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Mitochondrial DNA mutations in human tumor cells (Review)
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Abstract. Mitochondria play significant roles in cellular
energy metabolism, free radical generation and apoptosis.
The dysfunction of mitochondria is correlated with the origin
and progression of tumors; thus, mutations in the mitochon-
drial genome that affect mitochondrial function may be one
of the causal factors of tumorigenesis. Although the role of
mitochondrial DNA (mtDNA) mutations in carcinogenesis
has been investigated extensively by various approaches, the
conclusions remain controversial to date. This review briefly
summarizes the recent progress in this field.
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1. Introduction

Human mitochondrial DNA (mtDNA) is a closed double-
stranded circular molecule with a complete sequence of
16,569 bp. With the exception of the mature red blood cells,
every cell in the body harbors hundreds of mitochondria
and thousands of mtDNA molecules. The whole mitochon-
drial genome encodes 13 essential subunits of the oxidative
phosphorylation (OXPHOS) system as well as 2 rRNAs and
22 tRNAs used in the mtDNA translation system (1,2). Strict
maternal inheritance, lack of recombination and a high revo-
lutionary rate are genetic characteristics of the mitochondrial
genome. Compared with nuclear DNA, mtDNA lacks the
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protective histones and has an extremely inefficient DNA
mismatch repair mechanism (3). In addition, a high level of
reactive oxygen species (ROS) is generated through the oxida-
tive phosphorylation processes that occur in this organelle
and these ROS are prone to damage mtDNA and cause muta-
tions (4). All the above factors confer a high mutation rate: the
rate of evolution of the human mitochondrial genome appears
to exceed that of the single-copy fraction of the nuclear genome
by a factor of approximately 10 (5).

mtDNA mutations that arise in the female germ line are
transmitted to the next generation, where they are observed
as new mtDNA polymorphisms or as pathogenic mtDNA
mutations (6). mtDNA mutations also occur in somatic cells.
These somatic mtDNA mutations tend to accumulate with
age in postnatal somatic cells, including in brain and skeletal
muscle (7). The somatic mtDNA mutations are thought to
arise from the oxidative damage caused by the accumulation
of ROS in tissues with age and the deficiency of mtDNA repair
systems (3.4).

2. mtDNA mutations in human tumor cells

Tumors pose an increasing threat to human health.
Mitochondria play significant roles in cellular energy
metabolism and free radical generation and have therefore
become a focus of cancer research. Warburg studied the
changes of mitochondrial structure and function in tumor
cells as early as 1956 (8). When the role of mitochondria in
cellular apoptosis was identified (9), researchers studied the
correlation between tumors and the mitochondria and thus
began to show interest in the changes of the mitochondrial
genome in tumor tissues.

Certain studies have demonstrated that the dysfunction of
mitochondria may cause the origin and progression of tumors.
For example, certain inherited mutations of nuclear genes that
encode proteins which take part in the mitochondrial tricar-
boxylic acid cycle cause mitochondrial deficiencies and lead
to tumor development (10). A fraction of mtDNA mutations
identified in human tumor cells are considered to have signifi-
cant effects on mitochondrial function (11). In summary, the
mtDNA mutations causing mitochondrial dysfunction may be
the cause of tumorigenesis.

To date, studies on the mutations in the mitochondrial
genome have been performed in various tumors. Somatic
mtDNA mutations have been reported in various tumor types,
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including breast, colorectal, bladder, gastric, esophageal,
lung and oral cancer, head and neck neoplasm and leukemia.
These mtDNA mutations include point mutations, deletions
and insertions (12-21). The roles that these mtDNA mutations
play in tumorigenesis and tumor development have not been
determined.

Methods used to detect mtDNA mutations. Somatic mutations
are defined as the variants that exist only in the cancerous
tissue and not in the corresponding normal tissue. Conversely,
the variants that exist in cancerous tissue and in normal tissue
are defined as germline mutations. In general, the single-strand
conformation polymorphism analysis (SSCP), denaturing
high-performance liquid chromatography (DHPLC), temporal
temperature gradient electrophoresis (TTGE), as well as direct
sequencing (22), which all are based on the PCR method, are
used to detect the somatic mtDNA mutations and germline
mtDNA mutations. Heteroplasmy occurs when the wild-type
and mutant mtDNA coexist in the tissues or cells; otherwise it
is named homoplasmy (15).

General features of the mtDNA mutations. The mtDNA muta-
tions identified in various tumor cells or tissues present 3
features that are independent of the type of cancer.

First, the majority of the mtDNA mutations observed are
the T to C and G to A base transitions. This is similar to the
mutation pattern of oxidative decay on DNA caused by ROS in
normal tissues. Hence, it may be deduced that the main cause
of mtDNA mutations in tumors is the elevated high level of
ROS (23).

Second, the D-loop region is the mutational hotspot. The
D-loop region of human mitochondrial genome is 1,122 bp
long. It is the main control area for the duplication and
transcription of mtDNA and includes the primary transcript
promoter and leading strand for the origin of replication of
mtDNA (1). Previous research has revealed the D-loop region
as the mutational hotspot in various types of cancer, including
breast and bladder cancer and head and neck neoplasms, and
also in the normal human population. Therefore, the high
mutational frequency in the D-loop region may not lead to
the specific changes in tumors. The D-loop is the site that the
mtDNA is nearest to the mitochondrial inner membrane and
thus is most susceptible to the damage of ROS (24-26).

Third, the majority of the mtDNA mutations detected
are homoplasmic. Numerous mtDNA mutations have been
reported in various tumor tissues; some were somatic and
others were germline mutations (12-21). Of note, the majority
of these mutations were homoplasmic. This observation
has been interpreted to reflect a replicative advantage for
mutated mtDNA copies, or a growth advantage for a cell
containing certain mtDNA mutations; thus these mutations
may become homoplasmic rapidly during cell fissions and
become fixed (11,15,16). However, Coller et al considered
that the observed homoplasmy arose entirely by chance in
tumor progenitor cells, without any physiological advan-
tage or tumorigenic requirement (28). Through extensive
computer modeling, the authors demonstrated that there are
sufficient opportunities for a tumor progenitor cell to achieve
homoplasmy through unbiased mtDNA replication and
sorting during cell division. They revealed that the predicted
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frequency of homoplasmy in tumor progenitor cells in the
absence of selection is similar to the reported frequency of
homoplasmic mutations in tumors (27). Additionally, Jones
et al reported that the somatic mtDNA mutations in a tumor
progenitor cell were capable of undergoing ‘genetic drift’ to
obtain a homoplasmic status through 1,000 or more mito-
chondrial segregations (28). Chinnery et al also suggested
that random genetic drift was sufficiently powerful to explain
the homoplasmy and fixation of rare mtDNA mutations in
tumor tissues (29).

3. Correlation between mtDNA mutations and tumors

Although numerous mtDNA mutations have been reported in
various tumor types, it remains unclear what roles they play in
tumorigenesis. The question of whether these mtDNA muta-
tions are correlated with tumorigenesis remains controversial.
Various researchers hold different opinions. One theory is
that the mtDNA mutations simply arise by chance in tumor
progenitor cells without any physiological advantage or
tumorigenic requirement. By contrast, the other theory states
that these mtDNA mutations stimulate tumors and contribute
to tumorigenesis and tumor progression.

Theory 1: mtDNA mutations are the byproduct of tumori-
genesis. Cancer is a disease induced by multiple factors.
Numerous researchers regard the mtDNA mutations in tumors
as hitchhike mutations (27-30). They have hypothesized that
the mtDNA mutations in malignant cells originated from
tumorigenesis. The malignant cells may be in a state of hyper-
plasia and thus lead to the over-replication of mitochondria. As
a result, the mtDNA mutations are generated as a byproduct of
tumorigenesis. The following evidence supports this theory:

Firstly, tumor cells have an elevated level of ROS (8). As
described above, the majority of the mtDNA mutations in
tumor cells are T to C and G to A base transitions. This is
similar to the mutation pattern of oxidative damage to DNA
caused by ROS in normal tissues. Hence, it is deduced that the
main cause of mtDNA mutations in tumors is the elevated level
of ROS (23). The underlying mechanism is similar to a hitch-
hike mutation: certain factors stimulate the tumorigenesis and
at the same time cause an elevated level of ROS. Numerous
mtDNA mutations then occur at random as a result of oxida-
tive damage. The D-loop region in tumor cells presents as
the mutational hotspot, as is the case in normal tissue, which
further demonstrates that these mutations are not specific for
tumor cells.

Secondly, over 50 years ago, Warburg pioneered the study
of mitochondrial changes in tumor cells and identified that a
key event in carcinogenesis involved the development of an
injury to the mitochondrial respiratory machinery, resulting
in a decrease in oxidative phosphorylation and a compensa-
tory increase in glycolysis that finally led to lactic acidosis (8).
It was widely accepted that the tumor cells tended to upregu-
late glycolysis, in turn leading to less dependence on the
mitochondria for oxidative phosphorylation. As a result, the
mtDNA mutations did not damage cells in terms of energy
metabolism. Certain studies revealed that these mtDNA
mutations had the ability to fix or disappear in cells through
the mechanism of genetic drift (27-29). These findings further
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support the theory that these mtDNA mutations had no
impact on mitochondrial function and thus escaped from the
selective pressure of physiological advantage or tumorigenic
requirement. Thus, the mtDNA mutations are the byproduct
of tumorigenesis.

Finally, Vega et al proposed that the phylogenetic status
of mtDNA variation in the context of population genetics was
a necessary framework to analyze the correlation between
mtDNA variants and carcinogenesis and thus to understand
the role that mtDNA variation may play in carcinogenesis (30).
In this study, it was suggested that if the mtDNA mutational
hotspots detected in tumor cells were common in human
populations, the mechanism for their generation should be
identical. Therefore, the mtDNA mutations were excluded as
the pathogenic factor for tumorigenesis. Following compila-
tion and analysis of the data from previous studies, Vega et al
revealed that the majority of the reported tumor-associated
mtDNA alterations were common human polymorphisms and
mutational hotspots. In conclusion, the authors postulated that
the mtDNA mutations in tumor cells were hitchhike mutations
and did not play a role in tumorgenesis (30).

Theory 2: mtDNA mutations contribute to tumorigenesis and
tumor progression. Certain researchers have suggested that
the mtDNA mutations in tumor cells acted as a stimulus to
tumors and contributed to tumorigenesis and tumor progres-
sion (12,15,16,31,32). The following evidence supports this
theory.

Firstly, depletion of mtDNA diminishes the tumorous
phenotype. It is well known from the pioneering work of
Warburg that tumor cells grown in culture have a higher
capacity for glycolysis than non-tumor cells (8). Based on this
study, it has been deduced that tumor cells do not completely
depend on the mitochondria for oxidative phosphorylation to
provide energy. Dani ef al stated that the higher glycolytic
capacity of tumor cells may be due to the increased growth
and nutrient demands of tumor cells, which was not against the
theory of the importance of oxidative phosphorylation for the
survival and growth of tumors (33,34). It was due to the higher
nutrient and oxygen demands that numerous tumors continue
to grow in vivo via the induction of neovascularization (35).
For example, the study by Knighton et al revealed that during
tumor growth there is a vascular and an avascular phase,
accompanying various tumor ages and sizes (36). Under the
more exacting in vivo circumstances, oxidative phosphoryla-
tion coexists with glycolysis and the best adapted cells, which
are also the most rapidly proliferating, are those capable of
oxidative phosphorylation and glycolysis. In support of this
conclusion was the evidence that the depletion of mtDNA
diminished the tumorous phenotype (37), indicating that
mitochondrial functions were essential for the maintenance
of viable tumor cells. The study by Dani et al revealed that
the AmtDNA4977 deletion mutation in non-tumoral tissues
accumulated with age in somatic cells. However, the apparent
absence of this mutation in neoplastic tissues was observed,
suggesting that the mitochondrial dysfunction caused by the
AmtDNA4977 deletion greatly affected the survival rate of
proliferating tumor cells (33). Thus, the mtDNA mutations
are not only the hitchhike mutations of tumorigenesis, but the
tumor-associated mutations.
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Secondly, increased ROS caused by mtDNA mutations
contribute to tumorigenesis and tumor progression. A number
of tumors have been demonstrated to produce increased
ROS (8). Certain studies have implied that the increased ROS
production contributes to tumorigenesis and tumor progres-
sion. The evidence to support this is that when the superoxide
dismutase cDNA was transformed into tumor cells, leading
to a decreased ROS production, the tumorous phenotype is
reversed (38-40). Other studies revealed that the inhibition
of the mitochondrial electron transport chain also increased
mitochondrial ROS production (41). Therefore, if mtDNA
mutations of the genes encoding subunits of the oxidative
phosphorylation system caused mitochondrial dysfunction,
they may contribute to tumorigenesis and tumor progression.

Petros et al performed a study in prostate cancer patients
that focused on the cytochrome oxidase subunit I (COI) gene
and demonstrated that 11-12% of prostate cancer patients
harbored COI mutations that altered conserved amino
acids (mean conservation index, 83%), whereas <2% of
non-cancerous controls and 7.8% of the general population
harbored COI mutations and the mutations of non-cancerous
individuals altered less conserved amino acids (conservation
index, 71%) (42). Therefore, it was proposed that mtDNA
mutations that inhibited oxidative phosphorylation increase
ROS production and thus contribute to tumorigenicity. To
determine whether mutant tumors had increased ROS and
tumor growth rates, the authors introduced the pathogenic
mtDNA ATP6 T8993G mutation into the PC3 prostate cancer
cell line through cybrid transfer and tested the tumor growth
in nude mice. The mutant (T8993G) cybrids were demon-
strated to generate tumors that were 7 times larger than the
wild-type (T8993T) cybrids, whereas the wild-type cybrids
barely grew in the mice. The mutant tumors also generated
significantly more ROS, while the wild-type had no changes.
Therefore, Petros et al suggested that mtDNA mutations
generated elevated ROS levels that had a positive correlation
with the tumor growth rate. In summary, this study supported
the conclusion that mtDNA mutations contribute to tumori-
genesis and tumor progression by producing high amounts of
ROS (42).

Finally, mtDNA mutations promote tumors by preventing
apoptosis. Shidara et al revealed that pathogenic mutations
in the mitochondrial genome appeared to promote tumori-
genesis and tumor progression. The authors suggested that
these mtDNA mutations contributed to tumorigenesis and
tumor progression by preventing apoptosis (43). In their
study, Shidara et al constructed cybrids with a homoplasmic
pathogenic point mutation in the mitochondrial genome and
constructed cybrids without the above mtDNA mutations
against an identical nuclear background. When the cybrids
were transplanted into nude mice, the mutant conferred an
advantage in the promotion of cancer and in the early stage
of tumor growth.

To study the faster growth of tumors derived from the
mutant cybrids, the authors compared mutant and wild-type
cybrids in terms of their increasing rates in culture. The
mutant cybrids increased faster than wild-type in culture. To
explore the molecular mechanism underlying the observations,
they detected the cell apoptosis frequency in cybrids. The
data revealed that mutant cybrids had a lower frequency of
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apoptosis than wild-type cybrids (43). Therefore, the authors
suggested that the mtDNA mutations hindered cell apoptosis
which promoted tumorigenesis and tumor progression.

4. Conclusions

The role of mtDNA mutations in carcinogenesis has been
investigated extensively by various approaches and remains
controversial. Constructing the cell cybrids would be the
most efficient method to clarify the correlation between
mtDNA mutations and tumorigenesis. By constructing the
cybrids containing mutant mtDNA cells and @0 cells devoid
of mtDNA or transforming the mutant mtDNA into o0 cells,
a series of related analyses may be performed, including
growth rates, cell behaviors and the functions in mitochon-
dria replication. However, previously reported cybridization
experiments have a common drawback in that they did not
use genuine mutant mtDNAs derived from actual cancer
tissues (42,43). As a result, the conclusions obtained are
inevitably limited.

The mtDNA mutations exert their pathogenicity through
the changes in RNAs and proteins they encoded. The mitochon-
dria proteomic analysis would be critical in an mtDNA-related
etiology study (44). Although the mitochondrial function
proteomic analysis is still in its infancy, it is likely to aid the
elucidation of the role that mitochondria play in tumorigenesis
as well as identifying potential targets for therapeutic interven-
tion in the future.
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