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Mitochondria are critical components of cellular metabolism as mediators of oxidative 

phosphorylation. As semi-autonomous organelles, mitochondria possess their own DNA 

(mtDNA) which encodes elements of the electron transport chain (ETC). Aberrations in the 

mitochondrial genome are associated with neurodegenerative diseases, metabolic syndromes, 

cancer, and pathologies of aging; although establishing direct links between cause and 

consequence of mtDNA mutagenesis has remained elusive. In this thesis, I sought to directly test 

two possible mechanisms of somatic mitochondria mutagenesis and to characterize the effects of 

a model of reduced mtDNA mutation upon cell fate. First, I evaluated extrinsic genotoxic 

exposures, in either the form of established nuclear mutagens benzo[a]pyrene or N-ethyl-

nitrosourea, for their effects on mtDNA frequency with newly developed droplet digital PCR 

assays. Here I found that these classic nuclear mutagens damage mtDNA, but are not capable of 

significant mtDNA mutation induction. Next, I evaluated the cellular effects resulting from 

expression of a mitochondrial-targeted form of the antioxidant enzyme catalase, which has 

featured in a murine model of increased lifespan which also demonstrated attenuated mtDNA 

mutation frequency. Finally, I addressed the hypothesis that metabolic byproducts of oxidative 



 

metabolism, reactive oxygen species (ROS), can influence mtDNA mutagenesis. I demonstrate, 

using genetically-encoded proteins with spatiotemporal control of ROS production, that ROS 

induce mtDNA damage and mutation. The results of this work have potentially broad-ranging 

impacts upon mitochondrial mutagenesis research, translational efforts to characterize tumor 

progression, and models of cellular aging. 
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Chapter 1. INTRODUCTION  

The following chapter draws from published work (1), particularly the chapter: “Mitochondrial 

Mutagenesis in Cancer” by William Valente & Jason Bielas in Mitochondria and Cell Death (pp. 

131-148) .  

 

“[T]he chromosomes are in no sense rulers [Beherrscher] of the cytoplasm’s work; they 

render it assistance” (sie sind seine Hilfsmittel) (Correns 1937, 128, citing V. Grégoire) .  

 

1.1 THE MITOCHONDRIAL GENOME 

Decades before the first electron micrographs discovered mitochondrial DNA (mtDNA) in 1963 

(2), geneticists fiercely debated whether the nucleus maintained a monopoly on heredity (3). 

According to the contemporary theory of ‘cytoplasmic inheritance’ (4), a prelude in some aspects 

to mitochondrial genetics, “[t]he transmission of cytoplasmic characters exists in some cases due 

to plastids, in others probably due to plasmagenes and to viruses. In still other cases, a general 

quality of the cytoplasm, such as a characteristic degree of hydration of the plasmon colloids, a 

particular degree of viscosity or osmotic value may be transmitted purely maternally”(4). 

Conclusive evidence of maternal inheritance of mtDNA in mammals would wait until 1974 (5), 

and fourteen years thereafter until mtDNA mutations were first implicated in the etiology of 

human diseases (6, 7). Since those discoveries, appreciation for both mtDNA variation in disease 

pathogenesis and the organelle’s role in many cellular processes has steadily grown.  

The likely product of an early endosymbiotic event, mitochondria are indispensable to 

eukaryotes, as the circular mitochondrial genome encodes essential elements of cellular 

respiration. These genes underscore both the status of mitochondria as semi-autonomous 
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organelles and their importance to oxidative metabolism, as they encode a mitochondrial-specific 

repertoire of 22 tRNA, 2 rRNA, and 13 polypeptide constituents of the electron transport chain 

(ETC).  At 16,569 base-pairs, the human mitochondrial genome may be dwarfed by the 

comparably expansive nuclear genome, but the host of mitochondrial disorders ascribed to 

hereditary mtDNA polymorphisms demonstrate the health consequences of aberrant mtDNA (8). 

As well, variants in mtDNA are associated with neurodegenerative disorders, metabolic 

syndromes, cancer, and aging (9). However, establishing whether mtDNA mutations are active 

players or neutral passengers in these pathological states has proven difficult. The lack of 

scientific consensus for the mechanisms of somatic mitochondrial mutagenesis compounds this 

challenge, which provides the impetus for much of the work described in this thesis.  

1.2 DETECTING AND DESCRIBING MITOCHONDRIAL DNA VARIATION 

No doubt, the distinct, non-Mendelian genetics of mtDNA complicate its study: extensive 

variation exists at the cell, tissue, and organismal levels. A single human cell can house hundreds 

of mitochondria, each bearing several copies of the mitochondrial genome. The existence of a 

single intracellular sequence identity is denoted by the term ‘homoplasmy’; conversely, 

‘heteroplasmy’ implies multiple, distinct sets of mtDNA in a given cell or tissue. Homoplasmy, 

until recently, was considered the normal state of healthy cells. However, with advancements in 

mtDNA mutation detection technology, mtDNA subpopulations are ubiquitously identified in 

cells and tissues, eroding the previous concept of homoplasmy (10, 11).  

The technological limitations found in early studies drastically affected the measurement 

resolution of mtDNA mutation studies, which erroneously described the mitochondrial genome 

as homogenous sequences within an individual. In contrast, current-day assays of mtDNA 

sequence and mutation frequency have enhanced sensitivity that can detect mutant mtDNA at 
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frequencies of 1 mutant in 108 base-pairs or less (12-15). With these refined techniques, surveys 

of mitochondrial genomes have revealed widespread heteroplasmy, indicating ‘homoplasmy’ is 

dependent on assay measurement resolution (10, 11, 16).  

Of particular consideration amongst these newer techniques, the Digital Droplet Random 

Mutation Capture (dRMC) and Digital Deletion Detection (3D) assays (12, 17) (Figure 1.1), 

modifications of the previous RMC methodology (14), are employed extensively throughout this 

thesis. For both dRMC and 3D, rare mutation-bearing molecules are selectively enriched through 

Figure 1.1 Overview of 3D and dRMC for deletion and point mutation detection. (1) DNA is extracted. (2) DNA 

is digested by a restriction endonuclease. Copies of mtDNA that are wild-type at TaqI endonuclease sites (WT) will 

be digested, whereas mutant mtDNA will be resistant to cleavage. A control region devoid of the chosen restriction 

site(s) is used to quantify total mtDNA copies interrogated. (3) Digested DNA is added to a PCR mastermix with 

locus-specific primers which flank the digest site and Taqman probes, and then partitioned into thousands of 1 nL 

droplets in an oil immersion. Mutant mtDNA and the control region are substrates for amplification, whereas the WT 

mtDNA at the mutational target is not. (4) Droplets are thermal cycled to amplify target DNA as well as release the 

Taqman probe fluorophore from its quencher through Taq polymerase’s inherent exonuclease activity. The ongoing 

rounds of amplification displace and cleave more probe, accumulating fluorescence. (5) Post-amplification, droplets 

are passed through an adapted flow cytometer, where they are detected and quantified. Mutation frequencies are 

calculated by dividing the mutant concentration by the concentration of the control region. (6) Droplets may 

alternatively be broken open and sequenced. 
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endonucleolytic destruction of wild-type target sites prior to emulsion PCR in droplets with 

TaqMan fluorescent probes. Reactions screen ~107 mitochondrial genomes per sample to acquire 

an accurate appraisal of mutation frequency.  

Measurements with these newer, more accurate techniques can describe subclonal 

mutations in mtDNA which reflect the mechanism and extent of mutagenesis. In contrast to 

clonal mutations, rare (also referred to as ‘spontaneous’ or ‘random’) mutations arise in cell 

divisions after the establishment of a clonal population, and exist in only a portion of the cell 

population. Rare mutation frequency, or mutation load, reflects the mutation rate and is 

dependent on the number of cell divisions after the founding of a clonal population. The 

frequency of rare mtDNA mutations is 2 – 3 orders of magnitude greater than that of nuclear 

DNA (approximately 1 x 10-6 mutations/base-pair in mtDNA). The capacity to quantify mtDNA 

variation at or below the resting rare mutation frequency is of particular importance to evaluation 

of models and proposed mechanisms of mtDNA mutagenesis. 

1.3 EXTANT MODELS OF MTDNA MUTAGENESIS 

Those factors influencing the generation and frequency of somatic mtDNA mutations may be 

distilled into three main mechanisms; namely, selective pressure, genomic drift, and induction. 

Research on these models is most consistently explored in the biological contexts of 

carcinogenesis and aging metabolism. 

1.3.1 Selective Pressure 

The majority of the somatic mutations observed in cancers are non-synonymous variants when 

observed in protein coding regions (18). Additionally, the proportion of protein-altering mutants 

is much greater in somatic mutations compared to early developmental or inherited 

polymorphisms (19). This finding raises interest in defining how selective pressure could be 

involved in mtDNA mutagenesis during tumor progression.  
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Mutation frequencies, and the observed distributions of specific mutation types, for 

inherited variants and somatic DNA mutations are drastically different. Evidence suggests 

germline transmission of mtDNA is under strong purifying selection (20). In transmitted 

mtDNA, mutation frequencies are higher at 3rd  codon positions, explained by the variably 

specific mRNA:anticodon interactions at this position during peptide synthesis (21). These 

results seemingly contrast with the supposed pro-tumorigenic effects of mtDNA mutations 

observed in many cancers. 

In the protein-coding regions of tumor mtDNA, negative selective pressure against 

mutation is either relaxed or may be positive (22-24). However, negative selection is almost 

universally present on large deletions. Cell survival depends on mitochondrial function, and 

mutations with adverse implications for cellular bioenergetics will likely be selected against 

based on cellular fitness (19, 25, 26). For example, a meta-analysis of studies describing the 

prevalence of the age-associated mitochondrial ‘common deletion’ in breast cancer, which 

removes 7 peptide-coding genes, revealed it is under significant negative selection pressure 

compared to normal tissue (27). ‘Common deletion’ prevalence is inversely correlated with 

advancing colorectal cancer stage (28), indicating it may pose fitness challenges to neoplasms 

during tumor progression. 

In contrast, many single gene mutations seemingly facilitate aggressive and resilient 

cancer phenotypes that conceivably increase cancer cell fitness. Complex I mutant tumors, with a 

heteroplasmic frame-shift in ND5, have shown enhanced colony formation and in vivo tumor 

growth when injected into nude mice (29). A homoplasmic point mutation in the ATP synthase 

subunit 6 (ATP6), typically associated with inherited mitochondrial encephalomyopathy, 

conferred apoptotic resistance to a human ovarian cancer cell line (23). Notably, expression of 



 

 

10 

wild-type ATP6 abrogated growth advantages in the mutant cells, and expression of mutant 

ATP6 in a wild-type background accelerated tumor growth and diminished respiration (23). 

Much of the enrichment for mutant mtDNA in cancers appears predicated on functional 

consequences of these mutations, implying selection primarily occurs at the cellular level at a 

point when mutations have aggregated in sufficient concentration to alter tumor phenotype. 

In an investigation of tumor-specific variants within five tumor types present in The 

Cancer Genome Atlas (TCGA), paired normal and tumor tissues were assayed for mutations 

(18). In protein coding regions, non-synonymous mutations represented 86% of somatic 

mutations, yet only 31% of inherited variants; and of the non-synonymous variants, only 3% of 

inherited versus 50% of somatic mutations were predicted to have high impact on protein 

function.  This suggests somatic mtDNA point mutations in cancers represent a marked departure 

from the constraints of germline polymorphisms, existing under separate selection pressures 

and/or distinct conditions of mutation susceptibility.   

1.3.2 Genomic Drift 

Mutations in mtDNA, even pathogenic mutations, are relatively common in the human 

population at low levels (30, 31). Tumor mtDNA mutants, in models lacking selection bias, can 

originate from low-level heteroplasmic mutants (31-33).  Given the stem cell-like nature of many 

tumors, the many cellular divisions preceding transformation may allow for stochastic isolation 

and enrichment of a unique mtDNA genome without any need for growth advantages or 

tumorigenic phenotypes derived from that mtDNA mutant (32). In mathematical models of this 

phenomenon, random processes predict that the majority of tumors (58%) will harbor 

homoplasmic mtDNA mutations given the growth parameters of many tumors. Patient-derived 

samples support this model with instances of germ-line mutant mtDNA expanding to 
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homoplasmic abundance in head and neck squamous cancer (34). However, mtDNA mutations’ 

random drift in tumorigenesis has been called into question recently (26).  

Sequencing datasets offering comparisons across tumors show predominantly relaxed negative 

selection for somatic mtDNA mutations relative to the germline, but possible positive selection 

at residues of high functionality (35). A large cohort analysis observed strong negative selection 

pressure on truncating mtDNA mutations and on tRNA, especially within anticodon sequences 

(36). Despite the many descriptions of individual mtDNA mutations facilitating cancers with 

ostensible fitness benefits, selection pressures within tumors are predominantly negative or 

neutral for many mtDNA mutations (20, 26, 36), and positive selection has not been 

demonstrated in a large study (> 1000 patients) (35). 

1.3.3 Induction, or damage to the mitochondrial genome 

The primary mtDNA mutations observed in cancer and normal tissues are C  T and T  C 

transitions, with higher proportion of the former on the heavy strand and the latter on the light 

strand (36). The mtDNA leading strand during replication is the heavy strand. The strand-biased 

distribution suggests mutations could be coupled to events during replication. Lending credence 

to this assertion, C  T transitions are consistent with base mis-pairing after deamination of 

cytosine, a reaction 140-fold faster in single-stranded DNA (37).  

In addition to endogenous sources of mutagens, namely ROS, the mitochondrial genome is 

noted for its sensitivity to damage by environmental toxins (38, 39) and genotoxic agents 

employed in chemotherapy (40-44). By extension, nuclear carcinogens are proposed to play a 

role in the genesis of mtDNA mutations. In early reports derived from observations in buccal 

epithelium swabs of patients with smoking-associated lung carcinomas, the frequency of mtDNA 

mutations was significantly elevated over normal tissue (45, 46). However, these results have 
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attracted scrutiny (47), and the inability to observe mtDNA mutational susceptibility in smokers 

(48) has since obscured the possible role of tobacco-derived carcinogens in mtDNA mutagenesis. 

In a recent study of oral squamous cell carcinoma in Taiwanese patients, neither smoking status 

nor areca quid chewing had a significant effect on the presence of mutations across the 

mitochondrial genome (48). Considering other classic nuclear mutagens, there has been some 

suggestion that UV exposure may precipitate neoplastic change and mtDNA mutation in 

squamous carcinoma of the skin (49). A mutation in mtDNA derived from murine skin cancer 

produced enhanced cellular growth kinetics, but whether UV irradiation or the transformation 

process caused the mutation is unclear (50). Thus far few studies link known nuclear mutagens to 

increased mitochondrial mutagenesis (51, 52). Thus it appears, despite the elevated spontaneous 

mitochondrial genome mutation frequency relative to nDNA, mtDNA is remarkably resistant to 

induced mutation when exposed to established nDNA mutagenic compounds (36, 53).  

1.4 METABOLISM, ROS, AND MUTAGENESIS 

In a previous study on colorectal tissue performed by my advisor’s group (13), quantification of 

mutation load within mtDNA revealed an average three-fold lower burden in patient-matched 

carcinoma tissue compared to normal tissue. These results were surprisingly different from 

observations of nuclear DNA mutation load in tumors, which demonstrates > 100-fold increase 

in random mutation frequency compared to matched normal tissue (54). The mtDNA mutation 

spectrum in normal, adenoma, and carcinoma tissues showed certain mutations occurred at 

similar frequency among tissues, but a significantly lower frequency of C:G  T:A mutations 

explained the majority of the discrepancy in observed mutation frequency. This transition 

mutation is associated with deamination of cytosine, an event linked to oxidative damage (55). 

The predominant source of oxidative damage to mtDNA is the Electron Transport Chain 

(ETC) processing reduced energy metabolites derived from the Tricarboxylic Acid (TCA) cycle 
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(56). A shift in metabolism, favoring glycolysis over OXPHOS, is a hallmark of many tumor 

cells (57). Profiling the intermediate energy metabolites of glycolysis and OXPHOS in the 

studied colorectal tissues revealed that citrate, a TCA cycle intermediate that correlates with 

mitochondrial respiration, was decreased in cancer, whereas lactate, the end-product of anaerobic 

glycolysis, was increased. Mutation frequency of all samples plotted against the ratio of citrate to 

lactate revealed a non-zero slope, consistent with the hypothesis that a large portion of mtDNA 

mutation derives from oxidative damage. These findings provided inspiration for portions of the 

work undertaken in Error! Reference source not found. and Chapter 4.  

Mutagenesis of mtDNA by ROS, as suggested in the colorectal carcinoma findings, is a 

facet of the “Mitochondrial Theory of Aging” (MToA) (58). Within the framework of MToA, 

ROS production with the mitochondrial matrix is a normal byproduct of respiration that induces 

mutations in proximate mtDNA. These mutations lead to aberrant gene products and 

dysfunctional mitochondrial processes, including OXPHOS. Completing the circuit, defective 

respiration produces increased ROS, which feed the cycle of mutation and dysfunction.  This 

theory, while contentious (59), is not without support. Expression of a mitochondrial-targeted 

transgene containing catalase (mCAT), an enzyme responsible for the reduction of hydrogen 

peroxide into water and oxygen, demonstrated extended lifespan in mice. In addition to increased 

longevity, mCAT mice have lower mtDNA frequencies. Consistent with attenuated ROS as a 

mechanism of mutation reduction in colorectal carcinoma, mtDNA mutation spectra in mCAT 

mice echo the reduced CT mutation burden found in colorectal carcinoma compared to normal 
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tissues (Figure 1.2). 

 

Figure 1.2 Similar mtDNA mutation spectra in colorectal carcinoma and mCAT mice compared to normal or 

wildtype.  (A) Mutation spectrum of colorectal carcinoma along with matched normal colon tissue (13). The decrease 

in mtDNA mutation in colorectal cancer is attributed to a reduction in C:GT:A transitions. (B) Mutation spectra of 

cardiac tissue from mCAT mice (long-lived mice expressing a mitochondrial-targeted catalase that reduces the 

reactive oxygen species hydrogen peroxide to water and oxygen, decreasing mtROS) and wild-type mice (adapted 

from (60)). Mirroring the comparison between carcinoma and normal tissue, mCAT mice compared to wild-type 

exhibit a reduced mutation frequency and a marked decrease in C>T mutations, suggesting a common mechanism of 

mutation repression, namely ROS damage. 

 

While the mCAT mouse model provides evidence that mtDNA mutations result from 

oxidative damage, it has recently been suggested that the spectrum of mtDNA mutation 

characterized by high quantities of CT mutations and low abundance of GT mutations is 

inconsistent with oxidative damage, and that mtDNA mutations arise primarily from polymerase 

errors (61, 62). Semantics, and perhaps a limited consideration of the full expanse of oxidative 

damage to mtDNA thwarts consensus of what constitutes the mutational spectrum of oxidative 

damage. Quantification of a single lesion (8-oxoGuanine, 8-oxoG) and its resultant mutation 

(GT), is commonly assumed to reflect total oxidative damage to DNA (62, 63). Unfortunately, 

this practice fails to capture the complexity or diversity of oxidative damage to mtDNA (Figure 

1.3). Oxidative mtDNA damage manifests as a wide range of lesions (64-66), which vary greatly 
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in mutagenicity (67-69), and thus the frequency of base substitutions does not directly 

correspond with base-specific, ROS-induced lesion abundance (Figure 3). Differing  lesion-

specific repair capacity  and ability of the mtDNA polymerase, pol γ, to bypass a given lesion 

determine how often mutation occurs (70). 8-oxoG, while the most studied lesion, is less 

prevalent in mtDNA than other oxidative lesions (67, 68) and only mildly mutagenic to mtDNA 

due to redundant and highly active repair pathways (71)  and a high likelihood of stalling pol γ 

(72) rather than mutation. Additionally, an in vitro study describing pol γ incorporation fidelity 

opposite 8-oxoG observed polymerase inhibition 95% of the time, and that the remaining 5% 

resulted in correct insertion of cytosine (73). 

 

Figure 1.3. Oxidative lesions in mtDNA and their associated mutation spectra. 
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Superoxide generated from the electron transport chain is poorly reactive with DNA, but is 

readily converted to the more reactive hydrogen peroxide (74). Hydrogen peroxide in 

conjunction with Fe2+ participates in Fenton chemistry to produce the most DNA-reactive 

species: the hydroxyl radical (relative DNA activity indicated by arrow thickness). These species 

induce a wide variety of mtDNA lesions which are colored based on resultant mutation and sized 

based on relative abundance. Disparate capacities for repair, polymerase bypass efficiency, and 

ability to trigger genome degradation all impact lesions’ relative mutagenicity, resulting in 

divergent spectra for mutation and precursor lesions (55, 66, 69, 70, 72, 75, 76). 

 

1.5 THESIS OUTLINE 

This thesis describes efforts to determine the mechanisms of somatic mitochondrial mutagenesis 

in mammalian systems. In Chapter 2, I relate an investigation into the effects of classical 

mutagens on murine mitochondrial genomes. The results of that study informed the direction of 

continued investigation into the primary drivers of mitochondrial mutagenesis. In Chapter 3, I 

include my work describing the effects of reduced mitochondrial ROS on aspects of mtDNA 

mutagenesis, metabolism, and cell fate. In Chapter 4, I detail my efforts to evaluate the 

hypothesis that mitochondrial ROS promotes mtDNA mutation.  
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Chapter 2. RESISTANCE OF MITOCHONDRIAL DNA TO INDUCED 

MUTATION 

A version of the following work was published as: 

 

William Valente, Nolan Ericon, Alexandra Long, Paul White, Francesco Marchetti, Jason 

Bielas. Mitochondrial DNA Exhibits Resistance to Induced Point and Deletion Mutations. 

Nucleic Acids Research. 2016. 44(18):8513-8524.  

 

Jason Bielas and Francesco Marchetti conceived the initial approach. Jason Bielas, Francesco 

Marchetti, Paul White, and I designed the research plan. Paul White and Francesco Marchetti 

provided samples. Alexandra Long performed animal care and treatments, as well as initial DNA 

extraction and lacZ mutation evaluations. Nolan Ericson and I performed ddPCR mutation 

quantification of mtDNA mutations. I designed and implemented all quantitative long-range 

PCR for lesion frequency determination, ddPCR quantification of nDNA mutations, and 

statistical analyses. Jason Bielas and I wrote the manuscript with input from all authors.  

 

2.1 ABSTRACT 

The accumulation of somatic mitochondrial DNA (mtDNA) mutations contributes to the 

pathogenesis of human disease. Currently, mitochondrial mutations are largely considered results 

of inaccurate processing of its heavily damaged genome. However, mainly from a lack of 

methods to monitor mtDNA mutations with sufficient sensitivity and accuracy, a link between 

mtDNA damage and mutation has not been established. To test the hypothesis that mtDNA-

damaging agents induce mtDNA mutations, we exposed MutaTMMouse mice to benzo[a]pyrene 
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(B[a]P) or N-ethyl-N-nitrosourea (ENU), daily for 28 consecutive days, and quantified mtDNA 

point and deletion mutations in bone marrow and liver using our newly developed Digital 

Droplet Random Mutation Capture (dRMC) and Digital Deletion Detection (3D) assays. 

Surprisingly, our results demonstrate mutagen treatment did not increase mitochondrial point or 

deletion mutation frequencies, despite evidence both compounds increase nuclear DNA 

mutations and demonstrated B[a]P adduct formation in mtDNA. These findings contradict 

models of mtDNA mutagenesis which assert the elevated rate of mtDNA mutation stems from 

damage sensitivity and abridged repair capacity. Rather, our results demonstrate induced mtDNA 

damage does not readily convert into mutation. These findings suggest robust mitochondrial 

damage responses repress induced mutations after mutagen exposure. 

2.2 INTRODUCTION 

Maternally inherited mutations in the mitochondrial genome cause a diverse array of disorders, 

all of which are associated with defects in oxidative energy metabolism (77). Furthermore, 

emerging evidence implicates the accumulation of somatic mutations in mitochondrial DNA 

(mtDNA) as drivers of other complex traits, including neurodegenerative diseases, pathologies of 

aging, and cancer (9, 78-83). Yet, the mechanisms by which these mutations arise and contribute 

to the etiology of disease are poorly defined.  

mtDNA readily reacts with exogenous chemicals (39, 84-86), exhibiting lesion 

frequencies that are many hundreds of fold higher than those in nuclear DNA (nDNA) in the 

same cells following exposure . Thus, damage to mtDNA may underlie the vast majority of 

pathogenic mitochondrial mutations. Furthermore, the disparate induction of DNA damage that 

results between the nuclear and mitochondrial genomes may be due to the fact that many 

genotoxic substances preferentially concentrate within mitochondria (39, 87). Other contributing 
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factors that have been implicated in the magnitude of mtDNA damage include:  a disputed 

protective function of mtDNA-packaging proteins (88-90), the proximity of mtDNA to reactive 

oxygen species (ROS) produced during oxidative phosphorylation , and the inherent 

susceptibility of mtDNA to adduct formation with genotoxic agents (85). As such, it is 

commonly theorized that mtDNA’s inherent susceptibility to induced damage underlies its high 

rate of mutation, which is two to three orders of magnitude greater than nDNA (38, 41, 43, 91-

93). However, to our knowledge, this premise, i.e., that mtDNA is more susceptible to induced 

mutation, has never been tested.  

Direct evidence linking lesion burden to mtDNA mutation remains scarce or 

contradictory (51, 53, 94-96), as previously existing assays have lacked sufficient accuracy and 

sensitivity to quantify de novo mtDNA mutations (97). Earlier mtDNA mutation detection 

technologies inherently suffer from assay-induced errors mediated by polymerase infidelity on 

damaged templates and by cloning artifacts (97, 98). As such, we sought to improve upon these 

shortcomings by developing the Digital Droplet Random Mutation Capture (dRMC), a novel 

adaptation of the RMC assay (14), and Digital Deletion Detection (3D) (12) to track the 

accumulation of point and deletion mutations in mtDNA, respectively. In these approaches, 

enrichment for mutant mtDNA with restriction endonucleases precedes single molecule 

amplification, effectively eliminating issues with polymerase fidelity (12-14). dRMC and 3D 

couple the accuracy and increased throughput of droplet digital PCR (ddPCR) with the reporting 

specificity of molecular probe-based Taqman™ chemistry for accurate quantification of mtDNA 

mutation frequency at unprecedented sensitivity (12-14). With dRMC and 3D, it is possible to 

evaluate not only single point mutations, but also large deletions. To test the hypothesis that the 

high mutation rate of mtDNA stems from its well-documented sensitivity to DNA damage, we 
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exploited the enhanced sensitivity of these assays to investigate the consequences of mutagen 

exposure on mtDNA mutagenesis in vivo, and the results are interpreted in the context of nuclear 

DNA mutation frequency in the same tissue samples. 

2.3 MATERIALS AND METHODS 

Animal treatment 

Twenty to twenty-four week-old MutaTMMouse males were dosed via oral gavage in a single 

exposure or daily for 28 days with B[a]P dissolved in olive oil (75 mg/kg body weight in the 

single-exposure trial, 25, 50, or 75 mg/kg body weight/day in the subchronic trial). Fourteen to 

sixteen week-old males were dosed for 28 days with ENU dissolved in water (5 mg/kg body 

weight/day). B[a]P and ENU were obtained from Sigma-Aldrich Canada (Oakville, ON). Each 

dose group, including vehicle control, contained four animals for the single-exposure study and 

five animals for the subchronic exposure study. Mice in the single-exposure study were 

anesthetized with isofluorane prior to cervical dislocation 24 hours following B[a]P exposure. 

Tissues, including liver and bone marrow, were isolated, flash-frozen in liquid nitrogen, and 

stored at -80°C until use. In the 28-day studies, mice were euthanized three days after the final 

treatment in the same manner as the single-exposure study, and tissues were obtained as 

described above. Mice were maintained under conditions approved by the Health Canada Ottawa 

Animal Care Committee. Food and water were available ad libitum for the duration of the 

experiment. The lacZ mutant frequencies in animals from the 28-day exposure to B[a]P have 

been described in Lemieux et al 2011 , however, here we present the lacZ data only from those 

mice where we conducted mtDNA analysis (those that had sufficient sample DNA quantity or 

quality).  

Genomic DNA isolation 
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Bone marrow. Bone marrow cells were isolated and lysed according to previously published 

methods (99, 100). Briefly, to collect bone marrow, femurs were flushed with PBS (Invitrogen 

Canada, Burlington, ON), the solution was briefly centrifuged, and the pellet was stored at –

80°C. Cells were homogenized in 5 mL lysis buffer (1 mM Na2EDTA, 100 mM NaCl, 20 mM 

Tris-HCl, pH 7.4), supplemented with 1% SDS (w/v) and proteinase K (1 mg/mL, Invitrogen 

Canada, Burlington, ON). The lysate was then incubated at 37°C overnight with gentle shaking. 

Genomic DNA was isolated the following day, using the phenol/chloroform extraction procedure 

described previously (101, 102). Isolated DNA was dissolved in 50-100 µL TE buffer (10 mM 

Tris pH 7.6, 1 mM EDTA) and stored at 4°C until use. DNA was quantified using a 

NanoPhotometerTM (Implen, Westlake Village, CA, USA). 

Liver. Liver tissue was thawed and homogenized on ice using a motor-driven conical tissue 

homogenizer in 5 mL TMST buffer (50 mM Tris pH 7.6, 3 mM magnesium acetate, 250 mM 

sucrose, 0.2% (v/v) Triton X-100). The liver homogenate was centrifuged for 6 min at 800×g 

(4°C), the supernatant was discarded, and the pellet was washed twice more with TMST buffer 

as before. The pellet was suspended in 5 mL lysis buffer (10 mM Tris pH 7.6, 10 mM EDTA, 

150 mM NaCl, 1% (w/v) SDS and 1 mg/mL proteinase K (≥20 Units/mg). This suspension was 

incubated overnight at 37°C with gentle shaking. DNA was isolated and stored as described 

above. 

TaqMan probe and primer design 

The following primer/probe sets were used with murine total DNA for mtDNA mutation 

detection (designed using assembly GCA_000001635.6 for mus musculus). Control site: 5’- 

GAC ACA AAC TAA AAA GCT CA -3′ (forward primer), 5′- TAA GTG TCC TGC AGT AAT 

GT -3′ (reverse primer), and 5′-6FAM- CCA ATG GCA TTA GCA GTC CGG C -BHQ-1-3′ 
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(probe). ND5 site: 5′- CCC ACT GTA CAC CAC CAC ATC AA -3′ (forward primer), 5′- TGT 

TGG CTG AGG TGA GGA TAA GCA -3′ (reverse primer), and 5′-6FAM- AAC CTG GCA 

CTG AGT CAC C -MGB-NFQ-3′ (probe). 12S rRNA site: 5′- GAC AGC TAA GAC CCA AAC 

TGG GAT -3′ (forward primer), 5′- CAT TGG CTA CAC CTT GAC CTA ACG -3′ (reverse 

primer), and 5′-6FAM- ACC GCC ATC TTC AGC A -MGB-NFQ-3′ (probe). Common deletion 

site: 5′- AGG CCA CCA CAC TCC TAT TG -3′ (forward primer), 5′- AAT GCT AGG CGT 

TTG ATT GG -3′ (reverse primer), and 5′-6FAM- AAG GAC TAC GAT ATG GTA TAA -

MGB-NFQ-3′ (probe). RNaseP site for nuclear DNA quantification: 5’-GTG CTG CAG AAA 

GGG TAA GC-3’ (forward primer), 5’-CCA TCG GCA AAC AGT TAC AA-3’ (reverse 

primer), and 5’-VIC-TGG AAT ACT TTG TCC CAG CA-MGB-NFQ-3’ (probe).  

For lacZ mutation detection, primers were designed to the reference sequence 

GenBank:V00296.1. Control site: 5’- TAC GAT GCG CCC ATC TAC AC -3’ (forward primer), 

5’-CAA ATT CAG ACG GCA AAC GA -3’ (reverse primer), and 5’-6FAM-CCT TCC TGT 

AGC CAG CTT TCA T-MGB-NFQ-3’(probe); TaqI site: 5’-TAC GCG TAG TGC AAC CGA 

AC -3’ (forward primer), 5’-AAG CCT GAC TGG CGG TTA AA-3’ (reverse primer), and 5’-

6FAM-TGC AAA AAT CCA TTT CGC TGG T-MGB-NFQ -3’(probe).  

For mitochondrial:nuclear copy number ratio analysis, primers were designed using the assembly 

GCA_000001635.6 for mus musculus, as above, with mitochondrial copies quantified using the 

control primer set and nuclear DNA copies quantified using primers directed toward the murine 

RPP30 gene: 5’- CTC ACC AAA AAC AAA AAC AGC C -3’ (forward primer), 5’- CTT TTG 

TCC CTC CCA CTT TGG -3’ (reverse primer), and 5’-VIC-TGG AAT ACT TTG TCC CAG 

CA-MGB-NFQ-3’ (probe). 
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Primers were designed using Primer3 specifications to limit off-target amplification within the 

murine genome (especially within nuclear mitochondrial segments ,NUMTs, which are 

transpositions of mtDNA into the nucleus), and their specificity was confirmed using UCSC in 

silico PCR (http://rohsdb.cmb.usc.edu/GBshape/cgi-bin/hgPcr) and NCBI primer-BLAST (103). 

Additionally, melt peak analysis was performed in real-time PCR experiments along with 

agarose gel separation of PCR products to ensure single product amplification.  

Mitochondrial DNA Mutation Detection 

To measure point mutations in mouse mtDNA, we adapted the Random Mutation Capture 

(RMC) assay  for the droplet digital PCR (ddPCR) platform, as detailed in the subsections 

below. Deletions were quantified in mtDNA extracted from mouse tissues using the Digital 

Deletion Detection (3D) method described previously by Taylor et al. (12). 

TaqI Digest. Rare mutation-bearing molecules were selectively enriched through endonucleolytic 

destruction of wild-type target sites. First, a 100 μL digestion reaction mixture was prepared 

containing 1 μg of genomic DNA, 1 μL (100 U) of TaqI (New England Biolabs, Ipswich, MA, 

USA), and TaqI reaction buffer (Fermentas, Vilnius, Lithuania). The reaction mixture was 

incubated at 65°C for 10 h, with an additional 100 U of TaqI added to each reaction every hour. 

After each TaqI addition, samples were thoroughly mixed and briefly centrifuged to ensure 

efficient digestion. Prior to ddPCR, complete cleavage of wild-type TaqI sites was verified by 

PCR amplification of the target regions followed by post-PCR restriction digest and agarose gel 

electrophoresis. 

Droplet digital PCR (ddPCR). The final concentration of digested DNA was adjusted to yield 

less than ~3500 positive molecules per μL, which is within the range of linearity for the Poisson 

calculation (104).  Reaction mixtures (25 μL) contained ddPCR Master Mix (Bio-Rad, Hercules, 

http://rohsdb.cmb.usc.edu/GBshape/cgi-bin/hgPcr
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CA, USA), 250 nM TaqMan probe, 900 nM of each appropriate flanking primer, and 0 – 100 ng 

of TaqI-digested DNA. Reaction droplets were made by applying 20 μL of each reaction mixture 

to a droplet generator DG8 cartridge (Bio-Rad) for use in the QX100 Droplet Generator (Bio-

Rad). Following droplet generation, 38 μL of the droplet emulsion was carefully transferred to a 

Twin.tec semi-skirted 96-well PCR plate (Eppendorf, Hamburg, Germany), which was then heat-

sealed with a pierceable foil sheet. To amplify the fragments, thermal cycling was carried out 

using the following protocol: initial denaturation step at 95°C for 10 min, followed by 40 cycles 

of 94°C for 30 s, and 58°C for 1 min. The thermally cycled droplets were analyzed by flow 

cytometry in a QX100TM Droplet DigitalTM Reader (Bio-Rad) for fluorescence analysis and 

quantification of mutation frequencies.  

Analysis of fluorescence amplitude and quantification. Following normal thermal cycling, 

droplets were individually scanned using the QX100™ Droplet Digital™ PCR system (Bio-

Rad). Positive (mutation-bearing) and negative droplets were distinguished on the basis of 

fluorescence amplitude using a global threshold. The number of mutant genomes per droplet was 

calculated automatically by the accompanying software (QuantaSoft, Bio-Rad) using Poisson 

statistics as described elsewhere (105). Quantification of point mutation frequency requires 

ddPCR amplification using two primer sets. The first primer set flanks the test region and 

measures the concentration of mutation-bearing molecules. The second primer set flanks a region 

in the mitochondrial genome that bears no restriction recognition sites. This control set measures 

the concentration of all mtDNA genomes. Because de novo point mutations are so rare, reactions 

using the different primer sets must be run using different dilutions of the digested DNA, and the 

results are normalized against undiluted concentrations during downstream calculations. 

Mutation frequency per base pair is calculated by taking the ratio of the normalized 
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concentrations of mutation-bearing mtDNA molecules to the total mtDNA molecules screened, 

divided by the number of bases per target site. Reactions that yielded < 5 positive droplets per 

well were scored  conservatively as having no positives above background, though in rare cases 

technical replicates were pooled to achieve higher droplet counts (104). At least two technical 

repeats were performed per biological sample, and the average result presented. 

Nuclear mutation assessment with dRMC 

The methodology for quantifying nDNA mutations follows that for mtDNA mutations (as above) 

with a few changes: input DNA was scaled to 10 μg per mouse sample; twenty one-hour rounds 

of TaqI digestion were required for this amount of DNA; and ddPCR cycling parameters 

consisted of an initial denaturation step at 95°C for 10 min, followed by 40 cycles of 94°C for 30 

s, and 60°C for 1 min. 

Mitochondrial:nuclear DNA copy number ratio 

ddPCR reactions were performed with TaqI-digested genomic DNA as above, using the 

mitochondrial control primer/probe set (within the ATP6 gene) for mtDNA copy quantification, 

and the RNAseP (RPP30) primer/probe set for nDNA copy quantification (both detailed above), 

with an initial denaturation step at 95°C for 10 min, followed by 40 cycles of 94°C for 30 s, and 

60°C for 1 min. After droplet processing, mtDNA:nDNA copy number ratio was calculated by 

dividing the concentration of mtDNA molecules detected by the nDNA molecules determined by 

ddPCR. 

Quantitative Long-Range Real-Time PCR 

The induced lesion frequency of B[a]P in the single-exposure mice was quantified using long-

range quantitative real-time PCR amplification, as described previously (106). 1 μg of each DNA 

sample for mitochondrial amplification was digested with NotI prior to amplification, as this was 
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seen to increase amplification efficiency (107). No NotI sites are found in the target amplicons. 

Primers for mouse mtDNA short (mtDNA control primers above) and long (forward 5’-CCA 

CCG CGG TCA TAC GAT TA-3’, reverse 5’-CGA TGT CTC CGA TGC GGT TA-3’ 11.9 kb) 

amplicons, and mouse nDNA short (nDNA control primers) and long (forward 5’- CGC CGC 

CTT GCC CTC GTC T-3’, reverse 5’-AGC TCC GCA AAT TCG CCT ACA C-3’ 12.5 kb, 

localized to the lambda transgene) amplicons were used to amplify DNA isolated from mouse 

liver and bone marrow in reaction mixtures of 0.05 U/μL JumpStartTM AccuTaqTM polymerase 

(Sigma), JumpStartTM AccuTaqTM polymerase buffer (working concentrations of 50 mM Tris-

Hcl, 15 mM ammonium sulphate, pH 9.3, adjusted with NH4OH, 2.5 mM MgCl2, and 1% 

Tween-20), 500 μM dNTP mix (Promega), and 1 uL of a 1:8 dilution of EvaGreen® in water. 

Full-strength EvaGreen® inhibited long-range product formation. Samples containing 50 – 200 

ng of DNA were amplified in triplicate using a C1000 series CF96® Real-Time PCR Detection 

System (Bio-Rad) with detection in the SYBR® Green fluorescence channel. Cycling parameters 

for the 12 kb mtDNA and nDNA fragments were as follows: initial denaturation at 96°C for 30 

seconds, followed by 40 cycles of denaturation at 94°C for 15 seconds and extension at 65°C for 

16 minutes. A final extension step of 30 minutes at 65°C was performed after cycling, prior to a 

melting curve analysis to verify correct product amplification – a ramp from 58°C to 96°C where 

fluorescence amplitude was measured at 0.5°C intervals – with subsequent sample cooling to 

4°C. Short-range amplicons were amplified as above, though with extension periods of 1 minute 

during cycling and a 3 minute final extension, at 58°C and 62°C for mtDNA and nDNA primer 

sets, respectively. Primers were designed with the aid of NCBI’s primer-BLAST (103) and 

UCSC In-Silico PCR (http://rohsdb.cmb.usc.edu/GBshape/cgi-bin/hgPcr), as with the 

http://rohsdb.cmb.usc.edu/GBshape/cgi-bin/hgPcr
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primer/probes used in ddPCR. Standard curves and melt temperature analysis are included in 

Supplemental Figures 7-10.  

Determination of induced lesion frequency. Lesion frequency was calculated using methods 

similar to those previously described (106, 107). Amplification products were quantified from 

the EvaGreen®  fluorescence amplitude, with regression analysis (CFX Manager, Bio-Rad) and a 

standard curve for each sample set, which was performed simultaneously with sample 

amplification using the same prepared reagent mix along with no template controls. Assuming a 

random distribution of lesions within the amplicon, the Poisson equation [f(x) = e-λ λx/x!] for 

undamaged templates is f(0) = e- λ. The average lesion frequency for each amplicon (λ) is 

calculated by dividing the normalized (long-range over short-range ratio of input copies 

determined by standard curve) amplification in DNA extracted from treated mice by the same in 

DNA from untreated mice (thus lesion frequency is equivalent to − ln (
(

𝐿𝑜𝑛𝑔 𝐴𝑚𝑝𝑙𝑖𝑐𝑜𝑛𝑠

𝑆ℎ𝑜𝑟𝑡 𝐴𝑚𝑝𝑙𝑖𝑐𝑜𝑛𝑠
)

𝑡𝑟𝑒𝑎𝑡𝑒𝑑

(
𝐿𝑜𝑛𝑔 𝐴𝑚𝑝𝑙𝑖𝑐𝑜𝑛𝑠

𝑆ℎ𝑜𝑟𝑡 𝐴𝑚𝑝𝑙𝑖𝑐𝑜𝑛𝑠
)

𝑐𝑜𝑛𝑡𝑟𝑜𝑙𝑠

) ×

10000𝑏𝑝

𝐿𝑒𝑛𝑔𝑡ℎ(𝐿𝑜𝑛𝑔 𝐴𝑚𝑝𝑙𝑖𝑐𝑜𝑛)
.  Values reported reflect the average of individual samples assayed in 

triplicate, and then pooled for lesion frequency (n = 4-5 for each group).  

lacZ mutation evaluation 

The frequency of lacZ transgene mutants in genomic DNA isolated from liver and bone marrow 

was assessed using the phenyl-β-D-galactopyranoside (P-Gal) positive selection assay as 

previously described . λgt10lacZ DNA was rescued from genomic DNA using the TranspackTM 

lambda packaging system (Agilent, Mississauga, ON). Packaged phage particles were then 

mixed with the host bacterium (Escherichia coli lacZ-, galE-, recA-, pAA119 with galT and 

galK) , plated on minimal medium containing 0.3% (w/v) P-Gal and incubated overnight at 
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37°C. Total plaque-forming units (pfu) were measured on concurrent titer plates that did not 

contain P-Gal. Mutant frequency is expressed as the ratio of mutant pfu to total pfu. 

Statistical analysis 

All reported results represent at least three biological replicates with 2 technical replicates. Error 

reported represents s.e.m. Concentration- and dose-response data were analyzed using both non-

parametric (e.g. chi-square and Fisher’s exact tests) and parametric methods (e.g., analysis of 

variance, ANOVA; Welch’s t-test). Non-parametric methods are frequently employed to analyze 

experimental datasets where the response variable is a discrete dichotomous outcome (i.e., 

mutant versus normal). The non-parametric analyses of lacZ mutant frequency employed 2 x 2 or 

2 x 4 contingency tables with chi-square and Fisher’s exact tests to assess the degree of 

association between treatment and response at each dose/concentration. In addition, a one-way 

Cochran-Armitage test was employed to determine whether increasing doses or concentrations 

yielded an increasing likelihood of recovering mutant copies of lacZ. The parametric methods 

analyzed frequency values (mutant lacZ per 105 plaque forming units, mtDNA mutation 

frequencies, and mtDNA damage), and employed one-way ANOVA  (B[a]P treatment samples, 

4 treatment groups) or unpaired t-test with Welch’s correction (for the two ENU treatment 

groups) to investigate the relationship between dose/concentration and mutant frequency (MF). 

Mutation frequencies in mtDNA and lesion frequencies in mtDNA and nDNA were Poisson 

transformed during analysis from droplet and RT-PCR data, respectively, and thus are not 

compatible with chi-square tests. For each one-way ANOVA, a one-tailed, post-hoc Dunnett’s 

test was employed to subsequently compare responses at individual doses/concentrations to 

matched controls. Values of p < 0.05 were considered statistically significant. 
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2.4 RESULTS 

We used benzo[a]pyrene (B[a]P) to investigate the relationship between induced mtDNA 

damage and mutation. B[a]P is an established mutagen that has been shown to induce 40 to 90 

fold more lesions in mtDNA than in nDNA (38, 39). B[a]P is present in a wide range of 

combustion products, including tobacco smoke, coal tar, and vehicular exhaust (87), and requires 

metabolic activation by cytochrome P450 isozymes, followed by epoxide hydrolase, to form 

mutagenic metabolites (e.g., benzo(a)pyrene-7,8-diol-9,10-epoxide, BPDE), which form bulky 

helix-distorting lesions by covalently modifying DNA .  

To maximize the likelihood of mtDNA damage, we implemented a 28-day sub-chronic 

dosing regimen, which included three concentrations of B[a]P (25, 50, or 75 mg/kg body 

weight/day). As B[a]P requires metabolic conversion to a DNA-reactive substance (i.e., BPDE) , 

we elected to study mtDNA mutagenesis in the liver, a well-known site of this activation (108-

110). Additionally, to assess the impact of mutagen treatment in a highly proliferative tissue, 

bone marrow was also included in our study. Both tissues have been shown to be exceptionally 

sensitive to DNA-damaging agents in nuclear and mitochondrial DNA , including B[a]P-induced 

damage . Moreover, previous work has shown that B[a]P significantly increases mutations in 

nuclear DNA , at similar doses, and in the same tissues tested as in the present study (100). 

However, the potential effect of B[a]P exposure on the induction of mtDNA mutations in vivo 

has not been examined. 

To this end, we extracted DNA from liver and bone marrow cells to explore the possible 

effect of B[a]P treatment on mtDNA mutagenesis using the dRMC assay, which builds upon the 

RMC methodology , and 3D assay (12, 14). The dRMC and 3D assays (Figure 2.1) have been 
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used to quantify point mutations and deletion mutations in both humans and mice (14, 60, 111) 

(validation results presented in Supplemental Figure A.1).   

2.4.1 Effect of B[a]P exposure on the frequency of mtDNA point mutation 

Whole-cell DNA was extracted from frozen bone marrow and liver for mtDNA mutation 

analysis from B[a]P-exposed and control mice after 28 days of daily treatment and 3 post-

exposure rest days. In bone marrow mtDNA isolated from B[a]P-treated mice, the mutation 

burdens, ordered by increasing daily dose of B[a]P, were 3.8 ± 1.1, 4.2 ± 1.2, 3.8 ± 1.4 × 10-6 bp 

and 2.6 ± 0.5, 2.4 ± 0.6, 2.0 ± 1.0 × 10-6 bp (Figure 2A), for the 12S rRNA region and ND5 site, 

respectively. In untreated mice, bone marrow mtDNA mutation frequencies were 3.5 ± 0.7 × 10-6 

bp and 1.7 ± 0.2 × 10-6 bp, at the 12S and ND5 sites, respectively. No significant increases, or 

dose-dependent changes (ANOVA, multiple-comparisons corrected t-test), were observed 

between control (Figure 2.2A) and treatment groups.  

mtDNA isolates from the liver of B[a]P-treated mice displayed mutation frequencies, 

ordered by increasing dose, of 2.3 ± 0.5, 2.4 ± 0.1, 2.5 ± 0.2 × 10-6 bp and 2.0 ± 0.8, 2.1 ± 0.9, 

and 2.0 ± 0.7 × 10-6 bp for 12S rRNA and ND5 sites (Figure 2B), respectively. The mutation 

frequency of untreated liver mtDNA at the 12S rRNA and ND5 sites were 2.6 ± 1.0 × 10-6 bp 

and 2.2 ± 1.00 × 10-6 bp. As with bone marrow, liver mtDNA mutation frequency was unaffected 

by B[a]P exposure. Thus, in both tissues, B[a]P exposure did not affect the frequency of point 

mutations in mtDNA.   

2.4.2 Incidence of mtDNA deletions following mutagen exposure 

The bulky adducts induced by B[a]P may underlie the lack of conversion into mtDNA point 

mutations, as the strand-distorting lesion produced by B[a]P strongly inhibits mitochondrial 
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replication and thus lesion bypass (112). Polymerase stalling, however, has been hypothesized to 

cause deletion mutations (112, 113). The observed lack of point mutation induction (Figure 2.2) 

in mtDNA may be predicated upon blocked replication instead of error-prone polymerase bypass 

or DNA repair processes. Thus, we speculated that this would lead to polymerase stalling at the 

sites of damaged bases and, potentially, induce the formation of large mtDNA deletions.  

To examine this possibility, we employed the 3D assay (12) to quantify mtDNA deletions 

following exposure to B[a]P (Figure 2.1). 3D can evaluate the presence of deletions in the 

mitochondrial genome, such as the ‘common deletion’: a 3.8 kb region in mouse mtDNA that 

shows preferential excision and end-joining due to sequence microhomology (27, 114). The 

frequency of mtDNA deletions in our control mice was 1.1 ± 0.4 and 111.4 ± 31.0 deletions per 

107 genomes for bone marrow and liver, respectively. These values are complementary to those 

found in previous studies for similarly aged mice, where liver showed the highest frequency of 

deletions (114). Deletion frequencies in treated mice, ordered by increasing doses of B[a]P were: 

1.1 ± 0.50, 0.9 ± 0.40, and 1.1 ± 0.2 copies per 107 genomes in bone marrow (Figure 2.3A); and, 

71.4 ± 15.5, 47.6 ± 14.3, and 84.1 ± 33.2 deletions per 107 genomes, in liver (Figure 3B). As 

with point mutations, B[a]P exposure did not significantly change the frequency of deletions at 

any dose or in either tissue (ANOVA, multiple comparisons adjusted t-test).  

2.4.3 B[a]P adducts in mtDNA and nDNA 

Although the induction of mtDNA damage induced by B[a]P is extensively described , the 

unexpected lack of mutation induction in mtDNA following B[a]P exposure prompted us to 

address the possibility that damage was not induced in our test animals. To quantify the potential 

induction of B[a]P induced damage, we extracted DNA from bone marrow and liver tissues 24 

hours post-treatment with an acute dose of 75 mg B[a]P/kg body weight. As adducts formed by 
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B[a]P inhibit polymerase extension , we quantified their presence via long-range quantitative 

PCR (87, 115). This sensitive assay quantifies lesions that inhibit polymerase extension, and is 

not specific to one species of DNA adduct or lesion. B[a]P induced 0.29 ± 0.10 lesions per 10 kb 

(Figure 2.4A, p < 0.05, one-tailed Welch’s t-test) and 0.26 ± 0.09 lesions per 10 kb (Figure 2.4B, 

p < 0.05, one-tailed Welch’s t-test) in bone marrow and liver mtDNA, respectively. DNA 

samples were also processed for nDNA lesions using quantitative PCR directed to portions of the 

lacZ transgene. B[a]P induced 1.27 ± 0.40 lesions per 10 kb (Supplemental Figure A.2A, p < 

0.01, one-tailed Welch’s t-test) and 0.66 ± 0.11 lesions per 10 kb (Supplemental Figure A.2B, p 

< 0.05, one-tailed Welch’s t-test) in bone marrow and liver nDNA, respectively. Thus, the lack 

of induced point and deletion mutations in the mitochondrial genome following 28 days of daily 

B[a]P exposures cannot be explained by the absence of damage induction.  A single exposure of 

75 mg B[a]P/kg body weight introduced 29 lesions per 106 bp in mtDNA with the potential to 

stall or inhibit polymerase extension. Yet despite the abundance of B[a]P-induced DNA lesions, 

no significant induction of mutation is observed in the mitochondrial genome following 28 days 

of daily B[a]P exposures.   

2.4.4 Nuclear B[a]P-induced mutagenesis  

Mutation and damage burdens in mtDNA are typically described with comparisons to nDNA. 

Therefore, we sought to place the observed mitochondrial resistance to mutation in the context of 

the nuclear genome. We had selected B[a]P as our test mutagen, as previous reports had 

demonstrated preferential B[a]P adduct formation in mtDNA compared to nDNA (39). As such, 

we had hypothesized the mitochondrial genome would be more sensitive to B[a]P-induced 

mutation than the nuclear genome. In our evaluation of induced nDNA mutation and damage, we 

utilized the MutaTMMouse transgenic rodent, which harbors a stably integrated lacZ transgene 
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incorporated into a recoverable lambda phage shuttle vector. The shuttle vector can readily be 

recovered by packaging in phage particles that are subsequently used to infect galactose-sensitive 

bacteria (116, 117). In the presence of P-gal, only those phages that receive a mutant lacZ can 

form plaques, allowing quantification of the mutant frequency in the nDNA (99, 118). The 

mutant frequency in untreated animals was 4.3 ± 0.9 × 10-5 in bone marrow, and 6.3 ± 0.6 × 10-5 

in liver. Contrary to our observations in the mitochondrial genome, B[a]P exposure resulted in a 

dose-dependent increase in nuclear mutant frequencies in both tissues, with 203 ± 35.8, 344 ± 

75.0, and 679 ± 59.8 mutants × 10-5 in bone marrow and 26 ± 4.8, 96 ± 14.5, and 219.0 ± 59.8 

mutants × 10-5 in liver samples (Figure 2.5A, p ≤ 0.0001 in bone marrow; Figure 2.5B, p ≤ 0.001 

in liver, chi-square test). Additionally, we were able to confirm increased mutant frequencies 

using a nuclear version of the dRMC that quantifies mutations within the lacZ transgene. 

Mutation frequencies in untreated animals were 2.9 ± 1.7 × 10-6 bp in bone marrow and 1.6 ± 0.4 

× 10-6 bp in liver tissues, whereas mutation frequency in mice exposed to 75 mg/kg body 

weight/day B[a]P was 35.2 ± 14.4 × 10-6 bp in bone marrow and 29.5 ± 8.3 × 10-6 bp in liver 

(Supplementary Figure A.3, p ≤ 0.05 for bone marrow and liver, one-tailed Welch’s-adjusted t-

test). These results show a clear differential response between mtDNA and nDNA to B[a]P-

induced mutagenesis. 

2.4.5 Evaluation of ENU as a mitochondrial DNA mutagen 

To explore whether the resistance of mtDNA to mutagenesis is unique to chemicals that induce 

bulky adducts, we investigated the potential of N-ethyl-N-nitrosourea (ENU) to induce mtDNA 

mutation. ENU is an alkylating agent that acts by transferring its ethyl group to oxygen or 

nitrogen radicals in nucleic acids (119). This primarily induces base mis-pairing and 

misincorporation by replicative polymerases without substantial stalling, which we hypothesized 
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would encourage polymerase bypass errors rather than inhibit replication (120). Similar to our 

protocol for B[a]P exposure, we employed a 28 day, sub-chronic dosing regimen of 5 mg/kg 

body weight/day of ENU. As with the B[a]P-treated cohort, we evaluated mitochondrial point 

mutations and large deletions with dRMC and 3D, and quantified nDNA mutagenesis. In bone 

marrow, control and ENU-treated mouse mtDNA, point mutation frequencies were: 4.6 ± 1.5 × 

10-6 bp vs. 4.5 ± 0.5 for the 12S rRNA locus; and, 1.6 ± 0.3 × 10-6 bp vs. 1.9 ± 0.4 × 10-6 bp for 

ND5 site (Figure 2.6A). In liver, these frequencies were: 7.9 ± 4.8 × 10-6 bp vs. 14.8 ± 4.8 for the 

12S rRNA site; and 3.2 ± 0.4 × 10-6 bp, and 4.4 ± 1.19 × 10-6 for the ND5 site (Figure 2.6B). 

Thus, mirroring our B[a]P results, the mtDNA point mutation frequency was not significantly 

altered at either mtDNA target and in either tissue after ENU exposure (bone marrow: p = 0.97, 

12S rRNA locus; p = 0.90, ND5 locus; and in liver: p = 0.29, 12S rRNA locus; p = 0.09, ND5 

locus, Welch’s unpaired t-test). 3D quantification of mtDNA ‘common’ deletions revealed 1.6 ± 

0.3 and 1.5 ± 0.3 deletions per 107 genomes in untreated and treated bone marrow, respectively 

(Figure 2.7A). In liver, these frequencies were 12.5 ± 3.8 deletions per 107 genomes and 20.4 ± 

5.5 (Figure 2.7B). In summary, regardless of the tissue of origin, ENU did not induce mtDNA 

point or deletion mutations.   

2.4.6 Nuclear ENU-induced mutagenesis  

Similar to our observations with B[a]P, quantification of nuclear mutants following ENU 

exposure showed, as expected, that ENU significantly induced mutant frequencies in both bone 

marrow and liver tissues. Specifically, we observed lacZ mutant frequencies of 5.0 ± 1.2 × 10-5 

in the untreated mice bone marrow, whereas 155.0 ± 11.1 mutants × 10-5 were recovered from 

the ENU-treated mice. In liver, we quantified 3.0 ± 0.7 mutants × 10-5 in the untreated cohort, 

and 27.0 ± 3.3 mutants × 10-5 from their ENU-exposed counterparts (Supplemental Figure A.4). 



 

 

35 

The lacZ dRMC assay performed on these samples confirmed mutation induction by ENU in the 

nuclear genome. In these mice, mutant frequency of untreated animals was 1.1 ± 0.8 × 10-6 bp in 

bone marrow and 1.6 ± 0.7 × 10-6 bp in liver tissues, whereas mutation frequency in mice 

exposed to 5 mg/kg body weight/day ENU was 15.5 ± 4.6 × 10-6 bp in bone marrow and 10.2 ± 

4.67 × 10-6 bp in liver (Supplementary Figure A.5, p ≤ 0.05 for bone marrow and liver, one-tailed 

Welch’s-adjusted t-test). As with the results of B[a]P exposure, these findings show a clear 

difference in the sensitivity of mtDNA and nDNA to ENU-induced mutagenesis. Intriguingly, 

although mtDNA copies per nuclear genome were unaffected by either B[a]P or ENU exposure 

in bone marrow (B[a]P, p = 0.37; ENU, p = 0.40, both Welch’s-adjusted t-test), recovered liver 

tissue posted increased mtDNA copy number in B[a]P-exposed mice (ANOVA, p = 0.06; 0 vs 75 

mg/kg bw/day  p = 0.03, Welch’s-adjusted t-test)  and decreased mtDNA copy number in ENU-

exposed mice (p = 0.03, Welch’s-adjusted t-test), suggesting tissue- and compound-specific 

responses to mutagens that do not produce changes in the relative abundance of mtDNA copies 

(Supplemental Figure A.6). 

2.5 DISCUSSION 

Diverse theories have emerged to explain the remarkably greater frequency of somatic 

mutations in mtDNA, as compared to the nuclear genome (9, 33, 81, 121). One popular model, 

which developed from observations of increased damage burdens in mtDNA following 

genotoxin exposures (38-40, 84, 93), posits that this damage readily drives mutagenesis and thus 

mutation accumulation (65, 122). This paradigm expands foundational concepts in nuclear 

mutagenesis to the mitochondrial genome: i.e., unrepaired DNA lesions, when encountered 

during replication, can promote error-prone trans-lesion synthesis or block polymerase extension, 
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which result in point and deletion mutations (123). In essence, this model proposes the 

susceptibility of mtDNA to damage largely underlies its high rate of mutation. 

However, testing the validity of this hypothesis has remained impractical, as the accurate 

quantification of de novo mtDNA mutations has been hampered by technical limitations (59); 

notably, the inability to distinguish true mutations from DNA damage (97, 124). To overcome 

this and other impediments to accurate mutation quantification, we employed our droplet digital 

PCR assays, dRMC and 3D, to ascertain the degree to which exposure to damaging agents 

influences the frequency of mitochondrial and nuclear mutagenesis. In the dRMC assay, the 

frequency of DNA mutations is evaluated per base pair by leveraging the fact that single base 

mutations in the 4-bp recognition motif of TaqI restriction enzyme (5’-TCGA-3’) are sufficient 

to shield sites from endonuclease activity. In the 3D assay, TaqI sites present in wild-type 

mtDNA are removed by deletion events, maintaining the deletion-bearing genome as a substrate 

for amplification and subsequent detection. The dRMC and 3D assays permit accurate resolution 

of a single point (13, 125) or deletion (12) mutations, respectively, in a background of hundreds 

of millions of wildtype genomes, and enabled our investigation into mtDNA mutagenesis. 

To test the hypothesis that DNA-damaging compounds induce mtDNA point and deletion 

mutations, we first exposed mice to one of two model mutagens, B[a]P or ENU. The bulky 

adduct created by BPDE, the active metabolite of B[a]P, can stall both mitochondrial (112) and 

nuclear replication (126) and was expected to initiate mtDNA mutagenesis, similarly to the 

nuclear genome; in a study of human mitochondrial DNA polymerase γ (pol γ) tolerance of 

B[a]P adducts, polymerase extension ceased after error-prone incorporation of a single base-pair 

adjacent to the adduct (112). In contrast to B[a]P, ENU-induced damage is often bypassed by 

DNA polymerases, but the alkylated base modification alters DNA-polymerase interactions and 
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can result in polymerase misincorporation during trans-lesion synthesis in the nucleus (127). In 

concert with these compounds’ proven mutagenic effects in nDNA, previous studies have 

demonstrated that the mitochondrial genome is a focal point for B[a]P (38, 39, 87) and ENU (40, 

93) adduct formation. Therefore, following mutagen exposure we anticipated robust conversion 

of DNA damage to mutation and a rise in the mtDNA mutation frequency, which would 

drastically exceed the level of induced mutation in the nucleus. However, against expectations, 

our results demonstrate that this was not the case. Rather, although sub-chronic exposures to 

B[a]P or ENU increase mutations in nDNA, they did not increase mtDNA mutagenesis, 

suggesting that DNA adducts are not readily converted into mutations in the mitochondrial 

genome.  

These results could imply that adducts are managed through efficient DNA repair. 

Though the list of DNA repair pathways identified in the mitochondrion is greatly expanded 

from earlier assertions (128), deficiencies in lesion processing capability persist and may shape 

uniquely mitochondrial responses to DNA damage. For example, although a considerable 

amount of data asserts the susceptibility of mtDNA to adduct formation and damage (38, 41, 43, 

92, 93), there is no known nucleotide-excision repair (NER) pathway in mitochondria for 

resolving bulky adducts such as those produced by B[a]P (128, 129). No clear mitochondrial 

DNA repair mechanism has been identified to alleviate these lesions. As for management of 

ENU-induced DNA alkylation damage, mitochondrial versions of mismatch repair (MMR) (130, 

131), base-excision repair (BER) (132, 133), and alkylation-specific DNA repair enzymes have 

been described (134). Thus, it remains possible that mitochondria safeguard against converting 

DNA lesions into mutation via robust mechanisms for mtDNA repair.  
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In addition to DNA repair, studies have proposed that selective destruction of 

mitochondrial genomes eliminates the potential for mutation conversion from damaged mtDNA 

(135, 136). Such degradation would be reflected via a decrease in mitochondrial genomes copy 

number. In support of targeted degradation of damaged mtDNA, mitochondrial genome copy-

number was reduced in the liver tissues of ENU-exposed mice; although bone marrow samples 

from the same mice exhibited no differences between treated and untreated cohorts. Exposure to 

B[a]P produced a dose-dependent increase in liver mtDNA copy-number, while copy-number 

was unchanged in bone marrow. Thus our results do not support a role for targeted degradation 

of damaged of mitochondrial genomes in mtDNA mutation repression, though the activities of 

such a pathway might be masked by other phenomena.  

For example, it is possible that upon encountering B[a]P-induced lesions, terminal 

pausing of pol γ produces incomplete extension products of linear mtDNA, which, if not 

repaired, are likely targeted for destruction (136). If these linear products include the control 

region amplified by our primers, and they are not degraded, they would serve as template for our 

mtDNA:nDNA copy number assay and thus inflate the mtDNA:nDNA ratio. Contrasting the 

dynamic liver mtDNA:nDNA ratios, our analysis observed bone marrow tissues had no mtDNA 

copy-number changes in either mutagen exposure cohort. While these results may hint at 

mechanisms for mutation avoidance in mtDNA, as our results are inconsistent across mutagen 

and tissue type, we can draw no unifying conclusions. Thus, untangling a pathway by which 

mtDNA avoids mutation following damage remains an intriguing area of future investigation.   

 As mtDNA adducts do not appear to contribute appreciably to the induction of point and 

deletion mutations, the generation of mtDNA mutations must be ascribed to other sources. We 

demonstrate that B[a]P and ENU exposures produced no significant increases in mtDNA point 
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mutation or deletion frequencies, while inducing mutation in nDNA. Regardless of the 

mechanism by which damage-induced mutagenesis in the mitochondrial genome is suppressed, 

these findings highlight that the elevated frequency of somatic mtDNA mutation is not likely a 

byproduct of broad DNA damage sensitivity (51, 58). Thus, as exogenous damage to the 

mitochondrial genome appears to be a negligible source of induced point and deletion mutations, 

the majority of mutations induced in mtDNA are likely consequences of endogenous sources of 

error (137). Indeed, the most reliable models of increased mtDNA mutation frequency employ 

functional mutants of pol γ (79, 138). The burden of mtDNA mutations in mice deficient in the 

proofreading domain of pol γ, so-called ‘mutator mice’, can be hundreds- to thousands-fold 

higher than wild-type littermates (139). Curiously, the mutation spectrum of mtDNA in mutator 

mice is inconsistent with the expected spectra of pol γ misincorporation on undamaged template 

DNA (60, 70), and expression of a mitochondrial-targeted human catalase in these mice, which 

reduces the reactive oxygen species (ROS) hydrogen peroxide, also reduced their mutation 

frequency (60). Thus, although synthesis by pol γ is fairly accurate on undamaged template in 

vitro (70, 72), the presence of naturally-occurring mitochondrial ROS may contribute to the 

elevated spontaneous mutation frequency of the mitochondrial genome (65). Byproducts of 

mitochondrial metabolism, reactive oxygen species are recurrently associated with organismal 

aging and mtDNA mutagenesis (79, 81, 140, 141). Recent appraisals of the mitochondrial 

mutation spectrum in aging and in models of attenuated oxidative damage repair, although, have 

concluded that oxidative damage imparts minimal contributions to mtDNA mutation frequency 

(61, 62). Importantly, these assertions rely upon a narrowly-defined, unverified consensus 

signature of oxidative damage and induced mutagenesis in mitochondria. The lesions generated 

by reactive oxygen species range in severity from the subtle, 8-oxo-dG, to the obvious, strand 
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breaks (142); consequently, the imputed mutation ‘signature’ of oxidative DNA damage has 

developed as the amalgam of results derived from mutagenesis studies using defined lesions, 

often pursued in vitro, and not necessarily in the context of the mitochondrial replisome (55, 75, 

143-145). Given the varied lesions formed by oxidative DNA damage (142), a direct assessment 

of mutation frequency and spectrum in mtDNA following oxidative damage is warranted, as 

these results may identify lesions which contrast in mutagenic potential with the adducts induced 

in our system. Additionally, the ostensible capacity of pol γ for lesion recognition and aborted 

synthesis (52, 73, 112, 138, 146, 147) appears a probable mechanism for mutation suppression in 

mtDNA. Future studies examining the factors that repress the conversion of mtDNA damage to 

mutations may elucidate these mechanisms, and could identify interventions to augment their 

activity, hopefully with advances for our understanding of pathologies in which somatic mtDNA 

mutations are implicated, such as aging and cancer (9, 148). 

2.6 FIGURES 

 
Figure 2.1. Illustrated overview of the 3D and dRMC assays for the quantification of mitochondrial 

mutations.  (1) Whole cell DNA is extracted. (2) mtDNA is incubated with TaqI restriction endonuclease, which 

recognizes 5’-TCGA-3’ sites. mtDNA that are wild-type at TaqI sites (WT, blue), will be cleaved, whereas mtDNA 
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with a mutation in the mutation target site (red) will be resistant to cleavage. A control region devoid of TaqI site(s) 

(purple) is used to quantify total mtDNA copies interrogated. (3) Digested DNA is added to a PCR mastermix with 

site-specific primers which flank the mutational target and Taqman probes, and then partitioned into thousands of 1 

nL droplets in an oil immersion. The control region and mtDNA with mutations in the target site act as substrates for 

amplification, whereas mtDNA which are WT at the mutational target are not. (4) Droplets are thermal cycled to 

amplify target DNA as well as release the Taqman probe fluorophore from its quencher through Taq polymerase’s 

inherent exonuclease activity. The ongoing rounds of amplification displace and cleave more probe, accumulating 

fluorescence. (5) Post-amplification, droplets are detected and their fluorescence is quantified. Frequency is 

calculated by dividing the mutant concentration by the concentration of the control region. 

 
Figure 2.2 B[a]P treatment does not increase the frequency of mitochondrial point mutations.Mice were 

treated daily with B[a]P or vehicle for 28 consecutive days and tissues collected three days later. After DNA 

extraction, mutation frequency per bp (± s.e.m.) was determined via dRMC within the 12S rRNA and ND5 genes in 

mouse mtDNA.  B[a]P did not induce mutations in (A) bone marrow (p = 0.66, 12S rRNA locus; p = 0.21, ND5 

locus; one-way ANOVA) or (B) liver isolates of mice treated (p = 0.98, 12S rRNA locus; p = 0.98, ND5 locus; one-

way ANOVA). 
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Figure 2.3 B[a]P treatment does not induce mitochondrial deletions. Following 28 days of treatment with B[a]P 

no significant induction of deletion mutation frequency, (± s.e.m.) per mitochondrial genome was determined via 3D 

in (A) bone marrow (p = 0.94; one-way ANOVA) and (B) liver mtDNA(p = 0.37; one-way ANOVA). 

 
Figure 2.4 B[a]P treatment induces mtDNA adducts. The presence of lesions (± s.e.m.) in mouse bone marrow 

and liver mtDNA was enumerated by quantitative PCR. Mice were treated with a single, acute dose of B[a]P at 

either 0 or 75 mg/kg body weight.  DNA was extracted from bone marrow and liver tissues 24 hours after treatment. 

B[a]P induces significant adduct burden in each tissue mtDNA (* indicates p < 0.05; one-tailed Welch’s t-test). (A) 

Lesions formed in bone marrow. (B) Lesions formed in liver.  

 



 

 

43 

 
Figure 2.5 B[a]P treatment results in a dose-dependent increases in the frequency of nuclear DNA transgene 

(lacZ) mutants.After 28 days of daily treatment with B[a]P, DNA was extracted from mouse tissues 3 days post-

exposure. Mutant frequency (± s.e.m.) in mouse nuclear DNA displayed significant, dose-dependent increases (**, p 

< 0.01; ***, p < 0.001; ****, p < 0.0001; Welch’s-adjusted t-test). (A) Nuclear mutant frequency induced in bone 

marrow isolates (χ2 = 4898, p = < 0.0001; Fisher’s Exact, p = < 0.0001). (B) Nuclear mutant frequency induced in 

liver nuclear DNA (χ2 = 897.2, p = < 0.0001; Fisher’s Exact, p = < 0.0001).

 

Figure 2.6 Subchronic ENU treatment does not increase the frequency of mitochondrial point mutations. Mice 

were treated daily with vehicle or 5 mg/kg ENU for 28 consecutive days. Three days following treatment, DNA was 

extracted from bone marrow and liver. Mutation frequency per bp mtDNA (± s.e.m.) was determined via dRMC at 

TaqI restriction sites within the 12S rRNA and ND5 genes in mouse mitochondrial DNA. (A) Bone marrow mutation 

frequency (p = 0.97, 12S rRNA locus; p = 0.90, ND5 locus; Welch’s unpaired t-test). (B) Liver mutation frequency 

(p = 0.29, 12S rRNA locus; p = 0.09, ND5 locus; Welch’s unpaired t-test).  
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Figure 2.7 Subchronic ENU treatment does not induce deletions in mouse bone marrow and liver mtDNA. 

Deletion frequency per mitochondrial genome (± s.e.m.) was determined via 3D. (A) Bone marrow deletion frequency 

in mice treated with ENU (p = 0.82, two-tailed Welch’s unpaired t-test). (B) Liver deletion frequency in mice treated 

with ENU (p = 0.09, two-tailed Welch’s unpaired t-test).  
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Chapter 3. REDUCED MITOCHONDRIAL REACTIVE OXYGEN 

SPECIES ATTENUATES APOPTOTIC SIGNALING  

The following work is unpublished. Jason Bielas and I designed the study. Mariola Kulawiec 

provided confocal microscopy of mCAT cells and generated the initial mCAT retroviral 

constructs. Joell Solan prepared the microarray slides and assisted with western blotting. Taran 

Gujral and Stella Shin prepared the reverse phase protein arrays. I performed tissue culture and 

cell manipulation experiments, data analysis, and wrote the manuscript.  

3.1 ABSTRACT 

The metabolic shift in many cancers to de-emphasize oxidative phosphorylation for enhanced 

glycolysis is consistent with the hypothesis that metabolic byproducts of oxidative metabolism, 

namely reactive oxygen species (ROS), influence the generation of mtDNA mutation. Here we 

test the hypothesis that a reduction in mitochondrial ROS conveys survival benefits to cancer 

cells as well as reduced mtDNA mutations. To accomplish this, we express a mitochondrial-

targeted antioxidant enzyme, catalase (mCAT) in colorectal carcinoma cell line HCT116. mCAT 

expression reduces ROS and promotes resistance to cell stressors, including conventional 

chemotherapeutics. Changes to cellular transcription and translation offer insight into the 

mechanism of this enhanced cell survival, with evidence for altered NF-kB signaling and BCL2 

family member activity in mCAT cells. The findings we describe may present a novel marker of 

aggressive neoplasms with reduced mitochondrial ROS and support targeted manipulation of 

mitochondrial metabolism as an adjunct to traditional approaches in cancer therapy. 

3.2 INTRODUCTION 

Otto Warburg’s seminal finding of tumor cells’ predominantly glycolytic metabolism in the 

abundance of oxygen, ‘aerobic glycolysis’, was accomplished in 1930 (57). In the intervening 
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years, far greater attention has been paid to increased glycolysis in tumors than the reduced 

reliance on oxidative phosphorylation, to the detriment of our understanding of the consequences 

of this metabolic shift in cancer. Whether OXPHOS activity enter into the host of factors that 

determine cancer cell survival is of particular importance to our understanding of the biological 

repercussions of this characteristic shift. There is evidence that increased glycolysis provides 

cancer cells with an acquired resistance to apoptosis, but this is poorly understood (149). One 

suggested pro-tumorigenic effect of OXPHOS downregulation is the reduction of metabolic 

byproducts of oxidative metabolism. 

ROS are predominantly generated as byproducts of respiration. Electrons leak during 

transfer between elements of the ETC, and can interact with molecular oxygen to produce 

superoxide. This highly reactive oxygen radical is attenuated by mitochondrial enzymes, such as 

manganese superoxide dismutase (Mn-SOD), which partition superoxide into diatomic oxygen 

and hydrogen peroxide (H2O2), another ROS (150). Emerging evidence shows hydrogen 

peroxide regulates many adaptive responses in cancer cells (151, 152), and thus presents an 

intriguing target of investigation for its association with pro-glycolytic tumor metabolism. In 

support of an association between attenuated ROS and adverse patient outcomes, past studies 

found that antioxidant adjuvants for cancer chemotherapy decreased tumor responses, furthered 

disease development, and increased patient mortality (153, 154). Antioxidants, long heralded for 

their ability to reduce oxidative damage to nuclear DNA and thus the nuclear genetic instability 

integral to cancer progression (155), may provide newly transformed cancer cells the fitness 

advantage of apoptotic resistance and enable unchecked proliferation. 

Here we evaluate the roles of reduced OXPHOS and mitochondrial ROS in cell survival, 

to test they hypothesis that mitochondrial ROS can modify cell fate in response to pro-apoptotic 
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stimuli. To do so, we examine the effects of mitochondrial-targeted expression of human catalase 

(mCAT) on cell survival, a model with previous demonstrations of longevity and reduced 

mtDNA mutagenesis (60, 81). 

3.3 MATERIALS AND METHODS 

Chemicals 

Chemicals involved in cell treatment or detection of stress included 30% hydrogen peroxide 

solution (Sigma), 5-Fluorouracil (Fisher Biosciences), DMSO (Sigma), and sodium 

dichloroacetate (DCA, Acros Organics). 

Cell Culture  

Human colorectal carcinoma cell line HCT116 was acquired through American Type Culture 

Collection (ATCC). HCT116 SCO2-/- were a generous gift of Dr. Paul Hwang (Translational 

Medicine Branch, National Heart, Lung, and Blood Institute, National Institutes of Health, 

Bethesda). Human breast adenocarcinoma cell lines MCF7 and MDA-MB-231 were kind gifts 

from Dr. Peggy Porter (Fred Hutchinson Cancer Research Center, Seattle, WA, USA). All cell 

lines and their stably transfected derivatives, except HCT116 SCO2-/-,  were cultured at 37°C in 

a humidified, 5% CO2 incubator at 19% O2 in DMEM (Gibco) supplemented with 10% fetal 

bovine serum (FBS), 1 U/mL penicillin, 1 µg/mL streptomycin, and 2 mM L-glutamine (Sigma). 

HCT116 SCO2-/- cells were cultured in McCoy’s 5A media supplemented as above, and 

incubated in 1.5% oxygen; other conditions remained the same. 

Plasmids and Transfection 

The retroviral GFP expression vector (pBMN-I-GFP, “Mock”) and transgene-bearing pBMN-

mCAT-I-GFP (“mCAT”) vectors were gracious gifts of Dr. Peter Rabinovitch (University of 

Washington, Seattle, WA, USA). The mCAT transgene is comprised of an N-terminal 
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mitochondrial localization sequence (MLS) derived from the human ornithine transcarbomylase 

(OTC) gene, and the cDNA of the human catalase gene. Qiaprep Spin Miniprep Kit (Qiagen) 

was used to purify plasmid DNA from pelleted overnight cultures derived from single colony 

isolates. An Applied Biosystems (ABI) 3730xl DNA Analyzer with ABI BigDye Terminator 

Reagent Kit was used to sequence plasmid DNA (performed by Genomics and Bioinformatics 

Shared Resource, Fred Hutchinson Cancer Research Center). 

The generation of retroviral vector and the production of high-titer vectors followed 

previously described methods (156). Briefly, the Phoenix packaging cell line derived from 

HEK293T cells, a kind gift of Dr. Garry Nolan (Stanford University, Palo Alto, CA, USA), was 

transfected with 10 µg purified retroviral vector by calcium-phosphate method. Culture 

supernatants containing viral particles were collected 24 h after transfection. Target cell infection 

was accomplished through the addition of centrifuged and filtered viral supernatant 

supplemented with 4 μg/mL of polybrene (Sigma) to cultures in log-phase growth for 16 hours. 

Three infection cycles were performed on consecutive days using freshly acquired viral 

supernatant. After infection, target cells were plated in fresh culture medium. The efficiency of 

transduction was evaluated by fluorescence microscopy. Successfully infected cells were sorted 

by flow cytometry (FACS-Aria, Becton-Dickinson) with standard doublet-discrimination gating 

and assessment of GFP fluorescence intensity by 488 nm laser excitation. At least 150,000 GFP-

positive cells were sorted to found each lineage of transformed cells. 

Apoptosis analyses 

 Propidium Iodide staining and sub-G1 population quantification 

Staining followed previously published protocol (157).~100,000 cells are resuspended in 150uL 

PBS before the addition of 50 uL of PFA. After incubation for ~1 hr at 4C, cells are briefly spun 
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at 500 × g in a bucket centrifuge, with most of the supernatant removed. Cell pellets are then 

resuspended by the dropwise addition of 70% EtOH previously chilled to -20C. Cells are then 

suitable for staining with propidium iodide. 

Reactive Oxygen Species quantification 

 Catalase assay 

Enzymatic activity of catalase was measured using Amplex Red Assay kit (A22180, Invitrogen) 

according to the supplied protocol. Fluorescence was measured using 530- and 585-nm filters for 

excitation and emission, respectively, on a SpectraMax M5 plate reader (Molecular Devices). 

 MitoPY1 

Quantification of mitochondrial hydrogen peroxide was determined by fluorescence of the 

hydrogen peroxide-responsive, mitochondrial-localized dye MitoPY1 ((158), purchased through 

Tocris Biosciences), either via microscopy or flow cytometry. Cells were grown for 24-48 hours 

in 24-well tissue culture plates or 8-well chamber slides prior to treatments and MitoPY1 

staining. Prior to image acquisition, cells were incubated in a PBS solution of 5 µM MitoPY1 for 

30 minutes at 37°C and protected from light, with 2 subsequent PBS washes. Fluorescence 

microscopy of MitoPY1 staining was performed with a Zeiss 700 LSM microscope at 20× 

magnification using the 488 nm laser line. For flow cytometry assessment of MitoPY1 

fluorescence intensity, cells were detached prior to staining with 5 µM MitoPY1 and 

subsequently acquired with an Guava easyCyte 8HT flow cytometer (EMD Millipore). 

Protein extraction and quantification 

Whole-cell extracts of proteins was prepared in RIPA buffer according to standard protocol. A 

pure mitochondrial fraction was isolated from cell pellets using an iodoxinal gradient and 

ultracentrifugation according to previous protocol (159). Lysis buffers were supplemented with 
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cOmplete Mini Protease Inhibitor Cocktail (Sigma), 30 mM sodium fluoride (NaF, Sigma), and 

2mM sodium orthovanadate (Na3VO4 , Sigma). Protein quantification was determined with the 

Bio-Rad Protein Assay using the recommended experimental setup for microplate readers. 

Dilutions of Bovine Serum Albumin (BSA) in lysis buffer were used for standard curves. Signal 

acquisition and analysis were performed with a Spectramax M5 plate reader and the 

accompanying SoftMax Pro 5 software.   

High-density antibody microarray  

Lysates from HCT116 mCAT and HCT116 mock were processed using a previously described 

high-dimensional microarray assay (160, 161). Briefly, proteins in cell lysates and a reference 

human plasma were labeled with the amine-reactive dyes Cy5 and Cy3, respectively, before 

mixing (Amersham Biosciences). Unbound dye was removed by centrifugation with 10,000 

molecular weight cutoff spin filters (Millipore). Microarray plates contained 3600 unique 

antibodies (printed in triplicate for a total of 10,800 spots) targeting proteins associated with cell 

signaling and carcinogenesis. After incubation of dye-labeled samples with the arrays, unbound 

proteins are washed away to leave only proteins tightly bound by the capture antibodies. 

Scanning performed with a GenePix 4200A microarray scanner (Molecular Devices, Sunnyvale, 

CA) measured average pixel intensity of Cy5 signal from sample lysates and Cy3 signal intensity 

from reference plasma at three separate microspots per sample. The median value of the 

Cy5/Cy3 ratio from the three readings was used to reduce outliers. Signal normalization 

proceeded as with two-channel cDNA arrays (162); subsequent analysis was performed with 

custom Python scripts.  

Western Blot 
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For determination of protein expression, total cell lysates or mitochondrial extracts were 

prepared as stated above. Western blotting proceeded as previously described (163). Protein 

extracts were resolved on SDS-PAGE gels, transferred onto PVDF membranes, and incubated 

with murine antibodies against human HIF1α (1:1000, CST, cat ), AKT (1:1000, CST, cat ), 

phospho-JNK (1:200, SCBT), BAX (1:250, BD), BCL2 (1:100, DAKO), or ERK (1:1000, CST); 

or rabbit antibodies for phospho-AKT (1:1000, CST), catalase (1:1000, Athens Research and 

Technology), JNK (1:1000, CST), GFP (1:1000, Abcam), or phospho-ERK (1:2000, CST). Anti-

β tubulin (Abcam) and anti-Atp5B (CST) antibodies were used as loading controls for catalase 

expression assessments (Invitrogen, Santa Cruz Bio., respectively); otherwise, samples were 

normalized by total protein input. Catalase localization and expression experiments used 

horseradish peroxidase coupled goat anti-mouse and goat anti-rabbit antibodies for 

chemiluminescence detection. For western blots subsequent to microarray analysis, secondary 

antibodies AlexaFluor 546-goat anti-mouse or Alexa Fluor 647-goat anti-rabbit were used in 

conjunction with an Odyssey imaging system (LI-COR Biosciences).  

Reverse-phase antibody array 

A description of the reverse-phase antibody array production, experimental setup, and analysis 

are provided in previously published work (164). In this series of experiments, lysates were 

produced from flash-frozen pellets of 150,000 cultured cells. Each distinct transgene-bearing cell 

lineage was assayed in technical duplicate for each biological replicate. Lysates were deposited 

and adhered to mictotiter plates before incubation with primary antibodies.  Primary antibodies 

used in this study are from a curated selection of 48 proteins implicated in carcinogenesis, with 

particular emphasis on receptor tyrosine kinases and their downstream targets. An anti-actin 

antibody served as a normalization control. Signal from fluorescent secondary antibodies bound 
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to primary antibodies was quantified on a spot-by-spot basis. Differences of > 1.5-fold in median 

signal intensity were considered significant. 

Single-cell RNA-seq and analysis 

Single-cell RNA-seq adhered to manufacturer guidelines (165). HCT116 cells in log-phase 

growth were rinsed twice with PBS before detachment with HyQtase (Fisher Scientific). 7000 

cells were targeted for each experiment. Resultant libraries were sequenced on a HiSeq 2500 

sequencing system (Illumina), yielding ~150 M paired-end reads per sample.  

Statistical analysis 

Microarray analysis was performed as described (161). Single-cell RNA-seq analysis was 

accomplished with the R-based Monocle 2 software library (166). Ingenuity Pathway AnalysisTM 

(Qiagen) was used for computing significantly altered metabolic pathways. 

3.4 RESULTS 

3.4.1 OXPHOS deficient cancer cells are chemoresistant 

To first address whether reduced OXPHOS activity has a pro-survival effect on tumors, we 

investigated the effects of respiratory deficiency with cytochrome c oxidase assembly protein 

null cells (SCO2 -/-) in the colorectal carcinoma cell line HCT116. The chaperone protein SCO2 

is responsible for the correct assembly of cytochrome c oxidase (COX, aka Complex IV). Cells 

without SCO2 have impaired biogenesis of COX and cannot complete the terminal step of the 

ETC; transfer of electrons to molecular oxygen. Survival of OXPHOS deficient SCO2 -/- 

HCT116 was addressed with exposure to common chemotherapeutic 5-fluorouracil (5-FU). The 

antimetabolite 5-FU promotes apoptosis primarily through two routes dependent on the in vivo 

conversion to active metabolites 5-fluoroxyuridine (F-UMP) and 5-5-fluoro-2’deoxyuridine-5’-

O-monophosphate (F-dUMP). These metabolites inhibit RNA processing and thymidylate 
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synthase, respectively; the latter resulting in depletion of thymidine triphosphate (TTP) and 

subsequent inhibition of DNA synthesis. We selected 5-FU as an apoptosis inducer as it is 

commonly used in the treatment of colorectal carcinoma and its mechanism of action does not 

depend directly on OXPHOS activity or ROS homeostasis. We found that in short exposure to 

high-dose 5-FU, SCO2-/- HCT116 were more resilient than their isogenic parental line, 

demonstrated by reduced labeling with the early apoptosis indicator Annexin V (Figure 3.1A).  

3.4.2 Reduction of mitochondrial ROS desensitizes cancer cells to chemotherapy 

As ROS are a natural byproduct of oxidative metabolism, it was unclear whether ablated 

OXPHOS activity alone mediated the pro-survival effects of SCO2 knockout. To refine our 

model of chemotherapeutic resistance of SCO2-/- cells, we sought to disentangle the related 

effects of mitochondrial ROS generation and OXPHOS activity. To address the effects of 

reduced mitochondrial ROS on cancer cell survival, we utilized a modified human catalase 

(mCAT), which contains an N-terminal mitochondrial localization signal (MLS) to facilitate its 

import into the mitochondrial matrix where it can reduce endogenous, damaging hydrogen 

peroxide into water and oxygen. The mCAT construct is constitutively expressed in target cells 

following stable retroviral-mediated integration (Supplemental Figure B.1). This strategy has 

been employed to test aspects of the Mitochondrial Theory of Aging (59), which showed that 

mice harboring a mCAT transgene live significantly longer, healthier lives (81). HCT116 cells 

expressing mCAT show targeted catalase reduces mitochondrial hydrogen peroxide, sensitivity 

to hydrogen peroxide-induced cell death, and 5-FU mediated apoptosis (Figure 3.1B,C,D).  

3.4.3 Increased OXPHOS is synergistic with 5-fluorouracil  

If reduced OXPHOS can promote cell survival, we theorized that reversing the glycolytic shift 

could sensitize cells to chemotherapeutic agents. The formation of pyruvate, a product of 
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glycolysis, represents a metabolic branching point. Pyruvate decarboxylation by the pyruvate 

dehydrogenase (PDH) complex produces acetyl-CoA and continues the tricarboxylic acid (TCA) 

cycle. Alternatively, lactate dehydrogenase can process pyruvate into lactate anaerobically. 

Dichloroacetate, a byproduct of water chlorination, attenuates the enzymatic regulation of PDH 

through inhibition of pyruvate dehydrogenase kinase, PDK (167). PDK inhibits the activity of 

pyruvate dehydrogenase through phosphorylation, thus favoring the production of lactate over 

acetyl-CoA. The balance between OXPHOS and lactic acid production is approximated through 

the indirect measurement of cellular oxygen consumption rate (OCR) and extracellular 

acidification (ECAR) (diagrammed inSupplemental Figure B.2). DCA addition to media 

stimulates OCR and decreases ECAR in HCT116 cells (Figure 3.2A,B). This increased 

OCR/ECAR ratio was accompanied by greater production of mitochondrial ROS (Figure 3.2C). 

At a dose which produced significant increases in OCR/ECAR, DCA administration was not 

significantly lethal to HCT116 cells, but proved synergistic with concomitant exposure to 5-FU 

(Figure 3.2D). 

3.4.4 mCAT cells overexpress pro-survival genes compared to parental controls 

To understand the mechanism by which mCAT cells resist apoptosis, we evaluated the levels of 

key proteins associated with aspects of carcinogenesis using an antibody microarray (160, 161). 

The array consists of 3463 unique antibodies present with 137 control sites, each in triplicate, for 

10800 individually represented spots per sample. Examination revealed 135 differentially 

expressed proteins between mCAT and those expressing a GFP-only vector (mock). As 

expected, catalase expression demonstrated one of the largest fold changes in mCAT over 

parental HCT116 (Figure 3.3). Pathway analysis revealed mCAT expression associated with 

greater translation of pro-survival members of the BCL2 family proteins, altered P53 regulatory 
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network, and TNF/NFκB signal cascade (Figure 3.4). A portion of these results within the 

apoptotic signaling cascade were confirmed, in part, through western blot (Figure 3.3). Of 

particular note, the ratio of BCL2 to BAX proteins shifted in the mCAT cells to a more BCL2-

dominant balance, a known anti-apoptotic state (Table 3.1) (168, 169).  

 To address transcriptional regulation as a possible contributor to the pro-survival 

phenotype displayed by mCAT, we turned to single-cell RNA-seq. Single-cell RNA-seq allows 

capture of the underlying heterogeneity in transcriptional states that is lost upon bulk analysis. 

We profiled ~7000 mCAT and mock cells each at ~20,000 reads per cell. Overall, there were few 

differences between mCAT and mock across the 16,000 expressed genes, with only 1118 genes 

displaying significant differential expression. Genes enriched in mCAT cells included members 

of the interferon (IFNG, predominantly) and TNF signaling pathways (Figure 3.5); reduced 

expression was observed for targets of the mitochondrial LONP1 peptidase and the prolyl 

hydroxylase EGLN (Figure 3.6).  

 The agreement witnessed between the translation and transcription pathways affected by 

mCAT expression inspired an appraisal of the regulatory mechanisms that may underlie these 

findings. In concert with a cohort of phospho-specific antibodies present in the initial microarray, 

others from a reverse-phase protein array (RPPA) identified protein phosphorylation differences 

between mCAT, mock and parental HCT116 cells (Figure 3.7). Targets of activated protein kinase 

C (PKC), both MARCKS and NFκB demonstrated increased phosphorylation in mCAT. The 

activation of NFκB signaling, while typically associated with increased ROS, has also 

demonstrated increased activity with antioxidant treatment (170). Whereas PAK1 protein levels 

are relatively unchanged between the cell lines, the active, phosphorylated form of PAK1 
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(Ser199/204) is more abundant in mCAT cells. PAK1 can inactivate BAD directly through 

phosphorylation at Ser112; a more abundant species in mCAT cells (171).  

3.5 DISCUSSION 

Arbiters of apoptosis, effectors of innate immunity, and intracellular signaling elements, ROS are 

well-known players in a diverse repertoire of physiological roles. Their relationship with cell 

survival is a particular focus in oncology and gerontology (9, 58, 148, 172, 173). As 

mitochondria are focal points in the apoptotic signaling cascade and chief location of 

intracellular ROS generation, their size belies their outsized importance to cell fate. The 

mechanisms by which they affect cell survival remain murky, especially in the pathological 

context of cancer. In this manuscript, we relate efforts to describe the effects of reduced 

mitochondrial ROS on cell survival in the context of cancer, as well as the effects classically 

altered mitochondrial metabolism may play in this mechanism.  

 The perturbations to ROS achieved through altered respiration in SCO2-/- and mCAT 

cells suggest cancer survival is predicated on the local generation of ROS within mitochondria. 

Consistent with this finding, chemoresistant tumors demonstrate relatively greater uptake of 

glucose as visualized with FDG-PET imaging (174). The synergy achieved with 5-FU in 

combination with DCA would also support the converse of the findings shown with SCO2-/- and 

mCAT cells; that increased OXPHOS/mitochondrial ROS also increases sensitivity of cancer 

cells to apoptosis.  

 The mechanism by which sensitization may occur was suggested by our multi-omic 

approach. The increased activity of NFκB and enhanced production of pro-survival transcripts in 

mCAT cells offers confirmatory evidence to recent appraisals of both positive and negative 

regulation of NFκB by ROS. Furthermore, the apparent shift from relatively more pro- to anti-
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apoptotic BCL2 family members offers a plausible mechanism for increased resilience of mCAT 

to cell stress. The ratio of BCL2 family members, many of which contain a conserved BH3 

protein domain, commonly indicates a change in the apoptotic threshold ‘setpoint’, and can 

reflect sensitivity to apoptotic stimuli (169). The concomitant increases in phosphorylated, 

inactive BAD and phosphorylated, active PAK1 offers an attractive foundation for further study 

into mechanistic regulation of apoptosis by ROS. Future experimentation as to the kinetic or 

dynamic implications of these perturbations for the mediators of the intrinsic apoptotic pathway 

is warranted, perhaps through the recently developed dynamic BH3 profiling technique (175). 

 Our findings join others to suggest a unique, subcompartment-specific role for ROS in 

cell fate determination. Targeted alterations in mitochondrial ROS through mCAT expression 

and treatment with pro-OXPHOS DCA yielded an interconnected network of metabolism and 

programmed cell death. As well, our coupled transcriptomic and proteomic analysis of reduced 

mitochondrial ROS demonstrated conserved interactions with likely implications for targeted 

therapeutic interventions in carcinogenesis. Moreover, our results support investigations into 

concurrent modulation of mitochondrial ROS as a therapeutic enhancer in clinical approaches to 

cancer management.   
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3.6 FIGURES 

 
Figure 3.1 Ablated OXPHOS or reduced ROS provide survival benefits to HCT116 cells. (A) Cells were treated 

with 250 µM of 5-FU for 24h under 20% oxygen condition followed by media change. Floating and attached cells 

were harvested 48 h after media change, stained with FlowCellect Annexin Red kit from Millipore and acquired on 

Guava easyCyte 8HT cytometer. Analysis was done using FloJo 9.3.1 software. Early apoptotc cells (positive only 

for Annexin V) and late apoptotic (positive for both Annexin V and 7-AAD) were taken for graphical presentation. 

Values shown as mean and s.e.m.; p-values determined by Student's t-test. (B) HCT116 cells, parental, Mock, and 

mCAT, were incubated with MitoPY1, which is oxidized to produce fluorescence by mitochondrial hydrogen 

peroxide. After an initial 15 minutes of incubation, samples were analyzed by flow cytometery and thereafter at 10 

minute intervals for 80 minutes. (C) HCT116 cells expressing either mCAT or mock were treated with hydrogen 

peroxide for 1 hour, after which they were allowed to recover for 24 hours. Cells were then fixed and analyzed by 

TUNEL assay for apoptosis. Samples were assayed in triplicate. (D) HCT116 cells were exposed to 5-Fluorouracil 

for 24 hours in culture, and given 24 hours to recover. Apoptosis was then assayed by TUNEL. Samples were assayed 

in triplicate. 
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Figure 3.2 Dichloroacetate increases OXPHOS, mitochondrial ROS and apoptotic sensitivity.  (A) A Seahorse 

XF 96 Exctracellular Flux Analyzer was used to evaluate the effects of dichloroacetate (DCA) on HCT116 cell 

metabolism with measurement of extracellular acidification rate (ECAR) and oxygen consumption rate (OCR), 

proxies for glycolytic and OXPHOS activities. Treatment with 0, 5, 10, 20, or 30 mM dichloroacetate began after 15 

minutes of initial calibration, and was followed for an additional 135 minutes. Results represent the s.e.m. of 12 

independent wells. (B) A comparison of untreated and 10 mM DCA effects upon OCR and ECAR. (C) Fluorescent 

staining of HCT116 cells with the hydrogen peroxide, mitochondrial-localized dye MitoPY1 following 24 hour 

treatment with  0 mM (blue), 10 mM (red) or 20 mM (green) DCA. (D) Demonstration of syngergism in the combined 

effects of DCA and 5-FU compared to 5-FU alone in HCT116 cells after 24 hours of treatment. Results reflect the 

quantification of apoptotic cells from three biological replicates baseline normalized to untreated controls, as measured 

by sub-G1 staining by propidium iodide. 
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Figure 3.3 Balance in BAX and BCL2 tipped toward survival. Western blots of 20 ug whole cell protein lysate per 

lane. Numbers next to blots indicate relative intensities as calculated by Odyssey Imaging software. Numbers above 

connecting lines are the ratio between BCL2 and BAX for mCAT and mock.  

 

Table 3.1 Members of the intrinsic apoptosis pathway affected by mCAT expression. 

Protein  Function Ratio mCAT/Mock (p-value)  
BCL2 anti-apoptotic, inactivates BAD,BAK,BAX  2.01(0.04) 
BCL2L1 
(BCL-XL) 

anti-apoptotic, inhibits release of mitochondrial 
contents 1.37 (0.0004) 

XIAP anti-apoptotic, inhibits apoptosis through 
ubiquitination of pro-apoptotic proteins 1.66 (<0.0001) 

BAD pro-apoptotic, competes for binding to anti-
apoptotic BCL2-family proteins, liberating BAX 0.72 (0.04) 

BAX pro-apoptotic, homo-oligomerization to form pores 
in outer mitochondrial membrane 0.93 (0.04) 
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Figure 3.4 Translation differences in mCAT highlight apoptotic signal pathways.  Comparisons between mCAT 

and mock protein lysates reveal differential translation. Extent of differential abundance denoted by color saturation, 

reflected the log fold change of mCAT/mock; Red: mCAT/mock > 0, Green: mCAT/mock < 0, Gray: non-significant 

change present. Image created with Qiaqen Ingenuity Pathway Analysis.   
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Figure 3.5 Expression of mCAT increases transcription of downstream targets in interferon (IFN) and tumor 

necrosis factor (TNF) signaling networks. Increased intensity of red or green reflect enrichment or relative reduction 

in mCAT cells, respectively. Images created from Qiagen Ingenuity Pathway Analysis.  

 

 
Figure 3.6 Expression of mCAT decreases transcription of targets downstream of EGLN and 

LONP1 interaction networks. Increased intensity of red or green reflect enrichment or relative 

reduction in mCAT cells, respectively Images created from Qiagen Ingenuity Pathway Analysis. 
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Figure 3.7 mCAT promotes differential phosphorylation in apoptotic regulatory proteins. Reverse Phase Protein 

Array (RPPA) results demonstrate mCAT expression alters the phospho-specific abundance of key regulators in 

survival pathways. Numerals represent mean fold change in abundance normalized to the median of the parental 

HCT116 signal. Results derived from biological duplicates in technical duplicate.   
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Chapter 4. INDUCTION OF MTDNA MUTAGENESIS WITH 

REACTIVE OXYGEN SPECIES 

This chapter has not been published. Jason Bielas and I designed the study. I performed all 

experiments, data analysis, and wrote this section.  

4.1 ABSTRACT 

Aberrations in the mitochondrial genome are associated with neurodegenerative diseases, 

metabolic syndromes, cancer, and pathologies of aging; although establishing direct links 

between cause and consequence of mtDNA mutagenesis remains elusive. The mitochondrial 

theory of aging posits mtDNA mutations arise from genomic damage by reactive oxygen species 

(ROS). However, recent publications raise doubt that ROS play a prominent role in mtDNA 

mutagenesis, and instead implicate stochastic polymerase errors in the accumulation of mtDNA 

mutations seen in aging, largely based on the interpretation of mutation spectra. However, the 

signatures of polymerase misincorporation and oxidative damage overlap, which obscures clear 

interpretation of mutation spectra. Thus, we sought to directly test the hypothesis that ROS 

induce mtDNA mutations. To accomplish this, we produced transgenic cell lines which express 

either of two mitochondrial-targeted ROS generators, SuperNova or D-amino acid oxidase 

(DAAO). The modified fluorescent protein, SuperNova, emits superoxide (O2
-) upon excitation, 

whereas the peroxisomal enzyme DAAO oxidizes non-standard D-amino acids into achiral imino 

acids, and in the process generates hydrogen peroxide (H2O2). Mitochondrial-targeted versions 

of SuperNova (mSN) and DAAO (mDAAO) demonstrated localized ROS production, which 

subsequently yielded polymerase-blocking lesions in mtDNA. Using the recently developed 

Digital Droplet Random Mutation Capture (dRMC) assay, we quantified point mutations in 

mtDNA after subchronic exposures to activated mSN or mDAAO.  Both exposure regimens 
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exhibited significant, dose-dependent increases in mtDNA point mutations. The induction of 

mutation by ROS seen in this study affirms a tenet of the mitochondrial theory of aging and may 

serve to refocus mtDNA mutagenesis in the lens of oxidative metabolism. These findings have 

significant implications for the mechanistic interpretation of ROS and mitochondria interactions 

in models of aging.   

4.2 INTRODUCTION 

In models of organismal aging, reactive oxygen species (ROS) generate a self-sustaining ‘vicious 

cycle’ of oxidative DNA damage, deleterious mutation, dysfunctional protein translation, and 

ensuing ROS generation (58). Within this paradigm, ROS generated from metabolism initiate 

mitochondrial DNA (mtDNA) mutation through damage to nucleic acids. However, recent 

appraisals of mtDNA mutation spectra challenge the model of oxidative stress as a major 

contributor to mitochondrial mutagenesis, largely through interpretation of mutation signatures 

(61, 62).  

Mutagenesis studies of defined DNA lesions or exposures have established the patterns of 

mutation consistent with given damage types (117, 176-178). Thus, from a given mutation 

spectrum, one can ostensibly infer the exposures underlying its creation. The primary mtDNA 

mutations observed in human tissues are C:G  T:A and T:A  C:G transitions, with a higher 

proportion of the former on the mitochondrial genome ‘heavy strand’ (leading strand during 

replication) and the latter on the ‘light strand’ (also the reference strand) (36). This strand-biased 

distribution suggests mtDNA mutagenesis occurs during instances of heavy and light strand 

separation, as in replication or transcription. Lending credence to this assertion, C  T 

transitions are consistent with base mis-pairing following deamination of cytosine, an oxidative 

reaction with 140-fold faster kinetics in single-stranded DNA (37). To attribute these mutations 
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to ROS is perhaps premature; to date, there have been no direct determinations of the ROS-

induced mutation spectra in mitochondrial DNA, though  >100 species of mtDNA lesions are 

proposed to follow ROS damage (142). Absent an established ROS-induced mtDNA mutation 

spectrum, recent efforts freely speculate oxidative damage is a poor contributor to somatic 

mtDNA mutagenesis (61, 62, 179).   

Inconsistent with such assertions, rodents that express a mitochondrial-targeted 

antioxidant catalase enzyme (mCAT) display fewer mitochondrial mutations, and comparisons 

with their wild-type littermates reveal striking differences in the frequency of CT mutations 

(81). A similar reduction in mtDNA mutation frequency and altered mutation spectrum is evident 

in colorectal carcinoma compared to matched normal tissues (13) . The discrepancy in mutation 

frequency between cancer and normal tissue was accompanied with a shift in metabolism to de-

emphasize oxidative metabolism. These results inspire our hypothesis that ROS promote mtDNA 

mutagenesis.    

To address the hypothesis that mitochondrial ROS induce mtDNA mutations, we pursued 

alternative, non-pharmacological manipulation of mitochondrial ROS, and engineered two 

separate cell lines to express mitochondrial-localized proteins D-Amino Acid Oxidase 

(mDAAO) and SuperNova (mSN), a red fluorescent protein (180). DAAO normally is located in 

the peroxisome, where it generates H2O2 during conversion of unusable D-enantiomer amino 

acids into achiral imino acids. Ectopic expression of DAAO has been previously used to 

investigate oxidative stress in cultured neurons (181). The mDAAO retroviral construct fuses the 

ornithine transcarbomylase (OTC) mitochondrial localization signal (MLS) to the N-terminus of 

the Rhodotorula gracilis DAAO. The mSN construct is similar, but includes SuperNova instead. 

SuperNova is a modified red fluorescent protein that produces superoxide (O2
-) upon excitation 
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and can perform chromophore-assisted light inactivation (CALI) to acutely perturb target 

proteins (180). Together, the mDAAO and mSN constructs produce stable lines with 

spatiotemporal control over chronic and acute increases in mitochondrial ROS, respectively, 

without direct alteration of mitochondrial metabolism. 

4.3 MATERIALS AND METHODS 

Cell culture 

Human colorectal carcinoma cell line HCT116 was acquired through ATCC. All cell lines and 

their stably transfected derivatives were cultured at 37°C in a humidified, 5% CO2 incubator at 

19% O2 in DMEM (Gibco) supplemented with 10% fetal bovine serum (FBS), 1 U/mL 

penicillin, 1 µg/mL streptomycin, and 2 mM L-glutamine (Sigma). pCMMP-mDAAO, pCMMP-

MCS, and pCMMP-mSN transfected lines received 1 µg/mL puromycin throughout the study. 

Other chemicals used during cell treatments include: D-alanine (Sigma), calcium phosphate,  

Construct generation and transfection 

SuperNova/pRSETB was a gift from Takeharu Nagai (Addgene plasmid # 53234) (180). 

Digestion of this plasmid with BamHI and EcoRI liberated the SuperNova coding region. This 

product was resolved via agarose gel electrophoresis and subsequently purified from a portion of 

the gel (Zymogen). The pBMN-mCAT-IRES-GFP plasmid (described in Chapter 3) was 

digested with MfeI and SalI, with the larger fragment containing the vector backbone and 

ornithine transcarbomylase mitochondrial localization sequence. Ligation of the SuperNova 

fragment with the pBMN-MLS fragment produced the pBMN-SuperNova-IRES-GFP retroviral 

vector. Ligation product was transfected into DH5α E.coli cells according to manufacturer 

protocol (Invitrogen). The mDAAO construct was a kind gift of Dr. Rajiv Ratan (Weill Cornell 

Medicine, White Plains, NY, USA). The empty vector pCMMP-MCS-IRES-Puro was a gift from 
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Bill Sugden (Addgene plasmid # 36952) (182). pBMN-mDAAO-I-GFP, pBMN-mSN-I-GFP, 

and pCMMP-MCS-IRES-Puro plasmids were digested with AgeI and NotI (both New England 

Biosciences). Small fragments representing the mDAAO or mSN inserts were ligated with the 

empty backbone (from pCMMP-MCS-IRES-Puro). Transformation, colony selection, and 

capillary eletrophoresis sequencing proceeded as with the pBMN vectors.  

The generation of retroviral vector and the production of high-titer vectors followed 

previously described methods (156). Briefly, the Phoenix packaging cell line derived from 

HEK293T cells, a kind gift of Dr. Garry Nolan (Stanford University, Palo Alto, CA, USA), was 

transfected with 10 µg purified retroviral vector by calcium-phosphate method. Culture 

supernatants containing viral particles were collected 24 h after transfection. Target cell infection 

was accomplished through the addition of centrifuged and filtered viral supernatant 

supplemented with 4 μg/mL of polybrene (Sigma) to cultures in log-phase growth for 16 hours. 

Three infection cycles were performed on consecutive days using freshly acquired viral 

supernatant. After infection, target cells were plated in fresh culture medium. The efficiency of 

transduction was evaluated by fluorescence microscopy and/or survival in 1 µg/mL puromycin. 

Cells infected with fluorescent constructs were sorted by flow cytometry (FACS-Aria, Becton-

Dickinson) with standard doublet-discrimination gating and assessment of GFP fluorescence 

intensity by 488 nm laser excitation. At least 150,000 GFP-positive cells were sorted to found 

each lineage of transformed cells. Sorting of pCMMP-mSN-IRES-Puro cells based on 

SuperNova fluorescence yielded no viable cells. The pBMN-mSN-IRES-GFP infected cells were 

sorted exclusively on GFP fluorescence intensity.  

Confocal Microscopy 
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Static images were obtained using a Zeiss 700 LSM confocal microscope. Kinetic traces were 

produced from images captured with a Cytation5 Multi-mode imager (BioTek).  

Statistical Analysis 

All reported results represent at least three biological replicates with 2 technical replicates. Error 

reported represents s.e.m. Mutation frequencies in mtDNA and lesion frequencies in mtDNA 

were Poisson transformed during analysis from droplet and RT-PCR data, respectively. For each 

one-way ANOVA, a one-tailed, post-hoc Dunnett’s test was employed to subsequently compare 

responses at individual doses/concentrations to matched controls. Values of p < 0.05 were 

considered statistically significant. Analysis were performed in Graphpad Prism 7. 

4.4 RESULTS 

4.4.1 A genetic approach to generation of mitochondrial ROS 

To address our hypothesis that ROS increases mtDNA mutation frequency, we pursued 

alternative, non-pharmacological manipulation of mitochondrial ROS. Previous attempts to 

mutagenize mtDNA (136) demonstrate that ROS-promoting, respiration inhibitors do not induce 

mtDNA mutagenesis. Additionally, non-specific applications of oxidative stress, such as 

exogenous H2O2 treatments, do not increased mtDNA mutations (136). Given these encountered 

difficulties to mutagenize mtDNA, we developed a genetic approach to modulation of 

mitochondrial ROS. We produced spatio-temporal control of ROS, without direct metabolic 

perturbation via two strategies: expression of mitochondrial-localized proteins D-Amino Acid 

Oxidase (mDAAO) and SuperNova (mSN), a red fluorescent protein. DAAO normally is located 

in the peroxisome, where it generates H2O2 during conversion of non-standard D-enantiomer 

amino acids into achiral imino acids. Ectopic expression of DAAO has been previously used to 

investigate oxidative stress in cultured neurons (181). SuperNova is a modified red fluorescent 
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protein that produces O2
- upon excitation and can perform chromophore-assisted light 

inactivation (CALI) to acutely perturb target proteins (180). Stable transfectants expressing 

either mDAAO or mSN constructs were created in the colorectal carcinoma cell line, HCT116. 

Some previous efforts to mutagenize mtDNA have employed this cell line (136), which has a 

low endogenous frequency of mtDNA deletion mutations (12).    

4.4.2 ROS production by mitochondrial-localized SuperNova induces mtDNA damage 

Chromophore-assisted light inactivation (CALI) is a technique which capitalizes on the 

phototoxicity of certain excitable moieties by tethering or targeting them to targets of interest 

(183). Upon excitation, the chromophore ablates target function through, typically, intense local 

production of destructive ROS, as with the fluorescent proteins KillerRed or SuperNova (180, 

184). The SuperNova fluorescent protein is a monomeric form of KillerRed, but which has 

enhanced stability and less impact upon cell survival (180). SuperNova, like KillerRed, 

demonstrates rapid production of predominantly O2
- species upon excitation. Activation of 

mitochondrial-targeted SuperNova, mSN, demonstrated rapid production of O2
- as measured 

with the superoxide-reactive, mitochondrial-targeted dye MitoSOX (Figure 4.1A).  

Intense, brief light exposures can kill SuperNova-expressing cells rapidly (180). Lower 

intensity light, then, was anticipated to produce mitochondrial ROS without significant cell 

death. Single treatments of up to 30 minutes of broad-spectrum light exposures (73,000 Lux at 

580 nm, 2.8W/cm2), demonstrated no significant induction cell death 24 hours post-exposure by 

trypan blue exclusion (Figure 4.1B).  

To assess whether superoxide produced by mSN damages mtDNA, we undertook a long-

run PCR approach, which detects induced polymerase-blocking lesions (17). Induced damage 
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was detected with 1 minute of white light exposure, and increased with 5 minutes of exposure 

(Figure 4.1C). This damage was similar to a 10 J/m2 UVC light exposure control.  

The damage to mtDNA produced by 5 minutes of activated mSN was monitored over time, with 

most repair occurring within 24 hours, and negligible damage visible at 96 hours of recovery 

(Figure 4.1D).  

4.4.3 Superoxide produced by SuperNova induce mtDNA mutations  

Given the mtDNA damage induced by activated mSN, we hypothesized that repeat exposures of 

brief, low intensity light would promote mtDNA mutagenesis. HCT116 cells were exposed to 

white light for 10 days, and allowed 4 days of recovery. This was to ensure the maximal 

conversion of damage to mutation, and is consistent with international guidelines for recovery 

periods in determination of genomic instability after putative mutagen exposure (185). To 

quantify mtDNA point mutations, we implemented a human-specific adaptation of the previously 

described Digital Droplet Random Mutation Capture assay (dRMC) (17).  

 Mutations in the mitochondrial 12S rRNA TaqI site were quantified for parental control 

cells and mSN cells exposed to 0, 1, or 5 minutes of white light (Figure 4.2A). No significant 

changes were seen in parental cells and untreated mSN cells, although both 1 and 5 minutes of 

demonstrated 2.01 and 2.10-fold greater mutation frequencies than those which received no light 

exposures (Figure 4.2A). A similar result was also demonstrated with a less intense amber light, 

which necessitated longer exposure times (Figure 4.2B). 

4.4.4 mDAAO generates mitochondrial hydrogen peroxide and mtDNA damage 

The results of our SuperNova experiment indicated that acute ROS exposures are capable of 

mutagenizing mtDNA, but this result fails to answer whether persistent exposures to ROS are 

capable of inducing mtDNA mutations. It is unclear if reduced respiratory capacity associated 
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with aging or other mitochondrial defects produce bursts of ROS , or if they produce constant, 

but elevated ROS. To address whether the duration of ROS exposure could alter our results, we 

tested the effects of mitochondrial-localized D-amino acid oxidase (DAAO).  

To address if chronic ROS exposure affects mtDNA mutagenesis, we created transgenic 

HCT116 cells that express a modified form of Rhodotorula gracilis DAAO with an added N-

terminal human mitochondrial localization signal and its C-terminal peroxisomal targeting 

sequence removed. The DAAO enzyme converts non-standard D-amino acids to their 

corresponding imino acid through oxidative deamination while also generating hydrogen 

peroxide as a byproduct (186). Preferable to mammalian DAAO, R. gracilis DAAO has greater 

catalytic activity, lower enzyme affinity, and enhanced resistance to auto-oxidation induced 

inactivation (181). Detection of hydrogen peroxide proceeded with a mitochondrial-targeted 

redox-labile fluorescent reporter, roGFP2-Orp1 (187). Excitation of the fluorescent moiety in 

roGFP2-Orp1 corresponds with the oxidation status of the protein; after interaction with 

hydrogen peroxide, the excitation wavelength shifts from 488 nm to 405 nm (188). Thus the ratio 

of light emitted with 405 to the intensity with excitation at 488 nm provides a readout of steady-

state hydrogen peroxide concentration (187, 188). With the addition of D-alanine and enzyme 

cofactor FAD to media, cells expressing mitochondrial-localized DAAO (mDAAO) generate 

hydrogen peroxide (Figure 4.3A). Mitochondrial hydrogen peroxide was most notable after 2 

hours of incubation, with undetectable differences between treated and untreated cells at 12 

hours post addition of D-alanine to culture media (Figure 4.3A). The kinetics of induced mtDNA 

damage proceeded similarly; in mDAAO cells treated with 3 mM D-alanine, LR-PCR detectable 

damage arose within 4 hours of treatment, peaked at 12 hours, and persisted for 24 hours (Figure 

4.3A B). 
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4.4.5 Subchronic exposure to hydrogen peroxide induces mtDNA point mutations 

Given the induction of mitochondrial ROS and genomic damage in mDAAO cells exposed to D-

alanine, we next investigated if this promoted mtDNA mutagenesis. We adopted a subchronic 

dosing schedule for D-alanine treatment of HCT116 cells expressing either an empty vector 

control (multiple cloning site, MCS) or mDAAO. As with the mSN treatment regimen, cells had 

4 recovery days after once-daily additions of D-alanine. After 26 consecutive days of exposure, 

the mtDNA mutation frequencies at the 12S rRNA and COX2 sites were determined via dRMC. 

We observed no significant differences between untreated and treated cells in any control cell 

cohort, whereas mDAAO cells exhibited dose-dependent increases in mutation frequency at both 

sites (p = 0.04, 0.03, test for trend, one-way ANOVA). The mDAAO cells exposed to 3 mM D-

alanine displayed mutation frequencies 3.91-fold and 2.93-fold greater at the 12S and COX2 

sites, respectively, than those unexposed to D-alanine (Figure 4.4A, B).  

4.5 DISCUSSION 

A proposed role for ROS in mtDNA mutagenesis may have its origins in the mitochondrial 

theory of aging (MToA) first proposed by Harman in 1972 (58). Mutation in mtDNA accumulate 

with age and correlate with increased cell senescence and apoptosis (58, 61, 121, 189). The 

MToA posits that mtDNA mutations initiate cellular dysfunction through aberrantly encoded 

electron transport chain (ETC) components, generating excess ROS, which cause further mtDNA 

damage, perpetuating a vicious cycle of mitochondrial dysfunction that ultimately culminates in 

cell death (58). Observations of elevated oxidative lesion burdens in mtDNA, mostly in the form 

of 7,8-dihydro-8-oxoguanine (8-oxoG) (67, 140) have offered support to the MToA model. As 

well, mice harboring a mitochondrial-targeted version of the antioxidant enzyme catalase 

(mCAT) demonstrate enhanced longevity and reduced mtDNA mutation frequency (60, 81). 

However, the MToA as initially proposed has fared poorly under the scrutiny afforded by 
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advanced approaches in genetic manipulation (62, 190), genomic damage detection (191), and 

sequencing methodologies (61, 192). Instead, more recent publications have concluded ROS play 

little role in mtDNA mutagenesis (61, 192). 

However, whereas attenutated mitochondrial ROS demonstrates clear reductions in 

mtDNA mutagenesis (60, 81), there is contradictory evidence for the converse (51, 61, 136, 179). 

To resolve the role of ROS in mtDNA mutagenesis, we endeavored to directly test the hypothesis 

that ROS induce mtDNA mutations. We find that, indeed, ROS induce mtDNA point mutations.  

Technical advances to mtDNA mutation detection technologies and our targeted 

approached to mitochondrial ROS modulation are likely contributors to our positive findings. In 

contrast to cloning and standard sequencing approaches to mutation detection, the Digital 

Droplet Random Mutation Capture assay (dRMC) enumerates rare mutations without PCR-

introduced errors (14, 17, 124, 193). Importantly, the effects of thermal degradation on DNA 

templates (194) likely generated in some mutation detection methods (137, 195) diminish the 

sensitivity and reliability of these methods. As well, the stably incorporated ROS generators 

featured in our experimental design differ significantly from previous experimental approaches 

to mutagenize mtDNA.  

Unlike exogenous oxidant additions (136) or removal of antioxidant defenses (62, 196), 

mitochondrial-targeted SuperNova and DAAO offer spatiotemporal control of increased 

mitochondrial ROS. The presence of antioxidant enzymes in the cytosol diminish the efficacy of 

exogenous treatment with hydrogen peroxide, whether by bolus addition or sustained generation 

(e.g. xanthine oxidase, glucose oxidase with their respective substrates) (133, 197). The diffusion 

gradient of hydrogen peroxide across biological membranes can approach 650-fold across the 

plasma membrane (198). Consequently, the outer and inner mitochondrial membranes likely 
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impart significant barriers to entry of hydrogen peroxide into the mitochondrial matrix. A more 

targeted approach to generation of ROS, respiration inhibitors such as rotenone, antimycin A, 

and cyanide promote mitochondrial ROS production and collapse of the mitochondrial 

transmembrane potential. However, the evidence for activation of mitochondrial degradation and 

reduced mutation accumulation by impaired oxidative metabolism and mitochondrial dynamics 

(199, 200) indicates mitochondrial poisons are unlikely to promote mtDNA mutation.  

In contrast to induced mutation, the mCAT mouse model provides convincing evidence 

that CT mutations result from oxidative damage. However, it has recently been suggested that 

the spectrum of mtDNA mutation, characterized by high quantities of CT mutations and low 

abundance of GT mutations is inconsistent with oxidative damage, and that mtDNA mutations 

arise primarily from polymerase errors (61, 62). However, limited consideration of the full 

expanse of oxidative damage to mtDNA stymies consensus of what constitutes the mutational 

spectrum of oxidative damage. Quantification of a single lesion, 8-oxoG and its resultant 

mutation (GT), is commonly assumed to reflect total oxidative damage to DNA (62, 63). 

Unfortunately, this practice fails to capture the complexity or diversity of oxidative damage to 

mtDNA. Oxidative mtDNA damage manifests as a wide range of lesions (64-66), which vary 

greatly in mutagenicity (67-69), and thus the frequency of base substitutions does not directly 

correspond with base-specific, ROS-induced lesion abundance (Figure 3). Differing lesion-

specific repair capacity  and ability of the mtDNA polymerase, pol γ, to bypass a given lesion 

determine how often mutation occurs (70). 8-oxoG, while consistently enumerated as an 

indicator of oxidative DNA damage (63), is less prevalent in mtDNA than other oxidative lesions 

(67, 68) and only mildly mutagenic to mtDNA due to redundant and highly active repair 

pathways (71)  and a high likelihood of stalling pol γ (72) rather than mutation. Additionally, an 
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in vitro study describing pol γ incorporation fidelity opposite 8-oxoG observed polymerase 

inhibition 95% of the time, and that the remaining 5% resulted in correct insertion of cytosine 

(73). 

Although 8-oxo-G lesions are a widely used measurement of oxidative DNA damage, the 

most abundant lesions following oxidative DNA damage are cytosine derivatives (69). One-

electron and radical species-mediated oxidation of cytosine typically occurs at the 5,6-

unsaturated bond of cytosine to form unstable intermediary structures. Importantly, oxidation at 

this position enhances the rate of the ensuing dehydration and deamination reactions by 5-6 

orders of magnitude over basal hydrolysis to produce both oxidized cytosine and uracil species 

(69, 75, 76, 201). These oxidized bases, such as 5-hydroxymethyl uracil and 5-hydroxyuracil 

(68), are precursors of CT transitions, the most common oxidative damage-induced mutation 

(69). However, CT transitions and their precursor lesions have also been attributed to 

spontaneous (hydrolytic) damage and pol γ errors during replication (70), but the spectrum of pol 

γ errors (70) is not consistent with the decrease in CT transitions seen in colorectal cancer and 

mCAT mice (70, 72). Furthermore, although deaminated cytosine lesions can arise from base 

oxidation and hydrolysis, hydrolytic cytosine deamination is sufficiently slow at physiological 

conditions that it is undetectable in vitro (37), whereas oxidative cytosine deamination is 

substantially quicker. Oxidative cytosine deamination is most likely to occur to single-stranded 

DNA and can thus account for the CT strand bias seen on the replicative lagging strand of 

mtDNA (36, 61). This ROS-mediated mutational mechanism is also consistent with the decrease 

in CT transitions seen in mCAT mice (60, 81).  

In our approach, the damage to mtDNA was determined by long-range PCR. This 

technique, while adventitious in its ease, is not without caveats. Unlike HPLC-MS/MS or other 
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highly specific techniques, the identity of the damaged species is undetermined. Identification of 

the particular lesion types may be possible with pre-incubation of sample DNA with repair 

enzymes, such as APE1, UNG1, or Fpg (197). These enzymes have a limited repertoire of 

lesions they recognize; conceivably, combinations of enzymes in an incubation step prior to LR-

PCR could limit the list of possible damages present in mtDNA. Variations on this approach 

have shown dramatic increases in mtDNA damage following singlet oxygen exposure (197). 

Experimental validation of lesion types following ROS exposure, while not evaluated in this 

study, represents an understudied arena of inquiry with distinct implications for biomarker 

development. Moreover, an amended understanding of the lesions present in mtDNA with 

newer, more accurate techniques is likely to resolve the ongoing debate over the extent to which 

polymerase misinsertion events or forced errors determine mtDNA mutation. 

Our finding that ROS are capable of inducing mutations in mtDNA may serve as a 

counterpoint to recent works by other groups. However, the assertion that mitochondrial ROS are 

minor contributors to mtDNA mutagenesis may be true for healthy states or normal aging; yet, in 

times of cell stress wherein mitochondrial ROS are elevated, our results suggest that mutagenesis 

will increase. Future mechanistic approaches to evaluation of these concerns is warranted. As 

well, current work is poised to characterize the spectrum of ROS-induced mtDNA mutations, 

with likely consequences for previous and future endeavors to describe context-dependent 

mutagenesis in mtDNA. Given the results of our current studies, it seems there’s still life left in 

the mitochondrial theory of aging.   
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4.6 FIGURES 

 
Figure 4.1 Mitochondrial-targeted SuperNova produces ROS and mtDNA damage. (A) Exposure of HCT116 

mSN cells to intense, excitatory LED light promotes the generation of mitochondrial superoxide. MitoSOX dye 

increases fluorescence upon interaction with superoxide dye. Both SuperNova and MitoSOX register in the ‘RFP’ 

channel; apparent photobleaching (blue) contrasts with mSN cells pre-incubated with MitoSOX. Untreated HCT116 

parental cells served as a control. Images were captured every 15 seconds, with 12 seconds of intervening excitation. 

Results reflect the average of 4 individual wells. (B) mSN viability 24 hours following exposure to medium-

intensity white light for the indicated times. N = 4. (C) Quantity of polymerase-blocking lesions in mtDNA from 

mSN cells exposed to white light for the indicated minutes of exposure or 10 J/m2 UVC light. N =3. (D) Normalized 

fraction of DNA lesions in mtDNA of mSN cells exposed to 5 minutes of white light, as in (C).  
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Figure 4.2 Exposure to activated mSN increases rare mtDNA point mutation frequency. (A) HCT116 parental 

(grey) or mSN-expressing (red) were exposed to 0, 1, or 5 minutes white light once daily for 10 consecutive days 

before a 4 day recovery period. Results are the point mutation frequency as determined by dRMC for the 12S rRNA 

TaqI site (locus 1216). Significant differences are seen for 1 and 5 minutes exposures (p = 0.03, 0.02, respectively; 

Student's two-tailed t-test). (B) HCT116 expressing mock or mSN constructs were exposed to 0 or 30 minutes amber 

light once daily for 10 consecutive days before a 4 day recovery period. Results are the point mutation frequency as 

determined by dRMC for the 12S rRNA (locus 1216) or COX2 (locus 8006) TaqI sites. Significant differences are 

seen at the COX2 site (p = 0.02, Student's two-tailed t-test). N = 3 biological replicates with the average of their 

technical duplicates and s.e.m. presented. 

 

 
Figure 4.3 Mitochondrial DAAO generates hydrogen peroxide and mtDNA damage.(A) D-alanine treatment in 

HCT116 mDAAO which express mito-roGFP2-Orp1, a matrix-localized ratiometric fluorescent detector of 

hydrogen peroxide. The roGFP2-Orp1 construct can be excited by either 405 nm or 488 nm, in a redox-depended 

manner; roGFP2-Orp1 oxidized by hydrogen peroxide is excited by 405 nm light and peak excitation of reduced 

roGFP2-Orp1 is achieved with 488 nm light. Ratio of intensities in emitted light following excitation by 405 nm or 

488 nm reflects the steady-state abundance of local hydrogen peroxide. N = 4 with s.e.m. p < 0.05 for multiple-

comparisons-adjusted t-test. (B) HCT116 mDAAO cells treated with either 0 or 3 mM D-alanine were collected at 

various times after initial exposure. Results represent the lesion frequency as determined by long-range PCR in 

mtDNA, comparing treated and untreated samples. N = 2, mean with error. 
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Figure 4.4 Subchronic D-ala treatment increases mtDNA point mutations with mDAAO. Mutation frequency at 

the 8006 locus in HCT116 cells (Right, +/- s.e.m.). ‘MCS’ denotes results from cells expressing empty vector. 

‘mDAAO’ denotes cells expressing the targeted DAAO construct. Numbers beside “MCS” and “mDAAO” reflect 

the dose in mM of D-alanine that was freshly applied on consecutive days for 26 days. Samples were collected after 

4 rest days, N = 4. 
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Chapter 5. CONCLUSIONS AND FUTURE DIRECTIONS 

The work detailed in this thesis addresses aspects of long-standing questions in the fields of 

mitochondrial genetics, aging, and oncology, and lays the foundation for future studies. In 

answering these questions, I aided in the development and application of novel methodologies 

and constructs to measure mutation frequency determination, quantify mitochondrial ROS 

production, and exert spatiotemporal control of ROS. The implementation of these tools will 

provide better understanding of the modifiers of mtDNA integrity and sequence, cellular fate 

decisions, and intracellular ROS signaling networks.  

We designed our study of genotoxic exposures in mice to address the pervasive belief that 

susceptibility to interactions with DNA-damaging agents dictates mtDNA mutagenesis and 

explains its relatively higher frequency of mutation compared to nuclear DNA. These 

experiments were a proving ground for the dRMC and 3D methodologies developed to address 

the lack of sensitive mutation detection assays that are also resilient to erroneous mutation calls 

from damage conversion to “mutation” during PCR. The dRMC and 3D techniques provided 

critical advances to the throughput and sensitivity of point mutation and deletion detection at 

defined loci. Through the analysis of mutation data generated by these techniques, we 

determined B[a]P and ENU fail to induce mtDNA mutations whereas they are potent inducers of 

nuclear DNA mutations. This negative finding directed my subsequent investigations; the failure 

of exogenously applied mutagens to increase mtDNA mutation pivoted our attentions toward 

possible endogenous sources of mtDNA mutagenesis. 

Of the very few successful methods for alteration of the mtDNA mutation frequency in 

which the host organism remains proficient in mtDNA repair pathways, mitochondrial-targeted 

catalase simultaneously addresses the mitochondrial theory of aging (14, 58, 60, 81). The mCAT 
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construct, when expressed in mice, increases lifespan and delays pathologies of aging. 

Additionally, while not reported in the same publication as the lifespan findings (81), mCAT 

mouse tissues demonstrate reduced mtDNA point mutation frequencies compared to their wild-

type littermates. This finding prompted initial inquiries into the properties of cells that can 

mitigate the accumulation of mtDNA mutations and mitochondrial metabolic byproducts.  

Intriguingly, cells expressing mCAT demonstrated reduced sensitivity to pro-apoptotic 

exposures that had no immediately obvious mitochondrial component to their mode of action. To 

elucidate the mechanism of this attenuated apoptosis signaling, we pursued multiple lines of 

inquiry. Initial results from a protein microarray offered the first insights that mitochondrial-

localized proteins of the BCL2 family may play a role in the mCAT pro-survival phenotype. The 

BCL2 family member proteins mediate intrinsic apoptosis through interactions at the 

mitochondrial outer membrane, and a connection extends between BCL2 protein overexpression 

and resistance to oxidative cell death (202). Reverse Phase Protein Array (RPPA) and Western 

Blot results further highlighted the differential regulation of pro-survival proteins in mCAT cells. 

Transcript-level data from single-cell RNA-seq demonstrated an enrichment for modulation in 

pathways involved in the inflammatory response, namely increased interferons alpha and gamma 

(IFNA, IFNG) and tumor necrosis factor (TNF). These expression differences are consistent with 

the pro-survival phenotype in mCAT cells, and demonstrate this active suppression of cell death 

signals even in unstressed conditions. Although, imperative to any future research along this vein 

will be the quantification of changes to gene products in mCAT cells with response to stressors. 

Those actors which show differential regulation in time-resolved measurements are much more 

likely to be causally related to modified mitochondrial ROS. Such work would help bridge 

efforts to translate these findings into clinical research. As well, any intersections of the mCAT 
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phenotype with the more recently described forms of cell death regulation, like ferroptosis (203), 

necroptosis (204), or parthanatos (205), may prove particularly useful for characterizing the 

mechanism by which mCAT exerts its anti-apoptotic effects. Dynamic relationships among the 

identified pathway members represents a likely fruitful source for future investigation. Temporal 

changes to anti- and pro-apoptotic factors may elucidate the mechanisms of cancer cell 

chemoresistance and extended organismal lifespan. Furthermore, as mCAT represents a 

reduction in mitochondrial ROS burden, a demonstration of the converse finding, that increased 

mitochondrial ROS increases apoptotic signaling, is a particularly useful exercise. The 

SuperNova and DAAO constructs afford such an opportunity for future investigation.   

The mitochondrial-targeted constructs of DAAO and SuperNova serve as counterpoints to 

the reduced mitochondrial ROS modeled with mCAT expression. Additionally, where traditional 

nuclear mutagens were insufficient to induce mtDNA mutations, both mDAAO and mSN 

constructs demonstrate ROS increase mtDNA mutation frequency. The paradigm tested with 

B[a]P and ENU in mice, of damage-induced mtDNA mutation, viewed through the lens of the 

successful induction of mutations with mDAAO and mSN would suggest mtDNA mutagenesis is 

restricted by the types of lesions induced by damaging agents, and underscore the importance of 

oxidative lesions to this process. The uneven distribution of mutation types in mtDNA (13) is 

consistent with the hypothesis that a select set of DNA damage types can produced mtDNA 

mutations. Whether mDAAO and mSN promote diverse or limited sets of mutation types is 

currently unknown, although this is the subject of current investigation. The application of error-

corrected Next Generation Sequencing methods (206) to mDAAO and mSN samples after their 

respective treatment regimens may demonstrate not only increased mutations, but may reveal 

regional or subtype specificity in the induction of mutations throughout the entire mitochondrial 
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genome. Whether the results demonstrated with mDAAO and mSN indicate a form of the 

Mitochondrial Theory of Aging will arise a phoenix from the former remains conjecture. 

Nonetheless, the clear demonstration of induced mutagenesis with oxidants indicates revisions to 

models of mtDNA mutagenesis are likely in the future.  

 The work described here sets the stage for future research into the complex interplay 

between mitochondrial mutagenesis, metabolism, and cell fate. Development of the dRMC and 

3D assays, and the implementation of genetic tools such as mCAT, mDAAO, and mSN afford a 

precision to the investigation of mitochondrial biology that is likely to reap further rewards for 

our understanding of the mechanisms of organismal aging and cancer progression.  
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APPENDIX A – CHAPTER 2 SUPPLEMENTAL MATERIAL 

Supplemental Figure A.1 Mouse Embryonic Fibroblasts (MEFs) derived from mice lacking a 

functional proofreading domain in polymerase γ harbor an increased burden of mtDNA point and 

deletion mutations 

Supplemental Figure A.2 Acute B[a]P exposure induces polymerase blocking lesions in the 

LacZ transgene. 

Supplemental Figure A.3 dRMC Detection of B[a]P induced nuclear mutations in bone marrow 

and liver tissue. 

Supplemental Figure A.4 The lacZ mutant frequency in mouse nuclear DNA increases after 

exposure to ENU. 

Supplemental Figure A.5 dRMC Detection of nDNA Mutations In Bone Marrow and Liver 

Following Subchronic ENU Exposure. 

Supplemental Figure A.6 Mitochondrial to nuclear DNA copy number ratio in mice treated 

with B[a]P or ENU.   

Supplemental Figure A.7 Mouse mtDNA short-range primers. 

Supplemental Figure A.8 Mouse mtDNA long-range primers. 

Supplemental Figure A.9 Mouse nDNA short-range primers. 

Supplemental Figure A.10 Mouse nDNA short-range primers. 
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Supplemental Figure A.1 Mouse Embryonic Fibroblasts (MEFs) derived from mice lacking a functional 

proofreading domain in polymerase γ harbor an increased burden of mtDNA point and deletion mutations. 

DNA extracted from mouse embryonic fibroblast cells, which are wild-type (WT), or those possessing a 

homozygous inactivating mutation in the proofreading domain of the mitochondrial DNA polymerase gene, POLG 

D247A (mutant), were subjected to analysis via A) dRMC at the 12S site (p = 0.0007, Welch’s t-test, 3 technical 

replicates) and B) 3D of the ‘common deletion’ (p = 0.0016, Welch’s t-test, 3 biological replicates, 2 technical 

replicates). 

 
Supplemental Figure A.2 Acute B[a]P exposure induces polymerase blocking lesions in the LacZ transgene. 
Mice were treated with vehicle or a single dose of 75 mg/kg body weight B[a]P.  DNA was extracted from bone 

marrow and liver tissues 24 hours after treatment. The presence of DNA lesions (± s.e.m.) was determined by 

quantitative PCR in (A) bone marrow and (B) liver. (*p < 0.05, ** p < 0.01; one-tailed Welch’s t-test).  
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Supplemental Figure A.3 dRMC Detection of B[a]P induced nuclear mutations in bone marrow and liver 

tissue. Mice were treated daily with B[a]P or vehicle for 28 consecutive days and then allowed 3 days to recover 

post-treatment before tissue collection and DNA extraction. Mutation frequency per bp (± s.e.m.) was determined 

via dRMC within the lacZ transgene. B[a]P induced a significant increase in mutations in bone marrow and liver (p 

= 0.03, 0.01, respectively; Welch’s t-test). 

 
Supplemental Figure A.4 The lacZ mutant frequency in mouse nuclear DNA increases after exposure to ENU. 

Mutant frequency (± s.e.m.) was quantified in bone marrow and liver collected three days after 28 consecutive days 

of daily ENU exposure (**, p < 0.01; ***, p < 0.001; two-tailed unpaired Welch’s t-test). (A) Bone marrow nuclear 

DNA mutant frequency (χ2 = 714.8, p = < 0.0001; Fisher’s Exact, p = < 0.0001). (B) Mutant frequency in liver 

nDNA (χ2 = 44.62, p = < 0.0001; Fisher’s Exact, p = < 0.0001).  
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Supplemental Figure A.5 dRMC Detection of nDNA Mutations In Bone Marrow and Liver Following 

Subchronic ENU Exposure. Mice were treated daily with ENU or vehicle for 28 consecutive days and then 

allowed 3 days to recover without treatment. After DNA extraction, mutation frequency per bp (± s.e.m.) was 

determined via dRMC within the lacZ transgene in mouse nDNA.  ENU induced a significant increase in mutations 

in mouse bone marrow and liver (p = 0.02, 0.04, respectively; unpaired Welch’s t-test).  

  
Supplemental Figure A.6 Mitochondrial to nuclear DNA copy number ratio in mice treated with B[a]P or 

ENU.  Mouse tissue DNA from our subchronic B[a]P and ENU cohorts was used to investigate copy number ratio 

changes in mtDNA and nDNA. ddPCR analysis of mitochondrial and nuclear DNA copy numbers was performed on 

mouse A) bone Marrow (0 vs 25,50,75, p =0.17, 0.39, 0.37, Welch’s t-test) and B) liver (B[a]P ANOVA, p = 0.06; 

t-test 0 vs 25,50,75, p = 0.6355, 0.1505, 0.0317; ENU, p = 0.03, Welch’s t-test) samples.  
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Supplemental Figure A.7 Mouse mtDNA short-range primers. Specificity of primers and the amplified PCR 

products was examined by raw data (A), standard curve (B), melt analysis (C) and analyzed with CFX Manager 

Software. PCR efficiencies were calculated from slope, and r2.  
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Supplemental Figure A.8 Mouse mtDNA long-range primers. Specificity of primers and the amplified PCR 

products was examined by raw data (A), standard curve (B), melt analysis (C) and analyzed with CFX Manager 

Software. PCR efficiencies were calculated from slope, and r2.  
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Supplemental Figure A.9 Mouse nDNA short-range primers. Specificity of primers and the amplified PCR 

products was examined by raw data (A), standard curve (B), melt analysis (C) and analyzed with CFX Manager 

Software. PCR efficiencies were calculated from slope, and r2. 
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Supplemental Figure A.10 Mouse nDNA short-range primers. Specificity of primers and the amplified PCR 

products was examined by raw data (A), standard curve (B), melt analysis (C) and analyzed with CFX Manager 

Software. PCR efficiencies were calculated from slope, and r2. 

 



APPENDIX B – CHAPTER 3 SUPPLEMENTAL MATERIAL 

 

Supplemental Figure B.1 Localization and activity of mitochondrial targeted catalase in HCT116. 

Supplemental Figure B.2 Seahorse XF Analyzer reveals cellular metabolic states. 

 
 

 
Supplemental Figure B.3 Localization and activity of mitochondrial targeted catalase in HCT116. (A) Western 

blots for catalase and β-tubulin from whole cell extracts from HCT116 lines transfected with mCAT constructs 

(N148Q and Y358H ablate catalase activity) or mock, GFP-only insert. (B) Western blots for catalase and 

mitochondrial ATP synthase subunit 5B from mitochondrial extracts of transfected cell lines. (C) Immunofluorescence 

imaging of HCT116 cells with fluorescent conjugated antibodies against catalase (CAT, red) or mitochondrial 

cytochrome c (CYC, green) along with DNA counterstain (DAPI, blue). (D) Catalase activity in whole cell extracts 

from HCT116 lines with or without transfection.  
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Supplemental Figure B.4 Seahorse XF Analyzer reveals cellular metabolic states. HCT116 cells were analyzed 

for glycolytic (Left) and respiratory (Right) capacity on glucose or galactose. Values for ECAR and OCR are 

normalized per cell. A saturating concentration of glucose (10mM) promotes glycolysis, yet galactose cannot support 

glycolysis to the same degree (Left). With only galactose as a substrate, cell respiration and max capacity are increased 

relative to glucose-only conditions (Right).  

APPENDIX C – CHAPTER 4 SUPPLEMENTAL MATERIAL 

Supplemental Figure C.1 Confocal microscopy visualizes SuperNova construct in the 

mitochondria.Supplemental Figure C.2 Changes in mitochondrial copy number after 
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SuperNova and mDAAO treatments.

 
Supplemental Figure C.1 Confocal microscopy visualizes SuperNova construct in the mitochondria.HCT116 

cells were transfected with a retroviral vectors consisting of a mitochondrial targeted form of SuperNova (in red) 

and an untargeted green fluorescent protein (GFP, “Cell”). Mitochondria were stained with MitoTracker Deep Red 

(blue, “Mitochondria), a dye which is taken up by cells into their mitochondria. The bottom right panel is the 

merged image. Images were collected using a spinning disc confocal microscope at 40× magnification. 

 

 

 

 

 
Supplemental Figure C.2 Changes in mitochondrial copy number after SuperNova and mDAAO treatments. 
(A) Mito-SuperNova cells and mock cells were treated for 0 or 30 minutes of amber light for 3 or 10 days. Results 

obtained from ddPCR quantification using mitochondrial control region and the nuclear RNaseP locus. N = 3 per 

condition, s.e.m reported. No significant differences by ANOVA. (B) Mitochondrial:nuclear copy number ratio after 

26 days treatment and 4 rest days with daily additions of either 0 or 3 mM D-alanine. Results obtained as in (A), 

demonstrate a significant increase in mtDNA:nDNA (p = 0.0113 by unpaired, two-tailed student’s t-test). N = 4 

cohorts assayed in technical triplicate.  
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