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Abstract

We have analyzed mtDNA variation in various cancer samples, comparing them with normal tissue controls, and identified

mutations and polymorphisms, both known and novel, in mitochondrial tRNA, rRNA and protein genes. Most remarkably, in a

colon cancer sample we have found the A3243G mutation in the homoplasmic state. This mutation is known to cause severe

mitochondrial dysfunction and, until now, has not been found in cancer cells, nor in the homoplasmic state in living subjects.

The mutation was absent from normal tissue, suggesting that mtDNA mutation and resulting respiratory deficiency played a role

in carcinogenesis.

q 2003 Elsevier B.V. and Mitochondria Research Society. All rights reserved.
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1. Introduction

Mitochondrial involvement in carcinogenesis,

considered since the work of Warburg (Warburg,

1930, 1956) has recently been supported by numerous

findings (reviewed by Carew and Huang, 2002;

Modica-Napolitano and Singh, 2002). While the

presence of mtDNA was shown to be indispensable

for anchorage-independent growth of breast cancer

and glioma cells in vitro (Cavalli et al., 1997) and for

full tumorigenicity of HeLa cells in nude mice

(Hayashi et al., 1992; Morais et al., 1994), a growing

body of evidence suggests that aberrations in
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oxidative phosphorylation are a common feature in

tumor cells. Mutations in nuclear-encoded subunits

SDHC and SDHD of the mitochondrial respiratory

chain that affect complex II activity cause hereditary

paraganglioma (Cahill et al., 1999; Penta et al., 2001)

and pheochromocytoma (Gimm et al., 2000). In

thyroid oncocytoma mitochondria proliferate up to

3–4 fold (Savagner et al., 2001), but a remarkable

decrease in ATP synthesis is observed. In renal cell

carcinoma low respiratory chain content correlates

with tumour aggressiveness (Simonnet et al., 2002).

Increased transcription of mtDNA encoded proteins

was observed in colon cancer (Chester et al., 1990)

and breast cancer in humans (Sharp et al., 1992) and in

hepatoma in rats (Luciakova and Kuzela, 1992). In

renal oncocytoma, in spite of elevated mtDNA

content and activity of some mitochondrial enzymes,

the activity of complex I is undetectable (Simonnet

et al., 2002).

Contribution of mtDNA mutations to carcinogen-

esis was postulated when somatic mutations in

mitochondrial DNA were reported in different types

of cancer: colon, ovarian, lung, pancreatic, liver,

thyroid, bladder, prostatic, esophageal and gastric

cancer (Carew and Huang, 2002; Modica-Napolitano

and Singh, 2002 and references therein). Reported

sequence changes include point mutations (mostly

transitions) in coding and noncoding regions, del-

etions and microsatellite instability.

Of all these mutations and polymorphisms only a

few can be linked to a known phenotypic effect—a

homoplasmic 5521A mutation identified in lung

cancer (Fliss et al., 2000) is known to cause a late

onset mitochondrial myopathy (Silvestri et al., 1998);

and the homoplasmic 13708A mutation, found in

breast cancer (Parrella et al., 2001), is known as a

secondary mutation in LHON (Johns and Berman,

1991). The high frequency of homoplasmic mtDNA

variation in cancer samples may be theoretically

explained as a result of neutral random drift in clonally

expanding cell populations (Coller et al., 2001),

however, the selective advantage of mtDNA changes

in the development of tumors cannot be excluded.

The A3243G mtDNA mutation, which occurs in the

conserved nucleotide in the dihydrouridine loop of the

tRNA-Leu (UUR), is most commonly associated with

mitochondrial myopathy, encephalopathy, lactic

acidosis and stroke-like episodes (MELAS) (Goto

et al., 1992), although its clinical manifestations can

also include maternally inherited type II diabetes and

deafness syndrome (Olsson et al., 1998; van den

Ouweland et al., 1992), progressive external ophthal-

moplegia (PEO) (Moraes et al., 1993) and other

phenotypes indicative of a mitochondrial disorder

(Jean-Francois et al., 1994; Silvestri et al., 1997). In

all the reported cases (see the MITOMAP database,

Wallace et al., 2003 for details and references) the

A3243G mutation was found in the heteroplasmic state,

with the mutated mtDNA load often correlated with the

phenotypic manifestation (Chinnery et al., 1997;

Mariotti et al., 1995, 1994; Moraes et al., 1992). The

only finding of homoplasmic A3243G mutation came

from an infant with the VACTERL syndrome (Damian

et al., 1996) who died at 1 month; the A3243G mutation

is, however, not considered to be a common cause of

VACTERL (Stone and Biesecker, 1997). These find-

ings are in agreement with the results of cybrid studies

(King et al., 1992; Mariotti et al., 1994) indicating that

cells containing more than 95% of A3243G mtDNA

exhibit a severe respiratory deficiency.

In this work we report the first case of homo-

plasmic A3243G mtDNA isolated from a sample

unrelated to mitochondrial disorders—a colon cancer

biopsy.

2. Materials and methods

DNA was extracted by proteinase K digestion

followed by phenol/chloroform extraction (Sambrook

and Russell, 2001) from 81 tumors (9 lung, 48

endometrial, 20 ovarian and 4 colon carcinomas) and

paired normal tissue samples (blood samples or

normal tissue excised during the surgery).

Approximately 10 – 20% of mtDNA (coding

regions comprising 16S rRNA, ND1, ND2, ND3,

ND4, ND4L, ND5, ATPase6, tRNA Ser (AGY),

tRNA Leu (UUR), tRNA Leu (CUN), tRNA His,

tRNA Arg genes) were PCR amplified and screened

by SSCP for differences between normal and tumor

tissue. In ovarian and endometrial tumor samples we

analyzed a total of 1623 bp (,10% of mtDNA,

comprising nucleotides 135–433, 2986–3301, 4981–

5500, 10,390–10,700 and 12,005–12,386); in lung

tumor samples we analyzed a total of 2986 bp (,18%

of mtDNA, comprising nucleotides 135 – 433,
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1656 – 3334, 4981 – 5500, 10,390 – 10,700 and

12,005–12,368); in colon tumor samples we analyzed

a total of 3146 bp (,20% of mtDNA, comprising

nucleotides 320–534, 1656–4245, 8648–8921 and

11,632–11,862). Basepair positions refer to the

reference sequence (Anderson et al., 1981) as used

by MITOMAP (Wallace et al., 2003).

Samples with different band pattern in normal and

tumor tissue were sequenced by cycle sequencing on

an ABI prism 377 DNA sequencer using PCR products

obtained from the original isolates as template.

Homoplasmy status of the A3243G mutation was

confirmed by last-hot cycle PCR followed by Apa I

restriction digest and polyacrylamide gel electrophor-

esis. Mixtures of plasmids in known proportions with

mutated and non-mutated versions of the PCR product

were used to normalize the results. The protocol for

last-hot cycle PCR was performed as described by

Mroczek-Tonska et al. (2002).

3. Results and discussion

We have analyzed 81 tumor samples alongside

their respective normal tissue controls and found

that 12 of them carried one or more (up to six in

some cases) changes in mtDNA, for a total of 22

variations, 13 of which occurred within coding

regions (including the tRNA genes). Sequence

changes in coding regions are summarized in

Table 1. Control region changes were found only

in endometrial samples and comprised microsatellite

length variations and point mutations. Additionally,

we have found one novel polymorphic site

A12306G, homoplasmic in both normal and tumor

tissue. The majority of mutations were found to be

homoplasmic.

In one colon tumor sample (No. 38) we have found

the A3243G MELAS mutation in homoplasmic state.

Neither sequencing of the PCR product, nor last-hot

cycle PCR followed by RFLP analysis detected any

wild-type sequence at this position (Fig. 1). We also

checked the sample for the presence of a known

suppressor of the A3243G mutation—the G12300A

mutation (El Meziane et al., 1998a,b). Neither this,

nor any other mutation in either of the tRNA-Leu

genes were found. Normal tissue samples from the

same individual showed no detectable amount of

A3243G mtDNA. Interestingly the same individual

harboured a heteroplasmic tRNA-Ser polymorphic

Table 1

Somatic mtDNA mutations in coding regions

Sample no. Tumor tissue analyzed mtDNA varianta Plasmy status Gene Notes

38 Colon 12233 del C Heteropl tRNA-Ser (AGY) b

38 Colon A3243G Homopl tRNA-Leu (UUR) MELAS

103 Endometrium G5231A Homopl ND2 b,c, syn.

103 Endometrium T10463C Homopl tRNA-Arg c

103 Endometrium G10550A Homopl ND4L b,c, syn.

103 Endometrium A12308G Homopl tRNA Leu (CUN) b,c,d

107 Endometrium T10640C Homopl ND4L syn.

113 Endometrium T10551C Homopl ND4L Ser ! Pro

140 Endometrium C12258G Heteropl tRNA-Ser (AGY) c,e

18 Lung G3244A Homopl tRNA-Leu (UUR)

21 Lung A12308G Homopl tRNA-Leu (CUN) c,d

22 Lung 2998 ins T Homopl 16s rRNA

27 Ovary T12278C Homopl tRNA-Leu (CUN) b

a Compared to the revised Cambridge reference sequence (Andrews et al., 1999), the numbering of the original Cambridge sequence

(Anderson et al., 1981) was maintained and is consistent with the system used by MITOMAP.
b Variant found in normal tissue, absent from the tumor sample.
c Previously reported polymorphism (MITOMAP database, Wallace et al., 2003).
d A at this site is indicative of the U haplogroup (including the Cambridge reference sequence, Macaulay et al., 1999).
e Heteroplasmic C12258A mutation at this site causes retinitis pigmentosa and progressive sensorineural hearing loss (Mansergh et al., 1999)

and diabetes (Lynn et al., 1998).
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variant 12233delC in the normal tissue, this variant

was absent from the tumor tissue sample.

Five additional changes have been found in our

study in the tRNA genes. One is a homoplasmic

G3244A transition, found in a lung cancer sample,

at a nucleotide adjacent to the primary site of the

MELAS mutation. It is a novel mutation, but given

its location one can postulate that it may have a

similar impact on the tRNA-Leu (UUR) molecule.

Another is a homoplasmic C12258G transversion in

the tRNA-Ser (AGY) gene, at the same site a

C12258A mutation has been found in the hetero-

plasmic state in retinitis pigmentosa and progressive

sensorineural hearing loss (Mansergh et al., 1999)

and diabetes (Lynn et al., 1998). The T10463C

transition in the tRNA-Arg gene, found in an

endometrial tumor sample, has been reported in

patients with the Rett syndrome, the role of this

particular mtDNA variation, however, is disputed

(Cardaioli et al., 1999). Also, a T12278C transition

was found in normal tissue, but not in an ovarian

tumor from one patient. Two patients exhibited

variation between normal and tumor tissue at the

12308 position, which is a polymorphic site with

the 12308A allele indicative for haplogroup U

(Macaulay et al., 1999).

Additionally we have found within the ND4L gene

two synonymous polymorphisms, one of which is a

novel variant, and a new homoplasmic mutation

changing a conserved serine into proline. We also

found one previously described synonymous

change in the ND2 gene. The remaining change

mapped in the 16S rRNA gene and was a novel

2998insT variant (Table 1).

Interestingly in five cases the normal tissue

contained variations not found in the tumor samples.

Three of those changes (all found in the same

endometrial cancer patient #103) corresponded to

previously reported polymorphisms, including one

(A12308G) known as a haplogroup-specific site. Such

changes are most likely the result of random clonal

drift in the rapidly expanding tumor cell population.

mtDNA mutations are a prominent feature of

cancer cells and have been reported in a wide variety

of tumors (Carew and Huang, 2002; Modica-Napoli-

tano and Singh, 2002 and references therein). Their

presence and homoplasmic nature can be explained by

the clonal nature of cancers and drift-related phenom-

ena (Coller et al., 2001; Nekhaeva et al., 2002; Polyak

et al., 1998; Singh, 1998; Singh et al., 1999). It seems,

however, reasonable to attribute the prevalence of

mtDNA mutations in cancer cells, at least partially, to

some selective mechanism. Mutations in mtDNA are

known to mediate resistance to some anticancer

agents (Singh et al., 1999) while hypoxia and

increased glycolysis are a well-known phenotype of

cancer cells (Guppy, 2002; Rockwell et al., 2001 and

references therein). Except for a few cases, the direct

link between mtDNA mutations found in cancer cells

and their oncogenic phenotype, however, has not been

demonstrated.

The finding of homoplasmic A3243G mutation,

along with other mutations (in particular G3244A and

C12258G) in conserved residues of mitochondrial

tRNA genes in cancer cells indicates that they may

acquire their respiratory-deficient phenotype through

mtDNA changes. The A3243G MELAS mutation is

one of the best characterized mtDNA defects and is

always manifested clinically as a severe mitochon-

drial disease. On the molecular level this mutation is

known to affect tRNA-Leu (UUR) aminoacylation

and the wobble modification in the anticodon

(Chomyn et al., 2000; Park et al., 2003; Yasukawa

et al., 2000). Cybrid studies (King et al., 1992;

Mariotti et al., 1994; Pang et al., 2001) show that cells

harbouring more than 95% of A3243G mtDNA

exhibit a severe respiratory-deficient phenotype.

They have significantly lowered oxygen consumption

rates and electron transfer activities, lowered ATP/

ADP ratio and energy charge and show signs of

increased oxidative damage (Pang et al., 2001).

Accordingly, this mutation has never been found in

Fig. 1. Last hot-cycle PCR analysis of a colon tumor biopsy (T)

from sample No. 38, normal wild-type control (C), and a set of pre-

mixed, PCR-amplified controls with increasing ratios of mutated

(A3243G) to wild-type DNA. PCR products were digested with

Apa I, and separated on a polyacrylamide gel. No wild-type band is

detected in the tumor (T) sample, while in controls as little as 10%

wild-type sequence is easily detectable by this method.
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homoplasmic state in living tissue, with the exception

of a post-mortem biopsy from an infant deceased at 1

month of age (Damian et al., 1996). The A3243G

mutation is therefore likely to contribute to a

respiratory deficient, highly glycolytic and therefore

hypoxia-resistant phenotype, which would confer

selective advantage to an expanding tumor. Our

results are therefore consistent with the hypothesis

that changes in mtDNA leading to a respiratory defect

are an important factor in generation and progression

of cancers.
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