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Abstract Glioblastoma (GBM) is the most common and ag-
gressive primary malignant brain tumor in adults. Hypoxia is a
distinct feature in GBM and plays a significant role in tumor
progression, resistance to treatment, and poor outcome.
However, there is lack of studies relating type of cell death,
status of Akt phosphorylation on Ser473, mitochondrial mem-
brane potential, and morphological changes of tumor cells
after hypoxia and reoxygenation. The rat glioma C6 cell line
was exposed to oxygen deprivation (OD) in 5 % fetal bovine
serum (FBS) or serum-free media followed by reoxygenation
(RO). OD induced apoptosis on both 5 % FBS and serum-free
groups. Overall, cells on serum-free media showed more pro-
found morphological changes than cells on 5 % FBS.
Moreover, our results suggest that OD combined with absence
of serum provided a favorable environment for glioblastoma
dedifferentiation to cancer stem cells, since nestin, and CD133
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levels increased. Reoxygenation is present in hypoxic tumors
through microvessel formation and cell migration to oxygen-
ated areas. However, few studies approach these phenomena
when analyzing hypoxia. We show that RO caused morpho-
logical alterations characteristic of cells undergoing a differ-
entiation process due to increased GFAP. In the present study,
we characterized an in vitro hypoxic microenvironment asso-
ciated with GBM tumors, therefore contributing with new
insights for the development of therapeutics for resistant
glioblastoma.

Keywords Cancer - Glioma - Hypoxia - Reoxygenation -
C6 - Cancer stem cell

Introduction

Glioblastoma (GBM) is the most common and most lethal
form of primary brain tumor. Despite different combinations
of treatments, such as radiotherapy and chemotherapy, the
average survival for GBM patients is 15 months [1, 2].
These are morphologic, genetic, and phenotypically heteroge-
neous tumors [3].

GBMs display an elevated proliferation rate with extensive
areas of necrosis and hypoxia as a result of this rapid tumor
cell growth. Low O, levels favor tumor progression through
activation of vascular endothelial growth factor (VEGF). In
tumor cells, VEGF induces cell proliferation [4] and stimu-
lates cell invasion [5] and is also responsible for maintenance
of tumor cells in an undifferentiated phenotype [6].

The tumor microenvironment contains a minor fraction of
cancer stem cells (CSCs). CSCs are characterized by self-
renewal and maintenance of tumor mass. When transplanted,
they are responsible for new tumor growth [7, 8], increased
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chemotherapy resistance, and initiation of tumor invasion by
stimulating migration of differentiated cancer cells [8, 9].

The C6 cell line is widely used in the study of glio-
mas. C6 cells contain a pool of cancer stem cells ex-
pressing CD133 and nestin [10], which are the
established markers for brain CSCs and can be used for
isolating them. Moreover, some studies suggest the use
of cell size, granularity, and mitochondrial membrane
potential for characterization and isolation of CSCs and
stem cells in general [11].

The hypoxic environment drives the selection of
more aggressive tumor cells through cellular adaptations
[12]. Developing an in vitro model of the hypoxic mi-
croenvironment allows for a more in-depth study of
those adaptations, contributing to the enhancement of
therapies against these aggressive tumor cells. In order
to mimic a tumor hypoxic niche and to analyze the
adaptations of glioma C6 cells to these conditions, we
exposed cells to oxygen deprivation (OD) on serum-free
medium or with 5 % fetal bovine serum (FBS). We
analyzed cell death; morphological changes; and Akt,
VEGF, nestin, CD133, and glial fibrillary acidic protein
(GFAP) levels during OD. Additionally, we observed
morphological changes indicating phenotypic alterations
in the cells during reoxygenation (RO) following OD.
Our results provide insight into the cellular alterations
caused by a hypoxic microenvironment on GBM tumor
cells.

Materials and Methods
Chemicals and Materials

Cell culture media and FBS were obtained from Gibco-
Invitrogen (Grand Island, NY, USA). Propidium iodide (PI)
was obtained from Sigma Chemical Co (St. Louis, MO,
USA). All other reagents were purchased from Sigma
Chemical Co or Merck (Darmstadt, Germany). All other
chemicals and solvents used were of analytical or pharmaceu-
tical grade.

Cell Culture

The C6 rat glioma cell line was obtained from the
American Type Culture Collection (Rockville, MD,
USA). Cells were grown and maintained in Dulbecco’s
modified Eagle’s Medium (DMEM; Gibco-Invitrogen)
supplemented with 5 % (v/v) FBS (Gibco-Invitrogen) con-
taining 2.5 mg/mL Fungizone and 100 U/L gentamicin
(Shering do Brasil, Sdo Paulo, SP, Brazil). Cells were in-
cubated at 37 °C in a minimum relative humidity of 5 %
CO, atmosphere. Experiments throughout this study were
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conducted either in serum-free DMEM or in serum-
supplemented DMEM.

Oxygen Deprivation

OD was achieved according to the method described by
Strasser and Fischer [13] with some modifications [14]. C6
glioma cells were seeded at 4.5 x 10> cells/well in
DMEM/S % FBS in six-well plates and grown for 72 h.
Following the 72 h growth, the group that received serum
during OD had its medium replaced by conventional 5 %
FBS media previously bubbled with N, for 30 min. The group
that did not receive serum had its medium replaced with
serum-free DMEM, also previously bubbled with N, for
30 min. Plates were immediately transferred to an anaerobic
chamber at 37 °C in a N,-enriched atmosphere for 15 min, 1 h,
or 3 h. Controls were maintained in an incubator with 5 %
CO, atmosphere at 37 °C.

Flow Cytometry Analysis

Flow cytometry was used to evaluate size and granularity
of cells, cell death, proteins levels, and mitochondrial
mass and membrane potential. After OD, culture medium
and cells were harvested with trypsin. Cells were then
evaluated for size and granularity using the forward-
scatter (FSC) and side-scatter (SSC) light parameters and
stained with dyes or incubated with the proper antibodies
for flow cytometry analysis using a FACSCalibur flow
cytometer (Becton Dickinson, Franklin Lakes, NJ,
USA). Analysis was performed using the FCS Express 5
software (De Novo Software, Los Angeles, CA, USA).

Classification of Cell Death

Apoptotic and necrotic cell deaths were analyzed by flow
cytometry by double staining with fluorescein isothiocyanate
(FITC)-conjugated annexin V and PI for 20 min. Staining was
performed according to the manufacturer’s instructions (BD
Pharmingen, San Diego, CA, USA). Flow cytometry analysis
was performed as described in “Flow Cytometry Analysis”
section.

Classification of Cell Size and Granularity

As the population of cells appeared to be morphologi-
cally heterogeneous, parameters of cell size and granu-
larity were measured by flow cytometry and plotted
against markers of cell death. Cells were divided into
three subpopulations based on size: small (S), medium
(M), and large (L). To assess the distribution of granu-
larity between viable and dead cells, cells were divided
into two subpopulations based on flow cytometry
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analysis according to their granularity: regular (G1) and
granular (G2).

Immunodetection

To investigate cellular adaptations to hypoxia, key pro-
teins were studied. After OD and RO periods, cells
were fixed with phosphate-buffered saline (PBS) and
4 % paraformaldehyde for 20 min, then cells were
permeabilized with PBS and 0.01 % Triton X-100 and/
or incubated with the primary antibodies anti-VEGF
(1:100; Santa Cruz Biotech, Dallas, TX, USA), anti-
Akt (1:50; Cell Signaling Technology™, Beverly, MA,
USA), anti-p-Aktgerg73 (1:50; Cell Signaling
Technology™), anti-nestin (1:50; Cell Signaling
Technology™), anti-GFAP (1:50; Cell Signaling
Technology™), and anti-CD133 (1:50; Cell Signaling
Technology™) for 30 min. The secondary antibody,
Alexa Fluor 488 anti-mouse or Alexa Fluor 555 anti-
mouse (1:100; Gibco-Invitrogen), was added, and after
a 60 min incubation, cells were analyzed by flow
cytometry.

MitoTracker Staining

Mitochondrial mass and membrane potential were eval-
uvated using MitoTracker® Green and MitoTracker®
Red (Invitrogen®, Molecular Probes, Eugene, OR,
USA), respectively. Cells were incubated in a PBS/
MitoTracker Green/Red solution (100 nM) at 37 °C,
in the dark, for 45 min.

Microscopy

To identify cell death, 5 uM PI and 2.5 uM 4',6-
diamidino-2-phenylindole (DAPI) was added to C6 glio-
ma cells after induction of OD. PI fluorescence was ex-
cited at 515-560 nm using an inverted microscope
(Nikon Eclipse TE300; Nikon, Tokyo, Japan) fitted with
a standard rhodamine filter. For nucleous stain 2.5 pM of
DAPI was added. DAPI was excited by the violet
405 nm laser line, and images were captured using a
digital camera connected to the microscope.
Sulforhodamine B (SRB) assay was used for staining cell
proteins. Cells were fixed with PBS/FORMOL 4 % for
15 min and stained with SRB. Unbound stain was
washed, and cells were analyzed on an Olympus
FV1000 laser scanning confocal microscope. All images
were processed with Imagel] software (NIH, Bethesda,
MD, USA).

Reoxygenation Assay

OD was performed in serum-free medium for 15 min,
1 h, or 3 h, followed by cells being maintained in an
incubator with 5 % CO, atmosphere at 37 °C for 15 min,
1 h,3h, or 24 h (RO) in 5 % FBS medium. Controls
were maintained in an incubator with 5 % CO, atmo-
sphere at 37 °C. After RO periods, images were captured
using a digital camera connected to the microscope
(Nikon Eclipse TE300, Nikon). Morphological changes
during RO periods were analyzed and compared to OD
groups.

Statistical Analysis

Data are expressed as mean + SD. All results are representa-
tive of at least three independent experiments. One-way anal-
ysis of variance or Student’s # test was applied to the means to
determine statistical differences between experimental groups.
Post hoc comparisons were performed by Tukey’s test.
Differences between mean values were considered significant
atp <0.05.

Results
OD Treatment Induces Apoptosis

For cells in 5 % FBS, viability was significantly re-
duced following a 3 h OD, while apoptosis increased
during 1 and 3 h OD (Fig. la). Cells exposed to
serum-free media, however, showed diminished viability
with significant increase in apoptosis at the 1 and 3 h
time points (Fig. 1b). These findings were supported by
photomicrographs showing DAPI and PI staining results
(Figs. S1 and S2).

C6 Glioma Cells Display Media-Specific Size Fluctuations

The majority of viable cells were sized in the M range, con-
trasting with the dead cells, which were frequently larger
(Figs. 2 and S3). In 5 % FBS media, the viable cells decreased
in size (from L to M) after 1 and 3 h OD (Figs. 2a and S3a).
For dead cells, OD caused an increase in the number of S cells
at the 1 h time point (Figs. 2a and S3a).

In serum-free media, although cell viability decreased with
OD treatment, the remaining viable cells increased in size after
1 and 3 h OD (Figs. 2b and S3b). Meanwhile, following OD
treatment, apoptotic cells displayed significant increases in
cell size relative to the control apoptotic cells at the 1 and
3 h time points (Figs. 2b and S3b).
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Apoptotic Cell Granularity Increases in Serum-Free
Media

The majority of viable cells in 5 % FBS media displayed
regular granularity (G1) that remained unchanged after all
OD time periods, while the majority of dead cells were ob-
served in the G2 range (Figs. 3a and S4a).

In the control group of the serum-free media, the ma-
jority of viable cells displayed regular granularity (Gl),
with only a rare subpopulation of viable cells presenting
as G2 (Figs. 3b and S4b). The number of viable cells
presenting as G2 increased at the 15 min and 1 h OD time
points, and this number appeared to decrease with OD
duration (Figs. 3b and S4b). Regular granularity (G1) in
the serum-free media group was also predominant in con-
trol dead cells; however, dead cells that had been exposed
to OD exhibited increased granularity (Figs. 3b and S4b).
These results suggested that cells exposed to serum-free
media were more granular.

Mitochondrial Membrane Potential during OD

In the 5 % FBS group, a 3 h OD caused depolarization
of the mitochondrial membrane in a subpopulation of
cells, as reflected by the lower fluorescence intensity
of MitoTracker Red on gate 2 (Fig. 4a). A small sub-
population of cells (gate 3) with hyperpolarized
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Fig.3 Analysis of cell granularity. Cells were stained with annexin Vand
PI and categorized based on their granularity: regular [G1] and more
granular [G2]. Distribution of granularity in viable and dead cells in a

mitochondrial membrane increased after the 15 min
OD (Fig. 4a).

In the serum-free group, depolarization occurred as early as
15 min OD and persisted during 1 and 3 h (Fig. 4b). The small
subpopulation of cells with high hyperpolarized mitochondri-
al membrane (gate 3) increased during the 15 min and 1 h OD
(Fig. 4b).

OD Alters Akt, VEGF, CD133, and Nestin Levels

Akt is involved in signaling pathways regulating
differentiation/dedifferentiation and cell death control.
During all OD times, p-Aktse473 levels were decreased, on
both 5 % FBS and serum-free groups (Fig. 5). Akt levels
remained the same as the control group.

To analyze morphological changes and stemness, cells
were analyzed for VEGF levels using flow cytometry
(Fig. 6a). Our results indicated an increase in VEGF
levels in cells exposed to 1 h OD compared with the
control group, also on both 5 % FBS and serum-free
groups (Fig. 6a). VEGFR levels remained unchanged
(data not shown).

CD133 and nestin are cell markers of cancer stem cells.
For cells in serum-free medium, nestin and CD133 were
significantly increased in 1 h OD (Fig. 6b, ¢). In 5 %
FBS, there was a tendency of an increase in CD133 levels
(p = 0.0603). GFAP was unaltered (Fig. 6d).
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d Fig. 4 Dot-plot analysis and distribution of gated events from flow
cytometry of cells in a 5 % FBS medium or b serum-free medium stained
with MitoTracker Green vs. MitoTracker Red. Cells were gated accord-
ingly with different stained populations observed on control cells as
shown on the dot-plot and as follows: G/ gate 1; G2 gate 2; G3 gate 3.
Data are represented as means + SEM (n = 6). *p < 0.05, **p < 0.01, and
*#%p < 0.001 vs. control

Morphological and Protein Markers Changes Caused
by Oxygen Deprivation and Reoxygenation

In C6 cells, 1 h OD in serum-free medium followed by
24 h RO increased CD133 and GFAP levels, while nestin
remained unaltered (Fig. 7). Control cells displayed long
spindles and evenly distributed processes (Figs. S1 and
S2). After OD, cells became polygonal and processes de-
creased. As the time under OD conditions increased, the
cells became oval-shaped and processes were absent
(Figs. S1 and S2). As the duration of RO increased, cells
became more long-spindled and displayed larger and thin-
ner processes as well as decreased sizes (Figs. S3 and S4
and Table S1). These morphological changes were more
pronounced during longer periods of hypoxia and RO.

Discussion

Tumor hypoxia is usually associated with poor patient
prognosis and with resistance to therapy in GBMs [15].
In addition, this state contributes to glioblastoma cell
proliferation, angiogenic drive, and metastasis/invasion
[16, 17]. Hypoxic conditions also induce an immature
phenotype on human neuroblastoma and breast cancer
lines [18].

Hypoxia can lead to apoptotic or necrotic cell death with no
consensus in the literature regarding the type of death [19-21].
Here, we exposed C6 cells to OD in the presence or absence of
serum and observed that both groups presented mitochondrial
membrane potential depolarization and cell death by apoptosis
(Fig. 8).

Several studies demonstrated that hypoxia in vitro is a rel-
atively strong inducer of apoptosis in colon carcinoma cell
lines (HT29 and HCT116), oral cancer cells, glioma cell lines
(U87,U251), and primary glioma cells [7, 12, 19]. One theory
to explain the induction of apoptosis in cancer cells is that, due
to tumor heterogeneity, some cells are more sensible to hyp-
oxic DNA damage. Yao et al. [12] also hypothesized that
mutational events are responsible for increased apoptosis
susceptibility.

Previous studies have demonstrated that hypoxia
activates Akt, which is in contrast with our findings.
According to the literature, hypoxia induces phos-
phorylation of Akt at Ser473. In our study, however,
pAktsers73 levels were decreased during all OD times.
Leszczynska et al. [22] demonstrated that activation
of Akt occurred only in P53-null or mutant cells
(HCT116 p53, H1299, OE21, and PSN1) but not in
P53 wild-type (p53-wt) cells (RKO and HCTI116).
They suggest that p53 may be negatively regulating
Akt activation on hypoxia and thus promoting apopto-
sis. C6 rat glioma cell line is p53-wt [23], and this
could explain the decrease in Akt phosphorylation
caused by hypoxia.

Zenali et al. [24] observed that increased granularity
was related with an increase in CD133 expression. Cell
size can be an important predictor of the metabolic state
and metabolic reprogramming. CSCs are usually smaller
than differentiated cancer cells, and the metabolic neces-
sity is also lower [25]. Here, we show that hypoxia on
the 5 % FBS group caused a decrease in viable cell
size, but CSCs markers CD133 and nestin remained
unaltered. This conditions were not sufficient to increase
CD133 and nestin possibly because the environment
was unsuitable, i.e., lacking autocrine factors that could
induce cells to fully dedifferentiate.

On the other hand, hypoxia on the serum-free group
caused an increase in viable cell size with increase in
CD133 and nestin. Studies show a relationship between
cell size and granularity on neural stem cells (NSCs):
populations with increased size and granularity show
enrichment of NSCs [26-28].

Increased mitochondrial membrane potential (Aypm)
is proposed as a characteristic of CSCs [29]. Cells with
intrinsically higher A{m demonstrate higher resistance
to hypoxia and increased CD133 expression and show
greater potential to form tumors [30]. Moreover, glio-
blastoma CSCs expressing CD133 exhibited elevated
Aypm [31]. These suggest that CSCs may have a differ-
ent Apm when compared with differentiated carcinoma
cells [29, 32]. Here, a subpopulation of C6 cells with
high A\{m was identified on normal culture conditions
and on normoxia with serum-free medium. In the 5 %
FBS group, 15 min OD increased this subpopulation of
cells, and in the serum-free group, this increase was
more pronounced and also appeared after 1 h OD.
This result on the serum-free group corroborates with
our hypothesis that the combination of hypoxia and
the lack of serum promoted an increase in the CSCs
population, since in the 1 h OD there was also an in-
crease in CD133 and nestin expression.
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VEGF helps maintain tumor cells in a stemness phe- 5 % FBS and serum-free groups. These results confirm
notype [33, 6]. After 1 h OD, VEGF levels increased in ~ the morphological changes that occurred during OD:
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Fig. 8 Schematic illustration of
the effects of in vitro oxygen
deprivation in the absence of
serum and of reoxygenation on
C6 glioma cells

C6 cells

oval-shaped bodies and absence of cellular processes, a
characteristic of stemness [7]. The serum-free group
showed more profound changes in viable cell morphol-
ogy than the 5 % FBS group. Moreover, nestin and
CD133 levels increased after 1 h OD in the serum-
free group, which is a characteristic of cancer stem
cells. In the 5 % FBS group, however, nestin and
CD133 levels remained unaltered after OD. Studies
demonstrate that the absence of serum and the combi-
nation of basic fibroblast growth factor (bFGF) and
platelet-derived growth factor (PDGF) seem to be able
to maintain subpopulations of cancer stem cells [30,
34-37]. In addition, in vitro hypoxia can stimulate au-
tocrine secretion of PDGF and bFGF [38]. The differ-
ences in our findings regarding the 5 % FBS and the
serum-free groups highlight the importance of serum for
cell dedifferentiation. In the presence of serum, hypoxia
caused morphological changes characteristic of stem
cells and increased VEGF levels, but did not induce
dedifferentiation, since nestin and CD133 levels
remained unaltered. The absence of serum in conjunc-
tion with hypoxia, however, seems to promote a favor-
able environment for cell dedifferentiation.

Segovia et al. [39] provide the evidence that C6
CSCs express proteins and mRNAs that are character-
istic of both glia and neurons, and they can differenti-
ate into both types of cells in vitro and in vivo. Li
et al. [7] described that hypoxia induces dedifferentia-
tion of differentiated glioma cells, causing them to ac-
quire stemness. Moreover, neural precursors maintain
undifferentiated phenotypes in low O, concentrations,
while higher O, concentrations promote cellular
differentiation.

Here, we showed that OD promoted C6 cell dediffer-
entiation, while reoxygenation appeared to cause differ-
entiation of CSCs. The increase in GFAP levels and the
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cell morphology after 24 h RO supports this hypothesis.
CD133 levels, however, also increased after 24 h RO,
suggesting that some cells maintained stemness even in
the presence of O,, as occurs in the microenvironment
of hypoxic tumors.

Therefore, models of GBM tumors in hypoxic condi-
tions and the data presented in this study support the
hypothesis that hypoxic niches contribute to GBM ma-
lignancy. Given that limited O, concentration is impor-
tant for tumor progression and therapy resistance, stud-
ies of more efficient antitumoral strategies require in-
creased understanding of the tumor microenvironment,
which is characterized by lack of O,.

Moreover, our study shows the importance of serum for
in vitro analysis of the hypoxic tumoral microenvironment.
Hypoxia in the absence of serum induced C6 cells to
dedifferentiate to a CSCs phenotype, while the presence
of serum caused subtle changes. Another important factor
to be considered when studying in vitro hypoxia on cancer
cells is p53 status. P53 mutations can confer apoptosis and
chemotherapy resistance to cancer cells, and this can affect
their response to hypoxia. We believe that the lack of
consensus between different studies on hypoxia effects
on tumor cells is due to varying approaches regarding
these factors. Also, few studies analyze the reoxygenation
period. In hypoxic tumors, reoxygenation can occur when
cells receive oxygen from newly formed microvasculatures
or when hypoxic-resistant cells migrate to more oxygenat-
ed areas. Therefore, analysis of reoxygenation in vitro is
important to characterize those adaptive changes on cancer
cells.

Regarding GBM, there needs to be greater understating of
CSCs adaptations to the hypoxic microenvironment in order
to develop effective treatments for this lethal tumor. Such
knowledge can provide novel targets against therapy-
resistant glioblastoma.
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