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Background: Mitochondrial DNA (mtDNA) deletion mutations lead to electron transport chain
deficient cells and age-induced cell loss in multiple tissues and mammalian species. Accurate
quantitation of somatic mtDNA deletion mutations could serve as an index of age-induced cell
loss. Quantitation of mtDNA deletion molecules is confounded by their low abundance in tissue
homogenates, the diversity of deletion breakpoints, stochastic accumulation in single cells, and
mosaic distribution between cells.

Aims: Translate a pre-clinical assay to quantitate mtDNA deletions for use in human DNA
samples, with technical and biological validation, and test this assay on human subjects of
different ages.

Methods: We developed and validated a high-throughput droplet digital PCR assay that
quantitates human mtDNA deletion frequency.

Results: Analysis of human quadriceps muscle samples from 14 male subjects demonstrated that
mtDNA deletion frequency increases exponentially with age — on average, a 98-fold increase from
age 20-80. Sequence analysis of amplification products confirmed the specificity of the assay for
human mtDNA deletion breakpoints. Titration of synthetic mutation mixtures found a lower limit
of detection of at least 0.6 parts per million. Using muscle DNA from six-month old mtDNA
mutator mice, we measured a 6.4-fold increase in mtDNA deletion frequency (i.e., compared to
wild-type mice), biologically validating the approach.

Discussion/Conclusions: The exponential increase in mtDNA deletion frequency is
concomitant with the known muscle fiber loss and accelerating mortality that occurs with age. The
improved assay permits the accurate and sensitive quantification of deletion mutations from DNA
samples and is sufficient to measure changes in mtDNA deletion mutation frequency in healthy
individuals across the lifespan and, therefore, patients with suspected mitochondrial diseases.

Keywords
MtDNA; mitochondria; mutation; deletion; sarcopenia; biomarker

Introduction

Age is the primary risk factor for the leading causes of disability and death [1]. While aging
has traditionally been classified as a non-modifiable risk factor, this is no longer true. Aging
and lifespan are modified routinely in a variety of model organisms, including rodents and
nonhuman primates. These age-modifying interventions are now poised for translation to
humans, however, experimental read-outs such as survival are not a practical endpoint.
Biomarkers are needed to accurately measure the rate of biological aging and predict
healthspan and lifespan [2].

Many current biomarkers are neither mechanistic nor sufficiently predictive owing to their
lack of proximity to the cellular processes that underlie aging. These markers correlate with
chronological age, but do not reflect biological age [3, 4]. MtDNA deletion mutations arise
from errors of replication of the mitochondrial genome [5]. These mutation events remove
~4-12 kb of primary mtDNA sequence with the breakpoints for these deletion events
typically centered in the mitochondrial major arc [6]. The resulting mutated mtDNA lacks
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multiple genes that encode the protein subunits necessary for oxidative phosphorylation
(Figure 1A). With time, the deletion clonally accumulates within its individual cell. When
the intracellular deletion abundance exceeds 90%, electron transport chain (ETC) function is
disrupted and cells lose cytochrome c oxidase (COX) activity prior to undergoing cell death
[7]. In 36-month old rat quadriceps, ~80% of the myofibers that are positive for markers of
apoptosis and/or necrosis were ETC-deficient. The sequential process of mtDNA deletion
formation, clonal accumulation, ETC deficiency, and cell death reiterates in an increasing
number of cells with age. MtDNA deletion containing, ETC-deficient cells have been
detected in the brain, heart, kidney, and skeletal muscle of aged mammals including humans
where they may contribute to the cellular phenotypes and tissue degeneration of aging
[8-11].

Cell loss is a significant feature of mammalian aging [12]. MtDNA deletion frequency may
serve as a surrogate marker for ETC deficient cells and, thus, the rate of cell loss. In rodents,
mtDNA deletion frequency predicts the abundance of ETC deficient cells, as assessed using
laborious histochemical staining in skeletal muscle [13]. As these cells ultimately undergo
apoptosis and necrosis, steady-state tissue levels of ETC deficient cells remain low. The
instantaneous mtDNA deletion frequency could approximate the /n vivo rate of age-induced
cell loss.

A critical barrier to understanding the contribution of mtDNA deletions to aging has been
the requirement for both sensitive and specific methods of quantitation. The magnitude of
deletion mutation abundance in tissue homogenates distinguishes aging from genetic
diseases such as the mitochondrial myopathies. In rat muscle, mtDNA deletion mutations
increase ~60 fold between 12- and 34-months of age and the absolute magnitude in tissue
homogenates rises to 0.12% [13]. High specificity is also required as wild type mtDNA,
which (in homogenates) is in excess, contains the same PCR priming sites as those present
in mtDNA deletion molecules. Moreover, as most mtDNA deletion mutations contain unique
breakpoints, the assay needs to detect a heterogeneous class of molecules [6]. A "common"
mtDNA deletion mutation "4,977" has been identified to increase in abundance with age
[14] and is associated with some inherited mitochondrial myopathies [15], however, this
mutation has only rarely been detected in ETC deficient muscle fibers from aged humans [6,
16]. Rather, numerous unique mtDNA deletion mutations accumulate to high levels in ETC
deficient human cells [6].

We have overcome the barrier to accurate quantitation of mtDNA deletion frequency with a
novel digital PCR (dPCR) assay that brings numerous advantages [13]. We adapted a direct
digital PCR method originally developed in rodent models [13, 17]. First, this approach is
capable of detecting a diverse population of mtDNA deletions across the major arc, rather
than focusing on a single deletion species such as the “common” deletion [18-20]. Second,
digital PCR permits absolute mutation quantitation without the need for standard curves as
required for real-time PCR. Digital PCR assays utilize end-point analysis of each partition to
generate quantitative data and are independent of PCR efficiency. This independence from
PCR efficiency permits the equivalent detection of deletions despite amplicon size
differences. Finally, the new assay directly measures deletion mutation abundance, which is
more accurate than indirect approaches that infer deletion mutation frequency by absence of
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major arc site amplification [13]. The lower limit of detection (LLOD) for deletion mutation
frequency using the indirect approach has been validated to be 2.5% [21], and 25% [13]. In
rats, a direct approach to quantifying deletion mutations using chip-based dPCR had a
LLOD of 0.03% [18].

Here we adapted and refined the direct digital PCR approach to quantify human mtDNA
deletion mutations from vastus lateralis muscle biopsy samples across the lifespan. The
adapted assay benefits from a droplet dPCR format that increases throughput and thus
replicate number, decreases cost, and automates sample preparation. Initial validation of the
direct deletion droplet digital PCR (4DPCR) assay was performed, confirming the assay
specificity, and sensitivity. We show that mtDNA deletion mutation frequency increases
exponentially with age in human skeletal muscle.

Materials and Methods

Ethics statement

Animal studies were conducted according to the Guidelines for Ethical Conduct in the Care
and Use of Nonhuman Animals in Research and were approved by the UCLA Institutional
Animal Care and Use Committee. De-identified muscle biopsy specimens were collected as
part of a VA Merit Award, “Testosterone, inflammation and metabolic risk in older
Veterans” and NIH R01DK090406 (PI: Cathy Lee, MD). Use of the human specimens for
this study was approved by the UCLA Institutional Review Board (Protocol #18-001547)
and the University of Alberta Health Research Ethics Board #00084515.

Tissue samples

De-identified human muscle biopsy samples were obtained from the quadriceps muscle of
14 male subjects ranging in age from 20 to 81 years [22]. Mouse quadriceps muscle samples
were obtained from 6-month-old wild-type, heterozygous, and homozygous mutator mice
(Stock N0:017341, PolgADP257A) purchased from The Jackson Laboratory (Bar Harbor, ME).
Anonymous-donor, non-irradiated platelet concentrate from a 69yo woman was purchased
from a commercial biobank (Amsbio, Abingdon, United Kingdom). Platelet concentrates
were pelleted as previously described [23]. All samples were flash-frozen in liquid nitrogen
and stored at —80 Celsius until DNA isolation. Personnel analyzing human muscle biopsy
samples were blinded to subject age. Subject ages were only revealed after analyses were
completed.

DNA isolation and quality control

Tissue samples were powdered under liquid nitrogen using a mortar and pestle.
Approximately 25mg of powdered muscle was used for DNA isolation, performed by
proteinase K and RNase A digestion, phenol/chloroform extraction, and ethanol
precipitation, as previously described [13]. Quality control of the DNA was performed via
Nanodrop (Nanodrop 2000, Thermo Scientific; Waltham, MA), Qubit (2.0, Invitrogen;
Carlsbad, CA), and Tapestation (2200, Agilent; Santa Clara, CA). Platelet total DNA
samples were determined to be >99% mtDNA (data not shown).
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Droplet digital PCR

A 5’ nuclease cleavage assay and droplet digital PCR (ddPCR) were used to quantitate copy
numbers for nuclear DNA, total mtDNA, and mtDNA deletions with specific primer/probe
sets and cycling conditions for each (Supplemental Table 1). Samples were diluted to the
manufacturer’s recommended target range (1 to 5,000 copies per microliter) in 25 microliter
reactions using BioRad ddPCR Supermix for Probes (BioRad; Hercules, CA). Final primer
and probe concentrations were 900nM and 250nM, respectively. Reactions were partitioned
into droplets using a BioRad QX200 Droplet Generator (BioRad; Hercules, CA) prior to
thermocycling. Digital PCR cycling conditions for nDNA and mtDNA copy number
included Tag-polymerase activation at 95°C for ten minutes, followed by 40 cycles of
denaturation at 94°C for 30 seconds and annealing/extension at 60°C for two minutes.
Droplet fluorescence was then read using a BioRad QX200 Droplet Reader. Target copy
numbers per microliter were determined using BioRad QuantaSoft Regulatory Edition
Software (Version 1.7, BioRad; Hercules, CA). Direct quantitation of major arc deletions by
ddPCR used cycling conditions of Tag-polymerase activation at 95°C for ten minutes,
followed by 60 cycles of: denaturation at 94°C for 15 seconds, annealing at 55°C for one
minute, and extension at 72°C for six minutes. Deletion assays on mouse skeletal muscle
DNA used mouse-specific primer/probe sets shown in Supplementary Table 1 [13], with the
same cycling conditions as described for the human mtDNA major arc deletion detection.

Droplet PCR amplicon isolation and sequencing

Droplet digital PCR reactions were pooled to provide sufficient starting material. Pooled
reactions were extracted with chloroform according to manufacturer’s protocols to isolate
DNA for sequencing (Bio-Rad Laboratories, Hercules, CA).

Next generation sequencing (NGS) was performed using a commercially available system
(Illumina, San Diego, CA). Purified droplet amplicons were fragmented using a focused-
ultrasonicator (M220, Covaris, Woburn, MA) prior to library preparation. DNA libraries
were constructed using the KAPA HyperPlus Kit (Roche, Basel, CH). Sequencing was
performed on the Illumina MiSeq desktop sequencer using the 600-cycle MiSeq Reagent V3
Kit (Illumina, San Diego, CA). Sequence data was aligned to the revised Cambridge
Sequence (rCS, NC_012920.1) using BWA v0.7.17. Data complexity was reduced to a
random sample of 1 million (of ~37 million) reads aligned to the target region (bp 5707 to
16529). These data were input into eKLIPse software (v1.8 [24]), an algorithm for mtDNA
deletion finding based on soft-clipping. Default parameters (including a minimum deletion
size of 1Kb) were used.

Synthetic human deletion mutations and mixing experiments

Double-stranded DNA targets representing deletion mutation targets were synthetically
generated (ATUM, Newark, CA) in a PUC57 vector. Quality control of the DNA was
performed as described above. Synthetic human deletion target was mixed with serial 10-
fold dilutions of wild-type mtDNA isolated from human platelets. The background mutation
frequency of human platelet sample was 2.1e-7. The synthetic human deletion target was
kept at a constant copy humber while wild type mtDNA molecules were added at increasing
concentrations.
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Statistical analysis

Results

All data are presented as mean + SEM. In analyses of mutator mouse samples, ANOVA was
used to compare differences among multiple groups, followed by Tukey’s multiple
comparison test for significance between the different genotypes. Statistical analyses
including regression analyses were performed using GraphPad Prism (version 7.05,
GraphPad).

Design of human mtDNA direct deletion droplet digital PCR (4DPCR) assay

To quantitate age-induced human mtDNA deletions, we adapted our chip-based digital PCR
approach [13] to droplet dPCR. As in the earlier chip-based method, quantitation of mtDNA
deletion mutations relies on the selective amplification of the smaller genomes (resulting
from the loss of a significant portion of the mitochondrial major arc). With forward and
reverse PCR primers flanking the major arc, the deletion mutations permit PCR
amplification under a constrained PCR extension time that would otherwise not occur on
wild-type molecules (Figure 1A) [13, 25-28]. A primer set to quantify total mtDNA (i.e.,
wild-type mtDNA and mtDNA deletions) is positioned in the minor arc (12S rRNA gene), a
region of the mtDNA that is preserved with age [6]. Nuclear DNA copy number is
quantitated by assay of RNase P, a single copy nuclear gene. Minor arc deletions, deletions
that remove primer/probe sites, or very small mtDNA deletion events (i.e. events that remove
only a few hundred basepairs) would not be detected by the assay.

Digital PCR partitions individual mtDNA templates into droplets. Following thermocycling,
droplets are either positive or negative depending on PCR amplification and the level of
fluorescent probe hydrolysis (Figure 1B). The fluorescent signal in positive droplets is
indicative of the level of probe hydrolysis and thus PCR efficiency of an individual
amplification product. Differing droplet patterns in the 1D fluorescence amplitude plot are
observed between individuals while technical replicates show similar amplitude patterns.

Assay Validation

Following droplet digital PCR, we recovered the amplification products from the droplets
and verified their mtDNA origins (Figure 2). Deletion mutation breakpoints were identified
by next-generation sequencing analysis of droplet digital amplification products (Figure 2D,
E). To further characterize the size range of deletions detected by the assay, we used
restriction digestion of a quadriceps muscle DNA sample from an 86yo woman to restrict
the population of amplifiable deletion molecules to those mtDNA molecules with deletions
greater than 8kb, 6Kb, 4Kb and 2Kb (Supplementary Fig. 1). These data demonstrate that
there is an amplification limit that corresponds to: 1) the extension time allowed in the
reaction (i.e., 6 minutes), 2) the distribution of mtDNA deletion breakpoints identified from
ETC deficient fibers [6] and 3) those deletions detected by next generation sequencing
analysis (Figure 2C, D, E).

We next examined the lower limit of detection (LLOD) of the assay by quantitating defined
mixtures of a synthetic human deletion mutation with highly enriched wild-type human
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mtDNA. In these spike-in experiments, the lower level of detection was below 0.6 parts per
million. The quantification was linear across seven orders of magnitude (R% =.9969, Figure
3A). Amplification and detection of deletions was unaffected by the addition of increasing
amounts of highly enriched wild-type mitochondrial DNA (Figure 3A) isolated from human
platelets. A deletion frequency of 0.6 ppm is >20-fold lower than what we have observed in
human and rodent muscle samples.

This sensitivity was sufficient to quantitate the abundance of mtDNA deletions in muscle
homogenates from control and mtDNA mutator mice used as positive controls (Figure 3B).
In the mutator mouse muscle, we quantitated mutation frequencies ranging from 0.0006% in
6mo WT mice, 0.0005% in 6mo heterozygous mutator mice and 0.0032% in homozygous
6mo mutator mice. In this genetic mouse model, deletion mutation frequency was not
different (p=.8935) between wild-type and heterozygous mice, but on average was 640%
higher in the shorter-lived, homozygous mutator mice (p<.0001). This 6.4-fold increase of
deletion frequency in mutator mouse muscle is similar to the seven to eleven fold increase
reported in homozygous mutator mouse brain and heart as compared to WT and
heterozygous mutator mice [29].

human muscle mtDNA copy number with age.

To calculate mtDNA deletion frequency, it is necessary to first measure total mtDNA copy
number per diploid nucleus. We found a significant, non-zero negative correlation between
total vastus lateralis mtDNA copy number per diploid nucleus and age (Figure 4) ([mtDNA
copy no. / diploid nucleus] = —58.22*Age+7046, r=—0.782, p=0.0009). On average mtDNA
copy number decreased by 2.5-fold between ages 20 and 80.

increase in human muscle mtDNA deletion frequency

We measured deletion mutation frequency in vastus lateralis muscle biopsy samples from
subjects between ages 20 to 81. MtDNA deletion mutation frequency ranged from 2.60x107%
in an individual at age 20 to 2.04x1073 in an individual at 81-years of age (Figure 5A). The
increase was exponential and log transformation linearized the relationship between deletion
frequency and age (Log[Deletion Frequency] = 0.03321*Age-5.827, r=0.747, p=0.0021)
(Figure 5B). From the regression line, on average, deletion frequency increased 98-fold with
age.

Discussion

MtDNA deletion mutations reflect a specific cellular event tied to aging. MtDNA deletion
mutations do not accumulate silently; their intracellular accumulation induces phenotypic
changes leading to cell dysfunction and death, and cell loss, which negatively affects tissue
structure and function [7, 8, 10, 11, 30-33]. Previously, we demonstrated that mtDNA
deletion frequency strongly predicts the abundance of electron transport chain deficient cells
as assessed histochemically [13]. The correlation coefficient between deletion frequency and
ETC deficient fiber number measured from the same samples was found to be 0.99. The
tight correlation of mtDNA deletion frequency by 4DPCR and ETC deficient fiber number
allows us to use this assay as a surrogate marker of these underlying cellular events. As ETC
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deficient cells induce apoptosis, necrosis and lead to cell loss [7], we reasoned that mtDNA
deletion frequency may serve as a predictor of cell loss.

To place the exponential increase in vastus lateralis deletion frequency in the context of
other known measures of human aging, we compared (Figure 5C) vastus lateralis muscle
fiber number from Lexell et a/. [34] with human male survival data from the Social Security
Administration period 2015 life table [35]. The exponential phase of increasing deletion
frequency is concomitant with the loss of muscle fibers that accelerates at approximately age
60 and the accelerating mortality that defines human aging. The change in magnitude of
fiber loss is not equivalent to the change in magnitude of deletion mutation frequency. The
fiber number (loss) is indicative of the cumulative impact of deletion mutations, whereas the
mutation frequency is the instantaneous burden of deletions. A caveat to the plot in Figure
5C is that the deletion frequency data was not generated from the same samples as the fiber
loss data. It is unlikely that total fiber number will be reexamined in whole human vastus
lateralis samples. Additional comparisons should be examined between deletion mutation
frequency and performance measures in the same subjects such as VO2Max, 6-minute walk,
or grip strength.

Because chronological age and biological age are not directly correlated, a biomarker
predictive of an individual's rate of biological aging will likely not accurately reflect
chronological age and vice versa. The relationship between available biomarkers, such as
mtDNA copy number shown in Figure 4, and chronological age is often described as linear
[36]. It is well understood that mortality increases exponentially as chronological age
advances linearly [37]. Processes that contribute to aging and mechanism-proximal
biomarkers must also increase exponentially in similar timeframes as mortality if they are to
be predictive. In this context, mtDNA deletion frequency may bridge a gap between linear
biomarkers of aging and the exponentially accelerating wall of morbidity and mortality that
sets health- and lifespans [4]. We observed a correlation coefficient of 0.739 between
chronological age and deletion frequency. This level of correlation arises from the diverse
outcomes possible for individuals of the same chronological age who have differing
biological ages. For example, our dataset contains two 81-year old individuals with a 20-fold
range of deletion mutation frequencies. We interpret this finding to reflect that amongst the
population of 81-year-olds there are those of differing functional ability with increasingly
variable outcomes. Some octogenarians are homebound and have meals delivered, while
other 80-year old individuals may be the ones delivering those meals. The predictive
accuracy of chronological age and sex for 5-year survival is 0.69 across a large number of
studies [38]. A predictive biomarker of human aging must encompass this diversity of
biological aging. The observed level of correlation between deletion frequency and
chronological age likely reflects the stochastic nature of human aging.

Bulk measurement of mtDNA deletion frequency or ETC deficient cell abundance have been
criticized as being too low to have any relevance for aging [39]. Such critiques suggest that
magnitude is a prerequisite for causality and ignore the well-established, detrimental cellular
impact of these mutations. Deletion mutations clonally expand focally in individual cells to
cause cell death [7]. The cumulative loss of cells in muscles and other tissues irreversibly
contributes to the aged phenotype. The importance of deletion mutations even at “low”
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magnitudes is illustrated by comparison with the human fiber number data. Vastus lateralis
fiber number declines from ~600,000 at 50 years of age to ~323,000 at 80 years; on average
~25 fibers (~0.008%) are lost every day [40]. Thus, while the deletion frequency and ETC
deficient cell abundance are “low,” so too is the insidious and progressive cell loss and
muscle dysfunction. The magnitudes of deletion frequency, ETC deficient cell abundance
and the rate of fiber loss distinguish aging from disease. When examining biomarkers in a
cross-sectional study, the data one collects are indicative of steady state levels. These levels
do not encompass the whole of the phenomena that compound across a lifespan. The steady
state levels must be of lower magnitude.

While the spectrum of breakpoints we sequenced from the digital PCR droplets is typical of
deletions found by single cell PCR and breakpoint sequencing [6, 8, 41, 42], the breakpoints
amplified are not necessarily representative of the entire spectrum of mtDNA deletion
mutations that exist /n7 vivo. For example, we did not observe the 4,977 deletion breakpoint
in the next generation sequencing data, even though this deletion is known to increase with
age in muscle [27]. The distribution of droplet amplitudes (Figure 1B) is due to the differing
sizes of the underlying deletion mutations [18]. Larger mtDNA deletion mutations give rise
to smaller amplification products resulting in higher endpoint fluorescence amplitude. The
variable distribution of fluorescent signals observed in the positive droplets indicates the
presence of multiple deletion species as would be expected from aged individuals.

Our deletion frequency measurements are not derived from amplification of nuclear mtDNA
sequences (Numts) [43]. Digital PCR quantitation is dependent on having a substantial
number of partitions that do not amplify. For an LLOD of 0.6 ppm, it is necessary to add
DNA in excess to the reaction mixture. The consequence is that each droplet has numerous
copies of wild-type mitochondrial DNAs as well as nuclear DNA that could be amplified if
the reaction is not specific. In properly prepared reactions, a large fraction of droplets should
not demonstrate amplification. Secondly, the distance between the primers is such that the
amplification of Numts is improbable for the same reason that this assay does not amplify
wild-type mtDNA. Finally, NCBI Primer-BLAST analysis for off-target amplification does
not demonstrate any amplicons in the Homo sapiens nuclear genome that would be
detectable with our 4DPCR primer/probe set.

The lack of accurate measurement of mtDNA deletion frequency has confounded the clinical
assessment of primary and secondary mitochondrial diseases [44]. Molecular measurement
of mtDNA deletion frequency will allow clinicians to monitor disease progression and assist
with the development and testing of disease-modifying therapies [45, 46]. Accurate
quantitation of deletion mutation frequency would also aid the identification of
environmental exposures or weak genetic polymorphic effectors that affect mtDNA quality
and how mtDNA quality changes with age. The 4DPCR assay addresses these challenges by
providing a high-throughput method amenable to any DNA sample for measurement of
mtDNA deletions to an LLOD of at least 0.6 ppm.

Further validation of the assay, in accordance with published guidelines for clinical
bioanalytical assays [47], would provide the requisite rigor and reproducibility for use of
mtDNA deletion frequency in longitudinal studies of aging. Such studies may enable the use
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mtDNA deletion frequency as a predictor of human biological age; independent of
ronological age and sex. Adaptation of this assay to other clinical samples including
ripheral blood would enable broader application of the assay in clinical trials of human
ing interventions, especially those targeting metabolism and mitochondrial biology.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Direct deletion droplet digital PCR assay for measuring human mtDNA deletion
mutation frequency.

A. PCR primers are positioned on the human mitochondrial genome to amplify a control
region in rRNA (red arrows) for quantifying total mtDNA. A second set of PCR primers
flanks the mitochondrial major arc and spans a distance of 10,841 base pairs (black arrows)
in wild-type molecules. In wild-type molecules, this region is not amplified when extension
time is limited (A, upper row). In mtDNA molecules bearing a representative deletion
mutation, this region is amplified (A, lower row). Probe hydrolysis gives rise to the signal.
The probe is only hydrolyzed when the 5” primer (near OL) completely extends across the
major arc. B. 1D fluorescence amplitude plot from four different vastus lateralis DNA
samples in replicate. Blue points are droplets whose fluorescence signal amplitude is above
the threshold value (‘positives’), while gray points are those droplets whose amplitudes are
below the threshold value (‘negatives’).
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Figure 2. Characterization of amplicons recovered from the 4DPCR assay.
A. Electropherogram of amplicons extracted from droplets following digital PCR

amplification. B. Linear representation of the wild-type mitochondrial genome. C.
Sequencing read coverage of amplicons extracted from droplets following digital PCR
amplification. Sequencing coverage is mapped to the human mtDNA sequence with number
of reads (x1,000) shown on the ordinate. The black arrows indicate the PCR primer sites. D.
MtDNA deletion mutations identified by next generation sequencing of the PCR reaction
droplets. The region in black indicates the portion of the mitochondrial genome missing in
the deletion mutation. E. Mapping of mtDNA deletion breakpoints from 4D PCR. The outer
Track 1 illustrates the human mitochondrial genome with annotated transfer RNAs (tRNAS)
(orange), ribosomal RNAs (rRNASs) (purple), protein-coding genes (green), and noncoding
regions (black). The four levels of grey in Track 2 depict the cumulative percentage of
deletions, which are denoted by the black line for each mtDNA position. The coverage depth
at each base is shown as a blue area, whereas the median coverage of all samples is
represented as the dark blue line in Track 3. Soft-clipping peaks are shown in Track 4 as
black bars. The size of each bar is proportional to the number of soft-clipped sequences.
Bidirectional BLASTS representing deletions are denoted by red arcs with intensities (from
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light red to dark red) proportional to the abundance of each amplified deletion event. The
plot was produced using eKLIPse software, v1.8 [24].
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Figure 3. Limit of detection and biological validation of the deletion assay.
A. Percent human mtDNA deletion mutations measured in a spike-in experiment using a

synthetic mutation target and purified human mtDNA. Mutation frequency was measured
over eight orders of magnitude of known mutation frequency. B. Using mouse mtDNA
specific primers in the assay, mtDNA deletion mutation frequency was measured in 6-
month-old wild-type (Polg"Wb), heterozygous (Polg"U™ut) and homozygous (PolgMut/mut)
polymerase gamma mutator mice. Bars denote mean + SEM.
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Figure 4. MtDNA copy number declines with age.
MtDNA copy number was measured from human vastus lateralis muscle biopsy samples

across the lifespan (r=—0.782). MtDNA copy number was normalized to diploid nuclear
DNA copy number as measured by digital PCR quantitation of the single copy gene - RNase
P.
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Figure 5. MtDNA deletion mutation frequency increases exponentially with age and parallels
previously determined vastus lateralis fiber number and human survival.

A. mtDNA deletion mutations measured from human vastus lateralis muscle biopsy samples
across the lifespan. At ages above 60, deletion mutation frequency rises from the baseline.
B. Logarithmic transformation of the Y-axis shows the exponential increase (>100 fold) in
deletion mutation frequency with age (r=0.747). C. Human survival [35] (dotted line, left
axis), vastus lateralis muscle fiber number [34] (red squares, right axis) and non-linear fit of
vastus lateralis mtDNA deletion mutation frequency as the fold-change versus a 20-year old

subject (black line, right axis) were plotted on the same axis.
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