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Abstract: Alterations in mitochondrial DNA (mtDNA) copy number have been widely identified in many types of
human cancers and are considered a common cancer hallmark. However, the prognostic value of altered mtDNA
content in gliomas remains largely unknown. The aim of this study was to investigate mtDNA copy number in a co-
hort of gliomas (n = 124) and non-neoplastic brain tissues (control subjects; n = 27) and to explore the association
between variable mtDNA content and clinical outcomes in glioma patients. Using real-time quantitative PCR assay,
we demonstrated that glioma patients had an increased mtDNA content as compared with control subjects. In addi-
tion, our data showed that increased mtDNA copy number was significantly negatively associated with tumor grade,
recurrence and cancer-related death, whereas there was a significantly positively relationship between increased
mtDNA content and seizures. More importantly, increased mtDNA content were closely relevant to longer survival in
glioma patients. Taken together, our data provide the strong evidences that high copy number of mtDNA may be a
useful good prognostic factor in glioma patients.
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Introduction

Glioma is the most frequent primary brain
tumors in adults. The main types of glioma
include astrocytoma, oligodendroglioma, mixed
glioma, and ependymoma, which account for
70% of adult malignant primary brain tumors
[1]. Despite important advances in the under-
standing and management of gliomas, these
tumors are typically associated with a dismal
prognosis and poor quality of life [2-4]. Thus,
there is a critical need to develop reliable bio-
markers that can predict clinical outcomes and
establish new therapeutic and preventive strat-
egies for this disease.

Although genetic, cellular and animal modeling
studies have identified a number of molecules
implicated in the initiation and progression of
malignant gliomas over the previous 20 years,
most molecules are concerned with the roles of

nuclear DNA (nDNA) alterations [5-7]. How-
ever, relatively less attention has focused
on mitochondrial DNA (mtDNA) alterations.
Mitochondria are organelles found in all nucle-
ated cells. The major role of mitochondria is to
generate cellular adenosine triphosphate (ATP)
through oxidative phosphorylation [8]. Human
mtDNA is a 16,569 base-pair, double-stranded,
closed-circular DNA molecule, which encodes
13 polypeptides, 2 rRNAs, and one set of 22
tRNAs required for protein synthesis in mito-
chondria [9]. The displacement loop (D-loop) is
a noncoding region essential for the replication
and transcription of mtDNA. Thus, mutations in
the D-loop may cause a reduction in mtDNA
copy number or altered mtDNA gene expression
[10, 11]. In general, each human cell contains
several hundred to 1,000 mitochondria, and
each mitochondrion has 2 to 10 copies of
mtDNA. The mitochondrial genome is more vul-
nerable to oxidative damage and undergoes a
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Table 1. Clinicopathological characteristics of
the glioma patients

Characteristics No. of patients (%)
Gender

Male 68 (54.8)

Female 56 (45.2)
Age, years

Mean 45.1

SD 16.5
WHO grade

I/1 79 (63.7)

/v 45 (36.3)
Pathological diagnosis 16.5

DA 96 (77.4)

oL 6 (4.8)

AOA 1(0.8)

GBM 12 (9.7)

EP 9(7)
Recurrence

No 30(24.2)

Yes 94 (75.8)
Radiotherapy

No 48 (38.7)

Yes 76 (61.3)
Chemotherapy

No 74 (59.7)

Yes 50 (40.3)
Seizures

No 68 (54.8)

Yes 56 (45.2)
KPS

<80 76 (61.3)

>80 48 (38.7)
Smoking history

No 89 (71.8)

Yes 35 (28.2)
Survival status

Dead 45 (41.1)

Alive 73 (58.9)

Abbreviations: Diffuseastrocytoma (DA); Oligodendrogli-
oma (OL); Anaplastic oligoastrocytoma (AOA); Glioblas-
toma (GBM); Ependymoma (EP); Karnofsky performance
status (KPS).

higher rate of mutation compared with nDNA
[12, 13]. Increasing evidence has demonstrat-
ed an association between increased mtDNA
content in peripheral blood and an increased
risk of non-Hodgkin lymphoma, lung cancer,
pancreatic cancer, breast cancer, and colorec-
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tal cancer [13-16]. In contrast, an increased
risk of renal cancer has been associated with
decreased mtDNA content [17]. There are no
consistent results regarding the mtDNA copy
number in gliomas. Several studies have report-
ed amplification in the mtDNA copy number in
gliomas as compared with normal brain con-
trols [18-20], whereas another study identified
a deletion of the mtDNA copy number [21]. To
date, the association between mtDNA content
and clinical outcomes in glioma patients
remains largely unknown, and the prognostic
implications are unclear.

In the present study, we investigated mtDNA
copy number in a cohort of gliomas and non-
neoplastic brain tissues using a real-time quan-
titative PCR approach. Moreover, we also
explored the effect of mtDNA content on clini-
cal outcomes of glioma patients.

Material and methods
Patients and tissue samples

With the approval of our institutional review
board and human ethics committee, 124 paraf-
fin-embedded glioma tissues were randomly
obtained at the First Affiliated Hospital of Xi'an
Jiaotong University School of Medicine. Twenty-
seven tissues from patients with non-neoplas-
tic brain tissues were used as control subjects.
None of these patients had received chemo-
therapy or radiotherapy prior to surgery. All
samples were histologically examined by a
senior pathologist in the Department of
Pathology of the Hospital based on the World
Health Organization (WHO) criteria. The clinico-
pathological data were collected retrospective-
ly and were summarized in Table 1.

DNA preparation

All tissues sections were reviewed by board-
certified pathologists to ensure that > 50% of
the cells used for DNA purification were neo-
plastic. DNA was extracted from paraffin-
embedded tissues as previously described
[15]. Briefly, the tissues were first treated with
xylene for 12 h at room temperature to remove
the paraffin, and were then subjected to diges-
tion with 1% sodium dodecylsulfate (SDS) and
proteinase K at 48°C for 48 to 72 h with the
addition of several spiking aliquots of concen-
trated proteinase K to facilitate digestion.
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Table 2. The primer and TagMan probe sequences used in this study

Genes Forward primer sequence (5'—3’) Probe sequence (5'—3’) Reverse primer sequence (5’ —3’)

MT-ND1 CCCCTAAAACCCGCCACATC 6FAM-ACCCTCTACATCACCGCCCCGACC-TAMRA GTAGAAGAGCGATGGTGAGAGC
B-actin TCACCCACACTGTGCCCATCTACGA 6FAM-ATGCCCTCCCCCATGCCATCC-TAMRA TCGGTGAGGATCTTCATGAGGTA

10 - 0.1% DMSO, 0.2 mM each of

P <0.001 dATP, dCTP, dGTP and dTTP,

8 = 600 nM each of forward and

reverse primers, 200 nM

5 A = TagMan probe, 0.6 unit

'g Platinum Taq polymerase and

2 4 2% Rox reference dye. Each

z 4:: sample was run in triplicate,

3 and B-actin was run in parallel

<Zz 3 - to standardize the input DNA.

= The standard curves were

T 2 established using serial dilu-

] tions of normal brain tissue

DNA with a quantity range of

0 6.25 to 100 ng per 2 yL. The

T (n=124)

Figure 1. Copy number of mtDNA corresponding to each individual case
of gliomas and non-neoplastic brain tissues (control subjects). A real-time

relative mtDNA copy number
for each sample was calculat-
ed as previously described
[a71.

quantitative PCR assay was performed to analyze mtDNA copy number in a

cohort of gliomas and control subjects. The horizontal lines represent me-

Statistical analysis

dian * interquartile range. T, tumor tissues; N, control subjects.

Genomic DNA was subsequently isolated from
the digested tissues followed by a standard
phenol-chloroform extraction and ethanol pre-
cipitation protocol. The samples were then
stored at -80°C until use.

mtDNA copy humber analysis

The relative mtDNA copy number was mea-
sured in a cohot of gliomas and control sub-
jects using real-time quantitative PCR. The spe-
cific primers and TagMan probes were designed
using Primer Express 3.0 (Applied Biosystems,
Foster City, CA, USA) to amplify the MT-ND1
gene and the internal reference gene B-actin.
The TagMan probes were labeled with 5-FAM
(6-carboxyfluorescein, fluorescent reporter)
and 3’-TAMRA (6-carboxy-tetramethylrhoda-
mine, fluorescent quencher). The primer and
probe sequences for MT-ND1 and B-actin genes
are presented in Table 2. Using a PCR protocol
previously described [22], the PCR amplifica-
tion was conducted in a buffer that contained
16.6 mM ammonium sulfate, 67 mM Tris base,
2.5 mM MgCl, 10 mM 2-mercaptoethanol,
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The Mann-Whitney U test was

used to compare the mtDNA
copy number between the gliomas and control
subjects. The association between the mtDNA
copy number and the clinicopathological char-
acteristics was univariately assessed using the
SPSS statistical package (version 16.0,
Chicago, IL, USA). Multivariate models were
subsequently developed that adjusted for the
most important covariates, including gender,
age, WHO grade, recurrence and Karnofsky
performance status (KPS). The survival length
was determined from the day of the primary
tumor surgery to the day of death or last clinical
follow-up. The Kaplan-Meier method was used
for survival analysis grouping with the copy
number variations of mtDNA. The differences
between the curves were analyzed using the
log-rank test. A multivariate Cox regression
analysis was used to evaluate the effects of
mtDNA copy number on the independent sur-
vival of gender, age, WHO grade and radiother-
apy. All statistical analyses were performed
using the SPSS statistical package (version
16.0, Chicago, IL). P values < 0.05 were consid-
ered significant.
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Figure 2. Association of mtDNA copy number with clinicopathological characteristics in gliomas. Copy number of mtDNA was analyzed using real-time quantitative
PCR approach. The circle represents mtDNA copy number of each glioma case. The horizontal lines represent median + interquartile range. The sample medians
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were compared using the Mann-Whitney U test. M, male; F, female; DA, diffuseastrocytoma; EP, ependymoma; GBM,
glioblastoma; OL, oligodendroglioma; N, No; Y, Yes; KPS, karnofsky performance status.

Table 3. Copy number of mtDNA in gliomas:
univariate associations with clinicopathologi-
cal characteristics

Copy number

Characteristics N
OR* (95% Cl)

Male vs. Female 0.87 (0.55-1.38) 0.55
Aget! 0.83(0.67-1.04) 0.11
WHO grade? 0.34 (0.16-0.73) 0.006
Pathological diagnosis® 0.71 (0.47-1.07) 0.10
Recurrence 0.40(0.17-0.96) 0.04
Smoking history 0.92(0.42-2.02) 0.84
Seizures 2.21 (1.07-4.54) 0.03
KPS* 1.73(0.83-3.59) 0.14

Survival status® 0.36 (0.17-0.76) 0.007
“OR: odds ratio with 95% confidence interval (Cl); *Age
(per 10 years); 2Tumor grade (I/11; 11/1V); *Pathological
diagnosis (DA; OL; AOA; GBM; EP); “KPS (< 80; > 80);
5Survival status (Alive vs. Dead).

Results
Relative mtDNA copy number in gliomas

Real-time quantitative PCR assay was per-
formed to analyze mtDNA copy number in 124
gliomas and 27 non-neoplastic brain tissues
(control subjects). As shown in Figure 1, mtDNA
copy number was higher in the glioma patients
as compared with the control subjects with
0.86 copies (interquartile range = 0.45-1.76
copies) versus 0.28 copies (interquartile range
= 0.14-0.71 copies), respectively, P < 0.001).
This finding suggests the glioma patients had
an amplication of mtDNA content as compared
with the control subjects, which was consistent
with previous studies [18, 19]. We next evalu-
ated whether mtDNA content differed by the
selected clinicopathological characteristics. As
shown in Figure 2, mtDNA copy number was
significantly negatively associated with tumor
grade (P < 0.001) and pathological diagnosis (P
= 0.001). The patients with GBM, which is typi-
cally associated with poor outcomes, had a
lower mtDNA content as compared to other gli-
oma subtypes. Moreover, mtDNA copy number
was significant higher in the patients with sei-
zures than in the patients without seizures (P <
0.001). Also shown in Figure 2, mtDNA copy
number was significantly negatively correlated
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Table 4. Copy number of mtDNA in gliomas:

multivariable models that assessed gender,

age, tumor grade, KPS, recurrence, KPS and
survival status

Copy number
OR* (95% Cl)

Characteristics

Male vs. Female 0.70 (0.32-1.54) 0.38
Age? 0.88 (0.69-1.11) 0.27
WHO grade? 0.42 (0.18-0.98) 0.04
Recurrence 0.79 (0.24-2.66) 0.71
KPS3 1.65 (0.75-3.60) 0.21
Survival 0.62 (0.21-1.79) 0.37

“OR: odds ratio with 95% confidence interval (Cl); *Age
(per 10 years); 2WHO grade (I/11; 111/1V); KPS (< 80; >
80).

with KPS (P = 0.03) and cancer-related death
(P = 0.007). Notably, although no statistical
significance was noted, recurrent cases
appeared to have a lower mtDNA content as
compared with non-recurrent cases (P = 0.09).
We did not find significant associations of
mtDNA copy number with gender, age and
smoking history (Figure 2). Collectively, these
observations suggest that high mtDNA content
may predict good prognosis of glioma patients.

Associations between variable mtDNA con-
tents and clinicopathological characteristics in
glioma patients

Given frequently altered mtDNA content in glio-
mas, the associations between the mtDNA
copy number and the clinicopathological char-
acteristics were investigated in a cohort of clini-
cally well-characterized gliomas. We chosed
median mtDNA copy number (0.86 copies) in
glioma patients as cutoff point. The glioma
patients were subsequently categorized into
two groups using cutoff point, including individ-
uals with low (£ 0.86 copies) (termed “low
mtDNA content” hereafter) and high (> 0.86
copies) (termed “high mtDNA content” hereaf-
ter) category of mtDNA content. In univariate
analyses, mtDNA content was increased in the
patients with low tumor grades (I and Il) as com-
pared with the patients with high grades (lll and
IV) (OR = 0.34, 95% Cl = 0.16-0.73; P = 0.0006)
(Table 3). Also shown in Table 3, increase

Am J Cancer Res 2015;5(3):1207-1216
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Figure 3. The effect of mtDNA content on the survival of glioma patients. The median mtDNA copy number (0.86
copies) of all glioma cases was set as cutoff point. Kaplan-Meier survival analysis was performed according to vari-
able mtDNA content in a large cohort of gliomas. The results indicated that high mtDNA content was strongly as-
sociated with good survival in glioma patients (upper panel). When the data were further stratified based on tumor
grade and the presence or absence of radiotherapy, increased mtDNA content still remained associated with good
survival in gliomas (middle and lower panels).

mtDNA content was associated with a signifi- cer-related death (OR = 0.36, 95% Cl = 0.17-
cantly decreased risk of tumor recurrence (OR 0.76; P=0.007). Moreover, we found that there
=0.40, 95% Cl = 0.17-0.96; P = 0.04) and can- was a significantly positive association between
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Table 5. Prognostic value of clinicopathological factors and copy number of mtDNA in univariate and

multivariate Cox regression analyses (n = 124)

Univariate analysis

Multivariate analysis

Variables Hazard Ratio (95% Cl) P Hazard Ratio (95% ClI) P
Copy number of mtDNA? 0.38 (0.23-0.62) <0.001 0.55 (0.33-0.93) 0.03
Gender 0.81 (0.51-1.30) 0.38 0.83 (0.55-1.34) 0.45
Age? 1.30(1.11-1.51) 0.001 1.22 (1.05-1.42) 0.008
WHO grade® 3.20 (1.99-5.15) <0.001 2.55 (1.54-4.24) <0.001
Radiotherapy 0.46 (0.29-0.73) 0.001 0.54 (0.34-0.86) 0.01

1Copy number of mtDNA (< 0.86 vs. > 0.86); 2Age (per 10 years); 3Tumor grade (I/1; lll/1V).

mtDNA content and seizures (OR = 2.21, 95%
Cl = 1.07-4.54; P = 0.03) (Table 3). To assess
the independent associations between mtDNA
content and gender, age, tumor grade, recur-
rence, KPS and survival, we conducted a multi-
variable logistic regression. As shown in Table
4, similar to the univariate analysis, the mtDNA
content remained negatively associated with
tumor grade after the adjustment (OR = 0.42,
95% Cl = 0.18-0.98; P = 0.04).

High mtDNA content predicts good survival in
gliomas

The Kaplan-Meier estimator of the survivorship
function was used to evaluate the impact of the
mtDNA copy number on the survival of glioma
patients. The survival times of glioma patients
with variable mtDNA contents were compared
using a log-rank test. As shown in Figure 3
(upper panel), the patients with high mtDNA
content had significantly longer median surviv-
al times as compared with the patients with low
mtDNA content (34.5 months vs. 13.0 months;
P < 0.001). Similarly, univariate Cox regression
analyses also showed that there was significant
association of high mtDNA content with good
survival in glioma patients (HR = 0.38, 95% CI
= 0.23-0.62; P < 0.001) (Table 5). Moreover,
Cox multivariate repression demonstrated that
high mtDNA content (HR = 0.55, 95% Cl = 0.33-
0.93; P = 0.03) is a predictor of good survival
for glioma patients as an independently vari-
able with respect to gender, age, WHO grade
and radiotherapy (Table 5).

Given that tumor grade and radiotherapy were
independent risk and protective factors for glio-
ma patients, respectively, the data were strati-
fied based on tumor grade and the presence or
absence of radiotherapy. As shown in Figure 3
(middle panels), high mtDNA content was sig-
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nificantly associated with good survival what-
ever the patients who had low-grade or high-
grade tumors. Similarly, there was significant
association between high mtDNA content and
longer survival times in the patients who
received or did not receive the radiotherapy
(Figure 3, lower panels). These findings further
demonstrate a strong link between high mtDNA
content and good prognosis in gliomas.

Discussion

Cancer arises from the accumulation of DNA
and cytoplasmic abnormalities. Although many
of the current findings are aligned with further
understanding the functional details of the
nuclear genome, the mitochondrion and its
modest complement of DNA and protein is
emerging as a crucial component of the biologi-
cal networking of nuclear pathways [9]. There
has been considerable evidences that have
implicated mitochondria in many important
physiological processes, including metabolism,
signaling, apoptosis, cell cycle, differentiation
and energy production [23]. Mitochondrial DNA
has been demonstrated to be altered in can-
cers, which suggests mitochondria play vital
roles in the tumorigenic phenotype [9]. Although
mtDNA had been identified as structurally
abnormal, no studies have reported the prog-
nostic values of mtDNA copy number variations
in gliomas.

In the present study, we investigated relative
mtDNA copy number in a cohort of gliomas and
non-neoplastic brain tissues (control subjects)
using real-time quantitative PCR approach. Our
data showed that the mtDNA content was
increased in the glioma patients as compared
with the control subjects. In line with these find-
ings, previous studies have demonstrated
mtDNA amplification in glioma patients [18,

Am J Cancer Res 2015;5(3):1207-1216
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19], which implies an increased mtDNA content
may be involved in glioma tumorigenesis. It is
well known that the mtDNA in the oncocyte has
been demonstrated to be functionally abnor-
mal, and the aberrant proliferation is most like-
ly because of a compensatory effect triggered
by a shortage of energy [24, 25]. Moreover,
mtDNA amplification has suggested the possi-
bility of mtDNA escape in cancer. In yeast,
mtDNA escape occurs as a manifestation of
communication between the nuclear and mito-
chondrial genomes [26, 27]. It has been hypoth-
esized that high mtDNA content may be
required to transfer mitochondrial sequences
from mitochondrial sources to the nucleus in
cancer, which is similar to observations in yeast
[18, 28]. When evaluated by the interphase flu-
orescence in situ hybridization (FISH) technique
using fluorescent probes of the entire mito-
chondrial genome, at least 69% of the nuclei
exhibited mitochondrial sequence hybridization
in the specimens investigated compared with
two normal brain samples in which < 8% of the
nuclei exhibited hybridization with the mtDNA
fluorescent probes [19]. In addition, mtDNA
sequences have been demonstrated to inter-
rupt intronic regions of MADH2, a suppressor
gene in colorectal cancer [29], as supported by
two previous studies that promiscuous mtDNA
can be frequently found in both intron and exon
regions of the nuclear genome [30, 31]. Taken
together, it is reasonable to hypothesize that
increased mtDNA content may represent an
early ontological aspect of the pathway to
malignant behavior [32-34].

Notably, we found the associations of mtDNA
content with some of clinicopathological fea-
tures in the present study, such as WHO grade,
pathological diagnosis, recurrence, seizures,
KPS and survival status. To further explore the
relationships between the mtDNA content and
the clinicalpathological characteristics and
prognosis of the glioma patients, we catego-
rized the gliomas into two groups based on one
cutoff point (the median mtDNA content in the
glioma patients), including low mtDNA content
(£ median) and high mtDNA content (> median).
We determined that increased mtDNA copy
number was negatively associated with WHO
grade, recurrence and survial status. In addi-
tion, the multivariate analysis showed that
mtDNA content exhibited a significantly nega-
tive association with WHO grade, implicating
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that it may represent an early molecular event
and may play a key role in the initiation of glio-
ma. These observations suggest that variable
mtDNA content may contribute to clinical out-
comes in glioma patients.

Given that mtDNA amplication plays a critical
role in glioma tumorigenesis, we further
explored the association between the mtDNA
content and the survival of glioma patients. We
surprisingly found that mtDNA copy number
was significantly negative with survival times of
glioma patients. The patients with high mtDNA
content had significantly longer survival times
than the patients with low mtDNA content. Even
when the data were further stratified according
to tumor grade and the presence or absence
of radiotherapy, increased mtDNA content
remained significantly associated with a longer
survival in gliomas. This is supported by a previ-
ous study that high mtDNA content was associ-
ated with longer survial times in 10 GBM cases
[20]. Collectively, these findings suggest vari-
able mtDNA content should be a strong prog-
nostic signature.

In summary, we investigated the relative mtDNA
content in a large cohort of gliomas and dem-
onstrated that mitochondria play a significant
role in the tumorigenic phenotype. The mtDNA
content was strongly associated with WHO
grade, recurrence, seizures and cancer-related
death. Importantly, increased mtDNA content
is an independent prognostic factor in gliomas,
which may serve as a highly valuable biomarker
in the evaluation of clinical outcomes in glioma
patients.
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