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Mitochondrial point mutations do not limit the natural

lifespan of mice

Marc Vermulst!, Jason H Bielas!, Gregory C Kujoth?, Warren C Ladiges®, Peter S Rabinovitch!,

Tomas A Prolla? & Lawrence A Loeb!

Whether mitochondrial mutations cause mammalian aging,

or are merely correlated with it, is an area of intense debate’.
Here, we use a new, highly sensitive assay? to redefine the
relationship between mitochondrial mutations and age. We
measured the in vivo rate of change of the mitochondrial
genome at a single-base pair level in mice, and we
demonstrate that the mutation frequency in mouse
mitochondria is more than ten times lower than previously
reported. Although we observed an 11-fold increase in
mitochondrial point mutations with age, we report that a
mitochondrial mutator mouse® was able to sustain a 500-fold
higher mutation burden than normal mice, without any
obvious features of rapidly accelerated aging. Thus, our results
strongly indicate that mitochondrial mutations do not limit the
lifespan of wild-type mice.

Mitochondria are functionally diverse organelles with a central role in
both oxidative phosphorylation* and apoptosis®. Accordingly, post-
mitotic tissues with high rates of oxygen consumption, such as brain
nd heart, are exceptionally sensitive to mitochondrial dysfunction®.
The mitochondrial theory of aging postulates that a lifelong accumu-
lation of mitochondrial DNA (mtDNA) mutations in multiple tissues
eventually results in mitochondrial failure, which, in synergy with
downstream processes such as apoptosis, results in loss of cellularity
and the progressive decline of tissue functioning known as aging®’.
These mutations may compromise the integrity of the electron
transport chain and increase the formation of reactive oxygen species
(ROS), creating a vicious cycle of mutagenesis that continuously
amplifies the production of cytotoxic oxygen radicals®®.
Although several studies have quantified either tissue-specific muta-

10 or mutation accumulation as a function of age“,
12,13
b

tion frequencies
most methods rely heavily on PCR and cloning-based strategies
techniques that are limited in throughput and that may be con-
founded by polymerase infidelity on damaged templates and by
cloning artifacts. Therefore, we explored the relationship between
age and mutation accumulation in mtDNA with an adaptation

of the random mutation capture (RMC) assay>'4, a quantitative

PCR-based approach that relies on PCR amplification of single
molecules for mutation detection (Supplementary Fig. 1 online)
but is not limited by polymerase fidelity>!'4. This methodology allows
for exact determination of mutation frequencies in high-throughput
screens that interrogate millions of base pairs simultaneously>!4,
Approximately 150 million bp were screened for mutation detection
in this study.

A Tagql restriction site (TCGA) located in the gene encoding the 12S
rRNA subunit (bp 634-637) was selected for mutation frequency
determination. Examination of mtDNA derived from brain tissue of
four young mice (1-3 months) yielded an average mutation frequency
of 6.0 x 1077 + 0.9 x 107 per bp (Fig. 1a). A gradual increase in
mutation burden was observed with advancing age, with mutations
accumulating to a mean frequency of 1.1 x 107> + 0.3 x 107> per bp
in old animals (24-33 months). Mutations started accumulating
rapidly after 16 months of age, resulting in a mutation frequency
that was ten times higher in old animals (24-33 months) compared
with young animals (1-10 months) (P = 0.0026, two-tailed #-test,
Fig. 1b). This accumulation was fitted best along an exponential line.
We obtained similar results in heart tissue from the same group
of animals, with frequencies ranging from 8.5 x 1077 per bp in a
2.5-month-old animal to 1.3 x 107> per bp in a 33-month-old animal
(Fig. 1a). However, subtle fluctuations from these averages may occur
between cell types within tissues. Mutation frequencies determined via
the RMC assay in young mice are approximately one to two orders
of magnitude lower than previously documented by conventional
methods”!3. Although the RMC assay has an increased level of
sensitivity over these methods, it registers mutational events at the
interrogated restriction site only; thus, it is possible that local sequence
context or negative selection at this locus accounts for this discre-
pancy. However, interrogation of a second Tagl restriction site, located
at bp 15253-15256 in the mitochondrial cytochrome b gene, yielded
similar results: the mutation frequency was 1.2 x 107° in 2.5-month-
old animals but rose to 7.9 x 10~° in a 33-month-old animal, sug-
gesting that our results can be extended beyond the local genetic
environment of any one site (data not shown). Furthermore,
in parallel experiments, we observed mutation frequencies of up to
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Figure 1 Frequency of mitochondrial mutations as a function of age. (a) Mutation frequency was
determined at Tagl restriction site 634-637 in brain and heart. Each data point represents one animal.
On average, 3 x 106 bp were screened per animal. (b) Mutation burden (mean + s.e.m.) of young
animals (1-10 months, n = 7) and old animals (24-33 months, n = 6). ** P < 0.01, two-tailed

t-test).
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proposes a substantial role for oxidative
damage in mitochondrial mutagenesis!®.

A compilation of sequencing data collected
from wild-type animals identified 81% of all
mutation events as GC to AT transitions
(Fig. 2), suggesting that a limited number
of sources is responsible for mutation acqui-
sition. The detection of five deletions, ran-
ging from 1 to 80 bp, and one insertion
(Fig. 2 and Supplementary Fig. 5), attests
to the versatility of the RMC assay. GC to AT
transitions are the most commonly observed
mutations after oxidative stress!” and are
thought to be produced predominantly
through cytosine oxidation followed by
rapid decomposition of the destabilized base
into uracil glycol and 5-hydroxyuracil, both
of which mispair with adenine'. Repair of
these lesions creates abasic sites, repair inter-

Mutation frequency/bp (x 1 0‘6)
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1.5 x 1073 at both restrictionsites in brain tissue and mouse
embryonic fibroblasts (MEFs) derived from 2.5-month-old animals
completely deficient in the proofreading activity of DNA polymerase y
(Polg), the mitochondrial replicative enzyme. Because these animals
are healthy at this age and cell lines are viable despite a ~2,500-fold
increase in mutation burden, these data strongly suggest that negative
selection is not an influential factor in determining mutation
load at either site. Nevertheless, we cannot exclude the possibility
that mutational hotspots that lie outside of our mutational target
could raise the overall mutation frequency per bp reported
here. However, the contribution of hotspots would be mitigated
by their rareness and diluted by the presence of large regions of
uniform mtDNA. Thus, we expect their influence to the mutation
frequency per bp to be modest, and we conclude that our results
indicate that the mutation burden in mitochondria of wild-type mice
is more than ten times lower than previously reported. This discre-

=Ye) Pancy is most likely to be the result of mutations introduced ex vivo

@on (damaged) DNA templates during PCR before cloning steps in

=" conventional assays, as PCR amplification, prior to application

of the RMC assay, increased the mutation frequency at least 32-fold
(Supplementary Fig. 2 online). In contrast, the RMC assay does not
seem to be substantially influenced by DNA damage (Supplementary
Fig. 3 online).

mtDNA is located in the vicinity of the electron transport chain, the
primary site of ROS production. To investigate whether oxidative
damage is responsible for mutation acquisition, we measured the
mutation load in MEFs and heart tissue of transgenic animals carrying
an extra gene that targets human catalase (mCAT), an ROS scavenger,
to the mitochondrion'>. In the hearts of three 26- to 28-month old
mice that showed stable expression of the mCAT gene, we measured
an average mutation frequency of 1.4 x 107 + 0.1 x 107, whereas
five age-matched wild-type animals showed an average mutation
frequency of 4.0 x 107 + 1.0 x 107¢ (P = 0.036, Mann-Whitney
test, Supplementary Fig. 4 online). In addition, we measured a
mutation frequency of 1.3 x 107¢ in primary MEFs of a wild-type
animal but did not find any mutations in a screen of 6.3 million bp
from a similar primary cell line derived from an mCAT littermate. We
observed a marked difference in the mutation spectrum of wild-type
and mCAT-expressing animals (Supplementary Fig. 5 online). Col-
lectively, these findings are in agreement with extensive literature that

mediates that are preferentially paired with
adenine during Polg-mediated synthesis'®.
However, an altered pattern of mutagenesis in proofreading-deficient
Polg mice argues against a substantial role for Polg misinsertions in
the absence of DNA damage (Supplementary Fig. 5). The muta-
tion spectrum remained constant between three restriction sites
(bp 634-637, 7667-7680 and 15253-15256) and was independent of
age or tissue type (brain or heart). However, even though the Tagl site
is a palindrome, the mutations were not symmetrically divided over all
4 bp (Supplementary Fig. 5); this asymmetry may occur if the
mutation rate of the two DNA strands is not equal?’. Because DNA
oxidation and deamination occur faster on single-stranded DNA than
on double-stranded DNAZ?!, it is possible that temporary single-
strandedness of mtDNA during replication is a driving force in
mitochondrial mutagenesis®®. Finally, we did not find any evidence
for clonal expansions during spectrum analysis, consistent with the
post-mitotic nature of the tissues surveyed.
To directly evaluate the hypothesis that the accumulation of muta-
tions in mtDNA is a causal factor in the aging process, we compared
the mutation burden of wild-type mice with that of mice that contain
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Figure 2 Mitochondrial mutation spectrum in wild-type animals. Mutation
spectrum was composed of mutations captured at three restriction sites
(634-637, 7667-7670 and 15253-15256) in both brain and heart.
Absolute numbers of mutations captured are listed inside the bars. Indels:
inversions and deletions.
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Figure 3 Kaplan-Meier survival curves. Median survival is 423 d for
Polg™u¥mut mice, 758 d for Polgt™!t mice and 864 d for wild-type mice.
The curves for wild-type and Polg*’™ut mice do not differ statistically
significantly (log rank test, P = 0.875).

an allelic substitution in the exonuclease domain of Polg. This
substitution abolishes the proofreading activity of Polg, causing it to
be error prone. We? and others®? have recently demonstrated that
mice homozygous for this substitution (Polg™ V™) show a marked
reduction in lifespan and several features of premature aging. This
phenotype could be attributed to an increased rate of mtDNA
mutation, which we initially reported to be three- to eightfold higher
in homozygous mutant mice compared with wild-type mice,
as measured by a standard DNA sequencing approach. Here, we
correct this to be ~2,500-fold. Because our measurements in
young Polg™ ™ mice (1.5 x 1073 + 0.2 x 1073) are equivalent to
what was previously reported®?? with conventional assays, this differ-
ence can be attributed solely to the increased sensitivity of the RMC
assay, which allowed us to correctly determine the very low mutation
frequency in wild-type mice. Thus, a key finding of this study is
that the exonuclease domain of Polg is a principal caretaker of
mtDNA integrity.

Heterozygous animals (Polg™™) did not show a statistically
significant reduction in mean lifespan (P = 0.875, Fig. 3), consistent
with previous reports>?2, Additionally, no significant increase in age-
related pathology has thus far been detected in these animals?? (T.A.P,
=ve, unpublished data). We re-examined the mutation load of the Polg*/™ut

ice with the RMC assay. Notably, we recorded an average muta-
=" tion frequency of 3.3 x 107 + 0.9 x 10~* per bp (Fig. 4a) in brain
tissue of young (2- to 3-month-old) Polg"/™ut animals at the 12S
rRNA locus—approximately 500 times higher than in age-matched
wild-type animals (P = 0.008). Notably, this mutation burden was also
29 times higher than the burden in old wild-type animals (24-33
months, Fig. 4a, P = 0.001). The lack of a classic mismatch repair
mechanism in mouse mitochondria?® probably allows for this vast
increase in mitochondrial mutagenesis in an exonuclease-deficient
background. Because the frequency of intracellular expansions of
mtDNA mutations depends directly on the mutation rate?4, these
data suggest that both heteroplasmic and homoplasmic mutations are
markedly higher in Polgt/™ cells than in wild-type cells. We con-
firmed these results in heart tissue of three young Polg™™" mice,
which showed an average mutation frequency of 1.6 x 107* + 0.5 x
104, approximately 220 times higher than in four young wild-type
animals, which carried a mutation burden of 7.1 x 10~7 £ 0.1 x 10~/
(P = 0.0175) and 30 times higher than in six old wild-type animals
with a frequency of 5.4 x 107% + 1.7 x 10~° (Fig. 4b, P = 0.004). This
observation was strengthened by similar results from a probe of three
additional Tagl restriction sites, randomly dispersed throughout the
mitochondrial genome in both brain (Supplementary Fig. 6 online)
and heart (data not shown).
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Figure 4 Mutation burden in wild-type and Polg exonuclease-deficient
mice. (a,b) Mutation frequency (mean + s.e.m.) was determined at Taql
restriction site 634-637 in brain (gray) and heart (red) and is plotted on

a logarithmic scale. For brain tissue, young wild-type (WT) animals are

1-3 months of age (n = 4); old wild-type animals, 24-33 months of age

(n = 6); young Polg*™ut animals, 2.5 months of age (n = 3) and young
Polg™umut gnimals, 2.5 months of age (n = 2). * P < 0.05. ** P < 0.01.
For heart tissue, young wild-type animals are 1-16 months of age (n = 4),
old wild-type animals are 24-33 months of age (n = 6) and young Polg+/mut
animals are 2.5 months of age (n = 3).

As the mutation frequency is determined at the same loci in
all genotypes, these measurements unambiguously describe the
relative differences in mutation rate between them. Because hetero-
zygous mice are born with a 30-fold higher mutation burden than the
oldest wild-type animals without suffering a phenotype that resembles
premature aging, we conclude that the threshold at which mitochon-
drial mutations become limiting for lifespan is unlikely to be reached
in wild-type mice. Notably, heterozygous carriers of human variants
of polymerase y (POLG) are asymptomatic as well, suggesting
that there may be many healthy human carriers of POLG alleles that
harbor large numbers of undetected mtDNA mutations. Although
our data strongly argue against a causal role for mitochon-
drial mutations in natural aging, it should be noted that despite our
ability to detect small deletions, large mtDNA deletions are not
detected by our methods. Large mtDNA deletions have been
correlated with the demise of certain specialized tissues such
as the substantia nigra?>?°. However, twinkle transgenic mice,
which have an organism-wide increase in the accumulation of large
deletions, do not show a decrease in lifespan or a premature
aging phenotype?’.

The mutation burden rapidly grew after 16 months of age, around
the time when reproduction has ceased and the average life expectancy
of these animals in the wild has expired. As ROS seem to be the
primary source of mutagenesis in mitochondria, this study is con-
sistent with the hypothesis that the production of ROS increases with
age?® and that mtDNA is a primary target of ROS, but that the most
prevalent result of oxidative lesions, point mutations, are extremely
rare and do not determine the rate of aging of wild-type mice.

METHODS

Tissue homogenization and organelle separation. All tissues were harvested
within 5 min of death. All animals were cared for according to approved
guidelines at the University of Washington. Tissues were sliced in pieces with a
scalpel and rinsed in 1x PBS before homogenization in a Dounce-type glass

542

VOLUME 39 | NUMBER 4 | APRIL 2007 NATURE GENETICS



homogenizer with 25 firm strokes of a hand-driven glass pestle. Homogeniza-
tion buffer contained 0.075 M sucrose, 0.225 M sorbitol, I mM EGTA, 0.1%
fatty acid—free BSA and 10 mM Tris HCI (pH 7.8). Differential centrifugation
was performed as described previously!? to obtain a crudely purified mito-
chondrial pellet.

DNA extraction and restriction digest. Mitochondrial pellets were digested for
1 h in a buffer containing 0.2 mg/ml proteinase K (Sigma), 0.75% SDS, 0.01 M
Tris HCI, 0.15 M NaCl and 0.005 M EDTA at pH 7.8. mtDNA was subsequently
isolated using phenol-chloroform extraction (1:1, vol/vol) followed by ethanol
precipitation. mtDNA was then diluted and digested in a specialized Tagl buffer
(New England Biolabs) in the presence of 100 units Tag*I (New England
Biolabs) and 1x BSA (New England Biolabs) for 10 h, with the addition of
100 units of Tag*I per h.

Mutation detection. PCR was performed using a DNA Engine Opticon
Monitor 2, a continuous fluorescence detection system (BioRad), and
amplicons were visualized with Stratagene’s Brilliant SYBR Green qPCR
Master Mix. Primers used for amplification are listed in Supplementary
Table 1 online.

All real-time qPCR reactions were performed in 25-pl reactions containing
1x Brilliant SYBR Green qPCR Master Mix from Stratagene, 20 pmol forward
and reverse primers and 2 units uracil DNA glycosylase (UDG). The samples
were amplified as follows: UDG incubation at 37 °C for 10 min and 95 °C for
10 min followed by 45 cycles of 95 °C for 30 s, 60 °C for 1 min and 72 °C for
1.5 min. Samples were held at 72 °C for 5 min and then immediately stored
at =20 °C. All PCR products were either (i) incubated with Tag®I and then
verified by agarose gel electrophoresis to be insensitive to digestion or (ii)
isolated with the QiaQuick PCR Purification Kit (Qiagen) and sequenced to
identify the mutation at the Tagl recognition site.

http://www.nature.com/naturegenetics

Cell culture. Mouse embryonic fibroblasts were cultured in DMEM
(Gibco-BRL) containing 10% (vol/vol) FBS (HyClone), 1% L-glutamine and
1% penicillin-streptomycin (Gibco). An atmosphere of 5% CO, was main-
tained in a humidified incubator at 37 °C. mCAT and corresponding wild-type
cell lines were grown with 2% oxygen.

Note: Supplementary information is available on the Nature Genetics website.
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