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Abstract

Although several lines of evidence support a role for accumulating somatic mitochondrial DNA
(mtDNA) mutations in the etiology of aging, it remains unclear if they are a major cause of age-
related deterioration and death. Mouse models that harbor elevated mtDNA mutation frequencies
age prematurely; these findings were thought to provide conclusive evidence for a causal role of such
mutations in aging. Yet, the presence of several conflicting reports has sparked controversy in the
field and this is further aggravated by discrepancies in the estimates of mtDNA mutant fractions,
which disagree by orders of magnitude. Here, we briefly review the evidence and some of the
unresolved questions surrounding a causative role for accumulating mtDNA mutations in aging.

Mitochondria: molecular clocks of aging?

Mitochondria are crucially important cellular organelles: they provide the cell with most of its
energy and regulate several signaling cascades, including apoptosis. A central role for
mitochondria in aging was first proposed >30 years ago by Denham Harman, based on his
original theory that aging is caused by the accumulation of damage resulting from reactive
oxygen species (ROS) [1]. ROS are the inevitable by-products of normal cellular processes,
most notably, oxidative phosphorylation (which occurs in mitochondria) (Box 1). Harman
postulated that as one of the most important sources of ROS, mitochondria should also be one
of its most important targets. Hence, as the parts of the cell most vulnerable to ROS,
mitochondria could function as an ‘aging clock’. Later, it was realized that errors made during
the repair or replication of damaged DNA lead to mutations, which are irreversible changes in
the DNA sequence that can vary from single base pair changes to large deletions [2] (Box 1).
Mutations in the mitochondrial genome were specifically implicated as the potential causal
factor in aging by Linnane and colleagues [3]. A possible role for mutations in aging was
corroborated by an observation that inherited pathogenic mitochondrial DNA (mtDNA)
mutations cause a variety of deteriorative age-progressive diseases somewhat reminiscent of
aging [4]. Since then, progress has been made in at least two major areas. First, a few tissues
(i.e. brain, muscle and colon) have been identified in which high local levels of mtDNA
mutations make their causal relationship to the aging process more plausible. Second, in an
attempt to directly test cause and effect, various mouse models have been generated that harbor
increased levels of mtDNA mutations; some models display multiple symptoms of premature
aging. Intriguingly, the data from these models have been interpreted in nearly opposite ways,
both supporting and rejecting a role for mtDNA mutations in aging. Here, we critically review
the current highly dynamic state of the mitochondrial DNA mutation theory of aging.
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Box 1
Mitochondria, mtDNA and mtDNA mutations

Mitochondria are distinct cellular organelles that generate ATP, the energy carrier of the
cell, by oxidizing glucose and fatty acids. Several pathways involved in this process
converge upon oxidative phosphorylation, a chain of reactions performed by a set of five
multi-subunit enzyme complexes called the electron transport chain (ETC) [5].

Mitochondria are unique because they are the only organelles in mammalian cells with their
own genome. They harbor a small (~16 000 base pairs in mammals) circular genome
(mtDNA) encoding 13 polypeptide subunits scattered among the ETC complexes; all other
ETC subunits (~80) are encoded in the nuclear DNA [5], as are the rest of several thousand
mitochondrial proteins. The 13 mitochondrially encoded polypeptides are transcribed and
translated within the mitochondrion by its own gene expression system [57,58]. For this
purpose, mtDNA additionally encodes the full set of 22 tRNAs and two rRNAs for the
translation machinery.

Mitochondria are dynamic structures subject to fusion and fission and the rates of these
processes can differ between cell types. Thus, a given mtDNA copy does not ‘belong’ to a
given mitochondrion, but rather is part of the fluid mitochondrial landscape of a cell [59].
During cell division, mtDNAs distribute between daughter cells and then replicate at
random (although only a subpopulation of mtDNASs might be replicating at any given time)
to replenish the mtDNA content. In non-dividing cells, mtDNA also replicates to replace
those that are lost when old mitochondria are degraded by lysosomes [60].

The mitochondrial genome principally suffers from two types of mutations: point mutations,
which are changes of one or a few nucleotides; and large deletions, which involve the
removal of large portions of the genome (from a few hundred base pairs to almost the entire
genome). The exact sources of mtDNA mutations are a matter of debate, but might be similar
to those causing nuclear DNA mutations, that is, errors during DNA damage processing or
spontaneous polymerase errors [2].

Do mtDNA mutations cause aging by impeding oxidative phosphorylation?

Because the genes encoded in the mitochondrial genome are required for respiratory function,
any pathogenic mutations in mtDNA could induce respiration defects leading to various disease
phenotypes. Indeed, maternally inherited pathogenic mutations in human mtDNA can cause
disease through respiration defects [5]. Therefore, defects in the electron transport chain (ETC)
that impede oxidative phosphorylation are the likely consequence of randomly accumulating
detrimental mtDNA mutations in somatic cells (Box 1). Yet, owing to functional
complementation among different copies of mtDNA (and between mitochondria [6,7]), a loss-
of-function mutation must first reach a threshold level by clonally expanding within a cell (Box
2) before it can cause adverse effects. This idea is in accordance with the observation that ETC
defects in aging tissues are typically highly focal, that is, limited to individual cells (in which
a clonal expansion presumably occurred), or groups of closely related cells, such as those
originating from a stem cell with clonal expansion (Figure 1). Initially, results obtained with
aged muscle, brain or heart from both mice and humans indicated very low frequencies of ETC-
deficient cells (i.e. too low to substantially affect tissue function) [8]. However, recent work
has shown that, in at least some human tissues such as brain, muscle and colon, the cells
harboring clonal expansions of mutant mtDNA molecules and resultant respiratory deficient
cells might be abundant enough to impact the whole organism functionally.
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Box 2
Physiological effects of mtDNA mutations

The most obvious expected adverse effect of mtDNA mutations is the impediment of ETC
function. Depending on the nature of the disrupted gene (structural, tRNA, rRNA), point
mutations could directly inactivate a particular ETC polypeptide subunit or cause a
translation defect that affects all mtDNA-encoded polypeptides. Deletions typically remove
several structural genes and a few tRNA and/or rRNA genes, thus exerting both effects.
mtDNA mutations vary from being severely pathogenic mutations to neutral
polymorphisms (http://www.mitomap.org). Despite such diversity, a total fraction of
somatic mutations in a tissue is a useful measure because a higher total mutant fraction
signifies a proportionally higher fraction of all mutations, including the most severe.

Phenotypic threshold

The effects of loss-of-function mtDNA mutations depend on the percent of mutated mtDNA
(heteroplasmy level) in a given cell. Typically, almost no effect is observed until
heteroplasmy reaches a certain value (i.e. the phenotypic threshold), above which the defect
presents in full strength. The steepness of the transition and the value of the threshold vary
from mutation to mutation with values typically reported from 60 to 95%. Apparently, the
threshold exists because mitochondria share their components via fusion and fission [7] and
because most components are present in some excess. Thus, small amounts of a defective
component encoded by a low frequency mutant mtDNA will be compensated by the shared
access of the normal component. As the fraction of mutant DNA increases via clonal
expansion, the shared excess of the normal component is exhausted in all mitochondria at
once, causing an abrupt ETC shutdown [6,61].

Clonal expansions of mtDNA mutations

Any somatic mutation initially occurs in a single DNA molecule and thus exists below the
physiological threshold. Somewhat paradoxically, it is common for somatic mitochondrial
mutations (including non-detrimental silent mutations) to clonally expand within cells, (the
progeny of a single mutant molecule is favored over the non-mutants and eventually
comprises a large portion or even the entire population of cellular mtDNA molecules).
Clonal mtDNA mutation expansions can extend beyond the single cell level, for example,
in colonic crypts fed by a stem cell with a clonal expansion [22], or in tumors originating
from progenitor cells with clonal expansions [62]. The mechanisms of expansion remain a
matter of debate. Expansion could be driven by random genetic drift within intracellular
populations [62,63]. Alternatively, mutations might have a selective advantage; this has
been convincingly shown for deletions [15]. Thus, clonally expanding detrimental
mutations ultimately might exceed the phenotypic threshold, resulting in focal ETC defects
(Figure 1). It should be noted that this review deals primarily with the overall accumulation
of mutations, without distinguishing between accumulation of de novo mutations and clonal
expansion of pre-existing mutations. The relative importance of these two processes awaits
rigorous exploration.

Muscle

Muscle atrophy, or sarcopenia, is a serious human age-related health problem in which up to
40% of muscle mass disappears by age 80. Muscle was also one of the first tissues in which

an accumulation of mtDNA deletions with age was reported [9]. The fraction of such deleted
mtDNA molecules in aged muscle is ~0.1%, which at first glance seems too low to be of any
importance for the dramatic age-dependent muscle loss observed in aged humans and animals.
The deletions, however, are not uniformly distributed; instead, they are clonally expanded in

Trends Genet. Author manuscript; available in PMC 2010 February 1.


http://www.mitomap.org

1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Khrapko and Vijg

Page 4

short segments of muscle fibers. The local mutant fraction in these segments approaches 100%,
resulting in focal ETC deficiency [10,11] (Figure 1a). Notably, mtDNA deletions are nearly
absent outside these ETC-deficient segments. Because each deletion-rich segment occupies
only a very short portion (e.g. ~1/300) of the overall fiber length, the average deletion fraction
of 0.1% signifies that approximately one-third (0.1% x 300 = 1/3) of all fibers could harbor an
ETC-defective segment somewhere along their length [11]. Given that an ETC-defective
segment eventually undergoes local fiber degeneration and splitting [12], these seemingly rare
deletions seem to be potentially capable of causing substantial muscle fiber loss, assuming that
local fiber splitting ultimately leads to whole fiber degeneration [12].

The possibility that mtDNA deletions cause adverse effects in aging muscle is corroborated
by the observation that individuals with a mildly increased frequency of mtDNA deletions in
muscle typically present a muscle wasting phenotype [13]. By contrast, the idea seems to be
refuted by results obtained with mito-mice (i.e. mice that were generated by introducing various
amounts of mtDNA with a defined 5-kb deletion into zygotes) in which deleted mtDNA is
uniformly distributed among tissues and is transmitted to the offspring [14]. For example, a
mito-mouse with 5% deleted mtDNA at birth lived >130 weeks and showed no signs of disease
despite the fact that, at the end of life, mtDNA deletion load in its tissue increased to 30-40%
[15]. This amount is over an order of magnitude greater than the ~0.1% observed in normal
aged mouse or human muscle, which seems to contradict the idea that mtDNA deletions cause
sarcopenia. It should be noted, however, that the distribution of deleted mtDNA in mito-mice
is very different from that in normally aged mice (or humans, for that matter). In contrast to
highly punctuated distribution of deletions observed in normal aging, the deleted mtDNAs in
mito-mice are uniformly distributed among and along fibers. Essentially all fibers contain
similar fractions of deleted mtDNA and no segments harbor highly concentrated deletions.
Moreover, in contrast to a normal mouse, in which ETC defects are present at overall fractions
of deletions of 0.1%, mito-mouse muscle remains free of ETC defects until the overall fraction
of deleted mtDNA exceeds ~80% [6]. Owing to these differences, evidence derived from mito-
mice that argues against a causal role of mtDNA deletions in aging deserves caution.

Substantia nigra

For many years, the substantia nigra of the midbrain, the target site of lesions that cause
Parkinson’s disease in humans, was thought to sustain particularly high mtDNA mutation
levels compared with other cell types [16]. Single cell analysis of mtDNA (Box 3) demonstrated
[17,18] that mtDNA deletions in individual pigmented neurons of substantia nigra are clonal,
with the total fraction of deleted mtDNA approaching 80% in cells from very old individuals.
Moreover, the deleted mtDNA fraction was found to be significantly higher in cytochrome ¢
oxidase (COX)-deficient neurons [18] than in COX-positive neurons, indicating that mtDNA
deletions might be directly responsible for impaired cellular respiration (Figure 1b). It is
tempting to speculate that abundant ETC defects in pigmented neurons cause some age-related
degenerative process, such as ‘mild parkinsonian signs’, a syndrome characterized by
slowness, tremor and gait problems, which is present in many people over 85. However, it
remains unknown whether the ETC defects observed in old pigmented neurons are sufficient
to disrupt their activity to the extent that would cause parkinsonian signs or any other age-
related health problems. Interestingly, a mouse chimera with a mosaic of ETC-positive and -
negative neurons (owing to a nuclear DNA mutation) presents neurological symptoms when
the amount of ETC-negative neurons in the forebrain approaches 20% [19], indicating that
ETC defects in human substantia nigra at old age (with up to 30% ETC-defective cells [20])
could have a functional impact.
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Box 3
Measuring mtDNA mutations

The main challenge in analyzing somatic mutations is the low frequency of each mutation.
Unfortunately, mutation frequencies are usually in the same range as the artificial mutations
caused by the procedures involved in the measurement process, most notably, by PCR.
There are several approaches to avoid, or to control for, such artifacts. To avoid PCR errors
altogether, it is possible to clone mtDNA directly, followed by sequencing a large number
of clones to establish the mutation frequency [64]. This procedure apparently introduces no
artificial mutations but is unpopular for being too laborious. Alternatively, it is possible to
avoid PCR errors by analyzing individual cells rather than tissue homogenates [21]. This
approach circumvents the problem of the low frequency of somatic mutations by taking
advantage of intracellular mutational clonal expansion (Box 2). By definition, in a cell with
a clonal expansion (or in a cluster of such cells, e.g. a mutant colonic crypt [22]), a mutation
constitutes ~10% of the total mtDNA copies in a cell or higher, that is, frequencies at which
mutations can be measured by conventional approaches including direct sequencing.
Artificial mutations do not expand clonally; thus, they arise at the low levels typical of these
artifacts in tissue homogenates (usually in the order of 10~4) and, therefore, are not
detectable (and hence do not interfere with conventional methods). A third possibility to
avoid PCR errors involves the removal of all wild-type copies of the target sequence before
PCR, for example, by restriction digestion of wild-type template, as in the random mutation
capture (RMC) assay [65], or by separation of the wild type from mutant molecules by
partially denaturing electrophoresis (PDE) [52]. Because most artificial mutations are
created on wild-type molecules, removal of the latter greatly reduces the artificial mutation
rate. Most of the currently used protocols do not eliminate PCR errors, but rather limit their
occurrence by using high-fidelity polymerases in PCR-cloning [66]. To account for PCR
errors in PCR-cloning approaches, the clones (used merely as mutation-free ‘control” DNA)
are PCR amplified in a repeat reaction and when no (or substantially fewer) mutations are
found in these secondary clones than in primary clones, it is assumed that the mutations
found in the primary PCR amplicons are mostly real.

Dividing tissues: mtDNA mutations in stem cells

Age-related accumulation of mtDNA mutations to high levels have been found mainly in non-
dividing tissues. However, mitotically active tissues can also harbor cells with large proportions
of clonally expanded somatic point mutations (but apparently not deletions) [21]. In a series
of elegant experiments, Taylor et al. [22] showed that a high proportion of human colonic
crypts are fed by stem cells with clonally expanded mtDNA point mutations. Furthermore, they
demonstrated that ~15% of colonic crypts are ETC defective by the age of 80 (Figure 1c). A
majority of ETC-deficient crypts were found to contain expanded point mutations that could
reasonably account for the defect [22]. Although it is alarming that 15% of our colon is
apparently deficient for a vital cellular function by old age, it is still unknown whether these
defects are of any importance in the aging process.

Thus, there is little doubt that naturally accumulating mtDNA mutations in tissues of humans
and rodents can cause adverse effects (i.e. focal cellular ETC defects), which makes mtDNA
mutation accumulation an attractive candidate for a universal, primary aging mechanism.
However, we still do not know if the observed mtDNA-driven defects cause any age-related
phenotypes.
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Mitochondrial mutator mice: testing the theory?

Ideally, to establish a causal relationship between mtDNA mutations and aging, we would need
to decrease the natural mtDNA mutation frequency, which should then slow aging. This has
been attempted, albeit indirectly, through a reduction in ROS production, which is widely
considered to be an important cause of both aging and mtDNA mutation accumulation. The
frequency of mtDNA point mutations is decreased in mCAT mice [23], that is, transgenic mice
that overexpress a mitochondrially localized version of the human ROS-scavenging enzyme,
catalase [24]. Similarly, the frequency of clonally expanded mtDNA deletions is decreased in
rats subjected to calorie restriction [25], which is underfeeding without malnutrition. This
promotes increased longevity across many animal species because of metabolic changes
associated with reduced ROS production and/or increased antioxidant defense. However, both
interventions can have many benefits and the increased lifespan in these animals does not
necessarily result from reduced mtDNA mutation rates. Thus far, it has not been possible to
specifically decrease mtDNA mutation frequency. Instead, it has been possible to do the
reverse, that is, to increase mtDNA mutation rates in various organs and tissues of the mouse
through genetic manipulation. Intriguingly, this approach resulted not only in an increase in
the fraction of mtDNA mutants and in the frequency of cells with ETC defects, but also in the
premature appearance of multiple symptoms reminiscent of aging and a shorter life span.
However, the interpretation of these results is not always as straightforward as originally
anticipated; indeed, these results have led to as many questions as answers.

Does premature aging in mtDNA mutator mice imply that mtDNA mutations cause normal

aging?

If mtDNA mutations cause any of the deteriorative processes of normal aging, then an increased
mutation rate should result in premature aging and reduced life span. To test this hypothesis,
a series of ‘mutator’ mice, that is, mice with increased mtDNA mutation rates (both point
mutations and deletions), were constructed. In these mice, mitochondrial DNA polymerase y
(Polg), which is required for mtDNA replication, was rendered error-prone by introducing
deleterious amino acid changes that impede its proofreading 3'-5’ exonuclease activity. We
refer to the error-prone (‘mutator’) mitochondrial polymerase variants used in these models
collectively as ‘Polg™Ut. In the tissue-specific mutator mice, a Polg™U transgene was
expressed in the heart [26], neurons [27] or in pancreatic B-cells [28]. By contrast, in the so-
called whole body mutator mice, an error-prone Polg™!t operates in all tissues. In this knock-
in model, either one or both alleles of the native Polg are replaced in the mouse germline by
Polg™Ut [29,30].

Reassuringly, mice with tissue-specific expression of PolgMUt displayed increased mtDNA
mutation accumulation in the respective tissues, which was accompanied by accelerated age-
dependent deterioration, for example, severe cardiomyopathy and p-cell death [26,28].
Excessive accumulation of mtDNA mutations was not associated with increased markers of
oxidative stress [31] (as might be expected if ROS were the driver), but rather with markers of
apoptosis [32]. This finding challenges the hypothesis that the ETC defects caused by increased
mtDNA mutations would lead to increased ROS production, which in turn would cause more
mtDNA mutations (i.e. vicious cycle hypothesis [33]). As a note of caution, transgenic
experiments are commonly prone to artifacts. It remains possible that the phenotype is non-
specifically caused by increased levels of Polg protein rather than mtDNA mutations, as shown
for a green fluorescent protein (GFP) heart-specific transgene, which drives cardiomyopathy
in a dose-dependent manner [34]. In support of a causative role for mtDNA mutations in tissue
deterioration, a similarly constructed wild-type Polg™ transgene did not result in
cardiomyopathy; however, Polg protein levels were not compared between the mutant and
wild-type transgenic lines [35].
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In keeping with expectations, the whole-body mutator mice (i.e. the homozygous
PolgMuUmut knock-in mice) showed increased mtDNA mutation frequencies in all tissues
accompanied by multiple progressive symptoms of premature aging, including dilated
cardiomyopathy, thymic involution, testicular atrophy, sarcopenia, loss of bone mass, loss of
intestinal crypts and hearing loss [29,30,36]. Similarly to the heart-specific mutator mice, the
whole-body mutators did not show signs of increased oxidative stress, but instead displayed
evidence of increased apoptosis.

Taken at face value, these results seem to support a causal role for mtDNA mutations in normal
aging, possibly through apoptosis. However, the level of mtDNA mutations in tissues from
these mice, ~10-20 x 10~ mutations per base pair (bp) depending on tissue and method of
measurement, was approximately one to two orders of magnitude higher than in normally aged
mice or humans (depending on which mutant fraction estimates are used; Box 3). In spite of
this high mutation load, which was largely established very early in life, these animals were
able to live for >1 year [30].

Heterozygous mutator mice

Interestingly, whereas homozygous PolgMuUmut knock-in mice age prematurely, their
heterozygous PolgMiU* [ittermates seem to age normally in spite of a substantially higher
mtDNA mutation load [23]. Indeed, although initial reports showed no evidence for increased
mutation frequency in the heterozygotes, subsequent work using a new method known as
random mutation capture (RMC) analysis (Box 3) indicated that the point mutation frequency
(1.6-3.3 x 1074 mutations per bp) was ~200-500-fold that of age-matched young wild-type
control animals, and ~30-fold that of old normal mice. However, caution is warranted when
considering the data obtained through different methods (Box 4). Because the mutation
frequencies in the heterozygotes were ~5-10 times lower than in the homozygous mutator
mice, we would call them ‘mild mutator mice’. The difference in mutation frequencies
measured by the RMC method compared with the levels given in the original reports resides
in the much lower mutation frequencies now observed in the wild-type animals. Indeed, the
originally reported levels could possibly represent artifacts owing to the use of PCR (Box 3).
This difference would vastly overestimate normal mtDNA mutation frequencies. Of note, this
might not necessarily be true for all mtDNA mutation frequencies reported; indeed, some
reports are not based on PCR, whereas others included thorough controls (Box 3,4).

Box 4
Different methods — different numbers

Strikingly, estimates of mtDNA point mutant fractions (Table 1) vary over almost three
orders of magnitude. In some cases, differences might be potentially explained by
differences between ages, species and tissues but even estimates made in one particular
species, age and tissue, such as young mouse brain (Table 1, bold typeface), vary by over
two orders of magnitude. Interestingly, methods that are supposedly less prone to artifacts
(e.g. RMC, single cell analysis, direct cloning) yield lower estimates, indicating that artifacts
might lead to higher estimates. However, all high estimate studies include reasonable
controls (Box 3). The caveat exists, however, that some of the artificial mutations might
have originated not from spontaneous error of the thermostable DNA polymerase, but from
conversion of DNA-damaged nucleotides into mutations by the same polymerase. Because
control DNA used in PCR-cloning experiments might not bear the same chemical damage
as the original sample DNA, artificial mutations at damaged nucleotides might go
unaccounted for. By contrast, the RMC method could potentially underestimate mutations
because it uses short target sequences (just 4 bp long) and, thus, might conceivably miss
mutational hotspots (i.e. sites highly susceptible to mutation) and clonally expanded
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mutations if they happen to be located outside the target sequence. Furthermore, RMC
estimates, unlike those from the cloning procedures, rely on DNA quantification, which
could cause additional uncertainty. The discrepancies in the results call for cross-evaluation
of the different methodologies. Unfortunately, the use of different methods to estimate
mutant fractions across tissues, ages and species, make it impossible to determine whether
discrepancies arise from methodological problems or natural variation in mutation levels.
We believe that the systematic use of a combination of diverse methods would help to
resolve the issue.

Intriguingly, these new results, using a presumably superior method of mutation analysis, seem
to demonstrate that mtDNA point mutations cannot cause normal aging; otherwise a 200-500-
fold increase would probably accelerate this process and result in a markedly shorter life span
of the mild mutator mouse. Because this is not the case, it was concluded that mtDNA point
mutations do not limit the lifespan of wild-type mice [23]. Although this is indeed the simplest
explanation, it should be noted that the time course of mtDNA mutation accumulation, and
possibly the type of mutations and their tissue distribution, is very different between normal
and mutator mice. Whereas the proofreading defect in knock-in mutator mice gives rise to
increased mtDNA mutagenesis approximately from day 7 post conception, when mtDNA
synthesis begins in the developing embryo, mtDNA mutations in an aging animal would
presumably be driven by factors such as ROS production [23], which is likely to be time- and
tissue-dependent. Hence, increased mutation levels in Polg™U+ mice might not induce
premature aging because they do not affect the right cells at the right time. Moreover, the heart-
specific mutator mouse developed severe cardiomyopathy at ~1.5 x 104 mutations per
nucleotide [35] (a frequency similar to that found in the healthy whole body Polg™t* mice).
One possible explanation for this discrepancy is that the time course of age-related mutation
accumulation in the heart-specific mouse model differs from that in the Polg™¥* knock-in and
might be more similar to normal aging. Other reports indicate that mtDNA mutation fractions,
in aged mice and humans, number up to several point mutations per genome (Box 4; Table 1),
which is close to the levels reported for the heart-specific mutator mouse. Hence, it is too early
to rule out a causal role of mtDNA point mutations in aging. What about mtDNA deletions?

Is premature aging in mutator mice driven by mtDNA deletions?

In addition to point mutations, mtDNA PolgMuU/mut mytator mice bear an excess of mtDNA
deletions [35]. Interestingly, a variation of the RMC method that is capable of measuring
mtDNA deletions showed that heterozygous Polg™!¥* mild mutator mice harbor normal
mtDNA deletion levels in heart and brain. By contrast, the prematurely aging PolgM™tUmut mice
showed an increase by one or two orders of magnitude, depending on the part of the
mitochondrial genome that was analyzed [37]. Is it possible to conclude, following Vermulst
et al. [37], that premature aging in mutator mice (or normal aging, for that matter) is driven by
mtDNA deletions? Such a conclusion seems premature for at least two reasons. First, the 5—
10 fold increase in point mutations, from 2-5 mutations per mitochondrial genome in mild
mutator mice to 20-30 in the homozygous mutator mice, probably contributes to the premature
aging symptoms observed in the latter. Of course, not all mtDNA mutations are pathogenic,
but it is unlikely that none out of 20-30 are detrimental. Point mutations were indeed shown
to cause isolated ETC defects in mild mutator duodenum [37], so they are the most likely cause
of these defects in homozygous mutator mice because they are present at higher fractions in
this model. The second reason for pause in considering mtDNA deletions as a cause of
premature aging stems from the aforementioned data obtained from the mito-mouse, which
indicate that mtDNA deletions might be benign even at very high fractions [6,15].
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Is premature aging in mtDNA mutator mice caused by ETC-deficiency-driven cell death?

Whether point mutations or deletions, it is crucially important to know exactly how an excess
of mtDNA mutations results in premature or normal aging. As mentioned earlier, the premature
aging phenotype in the Polg™U¥mut mice might be driven by accelerated cell death in multiple
tissues [30,32]. In this respect, clonal expansion of mtDNA mutations might lead to ETC
deficiency, which in turn could promote apoptosis through mitochondrial permeability
transition [30]. Indeed, when excessive ETC defects are generated in the absence of mtDNA
mutations, for example, by genetically engineered mtDNA depletion, phenotypes similar to
those seen in mutator mice are observed, including dilated cardiomyopathy [38,39], loss of
pancreatic B-cells [40] and neuronal loss [19,41,42]. Yet, ETC deficiency does not necessarily
cause apoptosis. For example, ETC-deficient stem cells that feed ETC-deficient colonic crypts
can survive for many generations [43]. Furthermore, ETC defects apparently are not required
to induce apoptosis in mutator mice: increased apoptosis in the heart-specific mutator mice is
not associated with any substantial ETC deficiency [32]. Thus, although ETC defects or
apoptosis caused by ETC defects probably contribute to normal or premature aging, these are
not necessarily the only mechanisms that drive premature aging in mtDNA mutator mice.

Dominant lethal mutations and aging

The marked apoptosis observed in the heart of the heart-specific mtDNA mutator mice in the
absence of ETC deficiency implies that mtDNA mutations might cause apoptosis without
inducing ETC deficiency. Apoptosis in these mice has been proposed to result from rare
(presumably occurring once in ~20 000 conventional mutations) but deadly ‘dominant lethal
mutations’ [44]. These mutations are postulated to kill a cell even when present at low number,
by altering a mtDNA-encoded peptide into an apoptotic signaling molecule [44]. We note that
the same effect could be achieved by exerting any other strong ‘toxic’ effect. For example, it
is conceivable that a mutation might act by sharply increasing local mitochondrial ROS
production. Indeed, ROS-mediated mitochondrial damage can facilitate apoptotic induction
via cytochrome c release [45]. Regardless of the mechanism, the concept of dominant lethal
mutations is attractive because it additionally explains why heart-specific mutator mice present
a severe phenotype while the whole body heterozygous mutators are healthy despite their
similar mutational loads. In the whole-body mutators, either homo- or heterozygous, excessive
mutational generation [44] should begin around day 7 post conception, when mtDNA synthesis
is resumed after a pause [46]; by day 13.5, approximately half the total mutations observed in
the adult have accumulated [47]. By contrast, in the cardiac-specific mutator mouse, excessive
mutations are generated only after birth (owing to the transgene promoter) [35]. Because both
models bear similar mutant fractions at two months of age, the post-natal mutational rate (i.e.
change in mutant fraction over time) in the heart-specific mutator should be much higher than
in the heterozygous mutator. This prediction is in agreement with the observation that the post-
natal mutation rate in the heart-specific mutator mice (i.e. approximately 10 per month)
[35] is similar to that observed in the homozygous whole body mutator [47], because mtDNA
is replicated by a proofreading-deficient polymerase in both models.

The difference in time of onset of mtDNA mutation generation in a mutator mouse could enable
mutations to affect the organism differentially. Whereas in the whole body mutator, excess

mutations arise mostly during rapid mtDNA replication in the growing embryo, in the cardiac-
specific mutator, the promoter of the transgene dictates excess mutagenesis no sooner than

after birth, when cell proliferation in the heart has stopped and switched to hypertrophic growth
of non-dividing cardiomyocytes. Mature cardiomyocytes contain far more mtDNA copies than
small, embryonic cells and, therefore, according to the argument by Zassenhaus and colleagues,
have a proportionally higher chance to acquire a lethal mutation (assuming similar mutant

frequencies per mtDNA copy) [44]. Therefore, small embryonic cells are expected to be much
less prone to killing than large cardiomyocytes; moreover, those killed are probably more easily
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replaced than the post-mitotic cardiomyocytes. Furthermore, excess mtDNA mutations might
induce an anti-apoptotic response [44,48] that protects the heterozygous mutator
cardiomyocytes, but comes too late in the heart-specific mutator. However attractive, the
dominant lethal mutation model has several drawbacks: the molecular mechanism(s) of how
such mutations might kill cells is yet to be elucidated and the observed phenotypes in the heart-
specific Polg™Ut transgenic mice might be artifacts of an overexpressed transgene (see earlier).
Yet, this less-known model has enough merit to warrant consideration along with other models
in the field.

Could dominant lethal mutations have a role in normal aging? The likelihood of lethal
mutations should increase with overall mutation fraction — in a stochastic fashion —and their
impact should be higher for those generated later in life. Thus, the answer depends on the actual
mutant fractions and the kinetics of mutant accumulation during normal aging. If mtDNA
mutation levels in normal adults are ~1074, as in heart-specific mutator mice, and accumulate
late in life, then dominant lethal mutations could have a role in normal aging. Unfortunately,
the data for normal mtDNA mutations remain unclear. According to the RMC assay, mutations
in normal mice do accumulate late in life, but reach only ~10~> mutations per bp [23], whereas
PCR-cloning approaches report >10~4 mutations per bp (Box 4;Table 1). Yet, the existence of
tissue-wide clonal expansions of somatic mtDNA mutations indicates that a substantial fraction
of mutations in aged humans might originate early in development [49,50].

Concluding remarks and future perspectives

Despite decades of research and recent advances in generating mouse models with increased
mutational loads, the study of mitochondrial DNA mutations in aging still has not reached a
stage at which clear, definitive conclusions can be drawn regarding causal relationships.
Although multiple elegant and plausible hypotheses have been formulated (Figure 2), the
functional relevance of mtDNA mutation accumulation in human and mouse aging, or even in
mutator mouse premature aging, remains unclear (Box 5). Testing these hypotheses is limited
largely by the lack of sufficiently reliable and detailed (both spatially and temporally)
information about mutant fractions in the various species and model systems. New, sensitive
methods capable of accurately measuring a broad range of mtDNA mutations in single cells
are necessary to eliminate the devils in the details.

Box 5
Outstanding questions
*  What are the actual fractions of mtDNA mutations?
* What are the reasons for current discrepancies in mutant fraction estimates?
*  What are the kinetics of mutant fraction accumulation with age?

»  What mechanisms underlie premature aging in mtDNA mutator mice and how
relevant are they to normal aging in mice and humans?
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Figure 1.

Focal mitochondrial deficiency: asignature of old age. Clonal expansions of mtDNA mutations
that cause focal cellular defects in the ETC present similar patterns in various aged human
tissues. (a) Muscle cut across the fibers (courtesy of J. Aiken;
http://www.biomedexperts.com). (b) Substantia nigra in which black neuromelanin
accumulates in pigmented neurons. (c) Colon cut across the crypts. Each round body is a cross-
section of a crypt fed by a single stem cell (courtesy of D. Turnbull; http://www.ncl.ac.uk). All
samples were stained for the activity of cytochrome c oxidase, a mtDNA-encoded enzyme
(brown) and counterstained for succinate dehydrogenase, a nuclear-encoded enzyme (muscle
and colon) or a neuron-specific dye, cresyl violet, in substantia nigra. Thus, the blue color
indicates diminished cytochrome c oxidase activity (i.e. an ETC-deficient cell). Mutational
analysis of individual cells reveals that, in most cases, ETC defects result from the clonal
expansion of detrimental mtDNA mutations — deletions in brain and muscle and point
mutations in colon.
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Figure 2.

MtDNA mutations and the aging process: a summary of hypotheses. Whereas all of these
hypotheses are plausible, it is not clear which pathway(s), if any, are important for normal
aging. More research, in particular detailed measurements of mutant fractions in normal and
mutator mice and in humans, is necessary to evaluate these diverse hypotheses. The hypotheses
do not need to be mutually exclusive; in fact, it is quite possible that different types of mutations
have different roles in various cell types.
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