
Introduction

Mitochondria are 0.002–0.008 mm long, rice-

shaped, membrane-bound organelles responsible

for the supply of most of the energy needed by

the cell through the process known as oxidative

phosphorylation (OXPHOS). These structures are

not only the powerhouses of the cell but also key

players of apoptosis, thus executors of cell life or

death (Desagher and Martinou 2000; Lee et al.

2005). Human mitochondrial DNA (mtDNA) is

a 16.5-kb circular double-stranded DNA mole-

cule, sequenced for the first time by Anderson

et al. (1981). The mtDNA is present in a high copy

number per cell but the number varies widely de-

pending on cell type. Human mtDNA contains

genes encoding 13 polypeptides involved in

OXPHOS, 2 rRNAs, and a set of 22 tRNAs essen-

tial for protein synthesis in mitochondria. In addi-

tion, mtDNA contains a noncoding region – the dis-

placement loop (D-loop), involved in the control of

replication and transcription of mtDNA (Figure 1)

(Fernandez-Silva et al. 2003).

Warburg (1956) recognized ‘respiration dam-

age’ as a unique feature of cancer cells. Later on,

cancer cell metabolism was thoroughly investi-

gated and cancer cells were found to exhibit

a higher rate of glycolysis, an increased rate of glu-

cose uptake and metabolism, reduced pyruvate ox-

idation followed by increased lactic acid

production, increased glycerol and fatty acid turn-

over accompanied by reduced fatty acid oxidation,

and increased pentose phosphate pathway activity

(Capuano et al. 1997; Mathupala et al. 1997;

Modica-Napolitano and Singh 2002). For many

years the molecular background of these changes

was not defined. In recent years, instability, gene

mutation or abnormal expression of the mitochon-
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drial genome has been detected in many kinds of

malignant cancer tissues (Augenlicht and Heerdt

2001; Bartnik et al. 2001; Bianchi et al. 2001).

These changes in the mtDNA sequence are further

accompanied by enhanced ROS (reactive oxygen

species) production associated with damage to the

mitochondrial respiratory complexes and electron

leakage. The mtDNA mutations that inhibit oxida-

tive phosphorylation can increase ROS production

and thus contribute to tumorigenicity. ROS may

induce mutations and oxidative damage to

mtDNA but also to proteins, cell membranes and

nuclear DNA. Numerous tumours have been

found to increase ROS production, and alterations

of mtDNA have been recognized to play an impor-

tant role in the pathogenesis of cancer. Mutant

mtDNA has even been reported to be 220 times

more abundant than a mutated nuclear DNA

marker of cancer cells (Sidorik and Beregovskaia

1983; Jackson et al. 2002; Modica-Napolitano

and Singh 2002; Hood et al. 2003; Petros et al.

2005).

Even though some of the mutations are inher-

ited, most mtDNA mutations found in cancer cells

are accumulated in somatic cells during the life of

an individual. Both inherited and somatic mtDNA

mutations are known to cause severe disorders.

Most mutations that occur in the tRNA genes and

structural genes of mtDNA are reported in the af-

fected tissues of patients with so-called mitochon-

drial disorders. By contrast, many of the mtDNA

mutations found in human cancer samples are lo-

cated in the D-loop region. This loop has been

shown to be a mutation ‘hot spot’ in human can-

cers. Because the D-loop is involved in the control

of replication and transcription of mtDNA, muta-

tions in this region might cause a decrease in

the copy number or alteration in gene expression of

the mitochondrial genome, which would further de-

regulate mitochondrial metabolism and OXPHOS

(Lee et al. 2005; Zhao et al. 2005).

Colon cancer

Colon cancer is the second most commonly diag-
nosed cancer in Poland among both men and
women. About 11 000 patients are diagnosed an-
nually and about 8000 people per year are ex-
pected to die as a result of this malignancy in our
country. Colorectal tumours represent a wide
spectrum of neoplasms, mostly of epithelial ori-
gin. According to their histopathology, colorectal
tumours can be classified as benign lesions or in-
vasive cancer, which fall into 3 categories:
non-neoplastic polyps, neoplastic polyps (adeno-
matous polyps, adenomas), and cancers. About
97% of colon cancers are adenocarcinomas,
whereas the other 3% are diagnosed as mucinous
(colloid) adenocarcinoma, signet ring adeno-
carcinoma, scirrhous tumours, or neuroendocrine
tumours (Morson 1974; Krus and Skrzypek-
Fakhoury 1996; Brener and Piekarski 2003).

The transformation of normal epithelium to

adenoma and carcinoma is a multi-step process

described previously in detail by Vogelstein

and Kinzler (1993). The key changes include
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Figure 1. Structure of mitochondrial DNA. Orange = mtDNA heavy strand; yellow = mtDNA light strand; green

(L) = light strand transcription initiation site; blue (H1) = heavy strand transcription initiation site 1; pink (H2) = heavy

strand transcription initiation site 2; OH = heavy strand replication initiation site; OL = light strand replication

initiation site.



a loss of the APC gene, mutation of the KRAS

oncogene, and loss of DCC/MADH2/MADH4 and

TP53 gene functions. Recently a cause-and-effect

relationship between inflammation and cancer has

been described. This hypothesis points toward

Toll-like receptors and the NF-�B pathway,

known to play an important role in the control of

epithelial homeostasis and transformation (Fearon

and Vogelstein 1990; Vogelstein and Kinzler

1993; Clevers 2004).

For several years, mtDNA mutations have been

associated with development and progression of

colorectal cancer, which is probably the most stud-

ied cancer type in the mitochondrial field. This

field of research was developed by Vogelstein’s

group (Fearon and Vogelstein 1990; Polyak et al.

1998), who sequenced the mtDNA genome of

10 human colorectal cancer cell lines and found

12 different mutations in 7 of those cell lines.

Of the 12 mutations identified, 8 were found in

protein-coding genes (ND1, ND4L, ND5, COX

subunit II, COX subunit III, cytochrome b) and 4

in rRNA genes (12S rRNA and 16S rRNA). These

were predominantly TC or GA transitions.

The mutations included 11 nucleotide substitu-

tions and a single base-pair insertion. Of the 8 mu-

tations in protein-encoding genes, 6 were

missense mutations, 1 was a nonsense mutation,

and 1 was a single base-pair insertion. Three of

the cell lines contained just 1 mutation and 4 lines

contained 2–3 mutations (Polyak et al. 1998).

A very early report on mtDNA deletions comes

from the Shay group that described those in the

Caco-2 cell line (Savre-Train et al. 1992). Later

many reports have shown mtDNA mutations in

cancer samples. In the work of Alonso et al.

(1997), 23% (3/13) of colorectal tumours revealed

two AT/GC transitions. Forty-five sporadic

colorectal carcinomas were the subject of investi-

gation of Habano et al. (1998), who detected alter-

ations in a polycytidine tract within the D-loop

region in 20 carcinomas (44%), and also

frameshift mutations in a polyadenosine (A)8 or

polycytidine (C)6 tract within NADH dehy-

drogenase (ND) genes. Other reports point to

frameshift or missense mutations rather than

large-scale changes in the mtDNA that are found

in the tumour samples from colorectal cancer pa-

tients. According to Habano et al. (1999) and Zhao

et al. (2005), the presence of microsatellite insta-

bilities (mtMS) is not common in colorectal carci-

nomas. Habano et al. (1999), who analysed

45 carcinomas with single-strand conformation

polymorphism (SSCP), demonstrated NADH

dehydrogenase (ND) gene alterations in

7 carcinomas (16%), including 3 mononucleotide

repeat alterations, 2 missense mutations, and

1 small (15-bp) deletion. Six of these 7 carcinomas

also exhibited microsatellite instabilities of the

(C)n sequence in the D-loop region. This region,

which constitutes only 6.8% of the mitochondrial

genome, seems to be of pivotal importance, as it is

the hotspot for somatic mutations in colorectal tu-

mours. Zhao et al. (2005) in their recent report

emphasized that although the mtDNA D-loop is

only 1.12 kb long, numerous mutations are found

in cancer patients (18 mutations among 20 pa-

tients), as compared with the remaining 15-kb

mtDNA. This group indicates that the D-loop of

mtDNA is a fragment with a high mutation rate.

Lievre et al. (2005) also favour this hypothesis.

Those authors sequenced the D-loop region of 365

patients and found it mutated in 38.3% of the

cases. The longitudinal analysis has shown that

the 3-year survival rate is 53.5% and 62.1% in pa-

tients with and without D-loop mutations, respec-

tively. After adjustment for age, stage, and

microsatellite instability status, the relative risk of

death in patients with D-loop mutations was 1.40,

as compared with patients not harbouring D-loop

mutations. Moreover, in stage III patients,

adjuvant chemotherapy was beneficial only for pa-

tients without D-loop mutations, so mutations

seem to be a resistance factor to fluorouracil-based

adjuvant chemotherapy (Lievre et al. 2005).

Our group has reported a homoplasmic A3243G

mtDNA mutation in colon cancer. This particular

mutation was previously known for its involve-

ment in the pathogenesis of mitochondrial

myopathy, encephalopathy, lactic acidosis and

stroke-like episodes (MELAS an inherited mito-

chondrial disorder). This discovery highlights re-

spiratory deficiencies as a common marker of

cancer and mitochondrial diseases (Lorenc et al.

2003).

Moreover, alterations in the expression of mi-

tochondrial-encoded respiratory chain subunits

have been demonstrated in primary tumour sam-

ples from colorectal cancer patients as well as pa-

tients with pre-malignant familial polyposis coli

(FPC) syndrome. A study by Chester et al. (1990)

of 15 colorectal cancer patients found that ND2

mRNA expression levels were elevated in the ma-

lignant tissue as compared to normal tissue from

the same individuals. Recently, it has been re-

ported that the expression level of the �-subunit of

F1-ATPase (required for mitochondrial ATP syn-

thesis) is decreased in malignant tissue (Lee et al.
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2005). Another analysis by Lu et al. (1992) of cell

line HT-29 also revealed abnormalities. Elevated

expression of 16S rRNA, ND4, ND4L,

cytochrome b, COXII, ATPase 6, and ATPase 8

was detected there. Yamamoto et al. (1989) have

suggested a change not only in the rate of synthesis

but also in degradation of mtRNA in the process of

carcinogenesis and claim that this mechanism may

be responsible for undetectable changes in mito-

chondrial mRNA levels when neoplastic and nor-

mal tissues are compared.

Gastric cancer

Gastric cancer is the third most commonly diag-

nosed cancer in men and the seventh in women in

Poland. About 5 000 patients are diagnosed with

gastric cancer annually in our country. Most of the

patients are diagnosed in late stages of the disease,

so the 5-year survival rate is only 10–25%. Among

gastric cancers, adenocarcinoma is diagnosed in

95% of cases. The cellular classification divides

adenocarcinoma into fungating or polypoid type,

ulcerating, superficial spreading and diffusely

spreading types. Microscopically this includes in-

testinal, pylorocardial, signet ring cell and

anaplastic (undifferentiated) morphology. Other

types include papillary and mucinous adeno-

carcinomas, adenosquamous and squamous cell

carcinomas, and mixed adenocarcinoma and

choriocarcinoma (Fine and Chan 1985; Krus

and Skrzypek-Fakhoury 1996; Tenderenda 2003).
Among reports on gastric cancer there is no

agreement in respect to mutation rate. Some re-
ports present the idea of frequent mtDNA muta-
tions in cancer patients. This includes the paper by
Maximo et al. (2001), who detected mtDNA alter-
ations in 81% (26 samples) of carcinomas.
The mtDNA mutations were found mainly in the
D-loop and ND1 and ND5 genes, and represented
transitions. Lee et al. (2005) found that 16 of 31
(51%) gastric cancer samples harboured muta-
tion(s) in the D-loop of mtDNA. At the same time
Zaho et al. (2005) found only 35% mutations in
gastric cancer specimens. Alonso et al. (1997)
analysed 8 gastric adenocarcinomas and found
mutations in the hypervariable region of mtDNA
in only 3 cases (37%). Even fewer mutations were
found by Tamura et al. (1999), who analysed
15 samples of adenoma, 15 of differentiated
adenocarcinoma and 15 of undifferentiated carci-
noma and screened those for mtDNA mutations in
the noncoding control region of mtDNA. Only
2 of the 45 tumours (4%) were positive.

On the other hand, a somatic 50-bp mitochon-

drial D-loop deletion was detected in four gastric

adenocarcinomas arising from the

gastroesophageal junction (Burgart et al. 1995).

The frequency of the 4977-bp mtDNA deletion

(so-called common deletion) was investigated in

mtDNA in tumour cell lines, solid tumours and se-

rum of gastric tumour patients, and it was detected

in 12 of 13 (92.3%) tumour cell lines, 38 of 52

(73.1%) cases of solid tumour tissues, 27 of 52

(52%) samples of adjacent normal tissues, 17 of 40

(42.5%) serum samples, and 8 of 40 (20%) normal

sera. A good correlation between the deletion and

young age of patients was demonstrated (Shen

et al. 2003). Recently, Lee et al. (2005) reported

that the expression level of the �-subunit of

F1-ATPase (required for mitochondrial ATP syn-

thesis) is decreased in gastric tumours.

Prostate cancer

Prostate cancer is the most commonly diagnosed

cancer in men in most of Western countries and

a leading cause of cancer-related mortality. More

than 95% of primary prostate cancers are

adenocarcinomas. The Gleason classification de-

scribes tumour cell differentiation and abnormal-

ity of histological growth (Gleason 1966). Surgery

is still the most effective treatment for this disease.

Since the likelihood of effective treatment de-

pends mostly on the early detection of the tumour,

the development of novel and more effective de-

tection techniques and markers for early-stage

prostate cancer is very important (Gleason and

Mellinger 1974; Jeronimo et al. 2001). A number

of genes have been found to be mutated in prostate

cancer. Nevertheless, most reported alterations

have been found either just in a small number of

cases (Ras activation, p53 inactivation), or mostly

in advanced stages of the disease (PTEN inactiva-

tion) (Jeronimo et al. 2001). Only overexpression

of mitochondrial chaperone Hsp60 seems to pro-

vide an early-stage marker of the disease (Pomara

and Cappello 2003). In the light of these data,

mtDNA mutations are intensively investigated, as

they might serve as early-stage markers of pros-

tatic lesions or prognostic markers of chemother-

apy responsiveness. So far, germline and somatic

mtDNA mutations have been proven to contribute

to prostate cancer (Petros et al. 2005). Chen and

Kadlubar (2004) revealed extensive somatic

mtDNA mutations in prostatic lesions and de-

scribed specific patterns of mtDNA mutation in

prostate carcinogenesis.

Focusing on the cytochrome oxidase subunit I

(COI) gene, Petros et al. (2005) found that

11–12% of all prostate cancer patients harboured
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COI mutations that altered conserved amino acids,

in comparison to less than 2% of controls.

Jeronimo et al. (2001) analysed the D-loop region,

16S rRNA, and the NADH subunits of complex I,

and reported 20 mtDNA mutations in the tumour

tissue of 3 patients, which shows a high mtDNA

mutation rate in the process of prostate

carcinogenesis. Moreover, the same mutations

were also detected in all patients in PIN lesions

(prostate intraepithelial neoplasia), urine, and

plasma samples. Those authors concluded that

mutations in prostate adenocarcinoma occur early

in cancer progression and they can be detected in

body fluids of patients at an early stage of the dis-

ease.

Liver cancer

Primary liver cancer is diagnosed in 2000–3000

men and women in Poland annually, but in Eastern

Asian countries with large populations of HCV,

HBV and HDV-infected persons, this type of neo-

plasm is very common. Primary malignant tu-

mours of the liver are mostly adenocarcinomas,

with 2 major cell types: hepatocellular carcinoma

(liver cell carcinoma) and cholangiocarcinoma

(intrahepatic bile duct carcinoma). Histological

classification makes it possible to differentiate the

fibrolamellar variant of hepatocellular carcinoma

from mixed hepatocellular cholangiocarcinoma

(Krus and Skrzypek-Fakhoury 1996; Piekarski

and Brener 2003).

Recently the sequencing of mtDNA has been

done in 54 hepatocellular carcinomas (HCCs).

Mutations of mtDNA in the D-loop region were

found in both HCC and inflamed liver tissue.

Fifty-two mutation sites in the D-loop were found

and the mean number of mutations was 1.7 in

well-differentiated HCC, 4.5 in moderately differ-

entiated HCC, and 4.6 in poorly differentiated

HCC, which supports the hypothesis that fre-

quency of mtDNA mutations is higher in less dif-

ferentiated neoplasms (Tamori et al. 2004). Earlier

somatic mtDNA mutations in patients with

hepatocellular carcinoma were investigated by 2

research teams (Nomoto et al. 2002; Okochi et al.

2002), which found 17/50 (34%) and 13/19 (68%)

of hepatocellular carcinoma patients harbouring

somatic mtDNA mutations, respectively. Recently

Wong et al. (2004) tried to correlate clinico-

pathological profiles of the tumour and mtDNA

mutations. Of their 20 hepatocellular carcinomas,

10 (50%) had somatic mtDNA mutations, with

a total number of 24 mutations found. The major-

ity of mutations were in the noncoding D-loop re-

gion with 303–309 polyC as a hot spot. In that re-

port the presence of mtDNA mutations did not

seem to correlate with the patient’s age or sex, the

tumour size or grade, or the patient’s survival. Pa-

tients identified as alcoholics or infected with hep-

atitis B harboured more mtDNA mutations.

Uterine and cervical cancer

Cervical cancer is the third most commonly diag-

nosed cancer in women in Poland and the sixth

leading cause of death in this group. An estimated

15 000 women are diagnosed with cervical cancer

annually and about 4 000 women per year are ex-

pected to die as a result of this malignancy in our

country. Squamous cell (epidermoid) carcinoma

comprises approximately 90% of cervical cancers

diagnosed, while about 10% are adenocarcinomas.

Other types include adenosquamous carcinomas

and small cell carcinoma, which are relatively

rare. The ratio of adenocarcinomas to squamous

cell carcinomas has increased over the past two

decades. This is probably related to a decreasing

incidence of squamous cell carcinomas.

Adenocarcinoma of the cervix arises from the

endocervical epithelium, frequently within

the endocervical canal. As a result, it may be

missed by Papanicolaou (Pap) smear screening

and is more likely to be diagnosed at a later point

than squamous cell carcinoma (Benda 1994).

The putative cause of the majority of precancerous

and cancerous squamous lesions of the cervix ap-

pears to be a sexually transmitted factor or co-

factors, such as human papilloma virus (HPV) and

herpes simplex virus (HSV) (Vonka et al. 1984;

Longworth and Laimins 2004). The molecular

background of the transformation process has

been under investigation for many years. HPV

proteins E6 and E7 have been shown to efficiently

immortalize primary human epithelial cells. E6 in-

teracts with p53 and promotes its degradation in

the ubiquitin-dependent pathway. Another major

function of E6 proteins is the activation of expres-

sion of the catalytic subunit of telomerase

(hTERT). At the same time, the activity of E7

leads to the abrogation of pRb function. E7 also

binds to cyclins A and E as well as cyclin- depend-

ent kinase (cdk) inhibitors p21 and p27 (Krus and

Skrzypek-Fakhoury 1996; Castle et al. 2002; Kubiak

and Bieñkiewicz 2003; Longworth and Laimins

2004; Li et al. 2005; ).

The mitochondrial literature on uterine and

cervical cancers is limited. Li et al. (2003) ana-

lysed the mtDNA mutation rate in 5 squamous cer-

vical carcinomas, 10 endometrial carcinomas
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and 17 epithelial ovarian cancers and benign tu-

mours, including 4 ovarian epithelial tumours and

4 uterine myomas. The mtDNA mutation rate was

68.8% for malignancies and 25% for benign tu-

mours, both with the hot spot of mtDNA mutation

located in cytochrome b genes. Alterations in the

D-loop region of mtDNA in uterine serous carci-

noma samples and their paired normal adjacent

endometrium samples revealed somatic alter-

ations in 63% of the tumours (Pejovic et al. 2004),

and also in cervical cancer the mononucleotide re-

peat (D310) in the mitochondrial D-loop seems to

be a mutation hot spot (Parrella et al. 2003).

Ovarian cancer

Ovarian cancer is the third most commonly diag-

nosed cancer in women in Poland and the sixth

leading cause of cancer-related death. Ovarian

cancer in Poland causes morbidity of 11 new cases

per 100 000 annually. About 75% of patients are

diagnosed in stage III or IV and 5-year survival

rate is only 25%. Pathologists classify ovarian

neoplasms according to their histology into 3 main

groups: ovarian epithelial cancer (up to 90% of all

cases), sex cord stromal tumours (around 4%), and

steroid cell tumours (up to 20%). Epithelial can-

cers with varied histology can be distinguished.

These are serous cystomas (including serous be-

nign cystadenomas and serous cystadeno-

carcinomas), mucinous cystomas (mucinous benign

cystadenomas and mucinous cystadenocarcinomas),

endometrioid tumours (endometrioid benign cysts

and endometrioid adenocarcinomas), and clear cell

tumours (benign clear cell tumours and clear cell

cystadenocarcinomas) (Krus and Skrzypek-

Fakhoury 1996; Kozakiewicz 2003; Stempczyñska

and Potemski 2003).

Very few reports on mtDNA mutations in ovar-

ian cancer have been published so far. The first co-

mes from Hong Kong, where analysis of mtDNA

of primary ovarian cancers revealed somatic mu-

tations in 60% of tumour samples. These were

preferentially localized in the D-loop region, 16S

rRNA, 12S rRNA, and cytochrome b genes. Most

of the mutations were TC or GA transitions (Liu

et al. 2001). Shi et al. (2002) analysed the D-loop

region of 25 epithelial ovarian tumours and identi-

fied 26 mutations with the mutation rate of 32%

and 6 microsatellite instabilities. Li et al. (2003)

investigated 17 epithelial ovarian cancers and re-

ported 56.3% of mtDNA mutations mostly in the

cytochrome b gene region.

Breast cancer

Breast cancer is the second most commonly diag-

nosed cancer in EU countries, despite the fact that

it essentially affects only women. In 1999 in Po-

land, 11 000 new cases were reported and about

5 000 women died as a result of this malignancy.

The most common type of breast cancer is ductal

carcinoma, which comprises 70–80% of all cases

in Poland. Ductal carcinoma varies in aggressive-

ness and histology, including intraductal (in situ), in-

vasive, inflammatory, medullary with lymphocytic

infiltrate, mucinous, papillary, scirrhous and tubular

carcinomas. The second type of breast cancer is lob-

ular carcinoma, also in situ or invasive. The least

common is nipple carcinoma (Paget’s disease

or Paget’s disease with invasive ductal carcinoma)

(Krus and Skrzypek-Fakhoury 1996; Jeziorski

2003).

The genetics of breast cancer has been widely

studied for the last 20 years. Many pathways and

genes have been implicated in the process of

breast cancer development. These include

BRCA1, BRCA2, CHEK2, CDKN2A (p16),

NOD2, and NBS1 (Lubinski et al. 2004; Debniak

et al. 2005; Gorski et al. 2005; Huzarski et al.

2005). Recently Zhu et al. (2005) have analysed

15 breast cancer samples for mtDNA mutations.

Fourteen of the 15 cancer samples had 1 or more

somatic mtDNA mutations; 38% were localized in

the D-loop and 62% in the coding regions. Never-

theless the relative frequency of mtDNA muta-

tions was 7-fold higher for the D-loop.

Unfortunately no clinical correlations could be

drawn from available studies according to progno-

sis, outcome or response to certain therapies

(Rosson and Keshgegian 2004). The importance

of mtDNA mutations at the D310 marker has also

been proven by other investigators (Isaacs et al.

2004). The mitochondrial instability of this region

was detected in 10.8% of breast ductal adenocar-

cinoma cases (Alazzouzi et al. 2003). One of the

first studies of all the mtDNA genome mutations

in breast cancer was performed by Tan et al.

(2002). Somatic mutations were identified in 74%

of patients (14 of 19). Six patients had only 1 mu-

tation, but 8 had multiple mutations, which gave

a total number of 27 mutations. Among these,

1 was in 16S rRNA (3.7%), 4 in ND2 and ATPase

6 mRNA (14.8%), and 22 in the hypervariable

D-loop region (81.5%) (Tan et al. 2002). Somatic

mutations of mtDNA in invasive ductal carcino-

mas were reported previously by Parrella et al.
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(2001) in fine-needle aspirates of 18 patients.

About 61% of the patients were positive for the

mutations. Of the 12 reported mutations, 42%

were deletions or insertions in a homopolymeric

C-stretch of the D-loop, while the remaining 58%

were single-base substitutions in ND1, ND4,

ND5, and cytochrome b genes or noncoding re-

gions (D-loop) of the mitochondrial genome.

Other mutations found in breast malignancies in-

clude the 4977-bp common deletion (Bianchi et al.

1995). Comparative analysis of expression levels

of mitochondrial genes in benign and malignant

breast tumours has also been performed. Sharp

et al. (1992) found that the COII gene (encoding

subunit 2 of cytochrome c oxidase) is expressed at

significantly higher levels in carcinomas, as com-

pared with fibroadenomas, while no differences

have been found for subunit 6 of F0F1ATPase or

subunits 2 and 4 of NADH dehydrogenase.

Thyroid cancer

Thyroid cancer constitutes only 1% of the cancers
diagnosed. Cell type is an important determinant
of prognosis in thyroid cancer. There are 4 main
types of thyroid cancer: papillary carcinoma,
follicular carcinoma (Hürthle cell carcinoma),
medullary carcinoma, and anaplastic carcinoma
(including small cell carcinoma and giant cell car-
cinoma). Other malignancies associated with the
thyroid gland include lymphoma, sarcoma, and
sarcocarcinoma (Krus and Skrzypek-Fakhoury
1996; Pomorski et al. 2003).

The role of mtDNA mutations in thyroid
tumorigenesis is still not clearly defined.
Abu-Amero et al. (2005) investigated primary
papillary thyroid carcinomas (PTCs), follicular
thyroid carcinomas, and multinodular hyperplas-
ias, and have shown that about 36.8% PTC sam-
ples and 25% of multinodular hyperplasias
presented somatic mtDNA mutations. The major-
ity of the mutations were located in complex I
genes and these were AG or CT transitions, result-
ing in a change in the moderately or highly con-
served amino acid sequences of their
corresponding proteins. Flow cytometry of mito-
chondria confirmed severe defects in mitochon-
drial complex I activity. A review by
Rogounovitch et al. (2004) revealed that point mu-
tations in thyroid cancers tend to accumulate in
complex I and IV genes. At the same time, com-
plex I gene mutations in healthy individuals seem
to be a predisposing factor of cancer development.
The common deletion is infrequent in papillary
cancer (0.2%), but more frequent in Hürthle cell

cancer (7%). Random large-scale deletions seem
to correlate with radiation-associated follicular
adenoma and papillary cancer. A screening of
21 thyroid tumours by Yeh et al. (2000) revealed
somatic mutations in 23% of analysed samples,
and a majority of the mutations were found in
complex I genes. A wider study by Maximo et al.
(2002) on 79 thyroid tumour samples shows that
the mtDNA common deletion is present in 100%
of Hürthle cell tumours, 33.3% of adenomas,
and only in 18.8% of non-Hürthle cell papillary
carcinomas. A large number of other point muta-
tions have also been identified in the tumour sam-
ples in the genes coding for complex I and
complex IV proteins.

Melanoma

At present, skin cancers are the most common, ac-

counting for nearly half of all malignancies, and

the number of new cases reported each year in-

creases rapidly. Sun exposure and loss of the

ozone layer play an important role in cancer devel-

opment. About 80% of new skin cancer cases are

diagnosed as basal cell carcinoma, 16% as

squamous cell carcinoma, and 4% as malignant

melanoma. Other skin malignancies include cutane-

ous T-cell lymphoma, Kaposi’s sarcoma, and Mer-

kel cell carcinoma (Krus and Skrzypek-Fakhoury

1996; Berkan 2003; Nejc 2003).
For many years mtDNA damage has been used

as a biomarker of cumulative sun exposure in hu-
man skin. Deletion frequency was shown to be sig-
nificantly increased after UV exposure. Takeuchi
et al. (2004) sequenced the D-loop of 20 mela-
noma cell lines and 12 melanoma samples from
patients and found that 45% melanoma cell lines
and 42% melanoma specimens were positive for
somatic mutations. Those authors also checked for
the mutation in the plasma samples of the mela-
noma specimen donors and have shown that 2 of
5 plasma samples contained the same mutations as
the melanoma, but somatic mutations in the
D-loop region of tumour and paired plasma did not
correlate with both clinicopathologial characteris-
tics and morphology. The mtDNA alterations in
plasma were more frequent in late stages of the
disease. Deichmann et al. (2004) investigated
69 melanoma resection specimens and reported al-
terations in the (C)n microsatellite sequences, in-
sertions and deletions of nucleotides in the
mtDNA.

Mitochondrial mutations have also been ana-

lysed in non-melanoma skin cancer (NMSC).

Krishnan et al. (2004) reported that the frequency

of the 4977-bp mtDNA deletion (common dele-
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tion) in NMSC was lower than the frequency of

the 3895-bp deletion. Durham et al. (2003) re-

ported 81 homoplasmic single-base changes iden-

tified in NMSC patients, present in both tumour

and perilesional skin.

Conclusions

The role of mitochondrial dysfunction in cancer

has been a subject of great interest and intensive

investigation (Warburg 1956; Bartnik et al. 2001;

Bianchi et al. 2001). Although most cancer cells

harbour somatic mutations in mtDNA, the ques-

tion of whether such mutations contribute to the

promotion of carcinogenesis remains unclear.

So far only a few reports seem to help in under-

standing the correlation between mtDNA muta-

tions and cancer development.
The mitochondrial electron transport chain has

been recognized as one of the major cellular gen-
erators of reactive oxygen species (ROS), which
include hydrogen peroxide (H2O2), the hydroxyl
free radical (OH–) and superoxide (O2) (Figure 2)
(Liu et al. 2002). It has also been suggested that

mutations in mtDNA can trigger an increase in
ROS level, followed by impairment of mitochon-
drial respiration and oxidative phosphorylation
that leads to oxidative stress with the potential to
cause DNA rearrangements and deletions (Jack-
son et al. 2002; Vives-Bauza et al. 2006). To prove
the importance of ROS in cell damage,
ROS-inactivation knockout mice have been pro-
duced. Experiments with Mn-SOD (superoxide
dismutase) knockout mice clearly demonstrate
that mitochondrial ROS generation is a physiolog-
ically significant process in vivo, and that mito-
chondrial SOD is essential for maintaining the
normal function of mitochondria-rich organs, such
as the heart, brain, and liver (Mattiazzi et al. 2002).
At the same time a variety of diseases, including
cancer, have been associated with excessive ROS
generation. All the data available suggest a rela-
tionship between ROS and mitochondria. Defects
in oxidative phosphory- lation can increase ROS
production, whereas ROS-mediated damage of
biomolecules can have direct effects on the com-
ponents of the electron transport system
(Kirkinezos and Moraes 2001). Particularly ROS
production is likely to occur when complex I ac-
tivity is impaired, as in cells carrying the G3460A
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Figure 2. Mitochondrial apoptosis pathways and ROS production disruptions in cancer cells. Red arrows/text indicate

processes that are down-regulated, while green arrows/text indicate processes that are up-regulated in cancer

development and progression.

Apaf-1 = apoptotic protease activating factor; ARNT = aryl hydrocarbon receptor nuclear translocator; Bad and Bax = pro-apoptotic

Bcl-2 family members; Bcl-xL = anti-apoptotic Bcl-2 family member; CBP = cyclic AMP response element binding protein;

cyt c = cytochrome c; DD = receptor death domains; DED = death effector domains; DISC = death-inducing signal complex;

EPO = erythropoietin; GLUT1 = glucose transporter 1; HIF-1 = hypoxia-inducible transcription factor; HRE = hypoxia response

elements; LDH-A = lactate dehydrogenase; NOS = nitric oxide synthase; P = phosphorylation; Pol II = RNA polymerase II;

RIP = receptor interacting protein; smac/DIABLO = second mitochondria-derived activator of caspases /direct IAP binding protein

with low pI); VEGF = vascular endothelial growth factor; XIAP = inhibitor of apoptosis protein X.



ND1 mutation, but also the T9957C COX III mu-
tation (Lenaz et al. 2004), A3243G in Leu tRNA,
A8344G in Lys tRNA (Vives-Bauza et al. 2006)
and T8993G mutations (Mattiazzi et al. 2004).

To determine whether mutated mtDNA is di-

rectly responsible for increased tumour growth

rates and if this is correlated with exacerbated

ROS production, a mouse model was used.

The pathogenic mtDNA T8993G mutation was in-

troduced into the PC3 prostate cancer cell line

through cybrid transfer (Petros et al. 2005).

A T8993G point mutation in the mtDNA, resulting

in a Leu156Arg substitution in the MTATP6 sub-

unit of the mitochondrial F1F0-ATPase, is known

to introduce impairment in OXPHOS in 2 mito-

chondrial disorders: NARP (neuropathy, ataxia

and retinitis pigmentosa) and MILS (maternally

inherited Leigh syndrome) (Mattiazzi et al. 2004).

T8993G cybrids were afterwards tested for tu-

mour growth in nude mice and found to generate

7 times larger tumours than the wild-type cybrids

(T8993T). Moreover, mutant tumours also gener-

ated significantly more ROS, as verified by

dihydroethidium staining (Petros et al. 2005).

The presented data clearly show that mtDNA mu-

tations do play an important role in the process

of cell transformation and cancer development,

and that these are not secondary effects of nuclear

events. It is tempting to speculate that other mito-

chondrial mutations with known OXPHOS de-

fects may play a significant role in tumorigenesis

(Lorenc et al. 2003).

Recently a paper by Shidara et al. (2005)

showed that the ATP synthase subunit 6 gene

(MTATP6) mutations contributed to tumour

growth, not due to secondary nuclear mutations

caused by abundantly produced ROS, but because

apoptosis occurred less frequently in the mito-

chondria with mutant MTATP6 versus the

wild-type. This suggests that the pathogenic

mtDNA mutations promote tumours not only by

causing OXPHOS deregulation and ROS produc-

tion but also by preventing apoptosis. Due to the

fact that many studies of bladder, head and neck,

and lung cancer patients revealed that mutated

mtDNA is easily detectable in urine, blood, and

saliva, mtDNA mutations should be considered as

extremely useful biomarkers for the detection of

many cancers, and further research should be un-

dertaken to develop standards for different types

of cancer (Modica-Napolitano and Singh 2002).

The role of mitochondria in carcinogenesis is

still unclear. Most models of tumour formation en-

compass mutations in oncogenes, tumour suppres-

sors and control of telomere maintenance; how-

ever, the involvement of mitochondria in

apoptosis and ROS generation makes them diffi-

cult to ignore. They may play a role in influencing

apoptosis. The mutations that are commonly

found in mtDNA in many tumours may affect

apoptosis in a more or less direct fashion. On the

other hand, as is suggested by the fact that tumour

cells containing a mitochondrial mutation grow

faster than cells with identical nuclei but

unmutated mitochondria (Petros et al. 2005), this

could indicate that decreased or even absent respi-

ration might give tumour cells an advantage. Our

discovery of a MELAS mutation in a colon tumour

(Lorenc et al. 2003) could confirm the role of mi-

tochondrial mutations in tumour growth, as this

particular mutation is known to impair oxidative

phosphorylation very strongly. We are currently

looking for other mutations found in mitochon-

drial diseases in various types of human tumours,

to determine if they are reasonably widespread.
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