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Summary
Deletions in mitochondrial DNA (mtDNA) have long been suspected to be involved in
mammalian aging, but their role remains controversial. Recent research has demonstrated that
relatively higher levels of mtDNA deletions correlate with premature aging in mtDNA mutator
mice, which led to the conclusion that premature aging in these mice is driven by mtDNA
deletions. However, it is reported here that the absolute level of deletions in mutator mice is quite
low, especially when compared with the level of point mutations in these mice. It is thus argued
that the available data are insufficient to conclude that mtDNA mutations drive premature aging in
mtDNA mutator mice. It remains possible that clonal expansion of mtDNA deletions may result in
sufficiently high levels to play a role in age-related dysfunction in some cells, but assessing this
possibility will require studies of the distribution of these deletions among different cell types and
in individual cells.

Introduction
Deletions in mitochondrial DNA (mtDNA) have long been suspected to be involved in
mammalian aging. However, despite recent attempts to address this issue, the question
remains open (Khrapko & Vijg, 2008). “mtDNA mutator” mice express a mitochondrial
polymerase gamma lacking a proofreading 3′-exonuclease activity, causing greatly increased
mtDNA mutation rates in association with various premature aging-like phenotypes (Zhang
et al., 2000; Trifunovic et al., 2004; Kujoth et al., 2005; Bensch et al., 2007), and are
thought to support the idea that mtDNA mutations may lead to mammalian aging (see,
however, de Grey, 2004; Khrapko et al., 2006; Vermulst et al., 2007). In addition to
significant loads of point mutations (up to 20–30 per mtDNA molecule) mutator mice also
carry increased amounts of mtDNA deletions (Zhang et al., 2000; Trifunovic et al., 2004).
In their recent article, Vermulst et al. (2008) for the first time reported the measurements of
the relative amounts of mtDNA deletions in prematurely aging homozygous Polgamut/mut

mutator mice in which both alleles of mtDNA polymerase gamma have been replaced by a
proofreading-deficient variant. In these mutator mice, mtDNA mutations rapidly
accumulated with age and by the end of their lifespan (about 15 months) the level of
deletions was about 10 to 100 times higher (depending on the site assessed) than in age-
matched wild-type controls. In the heterozygous Polga+/mut mice, which have lower levels
of point mutations (about 4 per mtDNA) compared with the Polgamut/mut mice (though still
increased relative to wild-type mice) there is no increase of mtDNA deletions. Interestingly,
Polga+/mut mice do not age prematurely. Thus, the presence of mtDNA deletions correlates
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with premature aging. Based on these data, Vermulst et al. “identify mtDNA deletions as a
driving force behind the premature aging phenotype of mitochondrial mutator mice.” They
further suggest that since an increase in mtDNA deletions is associated exclusively with
prematurely aging mice, then mtDNA deletions “seem to be the most important force behind
the shortened lifespan of Polgamut/mut mice.” However, an increase of deletions in
Polga mut/mut does not necessarily demonstrate a causal relationship, and may represent
merely a correlation. More specifically, a concern is that the approach used to quantify
deletions, the Random Mutation Capture, or RMC (Vermulst et al., 2008), does not estimate
the absolute fractions of deletions in the mutator mouse tissues, but instead only measures
the relative fractions of deletions in the Polgamut/mut tissue compared with control or
Polga+/mut tissue. This tells us little about the potential impact of deletions on cellular
physiology, because levels of deletions in control mice may be so low that even a many
fold-increase may result in absolute levels that are low and therefore harmless. To address
this limitation, we used the single molecule long range PCR approach (Kraytsberg &
Khrapko, 2005) that estimates the absolute fraction of essentially all possible large mtDNA
deletions.

Materials and methods
Tissue samples and DNA isolation

Polgamut/mut mutator mice tissues (15 months old) were provided by Drs. Marc Vermulst
and Tomas Prolla. The mice were generated in Dr Tomas Prolla’s laboratory at the
University of Wisconsin as described elsewhere (Kujoth et al., 2005). Tissues were snap
frozen shortly upon dissection and stored at −80 °C. DNA was isolated following (Khrapko
et al., 1999) by proteinase K/SDS lysis of the frozen tissue. About 10 mg of powdered
frozen tissue was suspended in 0.2 mL of 10 mM EDTA, 0.5%SDS and 0.1 mg/mL
proteinase K at 45 °C for 1 h. The lysate was diluted as needed (i.e. several orders of
magnitude) with 10 mM Tris–HCl pH 8, 0.5 mM EDTA for smPCR and stored at −80 °C.

Estimation of the fraction of deletions by single molecule PCR (smPCR)
To estimate the fraction of mtDNA deletions in tissues of Polgamut/mut mice we used the
long distance single molecule PCR (smPCR) approach (Kraytsberg & Khrapko, 2005).
Briefly, DNA is diluted to the point (determined empirically) where there is about one
amplifiable template DNA molecule per two PCR reactions, on average. PCR primers are
arranged in such a way (one within the d-loop and another in the minor arch) that most types
of mtDNA molecules with naturally occurring deletions, as well as the nondeleted wild-type
mtDNA molecules would be amplified. Amplification of non-deleted molecules produces
PCR fragments of about 14.5 kb in length, while deleted molecules produce shorter products
(for example, a mtDNA with a 5 kb deletion would produce a 9.5 kb PCR product). Multiple
PCR reactions were performed in parallel in multiwell PCR plates and PCR products were
resolved by gel electrophoresis. Every reaction well initially contains one wild-type
template, a deleted mtDNA, or neither (or, rarely, as a matter of chance, more than one
molecule). Deleted mtDNA are readily distinguished by their smaller size (Fig. 1). Counting
of PCR products of each type (wild-type vs. deletions) provides an estimate of the fraction
of deleted mtDNA in the original DNA samples. To improve our ability to recognize a
deleted smPCR product, we additionally digested PCR products with a set of restriction
enzymes followed by a high-resolution gel separation to precisely determine the size of the
deleted part. In this way, we were able to detect deleted mtDNA molecules with as few as
500 bp removed.
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Single molecule PCR
Nested smPCR was performed in two stages, in the volumes of 0.6 and 6 μL under mineral
oil for the first and the second stage, respectively (reagents for the second stage was added
to the same reaction well after completion of the first stage). Primers used were as follows:
2417F38/322R35 (first stage) and 2496F33/322R35 (second stage). In the name of a primer,
the first number represents the’ position of the 5′-end of the primer, the letter F or R
represents forward or reverse orientation with respect to conventional mtDNA sequence and
the last number is the length. LA Taq (TaKaRa) thermostable DNA polymerase was used
according to the manufacturer’s directions. There were 35 cycles in the first stage and 30
cycles in the second stage. Each PCR cycle was 20 s at 94 °C, 14.5 min at 68 °C.

Correction of mutant fractions
Uncorrected counting of deleted smPCR products, however, may result in significant
overestimates of mutant fraction. This is because the probability that a single DNA template
can be successfully replicated throughout its length by a thermostable DNA polymerase
decreases with the length: longer molecules are more likely to carry impassable DNA
lesions. This effect was first described and studied by Yakes and van Houten (Yakes & Van
Houten, 1997). To account for this bias and therefore avoid overrepresentation of short PCR
products, one needs to estimate the relative amplification probability of templates of
different lengths. This was done by measuring the apparent number of copies in the same
DNA sample using smPCR with fragments of different length. We determined that the
probability of amplification of a 8-kb template is approximately five times higher, and the
probability of amplification for 3-kb template is about 20-fold higher, than that for a full-
length 14.5 kB template in the Polgamut/mut samples under investigation. We then binned all
smPCR products shorter than 3 kb in length, and divided the count by 20. Similarly, we
binned products between 3 and 8 kb and divided the count by 3. The count of deleted
products between 8 kb and full-length was not corrected. As a result, our estimate of the
relative number of deletions was an overestimate.

Results and discussion
We performed multiple smPCR reactions on DNA isolated from Polgamut/mut brain,
duodenum and heart samples provided by Drs. Vermulst and Prolla. These samples included
four from anterior frontal cortex, two from whole brain, two from duodenum and one from
heart. The whole brain DNA samples were identical to those featured in a recent publication
from Vermulst et al. (Vermulst et al., 2008). The results of smPCR are presented in Table 1.
Note that the apparent sample-to-sample variability is due in part to the low numbers of
deleted molecules. In summary, among over 1100 single molecules from brain samples we
identified 27 molecules with large deletions, including 10 deleted PCR products over 8 kb in
length (i.e. <6.5 kb deleted), 10 products from 8 to 3 kb, and 7 products shorter than 3 kb in
length, which with correction (see Materials and Methods) for the length differences implies
the presence of a deletion in about 1% of mtDNA molecules. This is likely an
overestimation, because we used a conservative upper limit correction. Note that even
without correction the overall fraction of deletions does not exceed a very modest fraction of
2.5%. There were no deletions among more than 320 amplified wild-type molecules from
two duodenum DNA samples and among 144 molecules from a heart DNA sample from a
Polgamut/mut mouse (all three DNA samples provided by Dr Vermulst). Apparently, levels of
deletions in these tissues are even lower than those in the brain. These results are in
qualitative agreement with the report by Kukat and Trifunovic, who also argued that the
levels of mtDNA deletions in mtDNA mutator mice are low, though absolute levels of
deletions were not determined (Kukat & Trifunovic, 2009).
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Our estimates imply that in the homozygous Polgamut/mut mutator mouse, there are about
1000 point mutations for every one deleted mtDNA molecule. This is calculated based on
our estimate of < 2% of deletions (i.e. < 0.02 deletions per genome) and 20–30 point
mutations per mitochondrial genome. This represents about 800 additional point mutations
in Polgamut/mut compared with Polga+/mut for every one additional deletion, since
Polgamut/mut has been reported to contain about five times more point mutations compared
with Polga+/mut (Vermulst et al., 2007).

To evaluate the role of mtDNA deletions in premature aging of the mutator mouse, one must
consider the expected relative impact of deletions compared with point mutations, as well as
absolute impact of deletions. Although not all point mutations are detrimental, a significant
proportion of them, (D.M. Turnbull, unpublished data) are predicted to be just as detrimental
as are mtDNA deletions. The huge overall excess of point mutations thus implies that if
deletions were to play any role, they could do so only if they were concentrated to high
mutant fractions in specific cells/cell types that represent a small proportion (no more than
about 1%) of the tissue. Indeed, if deletions were distributed evenly across tissue, in each
cell there would be 1 deletion per 1000 point mutations. It is highly unlikely that the
presence of these occasional deletions would make any difference in the physiology of the
cell. High concentration of mtDNA deletions in some but not other cells is usually achieved
by clonal expansion of a single (or a few) initial deleted molecule in a cell. Thus to explore
whether deletions present at low fraction may potentially be playing some role in the
presence of an overwhelming excess of point mutations, it is necessary first to identify cell
types that carry high fractions of clonally expanded mtDNA deletions. So far such cells have
not been identified in mutator mice.

Another reason to expect that mtDNA deletions may cause premature aging only via clonal
expansion to very high fractions in a small subpopulation of cells comes from the mito-mice,
i.e. genetically engineered mice that bear various levels of a single type of mtDNA deletion
throughout their bodies (Inoue et al., 2000). While mito-mice with a very high percentage of
deletions (over ~70%) die early of renal failure, mito-mice with a lower percentage (~30%
at the end of life) appear healthy and long-lived (Sato et al., 2005). In mito-mice, deletions
appear to be relatively uniformly distributed among different tissues and among cells within
tissue (Inoue et al., 2000). Thus, in a healthy mito-mouse with 30% deletions, essentially in
every cell approximately 3 out of every 10 mtDNA molecules contains a deletion without
causing any overt phenotype. This implies once again that only cells with high proportion of
mtDNA deletions may potentially convey detrimental effects of increased deletions. Thus, in
the mutator mouse, the search for such cells and evaluation of their functional significance
for premature aging should precede conclusions about causative role of these deletions.

In addition to the mito-mouse, two other mouse models bear increased levels of mtDNA
deletions. Unlike the mito-mouse, increased deletion levels in these other mouse models are
caused not by the introduction of a single type of deletion into the zygote, but by increased
generation of random deletions, i.e. in a manner more similar to accumulation of mtDNA
deletions in normal aging (and the DNA mutator mouse). One of the models, the “twinkle
mouse,” expresses a defective transgenic Twinkle, a putative helicase presumably involved
in mtDNA replication and repair (Tyynismaa et al., 2005). The other model, the mito-Pst
mouse, expresses mitochondrially-targeted restriction enzyme PstI, which generates double-
stranded breaks in the mtDNA (Fukui & Moraes, 2008). Unlike in the mtDNA mutator
mouse, increases in deletions in either twinkle or mito-Pst mice are not complicated by an
increase of point mutations. These mouse models are promising with respect to exploring
the role of mtDNA deletions in the aging process.
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It has been proposed that premature aging of Polgamut/mut mice is caused by excessive cell
death (Kujoth et al., 2005). Thus, one may suspect that the low fraction of deletions in
premature aging mutator mice implies that cells bearing deletions have already died. While
this scenario cannot be completely excluded, it is more important in the context of this paper
to point out that there is no evidence to support it. Furthermore, such a scenario implies that
deletions are much more efficient in causing cell death than the much more abundant point
mutations found in cells that persist in the older polG mutator mice. In fact, at least some
cell types as diverse as muscle fibers and kidney tubular epithelial cells appear capable of
sustaining high levels of mtDNA deletions for a long time. In muscle, clonal expansions of
deleted mtDNA may extend over a couple of millimeters of fiber length (Bua et al., 2006),
which takes a long time to develop, so central parts of such fiber segments should remain
viable for substantial time periods. In kidney, full turnover units of tubular epithelial cells
appear to carry expanded mtDNA deletions (McKiernan et al., 2007), which implies that
corresponding stem cells survive despite a high load of deletions.

The question whether mtDNA deletions cause premature aging in the mutator mouse is
similar to the question whether mtDNA deletions cause normal aging in mice or in humans.
Indeed, both in normal and premature aging, the fraction of deletions strongly correlates
with the aging phenotype. Overall fractions of deletions in some cell types in elderly humans
can reach levels that are similar to or even higher than those observed in the mtDNA
mutator mouse. Unlike the mutator mouse, however, the distribution of deletions between
tissues, cell types and individual cells in humans has been studied in substantial detail. In
has been shown that deletions accumulate up to critical levels (i.e. levels that cause electron
transport chain defects) in certain cells or cell types, for example, in pigmented neurons of
the aged substantia nigra (Bender et al., 2006), (Kraytsberg et al., 2006)), or in segments of
muscle fibers in both rodents (Herbst et al., 2007) and humans (Bua et al., 2006). Despite
these advances, there is still no consensus on whether deletions drive normal aging
(Khrapko & Vijg, 2008). Thus, it seems fair to postpone conclusions about the role of
mtDNA deletions in mutator mice at least until more data are available about their detailed
distribution. Interestingly, so far, our preliminary studies of mutator mice failed to discover
any excess of mtDNA deletions in the putamen, an area that is particularly rich in
cytochrome c oxidase-deficient cells in the mutator mice (M. Vermulst, pers. Comm.) and
one that is traditionally considered enriched in mtDNA deletions in normal human aging.
This observation may imply that the distribution of mtDNA deletions in mtDNA mutator
mice is different from that in normal aging, which warrants even more caution in
interpretation of the mutator mouse data.

In conclusion, though the possibility of a role for mtDNA deletions in premature aging of
mtDNA mutator mice cannot be definitively excluded, an equally important point is that
existing data are clearly not sufficient to infer that deletions drive premature aging. More
work is needed to determine the contribution, if any, of mtDNA deletions to the phenotype
in these mice. It remains possible that mtDNA deletions could play some role in normal
aging or in degenerative diseases, but addressing that possibility will require detailed studies
of the cellular distributions of mtDNA mutations and their physiological impact before
drawing any conclusions about their significance.
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Fig. 1.
An output of a long range single molecule PCR of a Polgamut/mut sample visualized in
0.8% agarose gel. Each lane represents a single well of a smPCR reaction plate. Before
PCR, each well contains either a normal length (wild-type) template molecule (resulting in a
14.5 kb product, as in lanes with DNA bands marked “wt”), or a molecule with deletion
(lane with ~6 bk product marked with white arrow; deletions can be of various sizes), or no
template at all (empty lanes). In this example, 16 reactions out of 32 yielded a PCR product,
implying that there is about 0.7 templates per well on average (not 0.5 because some
positive reactions may have contained two or more initial template molecules, which was
accounted for quantitatively assuming Poisson distribution of templates). All positive
reactions in this example with one exception contained nondeleted templates. One reaction
contained a deletion (marked with an arrowhead). The entire study involved about 60 gels
similar to this. M: marker lanes; a 1 kb DNA ladder.
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