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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 muta-
tions 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

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 stand-
ardized assays is available for this purpose. There is also
growing recognition that mutations in themselves represent

P4 Carole L. Yauk
carole.yauk @uottawa.ca

P4 Francesco Marchetti
francesco.marchetti @hc-sc.gc.ca

I Environmental Health Science and Research Bureau, Health an adverse effect that should be considered in regulatory
Canada, Ottawa, Ontario, Canada decision-making (Heflich et al. 2020). Assays with avail-
2 Department of Biology, University of Ottawa, Ottawa, able Organisation for Economic Co-operation Development
Ontario, Canada (OECD) test guidelines are routinely employed as the gold
3 TwinStrand Biosciences Inc., Seattle, Washington, USA standards to assess in vitro and in vivo mutagenicity (OECD

Department of Biology, Carleton University, Ottawa, 2020, 2022a, b).

Ontario, Canada

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00204-023-03527-y&domain=pdf
http://orcid.org/0000-0002-0446-9055
http://orcid.org/0000-0002-3847-8371
http://orcid.org/0000-0002-7637-7686
http://orcid.org/0000-0001-8199-8754
http://orcid.org/0000-0001-8605-316X
http://orcid.org/0000-0002-8974-6508
http://orcid.org/0000-0001-5630-7368
http://orcid.org/0000-0002-7804-0550
http://orcid.org/0000-0002-6725-3454
http://orcid.org/0000-0002-9435-4867

2246

Archives of Toxicology (2023) 97:2245-2259

In vivo mutagenesis assays, such as the transgenic
rodent (TGR) gene mutation assay (OECD 2022b), pro-
vide 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 limitations. First, the TGR
assay uses unique strains of animals that prevents integra-
tion with other standard toxicity tests. Second, the TGR
plaque-based assay measures mutation induction in a sin-
gle exogenous reporter gene that does not accurately rep-
resent the diverse structure and function of the mammalian
genome. Many genomic features are thought to modulate
differential sensitivity to chemical mutagens (Hodgkinson
and Eyre-Walker 2011; Makova and Hardison 2015); these
cannot be assessed when relying on a single reporter gene
(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 chemi-
cal’s mutagenic effect; with the TGR assay this is imprac-
tical 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 muta-
genic 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 with established environmental mutagens,
including benzo[a]pyrene (BaP) (LeBlanc et al. 2022),
aflatoxin (Chawanthayatham et al. 2017), N-ethyl-N-nitro-
sourea (ENU) and urethane (Valentine et al. 2020), has
demonstrated that DS is effective a measuring increases
in mutation frequencies (MF) in mouse somatic tissues.
In addition to being able to precisely quantify spontane-
ous 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 and 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 con-
tribution of environmental mutagens to the mutation spec-
trum observed in human cancers. Given these features,

@ Springer

it is conceivable that ecNGS may contribute to reducing
reliance on, or even replacing 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 chemi-
cals 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
a SN1-type methylating agent that is well characterized as a
potent in vivo clastogen; although studies have shown that
PRC can induce mutations in mouse somatic tissues (Mau-
rice et al. 2019; Revollo et al. 2017; Suzuki et al. 1999), its
mutagenic activity is still not fully understood. We meas-
ured 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, trinu-
cleotide 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 as follows: (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 TGR lacZ
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.

Methods
Animal exposure and tissue collection

All animal handling, exposures and tissue collection were
approved by the Health Canada Ottawa Animal Care Com-
mittee 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 fre-
quencies (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)
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or phosphate-buffered saline without calcium and magne-
sium (PBS; Corning cellgro, Manassas, VA, USA) as vehi-
cle 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).

Transgenic rodent gene mutation assay (lacZ assay)

The lacZ assay was performed as per the OECD TG 488
(2022b). 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, Can-
ada). Agt10 phage vectors in genomic DNA were excised
using commercial packaging extract kits (Agilent Technol-
ogy, Santa Clara, CA, USA), according to the manufacturer’s
instructions. Transgene mutant frequency was determined
using the phenyl p-d-galactopyranoside (P-gal)—positive
selection assay (Lambert et al. 2005). A minimum number of
125,000 plaque-forming units (pfu) were counted per sam-
ple. Mutant frequency (phenotypically selectable mutants
per lacZ locus) was expressed as the ratio of mutant plaques
to total plaque forming units (pfu).

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 (Valen-
tine 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 that has two targets.
Nine of the targets are located within genic regions and 11
within intergenic regions (Suppl. Table 1). 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). The chosen targets are presumed to be selectively
neutral, with none of the targeted regions having known
roles in cancer either in mouse or human orthologs. The
panel was chosen for optimal performance in hybrid capture
and contained no significant pseudogenes or repetitive ele-
ments that could potentially confound alignment or variant
calling. Panel nucleotide composition shows a strong cor-
relation with that of the whole mm10 genome (Supp. Fig. 1).
Target chromatin status and %GC content were determined
using the University of California Santa Cruz (UCSC)
Mouse Genome Browser, reference genome mm10. Descrip-
tions of the 20 targets are provided in Supp. Table 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) to a mean on-target duplex
depth of ~ 16,000 X. 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 target
of 500 million duplex bases and 10,000X sequencing depth.
The sequencing FASTQ files used in the current study are
available in the Sequence Read Archive (SRA) BioProject
ID PRIJNA909196. Per-library FASTQ files were analyzed
using the TwinStrand DuplexSeq Mutagenesis App v.3.4.2
(TwinStrand Biosciences, Seattle, WA, USA) as function-
ally described in Valentine et al. (2020). This App produced
sequencing summary metrics, mutagenesis metrics including
mutation frequencies (MF), base substitution spectra, and
a variant call file (VCF) per library. Briefly, the Duplex-
Seq Mutagenesis App involves the following: extracting
unique molecular identifier (UMI) sequences, 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 call-
ing, 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 of the
DuplexSeq Mutagenesis App involved calculating mutation
frequencies per-target instead of just panel-wide.
Mutations that occurred more than once in a single
sample were considered under the following two assump-
tions: (1) all identical mutations represent the clonal
expansion of a single mutational event; or (2) all identi-
cal 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

@ Springer



2248

Archives of Toxicology (2023) 97:2245-2259

minimum mutation frequency (MFy;,) that could explain
the data. Alternatively, counting all identical mutations
independently guards against the possibility of under-
counting true independent mutations. This calculation
is the maximum mutation frequency (MFy,,,) 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.

Mutation data interpretation and statistical analysis

First, mutation induction was measured as mutant fre-
quencies (phenotypically scorable mutants per lacZ locus)
for the lacZ assay and as MF,;;, or MF,,,, (represented as
mutations per bp) for DS using the entire mouse mutagen-
esis 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 (Hgjsgaard and 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-val-
ues for multiple comparisons for both MF,;;, and MF,, ..
Next, we estimated MFs for each 2.4 kb target using gen-
eralized linear mixed models (GLMM) with a binomial
error distribution in the R software. Pairwise compari-
sons based on dose and location relative to genes were
conducted using the doBY R library as described above.
The MF,;;, and MF,,,  response for each target was then
compared individually against the lacZ assay.

The mutation spectra data generated by DS was evalu-
ated 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 contin-
gency table approach was used as previously described
(Piegorsch and Bailer 1994). Pairwise comparisons as
described above were used to determine which muta-
tion types were significantly increased from VC. Sub-
sequently, 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 muta-
tion spectra, using the MutationalPatterns package in R
(Manders et al. 2022).
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Benchmark dose comparison of /acZ 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 rep-
resents a dose that produces a 50% increase (i.e., the bench-
mark response; BMR) in lacZ mutant frequency, MF,;; or
MFy,,; this BMR was selected based on previous recom-
mendations 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.

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 sam-
ples based on parameters from our experiment. Hypotheti-
cal mutation counts were generated based on the observed
average MFy;;, from our VC group (1.31x 1077 mutations
per bp) and the average total number of bases sequenced per
animal (depth; 7.98 x 10 bp). Over-dispersion was incor-
porated 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 investi-
gated 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.
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Results
LacZ mutant frequency

LacZ assay mutant frequency was measured by divid-
ing 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. Fig. 2). PRC induced
a significant increase in mutant frequency (x 107) 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, respec-
tively. No statistically significant increase was observed at
the low PRC dose (Table 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.

Table 1 Mean mutant frequency estimates and corresponding pair-
wise comparisons between dose groups for the lacZ assay obtained
using a GLM

Dose (mg/ Mutant fre- Fold changes (+ SEM) p-value*
kg-bw/day) quency+SEM
(x107%)
0 73+1.76 -
6.25 12.7+2.48 1.74+0.54 8.84x 1072
12.5 249+3.07 3.39+0.91 4.05%x107
25 46.7+4.14 6.37+1.63 1.54x 107
*Bold font indicates p-value <0.05
Fig. 1 Duplex Sequencing
mutation frequencies (MF) in 6.0E-7 1
the bone marrow of MutaMouse -
males at various doses of PRC. 5.0E-7 MFiin
Bars represent the MF (muta- T S MF
tions per bp) for each animal iy Max
using MFy;;, or MFy, . Data g 4.0E-7 1
labels indicate total muta- E
tion count per animal. X-axis 5]
indicates PRC dose group (mg/ % 3.0E-7 -
kg-bw/day). Asterisks indicate LE
a significant difference (p <0.05 £
relative to the control in the ~‘§ 2.0E-7 1129 |
i 1
average MF across animals) = 122,413 960001 50
87 94
o H H HH H

0 I 0

DS mutation frequency

DS reads were distributed relatively evenly across the 20
targets in the 24 samples (Supp. Fig. 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 sam-
ple. Mutations include single nucleotide variants (SN'Vs),
insertions and deletions (indels), and multi-nucleotide vari-
ants (MNVs). Under the conservative MF,;;, 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 (Fig. 1, Suppl Table 2).
There was no significant difference in MF,;,,, nor in the pro-
portion of mutation subtypes, between VC animals sampled
42 or 70 days after the last dosing. PRC induced a significant
dose-dependent increase in MFy;, (x1077) relative to VC in
all PRC dose groups, from 1.31 +0.07 mutations per bp in
the control to 3.22 +0.12 in the high dose group. A 1.3-,
1.6-, and a 2.5- fold increase in MFy;, relative to VC was
induced in 6.25, 12.5, and 25 mg/kg-bw/day dose groups,
respectively (Table 2).

To assess the impact of counting all mutations indepen-
dently, we performed the same analyses using the MFy,,
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-depend-
ent increase in MFy,, (x1077; Table 3, p<0.01) in all groups
relative to VC from 1.41 +0.08 mutations per bp (+ SEM)
in the control to 4.82 +0.16 in the high dose group (Fig. 1).
A 1.5-, 2.0-, and a 3.4- fold increase in MF,,, relative to
VC was induced in 6.25, 12.5, and 25 mg/kg-bw/day PRC
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Table2 Mean mutation frequency (MF;,) estimates and corre-
sponding pairwise comparisons between dose groups for DS obtained

Table3 Mean mutation frequency (MF,;,) estimates and corre-
sponding pairwise comparisons between dose groups for DS obtained

using a GLM

using a GLM

Dose (mg/ MF,;,, assumption Dose (mg/ MF,;,, assumption
kg-bw/day) — kg-bw/day) —

MF +SEM (x 107) Fold Changes  p value* MF +SEM (x 107) Fold p value*

(£SEM) changes (= SEM)

0 1.31+0.07 - - 0 1.41+0.08 -
6.25 1.67+0.08 1.26+0.10 6.03x107° 6.25 2.05+0.10 1.45+0.11 9.51x10°°
12.5 2.03+0.09 1.55+0.11 1.65x107° 12.5 2.78+0.12 1.97+0.14 1.16x 1078
25 3.22+0.12 2.46+0.16 657x10" 25 4.82+0.16 3.42+0.23 6.48x 1071

*Bold font indicates p-value <0.05

dose groups, respectively. The MF,,,, for the middle and
high dose groups were significantly higher than the MF,;;,
for those dose groups (p <0.01). Inter-individual variability
did not meaningfully differ between the MFy;;, and MF,;,
assumptions.

DS mutation frequency by target

Next, we analyzed mutation induction across the 20 genomic
targets using the MF,;;, assumption. The background
MF,;, differed by 2.8-fold across the targets, with the high-
est MF,;, observed for the second target on chromosome
1 (chrl.2: 2.41 x 107") and the lowest MF,;, on chromo-
some 10 (0.858 x 1077). When ranking MF across targets
within the VC, we observed that the highest and lowest
responding targets are similar to those of a previous study
(LeBlanc et al. 2022). This reproducibility suggests that we

7.0E-7 -
6.0E-7 { ** 4
5.0E-7 -

4.0E-7 A * %

Mutation Frequency

3.0E-7 A ‘ ,

2.0E-7 1

]
1.0E-7 4L

Fig.2 Spontaneous and PRC-induced MF by Duplex Sequencing tar-
get ordered from highest MFy;, in the high PRC dose group to the
lowest. Data are mean MF +SEM mutations per bp, for each target
(n=06), separated by dose (mg/kg-bw/day). Intergenic targets are
labelled in red and genic targets are in black. Asterisks indicate a sig-
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*Bold font indicates p-value <0.05

have sequenced a sufficient number of mutations to have
reproducible MF per target within the control group. PRC
induced a significant increase in MFy; relative to VC in
14 of the 20 targets at the high PRC dose (Fig. 2). At the
middle PRC dose, only the target on chromosome 17 had
a significant increase in MF,;;,. No target had a significant
increase in MF,;;, compared to VC at the low dose. We
observed a maximum 2.5-fold difference between the tar-
get with the highest MF,;, at the high PRC dose (chromo-
some 17; 5.21 x 1077) and the target with the lowest MFyy;,
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 MF,;, for the middle and low
PRC doses, respectively. The targets with the highest MF,;;,
were on chromosome 17 for the high and middle PRC doses,
and on the second target on chromosome 1 (i.e., chrl.2) for

m0 m6.25 m12.5 m25

nificant increase in the high PRC dose relative to the controls. The
double asterisk indicates a significant increase in the high and mid-
dle PRC doses relative to controls. (Generalized linear mixed model,
p<0.05)
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the VC and low PRC dose. Three of the five targets with the
lowest background MF,;,, those on chromosomes 3, 5 and
13, were also among the five targets with the lowest MFy
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 3 X higher than the target
with the lowest fold-increase, chrl.2 (Fig. 3). Thus suscepti-
bility to mutations induction varies by genomic locus.

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 MF,;, at the high PRC dose were all located in
intergenic regions, while 4/5 targets with the lowest MFy;,
were genic (Fig. 2). Overall, a combined analysis of inter-
genic targets showed a significantly higher mean MFy;, 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.
Fig. 4). These results did not change when using MF,, .
Furthermore, intergenic targets showed a significant increase
in MF,;;,, and MF,,,, at all PRC doses compared to the VC,
whereas the genic targets showed a significant increase only
at the high dose for MFy;, and the middle and high dose for
MF,,«. Conversely, the mean background MF,;;, observed
in intergenic targets (1.26x 1077) was not significantly dif-
ferent from the mean background MF,;;, in genic targets
(1.28 x 1077). These results were not changed when using
MFMax'

DS and TGR concordance

To assess DS concordance with the TGR assay, we com-
pared the DS MF,;, to the lacZ mutant frequency in the

. MFMin 8 MFMa.\'

W Genic

M Intergenic

Fold Change
NN W EE Y e NN B SN}

Fig.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

same samples. There was a significant positive correlation
between the induced DS MF,;;, and lacZ mutant frequencies
(Fig. 4; Pearson’s correlation; r=0.85, p=6.19 x 10‘7), with
lacZ displaying more inter-individual variability. The cor-
relation increased further when we used MFy,,, (Pearson’s
correlation; r=0.87, p=2.88 % 10’8), although the magni-
tude of the response to PRC was still higher in the lacZ assay
(Tables 1, 2 and 3). The lacZ fold changes relative to VC for
each dose group were greater by an average of twofold than
DS MFy;, and 1.5-fold compared with DS MFy, .

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 esti-
mated for each target, using either the MF,;;, or MF,;,, DS
data (Fig. 3). Using MF,;,, 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 MF,;,., 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 ten targets were within
range of the lacZ fold-change (3.39+0.91) when MF,;, and
MF,, values were used, respectively. Of these, all targets
except for the one on chromosome 3 were intergenic (Supp.
Fig. 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

*%

fold change was a significant increase in MF from VC for MFy,,.
Double asterisks indicate significance for both MF,;,, and MFy,.
The targets chrl7, chrl4, chrl, chrll, chr8, and chrl0 were within
range of the lacZ fold change
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Fig.4 Pearson’s correlation analysis between lacZ mutant frequency
and Duplex Sequencing using MFy;, (A) or MFy,, (B) for Muta-
Mouse males exposed to PRC. Data are presented as the individual
MFs for each animal

of 11.1 mg/kg-bw/day (95% CI of 8.7-13.8 mg/kg-bw/
day) obtained using DS MF,;, (Fig. 5A). However, using
MF,,« 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 MF,,,, are used. We also pro-
duced BMDs for each of the 20 DS targets individually cal-
culated as MF,,, (Fig. 5B) and compared these to the lacZ
BMD. Every target had Cls 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 MF,,, was used.

Mutation spectrum

Both the spontaneous and PRC-induced mutation spectra
(MF,;,) consisted primarily of SNVs, followed by small
deletions, then MNVs, and last, small insertions (Fig. 6).
Pairwise comparison of DS mutation data revealed that the
overall mutation spectra were significantly different from
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Fig.5 95% confidence intervals (CI) based on BMD model averaging
analyses. A log,, BMD for a 50% increase of lacZ mutant frequency
and the Duplex Sequencing MF, using either MFy;, or MF,,,,. B
log;, BMD of lacZ mutant frequency and Duplex Sequencing MF,,
for each genomic target. DS targets are organized from smallest BMD
to highest. Target chrl.2 failed to produce a BMD due to poor dose
response

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 sig-
nificant dose-dependent increases in T:A > C:G transitions
in all three dose groups compared with VC; T:A> A:T trans-
versions 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 (Fig. 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 exam-
ine mutational signatures (Alexandrov et al. 2013). This
revealed a clear enrichment in T:A > C:T transitions and
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Fig. 6 Mutation spectrum of A
controls and PRC dose groups 2 0E-7 -
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T:A > A:T transversions, together with a shift from muta-
tions at CpG sites to non CpG sites for C:G> T:A transitions
(Supp. Fig. 6). We compared our trinucleotide frequencies
to single-base substitution (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
(Suppl. Fig. 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%

B0 m6.25 m]25 m25

C>G >C T>A

Mutation subtype

=G mnv del ins

* B0 m625 mi25 m25

C>G

T>C T>A T>G
Mutation subtype

mnv del ins

power to detect a 1.5-fold increase in MFM;, (Table 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 4). This is higher
than the 1.26-fold increase in MFy;, 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 experi-
ment, a reduction in sample size to three animals per group
would result in sufficient power to classify PRC as muta-
genic 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 MF,,, 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
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Table 4 Power analysis for duplex sequencing dose—response studies

Experimental conditions

Simulated condition

MFy4in MF) ¢ Increased variance
Background MF 1.31x1077 1.41x1077 1.31x1077
Total DS base pairs 7.98x 108 7.98x 108 7.98x 108
Sample variance 0.062 0.063 0.10
Sample Size Power (%) 1.5-FC*  MDES" Power (%) 1.5-FC*  MDES" Power (%) 1.5-FC*  MDES"
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
*Power (%) to detect a 1.5-fold-change of MF
"MDES: minimum detectable effect size with 80% power
same analyses as above but with twice the observed sample A o =0.062

variance (0.1). We observed an 81% power to detect a 1.5-
fold increase in MFy;, above background with a sample size
of three and the increased sample variance.

Next, we investigated the number of total duplex bases
required for analysis (Fig. 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 MF,;;,. However, this reduction in data yield causes analy-
ses to become more susceptible to increases in sample vari-
ance. When the sample variance is 0.1, and the sample size
is three animals, the power to detect a 1.5-fold increase in
MF,;, 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 MFy;, for datasets with a sample
variance of 0.1 (78.2% power).

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 MF,;;,; however, when
using MF,,,, several DS targets had fold-increases consist-
ent with the lacZ assay. DS revealed a PRC mutation spec-
trum that was distinct from the background spectrum, with
PRC primarily inducing T:A > C:G transitions, followed by
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Fig.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 (color figure online)

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
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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.

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 and Eyre-Walker 2011), and chroma-
tin state (Hodgkinson et al. 2012; Makova and 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 tar-
get loci in intergenic regions had a higher response to PRC
mutagenesis than loci in genic regions, which is consist-
ent 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 (LeB-
lanc 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 MF,;, at the high PRC dose (chromosome 17,
14, 11, 8, and 16; all intergenic) were the same five targets
with the highest MF,;, at the high BaP dose. These chemi-
cals have different modes of action, which implies that there
is an inherent feature of these loci that renders them more
susceptible to mutagenesis than the others. Our results pro-
vide further support for the role of TCR in the variation of
mutation among loci.

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 MFy;,
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 sam-
pling 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 MF;,
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 with-
out bias and can easily filter out clonally expanded mutations
using the MF,;;,, 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 MF,,,, assumption), we observed that the con-
cordance between DS and the lacZ assay improved signifi-
cantly. DS fold-changes in several endogenous target loci
became equivalent to fold changes observed with the lacZ
gene. Furthermore, BMD confidence intervals generated
using MF,,, overlapped with those for the lacZ BMD. Thus,
it is possible that some of the discrepancies between DS and
lacZ can be attributed to the exclusion of clonally expanded
mutations when analyzing DS data. Whether clonal muta-
tions should be included in the DS mutation counts (MFy;,,)
or corrected for (MFy,;,) 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 differ-
ent 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 endog-
enous genes. Previous work using Big Blue® mouse splenic
tissue demonstrate that the lacl 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 com-
pared to two expressed endogenous genes (Ctnnbl, Polric)
using DS. We posit that the main reason for the seemingly
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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 susceptibil-
ity to mutation induction because it is a non-transcribed
transgene, thus unprotected by TCR. Of the DS loci that had
fold-increases in MF,,, rivalling that of the lacZ transgene,
most were in intergenic regions. Future use of DS to directly
sequence the lacZ gene would aid in understanding how the
differences between the two assays influence MF.

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 SN,-methylating
agent (Fong et al. 1990; Fu et al. 2012; Gerson et al. 2018).
The main mutagenic lesions produced by PRC include
O, and O,—methylthymine leading to T:A > C:G and
T:A > A:T mutations, respectively (Jenkins et al. 2005), and
O¢-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
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 propor-
tional reduction in these mutations occurring at CpG sites,
alongside an increase in the context of non-CpG cytosine
bases, consistent with the formation of Og-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
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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 spec-
tra of similar acting alkylating agents (N-methyl-N-nitros-
ourea 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 that 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 identify-
ing exposure-associated cancers in humans.

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 nega-
tive 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 typi-
cally observed using the lacZ assay. We note that the low
sample-to-sample 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 ani-
mals. 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
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to be increased to 800 million to achieve this power. Over-
all, 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 mutagen-
esis. 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 posi-
tive 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.

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-induc-
tion measurements to the gold-standard lacZ assay. In addi-
tion, 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 animals per group nec-
essary 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 stan-
dalone mutagenicity testing 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 dif-
ferent cell types, tissues, and species to increase our under-
standing 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 chemi-
cal mechanisms that underlie cancer.
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