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ABSTRACT 

Assessment of chemical mutagenicity is essential to protecting human health from genetic 

disease. Current assays are limited in their ability to provide mechanistic insight into the endogenous 

and exogenous processes involved in mutagenesis. Duplex Sequencing (DS), a novel error-corrected 

sequencing technology, overcomes many of the limitations faced by conventional mutagenicity assays. 

DS could be used to eliminate reliance on standalone reporter assays and provide mechanistic 

information alongside mutation frequency (MF) data. Furthermore, customizable panels enable 

assessment of the endogenous genomic features that drive mutagenesis. However, the performance of 

DS must be thoroughly assessed before it can be routinely implemented for standard testing. The 

objectives of this study were to demonstrate the potential of DS as a robust in vivo mutagenicity test and 

to explore its rich data to gain a better understanding of spontaneous and chemically-induced 

mutagenicity in somatic and germ cells. We used DS to study spontaneous and procarbazine (PRC)-

induced mutations in the bone marrow (BM) and germ cells of MutaMouse males across a panel of 20 

diverse genomic targets. Mice were exposed to 0, 6.25, 12.5, or 25 mg/kg-bw/day for 28 days by oral 

gavage and tissues were sampled at least 28 days post-exposure. Results were compared with those 

obtained using the conventional lacZ viral plaque assay on the same samples. DS detected significant 

increases in MF and distinct spectra consistent with the known mutagenic mechanisms of PRC in both 

tissues. Mouse PRC doses at which significant effects were observed are in range with those used for 

chemotherapy, suggesting that similar effects may be observed in human patients. This supports the 

contribution of PRC towards secondary cancers following treatment. DS results were comparable to 

those obtained using the gold-standard lacZ TGR assay, with DS showing greater sensitivity to detect 

smaller changes in MF. Analysis of mutation spectra and the genomic features that drive the mutational 

response revealed intrinsic differences between BM and germ cells that may underlie differences in 

endogenous mutagenic mechanisms and/or DNA repair pathways. The results suggest that germ cells 

may have intrinsic mechanisms to reduce mutation burden relative to somatic cells. While historically 

analysis of germ cell mutagenicity has been neglected in favour of somatic cells, our work supports the 

independent assessment of germ cell mutagenicity during regulatory testing. Finally, we conducted 

power analyses to inform the optimal DS study designs for the two tissues. We found that low intra-

group variability within BM samples allows a reduction in sample size to three animals per group whilst 

still maintaining 80% power to detect an effect. In contrast, the relatively high intra-group variability and 

low background MF in germ cells suggests a minimum of eight animals per group to detect an effect.  
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Overall, our results support the use of DS as a mutagenicity test and highlight many of the advantages it 

holds over conventional assays. Moreover, our study reveals the potential for mutagenic effects in PRC-

treated cancer patients. Further work to test DS with more chemicals and across a wider range of tissues 

is recommended for future implementation as a mutagenicity test.  
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1.1 The Importance of Genotoxicity Testing 

The integrity of the DNA molecule is crucial for the proper functioning of all units of life, from cells, 

tissues, and organs to populations. Genetic toxicology is the study of how chemical or physical agents 

affect the genome. Specifically, genotoxicity refers to the ability of harmful substances to cause DNA 

damage, mutations, and chromosomal changes in cells. Exposure to genotoxic chemicals can induce 

adverse effects on genetic components via a variety of mechanisms that may translate into genetic 

diseases. These effects are variable and depend on the affected gene and tissue. In somatic cells, the 

most severe consequence of genetic toxicity is the development of cancer (Jackson et al., 2018). There is 

also evidence that genetic damage is implicated in a broad spectrum of other diseases, including 

metabolic imbalances, immune dysfunction, musculoskeletal disorders, endocrine disorders, and many 

others (Erickson, 2003; Godschalk et al., 2020). In germ cells (the sperm and egg), genetic damage can 

translate into birth defects or heritable diseases that may be propagated to future generations. 

Understanding the risk posed by substances to the DNA is essential for protecting the genome and 

preventing disease (Marchetti et al., 2020).  

Genotoxicity testing is used to identify substances that can cause permanent genetic alterations in 

somatic or germ cells (Organization for Economic Co-operation and Development (OECD), 2017). 

Government authorities, such as Health Canada, use this information to identify the hazards and risks 

posed by commercial and environmental products to human health. They can then develop regulatory 

policies to limit the exposure of Canadian citizens to these harmful substances. There are generally three 

major endpoints considered in regulatory genetic toxicology testing: 1) mutagenicity; inherited changes 

in the DNA sequence including point mutations or small deletions/insertions, 2) clastogenicity; structural 

chromosome changes, and 3) aneugenicity; the occurrence of an abnormal number of chromosomes in a 

haploid set (Eastmond et al., 2009). Every aspect of genotoxicity testing is crucial for protecting the 

genome from adverse genetic effects that may translate into serious genetic diseases.  

1.2 Mutagenicity Testing  

Mutagenicity assays were introduced into regulatory testing in the 1950s and continue to be 

developed for more effective and efficient testing (Wassom, 1989). Historically, as more chemicals were 

used in therapeutics, food processing, and other industries, assessment of mutagenic ability was 

recognized as critical to the protection of human health (Auerbach, 1960). Initially, the main priority was 
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identifying agents that cause mutations in germ cells. However, in 1970s Ames, (1973) demonstrated a 

strong correlation between bacterial mutagenicity and carcinogenicity. The focus of mutagenicity 

assessment quickly shifted from germ cells to somatic cells and the correlation with cancer. Subsequent 

development of current testing assays made it easy to detect somatic cell mutagens with short term 

assays. In contrast, there lacked efficient and sensitive novel methods for detecting mutagenic effects in 

germ cells (Ren et al., 2017). Thus, germ cell mutagenesis was often neglected as research on cancer 

predictivity was driven forward. Yet, more studies are now attempting to return to the root of 

mutagenicity testing and improve our ability to detect germ cell mutagens (Demarini, 2012; Marchetti et 

al., 2020). Today, mutagenicity is used to encapsulate both the risk of cancer and germ cell driven 

heritable disease.     

Mutations that confer a proliferative advantage within somatic cells may promote clonal expansion, 

potentially initiating the development of a neoplasm (Hassanpour & Dehghani, 2017; Jackson et al., 

2018). Today, it is well established that mutations contribute to the development of cancer (Basu, 2018; 

McCann et al., 1975). Mutagenicity assays are routinely used to screen chemicals for potential oncogenic 

hazards prior to the more time-intensive and costly rodent cancer bioassays. However, these assays 

focus only on hazard identification and very rarely provide information on the mechanism behind 

mutation induction (Salk & Kennedy, 2020). Recently, there has been a shift away from this qualitative 

paradigm, towards quantitative toxicological approaches centred on using mutagenicity endpoints for 

risk assessment. There has been much work towards refining dose-response modelling approaches to 

establish points of departure for potency comparisons to advance this paradigm change (Heflich et al. 

2020). More emphasis is also being placed on understanding the mechanisms leading to mutagenic 

outcomes. For example, the analysis of specific patterns of mutation subtypes can inform on mutagenic 

mechanisms and be linked to mutation patterns observed in human cancers (Valentine et al., 2020). This 

provides insight into human relevance of the observed effects and can be used to determine which next 

steps may be necessary after a positive mutagenicity assay. The development of methods that provide 

more detailed information on mutagenic mechanism will allow us to better link specific exposures with 

the development of cancers, and potentially help us understand the basis of other genetic diseases as 

well. 
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1.3 Germ Cell Mutagenesis 

Germ cell mutations remain an endpoint of regulatory concern. Although germ cell mutations are 

rare at an individual level, they can have a profound impact on a population level. First, a single mutation 

in germ cells can produce an offspring that contains that mutation in every cell of its body; thus, the 

chances of the mutation to affect the health of that individual is much larger than for somatic mutations. 

In a recent study, it was estimated 3.5-5.9% of the global population are affected by some rare disease, 

71.9% of which have a genetic origin (Nguengang Wakap et al., 2019). This equates to roughly 300 

million people worldwide who suffer from a rare genetic disease. Second, even a relatively small increase 

in germ cell mutation rate can translate to millions of de novo mutations transmitted through the 

generations. For example, within the 700 genes linked with intellectual disability, it was estimated that a 

modest 25% increase in mutations by tobacco smoke would result in an extra 1.9 million loss of function 

mutations worldwide per generation. This translates to 500,000 children affected by autosomal 

dominant mutations who would display a disease phenotype (Beal et al., 2017).  

While there is abundant evidence that many agents induce inherited changes in the offspring of 

exposed animals, obtaining definite data in humans is more difficult (Demarini, 2012; Marchetti et al., 

2020; Yauk et al., 2015). Efforts to characterise human germline mutagens must be improved to protect 

our population from disease.    

Historically, regulatory authorities assumed that decisions based on evidence of chemical 

mutagenicity in somatic cells, such as the bone marrow or liver, will by default protect the germline. 

However, there are quantitative differences between the induction of mutations within somatic cells and 

germ cells. There are several examples of germ cells showing adverse effects to mutagen exposure at 

doses that do not elicit adverse effects within somatic cells. For example, N-Hydroxymethylacrylamide 

induced dominant lethal mutations in the germ cells of male mice but showed no effect for the 

micronucleus assay in erythrocytes of the same mice (Witt et al., 2003). Additionally, side stream smoke 

induced tandem repeats in sperm at doses that did not induce micronuclei in the reticulocytes and 

erythrocytes of the blood and bone marrow of exposed mice (Marchetti et al., 2011). There are several 

unique factors that distinguish germ cell from somatic cell mutagenesis. In addition to metabolic 

differences, and differences in proliferation rate, the process of meiosis provides opportunities to affect 

nucleotide composition (Arbel-Eden & Simchen, 2019) and post-meiotic haploid germ cells cannot rely 

on sister chromatids as templates for homology-based repair mechanisms (Baarends et al., 2001). 
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Additionally, male germ cells will progressively lose DNA repair capacity throughout spermatogenesis, 

which could lead to the accumulation of DNA damage in maturing sperm, thus increasing the risk for 

mutagenesis in the embryo (Marchetti & Wyrobek, 2008; Olsen et al., 2005). Therefore, it is important to 

measure mutation induction in both somatic and germ cells when considering the potential hazards and 

risks posed by a chemical.  

1.4 Current Practices in Mutagenicity Assessment 

The current conventional tests for mutagenicity testing begin in vitro with the bacterial mutation 

(Ames) assay (OECD 471, 2020) and cell line assays such as HPRT (hypoxanthine phosphorybosyl 

transferase) gene mutation assay (OECD 476, 2016). While highly effective, in vitro assays have several 

limitations that make them imperfect surrogates for human toxicology. Differences in metabolic 

activation, a small number of cell types, and continuous cellular proliferation that can lead to jackpot 

clonal mutations make it difficult to extrapolate in vitro results to humans. Therefore, if positive results 

are obtained for in vitro assays, in vivo mutagenicity assessment is often required (Eastmond et al., 2009; 

Health Canada, 2016).  

1.4.1 Limitations of Standard in vivo Mutagenicity Assays 

Current in vivo mutagenicity assays rely on mutation detection using selectable phenotypes. The 

most widely used test is the transgenic rodent mutation reporter assay (the TGR assay, OECD 488, 2022), 

which quantifies mutations in a reporter gene following a multi step transfer of DNA from mutagen-

exposed rodent into bacteria. Mutations in the reporter gene cause a distinct bacterial phenotype under 

selective conditions, allowing the quantification of a ratio of mutant cells to the number of cells in the 

absence of selection (Gingerich et al., 2014; Lambert et al., 2005). However, this assay, and others based 

on reporter genes, has several critical limitations. First, selectable markers often require unique strains of 

animals, thus are limited to only a few common model organisms, and cannot be integrated with other 

standard toxicity tests. The Pig-a mutation assay (Olsen et al., 2017) is an exception wherein mutation of 

the reporter gene causes a phenotypic change in the animal’s blood cells. However, this assay cannot be 

applied to other tissues. Second, most assays measure mutation induction in only a single exogenous 

reporter gene that does not accurately represent the diverse structure and function of the mammalian 

genome. Many genomic features are thought to modulate differential sensitivity to chemical mutagens 

(Hodgkinson & Eyre-Walker, 2011; Makova & Hardison, 2015); these cannot be assessed when relying on 
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a single reporter (Salk & Kennedy, 2020). Third, the vast majority of the existing mutagenicity tests yield 

little mechanistic data. For instance, characterization of the mutation spectra using the TGR assay is 

impractical given the need to laboriously pick and independently sequence many viral plaques (Beal et 

al., 2020). Finally, selection-based assays are limited to the detection of functional mutations that cause 

a phenotypic change. Thus, silent mutations will not be counted. Despite their importance for 

genotoxicity testing over the last decades, selection-based assays like the TGR assay do not support the 

current shift towards quantitative mutagenicity testing for risk assessment. 

1.5 The Application of Next-generation Sequencing Technologies for Mutagenicity Assessment 

Over the past 2 decades, advances in Next-Generation Sequencing (NGS) technology have 

revolutionized many fields of biology, including evolutionary biology, genetics, and cancer biology. NGS 

is capable of sequencing entire genomes and thus presents a potential alternative to selection-based 

assays that would allow the screening of many loci, in any cell type, and in wild-type animal strains. 

However, NGS methods have very high technical error rates (~1 x 10-3 per nucleotide), that are orders of 

magnitude higher than typical endogenous per-nucleotide mutation frequencies (< 1 x 10-7) (Kennedy et 

al., 2014; Lynch, 2010). Due to the random nature of mutation induction, genetic toxicology assessment 

requires the ability to detect ultra-low frequency mutations in a large population of non-mutant DNA 

molecules. Thus, for de novo mutation detection, standard NGS methods must be improved to reduce 

the error rate (Salk & Kennedy, 2020).  

1.5.1 Duplex Sequencing 

Duplex sequencing (DS) is an error-corrected NGS methodology that greatly improves the 

accuracy of mutation detection (Schmitt et al., 2012). Error rate is reduced by labelling each strand of 

the fragmented DNA molecule with its own unique molecular identifier so that, following amplification, 

reads from both DNA strands may be assembled and grouped (Figure 1.1). A single-strand consensus 

sequence (SSCS) is created by comparing reads bearing the same tag. Any variant that does not occur on 

every read is eliminated as an error. SSCSs are compared to their complementary strand and any variant 

that does not occur on both SSCSs are eliminated as an error. By relying on the double strandedness of 

DNA for error correction, DS increases the sensitivity to detect true mutations. Error-correction makes 

DS more than 10,000 times more accurate than standard NGS (Kennedy et al., 2014). We believe error-
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corrected sequencing technologies will reshape the way we conduct mutagenicity testing and allow us 

to overcome many of the limitations faced with traditional assays.  

 

 

Figure 1.1 Overview of Duplex Sequencing. (a) Depiction of the sample DNA molecule with one true 

mutation (yellow circle). (b) Ligation of the adapters to both ends of the sample DNA. (c) Schematic of a 

Duplex Sequencing adapter, showing the random double-stranded tag and the invariant spacer 

sequence. (d) PCR amplification of each strand of a DNA duplex results in two distinct, yet 

complementary, PCR products. (e) Reads sharing unique tag sequences are grouped together in tag 

families. Variants are of three types: true mutations (yellow circle), sequencing errors (red X), and first-

round PCR errors (yellow X). (f) Comparing each read in a tag family creates a SSCS. SSCSs remove 

sequencing errors, but not first-round PCR errors. (g). Comparison of the SSCSs from the paired families 

with tags αβ and βα creates a DCS. DCSs eliminate first-round PCR errors. True mutations are scored 

only if they are present at the same position in all reads of a tag family and on both strands of the DNA. 

The figure is adapted from Kennedy et al., 2013.    
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1.5.2 The Application of Duplex Sequencing for Mutagenicity Testing and Risk Assessment 

DS is effective at measuring increases in MF in mouse somatic tissues following exposure to 

established environmental mutagens including benzo[a]pyrene (BaP) (LeBlanc et al., 2022), aflatoxin 

(Chawanthayatham et al., 2017), N-ethyl-N-nitrosourea (ENU) and urethane (Valentine et al., 2020). DS 

makes use of custom mutagenesis panels comprised of multiple targeted regions that span a broad 

range of genomic features including location, GC content, trinucleotide abundances, and genic status 

(LeBlanc et al., 2022). The ability to query large portions of the mammalian genome for chemically 

induced mutations is a major advantage of DS over traditional assays that enables us to explore how 

different genomic features might affect mutation susceptibility. Recent work in mouse bone marrow has 

shown significant differences in the magnitude of the response across loci following exposure to BaP 

(LeBlanc et al., 2022).  Another study found similar variations in chemically-induced mutation 

susceptibility amongst five genes within mouse bone marrow, liver, lung, spleen, and blood (Valentine et 

al., 2020).  By querying loci with various genomic features, we can hypothesize on the factors that 

influence mutagenesis.  

Many endogenous factors are thought to modulate chemical mutagenicity, including 

transcription status, genomic region, sequence context, chromatin state, and others. The recognition and 

repair of DNA damage occurs more quickly in actively transcribed regions of the genome compared to 

non transcribed regions. This transcription-coupled repair (TCR) contributes to decreased risk of 

mutagenesis within transcribed regions (Hanawalt & Spivak, 2008; Xia et al., 2020). Additionally, the 

packaging of DNA into chromatin can hinder the access of repair proteins and affect the efficiency of 

repair. Adar et al. (2016) showed that repair of UV-induced DNA damage in human skin fibroblasts 

occurred preferentially in active and open chromatin states, while heterochromatic regions were 

repaired more slowly. This occurred for both transcription-coupled and general excision repair. Thus, 

there appears to be increased risk of mutagenesis in heterochromatin compared to euchromatin 

(Makova & Hardison, 2015). The customizable panel of endogenous genomic loci utilized by DS allow us 

to explore the effects of various genomic factors on chemical mutagenicity. 

The relative frequency of the different mutation subtypes (ie, the specific base substitution 

subtypes, insertions, deletions, and multi-nucleotide variants) reflects the mechanism of the mutagen. 

For instance, BaP mutagenesis is characterized by G>T transversions, a consequence of bulky adduct 

formation at the N2 of guanine (Beal et al., 2015; Denissenko et al., 1996; LeBlanc et al., 2022). 
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Alternatively, the alkylating agent ENU produces primarily A>T or A>G mutations resulting from 

inefficient repair of O-alkyl damage on guanine and thymine residues (Kucab et al., 2019). Local 

sequence context also strongly influences the frequency of a given type of mutation (Michaelson et al., 

2012; Sung et al., 2015). Analysis of the trinucleotide spectrum induced by a chemical is not practical 

using traditional mutagenesis assays. Small reporters do not represent whole-genome nucleotide 

distribution and could thus bias the spectrum (Kennedy et al., 2014). Furthermore, these assays produce 

relatively small numbers of mutations, often rendering the spectrum analysis underpowered.  In 

contrast, DS uses a panel of targets that better reflects the whole-genome nucleotide composition and 

produces much higher amounts of sequencing data. DS has since provided highly detailed mutation 

spectra for various established mutagens including BaP (LeBlanc et al., 2022), aflatoxin 

(Chawanthayatham et al., 2017b), ENU and urethane (Valentine et al., 2020). Overall, because DS is a 

sequencing-based approach it readily produces the data needed for mutation spectrum analysis to 

enhance risk assessment. 

One of the main priorities of mutagenicity testing is identifying the potential for human 

carcinogenesis. However, linking exposure to human cancer is exceedingly complex and requires 

abundant epidemiological data. Epidemiological studies are often confounded by exposure to other 

mutagens and by the natural accumulation of mutations through ageing. Recently, large-scale 

sequencing of cancer samples (Cancer Genome Atlas and others) paired with the development of new 

statistical methods have introduced cancer mutational signatures (Alexandrov et al., 2013). Mutational 

signatures are recurring patterns of sequence-context-dependent mutation types observed in cancer 

samples with similar aetiologies. Non-negative matrix factorization is used to computationally parse out 

constituent mutational processes from the sum of mutations accumulated throughout the tumour’s 

lifetime. This work has since reported many signatures associated with specific cancer types or 

mutational processes (COSMIC v.3.3, June 2022). It is possible to link these cancer signatures with the 

trinucleotide spectra of specific mutagens extracted by DS (Chawanthayatham et al., 2017; LeBlanc et al., 

2022; Valentine et al., 2020). For instance, BaP, the main carcinogenic agent found in cigarette smoke, 

produces a mutation spectrum that is highly similar to mutational signatures observed in human lung 

cancers (LeBlanc et al., 2022; Valentine et al., 2020). These signature analyses can thus provide empirical 

evidence for the contribution of environmental mutagens to the mutation spectrum observed in human 

cancers. Developing tools that can link exposures to human cancer development will have a profound 

impact on clinical medicine and public health. 
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1.5.3 Considerations for the Implementation of Duplex Sequencing as a Regulatory Test 

Before DS can be used as a regulatory test for chemical mutagenicity assessment, more work is 

needed to assess the performance of DS across a range of chemicals with differing modes of action and 

potencies. So far, DS has only been tested on well-established mutagens, most of which are highly potent 

such as BaP and ENU (LeBlanc et al., 2022; Valentine et al., 2020). Thus, the sensitivity of DS to assess 

less potent mutagens must be established. An additional consideration is the response of the various 

genomic targets within the DS panel. As mentioned previously, the DS targets tend to differ in 

mutagenesis susceptibility. We must characterise how the different targets respond to different 

chemicals and potencies to consider how we can account for the variability in target susceptibility during 

regulatory decision making. As such, more work testing DS with different chemicals is required. The work 

covered in this thesis aims to evaluate the use of DS for measuring chemically induced mutations. Our 

goal is to help establish DS as an effective methodology for assessing chemical mutagenicity in both 

somatic and germ cells. We will use DS to study the effects of a mutagenic compound, procarbazine 

(PRC), on rodent tissues and directly compare the results to those obtained by using the TGR assay 

performed on the same rodents.  

DS must also be tested on a variety of tissues before it can be accepted as a mutagenicity assay. 

Currently, DS has been tested on various somatic tissues, including bone marrow (LeBlanc et al., 2022), 

liver (Chawanthayatham et al., 2017), lung, spleen, and blood (Valentine et al., 2020). While these 

tissues are incredibly important for regulatory purposes, DS has not yet been tested in germ cells. As 

mentioned, identifying and protecting citizens from germ cell mutagens is one of the founding objectives 

of mutagenicity testing.  Assessing the performance of DS for testing germ cell mutagenicity will be 

necessary for it to be utilized as a mutagenicity test. Furthermore, the abundant mechanistic 

information, alongside the susceptibility of the different DS loci will better allow us to study the unique 

mutagenic mechanisms that may exist within germ cells compared to somatic cells. This work will assess 

the mutagenicity of PRC within mouse bone marrow and male germ cells harvested from the 

seminiferous tubules. We will thus be able to compare the effects of the chemical between the two 

tissues to assess differences between germ and somatic cells. 
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1.6 Model Chemical; Procarbazine Hydrochloride 

PRC is a hydrazine derivative frequently used in combination with other anti-neoplastic agents to 

treat Hodgkin’s lymphoma and several other human cancers (Andrieu et al., 2016). While effective, PRC 

has been associated with the development of secondary cancers following treatment including acute 

non-lymphocytic leukemia and non-Hodgkin’s lymphoma (Henry-Amar, 1992; IARC, 1981; Kaldor et al., 

1988). There is clear evidence that PRC is an effective in vivo clastogen, inducing micronuclei in 

hematopoietic cells (Phonethepswath et al., 2013; Suzuki et al., 1999). PRC shows mutagenic ability 

within mouse bone marrow, blood, lung, spleen, and testis, though these effects are observed at higher 

doses than its clastogenic effects (Beal et al., 2020; Revollo et al., 2017; Suzuki et al., 1999). We predict 

that PRC will be a less potent mutagen than those that have been tested previously with DS, allowing us 

to assess the sensitivity of the assay. Furthermore, the molecular mechanism by which PRC induces 

mutations is not thoroughly understood. Experiments have been undertaken to sequence PRC-induced 

mutants detected by the lacZ (Beal et al., 2020) and Pig-a (Revollo et al., 2017) assays. However, as 

mentioned previously, such reporter gene-specific assays are poorly suited to characterising the 

mutation spectra in the detail necessary for in depth mechanistic analyses. DS will allow us to investigate 

the mutagenic mechanism of PRC in greater depth than has been previously possible. Furthermore, 

comparisons with cancer mutational signatures will help us understand PRC’s role in the development of 

cancers following treatment. For these reasons, PRC is an ideal chemical to test the applicability of DS in 

mutagenicity testing. 
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1.7 Thesis Objectives 

There are two overarching goals for this study:  

1. To demonstrate the potential of DS as a robust in vivo mutagenicity test that could replace the 

TGR assay as the next “gold standard” in research and regulatory applications.  

2. To explore the rich data provided by DS to gain a better understanding of spontaneous and PRC-

induced mutagenicity in somatic and germ cells.    

The four specific objectives for my thesis are: 

1. Evaluate the performance of DS for effective assessment of in vivo spontaneous and induced 

mutations in bone marrow and male germ cells following exposure to PRC. DS was used to 

analyse MF in the bone marrow and germ cells of MutaMouse males exposed to PRC alongside 

vehicle controls. MF determined by DS was compared to mutant frequency obtained using the 

TGR assay on the same samples. Dose-response modelling was applied to compare the response 

between tissues. 

2. Assess genomic features that drive mutational response and determine whether they differ 

between bone marrow and germ cells. The twenty 2.4kb genomic targets were sequenced with 

DS for each animal. Mutation frequencies in the targets were compared and the influence of 

transcription status, chromatin state, sequence context, and other factors was investigated in 

both tissues. This work informs the features that drive mutational response to genotoxic agents 

and potential differences in these between somatic and germ cells.  

3. Use bioinformatics approaches to characterize mutagenic mechanisms and determine the 

mutational signature of PRC in bone marrow and germ cells of MutaMouse males. Mutation 

subtypes detected by DS were compared between control and PRC-treated groups, as well as 

between germ and bone marrow cells. Advanced bioinformatics analyses were used to identify 

COSMIC SBS signatures that most closely resemble the PRC mutational spectra and whether 

these differ between somatic tissues and germ cells.  

4. Explore optimal DS study designs for assessing mutagenicity by modeling sample size and 

sequencing data yield within mouse bone marrow and germ cells. A power analysis was 

conducted to determine if sample size and the total duplex bases sequenced per animal may be 
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reduced without compromising the quality of the data obtained. These analyses were based on 

the observed parameters of our exposure studies in each tissue, including background mutation 

frequency and sample variance. 

Overall, this project supports the uptake of DS as a modernized mutagenicity testing methodology that 

can improve our ability to assess the potential dangers of chemicals efficiently and effectively. Its 

application will undoubtedly impact regulatory decision-making aimed at the prevention of genetic 

diseases, including cancer, for Canadian citizens in the future. 
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2.1 ABSTRACT 

Mutagenicity testing is an essential component of health safety assessment. Duplex Sequencing 

(DS), an emerging high-accuracy DNA sequencing technology, may provide substantial advantages over 

conventional mutagenicity assays. DS could be used to eliminate reliance on standalone reporter assays 

and provide mechanistic information alongside mutation frequency (MF) data. However, the 

performance of DS must be thoroughly assessed before it can be routinely implemented for standard 

testing. We used DS to study spontaneous and procarbazine (PRC)-induced mutations in the bone 

marrow (BM) of MutaMouse males across a panel of 20 diverse genomic targets. Mice were exposed to 

0, 6.25, 12.5, or 25 mg/kg-bw/day for 28 days by oral gavage and BM sampled 42 days post-exposure. 

Results were compared with those obtained using the conventional lacZ viral plaque assay on the same 

samples. DS detected significant increases in mutation frequencies and changes to mutation spectra at 

all PRC doses. Low intra-group variability within DS samples allowed for detection of increases at lower 

doses than the lacZ assay. While the lacZ assay initially yielded a higher fold-change in mutant frequency 

than DS, inclusion of clonal mutations in DS mutation frequencies reduced this discrepancy. Power 

analyses suggested that three animals per dose group and 500 million duplex base pairs per sample is 

sufficient to detect a 1.5-fold increase in mutations with >80% power. Overall, we demonstrate several 

advantages of DS over classical mutagenicity assays and provide data to support efforts to identify 

optimal study designs for the application of DS as a regulatory test.  

 

 

 

 

 

 

 

 

 

Keywords: Error-corrected sequencing; ecNGS; genetic toxicology; duplex sequencing; mutagenesis; 

transgenic rodent assay. 
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2.2 INTRODUCTION 

Somatic mutations are a hallmark of cancer and exposure to mutagenic substances is associated 

with an increased risk of carcinogenesis (Jackson et al., 2018). Thus, testing the ability of chemicals to 

induce genotoxic effects is required prior to regulatory approval and a battery of internationally 

standardized assays is available for this purpose. There is also growing recognition that mutations in 

themselves represent an adverse effect that should be considered in regulatory decision-making (Heflich 

et al 2020). Assays with available Organization for Economic Co-operation Development (OECD) test 

guidelines are routinely employed as the gold standards to assess in vitro and in vivo mutagenicity (OECD 

470, 471, 488) 

In vivo mutagenesis assays, such as the transgenic rodent (TGR) gene mutation assay (OECD, 

2022), provide an important early indication of oncogenic risk; these assays are used to screen for 

potential hazard prior to the more time-intensive and costly rodent cancer bioassays. However, these 

assays have significant limitations. First, the TGR assay uses unique strains of animals that prevents 

integration with other standard toxicity tests. Second, the TGR plaque-based assay measures mutation 

induction in a single exogenous reporter gene that does not accurately represent the diverse structure 

and function of the mammalian genome. Many genomic features are thought to modulate differential 

sensitivity to chemical mutagens (Hodgkinson & Eyre-Walker, 2011; Makova & Hardison, 2015); these 

cannot be assessed when relying on a single reporter (Salk and Kennedy, 2020). Third, the TGR assay, like 

many other existing mutagenicity tests, yields little mechanistic data. The pattern of mutation types 

induced by a chemical can provide clues to the mechanism behind the chemical’s mutagenic effect; with 

the TGR assay this is impractical given the need to laboriously pick and independently sequence many 

viral plaques (Beal et al., 2020). Novel methodologies that can interrogate a broad selection of genomic 

targets and concurrently enumerate the spectrum of mutations across a diversity of genomic regions 

would provide mechanistic understanding of a chemical’s mutagenic effect for better prediction of 

human cancer risk.   

Duplex Sequencing (DS) is an error-corrected next-generation sequencing (ecNGS) technology 

that detects ultra-rare mutations using a customizable panel targeting a portion of the endogenous 

genome (Kennedy et al., 2014). Recent work has demonstrated that DS is effective at measuring 

increases in mutations frequencies (MF) in mouse somatic tissues following exposure to established 

environmental mutagens including benzo[a]pyrene (BaP) (LeBlanc et al., 2022), aflatoxin 
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(Chawanthayatham et al., 2017), N-ethyl-N-nitrosourea (ENU) and urethane (Valentine et al., 2020). In 

addition to being able to precisely quantify spontaneous and induced MF across diverse genomic 

contexts, chromatin states and functional domains, DS provides complementary mechanistic information 

in the form of detailed mutation spectral data (Salk & Kennedy, 2020) that can be linked to mechanism-

associated mutational signatures extracted from genome sequences of human cancers (Alexandrov et 

al., 2020) or cloned ex vivo treated cells (Kucab et al., 2019). For instance, BaP, the main carcinogenic 

agent found in cigarette smoke, produces a mutation spectrum that is highly similar to mutational 

signatures observed in human lung cancers (Nik-Zainal et al 2016; Kucab et al 2019; LeBlanc et al 2022). 

These signature analyses provide empirical evidence for the contribution of environmental mutagens to 

the mutation spectrum observed in human cancers. Given these features, it is conceivable that ecNGS 

may contribute to reducing reliance on, or even eliminating the need for, TGR and other mutation 

reporter assays.  

Before DS can be used as a regulatory test for chemical mutagenicity assessment, more work is 

needed to compare its performance to standard assays across a range of chemicals with differing modes 

of action and potency. Here, we test the performance of DS compared to the TGR assay following 

exposure of mice to procarbazine hydrochloride (PRC), an anti-neoplastic agent that is classified as a 

Class 2A probable carcinogen by the International Agency for Research on Cancer (IARC Working Group, 

1981). PRC is an SN1-type methylating agent known to induce mutations in mouse somatic cells 

(Maurice et al., 2019; Revollo et al., 2017; Suzuki et al., 1999). We measured mutations in the bone 

marrow (BM) of MutaMouse males exposed to PRC using the DS mouse mutagenesis panel comprised of 

twenty 2.4 kb targeted regions (Mouse Mutagenesis Kit, TwinStrand Biosciences Inc., Seattle WA, USA), 

chosen as a balanced representation of the entire genome with respect to location, GC content, 

trinucleotide abundances and genic status (LeBlanc et al., 2022). Our overall aim is to demonstrate the 

potential of DS as a robust in vivo mutagenicity test that could replace the TGR assay as the next “gold 

standard” in research and regulatory applications. 

The objectives of this study are to: 1) use DS to study the dose-response of mutation induction 

by PRC in MutaMouse BM; 2) characterize regional variability in spontaneous and PRC-induced MF 

across the panel of 20 DS loci; 3) assess the concordance of DS with the lacZ TGR assay; 4) compare the 

mutation spectrum measured by DS to that measured by sequencing mutant lacZ plaques; and 5) 

explore optimal DS study designs for assessing mutagenicity by modeling sample size and sequencing 

data yield. 



23 

 

2.3 METHODS 

2.3.1 Animal Exposure and Tissue Collection  

All animal handling, exposures and tissue collection were approved by the Health Canada 

Ottawa Animal Care Committee and followed the Canadian Council on Animal Care guidelines. All 

MutaMouse animals used in this study were a random subset of those included in a previous TGR study 

investigating the effects of sampling time on mutant frequencies (Marchetti et al., 2021). Adult 

MutaMouse males, 8-10 weeks of age at the beginning of the exposure were exposed by oral gavage to 

6.25, 12.5, or 25 mg/kg-bw/day PRC (CAS 366-70-1; Sigma-Aldrich, Oakville, ON Canada) or phosphate-

buffered saline without calcium and magnesium (PBS; Corning cellgro, Manassas, VA, USA) as vehicle 

control (VC) for 28 consecutive days. Six mice for each treatment group, and three mice for VC were 

euthanized 42 days after the final dose. Three control mice sampled 70 days after the final dosing were 

added to achieve a matched control group of six animals. At euthanasia, BM was collected from the 

femurs, flash frozen, and stored at -80°C. BM was selected as the tissue to study because it is commonly 

used in regulatory mutagenicity testing and is a known target for PRC (Marchetti et al., 2021; Souliotis et 

al., 1994). 

2.3.2 Transgenic Rodent Gene Mutation Assay (lacZ assay) 

The lacZ TGR assay was performed as per the Organization for Economic Co-operation and 

Development (OECD) TG 488 (2022). Genomic DNA was isolated from one femur using 

phenol/chloroform extraction (Gingerich et al., 2014). The quantity and purity of DNA were assessed 

using a NanoDrop spectrophotometer (Thermo Scientific Canada, Ottawa, Canada). λgt10 phage vectors 

in genomic DNA were excised using commercial packaging extract kits (Agilent Technology, Santa Clara, 

CA, USA), according to the manufacturer’s instructions. Transgene mutant frequency was determined 

using the phenyl β-d-galactopyranoside (P-gal)–positive selection assay (Lambert et al., 2005). A 

minimum number of 125,000 plaque-forming units (pfu) were counted per sample. Mutant frequency 

(phenotypically selectable mutants per lacZ locus) was expressed as the ratio of mutant plaques to total 

pfu.  
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2.3.3 DNA Extraction and Library Preparation for Duplex Sequencing 

DNA from the second femur was extracted using the Qiagen DNeasy blood and tissue kit, as 

described in the Qiagen User Manual (Cat. # 69504, Qiagen, Hilden, Germany). DNA quality was assessed 

using an Agilent Tapestation to ensure a DNA Integrity Number greater than 7.0. DNA was prepared for 

sequencing as described previously (Valentine et al., 2020) by TwinStrand Biosciences (Seattle, WA, USA). 

Briefly, 500 ng of DNA was ultrasonically sheared to a mean fragment size of approximately 300 base 

pairs (bp). The DNA was then end-polished, A-tailed and ligated to DuplexSeq™ Adapters (TwinStrand 

Biosciences, Seattle WA, USA).  

The DS Mouse Mutagenesis panel has one target on each autosome, except for chromosome 1 

which has two targets. Nine of the targets are located within genic regions and 11 within intergenic 

regions (Supp. Table 2.1). DS targets were classified as genic or intergenic based on gene intersection 

information obtained from the gene database GENCODE, the Mouse gene set, version M25 (Frankish et 

al., 2019). The chosen targets are presumed to be selectively neutral, with none of the targeted regions 

having known roles in cancer either in mice or human orthologs. The panel was chosen for optimal 

performance in hybrid capture and contains no significant pseudogenes or repetitive elements that 

could potentially confound alignment or variant calling. Panel trinucleotide composition shows a strong 

correlation with that of the whole genome (mm10; Supp. Figure 2.1). Target chromatin status and %GC 

content were determined using the University of California Santa Cruz (UCSC) Mouse Genome Browser, 

reference genome mm10 (Kent et al., 2002). Descriptions of the 20 targets are provided in Supp. Table 

2.1. The panel was captured using 120mer biotinylated oligo probes (Integrated DNA Technologies, 

Coalville, IA, USA). 

Prepared libraries were sequenced on a NovaSeq 6000 (Illumina, San Diego CA, USA). An average 

of 400 million raw reads were sequenced per sample yielding an average of 16,000-fold coverage of the 

targeted loci. All samples met a targeted 500 million duplex bases and 10,000X sequencing depth. The 

sequencing FASTQ files used in the current study are made available in the Sequence Read Archives 

(SRA) BioProject ID PRJNA909196. Per-library FASTQ files were analyzed using the DS TwinStrand 

DuplexSeq Mutagenesis App v3.4.2 (TwinStrand Biosciences, Seattle WA, USA) as functionally described 

in Valentine et al. (2020). This App produced sequencing summary metrics, mutagenesis metrics 

including mutation frequency (MF) and base substitution spectra, and a variant call file (VCF) per library. 

Briefly, the DuplexSeq Mutagenesis App involves extracting unique molecular identifier (UMI) sequences, 
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correcting UMI sequences, raw read alignment, grouping reads by their UMI and strand defining 

element, quality trimming, error-correction of read groups by duplex consensus calling, consensus post-

processing, re-alignment, and variant calling. Importantly, the DuplexSeq Mutagenesis App does not 

include variants with a variant allele fraction >0.01 in mutagenesis metrics because highly clonal variants 

were considered germline polymorphisms and unlikely to be somatic in origin. Post-processing handled 

outside the DuplexSeq Mutagenesis App, but at TwinStrand Biosciences, involved calculating mutation 

frequency per-target instead of just panel-wide.  

Mutations that occurred more than once in a single sample were considered under two 

opposing assumptions: 1) all identical mutations represent the clonal expansion of a single mutational 

event; or 2) all identical mutations occurred as independent mutational events, possibly due to local 

genomic features that render it more susceptible to mutation. Making the former assumption and 

counting multi-read mutations as a single mutation in the MF calculation guards against over-estimating 

mutant frequency that could otherwise be artificially increased by clonal expansion. This calculation is 

the minimum mutation frequency (MFMin) that could explain the data. Alternatively, counting all identical 

mutations independently guards against the possibility of undercounting true independent mutations. 

This calculation is the maximum mutation frequency (MFMax) that could explain the observed data. Since 

it is rarely possible to be certain which of these two assumptions apply to any given mutation (and it 

could be a mixture of both), here, we consider both alternatives. It is also worth noting that clonal 

expansion of adverse mutations can lead to genetic disease and thus such events warrant consideration. 

2.3.4 Mutation Data Interpretation and Statistical Analysis 

First, mutation induction was measured as mutant frequencies (phenotypically scorable mutants 

per lacZ locus) for the TGR lacZ assay and as MFMin or MFMax (represented as mutations per bp) for DS 

using the entire mouse mutagenesis panel. Estimated frequencies by dose were obtained for both assays 

using generalized linear models (GLM) in the R software with the quasibinomial distribution. Pairwise 

comparisons were conducted using the doBy R library (Højsgaard & Halekoh, 2018) and these estimates 

were then back-transformed. Here, the delta method was employed to approximate the back-

transformed standard errors (standard error of the mean; SEM) of the estimated MF. A Holm-Sidak 

correction was applied to adjust p-values for multiple comparisons for both MFMin and MFMax. Next, we 

estimated MFs for each 2.4 kb target using generalized linear mixed models (GLMM) with a binomial 

error distribution in the R software. Pairwise comparisons based on dose and location relative to genes 
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were conducted using the doBY R library as described above. The MFMin and MFMax response for each 

target was then compared individually against the TGR lacZ assay.  

The mutation spectra data generated by DS was evaluated by considering first only the mutated 

base and then by extending the analyses to include the flanking bases. To determine which mutation 

substitution types differed between control and treated groups, a modified contingency table approach 

was used as described by (Piegorsch & Bailer, 1994). Pairwise comparisons as described above were used 

to determine which mutation types were significantly increased from VC. Subsequently, we generated a 

96-trinucleotide mutation spectrum and used cosine similarity to determine the Catalogue of Somatic 

Mutations in Cancer (COSMIC) single base substitutions (SBS) signatures (Alexandrov et al., 2020) that 

most closely resembled the PRC mutation spectra, using the MutationalPatterns package in R (Manders 

et al., 2022).   

2.3.5 Benchmark Dose Comparison of lacZ and DS Results 

Benchmark dose (BMD) modeling was conducted using the PROAST web application (version 

70.1, https://rivm.nl/en/proast) to mathematically model the PRC dose-response curves for both assays. 

The BMD estimated in our study represents a dose that produces a 50% increase (i.e., the benchmark 

response; BMR) in lacZ mutant frequency, MFMin or MFMax; this BMR was selected based on previous 

recommendations for genotoxicity assessment (White et al., 2020). The BMD is a measure of the 

potency of a chemical, with a lower BMD indicating a more potent mutagen. To estimate the BMD, 

different mathematical models (Hill, exponential, reverse exponential, and lognormal) were applied to fit 

the dose-response data. The Akaike Information Criterion was used to select the model with the best fit. 

95% confidence intervals based on model averaging were generated from 200 bootstrap runs and were 

used to statistically evaluate the differences between BMDs derived with DS versus the lacZ assay, and 

across genomic loci. 

2.3.6 Power Analysis on DS Study Design 

We performed a power analysis to determine the minimum sample size and total number of 

duplex base pairs needed to observe a significant increase in MF using DS. First, we used a binomial 

distribution to randomly generate control samples based on parameters from our experiment. 

Hypothetical mutation counts were generated based on the observed average MFMin from our VC group 

(1.31 x 10-7 mutations per bp) and the average total number of bases sequenced per animal (depth; 7.98 
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x 108 bp). Over-dispersion was incorporated assuming a normal distribution with mean zero and standard 

deviation taken from the sample variance. A sample variance of 0.062 was estimated from the standard-

deviation obtained from the GLMM used for per target dose-response analysis. We randomly generated 

a treatment group using the experimental parameters and a selected fold-increase. Next, we used a GLM 

to calculate the significance of the fold-change in MF between control and treated samples, as described 

above, and calculated the power of that analysis under the set conditions. Finally, the bisection method 

was used to estimate the minimum detectable effect size (MDES) of the simulated experiment yielding a 

power of 80% and a p < 0.05. We varied the sample size to calculate the power and MDES of the various 

conditions. Finally, we investigated the effect of sample variance and total duplex bases on our power 

results. We increased sample variance from 0.06 to 0.1 to roughly double our observed value and varied 

the total number of duplex bases. We then calculated the total number of duplex bases required to 

detect a 1.5-fold increase in MF with 80% power under each of the various simulated conditions.  

2.4 RESULTS 

2.4.1 lacZ Mutant Frequency  

LacZ assay mutant frequency was measured by dividing the number of identified mutant plaques 

by the total number of plaques counted. On average, 14, 21, 51, and 100 mutants were counted for VC, 

6.25, 12.5, and 25 mg/kg-bw/day PRC, respectively (Supp. Figure 2.2). PRC induced a significant increase 

in mutant frequency (x 10-5) relative to VC in the middle and high dose groups from 7.33 ± 1.76 

mutations per lacZ locus (± SEM) in the VC to 24.9 ± 3.07 and 46.7 ± 4.14 at the middle and high PRC 

doses, respectively. No statistically significant increase was observed at the low PRC dose (Table 2.1). 

There was substantial inter-individual variation within the lacZ data, as indicated by the large SEM for the 

average mutant frequency of each dose group. These results are highly comparable to those reported by 

Marchetti et al. (2021) for the same animals.  
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Table 2.1. Mean mutant frequency estimates and corresponding pairwise comparisons between dose 
groups for the lacZ assay obtained using a GLM.  

Dose (mg/kg-bw/day) Mutant frequency ± SEM (x 10 -5) Fold Changes (± SEM) p-value* 

0 7.3 ± 1.76  --  

6.25 12.7 ± 2.48 1.74 ± 0.54 8.84 x 10-2 

12.5 24.9 ± 3.07 3.39 ± 0.91 4.05 x 10-4 

25 46.7 ± 4.14 6.37 ± 1.63 1.54 x 10-6 

*Bold font indicates p-value < 0.05 

2.4.2 DS Mutation Frequency 

DS reads were distributed relatively evenly across the 20 targets in the 24 samples (Supp. Figure 

2.3). Sequencing yielded an average of approximately 800 million duplex base pairs per sample for a 

total of about 20 billion duplex bases across the cohort. All samples met a minimum target of 500 million 

duplex bases per sample.  

MF was calculated by dividing the number of identified mutants by the total number of bases 

sequenced per sample. Mutations include single nucleotide variants (SNVs), insertions and deletions 

(indels), and multi-nucleotide variants (MNVs). Under the conservative MFMin assumption, 104, 136, 157, 

and 256 unique mutations on average were identified in mice treated with VC, 6.25, 12.5, and 25 mg/kg-

bw/day PRC, respectively, with minimal inter-individual variability within each dose group (Figure 2.1, 

Supp. Table 2.2). Within the VC, there was no significant difference in MFMin, nor in the proportion of 

mutation subtypes, between animals sampled after 42 days and animals sampled after 70 days. PRC 

induced a significant dose-dependent increase in MFMin relative to VC in all PRC dose groups, from 1.31 x 

10-7 ± 7.47 x 10-9 mutations per bp in the control to 3.22 x 10-7 ± 11.7 x 10-9 in the high dose group. A 1.3-, 

1.6-, and a 2.5- fold increase in MFMin relative to VC was induced in 6.25, 12.5, and 25 mg/kg-bw/day 

dose groups, respectively (Table 2.2). 

  



29 

 

 Table 2.2. Mean mutation frequency (MFMin) estimates and corresponding pairwise comparisons 
between dose groups for DS obtained using a GLM. 

Dose (mg/kg-
bw/day) 

MF ± SEM (x 10 -7) Fold Change from 
VC (± SEM) 

p. value* 

0 1.31 ± 0.07          --          -- 

6.25 1.65 ± 0.08 1.26 ± 0.10 6.03 x 10 -3 

12.5 2.03 ± 0.09 1.55 ± 0.11 1.65 x 10 -5 

25 3.22 ± 0.12 2.46 ± 0.16 6.57 x 10 -11 

*Bold font indicates p-value < 0.05 

To assess the impact of counting all mutations independently, we performed the same analyses 

using the MFMax assumption. We identified an additional 50, 198, 351, and 770 mutations for VC, 6.25, 

12.5, and 25 mg/kg-bw/day PRC, respectively. PRC induced a significant dose-dependent increase in 

MFMax (Table 2.3, p < 0.01) in all groups relative to VC from 1.41 x 10-7 ± 8.38 x 10-9 mutations per bp (± 

SEM) in the control to 4.82 x 10-7 ± 15.5 x 10-9 in the high dose group (Figure 2.1). A 1.5-, 2.0-, and a 3.4- 

fold increase in MFMax relative to VC was induced in 6.25, 12.5, and 25 mg/kg-bw/day PRC dose groups, 

respectively. The MFMax for the middle and high dose groups were significantly higher than to the MFMin 

for those dose groups (p < 0.01). Inter-individual variability did not meaningfully differ between the 

MFMin and MFMax assumptions.  

Table 2.3. Mean mutation frequency (MFMax) estimates and corresponding pairwise comparisons 
between dose groups for DS obtained using a GLM.  

 

 

 

*bold font indicates p-value < 0.05 

Dose (mg/kg-
bw/day) 

MF ± SEM  
(x 10 -7)  

Fold Change from 
VC (± SEM) 

p-value* 

0 1.41 ± 0.08          --         -- 

6.25 2.05 ± 0.10 1.45 ± 0.11 9.51 x 10 -5 

12.5 2.78 ± 0.12 1.97 ±0.14 1.16 x 10 -8 

25 4.82 ± 0.16 3.42 ± 0.23 6.48 x 10 -14 
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Figure 2.1. Duplex Sequencing mutation frequencies (MF) in the bone marrow of MutaMouse males at 
various doses of PRC. Bars represent the MF (mutations per bp) for each animal using MFMin or MFMax. 
Data labels indicate total mutation count per animal. X-axis indicates PRC dose group (mg/kg-bw/day). 
Asterisks indicate a significant difference (p < 0.05 relative to the control in the average MF across 
animals). 

2.4.3 DS Mutation Frequency by Target 

Next, we analyzed mutation induction across the 20 genomic targets using the MFMin 

assumption. The background MFMin differed by 2.8-fold across the targets, with the highest MFMin 

observed for the second target on chromosome 1 (chr1.2: 2.41 x 10-7) and the lowest MFMin on 

chromosome 10 (0.858 x 10-7). When ranking the MF across targets within the VC, we observe that the 

highest and lowest responding targets are similar to those in a previous study (LeBlanc et al., 2022). This 

reproducibility indicates a robust number of mutations within the control group. PRC induced a 

significant increase in MFMin relative to VC in 14 of the 20 targets at the high PRC dose (Figure 2.2). At the 

middle PRC dose, only the target on chromosome 17 had a significant increase in MFMin. No target had a 

significant increase in MFMin compared to VC at the low dose. We observed a maximum 2.5-fold 

difference between the target with the highest MFMin at the high PRC dose (chromosome 17; 5.21 x 10-7) 

and the target with the lowest MFMin at the high dose (chromosome 13; 2.13 x 10-7). Similarly, we 

observed a 2.7- and 2.6- fold change between the targets with the highest and lowest MFMin for the 

middle and low PRC doses, respectively. The targets with the highest MFMin were on chromosome 17 for 

the high and middle PRC doses, and on the second target on chromosome 1 (i.e., chr1.2) for the VC and 
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low PRC dose. Three of the five targets with the lowest background MFMin, those on chromosomes 3, 5 

and 13, were also among the five targets with the lowest MFMin at the high PRC dose, suggesting these 

targets may be less sensitive to mutation induction. Finally, responsiveness to PRC varied between 

targets. The fold-increase from VC at the high dose group for chr17 was 3x higher than the target with 

the lowest fold-increase, chr1.2 (Figure 2.3). Thus, susceptibility to mutation induction varies by genomic 

locus.  

 

Figure 2.2. Spontaneous and PRC-induced MF by Duplex Sequencing target ordered from highest MFMin 
in the high PRC dose group to the lowest. Data are mean MF ± SEM mutations per bp, for each target (n 
= 6), separated by dose (mg/kg-bw/day). Intergenic targets are labelled in red and genic targets are in 
black. Asterisks indicate a significant increase in the high PRC dose relative to the controls. The double 
asterisk indicates a significant increase in the high and middle PRC doses relative to controls. 
(Generalized linear mixed model, p < 0.05). 
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Figure 2.3. Fold change in MF between PRC high-dose group and VC for the 20 Duplex Sequencing 
targets as well as for the lacZ gene (red bar). Estimated using a general linear mixed model. DS targets 
are listed along the X-axis. Errors bars are SEM. Asterisks indicate the fold change was a significant 
increase in MF from VC for MFMax. Double asterisks indicate significance for both MFMax and MFMin.   The 
targets chr17, chr14, chr1, chr11, chr8, and chr10 were within range of the lacZ fold change.  
 

We observed that genomic targets in intergenic regions tended to have a higher susceptibility to 

PRC than targets in genic regions, which, if expressed, can be subjected to transcription-coupled repair 

(TCR). The five targets with the highest MFMin at the high PRC dose were all located in intergenic regions, 

while 4/5 targets with the lowest MFMin were genic (Figure 2.2). Overall, a combined analysis of 

intergenic targets showed a significantly higher mean MFMin than the combined genic targets in the 

middle and high PRC dose groups by 1.3 and 1.4-fold respectively (p < 0.001) (Supp. Figure 2.4). These 

results did not change when using MFMax. Furthermore, intergenic targets showed a significant increase 

in MFMin and MFMax at all PRC doses compared to the VC, whereas the genic targets showed a significant 

increase only at the high dose for MFMin and the middle and high dose for MFMax. Conversely, the mean 

background MFMin observed in intergenic targets (1.26 x 10-7) was not significantly different from the 

mean background MFMin in genic targets (1.28 x 10-7). These results were not changed when using MFMax.  

2.4.4 DS and TGR concordance 

To assess DS concordance with the TGR assay, we compared the DS MFMin to the lacZ mutant 

frequency in the same samples. There was a significant positive correlation between the induced DS 
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MFMin and lacZ mutant frequencies (Figure 2.4; Pearson’s correlation; r = 0.85, p = 6.19 x 10-7), with lacZ 

displaying more inter-individual variability. The correlation increased further when we used MFMax 

(Pearson’s correlation; r = 0.87, p = 2.88 x 10-8), although the magnitude of the response to PRC was still 

higher in the lacZ assay (Table 2.1, Table 2.2, Table 2.3). The lacZ fold changes relative to control for each 

dose group were greater by an average of 2-fold than DS MFMin and 1.5-fold compared with DS MFMax. 

We then assessed the concordance of MF of individual DS targets with the lacZ assay for the two 

PRC doses that significantly increased lacZ mutations. The fold-change in MF between VC and the PRC 

dose groups was estimated for each target, using either the MFMin or MFMax DS data (Figure 2.3). Using 

MFMin, the target on chromosome 17 (4.34 ± 0.98-fold-increase) was the only one within range of the 

fold-change observed using the lacZ assay (6.37 ± 1.63). Conversely, using MFMax, we observed six targets 

whose fold-increase in MF falls within the lacZ assay range, namely the targets on chromosome 17, 14, 1, 

11, 8, and 10. These six targets were all intergenic. Similar trends were observed at the middle PRC dose, 

where four and 10 targets were within range of the lacZ fold-change (3.39 ± 0.91) when MFMin and MFMax 

values were used, respectively. Of these, all targets except for the one on chromosome 3 were intergenic 

(Supp. Figure 2.5). Thus, the data show intergenic targets generated fold changes in MF that more closely 

approximated lacZ assay results than genic targets.  

Finally, we examined DS and lacZ concordance using BMD modelling to identify the dose at 

which a 50% increase in MF occurred above background. The BMD for the lacZ assay was 3.7 mg/kg-

bw/day (95% CI of 1.6-6.6 mg/kg-bw/day), which was significantly lower than the BMD of 11.1 mg/kg-

bw/day (95% CI of 8.7-13.8 mg/kg-bw/day) obtained using DS MFMin (Figure 2.5A). However, using MFMax 

produced a BMD of 8.4 mg/kg-bw/day (95% CI of 6.5-10.4 mg/kg-bw/day), which overlaps with the CI of 

the lacZ assay. Thus, quantitative concordance of DS with the lacZ assay improves when MFMax are used. 

We also produced BMDs for each of the 20 DS targets individually calculated as MFMax (Figure 2.5B) and 

compared these to the lacZ BMD. Every target had CIs that overlapped with the lacZ CI, except for 

targets on chromosomes 7, 15, and 19, which were significantly higher. Chr 1.2 failed to produce a BMD 

due to its weak dose-response and high mutation background frequency. Overall, BMD concordance 

between the assays improved when MFMax was used.   
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B 

  
Figure 2.4. Pearson’s correlation analysis between lacZ mutant frequency and Duplex Sequencing 
using MFMin (A) or MFMax (B) for MutaMouse males exposed to different doses (different shades of blue) 
of PRC (in mg/kg-bw/day). Data are presented as the individual MFs for each animal. 
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Figure 2.5. 95% confidence intervals (CI) based on BMD model averaging analyses. (A) log10 BMD for a 
50% increase of lacZ mutant frequency and the Duplex Sequencing MF, using either MFMin or MFMax. (B) 
log10 BMD of lacZ mutant frequency and Duplex Sequencing MFMax for each genomic target. DS targets are 
organized from smallest BMD to highest. Target chr1.2 failed to produce a BMD due to poor dose 
response.  
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2.4.5 Mutation Spectrum  

Both the spontaneous and PRC-induced mutation spectra (MFMin) consisted primarily of SNVs, 

followed by small deletions, then MNVs, and lastly, small insertions (Figure 2.6). Pairwise comparison of 

DS mutation data revealed that the overall mutation spectra were significantly different from each other 

at all PRC doses (modified contingency table; p < 0.05). PRC primarily induced T:A>C:G and C:G>T:A 

transitions accounting for 29% and 28% of total mutations at the high dose, followed by T:A>A:T 

transversions (13%) and T:A>G:C transversions (4%). This differed from the background mutation 

spectrum, which consisted primarily of C:G>G:C transversions (33%), C:G>A:T transversions (33%), and 

C:G>T:A transitions (17%). We observed significant dose-dependent increases in T:A>C:G transitions in all 

three dose groups compared with VC; T:A>A:T transversions were significantly increased at the middle 

and high PRC dose compared with VC; and T:A>G:C transversions and C:G>T:A transitions were increased 

at the high dose only (Figure 2.6).  

We further analyzed the sequence context of induced mutations by considering the flanking 

base on either side of the mutated base to produce trinucleotide spectra and examine mutational 

signatures (Alexandrov et al., 2013). This revealed a clear enrichment in T:A>C:T transitions and T:A>A:T 

transversions, together with a shift from mutations at CpG sites to non CpG sites for C:G>T:A transitions 

(Supp. Figure 2.6). We compared our trinucleotide frequencies to SBS signatures of the COSMIC 

Mutational Signatures database (mm10, version 3.3) using cosine similarity. We observed a dose-

dependent increase in cosine similarity to several cancer signatures. The signature that displayed the 

greatest difference between its similarity to the control spectrum and its similarity to the high PRC 

spectrum was SBS 21, followed by SBS 26, and SBS 12 (Supp. Figure 2.7).  
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Figure 2.6. Mutation spectrum of controls and PRC dose groups (mg/kg-bw/d) measured by Duplex 
Sequencing in the bone marrow of MutaMouse males. (A) Mutation subtypes are presented as the 
average MF ± SEM. (B) Mutation subtypes are represented by the proportion of total mutations. Values 
are mean ± SEM. Plots represent MFMin. Mutation subtypes include the six single nucleotide variants 
using a pyrimidine reference, multi-nucleotide variants (mnv), small insertion (ins), and small deletion 
(del) mutations. Asterisks indicate a significant increase in MF from controls. 
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2.4.6 Power Analysis for Sample Size and Total Duplex Basepairs 

We performed a power analysis on datasets simulated from the observed conditions of our DS 

experiment. Using our true sample size of six animals per dose, we had >95% power to detect a 1.5-fold 

increase in MFMin (Table 2.4). Reducing the number to three animals per dose group retained 92% power. 

The MDES that could be achieved after reducing the sample size to three animals was a 1.4-fold increase 

in MF from background (Table 2.4). This is higher than the 1.26-fold increase in MFMin that was observed 

for the lowest PRC dose, but is lower than the 1.55-fold and 2.46-fold increase observed at the middle 

and high PRC doses. Thus, under the observed conditions of our experiment, a reduction in sample size 

to three animals per group would result in sufficient power to classify PRC as mutagenic and detect the 

changes we observed at the middle (95% power) and high (>95% power) PRC dose but would be under-

powered to detect the smaller increase observed at the low PRC dose (49% power). The use of MFMax did 

not alter the results of the power analysis (data not shown). Finally, we assessed whether these results 

were robust to simulated increases in sample variance. We performed the same analyses as above but 

with twice the observed sample variance (0.1). We observed an 81% power to detect a 1.5-fold increase 

in MFMin above background with a sample size of three and the increased sample variance.  

 
Table 2.4. Power analysis for Duplex Sequencing dose-response studies. 

 
a Power (%) to detect a 1.5-fold-change of MF 
b MDES: minimum detectable effect size with 80% power 

 

 Experimental conditions Simulated condition 

 MFMin  MFMax  Increased Variance  

Background MF  1.31 x 10 -7 1.41 x 10 -7 1.31 x 10 -7 

Total DS base 
pairs 

7.98 x 10 8 7.98 x 10 8 7.98 x 10 8 

Sample 
Variance 

0.062 0.063 0.10 

       

Sample Size Power (%) 
1.5-FCa

 

MDESb Power (%) 
1.5-FCa 

MDESb Power (%) 
1.5-FCa 

MDESb 

6 100 1.23 100 1.22 100 1.27 

5 100 1.25 100 1.25 98 1.31 

4 100 1.30 99 1.29 95 1.38 
3 92 1.40 91 1.38 81 1.51 
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Next, we investigated the number of total duplex bases required for analysis (Figure 2.7). When 

using a sample size of three animals, and our observed sample variance (0.062), a minimum of 500 

million DS bases per animal is required to achieve sufficient power (81%) to detect a 1.5-fold increase in 

MFMin. However, this reduction in data yield causes analyses to become more susceptible to increases in 

sample variance. When the sample variance is 0.1, and the sample size is three animals, the power to 

detect a 1.5-fold increase in MFMin is reduced to 71% and a minimum data yield of ~800 million duplex 

bases is required to achieve sufficient power. Increasing the number of animals per group to four, with a 

minimum of 300 million duplex bases, would be sufficient to detect a 50% increase in MFMin for datasets 

with a sample variance of 0.1 (78.2% power). 
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Figure 2.7. The power to detect a 50% increase in MF by Total Duplex Base Pairs. Results are displayed 
for a sample size of 6 animals per group (dark blue), 4 animals per group (blue) and 3 animals per group 
(light blue). (A) Sample variance of 0.062 (based on current study). (B) Sample variance of 0.1. Red line 
indicates the threshold for > 80% power and p < 0.05.  
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2.5 DISCUSSION 

We applied DS to study spontaneous and PRC-induced mutations in the BM of MutaMouse 

males across a panel of diverse genomic targets and compared the results with those obtained with the 

OECD TGR assay on the same samples. Low intra-group variability within DS samples resulted in 

statistically significant increases at all PCR doses, whereas the lacZ assay failed to detect a significant 

increase at the low dose. The lacZ assay initially showed a stronger fold-response to PRC than DS based 

on MFMin; however, when using MFMax, several DS targets had fold-increases consistent with the lacZ 

assay. DS revealed a PRC mutation spectrum that was distinct from the background spectrum, with PRC 

primarily inducing T:A>C:G transitions, followed by C:G>T:A transitions, and T:A>A:T transversions. 

Finally, power analyses suggested that reducing the sample size to three animals per dose group and per-

sample data yield of 500 million bases retains sufficient power to detect a 1.5-fold increase in MF in our 

model. Thus, fewer animals per dose-group can be used with respect to the TGR models without losing 

power to detect an effect. Overall, our study provides strong evidence to support the use of DS in place 

of the plaque-based TGR assay for qualitative and quantitative chemical mutagenicity assessment with 

greater sensitivity, richer data and fewer animals.  

2.5.1 DS Loci Show Patterns of Mutation Sensitivity Consistent with TCR 

There are many genomic and epigenomic features that have been linked to susceptibility to 

mutation induction including transcription (Monroe et al., 2022; Xia et al., 2020), sequence context 

(Hodgkinson & Eyre-Walker, 2011), and chromatin state (Hodgkinson et al., 2012; Makova & Hardison, 

2015). The use of the Mouse Mutagenesis panel allowed us to observe differences in spontaneous and 

PRC-induced MF among the 20 targets. Specifically, we found that DS target loci in intergenic regions had 

a higher response to PRC mutagenesis than loci in genic regions, which is consistent with the protective 

effect of TCR. Transcribed regions of the genome are subject to increased rates of nucleotide excision 

repair (Nadkarni et al., 2016) that may contribute to the decreased MF in genic targets. Similar results 

were observed following BaP exposure in MutaMouse BM (LeBlanc et al., 2022). Remarkably, there was 

also a consistent pattern of relative sensitivity to mutation induction across targets between the two 

studies. In fact, the five targets with the highest MFMin at the high PRC dose (chromosome 17, 14, 11, 8, 

and 16; all intergenic) were the same five targets with the highest MFMin at the high BaP dose. These 

chemicals have different modes of action, which implies that there is an inherent feature of these loci that 
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renders them more susceptible to mutagenesis than the others. Our results provide further support for 

the role of TCR in the variation of mutation among loci.   

2.5.2 Clonal Mutations and Target Responsiveness Underlie Discrepancy Between DS and lacZ 

One of the main objectives of this study was to assess the concordance of DS with the gold 

standard TGR assay for in vivo mutagenesis testing. Initial analyses comparing the results of the lacZ 

assay with those of DS using MFMin showed a significant positive correlation, but lower fold-increases in 

MF and a higher BMD for DS compared to lacZ. Similarly, an attenuated DS response compared to the Big 

Blue® plaque-based assay was observed in mouse BM analyzed 3 days following exposure to BaP 

(Valentine et al., 2020). These authors suggested that the difference might be attributed to unrepaired 

DNA adducts that were fixed into mutations during the in vitro portion of the TGR assay (i.e., ex vivo 

mutations). However, in this study, we had a 42-day waiting period between the last daily exposure and 

tissue collection. It is highly unlikely that DNA adducts could remain for such an extended period. A 

similar study using BaP also found the same difference following a 28-day sampling time (LeBlanc et al., 

2022). Thus, ex vivo mutations are unlikely to contribute to the observed difference between DS and TGR 

assay. It is possible that applying the MFMin approach to the DS data is too conservative and contributes 

to the observed difference between the two assay results. 

The higher response measured by the lacZ assay may be the result of inherent differences 

between the two assays in how they quantify mutations. The lacZ assay scores mutants based on 

positive selection of plaques carrying mutant lacZ genes; thus, it cannot identify synonymous mutations, 

which do not alter the function of the lacZ gene, nor can it discount clonal expansion events unless 

paired with NGS sequencing. DS, on the other hand, identifies all types of mutations without bias and 

can easily filter out clonally expanded mutations using the MFMin approach. A single mutation may 

produce large mutant frequencies following clonal expansion of the mutated cell (Heddle, 1999). Due to 

the long interval between treatment and sampling time in our experiment, it is possible for the highly 

proliferative BM to accumulate small clonal populations of mutated cells. Indeed, we found that clonal 

mutations increased with PRC dose. When we included clonally expanded mutations in our calculations 

(using the MFMax assumption), we observed that the concordance between DS and the lacZ assay 

improved significantly. DS fold-changes in several endogenous target loci became equivalent to fold 

changes observed with the lacZ gene. Furthermore, BMD confidence intervals generated using MFMax 

overlapped with those for the lacZ BMD. Thus, it is possible that some of the discrepancies between DS 
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and lacZ can be attributed to the exclusion of clonally expanded mutations when analyzing DS data. 

Whether clonal mutations should be included in the DS mutation counts (MFMax) or corrected for (MFMin) 

will require consideration of the context with which the assay is performed and should be a subject of 

further investigation by the expert community.  

Differences in the responsiveness of the lacZ and DS assays to PRC may also be the result of 

assessing different genomic loci with differing sensitivities. Several studies have shown that exogeneous 

bacterial genes, such as the lacZ gene, tend to have higher mutant frequencies than endogenous genes. 

Previous work using Big Blue® mouse splenic tissue demonstrate that the lacI transgene exhibits higher 

spontaneous (Skopek et al., 1995) and BaP-induced (Skopek et al., 1996) mutant frequencies than the 

endogenous Hprt gene. Similarly, Valentine et al. (2020) found that the cII transgene has an elevated 

response to BaP mutagenesis compared to two expressed endogenous genes (Ctnnb1, Polr1c) using DS. 

We posit that the main reason for the seemingly attenuated response of DS compared to the lacZ assay 

is the result of the biologically higher susceptibility of the lacZ transgene to mutagenesis relative to many 

of the endogenous DS loci. The lacZ gene may exhibit increased susceptibility to mutation induction 

because it is a non-transcribed transgene, thus unprotected by TCR. Of the DS loci that had fold-

increases in MFMax rivalling that of the lacZ transgene, most were in intergenic regions. Future use of DS 

to directly sequence the lacZ gene would aid us in understanding how the differences between the two 

assays influence MF. 

2.5.3 DS Identifies Induction of Mutation Subtypes Not Feasible with TGR 

A major benefit of DS is its ability to generate high-quality mutation spectra alongside its 

measurement of MF. Here, we showed that PRC induces mainly T:A>C:G, C:G>T:A, and T:A>A:T 

mutations. This is consistent with the known PRC mode of action as a monofunctional SN1-methylating 

agent (Fong et al., 1990; Fu et al., 2012; Gerson et al., 2018). The main mutagenic lesions produced by 

PRC include O4 and O2 – methylthymine leading to T:A>C:G and T:A>A:T mutations, respectively (Jenkins 

et al., 2005), and O6-methylguanine–a highly mutagenic adduct that results in C:G>T:A transitions (Fu et 

al., 2012). Previous work on the lacZ and Pig-A loci did not show significant increases in the proportions 

of C:G>T:A  mutations following PRC exposure (Beal et al., 2020; Pletsa et al., 1997; Revollo et al., 2017). 

We believe our study is the first to report a significant increase in these mutations. This was likely 

possible because of the substantially larger amount of spectral data generated by DS than what was 

produced using laborious manual clone picking and sequencing with the other approaches. Studies 
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relying on TGR approaches characterized PRC mutation spectrum from only 20-120 mutations. In 

contrast, our study utilized a total of 3926 mutations, substantially improving the robustness of our 

analyses. Furthermore, spontaneous C:G>T:A mutations are extremely common at CpG sites as a result 

of spontaneous deamination of methylated cytosine to form thymine. We observed a dose-dependent 

proportional reduction in these mutations occurring at CpG sites, alongside an increase in the context of 

non-CpG cytosine bases, consistent with the formation of O6-methylguanine adducts by PRC. Previous 

studies with low mutation counts likely were underpowered to observe a significant increase in C:G>T:A 

mutations due to their abundance in the VC group. As a mutagenicity test, DS enables the detection of 

lower frequency changes in specific mutation types to facilitate the discovery of potential secondary 

mutagenic mechanisms or less prominent DNA lesions induced by the mutagen that would not be 

observed using traditional assays.  

The trinucleotide mutation spectrum generated by DS following PRC exposure was linked to 

several COSMIC mutational signatures. The PRC mutation spectrum was most similar to SBS 21 and 26, 

which are both associated with defects in mismatch repair. Interestingly, the mutation spectra of similar 

acting alkylating agents (N-methyl-N-nitrosourea and N-ethyl-N-nitrosourea) within human pluripotent 

stem cells (Kucab et al., 2019) also showed high similarity with SBS 26 and SBS 12, suggesting that these 

SBS may be signatures of alkylation-induced chemicals. Additionally, we observed similarity with SBS 25, 

a signature observed in several Hodgkin’s cell line samples where the patients were treated with 

chemotherapy (Alexandrov et al., 2020). PRC was historically used to treat Hodgkin’s lymphoma; thus, it 

is possible this cancer signature is related to the exposure of these patients to PRC, or the similar acting 

methylating agent dacarbazine now used more commonly. These results support the utility of DS 

mutational signature analyses derived from mutagen-exposed rodents in identifying exposure-associated 

cancers in humans. 

2.5.4 DS Study Design Accommodates Reducing Animal Use and the Cost of Sequencing 

The analyses of Piegorsch et al. (1995) revealed that the main source of statistical variability 

observed in a TGR assay was significant variation between animals within a treatment group. These 

analyses provided the basis for the number of animals and plaques necessary to define a negative result 

with acceptable power (80%) for the TGR assay. OECD TG 488 requires a minimum of 5 animals per dose 

group for in vivo mutagenicity testing. In the current study, DS displayed much lower inter-animal 

variation than is typically observed using the lacZ assay. We note that the low sample-to-sample 
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variability observed with DS is consistent with what other studies have found (LeBlanc et al., 2022). This 

prompted us to investigate whether the DS study design could be revised to accommodate a reduced 

number of animals. Our computations suggested that good power (80%) to detect a biologically 

significant (50%) increase in MF is attainable with as few as three animals and a minimum total depth of 

500 million bases per animal. However, to observe more subtle increases in MF, such as that observed in 

the low PRC dose group, five animals per group is still required. Nevertheless, it appears that DS reduces 

intragroup variability, thus requiring fewer animals per dose group to detect an effect. 

Studies with different variances would require different study designs. To ensure the robustness 

of our analyses to increased variance, we performed the same analyses with a hypothetical sample 

variance that was about twice as large as our observed variance (0.1 vs 0.06). We found that a minimum 

of three animals per group is still sufficient to achieve good power for a 50% increase in MF; however, 

the minimum number of bases sequenced per sample needs to be increased to 800 million to achieve 

this power. Overall, our analysis suggests that DS requires fewer animals per group than the TGR assay 

even when the variance is increased.  

In the context of regulatory decision making, there remain many open questions on how to 

make a hazard call when targets within a panel vary in sensitivity to mutagenesis. For example, should a 

significant increase in mutations be observed in a single or a small subset of targets, but not with the 

overall panel, would this be sufficient for a positive result? Further work using DS to test weak and non-

mutagenic chemicals across a broad panel of loci is needed to answer this question. Overall, the use of a 

specific custom panel of targets is an effective methodology to enable an assessment of the various 

genomic features that influence a chemical’s mutagenic effects.  

2.6 CONCLUSION 

In summary, this study demonstrates the strong potential of DS for assessing in vivo 

mutagenicity and contributes key data towards efforts to understand optimal study design for its 

application as a regulatory test. With the inclusion of potentially clonally amplified mutations and the 

use of highly mutable targets, DS displays comparable fold-induction measurements to the gold-standard 

lacZ assay. In addition, DS provides high resolution mutation spectrum data that enable detailed 

investigations of mutagenic mechanisms and potential contributions to human carcinogenesis. Further 

advantages of DS with respect to the TGR assay include: (1) the potential to reduce the number of 
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animals per group necessary to see a significant effect mitigating, in part, the costs associated with DNA 

sequencing; (2) possible integration with standard toxicity tests, thus negating the need for standalone 

mutagenicity with TGR animals, and further improving the efficiency and reducing costs and animal use 

for regulatory testing; and (3) application to any tissue from any species, including humans. Future work 

to establish DS as a mutagenicity test will require testing DS with different chemicals, including weak 

mutagenic and non-mutagenic chemicals, and examining response across different loci. Further studies 

are required to quantify relative mutational sensitivity associated with transcription status, chromatin 

state, and relationship to 3D genomic architecture across different cell types, tissues, and species to 

increase our understanding of the underlying biology of mutagenesis. Although there is still much work 

to be done to standardize DS, it shows great promise for regulatory mutagenicity assessment because it 

overcomes many of the current limitations faced by traditional assays and provides novel insights into 

chemical mechanisms that underlie cancer. 
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3.1 ABSTRACT 

Germ cell mutagenicity testing is essential to protecting population health, though it is often 

neglected during risk assessment. Duplex Sequencing (DS) is an emerging high-accuracy DNA sequencing 

technology that provides novel opportunities to deeply characterize germ cell mutagenesis. We used DS 

to study spontaneous and chemically-induced mutations in the germ cells of MutaMouse males across a 

panel of 20 diverse genomic targets. Mice were exposed to the antineoplastic agent procarbazine (PRC) 

at 0, 6.25, 12.5, or 25 mg/kg-bw/day for 28 days by oral gavage. Germ cells of the seminiferous tubules 

were sampled 28 days post-exposure. The germ cell mutation frequencies and spectra were compared 

with dose-matched bone marrow samples to contrast mutagenicity profiles. DS detected significant 

increases in mutation frequencies and changes to mutation spectra at PRC doses comparable to those 

used during human chemotherapeutic treatment. The genomic features that drove the mutational 

response of the DS loci differed between germ cells and bone marrow. Furthermore, distinct mutation 

spectra between tissues suggest that some mutations may arise via different mechanisms in germ cells 

compared to somatic cells. Our results suggest that male germ cells may have intrinsic mechanisms to 

reduce mutation burden relative to somatic cells. Ultimately, this work demonstrates clear differences in 

the mutagenic response of male germ cells compared to the bone marrow using DS. Further 

characterization of germ cell mutagenicity will enable us to better protect DNA integrity in the germline 

and thus in the population. 
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3.2 INTRODUCTION  

Germline mutations are the primary force that drive the evolution of species. However, at the 

individual level, germ cell mutations may have severe negative effects on the health of the offspring. A 

single mutated germ cell may result in an offspring with the de novo mutation in every cell of the body. A 

broad spectrum of diseases is attributed to de novo mutations including rare genetic disorders (Bamshad 

et al., 2010; Hoischen et al., 2010, 2011), sporadic intellectual disorders (Vissers et al., 2010), autism-

spectrum disorders (Alonso-Gonzalez et al., 2018; Iossifov et al., 2012; O’Roak et al., 2011), 

schizophrenia (Gogos et al., 2011; Rouleau et al., 2011), and cancer (Kuiper et al., 2010). The male 

germline is the main contributor of inherited de novo mutations, and paternal age is directly correlated 

with mutations inherited by the offspring (Jónsson et al., 2017; Kong et al., 2012; Sasani et al., 2019). 

However, the contribution of environmental factors to the incidence of de novo mutations is almost 

entirely unknown. Despite decades of research, no human germ cell mutagen has been definitively 

identified, though over 80 rodent germ cell mutagens are known (Demarini, 2012; Marchetti et al., 

2020). Given the consequences of heritable mutations, it is critical that we improve our understanding of 

germ cell mutagenesis and apply this knowledge to the identification of human germ cell mutagens.  

Although a variety of methodologies exist to study germ cell mutations, mutagenicity testing 

requirements typically focus on somatic cells (OECD, 2017). Indeed, results of comparative studies show 

that most germ cell mutagens are likely to be detected using somatic cell tests. However, several 

examples of quantitative and qualitative differences in the mutagenic response of germ cells and 

somatic cells to chemical toxicants exist. Chemicals that cause mutations in germ cells at doses that do 

not affect somatic cells include N-hydroxyacrylamide (Witt et al., 2003), side-stream smoke (Marchetti 

et al., 2011), and various chemotherapy drugs (Cliet et al., 1993; Waters et al., 1994; Yauk et al., 2015). 

In addition,  O’Brien et al. (2016) demonstrated that benzo[a]pyrene (BaP), an established mutagen, 

induces a distinct mutation spectrum in male mouse germ cells compared to bone marrow. Thus, there 

appear to be mechanistic and/or chemical-specific effects to germ cells not observed in somatic cells in 

vivo. However, apart from Cliet et al. (1993) and O’Brien et al. (2016), studies comparing germ and 

somatic cell mutagenesis used different endpoints. Direct comparison of mutation frequency (MF) and 

spectrum in germ and somatic cells after chemical mutagenesis remains a critical knowledge gap. 
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There are several notable features that may be contributing to differences between germ cell 

and somatic cell mutagenesis. Meiosis, for example, may introduce opportunities for mutations to occur 

(Arbel-Eden & Simchen, 2019) and post-meiotic haploid germ cells cannot rely on sister chromatids for 

homology-based repair mechanisms (Baarends et al., 2001). The process of spermatogenesis is also 

characterized by a diminished DNA repair capacity during sperm maturation (Marchetti & Wyrobek, 

2008; Olsen et al., 2005). Germ cells are subjected to different epigenetic processes including 

reprogramming, imprinting, and chromatin remodelling that may modulate the mutational response. 

The replacement of histones with protamines during spermiogenesis may promote additional 

opportunities for misrepair of endogenous strand breaks (Rathke et al., 2014). Clearly, these unique 

germ cell factors may influence their mutagenic responses and would not be effectively captured 

through the study of somatic cell mutagenesis. Direct analysis of the mechanisms and endogenous 

factors involved in germ cell mutagenesis will enable better prediction of the hazards posed by 

mutagenic substances to our germline.  

New sequencing-based assays, such as Duplex Sequencing (DS), allow the direct analysis of the 

mutational response of cells in vivo following exposure to mutagenic substances. DS is an error-corrected 

next-generation sequencing technology that detects ultra-rare mutations using a customizable panel 

targeting a portion of the endogenous genome (Kennedy et al., 2014). Unlike traditional assays, DS is not 

restricted to specific test animals and can be widely applied to any species, including humans. 

Importantly, DS has been used to describe mutational responses of several known mutagens in mouse 

somatic tissues (Chawanthayatham et al., 2017; Dodge et al., 2023; LeBlanc et al., 2022; Valentine et al., 

2020). These studies show that detailed mutation spectra data obtained from sequencing can be used to 

inform mutagenic mechanisms. Furthermore, DS makes use of genomic targets that encompass a range 

of chromatin states, transcription statuses, and sequencing contexts; thus, it can inform on the 

endogenous factors that modulate mutagenesis.  

In this study, we used DS to characterize mutation induction in the germ cells of MutaMouse 

males exposed to procarbazine hydrochloride (PRC). PRC is an anti-neoplastic agent that is classified as a 

Class 2A probable carcinogen by the International Agency for Research on Cancer (IARC Working Group, 

1981). It induces mutations in mouse somatic tissues (Beal et al., 2020; Revollo et al., 2017) and testes 

(Suzuki et al., 1999) and has tested positive for male germ cell mutagenicity using the specific locus test 

in mice (Ehling & Neuhäuser, 1977). It is also implicated in impaired male fertility in cancer patients 

following treatment (Mauz-Körholz et al., 2010; Schellong et al., 1997; Viviani et al., 1985); thus, it 
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targets male germ cells in both humans and mice. We recently characterized mutations in the bone 

marrow of MutaMouse males exposed to PRC using DS (Dodge et al., 2023) and found that it induced 

significant dose-dependent increases in MF and a shift in mutation spectra. Herein, our overall aim is to 

assess PRC mutagenicity in male germ cells and compare it to bone marrow mutagenicity to explore 

some of the unique characteristics of germ cell mutagenesis.  

The specific objectives of this study are to: 1) use DS to study the dose-response of mutation 

induction by PRC in germ cells from the seminiferous tubules (hereafter, germ cells) of MutaMouse 

animals; 2) characterize variability in spontaneous and PRC-induced MF across a panel of 20 DS loci; 3) 

compare PRC-induced MF and spectrum between germ cells and bone marrow; 4) assess the 

concordance of DS with the conventional transgenic rodent (TGR) lacZ assay; and 5) explore optimal DS 

study designs for assessing mutagenicity in germ cells by modeling sample size and sequencing data 

yield.  

3.3 METHODS 

3.3.1 Animal Exposure and Tissue Collection  

All animal handling, exposures and tissue collection were approved by the Health Canada 

Ottawa Animal Care Committee and followed the Canadian Council on Animal Care guidelines. Adult 

MutaMouse males, 8-10 weeks of age at the beginning of the experiment were exposed by oral gavage 

to 6.25, 12.5, or 25 mg/kg-bw/day PRC (CAS 366-70-1; Sigma-Aldrich, Oakville, ON Canada) dissolved in 

phosphate-buffered saline without calcium and magnesium (PBS; Corning cellgro, Manassas, VA, USA). A 

sampling time of 28 days post exposure was chosen to ensure that all germ cells were exposed during 

the proliferative phase of spermatogenesis (Marchetti et al., 2018; OECD 488, 2022). Vehicle control (VC) 

mice were exposed to PBS for 28 consecutive days and sampled 3 or 28 days post-exposure. There were 

six mice per treatment group.  At euthanasia, germ cells were collected from the seminiferous tubules as 

previously described (O’Brien et al., 2014), and suspended in Dulbecco's phosphate-buffered saline (D-

PBS). The suspension was flash frozen and stored at -80°C (O’Brien et al., 2014). Germ cells from each 

testis were stored separately and used for the lacZ assay and DS, respectively.  
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3.3.2 DNA Extraction and Library Preparation for Duplex Sequencing 

DNA from germ cells was extracted using the Qiagen DNeasy blood and tissue kit, as described in 

the Qiagen User Manual (Cat. # 69504, Qiagen, Hilden, Germany). DNA quality was assessed using an 

Agilent Tapestation to ensure a DNA Integrity Number greater than 7.0. DNA was prepared for 

sequencing using the Duplex Sequencing Kit Mutagenesis Panel (Mouse-50, v1.0) as described in the 

user manual (Cat. # 06-1006-02, TwinStrand Biosciences, Seattle WA, USA). Briefly, 500 ng of DNA was 

subjected to enzymatic fragmentation to a mean fragment size of approximately 300 base pairs (bp). The 

DNA was then end-repaired, A-tailed and ligated to DuplexSeq™ Adapters (TwinStrand Biosciences, 

Seattle WA, USA). The Mouse Mutagenesis panel was captured using 120mer biotinylated oligo probes 

(Integrated DNA Technologies, Coalville, IA, USA). This panel was chosen as a balanced representation of 

the entire genome with respect to location, GC content, trinucleotide abundances and genic status. The 

DS panel consists of 20 2.4kb targets located on each mouse autosome except for chromosome 1 that 

has two targets. Nine of the targets are located within genic regions and 11 within intergenic regions 

(LeBlanc et al., 2022).  DS targets were classified as genic or intergenic based on gene intersection 

information obtained from the gene database GenCode, the Mouse GenCode gene set, version M25 

(Frankish et al., 2019).  

Prepared libraries were sequenced on a NovaSeq 6000 (Illumina, Sand Diego CA, USA) by 

Psomagen Inc. (Rockville, MD, USA) to a mean on-target duplex depth of 30,000X. The resulting 

sequence data were processed through the DS pipeline (TwinStrand Biosciences) as described in 

Valentine et al. (2020) using the DNANexus platform (v 3.19.3). Bioinformatic processing involved: 1) 

extraction of Duplex Tags; 2) sequence read alignment; 3) grouping of reads by their unique molecular 

identifier, quality trimming; 4) error correction of PCR duplicates into a Single-Strand Consensus 

Sequence (SSCs); 5) error-correction of SSCs by duplex consensus calling; 6) consensus post-processing; 

7) re-alignment; and, 8) variant calling. Variants with a variant allele fraction >0.01 were considered 

germline mutations and were filtered out. Insertions/Deletions larger than 1000bp were called as 

structural variants. Mutation induction was measured as MF, calculated by dividing mutation counts by 

total number of duplex bases sequenced (mutations per bp). Mutations that were observed more than 

once in the same sample were considered under two assumptions as discussed in Dodge et al., (2023): 1) 

all identical mutations represent the clonal expansion of a single mutational event and are only counted 

once (MFmin); 2) identical mutations represent independent mutational events and are each counted as a 

unique mutation (MFmax). Resulting data from the DS pipeline included a summary of sequencing quality 
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metrics, MFMin and MFMax (mutations per bp), simple mutation spectra, trinucleotide frequency, and MF 

per each 2.4 kb target.  

3.3.3 Transgenic Rodent Gene Mutation Assay (lacZ assay) 

The lacZ assay was performed as per the Organisation for Economic Co-operation and 

Development (OECD) TG 488 (2022). Briefly, genomic DNA was isolated from germ cells using 

phenol/chloroform extraction (O’Brien et al., 2014). A NanoDrop spectrophotometer (Thermo Scientific 

Canada, Ottawa, Canada) was used to assess the quantity and purity of DNA. λgt10 phage vectors in 

genomic DNA were excised using commercial packaging extract kits (Agilent Technology, Santa Clara, CA, 

USA), according to the manufacturer’s instructions. Transgene mutant frequency was determined using 

the phenyl β-d-galactopyranoside (P-gal)–positive selection assay (Lambert et al., 2005). A minimum 

number of 300,000 plaque-forming units (pfu) were counted per sample (O’Brien et al., 2014). Mutant 

frequency (phenotypically selectable mutants per lacZ locus) was expressed as the ratio of mutant 

plaques to total pfu.  

3.3.4 Mutation Data Interpretation and Statistical Analysis 

Estimated frequencies by dose were obtained for both DS and lacZ using generalized linear 

models (GLM) in the R software with the quasibinomial distribution. Pairwise comparisons were 

conducted using the doBy R library (Højsgaard & Halekoh, 2018) and these estimates were then back-

transformed. The delta method was employed to approximate the back-transformed standard errors 

(standard error of the mean; SEM) of the estimated MF. A Holm-Sidak correction was applied to adjust p-

values for multiple comparisons for both MFMin and MFMax. Next, we estimated MFs for each 2.4 kb 

target using generalized linear mixed models (GLMM) with a binomial error distribution in the R 

software. Pairwise comparisons based on dose, location relative to genes, chromatin state, and GC 

content were conducted using the doBY R library as described above.  

The mutation spectra data generated by DS were evaluated by considering first only the mutated 

base and then by extending the analyses to include the flanking bases. To determine which mutation 

substitution types differed between control and treated groups, a modified contingency table approach 

was used as described previously (Piegorsch & Bailer, 1994). Pairwise comparisons as described above 

were used to determine which mutation types were significantly increased from VC. Subsequently, we 

generated a 96-trinucleotide mutation spectrum and used cosine similarity to determine the Catalogue 
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of Somatic Mutations in Cancer (COSMIC) single base substitutions (SBS) signatures (Alexandrov et al., 

2020) that most closely resembled the PRC mutation spectra, using the MutationalPatterns package in R 

(Manders et al., 2022).   

3.3.5 Comparison of Germ Cell and Bone Marrow Mutational Responses 

DS and lacZ data obtained from the germ cells of MutaMouse males were compared to DS and 

lacZ data obtained from the bone marrow of dose-matched MutaMouse males (Dodge et al., 2023). 

Pairwise comparisons were conducted as described above to determine if MF differed between bone 

marrow and germ cells for each dose group. A modified contingency table was used to determine if the 

mutation spectra differed between tissues for each dose group.  

3.3.6 Benchmark Dose Comparison 

Benchmark dose (BMD) modeling was conducted using the PROAST web application (version 

70.1, https://rivm.nl/en/proast) to mathematically model the PRC dose-response curves. The BMD 

estimated in our study represents a dose that produces a 50% increase (i.e., the benchmark response; 

BMR) in MFMin or MFMax or lacZ mutant frequency. Different mathematical models (Hill, exponential, 

reverse exponential, and lognormal) were fit to the dose-response data, and the one with the highest 

Akaike Information Criterion was selected. Statistical evaluation of the differences between BMDs were 

based on the 95% confidence intervals obtained from model averaging of 200 bootstrap runs. 

Comparisons were made of BMDs derived from DS versus the lacZ assay, and BM data versus germ cell 

data. 

3.3.7 Power Analysis on DS Study Design 

A power analysis was used to determine the minimum sample size and total number of duplex 

base pairs needed to observe a significant increase in MF using DS. Analyses are as described in Dodge et 

al. (2023). Briefly, simulated “control” and “treated” samples were randomly generated based on the 

experimental parameters observed in our germ cells and a selected fold-increase of 1.5. Hypothetical 

mutation counts were generated based on the observed average MFMin from our VC group (2.25 x 10-8 

mutations per bp) and the average total number of bases sequenced per animal (depth; 1.45 x 109 bp). A 

sample variance of 0.25 was estimated from the standard-deviation obtained from the GLMM used for 

per target dose-response analysis. The power of the GLM analysis (described above) was then calculated 
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under the set conditions. The bisection method was used to estimate the minimum detectable effect size 

(MDES) of the simulated experiment yielding a power of 80% and a p<0.05.  We varied the sample size 

and the total sequencing depth and calculated the power and MDES for each condition. Finally, we 

calculated the minimum total number of duplex bases required to detect a 1.5-fold increase in MF with 

80% power under each of the various simulated conditions. 

3.4 RESULTS 

3.4.1 DS Mutation Frequency 

DS reads were distributed evenly across the 24 samples and across the 20 targets (Supp. Figure 

3.1). An average of 1.5 billion duplex bases were sequenced per sample for a total of 35 billion across the 

cohort. All samples met a minimum target of 500 million duplex bases per sample.  

DS MF was measured by dividing the number of mutations by the total number of duplex bases 

sequenced. Mutations included single nucleotide variants (SNVs), small insertions/deletions (indels), 

multi-nucleotide variants (MNVs), and structural variants (SVs). Under the MFMin assumption, an average 

of 21, 31, 49, and 79 mutants per mouse were counted for VC, 6.25, 12.5, and 25 mg/kg-bw/day PRC, 

respectively (Figure 3.1). No statistically significant increase was observed at the low PRC dose. However, 

PRC induced a significant increase (P < 0.05) in MFMin (x 10-8) relative to VC in the middle and high dose 

groups, from 2.3 ± 0.25 mutations per sample (± SEM) in the VC to 7.7 ± 1.3 at the high PRC dose. A 2.0- 

and 3.3-fold increase in MFMin was induced relative to VC in the 12.5 and 25 mg/kg-bw/day dose groups, 

respectively (Table 3.1).  

Under the MFMax assumption, an additional 133, 215, 998, and 3486 mutations were identified in 

total for VC, 6.25, 12.5, and 25 mg/kg-bw/day, respectively (Supp. Figure 3.2a). Large numbers of clonally 

expanded mutations were identified in several samples that drove MFMax up and caused an increase in 

inter-individual variability compared to MFMin. Samples were characterized primarily by unique 

mutations, accounting for roughly 85% of all mutations in each sample (Supp. Figure 3.2b). ~13% of 

mutations per sample experienced clonal expansion events of 2-50 clones per mutation. Mutations 

occurring more than 50 times in a single sample accounted for ~1% of total mutations per sample. PRC 

induced an increase in MFMax (x 10-8± SEM), from 4.4 ± 1.6 in the VC to 63 ± 34 in the high dose group.  

However, MFMax could not be modelled with the GLM approach due to the numerous extreme values. 

Thus, MFMax was not considered in any further analyses.  
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Figure 3.1. Duplex Sequencing mutation frequencies (MFMin) in the germ cells of MutaMouse males at 
various doses of PRC. Bars represent the MFMin (mutations per bp) for each animal. Data labels indicate 
the total mutation count per animal. The x-axis indicates the PRC dose group (mg/kg-bw/day). Asterisks 
indicate a significant difference (p < 0.05) relative to VC in the average MF across animals. 

 

Table 3.1. Mean mutation frequency (MFMin) estimates and corresponding pairwise comparisons 
between dose groups for DS obtained using a GLM. 

Dose (mg/kg-bw/day) Mutant frequency ± SEM (x 10 -8) Fold Changes (± SEM) p-value* 

0 2.25 ± 0.25         ---       --- 

6.25 3.19 ± 0.32 1.38 ± 0.35 2.24 x 10-1 

12.5 4.53 ± 0.52 1.99 ± 0.47 1.57 x 10-2 

25 7.69 ± 1.3 3.28 ± 0.72 8.52 x 10-5 

*bold font indicates p-value < 0.05 
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3.4.2 DS Mutation Frequency by Target 

 MFMin was analyzed across the 20 genomic targets (Figure 3.2). Within the VC, a range of 3-13 

mutations per locus were identified. PRC induced a significant increase in MFMin relative to VC in 2 of the 

20 targets; the target on chromosome 2 (chr2) increased at the middle and high PRC dose and the target 

on chr13 increased at the high PRC dose. Similar dose-response trends were observed for most of the 

other targets, though they were not significant.  

 

 

Figure 3.2. Spontaneous and PRC-induced MF by Duplex Sequencing target ordered from highest MFMin 
in the high PRC dose group to the lowest. Data are mean MF ± SEM mutations per bp, for each target (n 
= 6), separated by dose (mg/kg-bw/day). Intergenic targets are labelled in red and genic targets are in 
black along the x-axis. Asterisks indicate a significant increase in the high PRC dose relative to VC. The 
double asterisk indicates a significant increase in the high and middle PRC doses relative to VC. 
(Generalized linear mixed model, p < 0.05). 
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 Mutation frequencies and response to PRC varied across the 20 DS targets. The background 

MFMin differed by 4.2-fold across the targets, with the lowest MFMin observed for the target on chr18 

(1.00 x 10-8) and the highest MFMin observed for the second target on chr1 (chr1.2; 4.3 x 10-8). A larger 

11-fold difference was observed for the locus-specific MFMin in the high dose group, from 2.43 x 10-8 on 

the chr3 target to 26.5 x 10-8 for the target on chr2. We plotted the fold-increase in MFMin for the high 

dose relative to VC (Figure 3.3) for each locus and noted a high degree of variability in response to PRC 

across the loci. The chr2 target showed a maximum increase in MFMin relative to VC of 17-fold at the high 

PRC dose; whereas, the smallest increase in MFMin relative to VC at the high dose was observed for the 

target on chr3 (1.1-fold). The locus on chr2 showed exceptionally high PRC mutation induction compared 

to all other targets in the middle and high dose groups, displaying a MFMin that was 2X higher than the 

targets that achieved the second highest MFMin (chr11; 6.04 x 10-8, chr13; 13.0 x 10-8) in their respective 

dose groups. In contrast, the chr2 locus had the sixth lowest MFMin amongst the targets for the VC (1.51 x 

10-8). 

To assess the impact of the extreme mutation induction observed in the chr2 target on the 

overall dose response, we removed this target’s mutation count and sequencing depth from each 

sample’s MFs and reran the GLM analysis (Supp. Figure 3.3). Without chr2, we identified on average, 20, 

29, 43, and 65 mutations per sample in the VC, 6.25, 12.5, and 25 mg/kg-bw/d groups, respectively 

under the MFMin assumption. MFMin remained significantly increased relative to VC at the middle and 

high dose groups, though their respective fold-increases were reduced to 1.8- and 2.8-fold increase from 

VC without the chr2 target included.  
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B 

 

Figure 3.3. Fold change in the MFMin of the high-dose group relative to VC for the 20 DS targets as well 
as for the lacZ gene (red bar). Fold-changes were estimated using a general linear mixed model for (A) 
germ cells and (B) bone marrow. DS targets are listed along the X-axis. Errors bars are SEM. Asterisks 
indicate the fold change of MFMin relative to VC was a significantly increased at the high dose,  
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3.4.3 Comparison of Mutation Frequencies by Genomic Features 

To explore the genomic features that may be influencing the responsiveness of the different 

genomic loci, we compared the MFMin of targets based on their genic status, chromatin state, and GC 

content. MFMin in targets located within intergenic regions were higher but not significantly different 

from those located in genic regions for any of the dose groups (Supp. Figure 3.4a). Removal of chr2, an 

intergenic target, further reduced the difference between intergenic and genic regions (Supp. Figure 

3.4b). In contrast, MFMin was significantly increased in targets located within heterochromatin compared 

to those located within euchromatin in the middle and high PRC dose groups (Supp. Figure 3.5a). 

However, upon the removal the heterochromatic target on chr2, the difference was no longer significant 

for any of the dose groups (Supp. Figure 3.5b). Finally, we investigated the correlation between the MFMin 

of each target and the GC content (%) of that target (Supp. Figure 3.5). There was a moderate but 

significant positive correlation between the target’s GC content and the MFMin at the low dose (Pearson’s 

correlation, r = 0.59, p = 6.5 x 10-3). However, no other dose group showed a significant correlation 

between MFMin and target GC content (p > 0.3 for all other doses).  

3.4.4 PRC Mutation Spectrum 

The mutation spectra for both spontaneous and PRC-induced mutations (MFMin) consisted 

primarily of SNVs, followed by small deletions, small insertions, MNVs, and lastly, structural variants 

(Figure 3.4). Pairwise comparison of DS mutation data revealed that the overall mutation spectra were 

significantly different from VC at the middle and high PRC doses (modified contingency table; p < 0.05). 

PRC primarily induced C:G>T:A transitions, accounting for 40% of total mutations at the high dose, 

followed by T:A>C:G transitions (23%) and T:A>A:T transversions (10%). This differed from the 

background mutation spectrum, which consisted primarily of C:G>T:A transitions (26%), C:G>A:T 

transversions (24%), and small deletions (16%). Removing the mutations observed in chr2 did not 

significantly change the mutation subtype proportions for any of the dose groups (data not shown; p > 

0.9). We observed significant dose-dependent increases in T:A>C:G transitions relative to VC; C:G>T:A  

transitions were significantly increased at the middle and high PRC dose relative to VC; and T:A>A:T 

transversions were increased at the high dose only. When we expanded our analysis to include the two 

flanking nucleotides, we observed that C:G>T:A  transitions in the VC group primarily occurred at CpG 

sites (Supp. Figure 3.7). Within the PRC-dose groups, C:G>T:A  transitions occurred equally within the 

context of all nucleotides. Finally, we compared the trinucleotide spectra to the SBS signatures from the 
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COSMIC database. The cosine similarly between the signatures and our spectra were below 0.5 for all 

signatures, indicating no strong associations with any of the signatures. 

A 

B  

 

Figure 3.4. Mutation spectrum of controls and PRC dose groups (mg/kg-bw/d)measured by Duplex 
Sequencing in the germ cells of MutaMouse males. (A) Mutation subtypes are presented as the average 
MF ± SEM. (B) Mutation subtypes are represented by the proportion of total mutations normalized to 
sequencing depth. Plots represent MFMin. Mutation subtypes include the six single nucleotide variants 
using a pyrimidine reference, multi-nucleotide variants (mnv), structural variants (SV), small insertion 
(ins), and small deletion (del) mutations. Asterisks indicate a significant increase in MF from controls. 
Inset figure displays indels categorized by length alongside mnvs and SVs for improved viewing of small 
MF.  
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3.4.5 DS Concordance with lacZ Mutant Frequencies 

LacZ assay mutant frequency was measured by dividing the number of identified mutant plaques 

by the total number of plaques counted. Total pfus ranged from 296K – 902K across samples. On 

average, 8, 10, 15, and 22 mutants were counted for VC, 6.25, 12.5, and 25 mg/kg-bw/day PRC, 

respectively (Supp. Figure 3.8). PRC induced a significant increase in mutant frequency (x 10-5) relative to 

VC in the high dose group from 2.25 ± 0.22 mutants per lacZ locus (± SEM) in the VC to 4.74 ± 1.94 at the 

high PRC doses (Table 3.2). No statistically significant increase was observed at the low or middle PRC 

dose.  

Table 3.2. Mean mutant frequency estimates and corresponding pairwise comparisons between dose 
groups for the lacZ assay obtained using a GLM. 

 
*bold font indicates p-value < 0.05 

To assess the concordance between DS and the TGR assay, we compared the DS MFMin to the 

lacZ mutant frequency in the same samples. DS detected a significant increase in MFMin at the middle 

and high PRC-dose groups, whereas a significant increase in mutant frequency was observed only at the 

high dose using the TGR assay. Furthermore, a larger fold-increase in MFMin relative to VC at the high 

dose (3.3-fold) was observed using DS compared to the lacZ assay (2.1-fold). DS per-target fold-change in 

MFMin relative to VC at the high dose exceeded that of the lacZ gene for 14 of the 20 DS targets (Figure 

3.3). There was a moderate positive correlation between the DS MFMin and lacZ mutant frequencies 

(Supp. Figure 3.9; Pearson’s correlation; r=0.62, p = 1.13 x 10-3). Finally, we compared the DS and lacZ 

dose response using BMD modeling to estimate the dose at which a 50% increase in MF occurs above 

background (Figure 3.5).  The BMD (mg/kg-bw/d) for DS MFMin (6.8; 95% CI of 2.9 - 11.3 mg/kg-bw/day) 

was significantly lower than the BMD for the lacZ mutant frequency (17.1; 95% CI 12.4 - 21 mg/kg-

bw/day).  
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Figure 3.5. 95% confidence intervals (CI) based on BMD model averaging analyses.  log10 BMD for a 50% 
increase of lacZ mutant frequency and the Duplex Sequencing MFMin for both germ cells and bone 
marrow.  

3.4.6 Comparison of Mutation Induction Between Male Germ Cells and Bone Marrow 

 DS data for MutaMouse male germ cells exposed to PRC were compared to DS data described 

previously from MutaMouse bone marrow for the same dose groups (Dodge et al., 2023). Briefly, PRC 

induced significant increases in MFMin (x 10-8) relative to VC at all doses in the BM, increasing from 13.1 x 

10-8 ± 0.75 (± SEM) in the controls to 32.2 ± 1.2 at the high dose. The BM MFMin was significantly higher 

than in germ cells by a factor of 5.7, 5.2, 4.5, and 4.3 for the VC, 6.25, 12.5 and 25 mg/kg-bw/d dose 

groups, respectively (Supp. Figure 3.10). However, the germ cells had a larger fold-change in MFMin 

between controls and the middle (2.0-fold) and high (3.3-fold) dose groups than BM did for the same 

dose groups (1.6-fold; 2.5-fold respectively) by 1.3X each. The fold-increase relative to VC in germ cells 

was higher than in BM even upon removal of the chr2 locus mutations.  

We next compared the dose response of each tissue using BMD modelling to estimate the dose at 

which a 50% increase in MF would occur above background (Figure 3.5).  For both tissues, we modelled 

the response of MFMin and the mutant frequency measured by the lacZ assay. The BMD (mg/kg-bw/d) for 

MFMin was 6.8 (95% CI of 2.9 - 11.3 mg/kg-bw/day) for germ cells and 11.29 (95% CI of 8.5 - 13.5 mg/kg-

bw/day) for BM; thus, the BMDs for MFMin did not differ significantly between tissues. In contrast to the 

DS data, the BMD for the lacZ mutant frequency was significantly higher for germ cells (17.1; 95% CI 12.4 

- 21) than it was for BM (3.1; 95% CI 1.2 - 6.9). 
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Within the BM, we have observed consistent patterns of relative target susceptibility to mutation 

induction following exposures to different chemicals (LeBlanc et al., 2022; Dodge et al., 2023). In contrast, 

our results show very different patterns of target responsiveness in germ cells relative to BM (Figure 3.3). 

Only one (chr1.2) of the top five targets with the highest background MFMin was consistent between germ 

cells and BM. Similarly, only chr10 was within the top five targets with the lowest background MFMin for 

both germ cells and BM. The other four targets are different between tissues. The fold-change (FC) in MFMin 

between the high dose and VC for each target also differed between tissues. Within germ cells, the top 

five most responsive targets were on chr2 (FC 17.6), chr18, (FC 5.96), chr9 (FC 5.75), chr5 (FC 5.44) and 

chr10 (FC 4.70). In contrast, the most responsive targets in the BM were, the lacZ gene as measured by 

the lacZ assay (FC 6.37), chr17 (FC 4.34), chr14 (FC 3.62), chr11 (FC 3.46), and chr10 (FC 3.38).  

A modified contingency table was used to compare the overall mutation spectra between germ 

cells and BM. The proportion of mutation subtypes differed significantly between the two tissues for 

each dose group (Figure 3.6). First, germ cells had significantly higher proportions of indels than BM. 

Second, there was a shift from C:G>G:C transversions to C:G>T:A transitions in germ cells that was not 

observed in BM.  

 

Figure 3.6. Normalized proportion of mutation subtypes at various doses of PRC (mg/kw-bw/d) within 
MutaMouse germ cells and bone marrow.  
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3.4.7 Power Analysis to Explore DS Study Designs. 

We conducted a power analysis to explore the study design of DS as a mutagenicity test for male 

mouse germ cells. Data sets were simulated from the observed conditions of our DS experiment 

including background MFMin of 2.25 x 10-8 and sample variance of 0.25. Within our experiment, we used 

six animals per group, and sequenced an average of 1.5 x 109 duplex bases per animal. Under these 

conditions, we had 58% power and 95% power to detect a 1.5-fold and a 2-fold increase in MFMin, 

respectively. The MDES that could be achieved under the conditions of our experiment was 1.7-fold. PRC 

induced a non-significant 1.4-fold increase in MFMin in the low dose group; thus, we were underpowered 

to detect this effect.  

We investigated the power to detect a 1.5-fold increase in MFMin for a range of sample sizes and 

duplex depths (Figure 3.7). We determined that a minimum of eight animals per group, each sequenced 

to 3 billion duplex bases, would achieve sufficient power (80%) to detect a 1.5-fold increase. Thus, even 

upon increasing the sample size, we would also need to sequence twice as deeply to observe this effect 

with DS in male mouse germ cells. A sample size of six will not yield sufficient power to detect a 1.5-fold 

increase even upon sequencing 10 billion duplex bases per animal. Our power analyses indicates that 5 

animals per group and 600 million duplex bases per animal would achieve sufficient power to detect a 2-

fold increase.  
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Figure 3.7. The power to detect an increase in MF in MutaMouse germ cells by Total Duplex Base Pairs. 

Results are displayed for a sample size of 4, 5, and 6 animals per group. (A) a 50% increase in MF. (B) A 

100% increase in MF. The red line indicates the threshold for > 80% power and p < 0.05.   
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3.5 DISCUSSION 

We applied DS to study mutations in the germ cells of MutaMouse males following exposure to the 

chemotherapy agent PRC. Our results clearly demonstrate that PRC is a mouse germ cell mutagen, 

causing dose-dependent increases in MF by DS and a robust shift in the mutation spectrum. We 

observed dose-dependent increases in T:A>C:G, T:A>A:T, and C:G>T:A mutations. These results are 

consistent with the methylation of thymine and guanine residues by PRC. There was a high degree of 

variability across the target loci both at baseline and following PRC exposures. The lacZ locus, measured 

using the TGR assay, was among the bottom third of responsive loci examined. All these findings differed 

from results obtained applying DS and the TGR assay to the bone marrow of dose-matched animals, 

suggesting the contribution of unique mutational mechanisms operating in male germ cells. As discussed 

below, our findings on the mutagenic susceptibility of mice to PRC are highly relevant to humans 

receiving chemotherapy, as the doses used in the study are within the same range as those used in the 

clinic. Overall, deep characterization of MF using DS identified distinct features of germ cell spontaneous 

and PRC-induced mutagenicity.  

3.5.1 Germs Cells Display Reduced Mutagenesis Compared to Somatic Tissues 

We compared mutation induction in germ cells to bone marrow in the MutaMouse males. The male 

germline is the main contributor of inherited de novo mutations (Conrad et al., 2011; Crow, 2000; Kong 

et al., 2012), making it an important target tissue for mutagenicity assessment. We observed that both 

spontaneous and PRC-induced mutations were nearly ten-fold more frequent in the BM than in germ 

cells. Our results suggest that there may be intrinsic mechanisms unique to germ cells that protect the 

germline from mutations so that genetic information may be passed down unaltered.  

Proliferation rates may partially explain the difference between tissues. DNA replication is the main 

mechanism for DNA lesions to be fixed into mutations; thus, MF is correlated with cellular proliferation 

(Busuttil et al., 2006). BM proliferates very quickly compared to spermatogonial stem cells, providing 

more opportunities for mutations to occur during DNA replication. However, many studies have reported 

that mouse and human somatic cells display a higher mutation rate than germ cells even after correcting 

for proliferation rates (Lynch, 2010; Milholland et al., 2017; Werner & Sottoriva, 2018). The rates of DNA 

repair may also differ by tissue and would heavily influence the MF. There is evidence that germ cells of 

the seminiferous tubules maintain their telomere length throughout the ageing process while somatic 
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cells do not (Moore et al., 2021), suggesting that repair mechanisms differ between tissues. Finally, the 

distribution of PRC may differ between tissues, with lower levels reaching the testes than the BM. 

However, we do not know of any study that has characterised the tissue distribution of this chemical.  

It should be noted that technical differences between the DNA fragmentation methods may 

contribute to the differences observed between the germ cells and BM. BM samples were ultrasonically 

sheared while germ cell samples were subjected to enzymatic fragmentation. Both methods produced 

high quality reads; however, there is evidence that sonication can induce oxidative nucleotide 

modifications (Ma et al., 2019). As such, additional errors induced by sonication may partially contribute 

to the elevated MF observed in BM samples compared to germ cells. Additional work ongoing in the lab 

have reported that MF in germ cells is reduced by 5-fold when enzymatic fragmentation is used rather 

than sonication. More thorough comparisons of DNA fragmentation methods should be performed 

within the same tissue to evaluate its impact on variant calling to clarify our findings.  

3.5.2 Germ Cell Mutagenicity is Influenced by Different Genomic Features than Bone Marrow 

We next investigated the relative susceptibility of the 20 DS targets to spontaneous and PRC-induced 

mutagenesis. As it has been reported previously for other chemical exposures (Dodge et al., 2023; 

LeBlanc et al., 2022; Valentine et al., 2020), the DS targets displayed differential susceptibility to 

mutagenesis in both VC and PRC dose groups. The pattern of relative susceptibility observed across 

targets was highly consistent with that observed for other DS studies in MutaMouse male germ cells 

exposed to BaP, ENU, and coal tar (unpublished data). Most prominently, in all these studies, the target 

on chr2 has consistently displayed exceptionally high MF following exposure to different mutagens. 

Similarly, alongside the target on chr2, the target on chr11 and the second target on chr1 (chr1.2) were 

within the five targets with the highest MF at the high dose group for all studies.  This suggests that 

there is an intrinsic property of these targets that renders them more susceptible to chemical 

mutagenesis than the other targets. Interestingly, we observed that the pattern of relative susceptibility 

to mutagenesis of the DS targets differed by tissue. For instance, chr2 displayed the highest fold-change 

relative to control at the high dose for germ cells. However, it had the third smallest fold-change relative 

to control in the BM. This suggests that the mechanisms influencing the susceptibility of the DS targets 

to PRC-mutagenesis are tissue-specific.  
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We performed comparative analyses between targets to investigate the features that may 

influence mutagenicity in germ cells and BM. De novo mutations and somatic mutations in cancer have 

been reported to occur at higher rates in closed chromatin states compared to open states (Habig et al., 

2021; Michaelson et al., 2012; Schuster-Böckler & Lehner, 2012). Open chromatin states may allow for 

greater recognition and damage-correction by DNA-repair enzymes leading to reduced mutation rates 

within euchromatin compared to heterochromatin (Makova & Hardison, 2015). In germ cells, we 

observed that MF was significantly higher in targets located in heterochromatic regions than those in 

euchromatic regions, though this effect was largely driven by the target on chr2. No significant effect of 

chromatin state was observed in the BM following PRC exposure (data not shown) or BaP exposure 

(LeBlanc et al., 2022). It is unclear why we are observing this effect in germ cells and not somatic cells. 

More work in characterizing the epigenetic features that modulate chromatin accessibility within the 

male germline may better enable us to further investigate this phenomenon.  

Previous studies using DS to quantify mutations in mouse BM reported that spontaneous, BaP-

induced (LeBlanc et al., 2022), and PRC-induced (Dodge et al., 2023) mutations occurred more frequently 

in intergenic targets than in genic targets. This is consistent with transcription-coupled repair (TCR) in 

which transcribed regions of the genome are subjected to higher rates of DNA repair. We observed no 

difference in MF between intergenic and genic targets within germ cells. Importantly, without expression 

levels for our genic targets it is impossible to draw a firm conclusion on the effects of transcription within 

germ cells. However, the testis expresses the largest number of genes of any mammalian organ, 

including over 80% of all protein-coding genes in mice, humans, and other mammals (Melé et al., 2015; 

Schmidt & Schibler, 1995; Soumillon et al., 2013). Transcription is most prevalent in meiotic 

spermatocytes and postmeiotic spermatids, however expression levels are also elevated in 

spermatogonial stem cells and differentiating spermatogonia (Soumillon et al., 2013). As such, we do 

expect our genic targets to be transcribed.  

 There are several contradicting views concerning the influence of transcription on germ cell 

mutagenesis. The widespread transcriptional scanning hypothesis suggests that developing male germ 

cells use widespread transcription to facilitate germline DNA repair through TCR (Xia et al., 2020). Our 

results do not support this hypothesis and similar research in humans has reported that elevated 

transcription levels are associated with decreased mutations within somatic cells, but not within the 

germ cells of the seminiferous tubules (Moore et al., 2021). Another study reported that with increasing 

levels of gene expression, somatic mutation rates decreased but mutation rates in the testes actually 
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increased, suggesting that transcription may be mutagenic within the germline (Chen et al., 2017). The 

temporary single-stranded state of DNA during transcription may render it more susceptible to damage 

resulting in elevated mutation rates in highly expressed genes (Jinks-Robertson & Bhagwat, 2014; Xia et 

al., 2020). It is possible that the balance between TCR and damage differs between tissues, with 

transcription-coupled damage potentially occurring in germ cells, and TCR dominating in the soma.  

3.5.3 Mutation Spectra Suggest Mutagenic Mechanisms Differ Between Tissues 

The mutation spectrum provides insights into the mechanisms involved in mutagenesis. DS provides 

high-quality mutation spectra data that enable a thorough analysis of mutation induction within the 

tissues. Within the germ cell samples, we observed dose-dependent increases in C:G>T:A transitions, 

T:A>C:G transitions, and T:A>A:T transversions. This mutation spectrum is consistent with the creation of 

the mutagenic lesions O6-methylguanine and O4- and O2 – methylthymine by PRC (Fong et al., 1990; Fu 

et al., 2012; Gerson et al., 2018). Similar dose-dependent increases in these mutation subtypes were 

observed within the BM by DS.  

Despite similarities in response to PRC, there were several notable differences in the mutation 

spectra of germ cells and BM. We observed a shift in the prevailing spontaneous mutations from 

C:G>G:C transversions in the BM to C:G>T:A transitions in germ cells. Enrichment of C:G>T:A mutations in 

the germline compared to the soma has been observed previously (Milholland et al., 2017). It is possible 

that C:G>T:A transitions are abundant in the germline as a result of increased spontaneous deamination 

of methylated cytosine. Male germ cells are one of the most methylated cell types, with over 80% of the 

CpG sites methylated (Popp et al., 2010), providing more opportunities for C:G>T:A mutations to occur. 

Alternatively, differences in oxidative stress levels between the two tissues may contribute to higher 

levels of C:G>G:C transversions within the BM. Spermatogonia and spermatogonial stem cells are highly 

tolerant to reactive oxygen species thanks to elevated levels of base-excision repair and antioxidants 

(Celino et al., 2011; Chuma et al., 2021; Mori et al., 2021). C:G>G:C transitions are mainly caused by 

oxidative damage to cells (Kino & Sugiyama, 2001); therefore, it is possible that germ cells reduce these 

mutations through alternate repair pathways that help prevent oxidative damage.     

Germ cells also displayed a higher proportion of spontaneous deletion mutations than the BM. As 

mentioned, male germ cells are subjected to high rates of transcription, which has been suggested to 

cause small deletions (Jinks-Robertson & Bhagwat, 2014). Alternatively, technical differences due to DNA 
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fragmentation methods may induce differences in the mutation spectrum. There is some evidence that 

enzymatic fragmentation, such as was used on the germ cell libraries, can increase the frequency of 

insertions and deletions (Knierim et al., 2011). Further analysis comparing DNA fragmentation methods 

for DS must be done before we can draw a firm conclusion.  

3.5.4. DS is More Sensitive to Detecting PRC Mutagenesis in Male Germ Cells Than the TGR 

Assay 

Before DS can be accepted as a regulatory test, its performance should be compared to current, 

approved assays. We observed a significant positive correlation between DS MFMin and the lacZ mutant 

frequency, but with higher fold-increases in MFMin and a lower BMD for DS compared to lacZ. Significant 

increases in MFMin were observed at lower doses by DS than with the lacZ assay. This is the first study to 

report an elevated response in MFMin by DS compared to the lacZ assay. Previously, DS targets showed 

lower fold-increases and higher BMDs than the lacZ assay within the BM following exposure to both PRC 

(Dodge et al., 2023) and BaP (LeBlanc et al., 2022). As noted above, we observed differences in the 

susceptibility of genomic loci between tissues; herein, the lacZ gene is less susceptible to PRC-induced 

mutagenesis in the germ cells than in the BM. Interestingly, following exposure to BaP in MutaMouse 

germ cells, lacZ showed an elevated response compared to DS targets, suggesting that there may be a 

chemical-locus interaction that is influencing the susceptibility to mutagenesis. Future work to test DS 

with different chemicals will enable us to explore how different mutagenic mechanisms affect the 

differential susceptibility of genomic loci to mutagenicity in different tissues.  

 Previous studies in BM that assessed concordance of DS and lacZ observed that the correlation 

between the two assays improved when using MFMax over MFMin (Dodge et al, 2023). The lacZ assay is 

unable to differentiate between mutations that arise independently from those that arise via clonal 

expansion. As such, the lacZ assay is always reporting “MFMax”. However, comparison with MFMax was not 

valid herein given the major clonal expansion events that occurred in the germ cells at the DS targets. In 

this study, we observed that MFMax was highly variable due to several extreme instances of clonal 

mutations. The germ cells of the seminiferous tubules arise from a relatively small population of 

spermatogonial stem cells. Mutations that occur in the stem cells are propagated to all descendants; 

thus, large instances of clonal mutations are likely a result of a mutation occurring in a stem cell.  Our 

results suggest that using MFMax for mutagenicity testing in germ cells would hinder the assessment of 

the chemical.  
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3.5.5 DS Study Designs in Male Germ Cells Require Elevated Sample Sizes and Deeper 

Sequencing Compared to Bone Marrow 

DS shows great promise to revolutionize mutagenicity testing; however, a limitation of DS is the high 

cost of library preparation and sequencing. We explored the DS study design to determine ways in which 

we could minimize the sample size or sequencing data yield to reduce expenses. Previous work in 

MutaMouse BM revealed remarkably low sample variance within DS data (0.062), enabling sample size 

to be reduced to three animals per group and still retain sufficient power to detect a 50% increase in MF 

(Dodge et al 2023). Upon performing the same analysis for our germ cell data, we found that our study 

was underpowered to detect a 1.5-fold increase in MF even with six animals per group. Our study had 

enough power to detect at minimum a 70% increase in MF. This is in accordance with our statistical 

analysis; the 1.4-fold change at the low PRC dose was not significant.  

The low power in our experiment stems from the relatively high sample variance (0.25) in germ cells 

compared to BM. This sample variance is consistent with other germ cell studies on MutaMouse males 

exposed to BaP, ENU, and coal-tar alongside vehicle controls (data not published). Furthermore, the 

lower MF in germ cells compared to the BM also decreases the power to detect an effect. As such, 

moving forward, a larger sample size and/or deeper sequencing should be used when assessing chemical 

mutagenicity in germ cells. Our analysis suggests that a minimum of eight animals per group are 

necessary to detect a 50% increase in MF. However, germ cell risk assessment may warrant an even 

lower response threshold. A 50% increase was chosen to compare our results with those obtained in the 

BM and to reflect current recommendations for BMD analysis by White et al. (2020). Recent studies have 

suggested that even a modest 25% increase in male germ cell mutations could significantly increase the 

incidence of detrimental diseases within the population (Beal et al., 2017). Therefore, it may be prudent 

when performing risk assessment for male germ cells to aim for enough power to detect smaller 

increases in MF.  

3.5.6 Relevance to Humans 

During chemotherapy, patients are generally administered 60-100 mg/m2 PRC daily for 14 days 

(Diehl & Fuchs, 2007; Solimando & Waddell, 2017). Assuming a mouse body weight/surface area ratio of 

3.2 kg/m2 (Cheung et al., 2009), our mouse exposures correspond roughly to 20 mg/m2, 40 mg/m2, and 

79 mg/m2 per day. Our estimated BMD at which a 50% increase in MF occurs was 6.8 mg/kg-bw/d which 
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is roughly equivalent to 21.8 mg/m2.  Thus, mutagenic effects are observed in mice at doses lower than 

those used to treat patients. PRC is typically used in combination with other chemotherapy drugs, 

making it difficult to assess its impact on human health. However, several combination therapies that 

include PRC are suspected of inducing secondary leukemias (Brusamolino et al., 1998; IARC, 1987; 

Schellong et al., 1997) and male infertility (Mauz-Körholz et al., 2010; Schellong et al., 1992; Viviani et al., 

1985) in patients following treatment. Our results support these effects and suggest that we would 

expect to see an increased MF and a similar mutation spectrum in PRC-treated patients. 

3.6 CONCLUSION 

We make use of the many advantages of DS to investigate germ cell mutagenesis in MutaMouse 

males compared to BM. Our data support that male germ cells have intrinsic mechanisms to protect 

DNA integrity and reduce mutation burden relative to somatic cells. We observe that both the mutagenic 

mechanisms and the genomic features influencing mutagenesis differ between tissues. The susceptibility 

of genomic loci to mutagenesis is further influenced by chemical. This study ultimately supports the 

assessment of germ cell mutagenicity independently from somatic cells, though we note that a larger 

sample size is required to measure smaller effects that are more relevant to population health. 

Furthermore, study of germ cell mutagenesis would benefit from a more thorough understanding of 

germ cell genetic processes that may modulate mutagenesis including transcription, chromatin state, 

and other epigenetic features. Additionally, more work testing germ cells with different chemicals will 

enable us to assess how different mutagenic mechanisms respond within the germline. Finally, we 

observed an extreme example of differential susceptibility to mutagenesis within the DS panel in this 

study. The target on chr 2 showed a uniquely high response to chemical mutagenesis within the 

germline, which raises both biological and technical questions. Characterizing the factors that are 

responsible for such an extreme mutagenic response may illuminate some of the unique mutagenic 

mechanisms at play within the germline. In addition, more thought must be given to how outlying loci 

such as chr2 should be handled during application of DS in a regulatory testing context. Overall, we 

demonstrate clear differences in the mutagenic response of male germ cells compared to the BM using 

DS. PRC has effectively been used to treat Hodgkin’ lymphoma and other cancers for the past 70 years. In 

this study we show that PRC induces mutagenic effects in the germ cells of MutaMouse males at doses 

lower than those used during chemotherapy, suggesting that similar effects may arise in treated 

patients. The work provides insight into how the germ cells respond to mutagens that will enable us to 

develop methodologies to better protect the population from genetic disease.   
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4.1 SUMMARY OF STUDY OUTCOMES 

Assessment of the mutagenic potential of environmental exposures is essential to evaluate the 

risks posed to human health. In vivo mutagenicity assays are used to screen chemicals for potential 

oncogenic hazard and negative germline effects (Erickson, 2003; Godschalk et al., 2020; Jackson et al., 

2018; Marchetti et al., 2020; OECD, 2017). Current practices focus largely on hazard identification (Salk & 

Kennedy, 2020). However, recently there has been a shift towards understanding the endogenous and 

exogenous mechanisms that lead to mutagenic outcomes and quantitatively characterizing effects to 

determine potential human health risks. Advances in this area are providing an empirical link between 

chemical exposures and incidences of human disease (Alexandrov et al., 2013; Salk & Kennedy, 2020). 

Unfortunately, the limitations of current mutagenicity assays render them impractical to study 

mutagenic mechanisms effectively (Salk & Kennedy, 2020; Valentine et al., 2020); thus, there has been a 

call to improve current testing practices to better reflect 21st century technologies. DS presents a 

potential alternative to traditional assays that would overcome many of the current challenges involved 

in characterising mutagenic responses in vivo (LeBlanc et al., 2022; Schmitt et al., 2012; Valentine et al., 

2020). As such, developing DS for effective mutagenicity testing is essential for modernising mutagenicity 

testing.  

The overarching objectives of this study were to: 1) demonstrate the potential of DS as a robust 

in vivo mutagenicity test that could replace the TGR assay as the next gold-standard in research and 

regulatory applications; and 2) explore the rich data provided by DS to gain a better understanding of 

spontaneous and PRC-induced mutagenicity in somatic and germ cells. MutaMouse bone marrow and 

germ cells were exposed to three doses of PRC alongside controls and then DNA was sequenced using DS 

to quantify mutation induction. Results were compared to those obtained using the lacZ TGR assay on 

the same samples to assess concordance with OECD-approved methods. As described herein, DS 

analyses revealed significant increases in mutation frequencies and shifts in the mutation spectra, thus 

demonstrating its utility in identifying mutagenic hazards in parallel with providing mechanistic insights. 

Analysis of the DS genomic loci revealed intrinsic differences in the mutagenic response between the 

two tissues. Overall, this work supports the integration of DS into standard testing strategies and 

provides recommendations for future work towards this goal.  
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4.2 FULFILLMENT OF THESIS OBJECTIVES 

Objective 1. Evaluate the performance of DS for effective assessment of in vivo spontaneous 

and induced mutations in bone marrow and germ cells following exposure to PRC.  

 DS was used to analyse MF in the bone marrow and germ cells of MutaMouse males exposed to 

PRC alongside vehicle controls. We report a significant dose-response of MF in both tissues, that builds 

on the work done in previous studies to characterise PRC mutagenicity with the TGR (Beal et al., 2020; 

Suzuki et al., 1999) and Pig-a assay (Revollo et al., 2017). We assessed the performance of DS by 

comparing the MF by DS to the mutant frequency obtained by using the OECD-approved lacZ TGR assay 

on the same samples. Significant positive correlations between the two assays were found for both 

tissues. DS detected significant increases in MF at lower doses than the lacZ assay in both tissues. In the 

bone marrow, DS fold-changes were lower, and BMDs were higher than the lacZ assay; however, 

concordance improved upon the inclusion of potentially clonally expanded mutations in DS frequencies. 

Mutation spectra in the bone marrow was concordant with what has previously been characterised 

using the TGR assay, though DS provided higher-resolution data that enabled the detection of secondary 

mutation subtypes. In the germ cells, DS detected higher fold-changes and a lower BMD than the lacZ 

assay. Overall, DS performs comparably with the gold-standard lacZ TGR assay, with improved sensitivity 

to detect small changes in mutations.  

Objective 2. Assess genomic features that drive mutational response and whether they differ 

between bone marrow and germ cells.  

We compared the MF of the twenty 2.4kb genomic targets of the DS mutagenesis panel to 

investigate which genomic factors might influence the mutation response to genotoxic agents in bone 

marrow and germ cells. We observed that for both tissues, the relative susceptibility of the targets to 

both spontaneous and PRC-induced mutations varied. The relative pattern of mutagenic susceptibility of 

the 20 DS targets and the lacZ gene were tissue-specific and influenced by chemical. Within the bone 

marrow, PRC-induced MF was potentially influenced by transcription status, in which intergenic targets 

demonstrated higher MF than genic targets. This is consistent with TCR. In contrast, germ cells showed 

no effect of transcription status, but PRC-induced MF was influenced by chromatin state. 

Heterochromatic targets had higher MF than euchromatic targets consistent with inefficient DNA repair 
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in closed chromatin states. Our results suggest that the genomic features that drive the mutational 

response of genomic loci potentially differ between somatic and germ cells.  

Objective 3. Use bioinformatic approaches to characterize mutagenic mechanisms and 

determine the mutational signature of PRC in bone marrow and germ cells of MutaMouse 

males.  

We characterized a robust shift in the mutation spectra following exposure to PRC in bone 

marrow and germ cells. In both tissues, dose-dependent increases in C:G>T:A, T:A>C:G, and T:A>A:T 

mutations were observed, consistent with the methylation of thymine and guanine residues by PRC.  In 

bone marrow, the PRC mutation spectra could be linked to mechanism-associated mutation signatures 

observed in human cancers. In particular, our spectra were associated with a mutational signature 

derived from Hodgkin’s cell line samples of patients treated with chemotherapy. No mutation signature 

was associated with the PRC spectra in germ cells.  We observed distinct mutation spectra for our two 

tissues that further supports that there are differences in the mutagenic mechanisms involved in somatic 

versus germ cell mutagenesis. 

Objective 4. Explore optimal DS study designs for assessing mutagenicity by modeling sample 

size and sequencing data yield within mouse bone marrow and germ cells. 

A power analysis was used to determine if sample size and total bases sequenced per animal 

could be reduced without compromising the quality of the data obtained. Low sample variance within 

mouse bone marrow allows for the reduction of sample size to three animals per dose group while 

maintaining power to detect a 50% increase in MF. This is an improvement over the TGR assay, which 

typically requires five animals per group. In contrast, in the germ cells a lower background MF and a 

higher sample variance require studies to have at least eight animals per group to detect a 50% increase 

in MF. As such, moving forward, studies in germ cells should consider larger sample sizes and a higher 

depth of sequencing tailored to the relevant effect sizes they are striving to detect.  

4.3 CONTRIBUTION TO SCIENTIFIC KNOWLEDGE 

This thesis contributes to scientific knowledge in three important areas: 1) demonstrating the 

potential of DS to revolutionize mutagenicity assessment for regulatory toxicology and contributing to 

efforts to establish it as a mutagenicity test; 2) providing evidence for distinct mutational responses in 
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germ cells compared to somatic cells that supports the need for independent assessment of germ cell 

mutagenesis during regulatory testing; 3) characterisation of PRC mutagenicity in mouse tissues.  

4.3.1 DS Shows Strong Potential for Mutagenicity Assessment 

This work demonstrates the strong potential of DS for assessing in vivo mutagenicity within both 

somatic and germ cells. We provide a thorough evaluation of the performance of DS compared to the 

OECD-approved lacZ assay and highlight many of the advantages that DS has over traditional testing 

methods. DS overcomes many of the limitations faced by current assays (Kennedy et al., 2014). We 

clearly demonstrate using the DS panel that the lacZ reporter gene for mutagenicity testing has a higher 

degree of variability in the mutagenic response compared to analysis of MFmin of different endogenous 

genomic loci. In our second study, we further demonstrate that the relative susceptibility of genomic loci 

varies between tissues and by chemical. As such, quantification of mutations from a single reporter gene, 

such as the lacZ gene, cannot inform on the many endogenous factors that influence mutagenesis. DS 

offers a better representation of the whole genome by quantifying mutations in a panel of loci that 

encapsulates a broad spectrum of genomic features. Further advantages of DS over traditional assays 

include improved ability to measure mutation spectra, possible integration with other toxicity tests, and 

the application to any tissue or model organism, including humans.  

This work also contributes to the effort aimed at establishing DS as a mutagenicity test by 

broadening the range of chemicals and tissues that have been tested. Before an assay can be accepted 

for regulatory testing, thorough evaluation of its performance across a range of chemicals and tissues is 

required to assess its precision. Previously DS had only been tested using established mutagens such as 

BaP (LeBlanc et al., 2022) and ENU (Valentine et al., 2020), which are known to have potent mutagenic 

effects. Herein we demonstrate that DS shows excellent sensitivity to detect smaller changes in 

mutations by a less potent mutagen. Furthermore, we characterize the variable mutagenic responses of 

the DS loci between tissues and chemicals. Finally, we inform on DS study design in both the bone 

marrow and male germ cells using power analyses to determine minimum sample sizes and sequencing 

depths needed to detect biologically relevant effects. This work will help guide future DS studies.  

Lastly, we demonstrate the utility of DS for analysis of mutagenic mechanisms. High-resolution 

mutation spectra identified increases in mutation subtypes not detectable by the TGR assay, likely 

resulting from an improved ability to detect secondary mutagenic lesions. Furthermore, we demonstrate 
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how DS mutation spectra can be used to empirically link chemical exposures to mechanisms relevant to 

human cancers through mutational signature analyses. PRC is an antineoplastic agent used to treat 

Hodgkin’s lymphoma (Andrieu et al., 2016). Herein we show that PRC-mutation spectra are associated 

with the mutational signature observed in Hodgkin’s cell line samples of people treated with 

chemotherapy and errors in mismatch repair. Providing empirical evidence towards the contribution of a 

chemical towards the mutational signature of human cancers will improve both chemical mutagenicity 

assessment and aid in finding potential aetiologies for incidences of human cancers. Overall, our work 

strongly supports the use of DS in mutagenicity testing and provides useful information on study design 

that will provide a framework for future studies. 

4.3.2 Germ Cells Demonstrate Distinct Mutational Responses Compared to Somatic Cells 

Historically, regulatory authorities assumed that decisions based on evidence of chemical 

mutagenicity in somatic cells, such as the bone marrow, will by default protect the germline. However, 

there are several examples of mutagens inducing changes in germ cells at doses that do not elicit a 

response in somatic cells (Marchetti et al., 2011; Witt et al., 2003). In this work we provide evidence of 

distinct mutagenic mechanisms operating within male germ cells compared to somatic cells. Differences 

in background mutation spectra may underlie differences in intrinsic mutagenic mechanisms or DNA 

repair pathways. Furthermore, differences in the genetic factors that drive mutagenesis result in 

differential sensitivity of genomic loci to mutagenesis between tissues. As such, genomic loci that may 

be negative in the bone marrow, may be positive in the germline. Our work supports the independent 

assessment of germ cell mutagenesis from somatic cells and provides insight into some of the unique 

features of germ cell mutagenicity.  

 

4.3.3 PRC Mutagenic Effects are Observed in MutaMouse tissues at Human-Relevant Doses 

We provide a thorough characterization of PRC mutagenicity within the bone marrow and germ 

cells of MutaMouse males. We observe significant increases in mutation frequencies and robust shift in 

the mutation spectra in both tissues. Mice were exposed to 0, 6.25, 12.5, and 25 mg/kg-bw/d PRC orally 

for 28 days. This is roughly equivalent to 20 mg/m2, 40 mg/m2, and 79 mg/m2 per day (Cheung et al., 

2009). During chemotherapy, patients typically receive 60-100mg/m2 PRC orally for 14 days in a cycle, 

and typically undergo 4-8 cycles of treatment (Diehl & Fuchs, 2007; Solimando & Waddell, 2017). Though 
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our exposure period is longer, we observe significant effects in mice at doses much lower than those 

used to treat patients; 20mg/m2 in the bone marrow and 40 mg/m2 in germ cells.  This is an incredibly 

important finding concerning the risks of developing secondary malignancies because of PRC treatment.  

4.4 FUTURE DIRECTIONS 

There are three main areas for future work following this study: 1) DS optimization and 

performance evaluation; 2) use of DS in regulatory decision-making; and 3) advancing biological 

understanding. 

4.4.1 DS Optimization and Performance Evaluation 

This thesis contributes towards implementing DS as a mutagenicity test; however, there remains 

much work to be done to establish DS as an approved method for regulatory testing. First, standard DS 

protocols must be established for optimal testing strategies. We took steps towards this by 

characterizing optimal DS study designs based on the parameters of our experiments. Work should 

continue to confirm the reproducibility of DS; this involves testing a variety of chemicals with different 

mutagenic potencies across different tissues, model organisms, and across testing facilities. Another 

priority is to establish a historical control for DS data amongst our tissues of interest. This will involve 

quantifying the mutation frequency from many control animals across several different tissues to 

confirm that results are precise and establish inter-study variance. Furthermore, a well-established 

control mutation spectrum will enable the isolation of true differences from confounding factors during 

analysis of mutagenic mechanisms. This work and previous studies have so far assessed DS in bone 

marrow (LeBlanc et al., 2022) and male germ cells. There are many more tissues that are target tissues 

for cancer and other genetic diseases. Further testing is required to establish study design parameters 

for these tissues.  

Another important parameter to consider is sample variance. As we observed in our power 

analyses, this plays a large role in determining the minimum detectable effect size of the study. Exposure 

studies in our lab within bone marrow (LeBlanc et al., 2022) and germ cells (data not published) have so 

far shown consistent sample variances for each tissue; however, more work should be done in different 

laboratories to confirm these observations. Establishing the main sources of variation within a DS study 

will be a great asset when designing future studies (Piegorsch et al., 1995).  Once reproducible 
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background mutation frequencies and sample variance have been established, the optimal number of 

animals and depth of sequencing can be calculated for a DS mutagenicity assay. 

It is essential that DS is tested with a broad range of chemicals before it is accepted as a 

mutagenicity test. First, DS should be tested with mutagens of different modes of action. So far, DS has 

been tested on a relatively small range of mutagenic mechanisms (LeBlanc et al., 2022; Valentine et al., 

2020). BaP induces bulky adducts whilst ENU and PRC both act as alkylating agents. Other mechanisms 

should be evaluated to ensure that analysis of the mutagenic mechanism by DS can be applied more 

widely. Furthermore, as noted in our second data chapter, the susceptibility of genomic loci to 

mutagenesis may vary based on the chemical. As such, work to characterise the susceptibility of the DS 

loci to different chemicals should be done. Second, DS must be tested with low doses of mutagens and 

non-mutagenic compounds. While it is important to determine that DS can detect a positive mutagenic 

effect, it is equally important to assess its performance with negative compounds. This work has 

demonstrated DS to be highly sensitive, therefore it is important to determine its specificity (i.e., its 

ability to correctly identify non-mutagenic chemicals).  

DS is a novel technology and is still being improved; however, a standard protocol must be in 

place before it can be used for mutagenicity testing. In this work, our comparison between bone marrow 

and germ cells was potentially confounded by differences in DNA fragmentation methods. Although 

there has been some evidence in our lab to suggest that enzymatic fragmentation might result in lower 

mutation frequencies than ultrasonication, no direct comparison has yet been made. It will be important 

in the future to thoroughly compare how changes to the DS protocol might affect results. Future work 

should directly compare mutation frequencies and spectra between protocols within the same tissue as 

the technology evolves. Additionally, previous work in vitro has shown strong inter-lab reproducibility in 

DS results, however, reproducibility of in vivo studies has yet to be tested in depth. Therefore, inter-lab 

comparisons of in vivo DS studies are recommended.  

Finally, it should be noted that DS is not the only error-corrected technology available. Other 

studies have made use of similar technologies to great success (Bae et al., 2023). While this work focuses 

on the performance of DS in a mutagenicity test setting, work should also expand to show the benefits of 

sequencing technologies as a whole for mutagenicity testing.  
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4.4.2. DS in Regulatory Decision-Making 

Further consideration must be given to how a regulatory call should be made based on a panel 

of targets. Previous mutagenicity assays have relied on the use of a single reporter gene to quantify 

mutagenesis. DS moves away from that approach and quantifies mutations within 20 genomic loci. 

However, as discussed throughout this thesis, the genomic loci show variable susceptibility to 

mutagenesis. As such, questions remain on how to approach a regulatory assessment should only a few 

loci demonstrate a positive response. A conservative approach would be to base the call on loci with a 

higher susceptibility to mutagenesis. This will ensure the genome is well protected but could also lead to 

false positives. It is possible that a similar approach has been unintentionally used with the lacZ assay, 

which has proven to be relatively more susceptible to mutations compared to the DS loci in some 

tissues.  Additional consideration should be given to the response of the DS loci in different tissues. As 

we observed in the second data chapter, target susceptibility to mutagenesis depends on the tissue of 

interest. This gives more weight to the use of a panel of targets for mutagenicity testing, as mutational 

responses in specific tissues are less likely to be missed in a panel rather than a single target.  

Next, it will also be important to establish a threshold for relevant mutation induction by DS. 

During hazard characterisation in risk assessment, the nature of the dose-response relationship is 

explored in detail. Regulatory authorities identify from toxicity studies a dose that will be deemed 

acceptable for human intake i.e., a dose under which it is confidently expected that there would be no 

appreciable adverse health effects (More et al., 2022). Previous work based on the TGR assays 

recommend a 50% increase in mutant frequency as a point of departure (White et al., 2020). However, 

as previously described, it is expected that even a 25% increase in mutation frequency of the male 

germline could detrimentally affect human populations (Beal et al., 2017). As such, a lower threshold 

may be prudent to allow for a more conservative approach to risk assessment. Furthermore, the 

threshold must be re-established based on DS data. As noted throughout this thesis, DS and the TGR 

assay report different response levels to chemical-induced mutagenesis stemming from the use of a 

panel versus a single reporter gene. Therefore, we must conduct a series of DS exposure studies to re-

establish a threshold that will reflect DS sensitivity. However, it should be noted that 50% my still be a 

useful threshold that can continue to be used for potency comparisons. In this thesis, we made use of 

the 50% threshold to compare the performance of different assays and the mutagenic response of 

different tissues to the same doses.  
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4.4.3. Advancing Biological Understanding   

Throughout the course of this study several interesting areas of research were identified that 

require further investigation. First, more work is required to characterise the factors driving the 

susceptibility of different loci to mutagenesis. In this study we identified some genomic features that are 

likely influencing the mutagenic response of the DS loci. However, a more thorough analysis of these 

features would be helpful. Most importantly, steps should be taken to measure the expression levels of 

the genic loci within the DS panel for each tissue of interest. This will allow a more relevant analysis of 

the effects transcription has on mutagenesis. Next, one large gap remains the influence of epigenetic 

factors on mutagenicity. In this study, we observed differences due to chromatin state within germ cells 

but not bone marrow. It is uncertain whether chromatin state differs between germ cells and bone 

marrow, or if the mechanisms involved differ between tissues. A more detailed map of the epigenetic 

markers within the tissues of interest would allow for a more comprehensive analysis of different 

epigenetic processes on mutagenesis. Finally, a more powerful analysis would sequence an entire 

genome with DS to conduct an analysis of the factors that are influencing the mutagenic response. While 

DS remains very costly, it may be worth investing in a study of the whole genome and look beyond the 

relatively small DS panel. Not only would this provide an opportunity to study many genomic factors 

involved in mutagenesis, but it will also enable us to compare the performance of the DS panel in 

reflecting whole genome mutagenicity. 

The target on chromosome 2 was particularly interesting as it displayed a uniquely high 

mutagenic response in the germ cells of MutaMouse males but not the bone marrow. Future work 

should aim to study this locus specifically to understand the factors driving its extreme response. Work 

should detail the mutation frequency and spectra of this target across several studies and tissues to 

identify any locations that may be mutation hotspots. Furthermore, it would be helpful to study the 

epigenetic factors at this locus in germ cells to see if there are any unique factors that may be influencing 

the response. It will be important to understand the biological reasons behind the extreme response of 

this target in order to make an informed decision on how to handle it during regulatory testing. It may be 

prudent to remove this target from the panel.  

The results of this thesis suggest that there are unique mutagenic mechanisms in male 

MutaMouse germ cells compared to bone marrow. Investigation of these germ cell-specific mechanisms 

would greatly enhance our understanding of germline mutagenesis. Work should continue to 
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characterise the DNA repair mechanisms within male germ cells, especially during the mitotic phases of 

spermatogenesis when the majority of mutations are occurring. It would also be beneficial to investigate 

mutations that may be specific to meiosis. To this end, research comparing the mutation spectra at 

different phases of spermatogenesis (i.e., mitotic phase, meiotic phase, etc.) would help us elucidate if 

there are any meiotic-specific mutations occurring. Further work with mechanism-associated mutational 

signatures may also help elucidate differences between somatic and germ cells. We did not find any 

strong associations between our germ cell spectra and the SBS signatures of the COSMIC database. 

However, recent work has extracted germline-specific mutational signatures (Seplyarskiy et al., 2021) 

that may better reflect the mechanisms at work within the male germline compared to signatures 

extracted from human cancers.  

Lastly, this study detailed the mutagenic effects of PRC within MutaMouse tissues at doses that were 

comparable to those used during chemotherapy. It would be prudent to continue the assessment of PRC 

mutagenic risk within human samples. Effects in both bone marrow and male germ cells are of concern. 

Patients who underwent combination treatments that included PRC have been known to develop 

secondary leukemias (Henry-Amar, 1992; IARC, 1981; Kaldor et al., 1988), suggesting that mutagenic 

effects in the bone marrow may lead to secondary cancer. Historically, it has been difficult to distinguish 

the effects of PRC from the effects of other compounds as it is almost always used in combination with 

other chemotherapy agents. Comparing the mutational signatures of these secondary leukemias to PRC 

mutation spectra may allow us to find evidence of PRC’s contribution to the disease even amongst 

confounding effects of other compounds. Human effects in male germ cells often lead to life-long 

infertility, though some men do regain fertility several years after treatment (Viviani et al., 1985; 

Schellong et al., 1992; Mauz-Körholz et al., 2010). In this case, mutagenic effects in male germ cells 

would be of concern to the health of potential offspring that may be fathered following treatment. 

Previous work has reported several cases of high levels of de novo mutations in children of men who 

underwent chemotherapy (Kaplanis et al., 2022). As such, further investigation into the mutagenic 

effects of PRC in humans is recommended. 

4.5 CONCLUDING REMARKS 

This study demonstrated the strong potential of DS as an in vivo mutagenicity test that could 

ultimately replace the TGR assay as the next gold-standard. DS successfully identified mutagenic hazard 

of a known mutagen, PRC, in both somatic and germ cells. Although the results were highly comparable 
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to those obtained using the lacZ assay, key added advantages include increased sensitivity, multi-locus 

responses that increases the human-relevance and weight of evidence for decision-making, and the 

availability of high-resolution mutation spectra that provided mechanistic insight into the mutagenic 

response. Analysis of the relative susceptibility of the DS loci revealed intrinsic differences between bone 

marrow and germ cells that may underlie differences in mutagenic mechanisms or DNA repair. 

Importantly, this is the first germ cell study applying DS and one of only a handful of other studies 

exploring its use in chemical mutagenicity assessment. Thus, the work provides essential data to inform 

DS study design that will facilitate future research. Overall, our findings strongly support the very high 

value of DS as a mutagenicity test to revolutionize regulatory testing.  
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SUPPLEMENTARY MATERIALS 

CHAPTER TWO 

Supplementary Table 2.1. Mutagenesis panel targets and their chromosomal locations* 

Target Start Location End Location Genic Context Chromatin State %GC 

chr1 69304217 69306617 Intergenic Euchromatin 37.3 

chr1.2 155235938 155238338 Genic Heterochromatin 54 

chr2 50833175 50835575 Intergenic Heterochromatin 45.3 

chr3 109633160 109635560 Genic Euchromatin 39.2 

chr4 96825280 96827680 Intergenic Euchromatin 39.4 

chr5 18210612 18213012 Intergenic Euchromatin 35.6 

chr6 119170706 119173106 Genic Euchromatin 40.5 

chr7 142683053 142685453 Genic Euchromatin 45.9 

chr8 43954521 43956921 Intergenic Euchromatin 35.6 

chr9 28648072 28650472 Genic Euchromatin 37.3 

chr10 21442014 21444414 Intergenic Euchromatin 46.3 

chr11 37934364 37936764 Intergenic Heterochromatin 35.8 

chr12 80601542 80603942 Genic Heterochromatin 52 

chr13 74030071 74032471 Genic Euchromatin 50.4 

chr14 13076171 13078571 Intergenic Heterochromatin 42.2 

chr15 66779762 66782162 Genic Euchromatin 44 

chr16 72381580 72383980 Intergenic Heterochromatin 38.3 

chr17 94009028 94011428 Intergenic Euchromatin 35.2 

chr18 81262078 81264478 Intergenic Euchromatin 47.3 

chr19 4618813 4621213 Genic Heterochromatin 56.1 

* mm10 coordinates; from LeBlanc et al., 2022. 
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Supplementary Table 2.2. Summary of DS mutation induction within the 24 MutaMouse bone marrow 
 samples. 
 

 

 

  

Sample Dose Mut Depth Min Mut Depth Max Total Depth MFMin MFMax 

DNA02444 0 114 129 728699669 1.56443E-07 1.77028E-07 

DNA02445 0 122 135 817107673 1.50531E-07 1.65217E-07 

DNA02447 0 110 113 846953699 1.31058E-07 1.59395E-07 

DNA02448 0 87 96 780873955 1.11414E-07 1.4471E-07 

DNA02449 0 96 101 770727712 1.24558E-07 1.24558E-07 

DNA02450 0 94 99 826612593 1.13717E-07 1.22185E-07 

DNA02446 6.25 113 135 657402286 1.71889E-07 1.50593E-07 

DNA02451 6.25 138 189 820030039 1.68287E-07 2.30479E-07 

DNA02452 6.25 155 188 782634215 1.99327E-07 2.40214E-07 

DNA02453 6.25 108 141 853755000 1.265E-07 1.65153E-07 

DNA02454 6.25 146 181 855903938 1.71748E-07 2.11472E-07 

DNA02455 6.25 155 179 978513059 1.59426E-07 1.82931E-07 

DNA02456 12.5 169 213 763679775 2.22606E-07 2.78913E-07 

DNA02457 12.5 164 216 809078854 2.027E-07 2.6697E-07 

DNA02458 12.5 142 195 706111588 2.01101E-07 2.7616E-07 

DNA02459 12.5 177 238 891637902 1.98511E-07 2.66924E-07 

DNA02460 12.5 137 197 729478918 1.87805E-07 2.70056E-07 

DNA02461 12.5 152 233 750681115 2.03815E-07 3.10385E-07 

DNA02462 25 295 419 793981642 3.71545E-07 5.2772E-07 

DNA02463 25 275 431 841255951 3.26892E-07 5.12329E-07 

DNA02464 25 221 346 791686322 2.80414E-07 4.37042E-07 

DNA02465 25 243 374 756161273 3.22682E-07 4.94603E-07 

DNA02466 25 274 448 936111894 2.927E-07 4.78575E-07 

DNA02467 25 229 289 666280326 3.452E-07 4.33751E-07 
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Supplementary Figure 2.1. Correlation of the trinucleotide composition between the DS Mouse-50 
Mutagenesis Panel and the mm10 Mus musculus autosomes. Data represents the proportion of 
trinucleotides. 
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Supplementary Figure 2.2. LacZ mutant frequencies in the bone marrow of MutaMouse males at various 
doses of PRC. Bars represent mutant frequency (mutations per locus) for each animal. Data labels 
indicate total number of mutant plaques counted for each animal. The X-axis indicates PRC dose group 
(mg/kg-bw/day). Asterisks indicate a significant difference relative to the controls in the average mutant 
frequency across animals. 
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A 

B

 
 
Supplementary Figure 2.3. Duplex data yields. (A) Total duplex bases per individual animal.  X-axis 
indicates dose group (mg/kg-bw/day PRC). (B) Average duplex bases per chromosome location per 
animal. Error bars represent standard error of the mean (SEM). 
  



106 

 

A 

 
B 

Supplementary Figure 2.4. MF of intergenic targets compared to genic targets for various doses of PRC 
using A) MFMin and B) MFMax. Data are represented as the mean ± SEM (mutations per bp). Asterisks 
indicate a significant difference in MF of dose groups relative to controls (GLM, p < 0.05). Double 
asterisks indicate a significant difference in MF between intergenic and genic targets within a dose group 
(GLMM, p < 0.05). 
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B

 
Supplementary Figure 2.5. Fold change in MF between PRC VC (A) and middle-dose group (B) and low-
dose group for the 20 DS targets as well as for the lacZ gene (red bar), estimated using a general linear 
mixed model. DS targets are listed along the X-axis. Errors bars are SEM. Asterisks indicate the fold 
change was a significant increase in MFMax from VC. Double asterisks indicate a significant increase for 
both MFMax and MFMin.  
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Supplementary Figure 2.6. Mutation spectra with trinucleotide context of controls and PRC dose groups 
measured by Duplex Sequencing in the bone marrow of MutaMouse males. Dose groups are listed along 
the right: 6.25 mg/kg-bw/d (Low), 12.5 mg/kg-bw/d (Middle), 25 mg/kg-bw/d (High). The substitution 
subtype is listed along the top, the mutation including the two flanking nucleotides are listed along the 
bottom. Mutation subtypes are represented by the proportion of total mutations. 
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Supplementary Figure 2.7. Cosine similarity of COSMIC SBS signatures to the trinucleotide mutation 
spectrum of each dose group. Data represents mean cosine value for the dose group. 
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CHAPTER THREE 

Supplementary Table 3.1. Summary of DS mutation induction within the 24 MutaMouse germ cell 
 samples. 

Sample 
Dose (mg/kw-
bw/d) 

Depth (bp) 
Mut Count 
Min 

Mut Count 
Max 

Mfmin Mfmax 

PRC_ST_113.1 0 8.99E+08 17 18 1.89E-08 2.00E-08 

PRC_ST_114.1 0 9.03E+08 15 16 1.66E-08 1.77E-08 

PRC_ST_115.1 0 9.35E+08 19 21 2.03E-08 2.25E-08 

PRC_ST_116.1 0 8.84E+08 26 67 2.94E-08 7.58E-08 

PRC_ST_119.1 0 7.07E+08 13 13 1.84E-08 1.84E-08 

PRC_ST_120.1 0 1.09E+09 34 122 3.11E-08 1.12E-07 

PRC_ST_137.1 6.25 1.13E+09 35 74 3.09E-08 6.54E-08 

PRC_ST_138.1 6.25 9.13E+08 32 115 3.51E-08 1.26E-07 

PRC_ST_139.1 6.25 7.96E+08 19 20 2.39E-08 2.51E-08 

PRC_ST_140.1 6.25 1.26E+09 38 86 3.02E-08 6.83E-08 

PRC_ST_143.1 6.25 7.88E+08 36 52 4.57E-08 6.60E-08 

PRC_ST_144.1 6.25 9.58E+08 24 52 2.50E-08 5.43E-08 

PRC_ST_169.1 12.5 1.13E+09 33 37 2.93E-08 3.29E-08 

PRC_ST_173.1 12.5 9.41E+08 47 171 5.00E-08 1.82E-07 

PRC_ST_174.1 12.5 1.06E+09 65 865 6.12E-08 8.14E-07 

PRC_ST_175.1 12.5 1.29E+09 73 83 5.66E-08 6.43E-08 

PRC_ST_185.1 12.5 9.18E+08 31 88 3.38E-08 9.59E-08 

PRC_ST_186.1 12.5 1.15E+09 47 50 4.08E-08 4.34E-08 

PRC_ST_201.1 25 1.10E+09 114 164 1.04E-07 1.49E-07 

PRC_ST_202.1 25 1.35E+09 113 2363 8.39E-08 1.75E-06 

PRC_ST_203.1 25 9.26E+08 58 74 6.26E-08 7.99E-08 

PRC_ST_206.1 25 7.37E+08 88 1221 1.19E-07 1.66E-06 

PRC_ST_207.1 25 1.05E+09 49 54 4.67E-08 5.15E-08 

PRC_ST_208.1 25 1.17E+09 53 85 4.52E-08 7.24E-08 
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Supplementary Figure 3.1. Duplex data yields. (A) Total duplex bases per individual animal.  X-axis 
indicates dose group (mg/kg-bw/day PRC). (B) Average duplex bases per target per animal. Error bars 
represent the standard error of the mean (SEM). Light blue bars represent intergenic targets. Dark blue 
bars represent genic targets. 
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Supplementary Figure 3.2. Duplex Sequencing mutation frequencies (MFMax) in the germ cells of 
MutaMouse males at various doses of PRC. (A) MFMax (mutations per bp) for each animal. Data labels 
indicate the total mutation count per animal. X-axis indicates the PRC dose group (mg/kg-bw/day). (B) 
Distribution of clonal expansion events. Bars represent the unique mutation count for each animal. 
Green bars represent the number of mutations that appeared only once in the sample. Yellow bars 
represent the number of mutations that appeared 20-50 times in a single sample. Orange bars represent 
the number of mutations that appeared more than 50 times in a single sample. X-axis indicates the PRC 
dose group (mg/kg-bw/day). 
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Supplementary Figure 3.3. Duplex Sequencing mutation frequencies (MF) without chr2 mutations for 
MutaMouse germ cells at various doses of PRC. Bars represent (A) the MFMin (mutations per bp) and (B) 
MFMax for each animal. Data labels indicate the total mutation count per animal. X-axis indicates the PRC 
dose group (mg/kg-bw/day). Asterisks indicate a significant difference (p < 0.05 relative to the control in 
the average MF across animals). 
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Supplementary Figure 3.4. MFMin of intergenic targets compared to genic targets for various doses of 
PRC using (A) all data and (B) data without chr2. Data are represented as the mean ± SEM (mutations per 
bp).  
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Supplementary Figure 3.5. MFMin of heterochromatic targets compared to euchromatic targets for 
various doses of PRC using (A) all data and (B) data without chr2. Data are represented as the mean ± 
SEM (mutations per bp). Asterix indicate a significant difference between heterochromatic and 
euchromatic targets.  
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Supplementary Figure 3.6. Pearson’s correlation analysis between per target MFMin and the target’s GC 
content (%) for (A) 0, (B) 6.25, (C) 12.5, and (D) 25 mg/kg-bw/d PRC. Correlation values (r) in bold are 
significant P<0.05.  
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Supplementary Figure 3.7. Mutation spectra with trinucleotide context of controls and PRC dose groups 
measured by Duplex Sequencing in the germ cells of MutaMouse males. Dose groups (mg/kg-bw/d) are 
listed along the right. The substitution subtype is listed along the top, and the mutation including the 
two flanking nucleotides are listed along the bottom. Mutation subtypes are represented by the 
proportion of total mutations. 
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Supplementary Figure 3.8. LacZ mutant frequencies in the germ cells of MutaMouse males at various 
doses of PRC. Bars represent mutant frequency (mutations per locus) for each animal. Data labels 
indicate the total number of mutant plaques counted for each animal. The X-axis indicates PRC dose 
group (mg/kg-bw/day). Asterisks indicate a significant difference relative to the controls in the average 
mutant frequency across animals. 
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Supplementary Figure 3.9. Pearson’s correlation analysis between lacZ mutant frequency and Duplex 
Sequencing (A) MFMin for MutaMouse males exposed to PRC. Data are presented as the individual MFs 
for each animal. 
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Supplementary Figure 3.10. Average MFMin by dose for MutaMouse male germ cells and bone marrow. 
Error bars are SEM. Asterisk indicates a significant difference between germ cells and bone marrow.  
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