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GENERAL INTRODUCTION
The antiparallel nature of the Watson/Crick DNA double helix allows genetic information to be 

stored, read and copied. The non-covalent interaction between the two helices enables transient 

unzipping of the two strands, which facilitates processes like semiconservative DNA replication as 

well as local transcription. Despite its important functions, DNA structure is instable, because it is 

vulnerable to chemical and physical insults. Numerous types of DNA lesions can be unsurmountable 

problems for these processes and hamper cell viability if not removed effectively and timely. It has 

been assessed that each human cell is subject to approximately 70,000 lesions per day1, therefore 

the load of lesions to deal with is challenging.

To counteract DNA lesions and maintain genetic integrity, cells are equipped with a complex 

DNA damage response (DDR) network. This intricate molecular network is capable of sensing 

specific DNA inflictions, trigger specific signalling cascades, which in turn can activate appropriate 

DNA damage tolerance (DDT) and DNA repair pathways to restore the lesion and generally maintain 

genetic information.

A thorough understanding how the lesions are generated, sensitized, tolerated, and repaired 

is key in defining how the system limits mutagenesis.  While mutations in the germline can drive 

evolution, somatic mutations can impair stem cell fitness and determine ageing processes, or 

the onset and development of tumors via so-called cancer driver mutations.

Most of the DNA lesions arise endogenously, for instance, due to spontaneous deamination 

or endogenous DNA damaging agents like reactive oxygen species (ROS) and other reactive 

metabolites. Alternatively, DNA lesions can be caused by exogenous impacts, as UV exposure, 

dietary sources, and ionizing irradiation. 

Replication blocking structures and endogenous lesions

The conventional DNA bases are assembled to form a double strand helix in B-form, which refers to 

the right-handed helical form of the DNA in solution, characterized by the presence of a major and 

a minor groove2. The DNA contains some sequences which are intrinsically ‘difficult’ to replicate 

and can cause fork stalling and replication stress. These sequences can adopt a non-conventional 

B-DNA form, or a left-handed Z-DNA structure. The Z-form is a left-handed helix and can form under 

certain conditions as high salt and DNA supercoiling 3. Additionally, DNA can form a triplex, which 

occurs when a single strand DNA filament bounds to a duplex, hairpins (when a strand folds on 

itself), cruciforms, slipped-strand DNA and G-quadruplexes. The latter are formed when the DNA 

has a sequence of consecutive guanines (G) that assemble to fold into a four strand structure4. All 

these structures can hamper replication if not bypassed.

Besides these replication-blocking structures, there is a plethora of DNA lesions that can hamper 

DNA replication. Among those, there are lesions that arise by oxidation caused by ROS. ROS include 

a series of highly reactive species as superoxide (O
2

–·), hydrogen peroxide (H
2
O

2
), hydroxyl radicals 

(OH·) and singlet oxygen (1O
2
) and can oxidize DNA, which can lead to several types of DNA damage, 

including oxidized bases, single‐ and double DNA strand breaks, apurinic/apyrimidinic (abasic) 

sites, and sugar moiety modifications5. These compounds can also be derived from the oxidative 
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respiration and lipid peroxidation. Over 100 oxidative modifications have been identified in DNA6, 

with 8-hydroxyguanine being one of the most frequent and relevant lesion because of its mutagenic 

potential and capacity of inducing G to T and C to A transversions after replication7. 

The production of ROS occurs through several endogenous processes. For instance, during 

mitochondrial respiration 1–5% of the oxygen undergoes single electron transfer, generating 

the superoxide anion radical8. Pathological processes as chronic infections that require an 

inflammatory response are also strong generators of ROS9. 

Other source of DNA damage are the endogenous aldehydes, which can be generated from 

lipid peroxidation. This process is the oxidation of the polyunsaturated fatty acid residues of 

phospholipids and can generate, apart from non-harmful fatty acid alcohols, very toxic epoxides, 

crotonaldehyde, acrolein, 4‐hydroxynonenal and malondialdehyde which damage DNA by forming 

exocyclic DNA adducts5. Moreover, endogenous sources of aldehydes are also carbohydrate 

metabolism or ascorbate autoxidation, amine oxidases, cytochrome P-450s, or myeloperoxidase-

catalyzed metabolic activation 10. 

DNA can also be subjected to endogenous alkylation induced by small alkylating molecules 

as adenosyl-methionine, betaine and choline. Two of the several DNA bases methylation are 7‐

methylguanine and 3‐methyladenine, the latter being the most toxic. Alkylation can also generate 

the highly toxic 3‐methylthymine and 3‐methylcytosine, although they arise at lower frequency. 

Their toxicity resides on the ability of blocking DNA synthesis and inducing mutations11. 

Other highly mutagenic DNA lesions generated by endogenous alkylation  are O6‐methylguanine, 

O4‐methylthymine and O4‐ethylthymine, which can cause  GC to AT and TA to CG transitions during 

DNA replication12. 

Hydrolytic deamination of cytosine and 5-methyl-cytosine to uracil is very common, being 

estimated to affect 100 to 500 cytosines per cell per day13. Beside damage to the DNA bases, 

the glycosidic bond that links bases and deoxyribose in DNA is also unstable under certain 

conditions, such as heating, base alkylation or N‐glycosylation, which can lead to abasic sites (AP) 

in the DNA 14. While AP sites are normally repaired efficiently by components of the base excision 

repair pathway13, they are non-instructive to DNA polymerases and prone to induce mutagenesis, 

given the fact that they preferentially incorporate dAMP opposite an abasic site9,15.  

Apart from spontaneous deamination, intentional enzymatic RNA and DNA deamination is 

mediated by RNA and DNA editing enzymes, i.e. the AID/APOBEC family.  AID improves adaptive 

immunity by initiating secondary Ig gene diversification, i.e. somatic hypermutation (SHM) as well 

as class switch recombination (CSR) in immunoglobulin (Ig) genes16. Both processes are entirely 

different from recombination-activating gene (RAG) mediated primary Ig gene diversifaction 16.  

Innate immunity takes advantage of the APOBEC3 subfamily of cytidine deaminases. These enzymes 

can hyper-mutate reverse transcribed cDNA (provirus hypermutation). As representative example 

APOBEC3G deaminates dC to dU in the nascent viral DNA during reverse transcription, which 

can destroy or inactivate the viral DNA and inhibit viral replication, inducing predominantly G/C 

to A/T transitions.  In addition, these members also inhibit the mobility of diverse retroviruses, 

retrotransposons and other viruses in the genome17. Moreover, these enzymes are responsible for 

local accumulations/showers of point-mutations in the genome, known as kataegis18.
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Exogenous sources of DNA modification 

Having highlighted the most common DNA lesions that arise from endogenous insults, a wide 

spectrum of lesions also arises from exogenous insults, such as diet, tobacco smoke or other 

environmental factors. 

UV-induced mutations are responsible of inducing skin tumors. The two most common 

types of DNA lesions induced by UV radiation are cyclobutane–pyrimidine dimers (CPDs) and 

6–4 photoproducts (6–4PPs, which are pyrimidine adducts) 19. When cells are exposed to UV-B 

radiation, neighboring pyrimidine bases within the same DNA strand form CPDs by binding each 

other covalently to form a cyclobutane pyrimidine ring20. With less frequency, 6-4PPs can be formed 

when two bases are covalently bound via the carbons in position 6 and 4’20. A typical TP53 mutation 

signature, found in skin tumors is C to T or CC to TT mutations in dipyrimidine sequences21.

The CPDs and the 6–4PPs make up around 75 and 25%, respectively, of the UV-induced DNA 

damage products and both of them induce DNA helix distortion22. The ability of UV to succeed in 

damaging the DNA is determined by the flexibility of the DNA to bend and unwind, which relies on 

the base composition of the pyrimidine bases. For instance, toxic CPDs form at high yields in single-

stranded DNA and at the flexible ends of poly(dA)-(dT) tracts, but not in their rigid centre23. 

A wide range of DNA lesions can be induced by cigarette smoke derived products. Potentially 

carcinogenic cigarette compounds like nitrogen oxides, isoprene, butadiene, benzene, 

styrene, formaldehyde, acetaldehyde, acrolein, and furan, are only few, among the 3500 

compounds, present in the particulate phase of cigarette smoke that can be responsible for  

DNA mutagenesis24. 

A dietary source of acetaldehyde is ethanol, which results in DNA damage in mice and  

humans25 26 27. Alcohol is classified as a known human carcinogen, because of its capacity to 

contribute to development of esophageal cancer. The liver is the major site where the alcohol 

metabolism takes place. The alcohol is oxidized to acetaldehyde by the alcohol dehydrogenases 

enzymes (ADHs)28. In a second reaction catalyzed by aldehyde dehydrogenase (ALDH) enzymes, 

acetaldehyde is oxidized to acetate28. Acetaldehyde is responsible of generating DNA adducts like 

N2-ethyl-2′-deoxyguanosine and 1,N2-propano-2′-deoxyguanosine (PdG), but also interstrand 

crosslinks (ICL)s29. For example, the PdG adducts can exist in different forms, depending on 

the state and structure of the DNA. In the open chain form, the existence of the free aldehyde 

group allows the formation of more complex DNA lesions, such as DNA–protein or DNA–DNA 

cross-links 29. Endogenously, bifunctional electrophiles, such as malonic dialdehyde, a product 

of lipid peroxidation can form ICLs.  Unsaturated aldehydes of environmental origin, such as 

acrolein and crotonaldehyde, are capable of ICL formation via the condensation reaction with 

the aromatic amines of the DNA bases30. 

Every organism is exposed to natural sources of ionizing radiation (IR), which are cosmic 

rays, terrestrial radionuclides, air, man-derived fonts and diet31. For example, some widely used 

building materials contain radionuclides as radium, thorium and uranium. Another source of IR is 

the phosphate-based fertilizer for agriculture use, in which radium is detected31. 

Notably, we are also exposed to IR for medical and diagnostic purposes. IR is used for 

the treatment of certain localized solid tumors and is responsible for deleterious consequences in 
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the DNA via generation of single strand breaks (SSB)s, double strand breaks (DSB)s, and also ROS, 

which are indirectly involved in DNA damage. 

DNA-alkylation is a very frequent modification which can spontaneously occur during 

DNA metabolism, as previously discussed, or be induced intentionally by exposure to specific 

exogenous alkylating agents, some of them often used in cancer therapy. Most alkylating drugs are 

monofunctional methylating agents (e.g., temozolomide), bifunctional alkylating agents such as 

nitrogen mustards, or chloroethylating agents (e.g., nimustine)32. Alkylating agents react with DNA 

either directly or via intermediates, which are formed from metabolic activation or spontaneous 

chemical degradation. Twelve different products have been identified as products from the attacks 

of oxygen and nitrogen atoms in the DNA bases and in phosphodiester bonds, with the most 

frequent sites of damage in DNA bases being the N7 and O6 positions of guanine and the 3-position 

of adenine 33. Bifunctional alkylating agents and chloroethylnitrosoureas are able to crosslink DNA 

with proteins or, alternatively, cross-link two DNA bases within the same DNA strand (intrastrand 

cross-links) or on opposite DNA strands, ICLs. Despite their overall lower frequency as compared to 

intrastrand crosslinks, ICLs are the most dangerous type of lesions which, if left unrepaired, block 

essential biological processes like transcription and replication. This concept provides the molecular 

basis for effective cancer therapy34. This class of chemotherapeutics causing DNA intra- and inter-

strand crosslinks has been extensively used till nowadays in the treatment of various malignancies 

because of their capacity to attack highly replicating cells.  

The first link of DNA alkylating agents to cancer treatment dates back to the Second 

World War, when the US Merchant Ship S.S.  John Harvey, anchored in the Italian harbor of 

Bari, was bombed in a German air raid, secretly storing on board 60 tons of sulphur mustard 

bombs, an effective compound in chemical warfare. After necropsies of the many victims 

physicians realized that the white blood cells were the mostly affected by this drug. Since this 

serendipitous discovery, this class of drugs have been used for the treatment of leukemia. After 

few more years of chemical modifications and further drug discoveries platinum compounds 

such as cisplatin first and psoralens later were added to nitrogen mustard drugs for treatment  

of malignancies35. 

Cisplatin in chemotherapy: discovery 

Cisplatin, cisplatinum, or  cis-diamminedichloroplatinum (II), is a well-known chemotherapeutic 

drug. It  is a metallic (platinum) coordination compound with a square planar geometry, that was 

first synthesized by M. Peyrone in 1844. However, the compound only gained scientific notoriety 

when in the 1960’s Rosenberg at Michigan State University pointed out that certain electrolysis 

products of platinum mesh electrodes were capable of inhibiting cell division in Escherichia coli 36 

and later in eukaryotic cells 37. Since then cisplatin has been used for treatment of numerous human 

cancers including bladder, head and neck, lung, ovarian, and testicular cancers38. Cisplatin is used in 

cancer treatment because of its capacity to effectively inhibit the growth of fast replicating cells, by 

blocking the replication progression, stalling the transcription, preventing the access of DNA-

interacting proteins, that as consequence trigger strong DNA damage responses and intrinsic cell 

death programs. Once cisplatin is taken up by the cell, the compound undergoes displacement of 
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the chlorides by water molecules to form the activated form, cis-[Pt(NH3)2(H2O)2]2+. This activated 

form of the drug can react with a range of cellular targets including RNA, protein, phospholipids, as 

well as DNA, most commonly at an N-position of guanosine or adenosine35. The major DNA adducts 

are the 1,2 intrastrand crosslinks at juxtaposed GpG (65%) and ApG (25%) sites. ICLs (up to 8%) form 

at two opposing GpC sites linking the N7 of both guanines39 (Figure 1). Cisplatin makes striking 

distortions in  the DNA helix40, as it flips complementary cytosines into an extra helical conformation, 

and the local change from B-DNA to the left-handed Z-DNA41. The ICLs are not persistently stable 

but can convert spontaneously to intrastrand crosslinks with a half-life of 120 hrs42.

Cisplatin adducts destabilize base stacking in the DNA duplex, cause helical distortion or 

localized denaturation. The adducts are mostly recognized by Mismatch Repair (MMR) proteins, 

when uncoupled with replication or transcription. Transcription-coupled nucleotide excision repair 

(NER) is involved in the further processing of the monoadducts43. 

The ICLs are extremely toxic and one single ICL can kill a yeast cell if not promptly repaired 

or bypassed  during replication 30. To cope with these highly genotoxic lesions, cells are equipped 

with a complex ICL sensing and repair system which in eukaryotes involves about 80 proteins44 and 

includes components of nucleotide excision repair (NER), translesion synthesis and homologous 

recombination (HR) pathways45. ICL repair was first discovered in bacteria in 1973 by Cole 46. For 

more details about the recognition and resolution of the ICL, the reader is referred to the lower 

section on The Fanconi Anemia pathway and ICL repair. 
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Figure 1. Cisplatin induced DNA lesions. A. Graphical representations of ICL, interstrand crosslink and mono-

adduct by platinum in the DNA helix (from left to right). B. Chemical structure of G-G interstrand crosslink. 
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Cisplatin in chemotherapy and its medical limitations

The aim of anticancer therapies is to eradicate tumor cells. The success rate of a therapy is strongly 

co-determined by the capacity of a drug to spare healthy tissue and combat cancer cells selectively, 

an ideal condition that in general is hard to achieve. However, the advent of NGS-based tumor 

diagnostics enables the detection of tumor specific vulnerabilities and translate this knowledge into 

specific therapeutic approaches.

In 1971, cisplatin was applied to a cancer patient for the first time. Only later the compound 

has been commercialized as Platinol® by Bristol-Myers Squibb. Nowadays, platinum complexes 

are used as adjuvant and combination therapy for the treatment of a wide spectrum of cancers, as  

mentioned before47. 

Although the compound showed immediately anti-tumor activity, its use is associated with 

several severe side effects which limit the administration of a higher dose of the compound. 

The major side effects of platinum therapy include general cell-damaging effects, such as nausea 

and vomiting, decreased blood cell and platelet production in bone marrow (myelosuppresion) and 

decreased response to infection (immunosuppression). More specific side effects include damage 

to the kidney (nephrotoxicity), damage of neurons (neurotoxicity) and hearing loss 48. Patients are 

often administered with a combination therapy with additional drugs to limit toxicities, especially 

to ensure renoprotection and improve their overall quality of life as well as take antiemetics and 

intravenous hydration to enhance drug elimination. 

As attempt to overcome the inadvertent side effects of cisplatin, as well as drug resistance and 

poor oral bioavailability, much effort was put in the development of other platinum-based drugs 

such as carboplatin and oxaliplatin. However, despite encouraging preclinical in vitro and in vivo 

results, the outcome of clinical trials of the new platinum compounds turned out to be below 

expectations. Nevertheless, these compounds are largely used to fight several cancer types-: in 

particular oxaliplatin is effectively used for colorectal cancer49, while carboplatin has shown better 

results than cisplatin in the treatment of acute leukemia and endometrial cancer50. 

Chemotherapy with cisplatin often leads to development of acquired resistance which 

means that the drug is initially efficient but becomes ineffective over time. A different case is 

the intrinsic resistance, when a drug is ineffective right from the beginning of the treatment51. 

Given the complexity of the matter, it has been difficult to link cisplatin resistance to a unique 

pharmacological target. Some analyses have suggested that resistance might be associated with 

the acquisition of secondary reversion mutations in key genes in the HR pathways, which is not just 

restricted to BRCA1/2 genes, which restore the HR function52. 

A peculiar pre-clinical case is represented by the mouse mammary tumors lacking BRCA1 and 

TRP53. These tumors are highly sensitive to cisplatin treatment but they do not develop resistance 

formation and most remarkably can never be totally eradicated53.

At present, no clear solution has yet been identified to overcome drug resistance to platinum-

based drugs. 
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The Fanconi Anemia pathway and ICL repair 

In 1927 the Swiss pediatrician Guido Fanconi reported of a family in which three sons suffered 

from various physical abnormalities and a condition of severe anemia. Because of the complexity 

of the disease, Fanconi  suspected that it was caused by defects in several genes54. Clinically, 

FA hallmarks manifest as cellular hypersensitivity to crosslinking agents, bone marrow failure, 

congenital abnormalities and early onset of cancer55. 

ICLs covalently tether both strands of DNA duplex and if not correctly repaired hampers DNA 

replication and cell proliferation. Resolving ICLs generated by endogenous or exogenous sources 

appears the most complex DNA repair process.  The cell depends on the complex cooperation of 

factors belonging to the FA-, nucleotide excision repair (NER)-, translesion synthesis (TLS)- and 

homologous recombination (HR) pathways56. Apart from a block of replication, ICLs impose a block 

of transcription and therefore it is necessary also for non-dividing cells to repair these lesions, which 

take place during G1 phase, and it is orchestrated by NER. This process is known as transcription-

coupled nucleotide excision repair 57. 

During replication, the ICLs block the replisome and this leads to the activation of the ATR 

kinase, which phosphorylates FANCD2. Activation of ATR also results in phosphorylation of histone 

H2AX, leading to the local recruitment of various proteins involved in DSB processing, including 

RAD51, BRCA2, PCNA, and other members of the HR repair and TLS pathway, and possibly also the FA 

core complex58. Fourteen FA proteins form a multisubunit ubiquitin E3 ligase complex, the FA core 

complex, which monoubiquitinates FANCD2 and FANCI, at the stalling ICL side56. Resolution of the ICL 

requires opening of the crosslink by the DNA helicase FANCM and the endonucleolytic cleavage of 

one DNA template strand on both sides of the ICL. FANCD2-Ub acts as a platform to recruit multiple 

nucleases complexes to coordinate the endonucleolytic incisions of the region flanking the ICL. 

The demonstration of unhooking by ERCC1-XPF of crosslinked forked substrates came by the group 

of R. Wood 59. FANCP/SLX4, which interacts with ERCC1–XPF and MUS81–EME1 structure-specific 

nucleases, and FAN1 59-flap endonuclease are possibly responsible for this process56. At this point, 

the second incision creates a gap from the unhooking of the ICL, which needs to be filled in order to 

restore a template strand.  The gap filling requires a TLS polymerase, which enables bypass opposite 

the unhooked lesion, albeit at the expense of accuracy. After the TLS step, the ligation restores an 

intact DNA duplex, which functions as a template for homologous recombination-mediated repair 

of the DSB generated by the incision.  

The FA proteins promote RAD51-dependent strand invasion and the resolution of recombinant 

intermediates. The single stranded resulting end-resection at the DSB gets coated with RPA which 

directly binds RAD51-BRCA2-PALB2. The so assembled BRCA2-PALB2-RAD51 complex stimulates 

strand invasion, a vital step of HR, which forms the Holliday junction recombination intermediates. 

Their resolution permits completion and finalization of the ICL repair56 35, while the NER repairs 

the remaining unhooked helix distortion lesion (Figure 2).  

The role of PCNA-ubiquitination (PCNA-Ub) within the ICL pathway is still unclear. It has been 

proposed that PCNA-Ub further promotes FANCD2-Ub via physical interaction60 and that E3 ligase 

RAD18 promotes efficient FANCD2 ubiquitination in response to DNA damaging agents61. Lately 

Raschle M.44 developed a proteomic method, CHROMASS, to validate known and identify new 
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Figure 2. Replication dependent ICL repair pathway. A. Cisplatin can generate ICL and this block the replication 

fork progression on both sides of the ICL. B. Conversion of the replication forks towards the ICL. C. Nucleolytic 

incisions leading to unhooking of the ICL. D. Bypass of the unhooked ICL region by TLS. E. Excision of 

the ICL and gap filling. F. Homologous recombination repairs the double strand break. G. Resolution of 

the HR intermediates and restoring of the intact filaments. Figure adapted from 44. 
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complexes involved in the ICL repair. From this analysis emerged that SLF1 and SLF2 form a complex 

with RAD18 for recruiting the SMC5/6 cohesion complex to DNA lesions and avoiding genomic 

instability. Moreover, this paper highlights the complexity of the system, and the fact that although 

the essential steps and the crucial factors involved in the ICL repair have been identified, how all 

these factors are regulated and interplay with each other remain undisclosed.  

Hematopoiesis 

Given the fact that cisplatin affects primarily fast proliferating cells, it is not surprising that 

the hematopoietic system is strongly affected by cisplatin chemotherapy.

Hematopoiesis is the physiological formation of blood cells, which critically depends on 

the status of hematopoietic stem cells (HSCs). All stem cells are defined as cells that have 

the capacity to regenerate themselves through self-renewal and to produce mature cells of  

a specific tissue through differentiation. In most of the tissues, stem cells are rare. The cells that 

give rise to the blood and immune system are the HSCs. HSCs are necessary for the efficient 

development of all the blood cell types and to keep a tight balance between the self-renewal 

capacity and the differentiation potential 62. 

The milestone of HSC research is represented by the observations of Ray Owen in 1945 that 

twin cattle shared blood cells were capable of homing into each other hematopoietic tissues and 

provided a source of blood cells thoughout life63,64. In 1963 Till and McCulloch isolated the spleen 

colony forming unit (CFU-S) as a single clonogenic cell and revealed this as the true hematopoietic 

stem cell, capable of self-renewal and of making all the other blood cell types65.  Later, HSC have 

been isolated and further characterized in mice and then in humans thanks to the pioneering work 

of Weissman and colleagues66. They generated monoclonal antibod ies towards Ly5 alleles of donor 

and recipient mice for transplantation purposes in order to distinguish the contribution of the two 

mice to the blood supply. Moreover, they pinpointed SCA1+ cells as essential for the clonogenic and 

in vivo transplantation potential66.

In 1988, Bernstein et al. showed that CD34+  cells reconstituted hematopoiesis in lethally 

irradiated baboons67, providing the first discriminatory marker for HSC and progenitor cells.

In higher eukaryotes, blood stem cell production is accomplished when the allocation 

and specification of distinct embryonic cells takes place in different locations. HSCs originate 

from  the ventral mesoderm and reside in specific niches that change properties during 

development68. In mammals, the sequential sites of hematopoiesis include the yolk sac until E7.5, 

aorta-gonad mesonephros (AGM) region (E10.5), the fetal liver and placenta (E13.5), and ultimately 

the bone marrow (BM) (birth). The properties of HSCs in each site differ because of intrinsic 

characteristics of HSCs at each developmental stage. For example, the HSCs present in the fetal 

liver are cycling, whereas adult bone marrow HSCs are mostly quiescent. Definitive hematopoiesis 

involves, beside the BM, also the colonization of the thymus and spleen, although it is believed that 

none of these sites, are accompanied by de novo HSC generation69. 

Genetically engineered mouse models have been used to identify transcription factors critical 

for HSCs generation and their maintenance throughout development. Transcription factors critical 

for hematopoiesis include all classes of DNA-binding proteins with the majority of them being 
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involved also in human hematopoietic malignancies. Representative examples are Mll (for mixed 

lineage-leukemia gene), Runx1, Tel/Etv6, Scl/tal1, and Lmo2 genes68. Proceeding downstream in 

the differentiation hierarchy, the initiating activation of GATA-1 and PU.1 marks the specification of 

HSCs into myelo-erythroid and myelo-lymphoid lineages70. 

Experimentally, HSCs have been named as the cells capable of reconstituting the bone marrow 

of a lethally irradiated recipient mouse. Although HSC constitute only ‐0.05% of the mouse BM 

cells, they are a powerful cell type since all the blood cell types can be derived from those cells66 . 

During the last decades, many efforts have been made to identify surface markers of HSCs and their 

downstream progenitors, which are summarized in Figure 3. Accordingly, bone marrow-derived 

HSC can be divided into a long-term reconstituting Flk-2 (CD135)- HSC (LT-HSC) subset capable of 

extensive self-renewal, a short- term reconstituting Flk-2- HSC (ST-HSC) subset, that self-renews 

for a limited interval and then gives rise to a multipotent progenitor (MPP) subset71, which is not 

capable to generate other MPPs in  vivo.  Kinetic analyses were used to study the proliferating 

potential of HSCs for DNA/RNA content followed by bromodeoxyuridine incorporation. These 

assays revealed on average, that two thirds of the LT-HSC population were quiescent G0 phase 

cells, whereas the remaining cells were divided between the G1 phase and the S-G2/M phase. 

Differentiating ST-HSC and downstream MPPs displayed a progressive decrease in the frequency 

of quiescent G0 cells, which correlated with an increase in the frequency of cycling G1 and S-G2/M 

cells, respectively72. 

Proceeding downstream in the differentiation hierarchy, hematopoiesis continues with 

the production of both myeloid and lymphoid lineages through the generation of common myeloid 

progenitors (CMP) 73 and common lymphoid progenitors (CLP)74. The CLP subset that can give rise to 

T, B, and natural killer cells has been reported to possess a rapid lymphoid-restricted reconstitution 

capacity in vivo but to completely lack myeloid differentiation potential either in vivo or in vitro74. 

CMP differentiate into megakaryocytic/erythroid progenitors (MEP) and granulocytemonocytic 

progenitors (GMP) 75, which finally produce mature myeloid cells, including all granulocyte subsets. 

More recently, a group of 10–11 cell surface receptors were identified as tandemly arranged on 

chromosome 176. Using these so-called SLAM markers, it has been possible to distinguish stem from 

progenitor cells and identify a functionally distinct progenitor cell population77. 

Within the Lineage-cKIT+SCA1+ (LSK) gate, five subsets could be identified on the bases of 

their relative reported reconstitution activities, surface phenotype, abundance, and their relative 

cell-cycle status, hierarchically identified as HSC, ST-HSC, MPP2, MPP3, MPP4 78. One of the most  

broadly applicable classification separates the most quiescent HSCs (CD34−/CD135−/CD150+/CD48− 

LSK) from the more metabolically active ST-HSC (CD34+/CD135−/CD150+/CD48− LSK), and divides 

MPPs into three further distinct subsets: MPP2 (CD135−/CD150+/CD48+ LSK), MPP3 (CD135−/CD150−/

CD48+ LSK) and MPP4 (CD135+/CD150−/CD48+ LSK) 78,79 (Figure 3). 

With the development of genome wide technologies, combined with reconstitution assays, it 

has been possible to identify functionally distinct subsets of lineage-biased multipotent progenitors 

during blood production in normal and regenerative conditions80. Primary investigations suggest 

that MPP2 and MPP3 have myeloid-biased outputs79, but more recently functional and molecular 

validations indicated that in regenerative conditions, as blood demand or injury, the MPP2s 
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contribute to megakaryopoiesis, and the production of GMPs is mainly dependent on myeloid-

biased MPP2 and MPP3. Taken together, according to this model the HSCs independently generate 

all three types  of lineage-biased MPPs, but with faster production of Meg-biased MPP2 over 

GM-biased MPP3 and lymphoid-primed MPP480. 

Several types of stressors compromise HSC function: DNA damage, inflammation, acute 

or chronic infection, metabolic stress and obesity81. Many examples revealed that changes in 

the composition of HSC and progenitor pool can result from intrinsic genetic and epigenetic 

alterations of the microenvironment, as well as the intrinsic diversity to respond to stress situation 

for a different type of cells81. 

Figure 3. Conventional hematopoietic hierarchy. LT-HSCs are capable of self-renewal and can differentiate 

into ST-HSC, which can only give rise to the different multipotent progenitors (MPP)s. Downstream of 

the differentiation hierarchy, the common myeloid progenitor separates from the common lymphoid 

progenitor, which can only produce myeloid and lymphoid cells, respectively, but they cannot maintain 

themselves. 
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DNA damage in HSCs and aging 

As HSCs age, their self-renewal capacity is lost. Aging is the physiological process that fails to 

maintain appropriate tissue homeostasis or to return to a homeostatic condition after exposure 

to stress or injury. This failure inevitably leads to degeneration of tissues or organs. Accumulation 

of DNA damage has been suggested to be a principal mechanism of age-dependent stem cell 

decline82. Rossi et al. showed for the first time that the stem cell functional capacity severely 

diminishes under stress conditions and endogenous DNA damage accumulates with age 

already in wild-type stem cells as a physiological mechanism, which affects the capacity of 

these cells to respond to injury or return to homeostatic conditions83. Later it was reported that 

with the advancement of age, complex organisms display several changes in the hematological 

and lymphoid system. The latter includes age-dependent deficiencies in T and B lymphocyte 

production, which can dramatically result in increased incidence of leukemias and other  

hematological diseases84.

Several DNA repair defective mice have been reported to have defects in the HSC compartment 

because of accumulation of endogenous DNA damage.  Accordingly, if DNA damage is left 

unrepaired in HSCs, over time this results in HSCs exhaustion and becomes manifest in decreased 

proliferative potential, increased turnover and hence reduction of bone marrow cellularity and 

erythropoiesis85. It has been demonstrated that the aging of LT-HSCs is associated with down-

regulation of genes responsible for lymphoid function, with the up-regulation of genes mediating 

myeloid characterization86. More recently, the group of J. Hoeijmakers demonstrated that keeping 

DNA-repair-deficient mice on diet restriction reduced accelerated ageing and genomic stress, 

because of reduced endogenous DNA damage and changes in stress responses87. 

Following this line, other groups supported the idea that the diet has an impact on the fitness 

of the HSCs. For instance, obesity is believed to have a negative impact on the long-term fitness of 

the HSC compartment through aberrant response to stress and changes in composition of bone 

marrow because of directly induced oxidative stress88. Moreover, lack of the key enzymes necessary 

for alcohol metabolism, such as ALDH2 are responsible for bone marrow failure and stem cell 

genomic instability, due to accumulation of endogenous and alcohol derived aldehydes damage to 

the HSCs89,90. 

Erythropoiesis and anemia

Erythroid cells are derived from MEP, which are erythroid-myeloid committed progenitor cells 

originated from HSCs. The erythroid progenitor cells give rise to mature red blood cells (RBC)s, also 

known as erythrocytes. RBC represent the most abundant cell type in the blood, ‐5 × 106 erythrocytes 

per microliter in humans, and have a median lifespan of 120 days. RBCs are constantly generated 

in the bone marrow. Several steps are necessary to develop mature blood cells from primitive 

precursors, which can be traced by specific surface markers and induced by defined growth factors 

in colony assays. Immature erythroid-restricted progenitors are identified as the burst forming 

unit-erythroid (BFU-E). They are motile and able to give rise to a multi-subunit colony (burst) 91. 

More mature erythroid progenitors are the colony- forming units-erythroid (CFU-E), which 

consist of small colonies of 16–125 cells in methylcellulose culture and progressively lose their 
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proliferative capacity 64. Until the CFU-e stage, the erythroid cells express the cKit marker while 

in the pre-erythroblast stage, the cells acquire CD71 expression. By the progressive loss of 

CD71 and gain of Ter119 expression, the erythroid development continues in three additional 

intermediate steps: EryA or basophilic erythroblasts, EryB or polychromatic erythroblasts and 

EryC or orthochromatic erythroblasts. Their enucleation, expulsion of endoplasmic reticulum and 

of mitochondria, generates reticulocytes, which undergo into the blood stream to generate RBCs 

(Figure 4). The small size and biconcave shape of RBCs creates a large surface area for gas exchange 

and allows the cells to enter the microcapillaries in the tissues92. 

Of note, erythropoiesis can significantly increase when the organism experiences a condition 

of stress as in response to hypoxia, infection, extensive bleeding or anemia. In all these cases, 

the oxygen levels might be insufficient to warrant proper tissue oxygenation due to low RBC 

numbers. This condition is defined as  stressed erythropoiesis to distinguish it from the steady state 

erythropoiesis, which maintains the blood production in normal conditions93. An increase in RBC 

production is the primary strategy to counteract hypoxic stress. This process is primarily regulated 

by erythropoietin (EPO) production through its receptor EpoR in the kidney. After EpoR ligation, 

the cytoplasmic tyrosine kinase Jak2 gets activated and starts a signaling cascade94. Apart from EPO, 

other factors are involved in the expansion of the erythroid progenitor, as bone morphogenetic 

protein 4 (BMP4)/SMAD595, STAT596, SCF/KIT97, and the glucocorticoid receptor98. In conditions of 

stressed erythropoiesis, the phenomena of extramedullary hematopoiesis take place and consists 

of hematopoiesis in organs different than the bone marrow. A typical example is the increased 

ectopic erythropoiesis in the liver or spleen induced by hypoxia and driven by increased levels of 

EPO production99. 

There are several transcription factors responsible for the maturation of the erythroid 

committed cells, noteworthy is KLF1 also known as erythroid Krüppel-like factor (EKLF). Mice 

lacking this factor die at early embryonic stage and have low level of β-globin. This inevitably leads 

to anemia100,101, defined as the condition of having a low number of RBC or hemoglobin. Several 

types of anemia exist and the causes can relate to maturation defects, iron utilization, reduced RBC 

life-span, hemoglobinopathies and genetically induced defects 102. 

Ter119

CD71

Enucleation

Figure 4

Figure 4. Erythroid development. Schematic representation of the major erythroid stages from the myeloid 

committed cells to the mature red blood cells.  
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Conventional repair mechanisms

Given the wide range of genomic insults, cells evolved several DNA repair mechanisms to protect 

the genetic information from DNA lesions. 

The DNA repair machinery includes NHEJ and HR which take care of the DSB repair in G1 and 

G2/M or S phase, respectively103. HR includes an intermediate Holliday junction formation which can 

end up in gene conversion with or without crossing-over, depending on the way Holiday junctions 

are processed104. Different from HR, NHEJ does not require a homologous template to repair 

the DNA lesion and therefore can work in any cell cycle stage.  The general mechanism of NHEJ 

can be summarised in: I) DNA end recognition and assembly of the NHEJ complex at the DSBs, II) 

connection of the DNA ends to create stability which allows the subsequent end processing, III) 

ligation of the broken ends105. 

Two other mechanisms of repair are based on the excision of the misincorporated bases, 

the base excision repair (BER) and the nucleotide excision repair (NER). 

NER deals with the wide class of lesions that cause distortions in the DNA helix and block 

transcription and normal replication. BER works mostly against small chemical alterations of base 

generated mostly from endogenous origin. In both cases the lesions affect one DNA strand, 

therefore they are able of removing the damage and filling the gap by using the information of 

the complementary strand as template106. Briefly, the XPC-hHR23B NER-specific complex start 

the NER process by screening the disrupted base pairing, then the XPB and XPD helicases of 

the multi-subunit transcription factor TFIIH open the DNA around the lesion. The XPG and 

ERCC1/XPF endonucleases respectively cleave at 3′ and 5′ of the lesion and generate a 24–32-base 

oligonucleotide containing the injury. The regular DNA replication machinery then completes 

the repair by filling the gap107. 

In the BER process, specific glycosylases recognise the lesions and flip them out, leaving an 

abasic site. APE1 or APE2 endonuclease incise the filament and PARP binds to it. At this point 

DNA POLB fills the gap and removes the 5′-terminal baseless sugar residue via its lyase activity. 

Subsequently XRCC1–ligase3 seals the nick, restoring an intact DNA filament 108.  

Finally, the mismatch repair (MMR) system specifically takes care of removing the mispaired 

bases in the DNA. The protein complex MSH2/6 recognizes mismatches and single-base loops 

while MSH2/3 recognizes insertion/deletion loops. Other MMR proteins, as MLH1, interact with 

MSH complexes and replication components. Once the mistake in the newly synthesised DNA 

strand has been identified, degradation past the mismatch occurs, followed by correct synthesis 

of the erased tract 109.

DNA damage tolerance (DDT) 

The DNA is (physico-)chemically instable. As we discussed in the first paragraph of this thesis, 

spontaneous hydrolysis, oxidation and alkylation of DNA are very frequent in vivo. The lesions 

generated by these events are neutralized by the specific DNA repair processes described above13. 

While DNA repair pathways have been extensively investigated, much later the attention has been 

focused towards the process of tolerating DNA lesions. The awareness of a pathway that tolerates 

damage came from the evidence of increased mutagenesis by specific low-fidelity translesion 
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synthesis (TLS) polymerases110. Every obstacle that persists during replication can stall replication fork 

progression, cause chromosomal breaks, generate genomic instability, and eventually generate DSBs 

which can lead to cell death111. To avoid this catastrophe, cells have evolved DNA damage tolerance 

(DDT), which allows continuation of the replication in the presence of threatening impediments112. 

DDT overcomes the DNA lesion primarily during the S phase of the cell cycle, but not exclusively113. 

Four distinct modes of DDT have been identified, (I) direct translesion synthesis in front of the lesion 

(‘on the fly’ TLS), (II) template switching (TS), which takes advantage of the intact template of  

the sister chromatid to realize an error free tolerance, (III) fork reversal, which is the remodeling 

of replication forks into four-way junctions, (IV) repriming leaving behind the damaged template 

followed by gap filling TLS (‘post-replicative’ TLS) or followed by homology directed repair of 

the left gap114-118 (Figure 5). 

PCNA is an essential component of the replisome, is assembled as a homotrimer in a ring-shaped 

form and directly recruits crucial players for the DNA replication and tolerance116. Replicative high-

fidelity polymerases (POLD and E) are unable to tolerate lesions, therefore the cell evolved special 

polymerases able to accommodate bulky adducts at their catalytic core and, by doing so, to bypass 

the lesions into the DNA and allow the replication fork to continue unperturbed. These low fidelity 

enzymes (POLI, H, K, Rev1 and Rev7) add an (in)correct nucleotide to the replicating strand opposite 

the DNA lesion 112,114,119,120,110. Studies in yeast identified the damage induced ubiquitin modification at 

Error prone

Error free

Translesion 
synthesis

Fork reversal ReprimingTemplate
switch 

Error free

TSTLS

 

= replication block

POLE

5’

5’
3’

3’

Figure 5. DDT modalities in higher eukaryotes. TLS bypasses the replication block in an error prone way, 

inserting nucleotides opposite the lesion. TS uses the information contained on the sister chromatid to mediate 

an error free tolerance of the lesion. Fork reversal uses the chicken foot structure to process the lesion in error-

free way. Moreover, TLS or TS can take place after repriming of the replication fork stalling lesion. 
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conserved residue lysine (K) 164 of the PCNA as requirement for activation of DDT 121,122. PCNA can 

either be modified by a single ubiquitin moiety or by a poly-ubiquitin chain, in which the ubiquitin 

moieties are linked via K63 of ubiquitin. The mono or poly-ubiquitinated versions of PCNA are 

necessary for TLS or TS and FR, respectively123,124. In both cases, the modifications are initiated by 

the RAD6 ubiquitin-conjugating (E2) enzyme and RAD18 complex, a RING-finger ubiquitin ligase 

(E3) that binds PCNA, but additional enzymes are required for the completion of TS125. The TLS 

polymerases are able to bind with high affinity to the mono-ubiquitinated PCNA because they 

possess a PCNA-binding motif (PIP box or BRCT in case of REV1), which allows them to be recruited 

at sites of the damage in a tightly regulated way126.  The PCNA poly-ubiquitination implies a lysine 63 

(K63)-linked polyubiquitin chain, which is added onto the monoubiquitinated PCNA by E3s and Rad5 

homologs HLTF and SNF2 histone linker PHD RING helicase (SHPRH) along with the E2 Ubc13-Mms2 

heterodimer complex 127.  

Besides PCNA-Ub, the TLS polymerase REV1 itself has been implicated in the recruitment and 

activation of other Y-family TLS polymerases 115,128-130 . Via its C-terminal non catalytic section, it 

is able to recruit POLK, POLH and POLI, while through its REV7 subunit it recruits  POLZ 114,131,132,133  

(Figure 6). REV1 also interacts with PCNA and, mono-ubiquitination of PCNA enhances this  

interaction that requires a functional BRCT domain located at its N terminus134. The peculiarity of 

REV1 is to specifically insert a C residue opposite a G template, and to insert 25-fold less efficiently 

a C residue opposite an abasic site135,136. This catalytic portion of REV1 is required for somatic 

hypermutation in the immunoglobulin gene. In fact, REV1 deficient mouse B cells have decreased 

frequency of C to G and G to C transversion mutations137,138. While in yeast the TS seems more 

frequent, it is less so in vertebrates. The precise details of the decision making between TLS or TS 

pathway are still unknown. 

PRIMPOL is a special polymerase with both DNA primase and DNA polymerase activity139,117.  

Besides its intrinsic priming capacity, PRIMPOL has also been implicated in DDT. In vitro, PRIMPOL 

displayed priming and TLS activity, being able to bypass a number of DNA damage lesions. Of note, 

it has been shown that PRIMPOL can bypass both oxidative and ultraviolet (UV)-induced lesions, 

including 8oxoG, and 6-4PPs140-142. 

TLS polymerases and implications for cancer 

The Y-family polymerases (POLH, POLI, POLK and REV1) differ from other polymerases in having 

the ability to replicate through damaged DNA because of their capacity to accommodate bulky 

adducts and lack of proofreading activity. While they share common domains, their functions 

and specificity are unique for each of them113. The common motifs I and III present the consensus 

sequences necessary for the catalysis143. Motifs II and IV are important for nucleotides binding and 

incorporation in the DNA duplex, while motif V is essential for DNA synthesis144,114 . 

POLH is encoded by the XPV gene in humans and by Polh in mice. Mice lacking POLH 

recapitulate the human phenotype of increased UV sensitivity and mutagenicity 145,146. POLH bypasses 

preferentially cyclobutane pyrimidine dimers (CPDs) but it can also replicate across other lesions 

such as 8-oxo-dG, cisplatin adducts and methyl methanesulfonate metabolites147-149. 
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POLK, differentially than POLH can bypass in error-free way fewer lesion types, one of them 

is benzo(a)pyrene diolepoxide (BPDE) a pulmonary carcinogen known as polycyclic aromatic 

hydrocarbons (PAH) and present in cigarette smoke and in burned meat 150. POLK-deficient 

mice although viable, display a mutator phenotype, with mutation at G/C base pairs dominating 

the mutation spectrum of the kidney, liver, and lung 151. 

The physiological role of POLI is basically unknown. Several in vitro studies have shown that 

POLI is specialized in incorporating nucleotides opposite an abasic site and also opposite a (6-4) TT 

photoproduct149, moreover it is believed to protect cells against oxidative stress, and to replicate 
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Figure 6. Conventional TLS activation modes. Upon stalling of the replicative polymerase (POLD or E) the TLS 

polymerases can be recruited at replication fork stalling site via three mechanisms. A. RAD6/RAD18 complex 

mono-ubiquitinates PCNA and the modified PCNA binds with high affinity the TLS polymerases, which replace 

the replicative ones. B. REV1, interacting with RPA proteins, can recruit the TLS polymerases via its C-terminal 

portion at the damage site. 
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across aristolochic acid-derived adenine152,153. POLI-deficient mice develop lung tumours and show 

increased mutagenesis after urethane treatment compared to WT mice154. 

While structurally all members share many conserved features, biochemically REV1 is certainly 

a unique TLS polymerase. Its uniqueness derives from its sole dCMP transferase activity, which relates 

to the fact that an arginine residue only allows space for an incoming dCTP.  Another peculiarity is 

its capacity to recruit other Y family TLS members and REV7. REV1  preferentially incorporates a C 

opposite a G template, but it can also incorporate a C opposite template T, A, and C with frequencies 

of ~10−2 to 10−3 155. 

Somatic hypermutation (SHM) of IG genes: A ‘playground’ for TLS polymerase activity

In order to fight infections, vertebrates need a system that produces efficiently antibodies. 

Integration of the immunoglobulin variable, diversity and joining segments allows the production 

of a primary repertoire of antibody specificities. The diversity of this repertoire is given from 

the choice of V, D, and J gene segments available for combinatorial diversity as well as from 

nucleotide deletions, substitutions and insertions at the sites of Ig heavy and light genes (V-D-J 

segments)156. This junctional diversity generates the complementarity-determining region 3 (CDR3), 

which encodes the hypervariable region 3 of the Ig heavy and Ig light chains157. The capacity to 

generate high affinity antibodies relies on the somatic gene diversification processes, also known 

as SHM, which takes place in the germinal center B cells. A portion of the B cells also undergoes 

class-switch recombination (CSR) to generate antibodies with specialized effector functions. 

SHM introduces nucleotides changes via several components of the base excision repair and 

mismatch repair, which usually prevent mutagenesis. 

Our group and others demonstrated a role for TLS polymerases in SHM137,138,158,159. Apparently, 

the error-prone replication defense mechanism TLS has been lent for generating desired mutations 

in a locus-specific manner160. The process of SHM is initiated by activation-induced cytidine 

deaminase (AID), a member of the APOBEC family, which binds ssDNA and deaminates cytosine (C) 

to uracil (U) 161. The sequent error-prone processing of the U nucleotides enables B cells to generate 

the vast spectrum of nucleotide substitutions at, and around, this initial lesion 138. At this point three 

possibilities can take place: 1) replication across U, which results in G to A or C to T transitions, 2) 

removal of U by Ung2, generation of an AP site and TLS across this AP site, 3) the G/U mismatch 

induces an Msh2/Msh6 and Exo-1-dependent gap, followed by TLS activation 138.

Synthetic lethality and precision cancer medicine

The accumulation of mutations can lead to tumor formation. Cancer cells have an edge over 

normal cells because of selected genetic mutations or acquired epigenetic changes. Most of 

the chemical anti-cancer compounds identified in the last 60 years display a low therapeutic 

index and tight therapeutic windows, causing as consequence many unwanted side effects for 

cancer patients. Due to these limitations, there is an unmet need to develop new anticancer 

drugs that can kill tumor cells at clinically acceptable doses.162

The concept of “synthetic lethality” was originally introduced by geneticists in the 1940s in 

Drosophila melanogaster163, to describe the process where two mutations in two different genes 
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are responsible for selective cell death, while the single mutations do not affect cell viability 

(Figure 7). The principle was later extended to genetic screens in Saccharomyces cerevisiae with 

the purpose to identify synthetic lethal interactions in pathways involved in cell polarity, secretion, 

and DNA repair164,165. Since then, the focus has been shifted to the use of synthetic lethality in  

cancer therapy166,162,167. 

Identification and inhibitions of the proteins coded by genes which are synthetic lethal to 

cancer-causing mutations should, in theory, selectively kill the cells carrying such mutations, 

while maintaining the protein function in normal cells. Understanding the dependency or 

the addiction 168 of tumor cells to specific factors and/or oncogenes is essential to tackle tumor 

vulnerabilities. An example is represented by the diminishing tumor growth in EGFR-mutated 

non-small cell lung cancer (NSCLC) upon EGFR inhibition169,170. To identify new synthetic lethal 

interactions, wide-range synthetic lethal screens have been performed in many experimental 

systems and more recently in a human haploid cell line171. The most successful synthetic lethal 

application for cancer therapy is the use of Poly ADP Ribose Polymerase (PARP) inhibition to 

tumors harboring a BRCA1  or  BRCA2 mutations172,173. Heterozygous germline mutations in 

the BRCA1 and BRCA2 genes confer a high risk of breast and ovarian cancer but also a significantly 

gene I

gene IIgene I

gene II

gene I gene II Synthetic lethal

Viable

Viable

gene IIgene I Viable

Figure 7

Figure 7. Synthetic lethal principle. The synthetic lethality takes place only in the presence of a combined 

inactivation of two different genes. 
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increased risk of pancreatic, prostate, and male breast cancer172. BRCA1 is implicated in several 

pathways such as transcription, cell cycle regulation, and the maintenance of genome integrity 

by promoting HR and limiting mutagenic non-homologous repair processes174. The highly abundant 

nuclear protein PARP detects and binds to DNA nicks and breaks, which activates and poly(ADP)

ribosylates itself, as well as other acceptor proteins, to repair the DNA lesions 175,176. Modified 

bases, AP sites, and the SSBs endogenously generated are the most common form of DNA damage177, 

and are repaired by the  base excision repair  pathway178. Trapping PARP with specific inhibitors at 

the persistent single-strand gaps during cellular DNA replication could trigger replication fork 

arrest, collapse, and DSB formation. At the same time PARP is hyperactivated in HR defective cells, 

likely as a consequence of accumulation of replicative lesions179. DSBs are normally repaired by 

BRCA1-RAD51 dependent-HR. However, in the absence of BRCA1 or BRCA2, the replication fork 

cannot be restarted. The repair of the so generated chromatid breaks by alternative error-prone 

DSB repair mechanisms, can lead to an even higher numbers of chromatid aberrations and targeted 

cell death172. The actuation of this principle in a clinically relevant application has been provided by 

the approval of olaparib (Lynparza), the first PARP inhibitor commercially available180 developed by 

the pioneering research of S. Jackson for KuDOs Ltd and later on produced by AstraZeneca.

Replication stress, one of the hallmarks of cancer cells181, is a potential target to develop new 

synthetic lethal therapeutic strategies i.e. DNA damage response inhibitors182.  The DDR starts 

when the replisome gets stalled and single stranded DNA filaments are exposed. RPA proteins coat 

the exposed filaments to protect them from cleavage and recruit ATR, serine/threonine protein 

kinase which activates downstream checkpoint signaling (CHK1), preventing replication fork 

collapse and the generation of DSBs183 184. The crucial role of the ATR-CHK1 pathway in stabilizing 

the replication fork and preventing the entrance in an early mitosis explain the booming attention 

on these two proteins as pharmacological targets. 

Clinical attempts in combining conventional chemotherapeutic drugs as platinating and 

alkylating agents with DDR inhibitors were often unsuccessful given the overlapping toxicities 180. 

Aim and general outline of the thesis

This thesis aims to unveil the relevance of the DDT network in physiology and pharmacology. 

Given the notion that POLH can be activated in PCNA-Ub dependent and independent manners, 

we wanted to understand if that was the case for POLK as well. Chapter 2 shows that POLK can 

function independently of PCNAK164 activation in response to MMS lesions and that POLH functions 

as a POLK-backup polymerase upon MMS-induced lesions. 

Having established a PCNAK164R DDT defective mouse model, we investigated the contribution 

of PCNA-Ub dependent DDT for stem cell maintenance and tissue homeostasis in young and aged 

mice (Chapter 3).  Our analysis revealed that PcnaK164R mutant mice suffered from bone marrow 

failure and accelerated ageing, suggesting that the accumulation of replication stress is detrimental 

for hematopoiesis. 

We next wanted to address the long-lasting dispute in the DDT field, relative to the potential 

epistatic relationship between PCNA-Ub and REV1 in tolerating DNA lesions. As result of REV1 and 

PCNAK164R mouse model crossings, it emerged that a double inactivation was embryonically lethal 
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(Chapter 4). This new embryonic lethality revealed that DDT is an essential part of the DDR network 

and the overall relevance of DDT for stem cell fitness and tissue homeostasis.  Moreover, single cell 

RNA sequencing analysis allowed to investigate the key factors that regulate stressed hematopoiesis 

in the few remaining double mutant E18.5 HSCs and progenitors and to identify a new erythroid 

population within the LSK gate. 

Having established PcnaK164 and Rev1-/- deficient mice, in Chapter 5 we described the molecular 

consequences of a combined PCNAK164R and REV1-/- double mutation in primary and immortalized 

MEFs.  Of note, the knock-down of Trp53, which controls the cellular response to DNA damage, 

was able to rescue the synthetic lethality. Remarkably, we could identify a PCNA-Ub and REV1 

independent mode of DDT activation which requires the TLS polymerase IOTA.

Next, we wanted to know what is the function of the new DDT polymerase and primase, 

PRIMPOL, in genome maintenance. Its anti-mutagenic function and its role in SHM are elucidated 

in Chapter 6. 

In light of the high sensitivity of DDT defective cells to DNA damaging agents, we then 

asked whether human tumors lack DDT components and what the therapeutic benefit for 

these tumors could be when they were treated with platinating agents (Chapter 7). The Cancer 

Genome Atlas survey revealed that defects DDT factors are highly frequent in human tumors. On 

the basis of this notion we generated DDT-proficient and -defective tumor models, demonstrating 

that the mutant tumors significantly shrink upon cisplatin regime, even at lower dose than  

the cisplatin MTD. 

Finally, a general discussion about the most relevant findings of this thesis and how they relate 

to current literature is presented in Chapter 8.
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