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1. Introduction 

Shortly after DNA was discovered to be the carrier of hereditary information, a number of 

peculiar observations were made. It was found that some traits, like the ability of yeast cells 

to use non-fermentable sources of energy, were inherited through a cytoplasmic, and not a 

nuclear mechanism[1]. This observation was rather alarming at the time, since DNA was 

only known to be present in the nucleus. As a result, some researchers started to doubt 

whether DNA was truly the sole carrier of hereditary information. Could it be that the 

original hypothesis about DNA was incorrect? Or did the cytoplasm carry DNA molecules 

that were yet to be discovered? Ultimately, this conflict was resolved when clever mating 

experiments, biochemical tests and precise electron microscopy culminated in the discovery 

of a new DNA molecule, present inside mitochondria[2-4]. 

Now, approximately 50 years later, we can truly appreciate the historic nature of this 

discovery. Not only do we realize how essential mitochondrial DNA (mtDNA) is to life 

itself, but mtDNA has also helped us understand our origin as a species. As our ancestors 

spread across the globe, they acquired mutations in their mitochondrial genome, which 

genetically marked the humans that colonized a certain geographical location. Expansive 

sequencing projects have now documented these mutations, and used them to trace the 

origin of mankind back to central Africa[5, 6]. In addition to their historical significance, 

mtDNA mutations are also important in a medical context. Most diseases that are currently 

endemic in western society have an mtDNA component, including cancer, diabetes and 

Parkinson disease. As a result, mitochondrial mutagenesis is now one of the focal points of 

modern biomedical research[7]. 

This renewed interest in mitochondrial genetics has led to an enormous influx of new 

researchers, ideas and technology. Because of this enthusiasm new mouse models have been 

generated, improved mutation detection assays have been developed, and new roles for 
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mitochondria have been discovered in immunity, signal transduction, development, and 

countless other biological processes that are essential to human health[8]. As a result, we are 

starting to expose the molecular mechanisms that underpin mitochondrial mutagenesis, and 

we are learning how intimately mutagenesis is related to mitochondrial genetics. The 

following sections of this chapter will describe this relationship in greater detail. 

Table 1. Structural and genetic differences between the nuclear and mitochondrial genome. 

2. The structure of mtDNA 

Researchers who are unfamiliar with mitochondrial genetics may find mtDNA to be a 

peculiar molecule, as it differs from nuclear DNA (nDNA) in almost every way. Some of the 

most important differences between mtDNA and nDNA are summarized in table 1. First, 

mitochondrial DNA is a very short DNA molecule, which is approximately 16.5kb in length 

in most mammalian species[9, 10]. And on top of that, it is circular in nature, not unlike a 

plasmid. However, even though mtDNA is relatively short, it still makes up a significant 

portion of the genetic content of a cell because it is typically present in hundreds, or even 

thousands of copies per cell. These molecules are more or less randomly dispersed across 

the mitochondrial population of a cell, so that each mitochondrion contains approximately 

2-10 mtDNA molecules. This is especially important in the context of mutagenesis, because 

this multiplicity ensures that, if a mutation occurs in one of these copies, multiple WT 

molecules can complement the acquired defect. 

Remarkably, this complementation is not limited to a single mitochondrion, but 

encompasses the entire cell. The expansion of this safety net is made possible by the 

dynamic nature of mitochondrial biology. Mitochondria are highly mobile organelles, which 

frequently change their position inside a cell. To do this, they travel along the cytoskeleton 

with the help of numerous proteins, of which Milton and MIRO are two key members. 

These proteins form a complex with a third protein, Kinesin-1 heavy chain, to mediate 
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mitochondrial transport[11]. Because mitochondria can travel in either direction, they 

frequently collide in an end-to-end fashion. During these collisions, mitochondria fuse 

together to form a single, continuous organelle and mix their contents in the process. This 

newly formed mitochondrion will eventually undergo a fission event, splitting it back into 

two smaller organelles. Since all the bio-molecules are randomly distributed across the 

emerging organelles, each mitochondrion contains a completely new mixture of DNA, RNA 

and proteins. In fact, each mitochondrion contains an “average” of all the contents that were 

present in the two mitochondria that initiated the fusion event. Because mitochondria 

undergo constant cycles of fusion and fission, mtDNA is constantly shared across the entire 

mitochondrial population. A WT genome can therefore always complement a mutation, 

even if it is harbored by a mitochondrion that is present elsewhere in the cell[12]. In a sense, 

you might even say that an “individual mitochondrion” does not really exist. Each 

mitochondrion is part of a fluid, interconnected network, whose components are in a 

constant state of flux[13]. 

Because of this cell-wide safety net, most mutations are thought to be harmless. As long as 

mutant genomes are outnumbered by WT genomes, mitochondrial fusion and fission 

ensures that any deficiencies are consistently complemented. However, if a mutation is 

replicated extensively inside a cell, it can eventually become very harmful. This occurs once 

a mutation is present in the majority of a cell’s mtDNA, and insufficient WT genomes left for 

complementation. This “threshold” is typically reached when 60-90% of the mtDNA 

molecules carry an identical mutation[14]. Such mutations are said to be heteroplasmic 

(figure 7), because they are present in only a fraction of the mitochondrial genomes in a cell. 

A mutation that is present in all genomes it is said to be homoplasmic. One of the most 

remarkable things about mitochondrial mutagenesis is that all the mutations that have been 

found thus far require clonal expansion before they cause cellular dysfunction. This means 

that every pathological mutation in mtDNA is recessive. One might argue then, that if we 

understood this expansion process in greater detail, and learned to control it, we could 

combat every mtDNA disease using a single intervention.  

Another feature of mitochondrial genetics that is important in the context of mutagenesis is 

the density of the mitochondrial genome[9] (figure 1). MtDNA encodes 13 proteins that are 

all essential components of the electron transport chain (ETC). In addition, mtDNA encodes 

2 rRNA molecules and 22 tRNA particles that help express these proteins. This leaves room 

for only a short region of non-coding mtDNA. This region is called the displacement loop, 

or D-loop for short, which was named after its peculiar triple helix structure with one 

“displaced” DNA strand. The D-loop contains an origin of replication and multiple sites for 

transcription initiation, which makes it the most important sequence for mtDNA 

metabolism. When you combine the lack of non-coding regions in mtDNA, with its short 

length and abundance of genes, it becomes clear how compact the mitochondrial genome is. 

It is so compact in fact, that some genes, like the ATP6 gene, do not even encode a complete 

stop codon. Instead, the final base of this codon, an adenine, is added to the mRNA during 

polyadenylation[9]. This gene density means that almost every mutation is bound to impact 

mtDNA in a non-trivial way. 
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Figure 1. Organization of the mitochondrial genome. The mitochondrial genome contains 13 protein 

coding genes, 2 rRNA genes, and 22 tRNA genes. The mitochondrially encoded proteins are 

components of complex I, III, IV, or V. Notice how the tRNA genes punctuate the rRNA genes and 

proteins, which marks the sites where the multicistronic transcript is processed. Several mutations that 

are responsible for inherited mitochondrial diseases are shown. 

The gene composition of mtDNA also affects mutagenesis in a less obvious way: because 

mtDNA only encodes proteins that are involved in energy production, mitochondria must 

rely on proteins that are encoded by the nucleus for DNA maintenance. These proteins are 

transcribed in the nucleus, translated in the cytoplasm and ultimately distributed over the 

mitochondrial population. The proper distribution of these proteins is a daunting task, 
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because each cell contains hundreds of mitochondria, each of which should receive its fair 

share of DNA repair proteins. Ultimately, mitochondria solve this problem by undergoing 

continuous cycles of fusion and fission, which allows them to share DNA repair proteins 

and homogenize them across the mitochondrial population. Thus, mitochondrial fusion and 

fission promote mitochondrial function by enabling mitochondria to share proteins derived 

from mtDNA and nDNA (figure 8, 9). 

Another feature of mitochondrial genetics that is important for our understanding of 

mutagenesis is the maternal inheritance of mtDNA[16]. This has highly complex 

consequences for human health. One of the more obvious of these consequences is seen in 

the clinic, where patients with mitochondrial disease receive genetic counseling for future 

pregnancies. Clearly, if mtDNA is inherited only through the maternal germ line, mutations 

are inherited maternally as well. Moreover, certain mutations, like large DNA deletions, are 

difficult to transmit, and counseling needs to take all of these factors in consideration. The 

more complex consequences go beyond a single human generation though, and affect us on 

much longer timescale.  

 

Figure 2. Heteroplasmy and homoplasmy of mtDNA in single cells. Four cartoons of cells are 

depicted. Each cell contains 1 nucleus (circle with 2 chromosomes), and 4 mitochondria (ovals with light 

green coloring) that carry 2 genomes, which are either WT (dark green circle) or mutant (colored 

circles). The cell on the far left contains no mutant mtDNA, and is therefore homoplasmic for WT 

mtDNA. The second cell from the left contains 1 mutant molecule and is therefore 12.5% heteroplasmic. 

The third cell contains 7 unique mtDNA mutations in 7 molecules, and is therefore 12.5% heteroplasmic 

for each mutation. The cell on the right contains 7 identical mutations in 7 genomes, and is therefore 

87.5% heterplasmic. Although it contains strictly speaking the same amount of mutations as the third 

cell, only this fourth cell will display mitochondrial dysfunction. 

One long-term consequence is that uniparental inheritance surrenders the benefits of sexual 

recombination. Sexual recombination gives evolution the opportunity to select against, and 

remove detrimental mutations from the germline. Without sexual recombination, 

detrimental mutations would simply accumulate in the germline and degrade our DNA 

until life becomes unviable, a process called Muller’s ratchet. In the absence of sexual 

recombination, mtDNA must evade Muller’s ratchet by some other mechanism. For 

instance, it is possible that some form of purifying selection occurs in the germline, which 

selects against oocytes that carry detrimental mtDNA mutations. Until recently though, no 
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direct experimental evidence had been found for this hypothesis. However, two recent 

studies have now documented powerful proof of such a mechanism in mice. In the first 

study, a mouse model was generated that exhibits a greatly increased mtDNA mutation 

rate. The authors discovered that newborn pups of these mutator mice carried significantly 

more synonymous than non-synonymous mutations than could be expected from random 

chance[17]. Thus, some form of selection against non-synonymous mutations must be 

occurring in the germ line. A second study generated two mouse models, which carry either 

a benign, or a severe mtDNA mutation in their germ line. These authors found that the 

severe mtDNA mutation was quickly removed from the germ line (in four generations), 

whereas the benign mutation lingered on for several more generations[18]. These 

experiments demonstrate that a form of purifying selection protects us from detrimental 

mtDNA mutations in our germ line, and that the strength of the selection depends directly 

on the severity of the mutation. The precise mechanism by which this purifying selection 

operates remains obscure. 

A second potential consequence revolves around the co-evolution of the nuclear and the 

mitochondrial genome. The electron transport chain is composed of approximately a 

hundred proteins that are divided into 5 major complexes. Thirteen of these proteins are 

encoded by mtDNA, while the remaining proteins are encoded by nDNA. Because of this 

shared responsibility, mitochondrial and nuclear DNA have evolved together to optimize 

energy production. We now know though, that mtDNA differs slightly from person to 

person, based on their geographical heritage. Thus, the possibility arises that the fine-tuning 

between mtDNA and nDNA is geographically dependent as well. If so, the co-operation 

between mtDNA and nDNA may be disrupted by placing mtDNA from one region into the 

nuclear background of another region. This might cause subtle, but significant metabolic 

complications. This possibility is supported by experiments in Drosophila. Fruit flies are an 

outstanding animal model for this type of experiment, because different strains of Drosophila 

carry unique mitochondrial genomes. By mating female flies of one strain, with male flies 

from another strain (and extensively backcrossing their daughters into the nuclear 

background of their father), the mtDNA of the female fly can be placed in the nuclear 

background of the male fly. This breaks the evolutionary link between the mtDNA and 

nDNA of these strains. When mitochondrial function was examined in the experimental 

flies, it was found that new combinations of mtDNA and nDNA are indeed suboptimal 

when they are compared to control flies[19, 20]. Thankfully, this is unlikely to be applicable 

to humans, because even mtDNA from chimpanzees or gorillas function normally in cells 

with a human nucleus. It is not until mtDNA from animals with a greater evolutionary 

distance from humans is placed in human cells, like orangutans, that mitochondrial function 

becomes suboptimal[21]. 

Other features of mitochondrial genetics that may affect mutagenesis are mtDNA 

replication and transcription. For over 30 years, it was thought that mtDNA replication 

occurs through a unique, strand-displacement model[22]. This model stands in stark 

contrast to the symmetrical model of nuclear DNA replication, which involves coordinated 

leading and a lagging strand synthesis. If the asymmetric model of mtDNA replication is 
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correct, mtDNA must be partially single stranded for extended periods of time, which 

would affect the rate at which mtDNA spontaneously deaminates[23-25], or suffers single-

strand and double strand breaks[25, 26]. 

It is important to note though, that a second model has been suggested for mtDNA 

replication[27, 28], which is more consistent with traditional leading and lagging strand 

synthesis. According to this model, enormous amounts of RNA are incorporated into the 

lagging strand during DNA synthesis[29]. If this is the case, then the ribonucleotide 

incorporation into mtDNA could have a substantial impact on mitochondrial mutagenesis 

and potentially explain the observed strand-asymmetry in mutagenesis[30]. Unfortunately, 

it is currently unclear which model is correct, and an important discussion about these 

models is currently ongoing[27, 28, 31-34]. Regardless of which model is correct, it is clear 

that the outcome would have an enormous impact on our understanding of mtDNA 

mutagenesis. After all, DNA replication is an important source for DNA lesions and the tool 

by which DNA damage is fixed into mutations. 

A final feature of mitochondrial genetics that could impact mutagenesis is mtDNA 

transcription. MtDNA is transcribed in a multi-cistronic manner, meaning that multiple 

protein-coding genes are transcribed during a single transcription event, similar to bacterial 

operons[35]. Nascent mRNA molecules are ultimately cleaved at appropriate sites to 

generate mature mRNAs, which are then handed over to the translation machinery in an 

orchestrated manner. Although this mechanism is very efficient, it is likely to be very 

sensitive to DNA damage, because a single DNA lesion could block transcription of 

multiple genes that are downstream from the lesion. In the nucleus, this problem is solved 

by transcription coupled DNA repair (TCR), which identifies transcription complexes that 

are stalled in front of DNA lesions, and recruits the DNA repair machinery with the help of 

the CSA and CSB proteins[36]. Although CSA and CSB have been localized to 

mitochondria[37], it is still unclear if, and how transcription coupled repair takes place. For 

instance, UV lesions are important targets for TCR in the nucleus, where it recruits the 

nucleotide excision repair machinery to excise the damaged DNA. However, UV lesions are 

not repaired in mitochondria, and nucleotide excision repair itself does not take place. 

However, it is possible that, instead of recruiting nucleotide excision repair to stalled 

transcription complexes, CSA and CSB recruit BER instead[36]. This would be consistent 

with the idea that oxidative damage is the most likely lesion to occur on mtDNA. 

Multi-cistronic transcription also raises the chances of collisions between the transcription 

bubble and a replication fork. How often such collisions occur, and how they are resolved is 

still an unexplored question. In the nucleus, these events may be important sources of DNA 

breaks, which warrants future investigation in studies on mitochondrial mutagenesis. 

3. Measuring mutagenesis in mitochondrial DNA 

One of the most important problems facing mtDNA researchers today is that there are only 

a few tools available to detect mutations. Several tools have been tried over the years, but it 
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was often difficult to draw conclusions from the data because different labs observed 

different results[38]. The source of this confusion is probably the methodology itself, which 

is inherently error prone[39, 40]. For the field to grow, it will therefore be essential to 

develop new tools that match the sensitivity and versatility of those used to detect nDNA 

mutations.  

 

Figure 3. Random mutation capture assay. In this cartoon of the RMC-assay, 5 molecules of MtDNA 

are digested with TaqI. Four of these molecules contain a WT TaqI restriction site (green boxes) and 

one molecule contains a mutation in the TaqI site (red box). Using primers that flank the TaqI 

restriction site, real time PCR can then be used to count the number of copies of mtDNA that contain 

a mutation in the TaqI restriction site: WT molecules have been cleaved by TaqI, and thus do not 

provide a viable amplicon for PCR amplification. A second PCR reaction is then performed with 

primers that are near to, but not affected by the TaqI restriction site. This reaction counts the total 

number of molecules that were screened for mutations. The true power of this assay is revealed 

when it is used in a 96 well format, or droplet PCR, so that millions of molecules can be screened at 

once for mutated TaqI sites. 

Most nDNA mutation assays rely heavily on transgenic technology[41], and custom-made 

mutation markers like fluorescent proteins[42] or the lacZ gene[43] are routinely inserted 

into a genome of interest. These markers can be genetically engineered to detect any type of 

mutation, including single base pair substitutions, insertions, deletions or gross 

rearrangements. Endogenous mutation markers such as the Hprt and Aprt locus can also be 

used for this purpose[44]. These assays have helped us identify genes that are involved in 

DNA repair[45], DNA sequences that are prone to mutagenesis[26], and identified 

environmental compounds that induce mutagenesis[26]. 
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Because mammalian mtDNA cannot be transformed, it is not possible to repeat these 

experiments in a mitochondrial context. And the small size of mtDNA excludes the 

possibility of finding large, endogenous genes, such the Hprt or Aprt locus to detect 

mutations in. However, there are several mutations in the 16S rRNA gene that confer 

resistance to the drug chloramphenicol[46], which can be used in a mutation screen[47]. 

Only a handful of bases confer resistance though, which limits the scope of the screen. 

Another limitation of this assay is that, in order to acquire chloramphenicol resistance, most 

of the mtDNA molecules inside a cell need to carry the resistance mutation. Thus, mutations 

that are present in only one, or a few molecules will be missed, including most de novo 

mutations. This assay therefore detects primarily pre-existing mutations that have clonally 

expanded inside a cell. This extra requirement of clonal expansion introduces an unknown 

parameter into the assay that could confound the results. 

It is important to understand that because of these technical limitations our knowledge of 

mitochondrial mutagenesis is still fairly limited. This is especially true when it is 

compared to our knowledge of nDNA, where we know of countless molecules that can 

induce mutagenesis[45]. We have detailed information about the lesions that are 

generated during exposure[45], identified the DNA repair proteins that repair these 

lesions[48], and we know the doses at which mutagenesis occurs. Moreover, we can 

predict the spectrum of mutations that will arise, and we know the time it takes for these 

mutations to be fixed. We even know how replication and transcription respond if they 

encounter these lesions, which signaling pathways are activated as a result, and what the 

ultimate physiological response of the cell is to these insults[49]. In contrast, we only 

know of a few chemicals that induce mtDNA mutations, and we have very little 

information about the proteins that repair these lesions, or how the cell as a whole 

responds to mtDNA damage. 

To fill in these gaps in our knowledge, we probably need to find a way to transform the 

mitochondrial genome first. Until that time comes though, we will have to rely on 

biochemical assays and sequencing techniques to detect mutations. These assays need to 

inform us about two important end points. One assay should help us detect mtDNA 

mutations in bulk samples. This assay will inform us about the overall mutation rate, 

frequency and spectrum of mtDNA of large amounts of tissue, so that the impact of diet, 

age, treatment or gene deletions on mitochondrial mutagenesis can be determined. The 

second assay should help us determine how rapidly mtDNA mutations are expanding 

within single cells under these conditions. MtDNA mutations must clonally expand before 

they affect a cell and this assay will therefore provide us with a direct read out of the 

physiological impact of mutations on an organism. 

Currently, the most accurate assay to measure the mutation frequency in bulk samples is the 

“random mutation capture assay’ (RMC-assay)[39, 50]. This tool measures point mutations, 

deletions or insertions within restriction sites, and can detect one mutation among 1x108 WT 

bases (Figure 2). The RMC-assay is a broadly applicable tool, because it uses naked DNA as 

a template, so that any type of DNA can be interrogated. Moreover, it’s a very economic 
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tool, which can screen approximately 25 million bases for $50 in a 4-hour time span. The 

development of this tool was an important step forward for the field, because it was the first 

assay to accurately document the spontaneous mutation frequency and spectrum of mtDNA 

in multiple tissues.  

 

Figure 4. Detection of mtDNA with large deletions in single cells by long-distance PCR. To analyze 

mtDNA from single cells, a cell is first cut out of a tissue sections using a laser capture microdissection. 

MtDNA is extracted from the cell in a small scale lysis reaction, which is then used to in a PCR reaction. 

Primers that encompass the entire genome are used to amplify mtDNA, which can then be analyzed on 

a gel, or sequenced directly. In the example above, both WT molecuies, and deleted mtDNA molecules 

were present in a single isolated neuron. 

 

Figure 5. MtDNA in mitochondria, with or without a human catalase. MtDNA is located near the 

ETC, which exposes it to oxidative damage in the form of the superoxide anion O2. Superoxide can be 

broken down into the less reactive H2O2 by SOD1 or SOD2. Ultimately, this can react to form a 

hydroxyl radical, OH (not shown). Catalase targeted to mitochondria breaks H2O2 down into water 

and oxygen, which decreases the amount of oxidative damage in mitochondria and lowers the 

mutation rate. 



 
Mitochondrial Mutagenesis in Aging and Disease 61 

The most precise assay to measure the expansion rate of mtDNA mutations is single cell 

sequencing of mtDNA[51]. Multiple labs have now established single cell, and even single 

molecule techniques to do this. In these assays, single cells are collected from tissue slides 

using laser capture micro-dissection. These cells are lysed in a micro-reaction, after which 

the mitochondrial genome is PCR amplified and sequenced[51]. If the DNA is diluted to a 

single molecule level before PCR amplification, it is even possible to sequence single 

molecules, so that the number of WT and mutant molecules can be determined to estimate 

the level of heteroplasmy in a cell. This tool is especially powerful when it is used in 

conjunction with a histo-chemical staining technique to identify cells that have lost 

mitochondrial function[52]. 

Each assay does have its drawbacks though. For instance, an important limitation of the 

random mutation capture assay is that it only detects mutations in TaqI restriction sites. This 

makes it harder to extrapolate the results to the rest of the genome. Single cell sequencing on 

the other hand, is very costly and laborious. It is expected though, that modern sequencing 

techniques will greatly improve the cost-effectiveness of this assay in the near future. 

4. Mechanisms of mitochondrial mutagenesis 

Accurate tools to measure mitochondrial mutagenesis in mammalian cells have only 

recently been developed. Thus, the mechanisms that cause mtDNA mutations in mammals 

are still being elucidated. However, several trends are already clear. First, mtDNA is 

anchored to the inner mitochondrial membrane, a structure that also harbors the electron 

transport chain. Along this chain, energy is produced in the form of ATP along 5 major 

complexes (complex I-V). Along this chain, electrons are shuttled from complex to complex, 

which stores up energy in the form of an electrochemical gradient that drives ATP synthesis. 

During this process, electrons can escape from the ETC, and react with oxygen to create a 

highly toxic form of reactive oxygen species. For instance, if the ETC becomes highly 

reduced, excess electrons from complex I or complex III can react directly with oxygen (O2) 

to generate the short-lived superoxide anion O2�. This molecule can react directly with 

mtDNA, or be converted into another form of reactive oxygen species, hydrogen peroxide 

(H2O2), by manganese superoxide dismutase (Sod2) or cupper/zinc super oxide 

dismutase[53] (Sod1). Hydrogen peroxide is a less reactive than O2�, which makes it safer, 

but it is also longer-lived, and can diffuse far enough into the cell to reach the cytosol or the 

nucleus. H2O2 can be further reduced into a hydroxyl radical (OH�), the most potent 

oxidizing ROS, when it encounters a reduced metal or O2�. Under normal physiological 

conditions though, ROS production is kept at a low level. However, if ROS production 

increases (for instance if the respiratory chain is inhibited and electrons accumulate on the 

ETC carriers), it can exceed the antioxidant defenses of the mitochondria. If this happens, 

ROS can damage mtDNA, forming lesions on the genome that can be fixed into mutations. 

Thus, ROS is bound to be an important source of mitochondrial mutagenesis, and multiple 

experiments support this hypothesis. For instance, direct oxidative damage and drugs that 

induce oxidative damage cause homoplasmic mtDNA mutations in mammalian mtDNA[55]. 
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And the reverse was also shown: reducing ROS by expressing a human catalase (an enzyme 

that breaks hydrogen peroxide down into oxygen and water) that is targeted to 

mitochondria lowers the mutation rate (figure 3). Mice expressing mitochondrial catalase 

were shown to display a 2.5-lower mutation burden than normal mice[40, 56]. These, and 

many other experiments show not only that ROS can cause mutations during periods of 

oxidative stress, but also that ROS drive the endogenous mutation rate in the absence of 

stress. This hypothesis is further supported by the mutation spectrum of WT mtDNA (figure 

4), in which the predominant mutation is a GC::AT transition, which is the most common 

mutation caused by reactive oxygen species[23, 57]. These GC::AT transitions are generated 

by cytosine deamination through cytosine glycol and uracil glycol intermediates. 

Ultimately, uracil will pair with adenine during replication, causing the observed GC::AT 

transitions[23, 57]. Interestingly, GC::AT transitions are also the predominant mutations 

found in phylogenetic analyses[30] and many congenital mtDNA diseases[58], suggesting 

that these mutations may also be the result of oxidative damage.  

 

Figure 6. Mutation spectrum of WT mice and mitochondrial mutator mice. The mutation spectrum 

across 3 TaqI sites is shown in the form of electrophoretograms. The numbers above the peaks indicate 

the percentage of mutations found for that substitution. For instance, 65% of the mutations that occur at 

the TaqI sites in WT mice occur at the 3rd base pair (G), and are G to A transitions (green peak, 

corresponding to an adenine base). The mutator mice primarily display GC to AT transitions as well, 

but at a different base. 

Reactive oxygen species are an unavoidable by-product of ATP synthesis[59]. Thus, it can be 

expected that the rate of ATP synthesis itself will affect mtDNA mutagenesis. Indeed, in a 

recent study in human cells, a strong correlation was found between mitochondrial 

respiration and mitochondrial mutagenesis. Cells that relied on mitochondrial respiration 

displayed higher mutation frequencies than cells that used glycolysis for ATP production. 
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This included cancer cells, which are known to prefer glycolysis for ATP production over 

respiration, a phenomenon referred to as the Warburg effect[60]. This observation is so far 

just a correlation though, and more mechanistic experiments will need to substantiate this 

finding.  

 

Figure 7. Mitochondrial fusion and fission homogenize protein content. Three cartoons of cells are 

depicted. Each celll contains one nucleus (circle with two chromosomes), and 4 mitochondria, which 

carry a variable number of DNA repair proteins (numbers inside matrix). After a cycle of fusion and 

fission, these proteins are homogenized. 

Taken together, these experiments suggest that any mechanism controlling the production 

of oxygen radicals will impact mtDNA mutagenesis in some way. Such mechanisms could 

include homoplasmic mtDNA mutations[61]), proteins that control how tightly the electron 

transport chain is coupled, such as UCP1-3[62], or associated proteins that control major 

biological processes inside mitochondria such as ANT1[63]. 

Another potential source of mtDNA mutations is DNA polymerase gamma, the enzyme that 

replicates the mitochondrial genome[64]. DNA polymerase gamma is the enzyme that fixes 

DNA damage into mutations during DNA replication, but it is also possible that PolgA 

makes spontaneous errors on undamaged templates, which could contribute to the mutation 

rate as well. How large this contribution is, is difficult to say though, because DNA 

polymerase gamma has such a low error rate that it cannot be determined with current in 

vitro assays[65]. Thus, creating a mutation spectrum in vitro, and searching for traces of that 

spectrum in vivo is impossible. What is possible though, is to increase the error rate of DNA 

polymerase gamma by removing its proofreading domain. This proofreading domain has a 

3’-5’ exonuclease activity[64] which corrects errors that are made during DNA synthesis. If 

this activity is disabled with a point mutation, the spontaneous error spectrum of the 

enzyme can be exposed[65]. Interestingly, a proofreading deficient DNA polymerase 

gamma induces predominantly GC::AT transitions in vivo[66], similar the spectrum found in 

WT cells. However, a more careful comparison of these spectra at specific sites shows that 

the errors made by a proofreading deficient DNA polymerase gamma occur at different 

bases than those found in WT cells[40]. This suggests that spontaneous errors by DNA 

polymerase gamma on undamaged templates is not a major contributor to the mutation rate 

of WT cells. Its contribution may be greater under certain conditions though, for instance 

when rapid expansion of mtDNA is required, as is the case during development. 
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Figure 8. Mitochondrial fusion and fission homogenize protein content. One WT cell, and one fusion 

deficient cell line is depicted. In each cell, the nucleus is labeled with DAPI (blue) and 

immunocytochemistry has been used to label cytochrome C green and hsp60 red. Mitochondria in the 

WT cell contain approximately the same amount of cytochrome C and hsp60, resulting in a yellow 

coloring. Mitochondria in fusion deficient cells on the other hand carry highly variable amounts of these 

proteins. 

A third source of mitochondrial mutagenesis is protein heterogeneity. Mitochondria 

typically contain 700-1400 proteins[67], which support a wide variety of functions. MtDNA 

only encodes 13 of these, all of which contribute to energy production. The proteins that 

safeguard the integrity of mitochondrial genome are therefore all encoded by the nucleus 

and imported into mitochondria from of the cytoplasm. These proteins include DNA 

polymerase gamma, the mitochondrial helicase Twinkle, and a wide variety of DNA repair 

proteins. Ultimately these proteins must be delivered in the proper stoichiometry in each 

mitochondrion to enable DNA repair[68]. As far as we know though, there is no way for the 

nucleus to orchestrate the distribution of these proteins over hundreds of mitochondria in 

such a precise manner. As a result, the distribution of DNA repair proteins across the 

mitochondrial population is likely to be uneven. This type of protein heterogeneity could 

put mitochondria at risk for mutagenesis. Ultimately, this problem is resolved by 

mitochondrial dynamics. While mitochondria travel along the cytoskeleton, they frequently 

collide in an end-to-end fashion. When they do, they fuse their membranes together to form 

a single, continuous organelle. This fusion process is mediated by 3 GTP-ases. Mitofusin 1 

(Mfn1) and mitofusin 2 (Mfn2) help to fuse the outer membranes together, while OPA1 

fuses the inner membranes together[13]. Fusion of the inner membrane creates one 

uninterrupted matrix, which contains all the molecules of the original fusion partners, 

including any DNA repair proteins. This newly formed mitochondrion will eventually be 

split back into two smaller organelles during a fission event, which is mediated by at least 3 

proteins, Drp1[69], Fis1[69] and Mff[70]. The emerging organelles receive a random 

distribution of DNA, RNA and proteins, so that each mitochondrion contains an “average” 

of all the molecules that the initial fusion partners shared, including any DNA repair 
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proteins. Because mitochondria undergo constant cycles of fusion and fission, DNA repair 

proteins are continuously homogenized over the mitochondrial population, which results in 

a more equal distribution of protein content (see fig 8,9). This idea is supported by mouse 

models, as well as cell lines, in which mitochondrial fusion has been disabled by deletion of 

either Mfn1 or Mfn2. In these cases, proteins are no longer homogenized, resulting in greater 

protein heterogeneity, which increases mtDNA mutations in tissues and cultured cells[15]. 

However, whether protein heterogeneity also contributes to spontaneous mutagenesis in 

WT cells remains unclear. If it does though, its contribution is likely to differ between cell 

types and conditions. For instance, in neurons, mitochondria are located far away from the 

cell body where fewer fusion partners may exist, which could result in increased protein 

heterogeneity. This problem may be exacerbated in older cells, where mitochondrial motility 

is further compromised due to excessive traffic jams inside axons[71]. Another sensitive cell 

type may be muscle fibers, which carry tens of thousands of mitochondria, and countless 

genomes. Some of the most active mitochondria in muscle fibers are placed in very rigid 

positions, in a pair wise pattern along the z-axis of the fiber. Their constant, regular shape 

and precise placement suggest that they undergo limited fusion and fission, and are 

restricted in their movement. As a result, these mitochondria may rely primarily on the 

import of DNA repair proteins to maintain mtDNA stability. This holds the inherent risk of 

increased protein heterogeneity. 

5. DNA repair in mitochondria 

Until recently, it was very difficult to measure mtDNA mutations in mammalian cells. For 

this reason, it remains unclear which in vivo DNA repair mechanisms suppress mutations in 

mtDNA. In contrast, mitochondrial mutation assays are easier to perform in yeast, and as a 

result our knowledge about mtDNA repair in mitochondria comes largely from yeast 

experiments. We now know that base excision repair (BER), mismatch repair (MMR) and 

recombination repair all occur in yeast mitochondria. However, nucleotide excision repair 

(NER) is conspicuously absent. Of these DNA repair pathways, BER understandably the 

most active pathway in mitochondria, given the proximity of mtDNA to the ETC. 

Accordingly, loss of either Ogg1p[72] (which repairs 8-oxo-guanine), Ung1p[73] (which 

excises uracil from mtDNA), or Ntg1p[74] (which excises oxidized pyrimidines) results in a 

2-10 fold increase in mtDNA mutations in yeast. BER activity in mitochondria is further 

supported by Apn1[75] (an AP endonuclease), Pif1[74] (a helicase), MTH1[76] (an 8-oxo-

dGTPase and 8-oxodATPase), and MYH1[77] (which removes adenine opposite 8-oxodG). 

These experiments in yeast have guided similar efforts to explore DNA repair in 

mammalian mitochondria, where a similar set of BER proteins has been detected. These 

experiments demonstrated that both the short and long-patch version of BER is present in 

mammalian mitochondria, with Dna2[78] and Fen1 removing the intermediate flaps[79]. 

Remarkably though, simultaneous loss of OGG1 and MYH (which removes adenine 

incorporated opposite 8-oxo-guanine) did not result in an increased mutagenesis in 

mammalian cells[80], in contrast to yeast. The reason for this discrepancy is unclear, 
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although it is possible that extensive back-up mechanisms are present in mammalian 

mitochondria in the form of NEIL1 and NEIL2[80, 81], two glycosylases whose functions 

overlap with OGG1. A second possibility is that 8-oxo-guanine is not a common a lesion in 

mammalian mitochondria. Historically, 8-oxo-guanine has been the most studied oxidative 

lesion in the DNA repair field because it is practically the only lesion that is easily detected. 

However, there are other oxidative lesions that are undoubtedly more mutagenic than 8-oxo 

guanine, and some of these may even occur more frequently, but because they are almost 

impossible to detect, they remain unstudied. Thus, our emphasis on this lesion may be the 

result of a bias in our studies. The fact that multiple DNA repair enzymes exist to remove 

this lesion clearly argues otherwise though. Regardless, it will be essential for our 

understanding of DNA repair in mitochondria to screen all available mouse models with 

deleted DNA repair genes for increases in mitochondrial mutagenesis using modern tools. 

This is the only way we will get a clear picture of the DNA repair mechanisms that are 

active inside mitochondria. 

Although BER is now clearly defined in mammalian mitochondria, there is only limited 

evidence for other DNA repair pathways in mammalian mitochondria, including mismatch 

repair and recombination repair, two pathways that are active in yeast mitochondria. 

Nucleotide excision repair is absent in mammalian mitochondria though, as it is in yeast, 

since UV lesions are not repaired in mammalian mitochondria[82]. 

In the nucleus, mismatch repair is an extremely important DNA repair pathway, which 

corrects errors that are generated during DNA replication[83]. The mismatch repair (MMR) 

proteins are composed of heterodimeric polypeptides termed MutS and MutL, which differ 

in composition to match the type of lesion they repair (either single base mismatches or 

small insertion-deletion loops). These proteins orchestrate the DNA repair process by first 

detecting the mismatch, and then discriminating between the two DNA strands to identify 

the template strand (which is correct), and the newly synthesized strand (which contains the 

mistake). It is still unclear how strand discrimination occurs in mammalian cells though. 

Mitochondrial MMR was first identified in yeast[84, 85]. And since then, numerous 

experiments have tried to detect MMR activity in mammalian mitochondria. Some of these 

studies have found that the lysate of isolated mitochondria can repair mismatched templates 

[86]. However, it is possible for these lysates to be contaminated with nuclear proteins, 

which could confound the results. Thus, numerous researchers have also tried to image 

cells, in order to detect fluorescently tagged MMR proteins in mitochondria. Most of these 

experiments failed to detect the MutS or MutL complexes in mitochondria. However, they 

did identify a new protein, YB-1, which seems to aid mitochondrial MMR[47]. This raises 

the surprising possibility that a different set of proteins governs mismatch repair in 

mitochondria compared to the nucleus. In contrast, BER in mitochondria is performed by 

the same set of proteins that are present in the nucleus. However, if it is true that mtDNA is 

replicated by a mechanism that is different from nuclear DNA, it may actually be expected 

that a different type of enzyme is required for MMR. For now though, it will be important to 

validate this observation further with mechanistic insight. It will be important to elucidate 
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the function of YB-1 is in mitochondrial MMR, determine its activity, and demonstrate how 

it aids in strand-discrimination. And finally, since loss of the proofreading activity of DNA 

polymerase gamma results in a >1000-fold increase in mutations, it will be important to 

understand how this increase can be so large in the presence of MMR. 

Besides single base lesions, oxidative damage can also causes single strand and double 

strand breaks in DNA, as well as DNA cross-links. For this reason, it would make sense for 

recombination repair to take place in mammalian mitochondria alongside BER. The most 

direct evidence for mitochondrial recombination comes from sequence analysis of mtDNA 

molecules. For instance, multiple labs have found evidence for intra-, as well as inter-strand 

recombination events[87-91]. These experiments suggest that micro-homology between 

mtDNA sequences is used for repair activity. Although the mechanisms of homologous 

recombination in mitochondria are still unclear, it seems as though the proofreading domain 

of DNA polymerase gamma plays an important role in this process. When the proofreading 

domain is deactivated, mtDNA molecules seem to recombine without the need for 

homology, with breakpoints that are reminiscent of NHEJ events[88]. Thus, one possibility 

is that PolgA aids homology searching during DNA repair processes. Besides PolgA, it is 

unclear which molecules function in double strand break repair. For instance, RAD51 and 

RAD52 have not been found in mammalian mitochondria[79]. A third protein, Mre11, which 

is involved in nuclear DSB repair, does aid recombination repair in yeast mitochondria 

though, and may be present in mammalian mitochondria as well[92, 93]. 

The relatively sparse evidence for DNA repair pathways in mitochondria has even led some 

to suggest that rather than being repaired, damaged mtDNA may be targeted for 

destruction. Destroying an entire genome instead making a few repairs seems wasteful 

though, and more data is needed to build the case for this hypothesis. For instance, the 

nuclease that would destroy damaged mitochondrial genomes has not yet been 

identified[79]. Others have suggested that mitochondria containing damaged DNA or 

excessive mutations may be targeted for mitophagy. If this hypothesis is true though, one 

would expect that mutated genomes are removed from a cell until only the WT genome 

persists. Clearly this is not the case though, because congenital mtDNA mutations persist in 

mitochondrial patients, and are not selectively removed. 

6. The effect of mtDNA mutations on human health 

MtDNA encodes 13 proteins, all of which are essential to mitochondrial energy production. 

Accordingly, mtDNA mutations have the strongest impact on cells that have persistent, and 

high energy demands, including neurons, muscle fibers and the endocrine system. Despite 

the fact that only a limited set of cells is strongly affected by mtDNA mutations, it is very 

difficult to predict the effect a mutation will have on a patient due to the complexity of 

mitochondrial genetics. This is especially true in the case of inherited mtDNA mutations. 

First, it is possible for mutations in different genes to have nearly identical consequences. 

This is a direct result of the extensive functional overlap between different mtDNA genes. 
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One example of a mitochondrial disease that is caused by these types of mutations is Lebers 

hereditary optical neuropathy[94] (LHON), a disease that causes a sudden onset of 

blindness due to mutations in the mitochondrial ND1, ND2, ND3, ND4, ND5, ND6[95-97], 

COII, COIII[98], CYB[94], or ATP6 gene[58, 94] (see also figure 1). 

Surprisingly though, there is also a second class of mutations, which occur in the same gene, 

but have completely different consequences. For example, missense mutations in the ND6 

gene can either cause Leigh syndrome[99-101], generalized dystonia and deafness[101, 102], 

mitochondrial encephalomyopathy with lactic acidosis and stroke-like episodes[103] 

(MELAS), or Leber hereditary optic neuropathy[94]. 

 

Figure 9. Data from Wanagat et al., FEBS 2000. A single muscle fiber is depicted in the cartoon above, 

which has been reconstructed from tens of sections that were taken across its length. Each slice 

represents one of these sections. Healthy sections of the fiber (at the edges) are larger than the sections 

that display mitochondrial dysfunction (center). The unhealthy sections contain excessive amounts of 

mtDNA deletions, whereas the healthy sections do not. 

Finally, a third class exists, in which identical mutations in the same gene cause different 

phenotypes depending on the level of heteroplasmy at which that mutation is present in a 

patient’s tissues. For instance, some of the most frequent mtDNA disorders are caused by 

mutations in the mitochondrial tRNA genes. The most common of these is an (A > G) 

mutation in the tRNALeu(UUR) gene[104]. When present at low levels of heteroplasmy 

(10%–30%) a patient may present with type II diabetes, with or without deafness[105]. This 

is actually the most common inherited cause of type II diabetes, accounting for 

approximately 1% of all type II diabetes in the world[59]. By contrast, when this mutation is 

present in >70% of the patients mtDNA molecules, it does not cause diabetes, but presents 

itself with more severe symptoms[104], including short stature, cardiomyopathy, CPEO (a 

mitochondrial myopathy that is frequently associated with ophthalmoplegia and ptosis, 

referred to as chronic progressive external ophthalmoplegia), and the MELAS syndrome. 
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The diagnosis of these diseases is further complicated by the fact that the symptoms of 

different mtDNA diseases can overlap with each other. For instance, some mtDNA 

rearrangements cause CPEO, which is characterized by a slow, progressive paralysis of the 

extraocular muscles[59]. These features can be completely mimicked by Kearns–Sayre 

syndrome (KSS) though, which can present itself just like CPEO[106]. However, KSS is a 

much more devastating myopathy, which progressses to a multisystemic disorder 

manifested through cardiac dysfunction, mental retardation, and various endocrine 

disorders. Another example of clinical phenotypes melding into each other is Pearson’s 

pancreatic syndrome, which is caused by large mtDNA rearrangements that affect the bone 

marrow and frequently result in childhood pancytopenia. Pearson’s syndrome can progress 

to KSS if the pancytopenia is treated successfully[59]. 

Like congenital mutations, somatic mtDNA mutations tend to impact muscles fibers and 

neurons as well. However, they do so in a very different way. If a congenital mutation is 

present in the zygote, it is passed from cell to cell during development, so that a single 

mutation is dispersed across a patient’s tissues. Ultimately, the severity of the resulting 

disease is dictated by the amount of mutated mtDNA that ends up in a patient’s muscle 

fibers and neurons. However, each cell carries the same mutation. 

 

Figure 10. Data from Kraytsberg, Nature Genetics 2006. MtDNA was collected from single neurons, 

derived from nine individuals aged 33-102. The mtDNA of these individuals was then PCR amplified 

and sequenced. The fraction of the mtDNA molecules in those cells that contained an mtDNA deletion 

is represented. Each peak corresponds to the analysis of one neuron. 

Somatic mutations on the other hand, arise in neurons and muscle fibers that are already 

differentiated, post-mitotic cells. Thus, each mutation only affects the cell it arises in, and 

will not be passed on from cell to cell. For a tissue to be affected then, countless mutations 

must occur, resulting in a mosaic pattern of cells that either do, or do not carry a mutation. 

Moreover, since each mutation results from a unique event, each cell carries a unique 

mtDNA mutation. This causes an important problem, because if each mutation only occurs 

once, they are almost impossible to detect in bulk samples, where millions of cells are 
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monitored simultaneously. To find these mutations, a tissue must be screened one cell at a 

time. When single neurons, cardiomyocytes or muscle fibers with mitochondrial 

abnormalities are micro-dissected, and mtDNA is isolated from these single cells, it is 

indeed found that each cell carries a unique clonally expanded mtDNA mutation. These 

types of screens are very labor intensive, but they are the only way to measure the impact of 

somatic mtDNA mutations on a tissue. 

These ground breaking single cell screens were first performed on muscle fibers[52, 107]. As 

we grow older, our muscle fibers tend to undergo age-related atrophy. This process is 

accompanied by segmental mitochondrial dysfunction, which can ultimately cause 

disruption of single fibers. If a dysfunctional muscle fiber is dissected, and mtDNA is 

isolated from different sections along the fiber, it is invariably found that dysfunctional 

sections carry a single mtDNA mutation that has clonally expanded to greater than 80-90% 

of all mtDNA molecules in the dysfunctional section of the fiber (figure 5). Healthy sections 

of the fiber on the other hand do not carry the mutation. 

Similar experiments have been performed on neurons. As we grow older, our neurons tend 

to lose mitochondrial function, and the most prominent group of neurons to do so, are the 

dopaminergic neurons found in the substantia nigra[108, 109]. Like muscle fibers, these 

neurons can be recovered using laser capture micro-dissection, and their mtDNA can be 

sequenced. When the mtDNA is analyzed of patients with increasing age, it is indeed found 

that the substantia nigra of older patients carry more mtDNA deletions inside their cells 

than younger patients[109] (figure 6). Since the substantia nigra is the primary tissue 

affected by Parkinson’s disease, it is thought that these mtDNA deletions may also play a 

key role in the etiology of this disease[110]. 

Besides post-mitotic cells, mtDNA mutations can also affect dividing cells. For instance, 

mtDNA mutations are frequently found in aging colonic stem cells[111]. Most dividing cells 

do not require enormous amounts of ATP production though, so that the pathology caused 

by mtDNA mutations is relatively mild in these cell types. Tumor cells may be an important 

exception to this rule[112]. In recent years, countless tumors have been tested for mutations 

in their mitochondrial genome. These screens revealed that human tumors frequently carry 

clonally expanded mtDNA mutations. Interestingly, these mutations seem to be present in 

almost every cell of the tumor, suggesting that they either originated in the original cancer 

stem cell, or were acquired during one of the genetic bottlenecks that define cancer 

progression. Since then, an important debate has erupted on the role of mtDNA mutations 

in human cancers. This debate centers around a single question: do mtDNA mutations 

provide a selective advantage to cancer cells?[112] 

Opponents of this idea pointed out that, if it is true that mtDNA mutations induce 

carcinogenesis, then the offspring of a mouse that carries such mutations should develop 

tumors as well[113, 114]. However, no bias toward maternal inheritance of carcinogenesis 

has been reported. The foundation of this hypothesis was further shaken when it was 

shown that several studies that initially reported the presence of mtDNA mutations in 
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human cancers[115-118] contained analytic or technical errors[119]. As a result, most 

researchers started to doubt whether mtDNA mutations had anything to do with 

carcinogenesis. 

However, an unexplored possibility is that mtDNA mutations do not affect the initial 

oncogenic transformation of a tumor cell, but a later stage of cancer progression. One recent 

study tested this hypothesis by investigating whether mtDNA mutations control metastasis 

{!!!!Ishikawa, Hayashi, Science, 2008 please insert reference properly!!!}, the final, and most 

deadly stage of cancer progression. To do this, the authors of this study replaced the 

mtDNA of a cell line with low metastatic potential, with the mtDNA of a cell line that has 

high metastatic potential. They discovered that the metastatic potential of the malignant cell 

line was transferred to the benign cell line, not with its nDNA, but with its mtDNA. 

Conversely, if the mtDNA from a benign cell line was placed in the cytoplasm of the 

malignant cell line, the malignant cell line lost its metastatic potential. Additional analysis 

then showed that the mtDNA of the malignant cell line contained an mtDNA mutation in 

the ND6 gene, which increased ROS production. The increased ROS production must have 

been responsible for the metastatic potential of the cells, because if the malignant cell line 

was treated with ROS scavengers prior to implantation into mice to test its metastatic 

potential, the malignant cell line displayed a benign phenotype. This experiment was 

extremely important for the field for three reasons. First, it explained how mtDNA 

mutations can be involved in cancer progression without causing oncogenic transformation. 

Second, it demonstrated how proper mechanistic studies can be conducted in order to probe 

the role of mtDNA mutations in cancer progression. And third, it provided the first true 

mechanistic link between mtDNA mutations and metastasis. 

7. Mouse models of mitochondrial mutagenesis 

Because it is currently impossible to transform the mitochondrial genome of mice, it has 

been difficult to generate mouse models that mimic mitochondrial disease. Despite this 

frustrating technical limitation, there has actually been tremendous progress in this area 

over the last decade. During this time, three classes of mouse models have been developed: 

one class of mouse models was generated to study hereditary mtDNA diseases, a second to 

study somatic mtDNA diseases, and a third class was generated to study alleles of genes 

that cause disease in humans. 

Of these three mouse models, the most difficult class to develop was a model to study 

inherited mtDNA mutations. Such a model requires a change to be made to the primary 

sequence of the mitochondrial genome. To do this, researchers have started using cybrid 

technology[120, 121]. Cybrid technology allows researchers to generate cells that are 

cytoplasmic hybrids of each other, or cybrids for short. A typical cybrid is created by fusing 

an enucleated donor cell, which contains an interesting mtDNA mutation, to an embryonic 

stem cell that has previously been depleted of its own mitochondrial DNA with ethidium 

bromide treatment. If the fusion process is successful, the resulting cell line will contain the 

nDNA of the ES cell and the mtDNA of the donor cell. This cell line can then be injected into 
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blastocysts and placed in a foster mother to generate mice with an inherited mtDNA 

mutation. 

Although this is technically challenging, the true task is to find a cell line that carries an 

interesting mtDNA mutation. One way to find such a cell line, is to exposing cells to drugs 

that interfere with the ETC, and then select for cells that become resistant. For instance, 

treatments with chloramphenicol[120, 122], antimycin A[123], or rotenone[124] have yielded 

several cell lines that contain harmful homoplasmic mutations in their mtDNA. These 

mutations can then be moved into the germ line of mice according to the protocol described 

above. Mice that carry the chloramphenicol resistance mutation for instance, exhibit 

pathology that is reminiscent of the MELAS syndrome, attesting to the usefulness of this 

approach. 

Other “mito-mice” that have been generated carry either a 4.7kb DNA deletion[125, 126], or 

point mutations in the ND6, COI, or 16s rRNA gene[18]. These mice exhibit a spectrum of 

phenotypes that mimic mtDNA diseases and have become valuable tools to understand the 

natural history of inherited mtDNA mutations. So far, they have helped us understand how 

mtDNA mutations are transmitted through the germ line, how they are dispersed 

throughout the organism during development, and how they ultimately cause pathology in 

mature mice[18, 125]. There were also some surprises though. For instance, patients with 

large mtDNA deletions typically present with muscle weakness, exercise intolerance, 

abnormal mitochondria in their skeletal muscle fibers, diabetes, pancreatic dysfunction and 

hearing loss. However, mice that carry a 4.7 kb deletion have a very different phenotype. 

They do exhibit respiratory dysfunction in their muscle cells, but suffer no diabetes, hearing 

loss, exercise intolerance or loss of pancreatic function. Instead, these mice die 

overwhelmingly of kidney failure, which is not a typical symptom of mitochondrial disease. 

A second class of mouse models was developed to study the effect of somatic mtDNA 

mutations on human health. To do this, researchers increased the somatic mutation rate of 

mtDNA, by generating error prone versions of DNA polymerase gamma, the enzyme that 

replicates the mitochondrial genome. DNA polymerase gamma contains a 3’-5’ exonuclease 

domain, which corrects errors that are made during DNA synthesis, similar to the major 

DNA polymerases in the nucleus[127]. This proofreading domain can be knocked out with a 

single point mutation[128, 129], which vastly increases the mitochondrial mutation rate[40]. 

Numerous mouse models have been generated that express this error prone allele either as a 

tissue specific transgene[130], or systematically using gene substitution techniques[128, 129]. 

The most informative model has been the mice that express the error prone polymerase 

gamma from its native locus. Interestingly, both the heterozygous and homozygous carriers 

of the error prone allele display enormous increases in mutations. Thus, the error prone 

allele is partially dominant, which is consistent with previous results in yeast[131, 132]. It 

was found that homozygous carriers of the error prone allele display a 1000 fold increase in 

point mutations, whereas heterozygous carriers display a 100 fold increase in mutations[40], 

which is again comparable to experiments performed in yeast[131, 132]. These mouse 

models represent an extremely important contribution to the field because they are the first 
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to directly manipulate the fidelity of the mitochondrial genome in mammals. As a result, 

they are also the first models to show a true mechanistic link between mtDNA mutations 

and disease. Interestingly, it was found that the homozygous carriers of the error prone 

allele suffer from extensive mitochondrial disease, which manifests itself as a premature 

aging like syndrome. These animals exhibit symptoms of alopecia (loss of fur), kyphosis 

(arching of the spine), premature deafness, premature blindness, cardiomyopathy, loss of 

subcutaneous fat, anemia, osteoporosis, loss of fertility and numerous other problems that 

resemble human aging[128, 129]. Partially, these problems are caused by extensive 

apoptosis, especially in dividing tissues[128]. Whether mitochondrial mutations cause these 

symptoms normal mice is still being debated. In later experiments it was shown that the 

heterozygous carriers of the proofreading deficient PolgA allele (which also display 

increased amounts of point mutations compared to normal mice) do not display overt 

symptoms of disease, or features of premature aging[40]. However, one important 

distinction is that, in contrast to the homozygous mice, the heterozygous carriers do not 

display an increased amount of mtDNA deletions, or aborted replication intermediates[88, 

133]. It will be important to further test whether these deletions or the replication 

intermediates contribute significantly to the phenotype of the homozygous mice with the 

appropriate tools. 

Finally, a third class of mouse models has been developed that carry specific alleles of genes 

that cause disease in humans. These mutations interfere with the normal function of 

proteins that are part of the mitochondrial replication fork. This fork consists of four core 

proteins: the catalytic subunit of DNA polymerase gamma, two accessory subunits, and the 

mitochondrial helicase Twinkle. Mutations in all these genes are known to cause various 

neuromuscular diseases, including progressive external opthalmoplegia (PEO), Alpers 

disease and ataxia neuropathy. Some of the mutations in Twinkle that are known to cause 

PEO in humans have now been reconstituted in mice[136]. These mouse models have 

provided us with fantastic new insight into the etiology of adult onset PEO. First, the 

muscles of these animals faithfully replicate all of the key histological, genetic, and 

biochemical features of PEO patients. Secondly, these alleles recreate a mitochondrial 

mutator phenotype by increasing the amount of mtDNA deletions that occur in somatic 

cells. Importantly, these mtDNA deletions do not result in a premature aging like syndrome, 

which is powerful evidence against a role for mtDNA deletions in aging. On the other hand 

though, it should be noted that these mice over-express transgenic copies of Twinkle. As a 

result, the expression pattern is likely to be mosaic, which may affect the severity of 

mitochondrial disease in these tissues. Regardless, these mouse models are extremely 

important successes on the road to battling mitochondrial disease. They provide a new 

system to test treatment options in, and to study the natural history of diseases that are 

notoriously difficult to track. As a result, these mouse models are our best to chance to make 

a difference in the lives of afflicted individuals, and their families. They will eventually 

illuminate the great unknowns of mitochondrial genetics, and open the door to improved 

health care and a longer health span, courtesy of mitochondrial medicine. 



 

Mutagenesis 74 

Author details 

Marc Vermulst 

Department of Chemistry, University of North Carolina, Chapel Hill, USA 

Konstantin Khrapko 

Department of Medicine, Division of Gerontology, Beth Israel Deaconess Hospital, Harvard, Boston,  

USA 

Jonathan Wanagat 

Department of Medicine, Division of Geriatrics, University of California Los Angeles, Los Angeles,  

USA 

Acknowledgement 

Dr. Lawrence A. Loeb, Dr. Jason Bielas, Dr. David Chan, Dr. Dorothy A. Erie, Dr. George 

Martin, Dr. Peter R. Rabinovitch. 

8. References 

[1] Ephrussi, B., Jakob, H., and Grandchamp, S. (1966). Etudes Sur La SuppressivitE Des 

Mutants a Deficience Respiratoire De La Levure. II. Etapes De La Mutation Grande En 

Petite Provoquee Par Le Facteur Suppressif. Genetics 54, 1-29. 

[2] Mounolou, J.C., Jakob, H., and Slonimski, P.P. (1966). Mitochondrial DNA from yeast 

"petite" mutants: specific changes in buoyant density corresponding to different 

cytoplasmic mutations. Biochem Biophys Res Commun 24, 218-224. 

[3] Schatz, G. (1963). The Isolation of Possible Mitochondrial Precursor Structures from 

Aerobically Grown Baker's Yeast. Biochem Biophys Res Commun 12, 448-451. 

[4] Tewari, K.K., Jayaraman, J., and Mahler, H.R. (1965). Separation and characterization of 

mitochondrial DNA from yeast. Biochem Biophys Res Commun 21, 141-148. 

[5] Ingman, M., Kaessmann, H., Paabo, S., and Gyllensten, U. (2000). Mitochondrial 

genome variation and the origin of modern humans. Nature 408, 708-713. 

[6] Cann, R.L., Stoneking, M., and Wilson, A.C. (1987). Mitochondrial DNA and human 

evolution. Nature 325, 31-36. 

[7] Wallace, D.C. Mitochondrial DNA mutations in disease and aging. Environ Mol 

Mutagen 51, 440-450. 

[8] McBride, H.M., Neuspiel, M., and Wasiak, S. (2006). Mitochondria: more than just a 

powerhouse. Curr Biol 16, R551-560. 

[9] Anderson, S., Bankier, A.T., Barrell, B.G., de Bruijn, M.H., Coulson, A.R., Drouin, J., 

Eperon, I.C., Nierlich, D.P., Roe, B.A., Sanger, F., et al. (1981). Sequence and 

organization of the human mitochondrial genome. Nature 290, 457-465. 



 
Mitochondrial Mutagenesis in Aging and Disease 75 

[10] Andrews, R.M., Kubacka, I., Chinnery, P.F., Lightowlers, R.N., Turnbull, D.M., and 

Howell, N. (1999). Reanalysis and revision of the Cambridge reference sequence for 

human mitochondrial DNA. Nat Genet 23, 147. 

[11] Frederick, R.L., and Shaw, J.M. (2007). Moving mitochondria: establishing distribution 

of an essential organelle. Traffic 8, 1668-1675. 

[12] Nakada, K., Inoue, K., Ono, T., Isobe, K., Ogura, A., Goto, Y.I., Nonaka, I., and Hayashi, 

J.I. (2001). Inter-mitochondrial complementation: Mitochondria-specific system 

preventing mice from expression of disease phenotypes by mutant mtDNA. Nat Med 7, 

934-940. 

[13] Chan, D.C. (2006). Mitochondria: dynamic organelles in disease, aging, and 

development. Cell 125, 1241-1252. 

[14] Chomyn, A., Martinuzzi, A., Yoneda, M., Daga, A., Hurko, O., Johns, D., Lai, S.T., 

Nonaka, I., Angelini, C., and 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 U S A 89, 4221-4225. 

[15] Chen, H., Vermulst, M., Wang, Y.E., Chomyn, A., Prolla, T.A., McCaffery, J.M., and 

Chan, D.C. (2010). Mitochondrial fusion is required for mtDNA stability in skeletal 

muscle and tolerance of mtDNA mutations. Cell 141, 280-289. 

[16] Case, J.T., and Wallace, D.C. (1981). Maternal inheritance of mitochondrial DNA 

polymorphisms in cultured human fibroblasts. Somatic Cell Genet 7, 103-108. 

[17] Stewart, J.B., Freyer, C., Elson, J.L., Wredenberg, A., Cansu, Z., Trifunovic, A., and 

Larsson, N.G. (2008). Strong purifying selection in transmission of mammalian 

mitochondrial DNA. PLoS Biol 6, e10. 

[18] Fan, W., Waymire, K.G., Narula, N., Li, P., Rocher, C., Coskun, P.E., Vannan, M.A., 

Narula, J., Macgregor, G.R., and Wallace, D.C. (2008). A mouse model of mitochondrial 

disease reveals germline selection against severe mtDNA mutations. Science 319, 958-

962. 

[19] Sackton, T.B., Haney, R.A., and Rand, D.M. (2003). Cytonuclear coadaptation in 

Drosophila: disruption of cytochrome c oxidase activity in backcross genotypes. 

Evolution 57, 2315-2325. 

[20] Rand, D.M., Fry, A., and Sheldahl, L. (2006). Nuclear-mitochondrial epistasis and 

drosophila aging: introgression of Drosophila simulans mtDNA modifies longevity in 

D. melanogaster nuclear backgrounds. Genetics 172, 329-341. 

[21] Rand, D.M., Haney, R.A., and Fry, A.J. (2004). Cytonuclear coevolution: the genomics of 

cooperation. Trends Ecol Evol 19, 645-653. 

[22] Stumpf, J.D., and Copeland, W.C. Mitochondrial DNA replication and disease: insights 

from DNA polymerase gamma mutations. Cell Mol Life Sci 68, 219-233. 

[23] Kreutzer, D.A., and Essigmann, J.M. (1998). Oxidized, deaminated cytosines are a 

source of C --> T transitions in vivo. Proc Natl Acad Sci U S A 95, 3578-3582. 



 

Mutagenesis 76 

[24] Frederico, L.A., Kunkel, T.A., and Shaw, B.R. (1990). A sensitive genetic assay for the 

detection of cytosine deamination: determination of rate constants and the activation 

energy. Biochemistry 29, 2532-2537. 

[25] Lindahl, T. (1993). Instability and decay of the primary structure of DNA. Nature 362, 

709-715. 

[26] Barnes, D.E., Lindahl, T., and Sedgwick, B. (1993). DNA repair. Curr Opin Cell Biol 5, 

424-433. 

[27] Yang, M.Y., Bowmaker, M., Reyes, A., Vergani, L., Angeli, P., Gringeri, E., Jacobs, 

H.T., and Holt, I.J. (2002). Biased incorporation of ribonucleotides on the 

mitochondrial L-strand accounts for apparent strand-asymmetric DNA replication. 

Cell 111, 495-505. 

[28] Holt, I.J., Lorimer, H.E., and Jacobs, H.T. (2000). Coupled leading- and lagging-strand 

synthesis of mammalian mitochondrial DNA. Cell 100, 515-524. 

[29] Pohjoismaki, J.L., Holmes, J.B., Wood, S.R., Yang, M.Y., Yasukawa, T., Reyes, A., Bailey, 

L.J., Cluett, T.J., Goffart, S., Willcox, S., et al. Mammalian mitochondrial DNA 

replication intermediates are essentially duplex but contain extensive tracts of 

RNA/DNA hybrid. J Mol Biol 397, 1144-1155. 

[30] Tanaka, M., and Ozawa, T. (1994). Strand asymmetry in human mitochondrial DNA 

mutations. Genomics 22, 327-335. 

[31] Holt, I.J., and Jacobs, H.T. (2003). Response: The mitochondrial DNA replication bubble 

has not burst. Trends Biochem Sci 28, 355-356. 

[32] Bogenhagen, D.F., and Clayton, D.A. (2003). Concluding remarks: The mitochondrial 

DNA replication bubble has not burst. Trends Biochem Sci 28, 404-405. 

[33] Bogenhagen, D.F., and Clayton, D.A. (2003). The mitochondrial DNA replication bubble 

has not burst. Trends Biochem Sci 28, 357-360. 

[34] Brown, T.A., Cecconi, C., Tkachuk, A.N., Bustamante, C., and Clayton, D.A.  

(2005). Replication of mitochondrial DNA occurs by strand displacement with 

alternative light-strand origins, not via a strand-coupled mechanism. Genes Dev 19, 

2466-2476. 

[35] Asin-Cayuela, J., and Gustafsson, C.M. (2007). Mitochondrial transcription and its 

regulation in mammalian cells. Trends Biochem Sci 32, 111-117. 

[36] Hanawalt, P.C., and Spivak, G. (2008). Transcription-coupled DNA repair: two decades 

of progress and surprises. Nat Rev Mol Cell Biol 9, 958-970. 

[37] Kamenisch, Y., Fousteri, M., Knoch, J., von Thaler, A.K., Fehrenbacher, B., Kato, H., 

Becker, T., Dolle, M.E., Kuiper, R., Majora, M., et al. Proteins of nucleotide and base 

excision repair pathways interact in mitochondria to protect from loss of subcutaneous 

fat, a hallmark of aging. J Exp Med 207, 379-390. 

[38] Jacobs, H.T. (2003). The mitochondrial theory of aging: dead or alive? Aging Cell 2, 11-

17. 

[39] Vermulst, M., Bielas, J.H., and Loeb, L.A. (2008). Quantification of random mutations in 

the mitochondrial genome. Methods 46, 263-268. 



 
Mitochondrial Mutagenesis in Aging and Disease 77 

[40] Vermulst, M., Bielas, J.H., Kujoth, G.C., Ladiges, W.C., Rabinovitch, P.S., Prolla, T.A., 

and Loeb, L.A. (2007). Mitochondrial point mutations do not limit the natural lifespan 

of mice. Nat Genet 39, 540-543. 

[41] Kuhn, R., and Wurst, W. (2009). Overview on mouse mutagenesis. Methods Mol Biol 

530, 1-12. 

[42] Cariello, N.F., Narayanan, S., Kwanyuen, P., Muth, H., and Casey, W.M. (1998). A novel 

bacterial reversion and forward mutation assay based on green fluorescent protein. 

Mutat Res 414, 95-105. 

[43] Bielas, J.H. (2002). A more efficient Big Blue protocol improves transgene rescue and 

accuracy in a adduct and mutation measurement. Mutat Res 518, 107-112. 

[44] Skandalis, A., and Glickman, B.W. (1990). Endogenous gene systems for the study of 

mutational specificity in mammalian cells. Cancer Cells 2, 79-83. 

[45] Malling, H.V. (2004). History of the science of mutagenesis from a personal perspective. 

Environ Mol Mutagen 44, 372-386. 

[46] Kearsey, S.E., and Craig, I.W. (1981). Altered ribosomal RNA genes in mitochondria 

from mammalian cells with chloramphenicol resistance. Nature 290, 607-608. 

[47] de Souza-Pinto, N.C., Mason, P.A., Hashiguchi, K., Weissman, L., Tian, J., Guay, D., 

Lebel, M., Stevnsner, T.V., Rasmussen, L.J., and Bohr, V.A. (2009). Novel DNA 

mismatch-repair activity involving YB-1 in human mitochondria. DNA Repair (Amst) 8, 

704-719. 

[48] Hoeijmakers, J.H. (2001). Genome maintenance mechanisms for preventing cancer. 

Nature 411, 366-374. 

[49] Friedberg EC , W.G., Siede W, Wood RD, Schultz R.A. Ellenberger T (2006). DNA  

repair and mutagenesis, 2 Edition, (Washington DC: American Society for 

Microbiology). 

[50] Bielas, J.H., and Loeb, L.A. (2005). Quantification of random genomic mutations. Nat 

Methods 2, 285-290. 

[51] Kraytsberg, Y., Nicholas, A., Caro, P., and Khrapko, K. (2008). Single molecule PCR in 

mtDNA mutational analysis: Genuine mutations vs. damage bypass-derived artifacts. 

Methods 46, 269-273. 

[52] Wanagat, J., Cao, Z., Pathare, P., and Aiken, J.M. (2001). Mitochondrial DNA 

deletion mutations colocalize with segmental electron transport system 

abnormalities, muscle fiber atrophy, fiber splitting, and oxidative damage in 

sarcopenia. Faseb J 15, 322-332. 

[53] Zelko, I.N., Mariani, T.J., and Folz, R.J. (2002). Superoxide dismutase multigene family: 

a comparison of the CuZn-SOD (SOD1), Mn-SOD (SOD2), and EC-SOD (SOD3) gene 

structures, evolution, and expression. Free Radic Biol Med 33, 337-349. 

[54] Wallace, D.C., and Fan, W. (2009). The pathophysiology of mitochondrial disease as 

modeled in the mouse. Genes Dev 23, 1714-1736. 



 

Mutagenesis 78 

[55] Mambo, E., Gao, X., Cohen, Y., Guo, Z., Talalay, P., and Sidransky, D. (2003). 

Electrophile and oxidant damage of mitochondrial DNA leading to rapid evolution of 

homoplasmic mutations. Proc Natl Acad Sci U S A 100, 1838-1843. 

[56] D Dai, L.S., M Vermulst, et al. (submitted). Overexpression of catalase targeted to 

mitochondria attenuates murine cardiac aging. Circulation. 

[57] Wang, D., Kreutzer, D.A., and Essigmann, J.M. (1998). Mutagenicity and repair of 

oxidative DNA damage: insights from studies using defined lesions. Mutat Res 400, 99-

115. 

[58] Wallace, D. (2012). Mitomap. (http://www.mitomap.org/). 

[59] Wallace, D.C. (2005). A mitochondrial paradigm of metabolic and degenerative 

diseases, aging, and cancer: a dawn for evolutionary medicine. Annu Rev Genet 39, 359-

407. 

[60] Bielas, N.E.M.K.M.V.K.S.J.O.S.J.J.S.J.H. (2012). Decreased Mitochondrial DNA 

Mutagenesis in Human Colorectal Cancer. PLOS Genetics. 

[61] Ishikawa, K., Takenaga, K., Akimoto, M., Koshikawa, N., Yamaguchi, A., Imanishi, H., 

Nakada, K., Honma, Y., and Hayashi, J. (2008). ROS-generating mitochondrial DNA 

mutations can regulate tumor cell metastasis. Science 320, 661-664. 

[62] Krauss, S., Zhang, C.Y., and Lowell, B.B. (2005). The mitochondrial uncoupling-protein 

homologues. Nat Rev Mol Cell Biol 6, 248-261. 

[63] Graham, B.H., Waymire, K.G., Cottrell, B., Trounce, I.A., MacGregor, G.R., and Wallace, 

D.C. (1997). A mouse model for mitochondrial myopathy and cardiomyopathy 

resulting from a deficiency in the heart/muscle isoform of the adenine nucleotide 

translocator. Nat Genet 16, 226-234. 

[64] Copeland, W.C. (2008). Inherited mitochondrial diseases of DNA replication. Annu Rev 

Med 59, 131-146. 

[65] Longley, M.J., Nguyen, D., Kunkel, T.A., and Copeland, W.C. (2001). The fidelity of 

human DNA polymerase gamma with and without exonucleolytic proofreading and 

the p55 accessory subunit. J Biol Chem 276, 38555-38562. 

[66] Spelbrink, J.N., Toivonen, J.M., Hakkaart, G.A., Kurkela, J.M., Cooper, H.M., Lehtinen, 

S.K., Lecrenier, N., Back, J.W., Speijer, D., Foury, F., et al. (2000). In vivo functional 

analysis of the human mitochondrial DNA polymerase POLG expressed in cultured 

human cells. J Biol Chem 275, 24818-24828. 

[67] Mootha, V.K., Bunkenborg, J., Olsen, J.V., Hjerrild, M., Wisniewski, J.R., Stahl, E., 

Bolouri, M.S., Ray, H.N., Sihag, S., Kamal, M., et al. (2003). Integrated analysis of 

protein composition, tissue diversity, and gene regulation in mouse mitochondria. Cell 

115, 629-640. 

[68] Fishel, M.L., Seo, Y.R., Smith, M.L., and Kelley, M.R. (2003). Imbalancing the DNA base 

excision repair pathway in the mitochondria; targeting and overexpressing N-

methylpurine DNA glycosylase in mitochondria leads to enhanced cell killing. Cancer 

Res 63, 608-615. 



 
Mitochondrial Mutagenesis in Aging and Disease 79 

[69] Smirnova, E., Griparic, L., Shurland, D.L., and van der Bliek, A.M. (2001). Dynamin-

related protein Drp1 is required for mitochondrial division in mammalian cells. Mol 

Biol Cell 12, 2245-2256. 

[70] Gandre-Babbe, S., and van der Bliek, A.M. (2008). The novel tail-anchored membrane 

protein Mff controls mitochondrial and peroxisomal fission in mammalian cells. Mol 

Biol Cell 19, 2402-2412. 

[71] Friedman, T., Dunlap, J.C., Goodwin, S.F. (2011). Advances in genetics, (Elsevier). 

[72] Singh, K.K., Sigala, B., Sikder, H.A., and Schwimmer, C. (2001). Inactivation of 

Saccharomyces cerevisiae OGG1 DNA repair gene leads to an increased frequency of 

mitochondrial mutants. Nucleic Acids Res 29, 1381-1388. 

[73] Chatterjee, A., and Singh, K.K. (2001). Uracil-DNA glycosylase-deficient yeast exhibit a 

mitochondrial mutator phenotype. Nucleic Acids Res 29, 4935-4940. 

[74] O'Rourke, T.W., Doudican, N.A., Mackereth, M.D., Doetsch, P.W., and Shadel, G.S. 

(2002). Mitochondrial dysfunction due to oxidative mitochondrial DNA damage  

is reduced through cooperative actions of diverse proteins. Mol Cell Biol 22, 4086-

4093. 

[75] Vongsamphanh, R., Fortier, P.K., and Ramotar, D. (2001). Pir1p mediates translocation 

of the yeast Apn1p endonuclease into the mitochondria to maintain genomic stability. 

Mol Cell Biol 21, 1647-1655. 

[76] Kang, D., Nishida, J., Iyama, A., Nakabeppu, Y., Furuichi, M., Fujiwara, T., Sekiguchi, 

M., and Takeshige, K. (1995). Intracellular localization of 8-oxo-dGTPase in human cells, 

with special reference to the role of the enzyme in mitochondria. J Biol Chem 270, 

14659-14665. 

[77] Ohtsubo, T., Nishioka, K., Imaiso, Y., Iwai, S., Shimokawa, H., Oda, H., Fujiwara, T., 

and Nakabeppu, Y. (2000). Identification of human MutY homolog (hMYH) as a 

repair enzyme for 2-hydroxyadenine in DNA and detection of multiple forms of 

hMYH located in nuclei and mitochondria. Nucleic Acids Res 28, 1355-1364. 

[78] Duxin, J.P., Dao, B., Martinsson, P., Rajala, N., Guittat, L., Campbell, J.L., Spelbrink, 

J.N., and Stewart, S.A. (2009). Human Dna2 is a nuclear and mitochondrial DNA 

maintenance protein. Mol Cell Biol 29, 4274-4282. 

[79] Liu, P., and Demple, B. DNA repair in mammalian mitochondria: Much more than we 

thought? Environ Mol Mutagen 51, 417-426. 

[80] Halsne, R., Esbensen, Y., Wang, W., Scheffler, K., Suganthan, R., Bjoras, M., and Eide, L. 

Lack of the DNA glycosylases MYH and OGG1 in the cancer prone double mutant 

mouse does not increase mitochondrial DNA mutagenesis. DNA Repair (Amst) 11, 278-

285. 

[81] Muftuoglu, M., de Souza-Pinto, N.C., Dogan, A., Aamann, M., Stevnsner, T., Rybanska, 

I., Kirkali, G., Dizdaroglu, M., and Bohr, V.A. (2009). Cockayne syndrome group B 

protein stimulates repair of formamidopyrimidines by NEIL1 DNA glycosylase. J Biol 

Chem 284, 9270-9279. 



 

Mutagenesis 80 

[82] Clayton, D.A., Doda, J.N., and Friedberg, E.C. (1974). The absence of a pyrimidine 

dimer repair mechanism in mammalian mitochondria. Proc Natl Acad Sci U S A 71, 

2777-2781. 

[83] Kunkel, T.A., and Erie, D.A. (2005). DNA mismatch repair. Annu Rev Biochem 74, 681-

710. 

[84] Chi, N.W., and Kolodner, R.D. (1994). Purification and characterization of MSH1, a 

yeast mitochondrial protein that binds to DNA mismatches. J Biol Chem 269, 29984-

29992. 

[85] Chi, N.W., and Kolodner, R.D. (1994). The effect of DNA mismatches on the ATPase 

activity of MSH1, a protein in yeast mitochondria that recognizes DNA mismatches. J 

Biol Chem 269, 29993-29997. 

[86] Mason, P.A., Matheson, E.C., Hall, A.G., and Lightowlers, R.N. (2003). Mismatch repair 

activity in mammalian mitochondria. Nucleic Acids Res 31, 1052-1058. 

[87] Bacman, S.R., Williams, S.L., and Moraes, C.T. (2009). Intra- and inter-molecular 

recombination of mitochondrial DNA after in vivo induction of multiple double-strand 

breaks. Nucleic Acids Res 37, 4218-4226. 

[88] Vermulst, M., Wanagat, J., Kujoth, G.C., Bielas, J.H., Rabinovitch, P.S., Prolla, T.A., and 

Loeb, L.A. (2008). DNA deletions and clonal mutations drive premature aging in 

mitochondrial mutator mice. Nat Genet 40, 392-394. 

[89] Zsurka, G., Kraytsberg, Y., Kudina, T., Kornblum, C., Elger, C.E., Khrapko, K.,  

and Kunz, W.S. (2005). Recombination of mitochondrial DNA in skeletal muscle  

of individuals with multiple mitochondrial DNA heteroplasmy. Nat Genet 37, 873-

877. 

[90] Kraytsberg, Y., Schwartz, M., Brown, T.A., Ebralidse, K., Kunz, W.S., Clayton, D.A., 

Vissing, J., and Khrapko, K. (2004). Recombination of human mitochondrial DNA. 

Science 304, 981. 

[91] Fukui, H., and Moraes, C.T. (2009). Mechanisms of formation and accumulation of 

mitochondrial DNA deletions in aging neurons. Hum Mol Genet 18, 1028-1036. 

[92] Dmitrieva, N.I., Malide, D., and Burg, M.B. Mre11 is expressed in mammalian 

mitochondria where it binds to mitochondrial DNA. Am J Physiol Regul Integr Comp 

Physiol 301, R632-640. 

[93] Larsen, N.B., Rasmussen, M., and Rasmussen, L.J. (2005). Nuclear and mitochondrial 

DNA repair: similar pathways? Mitochondrion 5, 89-108. 

[94] Abu-Amero, K.K., and Bosley, T.M. (2006). Mitochondrial abnormalities in patients 

with LHON-like optic neuropathies. Invest Ophthalmol Vis Sci 47, 4211-4220. 

[95] Brown, M.D., Trounce, I.A., Jun, A.S., Allen, J.C., and Wallace, D.C. (2000). Functional 

analysis of lymphoblast and cybrid mitochondria containing the 3460, 11778, or 14484 

Leber's hereditary optic neuropathy mitochondrial DNA mutation. J Biol Chem 275, 

39831-39836. 



 
Mitochondrial Mutagenesis in Aging and Disease 81 

[96] Brown, M.D., Zhadanov, S., Allen, J.C., Hosseini, S., Newman, N.J., Atamonov, V.V., 

Mikhailovskaya, I.E., Sukernik, R.I., and Wallace, D.C. (2001). Novel mtDNA mutations and 

oxidative phosphorylation dysfunction in Russian LHON families. Hum Genet 109, 33-39. 

[97] Wallace, D.C., Singh, G., Lott, M.T., Hodge, J.A., Schurr, T.G., Lezza, A.M., Elsas, L.J., 

2nd, and Nikoskelainen, E.K. (1988). Mitochondrial DNA mutation associated with 

Leber's hereditary optic neuropathy. Science 242, 1427-1430. 

[98] Johns, D.R., Neufeld, M.J., and Hedges, T.R., 3rd (1994). Mitochondrial DNA mutations 

in Cuban optic and peripheral neuropathy. J Neuroophthalmol 14, 135-140. 

[99] Ugalde, C., Triepels, R.H., Coenen, M.J., van den Heuvel, L.P., Smeets, R., Uusimaa, J., 

Briones, P., Campistol, J., Majamaa, K., Smeitink, J.A., et al. (2003). Impaired complex I 

assembly in a Leigh syndrome patient with a novel missense mutation in the ND6 gene. 

Ann Neurol 54, 665-669. 

[100] Solano, A., Roig, M., Vives-Bauza, C., Hernandez-Pena, J., Garcia-Arumi, E., Playan, 

A., Lopez-Perez, M.J., Andreu, A.L., and Montoya, J. (2003). Bilateral striatal necrosis 

associated with a novel mutation in the mitochondrial ND6 gene. Ann Neurol 54, 527-

530. 

[101] Jun, A.S., Brown, M.D., and Wallace, D.C. (1994). A mitochondrial DNA mutation at 

nucleotide pair 14459 of the NADH dehydrogenase subunit 6 gene associated with 

maternally inherited Leber hereditary optic neuropathy and dystonia. Proc Natl Acad 

Sci U S A 91, 6206-6210. 

[102] Leshinsky-Silver, E., Shuvalov, R., Inbar, S., Cohen, S., Lev, D., and Lerman-Sagie, T. 

Juvenile Leigh syndrome, optic atrophy, ataxia, dystonia, and epilepsy due to T14487C 

mutation in the mtDNA-ND6 gene: a mitochondrial syndrome presenting from birth to 

adolescence. J Child Neurol 26, 476-481. 

[103] Ravn, K., Wibrand, F., Hansen, F.J., Horn, N., Rosenberg, T., and Schwartz, M. (2001). 

An mtDNA mutation, 14453G-->A, in the NADH dehydrogenase subunit 6 associated 

with severe MELAS syndrome. Eur J Hum Genet 9, 805-809. 

[104] Goto, Y., Nonaka, I., and Horai, S. (1990). A mutation in the tRNA(Leu)(UUR) gene 

associated with the MELAS subgroup of mitochondrial encephalomyopathies. Nature 

348, 651-653. 

[105] van den Ouweland, J.M., Lemkes, H.H., Trembath, R.C., Ross, R., Velho, G., Cohen, D., 

Froguel, P., and Maassen, J.A. (1994). Maternally inherited diabetes and deafness is a 

distinct subtype of diabetes and associates with a single point mutation in the 

mitochondrial tRNA(Leu(UUR)) gene. Diabetes 43, 746-751. 

[106] Finsterer, J. (2009). Mitochondrial ataxias. Can J Neurol Sci 36, 543-553. 

[107] Cao, Z., Wanagat, J., McKiernan, S.H., and Aiken, J.M. (2001). Mitochondrial  

DNA deletion mutations are concomitant with ragged red regions of individual, aged 

muscle fibers: analysis by laser-capture microdissection. Nucleic Acids Res 29, 4502-

4508. 

[108] Bender, A., Krishnan, K.J., Morris, C.M., Taylor, G.A., Reeve, A.K., Perry, R.H., Jaros, 

E., Hersheson, J.S., Betts, J., Klopstock, T., et al. (2006). High levels of mitochondrial 



 

Mutagenesis 82 

DNA deletions in substantia nigra neurons in aging and Parkinson disease. Nat Genet 

38, 515-517. 

[109] Kraytsberg, Y., Kudryavtseva, E., McKee, A.C., Geula, C., Kowall, N.W., and Khrapko, 

K. (2006). Mitochondrial DNA deletions are abundant and cause functional impairment 

in aged human substantia nigra neurons. Nat Genet 38, 518-520. 

[110] Banerjee, R., Starkov, A.A., Beal, M.F., and Thomas, B. (2009). Mitochondrial 

dysfunction in the limelight of Parkinson's disease pathogenesis. Biochim Biophys Acta 

1792, 651-663. 

[111] Greaves, L.C., Preston, S.L., Tadrous, P.J., Taylor, R.W., Barron, M.J., Oukrif, D., 

Leedham, S.J., Deheragoda, M., Sasieni, P., Novelli, M.R., et al. (2006). Mitochondrial 

DNA mutations are established in human colonic stem cells, and mutated clones 

expand by crypt fission. Proc Natl Acad Sci U S A 103, 714-719. 

[112] Kulawiec, M., Salk, J.J., Ericson, N.G., Wanagat, J., and Bielas, J.H. Generation, 

function, and prognostic utility of somatic mitochondrial DNA mutations in cancer. 

Environ Mol Mutagen 51, 427-439. 

[113] Kaneda, H., Hayashi, J., Takahama, S., Taya, C., Lindahl, K.F., and Yonekawa, H. 

(1995). Elimination of paternal mitochondrial DNA in intraspecific crosses during early 

mouse embryogenesis. Proc Natl Acad Sci U S A 92, 4542-4546. 

[114] Shitara, H., Hayashi, J.I., Takahama, S., Kaneda, H., and Yonekawa, H. (1998). 

Maternal inheritance of mouse mtDNA in interspecific hybrids: segregation of the 

leaked paternal mtDNA followed by the prevention of subsequent paternal leakage. 

Genetics 148, 851-857. 

[115] Jeronimo, C., Nomoto, S., Caballero, O.L., Usadel, H., Henrique, R., Varzim, G., 

Oliveira, J., Lopes, C., Fliss, M.S., and Sidransky, D. (2001). Mitochondrial mutations in 

early stage prostate cancer and bodily fluids. Oncogene 20, 5195-5198. 

[116] Fliss, M.S., Usadel, H., Caballero, O.L., Wu, L., Buta, M.R., Eleff, S.M., Jen, J., and 

Sidransky, D. (2000). Facile detection of mitochondrial DNA mutations in tumors and 

bodily fluids. Science 287, 2017-2019. 

[117] Polyak, K., Li, Y., Zhu, H., Lengauer, C., Willson, J.K., Markowitz, S.D., Trush, M.A., 

Kinzler, K.W., and Vogelstein, B. (1998). Somatic mutations of the mitochondrial 

genome in human colorectal tumours. Nat Genet 20, 291-293. 

[118] Yeh, J.J., Lunetta, K.L., van Orsouw, N.J., Moore, F.D., Jr., Mutter, G.L., Vijg, J., Dahia, 

P.L., and Eng, C. (2000). Somatic mitochondrial DNA (mtDNA) mutations in papillary 

thyroid carcinomas and differential mtDNA sequence variants in cases with thyroid 

tumours. Oncogene 19, 2060-2066. 

[119] Salas, A., Yao, Y.G., Macaulay, V., Vega, A., Carracedo, A., and Bandelt, H.J. (2005).  

A critical reassessment of the role of mitochondria in tumorigenesis. PLoS Med 2,  

e296. 

[120] Bunn, C.L., Wallace, D.C., and Eisenstadt, J.M. (1974). Cytoplasmic inheritance of 

chloramphenicol resistance in mouse tissue culture cells. Proc Natl Acad Sci U S A 71, 

1681-1685. 



 
Mitochondrial Mutagenesis in Aging and Disease 83 

[121] Wallace, D.C., Bunn, C.L., and Eisenstadt, J.M. (1975). Cytoplasmic  

transfer of chloramphenicol resistance in human tissue culture cells. J Cell Biol 67, 174-

188. 

[122] Blanc, H., Wright, C.T., Bibb, M.J., Wallace, D.C., and Clayton, D.A. (1981). 

Mitochondrial DNA of chloramphenicol-resistant mouse cells contains a single 

nucleotide change in the region encoding the 3' end of the large ribosomal RNA. Proc 

Natl Acad Sci U S A 78, 3789-3793. 

[123] Howell, N., Appel, J., Cook, J.P., Howell, B., and Hauswirth, W.W. (1987). The 

molecular basis of inhibitor resistance in a mammalian mitochondrial cytochrome b 

mutant. J Biol Chem 262, 2411-2414. 

[124] Bai, Y., and Attardi, G. (1998). The mtDNA-encoded ND6 subunit of mitochondrial 

NADH dehydrogenase is essential for the assembly of the membrane arm and the 

respiratory function of the enzyme. EMBO J 17, 4848-4858. 

[125] Inoue, K., Nakada, K., Ogura, A., Isobe, K., Goto, Y., Nonaka, I., and Hayashi, J.I. 

(2000). Generation of mice with mitochondrial dysfunction by introducing mouse 

mtDNA carrying a deletion into zygotes. Nat Genet 26, 176-181. 

[126] Shoubridge, E.A. (2000). A debut for mito-mouse. Nat Genet 26, 132-134. 

[127] Graziewicz, M.A., Longley, M.J., and Copeland, W.C. (2006). DNA polymerase gamma 

in mitochondrial DNA replication and repair. Chem Rev 106, 383-405. 

[128] Kujoth, G.C., Hiona, A., Pugh, T.D., Someya, S., Panzer, K., Wohlgemuth, S.E.,  

Hofer, T., Seo, A.Y., Sullivan, R., Jobling, W.A., et al. (2005). Mitochondrial  

DNA mutations, oxidative stress, and apoptosis in mammalian aging. Science 309, 481-

484. 

[129] Trifunovic, A., Wredenberg, A., Falkenberg, M., Spelbrink, J.N., Rovio, A.T.,  

Bruder, C.E., Bohlooly, Y.M., Gidlof, S., Oldfors, A., Wibom, R., et al. (2004). Premature 

ageing in mice expressing defective mitochondrial DNA polymerase. Nature 429, 417-

423. 

[130] Zhang, D., Mott, J.L., Chang, S.W., Denniger, G., Feng, Z., and Zassenhaus, H.P. 

(2000). Construction of transgenic mice with tissue-specific acceleration of 

mitochondrial DNA mutagenesis. Genomics 69, 151-161. 

[131] Hu, J.P., Vanderstraeten, S., and Foury, F. (1995). Isolation and characterization of ten 

mutator alleles of the mitochondrial DNA polymerase-encoding MIP1 gene from 

Saccharomyces cerevisiae. Gene 160, 105-110. 

[132] Foury, F., and Vanderstraeten, S. (1992). Yeast mitochondrial DNA mutators with 

deficient proofreading exonucleolytic activity. Embo J 11, 2717-2726. 

[133] Bailey, L.J., Cluett, T.J., Reyes, A., Prolla, T.A., Poulton, J., Leeuwenburgh, C., and 

Holt, I.J. (2009). Mice expressing an error-prone DNA polymerase in mitochondria 

display elevated replication pausing and chromosomal breakage at fragile sites of 

mitochondrial DNA. Nucleic Acids Res. 

[134] Edgar, D., Shabalina, I., Camara, Y., Wredenberg, A., Calvaruso, M.A., Nijtmans, L., 

Nedergaard, J., Cannon, B., Larsson, N.G., and Trifunovic, A. (2009). Random point 



 

Mutagenesis 84 

mutations with major effects on protein-coding genes are the driving force behind 

premature aging in mtDNA mutator mice. Cell Metab 10, 131-138. 

[135] Vermulst, M., Wanagat, J., and Loeb, L.A. (2009). On mitochondria, mutations, and 

methodology. Cell Metab 10, 437. 

[136] Tyynismaa, H., Mjosund, K.P., Wanrooij, S., Lappalainen, I., Ylikallio, E., Jalanko, A., 

Spelbrink, J.N., Paetau, A., and Suomalainen, A. (2005). Mutant mitochondrial helicase 

Twinkle causes multiple mtDNA deletions and a late-onset mitochondrial disease in 

mice. Proc Natl Acad Sci U S A 102, 17687-17692. 


