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Abstract

Somatic mutations affecting the mitochondrial DNA (mtDNA) have been frequently observed in human cancers and
proposed as important oncological biomarkers. However, the clinical significance of mtDNA mutations in cancer remains
unclear. This study was therefore performed to explore the possible clinical use in assessing oral squamous cell carcinoma
(OSCCQ) of pathogenic mtDNA mutations. The entire mitochondrial genome of 300 OSCC with their matched control DNAs
was screened by direct sequencing and criteria were set to define a pathogenic somatic mutation. The patients’ TP53 R72P
genotypes were determined by polymerase chain reaction-restriction fragment length polymorphism. The relationships
between pathogenic somatic mutations, clinicopathogical features, TP53 R72P genotype and clinical prognosis were
analyzed. Overall, 645 somatic mtDNA mutations were identified and 91 of these mutations were defined as pathogenic.
About one quarter (74/300) of the OSCC tumor samples contained pathogenic mutations. Individuals with the TP53 R allele
had a higher frequency of pathogenic somatic mutation than those with the PP genotype. Kaplan-Meier analysis indicated
that TP53 R allele patients with pathogenic somatic mutations demonstrated a significant association with a poorer disease-
free survival than other individuals (HR=1.71; 95% Cl, 1.15-2.57; p=0.009) and this phenomenon still existed after adjusting
for mtDNA haplogroup, tumor stage with treatment regimens, differentiation and age at diagnosis (HR=1.59; 95% Cl, 1.06—
2.40; p=0.03). Subgroup analyses showed that this phenomenon was limited to patients who received adjuvant
radiotherapy/chemo-radiotherapy after surgery. The results strongly indicated that pathogenic mtDNA mutations are a
potential prognostic marker for OSCCs. Furthermore, functional mitochondria may play an active role in cancer
development and the patient’s response to radiotherapy/chemo-radiotherapy.
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(mtDNA) mutations are actually a cause of tumor progression due
to the lack of distinct biochemical and molecular pathways toward
tumorigenicity [5]. Nonetheless, the multiple hallmarks of cancer
cells, including limitless proliferative potential, insensitivity to anti-

Introduction

Oral cancer is currently a major global health issue. In Taiwan,
oral cancer has been the fourth most common cancer in men since

2006 [1]. According to the cancer registry report from the
Department of Health of the Executive Yuan, the annual age-
adjusted incidence for oral cancer in males has shown a 1.55-fold
increase in the past decade [2]. Since prognosis remains poor
despite progress in the disease’s management [3], there is a need to
gather clues that will help to unravel the underlying mechanisms
mvolved in the biological behaviors of this disease.

A rich and complex body of knowledge gained from cancer
research has revealed that cancer is a disease that involves
dynamic changes in both the nuclear and mitochondrial genome.
Observations in human cancers and animal models have provided
concrete evidence indicating that tumor development proceeds via
a succession of cellular DNA alterations, each conferring a growth
advantage and that these changes lead to the progressive
conversion of normal cells into cancer cells [4]. On the other
hand, there is still a debate as to whether mitochondrial DNA
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growth signals, impaired apoptosis, enhanced anabolism and
decreased autophagy, have been linked to mitochondrial dysfunc-
tion [6]. Mitochondrial DNA (mtDNA) is a double-stranded
circular genome of 16.5 kb in length. mtDNA has a higher
mutation rate than nuclear DNA [7,8] and mutations are
commonly found in different types of human tumors including
head and neck cancers [9,10]. These findings suggest a potential
role for mtDNA mutations in tumor development. Recently,
Larman et al. [11] found high-impact somatic non-synonymous
mtDNA mutations in tumor tissue samples from 226 individuals
with five types of cancer and this further strengthens the evidence
that mtDNA mutations might confer selective growth advantages
early in oncogenesis. However, the clinical use of these mtDNA
mutations was not addressed.

The tumor suppressor protein p33 is well known as a central
factor for the maintenance of nuclear genome stability and for the
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suppression of cancer. Recently, increasing evidence has shown
that p53 also plays an important role in regulating mtDNA repair,
replication and recombination [12]. The 7P53 gene contains a
nonsynonymous single nucleotide polymorphism (SNP) that results
in either an arginine (R) or proline (P) at position 72 of the p53
protein. The two resulting variants are different with respect to
modulating apoptosis, to translocating to the mitochondria, to
being degraded by the proteasome and to binding to MDM?2 [13].
Since p53 participation in mtDNA repair has been identified in a
variety of systems [14,15,16,17], it is possible that the 7P53 R72P
(rs1042522) polymorphism contributes to the differences related to
mtDNA mutations in human cancers. This study was therefore
performed to explore the landscape of mtDNA mutations by
sequencing the complete mitochondrial genome of 300 oral
squamous cell carcinoma (OSCC) patients, to assess the relation-
ship between the 7P53 R72P polymorphism and mtDNA
mutations, and to examine the possible clinical use of pathogenic
mtDNA mutations. Our results suggest for the first time that
pathogenic mtDNA mutations are potential prognostic markers
for OSCC and TP53 R72P polymorphism was associated with
pathogenic mtDNA mutations.

Materials and Methods

Patients and sample specimens

This study was approved by the Institutional Review Board,
Chang Gung Memorial Hospital. A series of 300 male OSCC
patients treated at Chang Gung Memorial Hospital, Linkou,
during the period from March 1999 to October 2005 were
recruited for participation in this study [18]. All cases were
histologically confirmed and gave written informed consent for
participation before surgery. Clinical histological parameters were
carefully reviewed and scored. The protocols for recommending
adjuvant radiotherapy/chemo-radiotherapy, as well as the follow-
up schedule, were carried out according to the hospital guidelines
of care [18]. All cases were followed up until death or until June
2011 and the median follow-up time was 69.0 months. Informa-
tion on the patient’s history of cigarette smoking, alcohol drinking,
and areca quid (AQ) chewing were obtained by uniform interview
by a well-trained technician using a questionnaire. Bufty coat cells
from 10 ml of venous blood, tumor tissue and nontumor matching
tissue were collected, frozen in liquid nitrogen and stored at
—80°C untl DNA extraction. Genomic DNA was purified as
previously described [19].

PCR direct sequencing of entire mitochondrial genome
and genotyping of the p53 gene

Both forward and reverse sequencing reactions were carried out
using the same primers as the PCR amplification according to
manufacturer’s instructions and analyzed on an ABI3130 Avent
Genetic Analyzer (Applied Biosystems, Foster City, CA) as
described previously [18]. The DNAs from tumor tissue and
matched nontumor tissue or buffy coat cells of the same patient
were analyzed. The direct comparison of the entire mtDNA
sequences of the tumor tissue relative to the matched bufly coat
cells or nontumor tissue was adopted to clarify mtDNA somatic
mutations. The 7TP53 R72P patient genotype was determined
using DNAs from the bufly coat cells by polymerase chain
reaction-restriction fragment length polymorphism (PCR-RFLP)
as described previously [20]. All analysis was conducted in a
manner that was blinded to the clinical data.
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Criteria for defining a pathogenic mutation

In order to set criteria to define a pathogenic mutation, the
mitochondrial genome was classified into four functional regions
(D-loop, tRNAs, rRINAs, and protein-coding genes). It has been
suggested that big deletions in D-loop may have some effect on
mitochondrial function, although the precise consequence of D-
loop mutations are still unknown. Accordingly, only unusual
alterations (such as 50 bp deletion) in the D-loop that were present
in a tumor were defined as possible pathogenic mutations.
Pathogenicity of tRNA and rRNA mutations was characterized
because they may change evolutionarily conserved nucleotides and
thus affect RNA secondary structure, which can have a significant
effect on function [21]. For the 13 protein-coding genes, we used
two i silico algorithms (the PolyPhen-2 algorithm [22] and the
SIFT algorithm [23]), two amino acid substitution scoring
matrices (the Grantham [24] and BLOSUM 62 matrix), the
evolutionary conservation of each amino acid [25], and the
MutPred score [26] to predict the putative effect of each
nonsynonymous mutation on protein function. A pathogenic
mutation was designated when at least three methods indicated
that there ought to be a deleterious effect (Table S1).

Statistical analysis

Associations between mtDNA mutations, 7P53 R72P polymor-
phism and clinical features were analyzed using ¥ test. The
survival curves were constructed by the Kaplan-Meier method and
compared using the log-rank test. Multivariate survival analysis
was performed using a Cox proportional hazards model. All
statistical analysis was performed in SPSS version 13.0 software
and significant differences were considered when two-sided
$<<0.05.

Results

The somatic mutation spectrum of the mitochondrial
genome of Taiwanese OSCCs

To define the pattern and frequency of mtDNA mutations, the
entire mitochondrial genome of 300 primary OSCC samples were
sequenced. The sequencing results for the tumor DNA were
compared with those obtained from either matching peripheral
white blood cells (n =236) or normal adjacent tissues (n =64, for
those patients whose DNAs from peripheral white blood cells were
not available). The distribution of mtDNA haplotype was not
different between the DNA from peripheral white blood cells
(n=236) and normal adjacent tissues (n=64) (p=0.93). Overall,
240 of the OSCC tumor tissue samples (80%) had one or more
somatic mutations (78 OSCC tissues had one mutation, 78 OSCC
tissues had two mutations and 84 OSCC tissues had at least 3
mutations). In total, 85% (203/240) of somatic mutation in the
OSCC cases occurred in the D-loop region of the mitochondrial
genome, 47.1% (113/240) occurred in the protein coding genes,
13.8% (33/240) in occurred in the rRNAs and 8.3% (20/240)
occurred in the tRNAs.

Opverall, there were 645 somatic mutations at 329 unique
nucleotide positions that were identified (Figure 1A). Among the
329 unique nucleotide positions, 181 (71 synonymous and 110
nonsynonymous) nucleotide positions were in protein-coding
genes. Among the 110 nonsynonymous mutation positions, 39
had not been reported previously (T'able S2). Three hundred and
fifty-five (55.0%) of 645 somatic mutations were located in the D-
loop and 290 (45.0%) were located in non-D-loop regions
(Figure 1B). Among the 220 mtDNA mutations in protein-coding
genes, 56.3% (125/220) were nonsynonymous mutations, of which
missense mutations formed 87.2% (109/125), frameshift stop
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Figure 1. Summary of the somatic mtDNA mutations found in 300 oral cavity squamous cell carcinomas. (A) The spectrum of somatic
mutations in the whole mtDNA genome (produced using CGView). Tracked on the circularized mtDNA genome, from outer-most to inner-most, the
information indicated is regions of the mtDNA genome, somatic mutations show as green ticks (nucleotide position of mutation hotspots were
marked with *), pathogenic somatic mutations show as pink ticks, and GC content. (B) Distribution of the 645 somatic mutations across the various
different regions of the mtDNA genome. (C) Mutation types of the 645 somatic mutations. (D) Distribution of somatic mutation shifting pattern by
region across the mtDNA genome and the defined pathogenic mutations. HT: heteroplasmy; HM: homoplasmy.

doi:10.1371/journal.pone.0065578.g001

mutations formed 11.2% (14/125), and nonsense mutations
formed 1.6% (2/125). The relative mutation frequency (muta-
tions/nucleotides) for the D-loop region was 15.6-fold higher than
for the other regions (355/1121 versus 290/15448). The most
frequent mutations were in the D310 polycytidine stretch region
(C-tract, 12-18 cytidine bases interrupted by a thymidine base at
position 310), which is where 165 (25.6%, 165/645) mutations
were found (Figure 1A).

The most common mutation type was base substitution (58.3%,
376/645), and G to A or C to T transition mutations accounted
for the most mutations (51.9%, 195/376) followed by A to G or T
to C mutations (42.8%, 161/376) (Figure 1C). The most common
type of tumor shifting was homoplasmy>heteroplasmy (two or
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more populations of mtDNA in a single individual; 378/645
(58.6%); Figure 1D).

Nature of the somatic mtDNA variants and mutation
frequency

Among the ten somatic mtDNA hot mutation sites (Figure 1A),
six were known to be mono- nucleotide/di-nucleotide repeat
length polymorphic sites, namely nucleotide position 303-317
(D310), 514-523, 568-573, 956-965, 5895-5899 and 16180-
16195. Since it has been reported that the majority of D310
mutations are observed when the number of cytosine is more than
7 [27] and when the patient has D310 heteroplasmy in the
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lymphocyte mtDNA [28], the relationships between the germline
mono- nucleotide/di-nucleotide repeat length, heteroplasmy status
and mutation frequency was analyzed. Indeed, the mutation
frequency at these six mono- nucleotide/di-nucleotide repeat
length polymorphic sites was found to be strongly associated with
the repeat length and the heteroplasmy status (Table 1).

Characteristics of the somatic mtDNA mutations that
affect the mitochondrial respiratory complexes

The effect of somatic mtDNA mutation on each gene and the
various different respiratory complexes encoded by the mitochon-
drial genome were evaluated in terms of mutation load. Mutation
load was calculated as total number of nucleotides altered/total
number of nucleotides X100 and only coding nonsynonymous
mtDNA mutations were considered. The total and pathogenic
mutation load the mitochondrial respiratory complexes were
1.10% and 0.76%, respectively. The mutation load was not
significantly different among the various respiratory complexes

(Table 2).

Association between mtDNA haplogroup,
clinicopathological features and somatic mtDNA
mutations

Among the recruited 300 patients with OSCC, 240 patients
carried somatic mutations in the mtDNA genome. As summarized
in Table 3, no significant association was found between mtDNA
haplogroup, the clinicopathological features and the somatic
mtDNA mutations for the whole mitochondrial genome. Howev-
er, regional mtDNA mutation analysis showed that tumor

Clinical Significance of Pathogenic mtDNA Mutation

differentiation was significantly correlated with the mtDNA
mutation in tRNA regions (p=0.02). In addition, alcohol drinking
and cigarette smoking was also found to be slightly associated the
mtDNA mutation in tRNA regions (p=0.05 and 0.07, respective-

ly).

Association between patient TP53 R72P genotype and
somatic mtDNA mutations

Individuals with the 7P53 R allele showed a significantly higher
frequency of somatic mtDNA mutations in non-D-loop regions,
mainly in protein-coding genes, than individuals with the PP
genotype (Table 3). As would be expected from this result,
individuals with the 7P53 R allele also showed a higher frequency
of pathogenic somatic mtDNA mutations than those with the PP
genotype (Table 3).

Pathogenic somatic mtDNA mutations and the survival
of OSCC patients

Kaplan-Meier plot analysis indicated that somatic mtDNA
mutations as a whole (including non-pathogenic mutations) were
not associated with either disease-free survival (DFS) (Figure 2A) or
overall survival (OS) (Figure 2B). On the other hand, pathogenic
somatic mtDNA mutations were significantly associated with poor
DFS (hazard ratio (HR)=1.57; 95% confidence interval (CI),
1.07-2.30; p=0.02; Figure 2C, Table 4), while, there was slight
effect on OS (p=0.16, Figure 2D). Interestingly, the 7P53 R allele
patients with pathogenic somatic mtDNA mutations demonstrated

a significant association with a poorer DFS than other patients
(HR=1.71; 95% CI, 1.15-2.57; p=10.009; Figure 2E, Table 4)
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Table 2. Mutation load in mitochondria-encoded genes of the respiratory complex |, Ill, IV and V.
Genome size
Gene name (bp)® Number of altered nucleotides® Mutation load (%, (95% confidence interval))
All Pathogenic All Pathogenic
Complex |
ND1 956 15 14 1.57 (0.96-2.57) 1.46 (0.88-2.44)
ND2 1042 8 3 0.77 (0.40-1.51) 0.29 (0.10-0.84)
ND3 346 5 3 1.45 (0.64-3.33) 0.87 (0.32-2.51)
ND4 1378 14 11 1.02 (0.61-1.70) 0.80 (0.45-1.42)
NDAL 297 1 1 0.34 (0.08-1.86) 0.34 (0.08-1.86)
ND5 1812 22 16 1.21 (0.81-1.83) 0.88 (0.55-1.43)
ND6 525 6 6 1.14 (0.54-2.47) 1.14 (0.54-2.47)
Total 6356 71 54 1.12 (0.89-1.40) 0.85 (0.65-1.11)
Complex Il
CYTB 1141 13 6 1.14 (0.67-1.94) 0.53 (0.25-1.14)
Complex IV
COXI 1542 11 9 0.71 (0.40-1.27) 0.58 (0.31-1.10)
COXIl 684 6 3 0.88 (0.41-1.90) 0.44 (0.16-1.27)
COxXil 784 12 11 1.53 (0.88-2.66) 1.40 (0.79-2.49)
Total 3010 29 23 0.96 (0.67-1.38) 0.76 (0.51-1.14)
Complex V
ATP6 681 9 3 1.32 (0.71-2.49) 0.44 (0.16-1.28)
ATP8 207 3 1 1.45 (0.53-4.16) 0.48 (0.12-2.65)
Total 888 12 4 1.35 (0.78-2.35) 0.45 (0.18-1.15)
MITOMAP database (http://www.mitomap.org/MITOMAP).
Only nonsynonymous coding mtDNA mutations were considered.
doi:10.1371/journal.pone.0065578.t002

June 2013 | Volume 8 | Issue 6 | €65578



Clinical Significance of Pathogenic mtDNA Mutation

and this phenomenon still existed after adjusting for mtDNA
haplogroup, tumor stage with treatment regimens, differentiation
and age at diagnosis (HR=1.59; 95% CI, 1.06-2.40; p=0.03;
Table 4). In addition, subgroup analyses showed this phenomenon
was limited to patients who received adjuvant radiotherapy/
chemo-radiotherapy after surgery (Figure 2G, 2H). On the other
hand, the 7P53 R allele with pathogenic somatic mtDNA
mutations was not associated with OS (Figure 2F).

Discussion

The sequencing of the entire mitochondrial genome allowed the
construction of a mutation landscape. We have completed
sequencing mitochondrial genome of 300 pairs of primary OSCC
using matched blood or adjacent normal tissue and demonstrated
that mono-/di-nucleotide repeat regions within the D-loop and
non-coding region were the hotspots for somatic mutations in
OSCC because 39.7% (265/645) of OSCC sample mtDNA was
found to be mutated in this region. Most of these mutations were
insertions or deletions. Our study has confirmed that D310 was the
most frequent mutation site [27,28]. Furthermore, our study also

PLOS ONE | www.plosone.org

Table 3. Association between clinicopathological parameters, mtDNA haplogroup, TP53 R72P polymorphism and somatic mtDNA
mutation frequency.

Whole D-loop Non-D-loop Protein-
Variables genome p region p region coding genes p rRNA p tRNA p Pathogenic p

N (%) N (%) N (%) N (%) N (%) N (%) N (%)

Age 0.23 0.65 0.17 0.09 0.82 0.16 0.46
<51 (n=149) 115 (77.2) 99 (66.4) 67 (45.0) 49 (32.9) 17 (11.4) 13 (8.7) 34 (22.8)
=51 (n=151) 125 (82.8) 104 (68.9) 80 (53.0) 64 (42.4) 16 (10.6) 7 (4.6) 40 (26.5)

Cigarette smoking 0.34 0.81 0.45 0.73 0.45 0.07 0.57
Yes (n=242) 191 (78.9) 163 (67.4) 116 (47.9) 90 (37.2) 25 (10.3) 13 (5.4) 58 (24.0)

No (n=58) 49 (84.5) 40 (69.0) 31 (53.4) 23 (39.7) 8 (13.8) 7 (12.1) 16 (27.6)

Alcohol drinking 0.91 0.72 0.65 0.93 0.67 0.05 0.46
Yes (n=147) 118 (80.3) 98 (66.7) 74 (50.3) 55 (37.4) 15 (10.2) 14 (9.5) 39 (26.5)

No (n=153) 122 (79.7) 105 (68.6) 73 (47.7) 58 (37.9) 18 (11.8) 6 (3.9) 35 (22.9)

Areca quid chewing 0.42 0.73 0.90 0.56 0.14 0.66 0.68
Yes (n=244) 193 (79.1) 164 (67.2) 120 (49.2) 90 (36.9) 30 (12.3) 17 (7.0) 59 (24.2)

No (n=56) 47 (83.9) 39 (69.6) 27 (48.2) 23 (41.1) 3(54) 3 (5.4) 15 (26.8)

Tumor site 1.00 0.94 0.27 0.33 0.61 1.00 0.25
Tongue (n=104) 83 (79.8) 69 (66.3) 48 (46.2) 36 (34.6) 13 (12.5) 7 (6.7) 24 (23.1)

Bucca (n=105) 84 (80.0) 72 (68.3) 48 (45.7) 37 (35.2) 9 (8.6) 7 (6.7) 22 (21.0)
Others (n=91) 73 (80.2) 62 (68.1) 51 (56.0) 40 (44.0) 11 (12.1) 6 (6.6) 28 (30.8)

Tumor differentiation 0.59 0.37 0.32 0.42 0.22 0.02 0.87
Well (n=116) 91 (78.4) 82 (70.7) 61 (52.6) 47 (40.5) 16 (13.8) 3 (2.6) 28 (24.1)
Moderate/poor (n=184) 149 (81.0) 121 (65.8) 86 (46.7) 66 (35.9) 17 (9.2) 17 (9.2) 46 (25.0)

Tumor stage 0.45 0.99 0.77 0.49 0.80 0.80 037
/Il (n=127) 99 (78.0) 86 (67.7) 61 (48.0) 45 (35.4) 12 (9.4) 9 (7.1) 28 (22.0)

W/V (n=173) 141 (81.5) 117 (67.6) 86 (49.7) 68 (39.3) 21 (12.1) 11 (6.4) 46 (26.6)

TP53 R72P genotype 0.80 0.18 0.01 0.001 0.33 0.77 0.01
RR/RP (n=204) 164 (80.4) 133 (65.2) 110 (53.9) 90 (44.1) 20 (9.8) 13 (6.4) 59 (28.9)

PP (n=96) 76 (79.2) 70 (72.9) 37 (38.5) 23 (24.0) 13 (13.5) 7 (7.3) 15 (15.6)

mtDNA haplogroup 0.57 0.22 0.25 0.56 0.11 0.05 0.32
CZD (n=91) 71 (78.0) 57 (62.6) 40 (44.0) 32 (35.2) 6 (6.6) 10 (11.0) 19 (20.9)

Others (n=209) 169 (80.9) 146 (69.9) 107 (51.2) 81 (38.8) 27 (12.9) 10 (4.8) 55 (26.3)
doi:10.1371/journal.pone.0065578.t003

supported the idea that the number of mono- nucleotide/di-
nucleotide repeats and the presence of heteroplasmy were indeed
associated with the incidence of these mutations (T'able 1) [27,28].
Therefore, the distribution of repeats number and the status of
heteroplasmy in the study population may explain the discrepan-
cies in incidence of mutations, especially in D-loop, among
published results [27,29].

Overall, 80% of OSCC tumor tissues contained mitochondrial
mutations. The distribution of mutation type may be able to
provide some insights into mutation-causing mechanisms. The
majority of the base substitution mutations were either C to T
(51.9%) or A to G (42.8%) transitions, a spectrum characteristic of
oxidative DNA damage [30]. To investigate the possibility that
certain portions of the mitochondrial genome might be associated
with cancer development, we assessed the mutation load in each
region, gene or functional complex. We found that the D-loop
region had a 15.6-fold higher mutation load than the other
regions. It is likely that this is due to an increased rate of replicative
errors in two well-known mono-nucleotide polymorphism repeats
located in the D-loop region as stated above, although we can not
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Figure 2. Kaplan-Meier survival curves for the OSCC patients. (A) Disease-free survival (DFS) based on the mtDNA somatic
mutation status. (B) Overall survival (OS) based on mtDNA somatic mutation status. (C) DFS based on mtDNA pathogenic mutation status. (D) OS
based on mtDNA pathogenic mutation status. (E) DFS based TP53 R allele with mtDNA pathogenic mutation (PM) status. (F) OS based on TP53 R allele
with mtDNA pathogenic mutation (PM) status. (G) DFS based on TP53 R allele with mtDNA pathogenic mutation (PM) status in the subgroup of
patients who received surgery only. (H) DFS based on TP53 R allele with mtDNA pathogenic mutation (PM) status in the subgroup of patients who

received radiotherapy/chemo-radiotherapy after surgery.
doi:10.1371/journal.pone.0065578.g002

rule out this observation is also possibly a result of differences in
mutational selection in non-coding regions. Electron transport
chain (ETC) complex I has commonly been considered to be a
mutational hotspot in tumor mtDNA relative to other complexes
[31]; however, the mutation load was not significantly different
among respiratory complexes in the present study. Therefore, the
more frequent identification of mutations in complex I may simply
be a consequence of its greater size of this gene rather than an
effect of differential selection [32].

The human mtDNA sequence is highly variable. It is necessary
to define functionally important somatic mutations that may be
deleterious or pathogenic in terms of tumor progression.
Numerous computational algorithms using genetic, biochemical,
and computational methods have been developed for predicting
the pathogenicity of nonsynonymous mutations [26]. Although
these methods are useful in practice, their accuracy remains a
concern. Therefore, we applied a battery of six methods to define
pathogenic mutations as described in the “Materials and

Methods” and found that 23.6% of OSCCs carried nonsynon-
ymous pathogenic mutations, which is closed to the results of a
study of five cancers (26% to 28%) defined using Mutation
Assessor by Larman et al. [11] Using this approach, the
concordance with the predictions obtained from the newly
developed Mutation Assessor [33] was 85.3%.

P53 has a well-known tumor suppressor ability associated with
DNA repair, cell-cycle arrest, apoptosis, and senescence, which
preserve genomic stability and prevent tumor formation [34].
Lately, other roles for p53 in autophagy, glucose metabolism,
miRNA maturation and the control of mtDNA replication/repair
have been described [35,36,37]. More recently, the discovery of
new target genes for p53 has revealed unexpected functions for this
tumor suppressor in the regulation of glucose metabolism and in
oxidative stress; these have brought the fields of mitochondrial and
nuclear genome together in relation to cancer biology [35,38].
Functional interactions between p53 and mitochondria has been
demonstrated, including cooperation with the mitochondrial BER

Table 4. Cox regression analysis of disease-free survival in 300 OSCC patients.

Univariate Multivariate

Parameters 5-Year (%) 10-Year (%) HR 95% CI P HR 95% CI P
Age (years old)

<51 53.7 47.5 1 1

=51 60.3 45.0 0.84 0.59-1.19 0.32 0.90 0.63-1.29 0.56
Differentiation

Well 61.5 38.0 1 1

Moderate/poor 54.2 52.8 1.09 0.76-1.56 0.63 1.07 0.75-1.54 0.71
Tumor stage with treatment regimens

I/l with surgery only 73.1 66.7 1 1

I/Il with surgery plus RT/CT 61.3 46.3 1.50 0.80-2.84 0.21 1.57 0.83-2.97 0.17

I/IV with surgery only 54.6 54.6 1.69 0.83-3.42 0.15 1.66 0.82-3.37 0.16

I/IV with surgery plus RT/CT 459 336 245 1.57-3.84 <0.001 238 1.52-3.73 <0.001
mtDNA Pathogenic mutation

No 61.0 49.8 1

Yes 44.2 393 157 1.07-2.30 0.02
TP53 R72P genotype

PP 62.0 53.9 1

RR/RP 54.5 43.6 1.34 0.90-1.98 0.15
TP53 R72P genotype/pathogenic mtDNA
mutation

Others 61.1 50.5 1 1

R allele/Yes 399 33.2 1.71 1.15-2.57 0.009 1.59 1.06-2.40 0.03
mtDNA haplogroup

Others 49.9 39.8 1 1

(4] 72.7 62.7 0.52 0.34-0.80 0.003 0.56 0.36-0.86 0.009

doi:10.1371/journal.pone.0065578.t004
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Abbreviations: HR, hazard ratio; Cl, confidence interval; RT, radiotherapy; CT, chemotherapy.
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repair system [15,16], functional interaction with mitochondrial
proteins [17,37,39], and the maintenance of mitochondrial
genome stability [40]. Accordingly, a link between p53 and
mitochondria in relation to tumorigenesis seems to highly likely.

The TP53 gene has a number of allelic variants, among which
the R72P polymorphism is of significant interest. The R allele of
the polymorphism increases p53-induced apoptosis, whereas the P
allele affects cell cycle arrest at G1 phase and DNA-repair capacity
[41,42]. We have reported that OSCC patients with the R allele
show a significantly higher frequency of 7P53 mutation than those
with PP genotype [20]. In the present study, we further found that
OSCC patients with the R allele show a significantly higher
frequency of pathogenic somatic mtDNA mutation than those
with the PP genotype. Recently, Zhou et al. [9] demonstrated that
there was a positive correlation between 7P53 mutations and
mtDNA mutations in head and neck squamous cell cancers.
Tumor tissues from 160 of the 300 presently studied patients had
previously undergone mutation analysis of exons 4-10 [20]. We
found that 7P53 R allele cooperated with the 7P53 mutation and
enhanced significantly the risk of pathogenic somatic mtDNA
mutations (Table S3). Thus, the present observations provide
useful insights into the functional differences associated with the
TP53 R72P polymorphism as well as mutations of 7P53 in terms
of guardianship of the mtDNA genome.

In the present study, there was no association between the
presence of pathogenic somatic mtDNA mutations and clinico-
pathological parameters including tumor stage (Table 3). This
observation is similar to the results of the recent study by Larman
et al. [11] that targeted five cancers and further supports the
hypothesis that damaging mtDNA mutations confer a selective
advantage early in oncogenesis. Interestingly, our results suggest
for the first time that pathogenic mtDNA mutations are potential
prognostic markers for OSCC. In a multivariate analysis, the
hazard ratio of DFS among 7P53 R allele patients with
pathogenic somatic mtDNA mutations was significantly higher
than among other patients and this was found to be independent
of other prognostic factors. Subgroup analyses further showed that
this phenomenon was limited to patients who received adjuvant

References
1. Chen YJ, Chang JT, Liao CT, Wang HM, Yen TC, et al. (2008) Head and neck

cancer in the betel quid chewing area: recent advances in molecular
carcinogenesis. Cancer Sci 99: 1507-1514.

2. (2012) Cancer Registry Annual Report 2009. Taipei, Taiwan: Bureau of Health
Promotion, Department of Health.

3. Carvalho AL, Nishimoto IN, Califano JA, Kowalski LP (2005) Trends in
incidence and prognosis for head and neck cancer in the United States: a site-
specific analysis of the SEER database. Int J Cancer 114: 806-816.

4. Hanahan D, Weinberg RA (2011) Hallmarks of cancer: the next generation. Cell
144: 646-674.

5. Greaves LC, Reeve AK, Taylor RW, Turnbull DM (2012) Mitochondrial DNA
and disease. J Pathol 226: 274-286.

6. Galluzzi L, Morselli E, Kepp O, Vitale I, Rigoni A, et al. (2010) Mitochondrial
gateways to cancer. Mol Aspects Med 31: 1-20.

7. Grossman LI, Shoubridge EA (1996) Mitochondrial genetics and human disease.
Bioessays 18: 983-991.

8. Johns DR (1995) Seminars in medicine of the Beth Israel Hospital, Boston.
Mitochondrial DNA and discase. N Engl J Med 333: 638-644.

9. Zhou S, Kachhap S, Sun W, Wu G, Chuang A, et al. (2007) Frequency and
phenotypic implications of mitochondrial DNA mutations in human squamous
cell cancers of the head and neck. Proc Natl Acad Sci U S A 104: 7540-7545.

10. Shidara Y, Yamagata K, Kanamori T, Nakano K, Kwong JQ, et al. (2005)
Positive contribution of pathogenic mutations in the mitochondrial genome to
the promotion of cancer by prevention from apoptosis. Cancer Res 65: 1655
1663.

11. Larman TC, DePalma SR, Hadjipanayis AG, Protopopov A, Zhang ], et al.
(2012) Spectrum of somatic mitochondrial mutations in five cancers. Proc Natl
Acad Sci U S A 109: 14087-14091.

12. Wong TS, Rajagopalan S, Freund SM, Rutherford TJ, Andreeva A, et al. (2009)
Biophysical characterizations of human mitochondrial transcription factor A and
its binding to tumor suppressor p53. Nucleic Acids Res 37: 6765-6783.

PLOS ONE | www.plosone.org

Clinical Significance of Pathogenic mtDNA Mutation

therapy after surgery. These results suggest that 7P53 R allele in
patients with pathogenic somatic mtDNA mutations might induce
resistance to radiotherapy/chemo-radiotherapy among OSCCis.
Although no experimental data supports the role of 7P53 R allele
in relation to pathogenic somatic mtDNA mutations and
resistance to radiotherapy/chemo-radiotherapy, p53 R is known
to localize to the mitochondria more efficiently than p53 P and
mitochondrial overexpression of p53 might lead to decreased
mitochondrial functionality [43,44]. Pre-existing mitochondrial
dysfunction may be able to protect cells from y-irradiation induced
death by suppressing 7P53 expression/function [45]. Further-
more, it is noteworthy that 80% of the pathogenic mutations in the
present study were heteroplasmic (Figure 1D). It has been shown
that cells carrying a heteroplasmic rather than a homoplasmic
mtDNA mutation exhibit resistance to oxidative stress-induced cell
death through AKT activation [46,47]. Taken together, the results
from the present study and others support the idea that functional
mitochondria may play an active role in cancer development and
responses to radiotherapy/chemo-radiotherapy.

Supporting Information

Table S1 Predicting putative effect of nonsynonymous
somatic mutations on protein function.

DOC)

Table S$2 Summary of 181 mutation positions in
protein-coding genes.

(DOC)

Table S3 Combined effect of TP53 R72P polymorphism
and mutation on pathogenic somatic mtDNA mutation.

(DOC)

Author Contributions

Conceived and designed the experiments: CHL LLH. Performed the
experiments: CHL. Analyzed the data: CHL SFH LLH. Contributed
reagents/materials/analysis tools: SFH C'TL IHC HMW LLH. Wrote the
paper: CHL SFH LLH.

13. Grochola LF, Zeron-Medina J, Meriaux S, Bond GL (2010) Single-nucleotide
polymorphisms in the p53 signaling pathway. Cold Spring Harb Perspect Biol 2:
a001032.

14. Vousden KH, Lu X (2002) Live or let die: the cell’s response to p53. Nat Rev

“ancer 2: 594-604.

15. Chen D, Yu Z, Zhu Z, Lopez CD (2006) The p53 pathway promotes efficient
mitochondrial DNA base excision repair in colorectal cancer cells. Cancer Res
66: 3485-3494.

16. de Souza-Pinto NC, Harris CC, Bohr VA (2004) p53 functions in the
incorporation step in DNA base excision repair in mouse liver mitochondria.
Oncogene 23: 6559-6568.

17. Achanta G, Sasaki R, Feng L, Carew JS, Lu W, et al. (2005) Novel role of p53 in
maintaining mitochondrial genetic stability through interaction with DNA Pol
gamma. EMBO J 24: 3482-3492.

18. Lai CH, Huang SF, Chen IH, Liao CT, Wang HM, et al. (2012) The
Mitochondrial DNA Northeast Asia CZD Haplogroup Is Associated with Good
Disease-Free Survival among Male Oral Squamous Cell Carcinoma Patients.
PLoS One 7: ¢49684.

19. Hsieh LL, Chien HT, Chen IH, Liao CT, Wang HM, et al. (2003) The XRCCl1
399GIn polymorphism and the frequency of p53 mutations in Taiwanese oral
squamous cell carcinomas. Cancer Epidemiol Biomarkers Prev 12: 439-443.

20. Hsich LL, Huang TH, Chen IH, Liao CT, Wang HM, et al. (2005) p53
polymorphisms associated with mutations in and loss of heterozygosity of the
p53 gene in male oral squamous cell carcinomas in Taiwan. Br J Cancer 92: 30—
35.

21. Ruiz-Pesini E, Wallace DC (2006) Evidence for adaptive selection acting on the
(RNA and rRNA genes of human mitochondrial DNA. Hum Mutat 27: 1072
1081.

22. Adzhubei IA, Schmidt S, Peshkin L, Ramensky VE, Gerasimova A, et al. (2010)
A method and server for predicting damaging missense mutations. Nat Methods.

2010/04/01 ed. pp. 248-249.

June 2013 | Volume 8 | Issue 6 | €65578



23.

24.

26.

27.

28.

29.

31.

32.

33.

34.

Ng PC, Henikoff S (2003) SIFT: Predicting amino acid changes that affect
protein function. Nucleic Acids Res. 2003/06/26 ed. pp. 3812-3814.
Grantham R (1974) Amino acid difference formula to help explain protein
evolution. Science 185: 862-864.

. Tanaka M, Takeyasu T, Fuku N, Li-Jun G, Kurata M (2004) Mitochondrial

genome single nucleotide polymorphisms and their phenotypes in the Japanese.
Ann N'Y Acad Sci. 2004/05/06 ed. pp. 7-20.

Li B, Krishnan VG, Mort ME, Xin F, Kamati KK, et al. (2009) Automated
inference of molecular mechanisms of disease from amino acid substitutions.
Bioinformatics 25: 2744-2750.

Chatterjee A, Dasgupta S, Sidransky D (2011) Mitochondrial subversion in
cancer. Cancer Prev Res (Phila) 4: 638-654.

Sanchez-Cespedes M, Parrella P, Nomoto S, Cohen D, Xiao Y, et al. (2001)
Identification of a mononucleotide repeat as a major target for mitochondrial
DNA alterations in human tumors. Cancer Res 61: 7015-7019.

Lievre A, Chapusot C, Bouvier AM, Zinzindohoue F, Piard F, et al. (2005)
Clinical value of mitochondrial mutations in colorectal cancer. J Clin Oncol 23:
3517-3525.

. Chatterjee A, Mambo E, Sidransky D (2006) Mitochondrial DNA mutations in

human cancer. Oncogene 25: 4663-4674.

Pereira L, Soares P, Maximo V, Samuels DC (2012) Somatic mitochondrial
DNA mutations in cancer escape purifying selection and high pathogenicity
mutations lead to the oncocytic phenotype: pathogenicity analysis of reported
somatic mtDNA mutations in tumors. BMC Cancer 12: 53.

Kulawiec M, Salk JJ, Ericson NG, Wanagat J, Bielas JH (2010) Generation,
function, and prognostic utility of somatic mitochondrial DNA mutations in
cancer. Environ Mol Mutagen 51: 427-439.

Reva B, Antipin Y, Sander C (2011) Predicting the functional impact of protein
mutations: application to cancer genomics. Nucleic Acids Res 39: e118.
Vogelstein B, Lane D, Levine AJ (2000) Surfing the p53 network. Nature 408:
307-310.

. Bensaad K, Vousden KH (2007) p53: new roles in metabolism. Trends Cell Biol

17: 286-291.

PLOS ONE | www.plosone.org

10

37.

38.

39.

40.

41.

42.

43.

44.

46.

47.

Clinical Significance of Pathogenic mtDNA Mutation

Suzuki HI, Yamagata K, Sugimoto K, Iwamoto T, Kato S, et al. (2009)
Modulation of microRNA processing by p53. Nature 460: 529-533.

Yoshida Y, Izumi H, Torigoe T, Ishiguchi H, Itoh H, et al. (2003) P53 physically
interacts with mitochondrial transcription factor A and differentially regulates
binding to damaged DNA. Cancer Res 63: 3729-3734.

Green DR, Chipuk JE (2006) p53 and metabolism: Inside the TIGAR. Cell 126:
30-32.

Wong TS, Rajagopalan S, Townsley FM, Freund SM, Petrovich M, et al. (2009)
Physical and functional interactions between human mitochondrial single-
stranded DNA-binding protein and tumour suppressor p53. Nucleic Acids Res
37: 568-581.

Kulawiec M, Ayyasamy V, Singh KK (2009) p53 regulates mtDNA copy
number and mitocheckpoint pathway. J Carcinog 8: 8.

Siddique M, Sabapathy K (2006) Trp53-dependent DNA-repair is affected by
the codon 72 polymorphism. Oncogene 25: 3489-3500.

Pim D, Banks L (2004) p53 polymorphic variants at codon 72 exert different
effects on cell cycle progression. Int J Cancer 108: 196-199.

Zhu F, Dolle ME, Berton TR, Kuiper RV, Capps C, et al. (2010) Mouse models
for the p53 R72P polymorphism mimic human phenotypes. Cancer Res 70:
5851-5859.

Koczor CA, White RC, Zhao P, Zhu L, Fields E, et al. (2012) p53 and
mitochondrial DNA: their role in mitochondrial homeostasis and toxicity of
antiretrovirals. Am J Pathol 180: 2276-2283.

. Compton S, Kim C, Griner NB, Potluri P, Scheffler IE, et al. (2011)

Mitochondrial dysfunction impairs tumor suppressor p53 expression/function.
J Biol Chem 286: 20297-20312.

Park JS, Sharma LK, Li H, Xiang R, Holstein D, et al. (2009) A heteroplasmic,
not homoplasmic, mitochondrial DNA mutation promotes tumorigenesis via
alteration in reactive oxygen species generation and apoptosis. Hum Mol Genet
18: 1578-1589.

Sharma LK, Fang H, Liu J, Vartak R, Deng J, et al. (2011) Mitochondrial
respiratory complex I dysfunction promotes tumorigenesis through ROS
alteration and AK'T activation. Hum Mol Genet 20: 4605-4616.

June 2013 | Volume 8 | Issue 6 | e65578



