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A B S T R A C T

Proteins that act on DNA, or are in close proximity to it, can become inadvertently crosslinked to DNA and form
highly toxic lesions, known as DNA-protein crosslinks (DPCs). DPCs are generated by different chemother-
apeutics, environmental or endogenous sources of crosslinking agents, or by lesions on DNA that stall the cat-
alytic cycle of certain DNA processing enzymes. These bulky adducts impair processes on DNA such as DNA
replication or transcription, and therefore pose a serious threat to genome integrity. The large diversity of DPCs
suggests that there is more than one canonical mechanism to repair them. Indeed, many different enzymes have
been shown to act on DPCs by either processing the protein, the DNA or the crosslink itself. In addition, the cell
cycle stage or cell type are likely to dictate pathway choice. In recent years, a detailed understanding of DPC
repair during S phase has started to emerge. Here, we review the current knowledge on the mechanisms of
replication-coupled DPC repair, and describe and also speculate on possible pathways that remove DPCs outside
of S phase. Moreover, we highlight a recent paradigm shifting finding that indicates that DPCs are not always
detrimental, but can also play a protective role, preserving the genome from more deleterious forms of DNA
damage.

1. DNA-protein crosslinks: a diverse class of lesions

In contrast to other types of DNA lesions, DPCs are highly hetero-
geneous and differ from one another depending on the nature of the
protein adducted to DNA, the chemistry of the crosslink and the DNA
surrounding the adduct. Thus, a thorough classification of DPCs is
challenging since each of the three components forming a DPC is likely
to contribute to the mechanism of repair. Here, we present a simple
classification based on the DNA component of the crosslink, which can
greatly impact the faith of the replisome encountering the lesion (e.g.
by inducing replisome stalling or replication fork collapse), and the way
the DPC is sensed and repaired.

1.1. DPCs on double-stranded DNA

Proteins crosslink to uninterrupted double-stranded DNA (dsDNA)
by the action of different crosslinking agents, including chemother-
apeutics, reactive aldehydes, ultraviolet (UV) light, ionizing radiation
(IR) and different transition metals [1,2]. DPCs induced by crosslinking
agents can, in theory, link any protein in close proximity to DNA. Thus,
these DPCs are highly diverse and exhibit different sizes and chemis-
tries.

1.1.1. Endogenous crosslinking agents
An important endogenous source of crosslinking agents is alde-

hydes. Reactive aldehydes, such as formaldehyde, are found at high
concentration in human plasma [3]. Formaldehyde is generated as a
byproduct of different metabolic processes such as histone demethyla-
tion or lipid peroxidation [4–6]. Formaldehyde treatment is often used
as a proxy of DPC sensitivity in cells. This is because formaldehyde
crosslinks proteins to DNA via a methylene bridge that involves the
exocyclic amine of DNA bases and different protein amino acids
(mainly lysine, cysteine, histidine or tryptophan) (Fig. 1A, i) [7], al-
though a recent study suggests a two carbon atoms linkage instead [8].
Acetaldehyde, a byproduct of ethanol metabolism [9], is also able to
crosslink proteins to DNA. Acetaldehyde can form different types of
DNA adducts with 1,N2-propano-2′-deoxyguanosine (PdG) being the
most toxic one. The subsequent formation of DPCs involves the ring-
opened isomer of PdG, containing a free aldehyde group that most
likely forms a Schiff base-mediated crosslink with a basic amino acid
such as arginine or lysine [10,11]. Other reactive aldehydes present in
cells, such as malondialdehyde and acrolein, have also been shown to
crosslink DNA and proteins together [12,13]. Importantly, reactive al-
dehydes are known to generate a wide spectrum of other lesions (e.g.
protein-protein crosslinks, DNA adducts, and DNA interstrand cross-
links (ICLs)) [14]. In the case of formaldehyde, it likely favors protein-
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protein linkages over protein-DNA linkages because DPC formation by
formaldehyde requires the prior disruption of Watson-Crick base
pairing to expose DNA’s exocyclic amines [15]. Thus, it is often unclear
how these crosslinking agents induce cellular toxicity, and caution
should be taken when assuming that the cytotoxic effect of for-
maldehyde is mainly driven by DPCs.

1.1.2. Chemotherapeutics
Although chemotherapeutics, such as cisplatin derivatives and ni-

trogen mustards, are mainly known to form DNA adducts and DNA
ICLs, they can also form DPCs [16]. Cisplatin can induce DPCs by at-
tacking the N7 atom of purine bases, which can then be connected to
cysteine, arginine, and lysine side chains by a subsequent nucleophilic
attack on the platinum center (Fig. 1A, ii) [17]. Nitrogen mustards,
which are one of the oldest classes of chemotherapeutics [18], can also
generate DPCs via sequential alkylation of nucleophilic sites in DNA

and proteins, mainly involving the N7 position of guanine and cysteine
amino side chains [19]. Studies indicate that cells deficient in DPC
removal (e.g. SPRTN-deficient cells) are sensitive to cisplatin treatment,
suggesting that DPCs contribute to the cytotoxic effects of some of these
chemotherapeutics [20,21]. However, it is currently unknown how
large the fraction of DPCs generated by cisplatin derivatives is in cancer
patients, and a big challenge is to understand whether DPC generation
and/or repair contribute to the therapeutic effects and/or tumor re-
sistance development.

Another drug, 5′-aza-2-deoxycytidine (5-aza-dC), commonly used in
the treatment of myelodysplastic syndromes, generates DPCs by trap-
ping the DNA (cytosine-5)-methyltransferase 1 (DNMT1) on its re-
cognition site. DNMT1 maintains the methylation pattern on DNA fol-
lowing DNA replication. It recognizes hemi-methylated DNA and
transfers methyl groups to the newly synthesized strand [22]. In-
corporation of the cytosine analog 5-aza-dC during replication causes

Fig. 1. DPC classification based on the DNA component of the crosslink.
(A) Illustration of DPCs on dsDNA. (B) Illustration of a specific DPC that crosslinks to AP sites on ssDNA. (C) and (D) illustrate specific DPCs flanked by a SSB or by a
DSB, respectively.

U. Kühbacher and J.P. Duxin DNA Repair 94 (2020) 102924

2



trapping of DNMT1 behind the replication fork. When DNMT1 me-
thylates the daughter strand, the lack of a proton at the N5 position of
the triazine ring disables DNMT1 release by β-elimination and results in
the permanent trapping of DNMT1 (Fig. 1A, iii) [23,24]. This causes
global hypomethylation in cells, which leads to re-expression of tumor
suppressor genes [25,26]. The therapeutic effect of 5-aza-dC treatment
likely originates from DNA hypomethylation [27], but whether
DNMT1-DPCs also contribute to this effect remains unclear. In analogy
with 5-aza-dC, 5-fluoro-2-deoxycytosine also traps cytosine DNA me-
thyltransferases, and this method can be used to model DPCs on dsDNA
[28,29].

1.1.3. Other exogenous sources of crosslinking agents
UV and IR cause a spectrum of different lesions on DNA, such as

base damage, single-strand breaks (SSBs), double-strand breaks (DSBs)
and DPCs. Interestingly, the proportional distribution of these lesions
generated by UV or IR is dependent on the oxygen levels in the cellular
environment [30]. Under hypoxic conditions, as can be found in solid
tumors, DPCs are thought to be the main lesion caused by these agents,
exceeding the number of DNA breaks [31]. Molecularly, IR induces
DNA radicals that can either decompose or react with proteins. Vice
versa, it can also form protein radicals that can decompose or react with
DNA. The lack of oxygen promotes formation of crosslinks over de-
composition [32–34]. Potentially, the combination of radiotherapy and
inhibition of DPC repair could be a future approach for treatment of
solid tumors.

1.2. DPCs on single-stranded DNA

The crosslinking agents listed above should also crosslink proteins
on single-stranded nucleic acids. In fact, some crosslinkers might favor
linkages on ssDNA (or RNA). This is the case for formaldehyde, which
reacts with exocyclic amines of DNA that are usually protected by hy-
drogen bonding on duplex DNA [15]. Although the chemistry of the
crosslink should be identical, ssDNA, in contrast to dsDNA, will trigger
rapid DPC proteolysis (see below). Strikingly, while DPCs are con-
sidered a threat to genome stability, a recent study identified a protein
that purposely crosslinks to ssDNA to protect the genome. The Cortez
laboratory showed that 5-hydroxymethylcytosine (5hmC) binding, ES-
cell-specific (HMCES) crosslinks to abasic sites on ssDNA via a thiazo-
line linkage to prevent more deleterious processing of these sites
(Fig. 1B, i) [35,36]. Abasic sites are one of the most abundant lesions in
the genome [37,38]. They can be formed by spontaneous depurination
but also as an intermediate of the base excision repair (BER) reaction.
For example, different DNA glycosylases recognize and remove da-
maged or oxidized bases (e.g. 8-oxoG). Abasic sites can also be gener-
ated via cytosine deamination to uracil and subsequent removal of
uracil by uracil-DNA glycosylase (UDG). The apurinic/apyrimidinic
(AP) site is then processed by an AP endonuclease (APE1) that cleaves
the DNA backbone to initiate downstream gap filling repair to replace
the lesion [39]. While APE1 mainly acts on dsDNA, it can also cleave AP
sites on ssDNA, albeit with reduced efficiency [40]. Thus, if BER or
another pathway acted on a ssDNA AP site, it would be highly detri-
mental for cells as it would generate a DSB, the most deleterious form of
DNA damage. Crosslinking of HMCES shields the AP site, and thereby
prevents DSB formation [35,41]. HMCES contains a single SOS response
associated peptidase (SRAP) domain, which is essential for crosslinking.
Interestingly, nearly all organisms encode a SRAP domain protein and
the mechanism of crosslinking is conserved in bacteria, where the
HMCES ortholog yedK can also bind and crosslink to AP sites [35].
Thus, HMCES-DPCs are part of a protective and highly conserved me-
chanism that maintains genomic integrity.

1.3. DPCs flanked by a single-strand break

DPCs can also be flanked by DNA breaks. This type of protein adduct

is typically generated when proteins that act on DNA become covalently
crosslinked to DNA in an intermediate step of their catalytic cycle. The
most prominent example are topoisomerases.

1.3.1. TOP1 cleavage complexes (TOP1ccs)
Topoisomerase 1 (TOP1) acts on DNA to release torsional stress

during replication or transcription [42]. To do so, its catalytic tyrosine
attacks the sugar phosphate backbone of DNA, introducing a SSB con-
fined by a phosphotyrosyl linkage. The free DNA strand can then rotate
to release torsional stress. Finally, the DNA 5′ OH attacks the phos-
photyrosine linkage and the nick is religated, releasing the covalent
protein adduct. However, neighboring DNA lesions or intercalating
agents (such as camptothecin or topotecan) can displace the 5′ OH,
inhibiting religation of the nick and trapping the enzyme at the 3′ end
of DNA (Fig. 1C, i) [43]. Because TOP1 lesions are particularly detri-
mental to highly proliferative cells, TOP1 poisons are widely used in the
clinic to treat ovarian, cervical and lung cancers. The TOP1 covalent
intermediate is called TOP1 cleavage complex (TOP1cc) and requires
tyrosyl-DNA phosphodiesterase 1 (TDP1) to reverse the crosslink [44].
TDP1 attacks the phosphotyrosyl bond, replacing TOP1 at the 3′ end of
DNA. A mutation in TDP1 that generates a substitution of histidine 493
with an arginine, causes a rare autosomal neurodegenerative disorder
known as spinocerebellar ataxia with axonal neuropathy (SCAN1) [45].
This mutation, reduces TDP1 levels and activity leading to the accu-
mulation of TOP1ccs in cells [46]. Interestingly, this mutation also
impairs TDP1 release from DNA generating another DPC at the 3′ DNA
end. However, TDP1-DPCs are expected to be very rare, restricted to
this mutation, and of unclear physiological significance.

1.3.2. Flp-nick recombinase system
TOP1cc-type repair can be mimicked using the Flp-nick re-

combinase system. This system allows the generation of a single irre-
versible protein adduct flanked by a nick at a specific FRT site in-
troduced in the genome of eukaryotic cells [47]. The Flp recombinase
catalyzes site-specific recombination in Saccharomyces cerevisiae and is
widely used for chromosomal gene insertion [48]. Mutation of the Flp
recombinase (FlpH305L) causes it to become irreversibly linked to the
3′ end of a DNA single-strand nick via a phosphotyrosyl linkage. Thus,
its similarity with a TOP1cc makes the Flp-nick system a relevant and
attractive tool to study a single, site-specific TOP1-like DPC, and to
monitor its impact on DNA replication [47]. However, although
crosslinking of the FlpH305L to one strand of the FRT site is preferred,
it can also crosslink to the opposite strand [47]. Thus, it is currently
impossible to unequivocally assess the impact of Flp-DPCs on leading
versus lagging strand templates.

1.3.3. Pol β-type crosslinks
Other examples of DPCs flanked by a SSB are the ones generated at

oxidized abasic sites. Free radicals can generate the oxidized abasic site
2-deoxyribonolactone (dL), which can cause enzymes that exhibit AP
lyase activity, such as polymerase β (Pol β), to become crosslinked upon
their attempt to repair the AP site (Fig. 1C, ii) [49–52]. In contrast to
TOP1ccs, Pol β crosslinks to the 5′ end of the SSB, which might suggest
a different mechanism of removal.

1.3.4. PARP1 crosslinking
The DNA repair factor poly(ADP-ribose) polymerase 1 (PARP1) can

also be crosslinked to abasic sites. PARP1 also exhibits weak AP lyase
activity. Following binding to the AP site, PARP1 forms a Schiff base
intermediate between the C1’ atom of deoxyribose and one of its pri-
mary amine-containing amino acids. If the Schiff base is reduced (po-
tentially by the intrinsic redox capacity of PARP1) the DNA becomes
nicked with PARP1 now covalently trapped on the 3′ DNA end [53–55].
PARP1 can also crosslink to the 5′ end of a DNA nick following APE1
cleavage during BER [54,56]. Although most research has been done in
vitro, some evidence in cells supports the existence of PARP1-DPCs,
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which are stimulated by the combined treatment with DNA alkylating
agents and PARP1 inhibitors [54–56].

1.4. DPCs flanked by a double-strand break

1.4.1. TOP2 cleavage complexes (TOP2ccs)
While TOP1 induces single-strand nicks to relax DNA, topoisome-

rase 2 (TOP2) acts as a homodimer that generates DSBs. The TOP2
homodimer induces a break on each DNA strand and, in contrast to
TOP1, forms a covalent bond with the 5′ ends of the break (Fig. 1D, i;
note that TOP2ccs can also be flanked by a ssDNA break if only one of
the subunits becomes trapped [57]). As observed with TOP1, inter-
calating agents such as etoposide and doxorubicin can prevent the re-
ligation of the nick and cause TOP2 to be covalently entrapped in a
TOP2 cleavage complex (TOP2cc), which can be released by tyrosyl-
DNA phosphodiesterase 2 (TDP2) [58]. Mutations in TDP2 cause in-
tellectual disability in humans, which is thought to arise from the ac-
cumulation of DSBs linked to defective TOP2cc repair [59]. Interest-
ingly, a self-trapping mutant of another topoisomerase, TOP3B
(R338W), was also recently shown to crosslink to 5′ ends of both DNA
and RNA [60]. However, whether endogenous TOP3Bccs arise in cells
and the impact of these lesions on DNA or RNA processes are still un-
known.

1.4.2. SPO11 cleavage complexes (SPO11ccs)
The protein SPO11, primarily expressed in germ cells, also generates

DSBs to initiate meiotic recombination. It forms a topoisomerase-like
phosphotyrosyl linkage on the 5′ ends of DNA that is rapidly removed
by endonucleolytic processing of the DNA ends by the MRN (MRX in
yeast) endo/exonuclease [61–65]. SPO11cc intermediates were re-
cently detected in mice spermatocytes and shown to accumulate in the
absence of the DSB signaling kinase ATM, which phosphorylates and
activates MRN [65]. Thus, in the absence of MRN, SPO11ccs accumu-
late in cells and may be ultimately processed by another DPC removal
pathway. The required high activity of topoisomerase-like enzymes in
germ cells (TOP1/2 and SPO11) pose a threat to the genome, which is
critical to maintain early in development to secure reproductive success
and survival of the species. This might explain why germ cells have
evolved specific DPC proteases such as the acidic repeat containing
protease (ACRC), which might represent an alternative or backup
pathway to remove TOP1/2- and SPO11ccs (see below).

In conclusion, DPCs are highly heterogenous DNA lesions generated
by many chemotherapeutic agents, aldehydes or oxygen species present
in in cells, or different DNA processing enzymes. Because of their het-
erogeneity, it has been difficult to quantitatively measure DPC abun-
dance in the genome and current methodologies that monitor DPCs in
cells remain crude. In the future, we might be able to adapt quantitative
mass spectrometry methods to identify and accurately measure the
wide spectrum of different protein adducts present in the genome.

2. Replication-coupled DPC repair

The enormous diversity of DPCs suggests the existence of multiple
pathways that recognize DPCs and target their removal. Because pro-
tein adducts on DNA represent a major roadblock for DNA replication
and DNA transcription, it was initially postulated that DNA replication
could act as a sensing mechanism that recognizes DPCs to trigger their
removal [66]. Formal proof of this model came in 2014, when re-
plication-coupled DPC repair was recapitulated using a cell-free system
derived from Xenopus eggs [67]. These original experiments described a
rather safe mechanism of DPC repair that occurs without replisome
disassembly nor generation of DNA DSBs, two major sources of genomic
instability. Instead, they indicated the involvement of a proteolytic
pathway, whose activity is stimulated by DNA replication [67].

At the same time, Stingele and colleagues identified the first DPC
protease via a genetic screen in yeast [68]. Wss1 was shown to

specifically degrade covalently and non-covalently bound proteins on
ssDNA and to confer resistance to crosslinking agents, such as for-
maldehyde, via its conserved SprT protease domain [68–70]. Its or-
thologue in vertebrates, SPRTN, was soon shown to also degrade DPCs
during DNA replication [21,71], validating the original observations
made in yeast and frogs. Importantly, SPRTN mutations that affect its
protease activity induce a human syndrome characterized by ac-
celerated aging and early onset hepatocellular carcinoma [72]. Without
SPRTN, cells accumulate DPCs, exhibit impaired replication fork pro-
gression and genome instability [21,71–76]. Together, these experi-
ments highlight the importance of DPC repair in maintaining genome
integrity and human health. However, how SPRTN is coupled to DNA
replication remained an important unanswered question.

Using the Xenopus in vitro system it was shown that a DPC on duplex
DNA is resolved during DNA replication by the parallel actions of at
least two proteases, SPRTN and/or the proteasome [67,77]. Im-
portantly, this work provided clues on how these proteases are targeted
to DPCs during replication.

2.1. Replication-coupled repair of DPCs on double-stranded DNA

DNA methyltransferases such as HpaII (M.HpaII; 45 kDa) can be
trapped at a fluorinated sequence on a plasmid, thereby modelling a
DPC on dsDNA [28]. Using this approach, it was shown that DPC repair
in Xenopus egg extracts is stimulated by DNA replication [67]. When a
DPC is encountered by the replisome on the leading strand template,
the replisome stalls. This is because the replicative helicase, CMG,
which encircles and translocates on the leading strand template [78],
stops at the protein adduct (Fig. 2A, i). This initial stalling event, which
lasts 10−15 min in egg extracts, triggers the ubiquitylation of the
protein adduct by the ubiquitin ligase TRAIP (Fig. 2A, ii) [77]. TRAIP
travels with the replisome and appears to non-discriminately ubiqui-
tylate proteins in front of CMG that inhibit its progression. The con-
sequence of this ubiquitylation in the context of DPC repair is not fully
understood, but TRAIP’s function at the replisome is not restricted to
DPCs. Indeed, TRAIP was shown to ubiquitylate opposing CMGs fol-
lowing fork convergence during ICL repair in order to recruit the gly-
cosylase NEIL3, which can unhook certain ICLs, or to trigger p97-
mediated CMG removal, which is essential to activate the Fanconi an-
emia route of ICL repair [79]. If CMG stalling persists at a single fork,
cyclin-mediated TRAIP activation triggers CMG ubiquitylation in cis
and allows CMG removal, which is essential for downstream mitotic
DNA synthesis (MiDAS) [80–82]. In the context of DPCs, TRAIP-medi-
ated ubiquitylation appears to first stimulate CMG bypass of the protein
adduct and then stimulate the recruitment of the proteasome. CMG can
bypass protein roadblocks on its translocating strand in a process that is
greatly stimulated by the generation of ssDNA beyond the protein ad-
duct by the 5′ to 3′ DNA helicase RTEL1 (Fig. 2A, iii) [83]. Once by-
passed by CMG, the protein adduct is now safely positioned behind the
replication fork, where it is processed by SPRTN and/or the proteasome
(Fig. 2A, iv-v) [77,83].

2.1.1. SPRTN-mediated DPC degradation
Surprisingly, while SPRTN contains ubiquitin interacting domains

that are essential for DPC degradation, SPRTN could degrade DPCs that
have not undergone ubiquitylation, albeit with slower kinetics. This
was demonstrated by methylating the lysine residues of M.HpaII, which
blocked its ubiquitylation but not its degradation by SPRTN [77]. Thus,
how does SPRTN degrade DPCs and at the same time avoid other key
replisome components? While most replisome components are re-
placeable if degraded (e.g. PCNA, DNA polymerases, RPA) one critical
factor is the CMG helicase, which cannot be reloaded if removed from
chromatin during S phase. Thus, it is critical to protect CMG and several
safeguarding mechanisms operate to avoid its destruction. First, CMG’s
ability to bypass DPCs on the leading strand template ensures that DPC
processing by SPRTN occurs behind the replication fork, allowing CMG
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Fig. 2. Replication-coupled DPC repair mechanisms.
(A) Schematic illustrating the repair of DPCs on dsDNA in Xenopus egg extracts. (B) Model for SPRTN-mediated DPC proteolysis triggered by polymerase stalling at a
DPC on the leading (i) or lagging (ii) strand template, or during gap filling DNA synthesis (iii). (C) Putative repair mechanism of HMCES-DPCs. (D–E) Impact of
TOP1ccs when encountered by the replisome on leading (D) or lagging (E) strand templates. Note that in neither scenario can a polymerase encounter a TOP1cc. (F)
Potential outcomes of trapped PARP1-SSB lesions. (ii-a) Fork collapse results in a one-ended DSB, that requires BRCA1/2-mediated HR for downstream repair. (ii-b)
Fork stalling and reversal at the roadblock requires BRCA1/2 for fork protection.
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to be long gone before proteolysis occurs [83]. Inhibiting polymerase
synthesis 16 nucleotides upstream of the DPC with a small peptide
adduct, which did not inhibit CMG translocation, abolished SPRTN-
mediated DPC degradation [77]. Thus, SPRTN requires a DNA poly-
merase to approach within a few nucleotides of the DPC, which con-
stitutes a second protection mechanism against unwanted CMG de-
gradation (Fig. 2A, v). Importantly, since many DPCs on lagging strand
templates will not impact CMG translocation [84], targeting SPRTN by
polymerase approach ensures that DPCs can be equally degraded on
both leading or lagging strand templates (Figs. 2B, i-ii). It also suggests
that SPRTN could act throughout the cell cycle, during any gap filling
synthesis process that occurs in the absence of a replication fork
(Fig. 2B, iii) [77]. Supporting this notion, SPRTN-depleted worms are
sensitive to formaldehyde even when these are arrested in a non-di-
viding larval state [21]. Strikingly, although DPC ubiquitylation is not
necessary for SPRTN activity, SPRTN’s ubiquitin-binding zinc finger
(UBZ) domains are essential to degrade DPCs [75,77], suggesting that
another ubiquitylated protein targets SPRTN to DPCs. Polymerase
stalling at a DNA lesion induces replisome uncoupling and ubiquityla-
tion of PCNA [85,86]. Given that SPRTN interacts in vitro with ubi-
quitylated PCNA via its PCNA-interacting protein (PIP) and UBZ do-
mains [87], this is likely how SPRTN is ultimately targeted to DPCs by
polymerase approach (Fig. 2B, i-iii). Supporting this idea, SPRTN-
mediated DPC removal in human cells was shown to be epistatic with
RAD18, which ubiquitylates PCNA [75].

Several parallel observations support a polymerase approach tar-
geting model. Stingele and colleagues first introduced the DNA switch
activation concept [68]. Wss1 proteolytic activity was shown to require
DNA and to be particularly stimulated by ssDNA [68,69]. Moreover,
while both dsDNA and ssDNA could activate SPRTN, dsDNA led to
autocatalytic activity, while ssDNA induced full protease activation and
degradation of protein substrates [21]. Thus, we envision that poly-
merase approach targets SPRTN to the DPC (possibly via PCNA ubi-
quitylation) and that the ssDNA context beyond the DPC, ultimately
channels SPRTN activity to the protein adduct (Fig. 2B, i-iii). In ac-
cordance, structural analysis of SPRTN confirmed its activation by
binding to ssDNA. A Zn2+-binding sub-domain (ZBD) of the SprT do-
main binds preferentially to ssDNA via its aromatic pocket, where it
engages with unpaired DNA bases and thereby positions the active site
optimally for cleavage of protein adducts [88]. In the absence of
binding to ssDNA, the ZBD shields the active site of SPRTN, which likely
prevents unwanted cleavage of proteins in the absence of DNA.

Additionally, SPRTN is also regulated by a ubiquitin switch. SPRTN
monoubiquitylation excludes it from chromatin [21]. In the presence of
DPCs, SPRTN is deubiquitylated by an unknown deubiquitylating en-
zyme (DUB) and relocates to chromatin [21]. However, in unperturbed
cells and in Xenopus egg extracts, a predominant fraction of SPRTN is
not ubiquitylated yet neither bound to chromatin. Hence, the ubiquitin
switch of SPRTN is unlikely a simple on and off switch activated ex-
clusively upon DPC formation. Identification of the DUB that regulates
SPRTN’s ubiquitylation will probably clarify the full meaning of this
regulation.

2.1.2. The proteasome pathway
Using Xenopus egg extracts combined with quantitative high-re-

solution mass spectrometry, the specific enrichment of the entire 26S
proteasome on replicating DPC plasmids was detected at the time of
proteolysis [77]. While SPRTN or proteasome inhibition alone had little
effect on M.HpaII degradation, combined inactivation of the two pro-
teases significantly inhibited DPC degradation, indicating that SPRTN
or the proteasome can degrade DPCs independently of each other.
When DPC ubiquitylation was prevented via lysine methylation of the
DPC, proteasome recruitment no longer occurred, indicating that the
proteasome, in contrast to SPRTN, is exclusively targeted by DPC ubi-
quitylation (Fig. 2A, v). However, DPC ubiquitylation and degradation
by the proteasome could also occur without TRAIP or an active

replisome, when the DPC was located on ssDNA [77]. This suggested
the existence of a second ubiquitin ligase that targets DPCs on ssDNA.
Detailed analysis of replication-coupled DPC ubiquitylation with and
without TRAIP, and with or without CMG bypass, revealed that the
second ligase most likely acts downstream of TRAIP during DNA re-
plication, once CMG has bypassed the DPC, and the protein adduct is
located on ssDNA (Fig. 2A, iv). Although the interplay between TRAIP
and this second unknown ligase remains unclear, it is tempting to
speculate that different ubiquitin ligases have evolved the capacity to
target DPCs under different scenarios. For example, TRAIP could target
DPCs to degradation by the proteasome for DPCs that are unpassable by
CMG. In contrast, the unknown ssDNA-activated ubiquitin ligase could
target DPCs that block DNA synthesis and are inaccessible to SPRTN. In
both of these scenarios, proteasome and SPRTN-mediated DPC de-
gradation might act sequentially, where the proteasome first denatures
and trims the protein to allow further processing by SPRTN (Fig. 2A, v).
Importantly, SPRTN depletion inhibited TLS in Xenopus egg extracts
while proteasome inhibition did not. Thus, SPRTN is likely the ultimate
protease that reduces polypeptide chains to very short peptide adducts
amenable for bypass, and we envision that the proteasome represents a
backup mechanism for DPCs that are not accessible by SPRTN (e.g. due
to their position in front of the replisome or because their conformation
shields the ssDNA or renders the DPC inaccessible to SPRTN’s proteo-
lytic site) (Fig. 2A, v). In accordance with the proteasome acting as a
backup mechanism, short proteasome inhibition in cells in the presence
of SPRTN did not significantly stabilize DPCs, as is observed in Xenopus
egg extracts [89].

2.1.3. Other replication-coupled DPC proteases?
Although SPRTN and the proteasome participate in DPC degrada-

tion in egg extracts, in their absence, the DPC is still degraded, high-
lighting the existence of at least one additional protease that can de-
grade DPCs [77]. Moreover, in the absence of DPC ubiquitylation, DPC
degradation became exclusively dependent on SPRTN [77]. Thus, the
unknown protease(s) is (are) likely targeted by DPC ubiquitylation.
Recently, it was shown in Saccharomyces cerevisiae, that the DNA-da-
mage inducible-1 (Ddi1) aspartic protease can remove Top1ccs during
replication, independently of the proteasome and Wss1 [90]. Ddi1 re-
quires long ubiquitin chains on its substrates to act [91,92]. Thus,
polyubiquitylation of DPCs could target them for proteolytic cleavage
by Ddi1, particularly in the absence of SPRTN, which leads to longer
ubiquitin chains on DPCs [77]. In human cells, the orthologs DDI1 and
DDI2 are essential for cell survival after replication stress by promoting
restart of stalled replisomes [93]. DDI1/2 can shuttle replisome com-
ponents for proteasomal degradation [93], and DDI2 was recently
shown to be a ubiquitin-targeted endoprotease [92]. Whether they can
also bring the proteasome to the replication fork is still unknown. An-
other recently identified SprT containing protein is ACRC (also known
as GCNA). However, preliminary observations suggest that ACRC’s
function in DPC repair is mostly independent of DNA replication [94].
Furthermore, the putative serine protease family with sequence simi-
larity 111 member A (FAM111A) has recently been shown to protect
the replisome from stalling at proteinaceous roadblocks such as trapped
PARP1 or TOP1ccs [95]. FAM111A interacts with PCNA and DNA and
requires its trypsin-like protease domain to ensure proper fork pro-
gression [95]. A recent study also observed HMCES accumulation in
cells upon FAM111A knock down but whether HMCES is a direct target
of FAM111A remains to be addressed [96]. Thus, it appears that several
DPC proteases can operate during S phase and that there might be more
to identify. The main challenge resides in understanding under which
condition each of these proteases becomes active. It is likely that the
existence of multiple proteases with different proteolytic and activation
modes allows the replisome to deal with the enormous diversity of
DPCs.
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2.1.4. TLS across the peptide adduct
Once bypassed by CMG, DPCs represent another block to DNA

polymerases and DPC bypass becomes dependent on TLS (Fig. 2A, vi).
In egg extracts, immunodepletion of REV1/Pol ζ abolished bypass of
M.HpaII-DPCs [67,77]. However, given their heterogeneity in protein
and attachment chemistry, it is likely that the nature of the DPC dictates
which TLS polymerase is employed to bypass the adducted base. In vitro
polymerase bypass studies have shown different abilities of TLS poly-
merases to synthesize across and past peptide adducts. Moreover, large
peptide adducts blocked synthesis, while smaller adducts could be by-
passed by Pol κ, Pol η or Pol ν [97–102], supporting the notion that DPC
degradation facilitates polymerase bypass.

We note, however, that DPC degradation is not always an absolute
requirement for TLS. In the absence of DPC ubiquitylation and SPRTN,
M.HpaII crosslinks are stable in egg extracts but still bypassed by TLS,
albeit with slower kinetics [77]. We speculate that SPRTN-mediated
DPC degradation and TLS are competing mechanisms that act at stalled
polymerases. If a TLS polymerase can insert and rapidly extend past a
peptide adduct, it might operate before SPRTN-mediated proteolysis
occurs. Alternatively, if a replicative or TLS polymerase is stuck at the
lesion, it would provide more time for SPRTN to act. It is thinkable that
SPRTN also degrades stalled DNA polymerases and thereby stimulates
polymerase or template switching events to bypass a DPC or any other
polymerase stalling lesion. This interesting idea is suggested by dif-
ferent studies that demonstrate that SPRTN interacts with POLD3, one
of the accessory subunits of both Pol δ and Pol ζ [103,104]. Although
attractive, a model of SPRTN-mediated polymerase switching still re-
quires formal demonstration.

In summary, replication-coupled repair of DPCs on dsDNA is a
complex multi-step mechanism that involves many different enzymes
that act at different stages of repair. Some enzymes act in front of CMG
to ensure proper replication fork progression (e.g. TRAIP, RTEL1) while
others operate behind the replication fork to ensure proper gap filling
synthesis (e.g. SPRTN, REV1/Pol ζ), offering many different che-
motherapeutic opportunities to target and inhibit DPC bypass.

2.2. Replication-coupled DPC repair of other DPCs

The replication-coupled DPC repair pathway recapitulated in
Xenopus egg extracts illustrates how a DPC on dsDNA is processed
during replication. In the following section, we comment and speculate
on how other types of DPCs might be degraded during replication.

2.2.1. DPCs on ssDNA
HMCES was recently shown to crosslink to abasic sites on ssDNA

during replication, reporting the first potentially “beneficial” en-
dogenous DPC (Fig. 2C, i-ii). The authors also reported that HMCES
becomes ubiquitylated and degraded by the proteasome following
crosslinking (Fig. 2C, iii-iv) [35]. These observations are consistent with
data in egg extract that indicate that DPCs on ssDNA are ubiquitylated
and targeted to the proteasome [77]. Whether the same ubiquitin ligase
is responsible for both processes remains to be determined. Never-
theless, their ssDNA context suggests that HMCES-DPCs would also be
an ideal substrate for SPRTN. Indeed, rapid gap filling DNA synthesis
would extend the nascent strand up to the DPC and thereby target and
activate SPRTN to degrade HMCES, allowing subsequent bypass by
template switching or TLS (Fig. 2C, iv-v). Although cells have to now
deal with DPCs, which are likely mutagenetic lesions, it is suggested
that HMCES-DPCs protect the abasic site from other types of more de-
leterious DNA damage. For example, if the AP site was to be processed
on ssDNA, it would generate a detrimental DSB. Accordingly, HMCES-
deficient cells rely on HR proteins for survival and accumulate DSBs
upon APOBEC3 overexpression, which stimulates the formation of
abasic sites [41,105]. Thus, by crosslinking to the AP site, HMCES
might ensure that the AP site is not processed until gap filling synthesis
has been completed and the lesion is safely located on dsDNA (Fig. 2C,

ii and v-vi). Whether BER or another excision pathway could act and
remove an AP-HMCES peptide adduct on dsDNA remains to be ad-
dressed.

2.2.2. DPCs flanked by DNA breaks
Chemotherapeutics like topotecan or camptothecin trap TOP1 to the

3′ end of a single-stranded nick. TDP1, the enzyme responsible for re-
versing the crosslink, cannot access the crosslink without prior trim-
ming of the protein [106,107]. Several recent reports, indicate that
SPRTN protects cells from TOP1 inhibition by degrading TOP1ccs
[71,76,108]. However, the model of SPRTN activation by polymerase
approach is incompatible with SPRTN degrading TOP1ccs during re-
plication since a 3′ end DPC cannot be encountered by a DNA poly-
merase (Fig. 2D and E, i-iii). Thus, if SPRTN-mediated TOP1cc de-
gradation truly occurs, it must involve a yet unidentified mechanism to
recruit SPRTN. Potentially, in the context of TOP1cc repair, TOP1
ubiquitylation could target SPRTN via SPRTN’s ubiquitin binding mo-
tifs. Alternatively, another protein might target SPRTN to TOP1ccs, as
was recently suggested for the testis-expressed protein 264 (TEX264)
[108].

It is perhaps more conceivable that TOP1ccs can be repaired during
replication by other pathways. In yeast, Ddi1 is recruited to Top1ccs in
the absence of Tdp1 and Wss1 and its timing coincides with the start of
S phase [90]. It is unclear what triggers its recruitment, but the gen-
eration of ssDNA and subsequent TOP1cc ubiquitylation could poten-
tially target the protease [91]. For this to be a viable mechanism, DPC
degradation and repair of the DNA nick would need to occur before
CMG runs off through the nick and induces fork collapse. Perhaps,
additional non-covalent TOP1cc interactions with DNA are strong en-
ough to inhibit CMG translocation ahead of the nick, which would
allow time for repair. However, TOP1 poisons induce DSBs in S phase
most likely because the replisome runs off through the DNA nick
(Fig. 2D and E, ii). Similarly, a replication fork running into TOP2ccs is
very detrimental. This suggests that TOP1/2ccs should be preferably
repaired in a replication-uncoupled manner (see below).

2.2.3. Is trapped PARP1 a DPC-like lesion?
PARP inhibitors (PARPi) are widely used in the clinic to treat

homologous recombination (HR) deficient breast, ovarian and prostate
cancers [109–112]. The different efficacy of PARPi appears to relate to
their ability to trap PARP1 on DNA lesions [112,113]. While all PARPi
target and inactivate the catalytic center of the enzyme, PARPi exert
different allosteric effects on PARP1, which can either promote its re-
lease from DNA (weak trapper) or retain it on a DNA break (strong
trapper) [114]. Why PARPi are particularly effective in tumors with
BRCA1/2 deficiencies is still unclear. PARP1 trapping at SSBs is ex-
pected to shield and protect DNA nicks from repair (Fig. 2F, i)
[113,115]. When a replication fork encounters this lesion two outcomes
are possible. Either the replisome runs off, converting the SSB to a one-
ended DSB, which would explain the requirement of BRCA1/2 for
downstream repair (Fig. 2F, ii-a). Alternatively, entrapped PARP1
might stall the replication fork ahead of the nick, which would also
require BRCA1/2 to stabilize and protect the fork (Fig. 2F, ii-b)
[116–118]. However, the impact of trapped PARP1 on CMG and re-
plisome progression is currently unclear although some evidence sug-
gests that PARPi does not stall replication forks but actually accelerates
them [119]. To clarify how PARPi are exquisitely lethal in a HR defi-
cient background, it remains to be tested whether PARP1 trapping can
block CMG translocation, thereby mimicking a DPC. Importantly, a
recent study from the Caldecott laboratory indicates that PARP activity
during DNA replication is mostly triggered by lagging strand matura-
tion, which occurs behind the replication fork [120]. Whether BRCA1/2
requirement upon PARP1 inhibition is linked to unprocessed Okazaki
fragments is an interesting idea that warrants further investigation.
Last, PARP inhibition can also impair PARP1 function during BER and
induce PARP1-DPCs that could also contribute to the therapeutic effects
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of PARPi [56].

2.2.4. Aldehyde-induced DPCs
As discussed above, a common cause of endogenous crosslinks are

reactive aldehydes, which are produced via different metabolic pro-
cesses. They generate different crosslinks within DNA, such as DNA
adducts, DNA intra- and inter-strand crosslinks as well as DPCs.
Recently, a dedicated replication-coupled repair pathway for acet-
aldehyde-induced ICLs has been observed and suggests a specific en-
zyme that could unhook the ICL, in analogy to NEIL3, which unhooks
ICLs induced by abasic sites or psoralen [121,122]. Thus, it is tempting
to speculate that specific yet unidentified enzymes have evolved the
capacity to resolve abundant endogenous crosslinks. In the context of
formaldehyde-induced DPCs, such enzymes might be specialized in
reversing methylene bridges. A pre-requisite might be the trimming of
DPCs by proteolysis to expose the crosslink. This could account for the
formaldehyde sensitivity of SPRTN- or proteasome-deficient cells
[21,123].

In summary, the mechanism of DPC repair in S phase depends on
the nature of the DPC. While DPCs on dsDNA are safely degraded and
bypassed during DNA replication via a process that avoids replication
fork collapse, the faith and full outcomes of DPCs linked to DNA breaks
(e.g. TOP1/2ccs) remain uncertain. Moreover, we now know that some
DPCs are specifically formed and processed during DNA replication to
protect the genome from more deleterious damage (e.g. HMCES-DPCs).
Further research is likely to identify the full spectrum of DPCs that are
preferentially formed and processed during DNA replication, and the
different enzymes that participate in DPC removal during S phase. The
challenge will reside in delineating under what conditions each enzyme
becomes critical. As originally proposed, we view DNA replication as a
sensing mechanism that detects and removes DPCs that would other-
wise escape recognition or repair in other phases of the cell cycle.

3. Replication-independent DPC repair

In addition to the type of DPC, the cell cycle stage and cell identity
also influence the route of repair. DPC repair outside of S phase might
be critical for non-dividing cells or for DPCs that are formed post DNA
replication, but need to be resolved before mitosis to ensure proper cell
division. Other processes on DNA, like DNA transcription or chroma-
tinization could also act as sensors to trigger repair in analogy to DNA
replication. In this section, we review our knowledge about DPC repair
mechanisms operating outside of S phase and comment on recent ob-
servations that indicate that DPC SUMOylation might be one of the
important sensing mechanisms that triggers DPC removal in the ab-
sence of DNA replication.

3.1. The role of nucleotide excision repair

Cells deficient in NER are moderately sensitive to formaldehyde
treatment suggesting that NER removes protein adducts from DNA
[124–126]. However, in vitro, NER is unable to act on full-size DPCs but
can incise DNA surrounding short peptide adducts (smaller than
∼10−15 kDa) [127–130]. Thus, we envision that NER removes the
remaining DNA-peptide adducts left behind by replication-coupled DPC
proteolysis (Fig. 3A, i-iii). Alternatively, NER could also act throughout
the cell cycle on small DPCs, or following another mechanism of DPC
degradation on duplex DNA (e.g. following the STUbL pathway de-
scribed below).

3.2. TOP1cc repair

In cells, TOP1ccs were first shown to be both SUMOylated and
ubiquitylated via lysine K48 linked ubiquitin chains [131–133].
Moreover, proteasome inhibition stabilized TOP1ccs [131]. Thus, it was
postulated that the proteasome provides the proteolytic activity that is

required for TDP1-mediated crosslink reversal. However, proteasome
inhibition has many pleotropic effects (e.g. depletion of free ubiquitin
pools), and whether the proteasome or another protease degrades
TOP1ccs is still up for debate. In this regard, SPRTN, Ddi1 or FAM111A
(reviewed above) were also shown to participate in TOP1cc removal
[76,90,95]. Thus, the current challenge is to understand whether these
different proteases truly act on TOP1ccs and if so, whether they are
activated under specific conditions or cell cycle phases. Moreover,
while TOP1ccs are thought to be generated during processes that re-
quire TOP1 activity to release torsional stress (e.g. DNA replication or
transcription), whether TOP1cc repair is also coupled to these processes
is unclear. Because mutation in TDP1 that inhibits its crosslink reversal
activity triggers a disease that mainly affects post-mitotic non-re-
plicating neurons (SCAN1) [45], it appears that TOP1cc repair effi-
ciently occurs outside of S phase. Supporting this notion, TDP1 is part of
the single-strand break repair (SSBR) pathway that operates throughout
the cell cycle [134]. Thus, there could be a ubiquitin ligase that re-
cognizes and targets TOP1ccs independently of DNA replication. In this
regard, the ssDNA-activated ubiquitin ligase activity detected in Xe-
nopus egg extracts could also act on TOP1ccs if enough ssDNA is gen-
erated by resecting the nick. Following TOP1cc degradation and
crosslink reversal by TDP1, the resulting 3′ end phosphate is now
amenable to the polynucleotide kinase 3′-phosphatase (PNKP) and
processed by the canonical SSB repair machinery (Fig. 3B) [134,135].
Alternatively to TDP1, a recent report indicates that the nuclease APE2
can remove blocked 3′ DNA ends like the ones generated following
TOP1cc proteolysis [136]. Moreover, some evidence in cells also sug-
gest that TOP1ccs could be removed via DNA incision by the 5′ en-
donuclease XPF–ERCC1 [137].

3.3. TOP2cc repair

Trapped TOP2 is also linked to DNA via its active site tyrosine, but
in contrast to TOP1, TOP2 crosslinks as a homodimer to the 5′ ends of a
DSB. These 5′ phosphotyrosyl bonds can be hydrolyzed by TDP2
[58,138]. While previous reports suggested that TOP2 is also ubiqui-
tylated and targeted to degradation by the proteasome [139], a recent
report indicates that the SUMO ligase Zinc finger protein Associated
with TDP2 and TOP2 (ZATT, also known as ZNF451) catalyzes the re-
moval of TOP2ccs by TDP2 in a proteasome-independent process
(Fig. 3C, ii) [140]. SUMOylation of TOP2ccs by ZATT promoted re-
cruitment of TDP2 via a “split-SUMO interacting motif (SIM)”, formed
by the association of two distinct regions of the catalytic domain of
TDP2. As a result, ZATT allowed TDP2 to release intact TOP2 from DNA
in vitro. ZATT-mediated SUMOylation alters the conformation of
TOP2ccs, presumably to make the crosslink accessible for TDP2-de-
pendent hydrolysis [140]. However, DPC proteases targeted by SU-
MOylation might also assist this process (Fig. 3C, iii). In this regard,
ACRC was recently shown to participate in TOP2cc removal in ovaries
and early embryos of different model organisms [141,142]. Following
TDP2 crosslink reversal, DNA ends are ready for ligation and mainly
repaired by the non-homologous end joining (NHEJ) machinery
(Fig. 3C, iv) [143]. TOP2ccs and other DPCs at DSBs, like SPO11 ad-
ducts or artificial biotin-streptavidin linkages, can also be repaired by
DSB processing nucleases such as MRN (MRX) (Fig. 3D)
[62,65,144–146]. The MRN (MRX) complex has endonuclease activity
that is stimulated by a protein adduct at the 5′ end of DNA (Fig. 3D, i-
iii) [144,145]. MRN processing results in DPC-free DSB ends containing
a 3′ overhang that can subsequently trigger HR (Fig. 3D, iv). Thus, the
repair pathway choice of 5′ end DPCs like TOP2/SPO11ccs might de-
pend on whether the lesion should be preferentially repaired by HR (via
MRN) or NHEJ (via TDP2).

3.4. DPC SUMOylation

Both TOP1 and TOP2 have also been known to become SUMOylated
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Fig. 3. Replication-independent DPC repair mechanisms.
(A) Removal of peptide-DNA adducts via nucleotide excision repair. (B) Schematic illustrating TOP1cc repair. (C) Schematic illustrating TOP2cc repair. (D)
Mechanism of nuclease-dependent SPO11cc removal. (E) Putative SUMO-driven DPC removal pathways by ACRC (iii-a) or by STUbL-mediated proteolysis (iii-b and
iv).
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in response to cellular treatment with topoisomerase poisons
[132,147]. Accordingly, a recent report indicates that DPCs generated
by formaldehyde or DNMT1 trapping are also SUMOylated, which is
critical for their removal and for cellular fitness (Fig. 3E, i-ii) [94].
SUMOylated DPCs could be a substrate of ACRC (Fig. 3E, iii-a), which
contains multiple SIMs that are essential for its localization to DPCs
[94]. Curiously, ACRC is almost exclusively expressed in germ cells
[148]. In the absence of ACRC, germ cells of different organisms ac-
cumulate DPCs [141,142] and although ACRC has yet to be demon-
strated to function as a DPC protease in vitro, its conserved SprT cata-
lytic residue is essential to confer resistance to crosslinking agents and
to counteract the accumulation of DPCs [94,141,142]. Surprisingly,
although ACRC is conserved across the animal kingdom, the SprT
protease domain is lost in Mus musculus [142]. Thus, further research is
needed to understand the role of ACRC as a DPC protease and its other
putative functions ensured by other conserved regions of the protein
(e.g. the acidic intrinsically disordered region (IDR)). Moreover, under
what circumstances ACRC becomes activated and why it is specific to
germ cells remain open questions. In Xenopus egg extracts, M.HpaII-
DPCs also undergo SUMOylation in the absence of DNA replication
[77]. Although, ACRC is present [149], SUMOylated DPCs are stable
over a period of three hours in interphase extracts [77]. Thus, although
DPC SUMOylation is required to recruit ACRC in cells, it might not be
sufficient to trigger its activity and another stimulus that might be cell
cycle regulated or specific to germline cells could cooperate with SU-
MOylation to activate ACRC-mediated DPC degradation.

Interestingly, DPC-SUMOylation has been reported to trigger sub-
sequent ubiquitylation and removal of TOP1/2ccs by the proteasome in
somatic cells (Fig. 3E, iii-b and iv) [150]. The data presented indicates
that the SUMO E3 ligase PIAS4 attaches SUMO-2/3 chains to TOP1/
2ccs, which then triggers the ubiquitylation of the DPC via the SUMO-
targeted ubiquitin ligase (STUbL) RNF4. This ubiquitylation ultimately
drives the degradation of the DPC by the 26S proteasome. Although this
represents an alternative way to remove DPCs, it is unclear whether this
pathway is the preferred route of repair or whether it only becomes
relevant when other routes become limiting (e.g. upon treatment with
high doses of TOP1/2 poisons).

3.5. Can DNA transcription trigger DPC repair?

DPCs are not only a roadblock to DNA replication, but also to DNA
transcription [151]. In vitro transcription assays have shown that the T7
RNA polymerase cannot bypass large protein adducts, but it can if these
are reduced to small peptides by proteolytic degradation [152]. Hereby,
the attachment site within DNA determined the fidelity of the RNA
polymerase [152]. In vivo stalling of RNA polymerases at DPCs might
serve as a sensor to initiate repair. We envision that the appearance of
ssDNA might trigger DPC ubiquitylation and subsequent proteolysis as
seen during replication. Transcription-coupled DPC repair would on
one side minimize transcriptional mutations and simultaneously re-
move DPCs from the genome as it has been suggested for other DNA
lesions that also hinder DNA transcription [153].

In summary, several pathways have been shown to repair DPCs
outside of S phase. While some canonical pathways like NER or SSBR
will operate on defined substrates (e.g. small peptide adducts or DPCs
flanked by a single-strand break), some pathways might be global and
represent a backup mechanism to remove DPCs outside S phase (e.g.
SUMO-dependent DPC removal).

4. Concluding remarks

DPCs are a highly heterogeneous class of DNA lesions, which con-
tributes to the complexity and diversity of their repair mechanisms.
Cells have to deal with different proteins being crosslinked by en-
dogenous as well as exogenous agents at different cell cycle stages.
Since the discovery of the first DPC protease, research on DPC repair

has greatly intensified, revealing many novel ways to remove DPCs. The
current challenge consists in understanding under what circumstances
these different repair routes become relevant and how they interact
with each other or compensate for one another. In the light of recent
findings that show that DPCs can also be part of the physiological re-
sponse of cells to DNA lesions, the field is offered with great research
opportunities. It is likely that more endogenous DPCs involved in
genome protection mechanisms are yet to be discovered, which will
inevitably offer novel chemotherapeutic opportunities. Thus, we envi-
sion that instead of inducing DPCs and/or inhibiting their repair, future
chemotherapeutics might also inhibit their formation to induce other
toxic forms of DNA damage.
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