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Abstract
Enzymatic activities of the proteins encoded in nuclear genome are regulated by transcriptional,
translational and post-transcriptional level. Enzymatic activities of proteins encoded in mitochondrial
DNA (mtDNA) have been considered to be regulated by the same steps although detailed mechanisms
might differ. However, dynamic change of the number of mtDNA, from some hundred to more than
ten thousand, should be considered as another novel mechanism to regulate mtDNA-encoded
proteins. Recently, we showed the connection of mtDNA depletion and deletion to cancer progression
(Higuchi et al., 2006). This review focuses and describes the possible connections of the
mitochondrial DNA depletion and deletion to cancer.

Introduction
Mitochondria are essential organelles that generate cellular energy (ATP) through oxidative
phosphorylation and this process is accomplished by a series of protein complexes,
mitochondrial respiratory chains (MRC), encoded by nuclear DNA and mtDNA. Although
ATP generation through oxidative phosphorylation is most efficient, it is not only way to
produce cellular energy. Glycolysis can also generate ATP and provides compensatory
mechanisms when oxidative phosphorylation becomes inefficient because of defects in
respiratory chain. Human mtDNA is remarkably small (16,569 bp) compared with nuclear
DNA (approximately 109 bp). Mitochondrial DNA encodes only 13 polypeptides in the MRC
and the majority of mitochondrial respiratory proteins (at least 74 proteins) are encoded by
nuclear DNA that are translated in the cytoplasm and then imported into mitochondria.

More than 50 years ago, Warburg pioneered the research on mitochondrial respiratory
alterations in the context of cancer (Warburg, 1956). In his series of publications, he
hypothesized that a key event in carcinogenesis involved the development of an ‘injury’ to the
respiratory machinary, resulting in compensatory increases in glycolytic ATP production.
Several reports showed that mutations of mtDNA have been identified in various types of
cancer including breast cancer, colon carcinoma, prostate cancer, pancreatic cancer, and others
(Carew and Huang, 2002). Decrease for mtDNA in renal cancer (Selvanayagam and
Rajaraman, 1996), hepatocellular carcinoma (Lee et al., 2004; Yin et al., 2004) and gastric
cancer (Wu et al., 2005) has also been reported. Additionally, Simonnet et al. showed that a
decrease in mitochondrial respiratory function was observed in accordance with increased
invasiveness of cancer (Simonnet et al., 2002). It is very likely that mtDNA mutation, deletion
or depletion might induce the changes which Warburg hypothesized. Additionally, since the
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inheritance of mitochondrial haplotype U is associated with approximately 2 –fold increased
risk of prostate cancer and 2.5-fold increased risk of renal cancer in white North America
individuals (Booker et al., 2006), mtDNA definitely affects initiation of cancer. Growth
advantage of the cancer cells with specific mutant mtDNA were also demonstrated in vivo
mouse model system using cybrid (transmitochondrial hybrid) cells (Petros et al., 2005; Shidara
et al., 2005), indicating that specific mutations of mtDNA give advantage of survival to cancer
cells. However, Coller et al. (Coller et al., 2001) showed that cancer progenitor cells already
achieve homoplasmy through stochastic redistribution of the mitochondrial mutation and
claimed that replicative advantage of point mutant mtDNA and selective expansion of cancer
cells with specific mutant mtDNA are not always necessary to explain homoplasmy of mutant
mtDNA in cancer.

Our recent finding indicate that the depletion and deletion of mtDNA is important for cancer
progression (Higuchi et al., 2006). Here, we review the roles of mtDNA depletion and deletion
on cancer and the possible causes for mtDNA depletion and deletion.

Depletion of mtDNA and cancer progression
Mitochondrial DNA deficient cells (ρ0) were established by long-term exposure of low
concentration of ethidium bromide (King and Attardi, 1989). Roles of mtDNA and
mitochondrial respiratory function on biological function including apoptosis using ρ0 cells
has been published (Chandel and Schumacker, 1999). We showed that TNF and serum
starvation could not induce apoptosis in respiration-deficient cells, whereas they induced
apoptosis in parental cells and cells reconstituted with normal mtDNA (Higuchi et al., 1997).
These results indicate that depletion of mtDNA leads cells resistant to a certain apoptosis
pathway. Avadhani and colleagues (Amuthan et al., 2001) demonstrated that mtDNA depleted
murine skeletal myoblasts C2C12 cells showed invasive phenotypes and overexpression of the
tumor-specific markers cathepsin L and transforming growth factor β indicating that the loss
of mtDNA could contribute to tumor progression and metastasis. Furthermore, they also
demonstrated that mtDNA depletion activated NFκB/Rel factors through the inactivation of
IκBβ through calcineurin-mediated dephosphorylation and caused the phenotype changes
(Biswas et al., 2003). It is thus likely that mtDNA depletion could affect progression and
metastasis of cancer cells by preventing apoptosis and generating cancer-related proteins.

The concept of a mutator phenotype in cancer was formulated to account for the disparity
between the rarity of mutations in normal cells and the large number of mutations present in a
variety of human malignancies (Loeb, 2001). Singh and colleagues (Rasmussen et al., 2003)
reported that mitochondrial dysfunction leads to a nuclear mutator phenotype (i) through ROS-
dependent pathway induced by complex III inhibitor antimycin A and (ii) through ROS-
independent pathway induced by the depletion of mtDNA. Thus, depletion or deletion of
mtDNA in cancer cells can be responsible for the generation of mutator phenotype leading to
further progression and/or initiation of cancer through ROS-independent pathway. Thus, two
hypothesized pathway exist, i.e., reversible pathway by Avadhani, and irreversible by Singh
for cancer progression.

MtDNA determines androgen dependence in prostate cancer cell line
Androgen-dependent cells can become androgen independent following androgen ablation in
vivo and in vitro leading to a more progressed prostate cancer (Kokontis et al., 1998; Thalmann
et al., 2000). Such changes in prostate cancers induced by androgen ablation must be caused
by a change in nuclear DNA (possibly mutation or epigenetic effects) or mtDNA (mutation,
deletion or depletion of mtDNA). Prostate cancer is associated with aging and mtDNA
depletion and deletion mutations accumulate with age in many tissues of the body, suggesting
a potential link. Heteroplasmic large deletion mutant mtDNA is very common in prostate
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cancer (Jessie et al., 2001). We investigated the roles of mtDNA by using human androgen-
dependent prostate cancer cell line LNCaP and androgen-independent C4-2, sub clone derived
by inoculation of LNCaP into castrated mice (Wu et al., 1994), mtDNA deficient cells derived
from LNCaP, and cybrids which has nuclear DNA from LNCaP with healthy mtDNA. We
demonstrated that decrease in mtDNA and mitochondrial respiratory function induced by
androgen ablation made androgen-dependent prostate cancer to androgen independent by the
following observations (Higuchi et al., 2006). 1) The amount of normal mtDNA was greatly
reduced after androgen ablation (Figure 1). In addition, the amount of large deletion mutant
mtDNA was greatly increased. 2) These changes lead to the inhibition of mitochondrial
respiratory function. 3) Depletion of mtDNA (LNρ0–8 Figure 1) from androgen-dependent
human prostate cancer cell line LNCaP resulted in a loss of androgen dependence in vitro and
in vivo. 4) Reconstitution of normal mtDNA to mtDNA-depleted clone reversed androgen-
dependence. The role of mtDNA in androgen dependence was illustrated in Figure 2.

Causes for mtDNA depletion and deletion
The only non-coding segment of mtDNA is the displacement loop (D-loop), a region of 1121
bp that contains the origin of replication of the H-strand (OH) and the promoters for L and H-
strand transcription. Mutation of D-loop region in cancer cells is very common (Carew and
Huang, 2002). D-loop region is responsible for the control of replication and transcription of
mtDNA. Thus, the D-loop alterations may interfere with sequence in the promoter regions and
modify the binding affinities of the inducers and/or modulators of mtDNA transcription, and
thus changes the rate of transcription and replication of mtDNA (Clayton, 1991). Wei and his
colleagues showed that 39.3% of the hepatocellular cancer had mutation in D-loop region of
mtDNA and that the copy number of mtDNA was significantly reduced in 70.8% of the cancer
with mutation in D-loop region (Lee et al., 2004). Therefore, it is likely that mtDNA mutation
in D-loop region might be one of the causes for the depletion of mtDNA. Turner et. al. showed
that a well-characterized pathological mutation at nucleotide position 3243 of human mtDNA
induces the depletion of mtDNA (Turner et al., 2005). They introduced mutant A3243G
mtDNA to human mtDNA-deficient teratocarcinoma cells and found the mitotic segregation
toward increasing level of mutant mtDNA followed by the loss of mtDNA. This report indicates
that a point mutation other than the D-loop region can be the cause for mtDNA depletion.

It is suggested that point mutation to mtDNA can be the cause for multiple large-deletion mutant
mtDNA and depletion of mtDNA (Nishigaki et al., 2004). In 1989, Zeviani and colleagues
described autosomal dominant progressive external ophthalmoplegia (adPEO) with multiple
mtDNA deletion, the first of several diseases attributed to defects of nuclear DNA leading to
the disorder of mtDNA (Zeviani et al., 1989). Mutations in the mitochondrial proteins adenine
nucleotide translocator 1 (ANT1) (Kaukonen et al.), Twinkle (Spelbrink et al.) and polymerase
γ (Van Goethem et al.) have been found to cause autosomal dominant progressive external
ophthalmoplegia with multiple deletion of mtDNA. Mitochondrial Neurogastrointestinal
Encephalomyopathy (MINGIE) is an autosomal recessive disorder due to loss-of-function
mutations in the gene encoding thymidine phosphorylase, associated with multiple deletions,
depletion and site-specific point mutations of mtDNA (Hirano et al., 1994; Nishigaki et al.,
2003; Papadimitriou et al., 1998). ANT1 forms a homodimeric inner mitochondrial membrane
channel that translocates ADP into ATP out of the mitochondrial matrix. Therefore, this protein
regulates concentration of adenine nucleotides in the cytoplasm and mitochondria. Twinkle is
a mitochondrial protein with homology to phage T7 primase/helicase, and the mutation to
Twinkle enhances dNTPase activity (Washington et al., 1996). The identification of mutations
of genes encoding ANT1 and Twinkle in patients with adPEO and thymidine phosphorylase
in patients with MINGIE indicate that imbalance of mitochondrial nucleotide pools may cause
multiple deletion of mtDNA and depletion of mtDNA. Individuals lacking deoxycitidine kinase
were described and they showed severe hepatocerebral syndromes due to mtDNA depletion in
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the affected tissues (Mandel et al., 2001). Mutation of thymidine kinase 2 causes described in
patients with severe mtDNA depletion myopathy (Saada et al., 2001). In contrast, mutations
of polymerase γ and Twinkle leading to the change of mtDNA may be caused by the defects
in the mtDNA repair and replication machinery.

Another possible pathway to induce mtDNA mutation is the ROS-associated pathway. The
mitochondrial genome is extremely susceptible to damages from constant exposure to ROS
produced endogenously from MRC. Mitochondrial DNA has been shown to accumulate high
levels of 8-hydroxy-2’-deoxyguanosine (8-oxo-G), the product of hydroxylation of guanine at
carbon 8, which is a mutagenic lesion. The base excision repair pathway repairs most of these
small-base modifications. The 8-oxoguanine-DNA glycosylase 1 (OGG1) protein is the major
DNA glycosylase for the repair of 8-oxo-G lesions in the DNA. Inactivation of OGG1 leads
to the accumulation of point mutations and deletion mutations in mtDNA (Singh et al.,
2001). Polymerase γ is another key enzyme in the repair of 8-oxo-G lesions in the DNA induced
by ROS, and transgenic mice expressing a proofreading-deficient polymerase γ exhibit
accumulation of point and deletion mutations in mtDNA (Zhang et al., 2000). To protect against
the effects of ROS, mitochondria metabolize superoxide and hydrogen peroxide with MnSOD
and Se-containing glutathione peroxidase, respectively. ROS have been thought to be involved
in the increase in the proportion of both point mutant and deletion mutant mtDNA (Ozawa,
1997). Given these observations, it is likely that the inhibition of the repair system for ROS-
mediated damage to mtDNA, detoxification of ROS, or increase in ROS generation might be
possible causes for point mutations of mtDNA, accumulation of large-deletion mutant mtDNA,
and the depletion of mtDNA. Additionally, the report indicates that oxidative stress generated
by myocardial infraction (Ide et al., 2001) and TNF (Suematsu et al., 2003) rapidly and directly
induced depletion of mtDNA. It is likely that mtDNA depletion can be induced independent
of mtDNA mutation.

The p53 tumor suppressor protein plays a central role in response to DNA damage, cell cycle
regulation, and apoptosis. More than 50% of human cancers carry mutations in p53 (Vogelstein
et al., 2000). In addition to its role as a transcription factor, p53 protein can translocate to the
mitochondria in response to certain stimuli, and induces apoptosis (Arima et al., 2005). Achanta
G. et.al. (Achanta et al., 2005) reported that p53 has a novel role in maintaining mtDNA stability
through its ability to translocate to mitochondria and interacts with polymerase γ in response
to mtDNA damage induced by exogenous and endogenous insults including ROS. The p53
protein physically interacts with mtDNA and polymerase γ, and enhances the DNA replication
function of polymerase γ. Loss of p53 results in a significant increase in mtDNA damage and
possibly leads to the depletion and the deletion of mtDNA.

Therefore, mutation of the nuclear DNA or the change in microenvironment, which induce the
change in nucleotide pool, mtDNA repair mechanisms and ROS generation, might be
responsible for the mtDNA mutation and depletion or deletion of mtDNA leading to cancer
progression. It is very likely that the same mechanisms might be working in the delayed-onset
and progressive course of the age-related diseases that is hypothesized by Wallace (Wallace,
2005).
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Nonstandard abbreviation used
mtDNA  

mitochondrial DNA

MRC  
mitochondrial respiratory chain

ROS  
reactive oxygen species

adPEO  
autosomal dominant progressive external ophthalmoplegia

MINGIE  
mitochondrial neurogastrointestinal Encephalomyopathy

8-oxo-G  
8-hydroxy-2’-deoxyguanosine

ANT1  
adenine nucleotide translocator 1

OGG1  
8-Oxoguanine-DNA glycosylase 1
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Figure 1.
mtDNA amount of LNCaP, C4-2 and LNρ0-8 detected by Southern Blotting.
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Figure 2.
Roles of mitochondrial DNA in androgen-dependence
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