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ABSTRACT

The objective of this work focuses on determining whether there are tumor cells with the Side Population phenotype
in cell lines derived from astrocytomas, and if they are sensitive to hypoxia conditions and to the combination
of temozolomide with inhibitors of sonic hedgehog pathway (cyclopamine) and of MGMT (O° -benzylguanine).
Cytometry studies were performed to separate the SP cell fraction in all cell lines. The proportion of SP cells was
directly proportional to the degree of malignancy of the astrocytoma. The cells showed characteristics of tumor stem
cells, such as a greater capacity for self-renewal, and constituted an independent or partially overlapping population
with the population of CD133+ cancer stem cells. SP cells were highly resistant to temozolomide, while tumor cells
that did not display tumor stem cell properties appeared to be more sensitive. The sonic hedgehog pathway caused
resistance to temozolomide, but its inhibition with cyclopamine increased the cytotoxic effects of temozolomide,
preferentially in populations not enriched for tumor stem cells of the Side Population. Chemoresistance was
often independent of MGMT expression. O°-benzylguanine was not always capable of increasing the sensitivity to
temozolomide in tumor stem cells of the Side Population and in hypoxia. ABCG2 was the transporter predominantly
expressed in tumor stem cell populations of the Side Population in high-grade astrocytomas, whereas MDR1
expressed more in non-tumor stem cell populations, and in tumor cells in lower-grade astrocytomas. ABCG2 might
be responsible for acquired resistance during treatment with temozolomide.
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INTRODUCTION other drugs and substances being ABCG2 the transporter which
predominantly confers the SP phenotype [1,2]. Both types of CSCs
_ show similar characteristics, since SP cells are enriched in CSC,
le}::/els. Séme th the cell}sl that cogsntute tumors 1411?‘76 StM — although not all CSC are found in the SP cell fraction. Both cell
characteristics (they are then named cancer stem cells -CSC-) types have greater capacity than differentiated tumor cells for self-
and are considered to be responsible for the initiation and/or . . . .

renewal, proliferation, resistance mechanisms to chemotherapy and

maintenance of the tumor. CSC can divide symmetrically, giving ‘ . . o
) i ) _ A ) radiotherapy, evasion of apoptosis and altered signaling pathways.
rise to identical cells; and asymmetrically, resulting in differentiated

tumor cells. There are currently two methods proposed for the ~ CSC have been isolated in hematologic malignancies and solid
identification and purification of CSC: the first one, through  tumors, including brain tumors (they are then called BTSC, or
specific surface markers (such as CD133) selectively expressed in ~ brain tumor stem cells) [3-7]. It has been shown that some brain
CSC, but not in the vast majority of the mass tumor; and the second ~ tumors are derived from the transformation of undifferentiated
one, through cell labeling with certain fluorochromes to identify ~ neural stem cells [8]. BTSC show similar genetic and biological
stem cell-like cells, called Side Population cells (SP cells) based on characteristics to neural stem cells. Singh et al., isolated BTSC
the ability of these cells to extrude the Hoechst 33342 (Ho342) by cell separation techniques, based on the expression of the cell
DNA binding fluorochrome from within. SP cells express high ~ surface marker CD133 or prominin 1, while Galli et al., identified
levels of members of the ABC (ATP-binding cassette) transporter ~ them by their ability to form neurospheres in vitro [5,3].

family such as ABCG2, responsible for extrusion of Ho342 and

Cancer is a heterogeneous disease, at the cellular and molecular

BTSC distinguish themselves from the rest of the tumor cells in that
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they show the properties of neural stem cells, such as the capacity for
long-term self-renewal and differentiation to different lineages such
as neuronal and astroglial [6,9]. In addition, BTSC have the ability
to form brain tumors when injected into immunosuppressed mice,
showing a histological and invasive pattern similar to the original
tumor [3]. These findings suggest that BTSC are responsible
for the high invasion capacity and the resistance to chemo- and
radiotherapy that the vast majority of brain tumors present [10,11].

CD133 was initially identified as a marker of normal neuronal
precursors and hematopoietic stem cells [12]. CD133+ cells have
been isolated in several types of tumors reviewed by Neuzil J. et al.,
while the CD133 marker is not expressed or slightly expressed in
differentiated cells [13,14]. CD133, being a surface antigen, can be
modified by various factors, such as cellular stress or hypoxia. Under
hypoxic conditions there is an increase in CD133 expression, thus
increasing its tumorigenic potential [15-17]. CD133+ cells might
behave like BTSC, although this hypothesis has recently been
refuted, since it has been shown that even CD133- glioblastoma
cells also have stem cell properties and are capable of forming
tumors in vivo [18].

SP cells constitute a subpopulation of cells with low fluorescence
for Ho342 respect to the total population of tumor cells. The SP
population disappears with verapamil, an inhibitor of the activity
of the membrane transporters. ABCG2 is the transporter that
determines the Side Population.

Since the discovery of SP cells in bone marrow, they have also been
detected in other tissues, and in different types of tumors, including
tumor cell lines such as leukemia, gliomas, medulloblastoma,
hepatocarcinomas, breast, prostate, thyroid, colorectal and ovarian
carcinoma, where the SP population would be enriched in stem
cells and with greater clonogenic and tumorigenic potential
compared to the non-SP fraction [19-36]. Therefore, SP cells may
be responsible for more aggressive tumor behavior, and drug
resistance. So, this population could be a good therapeutic target.
SP cells from glioma cell lines have been detected to be enriched
in tumorigenic cells with stem cell properties, while ABCG2+ and
ABCG2- cells showed equal tumorigenicity [30].

High-grade astrocytomas (anaplastic astrocytoma and glioblastoma
multiforme) are the most malignant primary brain tumors, due to
the high resistance to chemotherapy and radiotherapy they offer
compared to conventional therapies. Temozolomide is the only
chemical agent used against glioblastoma in the clinic. Resistance
to temozolomide is a recurrent topic in neuro-oncology. The
possible existence of tumor cells with properties of stem cells
establish that these cells would be the ones responsible for the
initiation, proliferation and maintenance of the tumor, offering
the tumor survival advantages over conventional treatments. In
addition, tumor hypoxia offers advantages in tumor development
and growth, in addition to providing the tumor with resistance to
conventional therapies and dedifferentiation capacity of tumor

cells [37,38]

The objective of this work focuses on determining whether there
are tumor cells with the SP phenotype in cell lines derived from
astrocytomas, and if they are sensitive to hypoxia conditions. It
is also proposed if SP cells are sensitive to the combination of
temozolomide with inhibitors of classical signaling pathways
associated to the maintenance of cancer stem cells.
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MATERIALS AND METHODS

Characterization of cell lines

Cell lines: The work was carried out on 10 cell lines derived from
astrocytomas of different grade and the NHA (Normal Human
Astrocytes) astrocyte line. The NHA line was obtained from Lonza
(CC-2565). Lines A172, U87 MG, T98G (derived from grade IV
tumors), and MOG-G-CCM (derived from a grade III astrocytoma),
were obtained from the European Collection of Cell Cultures.
Lines U118, CCESTTG1 (derived from grade IV tumors),
SW-1783 and SW-1088 (derived from a grade III astrocytoma)
were requested from the American Type Culture Collection
(ATCC). LN-405 and GOS3 cells were obtained from the Leibniz
Institut DSMZ Deutsche Sammlung von Mikroorganismen und
Zellkulturen GmbH. The MXRA line (KB cell line transfected
with the complete cDNA of ABCG2) was used as a positive control
for Side Population cell experiments, since they have an induced
expression of the ABCG2 transporter.

Growing conditions

Normal culture medium: The NHA line was grown in AGM
Bulletkit medium (ABM Astrocyte Basal Medium supplemented
with Clonetics AGM Single Quots). The remaining astrocytoma cell
lines were cultured in RPMI + L-Glutamax medium supplemented
with 10% fetal bovine serum, 1% penicillin/streptomycin and
cultured for expansion and analysis in 2 incubators with different
conditions; an incubator with an atmosphere of 5% CO, and
21% O, (normoxia) and another incubator with 2% O, (hypoxia).
When the cells had a confluence of 80-90%, they were subcultured
after obtaining a 0.05% trypsin-EDTA suspension. MXRA cells
were cultured in DMEM containing 10% fetal bovine serum and
1% penicillin streptomycin. 2 pl of 800 nm mitoxantrone/12 ml
of medium is added to the medium to favor the expression of the
ABCG2 transporter.

Neural stem cell selective culture medium: The cells were
cultured in a serum-free medium consisting of: DMEM/F12 with
glutamine, 2% B27, 20 ng/ml endothelial growth factor (EGF), 20
ng/ml fibroblastic growth factor beta (FGFb) and 1% penicillin/
streptomycin. These cells were also expanded under normoxic and
hypoxic conditions.

Gene expression analysis by RT-PCR and RT-qPCR

Reverse transcription polymerase chain reaction (RT-PCR) and
reverse transcription real-time polymerase chain reaction (RT-
qPCR) analyses were carried out to characterize the expression
patterns of genes associated with cellular immaturity, of membrane
transporters associated with chemoresistance, of HH signaling
pathway regulators and of DNA repair pathways. Primers used for

RT-PCR and RT-qPCR are described in Table 1.

RNA extraction: RNA of the cell lines was purified using the
Illustra RNAspin Mini RNA Isolation Kit (GE Healthcare) kit
following the manufacturer's instructions. The purity and quantity
of RNA was determined by the Nanodrop system.

Reverse transcription: The RNA (1 pg) was retrotranscribed in a
final volume of 20 ul (from the final mixture of the reaction volume).
Random primers (250 pg) and dNTPs (0.5 mM each) were added
to the RNA and incubated 5 min at 65°C . The enzyme buffers,
5X buffer and DTT (0.01 M) were then added and incubated 2
min at 42°C . Next, 1 U of the enzyme (SuperScript™ II RNase



Balbuena J, et al.

H Reverse Transcriptase) was added and incubated for 10 min at
25°C, 50 min at 42°C, and 15 min at 70°C . The resulting cDNA

was stored at -20°C until use.

Quantification using RT-qPCR: The PCR reactions were carried out
in an 1Q5 Multicolor RealTime PCR Detecton System (Bio-Rad). 75
ng cDNA were mixed with 12.5 ul SYBR Green I Master Mix Buffer
and 0.5 pl of each primer (0.1 pmol/L) in a final volume of 25 pl.
After an initial denaturation step at 94°C for 10 min, the amplification
steps consisting of 30-35 cycles were followed, altering the following
conditions: 94°C 30 s, specific hybridization temperature (annealing)
for each gene 30 s, and 72°C 30 s. After the amplification step, the
melting temperature curve was analyzed from 70°C to 90°C 30 s every
0.5°C . The gene transcripts were normalized with the HPRT control

gene transcripts in each sample. Quantification of gene expression was
. AAC
performed using the 2™ method [39].

RT-PCR conditions: The RT-PCR analysis was catried out with 75 ng
of cDNA in a final volume of 25 pl, containing 2.5 pl of 10x reaction
buffer, 1.5-2 mM MgCl2, 0.2 mM of each dANTP, 5-10 pmol of the sense
and antisense primers, 5-10% DMSO and 1 unit AmpliTaq Gold™
polymerase enzyme. The reactions were performed in a T3 thermal
cycler from Biometra. After an initial denaturation step at 94°C for 10
min, the amplification steps, consisting of 30-35 cycles, were followed,
alternating the following conditions: 1 min at 94 °C , 1 min at the
specific hybridization temperature for each pair of primers, and 45
s to 2 min at 72 °C depending on the gene studied. The reaction
ends with a final extension step at 72°C 10 min. The PCR products
were visualized on a 2% agarose gel with ethidium bromide at a final
concentration of 0.1 pg/ml. The HPRT gene was used as a control.

Identification and characterization of cells of the side
population

Identification of the side population: For the identification of cells of
the Side Population (SP cells) (Figure 1) the cell lines were expanded in
2 incubators with different atmospheres, one with 5% CO, and 21%
O, (normoxia) and another with 5% CO; and 2% of O, (hypoxia)
since hypoxia favors the expression of the ABCG2 transporter, which
confers the SP phenotype. For the proper and representative SP cell
labeling of the SP population, a minimum of 10-20 million cells were
needed for analysis and subsequent cell separation. For labeling, the
cell suspension was left in DMEM medium containing 2% FCS and
10 mM HEPES preheated to 37°C and Hoechst 33342 (Ho342) to
a final concentration of 5 pg/ml. The cells were incubated in a bath
at exactly 37°C for 2 h, mixing the contents of the tube every 15
min. After incubation, the tubes were centrifuged for 6 min at 1500
rpm at 4°C to stop the activity of the transporter, and kept at 4°C
in darkness until using them in the cytometer. After centrifugation,
the supernatant is decanted and 1 ml of HBSS with 2% FCS and 10
mM HEPES is added. Possible cell aggregates that may have formed
are removed by nytal mesh filtration (Sefar Maissa S.A., Barcelona).
Finally, propidium iodide is added to a final concentration of 1 pg/
ml to discriminate dead cells from the analysis. Hoechst 33342 was
aliquoted to a concentration of 1 mg/ml and stored at -20°C and the
aliquot was replaced every 1-2 days.

The data was analyzed using FlowJo Software (Tree Star Inc.) and
was acquired in a MoFlo® (Beckman-Coulter) equipped with three
lasers operating at 351, 488 and 633 nm. The combination of filters
for the analysis of Ho342 was as follows: 440DLP, BP405,/30 (Ho342
blue) and BP670/40 (Ho342 red). The Ho342 signal was measured
by linear scale at 30 mW of ultraviolet laser power. The acquisition of
the data was stopped by acquiring 100,000 events within the life-gate.
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The propidium iodide signal was acquired through a 630/30 bandpass
filter.

Separation of the side population: After identification of SP cells,
we proceeded to expand and perform cell separations until obtaining
a highly purified population of SP cells relative to the parental line,
using cell sorting. It was not possible to isolate the SP cells from all cell
lines in the 2 conditions (normoxia and hypoxia).

Gene expression analysis by RT-qPCR: The products of the genes
associated with stem cells, some genes of the HH pathway and some
other genes related to the DNA repair pathways were analyzed by RT-
qPCR to determine, e.g., if the purified SP cells presented a higher
HH activation level and a higher level of cell undifferentiation relative
to the parental cell lines. On the other hand, we also tried to reach
the same conclusion regarding SP and parental cells grown under
hypoxia conditions, under which they could have a higher level of
undifferentiation.

CD133 protein labeling: A pellet of one million cells from the
different cell lines was collected and washed twice in 1 ml of PBA
buffer containing PBS, 1% albumin and 0.1% sodium azide, and
centrifuged for 10 s at 4°C at 13200 rpm. After decantation of the
supernatant, we added 10 pl of the primary antibody CD133/1-P3
(Miltenyi Biotec 1:10) and incubated it for 30 min at 4°C in darkness.

After incubation, 500 pl of the PBA buffer was added directly and
analyzed by the cytometer.

Cellular and genetic characterization with cyclopamine and
temozolomide: We decided to study how temozolomide affects
glioma cell lines at different levels (cell proliferation, cell cycle and gene
expression). Cells were grown in normoxia and hypoxia and in their
respective purified SP populations.

Analysis of cell proliferation by MTT: Cell proliferation was
measured using the MTT (3- (4,5-dimethyl-2-thiazolyl) -2,5-diphenyl-

2H-tetrazolium bromide) colorimetric assay by Sigma Aldrich.

Cells were seeded in 96-well plates at a density of 10,000 cells/well
and 6 replicas were made for each control and treatment. The analyses
for both cyclopamine and temozolomide were done at different times
(0, 24, 48 and 72 h) and at different concentrations of temozolomide
(100, 200 and 300 uM) and of cyclopamine (3, 6 and 12 uM) and
cells were incubated at 37°C. MTT at a concentration of 0.5 mg/ml
was added to the plates and incubated for 3 h. After incubation, the
medium was discarded and DMSO was added to the plates to dissolve
the formazan precipitates. Absorbance was measured at 550 nm. No
significant effect was observed in the proliferative decrease in the vast
majority of cell lines at these concentrations. Therefore, we decided to
use temozolomide at 400 and 500 uM in further studies.

Temozolomide treatment: The parental cell lines and their respective
SP cells were cultured under conditions of normoxia and hypoxia
and in the presence of temozolomide to obtain cell pellets and to do
subsequent analyses at the level of the cell cycle, cell proliferation and
gene expression.

Cells were seeded at a density of 100,000-200,000 cells per well in 6-well
plates. Culture medium was replaced the next day by fresh medium
that incorporated temozolomide at 2 different concentrations for cell
cycle analysis (400 and 500 pM 72 h): at 500 uM 72 h to obtain cell
pellets, and at 500 utM 24 h to study the effect of temozolomide on cell
proliferation.

Cyclopamine treatment: Previously, a proliferation study was carried
out at different concentrations of cyclopamine and the cell cycle was
analyzed. Since no effect was observed at these concentrations, it was

3
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decided to increase the concentration of cyclopamine (10, 20 and 30

uM for 24 h).

OF°-benzylguanine treatment: Cells were seeded at a density of
100,000-200,000 cells per well in 6-well plates and the next day O°-
benzylguanine was added at a concentration of 20 pM during two
different incubation times: 6 and 18 h. After incubation, 500 utM
of temozolomide was added directly to the medium for 72 h. After
treatment, cells were trypsinized and fixed in 70% ethanol and stored
at -20°C until cell cycle labeling.

Cell cycle analysis: To determine how temozolomide, cyclopamine
and the combined treatment affect the cell cycle in the parental cell
lines and in their SP cells cultured in normoxia and hypoxia, a cell
cycle assay was performed. As a control, cells were grown in culture
medium supplemented with DMSO.

After treatment with the drugs, the supernatant was collected to
check if apoptosis was occurring, and cells were trypsinized. For the
labeling, one million cells were split and after centrifugation the pellet
was fixed with 1 ml of 70% ethanol stored at -20°C , and after pellet
resuspending, samples were stored at -20°C until cell cycle labeling.
For labeling, samples were first centrifuged twice with inverted tube
positions for proper pellet formation. It was subsequently washed
twice with PBS and the pellet was resuspended in 1 ml of a mixture
consisting of PBS, 20 pg/ml of propidium iodide and 0.1 mg/ml
of RNAse A (ribonuclease A). The analysis was performed by flow
cytometry in a FACScalibur cytometer.

RESULTS
Identification and enrichment of cells of the side population

Tests were carried out in 10 astrocytoma cell lines of different
malignancy grades and in a human normal astrocyte (NHA) cell line,
to determine the possible presence of side population cells (SP cells).
Cell lines were grown in normoxia with 21% oxygen and in hypoxia
with 2% oxygen (the latter condition favors the expression of the
ABCG?2 transporter, and therefore the SP phenotype).

The presence of SP cells was detected in all cell lines in different
proportions, being in smaller quantity in GOS3 cells and in NHA cells.
A higher proportion of SP cells was detected in grade IV astrocytomas

OPEN 8ACCESS Freely available online

compared to grade III astrocytoma cell lines.

Hypoxia favored the increase of the SP fraction in some cell lines, while
in the vast majority of them, no increase of the SP fraction was observed

in hypoxia with respect to the same cell line grown in normoxia. After

the identification of the SP population, it was subsequently separated,
after cultivation for a period of 2-3 weeks. Again the labeling and
separation was carried out until a very rich population was obtained
in SP cells with respect to the parental line. In this way, two or three
sorting procedures were necessary depending on the cell line. In some
cases, as in the MOG cell line, the enrichment was 90%. Figure 1
shows the analysis and enrichment in SP cells for the SW1783 line
grown in both normoxia and hypoxia, and the enrichment of NHA in
normoxia, where the population of SP cells was very small.

Neurosphere formation

Normal stem cells and CSC have a capacity for selfrenewal that can be
determined in vitro by the ability to form neurospheres when grown
in selective medium together with EGF (epidermal growth factor) and
FGEF-2 (fibroblast growth factor).

It was observed that SP cells were able to form more neurospheres than
the parental lines grown in both normoxia and hypoxia (Figure 1); and
in less than 24 h, while the parental line required days to form a lesser
number of neurospheres. It might be related to the SP tumor cells
having a greater clonogenic potential compared to non-SP tumor cells.

Gene expression of the sonic hedgehog pathway

The expression of the genes associated with the HH pathway (Sonic,
HHIP and SUFU) was studied by RT-PCR and subsequently analyzed
on 2% agarose gels (Supplementary Figure 1). Other genes (PTCHI,
SMO, GLI1, GLI2 and GLI3) were quantified by RT-qPCR (Figure 2).
Gene expression levels were analyzed in seven cell lines derived from
astrocytomas and in NHA in four different experimental conditions:
grown in normoxia and hypoxia, and in their enriched SP populations.

Not all cell lines showed SHH expression in normoxia; and levels
were always low, showing that the activation of the pathway is not
only ligand dependent. In some cell lines, SHH was expressed in
all conditions, while in others the expression was lost under certain
conditions.

6 s e 2 6 & 9 a2
g s

graphs C and D, cultured in hypoxia. (A) Parental line with 2.94% SP

even starting from models in which low percentages of these cells are i

LN405 hypoxia LN405 SP hypoxia

ke

j

LN405 normoxia LN405 SP normoxia

Figure 1:Analysis and enrichment in SP cells in the SW1783 cell line. Graphs A and B correspond to the cell line cultured in normoxia and

cells and (B) Purified and expanded SP population containing 94.44% SPs

cells, (C) Hypoxic parental line containing 1.27% SP cells and (D) SP cells purified and expanded with 89.27% SP cells (E,F) Enrichment in SP cells
of the NHA cell line grown in normoxia. It is noteworthy that only 0.29% SP cells (E) are detected in normoxia compared to tumor cell lines derived
from astrocytomas. The enrichment of the SP population up to 37% (F) demonstrates that it is possible to obtain a very high proportion of SP cells

nitially detected. Neurosphere formation in the LN4045 cell line grown in

normoxia and hypoxia. It can be seen that SP cells can form a greater number of neurospheres when compared to the respective parental cell line.
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Table 1: Primer sequences of RT-PCR and RT-qPCR.
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Pathway/process Name Forward (5°-37) Reverse (5°-37) Ta anneling (°C)
SHH GCCCTCGTAGTGCAGAGACT AGGCTGATGACTCAGAGGTGT 60
PTCH 1 GGCAGCGGTAGTAGTGGTGTTC TGTAGCGGGTATTGTCGTGTGTG 62
SMO CAGCTTCCGGGACTATGTGCT GAAGGCTCGGGCGATTCTTG 64
HHIP ATGGTGGGTTGTGCTTTCC AGTTGTGTTTGTGCTTTCTGCT 60
Sonic hedgehog SUFU CCAATCAACCCTCAGCGGCAG GTAGGTGAGAAAGAGGGTGTC 60
GLI 1 TTCCTACCAGAGTCCCAAGT CCCTATGTGAAGCCCTATTT 56
GLI 2 GCATATGTGTGTGAGCACGA TCTTGCAGATGTAGGGTTTCTC 60
GLI 3 TTGATCAATGAGGCCCTCTC CGAACAGATGTGAGCGAGAA 62
BMI 1 ATTGTTCGTTACCTGGAGACC GGCAGCATCAGCAGAAGG 60
MGMT TGCGCACCGTTTGCGACTTG TGGGACCTCCACGGCATCAG 62
DNA repair MSH 2 TTCATGGCTGAAATGTTGGA ATGCTAACCCAAATCCATCG 58
MLH 1 CAGTGGGCCTTGGCACAGCA GCGGTGCTGGCTCCGATAA 62
Hypoxia HIF-lalfa AGGAATTGGAACATTATTACAGCAGCC TCCACTTTCATCCATTGATTGCCC 62
HIF-2alfa GTCTCTCCACCCCATGTCTC GGTTCTTCATCCGTTTCCAC 62
Drug resistance ABCG2 CGACAGCTTCCAATGACCTGAA ACCAGGTTTCATGATCCCATTGAT 64
MDR 1 TGGAGGAAGACATGACCAGGTAT TGTATTTGTCTTCCAGCTGCCA 60
CD133 TCCGGGTTTTGGATACACCCTA CTGCAGGTGAAGAGTGCCGTAA 64
HPRT TGACACTGGCAAAACAATGCA GGTCCTTTTCACCAGCAAGCT 60

HHIP expression preferentially appeared in the cell lines grown in
normoxia and disappeared in the SP cells, with the exception of the
GOS3 line, in which HHIP was expressed in all conditions.

Some cells expressed SUFU in all conditions (MOG, CCF and
LN405), while in other cells SUFU expression was considered
undetectable (T98G, GOS3 and U87), and in the SW1783 cell

line, no expression was detected in some of the conditions tested.

The upstream genes of the pathway, PTCH1 and SMO, were
expressed in all lines and conditions, with some exceptions. SMO
was usually less expressed in hypoxia compared to the normoxia
condition. In the cell lines in which the four conditions were
available, the lowest level of expression corresponded to SP cells
grown in hypoxia. In general, SMO was not overexpressed (Figure
2). PTCH1 had higher levels of expression in SP cells grown in
normoxia compared to parental normoxia, while no significant
differences were observed between normoxia and hypoxia. In
general, PTCH1 overexpression was not detected (Figure 2).

The main effectors of the GLI1 and GLI2 pathways showed
expression in all cell lines and conditions, with some exceptions.
GLI1 expression was very high in all conditions, except for some
cell lines under certain conditions where low levels were detected
and no significant differences were seen between normoxia and
hypoxia, with some exceptions (Figure 2). GLI2 was one of the only
genes of the HH pathway with high expression in NHA cells, both
grown in normoxia and hypoxia, and presented overexpression
when compared with cell lines derived from astrocytomas, so it
might behave as a possible pathway suppressor gene, especially in
normal astrocytes (Figure 2).

J Carcinog Mutagen, Vol.12 Iss.3 No:1000361

For another negative regulatory gene of the pathway, GLI3, we
could observe that it was expressed in all cell lines and conditions
but with differences in the level of expression, except for NHA cells
in normoxia and hypoxia. In many cases, it was less expressed in
hypoxia compared to normoxia; and in a large number of cases
there was also less expression in the SP population grown in
normoxia (Figure 2).

The NHA astrocyte line showed no expression of virtually any
pathway gene. However, its SP cells had high expression of all
components of the pathway, even though it was considered a non-
tumorigenic line.

Expression of genes associated with drug resistance, stem
cells and apoptosis

The expression of genes related to stem cells was studied, such
as CD133, a useful marker to isolate and purify a subpopulation
of tumor stem cells. Bmi-1, a gene related to the sonic pathway,
was also studied. Other genes analyzed were those coding for two
membrane transporters belonging to the ABC family, involved in
drug resistance and expressed in normal and tumor stem cells such
as ABCB1 and ABCG?2, the latter conferring the SP phenotype.

And finally Bcl-2, an anti-apoptotic gene, was also analyzed.

Expression of ABC transporters: ABCG2, the specific transporter
of SP cells, showed higher expression levels in the SP populations
maintained in normoxia relative to their parental lines, except in
the NHA cell line that showed no increase in expression, unlike
MDRI1 (ABCB1) that showed high overexpression. Lines LN405
and GOS3 only showed a slight increase in their expression. In the
cell lines in which the SP population could be isolated in hypoxic
condition, ABCG2 was increased when compared to cells grown in
hypoxia conditions (Figure 2).
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GLI1 (C) Quantification of GLI2 and GLI3 (D) Quantification of the transporters associated with drug resistance, ABCG2 and MDR1.
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Figure 3: (A) RT-qPCR expression assay of CD133 in the different cell lines (B) CD133 protein level by flow cytometry in the SW1783 cell line
in normal and selective medium in the different culture conditions: a) parental line grown in normoxia; b) parental line grown in normoxia and
selective medium; c) parental line grown in hypoxia; d) parental line grown in hypoxia and selective medium; e) SP cells grown in normoxia; f) SP cells
grown in normoxia and selective medium; g) SP cells grown in hypoxia; h) SP cells grown in hypoxia and selective medium. (C) RT-qPCR expression

For MDRI1b, another transporter associated with resistance to
antitumor agents, expression in MOG cells was only found in
the normoxia condition, while in the other conditions it was not
detectable. For the CCF cell line, occurred just the opposite, since
its expression was not detected in normoxia and the highest levels
were found in the SP population, and also in hypoxia. For LN405
cells, the highest levels of expression occurred in normoxia, followed
by hypoxia SP and with a lower expression in the SP population
and in the hypoxia conditions. Also for the SW1783 cells there
was a high expression in normoxia, to disappear in hypoxia and
had very low levels in both SP populations, grown in normoxia and
hypoxia. For the T98G and U87 cell lines the lowest expression was
produced, being practically undetectable in hypoxia. In normoxia,
it was weakly expressed and greater expression was found in SP cells.
No expression of MDR1 was detected in the NHA cell line either
in normoxia or in hypoxia, while in its SP population, its levels
were overexpressed. In the case of the GOS3 cell line, the levels
were overexpressed in all three conditions, with greater expression
in the SP cells, followed by hypoxia and normoxia conditions. Due

J Carcinog Mutagen, Vol.12 Iss.3 No:1000361

to their high levels of expression, the results obtained in the GOS3
lines in their three conditions and NHA SP are not represented in
the graph (there was no expression in NHA normoxia and hypoxia)
(Figure 2).

Expression of genes associated with stem cells: Expression levels of
the CD133 and Bmi-1 genes were studied. CD133 showed greater
expression in hypoxia condition. In SP cells there was no increase
with respect to the parental population in normoxia, maintaining
the levels or with a certain tendency to decrease. For the MOG
and CCF cell lines, no differences were found between hypoxia
and SP cells in hypoxia, maintaining the same levels, contrary to
what happens in the LN405 and SW1783 cell lines, where hypoxia
expression levels increased, to disappear in hypoxia SP cells (Figure
3). In general, the expression of the CD133 gene was very weak.

This gene was also analyzed at the protein level by flow cytometry
in all available conditions and in normal and selective medium (it
favors its expression). An increase in protein levels of CD133 was
not detected (Figure 3).
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For BMI-1, there was overexpression of the gene in all cell lines and
in all conditions, except in the NHA line in normoxia and hypoxia.
The MOG line was the one with the least levels of expression.
Except for the U87 cell line in which gene expression was higher in
hypoxia, a greater expression in normoxia was observed in the rest
of the cell lines. In SP cells there were differences according to the
cell line, increasing or decreasing with respect to the parental line
in normoxia (Figure 3).

Bcl-2 anti-apoptotic gene expression: The anti-apoptotic gene Bcl-2
was studied, as it is overexpressed in populations of tumor stem cells
as a mechanism to avoid apoptosis. Higher levels were observed in
SP cells compared to the parental line grown in normoxia, except
in SW1783 cells where their expression decreased slightly, and in
T98G. In NHA cells cultured in normoxia and hypoxia, differences
were hardly seen with respect to their SP population. In the NHA
line in its three conditions, the highest levels of expression of this
gene were found. If we compare normoxia with hypoxia, in general
Bcl-2 was expressed somewhat less in the hypoxic condition (Figure 4).

Expression of hypoxia-inducible factors

HIF-1o. and HIF-2a, two of the hypoxia-inducible factors most
studied, are elevated in hypoxia conditions causing the activation
of various genes and pathways. HIF-1a seems to act in conditions
of more severe hypoxia, below 2% of O, and HIF-2a acts at
higher levels, and can even be activated in normoxic physiological
conditions and without hypoxia.

In our cells, both factors were expressed in normoxia and hypoxia,
although with much lower values of HIF-2a with respect to HIF-
la. For HIF-1a, except in SW1783, U87 and T98G cells, the SP
population showed higher levels than their parental line. The NHA
cell line showed overexpression in normoxia but surprisingly it was
not expressed in hypoxia (the same is true for HIF-2a) (Figure 4).

Regarding HIF-20, there was a greater difference between
normoxia and hypoxia except in LN405 and T98G cells. Except
for the SW1783 and U87 cells where the SP population showed a
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lower level of expression, the SP cells expressed much more with
respect to the parental line grown in normoxia. In the LN405 and
SW1783 cell lines, HIF-2a was expressed to a lesser extent in SP
cells cultured in hypoxia, as was the case with CD133. NHA SP did
not see its increased expression levels, contrary to what happens
with other genes analyzed (Figure 4).

Cell cycle

The effects of cyclopamine (10 and 30 uM 24 h), temozolomide (400
and 500 pM 72 h) and both together (10 or 30 pM cyclopamine 24
h and 500 uM temozolomide 72 h) on the cell cycle were analyzed
in the cell lines cultured in normoxia and hypoxia and in their

purified SP cells.
Cyclopamine

Effect of cyclopamine on cell proliferation (MTT assay): Prior to
the cell cycle analysis, a cell proliferation test was performed using
MTT at 3 different concentrations of cyclopamine (3, 6 and 12
uM) and at different times (0, 24, 48 and 72 h). At 6 and 12 upM
a great decrease in cell proliferation was seen (Supplementary
Figure 2), but when the cell cycle was analyzed in the presence of
10 pM cyclopamine, no significant changes were observed. So, it
was decided to study the effect of cyclopamine on the cell cycle
at 10 and 30 uM. Cyclopamine was also tested at 20 pM doses in
some cell lines and under different conditions, but the use of this
concentration was finally discontinued.

Effect of cyclopamine on cell cycle: Under the conditions tested,
cyclopamine did not show to have important effects on the
cell cycle phases. There was no stop in phase S or G2/M nor a
decrease in phase GO/G1. In general, all cell lines, in the different
conditions showed resistance to cyclopamine. Figures 5 and 6 show
the resulting graphs representative of the effect of cyclopamine on
the cell cycle in the LN405 and CCEF cell line respectively, showing
some sensitivity to cyclopamine in the normoxia parental line and
greater resistance in the other conditions.
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Figure 4: RT qPCR expression assay of the anti apoptotic Bcl 2 gene (A) and of the hypoxia of more severe hypoxia, below 2% of O, and HIF-2
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Figure 5: Effect of cyclopamine on the distribution of the phases of the cell cycle in LN405 cell line. We can see that cells are slightly sensitive to
cyclopamine in the normoxic condition, while cyclopamine does not show significant effects on the distribution of the cell cycle in the rest of the
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Figure 6: Effect of cyclopamine on the distribution of the phases of the cell cycle in CCF cells. We can see that cells are slightly sensitive to
cyclopamine in the normoxic condition, while cyclopamine does not show significant effects on the distribution of the cell cycle in the rest of the
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Temozolomide

Effect of temozolomide on cell proliferation (MTT assay): Prior to
cell cycle analysis, cell proliferation was analyzed by MTT assay, in
the presence of temozolomide (100, 200 and 300 uM) at different
times (0, 24, 48 and 72 h). In the great majority of the lines
analyzed, there was no decrease in cell proliferation (Supplementary
Figure 3), so it was decided to study the effect of temozolomide at
concentrations of 400 and 500 uM for 72 h.

Effect of temozolomide on cell cycle: The described effect
of temozolomide is related to a stop in the G2/M phase. In
combination with other drugs such as O° -benzylguanine, its toxicity
on cells is enhanced. Administered with cyclopamine, its effect is
also enhanced, resulting in increased inhibition of proliferation
and an increase in apoptosis.

Many of the cell lines analyzed and cultured in normoxia, showed
a relative resistance to temozolomide, due to slight increases in
the S and/or G2/M phase and to a slight decrease in the GO/G1
phase. In this group of temozolomide resistance, NHA (astrocytes),
GOS 3 (grade I astrocytoma), T98G (grade IV astrocytoma) and
LN405 (grade IV astrocytoma) cell lines could be found. All these
lines, in turn, showed resistance to temozolomide in the rest of the
conditions tested (SP cells cultured in normoxia, hypoxia, and SP

cells cultured in hypoxia), except in the GOS3 and LN405 lines,
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where the SP cells showed a greater, but slight sensitivity to the
drug.

The U87 cell line (grade IV astrocytoma) and especially CCF
(grade IV astrocytoma) and SW1783 (grade III astrocytoma) were
the most sensitive cell lines to treatment with temozolomide in
their parental condition grown in normoxia, a factor that confirms
the heterogeneity that exists between astrocytoma cell lines,
regardless of whether we work with enriched SP cells or in hypoxic
conditions. However, in all three lines, their SP cells proved to be
very resistant to temozolomide, as were those grown in hypoxic
conditions (except for the U87 line, which in this condition seems
to be more sensitive). Figures 7-9 illustrate cases of resistance to
temozolomide in all its test conditions MOG cell line), sensitivity
to temozolomide in normoxia and resistance in the rest of the
conditions tested (CCF line) and high sensitivity to temozolomide
in normoxia and resistance in the rest of the conditions tested

(SW1783 line).

Combined treatment of cyclopamine and temozolomide: The
effect of the cyclopamine and temozolomide combined treatment
on the cell cycle was analyzed. First, cyclopamine was added to
inhibit the HH pathway and subsequently temozolomide was used,
to verify the existence of a possible synergistic effect between both
drugs, especially in those cell lines that showed greater resistance
to temozolomide.
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Figure 7: Effect of temozolomide on the distribution of the phases of the cell cycle in MOG cells. The control corresponds to the addition of DMSO
to the culture medium. This line is resistant to temozolomide in its parental condition grown in normoxia. We can see that the other conditions are
also resistant to temozolomide.
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Figure 8: Effect of temozolomide on the distribution of the phases of the cell cycle in CCF cells. The control corresponds to the addition of DMSO
to the culture medium. We can see that in the parental line cultivated in normoxia, temozolomide shows toxic effects. However, its SP cells cultured
in both normoxia and hypoxia, and the cells cultured in hypoxia, show high resistance to temozolomide.
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Figure 9: Effect of temozolomide on the distribution of the phases of the cell cycle in SW1783 cells. The control corresponds to the addition of
DMSO to the culture medium. We can see that in the parental line cultivated in normoxia, temozolomide shows great toxic effects, with a total
dysregulation of the cell cycle. However, its SP cells cultivated in both normoxia and hypoxia, and the cells cultured in hypoxia, show high resistance
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In many cases, the joint treatment increased the S and/or G2/M
phase and decreased the GO/G1 phase in a greater proportion
than with temozolomide alone. There were also cell lines in which
this cumulative effect in the cell cycle did not occur, exhibiting
resistance.

In some cases, the increase in the phases of the cycle was not
dependent on normoxia; other cases showed resistance in
normoxia and greater sensitivity in hypoxia, as well as SP cells were
more resistant than parental cells in the normoxia condition. The
LN405 lines (Figure 10), T98G, U87 and GOS3, in their parental
condition in normoxia, showed a greater cytotoxic effect of
temozolomide when it was combined with cyclopamine. Of these
lines, U87 and GOS3 showed some previous sensitivity with only
temozolomide. However, their SP cells grown in normoxia were
resistant to the combined treatment, without appreciable changes
in the cell cycle phases. Also in these hypoxic cultured lines, the
cytotoxic effect of temozolomide increased when it was previously
cultured with cyclopamine. In this hypoxic condition, the T98G
and U87 lines previously showed some sensitivity to temozolomide
alone. For the condition of SP cells cultured in hypoxia in the
LN405 cell line, the combined treatment also increased the effect
of temozolomide.

On the other hand, the NHA (normal astrocytes) and MOG
(Grade III astrocytoma) cell lines, the combined treatment did
not produce synergistic effects between both drugs in the parental
condition cultured in normoxia, and both lines were shown to be
resistant to treatment with only temozolomide. The SP cells grown
in normoxia, showed some resistance to the combined treatment.
On the contrary, in the culture in hypoxia in the MOG line, both
in the parental line and in the SP cells, the temozolomide effect
was increased.

On the other hand, we have the SW1783 (grade III astrocytoma)
(Figure 11) and CCF (grade IV astrocytoma) cell lines, where the
combined treatment did not produce synergistic effects in their
parental condition in normoxia, because these lines showed to be
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very sensitive to treatment with temozolomide. In their SP cells
grown in normoxia, only the CCF line had a synergistic effect for
the combined treatment, while SW1783 cells were resistant. The
same effect was visualized in the culture in hypoxia: sensitivity
increased in CCF cells, while it only increased slightly in SW1783
cells.

O°-benzylguanine: O°-benzylguanine (O°-BG) is a drug used to
inhibit MGMT levels, making cells more sensitive to alkylating
agents such as temozolomide. MGMT repairs the O ¢-methylguanine
adducts formed in the DNA after treatment with temozolomide
making cells resistant to it. Without MGMT, that damage is not
repaired and the cell would be more sensitive to temozolomide.
The effect of simultaneous treatment between O®-BG (20 pM at
two different times, 6 and 18 h) and temozolomide on the cell
cycle has been tested in some cell lines and under different culture
conditions, to check if MGMT inhibition was able to produce
some stop in the cell cycle, especially in the most resistant cell lines.

This treatment increased the sensitivity to temozolomide but not in
a generalized manner and not at such high levels as was observed
in the analysis of the cell cycle with temozolomide for lines such
as SW1783 or CCF. Despite inhibiting MGMT levels, SP cells
in both normoxia and hypoxia were resistant to the O®BG and
temozolomide combined treatment.

Figure 12 shows the effects in the cell cycle of the combined
treatment in CCF cells, where the cytotoxic increase occurred
preferably during hypoxia culture, but with a 6 h incubation of
O°BG, although this increase did not exist when the treatment
was done for 18 h. Figure 13 shows the effects in the cell cycle
of the combined treatment in LN405 cells, where the cytotoxic
increase occurred in all conditions except in SP cells grown in
hypoxia, showing resistance. Figure 14 shows the effects in the cell
cycle of the combined treatment in SW1783 SP cells grown in both
normoxia and hypoxia, where their resistance to treatments was
observed.
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Figure 11: Effect of the combined treatment of cyclopamine and temozolomide on the distribution of the phases of the cell cycle in SW1783 cells.
We can see that the combined treatment does not produce great cytotoxic effects of temozolomide in the conditions tested.
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Figure 12: Cell cycle analysis with O¢-benzylguanine and temozolomide in CCF cells. It can be seen that treatment with O - benzylguanine increases
the cytotoxic effect of temozolomide in the culture in hypoxia, while there is hardly any cytotoxic increase in normoxia, as the effect previously found
with temozolomide alone decreases in the parental cells when both compounds are administered together.

LN405 (Grade IV astrocytoma): resistance of SP cells in hypoxia, and sensitivity in the other conditions.
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Figure 13: Cell cycle analysis with O°-benzylguanine and temozolomide in the LN405 cell line. The combined treatment sensitizes the cells to
temozolomide, except in SP cells cultured in hypoxia, where they remain resistant.
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Figure 14: Cell cycle analysis with O°-benzylguanine and temozolomide in SP cells of the SW1783 cell line cultured in normoxia and hypoxia. No
increase in sensitivity to temozolomide is produced even after inhibiting the levels of MGMT with O¢-benzylguanine: the SP cells remain resistant.

Expression of MGMT, MLH1 and MSH2

These markers belong to two pathways involved in DNA repair after
damage caused by alkylating agents such as temozolomide. The
repair systems are related to the MGMT gene and the mismatch
repair (MMR) pathway from which the MLH1 and MSH2 genes
have been analyzed. This route has been described as a predictor
of the response of glioblastomas to temozolomide. Tumors with
MGMT expression would be resistant to this drug and those that
do not show expression due to methylation of their promoter would
be more sensitive. On the other hand, deficiencies in the MMR
system, whether due to lack of expression or mutations of some
components of the pathway, have been associated with resistance
to temozolomide.

From our experiments, it seems that there is no relationship
between MGMT expression and temozolomide resistance. All cell
lines, with the exceptions of NHA and US87 in both normoxia
and hypoxia, expressed MGMT in all conditions. Temozolomide-
resistant cell lines did not show expression of the gene in normoxia
or hypoxia but expressed the gene in SP cells. Sensitive cells such
as CCF and SW1783 showed high levels of MGMT expression,
being very high in SW1783; sensitivity to temozolomide appeared
in normoxia and in all other conditions, despite expressing the
same levels of MGMT. MOG had less expression in normoxia and
the greatest expression was presented in SP cells in hypoxia. CCF
reduced expression in hypoxia, unlike LN405, where the highest
expression occurred in hypoxia, being higher in SP cells. T98G
had high levels of expression in all conditions, although somewhat
lower in hypoxia, and GOS3 has a decay in expression in SP cells
and hypoxia (Supplementary Figure 4).

Deficiencies in the MMR system have been associated with
resistance to temozolomide regardless of the expression of MGMT.
In this work, a high expression of the two genes analyzed in the
MMR pathway has been observed. Lower levels of MLHI and
MSH2 expression have been observed in NHA cells respect to the
rest of the cell lines, both in normoxia and hypoxia. In the case of
MSH2, only expression in hypoxia was detected (Supplementary
Figure 4).

Gene expression after treatment with temozolomide and in
combination with cyclopamine

J Carcinog Mutagen, Vol.12 Iss.3 No:1000361

The effect of the treatment of temozolomide alone or in
combination with cyclopamine on the expression of ABCG2,

BCL-2, GLI1, GLI2 genes was studied.

ABCG2 and BCL-2 are two genes related to drug resistance. Both
genes, in turn, present a high level of expression after conventional
chemotherapy treatments.

ABCG2 with

temozolomide in the vast majority of cell lines and conditions

expression was increased after treatment
used. Previous treatment with cyclopamine did not show an
additive effect on increasing the expression of ABCG2, except in
MOG cells (cultured in normoxia), LN405 (cultured in normoxia)
and T98G, where increased ABCG2 expression was observed with

the combined treatment versus temozolomide alone (Figure 15).

The treatment with temozolomide produced an increase in BCL-2
expression in the vast majority of the cell lines analyzed, while in
the rest of the cell lines the levels of expression were maintained
with respect to the control. Only in SP cells of LN405, in T98G
cells grown in normoxia, and in GOS3 cells grown in hypoxia, did
temozolomide decrease the level of expression with respect to that
found in the control. As with ABCG2, cyclopamine treatment
had no additive effects to those found with temozolomide in the

expression of BCL-2 (Figure 15).

While temozolomide and the combined treatment had no effect
on ABCG2 expression in the NHA astrocyte cell line, BCL-
2 overexpression was induced in NHA cells by temozolomide,
without any additive affect with the cyclopamine treatment (Figure

15).

The HH pathway showed a higher level of activation after
chemotherapy. The effect of temozolomide and cyclopamine on the
two main effectors of the pathway, GLI1 and GLI2, was analyzed.

GLII significantly decreased its expression after treatment with
temozolomide, especially in the lines that showed a high level
of GLI1 expression. Except in the MOG cell line, T98G and
its SP cells cultured in normoxia, and U87 in normoxia, where
cyclopamine produced a higher expression of GLI1 with respect
to temozolomide, the combined treatment did not show any
additional effects than temozolomide alone in the other cells

(Figure 16).
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Figure 15: RT-.qPCR expression assay of ABCG2 transporter (A) BCL-2 anti-apoptotic gene (B) and Bcl-2 in the normal human astrocytes cell line
(C) after treatment with temozolomide and combined treatment with cyclopamine and temozolomide.
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Figure 16: RT-qPCR expression assay of GLI1 (A) and GLI2 (B) genes after treatment with temozolomide and combined treatment with cyclopamine

Temozolomide produced a higher expression of GLI2 or
maintained its expression with respect to control. It seems that
cyclopamine showed a greater performance in the modulation of
GLI2 expression, especially by decreasing its levels with respect to
temozolomide (Figure 16).

DISCUSSION

Identification, enrichment and chemoresistance of side
population cells

It has been previously determined that the cells of the Side
Population (SP) are enriched in cells with characteristics of tumor
(or normal) stem cells and have differences with respect to the non-
SP population in terms of tumorigenic capacity and drug resistance.

In neuroblastoma, SP cells not only have characteristics of tumor
stem cells (multipotentiality and selfrenewal), but are also more
resistant to the effects of drugs such as mitoxantrone (MTX)
and can contribute to the phenotype of global resistance to
antineoplastic agents [32]. In addition, SP cells increase in number
after treatment with temozolomide, suggesting that this drug acts
on non-SP cells [40]. Although other studies show the opposite

J Carcinog Mutagen, Vol.12 Iss.3 No:1000361

result, that temozolomide specifically removes CD133+ tumor
stem cells in glioblastoma [41].

In our study, the cell lines containing the lowest percentage in
SP cells corresponded to normal human astrocytes (NHA) and
low grade astrocytomas, while a higher percentage of SP cells
were detected in the cell lines derived from grade III astrocytomas
and an even higher percentage in the cells derived from grade IV
astrocytomas. Then, there seems to be an association between
the percentage of SP and malignancy or tumor prognosis. These
findings are consistent with SP cells conferring an aggressive
phenotype to tumors and a high degree of resistance to specific
drugs.

Neural stem cells are enriched in cell populations defined by the
CD133 marker or by the SP phenotype. It is currently unclear
whether there is an overlap between SP populations and CD133+
populations, but our data seems to show that this is not the case
[23,42]. Our results seem similar to those found by Bleau et al.,
where the expression of the endothelial markers CD31 and CD133
were not limited to the SP fraction [43]. It is possible that both
tumor stem cell populations, CD133+ and SP, are not regulated by
the same pathways to confer their capacity for self-renewal, tumor
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growth and chemoresistance. They could rather constitute distinct
or partially overlapping populations of tumor stem cells, which may
or may not coexist in tumors, conferring different advantages on
cell survival and other tumor properties [44]. In our astrocytoma
lines, the aggressive phenotype and drug resistance would be driven
by the SP phenotype, mediated by the ABCG2 transporter, and not
by CD133 [45]. The fact that tumor cells have aberrant expression
of surface antigens, reinforces the need to study whether the
increase in the expression of CD133 in tumor stem cells is really a
determining characteristic of that population, or simply that tumor
cells show an aberrant expression of CD133.

In in vitro studies with serum-free culture media and in the presence
of growth factors (selective media), normal neural stem cells were
isolated as neurospheres [46]. In our trials, SP cells showed a greater
capacity for formation of neurospheres compared to their parental
populations (with a small percentage of SP cells). An association
was found between the capacity of neurosphere formation and the
percentage of SP cells that make up the cell population.

Another characteristic of tumor stem cell-like cells, both CD133+
and SP cells, is the great resistance they show to conventional
radiotherapy and chemotherapy treatments. This resistance
capacity in the SP phenotype would be determined by the ABCG2
membrane transporter [45]. In the CD133+ populations, which
show high levels of ABCG2, it is possible that their resistance to
drugs is determined by that transporter and does not constitute
an intrinsic property at the level of CDI133. In this study,
temozolomide-resistant SP cells showed ABCG2 expression and
not increased CD133 expression.

In hypoxic conditions our results contrast with the fact that in
these conditions the expression of the ABCG2 transporter is
induced, increasing the percentage of SP cells to tolerate hypoxic
stress and survive. This explains why stem cells proliferate under
conditions of low oxygen concentrations. In this work, the analysis
of the SP fraction in the parental lines after culture under hypoxic
conditions, showed in the vast majority of the cell lines no increase
in the SP fraction. It seems that the survival of astrocytoma-derived
cells under hypoxic conditions would not be mediated by an
increase in the SP fraction, nor consequently by an increase in the
ABCG?2 transporter.

Gene expression of the sonic hedgehog pathway

Aberrant activation of the HH pathway is necessary for the
proliferation, survival, selfrenewal and tumorigenicity of brain
tumor stem cells, and the inhibition of the pathway significantly
decreases its percentage in glioblastomas [47,48].

Some studies do not support the role of GLI1 in gliomagenesis, but
others suggest that inappropriate GLI1 function could be crucial
for brain tumorigenesis, so that the maintenance of tumorigenesis,
initiated by GLI1, must require an endogenous action of the
pathway [49-51]. However, in most established cell lines, the activity
of the HH pathway is low or zero [52]. A genomic screening of 22
glioblastomas revealed that there were no mutations, amplifications
or deletions of either GLI1 or any other pathway gene in gliomas,
indicating that the activation of the pathway in gliomas through
direct genetic alterations of their genes is rare. However, some
contributions support an active role of the HH pathway in

gliomagenesis [47,48,53-55].

Based on our results of gene expression of the HH pathway, we
found that there was no expression of virtually any gene in the
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normal astrocyte cell line, and in contrast these genes were
expressed in the astrocytoma lines. Differential expression of
HH pathway genes between normal cells and tumor cells shows
a difference in gene expression of the components of the HH
pathway. However, in the in vivo scenario, normal stem cells may
show pathway activation to maintain their stem cell phenotype and
self-renewal and proliferation potential. These cells would also be
candidates as a possible source of aberrant activation of the HH
pathway and transformation into a tumor stem cell. In our case
we have observed that the culture in a hypoxic microenvironment,
provides to the tumor cells lower levels of expression of pathway
genes capable of regulating it negatively, thus offering the tumor
cells a greater advantage for proliferation and showing that the
microenvironment is capable of differentially regulating tumor
cells. The same effect was observed in SP tumor cells, showing
differences with respect to non-SP tumor cells. In addition, in
these cell types the expression of the SHH ligand was shown to be
less, also offering other advantages in different and/or additional
activation mechanisms than those found in tumor cells or normal
cells.

Overexpression of Bcl-2 is associated with HH pathway signaling
in keratinocytes and renal epithelial cells although with different
results on GLI1 or GLI2 [56-60]. Also in basal carcinoma tumor
cells, activation of the HH pathway increased Bcl-2 expression [58].
We verified that in astrocytes there is expression of the GLI2 and
Bcl-2 transcription factor, while no expression of GLI1 was detected.
In astrocytomas, Bcl-2 expression associated to the expression of
the two transcription factors. In normal cells, it seems that Bcl-2 is
a specific target of the GLI2 transcription factor, while in tumors it
could be regulated by either of the two factors.

Some studies showed that cyclopamine has synergistic effects on
proliferation and apoptosis with temozolomide in glioma cells [48].
In our case, it was studied whether the inhibition of the HH pathway
with cyclopamine prior to treatment with temozolomide was able
to induce changes in the cell cycle and increase the sensitivity to
temozolomide. It was found that prior treatment with cyclopamine
increases (in different proportions and depending on the culture
and population condition) the sensitivity to temozolomide. It
seems that the HH pathway provides tumor cells with resistance
to drugs such as temozolomide, but by inhibiting the HH pathway
with cyclopamine, temozolomide is able to increase its cytotoxic
effects on tumor cells. Everything seems to show that inhibiting
the HH pathway is a good strategy to eliminate tumor cells and
thus avoid aberrant proliferation and procure tumor reduction.
However, in tumor cells of the Side Population, there are cellular
models in which no synergistic effect between both drugs appears,
being the cells resistant and with an added advantage in survival.

It has also been demonstrated that the HH pathway shows a
greater degree of activation after radiotherapy and chemotherapy
treatments [61,62]. In our cell lines we found that treatment with
temozolomide lowers GLI1 levels, disappearing completely in some
cases. In contrast, treatment with temozolomide increased GLI2
expression. Contradictory to our results and hypothesis is the fact
that some studies have shown that GLI1 inhibition is a good target
to reverse drug resistance in gliomas, or that its inhibition induces
cell cycle arrest and apoptosis [63,64].

Expression of genes associated with stem cells, drug
resistance and apoptosis

Expression of ABC transporters: The expression level of MDR1
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is higher in glioblastomas than in low-grade astrocytomas and also
reduced levels of P-gp expression have been detected in cells derived
from normal human astrocytes, suggesting that MDR1 expression
may be linked to high grades of astrocytoma malignancy [65,66].
A strong correlation between the expression and functional
activity of P-gp and MRP was detected in malignant glioma lines
[67]. It was also demonstrated that although only between 4 and
23% of glioma cells were P-gp positive before chemotherapy, P-gp
expression increased after treatment, involving P-gp in resistance
to antitumor agents (both intrinsic and acquired) in gliomas [68].
However, another study showed that P-gp was not expressed in
normal astrocytes cultured in vitro, and that overexpression of P-gp
was not frequent in glioma cells, but a high expression of MRP1
was detected in normal astrocytes and glioma cells. This suggests
that P-gp may not be involved and perhaps MRP1 may contribute
to intrinsic chemoresistance in gliomas [65]. It has been seen that
brain endothelial cells in gliomas may have a key role in the response
to chemotherapy in vivo, preventing cytotoxic drugs from entering
the central nervous system through activated P-gp function.

ABCG?2 is the specific transporter that confers the phenotype of
the Side Population and may or may not be co-expressed together
with P-gp and MRP1. In gliomas, increased expression of ABCG2
has been described, while reduced levels of ABCG2 have been
found in normal brain tissue. Furthermore, it has been described
that the expression of ABCG2 correlates with an increase in the
histological degree of tumor malignancy, suggesting that ABCG2
may be a marker in glioma progression [69].

The resistance to temozolomide shown by normal astrocytes in
both normoxia and hypoxia is not due to the ABCB1 and ABCG2
transporters, since both are not expressed, and may not be specific
transporters of normal astrocytes. The resistance may be given
by the expression of other transporters such as MRP1 or others.
However, in high-grade astrocytoma cell lines there is expression
of both transporters. This suggests that normal cells and tumor
cells could have a regulatory activity of the extrusion of substances
and drugs mediated by different transporters. This fact could be
interesting for specific transporter inhibition studies.

However, astrocytes enriched in stem cells of the Side Population
show high expression of ABCB1 (and with hardly any expression of
ABCG2, contrary to expectations). This fact shows that within the
same population, depending on the enrichment in stem cells, there
are differences in gene expression. In this case, perhaps resistance
in normal stem cells would be mediated by the high expression of
ABCBI. The fact that the line derived from a low-grade astrocytoma
showed a high expression of the ABCBI1 transporter, and the
expression in the lines derived from high-grade astrocytomas being
lower, may suggest that the ABCB1 transporter is more specific
for low-grade gliomas, losing its expression as the tumor acquires a
more aggressive phenotype. In that hypothetical scenario, ABCB1
would not be a marker of tumor progression of astrocytomas.

ABCG2 was detected in virtually all astrocytoma cell lines and its
expression was higher in SP cells, a fact that did not occur with
ABCBI. These results are consistent with the fact that ABCG2 is
the transporter that confers the phenotype of the Side Population.
Although the expression of ABCG2 in hypoxia did not increase,
its SP-hypoxia-grown cells showed increased expression, supporting
the hypothesis that this transporter is specific to SP cells. However,
in the cell line derived from low-grade astrocytoma as well as in
normal astrocyte cells enriched in stem cells, no increase in ABCG2
expression was detected, even being SP cells, but an increase in
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ABCBI was detected. This suggests that different transporters may
express themselves depending on the tumor stage, with ABCB1
being more specific to those of low grade and astrocytes enriched

with SP, and ABCG2 being more specific to those cells of high
grade of malignancy.

The result of the quantification of ABCG2 after treatment with
temozolomide, served to demonstrate that this drug increased the
expression of ABCG2. This increase in expression can lead tumor
cells to show acquired resistance during treatment and to give
them an advantage in survival and a more aggressive phenotype,
through a more active extrusion of antineoplastic drugs. This fact
could be independent of the state of differentiation of the tumor
cell, providing acquired resistance to both tumor cell populations
without stem cell characteristics and tumor stem cells.

When we previously treated the cells with cyclopamine to inhibit
the HH pathway, the resulting levels of ABCG2 expression were
more variable and cyclopamine had no effect. Cyclopamine
appears to be modulating the extrusion activity of ABCG2. In
other cellular models, on the other hand, cyclopamine does have
an additional effect on increasing the expression of ABCG2, being
also dependent on the basal level of ABCG2 (at a higher baseline
level of ABCG2, the increase in its expression is even greater than
that induced by temozolomide). In these tumor models, inhibition
of the HH pathway to eliminate tumor cells seems not to be a good
therapeutic target. However, in other cellular models, inhibition of
the HH pathway could be a good strategy to increase the effects of
temozolomide [70,71].

Expression of genes associated with stem cells: CD133 has been
identified as a marker of tumor stem cells in a wide variety of
tumors, including medulloblastoma and glioblastoma [4,5,72].
Tumor stem cells are significantly enriched in CD133+ cells. In
hypoxia, higher levels of CD133 expression have been observed,
in relation to an increase in the tumorigenic potential of the cell
line [15-17]. The high resistance shown by CD133+ tumor stem cell
populations is due, among other properties, to their high levels of
ABCG2 and ABCBI1 [10]. In some cases, in addition, ABCG2 and
CD133 are coexpressed, as in cell lines of pancreatic carcinoma,
melanomas and hepatocarcinomas, among others [73-75].

In our study, very minor levels of CD133 expression were detected
in parental lines in normoxia. However, it was found that many
of these lines were resistant to temozolomide. Therefore, CD133
may not be responsible for the chemoresistance offered by these
tumor cells to that drug. The fact that populations of CD133+
tumor stem cells show high levels of ABCG2 expression, suggests
that resistance is determined by this transporter. In addition, the
highest resistance to temozolomide was found in SP cells, which is
also due to the greater expression of ABCG2 and not of CD133.

Possibly, tumor stem cells isolated by the CD133 marker or by
the Side Population phenotype constitute different populations,
are regulated by different pathways and cause drug resistance by
different mechanisms.

The BMI-1 polycomb factor is necessary for the self-renewal of
both normal and tumor stem cells in the hematopoietic, epithelial
and nervous systems, as well as for the maintenance of cells in an
undifferentiated state. Overexpression of this protein is common
in medulloblastomas [76-80]. Chiba and colleagues showed that
BMI-1 contributes to the maintenance of the SP population
in hepatocellular carcinoma [81]. An overexpression of BMI-
1 promotes the selfrenewal of stem cells or liver progenitors,
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and contributes to malignant transformation. In addition,
they demonstrated that BMI-1 expression was higher in SP cells
compared to non-SP cells. The inhibition of the expression of
BMI-1 decreased the SP population, being the first time it was
determined that the loss of BMI-1 in tumor stem cells could affect
their capacity for self-renewal and tumorigenicity.

In all our astrocytoma cell lines we have been able to verify that
there is overexpression of the gene. However, it seems not to
contribute to the self-renewal of SP tumor stem cells, because they
are capable of forming neurospheres (capacity for self-renewal) in
a greater proportion than their parental population, but SP cells
showed lower expression of BMI-1 compared to their parental line.

Bcl-2  anti-apoptotic gene expression: In addition to the
chemoresistance mechanisms mediated by DNA repair pathways,
chemoresistance in gliomas may be influenced by a deregulation
of the genes and proteins that control apoptosis. For example,
overexpression of Bcl-2 can modify the normal apoptotic response
produced after DNA damage.

Bcl-2 has also been studied in the context of chemoresistance.
An increase in the levels of Bcl-2 expression results in increased
chemoresistance and proliferation of tumor cells [82]. Transfection
of Bcl-2 to glioma cells caused a decrease in the effect of therapeutic
irradiation and the cytotoxicity of antitumor agents, causing
chemoresistance and decreased apoptotic response.

According to our study, the Bcl-2 gene could be of great importance
in the intrinsic resistance to chemotherapy. It was expressed both in
normal astrocytes and astrocytomas, protecting cells from cytotoxic
agents to contribute to their survival and proliferation. Populations
enriched in tumor stem cells using the CD133 marker, showed
higher levels of Bcl-2, data consistent with our SP cells, which were
also enriched in tumor stem cells, and where higher levels of Bcl-2
were found in almost all cases.

Bcl-2 expression changes were also studied after treatment
with temozolomide, or in combination with cyclopamine. The
treatment with temozolomide, as in ABCG2 and except in specific
cases, produced an increase in Bcl-2 expression, being very high in
the astrocyte cell line. Bcl-2 appears to be involved in the acquired
resistance to chemotherapy during conventional treatments,
independently of the immaturity status of the tumor cell. Treatment
with temozolomide could provide tumor cells with an advantage in
survival by increased expression of genes, like ABCG2 or BCL-2,
associated with a phenotype similar to that of tumor stem cells.

When the cells were previously cultured with cyclopamine, except
in specific cases where there was greater Bcl-2 expression with
respect to temozolomide, cyclopamine did not show great effects;
the same as observed with the effect of cyclopamine on ABCG2,
a fact that could support the hypothesis that cyclopamine was
extruded by ABCG2.

Therefore, it seems that the treatment with temozolomide provides
an added acquired resistance, favoring the expression of Bcl-2, an
anti-apoptotic gene that produces escape of apoptosis and drug
resistance so that the cell can survive under conditions of selective
pressure.

Hypoxia and hypoxia-inducible factors

Hypoxia, as an event associated with the mechanisms of

carcinogenesis, can be important for tumor development,
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angiogenesis, or resistance to antineoplastic drugs, in addition to
producing a more aggressive tumor phenotype, favoring malignant
progression.

In glioma cell lines, Hypoxia-Inducible Factors (HIFs) can be
expressed in both normoxia and hypoxia, and most tumors respond
to hypoxia using HIF-1lo [83-85]. However, some recent studies
have found differences in expression both at the mRNA and
protein levels, between factors HIF-1a and HIF-20, demonstrating
that HIF-2a. is significantly expressed in the population of tumor
stem cells but not in differentiated tumor cell populations or in
normal neuronal progenitors [86]. HIF-1a, on the other hand,
was expressed in both tumor and non-tumor stem cell populations,
and in normal neuronal progenitor populations. HIF-2a. has been
shown to play an important role in the plasticity of the tumor cell
phenotype. HIF-1a had no effect on the levels of gene expression
associated with tumor stem cells. However, HIF-2a induced
overexpression of genes associated with tumor stem cells, such as
CD133 [15,16]. The genetic silencing of the two factors showed
that only HIF-2a eliminated hypoxia-dependent induction of the
tumor stem cell phenotype. HIF-2a is, therefore, necessary to
maintain the tumor stem cell phenotype and can reprogram the
dedifferentiation of non-stem tumor cells to an undifferentiated
tumor stem cell phenotype.

Gene expression analysis of both factors showed that they are
expressed differentially depending on whether the cells are normal
or tumor cells. It was found that HIF-1a is preferably expressed in
normal astrocyte cells and in their cells enriched in SP stem cells.
Because both factors have common and other specific targets, it is
possible that HIF-1a factor confers specific and adaptive properties
to normal cells and not to tumor cells, in order to survive and
proliferate during radiotherapy and chemotherapy treatments,
while the HIF-2a factor seems to be more specific for tumor stem
cells. On the other hand, both factors are usually more expressed
in the population enriched in tumor stem cells and in the hypoxia
condition.

One fact to consider, is that in LN405 and SW1783 cells, the
expression of HIF-20 increases in hypoxia and experiences a large
decrease in expression in SP cells cultured in hypoxia, the same
effect as observed in the expression of CD133. These results can
support the hypothesis that HIF-2a. is the responsible factor for the
positive regulation of CD133, and not HIF-1a. Therefore, HIF-2a
would be responsible for the plasticity of tumor cells.

Cell cultures under hypoxic conditions provide great resistance
to the tumor cells. This fact was visible in parental lines, which
are not enriched in tumor stem cells of the Side Population. It
seems, therefore, that a hypoxic microenvironment provides
tumor cells with resistance to conventional drugs, and that being
a characteristic of tumor stem cells, hypoxia provides them with a
more aggressive phenotype, being able to acquire and reprogram
tumor cells towards a phenotype associated with tumor stem cells.

Therefore, treatments that have tumor stem cells as the only
specific targets may be an insufficient strategy for an effective
treatment, because tumor cells without stem cell characteristics
can acquire characteristics of tumor stem cells due to the effects
of the microenvironment, such as the effect of hypoxia. Therefore,
therapeutic targets that simultaneously target the hypoxic tumor
microenvironment of the niche may be essential for the efficacy of
therapies based on tumor stem cells [70].
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DNA repair systems for genetic damage caused by
temozolomide

Intrinsic or acquired resistance to cytotoxic agents remains the
major obstacle in the treatment of high-grade astrocytomas, which
present a variety of resistance mechanisms to antineoplastic drugs.

MGMT seems to be the most important pathway in the resistance
to temozolomide and other alkylating agents. Pretreatment with
MGMT inhibitors, such as O° -BG, suppresses MGMT activity and
produces sensitivity to BCNU (carmustine) in xenotransplanted
models that contain MGMT positive cells [87]. Other studies
showed that this inhibition increased the antitumor activity of
temozolomide both in vitro and in vivo [88-91]. The loss of MGMT
function is normally caused by hypermethylation of regions of its
promoter [92,93]. Tumors with methylated MGMT promoters
are more sensitive to alkylating agents, while those with the non-
methylated promoter express high levels of MGMT and are more
resistant to chemotherapy. Clinically, MGMT promoter methylation
is associated with a better response to these pharmacological agents,
providing greater survival [94-96]. Therefore, methylation of the
MGMT promoter can predict a positive therapeutic response to
alkylating agents. Although very recent studies show that a subset
of recurrent gliomas carry MGMT genomic rearrangements that
lead to MGMT overexpression, independently from changes in its
promoter methylation [97].

The results obtained in our experiments showed that the vast
majority of the cell lines derived from astrocytomas showed MGMT
expression and some resistance to temozolomide, suggesting that
MGMT expression levels associate with a poor cytotoxic response to
this chemotherapeutic agent. However, it is possible that a subtype
of astrocytomas do not follow this association, since there may
be tumor cells that are very sensitive to temozolomide and show
high expression of MGMT. In this case, MGMT would not be a

determining factor in the response of tumor cells to temozolomide.

As in previous results, it has been found that there are differences
in gene expression between normal and tumor cells. In normal
cells, it seems that its resistance to temozolomide is not determined
by the expression of MGMT. Possibly, its chemoresistance capacity
is regulated by mechanisms other than those that regulate tumor
cells, and would not affect the proliferative capacity of normal cells.

We also analyzed the cytotoxic effect of temozolomide after a
previous treatment with O®BG to inhibit MGMT levels, in order
to check if the cytotoxicity of temozolomide is increased, and if the
resistance or sensitivity to temozolomide in our cell lines is mediated
by MGMT levels. In general, a pre-treatment of temozolomide with
OS-BG results in an increase in the sensitivity of tumor cells to
temozolomide. These data seem to show that MGMT can be an
important marker in resistance to alkylating agents, and the use of
specific inhibitors for MGMT, can be a good strategy to increase
the sensitivity of tumor cells to temozolomide. It was also proven
that the hypoxic microenvironment of tumor cells is able to
provide resistance and confer characteristics associated with cells
with a more undifferentiated phenotype. An inhibition of MGMT
through the use of O®BG, is capable of increasing the sensitivity
to temozolomide in normoxic conditions. Resistance appears
when cells are exposed to a hypoxic microenvironment, in which
no cytotoxicity of the drug occurs. In these cases, hypoxia could
provide other additional chemoresistance mechanisms.
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Therefore, it is also likely that tumor stem cells show other
mechanisms for repairing DNA damage in addition to those of
MGMT. Therefore, the expression of MLH1 and MSH2, genes
belonging to the mismatch repair (MMR) pathway, was analyzed.
Some studies have shown that patients with glioma showing
reduced levels of MGMT and elevated MLH1 and MSH2 have
a better response to temozolomide than patients with elevated
levels of MGMT and reduced levels of MLH1 and MSH2 [98].
Meanwhile, another study showed that MMR system deficiencies
do not participate in chemoresistance in malignant gliomas [99-

102].
CONCLUSION

We could determine high expression of the two main genes of the
MMR pathway in our cell lines, suggesting that cells are not deficient
for MMR, and that sensitivity to treatment with temozolomide
might occur. Significantly lower levels of MLH1 and MSH2
were observed in the normal astrocyte line. This fact, once again,
shows differences in the expression of genes or pathways between
normal cells and tumor cells, which suggests the possibility that
drug resistance is regulated by different DNA repair mechanisms.
Therefore, perhaps, the MMR pathway may provide resistance to
temozolomide in normal astrocytes but not in astrocytoma cells,
where it appears that chemoresistance is independent of the MMR
pathway. In this sense, other genes of this pathway that have not
been analyzed might be responsible for conferring the deficiency
to the MMR system. For example, mutations or loss of MSH6
are associated with tumor progression during chemotherapy with
temozolomide, and PMS2 overexpression confers tolerance to

DNA damage.
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