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Mutational signatures

By replicating damaged nucleotides, error-prone DNA translesion synthesis (TLS) enables the completion of
replication, albeit at the expense of fidelity. TLS of helix-distorting DNA lesions, that usually have reduced ca-
pacity of basepairing, comprises insertion opposite the lesion followed by extension, the latter in particular by
polymerase ¢ (Pol {). However, little is known about involvement of Pol ¢ in TLS of non- or poorly-distorting, but
miscoding, lesions such as O%-methyldeoxyguanosine (0%-medG). Using purified Pol ¢ we describe that the
enzyme can misincorporate thymidine opposite 0°-medG and efficiently extend from terminal mismatches,
suggesting its involvement in the mutagenicity of 0%-medG. Surprisingly, 06-medG lesions induced by the
methylating agent N-methyl-N’-nitro-N-nitrosoguanidine (MNNG) appeared more, rather than less, mutagenic in
Pol ¢-deficient mouse embryonic fibroblasts (MEFs) than in wild type MEFs. This suggested that in vivo Pol ¢
participates in non-mutagenic TLS of 0°-medG. However, we found that the Pol {-dependent misinsertions at O°-
medG lesions are efficiently corrected by DNA mismatch repair (MMR), which masks the error-proneness of Pol ¢.
We also found that the MNNG-induced mutational signature is determined by the adduct spectrum, and
modulated by MMR. The signature mimicked single base substitution signature 11 in the catalogue of somatic
mutations in cancer, associated with treatment with the methylating drug temozolomide. Our results unravel the
individual roles of the major contributors to methylating drug-induced mutagenesis. Moreover, these results
warrant caution as to the classification of TLS as mutagenic or error-free based on in vitro data or on the analysis
of mutations induced in MMR-proficient cells.

and crucial role. Thus, unlike all other TLS polymerases, Pol { acts in
concert with TLS polymerases of the Y family in a switch mechanism

1. Introductions

DNA replication and repair greatly impact genomic stability in the
presence of genotoxic exposures from endogenous sources, the envi-
ronment, diet and drugs [1]. DNA translesion synthesis (TLS) poly-
merases can incorporate opposite and beyond chemically altered DNA
nucleotides that would otherwise impede replicative DNA synthesis [2].
TLS thereby avoids replication fork collapse, implicating TLS as a
mechanism to prevent genome instability and promote survival in
response to DNA lesions. However, fidelity of replication is traded off in
the process and therefore TLS is believed to be responsible for most
nucleotide substitution mutations induced by helix-distorting nucleotide
lesions. Amongst the 15 characterized mammalian DNA polymerases
[3], the B-family TLS polymerase zeta (Pol () appears to play a unique

* Corresponding authors.

where a member from the Y family TLS polymerases inserts (or mis-
inserts) a nucleotide opposite a helix-distorting nucleotide lesion. Sub-
sequently Pol {, which lacks a proofreading domain, extends from the
misaligned primer to fix the misincorporation [4]. Deficiency of Pol ¢
confers embryonic lethality to mice, in support of its relevance for TLS of
endogenous  helix-distorting  nucleotide lesions or  other
hard-to-replicate sequences [4,5]. In cultured cells, Pol ¢ deficiency
leads to chromosomal aberrations [6-8] while cells lacking Pol ¢ are
hypersensitive to, but hypomutable by, helix-distorting DNA lesions [4].
There is limited information, however, concerning the involvement of
mammalian Pol ¢ in TLS and the mutagenicity of poorly-distorting DNA
adducts, including 0%-medG [9,10].
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0%-medG is a common modification that arises from reactions of
DNA with diverse methylating agents, such as endogenous S-adenosyl
methionine, amine nitrosation products but also from exogenous Sy1-
type agents such as N-methyl-N-nitrosourea (MNU), N-methyl-N’-nitro-
N-nitrosoguanidine (MNNG), and chemotherapeutic drugs such as
dacarbazine and temozolomide [2]. Whereas each day ten to thirty
0%medG adducts arise in a cell due to endogenous processes [11],
temozolomide treatment can increase this number to thousands of ad-
ducts per cell [12,13]. The direct reversal protein OG—Methyl—
guanine-methyl transferase (MGMT) removes the methyl group from
0°-medG. However, MGMT functions in a non-catalytic manner result-
ing in its depletion at high 0%-medG levels, whereas its expression also
can be lost by epigenetic silencing [14]. In contrast to severely
helix-distorting DNA lesions, that largely or completely have lost coding
capacity, 0%-medG adducts have retained basepairing ability, although
pairing is ambiguous resulting in the frequent misinsertion of thymidine
[15]. Consequently, 0°-medG induces C>T transition mutations [16].
The mutagenicity of 0°-medG is thought to contribute to carcinogenesis
by mutating cancer driver genes, and many cancers have been linked to
prior exposure to methylating drugs [17,18]. In support, C>T transitions
dominate COSMIC SBS (catalogue of somatic mutations. in cancer)
signature 11, which is associated with previous temozolomide therapy
[19,20].

The adduct spectrum of methylating drugs has been described [21,
22] and cellular factors driving the repair and cytotoxicity of 0%-medG
are well characterized [14]. However, the role of DNA polymerases,
particularly of Pol ¢, in replicative bypass and mutagenic properties of
0%-medG are not as clearly defined. In vitro, the combination of repli-
cative Pol & or TLS Pol 1) with Pol ¢ or Pol k in vitro bypasses 05-medG
lesions efficiently and in an error-free fashion, where yeast Pol § or 1
catalyze nucleotide incorporation, and yeast Pol { or human Pol k can
extend from a correct 0®-medG-C primer-template terminus [23-25]. In
mammalian cells, proficiency of Pol { was linked to temozolomide
tolerance [9,10], however its potential activity as an extender poly-
merase in the context of methylation damage or the impact on muta-
genicity is not known. In a study using a human cell line lacking
individual TLS polymerases, there was no effect of Pol { loss on the
mutagenicity of 0%-medG embedded in an episomal vector, arguing
against its involvement in mutagenic TLS of the lesion [26]. For
mammalian Pol { in particular, there are few biochemical studies of
adduct bypass [27,28], in part due to difficulty in expressing and pur-
ifying this four-subunit complex comprised of REV3L (353 kDa) [29],
the catalytic subunit, and accessory factors REV7, PolD2 and PolD3
[30]. It appears that efficient Pol { function depends on the hydrogen
bonding capacities of the nascent base pairs, which suggests that it could
well facilitate extension after O®-medG-T mispairing as a potential basis
of C>T transitions [28]. It was also shown, however, that when C is
incorporated opposite another common 0%-guanine adduct, 0%-carbox-
ymethylguanine, DNA synthesis is efficiently extended by isolated
human Pol ¢, suggesting also a basis for error-free outcomes, at least
with this particular adduct [27,31].

Here we aimed to investigate the involvement of mammalian Pol ¢ in
TLS of 0%medG and in 0%-medG-induced mutation frequencies and
signatures, using a combination of in vitro and in vivo approaches. Using
purified Pol ¢ and site-specific 0°®-medG-containing linear replication
templates, we first characterized the proficiency and fidelity of isolated
human Pol ¢ in the bypass of 0°-medG and of the extension of matched
or mismatched 0%-medG. Its proficiency in incorporating Thymidine
opposite 0%-medG, combined with its propensity to extend from this
mismatched Thymidine, suggested that Pol { participates in mutagenic
TLS of these lesions. We then performed whole-genome sequencing in
MNNG-exposed cells that either expressed or were deficient in Pol ¢ to
gain insight on how this process may shape genome-wide mutational
signatures in vivo. In apparent contradiction to the activity of the iso-
lated enzyme, Pol {-mediated TLS of 0°-medG appeared relatively error-
free in vivo. We tested the hypothesis that MMR may mask the
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mutagenicity of Pol { on 0%-medG in the cells, by additionally disrupting
the core MMR gene Msh2. Indeed, in the absence of MMR, Pol {-medi-
ated TLS at and beyond 0%-medG appeared error-prone, suggesting that
MMR operates downstream of Pol ¢ to correct its mutagenic role at 0%-
medG. Finally, we determined how functional MMR impacts Pol
C-associated mutational signatures of MNNG exposure in relation with
signatures extracted from human cancer genomes. This analysis in-
dicates that methylation damage, mutagenic TLS and MMR deficiency
are key drivers of mutagenesis in therapy-resistant glioma. Collectively,
our results reveal that MMR can play an important role in suppressing
the mutagenicity of TLS at non-distorting nucleotide lesions and warrant
caution in classifying TLS as error-prone or error-free based on the ac-
tivity of isolated enzymes or on experiments in MMR-proficient cells.

2. Materials and methods
2.1. Chemicals and reagents

[y-32P]ATP was purchased from PerkinElmer Life Sciences. dNTPs
were purchased from Invitrogen and Bioconcept. T4 polynucleotide ki-
nase was purchased from Promega. Tris-HCI (pH 7.0 at 25 °C), Tris-HCI
(pH 8.0 at 25 °C), NaCl, MgCl,, dithiothreitol (DTT) and glycerol were
purchased from Invitrogen. Bovine serum albumin (BSA) was purchased
from New England Biolabs. The hDNA Pol { four-subunit-complex
(REV3, REV7, POLD2, POLD3) was obtained following the procedure
of Lee et al. [30] using plasmids kindly provided by the Laboratory of Dr.
Wei Yang at the National Institutes of Health, Bethesda. Protein
expression and purification was performed by Trenzyme GmbH and a
Coomassie PAGE gel of the purified protein is shown in [27]. All other
reagents were purchased from Sigma Aldrich.

2.2. Oligonucleotides used in the primer extension assays

A 28mer DNA template 3’-ATT ATG CTG AGT GAT ATC CCT CHX DC
A-5" was used for primer extension experiments; X = G was purchased
from VBC Biotech, and X=0%medG was synthesized on a Mermade 4
DNA synthesizer from Bio Automation Corporation with an 0%-medG
phosphoramidite from Links Technologies; the strand was PAGE-
purified. D indicates T, A or G and H indicates A, T, and C (IUPAC
codes). Primers were purchased from VBC Biotech: Py3 (23mer) 3’-AG
AGG GAT ATC ACT CAG CAT AAT-5’, which was used for insertion
studies, and Py4 (24mer) 3’-YWG AGG GAT ATC ACT CAG CAT AAT-5’
was used for extension studies. Y indicates T or C, and W indicates A or
T.

2.3. Pol ¢ primer extension assay

Pol ¢ was expressed in insect cells, purified and characterized as
described previously [27]. T4 polymerase nucleotide kinase and [y->2P]
ATP were used to 5°-end label primer strands. Labeled primers were
annealed to templates by heating at 95 °C for 5 min and then allowed to
cool slowly to 25 °C. Primer extension reactions for hDNA Pol { were
carried out in 20 mM Tris-HCl (pH 8.0, 25 °C), 100 mM NaCl, 5 mM
MgCly, 0.5 mM TCEP (pH 7.0, 25 °C), 100 pg/mL BSA and 3 % glycerol.
For each reaction, 10 nM 5’—[32P]primer—template DNA and 5 nM hDNA
Pol { were used. Reactions were initiated by adding 100 uM dNTP to
5’-[32P]primer-template DNA and hDNA Pol ¢ in buffer. Reactions were
performed for 15 min at 37 °C, and then terminated by adding 10 pL
quenching solution (95 % formamide, 20 mM EDTA, 0.05 % xylene
cyanol and bromophenol blue). The resulting solution was loaded on a
15 % polymerized acrylamide 7 M urea gel, run for 4 h at 1500 V, and
visualized with a phosphorimager (BioRad).

2.4. Pol ¢ steady-state kinetics

Steady-state kinetic assays were performed with a pre-annealed
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primer-template DNA, as described for the primer extension assays.
hDNA Pol ¢ (5 nM) was combined with 50 nM 5’—[32P] -primer-template
DNA at 37 °C, in a reaction buffer containing 20 mM Tris-HCl (pH 8.0 at
25 °C), 100 mM NacCl, 5 mM MgCl,, 0.5 mM TCEP (pH 7, 25 °C), 100 pg/
mL BSA, 3 % glycerol and increasing dNTP concentrations were added.
To determine incorporation efficiency opposite 0%-medG or G, varying
concentrations of either dCTP or dTTP were added. To determine
extension efficiency from X:N termini, increasing concentrations of
dGTP were added. Each reaction was performed three times and the
duration was optimized such that product band intensities were lower
than 20 %. Reactions were terminated at varying time points by
removing aliquots of the reaction, and quenching with a solution con-
taining 95 % formamide, 20 mM EDTA, 0.05 % xylene cyanol and
bromophenol blue. Resulting solutions were applied to a 15 % poly-
merized acrylamide 7 M urea gel and run for four hours at 1500 V. Bands
were visualized with a phosphorimager (BioRad, Hercules, CA). Band
intensity was quantified using Quantity One Software (BioRad). Nucle-
otide incorporation levels were plotted as a function of dGTP concen-
tration and fit to the Michaelis-Menten equation with SigmaPlot 12
software. From the hyperbolic plots, parameters k., and Ky; were ob-
tained (represented as mean values + SD) and used to calculate the
frequency of mispair extension (f°ex) for each primer-template pair and
the dNTP incorporation frequency (finc) on the basis of the following
equation: Jm ext OT finc = (keat/. KM)mispaired/ (kcat/. KM)paired-

2.5. Isolation and culture of MEFs

wild-type, Rev3”", Msh2”~ and Rev3’~ Msh2”~ mouse embryonic fi-
broblasts (MEFs) of hybrid 129/0la and C57BL/6 background origi-
nated from embryos of inter-crossed Rev3™~ Msh2'/" mice [32,33].
Primary MEFs were isolated by trypsinization of finely minced,
13.5-day-old embryos at 37°C for 15 min. MEFs were cultured in MEF
medium (Dulbecco’s modified Eagle’s medium containing 4500 mg/L
glucose, GlutaMax, and pyruvate (Invitrogen) supplemented with 10 %
foetal calf serum and antibiotics at 37°C and 5 % CO5). The cells were
immortalized by infection with a retroviral vector expressing a short
hairpin RNA against mouse p53 [34].

2.6. Cell sensitivity to MNNG

MEFs were pre-conditioned with 40 pM 0°-BenzylGuanine (0%-BnG,
inhibitor of MGMT) in serum-free medium for 2 h and then exposed to
increasing concentrations of MNNG, also in the presence of 40 uM O°-
BnG in serum-free medium for 1 h. Immediately after chemical expo-
sure, cells were collected and seeded at clonal density, the first 2 days in
the presence of 0%-BnG. Survival was determined by counting emerging
clones 14 days later and normalizing to the number of clones in mock-
treated control of the corresponding genotype.

2.7. Single clone expansion following MNNG exposure

To study mutagenesis in response to MNNG, the parental polyclonal
line of each genotype was seeded at low density, and clones were picked.
One clone with stable morphology, growth capacity and karyotype was
selected for each genotype: wild-type, Rev3”", Msh2/" and Rev3”
Msh2”". From each clone, 4%10° cells were harvested for DNA isolation
to be used as a baseline reference in sequencing. After that, 1.5%10°
MEFs of each clone were seeded in P90 dishes for treatment. On the next
day, cells were pre-conditioned either with 40 pM 0°-BnG (inhibitor of
endogenous MGMT) or vehicle (0.1 % DMSO) in serum free medium for
2 hours, and then exposed respectively either to 0.5 pM MNNG in the
presence of 40 pM 0°-BnG or to vehicle (0.2 % DMSO, mock treatment)
in serum free medium. After 1 hour, the medium was replaced with fresh
growth medium containing, respectively, either 40 uM 05-BnG (to avoid
repair of 0%-medG by MGMT, MNNG treatment) or vehicle (0.1 %
DMSO, mock treatment) for 48 h. The cells were allowed to recover for

DNA Repair 142 (2024) 103755

48 h in growth medium, then cultured for 15 doublings. Then, the cells
were seeded again at low density to generate separate subclones. These
subclones were picked and their morphology, growth capacity, karyo-
type and genotype were checked once more. 2-3 subclones per genotype
per treatment were expanded and cells were collected again for DNA
isolation and sequencing.

2.8. Illumina sequencing library preparation

DNA was isolated from frozen parental clones and MNNG or mock-
exposed subclone cell pellets, using QIASympony SP with the QIAsym-
phony DSP DNA Mini kit. DNA was sequenced from both ends at 30X
coverage on the Xten Illumina platform. DNA from wild type and Rev3”"
cells was sequenced by the Hartwig Medical Foundation (Amsterdam),
and Msh2”/" and Rev3”" Msh2”/~ by GenomeScan (Leiden).

2.9. Variant calling

Sequence reads were aligned to the mouse reference genome (mm10)
using BWA (v0.7.5a).[35] Sam files were converted into bam files and
duplicates were removed with Sambamba (v0.6.8).[36] Variants were
called for each sample using GATK (v3.4-46) [37] with Hap-
lotypeCaller. The quality of the variants was evaluated using GATK
VariantFiltration with the following options: ’-snpFilterName Low-
QualityDepth -snpFilterExpression "QD < 2.0" -snpFilterName Map-
pingQuality -snpFilterExpression "MQ < 40.0" -snpFilterName
StrandBias -snpFilterExpression "FS > 60.0" -snpFilterName Hap-
lotypeScoreHigh -snpFilterExpression "HaplotypeScore > 13.0" -snpFil-
terName MQRankSumLow -snpFilterExpression "MQRankSum < —12.5"
-snpFilterName ReadPosRankSumLow -snpFilterExpression "Read-
PosRankSum < —8.0" -cluster 3 -window 35’. Full pipeline description
and settings are available at https://github.com/UMCUGenetics/IAP
(Version 2.6.0) and https://github.com/ToolsVanBox/NF-IAP (Version
1.3.0).

2.10. Single-base substitution filtering

Raw single nucleotide variants were extracted and filtered as previ-
ously described [38]. Single-nucleotide variants were filtered based on
quality scores values (QUAL >= 100, MQ >= 60, VAF >= 0.1, Coverage
>= 20, GQ >= 10 for control sample, GQ >= 99 for treated samples).
Mutations were filtered against the parental clone to remove point
mutations present in the cell lines before the start of the experiment.
Additionally, only unique point mutations among cell line conditions
were kept for the final single-base substitution analysis. The scripts are
available at https://github.com/ToolsVanBox/SNVFI (Version 1.2). All
the subsequent mutation analysis were performed using the R package
MutationalPatterns [39].

In order to quantitatively compare mutation frequencies between
mock- and MNNG-treated cells, we accounted for any differences in
mutation calling efficiencies by normalizing the frequencies of C>T
transitions, which were the main outcome of MNNG exposure, to the
frequencies of background substitutions at A.T base pairs in each indi-
vidual genotype. In addition, we corrected for differences in ploidy of
each subclone of each genotype by calculating mutation frequencies on a
per diploid genome basis for all sequences, and then subtracted the
mutations in mock-treated cells from MNNG-treated in order to deter-
mine MNNG-induced mutation number and spectrum in each genotype.

2.11. Statistical analysis

Unpaired two-tailed t-tests were performed between biological rep-
licates when n>3. The Chi-square test was used to determine differences
in trinucleotide mutation signatures.
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3. Results
3.1. Catalysis of DNA synthesis beyond 0°-MedG by purified DNA Pol ¢

It was shown previously that extension of DNA synthesis from the C
in a terminal 0%-medG:C is catalyzed by purified human DNA Pol ¢
heterotetrameric holoenzyme, and that the efficiency of this process is
influenced by H-bonding interactions at the DNA primer terminus [28],
yet its proficiency to either misincorporate at the adduct or catalyze
DNA synthesis extension after a nucleotide other than C is mis-
incorporated, was not examined. Thus, we here performed primer
extension assays to determine the fidelity of nucleotide insertion by Pol {
opposite 0%-medG, as well as the efficiency of subsequent extension. To
address the question of insertion, we used 28-mer DNA templates with G
or 0°-medG at position 24 (from the 3’ end) of the template annealed to
a 23-mer primer (Fig. 1A). When the template had OG-medG, mis-
insertion of dTTP was favored 1,600-fold over dCTP, compared with a 2,
900-fold preference of the correct substrate dCTP over dTTP when the
template had G (Table 1). Purine insertion was too low to quantify.
These data suggest Pol { to have mutagenic potential as an error-prone
inserter at 0%-medG.

Since Pol { acts as an extender during TLS of helix-distorting lesions,
we then tested extension by Pol { from 3’-terminal matched (C) or
mismatched (T) nucleotides opposite 05-medG or G, by using 24-mer
primers with different matched or mismatched canonical bases oppo-
site the 0°-medG or G (Fig. 1B). The frequency of mismatch extension
(f°ext), normalized to kcat/Ky values for extension, was highest when the
substrate contained a terminal O%medG:T mismatch (kea/Km of

A ¥ d-toit
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0.40 puM ™ 'min %, Table 2, Entry 4).

Remarkably, this extension was four-fold more efficient than exten-
sion from G:C (kca/Ky of 0.10 pM’lmin’l, Table 2, entry 1), attribut-
able to a relatively favorable Ky for 0%-medG (0.38 pM, Table 2).
Furthermore, the extension frequency was low when 0°-medG was
mispaired with A or G (Table 2, entries 5-8), as judged by the lack of
G>T and G>C transversions (see also below). Thus, by misincorporating
thymidine opposite 0®-medG by either Pol { or another polymerase,
followed by Pol {-mediated extension from the mismatched nucleotide
pair, Pol { could be active in mutagenic TLS of these non-helix-distorting
lesions.

To understand whether the DNA sequence context might influence
the potential for extension of a terminal 0®-medG:T mismatch by Pol ¢ to
cause C>T transitions, we evaluated the impact of identity of bases
flanking 0%-medG on extension efficiencies. Using the same oligonu-
cleotide templates as the experiment above, but varying only the bases
that flank 0%-medG with purines, pyrimidines or both, we compared
extension from 0°-medG:T vs. 06-1‘nedG:C, as well as from G:T vs. G:C.
Extension from 0%-medG:T was more efficient than from 0%-medG:C in
the T(Oﬁ-medG)A, and especially, the T(0%-medG):C context, and the
preference and magnitude varied considerably amongst the sequence
contexts (Fig. 2 A).

For the unmodified controls, on the other hand, extension of Pol ¢
from G:C was more efficient than from the mismatch G:T in all tested
contexts (Fig. 2B). Collectively, these data are consistent with the po-
tential for mutations to arise by a polymerase switch model [4,40] in
which Pol ¢ either misinserts T and then extends, or it extends after
another polymerase misinserts T opposite 0°-medG, particularly in

X= G or O"-MeG

0 1 a2+30448
G template O -MeG template
- .
5 - -
+4 - - -
3 - e
eeelessss secoscacn
Lane 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 417 18
Nucleoides 8 A T ¢ 6 [ © :‘. MIX B A T ¢c 6 [ ¢ ; Mix
6 6 , G G L
% extended 58 S 12 61 67 4 74 55
B Primer (P;) 5" ------- GAN
Template (Tpz) 37 ------- CTX CTC A-5~7
N=C N=T
X=G X = 05-MeG X=G X = 05-MeG
28 nt- =
> B - - .-.
24nt-- & Lo - pad
Lane 1 2 3 4 56 7 8 1 2 3 4 567 8
[Pol Z] (nM) 1 510 15 1 5 10 15 1 510 15 1 51015

Fig. 1. Primer-extension assay for (A) incorporation opposite G vs. 0°medG. Nucleotides: B, Blank; A, dATP; T, dTTP; C, dCTP; G, dGTP; Mix, all four dNTPs. (B)
extension from C or T placed opposite G vs. 0°-medG with increasing concentrations of hPol ¢. Representative images from three replicate experiments shown.
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Table 1
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Steady-state kinetics for incorporation by hDNA Pol ¢ of dCTP or dTTP opposite G or O°-medG.

Entry Template dNTP Ky [pM] Keat [min~'] Keat/Kyt [WM " 'min 1] fine Preferred dNTP
1 G dCTP 3.1+0.6 0.14 4.4 x1072 1.0 dCTP>>dTTP ~2900 fold
2 dTTP 3254112 0.0050 1.5 x107° 0.0003
3 0%-medG dcTp 185454 0.0030 1.5 x107° 0.0003 dTTP>>dCTP ~1600 fold
4 dTTP 5.9+1.1 0.14 2.4 x1072 0.55
Table 2 transitions in cells suggests that virtually all MNNG-induced mutations
able

Steady-state kinetics for incorporation by hDNA Pol ¢ of dGTP after the indicated
basepair or mispair by hDNA Pol .

Entry  primer: KM [pM] kcat [min-  kcat/KM [pM- feexta
template 1] 1 min-1]

1 G:C 1.8 + 0.18 1.0 x10-1 1.0
0.50

2 06-medG:C 8.7 +£2.4 0.24 2.7 x10-2 0.28

3 G:T 17 +£5.2 0.26 1.6 x10-2 0.15

4 06-medG:T 0.38 + 0.15 4.0 x10-1 4.0
0.05

5 G:A 31+8.0 0.25 8.0 x10-3 0.08

6 06-medG:A 15+ 3.7 0.26 1.7 x10-2 0.18

7 G:G 34+9.2 0.20 6.0 x10-3 0.06

8 06-medG:G 38 +89 0.19 5.0 x10-3 0.05

afbext = (kcat/KM)mispaired/(kcat/KM)paired

A

06, DNA template with 0>-MedG

Il Extension from C
I Extension from T

K., /K,, [MM*min]
°

AmGT

TmGA CmGT AmGA CmGG TmGC

06, DNA template with G

05 Il Extension from C
04 I Extension from T

K. /K,, [1M?min?]
° °
o @

AGT

TGA CGT AGA CGG TGC

Fig. 2. (A) Michaelis-Menten parameters for DNA extension synthesis from O°-
medG:C or 0°medG:T (mis)pairing in different trinucleotide contexts by pu-
rified hDNA Pol . (B) Michaelis-Menten parameters for DNA extension syn-
thesis by hDNA Pol ¢ from a G:C or G:T terminus in different trinucleotide
contexts. Data represent the mean of three independent experiments +/- SD.

certain contexts.

3.2. in vivo, Pol { appears error-free during TLS of 0%-medG

Rev3-deficient cells are sensitive to the methylating agent MNNG
and temozolomide [10]. By exposing MEFs (wild type vs. Rev3”") to
increasing MNNG concentrations in the presence of the MGMT inhibitor
Oé—Benzylguanine (0°-BnG) to prevent reversal of 0%medG, we
confirmed this sensitivity to MNNG-induced methylation
(Supplementary Figure 1). Next, we used these cells to test the impact of
Pol ¢ on the mutagenicity of MNNG in vivo. Independent subclones of
wild type and Rev3”~ MEF lines were isolated and these were either
mock-treated or exposed to MNNG in the presence of 0°-BnG, and
expanded for 15 generations to fix the mutations, thereby taking into
account the differences in growth between the lines. 0%-medG comprises
only 8 % of the total DNA methylation damage from MNNG, but the high
mutagenic potency of 0°medG and the sole induction of C>T

result from mispairing of 0%-medG with Thymidine. After expansion, we
subcloned the cells again (2-3 subclones per genotype and per treat-
ment) and performed whole-genomic sequencing of the parental sub-
clones and of each treated subclone (Fig. 3 A). This procedure allowed
us to filter out preexisting and spontaneous mutations and thus identify
the MNNG-induced mutations. To enable to quantitatively compare the
frequencies of MNNG-induced mutations within each genotype, muta-
tion frequencies within mock- or MNNG-treated cells were normalized
within each genotype to the number of mutated A:T base pairs. The
latter mutations are refractory to mutagenesis by MNNG and therefore
can serve as internal standards, enabling to correct for differences in the
efficiency of variant calling. We also corrected for differences in ploidy
of the lines (Supplementary Figure 2), thus defining the number of C>T
transitions on the basis of a diploid genome. In addition we subtracted
the mutations in mock-treated cells from MNNG-treated cells in order to
determine MNNG-induced mutation numbers and spectra in each
genotype.

In apparent contradiction with the primer extension experiments,
Pol (-deficiency resulted in a significant (p=0.01) 3.5-fold increase of
the frequency of MNNG-induced nucleotide substitutions in vivo
(Fig. 3B). This increased mutagenicity might suggest that Pol { may act
in a relatively error-free TLS pathway at 0%-medG in vivo. In addition,
the increased mutagenicity of MNNG in the absence of Pol { implies the
existence of a redundant inserter and/or extender polymerase that is
more mutagenic than Pol {. MNNG uniquely induced C>T transitions in
both genotypes, confirming the notion that 0®-medG is the only muta-
genic lesion induced by the drug, irrespective of the Pol { status
(Fig. 3 Q).

3.3. Mismatch repair corrects Pol {-associated misincorporations at 0°-
medG

Considering the discrepancy between the mutagenic insertion and
extension from 0°-medG:T by isolated Pol ¢ and the relatively error-free
role of Pol ¢ in MNNG-induced mutagenesis in cells, we hypothesized
that additional factors control Pol {-dependent mutations at 0%-medG in
vivo. DNA mismatch repair (MMR) was a prime candidate as it sup-
presses the mutagenicity of methylating agents [41]. This possibility was
not obvious since in S. cerevisize MMR does not operate downstream of
Pol ¢ [42,43] and, in contrast to mammalian cells, MMR does not
mediate the cytotoxicity of methylating drugs in S. cerevisiae [44]. To
investigate a role for MMR in correcting Pol {-dependent mutagenic TLS
at 0%medG in the mammalian context, we generated isogenic
MMR-deficient (Msh2”) and Pol {+MMR (Rev3”/"Msh2”")
double-deficient MEF lines. We first investigated the toxicity of MNNG
in these cell lines, in the presence of 0%BnG. In Pol {-proficient cells
MMR mediated the toxicity of MNNG, reflecting the lethal processing of
0%-medG:T mispairs by MMR (Supplementary Figure 3). However, in
the absence of Pol ¢, MMR deficiency rescued the toxicity of MNNG to a
lower extent. This result might suggest that, in the absence of Pol ¢, less
0%medG:T mispairs are produced that kill the cells in an
MMR-dependent fashion. This result would be consistent with a muta-
genic role for Pol ¢ during TLS of 0®-medG also in vivo (see below). Of
note, the increased sensitivity of Rev3” Msh2”/~ MEFs, compared with
Msh2”/~ MEFs, may reflect a role of Pol ¢ in TLS of the 92 % of
MNNG-induced lesions other than 0°-medG.



A. Tsaalbi-Shtylik et al.

DNA Repair 142 (2024) 103755

A Mock-treated subclones
Mock \
q
Polyclonal cells Parental subclone
Whole -genome sequencing,
Normalization
MNNG-treated subclones
Whole-genome
sequencing
MNNG+
0°-BnG
Whole -genome sequencing,
Normalization
B C
10 X% 10 *%
= ° =) .
38 ® B wt 38 ° B wt
S 6 Il Rev3 S5 6 Bl Rev3
T T
- Q =0 4
8 - 8E .
Q¢ 2 Bos 2
N vy 9w 0 ata
0 ——
C>A C>G T T>A T>C T>G

Fig. 3. (A) Experimental design of exposures and clonal expansion. Population containing cells with different number represent multiclonal cell lines, population
with the same number represent parental clonal lines and populations with the same number and letter represent experimental subclonal lines. (B) Normalized
mutation number induced by MNNG per diploid genome for wild type and Rev3”~ cells. (C) Normalized numbers of all possible SBS induced by MNNG per diploid
genome for wild type and Rev3”" cells. Data represent the data of three independent experiments +/- SD. Unpaired t-test; **p-value < 0.01.

Using these MEF lines we then repeated the MNNG-treatment and
whole genome sequencing experiments. In Pol {-proficient cells, MMR
suppressed the mutagenicity of MNNG by approximately 70-fold
(compare the green bars from Fig. 3B and Fig. 4 A), which implies the
efficient correction of misincorporations at 0°-medG. Meanwhile, in Pol
C-deficient cells, MMR suppressed the mutagenicity of MNNG only 15-
fold (compare the red bars from Fig. 3B and Fig. 4 A). In fact, in the
absence of MMR, loss of in Pol { resulted in a slight (but non-significant)
decrease in MNNG-induced mutations, consistent with error-prone ac-
tivity of Pol { that only becomes evident in the absence of MMR
(Fig. 4 A). In all cells, the SBS profiles again were dominated by C>T
transitions, in agreement with the causal role of 0°-medG of these
transition mutations (Fig. 4B). We conclude that MMR suppresses the
mutagenicity of Pol {-independent and, even more efficiently, of Pol
¢-dependent C>T mutagenesis at 0°®-medG. This notion would imply
that Pol ¢-dependent TLS at 0%-medG in fact is mutagenic also in vivo but
that this mutagenicity is suppressed efficiently by MMR. Moreover, this
result is consistent with the stronger rescue of MNNG toxicity by dis-
rupting MMR in Pol {-proficient MEFs than in Pol {-deficient MEFs
where less 0®-medG:T mispairs are produced (Supplementary Figure 3).
Of relevance, in Msh2”~ MEFs but not in wild type MEFs, MNNG also
induced double base substitutions (DBS), mainly CN>NN (Fig. 4 C) with

_'gg 150 * - Msh2 fg g1s0
28 I Vish2Rev3 a9
T2100 TZ100
52 gg
ot 2s
©»S 50 n g 50
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half being CC>TT transitions (Supplementary Figure 4). These DBS
completely depended on Pol ¢ as they were virtually absent in the Rev3”"
and in the Rev3”/"Msh2”/" MEFs. This result corroborates the propensity
of Pol { to produce tandem substitutions at endogenous non-distorting
DNA lesions [45] and can best be explained by the Pol {-dependent
TLS of 0%-medG to produce tandem misincorporations, and their sub-
sequent efficient repair by MMR. Collectively, our results suggest that, in
mammalian cells, the sequential activity of Pol { and MMR promotes the
low mutagenicity of nucleotide lesions that have retained coding
capacity.

3.4. Mutational signatures of MNNG-exposed MEFs reflect the adduct
signature and are modulated by MMR, but not by TLS

With whole genome sequencing data at hand, we looked more
closely into the relative frequencies of MNNG-induced single base sub-
stitutions within all trinucleotide contexts in relation to Pol ¢ and to
MMR deficiency, alone or in combination. In MMR-proficient cells,
disruption of Pol { led to an increase of the frequency of MNNG-induced
C>T transitions in most trinucleotide contexts (Fig. 5A), underscoring
the (apparently) error-free function of Pol ¢ in TLS in the presence of
MMR. Irrespective of the Pol { status, guanines flanked with a 5° purine

C
60
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o
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Fig. 4. (A) Normalized numbers of mutations induced by MNNG per diploid genome for Msh2”~ and Msh2”"Rev3” cells. (B) Normalized numbers and type of
mutations induced by MNNG per diploid genome for Msh2”~ and Msh2”"Rev3”" cells. (C) Tandem substitutions per diploid genome induced by MNNG for all four

genotypes. Data represent the data of at least two independent experiments.
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were particularly prone to undergo MNNG-induced C>T transitions.
This preference reflects the sequence preference of guanine methylation,
i.e. a template purine 5’ of the G [21,22].

Like in the MMR-proficient cells, the MNNG-induced trinucleotide
mutation signature in MMR-deficient cells was independent of the Pol ¢
status. This underscores the irrelevance for the eventual mutational
outcomes on whether Pol ¢ or a redundant polymerase has acted during
mutagenic TLS of 0%-medG (Figs. 5A, 5B). However, we observed a
significant difference in the relative trinucleotide distribution of sub-
stitutions between wild type and Msh2”" cells (Chi? p=0.004) and be-
tween wild type and Rev3” Msh2”" cells (Chi? p=0.009; Fig. 5B). On the
other hand, the distribution was similar between wild type and Rev3”"
cells (Chi'? p=0.998) and in both MMR-deficient groups Msh2”" and
Rev3”/ " Msh2”" (Chi2 p=1.000). Thus, in the absence of MMR not only A
(0%-medG)T and A(Oﬁ-medG)A, but all trinucleotides with a template
purine 5’ of the 0°®-medG were approximately equally prone to originate
C>T transitions.

This indicates that MMR corrects misincorporations of thymidine at
A(0%medG)T and A(0®-medG)A trinucleotides less efficiently than in
other trinucleotides, irrespective of their origin. Moreover, the MNNG-
induced mutation signatures in the absence of MMR (Fig. 5) poorly
correlated with the in vitro efficiency of extension from 0°%-medG:T by
Pol ¢ (Fig. 2 A, Table 3). Therefore, we conclude that MNNG-induced
mutational signature is determined by the purine-G methylation pref-
erence of MNNG, rather than by the inserter or the extender poly-
merases. This signature then is modulated by differential MMR (Fig. 5B).

3.5. Mutational signatures of MNNG-exposed MEFs share characteristics
of cancer mutational signatures

We further expanded our analysis to compare, on the basis of cosine
similarity, the high-resolution mutational spectra of MNNG-treated cells
with mutational signatures extracted by non-negative matrix factoriza-
tion from human cancer genomes (COSMIC signatures; Fig. 6) [19].
Three previously annotated signatures had a cosine similarity greater
than 0.80 (arbitrary cut-off between low and high similarity between
signatures) with at least one of the newly characterized genomes. All
trinucleotide mutational spectra in MNNG-treated cells of all genotypes
were highly similar to Signature 11 (cosine similarities 0.90-0.98), with
Msh2”/" and Rev3”” Msh2”" being almost identical to it (cosine similarity
close to 1; cosine similarity analysis does not allow generation of p
values). Signature 11 has been attributed to treatment of cancer patients
with temozolomide in the context of MMR deficiency. The spectra of the
MMR-deficient cell lines were also similar to signature 23 (cosine sim-
ilarity 0.81), which is thought to arise from guanine alkylation [20,46],
and the spectra from wild type and Pol {-deficient cells were similar to
signature 32 (cosine similarity 0.86), which has been attributed to
azathioprine, an immunosuppressant drug that leads to the incorpora-
tion of $®-medG in genomic DNA [19]. The pervasive and strong simi-
larity with Signature 11, in particular in both contexts lacking MMR, is
consistent with the profile reflecting an intrinsic mutation profile
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induced by 0%-medG. Moreover, it supports the etiological influence of
either reduced MMR function or saturation of MMR capacity in the
etiology of secondary cancers arising after temozolomide therapy, as the
MMR defect leaves unrepaired replication errors resulting from mis-
incorporations by TLS opposite methylated nucleotides.

4. Discussion

The concerted influences of DNA damage, DNA repair and TLS shape
landscapes of mutations that accumulate in cancer genomes. The indi-
vidual contributions of these mechanisms to mutation frequencies and
signatures are exceedingly difficult to unravel. Here we have addressed
this conundrum by combining in vitro primer extension experiments
using purified Pol ¢ with in vivo experiments using cells with defects in
MGMT, and in TLS or MMR, alone or in combination. Results of our
experiments with purified mammalian heterotetrameric Pol { holoen-
zyme suggested that Pol ¢, while its capacity to correctly insert opposite
the lesion was poor, could promote the accumulation of mutations due
to its proficiency in inserting a thymidine opposite an 0°-medG adduct,
and then extending from the mismatch. Alternatively, Pol { may extend
from a thymidine, misincorporated by another polymerase opposite 0°-
medG. Regardless of the identity of the inserter polymerase, a high
preference for pairing of T with 0%-medG is consistent with the H-bond-
acceptor-donor-acceptor profile for T. This arrangement leads to a C>T
transition and is consistent with data obtained using the yeast hetero-
dimeric Rev3/Rev7 core enzyme [23,24].

Disruption of Pol { in human cells does not affect the mutagenicity of
0%-medG in a transfected plasmid [26]. Nevertheless we found that cells
lacking Pol ¢ unexpectedly showed elevated, rather than reduced,
mutagenesis. This seemed to suggest that in the chromosomal context
Pol { may actually operate in a relatively error-free fashion during TLS at
0%medG in cells while, in its absence, a redundant and more
error-prone polymerase(s) takes over. While the replicative pol § can
incorporate opposite 0%-medG, Pol n and Pol « are candidates for such
extender polymerases [24,25,47].

The discrepancy between the mutagenic activity of purified Pol ¢ and
its apparent error-free nature in cells led us to hypothesize that another
mechanism, absent in the biochemical assay, might specifically suppress
Pol ¢-dependent mutagenesis at 0°-medG. Indeed, we found that MMR
strongly mitigated the Pol ¢{-dependent mutagenicity of 0%-medG. The
suppression of mutagenesis by MMR varied with the sequence context.
In addition, the results were consistent with MMR having less of an
impact on mutations arising from the action of alternative polymerase
(s). This differential activity might be related to the fact that Pol { isa B
type polymerase while Pol ) and Pol k are of the Y type. The induction of
Pol¢-dependent double substitutions by MNNG, at and beyond O°-
medG, and their complete repair by MMR provided additional evidence
for this conclusion (Fig. 4 C). Thus, the combined activity of (error-
prone) Pol {-dependent TLS and the strong suppression of its mutage-
nicity by MMR provides an effective mechanism to minimize the
mutagenicity of these non-distorting lesions. The MMR-mediated

Table 3

Comparison between enzymatic extension from a 0°®-medG:T mismatch in different trinucleotides with corresponding mutational frequencies in MNNG-exposed cells.
Trinucleotide Extension rate for isolated Relative extension rate for SBS frequencies in MMR- Relative SBS frequencies in MMR- SBS:enzyme
context enzyme” isolated enzyme deficient cells” deficient cells ratio®
AmGT/ACT 0.005 1 12.3 41.0 41.0
TmGA/TCA 0.3 60 3.4 11.3 0.2
CmGT/ACG 0.15 30 0.4 1.3 0.04
AmGA/TCT 0.01 2 18.6 62.0 31.0
CmGG/CCG 0.005 1 0.3 1.0 1.0
TmGC/GCA 0.45 90 4.1 13.7 0.2

2 Kcat/Km [pM’lmin’l]. Derived from Fig. 2 A.
b Msh2” cells; x10°. Derived from Fig. 5A.

© The cell:enzyme ratio reflects the MNNG-induced relative SBS frequency in Msh2”" cells, divided by the relative extension rate for isolated Pol ¢, to reflect the

discrepancy between biochemical and in vivo (SBS) data.
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Fig. 6. Cosine similarity of mutational spectra with previously annotated COSMIC mutational signatures.

correction of Pol {-dependent mutagenic TLS products reveals a funda-
mental difference in MMR between lower and higher eukaryotes as in
S. cerevisiae MMR does not operate efficiently downstream of Pol ¢ [42,
43]. In agreement, unlike in mammalian cells, in S. cerevisiae, MMR does
not mediate the cytotoxicity of methylating drugs [44], which is
believed to depend on the excision of misincorporations opposite
0%-medG.

Although our experiments using purified Pol { suggested a role of the
polymerase as a mutagenic inserter and extender at non-distorting le-
sions, the efficiency of mutagenic TLS by the purified protein at specific
trinucleotides compared to MNNG-induced mutational spectra in cells
are not consistent. This indicates that misincorporation ratios derived
from in vitro TLS experiments can be poor predictors of the mutagenic
phenotype resulting from the function of a TLS polymerase in a cell. We
note that in MMR-deficient cells, irrespective of their Pol { status,
MNNG-induced mutational signatures are consistent with the 0%-medG
adduct preference (Purine preceding G) [21,22]. We hypothesize that,
rather than the nature of the inserter polymerase, the physicochemical
properties of the 0®-medG in the template determines the nature of the
nucleotide (dT or dC) that is (mis)incorporated. Pol ¢, however, may be
exquisitely capable of extending from a misincorporated nucleotide,
explaining its propensity to ’fixate’ such a misincorporation and
explaining its mutagenicity, at least in the absence of MMR. In
MMR-proficient cells, this repair pathway may then preferentially repair
Pol (-extended misincorporations, albeit in a mildly sequence
context-biased fashion (Fig. 5B). Our data furthermore imply that the
MEF cell model used here is well suited for delineating the individual
roles of Pol { and MMR in determining the mutagenic outcomes of
exposure to DNA-damaging chemicals.

When comparing the high-resolution mutational signatures induced
by MNNG with human cancer mutational signatures, we found that all
MNNG-induced mutations, in particular in Msh2”~ and in Rev3” Msh2”
cells, were almost identical to mutational Signature 11, which is anno-
tated as arising from exposure to the methylating drug temozolomide
[18,20], in particular in MMR-deficient gliomas [46,48]. Thus, in these
gliomas, temozolomide exposure might have selected for drug-resistant,
MMR-deficient cells. This gives rise to Signature 11, consequent to the
Pol {-dependent and -independent mutagenesis mechanism delineated
above.

The evidence provided here that MMR suppresses most of the Pol
¢-dependent misincorporations at 0®-medG, implies that MMR plays an
important function in the control of mutagenic TLS at non-helix-
distorting DNA adducts, that retain some form of basepairing. Indeed,
MMR has also been proposed to repair mismatches at poorly-distorting
8-oxoguanines and uracils (reviewed in [49,50]). This non-canonical
function of MMR might possibly be extended to DNA lesions with in-
termediate coding capacity. Thus, we have previously found that MMR
also suppresses the TLS-dependent mutagenicity of UV-induced,
moderately helix-distorting, cyclobutane pyrimidine dimers [51].
Collectively, our findings reveal a new layer of interaction between

mutagenic TLS and anti-mutagenic MMR to control mutagenic and DNA
damage responses to unrepaired DNA lesions. Finally, the activity of this
dual control mechanism warrants caution as to the interpretation of data
on the involvement and mutagenicity of TLS polymerases in the bypass
of endogenous or exogenous DNA lesions, when MMR is active.
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