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Abstract. In addition to the primary culturing of cancer stem
cells (CSCs) from tumor tissues, CSCs are found in established
tumor cell lines. However, it is unclear how culture condi-
tions affect CSC enrichment. Additionally, the differentiation
potential of cell line-derived CSCs has not been well studied.
In our study, the glioblastoma cell lines LN229, T98G, U251n
and U87, were cultured as spheres in serum-containing
medium (serum spheres) or serum-free medium (serum-free
spheres). We found that LN229 and U251n cells expressed
multiple stem cell markers such as Nestin, Sox2, Musashi-1
and CD44, and their serum spheres expressed even higher
levels of Nestin, Sox2 and Musashi-1 compared to monolayer
cells and serum-free spheres. LN229 and U251n cells showed
higher migration and colony formation potential compared
to T98G and US87 cells, which did not express Nestin, Sox2
and Musashi-1. Serum spheres of LN229 and U251n cells
also exhibited higher resistance to temozolomide compared
to serum-free spheres. All tumor cell lines showed neuronal
differentiation (Tuj-1 positive). Only U251n serum spheres
exhibited both astrocytic (GFAP-positive) and neuronal differ-
entiation. We conclude that sphere culture in serum-containing
medium provides the most efficient enrichment of cancer stem
cells. U251n cells are distinguished from other tumor cells due
to their potential for multilineage differentiation.

Introduction
Increasing evidence shows that a small subset of cells within a

malignant neoplasm, named cancer stem cells (CSCs) or tumor-
initiating cells (TICs), are capable of initiating and driving tumor
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growth (1,2). CSCs are so defined because they possess many
characteristics of normal stem cells, which have the potential
for self-renewal, in vitro sphere formation, differentiation and
tumorigenicity (3.4). In addition they are relatively quiescent
and resistant to many chemotherapy drugs, and thus become
sources of tumor recurrence (5-7). CSCs are a new target of the
next generation of tumor therapeutic agents.

CSCs were first isolated from leukemia (8), and then from
solid tumors including glioblastoma (GBM, WHO grade IV) (9).
In vitro culturing of CSCs is widely used to test their character-
ization and functionality. In the majority of studies CSCs are
maintained and enriched in a suspension culture of spheres in
serum-free medium. This sphere culture system attempts to
decrease the secretion of differentiation factors and to avoid
differentiation stimulation by adherence (10-12).

Although CSCs are defined by self-renewal, differentiation,
and tumorigenicity, they are usually identified and isolated by
stem cell markers. Markers such as Prominin-1 (CD133) and
CD44 are frequently used in many types of tumors (13-15).
ATP-binding cassette (ABC) transporter (breast cancer-
resistance protein-1, ABCG2/BCRP1), which is a marker of
side-population cells, has also been used to identify CSCs (16).
Mostly, multiple stem cell markers are used to identify CSCs
and these markers may differ among different tumor types.
In breast cancer, for example, the tumor-initiating cells have a
characteristic CD44(+)CD24(-/low) epithelial-specific antigen
(ESA)(+) antigenic pattern (17). For prostate cancer, MDRI1 and
Oct-4 may be used as stem cell markers (18). In cells derived
from glioblastoma, neural stem/progenitor cell markers such
as nestin, Sox2 and Musashi-1 have been used to identify
CSCs (19-22).

CSCs have been isolated not only from tumor tissues,
but also from established tumor cell lines including human
breast cancer (17), prostate cancer (23), epithelial ovarian
carcinoma (24), melanoma (25), colon cancer (26,27), brain
tumor (28,29) and others, and the list is expanding rapidly.
Traditionally,tumor cell lines were cultured in serum-containing
medium with monolayer morphology (excluding blood system
tumor cells). Generally, the vigorously dividing tumor cells
in serum-containing medium are considered differentiated
cells. Additionally, tumor cell lines have been used in studies
for decades, and cells have undergone various genomic and
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morphological changes to adapt to the in vitro growth envi-
ronment. Li et al, observed several recurrent aberrations in
established glioma cell lines and these aberrations are not
frequently observed in primary tumors (30). Thus, cultured
tumor cell lines are unlikely to contain CSCs even if they
conserve some features of primary tumor biology. However,
the presence of CSCs in tumor cell lines suggests that some of
the cell lines may still possess stem cell potential. It is notable
that the reported CSCs in tumor cell lines were often obtained
from floating cells in the medium or cells which were cultured
as spheres in serum-free medium. These findings have led to
interesting questions. Can CSCs be re-induced from long-term
cultured tumor cells? Is the sphere culture system critical for
the induction of CSCs in tumor cell lines? Why do some cancer
cell lines contain CSCs and others do not? Answering these
questions would be helpful in understanding the development
of CSCs.

In this study, we cultured the established glioblastoma cell
lines as spheres in a medium with or without serum. We will
examine the expression of generally accepted CSC markers
in these cells and compare CSC properties such as colony
formation, migration and chemotherapy resistance. Our main
goal is to determine whether those CSCs identified by stem cell
markers truly possess the ability to differentiate.

Materials and methods

Cell culture. LN229, T98G, U251n and U87 glioblastoma cell
lines were obtained from American Type Culture Collection
(ATCCQC). Cells were grown as monolayers when cultured in
cell culture flasks with DMEM containing 10% (v/v) fetal
bovine serum (FBS), 2 mM L-glutamine, 100 IU/ml penicillin,
100 pg/ml streptomycin and 1% nonessential amino acid.

To culture tumor spheres, cells were seeded in 2% poly
(2-hydroxyethyl methacrylate) (poly-HEMA, Sigma)-coated
cell culture flasks to prevent cell adhesion. Tumor spheres
were formed either in serum-containing medium (i.e., serum
sphere) or in serum-free medium (i.e., serum-free sphere).
Serum spheres were cultured in the same medium as monolayer
culture. Serum-free spheres were cultured in DMEM/F12
supplemented with N2 supplement and 0.5 mg/ml bovine serum
albumin (BSA). Epidermal growth factor (EFG) and basic fibro-
blast growth factor (FGFb) (20 ng/ml each) were added to the
medium before culturing.

Glioma cells exhibited variant growth speeds especially
when cultured as spheres. For subsequent sphere formation
100-150 pm spheres were dissociated in 0.05% trypsin-EDTA
and seeded at a density of 10,000 cells/ml. Cell culture medium
was changed every 3 to 4 days. Spheres were cultured at least
2 months in serum-containing medium or serum-free medium.
All cells were cultured at 37°C in a humidified atmosphere of
5% CO,. Cell culture medium and additives were obtained from
Invitrogen.

Cell proliferation in soft agar. To observe the clonogenic ability
of cells in different culture conditions, monolayer cells and
spheres were dissociated with trypsin-EDTA. A total of 1x10*
cells were suspended in 0.3% low-melt agarose (Cambrex) and
then seeded onto the top of 2% poly-HEMA precoated 6-well
plates (Corning). A total volume of 4 ml of the serum-containing
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medium and serum-free medium were added on top of the agarose
layer with cells inside. Medium was changed every 3 days. After
14 days in culture, the plates were stained by 0.05% crystal violet
for colony quantification. Colonies with more than 20 cells were
counted under an inverted light microscope.

Sphere migration assay. Spheroids of approximately 200 ygm
diameter were selected for the experiments. Six to ten spheroids
were used for each experimental condition in each experiment.
Spheroids were transferred individually to 24-well plates
containing serum or serum-free medium and allowed to migrate
for 24 h. For quantification, the mean diameter of glioma cells
that had migrated from the tumor spheroid was measured in a
blinded manner and expressed in relation to the mean radial
distance at time O h. Assays were repeated at least twice.

Western blot analysis. Glioma monolayer cells and spheres
cultured in different conditions were washed two times with ice
cold phosphate-buffered saline (PBS) and lysed in RIPA buffer
(50 mM Tris pH 74, 250 mM NaCl, 5 mM EDTA, 1% NP-40,
0.1% SDS, 0.5% sodium deoxycholate, | mM phenylmethyl-
sulphonyl fluoride) containing 1% protease inhibitor cocktail
(Calbiochem). Cell lysates were centrifuged at 13,000 x g for
10 min to remove debris and protein concentration was deter-
mined using the BCA protein assay kit (Pierce). Total protein
of 10-20 pug was subjected to SDS-PAGE, transferred to
polyvinylidene fluoride (PVDF) membrane, and probed with
antibodies, followed by HRP-conjugated secondary antibodies.
Specific proteins were detected by ECL Western Blotting
Detection Reagents (GE Healthcare Biosciences). The experi-
ments were repeated in triplicate. f-actin antibody was used as
the internal protein control. Antibodies against Nestin and Sox2
were purchased from Millipore; antibodies against Musashi-1
and CD133 were the products of Cell Signaling Technology
Inc.; antibodies against CD44 and [-actin were obtained from
Sigma; and ABCG?2 (anti-BCRP, clone BXP-21) was the product
of Kamiya Biomedical Company.

For quantification of relative protein levels, X-ray film, and
densitometric analysis was carried out using ImageJ software
(National Institutes of Health). Each immunoblot was performed
3 to 6 times.

Cytotoxicity assay. Cytotoxicity of sphere cells responding to
temozolomide (TMZ, Sigma) was assessed by release of lactate
dehydrogenase (LDH) from damaged cells into the medium
using a cytotoxicity detection kit (Roche Applied Science). The
method was performed as specified by the manufacturer, with
minor modifications. Serum spheres and serum-free spheres
were dissociated with trypsin-EDTA and 2x10° single cells were
seeded in 2% poly-HEMA coated 24-well cell culture plates
with the same serum concentration as their sphere culture.
Cells were treated with TMZ for 48 h at concentrations of 800
and 1,000 yM. The same amount of DMSO was added into
the medium as control. Then supernatants were collected and
centrifuged at 10,000 rpm for 5 min to remove floating cells.
After sedimentation, 20 ul of supernatant from samples was
transferred to a 96-well, flat-bottomed plate (Costar) and mixed
with 80 ul PBS, to which 100 gl of substrate mix in assay buffer
was then added. Plates were kept protected from light for up to
30 min at room temperature. The absorbance was monitored at
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Figure 1. Cell morphology of glioblastoma cell lines in different culture conditions. Glioblastoma cells lines LN229, T98G, U251n and U87 grew as monolayers
in cell culture flasks with serum-containing medium. These cells formed spheres in 2% poly (2-hydroxyethyl methacrylate)-coated cell culture flasks in

serum-containing or serum-free medium.

492 nm with the reference wavelength 620 nm in a plate reader
(Multiskan MCC/340, Labsystems). The percentage of cyto-
toxicity was calculated relative to absorbance values for blank
medium controls and values resulting from total lysis of cells by
Triton X-100 (100% cell kill) according to the following formula:
CytOtOXIClty (%) = (ODLreatment'ODcontrol)/ (ODtotal_ODcontrol) x 100.

Immunocytochemistry staining.Lab-TeK tissue culture chambers
(2-well) (Nunc) were coated with poly-L-ornithine (Sigma)/fibro-
nectin (Sigma). Serum-containing and serum-free cultured
spheres were dissociated into single cells and 1x10* cells were
seeded in each well. Cells were cultured with 1% FBS containing
DMEM medium for 7-10 days to undergo differentiation. Then
cells were fixed with 4% paraformaldehyde or methanol (O4
staining) and permeabilized with PBS containing 0.5% Triton
X-100 for 5 min. Cells were stained by lineage-specific markers
namely Glial Fibrillary Acidic Protein (GFAP, astrocyte marker)
(Millipore), Beta III tubulin (Tujl, neuron marker) (Covance)
and O4 (Oligodendrocyte marker) (RnD Systems). Signals were
developed with diaminobenzidine (DAB) for GFAP, Romulin
AEC for Tujl and DAB/NICI, for O4 with 4 plus HRP detection
system (Biocare). Cells were counter-stained with hematoxylin
(GFAP and Tujl) and methyl-green (O4) (Sigma).

Statistical analysis. Data are expressed as the mean + standard
deviation. Each experiment was repeated three times with
duplicates. Statistical differences were evaluated using one-way
ANOVA. A probability value of p<0.05 was considered statisti-
cally significant between two groups.

Results

Nestin, Sox2 and Musashi-1 were induced in serum spheres
of LN229 and U251n. Traditionally, glioblastoma cell lines
were kept in 10% FBS containing medium and grown as
monolayers. When cells were cultured in serum-free medium,
most of the tumor cells were floating and form spheres. To
make spheres of cells both in serum-containing medium and
serum-free medium, we coated cell culture apparatus with
2% poly-HEMA to prevent cell adhesion. LN229, T98G and
U87 formed spheres that were round with tightly connected
cells. U251n formed spheres that were not exactly round from
both serum-containing medium and serum-free medium. The
cells in U251n spheres were loosely connected and easy to
expel from the spheres. U87 cells grow extremely slowly when
cultured as spheres. The number and size of U87 spheres exhib-
ited little change during the process, even though these spheres
were suspended in culture for at least 8 weeks before further
testing took place (Fig. 1).

Expressions of stem cell markers were determined in cells
from different culture systems by western blot assay. We found
glioblastoma cells exhibited different expression patterns of
stem cell markers. Nestin, Sox2 and Mushashi-1 were expressed
only by LN229 and U251n cells but not by T98G and U87
cells. Serum spheres expressed higher levels of these markers
than monolayer cells and spheres from serum-free medium.
Specifically, Mushasi-1 was greatly induced only in serum
spheres. CD44 expressed in an opposite way to Nestin, Sox2
and Mushasi-1 in LN229 and U251n cells and serum spheres
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Figure 2. Western blot analysis of stem cell markers of glioblastoma cell lines cultured in different culture conditions. Protein expression levels of monolayer cells,
spheres cultured in serum-containing (s-sphere) medium and serum-free (sf-sphere) medium were expressed as a ratio to actin following densitometry analysis.
“Represents significant difference (p<0.01) between two groups.
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Figure 3. Colony formation of monolayer- or sphere-cultured glioblastoma cells in serum-containing or serum-free medium. Dissociated monolayer- or sphere-cells
were seeded in poly (2-hydroxyethyl methacrylate)-coated 6-well plates with 0.3% soft agar in the cell culture medium. Cells were cultured in both serum-containing
medium and serum-free medium. Colony numbers were counted and compared between groups. “p<0.01 compared with other 3 cell lines with the same culture
condition (serum- or serum-free mediumy). “p<0.01 compared with T98G or U87 cells with serum-free medium culture.

expressed lower levels of CD44 than monolayers and serum-  Colony formation potentials in Ln229, U25In, T98G and
free spheres. CD44 was also detected by T98G and U87 cells ~ U87 spheres. When grown as monolayers, LN229, T98G
and the highest level of CD44 was expressed by serum-free  and U251n cells showed similar colony formation and U87
spheres. ABCG2 was detected in Ln229, T98G and U87 cells.  cells grew slower than the other three types. In the same
However, ABCG2 expression was not found to be correlated = medium as monolayer cells, the sphere cells grew more slowly
with other stem cell markers. CD133 was not detected in any of  than the monolayer cells but with the same growth pattern.
the cell lines. Previously, the CD133 antibody had been success-  Interestingly, serum-free sphere cells from LN229 and U251n
fully used in detecting primary cultured neurospheres from  showed a much higher rate of colonization than those from
glioblastoma tissues (31) (Fig. 2). T98G and U87. LN229 and U251n sphere cells also exhibited
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Figure 4. Cell migration of glioblastoma cell spheres in different culture media. Spheres from serum-containing and serum-free medium were placed in cell
culture plates for 24 h. Migration was expressed as the ratio of diameter of migrated cells to diameter of spheres when they were first placed. "p<0.01 compared

with T98G and U87 cells with the same culture medium (serum).
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Figure 5. Cytotoxicity of glioblastoma sphere cells to temozolomide (TMZ).
Spheres cultured in serum-containing medium and serum-free medium were
dissociated and treated with 800, 1,000 uM TMZ for 48 h. Lactate dehydroge-
nase (LDH) released to the cell culture medium was determined. Cytotoxicity
was expressed as the percentage of released LDH to total LDH of untreated
cells. "p<0.01 in comparison to control or 1,000 uM TMZ groups unless spe-
cific p-values were shown. “Represents significant difference (p<0.01) between
two groups.

special colony formation potential when their growth media
were changed. When changed to serum-free medium, serum
spheres from LN229 presented a higher colony formation rate
than the other 3 cell lines. However, when changed to serum-
containing medium, serum-free spheres of U251n exhibited
a much higher rate of colonization than the other 3 cell lines,
which suggests that LN229 and U251n have stronger survival
ability than T98G and U87 in response to environmental
changes (Fig. 3).

Migration ability of LN229, U25In, T98G and US87
spheres. We seeded spheres in plated cell culture (with no
poly-HEMA coating) to test cell migration ability in serum-
containing medium or serum-free medium. When seeded
in serum-containing medium, both serum spheres and
serum-free spheres from LN229 and U251n cells exhibited
higher rates of distant migration than those from T98G and
U87. Compared with LN229 and U251 spheres, only small
numbers of the T98G and U87 cells migrated outside their
spheres. In serum-free medium, only serum spheres of LN229
showed migration (Fig. 4).

TMZ-induced cytotoxicity. The sensitivity of glioblastoma
sphere cells to chemotherapies was evaluated by testing LDH
released from damaged cells. TMZ, which is currently used
in fighting glioblastoma, was chosen as the cytotoxic reagent.
LN229 and U251n sphere cells from the same culture system
exhibited similar cytotoxic effects following TMZ treatment.
LN229 and U251n serum spheres treated after 48 h with
1,000 uM TMZ showed cell death rates of 34 and 35%, respec-
tively. LN229 and U251n serum-free spheres treated after 48 h
with 1,000 uM TMZ showed cell death rates of 57 and 51%,
respectively. U87 sphere cells showed relatively lower cytotox-
icity than the other 3 cells. Noticeably, serum spheres of T98G
exhibited lower toxic effect than those of LN229 and U251n,
while they had similar colonization rates in serum-containing
medium (Fig. 5).

In vitro differentiation. Cell differentiation of sphere cells
was evaluated after 7-10 days adhesive growth in medium
containing 1% FBS. Both serum spheres and serum-free spheres
showed neuronal differentiation. Tujl positive neuronal cells
were observed among cell populations. Only cells from serum
spheres of U251n exhibited astrocytic differentiation, which
was demonstrated as GFAP-positive cells. We did not observe
oligodendrocytic differentiation in any of the four cell lines in
either culture system as detected by O4 staining (Fig. 6).
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Figure 6. Differentiation of glioblastoma cell line-derived sphere cells. Spheres cultured in serum-containing medium and serum-free medium were dissociated
and seeded in poly-L-ornithine/fibronectin coated slides for 7-10 days. Cells that differentiated into astrocyte, neuron and oligodendrocyte were identified using
lineage-specific markers GFAP, Tujl and O4 by immunocytochemistry staining. Signals were developed with diaminobenzidine (DAB) for GFAP, Romulin AEC
for Tujl and DAB/NICI, for O4. Cells were counter-stained with hematoxylin (GFAP and Tujl) and methyl-green (O4).

Discussion

It has been revealed that almost all tissues contain tissue-specific
stem cells, which continuously generate the residential differen-
tiated cells responsible for tissue function and homeostasis (32).
The uneven cell growth and heterogeneity of tumor phenotype
led to the postulation that tumors may be derived from tissue
stem cells. The CSCs may proliferate to generate differentiated
tumor mass and may also generate new CSCs through self-
renewal. In glioblastoma, CSCs are thought to be responsible for
the invasive growth and tumor recurrence due to their resistance
to chemotherapy drugs.

Sphere formation is a typical characteristic of CSCs when
cultured in serum-free medium. The sphere culture of CSCs

minimizes stimulation from the environment, thus keeping
CSCs in an undifferentiated state. Interestingly, we found that
all the tested tumor cell lines exhibited similar effects such
as floating growth and sphere formation in the serum-free
condition. Cell lines like U251n may not entirely float in the
medium and some cells still remain adhered to the regular cell
culture flasks. Additionally, we found that part of the dissociated
spheres may re-attach to a non-poly-HEMA coated flask when
subcultured to secondary spheres, indicating the uneven growth
of the cells within the spheres.

LN229 and U251n cells are distinguished from T98G and
U87 cells by expression of Nestin, Sox2, Musashi-1 and CD44.
With the expression of multiple stem cell markers, LN229 and
U251n cells exhibited higher migration and colonization abili-
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ties than T98G and U87 cells. Note that higher colonization was
observed only in spheres cultured in serum-free medium. In
serum-containing medium, the external stimulation of growth
factors from serum may overwhelm the internal cell signaling.
However, even with the similar expression of stem cell markers,
LN229 and U251n cells showed different colonization ability
when they underwent immediate medium changes. When
serum spheres were placed in serum-free medium, LN229 cells
showed a higher colonization rate than the other cell lines, while
serum-free spheres of U251n cells placed in serum-containing
medium showed significantly higher colonization than the other
cell lines, indicating that LN229 and U251n cells have special
abilities in adapting to environmental change. Whether the
unique colonization abilities of U251n serum-free spheres in
serum-containing medium predicts its multilineage differentia-
tion potential has not been determined and needs further testing.
CD133, which was used extensively as a stem cell marker, is
not expressed by these cells. Recent studies indicate that both
CD133-negative and CD133-positive cancer cells can initiate
tumors (33,34).

Serum spheres of LN229 and U251n cells exhibited more
resistance to TMZ than their serum-free spheres. This result is
consistent with our finding that serum spheres of LN229 and
U251n express higher levels of stem cell markers. Cytotoxicity
to TMZ is closely correlated with cell proliferation rate. Stem
cell markers may be involved in the modulation of cell cycle
progression and thus change cell response to chemotherapy
agents. Expression levels of the drug-resistance-related gene
ABCG?2 is not correlated with TMZ-induced cell damage.
ABCG?2 also is not correlated with stem cell properties,
suggesting the ABCG2 may not be crucial for stem cell function.
The lower cytotoxic effects of T98G serum sphere may be due
to its expression of O6-Methylguanine-DNA Methyltransferase
(MGMT), which is a response to repair TMZ-induced DNA
damage (35).

When checking differentiation abilities, we found that most
glioblastoma cells are maintained in an undifferentiated state.
Through differentiation stimulation, few tumor cells differ-
entiated to neuronal cells. Only cells from serum spheres of
U251n exhibited both astrocytic and neuronal differentiation.
The limited neuronal differentiation of glioblastoma cell lines
predicts that these tumor cells may originally be derived from
adult neural stem or progenitor cells (36).

It is unclear why serum spheres are more stem-like than
serum-free spheres. Cells cultured as spheres may change cell-
to-cell interaction compared to monolayer cells. In spheres,
cells in the inner part of the spheres may receive less nutrients
compared to the outer layer. The sphere structure formed in
serum-containing medium may be more suitable for inner layer
cells to transform to quiescent or dormant cells which are more
stem-like. Considering the similar levels of stem cell markers
expressed by LN229 and U251n, differentiation ability cannot
be predicted only by the presence of stem cell markers. We
assume that some cancer cells such as U251n cells have the
potential to dedifferentiate and this ability is decided by the
intrinsic changes within cells and may not depend only on the
expression of stem cell markers. Astrocytes from p53-deficient
mice were reported to dedifferentiate to stem-like cells (36,37).
It is possible that U251n cells acquired dedifferentiation ability
through genomic changes.
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Our study provides evidence that some cancer cell lines
may retain stem cell properties and their multi-potential
ability can be restored if they are kept in the proper conditions.
Serum-containing medium is a favorable environment for stem
cell enrichment. Stem cell markers may predict some stem cell
potential but not the ability to differentiate. U251n cells possess
the most stem cell properties compared with other glioblas-
toma cell lines. The tumorigenic ability and invasive behavior
of U251n serum spheres in vivo needs to be tested in animal
models. Future studies are necessary to determine the differ-
ences between cells located at the core and the outer surface of
the spheres. Understanding the molecular mechanisms of tumor
dedifferentiation and formation will help provide future clinical
therapies for patients with glioblastoma.
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