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Abstract

DNA interstrand crosslinks (ICLs) are highly cytotoxic lesions that block essential cellular processes like replication and transcription. Endogenous
ICLs can be induced by reactive aldehydes produced during normal cellular metabolism. Defective repair of these aldehyde-induced ICLs is
associated with Fanconi anaemia (FA), a cancer predisposition syndrome. We previously showed that acetaldehyde-induced ICLs are repaired
by the FA pathway and a novel excision-independent pathway. Here, we demonstrate that ICLs induced by acrolein, another cellular aldehyde,
are also repaired by both pathways, establishing the generality of aldehyde ICL repair. Focusing on the FA pathway, we identify DNA polymerase
kappa (Polk) as the primary translesion synthesis (TLS) polymerase responsible for the insertion step during lesion bypass of unhooked aldehyde
ICLs. This function requires Polk’s catalytic activity and PCNA interaction domains but is independent of Rev1 interaction. In contrast, Polk has
a non-catalytic role in the extension step of cisplatin ICL repair that is dependent on Rev1 interaction. Our work reveals a key role for Polk in
aldehyde ICL repair and provides mechanistic insights into how different ICL structures determine the choice of TLS polymerases during repair.
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Introduction

DNA interstrand crosslinks (ICLs) covalently link Watson and
Crick DNA strands, preventing their unwinding, which is re-
quired for DNA replication and transcription. These highly
cytotoxic DNA lesions are exploited in cancer chemotherapy
with crosslinking agents but are also induced by endogenous
cellular metabolites. An impaired ability to repair ICLs is asso-
ciated with Fanconi anaemia (FA), a clinically heterogeneous
disease characterized by bone marrow failure and a predis-
position to cancer. FA results from mutations in one of the
currently known 23 FA genes, encoding proteins (FANCA-
Y) that act together in the FA pathway to repair ICLs [1-4].
This pathway can resolve ICLs induced by crosslinking agents
such as cisplatin, but also those induced by endogenous reac-
tive aldehydes [5-12]. During FA pathway-mediated ICL re-
pair, two DNA replication forks converging at the ICL pro-
mote endonucleolytic backbone incisions on one of the DNA
strands. This unhooks the crosslink, leaving an ICL adduct on
one strand and a double-stranded break (DSB) on the other
strand [13-15]. Translesion Synthesis (TLS) bypasses the ad-
ducted strand, creating a template for homologous recombi-
nation (HR) to resolve the DSB on the other strand [14, 16—
18].

Recently, we reported that acetaldehyde-induced ICLs (AA-
ICLs) are repaired by the FA pathway but also by a differ-
ent excision-independent pathway [19].ICL unhooking in this
alternative pathway does not occur via DNA backbone inci-
sions but involves cleavage within the ICL, leaving an adduct
that is subsequently bypassed by TLS. However, many mech-
anistic details of this pathway are still unknown. While the
excision-independent repair route is more prone to point mu-
tations than the FA pathway, it is faster and likely reduces
the risk of large chromosomal rearrangements by avoiding
DNA strand breaks [19]. Whether both pathways also act
on ICLs induced by other cellular aldehydes is not known
but one of these, acrolein, has been linked to the FA path-
way [20-24]. Combined deficiency in the FA pathway and
aldehyde dehydrogenase 9A1 (ALDH9A1) leads to synthetic
lethality in cells and solid tumours in mice, likely due to in-
creased endogenous acrolein levels [25]. Exposure to acrolein
is enhanced by smoking [26, 27], which leads to increased
levels of acrolein monoadducts, ICL precursors implicated
in alcohol- and smoking-related cancers. However, whether
acrolein-ICLs require the FA pathway, or the excision-
independent pathway, or both, for their repair has not yet been
demonstrated.

TLS past an unhooked adduct is an essential step for both
the FA and excision-independent pathways. TLS typically in-
volves two steps: (i) insertion of a nucleotide opposite the le-
sion followed by (ii) DNA extension past the lesion. These
steps involve specialized polymerases that can accommodate
modified or damaged bases in their active sites [28-31]. In eu-
karyotes, these are the Y-family polymerases Rev1, Polk, Poln,
and Polt and the B-family polymerase Poll, consisting of the
catalytic subunit Rev3 and the co-subunits Rev7, Pold2, and
Pold3 [32-35]. Recruitment of these specialized polymerases
often occurs via PCNA, which gets ubiquitylated in response
to DNA damage [36-42] and interacts with TLS polymerases
through their PCNA interacting domains (PIPs) and ubiquitin-
binding zinc fingers (UBZs) or motifs (UBMs) [33, 34,42, 43].
Rev1 acts as a scaffold for Y-family polymerases and Pol¢ and
can alternatively promote their recruitment [28, 30, 31]. The

role of these TLS polymerases in ICL repair, especially during
the insertion step, is still unknown.

Studying TLS during interstrand crosslink repair has
proven to be challenging, partly because crosslinking agents
induce various damage types requiring different repair path-
ways and because the exact nature of the adduct after ICL
unhooking is not always known. Previous studies in Xeno-
pus egg extract showed that Rev1-Pol( is important for ex-
tension past the unhooked adduct in the repair of cisplatin
ICLs but not for the less distorting nitrogen mustard-like
ICLs [14, 17]. While the Rev1-Pol{ complex also plays a
role in acetaldehyde ICL repair, loss of this complex af-
fects TLS at the stage of insertion [19]. In in vitro primer
extension assays, another TLS polymerase, Polk, can by-
pass substrates mimicking FA-mediated unhooked Pt-ICLs,
ACR-ICLs, and nitrogen mustard-ICLs [28]. Polk and its
bacterial orthologue PollV show specificity for the bypass
of minor groove lesions, including the N2-guanine alde-
hyde adducts [44-47]. However, the role of Polk in alde-
hyde ICL repair has not been explored in a physiological
setting.

In this study, we first show that acrolein ICLs, like acetalde-
hyde ICLs, are repaired via both the FA pathway and the re-
cently identified excision-independent pathway, thereby estab-
lishing a common repair strategy for aldehyde-induced ICLs.
We next focus on the FA pathway-mediated repair route and
identify Polk as the primary TLS polymerase in aldehyde ICL
repair, promoting the insertion step in TLS. Our data indi-
cate Polk is recruited to aldehyde ICLs via PCNA. While the
bypass of aldehyde-ICL adducts by Polk does not depend on
Rev1, we show that Polk has a Revl-dependent role in the
bypass of cisplatin adducts during ICL repair. Together our
data suggest that the mechanisms of ICL repair differ sub-
stantially between model chemotherapeutic lesions such as cis-
platin and lesions caused by endogenous reactive aldehydes
in Vivo.

Materials and methods

Synthesis of site-specific native acrolein ICL and
acrolein monoadduct duplexes

Oligodeoxyribonucleotide (ODN) duplexes containing
v-OH-PdG (mono-ACR) and native acrolein ICL (ACRyaT-
ICL) were generated using a similar method as in [19]. Briefly,
a custom GA-rich ODN ‘ACRnaT-GA-2FdI’ (5'-[phos]-GCA
CGA AAG AAG AGC 2FdI-GA AG, Eurogentec, Oligo 1,
Table 1) was synthesized, including a 5'-Dimethoxytrityl-
2-fluoro-O°-(p-nitrophenylethyl)-2'-deoxyinosine,3'-[(2-

cyanoethyl)-(N,N-diisopropyl)]-phosphoramidite. The ODN
(ca. 0.25 pmol ODN on solid support) was incubated with 7
mg 4-amino-1,2-butanediol (FluoroChem) in 220 ul DMSO
and 110 ul TEA with agitation at room temperature (RT)
overnight. The support was washed three times with 200 pl
DMSO and three times with 400 ul CH;CN, followed by
removal of the O°-p-nitrophenylethyl group with 300 ul of 1
M DBU in CH;CN at RT for 1 h. The support was washed
three times with 250 ul CH3CN and treated with 500 ul aq.
Twenty-eight percent NH4OH at 55°C for 6 h to remove
the remaining protecting groups and elute the NZ2-(3,4-
dihydroxybutyl)-guanine-modified ODN from the support.
The ODN was dried using a SpeedVac, resuspended in water,
applied to a MonoQ 5/50 GL column in buffer A (10 mM
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Table 1. All oligos used in this study

Lesion bypass by polymerase « in aldehyde ICL repair

3

Primer # Used for Sequence Notes

1 Native Acrolein ICL duplex formation 5'-[phos]-GCACGAAAGAAG AGC ACRnaT-GA-2FdI
2FdI-GA AG

2 Native Acrolein ICL duplex formation 5'-[phos]-CCCTCTTCCGCT CTTCTTTC ACRnaT-CT

w

Native Acrolein ICL position
confirmation

4 Reduced Acrolein ICL duplex
formation

N Reduced Acrolein ICL duplex
formation

6 Control sequence for Reduced Acrolein
ICL duplex formation

7 Control sequence for Reduced Acrolein
ICL duplex formation

8 Sequencing ladder production

9 Primer extension on late repair
products Forward

10 Primer extension on late repair
products Reverse

11 MutSeq Step 1 Reverse

12 MutSeq Step 2 Forward

13 MutSeq Step 2 Reverse

14 Amplification GST HRV-3C from

pGex6p2 for Gibson
Assembly Forward

15 Amplification GST HRV-3C from
pGex6p2 for Gibson Assembly Reverse

16 xIPolk Wt Gibson Assembly fragment
Forward

17 x[Polk Wt Gibson Assembly

fragment Reverse

18 xIPolk RIR mt Gibson Assembly
fragment production Forward

19 x[Polk RIR mt Gibson Assembly
fragment production Reverse

20 Site directed mutagenesis Polk CD
mutant Forward

21 Site directed mutagenesis Polk CD
mutant Reverse

22 Site directed mutagenesis Polk PIP1
mutant Forward

23 Site directed mutagenesis Polk PIP1
mutant Reverse

24 Site directed mutagenesis Polk PIP2

mutant Forward

25 Site directed mutagenesis Polk PIP2
mutant Reverse

26 Site directed mutagenesis Polk UBZ1
mutant Forward

27 Site directed mutagenesis Polk UBZ1
mutant Reverse

5'-[phos]-CCCTCTTCC-dI-CT
CTTCTTTC
5’-[phos]-GCACGAAAGAAGCAC-2FdI-
TGAG

5’-[phos]-
CCCTCTCAC-2FdI-TGCTTCTTTC
5'-[phos]-GCACGAAAG
AAGCACGTGAG
5'[phos]-CCCTCTCACGTGCTTCTTTC

S'CATGTTTTACTAGCCAGATTTTTC
CTCCTCTCCTG
5'CTCGAGCGGAAGTGCAGAAC

S’AATACGCAAACCGCCTCTCC
S'GTTCAGACGTGTGCTCTTCCGATCT

NNNNNNNNNNNNNNNNBBBBBBBB
GGGGCGGGACTATGGTTGCTGACT

§'CTCCTGACTACTCCCAGTCATAGC
TGTCCC
S'GTTCAGACGTGTGCTCTTCCGATC
T
S'TCGACGAGCTCACTTGTCGCCATG
TCCCCTATACTAGGTTATTGGAAAAT
TAAGG
5'"CAGGCTCTAGATTCGAAAGCGGCC
GCGGGCCCCTGGAACAGAAC
5'GGCTCTAGATTCGAAAGCTTATCA
CTTAAAAAATCGATCTATAGTATTTT
TCGAAGAATTAGGTTTTC

S'GTTCCAGGGGCCCGCAAT
GGACAATAAGCAGGAGGCC

§'CTCGGCAGTGACAAGGAGGTGCAG
TGC

S'GGCTTTCCGCTATGGAGGAACGAG
GTT

S'CAACTTTCTCCCTATGTCGCTG
GcTGe
AGCTTACCTCGATTTCACTGACC

5’ GGTCAGTGAAATCGAGGTAAGC
TgCAg
CCAGCGACATAGGGAGAAAGTTG
5'GCACCACCAGAAGTCTATAACCTC
GgcCCg CCATAGCGGAAAGCCAGGC

S'GCCTGGCTTTCCGCTATGGcGGge
CGAGGTTATAGACTTCTGGTGGTGC

S'GTAAGAAATCAAAACCTAATTCTT
CGAAAAATACTATAGATCGAgcTge
TAAGTGATAAGCTTTCGAACTAGAGC
CTG
S'CAGGCTCTAGATTCGAAAGCTTAT
CACTTAgcAge
TCGATCTATAGTATTTTTCGAAGAAT
TAGGTTTGATTTCTTAC
S'GGATGGGATATCGCTACCTTTAAT
AAACATATCGc
CAAGTGCCTCTCGGGTTCTC
5'GAGAACCCGAGAGGCACTTGg
CGATATGTTTATTAAAGGTAGCGATA
TCCCATCC

ACRNT-CT-dI
ACRRrgp-GA-2FdI

ACRRgp-CT-2FdI

Primer S (USB)

GTTCAGACGTGTGCTCTTCCGATCT
= Nesting Sequence for Step 2
NNNNNNNNNNNNNNNN = UMI
BBBBBBBB = Barcode *See Barcode list
below table

Compatible with NotI digested pACEBac1

Compatible with NotI digested pACEBac1

Arms were incorporated into 1992 bp gBlock
containing codon optimized xIWT Polk for
Gibson Assembly.

Compatible with NotI digested
pACEBac1-GST HRV 3C

Arms were incorporated into 1992 bp gBlock
containing codon optimized xIWT Polk for
Gibson Assembly.

Compatible with Notl digested
pACEBac1-GST HRV 3C

Arms were incorporated into 400 bp gBlock
containing RIR mutation for Gibson
Assembly.

Compatible with pACEBac1-GST HRV
3C-PolkWT

Arms were incorporated into 400 bp gBlock
containing RIR mutation for Gibson
Assembly.

Compatible with pACEBac1-GST HRV
3C-PolkWT

Polk D199A, E200A; catalytic dead mutant.
Compatible with pACEBac1-GST HRV
3C-PolkWT**

Polk D199A, E200A; catalytic dead mutant.
Compatible with pACEBac1-GST HRV
3C-PolkWT**

Polk F530A, L531P; PIP1 mutant
Compatible with pACEBac1-GST HRV
3C-PolkWT**

Polk F530A, L531P; PIP1 mutant
Compatible with pACEBac1-GST HRV
3C-PolkWT**

Polk F860A, F861A; PIP2 mutant
Compatible with pACEBac1-GST HRV
3C-PolkWT**

Polk F860A, F861A; PIP2 mutant
Compatible with pACEBac1-GST HRV
3C-PolkWT**

Polk D634A; UBZ1 mutant Compatible with
pACEBac1-GST HRV 3C-Polk WT**

Polk D634A; UBZ1 mutant Compatible with
pACEBac1-GST HRV 3C-Polk WT**
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4  van der Sluijs et al.

Table 1. Continued

Primer # Used for Sequence Notes
28 Site directed mutagenesis Polk UBZ2 5'GACGGCCTTTAATCGCCATGTTGe Polk D789A; UBZ2 mutant
mutant Forward TGTTTGTTTAAATAAGGGTATTATTC Compatible with pACEBac1-GST HRV
AAAAGCTCACAGAG 3C-PolkWT**
29 Site directed mutagenesis Polk UBZ2 S'CTCTGTGAGCTTTTGAATAATACC Polk D789A; UBZ2 mutant
mutant Reverse CTTATTTAAACAAACAg Compatible with pACEBac1-GST HRV
CAACATGGCGATTAAAGGCCGTC 3C-PolkWT**
30 In vitro primer extension by x/Polk 5'CGGCCGCTCTACAACTAGTGGATC
CATGCACGCTGTCTAGAGGAAGCC
GGTAATAGCTACGTAGCGTCTAGCTA
GGAGCTGTCTTCATGAATTCGATATC
31 In vitro primer extension by x/Polk 5S'GATATCGAATTCATGAAGACAGC conjugated to an Alexa Fluor 647 on the 5

TCCTAGCTAGAC end

All primers and gBlocks were obtained from IDT unless otherwise specified in the ‘Materials and methods section.
* Barcodes used for MutSeq: ACGTAGCT, CGTCGGCT, GCGTTTCG, GGTCTGAC, GTTTCACT, TACGAATC, CCTTTACA, CTAGATTC, ACTAACTG, and ATCC-

TATT.

**Mutant bases for mutagenesis are indicated by lower cases. All generated plasmids were verified by sequencing.

Tris—=HCI, pH 7.5, 100 mM NaCl), and eluted in a gradient of
3% buffer B (10 mM Tris—=HCI, pH 7.5, 800 mM NaCl) per
CV at 4°C. The N?-(3,4-dihydroxybutyl)-guanine-modified
ODN eluted at a conductivity of 46.1 mS/cm. Peak fractions
were pooled and reinjected to increase purity followed by
desalting using a NAP-5 column (Cytiva). The modified ODN
was reacted with 50 mM NalOy for 1 h at RT and the reaction
was quenched by desalting over a NAP-5 column in MQ wa-
ter. The resulting y-hydroxy-1,N?-propanoguanine-modified
(y-OH-PdG) ODN was mixed at a 1:1 molar ratio with the
complementary CT-rich ODN ‘ACRnaT-CT” (5’-[phos]-CCC
TCT TCC GCT CTT CTT TC, Oligo 2, Table 1) in PBS and
annealed (85°C for 5 min, ramped to 25°C at —0.1°C s7!)
and flash frozen immediately to prevent crosslink formation.
The presence of mono-ACR adduct was confirmed by primer
extension assay (Supplementary Fig. S1G).

For native acrolein ICL (ACRnaT-ICL) formation, the an-
nealed ODNs were incubated at 37°C for 7-14 days to al-
low cross-link formation. The reaction progression was anal-
ysed by denaturing polyacrylamide gel electrophoresis (PAGE)
stained with Sybr Gold (Thermo Scientific) (Supplementary
Fig. S1E). Final v-OH-PdG-dG crosslink yields were ~50%.
Crosslinked duplexes were purified by denaturing PAGE
and/or High-Performance Liquid Chromatography (HPLC)
via an AdvanceBio Oligonucleotide, 4.6 x 150 mm, 2.7 pm
column (Agilent) in 15 mM TEA/400 mM HFIP (pH 7.0),
at 0.5 ml min~! at 60°C, over 30 min, effecting a 25%—
32.5% MeOH gradient. Crosslinked ODN duplexes eluted
at ~30% MeOH and were confirmed by denaturing PAGE
analysis. Fractions containing crosslinked DNA were evapo-
rated to dryness and reconstituted in 1x PBS. The identity of
the crosslinked ODN duplexes was confirmed by MALDI MS
(Mexp 12353 Da, Mg, 12357 Da, equivalent to an accuracy
of ca. 300 ppm).

The y-OH-PdG ODN was also annealed and incubated
with a 2’-deoxyinosine-containing ODN ‘ACRnar-CT-dI” (5'-
[phos]-CCC TCT TCC -dI-CT CTT CTT TC, oligo 3, Ta-
ble 1) to confirm crosslinking to the correct nucleotide
(Supplementary Fig. S1C).

Synthesis of site-specific reduced acrolein ICL
duplexes

For direct preparation of reduced acrolein interstrand
crosslinks (ACRggp-ICL), two ODNs containing a Pmll

restriction site were synthesized by LGC Biosearch or
Eurogentec.

A GA-rich ODN  ‘ACRggp-GA-2Fdl’  (5'-[phos]-
GCACGAAAGAAGCAC-2FdI-TGAG, Oligo 4, Table 1) was
prepared as described earlier, or in a control reaction omitting
4-amino-1,2-butanediol. In either case, the 2FdI-containing
deprotected oligonucleotide was purified by HPLC using an
AdvanceBio Oligonucleotide, 4.6 x 150 mm, 2.7 pm column
(Agilent), using buffers and conditions described earlier, ef-
fecting a 20%-27.5% MeOH gradient over 30 ml. Fractions
containing deprotected 2FdI were collected at ~24% MeOH.
After drying, oligo was resuspended in pure water. Final
mass was determined by MALDI (Mey, 6292 Da, M}, 6292
Da). A complementary CT-rich ODN ‘ACRggp-CT-2FdI’
(5'-[phos]-CCCTCTCAC-2FdI-TGCTTCTTTC, Oligo 3,
Table 1) was synthesized using base-labile phosphoramidites
(phenoxyacetyl (pac) for dA and dG and acetyl for dC), incor-
porating an O°-(2-trimethylsilyl)-2-fluoro-2’-deoxyinosine
CED phosphoramidite. ODN ACRgrgp-CT-2FdI (0.5 pmol on
support) was reacted with 1 ml of 50% 1,3-Diaminopropane
in DMSO and incubated at RT for 24 h. Beads were reconsti-
tuted in pure water, to which an equal volume of 10% AcOH
was added (to 5% final concentration), and incubated for
45 min at RT, after which the reaction was neutralized on
ice, with an equal volume of 1M K,HPO4. Eluted oligo was
desalted using a Nap-10 column (Cytiva) and final mass was
confirmed by MALDI (M, 6083 Da, M, 6082 Da).

Equimolar amounts (1 nmol each) of the two oligos were
annealed in 1x PBS and allowed to react up to 4 d at RT. The
resulting crosslinked duplex was purified over an Advance-
Bio Oligonucleotide column under conditions described for
PK2FPi2_PmlI_top. ACRgep-ICL was readily separated from
non-reacted species at 25% MeOH. Crosslink formation was
confirmed by denaturing PAGE and final mass was confirmed
by MALDI MS (Mg, 12355 Da, M, 12358 Da, equivalent
to an accuracy of ca. 200 ppm) (Supplementary Fig. S1B).

Synthesis of other site-specific ICL-containing
duplexes

Oligo duplexes containing a native acetaldehyde ICL (AAnat-
ICL) or a Me-y-OH-PdG (mono-AA) were prepared as de-
scribed in [19]. The reduced acetaldehyde ICL (AArgp-ICL)-
containing duplex was prepared as described in [48], and cis-
platin ICL (Pt-ICL) duplex was prepared as described in [14].
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Crosslink stability assay

Aliquots (3 pl) of crosslinking reactions prior to purification
were incubated with 3 ul of a 6.25% formic acid solution for
10 min at 37°C. Reactions were quenched with 10 pl of 1 M
Tris-HCI (pH 8.0), and 15 ul of Gel Loading Buffer II (Invit-
rogen™) was added. Products were separated on 18% dena-
turing PAGE gel and stained with SybrGold.

Preparation of plasmids

ICL-containing plasmids were prepared as described previ-
ously [19, 48-51]. Briefly, duplexes containing ICLs derived
from acetaldehyde, acrolein, cisplatin, or psoralen were lig-
ated into a pSVRLuc vector linearized with Bbs1. After liga-
tion, the plasmid was purified using a caesium chloride gradi-
ent. To make pMono-AA or pMono-ACR, ligation of a duplex
containing a PdG into a backbone linearized by Bbs1 was fol-
lowed by caesium gradient purification, as described earlier.
pCtrl-ACR was prepared by annealing the primers 6 and 7 of
Table 1, followed by ligation of the duplex into BbsI-digested
pSVRluc.

Preparation of Xenopus egg extracts

Xenopus laevis female frogs (aged >2 years) were purchased
from Nasco, which provided eggs. Preparation of Xenopus
egg extracts and DNA replication were performed as previ-
ously described [52, 53]. All animal procedures and exper-
iments were performed in accordance with national animal
welfare laws and were reviewed by the Animal Ethics Com-
mittee of the Royal Netherlands Academy of Arts and Sci-
ences (KNAW). All animal experiments were conducted un-
der a project licence granted by the Central Committee Ani-
mal Experimentation (CCD) of the Dutch government and ap-
proved by the Hubrecht Institute Animal Welfare Body (IvD),
with project licence number AVD80100202216633.

Replication of plasmids in Xenopus egg extract

For DNA replication, plasmids were incubated in a high-speed
supernatant extract (HSS) at a final concentration of 7.5 ng/ul
for 20-30 min at RT to license the DNA. Two volumes of nu-
cleoplasmic extract (NPE) were added to start DNA replica-
tion. For nascent strand labelling, HSS was supplemented with
32P-a-dCTPs. When indicated, an unrelated non-damaged
control plasmid (pQuant) of 3.8 kb was added at concentra-
tions up to 0.8 ng/ul, to be used as internal control for quan-
tifications [19]. CMG unloading was blocked by the addition
of p97 inhibitor (NMS-873, Sigma) to NPE at a final concen-
tration of up to 200 pM 20 min before the start of replication
[19]. To analyse undigested DNA replication products, repli-
cation reactions were stopped by adding five volumes of repli-
cation stop solution I [Stop I: 80 mM Tris (pH 8), 5% sodium
dodecyl sulphate (SDS), 0.13% phosphoric acid, 10% Ficoll,
8 mM ethylenediamine tetraacetic acid (EDTA), 0.1% bro-
mophenol blue]. The samples were treated with proteinase K
(1.5 pg/ul) for 30 min at 37°C and resolved by 0.8% native
agarose gel electrophoresis. The gel was dried and visualized
by autoradiography. For isolation of replication intermediates,
aliquots of the reaction were stopped with 10 volumes of repli-
cation stop solution II (Stop II: 50 mM Tris (pH 7.5), 0.5%
SDS, 10 mM EDTA pH 8). Samples were then treated with
Proteinase K (0.5 pg/ul) for 1 h at 37°C or overnight at RT.

Lesion bypass by polymerase k in aldehyde ICL repair 5

DNA was phenol/chloroform extracted, ethanol precipitated
with glycogen (0.3 pg/ul), and resuspended in 10 mM Tris,
(pH 7.5), in a volume equal to the reaction sample taken.

Immunodepletion

Polk and Rev1 depletion were carried out as follows: Dyn-
abeads Protein A (ThermoFisher) were saturated with puri-
fied antibody overnight at 4°C or for 30 min at RT. Antibody-
coupled beads were incubated in NPE and HSS in a 3:1 ratio
for 30 min at 4°C for one round. For mock depletions purified
IgGs were used. In the experiments where double depletions
are compared to single depletions, the bead-to-extract volume
was kept identical via supplementation of mock beads to the
single depletions. To rescue depletions with wild-type (WT)
or mt Polk, near-endogenous levels of recombinant Polk were
added to the depleted extract before the start of replication.
The final protein levels in the extract were determined by west-
ern blot.

Antibodies

For depletion and detection of Xenopus Polk antibodies, they
were generated via Vivitide, who produced C- and N-terminal
peptide antigens, injected them in rabbits and purified their
antisera. C-term Polk: Ac-C KSKPNSSKNTIDRFFK-OH, N-
term Polk: H2N-MDNKQEAEIAPSNEAFQC-amide. Both
antibodies, and not their pre-immune sera, were capable of
detection and depletion of Polk. For all depletions and west-
ern blot analyses, the C-terminal antibody was used. Only in
the cases where the recombinant PIP mutant of Polk had to
be detected did we use the N-terminal antibody, as the PIP2
is at the C-terminus. For depletion and detection of Rev1 and
FANCD?2, antibodies were generated via Biogenes: Rev1 [17]
and FANCD?2 [14, 15]. Antigens were expressed in bacteria
and purified as previously reported. gBlocks (IDT) were or-
dered of Escherichia coli codon-optimized antigens against
Xenopus, a middle fragment of Revl (aa: 120-420), and an
N-terminal fragment of FANCD2 (aa: 1-117). The use of an-
tibodies against xIREV7 [14, 15, 17, 19] and PCNA [17, 54]
and Histone H3 (abcam) was previously described. The an-
tibody for Ubiquityl-PCNA Lys164 is available commercially
at Cell Signaling Technology (DSC7P) Rabbit mAb #13439.

Repair assay

Repair as measured by restriction recognition site regenera-
tion was analysed by digesting 1 ul of extracted DNA with
HinclIl (New England Biolabs), or HinclI and Sapl (New Eng-
land Biolabs) for Pt-ICLs, or HincIl and PmlI (New England
Biolabs) for ACRrgp-ICLs for 3 h at 37°C. The resulting
products were separated on a 0.8% native agarose gel. The
gel was dried and visualized by autoradiography. Repair effi-
ciency was calculated as previously described [15].

APEI glycosylase assay

Strand breaks or abasic site formation was assessed as previ-
ously described [19]. Briefly, plasmids were replicated in the
presence of pQuant. After extraction of the DNA repair inter-
mediates, samples were digested with Hincll or with Hincll
and APE1 (New England Biolabs). The digested products were
separated on a 0.8 % native agarose gel, and the gel was dried
and visualized by autoradiography. Quantification was done

GZ0Z 1990100 90 U0 1sonb Aq 6£Z2928/G.8+eXB/gL/cS/a[01e/1eu/wod dno olwapede//:sd)y woly papeojumoq



6  van der Sluijs et al.

using Image Quant (GE Healthcare). The arm fragments were
first normalized against pQuant, and the highest value was set
to 1.

Sequencing gel

Nascent strand analysis was performed as previously de-
scribed [14]. In brief, extracted DNA repair products were di-
gested with AfIIII (New England Biolabs) for 3 h at 37°C. After
adding one volume of denaturing PAGE Gel Loading Buffer
II (Invitrogen™), the samples were separated on a 7% poly-
acrylamide sequencing gel; the gel was dried and visualized
by autoradiography. The sequencing gel ladder was produced
using the Thermo Sequenase Cycle Sequencing Kit containing
ddNTPs (USB), a pCtrl plasmid and primer 8 (Table 1).

Lesion bypass assay

Extracted DNA repair products were digested with Hincll and
separated on an alkaline 0.8% agarose gel. The gel was dried
and visualized by autoradiography. Relative arm and bypass
products were quantified by normalizing their intensities with
the corresponding pCDF radioactive signal. The highest mea-
sured intensity of the mock conditions was set to 1.

Notl assay

Notl assays were performed as described in [19]. Briefly,
plasmids were replicated in Xenopus egg extract in the ab-
sence of 32P-«x-dCTPs, and intermediates were purified as de-
scribed earlier. Replication reactions were supplemented with
a pQuant plasmid that produces a 28-nt fragment upon Notl
digestion as an internal control. Extracted DNA was digested
with NotI-HF for 2 h at 37°C and 3’ labelled by filling in the
5’-overhangs with Sequenase DNA Polymerase (USB) in the
presence of 32P-x-dCTPs and non-labelled dGTP. One vol-
ume of denaturing PAGE Gel Loading Buffer II (Invitrogen™)
was added, samples were denatured by incubation at 98°C for
3 min, kept on ice, and the DNA fragments were separated by
20% urea PAGE. Products were visualized by autoradiogra-
phy and quantified using ImageQuant software (GE Health-
care). To quantify repair percentages, first, the intensity of
pQuant 28 nt fragment was used to normalize the intensity of
the 44 nt products. Then, the normalized linear 44-nt products
were expressed as a percentage of the total of 88- and 44-nt
fragments at time point zero, which represents the percentage
of the input DNA that is accumulating over time in the 44-nt
band. Finally, the percentage of non-crosslinked background
was subtracted to yield the percentage of molecules that have
undergone TLS or HR during repair. Of note, 2 or 3 bands
can be seen at the height of the 44-nt fragment in some gels as
described previously [19].

Primer extension on late repair products

Primer extensions were performed as described in [19]. Briefly,
plasmids were replicated in Xenopus egg extract in the ab-
sence of 32P-a-dCTPs, and late replication and repair prod-
ucts were purified as described earlier. Samples were digested
with AflIIl and BamHI, and the DNA fragments were used as
a template for primer extension with either a forward primer,
primer 9, or reverse primer, primer 10 (Table 1), that was ra-
dioactively labelled with PNK and 32P-y-ATP at the 5 end
and was subsequently annealed to DNA in a thermocycler.
The primers were then extended using the Phusion High-

Fidelity DNA Polymerase (NEB) for one round. The resulting
DNA fragments were first concentrated by ethanol precipita-
tion (as described earlier) and then separated on a 20% dena-
turing PAGE gel and visualized by autoradiography.

Mutation sequencing sample preparation

To generate MutSeq libraries, phenol-chloroform-extracted
DNA from late replication reactions was treated with 2 pg
RNaseA at 37°C for 1 h. Ten nanograms of RNase-treated
DNA was then amplified during a two-step nested polymerase
chain reaction (PCR). Step 1 involves a single PCR cycle with
an equimolar ratio of input DNA and a single barcoded and
Unique Molecular Identifier (UMI)-containing primer 11 (Ta-
ble 1), adding a sample-specific barcode (8 nt), a 16 nt UMI
for quantification, and nesting sequences for step 2. Step 2
primers, primers 12 and 13 (Table 1), added indexes and II-
lumina p5/p7 sequences and amplified the barcode-tagged
samples. Samples are analysed for the specific amplification
product on an agarose gel, extracted (Promega Wizard kit),
and pooled together. Final pooled libraries were quantified
by Qubit (Thermo Fisher) and sequenced on the MiSeq with
paired-end reads (Eurofins). All kits & reagents were used fol-
lowing manufacturer’s protocols unless otherwise stated. PCR
was carried out with Herculase I Fusion DNA polymerase
(Agilent).

Mutation sequencing data analysis

Paired raw 150 bp short-read data received from Eurofins
(commercial Illumina sequencing provider) were demulti-
plexed based on associated barcodes using Je-Demultiplex
[55], with UMIs subsequently extracted from reads using
UMItools [56]. Trim-Galore was then used to trim Illumina
adapter sequences prior to alignment to the reference genome
using bwamem?2 [57], followed by read deduplication using
UMItools. Processed reads were merged using FLASH prior to
generation and analysis of mutation profiles using SIQ [58].
Visualization was performed in R.

Plasmid pulldown

Plasmid DNA was replicated in egg extracts at 5 ng/ul (final
concentration). At the indicated time points, 8-10 ul of the
reaction was taken for plasmid pulldown using biotinylated
Lacl-coated beads [17]. After 30 min incubation at 4°C, sam-
ples were washed twice in 10 mM HEPES (pH 7.7), 50 mM
KCl, 2.5 mM MgCl,, 0.03% Tween 20, and once in 10 mM
HEPES, pH 7.7, 50 mM KCl, 2.5 mM MgCl, [59]. Sample
preparation for mass spectrometry was different for the two
experiments and therefore separately described below.

Mass spectrometry of plasmid-bound proteins
from undepleted extract

The DNA-bound factors isolated by plasmid pulldown were
separated on a 12% Bis-Tris SDS-PAGE gel (Bio-Rad). The
gel was run for ~2-3 cm, stained with colloidal Coomassie
dye G-250 (Gel Code Blue Stain Reagent, Thermo Scientific),
and each lane was cut into three pieces. Gel pieces were re-
duced, alkylated, and trypsinized overnight at 37°C. Peptide
extraction was done with 100% acetonitrile (ACN), and sam-
ples were dried in a vacuum concentrator. Samples were resus-
pended in 10% (v/v) formic acid for UHPLC-MS/MS. Data
acquisition was done using a UHPLC 1290 system coupled
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to an Orbitrap Q Exactive Biopharma HF mass spectrometer
(Thermo Scientific). Samples were first trapped (Dr Maisch
Reprosil C18, 3 um, 2 cm x 100 pum) for § min at 5 ul min~!
in solvent A (0.1 M acetic acid in water). Samples were then
separated on an analytical column (Agilent Poroshell EC-C18,
278 um, 40 cm x 75 um), at a column flow of 300 nl min~!
with a gradient as follows: 13%-44% solvent B (0.1 M formic
acid in 80% acetonitrile) in 95 min, 44%-100% in 3 min,
100% solvent B for 1 min, and 100%—-0% in 1 min. The ac-
quisition of full scan MS spectra was performed at m1/z 375-
1600, at a resolution of 60 000 at 72/z 400 after accumulation
to a target value of 3e6. Up to ten of the most intense pre-
cursor ions were selected for HCD fragmentation, which was
done at a normalized collision energy of 27% after the accu-
mulation of the target value of 1e4. MS/MS acquisition was
at 30 000 resolution. Raw data files were analysed using the
MaxQuant software (version 1.5.0.17) with label-free quan-
tification [60]. A false discovery rate of 0.01 and minimum
peptide length of 7 amino acids were used. A non-redundant
Xenopus database [61] was used as a search engine for the
data. Cysteine carbamidomethylation was selected as a fixed
modification, while protein N-terminal acetylation and me-
thionine oxidation were selected as variable modifications.
For the Andromeda search, trypsin was chosen as enzyme al-
lowing for N-terminal cleavage to proline. A maximum of two
missed cleavages was allowed. The mass deviation for frag-
ment ions was 0.5 Dalton, and the initial mass deviation of
precursor ions was up to 7 ppm. All bioinformatics analysis
was carried out with the Perseus software version 1.6.10.0.
For each comparison, the processed data was filtered to con-
tain at least two valid values in at least one of the replicate
groups (three repeats per condition).

Mass spectrometry of plasmid-bound proteins
from depleted extract

The DNA-bound factors isolated by plasmid pulldown sam-
ples were washed in 50 pl of 10 mM HEPES (pH 7.7), 50 mM
KCl, 2.5 mM MgCl2, and transferred to a new tube to remove
residual detergent. Beads were dried out and resuspended in
50 ul denaturation buffer (8 M urea, 100 mM Tris, pH 8.0).
Cysteines were reduced (1 mM TCEP, 15 min at RT) and alky-
lated (5 mM iodoacetamide, 45 min at RT). Proteins were di-
gested and eluted from beads with 1.5 ug LysC (Promega) for
2.5 h at RT. Eluted samples were transferred to a new tube
and diluted 1:4 with ABC (50 mM ammonium bicarbonate).
2.5 pg trypsin (Merck Sigma) was added and incubated for
16 h at 30°C. NaCl was added to 400 mM final concentra-
tion, and peptides were acidified and purified by stage tipping
on C18 material (Pierce ThermoFisher). MS experiments were
carried out in quadruplicate. LC-MS/MS analysis was carried
out using nanoLC-MS/MS on an Orbitrap Astral mass spec-
trometer (Thermo Scientific) coupled to a Vanquish Neo nano-
LC system (Thermo Scientific). The Vanquish Neo was run in
trap-and-elute mode, with peptides first loaded onto a Pepmap
100 C18 5 wm trap column (300 um x 5 mm, Thermo Scien-
tific), followed by separation on an analytical column (AUR3-
25075C18-TS, 1.7 um/75 um x 25 cm, IonOpticks AU) in-
stalled in an Easyspray ion source (Thermo Scientific) and op-
erated with a spray voltage of 1350 V. The column was main-
tained at 50°C, and the initial flow rate was set to 0.5 pl/min
to reduce delay. Solvents consisted of 0.1% formic acid in wa-
ter (solvent A) and 0.1% formic acid in 80% acetonitrile (sol-
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vent B). Peptides were eluted at a flow rate of 0.4 ul/min using
a 36-min gradient: an initial non-linear rise from 8% to 45%
solvent B, followed by a 0.4-min ramp to 99% solvent B, and
a 5.4-min wash at 0.5 ul/min. Column equilibration was then
performed using a ‘fast equilibration’ script in combined con-
trol mode with a maximum pressure of 1450 bar. The Orbi-
trap Astral mass spectrometer operated in data-independent
acquisition (DIA) mode. Full MS scans were acquired in the
Orbitrap analyser at a resolution of 240 000 (m/z 200) over
the range of 380-980 m/z. The default charge state was set
to 2*, with a normalized AGC target of 500% (equivalent
to S x 10° charges) and a maximum injection time of 5 ms.
For DIA MS2 scans, a normalized HCD collision energy of
25% was applied across the precursor range of 380-980 m/z,
using non-overlapping 2 m/z isolation windows with win-
dow placement optimization enabled. MS2 spectra were col-
lected in the Astral analyser over a range of 100-1000 m/z,
with the normalized AGC target set to 500% (equivalent to
5 x 10* charges) and a maximum injection time of 3 ms. All
raw mass spectrometry spectra were processed using DIA-NN
software (version 1.8.0 or later) [62] according to developers’
guidelines.

Cloning Xenopus Polx

Wildtype Poli. First, GST and an H3V-3C site were cloned
from pGex6p2 in pACEBac1 via Gibson assembly using Notl-
digested pACEBac1 and the forward and reverse primers 14
and 15, producing pACEBac1-GST-HRV-3C with a regener-
ated Notl site downstream of the HRV-3C site. pACEBac1-
GST-HRV-3C-Polk wt was then created via Gibson assembly
using Notl-digested pACEBac1-GST-HRV-3C and a gBlock
(IDT) containing Xenopus laevis WT codon optimized for
Spodoptera frugiperda and the required Gibson arm (primers
16 and 17) already attached. The resulting plasmid has been
verified by sequencing. Polk F562A, F563A Revl interaction
mutant was generated via Gibson assembly by linearizing vec-
tor pACEBac1-GST HRV-3C-Polk"* using primers 18 and 19,
and ligating a gBlock (IDT) containing the Polk RIR mu-
tant sequence with the arms required for Gibson assembly al-
ready incorporated. Other mutants of Polk were generated in
pACEBac1-GST HRV-3C-Polkwt via site-directed mutagene-
sis using primers 20-29. Mutant bases are underlined, and all
mutations have been confirmed by sequencing.

Polk expression and purification

Baculoviruses were produced using the MultiBac system
following the manufacturer’s protocol (Geneva Biotech) in
competent DH10Bac cells. Approximately 3.6 x 10° virus-
infected Spodoptera frugiperda (sf9) insect cells grown in Sf-
900™ TII SFM (Gibco) were harvested 65 h post-infection.
Cells were resuspended in 70 ml of buffer containing 10 mM
Tris=HCI (pH 7.5), 10 mM PBS (pH 7.6), 0.5% Triton X-
100, 300 mM NaCl, 1 mM EDTA, and 1 mM DTT supple-
mented with 1 mM PMSF and EDTA-free protease inhibitor
(Roche) and lysed by sonication. After sonication, the cell sus-
pension was treated with 20 units of DNase-Turbo (Invitro-
gen) for 20 min at 4°C. The suspension was cleared from in-
soluble material via centrifugation, and the supernatant was
added to 2.4 ml Glutathione Sepharose® 4B beads (Cytiva)
and incubated for 2 h at 4°C. The resin was washed with
10 column volumes (CV) of 10 mM Tris-HCI (pH 7.5), 10
mM PBS (pH 7.6), 0.5% Triton X-100, 300 mM NaCl, 1
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mM EDTA, and 1 mM DTT with protease inhibitors. The
washed beads were reconstituted in 25 ml of buffer contain-
ing 10 mM Tris—HCI (pH 7.5), 10 mM PBS (pH 7.6), 0.5%
Triton X-100, 300 mM NaCl, 1 mM EDTA, and 1 mM DTT,
loaded onto a 20 ml Econopac disposable column (Bio-Rad),
and washed with 2.5x CV buffer containing 10 mM Tris—
HCI (pH 7.5), 10 mM PBS (pH 7.6), 10% glycerol, 300 mM
NaCl, 1 mM EDTA, and 1 mM DTT with protease inhibitors
followed by 1.25x CV without protease inhibitors. Polk was
eluted on beads by incubation with 80 units of PreScission
protease (Cytiva) for 2 h at 4°C. Fractions were pooled based
on SDS-PAGE analysis and loaded onto a HiTrap Heparin
column 1 ml (Cytiva) equilibrated in 10 mM Tris-HCI (pH
7.5), 10 mM PBS (pH 7.6), 10% glycerol, 300 mM NaCl, 1
mM EDTA, and 1 mM DTT and eluted in a linear gradient of
20 CV in 10 mM Tris-HCI (pH 7.5), 10 mM PBS (pH 7.6),
1 M NacCl, 10% glycerol, 300 mM NaCl, 1 mM EDTA, and 1
mM DTT. Polk eluted at a conductivity of 39.50 mS/cm. Frac-
tions were monitored by SDS-PAGE, concentrated, and in-
jected onto a Superdex 200 Increase 10-300 GL size exclusion
column (Cytiva), equilibrated in 50 mM Tris-HCI (pH 7.5),
300 mM NaCl, 1 mM EDTA, 1 mM DTT, and 5% glycerol.
Eluted Polk was concentrated to ~1-1.2 mg/ml, flash frozen
in liquid nitrogen, and stored at —80°C. Mutants of Polk were
purified as described for the WT and behaved the same way
during purification. All proteins were validated by SDS-PAGE
analysis and Coomassie or InstantBlue® Coomassie Protein
Stain (Abcam).

In vitro primer extension

To assess the catalytic activity of purified Polk wildtype (WT)
and mutants, 1 uM of primer 30 (105 nt) and 0.25 uM of
fluorescently labelled primer 31 (35 nt) were mixed in 20 mM
HEPES-KOH (pH 7.5) and 50 mM KAc, incubated at 95°C
for 5 min, and allowed to reach RT. DNA ends were blocked
with a four-fold excess of monovalent streptavidin (SAE0094,
Sigma—-Aldrich) for 30 min at RT. All experiments were per-
formed at RT in 25 mM HEPES-KOH (pH 7.5), 150 mM KAc,
8 mM MgAc;, 1 mM TCEP, 1 mM ATP, and 0.2 mg/ml bovine
serum albumin. The concentrations reported below refer to
the final reactions. DNA with blocked ends (25 nM) was incu-
bated with RPA (75 nM) for 5 min. Subsequently, PCNA (150
nM trimer) and RFC (15 nM) were added and incubated for
10 min. After which, Polk (50 nM) with dNTPs (100 uM each)
was added, starting DNA synthesis. One volume of denaturing
PAGE Gel Loading Buffer II (Invitrogen™) was added to stop
reactions. Samples were denatured by incubation at 98°C for
5 min and immediately loaded on 20% PAGE containing 7M
urea. Human PCNA and PCNA-ub used for this experiment
were purified as previously reported [63], and yeast RFC and
RPA were purified as previously reported [64].

Results

Preparation of acrolein interstrand
crosslink-containing plasmids

AA-ICLs are repaired by the FA pathway and an excision-
independent pathway [19]. To determine whether this also
applies to other aldehyde-ICLs, we generated a DNA sub-
strate containing an acrolein interstrand crosslink (ACR-ICL)
(Supplementary Fig. S1A-D). Acrolein reacts with the N,

of guanine, creating the precursor y-OH-N,-propanoguanine
(v-OH-PdG), generating a stable ring-closed adduct in single-
stranded DNA that opens when paired with a cytosine in du-
plex DNA [21, 22, 65, 66]. In this open conformation, the y-
position aldehyde can react with the N? of a guanine in the op-
posing strand when in a 5’-CpG-3' context [19, 67], creating a
duplex containing a native acrolein ICL (ACRnar-ICL) (Fig.
1A). Like native acetaldehyde ICLs (AAnaT-ICL), ACRNaAT-
ICLs exist in an equilibrium of the carbinolamine, imino, and
pyrimidopurone species (Fig. 1A) [19-23, 66, 67]. ACRNaT-
ICL-containing oligo duplexes were chemically generated and
ligated into a plasmid backbone [49], creating pICL-ACRNaT
(Supplementary Fig. S1E). We also generated a non-reversible
reduced ACR-ICL in pICL-ACRggp, in an almost identical se-
quence context. Both native and reduced acrolein ICLs were
stable upon incubation in Xenopus egg extract at RT and neu-
tral pH (Supplementary Fig. S1F). While the native ACR-ICL
reversed upon exposure to acidic conditions, consistent with
protonation of the 2/-deoxyguanosine (dG) N?-amino group
followed by Schiff-base hydrolysis, the reduced ACR-ICL was
stable under these conditions as expected (Supplementary Fig.
S1D). We also generated the non-damaged pCtrl-ACR with
the same sequence as pICL-ACRggp and the mono-adducted
v-OH-PdG (pMono-ACR) and Me-y-OH-PdG (pMono-AA)
containing plasmids, as well as cisplatin and acetaldehyde
ICL-containing plasmids (pICL-Pt, pICL-AAnaT, and pICL-
AAggp) [19, 49]. All aldehyde lesions investigated affect the
minor groove, while cisplatin-ICLs affect the major groove of
the DNA.

Acrolein ICLs are repaired by two pathways

We previously described that Pt- and AArgp-ICLs are repaired
by the FA pathway during DNA replication in Xenopus egg
extract [19]. Replication of these plasmids in extract, and sep-
aration of the reaction products on native agarose gel, gener-
ates a characteristic FA pathway pattern of Replication and
Repair Intermediates (RRI), including a ‘figure 8 structure
upon replication fork convergence, followed by low mobility
HR intermediates and fully resolved nicked and supercoiled
(SC) products at later times (Supplementary Figs SIH and
S2A). Analysis of replication products of pICL-ACRyar re-
sulted in the accumulation of both the characteristic FA RRI
pattern as well as a faster and more prominent increase in
the open circular (OC) and SC products, similar to our pre-
vious observations for pICL-AAnat [19] (Supplementary Fig.
S2A). This suggests that pICL-ACRnaT, like pICL-AANaT, is
repaired by the FA pathway and a faster repair pathway.
Consistent with this, addition of a p97 segregase inhibitor
(p97i) that prevents unloading of the CMG helicase, an es-
sential step in the FA pathway [51, 68], induced partial repli-
cation fork stalling visualized by an accumulation of con-
verged forks (Supplementary Fig. S2B). Replication of pICL-
ACRggp in the presence of p97i induced complete replica-
tion stalling, indicating repair fully relies on the FA pathway.
Furthermore, we monitored repair directly using the previ-
ously described Notl assay [19] (Supplementary Fig. S2C).
As expected, inhibition of the FA pathway by p97i com-
pletely prevented the formation of repair products upon repli-
cation of pICL-AAggp, pICL-ACRRggp, and pICL-Pt (Fig. 1B
and C and Supplementary Fig. S2D). In contrast, the addi-
tion of p97i only partially inhibited the repair of both pICL-
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Figure 1. Acrolein ICLs are repaired via the FA and excision-independent pathway. (A) Reaction scheme of the formation of native and reduced
aldehyde-ICLs: two acetaldehyde or one acrolein molecules react with a guanine in a DNA strand to form mono-adducts. This reacts with a 5'CpG
guanine on the opposite strand. The resulting native aldehyde-ICLs exist in an equilibrium between three forms. The crosslink can be chemically reduced

with sodium cyanoborohydride to form reduced aldehyde ICLs, which can also be generated by alternative methods (see the ‘Materials and methods’

section). (B) Quantification of repair of native acrolein and acetaldehyde ICLs (ACRyar-ICL, AAnat-ICL) in p97i-treated extract, based on gels in

Supplementary Fig. S2D. (C) Quantification of repair of reduced acrolein (ACRgep-ICL), reduced acetaldehyde (AAgep-ICL), and Cisplatin ICLs (Pt-ICL) in

9

p97i treated extract, based on gels in Supplementary Fig. S2D. (D) Quantification of repair of ACRyar-ICL and AAnar-ICL in mock and FANCD2-depleted
extract, based on gels in Supplementary Fig. S2F. (E) Quantification of repair of ACRgep-ICL, AAgep-ICL, and Pt-ICL in mock and FANCD2-depleted

extract, based on gels in Supplementary Fig. S2F. (F) Scheme of the in vitro primer extension assay. Late replication and repair products are extracted,

digested with Afllll and BamHI, and used as templates for primer extension from radioactively labelled top-strand (TOP) and bottom-strand (BOT)

primers. Non-adducted strands will generate full-length extension products (220 or 141 nt), while adducted strands will stall extension and generate
shorter products (52 nt for Aldehyde-ICL and 54 nt for Pt-ICL). (G) Primer extension products are separated on 20% urea—PAGE gels and visualized by

autoradiography. (H) Distribution and frequency of nucleotide misincorporation in a 20-bp region containing the indicated lesions (method details in
Supplementary Fig. S3C) of late replication products of indicated plasmids. pICL-AAyar Was replicated in the presence of p97i or DMSO for comparison.

Positions of crosslinked nucleotides are indicated in red. pICL-ACRgep has a 6-nt sequence difference (=2 to +3, underlined) from the other plasmids.

Distributions of mutation types (deletions, SNVs, and WT) are indicated in Supplementary Fig. S3D. Non-damaged plasmids did not accumulate

mutations (Supplementary Fig. S3E).
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AAnaT and pICL-ACRNar, indicating an FA-independent re-
pair mechanism is active on these plasmids. Finally, depletion
of FANCD2 [15] further confirmed the role of the FA path-
way in ACRNar-ICL and ACRRrgp-ICL repair (Fig. 1D and E
and Supplementary Fig. S2F).

The excision-independent pathway repairs
AAnaT-ICLs and ACRyat-ICLs

Similar to the repair of AANar-ICLs [19], the FA-independent
route of ACRNaT-ICL repair did not involve ICL unhooking
by DNA backbone incisions or cleavage of the N-glycosyl
bond (Supplementary Fig. S3A and B). We next examined
adduct formation after ICL unhooking by performing primer
extension reactions with high-fidelity polymerase on late repli-
cation products (Fig. 1F). We previously showed that ICL re-
pair by the FA pathway generates an adduct on the top or
bottom strand, while the excision-independent repair path-
way only generates an adduct on the bottom strand [19].
Consistently, primer extension on repair products of pICL-
Pt, pICL-AARgp, and pICL-ACRggp was stalled on both the
top and bottom strands (Fig. 1G, lanes 1-6). Repair prod-
ucts of pICL-AAnar and pICL-ACRnaT showed prominent
stalling of primer extension on the bottom strand, similar to
pMono-AA and pMono-ACR products, but also generated
mild stalling products at the top strand (Fig. 1G, compare
lanes 7-10 to lanes 15-18). Upon blocking the FA pathway,
top strand stalling products were lost, indicating that the sec-
ond pathway of pICL-ACRNar repair only generates a poly-
merase blocking adduct on the bottom strand (Fig. 1G, com-
pare lanes 7-10 to lanes 11-14).

To investigate the mutagenicity of the bypass of these
adducts, we sequenced late repair products (Supplementary
Fig. S3C). FA pathway-mediated repair of the reduced alde-
hyde ICLs induced mutations mostly at the positions of the
crosslinked guanines (positions —1 and 0) [19] (Fig. 1H).
ACRNaAT-ICL repair products also showed mutations at the
—1 and 0 positions, and similar to what we observed for
AANaT-ICL repair, FA-pathway inhibition eliminated muta-
tions at position 0 [19] (Fig. 1H). The remaining mutations at
the position of the bottom strand guanine are very similar to
mutations induced by replication of pMono-ACR, although
interestingly, the mutation pattern is different. This indicates
that the excision-independent pathway creates an adduct on
the bottom strand that may not be identical to the adduct in
pMono-ACR. Furthermore, FA-mediated repair activity con-
tributes to an increase in deletions compared to excision-
independent repair, consistent with double-strand break for-
mation in the FA pathway (Supplementary Fig. S3D).

In conclusion, these results show that both AAnaT-ICLs and
ACRNaT-ICLs, in addition to being repaired by the FA path-
way, are also repaired by the excision-independent pathway,
indicating a general aldehyde-ICL repair strategy.

Rev1-Pol( promotes insertion for aldehyde ICLs but
extension for cisplatin ICLs

DNA synthesis past the unhooked adduct during ICL re-
pair requires specialized TLS polymerases. The TLS complex
Rev1-Pol( plays a role in both Pt-ICL and AA-ICL repair but
acts in a different step; depletion of Revl-Pol( generates a
defect in insertion in AA-ICLs, while it inhibits extension in
Pt-ICLs [17, 19]. To examine the role of Revl-Pol¢ in ACR-
ICL repair, we monitored lesion bypass in extract depleted of

Rev1, which co-depletes Pol(, by analysing the nascent strands
of pICL-ACRyar and pICL-ACRRggp repair products on a se-
quencing gel. Stalling at the —1 position, 1 nt before the ICL,
was moderately enhanced in the absence of Revl compared to
the mock (Supplementary Fig. S4B, compare lanes 21 and 22
tolanes 26 and 27, and lanes 30 and 31 to lanes 35 and 36), in-
dicating the insertion step was affected in both pICL-ACRyaT
and pICL-ACRggp repair. However, the Rev1-Poll depletion
defect in lesion bypass was mild compared to pICL-Pt for the
reduced acrolein (Supplementary Fig. S4B, compare lanes 3
and 4 to 8 and 9, and lanes 30 and 31 to 35 and 36), as well
as the reduced acetaldehyde [19] ICLs that entirely depend
on the FA pathway. This is consistent with previous reports
showing that cells deficient in Rev1 are only mildly sensitive
to acetaldehyde [8-10] and suggests that another TLS poly-
merase may be more critical in aldehyde ICL repair.

Polk promotes TLS during aldehyde-ICL repair

To identify other TLS polymerases involved in aldehyde ICL
repair, we pulled down ICL-containing plasmids during repair
in extract and analysed plasmid-bound proteins by mass spec-
trometry (pp-ms) (Fig. 2A). As expected, we detected Rev1 and
Pol¢ on both pICL-Pt and pICL-AAnat. Furthermore, we ob-
served an enrichment of another TLS polymerase, Polk, espe-
cially on pICL-AAnar (Fig. 2B and Supplementary Table S1).
Interestingly, Polk-deficient cells are sensitive to ICL-inducing
agents causing N2-N2 guanine crosslinks, such as Mito-
mycin C [69-71]. We generated antibodies against an N-
terminal and C-terminal peptide of Xenopus laevis Polk. The
C-terminal antibody efficiently depleted Polk from extract
and, importantly, does not co-deplete Rev1 or Pol( (Fig. 2C).
We decided to focus on the FA pathway branch of repair be-
cause the unhooked adduct, which is the substrate for TLS, is
well-defined in this pathway. Moreover, the reduced version
of this ICL enables selective FA pathway readout. Therefore,
we replicated pICL-AAggp in mock and Polk-depleted extract
and separated replication intermediates on a native agarose
gel (Supplementary Fig. S4E). While early replication inter-
mediates (figure 8-structures) accumulated with similar kinet-
ics, OC products generated by ICL unhooking persisted in the
absence of Polk, and the accumulation of SC products was
delayed, indicative of a defect in TLS. This defect was fur-
ther exacerbated upon Polk—Rev1 double depletion. Next, we
analysed lesion bypass at higher resolution on sequencing gels
(Fig. 2D and E). Polk depletion induced a persistent stalling
at the —1 position that was more pronounced compared to a
Rev1-depleted extract (Fig. 2E, compare lanes 5 and 6 to lanes
11 and 12,and 17 and 18). While single depletion of Rev1 had
only a mild effect on lesion bypass, double depletion of both
Polk and Rev1 further enhanced —1 stalling and blocked the
accumulation of insertion products (0 position) (Fig. 2E, com-
pare lanes 5 and 6 to lanes 17 and 18, and 23 and 24). We ob-
served a similar TLS defect for pICL-ACRggp upon Polk and
Rev1 depletion (Supplementary Fig. S4C, compare lanes 4-6
to lanes 10-12 and lanes 16-18, and Supplementary Fig. S4F),
suggesting Polk plays a key role in the insertion step during
aldehyde ICL repair by the FA pathway. In contrast, repli-
cating pICL-Pt in a Polk-depleted extract caused only mild
stalling at the O-position, indicative of a defect in extension,
similar to a Rev1-depleted extract (Supplementary Fig. S4D
and G). This suggests Polk and Rev1 act in different steps of
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Figure 2. Polk acts in FA pathway-mediated TLS during aldehyde-ICL repair. (A) Scheme of plasmid pulldown assay coupled to mass spectrometry
(pp-ms). Biotinylated Lacl-coupled streptavidin beads are used to pull down reaction intermediates during ICL repair. DNA-bound proteins are identified
by MS analysis. (B) Relative abundance of indicated proteins is represented by a heatmap showing Z-scores (mean from four biological replicates). (C)
Western blot analysis of mock, Polk, Rev1, or Polk/Rev1 depleted egg extract alongside a titration of undepleted extract. (D) Scheme for the formation
of products detected on a sequencing gel, nascent products in grey. (E) Repair intermediates of pICL-AAggp replicated in mock, Polk, Rev1, or Polk/Rev1
depleted egg extract supplemented with 32P-dCTP are extracted, digested with Afllll, and separated on a 7% urea-PAGE gel. Grey arrows: —1 stalling
products; open arrows: 0 stalling products; white arrows: —1/0 stalling products.

TLS; they promote insertion during aldehyde ICL repair and
extension during repair of cisplatin ICLs.

Differential role of Polk in bypass of aldehyde-ICL
versus cisplatin-ICL adducts

To validate that Polk directly acts in TLS of aldehyde
ICL repair by the FA pathway, we purified recombinant
Xenopus laevis Polk expressed in Spodoptera frugiperda (S£9)
cells (Supplementary Fig. S6A). Addition of purified Polk to
a Polk-depleted extract (Fig. 3A) fully rescued the insertion
defects during pICL-ACRggp and pICL-AAggp repair (Fig.

3B, compare lanes 7 and 8 to lanes 11 and 12, and lanes
19 and 20 to lanes 23 and 24) and also the milder extension
defect during pICL-Pt repair (Fig. 3B, compare lanes 31 and
32 to lanes 35 and 36). Consistently, recombinant Polk also
fully rescued the formation of SC products as visualized on
native agarose gel (Supplementary Fig. S5A-C, quantified in
Supplementary Fig. SSD-F).

To monitor lesion bypass during FA pathway-mediated re-
pair more quantitatively, we employed a lesion bypass assay
that involves linearization of replication products followed by
separation on a denaturing agarose gel to visualize nascent
strands (Fig. 3C). Full-length linear products accumulate over
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Figure 3. Polk promotes insertion for aldehyde ICLs and extension for cisplatin ICLs. (A) Western blot analysis of mock, Polk-depleted (APolk), and
Polk-depleted egg extract supplemented with recombinant WT Polk (APolk + WT), alongside a titration of undepleted extract. (B) Repair intermediates
of pICL=AAgep, pICL-ACRRgep, and plICL-Pt replicated in mock, APolk, and APolk + WT egg extract supplemented with 2P-dCTP were extracted, digested
with Afllll, and separated on a 7% urea—PAGE gel. Grey arrows: —1 stalling products; open arrows: 0 stalling products; white arrows: —1/0 stalling
products. The stalled products of the rightward fork at Pt-ICLs are 2 nt longer compared to the aldehyde ICLs due to a difference in ICL position as
described in Fig. 1F (C) Schematic representation of the lesion bypass assay. Replication/repair intermediates are digested with Hincll and separated on
a denaturing agarose gel. Long and short arms appear as the replication forks approach the lesion and are converted to full-length products following TLS
and HR. An undamaged plasmid (pQuant) is added to the reactions for quantification. Quantification of lesion bypass assays on pICL-AAgep (D),
pICLLACRRgep (E), and plCLPt (F) repair reactions in mock, APolk, and APolk + WT egg extract. Based on gels in Supplementary Fig. S5G-I. (G) Repair
intermediates of pICL-ACRgep replication reactions in mock, APolk, and APolk + WT egg extracts were digested with Hincll, or Hincll and Pmll, and
separated on agarose gel (Supplementary Fig. S5J). Repair was calculated based on the regeneration of the Pmll recognition site (left scheme) and
plotted (right). (H) Similar to (G) but for pICL-Pt, containing a Sapl restriction site (left scheme) that is regenerated upon repair. Based on gel in
Supplementary Fig. S5K.

20z 4890100 90 U0 1s9nB Aq 6£2Z928/S.8¥eNB/8 L/€G/a101E/1EU W00 dNO"OlWapEDE//:SANY WO POPEOIUMOQ


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf875#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf875#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf875#supplementary-data

time, which represent TLS products and subsequent DSB re-
pair products of the incised strand. A smaller non-damaged
plasmid (pQuant) was added to each reaction for normaliza-
tion, allowing full-length product quantification. Using this
assay, we show that Polk depletion reduced linear products
down to 50% in pICL-AAggp and pICL-ACRRggp repair, sug-
gesting a strong inhibition of TLS, while the linear prod-
ucts of Pt-ICLs were only reduced to 70% (Fig. 3D-F and
Supplementary Fig. S5 G-I). The addition of recombinant
Polk fully rescued formation of full-length products in all
plasmids.

Finally, we monitored faithful repair via restriction site
regeneration for pICL-ACRrgp and pICL-Pt. Consistent
with the TLS results, we found Polk depletion greatly re-
duced ACRRgp-ICL repair (Fig. 3G and Supplementary
Fig. S5J), while it had a milder effect on Pt-ICL repair
(Fig. 3H and Supplementary Fig. S5K). The addition of re-
combinant Polk fully rescued both defects. In conclusion,
Polk acts directly in the insertion step of TLS across un-
hooked aldehyde ICLs and in the extension step across
unhooked Pt-ICLs in the FA pathway, promoting faithful
repair.

Polk-mediated insertion across unhooked aldehyde
ICLs depends on its catalytic and PCNA-interacting
domains

To identify which functional domains of Polk contribute to its
role in lesion bypass in the FA pathway, we purified Polk carry-
ing point mutations in the catalytic domain (CD), the Rev1 in-
teraction region (RIR), both PCNA interaction peptides (PIP1
and PIP2), or both the ubiquitin-binding zinc fingers (UBZ1
and UBZ2) [42,71-74] (Fig. 4A and Supplementary Fig. S6A).
We examined the polymerase activity of WT and mutant
recombinant proteins in an iz vitro primer extension assay
(Supplementary Fig. S6B and C) in the presence and absence of
PCNA. Consistent with human Polk [42, 75], the polymerase
activity of Xenopus laevis Polk was greatly enhanced in the
presence of PCNA (Supplementary Fig. S6C, compare lane 1
to lane 4), and consequently, mutation of the PIPs inhibited
primer extension (Supplementary Fig. S6C, compare lane 4 to
lane 12). The CD mutant was also defective in primer exten-
sion, while the RIR and UBZ mutants extended the primer
as efficiently as WT Polk (Supplementary Fig. S6C, compare
lane 4 to lanes 8, 16, and 20). We then added the Polk mu-
tants to Polk-depleted egg extract (Fig. 4B) and analysed le-
sion bypass during ICL repair. The CD and PIP mutants did
not rescue the —1-stalling induced by Polk depletion during
pICL-ACRggp repair (Fig. 4C, compare lanes 16-20 and 26—
30 to 11-135). The lack of rescue by these mutants during
aldehyde ICL repair was further confirmed in the quantitative
lesion bypass assay (Fig. 4D and E and Supplementary Fig.
S7A and B) and was also evident by the persistence of OC
products on native gels (Supplementary Fig. S7C-F). Inter-
estingly, the interaction between Polk and Revl was not re-
quired, because the —1 stalling was fully rescued upon ad-
dition of the RIR mutant (Fig. 4C compares lanes 21-25
to lanes 11-15), full-length products were efficiently gener-
ated (Fig. 4D and E and Supplementary Fig. S7A and B), and
SC products accumulated similarly to WT protein addition
(Supplementary Fig. S7C-F). Finally, the UBZ mutant showed
an intermediate effect; it partially rescued the —1 stalling (Fig.
4C, compare lanes 31-35 to lanes 11-15), the generation of
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full-length products, and the OC to SC conversion (Fig. 4D
and E, and Supplementary Fig. S7C-F). The UBZ domains
of Polk could interact with ubiquitylated PCNA. PCNA is
ubiquitylated and PCNA-Ub is bound to the plasmid dur-
ing aldehyde ICL repair (Supplementary Fig. S6D and E). To
examine whether PCNA ubiquitylation could affect Polk ac-
tivity by interaction with the UBZ domains, we performed a
primer extension assay with PCNA-Ub. However, PCNA-Ub
did not enhance primer extension by Polk compared to PCNA
(Supplementary Fig. S6F, compare lane 8 to lane 12), indicat-
ing this interaction does not affect Polk’s activity directly. To-
gether, this data indicates that Polk-mediated TLS during alde-
hyde ICL repair by the FA pathway depends on its catalytic
activity and PCNA interaction, while interaction with Rev1 is
not required and the UBZ domains play at most an accessory
role.

Polk promotes Rev1-pol(-mediated extension in a
non-catalytic manner during cisplatin ICL repair

We also observed a mild lesion bypass defect during the re-
pair of pICL-Pt upon Polk depletion. In contrast to the alde-
hyde ICLs, this defect was largely rescued by the CD, PIP,
and UBZ domain mutants. However, the RIR mutant did
not rescue the defect (Fig. 4F and Supplementary Fig. S8A-
C). Consistently, the RIR mutant did not rescue the —1-
stalling visualized on a sequencing gel, while the CD mu-
tant did (Supplementary Fig. S8D, compare lanes 14 and
15 to lanes 19 and 20 and lanes 24 and 25). This finding
indicates that Polk has a non-catalytic function dependent
on Revl interaction in the extension step of cisplatin ICL
repair. This is in line with the recently described support-
ing function of Polk to Rev1-Pol{ in major groove adducts

[31].

Polk is recruited independently of Rev1 during
aldehyde ICL repair by the FA pathway

While Rev1 and Pol( are both recruited to aldehyde ICLs dur-
ing repair (Fig. 2B), and Rev1 depletion in addition to Polk
depletion enhances TLS stalling compared to single Polk de-
pletion (Fig. 2E and Supplementary Fig. S4D), the interaction
between Revl and Polk is dispensable for TLS during FA-
pathway-mediated repair (Fig. 4C). This suggests that Polk is
not recruited to the lesion via Rev1 but rather that they act
independently. To investigate the functional relationship be-
tween Rev1 and Polk further, we depleted both proteins from
egg extract and monitored linear product formation upon
adding Polk WT and mutants (Fig. SA). Addition of Polk WT
to the double depleted extract rescued the defect to about
80% compared to the mock depleted extract during pICL-
AA,.q (Fig. 5B and Supplementary Fig. S9A, C, and D) and
pICL-ACR,4 (Fig. 5C and Supplementary Fig. S9B, E, and F)
repair. This shows that Polk can promote lesion bypass inde-
pendently of the presence of Rev1 and its scaffolding function.
Moreover, the Rev1 interaction mutant rescued the generation
of full-length products equally to the WT protein. Lesion by-
pass by the recombinant WT or RIR mutant Polk did not fully
rescue the effect compared to the levels in the mock condition.
This is consistent with the additive effect of Revl and Polk
double depletion compared to Polk single depletion as seen
in Fig. 2E, indicating Rev1-Pol( can promote some TLS inde-
pendently of Polk. As also observed upon Polk depletion (Fig.
4C-E and Supplementary Fig. S7A-F), in the double-depleted
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Figure 4. Polk-PCNA interaction and its CDs are important for insertion during FA-mediated aldehyde ICL repair. (A) Schematic representation of x/Polk
indicating its functional domains. Mutations are indicated and described in the table (bottom). (B) Western blot analysis of mock, Polk-depleted (APolk),
and Polk-depleted egg extract supplemented with WT Polk or mutants, alongside a titration of undepleted extract. (C) Repair intermediates of
pICLACRRep replicated in mock, APolk, and APolk egg extract supplemented with WT or indicated mutant Polk were extracted, digested with Afllll,
and separated on a 7% urea-PAGE gel. Grey arrows: —1 stalling products. Quantifications of lesion bypass assays on pICLAAgep (D), pICL-ACRgep (E),
and pICL-Pt (F) repair reactions in mock, APolk, and APolk + WT or mutant Polk extract. Based on gels in Supplementary Figs S7A and B, and S8A.

extract the CD and PIP mutants did not rescue TLS. Addition-
ally, these data show that Rev1-Pol( is not required for the ex-
tension step, which, in its absence, is probably performed by
Polk, consistent with previous reports that Polk can carry out
extension during TLS [76, 77]. Whether Polk or Revl-Pol(
promotes extension in non-depleted conditions remains to be
determined.

Polk-mediated bypass during aldehyde ICL repair
by the FA pathway is mostly faithful

Repair of aldehyde ICLs via the FA pathway is muta-
genic, as observed in Fig. 1H. To determine the contri-
bution of Polk and Revl to the mutational load, we se-

quenced pICL-AAggp repair products from Rev1- and Polk-
depleted extracts. While more deletion products were detected
in all depleted compared to non-depleted conditions (com-
pare Supplementary Fig. S3D with Supplementary Fig. ST0A
and B and [17]), a further increase in deletion products was
specifically detected upon Polk depletion in two indepen-
dent experiments (Supplementary Fig. S10A and B). This
is consistent with Polk being the primary TLS polymerase
because compromised lesion bypass reduces the availability
of the HR template, thereby favouring end joining-inducing
deletions.

SNV analysis showed the misincorporation pattern in the
mock depleted extract was very similar to the undepleted ex-
tract (compare Figs. 1H and 5D). Unexpectedly, depletion of
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Polk did not cause a major change in the misincorporation
pattern or rate, which suggests that these are not caused by
Polk (Fig. 5D and Supplementary Fig. S10C). This is consis-
tent with previous reports indicating Polk TLS is relatively
error-free [44, 78-80]. In contrast, Rev1 depletion reduced the
mutation rate and changed the mutation pattern, indicating
that the small fraction of adducts that require Rev1 for lesion
bypass during AArgp-ICL repair are responsible for inducing
the majority of the observed misincorporations in undepleted
conditions. Because Rev1’s catalytic activity is restricted to in-
sertion of cytosines, which would not cause mutations across
from adducted guanines, this indicates possible involvement
of another mutagenic polymerase. This redundant polymerase
could be Poln or Pol6, as they are recruited to the aldehyde-
ICL plasmids in mock-depleted extracts as well as in extracts
depleted of Polk or Rev1 (Supplementary Fig. S10D).

Together, our results support a model in which Polk is the
primary insertion polymerase during aldehyde ICL repair by
the FA pathway that bypasses adducts relatively error-free
(Fig. SE). In a small fraction of lesions, as well as in the ab-
sence of Polk, Rev1-Pol¢ promotes insertion, likely mediated
by a different mutagenic polymerase. Extension can be carried
out by both Revl-Pol( and Polk (Fig. SE).

Discussion

While most of our understanding of the mechanism of
ICL repair has resulted from investigating ICLs induced by
chemotherapeutic agents, less is known about the repair mech-
anisms of endogenous ICLs. Using Xenopus egg extracts, we
show that not only acetaldehyde but also acrolein-induced
ICLs are repaired by two pathways: the FA pathway and the
excision-independent pathway, providing evidence for a gen-
eral aldehyde ICL repair strategy. It is probable that these
mechanisms therefore also extend to repair of 1,N*>-dG ex-
ocyclic products, such as trans-4-hydroxynonenal (4-HNE),
generated from cellular processes such as lipid peroxidation
[21]. Focusing on the FA-pathway branch, we identify Polk
as the primary TLS polymerase responsible for faithful inser-
tion during lesion bypass. We determined key requirements for
Polk function during this process and showed how different
ICL lesions use different mechanisms of TLS.

Polk has been shown to promote TLS via a catalytic and
non-catalytic mechanism depending on the lesion position in
the minor or major groove [31]. Consistent with this study, we
show that the CD is important to promote the insertion step
of TLS during the repair of minor groove aldehyde ICLs by the
FA pathway. While this previous study reported TLS was in-
dependent of Rev1, from our experiments we currently cannot
definitively conclude whether the extension step is performed
by Polk or Revl-Poll. We have previously shown that Rev1
is important for TLS past acetaldehyde mono-adducts [19],
indicating Rev1 can act in the bypass of minor groove lesions.

Consistent with our results and previous reports indicating
PCNA interaction promotes the catalytic activity of Polk [81,
82], we show that the PIP-boxes are important for TLS during
ICL repair, indicating Polk is recruited via PCNA. Interaction
of Polk with Rev1 is not essential for repair because muta-
tion of Polk’ Revl interaction domain or depletion of Rev1
does not block TLS. The role of the UBZ domains of Polk
is less clear as their mutation only partially affects TLS dur-
ing the repair of aldehyde ICLs by the FA pathway. A recent
study also reported a partial defect in the bypass of minor

groove single-strand lesions upon mutation of Polk’s UBZs
[31]. Polk’s UBZs have been reported to interact with ubiqui-
tylated PCNA during TLS to promote bypass [83]. While we
detect PCNA ubiquitylation during ICL repair, in our primer
extension experiments, Polk’s activity was not enhanced by
interaction with PCNA-Ub. However, it has previously been
reported that the activity of UBZ mutants in primer exten-
sion is only compromised when PCNA interaction via the PIP
domain is limited [83]. Based on these data, we propose that
the function of the UBZ domains is context-specific. They be-
come important upon completion of PCNA interaction with
other PIP box-containing proteins. This mechanism may pro-
mote polymerase switching [32, 84-87]. Another possibility
we cannot rule out is that the UBZs bind other ubiquitylated
proteins at the repair site, thereby contributing to TLS activity.

We also show a minor role for Revl-Pol( in the insertion
step of TLS during the repair of acetaldehyde- and acrolein-
induced ICLs [19]. This role is independent of Polk because
Rev1-Polk double depletion caused a more pronounced TLS
defect compared to single Polk depletion. Interestingly, the
majority of the mutations introduced during the bypass of un-
hooked aldehyde ICLs are due to bypass activity promoted by
Rev1-Pol¢, while Polk-mediated bypass is largely error-free
(Fig. 5D and Supplementary Fig. S10C). Because Rev1’s cat-
alytic activity is limited to inserting cytosines [33, 82, 88], this
would not result in mutations in our sequence context, indi-
cating Rev1 likely promotes mutagenic bypass through a non-
catalytic function. Consistently, Rev1 catalytic dead mutants
generally do not affect mutagenic outcomes [89]. Therefore,
other TLS polymerases that are recruited or otherwise pro-
moted by Rev1 are likely to be involved.

Finally, even upon depletion of both Revl and Polk,
residual lesion bypass is still observed (Fig. 5B and C and
Supplementary Fig. SOC-F), indicating that additional TLS
polymerases can act on the unhooked aldehyde adducts. Can-
didates include Poln, previously suggested as the insertion
polymerase for cisplatin ICL repair [90], or Pol®, which
has some TLS capacity [91] and can bypass acrolein mono-
adducts [77]. Both Poln and Pol6 were detected on aldehyde
ICL plasmids during repair in Mock, Rev1, and Polk depleted
extracts (Supplementary Fig. S10D). Another potential candi-
date would be Pols, which has been suggested to promote TLS
in vitro and in vivo [92-95].

Both Rev1-Pol¢ and Polk also act in TLS during the re-
pair of cisplatin ICLs but their role is different from aldehyde
ICL repair. First, instead of in the insertion step, they act in
the extension step of TLS. Second, the role of Polk is indepen-
dent of its catalytic activity but depends on interaction with
Revl. This is consistent with a recent study on the bypass of
single-strand DNA lesions that, like cisplatin, affect the ma-
jor groove of the DNA [31]. Furthermore, this study showed
that the sensitivity of Polk-deficient cells for cisplatin could be
rescued by both WT and catalytically dead Polk.

While our work has focused on the FA pathway branch of
aldehyde ICL repair, it also provides insights into the mech-
anism of the excision-independent repair pathway. One in-
teresting observation is that repair of the acetaldehyde and
acrolein ICLs by the excision-independent pathway may have
different requirements for TLS polymerases. The effect of
Rev1 depletion on TLS of native acrolein ICLs was less exten-
sive than on native acetaldehyde pICLs (Supplementary Fig.
S4B), suggesting that TLS past these adducts involves different
polymerases. While the acrolein and acetaldehyde ICLs only
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differ by one methyl group, such subtle differences may play
an important role in polymerase choice. This is in line with
the difference in mutagenicity of acetaldehyde- and acrolein-
monoadducts (Fig. 1H and [96]). We currently do not know
the exact structure of the adduct generated by the incision-
independent pathway, but based on our data, this may not be
the mono-adduct precursor that generates the ICL. To gain
further insight into this, it needs to be investigated which
bond within the aldehyde ICL is cleaved during excision-
independent ICL repair.

Because endogenous aldehyde ICLs have been reported to
drive the FA phenotype [5-6, 9, 11, 97-98], it would be of
interest to investigate whether Polk deficiency can lead to FA.
Genetic mouse models with combined deficiency in Polk and
Aldh2 or AdhS could start to address this question. One com-
plication could be that TLS polymerases are known to act re-
dundantly, which may mitigate the severity of the observed
defects. However, mutations in Rev7, a subunit of Pol(, were
previously shown to cause FA [99-101], indicating defects in
other TLS polymerases, including Polk, could potentially also
be involved in FA.

Our work shows that even in the same repair pathway, such
as the FA pathway, different TLS polymerases act and have
redundant functions. The choice of TLS polymerase seems to
be determined by the structure of the adduct formed during
repair. This knowledge is important to understand the mu-
tagenic potential of ICL-inducing compounds and develop
strategies to improve chemotherapeutic outcomes by inhibit-
ing TLS polymerases.
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