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As a result, we have discovered that NEIL3 interacts with 26S proteasome and that the inhibition of the latter abolishes NEIL3-mediated protection from cisplatininduced apoptosis. We have identified Werner helicase (WRN)-interacting partner 1 (WRNIP1), a member of the AAA ATPase family, as a possible target of NEIL3dependent proteasomal degradation. We propose that WRNIP1 is rapidly recruited to cisplatin-induced ICL-stalled replication fork and then degraded in a timely manner at the later stages of repair to facilitate the removal of the lesion.

I. Introduction

DNA Damage

Deoxyribonucleic acid (DNA) is a carrier of genetic information, and its integrity is highly important for the perpetuation of life. Nevertheless, cellular DNA constantly undergoes chemical alterations, resulting in DNA lesions that lie at the origin of cell lethality, tissue degeneration, aging, and cancer due to their cytotoxicity and miscoding properties [START_REF] Hoeijmakers | DNA damage, aging, and cancer[END_REF].

1.1 Sources of DNA damage

In the mammalian genome, tens of thousands of DNA lesions are formed per cell on a daily basis as a result of spontaneous decay, cellular metabolism, or exposure to environmental agents [START_REF] Hoeijmakers | DNA damage, aging, and cancer[END_REF][START_REF] Jackson | The DNA-damage response in human biology and disease[END_REF].

Spontaneous DNA damage can arise due to spontaneous hydrolytic reactions, nonenzymatic methylations, and abortive activity of topoisomerase I and II. Overall, it was estimated that up to 10 5 spontaneous DNA lesions are formed per cell per day [START_REF] Hoeijmakers | DNA damage, aging, and cancer[END_REF]. In addition, reactive oxygen and nitrogen species (ROS and RNS, respectively), lipid peroxidation products, endogenous alkylating agents, estrogen and cholesterol metabolites, and reactive carbonyl species that are generated during normal cellular metabolism can lead to the generation of oxidative DNA damage and strand breaks [START_REF] Lindahl | Repair of endogenous DNA damage[END_REF].

On the other hand, induced DNA damage arises due to environmental, i.e., physical (e.g., ionizing radiation, ultraviolet lights) and chemical agents (e.g., tobacco products, alkylating, and cross-linking agents). Ultraviolet (UV) lights are one of the most pervasive environmental DNA-damaging agents. Although the ozone layer absorbs all UV-C radiation, the most dangerous, and most of the UV-A and UV-B in sunlight, can induce around 100,000 lesions (cyclobutane pyrimidine dimers and 6-4 photoproducts) per hour per exposed cell. Ionizing radiation (from, e.g., cosmic radiation, X-ray, radiotherapy) generates highly reactive radical species and leads to the generation of a broad spectrum of lesions, including damage to the purine and pyrimidine rings, oxidation of sugar residues accompanied by base loss, and DNA strand breaks [START_REF] Chatterjee | Mechanisms of DNA damage, repair and mutagenesis[END_REF][START_REF] Jackson | The DNA-damage response in human biology and disease[END_REF].

Environmental DNA damaging agents also include numerous chemical compounds such as pesticides, heavy metals, tobacco compounds, and food contaminants (e.g., aflatoxins, heterocyclic amines) that can induce a plethora of DNA lesions and trigger the development of various cancers.

Moreover, DNA-damaging agents are used to treating cancer and other hyperplasic diseases [START_REF] Helleday | DNA repair pathways as targets for cancer therapy[END_REF]. Depending on their action, we distinguish several groups of chemotherapeutic agents, such as antimetabolites, that interfere with nucleotide biosynthesis and are incorporated in DNA, alkylating agents that attach alkyl groups to DNA bases, cross-linking agents that generate DNA cross-links, and different DNA repair inhibitors that induce cytotoxicity by interfering with DNA repair mechanisms [START_REF] Altieri | DNA Damage and Repair: From Molecular Mechanisms to Health Implications[END_REF][START_REF] Ciccia | The DNA Damage Response: Making It Safe to Play with Knives[END_REF][START_REF] Helleday | DNA repair pathways as targets for cancer therapy[END_REF][START_REF] Jackson | The DNA-damage response in human biology and disease[END_REF]. Later in this chapter, I will focus on the DNA-damaging properties of cross-linking agents, notably cisplatin, which is widely used in cancer therapy.

Types of DNA damage

As a result of endogenous and exogenous assaults, various DNA damage can arise in DNA, including base modifications, photoproducts, single-or doublestrand breaks, and DNA cross-links. Some of these lesions are small and have a minor impact on genomic stability, whereas others are bulky, complex lesions that threaten cell survival. [START_REF] Altieri | DNA Damage and Repair: From Molecular Mechanisms to Health Implications[END_REF]. Alkylating agents generate a wide range of covalent adducts, from simple methylation to complex adducts, by reacting with the nitrogen and oxygen atoms of DNA bases. The examples of the most predominant alkylated base modifications are N7-methyl guanine (7meG), N3-methyladenine (3meA), 1-methyladenine (1meA), 3-methylcytosine (3meC), and O6-methylguanine (O 6 meG). Although alkylated bases are less frequent compared to oxidative base modifications, they can be very cytotoxic and mutagenic due to their replication-blocking and mispairing properties [START_REF] Bauer | The current state of eukaryotic DNA base damage and repair[END_REF][START_REF] Fu | Balancing repair and tolerance of DNA damage caused by alkylating agents[END_REF]. Base deamination is the replacement of exocyclic amines with an oxygen atom, which leads to the generation of highly mutagenic lesions. As a result of deamination, normal nucleobases cytosine (C), adenine (A), guanine (G), and 5-methyl cytosine (5mC) become uracil (U), hypoxanthine, xanthine, and thymine (T), respectively.

Spontaneous hydrolysis or the cleavage of the N-glycosidic bond between the base and sugar-phosphate backbone by DNA glycosylases lead to the generation of around 10,000 abasic or AP (apurinic/apyrimidinic) sites per day. The AP sites are inherently unstable; therefore, they can be transformed into an SSB or interstrand cross-link by binding to a purine residue in the opposing DNA strand [START_REF] Bauer | The current state of eukaryotic DNA base damage and repair[END_REF][START_REF] Chatterjee | Mechanisms of DNA damage, repair and mutagenesis[END_REF]. UV radiation leads to the generation of the most common environmentally induced bulky lesions in DNA, such as cyclobutane pyrimidine dimers (CPDs) and pyrimidine-(6-4)-pyrimidone photoproducts ((6 -4) PPs). CPDs are generated when a cyclobutane ring covalently links the two adjacent pyrimidines; they comprise 70-80% of all DNA photo damages and are more cytotoxic and mutagenic than (6 -4) PPs. The (6 -4) PPs are formed by the covalent link of the C6 position of one pyrimidine to the C4 position of the adjacent pyrimidine, and they make up 20-30% of DNA photoproducts. In the presence of UV-B, (6 -4) PPs can undergo photoisomerization and become a Dewar valence isomer, which reverts to (6 -4) PPs when exposed to UV-C light. Thymine cyclobutane dimer (T<>T) is the most prevailing type of photoproduct, followed by T<>C, 6-4TC, C<>T, C<>C, and 6-4TT. If these DNA lesions, if left unrepaired, may interfere with DNA transcription and replication and can lead to replication errors and cause mutations and death [START_REF] Altieri | DNA Damage and Repair: From Molecular Mechanisms to Health Implications[END_REF][START_REF] Chatterjee | Mechanisms of DNA damage, repair and mutagenesis[END_REF][START_REF] Sinha | UV-induced DNA damage and repair: A review[END_REF]. Moreover, an encounter of DNA replication machinery and SSB, or two SSBs arising nearby, leads to the generation of DSBs [START_REF] Caldecott | Single-strand break repair and genetic disease[END_REF][START_REF] Jackson | The DNA-damage response in human biology and disease[END_REF].

Apart from that, DSBs are formed by mechanic shearing, IR, chemical mutagens (e.g., MMS, bleomycin), and enzymatic cleavage. DSBs are considered the most harmful DNA lesions since they might provoke chromosome rearrangements and disrupt gene structure and function [START_REF] Schubert | Boon and Bane of DNA Double-Strand Breaks[END_REF]. DNA intrastrand cross-links are formed when two nucleotides within one strand of the DNA duplex are covalently linked. In contrast, a cross-link between two nucleotides located on opposite DNA strands leads to the generation of a DNA interstrand cross-link (ICL). DNA-protein cross-links (DPC) are formed when cellular proteins are covalently trapped in DNA. Although ICLs represent only a small fraction of the total DNA adducts induced by cross-linking agents, they are thought to be the main determinant of their cytotoxicity (Deans, 2011;[START_REF] Rycenga | The evolving role of DNA inter-strand crosslinks in chemotherapy[END_REF]. [START_REF] Legerski | Repair of DNA Interstrand Cross-links During S Phase of the Mammalian Cell Cycle[END_REF].

Although all four nucleotides in DNA have been shown to participate in ICL formation, purine nucleotides (A and G) are more reactive than pyrimidine nucleotides (C and T), with G making up the majority of ICLs in cells [START_REF] Gates | An overview of chemical processes that damage cellular DNA: Spontaneous hydrolysis, alkylation, and reactions with radicals[END_REF].

In addition, ICLs can cause dramatic conformational changes in DNA helical structure, including local DNA unwinding, helical distortions, and eversion of the adjacent base. It was estimated that a single ICL is enough to kill a repair-deficient bacteria and yeast cell, whereas around 20-40 ICLs can lead to the death of a repairdeficient mammalian cell [START_REF] Dronkert | Repair of DNA interstrand cross-links[END_REF][START_REF] Muniandy | DNA interstrand crosslink repair in mammalian cells: Step by step[END_REF].

Due to their high cytotoxicity, ICL-inducing agents like cisplatin, mitomycin C, nitrogen mustards, and psoralen are commonly used drugs against hyperplasic diseases such as cancer, psoriasis, and vitiligo (Figure 2). The properties of different cross-linking agents and their impact on DNA will be discussed in the next chapter.

Cross-linking agents

The use of DNA cross-linking agents in chemotherapy originated from chemical warfare during the First and Second World Wars (WW). During WW1, it was noted that mustard gas, similarly to IR, can suppress the bone marrow cells, leading to leukopenia and thrombocytopenia and impaired antibody response.

Between the two world wars, several studies have shown that intravenous nitrogen mustards inhibit growth and cause regression of tumors in animal studies [START_REF] Kohn | Beyond DNA Cross-Linking: History and Prospects of DNA-targeted Cancer Treatmentâ€[END_REF]. Later, in 1943, during WW2, a US Merchant Ship with 60 tons of sulfur mustard bombs was destroyed, leading to the contamination of the nearby city and suburbs. The autopsy of victims revealed that this chemical specifically attacked the white blood cells; this was the first indication that such chemicals could be used to treat leukemia (Deans, 2011;[START_REF] Kohn | Beyond DNA Cross-Linking: History and Prospects of DNA-targeted Cancer Treatmentâ€[END_REF].

Soon after, it was suggested and subsequently demonstrated that the cytotoxicity of nitrogen mustards derives from their DNA cross-linking properties.

Compared to monofunctional alkylators, bifunctional alkylators like nitrogen mustards form covalent bonds between neighboring nucleotides on two opposite strands of DNA, which interfere with essential cellular processes such as DNA replication and transcription by preventing strand separation. After more than seven decades of continuous studies, various chemical agents such as platinum compounds, psoralens, and mitomycin C were identified and are now widely used in the chemotherapy (Deans, 2011;[START_REF] Muniandy | DNA interstrand crosslink repair in mammalian cells: Step by step[END_REF].

Depending on a number of factors, including cellular uptake and metabolic activation, ICL agents have different cytotoxicities. Nitrogen mustards and their derivatives, such as melphalan, chlorambucil, and cyclophosphamide, induce both DNA intrastrand and interstrand cross-links by reacting with guanines at 5'-GNC-3' cites. Nitrogen mustards act rapidly, inducing ICLs with 14° strand bending distortion within 20 minutes after treatment (Hashimoto et al., 2016). Psoralens are chemical compounds isolated from fungi and plants to treat several skin diseases like psoriasis and vitiligo. They intercalate into DNA and can be activated by UVA to induce thymine mono-adducts and ICLs between thymines at 5'-TA-3' and 3'-AT-5' sequences in DNA. Psoralen-induced ICLs cause unwinding of 25° and minor local distortion of DNA's helical structure [START_REF] Dronkert | Repair of DNA interstrand cross-links[END_REF]Hashimoto et al., 2016;[START_REF] Muniandy | DNA interstrand crosslink repair in mammalian cells: Step by step[END_REF]. Natural antitumor antibiotic mitomycin C (MMC) has extensive use in cancer chemotherapy against gastrointestinal tumors, gastric, pancreatic, biliary tract, colorectal, and anal cancer. After the reduction of its quinone rings to quinone methide, MMC forms monoadducts at the N-7 and N-2 of guanine, DNA intrastrand cross-links, and ICLs between the N-2 of guanines at 5'-GC-3' and 3'-CG-5' sequences in the minor groove. MMC-induced ICLs impose minimal distortion on the duplex, with no bending [START_REF] Guainazzi | Using synthetic DNA interstrand crosslinks to elucidate repair pathways and identify new therapeutic targets for cancer chemotherapy[END_REF]Muniandy et al., 2010). Widely used anti-cancer drug cisplatin mainly reacts with guanines, forming DNA intrastrand and interstrand cross-links [START_REF] Dronkert | Repair of DNA interstrand cross-links[END_REF]Hashimoto et al., 2016). Among all platinum compounds, cisplatin is the one causing the largest DNA distortion by 45° bending and 79° unwinding. Although the percentage of cisplatin-induced ICLs is low, they seem to cause major DNA distortions [START_REF] Galluzzi | Systems biology of cisplatin resistance: Past, present and future[END_REF][START_REF] Huang | Solution Structure of a Cisplatin-Induced DNA Interstrand Cross-Link[END_REF][START_REF] Meijer | Immunocytochemical analysis of cisplatininduced platinum-DNA adducts with double-fluorescence video microscopy[END_REF]. The use of cisplatin in clinics and its impact on DNA properties are discussed in more detail in the next section of this chapter.

Cisplatin and its mechanism of action

Cisplatin (cis-diamminedichloroplatinum(II), CDDP) is a chemotherapeutic drug that has been widely used in the clinic since its FDA (Food and Drug Administration) approval in 1978 as a treatment against testicular cancer (Kelland, 2007). Since then, it has also shown its efficiency against a variety of other solid tumors, such as ovarian, bladder, head and neck, esophageal, lung, breast, cervical, stomach, and prostate cancers [START_REF] Rocha | DNA repair pathways and cisplatin resistance: An intimate relationship[END_REF]. Cisplatin is able to induce specific DNA damage, triggering the damage response signals, which may eventually lead to an irreversible apoptosis [START_REF] Dasari | Cisplatin in cancer therapy: Molecular mechanisms of action[END_REF][START_REF] Tanida | Mechanisms of Cisplatin-Induced Apoptosis and of Cisplatin Sensitivity: Potential of BIN1 to Act as a Potent Predictor of Cisplatin Sensitivity in Gastric Cancer Treatment[END_REF].

Cisplatin can enter the cells through passive diffusion due to the chloride gradient between extra-and intracellular matrices, as well as active uptake mediated by membrane-embedded proteins, including copper transporters and organic cation transporters. Once cisplatin enters the cells, it becomes hyperreactive due to the replacement of one (monoaquation) or both (diaquation) chloride ions with water molecules (Figure 3, in red). This positively charged molecule can react with any nucleophile, including the sulfhydryl groups on proteins and nitrogen donor atoms in the nucleic acids [START_REF] Rabik | Molecular mechanisms of resistance and toxicity associated with platinating agents[END_REF]. It is generally agreed that DNA is the preferential target for cisplatin, which binds to the nucleophilic N7 or O6 reactive center on purine residues to form DNA lesions such as monoadducts and DNA cross-links. Monoadducts are formed when one molecule of water is replaced by a nucleobase. Then a vast majority (~90%) of monoadducts are rapidly converted into DNA intrastrand and interstrand crosslinks. Among these, the most frequently formed lesions are 1,2-intrastrand crosslinks (65% at 5¢-GG and 25% at 5¢-AG), while only up to 5% are 1,3-intrastrand cross-links at 5¢-GNG, and between 5-8% are 1,2-interstrand cross-links (ICLs) at 5¢-GC [START_REF] Guainazzi | Using synthetic DNA interstrand crosslinks to elucidate repair pathways and identify new therapeutic targets for cancer chemotherapy[END_REF][START_REF] Jamieson | Structure, Recognition, and Processing of Cisplatin-DNA Adducts[END_REF]. Cisplatin-ICLs were shown to cause major distortions in the DNA helix due to the shortened distance between guanines on complementary strands, resulting in 47° bending towards the minor groove and 110° unwinding of DNA. Moreover, unpaired cytosines opposite to the connected guanines are flipped out into the extrahelical conformation (Figure 2). Therefore, the anti-tumor effect of cisplatin-based chemotherapy is attributed to its ability to induce ICLs, which cause major distortions in DNA structure, impeding cellular processes like replication and transcription (Kelland, 2007;Rottenberg et al., 2021).

Cisplatin resistance

Cisplatin is an efficient and affordable chemotherapeutic agent with a cure rate of testicular cancer as high as 95% [START_REF] Kartalou | Recognition of cisplatin adducts by cellular proteins[END_REF]. However, intrinsic (e.g., in colorectal, lung, and prostate cancers) and acquired (mostly in ovarian cancer) resistance of cancer tumor cells remain a fundamental obstacle to achieving maximum efficacy in the cisplatin-based chemotherapy [START_REF] Köberle | Cisplatin resistance: Preclinical findings and clinical implications[END_REF].

The cellular resistance to cisplatin can be achieved through a wide range of genetic and epigenetic alterations, which can be classified into several groups, such as pre-target, on-target, post-target, and off-target resistance (Figure 3). In pretarget resistance, cells block cisplatin from reaching and damaging DNA by decreasing drug intake, increasing drug efflux, and inducing drug detoxification.

For instance, copper transporter 1 (CTR1) and volume-regulated anion channels (VRACs) have been demonstrated to mediate the accumulation of cisplatin in cells.

In contrast, multidrug resistance-associated protein 2 (MRP2) seems capable of extruding cisplatin-glutathione conjugate, reducing the amount of drug available to target DNA. Nevertheless, despite promising in vitro data, the clinical relevance of cisplatin drug transport mechanisms in most resistant cancers remains unclear [START_REF] Galluzzi | Systems biology of cisplatin resistance: Past, present and future[END_REF]Rottenberg et al., 2021).

Once cisplatin reacts with and damages DNA, cells must increase DNA damage repair and tolerance pathways to survive. The ability of cells to repair cisplatin-DNA adducts at an increased pace, or better tolerate them, is considered an on-target resistance mechanism. Cisplatin induces the generation of both DNA intrastrand and interstrand cross-links, which cause major DNA distortions.

Intrastrand DNA cross-links, for instance, are shown to be removed by the nucleotide excision repair (NER) pathway. In contrast, the repair of ICLs is incredibly complex and involves numerous pathways, including NER, translesion DNA synthesis (TLS), homologous recombination (HR), and Fanconi anemia (FA) proteins [START_REF] Rabik | Molecular mechanisms of resistance and toxicity associated with platinating agents[END_REF][START_REF] Rocha | DNA repair pathways and cisplatin resistance: An intimate relationship[END_REF]. The next chapter will discuss different DNA repair pathways and their contribution to cisplatin resistance.

When damages are beyond the DNA repair capacity, genotoxic stress induced by cisplatin could activate multiple signal transduction pathways that drive the cells to apoptosis. A variety of alterations in these signal transduction pathways that normally elicit apoptosis in response to DNA damage, as well as problems with the cell death executioner machinery itself, favor the survival of cells and can be considered post-target resistance mechanisms. Post-target resistance is mostly associated with genetic and epigenetic alterations that inactivate p53, as well as with several other pro-apoptotic signal transducers such as mitogen-activated protein kinase 14 (MAPK), c-Jun N-terminal kinase 1(JNK1), BCL-2-like proteins, and baculoviral IAP repeat-containing (BIRC) protein family [START_REF] Galluzzi | Systems biology of cisplatin resistance: Past, present and future[END_REF]. transporting, b polypeptide; CTR1, copper transporter 1; MRP2, multidrug resistance-associated protein 2; UPR, unfolded protein response. CDDP aquation is depicted in red [START_REF] Galluzzi | Systems biology of cisplatin resistance: Past, present and future[END_REF].

Alterations in signaling pathways that are not directly engaged by cisplatin but have compensatory survival signals build up off-target resistance mechanisms.

For example, in breast and ovarian carcinomas, the overexpression of ERBB2 protooncogene (also known as HER-2 or NEU) promotes cisplatin resistance by regulating cell cycle arrest required for DNA damage repair and delivering robust pro-survival signals via the v-akt murine thymoma viral oncogene homolog 1 (AKT1) signaling axis. Several relatively unspecific adaptative responses to stress, including various components of autophagy and several chaperons of the heatshock protein family, have been implicated in cisplatin resistance by impairing the cytostatic/cytotoxic response of cells to the drug [START_REF] Galluzzi | Molecular mechanisms of cisplatin resistance[END_REF][START_REF] Galluzzi | Systems biology of cisplatin resistance: Past, present and future[END_REF].

DNA repair pathways

The maintenance of genomic integrity is crucial for cell and organism homeostasis; therefore, during evolution, cells have developed mechanisms to detect DNA damage, signal their presence and promote their repair. DNA repair is carried out by a variety of mechanisms and pathways that consist of a myriad of proteins with very different enzymatic activities and substrate specificities to ensure protection from a wide range of DNA lesions. EXO1 also carries out the 5′ directed mismatch excision creating a gap that is stabilized by RPA (replication protein A). DNA polymerase δ, RFC (replication factor C), HMGB1 (high mobility group box 1 protein), and LIG1 (DNA ligase 1) orchestrate the final steps of the new DNA synthesis and ligation [START_REF] Iyama | DNA repair mechanisms in dividing and non-dividing cells[END_REF][START_REF] Kunkel | Eukaryotic Mismatch Repair in Relation to DNA Replication[END_REF].

The evidence shows that, apart from their classical role in MMR, MutS complexes MSH2/MSH6 and MSH2/MSH3 can substitute FANCM (Fanconi anemia M protein) as an ICL sensor. This FANCM backup system can activate the Fanconi anemia pathway and facilitate the repair of bulky ICLs in FANCM-deficient cells (M. [START_REF] Huang | Human MutS and FANCM complexes function as redundant DNA damage sensors in the Fanconi Anemia pathway[END_REF]. helicase subunits, XPB and XPD. Open DNA structure leads to the recruitment of XPA, RPA, and XPG and the formation of a stable pre-incision complex. XPA recruits an endonuclease ERCC1-XPF to the pre-incision complex as a final factor before the incision. Then, the damaged DNA undergoes dual incision by XPF and XFG nucleases followed by gap filling by DNA polymerase δ, ε, or κ, and strand rejoining by DNA ligase 1 or III [START_REF] Altieri | DNA Damage and Repair: From Molecular Mechanisms to Health Implications[END_REF][START_REF] Fagbemi | Regulation of endonuclease activity in human nucleotide excision repair[END_REF][START_REF] Spivak | Nucleotide excision repair in humans[END_REF].

NER factors, particularly XPF-ERCC1, were shown to mediate the sensitivity of cancer cells to cisplatin. The lower DNA repair capacity of NER-deficient testicular cancer cells correlates with the high sensitivity of these cells to the cisplatin [START_REF] Arora | Downregulation of XPF-ERCC1 enhances cisplatin efficacy in cancer cells[END_REF]. Moreover, the evidence suggests that the NER components play an important role in repairing ICLs outside of the S phase. The role of NER in the replication-independent repair of ICLs will be discussed further in this chapter. nucleoprotein filament. The RAD51 assembly to the RPA-ssDNA complex is stimulated by BRCA2 (breast cancer 2), which is a key mediator of HR. RAD51coated ssDNA invades a homologous DNA duplex, forming a 'D-loop'. Following the invasion, the DNA strand is extended by Polymerases δ, κ, and ν. As a result, generated Holliday junction is collectively processed by the BLM-TOPOIII-RMI1-RMI2 complex, GEN1 endonuclease, the MUS81-EME1 complex, and the SLX1-SLX4 complex [START_REF] Altieri | DNA Damage and Repair: From Molecular Mechanisms to Health Implications[END_REF][START_REF] Chatterjee | Mechanisms of DNA damage, repair and mutagenesis[END_REF][START_REF] Iyama | DNA repair mechanisms in dividing and non-dividing cells[END_REF]. Walker, 2017).

Base excision repair

Base excision repair (BER) is an essential pathway in maintaining genome integrity by the repair of various base modifications in both nuclear and mitochondrial DNA. The BER pathway operates in all stages of the cell cycle and is conserved in all five kingdoms [START_REF] Limpose | BERing the burden of damage: Pathway crosstalk and posttranslational modification of base excision repair proteins regulate DNA damage management[END_REF][START_REF] Saparbaev | Glycosylase Repair[END_REF].

The BER pathway is initiated by DNA glycosylases, which recognize and hydrolyze the N-glycosidic bond of a modified or mismatched or modified base, creating a cytotoxic and mutagenic repair intermediate product -AP site. Based on the mechanism of action, there are two types of DNA glycosylases: monofunctional glycosylases with only N-glycosidic activity and bifunctional glycosylases that, along with the release of a free base can also cleave the DNA phosphodiester backbone using its associated AP-lyase (β-or β-δ-lyase) activity. In the repair pathway initiated by monofunctional DNA glycosylase, e.g., N-Methylpurine (MPG)

or Uracil DNA glycosylase (UNG); the resulting AP site is recognized by an AP endonuclease 1 (APE1), which cleaves the AP site leaving a 3ʹ hydroxyl on one side, and 5ʹ-deoxyribose phosphate (5ʹ-dRP) on the other side of the nick (Figure 4, pathway 1). The latter serves as a substrate for DNA polymerase β (Pol β), which removes the sugar attached to the 5ʹ phosphate terminus using its 5ʹ-dRPase activity. The gap is then filled in by the same Pol β, replacing missed nucleotide, and sealed by XRCC1 and LIG IIIα complex (Figure 4). On the other hand, bifunctional DNA glycosylases such as OGG1, NTH1, or NEIL1-3, after excising the base, leave a one-nucleotide gap flanked with either 5ʹ phosphate terminus and 3ʹ phospho-α, β-unsaturated aldehyde (3ʹ-PUA), or by two 5' and 3' phosphate termini as the end product of their AP-lyase activity [START_REF] Caldecott | Mammalian DNA base excision repair: Dancing in the moonlight[END_REF][START_REF] Iyama | DNA repair mechanisms in dividing and non-dividing cells[END_REF]. 3ʹ-PUA residue is then removed by the phosphodiesterase activity of APE1, whereas the phosphate group is removed by PNKP (Figure 4, pathways 2 and 3). The rest of the steps are the same as described for the pathway initiated by the monofunctional enzymes [START_REF] Wallace | Base excision repair: A critical player in many games[END_REF][START_REF] Wilson | The mechanics of base excision repair, and its relationship to aging and disease[END_REF]. In some circumstances, this short patch BER (SP-BER) pathway can be redirected to a longer patch process (LP-BER), mainly due to the inefficient removal of sugar from the 5ʹ end of the nick [START_REF] Wallace | Base excision repair: A critical player in many games[END_REF] shown that these uracil residues are removed by the BER pathway initiated by uracil DNA glycosylase (UNG). Therefore, the downregulation of some BER pathway proteins such as DNA Polβ, UNG, and APE1 has demonstrated increased resistance to cisplatin [START_REF] Kothandapani | Novel role of base excision repair in mediating cisplatin cytotoxicity[END_REF].

In 2009, Saparbaev and colleagues showed that oxidative DNA glycosylases

Nei from E. coli and NEIL1 (endonuclease VIII-like protein 1) from human cells excise with high efficiency the psoralen-induced bulky unhooked ICL monoadduct and oligonucleotides (Couvé et al., 2009). Later, NEIL3 DNA glycosylase was also shown to have a catalytic activity towards psoralen-induced ICL fragments.

Moreover, studies in Xenopus cell-free system done by the Walter group have demonstrated that NEIL3 is able to unhook AP-site-and psoralen-induced ICLs in DNA replication-dependent manner (Semlow et al., 2016;[START_REF] Wu | TRAIP is a master regulator of DNA interstrand crosslink repair[END_REF]. In Chapter 4, I will discuss different features of the NEIL DNA glycosylase family and their role in the repair of bulky ICL adducts. The vast majority of studies indicate that in eukaryotes, the repair of ICLs occurs mainly via the DNA replication-dependent mechanism. Therefore the loss of replication-dependent repair components causes hypersensitivity to crosslinking agents [START_REF] Guainazzi | Using synthetic DNA interstrand crosslinks to elucidate repair pathways and identify new therapeutic targets for cancer chemotherapy[END_REF]. Nevertheless, evidence suggests that ICLs can be recognized and removed outside of the S phase, which is essential for non-dividing cells due to the transcription-blocking ability of ICLs. In bacteria, replication-independent repair (RIR) of ICLs occurs through a two-step incision of ICL by NER machinery (Figure 5). First, the ICL-containing region in DNA is recognized and cut by NER enzymes [START_REF] Sarkar | DNA interstrand crosslink repair during G1 involves nucleotide excision repair and DNA polymerase zeta[END_REF][START_REF] Wood | Nucleotide excision repair proteins and interstrand crosslink repair[END_REF]. In the case of transcription blockage by ICL, the incision complex is loaded by two specific TC-NER factors, CSA and CSB. However, in non-transcribed regions, the lesion is recognized by the XPC-HHR23B complex via GG-NER. Then the NER incision complex consisting of XPA-RPA, TFIIH, XPF-ERCC1, and XPG excises the ICL from two sides. Once the dual bracketed incisions are done, the gap generated only on one side of the DNA duplex is bypassed by TLS polymerases such as DNA polymerase κ, DNA polymerase ζ, or REV1 [START_REF] Klug | Replication bypass of N2-deoxyguanosine interstrand cross-links by human DNA polymerases η and ι[END_REF][START_REF] Sarkar | DNA interstrand crosslink repair during G1 involves nucleotide excision repair and DNA polymerase zeta[END_REF]The short oligonucleotide covalently bound to a nucleotide on another strand goes through the second round of incision with different composition of the enzymatic complex. And finally, the second gap is filled in by Pol δ and PCNA (Figure 5). There is some evidence that similar repair mechanisms exist in yeast and mammalian cells. NER and MMR pathway components have been shown to recognize ICLs throughout the cell cycle. However, studies show that the repair is often futile, which results in incomplete removal of the lesion. The ICL lesion is then completely removed during S phase [START_REF] Niraj | The Fanconi Anemia Pathway in Cancer[END_REF][START_REF] Williams | The differences between ICL repair during and outside of S phase[END_REF].

Replication-coupled ICL repair

The blockage of replication by ICL can have catastrophic consequences, potentially leading to replication fork collapse with the formation of DSB and SSB with unrepaired ICL, which would result in cell death if not timely removed.

Therefore, it is not surprising that ICL repair is triggered when the replication fork stalls at the lesion site. During the replication, collision of Cdc45-MCM2-7-GINS (CMG) helicase, which translocates along the leading template, unwinding DNA at the leading edge of the replisome, initiates the replication-coupled ICL repair [START_REF] Semlow | Mechanisms of Vertebrate DNA Interstrand Cross-Link Repair[END_REF].

Fanconi anemia pathway

In vertebrates, the Fanconi anemia (FA) system plays a major role in the replication-coupled ICL repair, named after a Swiss pediatrician Guido Fanconi, who described a familial form of severe anemia in three brothers with birth defects (Zhang & Walter, 2014). FA is an autosomal recessive disorder resulting in bone marrow failure, congenital abnormalities, and a high predisposition to develop hematological (typically acute myelogenous leukemia) and squamous cell cancers [START_REF] Semlow | Mechanisms of Vertebrate DNA Interstrand Cross-Link Repair[END_REF]. After exhaustive genetic and functional complementation studies, so far, 22 genes have been found to be mutated in FA patients, making this disorder a genetically highly heterogeneous [START_REF] Niraj | The Fanconi Anemia Pathway in Cancer[END_REF]. What is more, FA gene products play roles in the ICL response and repair of associated DNA damage, and they were found to be involved in double-strand break (DSB) repair, mismatch repair (MMR), and nucleotide excision repair (NER) pathways [START_REF] Renaudin | The FANC/BRCA Pathway Releases Replication Blockades by Eliminating DNA Interstrand Cross-Links[END_REF].

The 22 FANC proteins are classified into four functional groups (Figure 6)

based on their functions: a damage sensing module (first group), an E3 ubiquitin ligase (second group), the effector ID complex (third group), and the large group of DNA damage repair and tolerance proteins (fourth group). The first group is the FANCM module, which includes FANCM (Fanconi anemia protein M) DNA translocase, as well as its interacting partners, Fanconi-associated protein 24 (FAAP24), and the histone fold proteins MHF1 and MHF2 [START_REF] Ceccaldi | The Fanconi anaemia pathway: New players and new functions[END_REF][START_REF] Semlow | Mechanisms of Vertebrate DNA Interstrand Cross-Link Repair[END_REF][START_REF] Yan | A histone-fold complex and FANCM form a conserved DNA-remodeling complex to maintain genome stability[END_REF]. This complex is the first sensor to be recruited to the stalled replication forks at DNA damage sites and promote their remodeling. The FANCM module helps to recruit the FA core complex, the second group proteins, to the stalled replication fork. FA core complex is a large E3 ubiquitin ligase consisting of FANCA, B, C, E, F, G, and L, including FA-associated proteins FAAP20 and FAAP100. This complex recruits FANCT (also known as UBE2T), which is a ubiquitin-conjugating enzyme, to mediate the monoubiquitinylation (monoUb) of the third group proteins, FANCI and FANCD2

(the ID complex). FANCI and FANCD2 are paralogs and form a trough-shaped heterodimeric complex with the targets of monoubiquitinylation buried in a solvent-inaccessible tunnel. Although the evidence shows that the ID complex is recruited to the damage site before its modification by the FA core complex, they gain a higher affinity to the chromatin after monoubiquitinylation since they become locked on the DNA [START_REF] Niraj | The Fanconi Anemia Pathway in Cancer[END_REF][START_REF] Semlow | Mechanisms of Vertebrate DNA Interstrand Cross-Link Repair[END_REF]. The monoUb ID complex forms nuclear foci in a phosphor-H2AX-dependent (gH2AX) manner, which is necessary for the co-localization of this heterodimer with several DNA repair and lesion bypass proteins, that represent the fourth group of proteins [START_REF] Renaudin | The FANC/BRCA Pathway Releases Replication Blockades by Eliminating DNA Interstrand Cross-Links[END_REF]. This group includes FANCP (SLX4), a large scaffolding protein that interacts with the structure-specific endonuclease FANCQ (XPF)-ERCC1 that unhooks the ICL; FANCD1 (BRCA2), FANCO (RAD51C), FANCR (RAD51), FANCU, (XRCC2), FANCN (PALB2), and FANCS (BRCA1), that play well-established roles in homology-directed repair; the E3 ubiquitin ligase FANCW (RFWD3) and DNA helicase FANCJ (BRIP1/BACH1), which are implicated in HR; and FANCV (REV7), which, together with REV3, forms the TLS polymerase Pol ζ [START_REF] Semlow | Mechanisms of Vertebrate DNA Interstrand Cross-Link Repair[END_REF].

Various contributions from cellular, molecular and biochemical studies have led to the development of three major but not mutually exclusive models of ICL repair by the Fanconi anemia pathway. Below, I will shortly discuss these models.

3.7.2.2

The first model: ICL stalling a single replication fork

The early model of ICL repair begins with the recognition of an ICL that causes the stall of the ongoing replication fork and activates ATR/CHK1 (ataxia telangiectasia and Rad3-related protein/checkpoint kinase 1) and FANCM, which mediates the assembly and activation of FA core complex. Latter leads to the monoubiquitylation of the ID complex, which recruits a nuclease, possibly To conclude, the key points of the early model consist of the replication fork arrest followed by the induction of DSB as a result of ICL unhooking, followed by TLS and HR (Figure 7, A). 

3.7.2.3

The second model: Fork convergence

The second model of ICL repair comes from the studies done by Walter's team using a cell-free system based on Xenopus egg extracts. In 2008, they showed for the first time that the repair of a plasmid containing a site-specific ICL in this system requires the convergence of two replication forks on the ICL [START_REF] Räschle | Mechanism of Replication-Coupled DNA Interstrand Crosslink Repair[END_REF]. Later, it was found that the fork convergence leads to the ubiquitinylation of replicative CMG helicase by E3 ubiquitin ligase TRAF-interacting protein (TRAIP). It was found that TRAIP adds ubiquitin chains to minichromosome maintenance (MCM) 2 to MCM7 and partially to CDC45 subunits of CMG helicase and dictates the pathway choice to eliminate ICL [START_REF] Wu | TRAIP is a master regulator of DNA interstrand crosslink repair[END_REF]. Long chains of ubiquitin on CMG lead to its unloading from DNA by valosin-containing protein (VCP)/p97

ATPase, which then allows the reversal of one fork. At the same time, the collision of forks activates the FA pathway leading to the mono-Ub of the ID complex, which binds near the lesion and recruits structure-specific endonucleases that introduce double-bracketed incision to unhook the ICL and generate a two-ended DSB. A monoadduct containing an ICL remnant is bypassed by REV1-Pol z, whereas a twoended DSB generated by ICL unhooking is repaired by Rad51-dependent HR using a sister chromosome for the strand exchange. Once DSB is repaired, the remnant of ICL on one strand is fixed by BER and NER [START_REF] Renaudin | The FANC/BRCA Pathway Releases Replication Blockades by Eliminating DNA Interstrand Cross-Links[END_REF][START_REF] Semlow | Mechanisms of Vertebrate DNA Interstrand Cross-Link Repair[END_REF].

3.7.2.4

The third model: Fork traverse Seidman and colleagues have performed a combing of chromosomal DNA extracted from human cell lines upon treatment with photoactivated biotin-labeled psoralens to visualize ICLs and the directionality of replication forks. As a result, they have found that only around 15-20% of ICL lead to single or double fork collisions, whereas up to 60% of ICL are "traversed", i.e., left behind the stalled replication fork intact (Figure 7,C). The latter suggests that cells possess mechanisms to bypass ICLs (J. [START_REF] Huang | The DNA translocase FANCM/MHF promotes replication traverse of DNA interstrand crosslinks[END_REF].

According to these studies, ICL traverse mostly depends on the translocase activity of FANCM, as well as its interacting partners, such as MHF, PCNA, and the BTR complex. ATR signaling and FANCD2-mediated interaction between FANCM and the CMG helicase leads to the displacement of the GINS complex from the latter. Importantly, the monoubiquitinylation of FANCD2 by the FA core complex is not required for the ICL traverse (J. [START_REF] Huang | Remodeling of Interstrand Crosslink Proximal Replisomes Is Dependent on ATR, FANCM, and FANCD2[END_REF]. Once the replisome is translocated across unrepaired ICL, it requires PrimPol-dependent repriming of the DNA to restart the synthesis downstream of the lesion [START_REF] González-Acosta | PrimPol-mediated repriming facilitates replication traverse of DNA interstrand crosslinks[END_REF]. PrimPol is specialized in DNA damage tolerance and is the second primasepolymerase found in organisms after the canonical Pola/Primase [START_REF] Tirman | PRIMPOL ready, set, reprime! Critical Reviews in[END_REF]. PrimPol primase-mediated ICL traverse reaction is important to sustain DNA synthesis during the cellular recovery from ICL-inducing agents. Importantly, PrimPol-deficiency leads to the dependence on the fork convergence mechanism in cells to repair, which implies that traverse and convergence are the two competitive pathways in the cells [START_REF] González-Acosta | PrimPol-mediated repriming facilitates replication traverse of DNA interstrand crosslinks[END_REF][START_REF] Semlow | Mechanisms of Vertebrate DNA Interstrand Cross-Link Repair[END_REF].

In addition to the incision-dependent ICL repair, which leads to the collapse of the replication fork and generation of DSBs, and ICL traverse mechanisms, a third alternative incision-independent ICL repair via unhooking of the cross-linked DNA bases by NEIL3 DNA glycosylase has been described in recent years. In the next chapter, I will focus on NEIL3, its structure, and its function. damaged bases within bubbles, forks, bulges, and full ssDNA, however, at a much lower rate than from duplex structures [START_REF] Singh | Human NEIL1 DNA glycosylase: Structure, function and polymorphisms[END_REF]X. Zhao et al., 2010).

In addition to that, NEIL1 was shown to excise bulky DNA adducts present in duplex, such as nitrogen mustard-Fapy and aflatoxin-Fapy adducts and psoralen crosslinked long DNA fragments from three-and four-stranded DNA structures in vitro (Couvé et al., 2009;[START_REF] Martin | The Human DNA glycosylases NEIL1 and NEIL3 Excise Psoralen-Induced DNA-DNA Cross-Links in a Four-Stranded DNA Structure[END_REF][START_REF] Mcneill | NEIL1 Responds and Binds to Psoraleninduced DNA Interstrand Crosslinks *[END_REF][START_REF] Minko | Processing of N5-substituted formamidopyrimidine DNA adducts by DNA glycosylases NEIL1 and NEIL3[END_REF].

NEIL2 DNA glycosylase is cell-cycle independent DNA glycosylase, which removes oxidized DNA lesions, single-stranded DNA, and bubble structures. NEIL2

excises oxidative base lesions Sp, Gh, DHT, DHU, 5-OHU, 5-OHC, and Tg from bubbles, forks, ssDNA, and dsDNA (Liu, Doublié, et al., 2013). NEIL2 interacts with transcription-associated proteins such as RNA polymerase II (RNAPII), transcription factor Y-box-binding-protein 1 (YB-1), and Cockayne syndrome protein B (CSB).

These observations led to the hypothesis that NEIL2 plays a role in the transcription-coupled NER (TC-NER) pathway [START_REF] Das | Stimulation of NEIL2-mediated Oxidized Base Excision Repair via YB-1 Interaction during Oxidative Stress[END_REF][START_REF] Sarker | DNA glycosylase NEIL2 functions in multiple cellular processes[END_REF]. NEIL3 is a cell-cycle-dependent protein with the induction of expression in the early S phase and the highest levels in the G2 phase. It has a tissue-specific expression and is found primarily in proliferating cells, including thymus, testis, and hematopoietic tissue, as well as during embryogenesis and neurogenesis [START_REF] Hildrestrand | Expression patterns of Neil3 during embryonic brain development and neoplasia[END_REF][START_REF] Regnell | Hippocampal Adult Neurogenesis Is Maintained by Neil3-Dependent Repair of Oxidative DNA Lesions in Neural Progenitor Cells[END_REF][START_REF] Torisu | Hematopoietic tissue-specific expression of mouse Neil3 for endonuclease VIII-like 123 protein[END_REF]. NEIL3 mRNA overexpression is observed in many human cancers, including breast, lung, prostate, urinary bladder, head and neck, and pancreas cancers. It is associated with altered genome and poor survival in selected cancers (Tran et al., 2020). Moreover, overexpression of NEIL3 in primary malignant melanomas is associated with metastasis [START_REF] Kauffmann | High expression of DNA repair pathways is associated with metastasis in melanoma patients[END_REF][START_REF] Shinmura | Abnormal Expressions of DNA Glycosylase Genes NEIL1, NEIL2, and NEIL3 Are Associated with Somatic Mutation Loads in Human Cancer[END_REF].

According to iPOND analysis (isolation of proteins on the nascent DNA),

NEIL3 is present at the replication fork. This is also supported by the co-localization of NEIL3 with replication protein A (RPA) and interaction with PCNA (Ha et al., 2020;Liu, Doublié, et al., 2013;[START_REF] Morland | Human DNA glycosylases of the bacterial Fpg/MutM superfamily: An alternative pathway for the repair of 8-oxoguanine and other oxidation products in DNA[END_REF] as well as the selective expression of NEIL3 in proliferating cells and during S phase when DNA replication is most active.

The loss of NEIL3 leads to decreased replication fork progression and, as a consequence, increased DSB formation [START_REF] Klattenhoff | Loss of NEIL3 DNA glycosylase markedly increases replication associated double strand breaks and enhances sensitivity to ATR inhibitor in glioblastoma cells[END_REF]. Moreover, NEIL3

plays an important role in protecting telomeres from oxidative DNA damage during mitosis, thus preventing cellular senescence (Z. [START_REF] Zhao | NEIL3 Prevents Senescence in Hepatocellular Carcinoma by Repairing Oxidative Lesions at Telomeres during Mitosis[END_REF][START_REF] Zhou | The NEIL glycosylases remove oxidized guanine lesions from telomeric and promoter quadruplex DNA structures[END_REF][START_REF] Zhou | NEIL3 Repairs Telomere Damage during S Phase to Secure Chromosome Segregation at Mitosis[END_REF].

Although NEIL3 deficient mice are viable and fertile, they display a phenotype associated with neural stem and progenitor cell deficiency and profound neuropathology due to the impaired repair of hydantoin lesions in the ssDNA [START_REF] Hildrestrand | Expression patterns of Neil3 during embryonic brain development and neoplasia[END_REF][START_REF] Regnell | Hippocampal Adult Neurogenesis Is Maintained by Neil3-Dependent Repair of Oxidative DNA Lesions in Neural Progenitor Cells[END_REF]. In addition, NEIL3 plays a role in autoimmunity, ischemic stroke, atherogenesis, and pulmonary function, as well as in the replication of human immunodeficiency virus (HIV). These observations highlight the versatility of NEIL3 [START_REF] De Sousa | Expression signatures of DNA repair genes correlate with survival prognosis of astrocytoma patients[END_REF][START_REF] He | Polymorphism of the XRCC1 Gene Is Associated with Susceptibility and Short-Term Recovery of Ischemic Stroke[END_REF]Liu, Doublié, et al., 2013;[START_REF] Massaad | Deficiency of base excision repair enzyme NEIL3 drives increased predisposition to autoimmunity[END_REF]H. Zhou et al., 2008).

Most DNA glycosylases cleave the N-glycosidic bond by rotating the damaged base by 180° from the base stack, i.e., flipping out the base into their catalytic pocket [START_REF] Brooks | Recent advances in the structural mechanisms of DNA glycosylases[END_REF]. In comparison with other Fpg/Nei family members, NEIL3 lacks two out of the three residues necessary to stabilize the base opposite the flipped base, and it lacks the loop that stabilizes the flipped base.

Moreover, the DNA binding cleft of NEIL3 harbors negatively charged residues that disfavor the interaction with the phosphate backbone of the DNA strand opposite to that of the damaged base [START_REF] Liu | Structural characterization of a mouse ortholog of human NEIL3 with a marked preference for single-stranded DNA[END_REF]. This observation explains NEIL3 preference toward the ssDNA [START_REF] Liu | The mouse ortholog of NEIL3 is a functional DNA glycosylase in vitro and in vivo[END_REF]. NEIL3 is also distinguished from other NEILs by a prolonged, intrinsically disordered C-terminal domain (CTD), which makes it almost twice the size of the other Fpg/Nei family members [START_REF] Liu | Structural characterization of a mouse ortholog of human NEIL3 with a marked preference for single-stranded DNA[END_REF]. A 323 amino acid-long CTD of NEIL3 contains a Ran Binding Protein-type 2 zinc finger (RanBP2 ZF) and duplicated glycine-argininephenylalanine GRF zinc fingers (GRF ZFs) motifs (Figure 8) that are necessary for the recruitment of NEIL3 to replication forks converged at an ICL in Xenopus extracts [START_REF] Wu | TRAIP is a master regulator of DNA interstrand crosslink repair[END_REF]. RanBP2 ZF was shown to bind to the ubiquitinylated CMGs at converged forks through its conserved threonine-leucine (TL) motif. NEIL3

GRF ZFs are similar to GRF-like motifs of metazoan second AP endonuclease 2 (APE2) or bacterial type I topoisomerase (TopI) and are necessary to bind ssDNA and fork-like structures. Surprisingly, unlike APE2 and TopI, where GRF motifs enhance the activity of the catalytic domain, NEIL3 GRF-ssDNA interaction inhibits both DNA glycosylase and ICL-unhooking activity in vitro [START_REF] Rodriguez | An autoinhibitory role for the GRF zinc finger domain of DNA glycosylase NEIL3[END_REF].

Tandem GRF ZFs provide NEIL3 the flexibility to bind various ssDNA structures in different contexts. Intriguingly, NEIL3 GRF ZFs were also shown to directly interact with major human AP endonuclease 1 (APE1) and PCNA, and to inhibit APE1catalyzed cleavage of abasic sites on ssDNA but not on dsDNA (Ha et al., 2020).

Recent findings highlight the involvement of NEIL3 in ICL repair. Our laboratory was the first to demonstrate that, in addition to classical glycosylase activity, NEIL1 and NEIL3 resolve psoralen-induced ICLs in three-stranded and fourstranded DNA structures (Couvé et al., 2009;Couvé-Privat et al., 2007;[START_REF] Martin | The Human DNA glycosylases NEIL1 and NEIL3 Excise Psoralen-Induced DNA-DNA Cross-Links in a Four-Stranded DNA Structure[END_REF]. Subsequently, Semlow and colleagues have shown that NEIL3 from Xenopus laevis can cleave the psoralen-and abasic site-induced ICLs in X-shaped dsDNA structures (Semlow et al., 2016;[START_REF] Wu | TRAIP is a master regulator of DNA interstrand crosslink repair[END_REF]. Recently, it has been shown that the NEIL3-initiated BER is a major repair pathway and first-line defense against psoralen-induced ICLs due to its high affinity to single-stranded DNA and rapid recruitment to the stalled replication forks [START_REF] Li | Cooperation of the NEIL3 and Fanconi anemia/BRCA pathways in interstrand crosslink repair[END_REF]. The role of NEIL3 in ICL repair will be discussed in the next session. ligase TRAIP, which travels with the replisome, starts the ubiquitinylation of CMG helicase (Figure 9). Short ubiquitin chains on CMG rapidly recruit NEIL3 DNA glycosylase, which binds to ubiquitin via its RanBP2 ZF. In contrast, tandem GRF zinc fingers on its CTD end ensure high affinity to ssDNA-containing DNA structures, including replication forks [START_REF] Wu | TRAIP is a master regulator of DNA interstrand crosslink repair[END_REF]. NEIL3 can excise psoralenand AP-ICLs via DNA incision-independent mechanism, where it unhooks the ICL by N-glycosidic cleavage of one of the two cross-linked bases, generating an AP site on one side of the DNA and a psoralen-thymine monoadduct or normal adenosine (in case of AP-ICL) on the other strand (Semlow et al., 2016). Both the AP site and a psoralen-thymine monoadduct are then bypassed by the Polz -Rev1 complex. In comparison with the FA pathway, NEIL3 does not require CMG unloading and is faster and more efficient. Consequently, NEIL3-mediated ICL repair avoids the generation of highly cytotoxic DSB, suggesting that this activity may be a principal role of NEIL3 in rapidly dividing cells [START_REF] Li | Cooperation of the NEIL3 and Fanconi anemia/BRCA pathways in interstrand crosslink repair[END_REF][START_REF] Wu | TRAIP is a master regulator of DNA interstrand crosslink repair[END_REF].

If NEIL3 fails to repair an ICL, TRAIP further ubiquitinylates CMG leading to its VCP/p97-dependent unloading from the DNA. This scenario leads to FAmediated unhooking of an ICL, which is considered versatile for all ICLs. Therefore, in NEIL3-deficient cells, the repair of psoralen-and AP-ICLs is mediated by FA pathway [START_REF] Semlow | Mechanisms of Vertebrate DNA Interstrand Cross-Link Repair[END_REF].

Recently, Li et al., have shown that NEIL3 is the major pathway to repair psoralen-ICLs in human cells, which is prioritized over the FA pathway [START_REF] Li | Cooperation of the NEIL3 and Fanconi anemia/BRCA pathways in interstrand crosslink repair[END_REF]. Both biochemical and cellular studies suggest, that the NEIL3-BER pathway is the first-line defense against psoralen-ICL due to its rapid recruitment to the damage site, which happens within a minute. In contrast, FANCD2 recruitment was observed only after five minutes of psoralen followed by UVA activation (PUVA). However, if NEIL3 is incapable of unhooking the ICLs, cells seem to utilize a versatile FA pathway, which can repair all types of ICLs [START_REF] Li | Cooperation of the NEIL3 and Fanconi anemia/BRCA pathways in interstrand crosslink repair[END_REF][START_REF] Semlow | Mechanisms of Vertebrate DNA Interstrand Cross-Link Repair[END_REF][START_REF] Wu | TRAIP is a master regulator of DNA interstrand crosslink repair[END_REF]. Although biochemical studies have shown that NEIL3

does not process cisplatin-induced ICL, cells lacking NEIL3 display moderate sensitivity to cisplatin and another ICL-inducing agent MMC [START_REF] Li | Cooperation of the NEIL3 and Fanconi anemia/BRCA pathways in interstrand crosslink repair[END_REF][START_REF] Rolseth | Loss of Neil3, the major DNA glycosylase activity for removal of hydantoins in single stranded DNA, reduces cellular proliferation and sensitizes cells to genotoxic stress[END_REF]. In the presence of functional NEIL3, FANCD2 is not 5 Ubiquitin-proteasome system and its role in genome stability

Ubiquitin-proteasome system

Protein degradation is essential to maintain cellular homeostasis by normalizing the amino acid pool and ATP balance. There are two main protein degradation systems in eukaryotic cells: the ubiquitin proteasomal system (UPS)

and the autophagic pathway. In mammalian cells, the removal of the great majority of proteins (at least 80%), including short-lived, misfolded, damaged, unnecessary, and regulatory proteins such as cyclins, is mediated by the UPS (Hershko & Ciechanover, 1998).

The UPS consist of three specialized enzymes referred to as E1, E2, and E3, as well as the 26S proteasome, a multi-subunit proteolytic complex. 26S

proteasome catalyzes the degradation of proteins modified by the covalent attachment of poly-ubiquitin chains. Each round of ubiquitin attachment occurs in three steps (Figure 10): first, the E1 enzyme activates the C-terminus of ubiquitin, a small protein of 76 amino acids, in an ATP-dependent manner. Ubiquitin is then transferred to the cysteine residue of an E2 enzyme. A specific E3 ubiquitin ligase recognizes a degradation signal in a substrate and mediates ubiquitin transfer from E2 to a lysine residue on the substrate and then to a ubiquitin molecule that is already attached to the substrate (Finley, 2009;Hershko & Ciechanover, 1998). In The 26S proteasome is formed by an ATP-dependent assembly of 19S and 20S complexes (Figure 10) and is built up from ~33 protein subunits, which altogether have an approximate molecular weight of 2.5 MDa [START_REF] Collins | The Logic of the 26S Proteasome[END_REF][START_REF] Inobe | Paradigms of protein degradation by the proteasome[END_REF]. 19S regulatory complex is responsible for the recognition and recycling of ubiquitin, unfolding and translocation of substrates into the 20S proteolytic core by using ATP hydrolysis energy. 20S subunit is a barrel-shaped structure formed by four heptameric rings: two outer a rings and two inner b rings stacked on top of each other. Three different proteolytic sites within the 20S core complex, which are caspase-like, trypsin-like, and chymotrypsin-like sites (b1, b2, and b5, respectively), allow proteasomes to degrade a wide range of amino acid sequences, generating short peptides of two to ten residues [START_REF] Kisselev | The Sizes of Peptides Generated from Protein by Mammalian 26 and 20 S Proteasomes: IMPLICATIONS FOR UNDERSTANDING THE DEGRADATIVE MECHANISM AND ANTIGEN PRESENTATION*[END_REF].

It was believed that ubiquitinylation is a post-translational modification of proteins on K48 lysine residues necessary for identifying target proteins for proteasomal degradation. However, it was then shown that numerous other lysine residues could be modified by the addition of mono-and polyubiquitin chains (mono-Ub and poly-Ub, respectively) and that ubiquitinylation can play a role in various cellular processes. Currently, seven known lysine residues (K6, K11, K27, K29, K33, K48, and K63) and one methionine residue (M1) can be modified with ubiquitin chains in a linear or branched manner. The diversity of ubiquitin linkages with distinctive surfaces and specific ubiquitin-binding effectors dictates the fate of the protein modification [START_REF] Kwon | The Ubiquitin Code in the Ubiquitin-Proteasome System and Autophagy[END_REF]. ATPase and repair proceeds via FA and HR pathways [START_REF] Wu | TRAIP is a master regulator of DNA interstrand crosslink repair[END_REF]. TRAIP also catalyzes the ubiquitinylation of replication-stalling DPC in order to promote the proteasomal degradation of the cross-linked protein and the bypass of CMG. In addition to that, TRAIP-mediated K6-and K63-linked ubiquitinylation allows the unloading of CMG by VCP/p97 in mitosis. TRAIP-deficient cells proliferate slowly and demonstrate hypersensitivity to crosslinking agents [START_REF] Wu | The Ubiquitin Ligase TRAIP: Double-Edged Sword at the Replisome[END_REF].

The unloading of replicative helicase and polymerases from stalled replication forks (RFs) results in ssDNA, which is rapidly bound by RPA. It serves as a signaling platform necessary for the induction of DNA damage response and subsequent restart of the RF. The generation of the ssDNA-RPA platform requires the timely unloading of the replication stress response regulator SDE2 by VCP/p97.

The inability to remove SDE2 upon the RF stall leads to defects in the lesion bypass and RF restart. In addition to that, RPA is ubiquitinylated and removed from the RF as a part of normal replication, as well as in case of replication stress. The E3 ubiquitin ligase RFWD3 (also known as FANCW) targets RPA and RAD51 to proteasomal degradation and facilitates the HR [START_REF] Inano | RFWD3-Mediated Ubiquitination Promotes Timely Removal of Both RPA and RAD51 from DNA Damage Sites to Facilitate Homologous Recombination[END_REF]Jackson & Durocher, 2013).

The UPS was shown to play an important role in the repair of DSBs. The mediator of DNA damage checkpoint protein 1 (MDC1) is a critical regulator of cell cycle checkpoints, which recruits repair proteins to sites of DSB using its BRCA1 carboxy-terminal (BRCT) domains. In response to DNA damage, MDC1 foci disassemble via UPS-dependent degradation to enable the efficient assembly of the BRCA1 foci [START_REF] Shi | Disassembly of MDC1 foci is controlled by ubiquitin-proteasomedependent degradation[END_REF].

The UPS is largely involved in the canonical repair pathways such as NER, HR, and FA pathways. In NER, DDB2 first recognizes and binds to the UV-induced lesion and facilitates efficient recognition of the lesion by XPC. It was shown that DDB2 must be timely degraded for the generation of stable XPC-TFHII-DNA complex and following removal of the lesion by a multi-step NER pathway [START_REF] Ribeiro-Silva | Ubiquitin and TFIIH-stimulated DDB2 dissociation drives DNA damage handover in nucleotide excision repair[END_REF]. Another example of the link between the UPS and transcriptioncoupled NER (TC-NER) is the CSA-dependent degradation of CSB during the repair of UV adducts in the transcribed DNA strand. Timely degradation of CSB is essential for the post-repair recovery of the transcription [START_REF] Groisman | CSA-dependent degradation of CSB by the ubiquitin-proteasome pathway establishes a link between complementation factors of the Cockayne syndrome[END_REF]. In patients with Cockayne syndrome (CS), a rare genetic disorder characterized by progressive neurological degeneration and premature aging, the inability to remove the CSB protein due to mutation in CSA and CSB genes, leads to the deficiency in transcription recovery after DNA damage (Lans et al., 2019).

Targeting the ubiquitin-proteasome system

The ubiquitin-proteasome system (UPS) is one of the main actors of essential cell processes due to its role in timely and spatially controlled selective protein degradation. Ubiquitin-mediated turnover of proteins regulates cell proliferation, cell survival, and DNA damage response mechanisms. Therefore, the dysregulations in the UPS are implicated in a variety of diseases, including cancer [START_REF] Coux | The Proteasome System in Health and Disease[END_REF][START_REF] Park | Ubiquitin-proteasome system (UPS) as a target for anticancer treatment[END_REF].

Proteasome inhibitors (PIs) targeting the central component of the UPSproteasome have originally emerged as agents against cancer-related cachexia.

Multiple studies with cultured cells and murine cancer models have demonstrated their apoptosis-inducing potential, which led to the development of different generations of PIs, now used in clinics. PIs can bind to the catalytic sites of the proteasome in reversible (e.g., MG-132), quasi-irreversible (e.g., bortezomib), or irreversible (carfilzomib) manner, blocking its activity [START_REF] Coux | The Proteasome System in Health and Disease[END_REF]. Although different proteasome inhibitors vary in pharmacodynamics, they all target the catalytic subunit of the proteasome. Particularly, the primary target of both bortezomib and carfilzomib and other proteasomal inhibitors widely used in the research is the chymotrypsin-like sites (b5) of the 26S proteasome [START_REF] Downey | Use of proteasome inhibitors[END_REF].

Bortezomib was first FDA approved in 2003 as a treatment for multiple myeloma, and since 2006 it is also used against mantle cell lymphoma. Following its success, second-generation proteasomal inhibitors such as carfilzomib, ixazomib, and oprozomib were developed to improve upon the benefits of bortezomib [START_REF] Manasanch | Proteasome inhibitors in cancer therapy[END_REF]. Currently, both carfilzomib and ixazomib are FDA-approved agents used as a treatment against multiple myeloma.

In addition, three other proteasome inhibitors, oprozomib, delanzomib, and marizomib, are in different stages of clinical trials [START_REF] Coux | The Proteasome System in Health and Disease[END_REF].

It is believed that PIs exert their cytotoxic effect by inducing acute proteotoxic effects [START_REF] Gonzalez-Santamarta | Resistance to the Proteasome Inhibitors: Lessons from Multiple Myeloma and Mantle Cell Lymphoma[END_REF]. However, a number of studies show that the inhibition of the proteasome activity blocks DNA damage repair and tolerance pathways, potentially stimulating the cytotoxic effect of different DNA-damaging agents used in clinics (Jacquemont & Taniguchi, 2007;[START_REF] Mitsiades | The proteasome inhibitor PS-341 potentiates sensitivity of multiple myeloma cells to conventional chemotherapeutic agents: Therapeutic applications[END_REF][START_REF] Yunmbam | Effect of the proteasome inhibitor ALLnL on cisplatin sensitivity in human ovarian tumor cells[END_REF].

Apart from the 26S proteasome, a variety of small molecules were developed to target E1, E2, and E3 enzymes as well as DUBs, which are currently under clinical trial against several diseases, including cancer. With further research into the UPS and its role in maintaining the genome stability, it is likely that the specificity of small-molecule inhibitors and PROTACS will improve and emerge as a part of anti-cancer therapy. Reverse transcription-quantitative PCR (RT-qPCR)

II. The aim of the work

RNA was isolated using the NucleoSpin RNA kit (Macherey-Nagel, USA) and used for the generation of cDNA by reverse transcription using the High-Capacity cDNA Reverse Transcription Kit with RNase Inhibitor (Applied Biosystems). SYBR Select Master Mix (Life Technologies) was used for qPCR. The sequences of used primers are indicated in Table 1 below.

Apoptosis assay

Cells were seeded in 12-well plates in a quantity of 100,000 cells per well.

The next day, different doses of cisplatin (Mylan, France) were added, followed by overnight incubation at 37°C under 5% CO2. For the detection of apoptosis induction, cells were collected and incubated in 300 µL binding buffer (0,1 M Hepes (pH 7.4); 1,4 M NaCl; 25 mM CaCl2) with 3 µL Annexin V-FITC and propidium iodide (PI, 2,5 µg/mL). BD Accuri C6 flow cytometer was used to detect apoptosis induction.

Cell fractionation

Cells were collected by scraping and washed with phosphate-buffered saline (PBS) followed by resuspension in 1x micrococcal nuclease (MNAse) buffer ( 200mM Tris HCl, 25 mM CaCl2, 50 mM NaCl) supplemented with 1x protease inhibitor cocktail (PIC), and then subjected to lysis by freezing them at -80°C. Lysed cells were centrifuged at 16,000 x g and the supernatant was collected as a 'soluble fraction'. To isolate chromatin-bound proteins, the cell pellet was resuspended in MNAse buffer and treated with MNAse (Sigma) for 10 minutes on ice and centrifuged at 16,000 x g for 5 minutes. The remaining pellet was subjected to extraction with a 10x TBS buffer and washed with 1x TBS buffer. The supernatant from these three steps was combined and considered a 'chromatin fraction'.

Dot Blot Assay

To analyze the accumulation of cisplatin-induced DNA damage, cells were seeded in 10 cm dishes, and at 70% of confluence, cells were treated with cisplatin and/or carfilzomib for indicated times followed by chromatin fraction isolation described above. DNA was isolated using phenol-chloroform extraction followed by ethanol precipitation. DNA concentrations were determined by a Biospec-Nano spectrophotometer. 300ng of DNA in 3µl of water was loaded in a Hybond filter and UV cross-linked on UV Stratalinker 2400™ (Stratagene). Then membranes were incubated in 1x TBST with 1:10,000 SYBR Gold (Life Technologies) for 30 minutes and washed with 20% ethanol for 20 minutes. Typhoon FLA 9500 was used to detect DNA signals with SYBR Gold fluorescent dye for loading control. Following this, membranes were incubated for 1h in 10% milk for blocking and then incubated overnight with antibodies against cisplatin-DNA adducts (Abcam, dilution 1:1000).

Then the membrane was washed in 1x TBS-T three times for 5 minutes, and cisplatin-induced lesions were detected using anti-rat antibodies.

Flag Immunoprecipitation (Flag IP)

HeLa S3 cells were seeded in 15 cm dishes to reach 80% confluence the next day and were treated with different drugs for the indicated times. Cells were collected by scraping and washed with phosphate-buffered saline (PBS) followed by spinning at 500 x g for 2 min. Cell fractions were isolated using the protocol described above and normalized for protein concentration using the Bradford assay followed by incubation with 50 μL Flag agarose beads for 1h at 4°C. Then the beads were washed three times with 1x TBS supplemented with PIC. Protein complexes were eluted from beads using 50 μL of 0.5mg/mL Flag peptides.

Immunoblotting and antibodies

For the analysis of whole-cell extracts, cells were collected by scraping from a confluent 6-well plate and washed with PBS. Cell pellets were lysed in a cold RIPA buffer (ThermoFisher Scientific) supplemented with PIC. Samples were normalized by Bradford assay and loaded into a 4-12% Bis-Tris gel. The membranes were blocked in 5% dry non-fat milk in TBS-T for 1 h and then incubated overnight at 4℃ with the following antibodies: anti-HA (Sigma, H3663-100), anti-NEIL3 (Proteintech, 11621-1-AP), anti-WRNIP1 (Santa-Cruz, sc376438), anti-αTubulin (Sigma, T9026), anti-PSMA1 (Mab 2-17, isolated and purified from hybridoma kindly provided by Dr. Keiji Tanaka), anti-RuvBL2 (Proteintech, 10195-1-AP), Fk2-Ub (Merck, 04-263). Proteins were detected using a chemiluminescence system with a horseradish peroxidase-conjugated secondary antibody.

"Degradation on the beads" protein degradation assay

HeLa S3 PSMB2-FH cells were seeded in 15 cm dishes to reach 80% confluence the next day and were treated with 2 μM MG-132 for 1h. Cells were collected by scraping and washed with phosphate-buffered saline (PBS) followed by Flag IP in the presence of MG-132 to keep 26S proteasome inhibited. Just before the elution, anti-Flag agarose beads with PSMB2 complexes were washed with 1x

TBS supplemented with PIC and divided into two parts -2 μM MG-132 was added back to only one part. We then incubated beads at 37°C in a special buffer (100 mM Tris (pH7.5), 100 mM KCl, 5 mM MgCl2, 1mM DTT, 1mM ATP) to restore the activity of a proteasome for indicated times and eluted protein complexes from beads using Flag peptides.

Mass spectrometry

Wild type and NEIL3-FH HeLa S3 cells were seeded in a 15 cm dish in a quantity of 12 million cells. The next day, cells were treated with 15 µg/mL cisplatin (Mylan, France) for the indicated times. In some samples, 0.5 μM carfilzomib was added 1 hour before and kept during cisplatin treatment. NEIL3-Flag/HA and its binding partners were isolated by Flag Immunoprecipitation. The samples were loaded into a 10% Tris-Acetate gel and let migrate for a few centimeters before the bands were cut from the gel and sent to mass spectrometry. The analysis of NEIL3

protein complexes was performed at the Taplin Mass Spectrometry Facility, Harvard Medical School. Primer used to create HeLa S3 NEIL3-FH cell line 

IV. Results

The study of the sensitivity of HeLa S3 NEIL3 overexpressing cells to cisplatin

To study the emerging role of NEIL3 DNA glycosylase in cisplatin resistance, we first employed a "gain-of-function" approach. For this, we generated a HeLa S3

cell line with stable overexpression of NEIL3, tagged with Flag and HA epitopes at the C-terminus using a retroviral transduction (Nakatani & Ogryzko, 2003). The DNA sequence encoding the human NEIL3 protein [START_REF] Martin | The Human DNA glycosylases NEIL1 and NEIL3 Excise Psoralen-Induced DNA-DNA Cross-Links in a Four-Stranded DNA Structure[END_REF] was inserted into a pOZ-FH-C plasmid, which comprises Flag and HA epitopes, as well as the coding sequence of α-chain of interleukin-2 receptor (IL2Rα). After the successful construction of the plasmid, we used transient transfection into the packaging Phoenix cell line to generate transduction-competent, replication-deficient ectopic retroviruses containing our vector, which were used to infect HeLa S3 cells. The stably transduced cells were sorted using magnetic beads tagged with anti-IL2Rα (CD25) antibodies (Figure 11). After the successful establishment of HeLa S3 cells, we validated the stable overexpression of Flag/HA-tagged NEIL3 protein (NEIL3-FH) by using Flag-Immunoprecipitation (Figure 11). 

Study of the sensitivity of HeLa S3 NEIL3 deficient cells to cisplatin

Next, we used the "loss-of-function" approach to further corroborate the role of NEIL3 in protection from cisplatin-induced apoptosis and DNA damage.

HeLa S3 NEIL3 knockout (NEIL3 -/-) cells were constructed using the CRISPR/Cas9 technique. For this, different single guide RNAs (sgRNAs) targeting the first exon of the NEIL3 gene were designed using the "CRISPR Guide" tool from Benchling (benchling.com) and inserted into the PX-458 plasmid. The vector plasmid contains a scaffold for sgRNA, Cas9 protein coding sequence, as well as GFP protein coding sequence for the clonal selection. Combinations of two different gRNAs targeting the NEIL3 gene were used to avoid off-target effects, as well as to ensure proper disruption of the gene. The cells were transiently transfected and sorted 48h after the transfection according to GFP fluorescence (Figure 13). Disruption of the NEIL3 gene and the lack of NEIL3 mRNA expression were confirmed by sequencing of genomic DNA and RT-qPCR, respectively (Figure 13). To further substantiate the role of NEIL3 DNA glycosylase in the repair of cisplatin-DNA damage, we performed the apoptosis and dot blot assays with HeLa S3 NEIL3 -/-cells. In line with data obtained with HeLa S3 NEIL3-FH cells, NEIL3 -/- cells exhibit increased levels of apoptosis (Figure 14A) and accumulation of higher level of cisplatin-DNA adducts (Figure 14B), as compared to WT cells (Figure 14).

Thus, these results suggest that NEIL3 protects cells from cisplatin-DNA adductinduced apoptosis through their removal. In addition, we validated our results on HeLa S3 cells using mouse embryonic fibroblast (MEF) cells with NEIL3 -/-and triple NEIL (NEIL1/2/3 -/-) knockouts that were generously provided by Dr. Luisa Luna from Oslo University.

The results obtained with MEF cells are consistent with that of CRISPR-generated HeLa S3 NEIL3 -/-cells (Annex III, Figure S1).

The non-catalytic C-terminal domain of NEIL3 contributes cisplatin resistance of cells

One of the specific structural features of NEIL3, which is absent in the paralogous NEIL1 and NEIL2 proteins, is the presence extended non-catalytic Cterminal domain (CTD). It contains additional zinc finger motifs responsible for DNA-protein and protein-protein interactions (Figure 8). The RanBP2 ZF of NEIL3 was shown to interact with ubiquitylated CMG (Cdc45-MCM-GINS complex is the eukaryotic replicative helicase that unwinds duplex DNA at replication forks), whereas tandem GRFs are responsible for the interaction with ssDNA and fork-like DNA structures (Ha et al., 2020;[START_REF] Rodriguez | An autoinhibitory role for the GRF zinc finger domain of DNA glycosylase NEIL3[END_REF][START_REF] Wu | TRAIP is a master regulator of DNA interstrand crosslink repair[END_REF]. Thus, the CTD of NEIL3 may recruit various DNA repair proteins and initiate the formation of specific multi-protein complexes at the stalled replication fork to facilitate the removal of complex DNA lesions such as ICLs. The presence of this domain suggests that NEIL3-mediated DNA repair may involve additional interacting proteins. Therefore, we decided to identify if NEIL3-mediated cellular protection from cisplatin is maintained through the classic DNA glycosylase activity of NEIL3 or whether NEIL3 is responsible for the involvement of other protein partners that help the cells to survive. To check this hypothesis, we first generated pOZ-FH-C plasmids containing either the N-terminal domain of NEIL3 (NEIL3 NTD), which harbors the glycosylase domain, or the C-terminal domain of NEIL3 (NEIL3 CTD)

with several zinc finger domains, but no catalytic activity (Figure 15A). Following this, using retroviral transduction, we have generated stable HeLa S3 cell lines that overexpress either NEIL3 NTD or NEIL3 CTD and validated them using Flag Immunoprecipitation (Figure 15B). To study the contribution of CTD and NTD domains to NEIL3-mediated protection, we have performed apoptosis and dot blot assays using the generated cell lines. As shown in Figure 16, the overexpression of NEIL3 CTD with no catalytic activity, but not NEIL3 NTD harboring the DNA glycosylase activity apparently alleviates cisplatin-induced apoptosis, leading to a decrease in the accumulation of DNA damage in NEIL3 CTD cells compared to wildtype. Although at the level of cellular sensitivity to cisplatin, the results remained statistically non-significant with mild protection of NEIL3 CTD from apoptosis, the results of the dot blot assay with NEIL3 CTD accumulating a less intense signal compared to wildtype and NEIL3 NTD have been reproducible. Therefore, there is a high possibility that the DNA glycosylase activity of NEIL3 is not essential for the cisplatin resistance of HeLa cells with NEIL3 overexpression, but perhaps some other activities that involve the noncatalytic C-terminal domain of the NEIL3 protein. Mass-spectrometry of samples isolated from the chromatin fraction revealed the presence of more than 20 subunits of the 26S proteasome; their abundance increased after 30 minutes of cisplatin treatment (Figure 17B). The interaction between NEIL3 and 26S proteasome was further confirmed by western blot analysis using PSMA1 antibody, which is the a6 core subunit of 26S proteasome (Figure 10). The results of the western blot revealed a transient stabilization of the NEIL3/26S proteasome complex after 30 min exposure to cisplatin (Figure 17B, lane 6). However, after extended 3-4 h of cisplatin treatment, we did not detect NEIL3/proteasome interaction (Figure 15C, lanes 7-8).

Proteasomal degradation of the NEIL3 protein could potentially explain the loss of this interaction. In some experiments, we observed a decrease in the amount of NEIL3 upon the treatment. However, it is hard to interpret whether the loss is due to degradation or a technical issue since Flag IP is performed with NEIL3-FH. On the other hand, the loss of NEIL3/proteasome interactions could also be explained by the timely disappearance of a third protein mediating this interaction.

To examine whether proteasome plays a role in the NEIL3-mediated protection from cisplatin-induced apoptosis, we used an irreversible proteasomal inhibitor Carfilzomib (CFZ), to inhibit its activity. For this, we first pre-treated HeLa S3 wildtype and NEIL3-FH cells with 0.5 µM CFZ or DMSO (as a control) for 1.5 h, then medium was replaced with the fresh or cisplatin-containing medium. While CFZ alone does not cause strong apoptosis, the co-treatment of cisplatin and CFZ led to the accumulation of high levels of cisplatin-DNA adducts and abolished the protective effect of NEIL3 in cells (Figure 18). Interestingly, the level of apoptosis in NEIL3-FH cells was even higher than in wildtype upon the co-treatment with both drugs. Taken together, these data suggest that the activity of 26S proteasome is essential for the NEIL3-dependent repair of the cisplatin-DNA adducts and protection of cells from apoptosis. SYBR Gold staining was used as a loading control.

WRNIP1/NEIL3 interaction is regulated via NEIL3-mediated proteasomal degradation during the repair of cisplatin-induced DNA damage

Protein degradation via the ubiquitin-proteasomal system (UPS) is widely involved in coordinating different steps of DNA replication and repair (Morgan & Crawford, 2021). Based on our data with CFZ (Figure 18), we decided to perform another mass-spectrometry analysis to find potential proteasome substrates in the NEIL3-mediated DNA repair pathway. This time we performed the analysis of protein complexes isolated by Flag IP from NEIL3-FH cells treated with either CFZ, cisplatin, or both drugs. We treated cells for 3 hours because proteasome content in the NEIL3 protein complexes isolated from the chromatin fractions peaks around 30 min but decreases dramatically 3 hours after the start of cisplatin treatment (Figure 17,. We searched for proteins whose levels increased after CFZ treatment. Analysis of the spectra and dynamics of peptides confirmed the increased association of proteasome with NEIL3 (Figure 19). The full list of proteins found in the mass-spectrometry analysis was uploaded to the ProteomXchange repository, and below in Figure 19, we have presented only top candidate interactors, which show the stabilization upon the treatment with CFZ. Several other candidates were detected, of which we chose to pursue WRNIP1 due to its known involvement in ICL repair [START_REF] Socha | WRNIP1 Is Recruited to DNA Interstrand Crosslinks and Promotes Repair[END_REF]. The western blot results showed the stabilization of WRNIP1/NEIL3 interaction in CFZ-treated NEIL3-FH cells (Figure 20A, lanes [START_REF] Couvé | The human oxidative DNA glycosylase NEIL1 excises psoralen-induced interstrand DNA cross-links in a threestranded DNA structure[END_REF][START_REF] Couvé-Privat | Psoralen-induced DNA adducts are substrates for the base excision repair pathway in human cells[END_REF][START_REF] Martin | The Human DNA glycosylases NEIL1 and NEIL3 Excise Psoralen-Induced DNA-DNA Cross-Links in a Four-Stranded DNA Structure[END_REF][START_REF] Semlow | Replication-Dependent Unhooking of DNA Interstrand Cross-Links by the NEIL3 Glycosylase[END_REF]. A dosedependent stabilization of WRNIP1 in the Flag IP purified NEIL3 complexes from the cells treated with another proteasome inhibitor MG-132 was also observed (Figure 20B, lanes [START_REF] Couvé | The human oxidative DNA glycosylase NEIL1 excises psoralen-induced interstrand DNA cross-links in a threestranded DNA structure[END_REF][START_REF] Couvé-Privat | Psoralen-induced DNA adducts are substrates for the base excision repair pathway in human cells[END_REF][START_REF] Martin | The Human DNA glycosylases NEIL1 and NEIL3 Excise Psoralen-Induced DNA-DNA Cross-Links in a Four-Stranded DNA Structure[END_REF][START_REF] Semlow | Replication-Dependent Unhooking of DNA Interstrand Cross-Links by the NEIL3 Glycosylase[END_REF]. These results suggest that the WRNIP1 protein is a NEIL3associated specific target of proteasomal degradation. On the other hand, RUVBL2, a protein that has been shown to interact with NEIL3 and play a role in the repair of psoralen-induced ICLs [START_REF] Li | Cooperation of the NEIL3 and Fanconi anemia/BRCA pathways in interstrand crosslink repair[END_REF], did not show any stabilization after the treatment with either CFZ or MG-132 (Figure 19 and Figure 20B, lane [START_REF] Couvé | The human oxidative DNA glycosylase NEIL1 excises psoralen-induced interstrand DNA cross-links in a threestranded DNA structure[END_REF][START_REF] Couvé-Privat | Psoralen-induced DNA adducts are substrates for the base excision repair pathway in human cells[END_REF][START_REF] Martin | The Human DNA glycosylases NEIL1 and NEIL3 Excise Psoralen-Induced DNA-DNA Cross-Links in a Four-Stranded DNA Structure[END_REF][START_REF] Semlow | Replication-Dependent Unhooking of DNA Interstrand Cross-Links by the NEIL3 Glycosylase[END_REF]. This observation suggests that NEIL3-dependent degradation of WRNIP1 might be specific for the repair of cisplatin-induced DNA damage, whereas interaction of NEIL3 with RUVBL2 may result in a different outcome. To determine whether WRNIP1 interacts with NEIL3 and proteasome transiently in a manner that is stabilized by proteasome inhibitors, we performed the Flag IP experiments in extracts of NEIL3-FH cells treated by cisplatin for different times (0 -3 hours) in the presence or absence of proteasome inhibitor CFZ, which was added to cultures 1.5 hours before cisplatin (Figure 21). We detected an increase of WRNIP1 in NEIL3 complexes after а 5 min cisplatin treatment in the absence of CFZ, but it declined slightly at 30 min and almost disappeared after 3h treatment. When cells were pretreated with CFZ, WRNIP1 levels in the NEIL3 complex did not decline. Proteasome presence in the complex, which was detected with PSMA1 (α6) antibodies, has shown the same dynamics as WRNIP1 and also increased after CFZ treatment. Levels of WRNIP1 did not change in the flowthrough of NEIL3 Flag IP, strongly suggesting that time-dependent loss of WRNIP1 from NEIL3 complexes is caused by the proteasomal degradation and not by the dissociation of WRNIP1 from the NEIL3 protein complex (Figure 21, lanes [START_REF] Klattenhoff | Loss of NEIL3 DNA glycosylase markedly increases replication associated double strand breaks and enhances sensitivity to ATR inhibitor in glioblastoma cells[END_REF][START_REF] Tran | Overexpression of NEIL3 associated with altered genome and poor survival in selected types of human cancer[END_REF][START_REF] Chang | Transcriptional landscape of DNA repair genes underpins a pan-cancer prognostic signature associated with cell cycle dysregulation and tumor hypoxia[END_REF][START_REF] Kauffmann | High expression of DNA repair pathways is associated with metastasis in melanoma patients[END_REF][START_REF] Shinmura | Abnormal Expressions of DNA Glycosylase Genes NEIL1, NEIL2, and NEIL3 Are Associated with Somatic Mutation Loads in Human Cancer[END_REF][START_REF] Rolseth | Loss of Neil3, the major DNA glycosylase activity for removal of hydantoins in single stranded DNA, reduces cellular proliferation and sensitizes cells to genotoxic stress[END_REF][START_REF] Hershko | The ubiquitin system[END_REF][START_REF] Morgan | The Ubiquitin Proteasome System in Genome Stability and Cancer[END_REF]. Upon inhibition of the 26S proteasome, we expect to observe the stabilization of the interaction between target protein and 26S proteasome, since the former becomes "trapped" on the inhibited proteasome. We utilized CFZ in order to demonstrate the stabilization of the interaction between WRNIP1 and 26S proteasome. We observed the stabilization of WRNIP1 and the appearance of high molecular weight smear characteristic of ubiquitin chains in Flag IP samples from CFZ-treated PSMB2-FH cells (Figure 23, lanes [START_REF] Deans | DNA interstrand crosslink repair and cancer[END_REF][START_REF] Zhang | Mechanism and regulation of incisions during DNA interstrand cross-link repair[END_REF][START_REF] Krokan | Base excision repair[END_REF][START_REF] Liu | 3, the final frontier for the DNA glycosylases that recognize oxidative damage[END_REF][START_REF] Couvé | The human oxidative DNA glycosylase NEIL1 excises psoralen-induced interstrand DNA cross-links in a threestranded DNA structure[END_REF][START_REF] Couvé-Privat | Psoralen-induced DNA adducts are substrates for the base excision repair pathway in human cells[END_REF][START_REF] Martin | The Human DNA glycosylases NEIL1 and NEIL3 Excise Psoralen-Induced DNA-DNA Cross-Links in a Four-Stranded DNA Structure[END_REF][START_REF] Semlow | Replication-Dependent Unhooking of DNA Interstrand Cross-Links by the NEIL3 Glycosylase[END_REF]. Thus, proteasome-bound WRNIP1 is degraded by the ubiquitin-proteasome system. Most substrates of the 26S proteasome are ubiquitylated before degradation and bind to the proteasome via ubiquitin chains. To determine whether WRNIP1 binds to proteasome via the ubiquitin chain, we used TAK-243, a specific inhibitor of the E1 ubiquitin-activating enzyme [START_REF] Hyer | A smallmolecule inhibitor of the ubiquitin activating enzyme for cancer treatment[END_REF], which completely blocks ubiquitylation. Therefore Fk2-Ub antibody was used in order to evaluate the efficiency of the TAK-243 molecule (Figure 24A). Surprisingly, WRNIP1

was still bound to the proteasome after TAK-243 treatment; moreover, the levels of proteasome-bound WRNIP1 were significantly stabilized by TAK-243 even in the absence of CFZ (Figure 24, lanes [START_REF] Deans | DNA interstrand crosslink repair and cancer[END_REF][START_REF] Zhang | Mechanism and regulation of incisions during DNA interstrand cross-link repair[END_REF][START_REF] Krokan | Base excision repair[END_REF][START_REF] Liu | 3, the final frontier for the DNA glycosylases that recognize oxidative damage[END_REF][START_REF] Wu | TRAIP is a master regulator of DNA interstrand crosslink repair[END_REF][START_REF] Rodriguez | An autoinhibitory role for the GRF zinc finger domain of DNA glycosylase NEIL3[END_REF][START_REF] Ha | A non-canonical role for the DNA glycosylase NEIL3 in suppressing APE1 endonuclease-mediated ssDNA damage[END_REF][START_REF] Li | Cooperation of the NEIL3 and Fanconi anemia/BRCA pathways in interstrand crosslink repair[END_REF]. This data indicates that WRNIP1 binds to the proteasome in a ubiquitin-independent fashion but requires ubiquitylation for the degradation. In the experiments shown in Figure 20 and Figure 21, we detected CFZinduced changes in the WRNIP1 protein levels in NEIL3 complexes, but not in whole-cell extracts suggesting that WRNIP1 is degraded only upon interaction with NEIL3. Therefore, we next examined if NEIL3 or WRNIP1 mediates the interaction and the degradation by 26S proteasome during DNA repair. For this, we used siRNA-mediated downregulation of either NEIL3 or WRNIP1 coupled with Flag IP in NEIL3-FH and PSMB2-FH cells (Figure 25A). The downregulation of WRNIP1 did not affect the interaction between NEIL3 and 26S proteasome stabilized by CFZ (Figure 25B,. Whereas, the downregulation NEIL3 in PSMB2-FH cells blocked the CFZ-induced stabilization of the interaction between WRNIP1 and 26S proteasome (Figure 25C,. The efficiency of siRNA-mediated knockdown of NEIL3 was confirmed using RT-qPCR due to the absence of commercial antibodies that are able to recognize endogenous NEIL3 (Figure 25D). These results strongly suggest that NEIL3 is required for WRNIP1 binding to the proteasome and its eventual degradation in our experimental system. 

V. Discussion

Nei-like (NEIL) proteins are bifunctional DNA glycosylases containing both glycosylase and AP lyase activities, that initiate the BER pathway by recognizing and excising oxidized bases in DNA. It was thought that DNA glycosylases can repair only relatively small, non-bulky DNA base modifications that generally do not cause major DNA helix distortions [START_REF] Saparbaev | Glycosylase Repair[END_REF]. Dr. Saparbaev's group was first to demonstrate that NEIL1 (Couvé et al., 2009;Couvé-Privat et al., 2007) and NEIL3 [START_REF] Martin | The Human DNA glycosylases NEIL1 and NEIL3 Excise Psoralen-Induced DNA-DNA Cross-Links in a Four-Stranded DNA Structure[END_REF] DNA glycosylases are able to remove unhooked psoralen-induced ICLs DNA fragments in vitro. Meanwhile, Dr. Walter's group has identified NEIL3 as a possible component of the replisome, and showed that NEIL3

cleaves AP-site and psoralen-induced ICLs in Xenopus egg extracts (Semlow et al., 2016) following the recruitment to the short ubiquitin chains on the stalled CMG helicase [START_REF] Wu | TRAIP is a master regulator of DNA interstrand crosslink repair[END_REF]. Recent studies from Dr. D'Andrea's group has shown that NEIL3 DNA glycosylase plays a major role in the repair of the psoralen-induced ICLs in human cells and is the first-line defense against ICLs due to its rapid recruitment to the sites of DNA damage [START_REF] Li | Cooperation of the NEIL3 and Fanconi anemia/BRCA pathways in interstrand crosslink repair[END_REF].

Biochemical studies demonstrate that NEIL3 is unable to unhook cisplatininduced ICLs. Nevertheless, studies in the Xenopus cell-free system show rapid recruitment and a strong association of NEIL3 with cisplatin-ICLs [START_REF] Wu | TRAIP is a master regulator of DNA interstrand crosslink repair[END_REF].

In addition, NEIL3 knock-out cells demonstrate sensitivity to cisplatin [START_REF] Li | Cooperation of the NEIL3 and Fanconi anemia/BRCA pathways in interstrand crosslink repair[END_REF][START_REF] Rolseth | Loss of Neil3, the major DNA glycosylase activity for removal of hydantoins in single stranded DNA, reduces cellular proliferation and sensitizes cells to genotoxic stress[END_REF]. Therefore, in this work, we decided to investigate the role of NEIL3 DNA glycosylase in the repair of cisplatin-induced DNA damage and its contribution to cellular resistance to cisplatin.

In order to address the objectives of this work, we utilized "gain-of-function"

and "loss-of-function" approaches. We have generated cells with overexpression and loss of the NEIL3 protein (Figure 11 and Figure 13). Cells overexpressing NEIL3

have shown increased resistance to cisplatin, and lower accumulation of cisplatin-induced DNA damage, whereas NEIL3-deficient cells exhibited increased sensitivity to cisplatin due to higher accumulation of cisplatin-induced DNA damage (Figure 12 and Figure 14). These findings suggest that NEIL3 plays a role in the repair of DNA ICLs induced by cisplatin in mammalian cells.

Unlike other members of the Fpg/Nei family, NEIL3 DNA glycosylase has an extended non-catalytic C-terminal domain that contains RanBP2 zinc finger (ZF)

and tandem GRF ZF domains (Figure 8). Previous studies have shown that these domains are important for the specific protein-protein and DNA-protein interactions (Ha et al., 2020;[START_REF] Rodriguez | An autoinhibitory role for the GRF zinc finger domain of DNA glycosylase NEIL3[END_REF][START_REF] Wu | TRAIP is a master regulator of DNA interstrand crosslink repair[END_REF]. Therefore, we next generated cell lines that overexpress the N-terminal and C-terminal domains of NEIL3 protein (NEIL3 NTD and NEIL3 CTD, respectively) (Figure 15). At the level of cellular sensitivity to cisplatin, neither NTD nor CTD has shown significant results, as compared to full-length NEIL3. One possible explanation for this might be the difference in the expression level of truncated variants. On the other hand, Wu et al., propose that the recruitment of NEIL3 to DNA requires both RanBP2 and GRF ZFs, where the former directly interacts with the ubiquitin chains on the stalled CMG, whereas the latter binds to the DNA. Therefore, the activity of NEIL3 on cisplatin-induced DNA damage may require both NTD and CTD domains.

Nevertheless, our data indicate that the overexpression of NEIL3 CTD leads to a significantly lower accumulation of cisplatin-induced DNA damage, alleviating the level of apoptosis compared to wildtype and NEIL3 NTD, harboring the catalytic domain of the protein (Figure 16).

To get insight into the molecular mechanism of NEIL3-mediated cisplatininduced ICLs repair, we searched for NEIL3 protein partners that bind to the latter in a cisplatin-dependent fashion. Proteomic studies revealed that in response to cisplatin exposure, NEIL3 interacts with multiple subunits of the 26S proteasome (P26S) complex (Figure 17). Western blot analysis of Flag IP samples isolated from HeLa S3 NEIL3-FH cells has shown the stabilization of the interaction between NEIL3 and 26S proteasome following 30 min treatment with cisplatin. Importantly, the combined action of cisplatin and CFZ abolished the NEIL3-mediated protection from cisplatin-induced apoptosis and resulted in the increased level of cisplatin-DNA adducts (Figure 18), suggesting the proteasomal degradation of target proteins is required to repair cisplatin-induced ICLs.

The 26S proteasome is a component of the ubiquitin-proteasome system (UPS), which is a major proteolytic system in eukaryotes. It mediates the removal of the majority of proteins (at least 80%), including misfolded, damaged, no longer needed, and regulatory proteins. Protein degradation via UPS has been shown to be widely involved in the coordination of different steps of the repair process via removal of the DNA repair proteins that accomplished their mission [START_REF] Kouranti | Protein degradation in DNA damage response[END_REF]Morgan & Crawford, 2021). Several examples of ubiquitindependent degradation in the DNA repair pathways have been described.

Degradation of MDC1 appears to be a key step in the assembly of BRCA1 foci during the DSB repair [START_REF] Shi | Disassembly of MDC1 foci is controlled by ubiquitin-proteasomedependent degradation[END_REF]. Timely removal of RPA1 and RAD51 at DNA damage sites facilitates homologous recombination [START_REF] Inano | RFWD3-Mediated Ubiquitination Promotes Timely Removal of Both RPA and RAD51 from DNA Damage Sites to Facilitate Homologous Recombination[END_REF]. The large subunit of stalled RNA polymerase II is degraded upon DNA damage [START_REF] Harreman | Distinct ubiquitin ligases act sequentially for RNA polymerase II polyubiquitylation[END_REF]. Timely destruction of DDB2 is important for the nucleotide excision repair (NER) [START_REF] Ribeiro-Silva | Ubiquitin and TFIIH-stimulated DDB2 dissociation drives DNA damage handover in nucleotide excision repair[END_REF]. Another example is the CSA-dependent degradation of CSB by the 26S proteasome during the transcription-coupled NER [START_REF] Groisman | CSA-dependent degradation of CSB by the ubiquitin-proteasome pathway establishes a link between complementation factors of the Cockayne syndrome[END_REF]. In patients with Cockayne syndrome (CS), a rare genetic disorder characterized by progressive neurological degeneration and premature aging, the inability to remove the CSB protein due to mutation in CSA and CSB genes, leads to the deficiency in transcription recovery after DNA damage (Lans et al., 2019).

To identify the target of the proteasomal degradation in NEIL3-mediated repair of cisplatin-induced DNA damage, we performed the proteomic analysis of Flag IP samples from NEIL3-FH cells treated with CFZ, cisplatin, and the combination of two drugs. As a result, we identified WRNIP1 as a proteasome substrate degraded during ICL repair (Figure 19 and Figure 20).

WRNIP1 (Werner Helicase interacting protein 1) is an AAA+ ATPase, conserved in all living organisms from E. coli to humans. A yeast two-hybrid assay originally identified it as a binding partner of Werner syndrome (WRN) helicase [START_REF] Kawabe | A Novel Protein Interacts with the Werner's Syndrome Gene Product Physically and Functionally *[END_REF], defective in the premature aging disease Werner syndrome.

Although WRNIP1 interacts with WRN helicase directly, they do not always function cooperatively in the same pathway [START_REF] Kawabe | Analyses of the interaction of WRNIP1 with Werner syndrome protein (WRN) in vitro and in the cell[END_REF]. WRNIP1 interacts with various proteins implicated in DNA transactions, including ataxia telangiectasia mutated (ATM) cofactor ATMIN, E3 ligase RAD18, three of four subunits of DNA polymerase delta as well as polymerase eta [START_REF] Yoshimura | The role of WRNIP1 in genome maintenance[END_REF]. The microscopy data have shown that WRNIP1 foci have a tendency to overlap with the replication factories [START_REF] Crosetto | Human Wrnip1 Is Localized in Replication Factories in a Ubiquitin-binding Zinc Finger-dependent Manner*[END_REF]. In line with these observations, it has been shown that WRNIP1 plays a role in the protection of stalled replication fork from nucleolytic cleavage and the promotion of fork restart [START_REF] Leuzzi | WRNIP1 protects stalled forks from degradation and promotes fork restart after replication stress[END_REF][START_REF] Porebski | WRNIP1 Protects Reversed DNA Replication Forks from SLX4-Dependent Nucleolytic Cleavage[END_REF]. Studies show that WRNIP1 cooperates with RAD51 to protect the stalled replication forks from MRE11-mediated degradation. Another study by Porebski et al., demonstrated that WRNIP1 protects the reversed replication forks from SLX4-dependent cleavage. Moreover, a recent study from Dr. Cohn's group showed the role of WRNIP1 in recruiting FANCD2 to the ICL site quickly after their appearance. Importantly, the UBZ domain of WRNIP1 and its own ubiquitination appeared to be critical for this process. WRNIP1 physically interacts with the FANCD2/FANCI (ID) complex and promotes its recruitment to ICLs where FANCD2 is mono-ubiquitinated and recruits ICL repair proteins possibly by replacing early ICL detection proteins, including WRNIP1 [START_REF] Socha | WRNIP1 Is Recruited to DNA Interstrand Crosslinks and Promotes Repair[END_REF].

The interaction between NEIL3 and WRNIP1 is strongly stabilized very shortly after the treatment with cisplatin (Figure 21, lane 9 vs 11), followed by a significant decrease after 3 hours (Figure 21, lane 11 vs 15). In order to show that this decrease in interaction is the result of proteasomal degradation, we pretreated the cells with a proteasomal inhibitor CFZ. As expected, upon the inhibition of 26S proteasome, we observe the stabilization of this interaction in all time points (Figure 21), suggesting that the decrease in interaction is the result of the degradation. In order to exclude the fact that this interaction can be simply lost, we accessed the flowthrough (FT). However, the level of WRNIP1 in the FT fractions did not change (Figure 21, lanes [START_REF] Klattenhoff | Loss of NEIL3 DNA glycosylase markedly increases replication associated double strand breaks and enhances sensitivity to ATR inhibitor in glioblastoma cells[END_REF][START_REF] Tran | Overexpression of NEIL3 associated with altered genome and poor survival in selected types of human cancer[END_REF][START_REF] Chang | Transcriptional landscape of DNA repair genes underpins a pan-cancer prognostic signature associated with cell cycle dysregulation and tumor hypoxia[END_REF][START_REF] Kauffmann | High expression of DNA repair pathways is associated with metastasis in melanoma patients[END_REF][START_REF] Shinmura | Abnormal Expressions of DNA Glycosylase Genes NEIL1, NEIL2, and NEIL3 Are Associated with Somatic Mutation Loads in Human Cancer[END_REF][START_REF] Rolseth | Loss of Neil3, the major DNA glycosylase activity for removal of hydantoins in single stranded DNA, reduces cellular proliferation and sensitizes cells to genotoxic stress[END_REF][START_REF] Hershko | The ubiquitin system[END_REF][START_REF] Morgan | The Ubiquitin Proteasome System in Genome Stability and Cancer[END_REF], suggesting that what we observe is the result of the proteasomal degradation of WRNIP1. We used different ways to show that WRNIP1 is degraded by proteasomal complex . However, in order to highlight the importance of NEIL3 in the proteasomal degradation, we utilized siRNA depletion of NEIL3 in PSMB2 cells, where the core b4 subunit of the 26S proteasome is tagged with Flag/HA. As a result, upon the downregulation of NEIL3, the association of the WRNIP1 with the proteasome weakens even after the treatment with CFZ. These results suggest, that NEIL3 is at least partially required for WRNIP1 binding to the proteasome and its subsequent degradation (Figure 25C).

To sum up, we attempted to integrate our findings with the published literature by proposing the following model of NEIL3-mediated ICL repair (Figure 26). First, in agreement with previous studies, NEIL3 is rapidly recruited to ICLs via the short ubiquitin chains on the stalled CMG helicase and recruits WRNIP1 and proteasome to the ICL-stalled replication fork (step 1). WRNIP1 then recruits ID complex as demonstrated by Socha and colleagues [START_REF] Socha | WRNIP1 Is Recruited to DNA Interstrand Crosslinks and Promotes Repair[END_REF]. FANCD2

and FANCI are then mono-ubiquitylated by the core Fanconi complex (step 2), and recruit the repair module proteins (BRCA1, BRCA2, XPF-ERCC1, step3). WRNIP1 is ubiquitylated and degraded, perhaps together with other proteins, including NEIL3, and then proteasome dissociates from the lesion (step 4), followed by the repair of the lesion be assembled repair module proteins (step 5). Thus, the interplay channel the ICL repair to the FA pathway. As it was shown by Socha et al., ID complex can be recruited to the lesion even in the absence of WRNIP1; however, in this case, the recruitment and following repair will be considerably lagged. On the other hand, the recruitment of FA complex to the lesion can also occur through the long chains of ubiquitin on stalled CMG helicase, which then must be unloaded from the DNA by VCP/p96 in order that repair can take place [START_REF] Wu | TRAIP is a master regulator of DNA interstrand crosslink repair[END_REF].

Overall, taken the versatility of the FA pathway, different back-up mechanisms facilitating its recruitment to the lesions seem justified. Here, we speculate that NEIL3-mediated rapid recognition of the lesion and recruitment of WRNIP1 and 26S proteasome, followed by their degradation, can facilitate the repair of highly toxic cisplatin-induced DNA lesions. Rapid and efficient removal of cisplatin lesions in this model can be one of the contributing factors of cisplatin resistance. 

VI. Conclusion and perspectives

Conclusion

Future perspectives

NEIL3 DNA glycosylase is a ubiquitous protein that has multiple implications far outside of its classical role as initiator of the BER pathway for oxidized bases.

This dissertation is only a stepping stone for further investigation of the role of NEIL3 in the repair of cisplatin-induced DNA adducts. Although biochemical studies show that NEIL3 is unable to excise cisplatin-induced ICLs as it does with psoralenor AP site-induced ICLs (Semlow et al., 2016;[START_REF] Wu | TRAIP is a master regulator of DNA interstrand crosslink repair[END_REF], several studies have shown moderate sensitivity of NEIL3-deficient cells to cisplatin [START_REF] Li | Cooperation of the NEIL3 and Fanconi anemia/BRCA pathways in interstrand crosslink repair[END_REF][START_REF] Rolseth | Loss of Neil3, the major DNA glycosylase activity for removal of hydantoins in single stranded DNA, reduces cellular proliferation and sensitizes cells to genotoxic stress[END_REF]. Therefore, we were interested to examine the mechanism of this sensitivity. Based on our results and published literature, we speculate that NEIL3 is rapidly recruited to ICL and recruits WRNIP1 to channel repair of ICL to the FA pathway and avoid aberrant processing of complex DNA damage. Therefore, we hypothesize that NEIL3 overexpression could help to rapidly recognize and direct repair of ICLs to the error-free FA pathway through WRNIP1, leading to a higher resistance to cisplatin treatment. However, the versatility of the FA pathway in the repair of various ICLs suggests the existence of different recruitment mechanisms.

Therefore, this repair does not solely depend on NEIL3, which leads to only moderate sensitivity of NEIL3-deficient cells to cisplatin.

Given the amount of time to perform these studies, as well as restrained physical and financial opportunities, many questions regarding NEIL3 and its mechanism of action remain open. Here, I would like to formulate some of them as future perspectives:

1. What is the role of NEIL3-WRNIP1 interaction in cells? In this study, we only focused on the role of this interaction in repair of cisplatin-induced DNA damage. Although our model suggests that WRNIP1 is recruited to the lesion by NEIL3, we observed NEIL3-WRNIP1 interaction in non-treated cells.

Moreover, in the absence of NEIL3, interaction of WRNIP1 with PSMB2 (b4 core subunit of 26S proteasome) is not stabilized even after CFZ treatment (Figure 25C). This might suggest that at least a part of WRNIP1 in the complex with NEIL3 (since the global level of WRNIP1 in the input does not vary much) has a high turnover in cells and undergoes frequent proteasomal degradation.

2. Is NEIL3 degraded upon the treatment with cisplatin? In some of our experiments, we have seen a gradual decrease in the NEIL3 level, and few times we even noticed a smear on the top of NEIL3 similar to ubiquitin (data not shown). However, our experimental setup does not allow us to answer this question.

3. Is the overexpression of only the C-terminal domain of NEIL3 sufficient to provide the resistance of cells to cisplatin? In order to address this question, we attempted to test the NEIL3 knock-out cell lines rescued by FL, CTD, NTD, and CTD without RanBP2 ZF domains. Although we succeeded in generating the cell lines, we failed to see any consistent phenotype. This could be due to the genetic heterogeneity of our cells because the method we used does not allow us to localize where the exogenous construct was inserted in the genome.

This could be addressed in the future by using isogenic HeLa or U2OS Flp-In TREx cells.

4. Next, the NEIL3-mediated protection from cisplatin must be confirmed on patient-derived tumor samples to if the resistance to cisplatin correlate with the expression level of NEIL3.

5. Finally, one more approach that might potentially shed light on the mechanism of NEIL3-dependent cisplatin resistance, which is currently ongoing in the laboratory, is comparing the mutational landscape of NEIL3 overexpressing, NEIL3-deficient and wildtype cells upon chronic exposure to cisplatin. This might help to understand the nature of DNA lesions targeted by the NEIL3-mediated repair, and to distinguish the role of NEIL3 in the repair of DNA intra-and interstrand cross-links.

To sum up, I will be looking forward to the dynamics of future studies on NEIL3 and its interaction with other proteins to repair diverse DNA lesions in the genome.

Introduction

More than four decades after entering clinical practice, cisplatin remains one of the most widely used chemotherapeutic agents against a variety of solid tumors 1 . Nevertheless, the resistance of tumor cells to cisplatin reduces the clinical efficacy of this agent. Although it is known that the removal of cisplatin-induced DNA lesions is one of the main contributors to resistance 2 , the detailed mechanisms of repair are not fully understood 3,4 .

The anti-tumor effect of cisplatin-based chemotherapy is attributed to its ability to induce DNA interstrand crosslinks (ICLs), which can block both DNA replication and transcription, ultimately triggering apoptosis 5 . In mammals, the predominant and bestcharacterized mechanism of ICL repair is the Fanconi anemia (FA) pathway, which proceeds in a replication-coupled manner 6 . Moreover, alternative mechanisms of ICL repair, that function independently or synergistically with the FA pathway have been also phenylalanine zinc fingers (GRF ZFs) motifs (Fig. S1a). These motifs mediate DNAprotein and protein-protein interactions 9-11 .

NEIL3-initiated BER is a major repair pathway and first-line defense against psoralen-induced ICLs 12 . Our laboratory was the first to demonstrate that, in addition to classical glycosylase activity, NEIL1 and NEIL3 resolve psoralen-induced ICLs in threeand four-stranded DNA structures 13-15 . Subsequently, Semlow and colleagues have shown that NEIL3 from Xenopus laevis can cleave the psoralen-and abasic site-induced ICLs in X-shaped dsDNA structures 9,16 . Loss of NEIL3 leads to decreased fork speed and, as a consequence, increased DSB formation, whereas its overexpression in tumors is associated with genome alterations and confers a poor prognosis 17,18 . Intriguingly, NEIL3 is overexpressed in highly proliferative tissues such as bone marrow and various tumors and is associated with metastasis in melanoma patients 19-21 . Although it does not cleave the cisplatin-induced ICLs in Xenopus extracts, despite being recruited to this lesion 9,16 , NEIL3 knock-out HeLa cells are sensitive to cisplatin, suggesting a possible role of NEIL3 in the repair of cisplatin-induced DNA adducts in mammalian cells 12,22 .

In mammalian cells, the removal of the majority of proteins (at least 60%) including misfolded, damaged, no-longer-needed, and regulatory proteins is mediated by the 26S proteasome. This multi-subunit proteolytic complex catalyzes the degradation of proteins that are modified by the covalent attachment of poly-ubiquitin chains. Each round of ubiquitin attachment occurs in 3 steps: first, the E1 enzyme activates the C-terminus of ubiquitin, a small protein of 76 amino acids, in an ATP-dependent manner. Then, ubiquitin is then transferred to the cysteine residue of an E2 enzyme. And finally, a specific E3 ubiquitin ligase recognizes a degradation signal in a substrate and mediates ubiquitin transfer from E2 to a lysine residue on the substrate, and then to a ubiquitin molecule that is already attached to the substrate 23 . The 19S regulatory part of 26S proteasome recognizes and removes ubiquitin, unfolds, and translocates a substrate protein to the 20S core part, where it is degraded into small peptides 24,25 . The ubiquitin-proteasome pathway (UPP) regulates a variety of cellular processes including DNA replication and repair 24,26-28 . The proteasome is involved in homologous recombination, the Fanconi anemia pathway 29 , and nucleotide excision repair 30 .

In the present study, we demonstrate that the overexpression of exogenous NEIL3 protein dramatically improves the repair of cisplatin lesions and protects cells from Next, we used the "loss-of-function" approach to further corroborate the role of NEIL3 in the protection from cisplatin-induced apoptosis and DNA damage. HeLa S3 cells knocked out for the NEIL3 gene were constructed by using the CRISPR/Cas9 technique.

Different combinations of two gRNAs that target the first exon of the NEIL3 gene were used to avoid off-target effects. Disruption of the NEIL3 gene and the lack of NEIL3 mRNA expression were confirmed by genomic DNA sequencing and RT-qPCR, respectively (Fig. 1d and Fig. S1b). In agreement with data obtained with HeLa S3 NEIL3-FH cells, NEIL3 knockout (NEIL3 -/-) cells exhibit increased levels of apoptosis (Fig. 1e), and higher accumulation of cisplatin-DNA adducts (Fig. 1f) as compared to that of control WT cells (Fig. 2f). Thus, NEIL3 protect cells from cisplatin-DNA adduct-induced apoptosis through their removal.

The activity of 26S proteasome is essential for the NEIL3-mediated cisplatin resistance One specific structural feature of NEIL3, which is absent in the paralogous NEIL1 and NEIL2 proteins, is an extended non-catalytic C-terminal domain (CTD). It contains additional zinc finger motifs responsible for DNA-protein and protein-protein interactions (Fig. S1a). The RanBP ZF of NEIL3 was shown to interact with ubiquitylated CMG (Cdc45-MCM-GINS complex is the eukaryotic replicative helicase that unwinds duplex DNA at replication forks) 9 , whereas tandem GRFs are responsible for the interaction with ssDNA and fork-like DNA structures 9-11 . Thus, the CTD of NEIL3 may recruit various DNA repair proteins and initiate the formation of specific multi-protein complexes at the stalled replication fork to facilitate the removal of complex DNA lesions such as ICLs. The existence of this domain suggests that NEIL3-mediated DNA repair may involve additional interacting proteins. We next searched for the protein partners of NEIL3 that could be involved in the repair of cisplatin-induced DNA damage. HeLa S3 NEIL3-FH cells were treated with cisplatin, followed by fractionation of cell extracts into soluble and chromatin fractions and isolation of NEIL3 complexes from each fraction by Flag immunoprecipitation (Flag IP) (Fig. 2a). Mass-spectrometry of samples isolated from the chromatin fraction revealed the presence of more than 20 subunits of the 26S proteasome; their abundance increased after 30 minutes of cisplatin treatment (Fig. 2b). The interaction between NEIL3 and 26S proteasome was further confirmed by western blot analysis using PSMA1, which recognizes a6 core subunit of 26S proteasome. The results of the western blot revealed a transient stabilization of the NEIL3/26S proteasome complex after 30 min exposure (Fig. 2c, lane 6). However, after 3-4 h of cisplatin treatment, we did not detect NEIL3/proteasome interaction (Fig. 2c, lanes 7-8). Degradation of NEIL3 could potentially explain the loss of this interaction, however, amounts of NEIL3-Flag/HA purified by Flag IP were approximately the same at different time points after cisplatin treatment (Fig. 2c, lanes 1-4), suggesting that NEIL3 is not degraded. Loss of NEIL3/proteasome interactions could also be explained by the timely disappearance of a third protein mediating this interaction. To test this hypothesis, we determined whether NEIL3/proteasome interactions are stabilized by proteasome inhibitors. Indeed, these interactions were greatly stabilized in the HeLa S3 NEIL3-FH cells treated with irreversible proteasome inhibitor -carfilzomib (CFZ) (Fig. 3b, lanes [START_REF] Martin | The Human DNA glycosylases NEIL1 and NEIL3 Excise Psoralen-Induced DNA-DNA Cross-Links in a Four-Stranded DNA Structure[END_REF][START_REF] Semlow | Replication-Dependent Unhooking of DNA Interstrand Cross-Links by the NEIL3 Glycosylase[END_REF]. of mass-spectrometry: "only ctrl" denotes proteins found in control non-treated cells; "cis<" and "cis>" indicate proteins that increase or decrease, respectively, after cisplatin treatment; "cis=" refers to proteins, which do not change after the treatment; "only cis" designates proteins that are detected only after the treatment. (c) Western blot of Flag IP samples purified from chromatin fractions of NEIL3-FH cells treated with cisplatin (CDDP, 15 µg/mL) for the indicated period of time. (The membrane was cropped to remove irrelevant parts). (d) Dot blot with an antibody recognizing cisplatin-modified DNA to measure the accumulation of cisplatin-DNA adducts after the pretreatment with 0.5µM CFZ followed by overnight exposure to CDDP (15 µg/mL). (e) Measurement of apoptosis by flow cytometry of Annexin V and Propidium Iodide (PI) stained cells pretreated with 0.5µM CFZ followed by overnight incubation with different doses of CDDP. For details see Materials and Methods.

To examine whether proteasome plays a role in the NEIL3-mediated protection from cisplatin-induced apoptosis, we exposed HeLa S3 cells to either cisplatin, CFZ, or both drugs. Co-treatment of NEIL3-FH cells with cisplatin and CFZ led to the accumulation of high levels of cisplatin-DNA adducts and abolished the protective effect of NEIL3 (Fig. 2d,e). Taken together, these data suggest that the activity of 26S proteasome is essential for the NEIL3-dependent repair of the cisplatin-DNA adducts and protection from apoptosis.

WRNIP1/NEIL3 interaction is regulated via NEIL3-mediated proteasomal degradation during the repair of cisplatin-induced DNA damage

To find potential proteasome substrate in the NEIL3-mediated repair pathway, we performed another mass-spectrometry analysis of protein complexes isolated by Flag IP from NEIL3-FH cells treated with either CFZ, cisplatin, or both drugs. We treated cells for 3 hours, because proteasome content in the NEIL3 protein complexes isolated from the chromatin fractions peaks around 30 min, but decreases dramatically 3 hours after the start of cisplatin treatment (Fig. 2c, lanes 7-8). We searched for proteins whose levels increased after CFZ treatment. Analysis of the spectra and dynamics of peptides confirmed the increased association of proteasome with NEIL3 (Fig. 3a). Several other candidates were detected, of which we chose to pursue WRNIP1 due to its known involvement in ICL repair 31 . The results of the western blot showed the stabilization of WRNIP1/NEIL3 interaction in CFZ-treated NEIL3-FH cells (Fig. 3b, lanes [START_REF] Couvé | The human oxidative DNA glycosylase NEIL1 excises psoralen-induced interstrand DNA cross-links in a threestranded DNA structure[END_REF][START_REF] Couvé-Privat | Psoralen-induced DNA adducts are substrates for the base excision repair pathway in human cells[END_REF][START_REF] Martin | The Human DNA glycosylases NEIL1 and NEIL3 Excise Psoralen-Induced DNA-DNA Cross-Links in a Four-Stranded DNA Structure[END_REF][START_REF] Semlow | Replication-Dependent Unhooking of DNA Interstrand Cross-Links by the NEIL3 Glycosylase[END_REF]. A dose-dependent stabilization of WRNIP1 in Flag IP purified NEIL3 complexes from the cells treated with another proteasome inhibitor MG-132 was also observed (Fig. 3c, lanes [START_REF] Couvé | The human oxidative DNA glycosylase NEIL1 excises psoralen-induced interstrand DNA cross-links in a threestranded DNA structure[END_REF][START_REF] Couvé-Privat | Psoralen-induced DNA adducts are substrates for the base excision repair pathway in human cells[END_REF][START_REF] Martin | The Human DNA glycosylases NEIL1 and NEIL3 Excise Psoralen-Induced DNA-DNA Cross-Links in a Four-Stranded DNA Structure[END_REF][START_REF] Semlow | Replication-Dependent Unhooking of DNA Interstrand Cross-Links by the NEIL3 Glycosylase[END_REF]. These results suggest that the WRNIP1 protein is a NEIL3-associated specific target of proteasomal degradation. On the other hand, RUVBL2, a protein that was recently shown to interact with NEIL3 and play a role in the repair of psoralen-induced ICLs 12 , did not show any stabilization after the treatment with either CFZ or MG-132 (Fig. 3a and Fig. 3c lane [START_REF] Couvé | The human oxidative DNA glycosylase NEIL1 excises psoralen-induced interstrand DNA cross-links in a threestranded DNA structure[END_REF][START_REF] Couvé-Privat | Psoralen-induced DNA adducts are substrates for the base excision repair pathway in human cells[END_REF][START_REF] Martin | The Human DNA glycosylases NEIL1 and NEIL3 Excise Psoralen-Induced DNA-DNA Cross-Links in a Four-Stranded DNA Structure[END_REF][START_REF] Semlow | Replication-Dependent Unhooking of DNA Interstrand Cross-Links by the NEIL3 Glycosylase[END_REF]. This observation suggests that NEIL3-dependent degradation of WRNIP1 might be specific for the repair of cisplatin-induced DNA damage, whereas interaction of NEIL3 with RUVBL2 results in a different outcome.

To determine whether WRNIP1 interacts with NEIL3 and proteasome transiently in a manner that is stabilized by proteasome inhibitors, we performed the Flag IP experiments in extracts of NEIL3-FH cells treated by cisplatin for different times (0 -3 hours) in the presence or absence of proteasome inhibitor CFZ, which was added to cultures 1hr before cisplatin (Fig. 3d). We detected an increase of WRNIP1 in NEIL3 complexes after а 5 min cisplatin treatment in the absence of CFZ, but it declined slightly at 30 min, and almost disappeared after 3h treatment. When cells were pretreated with CFZ, WRNIP levels in the NEIL3 complex did not decline. Proteasome presence in the complex, which was detected with PSMA1 (α6) antibodies, has shown the same dynamics as WRNIP1 and also increased after CFZ treatment. Levels of WRNIP1 did not change in the flow through of NEIL3 Flag IP strongly suggesting that time-dependent loss of WRNIP1 from NEIL3 complexes is caused by the proteasomal degradation and not by the dissociation of WRNIP1 from the NEIL3 protein complex (Fig. 3d, lanes [START_REF] Klattenhoff | Loss of NEIL3 DNA glycosylase markedly increases replication associated double strand breaks and enhances sensitivity to ATR inhibitor in glioblastoma cells[END_REF][START_REF] Tran | Overexpression of NEIL3 associated with altered genome and poor survival in selected types of human cancer[END_REF][START_REF] Chang | Transcriptional landscape of DNA repair genes underpins a pan-cancer prognostic signature associated with cell cycle dysregulation and tumor hypoxia[END_REF][START_REF] Kauffmann | High expression of DNA repair pathways is associated with metastasis in melanoma patients[END_REF][START_REF] Shinmura | Abnormal Expressions of DNA Glycosylase Genes NEIL1, NEIL2, and NEIL3 Are Associated with Somatic Mutation Loads in Human Cancer[END_REF][START_REF] Rolseth | Loss of Neil3, the major DNA glycosylase activity for removal of hydantoins in single stranded DNA, reduces cellular proliferation and sensitizes cells to genotoxic stress[END_REF][START_REF] Hershko | The ubiquitin system[END_REF][START_REF] Morgan | The Ubiquitin Proteasome System in Genome Stability and Cancer[END_REF]. Noteworthy, treatment with CFZ increased the amount of NEIL3-associated WRNIP1 in the absence of cisplatin treatment (compare lanes 9 and 10), suggesting continuous turnover of NEIL3-bound Flag IP in the presence of MG-132 to keep proteasome inhibited. Just before the elution, beads were washed and divided into two parts: with and without MG-132. Then they were incubated at 37°C in the presence of ATP to maintain the integrity and activity of the 26S proteasome and to allow protein degradation (Fig. 4a). Complexes were then eluted with the Flag peptide and analyzed by western blot. In the samples in which MG-132 was removed, we detected the gradual disappearance of WRNIP1 (Fig. 4b, lanes [START_REF] Liu | 3, the final frontier for the DNA glycosylases that recognize oxidative damage[END_REF][START_REF] Wu | TRAIP is a master regulator of DNA interstrand crosslink repair[END_REF][START_REF] Rodriguez | An autoinhibitory role for the GRF zinc finger domain of DNA glycosylase NEIL3[END_REF][START_REF] Ha | A non-canonical role for the DNA glycosylase NEIL3 in suppressing APE1 endonuclease-mediated ssDNA damage[END_REF], whereas the amount of WRNIP1 did not change when the inhibitor was present (Fig. 4b, lanes 1-4).

In addition, we observed the stabilization of WRNIP1 and the appearance of high molecular weight smear characteristic of ubiquitin chains in Flag IP samples from CFZ-treated PSMB2-FH cells (Fig. S1c, lanes [START_REF] Deans | DNA interstrand crosslink repair and cancer[END_REF][START_REF] Zhang | Mechanism and regulation of incisions during DNA interstrand cross-link repair[END_REF][START_REF] Krokan | Base excision repair[END_REF][START_REF] Liu | 3, the final frontier for the DNA glycosylases that recognize oxidative damage[END_REF][START_REF] Couvé | The human oxidative DNA glycosylase NEIL1 excises psoralen-induced interstrand DNA cross-links in a threestranded DNA structure[END_REF][START_REF] Couvé-Privat | Psoralen-induced DNA adducts are substrates for the base excision repair pathway in human cells[END_REF][START_REF] Martin | The Human DNA glycosylases NEIL1 and NEIL3 Excise Psoralen-Induced DNA-DNA Cross-Links in a Four-Stranded DNA Structure[END_REF][START_REF] Semlow | Replication-Dependent Unhooking of DNA Interstrand Cross-Links by the NEIL3 Glycosylase[END_REF]. Thus, proteasome-bound WRNIP1 is degraded by the UPP. are sensitive to cisplatin12,22. We have previously shown that NEIL3 DNA glycosylase is able to unhook psoralen-induced ICLs in vitro. Although NEIL3 cannot unhook cisplatininduced ICL in Xenopus egg extracts, despite the rapid recruitment to them9,16, we directly demonstrate here that NEIL3 is essential for the repair of cisplatin-induced DNA lesions in HeLa cells. These findings suggest that NEIL3 plays a role in the repair of DNA ICLs induced by cisplatin in mammalian cells. Together with observations from the literature that loss of NEIL3 markedly increases replication-associated DSB formation, and that NEIL3 overexpression is associated with genome alterations and poor prognosis in cancer17,18, our findings further suggest that NEIL3 can contribute to cisplatin resistance.

Unlike other members of the Fpg/Nei family, NEIL3 DNA glycosylase has a prolonged C-terminal domain that contains RanBP ZF and tandem GRF ZFs. Previous studies have shown that these domains are important for the distinct protein-protein and DNA-protein interactions 9-11 . To get insight into the molecular mechanism of NEIL3mediated cisplatin-induced ICLs repair we searched for NEIL3 partners that bind to NEIL3 in a cisplatin-dependent fashion in chromatin and identified 26S proteasome as a cisplatindependent interactor (Fig. 2). Importantly, CFZ abolished the NEIL3-mediated protection from cisplatin-induced apoptosis and increased the level of DNA crosslinks (Fig. 2) suggesting that the proteasomal degradation is required to repair cisplatin-induced ICLs.

Degradation of several specific proteins is required for the timely completion of DNA repair. One example is ubiquitin-independent degradation of acetylated histones by 20S proteasome-PA200 complex during repair of double-strand breaks and UV-induced DNA damage 37,38 . Several examples of ubiquitin-dependent degradation in DNA repair pathways have been described. Degradation of MDC1 appears to be a key step in the assembly of BRCA1 foci during DSB repair 39 . Timely removal of RPA1 and RAD51 at DNA damage sites facilitates homologous recombination 40 . The large subunit of stalled RNA polymerase II is degraded upon DNA damage 41 . Timely destruction of DDB2 is important for nucleotide excision repair 42 . Another example is the CSA-dependent degradation of CSB by the 26S proteasome during nucleotide excision repair 30 . In patients with Cockayne syndrome (CS), a rare genetic disorder characterized by progressive neurological degeneration and premature aging, the inability to remove the CSB protein due to mutation in CSA and CSB genes, leads to the deficiency in transcription recovery after DNA damage 43 .

In this study, we identify WRNIP1 as a proteasome substrate that is degraded during ICL repair. To the best of our knowledge, WRNIP1 is the first example of a substrate that binds to the proteasome in a ubiquitin-independent manner and is ubiquitylated on the proteasome. Stabilization of WRNIP1 immediately after damage and its subsequent timely destruction resembles timely destruction of cyclins and inhibitors of cyclin-dependent kinases during the cell cycle. The degradation of these proteins is regulated by phosphorylation-dependent ubiquitylation 44 . Similarly, WRNIP ubiquitylation can be regulated by DNA-damaged induced phosphorylation of a yet-to-be-identified ubiquitin ligase. Alternatively, it is possible that the turnover of proteasome-bound WRNIP is blocked by DNA-damage-induced activation of deubiquitylating enzymes 45 . Finally, spatially restricted temporally inhibition of proteasome cannot be ruled out. The proteasome is present in the specific region of chromatin including sites of DNA damage 46 but the mechanism of proteasome recruitment to the sites of DNA damage is not known.

Although it is possible that proteasome simply binds to proteins that are ubiquitylated on chromatin our data suggest that recruitment of cisplatin-induced lesions is NEIL3dependent. 5′-CTCATTTAGGAGTCGACTGC-3′) targeting the NEIL3 gene were cloned into the PX458 vector, containing Cas9 and a GFP selection marker. HeLa S3 cells were seeded at 60% confluence in 6-well plate dishes 24 h before transfection. The gRNA-PX458 construct was transfected using the JetOPTIMUS (Polyplus). The selection of cells based on GFP fluorescence was done 48h after the transfection on the Aria II Flow Cytometer (BD Biosciences). Clones were collected after 3 weeks and the disruption of NEIL3 was identified by sequencing and RT-qPCR.

Reverse transcription-quantitative PCR (RT-qPCR)

RNA was isolated using the NucleoSpin RNA kit (Macherey-Nagel, USA) and used for the generation of cDNA by reverse transcription using the High-Capacity cDNA Reverse Transcription Kit with RNase Inhibitor (Applied Biosystems). SYBR Select Master Mix (Life Technologies) and the following primers were used for qPCR: NEIL3 

Apoptosis assay

Cells were seeded in 12-well plates in a quantity of 100,000 cells per well. The next day, different doses of cisplatin (Mylan, France) were added, followed by overnight incubation at 37°C with 5% CO2. For the detection of apoptosis induction, cells were collected and incubated in 300 µL binding buffer (0,1 M Hepes (pH 7.4); 1,4 M NaCl; 25 against cisplatin-DNA adducts (Abcam, dilution 1:1000). Then the membrane was washed in 1x TBS-T three times for 5 minutes, and cisplatin-induced lesions were detected using anti-rat antibodies.

Flag Immunoprecipitation (Flag IP)

HeLa S3 cells were seeded in 15 cm dishes to reach 80% confluence the next day and were treated with different drugs for the indicated times. Cells were collected by scraping and washed with phosphate-buffered saline (PBS) followed by spinning at 500 x g for 2 min. Cell fractions were isolated using the protocol described above and normalized in concentration using the Bradford assay followed by incubation with 50 μL Flag agarose beads for 1h at 4°C. Then the beads were washed three times with 1x TBS supplemented with PIC. Protein complexes were eluted from beads using 50 μL of 0.5mg/mL Flag peptides.

Immunoblotting and antibodies

For the analysis of whole-cell extracts, cells were collected by scraping from a confluent 6-well plate and washed with PBS. Cell pellets were lysed in a cold RIPA buffer (ThermoFisher Scientific) supplemented with PIC. Samples were normalized by Bradford assay and loaded into a 4-12% Bis-Tris gel. The membranes were blocked in 5% dry nonfat milk in TBS-T for 1 h and then incubated overnight at 4℃ with the following antibodies:

anti-HA (Sigma, H3663-100), anti-NEIL3 (Proteintech, 11621-1-AP), anti-WRNIP1 (Santa-Cruz, sc376438), anti-αTubulin (Sigma, T9026), anti-PSMA1 (Mab 2-17, isolated and purified from hybridoma kindly provided by Dr. Keiji Tanaka), anti-RuvBL2 (Proteintech, 10195-1-AP), Fk2-Ub (Merck, 04-263). Proteins were detected using a chemiluminescence system with a horseradish peroxidase-conjugated secondary antibody. Here, using loss-and gain-of-function approaches we demonstrate that NEIL3 confers resistance to cisplatin and participates in the removal of cisplatin-DNA adducts. Proteomic studies reveal that the NEIL3 protein interacts with the 26S proteasome in a cisplatindependent manner. NEIL3 mediates proteasomal degradation of WRNIP1, a protein involved in the early step of ICL repair. We propose that NEIL3 participates in the repair of ICL-stalled replication fork by recruitment of the proteasome to ensure a timely transition from lesion recognition to repair via degradation of early-step proteins.
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 4 -erb-b2 avian erythroblastic leukemia viral oncogene homolog 2 ERCC1: excision repair cross-complementation group 1 ERCC4: excision repair cross-complementation group Pigmentosum, Complementation Group G YB-1: Y-box-binding-protein 1 Résume de la thèse Plus de quarante ans après son entrée en clinique comme traitement du cancer du testicule, le cisplatine a montré son efficacité contre une variété d'autres tumeurs solides et reste l'un des agents chimiothérapeutiques les plus utilisés. L'effet antitumoral de la chimiothérapie à base de cisplatine est attribué à sa capacité à induire des pontages interbrins de l'ADN (ICLs), qui peuvent bloquer à la fois la réplication et la transcription de l'ADN, déclenchant ultérieurement l'apoptose. Cependant, la résistance au cisplatine reste un obstacle fondamental à l'obtention d'une efficacité maximale avec ce type de chimiothérapie. Bien que la réparation accrue des adduits de l'ADN induits par le cisplatine soit l'un des principaux facteurs contribuant à la résistance cellulaire, le mécanisme détaillé de ce processus n'est pas entièrement compris. NEIL3 et deux autres ADN glycosylases de mammifères, NEIL1 et NEIL2, appartiennent à la famille des ADN glycosylases de type Nei-like (NEIL), qui éliminent les bases oxydées de l'ADN lors de la toute première étape de la réparation par excision de bases en clivant le lien glycosidique entre le désoxyribose et la base endommagée. Cependant, il a été démontré qu'en dehors de son rôle classique de réparation des petites modifications de bases de l'ADN non encombrantes, NEIL3 peut également cliver les ICLs encombrants induites par le psoralène et le site AP in vitro. Des études récentes démontrent que la voie NEIL3 est la voie principale pour réparer les ICLs induites par le psoralène, ce qui assure une élimination rapide des lésions sans génération d'un DSB. En outre, NEIL3 est surexprimé dans de nombreuses tumeurs solides, ce qui confère un mauvais pronostic. Compte tenu de ces observations, nous proposons que l'ADN glycosylase NEIL3 pourrait participer à la réparation des lésions ICL induites par le cisplatine. Pour comprendre le rôle de l'ADN glycosylase NEIL3 dans la résistance au cisplatine, nous avons mené des expériences en utilisant une approche de "gain de fonction" et de "perte de fonction". Pour cela, des lignées cellulaires HeLa S3 surexprimant de manière stable Flag/HA-NEIL3, ainsi que des cellules NEIL3 knockout ont été générées en utilisant respectivement la transduction rétrovirale et la technique CRISPR/Cas9. Nous avons utilisé un test d'apoptose basé sur la cytométrie en flux pour étudier la sensibilité des cellules au traitement au cisplatine pendant 18h, et un test de dot blot pour observer l'accumulation de dommages à l'ADN par le cisplatine. Nos résultats ont révélé que la surexpression de la protéine exogène NEIL3 améliore significativement la réparation des lésions dues à la cisplatine et protège les cellules de l'apoptose induite par le cisplatine, tandis que le knock-out de NEIL3 sensibilise les cellules à le cisplatine. Ensuite, nous avons effectué une analyse protéomique pour révéler de nouvelles interactions protéineprotéine qui contribuent à la réparation des adduits ADN-cisplatine dépendante de NEIL3. Nous avons ainsi découvert que NEIL3 interagit avec le protéasome 26S et que l'inhibition de ce dernier abolit la protection médiée par NEIL3 contre l'apoptose induite par le cisplatine. Nous avons identifié Werner helicase (WRN)interacting partner 1 (WRNIP1), un membre de la famille AAA ATPase, comme une cible possible de la dégradation protéasomique dépendante de NEIL3. Nous proposons que WRNIP1 soit rapidement recruté au niveau de la fourche de réplication bloquée par l'ICL induite par le cisplatine, puis dégradé de manière opportune lors des étapes ultérieures de la réparation pour faciliter l'élimination de la lésion.The summary of workMore than four decades after entering the clinic as a treatment for testicular cancer, cisplatin has shown its efficacy against various solid tumors. It remains one of the most widely used chemotherapeutic agents. The anti-tumor effect of cisplatin-based chemotherapy is attributed to its ability to induce DNA interstrand cross-links (ICLs), which can block both DNA replication and transcription, ultimately triggering apoptosis. However, cisplatin resistance remains a fundamental obstacle to achieving maximum efficacy with this chemotherapy.Although the increased repair of cisplatin-induced DNA adducts is one of the main contributors to cellular resistance, the detailed mechanism of this process is not fully understood.NEIL3 and two other mammalian DNA glycosylases, NEIL1 and NEIL2, belong to Nei-like (NEIL) DNA glycosylases, which remove oxidized DNA bases in the first step of base excision repair (BER) by cleaving the glycosidic bond between the deoxyribose sugar and damaged base. However, it was shown that apart from its classical role of repairing small and non-bulky base modifications, NEIL3 can also cleave bulky psoralen-and AP-site-induced ICLs in vitro. Recent studies demonstrate that the NEIL3 pathway is the major pathway for the elimination of psoralen-induced ICLs, which ensures the rapid repair of bulky DNA lesions without the generation of highly genotoxic DNA double-strand breaks. In addition, NEIL3 is overexpressed in many solid tumors, which confers a poor prognosis. Taking these observations together, we propose that NEIL3 DNA glycosylase could participate in the repair of cisplatin-induced ICLs.
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 24 DNA cross-links DNA cross-links are the lesions that arise in the genome upon exposure to endogenous or exogenous bifunctional alkylating (cross-linking) agents. These chemical compounds contain more than two reactive groups that can covalently bind different functional groups in DNA and other macromolecules, resulting in monoadducts, DNA intra-and interstrand cross-links, and DNA-protein cross-links (Figure1).

Figure 1 .

 1 Figure 1. Types of DNA lesions generated by cross-linking agents: monoadduct, interstrand crosslink, DNA-protein crosslink, and intrastrand crosslink (Adapted McHugh et al., 2001).

Figure 2 .

 2 Figure 2. Common ICL-inducing agents and their properties. Modified from Guainazzi & Scharer, 2010.

Figure 3 .

 3 Figure 3. Mechanisms of cell resistance to cisplatin. The cellular resistance to cisplatin can be achieved through a wide range of genetic and epigenetic alterations, which can be classified into pre-target, on-target, post-target, and off-target resistance. Abbreviations: ATP7B, ATPase, Cu 2+
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 1 Mismatch repair Mismatch repair (MMR) is an evolutionarily conserved system for the correction of errors produced during DNA replication, which increases the fidelity of replication machinery at least 100-fold. In eukaryotes, the MMR pathway employs the MutSa heterodimer formed by MSH2 (MutS homolog 2) and MSH6 to recognize base-base mismatches and one-to-two nucleotide insertion-deletion loops (IDL), as well as the MutSb heterodimer formed by MSH2 and MSH3 to recognize larger IDLs. Following the lesion recognition, MutLa heterodimer consisting of MLH1 (MutL homolog 1) and PMS2 (Postmeiotic SegregationIncreased 2) forms a ternary complex with one of the MutS complexes bound to the mismatch site in DNA, and its endonuclease activity plays a role in the 3′ nickdirected digestion by exonuclease 1 (EXO1) in a PCNA/RFC-dependent manner.
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 2 Nucleotide excision repairNucleotide excision repair (NER) is a versatile pathway that deals with a variety of bulky, helix-distorting DNA lesions, including CPDs,(6 -4) PPs, and DNA intrastrand cross-links. The NER pathways consist of several steps, such as DNA damage recognition, dual incision and removal of the damaged DNA strand, synthesis of a patch using the undamaged complementary strand, and the ligation of the patch to the contiguous strand[START_REF] Spivak | Nucleotide excision repair in humans[END_REF]. Mutations in various components of the NER pathway results in the development of rare genetic syndromes such as Xeroderma Pigmentosum (XP), Cockayne syndrome (CS), and trichothiodystrophy (TTD), which have distinct clinical symptoms[START_REF] De Boer | Nucleotide excision repair and human syndromes[END_REF]. XP patients have severe photosensitivity, and due to sun exposure, they develop degenerative alterations of the skin and eyes. Moreover, XP is associated with a >1000-fold elevated risk of skin cancer development and, in severe cases, neurological abnormalities. CS and TTD patients, on the other hand, are not predisposed to skin cancer, despite their increased sensitivity to sunlight.CS is characterized by severe neurological abnormalities, including microcephaly, mental retardation, and progressive brain atrophy; whereas the clinical picture of TTD is brittle hair and ichthyosis combined with mental and physical retardation (de Boer[START_REF] De Boer | Nucleotide excision repair and human syndromes[END_REF][START_REF] Mckinnon | DNA Repair Deficiency and Neurological Disease[END_REF].The NER pathway consists of two major branches: transcription-coupled NER (TC-NER), which acts on actively transcribed regions, and global genome NER (GG-NER), which removes lesions throughout the genome, independently of transcription. These two pathways utilize common repair factors, differing only in the damage recognition step. In TC-NER, the lesion is recognized by stalling of RNA polymerase II (RNA pol II) and requires the involvement of CSA, CSB (Cockayne syndrome type A and B), and XAB2 (XPA Binding Protein 2) to initiate the repair. In GG-NER, DNA damage is very rapidly recognized by the DDB1-DDB2 (DNA damage binding protein 1 and 2) heterodimer followed by XPC/RAD23B (Xeroderma Pigmentosum complementation group C-Radiation sensitive 23), which binds to a DNA strand opposite to the damage site in the duplex. For both branches of NER, XPC recruits ten subunits complex TFIIH (transcription factor II H), which verifies the DNA damage, and creates an open DNA structure by unwinding DNA using two
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 3 Translesion DNA synthesis Translesion DNA synthesis (TLS) is an intrinsically error-prone process carried out by highly conserved, specialized DNA polymerases that can replicate opposite or past various DNA lesions. TLS polymerases (POL) include REV1, POL η, POL ι, POL κ, POL ζ, POL μ, POL λ, POL β, POL ν, and POL θ, which are distributed into four families (Y, B, X, and A) as well as PrimPol (Primase and DNA directed Polymerase), which has both polymerase and primase activities. Although the fidelity of TLS polymerases is much lower than those of replicative DNA polymerases, certain TLS polymerases are capable of accurate DNA synthesis over certain cognate lesions. For example, POL η, which is encoded by the XPV gene, can bypass CPDs with high accuracy, and its deficiency in XP variant (XPV) patients leads to photosensitivity and an increased predisposition to skin cancer[START_REF] Altieri | DNA Damage and Repair: From Molecular Mechanisms to Health Implications[END_REF][START_REF] Chatterjee | Mechanisms of DNA damage, repair and mutagenesis[END_REF].TLS polymerases also play a role in other repair pathways like BER and NER, as well as ICL repair by re-synthesizing removed DNA nucleotides after the excisions. Moreover, TLS polymerases, including REV1 and REV3, are also implicated in the development of chemoresistance in human cells and mice models (L.[START_REF] Zhao | Translesion Synthesis: Insights into the Selection and Switching of DNA Polymerases[END_REF].
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 4 DNA single-strand break repair Poly(ADP-ribose) polymerase 1 (PARP1) is a primary SSB sensor, which rapidly binds to and is activated by DNA strand breaks. PARP1 then attaches several hundreds of ADP-ribose units in the form of poly(ADP-ribose) (PAR) polymer presented as branched chains to itself and other protein targets and rapidly dissociates to detect the next SSB. Subsequently, 3' damaged ends undergo processing by APE1 (AP-endonuclease 1), PNKP (Polynucleotide Kinase 3'-Phosphatase), and APTX (aprataxin), followed by the removal of the damaged 5′ termini by FEN1 (Flap structure-specific endonuclease 1), with the help of PARP1 and PCNA (proliferating cell nuclear antigen). ssDNA gap is then filled by POL β, in combination with POL δ/ε and ligated by LIG1[START_REF] Caldecott | Single-strand break repair and genetic disease[END_REF][START_REF] Chatterjee | Mechanisms of DNA damage, repair and mutagenesis[END_REF][START_REF] Iyama | DNA repair mechanisms in dividing and non-dividing cells[END_REF].
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 5 DNA double-strand break repair DNA double-strand breaks (DSBs) are the most deleterious DNA lesions induced by various environmental agents, which can promote genomic instability, such as chromosomal aberrations because of misrepair, and lead to cell death if left unrepaired. Living organisms have evolved two major pathways to repair DSBs: homologous recombination (HR) and non-homologous end joining (NHEJ).
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 51 Homologous recombinationHomologous recombination (HR) operates during the S and G2 phases of the cell cycle and employs an intact sister chromatid as a template for information exchange and faithful repair. In HR, DSB is first recognized by the MRN complex (MRE11-RAD50-NBS1), which acts as a break sensor and recruits the protein kinase, ataxia telangiectasia mutated (ATM), and histone acetyl-transferase TIP60 to DSB sites. ATM activated by TIP60 transmits the DNA damage signal to downstream targets, including cell cycle checkpoints, chromatin remodeling factors, and other DNA repair factors to promote the DSB resolution. The next step is CtIP (carboxy-terminal binding protein (CtBP)-interacting protein) endonuclease-dependent end trimming to generate 3′ overhangs, which selectively commit the cells to HR while suppressing NHEJ. The resulting ssDNA is stabilized by RPA, which is then displaced by RAD51, generating a RAD51
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 52 Non-homologous end joiningNon-homologous end joining (NHEJ) is a predominant DSB repair pathway utilized during all cell cycle stages, especially in G1 when a sister chromatid is absent. In the NHEJ pathway, Ku70-Ku80 heterodimer (Ku) recognizes and rapidly binds to the DSBs to prevent end resection and recruit other NHEJ components, including DNA-PKcs, XRCC4, LIG4, XLF (XRCC4-like factor), and APLF (Aprataxinand-PNK-like factor). Upon recruitment, DNA-PKcs is activated in a DNAdependent manner, and as a consequence, it phosphorylates other nearby components and autophosphorylates itself. Depending on the complexity of DSB, different processing factors are recruited. For instance, DNA-PKcs can activate an endonuclease Artemis, which trims DNA ends with the aid of PNKP, APLF, WRN, APTX, and Ku, to reveal complementary nucleotide stretches prior to ligation. DNA gaps generated after the resection are filled by DNA polymerases of the X family (POL μ or POL λ), and the ends are joined by LIG4[START_REF] Chang | Nonhomologous DNA end joining and alternative pathways to double-strand break repair[END_REF][START_REF] Chatterjee | Mechanisms of DNA damage, repair and mutagenesis[END_REF] 

Figure 4 .

 4 Figure 4. Base excision repair. The base excision repair pathway is initiated by DNA glycosylases, which can be monofunctional (1), possessing only N-glycosylase activity, and bifunctional with additional b-lyase (2) and b/d-lyase (3) activities. AP site remaining after the cleavage by a monofunctional DNA glycosylase is then cleaved by APE1 to generate 5'-dRP moiety, which is removed by the dRPase activity of Polb. DNA strand break termini with 3'-blocking groups that appear as a result of the enzymatic activity of bifunctional DNA glycosylases are further processed by APE1 and PNKP. The resulting one nucleotide gap is synthesized and ligated by Polb and XRCC1/Lig IIIa complexes. This sub-pathway of BER is referred to as a short-patch BER (the right branch). If 5'-dRP moiety is resistant to Polb, the latter is replaced by Pol d/e, which catalyzes DNA strand displacement synthesis to generate a 5'-flap DNA structure. 5'-flap is then recognized and removed by FEN1/PCNA, and the resulting DNA nick is ligated by Lig I/PCNA. Abbreviations: APE1, AP endonuclease 1; PNKP, polynucleotide kinase 3'-phosphatase; PCNA, proliferating cell nuclear antigen; Polb, DNA polymerase β; FEN1, flap structure-specific endonuclease 1; XRCC1, X-Ray Repair Cross Complementing 1; Lig IIIa, DNA ligase IIIa. Adapted from Matta et al., 2020.

  or low concentrations of ATP molecules required for the repair process or during S phase of the cell cycle. In this case, Polb is replaced by Pold or e (Pold/e), which adds 2 to 8 nucleobases into the gap and generates a 5'-DNA flap structure. The latter is then recognized and removed by FEN1 in a PCNA-dependent manner. Finally, the nick is sealed by a DNA ligase 1 (Lig I) in concert with PCNA (Carter & Parsons, 2016). The proper regulation and coordination are essential for each step of the BER pathway due to the appearance of highly cytotoxic DNA repair intermediates such as AP-sites and single-strand breaks (SSB) during the repair process. Highly proficient BER could affect the sensitivity of cells to cancer therapy. It was demonstrated that extrahelical cytosines that are flipped out from cisplatininduced ICL have a tendency to undergo oxidative deamination, which leads to the creation of uracil residues next to the ICL. Using biochemical approaches, it was
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 7 DNA interstrand cross-link repair 3.7.1 Replication-independent ICL repair

Figure 5 .

 5 Figure 5. Model of replication-independent repair of ICLs via the NER pathway. If an ICL blocks the transcription, two specific factors for TC-NER, CSA, and CSB, are responsible for the loading of the incision complex, which can excise ICL. On the other hand, if an ICL is in non-

Figure 6 .

 6 Figure 6. The FANC proteins. The 22 FANC proteins can be divided into four groups based on their proposed functions in ICL repair. Where applicable, the alternative name is indicated (Alias). Abbreviations: FA, Fanconi anemia; ICL, interstrand cross-link; TLS, translesion DNA synthesis.Inspired by[START_REF] Renaudin | The FANC/BRCA Pathway Releases Replication Blockades by Eliminating DNA Interstrand Cross-Links[END_REF][START_REF] Semlow | Mechanisms of Vertebrate DNA Interstrand Cross-Link Repair[END_REF] 

Figure 7 .

 7 Figure 7. Three models of replication-dependent ICL repair via the Fanconi anemia pathway. A. The early model of replication-dependent ICL repair, when a single fork stall at the lesion and its repair, leads to the generation of a one-ended DSB. B. The model of the repair of ICL leads to the convergence of two replication forks, which generates a two-ended DSB as a repair intermediate. C.The ICL traverse model, where the replicative CMG helicase bypasses the lesion. Abbreviations: ICL: interstrand cross-link, RF: replication fork, TLS: translesion DNA synthesis, CMG: CDC45-MCM2-7-GINS (green hexamer). Inspired by[START_REF] Semlow | Mechanisms of Vertebrate DNA Interstrand Cross-Link Repair[END_REF] 

4

  NEIL3 DNA glycosylase and its role in ICL repair 4.1 NEIL glycosylase family DNA glycosylases accomplish the removal of mismatched and chemically modified bases in DNA in the first step of base excision repair (BER) by cleaving the glycosyl bond between the deoxyribose sugar and the abnormal base (Krokan & Bjørås, 2013). Mammalian Endonuclease VIII (Nei)-like (NEIL) DNA glycosylase family consists of three paralogs: NEIL1, NEIL2, and NEIL3, which share a conserved helix-two-turns-helix (H2TH) motif with the E. coli Fpg and Nei proteins and remove oxidized bases from DNA. All three are bifunctional enzymes and have both DNA glycosylase and β or β/δ-lyase activity with an unusual preference for singlestranded DNA and other DNA open structures found during DNA replication and transcription[START_REF] Hazra | Oxidative DNA damage repair in mammalian cells: A new perspective[END_REF][START_REF] Jacobs | DNA glycosylases: In DNA repair and beyond[END_REF] Liu, Doublié, et al., 2013). Upon recognition of the lesion, NEIL DNA glycosylases first excise the damaged base via a nucleophilic attack of N-terminal proline or valine residues on the Nglycosidic bond. NH2 group of N-terminal acid residue of NEILs form a covalent bond (Schiff base) with the orphaned ribose of the damaged DNA strand. The NEILs-AP site DNA covalent intermediate is then resolved via consecutive β-and β,δ-elimination reactions, initiated by abstraction of C2'-H and C3'-H atoms from the deoxyribose moiety, which results in the AP site removal via successive cleavage at its 3′ and 5′ sides. As a final product NEIL1 and 2 generate a DNA nick flanked by 3' and 5' phosphate residues, whereas NEIL3 produces a nick flanked by a 3′phospho-α,β-unsaturated aldehyde, and a 5′-phosphate. The structural and functional features of NEIL proteins are demonstrated in Figure 8. NEIL1 is a cell-cycle-dependent protein associated with the replication fork with elevated expression during the S phase, which removes damaged bases from a wide range of DNA structures. Common NEIL1 substrates include Tg, Sp, Gh, DHT, dihydrouracil (DHU), FapyG, FapyA, 5-OHU, 8-oxoG, and AP sites. NEIL1 can cleave

4. 2

 2 NEIL3 DNA glycosylase NEIL3 was previously described as human Formamidopyrimidine 2 (HFPG2) due to its homology to the bacterial Fpg/Nei DNA glycosylases family. The substrate specificity of NEIL3 overlaps with NEIL1. However, it has a preference for the product of further oxidation of 8-oxo-G residue such as guanidinhydantoin (Gh) and spiroiminodihydantoin (Sp), as well as Tg, FapyG, and FapyA in ssDNA, or ssDNA-containing structures (e.g., bubbles, forks, and quadruplexes)[START_REF] Liu | The mouse ortholog of NEIL3 is a functional DNA glycosylase in vitro and in vivo[END_REF]. Unlike other Fpg/Nei family members, which possess a robust β/δ-lyase activity, NEIL3 exhibits very weak β-lyase activity leaving an α, β-unsaturated aldehyde at the 3'terminus. Therefore in the presence of APE1, NEIL3 mainly acts as a monofunctional DNA glycosylase[START_REF] Krokeide | Human NEIL3 is mainly a monofunctional DNA glycosylase removing spiroimindiohydantoin and guanidinohydantoin[END_REF].

Figure 8 .

 8 Figure 8. Structural and functional features of mammalian NEIL DNA glycosylases. A. Schematic of the domains of human NEIL1, 2, 3, and E. coli Nei proteins that consist of DNA glycosylase domain (green), helix-2-turns-helix (H2TH, red) motif, Nei/Fpg zinc finger (Nei/Fpg, orange), ZF (zinc finger)like domain (orange round), Ran Binding Protein-type 2 ZF (RanBP2, blue), and two glycine-argininephenylalanine ZF (GRF, yellow) domains; B.Table comparing DNA substrate preferences, and
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 3 The role of NEIL DNA glycosylases in ICL repair In the first model replication-dependent ICL repair, the removal of ICL goes through the formation of DSB due to FANCQ/XPF/ERCC1 dual bracketed incision of ICL-containing DNA strand at the stalled replication fork (Figure 7). The resulting unhooked ICL is bypassed by TLS polymerases yielding a three-stranded DNA repair intermediate composed of a short oligomer covalently bound to the duplex (ICL fragment). It was suggested that these adducts are then removed by the classic GG-NER pathway. However, Couvé et al. have shown that psoralen-induced bulky ICL fragments are substrates for oxidative DNA glycosylases E. coli Nei-and human NEIL1-initiated base excision repair (BER) pathway (Couvé et al., 2009; Couvé-Privat et al., 2007). More recent biochemical studies by Martin et al. have shown that human NEIL3 cleaves psoralen-induced ICL in single-stranded, three-stranded, and fourstranded DNA substrates to generate unhooked DNA fragments containing either an abasic site or a psoralen-thymine monoadduct. In addition, Nei and NEIL1 also excise a psoralen-induced four-stranded DNA substrate to generate two unhooked DNA duplexes with a nick. At the same time, NEIL3 targeted both DNA strands in the ICL substrate without generating single-strand breaks (Martin et al., 2017). Reconstitution of the repair of plasmids containing a single ICL in Xenopus egg extracts has helped to elucidate the replication-coupled mechanism of ICL repair, including the role of NEIL3 DNA glycosylase in ICL repair. Semlow et al. have demonstrated that, during the replication fork convergence at ICL, E3 ubiquitin

Figure 9 .

 9 Figure 9. Replication-coupled repair of AP-and psoralen-ICLs. In Xenopus extracts, the repair of ICL requires the convergence of two replication forks at the lesion. E3 ubiquitin ligase TRAIP ubiquitinylates stalled CMG helicases, which leads to the recruitment of NEIL3. To unhook the ICL, NEIL3 cleaves the N-glycosidic bond on one of the cross-linked bases, leading to the generation of an AP site and psoralen-thymine monoadduct (or normal adenosine, in the case of AP-ICL). TLS polymerases bypass the lesions, which are then removed in later steps. If NEIL3 fails to unhook the ICL, CMG is further ubiquitinylated and removed from the DNA by VCP/p97, and the repair proceeds via a DNA incision-dependent pathway. Abbreviations: AP: abasic site; ICL: DNA interstrand crosslink; TLS: translesion DNA synthesis. Inspired from Wu et al., 2019.

  monoubiquitinylated in response to PUVA treatment. Moreover, upon PUVA treatment, NEIL3-proficient cells do not demonstrate significant phosphorylation of gH2AX as compared to NEIL3-deficient cells, suggesting that the FA pathway is activated as a backup pathway in the absence of NEIL3. Therefore, consistent with in vitro observations, NEIL3-mediated repair of psoralen-ICLs does not generate DSB as a DNA repair intermediate. It was also shown that NEIL3 forms a complex with RuvB-Like AAA ATPase 1 and 2 (RUVBL1/RUVBL2), AAA+ DNA-dependent ATPases, which have diverse roles in various DNA repair mechanisms. RUVBL1/RUVBL2 binds to NEIL3 and functions within the NEIL3 pathway. While studies in Xenopus extracts have shown that NEIL3 recruitment to the ICL site requires TRAIP-dependent ubiquitinylation of CMG helicase, cell studies have confirmed it only partially. In cells, downregulation of TRAIP incompletely blocked NEIL3 recruitment, whereas PARP activity appeared to be more significant.Inhibition or downregulation of PARP1 has led to a strong NEIL3 blockage. This suggests that NEIL3 recruitment on an ICL site in mammalian cells does not solely depend on TRAIP activity but also on PARP, and possibly NEIL3 might act outside of the S phase to unhook the psoralen-ICLs[START_REF] Li | Cooperation of the NEIL3 and Fanconi anemia/BRCA pathways in interstrand crosslink repair[END_REF]. To conclude, recent studies have shown that NEIL3 plays a crucial role in psoralen-induced ICL repair in living cells and that in mammalian cells, NEIL3-mediated ICL repair is PARPdependent and does not generate DSBs.

  human cells, there are two known E1 enzymes (UBA1 and UBA6), around 50 E2 enzymes, and over 600 E3 ligases[START_REF] Pohl | Cellular quality control by the ubiquitinproteasome system and autophagy[END_REF]. E3 ligases are the matchmakers of the UPS, which confer specificity to ubiquitinylation by recognizing target substrates and mediating the transfer of ubiquitin from an E2 enzyme to target substrates. Based on their structure and function, E3 ligases are divided into three main groups: the largest group is the RING (Really Interesting New Gene/Ubox)-type E3s with more than 600 members[START_REF] Deshaies | RING Domain E3 Ubiquitin Ligases[END_REF] followed by the HECT (Homologous to E6AP Carboxyl terminus)-type E3s with 28 and the RBR (RING between RING)-type E3s with 14 members. While RING E3 ligases catalyze the direct transfer of ubiquitin chains from the E2 enzyme to the substrate protein, HECT and RBR E3 ligases first serve as a donor of the ubiquitin via their catalytic cysteine and then transfer it to the substrate protein(Morgan & Crawford, 2021).
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 10 Figure 10. Schematic representation of the ubiquitin-proteasome system. Abbreviations: E1, E1 ubiquitin-activating enzyme, E2, E2 ubiquitin-conjugating enzyme, E3, an E3 ubiquitin ligase, Ub, ubiquitin, ATP, adenosine triphosphate, AMP, adenosine monophosphate, PPi, pyrophosphate.

  Canonical and most abundant (up to half of all ubiquitin linkages) K48-linked polyubiquitylation is generally associated with the proteasomal degradation[START_REF] Pohl | Cellular quality control by the ubiquitinproteasome system and autophagy[END_REF]. K63-linkage, apart from its role in proteasomal degradation, was shown to facilitate the autophagic degradation of protein substrates and associated cellular materials such as damaged mitochondria and invading pathogens. In addition, K63-linked ubiquitin chains are associated with other cellular processes, such as endocytic trafficking, regulation of chromatin structure, and signal transduction. K11-linkage is associated with cell cycle progression since it is necessary for the transition from metaphase to anaphase, whereas K29 and K33 ubiquitylation are shown to play a role in cell cycle regulation, as well as autophagy, protein trafficking, and stress responses. K6 and K27-linked ubiquitinylation is reported to be important in DNA damage response since they increase after DNA damage induction and are related to a number of repair proteins. Linear ubiquitinylation of N-terminal methionine residue (M1) is catalyzed by the linear ubiquitin chain assembly complex (LUBAC), the only known E3 ligase able to produce M1-linkages de novo. M1 ubiquitinylation was shown to be important in the activation of the nuclear factor kappa B (NF-kB), a ubiquitous rapid response transcription factor involved in immune and inflammatory reactions[START_REF] Kwon | The Ubiquitin Code in the Ubiquitin-Proteasome System and Autophagy[END_REF] Morgan & Crawford, 2021).Similar to most post-translational modifications, ubiquitinylation is a reversible process. Deubiquitinating enzymes (DUBs) are the enzymes that can reverse the action of E3 ligases by removing ubiquitin and ubiquitin-like molecules, as well as remodeling the ubiquitin chains on target proteins. More than 100 DUBs encoded in the human genome have a crucial role in the ubiquitin-mediated degradation of proteins and other functions. The balance between ubiquitinylation and deubiquitylation is important to maintain protein homeostasis and orchestrate various cellular processes that involve the UPS[START_REF] He | Polymorphism of the XRCC1 Gene Is Associated with Susceptibility and Short-Term Recovery of Ischemic Stroke[END_REF].5.2 The role of the ubiquitin-proteasome system in genome stabilityThe ubiquitin-proteasome system (UPS) regulates various cellular processes, including DNA replication and repair, by orchestrating the timely supervised degradation of proteins(Chauhan et al., 2021; Jackson & Durocher, 2013;[START_REF] Krogan | Proteasome involvement in the repair of DNA double-strand breaks[END_REF] Morgan & Crawford, 2021).In order to maintain the genome stability of cells, at each round of the cell divisions, nuclear DNA must be replicated only once, and both initiation and termination of the DNA replication must be tightly regulated. The cell cycle progression depends on the sequential activation of cyclin-dependent kinases (CDKs) in a timely and precisely regulated manner. The activity of CDKs is modulated by cyclin partners and CDK inhibitors, which are controlled by the UPS.In mammalian cells, the proteolytic degradation of regulators of CDKs is predominantly controlled by two E3 ubiquitin ligase families: APC/C (anaphasepromoting complex/cyclosome) and SCF (Skp1-Cul1-F-box) protein families. The APC/C is a RING E3 ubiquitin ligase, which mainly acts from mitosis through the late G1 phase, and regulates the cell cycle progression through the M phase and entry into the S phase through K11-linked ubiquitin chains. The SCF is a multiprotein ubiquitin ligase complex, which catalyzes K48-linked polyubiquitylation and subsequent degradation of various substrates to regulate G1/S and G2/M transitions[START_REF] Dang | Ubiquitin signaling in cell cycle control and tumorigenesis[END_REF] Morgan & Crawford, 2021).The genome integrity is constantly threatened by endogenous and exogenous assaults resulting in DNA damage. Cells possess various DNA repair mechanisms to recognize, remove and restore the primary DNA sequence with high fidelity. DNA repair is a multi-step process that requires not only the coordinated work of various cellular proteins but also their timely recruitment to a damage site as well as their dissociation or proteolytic degradation by the UPS(Jackson & Durocher, 2013; Morgan & Crawford, 2021). Here, I will give some examples of the important role of the UPS in various DNA repair pathways. TRAIP, discussed earlier in the ICL repair chapter, is a replisome-associated E3 ubiquitin ligase, which determines the repair pathway choice upon the stall of the replication fork (RF) at ICL and DNA-protein cross-link. It ubiquitinylates CMG helicases converging at the cross-link to promote the removal of the lesion and restart the replication. Short ubiquitin chains on CMG recruit NEIL3, which unhooks the ICL in a DSB-free manner. Alternatively, if NEIL3 fails to repair the lesion, TRAIP continues to ubiquitinylate CMG until its unloading from the DNA by VCP/p97

  For instance, E1 ubiquitin-activating enzyme inhibitor PYR-41 is in preclinical studies, whereas MLN4942 (Pevonedistat) is in Phase III of clinical studies against several cancers. Compared to E1 enzymes, E2 enzymes are more specific targets due to their association with multiple E3 ligases. E2 inhibitors CC0651 and NSC697923 are small molecules with the efficacy of reducing cancer cell growth, which is currently under preclinical studies. Due to the abundance and high specificity of E3 ligases, there are various E3 ligases currently in different phases of studies (LaPlante & Zhang, 2021). Studies of the last few decades have demonstrated that E3 ligases are implicated in the genesis of various cancers, which led to the emergence of proteintargeting-chimeras (PROTACs) technology. PROTAC is a bivalent molecule comprising two selective binding moieties to recruit a protein target and an E3ligase linked together so that the target will be brought to close proximity to the E3 ligase for its ubiquitination and further degradation. PROTACs have demonstrated both in vitro and in vivo efficacity to deplete target proteins rapidly and sustainably, providing a significant advantage versus small-molecule-based protein inhibition, where compensatory responses can increase target concentrations over time[START_REF] Laplante | Targeting the Ubiquitin-Proteasome System for Cancer Therapeutics by Small-Molecule Inhibitors[END_REF] Morgan & Crawford, 2021).

NEIL3

  DNA glycosylase initiates the base excision repair (BER) pathway to recognize and remove small, non-bulky oxidized base modifications when present in DNA via the cleavage of the N-glycosidic bond between sugar and a damaged base. The laboratory of Dr. Saparbaev has shown for the first time that apart from their classical role in the oxidative DNA base damage repair, human NEIL1 and NEIL3 DNA glycosylases can excise an unhooked DNA fragment containing bulky psoralen-induced interstrand DNA cross-link (ICL) in vitro. Following this, Dr. Walter's group has demonstrated that NEIL3 can recognize and unhook psoralenand abasic site-induced ICLs in Xenopus cell-free extracts. Recent studies from the laboratory of Dr. D'Andrea have shown that NEIL3-initiated ICL excision is the major repair pathway and the first-line defense against psoralen-induced ICLs in cells. As it was shown, NEIL3-mediated repair of psoralen-ICLs is very rapid and, importantly, occurs via a double-strand break (DSB)-free mechanism, prioritized over the classical Fanconi anemia pathway.Studies have shown that the loss of NEIL3 leads to decreased fork speed and, as a consequence, increased DSB formation. In contrast, its overexpression in tumors is associated with genome alterations and confers a poor prognosis. In addition, NEIL3 is overexpressed in highly proliferative tissues such as bone marrow and various tumors and is associated with metastasis in melanoma patients.Although it does not cleave the cisplatin-induced ICLs inXenopus extracts, despite being recruited to this lesion, NEIL3 knockout cells are sensitive to cisplatin, suggesting a possible role of NEIL3 in the repair of cisplatin-induced DNA adducts in mammalian cells. During my Ph.D. studies, I have attempted to shed light on the role of NEIL3 DNA glycosylase in removing cisplatin-induced DNA crosslinks. In the present study, the following aims were formulated: 1. To evaluate the role of overexpression and depletion of NEIL3 in cells upon the treatment with cisplatin. 2. To evaluate the role of different NEIL3 domains in removing cisplatininduced DNA damage. 3. To identify potential interacting protein partners of NEIL3 that act in the same repair pathway and contribute to NEIL3-mediated cellular resistance to cisplatin. 4. To investigate the mechanism of NEIL3-mediated repair of cisplatininduced DNA damage.were cloned into the PX458 vector, containing Cas9 and a GFP selection marker. HeLa S3 cells were seeded at 60% confluence in 6-well plate dishes 24 h before transfection. The gRNA-PX458 construct was transfected using the JetOPTIMUS (Polyplus) reagent. The selection of cells based on GFP fluorescence was after the transfection on the Aria II Flow Cytometer (BD Biosciences). Clones were collected after 3 weeks, and the disruption of NEIL3 was identified by sequencing and RT-qPCR.

  create plasmid disrupting the NEIL3 gene by CRISPR-Cas9 (forward) AAACCTGTGCAACTCAACGCTGCGC Primer used to create plasmid disrupting the NEIL3 gene by CRISPR-Cas9 (reverse) CACCGCGCAGCGTTGAGTTGCACAG Primer used to create plasmid disrupting the NEIL3 gene by CRISPR-Cas9 (forward) AAACCTCATTTAGGAGTCGACTGC Primer used to create plasmid disrupting the NEIL3 gene by CRISPR-Cas9 (reverse) CACCGCAGTCGACTCCTAAATGAG Primer used to verify CRIPSP-Cas9 generated deletion in the NEIL3 gene by PCR (forward) GAGCGACCTCAACAGCTAGG Primer used to verify CRIPSP-Cas9 generated deletion in the NEIL3 gene by PCR (reverse) GAACCCTGATGGGGTCTTTA Primer used to verify CRIPSP-Cas9 generated deletion in the NEIL3 gene by PCR (forward) CCAGGCTGTACTCTGAATGGA Primer used to verify CRIPSP-Cas9 generated deletion in the NEIL3 gene by PCR (reverse) TTTTCCTAAATACCAATGAGGTGA Primer used to detect NEIL3 mRNA expression by qPCR

Figure 11 .

 11 Figure 11. Generation of HeLa S3 cell line stably overexpressing the Flag/HA-tagged NEIL3 protein. (A) Schematic outline of the protocol used to generate HeLa S3 cell line overexpressing Flag/HA-tagged NEIL3 protein (NEIL3-FH). (B) Western blot of Flag IP samples purified from HeLa S3 NEIL3-FH cells. Ponceau S staining was used as a loading control. (The membrane was cropped to remove irrelevant parts).

Figure 12 .

 12 Figure 12. Overexpression of the NEIL3 protein protects HeLa S3 cells from cisplatininduced apoptosis. (A) Measurement of apoptosis by flow cytometry of Annexin V and Propidium Iodide (PI) stained cells incubated overnight in the presence of different doses of cisplatin (CDDP). Data shown are the mean ± SD (n = 4). *p < 0.05; ***p < 0.001. (B) Dot blot with an antibody recognizing cisplatin-modified DNA to measure the accumulation of cisplatin-DNA adducts after overnight exposure to cisplatin (15 µg/mL). SYBR Gold staining was used as a loading control.

Figure 13 .

 13 Figure 13. Generation of HeLa S3 NEIL3 knockout (NEIL3 -/-) cell lines. (A) Schematic outline of the protocol used to generate HeLa S3 NEIL3 -/-cell lines. (B) Scheme depicting CRISPR-Cas9 strategy to create HeLa S3 NEIL3 -/-cell lines. Two guide RNAs were used to delete a 194 bp and 1890 bp region of the first exon and first exon-intron intersection of the NEIL3 gene, respectively. (C) Disruption of the NEIL3 gene in clones #1-1 and #2-6 was confirmed by RT-qPCR. Data shown are the mean ± SD (n = 5).
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 14 Figure 14. NEIL3 knockout sensitizes cells to cisplatin and leads to the accumulation of high levels of DNA damage. (A) Measurement of apoptosis by flow cytometry of Annexin V and Propidium Iodide (PI) stained cells incubated overnight in the presence of different doses of cisplatin (CDDP). Data shown are the mean ± SD (n = 4). **p < 0.01; ***p < 0.001. (B) Dot blot with an antibody recognizing cisplatin-modified DNA to measure the accumulation of cisplatin-DNA adducts after overnight exposure to cisplatin (15 µg/mL). SYBR Gold staining was used as a loading control.

Figure 15 .

 15 Figure 15. Generation of HeLa S3 cells stably overexpressing NEIL3 domains. (A) Schematic of full-length (NEIL3 FL), C-terminal, and N-terminal domains (NEIL3 NTD and NEIL3 CTD, respectively) of NEIL3, which consist of DNA glycosylase domain (green), helix-2-turns-helix (H2TH, red) motif, Nei/Fpg zinc finger (Nei/Fpg, orange), Ran Binding Protein-type 2 ZF (RanBP2, blue), and
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 16 Figure 16. C-terminal domain of NEIL3 contributes to the resistance of cells to cisplatin treatment. (A) Measurement of apoptosis by flow cytometry of Annexin V and Propidium Iodide (PI) stained cells incubated overnight in the presence of 10µg/mL cisplatin (CDDP). Data shown are the mean ± SD (n = 3). ns, non-significant **p < 0.01. (B) Dot blot with an antibody recognizing cisplatinmodified DNA to measure the accumulation of cisplatin-DNA adducts after overnight exposure to 15 µg/mL CDDP. SYBR Gold staining was used as a loading control.
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 18 Figure 18. Activity of the 26S proteasome is necessary for NEIL3-mediated protection of cells from cisplatin. (A) Measurement of apoptosis by flow cytometry of Annexin V and Propidium Iodide (PI) stained cells pretreated with 0.5µM CFZ followed by overnight incubation with different doses of CDDP. Data shown are the mean ± SD (n = 3). **p < 0.01; ***p < 0.001. (B) Dot blot with an antibody recognizing cisplatin-modified DNA to measure the accumulation of cisplatin-DNA adducts after the pretreatment with 0.5µM CFZ followed by overnight exposure to CDDP (15 µg/mL).

Figure 19 .

 19 Figure 19. List of the top candidate interactors of NEIL3 from mass spectrometry analysis. Proteins identified by mass spectrometry in NEIL3-Flag/HA protein complexes analyzed before and after 3h treatment with either 15 µg/mL cisplatin or 0.5 μM CFZ, or a combination of two drugs.

Figure 20 .

 20 Figure 20. The proteasome inhibitors stabilize WRNIP1 interaction with NEIL3. (A) Western blot of Flag IP from NEIL3-FH cells treated with either CDDP, CFZ, or both drugs. (B) Western blot of Flag IP samples from NEIL3-FH cells treated with different doses of the reversible proteasome inhibitor MG-132.

  Noteworthy, treatment with CFZ increased the amount of NEIL3-associated WRNIP1 in the absence of cisplatin treatment (compare lanes 9 and 10), suggesting continuous turnover of NEIL3-bound WRNIP1 by 26S proteasome present in complexes, which is somehow blocked during rapid recognition of cisplatininduced ICLs. Therefore, we hypothesize that the stabilization of NEIL3/WRNIP1 interactions after exposure to cisplatin plays an important role in the rapid recognition of the stalled replication forks at cisplatin-induced ICLs, which enables the initiation of very early steps of their repair.

Figure 21 .

 21 Figure 21. The dynamics of the interaction between NEIL3, WRNIP1, and 26S proteasome upon cisplatin treatment. Western blot analysis of the dynamic interactions between NEIL3, WRNIP1, and 26S proteasome in Flag IP upon exposure of cells to cisplatin and the effect of CFZ pretreatment on this complex. (Membranes were cropped to avoid overexposed parts).

Figure 23 .

 23 Figure 23. Interaction between WRNIP1 and 26S proteasome is stabilized upon the treatment with carfilzomib. Western blot of anti-Flag IP samples from HeLa S3 PSMB4 cells treated with cisplatin, and carfilzomib. Ponceau S staining was used as a loading control. CF, a chromatin fraction; SF, a soluble fraction that contains cytoplasmic and nuclear proteins. (The membrane was cropped to remove irrelevant parts).

Figure 24 .

 24 Figure 24. The interaction between 26S proteasome and WRNIP1 is ubiquitin-independent. Western blot of Flag IP samples from HeLa S3 PSMB2-FH cells treated with broad ubiquitylation inhibitor TAK-243, and carfilzomib (CFZ). CF, a chromatin fraction; SF, a soluble fraction that contains cytoplasmic and nuclear proteins.

Figure 25 .

 25 Figure 25. The proteasomal degradation of WRNIP1 partially depends on NEIL3. (A) Schematic outline of the experiments on panels B and C. (B) Effect of the WRNIP1 knockdown on the interaction between NEIL3 and 26S proteasome. Western blot of Flag IP samples from NEIL3-FH cells treated with CFZ, and WRNIP1 siRNA; (C) Effect of the NEIL3 knockdown on WRNIP1

  In this study, we have investigated the role of NEIL3 DNA glycosylase in the repair of cisplatin-induced DNA damage. Several HeLa S3 cell lines overexpressing full-length, N-terminal, and C-terminal domains of NEIL3 protein were generated by retroviral transduction. HeLa S3 cell lines deficient for NEIL3 were constructed using the CRISPR-Cas9 technique. The newly constructed cell lines were treated with cisplatin and carfilzomib, or a combination of two drugs. The biological outcomes of these treatments were examined by the flow cytometry-based apoptosis assay and dot blot to measure the accumulation of cisplatin-induced DNA damage. Two mass-spectrometry analyses were performed with treated and non-treated HeLa S3 NEIL3-Flag/HA cells in order to identify protein interacting partners. The protein-protein interactions were confirmed by a western blot of Flag IP samples. Dynamics of the interaction between NEIL3 and its partners were studied by Flag IP of NEIL3 protein complexes upon the drug treatment.To conclude, in the present study, we demonstrated that the overexpression of NEIL3 protein significantly improves the repair of cisplatin-induced DNA lesions and protects the cells from apoptosis. On the other hand, the knock-out of NEIL3 leads to the high accumulation of cisplatin-induced DNA lesions, sensitizing the cells to cisplatin. Proteomic analysis revealed the transient interaction between NEIL3 and 26S proteasome. Inhibition of the catalytic activity of the 26S proteasome leads to the abolishment of NEIL3-mediated protection of the cells from cisplatin, suggesting the role of protein degradation in the repair of complex DNA damage. We then identified AAA+ ATPase WRNIP1 as a potential target of NEIL3-dependent proteasomal degradation. Taking into account previously described role of WRNIP1 in the ICL repair, we propose a model of the NEIL3mediated repair of cisplatin-induced ICLs.

  identified and characterized (ref). NEIL3, together with NEIL1 and NEIL2, belongs to the family of Nei-like (NEIL) bifunctional DNA glycosylases. In the first step of the base excision repair (BER) pathway, it hydrolyzes the glycosidic bond between the deoxyribose sugar and oxidized DNA base 7 . All three NEILs are bifunctional enzymes with overlapping DNA substrate specificity with an unusual preference for single-stranded DNA and other DNA open structures that could be generated during DNA replication and transcription 8 . Unlike the other two members of the human NEIL DNA glycosylase family, NEIL3 has an extended C-terminal domain (CTD) that contains a RanBP2-like zinc finger (RanBP ZF) and two glycine-arginine-

  cisplatin-induced apoptosis, whereas the knockout of NEIL3 sensitizes cells to cisplatin and leads to the accumulation of genotoxic lesions. Proteomic analysis of the proteinprotein interactions reveals that NEIL3 interacts with the 26S proteasome. Inhibition of the proteasome suppresses NEIL3-mediated cisplatin resistance, suggesting the role of protein degradation in DNA repair of cisplatin-induced DNA crosslinks. We have identified WRNIP1, a member of the AAA ATPase family, as a possible protein target of NEIL3dependent proteasomal degradation. Previously, it has been shown that WRNIP1 participates in the early step of ICL repair by recruiting FANCD231 . Here we propose a model in which WRNIP1 is rapidly recruited to the cisplatin-induced ICL-stalled replication fork in a complex with NEIL3 and then degraded in a timely manner at later stages of the repair.

Figure 1 .

 1 Figure 1. NEIL3 is involved in the repair of cisplatin-induced DNA lesions and protects human cells from cisplatin-induced apoptosis. (a) Western blot of Flag IP samples purified from HeLa S3 cells overexpressing NEIL3 protein (NEIL3-FH). Ponceau S staining was used as a loading control. (The membrane was cropped to remove irrelevant parts). (b) Measurement of apoptosis by flow cytometry of Annexin V and Propidium Iodide (PI) stained cells incubated overnight in the presence of different doses of cisplatin (CDDP). (c) Dot blot with an antibody recognizing cisplatin-modified DNA to measure the accumulation of cisplatin-DNA adducts after the overnight exposure to cisplatin (15 µg/mL). (d) Characterization of HeLa S3 cell clones lacking NEIL3, constructed using CRISPR/Cas9 technique. The disruption of the NEIL3 gene in clones #1-1 and #2-6 was confirmed by RT-qPCR. (e, f) Same as in "b" and "c" panels except that HeLa S3 NEIL3 -/-cells were used. Please see Materials and Methods for additional details.

Figure 2 .

 2 Figure 2. 26S proteasome plays a role in NEIL3-mediated removal of cisplatin-DNA adducts. (a) Schematic outline of the mass-spectrometry analysis of Flag IP samples performed before and after 30 min treatment of HeLa S3 NEIL3-FH cells with 15 µg/mL cisplatin. (b) Venn diagrams representing the results of mass-spectrometry: "only ctrl" denotes proteins found in control non-treated cells; "cis<" and "cis>" indicate proteins that increase or decrease, respectively, after cisplatin treatment; "cis=" refers to proteins, which do not change after the treatment; "only cis" designates proteins that are detected only after the treatment. (c) Western blot of Flag IP samples purified from chromatin fractions of NEIL3-FH cells treated

Figure 4 .

 4 Figure 4. WRNIP1 is degraded by the UPP. (a) Schematic outline of the experiment on panel 4b. (b) Western blot of Flag IP samples from PSMB2-FH cells treated with MG-132 as described in panel 4a. (c) Western blot of Flag IP samples from HeLa S3 PSMB2-FH cells treated with broad ubiquitylation inhibitor TAK-243, and carfilzomib. (d) Effect of NEIL3 knockdown on WRNIP1 degradation. Left, Western blot of Flag IP samples from PSMB2-FH cells treated with cisplatin, CFZ, and NEIL3 siRNA; Right, NEIL3 knockdown was verified by RT-qPCR. (The membrane was cropped to avoid overexposed parts). CF, chromatin fraction;

Figure 5 .

 5 Figure 5. A model of the NEIL3-dependent proteasomal degradation of the WRNIP1 protein upon cisplatin treatment.

  GAPDH: forward, 5′-CTGCACCACCAACTGCTTAG-3′; reverse, 5′-AGGTCCACCACTGACACGTT-3′.

  Titre : Le rôle de l'ADN glycosylase NEIL3 dans la résistance au cisplatine Mots clés : ADN glycosylase NEIL3, cisplatine, pontages interbrins de l'ADN, protéasome 26S Résumé : L'effet anti-néoplastique des agents pontants de l'ADN tels que le cisplatine, la mitomycine C et le psoralène est attribué à leur capacité à induire des pontages inter-brins de l'ADN (PIBs), qui bloquent les voies de réplication, de transcription et de réparation linéaire en empêchant la séparation des brins d'ADN et déclenchent l'apoptose. Il est généralement admis que la voie de l'anémie de Fanconi (AF) orchestre la suppression des PIBs par les actions combinées de diverses voies de réparation de l'ADN. Récemment, l'attention s'est portée sur la capacité de la voie de réparation par excision de bases initiée par NEIL3 à résoudre les ICL induites par le psoralène et le site abasique d'une manière indépendante de la AF. De manière surprenante, la surexpression de NEIL3 est associée à la chimiorésistance et à un mauvais pronostic dans de nombreuses tumeurs solides.Ici, en utilisant des approches de perte et de gain de fonction, nous démontrons que NEIL3 confère une résistance au cisplatine et participe à l'élimination des adduits cisplatine-ADN. Des études protéomiques révèlent que la protéine NEIL3 interagit avec le protéasome 26S de manière dépendante du cisplatine. NEIL3 agit comme médiateur de la dégradation protéasomique de WRNIP1, une protéine impliquée dans l'étape précoce de la réparation des PIBs. Nous proposons que NEIL3 participe à la réparation des PIBs bloquant les fourches de réplications par recrutement de protéasome afin d'assurer une transition adéquate entre la reconnaissance des lésions et leurs réparations, via la dégradation des protéines des étapes précoces tel que WRNIP1.Title: The role of NEIL3 DNA glycosylase in the resistance to cisplatin Keywords: NEIL3 DNA glycosylase, cisplatin, interstrand DNA crosslink, 26S Proteasome Abstract: Anti-neoplastic effect of DNA crosslinking agents such as cisplatin, mitomycin C, and psoralen is attributed to their ability to induce DNA interstrand crosslinks (ICLs), which block replication, transcription, and linear repair pathways by preventing DNA strand separation and trigger apoptosis. It is generally agreed that the Fanconi anemia (FA) pathway orchestrates the removal of ICLs by the combined actions of various DNA repair pathways. Recently, attention has been focused on the ability of the NEIL3initiated base excision repair pathway to resolve psoralen-and abasic site-induced ICLs in an FAindependent manner. Intriguingly, overexpression of NEIL3 is associated with chemo-resistance and poor prognosis in many solid tumors.
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 1 The list of oligonucleotides used in this study

	Oligonucleotides	Sequence (5′ -3′)
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Data analysis

All values shown on the graphs indicate means ± S.D. of several biological replicates, the exact number of which (n) is indicated in the caption. Student's unpaired t-test was applied for two-group comparisons. The asterisks in the graphs correspond to p-value ≤ 0.05 for an asterisk (*), p-value ≤ 0.01(**), p-value≤0.001(***). GraphPad Prism was used for graphing and analysis.

Data and Materials availability

The datasets generated during the current study are available in the ProteomXchange repository, PXD032245 related to Fig. 2 and PXD034325 related to Fig. 3. Novel cell lines described in this work are available from authors upon request.

III. Materials and methods

Cell lines and culture conditions

HeLa S3 cells were grown in Dulbecco's modified Eagle medium (DMEM) supplemented with 10% (v/v) fetal bovine serum (ThermoFisher Scientific) and 1% penicillin/streptomycin (ThermoFisher Scientific) in a 5% CO2 incubator at 37°C.

Generation of NEIL3-FLAG/HA cell lines

To obtain stable HeLa S3 cell lines overexpressing the full length, N-terminal and C-terminal domains of human NEIL3 protein, NEIL3 cDNA was subcloned into the pOZ-FH-C retroviral expression vector by restriction enzyme digestion with XhoI and NotI. The list of primers used is indicated in Table 1 below. To confirm proper integration and lack of mutation in the NEIL3 gene, we sequenced the pOZ-C-NEIL3-Flag/HA plasmid around the insertion site. To encapsulate the construct for retroviral transduction, Phoenix-A cells were seeded at the density of 120,000 cells per one well at a 6-well plate and transfected with the construct using Lipofectamine 2000. At 48 and 72h post-transfection, the supernatant containing retrovirus was collected and filtered with a 0.22 µm filter and added to HeLa S3 cells seeded in a 6-well plate at 70% confluency. The cells were sorted 48h later using DynaBeads TM (Invitrogen) in an Isolation buffer (Ca 2+ and Mg 2+ -free PBS supplemented with 0.1% BSA and 2mM EDTA, pH7.4). NEIL3-Flag/HA overexpression was validated by western blot using anti-Flag and anti-HA antibodies.

Generation of NEIL3 -/-cell lines HeLa S3 NEIL3 -/-cell lines were generated using the CRISPR-Cas9 system.

Oligonucleotides encoding different guide RNAs (Table 1) targeting the NEIL3 gene Activity of 26S proteasome is essential for the NEIL3-mediated cisplatin resistance

In the present study, in order to find protein partners of NEIL3 involved in the repair of cisplatin-induced DNA damage, we performed proteomic analysis. We searched for the protein partners of NEIL3 that could be involved in the repair of cisplatin-induced DNA damage. HeLa S3 NEIL3-FH cells were treated with cisplatin, followed by fractionation of cell extracts into soluble and chromatin fractions. To solubilize chromatin-bound proteins, we introduced a DNA digestion step with Benzonase nuclease. Then we isolated NEIL3 complexes from each fraction by Flag immunoprecipitation (Flag IP) (Figure 17). (A) Schematic outline of the mass-spectrometry analysis of Flag IP samples performed before and after the treatment of HeLa S3 NEIL3-FH cells with 15 µg/mL cisplatin for 30 min. (B) Venn diagrams representing the results of mass-spectrometry: "only ctrl" denotes proteins found in control nontreated cells; "cis<" and "cis>" indicate proteins that increase or decrease, respectively, after cisplatin treatment; "cis=" refers to proteins which do not change after the treatment; "only cis" designates

NEIL3-dependent degradation of WRNIP1 upon cisplatin treatment

To further investigate whether WRNIP1 in complex with NEIL3 and 26S proteasome is degraded, we designed a "degradation on the beads" experiment.

We used HeLa S3 cells expressing the PSMB2 (β4) subunit (PSMB2-FH) tagged with Flag-HA epitopes at the C-terminus of the 20S proteolytic core of the 26S proteasome. We treated PSMB2-FH cells with a reversible proteasome inhibitor MG-132 for an hour, followed by cell collection and Flag IP in the presence of MG-132 to keep proteasome inhibited. Just before the elution, beads were washed and divided into two parts: with and without MG-132. Then they were incubated at 37°C in the presence of ATP to maintain the integrity and activity of the 26S proteasome and to allow protein degradation (Figure 22A). Complexes were then eluted with the Flag peptides and analyzed by western blot. In the samples in which MG-132 was removed, we detected the gradual disappearance of WRNIP1 (Figure 22, lanes 1-4), whereas the amount of WRNIP1 did not change when the inhibitor was present (Figure 22, lanes 8-11). 

Results

Gain-and loss-of-function approaches demonstrate the role of NEIL3 in cisplatin-induced apoptosis via DNA repair

The major DNA damage generated by cisplatin is intra-strand DNA crosslinks (~90%), whereas ICLs account for less than 5% of all lesions 5,32 . However, it is believed that ICLs play a major role in the cytotoxicity of cisplatin 33 and other DNA crosslinking agents since they are more difficult to repair as compared to intra-strand DNA crosslinks 34 .

Here, we used overnight exposure to cisplatin to induce the accumulation of cisplatininduced ICLs. To further substantiate the emerging role of NEIL3 in cisplatin resistance, we employed a gain-of-function approach. HeLa S3 cell lines with stable overexpression of NEIL3, tagged with Flag and HA epitopes at the C-terminus (NEIL3-FH), were generated using retroviral transduction (Fig. 1a) 35 . As shown in Fig. 1b, overexpression of NEIL3 reduces apoptosis induced by overnight exposure to different concentrations of cisplatin as compared to control wild-type (WT) cells that have only endogenous NEIL3.

To measure the accumulation of cisplatin-induced DNA adducts in cellular DNA upon the treatment, we used dot blot analysis with an antibody specific to cisplatinmodified DNA. HeLa S3 WT and NEIL3-FH cells were exposed overnight to 15 µg/mL cisplatin, then collected and lysed to isolate genomic DNA. The dot blot assay of cellular DNA from WT cells exposed to cisplatin overnight showed an intense signal, indicating accumulation of a high level of cisplatin-modified DNA, whereas NEIL3-FH cells exhibit much lower signal, as compared to WT (Fig. 1c), suggesting enhanced removal of the cisplatin-induced DNA damage. Similar to the results of dot blot analysis, overexpression of NEIL3 reduced apoptosis (Fig. 1b), suggesting that overexpression of the exogenous NEIL3 protein increases cell resistance to cisplatin by preventing the accumulation of cisplatin-DNA adducts.

WRNIP by 26S proteasome present in complexes, which is somehow blocked during rapid recognition of cisplatin-induced ICLs. We further hypothesized that the stabilization of NEIL3/WRNIP1 interactions after exposure to cisplatin plays an important role in the rapid recognition of the stalled replication forks at cisplatin-induced ICLs, which enables the initiation of early steps of their repair. 

NEIL3-dependent degradation of WRNIP1 upon cisplatin treatment

To further investigate whether WRNIP1 in complex with NEIL3 and 26S proteasome is degraded, we designed a "degradation on the beads" experiment. We used HeLa S3 cells expressing the PSMB2 (β4) subunit of the 20S proteolytic core of the proteasome tagged with Flag-HA epitopes at the C-terminus. We treated PSMB2-FH cells with a reversible proteasome inhibitor MG-132 for an hour, followed by cell collection and SF, soluble fraction that contains cytoplasmic and nuclear proteins; FT, flow-through; W1, first wash of the beads. For details see Materials and Methods.

Most substrates of the 26S proteasome are ubiquitylated before degradation and bind to the proteasome via ubiquitin chains. To determine whether WRNIP1 binds to proteasome via ubiquitin chain, we used TAK-243, a specific inhibitor of the E1 ubiquitinactivating enzyme 36 , which completely blocks ubiquitylation. Therefore Fk2-Ub antibody was used in order to evaluate the efficiency of the TAK-243 molecule (Fig. 4c).

Surprisingly. WRNIP was still bound to the proteasome after TAK-243 treatment; moreover, the levels of proteasome-bound WRNIP1 were significantly stabilized by TAK-243 even in the absence of [START_REF] Wu | TRAIP is a master regulator of DNA interstrand crosslink repair[END_REF][START_REF] Rodriguez | An autoinhibitory role for the GRF zinc finger domain of DNA glycosylase NEIL3[END_REF][START_REF] Ha | A non-canonical role for the DNA glycosylase NEIL3 in suppressing APE1 endonuclease-mediated ssDNA damage[END_REF][START_REF] Li | Cooperation of the NEIL3 and Fanconi anemia/BRCA pathways in interstrand crosslink repair[END_REF]. This data indicates that WRNIP1 binds to the proteasome in a ubiquitin-independent fashion but requires ubiquitylation for the degradation suggesting that it is ubiquitylated on the proteasome.

In the experiment shown in Fig. 3, we detected CFZ-induced changes in the WRNIP1 levels in NEIL3 complexes, but not in whole-cell extracts (Fig. 3b,c,d) suggesting that WRNIP1 is degraded only upon interaction with NEIL3. To determine whether NEIL3 targets WRNIP1 to the proteasome, we analyzed the effect of NEIL3 knockdown on proteasomal degradation of WRNIP1 in PSMB2-FH cells (Fig. 4d). As expected, CFZ-induced stabilization of WRNIP1 was blocked in cells treated with NEIL3 siRNA (lanes 5-8). These results strongly suggest that NEIL3 is required for WRNIP1 binding to the proteasome, which eventually results in the WRNIP1 degradation.

Discussion

In addition to its well-established role in BER, NEIL3 DNA glycosylase plays a major role in the repair of the psoralen-induced DNA crosslinks in human cells and is the first-line defense against ICLs due to its rapid recruitment to the sites of damage12. As shown in Fig. 1, here we confirm the published observations that NEIL3 knock-out cells We would like to integrate our findings with the published literature by proposing the following model of NEIL3-mediated ICL repair (Fig. 5). First, NEIL3 recruits WRNIP1 and proteasome to the ICL-stalled replication fork (step 1). WRNIP1 then recruits FANCD2/FANCI dimer as demonstrated by Socha and colleagues 31 , FANCD2 and FANCI are mono-ubiquitylated by the core Fanconi complex (step 2), and recruit the repair module proteins (BRCA1, BRCA2, XPF-ERCC1, step3). WRNIP1 is ubiquitylated and degraded, perhaps with other proteins, and proteasome dissociates from the lesion (step 4), followed by the repair of the lesion (step 5). Thus, the interplay between WRNIP1 and NEIL3 channels the repair of the ICL-stalled replication fork toward the FA pathway.

Materials and methods

Cell lines and culture conditions

HeLa S3 cells were grown in Dulbecco's modified Eagle medium (DMEM) supplemented with 10% (v/v) fetal bovine serum (ThermoFisher Scientific) and 1% penicillin/streptomycin (ThermoFisher Scientific) in a 5% CO2 incubator at 37°C.

Generation of NEIL3-FLAG/HA cell lines

To obtain a stable HeLa S3 NEIL3-FLAG/HA overexpressing cell line, human NEIL3 cDNA was subcloned into the pOZ-C retroviral expression vector by restriction enzyme digestion with XhoI and NotI. To confirm proper integration and lack of mutation in the NEIL3 gene, we then sequenced the pOZ-C-NEIL3-Flag/HA plasmid around the insertion site. To encapsulate the construct for retroviral transduction, Phoenix-A cells were seeded at the density of 120,000 cells per one well at a 6-well plate and transfected with the construct using Lipofectamine 2000. At 48 and 72h post-transfection, the supernatant containing retrovirus was collected and filtered with a 0.22 mm filter and added to HeLa S3 cells seeded in a 6-well plate at 70% confluency. The cells were sorted 48h later using DynaBeads TM (Invitrogen) in an Isolation buffer (Ca 2+ and Mg 2+ -free PBS supplemented with 0.1% BSA and 2mM EDTA, pH7.4). NEIL3-Flag/HA overexpression was validated by western blot.

Generation of NEIL3 -/-cell lines

HeLa S3 NEIL3 -/-cell lines were generated using the CRISPR-Cas9 system. 

Cell fractionation

Cells were collected by scraping and washed with phosphate-buffered saline (PBS) followed by resuspension in 1x micrococcal nuclease (MNAse) buffer (200 mM Tris HCl, 25 mM CaCl2, 50 mM NaCl) supplemented with 1x protease inhibitor cocktail (PIC), and then subjected to lysis by freezing them at -80°C. Lysed cells were centrifuged at 16,000 x g and the supernatant was collected as a 'soluble fraction'. To isolate chromatin-bound proteins, the cell pellet was resuspended in MNAse buffer and treated with MNAse (Sigma)

for 10 minutes on ice and centrifuged at 16,000 x g for 5 minutes. The remaining pellet was subjected to extraction with a 10x TBS buffer and washed with 1x TBS buffer. The supernatant from these three steps was combined and considered a 'chromatin fraction'.

Dot Blot Assay

To analyze the accumulation of cisplatin-induced DNA damages, cells were seeded in 10 cm dishes, and at 70% of confluence, cells were treated with cisplatin and/or carfilzomib for indicated times followed by chromatin fraction isolation described above.

DNA was isolated using phenol-chloroform. DNA concentrations were estimated by a Biospec-Nano spectrophotometer. 300ng of DNA in 3µl of water was loaded in a Hybond filter and UV crosslinked on UV Stratalinker 2400™ (Stratagene). Then membranes were incubated in 1x TBST with 1:10,000 SYBR Gold (Life Technologies) for 30 minutes and washed with 20% ethanol for 20 minutes. Typhoon FLA 9500 was used to detect DNA signal with SYBR Gold fluorescent dye for loading control. Followed this, membranes were incubated for 1h in 10% milk for blocking and incubated overnight in antibodies "Degradation on the beads" protein degradation assay HeLa S3 PSMB2-FH cells were seeded in 15 cm dishes to reach 80% confluence the next day and were treated with 2 μM MG-132 for 1h. Cells were collected by scraping and washed with phosphate-buffered saline (PBS) followed Flag IP in the presence of MG-132 to keep 26S proteasome inhibited. Just before the elution, anti-Flag agarose beads with PSMB2 complexes were washed with 1x TBS supplemented with PIC and divided into two parts -2 μM MG-132 was added back to only one part. We then incubated beads at 37°C in a special buffer (100 mM Tris (pH7.5), 100 mM KCl, 5 mM MgCl2, 1mM DTT, 1mM ATP) to restore the activity of a proteasome for indicated times and eluted protein complexes from beads using Flag peptides.

Mass spectrometry

Wild type and NEIL3-FH HeLa S3 cells were seeded in a 15 cm dish in a quantity of 12 million cells. The next day, cells were treated with 15 µg/mL cisplatin (Mylan, France) for the indicated times. In some samples, 0.5 μM carfilzomib was added 1 hour before and kept during cisplatin treatment. NEIL3-Flag/HA and its binding partners were isolated by Flag Immunoprecipitation. The samples were loaded into a 10% Tris-Acetate gel and let migrate for a few centimeters before the bands were cut from the gel and sent to mass spectrometry. The analysis of NEIL3 protein complexes was performed at the Taplin Mass Spectrometry Facility, Harvard Medical School.

Data analysis

All Annex III: Supplementary results