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Abstract

As regulators of bioenergetics in the cell and the primary source of endogenous reactive oxygen 

species (ROS), dysfunctional mitochondria have been implicated for decades in the process of 

aging and age-related diseases. Mitochondrial DNA (mtDNA) is replicated and repaired by 

nuclear-encoded mtDNA polymerase γ (Pol γ) and several other associated proteins, which 

compose the mtDNA replication machinery. Here, we review evidence that errors caused by this 

replication machinery and failure to repair these mtDNA errors results in mtDNA mutations. 

Clonal expansion of mtDNA mutations results in mitochondrial dysfunction, such as decreased 

electron transport chain (ETC) enzyme activity and impaired cellular respiration. We address the 

literature that mitochondrial dysfunction, in conjunction with altered mitochondrial dynamics, is a 

major driving force behind aging and age-related diseases. Additionally, interventions to improve 

mitochondrial function and attenuate the symptoms of aging are examined.
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1. Introduction

Aging is a highly complex, progressive process characterized by impairment in 

physiological function eventually leading to disease and death. This impairment is the result 

of accumulated molecular damage associated with metabolic activity and regulated by 

genetic and environmental effects (Kirkwood, 2005). In the 1950’s, Harmon first proposed 

that ROS generated by normal metabolism directly regulate the aging process (Harman, 

1956). He later refined his theory to include mitochondria as both the primary source and 

target of ROS, leading to the accumulation of defective mitochondria and the hindrance of 

functional replacements (Harman, 1972). Others specifically advocated that accumulation of 
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ROS-driven somatic mtDNA mutations, secondary to a lack of adequate repair mechanisms, 

is the main driving force behind aging (Fleming et al., 1982; Linnane et al., 1989). The 

mtDNA mutations lead to disruption of the electron transport chain (ETC), which generates 

more ROS followed by additional mtDNA mutations, thus creating a “vicious” cycle of 

damage culminating in apoptosis (Mandavilli et al., 2002).

Support for the classical Mitochondrial Free Radical Theory of Aging (MFRTA) waned as 

new evidence linked ROS to both toxicity and signaling pathways associated with longevity. 

Newer theories associate aging and mitochondrial dysfunction with clonally expanded 

mtDNA mutations caused by replication errors and altered mitochondrial dynamics. In 

particular, much of the mtDNA damage is linked with the nuclear-encoded proteins 

responsible for its replication. Here, we focus on aspects of the mitochondrial replication 

machinery that contribute to mtDNA mutagenesis and aging.

2. Mitochondrial biology and genetics

Mitochondria are intracellular organelles that produce the majority of adenosine triphosphate 

(ATP) in cells via the ETC and oxidative phosphorylation (OXPHOS). Mitochondria are also 

involved in buffering cytosolic calcium, regulating metabolic and signaling pathways and 

controlling apoptosis through the mitochondrial permeability transition pore (Wallace, 

2005).

The ETC consists of four complexes located in the inner mitochondrial membrane (Figure 

1). Energy from dietary reducing equivalents, nicotinamide adenine dinucleotide (NADH) 

and flavine adenine dinucleotide (FADH2), flow down the ETC as electrons that are used by 

Complexes I, III and IV to pump protons across the mitochondrial inner membrane, 

generating a proton electrochemical gradient. Protons allowed back into the matrix along 

this gradient are used by ATP synthase (Complex V) to drive synthesis of ATP from ADP 

and inorganic phosphate (Pi). ATP is then translocated into the intermembrane space by 

adenine nucleotide translocases (ANT1-4), which in conjunction with the voltage-dependent 

anion channel (VDAC) allow ATP into the cytosol (Wallace, 1997). Greater than 90% of the 

oxygen taken up into the cell is consumed by the ETC. Premature electron leakage from 

Complexes I and III convert 1–2% of the oxygen to ROS as superoxide (O2
•−). The 

superoxide anions are converted to hydrogen peroxide (H2O2) by the superoxide dismutases 

(SODs). H2O2 is then detoxified either by peroxisomal catalase or the glutathione system. If 

not detoxified, H2O2 is transformed into the hydroxyl radical (HO•) via the Fenton reaction 

(Murphy, 2009).

Human mtDNA is maternally inherited (Giles et al., 1980) and exists as a circular, double-

stranded genome organized into 16,569 base pairs. It encodes 37 mitochondrial genes: 22 

transfer RNAs, 2 mitochondrial ribosomal RNAs and 13 proteins subunits of ETC 

complexes, with the exception of Complex II which is entirely nuclear encoded. There are 

several mtDNA copies per mitochondrion and hundreds of mitochondria per cell (Miller et 

al., 2003). MtDNA can exist as a pure population of wild type (homoplasmy) or a mixture of 

wild type and mutant mtDNA, known as heteroplasmy. Proteins, such as transcription factor 

A of mitochondria (TFAM), mtDNA helicase Twinkle and mitochondrial single-stranded 
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DNA binding protein (mtSSB) can colocalize with mtDNA forming distinct, dynamic 

structures known as nucleoids (Garrido et al., 2003). Depletion of mtDNA leads to 

dysfunctional mitochondria, which can contribute to aging, disease and ultimately cell death. 

Additionally, mtDNA point mutations and deletions can disrupt mitochondrial function if the 

percentage of mutant mtDNA per cell reaches a threshold where not enough functional 

mitochondria remain to maintain proper energetic function (Wallace, 1999). Therefore, 

effective and faithful mtDNA replication is necessary for cell survival.

Of the 17 human cellular DNA polymerases, polymerase gamma (Pol γ) is the only 

replicative polymerase known to function in mitochondrial DNA replication and repair 

(Bebenek and Kunkel, 2004; Ropp and Copeland, 1996; Sweasy et al., 2006). The Pol γ 
holoenzyme is a heterotrimer consisting of a single 140 kDa catalytic subunit (nuclear 

encoded by POLG at chromosomal locus 15q25) and a 55 kDa accessory subunit that forms 

a dimer (nuclear encoded by POLG2 at chromosomal locus 17q24.1). The catalytic subunit 

has DNA polymerase, 3′→5′ exonuclease and 5′-dRP lyase activities (Graziewicz et al., 

2006; Kaguni, 2004). The accessory subunit is required for enhanced DNA processivity by 

augmenting the affinity of the catalytic subunit for DNA (Lim et al., 1999; Young et al., 

2015). The Pol γ holoenzyme functions in conjunction with Twinkle, mtSSB, 

topoisomerase, mitochondrial RNA polymerase (POLRMT), RNase H1 and mitochondrial 

DNA ligase III (mtLigIII) to faithfully replicate mtDNA (Figure 2). Other proteins involved 

in maintenance of the mitochondrial genome include: (1) TFAM, which enhances mtDNA 

packaging and compaction (Ngo et al., 2014); (2) transcription factor B of mitochondria 

(TFB2M); (3) Optic Atrophy 1 (OPA1), which plays a key role in mitochondrial fusion and 

mitophagy (Chen and Chan, 2005); (4) the RecB-type mitochondrial genome maintenance 

5′→3′ exonuclease 1 (MGME1); (5) the RNA and DNA 5′ flap endonuclease (FEN1) and 

(6) the helicase/nuclease DNA2. MGME1 may participate in DNA repair, initiation of 

mtDNA replication, RNA primer removal or even the destructive elimination of improper 

mtDNA molecules, while the latter two proteins are involved in mtDNA base excision repair 

(BER) (Copeland and Longley, 2014).

3. MtDNA damage in aging: ROS versus replication errors

Accumulations of mtDNA damage in the form of point mutations, deletions and depletions 

are correlated with aging and age-related diseases as observed in human skeletal muscle 

(Bua et al., 2006; Fayet et al., 2002), liver (Yen et al., 1991), brain (Corral-Debrinski et al., 

1992a; Corral-Debrinski et al., 1994; Lin et al., 2002), heart (Corral-Debrinski et al., 1992b; 

Cortopassi and Arnheim, 1990), skin fibroblasts (Michikawa et al., 1999) and colonic crypt 

stem cells (Taylor et al., 2003). Early reports comparing nucleotide substitutions in mtDNA 

from somatic tissues of different primates revealed a 10-fold higher rate of evolution for 

mtDNA relative to the nuclear genome (Brown et al., 1979; Brown et al., 1982), implying a 

relatively high mutation rate for mtDNA. More recently, estimates have increased the 

mutation rate from 10- to 17-fold higher in mtDNA than nuclear genomic (nDNA) (Tuppen 

et al., 2010). Therefore, it is essential to understand the origins of mutations in mtDNA.

It was proposed that the higher mutation rate in mtDNA is caused by ROS because the 

mitochondrial genome is located near the ETC in the inner mitochondrial membrane. These 
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mutations impact the ETC complexes, which leads to disruption of bioenergetics and 

production of more ROS in a feedback loop (Kwong and Sohal, 2000). Decreased protection 

of the mitochondrial genome due to both the lack of true histones and limited DNA repair 

mechanisms may also contribute to the higher mutation rate in mtDNA. Since high levels of 

ROS cause oxidative damage to cellular components such as DNA, RNA, proteins and 

lipids, these observations garnered support for the MFRTA (Chakravarti and Chakravarti, 

2007; Cooke et al., 2003).

The most common oxidative lesions in mtDNA are the G:C to T:A transversion mutations 

caused by adenine pairing with the guanine adduct 7,8-dihydro-8-oxo-deoxyguanosine (8-

oxo-dG) (Wang et al., 1998). Correlative evidence between increased levels of 8-oxo-dG and 

age-related deletions in mtDNA from humans (Capel et al., 2005; Hayakawa et al., 1992; 

Hayakawa et al., 1991), mice (Vermulst et al., 2007), rats (Sawada and Carlson, 1987) and 

houseflies (Sohal and Sohal, 1991) has been reported. Conversely, G:C to T:A transversions 

are only a small fraction of the mutations found in aged Drosophila (Itsara et al., 2014) or 

humans (Kennedy et al., 2013; Zheng et al., 2006). The enzyme 8-oxoguanine DNA 

glycosylase (OGG1) functions in the mitochondria to initiate removal of the 8-oxo-dG from 

mtDNA, while 8-oxoGTPase (MTH1) eliminates oxidized dGTP precursors to reduce their 

incorporation into mtDNA. The ogg1 or ogg1/mth1 knock-out mice have 20-fold higher 

levels of 8-oxoguanine in mtDNA (de Souza-Pinto et al., 2001) and half the life expectancy 

relative to wild-type (WT) mice (Xie et al., 2004), but no increase in mtDNA mutations 

(Halsne et al., 2012). Taken together, this suggests that ROS and 8-oxo-dG are not major 

contributors to mtDNA mutations in WT organisms.

Antioxidant systems eliminate ROS. Therefore, if the MFRTA were sustainable then over-

expressed antioxidant systems should lead to greater longevity and fewer mtDNA mutations. 

This is the exact scenario found in transgenic mice over-expressing mitochondrially-targeted 

human catalase, which decreases H2O2 (Schriner et al., 2005). These same mice are also 

protected from mitochondrial dysfunction, decreased energy metabolism and lipid-induced 

insulin resistance in skeletal muscle (Lee et al., 2010). Interestingly, when human catalase is 

localized to peroxisomes or targeted to the nucleus in mice, no detectable reduction in 

mtDNA damage or significant extension of lifespan are observed (Schriner and Linford, 

2006; Schriner et al., 2000). Over-expression of genes involved in the maintenance of thiol 

redox homeostasis or co-overexpression of Cu-Zn superoxide dismutase (Cu-ZnSOD) and 

catalase increase the lifespan of Drosophila melanogaster by 33–48% (Orr et al., 2013; Orr 

and Sohal, 1994). When either Cu-ZnSOD or catalase is over-expressed individually, only 

Cu-ZnSOD extends lifespan up to 48% while catalase has neutral or slightly negative effects 

(Sun and Tower, 1999). However, when manganese superoxide dismutase (MnSOD) and 

catalase are ectopically targeted to the mitochondrial matrix of transgenic flies, lifespan is 

decreased up to 43% (Bayne et al., 2005). If overexpressing antioxidant systems reduces 

ROS and leads to increased longevity, then the opposite should hold true when these systems 

are knocked-out or deficient. For example, mice deficient in either Cu-ZnSOD or MnSOD 

have widespread oxidative damage and hepatocarcinogenesis or neurodegeneration with 

reduced lifespan (Elchuri et al., 2005; Lebovitz et al., 1996). On the other hand, inactivation 

of any of the five isoforms of SOD in Caenorhabditis elegans fails to decrease longevity, in 

spite of increased oxidative stress, and actually prolongs lifespan (Van Raamsdonk and 
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Hekimi, 2012). Similarly, while SOD knock-out mice (Sod2−/−) die within the first 10 days 

of life (Li et al., 1995), heterozygous mice (Sod2+/−) are viable with longevity and OXPHOS 

activity comparable to WT mice (Mansouri et al., 2006). This occurs despite presenting with 

a premature aging (progeroid) phenotype as evidenced by increased mitochondrial oxidative 

damage, cataracts and an impaired immune response (Van Remmen et al., 2003).

The mixed results for whether ROS contributes to decreased or increased longevity may be 

explained by mitohormesis. In this theory, high levels of ROS promote mtDNA damage and 

the aged phenotype, while low levels of ROS are signaling molecules that regulate stress 

response pathways and activate cellular processes that enhance lifespan (Hekimi et al., 

2011). As ROS gradually increase over time, so do the cumulative levels of mtDNA 

damages, with ROS eventually reaching unstoppable toxic concentrations resulting in further 

mitochondrial dysfunction and aging.

Mutations can also arise as spontaneous errors of replication during either DNA replication 

or repair events. As the only replicative DNA polymerase known to exist in mammalian 

mitochondria, Pol γ is likely to produce these spontaneous errors. Comparison of mutation 

spectrum in mtDNA derived from in vivo sources with DNA copied in vitro by the highly 

purified human Pol γ reveals that over 85% of mutation detected in vivo could be 

recapitulated in vitro by Pol γ (Zheng et al., 2006). This suggests that spontaneous 

replication errors by Pol γ, and not ROS-induced damage, account for the majority of base 

pair substitution mutations in mtDNA. Thus, understanding the fidelity of Pol γ is critical.

4. Fidelity of DNA synthesis by pol γ

The human catalytic subunit of Pol γ has high base substitution fidelity over short repeat 

sequences (< 3 nucleotides), as a misinsertion event only occurs approximately once in every 

500,000 base pairs synthesized (Longley et al., 2001). High fidelity is due to high nucleotide 

selectivity and exonucleolytic proofreading. The intrinsic 3′ → 5′ exonuclease activity of 

Pol γ improves replication fidelity at least 20-fold (Longley et al., 2001). Biochemical 

characterization of the human catalytic subunit found that 3′ → 5′ exonuclease function 

could be eliminated by substituting D198 and E200 with alanine in the exonuclease domain 

(Longley et al., 1998). To examine whether exonuclease function is critical to replication 

fidelity in vivo, several experiments were conducted. For example, expression of an 

exonuclease-deficient Pol γ fusion protein in cultured human cells resulted in the 

accumulation of mtDNA point mutations (Spelbrink et al., 2000). Exonuclease-deficient Pol 

γ pancreatic islet cells caused impaired glucose tolerance, diabetes, and increased apoptosis 

in β-cells (Bensch et al., 2007; Bensch et al., 2009). In mice, transgenic overexpression of 

exonuclease-deficient Pol γ in cardiac tissue caused a greater than 23-fold increase in 

mtDNA point mutations and detectable levels of large mtDNA deletions (Zhang et al., 

2000). These mice also presented with secondary effects, such as increased apoptosis and 

cardiomyopathy (Zhang et al., 2005; Zhang et al., 2003). However, the first strong 

experimental evidence demonstrating a causal relationship between aging and the 

accumulation of mtDNA mutations/deletions secondary to an exonuclease-deficient Pol γ 
was obtained with the creation of the mtDNA mutator mouse.
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5. Exonuclease-deficient pol γ mouse links mtDNA mutations and deletions 

to aging

Independently developed by two labs, the mtDNA mutator mouse has a homozygous knock-

in that expresses a proofreading-deficient version of Pol γ, resulting in elevated levels of 

mtDNA mutations (Kujoth et al., 2005; Trifunovic et al., 2004). The mice appear normal 

through adolescence but develop a progeroid phenotype including alopecia (hair loss) and 

graying, kyphosis (curvature of the spine), osteoporosis (loss of bone density), sarcopenia 

(loss of muscle mass), weight loss, reduced subcutaneous fat, presbycusis (hearing loss), 

reduced fertility, anemia, cardiac hypertrophy (heart enlargement), and a reduced lifespan. 

Trifunovic et al. (2004) also describe impaired OXPHOS with a reduction in ETC enzyme 

activities and decreased ATP production.

The progeroid phenotype and accumulated mutations of mtDNA mutator mice are not due to 

increased ROS production and oxidative stress (Trifunovic et al., 2005). Kujoth et al. (2005) 

found no biomarkers of ROS induced damage to DNA, proteins or lipids, but report that 

tissue dysfunction is the result of apoptosis. In a follow-up study to experimentally address 

the “vicious” cycle aspect of the MFRTA, mouse embryonic fibroblasts from mtDNA 

mutator mice are shown to produce normal amounts of ROS and demonstrate no increased 

sensitivity to oxidative stress (Trifunovic et al., 2005). There are also no changes in the 

levels of antioxidants, protein carbonyls or aconitase enzyme activity in their tissues.

Despite only normal levels of ROS, mtDNA mutator mice do accumulate mutations of 

different types: (1) a 3- to 8-fold increase in progressive, yet random, somatic point 

mutations; (2) circular mtDNA with large deletions; and (3) multiple linear deleted mtDNA 

fragments approximately 12kb in length that are localized to the arc between the two origins 

of replication (Kujoth et al., 2005; Trifunovic et al., 2004). It remains highly contested as to 

which of these is the cause of the premature aging phenotype.

Unlike the homozygous mtDNA mutator mice, mice heterozygous for the Pol γ mutation 

have no progeroid phenotype or reduced lifespan (Kujoth et al., 2005; Trifunovic et al., 

2004). The mutation load of these mice was originally reported to be indistinguishable from 

WT animals (Trifunovic et al., 2004) as determined by PCR cloning and sequencing, a 

method that is limited by the error frequency of the PCR polymerases, which is 0.13 

mutations per kbp (Kujoth et al., 2005). However, using an adaptation of the more sensitive 

“random capture method,” which relies on PCR amplification of single molecules for 

mutation detection but is not limited by polymerase fidelity, the heterozygous mice are 

found to have a 500-fold higher mutational burden than age-matched wild-type controls and 

a 30-fold increase over the oldest wild-type animals (Vermulst et al., 2007). Thus, at least at 

the level observed in the heterozygous mice, mtDNA point mutations do not limit natural 

lifespan. However, the higher mutation load observed by the random capture method (2000-

fold higher in the homozygous mtDNA mutator mouse than WT) showed that the 

heteroplasmic level of mutations clearly exceeded the bioenergetic threshold to elicit the 

premature aging phenotype.
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WT and heterozygous mice mainly accumulate deletions at one hotspot between two 15-bp 

direct repeats, whereas homozygous mutant mice accumulate deletions regardless of the 

presence of direct repeats (Vermulst et al., 2008). Excluding this hotspot, homozygous 

mutant mice showed a 90-fold increase in circular mtDNA with large deletions, as compared 

to WT controls. Thus, the data suggest that deletions are the driving force behind the 

progeroid phenotype of the mtDNA mutator mouse (Vermulst et al., 2008). However, these 

findings were contested because when employing Southern blots and long-range PCR, these 

circular mtDNA molecules with large deletions are remarkably absent or present at 

extremely low levels, and as such, cannot be causal for the advanced aging phenotype 

(Edgar et al., 2009). In fact, the overall fraction of deletions in tissues from the mtDNA 

mutator mouse was only measured to be ~1.0% (Kraytsberg et al., 2009). But according 

Vermulst et al. (2009), the random nature of the deletions makes these methods insufficient 

for quantifying deletions. Thus, the number of deletions in the mtDNA mutator mouse 

continues to be debated.

Edgar et al. (2009) reported frequent point mutations in ETC genes in homozygous mtDNA 

mutator mice, while heterozygous mice were not examined. The resulting amino acid 

substitutions impair the stability of the ETC complexes, resulting in OXPHOS deficiency. 

Therefore, they conclude that point mutations, particularly in protein coding genes, are 

ultimately responsible for causing the progeroid phenotype in mtDNA mutator mice (Edgar 

et al., 2009). Lastly, a third type of mutation found in the mtDNA mutator mouse is the 

linear deleted mtDNA fragment. The deleted mtDNA was comparable in all tissues and did 

not change over time. Therefore, these fragments are surmised to arise from stalled 

replication due to Pol γ exonuclease deficiency and do not contribute to the progeroid 

phenotype (Kukat and Trifunovic, 2009). Hence, although it is agreed that mtDNA 

mutations contribute to the aging phenotype, it remains controversial as to whether these 

mutations are in the form of point mutations, deletions or both.

6. Age-related mitochondrial diseases associated with defective mtDNA 

replication machinery

6.1. DNA Polymerase γ

Several mitochondrial diseases have been linked to ineffective mtDNA replication by Pol γ. 

To date, there are over 300 disease-associated mutations in POLG listed in the Human DNA 

Polymerase Gamma Mutation Database (http://tools.niehs.nih.gov/polg). Some associated 

diseases manifest in adulthood and include symptoms of aging, namely autosomal dominant 

and recessive forms of Progressive External Ophthalmoplegia (adPEO/arPEO) and 

Parkinson’s disease.

PEO is associated with mtDNA point mutations and deletions (Hirano et al., 2001; Van 

Goethem et al., 2001; Van Goethem et al., 2003b) first identified in an Italian family with 

heritable autosomal dominant PEO (adPEO) (Zeviani et al., 1989). PEO manifests during 

adulthood and is characterized by bilateral ptosis and progressive weakening of the external 

eye muscles, proximal muscle weakness and wasting, skeletal muscle with ragged red fibers, 
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impaired ETC enzyme activity, exercise intolerance, sensory ataxic neuropathy and 

respiratory failure due to muscle fatigue.

In 2001, a heterozygous mutation in Pol γ that substituted a tyrosine with cysteine at codon 

955 (Y955C) was first identified as a disease locus for adPEO while three more missense 

mutations were associated with arPEO (Van Goethem et al., 2001). The following year, 

several more Pol γ mutations were identified that cause both adPEO and arPEO (Lamantea 

et al., 2002). Four adPEO mutations (G923D, R943H, Y955C and A957S) were 

biochemically characterized (Graziewicz et al., 2004). Both R943H and Y955C alter direct 

interactions with incoming dNTPs resulting in severely decreased processivity and a 99% 

decrease in polymerase activity. The reduced catalytic efficiency and the profound stalling of 

DNA synthesis are predictive for the in vivo dysfunction presented by PEO patients 

(Graziewicz et al., 2004). The Y955C mutation has a wild-type catalytic rate, but a 45-fold 

decrease in binding affinity for the incoming dNTP. The proofreading deficient exonuclease 

domain causes a 10- to 100-fold increase in nucleotide misinsertion rates (Ponamarev et al., 

2002). In a transgenic mouse model, human Pol γ encoding Y955C was targeted to the 

heart. These mice develop a molecular signature of PEO in the heart with cardiomyopathy, 

loss of mtDNA, increased 8-OHdG and premature death (Lewis et al., 2007). The G923D 

and A957S mutations have 21% and 23%, respectively, of the catalytic activity of the wild-

type enzyme, which seems to correlate with the presentation of a milder clinical phenotype 

(Graziewicz et al., 2004).

Most of the mutations in Pol γ are associated with arPEO. They are compound 

heterozygotes and often occur with common Pol γ mutations, such as A467T (Van Goethem 

et al., 2003a), W748S (Van Goethem et al., 2004), R309L (Lamantea et al., 2002), G848S 

(Lamantea et al., 2002), R627W (Van Goethem et al., 2003a), N846S (Van Goethem et al., 

2003c) or T251I in cis with P587L (Lamantea et al., 2002; Scuderi et al., 2015), to name a 

few. Patients with arPEO have the same clinical features as with adPEO, but with greater 

variation in symptoms and time of onset.

Parkinson’s disease (PD) is a progressive neurological disorder affecting greater than 1% of 

people over 60 years of age and 4% of those over 80 years (Luo et al., 2015). It is 

characterized by the loss of dopaminergic neurons in the substantia nigra and the formation 

of protein inclusions called Lewy bodies (Duvoisin, 1992). However, the absence of Lewy 

bodies in the substantia nigra has been found postmortem in patients with Pol γ associated 

PD (Moslemi et al., 1999). Clinically, PD presents with motor and non-motor symptoms. 

Motor dysfunctions include tremor, rigidity, bradykinesia, postural instability and 

uncontrollable movements while non-motor symptoms include sleep disturbances, 

depression, cognitive impairment and autonomic dysfunction (Jankovic, 2008). Aberrant 

mitochondrial functioning has been implicated in the pathogenesis of idiopathic PD with 

genetic analysis focusing on age-related mtDNA mutations (Bender et al., 2006; Coxhead et 

al., 2015; Hudson et al., 2014; Keogh and Chinnery, 2015; Kraytsberg et al., 2006).

Seven PEO families of various ethnic origins were reported to have Pol γ mutations with 

multiple mtDNA deletions (Luoma et al., 2004) and reduced mtDNA copy number (Gui et 

al., 2015). The dominant Y955C mutation and two new missense mutations, N468D and 
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A1105T, were discovered in these families (Luoma et al., 2004). Most of the women had 

early menopause or primary amenorrhea. Similar results were obtained in a family with 

premature ovarian failure associated with PEO and PD in which the diseases segregated with 

Y955C (Pagnamenta et al., 2006). A novel missense mutation in Pol γ (A2492G) was 

identified in another family with PEO, PD, hypogonadism, hearing loss, muscle weakness 

and psychiatric problems (Mancuso et al., 2004). However, it was later determined that the 

substitution is probably a neutral polymorphism as it has a 1.1% frequency in controls 

(Luoma et al., 2007; Tiangyou et al., 2006). Two sisters with early-onset PD, peripheral 

neuropathy and without PEO had a 37% decrease in mtDNA content with multiple deletions 

and were found to be compound heterozygous for two missense mutations (G737R and 

R853W) in Pol γ (Davidzon et al., 2006). Several other point mutations in Pol γ have been 

identified in patients diagnosed with a combination of PEO and PD, such as heterozygous 

S511N with L463F (Hudson et al., 2007), homozygous W748S (Remes et al., 2008), 

heterozygous F943H (Brandon et al., 2013), heterozygous P587L and W748S (Ylonen et al., 

2013) and heterozygous H945L (Delgado-Alvarado et al., 2015). Lastly, Pol γ contains a 

polyglutamine tract in the N-terminal region encoded by a CAG-repeat and rare variants in 

the CAG-repeat were found in patients with idiopathic PD (Luoma et al., 2007). However, a 

similar analysis revealed no changes (Taanman and Schapira, 2005). In support of the latter 

study, another group reported that there is no contribution of common genetic variants of Pol 

γ contributing to the etiology of idiopathic PD (Tiangyou et al., 2006). Despite these two 

confounding studies, the role of Pol γ in contributing to mtDNA mutations and reduced 

copy number thus impacting the pathogenesis of PEO and PD patients appears convincing.

6.2. PolG2

PolG2 is a 110 kDa homodimeric accessory subunit for the catalytic subunit PolG 

(Carrodeguas et al., 2001) that functions to enhance processivity of DNA replication by 

augmenting the binding of PolG to DNA (Lim et al., 1999). Of the handful of heterozygous 

mutations identified in POLG2, G451E (Longley et al., 2006) and R369G (Craig et al., 

2012; Young et al., 2011) are linked to PEO. Homodimeric mutants have problems 

stimulating PolG processivity, with G451E being more severely defective than R396G 

(Craig et al., 2012; Longley et al., 2006; Young et al., 2011). G451E homodimers also fail to 

enhance binding of PolG to DNA, while R369G has weaker binding to PolG. Only 

heterozygotes have been clinically identified, and recent biochemical characterization of 

heterodimers has found that the WT/G451E heterodimer has significantly reduced 

stimulation of PolG processivity due to weaker binding to both PolG and DNA (Young et al., 

2015). Thus G451E PolG2 is a dominant negative mutation causing adPEO. The WT/R369G 

heterodimer functions like the wild-type enzyme in vitro. Though WT/G451E and WT/

R369G localize to mtDNA like WT PolG2, bioenergetic analysis of transfected HEK-293 

cells finds that both mutant cell lines have significantly reduced reserve capacity (Young et 

al., 2015). Skeletal muscle with reduced reserve capacity has muscle weakness and exercise 

intolerance, hallmarks of PEO. A complete POLG2 knock-out is embryonic lethal in mice, 

but the heterozygous knockout (+/−) mouse has a normal phenotype (Humble et al., 2013). 

Currently, there are no mouse models available for conditional knock-out or knockdown of 

POLG2. Knockdown of porcine oocyte PolG2 causes an aging-like phenotype as evidenced 
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by decreased production of ATP and maturation promoting factor (MPF), reducing the 

fraction of oocytes that reach MII stage (Lee et al., 2015).

6.3. Twinkle

Twinkle is a 72 kDA hexamer/heptamer that functions as a 5′ → 3′ helicase for mtDNA 

replication (Korhonen et al., 2003). It was classified as a helicase based on sequence 

similarity to bacteriophage T7 gene 4 primase-helicase (T7 gp4) (Spelbrink et al., 2001). 

Twinkle has two domains, a primase-like N-terminal domain and a C-terminal helicase 

domain (Shutt and Gray, 2006). The N-terminal domain is important for ssDNA binding and 

stimulation of the C-terminal helicase activity (Farge et al., 2007). Twinkle is essential for 

mtDNA maintenance and copy number (Tyynismaa et al., 2004). It is involved in D-loop 

formation and localizes to the nucleoid (Jemt et al., 2015; Milenkovic et al., 2013; Spelbrink 

et al., 2001). Helicase activity along with strand annealing activity has been confirmed (Sen 

et al., 2012), but no primase activity has been detected to date.

Twinkle, encoded at chromosomal locus 10q24, was originally identified through 

sequencing analysis of a collection of PEO patients with unidentified disease causality 

(Spelbrink et al., 2001). In all, 31 dominant and 3 recessive mutations have been recognized, 

the majority of which cause age-related disease (Sanchez-Martinez et al., 2012; Spelbrink et 

al., 2001). Most of the mutations cluster in a region that is predicted to be the linker region 

(Sanchez-Martinez et al., 2012). In vitro analysis on some of these mutations has had mixed 

results concerning helicase activity despite some mutants displaying altered DNA binding 

affinity, nucleotide hydrolysis or thermal stability (Holmlund et al., 2009; Korhonen et al., 

2008; Longley et al., 2010; Matsushima et al., 2008).

Overexpression of adPEO Twinkle mutations in HEK293 cells cause an accumulation of 

replication intermediates suggesting that these mutations are triggering replication stalling 

(Goffart et al., 2009; Wanrooij et al., 2007). These mutants have decreased mtDNA copy 

number and enlarged nucleoids. Taken together, these data support Twinkle’s role in mtDNA 

replication.

A homozygous Twinkle knock-out mouse is embryonic lethal at E8.5, but a conditional 

tissue-specific knockout in heart and skeletal muscle is viable. This mouse has progressive 

mtDNA depletion leading to severely impaired mtDNA expression and respiratory chain 

deficiency (Milenkovic et al., 2013). Conversely, systemic Twinkle overexpression in a 

transgenic mouse causes a significant increase in mtDNA copy number (Tyynismaa et al., 

2004); however, the mice have enlarged nucleoid structures with impaired mtDNA 

replication and transcription (Ylikallio et al., 2010). Depleting Twinkle in Drosophila 
Schneider cells induces slow growth, limits viability and reduces mtDNA copy number 5-

fold (Matsushima and Kaguni, 2007). Overexpressing Twinkle in these same cells causes a 

modest increase in mtDNA copy number (Matsushima and Kaguni, 2007). Taken together, 

these data further indicate that Twinkle is essential for mtDNA replication.

MtDNA typically exists as monomeric double-stranded, covalently closed circles. In adult 

human hearts however, mtDNA has been shown to exist as dimers and is organized into 

highly complex, branched molecules (Pohjoismaki et al., 2009). This form of mtDNA has 
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not been detected in human infants (Pohjoismaki et al., 2010) or found endogenously in 

other species (Pohjoismaki et al., 2009). Systemic overexpression of Twinkle in mouse 

hearts causes an increase in complex DNA forms and recombination junctions similar to 

adult human hearts (Pohjoismaki et al., 2009). Heart tissue samples from patients harboring 

a Twinkle duplication mutation (amino acids 352–364) that causes adPEO have mtDNA that 

is lacking in these complex higher order structures (Pohjoismaki et al., 2010). This suggests 

Twinkle has an important role in maintenance of mtDNA higher order structures in adult 

human heart.

Mice overexpressing Twinkle are protected from left ventricular remodeling in the heart 

(Tanaka et al., 2013). This mouse attenuates VO-induced eccentric hypertrophy and 

improves cardiac function while suppressing the production of mitochondrial ROS and 

subsequent redox-sensitive signals (Ikeda et al., 2015). The Twinkle overexpression mouse 

was crossed with a manganese superoxide dismutase heterozygous (MnSOD+/−) knockout 

mouse (Pohjoismaki et al., 2013). The MnSOD+/− mouse has increased oxidative damage 

leading to replication stalling and the formation of unicircular dimers in the heart (Li et al., 

1995). Crossing the MnSOD+/− mouse with the systemic Twinkle overexpression mouse 

abolishes the MnSOD+/− phenotype (Pohjoismaki et al., 2013). Additionally, a transgenic 

knock-in mouse was created expressing a dominant-negative K320E Twinkle in the heart 

(Baris et al., 2015). These mice develop ventricular arrhythmia with aging due to 

dysfunctional ETC enzyme activity. This suggests Twinkle provides cardioprotection and 

could be a potential therapy for heart failure patients.

Transgenic mice overexpressing dominant PEO Twinkle mutations (either a point mutant 

A360T or an in-frame duplication of amino acids 353–365) were created (Tyynismaa et al., 

2005). The Twinkle duplication mouse, herein referred to as the deletor mouse, presents with 

mitochondrial myopathy around 12 months of age (Tyynismaa et al., 2005). The phenotype 

of the deletor mouse is strikingly similar to PEO patients, thus creating a PEO mouse model 

(Tyynismaa et al., 2010). The deletor mouse phenotypes can be attenuated with a lipid-

lowering agent, such as bezafibrate, however this treatment causes severe hepatic side effects 

(Yatsuga and Suomalainen, 2012). The hepatic side effects are not expected in humans as the 

dosage amounts are much lower. Thus, bezafibrate has the potential to be a therapy for PEO 

patients (Yatsuga and Suomalainen, 2012).

A conditional transgenic mouse overexpressing the PEO Twinkle duplication targeted to 

neurons has been generated (Song et al., 2012). The mouse has neuron loss in the substantia 

nigra with significant mtDNA deletions and reduction of the protein Parkin resulting in 

motor abnormality (Song et al., 2012). This mouse is used to study substantia nigra specific 

accumulation of mtDNA deletions in Parkinson’s disease.

Moderate overexpression of Twinkle adPEO disease mutations, I334T or A442P, in 

Schneider cells allows for normal growth despite a 2-fold reduction in copy number, while 

other adPEO disease mutations do not (Matsushima and Kaguni, 2007). However, 

overexpression of A442P in Drosophila melanogaster is lethal at the pupal stage 

(Matsushima and Kaguni, 2007). MtDNA copy number is severely depleted along with 

mtDNA-encoded transcripts leading to reduced ETC Complex IV activity.
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6.4. Transcription Factor A of Mitochondria (TFAM)

TFAM, a member of the high mobility group (HMG) proteins (Parisi and Clayton, 1991), is 

a 25 kDa protein that binds upstream of both the heavy- and light-strand promoters of 

mtDNA (Fisher and Clayton, 1985; Fisher et al., 1987). TFAM was originally identified as a 

regulator of mtDNA transcription (Fisher and Clayton, 1985). More recently TFAM has 

been identified as a core protein of the mtDNA nucleoid (Kanki et al., 2004), a regulator of 

mtDNA copy number (Ekstrand et al., 2004) and potentially a key factor in mtDNA 

replication (Campbell et al., 2012).

Homozygous and heterozygous knock-outs of TFAM have been created in mice (Larsson et 

al., 1998). The homozygous knock-out is embryonic lethal at E8.5, whereas the 

heterozygous mouse remains viable with reduced mtDNA copy number, reduced 

mitochondrial transcription and impaired ETC activity in the heart (Larsson et al., 1998). 

Several conditional knock-out mice have been created targeting cardiomyocytes (Li et al., 

2000; Wang et al., 1999), skeletal muscle cells (Wang et al., 1999; Wredenberg et al., 2002), 

pancreatic β-cells (Silva et al., 2000), pyramidal neurons (Sorensen et al., 2001) and 

midbrain dopamine (DA) neurons (Ekstrand et al., 2007). For all the targeted cell types, 

TFAM depletion leads to mtDNA depletion (not reported for midbrain DA neurons), 

mitochondrial transcript depletion (not reported for midbrain DA neurons) and respiratory 

chain deficiency, suggesting that TFAM is essential for mtDNA maintenance in vivo 
(Ekstrand et al., 2007; Li et al., 2000; Silva et al., 2000; Sorensen et al., 2001; Wang et al., 

1999; Wredenberg et al., 2002). Both heart- and muscle-specific conditional TFAM knock-

out mice have cardiomyopathy with greater severity in the heart-specific knock-out (Li et al., 

2000; Wang et al., 1999). Skeletal muscle-specific TFAM knock-out mice have myopathy 

with an abundance of COX-deficient red ragged fibers similar to mitochondrial disease 

patients (Wredenberg et al., 2002). TFAM deletion in pancreatic β-cells leads to diabetic 

mice (Silva et al., 2000). TFAM deletion in mouse pyramidal neurons causes mitochondrial 

late-onset neurodegeneration (MILON) (Sorensen et al., 2001) whereas deletion in mouse 

midbrain DA neurons leads to PD (Ekstrand et al., 2007). Heart failure, myopathy, diabetes, 

neurodegeneration and PD are all age-related diseases strongly implicating TFAM in aging.

Despite the potential for TFAM to play a role in PD, separate studies of 250 and 301 

patients, respectively, identified no TFAM mutations (Alvarez et al., 2008; Bertram et al., 

2007). To date, there are no confirmed TFAM clinical mutations, although the genetic 

variant rs2306604 may be linked to Alzheimer’s disease (Belin et al., 2007) pending more 

comprehensive clinical and biochemical analyses. However, TFAM has shown promise for 

being an anti-aging therapeutic agent. Studies of cardiomyocytes (Suarez et al., 2008), SH-

SY5Y neuroblastomas (Xu et al., 2009), and rat pancreatic islet cell lines (Gauthier et al., 

2009) have been performed. TFAM overexpression in cardiomyocytes improves 

mitochondrial function when cells are exposed to hyperglycemic conditions (Suarez et al., 

2008). Exogenous introduction of recombinant TFAM (rhTFAM) to cardiomyocytes 

increases mtDNA copy number and attenuates hypertrophy, suggesting TFAM as a potential 

therapeutic agent to combat heart failure.

Mice heterozygous for Pdx1 (Pdx+/−), a transcription factor needed for pancreatic 

development and βcell maturation/survival, show diabetic symptoms and significantly 
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reduced TFAM transcript levels (Oliver-Krasinski and Stoffers, 2008). Rat pancreatic islet 

cells transduced with a dominant-negative Pdx1 variant have the same TFAM transcript 

reduction (Gauthier et al., 2009). TFAM overexpression in rat pancreatic islet cells 

normalized Nd1 mRNA levels and restored glucose-induced ATP generation along with 

insulin secretion (Gauthier et al., 2009). This suggests TFAM could similarly be a 

therapeutic agent for diabetes.

SH-SY5Y neuroblastoma cells were used to study TFAM’s role in neurodegenerative 

disease. Overexpression of TFAM in these cells provides protection against Aβ1-42 induced 

mtDNA oxidative damage and MPP+ induced damage (Xu et al., 2009) suggesting TFAM 

could also be used as a therapeutic agent in neurodegenerative disorders. To test this 

premise, SH-SY5Y neuroblastoma cybrids were created that mimic sporadic PD (Xu et al., 

2009). These cells were then treated with protofection technology using a modified rhTFAM 

that has an N-terminal 11 Arginine transduction domain followed by a mitochondrial 

localization signal (Khan and Bennett, 2004). Uptake and mitochondrial localization of 

rhTFAM restored mitochondrial bioenergetics to impaired cells without altering normal 

cells, further supporting the use of rhTFAM as a therapeutic agent (Iyer et al., 2009).

Mice overexpressing human TFAM (hTFAM) are protected from memory impairment 

(Hayashi et al., 2008) and cardiac damage after myocardial infarction (Ikeuchi et al., 2005). 

Overexpression increases mtDNA copy number, attenuates volume overload induced 

eccentric hypertrophy, improves cardiac function and suppresses the production of mitoROS 

(Ikeda et al., 2015). However, no increases in ETC enzyme activities suggest a 

disassociation between mtDNA copy number and the ETC (Ikeda et al., 2015; Ikeuchi et al., 

2005). Another mouse model system crossed mice overexpressing TFAM with the mito-

mice that have mutant mtDNA carrying a deletion of 4696 bp leading to an overall increase 

in mtDNA content and copy number without a decrease in the amount of deleted mtDNA 

(Nishiyama et al., 2010). TFAM overexpression improved the symptoms caused by 

mitochondrial deficiency signifying that WT mtDNA is important for maintaining 

mitochondrial function irrespective of mutant mtDNA proportions (Nishiyama et al., 2010). 

However, Ylikallio et al. (2010) suggest caution should be taken when considering the use of 

either recombinant TFAM and/or mtDNA as therapeutic agents since increased mtDNA 

copy number causes nucleoid enlargement and defective replication and transcription.

6.5. Mitochondrial Genome Maintenance Exonuclease 1 (MGME1)

MGME1 is a 37 kDa monomeric protein that is a mitochondrially-located, metal-dependent 

exonuclease (Szczesny et al., 2013). MGME1 belongs to the PD-(D/E)XK nuclease 

superfamily and is a close homologue of the bacterial RecB nuclease (Kornblum et al., 2013; 

Szczesny et al., 2013). MGME1 selectively degrades ssDNA in both 3′ → 5′ and 5′ → 3′ 
directions, preferring the latter (Kornblum et al., 2013; Szczesny et al., 2013). It can degrade 

DNA flap and RNA-DNA flaps (Kornblum et al., 2013; Szczesny et al., 2013), but not 

circular DNA (Kornblum et al., 2013). HeLa cells and patient fibroblasts with MGME1 

knocked-down have increased amounts and lengths of 7S mtDNA (Nicholls et al., 2014). 

Conversely, patient fibroblasts that were transfected with MGME1 have 7S mtDNA 

decreased in both amount and length, especially the 11 kb linear dsDNA fragments whose 

DeBalsi et al. Page 13

Ageing Res Rev. Author manuscript; available in PMC 2018 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



ends map to the two classically derived replication origins, OH and OL. MGME1 interacts 

directly with PolG suggesting a role in mtDNA replication, likely providing 5′ → 3′ 
exonuclease activity (Nicholls et al., 2014).

Three different families presenting with PEO, skeletal muscle wasting/weakness, emaciation 

and respiratory distress bear MGME1 mutations (Kornblum et al., 2013). Two of these 

families (five affected individuals) have the same homozygous nonsense mutation (c.

456G>A, P.W152*) while a different sporadic case presents with homozygous c.698A>G, 

P.W233C point mutation. The W152* nonsense mutation truncates MGME1 upstream of the 

nuclease motif. W152* fibroblasts have no detectable full length or truncated MGME1. 

Protein folding appears to be impaired in W233C substituted MGME1.

6.6. Ribonuclease H1 (RNase H1)

RNase H1, first identified in 1969 (Stein and Hausen, 1969), is a 29 kDa monomeric protein 

that functions in both the nucleus and the mitochondria (Cerritelli et al., 2003). Alternative 

start codons permit translation of the mitochondrial (first AUG) and nuclear (second AUG) 

forms of RNase H1 (Cerritelli and Crouch, 2009). RNase H1 cleaves RNA/DNA hybrids 

containing at least four ribonucleotides (Ohtani et al., 1999). RNase H1 associates with the 

protein P32 suggesting RNase H1 involvement in mitochondrial pre-rRNA processing (Wu 

et al., 2013). Mutations in the catalytic domain have been identified in PEO patients (Reyes 

et al., 2015).

In mice, an RNase H1 knockout is embryonic lethal at E8.5 when mtDNA replication begins 

suggesting the mitochondrially located RNase H1 is essential for development (Cerritelli et 

al., 2003). This is similar to the RNaseH2 null embryos that show lethality and a large 

number of ribonucleotides in the genomic DNA (Reijns et al., 2012). The RNaseH1 KO 

embryos also have a loss of mtDNA indicating that RNase H1 has a vital role in mtDNA 

replication. In Drosophila melanogaster, RNase H1 knockout is also lethal during the last 

larval instar stage, when rapid mtDNA replication is important for survival (Filippov et al., 

2001). Knockdown of RNase H1 in human bone osteosarcoma cells (143B TK-) led to lower 

mtDNA copy number and complete stalling of replication (Ruhanen et al., 2011), suggesting 

RNase H1 is vital for mtDNA replication. Mouse embryonic fibroblasts lacking RNaseH1 

revealed retention of primers at OriH and OriL, which causes an obstacle to the replication 

machinery upon the next round of replication (Holmes et al., 2015).

7. The contribution of clonal expansion of mtDNA mutations to 

mitochondrial dysfunction

If aging is caused by mtDNA mutations, then how do these mutations lead to dysfunction? 

The percentage of mutated mtDNA must be between 60% and 90% in a given cell before 

dysfunction is measurable (Edgar and Trifunovic, 2009) (Figure 3). Elevated heteroplasmy 

can occur by clonal expansion of mutated mtDNA, mitotic segregation, positive selection 

and/or random genetic drift. Genetic drift has been proposed to be the more likely situation 

due to the relaxed replication of mtDNA, which is untethered to the cell cycle (Elson et al., 

2001). However, reduced size gives deleted mtDNA a selective replication advantage over 
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wild-type mtDNA, supporting positive selection (Diaz et al., 2002; Hayashi et al., 1991; 

Kowald and Kirkwood, 2011).

Clonal expansion of mtDNA mutations has been described in numerous tissues from aged 

individuals, such as skeletal muscle (Fayet et al., 2002; Muller-Hocker et al., 1993), 

substantia nigra neurons (Cottrell et al., 2001; Kraytsberg et al., 2006), heart (Muller-

Hocker, 1989) and colonic crypts (Taylor et al., 2003). Typically, the clonal expansion of a 

mtDNA mutation results in highly focal ETC defects, such as cytochrome c oxidase 

deficiency. For example, the pattern of mosaic respiratory chain deficiency in the heart of the 

mtDNA mutator mice is thought to indicate clonal expansion (Trifunovic et al., 2004). A 

similar pattern of focal ETC defects has also been reported in human brain (Taylor et al., 

2014), colorectal epithelium (Greaves et al., 2014) and colonic crypt stem cells (Taylor et al., 

2003) and deemed to be the result of clonal expansion of pre-existing mutations.

The timing of when mtDNA mutations occur remains debated (Khrapko, 2011; Popadin et 

al., 2014). Somatic mtDNA mutations were originally thought to occur late in life when the 

mtDNA is more prone to chemical damage and thereafter accumulate exponentially 

(Khrapko, 2011). However, in order to reveal a pathological effect caused by clonal 

expansion, it was argued that these mutations would have to occur early in life (Elson et al., 

2001). For instance, the linear accumulation of mutations from mid-gestation to late adult 

life as seen in the mtDNA mutator mice, along with the same mutations between tissues, 

implies that the mutations occurred extremely early in development (Trifunovic et al., 2004). 

This hypothesis was later confirmed with ultra-deep sequencing to study the genome-wide 

mtDNA mutation load in the mtDNA mutator mouse (Ameur et al., 2011) and in human 

tissues (He et al., 2010). Using Digital Deletion Detection (3D), a newer technology that 

allows for the study of rare, low occurring mtDNA deletions, Taylor et al. (2014) report that 

although the total deletion load increases in human brain with aging, the number and 

diversity of deletions remains constant. Therefore, the authors agree that mtDNA mutations 

associated with premature aging occur from early, pre-existing deletions and not de novo 
deletions (Taylor et al., 2014). Mutations that occur in early development also support the 

stem cell hypothesis in which mtDNA mutagenesis modulates somatic stem cell 

dysfunction. For instance, mtDNA mutator mice were found to have impaired neural and 

hematopoietic progenitor cells during embryogenesis, which resulted in decreased self-

renewal, quality and amount of quiescent cells and may contribute to the progeroid 

phenotype (Ahlqvist et al., 2012).

Conversely, the spatial distribution of expanded mutations, within or between tissues, 

implicates mutations later in life (Khrapko et al., 2004). Should mutations occur during 

embryogenesis, one would expect specific mutations to be more widely distributed among 

tissues as seen in the mtDNA mutator mice. However, mutations limited to a local area, such 

as a single cell or a particular tissue, would be an indication of mutagenesis later in life. For 

example, Nicholas et al. (2009) describe that mtDNA deletions from two distinct but 

proximal areas of muscle from an 82-year-old individual are completely different with no 

mutations in common. Within each area, the mutations are clonally expanded but are of late 

origin since the mutations are not shared between the same tissue (Nicholas et al., 2009). 

More recently, a combined scenario for mutations has been proposed in which mtDNA 
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mutations seen in aging tissue are a mixture of pre-existing and de novo mutations that 

expand at different rates depending on cell type and/or conditions placed upon the cells 

(Popadin et al., 2014).

8. Mitochondrial dynamics and aging

Mitochondria do not exist as solitary, rigidly structured organelles, but rather are 

continuously remodeled through the dynamic processes of biogenesis, fusion, fission and 

mitophagy (Chan, 2006, 2012). Mitochondrial biogenesis is needed to meet the energy 

demands of the cell and to replace the damaged mitochondria removed by mitophagy. 

Biogenesis is mediated by the transcriptional co-activator, peroxisome-proliferator-activated 

receptor-γ coactivator 1α (PGC-1α) (Ventura-Clapier et al., 2008). Age-related symptoms, 

particularly sarcopenia, have been linked to decreased expression of PGC-1α and hence, 

decreased mitochondrial biogenesis (Joseph et al., 2013; Wenz, 2011).

Fusion and fission are opposing actions that work together to maintain the number, size, 

shape and function of mitochondria (Chan, 2012). Fusion forms interconnected 

mitochondrial networks that allow for the exchange of metabolites, proteins and DNA 

between mitochondria. There are three GTPases involved in fusion: the mitofusins, Mfn1 

and Mfn2, for the outer mitochondrial membrane and OPA1 for the inner mitochondrial 

membrane. Depletion of any of one these proteins results in severe dysfunction in 

respiratory capacity and fragmentation of mitochondria (Chen et al., 2005; Chen et al., 2010; 

Song et al., 2009), while homozygous knock-outs of either Mfn1 or Mfn2 are embryonic 

lethal (Chen et al., 2003). Additionally, conditional deletion of Mfn1 and Mfn2 in mouse 

skeletal muscle correlates with increased accumulation of mtDNA point mutations and 

deletions (Chen et al., 2010). Fission segregates the mitochondria into daughter cells during 

cell division and allows for the selective elimination of damaged mitochondria by mitophagy 

(Chen and Chan, 2009; Twig et al., 2008). The dynamin-related protein Drp1 and its four 

potential receptors: Fis1, Mff, MiD49 and MiD51/MIEF1 that recruit Drp1 to the outer 

mitochondrial membrane are critical for fission (Chan, 2012). Loss of function in these 

proteins results in severe fission defects (Lee et al., 2004). Similar to fusion proteins, 

silencing Drp1 and Fis1 in human cells that are heteroplasmic for the pathological A3243G 

mtDNA mutation results in increased mtDNA mutation loads as compared with 

untransformed cells (Malena et al., 2009). As expected, ageing is associated with decreases 

in both fission and fusion (Bereiter-Hahn, 2014; Chauhan et al., 2014; Jendrach et al., 2005; 

Seo et al., 2010).

As previously discussed, mtDNA mutations increase with age, but heteroplasmy must 

exceed ~60% in a given cell to have measurable dysfunction. Clonal expansion to this level 

may be delayed via fusion-directed complementation, resulting in dilution of the mutated 

mtDNA through content mixing and, ultimately, protection of mitochondrial function 

(Nakada et al., 2009; Seo et al., 2010). Support for inter-mitochondrial complementation as a 

protectant of respiratory function has been shown in human cells and in mice. In the first 

study, fusion with WT mtDNA rescued respiratory enzyme activity in two cell lines rendered 

respiration-deficient by pathogenic mitochondrial tRNA mutations (Ono et al., 2001). The 

same group studied the pathogenesis of mutant mtDNA carrying a 4696-basepair deletion in 
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mice. Mixing with WT mtDNA preserved respiratory function until the mutated mtDNA 

exceeded 85% (Nakada et al., 2001). In another study, Chen et al. (2010) knocked out Mfn1 

in the mtDNA mutator mouse to demonstrate the protective effects of mitochondrial fusion 

on existing mtDNA mutations. Although the double knock-out leads to a synthetic neonatal 

lethality, mouse embryonic fibroblasts recover and show significantly reduced production of 

ATP due to severe disruption in ETC complexes. Mitochondrial fusion apparently allows the 

mtDNA mutator mouse to carry a higher mutational load without affecting respiratory 

function (Chen et al., 2010).

When fusion-directed complementation cannot decrease the mtDNA mutational load, 

severely damaged mitochondria may be eliminated. In mammalian cells, Twig et al. (2008) 

describe fission of individual mitochondria to form daughter organelles with unequal 

mitochondrial membrane potentials (ΔΨMs). Daughter mitochondria with high ΔΨM 

undergo subsequent fusion. Daughter mitochondria with low ΔΨM (depolarized) have 

reduced levels of OPA1. Selective fusion segregates them from the population, after which 

they may be removed by mitophagy, thus maintaining a healthy mitochondrial population 

and upholding the bioenergetic efficiency of the cell (Twig et al., 2008). As with the fission 

and fusion processes, insufficient mitophagy and autophagy contribute to the accumulation 

of mutant mtDNA and are a factor in aging and age-related diseases (Gaziev et al., 2014; 

Green et al., 2011; Hubbard et al., 2012; Rubinsztein et al., 2011).

9. Interventions to attenuate the symptoms of aging

Although there is potential for the genetic manipulation of the proteins of the mtDNA 

replication machinery to be used as future therapies for aging and age-related diseases, 

currently, the best-known strategies for reducing the symptoms of aging caused by 

mitochondrial dysfunction appear to be caloric restriction (CR) and exercise. CR is the 

reduction in caloric intake by 10 to 40% while providing essential nutrients and vitamins, 

thereby eschewing malnutrition (Testa et al., 2014). CR has been shown to extend both 

medium and maximum lifespan and delay the onset of age-related diseases in a variety of 

species, including yeast (Kaeberlein et al., 2007), C. elegans (Lee et al., 2006), rodents 

(Masoro, 2009) and Rhesus monkeys (Colman et al., 2014).

Several mechanisms have been proposed to explain the effects of CR on extending longevity. 

Originally, it was shown that CR decreases ROS production in rodents, particularly at 

Complex I, thereby preventing oxidative damage in mitochondria from heart (Gredilla et al., 

2002), liver (Lopez-Torres et al., 2002), skeletal muscle (Lass et al., 1998) and brain (Sanz et 

al., 2005). However, mitohormesis predicts low levels of ROS, possibly due to increasing the 

respiration rate, can activate systemic defense mechanisms enhancing longevity (Hekimi et 

al., 2011). CR apparently increases oxidative metabolism, respiration and biogenesis through 

multiple pathways. For example, CR induces mitochondrial biogenesis and increases 

respiration through activation of sirtuin 1 (SIRT1), an NAD+-dependent histone deacetylase, 

and its downstream induction of PGC-1α (Chistiakov et al., 2014; Martin-Montalvo and de 

Cabo, 2013). CR likewise activates nutrient- or energy-sensing pathways such as 5′-

adenosine monophosphate-activated protein kinase (AMPK), which can then both activate 

PGC-1α and inactivate the mechanistic target of rapamycin (mTOR) (Chistiakov et al., 
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2014; Ruetenik and Barrientos, 2015). For example, CR induced mitochondrial biogenesis in 

this manner and improved bioenergetic efficiency in a variety of cell lines (Lopez-Lluch et 

al., 2006). CR-increased mitochondrial biogenesis improved mitochondrial function and 

rescued some progeroid phenotypes in both humans and mtDNA mutator mice (Civitarese et 

al., 2007; Dillon et al., 2012). CR has also been reported to enhance genomic stability by 

reversing mtDNA damage (Cassano et al., 2004; Civitarese et al., 2007) and/or promoting 

mtDNA repair (Cabelof et al., 2003; Heydari et al., 2007).

Various types of exercise training verifiably improve mitochondrial oxidative function in 

aging and mitochondrial myopathic muscles (Irving et al., 2015; Jeppesen et al., 2006; Short 

et al., 2004; Short et al., 2003; Wenz et al., 2009). As with CR, exercise triggers 

mitochondrial biogenesis and increases ETC enzyme levels through upregulation of PGC-1α 
and/or TFAM in aged skeletal muscle (Barbieri et al., 2015; Kang et al., 2013). Exercise also 

influences mitochondrial dynamics by changing fusion and fission protein expression and by 

promoting mitochondrial turnover through mitophagy (Drake et al., 2016). For instance, 

increased levels of Drp1 were measured in skeletal muscle of mice after 60 minutes of 

endurance treadmill running, while Mnf1 and OPA1 did not significantly change (Pagano et 

al., 2014). However, acute exercise in rats increased mRNA expression of Mnf1 and Mfn2 

24 hours post-exercise (Cartoni et al., 2005). In two human studies, Fis1 expression was 

higher in regularly active individuals as compared to their sedentary age-matched controls 

(Bori et al., 2012) and Fis1, Mfn1 and Mfn2 proteins were upregulated after twelve weeks of 

aerobic exercise training in older men (Konopka et al., 2014). Furthermore, mitophagy/

autophagy markers were increased in normal mice following short-term intense treadmill 

exercise (Grumati et al., 2011; Saleem et al., 2014). Similarly, resistance and endurance 

exercise training resulted in increased autophagy activity and reduced apoptosis in aged 

skeletal muscle (Kim et al., 2013; Luo et al., 2013). Even five months of endurance exercise 

in the mtDNA mutator mouse moderated systemic apoptosis, thus helping to rescue the 

progeroid phenotype in these mice (Safdar et al., 2011).

Of great importance is whether exercise can alter the augmented mtDNA mutation load 

observed in aging patients and/or patients with mitochondrial myopathies. In the mtDNA 

mutator mouse, endurance exercise improves oxidative capacity, prevents or repairs mtDNA 

depletion and mutations through tumor suppressor protein p53 and increases lifespan (Safdar 

et al., 2011; Safdar et al., 2015). However, others have reported that although oxidative 

capacity is improved, there are no changes in the mtDNA mutation load (Jeppesen et al., 

2009; Taivassalo et al., 2006). A promising alternative is gene shifting, the activation of 

satellite muscles cells or dormant myofibers that do not harbor any mtDNA mutations to 

reenter the cell cycle and fuse with existing mature myofibers and shift the heteroplasmy 

ratio in favor of WT over mutated mtDNA (Taivassalo et al., 1999). This activation is 

accomplished with either eccentric or concentric resistance exercise, as shown in a patient 

with the G12315A tRNAleu(CUN) point mutation, where resistance training significantly 

improved heteroplasmic ratios and increased the number of respiratory-competent fibers in 

muscle fibers (Taivassalo et al., 1999). Resistance training in patients with a large mtDNA 

deletion led to increased muscle strength, myofiber damage and regeneration, improved 

oxidative capacity, increased satellite cell portion (Murphy et al., 2008) and apparent 
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mtDNA shifting (Spendiff et al., 2013). Preliminary data suggests that mtDNA shifting also 

occurs in aging skeletal muscle following resistance exercise training (Tarnopolsky, 2009).

Adherence to a strict CR regime and/or exercise training has proven difficult in humans. 

Therefore, the use of CR mimetics, which target the same metabolic and stress pathways as 

CR and/or exercise, is now being examined. Examples include: SIRT-1 activators, such as 

resveratrol and green tea polyphenols; glycolytic inhibitors, such as 2-deoxy-D-glucose; 

insulin/AMPK activators, such as metformin; and mTOR inhibitors, such as rapamycin, 

which have been reviewed elsewhere (Ingram and Roth, 2015; Testa et al., 2014).

10. Conclusion

Aging is a multifactorial, progressive, biological process with mitochondria playing a central 

role. The MFRTA, once at the forefront of aging theory, has lost favor since its fundamental 

notion of a “vicious” cycle of ROS generating ETC disruption, and hence more ROS, is 

based on anecdotal evidence. This does not imply that high levels of ROS do not contribute 

to the aging phenotype through oxidative damage to cellular components, such as proteins 

and lipids. However, ROS does not appear to be the initiating or critical factor. The theory of 

mitohormesis states that low levels of ROS are important signaling molecules that regulate 

stress response pathways and enhance longevity. Therefore, clonally expanded mtDNA 

mutations caused by replication errors leads to mitochondrial dysfunction. It is this process, 

in conjunction with altered mitochondrial dynamics, that emerges as the driving force 

behind aging (Figure 4). Here, we showed that deficiency and/or dysfunction in many of the 

nuclear-encoded mtDNA replication proteins, including Pol γ, PolG2, Twinkle, TFAM, 

MGME1 and RNase H1, results in age-related diseases and/or phenotypes both in vitro and 

in vivo. Future studies focused on understanding the mechanisms of action are needed to 

effectively delay aging and prevent age-related diseases.
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Highlights

• Mitochondrial dysfunction in conjunction with altered mitochondrial 

dynamics drives aging

• Spontaneous errors of replication cause mtDNA point mutations, 

deletions and depletions

• Clonally expanded mtDNA mutations lead to mitochondrial 

dysfunction

• ROS does not appear to be a critical factor in aging
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Figure 1. 
The four complexes of the ETC and ATP synthase are located in the inner mitochondrial 

membrane. Electrons from NADH and FADH2 are transferred from Complex I (NADH 

dehydrogenase) and Complex II (succinate dehydrogenase) to coenzyme Q (CoQ) before 

being transported to Complex III (cytochrome c reductase). From Complex III, cytochrome 

c (Cyt c) delivers the electrons to Complex IV (cytochrome c oxidase), which ultimately 

reduces oxygen to water. This flow of electrons down the ETC generates a proton 

electrochemical gradient, which is used by Complex V (ATP synthase) to synthesize ATP. 

ATP is then transported back into the intermembrane space by the ANT1-4 and beyond to 

the cytosol with a combination of ANT and VDAC. Protons can also enter the matrix 

through the uncoupling protein (UCP), which results in the uncoupling or separation of 

electron transport through the ETC from ATP synthesis. Premature electron leakage from 

Complexes I and II form ROS as superoxide (O2
•−) which can be transformed into H2O2 or 

the hydroxyl radical (HO•). Subunits of each of the five complexes of the ETC, with the 

exception of Complex II, are encoded by both mtDNA and nDNA as recounted in the table.
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Figure 2. 
A schematic diagram of the mtDNA replication machinery. POLRMT forms the RNA 

primer (jagged red line) needed to initiate DNA replication in conjunction with TFAM (royal 

blue), TFB2M (gray). After initiation, POLRMT, TFAM and TFB2M separately leave the 

DNA and the RNA primer is degraded by RNase H1 (yellow). In a 5′ to 3′ direction, the 

Twinkle helicase (pink) unwinds dsDNA at the replication fork. The ssDNA is stabilized by 

mtSSB (light blue), while MGME1 (red) degrades ssDNA. MtLigIII (white) seals the 

mtDNA nick. Nascent DNA (solid red line) is synthesized by Pol γ (green). Topoisomerases 

(brown) relieve the torsional tension in the DNA caused by unwinding.
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Figure 3. 
Clonal expansion and heteroplasmy. Individual mitochondria contain many copies of 

mtDNA. During replication, a mutation and/or deletion can occur. This damage accumulates 

by clonal expansion. When the fraction of mutated mtDNA relative to total mtDNA exceeds 

60% depending on the tissue affected, dysfunction and disease are measurable. The 

mitochondria are represented as the brown ovals, green circles are healthy mtDNA and red 

circles are damaged mtDNA. The yellow lightening bolt represents damage occurring during 

replication and the blue circles represent the replication machinery.
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Figure 4. 
Factors causal to aging. Spontaneous errors in the mitochondrial replication machinery 

cause mtDNA damage. Accumulations of this mtDNA damage occur via clonal expansion 

until tissue specific heteroplasmy is reached and mitochondrial dysfunction is measurable. 

Increased mitochondrial dysfunction along with decreased mitochondrial dynamics leads to 

aging and age-related diseases. Mitochondrial dysfunction may also cause increased 

apoptosis, which is associated with aging. At low levels, ROS triggers stress response and 

biogenesis pathways and increases mitochondrial dynamics, which are protective and 

prevent aging. Caloric restriction and exercise functions similarly. Lastly, high levels of ROS 

can cause damage to cellular components, such as DNA, RNA, protein and lipids, which 

may also contribute to aging.
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