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ABSTRACT 

DNA is a naturally fragile molecule that is intrinsically susceptible to damage. A huge variety 

of endogenous and exogenous insults can challenge DNA integrity; therefore, specialized 

DNA repair pathways operate in cells to ensure genome stability. DNA-protein crosslinks 

(DPCs) are particularly toxic DNA lesions that, due to their bulky nature, can interfere with 

every chromatin process such as replication and transcription. In the last decade, a 

multitude of general and dedicated mechanisms have been identified to be involved in DPC 

resolution. It has been shown that when a DPC blocks replication, proteolytic degradation 

of the crosslinked protein is required to allow fork resumption. DPCs can also hamper 

RNAPII progression, however how cells respond to DPCs-dependent transcription blockage 

is unknown.  

In this study we uncovered that DPCs induced by formaldehyde (FA) shut down 

transcription and induce degradation of RNA polymerase II (RNAPII). DPC induction by FA 

treatment triggers the recruitment of the upstream transcription-coupled NER (TC-NER) 

factors CSB and CSA to stalled RNAPII. Accordingly, CSB and CSA provide resistance 

towards DPCs-inducing agents and their loss impairs efficient transcription recovery after 

FA treatment. Conversely, TC-NER factors acting downstream of CSB and CSA are not 

required for transcription resumption upon FA treatment. In addition, genetic data suggest 

that CSB promotes DPC tolerance in parallel to and independently of already known DPC 

repair factors.  

Lastly, using our newly established DPC-sequencing (DPC-seq) assay for the genome-wide 

mapping of DPCs, we discovered that CSB specifically promotes DPC repair in actively 

transcribed genes. Therefore, this study provides the first evidence for the existence of a 

CSB-dependent specialized transcription-coupled DPC repair pathway.  
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1 INTRODUCTION 

1.1  DNA damage and repair 

Uncovering the nature of the genetic information has been object of interest for many years. 

In 1944 Avery, MacLeod and McCarty demonstrated that our hereditary material is 

deoxyribonucleic acid (DNA); in 1953 Watson and Crick published the DNA structure, finally 

revealing “the secret of life” (Avery et al., 1944; Watson and Crick, 1953). The backbone of 

a DNA molecule is an alternance of repetitive units (nucleotides) made up of sugar 

(deoxyribose), phosphate groups and one of four possible nitrogenous bases: adenine (A), 

thymine (T), cytosine (C) and guanine (G). Two complementary strands of DNA are coiled 

and connected by hydrogen bonds among bases to form a double helix (Watson and Crick, 

1953). 

DNA is constantly exposed to endogenous and exogenous insults that can modify its 

structure and generate mutations. A low amount of DNA alterations sustains evolution, 

however, infidelity in transmitting the genetic information during cell division can 

dramatically impact human health (Chatterjee and Walker, 2017). To protect DNA from 

damages and ensure genomic stability, cells have evolved a plethora of sensing and repair 

mechanisms that are object of current investigations (Jackson and Bartek, 2009). 

 

1.1.1 Endogenous sources of DNA damage 

DNA is an intrinsically fragile molecule, and, therefore, it is susceptible to damage. In first 

instance, DNA molecule can undergo a spontaneous decomposition process (Lindahl, 

1993). Alternatively, sequence changes can originate from errors and misincorporations 

during replication. Lastly, a multitude of endogenous agents can attack the DNA structure 

(Chatterjee and Walker, 2017). 

Base modification is a significant source of endogenous mutagenesis. Adenine, guanine, 

cytosine and 5-methylcytosine can lose their amino group by deamination that generates 

hypoxanthine, xanthine, uracil and thymine, respectively (Lindahl, 1993). These events can 

arise spontaneously and occur more frequently in single-stranded (ss) than double-stranded 

(ds) DNA; therefore they usually happen during active replication or transcription (Yonekura 

et al., 2009). The enzyme uracil DNA glycosylase (UDG) immediately excises the uracil 

derived from cytosine deamination, but it does not recognize the thymine produced by 5-

methylcytosine deamination that is, in turn, slowly removed by the thymine DNA glycosylase 

(TDG) (Lindahl, 1979). As a consequence, CG→TA transitions are quite frequent mutations, 

despite the relative low abundance of 5-methylcytosine (Breiling and Lyko, 2015). Abasic 

sites, also referred to as apurinic/apyrimidinic (AP) sites, are caused by breaks of the N-
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glycosidic bonds of DNA (Lindahl, 1993). Both depurination (adenine/guanine removal) and 

depyrimidination (thymine/cytosine removal) can be generated by spontaneous hydrolysis 

or by DNA glycosylase-dependent base excision (Chen et al., 2019). AP sites are instable 

and therefore they can spontaneously convert into strand breaks, that are highly toxic for 

the cell (Loeb and Preston, 1986).  

Cellular metabolism generates a multitude of reactive products (Lindahl, 1993). Reactive 

oxygen species (ROS) such as hydroxyl radical (•OH), hydrogen peroxide (H2O2), and 

superoxide radical (O2
•−) are significant sources of endogenous DNA damage, even though 

their limited production appears to be beneficial for cell homeostasis and immune response 

(Schieber and Chandel, 2014). Therefore, ROS radicals can attack both the DNA backbone 

and bases, generating single or double strand breaks (SSBs or DSBs) and base 

modifications, respectively (Dizdaroglu et al., 2002; Sharma et al., 2016). The reaction of 

hydroxyl radicals (•OH) with a guanine generates 8-oxoguanine (8-oxoG), which is the most 

frequent oxidative DNA lesion. 8-oxoG preferentially pairs with an adenine, instead of a 

cytosine, thus, the presence of this modified base, if not repaired, can introduce a point 

mutation (GC→TA). Inefficient repair of oxidated bases can further predispose to SSBs and 

DSBs (Cooke et al., 2003). 

Endogenously produced aldehydes can also react with DNA and generate a variety of 

adducts (Vijayraghavan and Saini, 2023). Formaldehyde (FA) is produced through several 

physiological enzymatic processes, such as demethylation reactions or methanol 

metabolism (Shi et al., 2004; Walport et al., 2012). FA can react with guanine, adenine and 

cytosine to form hydroxymethyl adducts, causing the introduction of a point mutation during 

replication (Kawanishi et al., 2014). Additionally, FA can react with the amino groups of two 

adjacent DNA bases to form inter-strand crosslinks (ICLs), or it can covalently trap proteins 

on DNA, generating DNA-protein crosslinks (DPCs) (Heck et al., 1990; Huang and Hopkins, 

1993). Analogously to FA, also acetaldehyde, that is mainly produced through ethanol 

oxidation by alcohol dehydrogenase (ADH) reaction, can introduce ICLs and DPCs (Brooks 

and Zakhari, 2014). In order to prevent toxicity, aldehydes are processed by specialized 

clearance machineries (Dingler et al., 2020). For instance, FA is continuously detoxified 

from the body by the highly conserved ADH5, a cytosolic enzyme that oxidizes the 

spontaneously formed glutathione (GSH) conjugate of FA (S-(hydroxymethyl)glutathione) 

to formate (Pontel et al., 2015). Similarly, acetaldehyde is converted to acetate by the 

mitochondrial aldehyde dehydrogenase (ALDH) 2, before it is activated to Acetyl-CoA and 

enters the Krebs cycle (Jacobson and Bernofsky, 1974). Deficiency of ALDH2 enzyme 

caused by a dominant-negative mutation in the ALDH2 gene (ALDH2*2) results in 
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acetaldehyde accumulation and it is responsible for a red flushing reaction upon alcohol 

consumption (Harada et al., 1981). 

Endogenous alkylating agents, that can transfer alkyl groups on the DNA, give raise to a 

variety of lesions. A typical methyl donor is S-adenosylmethionine (SAM), that can react 

with DNA to generate several N- or O-adducts, such as N7-methylguanine, N3-

methyladenine and O6-methylguanine (Soll et al., 2017). N7-methylguanine can 

spontaneously depurinate, thereby generating a toxic AP site (Gentil et al., 1992). By 

contrast, N3-methyladenine can block replication, requiring the intervention of error-prone 

translesion synthesis (TLS) polymerases, thus increasing the risk of base substitutions 

(Johnson et al., 2007). The presence of O6-methylguanine predisposes to point mutations, 

since the DNA polymerase can insert on the complementary strand either a cytosine and 

thymine with similar efficiency (Warren et al., 2006). 

Lastly, DNA replication is itself an important source of DNA alterations (Ide et al., 1993). To 

ensure the correct propagation of genetic information, high-fidelity replicative DNA 

polymerases bear proof-reading activity, that allows the immediate detection and removal 

of misincorporated nucleotides (Derbyshire et al., 1995; Bebenek and Kunkel, 2004; Reha-

Krantz, 2010). Despite this, a few nucleotide substitutions can escape this quality control 

and be retained in the newly synthesized DNA molecule. If not accurately detected and 

repaired, these changes can generate deleterious point mutations throughout the genome 

(Hsieh and Yamane, 2008). 

 

1.1.2 Exogenous sources of DNA damage 

Together with endogenously produced metabolites, several exogenous physical and 

chemical agents can attack DNA. The most significant sources of damage are ionizing 

radiation (IR) and ultraviolet (UV) radiation, but also chemicals, environmental pollutants, 

toxins and chemotherapeutic agents. 

The definition of IR comprises α, β, γ, neutrons and X-rays that are present in our 

environment and that originate from diverse sources (Chatterjee and Walker, 2017). IR can 

attack one or both DNA strands to generate SSBs or DSBs, which are extremely toxic for 

the cells (Hutchinson, 1985; Lliakis, 1991). Alternatively, in the presence of water, IR 

produces •OH radicals, that can react with DNA to generate mutagenic 8-oxoG modified 

bases (Ward, 1988; Desouky et al., 2015). Furthermore, IR can induce DPC formation, 

through a mechanism that has not been fully elucidated yet (Fornace and Little, 1977; Ward, 

1994; Nakano et al., 2017). 
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According to its wavelength, UV radiation is categorized in three groups: UVA (320-400 

nm), UVB (290-320 nm) and UVC (190-290 nm). Sunlight, to which most of the living beings 

are constantly exposed, contains UVA and UVB, while most of UVC is filtered by the ozone 

layer. UVC is widely used in laboratory investigations because it has a higher absorption 

power, compared to UVA and UVB; however UVA and UVB can also attack and damage 

DNA (Kiefer, 2007). The energy of UV radiation can be absorbed by DNA, that, once 

excited, undergoes photochemical alterations (Davies, 1995). The two main DNA lesions 

induced by exposure to UV are cyclobutane pyrimidine dimers (CPDs) and 6-4 pyrimidine-

pyrimidone photoproducts (6-4PPs). In CPDs, a cyclobutane ring covalently links the two 

adjacent pyrimidines, whereas in 6-4PPs, the C6 position of one pyrimidine is covalently 

linked to the C4 position of the adjacent pyrimidine; as a result, photolesions interfere with 

hydrogen bonding and disrupt normal base-paring (Mitchell et al., 1991; Rochette et al., 

2003; Kiefer, 2007). UV radiation can also indirectly damage DNA. Therefore, UV radiation 

can be absorbed by excitable molecules in the vicinity of DNA, thus increasing ROS radicals 

generation and subsequent 8-oxoG formation (Brem et al., 2017). Additionally, UV radiation 

has been shown to produce other DNA lesions, such as ICLs, DPCs, SSBs and DSBs, 

revealing the complexity of its interaction with biological molecules (Peak and Peak, 1986; 

Kiefer, 2007; Gueranger et al., 2011; Yu and Lee, 2017). 

Chemical agents present in the environment can damage DNA through very diverse 

mechanisms. Alkylating agents are toxic compounds present in water, food, tobacco smoke, 

in fuel and industrial emissions. Among others, the compound diepoxybutane (DEB), a 

chemical pollutant present in cigarette smoke, has been shown to generate DPCs 

(Gherezghiher et al., 2013). In addition, thanks to their significant cytotoxicity, some 

alkylating compounds, such as nitrogen mustards or platinum-derived compounds 

(cisplatin), are used as chemotherapeutic agents (Eastman, 1987; Cohen and Lippard, 

2001; Emadi, 2009; Fu et al., 2012; Dasari and Tchounwou, 2014). 

The ones presented above are only few examples, since the variety of exogenous 

compounds that can alter the structure of DNA is huge (Chatterjee and Walker, 2017). In 

conclusion, it is important to mention that some endogenous metabolic products, such as 

aldehydes, are also present in substantial amount in the environment. For example, FA is 

released as combustion by-product in industrial processes, but it is also present in cigarette 

smoke and cosmetic products, representing a significant risk for human health (Swenberg 

et al., 2013). 
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1.1.3 DNA repair pathways 

In order to preserve our genomic material, cells possess specialized mechanisms to detect 

and repair DNA lesions. The DNA damage response (DDR) involves a network of 

surveillance-signalling pathways that maintain genome integrity (Jackson and Bartek, 

2009). DNA repair pathways are briefly described in this section (Figure 1). 

 
Figure 1. Schematic of DNA damage and repair pathways. Several agents can alter DNA 
sequence and structure, causing deleterious damages whose removal requires the intervention of 
specialized DNA repair systems. Replication inaccuracies can cause erroneous misincorporations 
and subsequent base mismatches. Resolution of these lesions requires the intervention of mismatch 
repair (MMR). Base modifications can occur either spontaneously, such as deamination, 
depurination, depyrimidination, either due to the attack of endogenous or exogenous agents. ROS 
and alkylating agents can introduce a variety of base modifications that are removed by specific 
enzymes (direct reversal repair) or by base excision repair (BER). Aldehydes, such as FA, can also 
react with DNA and give rise to complex lesions, such as ICLs, that are mainly repaired by Fanconi 
anemia pathway. FA, together with the anti-tumour agents camptothecin (CPT) and etoposide, also 
cause DPCs, whose resolution can involve several specialized and general mechanisms, comprising 
hydrolysis, proteolysis (DPC-PR), and nuclease-dependent removal, such as nucleotide excision 
repair (NER) and homologous recombination (HR). IR and UV radiations usually introduce SSBs or 
DSBs in the DNA helix, requiring the intervention of the error-free HR or the error-prone non-
homologous end joining (NHEJ) repair pathways. Lastly, UV irradiation and a broad variety of 
chemical compounds generate bulky adducts, resolved by NER. Figure adapted from Vaz et al., 
2017. 
 
 

1.1.3.1 Direct reversal repair 

DNA damage caused by oxidation, alkylation or UV radiation can be immediately resolved 

by the intervention of specific enzymes that directly reverse the lesion (Yi and He, 2013). 

Repair of O-alkylated DNA bases requires alkyltransferases and dioxygenases, while 
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removal of N-alkylated adducts is operated by AlkB family dioxygenases (Fu et al., 2012). 

O6-methylguanine-DNA methyltransferase (MGMT) repairs O6-methylguanine via transfer 

of the methyl group to a cysteine of its active site (Sedgwick et al., 2007). The demethylase 

AlkB homolog (ALKBH) catalyses direct reversal of certain N1-methyladenine and N3-

methylcytosine through an oxidative dealkylation reaction (Duncan et al., 2002). Alkylated 

bases that cannot be directly reversed require the intervention of excision repair pathways. 

UV-induced DNA lesions can also be reversed by photolyases, specialized proteins that are 

able to revert CPDs and 6-4PPs (Okafuji et al., 2010). However, this system in not present 

in humans, where the removal of these bulky lesion particularly relies of nucleotide excision 

repair (NER). 

 

1.1.3.2 Mismatch repair (MMR) 

Mismatch repair (MMR) is a post-replicative DNA repair pathway involved in the detection 

and correction of base mismatches, rather than DNA lesions. Indeed, as described above, 

nucleotide misincorporation or small insertions and deletions can accidentally occur during 

replication and, if not immediately corrected, they can introduce point mutations (Pećina-

Šlaus et al., 2020). This pathway contributes significantly to preserve genome stability. 

Indeed, mutations in MMR genes are causative for an hereditary cancer predisposition 

syndrome, known as Lynch syndrome or hereditary nonpolyposis colorectal cancer 

(HNPCC) (Fishel and Kolodner, 1995). In humans, mismatches, insertion and deletions are 

recognized by the MutSα heterodimer (MSH2/MSH6) or by MutSβ heterodimer 

(MSH2/MSH3). How these complexes are able to sense mismatches and initiate MMR has 

not been fully clarified yet, even though recent studies suggest that chromatin modifications 

might play a role (Li et al., 2013). Next, MutLα (MLH1/PMS2) is recruited together with 

proliferating cell nuclear antigen (PCNA) and replication factor C (RFC) to form a tetrameric 

slide clamp structure with MutSα/β. This activates the endonuclease activity of PMS2, that 

is able to generate a SSB near the mismatch (Kadyrova and Kadyrov, 2016). The presence 

of a cut in the DNA strand allows the exonuclease 1 (EXO1) to digest DNA in 5’-3’ direction 

and remove the mismatched nucleotide (Genschel and Modrich, 2003). To terminate the 

reaction, DNA polymerase δ (Pol δ) resynthesizes the DNA and DNA ligase 1 (LIG1) closes 

the nick (Figure 2) (Prindle and Loeb, 2012; Pećina-Šlaus et al., 2020). 
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Figure 2. DNA mismatch repair. DNA mismatches are detected by MutSα (heterodimer 

MSH2/MSH6) or MutSβ (heterodimer MSH2/MSH3). Next, MutLα (heterodimer MLH1/PMS2), PCNA 

and RFC are recruited to the lesion site. The correct positioning of these factors activates the 

endonuclease activity of PMS2 that, generating a SSB near the mismatch, allows EXO1-dependent 

removal of the wrong nucleotide. Finally, Pol δ resynthesizes the DNA and LIG1 closes the nick, 

allowing the restoration of DNA sequence. Figure from Pećina-Šlaus et al., 2020. 
 
 

1.1.3.3 Base excision repair (BER) 

Base excision repair (BER) is a versatile repair mechanism involved in the removal of bases 

modified by deamination, hydrolysis, oxidation and alkylation. These lesions do not 

dramatically impact the structure of the DNA helix, therefore, their detection and elimination 

require the intervention of specific DNA glycosylases (Huffman et al., 2005). These 

enzymes cleave the N-glycosidic bond, removing the modified base and thus generating an 

AP site. In humans, 8 monofunctional and 3 bifunctional glycosylases have been identified 

and they operate through a short and long-patch repair pathway, respectively (Ide and 

Kotera, 2004; Svilar et al., 2011). Monofunctional glycosylases only possess glycosylase 

activity, while bifunctional glycosylases have glycosylase and β-lyase activity. The 

generation of an AP site by a monofunctional glycosylase requires the subsequent 

intervention of an AP endonuclease (APE1 in humans) that cleaves the phosphodiester 
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bond 5’ to the AP site, generating a gap in the DNA strand (Wallace, 1998). This is followed 

by removal of 5’-deoxyribose phosphate, filling of the single nucleotide gap by Pol β and 

ligation, operated by either LIG1 or by LIG3/X-ray repair cross-complementing protein 1 

(XRCC1) complex (Almeida and Sobol, 2007; Svilar et al., 2011). By contrast, the long patch 

path requires the phosphodiesterase activity of APE1 to process the DNA gap at 3’. This is 

followed by DNA displacing synthesis mediated by Pol β (in non-proliferating cells) or Pol 

δ/ε (in proliferating cells), followed by flap structure-specific endonuclease 1 (FEN1) and 

LIG1 flap/ligation (Almeida and Sobol, 2007; Svilar et al., 2011; Krokan and Bjoras, 2013). 

In specific conditions, poly (ADP-ribose) polymerase 1 (PARP1), due to its affinity for AP 

sites, can initiate repair (Dantzer et al., 1999). PARP1 belongs to the PARP enzyme family, 

that transfers ADP-ribose residues from nicotinamide adenine dinucleotide (NAD+) to target 

proteins (Thomas and Tulin, 2013). Once recruited to the AP site, PARP1 initiates a poly 

(ADP-ribosyl)ation (PARylation) reaction on itself and on the proteins in close proximity, 

orchestrating, together with the scaffold protein XRCC1, the correct progression of repair 

(Pleschke et al., 2000; Svilar et al., 2011). 

BER function is extremely relevant to ensure genomic stability, thus disfunctions in its 

factors predispose to diseases. Among the others, deficiencies in 8-oxoguanine DNA 

glycosylase 1 (OGG1), involved in the repair of 8-oxoG, are associated with cancer, 

neurodegeneration and metabolic diseases (Sampath et al., 2012; Jacob et al., 2013; Ali et 

al., 2015; Zhao et al., 2022). 

 

1.1.3.4 Single-strand break (SSB) repair  

Single-strand breaks (SSBs) can be induced by oxidative damage, trapping of DNA 

topoisomerase 1 (TOP1) or AP sites decomposition. SSB repair (SSBR) can be considered 

a branch of BER, since these two repair pathways share several factors, such as PARP1 

and XRCC1 (Caldecott, 2008; Abbotts and Wilson, 2017). PARP1 has a strong affinity for 

SSBs, as a consequence, in the presence of such a lesion, it immediately binds DNA and 

initiates a PARylation reaction (Fisher et al., 2007). This triggers the recruitment of XRCC1, 

together with APE1, the processing enzyme aprataxin (APTX) and polynucleotide 

kinase/phosphatase (PNKP).   

In the long patch path, APE1, PNKP and APTX process the DNA ends together with FEN1, 

thus allowing Pol β and Pol δ/ε to insert a few nucleotides and LIG1 to close the gap. In the 

short patch path (where the SSBs are generated during BER), the end processing is 

followed by Pol β-mediated gap filling and ligation by LIG3 (Caldecott, 2008; Abbotts and 

Wilson, 2017).  
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SSBR factors are additionally involved in the final steps of the TOP1 release reaction, where 

they allow the repair of the SSB generated during the process (this aspect will be further 

discussed in section 1.3.2.1) (Caldecott, 2008). 

 

1.1.3.5 Double-strand break (DSB) repair 

Double-strand breaks (DSBs) are breaks in both DNA strands that can be introduced either 

by exogenous sources, such as IR, ROS, chemotherapeutic agents or by endogenous 

mechanisms, such as immunoglobulin class switching and meiotic crossovers (Khan and 

Ali, 2017). DSBs are extremely toxic for the cell, because they can generate mutations and 

chromosomal rearrangements. Therefore, to ensure genome integrity, two major repair 

pathways exist: homologous recombination (HR) and non-homologous end joining (NHEJ) 

(Chapman et al., 2012). Immediate chromatin modifications orchestrate pathway choice, by 

recruitment and regulation of a multitude of downstream factors (Scully et al., 2019). 

 

1.1.3.5.1 Homologous recombination (HR) 

Homologous recombination (HR) pathway is mainly error-free and based on the invasion of 

the duplex DNA by a homologous single-stranded molecule, which then primes repair DNA 

synthesis. HR is active in S/G2 phases, since it requires the presence of the sister chromatid 

as a template (San Filippo et al., 2008; Wright et al., 2018). The first step is the recognition 

of the damage by the MRN (MRE11-RAD50-NBS1) complex, followed by DNA-end 

resection operated by MRE11 in concert with CtBP-interacting protein (CtIP). This results 

in the generation of a 3’-overhang that is extended by other exonucleases (such as EXO1), 

assisted by the helicase activity of Bloom syndrome protein (BLM) (Sung and Klein, 2006). 

During this process, the ssDNA-binding replication protein A (RPA) is first recruited to 

protect the exposed DNA and then displaced by BRCA2-mediated binding of the 

recombinase RAD51. RAD51 mediates the most relevant step of HR, which is the genome 

homology search for a complementary DNA sequence. The homology search is operated 

through a progressive invasion/displacement of dsDNA, that allows it to “probe” base pairing 

(Renkawitz et al., 2014). When RAD51 finds the complementary ssDNA, this is used as a 

template for the subsequent DNA extension at 3’ of the DSB operated by Pol δ. The double 

Holliday junction that is formed during this repair process is dissolved by BTRR complex 

(BLM-TopIIIa-RMI1-RMI2) or alternatively resolved by either SLX-MUS complex (MUS81-

EME1-SLX1-SLX4) either GEN1 resolvase (Nimonkar et al., 2011; Ho and West, 2022). 
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1.1.3.5.2 Non-homologous end joining (NHEJ) 

In non-homologous end joining (NHEJ) repair pathway the two DSB ends are directly ligated 

together through an error-prone mechanism. Since NHEJ does not require a template 

sequence, its interventions frequently introduce insertions, deletions, substitutions and 

translocations (Lieber, 2010). NHEJ is potentially active in every cell cycle phase, however 

it mainly operates in G1, to compensate for HR unproficiency (Heyer et al., 2010).  

The canonical NHEJ pathway is initiated by binding of the heterodimer Ku70 and Ku80 at 

the broken DNA ends, followed by recruitment and activation of DNA-dependent protein 

kinase catalytic subunit (DNA-PKcs). DNA-PKcs promotes repair by bringing together the 

DNA ends and recruiting downstream factors, such as Artemis, PNKP, APE1 and tyrosyl-

DNA phosphodiesterase 1 (TDP1). The processing steps and factors depend on the DNA 

ends features, that can indeed originate from different sources. In any case, these reactions 

prepare the DNA ends for the subsequent religation, that is performed by a complex made 

up of XRCC4, XRCC4-like factor (XLF) and LIG4 (Graham et al., 2016).  

 

1.1.3.6 Translesion synthesis (TLS) 

Translesion synthesis (TLS) polymerases are specialized DNA polymerases that can 

replicate DNA even in the presence of aberrant or bulky lesions (Waters et al., 2009). TLS 

polymerases are low fidelity enzymes, that can ensure DNA synthesis progression inserting 

nucleotides, independently of the complementarity with the template. Although sequence 

context and type of lesions influence the accuracy degree of TLS polymerases, their low 

precision can cause nucleotide misincorporations and generate mutations (Lange et al., 

2011; Sale, 2013). Furthermore, TLS polymerases are structurally different to replicative 

DNA polymerases, indeed they lack the 3’-5’ proofreading domain and possess an open 

active site, able to accommodate modified bases (Rothwell and Waksman, 2005). TLS 

repair is regulated by several factors, including PCNA ubiquitylation. Replication arrest 

stimulates PCNA monoubiquitylation operated by E3 ubiquitin ligase RAD18 and E2 

ubiquitin conjugating enzyme RAD6. This induces a transient polymerase switch that allows 

TLS polymerases to continue DNA synthesis and bypass the lesion (Moldovan et al., 2007; 

Sale, 2013; Ma et al., 2020). This strategy allows DNA synthesis resumption and replication 

progression. 

 

1.1.3.7 Inter-strand crosslink (ICL) repair  

Inter-strand crosslinks (ICLs) are covalent linkages between complementary strands of 

double-stranded DNA. They are produced by reaction of endogenous or exogenous 
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reactive compounds, such as crosslinking and alkylating agents, but also aldehydes and 

ROS (Zhao et al., 2022). ICLs can interfere with every physiological chromatin process, 

thereby the detection and removal of these lesions is particularly complex and it results in 

an interplay of several DNA repair pathways (Ceccaldi et al., 2016). In general, the proteins 

involved in ICL repair belong to Fanconi anemia family, since mutations in their genes are 

causative for Fanconi anemia, a heterogeneous autosomal recessive disorder, 

characterized by cancer predisposition and various haematological disfunctions (Kee and 

D’Andrea, 2012).  

The most toxic property of ICLs is to inhibit replication progression, thereby the Fanconi 

anemia proteins are involved in a replication-coupled mechanism that allows ICL resolution 

and fork progression (Akkari et al., 2000; Räschle et al., 2008). Currently, 22 Fanconi 

anemia proteins have been identified and classified in three groups (Ceccaldi et al., 2016; 

Milletti et al., 2020; Semlow and Walter, 2021). FANCA, B, C, E, F, G, L and M belong to 

group I, also known as Fanconi anemia core complex. DNA ICL is immediately detected by 

the UHRF1 sensor and/or by the FANCM-FAAP24-MHF1-MHF2 complex (Liang et al., 

2015; Milletti et al., 2020). Next, Fanconi anemia core complex and associated proteins 

FAAP20, FAAP100 can be recruited to the lesion site. The group II heterodimeric complex 

FANCI-FANCD2 (ID2), in the presence of the ubiquitin-conjugating enzyme E2 T (UBE2T, 

also known as FANCT), is monoubiquitylated by the E3 ubiquitin ligase FANCL and directed 

to the ICL region (Meetei et al., 2003; Smogorzewska et al., 2007). Consequently, proteins 

of the group III are recruited to promote ICL repair. This group includes proteins involved in 

the incision of DNA, such as the nuclease FANCQ (also known as XPF or ERCC4), the 

scaffolding protein FANCP (SLX4), and proteins involved in HR repair, such as FANCD1 

(BRCA2), FANCJ (BRIP1), FANCN (PALB2), FANCO (RAD51C), FANCR (RAD51), 

FANCS (BRCA1), FANCU (XRCC2), FANCV (REV7) and FANCW (RFWD3). ERCC1, XPF 

and SLX4, together with other factors, such as the nucleases sensitive to nitrogen mustard-

(SNM)1A, SNM1B, Fanconi-associated nuclease 1 (FAN1), and MUS81 coordinate 

nucleotide excision to allow the unhooking of the ICL (Wang et al., 2011). Then, one strand 

is further processed by CtIP, MRN complex (MRE11-RAD50-NBS1), EXO1 or BLM-DNA2, 

while the second strand is fixed by TLS polymerase lesion bypass operated by REV1 or Pol 

ζ (REV3-REV7) and subsequent ligation. In turn, the ssDNA becomes substrate of HR 

Fanconi anemia proteins, that mediate RAD51 strand invasion and HR. The process is 

terminated by deubiquitylation of ID2 complex that is mediated by the deubiquitylating 

enzyme (DUB) ubiquitin specific peptidase 1 (USP1) (Figure 3) (Ceccaldi et al., 2016; 

Milletti et al., 2020). 
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Although so far most research has focused on replication-couped ICL repair mechanisms, 

these lesions can also interfere with other DNA processes, such as transcription (Williams 

et al., 2013). A few studies showed that TC-NER proteins (such as CSA, CSB and XPA) 

are required to repair ICLs and that, indeed, ICLs are resolved faster in actively transcribed 

genes (Islas et al., 1991; Larminat et al., 1993; Furuta et al., 2002; Smeaton et al., 2008; 

Enoiu et al., 2012). These studies suggested the existence of a transcription-coupled ICL 

repair pathway, however, the exact molecular mechanisms have not been elucidated yet. 

Lastly, it has also been shown that in absence of both replication and transcription 

progression, ICLs can be detected by the MMR complex MutSα and processed by MutLα 

and EXO1 (Kato et al., 2017). 

 

 
Figure 3. Repair of ICLs. A) Stalling of replication fork progression caused by an ICL activates 
Fanconi anemia pathway. B-C) Identification of ICL by the UHRF1 sensor and by FANCM-FAAP24-
MHF1-MHF2 complex is followed by recruitment of Fanconi anemia core complex (group I). FANCI-
FANCD2 heterodimer (group II) in the presence of UBE2T is monoubiquitylated by the E3 ubiquitin 
ligase FANCL and directed to the ICL region. D) Next, proteins of group III (nucleases and HR 
proteins) are recruited to promote ICL repair. ERCC1, ERCC4 and SLX4 operate the nucleotide 
excision and permit the DNA unhooking. E) At this point, the strand previously incised undergoes a 
further processing mediated by CtIP, MRN complex (MRE11-RAD50-NBS1), EXO1 or BLM-DNA2. 
Conversely, the complementary strand is fixed by TLS polymerases lesion bypass operated by REV1 
or Pol ζ (REV3-REV7) and ligation. F) Finally, the ssDNA overhang becomes substrate of HR 
Fanconi anemia proteins (RAD51/BRCA2/PALB2/BRCA1), that mediate strand invasion and HR. G) 
USP1-mediated deubiquitylation of ID2 complex terminates the process, finalizing the DNA repair. 
Figure from Milletti et al., 2020. 
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1.2  Nucleotide excision repair (NER) 

Nucleotide excision repair (NER) is a DNA repair pathway involved in the repair of a variety 

of DNA lesions, including CPDs and 6-4PPs induced by UV light. This pathway is also 

involved in the resolution of bulky DNA adducts generated by chemical compounds that 

locally disrupt base-pairing, distorting the DNA helix (Gillet and Schärer, 2006). NER 

operates through distinct subpathways: global genome NER (GG-NER) and transcription-

coupled NER (TC-NER) (Kusakabe et al., 2019). GG-NER is activated when a DNA helix 

distortion is detected throughout the genome, whereas TC-NER operates when the 

elongating RNA polymerase II (RNAPII) is stalled by an obstacle encountered in the 

transcribed strand (Scharer, 2013). These two branches differ in the initial steps, however, 

once the lesion is detected, they converge on a unified mechanism of dual incision and 

repair (Figure 4).  

 
Figure 4. Nucleotide excision repair pathway(s). NER is involved in the repair of bulky DNA 
lesions and it operates through two distinct subpathways: GG-NER and TC-NER. In GG-NER the 
recognition of a DNA lesion throughout the genome is operated by XPC, which operates in a 
heterotrimeric complex with RAD23B (HR23B) and CETN2. Conversely, TC-NER is initiated by 
stalling of elongating RNAPII in the presence of a transcription-blocking lesion. RNAPII stall triggers 
the recruitment of CSB that, in turn, recruits CSA to activate NER. Following the lesion recognition 
step, where the two NER branches differ, GG-NER and TC-NER proceed through a unified pathway. 
Binding of TFIIH complex, XPA and RPA allows the verification of the lesion and subsequent local 
DNA unwinding. Next, the nucleases XPF-ERCC1 and XPG incise the DNA at 5’ and 3’ respectively 
to release a ~30 nucleotides stretch containing the lesion. Finally, Pol δ, Pol ε or Pol κ, in the 
presence of PCNA and RCF, operate the DNA gap filling synthesis to terminate repair. Figure 
adapted from Rastogi et al., 2010. 
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1.2.1 Global genome NER (GG-NER) 

In humans, GG-NER is initiated by the protein Xeroderma pigmentosum (XP) C, that plays 

a crucial role in recognizing the DNA lesion. XPC is part of a heterotrimeric complex with 

RAD23B (HR23B) and CETN2 (Masutani et al., 1994; Araki et al., 2001). RAD23B stabilizes 

XPC, protecting it from polyubiquitylation and proteasomal degradation, whereas CETN2 

enhances XPC DNA-binding affinity (Ng et al., 2003; Nishi et al., 2005, Nishi et al., 2013).  

The huge amount of genomic DNA and its complex three-dimensional organization, raise 

the question of how XPC can scan and discriminate between physiological DNA openings 

and damaged sites. Structural and energetic studies on the XPC yeast homolog Rad4, 

revealed that the initiation complex searches for disruption on the DNA through a repetitive 

binding/twisting interrogation process. In the presence of a disruption in DNA hydrogen 

bonding, XPC undergoes a conformational change, allowing a β-hairpin domain to contact 

the undamaged nucleotides and open the helix (Min and Pavletich, 2007; Velmurugu et al., 

2016). This unspecific scanning strategy adopted by XPC allows the detection of a broad 

range of base-unpairing lesions, however, it does not explain how CPDs, that only mildly 

disturb the DNA helix, are also repaired through NER. This observation suggests the 

existence of additional specialized mechanisms, that improve XPC proficiency in detecting 

DNA lesions (Sugasawa et al., 2001).  

UV-damaged DNA-binding protein (UV-DDB) is a heterodimeric complex made up of DDB1 

and DDB2/XPE that exhibits a significant higher affinity for CPDs, compared to XPC 

(Fujiwara et al., 1999; Fei et al., 2011). UV-DDB binding to damaged DNA occurs via the 

C-terminal region of DDB2 and it is required to recruit XPC to CPDs sites to activate 

canonical NER (Payne and Chu, 1994; Tang et al., 2000). In addition, DDB1 recruits on the 

damage site the Cullin 4 (CUL4)/RING box protein 1 (RBX1) E3 ubiquitin ligase complex 

that ubiquitylates DDB2, XPC and the surrounding histones (Groisman et al., 2003). This 

results in proteasomal degradation of DDB2, stabilization of XPC binding and NER 

progression (Rüthemann et al., 2016).  

Due to this unique binding-scanning mechanism, the presence of XPC on a DNA strand 

does not necessarily implicate the existence of a lesion. On the other side, UV-DDB can 

also bind to AP sites or mismatches (Fujiwara et al., 1999). Therefore, in order to prevent 

undesired cuts, this initial NER recognition phase is followed by “verification” process, 

operated through the ATPase/helicase function of TFIIH complex, and supported by the 

protein XPA (Li et al., 2015; Okuda et al., 2017). Although occurring through different 

mechanisms, the recruitment of TFIIH is a common event in GG-NER and TC-NER and it 
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represents the crucial step when the two subpathways converge on a unified process that 

will be described in the following section. 

 

1.2.2 General mechanisms of NER 

TFIIH is a ten-subunit complex that exerts a double function, as transcription initiation and 

repair factor. For its role in basal transcription, TFIIH requires a trimeric CDK-activating 

kinase subcomplex (CAK), that is, in turn, dispensable for DNA repair (Coin et al., 2008). 

Conversely, for its NER function, TFIIH mainly relies on the helicase activity of its two 

subunits XPB and XPD that bind to and unwind DNA in opposite directions (3’-5’ and 5’-3’, 

respectively), extending the DNA bubble around the complex and allowing the verification 

of the lesion (Tapias et al., 2004). However, while XPD helicase activity is necessarily 

required to unwind the damaged DNA, XPB seems to primarily promote ATP-dependent 

binding of TFIIH at the lesion site (Coin et al., 2007; Oksenych et al., 2009).  

The DNA damage verification is additionally assisted by XPA protein that binds to the 

damaged nucleotides and promotes TFIIH helicase activity, thus favouring the generation 

of ssDNA stretches around the lesion (Sugasawa et al., 2009). At this stage, the trimeric 

ssDNA-binding protein RPA is recruited to the undamaged strand, where it helps the 

stabilization of the open structure, protecting the intact DNA and allowing the specific 

removal of damaged DNA by the NER endonucleases (Overmeer et al., 2011). 

XPF-ERCC1 and XPG have been identified as the NER endonucleases able to incise the 

DNA at 5’ and 3’ of the lesion, respectively. XPG recruitment to the pre-incision complex 

depends on its direct interaction with TFIIH, and it is additionally needed to support the 

stabilization of the DNA opening and release of XPC-RAD23B (Evans et al., 1997). The 

binding of XPF-ERCC1 is the last event preceding the removal of the lesion and it depends 

on its direct interaction with XPA (Tsodikov et al., 2007; Orelli et al., 2010). The order of 

incisions in NER appears to be precisely defined. Although XPF-ERCC1 recruitment occurs 

downstream of XPG, it operates the first cut on the 5’ side of the damaged strand 

(Staresincic et al., 2009). The released 3’-OH allows a DNA polymerase to extend the DNA 

and fill the gap. On the others side, the subsequent XPG incision at the 3’ side, generates 

a 5’-phosphate end for the ligation. Following XPG and XPF-ERCC1 cuts, the ~30 

nucleotides stretch containing the lesion is released and the correct DNA sequence is 

restored (Kemp et al., 2012). Pol δ, Pol ε or Pol κ operate the DNA gap filling synthesis 

together with PCNA and RFC (Ogi et al., 2010). LIG1, in replicating cells, or LIG3/XRCC1, 

in non-replicating cells, ligate DNA to complete the NER reaction (Marteijn et al., 2014). 

 



Introduction 
 

17 
 

1.2.3 Transcription-coupled NER (TC-NER) 

TC-NER pathway is initiated by stalling of elongating RNAPII at a DNA lesion in the 

transcribed strand. The first observations indicating the existence of transcription-coupled 

DNA repair mechanisms were done in mammalian cells and, only afterwards, this pathway 

was uncovered in yeast and in bacteria (Bohr, 1985; Mellon, 1987; Mellon and Hanawalt, 

1989; Smerdon and Thoma, 1990). Although the molecular mechanisms differ among the 

different living domains, the highly conserved underlying processes point out its biological 

relevance. Interestingly, TC-NER is the only DNA repair pathway where repair process is 

initiated by recognition of stalled RNAPII, rather than the lesion itself. 

In humans, Cockayne syndrome group B (CSB) protein is the first sensor of the stall; indeed, 

CSB-RNAPII interaction is strongly induced by UV irradiation. CSB initiates transcription-

coupled repair (TCR) and allows progressive and coordinate recruitment of downstream 

NER factors and lesion repair (van den Boom et al., 2004; van der Weegen et al., 2020). 

Structural studies conducted on CSB’s S. cerevisiae homolog Rad26 shed light on TC-NER 

initiation mechanisms (Xu et al., 2017). In unstressed conditions, Rad26 binds upstream of 

RNA Pol II, favouring transcription elongation and small obstacles bypass. However, in the 

presence of a bulky lesion, persistent stalling of RNA Pol II results in the stabilization of 

RNA Pol II/ Rad26 complex and TCR activation (Xu et al., 2017). In line with this model, the 

Cramer group in 2021 solved the structure of five different RNAPII elongation complexes, 

expanding the understanding of the TCR assembly mechanisms in human cells (Kokic et 

al., 2021). 

CSB is a 168 kDa protein, made up of 1493 amino acids; it belongs to the DNA-dependent 

ATPases family SWI2/SNF2 and it has ATP-dependent chromatin remodelling activity, but 

no helicase activity (Selby and Sancar, 1997). CSB has been implicated in a multitude of 

cellular processes, bridging transcription regulation and DNA repair (Tiwari et al., 2021). 

Earlier studies indicated that CSB-deficient cells exhibit a decreased elongation rate, even 

in absence of DNA damage, suggesting that it may play a role in regulation of basal 

transcription (Balajee et al., 1997; Dianov et al., 1997). CSB – but no other TC-NER factors 

– has been implicated in the recognition of transcription-blocking oxidative DNA damages 

that are subsequently processed by BER (Menoni et al., 2012). Furthermore, CSB interacts 

and regulates PARP1, stimulating its function in DNA repair (Flohr et al., 2003). CSB-

deficient cells exhibit also a characteristic hypersensitivity to ICLs-inducing compounds, like 

cisplatin and mitomycin C (Furuta et al., 2002). In line with this, CSB has been shown to 

facilitate ICL repair, promoting SNM1A exonuclease activity on transcription-blocking 

lesions (Zheng et al., 2003; Iyama et al., 2015). The intimate connection between CSB and 
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a multitude of DNA repair mechanisms raises the possibility that a unique and broader 

transcription-coupled mechanism exists. In this speculation, CSB might act as a global 

sensor for transcription-interfering lesions, recruiting specialized downstream factors and 

thus ensuring DNA integrity and correct gene expression.  

Following UV irradiation and stabilization of TCR initiation complex, CSB undergoes a 

conformational change and, after exposing a Cockayne syndrome group A (CSA)-

interaction motif (CIM), it interacts with and targets CSA to the lesion site (van der Weegen 

et al., 2020). CSA is 44 kDa protein, consisting of 396 amino acids and, together with 

CUL4A, RBX1/ROC1 and DDB1, is part of a multi-subunit E3 ubiquitin ligase complex 

(CRL4CSA); CSA does not have a functional homolog in yeast or in bacteria, conversely to 

CSB. Once recruited, CRL4CSA has been shown to ubiquitylate itself, CSB and RNAPII 

(Groisman et al., 2006; Nakazawa et al., 2020). The function and occurrence of CSB 

ubiquitylation in response to UV irradiation is a controversial topic. Indeed, some 

experiments showed that CSB ubiquitylation prompts it for valosin-containing protein 

(VCP)/p97-dependent extraction and proteasomal degradation, thus allowing release of the 

initiation complex and TC-NER progression (He et al., 2016). Other studies did not detect 

UV-dependent ubiquitylation and degradation of CSB, but rather SUMOylation. Whether 

SUMOylated CSB levels vary in the presence/absence of CSA is unclear (Sin et al., 2016; 

Liebelt et al., 2019). 

Stabilization of CSB and protection from proteasomal degradation has been shown to 

depend on UV-stimulated scaffold protein A (UVSSA) and its interacting partner USP7. 

USP7 is a DUB involved in a multitude of DNA damage repair mechanisms and its UVSSA-

mediated recruitment appears to be essential for TC-NER progression (Schwertman et al., 

2013; Valles et al., 2020). Therefore, in the absence of UVSSA or USP7, upon UV-induced 

damage, CSB is degraded faster and TC-NER repair does not progress (Higa et al., 2016). 

UVSSA has been identified as a TC-NER protein by three research groups that 

demonstrated its interaction with RNAPII and CSB at UV-induced lesions (Nakazawa et al., 

2012; Schwertman et al., 2012; Zhang et al., 2012). However, the mechanism of UVSSA 

recruitment to TCR complex has been object of debate. Live-cell imaging experiments 

showed that, upon UV irradiation, UVSSA binds to stalled RNAPII, independently of CSA 

and CSB (Schwertman et al., 2012). More recently, the systematic study of TCR sequential 

assembly revealed that UVSSA is recruited via association with CSA, through its N-terminal 

VHS domain. This interaction fully depends and it is stabilized in the presence of both CS 

proteins (van der Weegen et al., 2020). In turn, UVSSA contains a TFIIH-interacting region 

(TIR) that it is crucial for the recruitment of TFIIH, further stabilized in the presence of CSA 



Introduction 
 

19 
 

(van der Weegen et al., 2020). Subsequent monoubiquitylation of UVSSA at position K414 

allows its displacement from TFIIH that is, in turn, transferred to stalled RNAPII to initiate 

repair (Nakazawa et al., 2020). The role of TFIIH in determining stalled RNAPII fate has 

also been investigated and it will be discussed in detail in the following section (1.2.4.1). 

After TFIIH recruitment, TC-NER and GG-NER branches converge in a unified pathway that 

proceeds to excise the damaged DNA and restore the correct sequence (Okuda et al., 

2017).   

Two recent studies by Greijer et al. and van der Weegen et al. identified the elongation 

factor 1 (ELOF1) as a novel TC-NER factor, that promotes recruitment of UVSSA and TFIIH 

to lesion sites (Geijer et al., 2021; van der Weegen et al., 2021) (Figure 5). ELOF1, similarly 

to its yeast homolog Elf1, behaves as an elongation factor in unperturbed conditions, where 

it constitutively binds to the transcription machinery (Ehara et al., 2017). In its absence, CSB 

and CSA can initiate TC-NER, however UVSSA and TFIIH recruitment is strongly reduced 

and RNAPII is not ubiquitylated, suggesting that ELOF1 is involved in the TCR assembly 

process and in the signalling events that allow RNAPII removal from the damage site. 

Additionally, the authors provided evidence for a second function of ELOF1 as a more 

general DNA damage sensor preventing transcription-replication conflicts site (Geijer et al., 

2021; van der Weegen et al., 2021). Further studies will be required to clarify these aspects.  

 

 
Figure 5. Assembly of TC-NER complex. The presence of a DNA lesion in the transcribed strand 
hampers the progression of transcription elongation. RNAPII stalling is detected by CSB that, in turn, 
recruits CSA to the lesion site. CSA is part of multi-subunit E3 ubiquitin ligase complex (CRL4CSA) 
that ubiquitylates RNAPII on a single lysine (K1268) to permit TCR progression. ELOF1 behaves as 
an elongation factor in unperturbed conditions, where it constitutively binds to the transcription 
machinery and, following TCR activation, it interacts with CRL4CSA. ELOF1 interaction with CRL4CSA 
allows the correct positioning of the complex and favours RNAPII ubiquitylation. ELOF1, 
subsequently, promotes CSA-dependent recruitment of UVSSA and its ubiquitylation, that is, in turn, 
required to transfer the TFIIH complex from UVSSA to stalled RNAPII. These events allow NER 
progression. Figure from van der Weegen et al., 2021. 
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1.2.4 Cellular responses to transcription-blocking DNA damage 

The presence of a bulky lesion on the transcribed DNA strand blocks elongating 

transcription machineries. Stalled RNAPII locally activates TCR to remove the obstacle, 

thus allowing transcription resumption (in cis effect). In addition to this direct effect, in order 

to cope with transcriptional stress, cells activate specific regulative mechanisms and 

operate a finely tuned transcriptional reprogramming (in trans effect) (Geijer and Marteijn, 

2018).  

 

1.2.4.1 The fate of stalled RNAPII in TC-NER 

Elongating RNAPII can act as a sensor of DNA damage and preserve correct gene 

expression. Indeed, in the presence of a DNA lesion in the transcribed strand, the stalled 

RNAPII provides an anchoring site to initiate and coordinate TCR. However, irreversibly 

stalled RNAPIIs can become toxic for the cell, as they impede further transcription of that 

gene (Saeki and Svejstrup, 2009). Moreover, the persistent presence of stalled RNAPII 

would physically hamper the verification and subsequent incision of the lesion (Li et al., 

2015). To avoid undesired consequences and favour DNA repair, stalled elongation 

complexes need to be extracted from the lesion sites.  

In vitro studies suggested that, upon recruitment of TFIIH, its ATPase subunits XPD and 

XPB translocate along the DNA and displace the stalled RNAPII (Sarker et al., 2005). 

Consistently, a more recent study showed that RNAPII is unable to resume transcription 

and it necessarily needs to dissociate during TCR (Chiou et al., 2018). This step would allow 

the recruitment and correct positioning of downstream NER repair factors, explaining why 

they do not directly associate with RNAPII after UV irradiation (van der Weegen et al., 2020; 

Kokic et al., 2021). However, whether RNAPII extraction occurs prior or simultaneously to 

NER repair has not been fully clarified yet. 

Additionally, the release of stalled RNAPII depends on tightly regulated ubiquitylation and 

degradation mechanisms. Several studies in yeast and humans showed that in the 

presence of transcription-blocking lesions, RPB1, the largest subunit of RNAPII, is 

polyubiquitylated and degraded (reviewed in Wilson et al., 2013). In S. cerevisiae, Rpb1 

undergoes coordinated ubiquitylation and deubiquitylation events that, initiated by Rsp5-

dependent K63 monoubiquitylation, culminate in K48 polyubiquitylation mediated by an 

Elongin-Cul3-dependent ubiquitin ligase complex (Cul3-Rbx1-Elc1-Ela1) (Huibregtse et al., 

1997; Beaudenon et al., 1999; Harreman et al., 2009). Poly-ubiquitylated Rpb1 can thus be 

extracted from chromatin by Cdc48-Ufd1-Npl4 segregase complex and delivered to the 

proteasome for degradation (Gillette et al., 2004; Verma et al., 2011).  
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In humans, RPB1 has been shown to undergo ubiquitylation and proteasomal degradation 

in response to UV irradiation (Bregman et al., 1996; Ratner et al., 1998). A multitude of E3 

ubiquitin ligases have been shown to contribute to RPB1 ubiquitylation: NEDD4 ligase, 

Elongin A complex and BRCA1-BARD1 (BRCA1 Associated RING Domain 1) (Kleiman et 

al., 2005; Starita et al., 2005; Anindya et al., 2007; Yasukawa et al., 2008). It was also 

observed that CS-deficient cells show reduced RNAPII ubiquitylation level, suggesting that 

TCR initiation factors may be in some way implicated in the process (Bregman et al., 1996). 

In line, CSB appears to coordinate VCP/p97 recruitment and subsequent RNAPII 

degradation (He et al., 2016; He et al., 2017). Conversely, the Svejstrup lab suggested that 

CS proteins are not required for RBP1 ubiquitylation and degradation (Anindya et al., 2007). 

They also hypothesised that RNAPII degradation was not necessarily needed for TC-NER 

progression, but rather a “last resort” mechanism for those elongation complexes that could 

not be salvaged in any other way (Wilson et al., 2013). In any case, the regulation and 

biological significance of this post-translational modification (PTM) had remained enigmatic 

for long time. 

Recently, a single DNA damage-induced ubiquitylation site in RNAPII has been identified: 

RPB1-K1268 has been shown to be conjugated with K48- and K63-linked ubiquitin chains 

in response to UV, with multiple effects (Nakazawa et al., 2020; Tufegdžić Vidaković et al., 

2020). In line with previous studies in which reduced RPB1 ubiquitylation levels in CS-

deficient cells were observed, CRL4CSA has been shown to directly contribute to K1268 

ubiquitylation (Bregman et al., 1996; Nakazawa et al., 2020). However, loss of CSA only 

partially suppresses K1268 ubiquitylation that is, in turn, abolished by NEDD8 inhibitor, 

suggesting the contribution of an unknown second CRL-based E3 ligase (Nakazawa et al., 

2020). Ubiquitylation of RPB1-K1268 has been shown to coordinate TCR assembly, 

stimulating the recruitment of UVSSA and TFIIH to stalled RNAPII. According to this model, 

UVSSA is initially recruited via interaction with CSA and then transferred to ubiquitylated 

RNAPII, to which it has higher affinity (Nakazawa et al., 2012). In the end, UVSSA K414 

monoubiquitylation stimulates the transfer of TFIIH to stalled RNAPII (Nakazawa et al., 

2020; Tufegdžić Vidaković et al., 2020). In addition, K1268 ubiquitylation seems to be 

required for UV-induced degradation of RPB1 (Tufegdžić Vidaković et al., 2020). 

Impairment of K1268 ubiquitylation in CSB- and CSA-deficient cells, could potentially 

explain why these cells are unable to degrade RNAPII after UV (Bregman et al., 1996). In 

contrast, in UVSSA-deficient cells RNAPII degradation occurs faster, possibly due to loss 

of USP7-dependent protective function of CSB (Nakazawa et al., 2012; Zhang et al., 2012). 

Although not fully clarified, the differences in RNAPII turnover in CS- and UVSSA-deficient 
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cells might contribute to explain the different clinical phenotypes associated with their loss 

(as discussed in section 1.2.5).  

 

1.2.4.2 Transcription remodelling in response to UV  

To cope with transcriptional stress, upon UV irradiation cells shut down transcription and 

reprogram gene expression (van den Heuvel et al., 2021).  

An early study showed that upon UV irradiation there is a massive depletion of the 

hypophosphorylated form of RNAPII (RNAPIIa), in favour of an increase in 

hyperphosphorylated RNAPIIo pool. This might suggest that in the presence of a 

transcription-blocking lesion, cells at first attempt to reinitiate transcription (early response); 

however, the progressive stalling of elongating complexes at the lesion depletes the pool of 

RNAPII and shuts down transcription (late response) (Rockx et al., 2000). In line with this, 

it has recently been shown that immediately following UV irradiation, transcription initiation 

is restricted to the promoter-proximal 20-30 kb of genes (Williamson et al., 2017; Tufegdžić 

Vidaković et al., 2020).  

At this stage, the expression of several small immediate early genes (IEGs) is increased 

(Bahrami and Drabløs, 2016). Among other genes, the transcriptional repressor activating 

transcription factor 3 (ATF3) is induced by UV light. ATF3 binds to near promoter CRE/ATF 

sites of about 5000 genes and inhibits their expression (Kristensen et al., 2013; Cui et al., 

2016). ATF3-mediated gene repression contributes to shutdown transcription in an early 

stage, perhaps to allow efficient removal of DNA lesions. However, following DNA repair, to 

allow an efficient restart of transcription, ATF3 has to release the promoters. CSB and 

CRL4CSA together with the E3 ubiquitin ligase MDM2 ubiquitylate ATF3, that it subsequently 

degraded by the proteasome (Kristensen et al., 2013; Epanchintsev et al., 2017). Therefore, 

the persistent transcriptional repression in CS-deficient cells could also be potentially 

explained by their incapability to ubiquitylate and degrade ATF3 (Epanchintsev et al., 2017).  

 

1.2.5 NER deficiencies and human health 

NER deficiencies are associated with severe human diseases: mutations in GG-NER or 

TC-NER genes cause Xeroderma pigmentosum (XP) and Cockayne syndrome (CS), 

respectively. Patients affected by these syndromes, exhibit a broad spectrum of clinical 

phenotypes, ranging from skin cancer predisposition to neurodevelopmental defects and 

premature aging (Rapin et al., 2000). The molecular mechanisms responsible for these 

phenotypes have not been fully elucidated yet.  
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Xeroderma pigmentosum (XP) is a rare autosomal recessive disease caused by mutations 

in one of the following genes: XPA, XPB, XPC, XPD, XPE, XPF, XPG and XPV. According 

to the mutated gene patients are classified into 8 complementation groups. XP patients 

show a general NER deficiency, whose distinctive features are photosensitivity and 

increased cancer predisposition; however, clinical symptoms vary among the different 

groups (DiGiovanna and Kraemer, 2012). Patients with mutations in GG-NER genes XPC 

and XPE are only mildly sensitive to UV radiation. However, they show a 1000-fold 

increased risk to develop skin cancer and internal tumours, possibly due to the 

accumulation of DNA lesions generated by endogenous reactive metabolites (Barnes and 

Lindahl, 2004; Sethi et al., 2013). In turn, patients with mutations in XPA, XPB, XPD, XPF 

and XPG are dramatically sensitive to UV light exposure, developing sunburns immediately 

after brief exposures (Bradford et al., 2011). Lastly, patients of the XPV group typically show 

increased skin cancer susceptibility. They have normal NER, but mutated POLH: this gene 

encodes DNA TLS polymerase Pol η, that allows error-free bypass of unrepaired 

photoproducts during DNA replication (Masutani et al., 1999; Lange et al., 2011).  

TC-NER deficiencies predispose to very heterogenous phenotypes caused by impairment 

of cell functions that accelerates cell death. Mutations in genes encoding CSB and CSA 

(ERCC6 and ERCC8, respectively) are causative for Cockayne syndrome (CS) (Cockayne, 

1936). CS is a severe autosomal recessive disorder, whose typical symptoms are abnormal 

development, neurological defects, microcephalia, progressive cachexia, premature aging, 

sunlight sensitivity and renal-cardiovascular disorders. Due to the severe progeroid 

phenotype, the average life expectancy of CS patients is 12 years (Karikkineth et al., 2017).  

Mutations in UVSSA are responsible for a milder form of TCR deficiency, known as UV-

sensitive syndrome (UVSS). Patients affected by this disorder, are hypersensitive to UV 

radiation, but completely lack progeroid phenotypes, neurological and developmental 

alterations (Spivak, 2005). The strong difference between CS and UVSS manifestations is 

surprising, since in both syndromes TC-NER is impaired; several hypotheses have been 

formulated to possibly explain this divergence. According to one model, the more severe 

clinical spectrum of CS patients depends on the compromised degradation of lesion-stalled 

elongation complexes in the absence of CS proteins. Indeed, the persistent presence of 

stalled RNAPII not only physically hampers NER, but it also impedes any other repair 

system to detect, access and remove the transcription-blocking lesions (photoproduct and 

oxidative damages). In contrast, loss of UVSSA impairs TCR, but it still permits degradation 

of stalled RNAPII. This allows BER factors to detect and remove oxidative lesions (but not 

photolesions), therefore explaining the exclusive sensitivity of UVSS patients to UV 
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photoproducts (Marteijn et al., 2014). It has also been proposed that CS progeroid 

phenotypes depend on the transcriptional misregulation generated by loss of function of 

CSA or CSB (e.g. ATF3-dependent repression of transcription) (Proietti-De-Santis et al., 

2006; Wang et al., 2014; Epanchintsev et al., 2020). The Luijsterburg group proposes that 

CS is a consequence of transcription restart failure, caused by impaired RPB1-K1268 

ubiquitylation (van den Heuvel et al., 2021). In this model, RPB1-K1268 ubiquitylation, 

altered in CS-deficient cells, is first required to shut down transcription, and then to 

coordinate RNAPII degradation. Indeed, CS patients’ fibroblasts cannot degrade RNAPII, 

in contrast to UVSS ones, that show even faster turnover (Bregman et al., 1996; Fei and 

Chen, 2012; Nakazawa et al., 2012; Schwertman et al., 2012; Zhang et al., 2012).  

Mutations in NER downstream core factors genes (XPB, XPD, XPF, XPG) affect both GG- 

and TC-NER. Patients in these groups have heterogenous phenotypes and usually exhibit 

either pure XP or a XP-CS syndrome, with a combination of XP and CS symptoms (Natale 

and Raquer, 2017). XPB and XPD mutations can also cause trichothiodystrophy (TTD), 

whose manifestations might depend on the additional role played by TFIIH complex in 

transcription initiation (Marteijn et al., 2014). Mutations in XPF-ERCC1 are responsible for 

the most complex clinical manifestations, possibly due to its additional function in ICL repair. 

Patients and mice models with impaired ERCC1 function, exhibit a combination of 

symptoms of XP, CS and Fanconi anemia, with characteristic premature aging of post-

replicative (neurons) and proliferative tissues (haematopoietic stem cells) (Kashiyama et 

al., 2013).  
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1.3 DNA-protein crosslinks (DPCs) 

DNA-protein crosslinks (DPCs) are highly toxic DNA lesions that consist of a protein 

covalently attached to DNA. DPCs can be considered unique DNA lesions, not only 

because they constitute very large adducts, but also because they are very diverse in 

nature. DPCs are highly toxic and interfere with every chromatin transaction, such as 

replication and transcription. Accordingly, DPCs have been shown to hamper RNAPII 

progression on the transcribed strand in vitro and to interfere with replication fork 

advancement in vivo (Hong and Kreuzer, 2000; Pohlhaus and Kreuzer, 2005; Kuo et al., 

2007; Nakano et al., 2012; Ji et al., 2019). In order to prevent genomic alteration, DPCs 

need to be efficiently repaired (Klages-Mundt and Li, 2017; Stingele et al., 2017). 

 

1.3.1 Types and sources of DPCs 

DPCs can originate both from exogenous and endogenous sources and through enzymatic 

or non-enzymatic mechanisms (Tretyakova et al., 2015; Kühbacher and Duxin, 2020). 

Importantly, the existence of many sources of DPCs suggests that every protein in the 

vicinity of DNA can become crosslinked (Stingele et al., 2017). The most significant sources 

and types of DPCs will be discussed in this section (Figure 6). 
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Figure 6. Types of DPCs. A, i) Reactive aldehydes generate unspecific non-enzymatic DPCs. 
Particularly, FA-induced DPCs are bridged via a methylene linkage that can preferentially form 
between the amino or thiol group of an amino acid and the exocyclic amine of a DNA base. A, ii) 
Chemotherapeutic agents with double functional reactive groups, such as cisplatin or nitrogen 
mustards can react with a DNA base and an amino acid side chain to form a DPC. A, iii) The 
chemotherapeutic 5-azadC behaves as pseudosubstrate for DNMT1, irreversibly entrapping this 
enzyme on the DNA. B, i) The SRAP domain of HMCES crosslinks to an AP site via a thiazolidine 
linkage in order to prevent undesired DNA strand breaks. C, i) The antineoplastic drugs topotecan 
and irinotecan can intercalate in the enzyme-DNA interface and inhibit TOP1 religation, covalently 
trapping TOP1 at the 3’ end of a SSB. C, ii) BER enzymes, such as Pol β, APE1 and PARP1, can 
be accidentally crosslinked to the 5’ end of AP sites during their reaction. D, i) Intercalating agents 
doxorubicin and etoposide covalently trap TOP2 homodimer via its two active site tyrosines to both 
5’ ends of a DSB. Figure from Kühbacher and Duxin, 2020. 
 
 

1.3.1.1 Enzymatic DPCs 

Enzymatic DPCs are formed when normally transient covalent enzyme-DNA intermediates 

get trapped during their reaction cycles. This can either occur spontaneously, due to DNA 

structural alterations, or because of exposure to exogenous crosslinking agents. Currently, 

several chemotherapeutics used in the clinic kill cancer cells by inducing DPC formation 

(Stingele et al., 2017). 

Relevant enzymatic crosslinks are produced by trapping of topoisomerase 1 and 2 

(TOP1/2). These enzymes are utilized by the cells to resolve DNA topological stress and, 

during the reaction, a tyrosine of their active site covalently binds the phosphate group of 

the DNA backbone (Champoux, 2001; Wang, 2002). In physiological conditions, this 

transient covalent intermediate, referred to as a TOP1/2-cleavage complex (cc), is quickly 

resolved and the DNA is religated. However, in the presence of DNA distortions or 

crosslinking agents, the enzyme release fails, thus resulting in its permanent trapping on 

the DNA (Pommier et al., 2014). TOP1 cleaves only one strand of the DNA, therefore TOP1-

cc is attached at the 3’ end of a SSB. The antineoplastic drugs topotecan and irinotecan, 

derived from the alkaloid camptothecin (CPT), can intercalate in the enzyme-DNA interface, 

therefore inhibiting TOP1 religation (Pommier, 2006; Pommier and Marchand, 2012). By 

contrast, TOP2 operates as a dimer in which each subunit introduces a SSB, generating a 

DSB. As a consequence, TOP2-cc is attached via two active site tyrosines to both 5’ ends 

of a DSB (Stingele et al., 2017). The chemotherapeutic agents etoposide, anthracyclines 

(doxorubicin) and mitoxantrone, similarly to TOP1 inhibitors, trap TOP2 and hamper its DNA 

release (Nitiss, 2009; Pommier and Marchand, 2012). 

Another chemotherapeutic agent that generates DPCs is the cytidine analogue 5-aza-2’-

deoxycytidine (5-azadC), commonly used in the treatment of myelodysplastic syndromes 

(Fenaux et al., 2009). 5-azadC is incorporated in the DNA during replication and it exerts 

its toxicity by entrapping the enzyme DNA methyltransferase 1 (DNMT1) on the DNA (Santi 
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et al., 1984; Maslov et al., 2012). The methyltransferase activity of DNMT1 is essential to 

maintain methylation patterns upon replication (Gujar et al., 2019). The DNA-incorporated 

5-azadC is methylated by DNMT1, however, following the reaction, DNMT1 remains 

covalently trapped through a cysteine residue forming a DNMT1-DPC. Inhibition of DNMT1 

reduces the DNA methylation levels and consequently causes the re-expression of 

pathologically silenced tumour suppressor genes (Wilson et al., 1983; Robert et al., 2003). 

BER enzymes, such as Pol β and APE1, can be accidentally crosslinked to oxidized AP 

sites during their reaction (DeMott et al., 2002; Quiñones et al., 2015; Quiñones et al., 2020). 

PARP1, due to its “first responder” function to DNA strand breaks and AP sites, appears to 

be intrinsically prone to covalently bind DNA (Prasad et al., 2014). PARP1 crosslinking 

occurs through the formation of a Schiff base between the C1 atom of deoxyribose in the 

AP site and a primary amine in PARP1. Then, if the Schiff base is reduced (perhaps due to 

PARP1 intrinsic reducing capacity), PARP1 remains covalently attached to 3’ end of the 

DNA (Prasad et al., 2019). Alternatively, PARP1 can accidentally crosslink to the 5’ end 

following APE1 cleavage during BER (Prasad et al., 2020). PARP1 can also be trapped by 

cancer drugs, such as olaparib, rucaparib, niraparib, or talazoparib, comprehensively 

referred to as PARP inhibitors (PARPi) (Pommier et al., 2016). PARPi are currently 

approved for the treatment of BRCA1/2 mutated breast, ovarian, pancreatic and prostate 

cancers (Rose et al., 2020). All PARPi exert their action through competition inhibition with 

NAD+, however these agents can additionally trap PARP1 on DNA and their different 

efficacy appears to strictly depend on their “trapping” ability. Therefore, the presence of 

trapped PARP molecules can pathologically hamper transcription and replication 

progression, improving tumour cells death (Murai et al., 2012b; Zandarashvili et al., 2020). 

AP sites are also dangerous due to their instability, therefore they can easily convert into 

undesired strand breaks (Loeb and Preston, 1986). Recent studies showed that cells 

prevent this event by converting AP sites in ssDNA into intentional DPCs. The protein 5-

hydroxymethylcytosine binding, ES cell specific (HMCES) recognizes an AP site and 

crosslinks to it through its SOS response-associated peptidase (SRAP) domain via a 

thiazolidine linkage (Mohni et al., 2019; Thompson et al., 2019). This genome protection 

strategy appears to be highly conserved, as indicated by the existence in bacteria of a 

similar mechanism depending on HMCES ortholog yedK (Wang et al., 2019; Hu et al., 

2021). 
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1.3.1.2 Non-enzymatic DPCs 

Non-enzymatic DPCs are formed by unspecific covalent binding of any protein in the vicinity 

of DNA in the presence of DPCs-inducing agents. Common sources of crosslinking are 

endogenously produced reactive metabolites, such as ROS and aldehydes, but also 

exogenous agents, such as IR, UV radiation and chemotherapeutics (Tretyakova et al., 

2015; Stingele et al., 2017). 

A significant endogenous source of DPCs is represented by FA, produced in the cells during 

several metabolic reactions. Thus, even in physiological conditions, high concentrations of 

FA can be detected in human blood (Heck et al., 1985; Zhang et al., 2009). Importantly, FA 

is generated near the DNA as by-product of histone demethylation and AlkB-dependent 

repair, thus it represents a significant and constant risk for genomic integrity (Shi et al., 

2004; Shen et al., 2014; Pontel et al., 2015). The generation of FA-induced DPCs occurs 

as a multi-step reaction: first FA reacts with the amino or thiol group of an amino acid 

(nucleophile) to form a methylol adduct on the protein, then, this is dehydrated to a Schiff 

base. The reaction of the Schiff base with an amino group of a DNA base (second 

nucleophile) forms a methylene-bridged DPC (Nakamura and Nakamura, 2020). Recently, 

the introduction of a new sensitive method to study crosslinked-protein identity revealed 

that FA-induced DPCs are mainly crosslinked nucleosomes (Weickert et al., 2023).  

Free radicals generated by ROS reaction with DNA bases or amino acid side chains have 

been shown to react with another molecule to form a DPC. How strong the contribution of 

ROS to DPC formation in vivo has not be assessed yet (Barker et al., 2005; Tretyakova et 

al., 2015).  

UV and IR radiation have also been shown to induce DPC formation, however the precise 

mechanisms are still poorly understood (Fornace and Little, 1977; Peak and Peak, 1986;  

Moss et al, 1997; Gueranger et al., 2011). The effect of IR on DNA-protein crosslinking 

strongly depends on molecular oxygen conditions. It has been observed that the efficiency 

of DPC formation is higher in hypoxic tumours compared to normoxic tumours (Nakano et 

al., 2015). Conversely, in the presence of oxygen, IR promotes base damages, SSBs, and 

DSBs. Although these effects are not fully understood, the reverse oxygen effect appears 

to be a unique characteristic of radiation-induced DPCs (Zhang and Wheeler, 1993; 

Shoulkamy et al., 2012; Nakano et al., 2017).  

Several chemotherapeutic agents exert their toxicity also through DPC formation. For 

example, nitrogen mustards, due to their bifunctional reactive groups, can react with a DNA 

base and an amino acid side chain to form DPCs (Ewig and Kohn, 1977; Loeber et al. 2008; 

Groehler et al., 2016). In addition, platinum-based agents, such as cisplatin, that are mainly 
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known as DNA-DNA crosslinkers, are also able to form DPCs. For instance, cisplatin, once 

entered in the cell, is subjected to displacement of its chloride atoms, in the presence of 

water. The activated hydrolysed product can react with side chains of cysteine, lysine and 

arginine and nitrogen donor atoms on nucleic acids, introducing a DPC (Woźniak and 

Walter, 2000; Chválová et al., 2007; Ming et al., 2017). 

 

1.3.2 DPC repair strategies 

Due to their huge diversity and considerable bulky nature, DPCs represent a significant 

challenge for the cell. In order to prevent deleterious consequences, a multitude of general 

and dedicated DPC repair mechanisms cooperate to remove the crosslinked-protein and 

restore DNA integrity (Stingele et al., 2017; Zhang et al., 2020). 

 

1.3.2.1 Hydrolytic repair of TOP1-ccs and TOP2-ccs 

Since cells rely on TOP1 and TOP2 to resolve DNA torsional stress, their aberrant covalent 

trapping is a relatively frequent event. To avoid deleterious complications, cells possess two 

specialized enzymes, tyrosyl-DNA phosphodiesterase 1 and 2 (TDP1/2), that release 

TOP1-cc and TOP2-cc, respectively (Figure 7). However, the action of TDP1 and TDP2 

appears to be not sufficient to resolve the damage, which in addition requires the multiple 

other DNA repair factors (Pommier et al., 2014).  

TDP1 was initially discovered in S. cerevisiae and, subsequently, it was found to be 

expressed in all the organisms (Pouliot et al., 1999; Murai et al., 2012a). TDP1 is able to 

hydrolyse 3’-tyrosine preferably at ssDNA structures (Raymond et al., 2005). In vitro 

experiments showed that TDP1 was not able to release full length TOP1-cc, in absence of 

a pre-processing, such as denaturation (Yang et al., 1996; Interthal et al., 2005). This 

observation suggested that in the cell some interventions might be required to permit TDP1-

mediated hydrolysis. In addition, TDP1 can only cleave a shortened fragment of TOP1-cc 

that is produced in vivo by the proteasome (Lin et al., 2008; Interthal and Champoux, 2011). 

Accordingly, more recent studies showed that, in order to be subjected to proteasomal 

degradation, TOP1-cc is first SUMOylated by the SUMO E3 ligase PIAS4 and subsequently 

polyubiquitylated by the SUMO-targeted ubiquitin ligase (STUbL) RING finger protein 4 

(RNF4) (Sun et al., 2020). 

This proteasomal pre-processing allows TDP1 to finally access and release TOP1-cc 

through the generation of a transient covalent intermediate between the active site histidine 

His263 (humans) and the 3’ end of the substrate. This is then followed by His493 -mediated 

hydroxylation of the covalent intermediate and subsequent release of TDP1 and a 3’-
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phosphate DNA product (Pommier et al., 2014). His493Arg substitution in TDP1 prevents 

the disassembly of the covalent TDP1-DNA intermediate and it is, therefore, causative for 

a severe autosomal recessive disease, called spinocerebellar ataxia with axonal 

neuropathy (SCAN1) (Takashima et al., 2002). Following TDP1 release, PNPK 

dephosphorylates and phosphorylates the 3’ and 5’ ends, respectively. These are then 

recognized and religated by SSBR machinery (PARP1, XRCC1, LIG3 and Pol β) (Caldecott, 

2008). Several PTMs coordinate TDP1 and SSBR activity. More in detail, TDP1 is stabilized 

at TOP1-cc lesion by SUMOylation and PARylation, whereas its subsequent 

phosphorylation allows the recruitment of XRCC1 and LIG3 to ultimate repair (Chiang et al., 

2010; Hudson et al., 2012; Das et al., 2014). 

TDP2 is involved in the repair of TOP2-cc, that is trapped via two 5’-phosphotyrosyl-DNA 

bonds. TDP2 hydrolyses the covalent bonds, thus generating a DSB with 5’-phosphate and 

3’-OH groups that can be immediately religated by NHEJ pathway factors (Gómez-Herreros 

et al., 2013). TDP2-mediated catalysis does not involve the formation of a covalent catalytic 

intermediate but it requires two divalent metals (such as Mg2+, Mn2+ or Co2+). The two ions 

attack the phosphotyrosyl bond, coordinated by the catalytic residues of the active site, and 

allow the release of TOP2 and free DNA (Gao et al., 2012). TDP2 activity, similarly to TDP1, 

was shown to require TOP2-cc proteasomal pre-processing, depending on PIAS4-RNF4 

(Mao et al., 2001; Sun et al., 2020). Another study revealed that SUMOylation regulates 

TDP2 through a proteasomal-independent mechanism. The SUMO E3 ligase ZATT 

(ZNF451) binds and repositions TDP2 in a lesion-accessible conformation; subsequently 

ZATT binds and SUMOylates TOP2-cc. TDP2 is recruited to the SUMOylated TOP2-cc 

where it is able to resolve the covalent bonds (Schellenberg et al., 2017).  
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Figure 7. TDP1 and TDP2 catalytic cycles. A) The imidazole N2 atom of TDP1 His263 attacks the 

phosphodiester backbone (first nucleophilic attack), while His493 donates a proton and allows the 

release of TOP1 (leaving group). TDP1 forms a transient covalent intermediate (Tdp1-DNA complex) 

between its active site His263 and the 3’-phosphate end of the substrate DNA. This is followed by 

His493-mediated hydroxylation of the covalent intermediate phosphate group (second nucleophilic 

attack) and subsequent release of TDP1 and a 3’-phosphate DNA product. B) Conversely to TDP1, 

TDP2-mediated catalysis does not involve the formation of a covalent catalytic intermediate. 

Following the entry of the covalent TOP2-DNA substrate in TDP2 active site, two magnesium ions 

coordinated by TOP2 catalytic residues attack the phosphotyrosyl bond (nucleophilic attack). This 

reaction allows the release of TOP2 and free DNA with a 5′-phosphate end. Figure adapted from 

Pommier et al., 2014. 

 

 

1.3.2.2 Nuclease-dependent repair of DPCs 

In addition to the multitude of dedicated DPC repair mechanisms, several studies indicated 

that canonical DNA repair pathways, such us HR or NER, differentially contribute to resolve 

these toxic lesions. 

 

1.3.2.2.1 HR contribution to DPC repair 

First indications of HR participation in DPC repair came from studies in bacteria and yeast. 

The bacterial MRN ortholog SbcCD complex was shown to cleave DNA and allow the 

release of proteins at DNA termini (Connelly et al., 2003). In yeast, the MRN counterpart 

(Mre11-Rad50-Xrs2) is required to remove Top1, Top2 and Spo11 adducts (Keeney et al., 

1997; Hartsuiker et al., 2009a; Hartsuiker et al., 2009b). In humans, it was initially observed 

that the MRN complex and CtIP promote repair of DSBs induced by etoposide treatment in 

G1 phase, independently of HR (Quennet et al., 2011).  

It was shown that TDP2-deficient cells do not accumulate significant amount of TOP2-cc in 

absence of TOP2 inhibitors, suggesting the existence of a parallel repair mechanism to 

resolve this DPC (Pommier et al., 2014). Further studies confirmed that, in addition to TDP2-

mediated catalysis, TOP2-cc can be processed by the MRN (MRE11-RAD50-NBS1) 

complex. Accordingly, loss of function of MRN or NBS1 compromises TOP2-cc repair, 

causing accumulation of these intermediates, which, in turn, can be rescued by TDP2 

overexpression (Lee et al., 2012; Hoa et al., 2016). In vitro studies showed that to release 

protein adducts covalently attached to DNA ends, the MRN multifunctional complex utilizes 

its endo and exonuclease and ATPase activities, coordinated by the NBS1 subunit. The 

complex operates through a multistep process that is initiated by a DNA incision in proximity 

of the trapped protein. Then, the exonuclease activity of MRN stimulates a 3’-5’ DNA 

resection; this is followed by a second incision on the complementary DNA strand. This 

event removes the DPC and allows DSB repair by NHEJ machinery (Deshpande et al., 

2016; Hoa et al., 2016).  
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Interestingly, even though many studies addressed the specific contribution of MRN to 

TOP2-cc repair, it seems that the complex can act in the presence of a broad range of 

protein adducts, suggesting that it might represent a general cell protection mechanism 

towards DPCs (Aparicio et al., 2016; Deshpande et al., 2016). In line with this, HR-deficient 

cells are highly sensitive to the non-enzymatic DPCs-inducing agent FA and accumulate 

DSBs (Nakano et al., 2007; Nakano et al., 2009). 

  

1.3.2.2.2 NER contribution to DPC repair 

The contribution of NER to DPC repair remains a controversial topic. An early study showed 

that the bacterial NER complex (UvrABC) is able to excise in vitro a 16 kDa protein 

covalently bound to a DNA AP site (Minko et al., 2002). Then, the same authors 

systematically analysed NER excision efficiency of different-sized peptides, observing that 

small peptide-crosslinks are preferable substrates. Therefore, they speculated that a 

proteolytic pre-processing might be required for repair in vivo (Minko et al., 2005). In line 

with this, further studies showed that deficiencies of UvrABC sensitize the cells to the DPCs-

inducing agent FA, but not to 5-azadC. The authors observed that the bacterial NER 

machinery can excise DPCs, but only if the protein adduct size does not exceed 12-14 kDa. 

This would explain why it is “blind” to the bulky 5-azadC-induced DNMT1-DPCs that are, in 

turn, resolved by HR (Nakano et al., 2007).  

In yeast, two independent studies showed that deficiencies in NER factors result in 

sensitivity to FA, suggesting the contribution of NER pathway to DPC repair (de Graaf et 

al., 2009; Stingele et al., 2014). More in detail, de Graaf et al. observed that deficiencies in 

NER factors sensitize cells to high-dose short treatment with FA, whereas loss of HR 

function increases sensitivity towards low-dose chronic exposure to FA. This observation 

indicates that, according to the duration and intensity of the insult, the two pathways 

differentially contribute to repair FA-induced lesions; however the underlying mechanistic 

details were not fully clarified (de Graaf et al., 2009). In agreement, Stingele et al. 

discovered that yeast strains lacking Rad4 (XPC homolog) displayed a significant delay in 

DPC removal (Stingele et al., 2014). 

The first study to investigate NER function in DPC repair in humans was performed by 

Quievryn and Zhitkovich. The authors analysed the in vivo repair kinetics of FA-induced 

DPCs in XPA and XPF-deficient fibroblasts and observed that this was unchanged 

compared to WT cells (Quievryn and Zhitkovich, 2000). In contrast, proteasomal inhibition 

significantly affected DPC repair, suggesting that a proteolytic digestion, rather than 

excision, was required to resolve these lesions. Interestingly, the researchers observed that 
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loss of XPF function, but not of XPA, increased sensitivity towards FA. This was interpreted 

as an indication of XPF involvement in the repair of different FA-induced lesions, rather than 

DPCs (Quievryn and Zhitkovich, 2000). By contrast, a later study showed that XPA provides 

resistance to nitrogen mustard-induced DPCs (Groehler et al., 2016). The controversy 

regarding NER factors contribution to DPC repair was further enhanced by in vitro studies, 

proving that NER endonucleases can exclusively excise DNA-peptides crosslinks, while 

they cannot operate on a fully folded 16 kDa protein. This indicated that a proteasomal pre-

proteolytic degradation might be required to allow NER to access to the lesion (Reardon 

and Sancar, 2006; Reardon et al., 2006). Baker et al. confirmed that in vitro XPG-dependent 

excision requires a proteolytic pre-processing and, additionally, they provided the first 

evidence for NER in vivo contribution to DPC repair (Baker et al., 2007). In this study, the 

rate of DPC repair was assessed by quantifying the expression of a fluorescent GFP 

reporter in cells. Thus, these experiments indicated that DPCs in transcribed genes are also 

repaired. Furthermore, since in vivo DPC repair was not fully abolished by XPG deficiency, 

the authors concluded that, together with NER, other pathways might play a significant role 

in repairing DPCs (Baker et al., 2007). The work from Nakano et al. in 2009 analysed the 

respective contribution of NER and HR to DPC repair in bacteria and mammals. NER 

machineries in mammals appear to be greatly limited by the size of the proteins that can be 

excised (8-10 kDa). The authors concluded that, for this reason, in vivo NER pathway does 

not significantly contribute to chromosomal repair of FA-induced DPCs (Nakano et al., 

2009). This was in contrast with the data obtained by the same authors in bacterial system, 

suggesting a distinct involvement of NER to DPC repair in different organisms (Nakano et 

al., 2007). Additionally, in this study, the DPCs were not polyubiquitylated, discouraging the 

hypothesis that proteasomal degradation contributes to repair (Nakano et al., 2009). 

The reason why a unified model about NER function in DPC repair was missing at the time 

of these studies might depend on technical limitations in studying DPC repair kinetics. A 

more recent work established a quantitative PCR-based assay (SSPE-qPCR) to investigate 

DPC repair in vivo, upon cell transfection with a plasmid harboring a site-specific DPC 

(Chesner and Campbell, 2018). The experiments provided the evidence that, both in 

Chinese hamster ovary (CHO) cells and in human cells, the NER factor XPD is required to 

repair DPCs. The authors also observed, in contrast with previous studies, that NER can 

repair DPCs up to 38 kDa, even though it operates more efficiently on smaller adducts. 

Moreover, by monitoring the repair of a DPC inserted in an actively transcribed locus, the 

authors provided the first indication of the existence of a transcription-coupled DPC repair 

mechanism (Chesner and Campbell, 2018).  
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1.3.2.3 Dedicated DPC-proteases 

Although canonical DNA repair pathways have been shown to participate to a certain extent 

in DPC repair, over the last years, specialized DPC-proteases have been identified in 

eukaryotes (Figure 8). Their functions will be examined in this section.  

 
Figure 8. Overview of DPC-proteases. A) Yeast Wss1 and Ddi1 are required for replication-
coupled repair of Top1-ccs and non-enzymatic DPCs. B) In mammals, the putative DPC-protease 
FAM111A has been implicated, together with the extensively characterized DPC-protease SPRTN, 
in the removal of fork obstacles, such as TOP1-ccs. C) FAM111A has also been proposed to resolve 
trapped PARP1. D) GCNA ectopically expressed in mammalian cells appears to colocalize with 
DNMT1 upon 5-azadC treatment; this suggests a role for GCNA in DNMT1-DPCs resolution. E) 
GCNA has a protective function towards etoposide treatment in C. elegans, thus it is plausibly 
involved in TOP2-cc resolution. Figure from Ruggiano and Ramadan, 2021. 
 
 

1.3.2.3.1 The DPC-protease SPRTN  

A synthetic interaction screen conducted in 2014 allowed Stingele et al. to identify the yeast 

protein Wss1 as the first dedicated DPC-protease (Stingele et al., 2014). In detail, cells 

lacking Wss1 showed a strong negative genetic interaction with Tdp1, resulting in a 

dramatic growth defect and sickness. Interestingly, Δwss1 Δtdp1 cells were extremely 

sensitive to CPT, and this phenotype was rescued by deleting Δtop1. This finding suggested 

that Wss1 acts in parallel to Tdp1 to resolve toxic Top1-ccs (Stingele et al., 2014). Further 

in vitro experiments showed that Wss1 is activated in a DNA-dependent manner and it is 

able to cleave several DNA-bound proteins and itself in trans, perhaps as a regulatory 

inactivation step. In addition, loss of Wss1 sensitizes the cells to the DPCs-inducing agent 

FA, proving that this protease represents a general and crucial protection mechanism 

towards enzymatic and non-enzymatic DPCs (Stingele et al., 2014; Stingele and Jentsch, 

2015).  
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A few years later, the metalloprotease SprT-like N-terminal domain (SPRTN), also known 

as C1orf124 or DVC1, was identified as dedicated replication-coupled DPC-protease in 

higher eukaryotes (Lopez-Mosqueda et al., 2016; Stingele et al., 2016; Vaz et al., 2016; 

Maskey et al., 2017; Mórocz et al., 2017). SPRTN was initially characterized as a p97 and 

PCNA-interactor, involved in regulation of TLS in the presence of UV-induced lesions 

(Centore et al., 2012; Davis et al., 2012; Ghosal et al., 2012; Juhasz et al., 2012; Machida 

et al., 2012). Although SPRTN function was not clear at the time, these works anticipated 

its implication in replication-coupled mechanisms for DNA damage tolerance.  

SPRTN is a 489 amino acids DNA-dependent metalloprotease with an N-terminal SprT 

protease domain and a C-terminal tail region harboring various protein-protein interaction 

modules. Specifically, SPRTN has VCP/p97 binding motif (SHP-binding motif), a site for 

interaction with the replication clamp PCNA (PCNA-interacting protein box, PIP-box) and a 

ubiquitin binding site (ubiquitin-binding zinc finger, UBZ). The crystal structure of human 

SPRTN revealed that this protease has two DNA-binding domains (DBDs): a basic region 

(BR), binding to dsDNA, and a zinc-binding domain (ZBD), recognizing ssDNA (Li et al., 

2019). SPRTN has an open active site and appears to be active towards a multitude of 

protein substrates, therefore, to avoid toxic undesired cuts, its activation needs to be tightly 

regulated. Similarly to Wss1, SPRTN activity is strictly dependent on DNA (Stingele et al., 

2016; Vaz et al., 2016). In vitro experiments showed that, upon DNA-binding, SPRTN 

proteolytic function is activated towards the substrate, but also towards another SPRTN 

molecule (Stingele et al., 2016). This in trans autocleavage has additionally been observed 

in vivo upon treatment with DPCs-inducing agents and it represents an autoinhibitory 

mechanism to evict SPRTN from DNA and prevent undesired degradation events (Zhao et 

al., 2021; Weickert et al., 2023). Moreover, SPRTN in vitro activation only occurs in the 

presence of specific DNA structures, such as bubbles, gaps, junctions or DSBs, but not if 

the DPC is linked to an unperturbed ssDNA or dsDNA region (Reinking et al., 2020). This 

might be interpreted as an additional layer of regulation, mediated by the correct positioning 

of SPRTN DNA-binding regions towards the substrate (Li et al., 2019; Reinking et al., 2020).  

Ubiquitylation events play a crucial role in the in vivo regulation of SPRTN activation and 

turnover. In the cell, SPRTN is constitutively present as unmodified and monoubiquitylated. 

DPC induction by FA treatment triggers SPRTN deubiquitylation and subsequent chromatin 

recruitment (Stingele et al., 2016). An early model proposed that, since monoubiquitylated 

SPRTN is excluded from chromatin, the ubiquitin switch might regulate its access to DPCs 

and subsequent activation (Stingele et al., 2016). A more recent study showed that 

monoubiquitylation of SPRTN is a constitutive process to negatively regulate the enzyme 
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through two parallel processes. First, this modification primes SPRTN for proteasomal 

degradation, increasing its turnover, second, it activates SPRTN auto-catalytic cleavage in 

trans, keeping the enzyme in an inactive state (Zhao et al., 2021). Upon DPC induction, 

USP7-dependent deubiquitylation stabilizes and activates the catalytic activity of SPRTN, 

favouring repair (Zhao et al., 2021). Other DUBs have been involved in SPRTN 

deubiquitylation, however, whether they represent alternative or redundant mechanisms 

has not been clarified (Huang et al., 2020; Perry et al., 2021; Zhao et al., 2021). 

Lastly, there is still a big open question about the signalling events that trigger chromatin 

relocalization of SPRTN in the presence of a DPC. Therefore, it is known that SPRTN forms 

nuclear foci upon treatment with DPCs-inducing agents, but the molecular mechanisms 

orchestrating this recruitment are currently unknown (Stingele et al., 2016). In its C-terminal 

tail, SPRTN harbours various protein-protein interaction modules that might regulate its 

chromatin access. Early studies showed that SPRTN can interact with ubiquitinated-PCNA 

through its PIP and UBZ domains, being thus involved in replication-coupled DPC repair 

mechanisms (Centore et al., 2012; Vaz et al., 2016). In addition, SPRTN can interact with 

VCP/p97 through a SHP-box (Davis et al., 2012; Mosbech et al., 2012). However, these 

domains appear to be dispensable for SPRTN chromatin enrichment upon DPC induction 

(Stingele et al., 2016). Several PTMs have been proposed to regulate SPRTN recruitment. 

Ubiquitylation, as previously discussed, seems to be primarily involved in the regulation of 

SPRTN stability, however, at the moment, a role in SPRTN DPC-relocation cannot be 

excluded (Borgermann et al., 2019; Ruggiano et al., 2021; Zhao et al., 2021). It has been 

also shown that, upon FA treatment, SPRTN can be acetylated by the acetyltransferases 

PCAF/GCN5, following its deubiquitylation mediated by valosin-containing protein 

interacting protein 1 (VCPIP1). Therefore, mutations of the acetylation site prevent SPRTN 

chromatin accumulation, suggesting a critical role for this modification (Huang et al., 2020). 

CHK1-mediated phosphorylation of SPRTN has also been observed to promote its 

chromatin recruitment (Halder et al., 2019). New insights finally suggested that 

SUMOylation might play a crucial role in coordinating DPC repair and, thereby, SPRTN 

function (Ruggiano et al., 2021). A recent study showed that testis expressed 264 (TEX264) 

protein recruits VCP/p97 and SPRTN to SUMO-conjugated TOP1ccs in a replication-

dependent manner (Fielden et al., 2020). However, whether this is a general recruitment 

mechanism or it is an exclusive TOP1-cc repair strategy has not been clarified. In 

conclusion, although several studies suggest that protein-protein interactions and PTMs 

regulate SPRTN recruitment, how these mechanisms are precisely orchestrated is currently 

unknown.  
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1.3.2.3.1.1 Defects in SPRTN function  

SPRTN is essential for viability, therefore Sprtn KO causes early embryonic lethality in mice. 

Conditional KO in mouse embryonic fibroblasts (MEFs) determines aberrant phenotypes, 

such as growth defects, genome instability and cell death (Maskey et al., 2014). In human, 

SPRTN loss of function mutations are causative for Ruijs-Aalfs syndrome (RJALS), a 

serious disease characterized by genomic instability, premature aging and early-onset 

hepatocellular carcinoma (Ruijs et al., 2003). Analysis of the mutations found in RJALS 

patients, revealed that one patient had a biallelic 1 bp deletion resulting in a premature stop 

codon at amino acid 249, while the other two patients were heterozygous for a missense 

mutation (c.350A > G) resulting in Tyr117Cys substitution (close to the active site) and a 4 

bp deletion producing a premature stop codon at amino acid 246 (Lessel et al., 2014). The 

C-terminal truncated variant of SPRTN, referred to as SPRTN-ΔC, lacks all the protein-

protein interaction motifs (PIP-box, SHP-box, UBZ domain) mentioned above, as well as 

the nuclear localization signal (NLS), but it retains the protease activity (Stingele et al., 2016; 

Vaz et al., 2016). SPRTN-ΔC is mislocalized to the cytoplasm and its DPC repair function 

is compromised in vitro and in vivo, thus viability of cells carrying this mutation is affected 

(Lessel et al., 2014; Stingele et al., 2016; Vaz et al., 2016). Restoration of SPRTN-ΔC 

nuclear localization (by fusing SPRTN-ΔC to NLS) partially rescues the DPC repair defect 

in vivo, suggesting that it might, at least in part, depend on SPRTN-ΔC mislocalisation 

(Lopez-Mosqueda et al., 2016). Conversely, new mechanistic insights demonstrated that 

the main defect of SPRTN-ΔC relies on the loss of UBZ domain and on the consequential 

functional deregulation (Weickert et al., 2023). Moreover, the paradigm that SPRTN 

exclusively operates as a replication-coupled protease, has been challenged by new 

evidence of its participation in the repair of the post-replicative DNMT1-DPCs. This finding 

could explain the defects observed in non-replicative tissues of Ruijs-Aalf syndrome 

patients, finally helping to shed light on the pathogenesis of this severe syndrome (Lessel 

et al., 2014; Weickert et al., 2023). 

 

1.3.2.3.2 GCNA  

Following the identification of Wss1 in yeast and SPRTN in humans, additional proteases 

have been implicated in DPC repair (Ruggiano and Ramadan, 2021).   

Germ cell nuclear antigen (GCNA), also known as acid repeat-containing protein (ACRC) 

has been for long time used as a marker to identify mouse germ cells, however its identity 

and function were unknown. In 2016, Carmell et al. discovered that GCNA belongs to an 

evolutionary conserved family containing a SprT-like protease domain, multiple SUMO 
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interacting motives (SIMs) and an intrinsically disordered region (IDR) (Carmell et al., 2016). 

GCNA is almost exclusively expressed in germ cells and, even though it is not strictly 

required for cell viability in mammalian cells, its loss of function predisposes to genome 

instability in flies, worms, zebrafish, and human germ cell tumours (Bhargava et al., 2020; 

Dokshin et al., 2020). An increased amount of DPCs was observed in ovaries and embryos 

of Drosophila Gcna mutants. In addition, in C. elegans, loss of gcna-1 (GCNA homolog) 

and dvc-1 (SPRTN homolog, dispensable for cell viability) results in an additive effect on 

embryonic lethality, suggesting that GCNA-1 and DVC-1 might operate as two independent 

DPC-proteases (Bhargava et al., 2020). Furthermore gcna-1 loss of function sensitizes 

worms to DPCs-inducing agents, such as FA and cisplatin (Borgermann et al., 2019). 

GCNA-1 interacts with TOP-2 on condensed chromosomes during embryonic cell divisions 

in C. and its loss of function determines etoposide sensitivity (Dokshin et al., 2020). 

Furthermore, ectopically expressed GCNA was shown to be recruited to chromatin upon 

DPC induction and to colocalize with DNMT1 following 5-azadC treatment (Borgermann et 

al., 2019). SUMOylation inhibition abolished GCNA recruitment to chromatin upon DPC 

induction by FA, suggesting that GCNA colocalizes with DPCs in a SUMO-dependent 

manner (Borgermann et al., 2019). Taken together, these data suggest that GCNA 

participates in DPC repair likely in parallel to SPRTN, however further studies will be 

required to clarify the molecular mechanisms. 

 

1.3.2.3.3 FAM111A 

The serine protease family with sequence similarity 111 member A (FAM111A) has recently 

been proposed to act as a DPC-protease (Kojima et al., 2020). FAM111A has a trypsin-like 

protease domain, a DBD and a PIP-box and it has been initially identified as a replication 

fork protein, interacting with PCNA (Alabert et al., 2014). The study conducted by Kojima et 

al. showed that FAM111A loss of function sensitizes tumour cells to TOP1 and PARP1 

inhibitors, and (mildly) to FA, etoposide and 5-azadC. In addition, FAM111A exhibits DNA-

dependent proteolytic activity and, similarly to SPRTN, can undergo autocleavage (Stingele 

et al., 2016; Hoffmann et al., 2020; Kojima et al., 2020). Altogether, these data suggested 

that FAM111A is a replication-coupled protease, implicated in the removal of fork obstacles, 

such as TOP1-cc and trapped PARP (Kojima et al., 2020). Interestingly, FAM111A 

depletion does not dramatically affect cell viability and fork speed, conversely to SPRTN 

(Lessel et al., 2014; Vaz et al., 2016; Kojima et al., 2020). This suggests that FAM111A 

might represent a “back-up” mechanism, able to assist SPRTN, in case of DPCs overload 

(Ruggiano and Ramadan, 2021).  
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Mutations in FAM111A are causative for the rare autosomal dominant Kenny-Caffey 

syndrome, whose patients suffer from hypoparathyroidism, skeletal development 

abnormalities and subsequent short stature (Unger et al., 2013). Gain of function mutations 

causing Kenny-Caffey syndrome are located in proximity of catalytic residues and result in 

hyperactivation of FAM111A proteolytic activity, with aberrant consequences on cell fitness 

(Eren et al., 2021; Nie et al., 2021). Both 5-Ethynyl-uridine (EU) and 5-Ethynyl-2'-

deoxyuridine (EdU) incorporation are reduced upon FAM111A overexpression, suggesting 

that this protease inhibits both replication and transcription (Hoffmann et al., 2020). 

Expression of catalytically active FAM111A (carrying the dominant missense mutation 

Asp439Asn) decreased the amount of RPB1 localized at chromatin, plausibly due to 

increased proteolysis (Hoffmann et al., 2020). However, although a few studies suggest 

that FAM111A is a DPC-protease, this still need to be formally confirmed. 

 

1.3.2.3.4 DDI1 and DDI2 

The yeast aspartate protease DNA damage inducible 1 (Ddi1) has recently been implicated 

in DPC repair. Ddi1 has a ubiquitin binding-like domain (UBL), a helical domain (predicted 

DNA-binding domain), a retroviral-like protease domain (RVP), and a ubiquitin-associated 

domain (UBA), thus it structurally belongs to a family of proteins involved in the transfer of 

polyubiquitinated substrates to the proteasome (Finley, 2009; Nowicka et al., 2015). 

However, UBA domain is lost in its vertebrates orthologs, indicating a putative functional 

divergence (Nowicka et al., 2015). Recent studies showed that Ddi1 has a strong genetic 

interaction with Wss1, in protecting the cells from replication stress (Svoboda et al., 2019). 

In addition, Δwss1 Δddi1 are further sensitized towards the DPCs-inducing agents CPT and 

FA compared to single mutants; the RVP domain is indispensable to rescue this phenotype 

(Svoboda et al., 2019). Taken together, these data strongly suggested that Ddi1 plays a 

role in repairing Top1-ccs and non-enzymatic DPCs (Serbyn et al., 2020). Furthermore, 

Δwss1 Δddi1 cells showed an increased accumulation of proteasome subunits on 

chromatin. This suggests that when both Wss1 and Ddi1 are impaired, the proteasome 

might operate as an additional DPC-protease to compensate their function (Serbyn et al., 

2020). Lastly, loss of Ddi1 impairs Rpb1 degradation upon hydroxyurea (HU) treatment, 

indicating that this protease is required to evict stalled RNA Pol II from chromatin during 

replication stress (Serbyn et al., 2020). However, evidence that Ddi1 operates on 

crosslinked rather than chromatin bound-proteins are lacking and, therefore, its DPC 

proteolytic activity has never been confirmed in vitro (Sirkis et al., 2006; Trempe et al., 2016; 

Serbyn et al., 2020).  
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A direct role for Ddi1 human homologs DDI1/2 in DPC repair has not been described. 

However, similarly to Ddi1, both proteins appear to be essential for cell viability upon 

replication stress (Kottemann et al., 2018). In the presence of stalled replication forks, DDI1 

and DDI2 mediate the interaction between the stalled ubiquitylated replication termination 

factor 2 (RTF2) and the proteasome. This allows the proteolytic removal of the obstacle and 

replication resumption (Kottemann et al., 2018). Whether these proteases have a similar 

function in the presence of a DPC obstacle is unknown. Additionally, due to their proteolytic 

activity, it would be interesting to explore the possibility of a direct DPC-proteolytic function 

(Dirac-Svejstrup et al., 2020). Further studies will be required to clarify these questions.  

 

1.3.3 Interplay of DPC repair mechanisms  

DPCs are bulky lesions that can hamper replication fork progression. Therefore, to remove 

these obstacles, cells developed tightly regulated replication-coupled mechanisms (Perry 

and Ghosal, 2022). However, even though the replicative machinery is particularly crucial 

in the detection of DPCs, recent studies showed that these lesions can also be repaired 

independently of DNA replication. In the global genome DPC repair pathway, DPC sensing 

mainly relies on PTMs (Leng and Duxin, 2022). 

 

1.3.3.1 Replication-coupled DPC repair  

The first evidence of the existence of a replication-coupled DPC repair pathway came from 

a study conducted in Xenopus laevis eggs extract (Duxin et al., 2014). Interpreting their 

results, the authors hypothesised the existence of a replication-dependent protease 

involved in the repair of DPCs (Duxin et al., 2014). This hypothesis was confirmed a few 

years later by the identification of the dedicated DPC-protease SPRTN (Stingele et al., 

2016; Vaz et al., 2016). Duxin et al. showed that in the presence of a DPC on the leading 

strand, the helicase CMG initially stalls. In the beginning it was assumed that the crosslinked 

protein is proteolytically reduced to a short peptide that can be bypassed by the CMG 

helicase. Subsequently, the intervention of a TLS polymerase allows DNA extension past 

the lesion and replication resumption. Repair of a DPC on the lagging strand also requires 

proteolytic digestion, but it is initiated by replisome stall (Duxin et al., 2014). This study 

opened the way to a series of further investigations, that progressively shed light on 

replication-coupled DPC repair.  

According to the current model, in the first instance, the presence of a DPC on the leading 

strand hampers CMG progression. At this stage, the E3 ubiquitin ligase TRAF-interacting 

protein (TRAIP), associated with the replisome, orchestrates the ubiquitylation of the DPC 
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and the surrounding proteins (Larsen et al., 2019). Conversely to the initial model, it has 

now been shown that CMG can bypass the ubiquitylated DPC prior to its proteolytic 

digestion, in the presence of the helicase regulator of telomere elongation helicase 1 

(RTEL1) (Vannier et al., 2014; Sparks et al., 2019). RTEL1 presumably travels with the 

replisome and unwinds the DNA around the DPC, thus allowing CMG to bypass the lesion 

(Sparks et al., 2019). The ssDNA generated following CMG bypass is immediately coated 

with RPA, associated with the E3 ubiquitin ligase RFWD3 (Gallina et al., 2021). RFWD3-

mediated ubiquitylation of the DPC primes it for proteasomal degradation (Larsen et al., 

2019). In parallel, DNA polymerase approach to the lesion activates SPRTN proteolytic 

activity, that degrades the protein adduct independently of DPC ubiquitylation (Larsen et 

al., 2019). Further insights showed that following CMG bypass, RTEL1-mediated unwinding 

allows the engagement of the 5’-3’ helicase FANCJ downstream of the adduct. FANCJ 

translocation towards the lesion unfolds the DPC to allow its proteolytic processing by 

SPRTN. Finally, TLS allows the extension past the remanent peptide (Yaneva et al., 2023).  

These studies revealed that the proteasome and SPRTN are both involved in replication-

coupled DPC repair (Larsen et al., 2019). However, the mechanisms underlying the 

pathway choice are still under investigation. Additionally, although SPRTN seems to play a 

relevant role in the process, the contribution of other proteases, such as FAM111A or 

DDI1/2 cannot be excluded. 

 

1.3.3.2 Replication-independent DPC repair  

Replication-independent DPC repair is initiated by signalling events finely regulated by 

PTMs. DPC induction triggers a dynamic and significant SUMOylation response in the 

proximity of the damage. SUMO signals promote detection of DPCs and coordinate their 

proteolytic repair (Borgermann et al., 2019; Serbyn et al., 2020; Ruggiano et al., 2021).  

For instance, in yeast, Siz1 and Mms21 have been shown to SUMOylate Top1-cc, followed 

by Slx5/Slx8-dependent ubiquitylation (Serbyn et al., 2020; Sun et al., 2020). In parallel, the 

SUMO E3 ligase Siz2 SUMOylates surrounding proteins (Serbyn et al., 2020). SUMOylation 

promotes Wss1 recruitment to the DPC locus, while ubiquitylation targets Top1-cc for 

proteasomal degradation (Serbyn et al., 2020).  

Similarly, in human cells, TOP1-cc and TOP2-cc are SUMOylated by the E3 ligase PIAS4 

and subsequently polyubiquitylated by RNF4, independently of replication and transcription 

(Sun et al., 2020). The resolution of post-replicative DNMT1-DPCs occurs through the same 

pathway, however, it is currently unclear whether PIAS4 or other SUMO E3 ligases are 

involved in the process (Liu et al., 2021; Weickert et al., 2023). Lastly, to restore DNA 
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integrity, ubiquitylated TOP1/2-cc and DNMT1-DPC are targeted for proteasomal 

degradation (Sun et al., 2020; Liu et al., 2021; Weickert et al., 2023).  

A recent study showed that DNMT1-DPC is also cleaved by SPRTN, demonstrating that 

this protease can surprisingly operate in the global genome DPC repair pathway (Figure 9) 

(Weickert et al., 2023). SPRTN cleavage occurs independently of replication and 

transcription and relies on SUMO-targeted ubiquitylation operated by RNF4. Genetic 

interaction of SPRTN-ΔC and RNF4 KO cells suggests that SPRTN cleavage of DNMT1-

DPC occurs in order to facilitate its proteasomal degradation (Weickert et al., 2023).  

Moreover, the ectopically expressed putative DPC-protease GCNA colocalizes with DNMT1 

upon 5-azadC treatment, suggesting that it might contribute to replication-independent DPC 

repair (Borgermann et al., 2019).  

To conclude, DPCs can be repaired by replication-coupled or by global genome 

mechanisms. SPRTN and the proteasome functions appear to be crucial in both processes, 

whereas the involvement of additional/alternative factors has not been clarified yet. 

 

Figure 9. Model of global genome DPC repair. DNMT1-DPC is initially SUMOylated and 

subsequently ubiquitylated by the STUbL RNF4. Next, DNMT1-DPC can be either processed by p97 

and the proteasome or cleaved by SPRTN. SPRTN cleavage may facilitate further p97-proteasomal 

degradation. Figure from Weickert et al., 2023.
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2 AIM OF THE STUDY 

DNA-protein crosslinks (DPCs) are covalent linkages between DNA and protein that can 

originate by several endogenous and exogenous sources. DPCs are highly toxic, since they 

can interfere with physiological chromatin processes, including replication and transcription. 

Therefore, cells developed a plethora of processes to resolve DPCs, thus preserving 

genome stability. Proteolysis of crosslinked proteins is ensured by the interplay of the DPC-

dedicated protease SPRTN and the proteasome, while canonical DNA repair pathways – 

such as NER and HR pathways – contribute to restore the correct DNA sequence. DPC 

repair can be initiated in replication-coupled and global genome manners. Replication-

coupled DPC repair operates in the presence of a bulky crosslinked protein that interferes 

with replication fork progression. Conversely, replication-independent global genome DPC 

repair is initiated by SUMOylation of the DPC and subsequent ubiquitylation mediated by 

RNF4. In any case, both pathways rely on proteasomal and SPRTN-mediated degradation 

of the crosslinked protein. 

DPCs have additionally been shown to hamper RNA polymerases progression on the 

transcribed strand in vitro (Nakano et al., 2012). Experiments assessing the repair of DPC-

containing plasmids upon transfection in human cells suggest that transcription contributes 

to repair (Chesner and Campbell, 2018). However, the consequences of transcription 

blockage by DPCs in vivo have not been extensively investigated.  

Transcription-blocking lesions, such as UV-induced DNA bulky adducts, which can hamper 

elongating RNAPII progression, have been shown to activate TC-NER. Stalled RNAPII is 

sensed by CSB which in turn recruits CSA and subsequent NER factors to orchestrate 

degradation of stalled RNAPII, excision of the damage and restoration of DNA sequence.  

This study aimed to investigate the consequences of DPC induction on transcription in 

human cells. In addition, we aimed to explore whether cells possess transcription-coupled 

DPC repair mechanisms and to identify any involved factors. Furthermore, we intended to 

assess the genetic interaction between putative transcription-coupled DPC repair factors 

and established DPC repair mechanisms.  
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3 RESULTS 

3.1 FA-induced DPCs cause transcription stress   

FA is a highly reactive aldehyde and a significant source of DPCs (Heck et al., 1990; Huang 

and Hopkins, 1993). The recently established method Purification of x-linked Proteins (PxP) 

combined with label-free quantitative proteomics revealed that the most abundant FA-

induced crosslinks are histones (Weickert et al., 2023). In order to establish DPC repair 

kinetics of histones-DNA crosslinks, HAP1 cells were treated for 1h with FA prior to cell 

harvesting and PxP processing. Dose-dependent induction of histone H3-DNA crosslink 

was detected by western blotting (Figure 10A). Upon DPC induction, cells were allowed to 

repair in drug-free media for 3 and 6h. H3-DNA crosslinks were largely repaired after 6h of 

recovery, suggesting that they are not exclusively resolved through replication-coupled 

mechanisms; therefore replication-dependent repair would require more time for all cells to 

pass through S phase at least once. Accordingly, RPE1-iCas9 (from now on referred to as 

RPE1) WT cells G1-arrested by contact inhibition showed similar repair kinetics when 

compared to asynchronous cycling cells (Figure 10B).  

 
Figure 10. FA treatment induces H3-DNA crosslinks that are repaired in 6 hours. A) PxP-
Western blotting monitoring histone-H3 crosslinks repair in HAP1 cells treated for 1h with FA 0.5mM 
and FA 1mM. Following 1h DPC induction, cells were let recover in drug-free media for 3 and 6h 
before harvesting. B) PxP-Western blotting monitoring histone H3-crosslinks repair in RPE1 cells 
asynchronous and G1-arrested by contact inhibition treated for 1h with FA 1mM. Following 1h DPC 
induction, cells were let recover in drug-free media for 3 and 6h before harvesting.  

 

FA has recently been shown to induce transcription stress, however the nature of the 

responsible FA-induced lesions – ICLs, monoadducts or DPCs – is currently unclear 

(Mulderrig et al., 2021). On the other hand, DPCs have been reported to block the 

progression of RNA polymerases in vitro, but the extent to which DPCs perturb transcription 

in mammalian cells is unknown (Nakano et al., 2012). Therefore, we aimed to explore the 

interplay between transcription and DPC repair.  
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In order to investigate the effect of DPC induction by FA treatment on transcription and 

replication, newly synthesized RNA and DNA were labelled by incorporation of 5-Ethynyl-

uridine (EU) and 5-Ethynyl-2'-deoxyuridine (EdU), respectively. EU and EdU are 

subsequently conjugated with a fluorescent azide (Click-iT labelling), thus allowing to 

measure transcription or replication levels by fluorescent microscopy. Using this assay, we 

found that in RPE1 cells, both transcription and replication were strongly inhibited by a pulse 

of FA in a dose-dependent manner (Figure 11A-D).  

 
Figure 11. FA treatment inhibits transcription and replication. A) Representative microscopy 
pictures of RPE1 cells treated with FA and labelled by EU incorporation. Cells were treated for 1h 
with indicated concentration of FA prior to 1h EU incorporation and Click-iT reaction. Nuclei were 
stained with DAPI. Scale bar: 20µm B) Quantification of A). Values represent EU fluorescence 
intensities of single nuclei; error bars: mean ± SD; a.u.=arbitrary units; the experiment has been 
repeated three times with similar result. C) Representative microscopy pictures of RPE1 cells treated 
with FA and labelled by EdU incorporation. Cells were treated for 1h with indicated concentration of 
FA prior to 1h EdU incorporation and Click-iT reaction. Nuclei were stained with DAPI. Scale bar: 20 
µm D) Quantification of C). Values represent EU fluorescence intensities of single nuclei; error bars: 
mean ± SD; a.u.=arbitrary units; the experiment has been repeated three times with similar result. 
 
 

Then we used Recovery of RNA synthesis (RRS) assay to assess whether cells were able 

to recover from transcription stress and in which timeframe (Jia et al., 2015). To this end, 

G1-synchronized RPE1 cells were treated with FA for 1h, followed by recovery in drug-free 

media for 6 and 16h. In addition, RPE1 cells were irradiated with UVC prior to EU 

incorporation, as control; UVC irradiation induces a transcriptional shutdown (Gregersen 

and Svejstrup, 2018; Lans et al., 2019). Release from FA – like recovery from a UVC 

treatment – enabled transcription to progressively recover from the shutdown, with cells 

regaining normal rates of EU incorporation by 16h post-release (Figure 12A-D). Importantly, 

recover from transcription stress occurred independently of replication and in a similar time 
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window than DPC repair (Figure 10). This correspondence suggested that among other 

lesions, FA-induced DPCs contribute to transcriptional stress. In addition, recovery from FA 

occurred on a similar time scale than after UVC irradiation.  

 
Figure 12. FA-induced transcription inhibition is reversible. A) Representative microscopy 
pictures of G1-arrested RPE1 cells treated with FA 1.75mM for 1h and let recover for 6 and 16h in 
drug-free media. Newly synthesised RNA was labelled by EU incorporation followed by Click-iT 
reaction. Nuclei were stained with DAPI. Scale bar: 20µm. B) Quantification of A). Values represent 
EU fluorescence intensities of single nuclei; error bars: mean ± SD; a.u.=arbitrary units; the 
experiment has been repeated three times with similar result. C) Representative microscopy pictures 
of G1-arrested RPE1 cells irradiated with UVC 20J/m2 and let recover for 6 and 16h. Newly 
synthesised RNA was labelled by EU incorporation followed by Click-iT reaction. Nuclei were stained 
with DAPI. Scale bar: 20µm. D) Quantification of C). Values represent EU fluorescence intensities of 
single nuclei; error bars: mean ± SD; a.u.=arbitrary units; the experiment has been repeated three 
times with similar result.  
 
 

UVC-induced lesions block elongating RNAPII progression, resulting in transient 

transcription inhibition. Stalling of RNAPII triggers TC-NER activation and allows lesion 

repair. Given that we observed that transcription is inhibited by FA treatment, we 

hypothesized that this compound could trigger a similar cellular response than UVC.  

To address whether FA-induced transcription arrest causes recruitment of TC-NER 

complex to stalled RNAPII, we employed a recently described method to isolate the 

endogenous elongating form of RNAPII (RNAPIIo) and its associated factors (van der 

Weegen et al., 2020). RPE1 cells were treated with FA for 1h or UVC-irradiated 1h prior to 

RNAPII immunoprecipitation using an antibody that specifically recognizes the Ser2-

phosphorylated form of RNAPII (RNAPII-S2). FA treatment, like UVC irradiation, caused 

efficient recruitment of CSB and CSA to stalled RNAPII. Conversely, TFIIH complex (p89) 

binding upon FA was slightly reduced compared to UVC (Figure 13A). In addition, FA-
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dependent recruitment of CSA occurred in a CSB-dependent manner (Figure 13B). TC-

NER assembly following FA treatment and UVC irradiation occurred transiently and was 

resolved after 6h. Proteasome inhibition by MG-132 treatment inhibited the release of TC-

NER factors from RNAPII, suggesting that proteolysis might regulate their turnover following 

repair (Figure 13C).  

 
Figure 13. TC-NER is activated by FA in CSB-dependent manner. A) Western blotting of 
endogenous RNAPII-S2 Co-immunoprecipitation (Co-IP) on WT cells stained for the indicated TCR 
proteins. RPE1 WT cells treated with FA 1mM for 1h or irradiated with UVC 20J/m2 1h prior to 
phospho-S2-RNAPII immunoprecipitation. B) Western blotting of endogenous RNAPII-S2 Co-IP on 
RPE1 WT vs CSB KO cells treated with FA 1mM, 1.75mM for 1h or irradiated with UVC 20J/m2 1h 
prior to phospho-S2-RNAPII immunoprecipitation. C) Western blotting of endogenous RNAPII-S2 
Co-IP on RPE1 WT cells treated with FA 1mM 1h or irradiated with UVC 20J/m2. Phospho-S2-
RNAPII immunoprecipitation was performed immediately after treatment/irradiation (0h) or following 
6h recovery (6h). Where indicated, proteasome inhibitor MG-132 5µM was added to media during 
treatment and recovery. 
 
 

Transcription stress induces polyubiquitylation of RPB1, the largest subunit of RNAPII. This 

has recently been highlighted as a critical step to orchestrate TC-NER activation and 
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degradation of stalled RNAPII (Nakazawa et al., 2020; Tufegdžić Vidaković et al., 2020). 

Therefore, we aimed to investigate RPB1 degradation dynamics in RPE1 cells upon FA 

treatment. In RPE1 cells treated with cycloheximide (CHX), a 1h FA pulse induced RPB1 

degradation with similar kinetics to that caused by UVC. In both conditions, the degradation 

was abolished by cotreatment with the proteasome inhibitor MG-132 or the NEDDylation 

inhibitor (NEDDi) MLN-4924 (Figure 14A-H).  

 

 
Figure 14. FA treatment induces proteasomal and NEDDylation-dependent RPB1 degradation. 
A) CHX chase of endogenous RPB1 in RPE1 WT cells treated with FA 1.75mM for 1h and let recover 
for the indicated time (h). Where indicated, MG-132 5µM was added to media during the entire 
duration of treatment and recovery. B) CHX chase of endogenous RPB1 in RPE1 WT cells irradiated 
with UVC 20J/m2 and let recover for the indicated time (h). Where indicated, MG-132 5µM was added 
to media during recovery. C) Quantification of A), error bars ± SEM, n=3 replicates. D) Quantification 
of B), error bars ± SEM, n=3 replicates.  E) CHX chase of endogenous RPB1 in RPE1 WT cells 
treated with FA 1.75mM for 1h and let recover for the indicated time (h). Where indicated, NEDDi 
2µM was added to media during the entire duration of treatment and recovery. F) CHX chase of 
endogenous RPB1 in RPE1 WT cells irradiated with UVC 20J/m2 and let recover for the indicated 
time (h). Where indicated, NEDDi 2µM was added to media during recovery. G) Quantification of E), 
error bars ± SEM, n=3 replicates. H) Quantification of F), error bars ± SEM, n=3 replicates. 
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Furthermore, RPB1 degradation induced by FA was compromised in CSB KO and CSA KO 

cells, as observed after UVC irradiation (Figure 15A-H). Interestingly, in UVSSA KO cells 

RPB1 was efficiently degraded, upon FA and UVC treatment (Figure 15I-L).  
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Figure 15. FA-dependent RPB1 degradation is affected in CSB KO and CSA KO, but not in 
UVSSA KO cells. A) CHX chase of endogenous RPB1 in RPE1 WT vs CSB KO cells treated with 
FA 1.75mM for 1h and let recover for the indicated time (h). B) CHX chase of endogenous RPB1 in 
RPE1 WT vs CSB KO cells irradiated with UVC 20J/m2 and let recover for the indicated time (h). C) 
Quantification of A), error bars ± SEM, n=3 replicates. D) Quantification of B), error bars ± SEM, n=3 
replicates. E) CHX chase of endogenous RPB1 in RPE1 WT vs CSA KO cells treated with FA 
1.75mM for 1h and let recover for the indicated time (h). F) CHX chase of endogenous RPB1 in 
RPE1 WT vs CSA KO cells irradiated with UVC 20J/m2 and let recover for the indicated time (h). G) 
Quantification of E), error bars ± SEM, n=3 replicates. H) Quantification of F), error bars ± SEM, n=3 
replicates. I) CHX chase of endogenous RPB1 in RPE1 WT vs UVSSA KO cells treated with FA 
1.75mM for 1h and let recover for the indicated time (h). J) CHX chase of endogenous RPB1 in RPE1 
WT vs UVSSA KO cells irradiated with UVC 20J/m2 and let recover for the indicated time (h). K) 
Quantification of I), error bars ± SEM, n=3 replicates. L) Quantification of J), error bars ± SEM, n=4 
replicates.  
 
 

Taken together, these data demonstrate that FA treatment induces a robust transcription 

stress response that correlates with DPC induction. Cellular responses to FA-dependent 

inhibition of transcription are mediated by CSB and CSA following their recruitment to stalled 

RNAPII.   
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3.2 TC-NER upstream factors support transcription recovery following DPC 

induction independently of downstream machinery 

Having discovered that TC-NER factors respond to FA treatment, we aimed to investigate 

CSB’s function in cellular tolerance to DPCs. To this purpose, RPE1 and HAP1 WT and 

CSB KO cells were subjected to low dose continuous treatment with the DPCs-inducing 

agents FA and 5-azadC, prior to Alamar blue viability assay. RPE1 and HAP1 CSB KO cells 

were hypersensitive to both DPCs-inducing agents compared to WT, indicating an important 

function for CSB in cellular DPC tolerance (Figure 16A-D). 

 
Figure 16. CSB KO cells are sensitive to DPCs-inducing agents. A) Alamar blue assay of RPE1 
WT vs CSB KO cells upon 5 days incubation with FA [µM]. Values represent the mean ± SD of three 
technical replicates. B) Alamar blue assay of HAP1 WT vs CSB KO cells upon 4 days incubation 
with FA [µM]. Values represent the mean ± SD of three technical replicates. C) Alamar Blue assay 
of RPE1 WT vs CSB KO cells upon 5 days incubation with 5-azadC [µM]. Values represent the mean 
± SD of three technical replicates. D) Alamar blue assay of HAP1 WT vs CSB KO cells upon 4 days 
incubation with 5-azadC [µM]. Values represent the mean ± SD of three technical replicates. Every 
experiment (A-D) has been repeated at least three times with similar result. 
 
 

Having established that CSB KO cells are sensitive the DPCs-inducing agent 5-azadC, we 

hypothesized that 5-azadC-induced DNMT1-DPCs trigger transcriptional stress response, 

similarly to FA-induced lesions. In order to assess the effect of DNMT1-DPCs on 

transcription, RPE1 WT cells were synchronized in S phase through a double thymidine 

block and subsequently treated with 5-azadC prior to EU incorporation and Click-iT 

labelling. In this experimental setup, no effect on transcription was observed (Figure 17A,B). 

We hypothesized that the lack of transcription stress might be due to the primary role of 
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RNF4/proteasome-dependent pathway in removing post-replicative DNMT1-DPCs. 

Therefore, we siRNA-depleted RNF4 prior to 5-azadC incorporation in WT vs CSB KO 

genetic background. However, also inactivation of global genome DPC repair pathway did 

not affect transcription after 5-azadC exposure (Figure 17C,D). We suspect that the difficulty 

in detecting 5-azadC induced transcription stress might be caused by the highly localized 

nature of 5-azadC lesions, in comparison to those caused by FA. Furthermore, since 

DNMT1 acts during S phase at hemi-methylated sites and therefore at transcriptionally 

‘quiet’ loci, it is likely that the majority of DNMT1-DPCs do not substantially affect 

transcription (Bashtrykov et al., 2012; Liu et al., 2013).  

Figure 17. 5-azadC treatment does not inhibit transcription. A) Representative microscopy 
pictures of S phase synchronized RPE1 cells treated with 5-azadC 10µM for the indicated time (min). 
Newly synthesised RNA was labelled by EU incorporation (30min), followed by Click-iT reaction. 
Nuclei were stained with DAPI. Scale bar: 20µm. B) Quantification of A). Values represent EU 
fluorescence intensities of single nuclei; error bars: mean ± SD; a.u.=arbitrary units; the experiment 
has been repeated two times with similar result. C) Representative microscopy pictures of S phase 
synchronized RPE1 WT vs CSB KO cells transfected with siCTRL/siRNF4 and treated with 5-azadC 
10µM for 1h prior to 30min EU incorporation and Click-iT reaction. Nuclei were stained with DAPI. 
Scale bar: 20µm. D) Quantification of D). Values represent EU fluorescence intensities of single 
nuclei; error bars: mean ± SD; a.u.=arbitrary units; the experiment has been repeated three times 
with similar result. 
 
 

To further dissect CSB’s role in transcription recovery from FA-induced transcription stress, 

we decided to employ RRS assays following FA treatment in CSB-deficient cell lines. In line 

with the sensitivity phenotype, we observed a substantial delay in transcription recovery 
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following release from FA in RPE1 and HAP1 CSB KO cells compared to WT (Figure 18A-

D). Taken together these findings suggest an important role for CSB in cellular DPC 

tolerance and in recovery from FA-dependent transcription stress.  

 
Figure 18. CSB supports transcription recovery following FA treatment. A) Representative 
microscopy pictures of G1-arrested RPE1 WT vs CSB KO cells treated with FA 1.75mM for 1h and 
let recover for 2, 4, 6 and 16h in drug-free media. Newly synthesised RNA was labelled by EU 
incorporation followed by Click-iT reaction. Nuclei were stained with DAPI. Scale bar: 20µm. B) 
Quantification of A). Values represent EU fluorescence intensities of single nuclei normalized to the 
mean of untreated controls (NT) of each cell line and set to 100%. Error bars: mean ± SD; the 
experiment has been repeated three times with similar result. C) Representative microscopy pictures 
of HAP1 WT vs CSB KO cells treated with FA 0.75mM for 1h and let recover for 6 and 16h in drug-
free media. Newly synthesised RNA was labelled by EU incorporation followed by Click-iT reaction. 
Nuclei were stained with DAPI. D) Quantification of C). Values represent EU fluorescence intensities 
of single nuclei normalized to the mean of untreated controls (NT) of each cell line and set to 100%. 
Error bars: mean ± SD; the experiment has been repeated three times with similar result. 
 
 

Subsequently, we asked whether in addition to TC-NER branch, GG-NER was required for 

DPC tolerance. Strikingly we observed that in RPE1 cells, loss of the GG-NER initiator XPC 

did not sensitize cells to FA or 5-azadC, even in absence of CSB (Figure 19A,B,G). As 

expected, loss of CSB but not of XPC also sensitized RPE1 cells to illudin S, an alkylating 

agent that causes DNA lesions specifically requiring TC-NER but not GG-NER for their 

repair (Figure 19C) (Jaspers et al., 2002). In our cell system, CSB KO and XPC KO were 

not sensitive to TOP1/2 poisons CTP and etoposide, suggesting that resolution of TOP1/2-
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cc mainly relies on DPC repair pathways independent of NER (Figure 19E,F). By contrast, 

RPE1 XPC KO cells were hypersensitive to UVC irradiation, in agreement with the essential 

role played by GG-NER in removing UVC-dependent lesions (Figure 19D). Taken together, 

these data demonstrate that DPCs exclusively require TC-NER branch for their resolution, 

suggesting that these lesions specifically hamper elongating RNAPII progression.  

 
Figure 19. DPC tolerance does not require GG-NER. A) Alamar blue assay of RPE1 WT vs CSB 
KO vs XPC KO vs CSB/XPC dKO cells upon 5 days incubation with FA [µM]. Values represent the 
mean ± SD of three technical replicates. B) Alamar blue assay of RPE1 WT vs CSB KO vs XPC KO 
vs CSB/XPC dKO cells upon 5 days incubation with 5-azadC [µM]. Values represent the mean ± SD 
of three technical replicates. C) Alamar blue assay of RPE1 WT vs CSB KO vs XPC KO vs CSB/XPC 
dKO cells upon 5 days incubation with illudin S [pg/ml]. Values represent the mean ± SD of three 
technical replicates. D) Clonogenic assay of RPE1 WT vs CSB KO vs XPC KO vs CSB/XPC dKO 
cells after 7 days from UVC irradiation. E) Alamar blue assay of RPE1 WT vs CSB KO vs XPC KO 
vs CSB/XPC dKO cells upon 5 days incubation with CPT [nM]. Values represent the mean ± SD of 
three technical replicates. F) Alamar blue assay of RPE1 WT vs CSB KO vs XPC KO vs CSB/XPC 
dKO cells upon 5 days incubation with etoposide [µM]. Values represent the mean ± SD of three 
technical replicates. G) Western blotting of RPE1 WT vs CSB KO vs XPC KO vs CSB/XPC dKO 
cells. Every experiment (A-F) has been repeated three times with similar result. 
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Having discovered that TC-NER but not GG-NER is required for DPC tolerance and that 

CSB promotes transcription-coupled responses to FA treatment, we next aimed to 

determine which additional factors are required for transcription recovery. Using the RRS 

assay, we systematically analysed the contribution of upstream and downstream TC-NER 

factors to transcription recovery upon stress.  

In the first instance, we observed that, similarly to RPE1 CSB KO and CSA KO, ELOF1 KO 

cells showed a delay in transcription recovery following release from FA. However, while 

CSB KO and CSA KO cells recovered only to a certain extent, ELOF1 KO cells displayed 

an intermediate transcription recovery defect, being able to fully recover after 16h (Figure 

20A,C). In agreement with previous studies UVC-irradiated CSB KO, CSA KO and ELOF1 

KO cells failed to recover any transcription after 16h recovery (Figure 20B,D) (van der 

Weegen et al., 2021).  

 
Figure 20. CSA and ELOF1 support transcription recovery following FA treatment to a 
different extent. A) Representative microscopy pictures of G1-arrested RPE1 WT vs CSB KO vs 
CSA KO vs ELOF1 KO cells treated with FA 1.75mM for 1h and let recover for 6 and 16 h in drug-
free media. Newly synthesised RNA was labelled by EU incorporation followed by Click-iT reaction. 
Nuclei were stained with DAPI. Scale bar: 20µm. B) Representative microscopy pictures of G1-
arrested RPE1 WT vs CSB KO vs CSA KO vs ELOF1 KO cells irradiated with UVC 20J/m2 and let 



Results 
 

56 
 

recover for 6 and 16h. Newly synthesised RNA was labelled by EU incorporation followed by Click-
iT reaction. Nuclei were stained with DAPI. Scale bar: 20µm. C) Quantification of (A). Values 
represent EU fluorescence intensities of single nuclei normalized to the mean of untreated controls 
(NT) of each cell line and set to 100%. Error bars: mean ± SD; the experiment has been repeated 
three times with similar result. D) Quantification of (B). Values represent EU fluorescence intensities 
of single nuclei normalized to the mean of untreated controls (NT) of each cell line and set to 100%. 
Error bars: mean ± SD; the experiment has been repeated two times with similar result.  
 

 

In line with the RRS phenotypes, RPE1 CSB KO, CSA KO and ELOF1 KO cells were 

hypersensitive to FA and, as expected, to illudin S (van der Weegen et al., 2020; van der 

Weegen et al., 2021). CSB KO and CSA KO cells are hypersensitive to 5-azadC, conversely 

to ELOF1 KO cells, that are only mildly affected by this treatment, suggesting that ELOF1 

might be not involved in the repair of DNMT1-DPCs (Figure 21A). Interestingly, loss of 

ELOF1 function in CSB KO cells caused an additive sensitivity to FA and 5-azadC, as well 

as illudin S (Figure 21B). This data is in agreement with previous observations and suggest 

that ELOF1 also has an additional CSB-independent role in DNA repair (Geijer et al., 2021; 

van der Weegen et al., 2021). 

 
Figure 21. CSA and ELOF1 are required for DPC tolerance to a different extent. A) Alamar blue 
assay of RPE1 WT vs CSB KO vs CSA KO vs ELOF1 KO cells upon 5 days incubation with FA [µM], 
5-azadC [µM] and illudin S [pg/ml]. Values represent the mean ± SD of three technical replicates. B) 
Alamar blue assay of RPE1 WT vs CSB KO vs ELOF1 KO vs CSB/ELOF1 dKO cells upon 5 days 
incubation with FA [µM], 5-azadC [µM] and illudin S [pg/ml]. Values represent the mean ± SD of three 
technical replicates. Every experiment (A-B) has been repeated three times with similar result. 
 

 

Similarly to ELOF1 KO cells, UVSSA KO cells showed an intermediate transcription 

recovery defect following FA release, despite being completely unproficient in restarting 

transcription following UVC-irradiation (Figure 22A-D). Furthermore, loss of UVSSA 

sensitized cells to both FA and 5-azadC (Figure 22E), even though it did not compromise 

FA-induced degradation of RPB1 (Figure 15I,K). 
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Figure 22. UVSSA supports transcription recovery following FA treatment. A) Representative 
microscopy pictures of G1-arrested RPE1 WT vs CSB KO vs UVSSA KO cells treated with FA 
1.75mM for 1h and let recover for 6 and 16h in drug-free media. Newly synthesised RNA was labelled 
by EU incorporation followed by Click-iT reaction. Nuclei were stained with DAPI. Scale bar: 20µm. 
B) Representative microscopy pictures of G1-arrested RPE1 WT vs CSB KO vs UVSSA KO cells 
irradiated with UVC 20J/m2 and let recover for 16h. Newly synthesised RNA was labelled by EU 
incorporation followed by Click-iT reaction. Nuclei were stained with DAPI. Scale bar: 20µm. C) 
Quantification of (A). Values represent EU fluorescence intensities of single nuclei normalized to the 
mean of untreated controls (NT) of each cell line and set to 100%. Error bars: mean ± SD; the 
experiment has been repeated three times with similar result. D) Quantification of (B). Values 
represent EU fluorescence intensities of single nuclei normalized to the mean of untreated controls 
(NT) of each cell line and set to 100%. Error bars: mean ± SD; the experiment has been repeated 
two times with similar result. E) Alamar blue assay of RPE1 WT vs CSB KO vs UVSSA KO cells 
upon 5 days incubation with FA [µM], 5-azadC [µM] and illudin S [pg/ml]. Values represent the mean 
± SD of three technical replicates. Every experiment has been repeated three times with similar 
result. 
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Subsequently, we compared the effect of XPA and CSB deficiencies on transcription 

recovery in XPC KO genetic background. We observed that XPC/XPA dKO showed no 

transcription recovery defect upon FA treatment, in contrast to UVC irradiation (van Den 

Heuvel et al., 2023). This was in contrast with XPC/CSB dKO cells that were deficient in 

transcription recovery upon both treatments (Figure 23A-D). Furthermore, XPC/XPA dKO 

cells were hypersensitive to FA, but not to 5-azadC, in contrast to XPC/CSB dKO (Figure 

23E). Due to the correlation between sensitivity to the DPCs-inducing agent 5-azadC and 

the RRS assay data, we concluded that the XPA KO cells are likely sensitive to ICLs or 

monoadducts lesions induced by FA, rather than DPCs.  

 

Figure 23. XPA is not needed for transcription recovery following FA treatment. A) 
Representative microscopy pictures of G1-arrested RPE1 XPC KO vs CSB/XPC dKO vs XPA/XPC 
dKO cells treated with FA 1.75mM for 1h and let recover for 6 and 16h in drug-free media. Newly 
synthesised RNA was labelled by EU incorporation followed by Click-iT reaction. Nuclei were stained 
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with DAPI. Scale bar: 20µm. B) Representative microscopy pictures of G1-arrested RPE1 XPC KO 
vs CSB/XPC dKO vs XPA/XPC dKO cells irradiated with UVC 20J/m2 and let recover for 16h. Newly 
synthesised RNA was labelled by EU incorporation followed by Click-iT reaction. Nuclei were stained 
with DAPI. Scale bar: 20µm. C) Quantification of (A). Values represent EU fluorescence intensities 
of single nuclei normalized to the mean of untreated controls (NT) of each cell line and set to 100%. 
Error bars: mean ± SD; the experiment has been repeated three times with similar result. D) 
Quantification of (B). Values represent EU fluorescence intensities of single nuclei normalized to the 
mean of untreated controls (NT) of each cell line and set to 100%. Error bars: mean ± SD; the 
experiment has been repeated two times with similar result. E) Alamar blue assay of RPE1 XPC KO 
vs CSB/XPC dKO vs XPA/XPC dKO cells upon 5 days incubation with FA [µM], 5-azadC [µM] and 
illudin S [pg/ml]. Values represent the mean ± SD of three technical replicates. Every experiment has 
been reapeted three times with similar result. 
 
 

Lastly, we examined the role of XPF-ERCC1 and XPG, the two endonucleases which 

perform the dual incision step in NER. Similarly to XPA KO cells phenotypes, loss of ERCC1 

or XPG did not affect transcription recovery after FA treatment, unlike UVC irradiation 

(Figure 24A-D) (Apelt et al., 2021). ERCC1 KO and XPG KO cells displayed FA 

hypersensitivity and a mild 5-azadC sensitivity phenotype (Figure 24E).  

Taken together, these data showed that transcription recovery following FA-induced 

transcriptional stress depends on the upstream TC-NER factors CSB and CSA, while 

downstream TC-NER factors are dispensable. This observation suggests that upstream TC-

NER factors are recruited to FA lesion-stalled RNAPII and activate a non-canonical TC-

NER pathway that is distinct to the pathway activated upon UVC irradiation. The 

consistency between RRS phenotypes and sensitivity to 5-azadC treatment strongly 

suggests that DPCs are the main lesions involved in transcription arrest.  
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Figure 24. ERCC1 and XPG are not needed for transcription recovery following FA treatment. 
A) Representative microscopy pictures of G1-arrested RPE1 WT vs CSB KO vs ERCC1 KO vs XPG 
KO cells treated with FA 1.75mM for 1h and let recover for 6 and 16h in drug-free media. Newly 
synthesised RNA was labelled by EU incorporation followed by Click-iT reaction. Nuclei were stained 
with DAPI. Scale bar: 20µm. B) Representative microscopy pictures of G1-arrested RPE1 WT vs 
CSB KO vs ERCC1 KO vs XPG KO cells irradiated with UVC 20J/m2 and let recover for 6 and 16h. 
Newly synthesised RNA was labelled by EU incorporation followed by Click-iT reaction. Nuclei were 
stained with DAPI. Scale bar: 20µm. C) Quantification of (A). Values represent EU fluorescence 
intensities of single nuclei normalized to the mean of untreated controls (NT) of each cell line and set 
to 100%. Error bars: mean ± SD; the experiment has been repeated three times with similar result. 
D) Quantification of (B). Values represent EU fluorescence intensities of single nuclei normalized to 
the mean of untreated controls (NT) of each cell line and set to 100%. Error bars: mean ± SD; the 
experiment has been repeated two times with similar result. E) Alamar blue assay of RPE1 WT vs 
CSB KO vs ERCC1 KO vs XPG KO cells upon 5 days incubation with FA [µM], 5-azadC [µM] and 
illudin S [pg/ml]. Values represent the mean ± SD of three technical replicates. Every experiment has 
been repeated three times with similar result. 
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3.3 CSB promotes DPC tolerance independently of known DPC repair 

mechanisms  

Having identified a role for CSB in DPC repair distinct from its classical role in TC-NER, we 

sought to explore the relationship of CSB with other known DPC repair mechanisms. First, 

we edited the endogenous SPRTN locus in RPE1 WT or CSB KO cells using two gRNAs 

resulting in mutations in the coding region of exon 5. The resulting mutant cells express a 

C-terminal truncated variant (SPRTN-ΔC) that mimics SPRTN variants found in RJALS 

patients (Lessel et al., 2014) (Figure 25A). CSB KO/SPRTN-ΔC cells displayed enhanced 

sensitivity to FA compared to either SPRTN-ΔC or CSB KO cells (Figure 25B). We also 

noticed that CSB KO/SPRTN-ΔC cells displayed a general proliferation defect compared to 

SPRTN-ΔC, CSB KO or WT cells, indicating synthetic defects upon combined loss of 

SPRTN and CSB function (Figure 25C).  

 
 
Figure 25. CSB and SPRTN show an additive genetic interaction. A) Western blotting analysis 
of RPE1 WT and CSB KO cells genetically engineered to express SPRTN-ΔC variant. B) Alamar 
blue assay of RPE1 WT, SPRTN-ΔC, CSB KO, CSB KO/SPRTN-ΔC cells upon 5 days incubation 
with FA [µM]. Values represent the mean ± SD of three technical replicates. The experiment has 
been repeated four times with similar result. C) Clonogenic assay of RPE1 WT, SPRTN-ΔC, CSB 
KO, CSB KO/SPRTN-ΔC cells 8 days after UVC irradiation.  
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The additive interaction between SPRTN and CSB suggests that SPRTN does not 

participate in CSB-dependent DPC repair. In agreement with this, we found that RPE1 

SPRTN-ΔC cells were fully competent in transcription recovery following FA treatment and 

UVC irradiation (Figure 26A-D).  

 
Figure 26. SPRTN function is not required to restart transcription after FA treatment. A) 
Representative microscopy pictures of G1-arrested RPE1 WT vs CSB KO vs SPRTN-ΔC cells 
treated with FA 1.75mM for 1h and let recover for 6 and 16h in drug-free media. Newly synthesised 
RNA was labelled by EU incorporation followed by Click-iT reaction. Nuclei were stained with DAPI. 
Scale bar: 20µm. B) Representative microscopy pictures of G1-arrested RPE1 WT vs CSB KO vs 
SPRTN-ΔC cells irradiated with UVC 20J/m2 and let recover for 16h. Newly synthesised RNA was 
labelled by EU incorporation followed by Click-iT reaction. Nuclei were stained with DAPI. Scale bar: 
20µm. C) Quantification of (A). Values represent EU fluorescence intensities of single nuclei 
normalized to the mean of untreated controls (NT) of each cell line and set to 100%. Error bars: mean 
± SD; the experiment has been repeated three times with similar result. D) Quantification of (B). 
Values represent EU fluorescence intensities of single nuclei normalized to the mean of untreated 
controls (NT) of each cell line and set to 100%. Error bars: mean ± SD.  
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In order to validate our findings with a complementary approach, we knocked down CSB in 

WT and SPRTN-ΔC cells and observed increased FA hypersensitivity in SPRTN-ΔC cells 

(Figure 27A,C). Additionally, we siRNA-depleted SPRTN in WT and CSB KO cells, 

observing further sensitisation of both cell lines to FA (Figure 27B,D). These data suggest 

that CSB’s role in DPC repair is independent of SPRTN.  

 

Figure 27. CSB and SPRTN are not epistatic. A) Alamar blue assay of RPE1 WT vs SPRTN-ΔC 
+ siCTRL/siCSB upon 4 days incubation with FA [µM]. Values represent the mean ± SD of three 
technical replicates. The experiment has been repeated four times with similar result. B) Alamar blue 
assay of RPE1 WT vs CSB KO + siCTRL/siSPRTN upon 4 days incubation with FA [µM]. Values 
represent the mean ± SD of three technical replicates. The experiment has been repeated four times 
with similar result. C) Western blotting analysis of RPE1 WT vs SPRTN-ΔC + siCTRL/siCSB 72h 
after siRNA transfection. D) Western blotting analysis of RPE1 WT vs CSB KO + siCTRL/siSPRTN 
72h after siRNA transfection. 
 
 

Given recent findings that RNF4-mediated proteasomal degradation is critical for 

replication-independent DPC repair, we next aimed to explore the relationship between 

CSB and RNF4 in DPC repair (Liu et al., 2021; Weickert et al., 2023). RNAi-mediated 

depletion of RNF4 from RPE1 CSB KO cells caused further sensitisation to both FA and 5-

azadC (Figure 28A-C). Taken together, these findings strongly suggest that CSB operates 

in a DPC repair pathway distinct from the established SPRTN- and RNF4-dependent repair 

pathways.  
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Figure 28. CSB and RNF4 are not epistatic. A) Alamar blue assay of RPE1 WT vs CSB KO 
siCTRL/siRNF4 upon 4 days incubation with 5-azadC [µM]. Values represent the mean ± SD of three 
technical replicates. The experiment has been repeated three times with similar result. B) Alamar 
blue assay of RPE1 WT vs CSB KO siCTRL/siRNF4 upon 4 days incubation with FA [µM]. Values 
represent the mean ± SD of three technical replicates. The experiment has been repeated three 
times with similar result. C) Western blotting analysis of RPE1 WT vs CSB KO + siCTRL/siRNF4 72h 
after siRNA transfection. 
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3.4 DPC-seq reveals the existence of a transcription-coupled DPC repair 

pathway that depends on CSB 

Our results pointed to a transcription-coupled DPC repair pathway coordinated by CSB and 

CSA. However, while pulsed FA treatments are known to cause substantial DNA-protein 

crosslinking, other DNA lesions are induced as well, complicating the interpretation of our 

results. In order to specifically monitor FA-induced DPCs, we decided to employ the recently 

established PxP assay (Weickert et al., 2023). To this aim, repair of histone H3-DNA 

crosslinks induced by FA treatment was monitored in RPE1 and HAP1 WT vs CSB KO 

cells. In this experimental setup, no substantial difference in total H3-DNA crosslinks 

resolution was observed (Figure 29A-B). This result is consistent with the fact that only a 

small portion of the genome is transcribed, therefore the contribution of CSB in repairing 

H3-DNA crosslinks may not be detectable by looking at the repair of the total amount of 

histone-DNA crosslinks. 

 

Figure 29. Histone H3-DNA crosslink is repaired to a similar extent in WT vs CSB KO cells. A) 
PxP-Western blotting to monitor histone H3-DNA crosslinks repair in RPE1 WT vs CSB KO cells 
treated for 1h with FA 1mM. Following 1h DPC induction, cells were let recover in drug-free media 
for 3 and 6h before harvesting. B) PxP-Western blotting to monitor histone H3-DNA crosslinks repair 
in HAP1 cells WT vs CSB KO treated for 1h with FA 0.5mM. Following 1h DPC induction, cells were 
let recover in drug-free media for 2, 4 and 6h before harvesting. 
 
 

In order to examine the relation between transcription and DPC repair, we established a 

DPC-sequencing (DPC-seq) assay that enables genome-wide mapping of FA-induced 

DPCs (Figure 30). In brief, cells are seeded and synchronized in G1 phase by 24h serum 

starvation. To induce DPCs, cells are treated with FA; after 1h, FA-containing media is 

washed away and cells are either harvested immediately (0h recovery) or allowed to recover 

for 6h in drug-free media (6h recovery). Cells are collected in SDS-containing lysis buffer 

and DNA is sheared by sonication. Crosslinked DNA is separated from free DNA through 
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KCl addition, that precipitates proteins and covalent protein-DNA complexes. Following 

proteinase K treatment and DNA library preparation, in-depth next generation sequencing 

(NGS) is performed. This approach enabled us to monitor DPC formation and repair across 

the genome, by using read coverage as a proxy for DPCs presence. The assay has been 

established in collaboration with Prof. Sir Steve Jackson’s lab (Cancer Research UK 

Cambridge Institute). I performed cell treatments and isolated crosslinked DNA fragments 

using the KCl/SDS precipitation assay, while Dr. Aldo Bader performed library preparation, 

NGS sequencing and bioinformatic analysis.  

 

 
Figure 30. DPC-seq strategy outline. Synchronized G1 RPE1 WT vs CSB KO cells are treated with 
FA and harvested in SDS-containing lysis buffer immediately after the treatment (0h) or following 6h 
release in drug-free media. Crosslinked DNA is separated from free DNA through KCl addition, that 
precipitates proteins and covalent protein-DNA complexes. Following proteinase K treatment, DNA 
library preparation and NGS enables to monitor the loci at which DPCs are induced and repaired.  
 
 

To address our question, G1-synchronised RPE1 WT vs CSB KO cells were subjected to 

KCl/SDS-precipitation, followed by DPC-seq analysis. In order to verify that our assay 

allows to monitor induction and repair of DPCs, after KCl/SDS precipitation, relative DPC 

amounts were calculated using the ratio between crosslinked DNA and total DNA 

(crosslinked + soluble DNA). We observed that FA treatment induced the formation of DPCs 

at a similar extent in RPE1 WT and CSB KO cells, which was reduced 6h after FA release 

(Figure 31A). Therefore, in depth-NGS was performed and mapping of our sequencing data 

onto human genomic features allowed us to assess DPC coverage across gene bodies. We 

observed a peak in DPC coverage immediately following FA treatment (0h recovery) that 
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was significantly reduced 6h after release (6h recovery), indicating DPC repair. Moreover, 

this analysis showed that FA-induced DPCs formed preferentially at transcription start site 

(TSS). Since TSS are typically nucleosome-free while enriched for RNAPII, our data 

suggest that FA treatment causes robust DNA crosslinking of RNAPII (RNAPII-DPC) 

(Figure 31B,C). To understand whether transcription affects DPC repair rates, we separated 

genes into quartiles of relative RNAPII occupancy based on existing RNAPII ChIP-seq data 

(Herrero-Ruiz et al., 2021). We observed that the higher the RNAPII occupancy in genes, 

the stronger DPC coverage dropped over the 6h recovery period, strongly suggesting the 

existence of transcription-coupled DPC repair (Figure 31D).  

 

Figure 31. Analysis of DPC induction and resolution using DPC-seq. A) Quantification of 
crosslinked/total DNA upon KCl/SDS DPCs precipitation. Values represent mean ± SEM of four 
independent experiments. B) Metagene profile of DPC-seq in FA treated RPE1 cells with or without 
6h recovery, coverage calculated as reads per million (RPM). C) Genome browser plot showing 
DPC-seq coverage at a specific region of chromosome 6 with RNAPII ChIP-seq coverage added for 
comparison (GEO: GSE141798; Herrero-Ruiz et al., 2021). D) DPC-seq coverage per gene, with or 
without 6h recovery after FA treatment, in genes grouped by transcriptional activity as determined 
by RNAPII ChIP-seq (GEO: GSE141798; Herrero-Ruiz et al., 2021), statistics via paired Wilcoxon 
test ** p<0.01 *** p<0.001. Box-plot shows upper and lower quartile boundaries, a line at the median 
and total distribution. 
 
 

Having determined that our newly established DPC-seq assay allows to investigate DPC 

repair dynamics at genome-wide resolution, we employed this method to finally assess 

CSB’s contribution to transcription-coupled DPC repair. Therefore, we compared DPC 

coverage after FA treatment and release in WT vs CSB KO cells and observed, that even 
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though there was little difference in DPC induction between these cell lines, 6h after FA 

release a subset of 1154 genes displayed a statistically significant increase in DPC 

coverage in CSB KO compared to WT cells (Figure 32A). Strikingly, we noticed that the 

most dramatic differences between WT and CSB KO cells occurred within gene bodies 

(Figure 32B). To further investigate the features that specifically promote CSB-dependent 

DPC repair, we dissected the relative levels of different genomic features in genes whose 

DPC repair depended on CSB. These analyses revealed that protein coding genes were 

significantly enriched in CSB-dependent genes, conversely to genes encoding for rRNA 

and tRNA. We concluded that CSB predominantly acts in an RNAPII (rather other RNA 

polymerases) dependent manner (Figure 32C). Next, comparing DNA-accessibility (ATAC-

seq data) and RNAPII occupancy per gene, we identified a defined group of genes with 

both high transcriptional activity and high accessibility (Figure 32D). Remarkably, 50% of 

genes at which DPCs were repaired in a CSB-dependent manner belong to this high-

accessibility, high-activity population, while only 19% of genes whose repair was CSB-

independent fell into this category. Conversely, 45% of genes whose repair was not CSB-

dependent display low transcriptional activity and low accessibility (Figure 32E). 

Accordingly, we found that CSB loss did not impact DPC repair in inactive genes but, as 

transcriptional activity increases, CSB KO cells showed increasing enrichment of DPCs 6h 

after FA treatment (Figure 32F). Finally, we quantified the fold change in DPC coverage of 

WT vs CSB KO cells across the length of CSB-dependent genes to investigate the role of 

CSB more precisely in relation to the gene body (Figure 32G,H). This clearly demonstrated 

that CSB loss specifically enriches for DPCs’ persistence across the gene body, but not 

particularly upstream or downstream of the gene. In addition, the enrichment is only seen 

6h after FA treatment, showing that this is specifically a DPC resolution and not a formation 

phenotype. 

In conclusion, our newly established DPC-seq assay provided direct evidence for the 

existence of a CSB-dependent transcription-coupled DPC repair mechanism in human 

cells.  
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Figure 32. CSB is required for the repair of DPCs at transcriptionally active loci. A) DPC-seq 
coverage per gene in RPE1 WT vs CSB KO cells immediately (0h) and 6h after FA treatment, 
coloured based on significantly changing in either WT or CSB KO cells and the number of significantly 
changing genes indicated on the plot. B) Metagene plot of DPC-seq coverage in RPE1 WT vs CSB 
KO cells treated with FA and with or without 6h recovery, metagene specifically shows CSB-
dependent genes from A). C) The level of different genomic features in CSB-dependent genes from 
A) relative to the non-changing group. D) Per gene RNAPII occupancy vs DNA accessibility, as 
determined via ATAC-seq in RPE1 cells (GEO: GSE209659). E) Same as D) but only showing CSB-
dependent and non-changing genes, also with the percentage of each group that are present in the 
shown quadrants. F) Box-plot of DPC-seq coverage per gene in WT and CSB KO cells with 1h 
1.75mM FA treatment with or without 6h recovery split into quartiles of transcriptional activity, 
statistics via Dunn test (paired) * p<0.05 *** p<0.001. Box-plot shows upper and lower quartile 
boundaries, a line at the median and total distribution. G) Same as B) but showing log2 fold change 
coverage for WT vs CSB KO cells with or without 6h recovery after FA treatment. H) Heatmap of 
coverage for each gene individually from G) for 0h (left) and 6h (right) recovery after FA treatment.  
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4 DISCUSSION 

DPCs are highly toxic lesions that, due to their diverse and bulky nature, can interfere with 

every chromatin process. In the last decade, replication-dependent and global genome 

repair mechanisms of DPCs have been extensively investigated (Stingele et al., 2017; 

Zhang et al., 2020; Leng and Duxin, 2022; Perry and Ghosal, 2022; Weickert et al., 2023). 

However, although DPCs have been shown to hamper RNAPII progression in vitro, the 

cellular responses to DPCs-dependent transcription inhibition are unknown (Nakano et al., 

2012). In this study, through a combination of genetic, biochemical and genome-wide 

approaches, we demonstrate the existence of a transcription-coupled pathway that repairs 

DPCs (Figure 33). 

 
Figure 33. Model of transcription-coupled DPC repair. A) The presence of a DPC hampers the 
progression of elongating RNAPII. Transcriptional arrest induces the stabilization of RNAPII 
interaction with CSB, that is recruited to the stalling site. CSB interacts with CSA that, in turn, targets 
the E3 ubiquitin ligase complex CRL4CSA to the lesion site. CRL4CSA and/or other(s) E3 ligases 
ubiquitylate(s) RNAPII and/or the DPC itself in the presence of UVSSA and ELOF1. This allows the 
repair of the DPC and the release of stalled RNAPII via unknown mechanisms. B) Our data suggest 
that in transcription-coupled DPC repair, upon CSB/CSA-mediated recognition of the lesion, 
conventional TC-NER does not progress and XPF-ERCC1/XPG-mediated excision does not occur. 
Therefore, how the transcription-blocking DPC is released is currently unclear. We hypothesise that 
PTMs – such as ubiquitylation and/or SUMOylation – orchestrate the proteolytic digestion of the 
DPC, plausibly operated by a protease and/or by the proteasome. C) In order to allow transcription 
resumption, stalled RNAPII needs to be displaced from the lesion site. We speculate that the 
proteasome and/or an unknown protease is involved in this process, that is likely orchestrated by 
CRL4CSA-mediated ubiquitylation. Another possibility is that the elongating RNAPII gets crosslinked 
itself to DNA. In this case, it is likely that another elongating RNAPII encounters and stalls at the 
RNAPII-DPC site and initiates – like in the presence of any other DPC – its transcription-coupled 
repair.  
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4.1 Transcription-coupled DPC repair pathway  

The presence of a UV-induced bulky lesion on the transcribed DNA strand hampers the 

progression of elongating RNAPII. Transcriptional arrest causes the local stabilization of the 

RNAPII-CSB interaction and the subsequent formation of TCR initiation complex (van den 

Boom et al., 2004). CSB undergoes a conformational change and interacts with CSA, thus 

targeting the E3 ubiquitin ligase complex CRL4CSA to the lesion site (van der Weegen et al., 

2020). The presence of CSA is crucial to recruit UVSSA, the TFIIH complex and, finally, the 

downstream TC-NER factors XPG and XPF-ERCC1 that excise the damaged DNA stretch 

to ultimate repair (Scharer, 2013). 

It was speculated that also DPCs, due to their bulky nature, might act as physical barriers 

to RNAPII progression in vivo. The results of this thesis directly confirmed this hypothesis 

in cells and identified CSB and CSA as two essential factors for the resumption of 

transcription upon FA-induced RNAPII stalling. In addition, our DPC-seq data provided 

direct evidence that CSB is specifically required to repair FA-induced DPCs across gene 

bodies. Surprisingly, XPA, XPG and XPF-ERCC1 are all dispensable for transcription 

restart after FA treatment, suggesting that, in the presence of a DPC, progression of 

canonical TC-NER does not occur. Accordingly, whereas DPC induction by FA triggers 

recruitment of CSB and CSA to stalled RNAPII, the subsequent binding of the TFIIH 

complex is slightly reduced compared to UVC response (Figure 13A,C). Several models 

may explain why TC-NER does not progress: the bulky nature of DPCs might 1) impede the 

correct positioning of TFIIH or 2) prevent XPA lesion recognition and recruitment. 

Alternatively, it is likely that the presence of crosslinked nucleosomes hampers DNA 

unwinding by TFIIH and the subsequent positioning of XPG and XPF-ERCC1. Whatever 

the scenario, transcription-coupled DPC repair seems to substantially diverge from 

canonical TC-NER, raising the important question: how is the lesion eventually removed?  

 

4.1.1 Resolution of transcription-blocking DPCs 

Depending on the nature and localization of the DPCs, unspecific and dedicated repair 

mechanisms operate to restore DNA integrity. Early studies showed that NER contributes 

to a certain extent to DPC removal in different organisms (Minko et al., 2002; Minko et al., 

2005; Reardon and Sancar, 2006; Reardon et al., 2006; Baker et al., 2007; Nakano et al., 

2007; de Graaf et al., 2009; Stingele et al., 2014; Chesner and Campbell, 2018). The results 

of this thesis revealed a crucial role for the upstream TC-NER factors CSB and CSA in 

transcription-coupled DPC repair. However, given that XPG and XPF-ERCC1 are 
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dispensable, it seems plausible that, upon lesion recognition, the transcription-blocking 

DPC is resolved by proteolysis. 

The DPC-protease SPRTN, initially characterized for its exquisite role in replication-

dependent repair of DPCs, has recently been shown to be able to cleave DPCs in cells also 

independently of replication (Weickert et al., 2023). Furthermore, in vitro studies showed 

that, in the presence of a DPC placed in a bubble, SPRTN becomes activated (Reinking et 

al., 2020). Since transcription elongation unwinds the DNA helix locally, creating a bubble, 

it is reasonable to speculate that SPRTN may play a role in the removal of transcription-

blocking DPCs. However, our experimental data discouraged this hypothesis. Cells 

expressing the hypomorphic SPRTN-ΔC variant show no transcription recovery defect after 

FA treatment. Additionally, SPRTN and CSB show a synthetic sick genetic interaction, 

indicating that they act in two independent pathways to ensure DPC clearance and genome 

stability.  

PTMs on the DPC itself or on the surrounding proteins play important roles in orchestrating 

DNA repair (Leng and Duxin, 2022). It has been shown that when a DPC stalls the 

replicative machinery progression, TRAIP-dependent polyubiquitylation stimulates the 

proteasomal degradation of the crosslinked protein (Larsen et al., 2019). The requirement 

for CSA to restart transcription after FA treatment suggests a similar role for 

polyubiquitylation in transcription-coupled DPC repair. It is, therefore, plausible that 

CRL4CSA modifies the DPC to trigger its degradation by the proteasome. UVSSA may 

participate in this process, helping to direct CSA-dependent ubiquitylation to the DPC in 

front of the polymerase. Alternatively, CRL4CSA-mediated polyubiquitylation of the DPC 

and/or the surrounding proteins may allow the recruitment of unknown factors to the lesion 

site. Therefore, at present, we cannot exclude that transcription-blocking DPCs can be 

repaired by a novel DPC-protease (Ruggiano and Ramadan, 2021). The putative DPC-

proteases FAM111A, DDI1 and DDI2 are all reasonable candidates for transcription-

coupled repair of DPCs. However, at present, no experimental evidence can support this 

hypothesis (Ruggiano and Ramadan, 2021). 

Recent studies have additionally highlighted the importance of SUMOylation in coordinating 

replication-independent DPC repair. TOP1-ccs, TOP2-ccs and DNMT1-DPCs are 

SUMOylated prior to RNF4-dependent polyubiquitylation and subsequent degradation by 

the proteasome and/or SPRTN (Sun et al., 2020; Liu et al., 2021; Weickert et al., 2023). 

Moreover, FA treatment induces a significant increase in chromatin SUMOylation levels, 

suggesting a role for this PTM in the repair of all DPCs (Borgermann et al., 2019). In 

addition, a few studies showed that SUMOylation plays a role in CSB regulation and TC-
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NER progression, however a consensus on SUMO’s function has not been established (Sin 

et al., 2016; Liebelt et al., 2019). However, our experiments revealed a negative genetic 

interaction between CSB and RNF4, suggesting that this STUbL is not involved in the same 

pathway than CSB. This result indicates that transcription-coupled repair of DPCs 

substantially diverges from global genome DPC repair (Weickert et al., 2023).   

In conclusion, TC-NER pathway seems to promote DPC tolerance independently of all the 

established DPC repair mechanisms. Further studies will be crucial to identify the factors 

and mechanisms that allow the transcription-coupled removal of the DPC.  

 

4.1.2 The fate of stalled RNAPII in transcription-coupled DPC repair 

RNAPII stalling caused by a bulky lesion on the transcribed DNA strand is crucial to activate 

TCR and allow DNA repair. However, in order to allow TC-NER progression, it is essential 

that stalled elongation complexes get eventually released from the lesion site.  

In response to UV irradiation, RPB1 is ubiquitylated and degraded by the proteasome 

(Bregman et al., 1996; Ratner et al., 1998). CRL4CSA and several other E3 ubiquitin ligases 

have been implicated in RPB1 turnover, however how this process is coordinated is not fully 

understood (Bregman et al., 1996; Kleiman et al., 2005; Starita et al., 2005; Anindya et al., 

2007; Yasukawa et al., 2008; Nakazawa et al., 2020).  

The results of this thesis revealed that FA treatment also induces RPB1 degradation. We 

observed that RPB1 turnover was partially affected by CSA and CSB loss, conversely it 

was completely blocked by NEDDylation inhibition (Figures 14, 15). This indicates the 

involvement of another Cullin-RING E3 ligase targeting RNAPII to regulate its turnover in 

response to DPC formation. Loss of UVSSA did not impact RPB1 degradation upon FA 

treatment, but it still had substantial effects on recovery of transcription. Since UVSSA has 

been shown to protect CSB from proteasomal degradation, one possibility is that the delay 

in transcription restart in UVSSA-deficient cells is caused by increased CSB turnover and 

subsequent impairment of DPC repair (Higa et al., 2016). Alternatively, loss of UVSSA may 

affect the correct positioning of CSA, thus impairing DPC ubiquitylation and degradation, 

rather than RNAPII removal. Loss of ELOF1 affects transcription restart upon FA treatment 

to a similar extent than UVSSA deficiency. Because ELOF1 has been shown to promote 

UVSSA recruitment, it is plausible that the delay of transcription recovery in  ELOF1 KO is 

caused by impairment of UVSSA function (Geijer et al., 2021; van der Weegen et al., 2021).  

Intriguingly, we observed that proteasome inhibition did not completely compromise RPB1 

degradation, suggesting that additional proteolytic mechanisms may be involved. In yeast, 

upon UV and hydroxyurea exposure, Rpb1 is degraded by the aspartic protease Ddi1 in a 
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proteasomal-independent process (Serbyn et al., 2020). Therefore, it is reasonable to 

speculate that the Ddi1 homologs DDI1 or DDI2 contribute in a similar way to RPB1 

degradation in humans. In addition, Ddi1 has been shown to have affinity in vitro for NEDD8 

yeast homolog Rub1, suggesting the possibility that a NEDDylation event regulates this 

mechanism (Singh et al., 2012). 

Another aspect to consider is the possibility that RNAPII gets itself crosslinked to DNA 

(RNAPII-DPC). Our DPC-seq data have established that FA-induced DPCs form 

preferentially around the transcription start site, suggesting that some of these adducts can 

effectively consist of covalently trapped RNAPIIs. Moreover, it is possible that elongating 

RNAPII can encounter and stall at crosslinked RNAPII, thus initiating – like in the presence 

of any other DPC – its transcription-coupled repair. 

Finally, in CSB/CSA-deficient cells, the persistence of UV-lesion stalled RNAPIIs hampers 

the passage of further elongating complexes, thus progressively depleting phosphorylated 

RNAPII pool and causing transcription shut down (Rockx et al., 2000). Following UV 

irradiation, this phenotype is exacerbated by stress-induced expression and subsequent 

promoter binding of ATF3 repressor, whose degradation is impaired in CS-deficient cells 

(Epanchintsev et al., 2017). Our RPB1 degradation and RRS data suggest that the 

presence of RNAPII-blocking DPCs causes similar responses. However, conversely to UV 

irradiation, upon FA treatment TC-NER-deficient cells restart transcription following 16h of 

recovery (Figures 18, 20, 22, 23, 24). Therefore, we speculate that transcriptional 

responses to UV and FA only partially overlap, however, further experiments will be required 

to clarify these aspects. 
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4.2 Transcription-coupled DPC repair and implications for human health 

Mutations in GG-NER and TC-NER genes are causative for Xeroderma pigmentosum (XP) 

and Cockayne syndrome (CS), respectively. XP and CS patients suffer from divergent 

symptoms: while XP patients show overall photosensitivity and increased skin cancer 

predisposition, CS patients exhibit a more complex pathological spectrum, ranging from 

neurological manifestation and premature aging to cachexia and renal disorders (Rapin et 

al., 2000). In addition, mutations in UVSSA have been shown to cause UV-sensitive 

syndrome (UVSS), a milder form of TCR deficiency, whose patients suffer from UV 

hypersensitivity but completely lack neurological alterations and progeroid symptoms 

(Spivak, 2005). 

At present, the pathological mechanisms underlying the phenotypical disparities between 

CS and XP patients have not been fully elucidated. Indeed, while UV light sensitivity of XP 

patients can be easily explained by a defect in repairing “classical” UV-induced NER 

substrates, CS aetiology is currently poorly understood. Surprisingly, TC-NER deficiency 

preferentially affects metabolically active tissues and non-proliferating cells, rather than UV 

light exposed tissues (Lans et al., 2010; Stern-Delfils et al., 2020). It is reasonable to 

hypothesise that the upstream TC-NER factors CSB and CSA are important for repairing 

DNA lesions generated by reactive metabolic products. In agreement, a recent study 

showed that FA accumulation is sufficient to precipitate the principal features of CS 

syndrome in mice, indicating that CSB plays a crucial protective role towards this 

endogenous metabolite (Mulderrig et al., 2021). More in detail, inactivation of Csb gene 

(Csbm/m) in mice that lack the FA detoxifying enzyme Adh5 caused cachexia, kidney failure 

and neurological alterations, thereby severely affecting life span (Mulderrig et al., 2021). 

Using single-cell RNA-sequencing, the authors uncovered that the aberrant phenotypes of 

Adh5-/-Csbm/m mice are caused by transcriptional stress driven by FA-induced damage, 

however the nature of the involved DNA lesion(s) remained elusive (Mulderrig et al., 2021). 

In our study, we observed – in line with the above-mentioned work – that CSB and CSA 

functions are critical for transcription recovery following FA treatment. In addition, we 

demonstrated for the first time that CSB is required for the repair of DPCs in actively 

transcribed genes, thus ensuring cellular tolerance to these lesions. The evidence that FA-

induced DPCs contributes to CS aetiology may clarify why CSB and CSA mutations impair 

the function of metabolically active tissues and contribute to the unique pathological 

features of CS patients. 

Moreover, our finding that CSB and CSA function is independent of downstream TC-NER 

factors to repair FA-induced lesions is striking, because it might help explain pathological 
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disparities between CS and XP. The important separation of functions between Xpa and 

Csb is further strengthened by the observation that, although Xpa contributes to FA cellular 

tolerance, loss of Csb yields a more severe phenotype than loss of Xpa in Adh5-/- mice 

(Mulderrig et al., 2021). This is in line and may be explained by our finding that XP cells are 

fully proficient in the repair of FA-induced DPCs, while CS cells are not. 

In conclusion, our study not only revealed the importance of CSB and CSA in protecting 

cells towards FA, but it also provided the first evidence that DPC-driven transcriptional 

toxicity significantly contributes to CS aetiology. Further dissecting transcription-coupled 

DPC repair mechanisms and their regulation will potentially enable the development of new 

therapies and improve CS patients’ health.
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5 MATERIALS AND METHODS 

5.1 Cell lines  

5.1.1 Cell lines used in this study and their maintenance 

RPE1-TetOn-Cas9-PuroS-TP53-/- (RPE1-iCas9) cells were kindly provided by the 

Luijsterburg lab (Leiden University); details about these cell lines are outlined in Table 1. 

RPE1-iCas9 cells were cultivated in Dulbecco’s Modified Eagle Medium (DMEM) 

GluTAMAX (Thermo Fisher Scientific-Gibco) supplemented with 10% (v/v) fetal bovine 

serum (FBS) (Thermo Fisher Scientific).  

HAP1 WT (Product ID: C631) and ERCC6 KO (CSB KO) (Product ID: HZGHC000422c011) 

were acquired from Horizon Discovery and grown in IMDM (Thermo Fisher Scientific-Gibco) 

supplemented with 10% (v/v) FBS, 1% Penicillin-Streptomycin-Glutamine (10378016, 

Thermo Fisher Scientific). ERCC6 KO genotype was confirmed by Sanger sequencing. All 

cell lines were cultured at 37°C in an atmosphere of 5% CO2. 

 

RPE1-TetOn-Cas9-PuroS-TP53-/- Source 

WT (van der Weegen et al., 2021) 

CSB-/- (CSB KO) (van der Weegen et al., 2021) 

XPC-/- (XPC KO) (van der Weegen et al., 2021) 

XPC-/-CSB-/- (XPC/CSB dKO) (van Den Heuvel et al., 2023) 

XPC-/-XPA-/- (XPC/XPA dKO) (van Den Heuvel et al., 2023) 

SPRTN-ΔC clone 2 (SPRTN-ΔC#2) This study 

SPRTN-ΔC clone 4 (SPRTN-ΔC#4) This study 

SPRTN-ΔC clone 5 (SPRTN-ΔC#5) This study 

CSB-/-SPRTN-ΔC clone 2 (CSB KO/SPRTN-ΔC#2) This study 

CSB-/-SPRTN-ΔC clone 10 (CSB KO/SPRTN-ΔC#10) This study 

CSB-/-SPRTN-ΔC clone 23 (CSB KO/SPRTN-ΔC#23) This study 

CSA-/- (CSA KO) (van der Weegen et al., 2021) 

UVSSA-/- (UVSSA KO) (van der Weegen et al., 2021) 

ERCC1-/- (ERCC1 KO) Unpublished, Luijsterburg lab 

XPG-/- (XPG KO) (Apelt et al., 2021) 

ELOF1-/- (ELOF1 KO) (van der Weegen et al., 2021) 

CSB-/-ELOF1-/- (CSB/ELOF1 dKO) (van der Weegen et al., 2021) 

Table 1. List of RPE1-TetOn-Cas9-PuroS-TP53-/- cells. 
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5.1.2 Generation of cell lines 

RPE1 SPRTN-ΔC and RPE1 CSB KO/SPRTN-ΔC double mutants genome-edited cell lines 

were generated from RPE1-TetOn-Cas9-PuroS-TP53-/- WT and CSB KO, respectively by 

co-transfection in 6-well plates with Lenti-multi-Guide plasmid containing gRNA_SPRTN-

ΔC#1 TTGGCAGATAAACCCAACAG (exon 5) and gRNA_SPRTN-ΔC#2 

ATTAACCAGAACTTCCTGAC (3’-UTR) and px330 plasmid containing gRNA_SPRTN-

ΔC#2 (1µg+1µg DNA). 48 hours after transfection of plasmids using Lipofectamine 2000 

(11668030, Thermo Fisher Scientific) (DNA:LIPO=1:1 ratio), cells were expanded to 10cm 

dishes. After 96h, puromycin (1µg/ml) was added and increased to 2µg/ml the following 

day. 48h later, puromycin-containing media was removed, cells washed twice with PBS and 

allowed to recover for 4 days. To generate single clones, cells were then seeded in 96-well 

plates at a concentration of 0.5 cells/well. When they reached confluency, single colonies 

were transferred progressively to 24- and 12-well plates. Editing efficiency was assessed 

by western blotting.  

 

5.1.3 Genotyping of single clones 

Genomic DNA of single clones was extracted by lysing cells in DirectPCR®-Cell lysis 

reagent (31-302-C, Viagen) in the presence of 0.2mg/ml proteinase K (25530049, 

Invitrogen). Samples were incubated at 55°C for 3h, before proteinase K was heat-

inactivated for 45min at 85°C. Genomic DNA was used as substrate to amplify the edited 

region while adding overhangs homologous to the pDONR221 vector with primers: 5’-

CGACGGCCAGTCattctgaagattgccctc-3’ (oMG_69: oJC30 + overhangs) and 5’-

CAGGAAACAGCTATGACgcaccctgagacacaaaacatc-3’ (oMG_70: oJC31 + overhangs 

using Platinum II Hot-Start Green PCR Master Mix (14001012, Thermo Fisher Scientific). 

Next, PCR products were gel-purified and cloned by TEDA-based cloning (Xia et al., 2019) 

into a pDONR221 backbone amplified with 5’-GTCATAGCTGTTTCCTGGC-3’ (pJS_86 

Forward) and GACTGGCCGTCGTTTTAC-3’ (pJS_86 Reverse) using Q5® Hot Start High-

Fidelity 2X Master Mix (M0494S, NEB). Plasmid DNA was isolated from at least five single 

colonies and analysed by Sanger sequencing. Genotypes are listed in Table 2. 
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Cell line Genotype allele 1 Genotype allele 2 

SPRTN-ΔC#2 Full deletion of exon 5  
2 bp insertion at exon 5 
gRNA_SPRTN-ΔC#1 cutting site  

SPRTN-ΔC#4 
28 bp deletion at exon 5 
gRNA_SPRTN-ΔC#1 cutting 
site  

Full deletion of exon 5  

SPRTN-ΔC#5 
41 bp deletion at 
gRNA_SPRTN-ΔC#1 cutting 
site  

Full deletion of exon 5 

CSB KO/SPRTN-ΔC#2 
1 bp deletion at 
gRNA_SPRTN-ΔC#1 cutting 
site 

Full deletion of exon 5 

CSB KO/SPRTN-ΔC#10 
29 bp deletion at 
gRNA_SPRTN-ΔC#1 cutting 
site 

11 bp deletion at gRNA_SPRTN-
ΔC#1 cutting site 

CSB KO/SPRTN-ΔC#23 
34 bp deletion at 
gRNA_SPRTN-ΔC#1 cutting 
site 

13 bp deletion at gRNA_SPRTN-
ΔC#1 cutting site 

Table 2. Genotypes of RPE1 SPRTN-ΔC and RPE1 CSB KO/SPRTN-ΔC cell lines. 

 

5.2 Cell viability assays  

5.2.1 AlamarBlue cell viability assay  

To measure FA, 5-azadC, illudin S, CPT or etoposide sensitivity, 1000 RPE1-iCas9 or 

HAP1 cells/well were seeded in triplicates in 24-well plates. The following day, cells were 

treated with the indicated doses of compounds (methanol-free FA, 28906, Thermo Fisher 

Scientific; 5-azadC, A3656, Sigma-Aldrich; illudin S, sc-391575, Santa Cruz; CPT, 208925, 

Sigma-Aldrich; etoposide, 341205, Sigma-Aldrich). After 5 (RPE1) or 4 (HAP1) days of 

incubation the medium was replaced with 500μl AlamarBlue cell viability reagent (36 μg/ml 

resazurin in PBS) (R7017, Sigma-Aldrich) and cells were incubated for 1h at 37°C. Cell 

viability was then assessed by measuring fluorescence (560nm excitation/590nm 

emission). 

 

5.2.1.1 AlamarBlue cell viability assay upon siRNA transfection 

RPE1-iCas9 cells were seeded in 6-well plate and the following day transfected with 

respective siRNA. 4µl siRNA (20µM) and 5µl Lipofectamine RNAiMAX Transfection 

Reagent (13778075, Thermo Fisher Scientific) were each diluted in 100µl Opti-MEM 

Medium (31985062, Thermo Fisher Scientific-Gibco). Following a 5min incubation, siRNA 

and Lipofectamine RNAiMAX Transfection Reagent dilutions were mixed. After an 

additional 15min, the transfection mix was added to cells. After 24h, transfection media was 

removed and, following one PBS wash, replaced with fresh media. The following day, cells 

were re-seeded into 24-well plates at 2500 cells/well confluency and next morning treated 
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with FA, 5-azadC or illudin S (72h after transfection). After 4 days of incubation the medium 

was replaced with AlamarBlue cell viability reagent 500μl (36μg/ml resazurin in PBS) and 

plates were incubated for 1h at 37°C. Cell viability was then assessed by measuring 

fluorescence (560nm excitation/590nm emission). In parallel, 72h after transfection, protein 

samples were collected to assess knockdown efficiency by western blotting. siRNAs used 

in this study are listed in Table 3. 

 

siRNA Sequence Manufacturer Catalogue ID 

siCTRL Control pool Horizon Discovery D-001810-10-20 

siCSB SMARTpool Horizon Discovery L-004888-00-0005 

siRNF4 SMARTpool Horizon Discovery L-006557-00-0005 

siSPRTN#1 CAAGGAACCAGAGAAUUA N/A N/A 

Table 3. List of siRNAs used in this study. 

 

5.2.2 Colony formation assay 

To measure UVC sensitivity, 4000 cells/plate were seeded in triplicates in 6cm dishes. The 

next day, media was removed and cells were irradiated in PBS with UVC 1 or 5J/m2. After 

7 days, cells were stained with crystal violet. To measure cell growth, RPE1-iCas9 WT, CSB 

KO, SPRTN-ΔC, CSB KO/SPRTN-ΔC cells were seeded in triplicate in 6-well plate at 2000 

cells/well and let grow for 8 days, before crystal violet staining. 

 

5.3 Protein analysis 

5.3.1 Western blotting 

Protein samples were boiled in 1x NuPAGE LDS sample buffer (NP0007, Thermo Fisher 

Scientific) containing NuPAGE Sample Reducing Agent (NP0009, Thermo Fisher 

Scientific). SDS-PAGE was run using NuPAGE 4-12% 20-well gels. Following 

electrophoresis, proteins were transferred on 0.45µm PVDF membranes (IPVH00010, 

Merck Millipore) using a wet transfer system (1704070, Bio-Rad) for 80min at 100V. PxP 

protein samples were run in 4-12%, 1.5mm Bolt gels (Thermo Fisher Scientific) and 

transferred using the dry Trans-Blot Turbo System (Bio-Rad) with the Bio-Rad standard 

30min transfer protocol. Membranes were blocked in 5% milk in TBS-Tween20 for 1h before 

addition of primary antibody. Primary antibodies used in this study are listed in Table 4. 

Following overnight 4°C incubation with primary antibody, membranes were washed and 

incubated for 1h with corresponding secondary antibody (Table 5). Western blotting images 
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were acquired using ChemiDoc Imaging System (Bio-Rad) and in order to help 

visualization, brightness was adjusted using FIJI (ImageJ). 

 

Primary antibody Application Manufacturer Catalogue ID 

Anti-Tubulin (Mouse) WB (1:2000) Sigma-Aldrich T6074 

Anti-Histone H3 (D1H2) (Rabbit) WB (1:1000) Cell Signaling 4499S 

Anti-RNAPII-CTDpSer2 (3E10) (Rat) WB (1:2000) Millipore 04-1571 

Anti-RNAPII-CTDpSer2 (Rabbit) IP Abcam ab5095 

Anti-CSB (Rabbit) WB (1:1000) Abcam ab96089 

Anti-CSA (Rabbit) WB (1:500) Abcam ab137033 

Anti-p89 (TFIIH) (Mouse) WB (1:500) 
Santa Cruz 
Biotechnology 

sc-271500 

Anti-p62 (TFIIH) (Mouse) WB (1:500) 
Santa Cruz 
Biotechnology 

sc-25329 

Anti-GAPDH antibody (14C10) (Rabbit) WB (1:2000) Cell Signaling 2118 

Anti-RNAPII-CTDpSer5 (4H8) (Mouse) WB (1:2000) Abcam ab5408 

Anti-XPC (Mouse) WB (1:1000) 
Santa Cruz 
Biotechnology 

sc-74410 

Anti-SPRTN (6F2) (Rat) WB (1:500) 
Custum (Zhao 
et al., 2021) 

N/A 

Anti-RNF4 (Goat) WB (1:500) R&D systems AF7964 

Table 4: List of primary antibodies used in this study. 

 

Secondary antibody Application Manufacturer Catalogue ID 

Goat Anti-Mouse 
Immunoglobulins/HRP 

WB (1:5000) Dako P0447 

Swine Anti-Rabbit 
Immunoglobulins/HRP 

WB (1:5000) Dako P0399 

Goat Anti-Rat  
Immunoglobulins/HRP 

WB (1:3000) Sigma-Aldrich A9037 

Rabbit Anti-Goat Immunoglobulins/HRP WB (1:3000) Sigma-Aldrich A8919 

Mouse Anti-Rabbit Immunoglobulin 
(Light-Chain Specific) (D4W3E)/HRP 

WB (1:2000) Cell Signaling 93702 

Table 5: List of secondary antibodies used in this study. 
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5.3.2 Immunoprecipitation for Co-IP 

Endogenous RNAPIIo immunoprecipitation for Co-IP was performed as described in van 

der Weegen et al., 2020. Cells were mock-treated, treated with methanol-free FA (1 or 

1.75mM) or irradiated with UVC light (20J/m2) and harvested after 1h. Where mentioned, 

cells were pre-treated with MG-132 (M7449, Sigma-Aldrich) 5µM for 1h prior to FA 

treatment or UVC irradiation and MG-132 has been kept during the whole recovery 

timeframe. Chromatin-enriched fractions were prepared by incubating the cells for 30min 

on ice in IP-130 buffer (30mM Tris-HCl pH7.5, 130mM NaCl, 2mM MgCl2, 0.5% Triton X-

100) supplemented with cOmplete EDTA-free protease inhibitor cocktail (4693132001, 

Merck Millipore). This step was followed by centrifugation at 10000g for 10min, and removal 

of the supernatant. Cell pellets (chromatin fractions) were lysed in IP-130 buffer in the 

presence of protease inhibitor cocktail, 500U/ml benzonase nuclease (70746, Merck 

Millipore) and 2μg RNAPII-S2 antibody (ab5095, Abcam) for 3h at 4°C. Protein complexes 

were pulled down by 1.5h incubation with Protein A Agarose Beads (16-157, Sigma-

Aldrich). Beads were washed 6 times with IP-130 buffer and samples for western blotting 

were prepared by boiling in 2x NuPAGE LDS sample buffer. 

 

5.3.3 RPB1 degradation assay (Cycloheximide chase) 

Cells were seeded in 6-well tissue culture plates, grown to 80% confluency and then pre-

treated with cycloheximide (CHX) 100µg/ml (C4859, Sigma-Aldrich) for 1h. When indicated, 

cells were pre-treated with MG-132 5µM or NEDDi (MLN-4924, ab216470, Abcam) 2µM for 

1h prior to UVC 20J/m2 irradiation or FA 1.75mM treatment. Finally, cells were lysed in 250µl 

1x NuPAGE LDS sample buffer, followed by SDS-PAGE and western blotting with the 

indicated antibodies. 

 

5.4 Microscopy-based assays 

5.4.1 EU and EdU incorporation 

For EU and EdU incorporation RPE1-iCas9 cells were seeded in 24-well plate in 10% FBS-

containing media and 48h later cells were treated with different concentration of methanol-

free FA (indicated in the figure legend). After 1h, FA-containing media was removed and 

cells were washed twice with PBS. Then, cells were pulse-labelled with 400μM 5-Ethynyl-

uridine (EU, CLK-N002-10, Jena Bioscience) or with 100μM 5-Ethynyl-2'-deoxyuridine (5-

EdU, CLK-N001-25, Jena Bioscience) for 1h, followed by a 15min medium chase with 

DMEM without supplements. Cells were fixed with 4% FA (methanol-free FA, 28908, 
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Thermo Fisher Scientific) in PBS for 20min and Click-iT labelling and analysis was 

performed as described below. 

For EU incorporation upon 5-azadC treatments, RPE1 cells were seeded on coverslips and 

synchronized using a double thymidine block, based on two cycles of overnight incubation 

with 2mM thymidine (T9250, Sigma-Aldrich) and 9h release. Then, cells were released in 

thymidine-free media and treated with 5-azadC for the indicated time periods. In the final 

30min of 5-azadC treatment, 400μM EU was added to monitor transcription. EU 

incorporation was followed by a 15min medium chase with DMEM without supplements. 

Cells were fixed with 4% methanol-free FA in PBS for 20min prior to Click-iT labelling. 

 

5.4.2 Click-iT labelling 

For Click-iT labelling cells previously fixed in 4% FA were permeabilized with 0.5% Triton 

X-100 in PBS for 10min at room temperature and blocked in 1.5% bovine serum albumin 

(BSA, Thermo Fisher Scientific) in PBS for 15min. Nascent RNA/DNA was visualized by 

Click-iT chemistry, incubating the cells in the dark for 1h with a mix of 60μM AF488-Azide 

(CLK-1275-1, Jena Bioscience), 4mM CuSO4 (451657-10G, Sigma-Aldrich), 10mM 

ascorbic acid (A7631-100G, Sigma-Aldrich) and 0.5μg/ml DAPI (62248, Thermo Fisher 

Scientific) in a 50mM Tris-HCl pH8 buffer. Coverslips were washed 5 times with PBS and 

mounted in Prolong Gold Antifade Mountant (P10144, Thermo Fisher Scientific). Images 

were acquired using a ZEISS LSM710 microscope and ZEN 2009 software version 

5.5.0.443 (Carl Zeiss). Signal intensity quantification was performed using Cell Profiler. For 

representative images, brightness was adjusted using FIJI (ImageJ) software. 

 

5.4.3 Recovery of RNA synthesis (RRS) assay 

For Recovery of RNA synthesis (RRS) assay, RPE1-iCas9 and HAP1 cells were seeded in 

24-well plate (FA treatment) or 12-well plate (UVC irradiation) in 10% FBS-containing 

media. The following day media was removed, cells were washed once with PBS, and 1% 

FBS-containing media was added. 24h later cells were treated with methanol-free FA 

1.75mM (RPE1) or 0.75mM (HAP1) or irradiated with UVC 20J/m2. After 1h, FA-containing 

media was removed and cells were washed twice with PBS. Then, cells were allowed to 

recover for the indicated time periods and pulse-labelled with 400μM EU for 1h, followed by 

a 15min medium chase with DMEM without supplements. Cells were fixed with 4% 

methanol-free FA in PBS for 20min. Click-iT labelling and analysis was performed as 

described in the previous section.  
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5.5 DPCs isolation and analysis 

5.5.1 KCl/SDS DPC-sequencing (DPC-seq) 

To prepare DNA samples for KCl/SDS-DPC-seq, RPE1-iCas9 WT vs CSB KO were seeded 

in 6-well plate at 160000 cells/well in 10% FBS-containing media, 3 wells/condition (3 

technical replicates). The following day, media was removed, cells were washed once with 

PBS and 1% FBS-containing media was added. 24h hours later, cells were treated with FA 

1.75mM to induce DPCs. After 1h, FA-containing media was removed and cells were 

washed twice with PBS. Cells were either harvested immediately (T0) or allowed to recover 

for 6h (T6). Cells were harvested by scraping in 150µl 2%SDS, 20mM Tris-HCl pH7.5 

(KCl/SDS lysis buffer), transferred to 1.5ml tubes, immediately frozen in liquid nitrogen and 

stored at -80°C.  

For KCl/SDS precipitation, samples were thawed from -80°C at 55°C for 5min (1200rpm 

shaking) and sonicated using Covaris® Focused ultrasonicator E220evo in 130µl tubes 

(microTUBE AFA Fiber Pre-Slit Snap-Cap 6x16mm; 1x cycle, 120sec). Next, samples were 

transferred to 1.5ml tubes and 270µl 2% SDS, 20mM Tris-HCl pH7.5 was added to each 

sample up to a final volume of 400µl. DNA extraction was performed on 10% of the total 

lysate (40µl) using GeneJET Genomic DNA Purification Kit (10410450, Thermo Fisher 

Scientific) and considered as input. For KCl/SDS precipitation of the remaining lysate, 400µl 

of 200mM KCl, 20mM Tris-HCl pH7.5 (KCl/SDS precipitation buffer) was added to each 

sample, followed by incubation on ice for 5min and full speed centrifugation at 4°C (5min). 

Supernatants (soluble DNA) (~600µl) were transferred to a new tube for DNA quantification. 

Pellets (containing proteins and protein + crosslinked DNA) were washed three times 

according to the following steps: addition 400µl 200mM KCl, 20mM Tris-HCl pH7.5, 

incubation at 55°C for 5min (1200rpm shaking), incubation on ice (5min), full speed 

centrifugation 4°C (5min). Next, pellets were resuspended in 400µl of 200mM KCl, 20mM 

Tris-HCl pH7.5 containing 0.2mg/ml proteinase K and incubated at 55°C for 45min (800rpm 

shaking) for protein digestion. 10µl UltraPure BSA (AM2616, Thermo Fisher Scientific, stock 

50mg/ml) was added to the solution followed by cooling down on ice for 5min and full speed 

centrifugation at 4°C for 5min. Next, supernatants containing crosslinked DNA were 

collected. Soluble DNA and crosslinked DNA samples were treated with 0.2mg/ml DNAse-

free RNAse A solution (Sigma-Aldrich) for 30min at 37°C. DNA concentrations were 

determined using Qubit™ dsDNA HS Assay Kit (Q32851, Thermo Fisher Scientific) 

according to the manufacturer’s instructions. Relative DPC amounts among conditions were 

calculated as the ratio between crosslinked DNA and total DNA (crosslinked + soluble DNA) 

as a surrogate for DPCs persistence.  
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At this stage, DNA samples have been shipped to Cancer Research UK Cambridge Institute 

and the following steps have been performed by our collaborator Dr. Aldo Bader.  

50ng of DNA was concentrated via ethanol precipitation with 300mM sodium acetate, 1μl 

glycogen and 2.5x ethanol and resuspending in 20μl of nuclease-free water. DNA was run 

on 1% agarose gels cast in 1.5mm Mini-PROTEAN cassettes (Bio-Rad), stained with 

SYBR-Gold and the DNA fragment smear of 400-1000bp was dissected from the gel. Gel 

slices were immersed in 500μl gel-extraction buffer (10mM Tris pH8.0, 1mM EDTA, 0.02% 

SDS) and rotated at 4°C overnight. The gel slices and buffer were loaded into Spin-X 

columns (CLS8160, Corning Costar) and centrifuged at 14000g for 10min at 4°C. The eluted 

DNA containing buffer was ethanol precipitated as before and resuspended in 50μl 

nuclease free water. DNA was then subjected to library preparation via the NEB Next Ultra-

II DNA library prep kit (E7645L, NEB) using a 1 in 10 adapter dilution and 7 PCR cycles. 

Libraries were analysed via Qubit and Tapestation, pooled at equimolar concentrations and 

sequenced on an Illumina NovaSeq with PE50 cycles. 

 

5.5.1.1 DPC-seq analysis 

DPC-seq analysis has been performed by Dr. Aldo Bader (Cancer Research UK Cambridge 

Institute). Fastq files were generated using bcl2fastq2 (v2.20), low quality reads were 

filtered out using fastp (Chen et al., 2018) (v0.23.2) and aligned to the hg38 human genome 

via Bowtie2 Bowtie2 (Langmead and Salzberg, 2012) (v2.4.5). Alignments were then sorted 

and indexed using Samtools (Li et al., 2009) (v1.16.1). Read coverages were calculated 

from alignments using either Deeptools (Ramírez et al., 2014) (v3.5.0) bamCoverage or 

bedtools (Quinlan and Hall, 2010) (v2.30.0) coverage using the GRCh38 annotations as a 

reference. Per gene coverage was normalised to number of reads per sample and also to 

the length of each gene. Further analysis was conducted in R (v4.1.2) using custom scripts. 

WT and CSB-/- read coverage was compared via log2 fold change and via t-tests with 

Bonferroni correction. All box-plots, dot plots and genome track plots were generated using 

ggplot2 (v3.4.0) whereas metagene line plots and heatmaps were generated using 

Deeptools. Comparisons to other datasets from ATAC-seq (GSE209659) and RNAPII ChIP-

seq (GSE141798) was completed by analysing the read coverage of these datasets in the 

same way as for the DPC-seq data. All analytical code for both upstream processing and 

downstream analysis and plot generation are publicly available at 

https://github.com/aldob/DPC-Seq.  

 

 

https://github.com/aldob/DPC-Seq
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5.5.2 Purification of x-linked Proteins (PxP) 

PxP was performed as described in Weickert et al., 2023. DPCs were induced by addition 

of methanol-free FA 1mM (RPE1) or 0.5-1mM (HAP1) to asynchronous or G1-arrested 

cells. To arrest RPE1 cells in G1, cells were seeded in 10cm dishes at 100% confluency 

48h prior the FA treatment. The same number of cells was seeded in 15cm dishes, as 

asynchronous control. Cells were treated for 1h with 1mM (RPE1) and 0.5-1mM FA (HAP1), 

then FA-containing media was removed and cells were washed twice with PBS. Fresh 

media was added and cells were allowed to recover for the indicated time. At the indicated 

timepoint, cells were harvested by trypsinization, washed with PBS, pelleted and 

immediately froze at -80°C for short-term storage. To isolate DPCs, cell pellets were thawed 

and resuspended in ice-cold PBS at 25000 cells/µl (HAP1) or 35000 cells/µl (RPE1); 10µl 

of the cell suspension were directly lysed in 1x NuPAGE LDS sample buffer to serve as 

input samples. The remaining cell suspension was prewarmed for 45sec at 45°C, mixed 

with an equal volume of low melt agarose (2% in PBS, 1613111, Bio-Rad) and immediate 

casted into plug molds (1703713, Bio-Rad) with a total volume of ~90µl. Plugs were placed 

at 4°C for 5min, prior to transfer into 1ml ice-cold PxP lysis buffer (1x PBS, 0.5mM EDTA, 

2% sarkosyl (L7414, Sigma-Aldrich), cOmplete EDTA-free protease inhibitor cocktail). Lysis 

was carried out on a rotating wheel at 4°C for 4h. Following lysis, for electro-elution, plugs 

were transferred to the wells of 10-well SDS-PAGE gels (12%, 1.5mm Bolt gels, Thermo 

Fisher Scientific). Electrophoresis was carried out in 300ml MOPS buffer at 20mA per gel 

for 60min in a Mini Gel Tank (Thermo Fisher Scientific). Following electro-elution, plugs 

were retrieved and transferred to tubes containing 1ml PxP wash buffer (50mM Tris-HCl 

pH8, 0.5mM MgCl2, 0.01% sarkosyl), while the gel was stained using InstantBlue (ISB1L, 

Sigma-Aldrich) to confirm successful extraction of non-crosslinked cellular proteins. Plugs 

were incubated on a rotating wheel at 4°C for 10min. Plugs of the same conditions were 

pooled at this stage of the purification; for western blotting analysis of FA-induced DPCs, 3 

plugs per condition were used. The supernatant was aspirated and plugs were melted at 

99°C for 5min, followed by addition of 20µl PxP wash buffer containing 50U of benzonase 

nuclease 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 primary antibodies (listed in Table 4).  
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6 LIST OF ABBREVIATIONS  

5-azadC  5-aza-2’-deoxycytidine 

ACRC  Acid repeat-containing protein 

ADH  Alcohol dehydrogenase 

ALDH  Aldehyde dehydrogenase 

ALKBH  AlkB homolog 

AP  Apurinic/apyrimidinic 

APE  AP endonuclease 

APTX  Aprataxin 

Arg  Arginine 

Asn  Asparagine 

Asp  Aspartic acid 

ATF3  Activating transcription factor 3 

BARD1   BRCA1 Associated RING Domain 1 

BER  Base excision repair 

BLM  Bloom syndrome protein 

bp  Base pair 

BR  Basic region 

BSA  Bovine serum albumin 

C. elegans  Caenorhabditis elegans 

CAK  CDK-activating kinase subcomplex 

CHO  Chinese hamster ovary 

CHX  Cycloheximide 

CIM  CSA-interaction motif 

Co-IP  Co-immunoprecipitation 

CPD  Cyclobutane pyrimidine dimer 

CPT  Camptothecin 

CS  Cockayne syndrome 

CSA/B  Cockayne syndrome group A/B 

CTD  Carboxy-Terminal Domain 
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CtIP  CtBP-interacting protein 

CUL4  Cullin 4 

Cys  Cysteine 

DBD  DNA-binding domain 

DDR  DNA damage response 

DEB  Diepoxybutane 

DNA  Deoxyribonucleic acid 

DNA-PKcs  DNA-dependent protein kinase catalytic subunit 

DNMT1  DNA methyltransferase 1 

DPC  DNA-protein crosslink 

DPC-seq  DPC-sequencing 

DSB  Double-strand break 

dsDNA  Double-stranded DNA 

DUB  Deubiquitylating enzyme 

DDI1/2  DNA damage inducible 1/2 

EdU  5-Ethynyl-2'-deoxyuridine 

ELOF1  Elongation factor 1 

EXO1  Exonuclease 1 

EU  5-Ethynyl-uridine 

FAM111A  Family with sequence similarity 111 member A 

FAN1  Fanconi-associated nuclease 1  

FBS  Fetal bovine serum 

FEN1  Flap structure-specific endonuclease 1 

GCNA  Germ cell nuclear antigen 

GG-NER  Global genome NER 

GSH  Glutathione 

h  Hour 

His  Histidine 

HMCES  5-hydroxymethylcytosine binding, ES cell specific 

HNPCC  Hereditary nonpolyposis colorectal cancer 
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ICL  Inter-strand crosslink 

IDR  Intrinsically disordered region 

IEG  Immediate early gene 

IR  Ionizing radiation 

K  Lysine 

kb  Kilobase 

kD  Kilodalton 

LIG1/3  DNA ligase 1/3 

M  Molar 

MEF  Mouse embryonic fibroblast 

MGMT  O6-methylguanine-DNA methyltransferase 

Min  Minute 

NAD  Nicotinamide adenine dinucleotide 

NEDDi  NEDDylation inhibitor 

NER  Nucleotide excision repair 

NGS  Next generation sequencing 

NHEJ  Non-homologous end joining 

NLS  Nuclear localization signal 

OGG1  8-oxoguanine DNA glycosylase 1 

8-oxoG  8-oxoguanine 

PARP  Poly (ADP-ribose) polymerase  

PARPi  PARPi 

PCNA  Proliferating cell nuclear antigen 

PIP  PCNA-interacting protein 

PIP-box  PCNA-interacting protein box 

PNKP   Polynucleotide kinase/phosphatase 

Pol  Polymerase 

6-4PP   Pyrimidine-pyrimidone photoproduct 

PTM  Post-translational modification 

PxP  Purification of x-linked proteins 
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RBX1  RING box protein 1 

RFC  Replication factor C 

RJALS  Ruijs-Aalfs syndrome 

RNAPII  RNA polymerase II 

RNF4  RING finger protein 4 

RPA  Replication protein A 

RPM  Reads per million 

ROS  Reactive oxygen species 

RTEL1  Regulator of telomere elongation helicase 1 

RTF2  Replication termination factor 2 

RVP  Retroviral-like protease domain 

S. cerevisiae  Saccharomyces cerevisiae 

SAM  S-adenosylmethionine 

SCAN1  Spinocerebellar ataxia with axonal neuropathy 

Ser  Serine 

SIM  SUMO interacting motif 

SNM1A/B  Sensitive to nitrogen mustard 1A/B 

SPRTN  SprT-like N-terminal domain 

SRAP  SOS response-associated peptidase 

SSB  Single-strand break 

SSBR  SSB repair 

ssDNA  Single-stranded DNA 

STUbL  SUMO-targeted ubiquitin ligase 

TC  Transcription-coupled 

TC-NER  Transcription-coupled NER 

TCR  Transcription-coupled repair 

TDG  Thymine DNA glycosylase 

TDP1/2  Tyrosyl-DNA phosphodiesterase 1/2 

TEX264  Testis expressed 264 

TIR  TFIIH-interacting region 
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TLS  Translesion synthesis 

TOP1/2  Topoisomerase 1/2 

TOP1/2-cc  TOP1/2-cleavage complex  

TRAIP  TRAF-interacting protein 

TSS  Transcription start site 

TTD  Trichothiodystrophy 

Tyr  Tyrosine 

UBA  Ubiquitin-associated domain 

UBE2T  Ubiquitin-conjugating enzyme E2 T 

UBL  Ubiquitin binding-like domain 

UBZ  Ubiquitin-binding zinc finger 

UDG  Uracil DNA glycosylase 

USP1/7  Ubiquitin specific peptidase 1/7 

UV  Ultraviolet 

UV-DDB  UV-damaged DNA-binding protein 

UVSS  UV-sensitive syndrome 

UVSSA  UV-stimulated scaffold protein A 

VCP  Valosin-containing protein 

VCPIP1  Valosin-containing protein interacting protein 1 

XLF  XRCC4-like factor 

XP  Xeroderma pigmentosum 

XRCC  X-ray repair cross-complementing protein  

ZBD  Zinc-binding domain 
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