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a b s t r a c t

Mitochondrial DNA (mtDNA) somatic mutations have been identified in nearly all kinds of cancer during
the past decade. Normally one need to determine the complete mtDNA sequences from both cancerous
and normal tissues of the same patient to score the somatic mutation in cancer. In this study, we intended
to explore a strategy to quickly identify somatic mutations in the entire mtDNA genome based on its
phylogeny. The principal assumption for this strategy is that somatic mutations, as recently accumulated
in cancerous tissue, have younger age and will be located in the terminal branches of mtDNA phylogenetic
tree. In contrast, the haplogroup-specific variants, which appear as germline variants and have ancient
age, will be located in the basal or intermediate-node branches of the tree, depending on their relative age.
When the complete mtDNA sequence of the cancerous tissue is determined and is classified relative to the
available mtDNA phylogeny, we only need to screen the variants that are located in the terminal branch
in the paracancerous tissue or other normal tissue from the same patient to identify somatic mutations in
cancer. We validated this strategy by using paired gastric cancer tissue and paracancerous tissue or blood
from 10 Chinese patients (including one with gastric stromal tumor). A total of seven somatic mutations
were identified in the cancerous tissues from four patients. Our result suggests that employing mtDNA
phylogenetic knowledge facilitates rapid identification of mitochondrial genome somatic mutations in
cancer.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Since the Warburg effect was proposed over half a century ago
[1], mitochondrial dysfunction in cancer has drawn a lot of con-
cerns. Mitochondrial dysfunction may contribute to tumorigenesis
due to its important roles in cell metabolism, energy production
and apoptosis [2]. The properties of limited DNA repair mecha-
nism, high oxidative stress, and lacking histone protein protection
make mtDNA to be susceptible to mutations [3,4]. For these reasons,
the relationship between mtDNA mutations and cancer became a
hot topic during the past decade [5–7]. Previous studies paid more
attention to the somatic mutations in mtDNA control region and
did not analyze the mutations in coding region [8,9]. In addition,
problems in data caused by sequencing errors, contamination or
sample mix-up are almost ubiquitous, which lead to overestimation
of mtDNA somatic mutations in cancer [10]. All these problems can
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be attributed to the deficiency of mtDNA phylogenetic knowledge
when analyzing sequencing data [11,12].

Because of high mutation rate and lack of recombination,
mtDNA accumulates mutations in a time order within a relatively
short time and form different haplotypes [13]. In the process of
human evolution and migration, descendants of an original mtDNA
haplotype would sequentially accumulate additional mutations
to generate a group of related haplotypes that was termed as
a haplogroup [14–16]. Current global mtDNA phylogenetic tree
is constituted by different haplogroups, which present strikingly
region-specific distribution patterns [15–18].

In principle, every newly sequenced mtDNA can be positioned
into one of the branches of the mtDNA phylogenetic tree accord-
ing to the variants it contains [11]. The nucleotide substitutions
that define a specific haplogroup are called haplogroup-specific
(or haplogroup-diagnostic, or haplogroup-defining) variants and
these variants are of relatively ancient age, while mutations that
are located in the terminal branch of mtDNA tree are called private
mutations and are recently accumulated in the molecule. Using the
phylogenetic approach, one can reconstruct the time order of the
mutations that were accumulated on mtDNA sequence and distin-
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Table 1
Clinical information for the patients with gastric cancer.

Patient Age Sexa Cancer staging [stage]b Clinical expression

P1 67 M PT4a (G2–3) N2 (3/16) M0 [IIIb] Hiccup
P2 61 M PT3 (G2–3) N2 (3/16) M0 [IIIa] Upper gastrointestinal bleeding, abdominal pain
P3 73 M PT3 (G3) N1 (1/18) M0 [IIb] Gastrointestinal bleeding, anemia
P4 57 F PT3 (G1–2) N0 (0/12) M0 [IIa] Fundus of stomach occupying lesion
P5 68 M PT4a (G2) N2 (16/38) M0 [IIIb] Abdominal pain
P6 71 M PT4a (G2–3) N2 (5/16) M0 [IIIb] Hiccup
P7 40 M PT3 (G3) N3a (12/14) M0 [IIIb] Upper gastrointestinal bleeding
P8 60 M gastric stromal tumor Upper gastrointestinal bleeding
P9 52 M PT4a (G2–3) N3a (12/20) M0 [IIIc] Abdominal distention, vomit, upper gastrointestinal bleeding
P10 44 M PT3 (G2–3) N2 (4/37) M0 [IIIa] Abdominal pain and distension

a “M′′ indicates male, “F” indicates female.
b Stage of cancer was classified following the 7th edition of AJCC Cancer Staging Handbook [21]. Patient P8 was diagnosed as gastric stromal tumor, which was not a

malignant tumor.

guish young mutations from the ancestral variants. Based on a fact
that the accumulated variants in mtDNA sequences are subjected
to selection and this effect will ultimately eliminate the deleteri-
ous mutations from the population, potential pathogenic mtDNA
mutations are most likely to be acquired rather recently and appear
as private mutation(s) in the lineage [19]. Therefore, phylogenetic
approach is useful in assessing the function of mtDNA mutations in
disease [15,16,20].

Here, we propose a strategy on the basis of mtDNA phyloge-
netic knowledge that somatic mutations are located in the terminal
branch(es) of mtDNA phylogenetic tree, which can facilitate the
identification of cancerous mtDNA somatic mutations in the entire
mtDNA genome efficiently. When the entire mtDNA sequence and
phylogenetic status of tumor tissue have been determined, it is
only necessary to detect the following mutations/variants that are
located in the terminal braches of mtDNA tree in the paracancer-
ous tissue under strict quality control to distill somatic mutations:
(1) private mutations; (2) haplogroup-specific variants which are
back mutations or heteroplasmic. By using this strategy, we inves-
tigated mtDNA somatic mutations in the cancerous tissue samples
and corresponding paracancerous tissues or blood tissues from 10
Chinese patients with gastric cancer (including one with gastric
stromal tumor). As a result, we found seven heteroplasmic somatic
mutations in gastric cancer tissues from four patients. Our result
suggests that mtDNA phylogenetic knowledge is very useful when
investigating somatic mutations in cancer.

2. Materials and methods

2.1. Samples

Nine gastric cancer tissues (GC1–GC7, GC9–GC10) and the corresponding adja-
cent normal tissues (GN1–GN3, GN5–GN7, GN9–GN10) or whole blood tissues (GB4,
GB6) from nine patients (P1–P7, P9–P10), which were diagnosed as gastric can-
cer at the First Affiliated Hospital of Kunming Medical College, were collected with
patients’ informed consent. The tumorous tissue (GC8) and adjacent normal tissue
(GN8) of a patient with gastric stromal tumor (P8) were also analyzed in this study
(Table 1). The stage of cancer was classified on the basis of the 7th edition of AJCC
Cancer Staging Handbook [21]. Whole genomic DNA was extracted by the TIANamp
Genomic DNA Kit (Tiangen Bio Inc., Beijing, China). The institutional review boards
of the Kunming Institute of Zoology and the First Affiliated Hospital of Kunming
Medical College approved this study.

2.2. Entire mtDNA sequence analysis of cancerous tissue

The complete mtDNA sequence of each cancerous tissue was amplified by
9 pairs of primers and sequenced as described in our previous studies [22,23].
Sequence variants in each mtDNA were scored relative to the revised Cam-
bridge Reference Sequence (rCRS) [24]. Haplogroup status of each mtDNA was
determined according to the available phylogenetic tree of global human mtDNA
(http://phylotree.org/tree/main.htm; mtDNA tree Build 11, 7 Feb 2011) [17] and
was checked by MitoTool (www.mitotool.org) [25]. The phylogenetic relationship
between the mtDNAs from different tissues was demonstrated by a schematic tree,
following the same approach in our recent studies [20,26,27].

2.3. Somatic mutation analysis

The status of private mutations (which are located in the terminal branches
of the phylogenetic tree) and haplogroup-specific variants, whether presented as
either heteroplasmic or back mutations in cancerous tissue, was detected in cor-
responding paracancerous tissue or whole blood sample from the same donor.
Variants that were not detected in the (putatively) normal tissues were regarded as
somatic mutations in tumor tissue. We employed the sequencing primers reported
in our recent study [22] to direct sequence the region containing certain somatic
mutation(s). We defined the uniqueness of mtDNA variants/mutations in certain
mtDNA by an exhaustive database search following the available guidelines [28].
The frequency of each mutation was calculated as the number of occurrences of the
mutation in 2196 complete mtDNA sequences that were summarized by Soares et al.
[29]. Evolutionary conservation analysis for certain mtDNA variant was performed
using the MitoTool [25].

2.4. Quality control

We employed the following strategies to avoid sequencing errors and potential
contamination: (1) genomic DNA from tissues of each patient was isolated indepen-
dently. Each sample was amplified and sequenced independently; (2) the mtDNA
control region (regions 16024–16569 and 1–576) of each sample was sequenced
and analyzed following our previously reported method [27] to discern potential
sample contamination and to confirm the paired samples from the same patient.
Sample contamination can be recognized by the presence of heteroplasmy at nearly
all the sites bearing germline variations of the patient. Unpaired samples can be
distinguished by their different haplogroup status [30]; (3) we examine the original
sequencing chromatograms site by site to identify heteroplasmic mutations; (4) we
followed the available guideline to eliminate potential pseudo mtDNA gene [31];
(5) suspicious mutations were double-strand sequenced or re-sequenced in both
cancerous and paracancerous tissues.

3. Results

The paired samples from the same donor were confirmed to
have no problem for sample crossover by sequencing the mtDNA
control region of cancerous tissues and corresponding paracancer-
ous tissues or whole blood (Supplementary Table 1). Two variants,
m.16092T>C and m.204T>C, identified in samples GC6, GN6 and GB6
from donor 6, were all located in the hypervariable segments of the
mtDNA control region and showed different level of heteroplasmy
in different tissues, suggested being inherited or occurred as a de
novo somatic mutation (Supplementary Fig. 1). The observation of
fewer somatic mutations in mtDNA control region was consistent
with our previous report for a low level of mtDNA control region
somatic mutations in early stage breast cancer [26].

Fig. 1 shows a phylogenetic tree of the 10 mtDNAs from
the cancerous tissues (sequences have been deposited in Gen-
Bank under Accession No. HQ713443–HQ713452). According to
the haplogroup-specific variants in each mtDNA and the available
mtDNA phylogenetic tree [17], these mtDNAs could be classi-
fied into haplogroups B4a1, B4g, F1a1, F1a1a1, F1b1, F2a, F3a, A,
A4 and D5a2a1, respectively. All the haplogroup-specific variants
in cancerous tissues are homoplasmic. We screened the muta-
tions/variants in the terminal branches and haplogroup-specific
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Fig. 1. Haplogroup tree of the complete mtDNA sequences of 10 gastric cancer tissues (including one gastric stromal tumor tissue (GC8)), plus the revised Cambridge reference
sequence (rCRS) [24]. Somatic mutations are italicized and in bold face. “d” indicates a deletion; “+” indicates an insertion; “s” indicates a synonymous mutation; “ns” indicates
a non-synonymous mutation; “r” indicates the mutation/variant occurs in the rRNA genes; “t” indicates the mutation/variant occurs in the tRNA genes; “nc” indicates the
mutation/variant occurs in the non-coding region; suffixes A, C, G mean transversions; suffix “Y” indicates a heteroplasmy of T and C; suffix “R” indicates a heteroplasmy of
A and G; recurrent mutations are underlined; back mutations are underlined and marked “@”. Sample GC3 presents a heteroplasmic status of insertion AG at site 2149, and
is marked as “2149+AG(h)”.

Table 2
Somatic mtDNA mutations in gastric cancer tissues of 4 Chinese patients.

Sample Haplogroup Mutation (amino acid
change)

Gene Reported
(population
context)a

Reported
(disease
context)a

Haplogroup
specific variantb

Variant
frequencyc

Conservation
Index (CI)d

GC2 F1a1a1 m.8572G>A (synonymous) MT-ATP8 Yes No Yes (H1s, M33a1a) 6/2196 1
m.8572 G>A (p.G16S) MT-ATP6 Yes No 0.744
m.15777G>A (p.S344N) MT-CYB Yes Yes Yes (L1c1a1b) 4/2196 0.302

GC3 F2a m.2148 2149dupAG MT-RNR2 Yes No No 0/2196 1
m.15597T>C (p.V284A) MT-CYB No No No 0/2196 0.512

GC4 A m.3200T>C MT-RNR2 Yes Yes Yes (M20) 3/2196 0.116
GC6 D5a2a1 m.4632G>A (p.A55T) MT-ND2 No No No 0/2196 1

m.9770T>C (synonymous) MT-CO3 Yes No Yes (U3b2) 2/2196 0.977

a The search was performed on 11 February 2011 according to the described strategy [28] (e.g. both “G8572A mtDNA” and “8572G>A mtDNA” were queried).
b The presence of the mutations as a haplogroup-specific variant were scored relative to the available global mtDNA phylogenetic tree at the Phylotree

(http://phylotree.org/tree/main.htm; mtDNA tree Build 11, 7 Feb 2011) [17]. In round brackets we indicated the haplogroup status as it defined in that tree.
c The mutation frequency was calculated as the number of occurrences of each mutation in 2196 complete mtDNA sequences that were summarized by Soares et al. [29].
d The conservation index was defined by Ruiz-Pesini et al. [32] and was computed by using MitoTool (http://www.mitotool.org/) [25]. A total of 43 primate species were

considered and a CI value of 0.744 meant 74.4% of 43 primate species have the wide type allele with human sequence (GenBank Accession number NC 012920).
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Fig. 2. Somatic mutation status in different tissues of 4 gastric cancer patients. “GC” means gastric cancer tissue; “GN” means adjacent normal tissue; “GB” means blood
tissue. (A) The cancerous tissue of patient P2 contains two heteroplasmic mtDNA somatic mutations: m.8572G>A (left) and m.15777G>A (right). (B) The cancerous tissue of
patient P6 contains two heteroplasmic mtDNA somatic mutations: m.4632G>A (left) and m.9770T>C (right). (C) The cancerous tissue of patient P4 contains one heteroplasmic
mtDNA somatic mutation m.3200T>C. (D) The cancerous tissue of patient P3 contains two heteroplasmic mtDNA somatic mutations: m.2148 2149dupAG (left) and m.15597T>C
(right).

variants which undergone back mutations in corresponding para-
cancerous tissue or blood sample from the same patient. In total,
seven somatic mutations were identified in 4 gastric cancer tis-
sues (Table 2 and Fig. 2). All these somatic mutations are in
coding region and are heteroplasmic. Four mutations (m.8572G>A
in the MT-ATP6 gene, m.15777G>A and m.15597T>C in the MT-CYB
gene, and m.4632G>A in the MT-ND2 gene) are non-synonymous,
one mutation (m.9770T>C) is synonymous, and two mutations
(m.2148 2149dupAG, m.3200T>C) are in the MT-RNR2 gene. In par-
ticular, mutations m.15597T>C and m.4632G>A have not been found
in available data set according to a web-based search [28] (Table 2).
Note that position 4632 in the MT-ND2 gene had a conservation
index [32] up to 1, which suggested that mutation m.4632G>A
(p.A55T) might be deleterious.

4. Discussion

Comparing the entire mtDNA sequences between the cancer-
ous and normal tissues from the same donor is usually required
for identifying somatic mutations. In this study, we proposed a
strategy to rapidly identify mtDNA somatic mutations based on
mtDNA phylogeney. This strategy is established on a fact that
somatic mutations (which were newly acquired in the mtDNA) are
mainly located at the terminal branches of the mtDNA phylogenetic
tree. By sequencing the complete mtDNA sequence of a tumor tis-
sue and plotting all the sequence mutations/variants in the tree
using the latest version of mtDNA phylogeny, the young private
mutations/variants in the lineage can be distinguished from the
ancient haplogroup-diagnostic variants. Note that the haplogroup-
defining variants, which were accumulated during the evolution
and were the product of natural selection, are unlikely to be a hot
spot for back mutation [32–34]. On the contrary, the private muta-
tions/variants in certain mtDNA, which occurred very recently,
are relatively younger and are located in the terminal branch of
a phylogenetic tree. Therefore, to identify the recently accumu-

lated somatic mutation(s) in the tumor tissue, we only need to
check the variants/mutations in the terminal branch in the para-
cancerous tissue or other normal tissues. In our recent study, we
analyzed the entire mtDNA sequences of cancerous tissues and the
corresponding adjacent and distant normal tissues of 10 Chinese
patients with early stage breast cancer under strict data quality
control [26]. A re-analysis of these complete mtDNA sequence data
of the paired cancerous tissues and normal tissues according to the
latest version of the global mtDNA phylogenic tree [17] did show
that all the identified somatic mutations were located in the ter-
minal branches of the tree (data not shown), suggested that our
assumption is valid.

In this study, we validated the efficiency of our strategy for
rapid identification of mtDNA somatic mutations in cancerous tis-
sues by analyzing 10 gastric cancer tissue samples (including one
with gastric stromal tumor) and the corresponding paracancer-
ous or blood samples. We identified seven somatic mutations in
cancerous tissues from four patients. Compared with the routine
approach to sequence the entire mtDNA genomes in both can-
cerous and normal tissues to identify somatic mutation, the labor
and cost could be efficiently reduced by employing our strategy, as
we only need to sequence a few mtDNA fragments in the normal
tissue.

The function of mtDNA somatic mutations in cancer has been
under debate for decades [35–39]. Purifying selection was con-
sidered to play important roles in shaping human mitochondrial
genome and the transmission of mammalian mtDNA [33,40,41].
But this selection against deleterious non-synonymous mutations
was recently found to be less-intense in mtDNA genes in can-
cer [42]. As cancer cells mainly produce energy through aerobic
glycolysis, somatic mutations in mtDNA can be tolerated and
accumulated [42]. Note that some of the somatic mutations iden-
tified in this study are haplogroup-specific variants for young
haplogroups to which the patients do not belong. For instance,
mutation m. 8572G>A in sample GC2 is a characteristic variant
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for haplogroup H1s and M33a1a, mutation m.15777G>A in sam-
ple GC2, m.3200T>C in sample GC4 and m.9770T>C in sample GC6
are haplogroup-specific variants for haplogroups L1c1a1b, M20 and
U3b2, respectively (Table 2). The phenomenon of a same variant
arising independently on different lineages is not rare in mtDNA
phylogenetic tree [17]. Such variants may not be the direct tar-
get of selection, therefore can be randomly acquired by different
lineages. Intriguingly, the somatic mutations identified in the four
patients seemed to be clustered in the MT-RNR2 gene and the MT-
CYB gene (Table 2) despite a fact that the sample size was too
small to make a firm conclusion. Whether these mutations enacted
a biological function during the carcinogenesis remains an open
question.

In short, we proposed and validated an efficient strategy that
facilitates quick identification of mtDNA somatic mutations in can-
cerous tissues on the basis of mtDNA phylogenetic knowledge. We
hoped that our strategy will be widely employed in the field and
be helpful in the investigation of the role of somatic mutations in
cancer.
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Supplementary Material 
 
Supplementary Table 1. mtDNA control region sequence variants in different tissues from 10 
Chinese patients with gastric cancer (including one gastric stromal tumor patient (P8)) 
 
Patients Haplogroup Tissue a Variations b 

GC1 73 151 152 200 235 263 309+C 315+C 523-524d 663 735 750 16223 
16256 16290 16319 16362 

P1 A4 

GN1 73 151 152 200 235 263 309+C 315+C 523-524d 663 735 750 16223 
16256 16290 16319 16362 

GC2 73 249d 263 309+C 315+C 523-524d 750 16108 16129 16162 16172 
16304 16311 16519 

P2 F1a1a1 

GN2 73 249d 263 309+C 315+C 523-524d 750 16108 16129 16162 16172 
16304 16311 16519 

GC3 73 249d 263 315+C 523-524d 750 16203 16262+C 16291 16304 16311 
16519  

P3 F2a 

GN3 73 249d 263 315+C 523-524d 750 16203 16262+C 16291 16304 16311 
16519 

GC4 73 152 235 263 292 309+C 315+C 523-524d 663 750 16189 16223 
16290 16319 

P4 A 

GB4 73 152 235 263 292 309+C 315+C 523-524d 663 750 16189 16223 
16290 16319 

GC5 73 207 249d 263 309+CC 315+C 709 750 16260 16298 16355 16362  P5 F3a 
GN5 73 207 249d 263 309+CC 315+C 709 750 16260 16298 16355 16362 

GC6 73 150 199 204Y 263 315+C 489 523-524d 750 752 16092 16129 
16164 16182C 16183C 16189 16223 16266 16362  

GN6 73 150 199 204Y 263 315+C 489 523-524d 750 752 16092Y 16129 
16164 16182C 16183C 16189 16223 16266 16362  

P6 D5a2a1 

GB6 73 150 199 204 263 315+C 489 523-524d 750 752 16092 16129 16164 
16182C 16183C 16189 16223 16266 16362 

GC7 73 249d 263 315+C 523-524d 750 16183C 16189 16232A 16249 16304 
16311  

P7 F1b1 

GN7 73 249d 263 315+C 523-524d 750 16183C 16189 16232A 16249 16304 
16311 

GC8 73 249d 263 315+C 523-524d 750 16129 16162 16172 16304 16519 P8 F1a1 
GN8 73 249d 263 315+C 523-524d 750 16129 16162 16172 16304 16519 

GC9 73 146 263 309+CC 315+C 523-524d 750 16168 16182C 16183C 
16189 16217 16261 16311 16362 16519 

P9 B4a1 

GN9 73 146 263 309+CC 315+C 523-524d 750 16168 16182C 16183C 
16189 16217 16261 16311 16362 16519 

GC10 73 263 309+CC 315+C 523-524d 750 16181C 16182C 16183C 16189 
16213 16217 16261 16292 16519 

P10 B4g 

GN10 73 263 309+CC 315+C 523-524d 750 16181C 16182C 16183C 16189 
16213 16217 16261 16292 16519  

a “GC” means gastric cancer tissue or gastric stromal tumor tissue; “GN” means adjacent normal tissue; 
“GB” means blood tissue. 

b Sequence variations were scored relative to the revised Cambridge reference sequence (rCRS) [1]. 
“d” indicates deletion; “+” indicates insertion; Suffixes A, C indicate transversions; Suffix “Y” 
indicates the mutation is heteroplasmic with T and C. 
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Supplementary Figure 1. Variants m.204T>C and m.16092T>C show different heteroplasmic 
levels in different tissues of patient P6. “GC” means gastric cancer tissue; “GN” means adjacent 
normal tissue; “GB” means blood tissue. (A): Variant m.204T>C is homoplasmic in blood tissue (GB6), 
but is heteroplasmic in paracancerous tissue (GN6) and cancerous tissue (GC6). (B): Variant 
m.16092T>C is homoplasmic in blood tissue (GB6) and cancerous tissue (GC6), but is heteroplasmic 
in paracancerous tissue (GN6). 
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