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Abstract

Sensorineural hearing impairment (SNHI) is a well-recognized manifestation of mitochondrial
diseases and occurs either in a non-syndromic form or as a part of a syndrome. Mitochondrial
deafness is bilateral, usually progressive and is inherited maternally. Approximately 70% of patients
with the most common syndromes, Kearns-Sayre, MELAS or MERRF, have SNHI. Several
mutations in mitochondrial DNA (mtDNA) have been found to cause non-syndromic SNHI,
including 1555A>G, 7445T>C, 7472insC and 7511T>C.

In order to estimate prevalences of pathogenic mtDNA mutations in population-based cohorts of
patients with SNHI, we obtained samples from 133 patients with SNHI, reportedly representing 117
separate maternal lineages. We found five patients with the 3243A>G mutation and three with the
1555A>G mutation, whereas the other point mutations associated with SNHI were absent. The
frequencies of the mutations in the cohort were thus 4.3 % for 3243A>G and 2.6 % for 1555A>G,
suggesting a total frequency of 6.9 % for mtDNA mutations known to be associated with hearing
impairment.

We found a mutation 10044A>G, which has been reported as pathogenic, in our patients with
SNHI, but we also found it among the controls. Our results show it to be a homoplasmic
polymorphism associated with a fairly rare haplotype within mtDNA haplogroup H which has
recently been confirmed as subcluster H4. These results highlight the difficulty in determining the
pathogenicity of a mtDNA mutation when it is identified only in one family. Therefore, in addition
to the previously published criteria, we suggest that a sufficient number of haplotype-specific controls
should be screened before the pathogenic nature of a mtDNA mutation can be verified.

We determined the complete mtDNA sequences for 121 Finns, and after complementing our
recent data, for a total of 192 Finns, and were able to construct a phylogenetic network based on
complete mtDNA sequences, the largest set of complete sequences available at that time. These
mtDNAs provide a rich source of information for studies in population genetics and a potential tool
for analysing new substitutions and genotypes that entail a risk of mitochondrial disease.

We used the phylogenetic network to find new pathogenic mutations or risk genotypes for SNHI.
The entire coding region sequences of mtDNA were determined in 32 patients with SNHI and
compared with the network. The patients were found to harbour more rare polymorphisms and
haplotypes than the controls and to show increased variation in their mtDNA sequences, suggesting
mildly deleterious effects for these substitutions. Two of the new mutations were suggested as
putatively pathogenic.

Keywords: genetic epidemiology, genetic risk, hereditary hearing loss, mitochondrion, mu-
tation analysis, population genetics
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 Abbreviations 

ABC7  human ABC transporter protein 
AD  Alzheimer’s disease 
ADP  adenosine diphosphate 
adPEO   autosomal dominant progressive ophthalmoplegia 
ANT1  human muscle adenine nucleotide translocator gene 
ATP  adenosine triphosphate 
bp  base pair 
cAMP  cyclic adenosine monophosphate 
CIA  complex I intermediate-associated protein 
CoA  coenzyme A 
COX  cytochrome c oxidase 
CPEO  chronic progressive ophthalmoplegia 
CRS  Cambridge reference sequence 
CSGE  conformation sensitive gel electrophoresis 
D-loop  displacement loop 
DNA  deoxyribonucleic acid 
ETC  electron transfer chain 
FMN  flavine mononucleotide 
Frda  Friedreich’s ataxia 
FADH   Flavin adenine dinucleotide (reduced) 
HD  Huntington’s disease 
HVS  hypervariable segment 
HSP  heavy strand promoter 
KCN  voltage-gated K+ channels 
KSS   Kearns-Sayre syndrome 
LAG  longevity-assurance gene 
LHON  Leber’s hereditary optic neuropathy 
LS  Leigh’s syndrome 
LSP  light strand promoter 
Mdm1p  intermediate filament-like protein 
MELAS  mitochondrial encephalomyopathy, lactic acidosis 

and stroke-like episodes 
MERRF  myoclonus epilepsy with ragged red fibres 
MILS  maternally inherited Leigh syndrome 



MNGIE myoneurogastrointestinal encephalopathy 
mRNA messenger RNA 
mtDNA mitochondrial DNA 
mTERF mitochondrial transcription-termination complex 
mtTFA mitochondrial transcription factor 
MYOX myosin encoding genes 
NADH nicotinamide adenine dinucleotide (reduced) 
NARP  neurogenic weakness, ataxia and retinitis pigmentosa 
nDNA  nuclear DNA 
NRF  nuclear respiratory factor 
nt  nucleotide 
OH  origin of replication of the heavy strand of mtDNA 
OL  origin of replication of the light strand of mtDNA 
OXPHOS oxidative phosphorylation 
Pi  phosphate 
PCG  peroxisome proliferator-activated receptor coactivator 
PCR  polymerase chain reaction 
PD  Parkinson’s disease 
POLG  human mitochondrial DNA polymerase gamma gene 
rho0  osteosarcoma cells depleted of their mitochondria 
RC  respiratory chain 
RFLP  restriction fragment length polymorphism 
RNA  ribonucleic acid 
ROS  reactive oxygen species 
rRNA  ribosomal ribonucleic acid 
SCO  cytochrome c oxidase assembly gene 
SD  standard deviation 
SDHX  succinate dehydrogenase subunits 
SNHI  sensorineural hearing impairment 
SOD  superoxide dismutase 
SURF1 mitochondrial protein necessary for the maintenance of COX activity 

and respiration 
tko  technical knockout  
tRNA  transfer ribonucleic acid 
UTH1  mitochondrial membrane protein involved in aging 
 
α  alfa 
β  beeta 
γ  gamma 
µ  myy 
ρ  roo  
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1 Introduction 

A mitochondrion is an essential cell organelle which produces most of the energy the cell 
needs. It is bounded by two membranes, with the energy producing system, the oxidative 
phosphorylation enzyme pathway (OXPHOS), located in the inner one. OXPHOS is 
unique, because it is under dual genetic control. Mitochondrial DNA (mtDNA) is a 
16,568 base pair (bp) circular genome that encodes 13 proteins of OXPHOS complexes. 
In addition, it encodes all the 22 tRNAs and two rRNAs that are required for protein 
synthesis. Nuclear DNA (nDNA) encodes the majority of the subunits in the complexes.  

MtDNA mutations disturb the energy metabolism of cells and can cause a wide variety 
of diseases that are maternally inherited. Common clinical manifestations include 
encephalopathy, muscle weakness, deafness, cardiac abnormalities and optic atrophy. The 
characteristic combinations of symptoms usually make it possible to diagnose syndromes 
such as MELAS, MERRF and Kearns-Sayre. 

Sensorineural hearing impairment (SNHI) is one of the most common symptoms of 
diseases caused by mtDNA mutations. Bilateral SNHI as a feature in mitochondrial 
disease was first recognized as a part of the common syndromes, and mtDNA mutations 
have subsequently been shown to cause non-syndromic deafness as well. The most 
common mutation is a 1555A>G in 12SrRNA, but several other mtDNA mutations have 
also been found to cause non-syndromic SNHI, including 7445T>C, 7472insC and 
7511T>C. 

The mutation rate of mtDNA genes is much higher than that of nuclear genes. Most of 
the mutations are neutral polymorphisms which have accumulated sequentially in 
maternal lineages, creating groups of related mtDNA haplotypes. Phylogenetic networks 
constructed on the basis of mtDNA sequence variation have failed to form nested sets of 
haplotypes, due to poor resolution. The best resolution can be obtained using information 
on complete mtDNA sequences.   

The aims of this work were to determine the prevalence of known mtDNA mutations 
in patients with SNHI, to detect new mtDNA mutations and to estimate the role of 
mtDNA polymorphisms as a risk factor for SNHI. Phylogenetic networks constructed for 
192 Finnish controls and 32 patients with SNHI were used to differentiate disease-
causing mutations and rare polymorphisms. This enabled us to recognise certain mtDNA 
genotypes as entailing a risk of SNHI. 



2 Review of the literature 

2.1  The mitochondrion 

The mitochondrion is an essential cytoplasmic organelle that provides most of the energy 
necessary for a cell. It is present in all eukaryotic cells, and a typical human cell has 
several hundred mitochondria. There are 1000-2000 mitochondria in a single liver cell, 
occupying roughly a fifth of its total volume. 

It is widely accepted that the present mitochondrion is a remnant of a prokaryotic 
organism that had become a vital symbiotic partner to the eukaryotic cell early in 
evolution (Gray et al. 1999). The protozoon Reclinomonas americana (Lang et al. 1997) 
harbours the most bacteria-like mitochondrial genome, and Rickettsia prowazekii 
(Andersson et al. 1998) the most mitochondria-like eubacterial genome. Another 
hypothesis on the origin of eukaryotes, a ‘revisionist view of eukaryotic evolution’, has 
gained some acceptance within the last few years. In this scenario there is no 
amitochondriate eukaryote, but the fusion of anaerobic archaeobacteria (the ‘host’) with 
respiration-competent proteobacteria (the ‘symbiont’) represents the initiation of the 
formation of eukaryotes. (Vellai et al. 1999, Gray et al. 1999.) There is evidence that 
modern amitochondriate eukaryotes (Archeozoa, Giardia) are derived from this initial 
event but they have lost their mitochondria in the course of time (Roger et al. 1998). All 
the evidence points to a monophyletic origin, i.e. the endosymbiosis has occurred only 
once. The mitochondrion has its own circular genome containing an identical set of genes 
in most of the organisms supporting the hypothesis for monophyletic origin. 
(Scheffer2001.) 

Mitochondria are 0.5-1 µm in size and are bounded by two membranes. The smooth 
outer membrane contains many copies of a transport protein porin, which forms aqueous 
channels allowing molecules with a maximal molecular weight of 5000 daltons to 
penetrate the membrane. The inner membrane is conspicuously folded, forming tubular or 
lamellar structures called cristae, which are connected to it by narrow tubular structures, 
cristae junctions. The energy-generating apparatus is composed of five multipolypeptide 
enzyme complexes and is located in the inner membrane, which surrounds the matrix 
space of the mitochondrion. The matrix contains mitochondrial DNA (mtDNA) 
molecules, ribosomes, tRNAs and various enzymes needed in protein synthesis, the 
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oxidation of puryvate and fatty acids and the citric acid cycle, for example. (Alberts et al. 
1994, Wallace et al. 1997.) There are about 1000 proteins in a mitochondrion, most of 
which are nuclear-encoded. 

The location of mitochondria in the cytosol is non-random. They can move or be 
moved according to the needs of the cell (Johnson et al. 1980, Bereiter-Hahn et al. 1994) 
and they can change in shape. Some mitochondria in a cell are in contact with the 
endoplasmic reticulum and others with cytoskeletal structures. The movement of 
mitochondria depends on microtubules (Overly et al. 1996).  

In cell division the movements of mitochondria are highly regulated (Yaffe 1999), 
chiefly by inheritance components located either in the cytosol or in the outer membrane 
of mitochondria, which have been identified in yeasts. Cytosolic proteins, such as 
Mdm1p, which is essential for both mitochondrial and nuclear inheritance, are likely to 
be associated with the cytoskeleton (Berger & Yaffe 1996, Hermann & Shaw 1998). Four 
proteins located in the outer membrane have been identified to date (Berger & Yaffe 
1996, Pelloquin et al. 1998). 

2.1.1  Function 

The mitochondrion converts energy derived from chemical fuels by an oxidative 
phosphorylation process that is more efficient than anaerobic glycolysis. In 
mitochondrion the metabolism of one molecule of glucose produces about 30 molecules 
of ATP (adenosine triphosphate), while only two molecules of ATP are produced by 
glycolysis alone. This means that organs with a high energy demand are vulnerable to the 
depletion of mitochondrial energy production. Oxidative metabolism in the mitochondria 
is fuelled by pyruvate produced from carbohydrates by glycolysis and fatty acids 
produced from triglycerides. These are selectively imported into the matrix of the 
mitochondria and broken down into acetyl CoA by the pyruvate dehydrogenase complex 
or the β-oxidation pathway. The acetyl group then participates in the citric acid cycle, 
which produces molecules of NADH and FADH. Electrons generated from NADH are 
passed along a series of carrier molecules called the electron transport chain (ETC), the 
products of this process being H2O and energy. 

The oxidative phosphorylation pathway (OXPHOS) is composed of ETC and ATPase 
(Figure 1), and the whole OXPHOS system embedded in the lipid bilayer of the 
mitochondrial inner membrane is composed of five multiprotein enzyme complexes (I-V) 
and two electron carriers  coenzyme Q and cytochrome c. The main function of the 
system is the coordinated transport of electrons and protons and the production of ATP. 
This passage of electrons releases energy, which is largely stored in the form of a proton 
gradient across the inner mitochondrial membrane and is used by the last OXPHOS 
complex (F1FO-ATPase) to generate ATP from ADP and inorganic phosphate. (Hatefi 
1985, Saraste 1999.)  
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Fig. 1. The OXPHOS system in the inner membrane of mammalian mitochondria. Electrons 
(e-) are transferred via NADH into OXPHOS complex I (CI) and transported to coenzyme Q 
(Q). Some electrons from organic acid oxidation are transferred via various nuclear-encoded 
electron transfer flavoproteins, such as complex II (CII), directly to CoQ. There they are 
transsferred via complex III (CIII) and cytochrome c (cyt c) to complex IV (CIV), where the 
oxygen is reduced to water. The movements of H+ from the matrix to the intermembrane 
space (IMS) are coupled with energy release from the electrons. The protons create a proton 
gradient which is used for the production of ATP by complex V (ATP synthetase). 

 
The function of the OXPHOS system began to be revealed with the discovery of ATP 

and its role in energy metabolism in the 1930s, and three-dimensional structures at atomic 
resolution are now available for all but complex I and ATPase, giving a complete picture 
of the arrangement of the various complexes (Tsukihara et al. 1996, Xia et al. 1997, 
Zhang et al. 1998, Iwata et al. 1998, Yoshikawa et al. 1998, Yu et al. 1998). Complex I 
(NADH-ubiquinone oxidoreductase) is the largest, consisting of 42 or 43 subunits 
(Skehel et al. 1998, Saraste 1999). It is L-shaped, with two major domains separated by a 
thin collar (Guenebaut et al. 1998, Grigorieff et al. 1998). The enzyme oxidizes NADH 
and reduces coenzyme Q10, and uses the energy released to pump protons across the 
mitochondrial membrane. Electrons released from oxidation are transferred through FMN 
and six iron-sulphur centres. Complex II (succinate-ubiquinone reductase) participates in 
the citric acid cycle by oxidizing succinate to fumarate, its role being to transfer electrons 
to the ubiquinone pool without translocating protons. Complex III (cytochrome bc1) 
delivers electrons from ubiquinol to cytochrome c and pumps protons across the inner 
membrane. The electron flow from cytochrome c continues to the binuclear copper centre 
CuA and to the heme a3-CuB in complex IV (cytochrome c oxidase), where electrons are 
donated to oxygen that is reduced to water.  Complex V (ATP synthase), which utilizes 
the electrochemical gradient generated by complexes I, III and IV to condense ADP and 
Pi to ATP, is composed of an integral membrane component (FO), a stalk and a spherical 
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ATPase subcomplex (F1) connected to the FO subcomplex by its γ subunit. In ATP 
hydrolysis the γ subunit and the c oligomer ring of the FO subcomplex have been found to 
rotate in artificial environment (Sambongi et al. 1999). The proton gradient across the 
inner membrane represents the driving force for ATP synthesis. (Wallace 1997, Saraste 
1999, Scheffler 2001, Smeitink et al. 2001.)   

2.1.2  The genome 

The human mitochondrial genome is circular and 16,568 bps in length (Figure 2) 
(Anderson et al. 1981, Andrews et al. 1999). Each mitochondrion contains 2-10 mtDNA 
molecules in a matrix. MtDNA has two strands, a guanine-rich heavy (H) strand and a 
cytosine-rich light (L) strand, and encodes 13 proteins, 22 distinct transfer RNAs (tRNA) 
and two ribosomal RNAs (rRNA), 12SrRNA and 16SrRNA. The same minimal set of 
genes is found in the mitochondrial genomes of most organisms, with a few additional 
structural genes, as found in plants, for example. Genes have been transferred to the 
nucleus during the evolution of mitochondria, but this transfer has not proceeded quite as 
far as in mammals (Scheffler 2001). Chloroplasts, which constitute an energy producing 
apparatus in plants, have a genome of their own, like mitochondria.  

The proteins encoded by mtDNA are subunits of OXPHOS complexes. MtDNA has 
genes coding for seven subunits of complex I (ND1, 2, 3, 4, 4L, 5 and 6), one subunit of 
complex III (cytochrome b), three subunits of complex IV (COX I, II and III) and two 
subunits of complex V. The proteins are assumed to be essential for respiration and 
oxidative phosphorylation, as indicated by their conservation, so that complex I of E.coli, 
for example, is composed of 14 subunits, seven of which are homologues of the mtDNA-
encoded ND genes in human mitochondria and seven homologues of nuclear-encoded 
subunits. The majority of the proteins in the OXPHOS complexes are nuclear-encoded 
and imported from the cytosol. Since the complexes of ETC are constructed of nuclear 
and mitochondrial encoded proteins, they need to fit well. Experiments with cell hybrids 
have shown that mitochondria from one species are not functional in combination with 
the nucleus of another species (McKenzie & Trounce 2000). (Anderson et al. 1981, 
Leonard & Schapira 2000a, Scheffler 2001.) 

The mechanism of mtDNA replication is quite well understood. Its timing is relaxed, 
allowing it to take place in any phase of cell division. Replication starts with the synthesis 
of an RNA transcript at the OH origin in the presence of the transcription factor mtTFA. A 
short primer is first processed and then elongated by the DNA polymerase. Replication of 
the H strand resumes about two-thirds of the way around the circle, until the other single 
strand of DNA forms a secondary structure that recognises the OL origin and initiates 
synthesis of the L strand. Replication is completed when the primers are removed and the 
completed DNA circles are ligated. It has also been suggested that one single strand can 
be replicated in several copies (Holt et al. 2001). The regulation of replication is not well 
understood, however, and some mtDNA molecules may be replicated more than once 
while others are not replicated at all. The probability of replication nevertheless increases 
when the mtDNA in the mitochondria is located close to the nucleus, suggesting that the 
nucleus probably affects the initiation of replication. (Davis & Clayton 1996, Shadel & 
Clayton 1997.) 
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Two promoters located within the control region, the light strand promoter (LSP) and 
the heavy strand promoter (HSP), direct the transcription of mtDNA strands. Both strands 
of the mammalian circular mtDNA genome are transcribed from a single major promoter. 
Almost the entire H strand is used as a template when producing RNA information for the 
L strand sequence, and similarly an extensive part of the L strand is used to produce 
RNA. These polycistronic transcripts are cleaved at precise sites to produce tRNAs, 
rRNAs and mRNAs. Genes coding for the protein ND6 and tRNAs for glysine (Gly), 
alanine (Ala), asparagine (Asn), cysteine (Cys), tyrosine (Tyr), serine [Ser(UCN)], 
glutamine (Glu) and proline (Pro) are transcribed from the L chain. The genes encoding 
the ATPase 6 and 8 proteins are partly overlapping, and in addition, several tRNAs 
overlap by 1-3 nucleotides. The frequency of RNA transcription is regulated by nuclear 
encoded proteins. (Ojala et al. 1981, Christianson & Clayton 1986, Jeong-Yu & Clayton 
1996.)  

 

 

Fig. 2. The human mtDNA genome, encompassing 16,569 nt pairs with the numbering 
starting at OH and proceeding counterclockwise around the circle. The mtDNA encodes 13 
subunits for OXPHOS complexes: seven for complex I (ND1-6, ND4L), one  for complex III 
(Cyt b), three for complex IV (COX I-III) and two for complex V (ATPase6, ATP6 and 
ATPase8, ATP8). In addition, the mtDNA encodes two rRNAs (12S and 16S) and 22 tRNAs, 
abbreviated to indicate the corresponding amino acid tRNA genes. The black and grey stripes 
represent tRNAs transcribed from the L-chain and H-chain, respectively. The mtDNA is 
replicated from two origins, OH is of H-chain origin and OL of L-chain origin. PH and PL 
indicate the promoters of transcription. 
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Nuclear-encoded proteins, which influence the structure and function of mitochondria, 
can be grouped into three categories: structural components of the respiratory chain (RC), 
factors influencing the structural integrity or copy number of mtDNA, and proteins which 
control the formation, assembly and turnover of respiratory complexes (Zeviani et al. 
1999). At least 70 OXPHOS polypeptides are encoded by the nuclear genome, compared 
with the 13 polypeptides encoded by mtDNA. There are also several nuclear gene 
products that regulate mitochondrial gene expression (Gugneja et al. 1996). 
Chromosomal distribution of these genes seems to be random (Smeitink et al. 2001). A 
number of nuclear genes affecting the function of mitochondria have been identified. 
Nuclear respiratory factors NRF1 and NFR2 regulate mtDNA transcription, and NRF1 
also acts on other mtDNA transcription and replication factors (Braidotti et al. 1993, 
Virbasius & Scarpulla 1994). PCG1 (peroxisome proliferator-activated receptor 
coactivator 1) has been identified as a crucial regulator of cardiac mitochondrial number 
and function in response to energy demand (Wu et al. 1999), and a human homologue of 
the complex I intermediate-associated proteins (CIA30) have been characterized (Janssen 
et al. 2002). Two CIA proteins identified in Neurospora crassa have been found to be 
involved in the assembly of complex I (Küffner et al. 1998). A protein, thymidine 
phosphorylase, that controls mtDNA metabolism has been identified (Nishino et al. 
1999), and the proteins SURF1 and SCO2 participate in COX assembly (Petruzzella et al. 
1998, Tiranti et al. 1999b, Papadopoulou et al. 1999). In addition, proteins that regulate 
RC turnover (paraplegin), handle iron (frataxin) and transport iron (ABC7) have been 
identified (Casari et al. 1998, Wong et al. 1999; for a review, see Zeviani et al. 1999). The 
proteins identified as participating in the functioning of mitochondria have been generally 
found via patients with a mitochondrial disorder.  

2.1.2.1  Special features of mtDNA 

The high copy number of mtDNAs in a mitochondrion and the cytoplasmic location 
contribute to certain differences compared with nDNA. The control region of mtDNA, the 
displacement loop (D-loop), is the only segment which does not encode genes, and 
otherwise there are no non-coding segments between the genes. MtDNA replication (see 
above) is not dependent on the phase of cell division, and no recombination has been 
shown. MtDNA is maternally inherited and has a high mutation rate causing a number of 
polymorphisms which accumulate along radiating maternal lineages. Due to these unique 
characteristics mtDNA can greatly enlarge our knowledge of population genetics obtained 
from nDNA. 

Organisation of the mtDNA genome  
Mammalian mtDNA does not contain any ‘introns’. There is a 1121 bp non-coding 
region, the D-loop, spanning nts 16024-00575, which is called the control region, as it 
contains elements for the initiation of leading strand replication, origins for the 
transcription of both DNA strands and regulatory regions for replication and transcription 
(Larsson & Clayton 1995, Lightowlers et al. 1997). There are several abutting or 
overlapping genes in mtDNA, and also incomplete termination codons that are completed 
through polyadenylation of messenger RNAs.  
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There are some differences in genetic code between mtDNA and nDNA. UGA is read 
as tryptophan rather than “stop” and AGA or AGG as “stop” rather than arginine, AUA is 
read as methionine rather than isoleucine, and AUA or AUU is used as an initiation codon 
instead of AUG (Anderson et al. 1981, Wallace 1982, Shoffner et al. 1995). 

Each human cell contains 103-104 mtDNA molecules. The state in which all the 
mtDNA molecules are identical is called homoplasmy. If a new mutation arises in a 
mtDNA molecule, it will be multiplied in replication and randomly divided into daughter 
mitochondria in cell division. In the case of polymorphisms, the mutation usually 
segregates rapidly towards homoplasmy. During the segregation, there is 
intramitochondrial and intracellular mixture of mutant and normal molecules, a condition 
known as heteroplasmy. This was considered initially to be rare (Monnat et al. 1985) and 
associated only with disease, because heteroplasmic point mutations and mtDNA 
rearrangements were found in various clinical abnormalities (collected in Mitomap 2001). 
Most of the mutations causing a multiorgan disease are lethal in a homoplasmic state and, 
therefore, the heteroplasmic state is maintained. With more sensitive methods many 
mutations with a low level of heteroplasmy have been found in the control region of 
mtDNA in brain tissue samples, suggesting that the heteroplasmic state is not uncommon 
(Jazin et al. 1996). Somatic mtDNA mutations occur in all human cells, and they are 
heteroplasmic (Cortopassi & Arnheim 1990, Corral-Debrinski et al. 1992a, 1992b). 
Heteroplasmic substitutions in the control region have been found in four twin pairs out 
of 180, suggesting that heteroplasmic substitutions are not rare and are also present in 
healthy people. Two of the twin pairs had similar levels of heteroplasmy, and two  the 
heteroplasmic level of a substitution differed, a situation that, interestingly, also applied 
to their maternal relatives. (Bendall et al. 1996.)  

A mutation can be inherited if it arises in the germ line. There is a stage in the 
development of oocytes, the primordial germ cells that precede the oogonia, at which all 
the progenitors have approximately similar levels of mutant mtDNA molecules and do not 
differ substantially in their levels of heteroplasmy from the first identifiable germ cell 
type during embryogenesis. A dramatic segregation of mtDNA genotypes then occurs 
during development of the primary oocytes, resulting in high intercellular variance. This 
segregation has been shown to be random (Brown et al. 2001). A second segregation 
occurs in the state of post-fertilization, where the mtDNA copy number in the primordial 
germ cell of the developing embryo drops from an estimated 100,000 to 100-150. This 
partitioning event constitutes a form of “bottleneck” (Lightowlers et al. 1997) that 
ensures that heteroplasmic mutations are rare even though mtDNA has a high mutation 
rate.  

The segregation of mutant mtDNA molecules into daughter cells in the course of 
embryogenesis is a stochastic process leading to differences in the level of heteroplasmy 
between tissues. The penetrance of a pathogenic mutation and the severity of a syndrome 
are increased with the degree of mutant heteroplasmy. Within single cells, the proportion 
of mutant mtDNA must exceed a critical threshold before the cell expresses a 
mitochondrial respiratory chain defect (Larsson & Clayton 1995), i.e. the phenotypes in 
tissues are normal until a threshold level of mutant heteroplasmy is exceeded. The 
relation between the proportion of mutant mtDNA and the clinical phenotype of the 
whole organism is less clear, however (Chinnery & Turnbull 1999), and the threshold 
would seem to vary for different types of mtDNA mutation, being about 85% for 
8344A>G (Chomyn 1998), about 90% for point mutations generally and about 60% for 
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deleted mtDNA (Hayashi et al. 1991). Different organs, and even adjacent cells within the 
same organ, may contain different amounts of mutant mtDNA, and this variability, 
coupled with tissue-specific differences in the threshold and the dependence of different 
organs on oxidative metabolism, explains somehow why certain tissues are preferentially 
affected in patients with mtDNA disease (Wallace 1994). The organs with the highest ATP 
requirements and lowest regenerative capacities, such as the brain, heart, skeletal muscle 
and cochlea, are the most sensitive to the effects of pathogenic mtDNA mutations 
(Wallace 1995), but there are usually no clinical effects if the mutations are present at a 
low heteroplasmic level.  

High mutation rate 
The rate of mutation in mtDNA is 10 to 17 times faster than that in nuclear genes with a 
similar function (Brown et al. 1979, Neckelmann et al. 1987, Wallace et al. 1997). 
Several mtDNA properties have been suggested as contributing to this high mutation rate. 
Firstly, mtDNA lacks protective proteins such as histones. Secondly, mtDNA is exposed 
to oxidative damage by reactive oxygen species (ROS), a hypothesis supported by the 
physical location of mtDNA near the inner membrane, where ROS are generated. It has 
been suggested that repair mechanisms are poorly developed in mitochondria, but repair 
systems such as base excision, photolyase and DNA methyl transferase have recently 
been found in mitochondria and have been shown to be sufficient for mtDNA repair 
(Croteau et al. 1999). A marker of oxidative damage, 8-hydroxydeoxyguanosine, has 
been shown to increase with age, but very little is known about its processing and it is not 
known whether mtDNA repair changes with age (Croteau et al. 1999, LeDoux et al. 
1999, Sawyer & Van Houten 1999; see section 2.3.2). In addition, mtDNA has a high 
mutation fixation rate, which explains the high level of mtDNA substitutions. 

Maternal inheritance  
MtDNA is maternally inherited (Giles et al. 1980). A mutation that arises in the germ cell 
and passes through the bottleneck will be transferred to the embryo, and all the children 
of a female will have similar a probability of receiving the mutation, but only daughters 
will transmit it further. There is no evidence of paternal transmission. All sperm cells 
contain 100-1500 mtDNA, while a mature oocyte contains about 100,000 (Chen et al. 
1995a, Manfredi et al. 1997). The sperm cell mitochondria are imported into the oocyte, 
but they are either destroyed in the early stage of embryogenesis or lost due to impaired 
replication (Manfredi et al. 1997). Futhermore, efforts to find evidence for recombination 
have been thwarted (Merriweather et al. 1999, Morris & Lightowlers 2000, Elson et al. 
2001a). The presence of paternal mtDNA has been found by the restriction fragment 
length polymorphism (RFLP) technique in five out of 32 human polyploid embryos, two 
generated by in vitro fertilisation and three by intracytoplasmic sperm injection. The 
paternal mtDNA was detected at the four-cell to eight-cell stage in four of them and in the 
blastocysts in one. In addition, paternal mtDNA has been found to persist past the eight-
cell stage in normal embryos. It has been suggested that the transmission of paternal 
mtDNA may be more frequent when poor-quality oocytes are used. (St John et al. 2000.) 
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2.2  Mitochondrial DNA sequence variation 

MtDNA provides a potent tool for studying human evolution, in view of characteristics 
such as maternal inheritance, high mutation rate (Brown et al. 1979), high copy number 
and lack of recombination (Elson et al. 2001a). 

MtDNA variants that are selectively neutral or near neutral avoid elimination by 
selection and may thus become prevalent through genetic drift. As mtDNA is strictly 
maternally inherited, it will have evolved by sequential accumulation of base 
substitutions along radiating maternal lineages. Polymorphisms which occurred tens of 
thousands of years ago will nowadays be present in high-frequency, population-specific 
mtDNA polymorphisms, creating groups of related mtDNA haplotypes, or haplogroups 
(Torroni & Wallace 1994, Wallace 1995). The information to be gained from 
polymorphisms is useful for analysing putatively pathogenic mutations, for constructing 
mtDNA phylogenies (Torroni & Wallace 1994, Finnilä et al. 2000) and for tracing 
population migrations (Wallace & Torroni 1992, Wallace 1994, Watson et al. 1997, van 
Holst Pellakaan et al. 1998).  

The genealogy of the non-recombining mitochondrial genome has become a 
cornerstone of modern population genetics. The origin of the modern human being has 
been suggested to be either multi-regional (Wolpoff 1989) or African (Cann et al. 1987, 
Vigilant et al. 1991, Ruvolo et al. 1993, Horai et al. 1995). Evidence nowadays supports 
for the latter being based on recent results achieved in mitochondrial genetics (Ingman et 
al. 2000). All mtDNAs are part of a single phylogenetic tree (Johnson et al. 1983), and 
the human mitochondrial family tree suggests that anatomically modern humans 
originated in Africa 100,000-200,000 years ago (Cann et al. 1987, Vigilant et al. 1991, 
Hedges et al. 1992). The divergence between Africans and non-Africans has been 
estimated to have occurred 24,000-150,000 years ago (Nei & Roychoudhury 1993, 
Goldstein et al. 1995, Tishkoff et al. 1996, Wallace et al. 1999, Ingman et al. 2000). The 
average number of bp differences between two human mitochondrial genomes is 38.5 
among non-Africans, 76.6 among Africans and 61.6 among all humans (Ingman et al. 
2000). MtDNA variation correlates with the ethnic and geographical origin of the 
individual much more than nDNA (Merriweather et al. 1991). The high diversity among 
Africans may result either from a considerably larger effective population size or a 
significantly longer genetic history. Non-African phylogeny is more ‘star-like’, 
suggesting a population bottleneck and a more recent population expansion (Ingman et 
al. 2000). Most genetic evidence indicates that there were only about 10,000 breeding 
individuals for a long time before the recent expansion of modern humans outside Africa 
(Harpending et al. 1998).  

2.2.1  Mitochondrial DNA haplogroups 

MtDNA haplogroups determined by polymorphisms that occurred tens of thousands of 
years ago are today high-prevalence population-specific substitutions. Haplotypes are 
subclusters of haplogroups, and the polymorphisms that determine them are less prevalent 
and have occurred more recently. Most of the polymorphisms determining haplogroups 
are continent-specific (Wallace 1994). The classification of mtDNA haplogroups is based 
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on information gained from RFLP analysis of the coding region and from the nucleotide 
(nt) sequences of the hypervariable segments (HVS) in the control region. Haplogroups 
are coded with capital letters and subclusters with a running number (Schurr et al. 1990, 
Ballinger et al. 1992a, Torroni et al. 1996, Richards et al. 1998.)  

MtDNA has been used for a couple of decades as a molecular marker in population 
genetics. The earliest work began with digestion of the molecule, either with a single 
restriction enzyme in a large number of samples (Denaro et al. 1981), or with many 
enzymes in a few samples (Brown 1980), and subsequent studies tended to use five or six 
enzymes on fairly large sample sets (Johnson et al. 1983, Santachiara-Benerecetti et al. 
1988, Scozzari et al. 1988). ’High-resolution’ restriction analysis with 14 enzymes 
enabled a much more detailed mtDNA phylogeny to be obtained (Cann et al. 1987). 
Analysis using 14 restriction endonucleases allowed screening of 15-20% of the mtDNA 
sequence for variations (Chen et al. 1995b), and a further improvement in resolution was 
obtained when information on the control region sequence was included with the RFLP 
data (Macaulay et al. 1999). The best resolution that can be obtained is gained by 
analysing complete mtDNA sequences which have just begun to emerge (Richards & 
Macaylay 2001). The complete sequences reported so far include 22 samples from Finns 
(Finnilä et al. 2000), 53 samples from the global population (Ingman et al. 2000) and 66 
samples from Europeans (Elson et al. 2001a). In addition, 560 complete European, Asian 
and African mtDNA coding-region sequences from unrelated individuals have been 
published (Herrnstadt et al. 2002), a material that included the above-mentioned 66 
European samples. 

2.2.1.1  Mitochondrial DNA haplogroups on different continents 

The evolution of human mtDNA is characterized by the emergence of ethnically distinct 
lineages. Three African, nine European and seven Asian (including Native American) 
mtDNA haplogroups have been identified so far. 

About 76% of all African mtDNAs fall into haplogroup L, defined by an African-
specific HpaI restriction site at np 3592 together with the DdeI site at np 10394 (Chen et 
al. 1995b, Graven et al. 1995). This is divided into two sublineages, L1 and L2, which 
encompass 29% and 34% of all African mtDNAs, respectively. The remaining African 
mtDNAs form haplogroup L3, a heterogeneous array of four lineages, each defined by 
specific restriction site gains or losses (Watson et al. 1996). One of these lineages, 
defined by loss of the DdeI site at np 10394, represents only a few percent of the African 
mtDNAs but appears to be the progenitor of roughly half of all European, Asian and 
Native American mtDNAs. Overall, the mtDNA data show that African mtDNAs are 
distinct; they are the oldest and have a greater sequence diversity than those from other 
continents (Wallace et al. 1999, Ingman et al. 2000). European mtDNAs can be 
subdivided into two groups according to the presence (25%) or absence (75%) of the 
DdeI site at np 10394. Thus Europeans exhibit a marked increase in the proportion of the 
DdeI site relative to the frequency of 4% seen in Africans (Wallace et al. 1999). About 
99% of the European mtDNAs can be subsumed within nine mtDNA haplogroups, 
designated as H, I, J, K, T, U, V, W and X (Torroni et al. 1996), and these haplogroups 
can be further subsumed within four mtDNA haplogroup clusters, HV, UK, TJ and WIX 
(Richards et al. 1998). In Asia, 77% of all mtDNAs are encompassed within a 
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superhaplogroup M defined by a DdeI site gain at bp 10394 and an AluI site gain at bp 
10397 (Ballinger et al. 1992a, Torroni et al. 1993, Chen et al. 1995b, Wallace 1995). 
Haplogroup M is subdivided into smaller subhaplogroups designated C, D, G and E. 
Most of the remaining Asian mtDNAs are encompassed by haplogroups A, B and F 
(Torroni et al. 1994). Essentially all native American mtDNAs fall into four haplogroups, 
A, B, C and D (Torroni & Wallace 1994). 

2.2.1.2  Finnish mtDNA haplogroups 

The oldest archaeological evidence of settlement in Finland dates back approximately 
9,000 years. The origin of these people is unknown, but they could have been ancestors of 
the Saami, probably from the Ural Mountains (Pitkänen 1994). The second wave of 
settlers arrived in the southern parts of Finland around 5,500 years ago. Permanent 
settlement extended across southern Finland and along the coast and riversides of 
Ostrobothnia in the 16th century (Norio et al. 1973). Geographical and cultural isolation 
has greatly shaped the Finnish gene pool towards homogeneity, as can be seen, for 
example, in certain recessive diseases which are infrequent elsewhere (Norio et al. 1973). 
The genetic evaluation of the origin of Finns has been based on mtDNA and Y 
chromosome haplogroups.  

A clear West Eurasian pattern of polymorphisms has been detected in mtDNA (Vilkki 
et al. 1988, Pult et al. 1994, Sajantila et al. 1996, Torroni et al. 1996, Herrnstadt et al. 
2002), with about 40% of the Finns belonging to mtDNA haplogroup H, which is also 
common among other Europeans but rare among Asians (Torroni et al. 1996, Richards et 
al. 1998, Wallace et al. 1999). Other common European haplogroups among the Finns 
include U, with a frequency of 16-28%, J, 4.5-14%, W, 4.1-9.2%, and T, 2.5-6.1%. The 
remaining European haplogroups, I, K, V and X, are less common, as in other parts of 
Europe, each with frequency below 5.5% in both studies. (Torroni et al. 1996, Meinilä et 
al. 2001.) There is variation in the frequencies of the haplogroups between different parts 
of Finland, however, haplogroup U, for example, to be found with frequencies of 16% 
and 28% in samples from southern and northern Finland, respectively (Torroni et al. 
1996, Meinilä et al. 2001). The Saami, a small ethnic group living in the northern parts of 
Finland, Sweden, Norway and northwestern Russia, have been thought to be sharply 
differentiated from an otherwise genetically homogeneous set of European populations 
(Cavalli-Sforza & Piazza 1993, Sajantila et al. 1995, Sajantila & Pääbo 1995, Lahermo et 
al. 1996, Simoni et al. 2000), since a subcluster U5 has been found to be present at high 
frequency (32-52%) in Saami populations and almost absent in other European 
populations (Sajantila et al. 1995). This subcluster has therefore been thought to have 
originated in the Saami, and the series of mutations defining it has been called the ‘Saami 
motif’. This Saami motif has been found at the frequency of 12.3% in northern Finland, 
5.0% in central Finland, 34% in the Finnish and Swedish Saami (Sajantila et al. 1995) 
and 58% in the Norwegian Saami (Dupuy & Olaisen 1996), suggesting a genetic 
admixture (Sajantila et al. 1995, Meinilä et al. 2001). 

Previous data have shown a high frequency of Asian Y chromosome haplotypes in the 
Finns and Saami (Zerjal et al. 1997). The presence of haplogroup Z in these populations 
evidently indicates that traces of Asian mtDNA genotypes have survived in them, but the 
discrepancy between the high frequency of Asian-specific haplotypes on the Y 
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chromosome and the rarity of Asian-specific mtDNA haplotypes may suggest that the Y 
chromosome and mtDNA are subject to differential drifting that has led to an almost 
complete loss of Asian-specific mtDNA haplotypes (Meinilä et al. 2001). The mtDNA 
haplotypes among the Finns may therefore suggest European pattern, the frequencies of 
which have been modulated during the long period of genetic isolation.  

2.2.2  Mitochondrial DNA as a tool in phylogenetic studies 

Mitochondrial DNA sequence variation can be used to construct phylogenetic networks 
that enable more detailed analyses of evolution and population history. A phylogenetic 
network allows the relationships between individual sequences to be displayed and a time 
scale between sequences to be determined.  

The analysis of mtDNA has become an important tool for studying human population 
structure and history (Stoneking et al. 1993). Most phylogenetic analyses of mtDNA have 
been based on sequence variation in the first hypervariable segment of the control region 
(HVS-I), which is the most variable part of mtDNA. RFLP studies of the mtDNA coding 
region have been used to classify mtDNA haplogroups. Phylogenetic analyses that have 
been based on either RFLP data or sequences from the HVS-I almost invariably fail to 
form nested sets of haplotypes, due to poor resolution (Bandelt et al. 1995). These RFLP 
data have subsequently been expanded, and the most accurate phylogenetic networks for 
European mtDNA have been constructed by using sequence data from HVS-I (Macaulay 
et al. 1999) or HVS-II sequences (Helgason et al. 2000) augmented with data from RFLP 
analyses of the coding region. 

Complete sequences, which have now begun to emerge, represent the best resolution 
that it is possible to obtain in phylogenetic analyses when analysing mtDNA evolution 
(Richards & Macaulay 2001). The analyses are complicated, however, by the presence of 
homoplasies, parallel mutation events or reversals. Homoplasies are substitutions 
occurring at an identical position but caused by separate mutational events. A network 
constructed by means of a median algorithm has been suggested as the best method to 
analyse mtDNAs. A median network generated using a table of binary data contains the 
same information as originally, but in a more illustrative way, so that all the data can be 
arranged in a novel network portraying mtDNA relationships. Labelled appropriately, the 
network can predict haplotypes, tell us where homoplasy is located, which sites are 
frequently subject to mutations, where a consensus sequence is and whether 
recombination is likely to have occurred. (Bandelt et al. 1995.) Since the median network 
harbours all the most parsimonious trees for the input data, it yields a concise picture of 
the data.  

2.2.3  Mitochondrial DNA polymorphisms and the risk of disease   

Certain mutations in mtDNA can cause diseases or clinical phenotypes by themselves 
(see section 2.3), but some can cause disease only in the presence of an additional factor. 
Secondary mtDNA mutations and environmental factors have been found that contribute 
to pathogenicity. Mildly deleterious mutations are only slightly pathogenic, but they have 
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a greater probability of being eliminated from a population due to their deleterious effect 
(Fry 1999). One example of a pathogenic mutation which needs an additional factor is the 
1555A>G mutation (Prezant et al. 1993; see section 2.4.3.1). Secondary mutations in 
mtDNA increase the penetrance of a disease-causing mutation, so that the penetrance of 
mutation 7445A>G in the tRNASer(UCN) gene, causing deafness, for example, is increased in 
the presence of three additional substitutions (Fischel-Ghodsian et al. 1995; see section 
2.4.3.2.). Similarly, mutations have been found which increase the penetrance of Leber´s 
hereditary optic neuropathy (LHON; see section 2.3.1.2.1). The high degree of 
polymorphic variability creates major problems when trying to ascribe pathogenicity to a 
new base change, because the pathogenic mutation is typically “buried” within the 
sequence variation (Chinnery et al. 1999). The phylogenetic networks which have now 
begun to emerge for different populations will help us to decide between rare 
polymorphisms and putatively pathogenic mutations (Finnilä et al. 2000).  

Mildly deleterious mutations are distinct from others in that they are “borderline” 
mutations that are deleterious, in contrast to the “borderline” mutations that are beneficial 
(Fry 1999). The neutral theory predicts that the synonymous (dS) and non-synonymous 
(dN) substitution rates will be identical within species and between species (McDonald 
and Kreitman 1991), but this theory has been rejected in many analyses of mtDNA, as a 
significantly higher dN/dS ratio has been found within species than between species 
(Nachman et al. 1994). The data have been interpreted as evidence for mildly deleterious 
mutations. Both statistical analyses of mtDNA sequences and functional tests of fitness 
have revealed a variety of non-neutral patterns in animal mtDNA, suggesting that many 
amino acid mutations in it may be slightly deleterious. If mildly deleterious mutations are 
common in mtDNA, we might expect to observe them as a class of rare haplotypes. 
Interestingly, such an excess of rare haplotypes has been found in 13 avian species, so 
that it has been suggested that these haplotypes carry mildly deleterious mutations, have a 
slightly greater probability of being eliminated from the population than strictly neutral 
mutations and are rarely expected to increase appreciably in frequency if the population 
size is large. (Fry 1999.) The accumulation of deleterious mutations is thought to be a 
major factor preventing the long-term persistence of obligately asexual lineages relative 
to their sexual ancestors (Muller 1964). This accumulation has been suggested to 
contribute to the extinction of selected animal lineages detectable in the fossil record 
(Lynch 1996). It remains a challenge to understand how animal species can survive the 
inevitable decline in fitness of the mitochondrial genome in the long term. 

In humans, an analysis of 25 near-complete sequences from patients with various 
mitochondrial diseases has shown a higher ratio of non-synonymous to synonymous 
mutations (Nachman et al. 1996). This suggests that a number of mutations of small 
effect may contribute to disease phenotypes. Furthermore, the mean pairwise sequence 
difference has been found to be higher in patients with mitochondrial disorders than 
among controls (Lertrit et al. 1994). The greatest divergence has been found in the ND3 
and ND6 genes. In addition, the coding region sequence of mtDNA has been analysed in 
the cardiac tissue of 28 patients with idiopathic dilative cardiomyopathy and an increased 
number of point mutations has been found compared to controls (Marin-Garcia et al. 
2000). Mildly deleterious mutations would thus be compatible with life, but 
mitochondrial function would decline with age in many postmitotic tissues and ultimately 
decline below the energetic expression threshold, leading to clinical symptoms (Wallace 
1995). 
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2.3  Mitochondrial disorders  

The RC is an interesting system, in that it is formed through the complementation of two 
separate genetic systems. Diseases attributed to a RC defect can be caused by mutations 
in 1) nuclear or mitochondrial genes involved in the synthesis of individual RC subunits, 
2) nuclear genes involved in their import or assembly, or 3) nuclear genes controlling the 
perpetuation, propagation and expression of the mitochondrial genome (Zeviani et al. 
1998, DiMauro & Andreu 2000). This means that all the inheritance models are possible 
in connection with mitochondrial disorders. Mutations in mtDNA lead to diseases that are 
inherited maternally, and mitochondrial disorders caused by mutations in nuclear genes 
may be inherited in an autosomal dominant, autosomal recessive or X-linked fashion. In 
addition, de novo mutations can arise in both nDNA and mtDNA.  

OXPHOS dysfunction causes a disturbance in the functioning of mitochondria, e.g. 
through a perturbation in ATP production or an increase in susceptibility to apoptosis. 
Clinical symptoms are first seen in tissues with a high energy demand or a low threshold 
for energy deficiency (Ames 1997), so that the central nervous system and muscles are 
characteristically involved and the clinical symptoms include mental retardation, epilepsy, 
encephalopathy, stroke-like episodes, progressive dementia, deafness and optic atrophy, 
ataxia and tremor (Schapira 1998). The involvement of other organs may lead to 
symptoms such as muscle weakness, cardiac failure, renal dysfunction, liver disease and 
diabetes mellitus. (for reviews, see Zeviani et al. 1998, Chinnery & Turnbull 1999, Simon 
& Johns 1999, Leonard & Schapira 2000a.)  

2.3.1  Mitochondrial DNA mutations and diseases 

The first mtDNA defects associated with diseases were discovered in the late 1980’s (Holt 
et al. 1988, Wallace et al. 1988a, Wallace et al. 1988b), since when more than 100 
mtDNA point mutations and innumerable rearrangements (deletions and insertions) have 
been found to be causes of specific human diseases (Mitomap 2001). It is easy to 
understand how different mtDNA mutations can cause a similar disorder, as they all have 
an effect on the mitochondrial RC. Investigations into pathogenic mtDNA mutations have 
revealed a complex relationship between the genotype and phenotype (Schon et al. 1997). 
The phenotypes of diseases vary between mutations, and also between individuals with 
the same mutation, but it is more difficult to explain a difference in phenotype seen in 
patients with an identical genetic defect. Patients with mtDNA disease often have 
heteroplasmic mtDNAs, and the mode of presentation can vary both between and within 
individuals. The degree of mutation heteroplasmy, tissue-specific differences in the 
threshold and variable dependence of different organs on oxidative metabolism will partly 
explain the varied clinical phenotypes seen in patients with mtDNA disease (Chinnery & 
Turnbull 2000). Mutations are always present in mtDNA that contains other substitutions, 
and this may influence the phenotype or the penetrance of a mutation. In addition to these 
genetic factors, environmental factors may also influence the phenotype, being capable of 
increasing the penetrance of a phenotype, as has been shown to be the case for 
aminoglycosides among patients with mitochondrial hearing impairment. The capacity of 
RC to produce ATP declines with age, lowering the threshold for a pathogenic mtDNA 
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mutation to cause clinical symptoms, and thus the probability of a disease increases with 
age, and the diseases are often progressive. 

2.3.1.1  Rearrangements 

More than 150 mtDNA rearrangements have been identified (Mitomap 2001), including 
deletions, partial duplications and insertions, combinations of these and sublimons 
(Poulton & Holt 1994, Kajander et al. 2000). These cause a great variety of syndromes 
which affect the skeletal muscle, heart, central nervous system and other post-mitotic 
tissues (Zeviani et al. 1998). The first deletion was found in the skeletal muscle of 
patients with mitochondrial myopathy (Holt et al. 1988), and since then deletions have 
also been detected in patients with Kearns-Sayre syndrome (KSS), chronic progressive 
ophthalmoplegia (CPEO) (Lestienne & Ponsot 1988, Moraes et al. 1989), Pearson 
marrow/pancreas syndrome (Cormier et al. 1990) and maternally inherited diabetes 
mellitus and deafness (Ballinger et al. 1992b). About a third of all CPEO and KSS 
patients carry an identical deletion of 4977 base-pairs spanning the interval bp 8469 and 
13,466 (Schon et al. 1989). The pathophysiology of KSS and CPEO resulting from 
deletions appears to be due to a defect in protein synthesis, as all the deletions associated 
with these diseases remove at least one essential tRNA or protein coding gene. (Wallace 
et al. 1997.)  

Multiple deletions have been found in a number of disorders such as autosomal 
dominant PEO (adPEO) (Zeviani et al. 1989, Moslemi et al. 1999), mitochondrial 
neurogastrointestinal encephalomyopathy (MNGIE) (Papadimitriou et al. 1998) and the 
sporadic and inherited forms of inclusion body myositis (Moslemi et al. 1997, Jansson et 
al. 2000). The deletions are usually located between the replication origins, with one end 
lying within the end of the D-loop (Kajander et al. 2000). Nuclear mutations have been 
found to be a cause of multiple deletions (see section 2.3.3). 

Large deletions have also been found at a low level in healthy tissues (Ozawa 1997) 
and the proportion of mutant DNA appears to increase with age, at least in humans and 
rodents (Cortopassi & Arnheim 1990, Yen et al. 1991, Simonetti et al. 1992). Sublimons 
are defined as rearranged mtDNA molecules that are present at low levels in cells. They 
are structurally similar to the rearrangements found in some mitochondrial diseases, but 
are regarded as a pool of tissue-specific variant molecules such as somatic point 
mutations (see section 2.3.2) They can become amplified under pathological conditions, 
however, leading to mitochondrial dysfunction. (Kajander et al. 2000.)  

2.3.1.2  Point mutations 

Almost 100 deleterious mtDNA point mutations have been identified, most of them 
transitions (Mitomap 2001). They are usually maternally inherited, in contrast to single 
mtDNA deletions, and they can occur in genes encoding RC subunits or in tRNA or rRNA 
genes. The RC defect caused by mtDNA point mutations has been verified in many cases 
by means of a cybrid cell line that is a fusion of rho0 cells (osteosarcoma cells depleted 
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of their mitochondria) and enucleated cytoplasts from a patient with a mtDNA mutation 
(King & Attardi 1989, Chomyn et al. 1991).  

The identification of a mitochondrial disease can be relatively straightforward if the 
patient has a recognizable phenotype and a known pathogenic mutation can be identified. 
Problems arise when the pathogenicity of a new mutation has to be evaluated. This is 
usually done on the basis of characteristics which have been recognized in mutations that 
have already been shown to be pathogenic. Firstly, it is important to compare putative 
pathogenic mutations with a number of appropriate reference sequences. Secondly, a 
correlation between the phenotype and the possible level of heteroplasmy in individuals 
and in tissues will indicates that symptoms occur when there is low level of wild-type 
mtDNA. A heteroplasmic state will support the pathogenicity of a new mutation, as 
heteroplasmy suggests that negative selection is acting against fixation, i.e. homoplasmy 
of the mutation would be lethal. In the case of non-syndromic diseases such as hearing 
impairment or ophthalmoplegia, however, homoplasmic mutations can cause a disease 
(Prezant et al. 1993, Howell et al. 1991). Thirdly, identification of the mutation in 
affected families with different ethnic backgrounds will exclude the possibility of a rare 
variant that is associated with a specific haplogroup and will suggest that the mutation 
has occurred several times independently. This can be regarded as strong proof of 
pathogenicity. Fourthly, evolutionary conservation of the amino acid or nucleotide can be 
considered. An amino acid of similar size and charge, or the same nucleotide in the tRNA 
or rRNA of most species will imply conservation in the course of evolution. High 
conservation between species suggests functional importance of the nucleotide in the 
gene (Zeviani et al. 1998), a situation that can be evaluated also by means of information 
on their structure. Molecular structures are available for all RC complexes except 
complex I and ATPase (Tsukihara et al. 1996, Xia et al. 1997, Zhang et al. 1998, Iwata et 
al. 1998, Yoshikawa et al. 1998, Yu et al. 1998), and the structural change caused by a 
mutation can be inferred from the data. 

Leber’s hereditary optic neuropathy    
The clinical features of LHON, the first disease in which a pathogenic mtDNA point 
mutation was found (Wallace 1988a), include subacute, painless bilateral visual loss with 
central scotomas and abnormal colour vision due to optic atrophy. Cardiac conduction 
abnormalities and neurological symptoms are sometimes associated with the disease as 
well. Men are affected 3-4 times more frequently than women, and the age at onset 
varies, but is most commonly around early adulthood  (Johns 1994). 

A total of 17 mtDNA mutations have been reported to be associated with LHON 
(Wallace et al. 1994, 1995), but only four primary pathogenic mutations have been found 
(Savontaus 1995), including 3460G>A in the ND1 gene  (Howell et al. 1991, Huoponen 
et al. 1991), 11778G>A in the ND4 gene (Wallace et al.1988a) and 14459G>A (Jun et al. 
1994) and 14484T>C in the ND6 gene (Johns et al. 1992, Mackey & Howell 1992). 
These mutations are usually homoplasmic. The mutation 14459G>A differs from the 
other three in that it causes a severe phenotype of LHON in which patients suffer from 
dystonia in addition to optic atrophy.  

Four mutations, 13730G>A (Howell et al. 1993), 9438G>A, 9804G>A (Johns & 
Neufeld 1993) and 9101T>C (Lamminen et al. 1995) may also be primary, but each of 
them has been detected only in a single family and their pathogenic significance requires 
confirmation. Other variants have been reported as putatively pathogenic mutations, but 
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they do not actually cause LHON but rather increase its probability or influence the 
phenotype (Riordan-Eva et al. 1995). They are also found in controls, although at a lower 
frequency (Ishikawa et al. 1995). Interestingly, it has been suggested that mtDNA 
haplogroup J may increase the penetrance of the mutations 11778G>A and 14484T>C 
(Torroni et al. 1997, Brown et al. 1997, Lamminen et al. 1997), while other factors are 
thought to influence the phenotype and the penetrance. The predominance of men may 
reflect interaction with an X-linked nuclear genetic factor (Vilkki et al. 1991), which has 
not been found (Handoko et al. 1998). It is also suspected that environmental factors such 
as alcohol consumption and smoking may increase the penetrance (Cullom et al. 1993). 

Mitochondrial myopathy, encephalopathy, stroke-like episodes and lactic acidosis 
(MELAS) 
The MELAS syndrome is probably the most common genetically defined maternally 
inherited mitochondrial disorder, the classic clinical features of which were first 
described in 1984 (Pavlakis et al. 1984). The diagnosis of this multiorganic disease was 
difficult until an A→G point mutation at nt 3243 was discovered in the tRNALeu(UUR) gene 
of mtDNA (Goto et al. 1990). Since then several other mutations causing MELAS 
syndrome have been found in the tRNALeu(UUR) gene. Approximately 80% of patients with 
MELAS syndrome harbour the common mutation 3243A>G, while other mutations are 
less common. A mutation 3271T>C has been observed in about 7-15% of MELAS 
patients (Goto et al. 1991, Tokunaga et al. 1993, Marie et al. 1994, Tarnopolsky et al. 
1998), and other associated mutations include 3252A>G (Morten et al. 1993), 3256C>T 
(Moraes et al. 1993) and 3291T>C (Goto et al. 1994) in the same tRNALeu(UUR) gene. 
Interestingly, the clinical symptoms are similar despite the different location of the 
mutations in tRNA. In addition, several mutations in other tRNAs can give rise to a 
MELAS-like phenotype, e.g. the 8344A>G MERRF mutation, and mutations such as 
7512T>C in tRNASer can cause a MERRF/MELAS overlap syndrome (Nakamura et al. 
1995). All the mutations associated with the MELAS syndrome are heteroplasmic (Goto 
et al. 1992). 

Clinically, the classic MELAS syndrome includes myopathy, encephalopathy, stroke-
like episodes and lactic acidosis, while clinical evaluations of patients have revealed 
novel features such as sensorineural hearing impairment, hypertrophic cardiomyopathy, 
ataxia, basal-ganglia calcifications, ophthalmoplegia and diabetes mellitus (Mariotti et al. 
1995, Kadowaki et al. 1994, Morgan-Hughes et al. 1995), which may be the only 
symptom in some cases. Approximately 1% of patients with diabetes carry 3243A>G 
(Kadowaki et al. 1994).  The variability in the phenotype is explained by variation in the 
degree of 3243A>G mutation heteroplasmy and the segregation of mutant mtDNA in 
organs.  

The prevalence of the 3243A>G mutation in the adult population in Finland has been 
calculated to be at least 16.3/100,000, and the mutation has arisen in the population 
several times, as determined by mtDNA haplotyping (Majamaa et al. 1998). 

A defect in mitochondrial protein synthesis has been detected in cells harbouring 
3243A>G, but the poor correlation between the clinical features, RC activity and protein 
synthesis suggests that other mechanisms may be involved (Dunbar et al. 1996). The 
mutation alters a highly conserved dihydrouridine stem region of tRNALeu(UUR) (Goto et al. 
1990) and is located within a 13-nt segment which binds the factor mTERF that promotes 
termination of transcription at the 16rRNA/tRNALeu(UUR) gene boundary (Hess et al. 1991, 
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Daga et al. 1993). On the other hand, the other mutations in the tRNALeu(UUR) gene cause a 
similar phenotype to 3243A>G and therefore it has been suggested that other mechanisms 
such as a defect in post-transcriptional modifications of the tRNA molecule may be 
involved in the pathogenesis of the MELAS mutations. The post-transcriptional 
modifications of tRNAs make the molecules correctly folded and functionally active and 
are essential for translational efficiency and accuracy. A lack of post-transcriptional 
modifications in the wobble position in the anticodon loop of tRNALeu(UUR) has been shown 
to be significant for the pathogenesis of 3243A>G and to explain the indistinguishable 
clinical features of at least two of the mutations causing MELAS syndrome, 3243A>G 
and 3271T>C (Yasukawa et al. 2000a). Similarly, a defect in post-transcriptional 
modifications in the wobble position has been found in tRNALys harbouring the mutation 
8344A>G (see section 2.3.1.2.3 below). Direct interaction of the ribosomal codon with 
the mutant tRNALys anticodon has been found to be disturbed, leading to a severe 
reduction in mitochondrial translation (Yasukawa et al. 2001). A similar wobble defect 
has been found in the case of the 3243A>G mutation, and therefore the consequences of a 
defect in post-transcriptional modifications can be expected to be the same. 

The production of mtDNA encoding subunits of RC complexes is disturbed when 
mitochondrial translation is reduced. Complex I deficiency is the most common RC 
defect observed in patients with the 3243A>G mutation (Goto et al. 1992), and a 
deficiency in complex I or IV is known to lower proton pumping, and thus reduce the 
electrochemical gradient and lead to a decrease in respiration and ATP synthesis 
(Kobayashi et al. 1991, Chomyn et al. 1992, King et al. 1992, Moudy et al. 1995, Dunbar 
et al. 1996, James et al. 1996).         

Other mtDNA point mutations 
Myoclonic epilepsy with ragged-red fibres (MERRF) and neurogenic weakness, ataxia 
and retinitis pigmentosa (NARP) are rare mitochondrial diseases. The clinical features of 
MERRF include myoclonus, seizures, ataxia and mitochondrial myopathy, in addition to 
other features common to mitochondrial disorders (Wallace et al. 1988b, Silvestri et al. 
1993). Approximately 80-90% of patients harbour a heteroplasmic mutation 8344A>G in 
the tRNALys gene (Wallace et al. 1988b, Shoffner et al. 1990), and two other mutations in 
the same gene, 8356T>C (Silvestri et al. 1992) and 8363G>A (Ozawa et al. 1997), have 
also been linked to MERRF. There is a positive correlation between the severity of the 
disease, age of onset, mtDNA heteroplasmy and reduced activity of the RC complexes I 
and IV in skeletal muscle (Boulet et al. 1992, Chinnery et al. 1997). The mitochondrial 
tRNALys, which is normally modified post-transcriptionally in the wobble base, remains 
unmodified in the presence of 8344A>G mutation (Yasukawa et al. 2000b), causing a 
defect in translation. Direct interaction of the codon with the mutant tRNALys anticodon 
has been found to be disturbed, leading to a severe reduction in mitochondrial translation 
that may result in the onset of MERRF. (Yasukawa et al. 2001.) 

NARP is characterized by seizures, dementia, ataxia, retinal pigmentary changes, 
sensory neuropathy and neurogenic proximal muscle weakness in association with the 
missense mutations 8993T>C and 8993T>G in the ATPase6 gene (Holt et al. 1990, de 
Vries et al. 1993). These heteroplasmic mutations are present in about 70% of mutant 
mtDNAs in NARP. Interestingly, the same mutation is associated with the clinically 
distinct syndrome of maternally inherited Leigh syndrome (MILS) when the proportion 
of mutant mtDNA exceeds 90% (Santorelli et al. 1993). MILS is a severe multisystem 
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degenerative disorder with onset usually in the first year of life. It is the most common 
mitochondrial encephalomyopathy of infancy or childhood (Rahman et al. 1996), with a 
pathology involving focal, bilateral, symmetric spongiform lesions, especially in the 
thalamus and brain stem regions (Dahl 1998). Affected infants manifest hypotonia, 
psychomotor regression, seizures, myoclonus, ataxia, brainstem dysfunction, optic 
atrophy and peripheral neuropathy. Both of these diseases can occur in the same family. 
Impairment of ATP synthesis has been detected in cell cultures with the 8993T>G 
mutation and has been attributed to a defect in the assembly of the enzyme complex. 
(Houstek et al. 1995.)  

2.3.2   Oxidative stress and somatic mutations 

The majority of cellular ATP is derived through oxidative phosphorylation in 
mitochondria, oxygen being reduced in the process of electron transfer. Between 0.4 and 
4% of the oxygen consumed is converted into the free radical superoxide O⋅2- , which can 
be converted further to reactive oxygen species (ROS) (Chance et al. 1979, Boveris 1984, 
Turrens et al. 1985, Hansford et al. 1997). These are able to oxidize proteins, lipids, 
RNA, nDNA and mtDNA (Stadtman 1995, Beckman & Ames 1999), and are therefore 
thought to cause mutations in DNA, and especially in mtDNA, which is located in the 
vicinity of the site of ROS formation. 

Somatic mtDNA mutations occur in all human cells, and they have an effect only for a 
single person, i.e. they are not inherited. The somatic mutations accumulate with age, and 
are generally not detected in younger subjects, whereas older individuals typically 
harbour a wide range of mtDNA deletions in post-mitotic tissues such as the skeletal 
muscle, myocardium and brain (Cortopassi & Arnheim 1990, Corral-Debrinski et al. 
1992a, 1992b). Oxidative stress has been shown to increase with age (Floyd et al. 2001), 
but the relationship between this and mtDNA mutations is still unclear. There are reports 
of positive relationship (Melov et al. 1997), but a recent report of a transgenic mouse with 
mitochondrial mutations, for example, indicates that they do not necessarily cause an 
increase in oxidative stress (Mott et al. 2001). The overall amount of mutant mtDNA in a 
given tissue is generally low (<2%), but individual cells may contain a high proportion of 
a single mutant species (Brierley et al. 1998). Due to the low heteroplasmy, they are 
difficult to detect, and therefore their significance has not been shown. Even with single 
cell techniques, only a small proportion of mutant events will reach detectable levels. 
Most of the mutations are lost over a short period, although a single mutant mtDNA 
molecule may expand clonally. These mutations may reach very high heteroplasmic 
levels through intracellular drift in post-mitotic cells. (Elson et al. 2001b.) Significant 
expansions primarily develop from mutations acquired during a critical period in 
childhood or early adult life and accumulate with age, and consequently translation 
products that do not function properly would accumulate and cause an energy deficiency, 
leading to a cycle of producing more free radicals and more mtDNA mutations. An 
accumulation of abnormal products has been described in association with the mutations 
8344A>G, 8356T>C and 3243A>G (Enriquez et al. 1995, Kaufmann et al. 1996). This 
could explain the progressive nature of mitochondrial disorders and ageing. 
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2.3.2.1  Neurodegenerative disorders 

Mitochondrial oxidative stress is thought to be involved in the pathogenesis of 
neurodegenerative disorders (Schapira et al. 1992, Janetzky et al. 1994, Lee et al. 1999, 
Wong et al. 1999), which can be divided into those caused by OXPHOS abnormalities, 
either due to mtDNA defects (see section 2.3.1), or due to nuclear mutations in OXPHOS 
proteins, e.g. complexes I and II associated with Leigh syndrome (Bourgeron et al. 1995, 
Loeffen et al. 1998, Triepels et al. 1999; see section 2.3.1.2.3), secondly 
neurodegenerative disorders such as Friedreich ataxia (Frda), hereditary spastic 
paraplegia and Wilson disease, which are caused by defects in nuclear genes encoding 
non-OXPHOS mitochondrial proteins (Campuzano et al. 1996, Casari et al. 1998, 
Lutsenko & Cooper 1998) and thirdly OXPHOS defects associated with mutations in 
nuclear genes encoding non-mitochondrial proteins may cause degenerative disorders. 
Huntington disease (HD), caused by a mutation in huntingtin, is one example of the last-
mentioned category (Mann et al. 1990, Gu et al. 1996a, Browne et al. 1997, Tabrizi et al. 
1999), and Parkinson’s disease (PD), amyotrophic lateral sclerosis and Alzheimer disease 
(AD) are other disorders in which mitochondrial involvement in the pathogenesis has 
been suggested (Schapira et al. 1990, Sasaki et al. 1990, Bowling & Beal 1995, Siklos et 
al. 1996, Owen et al. 1997, Schapira 1998), although it may be secondary to other 
abnormalities. No specific mtDNA mutations have been found in these diseases. 

Frda is an autosomal recessive disease that is characterized clinically by progressive 
ataxia, neuropathy, skeletal abnormalities and cardiomyopathy. An expanded GAA triplet 
repeat has been detected in the frataxin gene on chromosome 9 (Campuzano et al. 1996), 
which encodes a protein regulating the iron levels in mitochondria (Koutnikova et al. 
1997, Priller et al. 1997). The mutation leads to a decrease in the expression of frataxin 
(Campuzano et al. 1997), decreased activities of the RC complexes I, II and III and an 
increased oxidative load in the mitochondrion (Rotig et al. 1997). Superoxide dismutase 
knock out mice (SOD2 nullizygous mice) illustrate well the clinical consequences of 
increased mitochondrial oxidative stress, having a mean life span of 8 days and showing 
signs of dilated cardiomyopathy, liver dysfunction and metabolic acidosis at death (Li et 
al. 1995b). Decreased activities of RC complexes I and II/III and aconitase were found in 
the affected organs (Melov et al. 1999). 

Increased oxidative stress has been detected in other neurodegenerative disorders, such 
as HD, PD and AD. Mutations in the nuclear-encoded huntingtin gene have been detected 
in HD, but the function of huntingtin is still unclear, although the presence of intranuclear 
protein aggregates in the brain suggests a role in protein handling (Bots & Bryun 1981, 
Davies et al. 1997). OXPHOS and aconitase defects have been detected in the caudate 
and less severely in the putamen and cortex (Gu et al. 1996a, Browne et al. 1997, Tabrizi 
et al. 1999), implying a mitochondrial role in pathogenesis. Mitochondrial complex I 
deficiency and oxidative damage have been identified in the substantia nigra of patients 
with PD (Schapira 1996), and cell cybrids harbouring mitochondria from PD patients 
show mitochondrial complex I deficiency. Because maternal inheritance is rare in the case 
of PD (Swerdlow et al. 1998), it is more likely that a pathologically increased mtDNA 
mutation rate may be involved in its pathogenesis. Brain COX deficiency has been 
detected in AD, but this defect is more likely to be secondary, being part of the 
pathogenesis of cell death (Leonard & Schapira 2000b). The role of mitochondria in the 
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pathogenesis of these neurodegenerative diseases has provided insights into the 
mechanisms of mitochondrial dysfunction. 

2.3.2.2  Ageing 

The progressive decline in cell functions with age has been attributed to either a genetic 
programme that is in-born in all organisms or to the accumulation of stochastic errors in 
somatic cells, leading to a progressive loss of cell functions (Camougrand & Rigoulet 
2001). Many theories have been advanced to account for the inherent ageing process, but 
none of them is generally accepted (Harman 1994, 1998). The free radical theory of 
ageing and the simultaneous discovery of the involvement of free radicals in endogenous 
metabolic reactions represent promising advances. The free radical theory postulates that 
the common ageing process is initiated by free radical reactions, which could be 
responsible for the progressive deterioration of biological systems over time due to their 
ability to produce random change (Harman 1956, 1972, 1983). Mitochondrial respiratory 
function has been found to decline with age (Trounce et al. 1989, Yen et al. 1989), and it 
has been suggested that defects in the RC may increase the production of ROS and free 
radicals in mitochondria. Being a significant source of ROS, the mitochondria are 
inevitably participants in the ageing process.  

Under normal conditions, antioxidant defence mechanisms maintain ROS at harmless 
levels. Enzymes such as manganese superoxide dismutase, copper/zinc superoxide 
dismutase, catalase, glutathione peroxidase and reduced glutathione, which is a major 
cellular antioxidant, are capable of converting ROS into less toxic or non-toxic species. 
Natural antioxidants include ascorbic acid, vitamin E and carotenoids. Prolonged 
exposure to free radicals can eventually result in an inability to prevent cellular damage 
(Jamieson 1995). If free radicals and oxidative stress are at least partly responsible for life 
span and ageing, it follows that antioxidants should prolong life and retard ageing. 
Bacteria and yeast have been used for many years as simple model system to study the 
function of antioxidant enzymes. Indeed, cytoplasmic and mitochondrial superoxide 
dismutase (SOD) are required for the long-term survival of yeast. In addition, a good 
correlation has been observed between the inherent SOD concentration of a species and 
its maximum life span. (Cutler 1991.) 

Certain nuclear genes that influence ageing through the mitochondria have been 
identified. There is a member of the family of adaptor proteins in mammals that transmits 
the mitogenic signal from an extracellular growth factor to the cell interior. Serine 
phosphorylation of the p66shc protein has been found to be critical for the activation of 
apoptosis in cells exposed to oxidative damage by UV or H2O2, and it has been suggested 
that p66shc may monitor the intracellular concentration of ROS and eliminate cells injured 
by oxidative damage. The inactivation of p66shc in mouse models increased the resistance 
to superoxide anions and extended the life span (Migliaccio et al. 1999). The authors 
proposed that p66shc may be part of a transduction pathway that regulates stress apoptotic 
responses and life span in mammals. A number of genes that contribute to longevity in 
yeast have been identified. Loss of the longevity-assurance gene 1 (LAG1) and the youth 
gene (UTH1) will lead to a prolonged life span through a generalized slowing down of 
metabolism, whereas RAS2, LAG2 and PHB1 gene inactivation have the opposite 
cellular consequence. LAG genes are expressed in young cells, indicating that their 
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products exert an effect at this stage in the life span, though their exact function remains 
unknown. Their effect on life span has been detected by deleting or disrupting the genes. 
(Jazwinski 1993, D´mello et al. 1994, Childress et al. 1996.) RAS genes are part of the 
signal transduction pathway involved in sensing the nutritional status of the cell and 
responding to stresses. Nutritional status is linked with intracellular cAMP levels, growth 
and division, and investigations into the PHB1 gene have strengthened the hypothesis of a 
role for metabolic capacity in determining life span. Mitochondria with PHB1 in 
interaction with the RAS2 gene are thought to participate in metabolic adjustments that 
are important for longevity. This is based on observations that these genes cooperate to 
signal a decreased requirement for mitochondrial activity. (Coates et al. 1997.) In 
addition, function of RAS2 in regulating cellular growth has been linked with the 
biogenesis or function of mitochondrial enzyme complexes, which indicates a 
relationship between a growth-regulating pathway involving RAS and mitochondrial 
energy transduction (Mabuchi et al. 2000). The UTH1 gene is also involved in 
mitochondrial biogenesis, but its effects are the opposite to those described for RAS2 
(Camougrand et al. 2000). 

Most of the genes reported as participants in longevity encode signal transduction 
proteins that control a wide range of cellular functions such as resistance to oxidative 
stress and the accumulation of reserve nutrients. Increased levels of adenylate cyclase or 
cAMP, indicating a stimulation of biogenesis, reduce longevity. Expanded life span has 
been thought to correlate with a decrease in mitochondrial biogenesis, leading to higher 
efficiency of the RC and consequently decreased ROS production (Camougrand & 
Rigoulet 2001).  

It has been suggested that somatic mtDNA mutations may accumulate with age (Zhang 
et al. 1992, Chung et al. 1994, Melov et al. 1995, Lee et al. 1998) and influence ageing 
(see section 2.3.2).  

2.3.2.3  Mitochondria and tumorigenesis 

MtDNA is suspected of being involved in tumorigenesis due to its vulnerability to 
oxidative damage and its higher mutation rate than for nDNA. ROS are known to increase 
mtDNA mutations, to function in both the initiation and promotion of cancer and to 
reduce mitochondrial ATP production (Zhang et al. 1990, Gille & Joenje 1992, Shigenaga 
et al. 1994). Interestingly, mitochondrial aberrations have been identified in cancer of the 
bladder, breast, colon, head and neck, kidney, liver, lung and stomach and in 
haematological malignancies (Luciakova & Kuzela et al. 1992, Bianchi et al. 1995, 
Horton et al. 1996, Polyak et al. 1998, Tamura et al. 1999, Fliss et al. 2000).  

Aberrations in mtDNA similar to those observed in some mitochondrial diseases have 
been found in cancer tissues. The common deletion in mtDNA, for example, has been 
found in breast and stomach cancers (Bianchi et al. 1995, Maximo et al. 1999), and 12 
somatic homoplasmic mutations have found in seven human colorectal cancer cell lines 
out of ten (Polyak et al. 1998). In many cases the mutations are homoplasmic, suggesting 
that fixation of particular mitochondrial mutations may provide a growth advantage 
(Penta et al. 2001). Increased levels of mtDNA transcripts (mRNAs) (Torroni et al. 1990) 
and increased expression of mtDNA-encoded RC complexes in tumour cells indicate a 
response of the mitochondria to the higher energy demand by increasing their efficiency, 
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with overexpression of mtDNA-encoded RC subunits (Heddi et al. 1999, Murdock et al. 
1999). Interestingly, nuclear-encoded mitochondrial membrane proteins were already 
known to be overproduced in cases of energy deficiency (Hayashi et al. 1991, Hayashi et 
al. 1992, Morais et al. 1994, Li et al. 1995a, Cavalli et al. 1997, Chandel & Shumaker et 
al. 1999). Many tumour cells have indeed a substantially greater capacity for aerobic 
glycolysis than their normal counterparts (Warburg 1930, Nakashima et al. 1984, Torroni 
et al. 1990), suggesting a form of mitochondrial-cellular interaction, which might be the 
crucial question in tumorigenesis. Fumarate hydratase, part of the tricarboxylic acid 
cycle, is active in the fundamental metabolic pathways of energy production in 
mitochondria, and mutations and decreased activity of this enzyme have been found in 
patients with leiomyomatosis (The multiple leiomyoma consortium 2002), while 
mutations in the succinate dehydrogenase genes SDHB, SDHC and SDHD in complex II 
cause a hereditary paraganglioma (Baysal et al. 2001; see section 2.3.3). Aberrations in 
mitochondrial function have been found in tumour cells in many studies, but their 
mechanisms, and therefore also possible methods for treatment, are still unclear.  

2.3.3  Diseases and nuclear DNA defects 

Mutations in nuclear genes are increasingly being recognised in patients with 
mitochondrial disorders. The complexes of the OXPHOS system are composed of 
subunits that are encoded by nuclear and mitochondrial DNA. In addition to the structural 
components, many proteins are involved in the assembly and maintenance of the enzyme 
complexes. The OXPHOS system is dependent on a nuclear-encoded system for 
mitochondrial transport, and mtDNAs are regulated and maintained by nuclear-encoded 
proteins.  

Deficiencies in complex I are the most common RC defects, and about a half of 
affected patients suffer from Leigh’s syndrome with or without cardiomyopathy 
(Robinson 1998, Kirby et al. 1999, Loeffen et al. 2000). Less common manifestations of 
complex I deficiency include hepatopathy, tubulopathy, cataracts and lactic acidaemia. 
Mutations have been found only in six nuclear-encoded complex I subunits (Shoubridge 
2001), but several have been found in the NDUFS4 gene (van den Heuvel et al. 1998, 
Budde et al. 2000, Petruzzella et al. 2001), together with missense mutations in the 
NDUFS7 and NDUFS8 genes encoding Fe-S subunits (Loeffen et al. 1998, Triepels et al. 
1999) and a missense and a nonsense mutation in NDUFV1, coding for a subunit 
containing the NADH binding site (Schuelke et al. 1999). In addition, mutations have 
been found in the NDUFS1 and NDUFS2 genes (Benit et al. 2001, Loeffen et al. 2001). 
CIA proteins have been found to be involved in the assembly of complex I, and a deletion 
of the CIA genes in Neurospora crassa has been found to cause severe disruption of the 
assembly process (Küffner et al. 1998), so that the human homologue, CIA30, has been 
suggested as a candidate gene related to complex I deficiency (Janssen et al. 2002).  

Complex II is the only RC complex whose subunits are entirely encoded by nuclear 
genes. Mutations have been found in two soluble proteins with succinate dehydrogenase 
activity, SDHA (Bourgeron et al. 1995, Parfait et al. 2000) and SDHB (Gimm et al. 2000, 
Astuti et al. 2001a, 2001b), and in two membrane subunits which anchor the soluble 
proteins on the matrix side, SDHC (Niemann & Muller 2000) and SDHD (Baysal et al. 
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2000). The first nuclear mutation causing Leigh’s syndrome was a single base change in 
SDHA (Bourgeron et al. 1995). The clinical manifestations of mutations in the other 
genes are paragangliomas and pheochromocytomas. Interestingly, three of the genes 
encoding structural subunits of complex II can be considered tumour supressors (Baysal 
et al. 2000, Astuti et al. 2001b). 

All the complex III subunits except cytochrome b are encoded by nuclear genes, and 
no mutations have yet been reported in these. On the other hand, missense mutations in 
BCS1L, a gene whose product is involved in the assembly of the complex, have been 
found in four Turkish families with early onset tubulopathy, hepatopathy and 
encephalopathy (de Lonlay et al. 2001).  

Complex IV (cytochrome c oxidase) is composed of 13 subunits, 10 of which are 
encoded by nuclear genes. Patients with autosomal recessive COX deficiency can present 
with a number of clinical phenotypes, including classical Leigh’s syndrome (LS), a 
French-Canadian form of LS, fatal infantile COX deficiency, hypertrophic 
cardiomyopathy and myopathy, and a reversible COX deficiency confined to the skeletal 
muscle (Robinson 2000). Mutations have not been identified in any of the nuclear 
encoded complex IV structural genes (Adams et al. 1997, Jaksch et al. 1998a), but 
several gene defects affecting the biogenesis of complex IV have been reported. The 
SURF1 gene encodes an inner mitochondrial membrane protein, and mutations in it 
appear to be fairly specific to LS (Tiranti et al. 1998, Zhu et al. 1998, Shoubridge 2001). 
COX activity is reduced to 10-25% of control levels in these patients, with no obvious 
tissue specificity in the severity of the deficiency. SURF1 affects the assembly of COX, 
but it is not an absolute requirement for assembly (Tiranti et al. 1999a, Yao & Shoubridge 
1999). Patients with SURF1 mutations, however, show accumulation of an early 
assembly intermediate of the COX complex (Tiranti et al. 1999b). The French-Canadian 
form of LS involves tissue specificity in the severity of the enzyme deficiency, the liver 
and brain being severely affected. The gene for this syndrome has been mapped but not 
identified (Lee et al. 2001). In addition, mutations in the mitochondrial copper chaperone 
SCO2 gene have been found to cause COX deficiency in cardiac and skeletal muscle 
(Papadopoulou et al. 1999, Jaksch et al. 2000), while a SCO1 mutation has been found in 
a family with hepatopathy and ketoacidotic coma (Valnot et al. 2000). The functions of 
SCO1 and SCO2 remain unclear, but they may participate in the mitochondrial copper 
delivery in humans.  

No mutations have been identified in the nuclear-encoded subunits of ATP synthase 
(Shoubridge 2001), but an assembly defect has been identified in a patient with 
cardiomegaly, hepatomegaly and lactic acidosis, although the gene defect remains 
unknown (Houstek et al. 1999). 

Deficiencies that involve more than one RC complex are common in mtDNA 
mutations, because the majority are tRNA mutations or deletions producing 
mitochondrial translation defects. Three disorders, adPEO (Zeviani et al. 1989), 
autosomal recessive progressive ophthalmoplegia (Bohlega et al. 1996) and MNGIE 
(Papadimitriou et al. 1998), have been referred to as nuclear-mitochondrial 
communication disorders. Their consequence in terms of molecular biology is a loss of 
integrity in the mitochondrial genome, resulting in the accumulation of multiple 
deletions. A gene defect in the adenine nucleotide translocase 1 gene (ANT1) (Kaukonen 
et al. 2000), missense mutations and a small duplication in a putative helicase gene 
(Spelbrink et al. 2001) and a missense mutation in mitochondrial γ DNA polymerase, 
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POLG (van Goethem et al. 2001), have been identified in adPEO patients. The disease 
mechanism of the multiple deletions remains unknown, although it has been speculated 
that an imbalance in the nucleotide pools may be the pathomechanism in the case of 
ANT1 (Kaukonen et al. 2000). Twinkle, a protein product of the helicase gene, appears to 
be associated with mitochondrial nucleoids, producing a star-like pattern in 
immunocytochemistry. One mutant Twinkle protein has been shown to enhance dNTPase 
activity, and this could be the basis of the molecular pathology. (Spelbrink et al. 2001.) 
Stalling of the γ DNA polymerase due to the imbalance in the nucleotide pools or to 
defects in the enzyme itself has been suggested as the pathomechanism for the multiple 
deletions (Shoubridge 2001). 

Defects in non-OXPHOS nuclear-encoded mitochondrial proteins are predominantly 
described as associated with neurodegenerative diseases. Chaperonin is responsible for 
assisting the import of mitochondrial proteins, and a defect in this gene is probably the 
primary mechanism in systemic multiple deficiency of mitochondrial enzymes 
(Huckriede & Agsteribbe 1994, Briones et al. 1997). Mutation in a gene involved in 
mitochondrial import (homologous to a yeast protein Tim 8) causes the deafness-dystonia 
(Mohr-Tranebjaerg) syndrome (Koehler et al. 1999). 

2.4  Sensorineural hearing loss 

Hearing loss is a common disorder, the incidence of congenital hearing loss being 
estimated to be 1 in 1,000 births. Approximately equal numbers of cases are attributed to 
environmental and genetic factors (Morton 1991, Gorlin et al. 1995). If presbyacusis is 
excluded, 0.5-2% of the population may be said to be affected. The wide range is due to 
variability in the definition of normal hearing level (Spillmann 1994). About 70% of 
affected individuals have a non-syndromic form of hearing loss, and thus they do not have 
symptoms in other organs. Genetic defects cause some of the non-syndromic cases of 
deafness and all the syndromic ones. Non-syndromic deafness is usually sensorineural, 
whereas syndromic deafness may be conductive, sensorineural or mixed. Less than 1% of 
cases of deafness due to genetic defect have been estimated to be mitochondrially 
inherited, while about 99% are due to a nDNA defect (77% autosomal recessive, 22% 
autosomal dominant and 1% X-linked) (Morton 1991). Fifty-one loci for non-syndromic 
deafness have been identified, five of them in mitochondrial genes (Hereditary hearing 
loss homepage 2002). More than 32 genes contributing to syndromic deafness have been 
recognized (Resendes et al. 2001).  

2.4.1  Hearing mechanisms  

The hearing organ is located in the temporal bone, where the outer ear and middle ear are 
separated by the tympanic membrane. The ossicular chain is in contact with the cochlea 
via the oval window, and the cochlea forms a spiral canal with 2¾ turns that narrows 
towards the apex. There are three fluid-filled compartments in the cochlea, the scala 
vestibuli, scala media and scala tympani (Figure 3). The scala vestibuli, which is in 
contact with the oval window, and the scala tympani, in contact with the round window, 
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are filled with perilymph, which has a high sodium concentration and a low potassium 
concentration, resembling normal extracellular fluid. The scala tympani and scala 
vestibuli are connected at the apex by the helicotrema. The scala media is filled with 
endolymph, which has a high potassium concentration and a low sodium concentration 
and is separated from the scala vestibuli by the Reissner membrane. The organ of Corti, 
including the sensory hair cells and supporting cells, sits on a basilar membrane, and the 
extracellular fluid within it, surrounding the body of outer hair cells, has sodium and 
potassium concentrations that resemble those in the perilymph, the potassium level being 
just slightly higher. The peripheral dendrites of the cochlear nerve are inside the spidal 
lamina and in contact with the inner hair cells. Stria vascularis forms the outer wall of the 
scala media. (Palva et al. 1991, Ulfendahl et al. 2000.)  

 
 

 

Fig. 3. Illustration of the cochlear duct. On the top and bottom are the scala vestibuli and 
scala tympani, fluid-filled canals containing perilymph. The scala media, which is separated 
from the scala vestibuli by Reissner’s membrane, is filled with endolymph. The relative 
movements of Reissner’s membrane and the basilar membrane lead to movements of the 
tectorial membrane, which cause deflection of the stereocilia in the inner hair cells (IHC) and 
outer hair cells (OHC). 

 
 
Sound is converted to vibratory impulses in the tympanic membrane and transmitted 

via the ossicular chain in the middle ear to the oval window of the cochlea. This receives 
the impulses and transmits them to the perilymph of the scala vestibuli. Because of the 
pressure waves, the Reissner’s membrane bends towards the scala media. The pressure 
wave causes movements of the basilar membrane, and the outer hair cells attached to it 
brush against the tectorial membrane. The outer hair cells amplify the movements of the 
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basilar membrane for the inner hair cells, which activate the auditory nerve. Thus the 
inner hair cells are the sensory cells and convert the impulses to the cochlear nerve. The 
sensitivity and selectivity for sound stimuli cannot be explained entirely by the pressure 
waves, but rather the outer hair cells serve as an active amplifier, increasing the sensitivity 
of the organ of Corti. (Palva et al. 1991, Ulfendahl et al. 2000.) 

The concentrations of endolymph, the fluid covering the hair cells, are maintained at a 
high positive resting potential. This is essential for normal hair cell function, because 
when it is reduced to zero, the result is deafness (Steel et al. 1987). Thus diseases that 
alter the consistency of the endolymph lead to deafness (Steel 1999). The stria vascularis 
participates in maintaining the ion concentrations in the endolymph, and it has been 
proposed that potassium ions may be recycled within the cochlear duct from the outer 
hair cells to the supporting cells and then to the stria vascularis. Other routes have been 
proposed, but all of them have in common the fact that the stria vascularis pumps ions to 
the endolymph via Na-K-ATPase pumps, which is an energy-consuming process (Kikuchi 
et al. 1995, Spicer & Schulte 1998, Schulte & Steel 1994).  

2.4.2  Nuclear DNA mutations causing SNHI 

A defect leading to sensorineural hearing impairment will either be in the cochlea or in 
the auditory nerve. Many of the genes responsible for hearing have been shown to be 
expressed in the cochlea, and form of cochlear deafness can be caused by defects in the 
hair cells, non-sensory cells or tectorial membrane. The defect in some forms of deafness 
is unknown.  

Deafness caused by a hair cell defect. Three myosin genes encoding structural 
proteins in hair cells have been found to be important for structural integrity (Friedman et 
al. 1999a). MYO7A is involved in Usher syndrome type 1B, suggesting that similar 
macromolecular interactions are required for the functioning of the ear and eye (Liu et al. 
1998). Other motor proteins in hair cells are MYO15 and MYO6, which are both 
expressed only in the hair cells in the inner ear (Hasson et al. 1995, Liang et al. 1999). 
Three mutations in MYO15 causing profound congenital deafness have been recognised 
(Friedman et al. 1995, Wang et al. 1998), and it has been suggested that the 
pathomechanism may be a defect in actin polymerization, in view of the observation of 
particularly short stereocilia in mutant mice (Liang et al. 1999). Mutations in the MYO6 
gene were first identified in a deaf mouse mutant (Avraham et al. 1997), but a missense 
mutation in MYO6 has been also detected in an Italian family with a dominant form of 
progressive hearing loss (Melchionda et al. 2001). Mutations in the harmonin gene and 
cadherin-23 gene, respectively, have been recognised in patients with forms of Usher 
syndrome, i.e. USH1C (Bitner-Glindzicz et al. 2000, Verpy et al. 2000) and USH1D 
(Bryda et al. 1997, Yonezawa et al. 1999, Bolz et al. 2001, Bork et al. 2001). Harmonin 
contains a PDZ domain, which is a central organizer of high-order supramolecular 
complexes located at specific emplacements in the plasma membrane. These domains can 
form homomeric or heteromeric structures and bind to transmembrane proteins, ion 
channels or transporters, and to actin or actin-binding proteins. Hence they cluster and 
coordinate the activity of various plasma membrane proteins and provide a bridge 
between these and the cortical cytoskeleton (Fanning & Anderson 1999, Garner et al. 
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2000, Sheng & Pak 2000). Interestingly, myosin VIIA and harmonin are present in the 
whole cell body and the stereocilia, and there may be interaction between them (Verpy et 
al. 2000, Petit 2001). Several potassium channel proteins, including KCNQ4 and 
KCNE1, are crucial to potassium recycling (Steel 1999). Other nuclear-encoded proteins 
present in hair cells and mutations detected in those genes in patients with deafness are 
the vesicle trafficking protein otoferlin (Yasunaga et al. 1999, 2000) and transcription 
factor POU4F3 (see section 3.4.4.; Willot et al. 1995, Vahava et al. 1998).  

Deafness caused by non-sensory cell defects. Mutations causing deafness have been 
found in genes encoding gap junction subunits, i.e. connexins, particularly connexin26 
(Kelsell et al. 1997), connexin30 (Grifa et al. 1999) and connexin31 (Xia et al. 1998). 
Mutations in gap junctions and ion channels affect the ion homeostasis in the endolymph. 
Connexin26 has been found to be responsible for autosomal recessive forms of non-
syndromic deafness, and mutational screening has revealed a high prevalence of defects 
in this gene in deaf populations. Connexin26 accounts for 30-60% of the autosomal 
recessive forms of isolated deafness in Europe and the United States (Estivill et al. 1998a, 
Lench et al. 1998, Green et al. 1999, Murgia et al. 1999, Gabriel et al. 2001) and about 
50 mutations have been reported (for reviews, see Prasad et al. 2000, Rabionet et al. 
2000, Kelsell et al. 2001). Connexin26 has four transmembrane domains, forming a 
channel which exhibits a greater permeability for positively charged ions or molecules 
than for negatively charged ones (Cao et al. 1998). The pathogenesis of connexin26 
mutations remains unknown. It has been suggested that Pendred syndrome may be the 
most common form of syndromic deafness, although its prevalence is not known exactly 
(Fraser 1965). The enlargement of the vestibular aqueduct is the most common anomaly 
in patients with this syndrome (Phelps et al. 1998), and mutations have been found in the 
gene encoding pendrin, a chloride and iodide transporter (Scott et al. 1999). The 
detection of pathogenic mutations in genes encoding proteins such as claudin-14, a tight 
junction component that separates the fluid compartments of the inner ear, has shown the 
importance of maintaining the concentrations of these fluids (Wilcox et al. 2001). Other 
recognised nuclear genes classified into this group are ones that encode proteins such as 
the extracellular matrix component cochlin (Robertson et al. 1998), the transcriptional 
coactivator EYA4 (Verhoeven et al. 2000) and the transcription factor POU3F4 (de Kok 
et al. 1996).  

Deafness caused by a tectorial membrane anomaly. The tectorial membrane is an 
extracellular gel-like matrix, the proper structure of which is required for normal hearing. 
Mutations in genes encoding α-tectorin, collagen 11α2 and otogelin all lead to defects in 
the ultrastructure of the membrane (McGuirt et al. 1999, Legan et al. 2000, Simmler et 
al. 2000). 

Deafness of unknown cellular origin. Mitochondrial mutations causing deafness can 
be classified into this group (see section 2.4.3). Type II transmembrane serine proteases 
represent an emerging class of cell surface proteolytic enzymes which have been 
identified relatively recently and have not yet been functionally characterized. Point 
mutations in the gene have been identified in patients with severe or profound congenital 
hearing loss (Ben-Yosef et al. 2001, Masmoudi et al. 2001). Diaphanous-1 is involved in 
cell polarization and cytokinesis (Castrillon & Wasserman 1994, Kohmo et al. 1996, 
Evangelista et al. 1997) and has been found in a dominantly transmitted non-syndromic 
form in a large family in Costa Rica (Leon et al. 1981).  
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2.4.3  Deafness as a mitochondrial disorder 

Hearing impairment as a mitochondrial disease is well-recognized and occurs either in a 
non-syndromic form (Prezant et al. 1993, Oshima et al. 1999) or as part of a syndrome 
(DiMauro & Bonilla 1997). Mitochondrial deafness is characteristically sensorineural, 
bilateral, usually progressive and inherited maternally. The age of onset of mitochondrial 
sensorineural deafness is usually in early adulthood, thus differing from the other types of 
sensorineural deafness, which are more often congenital.  

The pathological mtDNA mutations associated with SNHI can be heteroplasmic or 
homoplasmic. Mutations have been detected mostly in tRNA genes, but also in rRNA 
genes. The majority of mtDNA mutations cause syndromic deafness, although non-
syndromic forms have been recognized. Hearing loss as a feature of mitochondrial 
disease was first recognized in patients with the Kearns-Sayre, MELAS and MERRF 
syndromes. Approximately 70% of patients with these multi-system disorders have SNHI 
(Gold & Rapin 1994, Uimonen et al. 2001) and 7.4% of adult patients with SNHI who 
use a hearing aid have been found to harbour the 3243A>G mutation (Majamaa et al. 
1998), which is the most common mtDNA point mutation in patients with SNHI (Goto et 
al. 1990). Hearing loss is often associated with diabetes mellitus and symptoms can occur 
without neurological symptoms in patients with the 3243A>G mutation or a large 
deletion (Reardon et al. 1992, van den Ouweland et al. 1992, Ballinger et al. 1992b). The 
association between SNHI and diabetes mellitus has been confirmed among diabetic 
patients (Oka et al. 1993, Alcolado et al. 1994). Hearing loss usually develops after the 
onset of diabetes, so that where 1.3-5.7% of non-insulin dependent diabetic patients in 
Japan, for example, harboured the 3243A>G mutation, 61% of these also had hearing loss 
(Kadowaki et al. 1994, 1995, Oka et al. 1995). A mutation 14709T>C in tRNAGlu has 
been reported in patients with maternally inherited deafness and diabetes mellitus 
(Vialettes et al. 1997). 

Several mtDNA mutations have been found to cause non-syndromic SNHI, including 
1555A>G (Prezant et al. 1993), 7445T>C (Reid et al. 1994a), 7472insC (Verhoeven et al. 
1999) and 7511T>C (Sue et al. 1998). The mutation 7445A>G was initially described as 
causing non-syndromic deafness, but it was subsequently found to be associated with the 
skin condition palmoplantar keratoderma, with additional deafness in at least some of the 
cases (Reid et al. 1994a, Fischel-Ghodsian et al. 1995, Sevior et al. 1998). There are two 
case reports of the mtDNA mutations 1555A>G and 1095T>C in two families with 
deafness and Parkinson’s disease, the inheritance pattern of these conditions being 
consistent with maternal inheritance (Shoffner 1996, Thyagarajan et al. 1997). These 
examples appear to complicate the classification of mtDNA mutations into those that 
causing either a syndromic or a non-syndromic form of deafness. 

The phenotypic variability in diseases caused by mtDNA mutations remains unclear. It 
is not uncommon for the same mutation to cause severe multiorganic disease in one 
person and a mild phenotype in another member of the family but have no effect at all on 
a third member. MtDNA mutations are often heteroplasmic, and the quantity of mutant 
mtDNA differs from one individual to another. This variability, coupled with tissue-
specific differences in the threshold and varied dependence on oxidative metabolism, is 
part of the explanation for the varied clinical phenotypes. In addition, the heteroplasmic 
level of mtDNA mutation varies between tissues and even between single cells. This may 
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help to clarify the pathomechanisms of the heteroplasmic mtDNA mutations which 
usually cause syndromic deafness. Two homoplasmic mitochondrial DNA disorders, 
LHON and non-syndromic deafness, have nevertheless been found to involve similar 
differences in clinical severity (Newman et al. 1991, Prezant et al. 1993, Chinnery et al. 
2000). 

Environmental factors such as the use of aminoglycosides can modulate phenotypic 
expression (Prezant et al. 1993, Fischel-Ghodsian et al. 1997). The mechanism of toxicity 
of aminoglycosides in the presence of the 1555 mutation is fairly well understood, but 
unfortunately no other environmental factor has been identified, so that it has proved 
impossible to build any common pathophysiological model (Fischel-Ghodsian 2000). The 
mtDNA haplotype and nDNA may influence the phenotype, so that the penetrance of the 
mutation 7445A>G, for example, is thought to be increased in a certain haplotype 
(Fischel-Ghodsian 1999). However, some members of families sharing the same 
mitochondrial haplotype have normal hearing, while others have severe hearing loss 
(Prezant et al. 1993, Estivill et al. 1998b). A nuclear factor has been suggested as a cause 
of phenotypic variability in the 1555A>G mutation (Bykhovskaya et al. 2000). Based on 
the present data, sequence changes in cochlea-specific subunits of mitochondrial 
ribosomes or RNA-processing proteins have been suggested as interacting abnormally 
with the mitochondrial defect, leading to insufficient oxidative phosphorylation or loss of 
a secondary function in the cochlea (Fischel-Ghodsian 2000).  

2.4.3.1  Mutations in the 12S rRNA gene 

The first mtDNA mutation to be identified as causing maternally inherited non-syndromic 
hearing loss was 1555A>G in 12SrRNA (Prezant et al. 1993), and since deafness from 
this cause was first described in patients with a history of taking aminoglycoside 
antibiotics, an ototoxic mechanism with increased aminoglycoside sensitivity was 
suggested. Since then deafness has been described as occurring without aminoclygosides 
(Estivill et al. 1998b). As the phenotypes vary within families, and some of family 
members may have completely normal hearing (Prezant et al. 1993), other factors 
probably contribute to deafness in the presence of this predisposing mutation. A genome-
wide search for modifying nuclear genes has suggested that a chromosome 8 locus may 
be involved, but no genes have been detected so far (Bykhovskaya et al. 1998, 
Bykhovskaya 2000, 2001). The 1555A>G mutation has been found in different mtDNA 
haplotypes, indicating that it has arisen several times (Fischel-Ghodsian et al. 1993, 
Prezant et al. 1993, Matthijs et al. 1996, Pandya et al. 1997, Usami et al. 1997, Estivill et 
al. 1998b, Casano et al. 1998). It is been shown to be homoplasmic in all but one case 
(El-Schahawi et al. 1997), and the phenotype has been non-syndromic in all except two 
distinct cases. An association of the mutation with PD or with cardiomyopathy has been 
reported, although no causal relationship has yet been proved (Shoffner et al. 1999, 
Santorelli et al. 1999). Other organs, including vestibular system, have been found to be 
functionally normal (Braverman et al. 1996). The age of onset varies, being mostly 
during infancy in an Arab-Israeli pedigree and two Italian ones (Braverman et al. 1996, 
Casano et al. 1998) and during childhood or even adulthood in Spanish families (Estivill 
et al. 1998b). A marked variation in the frequency of the mutation has been detected 
between populations, with detection in 19 out of 70 Spanish families with SNHI 
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representing a surprisingly high frequency, even though this may partly be explained by 
selection bias (Estivill et al. 1998b, Torroni et al. 1999). In Japan, 3% of 319 unrelated 
SNHI patients and 10% of 140 cochlear implantation patients harboured the 1555A>G 
mutation, the corresponding prevalences among patients with a history of the use of 
aminoglycosides being 33% and 59% (Usami et al. 2000).  

At the molecular level, nucleotide 1555 in the 12SrRNA gene of human mtDNA is 
equivalent to position 1491 in the 16SrRNA of E.coli. The mutant nucleotide 1555A>G 
forms a novel bp with C at position 1494, creating a new binding site for aminoglycosides 
and facilitating aminoglycoside sensitivity (Hamasaki & Rando 1997). These drugs are 
known to exert their antibacterial effects at the level of the decoding site of the small 
ribosomal subunit, causing miscoding or premature termination of translation (Davis & 
Davis 1968, Chamber & Sande 1996). Both symptomatic or asymptomatic members of a 
family carrying 1555A>G in their lymphoblastoid cell lines exhibited a specific and 
significant decrease in growth rate relative to controls in the presence of the 
aminoglycosides paromycin and neomycin (Guan et al. 1996), and they also showed a 
decrease in the rate of mitochondrial protein synthesis and respiration, suggesting that the 
mutation was responsible for the biochemical defects associated with the deafness 
phenotype. The fact that the decreases were greater in the cell lines derived from 
symptomatic individuals suggests an additional effect of other factors, e.g. nDNA (Guan 
et al. 2000, Bykhovskaya et al. 2000). Experiments in which mitochondria harbouring 
1555A>G have been transferred to mtDNA-less cells have revealed that the growth rate is 
similar in asymptomatic and symptomatic cybrids, providing evidence for the assumption 
that the nuclear background determines the phenotypic manifestation. Although the 
1555A>G mutation is clearly the primary factor in the development of deafness, it is not, 
however, sufficient to produce the clinical phenotype (Guan et al. 2001). 

2.4.3.2  Mutations in the tRNASer(UCN) gene 

The 7445A>G mutation in the 3’ end of tRNASer(UCN) has been described in at least three 
unrelated families in Scotland, New Zealand and Japan (Reid et al. 1994a, Fischel-
Ghodsian et al. 1995, Sevior et al. 1998). Deafness is combined with palmoplantar 
keratoderma in two families (Sevior et al. 1998). Clinical re-evaluation of the New 
Zealand and Scottish pedigrees also revealed thickening of the epidermis on the palms of 
the hands and soles of the feet in many persons (van Camp & Smith 2000). The 
penetrance of the mutation is variable, with only few family members in the Scottish 
pedigree affected while the penetrance was clearly higher in the New Zealand and 
Japanese pedigrees. Thus the mtDNA mutation by itself does not appear to be sufficient 
to cause hearing loss, but requires additional genetic or environmental factors. It has been 
suggested that the difference in appearance may be due to a difference in the 
mitochondrial haplotype (Fischel-Ghodsian 1999). Three additional sequence changes in 
complex I were identified in New Zealand pedigree, two of which were considered to be 
secondary to LHON mutations (Fischel-Ghodsian et al. 1995) and were absent in the 
Scottish pedigree (Reid et al. 1994b). The 7445A>G mutation does not alter the structure 
of the tRNA, but rather affects the rate of processing of its precursor, causing 
approximately a 60-70% reduction in the tRNA level and a decrease in the rate of 
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mitochondrial protein synthesis of light-chain mRNAs (ND6), as detected in 
lymphoblastoid cell lines from patients (Guan et al. 1997). 

7472insC, the second pathogenic mutation in tRNASer(UCN) associated with SNHI, has 
been reported as being heteroplasmic in a Sicilian family (Tiranti et al. 1995) and in a 
large Dutch family (Verhoeven et al. 1999). In both families the hearing loss is non-
syndromic or combined with ataxia, dysarthria or myoclonus. 7472insC has been 
reported to be homoplasmic in two families with myoclonic epilepsy, ataxia or cognitive 
impairment in addition to deafness (Jaksch et al. 1998a, 1998b, Schuelke et al. 1998). In 
the Sicilian family a full neurological syndrome was observed in patients with a mutant 
heteroplasmy exceeding 95% (Tiranti et al. 1995), whereas in the Dutch family the only 
symptom was deafness, the only person with additional neurological symptoms having 
99% mutant mtDNA (Verhoeven et al. 1999). The differences in clinical phenotypes 
suggest the influence of other factors.  

The 7472Cins extends the highly conserved TψC arm of the tRNA from five bp to six. 
The size of this loop has been reported to be crucial for its function (Gu et al. 1996b). The 
level of tRNASer(UCN) harbouring the insertion is lower in cells, but protein synthesis is not 
significantly affected (Toompuu et al. 1999). 

Non-syndromic deafness has been described in association with homoplasmic 
7510T>C and heteroplasmic 7511T>C in tRNASer (Hutchin et al. 1999, Friedman et 
al.1999b, Sue et al. 1999). These mutations, and also 7512T>C, which causes deafness, 
progressive myoclonic epilepsy and ataxia (Jaksch et al. 1998b), are located in the 
acceptor stem of the tRNA molecule, and a mutation in this area is known to disrupt the 
highly conserved secondary structure.   

2.4.4  Presbyacusis 

Presbyacusis, age-related hearing loss, occurs in a moderate form (>25dB loss) in 92% of 
the population over 60 years of age in the UK, and in a severe form (>45dB loss) in 31% 
(Davis 1995). In a longitudinal study, 97% of subjects with moderate hearing loss 
experienced a decline in hearing level over time, a 3db decline every ten years in persons 
under 55 years of age and 9dB in those over 55 years (Davis et al. 1991).  

The cochlea has been found to be the site of age-related hearing loss. Decreased 
sensitivity of the hair cells has been found in patients with presbyacusis relative to 
younger controls matched for hearing loss (Lehnhardt 1984), and significantly prolonged 
latencies from the sound stimulus to generation of the peaks have been found when 
studying evoked auditory responses (Soucek & Michaels 1990), both of these 
observations suggesting a cochlea lesion. The location of the cell types is less evident, 
although the outer hair cells seem most likely to be responsible (Wright et al. 1987, 
Jennings & Jones 2001) on the basis of electrocochleography (Soueck & Michaels 1990), 
otoacoustic emissions (Bonfils et al. 1988, Nieschalk & Hustert 1996) and histology 
(Wright 1982, Schuknecht & Gacek 1993). 

The cochlea relies on about 100-200 genes for its normal functioning (Morton 1991), 
and a genetic explanation for presbyacusis has been sought. There is familial aggregation 
in presbyacusis, this being most notable in women (Gates et al. 1999). Adult hearing loss 
(Ahl) genes, which code for a form of collagen, have been found to be involved in 
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hearing loss in mice (Johnson et al. 1997), and interestingly, the phenotype of age-related 
hearing loss caused by a mutation in Ahl gene in mice has been found to be modified by 
mtDNA mutations (Johnson et al. 2000, Johnson et al. 2001), indicating that mtDNA 
mutations at least participate in age-related hearing loss. A defect in the gene for the 
transcription factor POU4F3, which is only expressed in the cochlea hair cells and is 
necessary for their terminal differentation and trophic support, has been found in a Jewish 
family who suffered from progressive age-related hearing loss (Willot et al. 1995).   

The audiological findings in deafness caused by mtDNA mutations are similar to those 
in presbyacusis. The hearing threshold is compromised only at high frequencies in the 
early phase, but the condition eventually leads to a decrease at all frequencies. Similar 
histological findings, damage to hair cells and spiral ganglion cell degeneration, were 
observed in old mice with age-related hearing loss (Li & Hultcranz 1994, Spongr et al. 
1997, Willot & Erway 1998), supporting the hypothesis of mtDNA mutations causing 
presbyacusis. The molecular basis of presbyacusis is unknown, but acquired 
heteroplasmic mtDNA mutations are thought to be associated with it. MtDNA mutations 
causing loss of oxidative phosphorylation activity seem to play an important role in 
ageing and degenerative diseases (Golden & Melov 2001), and since lifelong 
maintenance of the cochlea is critical, it is not unlikely that mitochondrial mutations in 
the auditory system could lead to presbyacusis. A study of the mtDNA-encoded 
cytochrome oxidase II gene in the spiral ganglion and membranous labyrinth from the 
archival temporal bones of five patients with presbyacusis revealed that at least some 
people with presbyacusis have a significant load of mtDNA mutations in their auditory 
tissue (Fischel-Ghodsian et al. 1997). Great individual variability was also noted in the 
quantity and cellular location of the mutations. Although the study included only five 
patients, it still provides the first evidence of mtDNA mutations causing presbyacusis. In 
addition, deletions in mtDNA have been found in archival temporal bones of patients with 
presbyacusis (Bai et al. 1997).   



3 Aims of the present research 

Sensorineural hearing impairment is a well-recognized aspect of the mitochondrial 
diseases. Approximately 70% of patients with multi-system mitochondrial disorders have 
SNHI, but non-syndromic hearing impairment may also occur. Five mutations in mtDNA 
causing non-syndromic deafness have been found, but it is possible that other pathogenic 
mutations remain to be detected. Furthermore, mildly deleterious mutations may increase 
the risk of SNHI without causing a mitochondrial disease. 

The pathogenicity of mutations is difficult to evaluate. Studies of mtDNA require 
healthy controls, and because of the high mutation rate and the existence of population-
specific mtDNA variants, the controls should be from the same population. Information 
on mtDNA variation in the population is of great importance when evaluating pathogenic 
mutations and searching for mildly deleterious mutations or risk genotypes. 
  
The specific aims of this work were: 
 

1. to determine the frequency of known pathogenic mtDNA mutations in patients 
with sensorineural hearing loss (I), 

2. to characterize a putatively pathogenic substitution 10044A>G (II), 
3. to study mtDNA sequence variation in the Finnish population in order to form a 

phylogenetic network based on complete mtDNA sequences (III), 
4. to compare sequence variation between controls and patients with SNHI, and to  

identify new pathogenic mtDNA mutations as a cause of maternally inherited 
sensorineural hearing loss (IV). 



4 Subjects and methods 

4.1  Patients, controls and samples 

4.1.1  Patients (I, II and IV) 

Patients with SNHI were ascertained from registers kept by the Departments of 
Otorhinolaryngology at Oulu University Hospital and the Central Hospitals of Lapland 
and Kainuu. All the patients had been diagnosed with having bilateral SNHI and had 
received a hearing aid before the age of 45 years.  

The prevalence area considered here is northern Finland, the provinces of Oulu and 
Lapland, excluding six local government districts in the province of Lapland. The total 
population of the area on the prevalence date, December 31, 1994, was 579,991, and 
people aged 20 yrs or over numbered 409,206. These otorhinolaryngological centres are 
the only ones in northern Finland providing audiological services. The files kept on 
patients who have received a hearing aid are therefore representative of the prevalence of 
moderate, severe and profound hearing impairment in the population. 420 patients met 
the selection criteria, of whom 300 returned the family history questionnaire. It was 
required that the proband should have maternal relative with SNHI, and 172 cases met the 
criterion, among whom 133 samples (77%) were obtained from 117 unrelated families. 
For the analysis of risk genotypes and new pathogenic mutations (IV), three patients with 
a known pathogenic mutation were excluded and a family history score was calculated in 
order to identify the 32 patients with the highest probability of matrilineal disease. 

High-risk probands were identified by estimating the conditional probability of an 
mtDNA mutation in each proband under the conditions of a simple maternal inheritance 
model with age and sex-related penetrance (Schork & Guo 1993). The parameters of the 
model were estimated using population statistics and data from a population-based 
screening for the 3243A>G mutation (Majamaa et al. 1998), and were defined as follows. 
The frequency of the mutation in the population was assumed to be 16.3/100,000, 
whereupon Kaplan-Meier survival analysis of the carriers identified in 11 families 
(Majamaa et al. 1998) was used to estimate the age and sex-related penetrance of 
3243A>G with respect to sensorineural hearing impairment, diabetes mellitus and 
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epilepsy, while population prevalence data were used to estimate the penetrance for non-
carriers. This model for mitochondrial inheritance was then used to estimate the 
probability of the proband in each maternal pedigree F having a mitochondrial mutation 
m. This probability is given by the ratio of the likelihood of F when the proband has the 
mutation to the likelihood of F when the genotype of the proband is unrestricted, i.e. 
P(m|F)=P(F,m)/P(F) (Ott 1993). The likelihoods were calculated by using the algorithm 
of Elston and Stewart (1971). The 117 families of hearing loss patients were classified 
into high-risk and low-risk ones on the basis of their P(m|F) values, the theoretical 
distribution of P(m|F) among carrier and non-carrier families being estimated by means 
of a Monte Carlo analysis. The 32 families with P(m|F) higher than the 75th percentile of 
the simulated non-carrier families were considered to have a high risk of a mitochondrial 
mutation and were selected for subsequent mtDNA analysis.  

Audiological examinations were performed on the patients with SNHI at the 
otorhinolaryngological centres, and those with pathogenic or possibly pathogenic 
mutations were further examined otorhinolaryngologically and neurologically at Oulu 
University Hospital. Audiograms were used to calculate PTA0.5-2kHz. Other clinical 
examinations included electrocardiography, an oral glucose tolerance test and blood tests.   

Patients with diabetes mellitus were ascertained from the population of the province of 
Northern Ostrobothnia. For inclusion in the cohort, the proband was required to have a 
first or second-degree maternal relative with diabetes mellitus. Blood samples were 
obtained from 122 non-related patients. The samples from patients with diabetes mellitus 
and patients representing 16 pedigrees with the 3243A>G mutation were used in Paper II. 

The research protocol was approved by the Ethics Committees of the Medical Faculty 
at the University of Oulu and by the Finnish Red Cross. All the persons who were 
initially contacted were patients of the University Hospital or local authority health care 
units, and they were contacted with the consent of their attending physicians. The 
samples were studied after obtaining informed consent from the patients themselves. 
Permission for the chart review was obtained from the Ministry of Social Affairs and 
Health. 

4.1.2  Population controls (II, III and IV) 

Two groups of population controls were used, both being sampled anonymously. Samples 
for the first group were collected from 77 persons attending health care centres in the 
provinces of Northern Ostrobothnia and Kainuu who reported that they were healthy with 
respect to diabetes mellitus, SNHI and neurological ailments. It was also required that a 
maternal ancestor should had been born in the province of Northern Ostrobothnia or 
Kainuu before the year 1900 (II, III). 

The second group of controls comprised healthy blood donors attending Finnish Red 
Cross offices in northern Finland. The donors and their mothers were required to be free 
of sensorineural hearing impairment, diabetes mellitus and neurological ailments and the 
mothers of the donors to have been born in the same province (III, IV).  
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4.2  Molecular methods 

4.2.1  DNA extraction (I-IV) 

Total DNA was isolated from blood and buccal epithelial cells using the QIAamp Blood 
Kit (Qiagen, Hilden, Germany) and from muscle by standard extraction with phenol. 

4.2.2  Polymerase chain reaction (I-IV) 

The primers for the polymerase chain reaction (PCR) were designed and numbered 
according to the Cambridge reference sequence (Anderson et al. 1981, Andrews et al. 
1999). Template DNA from blood, buccal epithelial cell samples or muscle was amplified 
in a PCR reaction and the resulting fragments used for RFLP analysis, conformation 
sensitive gel electrophoresis (CSGE) and sequencing. The standard protocol included 
denaturation at 94°C for 1 min, annealing at a specific temperature for 1 min and 
extension at 72°C for 30 cycles.  

4.2.3  Detection of mtDNA mutations (I, II) 

Allele-specific oligonucleotides were used in screening for the 10044A>G mutation. A 
reverse primer nt 10081-10044 (5´-ATT AAA ATT AAG GCG AAG TTT ATT ACT CTT 
TTT TGA AC -3´) was used for the mutant variant, together with a forward primer nt 
9729-9753. The amount of template was adjusted to 1 pg in the case of DNA from blood 
and to 0.25 pg or 0.5 pg in the case of muscle DNA. A combined annealing and extension 
of 35 cycles at 69.5°C for 2 min was used. No amplification was observed in the presence 
of the normal variant, whereas a 352 nt fragment was amplified and detected on a 1.5% 
agarose gel in the presence of the mutant variant. 
The mutations 1555A>G, 3243A>G, 7445T>C, 7472insC and 8344A>G were detected 
by restriction fragment analysis (Table 1). The digested samples were electrophoresed 
through a 1.5% agarose, 3% MetaPhor agarose (FMC BioProducts) or 6% non-
denaturating polyacrylamide gel as appropriate. 

 
Table 1. Screening of pathogenic mutations causing SNHI by restriction fragment 
analysis. 

Mutation Primers used Restriction enzyme Gel electrophoresis 
1555A>G L1157/H1696 Alw 26I PAGE 6% 
3243A>G L3144/H3553 Apa I PAGE 6% 
7445T>C L7392/H7608 Xba I Agarose 1.5% 
7472insC L7432/H7608 Xcm I MetaPhor 3% 
8344A>G L8282/H8385 Bgl I PAGE 6% 
Page = polyacrylamide gel electrophoresis 
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4.2.4  Analysis of heteroplasmy (II, IV) 

The degree of heteroplasmy of the mutations 5780A>G and 10044A>G was examined by 
restriction fragment analysis. MtDNA was amplified in PCR in the presence of 35S-dATP 
using the primer pairs nt 5577-5598, nt 5917-5898 and nt 9911-9932, nt 10107-10088, 
respectively. The amplified DNA fragments were then digested overnight at 37°C with 1U 
of Alu I (Boehringer Mannheim, Mannheim, Germany) or at 50°C with 1U of Mae II 
(Boehringer Mannheim) and electrophoresed through a 6% polyacrylamide gel. The 
intensities of the bands on autoradiography films were quantified by image analysis 
(Bioimage, Millipore, Ann Arbor, MI).  

The heteroplasmic states of the mutations were verified by cloning. Amplified 
fragments spanning nts 5577-5917 and 9772-10107, respectively, of mtDNA were cloned 
into the pCR2.1-TOPO vector (TOPO TA Cloning Kit; Invitrogen, Leek, The 
Netherlands). Positive colonies were cultured overnight in 2 ml of LB medium containing 
50 µg/ml ampicillin, and 1 µl portions from 150 of these cultures were incubated for 10 
min at 94°C in order to lyse the cells and inactivate the nucleases and amplified in the 
presence of the primers used in the analysis of 5780A>G or 10044A>G. The mutant 
variant was detected by restriction fragment analysis. For sequencing (ABI Prism, Perkin 
Elmer), M13 forward and M13 reverse primers were used to amplify the template, and 
sequencing was carried out using plasmid-specific and insert-specific primers.  

4.2.5  Analysis of mtDNA haplogroups (I-IV) 

MtDNA haplogroups were determined for all the patient and control samples by RFLP in 
order to identify the most informative polymorphic sites (Torroni et al. 1996). 
Polymorphism at nt 12308 was detected by creating a novel Dde I site using a 
mismatched forward primer, nt 12279-12307. The variant at nt 73 was detected in Apa LI  
digestion of a PCR product synthesized using a forward primer 16449-16468 and a 
reverse primer 429-405. The various mtDNA haplogroups were defined according to the 
published criteria (Torroni et al. 1996). In addition, a 1230 nt fragment covering the 
entire D-loop was sequenced in the control samples, which were included in the 
phylogenetic network (III). 

4.2.6  Conformation sensitive gel electrophoresis (CSGE) (III, IV) 

CSGE has proved to be a reproducible, sensitive and specific method for detecting nt 
substitutions in mtDNA, allowing a fragment with a single substitution relative to the 
control to be detected (Körkkö et al. 1998, Finnilä et al. 2000). Comparison of the CSGE 
data with the actual sequence data suggested that the sensitivity of CSGE was 96% and 
its specificity 100% (Finnilä et al. 2000). Sixty-two pairs of primers were designed for 
amplification of the mtDNA coding region (nts 577-16023), and amplification was 
carried out as described earlier (see section 4.2.2). CSGE was performed on 121 control 
samples (III) and 32 patient samples (IV). After amplification of a fragment of mtDNA, 
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the nature and amount of PCR products was visually estimated on the 1.5% agarose gel 
and a suitable amount (4-8µl) then taken for heteroduplex formation. Each amplified 
fragment was mixed with the corresponding control and the heteroduplexes were 
subsequently allowed to anneal at 68°C for 30 min. A control sample from another 
haplogroup was used as a reference in order to distinguish haplogroup-specific 
polymorphisms (III), while conversely, haplogroup-specific control samples were used as 
references in order to find new pathogenic mutations and risk genotypes (IV). The 
heteroduplexes were electrophoresed through a polyacrylamide gel overnight at a 
constant voltage of 400 V, stained in 150 µg/l ethidium bromide solution for 5 minutes 
and the fragments visualized with an UV transluminator and photographed (Grab-IT 
Annotating Grabber 2.04.7;UVP). Heteroduplexes with a single substitution in one or 
both of the chains differ in mobility on the polyacrylamide gel, and these fragments were 
sequenced in order to identify the substitution. 

4.2.7  Sequencing (III, IV) 

Nucleotide sequences were analyzed by automatic sequencing (ABI PRISM 377 
Sequencer with Dye Terminator Cycle Sequencing Ready kit, Perkin Elmer, Foster City, 
CA) after treatment with exonuclease I and shrimp alkaline phosphatase (Werle et al. 
1994). The primers were the same as those used in the amplification reactions for CSGE. 
The D-loop sequence was determined in the interval nts 16024-00576.  

4.3  Evolutionary analysis of sequences (III, IV) 

A phylogenetic network based on the coding region sequence was constructed by means 
of a reduced-median algorithm (Bandelt et al. 1995), as implemented in the Network 2.0d 
program (available at the Life Sciences and Engineering Technology Solutions website). 
The weights of the nt positions were equal, except that position 10398 was down-
weighted in the analysis. The data set included 192 coding region sequences, of which 71 
were obtained from previous reports (Finnilä et al. 2000, Finnilä & Majamaa 2001). A 
network based on the nt variation in the D-loop was constructed separately in order to 
show all the details in the data. All hypervariable sites were down-weighted in the initial 
construction of the network, and these positions were included in the network afterwards. 

The coding region sequences of the 32 patients with SNHI were positioned in the 
phylogenetic network by hand.  

4.4  Statistical analysis (III, IV) 

The average number of sites differing between a gene region in mtDNA and a putative 
root ρGR was calculated over all the haplotypes for HVS-I sequences, for the third 
nucleotides in the structural genes, for the tRNAs, and for the rRNAs. ρGR = Σ(nj/n)ρj, 
where nj is the number of samples in the jth haplotype, n is the total number of 
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haplotypes, and ρj is the number of mutations observed between the jth haplotype and the 
root. The lengths of the genes were calculated on the basis of the Cambridge reference 
sequence (CRS) (Anderson et al. 1981), and this reference was also used to identify the 
nucleotide positions. 

Differences in mtDNA haplogroup frequencies between the patients and the controls 
were evaluated using the exact test of population differentation as implemented in 
ARLEQUIN 2.0, or, if applicable, by the X2 test or Fischer’s exact test. 

Sequence variation in the mtDNA coding region was analysed by comparing 10 pairs 
formed of the 32 patients and 32 controls, picked randomly from the network, who were 
matched with them with respect to haplogroup. The sequences for the 32 controls and 32 
patients were then compared with the remaining 160 sequences in the phylogenetic 
network. Haplotypes and substitutions, synonymous and non-synonymous, outside the 
network were counted and the results for the controls were compared with those for the 
patients. The Wilcoxon signed rank test was used to detect differences between the ten 
pairs of patients and controls in the frequency of new haplotypes, the total number of 
substitutions and the total number of non-synonymous substitutions.  

4.5  Analysis of substitutions (IV) 

The substitutions detected in the mtDNA of the 32 patients with SNHI were compared 
with those detected in 192 population controls and with those reported in databanks 
(Mitomap 2001, Herrnstadt et al. 2002). All previously unknown non-synonymous 
substitutions in protein coding genes and substitutions in tRNA and rRNA genes were 
analysed further, while synonymous substitutions in protein coding genes were excluded. 
The new substitutions were screened in haplogroup-matched samples obtained from 403 
controls, and in an additional set of 122 random population controls if the mutation was 
found in a rare haplogroup such as W. Substitutions that induced restriction site gains or 
losses were analyzed by RFLP, including nucleotide positions 5004/ Mae I site gain, 
5780/ Alu I site loss, 8638/ Hinc II site gain, 8711/Dde I site gain, 9316/ Ear I site loss, 
9966/ Bsm AI site gain10044/ Mae II site gain, 12127/ Bcn I site loss, 13681/ Aci I site 
gain, 13762/ Fnu 4HI site gain, 15731/ Mae I site loss. A mismatched 
AACATTATTATAATAAACACCCTCACCAGT primer (the mismatched nt underlined) 
was used to screen for mutation 4024A>G. This primer creates an additional site for the 
restriction enzyme Tsp RI in the presence of the mutation. Mutations at nts 2259, 2361, 
3992, 5901, 8269, 8270, 8684, 9182, 9480 and 10907 were screened by CSGE and 
subsequent sequencing. 

The significance of the novel substitutions was evaluated by reference to information 
from databases and previous publications. This information was used to determine 
structural changes and the significance of the precise nucleotide or amino acid in the 
tRNA, rRNA or protein. The evaluation of the significance in each case was based on 
information on evolutionary conservation and the structural changes caused by the 
mutation. The evolutionary conservation of amino acids was studied by means of the 
CUBIC and PredictProtein programs (Rost 1996). X–ray crystallographic data are 
available for the structures of complexes III and IV (Tsukihara et al. 1996, Xia et al. 
1997), both crystallized from bovine material. The structural consequences of the 
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mutations in the cytochrome bc complex (1QCR) were studied by means of Rasmol and 
Contacts of Structural Units. 



5 Results 

5.1  Frequency of mtDNA point mutations known to be associated 

with SNHI (II) 

In order to estimate the prevalences of pathogenic mtDNA mutations in patients with 
SNHI, we obtained samples from 133 patients with SNHI, reportedly representing 117 
separate maternal lineages. We found five patients with the 3243A>G mutation and three 
with the 1555A>G mutation, whereas the other point mutations associated with SNHI, 
7445A>G, 7472insC and 8344A>G, were absent. The frequencies of the mutations in the 
cohort were thus 4.3% for 3243A>G and 2.6% for 1555A>G, suggesting a total 
frequency of 6.9% for mtDNA mutations known to be associated with hearing 
impairment. The probands with 1555A>G were from two families. The mutation was 
verified in all 22 members of one family, representing three generations, whereas only the 
proband could be studied in the other. We identified 14 members in these families with 
the mutation and 13 who were first-degree maternal relatives of a verified carrier and 
were living in the prevalence area. Combining these figures, we estimated that the 
minimum prevalence of 1555A>G in this population was 4.7/100,000.  

Restriction fragment analysis of mtDNA and sequencing of the mtDNA D-loop 
revealed that one of the families with 1555A>G belonged to mtDNA haplogroup J, 
subcluster J1, and the other to haplogroup H, indicating that they were not maternally 
related. Three of the probands with 3243A>G belonged to mtDNA haplogroup U and two 
to haplogroup H, but the D-loop sequence revealed differences, i.e. they were not 
maternal relatives. 

5.2  10044A>G in the tRNAGly gene: a haplotype-specific 

polymorphism (II) 

Nt 10044 has been found to be evolutionary conserved, as 12 out of 13 species possess an 
A in this position (O´Mahony et al. 1989). The transition 10044 A>G in the tRNAGly gene 
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of mtDNA has thus been suggested as being pathogenic. The mutation has been observed 
in a sibship where two children died suddenly and unexpectedly and six children suffered 
from various symptoms, including apparent life threatening events and gastroesophageal 
reflux (Santorelli et al. 1996).  

We found 10044A>G in four patients, two with a hearing impairment, one with 
diabetes mellitus and one with the 3243A>G mutation, suggesting frequencies of 3.3%, 
0.8% and 6.3% in the respective patient cohorts. We also found 10044A>G in two healthy 
controls, suggesting a population frequency of 2.6%. The mutation appeared to be 
heteroplasmic in all six subjects with the proportion of the mutant genome being 94 ± 2% 
in blood (three probands, two relatives, two controls), 95 ± 2% in epithelial cells (two 
probands, two relatives) and 95 ± 2% in muscle (two probands). The minimal variation in 
the degree of 10044A>G heteroplasmy between patients and between the tissues of a 
given patient and the identification of the mutation in healthy controls prompted us to 
clone a DNA fragment encompassing nt 10044. All of the 150 colonies were found to 
contain the mutant variant, excluding the presence of the wild type genome (p = 0.004; 
binomial test with expected proportion of 0.05 for the wild type genome). Detection of 
the wild type genome by restriction fragment analysis was found to be due to incomplete 
digestion by Mae II, which was partly attributable to inhibition of this enzyme by NaCl. 

The six mtDNAs harbouring 10044A>G belonged to haplogroup H. Sequencing of a 
1230 nt region covering the entire D-loop revealed four closely related haplotypes. 
195T>C specified the D-loop sequence of one patient, a C insertion was found in the C 
stretch nt 303-309 in five samples and the lack of this insertion specified the D-loop 
sequence of one control. 73A>G was found in all of the six subjects, whereas only 4 out 
of the 25 controls belonging to haplogroup H (16%) harboured the mutation.  

5.3  Phylogenetic network for European mtDNA (III) 

The mtDNA sequence was determined in 121 healthy Finns belonging to haplogroups H, 
V, W, I, X or Z by means of CSGE and direct sequencing. Previously reported sequences 
from 71 Finns belonging to haplogroups U, K, T and J (Finnilä et al. 2000, Finnilä & 
Majamaa 2001) were also included in the phylogenetic analyses, and HVS-II sequences 
were also determined in these latter cases. A total of 297 segregating sites were detected 
in the coding region, characterizing 101 haplotypes, while 413 segregating sites and a 
total of 134 haplotypes were found in the entire mtDNA, excluding the hypervariable 
sites 303 and 16519. The mean pairwise sequence difference was 21.2 within the coding 
region and 10.5 within the D loop, and the average nucleotide difference in the tRNA and 
rRNA genes was <10% of that observed in the HVS-I. The variation in the third 
nucleotide positions of the structural genes was  ~22%. 
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5.3.1  Topology of phylogenetic networks based on mtDNA variation in 

the coding region 

In order to determine the evolutionary relationships of the mutations, we constructed a 
phylogenetic network from the sequences. An African mtDNA sequence (Ingman et al. 
2000) was placed as the outgroup for the reduced-median network. Haplogroups H and V 
formed a cluster that had the 14766C polymorphism in common. Both of the haplogroup 
networks were highly starlike, and at least two subclusters, H1 and H2, emerged in 
haplogroup H and four equally frequent subclusters in haplogroup V, of which at least 
subcluster V1 could be identified. Subclusters were regarded as identified if comparison 
with 129 European HVS-I sequences (Torroni et al. 1998) revealed similar haplotypes. 
This was done in order to name only subclusters that are present in other parts of Europe 
as well. The first subcluster, H1, which encompassed 45% of the samples in haplogroup 
H, was determined by 3010G>A, and the second, H2, which encompassed 13% of the 
samples, by 1438A>G and 4769A>G. The CRS could be placed in subcluster H2, based 
on information regarding certain sequencing errors in the original CRS (Andrews et al. 
1999). Our findings support the revised CRS with the exception of the status of positions 
8860 and 15326, which could be supported or refuted. Haplogroup V was determined by 
the polymorphisms 4580G>A and 15904C>T, and the subcluster V1, which encompassed 
44% of the samples, by 4639T>C, 5263C>T and 8869A>G. The three other subclusters 
did not reveal similar haplotypes compared to those found in the HVS-I sequences of 
European samples, and they may therefore be specific to the Finnish population.   

Haplogroup cluster WIX harboured an unresolved reticulation composed of 1719G>A 
and 8251G>A, which nevertheless specifically determined the individual haplogroups. 
Haplogroup W and haplogroup I could each be divided into two subclusters. Subcluster 
W1 was highly starlike and was determined by polymorphisms 5495T>C and 12669C>T. 
Fifteen samples had an identical genotype and seven diverged from this by one or two 
polymorphisms. Subcluster W2 was determined by polymorphisms 4928T>C and 
9612G>A. Interestingly, the heteroplasmic mutations 7706G>A in COX II and 
14696A>G in tRNAGlu were confidently identified in haplogroup W. The first subcluster 
of haplogroup I, I1, encompassed 62% of the samples, was characterized by the coding-
region polymorphisms 3990C>T, 6734G>A, 8616G>T, 9053G>A, 9947G>A and 
10915T>C, while subcluster I2, encompassing 38% of the samples, was determined by 
15758A>G. Only four samples belonged to haplogroup X.  

The nine samples belonging to haplogroup Z clearly formed an outlier group, with 18 
unique polymorphisms in the coding region. Haplogroups U and K (Finnilä et al. 2000) 
and haplogroups T and J (Finnilä & Majamaa 2001) were accommodated into the 
network. 

The polymorphisms in the coding region yielded a topology that showed distinct 
clusters of haplogroups HV, UK, TJ, and WIX and conformed well with the European 
mtDNA tree based on variation in HVS-I (Richards et al. 1998). All the haplogroups were 
defined by specific clusters of polymorphisms, and a major division could be made on the 
basis of nt 12705, in that haplogroup clusters HV, UK and TJ harboured 12705C whereas 
WIX and Z harboured 12705T. 
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5.3.2  Comparison of networks based on variation in the coding region 

and the D-loop 

Most of the phylogenetic analyses of mtDNA rely on sequence variation in HVS-I, but as 
the mutation rate is higher in this part of the genome, the evolutionary analysis is 
complicated by back-mutations and homoplasies. The coding-region network was 
therefore compared here with that based on variation in the D-loop. Networks were first 
constructed for each haplogroup separately, and then they were combined to show the 
general topology. Reticulations were resolved whenever possible by assuming seven 
back-mutations. The subgroups identified in the coding region could, with only a few 
exceptions, also be identified confidently in the D-loop network. Subcluster J2 was 
divided in two and subclusters W1 and W2 were partly overlapping. Otherwise there was 
good concordance between the subclusters detected from coding region and control 
region sequences. 

5.3.3  Homoplasies in the coding region  

The total number of homoplasic positions among the 192 mtDNAs was 70, including 21 
in the coding region, constituting 0.14% of the polymorphisms, while homoplasies were 
more common in the D-loop, representing 4.4% of the polymorphisms. Most of the 
homoplasies occurred in different haplogroups, and some of those in the D-loop occurred 
at sites that were used to define haplogroups. For example, 16233C>T was present in the 
shared ancestry of haplogroups I, W, X and Z, but also occurred in some samples 
representing haplogroups T and U.  

5.4  Increased mtDNA variation in patients with SNHI (IV) 

The nt sequence in the entire coding region of mtDNA from 32 patients with matrilineal 
SNHI was determined by CSGE and subsequent sequencing. The patients belonged to 
haplogroups H (56%), U (22%) and I, J, K or T. We found 115 nucleotide positions in the 
coding region that differed from the revised CRS (Andrews et al. 1999), 10 of the variant 
sites being located in tRNA genes, 10 in rRNA genes, two in non-coding regions outside 
the D-loop and the remaining 93 in structural genes.  
We first compared mtDNA sequence variation between the patients with SNHI and the 
controls, using the phylogenetic network based on 192 Finnish sequences as a reference. 
For the purposes of this comparison, 32 random samples representing the same 
haplogroups as the patients were removed from the network, ten times separately. The 
mean difference between the control samples and the remaining 160 samples was 36 ± 9 
substitutions (mean ± SD), while the difference between the 32 patient samples and the 
reference set was 58 ± 4 substitutions (Figure 4). Comparison of the random controls and 
the patients with the 160 samples in the network revealed 16 new haplotypes among the 
32 controls and 22 new haplotypes among the patients (p = 0.005 for the difference, 
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Wilcoxon signed rank test). Novel non-synonymous mutations or mutations in tRNA or 
rRNA genes were present in nine control haplotypes and 15 patient haplotypes. 

 

Fig. 4. Frequency of new haplotypes and substitutions in mtDNA coding region sequences 
from 32 patients with SNHI and 32 controls. Ten samples of 32 controls were randomly 
removed from the phylogenetic network of 192 Finnish mtDNAs, and these 32 controls and 
the 32 patients were compared with the remaining 160 sequences in the network. Differences 
were calculated between ten pairs of patients and controls. Bars show means and standard 
deviations. Solid bars, controls; open bars, patients with SNHI. 

5.5  Potential new disease-causing mutations in patients  

with SNHI (IV) 

Two of the 32 patients with SNHI harboured five substitutions that were not detected 
among at least 314 healthy controls (Table 2), i.e. their frequency in the general 
population was lower than 0.32%. Furthermore, the five substitutions were not detected 
among the remaining 85 patients with matrilineal SNHI in the original cohort and they 
were regarded as potential disease-causing mutations. 

5780G>A in the tRNACys gene was found in one patient, and an apparent heteroplasmy 
seen in CSGE was verified by cloning, since 59 out of 106 clones (56%) harboured the 
mutation. Furthermore, restriction fragment analysis revealed that the proportion of the 
mutant genome was 92% in the muscle of the proband, 96% in buccal epithelial cells and 
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71% in the blood, and likewise 92% in the blood of her mother and 95% in the blood of 
her sister. The heteroplasmic state in the blood did not correlate with the severity of the 
disease. The 5780G>A mutation is located in the first nucleotide in the 5´ end of the TψC 
loop of tRNACys, a position that is moderately conserved between species and is occupied 
by a G in most species, with an A to be found in a few species.  

One patient harboured 8638A>G and 8711A>G in the ATPase6 gene, leading to the 
replacement of isoleucine by valine and asparagine by serine, respectively, and 
15731G>A in the cytochrome b gene. Evolutionary conservation was low for nt positions 
8638 and 8711, whereas position 15731 was frequently occupied by a hydrophobic amino 
acid. Substitution at position 15731 leads to replacement of the alanine-329 by threonine 
(C chain, helix VII). Analysis of crystallographic data on bovine cytochrome bc revealed 
that this amino acid has a hydrophobic contact at a distance of 4 Å with amino acid 52 in 
subunit VII (Chain G, Phe-52 in the bovine sequence). 

A substitution 9966G>A was found in the COX III gene, leading to the replacement of 
valine by isoleucine at position 254. Since isoleucine is known to occupy this position at 
least in the baboon, this substitution was not considered significant. 

 
 
Table 2. Putatively pathogenic mutations, that were not detected among Finns. HG,.  

 
Patient HG Nt change Gene Amino 

acid 
change 

No C 
 

Conservation Status 

1 LTöl H 5780G>A tRNACys n.a. 203  pathogenic 
2 RVii I 8638A>G ATPase6 IIe>Val 217 low polymorphism 

  8711A>G ATPase6 Asn>Ser 215 moderate polymorphism 

  9966G>A COX III Val>Ile 203  polymorphism 

  15731G>A Cyt b Ala>Thr 213  undetermined 

 
HG = mtDNA haplogroup 
C = controls 
n.a. = not applicable 



6 Discussion 

6.1  Frequency of pathogenic mtDNA mutations in patients with SNHI 

Within a decade of the publication of the sequence of human mtDNA (Anderson et al. 
1981), the first pathogenic mutations had been described in patients with sporadic and 
maternally inherited diseases (Holt et al. 1988, Wallace et al. 1988a). The last ten years 
have seen a profusion of reports describing new pathogenic mutations associated with a 
diverse range of clinical phenotypes. Hearing loss was recognized as one feature of 
mitochondrial disease in patients with the Kearns-Sayre, MELAS and MERRF 
syndromes (Wallace et al. 1988b, Goto et al. 1990, and later mtDNA mutations causing 
non-syndromic SNHI were recognized (Prezant et al. 1993).  

Estimates of the prevalence of mtDNA mutations among patients with SNHI have 
been based on case reports, and the frequency has been considered to be low. SNHI is a 
common phenotype in diseases caused by mtDNA mutations, however (Johns 1995, 
Chinnery et al. 1997), approximately 70% of patients with syndromic disease have it 
(Gold & Rapin 1994, Uimonen et al. 2001). This makes it the phenotype of choice for 
evaluating the prevalences of mtDNA mutations.  

We obtained a combined frequency of 6.9% for the mtDNA mutations 3243A>G and 
1555A>G among patients with possible matrilineal SNHI, and extrapolation of the 
observed counts suggested that the two mutations may be found at a frequency of 
7.5/10,000 among unselected patients using a hearing aid. Furthermore, we estimated the 
minimum population prevalence of 1555A>G in northern Finland to be 4.7/100,000. 
Since this rate applies to partly the same population as the prevalence of 16.3/100,000 
obtained for the 3243A>G mutation (Majamaa et al. 1998), the data suggest that mtDNA 
mutations are not uncommon in a population. 

We found 1555A>G at a frequency of 2.6% among patients with maternally inherited 
SNHI, whereas every patient with matrilineal hearing impairment in a Spanish cohort was 
found to harbour this mutation (Estivill et al. 1998b). The discrepancy in the observed 
frequencies may be explained by ascertainment bias (Susser & Susser 1989), founder 
effect or the administration of aminoglycosides. Our results are based on patients detected 
from population-based registers, while the patients in the Spanish cohort were selected 
from several clinical centres or obtained through advertisements in the media. The 
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founder effect has been shown to explain the high prevalence of 1555A→G in a Zairean 
village (Matthijs et al. 1996), and it partly explained the high frequency of patients with 
this same mutation in the Spanish cohort (Torroni et al. 1999). The mutation was found 
among 50 affected families and ≥30 independent mutational events were attributed to it 
(Torroni et al. 1999). Aminoglycosides have been shown to predispose patients with 
1555A>G to hearing impairment (Prezant et al. 1993), and interestingly, sales of 
aminoglycosides per capita were 25-fold higher in Spain than in Finland in 1998 (data 
from IMS Health, Helsinki, Finland), suggesting that differences in the use of these 
antibiotics in the two countries may explain the observed mutation frequencies. There 
may be true differences in the frequency of the mutation between the populations, 
however. Prevalences similar to those observed among the Finns have been found among 
the Japanese, where approximately 3% of patients with SNHI possessed the 1555A>G 
mutation and only 0.3% harboured the 3243A>G mutation (Usami et al. 2000). The 
discrepancies in prevalences would imply that the frequency of pathogenic mutations in a 
population is determined not only by genetic drifting and selection but by factors 
affecting the genesis and fixation of new mutations, or that the phenotypic expression of a 
mutation may differ between populations.  

6.2  A phylogenetic network for European mtDNA 

The substitution rate in mtDNA, excluding the D-loop, is estimated to be 1.70x10-8 
substitutions per site per year, which is 10 to 17 times faster than in nuclear genes (Brown 
et al. 1979, Neckelmann et al. 1987, Wallace et al. 1997). A high mutation rate, absence 
of recombination and maternal inheritance are unique characteristics, and it is for this 
reason that mtDNA has been widely used in evolutionary investigations.  

Evolutionary studies of mtDNA have been based either on sequence variation in the 
control region, usually only the HVS-I segment, or RFLP analysis of the coding region 
with five to fourteen restriction enzymes. The RFLP analyses have been called either 
“low resolution” or “high resolution” analyses, depending on the number of restriction 
enzymes. The structure of the “low resolution tree” has been somewhat starlike, due to 
substitutions that have been undetectable by “low resolution” analysis. The resulting data 
have led to the suggestion that all human populations may have shared a common 
evolutionary history for a very long time, which came to be interpreted by some as 
support for the idea that modern humans had evolved from archaic ancestors separately in 
many parts of the world (Excoffier & Langaney 1989, Templeton & Sing 1993). High-
resolution analysis seemed to give a different picture, however, as the resulting pattern 
was no longer starlike and was more detailed, giving evidence that the recent origin of 
modern humans lies in Africa (Cann et al. 1987). The discrepancy between the two trees 
is due to the differences in genealogical resolution, which is higher when 14 restriction 
endonucleases are used in RFLP analysis, although this allows screening of only 15-20% 
of the mtDNA sequence for variations (Chen et al. 1995b). 

The mutation rate is about 10 times greater in control region than in the coding region 
(Vigilant et al. 1991, Pesole et al. 1999), and this fact, in conjuction with the considerable 
variation in the rate between sites, means that some sites undergo very rapid and some 
have been affected several times in the genealogy. These induce homoplasies, so that 
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many tree topologies are equally plausible if they are based solely on sequence variation 
in the control region. Thus the genealogy can remain unresolved (Richards & Macaulay 
2001). In addition, the control region constitutes less than 7% of the mtDNA, leading to 
poor resolution. Previous phylogenetic networks for mtDNA have been based on the 
HVS-I sequence, and only selected polymorphisms in the coding region have been used 
to construct them (Richards et al. 1998, Macaulay et al. 1999, Helgason et al. 2000).  

Complete mtDNA sequences represent the highest resolution that can be obtained. 
Only a limited number of complete sequences have been reported so far and it was only 
in 2000 that they emerged (Finnilä et al. 2000, Ingman et al. 2000, Elson et al. 2001a, 
Herrnstadt et al. 2002). We determined complete mtDNA sequences for 121 Finns, and 
later complemented the data to cover 192 Finns (Finnilä et al. 2000, Finnilä & Majamaa 
2001). Samples representing all the mtDNA haplogroups present in this population were 
included, and we were able to construct a phylogenetic network that was the largest 
known set of complete sequences at that time. Since then, a series of 560 coding-region 
sequences of European, Asian and African mtDNAs, excluding the D-loop, has been 
reported and a reduced-median network has been constructed from them based on 
haplogroup-associated polymorphisms that have occurred in at least two members of one 
branch of the same haplogroup. The data on European mtDNAs confirmed and extended 
our phylogenetic network, but there were also some discrepancies (Herrnstadt et al. 
2002). The HV cluster of haplogroups was confirmed, and two new subclusters, H3 and 
H4, were described. Subcluster H3 was defined by the polymorphism 6776T>C, which 
was also present in our network, while 8269G>A, one of the polymorphisms determining 
haplogroup H4, was found only in haplogroup J sequences in our phylogenetic network. 
Sequences that harboured 11719A and 14766C, polymorphisms that determine the 
subcluster HV, and lacked 2706A and 7028C, determining haplogroup H, were assigned 
to the network branch leading to haplogroup V. The reticulation among sequences from 
haplogroups W, I and X could not be resolved from the additional data. Two subclusters 
were defined for haplogroup X, X1 and X2, whereas the subclusters W1 and W2 were 
absent, and may therefore be specific to Finns. A new subcluster W3 was designated, 
however, and also a new subcluster U9, while haplogroup K was divided into subclusters 
K1 and K2. The network structures of cluster JT were in general agreement with our 
sequences, with the exception of a new small subcluster J3 and the division of T2 into 
two subclusters (Herrnstadt et al. 2002). A number of haplogroup markers showed 
disagreement between the data set on European mtDNAs and our network. For example 
5773G>A, 9545G>A, 11899T>C and 12630G>A were associated with haplogroups K, K, 
V and U5a1, respectively, in the Finnish nework, but were absent from the European 
haplogroups (Herrnstadt et al. 2002). They were present in the African and Asian 
haplogroups L3, C, L1, and L2, respectively, however, suggesting that they represent 
homoplasic events. The structure of the European network was found to be unambiguous 
even though 10398A>G was not down-weighted. (Herrnstadt et al. 2002.)  

Certain nuclear markers (Cavalli-Sforza et al. 1994) and markers on the Y 
chromosome have suggested that the Finns are outliers in Europe (Sajantila et al. 1996, 
Zerjal et al. 1997), but the number of mtDNA lineages shared between the Finns and 
other Europeans is high, indicating that the Finnish samples represent European lineages 
(Vilkki et al. 1988, Sajantila et al. 1996, Torroni et al. 1996, Richards et al. 1998, 
Macaulay et al. 1999, Herrnstadt et al. 2002). The haplogroup Z is the only one that is 
present among the Finns (about 2%) but has not been found in Europeans (Herrnstadt et 
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al. 2002), and it thus probably represents an Asian contribution to the Finnish mtDNA 
gene pool, as these mtDNA sequences carry polymorphisms that are associated with 
haplogroup C in superhaplogroup M (Meinilä et al. 2001). Otherwise, the present 
networks should provide useful references for studies on mtDNA population genetics 
among European populations. Such population-specific polymorphisms constitute the 
background against which potentially pathogenic mtDNA mutations must be identified. 

Since the previous networks obtained for Europeans relied on HVS-I, the coding 
region network was compared with that based on variation in the D-loop. We found that 
the topology of the networks based on the coding region sequence differed from that of 
the networks based on the D-loop sequence in the case of most haplogroups. In spite of 
these differences, however, the polymorphisms in the D-loop could in most cases be 
unambiguously placed in the networks on the basis of the coding-region sequence. The 
differences in network topology were due to the high number of homoplasies in the D-
loop. A single nucleotide polymorphism in the D-loop may not be useful for determining 
a haplogroup, and interestingly, each haplogroup was defined by numerous 
polymorphisms in the coding region, whereas only a few substitutions in the D-loop 
appeared to be important in this respect. 

Complete mtDNA sequences and phylogenetic networks provide a rich source of 
information for studies in population genetics and the genetics of mtDNA diseases. The 
phylogenetic networks constructed here are representative of the Finnish population, and 
consequently they should also be applicable to studies dealing with other European 
populations. The number of complete sequences has grown, and similar networks are now 
available for other continents, too. Moreover, the networks confirm the branching 
structure of mtDNA genealogy. The star-like structure of a phylogenetic network changes 
when all the polymorphisms are found, paralleling the progress seen when resolution was 
improved by analysing RFLP data for the coding region in addition to HVS-I sequence 
data (Richards & Macaulay 2001). These networks enable further population genetic 
studies to be performed using single-nucleotide polymorphisms, as is required in mtDNA 
disease genetics for distinguishing between rare polymorphisms and disease-causing 
mutations. These can also be expected to enable risk genotypes for diseases to be 
recognized. 

6.3  Evaluation of pathogenic mutations 

The pairwise mtDNA sequence variation between two human mitochondrial genomes is 
38.5 among non-Africans, 76.6 among Africans and 61.6 among all humans (Ingman et 
al. 2000), whereas it is 21 in the Finns (III), i.e. any two Finns will differ in their mtDNA 
at 21 nt sites on average. This high variation creates problems when assessing the 
pathogenicity of a new mutation. Characteristics such as high conservation between 
species, appearance in several haplotypes, heteroplasmic state and good correlation 
between heteroplasmic level and clinical symptoms have been taken as criteria for a 
pathogenic mutation, and additional tools have been suggested, including the effects of 
single nt polymorphisms in the coding region on protein function in terms of protein 
stability, ligand binding, catalysis, allosteric regulation and post-translational 
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modification, in order to distinguish between those mutations that affect molecular 
function and those that do not (Wang & Moult 2001). 

The mutation 10044A>G in the tRNAGly gene has been thought to be pathogenic 
because it was observed in a sibship where two children died suddenly and unexpectedly 
and six children suffered from various symptoms, including apparent life-threatening 
events and gastroesophageal reflux, but was not found among controls. Furthermore, it 
was found to be heteroplasmic, and some correlation was observed between the clinical 
phenotype and the degree of heteroplasmy (Santorelli et al. 1996). This nt has been found 
to be evolutionarily conserved. We found the 10044A>G mutation in four patients, and 
interestingly in two healthy controls. In addition, it was found to be homoplasmic. All the 
individuals harbouring the mutation belonged to a certain subcluster of haplogroup H. As 
the genomes showed a low rate of variation, we then identified a maternal ancestor who 
had been born in the 19th century (median 1884, range 1868-1900). The families were not 
recent relatives and the birthplaces of the ancestors were scattered over northern Finland. 
Clinical evaluation of the patients with this mutation gave normal results in terms of 
neurological assessment, neuropsychological testing and electroencephalography, and no 
excess in paediatric mortality was found in these families relative to the expected rates for 
the Finnish population. In the light of these findings, the substitution 10044A>G was 
considered to be a polymorphism that defines a specific subcluster of haplogroup H. 
Indeed, our suggestion has recently been confirmed by the recognition of subcluster H4 
(Herrnstadt et al. 2002). Our results highlight the difficulty in determining whether a 
mtDNA mutation is pathogenic when identified in only one family. Therefore, in addition 
to the previously published criteria, we suggest that a sufficient number of haplotype-
specific controls should be screened before the pathogenic nature of a mutation can be 
regarded as verified.  

6.3.1  MtDNA mutations as disease risks 

The mutations which have the most deleterious effect on mitochondrial function cause 
obvious clinical phenotypes. The 3243A>G mutation, for example, causes a multiorgan 
disease and fulfils all the criteria for a pathogenic mutation. Some cause disease only in 
the presence of an additional factor, however, and others may be mildly deleterious 
mutations. 

SNHI is the phenotype of choice in attempts to detect mutations that may have a 
slightly deleterious effect on mitochondrial function. Some mtDNA genotypes have been 
thought to entail a risk of mitochondrial diseases, and some haplotypes are qualitatively 
different, possibly due to selection. Most LHON patients with a 11778G>A or 14484T>C 
mutation belong to the European haplogroup J (Torroni et al. 1994, 1997, Brown et al. 
1997, Lamminen et al. 1997), which has been found to be biochemically different from 
other population-specific mtDNA lineages (Wallace et al. 1999). This implies that it may 
contribute to expression of the LHON phenotype caused by one or other of the above 
mutations. In addition, the phenotype and penetrance of the mutation 7445A>G in the 
tRNASer(UCN) gene, causing non-syndromic deafness, have been found to be modulated by 
other mtDNA substitutions (Reid et al. 1994b). A similar contribution has been found in 
multifactorial diseases, in that an association has been detected between haplogroup U 
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and migrainous stroke (Majamaa et al. 1998) and between haplogroup cluster UK and 
stroke in patients with 3243A>G (Pulkes et al. 2000).  

Another reason for selecting SNHI as a phenotype for analysing risk genotypes was 
the biochemical background. Cochlear cells have a high oxidative phosphorylation 
demand, and consequently they are particularly vulnerable to energy depletion caused by 
mitochondrial dysfunction. Biochemically, a 50% reduction in protein synthesis has been 
shown in cells harbouring 1555A>G (Fischel-Ghodsian 1998), while clinically, the stria 
vascularis and outer hair cells show marked degeneration and the number of spiral 
ganglion cells is reduced in patients with 3243A>G, even when the degree of mutation 
heteroplasmy is low (Yamasoba et al. 1999). These circumstances combine to make 
SNHI a very sensitive model for detecting mutations that may have a slightly deleterious 
effect on mitochondrial function. 

The phylogenetic network was constructed partly in order to provide a tool for 
analysing new substitutions. Its core is formed by neutral variants and its periphery 
accommodates rare substitutions that give rise to rare haplotypes. We hypothesized that a 
phylogenetic analysis of mtDNA sequences from patients with SNHI would reveal rare 
haplotypes that harbour either deleterious or mildly deleterious mutations. The average 
number of bp differences between two human mitochondrial genomes is fairly high, 
indicating the necessity to use controls from the same population. We determined the 
entire coding region sequence in the mtDNA of 32 patients with maternally inherited 
bilateral SNHI and compared the sequences with those in the phylogenetic network 
constructed from mtDNAs representing the same population, in order to find new 
pathogenic mutations or genotypes that might confer a risk of SNHI. We found that the 
mtDNA from the patients with SNHI was more variable than that from the controls, so 
that comparison of the patients and with random population samples drawn from a series 
of 160 controls contained in the Finnish phylogenetic network revealed 23 new 
haplotypes among the patients and 13 among the same number of controls. The patients 
thus belonged to the periphery of the phylogenetic network. Novel non-synonymous 
mutations or mutations in tRNA or rRNA genes were present in 14 patient haplotypes and 
in eight control haplotypes.  

The fact that the patients featured more new haplotypes and more substitutions in the 
entire genome than the controls may be a sign of slightly pathogenic mutations, which 
may constitute a class of rare haplotypes that are restricted to low frequency by their 
mildly deleterious effects but not eliminated from the population immediately. They are 
thus be compatible with life, but may entail a decline in mitochondrial function with age 
in many postmitotic tissues and ultimately a decline below the energetic expression 
threshold leading to clinical symptoms (Wallace 1994, 1995, Chinnery et al. 2000). Our 
findings suggest that a cumulative effect of a number of sequence variants may 
compromise mitochondrial function. This is the first systematic study using sequence 
data on the entire coding region that has been devoted to finding slightly deleterious risk 
haplotypes among patients with SNHI.  
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6.4  New putative pathogenic mutations 

Analysis of the entire coding region of mtDNA revealed five substitutions in three 
patients that were not found in the phylogenetic network or in an additional series of 122 
controls. These substitutions were considered pathogenic or slightly deleterious. The 
pathogenic nature of the 5780G>A mutation in the tRNACys gene was supported by the 
following findings. First, it was heteroplasmic, the proportion of the mutant genome 
being 56% in blood; second, the nucleotide site was found to be conserved in evolution 
and it is an invariant site across all tRNAs (Sprinzl et al. 1998); third, the mutation 
segregated maternally with the clinical symptoms; and fourth, the mutation was not found 
in our controls. Interestingly, 5780G>A has been reported in a non-diabetic control, but 
the heteroplasmic state of the mutation was not mentioned and the person had not had an 
audiometric examination (Thomas et al. 1996).  

The 5780G>A mutation is located in the first nucleotide in the 5´ end of the TψC loop 
of tRNACys. Many pathogenic mutations in mitochondrial tRNA genes have been found to 
be located in the TψC loop, another being the 8344A>G mutation, which leads to a 
decrease in tRNALys aminoacylation, and consequently to an impairment of protein 
synthesis due to its premature termination (Enriquez et al. 1995). Furthermore, 
experiments with tRNALys have demonstrated that post-transcriptional modification of 
tRNA is mandatory for the proper folding of the molecule (Helm et al. 1998), suggesting 
a possible basis for the impaired aminoacylation. The modifications applying to 
mitochondrial tRNACys nucleotides are not known, as only three human mitochondrial 
tRNA molecules have so far been sequenced, Pro, Lys and LeuUUR (Helm et al. 1998, 
Brule et al. 1998, Helm et al. 1999). The TψC loop in tRNACys harbours a motif CUU at 
its 5´ end that may be subject to post-transcriptional modification. Most TψC loops in the 
tRNAs of E. coli harbour a UU dinucleotide immediately at the 5´ end of the loop, and 
such nucleotides are known to be substrates for post-transcriptional modification to 
methyl-U and ψ, respectively (Gu et al. 1996b). The 5780G>A mutation in tRNACys leads 
to replacement of an invariant cytosine by uridine as the extreme 5´ nucleotide in the 
TψC loop (Sprinzl et al. 1989), creating a UU motif at the 5´ end of the loop. We 
therefore hypothesize that the pathomechanism underlying 5780G>A is related to altered 
methylation of the nucleotides in the TψC loop of tRNACys and consequent aberrant 
folding of the mature tRNA molecule. 

6.5  Considerations regarding the pathomechanism of SNHI caused by 

mtDNA mutations 

SNHI is a common feature in mitochondrial diseases, occurring in approximately 70% of 
MELAS patients as a part of their phenotype (Gold & Rapin 1994). Cochlear cells have a 
high oxidative phosphorylation demand and are consequently particularly vulnerable to 
energy depletion caused by mitochondrial dysfunction. Histologically marked 
degeneration of the stria vascularis and outer hair cells has been recognized throughout 
the cochlea, and a reduction in the numbers of spiral ganglion cells has been noted in 
patients with 3243A>G and deafness (Yamasoba et al. 1999). The stria vascularis 
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participates in maintaining the endolymph (Kikuchi et al. 1995, Spicer & Schulte 1998, 
Schulte & Steel 1994), a high potassium concentration in which is essential for the 
function of the cochlea (Steel et al. 1987), so that diseases that alter the potassium 
concentration in the endolymph inevitably lead to deafness (Steel 1999). Outer hair cells 
need energy in order to function as active amplifiers for the sensory cells, the inner hair 
cells, which increase the sensitivity of the organ of Corti. 

The outer hair cells or stria vascularis must thereforte be regarded as the most 
probable locations of damage in mitochondrial disease. The hearing loss may be 
progressive or sudden, but it is always permanent. Why are the cochlear cells vulnerable, 
and why are they damaged first? The function of the mitochondria is apparently identical 
in all cells. Initially a differential distribution of heteroplasmic mutations and differences 
in susceptibility to mitochondrial dysfunction were thought to explain the disease 
phenotypes, SNHI and LHON are both mitochondrial disorders caused by homoplasmic 
mtDNA mutations which are exquisitely tissue specific, and although the mutations are 
homoplasmic, they have the same clinical characteristics of tissue specificity and variable 
penetrance as heteroplasmic mutations.  

The penetrance of a mutation may be affected by environmental agents, nuclear genes 
or other mitochondrial mutations (Fischel-Ghodsian 1999). The question of tissue 
specificity is unresolved, however. If a mutation causes a defect in oxidative 
phosphorylation, it should also affect other tissues. Environmental factors such as 
aminoglycosides have been offered as one explanation, and the pathomechanism of 
aminoglycosides in increasing the risk of deafness in the presence of the 1555A>G 
mutation is fairly well understood (Prezant et al. 1993, Hamasaki & Rando 1997, Guan et 
al. 2000), but unfortunately no other environmental factor has been identified. A nuclear 
factor leading to phenotypic differences in 1555A>G has been found (Bykhovskaya et al. 
2000). Cochlea-specific isoforms or splice variants involved in mitochondrial RNA 
processing or translation could interact abnormally with mutant rRNA, tRNA or 
polycistronic mRNA, leading to qualitative or quantitative changes in the protein 
products. Several examples of tissue-specific differences in mitochondrial function exist. 
A putative skeletal muscle-specific mitochondrial RNA processing gene was found in a 
22-year-old patient who died from respiratory failure due to a mitochondrial myopathy, 
the mutation in the tRNALeu(UUR) gene having caused a RNA processing defect in the 
skeletal muscle but not in fibroblasts (Bindoff et al. 1993), raising the possibility of a 
skeletal muscle-specific mitochondrial processing gene. In addition, proteins such as the 
mitochondrial large ribosomal gene in Drosophila melanogaster and the ND1 protein in 
mice have been found to be processed in two ways (Wang et al. 1991, Kobayashi et al. 
1993). Tissue-specific subunits of oxidative phosphorylation have also been described. 
Subunit VIIa of mammalian COX exists in at least two isoforms, one present in all tissues 
and the other in cardiac and skeletal muscle (Arnaudo et al. 1992). On the other hand, no 
tissue-specific subunits have been identified in cochlear cells, and even the precise cell 
types that are injured in cases of mitochondrial deafness have not been confirmed. 

An accumulation of abnormal products has been found in cells with the 8344A>G, 
8356T>C or 3243A>G mutation (Enriquez et al. 1995, Kaufmann et al. 1996), leading to 
a hypothesis that some types of cells participating in the hearing mechanism might be 
sensitive to the accumulation of such products, e.g. mechanoreceptor cells (Jacobs 1997). 
A nuclear gene coding for mitochondrial ribosomal protein S12 (tko, technical knockout) 
has been engineered in Drosophila, and the tko25t mutant exhibits developmental delay, 
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bang sensitivity and a defective response to sound. It has also been found to be 
hypersensitive to doxycycline, an antibiotic that selectively inhibits mitochondrial protein 
synthesis, and to have diminished mitochondrial redox enzyme activities and 
mitochondrial small subunit rRNA levels and a quantitative deficiency in mitochondrial 
translational capacity (Toivonen et al. 2001), rather than any accumulation of abnormal 
products. These results, in combination with the fact that mtDNA mutations associated 
with non-syndromic hearing loss involve rRNA or tRNA and with biochemical analyses 
of the effects of these mutations in causing a RNA processing defect or a decrease in 
translational efficiency (Jaber et al. 1992, Guan et al. 1998), imply that mitochondrial 
RNA processing and translation may be involved in the pathophysiological pathway of 
mitochondrial SNHI.   

A fairly small number of cells in the cochlea are actually responsible for hearing, 
which may explain why hearing loss is one of the most common features of 
mitochondrial diseases. By contrast, a large number of muscle cells have to be impaired 
before symptoms arise and become detectable. This may be the reason why SNHI is often 
the first symptom to be characterized in a mitochondrial disease.  



7 Conclusions 

1. This represents the first epidemiological analysis of the frequency of mtDNA 
mutations among patients with SHNI selected from population-based cohorts, 
since earlier estimates were based on case reports. A substantial frequency of 
pathogenic mtDNA mutations was found among patients with matrilineal SNHI, 
suggesting that screening of these patients for 3243A>G and 1555A>G at least 
would be worthwhile. The diagnosis of 1555A>G in particular may help to 
prevent accidental aminoglycoside-induced hearing loss. Furthermore, these and 
other data suggest that the differences in the observed frequency of 1555A>G 
may be attributed either to the administration of different volumes of 
aminoglycoside or to true differences in the prevalence of the mutation. 

 
2. Our results highlight the difficulty in determining whether a mtDNA mutation is 

pathogenic when identified in only one family. We detected the 10044A>G 
substitution in patients with disorders commonly associated with mitochondrial 
diseases, but we also found the mutation among controls. The results show that 
10044A>G is a homoplasmic polymorphism that is tightly or exclusively 
associated with a fairly rare haplotype within mtDNA haplogroup H which has 
recently been confirmed as subcluster H4. Therefore, in addition to the 
previously published criteria, we suggest that a sufficient number of haplotype-
specific controls should be screened before the pathogenic nature of a mtDNA 
mutation can be regarded as verified. 

 
3. We constructed a phylogenetic network based on complete mtDNA sequences 

for 192 Finns, representing the largest set of complete sequences in existence at 
that time. Previous phylogenetic networks for mtDNA have been based on HVS-
I sequences, and only selected polymorphisms in the coding region have been 
used to construct them. The subclusters detected in the network based on the 
coding-region sequence conformed relatively well to those detected in the 
network based on the D-loop sequence, although the number of homoplasies 
was higher in the control region than in the coding region. Moreover, the 
networks confirm the branching structure of the mtDNA genealogy. An era of 
mitochondrial genomics has begun, and the number of almost complete 
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sequences has grown, being nowadays about 800. MtDNAs provide a rich 
source of information for studies in population genetics and mtDNA disease 
genetics. 

 
4. There are several reports of diseases that are associated with particular mtDNA 

haplogroups, suggesting that the accumulation of mtDNA substitutions may 
modify disease expression. The analysis of risk genotypes needs a wide body of 
information on substitutions within the population, and hence the phylogenetic 
network constructed here may prove to be of use in analysing risk genotypes. 
Interestingly, by studying the entire coding region of 32 patients with SNHI and 
comparing the variants with the phylogenetic network constructed for 192 Finns, 
we found that the patients harboured more rare polymorphisms and haplotypes 
than same number of controls. Furthermore, the networks enabled us to 
distinguish between polymorphisms and rare polymorphisms and putatively 
pathogenic mutations. We used the phylogenetic network to find new pathogenic 
mutations causing SNHI and we were able to find five mtDNA mutations which 
were present in the SNHI patients but absent among the controls, and further 
analysis of these allowed two of them to be regarded as putatively pathogenic. 

 



8 References 

Adams PL, Lightowlers RN & Turnbull DM (1997) Molecular analysis of cytochrome c oxidase 
deficiency in Leigh’s syndrome. Ann Neurol 41: 268-270. 

Alberts B, Bray D, Lewis J, Raff M, Roberts K & Watson JD (1994) Energy conversion: 
Mitochondria and chloroplasts. In: Alberts B, Bray D, Lewis J, Raff M, Roberts K, Watson JD 
(eds) Molecular biology of the cell. Garland Publishing, Inc., New York, p 653-720. 

Alcolado JC, Majid A, Brockington M, Sweeney MG, Morgan R, Rees A, Harding AE & Barnett 
AH (1994) Mitochondrial gene defects in patients with NIDDM. Diabetologia 37: 372-376. 

Ames A (1997) Energy requirements of brain function: When is energy limiting? In: Beal MF 
(Eds) Mitochondria and free radicals in neurodegenerative diseases. Wiley-Liss, New York p. 
309-318. 

Anderson S, Bankier AT, Barrell BG, de Brujin MH, Coulson AR, Drouin J, Eperon IC, Nierlich 
DP, Roe BA, Sanger F, Schreier PH, Smith AJ, Staden R & Young IG (1981) Sequence and 
organization of the human mitochondrial genome. Nature 290: 457-465. 

Andersson SG, Zomorodipour A, Andersson JO, Sicheritz-Ponten T, Alsmark UC, Podowski RM, 
Naslund AK, Eriksson AS, Winkler HH & Kurland CG (1998) The genome sequence of 
Rickettsia prowazekii and the origin of mitochondria. Nature 396: 133-140. 

Andrews RM, Kubacka I, Chinnery PF, Lightowlers RN, Turnbull DM & Howell N (1999) 
Reanalysis and revision of the Cambridge reference sequence for human mitochondrial DNA. 
Nature Genet 23: 147. 

Arnaudo E, Hirano M, Seelan RS, Milatovich A, Hsieh C, Fabriscke GM, Grossman LI, Francke U 
& Schon EA (1992) Tissue-specific expression and chromosome assignment of genes 
specifying two isoforms of subunit VIIa of human cytochrome c oxidase. Gene 119: 299-305. 

Astuti D, Douglas F, Lennard TW, Aligianis IA, Woodward ER, Evans DG, Eng C, Latif F & 
Maher ER (2001a) Germline SDHD mutation in familial phaeochromocytoma. Lancet 357: 
1181-1182. 

Astuti D, Latif F, Dallol A, Dahia PL, Douglas F, George E, Skoldberg F, Husebye ES, Eng C & 
Maher ER (2001b) Gene mutations in the succinate dehydrogenase subunit SDHB cause 
susceptibility to familial pheochromocytoma and to familial paraganglioma. Am J Hum Genet 
69: 49-54. 

Avraham KB, Hasson T, Sobe T, Balsara B, Testa JR, Skvorak AB, Morton CC, Copeland NG & 
Jenkins NA (1997) Characterization of unconventional MYO6, the human homologue of the 
gene responsible for deafness in Snell's waltzer mice. Hum Mol Genet 6: 1225-1231 

Bai U, Seidman MD, Hinojosa R & Quirk WS (1997) Mitochondrial DNA deletions associated 
with ageing and possibly presbyacusis: a human archival temporal bone study. Am J Otol 18: 
449-453. 

Ballinger SW, Schurr TG, Torroni A, Gan YY, Hodge JA, Hassan K, Chen KH & Wallace DC 
(1992a) Southeast Asian mitochondrial DNA analysis reveals genetic continuity of ancient 
mongoloid migrations. Genetics 130: 139-152. 



 73

Ballinger SW, Shoffner JM, Hedaya EV, Trounce I, Polak MA, Koonz DA & Wallace DC (1992b) 
Maternally transmitted diabetes and deafness associated with a 10.4 kb mitochondrial DNA 
deletion. Nat Genet 1: 11-15. 

Bandelt H-J, Forster P, Sykes BC & Richards MB (1995) Mitochondrial portraits of human 
populations using median networks. Genetics 141: 743-753. 

Baysal BE, Ferrell RE, Willett-Brozick JE, Lawrence EC, Myssiorek D, Bosch A, van der Mey A, 
Taschner PE, Rubinstein WS, Myers EN, Richard CW, Cornelisse CJ, Devilee P & Devlin B 
(2000) Mutations in SDHD, a mitochondrial complex II gene, in hereditary paraganglioma. 
Science, 287: 848-851. 

Baysal BE, Rubinstein WS & Taschner PEM (2001) Phenotypic dichotomy in mitochondrial 
complex II genetic disorders. J Mol Med 79: 495-503. 

Beckman KB & Ames BN (1999) Endogenous oxidative damage of mtDNA. Mutat Res 424: 51-
58.  

Ben-Yosef T, Wattenhofer M, Riazuddin S, Ahmed ZM, Scott HS, Kudoh J, Shibuya K, 
Antonarakis SE, Bonne-Tamir B, Radhakrishna U, Naz S, Ahmed Z, Riazuddin S, Pandya A, 
Nance WE, Wilcox ER, Friedman TB & Morell RJ (2001) Novel mutations of TMPRSS3 in 
four DFNB8/B10 families segregating congenital autosomal recessive deafness. J Med Genet 
38: 396-400. 

Bendall KE, Macaulay VA, Baker JR & Sykes BC (1996) Heteroplasmic point mutations in the 
human mtDNA control region. Am J Hum Genet 59: 11276-11287. 

Benit P, Chretien D, Kadhom N, de Lonlay-Debeney P, Cornier- Daire V, Cabral A, Peudenier S, 
Rustin P, Munnich A & Rotig A (2001) Large scale deletion and point mutations of the nuclear 
ndufv1 and ndufs1 genes in mitochondrial complex I deficiency. Am J Hum Genet 68: 1344-
1352. 

Bereiter-Hahn J & Voth M (1994) Dynamics of mitochondria in living cells: shape changes, 
dislocations, fusion, and fission of mitochondria. Microsc Res Technol 27: 198-219. 

Berger KH & Yaffe MP (1996) Mitochondrial distribution and inheritance. Experientia 52: 1111-
1116. 

Bianchi MS, Bianchi NO & Bailliet G (1995) Mitochondrial DNA mutations in normal and tumor 
tissues from breast cancer patients. Cytogenet Cell Genet 71: 99-103. 

Bitner-Glindzicz M, Lindley KJ, Rutland P, Blaydon D, Smith VV, Milla PJ, Hussain K, Furth-
Lavi J, Cosgrove KE, Shepherd RM, Barnes PD, O'Brien RE, Farndon PA, Sowden J, Liu XZ, 
Scanlan MJ, Malcolm S, Dunne MJ, Aynsley-Green A & Glaser B (2000) A recessive 
contiguous gene deletion causing infantile hyperinsulinism, enteropathy and deafness identifies 
the Usher type 1C gene. Nat Genet 26: 56-60. 

Bohlega S, Tanji K, Santorelli FM, Hirano M, al-Jishi A & DiMauro S (1996) Multiple 
mitochondrial DNA deletions associated with autosomal recessive ophthalmoplegia and severe 
cardiomyopathy. Neurology 46: 1329-1334. 

Bolz H, von Brederlow B, Ramirez A, Bryda EC, Kutsche K, Nothwang HG, Seeliger M, del C-
Salcedo Cabrera M, Vila MC, Molina OP, Gal A & Kubisch C (2001) Mutation of CDH23, 
encoding a new member of the cadherin gene family, causes Usher syndrome type 1D. Nat 
Genet 27: 108-112 

Bonfils P, Bertrand Y & Uziel A (1988) Evoked otoacoustic emissions: Normative data and 
presbyacusis. Audiology 27: 27-35. 

Bork JM, Peters LM, Riazuddin S, Bernstein SL, Ahmed ZM, Ness SL, Polomeno R, Ramesh A, 
Schloss M, Srisailpathy CR, Wayne S, Bellman S, Desmukh D, Ahmed Z, Khan SN, Kaloustian 
VM, Li XC, Lalwani A, Riazuddin S, Bitner-Glindzicz M, Nance WE, Liu XZ, Wistow G, 
Smith RJ, Griffith AJ, Wilcox ER, Friedman TB & Morell RJ (2001) Usher syndrome 1D and 
nonsyndromic autosomal recessive deafness DFNB12 are caused by allelic mutations of the 
novel cadherin-like gene CDH23. Am J Hum Genet 68: 26-37. 

Bots GT & Bruyn GW (1981) Neuropathological changes of the nucleus accumbens in 
Huntington's chorea. Acta Neuropathol 55: 21-22 

Boulet L, Karpati G & Shoubridge EA (1992) Distribution and threshold expression f the tRNALys 
mutation in skeletal muscle of patients with myoclonic epilepsy and ragged-red fibers (MERRF) 
Am J Hum Genet 51: 1187-1200. 



 74

Bourgeron T, Rustin P, Chretien D, Birch-Machin M, Bourgeois M, Viegas-Pequignot E, Munnich 
A & Rotig A (1995) Mutation of a nuclear succinate dehydrogenase gene results in 
mitochondrial respiratory chain deficiency. Nature Genet 11: 144-149. 

Boveris A (1984) Determination of the production of superoxide radicals and hydrogen peroxide in 
mitochondrial. Methods Enzymol 105: 429-435. 

Bowling AC & Beal MF (1995) Bioenergetic and oxidative stress in neurodegenerative diseases. 
Life Sci 56: 1151-1171. 

Braidotti G, Borthwick IA & May BK (1993) Identification of regulatory sequences in the gene for 
5-aminolevulinate synthase from rat. J Biol Chem 268: 1109-1117. 

Braverman I, Jaber L, Levi H, Adelman C, Arnos KS, Fischel-Ghodsian N, Shohat M & Elidan J 
(1996) Audio-vestibular findings in patients with deafness caused by a mitochondrial 
susceptibility mutation and precipitated by an inherited nuclear mutation or aminoglycosides. 
Arch Otolaryngol Head Neck Surg 122: 1001-1004. 

Brierley EJ, Johnson MA, Lightowlers RN, James OF & Turnbull DM (1998) Role of 
mitochondrial DNA mutations in human aging: implications for the central nervous system and 
muscle. Ann Neurol 43: 217-223. 

Briones P, Vilaseca MA, Ribes A, Vernet A, Lluch M, Cusi V, Huckriede A & Agsteribbe E 
(1997) A new case of multiple mitochondrial enzyme deficiencies with decreased amount of 
heat shock protein 60. J Inherit Metab Dis 20: 569-577. 

Brown DT, Samuels DC, Michael EM, Turnbull DM & Chinnery PF (2001) Random genetic drift 
determines the level of mutant mtDNA in human primary oocytes. Am J Hum Genet 68: 533-
536. 

Brown MD, Sun F & Wallace DC (1997) Clustering of Caucasian Leber hereditary optic 
neuropathy patients containing the 11778 and 14484 mutations on an mtDNA lineage. Am J 
Hum Genet 30: 857-865.  

Brown WM (1980) Polymorphisms in mitochondrial DNA of human as revealed by restriction 
endonuclease analysis. Proc Natl Acad Sci USA 77: 3605-3609. 

Brown WM, George M Jr & Wilson AC (1979) Rapid evolution of animal mitochondrial DNA. 
Proc Natl Acad Sci USA 76: 1967-1971. 

Browne SE, Bowling AC, MacGarvey U, Baik MJ, Berger SC, Muqit MM, Bird ED & Beal MF 
(1997) Oxidative damage and metabolic dysfunction in Huntington's disease: selective 
vulnerability of the basal ganglia. Ann Neurol 41: 646-653. 

Brule H, Holmes WM, Keith G, Giege R & Florentz C (1998) Effect of a mutation in the anticodon 
of human mitochondrial tRNAPro on its post-transcriptional modification pattern. Nucleic 
Acids Res 26: 537-543. 

Bryda EC, Ling H & Flaherty L (1997) A high-resolution genetic map around waltzer on mouse 
chromosome 10 and identification of a new allele of walzer. Mamm Genome 8: 1-4. 

Budde SM, van den Heuvel LP, Janssen AJ, Smeets RJ, Buskens CA, DeMeirleir L, Van Coster R, 
Baethmann M, Voit T, Trijbels JM & Smeitink JA (2000) Combined enzymatic complex I and 
III deficiency associated with mutations in the nuclear encoded NDUFS4 gene. Biochem 
Biophys Res Commun 275: 63-68. 

Bykhovskaya Y, Yang H, Taylor K, Hang T, Tun RY, Estivill X, Casano RA, Majamaa K, Shohat 
M & Fischel-Ghodsian N (2001) Modifier locus for mitochondrial DNA disease: linkage and 
linkage disequilibrium mapping of a nuclear modifier gene for maternally inherited deafness. 
Genet Med 3: 177-180. 

Bykhovskaya Y Estivill X, Taylor K, Hang T, Hamon M, Casano RA, Yang H, Rotter JI, Shohat M 
& Fischel-Ghodsian N (2000) Candidate locus for a nuclear modifier gene for maternally 
inherited deafness. Am J Hum Genet 66: 1905-1910. 

Bykhovskaya Y, Shohat M, Ehrenman K, Johnson D, Hamon M, Cantor RM, Aouizerat B, Bu X, 
Rotter JI, Jaber L & Fischel-Ghodsian N (1998) Evidence for complex nuclear inheritance in a 
pedigree with nonsyndromic deafness due to a homoplasmic mutation. Am J Med Genet 77: 
421-426. 

Camougrand N & Rigoulet M (2001) Aging and oxidative stress: studies of some genes involved 
both in aging and in response to oxidative stress. Resp Physiol 128: 393-401. 



 75

Camougrand NM, Mouassite M, Velours GM & Guerin MG (2000) The ‘SUN’ family: UTH1, an 
ageing gene, is also involved in the regulation of mitochondria biogenesis. Arch Biochem 
Biophys 375: 154-160. 

Campuzano V, Montermini L, Molto MD, Pianese L, Cassee M, Cavalcanti F, Monros E, Rodius F, 
Duclos F, Monticelli A, Zara F, Canizares J, Koutnikova H, Bidichandani SI, Gellera C, Brice 
A, Trouillas P, DeMichele G, Filla A, DeFrutos R, Palau F, Patel PI, DiDonato S, Mandel JL, 
Cocozza S, Koenig M & Pandolfo M (1996) Friedreich’s ataxia: autosomal recessive disease 
caused by an intronic GAA triplet repeat expansion. Science 271: 1423-1427. 

Campuzano V, Montermini L, Lutz Y, Cova L, Hindelang C, Jiralerspong S, Trottier Y, Kish SJ, 
Faucheux B, Trouillas P, Authier FJ, Durr A, Mandel JL, Vescovi A, Pandolfo M & Koeing M 
(1997) Frataxin is reduced in Friedreich ataxia patients and is associated with mitochondrial 
membranes. Hum Mol Genet 6: 1771-1780. 

Cann RL, Stoneking M & Wilson AC (1987) Mitochondrial DNA and human evolution. Nature 
325: 31-36 

Cao F, Eckert R, Elfgang C Nitsche JM, Snyder SA, H-ulser DF, Willecke K & Nicholson BJ 
(1998) A quantative analysis of connexin-specific permeability differences of gap junctions 
expressed in HeLa transfectants and Xenopus oocytes. J Cell Sci 111: 31-43. 

Casano RA, Bykhovskaya Y, Johnson DF, Torricelli F, Bigozzi M & Fischel-Ghodsian N (1998) 
Hearing loss due to the mitochondrial A1555G mutation in Italian families. Am J Med Genet 
79: 388-391. 

Casari G, De Fusco M, Ciarmatori S, Zeviani M, Mora M, Fernandez P, De Michele G, Filla A, 
Cocozza S, Marconi R, Durr A, Fontaine B & Ballabio A (1998) Spastic paraplegia and 
OXPHOS impairment caused by mutations in paraplegin, a nuclear encoded mitochondrial 
metalloprotease. Cell 93: 973-983. 

Castrillon DH & Wasserman SA (1994) Diaphanous is required for cytokinesis in Drosophila and 
shares domains of similarity with the products of the limb deformity gene. Development 120: 
3367-3377. 

Cavalli LR, Varella-Garcia M & Liang BC (1997) Diminished tumorigenic phenotype after 
depletion of mitochondrial DNA. Cell Growth Differentation 8: 1189-1198. 

Cavalli-Sforza LL & Piazza A (1993) A human genomic diversity in Europe: A summary of recent 
research and prospects for the future. Eur J Hum Genet 1: 3-18. 

Cavalli-Sforza LL, Menozzi P & Piazza A (1994) The history and geography of human genes. 
Princeton University Press, Princeton, NJ 

Chamber HF & Sande MA (1996) The aminoglycosides. In: Hardman JG, Limbird LE, Molinoff 
PB, Ruddon RW & Gilman A (eds) The pharmagolocical basis of therapeutic 9th edn 
McGrawhill, NewYork, NY, p. 1103-1221.  

Chance B, Sies H & Boveris A (1979) Hydroperoxide metabolism in mammalian organs. Physiol 
Rev 59: 527-605. 

Chandel NS & Schumaker PT (1999) Cells depleted of mitochondrial DNA (rho0) yield insight 
into physiological mechanisms. FEBS Lett 454: 173-176. 

Chen X, Prosser R, Simonetti S, Sadlock J, Jagiello G & Schon EA (1995a) Rearranged 
mitochondrial genomes are present in human oocytes. Am J Hum Genet 57: 239-247. 

Chen YS, Torroni A, Excoffier L, Santachiara-Benerecetti AS & Wallace DC (1995b) Analysis of 
mtDNA variation in African populations reveals the most ancient of all human continent-
specific haplogroups. Am J Hum Genet 57: 239-247. 

Childress AM, Franklin DS, Pinswasdi C, Kale S & Jazwinski SM (1996) LAG2, a gene that 
determines yeast longevity. Microbiology 142: 2289-2297. 

Chinnery PF, Elliot C, Green GR, Res A, Coulthard A, Turnbull DM & Griffiths TD (2000) The 
spectrum of hearing loss due to mitochondrial DNA defects. Brain 123: 82-92. 

Chinnery PF, Howell N, Andrews RM & Turnbull DM (1999) Mitochondrial DNA analysis: 
polymorphisms and pathogenicity. J Med Genet 36: 505-510. 

Chinnery PF, Howell N, Lightowlers RN & Turnbull DM (1997) Molecular pathology of MELAS 
and MERRF. The relationship between mutation load and clinical phenotypes. Brain 120: 1713-
1721. 

Chinnery PF & Turnbull DM (1999) Mitochondrial DNA and disease. 
Lancet (suppl) 354 1: SI17-121. 



 76

Chinnery PF & Turnbull DM (2000) Mitochondrial DNA mutations in the pathogenesis of human 
disease. Mol Med Today 6: 425-432. 

Chomyn A (1998) The myoclonic epilepsy and ragged-red fiber mutation provides new insights 
into human mitochondrial function and genetics. Am J Hum Genet 62: 475-751. 

Chomyn A, Martinuzzi A, Yoneda M , Daga A, Hurko O, Johns D, Lai ST, Nonaka I, Angelini C 
& Attardi G (1992) MELAS mutation in mtDNA binding site for transcription termination 
factor causes defects in protein synthesis and in respiration but no change in levels of upstream 
and downstream mature transcripts. Proc Natl Acad Sci USA 89: 4221-4225. 

Chomyn A, Meola G, Bresolin N, Lai ST, Scarlatio G & Attardi G (1991) In vitro genetic transfer 
of protein synthesis and respiration defects to mitochondrial DNA-less cells with myopathy-
patient mitochondria. Mol Cell Biol 11: 2236-2244. 

Christianson TW & Clayton DA (1986) In vitro transcription of human mitochondrial DNA: 
accurate termination requires a DNA sequence that can function bidirectionally. Proc Natl Acad 
Sci USA 83, 6277-6281. 

Chung SS, Weindruch R, Schwarze SR, McKenzie DI & Aiken JM (1994) Multiple age associated 
mitochondrial DNA deletions in skeletal muscle of mice. Aging Clin Exp Res 6: 193-200. 

Coates PJ, Jamieson DJ, Smart KA & Hall PA (1997) The prohibitin family of mitochondrial 
proteins regulate replicative life span. Curr Biol 7: R607-R610. 

Cormier V, Rotig A, Quartino AR, Forni GL, Cerone R, Maier M, Saudubray JM & Munnich A 
(1990) Widespread multitissue deletions of the mitochondrial genome in the Pearson marrow-
pancreas syndrome. J Pediatr 117: 599-602.  

Corral-Debrinski M, Horton T, Lott MT, Shoffner JM, Beal MF & Wallace DC (1992a) 
Mitochondrial DNA deletions in human brain: regional variability and increase with advanged 
age. Nature Genet 2: 324-329. 

Corral-Debrinski M, Shoffner JM, Lott MT & Wallace DC (1992b) Association of mitochondrial 
DNA damage with aging and coronary atherosclerotic heart disease. Mutat Res 275: 169-180. 

Cortopassi GA & Arnheim N (1990) Detection of a specific mitochondrial DNA deletion in tissues 
of older humans. Nucleic Acid Res 18: 6927-6933.  

Croteau DL, Stierum RH & Bohr VA (1999) Mitochondrial repair pathways. Mutat Res 434, 137-
148. 

Cullom ME, Heher KL, Mille NR, Savino PJ & Johns DR (1993) Leber’s hereditary optic 
neuropathy masquerading as tobacco-alcohol amblyopia. Arch Ophthalmol 111: 1482-1485. 

Cutler RG (1991) Antioxidants and aging. Am J Clin Nutr 53: 373S-379S. 
Daga A, Micol V, Hess D, Aebersold R & Attardi G (1993) Molecular characterization of the 

transcription termination factor from human mitochondria. J Biol Chem 268: 8123-8130. 
Dahl HH (1998) Getting to the nucleus of mitochondrial disorders: identification of respiratory 

chain-enzyme genes causing Leigh syndrome. Am J Hum Genet 63: 1594-1597. 
Davies SW, Turmaine M, Cozens BA, DiDiglia M, Sharp AH, Ross CA, Scherzinger E, Wanker 

EE, Mangiarini L & Bates GP (1997) Formation of neuronal intranuclear inclusions underlies 
the neurological dysfunction in mice transgenic for the HD mutation. Cell 90: 537-548. 

Davis AC, Ostri B & Parving A (1991) Longitudinal study of hearing. Acta Otolaryngol 476: 12-
22.  

Davis A (1995) Hearing in adults. Whurr Publishers, London. 
Davis AF & Clayton DA (1996) In situ localization of mitochondrial DNA replication in intact 

mammalian cells. J Cell Biol 135, 883-893. 
Davis J & Davis BD (1968) Misreading of ribonucleic acid code words induced by aminoglycoside 

antibiotics. J Biol Chem 243: 3312-3316. 
de Kok YJM, Vossenaar ER, Cremers CWRJ, Dahl N, Laporte J, Hu LJ, Lacombe D, Fischel-

Ghodsian N, Friedman RA, Parnes LS, Thorpe P, Bitner-Glindzicz M, Pander HJ, Heilbronner 
H, Graveline J, den Dunnen JT, Brunner HG, Ropers HH & Cremers FP (1996) Identification of 
a hot spot for microdeletions in patients with X-linked deafness type 3 (DFN3) 900kb proximal 
to the DFN3 gene POU3F4. Hum Mol Genet 5: 1229-1235. 

de Lonlay P, Valnot I, Barrientos A, Gorbatyuk M, Tzagoloff A, Taanman J-W, Benayoun E, 
Chretien D, Kadhom N, Lombes A et al. (2001) Mutations in BCS11, a mitochondrial 
respiratory chain assembly genes, are responsible for the complex III deficiency of patients with 
tubulopathy, encephalopathy and liver fairlure. Nat Genet 29: 57-60. 



 77

de Vries DD, van Engelen BG, Gabreels FJ, Ruitenbeek W & van Oost BA (1993) A second 
missense mutation in the mitochondrial ATPase 6 gene in Leigh syndrome. Ann Neurol 34: 
410-412.  

Denaro M, Blanc H, Johnson MJ, Chen KH, Wilmsen F, Cavalli-Sforza LL & Wallace DC (1981) 
Ethnic variation in HpaI endonuclease cleavage patterns of human mitochondrial DNA. Proc 
Natl Acad Sci USA 78: 5768-5772. 

DiMauro S & Andreu AL (2000) Mutations in mtDNA: are we scraping the bottom of the barrel? 
Brain Pathol 10: 431-441. 

DiMauro S & Bonilla E (1997) Mitochondrial encephalomyopathies. In: Rosenberg RN, Prusiner 
SB, DiMauro S, Barchi RL (eds). The molecular and genetic basis of neurological diseases. 
Boston, Butterworth-Heinemann p. 201-235. 

D´mello NP, Childress AM, Franklin DS, Kale SP, Pinswasdi C & Jazwinski SM (1994) Cloning 
and characterization of LAG1, a longevity-assurance gene in yeast. J Biol Chem 269: 15451-
15459. 

Dunbar DR, Moonie PA, Zeviani M & Holt J (1996) Complex I deficiency is associated with 
3243G>A mitochondrial DNA in osteosarcoma cell cybrids. Hum Mol Genet 5: 123-129. 

Dupuy BM & Olaisen B (1996) MtDNA sequences in the Norwegian Saami and main populations. 
In: Carracedo A, Brinkman B & Bär W (eds) Advances in forensic haemogenetics 6. Springer, 
Berlin, p.23-25.  

El-Schahawi M, deMunain L, Sarrazin AM, Shanske AL, Basirico M, Shanske S & DiMAuro S 
(1997) Two large Spanish pedigrees with nonsyndromic sensorineural deafness and the mtDNA 
mutation at nt 1555 in the 12SrRNA gene: evidence of heteroplasmy. Neurology 48: 453-456. 

Elson JL, Andrews RM, Chinnery PF, Lightowlers RN, Turnbull DM & Howell N (2001a) 
Analysis of European mtDNAs for recombination. Am J Hum Genet 68, 145-153. 

Elson JL, Samuels DC, Turnbull DM & Chinnery PF (2001b) Random intracellular drift explains 
the clonal expansion of mitochondrial DNA mutations with age. Am J Hum Genet 68: 802-806. 

Enriquez JA, Chomyn A & Attardi G (1995) mtDNA mutation in MERRF syndrome causes 
defective aminoacylation of tRNA(lys) and premature translation termination. Nat Genet 10: 47-
55. 

Estivill X, Fortina P, Surrey S, Rabionet R, Melchionda S, D'Agruma L, Mansfield E, Rappaport E, 
Govea N, Mila M, Zelante L & Gasparini P (1998a) Connexin-26 mutations in sporadic and 
inherited sensorineural deafness. Lancet 351: 394-398.  

Estivill X, Govea N, Barcelo A, Perello E, Badenas C, Romero E, Moral L, Scozzari R, D’Urbano 
L, Zeviani M & Torroni A (1998b) Familial progressive sensorineural deafness is mainly due to 
the mtDNA A1555G mutation and is enhanced by treatment with aminoglycosides. Am J Hum 
Genet 62: 27-35. 

Evangelista M, Blundell K, Longtine MS, Chow CJ, Adames N, Pringle JR, Peter M & Boone C 
(1997) Bni1p, a yeast forming linking Cdc42p and the actin cytoskeleton during polarized 
morphogenesis. Science 276: 118-122. 

Excoffier L & Langaney A (1989) Origin and differentiation of human mitochondrial DNA. Am J 
Hum Genet 44: 73-85. 

Fanning AS & Anderson JM (1999) PDZ domains: fundamental building blocks in the organization 
of protein complexes at the plasma membrane. J Clin Invest 103: 767-772. 

Finnilä S, Hassinen IE, Ala-Kokko L & Majamaa K (2000) Phylogenetic network of the mtDNA 
haplogroup U in Northern Finland based on sequence analysis of the complete coding region by 
conformation-sensitive gel electrophoresis. Am J Hum Genet 66: 1017-1026. 

Finnilä S & Majamaa K (2001) Phylogenetic analysis of mtDNA haplogroup TJ in a Finnish 
population. J Hum Genet 46: 64-69. 

Fischel-Ghodsian N (1998) Mitochondrial mutations and hearing loss: paradigm for mitochondrial 
genetics. Am J Hum Genet 62: 15-19. 

Fischel-Ghodsian N (1999) Mitochondrial deafness mutations reviewed. Hum Mutat 13: 261-270. 
Fischel-Ghodsian N (2000) Homoplasmic mitochondrial DNA diseases as the paradigm to 

understand the tissue specificity and variable clinical severity of mitochondrial disorders. Mol 
Genet Metab 71: 93-99. 



 78

Fischel-Ghodsian N, Bykhovskaya Y, Taylor K, Kahen T, Cantor R, Ehrenman K, Smith R & 
Keithley E (1997) Temporal bone analysis of patients with presbyacusis reveals high frequency 
of mitochondrial mutations. Hear Res 110: 147-154. 

Fischel-Ghodsian N, Prezant TR, Bu X & Öztas S (1993) Mitochondrial ribosomal RNA gene 
mutation in a patient with sporadic aminoglycoside ototoxicity. Am J Otolaryngol 4: 399-403. 

Fischel-Ghodsian N, Prezant TR, Fournier P, Stewart IA & Maw M (1995) Mitochondrial tRNA 
mutation associated with nonsyndromic deafness. Am J Otolaryngol 16: 403-408. 

Fliss MK, Usadel H, Caballero OL, Wu L, Buta MR, Eleff SM, Jen J, Sidransky D (2000) Facile 
detection of mitochondrial DNA mutations in tumors and bodily fluids. Science 287: 2017-
2019. 

Floyd RA, West M & Hensley K (2001) Oxidative biochemical markers; clues to understanding 
aging in long-lived species. Exp Gerontol 36: 619-640. 

Fraser GR (1965) Association of congenital deafness with goiter (Pendred’s syndrome). A study of 
207 families. Ann Hum Genet 28: 201-249. 

Friedman RA, Bykhovskaya Y, Sue CM, DiMauro S, Bradley R, Fallis-Cunningham R, Paradies N, 
Pensak ML, Smith RJ, Groden J, Li XC & Fischel-Ghodsian N (1999b) Maternally inherited 
nonsyndromic hearing loss. Am J Med Genet 84: 369-372. 

Friedman TB, Liang Y, Weber JL, Hinnant JT, Barber TD, Winata S, Arhya IN & Asher JH Jr. 
(1995) A gene for congenital, recessive deafness DFNB3 maps to the pericentromeric region of 
chromosome 17. Nat Genet 9: 86-91. 

Friedman TB, Sellers JR & Avraham KB (1999a) Unconventional myosins and the genetics of 
hearing loss. Am J Med Genet 89: 147-157. 

Fry AJ (1999) Mildly deleterious mutations in avian mitochondrial DNA: evidence from neutrality 
tests. Evolution 53: 1617-1620. 

Gabriel H, Kupsh P, Sudendey Jr, Winterhager E, Jahnke K & Lautermann J (2001) Mutations in 
the connexin26/GJB2 gene are the most common event in non-syndromic hearing loss among 
the German population. Hum Mutat 17: 521-522. 

Garner CC, Nash J & Huganir RL (2000) PDZ domains in synapse assembly and signalling. Trends 
Cell Biol 10: 274-280. 

Gates GA, Couropmitree MP & Myers RH (1999) Genetic associations in age-related hearing 
thresholds. Otolaryngol Head Neck 125: 654-659. 

Giles RE, Blanc H, Cann HM & Wallace DC (1980) Maternal inheritance of human mitochondrial 
DNA. Proc Natl Acad Sci USA 77: 6715-6719. 

Gille JJP & Joenje H (1992) Cell culture models for oxidative stress: superoxide and hydrogen 
peroxide versus normobaric hyperoxia. Mutat Res 275: 405-414. 

Gimm O, Armanios M, Dziema H, Neumann HP & Eng C (2000) Somatic and occult germ-line 
mutations in SDHD, a mitochondrial complex II gene, in nonfamilial pheochromocytoma. 
Cancer Res 60: 6822-6825. 

Gold M & Rapin I (1994) Non-mendelian mitochondrial inheritance as a cause of progressive 
genetic sensorineural hearing loss. Int J Pediatr Otorhinolaryngol 30: 91-104. 

Golden TR & Melov S (2001) Mitochondrial DNA mutations, oxidative stress, and aging. 
Mechanisms of ageing and development 122: 1577-1589. 

Goldstein DB, Linares AR, Cavalli-Sforza LL & Feldman MW (1995) Genetic absolute dating 
based on microsatellites and the origin of modern humans. Proc Natl Acad Sci USA 92: 6723-
6727. 

Gorlin RJ, Toriello HV & Cohen MM (1995) Hereditary hearing loss and its syndromes. Oxford 
University press, Oxford. 

Goto Y, Horai S, Matsuoka T, Koga Y, Nihei K, Kobayashi M & Nonaka I (1992) Mitochondrial 
myopathy, encephalopathy, lactic acidosis, and stroke-like episodes (MELAS): a correlative 
study of the clinical features and mitochondrial DNA mutation. Neurology 42: 545-550. 

Goto Y, Nonaka I & Horai S (1990) A mutation in the tRNALeu(UUR) gene associated with MELAS 
subgroup of mitochondrial encephalomyopathies. Nature 348: 651-653. 

Goto Y-i, Nonaka I & Horai S (1991) A new mtDNA mutation associated with mitochondrial 
myopathy, encephalopathy, lactic acidosis and stroke-like episodes (MELAS). Biochom 
Biophys Acta 1097: 238-240. 



 79

Goto Y, Tsugane K, Tanabe Y, Nonaka I & Horai S (1994) A new point mutation at nucleotide pair 
3291 of the mitochondrial tRNALeu(UUR) gene in a patient with mitochondrial myopathy, 
encephalopathy, lactic acidosis, and stroke-like episodes (MELAS). Biochem Biophys Res 
Commun 202: 1624-1630. 

Graven L, Passarino G, Semino O, Boursot P, Santachiara-Benerecetti S, Langaney A & Excoffier 
L (1995) Evolutionary correlation between control region sequence and restriction 
polymorphisms in the mitochondrial genome of a large Senegalese Mandenka sample. Mol Biol 
Evol 12: 334-345. 

Gray MW, Burger G & Lang BF (1999) Mitochondrial evolution. Science 283: 1476-1481. 
Green GE, Scott DA, McDonald JM, Woodworth GG, Sheffield VC & Smith RJ (1999) Carrier 

rates in the Midwestern United States for GJB2 mutations causing inherited deafness. JAMA 
281: 2211-2216. 

Grifa A, Wagner CA, D’Ambrosio L, Melchionda S, Bernardi F, Lopez-Bigas N, Rabionet R, 
Arbones M, Monica MD, Estivill X, Zelante L, Lang F & Gasparini P (1999) Mutations in 
GJB6 cause nonsyndromic autosomal dominant deafness at DFNA3 locus. Nat Genet 23: 16-18.  

Grigorieff N (1998) Three-dimensional structure of bovine NADH:ubiquinone oxidoreductase 
(complex I) at 22 A in ice. J Mol Biol 277: 1033-1046. 

Gu X, Ivanetich KM & Santi DV (1996b) Recognition of the T-arm of tRNA by tRNA (m5U54)-
methyltransferase is not sequence specific. Biochemistry 35: 11652-11659. 

Gu M, Gash MT, Mann VM, Javoy-Agid F, Cooper JM & Schapira AH (1996a) Mitochondrial 
defect in Huntington's disease caudate nucleus. Ann Neurol 39: 385-389. 

Guan MX, Enriquez JA, Fischel-Ghodsian N & Attardi G (1997) Pathogenic mechanism of the 
mitochondrial tRNASer(UCN) precursor 7445 mutation and coexisting complex I subunit 
mtDNA mutations associated with non-syndromic deafness. Am J Hum Genet suppl 61: A1807. 

Guan MX, Enriquez JA, Fischel-Ghodsian N, Puranam RS, Lin CP, Maw MA & Attardi G (1998) 
The deafness associated mitochondrial DNA mutation at position 7445, which affects 
tRNASer(UCN) precursor processing, has long range effects on NADH dehydrogenase subunit ND6 
gene expression. Mol Cell Biol 18: 5868-5879. 

Guan MX, Fischel-Ghodsian N & Attardi G (1996) Biochemical evidence for nuclear gene 
involvement in phenotype of non-syndromic deafness associated with mitochondrial 12S rRNA 
mutation. Hum Mol Genet 6: 963-971. 

Guan MX, Fischel-Ghodsian N & Attardi G (2000) A biochemical basis for the inherited 
susceptibility to aminoglycoside ototoxicity. Hum Mol Genet 9: 1787-1793. 

Guan MX, Fischel-Ghodsian N & Attardi G (2001) Nuclear background determines biochemical 
phenotype in the deafness-associated mitochondrial 12S rRNA mutation. Hum Mol Genet 10: 
573-580. 

Guenebaut V, Schlitt A, Weiss H, Leonard K & Friedrich T (1998) Consistent structure between 
bacterial and mitochondrial NADH:ubiquinone oxidoreductase (complex I). J Mol Biol 276: 
105. 

Gugneja S, Virbasius CM & Scharpulla RC (1996) Nuclear respiratory factors 1 and 2 utilize 
similar glutamine-containing clusters of hydrophobic residues to activate transcription. Mol Cell 
Biol 16: 5708-5716. 

Hamasaki K & Rando RR (1997) Specific binding of aminoglycosides to a human rRNA construct 
based on a DNA polymorphism which causes aminoglycoside-induced deafness. Biochemistry 
36: 12323-12328. 

Handoko HY, Wirapati PJ, Sundoyo HA, Sitepu M & Marzuki S (1998) Meiotic breakpoint 
mapping of a proposed X linked visual loss susceptibility locus in Leber's hereditary optic 
neuropathy. J Med Genet 35: 668-671. 

Hansford RG, Hogue BA & Mildaziene V (1997) Dependence of H2O2 formation by rat heart 
mitochondria on substrate availability and donor age. J Bioenerg Biomembr 29: 89-95. 

Harman D (1956) Aging: a theory based on free radical and radiation chemistry. J Gerontol 11: 
298-300. 

Harman D (1972) The biologic clock: the mitochondria? J Am Geriatr Soc 20: 145-147. 
Harman D (1983) Free radical theory of aging: consequences of mitochondrial aging. Age 6: 86-94. 
Harman D (1994) Aging: prospects for further increases in the functional life span. Age 17: 119-

146. 



 80

Harman D (1998) Aging: Phenomena and theories. Ann NY Acad Sci 854: 1-7. 
Harpending HC, Batzer MA, Gurven M, Jorde LB, Rogers AR & Sherry ST (1998) Genetic traces 

of ancient demography. Proc Natl Acad Sci USA 95: 1961-1967. 
Hasson T, Heintzelman MB, Santos-Sacchi J, Corey DP & Mooseker MS (1995) Expression in 

cochlea and retina of myosin VIIa, the gene product defective in Usher syndrome type 1B. Proc 
Natl Acad Sci USA 92: 9815-9819. 

Hatefi Y (1985) The mitochondrial electron transport and oxidative phosphorylation system. Annu 
Rev Biochem 54: 1015-1069. 

Hayashi JI, Ohta S, Kikuchi A, Takemitsu M, Goto Y & Nonaka I (1991) Introduction of disease 
related mitochondrial DNA deletions into HeLa cells lacking mitochondrial DNA results in 
mitochondrial dysfunction. Proc Natl Acad Sci USA 88: 10614-10618. 

Hayashi JI, Takemitsu M & Nonaka I (1992) Recovery of the missing tumorigenicity in 
mitochondrial DNA-less HeLa cells by introduction of mitochondrial DNA from normal human 
cells. Somatic Cell Mol Genet 18: 123-129. 

Heddi A, Stepien G, Benke PJ & Wallace DC (1999) Coordinate induction of energy gene 
expression in tissues of mitochondrial disease patients. J Biol Chem 274: 22968-22976. 

Hedges SB, Kumar S, Tamura K & Stoneking M (1992) Human origins and analysis of 
mitochondrial DNA sequences. Science 255: 737-739. 

Helgason A, Sigurardóttir, Gulcher JR, Wars R & Stefánsson K (2000) mtDNA and the origin of 
the Icelanders: deciphering signals of recent population history. Am J Hum Genet 66: 999-1016. 

Helm M, Brule H, Degoul F, Cepanec C, Leroux JP, Giege R & Florentz C (1998) The presence of 
modified nucleotides is required for cloverleaf folding of a human mitochondrial tRNA. Nucleic 
Acids Res 26: 1636-1643. 

Helm M, Florentz C, Chomyn A & Attardi G (1999) Search for differences in post-transcriptional 
modification patterns of mitochondrial DNA-encoded wild-type and mutant human tRNALys and 
tRNALeu(UUR). Nucleic Acids Res 27: 756-763. 

Hereditary hearing loss homepage (2002) [online] van Camp G & Smith R, University of Antwerp 
and University of Iowa. [Cited 14.9.2002] Available: http://www.uia.ac.be/dnalab/hhh  

Hermann GJ & Shaw JM (1998) Mitochondrial dynamics in yeast. 
Annu Rev Cell Dev Biol 14: 265-303. 

Herrnstadt C, Elson JL, Fahy E, Preston G, Turnbull DM, Anderson C, Ghosh SS, Olefsky JM, 
Beal F, Davis RE & Howell N (2002) Reduced-median network analysis of complete 
mitochondrial DNA coding-region sequences for the major African, Asian, and European 
haplogroups. Am J Hum Genet 70: 1152-1171. 

Hess JF, Parisi MA, Bennett JL & Clayton DA (1991) Impairment of mitochondrial transcription 
termination by a point mutation associated with the MELAS subgroup of mitochondrial 
encephalomyopathies. Nature 351: 236-239. 

Holt IJ, Harding AE & Morgan-Hughes JA (1988) Deletions of muscle mitochondrial DNA in 
patients with mitochondrial myopathies. Nature 331: 717-719. 

Holt IJ, Harding AE, Petty RHK & Morgan-Hughes JA (1990) A new mitochodrial disease 
associated with mitochondrial DNA heteroplasmy. Am J Hum Genet 46: 428-433. 

Holt I, Yang M Bowmaker M, Jacobs H & Vergani L (2001) Replication of mammalian 
mitochondrial DNA. Mitochondrion I-19, S7.      

Horai S, Hayasaka K, Kondo R, Tsugane K & Takahata N (1995) Recent African origin of modern 
humans revealed by complete sequences of hominoid mitochondrial DNAs. Proc Natl Acad Sci 
USA92: 532-536. 

Horton TH, Petros JA, Heddi A, Shoffner J, Kaufman AE, Graham SD Jr, Gramlich T & Wallace 
DC (1996) Novel mitochondrial DNA deletion found in renal cell carcinoma, Genes 
Chromosomes Cancer 15: 95-101. 

Houstek J, Klement P, Floryk D, Antonicka H, Hermanska J, Kalous M, Hansikova H, Hout’kova 
H, Chowdhury SK, Rosipal S, Kmoch S, Stratilova L & Zeman J (1999) A novel deficiency of 
mitochondrial ATPase of nuclear origin. Hum Mol Genet 8: 1967-1974. 

Houstek J, Klement P, Hermanska J, Houstokova H, Hanikova H, Van den Bogert C & Zeman J 
(1995) Altered properties of mitochondrial ATP-synthase in patients with a T>G mutation in the 
ATPase (subunit 6) gene at position 8993. Biochim Biophys Acta 1271: 349-357. 



 81

Howell N, Kubacka I, Halvorson S & Mackey DA (1993) Leber hereditary optic neuropathy: The 
etiological role of a mutation in the mitochondrial cytochrome b gene. Genetics 133: 133-136. 

Howell N, Kubacka I, Xu M & McCullough DA (1991) Leber hereditary optic neuropathy: 
involvement of the mitochondrial ND1 gene and evidence for an intragenic suppressor 
mutation. Am J Hum Genet 48: 935-942. 

Huckriede A & Agsteribbe E (1994) Decreased synthesis and inefficient mitochondrial import of 
hsp60 in a patient with a mitochondrial encephalomyopathy. Biochim Biophys Acta 1227: 200-
206. 

Huoponen K, Vilkki J, Aula P, Nikoskelainen EK & Savontaus ML (1991) A new mutation 
associated with Leber hereditary optic neuroretinopathy. Am J Hum Genet 48: 1147-1153. 

Hutchin TP, Parker MJ, Young ID, Davis A & Mueller RF (1999) Mitochondrial DNA mutations 
in the tRNASer(UCN) gene causing maternally inherited hearing impairment. Am J Hum Genet 65: 
A275. 

Ingman M, Kaessmann H, Pääbo S & Gyllensten U (2000) Mitochondrial genome variation and the 
origin of modern humans. Nature 408: 708-712. 

Ishikawa S, Ichibe Y, Yokoe J & Wakakura M (1995) Leber’s hereditary optic neuropathy among 
Japanese. Muscle Nerve Suppl 3: S85-89. 

Iwata S, Lee JW, Okada K, Lee JK, Iwata M, Rasmussen B, Link TA, Ramaswamy S & Jap BK 
(1998) Complete structure of the 11-subunit bovine mitochondrial cytochrome bc1 complex. 
Science 281: 64-71. 

Jaber L, Shohat M, Bu X, Fischel-Ghodsian N, Yang HY, Wang SJ & Rotter JI (1992) 
Sensorineural deafness inherited as a tissue specific mitochondrial disorder. J Med Genet 29: 
86-90. 

Jacobs HT (1997) Mitochondrial deafness. Ann Med 29: 483-491. 
Jaksch M, Hofmann S, Kleinle S, Liechti-Gallati S, Pongratz DE, Muller-Hocker J, Jedele KB, 

Metinger T & Grebitz KD (1998a) A systematic mutation screen of 10 nuclear and 25 
mitochondrial candidate genes in 21 patients with cytochrome c oxidase (COX) deficiency 
shows tRNASer(UCN) mutations in a subgroup with syndromal encephalopathy. J Med Genet 35: 
895-900. 

Jaksch M, Klopstock T, Kurlemann G, Dorner M, Hofmann S, Kleinle S, Hagemann S, Weissert 
M, Muller-Hocker J, Pongratz D & Gerbitz KD (1998b) Progressive myoclonus epilepsy and 
mitochondrial myopathy associated with mutations in the tRNASer(UCN) gene. Ann Neurol 44: 635-
640. 

Jaksch M, Ogilvie I, Yao J, Kortenhaus G, Bresseg HG, Gerbitz KD & Shoubridge EA (2000) 
Mutations in SCO2 are associated with a distinct form of hypertrophic cardiomyopathy and 
cytochrome c oxidase deficiency. Hum Mol Genet 9: 795-801. 

James AM, Wei YH, Pang CY & Murphy MP (1996) Altered mitochondrial function in fibrobalsts 
containing MELAS and MERRF mitochondrial DNA mutations. Biochem J 318: 401-407. 

Jamieson DJ (1995) The effect of oxidative stress on Saccharomytes cervisiae. Redox Rep. 1: 89-
95. 

Janetzky B, Hauck S, Youdim MB, Riederer P, Jellinger K, Pantucek F, Zochling R, Boissl KW & 
Reichmann H (1994) Unaltered aconitase activity, but decreased complex I activity in substantia 
nigra pars compacta of patients with Parkinson’s disease. Neurosci Lett 169: 126-128. 

Janssen R, Smeitink J, Smeets R & van den Heuvel (2002) CIA30 complex I assembly factor: a 
candidate for human complex I deficiency? Hum Genet 110: 264-270. 

Jansson M, Darin N, Kyllerman M, Martinsson T, Wahlstrom J & Oldfors A (2000) Multiple 
mitochondrial DNA deletions in hereditary inclusion body myopathy. Acta Neuropathol 100: 
23-28. 

Jazin EE, Cavelier L, Eriksson I, Oreland L & Gyllensten U (1996) Human brain contains high 
levels of heteroplasmy in the noncoding regions of mitochondrial DNA. Proc Natl Acad Sci 
USA 93: 12382-12387. 

Jazwinski SM (1993) Genes of youth: genetics of aging in baker’s yeast. ASM news 59: 172-178. 
Jennings CR & Jones NS (2001) Presbyacusis. J Laryngol Otol 115: 171-178. 
Jeong-Yu S & Clayton DA (1996) Regulation and function of the mitochondrial genome. J Inher 

Metab Dis 19: 443-451. 
Johns DR (1995) Mitochondrial DNA and disease. N Engl J Med 333: 638-644. 



 82

Johns DR (1994) Genotype-specific phenotypes in Leber hereditary optic neuropathy. Clin 
Neurosci 2: 146-150. 

Johns DR & Neufeld MJ (1993) Cytochrome c oxidase mutations in Leber hereditary optic 
neuropathy. Biochem Biophys Res Commun 196: 810-815. 

Johns DR, Neufeld MJ & Park RD (1992) An ND-6 mitochondrial DNA mutation associated with 
Leber hereditary optic neuropathy. Biochem Biophys Res Commun 187: 1551-1557. 

Johnson KR, Erway LC, Cook SA, Willot JF & Zheng QY (1997) A major gene affecting age 
related hearing loss C57BL/6J mice. Hearing Res 114: 83-92. 

Johnson KR, Zheng QY, Bykhovskaya Y, Spirina O & Fischel-Ghodsian N (2001) A nuclear-
mitochondrial DNA interaction affecting hearing impairment in mice. Nature Genet 27: 191-
194. 

Johnson KR, Zheng OY & Erway LC (2000) A major gene on chromosome 10 affecting age-
related hearing loss is common to at least ten inbred strains of mice. Genomics 70: 171-180. 

Johnson LV, Walsh ML & Chen LB (1980) Localization of mitochondria in living cells with 
rhodamine 123. Proc Natl Acad Sci USA 77: 990-994. 

Johnson MJ, Wallace DC, Ferris SD, Rattazzi MC & Cavalli-Sforza LL (1983) Radiation of human 
mitochondrial DNA types analyzed by restriction endonuclease cleavage patterns. J Mol Evol 
19: 255-271. 

Johnstone BM, Patuzzi R, Syka J & Sykova E (1989) Stimulus related potassium changes in the 
organ of Corti of guinea-pig. J Physiol 408: 77-92. 

Jun AS, Brown MD & Wallace DC (1994) A mitochondrial DNA mutation at np 14459 of the ND6 
gene associated with maternally inherited Leber hereditary optic neuropathy and dystonia. Proc 
Natl Acad Sci USA 91: 6202-6210. 

Kadowaki T, Kadowaki H, Mori Y, Tobe K, Sakuta R, Suzuki Y, Tanabe Y, Sakura H, Awata T, 
Goto Y-I, Hayakawa T, Matsuoka K, Kawamori R, Kamada T, Horai S, Nonaka I, Hagura R, 
Akanuma Y & Yazaki Y (1994) A subtype of diabetes mellitus associated with a mutation of 
mitochondrial DNA. N Engl J Med 330: 962-968. 

Kadowaki T, Sakura H, Otabe S, Yasuda K, Kadowaki H, Mori Y, Hagura R, Akanuma Y & 
Yazaki Y (1995) A subtype of diabetes mellitus associated with a mutation in the mitochondrial 
gene. Muscle Nerve 3: S137-141. 

Kajander OA, Rovio AT, Majamaa K, Poulton J, Spelbrink JN, Holt IJ, Karhunen PJ & Jacobs HT 
(2000) Human mtDNA sublimons resemble rearranged mitochondrial genoms found in 
pathological states. Hum Mol Genet 9: 2821-2835. 

Kaukonen J, Juselius JK, Tiranti V, Kyttala A, Zeviani M, Comi GP, Keränen S, Peltonen L & 
Suomalainen A (2000) Role of adenine nucleotide translocator 1 in mtDNA maintenance. 
Science 289: 782-785. 

Kaufmann O, Koga Y, Shanske, Hirano M, DiMauro S, King MP & Schon EA (1996) 
Mitochondrial DNA and RNA processing in MELAS. Ann Neurol 40: 172-180. 

Kelsell DP, Di W-L & Houseman MJ (2001) Connexin mutations in skin disease and hearing loss. 
Am J Hum Genet 68: 559- 568. 

Kelsell DP, Dunlop J, Stevens HP, Lench NJ, Liang JN, Parry G, Mueller RF & Leigh IM (1997) 
Connexin 26 mutations in hereditary non-syndromic sensorineural deafness. Nature 387: 80-83. 

Kikuchi T, Kimura RS, Paul DL & Adams JC (1995) Gap junctions in the rat cochlea: 
immunohistochemical and ultrastructural analysis. Anat Embryol 191: 101-118. 

King MP & Attardi G (1989) Human cells lacking mtDNA: repopulation with exogenous 
mitochondria by complementation. Science 246: 500-503. 

King MP, Koga Y, Davidson M & Schon EA (1992) Defects in mitochondrial protein synthesis and 
respiratory chain activity segregate with the tRNALeu(UUR) mutation associated with mitochondrial 
myopathy, encephalopathy, lactic acidosis, and stroke-like episodes. Mol Cell Biol 12: 480-490. 

Kirby DM, Crawford M, Cleary MA, Dahl HH, Dennett X & Thorburn DR (1999) Respiratory 
chain complex I deficiency: an underdiagnosed energy generation disorder. Neurology 52: 
1255-1264. 

Kobayashi Y, Momoi MY, Tominaga K, Shimoizumi H, Nihei K, Yanagisawa M, Kagawa Y & 
Ohta S (1991) Respiration-deficient cells are caused by a single point mutation in the 
mitochondrial tRNALeu(UUR) gene in mitochondrial myopathy, encephalopathy, lactic acidosis, and 



 83

strokelike episodes (MELAS). 
Am J Hum Genet 49: 590-599. 

Kobayashi S, Amikura R & Okada M (1993) Presence of mitochondrial large ribosomal RNA 
outside mitochondria in germ plasm of Drosophila melanogaster. Science 260: 1521-1524. 

Koehler CM, Leuenberger D, Merchant S, Renold A, Junne T & Schatz G (1999) Human deafness 
dystonia syndrome is a mitochondrial disease. Proc Natl Acad Sci USA 96: 2141-2146. 

Kohno H, Tanaka K, Mino A, Umikawa M, Imamura H, Imamura H, Fujiwara T, Fujita Y, Hotta 
K, Qadota H, Watanabe T, Ohya Y & Takai Y (1996) Bni1p implicated in cytoskeletal control 
is a putative target of Rho1p small GTP binding protein in Saccharomyces cerevisiae. EMBO J 
15: 6060-6068. 

Koutnikova H, Campuzano V, Foury F, Dolle P, Cazzalini O & Koenig M (1997) Studies of 
human, mouse and yeast homologues indicate a mitochondrial function for frataxin. Nat Genet 
16: 345-351. 

Küffner R, Rohr A, Schmiede A, Krull C & Schulte U (1998) Involvement of two novel 
chaperones in the assembly of mitochondrial NADH: ubiquinone oxidoreductase (complex I). J 
Mol Biol 283: 409-417. 

Körkkö J, Annunen S, Pihlajamaa T, Prockop DJ & Ala-Kokko L (1998) Conformation sensitive 
gel electrophoresis for simple and accurate detection of mutations: comparison with denaturing 
gradient gel electrophoresis and nucleotide sequencing. Proc Natl Acad Sci USA 95: 1681-
1685. 

Lahermo P, Sajantila A, Sistonen P, Lukka M, Aula P, Peltonen L & Savontaus ML (1996) The 
genetic relationship between the Finns and the Finnish Saami (Lapps): Analysis of nuclear DNA 
and mtDNA. Am J Hum Genet 58: 1309-1322. 

Lamminen T, Huoponen K, Sistonen P, Juvonen V, Lahermo P, Aula P, Nikoskelainen E & 
Savontaus ML (1997) mtDNA haplotype analysis in Finnish families with leber hereditary optic 
neuroretinopathy. Eur J Hum Genet 5: 271-279. 

Lamminen T, Majander A, Juvonen V Wikstrom M, Aula P, Nikoskelainen E & Savontous ML 
(1995) A mitochondrial mutation at nt 9101 in the ATP synthase 6 gene associated with 
deficient oxidative phosphorylation in a family with Leber hereditary optic neuroretinopathy. 
Am J Hum Genet 56: 1238-1240.  

Lang BF, Burger G, O'Kelly CJ, Cedergren R, Golding GB, Lemieux C, Sankoff D, Turmel M & 
Gray MW (1997) An ancestral mitochondrial DNA resembling a eubacterial genome in 
miniature. Nature 387: 493-497.  

Larsson N-G & Clayton DA (1995) Molecular genetic aspects of human mitochondrial disorders. 
Annu Rev Genet 29: 151-178. 

LeDoux SP, Driggers WJ, Hollensworth BS & Wilson GL (1999) Repair of alkylation and 
oxidative damage in mitochondrial DNA. Mutat Res 434: 149-159. 

Lee CM, Lopez ME, Weindruch R & Aiken JM (1998) Association of age-related mitochondrial 
abnormalities with skeletal muscle fiber atrophy. Free Radic Biol Med 25: 964-972. 

Lee DW, Sohn HO, Lim HB, Lee YG, Kim YS, Carp RI & Wisniewski HM (1999) Alteration of 
free radical metabolism in the brain of mice infected with scrapie agent. Free Radic Res 30: 
499-507. 

Lee N, Daly MJ, Delmonte T, Lander ES, Xu F, Hudson TJ, Mitchell GA, Morin CC, Robinson 
BH & Rioux JD (2001) A genomewide linkage-disequilibrium scan localizes the Saguenay-Lac-
Saint-Jean cytochrome oxidase deficiency to 2p16. Am J Hum Genet 68: 397-409. 

Legan PK, Lukashkina VA, Goodyear RJ, Kossl M, Russell IJ & Richardson GP (2000) A targeted 
deletion in α-tectorin reveals that the tectorial membrane is required for the gain and timing of 
cochlear feedback. Neuron 28: 273-285. 

Lehnhardt E (1984) Clinical aspects of inner ear deafness. Berlin, Springer. 
Lench N, Houseman M, Newton V, Van Camp G & Muller R (1998) Connexin-26 mutations in 

sporadic non-syndromal sensorineural deafness. Lancet 351: 415. 
Leon PE, Bonilla JA, Sanchez JR, Vanegas R, Villalobos M, Torres L, Leon F, Howell AL & 

Rodriguez JA (1981) Low frequency hereditary deafness in man with childhood onset. Am J 
Hum Genet 33: 209-214. 

Leonard JV & Schapira AH (2000a) Mitochondrial respiratory chain disorders I: mitochondrial 
DNA defects. Lancet 355: 299-304. 



 84

Leonard JV & Schapira AH (2000b) Mitochondrial respiratory chain disorders II: 
neurodegenerative disorders and nuclear gene defects. Lancet 355: 389-394. 

Lestienne P & Ponsot G (1988) Kearns-Sayre syndrome with muscle mitochondrial deletion. 
Lancet 1: 885. 

Lertrit P, Kapsa RMI, Jean-Francois MJB, Thygarajan D, Noer AS, Marzuki S & Byrne E (1994) 
Mitochondrial DNA polymorphism in disease: a possible contributor to respiratory dysfunction. 
Hum Mol Genet 3: 1973-1981.  

Li HS & Hultcrantz M (1994) Age-related degeneration of the organ of Corti in two genotypes of 
mice. ORL J Otorhinolaryngol Relat Spec 56: 61-67. 

Li K, Neufer P & Williams RS (1995a) Nuclear responces to depletion of mitochondrial DNA in 
human cells. Am J Physiol 269: C1265-C1270.  

Li Y, Huang T-T, Carlson EJ , Melov S, Ursell PC, Olson JL, Noble LJ, Yoshimura MP, Berger C, 
Chan PH et al. (1995b) Dilated cardiomyopathy and neonatal lethality in mutant mice lacking 
manganese superoxide dismutase. Nature Genet 11: 376-381. 

Liang Y, Wang A, Belyantseva IA, Anderson DW, Probst FJ Barber TD, Miller W, Touchman JW, 
Jin L, Sullivan SL, Sellers JR, Camper SA, Lloyd RV, Kachar B, Friedman TB & Fridell RA 
(1999) Characterization of the human and mouse unconventional myosin XV genes responsible 
for hereditary deafness DFNB3 and Shaker-2. Genomics 61: 243-258. 

Lightowlers RN, Chinnery PF, Turnbull DM & Howell N (1997) Mammalian mitochondrial 
genetics: heredity, heteroplasmy and disease. Trends Genet 13: 450-455. 

Liu X-Z, Hope C, Walsh J, Newton V, Ke XM, Liang CY, Xu lR, Zhou JM, Trump D, Steel KP, 
Bundey S, Brown SDM (1998) Mutations in myosin VIIA gene cause a wide phenotypic 
spectrum, including atypical Usher syndrome. Am J Hum Genet 63: 909-912. 

Loeffen J, Elpeleg O, Smeitink J, Smeets R, Stockler-IpsirogluS, Mandel H, Sengers R, Trijbels F 
& van den Heuvel L (2001) Mutations in the complex I NDUFS2 gene of patients with 
cardiomyopathy and encephalomyopathy. Ann Neurol 49: 195-201. 

Loeffen J Smeitink JA, Trijbels JM, Janssen AJ, Triepels RH, Sengers RC & van den Heuvel LP 
(2000) Isolated complex I deficiency in children: clinical, biochemical and genetic aspects. Hum 
Mutat 15: 123.134. 

Loeffen J, Smeitink J, Triepels R, Smeets R, Schuelke M, Sengers R, Trijbels F, Hamel B, Mullaart 
R & van den Heuvel L (1998) The first nuclear encoded complex I mutation in a patient with 
Leigh syndrome. Am J Hum Genet 62: 262-268. 

Luciakova K & Kuzela S (1992) Increased steady-state levels of several mitochondrial and nuclear 
gene transcripts in rat hepatoma with a low content of mitochondria. Eur J Biochem 205: 1187-
1193.  

Lutsenko S & Cooper MJ (1998) Localization of the Wilson’s disease protein product to 
mitochondria. Proc Natl Acad Sci USA 95: 6004-6009. 

Lynch M (1996) Mutation accumulation in transfer RNAs: molecular evidence for Muller’s ratchet 
in mitochondrial genomes. Mol Biol Evol 13: 209-220. 

Mabuchi T, Ichimura Y, Takeda M & Douglas MG (2000) ASC1/RAS2 suppresses the growth 
defect on glycerol caused by the atp1-2 mutation in the yeast Saccharomyces cervisiae. J Biol 
Chem 275: 10492-10497. 

Macaulay V, Richards M, Hickey E, Vega E, Cruciani F, Guida V, Scozzari R, Bonné-Tamir B, 
Sykes B & Torroni A (1999) The emerging tree of west Eurasian mtDNAs: a synthesis of 
control-region sequences and RFLPs. Am J Hum Genet 64: 232-249. 

Mackey D & Howell N (1992) A variant of Leber hereditary optic neuropathy characterized by 
recovery of vision and by unusual mitochondrial genetic etiology. Am J Hum Genet 51: 1218-
1228. 

Majamaa K, Moilanen JS, Uimonen S, Remes AM, Salmela PI, Kärppä M, Majamaa-Voltti M, 
Rusanen H, Sorri M, Peuhkurinen KJ & Hassinen IE (1998) Epidemiology of A3243G, the 
mutation for mitochondrial encephalomyopathy, lactic acidosis, and stroke like episodes: 
prevalence of the mutation in an adult population. Am J Hum Genet 63: 447-454. 

Manfredi G, Thyagarajan D, Papadopoulou LC, Pallotti F & Schon EA (1997) The fate of human 
sperm-derived mtDNA in somatic cells. Am J Hum Genet 61: 953-960. 

Mann VM, Cooper JM, Javoy-Agid F, Agid Y, Jenner P & Schapira AHV (1990) Mitochondrial 
function and parental sex effect in Huntigton’s disease. Lancet 336: 749. 



 85

Marie SK, Goto Y, Passos-Bueno MR, Zatz M, Carvalho AA, Carvalho M, Levy JA, Palou VB, 
Campiotto S & Horai S (1994) A Caucasian family with the 3271 mutation in mitochondrial 
DNA. Biochem Med Metab Biol 52: 136-139. 

Marin-Garcia J, Goldenthal MJ, Ananthakrishnan R, Pierpont ME (2000) The complete sequence 
of mtDNA genes in idiopathic dilated cardiomyopathy shows novel missense and tRNA 
mutations. J Cardiac Fairlure 6: 321-329. 

Mariotti C, Savarese N, Suomalainen A, Rimoldi M, Comi G, Prelle A, Antozzi C, Servidei S, Jarre 
L, DiDonato S & Zeviani  M (1995) Genotype to phenotype correlations in mitochondrial 
encephalomyopathies associated with the 3243A-G mutation of mitochondrial DNA. J Neurol 
242: 304-312. 

Masmoudi S, Antonarakis SE, Schwede T, Ghorbel AM, Grati M, Pappasavas MP, Drira M, 
Elgaied-Boulila A, Wattenhofer M, Rossier C, Scott HS, Ayadi H & Guipponi M (2001) Novel 
missence mutations of TMPRSS3 in two consanguineous Tunisian families with non-syndromic 
autosomal recessive deafness. Hum. Mutat. 18: 101-108. 

Matthijs G, Claes S, Longo-Bbenza B & Cassiman JJ (1996) Non-syndromic deafness associated 
with mutation and a polymorphism in the mitochondrial 12S ribosomal RNA gene in a large 
Zairean pedigree. Eur J Hum Genet 4: 46-51.  

Maximo V, Soares P, Seruca R & Sobrinho-Simoes M (1999) Comments on: mutations in 
mitochondrial control region DNA in gastric tumors of Japanese patients. Eur J Cancer 35: 
1407-1408. 

McDonald JH & Kreitman M (1991) Adaptive protein evolution at the Adh locus in Drosophila. 
Nature 351: 652-654. 

McGuirt WT, Prasad SD, Griffith AJ, Kunst HPM, Green GE, Shpargel KB, Runge C, Huybrechts 
C, Mueller RF, Lynch E, King MC, Brunner HG, Cremers CW, Takanosu M, Li SW, Arita M, 
Mayne R, Prockop DJ, Van Camp G & Smith RJ (1999) Mutations in COL11A2 cause non-
syndromic hearing loss (DFNA 13). Nature Genet 23: 413-419. 

McKenzie M & Trounce I (2000) Expression of rattus norvegicus mtDNA in mus musculus cells 
results in multiple respiratory chain defects. J Biol Chem 275: 31514-31519. 

Meinilä M, Finnilä S & Majamaa K (2001) Evidence for mtDNA admixture between the Finns and 
the Saami. Hum Hered 52: 160-170. 

Melchionda S, Ahituv N, Bisceglia L, Sobe T, Glaser F, Rabionet R, Arbones ML, Notarangelo A, 
Di Iorio E, Carella M, Zelante L, Estivill X, Avraham KB & Gasparini P (2001) MYO6, the 
human homologue of the gene responsible for deafness in Snell’s waltzer mice, in mutated in 
autosomal dominant nonsyndromic hearing loss. Am. J. Hum. Genet. 69: 635-640. 

Melov S, Coskun P, Patel M, Tuinstra R, Cottrell B, Jun AS, Zastawny TH, Dizdaroglu M, 
Goodman SI, Huang T-T, Miziorko H, Epstein CJ & Wallace DC (1999) Mitochondrial disease 
in superoxide dismutase 2 mutant mice. Proc Natl Acad Sci USA 96: 846-851. 

Melov S, Hinerfeld D, Esposito L & Wallace DC (1997) Multi-organ characterization of 
mitochondrial genomic rearrangements in ad libitum and caloric restricted mice show striking 
somatic mitochondrial DNA rearrangements with age. Nucleic Acids Res 25: 974-982. 

Melov S, Lithgow GJ, Fischer DR, Tedesco PM & Johnson TE (1995) Increased frequency of 
deletions in the mitochondrial genome with age of Caenorhabditis elegans. Nucleic Acids Res 
23: 1419-1425. 

Merriweather DA, Clark AG, Ballinger SW, Schurr TG, Sooday H, Jenkins T, Sherry ST & 
Wallace DC (1991) The structure of human mitochondrial DNA variation. J Mol Evol 33: 543-
555. 

Merriweather DA & Kaestle FA (1999) Mitochondrial Recombination? (Continued) Science 285: 
837. 

Migliaccio E, Giorgio M, Mele S, Pelicci G, Reboldi P, Pandolfi PP, Lanfrancone L & Pelicci PG 
(1999) The p66shc adaptor protein controls oxidative stress response and life span in mammals. 
Nature 402: 309-313. 

Mitomap (2001) A human mitochondrial genome database. Center for molecular medicine. [online] 
Emory University, Atlanta, GA, USA [cited 29.4.2002] Available: 
http://www.gen.emory.edu/mitomap.html 

Monnat RJ, Maxwell CL & Loeb LA (1985) Nucleotide sequence preservation of human leukemic 
mitochondrial DNA. Cancer Res 45: 1809-1814. 



 86

Moraes CT, DiMauro S, Zeviani M, Lombes A, Shanske S, Servidei S, Nonaka I, Koga Y, Spiro 
AJ, Brownell AKW, Schmidt B, Schotland DL, Zupanc M, DeVivi DC, Schon EA & Rowland 
LP (1989) Mitochondrial DNA deletions in progressive external ophtalmoplegia and Kearns-
Sayre syndrome. N Engl J Med 320: 1293-1346.  

Moraes CT, Ciacci F, Bonilla E, Jansen C, Hirano M, Rao N, Lovelace RE, Rowland LP, Schon 
EA & DiMauro S (1993) Two novel pathogenic mitochondrial DNA mutations affecting 
organelle number and protein synthesis. Is the tRNALeu(UUR) gene an etiologic hot spot? J Clin 
Invest 92: 2906-2915. 

Morais R, Zinkewich-Peotti K, Parent M, Wang H, Babai F & Zollinger M (1994) Tumor-forming 
ability in athymic nude mice of human cell lines devoid of mitochondrial DNA. Cancer Res 54: 
3889-3896. 

Morgan-Hughes JA, Sweeney MG, Cooper JM, Hammans SR, Brockington M, Schapira AH, 
Harding AE & Clark JB (1995) Mitochondrial DNA (mtDNA) diseases: correlation of genotype 
to phenotype. Biochim Biophys Acta 1271: 135-140. 

Morris AAM & Lightowlers RN (2000) Mitochondrial DNA recombination. Lancet 356: 941. 
Morten KJ, Brown G, Lake BD, Pike D & Poulton J (1993) A new point mutation associated with 

mitochondrial encephalomyopathy. Hum Mol Genet 2: 2081-2087. 
Morton NE (1991) Genetic epidemiology of hearing impairment. Ann NY Acad Sci 630: 16-31. 
Moslemi AR, Lindberg C & Oldfors A (1997) Analysis of multiple mitochondrial DNA deletions 

in inclusion body myositis. Hum Mutat 10: 381-386. 
Moslemi AR, Melberg A, Holme E & Oldfors A (1999) Autosomal dominant progressive external 

ophthalmoplegia: distribution of multiple mitochondrial DNA deletions. Neurology 53: 79-84. 
Mott JL, Zhang D, Stevens M, Chang S, Denniger G & Zassenhaus HP (2001) Oxidative stress is 

not an obligate mediator of disease provoked by mitochondrial DNA mutations. Mutat Res 474: 
35-45. 

Moudy AM, Handran SD, Goldberg MP, Ruffin N, Karl I, Kranz-Eble P, DeVivo DC & Rothman 
SM (1995) Abnormal calcium homeostasis and mitochondrial polarization in a human 
encephalomyopathy. Proc Natl Acad Sci USA 92: 729-733. 

Muller HJ (1964) The relation of recombination to mutational advance. Mut Res 1: 2-9. 
Murdock DG, Boone BE, Esposito LA & Wallace DC (1999) Up-regulation of nuclear and 

mitochondrial genes in the skeletal muscle of mice lacking heart/muscle isoform of the adenine 
nucleotide translocator J Biol Chem 274: 14429-14433. 

Murgia A, Orzan E, Polli R, Martella M, Vinanzi C, Leonardi E, Arslan E & Zacchello F (1999) 
Cx26 deafness: mutation analysis and clinical variability. J. Med. Genet. 36: 829-832. 

Nachman MW, Boyer SN & Aquadro CF (1994) Nonneutral evolution at the mitochondrial NADH 
dehydrogenase subunit 3 gene in mice. Proc Natl Acad Sci USA 91: 6364-6368. 

Nachman MW, Brown WM, Stoneking M & Aquadro CF (1996) Nonneutral mitochondrial DNA 
variation in humans and chimpanzees. Genetics 142: 953-963. 

Nakamura M, Nakano S, Goto Y, Ozawa M, Nagahama Y, Fukuyama H, Akiguchi I, Kaji R & 
Kimura J (1995) A novel point mutation in the mitochondrial tRNASer(UCN) gene detected in a 
family with MERRF/MELAS overlap syndrome. Biochem Biophys Res Commun 214: 86-93. 

Nakashima RA, Paggi MG & Pedersen PL (1984) Contributors of glycolysis and oxidative 
phosphorylation to adenosine 5’-triphosphate production in AS-30D hepatoma cells. Cancer Res 
44: 5702-5706. 

Neckelmann N, Li K, Wade RP, Shuster R & Wallace DC (1987) cDNA sequence of a human 
skeletal muscle ADP/ATP translocator: lack of a leader peptide, divergence from a fibroblast 
translocator cDNA, and coevolution with mitochondrial DNA genes. Proc Acad Sci USA 84: 
7580-7584. 

Nei M & Roychoudhury AK (1993) Evolutionary relationships of human populations on a global 
scale. Mol Biol Evol 10: 927-943. 

Newman NJ, Lott MJ & Wallace DC (1991) The clinical characteristics of pedigrees of Leber’s 
hereditary optic neuropathy with the 11778 mutation. Am J Ophthalmol 111: 750-762. 

Niemann S & Müller U (2000) Mutations in SDHC cause autosomal dominant paraganglioma, type 
3. Nat Genet 26: 268-270. 

Nieschalk M & Hustert B (1996) Clinical applications of distortion products of otoacoustic 
emissions in presbyacusis. Laryngo Rhino Otol 75: 129-134. 



 87

Nishino I, Spinazzola A & Hirano M (1999) Thymidine phosphorylase gene mutations in MNGIE, 
a human mitochondrial disorder. Science 283: 689-692. 

Norio R, Nevalinna HR & Perheentupa J (1973) Hereditary diseases in Finland: rare flora in rare 
soil. Ann Clin Res 5: 109-141. 

Ojala D, Montoya J & Attardi G (1981) The tRNA punctuation model of RNA processing in 
human mitochondria. Nature 290: 470-474. 

Oka Y, Katagiri H, Ishihara H, Asano T, Kikuchi M & Kobayashi T (1995) Mitochondrial diabetes 
mellitus--glucose-induced signaling defects and beta-cell loss. Muscle Nerve 3: S131-136. 

Oka Y, Katagiri H, Yazaki Y, Murase T & Kobayashi T (1993) Mitochondrial gene mutation in 
islet-cell-antibody-positive patients who were initially non-insulin-dependent diabetics. Lancet 
342: 527-528. 

O´Mahony D, Mims B, Thompson S, Murgola E, Atkins J (1989) Glycine tRNA mutants with 
normal anticodon loop cause -1 frameshifting. Proc Natl Acad Sci USA 86: 7979-7983. 

Oshima T, Ikeda K, Ueda N, Takasaka T (1999) Sensorineural hearing loss with a mitochondrial 
gene point mutation is highly prevalent in Japan. In: Association for research in otolaryngology. 
St Petersburg, Florida p.11. 

Overly CC, Rieff HI & Hollenbeck PJ (1996) Organelle motility and metabolism in axons vs 
dendrites of cultured hippocampal neurons. J Cell Sci 109: 971-980. 

Owen AD, Schapira AH, Jenner P & Marsden CD (1997a) Indices of oxidative stress in 
Parkinson’s disease, Alzheimer’s disease and dementia with Lewy bodies J Neural Transm 
Suppl. 51: 167-173. 

Ozawa M, Nishino I, Horai S, Nonaka I & Goto Yi (1997) Myoclonus epilepsy associated with 
ragged-red fibers: a G-to-A mutation at nucleotide pair 8363 in mitochondrial tRNALys in two 
families. Muscle Nerve 20: 271-278.  

Ozawa T (1997) Oxidative damage and fragmentation of mitochondrial DNA in cellular apoptosis. 
Biosci Rep 17:237-250. 

Palva T (1991) Korva-, nenä-, kurkkutautioppi ja foniatrian perusteet. Yliopistopaino, Helsinki. 
Pandya A, Xia X, Radnaabazar J, Batsuuri J, Dangaansuren B, Fischel-Ghodsian N & Nance WE 

(1997) Mutation in the mitochondrial 12S ribosomal RNA gene in two families from Mongolia 
with matrilineal aminoglycoside ototoxicity. J Med Genet 34: 169-172. 

Papadimitriou A, Comi GP, Hadjigeorgiou GM, Bordoni A, Sciacco M, Napoli L, Prelle A, 
Moggio M, Fagiolari G, Bresolin N, Salani S, Anastasopoulos I, Giassakis G, Divari R & 
Scarlato G (1998) Partial depletion and multiple deletions of muscle mtDNA in familial 
MNGIE syndrome. Neurology 51: 1086-1092. 

Papadopoulou LC, Sue CM, Davidson MM, Tanji K, Nishino I, Sadlock JE, Krishna S, Walker W, 
Selby J, Glerum DM, Coster RV, Lyon G, Scalais E, Lebel R, Kaplan P, Shanske S, De Vivo 
DC, Bonilla E, Hirano M, DiMauro S & Schon EA (1999) Fatal infantile 
cardioencephalomyopathy with COX deficiency and mutations in SCO2, a COX assembly gene. 
Nat Genet 23: 333-337. 

Parfait B, Chretien D, Rotig A, Marsac C, Munnich A & Rustin P (2000) Compound heterozygous 
mutations in the flavoprotein gene of the respiratory chain complex II in a patient with Leigh 
syndrome. Hum Genet. 106: 236-243. 

Pavlakis SG, Philips PC, DiMauro S, De Vivo DC & Rowland LP (1984) Mitochondrial myopathy, 
encephalopathy, lactic acidosis, and strokelike episodes: a distinctive clinical syndrome. Ann 
Neurol 16: 481. 

Pelloquin L, Belenguer P, Menon Y & Ducommun B (1998) Identification of a fission yeast 
dynamin-related protein involved in mitochondrial DNA maintenance. Biochem Biophys Res 
Commun 251: 720-726. 

Penta JS, Johnson FM, Wachsman JT & Copeland WC (2001) Mitochondrial DNA in human 
malignancy. Mutat Res 488: 119-133. 

Pesole G, Gissi C, De Chirico A & Saccone C (1999) Nucleotide substitution rate of mammalian 
mitochondrial genomes. J Mol Evol 48: 427-434. 

Petit C, Levilliers J & Hardelin J-P (2001) Molecular genetics of hearing loss. Annu Rev Genet 35: 
589-646. 

Petruzzella V, Tiranti V, Fernadez P, Ianna P, Carozzo R & Zeviani M (1998) Identification and 
characterization of human cDNAs specific to BCS1, PET112, SCO1, COX15, and COX 11, five 



 88

genes involved in the formation and function of the mitochondrial respiratory chain. Genomics 
54: 494-504. 

Petruzzella V, Vergari R, Puzziferri I, Boffoli D, Lamantea E, Zeviani M & Papa S (2001) A 
nonsense mutation in the NDUFS4 gene encoding 18 kDa (AQDQ) subunit of complex I 
abolishes assembly and activity of the complex in a patient with Leigh-like syndrome. Hum Mol 
Genet 10: 529-535. 

Phelps PD, Coffey RA, Trembath RC, Luxon LM, Grossman AB, Britton KE, Kendall-Taylor P, 
Graham JM, Cadge BC, Stephens SG, Pembrey ME & Reardon W (1998) Radiological 
malformations of the ear in Pendred syndrome. Clin. Radiol. 53: 268-273. 

Pitkänen K (1994) Suomen väestön historialliset kehityslinjat. In: Koskinen S, Martelin T, Notkola 
IL, Notkola V & Pitkänen K (eds) Suomen väestö. Hämeenlinna, Gaudeamus p 19-63.  

Polyak K, Li Y, Zhu H, Lengauer C, Willson JK, Markowitz SD, Trush MA, Kinzler KW & 
Vogelstein B (1998) Somatic mutations of the mitochondrial genome in human colorectal 
tumours. Nature Genet 20: 291-293. 

Poulton J & Holt I (1994) Mitochondrial DNA: does more lead to less? Nature Genet 8: 313-315. 
Prasad S, Cucci RA, Green GE & Smith RJH (2000) Genetic testing for hereditary hearing loss: 

Connexin 26 (GJB2) allele variants and two novel deafnesscausing mutations (R32C and 645-
648delTAGA). Hum. Mutat. 16: 502-208. 

Prezant TR, Agapian JV, Bohlman MC, Bu X, Oztas S, Qiu WQ, Amos KS, Cortopassi GA, Jaber 
L, Rotter JI, Shohat M & Fischel-Ghodsian N (1993) Mitochondrial ribosomal RNA mutation 
associated with both antibiotic-induced and non-syndromic deafness. Nat Genet 4: 289-294. 

Priller J, Scherzer CR, Faber PW, MacDonald ME & Young AB (1997) Frataxin gene of 
Friedreich's ataxia is targeted to mitochondria. Ann Neurol 42: 265-269. 

Pulkes T, Sweeney MG & Hanna MG (2000) Increased risk of stroke in patients with the A12308G 
polymorphism in mitochondria. Lancet 356: 2068-2069. 

Pult I, Sajantila A, Simanainen J, Georgiev O, Schaffner W & Pääbo S (1994) Mitochondrial DNA 
sequences from Swizerland reveal striking homogeneity of European populations. Biol Chem 
Hoppe Seyler 375: 837-840. 

Rabionet R, Gasparini P & Estivill X (2000) Molecular genetics of hearing impairment due to 
mutations in gap junction genes encoding beta connexings. Hum. Mutat. 16: 190-202. 

Reardon W, Ross RJM, Sweeney MG, Luxon LM, Pembrey ME, Harding AE & Trembath RC 
(1992) Diabetes mellitus associated with a pathogenic point mutation in mitochondrial DNA. 
Lancet 340: 1376-1379.  

Reid FM, Vernham GA & Jacobs HT (1994a) A novel mitochondrial point mutation in a maternal 
pedigree with sensorineural deafness. Hum Mutat 3: 243-247. 

Reid FM, Vernham GA & Jacobs HT (1994b) Complete mtDNA sequence of a patient in a 
maternal pedigree with sensorineural deafness. Hum Mol Genet 3: 1435-1436. 

Resendes BL, Williamson RE & Morton CC (2001) At the speed of sound: gene discovery in the 
auditory system. Am J Hum Genet 69: 923-935. 

Richards M & Macaulay V (2001) The mitochondrial tree comes on age. Am J Hum Genet 68: 
1315-1320. 

Richards MB, Macaulay VA, Bandelt HJ & Sykes BC (1998) Phylogeography of mitochondrial 
DNA in western Europe. Ann Hum Genet 62: 241-260. 

Riordan-Eva P, Sanders MD, Govan GG, Sweeney MG, Da Gosta J & Harding AE (1995) The 
clinical features of Leber hereditary optic neuropathy defined by the presence of a pathogenic 
mitochondrial DNA mutation. Brain 118: 319-337. 

Robertson NG, Lu L, Heller S, Merchant SN, Eavey RD, McKenna M, Nadol JB Jr, Miyamoto RT, 
Linthicum FH Jr, Lubianca Neto JF, Hudspeth AJ, Seidman CE, Morton CC & Seidman JG 
(1998) Mutations in a novel cochlear gene cause DFNA9, a human nonsyndromic deafness with 
vestibular dysfunction. Nat Genet 20: 299-303. 

Robinson BH (1998) Human complex I deficiency: clinical spectrum and involvement of oxygen 
free radicals in the pathogenicity of the defect. Biochem Biophys Acta 1364: 271-286. 

Robinson BH (2000) Human cytochrome oxidase deficiency. Pediatr Res 48: 581-585. 
Roger AJ, Svard SG, Clark CG, Smith MW, Gillin FD & Sogin ML (1998) A mitochondrial-like 

chaperonin 60 gene in Giardia lamblia: evidence that diplomonads once harboured an 
endosymbiont related to the progenitor of mitochondria. Proc Natl Acad Sci USA 95: 229-234. 



 89

Rost B (1996) PHD: predicting one-dimensional protein structure by profile based neural networks. 
Meth in Enzym 266: 525-539.  

Rotig A, de Lonlay P, Chretien D, Foury F, Koenig M, Sidi D, Munnich A & Rustin P (1997) 
Aconitase and mitochondrial iron-sulphur protein deficiency in Friedreich ataxia. Nat Genet 17: 
215-217. 

Ruvolo M, Zehr S, von Dornum M, Pan D, Chang B & Lin J (1993) Mitochondrial COII sequences 
and modern human origins. Mol Biol Evol 10: 1115-1135. 

Sajantila A, Lahermo P, Anttinen T, Lukka M, Sistonen P, Savontaus ML, Aula P, Beckman L, 
Tranebjaerg L, Gedde-Dahl T, Issel-Tarver L, DiRienzo A, Pääbo S (1995) Genes and 
languages in Europe: An analysis of mitochondrial lineages. Genome Res 5: 42-52. 

Sajantila A & Pääbo S (1995) Language replacement in Scandinavia. Nat Genet 11: 359-360. 
Sajantila A, Salem AH, Savolainen P, Bauer K, Gierig C & Pääbo S (1996) Paternal and maternal 

DNA lineages reveal a bottleneck in the founding of the Finnish population. Proc Natl Acad Sci 
USA 93: 12035-12039. 

Sambongi Y, Iko Y, Tanabe M, Omote H, Iwamoto-Kihara A, Ueda I, Yanagida T, Wada Y & 
Futai M (1999) Mechanical rotation of the c subunit oligomer in ATP synthase (F1F0): direct 
observation. Science 286: 1722- 1724. 

Santorelli FM, Schlessel JS, Slonim AE, DiMauro S (1996) Novel mutation in the mitochondrial 
DNA tRNA glycine gene associated with sudden unexpected death. Pediatr Neurol 15: 145-149. 

Santorelli FM, Shanske S, Macaya A, muita (1993) The mutation at nt 8993 of mitochondrial DNA 
is a common cause of Leigh’s syndrome. Ann Neurol 34: 827-834. 

Santorelli FM, Tanji K, Manta P, Casali C, Krishna S, Hays AP, Mancini DM, DiMauro S & 
Hirano M (1999) Maternally inherited cardiomyopathy: an atypical presentation of the mtDNA 
12SrRNA gene A1555G mutation. Am J Hum Genet 64: 295-300. 

Saraste M (1999) Oxidative phosphorylation at the fin de siècle. Science 283: 1488-1493. 
Sasaki S, Maruyama S, Yamane K, Sakuma H & Takeishi M (1990) Ultrastructure of swollen 

proximal axons of anterior horn neurons in motor neuron disease. J Neurol Sci 97: 233-240. 
Savontaus ML (1995) MtDNA mutations in Leber’s hereditary optic neuropathy. Biochim Biophys 

Acta 1271: 261-263. 
Sawyer DE & Van Houten B (1999) Repair of DNA damage in mitochondria. Mutat Res 434: 161-

176. 
Schapira AH, Cooper JM, Dexter D, Clark JB, Jenner P & Marsden CD (1990) Mitochondrial 

complex I deficiency in Parkinson's disease. J Neurochem 54: 823-827.  
Schapira AHV (1996) Oxidative stress and mitochondrial dysfunction in neurodegeneration. Curr 

Opin Neurol 9: 260-264. 
Schapira AH, Mann VM, Cooper JM, Krige D, Jenner PJ & Marsden CD (1992) Mitochondrial 

function in Parkinson’s disease. The royal kings and queens Parkinson’s disease research group. 
Ann Neurol 32: S116-S124. 

Schapira AHV (1998) Mitochondrial dysfunction in neurodegenerative disorders. Biochim Biophys 
Acta 1366: 225-233. 

Scheffler IE (2001) Mitochondria make a come back. Adv Drug Deliver Rev 49: 3-26. 
Schon EA, Rizzuto R, Moraes CT, Nakase H, Zeviani M & DiMauro S (1989) A direct repeat is a 

hotspot for large-scale deletion of human mitochondrial DNA. Science 244: 346-349. 
Schon EA, Bonilla E & DiMauro S (1997) Mitochondrial DNA mutations and pathogenesis. J 

Bioenerg Biomembr 29: 131-149. 
Schork NJ, Guo SW (1993) Pedigree models for complex human traits involving the mitochondrial 

genome. Am J Hum Genet 53:1320-1337 
Schuelke M, Bakker M, Stoltenburg G, Sperner J & von Moers A (1998) Epilepsia partialis 

continua associated with a homoplasmic mitochondrial tRNASer(UCN) mutation. Ann Neurol 44: 
700-704. 

Schuelke M, Smeitink J, Mariman E, Loeffen J, Plecko B, Trijbels F, Stockler-Ipsiroglu S & van 
den Heuvel L (1999) Mutant NDUFV1 subunit of mitochondrial complex I causes 
leucodystrophy and myoclonic epilepsy. Nat Genet 21: 260-261. 

Schulte BA & Steel KP (1994) Expression of α and β subunit isoforms of Na,K-ATPase in the 
mouse inner ear and changes with mutations at the Wv or SId loci. Hear res 78: 65-76. 



 90

Schuknecht HF & Gacek MR (1993) Cochlear pathology in presbycusis. 
Ann Otol Rhinol Laryngol 102: 1-16. 

 Schurr TG, Ballinger SW, Gan YY, Hodge JA, Merriwether DA, Lawrence DN, Knowler WC, 
Weiss KM & Wallace DC (1990) Amerindian mitochondrial DNAs have rare Asian mutations 
at high frequencies, suggesting they are derived from four primary maternal lineages. Am J 
Hum Genet 46: 613-623. 

Scott DA, Wang R, Kreman TM, Sheffield VC & Karniski LP (1999) The Pendred syndrome gene 
encodes a chlorideiodide transport protein. Nat. Genet. 21: 440-443. 

Sevior KB, Hatamochi A, Stewart IA, Bykhovskaya Y, Allen-Powell DR, Fischel-Ghodsian N & 
Maw M (1998) Mitochondrial A7445G mutation in two pedigrees with palmoplantar 
keratoderma and deafness. Am J Med Genet 75: 179-185. 

Sheng M & Pak DT (2000) Ligand-gated ion channel interactions with cytoskeletal and signaling 
proteins. Annu. Rev. Physiol. 62: 755-778. 

Shigenaga MK, Hagen TM & Ames BN (1994) Oxidative damage and mitochondrial decay in 
aging. Proc Natl Acad Sci USA 91: 10771-10778. 

Shoffner JM (1996) Maternal inheritance and the evaluation of oxidative phosphorylation diseases. 
Lancet 348: 1283-1288. 

Shoffner JM, Brown MD, Huoponen K, Stugard C, Koonz D, Kaufman A, Graham J, Juncos J, 
Watts RL & Wallace DC (1999) A mitochondrial DNA mutation associated with maternally 
inherited deafness and Parkinson’s disease. Neurology 46: S31.002. 

Shoffner JM, Lott MT, Lezza AMS, Seibel P, Ballinger W & Wallace DC (1990) Myoclonic 
epilepsy and ragged-red fiber disease (MERRF) is associated with a mitochondrial DNA 
tRNALys mutation. Cell 61: 931-937. 

Shoffner JM & Wallace DC (1995) Oxidative phosphorylation diseases. In: Scriver CR, Beaudet 
AL, Sly WS, Valle D (eds): The metabolic and molecular basis of inherited disease. McGraw-
Hill, New York, p 1535. 

Shoubridge EA (2001) Nuclear genetic defects of oxidative phosphorylation. Hum Mol Genet 10: 
2277-2284. 

Shadel GS & Clayton DA (1997) Mitochondrial DNA maintenance in vertebrates. Annu Rev 
Biochem 66: 409-435. 

Siklos L, Engelhardt J, Harati Y, Smith RG, Joo F & Appel SH (1996) Ultrastructural evidence for 
altered calcium in motor nerve terminals in amyotropic lateral sclerosis. Ann Neurol 39: 203-
216. 

Silvestri G, Ciafaloni E, Santorelli FM, Shanske S, Servidei S, Graf WD, Sumi M & DiMauro S 
(1993) Clinical features associated with the A>G transition at nucleotide 8344 of mtDNA 
(“MERRF mutation”). Neurology 43: 1200-1206. 

Silvestri G, Moraes CT, Shanske S, Oh SJ & DiMauro S (1992) A new mtDNA mutation in the 
tRNALys gene associated with myoclonic epilepsy and ragged-red fibers (MERRF). Am J Hum 
Genet 51: 1213-1217. 

Simmler M-C, Cohen-Salmon M, El-Amraoui A, Guillaud L Benichou J-C, Petit C & Panthier JJ 
(2000) Targeted disruption of OTOG results in deafness and severe imbalance. Nature Genet 
24: 139-143. 

Simon DK & Johns DR (1999) Mitochondrial disorders: clinical and genetic features. Annu Rev 
Med 50: 111-127. 

Simonetti S, Chen X, DiMauro S & Schon EA (1992) Accumulation of deletions in human 
mitochondrial DNA during normal aging: analysis by quantitative PCR. Biochim Biophys Acta 
1180: 113-122. 

Simoni L, Calafell F, Pettener D, Bertranpetit J & Barbujani G (2000) Geographic patterns of 
mtDNA diversity in Europe. Am J Hum Genet 66: 262-278. 

Skehel JM, Fearnley IM & Walker JE (1998) NADH:ubiquinone oxidoreductase from bovine heart 
mitochondria: sequence of a novel 17.2-kDa subunit. FEBS Lett 438: 301-305. 

Smeitink J, van den Heuvel L & DiMauro S (2001) The genetics and pathology of oxidative 
phosphorylation. Nat Rev Genet 2: 342-352.  

Soucek S & Michaels L (1990) Hearing loss in the elderly. Springer-Verlag, London.  
Spelbrink JN, Li FY, Tiranti V, Nikali K, Yuan QP, Tariq M, Wanrooij S, Garrido N, Comi G, 

Morandi L, Santoro L, Toscano A, Fabrizi GM, Somer H, Croxen R, Beeson D, Poulton J, 



 91

Suomalainen A, Jacobs HT, Zeviani M & Larsson C (2001) Human mitochondrial DNA 
deletions associated with mutations in the gene encoding Twinkle, a phage T7 gene 4-like 
protein localized in mitochondria. Nat Genet 28: 223-231. 

Spicer SS & Schulte BA (1998) Evidence for a medical K+ recycling pathway from inner hair cells. 
Hear Res 118: 1-12. 

Spillmann T (1994) Genetic diseases of hearing. Curr Opin Neurol 7: 81-87. 
Spongr VP, Flood DG, Frisina RD & Salvi RJ (1997) Quantitative measures of hair cell loss in 

CBA and C57BL/6 mice throughout their lifespans. J Acoust Soc Am 101: 3546-3553.  
Sprinzl M, Hartmann T, Weber J, Blank J & Zeidler R (1989) Compilation of tRNA sequences and 

sequences of tRNA genes. Nucleic Acids Res 17 (suppl): R1-R13. 
Sprinzl M, Horn C, Brown M, Ioudovitch A & Steinberg S (1998) Compilation of tRNA sequences 

and sequences of tRNA genes. Nucleic Acids Res 26: 148-153. 
St John J, Sakkas D, Dimitriadi K, Barnes A, Maclin V, Ramey J, Barrat C & De Jonge C (2000) 

Failure of elimination of paternal mitochondrial DNA in abnormal embryos. Lancet 355: 200. 
Stadtman ER (1995) Role of oxidized amino acids in protein breakdown and stability. Methods 

Enzymol 258: 379-393. 
Steel KP (1999) Perspectives: biomedicine. The benefits of recycling. Science 285: 1363-1364.  
Steel KP, Barkway C & Bock GR (1987) Strial dysfunction in mice with cochleo-saccular 

abnormalities. Hear Res 27: 11-26. 
Stoneking M (1993) DNA and recent human evolution. Evol Anthropol 2: 60-73. 
Sue CM, Lipsett LJ, Crimmins DS, Tsang CS, Boyages SC, Presgrave CM, Gibson WP, Byrne E & 

Morris JG (1998) Cochlear origin of hearing loss in MELAS syndrome. Ann Neurol 43: 350-
359. 

Sue CM, Tanji K, Hadjigeorgiou G, Andreu AL, Nishino I, Krishna S, Bruno C, Hirano M, 
Shanske S, Bonilla E, Fischel-Ghodsian N, DiMauro S & Friedman R (1999) Maternally 
inherited hearing loss in a large kindered with a novel T7511C mutation in the mitochondrial 
DNA tRNASer(UCN) gene. Neurology 52: 1905-1908. 

Swerdlow RH, Parks JK, Davis JN 2nd, Cassarino DS, Trimmer PA, Currie LJ, Dougherty J, 
Bridges WS, Bennett JP Jr, Wooten GF & Parker WD (1998) Matrilineal inheritance of 
complex I dysfunction in a multigenerational Parkinson’s disease family. Ann Neurol 44: 873-
881. 

Tabrizi SJ, Cleeter M, Xuereb J, Taanman JW, Cooper JM & Schapira AHV (1999) Biochemical 
abnormalities and excitotoxicity in Huntington’s disease brain. Ann Neurol 41: 646-653. 

Tamura G, Nishizuka S, Maesawa C, Suzuki Y, Iwaya T, Sakata K, Endoh Y & Motoyama T 
(1999) Mutations in mitochondrial control region DNA in gastric tumours of Japanese patients. 
Eur J Cancer 35: 316-319. 

Tarnopolsky MA, Maguire J, Myint T, Applegarth D & Robinson BH (1998) Clinical, 
physiological, and histological features in a kindred with the T3271C melas mutation. Muscle 
Nerve 21: 25-33.  

Templeton AR & Sing CF (1993) A cladistic analysis of phenotypic associations with haplotypes 
inferred from restriction endonuclease mapping. Nested analyses with cladogram uncertainty 
and recombination. Genetics 134: 659-669. 

The multiple leiomyoma consortium (2000) Germline mutations in FH predispose to dominantly 
inherited fibroids, skin leiomyomata and papillary renal cell cancer. Nature genet 30: 406-410. 

Thomas AW, Edwards A, Sherratt EJ, Majid A, Gagg J & Alcolado JC. Molecular scanning of 
candidate mitochondrial tRNA genes in type 2 (non-insulin dependent) diabetes mellitus. J Med 
Genet 33: 253-256. 

Thyagarajan D, Bressman S, Shanske S, DiMauro S & Fahn S (1997) A novel T1095C mutation in 
the mitochondrial 12S ribosomal RNA gene. Neurology 48: P06.139. 

Tiranti V, Chariot P, Carella F, Toscano A, Soliveri P, Girlanda P, Carrara F, Fratta GM, Reid FM, 
Mariotti C & Zeviani M (1995) Maternally inherited hearing loss, ataxia and myoclonus 
associated with a novel point mutation in mitochondrial tRNASer(UCN) gene. Hum Mol Genet 4: 
1421-1427. 

Tiranti V, Galimberti C, Nijtmans L, Bovolenta S, Perini MP & Zeviani M (1999b) 
Characterization of SURF-1 expression and Surf-1p function in normal and disease conditions. 
Hum Mol Genet 8: 2533-2540. 



 92

Tiranti V, Hoertnagel K, Carrozzo R, Galimberti C, Munaro M, Granatiero M, Zelante L, Gasparini 
P, Marzella R, Rocchi M, Bayona-Bafaluy MP, Enriquez A, Uziel G, Bertini E, Dionisi-Vici C, 
Franco B, Meitinger T & Zeviani M (1998) Mutations of SURF-1 in Leigh disease associated 
with cytochrome c oxidase deficiency. Am J Hum Genet 63: 1609-1621. 

Tiranti V, Jaksch M, Hoffmann S, Galimberti C, Hoertnagel K, Lulli L, Freisinger P, Bindoff L, 
Gerbitz KD, Comi GP, Uziel G, Zeviani M & Meitinger T (1999a) Loss-of-function mutations 
of SURF-1 are specifically associated with Leigh syndrome with cytochrome c oxidase 
deficiency. Ann Neurol 46: 161-166. 

Tishkoff SA, Dietzsch E, Speed W, Pakstis AJ, Kidd JR, Cheung K, Bonne-Tamir B, Santachiara-
Benerecetti AS, Moral P & Krings M (1996) Global patterns of linkage disequilibrium at the 
CD4 locus and modern human origins. Science 271: 1380-1387. 

Tokunaga M, Mita S, Sakuta R, Nonaka I & Araki S (1993) Increased mitochondrial DNA blood 
vessels and ragged-red fibers in mitochondrial myopathy, encephalopathy, lactic acidosis, and 
stroke-like episodes (MELAS). Ann Neurol 33: 275-280. 

Toivonen JM, O’Dell KMC, Petit N, Irvine SC, Knight GK, Lehtonen M, Longmuir M, Luoto K, 
Touraille S, Wang Z, Alziari S, Shah ZH & Jacobs HT (2001) technical knockout, a drosophila 
model of mitochondrial deafness. Genetics 159: 241-254. 

Toompuu M, Tiranti V, Zeviani M & Jacobs HT (1999) Molecular phenotype of the np 7472 
deafness-associated mitochondrial mutation in osteosarcoma cell cybrids. Hum Mol Genet 8: 
2275-2283. 

Torroni A, Cruciani F, Rengo C, Sellitto D, Lopez-Bigaz N, Rabionet R, Govea N, Lopez De 
Munain A, Sarduy M, Romero L, Villamar M, del Castillo I, Moreno F, Estivill X & Scozzari R 
(1999) The A1555G mutation in the 12SrRNA gene of human mtDNA: recurrent origins and 
founder events in families affected by sensorineural deafness. Am J Hum Genet 65: 1349-1358. 

Torroni A, Huoponen K, Francalacci P, Petrozzi M, Morelli L, Scozzari R, Obinu D, Savontaus 
ML & Wallace DC (1996) Classification of European mtDNAs from an analysis of three 
European populations. Genetics 144: 1835-1850. 

Torroni A, Miller JA, Moore LG, Zamudio S, Zhuang J, Droma T & Wallace DC (1994) 
Mitochondrial DNA analysis in Tibet. Implications for the origin of the Tibetan population and 
its adaptation to high altitude. Am J Phys Anthropol 93: 1158-1162. 

Torroni A, Petrozzi M, D’Urbano L, Sellito D, Zeviani M, Carrara F, Carducci C, Leuzzi V, Carelli 
V, Barboni P, De Negri A & Scozzari R (1997) Haplotype and phylogenetic analyses suggest 
that one European-specific mtDNA background plays a role in the expression of Leber 
hereditary optic neuropathy by increasing the penetrance of the primary mutations 11778 and 
14484. Am J Hum Genet 60: 1107-1121. 

Torroni A, Stepien G, Hodge JA & Wallace DC (1990) Neoplastic transformation is associated 
with coordinate induction of nuclear and cytoplasmic oxidative phosphorylation genes. J Biol 
Chem 265: 20589-20593. 

Torroni A, Sukernik RI, Schurr TG, Starikovskaya YB, Cabell MF, Crawford MH, Comuzzie AG 
& Wallace DC (1993) mtDNA variation of aboriginal Siberians reveals distinct genetic 
affinities with Native Americans. Am J Hum Genet 53: 591-608. 

Torroni A & Wallace DC (1994) Mitochondrial DNA variation in human populations and 
implications for detection of mitochondrial DNA mutations of pathological significance. J 
Bioenerg Biomembr 26: 261-271. 

Triepels RH, van den Heuvel LP, Loeffen JLCM, Buskens CA, Smeets RJ, Rubio Gozalbo ME, 
Budde SM, Mariman EC, Wijburg FA, Barth PG, Trijbels JMF & Smeitink JAM (1999) Leigh 
syndrome associated with a mutation in the NDUFS7 (PSST) nuclear encoded subunit of 
complex I. Ann Neurol 45: 787-90. 

Trounce I, Byrne E & Marzuki S (1989) Decline in skeletal muscle mitochondrial chain function: 
possible factor in aging. Lancet 1: 637-639. 

Tsukihara T, Aoyama H, Yamashita K, Tomizaki T, Yamaguchi H, Shinzawa-Iyoh K, Nakashima 
R, Yaono R, Yoshikawa S, Yamashita E & Shinzawa- Itoh K (1996) The whole structure of the 
13-subunit oxidized cytochrome c oxcidase at 2.8Å. Science 272: 1136-1144. 

Turrens JF, Alexandre A & Lehninger AL (1985) Ubisemiquinone is the electron donor for 
superoxide formation by complex III of heart mitochondria. Arch Biochem Biophys 237: 408-
414. 



 93

Uimonen S, Moilanen JS, Sorri M, Hassinen IE & Majamaa K (2001) Hearing impairment in 
patients with 3243A>G mtDNA mutation: phenotype and rate of progression. Hum Genet 108: 
284-289. 

Ulfendahl M, Scarfone E, Flock Å, Le Calvez S & Conradi P (2000) Perilymphatic fluid 
compartments and intracellular spaces of the inner ear and the organ of corti. Neuroimage 12: 
307-313. 

Usami S-i, Abe S, Akita J, Namba A, Shinkawa H, IshiiM, Iwasaki S, Hoshino T, Ito J, Doi K, 
Kubo T, Nakagawa T, Komiyama S, Tono T & Komune S (2000) Prevalence of mitochondrial 
gene mutations among hearing impaired patients. J Med Genet 37: 38-40. 

Usami S, Abe S, Kasai M, Shinkawa H, Moeller B, Kenyon JB & Kimberlin WJ (1997) Genetic 
and clinical features of sensorineural hearing loss associated with the 1555 mitochondrial 
mutation. Laryngoscope 107: 483-490. 

Vahava O, Morell R, Lynch ED, Weiss S, Kagan ME, Ahituv N, Morrow JE, Lee MK, Skvorak 
AB, Morton CC, Blumenfeld A, Frydman M, Friedman TB, King MC & Avraham KB (1998) 
Mutation in transcription factor POU4F3 associated with inherited progressive hearing loss in 
humans. Science 279: 1950-1954. 

Valnot I, Osmond S, Gigarel N, Mehaye B, Amiel J, Cormier-Daire V, Munnich A, Bonnefont JP, 
Rustin P & Rotig A (2000) Mutations of the SCO1 gene in mitochondrial cytochrome c oxidase 
deficiency with neonatal-onset hepatic failure and encephalopathy. Am J Hum Genet 67: 1104-
1109. 

van Camp G & Smith RJH (2000) Maternally inherited hearing impairment. Clin Genet 57: 409-
414. 

van den Heuvel L, Ruitenbeek W, Smeets R, Gelman-Kohan Z, Elpeleg O, Loeffen J, Trijbels F, 
Mariman E, de Brujin D & Smeitink J (1998) Demonstration of a new pathogenic mutation in 
human complex I deficiency: a 5-bp duplication in the nuclear gene encoding the 18-kD 
(AQDQ) subunit. Am J Hum Genet 62: 262-268. 

van den Ouweland JMW, Lemkes HHPJ, Ruitenbeek W, Sandkuijl LA, De Vijlder MF, 
Struyvenberg PAA, van de Kamp JJ & Maassen JA (1992) Mutation in mitochondrial 
tRNALeu(UUR) gene in a large pedigree with maternally transmitted type II diabetes mellitus 
and deafness. Nat Genet 1: 368-371. 

van Goethem G, Dermaut B, Lofgren A, Martin JJ & van Broeckhoven C (2001) Mutation of 
POLG is associated with progressive external ophthalmoplegia characterized by mtDNA 
deletions. Nat Genet 28: 211-212. 

Vellai T & Vida G (1999) The origin of eukaryotes: the differencebetween prokaryotic and 
eukaryotic cells. Proc R Soc London B: Biol Sci 266: 1571-1577. 

Verhoeven K, Ensink RJH, Tiranti V, Huygen PLM, Johnson DF, Schatteman I, van Laer L, 
Verstreken M, Van de Heyning P, Fischel-Ghodsian N, Zeviani M, Cremers CWRJ, Willems PJ 
& van Camp G (1999) Hearing impairment and neurological dysfunction associated with a 
mutation in the mitochondrial tRNASer(UCN) gene. Eur J Hum Genet 7: 45-51. 

Verhoeven K, Fagerheim T, Prasad S, Wayne S, De Clau F, Balemans W, Verstreken M, 
Schatteman I, Solem B, Van de Heyning P, Tranebjarg L, Smith RJ & Van Camp G (2000) 
Refined localization and two additional linked families for the DFNA10 locus for nonsyndromic 
hearing impairment. Hum. Genet. 107: 7-11. 

Verpy E, Leibovici M, Zwaenepoel I, Liu X-Z, Gal A, Salem N, Mansour A, Blanchard S, 
Kobayashi I, Keats BJ, Slim R & Petit C (2000) A defect in harmonin, a PDZ domain-
containing protein expressed in the inner ear sensory hair cells, underlies Usher syndrome type 
1C. Nat. Genet. 26: 51-55 

Vialettes BH, Paquis-Flucklinger V, Pelissier JF, Bendahan D, Narbonne H, Silvestre-Aillaud P, 
Montfort MF, Righini-Chossegros M, Pouget J, Cozzone PJ, Desnuelle C (1997) Phenotypic 
expression of diabetes secondary to a T14709C mutation of mitochondrial DNA. Comparison 
with MIDD syndrome (A3243G mutation): a case report. Diabetes Care 20: 1731-1737. 

Vigilant L, Stoneking M, Harpending H, Hawkes K & Wilson AC (1991) African populations and 
the evolution of human mitochondrial DNA. Science 253: 1503-1507. 

Vilkki J, Ott J, Savontaus ML, Aula P & Nikoskelainen EK (1991) Optic atrophy in Leber 
hereditary optic neuropathy is probably determined by an X-chromosomal gene closely linked 
to DXS7. Am J Hum Genet 48: 486-491. 



 94

Vilkki J, Savontaus ML & Nikoskelainen EK (1988) Human mitochondrial DNA types in Finland. 
Hum Genet 80: 317-321. 

Virbasius JV & Scarpulla RC (1994) Activation of the human mitochondrial transcription factor A 
gene by nuclear respiratory factors: a potential regulatory link between nuclear and 
mitochondrial gene expression in organelle biogenesis. Proc Natl Acad Sci USA 91: 1309-1313. 

Wallace DC (1982) Structure and evolution organelle genomes. Microbiol Rev 46: 208-240. 
Wallace DC (1994) Mitochondrial DNA mutations in diseases of energy metabolism. J Bioenerg 

Biomembr 26: 241-250. 
Wallace DC (1995) Mitochondrial DNA variation in human evolution, degenerative disease, and 

aging. Am J Hum Genet 57: 201-223. 
Wallace DC, Brown MD & Lott MT (1997) Mitochondrial genetics. In: Rimoin DL, Connor JM, 

Pyeriz RE, Emery AEH (eds) Emory and Rimoin’s principles and practice of medical genetics. 
Churcill Livingstone, London, p 277-332. 

Wallace DC, Brown MD & Lott MT (1999) Mitochondrial DNA variation in human evolution and 
disease. Gene 238: 211-230. 

Wallace DC, Singh G, Lott MT, Hodge JA, Schurr TG, Lezza AM, Elsas LJ & Nikoskelainen EK 
(1988a) Mitochondrial DNA mutation associated with Leber’s hereditary optic neuropathy. 
Science 242: 1427-1430. 

Wallace DC & Torroni A (1992) American Indian prehistory as written in the mitochondrial DNA. 
Hum Biol 64: 403-416. 

Wallace DC, Zheng XX, Lott MT, Shoffner JM, Hodge JA, Kelley RI, Epstein CM & Hopkins LC 
(1988b) Familial mitochondrial encephalomyopathy (MERRF): genetic, pathophysiological and 
biochemical characterization of a mitochondrial DNA disease. Cell 55: 601-610. 

Wang CR, Loveland BE & Fischer-Lindahl K (1991) H-2M3 encodes the MHC class I molecule 
presenting the maternally transmitted antigen of the mouse. Cell 66: 335-345. 

Wang A, Liang Y, Fridell RA, Probst FJ, Wilcox ER, Touchman JW, Morton CC, Morell RJ, 
Noben-Trauth K, Camper SA & Friedman TB (1998) Association of unconventional myosin 
MYO15 mutations with human nonsyndromic deafness DFNB3. Science 280: 1447-1451. 

Wang Z & Moult J (2001) SNPs, protein structure, and disease. Hum Mutat 17: 263-270. 
Warburg O (1930) The metabolism of tumors. London Constable, London. 
Watson E, Bauer K, Aman R, Weiss G, von Haesler A & Pääbo S (1996) mtDNA sequence 

diversity in Africa. Am J Hum Genet 59: 437-444. 
Werle E, Schneider C, Renner M, Volker M & Fiehn W (1994) Convenient single-step, one tube 

purification of PCR products for direct sequencing. Nucleic Acids Res 22: 4354-4355. 
Wilcox ER, Burton QL, Naz S, Riazzuddin S, Smith TN, Ploplis B, Belyantseva I, Ben-Yosef T, 

Liburd NA, Morell RJ, Kachar B, Wu DK, Griffith AJ & Friedman TB (2001) Mutations in the 
gene encoding tight junction claudin-14 cause autosomal recessive deafness DFNB29. Cell 104: 
165-172. 

Willot JF & Erway LC (1998) Genetics of age-related hearing loss in mice. IV. Cochlear pathology 
and hearing loss in 25 BXD recombinant inbred mouse strains. Hearing Res 119: 27-36.  

Willot JF, Erway LC, Archer JR & Harrison DE (1995) Genetics of age-related hearing loss in 
mice II. Strain differences and effects of caloric restriction on cochlear pathology and evoked 
response threshold. Hearing Res 88: 143-155. 

Wolpoff MH (1989) Behavioral and biological perspectives on the origins of modern humans. In: 
Mellars P & Stringer C (eds) The human revolution. Princeton Univ Press NJ p. 62-108. 

Wong A, Yang J, Cavadini P, Gellera C, Lonnerdal B, Taroni F & Cortopassi G (1999) The 
Friedrich’s ataxia mutation confers cellular sensitivity to oxidant stress which is rescued by 
chelators of iron and calcium and inhibitors of apoptosis. Hum Mol Genet 8: 425-430. 

Wright A (1982) Giant cilia in the human organ of Corti. Clin Otolaryngol All 7: 193-199. 
Wright A, Davis A, Bredburg G, Ulehlova L & Spencer H (1987) Hair cell distributions in the 

normal human cochlea. A report of an European working group. Acta Otolaryngol 436: 15-24. 
Wu Z, Puigserver P, Andersson U, Zhang C, Adelmant G, Mootha V, Troy A, Cinti S, Lowell B, 

Scarpulla RC & Spiegelman BM (1999) Mechanisms controlling mitochondrial biogenesis and 
respiration through the thermogenic coactivator PGC-1. Cell 98: 115-124. 

Xia J-h, Liu C-y, Tang B-s, Pan Q, Huang L, Dai HP, Zhang BR, Xie W, Hu DX, Zheng D, Shi 
XL, Wang DA, Xia K, Yu KP, Liao XD, Feng Y, Yang YF, Xiao JY, Xie DH & Huang JZ 



 95

(1998) Mutations in the gene encoding gap junction protein β-3 associated with autosomal 
dominant hearing impairment. Nat Genet 20: 370-373. 

Xia D, Yu C-A, Kim H, Xia J-Z, Kachurin AM, Zhang L, Yu CA & Xian JZ (1997) Crystal 
structure of the cytochrome bc1 complex from bovine mitochondria. Science 277: 60-66. 

Yaffe MP (1999) The machinery of mitochondrial inheritance and behavior. Science 283: 1493-
1497. 

Yamasoba T, Tsukuda K, Oka Y, Kobayashi T & Kaga K (1999) Cochlear histopathology 
associated with mitochondrial transfer RNALeu(UUR) gene mutation. Neurology 52: 1705-1707.  

Yao J & Shoubridge EA (1999) Expression and functional analysis of SURF1 in Leigh syndrome 
patients with cytochrome c oxidase deficiency. Hum Mol Genet 8: 2541-2549. 

Yasukawa T, Suzuki T, Ishii N, Ohta S & Watanabe K (2001) Wobble modification defect in tRNA 
disturbs codon-anticodon interaction in a mitochondrial disease. EMBO 20: 4794-4802. 

Yasukawa T, Suzuki T, Ishii N, Ueda T, Ohta S & Watanabe K (2000b) Defect in modification at 
the anticodon wobble nucleotide of mitochondrial tRNALys with the MERRF encephalomyopathy 
pathogenic mutation. FEBS Lett 467: 175-178. 

Yasukawa T, Suzuki T, Suzuki T, Ueda T, Ohta S & Watanabe K (2000a) Modification defect at 
anticodon wobble nucleotide of mitochondrial tRNALeu(UUR)s with pathogenic mutations of 
mitochondrial myopathy, encephalopathy, lactic acidosis and stroke-like episodes. JBC 275: 
4251-4257. 

Yasunaga S, Grati M, Chardenous S, Smith TN, Friedman TB, Lalwani AK, Wilcox ER & Petit C 
(2000) OTOF encodes multiple long and short isoforms: genetic evidence that the long ones 
underlie the recessive deafness DFNB9. Am J Hum Genet 67: 591-600. 

Yasunaga S, Grati M, Cohen-Salmon M, El-Amraoui A, Mustapha M, Salem N, El-Zir E, Loiselet 
J & Petit C (1999) A mutation in OTOF, encoding otoferlin, a FER-1 like protein, causes 
DFNB9, a nonsyndromic form of deafness. Nat. Genet. 21: 363-369. 

Yen TC, Chen YS, King KL, Yeh SH & Wei YH (1989) Liver mitochondrial respiratory functions 
decline with age. Biochem Biophys Res Com 165: 994-1003. 

Yen TC, Su JH, King KL & Wei YH (1991) Ageing- associated 5kb deletion in human liver 
mitochondrial DNA. Biochem Biophys Res Commun 178: 124-131. 

Yonezawa S, Yoshiki A, Hanai A, Matsuzaki T, Matsushima J, Kamada T & Kusakabe M (1999) 
Chromosomal localization of a gene responsible for vestibulocochlear defects of BUS/Idr mice: 
identification as an allele of waltzer. Hear Res 134: 116-122. 

Yoshikawa S, Shinzawa-Itoh K, Nakashima R, Yaono R, Yamashita E, Inoue N, Yao M, Fei MJ, 
Peters Libeu C, Mizushima H, Yamaguchi H, Tomizaki T & Tsukihara T (1998) Redox-coupled 
crystal structural changes in bovine heart cytochrome c oxidase. Science 280: 1723-1729. 

Yu CA, Xia D, Kim H, Deisenhoefer J, Zhang L, Kachurin AM & Yu L (1998) Structural basis of 
functions of the mitochondrial cytochrome bc1 complex. Biochim Biophys Acta 1365: 151-158. 

Zerjal T, Dashnyam B, Pandya A, Kayser M, Roewer L, Santos FR, Schiefenhovel W, Fretwell N, 
Jobling MA, Harihara S, Shimizu K, Semjidmaa D, Sajantila A, Salo P, Crawford MH, Ginter 
EK, Evgrafov OV & Tyler-Sith C (1997) Genetic relationships of Asians and Northern 
Europeans, revealed by Y-chromosomal DNA analysis. Am J Hum Genet 60: 1174-1183. 

Zeviani M, Servidei S, Gellera C, Bertini E, DiMauro S & DiDonato S (1989) An autosomal 
dominant disorder with multiple deletions of mitochondrial DNA starting at the D-loop region. 
Nature 399: 309-311. 

Zeviani M, Tiranti V & Piantadosi C (1998) Reviews in molecular medicine: mitochondrial 
disorders. Medicine (Baltimore) 77: 59-72. 

Zeviani M, Corona P, Nijtmans L & Tiranti V (1999) Nuclear gene defects in mitochondrial 
disorders. Ital J Neurol Sci 20: 401-408. 

Zhang C, Baumer A, Maxwell RJ, Linnane AW & Nagley P (1992) Multiple mitochondrial DNA 
deletion in an elderly human individual. FEBS Lett 297: 34-38. 

Zhang Y, Marcillat O, Giulivi C, Ernster L & Davies KJ (1990) The oxidative inactivation of 
mitochondrial electron transport chain components and ATPase. J Biol Chem 265: 16330-
16336. 

Zhang Z, Huang L, Shulmeister VM, Chi Y-i, Kim KK, Hung L-W, Crofts AR, Berry EA & Kim 
S-H (1998) Electron transfer by domain movement in cytochrome bc1. Nature 392: 677. 



 96

Zhu Z, Yao J, Johns T, Fu K, De Bie I, Macmillan C, Cuthbert AP, Newbold RF, Wang J, 
Chevrette M, Brown GK, Brown RM & Shoubridge EA (1998) SURF1, encoding a factor 
involved in the biogenesis of cytochrome c oxidase, is mutated in Leigh syndrome. Nat Genet 
20: 328-43. 


	Abstract
	Acknowledgements
	Abbreviations
	List of original papers
	Contents
	1 Introduction
	2 Review of the literature
	2.1 The mitochondrion
	2.1.1 Function
	2.1.2 The genome
	2.1.2.1 Special features of mtDNA


	2.2 Mitochondrial DNA sequence variation
	2.2.1 Mitochondrial DNA haplogroups
	2.2.1.1 Mitochondrial DNA haplogroups on different continents
	2.2.1.2 Finnish mtDNA haplogroups

	2.2.2 Mitochondrial DNA as a tool in phylogenetic studies
	2.2.3 Mitochondrial DNA polymorphisms and the risk of disease

	2.3 Mitochondrial disorders
	2.3.1 Mitochondrial DNA mutations and diseases
	2.3.1.1 Rearrangements
	2.3.1.2 Point mutations

	2.3.2 Oxidative stress and somatic mutations
	2.3.2.1 Neurodegenerative disorders
	2.3.2.2 Ageing
	2.3.2.3 Mitochondria and tumorigenesis

	2.3.3 Diseases and nuclear DNA defects

	2.4 Sensorineural hearing loss
	2.4.1 Hearing mechanisms
	2.4.2 Nuclear DNA mutations causing SNHI
	2.4.3 Deafness as a mitochondrial disorder
	2.4.3.1 Mutations in the 12S rRNA gene
	2.4.3.2 Mutations in the tRNASer(UCN) gene

	2.4.4 Presbyacusis


	3 Aims of the present research
	4 Subjects and methods
	4.1 Patients, controls and samples
	4.1.1 Patients (I, II and IV)
	4.1.2 Population controls (II, III and IV)

	4.2 Molecular methods
	4.2.1 DNA extraction (I-IV)
	4.2.2 Polymerase chain reaction (I-IV)
	4.2.3 Detection of mtDNA mutations (I, II)
	4.2.4 Analysis of heteroplasmy (II, IV)
	4.2.5 Analysis of mtDNA haplogroups (I-IV)
	4.2.6 Conformation sensitive gel electrophoresis (CSGE) (III, IV)
	4.2.7 Sequencing (III, IV)

	4.3 Evolutionary analysis of sequences (III, IV)
	4.4 Statistical analysis (III, IV)
	4.5 Analysis of substitutions (IV)

	5 Results
	5.1 Frequency of mtDNA point mutations known to be associated with SNHI (II)
	5.2 10044A>G in the tRNAGly gene: a haplotype-specific polymorphism (II)
	5.3 Phylogenetic network for European mtDNA (III)
	5.3.1 Topology of phylogenetic networks based on mtDNA variation in the coding region
	5.3.2 Comparison of networks based on variation in the coding region and the D-loop
	5.3.3 Homoplasies in the coding region

	5.4 Increased mtDNA variation in patients with SNHI (IV)
	5.5 Potential new disease-causing mutations in patients with SNHI (IV)

	6 Discussion
	6.1 Frequency of pathogenic mtDNA mutations in patients with SNHI
	6.2 A phylogenetic network for European mtDNA
	6.3 Evaluation of pathogenic mutations
	6.3.1 MtDNA mutations as disease risks

	6.4 New putative pathogenic mutations
	6.5 Considerations regarding the pathomechanism of SNHI caused by mtDNA mutations

	7 Conclusions
	8 References



