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Abstract

Germ cell mutagenicity testing is increasingly required for chemical risk assessment. Duplex sequencing is rapidly gaining acceptance as a
method to assess in vivo mutagenesis, and as a valid alternative to transgenic rodent mutation models such as the MutaMouse. We used a duplex
sequencing panel of 20 genomic targets and the transgenic rodent assay to measure mutations in the germ cells of MutaMouse males exposed
t0 0, 1, 2, or 5 mg/kg N-ethyl-N-nitrosourea for 28 days. Germ cells from the seminiferous tubules were collected 28 days post-exposure. The
transgenic rodent assay showed a significant increase in mutant frequencies at the high (P < 0.001) and medium (P =0.01) N-ethyl-N-nitrosourea
doses relative to controls, while duplex sequencing revealed a significant increase (P < 0.001) in N-ethyl-N-nitrosourea—induced mutations only
at the high dose. Duplex sequencing mutation frequencies were lower in genic than in intergenic targets, suggesting a protective role for
transcription-coupled repair. Interestingly, we observed several unique germ cell characteristics with respect to duplex sequencing data from
rodent somatic tissues: 1) larger inter-animal variability in clonally expanded mutations that affects the ability to detect significant increases in
mutation frequency; 2) a target on chromosome 2 showing much higher susceptibility to spontaneous and chemical-induced mutagenesis than
other targets; and 3) a mutation spectrum consistent with that observed in the offspring of N-ethyl-N-nitrosourea—treated males but not with the
spectrum in bone marrow of directly-exposed males. These results suggest that duplex sequencing is a promising approach for characterizing
germ cell mutagenesis and that mutagenic mechanisms operating in germ cells differ from those in somatic tissues.
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Introduction

Germline mutations can be detrimental to reproductive health
and lead to diseases including autism, schizophrenia, and
epilepsy, among others [1-4]. The last 50 years of research
in germ cell mutagenesis have identified diverse environmen-
tal exposures that increase germline mutation rates [5-7].
Indeed, more than 80 agents have been shown to induce
mutations in rodent germ cells [8]. A subset of these agents
have been proposed as candidate human germ cell mutagens,
such as ionizing radiation, tobacco smoke, polycyclic aromatic
hydrocarbons, and other forms of air pollution [5]. However,
a number of challenges hampered the advancement of our
understanding of environmental exposures that cause germ
cell mutagenicity [7]. One of these is the rarity of muta-
tions in germ cells, which are one order of magnitude lower
than in somatic tissues [9]. Thus, improved methods that
are sufficiently sensitive and accurate are needed to better
understand the relationship between germ cell mutagenesis
and development of environmentally induced human genetic
disease.

The transgenic rodent (TGR) gene mutation assay is the
only Organisation for Economic Co-Operation and Develop-
ment (OECD) test guideline (TG) that measures mutations in
the germ cells of exposed rodents and represents the “gold-
standard” for in vivo mutagenicity studies [10, 11]. The TGR
assay uses bacterial reporter genes to measure mutations in
vivo that result in loss of function through in vitro positive

selection of recovered plasmids [12]. The assay has been used
extensively for germ cell mutagenicity testing [13]; however,
there are a number of limitations. First, it is a stand-alone
assay requiring specialized rodent strains, which prevents
its integration within standard toxicity testing. Second, the
bacterial reporter gene used as the mutagenesis target is non-
transcribed and not representative of the natural variabil-
ity in native genomic features that may impact mutation
susceptibility; third, the assay is limited to detecting mostly
single nucleotide variants and 1-2 bp indels; lastly, transgene
mutations must be individually recovered and sequenced from
bacterial plaques to elucidate the mutation spectrum and to
correct for clonally expanded mutations [14]. These TGR
shortcomings limit its ability to generate results that fully
inform the mutagenicity of test substances and evaluate their
potential relevance to human mutation induction and disease
development.

Advances in next-generation sequencing have pushed the
boundaries of germ cell research and allowed for detailed
investigations into the origin of de novo mutations (DNM).
Whole genome sequencing (WGS) studies have consistently
shown that DNM in human offspring increase with parental
age and that the majority of single-nucleotide variants (SNV)
DNM are paternal in origin [15-17]. Recently, extremely high
levels of DNM have been observed in a few cases where the
father had received chemotherapy prior to the child’s con-
ception [18]. In rodents, WGS studies have shown significant
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increases in DNM in the offspring of male mice exposed to
benzola]pyrene and ionizing radiation prior to conception
[19, 20]. Therefore, both human and rodent data suggest
that paternal preconception exposure to mutagenic agents can
influence the DNM rate. However, WGS is not amenable to
the study of mutations directly in male germ cells as these
mutations are rare events that are masked by the inherently
high error rate of current sequencing technologies.

Duplex sequencing (DS) is an error-corrected next-
generation sequencing (ecNGS) technology that shows great
potential for applications in mutagenesis research [21, 22].
DS increases the accuracy of mutation detection through
unique labeling of each strand of DNA prior to sequencing
[23]. To capture mutations, DS typically uses a panel of
twenty 2.4 kb targets spread across autosomes encompassing
genic and intergenic regions. The technology’s low error
rate and its ability to derive mutation frequency and spectra
concurrently provides accurate and in-depth information on
a test substance’s mutational characteristics. Importantly, DS
is applicable to any rodent model allowing the integration
of mutagenicity assessment within standard toxicity studies
that rely on wild type rodent [21, 22]. Studies with a
variety of established mutagens have shown that DS detects
dose-dependent increases in mutations in somatic tissues
of rodents and produces chemical-specific mutation spectra
consistent with known mechanisms [24-28]. These studies
also demonstrate excellent concordance of DS and TGR
mutation frequencies. Additionally, mouse DS studies show
a higher susceptibility to mutation induction in intergenic
regions relative to genic regions [25, 26]. Overall, these initial
studies show that DS is effective at detecting chemically
induced mutations in somatic tissues of rodents.

Application of ecNGS to germ cell mutation analysis is still
limited to a few proof-of-principle studies. Bae et al. [29]
detected a spontaneous mutation frequency of 2.72 x 1073 in
the sperm of a 39-year old-male using an ecNGS technology
called Concatenating Original Duplex for Error Correction
(CODEC). Salazar et al. [30] used DS to investigate the effect
of age on spontaneous mutations in ~4.5 kb of the coding
region of FGFR3, the gene that causes achondroplasia [31], in
the sperm of young and old men. Finally, Axelsson et al. [32]
characterized mutations in the sperm of six healthy young men
using DS and reported high concordance between mutation
spectrum in sperm and inherited mutations in children. DS has
yet to be applied to measure chemically induced mutagenesis
in the germline.

Here, we used DS to detect N-ethyl-N-nitrosourea (ENU)-
induced mutations in germ cells from the seminiferous tubules
of MutaMouse male mice, a common TGR model. The objec-
tives of our study were to: 1) investigate the dose-dependent
increase in germline mutations following ENU exposure; 2)
assess mutation frequencies across DS targets and identify
features that increase mutation susceptibility; and 3) compare
the DS results with those found in somatic tissues in previous
work and with the gold-standard TGR assay.

Materials and methods

Animal exposure and tissue collection

All animal exposures, handling, and procedures were
approved by the Health Canada Ottawa Animal Care
Committee. MutaMouse mice from the in-house colony were
maintained under a 12h light/12h dark photoperiod at a
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room temperature of 21°C and relative humidity of 50%
with ad libitum access to water and food (Teklad Global
14% Rodent Maintenance Diet) for the duration of the
study. Following OECD TG 488 recommendations [11], adult
MutaMouse males (7 = 6 per group), 9-14 weeks of age at the
beginning of the exposure, were randomly assigned to dose
groups of either 1, 2, or 5 mg/kg/day ENU, prepared fresh
daily, or phosphate-buffered saline (as the vehicle control,
VC). The top ENU dose was selected based on a pilot dose-
range finding study to eliminate doses inducing excessive
signs of toxicity. Mice received ENU or VC by oral gavage
for a period of 28 consecutive days. As per OECD TG 488
[11], mice were euthanized 28 days following the final daily
administration and the seminiferous tubules were collected as
described [10]. Briefly, the seminiferous tubules were pressed
out of the tunical albuginea and germ cells were released from
the tubules using a tissue roller. The released germ cells were
resuspended in Dulbecco phosphate-buffered saline, flash
frozen, and stored at —80°C.

DNA extractions

Isolated germ cells from each mouse were processed by differ-
ent DNA isolation protocols depending on the downstream
mutation assay. To obtain the high-molecular weight DNA
required for the TGR assay, the standard phenol-chloroform
based DNA extraction method was used [10]. DNA for DS
was isolated using the Qiagen DNeasy blood and tissue kits
as described in the Qiagen user manual (Cat. # 69504, Qiagen,
Hilden, Germany) with the following protocol modifications:
the incubation step was set at 37°C degrees instead of 56°C
degrees, 4 uL of RNAse solution was added, and the elution
step was repeated twice with 40 uL of elution buffer.

TGR assay

Isolated DNA was used in the TGR assay as previously
described [33]. Briefly, Agt10 phage vectors containing the
bacterial lacZ gene were isolated from the genomic DNA and
packaged into viable lambda phage particles using commercial
packaging extract kits (Agilent Technology, Santa Clara, CA,
USA). Phage particles were then used to infect Escherichia
coli host cells (lacZ~/galE™), which were plated on either
selective LB top agar containing 0.3 % phenyl g-d-galactoside
(P-gal; Sigma-Aldrich, Oakville, ON, Canada) or nonselective
LB top agar. Following overnight incubation at 37°C, plaques
were counted on both non-selective media plates (total plaque
forming units) and selective media plates (mutants). Finally,
mutant frequencies for each mouse were estimated by dividing
the number of mutant plaques by the total plaque forming
units.

DS library preparation

Isolated DNA was prepared for DS with the Mouse Mutagen-
esis Panel, which contains 20 targets spread across the mouse
autosomes (2.4 kb each) as previously described [25]. Eleven
of the 20 targets overlap intergenic regions and 9 overlap
genic regions. The targets are reflective of the broader genome
with respect to %GC-content and trinucleotide abundance,
are void of repetitive elements and pseudogenes that could
potentially confound alignment or variant calling, and were
selected for optimal hybrid capture performance. The target
regions have no known role in cancer development and are
not known to be under positive or negative selection pressure.
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An input of 1000 ng of isolated DNA was ultrasonically
sheared to a mean fragment size of ~300bp followed by
end-polishing, A-tailing, and ligating to DS Adapters (Mouse
Mutagenesis Kit, Version1.1, TwinStrand Biosciences Inc.,
Seattle WA, USA). Following the initial PCR amplification,
the 48 kb of target regions included in the Mouse Mutagenesis
Panel were enriched using a pool comprising 120-nucleotide
biotinylated oligonucleotides in two tandem captures as pre-
viously described [25]. Libraries were shipped individually to
Psomagen (Psomagen, Rockville MD, USA) for sequencing on
a NovaSeq 6000 using an average of ~ 250 million raw reads
per sample (Illumina, San Diego CA, USA). Sequence data in
the form of demultiplexed FASTQ files were uploaded to the
DNAnexus platform and processed through the TwinStrand
Biosciences DuplexSeq Mutagenesis App (Version 3.20.1).
Post-processed data files were provided though DNAnexus in
the format of MUT files that were then processed through an
in-house R pipeline.

The number of mutations were evaluated using two alter-
native approaches as previously described [26]. Briefly, under
the conservative approach, all identical mutations within a
sample were considered as deriving from a single independent
event; the calculated minimum mutation frequency (MF ;)
is the number of unique mutant duplex bases divided by
the total number of duplex bases sequenced. Under a second
approach, identical mutations within a sample were con-
sidered as deriving from separate independent events; thus,
maximum mutation frequency (MFp,x) is all mutant duplex
bases divided by the total number of duplex bases sequenced.

Data processing and statistical analysis

All data processing and statistical analyses were conducted
using R version 4.1.1. For both the TGR assay and DS,
estimated MFs were obtained using generalized linear mod-
elling (GLM) with a quasibinomial distribution followed by
pairwise comparisons using the doBy R library according to
the approach described by Hejsgaard and Halekoh [34]. MFs
by target locus were estimated using the generalized linear
mixed modelling (GLMM) approach with a binomial error
distribution. Pairwise comparisons based on transcription
status were estimated using the doBy library. The delta method
was used to approximate the standard error of the mean
(SEM) of the estimated MFs by dose and by target. P-values
were adjusted using the Holm-Sidak approach to account
for multiple comparisons. A modified approach was used to
identify differences in overall mutation spectra between treat-
ment groups, as previously described [26, 35]. To account for
differences in specific mutations subtypes individual GLMs
were conducted for each substitution type independently.
MFs obtained with DS were compared to lacZ mutant
frequencies using correlation analysis in Excel followed
by benchmark dose (BMD) modelling using PROAST in
R (version 70.1, https://rivm.nl/en/proast), as previously
described [25]. The BMD gives an indication of chemical
potency through fitting dose-response data to four mathe-
matical models (Hill, exponential, reverse exponential, and
lognormal) and generating 95% confidence intervals (Cls)
for the dose at which a specified effect size occurs (called the
benchmark response: BMR) [36, 37]. Since a standardized
BMR has not been established for ecNGS studies, we selected
a BMR of 50% based on recommendations by White ez al.
[38] and published DS studies [25, 26]. However, we also
tested lower and higher BMRs. Specifically, we selected 60%

as it is at the high end of what has been previously used
for genotoxicity endpoints [38],10% as it is the approach
currently used for standard toxicology dose-response analyses
[39],and 20% as preliminary work suggests that it may be an
appropriate BMR for ecNGS studies.

Power analyses

We performed a power analysis to determine the minimum
sample size and total informative duplex bases needed to
observe a significant increase in MF in male germ cells using
DS using the approach previously described [40]. The power
analyses were completed using in-house R scripts. First, we
repeatedly generated random samples to simulate experiments
for different sample sizes and different levels of sample-to-
sample variability. Here, we used a binomial distribution to
randomly generate control samples based on parameters from
our experiment. Mutation counts were computer-generated
based on average MFs in the control group and average
bases sequenced per animal. A sample standard deviation
of 0.22 was derived considering the standard deviation of
each target estimated using GLMM. This estimate as well
as values of 0.15, 0.2, 0.25, and 0.3 were used to simulate
overdispersion in the population. This was done by modifying
the baseline MF for each sample by adding simulated values
assuming a normal distribution with mean zero with esti-
mated and chosen standard deviation. To calculate the power
of the analysis, a GLM was used to determine the significance
between generated control and treated samples. A treatment
group was generated following the same parameters with a
selected fold-increase determined by the bisection method [41]
for estimating the minimum detectable fold-change. Finally,
we varied the sample size from 5, the minimum number of
animals per group required by OECD TG 488, to 30 and
assessed the power under these varied conditions.

Results

We used DS and the lacZ assay to measure ENU-induced germ
cell mutations 28 days after the end of a 28-day exposure as
per OECD TG 488. With this experimental design, mutations
measured in germ cells collected from seminiferous tubules
originated in cells that were stem cells and differentiating
spermatogonia during the exposure [42]. ENU doses used in
this study did not induce overt signs of toxicity and did not
significantly affect testis weight at any of the doses tested with
respect to controls (Supplementary Table 1).

DS metrics

We sequenced 24 DS libraries generated from germ cells
of MutaMouse males exposed to ENU. DS read pairs were
distributed evenly across samples with an average of ~327
million read pairs per sample. This resulted in an average
duplex consensus depth of ~20,000x with an average of
~1.2 billion informative duplex bases screened for mutations
per sample (Supplementary Figure 1A). All samples exceeded
a minimum target of 500 million informative duplex bases
(Supplementary Figure 1B).

We calculated DS MF in two ways to assess the impact of
clonally expanded mutations. Using the MF,,;, approach, we
identified 725, 817, 902, and 1475 unique mutations and
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Table 1. Mean DS mutation frequency estimates (MFin and MFax) and corresponding pairwise comparisons between ENU dose groups obtained using

a Generalized Linear Modelling

Dose MFi, assumption MF,;,,x assumption

(mg/kg-bw/day) Mean MF,;, Fold P-value* Mean MF . Fold P-value*
+ SEM (x10~7) change + SEM (x1077) change

0 1.19 £ 0.1 2.34 £ 0.1

1 1.32+0.1 1.11 0.52 2.20+0.1 0.94 0.94

2 1.54 £ 0.1 1.29 0.20 2.00 + 0.1 0.85 0.97

N 2.86 +0.2 2.39 6.7 x 107 9.224+0.3 3.94 0.12

*Bold font indicates adjusted P < 0.05.

MFs (£ SEM x 107) of 1.19+0.1, 1.32+0.1, 1.54+0.2,
2.86 +0.2 in mice treated with VC, 1, 2, and 5 mg/kg-bw/day
ENU, respectively (Table 1; Figure 1A). ENU induced a sig-
nificant 2.4-fold increase in MF,,;, at the high dose relative
to VC (P < 0.001). No significant effect was observed for the
1 and 2 mg/kg-bw/day ENU dose groups. Using the MFpax
approach, we captured an additional 697, 543,273, and 3281
mutations resulting in average MFs (x 1077) of 2.34 £ 1.31,
2.2041.25, 2.004+1.23, 9.2242.81 for mice treated with
VG, 1, 2, and 5 mg/kg-bw/day ENU, respectively (Table 1;
Figure 1B). Hereafter, we will refer to mutations reported
with the MFp,ax approach as putative clonal mutations since
we cannot determine whether they may have arisen from a
single event that was clonally expanded or from independent
events at the same location. These putative clonal mutations
were dispersed across genomic loci with a maximum of 139
clonally expanded mutations located at a single locus of a
control sample, which consisted of a T:A > C:G mutation
at genomic location 50835330 on chr2. Interestingly, 86%
of the 4794 total clonally expanded mutations were found
on the chromosome 2 target (chr2), and 60% of these were
found in a single sample. A non-statistically significant 4.0-
fold increase in MFy,,x was observed at 5 mg/kg-bw/day ENU
dose group relative to VC, while MF,x for the two lower
ENU doses were below the VC. The inclusion of clonally
expanded mutations increased inter-individual variability in
MF and obscured the ENU response; thus, clonally expanded
mutations were not considered further for downstream anal-
yses.

DS MF by target

We analyzed mutation induction across the 20 genomic tar-
gets, henceforth referred to by the chromosome on which they
are located. There was a 5.2-fold difference between the tar-
get with the highest background MF;, (chr2: 3.27 x 1077)
and the target with the lowest background MF,;, (chr16:
6.27 x 1078). ENU induced a statistically significant increase
in MFpin in 14 of the 20 genomic targets at the high dose rela-
tive to VC (P < 0.05; Figure 2). At the middle ENU dose, only
the chr7 target showed a significant MF,;, response, while
no target showed a significant increase at the low ENU dose.
Chr2 and chr19 were the most and least responsive targets
for ENU-induced mutations at the high dose, respectively. In
fact, ENU induced a MFy,;, of 7.80 x 107 at chr2, which
was 5.4-fold higher than the MF;, at chr19 (1.46 x 10~7).
We observed similar fold differences for the low (4.3-fold)
and middle (5.9-fold) ENU dose groups between the target
with the highest (chr2) and lowest MF,,;, (low: chr16; middle:
chr15). Overall, we found an approximately 5-fold difference

in response among the targets for both spontaneous and ENU-
induced mutations irrespective of the exposure with enhanced
sensitivity identified at the chr2 locus.

Since both spontaneous and ENU-induced MF;, for chr2
were significantly higher than any other locus, we evaluated
the impact of its inclusion on the observed results. When
chr2 was removed from the analysis, a statistically significant
increase in MFi, (P <0.001) was still observed at the high
dose, but no significant effect at the two lowest ENU doses as
in the original analysis. These results show that the increase
at the high dose is significant even when excluding this highly
responding locus.

Next, we investigated the effect of genomic context
on mutation induction. A 5.2-fold and 1.9-fold max-
imum difference was observed in MF,;, between the
highest and lowest responding targets among intergenic
and genic regions, respectively. There was no significant
difference in the background MF,,;, between intergenic
(1.04 x 1077 £1.11 x 10~%) and genic (1.00 x 10~7 £ 1.08
x 1078) targets. However, intergenic targets were more
susceptible to ENU-induced mutations than genic targets.
Indeed, the top nine responding targets at the high dose of
ENU were all located in intergenic regions and the bottom
four responding targets were in genic regions (Figure 2). The
MF,in was 1.7-fold higher (P < 0.001) in intergenic compared
to genic regions in the high dose group, and 1.3-fold higher in
the low dose group. No significant differences were observed
between intergenic and genic regions in the middle dose group.
Removing chr2 from the analysis reduced the fold-increase
to 1.5 between intergenic and genic regions, but retained
significance (P < 0.001) between intergenic and genic regions
at the high ENU dose. Thus, the susceptibility of intergenic
targets was not driven by the elevated response in the chr2
target. Overall, we found that intergenic targets are more
susceptible to ENU-induced mutations than genic targets in
germ cells.

Mutation spectra

Comparisons of spontaneous and ENU-induced mutation
spectra indicated the induction of mainly SNVs. C:G > G:C
transversions were the most common spontaneous mutation,
with a MF 4.82 x 1078, followed closely by C:G > A:T and
C:G > T:A substitutions (Figure 3). An initial pairwise com-
parison of the overall DS spectra showed a significant differ-
ence at all ENU doses relative to VC (P < 0.001). At the high
dose, ENU significantly induced T:A > C:G mutations (MF i,
2.05x1077) followed by C:G>T:A (MFpj, 9.82x 1078)
and T:A > A:T (MFpin 5.99 x 1078) (P < 0.001). C:G > G:C
and C:G > A:T mutations were not significantly increased by
the high ENU dose. Further investigation by each substitution
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type revealed that T:A > C:G transitions, the main type of
mutation induced by ENU, were the only mutations signif-
icantly increased (P <0.001) at the low and middle doses,
with significant fold-changes in MF;, relative to VC of 3.1
and 5.2, respectively (Supplementary Table 2). Thus, DS is
able to detect significant spectral changes in the germ cells
following ENU exposure even in the absence of an overall
increase in ME.

We compared the ENU spectrum in germ cells with that
observed in the BM of Sprague-Dawley rats [28] and BigBlue
mice [24] 28 days after a single exposure or exposure on days
1,2 and 3 to 40 mg/kg ENU, respectively (Supplementary Fig-
ure 2). T:A > C:G transitions were the most common muta-
tion in the current study making up approximately half of
the SNV mutations with T:A > A:T transversions proportion-
ally accounting for less than half of the T:A > C:G transi-
tions. However, T:A > A:T transversions were as common
as T:A > C:G transitions in both BM studies. Interestingly,
the preponderance of T:A > C:G transitions over T:A > A:T
transversions was also observed in the spectrum of DNMs in
the offspring of ENU-exposed gpt-delta male mice estimated
by whole exome sequencing [43] (Supplementary Figure 2).
These results provide support for the accuracy of DS in
detecting chemically induced mutations in germ cells, high-
light subtle differences in the mutation spectra between germ
cells and BM, and suggest minor biological differences in the
response of germ cells and BM to ENU.

Recurrent mutations

We investigated the distribution of induced mutations across
the 20 chromosomal targets to identify potential mutation
hotspots. This analysis showed a relatively even distribution of
mutations along the 20 targets (data not shown). However, we
uncovered identical mutations that recurred at the same posi-
tion in multiple animals. To define these recurrent mutations,
we identified identical mutations present at the same position
in at least one other animal at a low frequency (VAF < 1%).
In total, there were 544 (14%) recurrent mutations out of

the 3919 mutations observed in the study comprising 108
sequence changes. On average, 14%, 18%, 13%, and 12%
of mutations occurred in at least one other animal within
the 0, 1, 2, and 5 mg/kg ENU dose groups, respectively. The
percentage of recurrent mutations, as defined above, present
in each individual animal ranged from 2% to a maximum of
51% (Supplementary Table 3). There were 42 mutations that
appeared in a minimum of three animals in the study, and
18 that appeared in at least 50% of the animals Figure 4A).
One mutation in particular,a MNV (CAT > TAC) at position
50833383 on chr2, appeared in 15 out of 24 animals (3
control, 12 treated) suggesting that it is highly susceptible to
both spontaneous and induced mutagenesis.

Since these recurrent mutations may represent either
true hotspot mutations or technical artifacts, we evaluated
whether they influenced the observed MF,;,. Removing
recurrent mutations from the data did not change the
overall MF;, results (Figure 4B). Furthermore, the spectra
of recurrent mutations differed between control and treated
mice (Figure 4C). Indeed, C:G > T:A mutations were the main
recurrent mutation type in control mice (28%), whereas
T:A > C:G mutations were the most common recurrent
mutation types in treated mice (33%) consistent with the
overall control and ENU spectrum, respectively. In summary,
the results of this analysis support that the observed recurrent
mutations are true mutagenic events representing potential
mutational hotspots.

TGR assay results and concordance with DS

We performed the TGR assay on the same animals used for
DS to evaluate the concordance between the two methods.
An average of 320,122+136,985 plaque forming units
(PFUs) per sample were analyzed with the TGR assay.
We observed average MFs (+ SEM x 1073) of 2.1540.5,
3.79+0.7,4.83+0.7,14.8 = 1.3 in mice treated with VC, 1,
2 and 5 mg/kg-bw/day ENU, respectively (Table 2). Pairwise
comparisons showed significant increases relative to VC for
the high and middle ENU doses (P < 0.01) with the low dose


https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioaf029#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioaf029#supplementary-data
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https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioaf029#supplementary-data
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near the threshold for significance (P=0.052). When the
individual animals were considered, the Pearson correlation
between the two assays was 0.78 (Figure SA). However, when
analyzed by dose, we found a very strong positive correlation
between induced DS MF;, and TGR mutant frequencies
(Pearson correlation; r=0.998; Figure 5B). We also used the
BMD approach to quantitatively compare the two assays.
Although the magnitude of response was at least 2-fold higher
in the TGR assay relative to DS MF i, the BMDs estimated to
elicit a 50% increase in mutations relative to VC for the two
methods had overlapping 95% CI (Figure 5C). These were
2.3 mg/kg-bw/day (95% ClIs of 1.3-3.6 mg/kg-bw/day) and
0.81 mg/kg-bw/day (95% Cls of 0.31-1.6 mg/kg-bw/day)
for DS and lacZ assay, respectively. When the BMR was
adjusted to either 10%, 20% or 60%, the Cls of the two
assays still overlapped (Supplementary Table 4). Furthermore,
when single targets were considered, the CIs of 11 out of 13
targets for which we could generate BMDs also overlapped
with the lacZ assay (Figure 5C). We could not generate BMDs
for seven targets as there was no dose-response trend in the
data when analyzed individually.

Power analyses

We performed power analyses to assess the sensitivity of the
DS and lacZ assays based on the number of animals and the
observed standard deviations in this study (0.22 for DS and
0.20 for lacZ). To follow the OECD TG 488 requirement, we
considered the minimal detectable fold-change when 5 mice
per group are used. For DS, a 2-fold increase with 80% power
is the minimal detectable fold-change that can be achieved
when using a sample size of 5 mice per group and a standard

Table 2. Mean mutant frequency estimates and corresponding pairwise
comparisons between ENU dose groups for the lacZ assay obtained using
a Generalized Linear Modelling.

Dose Mutant frequency  Fold P-value*
(mg/kg-bw/day) + SEM (x 107%)  Change

(+ SEM)
0 2.15+0.5
1 3.79+£0.6 1.76 £0.5 524 x 1072
2 4.83 + 0.7 224+40.6 1.00 x 1072
N 148+ 1.2 6.87+1.6 1.68 x 10~7

*Bold font indicates adjusted P-value <0.05

deviation of 0.22 (Figure 6A). For the lacZ assay, the mini-
mum detectable fold-change is 2.3-fold using a sample size of
5 mice per group and a standard deviation of 0.20 (Figure 6B).
For detecting a 1.5-fold change (FC) at the standard deviation
observed in this study, 13-14 animals would be required for
DS and 19-20 animals would be required for the TGR assay.
Thus, DS can detect a lower fold increase than the lacZ assay
with fewer animals, despite having a higher animal-to-animal
variation.

Discussion

We show that DS can be used to accurately measure chem-
ically induced mutations in mouse germ cells. We observed
a significant increase in MF,;, at the high ENU dose of
5 mg/kg-bw/day relative to VC and that intergenic DS targets
were more susceptible than genic targets to ENU-induced
mutations in germ cells. ENU induced mainly T:A > C:G
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transitions, followed by C:G > T:A transitions, which differs
with what was observed in somatic cells [24, 28]. Comparison
of DS results to the TGR assay performed on the same samples
demonstrated a strong positive correlation at the dose group
level. Our results identify germ cell unique mutagenic mech-
anisms and support the use of DS for assessing mutagenicity
in male germ cells. Our findings also highlight the advantages
of measuring mutagenesis in a variety of genomic targets to
assess mutation susceptibility across the genome.

DS demonstrates variability in mutation
susceptibility among genomic targets

One of the advantages of the DS panel used in this study com-
pared with the TGR assay is the ability to identify genomic
features that are associated with mutation susceptibility. Here,
in a panel comprising twenty 2.4 kb regions, we observed a 5-
fold difference in sensitivity across targets. The variability seen
across these regions emphasizes the importance of querying
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multiple regions to obtain a measure of the variability in
susceptibility across different genomic feature. For exam-
ple, we observed an increased susceptibility to ENU-induced
mutations in intergenic relative to genic targets. This has been
observed in other studies in somatic cells using DS [25, 26]
and other methods [44, 45]. We previously proposed that
a protective effect of transcription-coupled repair explained
the higher MF;, in intergenic targets in the BM of mice
exposed to benzo[a]pyrene, a bulky adduct-forming chemi-
cal [25], or to procarbazine, a methylating chemotherapeu-
tic agent [26]. ENU-induced adducts are primarily repaired
by O6-methylguanine-DNA methyltransferase (MGMT), also
referred to as alkyl-guanine transferase (AGT) [46]. Repair by
MGMT/AGT is not coupled to transcription [46]; however,
nucleotide excision repair, which is coupled to transcription,
also plays an important role in the repair of ENU adducts [46,
47], and other alkylating agents [48]. Therefore, we hypothe-
size that transcription-coupled nucleotide excision repair is of
the factors involved in the higher susceptibility of intergenic
DS regions to mutation induction in germ cells.

Two of the intergenic targets in the present study, i.e.
chr16 and chrl17, are among the top five most responsive
in the BM of benzo[a]pyrene [25], procarbazine [26], and
benzo[b]fluoranthene [49] exposed mice. In addition, the top
five most responsive targets in the present study, namely chr2,
17, 5, 4, 16 and in previous work in the BM, namely chr14,
11, 8, 17, and 16, are all intergenic. This further supports a
role for transcription-coupled repair pathways in modulating
mutation susceptibility. These results suggest that there are
genomic regions that are particularly susceptible to mutation
induction across tissues and chemicals. Understanding the
reasons for this increased susceptibility is an area for future
investigation.

In this study, increased susceptibility to mutations was
particularly apparent for chr2 in both controls and exposed
groups. This appears to be a germ cell-specific response,
as chr2 did not show spontaneous or chemically induced
hypermutability in somatic tissues [25, 26]. Chr2 is intergenic
and within heterochromatin; both these features have been
associated with increased MFs in previous DS work [25, 26].
However, this is unlikely to explain the heightened suscepti-
bility of this target in germ cells as the same target in bone
marrow was not hypermutated. The GC content of the chr2
target appears to be in the middle range relative to other
targets in the panel and there are no known hypermutable loci
along the chr2 target, as shown in previous work [25]. Thus,
further work is required to identify tissue-specific features that
may contribute to the high susceptibility of the chr2 target
in germ cells, including understanding potential tissue-specific
differences in the transcriptional status of the targets.

Overall, the variability in mutation susceptibility across
targets, the heightened response observed in intergenic regions
relative to genic regions across chemical exposures, and the
germ cell specific response of a single target highlights the
importance of measuring mutagenesis across a diverse target
panel rather than a single non-transcribed bacterial gene as is
normally done with the TGR assay.

Mutation spectra analysis suggests a germ cell
specific mutagenic mechanism

Another advantage of DS over the TGR assay is the simulta-
neous generation of MF and spectra to inform the underlying

mutagenic mechanisms of the substance under investigation.
ENU is a prototypical alkylating mutagen with a well char-
acterized mode of action and spectrum [50]. ENU transfers
its ethyl group to oxygen or nitrogen atoms on the four
DNA bases, with particular affinity for the N7 position of
guanine, O6 of guanine, O2 of thymine, N3 of adenine, and
02 of cytosine [51]. In mammals, MGMT/AGT is efficient
at repairing O6-ethyl guanine adducts and less efficient at
repairing adducts at O4-ethyl thymine [47]. Here, we observed
primarily T:A > C:G transitions that arise from misrepair of
O4-ethyl thymine adducts. This is consistent with what was
observed in the BM of Sprague-Dawley rats [28] and Big-
Blue mice [24]. However, we also observed differences in the
proportions of the other types of mutations between BM and
germ cells. These results suggest that although ENU induces
the same types of mutations across tissues and species, the
relative contribution of each mutation type appear to differ
between BM and germ cells. Subtle differences in the muta-
tion spectra of BM and germ cells were previously reported
for benzo[a]pyrene exposure in the MutaMouse [52]. These
data point to potential differences in DNA damage responses
between somatic cells and germ cells.

An interesting observation in our study is that MF;,
of T:A > C:G transitions were significantly increased with
respect to VC at the low and middle ENU doses in the absence
of a significant increase in the overall MFi,. T:A > C:A are
the main types of mutations induced by ENU and limiting the
analyses to this mutation type provides higher sensitivity to
detect an effect. The findings support that statistical analysis
of specific base substitution types could be used to determine
whether the results of an experiment should be considered
positive when dealing with weak effects. This would be similar
to what is presently done with the Ames test, where multiple
strains each detecting a specific mutation type are used and a
positive result with a single strain is sufficient to conclude that
the test chemical is mutagenic [53].

Validation of the ENU spectrum in germ cells obtained
with DS is provided by the comparison with the spectrum of
inherited mutations in the offspring of ENU-treated male mice
[43]. This analysis showed good agreement in terms of the
proportions of the various mutation types observed in germ
cells versus those reported in the offspring. This finding shows
that DS accurately detects germ cell mutations and provides
strong support for its use to identify germ cell mutagens and
estimate heritable mutagenic risk.

Recurrent mutations appear at low frequencies and
do not impact MFs

The detailed site-specific information provided by DS allowed
us to investigate the occurrence of hotspots, that is, loca-
tions at where mutations are present in multiple animals. We
observed that about 3% of the unique mutations were present
in multiple animals and about 40% of those were recurrent in
at least three mice. Importantly, we found that the spectrum of
recurrent mutations in treated mice is enriched for T:A > C:G
mutations, which are the main type of mutation induced by
ENU, while they are rare among the recurrent mutations in
controls. This, along with the low frequency at which these
mutations were observed (VAF < 1%) suggests that these are
true events induced by ENU exposure rather than cross-
contamination. Finally, the exclusion of recurrent mutations
from the data did not change the outcome of the study.



D. PM. LeBlanc et al., 2025, Vol. 112, No. 5

The ability to identify these occurrences across genomic loci
and determine their impact on MF through detailed spectra
analysis is an additional advantage of the DS technology over
existing TGR methods.

Clonality in germline tissue

Unlike the TGR assay, DS can differentiate unique and
clonally expanded mutations allowing calculation of both
MF i (unique) and MFp,« (clonally expanded). In previous
work using DS in BM [25, 26], the inclusion of clonally
expanded mutations did not change the overall conclusions
and increased the correlation with the lacZ assay [25, 26].
In this study, we observed overlapping BMD CIs with the
TGR assay using MF,,;,; however, when clonal mutations
were considered, there was no longer a significant effect of
ENU on MF. In fact, MF;, provided clear separation of the
mice in the high ENU dose group with respect to the other
groups in the study; however, when MFp,x is considered,
mice from controls, low and middle ENU doses have MF .
overlapping those in the high dose ENU group. The impact
of clonal mutations was particularly evident in two mice
in the high dose group that had significantly more clonally
expanded mutations than any other animals; this result was
largely driven by clonally expanded mutations on chr2. These
results suggest a testis-specific impact of clonal mutations on
the mutagenic response that is likely driven by the uniqueness
of the spermatogenic process.

The formation of millions of mature sperm relies only on
a small pool of spermatogonial stem cells (SSCs). In rodents,
SSCs comprise only 0.03% of all germ cells in the testis
[54]. Hematopoietic stem cells (HSCs) also comprise a very
small proportion (0.01%-0.03%) of the cells they produce in
the BM [55]. However, a major difference is the number of
cell divisions required to produce differentiated/mature cells.
During spermatogenesis, there are approximately 12 divisions
occurring between SSC and completion of the two meiotic
divisions, which yields approximately 4000 mature sperm
from one SSC [56]. Conversely, in the BM, HSCs undergo
3-5 divisions resulting in as low as 8 mature cells produced
from one HSC [57]. Following maturation, hematopoietic
cells are released from the BM into the blood stream almost
immediately. In contrast, maturing germ cells remain in the
testes for several weeks [42]. Thus, in the testis, a mutation
induced in a single SSC can expand to a larger number of
cells and mutated germ cells continue to accumulate within the
testis at each division of that SSC. Both these spermatogenic
characteristics may explain the larger impact of clonality
found in the germ cells relative to BM. These results suggest
that DS studies of chemically induced mutagenesis in germ
cells should focus on MF,;,.

Comparison to the TGR assay

Although we have outlined the many advantages of DS, it is
crucial to compare its results to the TGR assay, the current
“gold-standard” for in vivo mutagenicity studies. We observed
a strong correlation in mutation frequencies and BMD values
between the two assays. It is possible that plaque sequencing
may further improve the ability to adjust for clonal expansion
in the lacZ assay to more accurately define mutant frequency
and improve its concordance with DS. Finally, power analyses
showed that DS and the lacZ assay can detect a 2- and a
2.3-fold increase when using the same number of animals
per group, respectively. Together with the results published
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previously on somatic tissues [24-26, 28], these findings show
that DS is a viable alternative to TGR assays for generating
mutagenicity data for regulatory evaluations.

Conclusions

The ability to detect single nucleotide mutations in vivo in the
male germline has been limited to an OECD approved test
that has drawbacks. ecNGS technologies provide the oppor-
tunity to transform how germline mutagenesis is assessed.
We demonstrate that DS can be used to measure chemically
induced mutagenesis in germ cells to produce results that are
comparable to the TGR assay. Importantly, DS provides addi-
tional detailed information that extends our understanding
of the potential health implications of germ cell exposures.
Specifically, the mutation spectrum information in this study
suggests small but significant differences between germ cell
and somatic tissue in the response to ENU. The observa-
tion of a single, germ cell-specific target with heightened
sensitivity, and a higher overall susceptibility of intergenic
targets, highlights the added benefit of measuring mutagenesis
across multiple targets and not a single exogenous locus.
Further work is required to identify features that influence
tissue-specific susceptibility in germ cells. Overall, DS shows
exceptional potential as an alternative method for evaluation
of germline mutagenesis with many additional advantages
over established methods.
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