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Glioma stem cells and their non-stem differentiated glioma cells
exhibit differences in mitochondrial structure and function
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Abstract. Although mitochondria play an important role in
cell survival, their biological significance in differentiated and
undifferentiated cells is not well known. In the present study,
we compared the differences in the structure and function
of mitochondria between undifferentiated cancer stem cells
and differentiated cancer cells. Glioma stem cells (GSCs),
when grown under serum culture conditions, demonstrated
a decrease in stem cell marker expression and tumor sphere
forming ability, while showing an increase in differentiated
cell markers. Transmission electron microscopy analysis
revealed that the number of mitochondria with distinct cristae
and electron-dense matrices increased significantly in the
non-stem differentiated glioma cells when compared to their
undifferentiated GSCs. Bioinformatic analysis revealed that
the glucose metabolic process gene signature was enriched
in gene pools that had an increased number of stem cells.
Additionally, qRT-PCR analysis revealed that the expression
of various glucose metabolism genes was higher in GSCs
than in non-stem differentiated glioma cells. Altogether,
our results suggest that GSCs have immature mitochondria
when compared to differentiated glioma cells. Notably, GSCs
prefer a relatively higher glucose metabolism, which implies
that they utilize different mitochondrial biosynthesis and
metabolic pathways when compared to differentiated glioma
cells.
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Introduction

Glioblastoma (GBM) is the most common primary tumor of
the central nervous system. According to the World Health
Organization, it is a grade IV brain tumor exhibiting lethal
malignancy with a median survival of less than 15 months,
despite the availability of several anticancer regimens such
as debulking surgery, radiotherapy and chemotherapy (1). In
1997, Bonnet and Dick were the first to isolate cancer stem
cells (CSCs) in acute myeloid leukemia that were known to
cause cancer, metastasis, cancer resistance and recurrence (2).
Since then, CSCs have been found in most solid cancers (3,6).
Like other types of CSCs, many recent studies have reported
that glioma stem cells (GSCs) are a major cause for the initia-
tion, progression, invasion and even recurrence of GBM (7).
GSCs share many biological characteristics with normal
neural stem cells. For example, when grown under serum-free
stem cell culture conditions with growth factors such as epithe-
lial growth factor (EGF) and basic fibroblast growth factor
(bFGF), GSCs can form spheres and self-renew to maintain
stem cell properties (8). They also differentiate into non-stem
differentiated glioma cells through a variety of intrinsic and
extrinsic signals, which are ultimately considered to be the
main cause of tumor heterogeneity (9).

The function of mitochondria is essential, not only in
normal cells, but also in cancer cells (10). Mitochondrial
metabolic homeostasis and glucose metabolism signaling
are known to be regulated by a variety of oncogenes and
tumor suppressor genes (11). Unlike cancer cells, not many
studies on the role of mitochondria in CSCs are available.
Nonetheless, some studies have focused on the production
and release of mitochondrial energy in CSCs (12,13). It has
also been suggested that mitochondria play an important role
in the expansion and survival of CSCs (14). Notably, many
studies have shown that the number, the structural features
and the functions of mitochondria were significantly elevated
and maturated during the differentiation of embryonic stem
cells (15,16). These studies suggested that the characteristics
of mitochondria could act as biomarkers for normal stem
cells and CSCs. However, there have been no studies high-
lighting the differences in mitochondria between CSCs and
their differentiated cancer cell progenies. Thus, in the present



412

study, we compared the characteristics of mitochondria
between GSCs and differentiated glioma cells using trans-
mission electron microscopy, bioinformatics and glucose
metabolism analyses.

Materials and methods

Cell culture and reagents. Patient-derived 528NS, 84NS,
I9NS, 157NS, and 83NS GSCs were kindly provided by
Dr Ichiro Nakano. GSCs were cultured under stem cell culture
conditions as follows: Dulbecco's modified Eagle's medium
(DMEM)/F12 (Lonza, Basel, Switzerland) supplemented with
modified B27 (0.04%; Invitrogen, Waltham, MA, USA), 1%
penicillin/streptomycin (Lonza), L-glutamine (2 mmol/l),
gentamicin sulfate (50 pg/ml; Mediatech, Inc., Tewksbury,
MA, USA), epidermal growth factor (EGF; 20 ng/ml; R&D
Systems, Minneapolis, MN, USA) and basic fibroblast growth
factor (bFGF; 20 ng/ml; R&D Systems) (17). Serum culture
condition was as follows: DMEM (Lonza) supplemented with
5% fetal bovine serum (FBS; Biotechnics Research, Inc.,
Lake Forest, CA, USA), 1% penicillin-streptomycin (Lonza),
1% 1-glutamine (Lonza) and gentamicin sulfate (50 pg/ml).
For mitochondrial function studies, 84NS and 528NS GSCs
were used because of their ability to proliferate under stem
cell culture conditions. Additionally, these GSCs displayed
considerable differences in cell morphology and number
of mitochondria compared to the other GSCs and non-stem
differentiated glioma cells.

Quantitative reverse transcription-PCR (gRT-PCR).qRT-PCR
was performed to determine mRNA levels. Total RNA of
GSCs was isolated using QIAzol Lysis reagent (Qiagen, Venlo,
The Netherlands) according to the manufacturer's instructions.
After quantitating the amount of total RNA, 1 ug RNA was
used as a template to synthesize cDNA by using the RevertAid
First-Strand cDNA Synthesis kit (Thermo Fisher Scientific,
MA, USA). qRT-PCR analysis was conducted on an iCycler IQ
Real-Time detection system (Bio-Rad Laboratories, Hercules,
CA, USA) by using SYBR Premix Ex Taq (Takara Bio, Shiga,
Japan) according to the manufacturer's instructions. The
results of QRT-PCR were collected as Ct value, and in turn
were quantified with the AACt method (18). Primer sequences
used for qRT-PCR amplification were as follows (5' to 3'): 18S
(loading control): forward (F), CAGCCACCCGAGATT
GAGCA and reverse (R), TAGTAGCGACGGGCGGTGTG;
CD133: F, AATTCACCAGCAACGAGTCC and R, CCGAA
TCCATTCGACGATAG; SOX2: F, TGGACAGTTACGCGC
ACAT and R, ACTTGACCACCGAACCCAT; GFAP: F, GG
AACATCGTGGTGAAGACC and R, AGAGGCGGAGCA
ACTATCCT; GLUTI: F, TCATCGTGGCTGAACTCTTC
and R, ACCACACAGTTGCTCCACAT; GLUT3: F, CGTT
GTTGGAATTCTGGTGGC and R, CTTAGCATTCTCCT
CTTCTTTT; HK2: F, ACCTTTGTGAGGTCCACTCC and
R, TGTCCGTTACTTTCACCCAA; PDKI1: F: CACCAAG
ACCTCGTGTTGAG and R, AGCTTCAGGTCTCCTTGG
AA; LDHA: F, GCACGTCAGCAAGAGGGAGAAAG and
R, AGGTAACGGAATCGGGCTGAATC; LDHB: F, ACT
TTTCTTGAGCTGAGCAACC and R, TTGAGAATGAAG
TCTTCCTGAGC; MCT1: F, TGTAATCTACCAGTGGTG
CTC and R, AACCTACTTCTTTCCCCCATC.
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Transmission electron microscopy (TEM) analysis. For TEM
assay, the cells were sufficiently washed with 0.1 M phosphate
buffer (pH 7.4) and harvested as a cell pellet. Then, the pellet
was fixed, first with 2.5% glutaraldehyde at 4°C for 2 days,
and next with 1% osmium tetroxide for 1 h. Next, the pellet
was dehydrated with low to high concentrations of alcohol and
then placed in propylene oxide for 30 min. Furthermore, the
pellet was permeated with low to high concentrations of epoxy
resin for 3 h, and fixed in epoxy resin overnight. Finally, epoxy
sections were cut at 60 nm, attached in a grid, and stained with
uranyl acetate and lead citrate. The sections were observed
with a transmission electron microscope (Hitachi H-7100;
Hitachi, Ltd., Tokyo, Japan).

Bioinformatic data analysis. A microarray dataset (17)
(accession no.: GSE4536) obtained from the Gene Expression
Omnibus (GEO) database at http://www.ncbi.nlm.nih.gov/geo/
was used to analyze the mitochondrial related gene set signa-
tures in both the serum and stem GSC groups. These gene set
signatures were also used to analyze the correlations to the
mitochondrial biogenesis gene set signatures. Furthermore,
Gene Ontology of these gene set signatures was analyzed by
The Database for Annotation, Visualization and Integrated
Discovery (DAVID) bioinformatics resources (https://david.
nciferf.gov) (19,20).

Glucose uptake assay. To measure the glucose uptake by
GSCs and the serum-induced differentiated GSCs (5% FBS
for 2 weeks), the cells were cultured in DMEM (no phenol red,
serum-free; Gibco, Thermo Fisher Scientific) at 37°C. Glucose
concentration in the culture medium was measured using a
Glucose (GO) Assay kit (Sigma-Aldrich, St. Louis, MO, USA).
Glucose consumption was determined as the difference in
glucose concentration between growth and stock medium.

Lactate production assay. For the assay, GSCs and serum-
induced differentiated GSCs (5% FBS, 2 weeks) were cultured
in DMEM (no phenol red, serum-free; Gibco) for the indicated
time. Lactate production in the medium was detected by using
the L-lactate Assay kit (Eton Bioscience, Inc., San Diego, CA,
USA) according to the manufacturer's protocol.

Statistical analysis. The Student's t-test was used to analyze
the statistical significance in differences between the paired
groups. Data are expressed as mean + standard error of the
mean (SEM). All statistical tests were two-sided and data with
P<0.05 or P<0.01 were assumed to be statistically significant.

Results

Stem cell culture conditions induce tumorsphere-forming
abilities and expression of stem cell markers. Many studies
have reported that cell culture conditions can alter cell pheno-
type, genotype and characteristics (17,21). We first compared
the characteristics of GSCs, which were reported to change
in cell culture conditions. As a result, 528NS and 84NS GSCs
grew in the form of glial cells adhering to the cell culture
plate in serum-supplemented cell culture conditions known to
induce GSC differentiation, whereas they grew in the form of
tumorspheres, a hallmark of GSCs (22), in stem cell culture
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Figure 1. Changes in cell characteristics and marker gene expression in GSCs according to cell culture conditions. (A) Representative images showing
morphology of 528NS and 84NS GSCs in serum-supplemented cancer cell (serum) culture and serum-free stem cell (stem) culture conditions. Scale bar, 5 ym.
(B) Expression levels of CD133 (GSC marker), SOX2 (GSC marker), and GFAP (differentiated astrocyte marker) mRNAs in 528NS and 84NS GSCs in serum
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and stem culture conditions were analyzed by qRT-PCR. Data represent the mean + SEM (7 P<0.001).
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Figure 2. Suppression of mitochondrial biogenesis in GSCs grown in stem culture conditions. (A) Representative transmission electron microscopy images
showing cells and mitochondrial morphology of 528NS and 84NS GSCs grown in serum and stem culture conditions. Scale bar, 2 ym (black) and 500 nm
(white). (B) The number of mitochondria in five GSCs grown in serum and stem culture conditions were detected by transmission electron microscopy analysis.

Data represent the mean + SEM (“P<0.01, ““P<0.001).

conditions supplemented with defined growth factors without
serum (Fig. 1A). We further analyzed the mRNA expression
of stem cell markers and differentiated cell markers. GSCs
exhibited significantly increased expression of stem cell
markers, CD133 and SOX2, and markedly decreased differ-
entiated cell marker GFAP under stem cell culture conditions
(Fig. 1B). These results suggest that GSCs exhibit different
characteristics of stem cells and differentiated cells based on
culture conditions.

Stem culture conditions suppress mitochondrial biogenesis
in glioma stem cells. Next, we performed transmission elec-
tron microscopy analysis to determine the differences in cell
structure and organelles between GSCs and their non-stem
differentiated glioma cells. We found that the cell size of the
differentiated GSCs was greater than that of the GSCs when
visualized at a low magnification (Fig. 2A; black scale bar,
2 um). Notably, when observed at high magnification, we
found more mitochondria with distinct cristae and electron-
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Figure 3. Bioinformatic analysis of mitochondrial genes from the transcriptome dataset of GSCs grown in serum and stem culture conditions. (A) Venn
diagram showing mitochondrial genes of GSCs grown in serum and stem culture conditions presented using a previously published microarray dataset (17).
(B) Comparison of the correlation between the mitochondrial biogenesis gene signature and the mitochondrial gene signature of differentiated or undif-
ferentiated GSCs. (C) Gene Ontology analysis using the mitochondrial gene signature upregulated in non-stem differentiated glioma cells. The dots in the
box indicate significant gene ontology, and the list represents the top 12 gene ontologies. (D) Gene Ontology analysis using the mitochondrial gene signature
upregulated in undifferentiated GSCs. The dots in the box indicate significant gene ontology, and the list represents the top 12 gene ontologies.

dense matrices in the differentiated cells. (Fig. 2A; white scale
bar, 500 nm). In addition, the differences in mitochondria
between these differentiated and undifferentiated GSCs were
analyzed in 5 GSCs. As a result, the number of mitochondria
were significantly lower in 4 out of 5 GSCs when compared
to their non-stem differentiated glioma cells (Fig. 2B). These
results suggest that undifferentiated GSCs may have different
mitochondrial functions and metabolic energy systems when
compared with differentiated glioma cells.

The gene signature for the glucose metabolic process was
enriched in gene pools that are increased in stem cells. To
investigate the effect of mitochondrial differences in GSCs
and differentiated glioma cells, we analyzed the differen-
tially expressed genes (DEGs) using published microarray
datasets (17). Of the 319 mitochondrial-related genes, 110
genes were specifically upregulated in non-stem differenti-
ated glioma cells, while 45 genes were upregulated in GSCs
(Fig. 3A). We also determined Pearson's correlation coeffi-
cient using these gene sets and the mitochondrial biogenesis
gene signature. As a result, mitochondrial biogenesis gene
signature showed a significant positive correlation with
the mitochondrial-related gene signatures of differentiated
glioma cells (R=0.661, P<0.0001), but not with that of GSCs
(R=-0.026, P>0.05) (Fig. 3B). These results indicate that the
expression of mitochondrial biogenesis and mitochondrial-
related genes in differentiated and undifferentiated GSCs
tend to be similar to mitochondria number and maturity in
these cells (as shown in Fig. 2).

Next, we analyzed the Gene Ontology to examine specific
cellular functions associated with mitochondrial-related
gene signatures in differentiated and undifferentiated GSCs.
As a result, distinct differences were observed between the
mitochondrial-related gene signatures of these cells. The most
obvious gene ontologies of the mitochondrial-related gene
signature upregulated in non-stem differentiated glioma cells
included the generation of precursor metabolites and energy,
electron transport chain and various anabolic processes
(Fig. 3C). However, most of the top 12 gene ontologies of the
mitochondrial-related gene signature upregulated in GSCs
were associated with the metabolic processes of glucose,
glucan, hexose, monosaccharide and polysaccharide (Fig. 3D).
Altogether, these results suggest that the mitochondrial-medi-
ated energy production plays an important role in the growth
of differentiated glioma cells. However, an effective glucose
metabolism may be important for maintaining GSC charac-
teristics even though it is regulated without fully functional
mitochondria.

Glucose consumption, lactate production and glycolysis-
related genes are upregulated in GSCs grown in serum-free
stem cell culture conditions. To confirm the significance
of the mitochondrial gene ontologies upregulated in GSCs
when compared to non-stem differentiated glioma cells, we
examined the activation of the glycolytic metabolic processes,
such as glucose uptake, lactate production and the expression
of genes related to glycolysis in GSCs. We found that GSCs
showed increased glucose consumption than differentiated
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Figure 4. Glucose metabolism and glycolytic gene expression in differentiated and undifferentiated GSCs. (A) Glucose consumption measured at indicated
times in 528NS and 84NS GSCs grown in serum and stem culture conditions. The data represents mean + SEM ("P<0.05, “P<0.01, ““P<0.001). (B) Lactate
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accumulation detected at indicated times in 528NS and 84NS GSCs grown in serum and stem culture conditions. The data represents mean + SEM (" 'P<0.001).
(C) Relative mRNA expression levels of glycolytic genes were determined by qRT-PCR. GLUT]1, glucose transporter 1; GLUT3, glucose transporter 3;
HK?2, hexokinase 2; PDK1, pyruvate dehydrogenase kinase 1; LDHA, lactate dehydrogenase A; LDHB, lactate dehydrogenase B; MCT, monocarboxylate

transporter. Data represent mean = SEM ("P<0.05, “P<0.01, ““P<0.001).

GSCs (Fig. 4A). The accumulation of lactate (byproduct of
glycolysis) also increased in GSCs than in differentiated
glioma cells (Fig. 4B). Furthermore, qRT-PCR analysis also
revealed that various glycolytic enzymes such as GLUT3,
HK?2, LDHB and MCT1 exhibited increased expression
levels in GSCs when compared to differentiated glioma cells
(Fig. 4C). Altogether, these results suggest that differences
in culture conditions alter mitochondrial characteristics and
glucose metabolism of undifferentiated GSCs and differenti-
ated glioma cells.

Discussion

Similar to other tumors, one of the biggest obstacles in treating
GBM is tumor recurrence due to tumor heterogeneity (23).
Tumor heterogeneity is the presence of various cancer and
stromal cells in the tumor. Undifferentiated CSCs, which are
inherently resistant to anticancer drugs, are the new, attractive
target for the development of anticancer drugs as they have
been identified as the main cause for the recurrence of cancer
even after anticancer treatment (24,25).

Recently, cancer cell metabolism has been intensively
studied in various human malignancies and the metabolism
of CSCs has been found to be relatively inadequate (26).
Mitochondria act as factories for energy and cellular metabo-
lite production. Mitochondrial function has also been shown
to play an important role in cancer initiation, progression,
metastasis, and resistance to anticancer drugs, all of which are
characteristics of CSCs (27,28). Therefore, understanding the
nature of mitochondria in CSCs is an important step in the
development of new anticancer agents.

In the present study, we found that the most distinc-
tive feature of GSCs when compared to their non-stem

differentiated progenies was the morphology and number of
mitochondria. GSC mitochondria are small in size and low
in number, lack well-defined cristae and electron-transparent
matrices and exhibit a punctate and perinuclear arrangement.
Some of these properties have been reported in other normal
embryonic stem cells, induced pluripotent stem cells and in
some CSCs (29,30). However, this study differs from previous
ones in that we clearly identified the structural and functional
metabolic differences in mitochondria by using undifferenti-
ated GSCs and their non-stem differentiated glioma cells.
However, further studies are required to clarify whether these
differences in mitochondria in these cells are due to differences
in differentiation and undifferentiated cells or differences in
cell culture conditions.

One of the most prominent expression differences in
mitochondrial-related gene signatures between GSCs and
non-stem differentiated glioma cells was aerobic glycolysis.
In many previous studies, cancer cells were shown to be more
active in aerobic glycolysis than normal cells (31), but our
results indicated that GSCs were more active than cancer cells
in promoting lactate secretion by aerobic glycolysis possibly
owing to increased glucose uptake and immature mitochondria.
Our results highlighting the differences in glucose metabolism
between GSCs and non-stem differentiated glioma cells are
of particular relevance in cancer biology. In terms of energy
production, compared to non-malignant (or normal) cells,
cancer cells should be more effective in activating the tricar-
boxylic acid (TCA) cycle; however, they potentially utilize
aerobic glycolysis and pentose phosphate pathway to a larger
extent for producing essential building blocks for cells, such
as nucleic acids and lipids (32-34). It is also known that cancer
cells increase lactate production via active aerobic glycolysis.
This promotes changes in the tumor microenvironment,
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which increases the recruitment of M2-type macrophages and
promotes cancer cell malignancy (35,36). However, our results
demonstrated that GSCs possessed more active pathways for
aerobic glycolysis and lactate production than the non-stem
differentiated glioma cells. We believe that this phenomenon
of GSCs is not responsible for the aforementioned prolifera-
tion or tumor microenvironment changes. Similar to normal
stem cells, GSCs likely utilize active aerobic glycolysis as an
effective way to maintain stem cell fidelity by reducing genetic
instability via reduction of reactive oxygen species produced
in the TCA cycle due to immature mitochondria (37). In GSCs,
immature mitochondria or aerobic glycolysis can be regu-
lated by the same or similar mechanisms as those involved
in stemness regulation. One such stemness signaling cue is
Myc, which simultaneously regulates stemness and aerobic
glycolysis. However, in future research, this hypothesis needs
to be substantiated (38,39).
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