that higher cytoskeletal remodeling dynamics of
G3S1 cells is at least in part responsible for their increased
invasiveness. This is also consistent with our recently
published study reporting an increased cytoskeletal re-

modeling of highly invasive tumor cells compared to weakly
invasive (16).

Several invasive neoplasms, including head and neck
squamous cell carcinoma, breast carcinoma, melanoma and
glioma, contain tumor cells that can form actin-rich protrusions
with ECM proteolytic activity called invadopodia. These
dynamic organelle-like structures adhere to, and digest,
collagens, laminins and fibronectin. The function of invado-
podia is dependent on multiple transmembrane, cytoplasmic
and secreted proteins engaged in cell adhesion, actin assembly,
membrane regulation and ECM proteolysis (reviewed in
ref. 28). While invadopodia were mostly observed in
metastatic tumor cell lines, fewer reports describe the
presence of invadopodia-like structures in primary tumor cells,
e.g. primary mammary tumors (29), or primary head and neck
squamous carcinoma cells (30). In this study, we document
the presence of invadopodia-like structures in breast cancer
progenitors (31,13), further confirming the early onset of
invadopodia-like structure formation during the process of
malignant transformation.
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