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Abstract. The role of the mitochondria in the process of carci-
nogenesis has drawn researchers' attention since the discovery 
of respiratory deficit in cells, particularly those characterized 
by rapid proliferation. The deficit was assumed to stimulate 
further differentiation of the cells and initiate the process of 
neoplastic transformation. As many as 25-80% of somatic 
mutations in mitochondrial DNA (mtDNA) are found in 
various neoplasms. These mutations are considered to trigger 
the neoplastic transformation through shifts of cell energy 
resources, an increase in the mitochondrial oxidative stress 
and modulation of apoptosis. The question arises as to whether 
the mtDNA mutations precede a neoplasm or whether they 
are a result of changes and processes that take place during 
neoplastic proliferation.
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1. Introduction

The mitochondrial contribution to the neoplastic process was 
first suggested by Warburg (1) in 1932. He based his observa-
tion on a prevalence of anaerobic glycolysis in a neoplastic cell. 
The interest in the involvement of mitochondria in the process 
of carcinogenesis is also a result of the discovery of a respira-
tory deficit in the dividing cells, especially those characterized 

by rapid proliferation (1-3). The oxidative deficit that arises 
apparently triggers further proliferation of the cells and causes 
a neoplastic transformation (3-5). Studies conducted in the 
1970s suggested that the neoplastic transformation was a result 
of submolecular changes in the respiratory chain, which were 
considered the cause of the dismantling and reconstruction of 
the electron transport chain during the cell division process (3). 
After years of analyzing the role of the nuclear genome in the 
development of neoplasms, researchers returned to studying 
the mitochondria, focusing particularly on mitochondrial DNA 
(mtDNA) and its role in the neoplastic process (6-10).

The significance of the changes that occur in a mitochon-
drion in the process of carcinogenesis is indicated by the 
mutual relationship between the mev-1 mutation for SDHC 
complex II, the subunit C of Caenorhabditis elegans and an 
increased production of reactive oxygen species (ROS), which 
are important factors in the inactivation of proteins 16INK4a 
and TP53, involved in apoptosis and neoplastic prolifera-
tion (5,11,12). The mitochondrial involvement in the process 
of carcinogenesis is confirmed by Lehtonen et al (13). They 
found a nuclear DNA (nDNA) mutation of fumarate hydratase 
in myoma and nephroma. In paranglioma and phaochroma-
cytoma researchers described nDNA mutations in 3 out of 4 
subunits of succinate dehydrogenase belonging to complex II 
of the respiratory chain system (14-16).

ROS disturbances in neoplastic cells are indicated by an 
increased level of metallothioneins in these cells (17). Reactive 
forms of oxygen are a potential agent inducing the synthesis 
of metallothioneins, the proteins responsible for, among other 
things, neoplastic cell resistance to pharmacological treatment. 
In our studies we have shown an elevated level of these proteins 
in the neoplastic cells of breast cancer. mtDNA is probably also 
implicated as suggested by its increased amount in peripheral 
blood leukocytes in colorectal cancer patients (18). Recent 
studies also suggest that changes of mtDNA content may be 
a prognostic factor for breast and lung cancer as well as for 
Hodgkin's lymphoma (19-21).

2. Mitochondrial DNA organization

mtDNA is made up of 16,569 nucleotide pairs (22,23). Almost 
all of them are used to encode genetic information. In mtDNA, 
genes are encoded for two types of rRNA, 22 types of tRNA and 
13 proteins involved in the process of oxidative phosphorylation 
(OXPHOS). Two strands of mtDNA are used for encoding a light 
and a heavy strand. Most of the genes are located in the heavy 
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strand. The light strand contains only genes encoding 8 types 
of tRNA for proline, glutamine, serine, thyrosine, alanines, 
asparagines, cysteines, glycines and a complex I subunit 6 gene 
of the respiratory strand (ND6) (4,23). In the mitochondrial 
DNA there is a non-coding region (D-loop, displacement loop) 
1,124 bp (base pair) long, containing transcription and replica-
tion elements for the heavy and light strands of mtDNA. D-loop 
is a three-stranded structure made up of a double-stranded light 
strand and a single-stranded heavy strand. In that region, there 
are 2 hypervariable regions (HVR1 and HVR2), known as ‘hot 
spots’, since most of the mutations are thought to take place 
there. mtDNA is more prone to the mutagenic activity of free 
radicals than nDNA due to the lack of protective activity of 
histones in the former. In addition, the globular, coiled struc-
ture of mtDNA favors the binding of alkylating substances 
such as N-nitrozometylamine or benzopyrene. At the same 
time, those carcinogenes accumulate in the lipid membrane 
of the mitochondrion, in which the mtDNA and its replicating 
enzymes combine. Aflatoxin B1, responsible for liver cancer, 
is an example of a carcinogen that preferentially attacks 
mtDNA (24). All of the above listed factors make for more 
frequent mutations in mitochondrial than in nuclear DNA.

3. Mitochondria and carcinogenesis

The mitochondrial chain of electron transporting consists of 4 
large complexes of respiratory enzymes, complex I, II, III and 
IV. Chronic exposure to ROS inactivates the iron-sulphuric 
center in complex I and II and III of the respiratory chain (25). 
There is a single-electron oxygen reduction during the electron 
transport to Fe-S centers and thus an increased production 
of free radicals, i.e., the superoxide anion radical. Inhibition 
of electron flow by complex IV leads to increased escape of 
the electrons beyond the respiratory chain. A key role in free 
radical production is played by the transmembrane potential 
of the mitochondrial membrane occurring as a result of the 
electron flow and proton transportation out to the cytosol. The 
opening of non-specific mitochondrial channels present in 
the mitochondrial membrane causes a drop in the membrane 
potential, swelling of the mitochondrial membrane and activa-
tion of apoptosis, ATP synthesis block, and outflow of calcium 
ions, glutathione and NAD(P)H from the mitochondrial 
matrix (25-27). The opening of those mitochondria megachan-
nels can be a result of increased influx of calcium ions to the 
mitochondrial matrix, increased exposure to free radicals or 
decreased energy production (28,29). Increased influx of Ca 
ions to the mitochondria can cause neutralization of the proton 
gradient and thus contribute to a decrease in the membrane 
potential and an increase in the production of free radicals. 
Mutations within mtDNA affect genes that encode proteins of 
the respiratory chain complexes leading to a defective flow of 
electrons and protons through that membrane, which conse-
quently increases its potential in neoplastic cells (30). Studies 
of cell apoptosis have shown that one of the earliest events 
initiating this process is a reduction of the inner mitochondrial 
membrane (IMM) potential to open its channels and enable 
the flow of proteins responsible for the induction of apoptosis 
(31,32). Also, changes in the mitochondrial membrane affect 
the expression of nuclear genes that control the synthesis of the 
cytoplasmic membrane (24,33).

Paragangliomas and papillary renal carcinoma mutations 
within succinate dehydrogenase (SDH) subunits B, C and D 
were detected as well as fumarate hydratase (FH) of enzymes 
belonging to complex II of the respiratory chain and to the 
Krebs cycle. As a result of SDH and FH mutations and their 
aberrant functioning in the Krebs cycle, there is an increased 
level of these enzymes in the mitochondrium, which inhibits 
the catalytic activity of 2-oxoglutarate-dependent dioxygen-
ases (34). These processes cause increased production of 
free radicals in the respiratory chain and further inhibition 
of dioxygenase function. Increased levels of FH and SDH 
activate the HIF-1 (hypoxia inducible factor) that blocks 
propyl hydroxylases leading to pseudohypoxia (35,36) and as 
a result there is increased glycolysis and further inhibition of 
the Krebs cycle (37). It is also known that HIF-1 activation 
affects vascular epidermal growth factor and, thus, the process 
of angiogenesis. It is thought that the process of angiogenesis 
is necessary and strictly connected with tumorigenesis.

A normal cell prior to division can contain both mutated 
and normal wild-type mtDNA, a condition known as hetero-
plasmy. Most changes within the mtDNA of a neoplastic cell 
are of homoplasmic nature. Therefore, there have been attempts 
to explain the process of attaining the state of homoplasmy. As 
a result of an intramitochondrial selection, one type of mtDNA 
begins to dominate in the mitochondrion (this process is called 
functional advantage) (24). Another selection occurs at the 
cellular level, where one type of the mitochondria, containing 
one type of mtDNA, begins to dominate. During a division, 
the cell attempts to change the proportion between the mutated 
and normal mtDNA and to obtain homoplasmy, i.e., a domina-
tion or exclusive presence of only one type of mtDNA. This 
process is called replicative segregation (24,38). During the 
process of cell division, a replicative segregation takes place 
with a selective advantage of the altered mitochondria. The 
period required for a replicative segregation to occur corre-
sponds with the phase of a neoplastic transformation. The cell 
that contains mutated mtDNA is growth-privileged and starts 
to proliferate, yielding offspring that now contain only one 
type of mtDNA. This initiates tumor growth. The above is the 
classical model of a cell attempting to attain homoplasmy.

In a mathematical model, researchers suggest that 
homoplasmy is obtained through a random segregation of 
the mitochondria during the cell division process (39). The 
subsequent generations of descendant cells either maintain 
heteroplasmy or, through a genetic drift, arrive at homoplasmy 
(39,40). The genetic drift can either cause elimination of rare 
variants of mtDNA or they can become established. This may 
be the case in neoplasia. The selective growth of cells with 
a mutated mtDNA may be a result of changes that occurred 
at the same time in nDNA, which stimulates these cells to 
proliferate and gives rise to a homogenic population in the 
previously altered mitochondria.

The appearance and degree of symptom severity in mito-
chondrial diseases depends on the proportion of normal and 
mutated DNA. The domination of a mutated mtDNA in a cell 
leads to disturbances of energy production in the process of 
OXPHOS, which results in cell and tissue damage. The clinical 
manifestation of these disturbances depends on the type of 
mtDNA damage, the degree of heteroplasmy and the sensitivity 
of a given tissue to cell respiration problems. The domination 
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of the mutated mtDNA triggers symptoms of a progressive 
nature. The other mechanism of carcinogenesis involving 
mtDNA consists in the introduction of mtDNA fragments into 
the cellular nucleus (41,42). In nDNA, sequences of mtDNA 
(pseudogenes) were found, which might have been translo-
cated, as a result of autofagocytosis, to the nucleus in the course 
of evolution (43-45). The introduction of mtDNA molecules, 
particularly in the vicinity of promoters, may cause activa-
tion and expression of proto-oncogenes (33). This theory was 
confirmed in chemically-induced rat hepatomas, SV-40 virus 
modified fibroblasts and in the HT-1080 fibrosarcoma cell line, 
which demonstrated an increased number of copies of COI, 
COII and COIII pseudogenes in the nuclear genome compared 
to normal cells (46). In the human HeLa cell line, fragments of 
mtDNA were found belonging to genes 12S rRNA, cytochrome 
oxidase subunit  I and III as well as NADH dehydrogenase 
introduced within the area of the c-myc gene (42).

An overexpression of proto-oncogenes causes protein 
synthesis damage, which leads to disturbances of cell growth 
and cancer progression. The involvement of both the mito-
chondria and mtDNA in carcinogenesis is possibly a complex 
process in which both mechanisms are active.

4. Mutations in the mitochondrial DNA in neoplasms

Mutations occurring in mtDNA can be beneficial or adap-
tive, neutral and harmful or pathogenic. Beneficial mutations 
are a result of human adaptation to the constantly changing 
environmental conditions, which has enabled humans to adapt 
to climate changes over centuries of evolution. The adapta-
tive mutations that have taken place in the mtDNA of our 
ancestors migrating to other continents may have influenced 
human predisposition to certain diseases. One such example 
is haplogroup J, where the presence of an additional mutation 
greatly increases the risk of blindness in Leber hereditary 
optic neuropathy (47,48).

Typically, mtDNA is maternally inherited, which is why 
it does not undergo the process of recombination. Changes 
in mtDNA are a result of mutations that have taken place in 
germ or post-mitotic cells. It appears that only after these 
two mutations have occurred together and when there is a 
mutual reaction between them do they surface as mitochon-
drial diseases. Human neoplasms, both those running in the 
family as well as those occurring randomly, show spontaneous 
mutations in the nuclear genome. They are possible caused by 
insufficiency of a group of genes classified as mutator genes 
(mismatch repair genes; MMR) (49,50).

The first mtDNA mutation linked to a neoplasm was 
described in renal neoplasms. It involved gene ND1 for oxida-
tive phosphorylation (51). mtDNA somatic mutations (25-80%) 
have been found in many neoplasms (52,53). In 70% of colon 
cancer cases 1-3 mutations were found. In urinary bladder 
cancer 64% somatic mutations were present and in head and 
neck squamous cell carcinoma they constituted 46% (52). In 
lung cancer there were 43% mutations (52), in ovarian cancer 
60%, and 23% in papillomatous thyroid carcinoma (54). Our 
own pilot studies in breast cancer found polymorphisms 
(C14766T and G14905A) and mutations in cytochrome  b 
and mtRNA for the glutamic acid concerning position 14907 
(A→G), 14906 (C→T), 14966 (A→G) and deletion CTCGCAC 

between 14681 and 14688 for mtRNA of the glutamic acid 
(55). Moreover, in breast cancer carcinoma, sequence analysis 
of 22 genes encoding mt-tRNA revealed 8 polymorphisms and 
2 mutations detected in 34% of the patients (56). Transitions 
A15924G and A12308G took place only in neoplastic cells, 
but not in the blood, so the mutations can be attributed strictly 
to the neoplastic process. The authors suggest that its may 
affect the secondary and tertiary tRNA structure; polymor-
phisms may lead to mitochondrial dysfunction and contribute 
to revealing other changes in mtDNA (56).

To date, most of the mutations in mtDNA have been found 
in prostate cancer (57). In the European population, prostate 
cancer patients experienced more frequently occurring 
homoplasmic changes of missense type than healthy subjects 
(11 vs. 6.5%) as far as neoplastic cells and lymphocytes in 
complex IV subunit  I (COI) are concerned (57). This may 
suggest that they are not somatic changes, but ones that have 
already taken place in the germ-cell line. They described four 
missense-type mutations involving COI in prostate cancer: 
mutation T6253C in patients belonging to the mitochondrial 
haplogroup H; mutation C6340T in patients in haplogroup J, 
T, L1 and N; G6261A in haplogroup H and N; and A6663G in 
LO and L2. Moreover, male patients who had changes in COI 
faced an increased risk of prostate cancer (57). The correlation 
between polymorphisms in COI and prostate cancer incidence 
is also confirmed by increased predisposition to the disease 
among African-American males compared with Americans 
of European descent. In the African population, the frequency 
of polymorphisms in COI is 17.4% compared with 6.5% in the 
European population of Americans (58). The polymorphisms 
in question are thought to be 7,385 and 7,146 occurring in the 
African line of haplogroup L0 and L0L1. In prostate cancer, 
there is also an increased expression of subunits encoded by the 
nucleus for complex IV, which may be a consequence of abro-
gating the effects of mtDNA mutations for that complex (59).

Mutations in COI, COII and COIII have been described 
both for solid tumors such as colon neoplasms (60) and 
for hematologic diseases such as sideroblastic anemia (61) 
or myelodysplastic syndrome (62,63). In myelodysplastic 
syndrome they occurred in COI in 12/30 patients and in COII 
in 12/20 patients. The most frequent occurrence (25%) involved 
region 7264; 15% concerned region 7289 in COI. In COII, 40% 
were found in region 7595 and 30% in region 7594 (63).

Salas et al (64) take a critical approach toward the studies 
that find a definite link between mitochondrial mutations and 
neoplasia. According to them, most of the described homo-
plasmic mutations are adaptive polymorphisms not necessarily 
connected with a tumor.

In the pancreatic cancer cell line CEPAC (40), transitions 
in COI type T5999C and A6047G were described. These 
polymorphisms belong to subgroup U. Polymorphism T5999C 
occurs in haplogroup  U3b, U4 and U9 and polymor-
phism A6047G in subgroup U1a (65,66).

In the mitochondrial genome, the most changeable region 
is the displacement loop (D-loop). Most of the discovered 
point mutations are found there. In hepatomas there are 42.6% 
mutations, in stomach cancers 51.6%, in colon cancers 40%, in 
lung cancer 22.6% (67), in breast cancer 30% (68), in ovarian 
cancer 20% (69), in Barrett's esophageal cancer 40% (70) and 
in squamous cell esophageal cancer 4% (71).
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Among the 50 patients with cancer originating from 
hepatic cells characterized by the presence of K-RAS onko-
gene and TP53 mutation in the tumor cells, 17 were diagnosed 
as having changes in mtDNA of the D-loop region 9 and in 5 of 
those patients the discovered changes correlated with changes 
in their blood serum. Conversely, no correlation was found 
between mutation occurrence and histopathologic analysis of 
a tumor, patient age or infection with the hepatitis B or hepa-
titis C virus or cirrhosis (72).

One of the mechanisms preventing the development 
of a neoplasm is cell aging (73). The epithelial cells of the 
mammary gland were found to have lost the ability to stop 
dividing and enter the plateau phase that leads to cell aging. 
These cells underwent frequent divisions and agglomera-
tions of cells had formed which were entering a new phase of 
growth. Those cells had chromosomal abnormalities leading 
to disturbances of telomere structure, which account for breast 
cancer in mice (74). The presence of deletion 4,977 bp corre-
sponds to cell aging. The discovery of this deletion in breast 
cancer cells as well as in the normal tissue of post-menopausal 
women attests to the beginning of a neoplastic transformation 
in already non-dividing, aging cells (74). It should be noted, 
however, that the deletion was more frequently met in non-
neoplastic tissue (48.3%) than in cancer cells (5%) (75). Similar 
results were shown by Wu et al (7) in their study on stomach 
cancer. The mutation was visible in 3 (9%) cases of cancer 
and in as many as 17 (55%) samples of non-neoplastic tissue. 
Deletion 4,977 bp occurring between the positions 8470 and 
13477 is connected with the process of cell aging and certain 
mitochondrial diseases. The deletion mainly concerns genes 
for mitochondrial tRNA. In that region there are also genes for 
cytochrome oxidase of subunit III (COIII), ATP6 and ND4, 
which may cause an impairment of OXPHOS.

Zhu et al (76) discovered at least one somatic mutation 
in 14/15 cases of breast cancer. Most mutations (as many as 
38%) involved the D-loop region and 28% concerned the 
remaining regions. Out of 45 described mutations, 11 caused 
an amino-acid replacement in an encoded protein. The muta-
tions concerned NADH dehydrogenase subunit 2 (G4665AG 
A60T), ATPase subunit  8 Fo (A8948GA K45E), COIII 
(T9885AT - F227I9) and cytochrome b (G15755TG-G337W, 
T15783C-L346P, A15824G-T360A). In this study, 155 poly-
morphisms were found, 38% of which involved the D-loop and 
62% involved encoding regions. In studies concerning changes 
in the mucous membrane of the stomach such as chronic 
inflammation of the mucous membrane of the stomach, gastro-
intestinal metaplasia, dysplasia and gastric cancer there was an 
accummulation of somatic changes in mtDNA, i.e. 12.5, 20, 
25 and 38.2%, respectively (77). A rising number of mutations 
in mtDNA indicates their early role in gastric carcinogenesis.

The role of somatic mutations in mtDNA for the progres-
sion of neoplasms is still under investigation. It is quite 
possible that mutations in conservative nucleotides, replication 
sites, transcription promoters or transcription binding sites can 
disturb the amount of the mitochondrial transcript and mature 
proteins, thereby impairing the overall activity of the mito-
chondria. On the other hand, mutations in mtDNA-encoded 
genes of OXPHOS do not necessarily cause changes in the 
encoded protein. In pancreatic cancer, 26/49 changes were 
silent changes within expressed sequences. The remaining 

23 mutations within coding sequences, or regulatory sequences, 
exhibit potential functional significance and concerned rRNA, 
NADH dehydrogenase for subunits ND1-ND5, cytochrome b, 
complex IV of cytochrome c oxidoreductase, ATP synthetase 
subunit 6 and 8 and the D-loop (40). Thus far, no mutations 
characteristic of any particular type of neoplasm have been 
identified.

Essentially, these mutations should first and foremost 
cause a neoplastic transformation by changing the cell energy 
resources, increasing mitochondrial oxidative stress and 
modulating apoptosis. There is also a question of whether the 
mutations present in the mitochondrial DNA are primary to 
the neoplasm or whether they are a consequence of changes 
and processes characteristic of a neoplasia. The former is 
supported by the fact that they appear as clinical symptoms 
after a long time since a mutation has taken place (when the 
mutated DNA begins to dominate) and a progressive, slow 
character of those symptoms. In spite of extensive studies, the 
involvement of the mitochondria in the process of carcinogen-
esis remains unclear.

Tseng et al (68) argue that the appearance of mutations in 
the D-loop region in breast cancer (30%) corresponds with 
a shorter time to progression of the disease compared with 
a control without those mutations. The mutations were more 
frequent in women >50 years of age and in patients without 
the expression of hormonal receptors (P=0.024). In studies 
on stomach cancer, changes in the D-loop region did not 
correspond to any pathological and clinical features. However, 
the authors suggest that somatic mutations and deletions in 
mtDNA are connected with carcinogenesis and progression 
of the disease since they occurred mainly in the ulcerative, 
infiltrating and diffused stomach cancer (77,78).

Another study confirmed that in gastrointestinal neoplasms 
there was a high frequency of mutations independent of the 
cancer location: 14% (7/51) in esophageal cancer, 15% (14/94) 
in stomach cancer and 8% (11/133) in colon cancer (79). It did 
not show, however, a correlation of mutation frequency and 
age, gender, depth of neoplastic infiltration or the number of 
lymphatic nodes involved (79). In nasopharyngeal neoplasms, 
however, a significant correlation (P=0.01) was found between 
smoking and the occurrence of mutations in the D-loop region. 
No correlation, though, was found between patient prognosis 
and the response to neoadjuvant therapy (80).

In breast cancer, Tan et  al (81) examined 19  tumors, 
where mostly homoplasmic changes were found. Only one 
case displayed heteroplasmic changes although we cannot 
exclude contamination with normal tissue. The heteroplasmic 
change concerned position C16147T of the D-loop region. 
Heteroplasmic changes normally refer to neoplastic cells. 
When analyzing a tumor, it is hard to definitely determine 
the presence or absence of normal cells in the tumor in the 
case of heteroplasmy. Studying the tissue surrounding a tumor 
we cannot be completely certain there are no neoplastic cells 
present. Blood heteroplasmy of gene encoding tRNA-Thr was 
diagnosed in breast cancer carcinoma (56). The polymorphism 
15924A could be a result of contamination of the blood with 
circulating neoplastic cells. This polymorphism was accom-
panied by polymorphism 12308G, also present only in the 
patient's blood. The authors suggest that these mutations are 
closely associated with cancer cells (56).
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Tan et al (81) described 4 somatic changes for OXPHOS 
in breast cancer. In three cases they involved NADH dehy-
drogenase subunit  2 (silent mutations) and ATP synthase 
subunit 6 in T9131C. The latter is listed in the database as 
a polymorphism. It is hard to conclude if it plays any part 
in carcinogenesis. Two other polymorphisms are thought to 
be linked to increased risk of breast and endometrial cancer. 
Polymorphism 16189 (T→C) is thought to be present in endo-
metrial cancer (82). Polymorphism 10398 (G→A) occurring in 
haplogroup N concerning ND3 gene changing codon A114T 
is thought to increase the risk of breast cancer in African-
American women (83,84). No such dependency was found in 
American white women, although more frequent occurrence 
of this polymorphism was found in Polish women with breast 
cancer compared with the control (85). Similar results were 
obtained by Hindu researchers in studies of breast cancer in 
Hindi women (86). Cells with 10398A polymorphism have a 
decreased pH in the mitochondria matrix and a decreased level 
of Ca2+ compared with 10398G cells (85). It is thought that the 
occurrence of polymorphism 10398 contributes to the decrease 
in cellular free radicals, which can cause somatic mutations 
within DNA. However, Setiawan et al (87) deny a correlation 
between an increased risk of breast cancer in African women 
and polymorphism 10398. A critical approach to a relationship 
between mutations or polymorphisms and neoplasms is also 
taken by Salas et al (64). They claim that most of the assumed 
cancer-related mutations described are rare polymorphisms 
and they do not have to be connected with neoplasia.

The polymorphism in COIII described in the literature at 
position A9477G and causing a change of valine into isoleucine, 
is conducive to migrenous stroke fits, especially if it occurs 
together with the tRNA polymorphism 12308 for leucine or 
16sRNA polymorphism 2706 (88,89). This polymorphism 
is connected with mitochondrial haplogroup U5 and is not 
considered to be neutral to the functioning of the protein (90). 
It involves a replacement of a conservative amino-acid here, 
i.e. valine, by isoleucine. Valine in PSSM reaches the value of 
5 and isoleucine the value of 2.

Brandon et al (9) maintain that the occurrence in neoplasms 
of polymorphisms typical of particular mitochondrial 
haplogroups can be a result of acquiring by those cells the same 
mtDNA mutations as during the migration of our ancestors from 
Africa to other continents. These mutations are supposedly a 
consequence of the neoplastic cell adaptation to a changing 
environment during the process of carcinogenesis. It is likely 
that there is an activation of similar mechanisms taking place 
as during the human migrations. They also take into account 
that some of the mutations or polymorphisms which seem to 
be specific to a neoplasm and which are described by different 
researchers, are, in reality, polymorphisms typical of a given 
population (9). In the European population we usually deal with 
subgroups H, I, J, K U of mtDNA depending on the polymor-
phisms concerned (91). The occurrence of those polymorphisms 
can contribute to susceptibility to certain diseases, especially 
when they accompany additional changes in mtDNA. It has 
been proven that the presence of mutation14484 in haplogroup J 
is connected with an 8-fold increase of LHON risk (92). Change 
4336C in haplogroup H is thought to be sufficient for late-onset 
Alzheimer's incidence (93). The appearance of type A12308G 
polymorphism in mitochondrial haplogroup U favors more 

frequent fits in people suffering from migraines. In mito-
chondrial diseases, most mutations concern genes for tRNA, 
considered to be hot spots in those cases (94,95). Contrary to 
mitochondrial diseases, mutations in genes encoding mitochon-
drial tRNA are not hot spots for breast cancer (56).

5. Homoplasmic and heteroplasmic mutations

In colon cancer, 70% ROS-induced mutations have been 
described which involved a replacement of type T by C and 
type G by A (60). Those were mostly somatic and homoplasmic 
mutations similar to ovarian cancer (69).

Somatic cells contain hundreds to several thousand mito-
chondria, which, in turn contain 1-10 copies of mtDNA genes. 
Due to its structure, mtDNA often undergoes spontaneous 
mutations many of which are considered to be polymorphisms. 
It is hard to explain how, among the great number of mtDNA 
haplotypes, one type begins to dominate which is charac-
teristic of a neoplastic cell and which is usually discovered 
as homoplasmy in tissue lesions or aging. Numerous studies 
of hetero- and homoplasmy in mtDNA point to a more 
frequent than previously thought occurrence of heteroplasmy 
which is still not evidence of its pathological character (64). 
Mitochondrial DNA seems to be unique in this respect and 
the occurrence and degree of heteroplasmy may depend on the 
type of tissue. Point mutations in neoplasms are usually homo-
plasmic while heteroplasmy, often seen in tumors or normal 
aging cells, typically involves deletions. A question arises 
whether homoplasmic mutations occurring in mtDNA arise 
de novo or whether they have been in the cell from the begin-
ning. In a study conducted by Polyak et al (60), the formation 
of homoplasmic mtDNA was closely observed. A fusion of 
the DLD1 cell line resistant to geneticine and the HCT116 cell 
line resistant to hygromycine was implemented. In the new cell 
hybrids, following several divisions there was a prevalence of 
cells containing mtDNA from the DLD1 cell line and the final 
result was the presence of only the mtDNA of DLD1 resistant 
to geneticine. What happened here was a selective dominance 
of one type of mtDNA and to homoplasmy. It seems that the 
mutated mitochondrial DNA is replicated to a greater extent 
than the wild-type DNA. During carcinogenesis we deal with 
thousands of more cell generations. The process continues long 
enough for neoplastic cells to allow the ‘wild‑type mtDNA’ to 
be replaced by the mutated one.

There is a recent assumption (a bottleneck hypothesis) that 
homoplasmy or heteroplasmy in the neoplastic cells occur 
when the descendant cells receive a group of mitochondria of 
the same haplotype during mitosis (96). Through a repeated 
division of the mitochondria containing two types of the 
mitochondrial haplotype: the wild-type and the mutated one, 
(an agglomeration of) mitochondria of the same haplotype are 
formed inside of the cytoplasmic domains (40,96). As long as 
there is predominance of wild-type mitochondria in a normal 
cell, heteroplasmy is not detectable. During mitosis, a segrega-
tion of the mitochondrial genome probably takes place in a 
cell. Each of the two daughter cells receives the mitochondria 
containing only one type of mtDNA. The result is that one 
daughter cell contains the wild-type mtDNA while the other 
one has the mutated type. The cell containing the mutated 
mtDNA begins the process of transformation and expansion. 
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Heteroplasmy or homoplasmy, therefore, arises at the very 
beginning of cancer development. During the neoplasm expan-
sion new variants of heteroplasmy can be formed in a cell (96).

Numerous studies have shown that in the case of epithelial 
tissue neoplasms, at least one homoplasmic mtDNA mutation 
is present (72,97). Further cell divisions connected with the 
transformation of the cell into a neoplastic one are supposed to 
both enable further mutations and facilitate expansion. This is 
why we should expect an increased number of mtDNA muta-
tions in tumors compared with the normal tissue (39). This 
is also why in the majority of neoplastic tumors, changes in 
mtDNA are of homoplasmic nature.

It also appears that due to the great number of mutations 
occurring in it in neoplasms, mtDNA, such as nDNA, can 
become a neoplastic marker. Previously, ways of detecting 
mutations in the urine (52), blood (72) or saliva (52) of cancer 
patients have been reported. In head and neck neoplasms as 
many as 67% of changes detected in the tumor corresponded 
with changes in the patients' saliva (52). The homoplasmic 
changes detected in the bronchial discharge corresponded in 8 
out of 10 cases with changes in the bronchial tumor compared 
with a lack of such changes in the normal tissue (52).

Zhu et al (76) compared the detectability of mtDNA muta-
tions in samples obtained through a fine-needle aspiration 
biopsy and in postoperative tissue from breast cancer. In the 
postoperative samples they found at least one mutation. The 
biopsy samples contained mtDNA mutations in 15/19 cases. 
Four patients had no mutations (there were no false positive 
results), which means that each of the changes present in the 
bioptate was also present in the postoperative tumor sample.

6. The role of sense mutations

It is thought that the mitochondrial replication is a controlled 
process and a signal coming from the functionally altered 
mitochondria provokes an excessive replication to improve 
the functioning of the cell (98). The phenomenon suggests 
that each of the mtDNA mutations affects their functioning. 
However, it is difficult to explain how silent mutations, which 
do not cause changes in the protein, affect the functioning of 
the mitochondria. There are two theories.

The first one assumes that these sense mutations carry with 
them some extremely hard to detect, unidentified mutations, 
which lead to a selective domination of the mutated genome 
and a replacement of the wild-type by it. It is possible that 
when the mitochondrial genome does not undergo recombi-
nation, a mutation is to some extent established, resulting in 
genetic hitch-hiking, and causes heteroplasmy followed by 
homoplasmy in the following generations (96,99,100).

The second theory maintains that the mitochondrion itself 
controls its own replication. When its functioning begins to 
change, such a ‘mutated’ mitochondrion starts to replicate 
intensively, whereby it begins to dominate in the cell (40,100).

It is also unclear how these sense mtDNA mutations influ-
ence and modulate the very process of translation, particularly 
when this process in mtDNA differs slightly from the cyto-
plasmic one (mtDNA mRNAs do not have 5' and 3' UTRs) (9).

It appears that apart from mtDNA mutations the key 
factor is an additional occurrence of polymorphisms, which 
can cause a very subtle, almost undetectable, elevation of free 

radical production. It cannot be excluded that polymorphisms 
might be those additional changes accompanying the sense 
mutations which might favor the selective domination of the 
mutated mtDNA (96).

7. Conclusion

Mitochondria play a significant role in oxidative phosphory-
lation and apoptosis. Changes in mtDNA may disturb these 
processes and lead to the abnormal function of the cell. These 
abnormalities appear to be one of the general features of 
malignant cells. Up to 80% of somatic mutations in mtDNA 
are found in various neoplasms. However, whether they 
are a consequence or a cause of cancer remains unclear. 
Nevertheless, if the supporting alterations in mtDNA occur at 
the early stage of carcinogenesis, they may be used as markers 
for the early detection of cancer.
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