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A B S T R A C T

The somatic mutation theory of aging posits that the accumulation of mutations in the genetic material

of somatic cells as a function of time results in a decrease in cellular function. In particular, the

accumulation of random mutations may inactivate genes that are important for the functioning of the

somatic cells of various organ systems of the adult, result in a decrease in organ function. When the organ

function decreases below a critical level, death occurs. A significant amount of research has shown that

somatic mutations play an important role in aging and a number of age related pathologies. In this

review, we explore evidence for increases in somatic nuclear mutation burden with age and the

consequences for aging, cancer, and neurodegeneration. We then review evidence for increases in

mitochondrial mutation burden and the consequences for dysfunction in the disease processes.
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1. Introduction

The essence of life is the organization and regulation of genetic
information encoded in DNA, fueled by energy harvested from
solar and chemical sources, and honed by mutation, selection, sex,
and recombination. To maintain the evolutionary innovations of
the past, biological organisms invest heavily in a wide variety of
DNA repair mechanisms that promote accurate DNA replication
during cell division and removal of DNA damage (Friedberg et al.,
2006). Evidence, reviewed here, suggests that random mutations
nevertheless accumulate in genomes and contribute to diminished
fitness with age.

It has been proposed that aging results from a defined program
that ensures old individuals are eliminated for the good of the
species (Longo et al., 2005). The rationale for this line of thinking
comes from theories of group selection and observations from
numerous model organisms that multiple conserved genetic path-
ways modulate lifespan (Kenyon, 2010; Longo et al., 2005;
Mitteldorf and Pepper, 2009). Nearly all organisms experience
lifespan extension when subjected to caloric restriction or when
carrying mutations in the TOR or insulin/IGF1 signaling pathways,
which regulate metabolic rate, growth, and nutrient utilization
(Kenyon, 2010; Stanfel et al., 2009). However, no combination of
mutant alleles and treatments extends life indefinitely, which
suggests that the ability of somatic cells to resist entropy is
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inherently finite (Kirkwood, 2005). The onset of aging phenotypes
usually follows a curve rather than a cliff, suggesting a dominant role
for stochastic events like somatic DNA damage and mutation in
promoting the aging phenotype (Kenyon, 2010). Evolution rewards
the investment of energy in somatic maintenance insofar as it
promotes the fitness of the germ line. Once an organism reproduces,
the selective pressure for somatic maintenance begins to wane.

Germ-line mutations provide essential genetic variation for
evolution, yet pose significant risks for the fitness of a species. The
germ-line mutation rate is an order of magnitude lower than
somatic cell mutation rates, suggesting that multicellular organ-
isms vary the investments in DNA maintenance to maximize both
short-term and long-term benefit (Lynch, 2010). Most deleterious
germ-line mutations can be vetted in each generation by natural
selection. However, evolution lacks the power to select against
those deleterious mutations that produce defects with advanced
age (Medawar, 1946, 1952). Humans carry a substantial number of
genetic differences in their germ-line, differing from each other in
roughly 15 million of the 6 billion base-pairs of the genome
(Pennisi, 2007). Around 12,000 of these single nucleotide
polymorphisms affect protein coding sequence (Ng et al., 2008).
Although most of these are neutral, 700–1500 heterozygous
polymorphisms are predicted to be deleterious to protein function
(Ng et al., 2008). In addition to these potentially late-acting
deleterious alleles, it has been proposed that some genetic traits
may exhibit ‘antagonistic pleiotropy’, or phenotypes that improve
survival earlier in life, but become deleterious with increasing age
(Williams, 1957). Induction of cellular senescence or apoptosis in
response to DNA damage may function in this manner by
preventing cancer in the young, but contributing to reduced
tissue homeostasis in the old (Campisi, 2008).
tions in aging, cancer and neurodegeneration. Mech. Ageing Dev.
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The above genetic susceptibilities to aging form the background
upon which many forms of aging-associated diseases are
manifested. During their lifetime, aging cells accumulate DNA
mutations and unrepaired lesions, progressively shortened telo-
meres, defective mitochondria, heterochromatic silencing, mis-
folded or carbonylated proteins, and oxidized lipids to name a few
(Campisi and Vijg, 2009; Kirkwood, 2005). Aging differences
between organisms have been hypothesized to reflect variable
investments in damage control measures, optimized to exploit
different ecological niches (Kirkwood, 2005). There are energetic
trade-offs between reproduction and somatic maintenance.
Maintaining the correct balance for a given niche is crucial for
maximizing competitive fitness. Thus, no single form of damage
likely accounts for aging. Moreover, multiple damage control
processes may erode concurrently, raising the possibility for
synergistic interactions during aging. As such, when the balance
between DNA damage and repair is altered, it could accelerate
other age-associated diseases. We will explore evidence for
increases in somatic nuclear mutation burden with age and the
consequences for aging, cancer, and neurodegeneration. We then
review evidence for increases in mitochondrial mutation burden
and the consequences for dysfunction in the disease processes.

2. Nuclear mutation burden and aging

An increase in mutations has long been proposed as an aging
mechanism (Failla, 1958; Morley, 1998; Szilard, 1959; Vijg, 2000).
Evidence from numerous sources indicates that nuclear mutation
burden increases with age. Early work demonstrated an aging-
dependent increase in mutation frequency in human lymphocytes
at loci encoding HLA-A (Grist et al., 1992), hypoxanthine
phosphoribosyl transferase (HPRT) (Branda et al., 1993; Curry
et al., 1999; Davies et al., 1992; Finette et al., 1994; Jones et al.,
1993, 1995; Morley et al., 1982; Robinson et al., 1994; Tates et al.,
1991; Trainor et al., 1984), T-cell receptor (Akiyama et al., 1995),
and glycophorin A (Akiyama et al., 1995). The magnitude of the
increase in mutation frequency at the HPRT locus is similar with
respect to age in lymphocytes in human and mice despite a fifty-
fold difference in lifespan (Morley, 1998). HPRT mutation
frequency increases exponentially in human renal epithelial cells
with age, to levels that are higher than T-lymphocytes (Martin
et al., 1996), suggesting that mutation accumulation also varies
with tissue type. Such mutational mosaicism may be important in
explaining tissue specific susceptibility to different age related
diseases (Frank, 2010). This may be correlated with DNA damage
and replicative index (Colgin et al., 2002). Experiments with
transgenic reporter mouse strains confirm variable increases in
mutation in different tissues with age (Buettner et al., 1999; Dollé
et al., 2000; Hill et al., 2004; Ono et al., 2000). Mutation spectra
from these studies reveal a range of mutation types including base-
substitutions, frameshifts, insertions, deletions, and rearrange-
ments (Dollé et al., 2000; Hill et al., 2004; Ono et al., 2000).
Increases in mutation frequency in the short-lived senescence-
accelerated mouse (Odagiri et al., 1998) and decreases in mutation
accumulation in the long-lived Ames dwarf mouse (Garcia et al.,
2008) further strengthen the correlation between mutations and
aging. Correlation, of course, does not prove causation.

Evidence that DNA damage and/or mutations can accelerate
aging comes from the observation that patients with rare inherited
DNA repair defects exhibit premature aging-like syndromes
(reviewed in Monnat, 2010; Niedernhofer, 2008). Werner syn-
drome patients have mutations that result in loss of the WRN gene
product, which contains both RecQ helicase and 30 ! 50 exonucle-
ase activities. Patients with these mutations exhibit reduced
stature, early onset cataracts, schleroderma, thinning gray hair,
artherosclerosis, diabetes mellitus, myocardial infarction and
Please cite this article in press as: Kennedy, S.R., et al., Somatic muta
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stroke, osteoporosis and increased incidence of certain types of
cancer (reviewed in Monnat, 2010). The Werner syndrome protein
participates in a variety of DNA transactions including homologous
recombination, telomere maintenance and DNA repair. Its absence
has been shown to increase the incidence in genomic rearrange-
ments (Fukuchi et al., 1989). Cockayne syndrome patients have
mutations that abolish transcription-coupled nucleotide excision
repair (TCR). These patients exhibit a different constellation of
symptoms including reduced growth, diverse neuropathologies,
sarcopenia, osteopenia, joint contractures, and a premature-aged
appearance, although there is no increased incidence of cancer
(Niedernhofer, 2008). Unexpectedly, studies of TCR-defective mice
indicate that they have reduced insulin/IGF-1 signaling (Niedern-
hofer et al., 2006; van der Pluijm et al., 2007). Inactivation of this
hormonal pathway extends life-span of worms, flies, and certain
strains of mice (Kenyon, 2010). Thus, suppression of the growth
hormonal axis may be a systemic response to DNA damage, which
promotes longevity if activated early in life (Niedernhofer et al.,
2006; van der Pluijm et al., 2007).

The relative contributions of DNA damage and somatic
mutation accumulation in aging remain unresolved. Unrepaired
DNA damage induces cells to undergo apoptosis or senescence,
which may diminish tissue homeostasis with age by reducing the
number of stem cell lineages (Campisi and Vijg, 2009). Somatic
mutation burden continues to increase in the remaining stem cell
lineages, which must divide more frequently to maintain the
tissue. Although the mutation burden they carry is not lethal, it
may influence replicative fitness: 10–20% of diploid yeast strains
that are heterozygous for deletion of just one of the 6200 genes are
at a growth disadvantage in competition assays (Delneri et al.,
2008). Heterozygous mutation burden may also make cells more
susceptible to stochastic gene-inactivating events during normal
aging. Thus, mutations that causes changes in epigenetic silencing,
persistent DNA damage, or mutation of functional alleles may all
work in concert with existing mutation burden to contribute to cell
attrition and loss of replicative homeostasis. In the absence of sex
and recombination, Muller’s rachet hypothesis predicts that
deleterious mutations will accumulate in small populations by
genetic drift and reduce fitness (Muller, 1964). Thus, increased
mutation burden over time could, in theory, induce some stem cell
lineages to lose pluripotentiality, function or even become extinct.
Of course, in some rare instances, certain combinations of
mutations may increase the fitness and proliferation of stem cell
lineages, generating cancer cells that ultimately compromise the
fitness of the organism.

3. Nuclear mutations in cancer

The most significant risk factor for cancer is aging; the incidence
of adult human cancers increases exponentially with age
(Armitage and Doll, 1954). Several competing hypotheses have
been proposed to explain this increase, but most theories center on
the accumulation of mutations in the nuclear genome. However,
the rate and extent of this accumulation is under considerable
debate. By plotting the slope of cancer incidence against age,
Armitage and Doll concluded that there are between four and six
rate limiting events required for progenitor cells to form tumors
(Armitage and Doll, 1954). In some cancers, such as prostatic
carcinomas, the age of detection is later and, by the same logic,
suggests that 9–12 alterations may be required (Renan, 1993).

However, given the size of the human genome and the mutation
rate attributed to normally dividing cells, it has become clear that a
higher mutation frequency is required to obtain the minimum
number of mutations that lead to cancer. It was hypothesized
many years ago that the thousands of mutations in most human
cancers do not result from the low mutation rates exhibited by
tions in aging, cancer and neurodegeneration. Mech. Ageing Dev.
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Fig. 1. Accumulation of somatic mutations during cancer formation. During normal organismal aging, cells (blue) are continually exposed to DNA damaging events, that

eventually results in cells harboring multiple mutations (red). Some mutations occur in regions of the genome that lead to uncontrolled cell proliferation. The acquisition of a

mutator phenotype allows for more rapid somatic evolution that continually acts to select for cells able to bypass many of the defense mechanisms that limit unrestricted cell

proliferation. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)

Fig. 2. Heavy mutation load limits the lifespan and health-span of mutator mice.

Due to the dramatically reduced lifespan of these mutator mice, it has not been

established whether they age more rapidly than do wild type mice. WT = wild-type;

Polee/e = homozygous exonuclease deficient Pol e; Pold1e/e = homozygous

exonuclease deficient Pol d. Data are reported in Albertson et al.
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normal cells. The mutation rate of non-malignant cells is
insufficient to generate a large number of mutations that must
be present in human cancers (Loeb et al., 1974). As a result, cancer
cells are thought to express a mutator phenotype that rapidly and
progressively accumulates large numbers of mutations. Among
these mutations are driver mutations that enhance cell prolifera-
tion (Fig. 1). It takes some twenty years for a sufficient number of
somatic mutations to endow the cell the ability to divide where it
ought not, to invade, to metastasize and kill the host. During that
time, somatic evolution continually acts on this burgeoning
genetic diversity to select for cells able to bypass many of the
defense measures that limit unrestricted cell proliferation, such as
availability of nutrition, adequate blood supply, hypoxia, and
barriers that prevent invasion into adjacent tissues.

Several lines of evidence suggest that cancer cells express a
mutator phenotype. Some of the first evidence to suggest that
cancer cells harbor an increased mutational burden is the
observation that the length of microsatellite repeats is highly
variable in tumor DNA from patients with hereditary nonpolyposis
coli (Fishel et al., 1993; Kolodner and Marsischky, 1999; Perucho,
1996). These results are further supported by the fact that
mutations that inactivate DNA mismatch repair genes result in
lack of correction of slippage errors by DNA polymerases in
copying repetitive DNA sequences throughout the genome
(Modrich, 1987). More subtle changes in expression of mismatch
repair proteins occur in a variety of other tumors that exhibit
microsatellite instability (Gao et al., 1994; Salk et al., 2009). In fact,
it can be argued that slippage during the copying of repetitive
sequences is the most frequent manifestation of genetic instability.

Several mouse models have been created that directly assess
the question of random mutagenesis and cancer. The Preston
laboratory has created mice in which the endogenous genes
encoding the replicative DNA polymerases, Pold1 (Pol d) and Pole

(Pol e), are replaced by genes harboring mutations that inactivate
proofreading by the DNA polymerase (Albertson et al., 2009;
Goldsby et al., 2001; Goldsby et al., 2002). The mice with
homozygous mutations have strong spontaneous mutator and
cancer phenotypes. In addition, mice heterozygous for a mutation
encoding a L604K substitution in Pol d, exhibit an elevated
Please cite this article in press as: Kennedy, S.R., et al., Somatic muta
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mutation frequency and also exhibit enhanced tumor progression
(Venkatesan et al., 2007). By accelerating tumorigenesis, these
mutator mouse strains augment one important manifestation of
aging: cancer. The mouse strains do not display an obvious
acceleration of other aging phenotypes, although the diminished
life- and health-span of the strongest mutators due to cancer
preclude a proper comparison with WT mice (Fig. 2) (Albertson
et al., 2009). A number of mouse lines that are deficient in DNA
damage repair show an aging phenotype, and also exhibit
increased rates of cancer (Hasty et al., 2003).

While observations of microsatellite instability and increased
cancer in mutator mice are highly supportive of the mutator
phenotype, a direct observation of an increased mutation
frequency in sporadic tumors would be most supportive. However,
until recently, this has been technically challenging. Using the
highly sensitive technique of Random Mutation Capture, Bielas
et al. were able to quantitate random mutations in nuclear DNA
(Bielas et al., 2006). In normal human cells adjacent to a tumor, the
tions in aging, cancer and neurodegeneration. Mech. Ageing Dev.
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frequency of single base substitutions was observed to be
approximately 10�8 errors per base-pair. By comparison, the
average frequency of random single base substitutions in five
adjacent tumors was 2 � 10�6 mutations per base pair (Bielas et al.,
2006). Similar results were reported in studies of both lung
adenocarcinomas in mice and humans (Zheng et al., 2007).
Additionally, extensive studies on the sequencing of nuclear
DNA from human tumors has indicated that there are large
numbers of mutations in each tumor analyzed. A compilation of
mutations in exons indicates that there are approximately 50–100
mutations in most tumors (Fox and Loeb, 2010). The results of
whole genome sequencing indicate that, on average, each tumor
contains thousands to hundreds of thousands of mutations (Salk
et al., 2010). It is important to emphasize that most current
methods for DNA sequencing identify only clonal mutations and do
not score for changes in repetitive sequences, sequences with
exceptionally high GC content, and teleomeric regions. Thus, by
using conventional DNA sequencing techniques, we may only be
seeing only the tip of an iceberg.

Work with bacteria and yeast indicates that extreme mutation
burden can drive cell populations to extinction (Fijalkowska and
Schaaper, 1996; Greene and Jinks-Robertson, 2001; Morrison and
Sugino, 1993; Tran et al., 1999). In haploid yeast, defects in Pol e or
Pol d proofreading activity are synthetically lethal with mismatch
repair (MMR), while the double mutant diploids grow slowly and
have mutation rates consistent with the two fidelity mechanisms
acting in series on polymerase errors (Greene and Jinks-
Robertson, 2001; Morrison and Sugino, 1993, 1994; Tran et al.,
1999). Haploid cells suffering from extremely high mutation rates
appear to die from the effects of the mutations themselves and not
because of replication stress (Morrison and Sugino, 1993).
Following sporulation, double mutant haploids deficient in Pol
d proofreading and MMR undergo several mitotic divisions before
arresting at all stages of the cell cycle. The diverse phenotypes
suggest that random mutations drive the loss in viability. Diploid
genomes are buffered against mutation load (Sliwa et al., 2004);
however, recent observations suggest that the protection is
limited. Double mutant mouse embryos, deficient in MMR and Pol
d or Pol e proofreading, fail to fully development in utero,
implicating haplo-insufficiency, synthetic genetic interactions, or
dominant-lethal mutations in this developmental catastrophe
(Albertson et al., 2009). Of great interest is whether the mutation-
induced error extinction seen in yeast and bacteria can be
harnessed in humans as a target for cancer treatment. For
instance, since cancers seem to express a mutator phenotype and
exhibit a heavy mutational burden, it may be possible to ‘lethally
mutagenize’ these cells by further increasing the mutation load to
the point that they are no longer viable (Fox and Loeb, 2010;
Prindle et al., 2010).

4. Nuclear somatic mutations in neurodegeneration

As with cancer, the single greatest risk factor in neurological
disease is age. There is increasing evidence that randomly acquired
DNA damage and/or mutations in the nuclear genome may play a
role in the age-associated loss of a number of post-mitotic tissues.
The vast majority of cells in the central nervous system are post-
mitotic and produce high levels of DNA-damaging ROS due to a
high metabolic rate (Barja, 2004). The brain may be especially
sensitive to the accumulation of DNA damage. It is estimated that,
on average, the nuclear genome sustains greater than 10,000 sites
of damage per day (Lindahl and Nyberg, 1972). The cell employs a
variety of DNA repair mechanisms that correct these damage
events before they lead to mutations. As a result, most DNA
damage and errors due to DNA synthetic processes are sanitized
prior to the next round of replication. Studies on DNA repair have
Please cite this article in press as: Kennedy, S.R., et al., Somatic muta
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mostly been focused on the nuclear genome in proliferating cells.
Surprisingly little information exists about DNA repair processes in
neurological tissues. DNA repair pathways, such as nucleotide-
excision repair and base-excision repair, exhibit a reduction in
activity with increasing age (Atamna et al., 2000; Imam et al., 2006;
Intano et al., 2003; Krishna et al., 2005).

A number of rare heritable diseases involve the loss of DNA-
repair processes. Xeroderma pigmentosum, Cockayne syndrome,
and ataxia telangiectasia are the most well studied. These diseases
exhibit a progressive neurodegenerative phenotype and profound
neurological deficits that, to a certain extent, resembles age-
associated neurodegeneration. Both xeroderma pigmentosum and
Cockayne syndrome stem from a lack of nucleotide-excision repair,
which results in increased steady-state levels of DNA damage and
overall genomic instability (Cooper et al., 1997; Leadon and
Cooper, 1993). Ataxia telangiectasia results from inactivation of
the ATM gene product, which is one of the primary components of
the double-stranded DNA break repair pathway and is responsible
for the downstream induction of multiple genes involved in DNA
repair processes. The absence of this repair pathway leads to a lack
of cell-cycle arrest and failure to execute the apoptotic program. It
has been hypothesized that the failure of apoptosis leads to an
accumulation of functionally impaired cells during brain develop-
ment, thus leading to the neurodegenerative phenotype (Lee et al.,
2001). Further supporting the role of nuclear mutations in
neurodegeneration is the observation that brain tissue from ataxia
telangiectasia patients exhibits an increased frequency of double-
strand DNA breaks (Iourov et al., 2009a).

In addition to an observed increase in the steady-state levels of
DNA damage and mutations in a number of neurodegenerative
diseases, there have a been a number of reports showing that a
significant population of neurons exhibit aneuploidy in both mice
and humans (Rehen et al., 2001, 2005). The level of aneuploidy has
been reported to be as high as 1–3% in adult brain (Rehen et al.,
2005). What is unclear from these studies is whether these
aneuploidy events are part of normal cellular variation within the
brain or are they functionally important. Interestingly, these
aneuploid cells are known to be functional albeit with an altered
gene expression profile (Kaushal et al., 2003; Kingsbury et al.,
2005). Should the level of aneuploidy cells within the brain reach a
certain level, it is certainly possible that they may play an
important role in neurodegenerative processes. Consistent with
this idea is the observation that brain tissue from both Alzheimer’s
disease and ataxia telangiectasia both exhibit increased levels of
aneuploidy, relative to unaffected brain (Iourov et al., 2009b). For a
more comprehensive review on the role of nuclear genome
mutagenesis and neurodegeneration, see Jeppesen et al. (2011).

5. mtDNA mutation accumulation in aging

In addition to the nuclear genome, eukaryotic cells also harbor a
second genome that is located in their mitochondria. While the
size of this genome can vary widely among different organisms, it
universally encodes a number of subunits that are essential
components of the electron transport chain. Proper functioning of
mtDNA, either through faithful replication or expression, is
required for the overall health of the organism. Failure to transmit
the encoded information to the daughter mitochondrial genomes
during mtDNA replication leads to the production of dysfunctional
electron transport proteins, a decline in energy production, and a
loss of organismal fitness. Thus, it is not surprising that mutations
in mtDNA have been associated with a number of pathological
conditions.

The accumulation of damage and loss of mitochondrial genome
integrity is hypothesized to play a central role in the aging process.
One consequence of oxidative phosphorylation in mitochondria is
tions in aging, cancer and neurodegeneration. Mech. Ageing Dev.

http://dx.doi.org/10.1016/j.mad.2011.10.009


S.R. Kennedy et al. / Mechanisms of Ageing and Development xxx (2011) xxx–xxx 5

G Model

MAD-10550; No. of Pages 9
that electrons escape the electron transport chain and form
reactive oxygen species (ROS). These free radicals damage a variety
of cellular components, including proteins, lipids, and DNA. The
proximity of mtDNA to the electron transport chain and its lack of
protective histones renders mtDNA especially vulnerable to ROS-
mediated damage. Because DNA repair in the mitochondria is not
as robust as the nuclear genome, mtDNA is believed to be highly
susceptible to mutagenesis. The gradual accumulation of muta-
tions to mtDNA over time results in mutant electron transport
proteins encoded in the mtDNA that, in turn, leads to the release of
more electrons and increased ROS production. Thus, a ‘vicious
cycle’ of ROS damage-induced ROS production may play a critical
role in the aging process (Harman, 1956, 1972).

A significant body of work, accumulated over the years, strongly
suggests that mtDNA mutations contribute to aging. Several initial
studies observed that mtDNA deletion mutations increase in
frequency in a variety of aged human tissues (Cao et al., 2001;
Corral-Debrinski et al., 1992; Cortopassi and Arnheim, 1990;
Kraytsberg et al., 2006; Lee et al., 1994). Importantly, many of these
mutations lead to a pathogenic loss of respiratory capacity in the
cell (Cao et al., 2001; Hsieh et al., 1994; Kraytsberg et al., 2006;
Lezza et al., 1994). Studies with model organisms have found a
similar age-dependent accumulation of mtDNA mutations, sug-
gesting that these mutations may be a universal component of
aging (Brossas et al., 1994; Schwarze et al., 1995; Vermulst et al.,
2008).

Mice engineered to have a proofreading defect in Pol-g, the DNA
polymerase responsible for replicating mtDNA, provided the first
strong experimental evidence linking mtDNA mutations and aging
(Kujoth et al., 2005; Trifunovic et al., 2004). Mice homozygous for
exonuclease deficiency, but not the heterozygous littermates,
exhibited a premature aging phenotype. Surprisingly, measure-
ments of point mutations carried out on both the heterozygous and
homozygous mice indicated that they had similar mutation
frequencies – approximately 500-fold times higher than age-
matched controls. Because the heterozygous mice were born with
a 30-fold higher mutation burden than the oldest wild-type
animals without suffering premature aging, it was concluded that
the threshold at which mitochondrial point mutations become life-
span limiting is unlikely to be reached in wild-type mice (Vermulst
et al., 2007). However, deletions in the Pol-g exo�/� mice were 7-
to 11-fold higher than either wild-type or Pol-g exo+/� heterozy-
gote, suggesting that deletions may drive the premature aging
phenotypes of these mice (Vermulst et al., 2008). These conclu-
sions are controversial. Recent studies involving the use of next-
generation sequencing techniques to deep-sequence the mtDNA
from the Pol-g mutator mouse failed to show an increase in the
frequency of deletion mutations (Ameur et al., 2011; Williams
et al., 2010). However, cells exhibiting dysfunctional oxidative
phosphorylation due to mutated genomes would be vastly
outnumbered by ‘healthy’ cells with intact genomes. Therefore,
it is unclear if these studies sequenced mtDNA at a sufficient depth
to observe random deletions.

Another mouse model, which harbors a human catalase gene
targeted to the mitochondria (mCAT), corroborates the role of ROS
in aging. The mCAT mouse exhibits increased H2O2scavenging and
a reduction in ROS-based damage to cellular components. These
mice experience a �20% extension of mean and maximal lifespan,
while mice over-expressing catalase targeted to peroxisomes or
the nucleus had a �5% extension of mean lifespan, with no effect on
maximal lifespan (Schriner et al., 2005). In addition, these mice
show an extended ‘healthspan’, including decreased age-associat-
ed insulin-resistance and cardiomyopathy (Dai et al., 2009, 2010;
Lee et al., 2010). Importantly, mCATmice show a 4-fold reduction
in the frequency of mtDNA mutations (Vermulst et al., 2008). As
with the Pol-g mutator mouse, lifespan changes observed in the
Please cite this article in press as: Kennedy, S.R., et al., Somatic muta
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mCAT mouse may be driven by another process besides the
accumulation of mtDNA mutations.

6. mtDNA mutations in cancer

Cancer cells have long been known to produce ATP through
glycolysis and lactic acid fermentation rather than oxidative
phosphorylation (Warburg, 1956). Given that mitochondria are
central to a cell’s metabolic processes, it has been hypothesized
that mtDNA mutations play a role in carcinogenesis. Indeed, an
increase in mtDNA mutations has been observed in a variety of
cancer types, including colon cancer, bladder cancer, head and
neck cancers, lung cancer, and a number of blood cancers
(Copeland et al., 2002; Fliss et al., 2000; Polyak et al., 1998).

Intriguing observations with cellular hybrids or ‘cybrids’,
suggest that mutations in mtDNA may play a role in the
progression of some cancers. Mitochondria derived from a high
metastatic lung carcinoma cell line were introduced into cell lines
with low metastatic potential. Remarkably, the low metastatic cell
lines acquired robust metastatic potential. Furthermore, when the
cell fusions were reversed (i.e. mitochondria from low metastatic
cells were moved into high metastatic cells), the lung cancer cells
lost metastatic potential (Ishikawa et al., 2008). Other, more
recent, experiments involving cybrids have shown similar results
(Ma et al., 2010).

The role of mtDNA mutations, however, in carcinogenesis is not
as clear as it might seem. One of the major counter arguments for
the role of mtDNA in carcinogenesis stems from the Pol-g mutator
mouse (Kujoth et al., 2005; Trifunovic et al., 2004). While Pol-g
mutator mice exhibit an aging phenotype and a number of age-
associated pathologies, they do not have an increased incidence of
cancer. This observation, along with the cybrid experiments,
strongly suggests that mtDNA mutations are not the initial drivers
of carcinogenesis. Instead, mtDNA mutations may play other roles
in carcinogenesis, such as tissue susceptibility to cancer or
metastatic potential. In support of this idea is the observation
that mCAT mice, which target catalase to the mitochondria, show
an altered tumor spectrum, while the overall tumor burden is not
significantly reduced (Treuting et al., 2008).

7. mtDNA somatic mutations in neurodegeneration

Mutations in the mitochondrial genome are associated with a
number of clinical syndromes. Because the central nervous system
has intense metabolic requirements, reduced energy production
can have a severe impact on neural functioning. Patients with
elevated levels of mtDNA mutations often show signs of severe
neurological impairment, with the degree and pattern of
neurodegeneration varying dramatically depending on the type
of mutation and mutation load of the mtDNA throughout brain.

Increased ROS and oxidative damage often accompany neuro-
degenerative diseases and are associated with mutations in
mtDNA (Beal, 2005). Mitochondrial dysfunction and increased
ROS production in neurodegenerative processes are reported to
affect mitochondrial functions like ATP production, membrane
potential, permeability transition pore activation, and calcium
uptake (reviewed in Arundine and Tymianski, 2003; Cassarino and
Bennett, 1999). These processes, in turn, act as retrograde signals
to various cellular compartments that are involved in cell
homeostasis, disruption of which can eventually lead to cell death
(Liu and Butow, 2006). In addition, as discussed earlier, ROS may
trigger accumulation of secondary mtDNA mutations, thereby
exacerbating mitochondrial respiratory defects and further in-
creasing the production of ROS, eventually leading to cell death.
Reduction in the levels of ROS, either through genetic models or
antioxidant mimetics, are known to reduce mtDNA mutations,
tions in aging, cancer and neurodegeneration. Mech. Ageing Dev.
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cellular damage, and extend lifespan (Schriner et al., 2005; Zhao
et al., 2004).

There is increasing evidence that mtDNA mutations are
involved in the pathogenesis of several neurodegenerative
diseases, including Parkinson’s disease and Alzheimer’s disease
(Bender et al., 2006; Coskun et al., 2004; Kraytsberg et al., 2006).
The evidence for the involvement of mitochondrial dysfunction
and mtDNA mutations is perhaps strongest in Parkinson’s disease.
Mapping of familial forms of the disease shows that a number of
mutant proteins are associated with mitochondria and are
involved in pathways involving oxidative stress, free radical
damage, and mitochondrial quality control (Banerjee et al., 2009;
Schapira, 2008; Thomas and Beal, 2007). Of particular interest are
reports of several families with polymorphisms in the DNA
polymerase g gene that exhibit a progressive Parkinson’s-like
phenotype, suggesting that mitochondrial genome instability may
lead to some forms of Parkinson’s disease (Betts-Henderson et al.,
2009; Galassi et al., 2008; Mancuso et al., 2004). While these cases
are familial in nature and may not extend to the idiopathic form of
Parkinson’s, it is to be noted that brain samples from patients with
idiopathic PD show reduced mitochondrial Complex I activity in
conjunction with increased mtDNA mutatations, suggesting the
link between the two is quite strong (Bender et al., 2006; Gu et al.,
2002; Shoffner et al., 1991).

Similarly to Parkinson’s disease, Alzheimer’s disease also
appears to involve mitochondrial dysfunction. Electron microsco-
py of AD brain samples reveals morphological changes in the
mitochondria (Baloyannis, 2006; Hirai et al., 2001). These changes
are often accompanied by increased ROS production, reduced ATP
levels, and the release of mtDNA and cytochrome c oxidase into the
cytosol leading to Ab toxicity (Baloyannis, 2006; Cardoso et al.,
2001, 2004; Hirai et al., 2001; Pereira et al., 1998). While the
connection between the two is not as strong as with Parkinson’s
disease, mtDNA mutations are thought to play an important part in
the pathogenesis of Alzheimer’s disease. The 4977-bp ‘common
deletion’ has been shown to be elevated in Alzheimer’s brain tissue,
relative to age-matched controls (Corral-Debrinski et al., 1994).
Interestingly, this same mutation is known to increase in
frequency as a function of age; the primary risk factor for
neurodegenerative diseases (Simonetti et al., 1992). In addition to
the ‘common deletion’, mutations in the control region of the
mitochondrial genome have been associated with Alzheimer’s
disease. Specifically, heteroplasmic levels of the T414G and T477C
mutations where found in the brain tissues of Alzheimer’s patients,
but not found in the control group (Coskun et al., 2004). Patients
with these mutations were also shown to have reduction in the
mtDNA L-strand ND6 transcript and in the mtDNA/nuclear DNA
ratio, suggesting that these bases may play an important role in
genome maintenance and/or expression and could, in part, explain
the reduction in copy number and oxidative phosphorylation so
often observed in Alzheimer’s disease.

Finally, it has been suggested that somatic mtDNA mutations
may play an important role in the pathogenesis of a variety of other
neurological disorders. Increased levels of mutations have been
suggested to be involved in the pathogenesis of amyotrophic
lateral sclerosis (Ro et al., 2003), multiple schlerosis (Campbell
et al., 2011), and even neuropsychiatric disorders (Kato et al., 2011;
Verge et al., 2011). Such findings strongly suggest that mitochon-
dria are an important component to the overall health of the
nervous system.

8. Conclusions

Life has evolved a number of redundant strategies to maintain a
population of somatic cells for the purpose of passing their genetic
information to the next generation via the germ-line. However, the
Please cite this article in press as: Kennedy, S.R., et al., Somatic muta
(2011), doi:10.1016/j.mad.2011.10.009
slow and relentless accumulation of DNA damage and mutations
eventually erodes away the genetic information that maintains
homeostasis of the somatic cell population, thus leading to aging
and age-associated pathologies such as cancer and neurodegen-
eration.

While the somatic mutation theory of aging may explain, in
part, the mechanisms behind aging and its associated pathologies,
it also predicts that a reduction in the rate of accumulation of
somatic mutations will slow the aging process. For example, a
reduction in the amount of DNA damage from environmental
agents could reduce many age-associated diseases. Similarly, drugs
could be used to reduce endogenous damage to DNA by reactive
oxygen species. Indeed, several recent studies show that mito-
chondrially targeted anti-oxidant peptides reduce ROS production
and are neuroprotective against ROS-producing chemical insults in
models of both Parkinson’s disease and Alzheimer’s disease
(Manczak et al., 2010; Yang et al., 2009). In addition, inhibition
of mutagenesis by either increase the fidelity of DNA polymerases
or the enhancing DNA repair may in the future provide useful
mechanisms to reduce the accumulation of somatic mutations
during aging.
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J.M., Moraes, C.T., Züchner, S., 2010. The mtDNA mutation spectrum of the
Please cite this article in press as: Kennedy, S.R., et al., Somatic muta
(2011), doi:10.1016/j.mad.2011.10.009
progeroid Polg mutator mouse includes abundant control region multimers.
Cell Metab. 12, 675–682.

Yang, L., Zhao, K., Calingasan, N.Y., Luo, G., Szeto, H.H., Beal, M.F., 2009. Mitochondria
targeted peptides protect against 1-methyl-4-phenyl-1,2,3,6-tetrahydropyri-
dine neurotoxicity. Antioxid. Redox Signal. 11, 2095–2104.

Zhao, K., Zhao, G.-M., Wu, D., Soong, Y., Birk, A.V., Schiller, P.W., Szeto, H.H., 2004.
Cell-permeable peptide antioxidants targeted to inner mitochondrial mem-
brane inhibit mitochondrial swelling, oxidative cell death, and reperfusion
injury. J. Biol. Chem. 279, 34682–34690.

Zheng, L., Dai, H., Zhou, M., Li, M., Singh, P., Qiu, J., Tsark, W., Huang, Q., Kernstine, K.,
Zhang, X., Lin, D., Shen, B., 2007. Fen1 mutations result in autoimmunity,
chronic inflammation and cancers. Nat. Med. 13, 812–819.
tions in aging, cancer and neurodegeneration. Mech. Ageing Dev.

http://dx.doi.org/10.1016/j.mad.2011.10.009

	Somatic mutations in aging, cancer and neurodegeneration
	Introduction
	Nuclear mutation burden and aging
	Nuclear mutations in cancer
	Nuclear somatic mutations in neurodegeneration
	mtDNA mutation accumulation in aging
	mtDNA mutations in cancer
	mtDNA somatic mutations in neurodegeneration
	Conclusions
	Acknowledgments
	References


