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Abstract Mesenchymal stem cells (MSCs) have recently
been described to home to brain tumors and to integrate into
the tumor-associated stroma. Understanding the communica-
tion between cancer cells and MSCs has become fundamental
to determine whether MSC-tumor interactions should be
exploited as a vehicle for therapeutic agents or considered a
target for intervention. Therefore, we investigated whether
conditioned medium from adipose-derived stem cells
(ADSCs-CM) modulate glioma tumor cells by analyzing sev-
eral cell biology processes in vitro. C6 rat glioma cells were
treated with ADSCs-CM, and cell proliferation, cell cycle, cell
viability, cell morphology, adhesion, migration, and expres-
sion of epithelial-mesenchymal transition (EMT)-related sur-
face markers were analyzed. ADSCs-CM did not alter cell
viability, cell cycle, and growth rate of C6 glioma cells but
increased their migratory capacity. Moreover, C6 cells treated
with ADSC-CM showed reduced adhesion and underwent
changes in cell morphology. Up-regulation of EMT-
associated markers (vimentin, MMP2, and NRAS) was also
observed following treatment with ADSC-CM. Our findings
demonstrate that the paracrine factors released by ADSCs are

able to modulate glioma cell biology. Therefore, ADSC-tumor
cell interactions in a tumor microenvironment must be consid-
ered in the design of clinical application of stem cell therapy.
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Introduction

Gliomas are the most frequent primary tumors that affect the
human brain. Glioblastoma (GBM) is the most common ma-
lignant form of glioma and is one of the most aggressive and
lethal human cancer. The current survival rate for patients with
GBM is about 1 year [1, 2], and this has not changed signif-
icantly over the last decade. GBMs are characterized by wide-
spread invasion throughout the brain, marked heterogeneity in
appearance and gene expression, and resistance to traditional
and newer targeted therapeutic approaches. Despite the avail-
able treatments with surgical resection of the tumor, radiother-
apy, chemotherapy, and drugs, such as temozolomide, these
treatments have shown only slight effects on survival of pa-
tients and GBM remains fatal [2–4].

It is now understood that maintaining the mutual and inter-
dependent interaction between tumor and its microenviron-
ment is crucial to orchestrate the fate of tumor progression
[5]. A tumor microenvironment is composed of a complex
crosstalk of different cell types such as fibroblast, endothelial
cells, mesenchymal stem cell (MSCs), and inflammatory cells
as well as cytokines and growth factors secreted by these cells
[5]. Inflammation is always associated with tumor develop-
ment where the tissue suffers from chronic injury. Thereby,
malignancy may also be considered as a nidus of chronic
inflammation or Bwound that never heals^ [6]. Based on the
property of MSCs to be recruited to injured tissues, MSCs can
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be attracted to the surrounding tumor stroma and play a role in
modulating cancer progression [7].

MSCs are being broadly studied and have emerged as a great
promise of the current therapeutic research. The enthusiasm
about these cells is mainly due to their ability to differentiate
inmany cell types, capacity of self-renew, and paracrine activity
that includes immunomodulatory effects [8]. Contrary to what
was initially thought, the ability to differentiate is not the main
feature that makes these cells attractive for therapeutic purposes.
There are increasing evidences that the secretions of these cells,
such as nucleotides, growth factors, cytokines, and chemokines
constitute their most significant therapeutic mechanism of ac-
tion [9–11]. The tumor homing ability has encouraged re-
searchers to analyzeMSCs as a tool in gene therapy, since these
cells can act as gene delivery vehicles for anticancer agents
[12–15]. However, evidence suggests that interactions between
MSCs and cancer cells may impact upon the phenotype of the
tumor cells [16–20]. Conflicting reports exist with relation to
the effect of MSCs on glioma cells growth, with some studies
reporting cytotoxicity against malignant glioma cells [20–23]
and others suggesting a pro-tumoral effect [24–28].

Epithelial to mesenchymal transition (EMT) is a process in
which cells gradually substitute their epithelial characteristics
with a mesenchymal phenotype, that is associated with in-
creased invasion and metastasis [29]. This status is character-
ized by increased motility, invasiveness, and elevated synthe-
sis of extracellular matrix-degrading enzymes able to degrade
the basement membrane, besides loss of cell-cell contact, re-
organization of cytoskeletal proteins, and elevated resistance
to apoptosis [30, 31]. Notably, the composition of the tumor
microenvironment, such as growth factors and cytokines, has
recently been suggested to modulate the EMT process in can-
cer cells [29, 32–35].

In our study, conditioned medium from adipose-derived
stem cells (ADSC-CM) from rat did not change the viability,
proliferation, or cell cycle distribution of glioma. However,
ADSC-CM induced an epithelial-to-mesenchymal-like transi-
tion phenotype in tumor cells with increased tumor cell migra-
tion, reduced cell adhesion capacity, changed cell morphology,
as well as increased expression of mesenchymal-related genes.

Thus, we propose that to ensure the safety of anticancer
therapy using MSCs, the characteristics of MSCs themselves,
as well as the interaction between stem cells and cancer cells,
are quite important and should be investigated before using an
MSC-based therapy.

Materials and Methods

Ethical Aspects

The protocols used in this study were approved by the Ethics
Committee on Animal Use (CEUA) of Universidade Federal

de Ciências da Saúde de Porto Alegre (UFCSPA), under the
number 104/11, following the resolutions of the Conselho
Nacional de Controle de ExperimentaçãoAnimal (CONCEA).
The NIH BGuide for the Care and Use of Laboratory Animals^
(NIH publication N° 80–23, revised 1996) was followed in all
experiments. The surgery of ADSC isolation was performed
with all efforts to minimize the animal suffering.

Cell Culture

The C6 rat glioma cell line from ATCC was kindly provided
by Dra. Ana Maria Oliveira Battastini (UFRGS, Brazil). Cells
at 5–20 passages were grown in culture flasks and maintained
in Dulbecco’s modified Eagle’s medium (DMEM) (pH 7.4)
containing 1 % DMEM (Sigma, St. Louis, MO, USA),
8.4 mM HEPES, 23.8 mM NaHCO3, 0.1 % amphotericin B,
and penicillin (100 U/mL)/streptomycin (100 mg/mL) (Gibco
BRL, Grand Island, NY, USA) and supplemented with 10 %
(v/v) fetal bovine serum (FBS) (Cultilab, São Paulo, SP, Bra-
zil). Cells were kept at 37 °C, a minimum relative humidity of
95 %, and an atmosphere of 5 % CO2 in air.

Isolation and Culture of Adipose-Derived Stem Cells

Adipose-derived stem cells (ADSCs) were extracted from vis-
ceral adipose tissue of Wistar rats (6–8 weeks), as previously
described [36]. Briefly, the abdominal fat tissue from rat was
transferred to a petri dish, washed with phosphate-buffered
saline (PBS), and dissociated mechanically with a pipette.
The fat fragments were transferred to a falcon tube containing
2mg/mL of collagenase type I, solubilized in DMEMmedium
without FBS, and incubated in a water bath at 37 °C for 30–
45 min. After collagenase digestion, the supernatant was
transferred to a new tube and centrifuged at 1000 rpm for
10 min at room temperature (RT). The supernatant was
discarded, and cells were resuspended in complete medium
and seeded in six-well dishes. ADSC cultures were grown in
culture flasks and maintained in DMEM low glucose, contain-
ing 8.4 mM HEPES (pH 7.4), 23.8 mM NaHCO3, 0.1 %
amphotericin B, and penicillin (100 U/mL)/streptomycin
(100 mg/mL) (Gibco BRL, Grand Island, NY, USA) and sup-
plemented with 10 % (v/v) FBS (Cultilab, São Paulo, SP,
Brazil). Cells were kept at a temperature of 37 °C and humid-
ity of 95 %/5 % CO2 in air.

ADSC Differentiation

Osteogenic differentiation was induced by culturing ADSCs
up to 8 weeks in Differentiation SingleQuotsTM (Lonza,
Walkersville, MD, USA) plus 5 μg/mL of ascorbic acid. In
order to observe calcium deposition, cultures were washed
once with PBS, fixed with 4 % paraformaldehyde in PBS for
15–30min, and stained for 5 min at RTwith alizarin red S stain
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at pH 4.2. Excess of stain was removed by several washes with
distilled water. To induce adipogenic differentiation, ADSCs
were cultured up to 8 weeks in DMEM supplemented with
10−8 M dexamethasone, 2.5 mg/mL insulin, and 100 mM in-
domethacin. To further confirm their identity, cells were fixed
with 4 % paraformaldehyde in PBS for 1 h at RT and stained
with oil red O solution. Chondrogenic differentiation was per-
formed using differentiation CDMTM basal medium and
CDMTM Differentiation SingleQuotsTM (Lonza). Cultures
were analyzed by fixing with 4 % paraformaldehyde in PBS
for 20 min and staining with alcian blue (pH 2.5) (Sigma, St.
Louis, MO, USA) in 3 % acetic acid for 5 min at RT. After
staining, the cultures were washed with distilled water.

Immunophenotyping

The cultures of ADSCs were characterized to confirm the
presence or absence of MSC surface markers using flow cy-
tometry. Cells were trypsinized, centrifuged, and incubated for
25 min at 4 °C with phycoerythrin (PE)- or peridinin-
chlorophyll protein (PerCP-Cy5.5)-conjugated antibodies
with anti-rat CD45, CD29, or CD90.2 (Life Technologies,
Carlsbad, CA, USA). The unconjugated antibody CD11b
(Life Technologies, Carlsbad, CA, USA) was incubated with
the secondary anti-mouse IgG2 FITC-conjugated antibody
(Sigma-Aldrich, St. Louis, MO, USA) for an additional
25 min. Excess of antibody was removed by washing with
PBS (phosphate-buffered saline). Cells were analyzed using
a FACSCalibur cytometer equippedwith a 488-nm argon laser
(Becton Dickinson, San Diego, CA, USA) with the CellQuest
software. At least 10,000 events were collected. Gating was
set using unstained cells.

Conditioned Medium

For all experiments, ADSC cells between the fourth and tenth
passages were seeded in T75 tissue culture flask in DMEM
with 10 % (v/v) FBS low glucose, containing 8.4 mMHEPES
(pH 7.4), 23.8 mM NaHCO3, 0.1 % amphotericin B, and
penicillin (100 U/mL)/streptomycin (100 mg/mL) (Gibco
BRL, Grand Island, NY, USA) at a density of 3320 cells/
cm2. Twenty-four hours after seeding, the medium was re-
placed by a fresh medium and conditioned for 24 h (CM24)
or 48 h (CM48). CM from flasks was harvested, filtrated on
0.22 μm filters (Millipore), and stored at −80 °C until use.

Assessment of Glioma Cell Viability

C6 cells were seeding with 3 mL of DMEM/10 % FBS with-
out phenol red in each flask of 25 cm2 (in triplicate) and
allowed to grow until reaching a 70 % confluence. After, C6
cells were exposed to CM24 and CM48 (prepared using
DMEMwithout phenol red to avoid color interference) during

24 and 48 h. After this time, aliquots of culture medium were
taken out for viability analysis. Cell integrity was assessed by
measuring the release of the cytosolic enzyme lactate dehy-
drogenase (LDH) into the medium. LDH activity was detected
by automatic biochemical analyzer (Mindray BS-120,
Shenzhen, GNG, China) with the commercial bio-kit (Bioclin,
Belo Horizonte, Brazil) at 340 nm according to the manufac-
turer’s protocol. Supernatants of cells treated for 24 and 48 h
with DMEMwithout phenol red was used as negative control.
Positive control was performed after cell lysis by addition of
1%Triton X-100. Results were expressed as the percentage of
LDH release against the positive control.

Cell Cycle Analysis

In order to evaluate a possible interference of CM in cell cycle
progression, we adapted the protocol of the method described
by Overton and McCoy [37]. Cells were plated in six-well
plates (5×104 cell/well) for 1 day, and after they were treated
with CM24 and CM48 for 24 and 48 h, respectively. Cells
were trypsinized, centrifuged, and washed with PBS twice.
Then, cells were resuspended in ice-cold ethanol 70 % (v/v
in PBS) and left for 24 h at 4 °C. On the next day, fixed cells
were washed with PBS and marked with a solution containing
0.3 mg/mL RNAse, 20 μg/mL propidium iodide, and 0.1 %
Triton X-100 for 30 min, in the dark, at RT. Marked cells were
analyzed in a FACSCalibur flow cytometer (BD Pharmingen)
using the CellQuest program suite to evaluate DNA content of
cells and thus cell cycle distribution of samples. Approximate-
ly 10,000 cells were analyzed in each experiment. All analyses
were performed at least three times.

Proliferation Assays

The ability of CM24 and CM48 to induce cellular prolifera-
tion was evaluated by using MTT 3-(4,5 dimethylthiazol-2-
thiazyl)-2,5-diphenyl-tetrazolium bromide assay (MTT, Sig-
ma-Aldrich, St. Louis, MO, USA). Briefly, C6 cells
(2×103 cell/well) were seeded in 96-well plates. After 24 h,
cells were washed and treated with CM. After 24 or 48 h,
MTT solution (5 mg/mL) was added and cells were incubated
at 37 °C for 3 h. The supernatant was aspirated, and the
formazan crystals were solubilized in dimethyl sulfoxide
(DMSO; 100 μL). The absorbance, proportional to the num-
ber of viable cells, was measured at 570 nm by a multiwell
spectrophotometer (SpectraMax Plus Microplate Spectropho-
tometer, Molecular Devices, US). Results were expressed as
the absolute values of results from replicate wells.

To evaluate the proliferation rate in a long-term culture of
C6 cells in response to treatment with CM24 and CM48, cu-
mulative population doublings were determined in the PD
assay. Cells were plated in 24-well plates at a concentration
of 1.5×104 cells/well and exposed to CM during 24 or 48 h.
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Confluent cells were passaged, and population doublings
(PD) were determined according to the formula PD= [log
N(t)− log N(to)]/log 2, where N(t) is the number of cells per
well at time of passage, and N(to) is the number of cells seed-
ed at the previous passage. The sum of PDs was then plotted
against time of culture. Cells were followed until day 20.

Adhesion Assay

C6 cells were treated with CM24 or CM48 for 24 and 48 h,
respectively. Then, cells were seeded at density of
3 × 104 cells/well in 96-well plates and incubated with
CM24 and CM48 for 1 h at 37 °C with a 5 % CO2 enriched
atmosphere. The non-adherent cells were removed by wash-
ing carefully three times with PBS. Adherent cells were fixed
with 4 % paraformaldehyde (PFA) for 10 min and stained for
10 min with 100 μL 0.5 % crystal violet diluted in 20 %
methanol. The cells were then washed three times with
Milli-QTM water, and the stain was eluted in 100 μL 10 %
acetic acid (v/v). Cell adhesion was analyzed by measuring
optical density (OD) at 570 nm in a microplate reader [38].

Migration Assays

Scratch Wound Healing

C6 cells were plated in 24-well culture plates and grown in
complete medium until reaching 80 % of confluence. Then,
monolayers were scratched using a 200 μL sterile plastic pi-
pette tip as previously described [39] and washed three times
with PBS. After, cells were treated with CM24 and CM48
serum free (SF) during 24 h. Positive controls were performed
with DMEM+ 10 % FBS and negative controls with DMEM
SF. Scratch wound closure was monitored by phase micros-
copy using a ×4 objective at 0, 4, 8, 12, and 24 h.

Transwell Assay

In parallel, cell migration was also evaluated using a 24-well
Transwell chamber (Greiner, Frickenhausen, Germany). For
this purpose, 2.5 × 104 C6 cells were seeded in the upper

chamber of a 8-μm pore size insert and allowed to migrate
toward a DMEM+10 % FBS (positive control) or DMEM
without FBS (negative control) or ADSC (1.4×104 cells/well)
present in the lower chamber. Cells were incubated for 24 and
48 h, then the non-migrating cells of the upper chamber were
removed with the aid of a cotton swab and the remaining cells
were fixed in methanol. Cells that migrated to the lower sur-
face of the membrane were stained with 0.5 % crystal violet
diluted in 20 % methanol and counted with a microscope
(Olympus BX-50 coupled to a Moticam 2500 camera). Four
visual fields were randomly chosen for each assay. The quan-
titation was performed by processing all obtained images
using Image J software (http://imagej.nih.gov/ij/). The
average number of the migrating cells in these four fields
was taken as the cell migration number of the group [40].

Actin Cytoskeleton Staining

Actin cytoskeleton reorganization was assessed via filamen-
tous actin (F-actin) staining, as reported previously [41].
Briefly, cultured C6 cells seeded on glass coverslips were
treated with CM24, CM48, or TGFβ (1 μg/L) during 24 h,
48 h, and 5 days. After each treatment, cells were washed with
PBS and fixed with 4 % paraformaldehyde for 24 h. Then,
cells were stained with phalloidin-fluorescein isothiocyanate
and the nucleus was stained with 4′,6-diamidino-2-
phenylindole dihydrochloride (DAPI; 300 nM; Sigma) for
30 min. Images of the fluorescently labeled stress fibers were
captured using anOlympus BX-50 with optical lens (×10/0.30
Ph1-UplanFI) coupled to a Moticam 2500 camera.

Nuclear Morphometric Analysis (NMA)

Nuclear morphometry was analyzed as described by Filippi-
Chiela [42]. Briefly, cells were treated with ADSC-CM or
TGFβ (24 h, 48 h, and 5 days), fixed with 4 % paraformalde-
hyde (v/v in PBS) for 30 min at room temperature, and stained
with DAPI 300 nM for 30 min, followed by quantification of
DAPI-stained nuclei using the Software Image Pro Plus 6.0
(Media Cybernetics, Silver Spring, MD). Images of the DAPI-
labeled nuclei were captured using an Olympus BX-50 with

Table 1 Primers for EMT
markers used at RT-qPCR
experiments

Primer Sense Antisense

MMP2 5′-ACAACAGCTGTACCACCGAG-3′ 5′-GGACATAGCAGTCTCTGGGC-3′

Vimentin 5′-GAGGAGATGAGGGAGTTGCG-3′ 5′-GGTCAAGACGTGCCAGAGAA-3′

NRAS 5′-CACGAGCTGGCCAAGAGTTA-3′ 5′-TGAGGCTTGAAAGTGGCTCG-3′

Src 5′-CTTCCTCTCACTAGGCCTGC-3′ 5′-CTTCCTCTCACTAGGCCTGC-3′

TBP 5′-CGTGACGATAACCCAGAAAG-3′ 5′-GGTGGAAGGCTGTTGTTC-3′

EMT epithelial-mesenchymal transition,MMP2matrix metalloproteinase-2, Src proto-oncogene tyrosine-protein
kinase, RT-qPCR quantitative reverse transcription-polymerase chain reaction
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optical lens (×10/0.30 Ph1-UplanFI) coupled to a Moticam
2500 camera. Data are presented as a plot of area versus nu-
clear irregularity index (NII).

RT-qPCR Analysis

Total RNA from glioma cell cultures were isolated with TRIzol
LS reagent (Life Technologies, Carlsbad, CA, USA) in accor-
dance with the manufacturer’s instructions and stored at −80 °C.

The complementary DNA (cDNA) was synthesized with
M-MLV reverse transcriptase enzyme (Promega, Madison,
WI, USA) 3 μg total RNA in a final volume of 20 μL with
a random hexamer primer in accordance with the manufac-
turer’s instructions. cDNA was diluted to 1:10 in diethyl
pyrocarbonate (DEPC) water and stored at −20 °C. Real-
time PCRs were carried out in an Applied Biosystems
StepOnePlus™ Real-Time PCR cycler and done in duplicate.

Reaction settings were composed of an initial enzyme activa-
tion step of 20 s at 95 °C, followed by 40 cycles of 3 s at 95 °C
and 30 s at 60 °C for data acquisition. Real-time PCRs were
prepared in a 12.5-μL final volume composed of 6.25 μL of
Fast SYBR green master mix (Applied Biosystems, Foster
City, CA, USA), 0.40 μL of 10 μM primer pairs (Table 1),
3.85 μL of water, and 2 μL of diluted cDNA. After an appro-
priate selection using relative standard curve method, TBP
was chosen as the most stable reference gene between five
gene candidates and was used as a control for cDNA synthesis
[43]. All results were analyzed by the 2−ΔΔCT method [44].
The data were presented as ratio of genes/TBP.

Statistics

All data were expressed as mean±SEM, and they were ana-
lyzed using t test for single comparisons or ANOVA followed

Fig. 1 Effect of ADSC-CM on LDH release, cell cycle distribution, and
cell proliferation rate in C6 glioma cells. a The cytotoxicity of ADSC-CM
was evaluated by measuring the LDH enzymatic activity on supernatant
of C6 cells treated with ADSC-CM for 24 and 48 h. b Flow cytometry
was used for determination of cell cycle distribution (sub-G1, G1/G0, S,
and G2/M) in untreated and ADSC-CM-treated (24 and 48 h) C6 cells. c
Cell cultures were exposed to ADSC-CM for 24 and 48 h, and cell
proliferation was assessed by the MTT assay as described in the

BMaterials and Methods^ section. Glioma cultures treated with 10 %
FBS was taken as 100 % of cell proliferation. d C6 cells were
cultivated in the presence of ADSC-CM for 24 and 48 h, and
cumulative population doublings were plotted against time. Results are
expressed in percentage and were analyzed by one-way ANOVA,
followed by Tukey’s multiple comparisons test. The values were
considered significantly different from controls, when P < 0.05. All
experiments were repeated at least three times
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by Tukey’s test for multiple comparisons of at least three in-
dependent experiments. Differences with p<0.05 were con-
sidered significant. Analysis of the data was performed using
GraphPad Prism version 6.0 software (Graphpad, La Jolla,
CA, USA).

Results

ADSCs Express Stem Cell Markers and Display
Multipotent Differentiation

The ADSCs population was characterized by the CD marker
profile using flow cytometry analysis. As already reported
[45], ADSCs expressed CD90 (glycosylphosphatidylinositol-
anchored glycoprotein) and CD29 (integrin b1 chain), where-
as CD11b and CD45, hematopoietic surface markers, were
negative (Supplementary Fig. 1A). In our study, ADSCs iso-
lated from visceral adipose tissue presented the expected elon-
gated fusiform morphology and capacity to differentiate into
osteogenic, adipogenic, or chondrogenic lineages (Supple-
mentary Fig. 1B, C and D).

ADSC-CM Neither Damages the Cell Membrane of C6
Cells Nor Induces Cell Cycle Arrest and Changes
in Growth Rate of C6 Glioma Cells

First, we examined if the ADSC-CM could affect the viability
of glioma C6 by treating cells with CM24 and CM48 for 24
and 48 h, respectively. At the end of incubation, LDH activity
was determined in supernatants. This assay showed that

ADSC-CM did not cause a significant release of LDH into
culture medium of C6 cells, indicating that the factors present
in CM are unable to generate loss in cell membrane integrity
(Fig. 1a).

To explore the influence of ADSC-CM on cell cycle pro-
gression, the proportion of cells in the G1, S, and G2/M phases
was determined in the presence or absence of CM24 and
CM48 after 24 and 48 h of treatment, respectively. The flow
cytometry analyses using PI for DNA labeling showed that
both CM24 and CM48 were unable to change the relative
content of cells in the cell cycle phases (Fig. 1b).

In order to determine the proliferation rate of C6 glioma,
cell cultures were treated with CM24 and CM48 and MTT
assay was performed (Fig. 1c). Exposure of glioma cells to
CM for 24 and 48 h did not result in alteration of cell prolif-
eration. After 24 or 48 h of treatment, the absorbance of cells
treated with CM24 and CM48 was not statistical different
from control cells.

Finally, to investigate the influence of ADSC-CM on a
long-time proliferation rate, the PD was performed. After the
treatment with ADSC-CM during 24 and 48 h, glioma cells
were followed for 20 days. Our results showed that ADSC-
CM does not affect the PD rate of C6 cells, suggesting that the
factors contained in CM do not lead to a significant change in
cell growth and cell senescence (Fig. 1d).

ADSC-CM-Pretreated Tumor Cells are Able to Induce
EMT-Like Plasticity

ADSC-CM Decreases C6 Cell Adhesion

Epithelial-mesenchymal transition (EMT) is a recognized pro-
cess often associated to development and cancer progression
[46]. Enhanced invasive capacity with loss of intercellular
adhesion proteins and acquisition of the more motile mesen-
chymal phenotype are among the characteristics of EMT [47].
Considering the importance of this process in tumorigenesis,
we investigate if ADSC-CM-treated tumor cells could under-
go an EMT-like process. To this end, we evaluated several
parameters, starting by performing cell adhesion assay.

The results showed that ADSC-CM24 and ADSC-CM48
are unable to change glioma cell adhesion during 24 h of
treatment. On the other hand, after 48 h of treatment,
ADSC-CM48 promoted a decrease of 20 % in glioma cell
adhesion (Fig. 2a).

ADSC-CM or ADSCs Increase Glioma C6 Cells Migration

Further, we evaluated the ability of ASCD-CM to affect tumor
cell migration. First, the ability of ADSC-CM to affect glioma
cell migration was tested by a scratch wound model in which
C6 cells were treated with ADSC-CM-SF. Treatment of glio-
ma C6 with CM24 or CM48 reveals a significant increase in

�Fig. 2 Effect of ADSC-CM on glioma cell adhesion and migration. a
Semi-confluent cultures of C6 cells were treated with ADSC-CM for 1 h.
Then, cell adhesion was evaluated as described in the BMaterials and
Methods^ section. b C6 cells wound repair after 24 h with ADSC-CM-
SF. Negative controls indicates wound repair with DMEM SF. Positive
control represent wound repair with 10 % FBS supplemented DMEM.
The average initial wound width was measured and defined as 100 %. c
Inverted light microscopic images of C6 cells wound repair. Negative and
positive controls indicate DMEM SF and complete DMEM+10 % FBS,
respectively. Wound healing within the scrape line was recorded every
day. Representative scrape lines are shown at 0 and 24 h; dashed line
indicated the margin of the scratch. Scale bars 200 μm. d ADSC-CM
affected cell migration by Transwell assay. C6 cell seeded in the upper
chamber of Transwells were incubated with ADSC added to the lower
chamber, and cell migration was determined during 24 and 48 h, as
described in the BMaterials and Methods^ section. DMEM+10 % FBS
and DMEM SF were used as the positive and negative control,
respectively. Cells were photographed, and average cells per field were
calculated. Columns represent the mean percentage of migrating cells
relative to the negative control. e Representative light microscopy
image of crystal violet stained cells on the basal surface of the filter and
scheme illustrating each assay. Scale bars 100 μm. *p < 0.05 and
***p < 0.001 indicate significant differences in relation to the control
group as determined by ANOVA followed by Tukey’s test. All
experiments were repeated at least three times
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migration (2- and 1.7-fold, respectively) when compared with
control (DMEM SF), an effect that became significant after
24 h (Fig. 2b, c).

Next, we tested in a Transwell system if the presence of
ADSCs in the basal compartment could induce a stronger re-
sponse than that generated by ADSC-CM. Glioma cells exhib-
ited a 2.5-fold and 2-fold increase in cell migration when com-
pared to negative control (DMEM SF), after 24 or 48 h of indi-
rect co-culture of ADSCs and C6 cells, respectively (Fig. 2d, e).

Morphological Changes in C6 Glioma Cells Treated
with ADSC-CM

Changes in the migratory profile of cells are tightly associated
with alterations in cell spreading and cytoskeleton organiza-
tion. When glioma cells were maintained in ADSC-CM, mor-
phological changes in the majority of tumor cells could be
observed. Cells treated with CM shifted from the epithelial-
like cobblestone morphology to the spindle-like fibroblastoid
appearance, when compared with untreated cells over the
same period of time (Fig. 3).

Moreover, ADSC-CM induced characteristic reorganiza-
tion of actin filaments after 24 h, 48 h, and 5 days of culture
with CM, as detected by phalloidin-fluorescein labeling
(Fig. 4). This result was observed mainly in CM48 treatment
and on a smaller scale in CM24 treatment, but it was not
observed in C6 cultured in control medium. ADSCs were
observed to have F-actin filaments organized along the length
of the cell as an elongated rod shape, reflecting a change in
cellular polarity. Our results also showed that changes in cell
morphology were accompanied by increased nuclear irregu-
larity, mainly due to a circular to fusiform transition, suggest-
ing that the EMT-like effect induced by CM is similar to
TGFβ-induced EMTwhen nuclear morphology is considered,
suggesting that TGFβ could be one of the factors present in
CM that induces EMT-like process in C6 cells (Fig. 5).

ADSC-CM Enhance Expression of Markers Associated
with EMT

Lastly, up-regulation of the EMT-associated markers in C6
cells exposed to ADSC-CM was confirmed. We analyzed

Fig. 3 Morphological
appearance of C6 cells treated
with ADSC-CM. Phase contrast
microscopic views of C6 cells
treated with ADSC-CM during
24 h, 48 h and 5 days. Positive
control cells were treated for
5 days with 1 ng/mLTGF-β.
Scales bars, 200 μm
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the mRNA expression of vimentin, MMP2, NRAS, and Src
mRNA and found that ADSC-CM48 was able to significantly
increase the expression of vimentin and NRAS after 24 h of
treatment, whereas after 48 h of cell exposure to CM, the
expression of MMP2, vimentin and NRAS were upregulated.
The expression of Src was not altered by ADSC-CM (Fig. 6).
These data further support that treatment of C6 tumor cells
with ADSC-CM promotes activation of signaling pathways
leading to Breprogramming^ of tumor cells toward a mesen-
chymal phenotype.

Discussion

Increasing evidence has shown that MSCs play a tumor-
promoting function by stimulating tumor growth, invasion,
motility, and anticancer-drug resistance mainly by interacting
with cancer cells and promoting EMT [19, 32, 48–51]. Since
MSCs are recruited to sites of growing tumor, there is a con-
tinuous and bilateral molecular crosstalk between stromal
cells and cancer cells mediated through direct cell-cell con-
tacts or by secreted molecules [52, 53]. Although it remains
unclear whether physical contact between MSCs and tumor
cells is really required [54], it seems almost certain that the
major mechanism of MSC participation in cancer develop-
ment is related to their paracrine activity [55]. Hence, the
mechanisms of the modulatory behavior of MSCs must be
explored and the use of MSCs in patients with cancer should
be performed with caution.

Interestingly, we observed that ADSC-CM promotes a
marked increase in cancer cell migration. Recent reports have
shown a significant increase in migration of breast cancer cells
[48, 56], gastric cancer cells [57], hepatic cells [58], esopha-
geal carcinoma cells [59], and colon cancer cells [60] in re-
sponse to factors secreted by MSCs. Increased migration is a
key event to cellular invasiveness and is involved in degrada-
tion of basement membrane and extracellular matrix as well as
vessel invasion. For occurrence of this process, it is necessary
a paracrine communication through extracellular signals re-
leased by stromal tumor cells, synthesis of proteins, and active
intracellular signaling with cytoskeleton proteins [34]. Several
genes involved in glioma invasiveness have been identified
and include members of the family of metalloproteases
(MMP). Expression of MMP-2 and MMP-9 correlate with
invasiveness, proliferation, and prognosis in astrocytomas
[61].

�Fig 4 F-actin fiber formation in C6 cells induced by ADSC-CM and
TGF-β. Representative images of actin cytoskeleton reorganization via
filamentous actin (F-actin) immunostained with DAPI and phalloidin-
fluorescein. Cells were treated during 24 h, 48 h and 5 days with
ADSC-CM. Negative and positive controls were performed by
treatment with DMEM+10 % FBS and 1 ng/mL TGF-β, respectively.
All images presented are at ×400 magnification
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Reinforcing this pro-spreading effect of MSCs in cancer
cells, Karnoub et al. showed that bonemarrow-derived human
MSC when co-injected with breast carcinoma cells, in immu-
nocompromised mice, are able to promote a marked enhance-
ment in lung tumor metastasis, when compared to tumors
composed only by cancer cells. Additionally, this effect on
invasive potential was only observed when MSCs were
injected close to the engraft tumor. These results demonstrate
the importance of the tumor microenvironment and that cancer
cells can respond in a transient way to signals received from
their stromal microenvironment [62]. Although the metastasis
of GBM already has been described in the literature [63], they
remain very uncommon. The rapid relapse of tumor in GBM
patients has been considered as the key factor of the lack of
distant metastasis in patients with high-grade malignant glio-
mas [64]. However, despite metastasis outside of the CNS is
not common in this type of tumor, the capacity to infiltrate and
spread throughout the brain is a hallmark of GBM and is the
main basis for the failure of treatment [65].

In our findings, the secretome of ADSCs was able to in-
crease cell migration even without the physical presence of
ADSCs. However, this effect was increased in the co-culture

Transwell system, in which cells share the same medium, but
without direct contact. This can be explained by the fact that
when different cells are together in the same microenviron-
ment, the crosstalk among them is favored. In this case, the
crosstalk could be favorable to cancer progression, once can-
cer cells could also release factors to modulate MSCs in its
favor [24].

EMT is related to a more invasive cancer cell phenotype.
This process is only possible because the detachment of tumor
cells from the primary tumor is facilitated through the loss of
cell-cell adhesion molecules [66]. Cells of epithelial origin are
in part characterized by extensive points of cell-cell contact
that maintain cells as a layer, whereas mesenchymal cells
present only few contact points on their surface which mediate
their interaction with neighboring cells, decreasing their ad-
herence capacity [67]. In accordance, we demonstrate that C6
cells, after treatment with ADSC-CM, have their capacity of
adhesion significantly reduced. This is compatible with EMT
phenotype, in which cell adhesion molecules, such as
cadherin, have their expression or function changed, promot-
ing carcinoma progression and metastasis [68].

In order to confirm whether the decreased adhesion capac-
ity and enhanced migration ability of C6 cells after CM treat-
ment could be associated with EMT, we evaluate other hall-
mark features of EMT that are loss of apico-basal polarity,
reorganization of cytoskeletal architecture, and changes in cell
shape [69]. Epithelial cells are highly polarized apico-basally,
which is manifested through the organization of the cytoskel-
eton. Mesenchymal cells show front-back polarity instead of
apico-basal polarity [67]. Not surprisingly, we observed a
marked demodulation of actin cytoskeleton, morphology
changes, and characteristic elongated shape of the nucleus in

�Fig 5 Morphologic nuclear changes in C6 cells treated with ADSC-CM.
Distribution of C6 cells according to nuclear morphology. Black circles
mark the normal nuclear morphology. Cells into the yellow squares
represent cel ls wi th nuclear i r regular i ty. Representat ive
microphotographs (×40) showing the effect of CM in nuclear
morphology of C6 cells. Results are expressed in percentage and were
analyzed by one-way ANOVA, followed by Tukey’s multiple
comparisons test. The values were considered significantly different
from controls, when P < 0.05. All experiments were repeated at least
three times

Fig 6 Expression of EMT Markers in the C6 glioma cells cultured in
ADSC-CM. Quantitative RT-PCR confirmed significant increase in the
mRNA expression of vimentin, MMP2, NRAS, and Src in C6 cells
exposed during 24 and 48 h to ADSC-CM in comparison to C6 cells
maintained under the standard culture conditions. Quantitative PCR
measurements of gene expression levels are normalized against TBP

levels, and expressed relatively to the control samples. The values were
considered significantly different from controls, when P < 0.05 as
determined by ANOVA followed by Tukey’s test. *p < 0.05 and
***p< 0.001 indicate statistical difference from control. All experiments
were repeated at least three times
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CM-treated C6 cells. Therefore, we consider that the treatment
with CM leads to an enhanced potential for cell motility, main-
ly due to cytoskeletal modulation in C6 cells.

Next, the genetic markers associated with EMT, vimentin,
MMP2, NRAS, and Src were examined in C6 cancer cells
following CM treatment. The results showed that with excep-
tion of the Src marker, the treatment with ADSC-CM 48 was
capable to significantly increase the expression of EMT-
associated genes. The matrix metalloproteinase MMP2 and
the cytoskeletal protein vimentin are extensively described
to be associated with increased migration after EMT [67].
Furthermore, the vimentin and MMP-2 up-regulation corre-
late with enhanced migration and invasion in many human

tumors, including glioblastoma [70–79]. Oncogenes have also
been reported to be involved with EMT [80, 81]. In malignant
human melanoma, NRAS/BRAF activation drives a switch in
EMT transcription factor expression, leading to changes in
favor of TWIST1 and ZEB1 [82]. In human pancreatic cancer
cell line, Snail, a key regulator of EMT, can be induced by
TGF-β in tumor cells and this induction is highly dependent
on cooperation with active RAS signals [83]. Finally, the ex-
pression of Src was not altered by ADSC-CM in our study and
probably the enhanced expression of this gene is not crucial to
EMT induction. Additionally, tumor cells were shown to un-
dergo an Bincomplete^ EMT. In other words, cells could prog-
ress through an intermediate epithelial/mesenchymal hybrid

Fig 7 Schematic overview of the role of MSC-released factors in tumor
progression. MSCs are known to be able to migrate and home to the
tumor stroma. Within the tumor microenvironment, MSCs can deliver
trophic factors, including growth factors, chemokines, and cytokines,
which influence cancer cell phenotypes. MSC-derived factors can
interact with receptors on C6 cell surface and activate signal
transduction, resulting in loss of cell-cell contact and cobblestone
appearance that lead to a more elongated cell shape, with front-back
polarity. These cancer cells could show enhanced expression of EMT-
related markers such as vimentin, MMP2, and NRAS. The crosstalk
between MSCs and cancer cells also impact in subsequent stimulation
of migratory capacity, leading to a spreading of tumor cells and cancer
progression. On the other hand, factors released by MSCs can promote
differences in cellular responses and trigger a partial or incomplete EMT
in gliomas cells. Additionally, cancer cells can switch between epithelial

or mesenchymal phenotypes several times during formation of the
complex crosstalk between tumor cells and its microenvironment. In
this context, one has to keep in mind that EMT is a reversible process
and the initiation of signal transduction cascades that drive EMT in
epithelial cancer cells manifests in different levels in distinct cell types.
Furthermore, when cells acquire an intermediate state of EMT, not
necessarily will these cells be compromised with cancer progression,
but in opposite, these cells can stay in a senescent state and be inhibited
by the surrounding stroma or return through MET to an epithelial
phenotype. At the end, if the stimulus of the tumor stroma surrounding
was negative, an inhibitory effect into the tumor can limit tumor
progression and result in disadvantage for tumor survival, without cells
initiate the EMT changes. EMT epithelial to mesenchymal transition,
MET mesenchymal to epithelial transition, CAF cancer-associated
fibroblasts, MSC mesenchymal stem cell, ECM extracellular matrix
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stage and acquire a metastatic and invasive phenotype without
a requirement for a complete EMTas can be seen in Fig. 7 [84,
85]. In a model of murine mammary epithelial cell line, EpH4,
the activation of MEK1 signaling can induce changes associ-
ated with EMT, such as enhanced motility, invasiveness, and
remodeling of the actin cytoskeleton. However, no reduction
in the levels of E-cadherin was observed, nor was there any
induction of mesenchymal markers, such as smooth muscle
actin or vimentin (Pinkas J). The incomplete EMT could be
explained by the complexity of the EMT regulation network,
most often resulting in a small subset of tumor cells advancing
into the EMT program. Consequently, the induction of a full
EMT in cancer cells is difficult to observe [86].

It is well-established that tumor cells work to stimulate their
tumor-stromal cells to create a favorable environment for their
survival [87]. Then, in accordance with the hypothesis that
MSCs could support tumor progression, our analysis of cell
cycle and cell viability showed that ADSC-CM is unable to
alter C6 viability or the progression in cell cycle, thereby
allowing cell survival. The growth rate of C6 cells in our
model was not changed after CM cell treatment. Until now,
there is no consensus in the literature about the effect ofMSCs
on cancer cells proliferation, with some studies reporting in-
hibition [7, 28, 48], stimulation [26, 28], or no change [88].
Therefore, we consider that these conflicting findings are due
differences in cell source, model of cancer tested, or species
studied. There is scant information in the scientific literature
regarding the association between stem cells and EMT in gli-
omas. One of the few works found showed that CD133+ gli-
oma stem cell treated with human umbilical cord blood
derived-MSCs presented a down regulation of Twist1 and
Sox2 proteins, losing their stemness feature, by reverting
EMT through induction of mesenchymal epithelial transition
(MET) [89]. This study reinforces the importance to take into
account the origin and type of MSC before their therapeutic
application.

In summary, in the current work, we explored the in-
teraction between ADSCs and C6 glioma cell line
through ADSC-CM to understand the effects of ADSC-
secretome in tumor development. This report provides
evidences that molecules secreted by rat ADSCs can me-
diate the induction of EMT-like transformation in C6
cancer cells. Despite the recognition of the role of EMT
in the cancer progression, the mechanisms explaining
how stimuli-induced EMT occurs at the tumor site re-
mains unknown. Further understanding of the complex
crosstalk between MSCs and tumor cells as well as the
role that paracrine communication plays in tumor pro-
gression is required to establish the effectiveness and
safety of treatment strategies using cell therapy in glio-
mas. An overview to a better comprehension about the
intricate communication between cancer cells and their
microenvironment is provided in Fig. 7.
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