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Summary
ATP (energy production) production is not the only function of the mitochondria. Mitochondria
perform multiple cellular functions. Among others, these functions include control of cell death,
growth, development, integration of signals from mitochondria to nucleus and nucleus to
mitochondria, and various metabolic pathways. Although defects in mitochondrial function are most
commonly associated with bioenergetic deficiencies, our studies demonstrate that mitochondrial
defects lead to genome instability in the nuclear DNA, resistance to apoptosis and induction of
NADPH oxidase, a designated producer of reactive oxygen species. These transformations in cellular
phenotype are known contributors to the development of tumors in humans. Consistent with the role
of mitochondria in carcinogenesis, studies in the past few years have described an increased risk of
cancers associated with specific mitochondrial DNA (mtDNA) polymorphism among various
different haplogroups in human population. However, molecular mechanisms underlying increased
risk of cancer due to specific mtDNA polymorphisms is currently lacking. It is likely that mtDNA
polymorphisms in mitochondrial genes involved in electron transport chain and oxidative
phosphorylation result in increased oxidative stress and hypermutagenesis of mitochondrial as well
as nuclear DNA. We suggest that in studies relating to cancer epidemiology, the significance of a
particular mtDNA polymorphism(s) should be analyzed together with other polymorphisms in
mtDNA and in nuclear DNA.
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1. Introduction
Mitochondria perform multiple cellular functions. Mitochondria are the predominant source
of energy (ATP) production and reactive oxygen species (ROS) in the cell. ROS are generated
in the mitochondria as a by-product of oxidative phosphorylation (OXPHOS) involved in ATP
production. Mitochondria contain their own genetic material (mitochondrial DNA, mtDNA)
which encodes proteins that are an integral part of various OXPHOS complexes (1,2). It is
estimated that 90% of cellular oxygen is consumed in the mitochondria and about 2–4% of that
oxygen is converted to ROS. This amounts to approximately 107 ROS molecules/
mitochondrion every day (1,2). Consistent with these observations, studies have indicated
somatic mtDNA mutations in almost all cancers examined to date. The mutations found in
tumors cells reinforce the suggestion made by Warburg in 1930 (3). Warburg hypothesized
that mitochondrial abnormalities were implicated in development of cancers. Since then, many
mitochondrial abnormalities in cancers, both at genetic and metabolic levels, have been
reported. In this chapter, we intend to discuss abnormalities at the mtDNA level. With regard
to mitochondrial metabolic and other related abnormalities in cancers, see recent reviews (1,
2).
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2. Mitochondrial Genome
The mitochondrial genome is a 16.6-kb closed circular, double-helical molecule. The
mitochondrial genome is inherited only through the mother. The mtDNA encodes two rRNAs,
22 tRNAs, and 13 proteins (Fig. 15.1; [4]). Each of these proteins is a subunit of one of four
respiratory enzyme complexes localized into the mitochondria. They include seven subunits
of respiratory enzyme complex I, one subunit of complex III, three subunits of complex IV,
and two subunits of complex V. All other (~1,500) mitochondrial proteins, including those
involved in the replication, transcription, and translation of mtDNA, are encoded by nuclear
genes, and they are targeted to the mitochondrion by a specific transport system (5). Although
mtDNA represents <1% of total cellular DNA, its gene products are essential for normal cell
function. Unlike nuclear DNA, mammalian mtDNA contains no introns, has no protective
histones, and is exposed to deleterious reactive oxygen species generated by OXPHOS. In
addition, replication of mtDNA is error prone (4). The accumulation of mutations in mtDNA
is approximately 10-fold greater than that in nuclear DNA (6,7). This feature of mtDNA makes
it a useful tool for studying human migration around the globe and identifying specific human
populations.

A haplogroup is defined on the basis of a particular mutation that is well established and widely
distributed among individual of the populations. These haplogroups can be further divided into
haplotypes, generally based on restriction fragment length polymorphism (RFLP). RFLP are
a result of restriction enzymes that cut DNA sequences at a particular point, priming them for
electrophoresis and allowing a comparison to be made showing a pattern among individuals
based on the length of the DNA fragments (8). More than 2 dozen mtDNA haplogroups are
known among human populations around the world. Figure 15.2 describes some of the major
mitochondrial haplogroups identified throughout the world. Figure 15.2 also reveals the RFLPs
used for haplotype analyses. However, haplogroups and subgroups are best defined by mtDNA
sequencing.

3. Mitochondrial Polymorphism and Risk of Cancer
mtDNA mutations causing defects in mitochondrial respiratory enzyme complexes are thought
to increase risk of cancer. In support of this hypothesis, we have demonstrated that defects in
mitochondrial respiratory chain activity lead to 1) overexpression of superoxide producing
NADPH oxidase (9); 2) increased damage and hypermutagenesis in the nuclear DNA (10–
13); and 3) resistance to apoptosis (14). These transformations in cellular phenotype are known
to contribute to the development of cancer.

Studies in the past few years have described the risk of cancers associated with various mtDNA
haplogroups in the human population. Tanaka’s group analyzed a population with 1,503
autopsied cases (696 male, 807 female) at Tokyo Metropolitan Geriatric Hospital registered.
The genotypes for 149 polymorphisms in the coding region of the mitochondrial genome were
determined. The haplogroups, were classified into 30 haplotypes, i.e., F, B5, B4a, B4b, B4c,
A, N9a, N9b, Y, M10+M11+M12, M7a, M7b2, M7c, M8+Z+C, G1, G2, M9, D5, D4a, D4b,
D4d, D4e, D4g, D4h, D4j, D4k, D4k, D4l, D4m, and D4n. Multivariate logistic regression
analysis was performed with adjustment for age, the prevalence of drinking, and that of
smoking. Among 1,363 subjects whose data were available for presence or absence of cancer,
age, gender, history of alcohol intake, history of smoking, and mitochondrial haplogroups, 819
subjects carried a pathologically confirmed cancer(s) at the time of autopsy. Subjects with the
haplogroup M7b2 tended to have an increased risk for hemopoietic cancer (P = 0.037), having
an odds ratio of 2.46 (95% confidence interval [CI] = 1.06–5.73). Results also indicated that
haplogroup M7b2 is a risk factor for leukemia (15).
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Nine main European haplotypes (H, I, J, K, T, U, V, W, and X) were analyzed in a series of
patients with prostate and renal cancers studied by Booker et al. (16). Using the A12308G
substitution in tRNALeu2 (Fig. 15.3) as a marker of the mtDNA haplogroup U, it was found
that patients carrying this haplogroup had an increased risk of renal (odds ratio [OR] = 2.52)
and prostate cancer (OR = 1.95) (16).

Canter’s epidemiologic studies in breast cancer showed the G10398A substitution in ND3 was
associated with an increased risk (OR = 1.6) in African-American women (Fig. 15.3; (17)).
His group also reported one of the first cases of synergy among single-nucleotide
polymorphisms. The T4216C substitution alone in ND1 conferred no increased risk. However,
when the T4216C substitution was present with G10398A, the risk of breast cancer was
increased (OR = 3.1; Fig 15.3). It has been hypothesized also that the prevalence of germline
cyclooxygenase (COX) I mutations may explain the increased incidence of prostate cancer in
African American men (18).

Darvishi et al. (19) analyzed mtG10398A (Ala→Thr) polymorphism in a haplotype
constituting mtDNA haplogroup N and its sublineages for its contribution to higher risk for
breast cancer. They analyzed approximately 1,000 complete human mtDNA sequences
worldwide and collated information on 2,334 individuals belonging to 18 regions in India.
They confirmed that mt10398A allele provides a risk toward breast cancer by using a case-
control comparison study of 124 sporadic breast cancer patients and 273 controls. They also
included 55 squamous cell carcinoma of esophagus and 163 controls, matched for age,
ethnicity, and sex from north India. Their study also found that 10398A mtDNA polymorphism
confers a higher risk for esophageal cancer. In a recent study, Li et al. (62) showed an
association between mtDNA haplogroup D4a and D5a and increased risk of esophageal cancer
in China.

Bai et al. (20) analyzed mtDNA polymorphism in European-American females and reported
that A10398G (OR = 1.79) and T16519C (OR = 1.98) increase breast cancer risk. In contrast,
T3197C (OR = 0.31) and G13708A (OR = 0.47) were found to decrease breast cancer risk.

Wang et al. (21) evaluated polymorphisms in mtDNA associated with increased risk of
pancreatic cancer. They screened Caucasian cases and found no significant associations with
pancreatic cancer. It is likely that polymorphism in other mitochondrial genes or in conjunction
with nuclear genes involved in OXPHOS may contribute to pancreatic cancer.

In some of the above-mentioned studies, it is noteworthy that the potential influence of
population stratification was not taken in to account. A population stratification of these studies,
independent positive replication of these studies, or both are needed to provide convincing
evidence for the association of mtDNA polymorphism and risk for cancer.

4. Mitochondrial Polymorphism and Risk of Other Diseases
Recent studies in Japanese centenarians and super-centenarians (those ≥105 years) have
demonstrated that specific mtDNA haplogroup that are associated with these age groups.
Centenarians seem to be resistant against lifestyle-related diseases such as type 2 diabetes,
myocardial infarction, and cerebrovascular infarction, as well as geriatric diseases such as
Alzheimer’s disease (AD) and Parkinson disease (22).

Tanaka’s group described that mtDNA mutations in these age groups provide protection from
disease and confer longevity. Data from this study suggest that longevity is associated with the
D4a haplogroup, whereas noncentenarians mitochondrial haplogroups F and A are risk factors
for diabetes. Furthermore, haplogroup N9a was found to be a protective against diabetes,
especially in women. A large-scale association studies will have a major impact on the
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functional studies of mitochondrial haplogroups and on the elucidation of their contributions
to longevity or pathogenesis of lifestyle-related diseases (23).

Van der Walt (24) analyzed risk of AD associated with European mitochondrial haplogroups.
Interestingly, they found that males in haplogroup U showed an increase in risk (OR = 2.30;
95% CI = 1.03–5.11; P = 0.04) of AD relative to the most common haplogroup H, whereas
females demonstrated a significant decrease in risk with haplogroup U (OR = 0.44; 95% CI =
0.24–0.80; P = 0.007).

Van der Walt (24) also demonstrated a significant decrease in risk of PD among European
haplogroup J versus individuals carrying the most common haplogroup, H. Furthermore, a
specific mutation 10398G, that defines these two haplogroups, is strongly associated with this
protective effect (OR = 0.53; 95% CI = 0.39–0.73; P = 0.0001). Interestingly, these studies
suggest that a single mtDNA substitution may exert different effects in different disease states.

5. Mitochondrial DNA Mutations in Human Tumors
Mutations in mtDNA have been reported in all cancers examined to date (1,2). A summary of
mtDNA mutations in various tumors is presented in Fig. 15.4. Although these mutations are
known to occur throughout the mitochondrial genome, the displacement loop (or D-loop)
region has been shown to be a mutational “hot spot” in human cancer. The D-loop is a
noncoding control region of mtDNA (np 16024–516) that houses cis-regulatory elements
required for replication and transcription of the molecule. Thus, mtDNA mutations in this
region might be expected to affect copy number and gene expression of the mitochondrial
genome. Somatic mutations in the D-loop region have been observed in all tumors examined
to date (1,2). In a recent comprehensive study involving 54 hepatocellular carcinomas, 31
gastric, 31 lung, and 25 colorectal cancers, the incidence of somatic D-loop mutations in
cancers of later stage was found to be higher that that of early stage cancers (25). These findings
suggest that instability in the D-loop region of mtDNA may be involved in carcinogenesis of
human cancers.

In addition to the mtDNA mutations found in the D-loop region, deletions, point mutations,
insertions, and duplications in other parts of the mitochondrial genome have been noted in a
variety of human cancers, including ovarian, thyroid, salivary, kidney, liver lung, colon, gastric
brain, bladder, head and neck, prostate, and breast cancer, and leukemia (26,18). For example,
a 40-bp insertion localized in the COX I gene seems to be specific for renal cell oncocytoma
(27), and a deletion mutation resulting in the loss of mtDNA within NADH dehydrogenase
subunit III is associated with renal carcinoma (28). In a recent population based study involving
260 prostate cancer patients of European and African-American descent and 54 benign controls
without cancer, the frequency of COX I missense mutations was found to be significantly
higher in prostate cancer patients compared with the no-cancer controls (12 vs. 1.9%,
respectively). At least some of these COX I sequence variants were thought to represent germ
line mutations) (18). The co-occurrence of somatic and germline mtDNA mutations in renal
cell carcinoma also has been reported (29).

Tumor-specific changes in mtDNA copy number also have been noted in human cancers. For
example, the mtDNA content was found to be elevated in primary tumors of head and neck
squamous cell carcinoma (30), and to increase with histopathologic grade in premalignant and
malignant head and neck lesions (31). In addition, mtDNA copy number was shown to increase
in papillary thyroid carcinomas (32) and during endometrial cancer development (33).
Conversely, it was reported that mtDNA content is reduced in 80% of breast tumors relative
to normal controls. mtDNA depletion also occurs in gastric cancers (32,33) and during
endometrial cancer development (34). Conversely, it was reported that mtDNA content is
reduced in 80% of breast tumors relative to normal controls. mtDNA depletion also occurs in
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breast cancers (35). The actual mtDNA copy number in cancers might depend upon the specific
site of mutation associated with that cancer. For example, mutations in the D-loop region,
which controls mtDNA replication, would be expected to result in a decrease in copy number.
Conversely, an increase in mtDNA copy number might occur as a compensatory response to
mitochondrial dysfunction or due to mutations in nuclear genes involved in controlling mtDNA
copy number indirectly.

Mitochondrial abnormalities resulting from mutation in mtDNA or copy number changes
invokes mitochondria-to-nucleus retrograde response in human cells (36). To identify proteins
involved in retrograde response and their potential role in tumorigenesis, Kulawiec et al. carried
out a comparative proteomic analysis using a parental cell line, a rho0 cell line in which the
mitochondrial genome was completely depleted (and the cells were therefore lacking all
mtDNA-encoded protein subunits), and a cybrid cell line in which mtDNA was restored (10,
36). This comparative proteomic approach revealed marked changes in the cellular proteome,
including quantitative changes in expression of several proteins in breast and ovarian tumors,
which suggest that retrograde responsive genes may potentially function as tumor suppressor
or oncogenes.

Transmitochondrial hybrid (cybrid) studies also suggest that mtDNA plays a key role in
establishing the tumorigenic phenotype, maintaining the tumorigenic phenotype, or both. In a
recent study, Singh et al. demonstrated that a rho0 derivative of human osteosarcoma cells
display increased tumorigenic phenotype as evidenced by increased anchorage independent
growth compared with the parental cells (10). Interestingly, the tumorigenic phenotype was
restored to parental level by transfer of wild-type mitochondrial DNA to rho0 cells. These
studies suggest that intergenomic cross-talk between mitochondria and cancer plays an
important role in tumorigenesis and that mitochondria-to-nucleus retrograde signaling may be
an important factor in restoration of the nontumorigenic phenotype. Indeed, additional studies
by Singh’s group demonstrate that retrograde mitochondria-to-nucleus signaling involves
regulation of NADPH oxidase (Nox1) and that this enzyme is overexpressed in a majority of
breast and ovarian tumors (9). The family of Nox enzymes comprises seven structurally related
homologs, Nox 1–5 and dual oxidase 1 and 2 (37,38), and nuclear DNA encoded Nox 1 is a
major source of endogenous ROS in the cell (39). Until recently, these enzymes were known
only to function as phagocytic respiratory burst oxidases that catalyze the NADPH-dependent
reduction of molecular oxygen to superoxide, hydrogen peroxide, and other ROS, and to
participate in host defense by killing or damaging invading microbes (39).

Transmitochondrial cybrid studies also suggest the functional significance of mtDNA
mutations. Cybrids harboring the ATP6T8993G mtDNA mutation in prostate cancer (PC3)
cells were found to generate tumors that were 7 times larger than wild-type cybrids, which
barely grew in mice (8). Additionally, cybrids constructed using a common HeLa nucleus and
mitochondria containing a point mutation in ATP synthase subunit 6 were conferred a growth
advantage in early tumor stages after transplantation into nude mice. It was suggested that this
growth advantage might possibly occur via prevention of apoptosis (40). These studies support
the hypothesis that mtDNA mutations might directly promote tumor growth in vivo.

6. Possible Mechanism of mtDNA-Mediated Carcinogenesis
Polymorphisms in human mtDNA may affect the efficiency of ETC and ROS production. This
argument is supported by the fact that common mtDNA variants are indeed involved in ROS
production (41). Mitochondrial respiratory activity is associated with the generation of ROS.
Under physiological conditions, a small fraction of reducing equivalents from complex I,
complex III, or both of the mitochondrial electron transport chain may be transferred directly
to molecular oxygen, generating the superoxide anion O2

−. This ROS is converted to H2O2 by
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mitochondrial manganese superoxide dismutase. H2O2 can be converted to water by
glutathione peroxidase or catalase, or it can acquire an additional electron from a reduced
transition metal to generate the highly reactive hydroxyl radical ·OH. ROS generation has been
shown to increase in mitochondria under conditions of excess electrons or as a result of
respiratory enzyme complex inhibition. High levels of ROS, or oxidative stress, can not only
mutagenize mtDNA but also induce hypermutagenesis and instability of nuclear
(chromosomal) DNA (Fig. 15.5). These factors can contribute to development of cancer.

7. Future Prospectives
In past year, studies have been conducted that identify the role of mtDNA polymorphism of
cancer. However, to fully understand the importance of mtDNA polymorphism and risk of
cancer, it is necessary to 1) identify genetic and epigenetic changes in the nucleus associated
with mtDNA polymorphisms; 2) identify D-loop region polymorphisms resulting in changes
in mtDNA copy number; 3) identify nuclear genes controlling mtDNA copy number; 4)
identify functional changes associated with mtDNA copy number; 5) identify genetic alteration
in the nuclear DNA (nDNA) associated with mtDNA copy number changes; 5) identify
epigenetic alteration in the nDNA associated with mtDNA copy number changes; and
understand the role of synergy between different polymorphisms in mtDNA as well in nDNA.
This is particularly important in view of constant cross-talk between the mitochondria and
mitochondria and nucleus.
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Fig. 15.1.
mtDNA map.

Singh and Kulawiec Page 9

Methods Mol Biol. Author manuscript; available in PMC 2010 February 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 15.2.
Haplotype analysis by RFLP: summary of various restriction enzymes used to define
haplotype.
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Fig. 15.3.
mtDNA oncomap: summary of mtDNA mutations found in various tumors examined.
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Fig. 15.4.
mtDNA polymorphism associated with risk of cancers: G10398A in ND3 is associated with
increased risk of breast (OR = 1.6) and prostate cancer (OR = 19.8) in African-Americans
(37). A12308G in tRNALeu2 is a marker of the mtDNA haplogroup U. This haplogroup is
associated with increased risk of prostate (OR = 1.95) and renal cancer (OR = 2.52) in
Caucasians. *, the T4216C substitution in ND1 conferred no increased risk in isolation.
However, when the T4216C substitution was present with G10398A, synergy was observed,
and the risk of breast cancer was increased (OR = 3.1) in African-Americans.
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Fig. 15.5.
Mechanisms of mitochondria-mediated mutagenesis and development of cancer (see text for
details).
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