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Abstract. Bladder carcinoma is the most common malignancy 
of the urinary tract. The major aim of the present study is 
to investigate the association between mitochondrial DNA 
(mtDNA) and p53 gene mutations in bladder carcinoma. A total 
of 30 patients with transitional cell carcinoma and 27 controls 
were recruited for the study. Bladder cancer tissues were 
obtained by radical cystectomy or transurethral resection. 
Genomic DNA was extracted from peripheral blood. mtDNA 
and p53 genes were amplified by polymerase chain reaction and 
sequenced directly. A total of 37 polymorphisms were identified, 
among which, 2 mutations were significant in the patient group, 
and 1 mutation was significant in the control group. Addition-
ally, 5 different moderate positive correlations between mtDNA 
mutations and 3 different positive correlations between p53 
gene and mtDNA mutations were detected. The high incidence 
of mtDNA and p53 gene mutations in bladder cancer suggests 
that these genes could be important in carcinogenesis.

Introduction

Bladder cancer is one of the most common types of cancer in 
the Western male population (1). It is mainly classified into 
two types: Superficial bladder cancer (pTis, pTa and pT1), which 
does not invade into the muscle layer; and invasive bladder 

cancer (pT2, pT3 and pT4), which invades through the muscle 
layer. These two cancer types exhibit different clinical behav-
iors, with superficial bladder cancers being generally low‑grade 
(grade 1 or 2) tumors, the majority of which have a good prog-
nosis; however, in 10‑20% of cases, cancer cells become more 
malignant. By contrast, invasive bladder cancers are high‑grade 
(grade 3) tumors, which are very aggressive, as they develop and 
progress rapidly and metastasize in an early stage (2).

Almost half of all the bladder cancer cases diagnosed to 
date have been attributed to environmental carcinogens such 
as tobacco smoking. Genetic and epigenetic changes that 
drive cells into carcinogenesis have been linked to environ-
mental and occupational exposures in non‑smokers, and these 
constitute a significant proportion among non‑smoker bladder 
cancer cases. Molecular studies are being currently conducted 
to measure the effects of inheritance that may be important in 
the epidemiology of bladder cancer (3).

The majority of bladder cancers are transitional cell 
carcinomas (TCCs), which originate from the cells lining the 
inside of the bladder. TCC of the bladder is the second most 
common malignancy of the genitourinary tract, and the second 
most common cause of mortality among all genitourinary 
tumors (4). TCC provides a good model for understanding the 
genetic basis of tumors, since the histological progression of 
this tumor is correlated with p53 gene mutations (5). p53 is a 
human tumor suppressor gene that codes for the p53 protein. 
p53 is a nuclear phosphoprotein that acts as a transcription 
factor and regulates cell cycle events such as cell arrest or 
apoptosis under different circumstances, including hypoxia, 
DNA damage and metabolic changes that alter cell activity (6). 
Regardless the type and stage of cancer, p53 has come to 
the forefront of research because it is commonly mutated 
in multiple human cancers (7), including bladder cancer (8). 
Mutations in the p53 gene are usually located in functionally 
important regions that have been highly conserved over the 
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evolution of species. These regions are located in exons 5‑8 
(codons 126‑306) of the p53 gene (8). In addition to p53 muta-
tions, mitochondrial DNA (mtDNA) is prone to mutations due 
to the absence of protective histone backbones and efficient 
repair mechanisms, as emerged in cancer research. Although 
several reports suggested the important role of mtDNA in 
different cancer types, very few publications have reported 
the detection of mtDNA mutations in bladder cancer (9‑13). In 
addition, alterations in the p53 gene and in mtDNA genes have 
been examined in a variety of solid tumors, but the number 
of studies focussing on bladder cancer are insufficient (14). 
Therefore, the aim of the present study is to identify the 
association between p53 and mtDNA mutations in TTC of 
superficial bladder cancer.

Materials and methods

Clinical samples. Tissue specimens (n=30) were collected by 
transurethral resection from patients diagnosed with TCC of 
the bladder who were treated at the Department of Urology, 
Faculty of Medicine, Marmara University (Istanbul, Turkey) 
from 1997 to 2010. All patients provided written informed 
consent prior to inclusion in the study. All tumors were staged 
and graded by pathology at Marmara University Hospital 
(Istanbul, Turkey). Following pathological evaluation for 
histological grade and stage, DNA extraction was performed 
from the snap‑frozen samples. In addition, samples of normal 
bladder tissues (n=27) were obtained during transurethral 
resection of the prostate and radical prostatectomy operations. 
The specimens were stored at ‑80˚C until DNA extraction. The 
demographic, tumoral and progression characteristics of the 
patients are summarized in Table I. The experimental protocol 
was approved by the ethical committee of Marmara University 
(MAR‑AEK‑09‑2010‑0055).

DNA extraction. Genomic DNA was extracted from tissues 
using a commercial kit (InViTek, Berlin, Germany), according 
to the manufacturer's protocol. The final DNA pellets were 
dissolved in double distilled water, and the DNA concentra-
tions were measured by spectrophotometry. DNA samples 
were kept at ‑20°C until use.

Polymerase chain reaction (PCR) amplification of mtDNA. 
For detection of mtDNA mutations, the reduced nicotinamide 
adenine dinucleotide dehydrogenase 1 (ND1), adenosinetri-
phosphatase 6 (ATPase6) and cytochrome b (Cytb) genes, 
and the D310 region, were amplified by PCR using 10‑20 ng 
total DNA. Table II lists the sequences of primers specific for 
human mtDNA genes and the D310 region.

PCR amplifications of the ND1, ATPase6 and Cytb genes 
were performed in a total volume of 50 µl containing 50‑100 ng 
DNA template in 10 mM Tris‑HCl (pH 8.0), 50 mM KCl, 
1.5 mM MgCl2, deoxynucleotides (dNTPs; 100 mM each), 
1.0 U Taq DNA polymerase and primers (12.5 pmol each). 
The conditions of PCR amplification were as follows: A dena-
turation step at 94˚C for 5 min, followed by 35 cycles at 94˚C 
for 1 min, annealing at 59˚C for 1 min, extension at 72˚C for 
1 min, a final extension at 72˚C for 5 min and stop at 4˚C. PCR 
amplifications for the D310 region were performed in a total 
volume of 50 µl containing 50‑100 ng DNA template in 10 mM 

Tris‑HCl (pH 8.0), 50 mM KCl, 1.25 mM MgCl2, 100 mM each 
of the different dNTPs, 1.0 U Taq DNA polymerase and 10 pmol 
each primer. The conditions of PCR amplification of the D310 
region were as follows: A denaturation step at 95˚C for 2 min, 
followed by 35 cycles at 95˚C for 30 sec, annealing at 60˚C for 
30 sec, extension at 72˚C for 1 min, a final extension at 72˚C for 
5 min and stop at 4˚C. All PCR products were fractionated by 
electrophoresis on a 2% agarose gel. The sizes of the fragments 
of the ND1, ATPase6 and Cytb genes following amplification 
were 934, 675 and 1,064 bp respectively. The size of the frag-
ment containing the D310 region was 109 bp.

PCR amplification of the p53 gene. Tumors were screened for 
mutations in the p53 gene between exons 5 and 8, which encom-
pass the DNA‑binding domain of the encoded protein. Table II 
lists the primer sequences for the human p53 gene between 
exons 5 and 8. Primers used for the amplification of exon 6 also 
amplified the end of intron 5. The sizes of the fragments obtained 
upon amplification were 205, 173, 149 and 157 bp for exons 5, 6, 

Table I. Demographic, tumoral and progression characteristics 
of patients.

Patient					   
number	 Gender	 Stage	 Grade	 Recurrence	 Progression

  1	 Male	 T1	 G2	 Absent	 Absent
  2	 Male	 T1	 G3	 Absent	 Absent
  3	 Male	 T1	 G2	 Present	 Absent
  4	 Female	 T1	 G2	 Present	 Absent
  5	 Female	 T1	 G2	 Present	 Present
  6	 Male	 T1	 G2	 Present	 Absent
  7	 Female	 Ta	 G1	 Present	 Absent
  8	 Female	 T1	 G1	 Present	 Absent
  9	 Male	 T1	 G3	 Present	 Present
10	 Male	 Ta	 G2	 Present	 Present
11	 Female	 T1	 G2	 Present	 Absent
12	 Male	 T1	 G2	 Absent	 Absent
13	 Male	 T1	 G2	 Present	 Absent
14	 Female	 T1	 G3	 Absent	 Absent
15	 Male	 Ta	 G2	 Present	 Absent
16	 Male	 Ta	 G1	 Present	 Absent
17	 Male	 T1	 G1	 Present	 Absent
18	 Male	 T1	 G2	 Present	 Present
19	 Female	 T1	 G1	 Present	 Absent
20	 Male	 T1	 G2	 Present	 Present
21	 Female	 T1	 G2	 Present	 Absent
22	 Male	 Ta	 G2	 Present	 Absent
23	 Female	 T1	 G1	 Present	 Present
24	 Male	 Ta	 G1	 Absent	 Absent
25	 Male	 Ta	 G1	 Absent	 Absent
26	 Male	 T1	 G2	 Present	 Absent
27	 Male	 T1	 G2	 Present	 Absent
28	 Male	 Ta	 G1	 Present	 Absent
29	 Female	 Ta	 G1	 Present	 Absent
30	 Male	 Ta	 G1	 Present	 Present
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7 and 8 of the p53 gene, respectively. PCR amplifications were 
performed in a total volume of 50 µl containing 50‑100 ng DNA 
template in 10 mM Tris‑HCl (pH 8.0), 50 mM KCl, 1.5 mM 
MgCl2, dNTPs (100 mM each), 0.5 U Taq DNA polymerase and 
15 pmol each primer. For all exons, the PCR procedures were 
the same, with the exception of the annealing temperature. The 
conditions of PCR amplification were as follows: A denatur-
ation step at 94˚C for 5 min, followed by 35 cycles at 94˚C for 
1 min, extension at 72˚C for 1 min, a final extension at 72˚C for 
5 min and stop at 4˚C. Annealing temperatures and durations 
were 57˚C for 1 min, 61˚C for 1 min, 60˚C for 1 min and 55˚C 
for 1 min, for exons 5, 6, 7 and 8, respectively. All PCR products 
were fractionated by electrophoresis on a 2% agarose gel, and 
products exhibiting appropriate sizes were purified using a 
commercial kit (Roche Applied Science, Penzberg, Germany), 
according to the manufacturer's protocol.

Purification of PCR products and direct sequencing of 
mtDNA and p53 gene regions. The purified PCR products 
were sequenced with an ABI PRISM 310 genetic analyzer 
(Applied Biosystems; Thermo Fisher Scientific, Inc., Waltham, 
MA, USA).

Statistical analysis. SPSS version 21.0 (IBM SPSS, Armonk, 
NY, USA) was used for statistical analysis. The χ2 and Fisher's 
exact tests were used to determine the association between 
patient and control groups for mtDNA and p53 mutations. 
The Bonferroni‑corrected P‑value was used to evaluate the 
statistical significancy. Additionally, the Spearman's rank 
correlation coefficient (r) test was used to evaluate the correla-
tion between mtDNA and p53 mutations.

Results

DNA sequencing. The results of DNA sequencing demon-
strated various point mutations in the mitochondrial genome 
of the human tumor samples. A total of 34 polymorphisms 
were identified in mtDNA genes, 15 of which cause 
amino acid substitutions. In addition, 3  novel polymor-
phisms were detected in the p53 gene. The distribution of 
mutations/polymorphisms is summarized in Table III.

Comparision of mutations/polymorphisms between patient 
and control groups. The A15607G polymorphism in the Cytb 
gene and the 12570‑A insertion in the p53 gene were signifi-
cantly higher in patients than in controls (P<0.05), whereas 
the C12570A heterozygote mutation was significantly higher 
in controls than in patients (P<0.05). Representative DNA 
sequencing chromatograms of various polymorphisms in the 
ATPase6, Cytb and ND1 genes, and of novel polymorphisms 
in the p53 gene, are shown in Fig. 1, while representative 
chromatograms of the D310 region are shown in Fig. 2. The 
numbers and percentages of mutations in different stages, 
grades, progression and recurrence are shown in Table IV.

Comparision of mutations/polymorphisms according to tumor 
stage. A15607G polymorphism and 12570‑A insertion were 
significant in patients at T1 stage (P<0.05).

Correlation results. P<0.05 and r=0.25‑0.49 indicate a weak posi-
tive correlation between two mutations/polymorphisms, while 
r> 0.5 and r<0.5 indicate a moderate positive and negative corre-
lation, respectively, between two mutations/polymorphisms. 

Table II. Sequences of the primers used for polymerase chain reaction analysis of mutations in human mtDNA genes and D310 
region and in the human p53 gene (exons 5‑8).

Genes	 Primer sequence

mtDNA
  ND1	 Forward, 5'‑CCAACCTCCTACTCCTCATTGT‑3'
	 Reverse, 5'‑TGATCAGGGTGAGCATCAAA‑3'
  ATPase6	 Forward, 5'‑AACGAAAATCTGTTCGCTTCAT‑3'
	 Reverse, 5'‑ATGTGTTGTCGTGCAGGTAGAG‑3'
  Cytb	 Forward, 5'‑TATCCGCCATCCCATACATT‑3'
	 Reverse, 5'‑GGTGATTCCTAGGGGGTTGT‑3'
  D310	 Forward, 5'‑ACAATTGAATGTCTGCACAGCCACTT‑3'
	 Reverse, 5'‑GGCAGAGATGTGTTTAAGTGCTG‑3'
p53, exon
  5	 Forward, 5'‑TCTTCCTACAGTACTCCCCT‑3'
	 Reverse, 5'‑AGCTGCTCACCATCGCTATC‑3'
  6	 Forward, 5'‑CCTCTGATTCCTCACTGATTGC‑3'
	 Reverse, 5'‑CTCCTCCCAGAGACCCCAG‑3'
  7	 Forward, 5'‑TCTCCTAGGTTGGCTCTGAC‑3'
	 Reverse, 5'‑CCAGTGTGCAGGGTGGCAAG‑3'
  8	 Forward, 5'‑TCCTGAGTAGTGGTAATCTA‑3'
	 Reverse, 5'‑GCTTGCTTACCTCGCTTAGT‑3'

mtDNA, mitochondrial DNA; ND1, reduced nicotinamide adenine dinucleotide dehydrogenase 1; ATPase6, adenosinetriphosphatase 6; Cytb, 
cytochrome b.
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Table III. mtDNA mutations identified in the D310 region and in the ATPase6, Cytb and ND1 genes.

						      Reported in
Nucleotide	 Nucleotide	 Amino acid	 Mutation frequency	 Mutation frequency		  Mitomapb and
position	 change	 change	 (% of cases)	 (% of cases)	 P‑value	 other tumors

	 D310‑ND1; P<0.05 was considered to indicate a statistically significant difference

-	 7C→9C/10C	 ‑	 1/30 (3)	 0/27 (0)	 1.000	 x
-	 7C→10C/11C	 ‑	 1/30 (3)	 0/27 (0)	 1.000	 x

	 ATPase6‑ND1; P<0.0011 was considered to indicate a statistically significant difference

8557	 G→A	 Ala→Thr	 1/30 (3)	 0/27 (0)	 1.000	 x
8573	 G→A	 Gly→Asp	 1/30 (3)	 0/27 (0)	 1.000	 x
8584	 G→A	 Ala→Thr	 1/30 (3)	 1/27 (4)	 1.000	 x
8684	 C→T	 Thr→Ile	 2/30 (7)	 1/27 (4)	 1.000	 x
8697	 G→A	 Silent	 8/30 (27)	 2/27 (7)	 0.083	 x
8701	 A→G	 Thr→Ala	 2/30 (7)	 1/27 (4)	 1.000	 x
8730	 A→G	 Silent	 1/30 (3)	 0/27 (0)	 1.000	 x
8742	 A→G	 Silent	 1/30 (3)	 0/27 (0)	 1.000	 x
8950	 G→A	 Val→Ile	 1/30 (3)	 1/27 (4)	 1.000	 x
9055	 G→A	 Ala→Thr	 6/30 (20)	 1/27 (4)	 0.105	 x

	 Cytb‑ND1; P<0.0006 was considered to indicate a statistically significant difference

14783	 T→C	 Leu→Ile	 2/30 (7)	 1/27 (4)	 1.000	 x
14798	 T→C	 Phe→Leu	 7/30 (23)	 3/27 (11)	 0.304	 x
14905	 G→A	 Silent	 8/30 (27)	 2/27 (7)	 0.083	 x
15043	 G→A	 Silent	 4/30 (13)	 2/27 (7)	 0.673	 x
15218	 A→G	 Thr→Ala	 2/30 (7)	 1/27 (4)	 1.000	 x
15301	 G→A	 Silent	 2/30 (7)	 1/27 (4)	 1.000	 x
15452	 C→A	 Leu→Ile	 12/30 (40)	 6/27 (22)	 0.149	 x
15454	 T→C	 Silent	 1/30 (3)	 1/27 (4)	 1.000	 x
15498	 G→A	 Gly→Asp	 3/30 (10)	 0/27 (0)	 0.239	 x
15607	 A→G	 Silent	 8/30 (27)	 1/27 (4)	 0.029	 x
15622	 T→C	 Silent	 1/30 (3)	 0/27 (0)	 1.000	 x
15654	 T→C	 Met→Thr	 1/30 (3)	 0/27 (0)	 1.000	 x
15783	 T→C	 Silent	 1/30 (3)	 0/27 (0)	 1.000	 x

	 ND1; P<0.0013 was considered to indicate a statistically significant difference

3480	 A→G	 Silent	 6/30 (20)	 1/27 (4)	 0.105	 x
3507	 C→T	 Silent	 2/30 (7)	 0/27 (0)	 0.492	 x
3546	 C→A	 Silent	 1/30 (3)	 0/27 (0)	 1.000	 x
3703	 C→T	 Leu→Trp	 2/30 (7)	 0/27 (0)	 0.492	 x
3741	 C→T	 Silent	 2/30 (7)	 1/27 (4)	 1.000	 x
3930	 C→T	 Silent	 1/30 (3)	 1/27 (4)	 1.000	 x
4029	 C→T	 Silent	 1/30 (3)	 1/27 (4)	 1.000	 x
4188	 A→G	 Silent	 2/30 (7)	 1/27 (4)	 1.000	 x
4216	 T→C	 Tyr→His	 10/30 (26)	 5/27 (19)	 0.241	 x

	 p53

12391	 C del	 Premature stop codon	 1/30 (3)	 0/27 (0)	 1.000	 Novel
12570	 A ins	 ‑	 20/30 (67)	 0/27 (0)	 0.001a	 Novel
12570	 C→A	 ‑	 4/30 (13)	 17/27 (63)	 0.001a	 Novel

aBonferroni‑adjusted P<0.016 was considered to indicate a statistically significant difference; bhttp://www.mitomap.org/. mtDNA, mitochon-
drial DNA; ND1, reduced nicotinamide adenine dinucleotide dehydrogenase 1; ATPase6, adenosinetriphosphatase 6; Cytb, cytochrome b; del, 
deletion; ins, insertion.
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Figure 1. Representative DNA sequencing chromatograms of polymorphisms in mitochondrial DNA genes and in the p53 gene. Black arrows indicate the 
locations of the mutations. ND1, reduced nicotinamide adenine dinucleotide dehydrogenase 1; ATPase6, adenosinetriphosphatase 6; Cytb, cytochrome b; del, 
deletion; ins, insertion.

Figure 2. Representative chromatograms of D310 sequence somatic mutations. (A) 9C/10C and (B) 10C/11C heteroplasmic insertion of cytosine.

  A   B
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In the patient group, 5 different positive moderate correla-
tions were observed between A3480G (ND1)‑G9055A 
(ATPase6), C3741T (ND1)‑C8684T (ATPase6), G8573A 
(ATPase6)‑T15622C (Cytb), G8697A (ATPase6)‑G14905A 
(Cytb) and A8701G (ATPase6)‑T14783C (Cytb), and 1 negative 
moderate correlation was noticed between 12570‑A insertion 
(p53)‑C12570A heterozygous (p53) (r>0.5, P<0.05). Addition-
ally, 3 different positive correlations were detected between 
12570‑A insertion (p53)‑G8697A (ATPase6), 12570‑A 
insertion (p53)‑G14905A (Cytb) and 12570‑A insertion 
(p53)‑A15607G (Cytb) (r>0.5, P<0.05).

Discussion

The human mitochondrial genome consists of a circular 
double‑stranded DNA of 16,569 bp, which includes genes 
encoding for the electron transport chain (complexes I‑IV), 
ATP synthase (or complex V in oxidative phosphorylation), 
a displacement loop (D‑loop) region, 2  ribosomal RNAs 
(16 and 23) and 22 transfer RNAs (15). In comparison with 
nuclear DNA, mtDNA has a higher mutation rate, thus being 
more susceptible to damage, primarily due to the lack of a 
histone backbone, absence of an efficient repair mechanism 
and constant exposure to reactive oxygen species (ROS) (16). 
mtDNA mutations are also commonly observed in various 
tumors (17), both in the non‑coding and in the coding regions 
of mtDNA in cancer cells (12,13). Therefore, in the present 
study, mtDNA mutations were analyzed in the coding and 
non‑coding regions of mtDNA.

The human tumour suppressor gene p53 is located in 
17p13.1, and consists of 11 exons spanning over 20 kb of DNA. 

The open reading frame of the p53 gene codes for a 53 kDa 
protein (p53 protein) with 393 amino acids. The protein is 
involved in multiple biological functions, including cell cycle 
regulation, apoptosis, DNA replication and repair, and main-
tenance of genomic stability. Genetic changes in the p53 gene 
are observed in various types of human cancer (6). Previous 
studies on p53 mutations in urinary bladder tumors have 
reported mutation frequencies between 6 and 61% (18,19). The 
majority of p53 mutations are missense point mutations, and 
~80% are present in the evolutionarily highly conserved and 
functionally important exons 5‑8 of the gene (20). Therefore, 
in the present study, p53 gene mutations were analyzed in 
exons 5‑8 and intron 5.

The role of the tumor suppressor gene p53 in bladder TCC 
has been extensively studied, and it is known that mutations 
in this gene correlate with the grade of cellular dediffer-
entiation, stage of local infiltration, recurrence and tumor 
progression (21,22). Therefore, mutations in the p53 gene are 
associated with the grade and stage of bladder cancer, and 
may be important in the multistep progression of bladder 
cancer. Lorenzo Romero et al (8) observed that mutations in 
p53 did not appear in healthy bladder mucosa, while they were 
significantly more frequent in pT1 and high‑grade (grade 2 
and 3) tumors. In the present study, 12570‑A insertion on the 
p53 gene was significant in patients at T1 stage (P<0.05). In 
another study, 2 different mutations were identified in exon 5, 
1  of which was detected on codon  153 (C>T)  (6). In the 
present study, a novel frameshift mutation (12391‑C deletion) 
was noticed on the same codon, which causes a premature 
stop codon. In addition, 2 novel mutations were identified in 
intron 5, of which, the 12570‑A insertion mutation was only 

Table IV. Numbers and percentages of mutations in different stages, grades, progression and recurrence.

	 Gene mutations, n (%)
	 --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
	 p53
	 ---------------------------------------------------------------------------------
Classification	 ATPase6	 Cytb	 ND1	 D310	 A ins	 C/A het	 C del
of tumors	 (n=22)	 (n=25)	 (n=23)	 (n=11)	 (n=20)	 (n=4)	 (n=1)

Stage
  Ta (10)	 7 (31.8)	 9 (36.0)	 8 (34.8)	 1 (9.1)	 4 (20.0)	 3 (75.0)	 0 (0.0)
  T1 (20)	 15 (68.2)	 16 (64.0)	 15 (65.2)	 10 (90.9)	 16 (80.0)	 1 (25.0)	 1 (100.0)
Grade
  G1 (11)	 8 (36.4)	 11 (44.0)	 8 (34.8)	 1 (9.1)	 5 (25.0)	 3 (75.0)	 0 (0.0)
  G2 (16)	 12 (54.5)	 12 (48.0)	 14 (60.9)	 9 (81.8)	 12 (60.0)	 1 (25.0)	 1 (100.0)
  G3 (3)	 2 (9.1)	 2 (8.0)	 1 (4.3)	 1 (9.1)	 3 (15.0)	 0 (0.0)	 0 (0.0)
Progression
  Yes (7)	 6 (27.3)	 6 (24.0)	 4 (17.4)	 2 (18.2)	 5 (25.0)	 0 (0.0)	 0 (0.0)
  No (23)	 16 (72.7)	 19 (76.0)	 19 (82.6)	 9 (81.8)	 15 (75.0)	 4 (100.0)	 1 (100.0)
Recurrence
  Yes (24)	 18 (81.8)	 20 (80.0)	 19 (82.6) 	 8 (72.7)	 16 (80.0)	 3 (75.0)	 1 (100.0)
  No (6)	 4 (18.2)	 5 (20.0)	 4 (17.4)	 3 (27.3)	 4 (20.0)	 1 (25.0)	 0 (0.0)

mtDNA, mitochondrial DNA; ND1, reduced nicotinamide adenine dinucleotide dehydrogenase 1; ATPase6, adenosinetriphosphatase 6; Cytb, 
cytochrome b; del, deletion; ins, insertion; mt, mutant; het, heterozygous.
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detected in patients (67%). At the same location, the C12570A 
heterozygous mutation was significantly higher in controls 
(63%) than in patients (13%) (P<0.05). Therefore, the 12570‑A 
insertion mutation may contribute to the development of the 
disease, whereas the C12570A heterozygous mutation may 
have a protective effect in this process.

All the mitochondrial protein coding genes encode subunits 
of the oxidative phosphorylation enzymes that are responsible 
for the energy generation pathway (23). The oxidative phos-
phorylation system is composed of 5 complexes (I‑V) that are 
assembled from multiple polypeptides, a number of which are 
encoded by mtDNA and others by nuclear DNA (24). Among 
the above 5 complexes, complex III is a membrane‑bound 
enzyme that catalyzes the transfer of electrons from ubiquinol 
to Cytc (25). In this pathway, Cytb is fundamental for the 
assembly and function of complex III (11). It is known that 
compromised mitochondrial function due to mtDNA mutations 
enhances the generation of ROS. It has been widely demon-
strated that ROS are also involved in numerous proliferating 
signaling pathways associated with tumor promotion  (16). 
Another complex, complex  V, is important in adenosine 
triphosphate (ATP) production and apoptosis  (26,27). The 
contribution of mtDNA complex V variants in cell transforma-
tion, elevated ROS production and tumor progression has been 
described (28). Additionally, efficient programmed cell death 
requires the molecular machinery of the ATP synthase (29). 
The ATPase6 gene, one of the complex V genes, contributes to 
mtDNA maintenance (15). Furthermore, ND1 (or complex I) 
has the most number of subunits encoded by mtDNA. The 
production of ROS probably occurs when complex I activity 
is interrupted (23). In addition, the majority of mutations in 
cancer occur in the mitochondrial D‑loop region, which func-
tions as a promoter for both the heavy and light strands of 
mtDNA (13). Therefore, in the present study, the mtDNA genes 
ATPase6, Cytb and ND1, and the D‑loop region of mtDNA, 
were analyzed in 30 TCC patients and 27 healthy individuals.

The various mutations frequencies were determined due to 
the variations in the tumor stage and grade, and a much higher 
number of mutations were observed in tumors of high stage 
and grade than in tumors of low stage and grade (2). Thus, the 
present study also investigated the association between gene 
mutations and tumor stage and grade.

The A15607G polymorphism on the Cytb gene was signifi-
cant in patients at T1 stage (P<0.05). A total of 34 mtDNA 
mutations were identified in TCC patients, of which, 15 cause 
an amino acid change. The present results are consistent with 
a previous study by the present authors, in which mtDNA 
mutations were examined in TCC patients and healthy indi-
viduals. In that study, a total of 68 mutations were identified, a 
number of which are similar to the ones reported in the present 
study (30). The D‑loop region, while being non‑coding, has 
been demonstrated to have a higher mutation rate than coding 
mtDNA within cancer patients. Previous studies suggested 
that mutations in the D‑loop region could alter mtDNA 
transcription and further lead to respiratory chain alteration, 
and thereby disrupt mitochondrial‑induced apoptosis (31,32). 
Therefore, mutations in the D‑loop region may play an indirect 
role in the tumorigenic process, since this region is responsible 
for the control of mtDNA proliferation (16). Chang et al (13) 
observed that of 88 tumors with p53 mutations, 34 (38.6%) 

had D‑loop mutations, and its frequency was significantly 
higher in tumors with p53 mutations than in tumors without 
p53 mutations (23/106; 21.7%)  (13). Although the present 
study identified numerous mutations in the D‑loop region, no 
correlation was observed between mutations in the D‑loop 
region and in the p53 gene in bladder cancer patients.

Analyses of the mutational spectra for the mtDNA and p53 
genes may provide clues about cancer etiology, mechanisms of 
mutations and the role of p53 and mtDNA genes in the devel-
opment of urinary bladder cancer. mtDNA and p53 mutations 
have been previously described in different tumors, whereas 
similar studies focusing on bladder cancer are scarce (14,16). 
In the present study, the p53 and mtDNA mutational spectra 
for urinary bladder tumors were analyzed by studying the 
mutation frequency in exons 5‑8 as well as in intron 5 of 
the p53 gene, and in the ND1, ATPase6 and Cytb genes, in 
addition to the D‑loop D310 region of mtDNA, in patients 
with TCC at various stages and grades. p53 gene mutations 
were analyzed in patients who had mtDNA mutations, and 
the association between mtDNA and p53 mutations in TCC 
of the bladder was investigated. Achanta et al (33) demon-
strated an association between the expression of cytoplasmic 
p53 and the vulnerability of mtDNA to exogenous damage. 
The authors also revealed that p53 has a role in maintaining 
mitochondrial genetic stability through its ability to translo-
cate to mitochondria and interact with DNA polymerase γ, 
thus enhancing its DNA replication function, in response 
to mtDNA damage. In addition, the authors also noticed 
that loss of p53 resulted in a significant increase in mtDNA 
vulnerability to damage, leading to increased frequency of 
in vivo mtDNA mutations. Gochhait et al (14) suggested that 
the concomitant presence of somatic alterations in mtDNA 
and the DNA binding domain of the p53 gene facilitates cell 
survival and tumorigenesis. To the best of our knowledge, the 
present is the first study that attempts to correlate mtDNA 
and p53 mutations in TCC. In the present study, the r test 
was used to investigate the association between mtDNA and 
p53 mutations in TCC of the bladder. Positive correlations 
were observed between 12570‑A insertion (p53 mutation) 
and G8697A (ATPase6 mutation), G14905A and A15607G 
(Cytb mutation) (r>0.3, P<0.05).

The present results, as well as the published data regarding 
the sequence analysis of the mutated p53 gene and mtDNA, 
revealed that there were no consistent patterns of p53 and 
mtDNA mutations in bladder cancer. Further studies are 
required to determine whether p53 and mtDNA mutations 
could serve as an important predictor for tumor progression 
or as a useful marker for selection of a more suitable treat-
ment, and to explain whether there are consistent patterns of 
mutation in bladder cancer. Therefore, future analyses of the 
progression of bladder cancer patients with mutated p53 and 
mtDNA genes will help clarify this aspect.
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