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Mitochondrial mutations in cancer

M Brandon1,2, P Baldi1,2 and DC Wallace1,3

1Center for Molecular and Mitochondrial Medicine and Genetics (MAMMAG) and Institute for Genomics and Bioinformatics,
University of California at Irvine, Irvine, CA, USA; 2Department of Computer Science, University of California at Irvine, Irvine, CA,
USA and 3Departments of Biological Chemistry, Ecology and Evolutionary Biology, and Pediatrics, University of California at Irvine,
Irvine, CA, USA

The metabolism of solid tumors is associated with high
lactate production while growing in oxygen (aerobic
glycolysis) suggesting that tumors may have defects in
mitochondrial function. The mitochondria produce cellu-
lar energy by oxidative phosphorylation (OXPHOS),
generate reactive oxygen species (ROS) as a by-product,
and regulate apoptosis via the mitochondrial permeability
transition pore (mtPTP). The mitochondria are assembled
from both nuclear DNA (nDNA) and mitochondrial
DNA (mtDNA) genes. The mtDNA codes for 37 genes
essential of OXPHOS, is present in thousands of copies
per cell, and has a very high mutations rate. In humans,
severe mtDNA mutations result in multisystem disease,
while some functional population-specific polymorphisms
appear to have permitted humans to adapt to new
environments. Mutations in the nDNA-encoded mitochon-
drial genes for fumarate hydratase and succinate dehy-
drogenase have been linked to uterine leiomyomas and
paragangliomas, and cancer cells have been shown to
induce hexokinase II which harnesses OXPHOS adeno-
sine triphosphate (ATP) production to drive glycolysis.
Germline mtDNA mutations at nucleotides 10398 and
16189 have been associated with breast cancer and
endometrial cancer. Tumor mtDNA somatic mutations
range from severe insertion–deletion and chain termina-
tion mutations to mild missense mutations. Surprisingly,
of the 190 tumor-specific somatic mtDNA mutations
reported, 72% are also mtDNA sequence variants found
in the general population. These include 52% of the tumor
somatic mRNA missense mutations, 83% of the tRNA
mutations, 38% of the rRNA mutations, and 85% of the
control region mutations. Some associations might reflect
mtDNA sequencing errors, but analysis of several of the
tumor-specific somatic missense mutations with popula-
tion counterparts appear legitimate. Therefore, mtDNA
mutations in tumors may fall into two main classes: (1)
severe mutations that inhibit OXPHOS, increase ROS
production and promote tumor cell proliferation and (2)
milder mutations that may permit tumors to adapt to new
environments. The former may be lost during subsequent
tumor oxygenation while the latter may become fixed.
Hence, mitochondrial dysfunction does appear to be a

factor in cancer etiology, an insight that may suggest new
approaches for diagnosis and treatment.
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Cancer cell ‘aerobic glycolysis’

Over 70 years ago Otto Warburg observed that cancer
cells actively metabolize glucose and produce excessive
lactic acid while at the same time consuming oxygen via
mitochondrial oxidative phosphorylation (OXPHOS),
a phenomenon that he called ‘aerobic glycolysis’ (War-
burg, 1931, 1956). Since aerobic glycolysis was contrary
to the normal ‘Pasteur effect’ Warburg proposed that
cancer could be the result of mitochondrial defects.

The mitochondria produce most of the cellular
energy, generate much of the endogenous reactive
oxygen species (ROS), and regulate programmed cell
death (apoptosis) via the mitochondrial permeability
transition pore (mtPTP). The mtPTP is assembled from
the pro- and anti-apoptotic members of the Bax and
Bcl2 gene family; the mitochondrial outer membrane
voltage-dependent anion ion channel (VDAC); the
mitochondrial inner membrane adenine nucleotide (nt)
translocator (ANT); cyclophilin D and the benzodiaze-
pine receptor (Wallace, 2005).

Warburg’s observation stimulated many investigators
to analyse mitochondrial function in tumor cells. This
revealed that mitochondrial number and OXPHOS
activities were frequently downregulated in many
cancers (Pedersen, 1978) and that mRNA levels for
certain mitochondrial DNA (mtDNA)-encoded genes
were upregulated (Glaichenhaus et al., 1986; LaBiche
et al., 1988, 1992). However, the first significant insight
into the cause of ‘aerobic glycolysis’ came from the
discovery that hepatic tumors (hepatomas) express
hexokinase II while normal hepatic cells express
hexokinase IV (glucokinase). Hexokinase IV, also
known as glucokinase, is a 50 kDa enzyme with one
catalytic site and a high Km (Km¼ 5–8 mM). Hexo-
kinases I–III, by contrast, are 100 kilodalton (kDa)
proteins that duplicate the basic hexokinase IV unit
and have much lower Kms (Km¼ 0.02–0.03 mM).
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Moreover, hexokinase II, unlike hexokinases I and III,
has both catalytic sites active (Wallace, 2005).

Hexokinase II can directly bind to the mitochondrial
outer membrane protein VDAC (Bustamante and
Pedersen, 1977). Voltage-dependent anion ion channel
is the pore in the mitochondrial outer membrane
through which all solutes including the adenosine
triphosphate (ATP) pass. Mitochondrial ATP is ex-
ported through the mitochondrial inner membrane by
the ANT in exchange for spent cytosolic ADP. Hence,
VDAC-bound hexokinase II can directly bind and
utilize the mitochondrial ATP to rapidly phosphorylate
glucose to glucose-6-phosphate. Thus cancer cells
harness mitochondrial OXPHOS to drive glycolysis to
make ATP under low-oxygen conditions and as a result
generate excessive lactate (Bustamante and Pedersen,
1977; Wallace, 2005). Consequently, aerobic glycolysis is
an adaptive strategy that permits the cancer cell to grow
in hypoxic environments.

The binding of hexokinase II to VDAC also stabilizes
the mtPTP and inhibits induction of apoptosis (Pedersen
et al., 2002; Gatenby and Gillies, 2004) by antagonizing
the pro-apoptotic action of Bax and Bak (Gottlob et al.,
2001; Birnbaum, 2004; Majewski et al., 2004a, b). The
interaction of hexokinase II and VDAC is promoted by
phosphoryation of hexokinase II by the Akt kinases,
also known as protein kinase D (PKB). The Akt kinases,
in turn, mediate the signals of a variety of oncogenes
(Aoki et al., 1998; Testa and Bellacosa, 2001; Brazil
et al., 2004; Yanagihara et al., 2005). Therefore, the
induction of hexokinase II and its binding to VDAC
facilitates growth under low-oxygen tension by switch-
ing the cellular metabolism from oxidative to glycolytic
and by inhibiting apoptosis through blocking Bax
and Bak.

Mitochondrial bioenergetics

Mitochondrial OXPHOS encompasses respiratory com-
plexes I–IV of the electron transport chain (ETC) plus
complex V, the ATP synthase. Energy generated by
OXPHOS is used to synthesize ATP to drive cellular
work, to produce heat to maintain body temperature,
etc. Electrons from the carbohydrates and fats are
transferred via nicotinamide adenine dinucleotide
(reduced form) (NADH) þ Hþ to complex I (NADH
dehydrogenase or NADH:ubiquinone oxidoreductase)
or from succinate to complex II (succinate dehydrogen-
ase or succinate:ubiquinone oxidoreductase). Each pair
of electrons is then used to reduce ubiquinone to
ubisemiquinone and then to ubiquinol. Ubiquinol then
transfers the electrons to complex III (the bc1 complex
or ubiquinone:cytocrome c oxidoreductase), after which
the electrons flow through cytochrome c (cytc), to
complex IV (cytc oxidase, cyclooxygenase or reduced
cytc:oxygen oxidoreductase) and finally to 1

2
O2 to

generate H2O. The energy that is released by the ETC is
used to pump protons out cross the mitochondrial inner
membrane through complexes I, III and IV. This creates

an electrochemical gradient (DP¼DCþDpH) that is
positive and acid on the outside and negative and
alkaline on the inside. These high capacitance protons
can then flow through the ATP synthase proton
channel, driving the condensation of bound ADP and
Pi to generate ATP. The mitochondrial matrix ATP is
then exchanged for cytosolic ADP by the ANTs.

The efficiency by which the ETC pumps protons out
of the mitochondrial matrix and by which the ATP
synthase converts this proton gradient into ATP is
known as the coupling efficiency. Tightly coupled
mitochondria make more ATP and less heat while
loosely coupled mitochondria make more heat and less
ATP.

Mitochondrial OXPHOS also produces most of the
cellular ROS at complexes I and III, by the transfer of
an unpaired electron to O2 to generate superoxide (O2

��).
Superoxide, a potent oxidizing agent, is detoxified by the
mitochondrial matrix manganese superoxide dismutase
(MnSOD) to generate hydrogen peroxide (H2O2). The
relatively stable H2O2 persists in the mitochondrial
matrix and can diffuse into the cytosol and the nucleus.
However, in the presence of reduced transition metals,
H2O2 can acquire an additional electron, generating the
highly reactive hydroxyl radical (�OH). In the mitochon-
dria, H2O2 is slowly reduced to water by glutathione
peroxidase while in the cytosol H2O2 can be removed by
the peroxisomal enzyme catalase.

Inhibition of electron flux through the ETC causes
electrons to be retained on complex I–III electron
carriers. This makes the electrons available to be
transferred directly to O2 to generate O2

��. Mitochon-
drial ROS can then damage mitochondrial enzymes,
lipids and mutagenize the mtDNA.

Chronically elevated oxidative stress, reduced DP,
reduced adenine nts and increased matrix Caþ þ can all
activate the mtPTP. This opens a channel through the
mitochondrial inner membrane that leads to the collapse
of DP, swelling of the mitochondria, and release of
apopototic proteins stored in the mitochondrial inter-
membrane space, specifically cytc, procaspase-9, apop-
tosis initiating factor, and endonuclease G. These
degrade the proteins and nucleic acids of the cell
resulting in apoptosis (Wallace, 2005).

Nuclear encoded mitochondrial gene mutations cause
cancer

While the expression of hexokinase II explains why
cancer cells make excess lactate in the presence of
oxygen, it does not demonstrate that mitochondrial
dysfunction is causally related to neoplastic transforma-
tion. However, genetic mapping and cloning of chro-
mosomal ‘oncogenes’ revealed that some cancers are
caused by mutations in nuclear-encoded mitochondrial
enzyme genes. Uterine leiomyomas and renal cell
carcinomas have been linked to mutations in fumarate
hydratase (Lehtonen et al., 2004). Paraganglions have
been linked to mutations in three of the four subunits of
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succinate dehydrogenase (SDH) (Baysal et al., 2000;
Niemann and Muller, 2000; Astuti et al., 2001;
Vanharanta et al., 2004).

SDH (complex II) is assembled from four nuclear
DNA (nDNA)-encoded subunits, SDH A, B, C and D.
SDHA which contains a flavin adenine dinucleotide
collects electrons from succinate in the tricarboxylic acid
cycle and passes the electrons to the iron-sulfur
components in SDHB. Succinate dehydrogenase B then
transfers the electrons to the cytochrome b (cytb) and
ubiquinone associated components SDH C and SDH D.
Mutations in SDH B (Astuti et al., 2001; Vanharanta
et al., 2004), SDH C (Baysal et al., 2000), and SDH D
(Niemann and Muller, 2000) all cause the cancer
paraganglioma. However, mutations in SDH A cause
the lethal pediatric neurodegenerative disease Leigh’s
syndrome (Bourgeron et al., 1995), not paraganglioma.

In Caenorhabditis elegans, inactivation of the cytb
subunit of complex II (the mev-1 mutant) markedly
increases mitochondrial ROS production in association
with a reduction in life span (Ishii et al., 1998; Senoo-
Matsuda et al., 2001). It follows then that mutations in
the SDH B, C and D subunits would also result in
increased mitochondrial ROS production by retarding
the electron flow out of complex II. Mutations in SDH
A, on the other hand, would block the entry of electrons
into complex II, thus eiminating ROS production.
However, this would also diminish mitochondrial ATP
production resulting in neurodegenerative disease
(Wallace, 2005). Thus, mitochondrial ROS production
appears to be the factor that links mitocondrial defects
to neoplastic transformation.

Mitochondrial DNA variation in disease and climatic
adaptation

The mitochondrial genome consists of approximately
1500 genes, 37 encoded by the 16 569 nt mtDNA and the
remainder located in the nDNA. The mtDNA genes
include a 12S and 16S rRNA, 22 tRNAs, and 13
essential OXPHOS polypeptide subunits (Wallace and
Lott, 2002). The 13 mtDNA polypeptides include seven
(ND1, 2, 3, 4, 4L, 5, 6) of the 46 subunits of complex I,
none of the four subunits of complex II, one (cytb) of
the 11 subunits of complex III, three (COI, II, III) of the
13 subunits of complex IV, and two (ATP6 and 8) of the
16 subunits of complex V. The mtDNA also contains an
approximately 1000 nt control region which encom-
passes the promoter for transcribing the G-rich heavy
(H) strand (PH) and the adjacent promoter to transcribe
the C-rich light (L) strand (PL), the intervening
mitochondrial transcription factor (mtTFA)-binding
sites, three conserved sequence boxes (CSB I–III), the
origin of H-strand replication, and the termination-
associated sequence (TAS). The replication of the
mtDNA H-strand has been proposed to start at OH

using a cleaved transcript from PH as the primer and
pausing at TAS. This creates the 7S DNA which forms
a triple-stranded displacement (D)-loop. The origin of

L-strand origin of replication (OH) is located 2/3 around
the mtDNA circle.

The nDNA encodes most of the mitochondrial
polypeptides including the mtDNA polymerase g, the
mtRNA polymerase, the mitochondrial ribosomal
proteins, the enzymes of mitochondrial metabolism,
etc. The genes for these proteins are replicated and
transcribed in the nucleus, the mRNAs are translated
into protein on cytosolic ribosomes, and the mitochon-
drial proteins selectively imported into the mitochon-
drion using specific import peptide sequences (Wallace
and Lott, 2002).

Each cell contains hundreds of mitochondria and
thousands of mtDNAs. The mitochondria and mtDNAs
are transmitted through the oocyte and thus are
exclusively maternally inherited. A mutation in one of
the mtDNAs of the cell results in an intracellular
mixture of mutant and normal mtDNAs, a state known
as heteroplasmy. With repeated cell divisions the
percentage of mutant and normal mtDNAs can drift
(replicative segregation) until it reaches either pure
mutant or normal homoplasmy.

Mutations in the mtDNA can be either deleterious
(pathogenic), neutral or beneficial (adaptive). In the
germ line, mtDNA variants generally must reach a
relatively high percentage of heteroplasmy before they
affect the cellular phenotype. Within post-mitotic cells
somatic mtDNA mutations accumulate over time,
eroding cellular function (Trifunovic et al., 2004; Kujoth
et al., 2005; Schriner et al., 2005). Ultimately, this
activates the mtPTP and the cell dies by apoptosis. As a
result, the accumulation of mtDNA mutations acts as
the aging clock (Wallace, 2005). It is the interaction
between the partial defects resulting from inherited
mitochondrial defects plus the accumulation of somatic
mtDNA mutations which exacerbates the defect that
account for the delayed-onset and progressive course of
mitochondria-associated diseases (Wallace, 2005).

Since the mtDNA is exclusively maternally inherited,
mtDNAs between different lineages cannot mix or
recombine. Therefore, the mtDNA sequence can only
change by the sequential accumulation of mtDNA
mutations along radiating female lineages. As a result,
the human mtDNA tree is in a sequential mutational
tree that coalesces to a single mtDNA in Africa about
200 000 years before present (Johnson et al., 1983; Cann
et al., 1987; Merriwether et al., 1991). Moreover, the
branches of the mtDNA tree show striking regional
specificity. It is now believed that this is because about
25% of the mtDNA protein sequence variation (Mis-
hmar et al., 2003; Wallace et al., 2003; Ruiz-Pesini et al.,
2004), 10 to 20% of the tRNA variation, and at least
some of the rRNA variation (Ruiz-Pesini and Wallace,
2006) altered the mitochondrial coupling efficiency. This
increases heat production at the expense of ATP
production and permitted humans to adapt to the
colder climates of Eurasia. When an adaptive mutation
arises in the mtDNA, that mtDNA becomes enriched in
the population by positive selection. Since the mtDNA
does not recombine, all of the sequence variants
linked to the adaptive mutation are also enriched, a
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phenomenon known as ‘hitchhiking.’ The collection of
linked variants on an individual mtDNA molecule is
called a mtDNA haplotype, and the descendants of an
original mutant mtDNA will acquire additional variants
to generate a group of related haplotypes, referred to as
a haplogroup. These haplogroups frequently constitute
region-specific branches of the mtDNA tree.

The greatest mtDNA diversity is found in Africa
(Johnson et al., 1983; Cann et al., 1987; Merriwether
et al., 1991; Mishmar et al., 2003) indicating that Africa
was the origin of humans. The most ancient African
branches of the mtDNA tree (haplogroups L0, L1 and
L2) are defined by a T at nt 3594. This nt becomes a C
when African L3 diverges from L2. Many L0–L2
haplotypes also harbor a tRNAAsp G to A variant at
nt 7521. African L3 gave rise to haplogroups M and N,
the only two lineages that left Africa to colonize all of
Eurasia about 65 000 YBP. Macro-haplogroup N was
derived from haplogroup L3 and differs by two missense
mutations, one in ND3 at nt 10398 which is G in
African L3 and A in macro-haplogroup N causing an
A114T amino acid substitution and the other in ATP6 at
nt 8701 which is a G in African L3 that changes to an A
in macro-haplogroup N resulting in an A59T amino-
acid change. In Europe, macro-haplogroup N gave rise
to the European-specific haplogroups H, I, J, Uk, T, U,
V, W and X, each associated with distinctive poly-
morphisms. In haplogroups J1, J2 and Uk the ND3 nt
10 398A of macro-haplogroup N reverted back to a G
and codon 114 returned to an A. Haplogroup U
radiated from macro-haplogroup N by the acquisition
of a tRNALeu(CUN) nt 12308G variant and the haplo-
group subsequently was subdivided by the appearance
of a 16S rRNA variant at nt 1811 A to G on one sub-
branch and a COIII missense mutation at nt 9477 G to
A on another sub-branch. Similarly, haplogroup J was
founded by the appearance of a ND5 polymorphism at
nt 13708A (A458T). Asia was colonized by derivatives
of both macro-haplogroups M and N which gave rise to
a plethora of Asian haplogroups including A, B, F, etc.
from N and C, D, G, etc. from M. Sublineages of Asian
haplogroup A and D also acquired the 13708 G to A
variant in ND5, an example of the repeated appearance
of the same mutation on different mtDNA lineages
indicated convergent evolution by adaptive selection. Of
all of the mtDNA lineages in Central Asia, only three
lineages (A, C and D) became enriched in Northeastern
Siberia by 20 000–30 000 years ago and these were in
a position to colonize the Americas when the Bering
Land Bridge became exposed. Similarly, the northern
European haplogroup X arrived in north-central
North America about 15 000 YBP (Brown et al., 1998).

Thus, human mtDNA variation exhibits two striking
geographic discontinuities, one between the enormous
African mtDNA diversity and the colonization of
Eurasia by only two mtDNAs, M and N; and the
second between the extensive radiation of M and N in
Eurasia and the colonization of the Americas through
the arctic by only four mtDNAs: A, C, D and X. The
best explanation for these geographic discontinuities in
mtDNA diversity is that selection limited the mtDNAs

that could move into the more northern and colder
latitudes (Wallace et al., 1999, 2003; Mishmar et al.,
2003; Ruiz-Pesini et al., 2004; Wallace, 2005).

Today, these ancient adaptive mtDNA variants
influence individual predisposition to disease. For
example, the reduced mitochondrial ATP production
of the partially uncoupled mitochondria of mtDNA
haplogorup J increases susceptibility to blindness of
individuals which also acquire one of the milder Leber’s
hereditary optic neuropathy (LHON) pathogenic muta-
tions (Brown et al., 1997, 2001; Torroni et al., 1997;
Wallace, 2005). However, these same uncoupling muta-
tions also keep the ETC more oxidized in the presence of
excess calories, thus reducing ROS production and
increasing longevity and protecting against age-related
degenerative diseases (Wallace, 2005).

Mitochondrial DNA mutations in cancer

The linkage of mutations in nDNA-encoded mitochon-
drial gene mutations to cancer (Baysal et al., 2000;
Niemann and Muller, 2000; Astuti et al., 2001;
Lehtonen et al., 2004; Vanharanta et al., 2004) raises
the possibility that mtDNA mutations might also
contribute to cancer etiology. Cancer mtDNA muta-
tions could either arise in the female germ line and
predispose to cancer (oncogenic germline mutations) or
arise in the mtDNAs of the tissues (tumor-specific
somatic mutations) and participate in the tumor
progression process.

Germline mitochondrial DNA mutations in cancer
Two mtDNA population polymorphisms have been
associated with increased cancer risk suggesting that
germline mtDNA mutations might be important in the
etiology of certain cancers. The first of these occurs in
the ND3 gene at nt 10398 (nt G10398A, codon A114T)
variant in which the 10398A allele was linked to
increased risk for invasive breast cancer in both pre-
and post-menopausal African-American women, com-
pared to African-American women with the 10398G
allele. However, the 10398A allele did not increase
breast cancer risk for Caucasian women (Canter et al.,
2005). The second polymorphism occurs at nt 16189
(T>C) and has been associated with endometrial cancer
(Liu et al., 2003).

Further evidence for a role of germline mtDNA
variants in cancer risk came from a study of mtDNA
COI gene variants in European-American prostate
cancer patient specimens. The COI gene was studied
because proteomic studies had reported an increase in
the ratio of nDNA/mtDNA encoded complex IV
polypeptides in prostate cancer (Herrmann et al., 2003;
Krieg et al., 2004) and because European mtDNAs lack
common COI polymorphisms, thus minimizing possible
confusion between ancient variants and cancer-related
mutations (Mishmar et al., 2003; Ruiz-Pesini et al.,
2004). The mtDNA COI genes were sequenced from 260
prostectomy specimens from North American Eurasian
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patients and from blood samples of 54 prostate cancer-
negative men over age 50 years whose prostate-specific
antigen was o1 and in which a prostate needle biopsy
was found to be free of cancer cells. This analysis
revealed that about 11% of the prostate cancer speci-
mens harbored COI mutations while none of the
prostate cancer negative controls had COI mutations.
Four prostate cancer COI mutations were found to be
germline mutations since they were homoplasmic and
found in multiple independent patient tumors, often on
different mtDNA backgrounds. The first mutation, nt
T6253C (M117T, conservation index (CI)¼ 69%), was
found in three independent prostate cancer specimens,
all haplogroup H. The second mutation, nt C6340T
(A120T, CI¼ 97%) was found in six patients on
haplogroups J, T, L1, and N. The third mutation, nt
G6261A (T146I, CI¼ 79%) was found in two cases on
haplogroups of H and N; and the final mutation, nt
A6663G (I125V, CI¼ 95%), was found in five cases on
haplogroups LO and L2. Thus, these data prove that
germline mtDNA COI mutations can cause prostate
cancer and thus that mutant mtDNA genes can be
oncogenes (Petros et al., 2005).

Surprisingly, a survey of 898 random European
mtDNA sequences revealed that 5.5% of the general
population also harbored COI variants. One reason why
COI mutations that cause prostate cancer could persist
in the population may be because only men develop
prostate cancer but only women transmit the mtDNA.
Hence, the mutant mtDNAs are insulated against
selection (Petros et al., 2005).

Somatic mitochondrial DNA mutations in cancer
While studies linking germline mtDNA mutations to
cancer can be confounded by the high background
frequency of functional mtDNA polymorphisms, stu-
dies of somatic mtDNA mutations in cancer can be
more definitive since the cancer cell should have the
neoplastic mtDNA mutation while the normal tissue
should not. Numerous mtDNA mutations have now
been reported in cancer (Chinnery et al., 2002; Copeland
et al., 2002). Early studies of cancer cell mtDNAs
reported dimeric mtDNAs in human leukemia leuko-
cytes (Clayton et al., 1970), partial deletions in the
mtDNA tRNATyr and tRNATrp genes in rat liver tumor
mtDNAs (Taira et al., 1983), and heteroplasmy based
on restriction digests of tumor mtDNAs (Bianchi et al.,
1995). However, the first clear demonstration that a
mtDNA mutation in cancer cells could be functionally
significant came from the report of a renal adenocarci-
noma in which 50% of the mtDNAs contained a 294 nt
in-frame deletion in the mtDNA ND1 gene resulting in a
truncated mRNA (Horton et al., 1996). A patient with
such a mtDNA mutation would manifest severe
mitochondrial disease. Hence, this somatic tumor-
specific mutation had to be functionally significant.

Analysis of 10 colon cancer cell lines revealed that
seven (70%) harbored functional tumor-specific
mtDNA coding region mutations including missense
mutations in six lines and a chain termination and a

frame shift mutation in the seventh. All of the mutations
were homoplasmic except for missense mutations in two
of the cell lines (Alonso et al., 1997; Polyak et al., 1998;
Habano et al., 1999). A survey of the mtDNAs of
bladder, head and neck, and lung cancers revealed that
51% (21/41) contained tumor-specific mtDNA muta-
tions (Fliss et al., 2000). Surveys of mtDNA control
region variation revealed that 48% (15/31) of gastric
tumors harbored tumor-specific mtDNA mutations (Wu
et al., 2005), 39% (24/61) of hepatocellular carcinomas
harbored mtDNA control region mutations in a Taiwan
study (Lee et al., 2004) and 68% (13/19) of hepato-
cellular carcinomas had control region mutations in a
Japanese study (Nomoto et al., 2002). Predominantly
mtDNA control region mutations were found in
glioblastomas but also two coding region mtDNA
variants (Kirches et al., 2001) while neurofibromas from
neurofibromatosis patients harbored only control region
mutations (Kurtz et al., 2004). Analysis of mtDNA
variation of thyroid tumors revealed that 49% (32/66)
of tumors had control region somatic mutations and
52% (34/66) of tumors harbored coding region somatic
mutations in one study (Maximo et al., 2002) and
23% of 13 papillary thyroid carcinomas had coding
region mtDNA mutants in an independent study (Yeh
et al., 2000). However, thyroid tumors had a relatively
low frequency of control region mutants, particularly
in the hypervariable homopolymeric C region between
nt 303 and 315 (Tong et al., 2003). Ovarian tumors
harbored both control region (3/15) and coding region
variants in 60% (6/10) of cases (Liu et al., 2001), breast
cancer samples contained control region and coding
region mutations in 61% (11/18) of samples (Parrella
et al., 2001) and prostate cancer tumors had somatic
control region mutations in 88% of cases (14/16) (Chen
et al., 2002, 2003) and control region and coding region
mutations in 19% (3/16) of cases (Jeronimo et al., 2001).
The functional relevance of tumor-specific polypeptide
gene missense mutations was demonstrated by three
heteroplasmic COI mutations reported in prostate
tumors: G5949 (G16X, Stop), T6124C (M74T,
CI¼ 95%) and C6924T (A341S, CI¼ 100%) (Petros
et al., 2005). The CI of the two somatic COI missense
mutations exceeds the average of all COI variants found
in the general European population (CI¼ 71735%) as
well as the average of all prostate cancer COI mutations
(CI¼ 83725%). Hence, these mutations must be
functionally relevant.

Some somatic mitochondrial DNA mutations are the same
as adaptive mutations
To learn more about the nature of the somatic mtDNA
mutations in tumors, we assembled all of the data on
somatic mtDNA mutations found in ovarian (Liu et al.,
2001); bladder, head and neck (Fliss et al., 2000); colon
(Polyak et al., 1998); thyroid (Yeh et al., 2000) and
prostate (Jeronimo et al., 2001) tumors and compared
these variants to those that have been found in the
general population. Since chain termination and inser-
tion–deletion mutations are commonly found in tumor
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mtDNA, but would be lethal in humans, these cancer
mutations were excluded from the cancer mutation-
population polymorphism comparisons.

We then compared the remaining ‘tumor-specific
somatic mtDNA mutations’ with all of the mtDNA
variant sites contained in our global human mtDNA
database of 1920 complete mtDNA sequences plus 532
coding region mtDNA sequences. These sequences
encompass 3512 total population variants including
453 non-coding, 2563 mRNA, 216 tRNA and 280
rRNA variant sites (Brandon et al., 2005). Surprisingly,
of the 190 tumor-specific somatic mtDNA mutations,
72% (137) were also sequence variants in our population
database. Subdividing the tumor-specific somatic muta-
tions by the type of genetic function that was affected
revealed that of the 42 tumor-specific somatic mtDNA
mRNA gene polypeptide missense mutations 52% (22)
were also in the population database, of the six tumor-
specific somatic tRNA mutations 83% (five) were
present in the population database, of the 13 tumor-
specific somatic rRNA mutations 38% (five) were in the
population database, and of the 84 tumor-specific
somatic control region mutations 85% (71) were found
in the population database (Table 1). The probability
that 72% of tumor-specific somatic mutation positions
would also coincide with population variant positions
by chance is much less than 0.001 and the probability
that any of the gene-specific classes of tumor somatic
mtDNA mutation positions would contain the observed
proportion of population variant positions are all 0.01
or less (Table 1).

There are two possible explanations for the discovery
that a high proportion of tumor-specific somatic
mtDNA mutations are also population variants. Either
the majority of the ‘tumor-specific somatic mtDNA
mutations’ are sequencing errors in which population
variants were overlooked in either the tumor tissue or
the normal tissue sequence, or that cancer cells are prone
to acquire some of the same functional mtDNA
mutations as they migrate into new environments as
did humans when they migrated out of Africa into new
environments. The latter possibility would imply that
similar selective influences acted on our ancient human
ancestors and are active on cells undergoing neoplastic
transformation.

One reason to suspect that sequencing errors may be a
cause of the high percentage of ‘tumor-specific somatic
mtDNA mutations’ is that for mtDNA mRNA gene
synonymous site mutations, 76% (34/45) of the tumor
mRNA mutations were also present among the popula-
tion variants (Table 1). It is generally assumed that the
‘synonymous’ mRNA variants seen in human mtDNAs
are functionally neutral, and that the common synon-
ymous variants have increased in frequency through
their linkage due to hitchhiking with adaptive variants
located elsewhere on the same mtDNA. If the synon-
ymous variants are neutral, then there would be no
reason for them to be selected for in the cancer cell.
Hence, they could not be new tumor-specific somatic
mtDNA mutations. Rather they must be pre-existing
polymorphisms. The only reason why this argument
does not completely negate the observed association
between tumor mutations and population polymorph-
isms is that our knowledge of the functions of the
mtDNA mRNA nts are rudimentary. Therefore, it is
possible that nt changes in the mRNA that do not
change an amino acid might change some as yet
unidentified function in the mRNA. For example, the
mtDNA mRNAs do not have 50 or 30 non-translated
regions. Hence, internal mRNA sequences must be
required to initiate mRNA translation and these could
be rendered non-functional by a nt change that did not
affect the amino-acid sequence. Thus, though it seems
possible that at least some of the ‘tumor-specific’
variants are sequencing errors, the association between
‘tumor-specific’ variants and population polymorphisms
is too strong to be completely spurious.

The biological relevance of the apparent association
between ‘tumor-specific somatic mutations’ and popula-
tion variants is supported by a review of selected
individual tumor mutations that alter the amino-acid
sequence of mtDNA mRNA genes. The most compel-
ling evidence that at least one of the tumor-specific
somatic mtDNA mutations is also a population variant
is seen for the nt 13708 G to A missesnse mutation in
ND5 (A458 T) reported in a breast cancer tumor
(Parrella et al., 2001). The original publication provides
the actual sequencing gel for this tumor-specific somatic
mutation. This gel clearly shows that the 13708 nt
change is present in the tumor and in a positive lymph

Table 1 Summary of somatic variants

Genomic category Nature Na #b Percent Probabilityc

mRNA NS 42 22 52.38 o0.001d

mRNA S 45 34 75.56
tRNA NC 6 5 83.33 o0.001
rRNA NC 13 5 38.46 0.01
Control NC 84 71 84.52 o0.001

Total All 190 137 72.11 o0.001

Abbreviations: NC¼ nucleotide change; NS¼ non-synonymous; S¼ synonymous; All¼ all types of variants. G9949A and C6924T were excluded
from these calculations because both the somatic and tumor alleles were absent from the population database. aNumber of variants extracted from
the literature. bNumber of these variants also found in a population database of 2452 human mitochondrial DNA sequences. cP-value
corresponding to the probability of overlap between somatic and population variants equal or greater than observed, under the null binomial
model in which the probability of a somatic mutation is set to its empirical frequency. dSynonymous and non-synonymous variants were treated as
one group for calculating the probability.
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node but is absent in the adjacent normal tissue and in
peripheral blood leucocytes (Parrella et al., 2001).
Hence, we can conclude that a somatic mutation did
arise at nt 13708 in a breast tumor. In African L0–L3,
Asian M, and at the base of Eurasian N mtDNAs, the
ND5 nt 13708 nt is a G (458A). However, at the root of
European haplogroup J and in important sublineages of
the European X and Asian B haplogroups the 13708 nt
is an A (458T). Therefore, the tumor-specific mutation
converts the mtDNA sequence to the more Eurasian-
like allele (Ruiz-Pesini et al., 2004). The second
instructive case involves nt 4977 in the COIII gene.
Variants at this nt have been reported in three
independent thyroid tumors in one paper (Maximo
et al., 2002) (Table 2). Two of the three tumors were
reported to have a G to A transition (V91I), which is the
same base change that defines a major sublineage of
haplogroup U (U5a, U5b, U5ab, etc) (Montiel-Sosa
et al., 2005) (Table 2). However, the third tumor is
reported to have a G to T transversion (V91F) which
appears to be a more significant amino-acid substitution
and which does not appear in our population database.
Since both nt changes affect the same codon, but only
one is a population variant, this would suggest that
changes in codon 91 of COIII may be important in
neoplastic transformation. Additional support for a
congruence between tumor-specific somatic mutations
and population polymorphisms comes from observa-
tions at the nt 10 398 ND3 (G to A, A114T) and nt 8701
ATP6 (G to A, A59 T) nts. The 10398 A to G variant
was reported as a tumor-specific somatic mtDNA
mutation in a thyroid tumor (Yeh et al., 2000) (Table 2).
The 10 398G allele (114A) is the primary allele
for African haplogroups L0–L3 and Asian macro-
haplogorup M. The nt 10 398A allele has been linked
to breast cancer in African-American women who
would more commonly harbor the 10 398G allele
(Canter et al., 2005). Similarly, the nt 8701 (A to G or
T59A) mutation has been reported as a tumor-specific
somatic mtDNA mutation in two independent thyroid
tumors (Maximo et al., 2002) (Table 2). Since the nts
10 398G and 8701G base changes occur together at the
base of macro-haplogroup M, it is possible that
alterations in these nts could have related functional
consequences for both population adaptation and
neoplastic transformation.

In addition to these examples of correlations between
tumor somatic mtDNA mutations and high abund-
ance population polymorphisms, some tumor-specific
somatic mutations correspond with low abundance
population variants. Tumor-specific somatic mutations
at nts 10 320 and 10 321 in ND3 were reported in two
different papers yet change the same valine codon to
either an isoleucine or an alanine, the former being seen
in one haplotype of haplogroup B and the later in a
sublineage of L1 (Table 2). The nt 3308 tumor-specific
somatic mutation in ND1 is also seen in subhaplogroups
of African L1 and L2, the nt 3505 tumor-specific
somatic mutation in ND1 is also found in European
haplogroup W, and the tumor somatic nt 3992 mutation
in ND1 is also associated with European haplogroup H4

(Table 2). Since each of these ‘tumor-specific mutants’ is
relatively rare in the general population, it would seem
unlikely that all these population-specific variant nts
would be observed in tumors through random sampling
of tumor patient populations and then also be missed
when sequencing the normal mtDNA. It seems more
likely that these are important functional variants that
have been selected for in both human populations and in
tumors for functionally related reasons.

Analysis of the interspecific CI for the amino-acid
changes associated with the tumor-specific somatic
polypeptide mutations revealed another interesting
association. Those tumor-specific somatic mutations
that do not correspond to population polymorphisms
generally have a higher CI than those that do
correspond to population variants (Table 2). This
suggests that there may be two different classes of
tumor mutations, those that are found only in tumors
and have a relatively severe deleterious effect on
mitochondrial metabolism and ROS production and
those that have a milder impact on mitochondrial
OXPHOS, alter the same nts as population variants,
and help the tumors to adapt to adverse environments
(Table 2).

Returning to the ‘synonymous’ tumor-specific som-
atic mtDNA mutations the available data indicate that
the frequency of synonymous mutations is roughly
equal to the frequency of non-synonymous mutations,
42 versus 45 (Table 1). This is often viewed as evidence
of positive selection. Also, the synonymous tumor-
specific somatic mRNA gene mutations encompass five
transversions and 40 transitions (Table 3), consistent
with the predominance of transition mutations found
in inter-specific and intra-specific population studies
(Brown et al., 1982; Ingman et al., 2000; Mishmar et al.,
2003). However, in three of the ‘tumor-specific somatic
mutations’ (nt 3357, 3480 and 12372) the tumor-specific
somatic mutation is the common population allele while
the normal tissue allele is very rare. This could suggest
sequencing errors in the normal tissue, which would
seem to be the case for the nt 3357 variant in which the
‘normal tissue allele’ was only found once in our
population database while the ‘tumor-specific somatic
mutation’ was present in every other sequence. More-
over, the rarity of these three ‘tumor-specific somatic
mutations’ in the general population would make it
unlikely that three individuals with these rare alleles
would all be sampled by chance in these tumor studies.
On the other hand, the ‘normal’ alleles of the nts 3480
and 12372 variants are present in 100 and 307 mtDNA
sequences in our database, respectively. Hence, it is
possible that these might be functionally relevant
population variants that have reverted in the tumor.
Also, the COII nt 7873, ATP6 nt 8697, ND4 nt 10793
and ND4 nt 10822 have all been observed in two
different tumors. In the case of the nt 10793 variant the
two reports occur in independent publications and
another tumor was reported with a synonymous
mutation in the adjacent nt, nt 10792, all of which
suggest biological relevance. Thus for the moment, there
seems to be no definitive way to assess the validity of the
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Table 2 Non-synonymous variants

Position Gene Loca Normb #c Tumd #e #Obsf Normg Tumh CI i Haplogroupsj References

3308 ND1 C T 2434 C 17 1 M T 0.79 L1, L2a Polyak et al. (1998)
3434 ND1 P G 5 A 2447 1 C Y 0.72 A2, A*, B1119, B4a, B4b, B4d, B9950, B*, C, D1, D2, D4-8020, D4a, D4*,

D4b, D5, D*, EM9, F1, F2, F*,
G1, G2, G*, H1, H10, H13, H2, H3, H4, H5, H6, H6776, H7, HV1, HV*, H*,
I1, I2, I*, J1, J1*, J1b, J1c, J2, L0,
L1, L2a, L2b, L2c, L2d, L3a, L3*, M1, M10, M11, M2, M7a, M7b, M7c,
M8a, M*, N1b, N9a, N9*, N*, P, P*, Q, R1,
R30, R31, R5, R6, R7, R8, R*, T, T1, T2, U1, U1811*, U2, U3, U4,
U5a, U5a1, U5ab*, U5b, U6, U7, U8, Uk1, Uk2, V1,
V2, V*, W1a, W3, W*, X, Y, Z, preHV1(B4, B4bd*, N1a, N1d,
N5, R9*, T*, W1c)

Jeronimo et al. (2001)

3505 ND1 P A 2399 G 53 1 T A 0.28 W1a, W3, W*(H1, W1c) Jeronimo et al. (2001)
3526 ND1 T G 2452 A 0 1 A T 0.90 Maximo et al. (2002)
3910 ND1 T G 2452 A 0 1 E K 1.00 Maximo et al. (2002)
3992 ND1 T C 2426 T 26 1 T M 0.26 H4(H3) Maximo et al. (2002)
6124 CO1 P T 2452 C 0 1 M T 0.95 Petros et al. (2005)
6924 CO1 P C 0 T 0 1 P S 1.00 Petros et al. (2005)
7775 CO2 T G 2452 A 0 1 V I 0.36 Maximo et al. (2002)
7785 CO2 T T 2452 C 0 1 I T 0.97 Maximo et al. (2002)
8009 CO2 C G 2452 A 0 1 V M 0.79 Polyak et al. (1998)
8701 ATP6 T A 1690 G 762 2 T A 0.44 C, D1, D2, D4-8020, D4a, D4*, D4b, D5, D*, EM9, G1, G2, G*, L0, L1, L2a, L2b, L2c, L2d, L3a, L3*,

M1, M10, M11, M2, M7a, M7b, M7c, M8a, M*, Q, Z(A*, B*, H1, L2bc*, N9a, T1, U1)
Maximo et al. (2002)

8716 ATP6 T A 2452 G 0 1 K E 0.82 Maximo et al. (2002)
9137 ATP6 T T 2450 C 2 1 I T 0.18 (F2, HV*) Maximo et al. (2002)
9477 CO3 T G 2366 A 86 2 V I 0.90 D4*, U5a, U5a1, U5ab*, U5b(B4b) Maximo et al. (2002)
9477 CO3 T G 2366 T 0 1 V F 0.90 Maximo et al. (2002)
9655 CO3 T G 2452 A 0 1 S N 0.97 Maximo et al. (2002)
9691 CO3 T C 2452 T 0 1 A V 0.87 Maximo et al. (2002)
9949 CO3 C G 0 A 0 1 G D 0.92 Polyak et al. (1998
10197 ND3 T G 2450 C 0 1 A P 0.95 (Maximo et al. (2002)
10269 ND3 T C 2452 T 0 1 L F 0.95 Maximo et al. (2002)
10272 ND3 T C 2452 T 0 1 L F 0.97 Maximo et al. (2002)
10320 ND3 T G 2450 A 2 1 V I 0.10 (B4b, F*) Maximo et al. (2002)
10321 ND3 D T 2437 C 15 1 V A 0.10 L1(T*) Fliss et al. (2000)
10398 ND3 T A 1379 G 1072 1 T A 0.54 B1119, B9950, C, D1, D2, D4-8020, D4a, D4*, D4b, D5, D*, EM9, G1, G2, G*, I1, I2, I*, J1, J1*,

J1b, J1c, J2, L0, L1, L2a, L2b, L2c, L2d, L3a, L3*, M1, M10, M11, M2, M7a, M7b,
M7c, M8a, M*, N*, P*, Q, R*, Uk1, Y, Z(L2bc*, N1a, U1811*, U2)

Yeh et al. (2000)

10563 ND4L C T 2452 C 0 1 C R 0.97 Polyak et al. (1998)
10639 ND4L T A 2452 G 0 1 N S 0.36 Maximo et al. (2002)
11016 ND4 T G 2428 A 24 1 S N 0.08 H*, N9*, P*(M*, N9a) Maximo et al. (2002)
11150 ND4 H G 2449 A 3 1 A T 0.08 (H*, M*, U1811*) Fliss et al. (2000)
11900 ND4 S G 2452 A 0 1 V M 0.62 Parrella et al. (2001)
12344 ND5 S T 2452 A 0 1 M K 0.44 Parrella et al. (2001)
12967 ND5 T A 2451 C 1 1 T P 0.10 (L0) Maximo et al. (2002)
13708 ND5 S G 2243 A 209 1 A T 0.33 A2, B4b, D4-8020, D5, F2, H2, H*, J1, J1*, J1b, J1c, J2, L2a, L2d, N*,

X(B9950, D4*, H1, N9*, P*, R5, T2, U1811*, U4, Uk2)
Parrella et al. (2001

13943 ND5 T C 2450 T 2 2 T M 0.10 (H1, Uk1) Maximo et al. (2002)
14053 ND5 P G 6 A 2446 1 A T 0.10 A2, A*, B1119, B4a, B4b, B4d, B9950, B*, C, D1, D2, D4-8020, D4a, D4*,

D4b, D5, D*, EM9, F1, F2, F*, G1, G2, G*, H1, H10, H13, H2, H3, H4, H5,
H6, H6776, H7, HV1, HV*, H*, I1, I2, I*, J1, J1*, J1b, J1c, J2, L0, L1, L2a, L2b,
L2c, L2d, L3a, L3*, M1, M10, M11, M2, M7a, M7b, M7c, M8a, M*, N1b, N9a, N9*,
N*, P, P*, Q, R1, R30, R31, R5, R6, R7, R8, R*, T, T1, T2, U1, U1811*, U2, U3, U4,
U5a, U5a1, U5ab*, U5b, U6, U7, U8, Uk1, Uk2, V1, V2, V*, W1a, W3, W*, X, Y, Z,
preHV1(B4, B4bd*, L2bc*, N1a, N1d, N5, R9*, T*, W1c)

Jeronimo et al. (2001)

14498 ND6 T T 2452 A 0 1 Y F 0.97 Maximo et al. (2002)
14985 CYB C G 2451 A 1 1 R H 1.00 (H1) Polyak et al. (1998)
15179 CYB T G 2452 A 0 1 V M 1.00 Yeh et al. (2000)
15182 CYB T A 2452 G 0 1 I V 1.00 Maximo et al. (2002)
15312 CYB T T 2452 G 0 1 I S 0.82 Maximo et al. (2002)
15572 CYB C T 2452 C 0 1 F L 0.97 Polyak et al. (1998)

aLocation of the tumor, D¼ bladder, N¼brain, S¼ breast, C¼ colorectal, H¼head or neck, L¼ lung, O¼ ovarian, P¼prostate, T¼ thyroid. bNormal germline nucleotide found in the patient.
cNumber of sequences in the population database having the normal allele. dTumor nucleotide. eNumber of sequences in the population database having the tumor allele. fNumber of times the
somatic variant was observed. gAmino acid encoded by the patient’s germline DNA. hAmino acid encoded by the tumor. iConservation index of the amino-acid position. jHaplogroups from the
population database with one or more sequences having the tumor allele, haplogroups with only one sequence are listed in parentheses at the end of the list.
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Table 3 Synonymous variants

Position Gene Loca Normb #c Tumd #e #Obsf Normg Tumh Haplogroupsi Ref

3357 ND1 P A 1 G 2451 1 AUA AUG A2, A*, B1119, B4a, B4b, B4d, B9950, B*, C, D1, D2, D4-8020, D4a, D4*, D4b, D5, D*, EM9, F1, F2, F*, G1,
G2, G*, H1, H10, H13,
H2, H3, H4, H5, H6, H6776, H7, HV1, HV*, H*, I1, I2, I*, J1, J1*, J1b, J1c, J2, L0, L1, L2a, L2b, L2c, L2d,
L3a, L3*, M1, M10, M11, M2,
M7a, M7b, M7c, M8a, M*, N1b, N9a, N9*, N*, P, P*, Q, R1, R30, R31, R5,
R6, R7, R8, R*, T, T1, T2, U1, U1811*, U2, U3, U4, U5a, U5a1, U5ab*, U5b,
U6, U7, U8, Uk1, Uk2, V1, V2, V*, W1a, W3, W*, X, Y, Z, preHV1(B4, B4bd*,
L2bc*, N1a, N1d, N5, R9*, T*, W1c)

Jeronimo et al. (2001)

3480 ND1 P G 100 A 2352 1 AAG AAA A2, A*, B1119, B4a, B4b, B4d, B9950, B*, C, D1, D2, D4-8020, D4a, D4*, D4b, D5,
D*, EM9, F1, F2, F*, G1, G2, G*, H1, H10, H13, H2, H3, H4, H5, H6, H6776, H7,
HV1, HV*, H*, I1, I2, I*, J1, J1*, J1b, J1c, J2, L0, L1, L2a, L2b, L2c, L2d, L3a, L3*,
M1, M10, M11, M2, M7a, M7b, M7c, M8a, M*, N1b, N9a, N9*, N*, P, P*, Q, R1,
R30, R31, R5, R6, R7, R8, R*, T, T1, T2, U1, U1811*, U2, U3, U4, U5a, U5a1, U5ab*, U5b, U6, U7, U8,
Uk1, V1, V2, V*, W1a,
W3, W*, X, Y, Z, preHV1(B4, B4bd*, L2bc*, N1a, N1d, N5, R9*, T*, W1c)

Jeronimo et al. (2001)

3594 ND1 T C 2335 T 117 1 GUC GUU L0, L1, L2a, L2b, L2c, L2d(L2bc*) Maximo et al. (2002)
3918 ND1 S G 2431 A 21 1 GAG GAA B4b, L2a(EM9, H10, T2, U5a1, Uk1, V*) Parrella et al. (2001)
4613 ND2 T A 2452 G 0 1 AUA AUG Maximo et al. (2002)
4940 ND2 T C 2452 T 0 1 CUC CUU Maximo et al. (2002)
4985 ND2 T A 2450 G 2 1 CAA CAG (H1, U1) Maximo et al. (2002)
6473 CO1 T C 2435 T 17 1 AUC AUU B4b Maximo et al. (2002)
6650 CO1 T A 2452 C 0 1 CCA CCC Maximo et al. (2002)
7103 CO1 T C 2452 T 0 1 UUC UUU Maximo et al. (2002)
7819 CO2 T C 2447 A 5 1 CUC CUA L3* Maximo et al. (2002)
7873 CO2 T C 2450 T 2 2 ACC ACU T2 Maximo et al. (2002)
8697 ATP6 T G 2320 A 132 2 AUG AUA T, T1, T2, Uk2(I*, T*) Maximo et al. (2002)
8706 ATP6 T A 2452 G 0 1 AUA AUG Maximo et al. (2002)
9030 ATP6 T C 2452 T 0 1 CAC CAU Maximo et al. (2002)
9296 CO3 T C 2411 T 41 1 GGC GGU D4-8020(R5) Maximo et al. (2002)
9575 CO3 T G 2414 C 0 1 CCG CCC Maximo et al. (2002)
9746 CO3 T G 2452 A 0 1 GAG GAA Maximo et al. (2002)
10071 ND3 D T 2451 C 1 1 UUA CUA (L1) Fliss et al. (2000)
10181 ND3 T C 2431 T 21 1 UUC UUU D4b Maximo et al. (2002)
10691 ND4L T C 2452 G 0 1 GGC GGG Maximo et al. (2002)
10792 ND4 D A 2446 G 6 1 UUA UUG L1(B4b) Fliss et al. (2000)
10793 ND4 D C 2447 T 5 1,1 CUA UUA L1 Fliss et al., (2000) and

Maximo et al. (2002)
10822 ND4 H C 2449 T 3 2 CAC CAU T2 Fliss et al. (2000)
10978 ND4 D A 2443 G 9 1 CUA CUG Uk1(R*) Fliss et al. (2000)
11065 ND4 D A 2448 G 4 1 CUA CUG I2(F*) Fliss et al. (2000)
11332 ND4 T C 2442 T 10 1 GCC GCU U4(R6) Maximo et al. (2002)
11518 ND4 D G 2451 A 1 1 CUG CUA (B4b) Fliss et al. (2000)
11674 ND4 P C 2399 T 53 1 ACC ACU W1a, W3, W*(V*, W1c) (Jeronimo et al. (2001)
11840 ND4 T C 2442 T 10 1 CUA UUA Uk1 Maximo et al. (2002)
11947 ND4 P A 2399 G 53 1 ACA ACG W1a, W3, W*(W1c) Jeronimo et al. (2001)
12049 ND4 D C 2447 T 5 1 UUC UUU L1 Fliss et al. (2000)
12345 ND5 L G 2452 A 0 1 AUG AUA Fliss et al. (2000)
12372 ND5 P A 307 G 2145 1 CUA CUG A2, A*, B1119, B4a, B4b, B4d, B9950, B*, C, D1, D2, D4-8020, D4a, D4*, D4b, D5, D*, EM9, F1, F2, F*, G1, G2, G*, H1,

H10, H13, H2, H3, H4, H5, H6, H6776, H7, HV1, HV*, H*, I1, I2, I*, J1, J1*, J1b, J1c, J2, L0, L1, L2a, L2b, L2c, L2d, L3a, L3*, M1,
M10, M11, M2, M7a, M7b, M7c, M8a, M*, N1b, N9*, N*, P, P*, Q, R1, R30, R31, R5, R6, R7, R8, R*, T, T1, T2, V1, V2, V*, W1a,
W3, W*, X, Y, Z, preHV1(B4, B4bd*, L2bc*, N1a, N1d, N5, R9*, T*, U1, W1c)

(Jeronimo et al. (2001)

12414 ND5 P T 2391 C 61 1 CCU CCC W1a, W3, W*, X(C, L3a, P, R*, W1c) Jeronimo et al. (2001)
12519 ND5 D T 2436 C 16 1 GUU GUC L1(L3*) Fliss et al. (2000)
12705 ND5 P C 1407 T 1044 1 AUC AUU A2, A*, C, D1, D2, D4-8020, D4a, D4*, D4b, D5, D*, EM9, G1, G2, G*, I1, I2, I*, L0, L1, L2a, L2b, L2c, L2d,

L3a, L3*, M1, M10, M11,
M2, M7a, M7b, M7c, M8a, M*, N1b, N9a, N9*, N*, Q, W1a, W3, W*, X, Y, Z(B9950, L2bc*, N1a, N1d, N5, W1c)

Jeronimo et al. (2001)

12918 ND5 T C 2452 T 0 1 AAC AAU Maximo et al. (2002)
14560 ND6 T G 2407 T 0 1 GUC GUA Maximo et al. (2002)
14869 CYB S G 2442 A 9 1 CUG CUA H1, L3a(H6, H*, M11, U7, Uk2) Parrella et al. (2001)
15280 CYB T C 2452 T 0 1 UUC UUU Maximo et al. (2002)

aLocation of the tumor, D¼bladder, N¼brain, S¼breast, C¼ colorectal, H¼ head or neck, L¼ lung, O¼ovarian, P¼prostate, T¼ thyroid. bNormal germline nucleotide found in the patient.
cNumber of sequences in the population database having the normal allele. dTumor nucleotide. eNumber of sequences in the population database having the tumor allele. fNumber of times the
somatic variant was observed. gCodon encoded by the patient’s germline DNA. hCodon encoded by the tumor. iHaplogroups from the population database with one or more sequences having the
tumor allele, haplogroups with only one sequence are listed in parentheses at the end of the list.
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various sequence variants in the published data
(Table 3).

Of the six tumor-specific somatic tRNA mutations,
83% (five) were also population variants (Table 4). The
tRNAIle gene mutation at nt 4312 (C to T) is found in
African haplogroup L0. The tRNAAla gene mutation at
nt 5633 (C to T) is associated with European sub-
haplogroup J2, and the tRNAAsp mutation at nt 7521
(G to A) is found in African haplogroups L0–L2. The
tRNASer(CUN) gene mutation at nt 12 236 (G to A) is
found in African L2 and the nt 12308 (A to G) variant
defines European haplogroup U (Table 4).

Of the 13 tumor-specific 12S and 16S rRNA muta-
tions, 38% (five) were also found among the population
variants and four are common variants (Table 4). For
the 12S rRNA, while the tumor-specific somatic nt 664
mutation is not associated with a haplogroup, a nt 663
polymorphism defines the Asian and Native American
haplogroup A. Moreover, the tumor-specific somatic
12S rRNA mutation at nt 710 is found in African
haplogroup L1 and Eurasia N*. For the 16S rRNA gene,
the nt 1811 A to G variant (Fliss et al., 2000) subdivides
haplogroup U (Montiel-Sosa et al., 2005). The tumor-
specific somatic mutation nt 1738 (T to C) is found in
African L1, and the nt 2056 (G to A) mutation is found
in haplogroup R30 (Table 4).

Finally, a stunning 85% (71/84) of the tumor-specific
control region mutations have also been observed as
population variants (Table 1). Many of the tumor
variants are seen in a large number of population-
specific haplogroups. This is extreme in nine cases in
which less than 300 individuals in the population
database have the allele reported for the ‘normal tissue’
while over 2000 population samples harbor the ‘tumor-
specific somatic mutation.’ On the other hand, 13 of the
tumor-specific control region mutations have been
reported to occur more than once and most of these
reports are from independent publications (Table 5).
Hence, many of the observed associations between
‘tumor-specific somatic mutations’ and population
variants for the control region may be functionally
relevant. The tumor-specific somatic mutations at nt 73,
16189, 16311 and 16519 (Yoneyama et al., 2005) alter
nts associated with important population-specific con-
trol region mutations. Moreover, a number of the tumor
control region mutants (Table 5) have been observed in
aging and in age-related diseases. The nt 189 variant
accumulates with age in skeletal muscle (Wang et al.,
2001) and the nt 150 variant accumulates in leukocytes
(Zhang et al., 2003). Other tumor-specific somatic
mutations at nt 73, 146, 152, 195 have also been
observed to accumulate in Alzheimer’s disease brains
(Coskun et al., 2004). Interestingly, mtDNA origins of
heavy strand replication occur at nt 191, 151 and 57
(Fish et al., 2004) and tumor-specific somatic mutations
have been reported at 195, 189, 152, 150, 73 and 75
(Table 5). Moreover, multiple tumor-specific somatic
mtDNA control region mutations have been observed
between nt 16 058 and 16 188, the so-called pre-TAS
region (Table 5). This same region has been found to
harbor about half of the mtDNA variants that are
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Table 5 Control region variants

Position Loca Normb #c Tumd #e #Obsf Haplogroupsg Ref

1 P G 2452 C 0 1 Chen et al. (2002)
73 P A 889 G 1563 3 A2, A*, B1119, B4a, B4b, B4d, B9950, B*, C, D1, D2, D4-8020, D4a, D4*, D4b, D5, D*, EM9, F1, F2, F*,

G1, G2, G*, H1, H2, H3, H4, HV*, H*, I1, I2, J1, J1*, J1b, J1c, J2, L0, L1, L2a, L2b, L2c, L2d, L3a, L3*,
M1, M10, M11, M2, M7a, M7b, M7c, M8a, M*, N1b, N9a, N9*, N*, P, P*, Q, R1, R30, R31, R5, R6, R7,
R8, R*, T, T1, T2, U1, U1811*, U2, U3, U4, U5a, U5a1, U5ab*, U5b, U6, U7, U8, Uk1, Uk2, W1a, W3,
W*, X, Y, Z(B4, B4bd*, I*, L2bc*, N1d, N5, R9*, T*, W1c)

Chen et al. (2002)

75 H G 2450 A 2 1 (B4a, D4-8020) Fliss et al. (2000)
94 P G 2438 A 14 1 D2, N9*(F1) Chen et al. (2002)
106 P G 2451 A 0 1 Chen et al. (2002)
114 D T 8 C 2444 1 A2, A*, B1119, B4a, B4b, B4d, B9950, B*, C, D1, D2, D4-8020, D4a, D4*, D4b, D5, D*, EM9, F1, F2, F*,

G1, G2, G*, H1, H10, H13, H2, H3, H4, H5, H6, H6776, H7, HV1, HV*, H*, I1, I2, I*, J1, J1*, J1b, J1c, J2,
L0, L1, L2a, L2b, L2c, L2d, L3a, L3*, M1, M10, M11, M2, M7a, M7b, M7c, M8a, M*, N1b, N9a, N9*, N*, P,
P*, Q, R1, R30, R31, R5, R6, R7, R8, R*,
T, T1,
T2, U1, U1811*, U2, U3, U4, U5a, U5a1, U5ab*, U5b, U6, U7, U8, Uk1, Uk2, V1, V2, V*,
W1a, W3, W*, X, Y, Z, preHV1(B4, B4bd*, L2bc*, N1a, N1d, N5, R9*, T*, W1c)

Fliss et al. (2000)

115 T T 2452 C 0 1 Maximo et al. (2002)
146 P T 2234 C 217 1,1 A2, A*, B1119, B4a, B4b, B9950, C, D4-8020, D4a, D4*, D5, F1, F*, G2, H1, H*, L0, L1, L2a,

L2b, L2c, L2d, L3*, M11, M7a, M7c, Q, U1811*, Uk1, Uk2, Y(B4, B4bd*, D4b, D*,
F2, HV*, L2bc*, M2, M8a, M*, N1b, N9a, N9*, R31, R6, R7, T1, T2, U2, U4, U5b, W3, X, Z)

Jeronimo et al. (2001) and Liu et al. (2001)

150 P C 2210 T 240 1,1 B1119, B4a, D4-8020, D5, G1, HV*, J1c, L0, L2b, L2c, L2d, L3a, L3*, M7b, N9a, N*, T2, U3, U5a,
U5ab*, U5b, U6(B4b, B*, D4*, G*, H3, H7, HV1, H*, J2, L2a, L2bc*,
M7a, N1b, R*, U5a1)

Chen et al., (2002) and Maximo et al. (2002)

152 O T 2035 C 389 1 A*, B4a, B4b, D2, D4a, D4*, D4b, D5, F1, F*, G2, G*, H1, H2, H3, HV*, H*, I2, L0, L1, L2a, L2b,
L2c, L3*, M11, M2, M7a, M8a, M*, N1b, N*, P*, R30, R5, T1, T2, U1811*,
U2, U5a1, U6, U7, Uk1, Uk2, Z(B9950, D*, H10, H13, H4, J1*, J2, L2d, M1, N9*, P, Q, R7, T*, U4, V2, Y, preHV1)

Liu et al. (2001)

174 P C 2452 T 0 1 Chen et al. (2002)
185 N A 81 G 2355 1 A2, A*, B1119, B4a, B4b, B4d, B9950, B*, C, D1, D2, D4-8020, D4a, D4*, D4b, D5, D*, EM9, F1, F2,

F*, G1, G2, G*, H1, H10, H13, H2, H3, H4, H5, H6, H6776, H7, HV1, HV*,
H*, I1, I2, I*, J1*, J1b, J1c, J2, L0, L1, L2a, L2b, L2c, L2d, L3a, L3*, M1, M10, M11, M2, M7a, M7b, M7c,
M8a, M*, N1b, N9a, N9*, N*, P, P*, Q, R1, R30, R31, R5, R6, R7,
R8, R*, T, T1, T2, U1, U1811*, U2, U3, U4, U5a, U5a1, U5ab*, U5b, U6, U7, U8, Uk1, Uk2, V1, V2, V*,
W1a, W3, W*, X, Y, Z, preHV1(B4, L2bc*, N1a, N1d, N5, R9*, T*, W1c)

Kirches et al. (2001)

185 T G 2355 A 81 1 J1, J1c, L0, L3a, L3*, R*(B4bd*, F1, G2, H7, J1b, R31, Z) Maximo et al. (2002)
189 P A 2341 G 93 1 B9950, D4*, J1c, J2, L0, L1, L3a, L3*, R*, W1a, W3, W*(B4a, B4b, B4bd*, D5, F1, N9*, U5ab*, V*, W1c) Jeronimo et al. (2001)
195 P T 2134 C 309 2,1,1 B1119, B9950, C, D4*, D5, EM9, F1, G1, H2, H4, H6776, HV*, H*, J2, L0, L1, L2a, L2b, L2c, L3a, L3*, M1,

M7b, N9a, N*, R6, R8, T1, T2, U4, U6, Uk1, W1a, W3, W*,
X(B4a, B4bd*, D2, D4b, F*, G2, G*, H1, H3, J1c, L2bc*, M7a, P, R30, R31, R*, T*, U1, U1811*, U5a1, V*, W1c)

Chen et al. (2002), Kirches et al. (2001)
and Maximo et al. (2002)

199 O T 2338 C 114 1 B4b, B9950, D4-8020, D4*, I1, I2, L0, M7b, M7c(L2c, M7a, M*, N1d, Q, T2, U1, U1811*) Liu et al. (2001)
204 N C 129 T 2322 1 A2, A*, B1119, B4a, B4b, B4d, B9950, B*, C, D1, D2, D4-8020, D4a, D4*, D4b, D5, EM9, F1, F2, F*, G1, G2, G*,

H1, H10, H13, H2, H3, H4, H5, H6, H6776, H7, HV1, HV*,
H*, I1, I2, I*, J1, J1*, J1b, J1c, J2, L0, L1, L2a, L2c, L2d, L3a, L3*, M1, M10, M11, M2, M7a, M7b, M7c, M8a, M*,
N1b, N9a, N9*, N*, P, P*, Q, R1, R30, R31, R5, R6, R7, R8, R*, T,
T1, T2, U1, U1811*, U2, U3, U4, U5a, U5a1, U5ab*, U5b, U6, U7, U8, Uk1, Uk2, V1, V2, V*, W3, X, Y, Z,
preHV1(B4, B4bd*, D*, L2bc*, N1a, N5, R9*, T*, W*)

Kirches et al. (2001)

204 P T 2322 C 129 1 B9950, D4*, I1, I2, L0, L1, L2b, M7a, M7b, N9*, W1a, W3, W*(B4a, D*, F1, H*, J1c, M2, M7c, N1d, P*, R31,
T1, T2, W1c, X, Z)

Jeronimo et al., 2001)

207 T G 2327 A 125 1,1,1 B4b, B9950, D4-8020, D4*, F*, G2, I2, L0, L2b, M7a, N9*, R31, W1a, W3, W*(A*, F1, G1, I1, M7b, P*,
U5b, Uk2, V*, W1c, X, Z)

Chen et al. (2002), Jeronimo et al. (2001)
and Maximo et al. (2002)

235 P A 2391 G 61 1 A2, A*(D5, N9a) Jeronimo et al. (2001)
235 P G 61 C 0 1 Chen et al. (2002)
295 N T 102 C 2349 1 A2, A*, B1119, B4a, B4b, B4d, B9950, B*, C, D1, D2, D4-8020, D4a, D4*, D4b, D5, D*, EM9, F1, F2, F*,

G1, G2, G*, H1, H10, H13, H2, H3, H4, H5, H6, H6776, H7, HV1, HV*,
H*, I1, I2, I*, J1*, J1b, J1c, J2, L0, L1, L2a, L2b, L2c, L2d, L3a, L3*, M1, M10, M11, M2, M7a, M7b, M7c,
M8a, M*, N1b, N9a, N9*, N*, P, P*, Q, R30, R31, R5, R6, R7, R8, R*,
T, T1, T2, U1, U1811*, U2, U3, U4, U5a, U5a1, U5ab*, U5b, U6, U7, U8, Uk1, Uk2, V1, V2, V*, W1a, W3,
W*, X, Y, Z, preHV1(B4, B4bd*, L2bc*, N1a, N1d, N5, R1, R9*, T*, W1c)

Kirches et al. (2001)

313 P C 2452 T 0 1 Chen et al. (2002)
315 P C 2452 T 0 1 Chen et al. (2002)
325 T C 2442 T 10 2 D4*, L2c Maximo et al. (2002)
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Table 5 (continued )

Position Loca Normb #c Tumd #e #Obsf Haplogroupsg Ref

386 D C 2452 A 0 1 Fliss et al. (2000)
456 T C 2403 T 47 1 D5, H5, H*, L0(L2bc*, L3a, R8) Maximo et al. (2002)
460 T T 2450 C 2 1 (H1, Uk1) Maximo et al. (2002)
462 T C 2363 T 89 1 J1, J1*, J1b, J1c(V1) Maximo et al. (2002)
481 T C 2449 T 3 1 B9950(D4a) Maximo et al. (2002)
489 P T 1762 C 690 1,1 C, D1, D2, D4-8020, D4a, D4*, D4b, D5, D*, EM9, G1, G2, G*, J1, J1*, J1b, J1c, J2, M1, M10, M11, M2,

M7a, M7b, M7c, M8a, M*, Q, Z(N9a, U2)
Chen et al. (2002) and Liu et al. (2001)

497 T C 2429 T 23 1 H2, Uk1 Maximo et al. (2002)
499 T G 2422 A 30 1,1 B4b, U4(L2c) Chen et al. (2002) and Maximo et al. (2002)
549 T C 2452 T 0 1 Maximo et al. (2002)
16093 S C 90 T 2361 1 A2, A*, B1119, B4a, B4b, B4d, B9950, B*, C, D1, D2, D4-8020, D4a, D4*, D4b, D5, D*, EM9, F1, F2, F*, G1, G2,

G*, H1, H10, H13, H2, H3, H4, H5, H6,
H6776, H7, HV1, HV*, H*, I1, I2, I*, J1, J1*, J1b, J1c, J2, L0, L1, L2a, L2b, L2c, L2d, L3a, L3*, M1, M10, M11,
M2, M7a, M7b, M7c, M8a, M*, N1b, N9a, N9*, N*,
P, P*, Q, R1, R30, R5, R6, R7, R8, R*, T, T1, T2, U1, U1811*, U2, U3, U4, U5a, U5a1, U5ab*, U5b, U6, U7, Uk1,
Uk2, V1, V2, V*, W1a, W3, W*, X, Y, Z, preHV1(B4, B4bd*, N1a, N1d, N5, R31, R9*, T*, U8, W1c)

Parrella et al. (2001)

16093 P T 2361 C 90 1 B1119, C, D2, D4a, D4*, G2, H1, H10, H*, L0, L3*, M10, M7a, M*, N9a, R31, U8, Uk1(A*, B4a, B*, D4b, D5, G*,
H5, H6, J1c, L1, L2a, L2bc*, L2c, L3a, Q, R6, R8, R*, T2, U3, U5a1, U5b, U7, X)

Chen et al. (2002)

16111 P C 2409 T 40 1 A2, B1119, B9950, D2, N9a(B4b, D4-8020, D4*, F1, H*, J1c, N5) Chen et al. (2002)
16126 N C 213 T 2239 1 A2, A*, B1119, B4a, B4b, B4d, B9950, B*, C, D1, D2, D4-8020, D4a, D4*, D4b, D5, D*, EM9, F1, F2, F*, G1, G2, G*,

H1, H10, H13, H2, H3, H4, H5, H6, H6776, H7,
HV1, HV*, H*, I1, I2, I*, J1*, J1b, J1c, J2, L0, L1, L2a, L2b, L2c, L2d, L3a, L3*, M1, M10, M11, M2, M7a, M7b, M7c,
M8a, M*, N1b, N9a, N9*, N*, P, P*, Q, R1, R30, R31, R5, R6, R7, R8, R*, T1, T2, U1, U1811*, U2, U3, U4, U5a, U5a1, U5ab*,
U5b, U6, U7, U8, Uk1, Uk2, V1, V2, V*, W1a, W3, W*, X, Z(B4, B4bd*, L2bc*, N1a, N1d, N5, R9*, W1c, preHV1)

Kirches et al. (2001)

16134 N C 2452 T 0 1 (Kirches et al. (2001)
16172 H C 134 T 2315 1 A2, A*, B1119, B4a, B4b, B4d, B9950, B*, C, D1, D2, D4-8020, D4a, D4*, D4b, D5, D*, EM9, F1, F2, F*, G1, G2, G*, H1,

H10, H13, H2, H3, H4, H5, H6, H6776, H7, HV1, HV*, H*, I1, I2, I*, J1, J1*, J1b, J1c, J2, L0, L1, L2a, L2b, L2c, L2d, L3a, L3*, M1,
M10, M11, M2, M7a, M7b, M7c, M8a, M*, N1b, N9a, N9*, N*, P, P*, Q, R1, R30, R31, R5,

R6, R7, R8, R*, T1, T2, U1, U1811*, U2, U3, U4, U5a, U5a1, U5ab*, U5b, U6, U7, U8, Uk1, Uk2, V1, V2, V*, W1a,
W3, W*, X, Y, Z, preHV1(B4, B4bd*, L2bc*, N1a, N1d, N5, R9*, T, T*, W1c)

Fliss et al. (2000)

16182 P A 2328 C 120 2 B1119, B4a, B4b, B9950, B*, D5, F1, N9*, R30, R31, R*, U1, U2(A*, B4bd*, B4d, H4, L3a, M1, M7b, T1, T2, Uk2, X) Chen et al. (2002)
16183 P A 2197 C 237 2 B1119, B4a, B4b, B4d, B9950, B*, D4-8020, D5, D*, F1, G2, L2a, L3a, M7a, M7b, N9*, R30, R31, R*, T1, U1, U2, X(A*,

B4bd*, G*, H1, H4, J1c, M1, N*, P, T2, Uk2)
Chen et al. (2002)

16183 P A 2197 G 14 1 D4*, U2, V1(U1) Jeronimo et al. (2001)
16183 L C 237 A 2197 1 A2, A*, B1119, B4a, B4b, B9950, C, D1, D2, D4-8020, D4a, D4*, D4b, D5, EM9, F1, F2, F*, G1, G2, G*,

H1, H10, H13, H2, H3, H4, H5, H6, H6776, H7, HV1, HV*, H*, I1, I2, I*, J1, J1*, J1b, J1c, J2, L0, L1, L2a,
L2b, L2c, L2d, L3a, L3*, M1, M10, M11, M2, M7a, M7b, M7c, M8a, M*, N1b, N9a, N*, P, P*, Q, R1, R30,
R5, R6, R7, R8, R*, T, T1, T2, U1, U1811*, U2, U3, U4, U5a, U5a1, U5ab*, U5b, U6, U7, U8, Uk1, Uk2, V1,
V2, V*, W1a, W3, W*, X, Y, Z, preHV1(B4, B4d, L2bc*, N1a, N1d, N5, N9*, R31, R9*, T*, W1c)

Fliss et al. (2000)

16187 L C 2391 T 61 1 A*, D4-8020, G1, L0(D4*, L1, L2c, Q, U7) Fliss et al. (2000)
16189 P T 1926 C 422 2,1 A*, B1119, B4a, B4b, B4d, B9950, B*, C, D4-8020, D4*, D5, D*, F1, G1, G2, G*, H1, H*, I1, J1c, L0, L1, L2a,

L3a, M7a, M7b, N9a, N9*, R30, R31, R*, T1, T2, U1, U2, U5b, U6, X(B4, B4bd*, H4, H6, H7, J1,
L2c, M1, M11, N*, P, R5, T, U1811*, Uk2, Y)

Chen et al. (2002) and Jeronimo et al. (2001)

16217 P T 2361 C 88 1 B1119, B4a, B4b, B4d, B*(B4, B4bd*, C, HV*, R*) Chen et al. (2002)
16218 P C 2445 T 7 1 F*, R31(F1, L3*, N*) Chen et al. (2002)
16232 P C 2430 A 18 1 F1 Chen et al. (2002)
16249 P T 2412 C 40 1 B*, D4a, F1, L1, M1, U1(A*, B4b, C, H6, P*) Chen et al. (2002)
16265 D A 2423 C 15 1 G*, L1, Q(F1, J2) Fliss et al. (2000)
16274 P G 2412 A 40 1 B1119, D4*, G*, H2, J1b, L1, P*, R6(D2, D*, G2, J1c, M7a, N1d, N*) Chen et al. (2002)
16278 O T 219 C 2233 1 A2, A*, B1119, B4a, B4b, B4d, B9950, B*, C, D1, D2, D4-8020, D4a, D4*, D4b, D5, D*,

EM9, F1, F2, F*, G1, G*, H1, H10, H13, H2, H3, H4, H5, H6, H6776, H7, HV1, HV*, H*, I1, I2, I*, J1, J1*,
J1b, J1c, J2, L0, L3a, L3*, M1, M10, M11, M2, M7a, M7b, M7c, M8a, M*, N1b, N9a, N9*, N*, P, P*, Q,
R1, R30, R31, R5, R6, R7, R8, R*, T, T1, T2, U1, U1811*, U2, U3, U4, U5a, U5a1, U5ab*, U5b, U6,
U7, U8, Uk1, Uk2, V1, V2, V*, W1a, W3, W*, Y, Z, preHV1(B4, B4bd*, G2, N1a, N1d, N5, R9*, T*, W1c)

Liu et al. (2001)

16292 H C 2384 T 66 1,1 D4*, L2d, L3*, R31, T2, W1a, W3, W*(B*, D5, L1, N*, P, R8) Fliss et al. (2000), Parrella et al. (2001)
16293 N A 2420 G 31 1 H*, L0, L1(HV*, M8a, R7, Uk1) Kirches et al. (2001)
16298 P T 2292 C 160 1 B4b, C, HV*, M7b, M8a, R30, V1, V2, V*, Z(D4b, F*, H*, L2a, U2, X) Chen et al. (2002)
16300 H A 2445 G 7 1 D5, EM9(H*, J1*, L2bc*) Fliss et al. (2000)
16304 P T 2320 C 132 1 F1, F2, F*, H5, H*, N9a, R5, T2(HV*, N9*, R1, R31, R7, R9*, R*, T, U5a1, U5ab*, U7) Chen et al. (2002)
16311 P T 2150 C 301 1 A*, B1119, B4a, D2, D4-8020, D4a, D4*, D5, F1, F*, H1, H13, H2, H6776, HV*, H*, I1, J1c,

L0, L1, L3a, L3*, M1, M10, M11,
Chen et al. (2002)
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associated with maternally inherited cyclic vomiting
syndrome and migraine headaches without aura (Wang
et al., 2004).

The 16 189 T to C variant is also intriguing since it
converts a T that disrupts a string of Cs
(CCCCCT16189CCCC) to a C (CCCCCCCCCC) thus
encouraging slip mispairing and the destabilization of
this region on the mtDNA. This same variant has been
associated with increased risk for type 2 diabetes
mellitus (Poulton, 1998, 1998), dilated cardiomyopathy
(Khogali et al., 2001) and endometrial cancer (Liu et al.,
2003). Similarly in one Taiwanese case of gastric cancer,
the patient’s tumor was found to be heteroplasmic for a
270 nt insertion between nt 309 and 568. This was
associated with instability in the number of Cs in a
homopolymeric string starting at nt 568 (Wu et al.,
2005). This same duplication was found to be a
characteristic of European haplogroup I (Torroni
et al., 1994) and has been implicated in predisposition
to mtDNA rearrangements (Brockington et al., 1993).

One of the most common mtDNA sequence variants
seen in the control region of tumor cells is variation in
the number of Cs in the homopolymer string of Cs in the
nt region 303–315 (Nomoto et al., 2002; Kurtz et al.,
2004; Lee et al., 2004; Wu et al., 2005; Yoneyama et al.,
2005). This is also a common variant in normal tissues
(Torroni et al., 1994; Trounce et al., 1995).

Assuming that the tumor-specific somatic control
region mutations are real, which from the sheer mass of
data seems irrefutable, then we can conclude that there
is a very strong correlation between the somatic tumor
mutations and the population variants. This association
then shows that most of the common mtDNA control
region sequence variants found in tumors, aging tissues
and populations are not neutral, as was previously
assumed, but instead are functional and in certain
contexts may be either tumorigenic or adaptive.

Oncogenicity of mitochondrial DNA mutations in cancer

That mtDNA mutations can contribute to the onco-
genicity of tumors was demonstrated by introducing a
known pathogenic mtDNA mutation into the prostate
cancer cell line, PC3, and demonstrating increased
tumorigenicity. The mutant mtDNA was derived from
a mitochondrial disease patient who was heteroplasmic
for the pathogenic mtDNA T8993G mutation (Holt
et al., 1990). Cell lines were derived from the patient’s
cells that were homoplasmic for either the mutant
(T8993G) or wild-type (T8993T) mtDNAs. The T8993G
mutation causes a L156R amino acid substitution that
results in a 70% reduction in ATP synthase (complex V)
activity (Trounce et al., 1994) and a significant increase
in mitochondrial ROS production (Mattiazzi et al.,
2004). The T8993T and T8993G cell lines were then
enucleated and the cytoplasts fused to PC3 cells that had
been cured of their resident mtDNAs by treatment with
the mitochondrial toxin rhodamine-6G (Trounce et al.,
1996). This created PC3 (mtDNA T8993T) and PC3
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(mtDNA T8993G) cytoplasmic hybrids or cybrids
(Trounce et al., 1994, 1996).

The PC3 (mtDNA T8993T) and PC3 (mtDNA
T8993G) cybrids were then injected into nude mice.
The PC3 cells with the wild-type (T8993T) mtDNA
barely grew in the nude mice. By contrast, the PC3 cells
harboring the mutant (T8993G) mtDNA grew rapidly
and required that the mice be euthanized. Therefore,
mtDNA mutations can functionally contribute to the
tumorigenesis of cancer cells (Petros et al., 2005).

Consistent with the prediction from paraganglioma
genetics that mitochondrial ROS may be important in
oncogenicity, the cells from the PC3 (mtDNA T8993G)
tumors stained much more strongly for ROS production
by dihydroethidium than did the cells from the wild-type
PC3 (mtDNA T8993T) nodules (Petros et al., 2005).
Thus, mitochondrial ROS production would appear to
be an important component in the etiology of cancer.

A mitochondrial DNA genetics of cancer
These observations suggest that cancer mtDNA muta-
tions may fall into two main classes: tumorigenic and
adaptive. The tumorigenic mutants are the more severe
mutations and include heteroplasmic insertion–deletion
mutations, chain termination mutations, and missense
mutations that change highly conserved amino acids.
These mutations are envisioned as inhibiting the ETC
resulting in a marked increase in mitochondrial ROS
production. The increased mitochondrial ROS may then
facilitate cellular transformation by acting as both a
tumor initiator, mutagenizing proto-oncogenes into
oncogenes, and as a tumor promoter, stimulating the
cell to start replicating.

The adaptive mtDNA mutations are milder mutations
that are also seen in different human populations and/or
during aging and disease. The polypeptide variants are
missense mutations that alter functionally important
amino acids and the control region mutations modulate
replication and transcription. These adaptive mutations
can be envisioned as facilitating the tumors survival
under the adverse environments that it encounters as it
metastasizes. Environmental challenges that might be
encountered include altered and reduced energetic
substrates, reduced oxygen tension, variation in envir-
onmental temperature, tolerance of increased ROS
toxicity and exposure to conditions that induce apop-
tosis. Hence, the tumorigenic mutations are analogous
to human pathogenic mutations while the tumor
adaptive mutations are analogous to the human regional
adaptive variants.

The elevated ROS production of the tumorigenic
mutations would result in increased H2O2 diffusion out
of the mitochondrion. In the nucleus, the H2O2 can
interact with reduced transition metals to generate
hydroxyl radical that can act as a potent nDNA
damaging agent and mutagen. In the cytosol, the
H2O2 may interact with mitogenic signal transduction
pathways including nuclear factor (NF)-kB, apurinic/
apyrimidinic endonuclease 1 (APE-1), Fos, Jun and
tyrosine kinases (Src kinase, protein kinase C, mitogen-

activated protein kinases and receptor tyrosine kinases)
(McCord, 2000). APE-1 is a dual functional protein
which is also redox sensitive and involved in the redox
regulation of Fos, Jun, NF-kB, PAX, hypoxia-inducible
factor-1a and p53 (Evans et al., 2000; Kelley and
Parsons, 2001). Thus mitochondrial H2O2 could drive
cell proliferation.

The activation of the tryrosine kinases and/or Ras
would activate the phosphatidylinositol-3 kinase, which
in turn would activate the Akt/PKB kinases. The
oncogene-induced replication of the pre-transformed
cells in solid unvascularized tissue would also result in
hypoxia. This would induce hexokinase II transcription
and result in its phosphorylation by Akt/PKB kinases
thus promoting its binding to mitochondrial VDAC. This
would couple mitochondrial ATP production to driving
glycolysis and inhibit apoptosis by stabilizing the mtPTP.

The activated Akt/PKB kinases would phosphorylate
the FOXO transcription factors. Phosphorylation in-
activates the FOXOs resulting in the downregulation of
nDNA genes which have insulin response elements in
their promoters. This class of genes includes antioxidant
genes such as mitochondrial MnSOD gene and the
master mitochondrial biogenesis gene regulator peroxi-
some-proliferation-activated receptor g-coactivator 1a
(Wallace, 2005). The downregulation of OXPHOS via
the Akt/PKB and FOXO pathway could than explain
the general reduction in mitochondrial number and
OXPHOS enzymes in cancer cells (Pedersen, 1978).

Since the two different classes of somatic tumor
mtDNA mutations have different functions in the
cancer cell, they might also be expected to arise and be
lost from the tumor cells at different times during the
neoplastic transformation process. The severly deleter-
ious tumorigenic mutations that inhibit the ETC would
be advantageous in the intial phases of tumor growth
when the tumor requires mitochondrial H2O2 to drive
cell proliferation. In this early phase, the tumor is
hypoxic and thus can tolerate OXPHOS deficiency since
it is exploiting hexokinase II to generate ATP by
glycolysis. However, when the tumor becomes vascular-
ized and/or metastasizes and the cells return to a high
oxygen tension environment, then it may be more
advantageous for the established transformed cells to
revert to a more oxidative metabolism. In this instance,
the severely deleterious heteroplasmic tumorigenic
mtDNA mutations can be lost by replicative segregation
and the cell revert back toward a more oxidative
mtDNA genotype favored in the metastases. This
conjecture could explain why the heteroplasmic 294 nt
ND1 deletion mtDNA observed to be in 50% of the
mtDNAs in the primary renal cell carcinoma was absent
in the subsequent metastatic tumors from the same
patient (Horton et al., 1996).

By contrast, the adaptive mtDNA mutations may
permit the tumor cells to flourish in new environments
as they metastasize. Since the migratory tumor cells
could be exposed to similar envrionmental challenges as
were the humans who migrated out of Africa, the same
mtDNA mutations might be adaptive in both tumors
and people. Since these mutations would continue to be

Mitochondrial mutations in cancer
M Brandon et al

4660

Oncogene



adaptive once the tumor is actively growing in its new
metastatic site, the mutations would shift from the
initially heteroplasmic to homoplasmic mutations. This
could explain why many of the tumor somatic mutations
are homoplasmic.

Thus, the considerations of this review support the
conclusion that mtDNA mutations play an important
role in the etiology of solid tumors, consistent with
Warburg’s hypothesis. The more deletious mutations
are tumorigenic, resulting in increased mitochondrial
ROS production which is mutagenic without signifi-
cantly imparing cellular ATP production under the
intial anaerobic conditions. As the tumor vascularizes
and/or metastasizes and moves into a more oxygen rich
environment, the severely deleterious mtDNA muta-
tions become disadvantageous and are lost, but less
deleterious adaptive mtDNA mutations are acquired.
Since these become increasingly beneficial they segregate

to homoplasy. Thus, the central role of the mitochon-
dria in energy production, ROS generation and apop-
tosis regulation combines with the novel stochastic
genetics of the ‘thousand copy’ mtDNA to provide
rational explanations for many of the metabolic and
stochastic features of solid tumor biology. Therefore,
understanding mtDNA variation in cancer cells pro-
mises to provide major new insights into the etiology of
solid tumors and be of great potential benefit for
prognosis and possible treatment of cancer.
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