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“We have shown that, in vitro, pronase can cleave the [protein-bridged] Interstrand crosslinks 

induced in DNA by formaldehyde.... If a proteolytic enzyme was to act in the same way in vivo, 

this would constitute DNA repair.” 1 
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Summary 

 

DNA-Protein Crosslinks (DPCs) have emerged as an important source of endogenous and 

exogenous DNA damage. DPCs arise when proteins get covalently trapped on DNA, what can 

happen during the action of enzymes that naturally establish covalent intermediates with DNA 

-such as topoisomerases- but also by the action of reactive compounds. One of these 

compounds, formaldehyde, is an environmental toxin and a metabolite produced during one-

carbon metabolism and methanol detoxification. Formaldehyde is extremely reactive and 

generates protein-protein crosslinks, RNA-protein crosslinks and DPCs. DPCs are toxic 

because they can block essential chromatin transactions such as replication or transcription. 

Their toxicity has been exploited in chemotherapy with the use of different drugs that induce 

these genomic lesions either specifically, camptothecin (CPT) traps TOP1 or etoposide traps 

TOP2, or unspecifically, with compounds like cisplatin commonly used in breast cancer 

treatment. 

DPC-repair generally involves specialized proteases which mediate the destruction of 

the protein adduct. In higher eukaryotes, the metalloprotease SPRTN is recruited to the lesion 

in a process that involves the collision of the replication fork with the adduct. SPRTN is 

activated by the DNA structure generated by polymerase stalling, cleaves the protein and 

allows peptide bypass by translesion synthesis (TLS). The study of DPC-repair and the 

identification of DPCs generated by non-specific crosslinkers has remained elusive due to 

limited methodology to study these lesions. Previous methods to isolate DPCs, rely on DNA 

precipitation and are prone to technical biases due to the presence of protein aggregates, 

giving false positives, or changes in DNA precipitation behaviour due to the variable 

crosslinked protein nature, giving false negatives. Therefore, I established during my master 

thesis, and optimized during my PhD, a method for the isolation, identification and monitoring 

of DPCs, the Purification of x-linked Proteins (PxP). Using PxP in combination with mass 

spectrometry, I uncovered the identity of DPCs generated by physiologically relevant levels of 

formaldehyde. Strikingly, formaldehyde-induced DPCs are less complex than anticipated, they 

mostly consist of crosslinked nucleosomes. Then, we decided to apply PxP for the study of 5-

azadC-induced DPCs, which consists mostly of the DNA Methyl Transferase 1 (DNMT1). We 

observed DNMT1-DPC formation in a dose-dependent manner and could monitor their repair 

kinetics. We discovered that repair of this crosslinks involved the SUMOylation of the adduct 

and SUMO-targeted ubiquitylation by the StUbL RNF4, which triggered proteasomal 

degradation of crosslinked DNMT1. In agreement with biochemical data and previous work, 

RNF4 knock-out cells displayed 5-azadC sensitivity.  
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Interestingly, we observed a cleaved DNMT1-DPC fragment whose appearance was 

dependent on the same modifications -SUMO and ubiquitin- but not generated by the 

proteasome. We identified SPRTN as the enzyme responsible for this cleavage and, through 

structure function analysis, conclude that the UBZ domain is responsible for the recruitment 

of SPRTN to DNMT1-DPCs. Strikingly, only the loss of the UBZ domain completely 

phenocopied the SPRTN-ΔC allele, which is causative for Ruijs-Aalfs syndrome.  Our data 

support a replication-independent role for the metalloprotease SPRTN during DPC-repair and 

highlight the importance of the UBZ domain during lesion recognition.  

Given the multiple applications of the PxP for the study of DPC biology, we decided to 

write an article in which we described the method step by step to facilitate its implementation 

in other labs. We show that the PxP can be used to isolate also other types of DPCs such as 

those generated by non-competitive inhibitors (e.g etoposide) and that it can successfully 

isolate relevant physiological DPCs, like those generated by HMCES after short wavelength 

ultraviolet light (UVC) exposure. In conclusion, we believe that this manuscript will be a great 

resource for laboratories which do research on the DNA damage field.  
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Introduction 

1. DNA is the storage of genetic information in living organisms 

Genes store biological information that must be accurately copied during cell division. This 

information is encoded in DNA, a molecule made up of two opposing and antiparallel strands 

of nucleotides. Each nucleotide contains a nitrogen-containing base (A, C, T, or G) and a 

sugar-phosphate backbone. Hydrogen bonds between complementary base pairs (A-T and 

C-G) form the double helix structure of DNA. This structure allows for the precise replication 

and transmission of genetic information from one generation to the next2. Additionally, DNA is 

also transcribed in RNA, which will be further translated into proteins. During this introduction 

I will discuss essential processes related to the DNA molecule with a special focus on its 

repair.  

1.1 DNA replication 

DNA replication is an active process in which a parental double-stranded DNA (dsDNA) is 

duplicated before cell division. In E. coli, the prokaryotic model organism, replication initiates 

with the binding of a sensor protein, DnaA, to the chromosomal origin of replication C (oriC). 

The oriC is approximately 245 base-pair (bp) long and rich in AT sequences. Binding of DnaA, 

triggers separation of the DNA strands, leading to recruitment and loading of the helicase 

DnaB and other enzymes later (e.g. primase and DNA Polymerase III)3. Once primase 

synthesizes a de novo RNA primer, this is extended by DNA polymerase III, what only occurs 

in a 5’-3’ direction. Replication happens in a bidirectional fashion, with a leading strand 

needing just one primer and a lagging strand synthesized in short pieces known as Okazaki 

fragments. During lagging strand replication, single-stranded stretches of DNA are coated by 

the E. coli single strand binding protein (SSB). In E. coli, a circular chromosome with a single 

origin of replication assures the presence of two replication forks, which can replicate the DNA 

at a remarkable speed of more than 1 kb per second4. Termination is determined by the 

binding of the Tus protein to multiple predetermined sequences in the circular chromosome, 

blocking the replisome unidirectionally5. After termination, both chromosomes are 

decatenated by topoisomerase IV, allowing the generation of two independent chromosomes6. 

In contrast to prokaryotes, eukaryotes have linear chromosomes with multiple replication 

origins. The origin recognition complex (ORC, formed by Orc1, Orc4 and Orc5) recognizes 

replication origins, which in budding yeast are formed by 10 bp and named autonomously 

replicating sequences (ARS)7,8. Replicative helicases can be loaded in origins associated with 

ORC. Two Mcm2-7 helicase cores in a head to head orientation form the prereplicative 

complex, what requires additional factors7,8.  Cdc45 and GINS associate with Mcm2-7 to allow 

helicase activity, a process which is highly dependent on the cell cycle9-11. The Dbf4-



Introduction 
 

8 
 

dependent protein kinase (DDK) and the cyclin dependent protein kinase (CDK) regulate 

replication initiation through phosphorylation, controlling this interaction and further recruiting 

factors needed for the formation of the replication fork12-14. Polymerase epsilon (Polɛ) 

replicates the leading strand and polymerase delta (Polδ) the lagging strand15. Additionally, 

polymerase alpha (Polα) and the RPA trimer (formed by the subunits RPA 14, 32 and 70) 

perform the same function as E. coli primase and SSB respectively. During replication 

termination in eukaryotes, cells face the end replication problem, given that the degradation 

of the last Okazaki fragment uncovers highly reactive single-stranded DNA (ssDNA) which is 

prone to recombination and nucleolytic reactions16. Thus, cells have evolved a specific 

structure, telomeres, which protect the end of linear chromosomes17.  

1.2 DNA transcription 

DNA transcription is a fundamental process in which the cell, using a DNA template, 

synthetizes a complementary RNA strand. RNA is a temporary carrier of information that gets 

translated in a protein by the ribosome18. Furthermore, RNA is formed by the ribonucleotides 

A,G,C and U (instead of T), what changes its chemical characteristic making it more unstable 

and sensitive to alkaline hydrolysis19. Transcription initiates with the binding of an RNA 

polymerase to a promoter sequence. In prokaryotes, a unique RNA polymerase is regulated 

by the binding of different sigma factors (σ), which mediates promoter recognition and 

transcription initiation. A second layer of organization of transcription in bacteria is the 

organization of genes in arrays named operons. Operons contain a cluster of genes for a 

particular function and are transcribed as polycistronic messenger RNA, what allows 

coordinated regulation of the process. Initiation of transcription is directed by binding of the 

RNAP to its respective promoter aided by its bound σ factor, triggering partial unwinding of 

the DNA helix and followed by transcription bubble progression. During elongation, the σ factor 

binding to RNAP is outcompeted by a second protein, NusA, which promotes elongation and 

dissociates during transcription terminaton. The termination of transcription can then occur in 

a rho (ρ) -dependent or independent manner. In ρ-independent transcription termination, a 

specific transcribed sequence generates a hairpin structure which leads to RNAP release and 

RNA dissociation. In ρ-dependent termination, the ρ helicase loads and translocates along the 

RNA promoting dissociation of the polymerase and the transcript17. In contrast to bacteria, 

eukaryotic cells have three RNAPs which exert different specific functions. RNAPI transcribes 

pre-ribosomal RNA (pre-rRNA), RNAPII transcribes messenger RNAs (mRNAs) and non-

coding RNAs (ncRNAs), and RNAPIII produces transfer RNAs (tRNAs), the 5S rRNA and 

ncRNAs. RNAPII is probably the most studied polymerase of them and shares high 

conservation with its bacterial homolog in structure, function and mechanism. The largest 

subunit of RNAPII, DNA-directed RNA polymerase II subunit 1 (RPB1) contains a long C-
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terminal tail named carboxyl-terminal domain (CTD). RNAPII is recruited to the promoter 

sequence, recognized by the TATA binding protein (TBP) in a complex with other factors, in a 

closed state named preinitiation complex20. The transcription factor II H (TFIIH) drives partial 

unwinding of the helix and helps create the transcription “bubble”, the CTD is then 

phosphorylated and the polymerase initiates transcription. During elongation, transcription 

factors are replaced by elongation factors, which confer processivity to the enzyme. During 

termination, elongation factors dissociate and the CTD is dephosphorylated and the RNA 

polymerase can then be recycled21.  

1.3 DNA repair 

Faithful DNA replication, and its transcription, are essential processes for the survival of the 

species. Therefore, preserving genomic sequence is crucial while, at the same time, 

mutagenesis is indispensable for evolution. It is known that DNA is a reactive molecule and 

can be modified by endogenous or exogenous insults. Therefore, cells have evolved a 

sophisticated set of systems that coordinate for the minimization of DNA damage 

consequences22. Disruptions or deregulations in such mechanisms drive cancer and ageing23. 

Furthermore, understanding the role of DNA damage during cancer can lead to the 

development of novel and more effective targeted therapies24. 

1.3.1 Sources of DNA damage 

DNA is subjected to thousands of lesions everyday which range in toxicity and bulkiness25,26. 

These different insults can be categorized in two groups depending on their origin, 

endogenous or exogenous. Endogenous damage arises during normal physiological 

processes, single-strand breaks (SSBs) can generate from oxidative species produced during 

metabolism. One of the major lesions produced by reactive oxygen species (ROS) is 8-

oxoguanine, which if, unrepaired, quickly depurinates generating abasic/apurinic apimidinic 

sites (AP sites)27. AP sites are unstable and can undergo β-elimination leading to the formation 

of a SSB, the most common form of DNA damage26,28. Accumulation of SSBs in close 

proximity or replication of DNA templates containing such breaks leads to the formation of 

double-strand breaks (DSBs). DSBs are considered the most toxic form of DNA damage and, 

if left unrepaired, can lead to chromosomal rearrangements and ultimately cell death29. DNA 

adducts are also common lesions, with formaldehyde (together with ROS and reactive 

nitrogen species, RNS) being a relevant source of this type of base damage (discussed in 

detail in section 2.1.1)30. Notably, mistakes during incorporation of nucleotides or 

misincorporation of ribonucleotides also constitutes a constant challenge to genomic integrity. 

Despite having a formidable fidelity rate and 3’ to 5’ correcting exonuclease activity, the 

replicative polymerases Polɛ and Polδ also commit mistakes, incorporating one wrong 



Introduction 
 

10 
 

nucleotide every 106-107 or 105-106 respectively31. Moreover, the engagement of translesion 

synthesis (TLS) polymerases for the bypass of DNA adducts also comes at a cost. TLS 

polymerases have a low fidelity rate, thousand folds lower than replicative polymerases32. 

Fidelity rates can ultimately be affected by the presence of repetitive DNA regions, generating 

insertions or deletions in the process33. Spontaneous chemical decay of DNA is also a frequent 

source of damage, being the deamination of C the most common one and happening mostly 

on ssDNA during replication and transcription34. Deamination of C, leads to the generation of 

genomic U, which pairs with A instead of G, generating a C:G to a T:A transition during 

replication35. This reaction is also enzymatically performed by enzymes of the cytosine 

deaminase family (APOBECs and AIDs), which are mutagenic drivers in some cancer types36-

38. Moreover, modification of 5-methyl C, an important epigenetic mark, leads to the formation 

of T by deamination, also causing transitions to A:T39.  Another source of DNA damage is 

caused by topoisomerases activity on aberrant substrates, leading to the formation of DPCs 

(further discussed in section 2.2.1 and 2.2.2)40. Furthermore, RNA:DNA hybrids or R-loops, 

which can arise from stabilized transcription intermediates, have recently gained interest as a 

common endogenous source of DNA lesions due to the exposure of long ssDNA fragments, 

which are additionally recombinogenic and can cause transcription-replication conflicts 

(TRCs)41-43. Notably, the presence of selfish genomic elements in the genome, with the LINE-

1 elements massively expanded in the human genome, presents a threat to genomic 

integrity44. LINE-1 mobilization has been linked to an increase in DSBs, senescence and 

apoptosis in cultured human cells45,46. However, the exact mechanism by which LINE-1-

mediated DNA damage is induced is not fully understood and might be related to replication-

integration conficts47,48. 

Exogenous DNA insults are organized in two main groups which purely depend on damage 

source: chemical or physical DNA damage inducers. Chemical DNA damage agents, 

comprise a plethora of compounds which react with DNA, or enzymes which interact with 

DNA, in an almost infinite different manner22. SSBs, can be generated indirectly by strong 

oxidizing agents such as potassium bromate (KBrO3) that damage DNA bases leading to 

spontaneous base loss and subsequent AP site hydrolysis49. Base damage includes also 

hydrolysis and alkylation, the latter types being a frequent lesion induced by chemicals. Base 

alkylation is mechanistically produced by the addition of an alkyl group to highly nucleophilic 

ring nitrogens or, with less frequency, to the oxygen50,51. One example, methyl 

methanesulfonate (MMS) produces N7-methylguanine and N3-methyladenine, which are 

excised by specific glycosylases generating AP sites52. Alkylating agents, like temozolomide 

(TMZ), are of great interest due to their common use in chemotherapy53. Another type of 

alkylating agents are bifunctional crosslinkers (e.g. nitrogen mustards, discussed in section 
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2.1.3), able to induce intra- and inter-strand DNA crosslinks and DNA-protein crosslinks54,55. 

The most important physical agents which can damage DNA are ionizing radiation (IR) and 

ultraviolet radiation (UV). IR is able to directly generate SSBs with DNA breaks containing a 

3’-phosphate or 3’-phosphoglycolate instead of a 3’-hydroxil group56,57. Additionally, multiple 

SSBs in close proximity lead to the generation of DSBs58. Furthermore, IR also indirectly 

damages the DNA by generating highly reactive ROS59. UV light is categorized depending on 

its wavelength in UVA (320–400nm), UVB (290–320 nm) or UVC (190–290 nm)60. UVC 

possesses maximal absorption by DNA and produces more photoproducts than the others61. 

Main lesions produced by UVC include cyclobutane pyrimidine dimers (CPDs) and 6-4 

photoproducts (6-4 PPs)60,62.  

 

Figure 1. Schematic depiction of common DNA lesions. Adapted from63. 

1.3.2 Post-translational modifications during DNA repair 

The activity of some proteins can be modulated by the addition of different chemical groups, 

sometimes even by entire proteins, which can trigger multiple consequences ranging from 

conformational changes to targeted protein degradation21.  

1.3.2.1 Ubiquitin 

Ubiquitin (Ub) is a highly conserved, and essential, 76 amino acids protein which can be found 

in a free form or covalently attached to other proteins64. Ub is involved in a wide range of 

processes which include protein degradation, autophagy, endocytosis or DNA repair65. Ub is 

attached to a lysine residue, or the N-terminus of a protein, through its C-terminal glycine66. A 

key feature of Ub resides in its seven lysines, which can get further modified by other Ubs, 

generating isopeptide Ub-chains with different functions67. The most common chains are K48-

linked68, which generally target for proteasomal degradation, and K63-linked, which has more 

complex functions such as regulating the recruitment of different factors67,69. Ub attachment to 

its substrate follows a three-step process. First, the Ub-E1 enzyme (Ub-activating enzyme) 
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uses ATP to transfer a Ub protein to a cysteine in its catalytic centre, forming a high energy 

thioester bond70. Second, the Ub is transferred from the E1 to an E2, which is also known as 

Ub-conjugating enzyme, through a transthiolation reaction71. In a final step, a Ub-E3, also 

known as Ub-ligase, mediates transfer of the Ub to the target protein. Most E3-ligases belong 

to either the really interesting new gene (RING) or the Homologous to E6AP C-terminus 

(HECT) family, with the difference being that RING ligases uniquely scaffolds the ligation 

reaction, while HECT establishes a covalent intermediate with Ub72,73. The presence of Ub-

binding or Ub-interacting domains (UBD and UIM) provide platforms for interaction with a 

variety of factors74.  

During the DNA damage response (DDR), ubiquitylation regulates the recruitment and action 

of many factors by the addition of mono- or diverse poly-Ub moieties. For instance, Ub is 

essential in the recognition of damaged sites, where modification of the histones H2A, H2B 

and H2AX destabilizes the nucleosome facilitating break recognition75. One of the most 

studied targets for ubiquitylation is the tumour suppressor protein p53, which is a direct 

substrate of the E3-ligase MDM2. The constant modification of p53 triggers its proteasomal 

degradation but upon DNA damage, MDM2 gets inhibited by phosphorylation, what stabilizes 

p53 allowing to perform its proapoptotic functions76,77. Another example of the role of 

ubiquitylation on DNA damage is the orchestrated recruitment of breast cancer susceptibility 

gene 1 (BRCA1) to DSBs sites by K63-linked Ub-chains on histones H2A and H2AX78,79. 

Additionally, PCNA modification by Ub determines pathway choice. Its monoubiquitylation 

(K164) facilitates the recruitment of TLS polymerases, but the extension of this Ub on a K63-

linked chain, leads to template switching (TS)80,81. However, ubiquitylation is reversible by the 

action of deubiquitylating enzymes (DUBs). DUBs are proteases, mostly cysteine 

proteases82,83, and coordinate all the physiological processes where Ub is involved84. In DNA 

damage, the ubiquitin carboxyl-terminal hydrolase 1 and 7 (USP1 and USP7) are two of the 

most prominent DUBs and they regulate most of the DNA repair pathways85-87.  

1.3.2.2 SUMO 

SUMOylation is a vital post-translational modification catalysed by a limited set of enzymes 

but regulating numerous different processes. SUMO, as Ub, can be attached as a monomer 

or polymer to proteins88. While model organisms such as Saccharomyces cerevisiae or 

Xenopus laevis have a unique SUMO isoform, mammals have up to five89. As for Ub, the 

SUMO machinery is composed of activating-E1, conjugating-E2 and a ligase-E3 enzyme, but 

with a modest number of members compared to Ub90. Moreover, there is a unique SUMO-E2, 

the SUMO-conjugating enzyme UBC9 (or UBE2I), which can add SUMO in an E3-independent 

manner91,92. Additionally, SUMOylation is also reversible by the action of SUMO proteases, 

being the sentrin-specific protease (SENP) family the most numerous one93. Recognition of 
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SUMO modifications is mediated by SUMO-interacting motifs (SIMs), which contain a core of 

hydrophobic and flanking acidic aminoacids94. SUMOylation plays a crucial role in preserving 

genome stability through the regulation of extensive sets of target proteins involved in various 

DNA repair and genome stability pathways95. A good example is DSB-repair, where 

SUMOylation promotes the recruitment of factors such as BRCA1 or 53BP1 through the action 

of the SUMO-E3 protein inhibitor of activated STAT1 and 4 (PIAS1 and PIAS4)96.  Of note, 

SUMO-targeted ubiquitylation by the STUbLs RNF4 and RNF111 is of great importance for 

the coordinated degradation of SUMOylated proteins, as well as for the repair of DPCs 

(extensively discussed in section 2)97-100.  

1.3.2.3 NEDD8 

The neural precursor cell expressed down-regulated 8 (NEDD8) is another Ub-like modifier 

protein which is ligated to proteins in a chemically identical manner as for Ub and SUMO (E1, 

E2, E3 cascade) and via its C-terminal glycine101. In contrast to ubiquitylation, the NEDD8 

cascade normally leads to mono-neddylation and the number of substrates of NEDD8 are very 

limited. The best characterized targets are cullin-RING Ub-E3-ligases (CRLs), which mediate 

up to 20% of total protein degradation by the proteasome102. Modification of CRLs by 

mononeddylation in their C-terminus, stimulates the recruitment of the E2 and abolishes 

binding to the cullin-associated NEDD8 dissociated 1 (CAND1), a native cullin inhibitor103-106. 

The role of NEDD8-mediated CRLs activity is well established in various DNA damage repair 

pathways including nucleotide-excision repair (NER), base excision repair (BER) and DSB-

repair104. 

1.3.2.4 Phosphorylation 

Protein phosphorylation is a vital cellular regulatory mechanism, as it triggers the activation or 

deactivation of numerous enzymes and receptors through phosphorylation and 

dephosphorylation processes107. Phosphorylation mechanisms involves the addition of a 

phosphate group to the polar side chain of different amino acids. This modification generally 

targets the hydroxyl group of threonines, serines or tyrosines, being phosphoserine the most 

relevant within them108,109. One of the most prominent roles of phosphorylation is the control 

of cell cycle progression, what is mainly done by the action of CDKs, also involved in 

transcription and splicing control110. In the absence of DNA damage, CDKs (such as CDK2, 4 

and 6) phosphorylate retinoblastoma (Rb) allowing transition to S-phase. Rb phosphorylation 

is maintained during S/G2/M, inactivating the protein and promoting cell cycle progression. Rb 

is a tumor suppressor that commonly harbors mutations in several cancers111,112. In addition, 

the crosstalk between DNA repair factors and cell cycle progression is performed by the 

evolutionary conserved phosphatidyl-inositol 3′ kinase‐related kinases (PIKKs), comprised of 

Ataxia-telangiectasia mutated (ATM), ataxia telangiectasia and Rad3-related protein (ATR) 
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and DNA-dependent protein kinase (DNA-PK), and PIKK‐regulated downstream kinases, 

Checkpoint kinase 1 and 2 (CHK1 and CHK2)113. PIKKs play an essential role in the 

coordination of DNA repair, fork stability and cell cycle control through the phosphorylation of 

hundreds of substrates114,115. 

1.3.3 Direct, base excision and mismatch repair 

Nature has evolved several mechanisms in which specific DNA damages can be directly 

removed without affecting the DNA backbone. This process is commonly known as direct-

repair and comprises the repair of three major lesions: UV-light induced, O6-alkylguanine and 

N-alkylated base adducts. The two main UV photoproducts, CPDs and 6-4 PPs, can be 

targeted by the action of photolyases. These enzymes, which are absent in humans, use blue 

or near-UV light and the cofactor flavin adenine dinucleotide (FAD) in its reduced form to split 

the base dimer116-118. The repair of O6-alkylguanine lesions through direct reversal has gained 

interest in the recent years due to the use of temozolomide, which mainly induces this lesion, 

in cancer treatment52,53. A unique protein, methylated-DNA-protein-cysteine methyltransferase 

(MGMT) also known as alkyl-guanine transferase (AGT), acts as a recipient for the alkylation 

by transferring it from the base to its catalytic cysteine119. The S-alkylated MGMT cannot be 

restored and undergoes fast degradation by the ubiquitin-proteasome system120. Of note, 

activity of MGMT on lesions produced by ethylene dibromide, a known carcinogen, 

paradoxically increases its toxicity by the formation of a MGMT-DPC121. The last type of direct 

DNA repair is mediated by the AlkB family of demethylases, which using an iron site, activate 

the oxygen molecule to catalyse the oxidation of aberrant alkyl groups. This reaction generally 

targets methyl groups on N1-adenine or N3-cytosine, and yields the unmodified base and 

formaldehyde as a by-product122-124.  

BER is a process for the repair of small lesions which do not distort the DNA structure. There 

are two main BER sub-pathways which depend on the length of synthesis after lesion removal: 

short-patch BER, for a single nucleotide, and long-patch, when the synthesis is longer than 

one nucleotide. BER initiates by cleavage of the damage base by a glycosylase, which results 

in the formation of an AP site125, by monofunctional glycosylases, or a SSB, by a bifunctional 

glycosylase. Monofunctional glycosylases include the uracil-DNA glycosylase (UDG) or N-

Methylpurine-DNA glycosylase (MPG), which removes numerous alkyl-base adducts126. On 

the other hand, bifunctional glycosylases include the 8-oxoguanine glycosylase 1 (OGG1), 

important for the repair of the most prominent oxidative lesion in cells, which directly incises 

the AP with its lyase activity generating a 3’-α, β-polyunsaturated aldehyde (PUA) and a 5’-

phosphate127. The AP site generated by monofunctional glycosylases as well as the 3’-PUA 

generated by bifunctional glycosylases as OGG1, must be removed for proper repair of the 

lesion. This reaction is catalysed by AP-endonuclease (APE1), which cleaves the DNA-
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backbone 5’, next to the AP site or the 3’-PUA, and generates a gap with a 3’-hydroxyl and a 

5’-deoxyribose phosphate (5’-dRP) flap128-130. After APE1 cleavage, polymerase β (Polβ) is 

recruited to the lesion and performs its double enzymatic function by the addition of a 

nucleotide to the 3’-end, polymerase activity, and removal of the 5’-dRP, mediated by its lyase 

activity131,132. The ligation of the ends by DNA ligase I or III (LIG1/3), after addition of a 

phosphate group to the 5’ end by polynucleotide kinase/phosphatase (PNKP), constitutes the 

final step of short-patch BER126. Long-patch BER seems to be favoured after the activity of 

bifunctional glycosylases, where APE1 cleavage of the 3’-PUA leaves a clean 3’-OH and 5’-

phosphate flanked by a single nucleotide gap, but also during replication due to the availability 

of long-patch repair factors or by the presence of 5’-adducts that Polβ cannot remove126,133. In 

this alternative process, PCNA is loaded on the gap with a replicative polymerase (Polɛ or 

Polδ, but can use Polβ in non-replicative cells), and after strand synthesis, normally of 2-12 

nucleotides, the structure generated is cleaved by Flap structure-specific endonuclease 1 

(FEN1), what allows LIG1 ligation and break sealing126,134. The exact moment of intervention 

of the poly-ADP-ribose polymerase 1 (PARP1) and the X-ray repair cross complementing 1 

(XRCC1) is a matter of debate. PARP1 is known as a first responder because it binds AP sites 

and SSBs which are intermediates of BER135-137. After lesion recognition, PARP1 undergoes 

heavy modification (poly-ADP ribosylation or PARylation) of itself and target proteins, what 

recruits XRCC1 and forms a platform for the further recruitment of more factors implicated in 

BER136. 

The DNA mismatch repair (MMR) process is essential for maintaining the stability of DNA 

within cells. It works to rectify errors like mismatched base pairs and small insertions or 

deletions, which commonly emerge during DNA replication138,139. MMR involves four steps: 

recognition of the lesion, initiation of repair, excision and resynthesis of DNA140. Furthermore, 

MMR also has a preferential bias to act on actively transcribed genes. The two main groups 

of MMR proteins are the MutS homologs (MSH) and the MutL homologs (MLH)141-143.  Human 

MMR machinery comprises eight genes which code for proteins that associate forming 

heterodimers, what changes its specificity towards lesions142,143. For example, MSH2 forms 

dimers with MSH3 or MSH6 and correct mismatches in the newly replicated DNA strand, by 

sliding through the DNA until they recognize the distortion caused by the mismatch144. The 

recognition of a mismatch initiates binding of other molecules, generally the heterodimer 

MLH1-MLH4, having the second endonuclease activity. Endonucleolytic cut by MLH4, 

generates a SSB that allows exonuclease 1 (EXO1) activity and dissociation of the complex 

from DNA140,145,146. 
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1.3.4 Nucleotide excision repair  

NER is the most versatile repair pathway because it can remove a great range of DNA-helix 

distorting lesions. Some of these lesions include CPDs, 6-4 PPs or DNA bulky adducts147. The 

two main NER sub-pathways only differentiate in the lesion recognition process which, if not 

involving transcription is named global-genome NER (GG-NER), while if it involves actively-

transcribed DNA strands is referred as transcription-coupled NER (TC-NER)147,148. Mutations 

in GG-NER and general NER genes are causative for xeroderma pigmentosum, while 

mutations in TC-NER related genes exclusively cause Cockaine syndrome149. The first 

element in DNA damage recognition by GG-NER is xeroderma pigmentosum factor C (XPC), 

which forms a complex with UV excision repair protein RAD23 homolog B (RAD23B) and 

centrin 2 (CETN2)150. This complex can detect helix distortions by a sequential mapping step 

which involves the XPC damage-independent DNA-binding domain and diffusion along DNA 

by continuous association and dissociation in a process known as “hopping”151. The lower 

energy of unpaired nucleotides -due to the presence of a lesion- allows XPC to flip-out 

damage-containing nucleotides and open their conformation152,153. XPC is inefficient in the 

recognition of UV-damages because they do not dramatically distort the helix. Therefore, a 

second protein, UV-damaged DNA-binding protein (UV-DDB), a heterodimer formed by DDB1 

and DDB2 (also known as XPE), introduces a kink next to the lesion, favouring further 

recognition by XPC150. Moreover, DDB1 recruits an E3-ligase, CUL4-RBX1, which 

ubiquitylates XPC increasing its DNA-binding activity154. The binding to the lesion by XPC 

engages XPB binding, which further recruits the general transcription factor IIH (TFIIH)150. 

In contrast to GG-NER, TC-NER initiates with the stalling of RNAPII on a DNA lesion during 

transcription elongation. The Cockayne syndrome group B protein (CSB) is a DNA-dependent 

ATPase which enhances its RNAPII binding upon stalling, driving the recruitment of a second 

factor, CSA155. CSA is a substrate recognition factor of a Ub-E3-ligase complex which, upon 

recruitment, catalyses the polyubiquitylation of RPB1 on lysine K1268, triggering its 

degradation and the recruitment of an accessory protein, the UV-sensitive syndrome protein 

A (UVSSA), which further facilitates the recruitment of TFIIH156,157.  

TFIIH plays a key role in damage verification and unwinds the DNA to expose the lesion, 

allowing assembly of the repair machinery148. The increase of DNA flexibility by TFIIH activity, 

permits XPD to unwind the DNA and filter the damage by size, allowing for the detection of 

bulky lesions147,150. Lesion filtering process recruits XPA and XPG, which stabilize the opened 

conformation, expel TFIIH and permit RPA association with the undamaged ssDNA, protecting 

it from nuclease attack158,159. When XPD encounters the damage, XPG displaces XPC and 

allows recruitment of the pre-incision complex XPF-ERCC1, recruited by XPA160,161. In the final 

step of the process, XPF-ERCC1, positioned on the 5’ end, and XPG, positioned on the 3’ 
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end, perform strand incision and release the lesion-containing DNA, which is approximately 

30 nucleotides long161-163. Downstream processing includes the same factors as for long-patch 

BER, which extend the excised strand and religate the ends (e.g. PCNA, XRCC1, replicative 

polymerases, etc.)164.   

1.3.5 Single- and double-strand break repair 

As previously mentioned, SSBs are one of the most common lesions in cells, what requires a 

rapid removal system to avoid their accumulation25. The repair of SSBs overlaps with other 

repair pathways which have SSBs as intermediates such as BER or NER165. Therefore, during 

this section, I will mainly focus on the role of PARP1 and associated factors, important for the 

repair of SSBs. PARP proteins (PARP1 and PARP2) rapidly detect SSBs in cells, what triggers 

their catalytic activation166,167. Using NAD+ as a cofactor, these proteins trigger self-PARylation 

and catalyse the PARylation of other proteins in the vicinity. This activity also controlled by the 

histone PARylation factor 1 (HPF1), which facilitates the modification of serine residues on 

histones near the break168,169.  Although the role is currently unclear, new studies suggest that 

also DNA and RNA can be directly PARylated170. PAR-modification has a short half-life and is 

rapidly removed by the poly-ADP-ribose glycohydrolase (PARG), while mono-ADP-

ribosylation, mostly catalysed by PARP3, is removed by mono-ADP-ribose hydrolases171. 

Modification of the environment around the break by PARPs constitutes an extremely dynamic 

signalling, which likely controls chromatin accessibility to allow the recruitment of downstream 

factors172-174. In addition to the effect of PARylation on DNA opening174, the modification also 

recruits chromatin remodellers such as the chromodomain-helicase-DNA-binding protein 1-

like (CHD1L, also known as ALC1)175,176 or the facilitates chromatic transaction complex 

(FACT). A second major role for PAR on chromatin is the direct recruitment of XRCC1, which 

forms complexes with almost all the necessary enzymes for the repair of SSBs177. In contrast 

to the role of direct recruitment of XRCC1 to SSBs, the need for PARylation during BER seems 

less obvious, given that BER intermediates can be repaired by Polβ which directly allows 

ligation by XRCC1/LIG3178-180. The recruitment of XRCC1 starts a negative feedback loop 

which “disengages” PARP1 from DNA and acts as an “antitrapping” factor, what ends the 

process and allows the completion of SSB-repair, either long- or short-patch181. 

DSBs are considered the most toxic form of DNA damage and the DSB repair system is tightly 

regulated to counter the effect of such deleterious insults182. DSBs are predominantly repaired 

through non-homologous end joining (NHEJ), an error prone pathway which can religate 

virtually any kind of DSB. An alternative during the repair of DSBs is homologous 

recombination (HR), a higher fidelity pathway which uses a second allele copy as a template 

for repair183. The cell cycle phase, the availability of certain factors and the presence of a 

homologous template determines pathway choice. 
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1.3.5.1 Non-homologous end joining 

NHEJ can be itself divided depending on whether there is end resection by nucleases or not. 

Therefore, three main NHEJ branches can be found in cells: classical NHEJ (cNHEJ) with no 

resection, alternative NHEJ (altNHEJ) and single-strand annealing (SSA), these two latter 

ones requiring resection.  

cNHEJ initiates with the binding of the heterodimer Ku70-Ku80, which interacts with the DNA 

ends and nucleates the recruitment of factors such as DNA-PK and LIG4, including the 

scaffolding factors XRCC4, PAXX and the XRCC4-like factor XLF184-186. DNA-bound Ku is an 

activator of DNA-PK, which triggers phosphorylation of many targets, including itself, and also 

serine S139 in histone H2A.X for phosphorylation (γH2AX), done by ATM or ATR in alternative 

DSB repair pathways, which opens the chromatin surrounding the break187-190. The recruitment 

of these factors generates a synaptic complex which aligns the two DNA ends, with its core 

consisting of XRCC4, XPF and PAXX, allowing ligation by LIG4186,191. Although LIG4 can 

tolerate certain base damages and mismatches192, many DNA ends need reshaping for 

ligation, what is performed by enzymes such as PNPK, polymerases such as Polµ and Polλ, 

or nucleases such as Artemis193.  

End-resection mediates the start of two alternative forms of NHEJ, altNHEJ (also known as 

microhomology-mediated MMEJ) and SSA194. End-resection is determined by the presence 

of the MRN complex and the phosphorylation of C-terminal-binding protein-interacting protein 

(CtIP), activated in the S-G2 phase of the cell cycle by cyclin dependent kinases195,196. The 

MRN complex, which requires activity stimulation by CtIP, is composed of three core units: 

Meiotic Recombination 11 (MRE11), RAD50 and Nijmegen breakage syndrome 1 

(NBS1)196,197. The MRN complex stimulates the activity of ATM at the end of the DSB, and 

γH2AX formation will recruit the mediator of DNA damage checkpoint 1 (MDC1), an adaptor 

protein which will further allow RNF8, an E3-ligase, to catalyse K63-polyubiquitylation on 

histone H2A187. These K63-chains are further amplified by RNF16878,198. K63-Ub-Linked H2A, 

recruits the BRCA1 complex, outcompeting the binding by P53-binding protein 1 (53BP1) that 

inhibits resection by binding the dimethylated H4K20, the monoubiquitylated H2AK15 and 

γH2AX, which are important for the repair of DSBs in heterochromatin. The competition 

between 53BP1 and BRCA1 has been subjected to extensive study given that 53BP1 loss 

can rescue repair by HR in BRCA1 deficient cells199. An additional layer of control on resection 

is the inhibition of 53BP1 and RNF8 by phosphorylation by checkpoint kinases, what controls 

their activity throughout the cell cycle200,201. During altNHEJ, Polθ, a specialized polymerase 

with helicase function, displaces RPA from the resected ssDNA via its helicase domain202,203.  

In addition, PARP1 performs an essential function in the synapsis of the ssDNA strands, which 

is mediated by microhomology – of two to twenty nucleotides – and can be extended by 
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Polθ204. The flap generated during the bridging by PARP1 and the extension of the 

microhomology by Polθ can be cleaved by APE2, which not only possesses flap activity, but 

also can nucleolytically remove different 3’-end blocks205. In a final step, ends are ligated by 

XRCC1-LIG3 complex, recruited by PARP1 to the lesion site206. In contrast to altNHEJ, SSA 

requires larger homology, causing large deletions in repetitive sequences207. Annealing and 

homology search is mediated by RAD52, while the nucleolytic incision of the flaps is mediated 

by the ERCC1/XPF complex208-210. The exact polymerase directly implicated in SSA is still not 

known but it probably involves Polθ, Polδ or Polζ211,212. 

1.3.5.2 Homologous recombination 

After resection, the presence of a sister chromatid will provide HR preference213. Although 

considered high-fidelity, when compared with NHEJ, HR can also have deleterious 

consequences such as loss of heterozygosity if the homology template is the homologous 

chromosome214. Despite having multiple subpathways, the initiation of HR is always the 

loading of the recombinase RAD51 by BRCA2 on the resected DNA. During this process, RPA 

is displaced progressively and the RAD51 filament formation allows the search for sequence 

homology215. The partner and localizer of BRCA2 (PALB2), as well as the BRCA1 and BRCA1-

associated RING domain protein 1 (BARD1), aid in the formation of a D-loop structure by 

stimulating RAD51-ssDNA filaments ATPase activity216,217. The free 3’-end of the invading 

strand can be extended by Polδ using the invaded strand as a template211. Of note, the 

pathway can subdivide in this step depending on active or passive involvement of the second 

DNA strand in the process. If the invading strand is extended while the non-invading is not, 

the invading strand reanneals after polymerase activity, serving as a template for the extension 

of the non-invading strand, a process known as synthesis-dependent strand annealing 

(SDSA)218. In contrast, both DNA strands can get extended if the non-invading strand anneals 

with the displaced strand of the homologous sequence, a process known as classical HR, and 

which is prominent in meiotic recombination218. Classical HR involves the formation of a double 

Holliday junction which can be dissolved, this means with no cross overs, by the activity of the 

Bloom helicase (BLM) and the BTR (BLM, TOP3α, RMI1 and RMI2 complex219. Alternatively, 

crossover can occur by the action of structure specific nucleases or resolvases such as the 

essential meiotic endonuclease 1 homolog 1, 2 (EME1 and EME2) and methansulfonate, UV 

sensitive 81 (MUS81)219. A final mechanism, known as break-induced replication (BIR), can 

also occur after strand invasion. BIR is a highly mutagenic process and happens primarily 

during replication, where after strand invasion the invading strand is extended until the end of 

the chromosome, even for hundreds of kbps, unless stopped by a blockage220,221. In addition, 

the exposure of such long ssDNA tracts, subjects them to extensive DNA damage, what can 

drive mutagenicity, and severe chromosomal rearrangements222. BIR has acquired high 
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relevance during recent years because it provides cancer cells, which lack telomerase, with 

an alternative pathway to extend their telomeres, a process known as alternative lengthening 

of telomeres (ALT)223. 

1.3.6 DNA interstrand crosslink-repair, the Fanconi anemia pathway 

Fanconi anaemia (FA) is a rare disorder which is caused by mutations with partial or total loss 

of function in, at least, one of the 22 FA genes described up to date224. The cause for the 

disease is probably the incapability of these cells to repair interstrand DNA crosslinks (ICLs), 

what also causes that FA patients present higher cancer rate225,226. The repair of ICLs by FA 

generally requires S-phase and is triggered by convergence of replication forks at the ICL227. 

ICLs can be recognized after fork stalling, triggering binding of the FA anchoring complex, 

which contains the translocase FANCM. FANCM allows most replication forks to bypass the 

ICL so it can be repaired postreplicatively228. A second option, is excision of the ICL by the 

NEIL3 glycosylase. Not all ICLs can be targeted by NEIL3 and its cleavage on the N-glycosyl 

bonds releases an AP site which is bypassed by TLS229. Upon binding of FANCM, in 

cooperation with FAAP24 and MHF, the FA core complex, which contains the E2-conjugating 

enzyme FANCT (or UBE2T) and the E3-ligase FANCL, is recruited to the damage230. 

Recruitment of the core complex mediates monoubiquitylation of the FANCD2 and FANCI 

heterodimer, which is enhanced by DNA binding, by these enzymes231,232. In addition, loss of 

any of the factors in the anchoring complex does not completely avoid FANCI and FANCD2 

modification, suggesting alternative pathways for the recruitment of the core complex233. 

Functional consequences of the monoubiquitylation of the ID2 complex (FANCD2 and 

FANCI), reversible by the action of USP1, include the recruitment of structure-specific 

nucleases by FANCP (SLX4), which mediate the unhooking of the ICL (e.g. XPF-ERCC1, 

MUS81-EME1 or SLX1), and TLS polymerases to bypass the ICL-bound dinucleotide234-240. 

The final unhooking step drives the generation of DSBs, which are mostly repaired by HR 

factors, many of which are also FA proteins (e.g. BRCA1 is FANCS)240,241. 

1.3.7 R-loops, TRCs and their resolution 

R-loops have crucial physiological roles in cells such as chromatin organization, DNA 

replication and repair. However, R-loops have gained interest as potential sources of DNA 

damage and genomic instability, highlighting the relevance of their regulation242. One of the 

main drivers of R-loop toxicity is mediated by replication-hybrid collision, which can be 

subdivided in head-on, when the CMG helicase encounters the RNA polymerase, or co-

directional, being less toxic due to the CMG capacity of unwinding also RNA:DNA hybrids243. 

Head-on collisions can stall the replication fork, leading to ATR activation and fork reversal, 

which also requires MUS81 activity244. Notably, RNase H1 and H2, are also important for R-

loop resolution because they have endoribonuclease activity at specific DNA:RNA hybrid 
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structures245,246. Additionally, a large group of helicases have recently been involved in R-loop 

suppression, and some examples include senataxin, aquarius and members of the DEAD-box 

and DEAH-box helicase families247-250. 

1.4 DNA damage tolerance 

The majority of DNA damage is removed efficiently but some lesions persist until DNA 

replication, driving drastic consequences for the cell such as fork stalling and collapse or 

chromosomal breakage251. DNA-damage tolerance pathways (DDTs) cope with this problem, 

allowing replication of the damaged template and reducing genomic instability. DDTs are 

conserved in almost all organisms, highlighting their evolutionary importance251,252. 

1.4.1 Translesion synthesis 

Despite tolerating certain base lesion damages, the replicative polymerases Polɛ and Polδ 

stall when they encounter bulky lesions. In this context, specialized polymerases are recruited 

for direct synthesis prior to recoupling253. Main TLS polymerases in humans belong to the Y-

family and are polymerase η (Polη), ι (Polι), κ (Polκ) and the reversionless 1 (REV1), including 

a B-family member, polymerase ζ (Polζ)86,254. TLS polymerases make loose and non-specific 

contacts with the DNA template, what allows them to accommodate a wide range of DNA 

distortions and bulky lesions. The use of TLS polymerases also comes at a cost, due to their 

low fidelity, what explains why their recruitment is tightly regulated255. Different TLS 

polymerases seem to have different efficiencies towards diverse damages. Polη is efficiently 

replicating across CPDs while it is uncapable of doing so with 6-4 PPs256-258. Furthermore, 

Polι, which arose as a RAD30 (yeast Polη homolog) gene duplication, has partially overlapping 

functions with Polη with respect to UV-damage but has additional functions259-262. Polι also 

possesses lyase activity and interacts with XRCC1, what allows it to substitute in vitro Polβ 

function, although in vivo data are still lacking. Polκ is the most conserved Y-family polymerase 

with homologs found in almost all domains of life but curiously not in yeast263. Despite being 

blocked by dinucleotide lesions, Polκ can bypass a large variety of monoadducts such as N2-

dG alkylation264,265. Additionally, Polκ can also extend a C inserted by Polι in certain lesions266, 

although the extension process seems to be primarily performed by Polζ267. Of note, the role 

of Polκ is not limited to lesion bypass, given that Polκ also performs gap-filling during NER in 

cooperation with Polδ268. REV1 is a C polymerase with an unusual activity269,270. Instead of 

pairing with G, it acts as a template-independent transferase by swinging the DNA, pairing the 

G with a loop in its own structure and coordinating the C with one of its residues so it can be 

placed in the right position271,272. This allows REV1 to bypass numerous G-adducts and AP 

sites269-271,273. In contrast to the previously described Y-polymerases, Polζ belongs to the B-

family, closely related to the replicative polymerases α,δ and ɛ274. Its core is composed of 
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REV3, which harbours the catalytic activity, two REV7 subunits, which stimulates REV3 

activity also linking Polζ to REV1275-277. In addition, as Polδ, REV3 also associates with Pol31 

and Pol32, suggesting common features in the recruitment and regulation of both 

polymerases278. The role of Polζ is thought to be the extension of the first nucleotide placed 

opposite the damage by Y-polymerases, a process which is error-prone but still more accurate 

than replication by Y-polymerases, what might explain its involvement in the repair of almost 

all damage-induced mutagenesis255,279.  

Polymerase switching is tightly controlled by Polδ, which outcompetes TLS polymerases to 

limit mutagenesis253. TLS recruitment is triggered by persistent RPA filaments on ssDNA, 

generated during fork stalling, what recruits the RAD6-RAD18 E2-E3 complex, catalyzing 

PCNA monoubiquitylation and Polδ to TLS-polymerase switch280-282. The recruitment via Ub 

is mediated by specific Ub-binding domains in each protein such as Ub-binding zinc-fingers 

(Polκ and Polη) or Ub-binding motifs (Polι and REV1), which work in addition to their PIP-

boxes (REV1 has no PIP-box but interacts through its BRCT domain)283. REV1 also binds the 

REV7 subunit of Polζ and the other Y-polymerases through PIP-like motifs, aiding in their 

recruitment in a process that seems to be lesion specific284-287. 

1.4.2 Repriming  

The uncoupling of the replication fork can also be rescued by repriming. Repriming consists 

of the synthesis of a new primer downstream of the lesion, allowing replication on the leading 

strand to continue287. Although Polα could potentially fulfil this role, it has proven to be 

extremely inefficient in the synthesis of primers on the leading strand due to its strong inhibition 

by RPA288. Although during RPA exhaustion Polα could potentially perform this function, in 

higher eukaryotes, repriming is mediated by another primase termed PrimPol. PrimPol is 

directly recruited by RPA to the ssDNA generated by uncoupling, where it mediates not just 

priming but also extension downstream of the lesion, due to its double activity as primase and 

polymerase289. While in some cells lines, such as avian DT40 cells, PrimPol loss causes 

damage sensitivity, growth arrest and fork slowing290, in human cells, its deletion does not 

result in major consequences, although the additional loss of Polη or Polζ does have a 

synergistic effect towards damage sensitivity291,292. PrimPol seems to be relevant for providing 

tolerance towards damages which are not bypassable by TLS, such as chain-terminating 

nucleosides or ICLs292,293. This might suggest that if the efficiency of TLS damage-bypass is 

lower than repriming, the second would take place80,287. After repriming, Polδ-interacting 

protein 2 (PolDIP2) enhances primer extension activity by PrimPol to then facilitate the switch 

to Polδ, what promotes recoupling253,294,295. 
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1.4.3 Fork reversal 

Fork reversal generates a “chicken foot” structure at active replication forks in response to 

DNA damage. The reverse fork is protected from degradation and permits a controlled stalling 

of replication. Different outcomes can follow the formation of a reversed fork296. The  nascent 

leading strand can be extended using the lagging strand as template297. A second function of 

fork reversal might be the use of the lagging strand as substrate for the repair of the leading 

strand on a dsDNA context297. Fork reversal is initiated by monoubiquitylation-mediated 

polyubiquitylation of PCNA by helicase-like transcription factor (HLTF), which has helicase 

and E3-ligase activities, or SNF2 histone linker PHD RING helicase (SHPRH), a second E3-

ligase298,299. The presence of RPA and polyubiquitylated PCNA recruits two translocases: the 

SWI/SNF-related matrix-associated actin-dependent regulator of chromatin subfamily A-like 

protein 1 (SMARCAL1), and zinc finger RANBP2-type containing 3 (ZRANB3)300-302. The 

translocases will reshape the fork in a mechanism not yet fully understood and will generate 

the characteristic “chicken foot” structure, which is directly observable under the transmission 

electron microscopy in human cells treated with genotoxic agents303. As for TS, reverse fork 

generation requires RAD51 that also aids in protecting the reverse forks from 

degradation304,305. After fork reversal and extension of the leading strand, the RecQ-Like Type 

1 (RECQ1) can catalyse reversed-branch migration and fork restart, or alternatively, the fork 

can suffer a controlled resection by the Werner Syndrome helicase in a complex with the DNA 

replication ATP-dependent helicase/nuclease DNA2 (DNA2), promoting repair of the lesion 

and restart306,307
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2 DNA-protein crosslinks 

DPCs are highly toxic DNA lesions which arise when proteins get covalently trapped on DNA. 

Their toxicity relies on their ability to block essential chromatin processes such as replication 

and transcription. In the following section, I will describe in detail sources and repair of these 

pervasive lesions and the consequences of defective DPC-repair. 

2.1 Non-enzymatic DNA protein crosslinks 

Non-enzymatic DPCs are generated by reactive metabolites and chemotherapeutics which 

can crosslink virtually any DNA-binding protein. In the following subsection, I summarize some 

of the main DPC-inducers which have pathophysiological and clinical relevance. 

2.1.1 Reactive aldehydes 

Reactive aldehydes are common byproducts of endogenous metabolism. Acetaldehyde, for 

example, drastically increases its cellular levels after ethanol consumption. Ethanol is rapidly 

oxidized by alcohol dehydrogenases, which use NAD+ as a cofactor, and the acetaldehyde 

generated is detoxified by the acetaldehyde dehydrogenase 2 (ALDH2)308. Mutations in 

ALDH2 are causative for Asian flush syndrome and higher cancer predisposition309. 

Acetaldehyde induces various forms of DNA damage, mainly DNA adducts such as N2-

ethylidene-2′-deoxyguanosine, N2-ethyl-2′-deoxyguanosine, N2-propano-2′-deoxyguanosine, 

and N2-etheno-2′-deoxyguanosine309. N2-propano-2′-deoxyguanosine is a crosslink 

precursor, and can react with the N2-amine of a second guanine generating an ICL310. 

Additionally, proteins in the vicinity can get crosslinked to N2-ethyl-2′-deoxyguanosine 

generating DPCs311.  

Formaldehyde is one of the most relevant, reactive and poisonous aldehydes and has been 

exploited for decades for the preservation of biological samples. It also constitutes one of the 

most relevant environmental toxins and can be found in polluted air, water or tobacco 

smoke312. Endogenous formaldehyde is generated during one-carbon metabolism, where 

serine is cleaved to glycine and formaldehyde by serine hydroxymethyl transferase313. Lipid 

oxidation also contributes to elevated cell formaldehyde during malondialdehyde 

metabolism314 and the degradation of adrenaline, which produces methylamine further 

deaminated into formaldehyde315. Furthermore, formaldehyde is produced in high 

concentrations within chromatin during histone316 and DNA demethylation317, generating high 

concentration waves during transcriptional reprogramming318, but also in the cytoplasm upon 

RNA demethylation319. Moreover, methanol, either from endogenous or exogenous sources, 

is rapidly converted in cells to formaldehyde by alcohol dehydrogenases320. The first tier of 
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protection against formaldehyde is constituted by two enzymes, alcohol dehydrogenase 5 

(ADH5) and ALDH2. ADH5 conjugates formaldehyde with glutathione generating S-

formylglutathione, excreted in the urine. ALDH2 oxidizes formaldehyde to formic acid using 

NAD+ as a cofactor, generating reductive power in the process321. An additional enzymatic 

system for the degradation of formaldehyde includes the cytochrome P450 monooxygenase 

superfamily, which conjugates atomic oxygen to the substrate, generating formic acid. Atomic 

oxygen is obtained by reducing one of the atoms in molecular oxygen with NADPH as a 

cofactor322. The second tier of protection is constituted by a broad range of DNA-repair 

mechanisms which mainly involve the FA pathway310,318 but also DPC-specific proteases such 

as SPRTN323 or TC-NER factors as CSB324. Dependency on certain repair pathways to repair 

lesions induced by formaldehyde, can be explained by the type of damage produced by it. 

Formaldehyde forms, due to its electrophilic nature, covalent adducts with amino- and thiol-

groups325. The formation of Schiff base intermediates with DNA, RNA and proteins drives the 

generation of mono-adducts, nucleic acid crosslinks and protein-protein crosslinks55,311,326. 

Interestingly, the reactivity of formaldehyde with proteins and DNA was already described 

several decades ago, where the authors also hypothesize the existence of a protease-

dependent pathway for the repair of DPCs1. The efficient generation of DPCs by formaldehyde 

is widely used for different molecular biology techniques, which seek to capture interactions 

between proteins and nucleic acids, such as chromatin immunoprecipitation sequencing 

(ChIP-Seq)327 or RNA interactome capture method (RIC)328,329. One very important feature of 

these lesions is that despite being induced really efficiently, they are reversible through 

spontaneous hydrolysis, what limits their toxicity and facilitates their application in the listed 

methods330.   

Of note, AP sites are one of the most relevant endogenous aldehydes. AP sites are able to 

crosslink to cysteines and lysines. The formation of such crosslinks (e.g. between histones 

and DNA) has already been described in the literature, posing AP sites as one of the major 

drivers of aldehyde-mediated DPC-formation in cells due to their abundance311,331,332.  

 

Figure 2. Schematic depiction of the chemical structure of a histone H4 crosslinked to an AP site. Grey colour 
represents DNA backbone, light blue the protein crosslinked and pink the chemical bond between the protein and 
DNA. Adapted from63 
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2.1.2 Platinum-derived compounds 

Platinum compounds such as cisplatin (or cis-diamminedichloroplatinum (II)) are frequently 

used in chemotherapy as anticancer drugs. The major toxicity-derived mechanism of these 

drugs is the formation of DNA-DNA crosslinks (mainly 1,2-GG and 1,2-AG) but they can also 

generate DPCs333. DPC-formation by platin compounds involves the bridging of the N7-

guanine in DNA with cysteines, arginines and lysines in protein side chains333,334. Of note, 

cisplatin is more effective in the generation of these lesions than the other commonly used 

drug, and its isomer, transplatin (trans-dichlorodiammineplatinum (II))55,333. 

2.1.3 Nitrogen mustards 

Nitrogen mustards belong to one of the oldest groups of chemicals used in chemotherapy. 

One example, mechlorethamine can alkylate nucleophilic sites in proteins and DNA, what 

facilitates their bridging and DPC-formation335. The N7 substituent of guanine and cysteines 

in proteins side chains have been shown to be responsible for the main DPC-generation 

capacity of the compound336,337. Despite being able to form DPCs, nitrogen mustards’ toxicity 

seems to be mainly mediated by DNA-DNA crosslink formation55,338. 

2.1.4 Radiation 

In addition to the generation of base damage and strand breaks, IR and UV have also been 

described as DPC-generating agents339,340. Direct base damage by IR and UV, as well as 

water-generated reactive species, form unstable DNA and protein radicals which can result in 

covalent interactions between them generating DPCs. Interestingly, DPC-formation by IR is 

enhanced in the absence of oxygen, known as the reverse oxygen effect, highlighting the 

importance of these lesions during radiotherapy in solid tumours341-345. 

2.2 Enzymatic DNA-protein crosslinks 

Some enzymes establish covalent intermediates with DNA during their physiological activity. 

The stabilization of these intermediates either by specific inhibitors, or by DNA distortions, 

generates pathological covalent complexes, which are classified as enzymatic DPCs. 

2.2.1 Topoisomerase I 

Topoisomerases are present in all domains of life and resolve different topological problems 

caused by genome length, folding and physical processes affecting its structure (e.g. 

replication, transcription or chromatin remodelling)346. Topoisomerases cleave and religate the 

DNA backbone establishing covalent intermediates through their active site tyrosine and a 

phosphate at the end of the DNA molecule. Topoisomerase I (TOP1) cleaves DNA introducing 

a SSB, remains attached to the 3’-end and relieves DNA supercoils by controlled rotation 

around the non-cleaved strand40. The reason why topoisomerases cleavage complexes 
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(TOP1 and TOP2ccs) are transient, is the nucleophilic behaviour of the deoxyribose hydroxyl 

group towards the tyrosyl-DNA bond. In humans, TOP1 is an essential gene, and its molecular 

function is particularly important during transcription, removing negative and positive 

supercoiling generated by the transcription bubble347,348, as well as during replication, where 

it also removes positive supercoiling, being particularly important in ribosomal gene 

arrays349,350. TOP1cc stabilization has been historically used in chemotherapy after the 

discovery of a compound, CPT, which intercalates in the enzyme-DNA interface. CPT is an 

alkaloid firstly isolated from a rapidly growing tree from China, Camptotheca acuminata 

Decne351. Interestingly, this plant’s TOP1 encodes a mutation, N722S, closed to TOP1 active 

site (Y723) that makes it resistant to its self-produced alkaloid352. This mutation was also found 

in CEM leukaemia cells after CPT treatment, constituting a resistance mechanism of tumours 

to TOP1 poisons353. New generation TOP1 poisons, such as topotecan and irinotecan, are 

currently used in chemotherapy due to their higher stability and improved bioavailability, and 

are derivatives of CPT354. In addition to CPT-induced trapping, TOP1-DPCs can be formed by 

the action of the enzyme on faulty DNA-templates. The misincorporation of ribonucleotides in 

DNA355,356, mismatches, SSBs and DSBs, AP sites or base oxidative damages are examples 

of nearby lesions that can disturb TOP1 activity resulting in DPC formation357,358. Notably, 

topoisomerases DPCs are so frequent, that cells have evolved specific enzymes to cope with 

them (discussed in section 2.4.1). 

 

Figure 3. Schematic depiction of the chemical structure of a TOP1cc. Grey colour represents DNA backbone, light 

blue the protein crosslinked and pink the chemical bond between the protein and DNA. Adapted from63 

2.2.2 Topoisomerase II 

TOP2 as TOP1, establishes covalent intermediates with DNA to relieve torsional stress40. In 

contrast to TOP1, TOP2 is a homodimer and after DNA cleavage remains bound to the 5’-

end, which generates a DSB with 5’-base overhang359. TOP2 has two main isoforms in 

humans, TOP2α and TOP2β, and while the α isoform is required during mitosis360, the β 

isoform activity seems to be more important for transcriptional regulation40. Additionally, while 

TOP2α is important for the resolution of highly positive supercoiled DNA, TOP2β is also able 

to resolve negative supercoiling361, being both isoforms involved in the resolution of structures 
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such as DNA catenates or knots346,362,363. Formation of TOP2-DPCs is caused by similar DNA 

damages than those which trap TOP1 (e.g. AP sites, mismatches or base damage)364-366. 

Moreover, DPC formation is also forced by chemotherapeutics, such as etoposide, 

doxorubicin or mitoxantrone, that stabilize the covalent enzyme-DNA intermediate. These 

drugs act in a similar fashion as CPT for the generation of TOP1-DPCs367. In addition, it 

remains to be tested whether TOP2β-DPCs are the source of the observed TOP2β-dependent 

DSB formation during transcriptional activation of the androgen and oestrogen receptor368,369. 

Understanding the origin of these lesions will be crucial to address hormone-driven 

carcinogenesis in people with DNA-repair pathways mutations (e.g. BRCA in breast and 

ovarian cancer)370,371. Of note, TOP2-DPCs are not uniquely formed by chemotherapeutics, 

the antibiotic ciprofloxacin targets DNA gyrase, the bacterial type II topoisomerase, in a 

mechanism which involves the stabilization of the enzyme-DNA covalent intermediate372. In 

addition, the same strategy is used for gateway cloning, in which the negative selection marker 

is ccdb, which codes for a bacterial toxin that also generates gyrase-DPCs373. 

 

Figure 4. Schematic depiction of the chemical structure of a TOP2cc. Grey colour represents DNA backbone, light 

blue the protein crosslinked and pink the chemical bond between the protein and DNA. Adapted from63 

2.2.3 Polymerase Beta 

AP sites are unstable and their oxidation can generate 2-deoxyribonolactone (dL)374. Common 

dL inducing agents include hydrogen peroxide, UV light375, ionizing radiation376 or anticancer 

drugs such as neocarzinostatin377 or tirapazamine378. This lesion becomes a suicidal substrate 

for Polβ during short-patch BER what results in the generation of a DPC379. Crosslinking of 

Polβ to dL relies on its lyase activity given that a mutation in the catalytic lysine completely 

abolishes DPC formation. Interestingly, processing of the dL lesion by APE1 is a requirement 

for Polβ-DPC formation380. 

2.2.4 DNMT1  

DNA methyltransferases (DNMTs) mediate DNA methylation, a modification essential for the 

regulation of chromatin structure in mammals381. DNA methylation mostly takes place on 

palindromic CpG sites (regions with CG repeats), where cytosines are modified on their 
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C5382,383. While DNMT3A and DNMT3B are responsible for de novo methylation, DNMT1 

displays high affinity for hemimethylated dsDNA, being responsible for the maintenance of 

methylation patters after DNA replication384,385. The interplay between DNMTs and the ten-

eleven translocation (TET) methyl cytosine dioxygenases, regulates chromatin methylation 

and confers dynamism to the system382. DNMT1 has a highly conserved catalytic domain 

which transfers a methyl group from S-adenosylmethionin to its target cytosine384,386. During 

the methylation reaction, DNMT1 establishes a covalent enzyme-DNA complex through its 

catalytic cysteine with the C6 position of the aromatic ring, which is resolved by transfer of the 

methyl group to the C5, triggering release of the enzyme and yielding the modified C5 

base384,386. During the methylation process, the target cytosine is flipped out, what presents 

the active site residues for the reaction start387. In addition, DNMT1 activity is tightly regulated 

by ubiquitin like with PHD and ring finger domains 1 (UHRF1), an E3-ligase which mediates 

histone H3 ubiquitylation, stimulating DNMT1 methylation388,389. A second crucial feature of 

DNMT1 is its PCNA-binding domains, that allows recruitment of DNMT1 to replication forks 

for its replication-coupled methylation activity390,391. The stabilization of DNMT1 covalent 

intermediate with DNA has been exploited for decades in the use of myelodysplastic 

syndromes392,393. An analogue of deoxycytidine, 5-aza-2-deoxycytidine (5-azadC), also 

referred to as decitabine, is incorporated in DNA during S-phase. When DNMT1 tries to 

methylate 5-azadC, the β-elimination in the final step cannot occur due to the presence of the 

nitrogen at position 5. This leads to an irreversible trapping of DNMT1 as a DPC392. Treatment 

with 5-azadC presents to major consequences: first, DNMT1-DPCs are lesions that the cell 

must repair394. Second, the high-efficiency trapping of DNMT1 leads to a fast depletion of the 

enzyme, triggering a dramatic reduction in global methylation and allowing the re-expression 

of tumour suppressor genes, normally silenced in cancer cells395. 

 

Figure 5. Schematic depiction of the chemical structure of a DNMT1-DPC formed by a suicidal reaction between 
the catalytic cysteine of DNMT1 and the pseudosubstrate 5-azadC. Grey colour represents DNA backbone, light 

blue the protein crosslinked and pink the chemical bond between the protein and DNA. Adapted from63 

2.2.5 PARP1 

PARP inhibitors (PARPis) have revolutionized cancer treatment because they have greater 

specificity than previously used chemotherapeutics and radiotherapy396. The involvement of 

PARP1 in different repair pathways (SSB-, DSB- repair or DDT), and its role as back up in all 
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of them, makes it a perfect target for inhibition in cancers where one of the factors in alternative 

pathways is mutated or dysfunctional172. One of the most well documented examples is cancer 

with BRCA1 or BRCA2 mutations, where inhibition of PARP1 specifically drives cancer cell 

death due to their synthetic lethal interaction397. All approved PARPis are pseudosubstrates 

for PARP proteins and bind competitively to the catalytic site of the enzyme, avoiding NAD+ 

binding, and trapping the protein on DNA398. In addition to inhibiting the PARPs activity, 

trapping of PARP1 has been proposed as one of the main mechanisms contributing to PARPis 

toxicity398. The binding affinity of PARP1 for DNA is so exceptionally high that trapped PARP1 

behaves as a “pseudo” DPC, which is extracted by the segregase valosin containing protein 

(VCP or p97) in a process coordinated by the SUMO/Ub system (described in section 2.4)399. 

In addition, PARP1 can also crosslink to AP sites, but also to some of the AP-derived lesions 

(e.g. 3’-PUA), during BER. PARP1-DPC formation can be enhanced after PARPi treatment, 

due to the increase in residence time of PARP1 on these reactive lesions400,401.   

2.3 Physiological DNA protein crosslinks 

Physiological DPCs are those generated by enzymes whose crosslinking is essential for their 

function. Some of these, play a key role during processes such as AP sites quenching or 

meiotic recombination. The following section summarizes the most important, or best 

characterized, examples of physiological DPCs. 

2.3.1 HMCES 

5-hydroxymethylcytosine (5hmC) binding, ES cell-specific (HMCES) was recently described 

as an AP site shield that protects ssDNA during replication402. HMCES, and its homolog in E. 

coli YedK, possess an N-terminal cysteine -the methionine is removed co-translationally- 

which reacts with the open conformation of AP sites generating a stable thiazolidine 

DPC403,404. Loss of HMCES in human cells, sensitizes to DNA damage agents which generate 

AP sites such as KBrO3 or the alkylating agent MMS. HMCES contains an evolutionary 

conserved SOS response associated peptidase (SRAP) domain which has its catalytic activity 

and a C-terminal disordered region, which harbours a PIP box402. Resolution of HMCES-

DPCs, in vitro and cells, seem to involve different strategies. On the one hand, HMCES-DPCs 

can get ubiquitylated and degraded by the proteasome402, what could allow TLS bypass of the 

remnant peptide. A second proteolysis-mediated strategy involves the helicase FANCJ, which 

possesses unfoldase activity, allowing DNA-protein interface exposure and cleavage by 

SPRTN405. On the other hand, HMCES-DPCs can revert on dsDNA, meaning that FANCJ-

mediated TLS bypass of the intact adduct, or alternative processes such as TS, might serve 

as platforms for HMCES-DPC reversal. Reversal, which is evolutionary conserved, relies on 

a single glutamate residue (Glu107 in YedK and Glu127 in HMCES)406,407. 
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Figure 6. Schematic depiction of the chemical structure of a HMCES or YedK DPC, between its catalytic cysteine 
which forms a thiazolidine intermediate with the open conformation of an AP site. Grey colour represents DNA 
backbone, light blue the protein crosslinked and pink the chemical bond between the protein and DNA. Adapted 

from63 

2.3.2 UdgX 

The Uracil DNA glycosilase X (UdgX) from Mycobacterium smegmatis was initially described 

as a protein capable to tightly bind uracil in a complex resistant to detergent, reducing 

conditions and heat408.  It was later observed that this tight binding was due to the formation 

of a covalent complex mediated by the suicide inactivation of the protein. The process starts 

with the attack of a histidine located in the protruding loop at the entrance of the uracil-binding 

site, which forms a stable intermediate with the C1’ position of the deoxyribose at the AP site 

of the ssDNA containing uracils409-411. UdgX might play an important role during replication, 

where uracils generated due to cytosine deamination, can be turned into AP sites by uracil 

glycosilases. The presence of AP sites on ssDNA by uracil excision, can be abolished by 

UdgX, which generates a covalent linkage that could avoid strand breakage during 

replication408. Additionally, UdgX has also gained interest as a molecular tool for the detection 

of uracils in genomic DNA412-414, but also for the direct measure of cytosine deaminases’ 

activity in live cells415.  

2.3.3 SPO11 

The deliberate generation of DSB during meiosis is essential for genetic recombination. The 

introduction of these lesions is tightly regulated and mediated by SPO11416. Evolved from a 

type IIB topoisomerase, SPO11 generates 5’ overhangs417 by cleaving opposite strands of the 

DNA backbone with its two-active site tyrosines418. Unlike other topoisomerases, SPO11 

cannot perform strand passage and resealing of the ends after catalysing break formation, 

what generates the accumulation of SPO11-DPCs during meiotic recombination419. SPO11-

DPC removal is mediated by the MRN420 complex (MRX in yeast421-423), which initiates 

processing of the DSB with its single-strand endonuclease and 3’-5’ exonuclease activity. 

Release of SPO11-DPCs and resection of the DNA ends are key to promote synapsis, 

recombination and meiotic progression424.  
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2.3.4 EBNA1  

The Epstein-Bar virus nuclear antigen 1 (EBNA1) is the only protein required for its DNA 

replication and episomal maintenance during virus latent infection425,426. It binds to repetitive 

DNA elements, in the viral origin of replication, and this binding is essential for its molecular 

function425. EBNA1 generates crosslinks with a similar chemical identity than those formed by 

topoisomerases. EBNA1 is a tyrosine recombinase and forms the DNA adduct through a 

single-strand cleavage which involves the formation of a phosphodiester intermediate with the 

DNA backbone425,427,428. EBNA1-DPCs are formed in a cell cycle dependent fashion and are 

enriched in S/G2 phase. Mutations in the active tyrosine undergo the loss of recombination 

intermediates which are important for the viral genome replication429. 

2.3.5. Viral terminal proteins 

Terminal proteins (TP) are found in different groups of DNA viruses and form a DPC through 

a phosphodiester bond involving the hydroxyl radical of its active serine and the 5’-end 

nucleotide of the viral genome430,431. One of the most studied TP is the 55-kDa (TP-55) of 

adenovirus. This protein, which is translated as a precursor (precursor terminal protein, pTP), 

is cleaved after viral packaging by a viral protease to generate its mature form432,433. pTP 

primes viral DNA replication after crosslinking to a single nucleotide, in a process that involves 

a “jumping back” mechanism434. Remarkably, this mechanism is not only present in eukaryotic 

viruses, but also in some bacteriophages as the Bacillus subtilis bacteriophage Φ29 and E. 

coli PRD1435-437.  

2.4 DNA protein crosslink repair 

DPCs can be targeted by multiple repair pathways which will rely on their composition and 

structure. In addition, active chromatin transactions trigger DPC-repair, being replication-

coupled DPC-repair the best understood process. In the following section I summarize the 

current knowledge on DPC-repair with a special focus on the proteolytic degradation of the 

protein adduct. 

2.4.1 Direct hydrolysis: TDP1 and TDP2 

TOP1- and TOP2-DPCs are so frequent that cells have evolved a specific set of enzymes 

which can directly repair these lesions. Tyrosyl-DNA phosphodiesterase 1 and 2 (TDP1 and 

TDP2) are key enzymes mediating TOP1 and TOP2 crosslink reversal, respectively. TDP1 

processes 3’- DNA-ends not only containing TOP1ccs but also certain end-blocks such as 3’ 

phosphoglycolate or AP sites438. During the repair of TOP1ccs, TDP1 hydrolyses the 

phosphodiester bond between TOP1 and the DNA, releasing the enzyme and leaves a 

phosphate in the 3’-end, which is a further target of downstream factors such as PNKP, DNA 

polymerases and ligases235. The bulkiness of TOP1ccs blocks access of TDP1 to the interface, 
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thereby needing proteolytic pre-processing of the lesion for its resolution439. The degradation 

of the protein adduct can be done by the proteasome in a process that involves SUMOylation 

by the E3-ligase PIAS4 and ubiquitylation by RNF497,440.  

 

 

Figure 7. Schematic depiction of the activity of TDP1 on a TOP1cc peptide after partial degradation by specialized 
proteases including downstream processing of the lesion. Light blue colour represents the remnant peptide after 
TOP1cc partial degradation and the black colour represents the presence of a covalent bond. Adapted from63 

 

Figure 8. Schematic depiction of the processing of a TOP1cc/DPC by the proteasome in a SUMO targeted 
ubiquitylation fashion. a. Represents formation of the TOP1-DPC. b. Represents the detection by the SUMO E3-
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ligase PIAS4. c. Represents the recognition of the SUMO-chain by RNF4, what triggers its ubiquitin E3-ligase 
activity. d. Represents the recruitment and degradation of the adduct by the proteasome.  Adapted from63 

 

Structural studies of TDP1 revealed that it is able to separate DNA strands within the lesion 

site, suggesting that this local melting is necessary for 3’-end processing438. TDP1 was first 

discovered in yeast441 and its loss hypersensitizes to CPT. Tdp1 knock-out yeast also display 

synthetic lethality with genes involved in DSB-repair442 and with the metalloprotease Wss1323. 

In humans, germline mutations in TDP1 are causative for spinocerebellar ataxia with axonal 

neuropathy (SCAN1)443,444. Interestingly, this syndrome is not caused by a total loss of function 

in TDP1, but rather a gain of function because a substitution (H493R), disrupts the active site 

and stabilizes the normally transient intermediate between TDP1 and the DNA, generating a 

TDP1-DPC443. Cells carrying homozygous alleles TDP1H493R are hypersensitive to TOP1-

trapping agents. Despite being a gain-of-function mutation, the phenotype just manifests in a 

recessive trait, given that wild-type TDP1 can still repair TOP1ccs as well as TDP1H493R-

crosslinks 445.  In human cells, the recruitment of TDP1 to the lesion can be enhanced by a 

combination of PTMs. TDP1 is phosphorylated by DDR kinases at S81, what seems to 

increase its stability and association with XRCC1 in response to CPT-induced DSBs446. 

Moreover, PARylation has recently gained interest as one of the predominant PTMs that 

controls repair of TOP1-DPCs by modulating TDP1 recruitment. A direct protein-protein 

interaction between PARP1 C-terminal domain and TDP1 seems to be enhanced after 

PARylation, what also aids in the removal of TOP1-DPCs by direct PARylation of TOP1, 

facilitating its religation in the presence of CPT447,448. In addition, PARP1 knock-out cells 

display lower TDP1 activity, while a combination treatment of PARPis and CPT kills cells in a 

synergistic manner447.  

In contrast to TDP1, TDP2 catalyses the release of TOP2 adducts from the 5’-DNA-end449, 

but proteolytic pre-processing of TOP2ccs450 is not essential for their resolution. In addition to 

PIAS4, RNF4 and proteasomal repair, TOP2ccs can undergo SUMOylation by a different 

SUMO E3-ligase, ZATT. SUMOylation by ZATT on TOP2ccs seems to reshape the crosslink, 

facilitating accessibility to the protein-DNA interface by TDP2 active site451. Additionally, 

recruitment of TDP2 to TOP2-DPCs is enhanced by SUMO2/3 binding451 and the presence of 

ubiquitin chains, which can interact with the TDP2 UBA domain in its N-terminus452. In 

agreement with its molecular function, TDP2 knock-out cells display hypersensitivity to TOP2 

poisons such as etoposide453. Mutations in TDP2 are causative for spinocerebellar ataxia, 

autosomal recessive 23 (SCAR23) due to an enzyme loss of function by the presence of a 

premature stop codon in the coding sequence454.  
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Figure 9. Schematic depiction of the processing of a TOP2cc/DPC mediated by ZATT SUMOylation, crosslink 
reshaping and TDP2 activity, which leaves a DSB which is processed downstream. a. Represents TOP2-DPC 
formation. b. Recognition of the TOP2-DPC by ZATT, what triggers SUMOylation of the adduct and reshapes its 
structure. c. The change in structure after SUMOylation grants accessibility of TDP2 to the DNA-protein interface. 
d. The DSB generated is processed downstream by canonical DSB-repair pathways. Adapted from63 

Of note, TDP2 mediates the removal of the viral protein genome-linked (VPg), which 

covalently caps the 5’ end of some positive RNA viruses (e.g. picornaviruses), a process 

needed for the viral cycle, making TDP2 an interesting antiviral target455. 

2.4.2 Nucleolytic repair, the MRN complex 

Two main nucleolytic pathways, MRN mediated resection and NER, can tackle the 

accumulation of DPC, but they are restricted to very specific contexts. The MRN complex 

requires the adduct to be located at the end of a DSB. The role of the MRN complex is 

prominent in the resolution of physiological SPO11-DPCs, but also the pathological or drug-

induced TOP2-DPCs456. The sensing and processing of the DSB-end DNA adduct has been 

characterized with fine detail in the E. coli homolog of the MRN, the MR complex (E. coli lacks 

NBS1). The Mre11 and Rad50 assemble and form heterotetramers and get activated by a 

conformational change induced by ATP457. The presence of a block at the end of the DSB 

does not impede MR endonucleolytic activity, allowing Mre11 to cut DNA 15 to 25 bp away 

from the block458. MR binding to DNA triggers the formation of a narrow clamp around it by 
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Rad50 coiled coils, what permits the binding of Mre11 to the DNA end. The coiled coils will 

slide over the DNA strand and map the DNA adduct, what can be not just a DPC but virtually 

any DNA structure459. The detection of the adduct induces a conformational transition to a 

“rod”, the nucleolytic-active state459. Given that the connection of the DNA ends by internal 

blocks cannot be processed by MR(N), it is expected that TOP2-DPCs would require partial 

proteolytic degradation, probably aided by the ZATT SUMO E3-ligase and SUMO-targeted 

ubiquitylation97,459. 

 

Figure 10. Schematic depiction of the processing of a TOP2cc/DPC mediated by nucleolytic processing by the 
MRN complex. a. Mapping of the DNA helix by the MRN complex. b. Detection of the DSB blocking adduct, in this 
context a TOP2cc/DPC. c and d. Transition of the RAD50 filaments to a “rod”, what allows endonucleolytic cleavage 
adjacent to the adduct. Adapted from63 

In addition to the processing of DSB-Protein adducts, the NER endonucleases can participate 

in the removal of small DPCs, under 12-14 kDa, and DNA-peptide crosslinks in E. coli. 

Interestingly, NER seems not to be important for the tolerance towards bulkier lesions, while 

HR proves essential in this matter, because the loss of recA extremely sensitizes the cells to 

formaldehyde and azacytidine460. Experiments in vitro further support the importance of NER 

endonucleases in DPCs and DNA-peptide crosslinks removal, being the XPG nuclease 

relevant in this process461.  

2.4.3 Specialised DNA-protein crosslink proteases 

As previously stated, a protease-dependent repair pathway for DPCs induced by 

formaldehyde was already proposed almost five decades ago1. It took almost 40 years to find 

the first dedicated protease for the repair of DPCs in yeast, Wss1462. 

2.4.3.1 Wss1 and SPRTN 

Wss1 (weak suppressor of smt3) is a zinc metalloprotease which was firstly identified in a 

yeast screen as suppressor for chromosomal aberrations observed upon Smt3p loss463. Wss1 

proteases are widely distributed in different life kingdoms such as plants, fungi or bacteria464. 
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Wss1 is directly implicated in the repair of Top1-DPCs because yeast lacking Wss1 and Tdp1 

have a severely compromised cell fitness. In support of these data, the deletion of Top1, which 

is not essential in S. cerevisiae, restores growth to wild-type levels. In agreement, Δwss1Δtdp1 

yeast are also extremely sensitive to CPT and Wss1 can directly process these lesions by 

cleaving the Top1-DNA crosslink and itself in a DNA dependent manner. The loss of Wss1 

also sensitized yeast to formaldehyde, highlighting that Wss1 is not only implicated in the 

repair of Top1-DPCs but also those formed by unspecific crosslinkers462. Wss1 tightly 

associates with the segregase Cdc48 (p97 in humans) a feature which is evolutionary 

conserved in its metazoan homolog SPRTN. It is remarkable however, that this targeting, 

which is mainly mediated by the Cdc48 cofactor Ubx5, sensitizes the cells to DPC-induction 

agents in the absence of Wss1, suggesting that commitment to Wss1-dependent proteolytic 

pathway is a one-way road465. An in-depth analysis of the phylogenesis of DPC-proteases 

revealed that despite belonging to evolutionary distant families, they share highly related 

domains and protein interaction motifs464. Within their differences, the lack of Ub-binding 

domains in Wss1 present in SPRTN and the presence of SIMs in Wss1 not present in SPRTN 

is probably the most notable one464.  

SPRTN (SprT domain at the N-terminus) was firstly described as a TLS regulator. It was 

observed in cells that loss of SPRTN increased the retention time of Polη on chromatin after 

DNA damage induction. In addition, this process is regulated by multiple factors. Firstly, 

SPRTN requires PCNA interaction, mediated by its PIP-box, and with the segregase p97, in 

a process that was thought to mediate Polη extraction from chromatin. Secondly, all this 

process was coordinated in a ubiquitin-dependent manner, and required the ubiquitin-binding 

zinc finger (UBZ) domain at SPRTN’s C-terminus, which unbiasedly binds different Ub-

chains466. Strikingly, a second study in human cells showed exactly the opposite, proposing 

that SPRTN promotes Polη recruitment and aids during TLS initiation by physically interacting 

with RAD18467. After demonstrating that SPRTN performs the same function as Wss1 in 

metazoans, many studies focused on its structure and activation mechanism323,468. SPRTN 

contains a zinc metalloprotease (SprT) domain on its N-terminus followed by two DNA 

interacting motifs, the zinc-binding domain (ZBD) and the basic region (BR), which interact 

with ss- and ds-DNA structures respectively, and a C-terminal tail, containing the p97 binding 

SHP motif, the PCNA interacting PIP-box and the UBZ63. The DNA-dependent activation of 

SPRTN has been extensively described using in vitro DPC-models. SPRTN displays a DNA-

structure dependent activation which presumably limits potential off-target effects. SPRTN 

utilizes both DNA interfaces, the BR and the ZBD, to bind to different DNA structural features 

such as bubbles, junctions, gaps or DSBs469. The simultaneous engagement of both motifs in 
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DNA binding might allow conformational changes and protease activity by opening of the 

active site and efficient substrate processing469,470.  

 

Figure 11. Schematic depiction of DNA-substrate dependent SPRTN's activity during DPC-cleavage. a. DNA 
structures which can activate SPRTN's proteolysis. b. SPRTN domain distribution, SprT protease domain, Zinc 
Binding Domain (ZBD), Basic Region (BR) and Ubiquitin-Binding Zinc finger (UBZ). c. SPRTN structural changes 
during DPC-cleavage upon DNA binding. Adapted from63. 

A second layer on SPRTN’s activity control is mediated by ubiquitylation. SPRTN coexists in 

cells in two states, unmodified or monoubiquitylated323,467,468. The modification by monoUb is 

shielded by the enzyme’s own UBZ given that mutations in this domain completely shifts the 

equilibrium towards unmodified467. Modification of the protein has two main functions. First, it 

primes the protein for polyubiquitylation and proteasomal degradation, what allows the 

maintenance of constant levels of SPRTN and is probably implicated in the protein cell cycle 

dependent regulation471. Second, ubiquitylated-SPRTN also increases its autocatalytic activity 

in trans, allowing effective inactivation of the monoubiquitylated protein upon DNA binding471. 

USP7 is the most relevant DUB implicated in SPRTN deubiquitylation and confers tolerance 

towards DPC-inducing agents471, but the DUBs VCPIP and USP11 have also been implicated 

in this function472,473.  
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Figure 12. Schematic depiction of SPRTN’s regulation by ubiquitylation. a. SPRTN is constitutively 
monoubiquitylated and coexists in an approximate 50% equilibrium between modified and unmodified. 
Monoubiquitylation is shielded by the UBZ domain. b. The presence of monoubiquitin on SPRTN, can trigger 
polyubiquitylation and proteasomal degradation, what is known as cis-inactivation. c. Trans-inactivation occurs 
when a monoubiquitylated SPRTN cleaves a second SPRTN on chromatin, probably due to a more opened 
conformation of the protease domain which enhances its activity. Adapted from63. 

SPRTN loss has deleterious consequences which scale up with evolution. C. elegans tolerate 

the loss of DVC-1 (SPRTN in worms) but they become hypersensitive to DPC-inducing 

agents323. In D. melanogaster SPRTN is named maternal haploid (MH) because the loss of 

the protein in the female fly does not allow progeny generation even if the male is mh-sufficient. 

After fertilization, numerous chromosomal missegregation events lead to the loss of paternal 

DNA, what results in inviable eggs which just contain maternal DNA. This could be explained 

in a scenario in which paternal DNA bears large amounts of DPCs that must be repaired before 

the first zygotic division474. In mammals, SPRTN is essential and its loss is embryonic lethal. 

In addition, Sprtn conditional knock-out mouse embryonic fibroblasts display cell cycle arrest 

after few divisions and accumulate DNA damage markers. In humans, mutations in SPRTN 

are causative for Ruijs-Aalfs syndrome (RJALS), which is characterized by progeroid features, 

genomic instability and early onset hepatocellular carcinoma475. There are currently three 

characterized RJALS patients, two of them have deletions at the end of SPRTN’s exon 4 or 

beginning of exon 5 which lead to a C-terminal truncated protein referred as SPRTN-ΔC. 

SPRTN-ΔC lacks all the features on SPRTN’s C-terminus, the SHP, the PIP and the UBZ, and 

is additionally mislocalized due to the loss of a C-terminal NLS. The third patient is 

heterozygous and bears, in addition to the SPRTN-ΔC allele, a mutation in close proximity to 
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the enzyme catalytic site (SPRTNY117C) which presumably results in compromised enzymatic 

function323,468,476,477.  

 

Figure 13. Schematic depiction of the domain distribution on SPRTN and Ruijs-Aalfs syndrome patient variants. 
SPRTN-YC contains a mutation, Y117C, in close proximity to the catalytic glutamate (E112), what probably disturbs 
protease activity. SPRTN-ΔC is cause by a premature stop codon in SPRTN’s exon 5, what causes the 
mistranslation of the protein leading to a truncated form which lacks SHP, PIP box and UBZ. Ruijs-Aalfs syndrome 
is characterized by early onset hepatocellular carcinoma and premature aging. Adapted from63. 

2.4.3.2 The proteasome 

The 26S proteasome is the most relevant protease in cells and performs protein degradation 

not just in the cytosol but also in the nucleus. The proteasome is a threonine protease which 

belongs to the ATPases associated with various cellular activities (AAA+) family. The structure 

is similar to a “barrel” and it uses ATP-driven force to pull polypeptides through its axial cavities 

into its internal degradation chamber, what excludes tightly folded substrates and large 

polypeptides. The process is coordinated by the use of Ub-chains as a degradation mark, but 

recent studies support the existence of Ub-independent proteasomal degradation, mediated 

by specific degron sequences or shuttling factors such as Ubiquilins74,478-480. The specific role 

of the proteasome in DPC-repair was already proposed before but recently confirmed in 

Xenopus extract systems, requiring the action of specific E3-ligases (further discussed in 

2.4.4)380,481.  

2.4.3.3 Additional DPC proteases 

Additional proteases have been recently implicated in DPC-repair. The DNA damage inducible 

1 (Ddi1) is a yeast aspartyl protease whose loss displays synthetic lethality with the loss of 

Tdp1 and Wss1. Ddi1 acts on Top1-, Flp recombinase- DPCs and stalled RNPII promoting 

their degradation in a manner dependent on its protease activity. In addition, Ddi1 mitigates 

the triple loss of Ubx5, Wss1 and Tdp1, further supporting its redundant role in DPC-repair in 

S. cerevisiae465,482. Ddi1 has two homologs in humans, DDI1 and DDI2, which have been 

implicated in the degradation of the replication termination factor 2 (RTF2), avoiding fork 

restart defects483. The implication of these proteases in DPC-repair is less clear and in vitro 

reconstitution experiments will be needed to assess a direct role in the process. Moreover, the 

major role of DDI2 seems to be the cleavage of the transcription factor NRF1, important for 
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the transcription of genes related to proteasomal regulation, including its own subunits484. 

Furthermore, the targeting of these proteases requires polyubiquitylation, what might imply 

that they aid as proteasome shuttle factors during DPC-repair485. 

The germ-cell nuclear antigen or acidic repair containing protein (GCNA/ACRC) is a second 

protein recently implicated in DPC-repair. GCNA has a SprT protease domain and an acidic 

intrinsically disordered region (IDR). The loss of Gcna in flies leads to genome instability 

leading to embryonic lethality defects, while in worms these effects are observed at later 

stages in combination with a mortal germline phenotype, where lifespan and fertility are 

reduced over generations486. Additionally, mutant worms display hypersensitivity to 

hydroxyurea and etoposide in a synergistic manner with DVC1, suggesting partial redundancy 

between both pathways487. Gcna knock-out in both cases displayed elevated levels of TOP2-

DPCs, which might be accumulating due to defective repair by GCNA486. Furthermore, the 

presence of four tandem SIMs on its N-terminus targets GCNA to polySUMOylated DPCs in 

cells99. Notably, the role of GCNA in DPC-repair seems to be restricted to fertilization and 

embryonic development and, in addition, rodents lost the Sprt-protease domain but still 

recapitulate the phenotypes of Gcna loss in other species, what challenges the role of GCNA 

as a DPC-repair protease488. 

Lastly, the serine proteases FAM111 trypsin-like peptidase A and B (FAM111A and FAM111B) 

have recently being implicated in DNA-repair as DPC-repair proteases. Autocleavage of 

FAM111 proteases has been observed in vitro and in cells when the proteins are 

overexpressed489,490. From these additional proteases, FAM111A is probably the best 

characterized in DPC-repair 491. FAM111A contains a PIP-box in its N-terminus which is 

followed by two ubiquitin-like domains (UBLs), the second contains its ssDNA binding activity, 

and a C-terminal protease domain. FAM111B resembles exactly the same domain 

composition but lacks the PIP-box, suggesting that it arose in evolution after gene 

duplication491. FAM111A localizes at replication forks and confers tolerance towards TOP1-

poisons and PARPi and its loss slows replication fork progression. Therefore, it is plausible 

that this protease cleaves general proteinic adducts encountered during replication, being 

TOP1-DPCs probably the most relevant ones490. Mutations in the FAM111A gene are 

causative for Kenny-Caffey Syndrome type 2. Intriguingly, most of the patients carry gain-of-

function mutations which lead to protease hyperactivation and probably cell toxicity492,493. 

Mutations on FAM111B cause hereditary fibrosing poikiloderma with tendon contractures, 

myopathy, and pulmonary fibrosis. As for FAM111A, mutations increase proteolytic activity of 

the enzyme, but with different phenotypical features489.  Additionally, high FAM111B 

expression is also a poor prognosis in breast cancer, due to its importance for cell proliferation 

and migration494. Remarkably, both proteases are restriction factors for different viruses, 
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acting FAM111A as a barrier for simian virus 40 replication and FAM111B highly upregulated 

after adenoviral infection in human cells, but whether there is any relation between viral 

defence and DPC-repair is not yet understood495.  

2.4.4 Replication-coupled DNA-protein crosslink repair 

Studies in frog egg extracts have been key to understand the order of events when a 

replication fork encounters a DPC. The leading strand replicative helicase CMG will slow down 

its progression after clashing against the protein adduct, still, in a yet unknown mechanism, it 

is able to bypass the lesion in a process which might involve partial opening of a side channel 

of CMG481. The bypass of the adduct by CMG requires a second helicase, the regulator of 

telomere elongation 1 (RTEL1), normally involved in the resolution of DNA secondary 

structures that would otherwise block replication. RTEL1 unwinds the DNA downstream of the 

DPC on the lagging strand, allowing CMG bypass496.  

 

Figure 14. Schematic depiction of the bypass of a DPC during replication by the CMG. First, CMG stalls in front of 
the lesion, what recruits a second helicase RTEL1, which unwinds the lagging strand and permits bypass of the 
DPC by CMG. The process leads to ubiquitylation of the adduct by TRAIP. Adapted from63. 

Despite being bypassed by CMG, the DPC will block DNA polymerase progression, generating 

CMG-polymerase uncoupling and triggering two specific mechanisms: first, the TRAF 

interacting protein (TRAIP), a master Ub E3-ligase which travels with CMG, will ubiquitylate 

the DPC during bypass481. Second, the ring finger and WD repeat domain 3 (RFWD3), a 

second E3-ligase recently linked to FA and which coordinates HR and TLS, gets activated by 

the presence of ssDNA adjacent to the DPC and further extend the Ub-chains on the 
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protein497,498. The presence of Ub on the DPC will recruit the proteasome, which will degrade 

the protein up to a peptide481. Additionally, or optionally, SPRTN will be recruited to the specific 

ss-dsDNA junction generated by the stalled polymerase, cleaving the adduct closed to the 

DNA interface323,469. The recruitment of TLS polymerases allows synthesis through the 

remnant peptide, resuming replication but at the cost of potential nucleotide misincorporation 

on the lesion499. 

 

Figure 15. Schematic depiction of the downstream processing of a DPC after CMG bypass. First, DNA polymerase 
stalling will lead to uncoupling with the CMG helicase, generating ssDNA stretches in front of the DPC, what will 
recruit the ssDNA-dependent ubiquitin E3-ligase RFWD3, which will increase the ubiquitylation marks on the 
protein adduct. Second, the ss-dsDNA junction generated by polymerase stalling will recruit the DNA-dependent 
metalloprotease SPRTN, which will cleave the crosslinked protein in closed proximity to the DNA interface. 
Additionally, or alternatively, long ubiquitin chains will recruit the proteasome, which can also degrade the DPC. 
The remnant peptide can then be bypassed by specialized TLS polymerases, allowing replication to continue. 
Adapted from63. 
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Interestingly, a new helicase has emerged as a DPC-resolution cofactor. The helicase FANCJ, 

is an intriguing protein with helicase and translocase activity that displays “unfoldase” activity 

in vitro, what exposes the crosslinked region of the protein and enhances SPRTN cleavage405. 

It would be tempting to speculate that the role of FANCJ could be extremely important for 

tightly folded DPCs, or those without exposed lysines, given that SPRTN does not require 

DPC-ubiquitylation for its activity481. In addition to FANCJ, a second factor has emerged as a 

potential new DPC-resolution protein. Recent data suggest that the testis-expressed protein 

264 (TEX264) is also relevant for SPRTN activity. Briefly, TEX264, which is located in the 

nuclear periphery, promotes the resolution of TOP1-DPCs encountered during replication by 

associating with the segregase p97, which unfolds crosslinked TOP1 allowing SPRTN 

cleavage500.  

2.4.5 Global genome or replication independent DNA-protein crosslink repair 

Replication-independent repair of DPCs has just been recently described. TOP1 and TOP2 

poisons can induce DPCs regardless of the cell cycle status so it is conceivable that cells have 

evolved additional mechanisms, apart from those related to replication-coupled DPC-repair, 

allowing them to also repair these lesions. TDP1 and TDP2 require prior proteolytic processing 

of the adduct by the proteasome, what is achieved by SUMO-targeted ubiquitylation. Although 

SUMOylation by PIAS4 seems highly redundant, given that PIAS4 knock-out cell lines are just 

mildly sensitive to DPC-inducing agents, the loss of RNF4 is more dramatic to cell survival. 

2.4.5.1 RNF4 is the main StUbL in human cells and targets DNA-protein crosslinks 

RNF4 is a relatively small protein of 190 amino acids with four well characterized SIMs within 

its N-terminal domain501. The SIMs mediate the binding to SUMO chains and allow the 

ubiquitylation of the substrate502,503. RNF4 is a homodimer, in yeast a heterodimer formed by 

Slx5/8504, which controls the stability of SUMOylated proteins in cells, being the SUMO 

cascade components one of the main targets of its activity505. The role of RNF4 in DNA 

damage has been intensively studied. RNF4 is a key regulator of DSB-repair and mediates 

timely removal of different factors to allow the proper repair of the break. The function of RNF4 

in DPC-removal has been characterized in studies using model DPC-substrates. RNF4 targets 

TOP1-, TOP2- and the 5-azadC-induced DNMT1-DPCs to proteasomal degradation100. Thus, 

RNF4 knock-out cells display sensitivity towards DPC-inducing agents such as CPT and 5-

azadC97,100. Interestingly, RNF4 loss increases resistance to etoposide, suggesting that 

proteolytic degradation of TOP2-DPCs is deleterious for the cell and that the ZNF451-TDP2 

or the MRN mediated repair are preferable options506. Of note, RNF4 is also implicated in the 

degradation of promyelocytic leukemia protein (PML) upon arsenic treatment, a therapy used 

in acute promyelocytic leukemia, where PML is fused to the retinoic receptor alpha due to a 

chromosomal translocation503,507-509. It is then tempting to speculate that RNF4 degradation of 
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chromatin-bound proteins, or nuclear aggregates, is a general evolutionary repurposed 

mechanism that mediates eviction by p97 -or proteasomal degradation when eviction is not 

possible- and not just a DPC-specific process. This is supported by the same pathway acting 

on “trapped” PARP1, where there is not protein-DNA covalent linkage involved399.  

2.5 Techniques for the identification, isolation and study of DNA-protein 

crosslink 

Numerous different methods have been established for the isolation and identification of 

DPCs. 

2.5.1 RADAR and derivates 

The rapid approach to DNA adducts recovery (RADAR) is based on a denaturing precipitation 

of DNA in the presence of high-concentration of detergent and chaotropic agents with the 

“RADAR” buffer. The precipitation of DNA is achieved by addition of pure ethanol, 

centrifugations and sequential ethanol washing steps to remove salt and contaminants. The 

precipitated DNA can be then resuspended in an alkaline buffer, generally sodium hydroxide, 

quantified and resolved by classical protein detection techniques510. A modification of the 

RADAR, the Superior method for True DNA-protein crosslinks Recovery (STAR), has recently 

been published as a more stringent RADAR, allowing for a better distinction between true 

crosslinked proteins and copurifying contaminants. The STAR method incorporates an extra 

lysis step before the addition of the previously described “RADAR” buffer, what seems to 

reduce background proteins after DNA precipitation511. 

 

Figure 16. Schematic depiction of the RADAR, or its derivate STAR, assay for the isolation of DPCs. In brief, cells 
are lysed in a denaturing buffer and DNA is precipitated with high ethanol concentration. The DNA pellet is washed 
several times to reduce copurifying contaminants and, in a final step, DNA is quantified in different samples and 
digested, releasing the proteins crosslinked to it. 
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2.5.2 KCl-SDS and derivates 

The KCl-SDS precipitation technique is based on the formation of precipitates of proteins 

denatured with SDS in the presence of potassium chloride. In brief, cells are lysed in a 

denaturing buffer that contains SDS. After lysis, they are transferred to tubes and the DNA is 

mechanically sheered (e.g. by sonication or using a needle). The proteins in the sample are 

then precipitated by the addition of KCL, which at low temperature will form obvious 

precipitates that are centrifuged at high speed. The supernatant, which contains soluble DNA 

is taken for quantification and the precipitate is resuspended again in KCl buffer and 

resolubilized at high temperature. The process is repeated several times to remove any non-

specifically precipitated DNA. In a last step the proteins in the precipitate are digested (e.g. 

with proteinase K) and the DNA in the sample is quantified. The ratio between soluble DNA 

and precipitated DNA can be used as a proxy for DPC-abundance. The KCl-SDS is therefore 

a purely quantitative method which does not uncover the identity of the protein, but it is a good 

approach for assessing DPC-formation by a compound and it is fast and easily scalable. A 

method derived from the KCl-SDS assay, the advance recovery of K-SDS precipitates (ARK), 

uses a combination of RADAR and KCl-SDS. Firstly, cells are processes as for the RADAR 

and lysed in a chaotropic buffer. After ethanol addition, the DNA is precipitated and 

resuspended in KCl-SDS buffer, what allows purification of the total protein-DNA complexes 

from the total DNA previously obtained. This method could be considered a more stringent 

RADAR assay given that after the KCl precipitation the proteins can also be recovered with 

an acetone wash and analysed by slot blot or similar512. 

 

Figure 17. Schematic depiction of the KCl-SDS assay for the detection of DPCs. In brief, cells are lysed in an SDS-
containing buffer and proteins are precipitated by the addition of a KCl containing buffer. The protein pellet is 
washed several times and, in a final step, proteins are digested and coprecipitated DNA is quantified in the sample 
as a proxy for DPC-formation. 
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2.5.3 Caesium chloride isolation 

Caesium chloride purification of DPCs is probably the most different technique from the ones 

previously shown, since it does not include any precipitation step that could clearly bias the 

outcome. In this method, the separating principle is density gradient ultracentrifugation. Cell 

suspensions are carefully loaded on the top of a layered denaturing solution with increasing 

concentrations of caesium chloride. During centrifugation in an ultracentrifuge (125.000g), the 

DNA -which can contain DPCs or not- is separated from the soluble proteins. However, this 

process is extremely time consuming, the centrifugation step lasts for 16 hours, and once 

obtained, the sample can be easily cross-contaminated during DNA-retrieval from the tube. 

Additionally, most of the ultracentrifuges can accommodate a limited number of samples, what 

also limits the method’s throughput513.    

2.6 Model systems for the study of DNA-protein crosslink repair 

In addition to the previously mentioned enzymatic DPCs, several models have been 

established for the study of DPC-repair in vitro and in vivo. The Flp-recombinase has been 

engineered to generate aberrant enzymatic reactions which undergo its irreversible crosslink 

to DNA. This is achieved by a single mutation in a histidine important for its religation step. 

The Flp-H305L is chemically identical to a TOP1-DPC and it requires the same factors for its 

repair in yeast (Tdp1, Wss1 and Ddi1)514. The advantage of using the abortive Flp, is that it 

specifically crosslinks in the FRT locus, and therefore, the location of the crosslink is known. 

The system has been coupled to quantitative PCR to monitor the repair of the Flp-DPC at 

single locus resolution482. The study of in vitro replication in Xenopus eggs extract is an 

extremely powerful tool since it allows the immunodepletion of any protein and the monitoring 

of its effect in the system, regardless of whether this factor is essential in the process. DPC-

repair has been extensively studied in these extracts using the repair of a crosslinked HpaII 

DNA-methyl transferase. The specific crosslinking of this enzyme can be done by using a 

fluorinated pseudosubstrate (5-fluoro-2’-deoxycytidine) with a mechanism of action similar to 

that of 5-azadC on DNMT1515. This system has shed light on the role of the proteasome in 

replication-coupled DPC-repair, the E3-ligases implicated in the process, the TLS 

polymerases or the role of RTEL1 and FANCJ in DPC bypass and repair 

respectively405,481,496,499. Furthermore, the generation of oligo-coupled DPCs has been 

essential to understand SPRTN DNA-dependent activation. The use of protein-G as a 

substrate uncovered the DNA-structures responsible for the opening of the enzyme 

conformation which allow DPC-repair469. Moreover, the use of HMCES catalytic domain, 

SRAP, in the same system also characterized in vitro the first DNA-helicase mediating protein 

unfolding, FANCJ405. 
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Aim of this study 

 

DPCs are toxic DNA lesions which threat genomic integrity and cell survival. Furthermore, 

DPCs are a common form of DNA damage generated by chemotherapeutics and 

environmental toxins. Uncovering the identity of the proteins which crosslink to DNA in 

different conditions and how are they repair is therefore key to increase our understanding on 

these pervasive lesions. 

The aim of this study is to apply a new method for the detection, identification and monitoring 

of DPCs, the Purification of x-linked Proteins (PxP), to further understand how such lesions 

are proteolytically repaired. We used the PxP to uncover the identity of formaldehyde-induced 

DPCs, which were less complex than expected, since it mostly consisted of crosslinked 

nucleosomes. Formaldehyde-induced DPCs have a major drawback because they 

spontaneously revert in cells after damage induction, which complicates the analysis of their 

repair. Therefore, we focused on a different type of lesion, DNMT1-DPCs. 

DNMT1-DPCs are clinically relevant because they are induced by 5-azadeoxycitidine (5-

azadC), commonly used to treat myelodysplastic syndrome. Using the PxP, we could monitor 

the formation and repair of these lesions and observed that their repair is SUMO, ubiquitin and 

proteasome dependent.  Furthermore, we observed cleavage by a second protease, the DPC-

repair factor SPRTN. The second aim of this thesis was to characterize which are the SPRTN 

domains important for the recruitment to and cleavage of DNMT1-DPCs. In addition, we tested 

whether SPRTN-ΔC cells, which mimic the Ruijs-Aalfs syndrome disease variant, could also 

process such lesions.  

We discovered that the UBZ, a domain located in SPRTN’s C-terminus, was essential for the 

recruitment of the protein to these lesions. Moreover, cells engineered to express a SPRTN 

variant lacking the UBZ, could mimic the phenotype of SPRTN-ΔC, concluding that this is the 

most important feature lost in Ruijs-Aalfs syndrome patients. 
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Contribution report 

 

Publication 1 

This publication presents a new methodology for the Purification of x-linked Proteins (PxP). 

After successfully establishing the PxP, we could observe the formation of camptothecin-

induced TOP1-DPCs in a dose-dependent manner. We coupled PxP with mass spectrometry 

to identify the “crosslinkome” of HeLa cells exposed to formaldehyde. We identified histones 

as the main DPCs formed by formaldehyde. In combination with 5-azadC treatment, we 

monitored the repair of DNMT1-DPCs in cells with PxP.  We discovered that, RNF4 is a master 

SUMO-dependent ubiquitin E3-ligase that coordinates DNMT1-DPC destruction by the 

proteasome. Moreover, we uncovered that the metalloprotease SPRTN can also repair these 

lesions in a replication-independent manner. SPRTN mutants which are causative for disease, 

lose the ability to repair DNMT1-DPCs. We performed structure-function analysis to map the 

domain responsible for replication-independent SPRTN function and we found that the loss of 

the UBZ domain completely phenocopies SPRTN disease variants (C-terminal truncation) 

phenotypes. Together with Hao-Yi Li, I performed the PxP experiments, cell viability assays, 

data display and analysis, and FACS and mass spectrometry sample preparation. Mass 

spectrometry data analysis was performed by Maximilian J. Götz and in vitro reconstitution 

experiments were done by Sophie Dürauer. 

Publication 2 

This publication is a review on the current knowledge on DPC-repair. The review consists of 

seven sections. In the first section, we summarized with a general introduction all types of 

DNA damage and their consequences. The second section comprises all the current 

understanding on DPC-formation and the identity of different crosslinked proteins. The third 

section focuses on the proteolytic destruction of the DPC protein adduct by specialized 

proteases and the regulation of their activity. The fourth section describes replication-coupled 

DPC-repair which is currently well characterized. The fifth and the sixth section explain 

alternative DPC-repair pathways by direct hydrolysis or by nucleolytic cleavage, respectively. 

The last section contains the concluding remarks which also describe current knowledge gaps 

and future research directions. The review was written by Julian Stingele and I. 

Manuscript 1 

This manuscript presents a step by step protocol of the PxP, summarizing all its potential 

applications and comparing it with other methods. The protocol contains experiments with 
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different crosslinking agents (e. g. etoposide-induced TOP2ccs or formaldehyde). The detailed 

description of every step would allow any experienced molecular biologist to perform the 

technique. The experiments in the protocol were performed by Sophie Dürauer and me. The 

photos and the videos were taken by Hao-Yi Li and Sophie Dürauer. Maximilian J. Götz wrote 

a mass spectrometry analysis section including an analysis example. The writing, editing and 

preparation of figures for the manuscript were done by all the authors.
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Discussion 

1 The PxP allows the unbiased extraction of DPCs from cells 

The contribution of DPCs to genomic instability has just recently gained interest with the 

discovery of SPRTN as a specialized protease targeting these lesions. The methodology 

established for the detection and monitoring of the protein component of the DPC in cells, has 

proven previously successful for the study of enzymatic DPCs such as TOP1 or TOP2 but 

presents major drawbacks. The RADAR assay, and its derivates, rely on DPC-containing DNA 

behaving as DNA during the precipitation but does not consider that the presence of large 

adducts or even DNA regions rich in crosslinked proteins could prevent the precipitation of the 

corresponding DNA fragment. In addition, protein aggregates might also copurify during 

RADAR given that most of the treatments which induce non-enzymatic DPCs also induce 

pleiotropic damage such as protein aggregation (e.g. formaldehyde). The PxP is able to detect 

the presence of such lesions in a completely unbiased manner. With the PxP, we can detect 

the presence of CPT- and etoposide-induced topoisomerase DPCs in a dose-dependent 

manner. These DPCs also show obvious modifications when they are resolved by SDS-PAGE 

and detected by immunoblotting, suggesting that the PxP is also able to isolate 

posttranslational modifications on DPCs.  

With the aim of uncovering the “crosslinkome” after sublethal treatments of cells with 

formaldehyde, we coupled the PxP with label-free quantitative mass spectrometry. 

Formaldehyde is a common endotoxin produced in cells during one-carbon metabolism, but 

also in high local concentrations in chromatin during histone demethylation321. Moreover, 

epigenetic reprogramming has already been linked to DNA damage, given that hematopoietic 

stem cells lacking Fanconi anaemia genes display lower differentiation rates318. Lesions 

caused by formaldehyde range from RNA-protein crosslinks to ICLs or DPCs516. Our work 

adds a new layer of complexity to the nature of formaldehyde induced DNA damage by 

identifying histones as the main DPCs formed. Although the formation of nucleosomal-DPCs 

might be expected, provided the numerous basic residues in closed contact with DNA and 

their abundance, their complexity should not be underestimated. Nucleosomes are wrapped 

on large DNA sequences and crosslink to these DNA could easily block replication or 

transcription. On the other hand, DPCs on ssDNA, can be easily bypassed by replication-

coupled DPC-repair or detected and destroyed by global-genome (GG-DPC-) repair. In 

contrast, detection of histone-DPCs by the SUMO-system is unlikely, given that a crosslinked 

nucleosome would display a similar conformation to a non-crosslinked one. I would then 

predict that resolution of nucleosomal-DPCs would only rely on active-chromatin processes, 

such as replication, transcription or even chromatin (de)-compaction. Of note, it is interesting 
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to observe the presence of several DNA-repair proteins as formaldehyde-induced DPCs. The 

presence of APEX1, which cleaves AP sites, or PARP1, which tightly binds DNA-ends, could 

represent a bias of formaldehyde damage to open-chromatin areas where DNA transactions, 

mainly repair, is taking place130,398. In addition, the absence of non-DNA binders, highlights the 

stringency of the method. The comparison between non-treated samples and its nuclease 

control, also identified a new unknown endogenous DPC. The mitochondrial single-strand 

DNA binding protein SSBP1. Of note, mitochondrial DNA is continuously subjected to the 

attack of ROS and RNS generated during respiration, what could be causative for SSBP1-

DPC formation. In addition, this also proves that the PxP is able to isolate mitochondrial 

genomes and therefore, it would be also applicable for the study of DPC-repair in this 

organelle.  

2 DNMT1-DPCs are repaired in a replication-independent 

manner 

5-azadC-induced DNMT1-DPCs are generated after the replication fork has incorporated the 

pseudosubstrate in the DNA392. Given the fast repair of these lesions within one to two hours, 

they constitute a great model for the study of replication-independent DPC-repair100. 

Furthermore, no effect on the repair of DNMT1-DPCs is observed if the cells are cotreated 

with aphidicolin, a DNA-polymerase inhibitor, proving that replisome collision with the lesion 

is not required for its repair.  

The rapid SUMOylation wave observed after 5-azadC treatment had been previously linked 

to PIAS497,100. However, we could not confirm those findings and just observed minor 

reductions in DNMT1-DPC SUMOylation and no effect on repair upon depletion of PIAS4. It 

is known that several other SUMO E3-ligases are implicated in the DNA damage response. 

For example, PIAS1 is known to collaborate with PIAS4 in DSB-repair, while ZNF451 

specifically targets TOP2-DPCs for their further repair by the TDP2 enzyme96,451. Thus, it is 

likely that high overlap exists between all these enzymes and that loss of any of these factors 

can be largely compensated by others. Additionally, PIAS4 knock-outs only display mild 

sensitivity against CPT, highlighting that TOP1-DPC SUMOylation by PIAS4 is either not as 

relevant as expected for the repair of the lesion, or that certain back-up enzyme acts when 

PIAS4 is not present506. On the other hand, and in agreement with previous reports, the 

depletion of RNF4 displayed drastic consequences towards DNMT1-DPC-repair100. In support 

of these data, the inhibition of the SUMO-E1 or the Ub-E1 activating enzymes displayed the 

same repair defect after two hours.  
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Figure 18. DNMT1-DPCs are formed upon addition of 5-azadC, what triggers its fast SUMOylation by SUMO by 
different SUMO E3-ligases. Adapted from 517. 

Given that an RNF4 RING domain mutant protein could not rescue sensitivity to 5-azadC, we 

concluded that ubiquitylation by RNF4 is necessary for resolution of DNMT1-DPCs. RNF4 has 

four tandem SIM domains which presumably bind the SUMO-chains on crosslinked DNMT1, 

what triggers RNF4 ubiquitylation of the adduct. Still, some controversy surrounds the SUMO 

isoform linked to DPC-repair. While some reports point towards SUMO-2/3 hybrid chains, 

others state that SUMO-1 is the main isoform linked to these pervasive lesions after 

formaldehyde damage. It would be interesting to test whether different DPC-substrates, 

chromatin processes encountering the lesion or cell cycle phases would bias the SUMO 

isoform used towards SUMO-1 or SUMO-2/3 chains518 100. Strikingly, we also observed that 

DNMT1-DPCs could also be degraded, albeit much slower, in the absence of RNF4 in a 

SUMO and Ub-dependent manner. These data suggest the activity of a second StUbL in DPC-

repair. Up to date, just one more StUbL in humans has been characterized, RNF11198. 

Whether this is the enzyme which can also target DNMT1-DPCs and trigger its destruction still 

needs to be determined. Moreover, it would be expected that the loss of this second StUbL 

would be synthetic lethal with RNF4 knock-out and that its transient depletion in this 

background would hypersensitize cells to 5-azadC. 

 

Figure 19. RNF4 is rapidly recruited to polySUMOylated DNMT1-DPCs, what triggers its activation and the 
polyubiquitylation of the adduct. The loss of RNF4 did not completely abolished DNMT1-DPC-repair, what suggests 
that there is a second STUbL which might also be implicated. Adapted from 517. 
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The modification of DNMT1-DPCs by Ub, targeted its fast degradation by the proteasome in 

a p97-dependent manner. In yeast, the interplay between Wss1 and Cdc48 has been well 

characterized and it seems to require Ubx5 as a cofactor465. In human cells, our data are the 

first proof of this factor acting independent of SPRTN on these lesions500. Despite having 

proved its role in the extraction of cytotoxic PARP1 from chromatin, and the importance of 

p97-mediated unfolding of DPCs in vitro to facilitate SPRTN cleavage, the exact contribution 

of p97 to DPC-repair was still unknown519. We therefore hypothesize that p97 unfolding is 

directly upstream of proteasomal degradation and, for DNMT1-DPCs, its activity is essential 

for repair. Further studies should focus on understanding the role of different cofactors during 

p97 recruitment. In addition, the type of Ub-chains mediating DPC-unfolding could also be 

studied by performing coimmunoprecipitations of DNMT1-DPCs. Finally, characterization in 

vitro of p97 DPC-unfolding with different substrates could help to untangle the contribution of 

each unfoldase to DPC-repair405,519. 

3 SPRTN displays replication-independent DPC-repair 

We have uncovered an unexpected role for SPRTN in the repair of replication-independent 

DPCs. We named this pathway, which comprises SUMOylation, ubiquitylation and recruitment 

of the proteasome and SPRTN, GG-DPC-repair. We validated the absence of replisome 

collision against the DPC by monitoring SPRTN autocleavage in cells treated with CPT, 

formaldehyde and etoposide. SPRTN’s autocleavage was not affected in any of the treatments 

when cells were pretreated with aphidicolin, suggesting that SPRTN’s replication-independent 

role is not a DNMT1-DPC specific feature, but is rather extensible to other DPCs.  

The relative contribution of SPRTN during the repair of DNMT1-DPCs is not clear. After the 

cleavage of the protein, which is almost 200 kDa in size, we observed a faster migrating 

species which runs ~ 60-80 kDa lower. Whether SPRTN cleavage clearly aids in the repair of 

this lesion is unlikely. On the one hand, repair of the DPC after longer chases in the presence 

of proteasomal or p97 inhibitor only seems to accumulate the cleaved product, suggesting 

further degradation of the fragment by the proteasome. This result could also be 

misinterpreted given that both treatments, proteasomal and p97 inhibition, deplete the total 

Ub-pool in the cell, what could interfere with the ubiquitylation of DNMT1, consequently 

impairing the SPRTN-mediated repair of the cleaved product. In addition, cleavage by SPRTN 

generates a new N-terminus, which might be targeted for degradation through the N-end rule 

pathway by specialized E3-ligases520. On the other hand, SPRTN might perform sequential 

cleavage on the adduct facilitating its repair, what could be validated by monitoring repair of a 

C-terminal tagged DNMT1. Furthermore, if SPRTN is complementing the activity of the 

proteasome, it would be plausible that an increase in DNMT1-DPC formation by its 
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overexpression in cells, might require SPRTN for their total removal. In contrast, it might also 

be possible that SPRTN processes only a subset of lesions, which might be in a specific 

genomic location (e.g. hetero or euchromatin). Conducting ChIP-seq experiments in cells 

treated with 5-azadC, either with proteasomal inhibitor or SPRTN-depleted, and performing 

the immunoprecipitation of DNMT1-DPCs either on their N- or C-terminus would provide an 

answer to this question. If the chromatin location determines the repair by one protease or the 

other, proteasomal inhibition would enrich the N-terminal pulldown for a certain chromatin 

state, while this bias would not be observed for the C-terminal pulldown. The depletion of 

SPRTN should provide exactly the opposite result, meaning that it is chromatin context what 

determines repair by either protease.  

A second question arising from SPRTN’s cleavage relates to the substrate. SPRTN’s activity 

is tightly regulated by DNA-structures and the presence of a distortion within the helix, ssDNA-

dsDNA junction, bubbles or DNA-ends, trigger its activation. The presence of unpaired bases 

was required for DNMT1-DPC cleavage because we could not rescue this cleavage with a 

ZBD mutant, which cannot bind ssDNA469. DNMT1-DPCs form within dsDNA but present a 

really specific characteristic provided by the methylase reaction. During methylation, the target 

cytosine is “flipped out” of the DNA. In addition, the unpaired guanine on the other strand is 

displaced due to the DNMT1’s DNA intercalation, what itself triggers the flipping out of a 

second nucleotide from the DNA strand 521,522. Given that this state is stabilized by 5-azadC, 

it would be possible that this distortion within the helix would be enough to allow SPRTN’s 

activation and cleavage469. Furthermore, the presence of DNMT1-DPCs in “clusters” due to 

sequential crosslinking in GC-repeats, might generate local melting on the DNA-template due 

to the presence of several flipped bases in closed proximity521,522. 

Interestingly, SPRTN’s expression is tightly regulated in a cell cycle manner, as demonstrated 

by its depletion after palbociclib treatment. Palbociclib is a newly developed drug which stalls 

cells in G1 by inhibiting CDK4/6 without displaying any toxicity523. SPRTN was almost non-

detectable in cells treated with this drug, what raises the possibility that GG-DPC-repair is 

mostly active in S/G2/M phases but not in G1. To prove this hypothesis, experiments in which 

the repair of TOP1- and TOP2-DPCs in palbociclib treated cells could be conducted. This 

experiment would be interesting for two reasons: first, the treatment with CPT and etoposide 

in non-replicating cells, will mostly bias the presence of TOP1 and TOP2 crosslinks to 

transcription bubbles, what could allow the discovery of factors implicated in tolerance towards 

these lesions during transcription. Second, the degradation of these DPCs in a SUMO and 

Ub-dependent manner would suggest that the RNF4-proteasome/SPRTN axis is functional 

throughout the whole cell cycle. The function of SPRTN in specialized cell cycle phases raises 

the possibility of an alternative pathway for the repair of DPCs during transcription. In this 



Discussion 
 

58 
 

scenario, SPRTN is unlikely to be involved. First, flavopiridol treatment before 5-azadC 

incorporation, which completely inhibited transcription, did not affect DNMT1-DPC-repair. 

Second, transcription obstacles are dangerous throughout all the cell cycle and not just in 

S/G2/M phases, what suggests that other mechanisms are involved in the tolerance of these 

obstacles during RNA polymerase stalling. If such a mechanism would exist, it would probably 

involve the transcription-coupled NER protein CSB. CSB is required for the repair of 

formaldehyde-induced damage and Cockaine syndrome patients, who carry mutations in this 

gene, display a set of symptoms which cannot be reconciled with a role of CSB just repairing 

UVC-induced lesions324. This raises the possibility that if CSB could act as a sensor for RNA 

polymerase stalling, what DPCs would cause, and recruit CSA, which could then drive the 

polyubiquitylation of the adduct with its consequent degradation by the proteasome. The 

degradation of the protein could then recruit downstream factors of the pathway and mediate 

the nucleolytic removal of the peptide, allowing transcription to resume. In this scenario, CSA 

would also probably mediate the ubiquitylation of the RNA polymerase, what could also trigger 

its eviction by p97 and destruction by the proteasome156,324,524. 
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Figure 20. Hypothetical schematic depiction of transcription-coupled DPC-repair. The detection mechanism of a 
DPC would be the stalling of an RNA-polymerase, what would recruit CSB, leading to CSA mediated ubiquitylation 
of the DPC but also of the RNA polymerase itself. 

We generated cell lines carrying the Ruijs-Aalfs SPRTN patient’s genetic variant SPRTN-ΔC. 

SPRTN-ΔC is a hypomorph and displays reduced protease activity in vitro. In addition, SPRTN 

contains an NLS on its C-terminus which is lost in the patient’s variant. Therefore, it is also 

mislocalized, what can be detected by immunofluorescence, mostly in the cytoplasm, because 

it is probably continuously exported from the nucleus. Strikingly however, the patient variants 

SPRTN-ΔC lacked the ability to cleave DNMT1-DPCs not because of its mislocalization, but 

because of the loss of an extra feature on its C-terminus323,476. Although we could also observe 

residual activity by SPRTN-ΔC on DNMT1-DPCs upon proteasome and p97 inhibition. The 

fact that SPRTN-ΔC can still perform protease activity on this DPC, albeit much worse, might 

explain why SPRTN-ΔC cells are still viable regardless of SPRTN’s essentiality. Finding the 

alternative mechanism for which SPRTN-ΔC mediates DNMT1-DPC-repair is still an open 

question that must be addressed. In agreement with these data, Ruijs-Aalfs patients display a 
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set of defects on non-replicative tissues such as cataracts or fat tissue dysfunction, which are 

not explainable by a purely replicative role of SPRTN476. 

We mapped the critical domain needed for this activity to the very C-terminal UBZ and 

validated it with rescue experiments and with the generation of SPRTN-ΔUBZ cells. These 

cells completely phenocopied SPRTN-ΔC, suggesting that this is indeed the most important 

feature lost in Ruijs-Aalfs syndrome. SPRTN’s UBZ domain is important for the shielding of 

the protein monoubiquitylation, which is also important for its regulation. DPC-induction, for 

example by formaldehyde, triggers SPRTN’s deubiquitylation by the DUB USP7. Two other 

DUBs have also been implicated in SPRTN’s, VCPIP and USP11, and the understanding of 

the contribution from each DUB to SPRTN’s deubiquitylation is still missing. Interestingly, the 

deubiquitylation of SPRTN does not seem to specifically trigger SPRTN’s recruitment to 

chromatin but rather reduce its autocleavage471-473. This raises the possibility that the loss of 

monoubiquitin would release the UBZ and allow its binding to the ubiquitin chains on the DPC. 

SPRTN’s UBZ can bind both K48- and K63-chains, but K48 seem to be preferentially 

conjugated to SUMOylated DPCs100,466. Surprisingly, we could not observe any contribution of 

SPRTN’s PIP or SHP boxes, what we proved by fully rescuing DNMT1-DPC cleavage with a 

variant lacking both domains but still located in the nucleus, SPRTN-Δ241-400. Moreover, the 

insertion of a single mutation in this construct, the SPRTN-Δ241-400-UBZ*, which lacks a 

functional UBZ domain, almost completely abolished SPRTN’s activity on the lesion. SPRTN’s 

PIP box is important for its recruitment to laser and UVC irradiation damage sites and 

hydroxyurea-induced foci. The type of stress induced by those treatments, suggests that the 

PIP box is relevant for SPRTN’s repair where replication stress, for all treatments, or damage-

induced synthesis, by UVC and laser microirradiation, takes place466. Therefore, the PIP box 

seems uniquely relevant in a scenario in which the lesion is encountered during the replication 

of a DNA template, which requires PCNA323,466. The SHP motif loss did not influence DNMT1-

DPC cleavage either. These data supports the fact that inhibition of p97 during DNMT1-DPC-

repair did not decrease SPRTN cleavage but rather increased it. Furthermore, the role of the 

SHP motif in SPRTN’s activity seems to be strictly restricted to a replication-coupled activity, 

where TEX264 might also be implicated driving relocation of TOP1ccs to the nuclear 

membrane and facilitating their repair500. In addition, the role of the SHP domain was also 

studied in conditional SPRTN knock-out mouse embryonic fibroblasts, which display genomic 

instability, senescence and undergo cell death after few cell divisions upon tamoxifen 

treatment. The SPRTN-SHP mutant could just partially rescue replication fork progression in 

DNA fiber assays after UVC-induced DNA damage476.  

The genetic relation between SPRTN-ΔC and RNF4 is complex and the phenotype severity is 

cell line dependent. While in HeLa T-REx SPRTN-ΔC cells we observed compromised cell 
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growth upon RNF4 knock-down, in U2OS T-REx SPRTN-ΔC cells we observed a striking 

synthetic lethality. This phenotype was surprising because RNF4 is completely upstream of 

SPRTN’s activity during GG-DPC-repair, what we validated with autocleavage assays in wild-

type and RNF4 knock-outs cells after DPC induction. In agreement with this epistasis, the 

depletion of RNF4 in HeLa T-REx SPRTN-ΔC cells did not enhance 5-azadC sensitivity. In 

contrast, the depletion of SPRTN in RNF4 knock-out cells by knock-down showed the opposite 

phenotype, while in both experiments cells displayed a compromised cell growth. SPRTN is 

involved in replication-coupled DPC-repair in addition to GG-DPC-repair323,468. Replication-

coupled DPC-repair is completely independent of RNF4, what explains the growth defects and 

lethality observed when both pathways are affected. Given that DNMT1-DPC-repair does not 

seem to highly rely on SPRTN activity, SPRTN-ΔC cells are not sensitive to 5-azadC because 

they have a fully functional proteasomal-RNF4. In agreement, RNF4 knock-out cells display 

5-azadC sensitivity because in this scenario SPRTN’s and proteasomal GG-DPC-repair are 

fully compromised. The loss of SPRTN in RNF4 knock-out cells did enhance sensitivity to 5-

azadC, what could be explained by a double reduction in GG-DPC-repair, due to the loss of 

RNF4, and replication-coupled DPC-repair, due to the loss of SPRTN. It would be possible 

that DNMT1-DPCs not removed by RNF4 and the proteasome could be encountered in the 

next S-phase, what would require SPRTN. It would be tempting to speculate that loss of 

SPRTN in RNF4 knock-out cells would also cause the accumulation of endogenous DPCs, 

whose identity could be uncovered with the PxP.  

4 Downstream lesion processing  

Cleavage by SPRTN or the proteasome leaves a peptide that must be removed for full lesion 

resolution. Therefore, the enzyme required for peptide removal should have nuclease activity. 

The loss of these nucleases would confer sensitivity towards DPC-inducing agents but the 

contribution of each of these factors to repair might be context dependent. One example is the 

ERCC1-XPF complex, which participate in the repair of TOP1ccs probably by cutting the 3’ 

end on the DNA strand and releasing the peptide after protease activity on the protein 

adduct525,526. Furthermore, the loss of both factors sensitizes cells to formaldehyde, 

highlighting a potential implication of this complex in DPC-repair 506. A second nuclease which 

also enhances sensitivity to CPT is MUS81, which forms complex with EME1 or EME2. 

MUS81 has been implicated in DNA structure dependent cleavage during fork convergence 

at a TOP1-DPC, what would generate a DSB and allow HR527. Thus, MUS81 might just be 

involved in DPC-removal during replication-dependent repair, where the DNA structure would 

allow its activity, which requires a 3’ flap, a replication fork or a nicked holliday junction 528. 

Additionally, another nuclease FEN1, has recently been involved in DPC-repair in a ADP-

ribosylation dependent manner529. In addition to the previously mentioned nucleases, APE2 
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has recently gained interest due to its ability to remove 3’ blocked ends, what includes those 

generated by TOP1cc peptides530. The size of the peptide as well as the factors required for 

its removal could be potentially studied by PxP. Moreover, an antibody raised against the 

DNA-protein interfaced of the crosslinked DNMT1, could be of great used since it would allow 

the study of the peptide repair by immunofluorescence as well as the identification of factors 

implicated in the removal through Fluorescence-Activated Cell Sorting (FACS)-based genetic 

screens. 

The peptide generated can be alternatively bypassed during replication by TLS polymerases 

499. In frog eggs extracts bypass of the adduct is purely Polζ dependent but in vitro, almost any 

TLS polymerase can bypass small peptides531. Furthermore, TLS also requires the E3-ligase 

RFWD3, which also targets the DPC for destruction by mediating its polyubiquitylation during 

replication-coupled DPC-repair497. Therefore, RFWD3 might be the factor coordinating both 

TLS and DPC-repair pathways. RFWD3 as a master regulator between both pathways, might 

also explain the associated role of SPRTN with TLS, in which it was proposed to limit 

mutagenicity by TLS-polymerases. Alternatively, bypass of an intact DPC requires its partial 

unfolding by the helicase FANCJ and its cooperation with polζ-Rev1405. Given that bypass of 

an intact protein adduct is possible with the aid of FANCJ, it would be tempting to speculate 

that in certain conditions, for example with limited Ub supply or no SPRTN nor proteasomal 

availability, DPCs could be tolerated during replication and later targeted by GG-DPC-repair. 

It would be interesting to test whether this is the reason why several HR factors have been 

implicated in DPC-tolerance460,532. Finally, generating a non-Ub modifiable DPC, for example 

by mutating all the surface lysines on DNMT1, would allow us to understand whether this is 

the reason why certain DPCs are preferably “tolerated” instead of targeted. 

5 Future directions and open questions  

In addition to DNMT1, new DPC-models should be established to study their repair in different 

cell cycle phases and their effect on chromatin transactions. One model for the study of 

replication-coupled DPC-repair could be HMCES, which can be easily detected upon UVC 

exposure in synchronized cells. However, its reversal mechanism makes difficult it’s the study 

of its repair by DPC-proteases406,407. An alternative to HMCES could be the mycobacterium 

smegmatis UdgX, which crosslinks to uracils within ssDNA. A recent paper showed that UdgX 

in coexpression with APOBEC3A, which deaminates ssDNA cytosines to uracils, is able to 

form clear foci in human cells upon replisome stalling. The authors induced foci formation by 

treating cells with cisplatin, but any compound slowing fork progression and generating ssDNA 

stretches could be potentially used415.  
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Figure 21. Schematic depiction of a model system for the study of replication-coupled DPC-repair. The 
coexpression of the cytidine deaminase APOBEC3A and the mycobacterium smegmatis UdgX, would allow for the 

generation of UdgX crosslinks on ssDNA. The process could be triggered by the CMG-polymerase uncoupling. 

An alternative to study DPC-formation independent of cell cycle could be the generation of 

TDP1 knock-out cell lines complemented with SCAN1 TDP1 mutants. The formation of TDP1-

DPCs could then be induced by simply adding a TOP1 poison, CPT or topotecan for example, 

what would trigger the formation of TDP1-DPCs due to faulty religation during the TOP1 

peptide release533. The advantage of this model system would be that cells could be stalled in 

G1 and the formation and repair of these lesions could be easily monitored in this cell phase. 

The main disadvantage would be that the formation of TDP1-DPCs would be linked to the 

previous formation of TOP1-DPCs, which are themselves extremely toxic for the cell. 

  

Figure 22. Schematic depiction of a model system for the study of cell cycle-independent DPC-repair. In brief, a 
TDP1 knock-out cell line complemented with a TDP1SCAN1 mutant is treated with CPT, what generates 
TOP1ccs/DPCs. These lesions are attacked by the proteasome in a RNF4-dependent manner, the remnant peptide 
is hydrolysed by TDP1, but the SCAN1 variant cannot get released from DNA and becomes irreversibly trapped. 

One type of enzymatic DPC that would circumvent the disadvantages of the two previous ones 

would be MGMT. MGMT repairs the promutagenic O6-alkyl-guanine lesions by a direct 

transfer of the aberrant alkyl group to an acceptor cysteine in its catalytic center534,535. This 
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reaction is irreversible and alkyl-MGMT is rapidly degraded by the proteasome upon reaction 

completion. MGMT reacts with the 1,2-dibromoethane, historically used as a gasoline additive 

and in fumigants, to form a toxic episulfonium ion intermediate. This intermediate reacts with 

DNA, mainly guanines, generating MGMT adducts536,537. Thus, higher expression of MGMT is 

associated with increased genotoxicity by 1,2-dibromoethane538. Therefore, MGMT-DPCs 

would be an interesting model for the study of the repair of such lesions. They would be easy 

to induce, by treatment of cells with 1,2-dibromoethane, the identity of the crosslinked protein 

is known, and in addition, their induction would be cell cycle independent. 

The use of reactive compounds which induce DPCs, within other lesions, could also be a 

subject of study with the PxP. Cisplatin DPCs, would not present the same instability problem 

as formaldehyde-induced DPCs, given that they cannot be subjected to reversal by hydrolysis 

and they must be actively repaired330. It is highly probable that cisplatin generates a 

“crosslinkome” relatively similar to the one observed upon formaldehyde exposure. The main 

disadvantage of using cisplatin would be the generation of ICLs, which are the main toxicity 

mechanism of action of platin compounds333,334. Finally, it is of great clinical relevance to study 

radiation-induced DPCs. Radiotherapy is generally used in cancer treatment and it is 

extremely efficient in killing cells due to its capacity to generate SSBs and DSBs. Interestingly 

however, radiotherapy generally relies on the activation of oxygen closed to DNA, what 

generates ROS that can attack the different nucleotides. It was already observed that lower 

concentrations of oxygen surrounding the lesion, what can happen in the hypoxic tumour core, 

generates DPCs instead58,341,342. Uncovering the identity of these proteins and identifying 

tumour-specific markers which can affect their repair could improve treatment with 

radiotherapeutic agents. In addition, studying whether their repair is mediated by the 

proteasome, SPRTN or both, if not implicating new factors, could lead to the development of 

new DNA-repair targeted inhibitors.  
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Figure 23. Schematic depiction of a model system to study non-enzymatic DPC-repair. Uncovering the identity of 
the crosslinked proteins by ionizing radiation -in hypoxic conditions- and cisplatin could be of great clinical 
relevance. 

Future applications of the PxP, which could include the sequencing of DNA fragments 

crosslinked to specific proteins, would require sample recovery optimization from the plug. 

Furthermore, the modification of crosslinked proteins could also be easily studied by coupling 

the PxP with diGLY proteomics, for Ub, or phosphoproteomics. However, the PxP presents 

two major drawbacks. First, the scalability is limited and even though several plugs can be 

casted per condition, the number of cells that can be casted in a plug is restricted and would 

require lysis and electroelution optimization. Second, time sensitive treatments with non-

competitive inhibitors, such as CPT or etoposide, might lead to underestimation of DPC-

formation due to slow plug-casting step.  

Finally, understanding what determines pathway choice during GG-DPC-repair, will be of 

great interest to understand the role of SPRTN during DPC-repair. Whether SPRTN aids the 

proteasome in GG-DPC-repair, but can act independently during replication-coupled DPC-

repair, or if they always act together. Uncovering these questions will shed light on the 

essentiality of SPRTN in mammals and its role in cancer, aging and disease.  



Discussion 
 

66 
 

 

Figure 24. Proteolysis of a DNMT1-DPC by the proteasome and SPRTN. The destruction of the protein adduct by 
the proteasome requires its polyubiquitylation and unfolding by p97. On the other hand, SPRTN cleavage just 
requires ubiquitin. Whether SPRTN cleavage enhances proteasomal activity on the adduct by engaging N-end rule 
pathway E3-ligases or whether SPRTN is able to completely degrade crosslinked DNMT1 by engaging in 
sequential cleavage is still and opened question. Modified from 517.



List of abbreviations 

67 
 

List of abbreviations 

5-azadC 5-aza-2-deoxycytidine  

6-4 PPs 6-4 photoproducts  

A Adenine 

AP site Apurinic/apyrimidinic site 

APE AP site endonuclease 

APOBEC Apolipoprotein B mRNA editing enzyme 

BER Base-excision repair 

BIR Break-induced replication 

Bp Base pair 

BR Basic region 

C Cytosine 

CDKs Cyclin-dependent kinases 

Cisplatin Cis-diamminedichloroplatinum (II) 

CMG Replicative helicase composed of Cdc45 MCM2-7 and GINS 

CPD Cyclobutene pyrimidine dimers 

CPT Camptothecin 

CS Cockaine syndrome 

DDR DNA damage response  

DNMT1 DNA methyltransferase 1 

DPC DNA-Protein Crosslink 

DSB Double-Strand break 

dsDNA Double-stranded DNA 

DUB Deubiquitylating enzyme 

EBNA1 Epstein-Bar virus nuclear antigen 1  

FAD Flavin adenine dinucleotide  

FA Fanconi anaemia 
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FAN Fanconi anaemia complementation group 

G Guanine 

GG-DPC  Global genome DPC-repair 

GG-NER Global genome nucleotide excision repair 

HMCES 5-hydroxymethylcytosine (5hmC) binding, ES cell-specific 

ICL Interstrand DNA crosslinks  

IR Ionizing radiation 

KBrO3 Potassium bromate  

KCl-SDS Potassium chloride and sodium dodecyl sulfate coprecipitation assay 

MMS Methyl methanesulfonate  

MRN Complex formed by MRE11, RAD50 and NBS1 

NAD+ Nicotinamide adenine dinucleotide 

PAR Poly-ADP-ribosylation 

PARP Poly-ADP-ribose polymerase  

PARPi PARP inhibitors  

PCNA Proliferating cell nuclear antigen 

PIAS Protein inhibitor of activated STAT 

PIP Proliferating cell nuclear antigen-interacting protein box 

Pol Polymerase 

PxP Purification of x-linked Proteins 

RADAR Rapid approach to DNA adducts recovery  

RING Really interesting new gene  

RNAP RNA polymerase 

RNS Reactive nitrogen species 

ROS Reactive oxygen species 

RPA Replication protein A 

SENP Sentrin-specific protease  

SHP p97 interacting motif  
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SIM SUMO-interacting motif 

SPRTN SprT-like N-Terminal Domain  

SRAP SOS response associated peptidase 

SSB Single-strand break 

ssDNA Single-stranded DNA 

StUbL SUMO-targeted Ubiquitin Ligase 

SUMO Small Ubiquitin-like MOdifier  

T Thymine 

TC-NER Transcription coupled nucleotide excision repair 

TDP Tyrosyl-DNA phosphodiesterase 

TLS translesion synthesis  

TMZ Temozolomide 

TLS Translesion synthesis 

TOP Topoisomerase  

TOPcc Topoisomerase cleavage complex 

TP Terminal protein 

TS Template switching  

U Uracil 

Ub Ubiquitin 

UBZ Ubiquitin-binding Zinc finger 

UdgX Uracil DNA glycosilase X  

UV Ultraviolet 

Wss1 Weak suppressor of smt3 

XP Xenoderma pigmentosum 

ZBD Zinc-binding domain 
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SPRTNpatient variants cause global-genome
DNA-protein crosslink repair defects

Pedro Weickert1,2,4, Hao-Yi Li1,2,4, Maximilian J. Götz1,2, Sophie Dürauer1,2,
Denitsa Yaneva1,2, Shubo Zhao1,2, Jacqueline Cordes 1,2, Aleida C. Acampora1,2,
Ignasi Forne 3, Axel Imhof 3 & Julian Stingele 1,2

DNA-protein crosslinks (DPCs) are pervasive DNA lesions that are induced by
reactivemetabolites and various chemotherapeutic agents. Here,wedevelop a
technique for the Purification of x-linked Proteins (PxP), which allows identi-
fication and tracking of diverse DPCs in mammalian cells. Using PxP, we
investigateDPC repair in cells genetically-engineered to express variants of the
SPRTN protease that cause premature ageing and early-onset liver cancer in
Ruijs-Aalfs syndromepatients.Wefind anunexpected role for SPRTN in global-
genomeDPC repair, that does not rely on replication-coupled detection of the
lesion. Mechanistically, we demonstrate that replication-independent DPC
cleavage by SPRTN requires SUMO-targeted ubiquitylation of the protein
adduct and occurs in addition to proteasomal DPC degradation. Defective
ubiquitin binding of SPRTN patient variants compromises global-genomeDPC
repair and causes synthetic lethality in combination with a reduction in pro-
teasomal DPC repair capacity.

Unrepaired DNA damage causes ageing and cancer formation1,2.
Therefore, cells employDNA repair pathways, which operate not only
in a transcription-3 or replication-coupled4 manner, but also involve
globalmechanisms that scan the entire genome for lesions5. Covalent
DNA-protein crosslinks (DPCs) are a particular pervasive type of DNA
damage and are targeted by multiple repair enzymes6. DNA-protein
crosslinking arises fromenzymatic andnon-enzymatic sources7. Non-
enzymatic DPC formation is induced by bifunctional chemical
crosslinkers such as platinum-based chemotherapeutics or for-
maldehyde, which is even produced within chromatin during histone
demethylation and is present at micromolar concentrations in
mammalian blood8. Enzymatic DPCs are caused by entrapment of
normally transient covalent enzyme-DNA reaction intermediates and
are induced by various chemotherapeutic agents including topoi-
somerase poisons and the antineoplastic drug 5-aza-2′-deoxycytidine
(5-azadC)9. 5-azadC is incorporated into DNA during replication,
where it acts as pseudo-substrate for DNA methyltransferase 1
(DNMT1) leading to formation of a covalent complex between the
modified base and DNMT1’s active site cysteine10,11. However, upon

methylating 5-azadC, DNMT1 fails to release from DNA, thereby
forming a stable DPC.

DPC repair involves the proteolytic degradation of the protein
adduct by metalloproteases of the Wss1/SPRTN family12–17. While loss
of SPRTN is lethal in mammalian cells, hypomorphic variants cause
Ruijs-Aalfs syndrome, which is characterized by premature ageing and
early-onset hepatocellular carcinoma16,18,19. Ruijs-Aalfs syndrome is
primarily caused by frame-shift mutations resulting in expression of
C-terminally truncated SPRTN-ΔC variants, which lack nuclear locali-
sation signals and various protein-protein interaction motifs18. Data
obtained in frog egg extracts demonstrated that DPC cleavage by
SPRTN can be initiated by a replication fork colliding with a DPC20–22.
While the replicative helicase is able to bypass the protein adduct, DNA
polymerases fail to synthesize across the DPC20,21. SPRTN recognizes
the resulting single-/double-stranded DNA junction using a bipartite
DNA-binding module, which triggers local activation of the enzyme
and concurrent DPC cleavage23. In egg extracts, DPCs are additionally
targeted by replication-coupled proteasomal degradation20. Recent
reports suggest that the proteasome also targets DPCs outside of
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replication, which relies on initial SUMOylation of the protein adduct
and subsequent ubiquitylation by the SUMO-targeted ubiquitin ligase
RNF424,25. In contrast, it is currently believed that SPRTN acts exclu-
sively at the replication fork, where it relies on ubiquitin signals for
recruitment20,26. No consensus has emerged regarding the role of
SUMO modifications for SPRTN-dependent DPC repair. SUMOylation
has been suggested to block alternative repair pathways to promote
SPRTN-dependent repair26,27; while SUMOylation was found to be dis-
pensable for SPRTN function in another study28. At any rate, the exis-
tence of at least two proteolytic systems to degrade DPCs - SPRTN and
the proteasome - indicates significant evolutionary pressure to cope
with these insults in order to preserve genome integrity. However, the
relationship between proteasome- and SPRTN-dependent repair as
well as their relative contribution towards DPC cleavage inmammalian
cells remain unknown.

Exploring DPC repair inmammalian cells inmechanistic detail has
remained challenging not only due to the essential function of the
SPRTN protease, but also due to limitations of the currently available
techniques for the study of DPCs. DPC formation in mammalian cells
can be assessed by separating DPCs from non-crosslinked proteins
using ultra-centrifugation of caesium chloride gradients29,30. However,
this approach is laborious, low throughput, and requires substantial
amounts ofmaterial. Most otherDPC assays are based onprecipitation
as the separating principle. In the KCl-SDS assay (and its derivative
ARK)31,32, proteins are precipitated from denaturing lysates and co-
precipitating DNA is quantified as a proxy for the amount of DPCs. The
RADAR (rapid approach to DNA adduct recovery) assay employs the
opposite principle; DNA is precipitated from lysates and co-
precipitating proteins are analysed using slot-blotting or silver-
staining33. The reliance on precipitation is a major drawback of these
assays. DPCs are diverse in nature, which will affect their behaviour
during precipitation. While smaller protein adducts may efficiently co-
precipitate with DNA, larger adducts may even prevent DNA from
precipitating.

Here, we present a method for the Purification of x-linked Proteins
(PxP) that overcomes these limitations. PxP is based on electro-elution
of non-covalently attached proteins from DNA embedded in agarose
plugs and can be combined with label-free quantitative mass spectro-
metry to determine the identity of unknown DPCs. In addition, we
developed genetically-engineered hypomorphic SPRTN mutant cell
lines expressingpatient-mimicking variants enabling not only structure-
function analysis of SPRTN in cells, but also the genetic exploration of
relationships between different DPC repair factors. Using these tools,
we describe an unexpected role for SPRTN in replication-independent
DPC repair. We find that this global-genome DPC cleavage by SPRTN
requires SUMO-targeted ubiquitylation of theDPC, occurs independent
of proteasomal degradation, and is defective in cells expressing Ruijs-
Aalfs syndrome-associated SPRTN variants. As a consequence, reduc-
tion of proteasomalDPCdegradation causes synthetic defects in SPRTN
mutant cell lines. Finally, structure-function analysis of SPRTN demon-
strates that the loss of a ubiquitin-binding domain in patient variants is
responsible for defective global-genome DPC repair.

Results
A strategy for the purification of crosslinked proteins
The technique described here was inspired by chromosome entrap-
ment experiments that had been designed to investigate interactions
between prokaryotic condensin and DNA in Bacillus subtilis34. In these
experiments, bacterial chromosomes were immobilized in low-melt
agarose plugs to assess topological interactions with covalently-closed
condensin rings. We hypothesized that a similar principle could be
utilized tomonitor and identify DPCs inmammalian cells. Based on this
idea, we designed an assay for the Purification of x-linked Proteins (PxP)
(Fig. 1a). In brief, mammalian cells are harvested and embedded in low-
melt agarose plugs. Next, plugs are transferred to denaturing lysis

buffer containing 2% sarkosyl. Upon completion of cell lysis, plugs are
transferred towells of anSDS-PAGEgel and subjected toelectro-elution.
During electrophoresis, cellular proteins exit the plug, while DNA (due
to its high molecular weight) and crosslinked proteins remain inside.
Plugs are then retrieved,melted, andDNA is digestedwith a nuclease to
release the crosslinked proteins. Finally, crosslinked proteins are ana-
lysed using SDS-PAGE coupled with western blotting or silver staining.
To test our experimental strategy, we first analysed camptothecin
(CPT)-induced TOP1-DPCs which formed in a dose-dependent manner
with no background signal detectable in untreated cells (Fig. 1b and
Supplementary Fig. 1a). Having established that the PxP procedure
allows detection of specific DPCs, we next asked whether it can also
reveal the identity of non-enzymatic DPCs induced by chemical cross-
linkers. To answer this question, we first introduced a control that
allows the distinction between co-purifying contaminants and DPCs.
Cells of each experimental conditionwere cast into twoplugs. One plug
was digested with a nuclease prior to electro-elution, while the second
plug was incubated in buffer only. DPCs are expected to elute from the
plug upon DNA digestion, while co-purifying contaminants are not
(Fig. 1a).We subjected cells to a 1-h formaldehyde pulse, performed PxP
extraction, and analysed samples on silver-stained SDS-PAGE gels. Dis-
tinct formaldehyde-induced bands could be detected, which were
sensitive to nuclease treatment prior to electro-elution, suggesting that
treatment with formaldehyde results in crosslinking of specific proteins
(Fig. 1c and Supplementary Fig. 1b). To reveal the identity of
formaldehyde-induced DPCs, we combined PxP with label-free quanti-
tative proteomics. Plugs were retrieved after electro-elution, fixed, and
subjected to in-plug tryptic digestion and detection by LC-MS/MS.
Thirty-five proteins were significantly enriched in PxP plugs after for-
maldehyde exposure (Fig. 1d, e). The most abundant formaldehyde-
induced DPCs were formed by core histones (Fig. 1d, e). Histone
crosslinking was confirmed by western blotting and could be observed
at low formaldehyde concentrations, which did not affect long-term
viability (Fig. 1f, g and Supplementary Fig. 1c). We conclude that PxP
enables identification of unknown DPCs. In addition, we find that the
challenge to preserve genome integrity after formaldehyde exposure is
less complex than previously anticipated as formaldehyde-induced
DPCs mainly consist of crosslinked nucleosomes.

Replication-independent repair of 5-azadC-induced DNMT1-
DPCs monitored by PxP
5-azadC-induced DNMT1-DPCs form post-replicatively and are, thus,
an ideal model lesion to study replication-independent DPC repair25.
Therefore, we tested whether PxP can be used to track the fate of
DNMT1-DPCs. We synchronized cells using a double thymidine block,
released them into early/mid S-phase, and subjected them to a 30-
minute pulse of increasing 5-azadC concentrations (Fig. 2a). Using PxP
followed by western blotting, we observed dose-dependent formation
of DNMT1-DPCs (Fig. 2b), which were sensitive to nuclease treatment
prior to electro-elution (Supplementary Fig. 2a, b). To monitor repair
of DNMT1-DPCs, we harvested cells either immediately after 5-azadC
treatment or following a chase in drug-free media for 2 h (Fig. 2a). The
bulk of DNMT1-DPCs was repaired during the chase, which, in agree-
ment with a previous report25, was blocked by pre-treating cells with
proteasome inhibitor MG132 (Fig. 2c), by depleting the sole SUMO E2
conjugating enzyme UBC9 (Supplementary Fig. 2c), and by chemical
inhibition of SUMO-E1 or ubiquitin-E1 activating enzymes (Fig. 2d, e).
Because pre-treatment with ubiquitin-E1 inhibitor interfered with
DNMT1-DPC formation (Supplementary Fig. 2d), it was added together
with 5-azadC (see scheme in Fig. 2a). Moreover, chemical inhibition of
the ATPase p97, which is required for proteasomal degradation of
many chromatin proteins35, blocked bulk DNMT1-DPC repair (Supple-
mentary Fig. 2e). Interestingly, we noted the appearance of a faster
migrating DNMT1-DPC species in PxP and input samples 2 h after
5-azadC exposure (Fig. 2c–e and Supplementary Fig. 2c–e, orange
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dots). While this species increased upon proteasome or p97 inhibition
(Fig. 2c and Supplementary Fig. 2e, orange dots), it was absent after
blocking of either SUMOylation or ubiquitylation (Fig. 2d, e and Sup-
plementary Fig. 2c, orange dots). Taken together, this indicated to us
that DNMT1-DPCs are proteolytically cleaved in a SUMO- and
ubiquitin-dependent manner by an alternative DPC protease, which
occurs in parallel to the previously reported proteasomal degradation.

DPC SUMOylation and subsequent ubiquitylation have been
proposed to rely on the SUMOE3 ligase PIAS4 and the SUMO-targeted
ubiquitin ligase RNF424,25. However, we did not observe a reduction in
DPC degradation upon siRNA-mediated depletion or knock-out of
PIAS4 (Supplementary Fig. 2f, g), perhaps indicating redundancy with
another SUMO-E3 ligase. In contrast, knock-out of RNF4 resulted in

clear reduction of bulk degradation and reduced formation of the
putative DNMT1-DPC cleavage fragment (Fig. 2f). Consistently and in
line with a previous report25, we found RNF4 knock-out (KO) cells to be
sensitive to 5-azadC exposure (Supplementary Fig. 3a, b). Of note,
while RNF4 depletion clearly delayed repair, we observed residual
degradation and appearance of the cleaved DNMT1 fragment after a
prolonged chase period of up to 6 h (Fig. 2g). Residual repair in RNF4
KO cells was blocked by chemical inhibition of SUMO- or ubiquitin E1-
activating enzymes (Fig. 2g and Supplementary Fig. 3c), suggesting
that a second SUMO-targeted ubiquitin ligase activity acts as a, albeit
less efficient, back-up to RNF4. We conclude that in addition to the
proteasome a second proteolytic activity acts downstream of SUMO-
targeted ubiquitylation during global-genome DPC repair.

Plug melting
&

DNA-digestion

SDS-PAGE
& WB/Silver
staining

In-plug
tryptic digestion

LC-MS/MS

PxP assay

X-linked proteins

Electro-elution of
non-X-linked
proteins

Untreated +DPC-inducing
agent

Embedding of cells in
low-melt agarose plugs

Denaturing lysis
(2% sarkosyl)

DNA digestion

Non-X-linked
copurifying
contaminants

Cellular proteins

- - ++

DNA

+

-

SDS-PAGE

Retrieval of plugs

DPC identification

Upon DNA digestion,
X-linked proteins
are eluted while
contaminants remain
in the plug.

Transfer of plugs
to SDS-PAGE gel

TOP1

TOP1

140
kDa

115

115

40

CPT [μM] - 0.1 1 10

Anti-TOP1

Anti-TOP1

Anti-β-Actin

Px
P

In
pu
t

cba

*

Nuclease

C
on
tro
l

FA

30

20

15
10

kDa 250
100
50

Silver staining

d

-10 -5 0 5 10
0

5

10

log2(FC)

-lo
g1
0(
P-
va
lu
e)

PxP-MS: FAvs. untreated

H2AC14

H4C1
H3C1
H2BC12

H4C1
H2BC12
H3C1

H2AC14
H2AFY
NCL

SPTBN1
MKI67
H2AFV
HP1BP3

DEK
TOP1

NUMA1
HMGN2
TOP2A
HMGB1
BAZ1B
RSL1D1
HMGA1
APEX1
H1-1
RCC2

POLR2B
DHX30
ILF3

HMGN1
PARP1

RANBP2
AHCTF1
RBMX
KTN1

HMGN4
H1FX

TRIP12
UBAP2L

20
N/A

25

30

FAControl
Nuclease

log2(LFQ)

e

Input PxP

Nuclease

Anti-H3

Anti-GAPDH

0 0.
1

0.
25

0.
25

0.
5

0.
5

10 0.
1

11FA [mM]Anti-H2A

Anti-H2B

Anti-H3

Anti-GAPDH

FA
Input PxP

Nuclease

f

g

15 15
kDa

30 30

15

kDa 15

Fig. 1 | A strategy for the purification of crosslinked proteins. a Schematic
depiction of the Purification of x-linked Proteins (PxP) assay. Cells are harvested
and embedded in low-melt agarose plugs. Plugs are transferred to denaturing lysis
buffer. Upon completion of lysis, DNA is optionally digested using a nuclease. Next,
plugs are transferred to an SDS-PAGE gel and subjected to electro-elution. For DPC
detection, plugs are melted following electro-elution, digested with nuclease and
analysed using SDS-PAGE followed by western blotting or silver-staining. Alter-
natively, plugs are fixed and subjected to in-plug tryptic digestion for quantitative
proteomics. b Camptothecin (CPT)-induced TOP1-DPC formation assessed by PxP.
HeLa T-REx Flp-In cells were treated for 30min with the indicated doses of CPT
prior to isolation of DPCs using PxP and analysis bywestern blotting. cUntreated or
formaldehyde (FA)-treated (2mM, 1 h) HeLa cells were processed as depicted in (a)
and analysed by SDS-PAGE and silver staining. Asterisk indicates Benzonase
nuclease used to digest all samples prior to running the final SDS-PAGE. d Mass
spectrometry analysis of PxP samples comparing untreated and FA-treated (2mM,

1 h) HeLa cells. Six plugs per condition were subjected to in-plug tryptic digestion
followed by label-free quantitative mass spectrometry. Volcano plot depicting fold
change (FC, log2) between conditions plotted against FDR-adjusted P-value
(-log10). See also SupplementaryData 1, SupplementaryData 2.eHeatmap showing
normalized intensities of six replicates of statistically significant FA-induced DPCs
(FDR-adjusted P <0.01, FC> 2) identified in (d) ranked by average intensity upon
FA-treatment. See also Supplementary Data 1, Supplementary Data 2. f PxP analysis
of FA-induced histone crosslinks. Cells were treated for 1 h with 2mM FA and
subjected to PxP extraction including a nuclease digestion as indicated and ana-
lysed by western blotting. The experiment was repeated twice and similar results
were obtained. g PxP analysis of histone H3 crosslinks induced by increasing con-
centrations of FA. Cells were treated for 1 h with the indicated doses of FA and
subjected to PxP analysis including a nuclease digestion as indicated and analysed
by western blotting. The experiment was repeated three times and similar results
were obtained. Source data are provided as a Source Data file.
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SPRTN cleaves DNMT1-DPCs
The DPC-specific metalloprotease SPRTN is currently believed to act
exclusively at the replication fork14,17,20,36. Surprisingly however, siRNA-
mediated depletion of SPRTN completely abolished the appearance of
the faster-migrating DNMT1-DPC species even upon proteasome
inhibition, while neither bulk degradation nor DPC formation were
affected (Fig. 3a, orange dots). The appearance of the DNMT1-DPC
fragment was restored by expression of a siRNA-resistant version of

SPRTN-WT but not by catalytically-inactive SPRTN-E112Q (EQ) (Fig. 3b,
orange dots). These data suggest that the observed DNMT1-DPC
fragment is a product of SPRTN-dependent proteolysis. DNMT1-DPCs
form in the wake of DNA synthesis, therefore it seemed unlikely that
the cleaved DPC is a consequence of SPRTN’s established role in
replication-coupled DPC repair. Indeed, inhibition of DNA synthesis by
aphidicolin following induction of DNMT1-DPCs had no effect on
SPRTN-dependent DPC cleavage or bulk repair (Fig. 3c, orange dots,
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block and released into early/mid S-phase for 3 h prior to induction of DNMT1-DPCs
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antibodies. Experiments in (c–g)were repeated three times and similar results were
obtained. Source data are provided as a Source Data file.
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and Supplementary Fig. 4a). Moreover, cleavage was not affected by
knock-out of the adaptor protein TEX264 (Supplementary Fig. 4b,
orange dots), which was shown previously to be involved in
replication-coupled repair of DPCs by SPRTN36. We also excluded an
involvement of transcription, because inhibition of RNA synthesis
using the CDK9-inhibitor flavopiridol showed no effect on DPC clea-
vage or repair (Supplementary Fig. 4c, d, orange dots).

To test whether SPRTN also responds to other types of DPCs in a
replication-independent manner, we monitored autocleavage of the
protease, an indicator of SPRTN activation13,14,37. We treated cells with
formaldehyde (thereby inducing histone-DPCs), CPT (TOP1-DPCs), or
etoposide (ETO, causing TOP2-DPCs) and monitored accumulation of

SPRTN autocleavage fragments over time. Formaldehyde- and CPT-
induced autocleavage was strongly reduced in RNF4 KO cells, sug-
gesting that SPRTN activation by TOP1- and histone-DPCs occurs
similar to what we observed upon post-replicative induction of
DNMT1-DPCs (Fig. 3d, e, blue dots). Interestingly, etoposide-induced
SPRTN autocleavage occurred largely independent of RNF4 and was
partially reduced by aphidicolin in RNF4 KO cells (Fig. 3f, blue dots),
indicating that TOP2-DPCs are sensed and signalled differently. In the
case of CPT and FA however, SPRTN autocleavage was completely
unaffected by inhibition of DNA synthesis using aphidicolin (Fig. 3d, e,
blue dots, and Supplementary Fig. 4e). This was in contrast to SPRTN’s
role at replication forks, which relies on DNA polymerases extending

Anti-DNMT1

Anti-DNMT1

Anti-β-Actin

Anti-Strep

kDa
185
115

80

115
140

40

Px
P

In
pu
t

5-azadC
Chase [h] 0 00 00 00 02 22 22 22 2

siCtrl siCtrlsiSPRTN siSPRTN
SPRTN-WT SPRTN-EQ

DNMT1

DNMT1

YFP-SPRTN-Strep
YFP-SPRTN-Strep-Ub

b

kDa
185

185

115

115

65

40

5-azadC
MG132

Chase [h] 0 00 00 00 02 22 22 22 2

siCtrl siSPRTN

DNMT1

DNMT1

SPRTN
SPRTN-Ub

Anti-DNMT1

Anti-DNMT1

Anti-SPRTN

Anti-β-Actin

In
pu
t

Px
P

a

c

d

f

e

65

50
40

110

Anti-SPRTN

Anti-Vinculin

ETO
Aphidicolin

Time [h] 0 00 01 11 13 33 32 22 2

WT RNF4 KO

SPRTN
SPRTN-Ub

cleavage
fragments

Anti-SPRTN

Anti-Vinculin

FA
Aphidicolin

Time [h] 0 00 01 11 14 44 42 22 2

WT RNF4 KO

65

50
40

110

SPRTN
SPRTN-Ub

cleavage
fragments

Anti-SPRTN

Anti-Vinculin

CPT
Aphidicolin

Time [h] 0 00 00.5 0.50.5 0.52 22 21 11 1

WT RNF4 KO

65

50
40

110

SPRTN
SPRTN-Ub

cleavage
fragments

DNMT1

DNMT1

Aphidicolin

Chase [h]
5-azadC

0 22 0 2 2

115

115

40

140

140

kDa

Anti-DNMT1

Anti-DNMT1

Anti-β-Actin

Px
P

In
pu
t

Double thymidine block 5-azadC Chase

Sample collection

0 h 2 h3 h

Thymidine release

Aphidicolin

30
mins

kDa

kDa

kDa

Fig. 3 | The metalloprotease SPRTN cleaves DNMT1-DPCs during global-
genome repair. a HeLa T-REx Flp-In cells transfected with the indicated siRNAs
were treated as depicted in Fig. 2a. DNMT1-DPCs were isolated using PxP and
analysed by western blotting using the indicated antibodies. b HeLa T-REx Flp-In
cells stably expressing siRNA-resistant SPRTN variants (wildtype (WT) or catalyti-
cally inactive E112Q (EQ)) were transfectedwith the indicated siRNAs and treated as
in Fig. 2a. DPCs were isolated by PxP and analysed by western blotting using the
indicated antibodies. c 5-azadC-inducedDNMT1-DPC repair upon inhibition ofDNA

synthesis assessed by PxP. HeLa T-REx Flp-In cells were treated as depicted
including anoptional addition of aphidicolin (3 µM) during the chase (left). DNMT1-
DPCs were isolated using PxP and analysed by western blotting using the indicated
antibodies (right). d–f HeLa WT or RNF4 KO cells were treated with formaldehyde
(FA, 250 µM) (d), camptothecin (CPT, 500nM) (e) or etoposide (ETO, 50 µM) (f),
including a 2-h pre-treatment with aphidicolin, as indicated, before whole cell
lysates were analysed by western blotting using the indicated antibodies. Source
data are provided as a Source Data file.

Article https://doi.org/10.1038/s41467-023-35988-1

Nature Communications |          (2023) 14:352 5



nascent strands up to the protein adduct20. We thus conclude that
SPRTN responds to variousDPCs in a global-genomemanner that does
not rely on the replication machinery to detect the lesion. Next, we
asked whether global-genome DPC repair by SPRTN is also active
outside the S/G2-phase (when SPRTN expression levels are high38). We
arrested cells using the CDK4/CDK6 inhibitor palbociclib in early G1
phase (Supplementary Fig. 4f), which was accompanied by a strong
reduction in SPRTN protein levels (Supplementary Fig. 4g–i). Low
levels of SPRTN expression made the assessment of autocleavage
impossible, but also indicated that it is unlikely that the protease is
important in G1 phase. Collectively, these data demonstrate that
SPRTN targets DPCs during global-genome repair downstream of
SUMO-targeted ubiquitylation and that this mechanism, while being
replication-independent, primarily operates in the S/G2 phase of the
cell cycle.

SPRTN patient variants affect replication-independent DNA-
protein crosslink repair
Ruijs-Aalfs syndrome is caused by partial loss-of-function SPRTN
mutations and is characterized by progeroid features and early onset
hepatocellular carcinomas18,39. Intriguingly, several aspects of the dis-
ease are difficult to reconcile with a purely replicative function of
SPRTN. Patients and mice bearing hypomorphic SPRTN mutations
display signs of failed tissue homeostasis in the largely quiescent liver
and in postmitotic lens epithelial cells18,19,39. In contrast, the highly
proliferative haematopoietic system, which is in addition challenged
by high endogenous formaldehyde concentrations40, seems not to be
affected. Therefore, we asked whether replication-independent clea-
vage of DPCs may be affected by patient variants. To investigate this
question, we engineered cells to express patient-mimicking variants.
We edited the endogenous SPRTN locus in HeLa T-REx Flp-In cells
using twogRNAs resulting in thedeletionof the entire coding regionof
exon 5 (Supplementary Fig. 5a). The resulting mutant cells express a
SPRTN-ΔC variant, which is highly reminiscent of the truncated SPRTN
variants observed in Ruijs-Aalfs syndrome patients (Fig. 4a and Sup-
plementary Fig. 5a). While SPRTN-ΔC cells were viable, they failed to
efficiently cleave DNMT1-DPCs; the DPC cleavage band observed
during a 6-h chase in WT cells was hardly detectable in mutant cells
(Fig. 4b, c). Residual amounts of DPC cleavage fragments were only
observed upon inhibition of proteasomal degradation or p97 activity
(Fig. 4b, c). Re-expression of SPRTN-WT, but not of SPRTN-EQ rescued
the cleavageofDNMT1-DPCs inSPRTN-ΔC cells (Fig. 4d). A catalytically-
compromised DNA-binding mutant SPRTN-ZBD* (R185A)23,41 displayed
strongly reduced activity (Fig. 4d). Despite being unable to efficiently
cleave DNMT1-DPCs, SPRTN-ΔC cells were not sensitive to exposure of
5-azadC (Supplementary Fig. 5b), likely due to redundant DPC degra-
dation by the proteasome. In line with SPRTN acting downstream of
RNF4, 5-azadC sensitivity caused by depletion of RNF4 was compar-
able in SPRTN-ΔC and in wild-type HeLa T-REx Flp-In cells (Supple-
mentary Fig. 5b). In addition, we noted that RNF4depletion resulted in
mild synthetic growth defects in SPRTN-ΔC cells (Supplementary
Fig. 5c), indicating a complex relationship between both factors (see
Discussion). We also observed that siRNA-mediated depletion of
SPRTN resulted in growthdefects inRNF4KOcells and led to increased
5-azadC sensitivity (Supplementary Fig. 5d, e). To corroborate these
results, we generated U2OS T-REx Flp-In SPRTN-ΔC cells by generating
frameshift mutations using a single gRNA, which targets the beginning
of exon 5 (Supplementary Fig. 5f). In U2OS SPRTN-ΔC cells, DNMT1-
DPC cleavage was defective (Supplementary Fig. 5g), and depletion of
RNF4 caused synthetic lethality/viability defects (Fig. 4e and Supple-
mentary Fig. 5h). Taken together, these results show that SPRTN
patient variants compromise replication-independent DPC repair.
Moreover, our data indicate that cells can tolerate such reduced repair
capacity in principle, but only if proteasomal DPC repair is fully
functional.

Compromised ubiquitin binding is the main defect of SPRTN
patient variants
Next, we asked why patient variants fail to efficiently cleave DNMT1-
DPCs. It has previously been speculated that the major defect of
SPRTN-ΔC variants is their mislocalisation to the cytosol due to loss of
a C-terminal nuclear localisation signal (NLS)15,18. Therefore, we com-
plemented HeLa T-REx Flp-In SPRTN-ΔC cells with YFP-tagged SPRTN-
ΔC constructs either carrying an additional N-terminal NLS or not
(Fig. 5a, top). As expected, SPRTN-ΔC was mislocalised to the cytosol,
while NLS-SPRTN-ΔC was found preferentially in the nucleus (Fig. 5a,
bottom). Nevertheless, NLS-SPRTN-ΔC was not able to fully restore
DNMT1-DPC cleavage in SPRTN-ΔC cells (Fig. 5b). Both ΔC variants
showed only a slight increase in DPC cleavage, despite being heavily
overexpressed and present at much higher levels than SPRTN-WT,
which efficiently rescued cleavage (Fig. 5b). Taken together, these
results suggest that mislocalisation is not the sole defect of SPRTN-ΔC
variants and that the C-terminal part of SPRTN contains an additional
critical feature required for replication-independent DPC cleavage. In
addition to ensuring nuclear localisation, SPRTN’s C-terminal tail
contains three protein-protein interaction motifs: a SHP-box (SHP)
mediating binding to p9738,42, a PIP-box (PIP) for interacting with
PCNA43, and a ubiquitin-binding zinc finger (UBZ)43. In order to identify
the critical domain for DPC cleavage, we complemented SPRTN-ΔC
cells with SPRTN variants bearing replacements of key amino acids in
all three motifs. Expression of SPRTN-WT or PIP*- and SHP*-mutant
variants restored DPC cleavage, while SPRTN variants with a defective
UBZ domain (D473A - UBZ*) appeared to display reduced cleavage
(Supplementary Fig. 6a). To further corroborate that PIP- and SHP-box
are dispensable, we complemented SPRTN-ΔC cells with a SPRTN var-
iant lacking the entire region between SPRTN’s DNA binding domains
and the C-terminal NLS and UBZ domain (Fig. 5c, top). Despite lacking
both, PIP- and SHP-box, this variant (SPRTN-Δ241-400) fully supported
DNMT1-DPC cleavage, unless its UBZ domain was defective as well
(SPRTN-Δ241-400-UBZ*) (Fig. 5c, bottom).We conclude that PCNA and
p97 binding domains are not required for SPRTN’s function in
replication-independent DPC repair, while ubiquitin binding appears
to be crucial. In addition to recruiting SPRTN to sites of DNA damage,
the UBZ domain is also required for stabilising monoubiquitylation of
SPRTN (Supplementary Fig. 6a)38,42,43, which in turn regulates SPRTN
autocleavage37. To exclude that the loss of monoubiquitylation is
causative for the DNMT1-DPC cleavage defects of SPRTN-UBZ*, we
tested a linear fusion of ubiquitin to SPRTN-UBZ* (SPRTN-UBZ*-Ub),
which we showed previously to restore the regulation of SPRTN
autocleavage37. However, we observed that this variant remained
unable to cleave DNMT1-DPCs (Supplementary Fig. 6b). To further
exclude that the reduction of DPC cleavage by SPRTN-UBZ* is a con-
sequence of reduced catalytic activity, we assessed the activity of the
recombinant enzyme in vitro, using cleavage of a DPCmodel substrate
(Protein G-oligonucleotide conjugates23,44) and autocleavage as a
readout. While SPRTN-ΔC showed slightly reduced substrate cleavage
and autocleavage, SPRTN-UBZ*’s activity was indistinguishable from
the WT enzyme (Supplementary Fig. 6c, d).

Next, we wanted to extend our observations to endogenously
expressed SPRTN. We edited the endogenous locus using a gRNA that
targets the coding sequence of SPRTN’s C-terminal UBZ domain to
generate SPRTN-ΔUBZ variants. We obtained one SPRTN-ΔUBZ clone
(#3) with homozygous deletions resulting in premature stop codons.
As a consequence, key residues of the UBZ domain are lost (Supple-
mentary Fig. 7a). DNMT1-DPC cleavage was virtually absent in SPRTN-
ΔUBZ clone #3, confirming that the UBZ domain is critically required
for SPRTN’s global-genome repair function (Fig. 5d). Sequencing ana-
lysis of a second clone (#10) revealed that one allele contained an in-
frame deletion resulting in the loss of key UBZ features (#10 Allele 2,
Supplementary Fig. 7a). The second allele of clone #10 was identified
to bear a premature stop codon, however only downstream of all
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important UBZ residues (#10 Allele 1, Supplementary Fig. 7a). Clone
#10 displayed residual SPRTN monoubiquitylation (Fig. 5d), which is
consistent with residual UBZ function. In agreement with clone #10
retaining residual levels of ubiquitin binding, we observed minor
degrees of DNMT1-DPC cleavage (Fig. 5d). A key role for the UBZ
domain was further indicated by CPT-, formaldehyde-, and ETO-
induced autocleavage being virtually absent in SPRTN-ΔUBZ #3 cells
(Supplementary Fig. 7b–d). As observed in SPRTN-ΔC cells, RNF4
depletion caused growth defects in HeLa T-REx SPRTN-ΔUBZ cells
(Supplementary Fig. 7e, f), while resulting in synthetic lethality inU2OS

T-REx SPRTN-ΔUBZ cells (Fig. 5e, Supplementary Fig. 7g. We conclude
that SPRTN-ΔUBZ fully phenocopies the effect of Ruijs-Aalfs syndrome
patient variants, suggesting that loss of ubiquitin-binding is the key
defect of SPRTN-ΔC.

Discussion
DNA lesions are diverse in nature and are studied using a broad
variety of lesion-specific techniques. DPCs have only recently
emerged as important endogenous lesions, and the available toolkit
to investigate these adducts is therefore limited.Wedeveloped aDPC
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extraction method that is compatible with various downstream
readouts and is able to detect and identify DPCs in various experi-
mental scenarios. We have combined PxP with quantitative pro-
teomics to reveal that formaldehyde induces less complexDPCs than
anticipated. Since formaldehyde is a major source of endogenous
DNA damage8,40, our data indicate that nucleosomal histone-DNA
crosslinks are frequent genotoxic challenges faced by
mammalian cells.

By studying the repair of 5-azadC-induced DNMT1-DPCs with PxP,
we discovered an unexpected role of the SPRTN metalloprotease in
replication-independent DPC repair (Fig. 6). Intriguingly, replication-
independent DPC cleavage by SPRTN relies on the same initial signals
as proteasomal degradation24,25, namely SUMO-targeted ubiquitylation
by RNF4. DPC detection by the SUMO system appears to occur in a
global-genome manner that does not rely on transcription or replica-
tion machineries to detect the lesion. Despite being replication-
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independent, SPRTN-mediated global-genome repair seems restricted
to the S/G2 phase, due to low SPRTN expression in G1 cells. The fact
that SPRTN-dependent cleavage increases upon proteasome inhibi-
tion, suggests that SPRTN acts independently of proteasomal degra-
dation. In addition, we observed that inhibition of the ATPase p97
inhibits proteasomal DPC degradation, while increasing the abun-
dance of the SPRTN-dependent DPC cleavage fragment. p97 has the
ability to unfold substrate proteins by threading them through its
central pore, which often results in their degradation35. Therefore, we
propose that SUMO-targeted ubiquitylation results in (a) p97-
dependent extraction and subsequent proteasomal degradation or
(b) SPRTN-dependent cleavage, perhaps if extraction is inefficient.
However, the fate of the DPC fragment produced by SPRTN cleavage
remains unclear. It is possible that the cleavage fragment accumulates
upon proteasomal inhibition (while it appears only transiently, if pro-
teasome is active), because proteasome and SPRTN are two indepen-
dent parallel mechanisms that target DNMT1-DPCs. Alternatively, the
accumulation of the DNMT1-DPC cleavage fragment upon proteaso-
mal inhibition may indicate that it is itself a substrate for proteasomal
degradation. In this hypothetic model, SPRTN cleavage may facilitate
proteasomal degradation of DPCs by generating a novel N-terminus,
which could trigger additional DPC ubiquitylation by N-end rule E3
ubiquitin ligases. We favour the second scenario because it seems
unlikely that the generation of the 115 kDa DNMT-DPC fragment is in
itself sufficient for repair.

The fact that SPRTN patient variants displayed compromised
global-genome DPC repair may explain the defects observed in non-

replicative tissues of Ruijs-Aalfs syndrome patients. PxP in combina-
tion with patient-mimicking SPRTN-ΔC cells enabled us to conduct a
detailed structure-function analysis of critical features within SPRTN
for global-genome DPC cleavage. Notably, DPC cleavage was strongly
reduced upon mutation of SPRTN’s single-stranded DNA binding
domain, the ZBD. This observation suggests that DNMT1-DPCs contain
a DNA structure with single-stranded or unpaired DNA features, which
were shown in vitro to be required for SPRTN activity (2-3 unpaired
bases suffice for activation23). Interestingly,within theDNMT1-DPC, the
5-azadC base is flipped-out of the DNA duplex into the enzyme’s active
site, which destabilize the DNA helix locally and result in additional
flipped-out bases45,46. Structural data indicate that these bases would
be accessible for other proteins46, which would allow SPRTN binding
and, thus, activation. Alternatively, DNMT1-DPCs may require pre-
processing by a yet to be identified helicase or nuclease activity prior
to SPRTN cleavage. The p97-binding motif of SPRTN had no influence
on DPC cleavage, which is in line with our observation that p97 activity
is only required for proteasomal degradation. In agreement with
SPRTN’s role in DNMT1-DPC repair being replication-independent,
binding to the replication clamp PCNA by SPRTN was also not neces-
sary for activity. In addition to losing p97 and PCNA binding, SPRTN-
ΔC variants have three further defects; mislocalisation, reduced DPC
cleavage activity, and loss of ubiquitin binding. Importantly however,
loss of the UBZ domain alone was sufficient to recapitulate the phe-
notypes of SPRTN-ΔC suggesting that ubiquitin binding is the critical
feature lacking in Ruijs-Aalfs syndrome-associated SPRTN variants.
One function of the UBZ domain is the establishment of SPRTN
monoubiquitylation38, which regulates SPRTN autocleavage37. How-
ever, a linear ubiquitin fusion, which restores autocleavage37, did not
restore DPC cleavage. Therefore, we favour the interpretation that the
primary defect of SPRTN-ΔC and SPRTN-ΔUBZ variants is the inability
to recognize RNF4-catalyzed DPC ubiquitylation. In support, RNF4
modifies DPCs primarily with K48-linked ubiquitin chains25, which
matches the ability of SPRTN’s UBZ to interact with such chains42.

Our findings that efficient SPRTN-dependent DNMT1-DPC clea-
vage and formaldehyde- and CPT-induced SPRTN-autocleavage
require the presence of RNF4 suggest an epistatic interaction between
the two enzymes. Interestingly, however, the genetic relationship
between both DPC repair factors is more complex. While SPRTN acts
downstream of RNF4 during global-genome repair (this study), it also
functions during replication-coupled repair14,20, which is independent
of RNF425. Moreover, in both scenarios SPRTN functions in addition to
proteasomal DPC degradation (which is RNF4-dependent outside of
replication24,25). In agreement, RNF4 KO cells were 5-azadC sensitive
(because SPRTN and proteasomal repair are affected), while SPRTN-ΔC
cells were not (because proteasomal global-genome repair is still
available). In contrast, siRNA-mediated depletion of SPRTN results in
increased 5-azadC sensitivity in RNF4 KO cells, which may reflect a
synthetic defect between a reduction in both global-genome DPC
repair branches (SPRTN and proteasome) combined with a reduction
of SPRTN’s replication-coupled repair function. Interestingly, in sce-
narios of impaired SPRTN function (SPRTN-ΔC, SPRTN-ΔUBZ), addi-
tional depletion of RNF4 resulted in synthetic viability defects, which
are presumably caused by unrepaired endogenous DPCs. Some DPCs
may rely more on SPRTN-dependent cleavage than proteasomal
degradation, perhaps explaining the differences between 5-azadC
sensitivity and viability. Notably, in the absence of RNF4 or upon
SPRTN mutation, global-genome cleavage of DPCs was strongly
reduced but did still occur. Therefore, the synthetic phenotype may
also be caused by simultaneous partial loss-of-function at two critical
points of the same pathway.

To conclude, DPCs are not only repaired by replication-coupled
mechanisms but are also efficiently targeted by SUMO-dependent
global-genome DPC repair mechanisms, that are replication- and
transcription-independent. What determines pathway choice during
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DNMT1-DPCs is initiated by SUMOylation, followed by subsequent ubiquitylation
by the SUMO-targeted ubiquitin ligase RNF4. Modified DNMT1-DPCs are either
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The DPC fragment generated by SPRTN cleavage may be subjected to further
degradation by p97 and the proteasome.
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DPC repair and whether it is linked to genomic context is an exciting
open question. Furthermore, whether transcription-coupled DPC
repair occurs as well remains to be determined. We anticipate that the
PxP methodology will be instrumental to address these key questions
on DPC repair.

Methods
Cell lines
HeLa, U2OS T-REx Flp-In and HeLa T-REx Flp-In cells were provided by
Cell Services, The Francis Crick Institute, and grown in Dulbecco’s
Modified Eagle Medium (DMEM) supplemented with 10% (v/v) fetal
bovine serum (FBS). HeLa T-REx Flp-In cells stably expressing siRNA-
resistant YFP-SPRTN-Strep-tag and HeLa T-REx Flp-In SPRTN-ΔC cells
expressing SPRTN variants were generated using the Flp-In system
(pOG44, V600520, Thermo Scientific) according to manufacturer’s
instructions and selected in Hygromycin B (150 µg/ml) (10687010,
Thermo Fisher). Protein expression was induced by overnight incu-
bation with doxycycline (D9891, Sigma) (final concentration 1 µg/ml).

Generation of cell lines
Genome-edited cell lines were generated by transfection of pX330
plasmids (#82580, Addgene) encoding the following gRNA sequences:
HeLa RNF4 KO cells (gRNA_RNF4#1 GCTACTCAGAGAAAGCGTCG);
U2OS T-REx Flp-In PIAS4 KO cells (gRNA_PIAS4#1 AGCACGGGGTA
GTCAATAT); U2OS T-REx Flp-In SPRTN-ΔC cells (gRNA_SPRTN-ΔC#3
ACTAAAAGGGATTACTAGCT); HeLa T-REx Flp-In and U2OS T-REx Flp-
In SPRTN-ΔUBZ cells (gRNA_SPRTN-ΔUBZ#1 CACTTGGACTGGTGC
CTTGA). HeLa T-REx Flp-In SPRTN-ΔC cells were generated by co-
transfection of two pX330 plasmids containing two different gRNAs
(gRNA_SPRTN-ΔC#1 TTGGCAGATAAACCCAACAG and gRNA_SPRTN-
ΔC#2 ATTAACCAGAACTTCCTGAC). 16 h after transfection of plas-
mids using Lipofectamine 2000 (11668030, Thermo Scientific), cells
were selected in puromycin-containing (1 µg/ml) media for 48 (HeLa
T-REx Flp-In or HeLa cells) or 72 (U2OS T-REx Flp-In cells) hours. Next,
cells were seeded in 96 well plates in a concentration of 0.75 cells per
well. Single colonies were transferred once confluency was reached
and editing efficiency was confirmed by western blotting and Sanger
sequencing. Polyclonal HeLa T-REx Flp-In TEX264 KO cells were gen-
erated using two different gRNAs (gRNA_TEX264#1 ATAAGTGCCGA
TGTGCCGT and gRNA_TEX264#2 CTGTGTGCCTATCCTCGGC) with a
gRNA targeting the safe-harbour-site AAVS1 (gRNA_AAVS1#1 GTCC
CTAGTGGCCCCACTGT) as control. Editing efficiency of polyclonal
pools was confirmed by western blotting following selection and cells
were directly used for experiments without selecting single clones. All
cell lines generated in this study are available from the corresponding
author upon request.

Genotyping of single clones
Genomic DNA of single clones was extracted by lysing cells in 5mM
Tris-HCl pH 8 at 99 °C for 2min, followed by addition of proteinase K
(0.1mg/ml, 25530049, Invitrogen). Samples were then incubated at
55 °C for 5 h, before proteinase K was heat-inactivated for 45min at
85 °C. 10 ng of genomic DNA was used as template to amplify the
edited region while adding overhangs homologous to the pDONR221
vector (see Supplementary data 3 for primer sequences used for each
genotype) using Platinum II Hot-Start Green PCR Master Mix
(14001012, Thermo Fischer). Next, PCR products were gel-purified
(REF 740611, MACHEREY-NAGEL) and cloned by TEDA-based cloning47

into a pDONR221 backbone amplified with Q5® Hot Start High-Fidelity
2XMaster Mix (M0494S, NEB). Plasmid DNA was isolated from at least
five single colonies and analysed by Sanger sequencing.

siRNA transfection
For PxP experiments, cells were transfected in 60mm dishes. 5 µl
siRNA (20 µM) and 12.5 µl Lipofectamine RNAiMAX Transfection

Reagent (13778075, Thermo Scientific) were each diluted in 400 µl
Opti-MEM Medium. Following a 5min incubation, siRNA and Lipo-
fectamine RNAiMAX Transfection Reagent dilutions weremixed. After
an additional 15min, the transfectionmixwas added to cells. After 16 h,
cells were reseeded into 60mm dishes, followed by synchronization
using a double thymidine block and PxP extraction 72 h after trans-
fection as described below. For viability and 5-azadC sensitivity assays,
siRNA transfectionswere performed in 6-well plates. 3 µl of siRNAwere
mixed with 100 µl of Opti-MEMMedium and incubated for 5min. 7.5 µl
of Lipofectamine RNAiMAX were mixed with 100 µl of Opti-MEM
Medium and incubated for 5min. Next, both solutions were mixed,
incubated for additional 15min and added to the well containing
800 µl of media. The following siRNAs (Horizon Discovery) were used:
siCTRL (Control pool, D-001810-10-20), siRNF4 (SMARTpool,
L-006557-00-0005), siUBC9 (SMARTpool, L-004910-00-0005),
siSPRTN#1 (CAAGGAACCAGAGAAUUA) and siPIAS4 (SMARTpool,
L-006445-00-0005).

Purification of x-linked proteins (PxP)
DPCs were induced by addition of methanol-free formaldehyde
(28906, Fisher Scientific) or camptothecin (CPT, 208925, Sigma)
(concentrations indicated in figure legends) to asynchronous cells. For
induction of 5-azadC (A3656, Sigma) induced DNMT1-crosslinks, cells
were synchronized using a double thymidine block. In brief, cells were
seeded in themorning and thymidine-containingmedia (2mM, T9250,
Sigma) was added after 8 h. The next day, cells were released in
thymidine-free medium for 9 h, prior to readdition of thymidine and
overnight incubation. Then, cells were released in thymidine-free
medium and treated with 5-azadC (10 µM), MG132 (5 µM) (M7449,
Sigma), SUMO-E1 inhibitor ML-792 (5 µM) (Axon Medchem, 3109), Ub-
E1 inhibitor TAK-243 (1 µM) (AOB87172, Chemietek), aphidicolin (3 µM)
(A4487, Sigma) p97i CB-5083 (5 µM) (HY-12861-10mg, Hölzel) or fla-
vopiridol (10 µM) (F3055, Sigma) as indicated in figures.

For PxP, formaldehyde-treated cells were harvested at the
respective timepoints by trypsinisation and counted,while CPT- and 5-
azadC-treated cells were scraped in ice-cold PBS (an additional plate
per condition was trypsinised and counted to determine the number
of cells per plate). For CPT treatments, plateswere prechilled on ice for
5min before scraping to minimize TOP1cc reversal. Next, cells were
washed and resuspended in PBS at 2 × 104 cells/µl (cells were optionally
pelleted, frozen and stored at −80 °C at this point, apart from CPT-
treated cells, which were processed immediately). 10 µl of the cell
suspension were directly lysed in 1x NuPAGE LDS sample buffer
(NP0007, Thermo Scientific) to serve as input samples. The remaining
cell suspension was pre-warmed for 45 s at 45 °C prior to mixing with
an equal volume of low melt agarose (2% in PBS, 1613111, Bio-Rad) and
immediately cast into plug molds (#1703713, Bio-Rad) with a total
volume of ca. 90 µl. Plugs were placed at 4 °C for 5min, prior to
transfer into 1ml ice-cold lysis buffer (1 x PBS, 0.5mM EDTA, 2% sar-
kosyl, cOmplete EDTA-free protease inhibitor cocktail (4693132001,
Merck), 0.04mg/ml Pefabloc SC (11585916001, Merck). Lysis was car-
ried out on a rotating wheel at 4 °C for 4 h. Following lysis, DNA was
optionally digested by nuclease. To this end, plugs were transferred to
washing buffer (50mM Tris/HCl pH 8, 0.5mMMgCl2, 0.01% sarkosyl).
After 10min, buffer was replaced by fresh washing buffer only or
washing buffer containing benzonase nuclease (0.2U/µl, 70746,Merck
Millipore), followed by incubation in a thermoshaker (500 rpm, 37 °C)
for 1 h. For electro-elution, plugs were transferred to the wells of 10-
well SDS-PAGE gels (12%, 1.5mm Novex WedgeWell or BOLT gels,
ThermoFisher). Electrophoresiswas carriedout in 300mlMOPSbuffer
at 20mA per gel for 60min in a Mini Gel Tank (ThermoFisher). Fol-
lowing electro-elution, plugs were retrieved and transferred to tubes
containing 1ml washing buffer, while the gel was stained using
InstantBlue (ISB1L, Sigma) to confirm successful extraction of non-
crosslinked cellular proteins. Plugs were incubated on a rotating wheel
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at 4 °C for 10min. Plugs of the same conditions were pooled at this
stage of the purification (typically two plugs were cast per condition
for CPT-, formaldehyde- and 5-azadC-induced DPCs). The supernatant
was aspirated and plugs were melted at 99 °C for 5min, followed by
addition of 20 µl washing buffer containing 50 units benzonase
nuclease per plug and incubation at 37 °C for 30min. Samples were
then frozen at −80 °C. For analysis by western blotting, NuPAGE LDS
sample buffer was added and samples were subjected to western
blotting using the indicated antibodies. For silver staining, frozen
samples were thawed and centrifuged in a table-top centrifuge at top
speed at 4 °C. Supernatant was then passed through 0.45 µM SpinX
centrifuge tube filters (CLS8162, Merck) to remove residual agarose.
NuPAGE LDS sample buffer was added and samples analysed using
SDS-PAGE in a Bolt 12 % 1.5mm 10-well gel followed by silver staining
(SilverQuest Silver Staining Kit, LC6070, ThermoFisher). For analysis
by mass spectrometry, plugs were washed twice following electro-
elution in washing buffer and fixed in 40% ethanol/10% acetic acid on a
rotating wheel at 4 °C for 1 h. Finally, plugs were washed twice in
100mM ammonium bicarbonate.

Western blotting
Samples were boiled in NuPAGE LDS sample buffer (NP0007, Thermo
Scientific) containing NuPAGE Sample Reducing Agent (NP0009,
Thermo Scientific), before SDS-PAGE using NuPAGE 4–12% 20well gels
(a 4–12% 12- well Bolt gel was used for Fig. 2b). Following electro-
phoresis, proteins were transferred on 0.45 µm PVDF membranes
(IPVH00010, Merck) using a wet transfer system (#1704070, Bio-Rad)
for 70min at 100 V. Membranes were blocked in 5 % milk in TBS-T for
1 h before addition of primary antibody: Anti-DNMT1 (D63A6) anti-
body (1:1000) (#5032, Cell Signaling), Anti-Actin antibody (1:1000) (Sc-
47778, Santa Cruz Biotechnology), Anti-SUMO2/3 antibody (1:2000)
(ab3742, Abcam), Anti-TOP1 antibody (1:1000) (ab109374, Abcam),
Anti-Ub antibody (1:1000) (Sc-8017, Santa Cruz Biotechnology), Anti-
SPRTN antibody (1:500) (6F237), Anti-RNF4 antibody (1:500) (AF7964,
R&D systems), Anti-GAPDH (14C10) antibody (1:2000) (2118, Cell Sig-
naling), Anti-Histone H2A antibody (1:1000) (07-146, Merck), Anti-
HistoneH2B antibody (1:1000) (10799, Cell Signaling), Anti-HistoneH3
antibody (1:1000) (4499 S, Cell Signaling), Anti-PIAS4 antibody (1:500)
(SC-166744, Santa Cruz Biotechnology), Anti-Flag (1:2000) (F1804,
Sigma-Aldrich) Anti-TEX264 (1:500) (sc-100944, Santa Cruz Bio-
technology), Anti-Vinculin (1:1000) (sc-73614, Santa Cruz Biotechnol-
ogy). Following incubation with primary antibody overnight,
membranes were washed with TBS-T and incubated for 1 h with cor-
responding secondary antibodies (Goat Anti-Mouse Immunoglobu-
lins/HRP, P0447, Dako; Swine Anti-Rabbit Immunoglobulins/HRP,
P0399, Dako; Goat Anti-Rat Immunoglobulins/HRP, A9037, Sigma;
Rabbit Anti-Goat Immunoglobulins/HRP, A8919, Sigma). To help
visualize bands, brigthness and contrast of blots were globally adjus-
ted using ImageLab (Bio-Rad) version 5.2. Uncropped scans of all blots
are provided in the Source Data file.

Identification of DNA-protein crosslinks by quantitative
proteomics
Agarose plugs were reduced, alkylated and digested with trypsin. The
resulting peptides were purified using StageTips and resuspended in
15 µl of 0.1% formic acid solution. For LC-MS/MS purposes, desalted
peptides were injected in an Ultimate 3000 RSLCnano system
(Thermo) and separated in a 15-cm analytical column (75 μm ID home-
packed with ReproSil-Pur C18-AQ 2.4 μm from Dr. Maisch) with a 50-
min gradient from 5 to 60% acetonitrile in 0.1% formic acid. The
effluent from the HPLC was directly electrosprayed into an LTQ-
Orbitrapmass spectrometer XL (Thermo) operated in data dependent
mode to automatically switch between full scan MS and MS/MS
acquisition. Typical parameters were as follows: survey full scan MS
spectra (from m/z 250–1600) were acquired in the Orbitrap with

resolution R = 60,000 at m/z 400 (AGC target of 5 × 105). The three
most intense peptide ions with charge states between 2 and 4 were
sequentially isolated to a target value of 10,000 and fragmented in the
linear ion trap by collision induced dissociation (CID). All fragment ion
spectra were recorded in the LTQ part of the instrument. For all
measurements with the Orbitrap detector, 3 lock-mass ions from
ambient air were used for internal calibration. Typical MS conditions
were: spray voltage, 1.5 kV; no sheath and auxiliary gas flow; heated
capillary temperature, 200 °C; normalized CID energy 35%; activation
q =0.25; activation time= 30ms. MaxQuant 1.6.6.0 was used to iden-
tify proteins and quantify by iBAQ with the following parameters:
Database, Uniprot_UP000005604_Hsapiens_20191107;MS tol, 10ppm;
MS/MS tol, 0.5 Da; Peptide FDR, 0.1; Protein FDR, 0.01 Min. peptide
Length, 7; Variable modifications, Oxidation (M); Fixed modifications,
Carbamidomethyl (C); Peptides for protein quantitation, razor and
unique;Min. peptides, 1;Minute. ratio count, 2. To identify significantly
enriched proteins, MaxQuant output data were further processes in R.
LFQ intensity values were log2 transformed. Missing values were
imputated based on a probabilistic dropout function using the proDA
R-package setting the untreated benzonase condition as a reference
level (Ahlmann-Eltze and Anders, 2020). Proteins that were not iden-
tified in at least 3 replicates of either non-benzonase treated condition
were removed, if they were simultaneously not detected in more than
12 out of 24 samples. Differential abundanceofproteinswas calculated
using a Wald-test with Benjamini Hochberg FDR correction. Identified
proteins were considered significantly enriched if their log2 fold
enrichment was greater than 2 and FDR adjusted p-value smaller
than 0.01.

Plasmids and site-directed mutagenesis
pCMV6-RNF4-DDK-Myc was purchased from Origene (#RC207273).
pIRES-AcFL was a gift from the Boulton lab. pcDNA5-FRT/TO-YFP-
SPRTN-WT-Strep, pcDNA5-FRT/TO-YFP-SPRTN-EQ (E112Q)-Strep
pcDNA5-FRT/TO-YFP-SPRTN-ΔC-Strep, pcDNA5-FRT/TO-YFP-SPRTN-
PIP*(Y331A/F332A)Strep, pcDNA5-FRT/TO-YFP-SPRTN-SHP*(F253A/
L260A)-Strep, pcDNA5-FRT/TO-YFP-SPRTN-ZBD*(R185A)-Strep,
pcDNA5-FRT/TO-YFP-SPRTN-UBZ*(D473A)-Strep, pcDNA5-FRT/TO-
YFP-SPRTN-UBZ*(D473A)-Ub and pNIC-STREP-ZB-SPRTN-WT have
been described previously13,23,37. pcDNA5-FRT/TO-YFP-SPRTN-Δ241-
400-Strep, pcDNA5-FRT/TO-YFP-SPRTN-Δ241-400-UBZ*-(D473A)-
Strep, pcDNA5-FRT/TO-YFP-NLS-SPRTN-ΔC-Strep, pCMV6-RNF4-C
S1(C132A/C135A)-DDK-Myc, pNIC-STREP-ZB-SPRTN-UBZ*(D473A),
and pNIC-STREP-ZB-SPRTN-ΔC were generated by Q5 site-directed
mutagenesis (#E0554S, NEB) according to manufacturer’s instruc-
tions. siRNA-resistant variants of pcDNA5-FRT/TO-YFP-SPRTN-WT-
Strep and pcDNA5-FRT/TO-YFP-SPRTN-EQ (E112Q)-Strep were gen-
erated by Q5 site-directed mutagenesis using primers Oshubo-141
(CGAAAACTATTCAAAAAAAGGCAAAGGAAAG) and Oshubo-142
(GGCTCTTTTATTTTTATGTAAGTGCCTCC) introducing silent muta-
tions in the region targeted by siSPRTN#1. All plasmids generated in
this study are available from the corresponding author upon request.

Cell viability and drug sensitivity
Tomeasure formaldehyde sensitivity, 500cells were seededperwell in
triplicates in 6-well plates. The next day, cells were treated with the
indicateddoses formaldehyde for 1 h followedby twowasheswith PBS.
After 7 days, cells were stained with crystal violet.

To measure 5-azadC sensitivity of HeLa WT and RNF4 KO cells,
5 × 103 cells were seeded in technical quadruplicates in 24-well plates.
5-azadC was added at the indicated concentration 16 h after seeding.
After 96 h, cell viability wasmeasured by AlamarBlue assay (Resazurin,
R7017, Sigma). To determine complementation of 5-azadC sensitivity,
HeLa WT and RNF4 KO cells were transfected with pIRES-AcFL
(expressing GFP-Flag), pCMV6-RNF4-DDK-Myc, or pCMV6-RNF4-CS1-
DDK-Myc (CS1, C132A/C135A variant as in48) plasmids. 3 µg of plasmid
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were mixed with 100 µl of Opti-MEMMedium and incubated for 5min.
3 µl of Lipofectamine 2000 were mixed with 100 µl of Opti-MEM
Medium and incubated for 5min. After incubation, both solutions
weremixed and incubated for additional 15min. The solutionwas then
added to the cells in 800 µl ofmedia. 5 × 103 transfected cellswere then
re-seeded in technical quadruplicates in 24-well plates. 5-azadC was
added at the indicated concentration 16 h after seeding. After 96 h, cell
viability was measured by AlamarBlue assay.

For viability and 5-azadC-sensitivity measurements of HeLa T-Rex
Flp-In (WT, SPRTN-ΔC, AAVS1 #1, SPRTN-ΔUBZ #3 and SPRTN-ΔUBZ
#10), HeLa (WT and RNF4 KO) cells, and U2OS T-Rex Flp-In (WT,
SPRTN-ΔC #2, SPRTN-ΔC #4, SPRTN-ΔUBZ #10 and SPRTN-ΔUBZ #12),
2 × 105 cells were seeded in 6-well plates, followed by transfection with
siRNAs, as indicated in figure legends. To measure cell viability,
transfected cells were re-seeded the following day (5 × 103 cells for
HeLa T-Rex Flp-In and HeLa cells; 1 × 104 cells for U2OS T-Rex Flp-In
cells) in technical triplicates in 12-well plate. Cell confluency was
monitored and analysed using a IncuCyte S3 live cell imaging system
every 12 h for 5 days. Following imaging, cells were stained with crystal
violet. To measure 5-azadC sensitivity, 5 × 103 cells were re-seeded the
day after transfection in technical quadruplicates in 24-well plates.
5-azadC was added at the indicated concentration 16 h after seeding.
After 96 h, cell viability was measured by AlamarBlue assay.

DNA and RNA synthesis measurements
1 × 106 cells were seeded in 6-cm dishes. The next day, cells were pre-
treated with flavopiridol (10 µM, 1 h), aphidicolin (3 µM, 2 h) or palbo-
ciclib (5 µM (Sigma, PZ0383), 48h), as indicated in figure legends. To
measure RNA synthesis, 400 µM 5-ethynyl-uridine (EU, Jena
Bioscience, CLK-N002-10) was then added for 30min. To measure
DNA synthesis, 100 µM 5-ethynyl-2’-deoxyuridine (EdU, Jena
Bioscience, CLK-N001-100) was added for 30min. Next, cells were
washed twice with PBS, harvested by trypsinization and stained with
eFluor780 viability dye (Thermo, 65-0865-14) for 30min at 4 °C. Next,
pellets were washed with PBS containing 1% BSA and fixed with 4%
formaldehyde for 15min. Following another wash, cells were permea-
bilized by 0.25% Triton-X in PBS, washed, and incubated with Click-it
mix (Tris, 39.5mM, pH8; Alexa Fluor 488-Azide (Thermo, B40953),
0.06mM; CuSO4, 4mM; Ascorbic Acid, 40 µg/ml; DAPI 1 µg/ml) for
30min. After a final wash step, cells were resuspended in PBS con-
taining 1% BSA and analyzed on a BD LSRFortessa (BD Bioscience)
equipped with 355/405/488/561/640 nm lasers with a minimum count
of 10,000 events. The mean fluorescence intensity (MFI) in FITC
channel was measured excluding dead cells (eFluor780 stained) and
the results were analyzed using FlowJo™ v10.8.1 Software (BD Life
Sciences). In brief, cell debris and aggregates were excluded by SSC-A/
FSC-A and single cells were gated by SSC-H/SSC-A. Live cells were
identified by SSC-A/APC-Cy7-A and the fraction of EdU/EU positive
cells was identfied based on FITC-A fluorescence intensity (Supple-
mentary Fig. 8).

Immunofluorescence staining
Doxycycline (1 µg/ml, D9891, Sigma) was added overnight to HeLa-
TREx Flp-in cells to induce expression of SPRTN variants. The next
day, cells were fixed in 4% formaldehyde (28906, Thermo Scientific)
followed by permeabilizing and blocking with PBGT buffer (1X PBS,
0.2% fish skin gelatin, 0.5% BSA, 0.5% Triton X-100) (45min at room
temperature) and then incubated with anti-GFP antibody (Chromo-
tek, PABG1) for 1 h at room temperature. Coverslips were washed 3
times for 5min with PBGT buffer and incubated with Alexa Fluor 488
goat anti-mouse secondary antibody (A-11001, Thermo Scientific)
and DAPI (0.5μg/ml, 62248, Thermo Fisher) for 1 h at room tem-
perature. Coverslips were mounted in Prolong Gold Antifade
Mountant (P10144, Thermo Fisher) and images were acquired using a
ZEISS LSM710 confocal microscope and software ZEN 2009 (Carl

Zeiss) version 5.5.0.443. Image processing was done using Ima-
geJ (v1.53t).

Recombinant protein purification
Recombinant SPRTN (WT, EQ (E112Q), UBZ* (D473A)) protein was
expressed in E. coli BL21 and purified as previously described23. The
protocol was slightly modified for the purification of SPRTN-ΔC, for
which the N-terminal Strep-Zb-tag was removed using a Strep-tagged
TEV protease. Tag and TEV protease were removed by applying the
sample to Strep-Tactin®XT Superflow®high capacity cartridges, before
the collected flow-through was further purified by size exclusion
chromatography.

In vitro SPRTN autocleavage
Reactions were performed for 2 h at 25 °C in 20μL containing 2 µM
recombinant SPRTN and 11.14 nMcircular single-strandedDNA (ΦX174
Virion DNA, #N3023, NEB). The reaction buffer comprised 19.5mM
HEPES/KOH pH 7.2, 2.9% glycerol, 80mM KCl, and 4.95mM TCEP.
Reactions were stopped by 4 x LDS sample buffer supplemented with
5% β-mercaptoethanol and boiling at 95 °C for 10min, and resolved on
SDS-PAGE gels (4–12% Bis-Tris) using MOPS buffer and stained with
SYPRO Ruby (#S12000, Thermo Fisher Scientific) following manu-
facturer’s instructions. Gels were photographed using a BioRad Che-
midoc MP system and cleavage was quantified using ImageJ (v1.53t).
The fraction of cleaved recombinant SPRTNwas calculated by dividing
the amount of remaining full-length protein in the presence of DNA by
the amount of full-length protein in the absence of DNA.

SPRTN autocleavage in cells
1 × 105 cells per well were seeded in 12-well plates in the evening. The
next morning cells were pre-treated or not with aphidicolin (3 µM) for
2 h and then in combination with formaldehyde (250 µM), CPT
(500nM) or etoposide (50 µM, Sigma, 341205). In the indicated time-
point, cells were washed with PBS 1x and resuspended in 1x LDS. The
samples were then boiled and resolved in 4–12% 20-well gels. For
palbociclib treatment, cells were seeded in 10 cm dishes in the pre-
sence of palbociclib (5 µM), reseeded in palbociclib-containing med-
ium after 30 h in 12-well plates, before autoclevage was induced as
described above.

Protein G-oligonucleotide conjugation
Protein G-oligonucleotide conjugates were generated as previously
described23,44. In brief, Protein G (#6510, BioVision) was conjugated to
oligonucleotide X15 (5’−6-FAM-ACC AGT GCC TTG CT[SH-C9-dT] GGA
CAT CTT TGC CCA-3’) (Ella BioTech GmbH), which contained a 6-FAM
label at the 5’-end and a phosphate group at the 3’-end. Conjugation
was performed using the proFIRE Amine Coupling Kit (Dynamic Bio-
sensors) and the conjugate purified with the proFIRE device (Dynamic
Biosensors) through ion exchange chromatography. The conjugate
concentration was determined by measuring 6-FAM fluorescence in a
Tecan Spark plate reader using a NanoQuant plate. For Protein
G-oligonucleotide conjugate cleavage assays, conjugates were
annealed to a 2x excess of complementary reverse oligonucleotide
oDY_72 (5’-TGGGCAAAGATGTCC-3’) forming a single-/double-stran-
ded DNA junction.

Protein G-oligonucleotide conjugate cleavage assay
Cleavage of Protein G-oligonucleotide conjugates by SPRTN was per-
formed in a reaction containing increasing concentrations of SPRTN
(2, 10 and 50nM) and 10 nM conjugate (or free DNA as control) in a
final reaction buffer of 17.5mM HEPES/KOH pH 7.2, 85mM KCl, 3.5%
glycerol, 5.5mMTCEP and 0.12mg/mL BSA. Reactions were incubated
for 2 h at 25 °C. Unstained urea loading dye (15% Ficoll®, 8M Urea) was
added and reactions were resolved on 8M Urea, 15% Acrylamide, 1x
TBE gels using 1x TBE as running buffer. Gelswere photographed using
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a BioRad Chemidoc MP system and cleavage was quantified using
ImageJ (v1.53t) by calculating the ratio between cleaved and total
conjugate.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Mass spectrometry data have been deposited to the Proteo-
meXchange Consortium via the PRIDE partner repository with the
dataset identifier PXD02665449.

DatabaseUniprot_UP000005604_Hsapiens_20191107was used to
identify proteins. Source data are provided with this paper. All other
data that support this study are available from the corresponding
author upon request. Source data are provided with this paper.
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Extended Data Fig. 1. Analysis of DNA-protein crosslink formation by Purification of x-linked 
Proteins (PxP) assay. a InstantBlue-stained SDS-PAGE gel used for electro-elution of camptothecin 
(CPT)-treated PxP samples shown in Fig. 1b. Two plugs per condition were used. b InstantBlue-stained 
SDS-PAGE gel used for electro-elution of formaldehyde (FA)-treated PxP samples shown in Fig. 1c. 
Two plugs per condition were used. c HeLa cells were treated with the indicated concentrations of FA 
for 1 hour, followed by growth in drug-free medium for 7 days and staining by crystal violet. Source data 
are provided as a Source Data file. 
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Extended Data Fig. 2. Analysis of 5-azadC-induced DNMT1-DPC repair by PxP assay. a HeLa T-
REx Flp-In cells were treated as depicted in Fig. 2a and harvested directly after 5-azadC exposure. 
DPCs were isolated using PxP including a nuclease treatment prior to electro-elution as indicated, and 
analysed by western blotting using the indicated antibodies. This control experiment was performed 
once. b InstantBlue-stained SDS-PAGE gel used for electro-elution of 5-azadC-treated PxP samples 
shown in (a). Two plugs per condition were used. c HeLa T-REx Flp-In cells transfected with the 
indicated siRNAs were treated and analysed as depicted in Fig. 2a. DPCs were isolated using PxP and 
analysed by western blotting using the indicated antibodies. d HeLa T-REx Flp-In cells were treated as 
in Fig. 2e with the difference that ubiquitylation inhibitor (Ub-E1i TAK-243, 1 µM) was added already 1 
hour prior to addition of 5-azadC (top). DPCs were isolated using PxP and analysed by western blotting 
using the indicated antibodies (bottom). e 5-azadC-induced DNMT1-DPC formation and repair upon 
inhibition of p97 (p97i CB-5083, 5µM). HeLa T-REx Flp-In cells were treated as depicted in Fig. 2a prior 
to extraction of DPCs using PxP and analysis of samples using western blotting using the indicated 
antibodies. f HeLa T-REx Flp-In cells transfected with the indicated siRNAs were treated and analysed 
as depicted in Fig. 2a. DPCs were isolated using PxP and analysed by western blotting using the 
indicated antibodies. g U2OS T-REx Flp-In WT and PIAS4 knock-out (KO) cells were treated and 
analysed as shown in Fig. 2a. DPCs were isolated by PxP and analysed by western blotting using the 
indicated antibodies. Experiments were repeated three (c-f) or two (g) times with similar results. Source 
data are provided as a Source Data file. 
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Extended Data Fig. 3. Analysis of 5-azadC-induced DNMT1-DPC repair upon RNF4 loss. a 
Western blot analysis of HeLa WT and RNF4 knock-out (KO) cells (left). Cells were treated with 
increasing concentrations of 5-azadC for 96 hours prior to assessment of viability by AlamarBlue assay. 
Values represent the mean ± SD of 4 technical replicates normalized to untreated cells (right). b 
Western blot analysis of HeLa WT and RNF4 KO cells transfected with plasmids encoding AcGFP-Flag 
or C-terminally Flag-tagged RNF4 (wildtype (WT) or catalytically inactive variant (CS1, C132A/C135A)) 
(left). Cells were treated with increasing concentrations of 5-azadC for 96 hours prior to assessment of 
viability by AlamarBlue assay. Values represent the mean ± SD of 4 technical replicates normalized to 
untreated cells (right). c HeLa WT and RNF4 KO cells were treated and analysed as depicted including 
an optional treatment with ubiquitylation inhibitor (Ub-E1i TAK-243, 1 µM) (top), prior to extraction of 
DPCs using PxP and analysis of samples by western blotting using the indicated antibodies (bottom). 
The experiment was repeated three times with similar results. Source data are provided as a Source 
Data file. 
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Extended Data Fig. 4. Analysis of DPC-induced SPRTN activation. a HeLa T-REx Flp-In cells were 
treated with aphidicolin (3 µM) for 2 hours and then incubated with EdU-containing medium for 30 min. 
EdU incorporation was quantified by flow cytometry. b Polyclonal pools of HeLa T-REx Flp-In cells 
transfected with Cas9 and sgRNAs targeting the safe-harbour site AAVS1 or the TEX264 locus were 
treated as depicted in Fig. 2a. DPCs were isolated using PxP and analysed by western blotting using 
the indicated antibodies. The experiment was repeated three times with similar results. c-d 5-azadC-
induced DNMT1-DPC repair upon inhibition of transcription assessed by PxP. HeLa T-REx Flp-In cells 
were treated as depicted including an addition of flavopiridol (10 µM), as indicated. EU incorporation 
(30 min) was quantified by flow cytometry after a 1-hour flavopiridol pre-treatment (c). DNMT1-DPCs 
were isolated using PxP and analysed by western blotting using the indicated antibodies (d). The 
experiment was repeated twice with similar results. e HeLa cells were treated with aphidicolin (3 µM) 
for 2 hours and then incubated with EdU-containing medium for 30 min. EdU incorporation was 
quantified by flow cytometry. f U2OS T-REx Flp-In cells were treated with palbociclib (5 µM) for 48 
hours and then incubated with EdU containing medium for 30 min. EdU incorporation was quantified by 
flow cytometry. g-i U2OS T-REx Flp-In cells were treated with palbociclib (5 µM) for 48 hours and then 
treated with FA (250 µM) (g), CPT (500 nM) (h) or ETO (50 µM) (i) as indicated, before SPRTN 
autocleavage was assessed by Western blotting. Experiments shown in (g-i) were repeated three times 
with similar results. Source data are provided as a Source Data file. 
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Extended Data Fig. 5. Generation and characterization of SPRTN-ΔC cells. a Depiction of the 
editing strategy for the generation of HeLa T-REx Flp-In SPRTN-ΔC cells and Sanger sequencing 
traces of both edited alleles. b-e 5-azadC sensitivity and viability of HeLa T-REx Flp-In WT, SPRTN-
ΔC, or HeLa WT, RNF4 knock-out (KO) cells were analysed 72 hours after transfection with the 
indicated siRNAs. Western blot analysis of HeLa T-REx Flp-In WT, SPRTN-ΔC (b), or RNF4 KO cells 
(d) transfected with the indicated siRNAs (left). Transfected cells were exposed to increasing 
concentrations of 5-azadC for 96 hours, prior to assessment of cell viability using AlamarBlue assay 
(right). Values represent the mean ± SD of 3 biological replicates normalized to untreated cells. HeLa 
T-REx Flp-In WT, SPRTN-ΔC (c), or HeLa WT, RNF4 KO cells (e) were transfected with the indicated 
siRNAs and cell confluency was monitored over 5 days by IncuCyte live cell imaging every 12 hours 
(left, values represent the mean ± SD of 3 technical replicates), before cells were stained with crystal 
violet (right). f Depiction of the editing strategy for the generation of U2OS T-REx Flp-In SPRTN-ΔC 
cells and Sanger sequencing traces of edited alleles of two different clones. g U2OS T-REx Flp-In WT 
and SPRTN-ΔC cells were treated as depicted in Fig. 2a but with a 1-hour 5-azadC incorporation, 
before DPCs were isolated by PxP and analysed by western blotting using the indicated antibodies. 
The experiment was repeated twice with similar results. h Western blot analysis of U2OS T-REx Flp-In 
WT and SPRTN-ΔC cells transfected with the indicated siRNAs used for viability assays shown in Fig. 
4e. Knock-down efficiency was confirmed twice with similar results. Source data are provided as a 
Source Data file. 
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Extended Data Fig. 6. Structure-function-analysis of DPC cleavage by SPRTN. a HeLa T-REx Flp-
In SPRTN-ΔC cells complemented with variants bearing amino acid replacements in SPRTN’s 
interaction motifs/domains for binding to p97 (SHP*), PCNA (PIP*) and ubiquitin (UBZ*) were treated 
as depicted in Fig. 2a. DPCs were isolated using PxP and analysed by western blotting using the 
indicated antibodies. The experiment was repeated three times with similar results. b HeLa T-REx Flp-
In SPRTN-ΔC cells were complemented with YFP, YFP-SPRTN-Strep, YFP-SPRTN-EQ-Strep, YFP-
SPRTN-UBZ*-Strep and YFP-SPRTN-UBZ*-Ub (ubiquitin C-terminal fusion) and treated as shown in 
Fig. 2a, before DPCs were isolated using PxP and analysed by western blotting using the indicated 
antibodies. The experiment was repeated twice with similar results. c Protein G covalently conjugated 
to a fluorescently-labelled single-/double-stranded DNA junction was incubated for 2 hours with 
increasing concentrations of the indicated recombinant SPRTN variants in vitro, followed by analysis 
using denaturing Urea-PAGE (top). Quantifications show the mean ± SD of 3 independent experiments 
(bottom). d SPRTN autocleavage activity was assessed by incubating the indicated recombinant 
SPRTN variants in the presence or absence of DNA (ΦX174 Virion) for 2 hours, prior to analysis of 
cleavage using SYPRO Ruby-stained SDS-PAGE (left). Asterisks indicate SPRTN autocleavage 
fragments. Quantifications show the mean ± SD of 3 independent experiments (right). Source data are 
provided as a Source Data file. 
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Extended Data Fig. 7. Generation and characterization of SPRTN-ΔUBZ cells a Depiction of the 
editing strategy for the generation of HeLa T-REx Flp-In SPRTN-ΔUBZ cells and sanger sequencing 
traces of the edited alleles of two different clones (top). Amino acid sequences encoded by edited 
SPRTN-ΔUBZ alleles. The sequence of the SPRTN-UBZ domain is highlighted in grey. Residues 
coordinating the zinc ion of the UBZ are indicated with asterisks. Aspartate D473, which is essential for 
ubiquitin binding is indicated with # (bottom). b-d HeLa T-REx Flp-In WT or SPRTN-ΔUBZ #3 cells were 
treated with formaldehyde (FA, 250 µM) (b), CPT (500 nM) (c) or ETO (50 µM) (d) as indicated in the 
absence or presence of aphidicolin including a 2 hours pre-treatment. The whole cell lysates were 
harvested for analysis of SPRTN autocleavage by western blotting using the indicated antibodies. (b-
d) were repeated three times with similar results. e Western blot analysis of HeLa T-REx Flp-In WT and 
SPRTN-ΔUBZ cells transfected with the indicated siRNAs (top). Transfected cells were exposed to 
increasing concentrations of 5-azadC for 96 hours, prior to assessment of cell viability using AlamarBlue 
assay (bottom). Values represent the mean ± SD of 3 biological replicates normalized to untreated cells. 
f HeLa T-REx Flp-In WT and SPRTN-ΔUBZ cells were transfected with the indicated siRNAs. Cell 
confluency was monitored over 5 days by IncuCyte live cell imaging every 12 hours (top, values 
represent the mean ± SD of 3 technical replicates), before cells were stained with crystal violet (bottom). 
g Western blot analysis of U2OS T-REx Flp-In WT and SPRTN-ΔUBZ cells transfected with the 
indicated siRNAs and used for viability assays shown in Fig. 5e. Knock-down efficiency was confirmed 
twice with similar results. Source data are provided as a Source Data file. 
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Extended Data Fig. 8. Gating strategy for flow cytometry analysis. Cell debris and aggregates were 
excluded by SSC-A/FSC-A and single cells were gated by SSC-H/SSC-A. Live cells were identified by 
SSC-A/APC-Cy7-A and the fraction of EdU/EU positive cells was identified based on FITC-A 
fluorescence intensity relative to unlabeled cells. 
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Abstract

Covalent DNA–protein crosslinks (DPCs) are pervasive DNA lesions
that interfere with essential chromatin processes such as transcription or
replication. This review strives to provide an overview of the sources and
principles of cellular DPC formation. DPCs are caused by endogenous
reactive metabolites and various chemotherapeutic agents. However, in
certain conditions DPCs also arise physiologically in cells. We discuss the
cellular mechanisms resolving these threats to genomic integrity. Detection
and repair of DPCs require not only the action of canonical DNA repair
pathways but also the activity of specialized proteolytic enzymes—including
proteases of the SPRTN/Wss1 family—to degrade the crosslinked pro-
tein. Loss of DPC repair capacity has dramatic consequences, ranging
from genome instability in yeast and worms to cancer predisposition and
premature aging in mice and humans.
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Abasic site: a position
in DNA that lacks a
DNA base; an
abundant DNA lesion
caused by spontaneous
hydrolysis or upon
enzymatic base
excision

Synthetic lethality:
synthetic lethality
occurs if the
combination of two
genetic perturbations
causes lethality, while
individual
perturbations do not
affect viability
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1. INTRODUCTION

The integrity of the genetic information stored in DNA is constantly challenged by various types
of lesions (1). Spontaneous decay, as well as numerous endogenous and exogenous agents, alters
the sequence and structure of the DNA molecule (2). The resulting DNA damage is diverse
in nature and ranges from abasic sites and mismatched or damaged bases (e.g., by alkylation
or oxidation) to single- and double-strand breaks and covalent crosslinks between bases of the
same or opposing DNA strands (intrastrand crosslinks or interstrand crosslinks, respectively)
(Figure 1a). If unrepaired, these lesions can ultimately cause mutagenesis, senescence, cell death,
tumorigenesis, and accelerated aging (3, 4). Therefore, cells employ specialized lesion-specific
DNA damage response (DDR) pathways to detect the presence of DNA damage, signal to activate
the cellular DNA repair machinery, and repair these threats to cellular and organismal integrity.
The importance of DNA repair is underlined by germline mutations in DDR genes causing
human premature aging and cancer-predisposition syndromes (5). Moreover, DDR genes are
frequently subjected to somatic mutation during malignant transformation (6). The simultaneous
inactivation of DNA repair and DNA damage signaling mechanisms enables the acquisition of
additional mutations while escaping the cellular arrest typically triggered by DNA damage (7).
In addition, the loss of DNA repair capacity creates vulnerabilities in cancer cells (8). Radiation
therapy and many chemotherapeutics exploit this by inducing cytotoxic DNA damage to kill
cancer cells. Moreover, the loss of specific repair pathways can trigger synthetic lethality upon
inhibition of alternative repair mechanisms (9). The first clinically approved strategy exploiting
such a mechanism is the treatment of patients with tumors defective for homology-directed
repair with poly(ADP-ribose) polymerase inhibitors (10–12).

As a consequence, DNA lesions and their repair have received exceptional research atten-
tion. However, the significance of one particular type of DNA lesion—covalent DNA–protein
crosslinks (DPCs)—has emerged only in the last decade. Nonetheless, it was noted in the early
years of DNA repair research that DPC induction contributes significantly to the lethality
caused by irradiation (13). Moreover, cellular DPC formation was observed upon exposure of
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Penicillin Roquefort
toxin: a mycotoxin
with a reactive
aldehyde group
causing cytotoxic DPC
formation; produced
by the blue cheese
mold Penicillium
roqueforti

Figure 1 (Figure appears on preceding page)

The diversity of DNA lesions and covalent DPCs. (a) Schematic depiction of common DNA lesions. Abasic sites lack a DNA base,
while the phosphate backbone remains intact. Small base adducts do not strongly affect the structure of the DNA helix, while bulkier
adducts such as UV-light-induced CPDs do. Interstrand crosslinks arise upon crosslinking of DNA bases of opposing DNA strands.
DNA mismatches are mainly caused by errors made during DNA replication. (b–f, left) Overall structure of diverse DPCs, (center)
close-up view of the crosslink, and (right) chemical structures of the covalent bond. (b) Crosslink between a lysine of histone H4 and an
abasic site (artistic depiction based on PDB ID 1AOI). (c) DNMT1 covalently trapped on methylated 5azadC (PDB ID: 4DA4).
(d) TOP1 cleavage complex featuring a covalent phosphotyrosyl bond between the active-site tyrosine and the 3′ end of a DNA
single-strand break (PDB ID: 1T8I). (e) TOP2 cleavage complex featuring covalent phosphotyrosyl bonds between the active-site
tyrosine of each TOP2 subunit and the 5′ ends of a DNA double-strand break (PDB ID: 5GWK). ( f ) Covalent HMCES/YedK DPC
featuring a covalent thiazolidine linkage between the open-chain conformation of an abasic site and the enzyme’s N-terminal cysteine
residue (PDB ID: 6NUA). Abbreviations: 5azadC, 5-aza-2′-deoxycytidine; CPD, cyclobutane pyrimidine dimer; DNMT1, DNA
methyltransferase 1; DPC, DNA–protein crosslink; HMCES, 5-hydroxymethylcytosine binding ESC-specific; PDB ID, Protein Data
Bank identifier; TOP, topoisomerase; UV, ultraviolet.

cells to reactive aldehydes such as formaldehyde or the Penicillin Roquefort toxin (14, 15). The
crosslinking ability of formaldehyde was soon employed to capture DNA–protein interactions
by chromatin immunoprecipitation–based techniques (16). How cells precisely repair DPCs
remained unclear; it was simply assumed that DPCs are targeted by canonical DNA repair path-
ways (17). However, the first publication describing formaldehyde-induced DPCs had already
speculated that proteolysis of the protein adduct might be required for their repair:

We have shown that, in vitro, pronase can cleave the [protein-bridged] interstrand cross-links induced
in DNA by formaldehyde. . . . If a proteolytic enzyme was to act in the same way in vivo, this would
constitute DNA repair (15).

Almost 40 years later, the yeast metalloproteaseWss1 was identified to repair DPCs proteolyt-
ically (18). Together with the concurrent description of proteolytic DPC repair in Xenopus laevis
egg extracts this discovery triggered intense interests in DPC formation and repair (19). The
subsequent identification of SPRTN (also called Spartan, see the sidebar titled Spartan—What’s
in a Name?) as the metazoan counterpart of Wss1 and the severe consequences associated with
defective DPC repair have brought DPCs into the focus of genome stability research (20–25). In
this review, we describe the nature and sources of DPCs, as well as their toxic consequences and
the cellular mechanisms resolving these pervasive DNA lesions.

2. DNA–PROTEIN CROSSLINKS

DPCs are a diverse class of lesions that differ with respect to the identity of the crosslinked
protein, the type of DNA structure involved, and the chemical nature of the covalent crosslink

SPARTAN—WHAT’S IN A NAME?

The authors have investigated mechanisms of DPC repair for a considerable fraction of their professional lives,
and the name of the SPRTN (pronounced Spartan) protease has been an unfailing source of jokes and memes.
However, the precise origin of its colorful name has remained enigmatic. SPRTN stands for SprT-domain at the
N terminus (98). SprT is an E. coli gene encoding a SPRTN-like protease (87). The SprT gene was named by
Dr. Ryutaro Utsumi in 1996, but the corresponding work was never published. To settle the etymological ques-
tion, the authors have contacted Dr. Utsumi, who kindly disclosed that SprT stands for stationary phase regulated.
His team identified SprT in a screen for genes regulating expression of the bolA1 transcriptional regulator in the
stationary phase (R. Utsumi, personal communication).
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Reactive oxygen
species (ROS):
a highly reactive
by-product of cellular
oxygen metabolism,
e.g., superoxide and
hydroxyl radicals

itself (Figure 1) (26–28). DPCs can be broadly classified based on the principle of crosslink for-
mation (29). Nonenzymatic DPCs are caused by reactive agents, which nonspecifically crosslink
chromatin proteins to DNA. In contrast, enzymatic DPCs involve specific proteins that form
covalent intermediates with DNA as part of their evolved enzymatic function. DPC formation
occurs when these normally transient intermediates become stabilized, thereby resulting in
covalent entrapment of the enzyme. Enzymatic and nonenzymatic DPCs are induced by various
endogenous and exogenous agents, including widely used chemotherapeutics (26). DPCs are
toxic because their bulkiness efficiently blocks essential chromatin transactions. For instance, they
interfere with DNA unwinding and DNA synthesis during replication and block progression of
transcribing RNA polymerases (30–34). However, DPC formation is not exclusively a patholog-
ical event. Certain enzymatic DPCs form deliberately in cells and have important physiological
functions (35, 36).

2.1. Nonenzymatic DNA–Protein Crosslinks

Bifunctional crosslinking agents induce efficient formation of nonenzymatic DPCs, while also
causing a variety of other lesions such as monoadducts or DNA–DNA crosslinks. Some crosslink-
ers arise endogenously as part of normal metabolism (37). The reactive metabolite acetaldehyde
is, for instance, produced during detoxification of ethanol (38).Moreover, formaldehyde is a com-
mon metabolite present at micromolar concentrations in mammalian serum and is even pro-
duced in direct proximity to DNA during histone demethylation (39–42). Reactive oxygen species
(ROS) can react with DNA bases or amino acids to generate highly reactive radical species; this
results in DPC formation upon reaction with a second macromolecule (28, 43). Furthermore,
some intermediates of DNA metabolism bear intrinsic reactivity. 5-Formylcytosine, an oxidized
5-methylcytosine species that occurs as an intermediate during active DNA demethylation by
TET (ten-eleven translocation) enzymes, can autocrosslink to proteins (44). Similarly, DNA-
binding proteins can react with the reactive open-chain aldehyde conformation of abasic sites
to form crosslinks (Figure 1b) (45). Apart from these endogenous sources, nonenzymatic DPCs
are also caused by a variety of exogenous agents, including transitionmetals such as chromium, the
tobacco-smoke constituent butadiene, and the chemical warfare agent and chemotherapeutic ni-
trogen mustard (46–48). DPCs are also induced by platinum-based chemotherapeutics (cisplatin,
oxaliplatin, and carboplatin), although the principal mechanism of action is commonly attributed
to their ability to induce DNA–DNA crosslinks (49). Ionizing radiation (IR) causes crosslink-
ing indirectly through the generation of highly reactive ROS and radical species, which in turn
generate a variety of DNA lesions, including DPCs (50). Notably, IR-induced DPC formation
occurs preferentially in the absence of molecular oxygen, whereas DNA-break formation prevails
in normoxic conditions (51–53). Attempts have been made to determine the identities of nonen-
zymatic DPCs (28). However, while chromatin proteins are more prone to becoming crosslinked,
a systematic and quantitative understanding of what proteins are crosslinked by which agent is still
elusive. Thus, it remains unclear to what extent DPCs induced by radiotherapy or platinum-based
crosslinkers contribute to their therapeutic success.

2.2. Enzymatic DNA–Protein Crosslinks

That DPC induction can underlie successful chemotherapy is exemplified by several agents exert-
ing their therapeutic effect by crosslinking specific enzymes to DNA (26). The cytidine analogue
5-aza-2′-deoxycytidine (5azadC, often referred to as decitabine) is incorporated into DNA dur-
ing replication and is used to treat myelodysplastic syndromes (54–56). Once incorporated, DNA
methyltransferase 1 (DNMT1) methylates 5azadC, which involves the formation of a covalent
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Alkaloid: natural
nitrogen-containing
organic compounds
with broad range of
pharmacological
applications; often
produced by plants for
defense against
herbivores

Episome:
extrachromosomal,
circular viral DNA
maintained and
replicated in the host
cell; it may drive
cellular proliferation
by expression of viral
oncogenes

intermediate. However, the substituted nitrogen at position 5 prohibits the final β-elimination
reaction required to release DNMT1 (Figure 1c). Entrapment of DNMT1 causes not only the
formation of a DPC but also a global decrease in DNA methylation, which contributes to its
therapeutic success by leading to reexpression of tumor suppressor genes silenced by pathological
hypermethylation (57).

Themode of action of chemotherapeutics resulting in the formation of topoisomerase DPCs is
distinct.These so-called enzyme poisons stabilize the physiologically occurring covalent phospho-
tyrosyl bonds betweenDNA termini and the active-site tyrosines of topoisomerases (58).Topoiso-
merase 1 (TOP1) enzymes relieve torsional stress within the DNA molecule during transcription
and replication (59). To this end, TOP1 inserts a single-strand break, which allows rotation of
the DNA strand (60). During relaxation, TOP1 remains covalently attached to the 3′ end of the
single-strand break via its active-site tyrosine—this state is often referred to as the TOP1 covalent
complex (TOP1cc) (Figure 1d). The reaction is completed by TOP1 religating the single-strand
break and concurrent release of the enzyme. TOP1ccs can be stabilized by the plant alkaloid
camptothecin and its chemotherapeutic derivatives irinotecan and topotecan, which intercalate
in the TOP1–DNA interface (61). Interestingly, the camptothecin-producing plant Camptotheca
acuminata encodes a camptothecin-resistant TOP1 variant with an N722S substitution (directly
adjacent to the catalytic tyrosine 723) (62). Notably, the identical substitution was observed
to appear in CEM leukemia cells after selection with camptothecin (63). Entrapment of TOP1ccs
also occurs naturally. Completion of the enzymatic reaction is sensitive to distortions within the
DNA molecule caused by damaged bases or abasic sites in the immediate vicinity (64, 65).

Similar to TOP1,TOP2 forms a covalent cleavage complex during DNA processing (60). Each
subunit of the homodimeric TOP2 complex induces a single-strand break in the substrate DNA,
which results in formation of a double-strand break. TOP2 controls DNA supercoiling by passing
a second intactDNA strand through the break while remaining covalently attached to either 5′ end
of the double-strand break via the tyrosine from either active site (Figure 1e).The covalent TOP2
cleavage complex (TOP2cc) is typically transient but can be stabilized by several enzyme poisons,
including the chemotherapeutic agents etoposide, doxorubicin, and mitoxantrone (66). Although
cancer therapy by TOP2-DPC-inducing drugs has proven successful, it bears the risk of causing
chemotherapy-induced oncogenic translocations (67, 68). The cytotoxicity of TOP2-like DPCs
is useful not only for cancer therapy but also as a tool in molecular biology. The popular Gateway
cloning system uses the CcdB toxin for counterselection. CcdB is toxic in wild-type Escherichia
coli cells because it stabilizes the covalent intermediate of the bacterial TOP2-like enzyme DNA
gyrase (69). Plasmids encoding CcdB can be expressed only in strains encoding a resistant gyrase
variant (gyrA462) (69). However, formation of DPCs by TOP2-like enzymes is not pathological
per se; it can also be employed by cells for important physiological functions.

2.3. Physiological DNA–Protein Crosslinks

Covalent reaction intermediates between enzymes and DNA are designed to be highly transient.
However, specific DPC-causing enzymes exist that maintain the covalent state for different pur-
poses. The TOP2-like enzyme SPO11 is essential for meiotic recombination and is conserved
from yeast to mammals (36, 70). SPO11 induces double-strand breaks during meiosis and remains
covalently attached to the 5′ ends of the break until repaired (71). DPC formation by another
tyrosine-based enzyme, the Epstein–Barr virus nuclear antigen 1 (EBNA1) protein, is important
for viral episome maintenance (72). EBNA1’s active-site tyrosine covalently conjugates to the epi-
somal oriP sequence, which is needed for resolving a four-way Holliday junction generated during
viral replication (72).How EBNA1DPCs are eventually released and whether release requires the
activity of cellular DPC repair enzymes remain untested.
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DPCs also arise intentionally to shield otherwise labile DNA lesions during replication. The
presence of unstable abasic sites in single-stranded DNA (ssDNA) is dangerous, because they can
be converted into single-strand breaks either spontaneously or enzymatically through cleavage
by apurinic or apyrimidinic site lyases (73). Break formation in ssDNA during replication causes
fork collapse and generation of highly detrimental single-ended double-strand breaks (74). Thus,
cells employ a mechanism conserved throughout the tree of life to convert abasic sites into DPCs.
5-Hydroxymethylcytosine binding ESC-specific (HMCES) and its prokaryotic homolog yedK
efficiently crosslink to abasic sites within ssDNA (35, 75–77). Crosslinking occurs through the
N-terminal cysteine residue of the family-defining SOS response associated peptidase domain,
which forms a thiazolidine linkage with the open-chain conformation of abasic sites (Figure 1f )
(35, 75–78). HMCES appears to be particularly important for shielding abasic sites generated
by base excision repair of uracil-containing DNA originating from cytosine deamination by
apolipoprotein B mRNA-editing enzyme catalytic polypeptide-like 3A (APOBEC3A) (79). As a
consequence, loss of HMCES is synthetic lethal in combination with the increased activity of
APOBEC3A observed in various cancer types (80). Of note, HMCES has also been implicated
in the repair of DNA double-strand breaks by the alternative end-joining pathway, which is in-
dependent of its ability to form DPCs (81). Despite HMCES crosslinks forming deliberately, it
appears that they cannot simply revert; they require repair by cellular DPC repair mechanisms
similarly to pathological DPCs (35).

3. DNA–PROTEIN CROSSLINK PROTEOLYSIS

The three components of DPCs—DNA, protein, and crosslink—can be used to initiate repair
(26). In fact, successful DPC repair frequently relies on successful collaboration between different
repair mechanisms acting consecutively on each of the components. Although, the principle of
repair is strongly influenced by the nature of the DPC, proteolytic destruction of the protein
component has emerged as a key event during repair of diverse DPCs.

3.1. The DPC Proteases Wss1 and SPRTN

The yeast metalloprotease Wss1 was the first protease identified as being specifically dedicated
to the proteolytic repair of DPCs (18). Yeast strains lacking Wss1 are sensitive to induction of
enzymatic and nonenzymatic DPCs and display hyperrecombination and dramatic rates of gross
chromosomal rearrangements (18, 82, 83).

Wss1-like enzymes are present in bacteria, yeasts, and plants, and their essential role in genome
maintenance has been confirmed in several species (84–87). Proteases of the related SPRTN
family are present in all metazoans. SPRTN- andWss1-like enzymes share a common evolution-
ary origin, but the split occurred early in evolution, with both types of enzymes being present in
prokaryotes (87). SPRTN andWss1 proteases carry out the same role in vivo, have highly similar
activities in vitro, and display almost identical domain organization (29). It is therefore conceivable
that the last common ancestor of SPRTN andWss1 was already a DPC protease. Loss of SPRTN
proteases causes genome instability in various species, with the severity of the phenotype increas-
ing during evolution. SPRTN-deficient worms are viable but highly sensitive to DPC-inducing
agents (20, 88, 89). Flies display a peculiar phenotype upon loss of the SPRTN homolog maternal
haploid (mh).mh-mutant female flies are sterile even though they produce eggs in normal quanti-
ties (90). The eggs fail to hatch, because in the first mitotic divisions following fertilization, pater-
nal chromosomes fail to condense, resulting in dramatic missegregation. Consequently, paternal
DNA is lost during the first cell divisions, leading to the development of inviable haploid embryos
containing only maternal DNA (90). Although the identity of the crosslink responsible for this
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Micronuclei: small
extranuclear bodies
containing DNA; their
formation is often
caused by errors
during mitotic
chromosome
segregation

Hypomorphic
mutation: a mutation
resulting in partial loss
of gene function or
reduced expression of
the wild-type protein

Segregase:
a chaperone-like
enzyme able to extract
proteins from their
environment

dramatic genome instability remains to be established, one can deduce that paternal fly DNA
contains substantial amounts of DPCs, which require maternal SPRTN for repair. In mammals,
SPRTN is essential for viability, with Sprtn−/− mouse embryos dying during early embryogenesis
(24). Conditional knockout mouse embryonic fibroblasts arrest upon induction of SPRTN
depletion within a few cell cycles (24). The arrest is accompanied by pronounced signs of genome
instability, including increased micronuclei, chromatin bridges during anaphase, and γH2AX-
and RAD51-foci formation (24). In humans, germline hypomorphic mutations in SPRTN were
identified to be causative for Ruijs-Aalfs syndrome (RJALS) (25). All three known patients suffer
from premature aging and early-onset hepatocellular carcinomas (25, 91). One patient is homozy-
gous for a 1-bp deletion at the beginning of exon 5 that results in a frame shift and deletion of the
C-terminal tail of SPRTN (this allele is referred to as SPRTN-ΔC). The two other patients are
compound heterozygous for a highly similar SPRTN-ΔC allele caused by a frameshift at the end
of exon 4 and a second SPRTN-YCmutant allele resulting in an amino acid substitution (Y117C)
close to the enzyme’s catalytic residues (Figure 2a) (25). Hypomorphic Sprtn-mutant mice, which
express reduced levels of wild-type Sprtn, phenocopy many RJALS patient features including
premature aging and predisposition for liver tumors (23, 24). SPRTN depletion in human cells
causes DPC repair defects and sensitivity to DPC-inducing agents (20–22, 92).To conclude,Wss1
and SPRTN proteases are essential to protect genome integrity across species. DPC proteases
require broad substrate specificity in order to tackle the complexity of DPCs. As a consequence,
they require tight control to prohibit unwanted proteolysis of mere chromatin bound proteins.

3.2. Regulation of SPRTN

Human SPRTN is a 55-kDa protein with an N-terminal protease domain followed by a zinc-
binding domain (ZBD), a basic region (BR) and a C-terminal tail bearing several protein–protein
interaction motifs (Figure 2a). ZBD and BR are DNA-binding domains that bind to ssDNA and
double-stranded DNA (dsDNA), respectively (93, 94). The unstructured C-terminal tail contains
a SHP-box for binding the segregase p97 (88, 95). Binding motifs for p97 (Cdc48 in yeast) are
present in most SPRTN and Wss1 homologs, but p97’s precise role in DPC repair is unclear
(29). It is conceivable that p97 unfolds DPCs to facilitate cleavage by SPRTN. However, p97
binding appears to be at least partially dispensable for SPRTN function, given that the SPRTN-
ΔC allele supports viability in RJALS patients despite lacking p97-binding motifs (26). Either
p97 is needed only for repair of certain nonessential SPRTN substrates or other segregase or
unfolding activities compensate for the lack of interaction between SPRTN and p97. The patient
variants also lack SPRTN’s C-terminal ubiquitin-binding zinc finger (UBZ) and the proliferating
cell nuclear antigen (PCNA)–interacting protein (PIP) box required for binding the replication
clamp PCNA,whose role in recruiting SPRTN to the lesion is not entirely understood. In general,
it remains controversial how SPRTN is recruited to chromatin upon DPC induction, with some
evidence pointing toward a ubiquitylation signal and other evidence toward a SUMOylation signal
coupled to adaptor proteins (89, 96).

Nevertheless, key principles underlying the regulation of SPRTN have emerged that enable
safe operation of this potentially toxic enzymatic activity in human cells. Three interdepen-
dent molecular switches control SPRTN’s activation and subsequent inactivation (Figure 2b).
SPRTN’s activity is governed by a DNA switch based on recognition of specific DNA structures.
SPRTN and Wss1 are inactive on their own but become active in the presence of DNA (18, 20,
21). Activation requires engagement of both of SPRTN’s DNA-binding domains, which can occur
only at DNA structures bearing single- and double-stranded features such as ss/dsDNA junctions
or DNA bubbles (Figure 2b) (94). Even residual amounts of ssDNA enable activation; fraying of
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Hypoparathyroidism:
a rare condition
characterized by
insufficient amounts of
parathyroid hormone
that leads to low
calcium and
phosphorus levels in
blood

Figure 2 (Figure appears on preceding page)

The DNA protease SPRTN and its regulation. (a) Domain organization of human SPRTN and of the two variants causing Ruijs-Aalfs
syndrome, which is characterized by premature aging and early-onset hepatocellular carcinomas. SPRTN-YC contains an amino acid
substitution (Y117C) close to the enzyme’s catalytic residues. SPRTN-�C features a deletion of the C-terminal tail of SPRTN due to
frame shifts caused by a deletion either at the end of exon 4 or at the beginning of exon 5. (b) Three regulatory switches controlling
SPRTN activation and subsequent inactivation. (i) DNA switch. SPRTN becomes active upon binding DNA structures with ssDNA
and dsDNA features. (ii) Off switch. Autocatalytic cleavage of SPRTN in trans inactivates the enzyme and triggers eviction from
chromatin. (iii) Ubiquitin switch. This switch negatively controls SPRTN in two ways: SPRTN is constitutively monoubiquitylated,
which enhances inactivation in trans by promoting autocleavage, and it also causes inactivation in cis by priming SPRTN for
polyubiquitylation, which in turn leads to proteasomal degradation. Upon DPC induction, USP7 relieves this negative regulation by
deubiquitylating SPRTN. Abbreviations: BR, basic region; DPC, DNA–protein crosslink; dsDNA, double-stranded DNA; PIP,
proliferating cell nuclear antigen–interacting protein box; ssDNA, single-stranded DNA; Ub, ubiquitin; UBZ, ubiquitin-binding zinc
finger; USP7, ubiquitin specific protease 7; ZBD, zinc-binding domain.

dsDNA ends or local unwinding caused by a DNA nick are sufficient for activation of SPRTN.
However, DNA that is entirely single or double stranded does not activate SPRTN (94). The
nature of the DNA structure–dependent activation of SPRTN is not fully understood, but it has
been speculated that the ZBD shields access to the active site and that activation involves a confor-
mational change relieving this inhibition (93). Once activated, SPRTN is able to process protein
adducts in close spatial proximity to the activating structure (94). In addition, DNA binding trig-
gers autocatalytic inactivation of SPRTN by inducing autocleavage in trans (20, 21). Autocleavage
acts as an off switch and results in eviction from cellular sites of DNA damage (20). Notably, the
off switch is itself subjected to additional control by a ubiquitin switch, which modulates SPRTN’s
activity and stability (Figure 2b) (97). SPRTN is constitutively monoubiquitylated to almost 50%
in cells, with the modification being shielded by the enzyme’s own UBZ domain (88, 95, 97, 98).
Monoubiquitylated SPRTN displays increased autocleavage in cells and in vitro, while substrate
cleavage is unaffected. Furthermore, the modification inactivates SPRTN by not only triggering
autocleavage in trans but also priming it for proteasomal degradation (97). Importantly, this neg-
ative regulation of SPRTN is turned off in times of need. SPRTN is deubiquitylated by USP7
upon DPC induction, which presumably increases the amount of enzyme available for repair and
also increases its lifetime at the damage site by reducing autocleavage. Of note, while USP7 ap-
pears to be the major deubiquitylating enzyme acting on SPRTN,USP11 and VCPIP1 have been
implicated in SPRTN deubiquitylation as well (97, 99, 100).

3.3. Additional DNA–Protein Crosslink Proteases

Besides SPRTN orWss1, cells appear to require additional proteases to cope with the amount and
complexity of DPCs (101). Acidic repeat–containing protein (ACRC), also called germ cell nuclear
antigen, bears a SPRTN/Wss1-like metalloprotease domain and is mainly expressed in germ cells
(87, 102). In fact, a monoclonal antibody specific for ACRC is commonly used as a marker for
germ cells (102). ACRC deficiency results in sterility and genome instability in various species,
which has been attributed to a defect in repairing mitotic SPO11 DPCs (89, 102–104). Notably,
while rodents have lost the protease domain of ACRC, knockout mice are sterile, suggesting that
the key function of ACRC in meiosis is not proteolytic (102). Furthermore, the trypsin-like serine
protease FAM111Ahas been implicated in digesting protein obstacles that block progression of the
replication fork (105).Whether this function is related to its role as a SV40 replication restriction
factor remains to be tested (106). Germline mutations in FAM111A are causative for Kenny–
Caffey syndrome and severe osteocraniostenosis, which are characterized by impaired skeletal
development and hypoparathyroidism (107). Interestingly, the dominant patient alleles encode a
hyperactive FAM111A variant, which results in cytotoxicity (108, 109).
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Cdc45–Mcm2–7–
GINS (CMG)
helicase: replicative
helicase complex in
eukaryotes composed
of Cdc45, the
hetero-hexameric
Mcm2–7 helicase, and
the heterotrimeric
GINS complex; it is
essential for
unwinding the
template DNA duplex
during replication

Translesion synthesis
(TLS): a conserved
process allowing cells
to replicate damaged
DNA templates; relies
on specialized
low-fidelity TLS
polymerases

Fanconi anemia: rare
human disorder
resulting in bone
marrow failure and
cancer predisposition;
characterized by an
inability to repair
DNA interstrand
crosslinks

The aspartyl protease Ddi1 was identified as a potential additional DPC protease acting in
parallel to Wss1 in yeast (110, 111). Depletion of Ddi1 enhances the sensitivity of Wss1-deficient
yeast cells towardTop1DPCs and formaldehyde-inducedDPCs (110).Ddi1 bears a retroviral-like
protease domain that preferentially digests polyubiquitylated substrates (112).Of note, human and
worm Ddi1 homologs use a similar mechanism to proteolytically activate the polyubiquitylated
NFE2L1 transcription factor upon proteasome inhibition, resulting in the expression of genes en-
coding proteasomal subunits (113–115). Direct biochemical evidence that ACRC, FAM111A, and
Ddi1 act proteolytically on DPCs remains sparse. Understanding the in vitro specificities of these
enzymes is important for understanding the principles of pathway choice and division of labor
in cells. Furthermore, the major cellular proteolytic degradation machine—the proteasome—is
involved in destruction of various DPCs in addition to specialized DPC proteases (89, 116–121).

How do DPC proteases know which proteins to degrade? Detecting a DPC is not a trivial task
for a cell, given that the lesion likely appears similar to a protein merely interacting with DNA; the
actual crosslink is buried in the DNA–protein interface. Therefore, high-affinity sensor proteins,
which are commonly used to detect other types of DNA lesions, are less suitable. However, the
consequences of DPCs on chromatin processes provide an opportunity for detection.

4. REPLICATION-COUPLED DNA–PROTEIN CROSSLINK REPAIR

The detailed order of events initiated by a replication fork encountering a DPC in the DNA
template has been studied by monitoring replication of DPC-containing plasmids in X. laevis
egg extracts (Figure 3) (19, 121–123). The replicative Cdc45–Mcm2–7–GINS (CMG) helicase
unwinds the DNA template by translocating on the leading strand (32). A DPC on the leading
strand initially blocks progression of the CMG helicase, which triggers ubiquitylation of the pro-
tein adduct by the CMG-associated ubiquitin E3 ligase TRAIP (121). Bypass of the DPC requires
a second helicase, regulator of telomere elongation helicase 1 (RTEL1) (122). RTEL1 provides
genome stability by unwinding challenging DNA secondary structures during replication (124).
It is assumed that RTEL1 loads on the lagging strand at the stalled fork to unwind the template
strand downstream of the DPC (122).The resulting stretch of ssDNA then allows CMG to bypass
the DPC. The precise mechanism is not fully understood but presumably requires opening of a
side channel within the CMG helicase. Next, the leading-strand DNA polymerase extends the
nascent DNA strand up to the DPC but is unable to simply synthesize across the adduct. Poly-
merase stalling uncouples DNA synthesis from DNA unwinding by CMG and, thus, results in
accumulation of ssDNA downstream of the DPC. Of note, DPCs located on the lagging strand
are immediately bypassed by the CMG without requiring additional factors, but they also result
in accumulation of ssDNA by stalling progression of the lagging strand DNA polymerase (19,
32). ssDNA is swiftly covered by the ssDNA-binding replication protein A (RPA), which in turn
recruits the ubiquitin E3 ligase RFWD3 (123). RFWD3-dependent ubiquitylation of proteins on
ssDNA is important for many DNA repair processes including translesion synthesis (TLS) and
homologous recombination (123, 125). In addition, interstrand crosslink repair by the Fanconi
anemia pathway relies on RFWD3 with germline mutations in RFWD3 causing Fanconi anemia
(126–128). In the context of DPC repair, RFWD3 triggers additional DPC ubiquitylation (123).
Resumption of DNA synthesis at the DPC requires debulking of the protein adduct by proteoly-
sis. InX. laevis egg extracts this occurs by two redundant processes (Figure 3) (121). The approach
of the DNA polymerase up to the lesion creates a ss/dsDNA junction in direct proximity to the
DPC. This enables engagement of both of SPRTN’s DNA-binding domains, triggering local ac-
tivation of the protease and concurrent DPC proteolysis. Thus, the structure-specific activity of
SPRTN enables the coupling of its activity to replication (94). In parallel, DPCs are degraded
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by the proteasome, which depends on DPC ubiquitylation, while cleavage by SPRTN does not
(121). In either case,DPC proteolysis reduces the size of the adduct to a degree that allows special-
ized TLS polymerases to synthesize past the peptide remnant. The ability of TLS polymerases to
accommodate damaged templates in their flexible active sites bears the cost of misincorporating
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Nucleotide excision
repair (NER): DNA
repair pathway that
removes bulky DNA
adducts by excising a
short single-stranded
DNA fragment
containing the lesion

Figure 3 (Figure appears on preceding page)

Replication-coupled DPC repair. A DPC on the leading strand stalls progression of the replicative CMG
helicase, which causes ubiquitylation of the protein adduct by the CMG-associated ubiquitin E3 ligase
TRAIP. Bypass of the protein adduct requires loading of the RTEL1 helicase on the lagging strand. RTEL1
has the opposite polarity to the CMG helicase, unwinding DNA in the 5′–3′ direction. RTEL1 activity
creates ssDNA downstream of the protein adduct, which enables bypass of CMG. Stalling of the replicative
DNA polymerase at the DPC results in accumulation of ssDNA, which in turn recruits the ubiquitin E3
ligase RFWD3 via the ssDNA-binding protein RPA. RFWD3 further ubiquitylates the DPC. Polymerase
progression requires DPC proteolysis, either by SPRTN or the proteasome. SPRTN-dependent DPC
cleavage requires the presence of a single- to double-stranded DNA junction in direct proximity to the
protein adduct but is independent of DPC ubiquitylation. In contrast, proteasomal degradation solely relies
on ubiquitylation of the DPC. DNA synthesis across the peptide remnant requires specialized TLS
polymerases, which are able to accommodate damaged templates but can cause mutagenesis due to
misincorporation of incorrect nucleotides. Abbreviations: CMG, Cdc45–Mcm2–7–GINS; DPC,
DNA–protein crosslink; Pol, polymerase; RPA, replication protein A; RTEL1, regulator of telomere
elongation helicase 1; ssDNA, single-stranded DNA; TLS, translesion synthesis; Ub, ubiquitin.

incorrect nucleotides (129). Thus, replication-coupled DPC repair can cause mutagenesis (18).
How the remaining peptide adducts are removed has not been formally shown, but it is com-
monly assumed that they are removed by endonucleases of the nucleotide excision repair (NER)
pathway. To conclude, replication of DPC-containing templates relies on proteases debulking the
lesion. However, DPC proteolysis also allows replication-independent DPC repair enzymes to
access the lesion.

5. REPAIR BY CROSSLINK HYDROLYSIS

In general, DPC repair enzymes require broad specificity in order to tackle diverse DPCs. How-
ever, topoisomerase DPCs apparently occur with such high frequency in cells that specific repair
enzymes evolved. Tyrosyl-DNA phosphodiesterase (TDP1) 1 and 2 directly hydrolyze the cova-
lent bond between theDNA termini and the active-site tyrosines of TOP1 andTOP2, respectively
(130). However, both enzymes require upstream processing of the respective topoisomerases in
order to gain access to the covalent bond and release the protein adduct.

5.1. Tyrosyl-DNA Phosphodiesterase 1

TDP1 was initially discovered in yeast, but homologs are present in all eukaryotes (131, 132).
TDP1 deficiency results in sensitivity toward TOP1-DPC-inducing agents and is synthetic lethal
with loss of the DPC protease Wss1 in yeast (18, 131). Germline mutations in TDP1 cause the
recessive syndrome spinocerebellar ataxia with axonal neuropathy (SCAN1) (133, 134). Interest-
ingly, SCAN1 is not only a consequence of defective TOP1 DPC repair. The SCAN1 H493R
substitution causes TDP1 to become itself covalently trapped on DNA upon release of the co-
valent TOP1 adduct (135). SCAN1 is recessive because, in heterozygous patients, TDP1H493R

DPCs are repaired by the remaining wild-type TDP1 (135). The substrate of TDP1—the cova-
lent tyrosyl-DNA phosphodiester bond—is buried in the TOP1–DNA interface. Thus, repair by
TDP1 requires proteolytic processing of the adduct by the proteasome (Figure 4a) (116, 136).
Proteasomal degradation of TOP1 DPCs is initiated by SUMOylation, which in turn triggers
polyubiquitylation by SUMO-targeted ubiquitin E3 ligases (STUbLs) (117, 137). Of note, the
human STUbL RNF4 has recently been shown to also induce replication-independent protea-
somal degradation of DNMT1 DPCs (138). Whether the polyubiquitylation signal is sufficient
to trigger recruitment of proteasomes or whether additional factors are involved is currently not
known.Upon degradation,TDP1 hydrolyzes the bond between the remaining TOP1 peptide and
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Figure 4 (Figure appears on preceding page)

DPC repair by direct hydrolysis. (a) Repair of TOP1 DPCs is initiated by polySUMOylation of the adduct by the SUMO E3 ligase
PIAS4, which in turn triggers ubiquitylation by the SUMO-targeted ubiquitin E3 ligase RNF4. RNF4-dependent ubiquitylation leads
to proteasomal degradation of the TOP1 DPC. Debulking of the DPC enables TDP1 to access and hydrolyze the covalent bond
between the active-site tyrosine of TOP1 and the 3′ end of the break. Subsequent DNA end processing by PNKP allows repair
of the break by the cellular single-strand break repair machinery. (b) Repair of TOP2 DPCs is initiated by SUMOylation of the adduct
by the SUMO E3 ligase ZATT. SUMOylation remodels the crosslinked TOP2 adduct in a way that allows TDP2 to access and
hydrolyze the covalent bonds between the active-site tyrosines of the TOP2 dimer and the 5′ ends of the double-strand break. Repair is
completed by canonical double-strand break mechanisms. Abbreviations: DPC, DNA–protein crosslink; PNKP, polynucleotide
phosphatase/kinase; SUMO, small ubiquitin-like modifier; TDP, tyrosyl-DNA phosphodiesterase; TOP, topoisomerase.

the 3′ end of the DNA. Of note, in addition to targeting TOP1 DPCs, TDP1 also repairs several
other adducts at 3′ DNA termini (139, 140). TDP1 action generates a 3′-phosphate end, which
requires dephosphorylation by bifunctional polynucleotide phosphatase/kinase (PNKP) (141). In
addition, PNKP phosphorylates the 5′ end of the break, which allows the canonical single-strand
break repair machinery to complete repair (141).

5.2. Tyrosyl-DNA Phosphodiesterase 2

The tyrosyl-DNA phosphodiester bonds of TOP2 DPCs occur at 5′ DNA ends and are hy-
drolyzed by TDP2 (142, 143). Repair of TOP2 DPCs by TDP2 can be initiated by proteasomal
degradation of the protein adduct involving initial SUMOylation and subsequent ubiquitylation as
described for TOP1 DPCs (117, 144, 145). However, TDP2 does not rely exclusively on proteol-
ysis to gain access to its substrate. SUMOylation of trapped TOP2 by the SUMOE3 ligase ZATT
remodels the adduct in a way that enables TDP2 to access and hydrolyze the covalent crosslink
(Figure 4b) (146). The clean double-strand break produced by TDP2 bears phosphorylated 5′

DNA ends, which are directly ligated by the nonhomologous end joining pathway (147).

6. REPAIR BY NUCLEOLYTIC CLEAVAGE

DPCs occurring at specific DNA structures can be repaired by repurposing canonical DNA repair
enzymes. The MRN complex plays a crucial role in double-strand break repair and contains the
meiotic recombination 11 (MRE11) nuclease, the ATPase RAD50 and the regulatory Nijmegen-
breakage syndrome protein 1 (NBS1) subunit (known as Xrs2 in yeast) (148). MRN initiates
double-strand break repair by processing the ends of a break using its endo- and exonuclease
activities. Using this activity to sense and remove protein adducts at the end of double-strand
breaks is a strategy conserved throughout evolution from phages to pro- and eukaryotes
(Figure 5) (71, 149–151). Protein adducts at DNA ends stimulate the endonuclease activity of
MRN (or its respective counterparts in lower organisms) and result in clipping of the adduct
(152–154). MRN is insensitive to the nature of the block, which enables it to process diverse
DPCs. Yet it seems that yeast MRX is particularly important for repairing TOP2 DPCs as well
as SPO11 DPCs during meiosis (71, 155, 156). Similarly, TOP2 DPC repair involves MRN in
higher eukaryotes (154, 157, 158). Notably, MRN activity is entirely restricted to DNA ends.
Structural analyses of the bacterial MR complex suggest that end sensing occurs when a DNA end
slips through the ring formed by the coiled-coil domains of the two RAD50 subunits (Figure 5)
(159). The ensuing ring-to-rod transition within the coiled-coil domains locks the MR complex
adjacent to the protein adduct and triggers endonucleolytic cleavage (159). Importantly, this
model suggests that TOP2ccs must be preprocessed in order to expose the double-strand break.
It is conceivable that this occurs upon proteasomal degradation of TOP2 DPCs. However,
ZATT-dependent remodeling may be sufficient, if it involves breaking the TOP2 dimer.
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Figure 5

Nucleolytic repair of
DPCs by the MRN
complex. The MRN
complex consists of
two MRE11 nucleases,
two RAD50 ATPases,
and one or two of the
regulatory subunit
NBS1. MRN scans the
genome for protein
adducts at DNA
double-strand breaks
using its RAD50
subunits. DNA end
detection involves the
slipping of the DNA
end with the protein
adduct through the
ring formed by the
extended Rad50
coiled-coil domains.
Importantly, this is
possible only if the
break is exposed,
which could occur
upon partial
degradation or
remodeling of the
TOP2 DPCs. End
detection triggers a
ring-to-rod transition
in the coiled-coil
domains, which in turn
activates the
endonuclease activity
of MRE11 and results
in nucleolytic cleavage
of the DPC. Upon
clipping off the
protein adducts at
either end of the break,
repair is subsequently
completed by
canonical double-
strand break repair
mechanisms.
Abbreviations: DPC,
DNA–protein
crosslink; MRE11,
meiotic recombination
11; MRN, MRE11–
RAD50–NBS1
complex; NBS1,
Nijmegen-breakage
syndrome protein 1.
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In addition to nucleolytic DPC removal at double-strand breaks, endonucleases of the NER
pathway contribute to DPC repair in pro- and eukaryotes (119, 160–162). Importantly, in vitro
data indicate that NER can excise small DPCs up to a size of 10 kDa (119, 160, 162). These data
suggest that most DPCs require preprocessing by DPC proteases or the proteasome to enable
excision of the peptide remnant by NER.

7. CONCLUDING REMARKS

The diversity and complexity of DPCs are reflected in the multitude of options available for
repair. However, how the interplay between different DPC repair enzymes is organized and
how pathway choice is determined remain relatively unclear. The role of Wss1 in DPC repair
emerged because loss of Wss1 was found to be synthetic lethal with Tdp1 deficiency in yeast,
suggesting that they operate in parallel repair pathways (18). However, the genetic relationship
between SPRTN and TDP1 in mammalian cells is less clear. Some evidence points toward a
similar situation as in yeast, while other data suggest synergistic activities of SPRTN and TDP1
(23, 96). In addition, the relationship between DPC proteolysis, TDP2-dependent hydrolysis,
and MRN-dependent repair of TOP2 DPCs and SPO11 DPCs is largely unexplored. More-
over, it remains unexplained why replication-coupled DPC repair involves at least two proteolytic
enzymes—the proteasome and SPRTN. The essential role of SPRTN in mammalian cells sug-
gests that some DPCs rely exclusively on its activity for repair. SPRTN does not require DPC
ubiquitylation and may thus be needed if DPC ubiquitylation is not possible (perhaps in the
absence of exposed lysines on the protein adduct). At any rate, decision making during DPC
repair is likely governed by posttranslational modification of the DPC itself as well as of the
surrounding chromatin proteins. The SUMO and ubiquitin systems appear central to the de-
tection of and signaling from DPCs at the replication fork and beyond. SUMOylation appears
to be a conserved early event upon DPC induction (89, 163, 164), as is the subsequent gen-
eration of a ubiquitin signal by STUbLs (117, 138, 163). However, a consensus regarding the
mechanistic principles underlying DPC signaling and pathway choice has still to emerge. We
propose that classical concepts of DNA repair pathway choice may not be sufficient to cap-
ture the complexity of DPCs. It is conceivable that multiple proteases as well as other DPC
repair enzymes act synergistically on the protein. The relative importance of the individual re-
pair enzyme may differ not only with respect to the identity of the protein adduct, the chemi-
cal nature of the crosslink, and the DNA structure involved but also with respect to the cellular
context.

DPCs are a formidable challenge for cellular repair mechanisms and are central to the mode
of action of many widely used chemotherapeutic agents, suggesting that quickly dividing cancer
cells are particularly sensitive to DPCs. Thus, targeting DPC repair directly may be a viable
strategy for cancer treatment in the future. Importantly, most synthetic lethal strategies exploiting
specific genetic vulnerabilities rely on endogenous damage to kill cancer cells. DPCs appear to be
particularly pervasive and abundant endogenous lesions. SPRTN is essential in mammalian cells,
which is remarkable given that cells have various additional options available for DPC repair. Ac-
cordingly, cells must be constantly challenged by life-threatening levels of DPCs. In this context,
it is interesting to speculate on why evolution has not selected against the cellular processes caus-
ing endogenous DPC formation. Histone and DNA methylation are suspected to cause DPCs,
thus, it may be that DPC formation is a price worth paying for sophisticated epigenetic control
mechanisms.
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FUTURE ISSUES

1. The nature and source of endogenous DPCs remain to be discovered.

2. Methods to determine what proteins are crosslinked where in the genome in any given
experimental scenario should be developed.

3. A complete understanding of the molecular mechanism underlying SPRTN’s DNA
structure–dependent activation is currently lacking.

4. The role of prokaryotic SPRTN and Wss1 homologs should be investigated.

5. The substrate preference and specificity of the ACRC, Ddi1 (DDI1, DDI2), and
FAM111A/B proteases needs to be established in vitro.

6. The principles of DPC repair pathway choice remain largely unexplored.

7. Strategies to target DPC repair, and SPRTN in particular, for anticancer therapy need
to be developed.
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[H1] Abstract 

 

Covalent DNA-protein crosslinks (DPC) are pervasive DNA lesions that challenge 

genome stability. This protocol describes a versatile and sensitive strategy for the 

Purification of x-linked Proteins (PxP) to identify and monitor DPCs in mammalian 

cells. Here, we discuss the use of PxP to track DPCs formed by the enzyme HMCES 

or induced by metabolic or chemotherapeutic crosslinking agents including reactive 

aldehydes, topoisomerase poisons and DNMT1 inhibitors. PxP separates crosslinked 

and soluble proteins by electro-elution, thereby, overcoming limitations of established 

methods to analyse DPCs which rely on precipitation as the separating principle. For 

PxP, cells are harvested following exposure to a DPC-inducing agent, embedded in 

low-melt agarose plugs, and lysed under denaturing conditions. Following lysis, 

soluble proteins are extracted from the agarose plug by electro-elution, while genomic 

DNA and crosslinked proteins are retained in the plug. Crosslinked proteins can then 

be analysed by standard analytical techniques such as SDS-PAGE followed by 

western blotting or fluorescent staining. Alternatively, quantitative mass spectrometry-

based proteomics can be used for the unbiased identification of DPCs. The isolation 

and analysis of DPCs by PxP can be performed by an experienced molecular or cell 

biologist within 2-3 days. The protocol has been optimized to study DPC induction and 

repair in mammalian cells but may also be adapted to other sample types including 

bacteria, yeast, and tissue samples.  



 3 

[H1] Introduction 

 

DNA-protein crosslinks (DPCs) are highly toxic DNA lesions that have emerged as 

important sources of genome instability1. DPCs can be classified as non-enzymatic or 

enzymatic2. Non-enzymatic DPC formation is induced by bifunctional crosslinking 

reagents, including platinum-based chemotherapeutic drugs, nitrogen mustards, and 

metabolic aldehydes3. An abundant endogenous reactive aldehyde is formaldehyde, 

which is generated during one-carbon metabolism and by various demethylation 

reactions4. Formaldehyde is also a relevant environmental toxin as a common air 

pollutant and tobacco smoke component5. Enzymatic DPCs arise upon stabilization of 

covalent enzyme-DNA reaction intermediates. Prominent examples are 

topoisomerases 1 (TOP1) and 2 (TOP2), which establish covalent linkages between 

their active site tyrosines and 3’- or 5’- DNA ends, respectively6. These covalent TOP1- 

and TOP2-DNA complexes are normally short-lived but can become stabilized by 

chemotherapeutic topoisomerase poisons (e.g., by camptothecin that targets TOP1 or 

by etoposide that targets TOP2)7. The chemotherapeutic drug decitabine (5-azadC, a 

deoxycytidine analogue), causes DPC formation by a distinct mechanism. 5-azadC is 

incorporated into DNA during replication, where it irreversibly entraps DNA 

Methyltransferase 1 (DNMT1)8. In contrast, Embryonic Stem-Cell Specific 5-

Hydroxymethylcytosine Binding (HMCES) forms stable DPCs as part of its cellular 

function9. HMCES crosslinks to abasic (AP) sites within ssDNA via its N-terminal 

cysteine residue, thereby protecting the damaged DNA strand from spontaneous or 

enzymatic incision10,11.  

DPC repair involves the proteolytic destruction of the protein adduct by 

proteasomal degradation or by dedicated DPC proteases12, such as Weak Suppressor 



 4 

of Smt3 1 (Wss1)13 and DNA Damage Inducible 1 (Ddi1)14 in yeast and SprT-Like N-

Terminal Domain (SPRTN)15-17 and FAM111 Trypsin Like Peptidase A (FAM111A)18 in 

higher eukaryotes. DPC proteolysis can be induced in a replication-coupled or 

replication-independent, global-genome manner1. Replication-coupled repair is 

initiated by the collision of a replication fork with the DPC19. While the replicative CMG 

helicase (formed by Cdc45, MCM2-7 and GINS) can bypass the DPC, DNA 

polymerases stall once they approach the protein adduct20,21. The resulting ssDNA-

dsDNA junction activates DPC cleavage by the SPRTN protease21,22, which in addition 

requires unfolding of the protein adduct by the Fanconi Anemia Group J Protein 

(FANCJ) helicase23. In parallel, ubiquitylation of the DPC by replisome-associated E3-

ligases triggers degradation by the proteasome21,24. The resulting peptide remnant is 

eventually bypassed by translesion synthesis polymerases19. How DPCs are sensed 

during global-genome repair is not entirely understood but entails the modification of 

the protein adduct by SUMOylation25, which recruits the SUMO-targeted ubiquitin E3-

ligase RNF426,27. RNF4 ubiquitylates the DPC, leading to its destruction by the 

proteasome26,27 and SPRTN28. SPRTN is essential for viability in mammalian cells, 

which highlights the importance of DPC repair29. Furthermore, partial loss-of-function 

of SPRTN leads to premature aging and cancer predisposition in Ruijs-Aalfs 

syndrome30, which is caused by premature stop codons that result in the deletion of a 

critical ubiquitin-binding domain at SPRTN’s C-terminus28. 

DPCs and the mechanistic principles of their repair are studied using defined 

model substrates in reconstitution experiments22,23,31,32 and in Xenopus egg extracts19-

21,23,24,27. In yeast, the Flp-nick system has been used to generate site-specific DPCs 

mimicking covalent TOP1 adducts14,33,34. While centrifugation of cell lysates in 

caesium chloride gradients can detect DPC formation in mammalian cells35, most 
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assays rely on precipitation to enrich crosslinked DNA or proteins. In the KCl-SDS 

assay36, proteins are precipitated from denaturing lysates and quantification of co-

precipitating crosslinked DNA indicates the extent of DPC formation. In contrast, the 

RADAR (Rapid Approach to DNA Adduct Recovery) assay37 and several 

variations38,39, are based on the precipitation of DNA and the identification of co-

precipitating crosslinked proteins.  

 

[H2] Development of the PxP protocol 

Here, we describe a protocol for the detection and identification of DPCs by 

Purification of x-linked Proteins (PxP), which separates crosslinked proteins from 

soluble proteins using electro-elution instead of precipitation. The PxP assay was 

inspired by experiments investigating the nature of DNA binding by Structural 

Maintenance of Chromosomes (SMC) proteins in Bacillus subtillis40. To assess 

whether the ring structure formed by the bacterial SMC-proteins was topologically 

binding to chromosomal DNA, the ring interfaces were crosslinked and chromosomal 

DNA was immobilized in low-melt agarose plugs. In an electric field, bacterial SMC-

proteins were retained by the chromosomal DNA in the plug and did not elute, which 

demonstrated that they were encircling the DNA molecule. We reasoned that a similar 

principle could be applied to analyse DPC formation in cells. PxP is thus based on the 

idea that crosslinked proteins cannot be separated from immobilized DNA in an electric 

field, while merely DNA bound proteins are efficiently eluted. During the development 

of the PxP protocol, we optimized lysis conditions (e.g., buffer composition and timing) 

to achieve complete lysis of mammalian cells within agarose plugs, while minimizing 

incubation times to avoid loss of crosslinked proteins due to hydrolysis. Additionally, 

we tested various parameters (e.g., varying number of cells, agarose concentrations) 
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to enable efficient electro-elution of non-crosslinked proteins. Finally, we explored 

different options to retrieve crosslinked proteins from plugs following electro-elution, 

including agarase digestion (alone or in combination with a nuclease treatment), 

thermal melting of the plug, and the use of centrifugal filters to remove remaining 

agarose. 

Using PxP, we recently identified a role for the SPRTN protease in global-

genome DPC repair that is compromised by Ruijs-Aalfs syndrome patient mutations28. 

 

[H2] Overview of the PxP protocol 

The protocol is organised in three main steps describing the (1) induction of different 

types of DPCs in mammalian cells, (2) their isolation by PxP, and (3) their detection 

and identification. 

1. Induction of different types of DPCs: 

• Induction of DPCs by the reactive metabolite formaldehyde. Formaldehyde 

efficiently crosslinks chromatin proteins to DNA with the majority of DPCs being 

formed by histone proteins28. 

• Induction of TOP2-DPCs using the topoisomerase poisons etoposide. 

Etoposide intercalates in the topoisomerase-DNA interface, thereby stabilizing 

the naturally occurring covalent complex between the enzyme’s active site 

tyrosines and DNA7. Consequentially, these DPCs swiftly revert once the 

topoisomerase poison is removed. 

• Induction of DNMT1-DPC formation by 5-azadC. Cells synchronized in early S-

phase efficiently incorporate 5-azadC in newly synthesized DNA, resulting in 

the formation of DNMT1-DPCs in post-replicative chromatin25. 
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• Induction of DPCs between HMCES and AP sites using UVC irradiation or 

CD4379,41, a polymerase alpha (POLα) inhibitor, in cell lines expressing Flag-

tagged HMCES variants. UVC irradiation causes AP site formation by directly 

damaging the DNA. In contrast, treatment with CD437 interferes with lagging-

strand synthesis, thereby generating long stretches of ssDNA, which are highly 

prone to spontaneous AP site formation.  

2. DPC purification by PxP (Fig. 1): 

• Cells are embedded in agarose plugs by mixing with a low-melt agarose 

solution and casting into plug molds. 

• Cells are lysed within the agarose plugs using a denaturing buffer, which 

disrupts the cell membrane and denatures all cellular proteins. 

• Agarose plugs are inserted into the pockets of an SDS-PAGE gel resulting in 

electro-elution of non-crosslinked proteins from the agarose plugs during the 

ensuing electrophoresis. In contrast, DPCs and chromosomal DNA are retained 

in the plug. 

3. Detection and identification of DPCs (Fig. 1): 

• For analysis by western blotting, silver or fluorescent staining, plugs are melted 

at high temperature and mixed with SDS-PAGE sample buffer.  

• For mass spectrometry-based identification of DPCs, plugs are fixed followed 

by in-plug tryptic digestion and standard Liquid Chromatography tandem Mass 

Spectrometry (LC-MS/MS) analysis.  

 

[H2] Experimental design and required expertise 

This protocol is optimized for the analysis of DPCs in cultured adherent mammalian 

cells and has been successfully used by us in various cell lines, including HeLa, U2OS, 
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RPE-1 and HAP1 cells. Cells should be carefully handled using sterile techniques to 

avoid contaminations and checked regularly for the presence of mycoplasma 

contamination. To ensure reproducible results, cells should not be confluent or starved 

before seeding for DPC induction. 

The precise experimental design is determined by the type of DPCs to be 

investigated. Formaldehyde and topoisomerase poisons can be used for DPC 

induction in asynchronous cell populations. However, we recommend synchronizing 

cells in early/mid S-phase using a double-thymidine block to monitor the repair of 5-

azadC-induced DNMT1-DPCs or HMCES-DPCs, because these crosslinks arise 

primarily in a replication-coupled manner. Additionally, it is critical to choose 

appropriate drug concentrations for DPC induction. Try to avoid high drug doses that 

cause cells to detach before harvesting for PxP, because dead cells can result in 

unspecific accumulation of non-crosslinked proteins in PxP samples. Moreover, the 

stability of the DPC must be considered when planning the experiment. For example, 

camptothecin and etoposide are non-competitive inhibitors of TOP1 and TOP2, 

respectively. Once they are removed, topoisomerase DPCs immediately revert. 

Therefore, we recommend to preincubate cells treated with topoisomerase poisons on 

ice for five minutes before harvesting to minimize crosslink reversal. Another 

consequence of the immediate reversal of topoisomerase DPCs is, that it is not 

possible to first induce them, wash out the drug and then track their repair over time. 

In contrast, the fate of DNMT1-, HMCES-, and formaldehyde-induced DPCs can be 

monitored by chasing with drug-free media following DPC induction. It is possible to 

include small molecule inhibitors, for example the proteasome inhibitor MG132, during 

the chase to assess the effect on DPC repair. When conducting first PxP experiments, 

we recommend using formaldehyde as a positive control; PxP samples obtained from 
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formaldehyde-treated cells should reveal a characteristic histone pattern when 

analysed by SDS-PAGE (see anticipated results). 

For most types of experiments, one technical replicate per experimental 

condition is sufficient. However, only a limited number of cells can be embedded per 

plug, which can be problematic if the amount of DPCs is low or if the final samples 

need to be analysed by western blotting with several antibodies. In such cases, several 

plugs can be prepared per each experimental condition and eventually pooled, 

resulting in larger amounts of sample. Additionally or alternatively, PxP samples can 

be concentrated by trichloroacetic acid (TCA) precipitation after electro-elution. For 

identification of DPCs by mass spectrometry, we recommend preparing at least three 

biological replicates to enable label-free quantitation. Alternatively, Stable Isotope 

Labelling with Amino acids in Cell culture (SILAC)- or Tandem Mass Tag (TMT)-based 

quantitation could be used.  

No special expertise is needed to perform the PxP protocol. At first, handling 

and transferring plugs can be challenging, but it typically only requires some practice. 

To analyse PxP-purified DPCs, basic knowledge of standard techniques such as SDS-

PAGE and western blotting are sufficient. Identification of DPCs by mass spectrometry 

will require access to the expertise and specialized equipment of a proteomics facility. 

 

[H2] Comparison with other methods and limitations of the protocol 

The KCl-SDS assay36 is a sensitive method to detect DPC formation but cannot be 

used to study the identity of the crosslinked proteins. The RADAR assay37 and various 

derivatives can be used to identify crosslinked proteins but rely on DNA precipitation 

to isolate co-precipitating DPCs. The reliance on precipitation is a potential risk 

because the behaviour during precipitation is influenced by various features of the 
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crosslinked protein. In addition, precipitation caused by protein aggregation upon 

treatment with pleiotropic reactive agents such as formaldehyde may be mistaken for 

DPC formation. The PxP protocol overcomes these issues by removing non-

crosslinked proteins through electro-elution rather than directly purifying crosslinked 

proteins. In addition, we developed an optional nuclease control which allows to 

distinguish between DPCs and co-purifying contaminants. For this control, DNA is 

digested within plugs prior to electro-elution, which causes crosslinked proteins to 

elute from the plug while unspecific contaminants remain.  

Nonetheless, the PxP assay has limitations as well. First, DPCs induced by 

reversible inhibitors, such as camptothecin or etoposide, can be challenging to study, 

because cells must be harvested and embedded in agarose before denaturing lysis. 

Therefore, there is the risk that such DPCs are lost due to reversal prior to lysis. This 

is not an issue in KCl-SDS or RADAR assays, because there, the cells are lysed using 

a denaturing buffer directly in the culture dish. A second limitation of the PxP is that 

the number of cells that can be embedded in a plug is limited. Too many cells per plug 

result in inefficient lysis and can lead to high background signals in downstream 

analysis. This limitation can be mitigated by casting multiple agarose plugs per 

experimental condition.  
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[H1] Materials 

 

[H2] Equipment  

[H3] General equipment 

• Biological safety cabinets (for instance, Thermo Fisher Scientific, Herasafe 

2030i, cat. no. 51032330) 

• CO2 incubator (for instance, PHC, MCO-230AICUV) 

• Water bath (for instance, Memmert, WNE10) 

• Inverted routine tissue culture microscope (for instance, Nikon, ECLIPSE Ts2-

FL) 

• Laboratory fume hood 

• Cold room between 4-10°C 

• Centrifuge for 1.5 ml tubes (for instance, Eppendorf, centrifuge 5424R, cat. no. 

EP5404000138) 

• Automated cell counter (for instance, Thermo Fisher Scientific, Countess II FL 

Automated) 

• Countess cell counting chamber slides (Thermo Fisher Scientific, cat. no. 

C10228) 

• Vacuum pump (for instance, Vacuubrand, cat. no. PC 3004 VARIO) 

• Rotating shaker (for instance, Stuart, Rotators SB3, cat. no. 445-2101) 

• Thermoblock (for instance, Eppendorf, ThermoMixer C, cat. no. 5382000015) 

• Electrophoresis system for SDS-PAGE for Novex WedgeWell gels (for 

instance, Thermo Fisher Scientific, Mini-Gel-Tank, cat. no. A25977) 

[H3] Consumables 
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• Tissue culture dishes 6, 10, and 15 cm (Sarstedt, cat. no. 422-83.3901, 422-

83.3902, 422-83.3903) 

• Cell scrapers (Starlab, cat. no. CC7600-0220) 

• CHEF disposable plug molds (Bio-Rad, cat. no. 1703713) 

• Plastic tweezers (Samco, cat. no. L760/01) 

• SafeSeal tubes 1.5/5 ml (Sarstedt, cat. no. 72.706/72.701) 

• Novex WedgeWell 12%, Tris-Glycine, 1.0 mm gel (Invitrogen, cat. no. 

XP00120BOX) 

• 0.22 µm PES vacuum filter (Steritop 45 mm neck size, Millipore express PLUS 

0.22 µm PES filter, 250 ml, Merck Millipore, cat. no. S2GPT02RE) 

• Staining box for SDS-PAGE gels (for instance, VWR, cat. no. 216-4334) 

• Immobilon-P membrane, PVDF, 0.45 µm (Merck Millipore, cat. no. IPVH00010) 

[H3] For SDS-PAGE (optional) 

• Electrophoresis system for SDS-PAGE (for instance, Thermo Fisher Scientific 

XCell4 SureLock Midi-Cell Electrophoresis System, cat. no. WR0100) 

• Protein blotting cell (for instance, Bio-Rad, Criterion blotter with plate 

electrodes, cat. no. 1704070) 

• Western blot imaging system (for instance, Bio-Rad, ChemiDoc MP Imaging 

System) 

• Scanner (for instance, Epson, Perfection V850 Pro, cat. no. B11B224401) 

• Image analysing software (for instance, ImageJ software) 

[H3] For UVC treatment (optional) 

• UVC irradiator (for instance, Analytik Jena, UVP crosslinker CL-1000, cat. no. 

849-30101-2) 

[H3] For mass spectrometry data analysis (optional) 
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• R (version 4.2.2) 

• RStudio (version 2023.06.0+421)42 

• preprocessCore (version 1.64)43 

• MSnbase (version 2.24.0)44,45 

• Limma (version 3.54.0)46 

• ggplot2 (version 3.4.2)47 

• fdrtool (version 1.2.17)48 

 

[H2] Biological materials (used in examples shown here) 

• HAP1 cells (Horizon, cat. no. C631)  

• HeLa T-REx Flp-In cells 

• HeLa T-REx Flp-In cells expressing doxycycline-inducible HMCES (WT or a 

catalytically compromised C2S variant in which the catalytic cysteine is 

replaced by serine) with a C-terminal mVenus-3xFlag tag 

 

[H2] Reagents 

• Dulbecco modified eagle media (DMEM) (Gibco, cat. no. 41966052) 

• Iscove's modified Dulbecco's medium (IMDM) (Gibco, cat. no. 12440061) 

• Penicillin-streptomycin-glutamine (PSG) (Gibco, cat. no. 10378016) 

• Fetal bovine serum (FBS) (Gibco, cat. no. 10437028) 

• Dimethyl sulfoxide (DMSO) (ROTH, cat. no. 4720.4) 

• Phosphate-buffered saline (PBS) pH 7.4 (ROTH, cat. no. 1111.1) 

• TrypLE express enzyme, 1x (Gibco, cat. no. 12604021)  

• Trypan blue solution, 0.4% (Gibco, cat. no. 15250061) 

• Low-melt agarose (Bio-Rad, cat. no. 1613111) 
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• Sarkosyl solution, 20% (Sigma, cat. no. L7414) 

• UltraPure ethylenediaminetetraacetic acid (EDTA), 0.5 M, pH 8 (Invitrogen, cat. 

no. 15575-038) 

• UltraPure Tris-HCl, 1 M, pH 8 (Invitrogen, cat. no. 15568-025) 

• Magnesium chloride (MgCl2), 1 M (Invitrogen, cat. no. AM9530G) 

• Benzonase (Merck Millipore, cat. no. 70746) 

• cOmplete, EDTA-free protease inhibitor cocktail mini (Merck Millipore, cat. no. 

4693132001) 

• Pefabloc SC (Merck Millipore, 11585916001) 

• Bolt MOPS SDS running buffer (Invitrogen, cat. no. B0001-02) 

• LDS sample buffer, 4x (Thermo Fisher Scientific, cat. no. NP0007) 

• Bolt reducing agent, 10x (Thermo Fisher Scientific, cat. no. B0009) 

• Coomassie-based protein stain (for instance, GRP, Der Blaue Jonas, cat. no. 

GRP1) 

[H3] For DPC induction described here (optional) 

• Thymidine powder (Sigma, cat. no. T9250) 

• Formaldehyde, methanol-free, 16% (Pierce, cat. no. 28906) 

!CAUTION Exposure to formaldehyde through inhalation can lead to airway 

irritation, bronchospasm, and pulmonary edema. Handle in a fume hood, 

wearing protective gloves and discard according to local regulations. 

• Etoposide (Sigma, cat. no. 341205) 

!CAUTION Etoposide is a toxic compound. Handle in a fume hood, wearing 

protective gloves and discard according to local regulations. 

• Doxycycline hyclate (Sigma, cat. no. D9891) 
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!CAUTION Doxycycline hyclate is a toxic compound. Handle in a fume hood, 

wearing protective gloves and discard according to local regulations.  

• 5-azadC (Sigma, cat. no. A3656) 

!CAUTION 5-azadC is a toxic compound. Handle in a fume hood, wearing 

protective gloves and discard according to local regulations. 

• CD437 (Hölzel Diagnostika, cat. no. HY-100532) 

[H3] For mass spectrometry sample preparation (optional) 

• B Braun cutfix stainless steel scalpel (Thermo Fisher scientific, cat. no. 

5518083) 

• Acetic acid (ROTH, cat. no. 64-19-7) 

• Absolute ethanol (ROTH, cat. no. K928.4) 

• Seppro ammonium bicarbonate buffer, 2 M (Sigma, cat. no. S2454) 

[H3] For SDS-PAGE (optional) 

• SDS-PAGE gels (for instance, Thermo Fisher Scientific, NuPAGE 4-12%, 

Bis-Tris, 1.0 mm, Midi protein gel, 20-well, cat. no. WG1402BOX or NuPAGE 

12 %, Bis-Tris, 1,0 mm, Mini protein gel, 12-well, cat. no. NP0342BOX)  

• SilverQuest Staining Kit (Invitrogen, cat. no. LC6070) 

• Glacial acetic acid, 100% (ROTH, cat. no. 3738.1) 

!CAUTION Glacial acetic acid can cause damage to eyes and skin. Handle 

in a fume hood, wearing protective gloves and safety goggles. Store in a 

safety cabinet and discard according to local regulations. 

• Methanol, high-performance technical grade (VWR, cat. no. 20903.368P) 

!CAUTION Methanol is highly flammable and volatile and is toxic upon 

inhalation or contact. Keep away from ignition sources, wear protective 
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gloves, and avoid inhalation, swallowing and contact with skin and discard 

according to local regulations. 

• SYPRO ruby protein gel stain (Thermo Fisher Scientific, cat. no. S12000) 

• NuPAGE transfer buffer, 20x (Thermo Fisher Scientific, cat. no. NP0006) 

• Tris base (ROTH, cat. no. 77-86-1) 

• Tween 20 (Sigma, cat. no. P7949) 

• Sodium chloride (NaCl) (ROTH, cat. no. 7647-14-5) 

• Bovine serum albumin (BSA) (Sigma-Aldrich, cat. no. A9418-500G) 

• Powdered milk (ROTH, cat. no. 68514-61-4) 

• Sodium azide (ROTH, cat. no. 26628-22-8) 

!CAUTION Sodium azide can cause damage to eyes and skin, is toxic and 

environmentally hazardous. Handle in a fume hood, wearing protective 

gloves and safety googles. Store in a safety cabinet and discard according 

to local regulations. 

• ECL substrate for western blot detection (for instance, Thermo Fisher 

Scientific, SuperSignal West Pico or Femto PLUS chemiluminescent 

substrate, cat. no. 34577, 34095) 

[H3] For Trichloroacetic acid precipitation (optional) 

• Trichloroacetic acid (TCA), (Sigma, cat. no. T6399) 

!CAUTION Trichloroacetic acid can cause damage to eyes and skin. Handle 

in a fume hood, wearing protective gloves and discard according to local 

regulations.  

[H3] Primary antibodies used in this protocol (optional) 

• Histone H3 (Cell signalling, cat. no. 4499S) (1:1000 dilution in TBS-T 

containing 5% milk) 
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• Actin (Santa cruz, cat. no. sc-47778) (1:1000 dilution in TBS-T containing 

2.5% BSA) 

• Vinculin (Santa cruz, cat. no. sc-73614) (1:2000 dilution in TBS-T containing 

2.5% BSA) 

• HMCES (Human altas, cat. no. HPA044968) (1:500 dilution in TBS-T 

containing 2.5% BSA) 

• HMCES (Santa cruz, cat. no. sc-514238) (1:500 dilution in TBS-T containing 

2.5% BSA) 

• Flag-M2 (Sigma, cat. no. F3165) (1:2000 dilution in TBS-T containing 2.5% 

BSA) 

• TOP2 (Abcam, cat. no. ab109524) (1:1000 dilution in TBS-T containing 

2.5% BSA)  

• DNMT1 (Cell signalling, clone D63A, cat. no. #5032) (1:1000 dilution in 

TBS-T containing 2.5% BSA) 

• GAPDH (Cell signalling, 14C10, cat. no. 2118) (1:2000 dilution in TBS-T 

containing 2.5% BSA) 

 

[H2] Reagent Setup   

[H3] Low-melt agarose solution 

Final concentration: 2% low-melt agarose, 1x PBS 

For 100 ml of low-melt agarose solution, weigh 2 g low-melt agarose and transfer to a 

250 ml bottle. Add 100 ml 1x PBS and screw the lid onto the bottle only loosely. 

Microwave in pulses until the agarose is dissolved. While still hot, the low-melt agarose 

solution can be aliquoted in 1.5 ml plastic tubes and stored at -20°C. Aliquots are 

thawed directly before use as described in the experimental procedure below. Aliquots 
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can be stored for at least 24 months but should not be reused after thawing. 

TROUBLESHOOTING. 

!CAUTION Use adequate equipment when handling hot solutions. Safety goggles, 

gloves, and a heat-protective holder for handling the bottle. Do not shake the agarose 

solution violently.  

 

[H3] Lysis buffer (1 ml is required per agarose plug, prepare fresh) 

Final concentration: 1x PBS, 2% sarkosyl, 0.5 mM EDTA, 1x cOmplete EDTA-free 

protease inhibitor cocktail, 0.04 mg/ml Pefabloc SC 

For 10 ml of lysis buffer, add to a 15 ml conical tube 1 ml 10x PBS, 1 ml 20% sarkosyl, 

10 µl 0.5 M EDTA, 1 mini EDTA-free protease inhibitor cocktail tablet, and 40 µl 

Pefabloc SC stock solution (10 mg/ml dissolved in deionized water, aliquoted and 

stored at -20°C). Fill up to 10 ml with deionized water. Rotate at 4°C until the protease 

inhibitor tablet has dissolved completely, store individual components at room 

temperature (RT) and the final buffer at 4°C. The buffer can be stored at 4°C for at 

least 8 h. 

 

[H3] Wash buffer (optional for nuclease control, 1.5 ml per agarose plug, prepare fresh) 

Final concentration: 50 mM Tris-HCl pH 8, 0.01% sarkosyl, 1 mM MgCl2 

For 20 ml of wash buffer, add to a 50 ml conical tube 1 ml 1 M Tris-HCl pH 8, 10 µl 

20% sarkosyl and 20 µl 1 M MgCl2. Fill up to 20 ml with deionized water. Add 200 U 

benzonase per ml to an aliquot of this buffer (250 µl per plug). Store individual 

components at RT and the final buffer at 4°C. The buffer can be stored at 4°C for at 

least 8 h. 
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[H3] Thymidine media (optional) 

Final concentration: 2 mM thymidine in standard culture media, 10% FBS, for IMDM 

+1% PSG 

For 500 ml of thymidine media, weigh 250 mg thymidine powder and transfer it to a 

500 ml bottle of culture media (for cell lines used here DMEM or IMDM). Close the 

bottle, shake vigorously and place in a water bath at 37°C for 30 min with intermittent 

shaking. Once the thymidine powder has dissolved and no thymidine precipitates are 

visible, sterilize the media by filtering through a 0.22 µm PES vacuum filter in a sterile 

tissue culture hood. 55 ml FBS are then added to reach a final concentration of 10%. 

For IMDM 5 ml PSG are added as well, final concentration 1%. Thymidine media 

without FBS and PSG can be stored up to 6 months at 4°C. Once FBS and PSG are 

added, we recommend to store the media for a maximum of 1 month at 4°C. 

 

[H3] Etoposide stock solution (optional) 

Final concentration: 50 mM etoposide in DMSO 

Carefully resuspend 25 mg etoposide with 850 µl DMSO by pipetting up and down. 

Aliquot in 1.5 ml tubes and freeze at -80°C. The aliquot in use can be transferred and 

stored at -20°C. Aliquots are stable for at least 1 year. Before use, thaw at RT, discard 

aliquots after 2-3 freeze-thaw cycles. 

!CAUTION Etoposide is a toxic compound. Handle in a fume hood, wearing protective 

gloves and discard according to local regulations. 

 

[H3] Doxycycline stock solution (optional) 
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Final concentration: 50 mg/ml doxycycline in 1x PBS 

Dissolve 1 g doxycycline hyclate in 20 ml 1x PBS in a 50 ml conical tube. Aliquot in 

1.5 ml tubes and store at -20°C for up to 2 years. The working concentration is 1 µg/ml 

and therefore, we recommend preparing a second dilution using 20 µl of the 50 mg/ml 

doxycycline solution and 980 µl 1x PBS. This will yield a 1 mg/ml (1000x) solution 

which can be stored at -20°C for up to 3 months. Do not reuse thawed diluted (1 mg/ml) 

aliquots. 

!CAUTION Doxycycline hyclate is a toxic compound. Handle in a fume hood, wearing 

protective gloves and discard according to local regulations. 

 

[H3] 5-azadC stock solution (optional) 

Final concentration: 50 mM 5-azadC in DMSO 

Carefully resuspend 5 mg 5-azadC in 438 µl DMSO by pipetting up and down. Aliquot 

in 1.5 ml tubes and store at -20°C. Aliquots are stable for at least 1 year. Before use, 

thaw at RT, discard aliquots after 2-3 freeze-thaw cycles. 

!CAUTION 5-azadC is a toxic compound. Handle in a fume hood, wearing protective 

gloves and discard according to local regulations. 

 

[H3] CD437 stock solution (optional) 

Final concentration: 10 mM CD437 in DMSO 

Carefully resuspend 10 mg CD437 in 2.5095 ml DMSO by pipetting up and down. 

Aliquot in 1.5 ml tubes and store at -80°C for up to 6 months. The aliquot in use can 

be stored at -20°C for up to 1 month. Before use, thaw at RT, discard aliquots after 2-

3 freeze-thaw cycles. 
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[H3] Fixation solution (optional for mass spectrometry sample preparation or SYPRO 

ruby staining) 

Final concentration: 40% ethanol, 10% glacial acetic acid 

For 500 ml, measure 200 ml absolute ethanol in a 500 ml measuring cylinder, add 50 

ml glacial acetic acid and fill up to 500 ml with deionized water. Transfer to a 500 ml 

bottle, close, mix by inversion, and store at RT. The fixation solution is stable for at 

least 1 year at RT. 

!CAUTION Prepare in a fume hood and store in a safety cabinet. 

 

[H3] Destaining solution (optional for SYPRO ruby staining) 

Final concentration: 10% methanol, 7% glacial acetic acid 

For 500 ml, measure 50 ml methanol in a 500 ml measuring cylinder, add 35 ml glacial 

acetic acid and fill up to 500 ml with deionized water. Transfer to a 500 ml bottle, close, 

mix by inversion, and store at RT. The destaining solution is stable for at least 1 year 

at RT. 

!CAUTION Prepare in a fume hood and store in a safety cabinet. 

 

[H3] Ammonium bicarbonate buffer (optional for mass spectrometry sample 

preparation, prepare fresh) 

Final concentration: 100 mM ammonium bicarbonate in deionized water 

The commercial buffer stock solution (2 M) can be aliquoted in 15 ml conical tubes 

and stored at -20°C for at least 2 years. Thaw one aliquot at RT the day of use. For 20 

ml 100 mM ammonium bicarbonate buffer, mix 1 ml 2 M Seppro ammonium 
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bicarbonate buffer with 19 ml deionized water in a 50 ml conical tube. Mix by inversion. 

We prepare this buffer fresh the day of use and do not store it diluted. Once prepared, 

store at 4°C for no more than 8 h. 

 

[H3] NuPAGE transfer buffer (optional for western blotting) 

Final concentration: 1x, 10% methanol 

For 2 l, add 50 ml commercial 20x NuPAGE transfer buffer to a 2 l cylinder. Add 1.75 l 

deionized water, fill up with methanol to reach 2 l, mix by inverting and transfer to a 

glass bottle. Transfer buffer can be stored for at least 1 month at 4°C. 

 

[H3] Bolt MOPS SDS running buffer 

Final concentration: 1x 

For 500 ml, mix 25 ml commercial 20x Bolt MOPS SDS running buffer with 475 ml 

deionized water in a 500 ml bottle. Mix by inverting and store at RT. MOPS running 

buffer can be stored for at least 6 months at RT. 

 

[H3] Tris-buffered saline containing 0.1% Tween (TBS-T) 

Final concentration: 50 mM Tris, 150 mM NaCl, 0.1% Tween, pH 7.6 

For 1 L of 10x TBS solution, weigh 61 g Tris base and 88 g NaCl, transfer to a 1 l 

beaker and add 750 ml deionized water. Use a magnetic steerer for mixing. Once 

everything has dissolved, add HCl dropwise to adjust the pH to 7.6 at 25°C. Fill up to 

1 l with deionized water, mix by inversion. TBS 10x can be stored at RT for at least 2 

months. 
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For 1 L of 1x TBS-T, dilute 100 ml 10x TBS in 900 ml deionized water, mix by inverting. 

Cut the end of a 1 ml pipette tip with scissors and add 1 ml Tween 20 to the buffer 

(flush the tip by pipetting up and down). Use a magnetic steerer to mix until the 

detergent has fully dissolved, store at RT for no more than 2 weeks. 

 

[H3] TBS-T containing BSA or milk powder (optional for primary antibody dilutions 

required for western blotting) 

Final concentration: 2.5% BSA or 5% milk powder dissolved in TBS-T (optionally 0.1% 

sodium azide for long-term storage) 

For 100 ml, weigh 2.5 g BSA or 5 g milk powder, in a 100 ml bottle and add 100 ml 

TBS-T. Optionally, add 100 mg sodium azide. Dissolve using a magnetic steerer. The 

final solution can be stored at 4°C for 2 days (without sodium azide) or for at least 1 

year (with sodium azide). Sodium azide should not be added to TBS-T BSA/milk 

solutions used for blocking or secondary antibody solutions. 

!CAUTION Sodium azide can cause damage to eyes and skin, is toxic and 

environmentally hazardous. Handle in a fume hood, wearing protective gloves and 

safety goggles. Store in a safety cabinet and discard according to local regulations. 

 

[H3] Trichloroacetic acid (TCA) 

Final concentration: 70% (w/v) 

Weigh 35 g TCA powder in a 50 ml conical tube, add deionized water and dissolve on 

a rotating wheel or equivalent at RT. Once dissolved, measure the volume in a tube 

and add deionized water up to 50 ml. The TCA solution is stable for at least 2 years at 

4°C.   



 24 

Procedure 

Part 1. DPC induction. TIMING 2-3 days 

1| Induce covalent DNA-protein crosslinks using a DCP-inducing agent of choice 

or with one of the four example procedures described in this protocol. Perform each 

experiment at least 3 times and use appropriate negative and positive controls for the 

chosen DPC-inducing agent. 

Table 1. Agents used for DPC induction in this protocol. 

A Formaldehyde Induces DPCs by unspecific 

crosslinking of chromatin proteins. 

B Etoposide Induces formation of TOP2-DPCs. 

C 5-azadC (decitabine) Induces formation of postreplicative 

DNMT1-DPCs. 

D UVC irradiation/POLα-inhibition Induce replication-coupled 

formation of HMCES-DPCs. 

 

A. DPC induction using formaldehyde. TIMING 2 days, handling 2-3 h  

I. Day 1: In the evening, prewarm media (IMDM + 10% FBS + 1% PSG) in a water 

bath at 37ºC. 

II. Harvest HAP1 cells cultured in IMDM media containing 10% FBS and 1% PSG. 

For the example described here one 10-cm dish with a confluency of 70-80% 

will be sufficient. Wash HAP1 cells with 5 ml 1x PBS followed by trypsinization 

(trypLE, 1 ml). Once cells are detached, inactivate trypsin with 9 ml media and 

transfer the cell suspension to a 15 ml conical tube.  

III. Mix an equal volume of cell suspension with trypan blue (for example, 50 µl and 

50 µl) and determine the number of viable cells using an automated cell counter. 
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A 10-cm dish at 70-80% confluency should yield a minimum of 10-15 million 

cells. 

IV. Seed 1.5 million cells per condition in fresh 6-cm dishes, adding at least 3 ml 

media. The example described here requires 3 dishes, which includes one 

additional dish for cell counting. If you plan to perform the optional nuclease 

control seed 3 million cells per dish, because more cells will be required to cast 

at least two plugs per condition. 

 

V. Day 2: In the morning, prewarm media (IMDM + 10% FBS + 1% PSG) in a 

water bath at 37ºC. 

VI. Trypsinize one dish and determine the approximate number of cells per dish 

using an automated cell counter. The number of cells will be required in Part 2, 

step 5. 

VII. Dilute formaldehyde to 1 M with 1x PBS before adding it to the media. This is 

done by mixing 100 µl 16% formaldehyde solution (5.3 M) with 430 µl 1x PBS 

(final concentration 1 M). After mixing, add 1 µl 1 M formaldehyde solution per 

ml media (for example 5 µl in 5 ml) to reach a final concentration of 1 mM (or 

add 2 µl 1 M formaldehyde solution per ml media for a final concentration of 2 

mM). For treating a 6-cm dish, a minimum of 2.5 ml media is required. 

VIII. Aspirate the media from both dishes and add formaldehyde-containing media 

to one dish. Add fresh media without formaldehyde to the other dish as a non-

treated control. Incubate for 1 h at 37°C. 

IX. After incubation, place dishes on ice. Remove the media, wash once with 3 ml 

1x PBS, add 1 ml ice-cold 1x PBS and quickly scrape cells. 
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X. Transfer cells to 1.5 ml plastic tubes and centrifuge at 500 g for 5 min at 4°C in 

a precooled centrifuge. Remove the supernatant. Freeze cell pellets at -80°C. 

PAUSE POINT. Cell pellets can be stored at -80ºC for up to 1 week. 

 

B. Etoposide treatment to induce TOP2-DPCs. TIMING 2 days, handling 2-3 h. 

I. Day 1: In the evening, prewarm media (IMDM + 10% FBS + 1% PSG) in a water 

bath at 37ºC. 

II. Harvest HAP1 cells cultured in IMDM media containing 10% FBS and 1% PSG. 

For the example described here one 10-cm dish with a confluency of 70-80% 

will be sufficient. Wash HAP1 cells with 5 ml 1x PBS followed by trypsinization 

(trypLE, 1 ml). Once cells are detached, inactivate trypsin with 9 ml media and 

transfer the cell suspension to a 15 ml conical tube.  

III. Mix an equal volume of cell suspension with trypan blue (for example, 50 µl and 

50 µl) and determine the number of viable cells using an automated cell counter. 

A 10-cm dish at 70-80% confluency should yield a minimum of 10-15 million 

cells. 

IV. Seed 1.5 million cells per condition in fresh 6-cm dishes, adding at least 3 ml 

media. The example described here requires 4 dishes (1 non-treated control, 2 

etoposide concentrations and 1 extra dish for determining the number of cells). 

 

V. Day 2: In the morning, prewarm media (IMDM + 10% FBS + 1% PSG) in a 

water bath at 37ºC. 

VI. Trypsinize the cells from one dish and count them using an automated cell 

counter to determine the approximate number of cells per dish. The number of 

cells will be required in Part 2, step 5. 
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VII. Add 5 or 10 µl etoposide stock solution (50 mM) to 10 ml media to reach a final 

concentration of 25 µM and 50 µM, respectively. 2.5 ml media are required per 

dish.  

VIII. Aspirate the media from all remaining three dishes. Add fresh media without 

drugs to one dish as a non-treated control. Add media containing 25 µM and 50 

µM etoposide to the other two dishes. Incubate for 1 h at 37°C. 

IX. After incubation, place dishes on ice for 5 min. CRITICAL STEP. Cooling the 

cells immediately limits reversal of topoisomerase-DPCs during further 

processing. 

X. Remove the media, add 1 ml ice-cold 1x PBS and quickly scrape cells. Transfer 

cells to 1.5 ml plastic tubes and centrifuge at 500 g for 5 min at 4°C in a 

precooled centrifuge. 

XI. Remove the supernatant, place tubes back on ice and rapidly proceed with 

sample processing in Part 2. CRITICAL STEP. These samples cannot be frozen 

or stored. 

 

C. 5-azadC treatment to induce DNMT1-DPCs and monitor their repair. TIMING 3 

days, handling 3-4 h 

I. Day 1: In the morning, prewarm media (DMEM + 10% FBS for HeLa T-REx Flp-

In) in a water bath at 37ºC. 

II. Harvest HeLa T-REx Flp-In cells cultured in DMEM +10% FBS respectively. For 

the example described here one 10-cm dish with a confluency of 70-80% will 

be sufficient. Wash HeLa T-REx Flp-In cells with 5 ml 1x PBS followed by 

trypsinization (trypLE, 1 ml). Once cells are detached, inactivate trypsin with 9 

ml media and transfer the cell suspension to a 15 ml conical tube.  
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III. Mix an equal volume of cell suspension with trypan blue (for example, 50 µl and 

50 µl) and determine the number of viable cells using an automated cell counter. 

A 10-cm dish at 70-80% confluency should yield a minimum of 6-8 million cells. 

IV. Seed 750,000 cells per condition in fresh 6-cm dishes, adding at least 3 ml 

media. The example described here requires 7 dishes, which includes one 

additional dish to determine the number of cells. 

V. Allow cells to attach for at least 8 h. 

VI. In the evening, prewarm thymidine media (DMEM + 10% FBS + 2 mM 

thymidine) in a water bath at 37ºC. 

VII. Confirm that cells have attached using a microscope. 

VIII. Initiate the synchronization of cells by a double-thymidine block by aspirating 

the media from all dishes and carefully add 2.5 ml thymidine media to each 

dish. 

IX. Incubate cells overnight at 37°C. 

 

X. Day 2: In the morning, prewarm media (DMEM + 10% FBS) in a water bath at 

37ºC. 

XI. Remove the thymidine media from the dishes and wash twice with 3 ml 1x PBS 

each to release cells from the first thymidine block. Add fresh media without 

thymidine and incubate for 8-9 h. 

XII. In the evening, prewarm thymidine media (DMEM + 10 % FBS + 2 mM 

thymidine) in a water bath at 37ºC. 

XIII. Repeat step VIII-IX. 
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XIV. Day 3: In the morning, prewarm media (DMEM + 10% FBS) in a water bath at 

37ºC. 

XV. Remove the thymidine media from the dishes and wash twice with 3 ml 1x PBS 

each. Add fresh media without thymidine to release cells from the second 

thymidine block. 

XVI. 3 h following release, DNMT1-DPC formation can be induced. 

XVII. Trypsinize one dish and determine the approximate number of cells per dish 

using an automated cell counter. The number of cells will be required in Part 

2, step 5. 

XVIII. Aspirate media from the 6 remaining dishes. Add a minimum of 2.5 ml fresh 

media containing 10 µM 5-azadC (add 4 µl 5-azadC stock solution (50 mM) to 

20 ml prewarmed media without thymidine) to four dishes. Add media without 

5-azadC to the remaining two non-treated control dishes. Incubate for 30 min 

at 37°C. 

XIX. Following the 30 min incubation, place one non-treated control dish and one 5-

azadC-treated dish on ice (timepoint 0 h). 

XX. Proceed by rapidly washing the remaining 4 dishes twice with 3 ml 1x PBS each 

and add fresh 5-azadC-free media. Start timing the recovery time from the 

moment you replace the media. Let cells recover for the desired time (1, 2 and 

3 h in the example described here) at 37°C. The remaining non-treated control 

dishes stay unchanged at 37°C (timepoint 3 h). 

XXI. Remove the media from the dishes placed on ice in step XIX. Wash once with 

3 ml 1x PBS, add 1 ml ice-cold 1x PBS and quickly scrape cells. Transfer cells 

to 1.5 ml plastic tubes and centrifuge at 500 g for 5 min at 4°C in a precooled 

centrifuge. Remove the supernatant. Freeze cell pellets at -80°C. 
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XXII. Repeat step XXI at every desired recovery timepoint (here 1, 2 and 3 h after 

removal of 5-azadC-containing media). PAUSE POINT. Cell pellets can be 

stored at -80°C for up to 1 month. 

 

D. UVC irradiation or POLα-inhibition to induce HMCES-DPCs. TIMING 3 days, 

handling 3-4 h 

 

I. Day 1: In the morning, prewarm media (DMEM + 10% FBS) in a water bath at 

37ºC. 

II. Harvest HeLa T-REx Flp-In cells expressing doxycycline-inducible HMCES-WT 

and HeLa T-REx Flp-In cells expressing doxycycline-inducible HMCES-C2S 

cultured in DMEM media containing 10% FBS. For the example described here 

one 10-cm dish with a confluency of 70-80% is sufficient per cell line. Wash 

cells with 5 ml 1x PBS followed by trypsinization (trypLE, 1 ml). Once cells are 

detached, inactivate trypsin with 9 ml media and transfer the cell suspension to 

a 15 ml conical tube. 

III. Mix an equal volume of cell suspension with trypan blue (for example, 50 µl and 

50 µl) and determine the number of viable cells using an automated cell counter. 

A 10-cm dish at 70-80% confluency should yield 6-8 million cells. 

IV. Seed 750,000 cells per condition and cell line in fresh 6-cm dishes, adding at 

least 3 ml media. The example described here requires 3 dishes per cell line, 

which includes one additional dish per cell line to determine the number of cells. 

V. Allow cells to attach for at least 8 h. 

VI. In the evening, prewarm thymidine media (DMEM + 10% FBS + 2 mM 

thymidine) in a water bath at 37ºC. 
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VII. Confirm that cells have attached using a microscope. 

VIII. Initiate the synchronization of cells by double-thymidine block by aspirating the 

media from all dishes and carefully add 2.5 ml thymidine media to each dish. 

IX. Incubate cells overnight at 37°C. 

 

X. Day 2: In the morning, prewarm media (DMEM + 10% FBS) in a water bath at 

37ºC. 

XI. Remove the thymidine media from the dishes and wash twice with 3 ml 1x PBS 

each to release cells from the first thymidine block. Add fresh media without 

thymidine and incubate for 8-9 h. 

XII. In the evening, prewarm thymidine media (DMEM + 10% FBS + 2 mM 

thymidine) in a water bath at 37ºC. 

XIII. Repeat step VIII-IX, but additionally add doxycycline to the thymidine media to 

induce HMCES expression (1 µg/ml final doxycycline concentration, add 20 µl 

of the diluted doxycycline stock solution (1 mg/ml) to 20 ml media in a 50 ml 

conical tube).  

 

XIV. Day 3: In the morning, prewarm media (DMEM + 10% FBS) in a water bath at 

37ºC. 

XV. Confirm the successful induction of HMCES expression using a fluorescence 

microscope with appropriate excitation/emission filters for HMCES’s mVenus-

tag. 

XVI. Remove the thymidine media from the dishes and wash twice with 3 ml 1x PBS 

each. Add fresh media without thymidine but containing doxycycline (1 µg/ml) 

to release cells from the second thymidine block. 
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XVII. 2 h after release, HMCES-DPC formation can be induced using UVC irradiation 

or POLα inhibition. 

For UVC irradiation, wash all dishes with 3 ml 1x PBS, before adding 2 ml fresh 

1x PBS. Irradiate one dish per cell line in a UVC irradiator with a dose of 50 

J/m2. Following irradiation, remove the 1x PBS and add fresh prewarmed 

doxycycline-free media. Also change the media of the non-treated control 

dishes and let cells recover for 6 h at 37 °C. 

For POLα inhibition, aspirate media from all dishes. Add a minimum of 2.5 ml 

fresh media containing 5 µM CD437 (add 7.5 µl CD437 stock solution (10 mM) 

to 15 ml prewarmed media without thymidine) to one dish per cell line. Add 

media without CD437 to the remaining non-treated control dishes. Incubate for 

1 h at 37°C. 

XVIII. 6 h after UVC irradiation or 1 h after addition of POLα inhibitor, trypsinize one 

untreated control dish per cell line and determine the number of cells using an 

automated cell counter. The number of cells will be required in Part 2, step 5. 

XIX. Place the remaining dishes on ice. Remove the media, wash once with 3 ml 1x 

PBS, add 1 ml ice-cold 1x PBS and quickly scrape cells. Transfer cells to 1.5 

ml plastic tubes and centrifuge at 500 g for 5 min at 4°C in a precooled 

centrifuge. Remove the supernatant. Freeze cell pellets at -80°C. PAUSE 

POINT. Cell pellets can be stored at -80ºC for up to 1 month. 

 

Part 2. DPC isolation by PxP. TIMING 6-7 h 

2| Prepare lysis buffer and keep at 4°C on a roller to allow protease inhibitor tablet 

to dissolve. 



 33 

3| Set a thermoblock to 80ºC and thaw one low-melt agarose aliquot for at least 

10 min. Vortex once to ensure that it is melted entirely and well mixed. 

4| Set a second thermoblock to 45ºC. 

5| Resuspend cell pellets harvested in Part 1 in ice-cold 1x PBS to a concentration 

of 25,000 cells/µl based on the approximate number of cells determined in Part 

1. In the examples described in Part 1, you should have obtained circa 2 million 

cells per condition, which would require resuspension with 80 µl of 1x PBS. 

CRITICAL STEP. Resuspend cells thoroughly by pipetting up and down with a 

20-200 µl pipet. Make sure that no cell clumps remain and that cells are evenly 

distributed. Keep cell suspensions on ice all the time. 

6| Remove a 10 µl aliquot from each cell suspension and transfer to fresh 1.5 ml 

plastic tubes containing 25 µl 4x LDS sample buffer, 10 µl 10x reducing agent 

and 55 µl water. Boil samples, which will be used as input controls, at 99ºC for 

15-20 min. 

7| Once the low-melt agarose solution at 80°C (step 2) is melted completely, 

transfer the tube to the 45°C thermoblock and allow equilibration for 1-2 min. 

8| Place a plug mold and a vortexer next to the 45°C thermoblock. 

9| Each cell suspension is processed individually for steps 9 and 10. Briefly vortex 

cells, transfer to the thermoblock set at 45ºC, and incubate for 45 s for volumes 

less than 100 µl and 60 s for larger volumes. CRITICAL STEP. Mix the liquid 

low-melt agarose solution with the cell suspension in a 1:1 ratio. The final 

agarose concentration is 1%. The low-melt agarose solution is viscous so 

pipette slowly to ensure accurate volumes. Mix cells and low-melt agarose 

solution slowly but thoroughly. Be careful to not introduce bubbles, because it 

is difficult to remove them afterwards. TROUBLESHOOTING. 
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10| Pipette the low-melt agarose/cell mixture into the plug mold until it is filled up 

(approximate volume circa 80-90 µl). CRITICAL STEP. While pipetting the 

mixture into the mold, it is important to prevent the formation of bubbles. 

Therefore, pipette the mixture slowly but steadily on the walls of the mold, 

positioning the pipette tip parallel to the plug mold (Fig. 2a, note that plugs were 

stained with bromophenol blue for better visualization, Video S1). This step 

must be swiftly completed to prevent premature solidification of the low-melt 

agarose. TROUBLESHOOTING. 

11| Once all agarose plugs have been cast, place the mold in a fridge at 4ºC and 

incubate for at least 5 min until the low-melt agarose has completely solidified 

(Fig. 2a). In the meantime, precool one 1.5 ml plastic tube per agarose plug on 

ice. Prepare bigger tubes if plugs will be pooled, see next step. 

TROUBLESHOOTING. 

12| To transfer the agarose plugs to the tubes, remove the adhesive sticker on the 

bottom of the mold. Ensure that it is removed completely, as it tends to rip apart 

easily. Then, push the agarose plugs out of the mold and into the tubes using 

the removable tool that is supplied with the mold (Fig. 2b, Video S2). Push from 

the bottom of the mold (where the sticker was placed). In this step, agarose 

plugs corresponding to the same condition can be pooled in the same tube. 

Choose the size of the tube accordingly: 1.5 ml tube for 1 plug, 2 ml tubes for 2 

plugs, 5 ml tubes for up to 5 plugs. Large numbers of plugs (> 10) can be pooled 

in 50 ml conical tubes. We do not recommend using 15 ml conical tubes 

because it is difficult to retrieve plugs from these tubes. 
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13| Add 1 ml ice-cold lysis buffer per plug to the tubes. Use at least 25 ml lysis 

buffer if using 50 ml conical tubes for lysis. The agarose plugs should have a 

white opaque colour at this step (Fig. 2c).  

14| Place the tubes on a rotating wheel at 4°C. Rotate for 4 h at 25 rpm to lyse cells 

within the agarose plugs. 

15| After 3.5 h, start to prepare a running chamber for the electro-elution step. 

Prepare 300 ml fresh Bolt MOPS SDS running buffer and one Novex 

WedgeWell SDS-PAGE gel (12%, Tris-Glycine, 1.0 mm) per every 10 plugs. Do 

not yet unpack the gel. 

16| After 4 h of lysis, the agarose plugs should be translucent and almost invisible 

in the lysis buffer (Fig. 2c). Place tubes on ice and remove as much lysis buffer 

as possible using a pipette or vacuum pump. CRITICAL STEP. If using a 

vacuum pump, attach a 10 µl tip and remove lysis buffer slowly. Be careful not 

to break or damage the agarose plugs at this step. TROUBLESHOOTING. 

17| Optional nuclease control can be performed at this point (see section nuclease 

control, steps 18-24). Alternatively, continue with step 25.  

 

Nuclease control (optional). TIMING 45 min, handling 15 min 

CRITICAL. While not essential, we recommend including a nuclease control to confirm 

that a signal observed in PxP samples is stemming from DPC formation. Note that for 

this step at least two plugs per condition are required; each plug is placed in a different 

1.5 ml tube. 

18| Carefully aspirate the lysis buffer from each tube and replace with 1 ml cold 

wash buffer. Incubate plugs for 10 min at 4°C on a rotating wheel at 25 rpm. 
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The plugs may turn slightly opaque after the first wash, due to some co-

precipitation of MgCl2 and sarkosyl, but this will not affect the DNA digestion. 

19| Label the tubes with the plugs that will be digested with nuclease. We 

recommend digesting half of the plugs per condition.  

20| Aspirate wash buffer and add 250 µl wash buffer containing 200 U benzonase 

per ml to the samples that will be digested. Add wash buffer without benzonase 

to the remaining plugs. 

21| Incubate all plugs at 37ºC for 30 min with vigorous shaking (500-600 rpm). 

22| Place tubes on ice for 5 min. 

23| Aspirate the buffer from all tubes and keep on ice. 

24| Proceed with step 25 of the protocol. 

 

25| Open the Novex WedgeWell SDS-PAGE gel packaging and place the gel in the 

running chamber. Fill the chamber with Bolt MOPS SDS running buffer 

prepared in Step 15. Once the running buffer has reached all wells, remove 

circa 50% of the buffer from the part of the chamber that contains the wells. 

CRITICAL STEP. The buffer level must be below the wells during loading of the 

plugs, but the wells must also be wetted prior to loading. If the buffer level is too 

high, plugs will float away during loading. TROUBLESHOOTING. 

26| Use plastic tweezers to load the plugs into the wells of the Novex WedgeWell 

SDS-PAGE gel (Fig. 2d, Video S3). We recommend to briefly wet the tweezers 

in Bolt MOPS SDS running buffer before starting. Then try to balance the plug 

on one lever of the tweezers with half of the plug extending past the lever. Once 

the plug touches the wet well, let it slide from the tweezer lever into the well. 
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Gently push the plug with the tip of the tweezers into the well, if necessary. 

TROUBLESHOOTING. 

27| Carefully re-fill the chamber with Bolt MOPS SDS running buffer. CRITICAL 

STEP. Make sure to not disturb the loaded plugs. If buffer is added too 

vigorously, some plugs may float out of the wells. 

28| Connect the power supply and start the electro-elution at constant amperage 

(20 mA per gel) for 60 min. Initial voltage should be between 36-45 V. 

TROUBLESHOOTING. 

29| Once electro-elution is completed, carefully remove the gel from the chamber 

and place it on a paper tissue. Remove residual buffer from the gel by placing 

each corner on a paper tissue and wait for excess buffer to be absorbed. Make 

sure that there is as little buffer remaining as possible before opening the gel 

with a spatula (Video S4). CRITICAL STEP. If buffer is not properly removed, 

plugs may change position during opening of the gels. It is important to make 

sure that each plug stays in position to prevent mixing of the different conditions. 

TROUBLESHOOTING. 

30| Transfer electro-eluted plugs to fresh 1.5 ml plastic tubes using plastic tweezers 

(Fig. 2e, Video S4). At this step, a maximum number of 10 plugs corresponding 

to the same condition can be pooled together (See Experimental design). 

31| If desired, the Novex WedgeWell SDS-PAGE gel used for electro-elution can 

be transferred to a plastic box for staining with a Coomassie-based protein stain 

to confirm successful and homogenous electro-elution of non-crosslinked 

proteins from the plugs (Fig. 3). 

 

Part 3. DPC detection and identification. TIMING 2 h – 2 days  
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32| DPCs isolated by PxP can be characterised using different approaches. We 

have included procedures for SDS-PAGE followed by western blotting or 

fluorescent protein staining and analysis by mass spectrometry. Follow the 

steps in options A or B, respectively. 

 

A SDS-PAGE followed by western blot or fluorescent staining. TIMING 2 days, 

handling 1-3 h 

I. Place plugs for 2-3 min at 99ºC until molten. 

II. Centrifuge at 10,000 g for 30 s at RT.  

III. Molten plugs (ca. 80 µl) can be mixed directly with 40 µl 4x LDS sample buffer 

and 10 µl 10x reducing agent (proceed directly to Step A XV). Alternatively, 

samples can be further concentrated by TCA precipitation (Step A IV-XIV). 

IV. For TCA precipitation, add 80 µl wash buffer containing 200 U benzonase per 

ml to each tube. 

V. Vortex shortly and incubate at 37ºC for 30 min with vigorous shaking (500-600 

rpm). 

VI. Add 1 U agarase per plug and vortex briefly. 

VII. Incubate at 42ºC for additional 30 min before placing samples on ice. If the 

agarase digestion was successful, the samples should not solidify anymore. 

VIII. Add 440 µl deionized water and mix by vortexing. 

IX. Add 100 µl 70% TCA and incubate for 20 min on ice. 

X. Centrifuge at high speed (>20,000 g) for 20 min at 4ºC in a precooled centrifuge. 

XI. Carefully remove supernatant and add 1 ml acetone (precooled to -20ºC).  

XII. Centrifuge again at high speed (>20,000 g) for 20 min at 4ºC. A white pellet 

should be visible at this step. 
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XIII. After removing the supernatant, place tubes with open lids in a fume hood to 

evaporate any remaining acetone, normally 10-20 min are enough. 

XIV. Resuspend each pellet in 50 µl 1x LDS sample buffer with 1x reducing agent 

(12.5 µl 4x LDS sample buffer, 5 µl 10x reducing agent and 22.5 µl deionized 

water). 

XV. Boil at 99ºC for 20 min to revert bonds between DNA and crosslinked proteins. 

TROUBLESHOOTING. 

XVI. Samples containing agarose must be kept warm prior to loading on an SDS-

PAGE gel, we therefore recommend boiling them just before loading the gel. 

After boiling they should stay liquid at RT for at least 15 min. If samples solidify, 

they can be melted again by boiling again at 99ºC for 2 min. 

XVII. Resolve samples using standard SDS-PAGE gel electrophoresis. We suggest 

using ultrapure water for the preparation of running buffers. Given that 

formaldehyde mainly crosslinks small histone proteins, we recommend 

resolving formaldehyde-treated samples in 12% SDS-PAGE gels. To visualize 

larger adducts, DNMT1-DPCs, topoisomerase-DPCs or mVenus-3xFlag-

tagged HMCES-DPCs, we recommend 4-12% gradient SDS-PAGE gels. 

Continue with step XVIII for silver staining, with step XIX for fluorescent staining 

or with step XXVI for analysis by western blotting. 

XVIII. For silver staining, follow the manufacturer’s instructions (SilverQuest Staining 

Kit, Invitrogen, cat. no. LC6070). We have successfully used the basic and the 

fast staining protocol for the detection of DPCs.  

XIX. For fluorescent staining using SYPRO ruby protein gel stain we adapted the 

manufacturer’s protocol. Transfer the SDS-PAGE gel to a plastic box containing 
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enough fixation solution to cover the gel (for the staining box specified in 

Equipment, 20 ml are sufficient). 

XX. Place on a shaker with gentle agitation (20-25 rpm) for 30 min at RT. 

XXI. Remove fixation solution and add sufficient SYPRO ruby protein stain to cover 

the gel. Wrap the box with aluminium foil and incubate overnight with gentle 

agitation at RT. 

XXII. The next morning, remove the SYPRO ruby protein gel stain and cover the gel 

with destaining solution. 

XXIII. Incubate with gentle agitation for 15 min at RT. 

XXIV. Repeat steps XXII-XXIII. 

XXV. Wash gel with ultrapure water for 5 min and proceed with imaging. Place the 

gel in the fluorescent imager and acquire an image using adequate 

emission/excitation settings. If using the ChemiDoc MP Imaging System, use 

the UV transilluminator for excitation and the 605/650nm emission filter. Avoid 

overexposure. 

XXVI. To detect crosslinking of specific proteins by western blotting, transfer proteins 

from the SDS-PAGE gel to a 0.45 µm PVDF membrane that was activated with 

methanol. When using the Bio-Rad Criterion blotting system transfer in 1x 

NuPAGE transfer buffer for 50 min at 100 V for small proteins and 1 h and 10 

min for larger proteins.  

XXVII. Following transfer, block the membrane for 1 h in 5% milk in TBS-T. 

XXVIII. If the antibody is diluted in TBS-T containing BSA, rinse the membrane three 

times with TBS-T to remove excess milk. If the antibody is diluted in TBS-T 

containing milk, remove the blocking solution, and directly add the antibody 

solution. 
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XXIX. Incubate overnight in the cold room in primary antibody diluted in TBS-T 

containing 2.5% BSA or 5% milk (See Reagents). 

XXX. The next day, wash the membrane three times for 10 min with TBS-T. 

XXXI. Add the corresponding secondary antibody diluted in 5% milk in TBS-T and 

incubate for 1 h. 

XXXII. Wash the membrane at least three times for 10 min with TBS-T. 

XXXIII. Incubate the membrane with an ECL substrate and acquire the 

chemiluminescent signal using a western blot imaging system. Avoid 

overexposure. 

 

B DPC identification by mass spectrometry. TIMING variable, handling 2-6 h 

I. To prepare agarose plugs for mass spectrometry analysis, add 1 ml fixation 

solution to each plug and incubate on a rotating wheel for 1 h at 4°C at 25 rpm. 

II. Aspirate the fixation solution. 

III. Add 1 ml 100 mM ammonium bicarbonate buffer to each tube. Incubate plugs 

for additional 10 min on a rotating wheel at 4°C at 25 rpm. 

IV. Remove buffer and repeat step III. 

V. Aspirate the buffer. PAUSE POINT. Samples can be stored at 4°C overnight. 

VI. Cut the plugs in smaller pieces (at least two) using clean scalpels on a sterile 

dish and transfer to fresh tubes. Use different scalpels and dishes for plugs of 

different conditions. 

VII. Submit the cut agarose plugs to a mass spectrometry facility, which can process 

them with standard protocols for in-gel tryptic digestion49. 

VIII. Proceed with analysis of mass spectrometry data. The mass spectrometry 

facility will typically provide you with a spreadsheet containing information on 
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peptide identity and the respective intensities. Alternatively, proteins can be 

identified from raw mass spectrometry spectra using proteomics software such 

as MaxQuant. Several freely available programs can be used for statistical 

analysis of mass spectrometry data. We describe a workflow using R studio 

and the limma package. However, other programs, which are freely available, 

can also be considered (e.g. Perseus or DEP R package). 

IX. Import the results into RStudio. 

X. Remove reverse identified proteins and contaminants. 

XI. Log2 transform the intensities. 

XII. Remove proteins that were not identified in at least 75% of the replicates of at 

least one condition. Depending on the number of biological replicates and the 

desired stringency of the analysis, different requirements can be chosen. 

XIII. Normalize the intensities between the biological replicates. We use the R 

package preprocessCore to perform quantile normalization. 

XIV. Potentially remaining missing values have to be imputed at this stage. Here, we 

use the MinDet imputation method to impute values that are missing due to low 

protein abundance. Depending on the nature of missing values, different 

imputation methods should be considered. The R package MSnbase offers 

several imputation algorithms for randomly and non-randomly (left censored) 

missing data. It also allows for a hybrid method where data is both missing at 

random and not at random depending on user defined classification.  

XV. Enrichment and statistical significance are calculated using the limma functions 

lmFit, eBayes and topTable based on a user defined design and contrast matrix 

that specify conditions and comparisons for all conditions that should be tested. 

As a default, we define comparisons for all possible combinations of conditions. 
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To adjust for multiple comparison, the false discovery rate is calculated from the 

t-statistic using the fdrtool function of the R package fdrtool. The FDR can be 

calculated from either the t-statistic or the p-value returned by limma. 

XVI. Visualize data in R using dedicated graphics packages such as ggplot2. 

Alternatively, the results can be exported as a text file and further analysed 

using specialized software such as GraphPad Prism. The results can be 

visualized as a volcano plot, by plotting the log2 fold-change against the FDR.  

 

Troubleshooting 

Troubleshooting advice can be found in Table 2. 

 

Table 2. Troubleshooting 

STEP PROBLEM POSSIBLE REASON SOLUTION 

Reagent 

set-up 

Clumps in low-melt 

agarose solution. 

Low-melt agarose has 

not dissolved well. 

When preparing the low-

melt agarose stock 

solution, boil it carefully 

until all clumps are 

dissolved. Re-add 1x 

PBS if needed and keep 

concentration at 2%. 

9 Cells are not 

evenly distributed 

in agarose plugs. 

The cell suspension has 

not reached the correct 

temperature before 

mixing with the low-melt 

agarose solution, 

Allow enough time for 

warming up cell 

suspension before 

mixing with low-melt 

agarose solution. Mix 
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resulting in pre-mature 

solidification of the 

agarose. Alternatively, 

cell suspension and low-

melt agarose solution 

were not mixed 

thoroughly, or cell pellets 

were not well 

resuspended. 

cell suspension by 

pipetting just before 

placing it in the 

thermoblock. 

10 Plugs contain 

bubbles. 

The agarose/cell mixture 

was mixed too strong, 

introducing bubbles, 

which were transferred 

to the plug mold. 

Alternatively, bubbles 

were formed while filling 

up the plug mold with the 

agarose/cell mixture. 

Mix low-melt agarose 

solution with cell 

suspension carefully 

and slowly fill up plug 

molds or use reverse 

pipetting. Bubbles in the 

mold can be removed by 

taking the air out of the 

bubble with a 10 µl 

pipette tip. 

11 Plugs are too soft 

to transfer. 

The volume of low-melt 

agarose solution was 

lower than the volume of 

cell suspension when 

mixed or the time for 

solidification in the fridge 

Make sure that all liquid 

was removed from cell 

pellets before freezing. 

Increase incubation in 

the fridge. If the problem 
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was not long enough. 

Alternatively, agarose 

stock has the wrong 

concentration. 

persists, prepare a new 

agarose stock solution. 

16 Plugs remain 

opaque after lysis 

The number of cells per 

plug is too high.  

Do not exceed one 

million cells per plug. If 

you require more 

sample for downstream 

analyses, cast multiple 

plugs per condition. 

25-26 Plugs cannot be 

loaded in the 

Novex WedgeWell 

SDS-PAGE gel 

wells. 

The plugs are not cold 

enough for loading or the 

buffer is covering the 

wells during loading. 

Keep plugs on ice for at 

least 5 min prior to 

loading. Make sure that 

the buffer level is below 

the wells during loading.  

28 Voltage is too high 

or too low. 

Wrong amperage or one 

of the chambers or gels 

is not running properly. 

Make sure every gel is 

covered by sufficient 

amounts of buffer. Also 

check that the chamber 

lid and gel are 

assembled and 

connected correctly. 

Recheck that the 

amperage is set to 20 
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mA per gel (constant 

amperage). 

29 Plugs do not stay in 

position when 

opening the gel.  

There was remaining 

buffer left before opening 

the gel. 

Use video S4 as a 

reference and try to 

remove as much buffer 

as possible before 

opening the gel. 

32A XV Sample is viscous 

after boiling. 

The sample was not 

boiled long enough. 

Boil for an additional 10-

15 min or until the 

sample is not viscous 

anymore. 

 

Timing   

 

Part 1. Cell seeding and treatment: 2-3 days (depending on the chosen 

treatment) 

A. DPC induction using formaldehyde: 2 days, handling 2-3 h 

B. Etoposide treatment to induce TOP2-DPCs: 2 days, handling 2-3 h 

C. 5-azadC treatment to induce DNMT1-DPCs and monitor their repair: 3 days, 

handling 3-4 h 

D. UVC irradiation or POLα-inhibition to induce HMCES-DPCs: 3 days, handling 3-4 

h 

 

Part 2. Sample processing: 6-7 h 

Nuclease control (optional): 45 min, handling 15 min 
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Part 3. Downstream analysis: 2 h - 2 days (depending on the chosen analysis) 

A. Western blot or fluorescent staining. TIMING 2 days, handling 1-3 h 

B. Analysis by mass spectrometry. TIMING variable, handling 2-6 h 

 

[H1] Anticipated results 

 

[H2] Electro-elution of agarose plugs (Step 31)  

The successful electro-elution of agarose plugs prepared from formaldehyde-treated 

cells can be monitored by staining the gel used for electro-elution with a Coomassie-

based protein stain (Step 31, Fig. 3). This gel can also be used to monitor the success 

of the nuclease control, which should cause a depletion of the Coomassie-stained 

signal in the gel pocket (Fig. 3, red dots). 

 

[H2] Analysis of DPCs by SDS-PAGE followed by western blot or fluorescent 

staining (Step 32A)   

[H3] DPC induction using formaldehyde (Step 1A) 

PxP samples obtained from formaldehyde-treated cells should display distinct bands 

around the 15 kDa marker when analysed by SDS-PAGE followed by fluorescent 

staining with SYPRO ruby protein stain (Fig. 4a, red dots). These bands correspond 

to crosslinked histone proteins and are sensitive to the nuclease control treatment prior 

to electro-elution, indicating that they are bona fide DPCs. Alternatively, silver staining 

can be used to visualize formaldehyde-induced DPCs, but we find that staining with 

SYPRO ruby protein stain results in comparable sensitivity while being less laborious. 

The formation of histone-DPCs can also be visualized by western blotting, using for 
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example an anti-histone H3 antibody (Fig. 4b), which should reveal a specific signal 

for histone H3-DPCs in PxP samples from formaldehyde-treated cells, which is absent 

in nuclease control samples. 

If more cells per plug are used than the 1 million recommended in this protocol, 

increased DPC signals can be observed (Fig. 5a-b). However, increasing the number 

of cells can also lead to the accumulation of non-crosslinked proteins as evident from 

the accumulation of actin in PxP samples (Fig. 5b). The precise number of cells at 

which unspecific accumulation of proteins starts to occur is cell line specific and must 

thus be experimentally determined. When using 1 million cells per plug, we have not 

observed unspecific signals in any cell line tested. 

In the original version of the PxP procedure28, PxP samples were digested with 

benzonase and filtered through nitrocellulose columns to remove DNA and residual 

agarose, respectively,  before analysis by SDS-PAGE. However, both steps turned out 

to be unnecessary with filtration even strongly reducing PxP signals (Extended Data 

Fig. 1a-b). Therefore, we have omitted these steps in this protocol. 

 

[H3] Etoposide treatment to induce TOP2-DPCs (Step 1B) 

The induction of etoposide-induced TOP2 DPCs can be observed in dose-dependent 

manner in PxP samples (Fig. 6a). No TOP2 signal is observed in PxP samples 

obtained from non-treated control cells. Notably, partial depletion of TOP2 can be 

observed in input samples, which can serve as a positive control for etoposide 

treatment. 

 

[H3] 5-azadC treatment to induce DNMT1-DPCs and monitor their repair (Step 1C) 
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DNMT1-DPCs can be detected in PxP samples obtained from S-phase synchronized 

cells after a 30-minutes treatment with 5-azadC by western blotting against 

endogenous DNMT1. When cells are let to recover in drug-free media for one, two or 

three hours after 5-azadC exposure, a gradual decrease of the DNMT1-DPC signal 

can be observed in PxP samples. The stringency of DPC extraction by PxP is apparent 

when compared to chromatin fractionation50, where histone H3, as well as DNMT1 

signals can be detected in all conditions, including non-treated (Fig. 6b). 

 

[H3] UVC irradiation/POLα-inhibition to induce HMCES-DPCs (Step 1D) 

Six hours after UVC irradiation, HMCES-DPCs can be readily detected in S-phase 

synchronized cells expressing tagged HMCES-WT by western botting against the tag 

or HMCES itself (Fig. 7a). In the latter case, DPCs formed by endogenous HMCES 

are visible as well (Fig. 7a). In contrast, DPC formation is not observed in cells 

expressing a HMCES variant in which the catalytic cysteine residue has been replaced 

by serine (C2S) (Fig. 7a). Similarly, crosslinking HMCES-WT can be observed upon 

treatment of cells with the POLα inhibitor CD437 (Fig. 7b). Once the inhibitor is 

removed, the crosslinks are resolved rapidly (Fig. 7b), likely related to the autocatalytic 

reversal of HMCES-DPCs41,51.  

 

[H2] Analysis of DPCs by mass spectrometry (Step 32B)   

To identify endogenous DPCs, compare proteins identified in PxP samples from non-

treated cells with the respective nuclease control samples (Fig. 8a). DPCs are 

expected to be depleted in the nuclease control samples. To identify drug-induced 

DPCs, compare the treated condition to the non-treated condition and the treated 

condition to the respective nuclease control (Fig. 8b). Only if a protein is significantly 
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enriched in a treated condition over the respective nuclease control it should be 

considered a DPC. Typically, proteins with a log2 fold-change larger than 1 and an 

FDR smaller than 0.05 can be considered significantly different between conditions.  

 

 

Figure legends 

Fig. 1 Schematic illustration of the PxP workflow. 

Overview of the PxP method. First, cells are mixed with low-melt agarose and casted 

in plugs using plug molds. The agarose plugs are then lysed in a denaturing buffer 

containing sarkosyl to disrupt the cell membrane and denature cellular proteins. After 

lysis, agarose plugs are transferred to the wells of an SDS-PAGE gel for electro-

elution. During electro-elution, all soluble proteins elute into the SDS-PAGE gel, while 

genomic DNA and crosslinked proteins are retained in the plug. Finally, plugs are 

retrieved and DPCs can be identified using standard SDS-PAGE assays (protein 

staining, western blot) or mass spectrometry-based proteomics (LC-MS/MS). 

 

Fig. 2. Critical steps of the PxP protocol. Photographs presenting correct handling 

of plugs during the most critical steps of the PxP protocol. For better visualization 

agarose plugs were stained with blue bromophenol dye in a-b and d-e. Corresponding 

steps of the protocol are indicated below each photograph. a, Casting of agarose 

plugs, by pipetting agarose/cell mixture into plug molds (left) and finished plugs in the 

molds (right). b, Transfer of solidified agarose plugs from plug molds to plastic tubes 

filled with lysis buffer. c, Agarose plugs with white opaque colour before lysis (left) and 

transparent plugs after successful lysis (right). The left photograph shows agarose 

plugs in plastic tubes with lysis buffer; red rectangles highlight the plugs. In the right 
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photograph agarose plugs were placed on a dark background for better visualization. 

d, Loading of agarose plugs into the wells of a Novex WedgeWell SDS-PAGE gel for 

electro-elution. Agarose plugs are transferred with tweezers to the Novex WedgeWell 

SDS-PAGE gel in an electrophoresis chamber. e, Retrieval of agarose plugs after 

electro-elution. The agarose plugs are transferred with tweezers from the opened 

Novex WedgeWell SDS-PAGE gel to fresh plastic tubes. 

 

Fig. 3. Anticipated results: Electro-elution of agarose plugs. DPCs were isolated 

by PxP from HAP1 cells treated with 1 mM formaldehyde (FA) for 1 h, including a 

nuclease control step. The gel used for electro-elution was stained with a Coomassie-

based protein stain, showing eluted non-crosslinked proteins. Red dots highlight signal 

depletion in nuclease control samples.  

 

Fig. 4. Anticipated results: DPC induction using formaldehyde. a-b, DPCs were 

isolated by PxP from HAP1 cells treated with 1 mM formaldehyde (FA) for 1 h, 

including a nuclease control step. PxP samples were resolved in a 12% SDS-PAGE 

gel and stained with SYPRO ruby protein stain (a). In parallel, PxP and input samples 

were analysed by western blotting using the indicated antibodies (b).  

 

Fig. 5. Anticipated results: Effect of the number of cells per plug on specific and 

unspecific signals in PxP experiments. a-b, DPCs were isolated by PxP from HeLa 

T-REx Flp-In cells treated with 2 mM formaldehyde (FA) for 1 h with increasing 

numbers of cells embedded per plug. The gel used for electro-elution was stained with 

a Coomassie-based protein stain, showing eluted non-crosslinked proteins (a). PxP 
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samples were resolved in a 4-12% SDS-PAGE gel and were analysed by western 

blotting using the indicated antibodies (b). 

 

Fig. 6. Anticipated results: Induction of TOP2- and DNMT1-DPCs. a, DPCs were 

isolated by PxP from HAP1 cells treated with the indicated concentrations of etoposide 

(ETO) for 1 h. PxP and input samples were analysed by western blotting using the 

indicated antibodies. b, Analysis of DNMT1-DPC repair by chromatin fractionation and 

PxP-WB in HeLa T-REx Flp-In cells treated as in Step 1C. Cells were synchronized 

via a double-thymidine block, released for 3 h into early/mid S-phase, and treated with 

10 µM 5-azadC for 30 min and directly harvested after 5-azadC exposure or after an 

additional incubation in drug-free media for 1, 2 or 3 h, as indicated. Samples were 

analysed by western blotting using the indicated antibodies. 

 

Fig. 7. Anticipated results: Induction of HMCES-DPCs. a, HeLa T-REx Flp-In cells 

expressing doxycycline-inducible HMCES-mVenus-3xFlag variants (WT or a 

catalytically compromised C2S variant) were synchronized via a double-thymidine 

block and released for 2 h into early/mid S-phase, before irradiation with UVC (50 

J/m²). 6 h after irradiation, DPCs were isolated by PxP. PxP samples were analysed 

by western blotting using the indicated antibodies. b, HeLa T-REx Flp-In cells 

expressing doxycycline-inducible HMCES-WT-mVenus-3xFlag were synchronized via 

a double-thymidine block and released for 2 h into early/mid S-phase, before 

incubation for 1 h with 5 µM the polymerase α inhibitor CD437. Cells were directly 

harvested or after the indicated chase (1 or 2 h) in drug-free media. Cells were 

subjected to PxP and samples were analysed by western blotting using the indicated 

antibodies. 
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Fig. 8. Anticipated results: Analysis of DPCs by mass spectrometry. 

a-b, Volcano plots depicting log2 fold changes (logFC) plotted against the FDR (-

log10) of proteins isolated by PxP from HeLa cells, comparing either non-treated 

control cells (NT) (a) or cells treated with 2 mM formaldehyde (FA) for 1 h (b) with the 

respective nuclease control. PxP samples were subjected to in-plug tryptic digestion 

and label-free quantitative mass spectrometry (MS). Six biological replicates were 

used per condition. Reanalysis of data from ref28.  

 

Extended Data Fig. 1. Comparison of different methods for DPC retrieval from 

agarose plugs following electro-elution. a-b, DPCs were isolated by PxP from 

HeLa T-REx Flp-In cells treated with 2 mM formaldehyde (FA) for 1 h. To retrieve 

crosslinked proteins from agarose plugs different methods were used. Plugs were 

either dissolved by melting only or in combination with enzymatic DNA removal. 

Additionally, samples were passed through a column as in the original PxP protocol28, 

as indicated. Finally, all PxP samples were resolved in a 4-12% SDS-PAGE gel and 

were analysed by western blotting using the indicated antibodies (a) or resolved in a 

12% SDS-PAGE gel and stained with SYPRO ruby protein stain (b). 

 

Table S1. Imputed intensities for MS volcano plots shown Fig. 8. Log2 normalized 

and imputed intensities of proteins isolated using PxP from non-treated (NT) cells or 

cells treated with formaldehyde (FA) and corresponding nuclease controls (NuclCtrl). 

Six biological replicates were used per condition. Reanalysis of data from ref28.  

 

Table S2. Limma test results for MS volcano plots shown in Fig. 8. Statistical test 

results of fold changes of proteins isolated by PxP from non-treated (NT) cells or cells 
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treated with formaldehyde (FA) as returned by limma. Six biological replicates were 

used per condition. Reanalysis of data from ref28. 

 

Video S1. Casting of agarose plugs using plug molds. See protocol step 10. 

 

Video S2. Transferring agarose plugs from plug molds to lysis buffer. See 

protocol step 12. 

 

Video S3. Loading agarose plugs for electro-elution. See protocol step 26. 

 

Video S4. Retrieving agarose plugs after electro-elution. See protocol step 29-30.  
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