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ABSTRACT
Purpose: Gliomas account for 80% of all primary malignant brain tumors, and virtually 50% of gliomas give
rise to glioblastoma multiforme (GBM).Given the possibility that GBM may significantly be influenced by
genetic variations in complex I genes, we, for the first time, conducted a survey of ND genes in Iranian cases
with GBM and attempted to seek for mutations.
Methods: A total of 25 patients and 79 non-cases were included in the present study. We amplified target
genes of mtDNA using PCR, and sequenced them to evaluate mitochondrial complex I gene alterations.
Based on the results, there were eight variants (ND1 T3394C, ND2 G5460A, ND3 A10398G, ND4 C11674T,
NDS5 A12662G, ND4L C10473G, ND5 C13061A, and ND6 C14426T)in the mitochondrial complex I gene.
Results: Our results also showed that the prevalence of ND4, ND4L, ND5, and ND6 gene variations was
significantly higher in cases than in non-cases.
Conclusions: In conclusion, since the importance of mtDNA changes, as a potential molecular etiology for
complex I deficiency more study is necessary to understand the role and effect of the mitochondrial variations
in GBM pathogenesis.
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1-INTRODUCTION

Brain tumors are recognized as the most frequent central nervous system tumors worldwide, and the second
and fifth cause of cancer death among male and female adults, respectively [1,2]. These tumors are believed
to be developed by various possible risk factors, particularly genetic conditions and environmental factors.

World Health Organization (WHO) has recorded 160 types of primary brain tumors, among which gliomas,
medulloblastoma, and glioblastoma multiforme(GBM)are predominantly malignant. As per WHO severity
scale, GBM has been graded as the most severe tumor (level 4) owingto its malignant nature [2]. Prognosis
of this tumor is poor, reported as12—14 months after diagnosis. Indeed, only 3-5% of the patients survive
more than three years [3,5]. The annual incidence of malignant GBM is estimated to be about five cases per
100,000 people worldwide [6]. For treating brain tumor,combined therapy by surgery, radiation, and
chemotherapy is the most common treatment option [7].

Mitochondria,double-membranous organelles, are found a bundantlyin eukaryotic cells. The main role of
these organelles is to synthesize ATP. Mitochondrial DNA (mtDNA) is a double-stranded molecule of 16.6
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kb in length. This circular molecule carries 37 genes encoding 22 transfer RNAs, two ribosomal RNAs, and
13 polypeptides, which are vital for producing the ATP via the biochemical process of oxidative
phosphorylation (OXPHOS). Complex I (NADH:ubiquinone oxidoreductase) is the largest complex of
respiratory chain and comprises of at least 46 subunits, seven of which are encoded by the mtDNA, namely
NADH dehydrogenase (ND)1, 2, 3,4.4 L, 5, and 6.OXPHOS is of crucial importance for organs require high
energy, such as the heart, muscles, and brain. Hence, it is not surprising that any failure in the OXPHOS
would cause pathogenic disorders in these organs. It has been established that the mitochondria have a
fundamental function in well-known diseases such as cancers and diabetes [8,13]. It has also been suggested
that mutation in mtDNA is a factor affecting carcinogenesis processing and tumors [14].

Given the possibility that GBM may significantly be influenced by genetic variations in complex I genes,
we, for the first time, conducted a survey of ND genes in Iranian cases with GBM and attempted to seek for
mutations.

2-Material and Methods

A total of 25 cases of GBM and 79 non-cases were analyzed. Patients with brain cancer as well as the healthy
individuals were selected from Cancer Institute of Tehran, Imam Khomeini Hospital and Shahid Beheshti
Hospital Qom, Iran, respectively. None of the patients and non-cases had a family history of brain tumors or
a prior history of significant ionizing radiation exposure. The Ethics Committee of the Qom University of
Medical Sciences has approved the present research work, and all participants gave their written informed
consents before enrolment.

2-1 DNA extraction, PCR amplification, and sequencing

Peripheral blood specimens were acquired from both patients and non-cases. DNA was extracted using a
DNA extraction kit (QIAamp DNA Micro Kit; Qiagen, CA, USA) in accordance with the instruction
provided by manufacturer. A list of the primers employed for the amplification of the mtDNA-encoded
complex I subunit genes are illustrated in Table 1. PCR amplifications were accomplished in a final volume
of 25 ul solution, comprising100 ng of genomic DNA, 10 pmol and 10 nmol of each primer and each
deoxyribonucleotide triphosphates, respectively, 1.5 mmol of Mg2+, 1x PCR buffer, and 1 U of Taq
polymerase. Separation of the amplified products were performed on2% agarose gel electrophoresis [15,16].
Direct sequencing method was utilized to analyze the amplified products by counting the mtDNA-complex
I genes. To verify detected variations, we sequenced all the amplified fragments in both directions, forward
and reverse. We also analyzed the chromatograms by the aid of the Chromas software. In the end, we
compared the sequencing results with the MITOMAP database, the Human Mitochondrial Genome
Databasehttp://www.genpat.uu.se/mtDB/and GenBank
(http://www.ncbi.nlm.nih.gov/GenBank/index.html/NIH, Bethesda, MD).

2-2 Statistical analysis

All the data were statistically analyzed by using Stata 14.2 (StataCorp, College Station, TX, USA). The t-test
for independent means was also exploited to compare the baseline characteristics of the cases and the non-
cases, as well as the mean ages. However, for other variables, the t-test for independent means was applied.
In general, the predictor variables of interest evaluated in the present study were as follows:(1) presence of
mitochondrial gene variant(s) regardless of type; (2) presence of each particular mitochondrial gene variant
type detected; (3) number of mitochondrial gene variants present. The relationship of each predictor variable
with the occurrence of GBM was investigated by the chi-square (y?) and Fisher’s exact tests. For each
predictor variable, a logistic regression model was fitted. The possible confounders were age, sex, and
smoking status, which were subsequently assessed for confounding effect by using the change-in-estimate
criterion. The likelihood-ratio test statistic, G2, was then computed as measure of fit for the Firth’s logistic
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regression models to determine how well each model fits the data. Lastly, Tjur’s coefficient of discrimination
(Tjur’s D) and the area under the ROC curve (AuROC) were calculated to evaluate the discriminatory ability
of each model to predict GBM. For all statistical analyses, values of probability “p”were less than 0.05 and
considered as statistically significant.

3-Results

In total,25 GBM cases and 79 non-cases were included in this study. The difference in the mean age between
the two groups is near the significance threshold of 0.05 (p = 0.0598), with cases tending to be younger (45.76
years; SD: 5.07 years) than non-cases (48.09 years; SD: 5.41 years). Overall, eight variants were detected in
the mitochondrial complex I (ND), including ND1 T3394C, ND2 G5460A, ND3 A10398G, ND4 C11674T,
ND5 A12662G, ND4L C10473G, ND5 C13061A, and ND6 C14426T. The frequencies of the type and
number of these gene variants, along with the other baseline characteristics of the patients included in the
study, are summarized in Table 2.

Table 3 summarizes the associations between the different predictors of interest and GBM. Based on the
Table, the presence of mitochondrial gene variants was significantly associated with GBM (y2df=1 = 15.22,
p<0.001); however, among the individuals with gene variants, non-cases had significantly a higher proportion
of having only one variant compared to cases (83.37%, SD: 6.6% vs. 28.57%, SD: 9.9%, respectively;
p=0.0001; Table 4). Besides, none of the patients in the non-cases group had more than two co-existing gene
variants.

The crude and adjusted odds ratios (ORs) for GBM with each predictor variable of interest are summarized
in Table 5. For each predictor variable, a regression model was fitted by applying Firth’s logistic regression.
Age, sex, and smoking status were assessed for possible confounding; only age had a change-in-estimate of
>10% and was thus adjusted for each regression model. In all models, age had a significant effect on the
outcome.

The number of coexisting gene variants, when treated as a continuous variable, was significantly associated
with GBM (OR=5.63, 95% CI 2.69-11.79, after controlling for age; p<0.001). This variable can also be
ordinal (LR y2df=3-2.15 versus number as continuous, p=1.0000), thus further analyses were carried out for
its treatment.

The measures of fit for each Firth’s logistic regression model are represented in Table 6. Except for the
model using predictor T3394C, which has a G2 slightly above the significance threshold of 0.05, all the other
models had significant G2 statistics, indicating that the age-adjusted logistic model is well fitted with our
data as compared to the intercept only model. However, only the models of two predictors had reasonable
discriminatory power (i.e., Tjur’s D between 0.3—-0.4), that is the number of coexisting mitochondrial gene
variants and the occurrence of C14426T variant). Similarly, the two models had corresponding AuROCs of
>0.80 (Figure 1).

4-Discussion

Complex I (NADH-ubiquinone oxidoreductase) is known as the largest respiratory complex of the electron
transport chain. In various pathological conditions, e.g.cancer, diabetes, and neurodegenerative diseases,
mutations in mitochondrial and nuclear genes (encoding complex I subunits) are a contributing factor
[17]. Mitochondria shape change as well as alterations in the number and function of mitochondria have been
reported in different cancers. It has also been suggested that the conversion of ATP production from
mitochondrial OXPHOS into glycolysis is a bioenergetics hallmark of cancer cells [18].
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mtDNA is highly susceptible to oxidative damage, and its mutation rate is much greater than nDNA. The
reason behind such high mutation is the lack of ineffectual DNA repair mechanism and protective histone
protein. As mtDNA is near the respiratory chain, its vulnerability becomes higher when exposed to reactive
oxygen species (ROS), a by-product of OXPHOS that causes damage to mtDNA. Based on emerging
evidence, a ROS plays a key role in elevating tumor growth [19,20]. According to Mitomap
(http://www.mitomap.org), more than 30 mutations and sequence variations have been identified in mtDNA,
and all have a connection with brain tumors in mitochondrial genome database reported previously [7].
Moreover, some of the mutations in mtDNA inducing OXPHOS defects have pro-tumorigenic impacts. For
instance, cancer cells mutated in ND4 and ND6, which gently reduces OXPHOS function, can enhance tumor
development [18].Until date, there is very scant information on the prognosis of brain tumor with mtDNA
changes. Additionally, investigation on this subject is limited, and their outcomes results are controversial
[7].

Our results demonstrated eight variants in the mitochondrial complex I (ND) gene viz ND1 T3394C, ND2
G5460A, ND3 A10398G, ND4 C11674T, ND5 A12662G, ND4L C10473G, ND5 C13061A, and ND6
C14426T. Among the detected variants, seven (T3394C, G5460A, A10398G, C10473G, C13061A, and
C14426T) were nonsynomous and one (C11674T)was synonymous (Table 7).Furthermore, ND4 C11674T,
ND4L C10473G, ND5 A12662G, and ND6 C14426Tvariations were significantly higher in GBM patients
than in non-cases. A number of the above-mentioned variations have previously been reported in several
investigations. In a study conducted by Meixensberger et al. OXPHOS enzyme activities were down
regulated in malignant gliomas, but not brain tissues. They explored that ND4 and ND6 at the mitochondrial
genome assist cells to enhance GBM tumorigenesis [21,22]. They also observed that ND4 and ND6, which
encode complex I subunits, are the most affected gene mutations, supporting the results of the present study
and those of Yeung et al who verified the presence of the two aforesaid variants in high-grade gliomas [23].In
a comparable study by DeHaan et al.,complex [ ND subunits were found to be mutational hot spots in tumor
mtDNA. They found that genetic mutations that change the function and structure of complex I could modify
the capacity of a cell to respond to oxygen deficit and are likely help resistance to chemotherapeutic agents
[24]. Zhang et al.affirmed our findings and demonstrated that patients with glioma and high mtDNA content
had prolonged survival times [25]. In contrast, a number of researchers reported no effect on the prognosis
of patients with brain tumor and mtDNA changes [7]. Montanini et al. indicated that mtDNA changes could
not serve as an indication in the prognostic or diagnostic assessments of gliomas [26]. Vidone et al., the same
as Montanini et al. [26], suggested that mtDNA genotyping could not be used as an effective molecular tool
for the prediction of prognosis [27].

Considering the results of aforementioned research works, it is rationale to conclude that some of the
mitochondrial complex I gene variations have a link with the pathogenesis of GBM. Such relationship
between mitochondrial complex I gene variations and GBM, which was confirmed by our results, indicates
that GBM susceptibility may be enhanced by these variations. However, the type and frequency of the
mtDNA-encoded subunits of ND gene variations are differentin various studies. This discrepancy comes
from the effect of racial dissimilarityof populations and/or differences in the number of studied subjects.

In conclusion, since the importance of mtDNA changes,as a potential molecular etiology for complex I
deficiency, was not in hesitation, more study is necessary to understand the role and effect of the
mitochondrial variations in GBM pathogenesis.

Limitations and recommendations

The main strength of this study is that we were able to quantify the association between a number of complex
I mitochondrial gene variants and GBM. To address potential issues brought about by unconscious selection
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bias, we assessed possible confounding and controlled them in each fitted model. Another strength point is
our ability to demonstrate a significant association between increasing number of concurrent gene variants
and GBM. This trend of increasing ORs was observed only in up to three coexisting gene variants, owing to
the paucity of patients having four (or more) variants present. While our logistic regression models were
wellfitted with our data, only two predictors,namely the number of concurrent gene variants and the
occurrence of the C14426T variant, had promising discriminatory capability. Although this may well be due
to a limited sample size, this bringsattention to increasing number of gene variants as having significant effect
on the occurrence of GBM andnot just necessarily the variant type itself.The low Tjur’s D values and
unsatisfactory AuROCs of most ofthe fitted models suggest that other variables could be at play.lt is
important to stress that since our studyis cross-sectional in design, the period of time in which the gene
variants have existed prior to the time oftheir ascertainment is invariably different for each patient, making
this variable difficult to measure interms of duration. Apart from two strong risk factors in our samples’brain
tumors, i.e. unknown history of exposure to ionizing radiation or family history of brain cancer, , other
variables might be contributing to the risk of GBM. Allergies, certainviral infections, and head trauma
have been proposed as possible causative factors. Much of the limitations of this study likewise hinges on
the small sample size, as evidenced bythe wide confidence intervals of our estimates. For future studies, we
recommend an increase in sample sizesuch as mtDNA copy number and grade of glioma, to allow for
important variables to be included in the analysis and for interactions between the mentioned variables to be
assessed. An increase in sample size could formally assess the number of coexisting gene variants for
effective measure modification.
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Table 1. Nucleotide sequence of primers used for amplification of mitochondrial complex I genes.

Gen Sequence of primers Annealin PCR
e g prod
temperat uct
ure (OC) (bp)
ND F 5-CTCAACTTAGTATTATACCC-3 57 1353
1 R 5-GAGCTTAGCGCTGTGATGAG-3
ND F 5-GTCATCTACTCTACCTACTT-3 59 1249
2 R 5-GGCGGGAGAAGTAGATTGAA-3
ND F 5-CACTATCTGCTTCATCCGCC-3 52 689
3 R 5-GAGCGATATACTAGTATTCC-3
ND F 5-TCTCCAACACATATGGCCTA-3 54 1065
4 R 5- 54 729
ACTGTGAGTGCGTTCGTAGTTTGAG-3
F 5-GCGCAGTCATTCTCATAATC-3
R 5-TTTGTTAGGGTTAACGAGGG-3
ND F 5-TCTGGCCTATGAGTGACTAC-3 54 1415
4L R 5-
ACTGTGAGTGCGTTCGTAGTTTGAG-3
ND F 5-TTTTGGTGCAACTCCAAA-3 50 1369
S R 5-GGTTGACCTGTTAGGGTGAG-3 54 1079
F 5-GCAGTCTGCGCCCTACA-3
R 5-TCAGGGTTCATTCGGGAGGA-3
ND F 5- 52 1334
6 TTCATCATGCGGAGATGTTGGATGGG
GTGG-3
R 5-
CTCCAAAGACCACATCATCGAAAC-3
Table 2. Baseline characteristics of the patients
Non- Cases
Characteristic cases (n=25) P
(n=79) value
Age (yr) 48.09 45.76 0.0598
+5.41 +5.07
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Female sex — no. (%) 32 9 (36) 0.6876
(40.51)
Medical History — no. (%)
Hypertension 13 4 (16) 0.9568
Diabetes (16.46) 4(16) 0.5435
9
(11.39)
Ever smokers — no. (%) 30 10 0.8557
(37.97) (40%)
Presence of mitochondrial genevariants — 31 21 0.0003
no. (%) (39.24) (84)
Gene, variant type — no. (%)
NDI, T3394C 11 2(8) 0.4353
ND2, G5460A (13.92) 2(8) 0.5826
ND3, A10398G 4 3(12) 0.2273
ND4, C11674T (5.06) 11 <0.0001
ND5, A12662G ( 5% 6 (44) 0.0024
NDA4L, C10473G ) 5 (20) 0.0018
ND5, C13061A (7.59) 3(12) 0.0786
ND6, C14426T ) 5(20) <0.0001
(2.53) 14
0 (56)
6
(7.59)
3
(3.80)
Number of variants present — no. (%)
0 48 4 (16) 0.0001
1 (60.76) 6 (24) 0.4002
2 26 7(28) 0.0031
3 & 2591) 7 (28) <0.0001
4 633) 1 (4) 0.0741
0
0

Table 3. Association between the presence, type, and number of mitochondrial gene variants and
occurrence of glioblastoma multiforme®.
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Presence, type, and number of variants [12 p
statistics” value
Presence of mitochondrial gene variant/s regardless of 15.22 <0.001
type
Variant type

T3394C 0.61 0.729

G5460A 0.30 0.629

A10398G 1.46 0.355

C11674T 18.41 <0.001

A12662G 9.23 0.008

C10473G 9.76 0.013

C13061A 3.09 0.079

C14426T 37.85 <0.001

Number of variants present

1 0.71 0.400

2 8.74 0.003

3 23.72 <0.001

4 3.19 0.240

¥For cells with observations <1, Fisher’s exact test was used.
PStatistically significant if [1*> critical value of 3.841 (df =1, [1<0.05)

Table 4. Distribution of patients according to number of mitochondrial gene variants present.

Frequency

No Ca P

n- ses v
. ca a

Number of variants (n

ses = 1

(n 1 u

— e

1)

Only one variant present 0
T3394C 7 1 :
G5460A 2 1 8

A10398G 4 0 0
C11674T 5 2 1
A12662G 1 0
C10473G 0 2
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C13061A
C14426T 2

Two variants present 0
T3394C, C11674T
T3394C, G5460A
T3394C, C13061A
T3394C, C14426T

G5460A, A12662G

A10398G, C14426T

C11674T, C14426T

O O = = e e e
nh — O = O O O
AN 0 o=

Three variants present 0
G5460A, A12662G, C14426T
A10398G, C13061A, C14426T
A10398G, A12662G, C14426T
C11674T, C13061A, C14426T
C11674T, A12662G, C14426T
A12662G, C10473G, C13061A

oS O O O o O
— — () — — —
wm oo O

Four variants present 0
C11674T, A12662G, C13061A, C14426T 0 1

S O N

*p-values are based on results of #-test for independent proportions.

Table 5. Summary of crude and adjusted ORs for occurrence of GBM with each mitochondrial gene

variant.
Predictor Adjusted
variable of (E;:(f/le ((:)11; Pvalue OR (95% Pvalue
interest ¢ ChH”
Presence of
mitochondrial
. 7.36 (2.42— 8.41 (2.62—
gene variant/s 22.34) <0.001 26.95) <0.001
regardless of
type
Number of
gene variants
present
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0 1.00 - 1.00 -
1 (Reference) 0.140 (Reference) 0.110
o) 2.64 (0.73— <0.001 3.00 (0.78- <0.001
3 9:62) 0.001 11.56) 0.001
14.70 21.15
4 (3.40- 0.042 (4.18- 0.013
63.54) 107.05)
161.67 182.93
(7.88— (8.36—
3316.92) 4003.77)
32.33 85.01
(1.14- (2.51-
915.31) 2879.73)
T3394C 0.63 (0.15- 0.536 0.78 (0.18- 0.741
2.69) 3.41)
G5460A 1.78 (0.36— 0.482 1.73 (0.34— 0.512
8.96) 8.91)
A10398G 2.61 (0.60— 0.202 3.00 (0.67— 0.150
11.40) 13.40)
C11674T 8.97 (2.94- <0.001 7.95 (2.60— <0.001
27.34) 24.34)
A12662G 8.32 (1.73— 0.008 8.10 (1.64— 0.010
40.07) 40.07)
C10473G 24.73 0.036 18.91 0.056
(1.23— (0.92—
496.74) 386.69)
CI13061A 3.03 (0.88- 0.079 3.62 (1.01- 0.049
10.45) 13.03)
C14426T 27.56 <0.001 40.12 <0.001
(7.35- (9.13—
103.33) 176.23)
*Adjusted for age using Firth's logistic regression.
Table 6. Summary of G statistics and Tjur’s D for each logistic regression model.
Predictor variable G2statistic® pvalue Tjur’s
Db
Presence of mitochondrial gene 20.252 <0.001 0.202
Number of coexisting mitochondrial 41.068 <0.001 0.416
gene variants
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T3394C 3.506 0.061 0.035
G5460A 3912 0.048 0.037
A10398G 5.386 0.021 0.048
C11674T 17.416 <0.001 0.188
A12662G 10.732 0.001 0.110
C10473G 9.616 0.002 0.098
CI13061A 7.164 0.007 0.068
C14426T 38.48 <0.001 0.398

“TheG” statistic follows a [1? distribution; statistically significant if >3.841 (df =1, [1<0.05).

Table 7.Detailed information of the polymorphism found in this study

Variation Locus Nucleotide Amino acid
changes changes
3394 NDl1 T-C Y-H
5460 ND2 G-A A-T
10398 ND3 A-G T-A
11674 ND4 C-T T-T
10473 ND4L C-G P-A
12662 ND5 A-G N-S
13061 ND5 C-A P-Q
14426 ND6 C-T G-E

0.75 1.00
1 1

Sensitivity
0.50
1

0
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Figure 1.Receiver-operating characteristic (ROC) curves. (A)The presence and the number of
mitochondrial gene variants and (B) different mitochondrial gene variants.
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