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Abstract

Our genome is exposed to a wide variety of DNA-damaging agents. If left unrepaired, this damage can be converted into mutations that promote
carcinogenesis or the development of genetically inherited diseases. As a result, researchers and clinicians require tools that can detect DNA
damage and mutations with exceptional sensitivity. In this study, we describe a massively parallel sequencing tool termed Mutation And DNA
Damage Detection-seq (MADDD-seq) that is capable of detecting O8-methyl guanine lesions and mutations simultaneously, with a single assay.
To illustrate the dual capabilities of MADDD-seq, we treated WT and DNA repair deficient yeast cells with the DNA-damaging agent MNNG and
tracked DNA lesions and mutations over a 24-h time period. This approach allowed us to identify thousands of DNA adducts and mutations in a
single sequencing run and gain deep insight into the kinetics of DNA repair and mutagenesis.
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Introduction

Our genome is exposed to a wide variety of DNA-damaging
agents, including radiation, pollution, and metabolic side
products (1,2). This damage is a potent source of mutations,
which can fuel the evolution of human cancers and initiate
the development of genetically inherited diseases (3). Accord-
ingly, researchers and clinicians need sophisticated tools to de-
tect DNA damage and mutations with the utmost sensitivity.
These tools could inform strategies aimed at the prevention
and treatment of diseases caused by DNA damage and muta-
tion and advance our understanding of the basic biology that
underlies these processes.

The most flexible tool to detect DNA-based endpoints is
massively parallel sequencing. This technology does not only
have the potential to detect DNA damage and mutagenesis,
but also quantify them and determine where DNA adducts
and mutations are located across the genome. For example,
multiple assays are now capable of detecting bulky DNA
adducts with single base pair resolution (4-8). However, it has
proven difficult to design similar assays for smaller adducts
(9). Like bulky adducts, small DNA adducts are important
drivers of human aging and disease, and because they are rel-
atively abundant and amenable to translesion synthesis they
tend to be highly mutagenic in nature (9). Thus, sensitive as-
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says capable of detecting small DNA adducts are urgently
needed. Ideally, these assays would not only detect DNA
adducts, but also the mutations they induce. Currently, most
researchers split their samples into two different aliquots, one
of which is used to detect DNA damage, while the other is
used to detect mutations. These aliquots are then processed
with different chemicals and enzymes after which each end-
point is detected with a different instrument (10,11). Accord-
ingly, inter-sample variation is inevitable, making it difficult
to compare the number of mutations and DNA lesions de-
tected in a truly quantitative fashion.

To address these issues, we developed MADDD-seq, a novel
massively parallel sequencing tool that can detect small DNA
adducts and mutations simultaneously, using a single assay, a
single sample and a single instrument. To do so, MADDD-seq
advances on a sensitive double barcoding strategy that was
previously used for mutation detection only (12). We then cou-
pled this barcoding strategy to a new bio-informatic pipeline
that uses the information encoded by our barcodes to iden-
tify mutations and DNA adducts from the same dataset. This
pipeline allows mutations to be mapped onto the genome with
single base pair resolution, while adducts can be mapped to a
single base on a single strand of DNA. We specifically designed
MADDD-seq to be a DNA-based sequencing tool, so that it
can be applied to any organism of choice. And because it de-
pends on error-prone translesion synthesis during library am-
plification to detect DNA adducts, we expect that MADDD-
seq will be especially useful for the detection of small, highly
mutagenic DNA adducts that drive mutagenesis upon muta-
gen exposure, as well as the endogenous lesions that arise dur-
ing the natural aging process.

To demonstrate the multi-functional nature of MADDD-
seq, we subjected the budding yeast S. cerevisiae to methylni-
tronitrosoguanidine (MNNG), an alkylating agent known for
creating O°-methyl-guanine lesions (O®-meG), a highly muta-
genic adduct (13). We then used MADDD-seq to track these
adducts and the mutations they induce over a 24-hour time
span to determine the kinetics of DNA repair and mutagene-
sis under various conditions. These experiments allowed us to
monitor every step of the mutagenic process with a single as-
say and gain precise quantitative insight into key parameters
that control our risk for mutation and disease.

Materials and methods

MADDD-Seq assay (mutation and DNA damage
detection-sequencing)

Concept

Our custom MADDD-Seq barcoded adapters contain one
of 218 known 6-bp unique molecular indices (UMIs) and a
forked tail of two non-complementary sequences (blue and or-
ange in Figure 1). A T-overhang on the UMI end of the adapter
can be ligated to either end of an a-tailed gDNA fragment. The
random pairing of two UMIs ligated to the same fragment
(yellow and gray in Figure 1) in combination with the frag-
ment’s location on the genome are used to identify each unique
DNA fragment. Amplification of this starting fragment gener-
ates multiple PCR duplicates that are referred to as ‘family
members’ of the ancestral DNA molecule. Mutations present
in the ancestral DNA molecule will be present in all PCR du-
plicates of the top and bottom strand of this duplex. However,
errors arising from PCR amplification or next-generation se-

Nucleic Acids Research, 2024, Vol. 52, No. 16, €76

quencing will only be present in one or a few family members.
Therefore, we can distinguish a true mutation, present in the
unique starting gDNA fragment, from NGS and PCR-induced
errors. Finally, the presence of a DNA lesion in the ancestral
DNA duplex will be betrayed by the consistent production
of PCR errors that only arise in copies that are made from
one of the two ancestral strands.

DNA fragmentation

Initial library preparation utilized the NEBNext® Ultra™ II FS
Enzyme Mix and NEBNext® Ultra™ II FS Reaction Buffer to
fragment, end-repair, and A-tail. However, sonication was im-
plemented to fragment DNA after results suggested enzymati-
cally shearing DNA induced the conversion of single-stranded
DNA damage to mutation (Figure 2C, D). In the sonication
protocol, 500 ng of genomic DNA in 50 pl was fragmented
to ~300 bp using Covaris $220 (peak power = 175, duty
factor = 10.0, cycles/burst = 200, run time = 50 s). Frag-
ment sizes were verified using Agilent TapeStation 4150 using
D1000 or D5000-HS reagents.

Library preparation: end repair and adapter ligation

The fragmented DNA was end-repaired and A-tailed using
the NEBNext® Ultra™ II End Prep system. The entire pool
of fragmented DNA (~500 ng) was combined with 7 ul NEB-
Next Ultra I End Prep Reaction Buffer and 3 ul NEBNext®
Ultra™ II End Prep Enzyme Mix and brought to a total reac-
tion volume of 60 pul with TE. The DNA was incubated with
the end repair mix at 20°C for 30 min followed immediately
by a Beckmann-Coulter AMPureXP bead cleaning at 1.8X to
halt enzymatic activity and eluted in 35 ul of 0.1x TE. The
NEBNext Ultra IT End Prep protocol suggests a 65°C heat in-
activation step, which we replaced with this bead cleaning step
to minimize heat damage on the libraries.

After the DNA had undergone end repair, we ligated our
double-stranded barcoded adapters to the inserts. The 35 ul
of end-repaired DNA was combined with 30 ul NEBNext Ul-
tra II Ligation Master Mix, 1 ul NEBNext Ligation Enhancer,
and 2.5 pl of 15 uM adapters for a total reaction volume of
68.5 pl. This adapter ligation mix was incubated at 20°C for
15 min before proceeding directly with a Beckmann—Coulter
AMPureXP bead cleaning at a concentration of 0.8 x to size-
exclude surplus adapters and eluting in 20 pl 0.1x TE.

Library quantification

The adapter-ligated libraries were quantified by mass using the
Invitrogen Qubit 4 Fluorometer with Qubit 1x dsDNA HS
Assay Kit reagents. The fragment size and concentration of
each sample was quantified using Agilent’s 4150 TapeStation
System with D1000 reagents. To get an accurate estimate of
the number of adapter-ligated fragments, droplet digital PCR
(ddPCR) was performed with primers specific to the u-loop
adapters (forward 5'- GACTGGAGTTCAGACGTGTGC-3’
and reverse 5'- CACTCTTTCCCTACACGACGC-3'). The fol-
lowing reagents were combined to form 22.8 ul of template-
free master mix for each reaction well: 12 ul QX200 ddPCR
EvaGreen® Supermix, 2.4 ul 0.5 uM forward and reverse
primers, 8.4 ul nuclease free water (NFW), and 1.2 ul of a
10-fold template dilution series from 1:10 to 1:10°. Droplets
were generated with Droplet Generation Qil for EvaGreen®
using the Bio-Rad QX200 Droplet Generator and amplified
with the following cycling parameters: denaturation at 95°C
for 5 min followed by 40 cycles of a 30 second denaturation at



Nucleic Acids Research, 2024, Vol. 52, No. 16, e76

A + B
- _@_
* Adapter ligation
r— —
——

PCR amplification and
damage fixation

e —
V(X

e L —
e U —

PCR amplification
and sequencing

PAGE 3 OF 14

Trim adapters
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Figure 1. Outline of MADDD-Seq method. (A) MADDD-Seq distinguishes mutations from artifacts introduced by sequencing technology or
NGS-protocols by confirming that a true mutation (M) is present on both strands of a DNA duplex, while artifacts are only present in one. In addition,
MADDD-Seq can identify damaged bases by virtue of the ex vivo mutations that the damage induces during the PCR steps required for library
preparation (X, for ex vivo mutation). These mutations arise exclusively and repeatedly on copies that are made from the damaged strand. The + and —
symbols refer to the plus and minus strand of a DNA duplex. Directional adapters are depicted as orange and blue lines. UMI's are depicted as yellow
and grey lines (see text for further explanation). (B) Bio-informatic workflow of MADD-seq data analysis

98°C and extension at 65°C for 1 minute. This was followed
by 5 min at 4°C then a final step of 5 min at 90°C before
cooling again at 4°C. Droplets were analyzed by the Bio-Rad
QX100 Droplet Reader.

Amplification for Illumina sequencing

Based on quantification by ddPCR, 3 million molecules were
amplified using indexed primers for multiplexing samples dur-
ing sequencing with an adaptation of NEBNext’s Multiplex
Oligos for Illumina universal forward primer (5'-AAT GAT
ACG GCG ACC ACC GAG ATC TAC ACT CTT TCC CTA
CAC GAC GC-3') and indexed reverse primers, 5'-CAA GCA
GAA GAC GGC ATA CGA GAT XXX XXX GTG ACT GGA
GTT CAG ACG TGT GC-3'), where the bases ‘XXX XXX’
correspond to indices 1,2,4,5,6,7,12,15,16, and 19. Index
primers were selected from a combination of Index Primers
Set 1 and Set 2 based on the NEB index pooling guide. The
primers used are identical to NEBNext’s Multiplex Oligos for
[llumina except for the removal of 10 bp from the 3’ end
of each primer complementary to the double-stranded por-
tion of the adapters to prevent these primers from annealing
with molecules from the opposite strand and conflating the
sequence-based strand distinction in our assay.

The amplification reaction contained 25 ul NEBNext Q5
2x MM, 2.5 ul 10 uM NEBNext Universal Primer, 2.5 ul 10
uM NEBNext Index Primer, an aliquot of 3 million copies of
template, and NFW to bring the total volume to 50 pl. Cycling
parameters for amplification were as follows: initial denatura-
tion at 98°C for 30 s, followed by 15 cycles of denaturation at
98°C for 10 s and extension at 65°C for 1 min. The appropri-
ate extension time and temperature was determined with the
help of oligos that do, or do not contain an O°-meG lesion

at the 11th position. By amplifying damaged and undamaged
oligos side by side for 15 cycles, and then measuring their rel-
ative abundance through sequencing, we were able to deter-
mine that both the damaged and undamaged DNA molecules
amplify with equal efficiency under these conditions. A final
step of 65°C for 5 min was performed prior to sample cool-
ing at 4°C. Two successive AMPure XP bead purification of
PCR products were performed at 0.7 x concentration, and the
samples were eluted in a final volume of 20 ul 0.1x TE.

Amplified library quantification and re-amplification

Amplified libraries were quantified by Invitrogen’s Qubit 4
Fluorometer with Qubit 1x dsDNA HS Assay Kit reagents
and Agilent’s 4150 TapeStation System with D5000 High Sen-
sitivity reagents. ddPCR was performed using primers com-
plementary to NEBNext’s Multiplex Oligos for Illumina: for-
ward 5’-AAT GAT ACG GCG ACC ACC GA-3' reverse 5'-
CAA GCA GAA GAC GGC ATA CGA-3’ and a FAM fluores-
cent probe complementary to the Illumina primers to specif-
ically measure the number of DNA fragments that could be
sequenced (5'-/56-FAM/CCC TAC ACG /ZEN/ACG CTC
TTC CGA TCT/3IABKFQ/-3'). The reaction mixture con-
tained 12 ul ddPCR Master Mix for Probes, 3 pul 2 uM
DPL probe, 2.16 ul 10 uM primers, 1.2 ul template along
a 1:10 — 1:10° dilution gradient, and NFW to 24 ul. Af-
ter droplet generation using the QX200 droplet generator
and ddPCR Droplet Generation Oil for Probes (Bio Rad),
reactions were heated at 95°C for 10 min, then denatured
at 95°C for 30 s and extended at 65°C for 1 minute for
40 cycles before heating at 98°C for 10 min and cooling at
4°C. Droplets were analyzed on the Bio Rad QX100 Droplet
Reader.
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Figure 2. Detection of an O6-meG lesion in a synthetic oligo. (A) An oligo was synthesized that carries an O%-methyl guanine base at the 11th position
and annealed to a complementary strand to create a DNA duplex. This oligo was processed with standard MADDD-seq protocols and pipelines to detect
both DNA damage and mutations. MADDD-seq correctly identified an O%-methyl guanine adduct at the 11th position (orange bars) in nearly all
sequenced oligos, while it identified undamaged reference bases at all other positions (yellow bars). (B) Deeper analysis demonstrated that at the 11th
position, MADDD-seq identified an O8-methyl guanine adduct in 94% of cases, a undamaged reference base in 5% of cases, and a mutation in 0.89%
of remaining cases. For (A) and (B), 0%-meG adducts are depicted in orange, mutations in blue, reference bases in yellow and miscalls in grey. (C)

Isolated DNA was either treated with MNNG (orange bars) or not (white bars), and MADDD-seq was used to detect O°-meG lesions (G—A transitions).
This DNA was either sheared by sonication or enzymatic digest. (D) Next, we monitored the same isolated DNA samples for mutations. Treated samples
are depicted with blue bars, and untreated samples with white bars. In both (C) and (D), error bars indicate SEM, n = 3. (E) Mutations found in
enzymatically fragmented samples are more prevalent towards the start of sequencing reads, suggesting a non-biological assay-induced explanation for
the presence of these mutations. The blue surface depicts the read depth of the fragments we sequenced, while the blue dots indicate the number of
mutations we detected. One dot indicates one mutation. (F) Schematic of how large overhangs generated by enzymatic fragmentation may convert

DNA damage (D) into mutations (M) in pre-PCR gDNA libraries.

Based on ddPCR quantification, samples that were not con-
centrated enough to sequence were re-amplified to target ideal
sequencing concentration. The remaining sample volume was
amplified in a 50 pl reaction mixture along with 2 ul NEBNext
Q5 2X MM, 5 ul 10 uM library primers (forward 5'-AAT
GAT ACG GCG ACC ACC GA-3' reverse 5'-CAA GCA GAA
GAC GGC ATA CGA-3'),and NFW to 50 pl. Cycling param-
eters for amplification were as follows: initial denaturation at
98°C for 30 s, followed by a variable number of amplification
cycles of denaturation at 98°C for 10 s and extension at 65°C
for 1 minute targeting a final concentration of 1.5 nM. A final
step of 65°C for 5 min was performed prior to sample cool-
ing at 4°C. Libraries were purified using 0.9x AMPure XP

bead and eluted in 15 ul 0.1x TE. Library quantification was
reassessed using TapeStation, Qubit, and ddPCR for Probes
as described directly above. Re-amplification and quantifica-
tion were repeated as necessary until libraries reached approx-
imately ~0.2-1.0 nM. Target concentrations are optimized to
be the lowest possible given the total quantity of DNA in or-
der to sequence as much of the library as possible. Samples
were then multiplexed and run on a MiSeq Nano Kit using
custom primers specific to the NEBNext Index primers (Read
1 Primer: 5'-ACA CTC TTT CCC TAC ACG ACG CTCTTC
CGA TCT-3', Index Primer: 5'-GAT CGG AAG AGC ACA
CGT CTG AAC TCC AGT CAC - GCC AAT - ATC TCG
TAT GCC GTC TTC TGC TTG-3', Read 2 Primer: 5'-GTG



Nucleic Acids Research, 2024, Vol. 52, No. 16, e76

ACT GGA GTT CAG ACG TGT GCT CTT CCG ATC T-3').
Based on MiSeq clustering and read distribution, sample vol-
umes were adjusted for equal distribution of reads, pooled,
and sequenced on a NextSeq 2000.

UDSBC adapter preparation

U-loop double stranded barcode adapters (5'-TGA CTA GAT
CGG AAG AGC ACA CGT CTG AAC TCC AGT C dU A
CAC TCT TTC CCT ACA CGA CGC TCT TCC GAT CTA
GTC A-s-T-3’) were annealed for 5 min at 95°C then cooled
quickly on ice. To prevent cleavage at sites of damage on
gDNA, 24 ul of 15uM annealed u-loop adapters were di-
gested prior to ligation using 2 ul USER enzyme in a 40 ul
reaction with 1x CutSmart Buffer for 15 min at 37°C. Di-
gested adapters were bead cleaned using AMPure XP beads
at 1.8 x concentration and eluted in 16 ul 0.1x TE. Note that
pre-digestion of adapters results in a reduction in ligation ef-
ficiency and that future library preparations will exclude this
step.

Bio-informatic processing

Raw data was processed using standard protocols for quality
control. Briefly, after trimming of adapters, the barcodes were
identified and trimmed to eliminate artifacts that may arise
from library preparation. Sequences were then aligned to the
genome with BWA-MEM and grouped by the orientation of
their UMI. Families were only included for further analysis if
they contained 3 or more read pairs in each barcode orienta-
tion (corresponding to copies of the top and bottom strand of
a DNA duplex). The consensus sequences of these read pairs
were then processed through either a mutation or DNA dam-
age detection pipeline. The data derived from these pipelines
was then parsed again to exclude sequences corresponding to
rDNA and transposable elements. The multicopy nature of
these sequences confounds mutational analyses because indi-
vidual copies of these genes may carry pre-existing mutations.
For similar reasons, we excluded mutations detected at more
than 1 time point, as they must have existed before our 24-
hour experiment started.

Yeast culture

Single colonies were inoculated in YAPD and incubated
overnight at 30°C in a rotating wheel. In the morning, the
optical density (ODggonm) of each culture was measured us-
ing Thermo Scientific’s Nanodrop 2000C and cells were re-
inoculated at an ODggp 0.05-0.1 in 50 ml YAPD flasks and
incubated in an orbital shaker at 30°C. Cells were then grown
to an OD of 0.25-0.5 and either harvested or arrested with
50 pg/ml «-mating factor. After 2.5 h, the cells were visual-
ized under a microscope to confirm they were arrested, and
then treated (or not) for 40 min with 10 pg/ml MNNG. After
treatment, the cells were washed 3 times in PBS with «-mating
factor to remove mutagenic compounds and re-inoculated in
YAPD with a-mating factor to maintain arrest over the recov-
ery period.

Concept

Massively parallel sequencing tools have revolutionized mod-
ern medicine (14). They exposed the genetic heterogeneity of
human cancers, identified mutations responsible for inherited
diseases, and opened the door for personalized medicine (15).
In addition, these tools can be used to detect mutations that
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are only present in one or a small number of cells (10). Al-
though rare, these mutations provide valuable insight into the
origins of human cancers (16), the basic biology that under-
pins human aging (17), and the impact of environmental mu-
tagens on the human genome (18). To detect random muta-
tions, massively parallel sequencing assays had to be modified
to filter out PCR artifacts that could otherwise be interpreted
as mutations (19,20). One of the most important contributors
to these artifacts is DNA damage, which increases the error
rate of DNA polymerases during the PCR amplification steps
that are inherent to library preparation. To filter out these ar-
tifacts, multiple laboratories designed a double-stranded bar-
coding strategy that tags both strands of a DNA duplex with
a specific barcode (21). These barcodes allow a DNA duplex
to be reconstructed from its individual DNA strands from raw
sequencing data. The rationale behind this strategy is that if a
mutation is present in a DNA fragment, it should be present
in both strands of the DNA duplex, while an artifact (such as
ex vivo mutations introduced by DNA damage during PCR
amplification) are present in only one (21).

The concept behind MADDD-seq is to exploit the ability of
DNA damage to introduce ex vivo mutations into massively
parallel sequencing libraries for detection purposes. Because
ex vivo mutations are only introduced in PCR copies made of
the damaged strand while copies of the undamaged strand re-
main artifact-free, it should be possible to detect DNA adducts
if PCR copies from the top and bottom strand of a DNA
duplex can be distinguished from each other. To do so, we
designed a modified set of double-stranded barcodes (Figure
1A) that we coupled to a custom bio-informatic pipeline that
keeps track of ex vivo mutations that arise in copies from each
strand in a DNA duplex (Figure 1B). Importantly, this strategy
leaves the mutation detection component of ‘duplex sequenc-
ing’ intact, so that MADDD-seq can detect both mutations
and DNA damage simultaneously, with a single assay on a
single sample.

Our barcoding strategy resembles the forked adapters
used in traditional duplex sequencing techniques. However,
MADDD-seq adapters carry different sequences on their
forked ends, and alternate in their orientation towards the
UMIs present on each molecule. For example, in the schematic
presented in Figure 1, the orange adapter is always adjacent
to the purple UMI on the top strand but paired with the green
UMI on the bottom strand. Thus, molecules derived from the
top strand always read blue fork — yellow UMI — insert — grey
UMI - orange fork, while molecules from the bottom strand
read blue fork — grey UMI - insert — yellow UMI — orange
fork. Our bio-informatic pipeline uses this information to dis-
tinguish between copies that are made from the top or bottom
strand of a DNA duplex, so that DNA damage can be local-
ized to a single base, in a single strand of the original DNA
duplex.

Results

To test our barcoding strategy, we synthesized a 50 bp double-
stranded oligonucleotide that carries an O°-meG adduct at
the 11th position. O®-meG lesions are small but highly mu-
tagenic adducts that arise due to endogenous and exogenous
processes alike (22) and are associated with a wide variety of
spontaneous and environmental cancers (22,23). In addition,
they were recently implicated in the etiology of Alzheimer’s
disease (24). Thus, a sensitive assay for the detection of O°-



PAGE 6 OF 14

meG adducts is desirable and could be an important factor for
disease prognosis, tumor grading, and the prediction of treat-
ment efficacy. We found that MADDD-seq correctly identi-
fied an O®-meG adduct at the 11" position in 94% of the
sequenced oligonucleotides (Figure 2A, B). At that position,
our bio-informatic pipeline consistently identified G — A mu-
tations in copies that were made of the damaged strand, the
primary mutation induced by O®-meG. In contrast, copies of
the undamaged strand remained error-free. In 5% of cases,
an undamaged base was called, while the damaged base was
mistaken for a mutation in 0.89% of cases. It is possible
that the relative inaccuracy of inserting an O°-meG base at
this position during oligo synthesis accounts for some of the
undamaged base calls, as the manufacturer only guarantees
that >85% of oligos will contain the desired O°-meG adduct.
Regardless, this data demonstrates that MADDD-seq allows
0%-meG lesions to be detected with at least 94% accuracy.

After acute exposure to a mutagenic compound, O®-meG
adducts are randomly distributed across a complex genome
that contains countless structural features. To determine
whether MADDD-seq can identify O°-meG lesions under
those conditions as well, we treated isolated DNA from ar-
rested yeast cells with MNNG, an alkylating agent that cre-
ates O°-meG lesions. We used isolated DNA for this exper-
iment to prevent MNNG from inducing mutations, a strat-
egy that has the added benefit of allowing us to test whether
MADDD-seq can correctly distinguish between O°-meG le-
sions and mutations. Consistent with this idea, we found that
after exposure, MADDD-seq recorded a substantial increase
in O®-meG lesions, while no increase was detected in mutage-
nesis. Moreover, MADDD-seq detected O°-meG adducts on
all 16 chromosomes, indicating that it can be used to detect
0%-meG adducts in a true genome-wide fashion. We did dis-
cover though, that MADDD-seq was only capable of distin-
guishing between O°-meG adducts and mutations if the DNA
was sheared by sonication (Figure 2C, D). If the DNA was
fragmented enzymatically, MADDD-seq only reported a small
increase in O®-meG adducts and a large increase in mutations
(Figure 2E). These mutations were biased toward the end of
sequenced DNA fragments, suggesting a non-biological ex-
planation. It is possible that these artifacts were created by
single-stranded overhangs and gaps generated by the enzy-
matic fragmentation mixture, which were then filled in by
the DNA polymerases that are also included in the mixture,
thereby creating mutations opposite O®-meG bases (Figure
2F). Thus, the DNA fragmentation method is essential to the
success of O°-meG detection by MADDD-seq. Surprisingly
though, MADDD-seq also detected a second DNA damage
signature in the samples that were sheared by sonication char-
acterized by G—T mutations. This signature was present in
both damaged and undamaged DNA samples, indicating that
it was not related to MNNG treatment. Instead, it must have
been present in the DNA prior to fragmentation, or the result
of sonication itself.

After establishing the optimal protocol to detect O®-meG
adducts with MADDD-seq, we wanted to test its ability to
detect DNA damage and mutations simultaneously. To do so,
we mimicked the acute exposure of an organism to a muta-
gen by treating rapidly dividing yeast cells with MNNG for
40 min, washed the cells, and let them recover for 24 h while
we tracked the presence of DNA adducts and mutations in
the cells (Figure 3A). As expected, we found that MADDD-
seq identified a large increase in O°-meG adducts immediately
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after exposure (f = 0) by their distinct G—A damage signa-
ture. These adducts covered the entire genome in a relatively
unbiased fashion, affecting protein-coding regions, intragenic
sequences, introns, untranslated regions, and regulatory ele-
ments alike (Figure 3B-D). A full list of all the damaged bases
detected in this study is provided in Supplementary Table S1.
During the 24-hour recovery period, these lesions rapidly de-
clined and returned to baseline levels once the experiment was
concluded. Most likely this rapid decline is the result of the
dual activity of DNA repair and DNA replication. Interest-
ingly, we did not detect the additional G—T damage signature
observed in naked DNA, suggesting that this signature is not
the result of sonication. However, we did observe a relatively
weak DNA damage signature characterized by C—T muta-
tions. At first glance, it was unclear whether this signature
was directly related to MNNG exposure, because it did not
appear until 2 h after MNNG exposure had ended (¢ = 2) and
was lost after the next time point (¢ = 6). Because MADDD-
seq reports a base as damaged when mutations accumulate
in copies made from only one strand of a DNA duplex, we
hypothesized that the C —T damage signature could be the
result of thymine misincorporation events opposite O°-meG
lesions during the first round of DNA replication after MNNG
exposure. If so, these misincorporations would lead to an O°-
meG:T mismatch that would be converted into a regular G:T
mismatch after DNA repair. This misincorporated thymine
would then be reported as a damaged base because the re-
sulting C—T mutation would only be present in copies made
from one of the two strands of a DNA duplex. A second round
of DNA replication would then result in the loss of the Cto T
damage signature, as both strands of the DNA duplex would
now contain a mutant base.

To provide evidence for this hypothesis, we analyzed our
dataset with the second arm of our bioinformatic pipeline,
which is designed to detect mutations. A full list of all
the mutated bases detected in this study is provided in
Supplementary Table S2. Consistent with the mutagenic na-
ture of O®-meG adducts we found that the mutation frequency
of the treated cells rapidly increased over the first 2 h after
treatment. Moreover, this increase was completely driven by
CG:TA mutations (Figure 3E), in accordance with the muta-
tion spectrum of O°-meG adducts and the G—A and C—T
damage signatures we observed. If the C—T damage signa-
ture is indeed the result of misincorporation events during
DNA replication, we reasoned that this signature should not
be present in cells that are in a non-dividing state. There-
fore, we arrested the cells with a-mating factor, treated them
with MNNG and tracked the presence of mutations and DNA
damage over a 24-h time course. Consistent with our hy-
pothesis, we found that the arrested cells accumulated sim-
ilar numbers of O®-meG lesions compared to dividing cells
(¢ = 0, Figure 3F), but the C—T damage signature did not
appear. In fact, relatively few mutations arose over the entire
24-hour recovery period (Figure 3G), underscoring the idea
that cell division and misincorporation events during DNA
replication are essential steps for the conversion of O°-meG
lesions into mutations. Similar observations were previously
made for other DNA lesions (25), indicating that non-dividing
cells are protected from mutagenesis after mutagen exposure.
We did observe the G—T damage signature previously ob-
served on naked DNA though. Since this signature is only ob-
served in DNA from arrested cells, it could have a biologi-
cal origin that is related to cell cycle arrest by «-mating fac-
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Figure 3. Simultaneous detection of DNA damage and mutations in yeast cells with MADDD-seq. (A) Schematic representation of experimental
procedures. Single colonies were inoculated in liquid medium and expanded into a 2560ml culture. Over the course of 24 h, multiple 50ml aliquots of cells
(conical tubes) were collected at different time points to detect DNA damage and mutagenesis by MADDD-seq. (B) Circos plot of all mutations and
adducts detected in this study. The outer ring depicts the chromosome and the location along the chromosome that mutations and adducts were
detected at. Each dot in the inner ring depicts the number of adducts detected in 5000 bp intervals. The further away from the center of the plot, the
more adducts were detected. The middle ring depicts the number of mutations detected in the same 5000 bp intervals. The further away from the
center of the plot, the more mutations were detected. (C) MADDD-seq coverage and endpoint detection across chromosome XV. Coverage is depicted
by the colored surface, while mutations are depicted as orange bars, and adducts as and blue bars, binned in 5,000bp intervals. This plot contains all the
mutations and adducts detected in this study. (D, F, H, J) Frequency of DNA damage signature in the nuclear genome of dividing and arrested cells, with
or without deletion of MGT1. (E, G, I, K) Frequency of mutations in the nuclear genome of dividing and arrested cells, with or without deletion of MGT1.
Error bars indicate upper and lower limits of 95% confidence intervals for the fraction, n= 1.
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Table 1. Expression of genes associated with oxidative stress
Change in
Gene Function arrested cells
SOD1 Cytosolic superoxide dismutase +23.5-fold
YAP1 Transcription factor +19.9-fold
GPX2 Glutathione peroxidase +12.5-fold
SOD2 Mitochondriall superoxide dismutase +8.7-fold
GSH2 Glutathione synthetase +7.8 fold
GTT2 Glutathione S-transferase +7.0-fold
DUG1 Glutathione degradation +6.6-fold
GSH1 Glutathione synthetase +4.7-fold
GCG1 Gamma-glutamyl cyclotransferase +4.1-fold
CTT1 Catalase +3.6-fold
0OGG1 8-Oxo-guanine glycosylase/lyase +2.5-fold
DUG2 Component of glutamine +2.4 fold
amidotransferase
GTT1 Glutathione S-transferase +2.2-fold
GPX1 Glutathione peroxidase +1.5-dold
DUG3 Component of glutamine -5.4-fold
amidotransferase
GLR1 Glutathione reductase -20.0-fold

A whole transcriptome analysis indicated that genes associated with oxida-
tive stress are upregulated in arrested cells compared to rapidly dividing
cells. These genes included the key transcription factor YAP1, the antiox-
idant enzymes SOD1, SOD2 and CTT1, various lynchpins of glutathione
metabolism, and the DNA repair protein OGG1.

tor. Interestingly, a whole transcriptome analysis of arrested
and dividing yeast cells indicates that arrested cells display a
25-fold increase in YAP1 expression, a critical transcription
factor that controls the response of yeast cells to oxidative
damage (26) (Table 1). Accordingly, numerous genes that are
controlled by YAP1 and counteract oxidative stress are upreg-
ulated in arrested cells, including the glutathione synthetases
GSH1 (4.4-fold) and GSH2 (7.8-fold), the glutathione trans-
ferases GTT1 (2.2-fold) and GTT2 (7-fold), the glutathione
peroxidases GPX1 (2.5-fold) and GPX2 (12.5-fold), the anti-
oxidant enzymes SOD1, SOD2 and CTT1, and the DNA re-
pair protein OGGT1 (2.5-fold). Thus, one possibility is that this
damage signature is the result of oxidative stress. Notably, 8-
oxo-guanine lesions mispair with adenine during DNA repli-
cation (27), which could result in a G—T damage signature
seen in arrested cells.

Next, we wanted to test the ability of MADDD-seq to detect
DNA damage and mutations in a medically relevant scenario.
To do so, we mimicked hypermethylation of the MGMT pro-
moter in brain tumors by deleting MGT1 in dividing yeast
cells and treated the cells with MNNG. After exposure, the
mgtl A cells accumulated a similar amount of O®-meG lesions
compared to WT cells, indicating that the presence or absence
of Mgtlp has little effect on the total number of lesions that
arise in yeast cells (Figure 3H). However, Mgt1A cells con-
verted these lesions into mutations at a higher rate compared
to WT cells (Figure 3I), underscoring how important Mgtlp
is for the prevention of mutagenesis by O°-meG lesions. These
measurements illustrate how MADDD-seq could be deployed
in biomedical research or the clinic to investigate the conse-
quences of genetic and epigenetic alterations to MGMT in
human cells. As expected, the mgt1A cells also displayed the
C—T damage signature that is indicative of G:T mismatches.
Surprisingly though, this signature was less pronounced com-
pared to WT cells. Most likely, this reduction is caused by
deletion of the Mgt1 protein, which prevents O°-meG:T mis-
matches from being converted into G:T mismatches. As a re-
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sult, both strands will generate mutant copies during PCR am-
plification, causing O®-meG:T mismatches to be recorded as
mutations. Accordingly, MADDD-seq may slightly overesti-
mate the mutation frequency during the first time points after
MNNG treatment in mgt1 A cells.

In addition to dividing cells, like the cells from a brain tu-
mor, non-dividing cells can be deficient for MGMT as well.
For example, it was recently shown that female patients with
non-familial cases of Alzheimer’s disease display hypermethy-
lation of the MGMT promoter, leading to reduced MGMT ex-
pression, while males do not (24). Potentially, this reduced ex-
pression could help explain why females are at greater risk for
Alzheimer’s disease compared to males. To mimic MGMT hy-
permethylation in neurons and explore the impact of reduced
MGMT expression on non-dividing cells, we arrested mgt1 A
cells with «-mating factor and treated them with MNNG.
Consistent with the critical role that Mgtlp plays in the re-
pair of O°-meG adducts, we found that these cells retained
0°-meG lesions for an extended period of time (Figure 3J).
However, similar to WT cells, these lesions induced less muta-
tions compared to dividing cells (Figure 3K). Together, these
observations underscore the importance of Mgt1p for the re-
pair of O°-meG lesions in non-dividing cells and the relative
resistance of arrested cells to DNA damage induced mutage-
nesis.

One exciting aspect of MADDD-seq is that it can detect
mutations and O°-meG lesions simultaneously, allowing for
direct comparisons between these endpoints. To do so, we gen-
erated additional plots that directly compare the frequency of
the O°-meG lesions created by MNNG to the CG:TA muta-
tions they induce (Figure 4A-D). All other lesions and muta-
tions were excluded from analysis. These plots illustrate that
in dividing WT cells O°-meG adducts were present at a fre-
quency of 3.92 x 10~*/bp after exposure (t = 0), which in-
creased the mutation frequency 16-fold to 4.42 x 10~ /bp
over a 24-hour time span (¢ = 24, Figure 4A). This comparison
indicates that 11% of the O®-meG lesions present at £ = 0 were
converted into mutations, while 89% were repaired. The ef-
ficiency with which mutations were converted into mutations
was substantially higher in mgt1A cells. Even though these
cells carried a nearly identical number of lesions immediately
after exposure (4.2 x 10~*/bp), they converted 60% of these
lesions into mutations, raising the mutation frequency 85-fold
to 2.5 x 10~*/bp (Figure 4B). These straightforward calcula-
tions demonstrate how simultaneous detection of DNA dam-
age and mutations allows mutagenic endpoints to be quanti-
fied in a highly direct, informative manner. Our dataset was
equally informative when we examined arrested cells. In ar-
rested WT cells, a substantial number of O®-meG lesions were
created after MNNG exposure as well (3.3 x 10~*), but in
contrast to dividing cells, the mutation frequency did not even
double over the ensuing 24-hour time period (Figure 4C). We
estimate that only 4% of lesions were converted into mu-
tations, further highlighting that arrested cells are protected
from mutagenesis by O®-meG lesions. In this context, it should
be noted that approximately ~6% of cells escaped arrest af-
ter 24 h of a-mating factor exposure and re-entered the cell
cycle (Supplementary Figure S1). Accordingly, some of these
mutations may have occurred in cells that re-entered the cell
cycle. We observed similar protection from mutagenesis in ar-
rested mgt1 A cells (Figure 4D), although these cells accumu-
lated more mutations than WT cells, consistent with their in-
ability to repair O°-meG lesions in an efficient manner (28).
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Figure 4. Direct comparisons between DNA damage and mutagenesis. (A-D) Frequency of O8-meG lesions and CG:TA mutations measured over a
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The experiments described above demonstrate that
MADDD-seq can identify mutations and DNA damage
across the genome in a massively parallel fashion. As a
result, it may be possible to mine MADDD-seq datasets for
known and unknown variables that control the efficiency
with which the genome is either repaired or mutated. One
open-ended observation we made was that arrested cells that
lack Mgtlp still display evidence of DNA repair, suggesting
that a second DNA repair pathway may compensate for
Mgtl1p deletion. To identify this pathway, we first dividied the
genome into transcribed and untranscribed regions and
then compared the rate with which O6-meG lesions are
repaired between regions. Interestingly, we found that in
mgtl A cells, repair of O°-meG lesions is more pronounced
on the transcribed strand of protein-coding genes compared
to the non-transcribed strand, a distinction that is not visible
in WT cells (Figure 5A, B). This observation suggests that
in the absence of Mgtlp, transcription-coupled DNA repair
plays an important role in removing O°-meG lesions from
the genome. To explore this possibility further, we analyzed
the transcriptome of treated and untreated yeast cells by
RNA-seq and found that genes with higher expression levels
indeed display faster DNA repair compared to genes that
are rarely transcribed, specifically on the transcribed strand.

Again, no such distinction was visible in WT cells, in which
most O°-meG lesions are repaired is performed by Mgtlp
(Figure SC-F).

In addition, we analyzed our dataset to identify new vari-
ables that link DNA damage to mutations. Mutations are fre-
quently found to arise in a non-random fashion after mutagen
exposure, with the rate of mutation changing as a result of ge-
netic context (29). We found that our data displays a similar
trend, with mutations arising more frequently on O°-meG le-
sions that are flanked by a purine on their 5’ side compared
to a pyrimidine (Figure 5G, H). However, it is unknown what
mechanism is responsible for this asymmetric distribution. To
identify this mechanism, we examined the initial distribution
of O%-meG lesions across the genome after MNNG exposure
and found that O®-meG lesions preferentially arise on guanine
bases flanked on their 5’ side purines (Figure 51, J). We ob-
served a similar pattern on naked DNA treated with MNNG,
suggesting that this pattern is directly related to the primary
sequence of the genome (Figure 5K). Together, these obser-
vations suggest that the genetic context in which mutations
arise is not dictated by a preference of Mgtlp for the repair
of O%-meG lesions in a specific genetic context, or preferen-
tial misincorporation by replicative polymerases, but rather
the specificity with which O°-meG lesions accumulate on the
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Figure 5. Adduct repair and mutations induction as a function of genetic context and transcription level. (A, B) O%-meG lesions are removed faster from
the transcribed strand compared to the non-transcribed strand in arrested Mgt1A cells, but not in WT cells. (C-F) Based on transcriptome analysis

(n = 6 for all conditions), genes were divided into 3 bins: low, medium and high transcription level and the frequency of 0%-meG lesions was monitored
across these three bins over a 24-h timespan. We found that 08-meG lesions were removed faster from highly transcribed genes compared to rarely
transcribed genes, but only in the transcribed strand of arrested Mgt71A cells. (G=J) The frequency of mutations (blue bars) and O8-meG lesions (orange
bars) and were monitored over a 24-h timespan as a function of the genetic context in which the damaged base was present. The base that flanks the
08-meG lesion on the 5’ side is depicted immediately underneath the graph. The damaged guanine base itself is depicted underneath the 5’ base (and is
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genome. We did observe though, that in contrast to Mgtlp,
the transcription-coupled DNA repair process that compen-
sates for MGT1 deletion does display a subtle preference for
certain genetic contexts. Most notably, we found that O°-meG
lesions that are flanked on their 3’ side by a second guanine are
repaired less efficiently compared to O®-meG lesions flanked
by adenine, cytosine or thymine (Figure SL). Potentially, this
preference could skew the mutation profile of cells that lack
Mgtlp. Consistent with the idea that this preference is spe-
cific to transcription-coupled DNA repair, we did not observe
this discrepancy on the non-transcribed strand of mgt1 A cells
(Figure 5M) or in the transcribed strand of WT cells (Fig-
ure 5N). Taken together, these observations demonstrate how
MADDD-seq datasets can be used to make detailed obser-
vations that explore key aspects of the relationship between
DNA damage, DNA repair and mutagenesis.

Discussion

Mutations play an important role in human aging and dis-
ease. However, because they are rare and randomly distributed
across the genome, they are exceedingly difficult to detect. To
solve this problem, a number of highly sophisticated genome-
wide detection techniques have been developed that greatly
improve the detection of mutations, including Cypher-seq
(12), circle-sequencing (30), o2n-sequencing (31), SMM-seq
(32), RADAR-seq (33) and duplex sequencing (19). However,
to fully understand the role of mutagenesis in human pathol-
ogy it is equally important to design tools that can detect
DNA damage, the primary mechanism by which mutations
arise. Like mutations, DNA adducts are rare and randomly
scattered across the genome, but on top of that, DNA dam-
age also comes in many shapes and sizes, with each lesion
representing a new challenge to overcome (11). Despite these
challenges, multiple highly advanced and often complemen-
tary techniques have been developed over the past decades.
For example, mass spectrometry (34) and radioactive labeling
techniques (35) now allow researchers to determine the total
amount of DNA damage present in a biological sample, while
the precise locations of lesions can be identified with lesion-
specific sequencing techniques using antibodies and modified
enzymes (4,6-8,36—47) or long-range PCR assays (48-51). It
is important to note that the sensitivity of these techniques
is highest when they target bulky lesions, while smaller le-
sions tend to be missed. For example, antibodies raised against
DNA adducts tend to work best when they target bulky le-
sions that are easy to discriminate from undamaged bases,
while long-range PCR reactions require lesions to block DNA
polymerases during DNA synthesis, which is more likely to
happen in the case of bulky adducts (52). In contrast, small
lesions are harder to discriminate from undamaged bases and
allow for more efficient translesion synthesis during DNA syn-
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thesis, a feature that enhances their mutagenicity. To address
this issue, we developed MADDD-seq, an assay that is specif-
ically designed to detect small lesions that are highly muta-
genic and allow for efficient translesion synthesis. In addition,
MADDD-seq is capable of simultaneous detection of the mu-
tations that are induced by these lesions.

In the proof-of-principle experiments, we describe here, we
demonstrate that MADDD-seq can identify O%-meG lesions
and mutations in a true genome-wide fashion. Importantly,
O°%-meG lesions are associated with a wide variety of human
cancers. For example, the promoter of the gene that encodes
the DNA repair protein MGMT is hypermethylated in 50%
of grade IV glioblastomas, 85% of thyroid cancers and 70%
of colorectal cancers (53,54), suggesting that O®-meG lesions
are the primary source of the mutations that drive these can-
cers. In addition, MGMT is hypermethylated in female (but
not male) patients with Alzheimer’s disease. which could con-
tribute to the increased mutagenesis and apoptosis seen in the
hippocampal neurons of patients (55), as well as the sexual
dimorphism of the disease itself. Thus, a sensitive assay for
the detection of O®-meG lesions and the mutations they in-
duce could be an important factor for disease prognosis, tu-
mor grading, and the prediction of treatment efficacy. Here,
we demonstrate that MADDD-seq identifies clear differences
between the number of DNA lesions and mutations present
in WT and mgt1A cells, outlining the parameters that could
inform aspects of clinical care.

Because MADDD-seq creates large data sets that allow
for direct comparisons between DNA damage and mutage-
nesis, MADDD-seq can also be a valuable tool for basic sci-
entists. For example, we show here that MADDD-seq data
can be parsed to examine the kinetics of DNA repair across
the genome, as well as the rate at which lesions are fixed
into mutations. Further filtering of this data allowed us to de-
termine the functional and sequence-specific parameters that
control these processes. For example, after treating WT and
mgt1 A cells yeast cells with MNNG, we were able to reveal
the distribution of O®-meG lesions across the genome, the ki-
netics with which they were repaired and the percentage of
lesions that were converted into mutations. With the help of
a G—A damage signature that identifies O°-meG lesions, a
C—T damage signature that identifies the first mutant base
misincorporated opposite an O°-meG lesion, and CG:TA mu-
tations that represent the final mutated DNA duplex, we were
able to capture every step related to O®-meG-mediated muta-
genesis. Although these observations clearly demonstrate the
potential of MADDD-seq technology to make precise biolog-
ical observations, it should be noted that this study was pri-
marily designed to validate our assay and to provide a snap-
shot of what MADDD-seq can do. For this reason, all of
our biological samples were processed with an n of 1, which
means that the biological findings we report here are prelim-

present in all triplets, as depicted by the arrow), while the base flanking the O%-meG lesion on the 3’ side is depicted below the arrow. For example, at
t =0, O8-meG lesions are most common at guanine bases that are flanked on its 5 side by another guanine, and on its 3’ side by adenine (labeled by
the number 1). In contrast, guanine bases that are flanked on its 5’ side by thymine and on its 3’ side by guanine are the least likely to carry an O-meG
lesion (labeled by the number 2). For comparisons between adducts and lesions, please compare the adducts at t = 0 (when the maximum number of
lesions are present) to the mutations at t = 24 (when all these lesions have been fixed into mutations). (K) Naked DNA treated with MNNG displays
similar patterns of O%-meG accumulation compared to cells (H and J). The transcription-coupled DNA repair process that removes 0%-meG lesions from
the genome prefers a genetic context in which a guanine base (dark green) is not present on the 3’ side of the damaged base. This preference is not
observed in the non-transcribed strand of Mgt71A cells (L), the transcribed strands of WT cells (M), or the transcribed strand of WT cells (N). For (L), (M)
and (N) the 3’ guanine base is labeled in a darker color. Statistical tests for significance were performed using tests of equal proportion with Yates
continuity correction. * P < 0.05, ** P < 0.01, *** P < 0.001. For all conditions, n= 1. Error bars represent 95% confidence interval of the fraction.
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inary in nature and further analysis is required to confirm
them.

These observations hint at various basic biological pro-
cesses that control the mutagenic properties of O°-meG. For
example, we discovered that the C—T damage signature that
arose in WT cells after MNNG treatment was present at a
frequency of 7.5 x 107 /bp (Figure 3A). Surprisingly though,
the mutation frequency never exceeded 4.4 x 10~ /bp (Figure
4A), suggesting that only 60% of all misincorporation events
result in bona fide mutations. One possibility is that the mis-
match repair machinery is responsible for this discrepancy.
When G:T mismatches are detected by the mismatch repair
machinery in the absence of DNA replication, it cannot de-
termine which base is correct and which base is mutant. As a
result, it can only repair these mismatches with 50% accuracy
(56), lowering the expected mutation frequency by approxi-
mately 50%.

Similar observations provide insight into the mutagenic
properties of cells that lack the DNA repair protein mgt1p. In
contrast to WT cells, dividing mgt1 A cells convert 55% of le-
sions into mutations (Figure 4C), suggesting that only 45% of
lesions are repaired over the course of 24 h. Although this con-
clusion seems to be contradicted by our measurements, which
show that the frequency of O°-meG adducts returns to base-
line levels after 24 h, it is important to remember that yeast
cells create new, undamaged DNA strands during each round
of cell division. As a result, the percentage of damaged bases
could decline by as much as 50% every 90 min (the division
rate of yeast cells) even in the absence of DNA repair. Thus,
the lack of DNA repair in mgt1 A cells is best demonstrated
in arrested cells, which are not confounded by DNA replica-
tion (Figure 4D). Indeed, we found that in arrested mgt1 A
cells only 40% of lesions are repaired over a 24-h time span,
closely matching the prediction made from our mutation mea-
surements.

Even though we monitored O°-meG lesions after MNNG
exposure to provide a proof of principle for our approach, it
is likely that MADDD-seq can be used to detect other lesions
as well. For example, we found that in addition to the G—A
signature induced by O®-meG, arrested cells also displayed a
distinct G—T damage signature. Although the molecular ori-
gin of this signal is currently unknown, one possible source of
these lesions is 8-oxo-guanine. To determine if that is indeed
the case, it will be important to validate MADDD-seq for ad-
ditional lesions, including 8-oxo-guanine adducts. To do so,
an analog approach could be used that is similar to the ap-
proach described here. For example, users interested in the de-
tection of 8-oxo-guanine lesions could design oligos that carry
this lesion at a specific location. These oligos can then be used
to determine the mutagenic properties of 8-oxo-guanine dur-
ing error-prone PCR, which will inform the number ‘family
members’ that are required for damage detection. In addition,
damaged and undamaged oligos can be used to optimize the
PCR reactions to ensure efficient translesion synthesis, which
is especially important if the lesion has a tendency to inhibit
PCR amplification. Additional control reactions could be per-
formed by mixing these oligos in different ratios, or adding
them to extracted DNA samples, to determine the sensitiv-
ity of detection. Finally, treatment of naked DNA is recom-
mended to ensure that damage is not mistaken for mutations
during more complex experiments on living cells, while mu-
tant cell lines will be an essential tool for final validation pur-
poses, and the ratification of novel biological observations.
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Care must also be given to the limitations of our assay.
For example, even though MADDD-seq is extremely sensi-
tive, it can only detect lesions that are mutagenic in nature.
Our experiments with MNNG provide an important exam-
ple of this limitation. Although the most important lesion
created by MNNG is O°-meG, MNNG induces a range of
other DNA lesions as well, none of which were detected by
MADDD-seq because they are either not mutagenic at all,
or not mutagenic enough to induce error-prone PCR during
the first rounds of PCR amplification. In addition, it is impor-
tant to note that MADDD-seq can only detect lesions that al-
low for efficient translesion synthesis. If the DNA polymerase
used for PCR amplification is blocked by a lesion of inter-
est, it cannot produce the full-length PCR amplicons required
for detection. Potentially though, mutant DNA polymerases
can be used to overcome this limitation. Finally, it is possi-
ble that DNA repair intermediates, mutagenic intermediates,
or a combination of both can be mistaken for either dam-
age or mutations during detection. For example, we found a
C—T damage signature that is actually evidence of a mutation
that is present in just one strand. Similarly, our data indicates
that some O®-meG:T mismatches may have been reported as
mutations.

One important advantage for end users is that MADDD-
seq allows mutations and DNA damage to be detected simul-
taneously with a single assay, a single sample and a single
reaction. Thus, DNA damage and mutations are always de-
tected under identical conditions, thereby limiting unintended
artifacts due to sample handling, batch effects, or user errors.
Moreover, having a single assay for multiple endpoints means
that precious materials such as human brain samples or tumor
biopsies can be preserved for additional experiments in the
future. Finally, simultaneous detection of multiple endpoints
cuts back on the manpower, time and money that is needed to
perform experiments, limits the expertise required to acquire
usable data, and makes it easier to troubleshoot when results
contradict each other. In doing so, we expect that MADDD-
seq will prove to be a versatile, multi-functional detection tool
for mutation research that can help basic researchers as well
as clinical scientists reveal new biology that underlies human
aging and disease.
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is available at https://github.com/FredHutch/maddd-seq and
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