Nucleic Acids Research, 2024, 1-22 I
https://doi.org/10.1093/nar/gkae1122
Genome integrity, repair and replication
| OXFORD
ANNIVERSARY

Comprehensive whole-genome sequencing reveals origins
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Abstract

In a comprehensive study to decipher the multi-layered response to the chemotherapeutic agent temozolomide (TMZ), we analyzed 427 genomes
and determined mutational patterns in a collection of ~40 isogenic DNA repairdeficient human TK6 lymphoblast cell lines. We first demonstrate
that the spontaneous mutational background is very similar to the aging-associated mutational signature SBS40 and mainly caused by polymerase
zeta-mediated translesion synthesis (TLS). MSH2-/- mismatch repair (MMR) knockout in conjunction with additional repair deficiencies uncovers
cryptic mutational patterns. We next report how distinct mutational signatures are induced by TMZ upon sequential inactivation of DNA repair
pathways, mirroring the acquisition of chemotherapy resistance by glioblastomas. The most toxic adduct induced by TMZ, O%-megG, is directly
repaired by the O%-methylguanine-DNA methyltransferase (MGMT). In MGMT/- cells, MMR leads to cell death and limits mutagenesis. MMR
deficiency results in TMZ resistance, allowing the accumulation of ~10% C > T substitutions corresponding to signature SBS11. Under these
conditions, N3-methyladenine (3-meA), processed by base excision repair (BER), limits cell survival. Without BER, 3-meA is read through via
error-prone TLS, causing T > A substitutions but not affecting survival. Blocking BER after abasic site formation results in large deletions and
TMZ hypersensitization. Our findings reveal potential vulnerabilities of TMZ-resistant tumors.

Graphical abstract

An artist’s view of how a step-wise
inactivation of the DNA repair pathways|
reveals the mutational signatures induced
by a genotoxin.

Hwang et al. used a large collection of
isogenic DNA repair gene knockouts to|
investigate spontaneous and temozolomide-|
induced mutational patterns.

Introduction ther repaired in an error-free manner by the various DNA re-

The genome is under continuous attack from endogenous and ~ pair pathways or converted into mutations. The pattern of
exogenous DNA-damaging factors, and genotoxic agents are  accumulated mutations reflects the history of genotoxin ex-
used for cancer therapy. The lesions that are incurred are ei-  posure and the DNA repair deficiencies of a given cell. Mu-
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tational signatures classify single nucleotide variants (SNVs)
into 96 classes based on the neighboring nucleotides (1). Sig-
natures include information about small insertions/deletions
(indels) and structural variants (SVs), such as larger dele-
tions, insertions, inversions, tandem duplications and translo-
cations. Initially, mutational signatures were computation-
ally derived from cancer genomes based on best-fit ap-
proaches and are now compiled in the Catalog of Somatic
Mutations in Cancer (COSMIC) (https://cancer.sanger.ac.uk/
cosmic), which currently includes 67 single base substitution
(SBS) signatures, 23 small indel (ID) signatures, etc. In some in-
stances, the etiology of signatures was easy to infer, for exam-
ple, specific mutational patterns were associated with tobacco
smoking or exposure to UV light. However, in most cases,
their origins remain unclear. Mutational signatures, which are
obtained experimentally under controlled conditions by ex-
posing cell lines or organisms to known genotoxins (2), as a
result of mutational inactivation of certain DNA repair path-
ways (3,4) or as a combination thereof (5), are instrumental
in deducing the causes of mutational patterns in cancers but
remain underexplored. Recently, studies on human induced
pluripotent stem cells (hiPSCs) (3) and haploid HAP1 cells
(4) revealed the signatures associated with guanine oxidation
(COSMIC signature SBS18 derived from 8-oxoguanine gly-
cosylase OGG1-deficient lines (3)) and mismatch repair defi-
ciency (‘universal’ MMRd signature RefSig MMR1 (3,6)).

To deduce genotype-specific mutational signatures upon
genotoxin exposure, it is necessary to first characterize a spon-
taneous mutational background of a given cell line. Recent re-
search has identified three universal signatures that, in variable
proportions, account for the background somatic mutagenesis
in all mammalian species that were investigated and likely re-
flect three separate mutational processes (7). These signatures
are SBS1 (deamination of S-methylcytosines resultingin C > T
substitutions at CpG sites), SBS18 (guanine oxidation lead-
ing to C > A substitutions) and a featureless signature of un-
known etiology related to SBSS and SBS40. SBS1 and SBSS are
termed clock-like since their mutation counts correlate with
age at the cancer diagnosis (8). Remarkably, mutation rates
show an inverse correlation with species lifespan, with the fi-
nal mutation counts at the end of life being very similar across
mammals (7). Thus, it appears likely that somatic mutagene-
sis contributes to cancer and aging. The mechanism leading
to the featureless SBS5/SBS40-like signature and its possible
role in aging need to be determined. Here, we show that the
SBS5/SBS40-like background signature is reduced in the DNA
polymerase zeta deficient knockouts but increased by geno-
toxic treatments and DNA repair deficiencies, which trigger
translesion synthesis (TLS), thus identifying polymerase zeta
activity as the cause of the SBS5/SBS40-like signature.

To systematically investigate genotoxin-induced mutagene-
sis across a large panel of cell lines and correlate mutational
signatures with cell survival, we focused on temozolomide
(TMZ), a chemotherapeutic agent that is used in the treat-
ment of glioblastomas (9). TMZ belongs to Sn1 (first-order
nucleophilic substitution) methylating agents. TMZ treat-
ment gives rise to several methylated bases, which are re-
paired by different pathways (9,10). O®-methylguanine (O°-
meG), 5% of the TMZ-induced adducts (11), is the most
mutagenic and toxic of the lesions due to its ability to pair
not only with cytosine but also with thymine. O°-meG can
be repaired by O°-methylguanine-DNA methyltransferase
(MGMT, also known as O¢-alkylguanine-DNA alkyltrans-
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ferase, AGT), which transfers the methyl group to its cys-
teine residue in a suicide reaction that restores the guanine
base (12). The MGMT gene is epigenetically silenced in many
tumors, thus sensitizing them to TMZ chemotherapy (13).
If left unrepaired, O°-meG is very cytotoxic. Cytotoxicity is
mediated by mismatch repair (MMR), and MMR-deficient
(MMRAJ) cells are highly resistant to TMZ. The ‘“futile cycle’
model was proposed to explain how MMR of O®-meG lesions
might lead to cell death (14). According to this model, since
MMR functions to correct the errors arising during DNA
replication, it is not able to excise O°-meG in the template
strand and only repairs a mispaired T in the newly synthesized
strand. In the course of filling the daughter strand gap, which
resulted from the excision of the mismatched T nucleotide and
exonuclease processing, the persisting O°-meG can again pair
with T, thus perpetuating the ‘futile cycle’ of MMR. The on-
going single-strand gap generation apparently interferes with
the second round of DNA replication following exposure to
TMZ, leading to double-strand (ds) DNA breaks and apop-
tosis. The observation that cell death ensues only after two
rounds of DNA replication (15,16) is the strongest argument
for the “futile cycle’ model while an alternative view suggests
the ‘direct signaling’ from MMR activation to apoptosis (17).
In certain cell types, which are particularly sensitive to repli-
cation stress, such as human pluripotent (18) and embryonic
stem cells (19), apoptosis is induced already in the first cell
cycle following alkylation damage. A recently proposed ‘re-
pair accident’ model postulates that in the quiescent cells, even
in the absence of DNA replication, close proximity between
the sites of O°-meG/C MMR and N3-methyladenine (3-meA)
base excision repair (BER) might lead to dsDNA breaks, as
observed in N-methyl-N-nitrosourea (MNU)-treated plasmids
incubated in Xenopus egg extracts (20).

The most common (70%) among the TMZ-induced methy-
lated DNA base adducts is N7-methylguanine (7-meG). 7-
meG is neither cytotoxic nor mutagenic. It is, however, rec-
ognized by the N-methylpurine DNA glycosylase (MPG, also
known as alkyl adenine DNA glycosylase, AAG), which con-
verts 7-meG into an abasic site that is further repaired by the
BER pathway. Overexpression of MPG was shown to increase
the sensitivity of cells to methylating agents due to the rapid
accumulation of highly toxic abasic sites, which can over-
whelm the apurinic/apyrimidinic site endonuclease (APE1)-
mediated processing of AP sites (21). 3-meA is a replication-
blocking lesion, which is recognized by MPG and repaired by
BER (22). Nucleotide excision repair (NER) was implicated as
a backup mechanism for the repair of both 7-meG and 3-meA
(23).In budding yeast strains deficient in BER, 3-meA can also
be repaired by the NER pathway (24) or, alternatively, by-
passed by translesion polymerases zeta and REV1 (25). While
repair by BER or NER is mostly error-free, TLS might result in
nucleotide substitutions either directly at the site of the lesion
or at the neighboring stretch of the DNA, which is synthesized
by the error-prone polymerases (26).

Although TMZ remains a cornerstone of glioblastoma
chemotherapy, in virtually all cases, tumors become resis-
tant to treatments, and the disease remains incurable. It is,
therefore, essential to uncover additional vulnerabilities and
agents that would prevent the build-up of resistance. Here,
we employ an isogenic set of DNA repair gene knockouts
to study spontaneous and TMZ-induced mutational patterns.
The knockouts were generated using clustered regularly in-
terspaced short palindromic repeats (CRISPR) in the TK6
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TSCER2 B-cell lymphoblastoid cell line, which is near-diploid
and is characterized by a stable karyotype and p53 profi-
ciency. An isogenic panel of TK6-derived DNA repair-deficient
knockouts is well suited for comparative large-scale whole
genome sequence analysis, whereas almost all other cancer
lines are highly aneuploid with unstable karyotypes. Our
knockout collection covers all the major DNA repair path-
ways. Homologous recombination (HR) is represented by the
RADS54L-/- RAD54B-/- double knockout only, due to lethal-
ity of the other HR mutants in the TK6 cell line (Figure 1A).
Similar to a subtype of gliomas susceptible to TMZ treatment,
the MGMT gene in TK6 cells is epigenetically inactivated. In
this study, we aimed to determine DNA repair mechanisms
that are important for processing TMZ-induced base adducts
in the absence of MGMT and MMR with the ultimate goal of
finding ways to overcome TMZ resistance. Our results pro-
vide a comprehensive analysis of how sequential inactivation
of MGMT, MMR and BER pathways alter the SNV signa-
ture from mostly T > C via C > T-dominated COSMIC sig-
nature SBS11 to SBS11 with T > A contribution from TLS.
These changes likely reflect mutagenesis in glioblastomas be-
fore and after TMZ chemotherapy. Our results indicate that
3-meA is the main killing lesion in the cells that developed tol-
erance to O°-meG. We propose XRCC1 and APE1 as poten-
tial chemotherapy targets for re-sensitization of tumors that
had built up TMZ-resistance in response to treatment.

Materials and methods

Generation of cell lines

The following TK6 TSCER2 (27)-derived cell lines were pub-
lished previously:

EXO1-/- (lab collection #24) (28), FANCC-/- (#27)
(29), FANCD2-/- (#28) (30,31), LIG4-/- (#34) (32),
MSH2-/- (#52) (33), MUSS81-/- (#54) (33), PARP1-/- (#64)
(34), PARP1-/- XRCC1-/- (#65) (34), POLB-/- (#80) (35),
POLH-/- (#84) (36), POLI-/- (#86) (37), POLK-/- (#88)
(37), RAD18-/- (#93) (38), XPA-/- (#107) (36), XRCCI-/-
(#97) (31), XPA-/- XRCC1-/- (#70) (39).

The triple knockout POH-/- POLI-/- POLK-/- (#181) (37)
in TK6 TSCER2 was kindly provided by Prof. Kouji Hirota.

To generate knockout lines, we followed the procedure
developed in Prof. Shunichi Takeda’s lab (33), which re-
places one of the exons with antibiotic resistance mark-
ers, Neo, Hygro, Puro or HisD. Two different resistance
markers are used for the two alleles. Sequences of guide
RNAs (gRNAs) and primers are listed in Supplementary
Table S1. Overhangs used for cloning are shown in lower-
case. Two complementary gRNA primers were annealed and
cloned into the BbsI-digested pX330 vector (40). Two gR-
NAs targeting the same exon were used for each gene. An
approximately 2 kb long genomic DNA fragment encom-
passing the exon of interest was polymerase chain reaction
(PCR) amplified with primers 2kb_F and 2kb_R and gel-
purified. Left (LA) and right (RA) homology arms were then
PCR amplified from the 2 kb fragment with primer pairs
LA_F and LA_R or RA_F and RA_R, respectively. The ho-
mology arms were cloned into Apal/Aflll-digested target-
ing vectors on either side of the resistance marker using
GeneArt Seamless Cloning and Assembly Kit (Invitrogen). The
targeting vectors, DT-A-pA/loxP/PGK-Neo (Hygro, Puro or
HisD)-pA/loxP, were designed by the Laboratory for Animal

Resources and Genetic Engineering, Center for Developmen-
tal Biology, RIKEN, Kobe (http://www.clst.riken.jp/arg). TK6
cells (~6-8 x 10°) were electroporated in 100 ul tips with 6
pg of gRNA/Cas9 and 4 ug of targeting plasmids using Neon
Electroporation System (Invitrogen) following the Jurkat pro-
tocol. After 48 h of recovery in an antibiotic-free medium,
cells were seeded into media with corresponding antibiotics
in 96-well plates. Antibiotic-resistant clones were expanded,
and gene disruption was confirmed by PCR with the 2 kb_R
primer, which anneals to the genomic DNA outside the right
homology arm, and primer annealing to the resistance marker,

NEO_F  (AACCTGCGTGCAATCCATCTTGTTCAAT
GG),
PURO_F  (GTGAGGAAGAGTTCTTGCAGCTCGGT
GA),
HYGRO_F  (ATCTTTGTAGAAACCATCGGCGCAGC
TATT)

or HIS_F (TTTATCAAATTTAGCGCTGTATTCACGC
AG). The absence of the corresponding protein was confirmed
by Western blot (Supplementary Figure S7) using the antibod-
ies listed in the Supplementary Table S1.

To generate double knockouts MSH2-/- ALKBH2-/-
(#172), MSH2-/- ALKBH3-/- (#171), MSH2-/- MPG-/-
(#173), MSH2-/- p53-/- (#169), MSH2-/- PARP1-/- (#185),
MSH2-/- RADI18-/- (#170), MSH2-/- REV1-/- (#192),
MSH2-/- REV7-/- (#193) and MSH2-/- XRCC1-/- (#168),
the MSH2 gene was disrupted in the corresponding single
knockout lines. To make MSH2-/- APE1-/- (#213), MSH2-/-
ATADS-/- (#161) and MSH2-/- FANCD2-/- (#155), APE1,
ATADS and FANCD2 genes, respectively, were knocked out
in the MSH2-/- parent. This change was implemented since
ATADS-/- and FANCD2-/- lines were slow-growing, and
APE1-/- line was losing viability following electroporation.

To obtain MSH2-/- XRCCI1-/- MPG-/- (#184) triple
knockout, both alleles of the MPG gene were disrupted with
Hygro marker in MSH2-/- XRCC1-/- line (#168), where
MSH?2 gene had been knocked out using Neo and Puro and
XRCCI1 gene using BSR and HisD markers.

To obtain MSH2-/- XRCC1-/- PARP1-/- (#197) triple
knockout, Puro marker was looped out in the XRCCI-/-
PARP1-/- line (#200) following transfection with the Cre-
recombinase encoding plasmid. MSH2 gene was then dis-
rupted with Puro and Hygro markers.

To generate RADS4L-/- RAD54B-/- line (#210), we dis-
rupted RADS4L gene in RADS54B-/- parent (a generous gift
from Prof. Shunichi Takeda; #99).

HAP1 WT (C859, FACS-sorted for near-haploid sta-
tus), MGMT- (20 bp deletion in exon 2; Product ID
HZGHC000430c006) and MSH2- (2 bp deletion in exon
1; Product ID HZGHC024799¢015) lines were obtained
from Horizon. We confirmed that all the sequenced TMZ-
treated subclones were mostly haploid by flow cytometry
analysis.

Clonogenic assays

TK6 cells were grown in RPMI1640 (Nacalai Tesque #30264-
56) supplemented with 5% heat-inactivated donor horse
serum (GIBCO #16 050), 0.2 mg/ml sodium pyruvate and
penicillin/streptomycin (Nacalai Tesque #09367-34). TMZ
was purchased from Sigma-Aldrich (D4540) and dissolved
in DMSO to make a 100 mM stock solution. Cells were
diluted to 2 x 10° cells/ml in 5 ml of medium in a 6-
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Figure 1. Experimental set-up. (A) Collection of DNA repair gene knockouts utilized in this study. (B) Experimental workflow. Single cells were obtained
by limiting dilution, and corresponding clones were propagated for 18 cell doublings to allow mutations to accumulate. Three subclones, each derived
from a single cell, were then isolated from the original clonal population and grown for an additional 18 cell doublings to amplify the mutations in the
founder cell. In the case of TMZ treatment, for each cell line, the parental clone was divided into three wells: one was left untreated, one was treated
with the concentration of TMZ causing 50% lethality (LDsy ~2.5 uM TMZ for WT), and one with the concentration of TMZ causing 90% lethality (LDgg
~5 uM TMZ for WT); after 24 h with TMZ, three subclones were derived from each of the three cell populations. Only sequence variants that differed
between the subclones and thus appeared in the course of the experiment were included in the analysis. (C) Mutational profile of WT TK6 and HAP1
cells presented in a 96-channel format. Mean + 95% CI of three subclones. (D) Cosine correlations among the spontaneous SNV patterns of the

TK6-derived knockout lines and SBS signatures 5,18 and 40.

well plate and incubated for 24 h, at which point TMZ
was added, and cells were incubated for an additional 24 h.
DMSO was added to the control well instead of TMZ. Fol-
lowing incubation with the drug, cells were serially diluted
to 1 x 10* and 1 x 103 cells/ml and 200 pl (~2 000 or
200 cells, respectively) were added to 5 ml of 1.5% methyl-
cellulose (viscosity 1.500 cP, Sigma; M0387) pre-equilibrated
in DMEM/HAM (Sigma; D8900) and 10% horse serum in
a 6-well plate. Each experimental condition was replicated
twice (technical replicates). Colonies were counted after 10—
21 days of incubation, and the percentage of colonies in
each TMZ concentration versus Dimethylsulfoxide (DMSO)
control was calculated. Clonogenic survival assays were re-
peated three times on different days (biological replicates)
to determine the average surviving fraction and standard
deviation.

HAP1 cells were grown in IMDM + GlutaMax™
medium (ThermoFisher 31980-097), supplemented with
10% fetal bovine serum (Sigma TMS-013-BRK) and
penicillin/streptomycin. For clonogenic survival assays,
1 x 10% cells were seeded into 6 cm plates and incubated
for 24 h to allow them to adhere to the plate surface. Media
was then changed to media with TMZ added to it. After
24 h incubation with the drug, cells were washed with PBS
and incubated in media without TMZ for six additional
days. Colonies were fixed with 4% formaldehyde, stained
with 1% methylene blue solution in 70% ethanol and
counted.

Growing cell clones for whole-genome sequencing

TK6 cells were diluted to 1.5 cells/ml and seeded into 96-well
plates at 200 ul (~0.3 cells) per well. After the cell number
reached ~2 x 10° cells (17.5 doublings), the cells from one
single clone were divided into 3 wells (50 pl of cell suspension
and 150 pl of fresh media with or without TMZ). Follow-
ing 24 h incubation with the drug, cells were again diluted to
1.5 cells/ml and plated at 0.3 cells per well. Three subclones
(~2 x 10’ cells) per condition were harvested and sequenced.
The growth times, cell viability and cell numbers are indicated
in Supplementary Table S2.

Similar to TK6 cells, HAP1 clones were obtained by seeding
0.3 cells per well into 96-well plates. The selected clone was
then expanded in 3 ml of media in 6-well plates until ~4 x 10°
cells and seeded at ~600 000 cells/well in 3 ml of media in
a 6-well plate for TMZ treatment on the following day. After
24 h treatment with TMZ, cells were diluted to 0.3 cells/well
and seeded into 96-well plates. Clones were then expanded in
3 ml of media in 6-well plates until the cell number reached
~ 4 x 10° and harvested. Half of the cells were used for se-
quencing and half for FACS analysis of the DNA content to
confirm ploidy.

Library construction and whole-genome
sequencing

We performed whole-genome sequencing (WGS) of wild-
type HAP1 and TK6 cell lines and of 425 TMZ-treated and
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untreated samples of DNA repair mutants. DNA was ex-
tracted from cell pellets using the DNeasy Blood & Tissue
Kit (Qiagen) according to the manufacturer’s instructions.
The genomic DNA was treated with Frag enzyme to ob-
tain DNA fragments between 100 and ~1000 bp suitable for
PE150 sequencing according to the manufacturer’s instruc-
tions (FS DNA library prep set, MGI, Shenzhen, China, cat
No. 1000005256). The fragmented DNA was further selected
to be between 300 and ~500 bp by DNA clean beads (MGI,
Shenzhen, China). The DNA fragments were blunt-ended, and
dATP was added at the 3’ ends. The dTTP-tailed adapter
sequence was ligated to both ends of the DNA fragments.
The ligation product was then amplified for seven cycles and
subjected to the following single-strand circularization pro-
cess. The PCR product was heat-denatured together with an
oligonucleotide that was complementary to the adapter se-
quence, and the single-stranded circle ligated using DNA lig-
ase. The remaining linear oligo was digested with the exonu-
clease, thus obtaining a single-strand circular DNA library.
We sequenced the DNA library using DNBSEQ-T7 (RRID:
SCR_017981) with a PE read length of 150 bp. Sequence
depths were 100X for wild-type HAP1 and TK6 cell line con-
trols and 30X for 425 TMZ-treated and untreated samples.

WGS alignment

We used Burrows—Wheeler Aligner MEM (v.0.7.17) (41) tool
with the human reference genome GRCh38/hg38 for WGS
read alignment. The raw aligned reads were pre-processed us-
ing the GATK (v.4.1.9.0) (42) pipeline, including MarkDupli-
cates, BaseRecalibrator and ApplyBQSR, to correct technical
biases.

SNV and indel detection

SNVs and indels of subject samples were identified by Mu-
tect2 (43) using untreated cell-line matched samples as con-
trols. The GATK Mutect2 workflow, including CalculateCon-
tamination, LearnReadOrientationModel and FilterMutect-
Calls, was applied to filter out alignment artifacts and obtain
somatic variants. Furthermore, additional filtering was per-
formed to remove false positive calls. First, we selected SNVs
and indels with a variant allele fraction >0.2 with at least
five variant-supporting reads. Second, we filtered out SNVs
and indels with a read depth of <15 or >150 at the vari-
ant site. Third, only the variants with at least one variant-
supporting read in each read direction were further analyzed.
Fourth, we used variants that were uniquely detected for in-
dividual samples. In our analysis, 97% of SNVs are unique
(Supplementary Table S3). Although indels can recur at spe-
cific sites, to rigorously exclude sequencing artifacts, we fil-
tered out the mutations which occur more than once in the
whole dataset.

Structural variant identification

Delly2 (v.0.8.7) (44) was used to call SVs. SVs were detected by
comparing the subject samples to untreated cell-line matched
controls. SVs that passed the default Delly2 quality filter (map-
ping quality = 20 and paired-end support = 5 reads for
translocations or = 3 reads for other SVs) were used for the
subsequent analyses. We filtered out deletions and insertions
<200 bp long. We then selected only the unique variants that
were found only once across all 425 samples.

Extraction of mutational signatures and the
analysis of replication strand bias

We utilized SigProfilerExtractor (v.1.1.4) (45) to extract de
novo mutational signatures by a non-negative matrix factor-
ization. The optimal number of mutational signatures was de-
termined based on stability and cosine distance. Extracted de
novo mutational signatures were reconstructed and decom-
posed to COSMIC mutational signatures. SigProfilerTopog-
raphy (46) was conducted to calculate replication strand bias.

Microsatellite instability analysis

Microsatellite instability (MSI) indices were calculated using
the MANTIS (v.1.0.4) algorithm: cosine dissimilarity (cos),
step-wise difference (dif) and Euclidean distance (euc) (47).
The thresholds of instability recommended for the assessment
of clinical samples are 0.07, 0.4 and 0.187 for cos, dif and euc,
respectively. Any value greater than or equal to the threshold
is considered MSI unstable.

Statistics and reproducibility

Student’s t-test was utilized to confirm whether the differences
observed in the number of mutations were statistically signif-
icant. To make sure that the test accurately represents how
significantly and consistently the cell lines differ from one an-
other, three replicates of each cell line were used for the t-tests.
R software (v.4.0.3) (48) was employed for statistical analy-
ses. The t-test used a compare_means function in the ggpubr
package (49). A ci function in the bayestestR package (50) cal-
culated 95% of the credible interval. The cosine correlation of
mutational spectra was calculated by a cosine function in the
Isa package (51). The number of variants of the samples used
in the analysis is detailed in Supplementary Table S2.

To ensure the reliability of our results, we calculated the
cosine correlation across the three replicates for each cell
line and condition. We found that all samples within each
group exhibited high correlations (0.9 or above) demonstrat-
ing the consistency and reliability of the mutational spectra
across replicates (Supplementary Figure S8A). Spontaneous
SNV patterns of all the cell lines used in this study with er-
ror bars demonstrating variability among the replicates are
shown in Supplementary Figure S9.

To characterize the TMZ treatment-associated mutational
signatures, we followed the approach reported by (2). First,
we extracted the TMZ-induced mutations by removing the
background mutational profile (without treatment) from the
mutational profile of the TMZ-treated subclones. Second, we
measured the increase in the number of mutations in the sub-
clones treated with an increasing TMZ concentration. Com-
piling the data for all the cell lines, we confirmed a lin-
ear correlation between TMZ concentration and mutational
burden within the range of the TMZ concentrations used.
(Supplementary Figure S8B).

Unedited western blots are shown in Supplementary Data.

Results

Spontaneous mutational patterns in TK6 cells

To characterize the contribution of various DNA repair path-
ways to mutagenesis, we used WGS of single-cell progenies to
obtain mutation rates and patterns of ~40 TK6-derived iso-
genic cell lines with different DNA repair genes inactivated
by CRISPR knockout (Figure 1B). Only sequence variants
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that differed between the subclones and thus appeared in the
course of the experiment were included in the analysis. In WT
TK6 cells, the spontaneous mutation rate was determined to
be approximately 5.4 SNVs, 0.6 indels and 0.2 SVs per cell
doubling, which is in good agreement with another TK6 study
(52), similar to the rate observed in hiPSCs (53) and signifi-
cantly lower than the mutation rate in HAP1 cells (4) (Figure
1C). We found that the TK6 cell background mutational pat-
tern closely corresponds to the related signatures SBSS and
SBS40 (54) (Figure 1D and Supplementary Figure S1), char-
acterized by an even increase in SNVs. It was suggested that
signature SBSS could be caused by several mutational pro-
cesses (55) and might be a combination of several signatures,
SBS40 being one of them. The etiology of SBS5 and SBS40
remains unknown. SBS5 and SBS40 are closely related to one
of the three aging-associated signatures identified in all stud-
ied mammalian species (7). Interestingly, the TK6 mutational
background is almost entirely devoid of the C > A dominated
signature SBS18, which is very prominent in HAP1 (4) (Fig-
ure 1C and D) and hiPSC cells (3). SBS18 is believed to be
caused by oxidative stress, which converts guanines into 8-
oxoguanines that can pair with adenines, resulting in C > A
substitutions. It was suggested that SBS18 is an in vitro sig-
nature caused by oxidative stress under cell culture condi-
tions (53,56). We note that the two cell lines, TK6 (52) and
DT40 (57), which do not display SBS18, are lymphoblastic
cells growing in suspension. We hypothesize that the oxidative
damage resulting in SBS18 might occur due to trypsin treat-
ments of the adherent cells during their passaging.

TLS polymerase zeta activity is responsible for a
background mutational signature associated with
aging

We found that spontaneous SNVs were decreased by about
1.3X in REV1-/- and 2.3X in REV7-/- lines (Figure 2A and
Supplementary Figure S2A). Moreover, these lines grew some-
what slower than the WT in the 180-doublings experiment
(113, 124 and 92 days for REV1-/-, REV7-/- and WT, re-
spectively) and therefore their actual mutation rates per cell
generation might be even lower than we estimated. REV7 is
a regulatory subunit of the TLS DNA polymerase zeta, and
REV1 plays a role in recruiting polymerase zeta to chromatin,
in addition to being a polymerase itself. We suspected that
the activity of polymerase zeta might be the underlying cause
of background clock-like signatures SBS5 and SBS40 in hu-
man cells. To test this hypothesis, we compared the mutational
patterns of the WT TK6 line, REV1-/- and REV7-/- knock-
outs, and a triple knockout line deficient in the three Y-family
TLS polymerases eta, kappa and iota (POLH-/- POLK-/-
POLI-/- (37)). We found that REV7 deficiency leads to a
dramatic reduction in C > G, T > A, T > Cand T > G
counts and results in a mutational spectrum dominated by
C > A and C > T substitutions (Figure 2B and Supplementary
Figure S2A). Signature SBS40, which is dominant in WT, is
not found in the REV7-/- spectrum, while SBS18, which is
not detectable in WT, accounts for ~32% of mutations in
REV7-/- (Figure 2C and Supplementary Figure S2B). A sim-
ilar result was achieved using two different bioinformatics
tools (Supplementary Figure S2C and D). The mutational pat-
tern of the REV1-/- line is intermediate between WT and
REV7-/- in that both SBS40 and SBS18 can be derived from
it. This is consistent with the report that in DT40 cells, ubiqui-
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tinated proliferating cell nuclear antigen (PCNA) and REV1
play partially redundant roles in recruiting polymerase zeta
to the DNA lesions (58). Curiously, the mutational pattern of
a triple knockout POLH-/- POLK-/- POLI-/- while overall
very similar to WT, has increased numbers of T > A substitu-
tions at C(T > A)T and T(T > A)T (Figure 2B). We conclude
that TLS polymerase zeta is responsible for ~50% of sponta-
neous SNV mutagenesis in TK6 cells. In contrast, TLS poly-
merases eta, kappa and iota do not contribute significantly.
The remaining 50% of background mutations are probably
caused by the oxidation of guanines (SBS18 characterized
by C > A substitutions) and possibly spontaneous deamina-
tion of cytosines (C > T substitutions). While the SNV rate
is decreased in the REV7-/- line about 2.3-fold, SVs are in-
creased to a similar degree, especially deletions (Figure 2D and
Supplementary Figure S2E). This agrees with a previously re-
ported role of polymerase zeta in protecting the genome from
instability (59). Surprisingly, loss of REV1 did not lead to
an increase in SVs. Of note, REV1-/- but not REV7-/- cells
display an elevated rate of indels, especially 1 bp deletions
(Supplementary Figure S2F), which could be due to the pro-
posed role of REV1 in improving the fidelity of the lesion by-
pass by polymerase zeta (58). Overall, our results imply that
TLS contributes to a flat clock-like signature associated with
aging.

We observed a marked increase in spontaneous SNVs
in ERCC1-/- (P < 0.01), XPA-/- XRCCI-/- (P < 0.01)
EXO1-/- (P = 0.062) and MSH2-/- (P < 0.01) lines (Figure
3A). In the case of EXO1-/-, this increase was below statis-
tical significance due to a high level of variation among the
clones. A more moderate but statistically significant increase
in SNVs was detected in POLQ-/- (P < 0.01), MUS81-/-
(P < 0.01) and POLHKI-/- triple mutant lines (P < 0.01)
lines. A trend toward higher SNV levels was also found in
POLB-/- (P = 0.062), XRCC1-/- (P = 0.05), RADS4L-/-
RADS4B-/- (P = 0.059), FANCM-/- (P = 0.05), FANCD2- /-
(P <0.05)and POLI-/- (P =0.052) lines (Figure 3A). None of
the knockouts, except for MSH2-/-, displayed a SNV pattern
different from the WT. To obtain higher mutation numbers,
we grew the XRCC1-/- line for 180 cell doublings and com-
pared its mutation pattern to WT grown for the same num-
ber of doublings. In this experiment, a 1.53-fold increase in
the SNV rate in the XRCC1-/- line was apparent (P < 0.05;
978.7 SNVs in WT versus 1496 SNVs in XRCC1-/-), while
the SNV pattern remained nearly identical to WT (cosine sim-
ilarity 0.98, Figure 2A-C). XRCCl1 serves as a scaffold protein
for polymerase beta and ligase Il and is essential for the repair
of nicks and gaps, including those that are generated in the
course of BER. It is conceivable that in the absence of XRCC1,
TLS is augmented, leading to an increased mutational
background.

Mutational signatures in mismatch repair-deficient
cell lines

MSH?2 knockout leads to a substantial (8.5-fold) increase in
SNVs and an even more dramatic (220.5-fold) increase in 1
bp deletions (Supplementary Figure S3A). The distinct SNV
pattern of the MSH2-/- TK6 line, conforms to the ‘universal’
signature RefSig MMR1 associated with MMRd, which was
derived from the experimental mutational patterns of differ-
ent MMRd cell lines (3) (Figure 3B). The RefSig MMR1 sig-
nature is effectively a sum of seven signatures, SBS6, 14, 15,
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Figure 2. TLS by polymerase zeta is a major contributor to spontaneous mutagenesis in TK6 cells. (A) Numbers of SNVs accumulated in different cell
lines after ~180 cell doublings (10 passages). Significant differences are indicated by * (* P-value < 0.05, ** Pvalue < 0.01, *** P-value < 0.001, t-test).
(B) Mutational profiles were obtained in the same experiment as (A). (C) Mutational profiles were decomposed into SBS signatures using

SigProfilerExtractor. (D) Numbers of SVs from experiment in (A).

20,21, 26 and 44, which were computationally derived from
MMRJ cancers (54), and can be detected in various MMRd
cell lines and organisms from yeast to human (60). It is pos-
sible that at least some of these seven mutational signatures
reflect distinct mechanisms of mutagenesis in MMRd cells.
Analysis of double knockouts with MSH2 proved to be instru-
mental in revealing replication errors associated with several
DNA repair deficiencies, which MMR would likely otherwise
correct.

We found a change in mutational pattern in the double
knockout of MSH2 and ATPase Family AAA Domain Con-
taining 5 (ATADS) gene, which encodes an ATPase subunit
of an alternative replication factor C, whose function is the
unloading of the PCNA from chromatin. The C > T substi-
tution count is increased and T > C count decreased in
MSH2-/- ATADS-/- compared to MSH2-/- (Figure
3B). Therefore, in the SNV spectrum of the MSH2-/-
ATADS-/- line, the contribution of computationally derived
MMRd-associated signatures is altered with the C > T dom-
inated signature SBS44 increased, and the T > C dominated
signature SBS26 decreased (Figure 3E and F). Consistent with
a previous report on hiPSCs (3), in the MSH2-/- TK6 line,
C > T mutations display leading strand bias, whereas C > A
and T > C substitutions are biased toward the lagging strand
(Supplementary Figure S3C). In the MSH2-/- ATADS-/- line,
the C > A and C > T bias is significantly more pronounced
compared to the MSH2-/- single knockout. This effect is

specific for the MSH2-/- ATADS-/- line and is not observed
in the other MSH2-/- double knockouts (data not shown).
An increase in the C > T count in the MSH2-/- ATADS-/-
line indicates more errors during leading strand synthesis,
whereas a decrease in the T > C count indicates less errors
during lagging strand synthesis. We suggest that the knockout
of ATADS might affect the usage of replicative polymerases.

Conversely, in MSH2-/- FANCD2-/- and MSH2-/-
XRCC1-/- lines, T > C substitutions are increased com-
pared to MSH2-/- single knockout. This T > C component is
similar to SBS26 and to the SigOX signature, which strongly
correlates with oxygen exposure of MMRd cells and was
proposed to reflect the effect of oxygen level on polymerase
fidelity (61) (Figure 3B, E and F). TLS is likely to be activated
in the presence of collapsed replication forks in FANCD2-/-
or by nicks and gaps accumulating in the XRCC1-/- line.
No difference in SNV patterns is apparent when comparing
WT TK6 with ATADS-/-, FANCD2-/- and XRCC1-/- lines,
probably because of the polymerase error correction by
MMR, although the overall SNV count is increased in the
XRCC1-/- line. A unique pattern was observed in MSH2-/-
REV1-/- line with both C > T and T > C substitutions
somewhat increased and the T > C component different from
that in MSH2-/- FANCD2-/- and MSH2-/- XRCC1-/- lines
(Figure 3B).

MSI is a hallmark of MMRd colon carcinomas (62)
but is difficult to observe in cultured cells (63) or
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Figure 3. Spontaneous mutagenesis in the collection of TK6 DNA repair mutants. (A) Numbers of SNVs accumulated after 18 cell doublings in individual
subclones. The statistical tests on the left panel are compared to the WT line, and the right panel is compared to the MSH2-/-line. (B) Mutational
profiles in a 96-channel format. Signature SigMMR1 is from (3), Signature SigOX is from (61). (C) MSI indexes calculated using MANTIS algorithm:
cosine dissimilarity (cos), the stepwise difference (dif) and Euclidean distance (euc). The threshold of instability recommended for the assessment of
clinical samples is indicated by a red dotted line. Any value greater or equal to the threshold is considered unstable. Statistical tests are compared to the
MSH2-/-line. (D) Numbers of certain classes of indels accumulated after 18 cell doublings: 1 bp deletions in T homopolymers longer than 6 bp
(1:Del:T:6+), 1 bp insertion in T homopolymers longer than 5 nt (1:Ins:T:5+), 2 bp deletions in two-nucleotide repeats > 6 repeat units (2:Del:R:6+).
Mean + 95% Cl of three subclones. Significant differences are indicated by # and * (#P-~alue < 0.1, *P~value < 0.05, **P~value < 0.01,

***Pyalue < 0.001, t-test), comparing MSHZ2-/- and double knockouts. (E) Upper panel. Cosine correlations among the indel patterns obtained by
subtracting MSH2-/-indels from double knockouts and indel signatures ID1, 2 and 12. Lower panel. Cosine correlations among the SNV patterns
obtained by subtracting MSH2-/- SNVs from double knockouts and SBS signatures 26 and 44. (F) Box plots indicate the statistical significance of
differences in numbers of SNVs due to signatures SBS26 and SBS44 in the MSHZ2-/- double knockouts compared to the MSH2-/- single knockout.
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TMZ-treated MMRA gliomas due to the subclonal nature of
indels in homopolymers (64). We could not detect MSI in the
MSH2-/- TK6 single and double mutant lines when analyz-
ing the MSIplus panel of microsatellite markers, which in-
cludes the standard set of 5 loci employed for clinical diag-
nostics (65) and an additional 13 markers, which are often
unstable in tumors (66). However, significant genome-wide
MSI could be detected for the MSH2-/- FANCD2-/- dou-
ble knockout line using the MANTIS algorithm (47) (Figure
3C). MSH2-/- FANCD?2-/- MSI index surpasses the thresh-
old using two of three comparison criteria. The MSI score
is also increased in MSH2-/- ATADS-/- double knockout
line compared to MSH2-/- single knockout, although below
the recommended threshold. A more detailed analysis of the
83-channel indel pattern revealed that when compared to
MSH2-/- single knockout, the MSH2-/- FANCD2-/- line dis-
plays an increase in 2 bp deletions in two-nucleotide repeats
> 6 repeat units (Figure 3D), which are characteristic of signa-
ture ID12 (Figure 3E), as well as an increase in 1 bp deletions
(mostly T) at homopolymers, which are characteristic of sig-
nature ID2 and are typical of MMR deficiency (54) (Figure
3E). Signature ID2 is attributed to polymerase slippage of the
template strand (54). On the contrary, in MSH2-/- ATADS-/-
double knockout but not in MSH2-/- or ATADS-/- singles,
we detected signature ID1, which is attributed to polymerase
slippage of the nascent strand and is characterized by 1 bp
insertion of T in homopolymers >5 nt (54) (Figure 3D and
E). Thus, our results indicate that the mutational inactivation
of additional DNA repair pathways enhances MSI in MMRd
cells.

Mutational patterns in EXO7-/- and Fanconi anemia
gene knockouts

Interestingly, the knockout of the gene encoding EXO1 ex-
onuclease, which is involved in both HR and MMR, leads
to an ~2-fold increase in the spontaneous SNV count (Fig-
ure 3A, although below significance P = 0.062 due to clone
variability). However, the mutational pattern of EXO1-/-
is different from MSH2-/- (Figure 3B) and instead corre-
sponds to the amplified spontaneous SNV pattern observed
in WT TK6 and is similar to SBS5 and SBS40, as was pre-
viously observed in EXO1 knockouts in HAP1 and hiPSCs
(3,4). We also observed a modest increase in 1 bp indels in
EXO1-/- TK6 line (Supplementary Figure S3A) although not
in homopolymer repeats as was reported of EXO1 knockouts
in hiPSCs (3). The MSI score of the EXO1-/- line does not dif-
fer from the WT TK6 (Figure 3C). Contrary to the previous re-
port (3), we do not observe an increase in double substitutions.
There was a minimal increase in tandem duplications and no
increase in deletions with microhomology in TK6 EXO1-/-
(Supplementary Figure S3A and B). These features were re-
ported for HAP1 EXO1 knockout and interpreted as a sign
of HR deficiency (4). Thus, the requirement of EXO1 for HR
may differ in different lines.

Deletions with microhomology at breakpoints, charac-
teristic of the HR deficiency-associated signature ID6, are
increased in ERCC1-/-, FANCD2-/- and FANCC-/- lines
(Supplementary Figure S3D). These lines show an in-
crease in 1-100 bp deletions and deletions >100 bp, al-
though larger deletions do not exhibit microhomology. Dele-
tions >100 bp are also increased in the REV7-/- line

(Supplementary Figure S3B). All of these genes function in the
Fanconi anemia (FA) pathway. ERCC1 is a regulatory sub-
unit of the XPF nuclease, identified as FANCQ, and REV7 is
otherwise known as FANCV. Deletions and other SVs were
reported to specifically accumulate in squamous cell carcino-
mas from FA (mostly FANCA-mutated) patients as opposed to
sporadic head-and-neck squamous cell carcinomas (67). Dele-
tions with microhomology, inversions and tandem duplica-
tions were also previously observed in the FANCC-deficient
HAP1 line (4). Of interest, the MUS81-/- line displayed high
levels of spontaneous tandem duplications (Supplementary

Figure S3B), as was observed previously in C. elegans mus-81
mutant (5).

Mutagenesis induced by the alkylating agent
temozolomide (TMZ) in WT versus MMR- deficient
cells

We determined the sensitivities of our collection of TKé6-
derived DNA repair gene knockouts to TMZ using clono-
genic survival assays (Figure 4A). The TMZ sensitivity var-
ied over a 100-fold range. The most sensitive lines were those
deficient in FA pathway and ATADS, and the most resistant
lines were deficient for MMR. We then determined the mu-
tational patterns in TMZ-treated clones to investigate how
toxicity and mutational signatures are correlated. Cells were
exposed to TMZ at concentrations that resulted in 50% and
90% lethality, and TMZ-treated clones were sequenced (Fig-
ure 1B). In WT TK6 cells, which do not express MGMT en-
zyme, TMZ induces mostly C > T substitutions, in agree-
ment with the primary mechanism of TMZ mutagenesis be-
ing O°-meG mispairing with T (Figure 4B). To test that the
MGMT gene is indeed completely silenced in TK6 cells, we
generated a genetic MGMT-/- knockout and confirmed that
its TMZ sensitivity (Figure 4A) and the TMZ-induced muta-
tional pattern are indistinguishable from the WT (Figure 4B).
The number of mutations per uM TMZ was roughly con-
stant across most lines and corresponded to 55.2 C > T sub-
stitutions (Figure 5A). This number was increased by ~1.4-
fold in RAD18-/- (82.3 C > T; P < 0.001) and ATADS-/-
lines (75.5 C > T; P < 0.01). Interestingly, in both of these
lines, PCNA is dysregulated. RAD18 deficiency largely abol-
ishes PCNA monoubiquitination and reduces TLS (68). How-
ever, this is unlikely to be the reason behind an increase in
TMZ-induced SNV rate since a triple knockout of TLS poly-
merases eta, kappa, and iota, as well as REV1 knockout, do
not lead to a rise in TMZ-induced C > T substitutions (Figure
5A). Instead, the increased mutagenesis could be due to PCNA
dysregulation affecting MMR, the major repair pathway in-
fluencing C > T accumulation (69,70). Indeed, the amount
of chromatin-bound MSH2 is significantly increased in the
ATADS-/- line (Supplementary Figure S5A).

The number of C > T substitutions per uM TMZ is greatly
increased in MMR-deficient MSH2-/- (217.8 C > T) and in
the EXO1-/- line (176.4 C > T), which is expected to be par-
tially MMR-defective. Remarkably, the number of SNVs in-
duced by 500 uM TMZ in MSH2 knockout reached 100 000
per cell (Figure 4B). This clearly indicates that SNV accumu-
lation is not the cause of lethality after the TMZ treatment
of WT cells, in which the SNV count reaches only ~400 at
LDyg. As expected, TMZ-induced C > T substitutions do not
show any replication or transcription-associated DNA strand
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Figure 4. TMZ sensitivities and TMZ-induced mutations in the collection of TK6 DNA repair mutants. (A) Cell line sensitivities to TMZ were determined
in clonogenic assays. All assays were performed in duplicates. The average survival &= SEM from three independent experiments is plotted using
GraphPad Prism 10. (B) SNV, indel and SV numbers after treatment with low (~50% survival) and high (~10% survival) doses of TMZ.

bias (data not shown). The proportion of C > T substitutions,
which are already dominant among the TMZ-induced muta-
tions in WT TK6 cells, appears to be further increased in the
MSH2-/- TK6 line (Figures 4B and 5A; 77.1% C > T in WT
versus 98.3% C > T in MSH2-/-). This is due to both a de-
crease in the number of non-C > T substitutions induced per
uM TMZ in the MSH2-/- line (Supplementary Figure S5B)
and an increase in the number of uncorrected C > T mu-
tations. It is conceivable that TMZ-induced mutations other

than C > T arise due to a switch to TLS at the sites where the
replication fork encounters an ongoing futile cycle of MMR
repair. If this is the case, the proportion of non-C > T SNVs is
decreased in the MSH2-/- line due to the absence of potential
obstacles to replication forks, such as MMR-induced gaps. In
addition to causing a futile cycle of repair of O°-meG/T pairs,
the MMR pathway corrects some potential C > T substitu-
tions, which is also confirmed by our results in HAP1 cells
(see below).
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Figure 5. The effect of MGMT and MMR on SNV patterns induced by TMZ. (A) Numbers of SNVs induced per uM TMZ. Since different lines were
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untreated background. The mutational signature of TMZ-treated hiPSCs is from (2). (C) Cosine correlations among the TMZ-induced SNV patterns after
subtracting untreated background and SBS signatures 5 and 11. The left panel shows all SNVs, and the right panel shows cosine correlations of T > C

patterns only.

The SNV pattern induced by TMZ in MSH2-/- line closely
resembles signature SBS11 (Figure 5B and Supplementary
Figure S4), which was initially derived from TMZ-treated can-
cers (1) and later demonstrated to result from a combination
of TMZ treatment and MMR deficiency selected as a TMZ
resistance mechanism (64). Our results confirmed that SBS11
is not observed in WT or any lines other than MMRJ after
TMZ exposure (Figure 5B and C). Of note, the SNV pattern
in the EXO1-/- line after the TMZ treatment is very similar to
SBS11, even though the EXO1-/- spontaneous mutation pat-
tern differs from MMRA lines. Intriguingly, EXO1 deficiency
does not lead to TMZ resistance in TK6 cells and instead

somewhat hyper-sensitizes to TMZ, which is in disagreement
with the result of CRISPR-based genome-wide screen carried
out in TMZ-treated MGMT-negative glioblastomas (71). It is
conceivable that cell lines differ in their reliance on exonu-
clease EXO1 activity for MMR as well as HR. Thus, caution
should be exercised if signature SBS11 is used as a potential
biomarker for MMR deficiency and TMZ resistance, as re-
cently proposed (64).

In addition to C > T dominated SBS11, the TMZ treat-
ment induces an increased rate of background mutagenesis
in all MMRd TK6 lines, consistent with an amplified signa-
ture SBSS (Supplementary Figure S3B). A similarly amplified
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background signature was previously reported in TK6 cells af-
ter treatment with platinum agents, and it was suggested that
spontaneous mutagenesis is accelerated in treated cells (52).
Interestingly, knockout of REV7 in MSH2-/- line did not af-
fect the dominant signature SBS11. Still, it reduced the count
of the other TMZ-induced mutations (Figures 5B, 7C and 7D),
implying that, like in untreated cells, polymerase zeta activ-
ity is responsible for the increase in background mutagene-
sis following TMZ exposure. Of note, REV7 knockout did
not change the MMRd-specific spontaneous signature in un-
treated MSH2-/- lines (Figure 3B), nor was this signature am-
plified by TMZ (Figure 5B). In WT TK6 cells, TMZ-induced
SNVs other than C > T substitutions were too low to detect
any pattern (Figure SB).

Although C > T substitutions represent the overwhelming
majority of SNVs in the TMZ-treated MSH2-/- line, TMZ
also induced a small number of T > C transitions in this line
(Figure 5B). The T > C substitutions are presumably caused
by 3-meA and were previously reported to be preferentially
induced by TMZ in MGMT-positive hiPSCs (2). Remarkably,
the T > C pattern in TK6 MSH2-/- cells is very similar to the
one in hiPSCs, suggesting that the same mechanism of muta-
genesis, most likely TLS, is acting in both lines (Figure 5B and
C). T > C substitutions are not observed in TMZ-treated WT
TK6 cells likely because the MMR-dependent futile cycle kills
the cells at TMZ concentrations, which are too low to cause
a sufficient number of 3-meA lesions.

TMZ-induced mutagenesis in a MGMT-positive
HAP1 line

We wanted to test if C > T-dominated TMZ mutagenesis,
which is observed in TK6 cells but not in hiPSCs, is the con-
sequence of TK6 cells being deficient in direct repair of O°-
meG due to epigenetic inactivation of the MGMT gene. Thus,
we determined the SNV pattern of TMZ-treated WT HAP1
cells, which are MGMT positive, and compared it to the pat-
tern of the HAP1-derived TMZ-treated MGMT knockout.
MGMT knockout HAP1 cells were extremely TMZ-sensitive,
with LDyg very similar to TK6 cells (Figure 6A). TMZ induced
mostly C > T substitutions in these cells (Figure 6B) in a pat-
tern almost identical to WT TK6 (Supplementary Figure S5C).
As expected, WT MGMT-positive HAP1 cells were resistant
to TMZ (WT HAP1: LDso ~150 uM and LDgy ~300 uM ver-
sus MGMT- HAP1: LDsg ~3.75 uM and LDgy ~5 uM), and
the number of SNVs induced per puM TMZ was greatly di-
minished compared to MGMT knockout HAP1 (Figure 6D).
Surprisingly, the six subclones of the same parental WT HAP1
clone, which were treated with TMZ and sequenced, differed
greatly in the number and type of mutations they accumulated.
Three subclones accumulated 1100-6400 mutations, mainly
C > T substitutions, similar to TK6. Two accumulated only
~700 mutations, mostly T > C, and one accumulated both
C>Tand T > C at a similar ratio (Figure 6B). Intriguingly,
the T > C pattern in the two clones with the lowest muta-
tion count was very similar to the one observed in the TMZ-
treated hiPSC cells (2), and the C > T pattern in the three
clones with the highest mutation count was similar to signa-
ture SBS11 of the TMZ-treated MMRA lines (Figure 6E). We
suggest that MGMT expression in HAP1 cells is variable, with
MGMT-low subclones spontaneously appearing at high fre-
quency, probably due to a partial epigenetic inactivation of
the MGMT gene. Indeed, when we performed a western blot
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to examine MGMT protein expression in six HAP1 subclones
derived from the same clone without drug treatment, we ob-
served an extremely low level of MGMT protein in two of
them (Figure 6C). Of note, the subclones with high C > T lev-
els following the TMZ exposure cannot be MGMT-null since
they survived treatment with TMZ concentrations 60 times
higher than LDy for MGMT knockout HAP1. However, the
MGMT-low subclones are less efficient in directly repairing
O%-meG and, therefore, accumulate C > T substitutions. The
similarity of their SNV pattern to SBS11 suggests that MMR
capacity is overwhelmed by the huge numbers of O®-meG mis-
pairing with T (Figure 6E). Thus, signature SBS11 is indicative
of O%-meG/T pairs being converted into C > T substitutions
without MMR correction and might be observed in the cell
lines, which have been treated with high TMZ concentrations
(in the 100 uM range), even if they are not MMR deficient.

Disruption of MSH2 in WT HAP1 cells rendered them even
more resistant to TMZ (LDso ~300 uM and LDgy ~600 uM).
Interestingly, when WT and MSH2 knockout HAP1 cells are
treated with the same TMZ concentration of 300 uM, MSH2
knockout cells accumulate ~10 times more substitutions than
WT clones with high mutation numbers; ~ 70 000 SNVs per
cell, mostly C > T (Figure 6B), indicating that MMR pre-
vents the majority of C > T mutations. The number of C > T
substitutions per cell is even higher, up to 200 000 in HAP1
MSH2 knockout treated with 600 uM TMZ. The SNV pat-
tern of TMZ-treated MSH2-deficient HAP1 cells closely re-
sembles signature SBS11. Thus, this signature can be observed
in both MGMT-positive and negative MMRd cells after TMZ
treatment.

Base excision repair deficiency re-sensitizes
MMR-deficient cells to TMZ

To understand which DNA repair deficiencies might re-
sensitize MSH2-/- cells to TMZ, we created a set of double
knockouts based on the MSH2-/- TK6 line. We reasoned
that if O°-meG, despite remaining mutagenic, is rendered
non-toxic in MMRJ cells, other TMZ-induced DNA base
adducts will become limiting for cell survival, especially
3-meA, which acts as a replication blocker. Therefore, we
tested if the inactivation of BER, direct repair of 1-meA
and 3-meC, TLS or FA pathways sensitize MSH2-/- cells
to TMZ (Figures 4A and 7A). One double knockout line,
MSH2-/- TP53-/-, was somewhat more resistant to TMZ,
indicating that at least a fraction of TMZ-induced cell deaths
might be attributed to p53-dependent apoptosis (Figure 4A).
MSH2-/- ATADS-/-, MSH2-/- REV7-/- and MSH2-/-
PARP1-/- lines were moderately more sensitive to TMZ,
while the MSH2-/- XRCC1-/- line was dramatically more
sensitive to TMZ than MSH2-/- (LDsy ~20 uM and LDy,
~40 uM) (Figures 4A and 7A). Sequencing revealed that
TMZ induced deletions >200 bp, specifically in the MSH2-/-
XRCC1-/- line (Figure 7B). These deletions likely arise from
dsDNA breaks induced by unrepaired nicks that accumulate
without XRCC1. XRCC1 is involved in BER, and mutations
in the XRCCT gene are known to cause extreme sensitivity
to alkylating agents, such as Ethyl methanesulfonate (EMS)
and Methyl Methanesulfonate (MMS) (72). However, in our
experiments, XRCC1 knockout in TK6 WT caused only a
minor increase in TMZ sensitivity, indicating that it does not
play a role in repairing O°-meG lesions. On the contrary,
XRCC1 knockout in the MSH2-/- line resulted in a major
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Figure 6. TMZ-induced mutagenesis in HAP1-derived lines. (A) HAP1-derived cell line sensitivities to TMZ were determined in clonogenic assays. All
assays were performed in duplicates. The average survival = SEM from three independent experiments is plotted using GraphPad Prism 10. (B)
Numbers of SNVs in HAP1 subclones after treatment with the indicated TMZ doses. (C) Western blot showing different expression levels of the MGMT
enzyme in a set of WT HAP1 subclones without TMZ treatment. These subclones were obtained from a different experiment than in (D). (D) Numbers
of SNVs induced per uM TMZ in HAP1 subclones after subtraction of untreated background. The dashed line corresponds to an average of WT. (E)
TMZ-induced mutational profiles in HAP1 subclones after subtraction of untreated background. The signature of TMZ-treated hiPSCs is from (2). Panels
(B), (D) and (E) are from the same experiment. Subclone ID numbers are indicated under the graphs.
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Figure 7. The role of BER and TLS in the survival of MMRd lines after treatment with high TMZ doses. (A) Cell line sensitivities to TMZ were determined
in clonogenic assays. All assays were performed in duplicates. The average survival + SEM from three independent experiments is plotted using

GraphPad Prism 10. (B) Numbers of SVs induced per uM TMZ after subtracting untreated background. The dashed line corresponds to an average of WT.
(C) Numbers of SNVs induced in MSH2-/- double knockouts per uM TMZ after subtraction of untreated background. The dashed line corresponds to an

average of MSH2-/-. (D

hypersensitization to TMZ (Figure 7A). This could be due to
the two non-mutually exclusive mechanisms. In the MSH2-/-
line treated with a high TMZ concentration, 7-meG and 3-
meA lesions engage BER, which requires XRCC1 to function
as a scaffold for polymerase beta and ligase III required for
the last step of filling the gaps and sealing the nicks. Alter-
natively, it was proposed that XRCC1’s role is to suppress
the excessive PARP1 trapping on SSB intermediates, which,
when left unchecked, might lead to NAD + depletion and cell
death (34,73). To test these hypotheses, we generated triple
knockouts. Inactivation of the BER pathway in MSH2-/-
XRCC1-/- MPG-/- line partially reversed MSH2-/-
XRCCI1-/- hypersensitivity to TMZ, indicating that the
inability to complete BER repair accounts for some but not
all TMZ sensitivity of MSH2-/- XRCC1-/- line (Figure 7A).
Remarkably, MSH2-/- XRCC1-/- PARP1-/- cells are even
more resistant to TMZ than MSH2-/- XRCC1-/- MPG-/-,
suggesting that after TMZ treatment, PARP1 trapping might
occur not only during BER but also at stalled replication
forks (74) or unligated Okazaki fragments (75) and XRCC1
might be required for PARP1 release during different DNA
repair processes. To confirm that blocking the BER pathway
at an intermediate step re-sensitizes MMRd cell lines to

) TMZ-induced mutational profiles in MSHZ2-/- double knockouts per WM TMZ after subtraction of untreated background.

TMZ, we generated APE1-/- single and MSH2-/- APE1-/-
double knockouts. APE1 encodes apurinic/apyrimidinic
endonuclease, which performs the second step in the BER
pathway. Like XRCC1, APE1 deficiency had a minimal effect
on the WT TK6 cells’ sensitivity to TMZ but dramatically
sensitized the MSH2-/- line (Figure 7A).

Knockout of the MPG gene, which encodes the enzyme
catalyzing the first step in BER by removing the alkylated
base and creating the abasic site, did not result in TMZ
hypersensitivity either in WT or in MSH2-/- lines (Figure
7A). However, the spectrum of TMZ-induced mutations in
MSH2-/- MPG-/- line changed compared to MSH2-/-. In
MSH2-/- MPG-/- T > A substitutions were significantly in-
creased (Figure 7C and D; Supplementary Figure S6A). We
speculate that in the absence of BER, which efficiently re-
pairs 3-meA in an error-free way, the replication block im-
posed by 3-meA is relieved by error-prone TLS, leading to the
accumulation of T > A substitutions. Knockout of RAD18
in the BER-proficient MSH2-/- line affected neither TMZ
resistance (Figure 4A) nor mutagenesis (Figure 7C and D;
Supplementary Figure S6A). Thus, BER and TLS likely act re-
dundantly to overcome the harmful effects of 3-meA on cell
viability.

$202 Jaquieoaq g uo Jesn ABojouyos| B 8ousIog JO 1SU| 1N ues|n Aq €11 2162/221 LeexB/ieu/ce0 L 0L /Iop/ajoile-aoueApe/deu/wod dno olwspese//:sdny wol) papeojumoq


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1122#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1122#supplementary-data

Nucleic Acids Research, 2024

Fanconi Anemia and ATAD5 knockouts
hyper-sensitize TK6 cells to TMZ exposure

The most TMZ-sensitive lines in our collection are
FANCM-/- (LD5y ~0.312 uM and LDgy ~0.625 uM),
FANCC-/-, FANCD2-/- and ATADS-/- (Figure 4A). This
is unexpected since neither of these genes is known to be
involved in repairing alkylation damage. FA DNA repair
pathway’s primary function is believed to be the repair of
DNA interstrand crosslinks, although it is also involved
in the protection of stalled replication forks (76). TMZ
hypersensitivity of glioblastoma cells deficient in the FA
pathway was observed in the CRISPR-based genome-wide
screen (71). However, the mechanism of how the FA pathway
is involved in resistance to alkylating agents remains to be
investigated. One possibility to consider is that 7-meG, the
most abundant among the TMZ-induced adducts, triggers
BER and abasic sites generated by MPG spontaneously
convert into interstrand crosslinks, thus necessitating their
repair by the FA pathway. We could rule out this mechanism
since the double knockout MPG-/- FANCD?2-/- is as sensi-
tive to TMZ as FANCD2-/- (Figure 4A). Alternatively, the
FA pathway may be required to overcome the toxicity of
O°-meG. Since the toxicity of O°-meG depends on MMR,
we constructed an MSH2-/- FANCD2-/- double knockout,
which was found to be as TMZ-resistant as MSH2-/- (Fig-
ure 4A). Thus, most likely, the FA pathway is involved in
the protection of replication forks encountering sites of an
ongoing futile cycle of MMR repair where O°-meG is paired
with T. Sequencing revealed that TMZ induced deletions
of all sizes in FA knockouts (Supplementary Figure S6B),
although in case of FANCM-/- below statistical signifi-
cance, probably due to very low concentration of TMZ
that this line can tolerate. Remarkably, the NER-defective
ERCC1-/- line also displays an increased rate of sponta-
neous deletions (Supplementary Figure S3D), similar to FA
knockouts. However, in this line, deletions are not induced
dramatically by TMZ, unlike what we observe in FA-deficient
lines (Supplementary Figure S6B). Consistent with the ob-
served correlation between deletion induction and TMZ
sensitivity, the ERCC1-/- line is only modestly hypersensitive
to TMZ (Figure 4A). Likewise, TMZ, even at 500 uM con-
centration, did not induce deletions in MSH2-/- FANCD2-/-
double knockout (Figures 4B and 7B). In the HAP1 line,
0O°-meG is directly repaired by MGMT, rendering it resistant
to TMZ. In this line, FANCI knockout did not induce TMZ
hypersensitivity, consistent with what was observed in an
MGMT-positive subset of glioblastomas (71) (Figure 6A).
We conclude that the FA pathway is required to overcome
MMR-dependent toxicity of O°-meG. Alternatively, the FA
pathway may promote cell survival by attenuating MMR
activity, which is associated with break induction and ensuing
apoptosis. The antagonistic relationship between these two
repair pathways has been previously suggested (77), although
the mechanism remains to be elucidated.

Since the futile cycle of MMR repair of O°-meG paired
with T is the primary mechanism of TMZ toxicity, over-
stimulation of MMR might be the reason why ATADS defi-
ciency hypersensitizes to TMZ. The main function of ATADS
is to unload PCNA from chromatin. As PCNA plays an
important role in MMR, excessive PCNA on DNA may
lead to overactivation of the MMR pathway and increased
futile cycles. Indeed, ATADS (Elgl) deficiency in budding
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yeast results in over-recruitment of MutS and accumula-
tion of MutH foci (69). Similarly, in human cells, down-
regulation of ATADS leads to MSH2 accumulation on chro-
matin (70) (Supplementary Figure S5A). However, this might
not be the only mechanism involved since the MSH2-/-
ATADS-/- double knockout line, while much more TMZ-
resistant than ATADS-/-, is still somewhat more sensitive to
TMZ than MSH2-/-. Curiously, TMZ induces tandem dupli-
cations in MSH2-/- ATADS-/- line (Figure 7B), typical of ho-
mologous recombination (e.g. BRCA1) deficiency (78). How-
ever, the size of TMZ-induced tandem duplications is un-
characteristically small (median ~400 bp versus ~10 kb in
breast cancers (79,80)). In addition, TMZ treatment results
in indels, including deletions flanked by microhomology in
MSH2-/- ATADS-/- (Supplementary Figure S6C), another in-
dicator of HR deficiency (54). ATADS was recently shown to
be involved in HR by promoting short-range resection (81).
The HR requirement for TMZ resistance might be increased
when MSH2-/- line is treated with very high TMZ concentra-
tion and the replication-blocking adduct 3-meA accumulates.
This would explain why tandem duplications are not observed
in the ATADS-/- line treated with low TMZ.

Interestingly, TMZ induces dinucleotide deletions in poly
A repeats >12 nt in the POLB-/- line deficient in DNA
polymerase beta, which is involved in the final step of
BER (Supplementary Figure S6D). Persistent nicks generated
due to incomplete BER of 3-meA may lead to such repeat
instability.

ALKBHZ2-/- and ALKBH3-/- knockouts are not
hypersensitive to TMZ

In addition to O°-meG, 7-meG and 3-meA, TMZ induces
two more base adducts, N1-methyladenine (1-meA) and
N3-methylcytosine (3-meC), which interfere with the DNA
base pairing and thus are weakly mutagenic but highly
cytotoxic since they can disturb DNA replication. Hu-
man o-ketoglutarate-dependent dioxygenase AlkB homolog 2
(ALKBH2) directly reverses these lesions and was reported to
contribute to glioblastoma resistance to TMZ (82). Another
ALKB homolog, ALKBH3, demethylates 1-meA and 3-meC
in ssDNA. It forms a complex with ASCC helicase, which
unwinds dsDNA, thus enabling its activity (83). ALKBH3 is
required for resistance to alkylating agents in some cancer
cell lines but not in others (83) and might act redundantly
with ALKBH2 (83,84). In our study, knockout of ALKBH2,
ALKBH3 or both did not result in TMZ hypersensitization in
either WT or MSH2-/- TK6 cells (Figure 4A).

All in all, we provide a comprehensive view of how
mutational signatures are molded by multiple DNA repair
pathways. Our approach is relevant for understanding how
chemotherapeutic agents act and reveals a new vulnerabil-
ity of TMZ-resistant cells with important implications for
glioblastoma treatment.

Discussion

In this study, we focused on genotoxin-induced mutations us-
ing WGS of an isogenic set of human DNA repair gene knock-
out lines. As a first step, we characterized spontaneous muta-
tion rates and patterns in the various repair-defective lines.
A compelling result of these initial experiments is that TLS
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polymerase zeta deficiency conferred by the knockout of its
regulatory subunit REV7 leads to a reduced SNV rate and
largely eliminates signature SBS40 from the mutational back-
ground. SBS40 is related to a clock-like signature SBSS, which
becomes more pronounced as organisms age (8). The grad-
ual accumulation of mutations over the organism’s lifespan
(7), along with the epigenetic changes (85,86), was long sus-
pected to be the underlying cause of senescence, although it
remains to be established if translesion-dependent SNV ac-
cumulation merely correlates with aging or has a causative
role. Polymerase zeta function presents a trade-off: it protects
the genome from potentially much more harmful deletions
by increasing the rate of SNVs. Polymerase zeta and REV1
were found to be responsible for about half of the sponta-
neous mutagenesis in budding yeast (87) and in C. elegans
(88,89). Importantly, in this study, we show that polymerase
zeta contributes to the amplification of the SBS5-like signa-
ture following treatment with a genotoxic agent. It might also
potentially cause an increased mutational background in the
DNA repair mutants,such as XRCC1-/-, whose mutational
rate is elevated, but the pattern remains similar to the WT. It
was recently reported that certain variants of SBS40 signature,
termed SBS40b and SBS40c, are specific for renal carcino-
mas, whereas SBS40a is found in many cancer types (90). We
propose that numerous types of DNA damage caused by ei-
ther genotoxins or DNA repair deficiencies might result in the
SBS40-like signatures if TLS by polymerase zeta is involved in
the damage bypass and/or gap filling. This is consistent with
an observation that a related SBSS signature is present in var-
ious cell types, which are subject to distinct kinds of DNA
damage and increases with time even in postmitotic cells (91).

While preparing this manuscript for publication, a paper
by the Szuts’ lab reported, using RPE-1 cells, that REV3L and
REV1 knockouts displayed a reduced rate of SNV accumu-
lation, with signature SBS40 eliminated from the mutational
spectra (92). As noted by the authors, a high proportion of
cell culture-induced oxidative signature SBS18 in the RPE-1
mutational background complicates using this cell line as a
model to study spontaneous mutagenesis of human cells. A
low SNV rate and SBS40-dominated spontaneous spectra of
TK6 cells, employed in our study, better recapitulate human
cell mutagenesis in vivo. In TK6, the C > A dominated oxida-
tive signature becomes unmasked only when the ‘flat’ signa-
ture SBS40 is reduced in REV7-/- knockout. Deamination of
5-methylcytosines, which converts them directly into thymines
and causes aging-associated signature SBS1, does not seem to
play a significant role in spontaneous mutagenesis in cultured
cells since there is no enrichment of C > T substitutions at
CpG sequences, which are preferentially methylated. It is pos-
sible that the C > T mutations in the TK6 background, which
become unmasked in the REV1-/- and REV7-/- knockouts,
could result from the spontaneous deamination of cytosines
that converts them into uracils, which, if left unrepaired by
uracil-DNA glycosylase and BER before DNA replication, re-
sult in C > T substitutions.

Whereas the error-prone TLS contributes to spontaneous
SNV mutagenesis, the MMR pathway corrects the replication
errors and limits the nucleotide substitution rate. MMR inac-
tivation results in a dramatically elevated mutagenesis with a
distinct mutational pattern, which is observed in various tu-
mors, cell lines, and organisms from yeast to humans (60).
Correction of mismatches prevents mutations caused by vari-
ous DNA repair gene deficiencies, and double knockouts with

Nucleic Acids Research, 2024

MMR genes, for example, MSH2-/-, help to unmask the new,
primary mutational patterns. Intriguingly, the initial seven sig-
natures, which were computationally derived from MMRd
colon cancer, and then appeared to ‘merge’ in the experimen-
tally obtained ‘universal’ signature RefSig MMR1, might rep-
resent distinct and separable mutational mechanisms. For ex-
ample, our results demonstrate that C > T-dominated SBS44
and T > C-dominated SBS26 are up- and down-regulated in
an opposing manner in MSH2-/- ATADS-/- and MSH2-/-
FANCD?2-/- double knockouts. The exact mechanisms that
cause these signatures remain to be identified. Since C > T
mutations in MMRd cells are biased toward the leading
strand and T > C mutations toward lagging, a likely expla-
nation is that DNA polymerases delta and epsilon have dif-
ferent spectra of errors (93,94), and their relative contribu-
tion to replication is altered in the MSH2-/- ATADS-/- line
(Supplementary Figure S3C). DNA polymerase delta is teth-
ered to chromatin via its interaction with PCNA (95,96), and
DNA polymerase epsilon is recruited via the CMG complex
(97,98). Therefore, it is conceivable that an abnormal accumu-
lation of chromatin-bound PCNA in the absence of ATADS
will either favor more synthesis or, conversely, create more ob-
stacles for DNA polymerase delta as opposed to epsilon. An-
other possibility is that the contribution of TLS polymerases
to DNA replication is affected by the excess of PCNA in
ATADS-/-. A defective interaction between polymerase ep-
silon and CMG was reported to result in an increased leading
strand synthesis by polymerase delta (99) and in enhanced ac-
tivity of the error-prone polymerase zeta (100).

Having characterized spontaneous mutagenesis, we com-
prehensively analyzed the mutational patterns associated with
genotoxin-induced lesions, using the clinically relevant methy-
lating agent TMZ as a model drug. The strength of our ap-
proach is combining clonogenic cytotoxicity assays with WGS
to reveal mutational patterns. Cell survival following the drug
treatment does not always correlate with the mutational bur-
den. We employed WGS to gain deeper insight into how TMZ
kills the cells. WGS revealed that TMZ-resistant MSH2-/-
cells treated with a very high drug concentration accumu-
late up to a hundred thousand SNVs per cell without los-
ing viability. On the other hand, induction of a relatively
small number of deletions in TMZ-treated FAd and MSH2-/-
XRCC1-/- lines serves as an indicator of dsDNA breaks and
correlates with cell death. Deletions and other SVs seem to be
linked to cell lethality and, therefore, are challenging to detect
in the few clones that manage to survive the treatment.

One of our study’s main conclusions is that in order to
deduce the genotoxin-induced mutational patterns, which re-
veal the contribution of various repair pathways, these path-
ways need to be inactivated in a stepwise manner (Figure 8A).
Although reduced repair gene functionality is specifically se-
lected for in tumors, the associated signatures do not become
apparent in most cases, likely because a moderate increase in
lifetime mutational burden leads to an exponential increase in
cancer risk (5,101).

Our study explains the results of a previous comprehen-
sive analysis of mutational signatures, which were induced
in the wild-type hiPSCs by a set of diverse genotoxic agents
(2). In particular, treatment with MMS and MNNG methy-
lating agents at lethal concentrations triggering DNA dam-
age response, resulted in no distinct mutational signatures in
hiPSCs, while TMZ induced only a small number of T > C
substitutions, very different from C > T dominated SBS11
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Figure 8. Model of the multi-layered response to TMZ. (A) Model of how the TMZ-induced mutational signatures change upon inactivation of different
DNA repair pathways (see Discussion for details). (B) BER and TLS mediate resistance to 3-meA.
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observed in TMZ-treated cancer samples (2). The T > C
changes are consistent with the mutational pattern we ob-
served in some clones of the HAP1 cell line, which presum-
ably express high levels of the MGMT enzyme that directly
repairs O°-meG, the most toxic TMZ-induced base adduct in
MMR-proficient cells. T > C mutagenesis is likely mediated
by TLS through replication-blocking 3-meA lesions. However,
the TMZ-induced T > C signature is not observed in MGMT-
negative tumors, which are sensitive to, and therefore selected
for, TMZ treatment. MGMT deficiency allows O°-meG ac-
cumulation, which drives C > T substitutions. However, due
to MMR-mediated futile repair cycles, O°-meG adducts ul-
timately become converted to lethal lesions, presumably ds-
DNA breaks, leading to cell death and limiting mutation ac-
cumulation. Inactivation of the MMR pathway results in resis-
tance to very high TMZ concentrations and massive numbers
of C > T substitutions conforming to signature SBS11, first
derived from the genomes of TMZ-treated tumors.

Signature SBS11 was first computationally derived from the
TMZ-treated tumors (1) and then experimentally shown to
result from a combination of the TMZ treatment and MMR
deficiency (64). Here, we report a further insight into the ori-
gin of SBS11. This signature is observed in some clones of
MGMT + MMR + cells (presumably those with a lower level
of MGMT expression), as well as in MGMT + MMRd and
MGMT- MMRd cells, which were treated with high concen-
trations of TMZ (in the 100 uM range). However, it is also
displayed by the MGMT-negative EXO1-/- cells treated with
as low as 3 uM TMZ but not in MGMT- WT TK6 cells or
other mutants. SBS11 is characterized by a high rate of C > T
substitutions in CC and CT but not in CA and CG sequences.
This pattern appears to be intrinsic to TMZ mutagenesis in
the absence of MMR and likely reflects a neighboring base
bias in the methylation of guanines or in the propensity of
O°-meG to mispair with T. It is worth noting that the prod-
uct of TMZ hydrolysis, 5-(3-methyl 1-triazenyl) imidazole-4-
carboxamide (MTIC), was previously reported to preferen-
tially methylate the N7 positions of the inner guanines in the
tracks of 3—4 Gs rather than individual Gs (102). If the same
sequence preference holds for O°-meG, it will correspond to
C > T substitutions in CCC sequences. The C > T pattern is
modified by MMR as reflected in the TMZ-induced signature
from the WT cells, where there are fewer C > T substitutions
in GC sequences and more C > T substitutions in CCC and
CCT. It is possible that O°-meG/T pairs, followed by a C,
are preferentially corrected. In summary, SBS11 is observed
in TMZ-treated cells, where MMR s either deficient or over-
whelmed by the large numbers of O°-meG adducts mispairing
with T. This signature is expected to be also observed in tu-
mors, which acquired TMZ-resistance due to the mechanisms
other than the MMR deficiency if they were exposed to high
TMZ concentrations and the MMR capacity was exceeded.

Since O°-meG is not toxic in the absence of MMR, TMZ
cytotoxicity in MMRJ lines is mediated by the other base
adducts, especially 3-meA. Mutagenesis via 3-meA in MMRd
cells is largely prevented by the error-free BER pathway and
results in a relatively modest number of T > C substitutions,
which fit into a pattern similar to one of MGMT-positive hiP-
SCs. Blocking the initial stage of BER via MPG deficiency
induces error-prone TLS through replication-blocking 3-meA
and leads to the appearance of T > A substitutions. Remark-
ably, MPG knockout in the WT or MSH2-/- lines does not
increase TMZ sensitivity, most probably because replication-
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blocking lesions are bypassed via TLS polymerases. However,
interrupting BER at a later stage, for example, in XRCC1
knockout, leads to deletions, which likely indicate the pres-
ence of dsDNA breaks and cell death. Intriguingly, TLS
through 3-meA results in different types of substitutions in
BER-positive cells, which accumulate T > C transitions, and
in BER-deficient cells, which, in addition to T > C transitions,
accumulate a much larger number of T > A transversions.
Different TLS polymerases may be involved in these lines. It is
worth noting that T > C substitutions are unlikely to reflect
the errors by BER DNA polymerase beta since their numbers
and patterns do not change in MSH2-/- MPG-/- cells.

Our results suggest that targeting MPG or TLS polymerases
will not lead to the re-sensitization of MMRd tumors to TMZ
since BER and TLS act in parallel to ensure TMZ resistance.
More promising targets appear to be XRCC1 and APE1 since
initiation of BER at 3-meA and 7-meG leads to the conversion
of these lesions into the abasic sites, nicks and gaps, which
become toxic if not processed promptly (Figure 8B). A re-
cent report of a rare APE1-deficient glioblastoma which was
effectively cured by the TMZ treatment, supports this view
(103). It was suggested that XRCC1 releases PARP1 from ss-
DNA breaks, making them accessible for repair and prevent-
ing PARP1 hyperactivation. PARP inhibitors that efficiently
trap PARP1 at the DNA breaks, such as olaparib and tala-
zoparib, act similarly to XRCC1 deficiency and synergize with
TMZ (34,73). It appears that PARP-trapping compounds, as
well as the potential future strategies/agents targeting XRCC1
and APE1, will be efficient primarily in preventing the acquisi-
tion of TMZ resistance via MMR deficiency but will not work
on the primary MGMT-negative MMR-positive glioma since
BER plays a minimal role in cell survival when the primary
cytotoxic lesion is O°-meG. Targeting APE1 (104-106) ap-
pears to be a particularly promising strategy for potentiating
the effect of TMZ in glioma treatment. The systematic anal-
ysis of isogenic series of repair-defective cells, combined with
sensitivity measurements and signature analysis, holds great
potential to uncover cancer cell vulnerabilities to genotoxic
therapies.

Data availability

The raw sequencing data are available for download from the
Korea BioData Station under accession number: KAP240717,
https://kbds.re.kr/KR A/browse/view/BIOPROJECT/
2408896. All other data, including the number of variants
of the samples, are available in the Supplementary Table S2.
Variant Call Format files are available at https://doi.org/10.
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is available at https:/github.com/xown1048/TMZsig and
https://doi.org/10.6084/m9.figshare.27301404.v1.
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