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Abstract
Osteosarcoma is the most common malignant solid tumor that is extremely prone to metastasis. However, the
mechanism for this increased metastatic potential has yet to be fully clarified. Undifferentiated cancers are
significantly more malignant than their well differentiated counterparts. It has been considered that osteosarcoma cells
overexpress matrixmetalloproteinases (MMPs), a group of extracellular degradation proteins. We attempt to resolve
the essential role that MMPs play in the metastatic potential of osteosarcomas. Our hypothesis is that MMP inhibition
will abrogate the mesenchymal phenotype, which will subsequently lead to an attenuated metastatic potential. We
discovered that MMP inhibition not only decreased the gene and protein expression of several mesenchymal markers,
such as N-Cadherin, but also increased the expression of the epithelial markers, such as E-Cadherin and Cytokeratins.
Furthermore, we observed a diminished cell migration potential upon MMP inhibition in vitro. Our study suggests that
the simultaneous presence of attenuated mesenchymal phenotype and decreased cell migration potential in the
presence of MMP inhibition may provide additional mechanistic evidence and a novel perspective in cancer cells.
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Introduction
Osteosarcoma is a malignant mesenchymal
neoplasm that is extremely prone to metastasis, with over 80
percent of patients having metastatic disease at the time of
diagnosis[1]. However, the mechanism for this increased
metastatic potential has yet to be fully resolved[2]. It has
long been known that osteosarcoma cells overexpress
matrixmetalloproteinases (MMPs)[1], which belong to a
family of zinc-dependent endopeptidases that play a major
role in the degradation of extracellular proteins, as well as in
various cell signaling pathways including apoptosis[3-5].
These MMPs are intimately involved in the malignant
potential of these cancer cells[6-11] and, while it is
generally accepted that much of this role can be attributed to
the MMPs’ degradatory properties, further signaling
involvement is steadily being elucidated[3-6, 8-17]. There
are over 28 different MMP enzymes with unique functions
and locations within the cellular environment. MMP1, also
known as interstitial collagenase and fibroblast collagenase,
is involved in the degradation of interstitial collagens I, II
and III.MMP1 is secreted following the interaction between
α2β1 integrin and dermal fiber type I collagen and the
subsequent induction of ERK signaling[6]. MMP1 has
known involvement in a myriad of disease processes,
including cancer metastasis[6, 11]. Moreover, several
studies have linked increased MMP1 secretion with poor
disease prognosis and increased migratory capacity[6, 8, 9,
11, 16]. In this experiment, we attempt to elucidate new
information regarding MMP inhibition, including MMP1
inhibition, and its role in decreasing the migratory potential
of osteosarcoma cells, and delineate a potential link between
this attenuation of migratory potential and an abrogation of
the cell’s undifferentiated mesenchymal characteristics.
Undifferentiated cancers are significantly more
prone to malignancy and treatment-resistant than their welldifferentiated
counterparts,
and
so
determining
themechanism behind the expansion of undifferentiated cells
within a tumor microenvironment is of particular interest to
both scientists and clinicians. One of the more prominent
hypothesesthat seeks to explain the mechanism by which
cells achieve this expansion is through a phenomenon
known as Epithelial-Mesenchymal Transition (EMT), which
was originally discovered in chick embryogenesis but is now
known to occur in a variety of different cancers, such as GI
and pancreatic cancers[18, 19]. In EMT, polarized epithelial
cells undergo a sequence of biochemical and biophysical
changes, which cause them, exhibit a more mesenchymal
nature. In cancers, this is particularly problematic, as
mesenchymal cells are more invasive, malignant, and
resistant to chemotherapeutic agents than their epithelial
counterparts[20-22]. Osteosarcoma cells are mesenchymal
in nature and normally differentiate into the
osteoblasticlineage. However, it has recently been
discovered that osteosarcoma can be induced to undergo an
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EMT like phenomenon known as Mesenchymal-Epithelial
Transition (MET)[16, 20, 22-28]. This phenomenon has
consistently been associated with a decreased malignant
capacity and a generally more docile phenotype[20,
28].While the phenomenon of EMT has been observed in
many different cancer types, most notably breast, prostate,
and GI, the reverse phenomenon of MET is not very well
understood[7, 12, 16, 18-40].
In the current investigation we seek to delineate the
link between migratory potential and mesenchymal
phenotype in the context of MMPinhibition in osteosarcoma
cells in vitro. Our hypothesis is that MMPs, including
MMP1inhibition will abrogate the mesenchymal phenotype,
which will subsequently lead to an attenuated migratory
potential.

Materials and Methods
Cell Maintenance and Treatment
The primary human osteosarcoma cell line MG63
was obtained from ATCC (USA). Cells were cultured in
growth media [Minimum Essential Media, 10% Fetal
Bovine Serum, 1% antibiotics (all from GIBCO, USA)] at
5% CO2 in 37°C. Experimental groups were cultured with
the specific MMP inhibitor GM6001 (Sigma, USA) at
concentrations of 50nM and 250nM for 6 and 12 hours.

Viability Testing using Resazurin Assay
The viability testing was performed in 24-well
plates where each test concentration was performed in
triplicates (technical replicates). At least 3 independent
biological replicates were performed to assess the variations
of the toxic response. The viability was assessed the day
after plating the MG63 cells to ensure proper cell
attachment. After 6 and 12 hours of exposure with the
GM6001 at a concentration range from 0.003nM –
31250nM, the medium was discarded and substituted by
100μl of freshly prepared 10μg/ml solution of resazurin
(Sigma, USA) in growth media. After an incubation of 2
hours at 37°C and 5% CO2, the supernatant was transferred
into an empty 96-well plate and the fluorescence signal was
measured at a wavelength of 590nm with a TECAN
Infinite® 200 microplate reader (TECAN, USA).

Singe Cell Migration
Target cell populations and control cells were
plated separately on 6-well plates, 10,000 cells/well, in
growth media, 48 hours prior to the time-lapse experiment.
Target MG63 cells were exposed to 50nM and 250nM
GM6001 for 12 hours prior to the recording.
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Time lapse images were acquired with an Andor IXon3 885
EMCCD camera (Andor, USA) on an Olympus IX-81
(Olympus, USA) microscope fitted with a microscope
enclosure (Precision Plastics, USA), and images of single
cell migration were taken for 6 hours at 3 minute intervals; 3
different fields/well were chosen for the recording. Proper
environmental conditions were maintained in a micro
incubator at 37 °C with 5% CO2. A series of images were
analysed using NIH ImageJ analysis software to track the
centroid positions (x,y) of cell nuclei (which were assumed
to be the representations of cell-bodies). Migration paths
were plotted and analysed by the Chemotaxis and Migration
Tool v2.0 from Ibidi. Net translocation distance was
measured as the distance between the starting point and the
end point of cells after 6 hours. Migration speed was
calculated as total length of the migration path during the 6
hours period.

Immunohistochemistry
Samples were fixed with 4% paraformaldehyde
(Sigma, USA) for 20 minutes at room temperature. After
permeabilization with 0.2% Triton X-100 (Sigma, USA) for
30 minutes, nonspecific binding of antibodies was blocked
for one hour with 10% BSA and 5% HS (Sigma, USA) in
PBS, at room temperature. The primary antibodies (Table 1)
were applied overnight at 4°C. After the overnight
incubation, the cells were incubated for 1 hour at room
temperature with the appropriate fluorescence-conjugated
secondary antibodies (Table 1). The nuclei were revealed
using 4', 6’-diamidino-2-phenylindole (DAPI) staining
(Sigma, USA) and fluorescent microscopy (Nikon) was used
to visualize the results. Quantitative image analysis was
performed using the NIH ImageJ Software.

Table 1: Primary and secondary antibodies.

Primary antibodies

Host

Dilution

Manufacturer

Cytokeratin 18

Mouse monoclonal IgG1

1:400

Santa Cruz

Cytokeratin 19

Goat polyclonal IgG

1:400

Santa Cruz

E cadherin

Rat monoclonal IgG1

1:400

Sigma

N cadherin

Goat polyclonal IgG

1:400

Santa Cruz

α-smooth muscle actin

Mouse monoclonal IgG2a

1:500

Sigma

Vimentin

Goat polyclonal

1:500

Sigma

Quantitative Real-time PCR
Total RNA was isolated by using the RNeasy Plus
Mini Kit (Quiagen, USA), and cDNA was synthesized from
1 µg of RNA via High Capacity RNA-to-cDNA Kit (Life
Technologies, USA) following the manufacturer’s
instructions. Gene expression was analysed by quantitative
real-time PCR (qPCR) using MyiQ real time PCR (Bio-Rad,
USA). The applied primers (Table 2) were designed by
Oligo software (Oligo Perfect Designer, Invitrogen, USA).
Reactions were measured in duplicates using custom 2x
Syber Green Master Mix based on the hot-start Jumpstart
Taq DNA Polymerase enzyme (Sigma, USA). The
amplification was done for 40 cycles (95°C 20 sec, 60°C 20
sec, 72°C 40 sec). To verify the PCR product, melting
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Secondary antibodies
Goat anti-mouse Alexa
Fluor 594
Donkey anti-goat Alexa
Fluor 594
Goat anti-rat Alexa Fluor
594
Donkey anti-goat Alexa
Fluor 594
Goat anti-mouse Alexa
Fluor 594
Donkey anti-goat Alexa
Fluor 594

curves and negative controls were carried out in each
reaction. Relative quantification of mRNA was determined
by the ΔΔCt method (2-ΔΔCt formula) by using the expression
profile of the corresponding control samples as reference.

Data Processing and Statistical Analysis
Prism 6.0 (GraphPad Software, USA) was used for
data plotting, non-linear regression and statistical analysis.
Data are given as mean ± S.E.M. Comparisons between two
groups was performed by using Student’s t-test assuming
two-tailed distribution, and unequal variances. For multiple
comparisons, ANOVA or Kruskal Wallis test was applied.
Statistical significance was considered at p<0.05.
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Table 2: PCR primers.
Gene
Cytokeratin 18

Cytokeratin 19

5’Primer
AGCGCCAGGCCCAGGAGTAT
GAGG
GCACTACAGCCACTACTACA
CGA

3’Primer
TATCCGGCGGGTGGTGGTCTTTTG

CTCATGCGCAGAGCCTGTT
ACTGAACCTGACCGTACAAAATGTGAGCAATTCT

E-cadherin

CAGAAAGTTTTCCACCAAAG

N-cadherin

CTGGGACGTATGTGATGACG

TGATGATGTCCCCAGTCTCA

αSMA

CAAAGCCGGCCTTACAGAG

AGCCCAGCCAAGCACTG

Vimentin

GCAAAGATTCCACTTTGCT

GAAATTGCAGGAGGAGATGC

Gapdh

CACCCACTCCTCCACCTTT

CCACCACCCTGTTGCTGTA

Results
GM6001 Specifically Inhibits mRNA Expression of
Several MMPs
In accordance to the literature, undifferentiated
MG63 cells highly expressed several MMPs, such as
MMP1, MMP2, MMP3, MMP9 and MMP14 as shown by
our qPCR analysis (Figure 1). However, we did not see any
expression of MMP7, MMP8, MMP12 and MMP26 in our
cultured control cells (Figure 1).
Cell viability was defined after 6 and 12 hours
exposure of GM6001 by using the resazurin reduction assay.
In 3 biological replicates, concentration dependent
cytotoxicity could be identified ranging from 0.003nM to
31250nM (Figure 2A). The data were used as a basis to
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define the highest non-cytotoxic concentration of GM6001,
50nM and 250nM that were applied for further experiments.
It has been shown that GM6001 is a specific
inhibitor of MMP1, MMP2, MMP3, MMP7, MMP8,
MMP9, MMP12, MMP14 and MMP26. Therefore, doseresponse relationships were determined after 6 and 12 hours
exposure of GM6001 by qPCR analysis (Figure 2). From all
the tested MMPs, the MMP1 (Figure 2 B), MMP7 (Figure 2
E), MMP9 (Figure 2 G) and MMP14 (Figure 2 I) mRNA
expression was the most sensitive to the treatment with the
inhibitor, as already after 6 hours of exposure, their gene
expression level was completely diminished at 50nM and
higher concentrations. The mRNA expression of MMP2
(Figure 2 C), MMP3 (Figure 2 D), MMP8 (Figure 2 F) and
MMP26 (Figure 2 J) was significantly decreased only after
the 12 hours exposure of GM6001. Interestingly, the mRNA
expression of MMP12 (Figure 2 H) was not affected by the
inhibitor.

Figure 1: Gene expression of MMPs in the cultured undifferentiated MG63 cells.
QPCR analysis of the expression of MMPs in the undifferentiated control MG63 cells. Data were compared to Gapdh, and are
presented as the mean ±SEM of 3 biological replicates.
© 2016 KingaVojnits, et al. Volume 2 Issue 1 CMBOA-2-009
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Figure 2: Inhibition of MMPs in MG63 cells by GM6001.
A) Resazurin based cytotoxicity.MG63 cells were exposed to 11 doses of GM6001 (0.003nM – 31250nM) for 6 and 12 hours.
Each test concentration was performed in triplicates. Data are given as the mean ±SEM of 3 biological replicates. B-J) Inhibition
of MMPs after 6 and 12 hours of treatment with GM6001. Data are presented as the mean ±SEM of 3 biological replicates.
*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.

MMPInhibition Changes the Mesenchymal Phenotype
of MG63 Sarcoma Cells in vitro
In order to prove our hypothesis that the MMP
inhibition will retract the mesenchymal phenotype of
cancers, MG63 cells were either treated with 50nM and
250nM MMP inhibitor, GM6001,for 6 and 12 hours. The
cells were then fixed for immunofluorescence staining or
collected for qPCR analysis.
The mRNA expression of the tested epithelial
markers, such as E-cadherin, Cytokeratin 18, and
Cytokeratin 19 (6.8±0.8 fold, 2.42±0.3 fold, 7.2±1.2 fold,
respectively) was significantly increased after 6-hour 250nM
GM6001 treatment (Figure 3 A). Only the Cytokeratin 19
expression was significantly upregulated (4.0±0.6 fold) at
the 50nM GM6001 concentration (Figure 3 A). In contrast,
the expression of the mesenchymal marker N-cadherin, α-
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smooth muscle actin (α-SMA) and Vimentin was
significantly downregulated (0.47±0.08 and 0.17±0.04 fold,
0.8±0.1 and 0.66±0.1 fold, 0.53±0.12 and 0.35±0.08 fold,
respectively) by both of the tested GM6001 concentrations
(Figure 3 B). Similarly, the mRNA expression levels of the
epithelial genes (Figure 3 C) were increased, while the
mRNA expression levels of the mesenchymal marker genes
(Figure 3 D) were decreased after 12 hour MMP inhibition.
The upregulation of the epithelial genes were more
pronounced (6.55±1.2 and 31.4±4 fold, 4.59±1 and
44.13±4.6 fold, 20.97±03.8 and 73.58±5.8 fold,
respectively) after the 12-hour treatment, both at the tested
concentrations. The effects on the mRNA downregulation of
the mesenchymal markers were similar to the 6-hour
treatment (0.3±0.08 and 0.05±0.02 fold, 0.75±0.2 and
0.34±0.07 fold, 0.44±0.1 and 0.26±0.06 fold, respectively).

Page 7 of 15

Figure 3: Changes in the epithelial and the mesenchymal gene expression profile of MG63 sarcoma cells by MMP inhibition.
QPCR analysis of the expression of epithelial (A) and mesenchymal (B) marker genes after 6 hours GM6001 treatment, and the
expression of epithelial (C) and mesenchymal (D) marker genes after 12 hours GM6001 treatment in the control and treated
MG63 cells. Data were compared to the control cells, and are presented as the mean ±SEM of 3 biological replicates. *P<0.05,
**P<0.01, ***P<0.001, ****P<0.0001.

The protein expression of the epithelial lineage
markers, namely E-cadherin, Cytokeratin 18 and
Cytokeratin 19 was significantly increased in the inhibitor
treated cells (Figure 4 A). By measuring the cell signal
intensity, we determined that the fluorescence intensities
(Figure 4 B) became significantly higher upon MMP
inhibition at both the tested concentrations after the 12-hour
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treatment. Correspondingly to the qPCR results, the protein
expression of the mesenchymal lineage markers, Ncadherin, α-SMA and Vimentin became significantly
decreased at both the tested concentrations after the 12-hour
treatment (Figure 5 A). The measured fluorescence
intensities are shown in Figure 5 B.
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Figure 4: Alteration of the epithelial phenotype of MG63 sarcoma cells in vitro.
A) Immunofluorescence staining of the epithelial lineage protein E cadherin (red, 1 st row), Cytokeratin 18 (red, 2nd row) and
Cytokeratin 19 (red, 3rd row) in the control and treated MG63 cells. Nuclei were stained with DAPI. Scale bar = 100μm.
B) Quantification of protein expression through semi-automated image analysis for E cadherin, Cytokeratin 18 and Cytokeratin
19. Images were taken from 3 biological replicates, and the median fluorescence intensities of Fibronectin and α SMA were
determined. *P<0.05.
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Figure 5: Alteration of the mesenchymal phenotype of MG63 sarcoma cells in vitro.
A) Immunofluorescence staining of the mesenchymal lineage protein Vimentin (red, 1 st row), α-smooth muscle actin (α SMA)
(red, 2nd row) and N cadherin (red, 3rd row) in the control and treated MG63 cells. Nuclei were stained with DAPI. Scale bar =
100μm. B) Quantification of protein expression through semi-automated image analysis for Vimentin, α SMA and N cadherin.
Images were taken from 3 biological replicates, and the median fluorescence intensities of Fibronectin and α SMA were
determined. *P<0.05 and **P<0.01.

MMP Inhibition Effects the Cell Migration of
MG63 Cells in vitro
To further investigate the effect of MMP inhibition
on the sarcoma cell line, time-lapse video microscopy was
used to examine the migration pathways of MG63 cells
under the different treatments. Cells were administered with
50nM and 250nM GM6001 for 12 hours, and then
immediately subjected to video imaging. All of the actual
cell trajectories from each of the different groups were
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obtained from a 6-hour period where the data was pooled
from 3 experiments (Figure 6 A). The trajectories of the
GM6001 treated MG63 cells migrated significantly shorter
than the control untreated cells. Quantitative analysis of the
single cell migration path (Figure 6 B) revealed a
significantly decreased net translocation distance (straight
distance from the cell’s origin to the end point) for MG63
that received GM6001 treatment. There was no significant
difference between the 2 tested concentrations.
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Figure 6: Single cell migration of MG63 cells in vitro.
A) Single cell migration pathways of the control and MMP inhibitor treated MG63 cells. The migration paths of 20 individual
cells of different experimental groups were captured in a time-lapse motility assay. Data was pooled from 3 independent
experiments. B) Graphs show the calculated accumulated distance of the cells. Data are represented as the mean ±SEM of 60
individual cells from 3 biological replicates. ****P<0.0001.

Discussion
A complex array of cellular proteins and molecules
are slowly being elucidated to serve as markers for the EMT
process[19, 20, 23, 24, 28-32, 34, 37-40]. Among these
markers, a few have stood out to more specifically delineate
the occurrence of the phenomenon. It is generally
recognized that the loss of the epithelial marker E-cadherin
and subsequent progression to increased mesenchymal
expression, specifically of N-cadherin and Vimentin, plays a
critical role in the process of EMT[28, 31, 37, 38]. Ecadherin is a cell surface adhesion protein that localizes in
the apical-lateral junction between membranes. Because
polarized membranes are essentially for this localization of
E-cadherin, it is generally thought that epithelial cells
expressing E-cadherin express some form of apical basal
polarity, and thus it logically follows that E-cadherin
expression must be repressed in order for EMT to occur[31,
37]. Its expression is mediated by various transcription
factors, including SNAIL[38]. N-cadherin is a key
embryogenic adhesion molecule and is associated with the
mesenchymal phenotype. It is intimately involved in
multiple signaling pathways, including tyrosine kinase
signaling through fibroblast growth factor receptor and Rho
GTPase signaling[41]. It has therefore been inferred that
© 2016 KingaVojnits, et al. Volume 2 Issue 1 CMBOA-2-009

cancers with high levels of N-cadherin expression and low
levels of E-cadherin expression have poorer prognoses.
Indeed, prostate cancer patients with high levels of Ncadherin expression and low levels of E-cadherin expression
experienced significantly higher rates of adverse clinical
events[42, 43].
In accordance to the literature, undifferentiated
MG63 cells highly expressed several MMPs, such as
MMP1, MMP2, MMP3, MMP9 and MMP14 as shown by
our qPCR analysis. However, we did not see any expression
of MMP7, MMP8, MMP12 and MMP26 in our cultured
cells. The treatment of the MMP inhibitor downregulated
the gene expression of all the tested MMPs with the
exception of MMP12.
MMP inhibition resulted in subsequent attenuation
of mesenchymal gene and protein expression in human
osteosarcoma cells. While the cells never expressed Ecadherin and Cytokeratins at baseline, the inhibition of
MMPs significantly increased their expression, while the
expression of N-cadherin was attenuated, the elevation of
which has been independently found to cause increased rates
of adverse clinical events in patients. We also saw
adecreased expression of the other tested mesenchymal αSMA and Vimentin upon MMP inhibition.
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This is particularly intriguing considering Vimentin’s
expression particularly in osteoblast cells. These data may
suggest a regression and possible switching of lineages from
a mesenchymal to a more epithelioid nature upon the
addition of MMP inhibitor, a finding that is consistent with
that observed in the literature[4, 15, 34].
Moreover, cells that were treated with MMP
inhibitor also subsequently showed significantly decreased
migratory capacity, a finding that is again consistent with
the literature [4, 10, 14, 15]. Cellular tracking of this process
showed significant decreases in the osteosarcoma migratory
distance in the presence of MMP inhibitor, the GM6001.
While this does not definitively prove the link
between the loss of mesenchymal phenotype and attenuated
migratory potential, it supports the relationship between the
two variables. Further work should be done to see if
replacement of key mesenchymal factors in the presence of
MMPinhibition restores the migratory potential of cells. It
would also be interesting to further investigate the link
between MMPinhibition, mesenchymal phenotype, and
subsequent chemotherapy resistance, particularly to see if
the inhibition of MMPs decreases cellular threshold
tolerance of these cells to chemotherapeutic agents and
widens the therapeutic window. Further studies should
include the animal models to clarify these discoveries.

Our study suggests that perhaps the simultaneous
presence of attenuated mesenchymal phenotype and
decreased migratory potential in the presence of MMP
inhibition may provide additional mechanistic evidence and
a novel perspective when examining MMP inhibition in
cancer cells. Evidence for this potential linkage has existed
in the literature for years[3, 4, 10, 14, 15]. MET is certainly
one important potential mechanism for this phenomenon.
One potential explanation for why MMPinhibition causes
loss of mesenchymal phenotype can be found in the realm of
cellular engineering. It has recently been discovered that
when differentiated cells are unable to attach to the extra
cellular matrix, they regress along the embryonic lineage
and begin to exhibit a more stem-like phenotype. It has been
suggested that this may be a survival mechanism. MMPs
have long been known to degrade the extra cellular matrix
and sever these connections and its involvement in EMT
processes is crucial (Figure 7). It therefore follows that
inhibition of this process may prevent the gain of stem-like
qualities while inhibiting pivotal migratory processes. In
conclusion, while much is known about the involvement of
MMPs in malignant processes, it is clear that there is still
much to be examined. These data may provide evidence for
a novel perspective regarding the role of MMPs in MET
processes and migratory potential.

Figure 7: The role of MMPs in mesenchymal-epithelial transitional processes of tumor cells.
Schematic illustration of the role of MMP upregulation in the malignant mesenchymal transition processes in tumor cells. MMP
upregulation increases the expression of transitional markers, such as N-Cadherin, Vimentin, and α-smooth muscle actin (SMA).
This results in increased tumor metastatic potential, drug resistance, anaplasticity and stem cell like qualities.
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