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1 Introduction 

1.1 Stalled replication fork, genomic instability and DNA Damage 

Tolerance 

Replication of genome is one of the most fundamental phenomena for every living 

organism. It requires accurate copying millions or billions of nucleotides in coordination 

with the cell cycle. Improper or incomplete replication can lead to DNA double-strand 

breaks (DSB), rearrangement and missegregation of chromosomes. This excessive 

changes of genetic information is called genome instability, an important hallmark of 

cancer (1, 2).  

The replication machinery, named the replisome, is continuously challenged by 

intrinsic and extrinsic mutagenic agents. In mammalian cells, tens of thousands genomic 

lesions arise per day, either from endogenous sources, like oxidation of bases by cellular 

metabolism byproducts reactive oxygen species (ROS), or mutagenic environmental 

agents, like UV- and ionizing radiation. (3, 4). In normal cells, damaged DNA triggers 

coordinated activation of DNA damage checkpoints and variety of repair pathways, two 

processes known together as DNA damage response (DDR) (5). Despite diverse repair 

mechanisms, some lesions manage to escape repair before the replication machinery 

reaches the damaged site and it is encountered by replicative polymerases (6).  

Accurate replication requires high-fidelity DNA polymerases. Due to their 

nucleotide selectivity and 3’→5’ proofreading activity, error rates of replicative 

polymerases Polδ and Polε are estimated to be around 10-7 (1 error in 10 million 

nucleotides polymerized) (7). Damaged DNA impedes the progression of the replication 

fork as replicative polymerases are unable to process damaged templates, causing 

transient slowing or stalling of the replication machinery (8) (Fig. 1A). This is called 

replication stress and is a primary source of genome instability (9, 10). Besides DNA-

lesions, repetitive genomic sequences, depletion of the nucleotide pool, transcribing 

RNA-polymerases, covalently bound DNA-protein complexes and unusual DNA-

structures, like G-quadruplexes, can also form obstacles for the replication machinery. 

Furthermore, alteration in replication timing or progression caused by oncogene 

activation can also lead to replication stress (9, 11, 12).  
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Prolonged stalling of the replisome is potentially dangerous as it leads to collapse 

of the replication fork, generating DSB-s, which can lead to chromosomal rearrangements 

and genomic instability (13, 14). To avoid this, a variety of DNA damage tolerance (DDT) 

pathways have evolved.  

1.2 DNA Damage Tolerance pathways 

First of all, it is important to point out that DDT pathways are involved in 

protection of stalled replication fork and continuity of replication without repairing DNA 

damage (8). For the sake of simplicity, the primary cause of replication fork stalling is 

the incompatibility of the template (damaged DNA) and the reader (replicative 

polymerases). To resolve this discrepancy, there are two possible strategies: replacing 

either the template or the reader.  

Replacing the template can be a homology-mediated process or restarting the 

replication downstream the lesion. These pathways are called template-switch (TSw) 

(Fig. 1I) and replication repriming (Fig. 1F), respectively (15, 16). A third pathway, called 

fork reversion (FR), is based on the complementarity of freshly synthetized DNA strands 

to protect replication fork from collapse (16) (Fig. 1C). 

In contrast to high-fidelity replicative polymerases, which are unable to process 

damaged template, there are several DNA polymerases with orders of magnitudes lower 

in fidelity specialized to bypass lesion or extend mismatched primer. This process called 

translesion synthesis (TLS) and the polymerases involved are called TLS-polymerases 

(Fig 1B,H) (17). In contrast to the recombination-based pathways which are considered 

error-free, TLS is a potentially error-prone pathway as low fidelity polymerases can 

bypass lesions in expense of increased the risk of the introduction of mutations (16). 
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Figure 1 Pathways of DNA damage tolerance. (A) Replication fork encounters DNA lesion 
and stalls. Replicative TLS (B) and repriming (F) maintain the progression of replication fork. In 
contrast, fork reversal (C) stabilizes stalled fork forming four-way junction. One model of fork 
reversal proposes that newly synthetized complementary strand provides template for DNA 
synthesis and replication continue behind lesion upon remodelling (D). Other hypothesis suggests 
that fork reversal provides time for DNA repair to remove lesion (E). Repriming results in 
accumulation of ssDNA gaps behind the replication fork. These gaps are pre-processed by 
exonucleases (G) followed by filling by either postreplicative TLS (H) or template-switch (I). 
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1.2.1 (Re)priming replication 

Most DNA polymerases, including replicative polymerases δ and ε, are unable to 

perform de novo DNA-synthesis, thus requires a pre-existing primer to extend and initiate 

synthesis of the new strand. In eukaryotes, the primase/Polα complex, part of the 

replisome, is responsible for the synthesis of short RNA-DNA primers elongated further 

by Polδ and ε (18, 19). Due to the geometry of replication, namely that DNA-synthesis 

happens simultaneously in both strands, in the same direction (5’→3’), though the two 

DNA-templates have opposite polarities, replication is performed semi-discontinuously. 

This means that synthesis of the new strand is continuous in one strand (leading strand, 

replicated by Polε) and happens in small units in the other one (lagging strand, replicated 

by Polδ). These small units are called Okazaki fragments (20). This means that (assuming 

unperturbed synthesis) priming happens once in the leading strand, but continuously in 

the lagging strand as well, as every distinct Okazaki-fragment requires its own primer 

(20).  

Previous studies showed that UV-treatment promotes the accumulation of single 

strand DNA (ssDNA) gaps in bacteria, budding yeast and mammalian cells (21-24). 

Formation of gaps in lagging strand can be explained by Okazaki-fragment synthesis. 

Conversely, existence of leading strand gaps suggests that the replisome is capable of 

reinitiating DNA-synthesis in the leading strand as well, in response to DNA damage (25, 

26). In budding yeast, primase/Polα is able to reprime replication downstream DNA-

lesions (22), but primase activity in vertebrates was discovered only 10 years ago by 

Mourón and colleagues (15). This protein is the Primase and DNA- directed Polymerase 

(encoded by human gene CDCC111) or PRIMPOL. 

PRIMPOL was the first identified member of the archaeo-eukaryotic primase 

(AEP) superfamily (27) and conserved in plants, vertebrates and lower-eukaryotes, but 

lacking from C. elegans, Drosophila and budding yeast (27, 28). In addition to AEP-

domain (characteristic domain of the whole superfamily) responsible for primase and 

polymerase activity, PRIMPOL carries a Replication Protein A (RPA) binding domain, 

and a zinc finger (ZnF) domain (29). The latter one stabilizes the interaction between 

PRIMPOL and ssDNA (30).  
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PRIMPOL is a surprisingly versatile polymerase. It acts both as DNA- and RNA 

polymerase (31), and, in contrast to other DNA-polymerases, it is capable of de novo 

DNA-synthesis (32). Furthermore, it shows unprecedented capacity to tolerate 8-oxoG 

lesions (32), which is the most common oxidative damage of DNA (33). Besides 8-oxoG 

lesions, PRIMPOL is able to synthetize through UV-induced DNA-lesions such as 

cyclobutene pyrimidine dimers (CPDs) and 6-4 photoproducts (6-4PP) (15, 28, 32) and 

tolerates  distortions in both template and primer strands (31). This flexibility is associated 

with very limited processivity, incorporating only a couple (usually up to four) of 

nucleotides on an undamaged template (29), and remarkably low fidelity with 10-4 error-

rate (34). Interestingly, PRIMPOL shows unique mutation patterns, mostly dominated by 

indels (34) which might be attributed to PRIMPOL “pseudo-TLS” activity, namely 

PRIMPOL is able to loop out template DNA and realigns its primer terminus to a location 

downstream the lesion. This can occur at DNA regions with short, direct nucleotide 

repeats (15, 31, 35). It’s important to highlight that TLS, “pseudo-TLS” and RNA-

polymerase activity have been observed only in vitro so far, in contrast to its ability to 

reinitiate replication (26, 36-38). 

Repriming of replication can rescue stalled replication fork, but results in 

discontinuities in the freshly synthetized DNA-strand. These gaps are filled in a later time 

point of the cell cycle, uncoupling DDT and the replication fork (25, 39), and, because of 

this, these pathways are parts of the postreplication repair, or PRR for short (Fig. 1F-I). 

1.2.2 Translesion synthesis (TLS) 

In contrast to replicative polymerases, TLS-polymerases can synthetize through 

even “unreadable” genomic sites. Major TLS-polymerases belongs to the Y-family of 

DNA-polymerases (REV1, Polι, Polκ and Polη) except for Polζ, which is a member of 

the B-family together with the replicative polymerases. Although members of the X- and 

A-family polymerases can exhibit TLS-activity as well, however this activity is either 

weak or not their primary function (40) (Table 1.) therefore I will be focusing on the five 

major TLS-polymerases mentioned above. 
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Table 1 List of human DNA polymerases, based on  Loeb and Monnat (41) 

Polymerase Gene Family Primary function 
α (alpha) POLA B Replication initiation 
ε (epsilon) POLE1 B Leading strand replication 
δ (delta) POLD1 B Lagging strand replication 
γ (gamma) POLG1 A Mitochondrial DNA replication 
REV1 REV1 Y TLS 
ζ (zeta) REV3L B TLS 
η (eta) POLH Y TLS 
κ (kappa) POLK Y TLS 
ι (iota) POLI Y TLS 
PRIMPOL PRIMPOL AEP Replication repriming 
β (beta) POLB1 X BER 
λ (lambda) POLL X BER, NHEJ 
μ (mu) POLM x NHEJ 
θ (theta) POLQ A TMEJ (42) 

ν (nu) POLN A Unknown, suggested role in ICL repair, 
HR (43, 44) 

The abundance of the TLS-polymerases has an important function: although TLS 

is usually considered as the “error-prone” DDT-pathway, every TLS-polymerase has its 

“preferred” lesion(s) which it can bypass more or less accurately. These lesions referred 

to as “cognate-lesion” of the polymerase (40). For example, Polη performs efficient and 

error-free bypass of UV-induced lesion CPDs and cisPT-GG (intra-strand lesion formed 

by the chemotherapy drug cisplatin), while carries out error-prone TLS of 

benzo[a]pyrene-guanine (BP-G, major tobacco-smoke induced lesion) (6, 45, 46). 

Similarly, Polι and Polκ are proved to be error-free against 8-oxoG and BP-G lesions, 

respectively (45, 47), while REV1 shows strong specificity for both template guanin (and 

exocylic guanin adducts) and only incorporates the nucleotide dCTP (48-50). 

Interestingly, upon dCTP-incorporation, REV1 uses its own arginine-residue as template 

rather than the DNA, which is unique mechanism among DNA-polymerases (51). 

Importantly, polymerase-cognate lesion pairs are not exclusive, certain lesion can be 

cognate-lesion for multiple TLS-polymerases: 8-oxoG can be bypassed in error-free 

manner by both Polι and Polη (47, 52). These results suggest that these polymerases have 

been evolved to cope with frequent (like 8-oxoG) or evolutionarily important (like UV-

photoproducts) lesions. Given the wide variety of lesions, it must be assumed, that, 

besides specialized TLS-pathways, a general TLS-system is required as well to bypass 
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more “exotic” lesions. In their study, Shachar and colleagues investigated role of Polη, 

Polκ and Polζ in bypass over six diverse, site-specific lesions. Their results suggest the 

existence of a slow and more mutagenic TLS-pathway compared to the fast and more 

accurate bypass with cognate lesion-polymerase pairs (45). 

Bypassing of a single lesion is assumed to require a sequential act of several TLS-

polymerases (Fig. 2): the first polymerase inserts a nucleotide opposite to the lesion 

followed by switch to a polymerase able to efficiently extend the mispaired primer after 

the lesion (53). Early works suggest that the B-family polymerase Polζ acts as universal 

extender polymerase for Polη, Polκ and Polι (45, 54). Polζ can efficiently extend from 

nucleotide inserted opposite to AP-sites in yeast and cisplatin-induced lesions in vitro (55, 

56). Furthermore, REV3, the catalytic subunit of Polζ is essential for post-replicative 

repair of UV-damaged sites in mouse embryonic fibroblasts (MEFs) (57), in contrast to 

its inability to bypass UV-induced lesions (54). Nevertheless, disruption of Rev3l gene 

causes embryonic lethality in mice (58-60). Besides Polζ, Polκ and Polη have also been 

proven to be able to act as extensor polymerases in vitro (61-63) with the restriction that 

Polη can only extend primers without mismatches. Interestingly, Polη can perform one-

step TLS in CPD lesions (45). 
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Figure 2 Sequential steps of translesion synthesis. Stalled replicative polymerase (A) are 
replaced to TLS polymerase able to bypass DNS lesion (B), followed by switch to the extensor 
TLS polymerase which extends mispaired primer (C). Exchanging extensor TLS polymerase to 
replicative polymerase completes the cycle. 

1.2.3 Recombination-mediated DDT 

1.2.3.1 Template-switch (TSw) 

Post-replicative ssDNA gaps arising from repriming of replication can be filled by 

the homology-based mechanism TSw (16). Replication gaps filled via recombination was 

first observed in Escherichia coli (64), and seemed to be missing from mammalian cells 

(23), which lead to a first model of information exchange between sister chromatids, 

proposing that recombination events take place at the stalled replication fork (65). 

Subsequent works connected sister chromatid junctions (SCJ - cruciform, X-shaped 

DNA-structure, intermediate product of homologous recombination) with PRR, proving 

the role of homologous recombination in gap filling (22, 66). This finding has been further 

reinforced by genetic screens in budding yeasts (67, 68). 

Due to the lack of mutations, investigating error-free TSw is difficult with 

conventional genetic methods. One widely used methods is to deploy special plasmids 

carrying DNA lesions with mismatching opposite bases, such as CC dimer placed 

opposite of 6-4 photoproduct (TT) (69). Disadvantage of this method is that synthesis of 

lesion containing oligonucleotides is difficult and the effect of chromatin context cannot 

be investigated. Branzei and colleagues utilized 2D gel electrophoreses to directly 

visualize SCJ-s in yeast, making possible quantitative analysis of TSw in different 

genetical background (70). Furthermore, the adaptive immune system of higher 

eukaryotes provides a natural genetic assay, called immunoglobulin variable gene (IgV) 

diversification (discussed in details latter) to investigate TSw (71, 72).  

The most recent model of TSw has been established by Karras and colleagues using 

genome-wide genetic screens in thermosensitive pol32-mutant (inducible model for 

replication stress (68)) budding yeast strain (67). According to this model, ssDNA gaps, 

which accumulate behind replication fork in response to replication stress, are further 

5`→3` expanded by exonuclease Exo1. Expansion of gaps facilitates topological DNA 

transaction, mediated by Rad51 and other recombination factors, forming SCJ-s. 
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Recombination intermediate structures are eventually resolved by Sgs1-Top3-Rmi1 

complex (BLM-TOP3-RMI1/RMI2 complex in humans). According to more recent 

results, gaps are expanded in not only 5`→3` but 3`→5` direction as well by the action of 

Pif1 helicase and a yet unknown nuclease (73). Independently of Karras et al, Piberger 

and colleagues proposed a very similar model in human cells (26) with the addition that 

gaps are extended in 3`→5` direction by MRE11 complex (Fig. 1G). Resected 3’ end is 

subsequently unwound by XPD family helicase DDX11 which facilitates the formation 

of SCJ-s (74) (Fig. 1I). 

Involvement of “classical” (DSB-induced) recombination factors in TSw had been 

pending for decades. Answers came from systematic analysis of IgV gene conversion 

(i.e., TSw) events in HR-mutant DT40 cells. Independent results suggest that absence of 

BRCA1, BRCA2 and RAD54, as well as RAD51 paralogs RAD51B, RAD51C, 

RAD51D, XRCC2 and XRCC3 decreases frequency of gene conversion events (75-77). 

Furthermore, in contrast to being dispensable in DSB repair (74), ablation of DDX11 

causes similar developmental abnormalities that had been described in Brca2 and Palb2 

mutant mice (78-80), suggesting that HR-factors play role in TSw. 

1.2.3.2 Replication fork reversal (FR) 

The third way of preventing collapse of stalled replisome fork is the fork reversal. 

This can be divided in to two main steps:  

Step 1) coordinated (re)annealing of two freshly synthetized strands which leads to a 

four-way junction structure, the so-called “chicken leg” (Fig. 1C) and  

Step 2) remodeling fork to continue replication (81).  

Stabilization of a stalled fork provides opportunity to the excision repair pathways 

to fix the causative DNA lesion or for second incoming fork to complete replication (Fig. 

1E). Alternatively, the newly synthesized strand of sister chromatid serves as temporary 

alternative template for stalled strand, thus the lesions are bypassed upon subsequent 

restart of the fork (82) (Fig. 1D-E).  

Several enzymes have been proven to exhibit in vivo fork reversal (step 1) activity, 

including SWI/SNF family member ZRANB3, SMARCAL1 and HLTF (36, 82-86) 

together with recombination factor RAD51 (87). Formation of a “fourth” branch, 
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consisting of annealed daughter strands results in free DNA ends, structurally similar to 

the results of DNA double strand breaks. To protect the exposed DNA ends from 

exonucleases, RAD51 is loaded by BRCA1 and BRCA2. In absence of the formation of 

stable RAD51 filaments, reversed replication forks are resected by sequential degradation 

steps involving MRE11, EXO1 and DNA2 (85, 88-90). Same studies draw the conclusion 

that BRCA1 and BRCA2 are not involved in fork reversal itself, they just protect the 

already reversed fork. 

To continue replication, a reversed fork must be remodeled back to the classical 

three-way structure (step 2). RECQ1 helicase was the first known enzyme with the ability 

to remodel a reversed fork (87, 91). RECQ1 binding inhibits an alternative restart pathway 

involving WRN helicase which is able to remodel reversed fork followed by nucleotide 

degradation of regressed strand by DNA2 (92). 

1.3 Regulation of DDT 

The very fundamental event of replication stalling is when the replicative 

polymerase encounters the obstruction. Synthesis of new strand slows down or even 

stops. As DNA lesions and hard-to-replicate genomic sites usually do not interfere with 

replicative CMG-helicase, stall of polymerases causes uncoupling of replication and 

parental-strand unwinding (93). Resulting region of single-strand DNA is rapidly coated 

by replication protein A (RPA). These RPA-covered ssDNA filaments recruit 

RAD18/RAD6 complex, RAD17 and PRIMPOL (34, 94-97). Paradoxically, RPA-coated 

ssDNA stimulates activation of RAD18 and RAD17, but inhibits primase activity of 

PRIMPOL in vitro (98), though other results suggest that the inhibitory effect prevails 

only if RPA-covered ssDNA filament is short, and presence of longer (several kb) gaps, 

however, enhances both polymerase and primase activity of PRIMPOL (99). A possible 

explanation is that, after repriming, restricted activity of highly mutagenic PRIMPOL is 

favorable for cells. This theory is supported by the aforementioned low processivity of 

PRIMPOL (29). The fork remodeler enzyme SMARCAL1 also carries an RPA-binding 

domain, which is required for its replication function (84). In contrast, HLTF, a key 

protein of FR, carries no RPA-binding motif but an ancient ssDNA 3’ end recognition 

motif HIRAN domain (100) which may restrict its activity to stalled replication fork and 

prevents accession to ssDNA gaps. 
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Activated ubiquitin-ligase (E3) RAD18 and its cognate ubiquitin-conjugating 

enzyme (E2) RAD6 monoubiquitinates Proliferating Cell Nuclear Antigen (PCNA) on a 

highly conserved lysine, K164, which mechanism is conserved from yeast to humans 

(101).  PCNA is a homotrimer which forms a sliding clamp around DNA and provides a 

docking platform for factors involved in metabolism of DNA via PCNA-Interaction 

Protein (PIP) motifs, carried by numerous replication and DNA repair proteins (102, 103). 

As a processivity cofactor for DNA polymerases, PCNA is involved in replication, 

nucleotide excision repair (NER), mismatch repair (MMR), base excision repair (BER) 

and double-strand break repair (DSBR) (103-107). Furthermore, PCNA interacts with 

Okazaki-fragment maturation factors flap structure-specific endonuclease 1 (FEN-1) and 

DNA ligase I (108, 109). PCNA monoubiquitination is the key initiation step of TLS, 

recruiting TLS-polymerases via protein-protein interaction (PPI) through ubiquitin-

binding motifs (UBMs) of REV1 and Polι, and ubiquitin-binding zinc finger (UBZ) 

domains of Polκ and Polη (110, 111). In contrast to all TLS-polymerases, PRIMPOL 

carries neither PCNA- nor monoubiquitinated PCNA binding domains (29, 34), which 

may be associated with its the low processivity. Observations in budding yeast suggest 

that ubiquitination enables TLS polymerases to outcompete Polδ (and maybe Polε) (112, 

113). However, monoubiquitination of PCNA is not essential for TLS in mammalian cells 

or the chicken cell line DT40 (71, 114, 115), probably due to alternative recruitment of 

TLS-polymerases by REV1 (114). REV1 carries multiple protein-protein interaction 

domains, thus providing the ability to organize the sequential steps of TLS. Besides 

carrying an UBM domain, its N-terminal BRCT domain binds unmodified and 

monoubiquitinated PCNA, while C-terminal domain (CTD) interacts with PIP-domains 

of TLS-polymerases (116-118). The variety of PPI motif carried by REV1 (REV1-bridge) 

and the ability of homo-trimeric PCNA to be monoubiquitinated in each subunit (PCNA-

toolbelt model) provide the structural basis of the assembly of multi-protein complex, 

called mutasome, which accomplishes the sequential steps of lesion bypass (119-122). 

Furthermore, in vivo evidence shows that interaction with REV1 is essential for the 

function of Polκ (123). Existence of partly independent alternative pathways for 

regulation of TLS (PCNA-Ub and REV1) raises the question whether these mechanisms 

are temporally or spatially separated. Indeed, REV1 seems to coordinate TLS at the 

replication fork (“on-the-fly”) while PCNA-monoubiquitination is responsible for filling 
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postreplicative gaps in DT40 (124, 125). Conversely, in mammals, the REV1-REV3L 

complex is involved in PRR (25, 57) and seems not to be required for maintenance of 

fork progression (36, 126). 

While monoubiquitination of PCNA triggers TLS, deubiquitination by 

deubiquitinating enzymes (DUBs) terminates it, preventing excessive usage of a 

potentially error-prone mechanism (127). Several DUBs, including USP1-UAF1 

complex, USP7 and USP10 are known to deubiquitinate PCNA, though USP7 seems to 

regulate DNA-repair-coupled, but not replication-coupled PCNA-ubiquitination (127-

129). In case of USP10, deubiquitination is regulated by another post-translation 

modification of PCNA called ISGylation. EFP is an E3 ligase for ISG15 (a ubiquitin-like 

protein) and recognizes monoubiquitinated PCNA via its PIP domain. Upon PCNA-

binding EFP ISGylates PCNA at two different residues. ISGylated PCNA recruits USP10 

for deubiquitination of PCNA and, in turn, for release of TLS-polymerases. Finally, 

ISG15-s are removed by UBP43, allowing the reload of replicative polymerases (129). 

Similar mechanism for regulation of USP1 is unknown, probably because USP1 is 

inactivated upon exposure to genotoxic agents like UV and H2O2 (127, 130), suggesting 

that USP1 is responsible for the prevention of unnecessary activation of TLS, rather than 

termination. 

Deubiquitination-independent regulation of access of TLS-polymerases to PCNA 

also exists, explaining the observations that PCNA monoubiquitination remains elevated 

long after the elimination of TLS foci (131) or in the absence of ISGylation of PCNA in 

HEK293T cell line (129). SPARTAN acts as a DNA damage-targeting adaptor for p97 

(or valosin-containing protein - VCP) segregase, recruiting it to stalled replication fork, 

and facilitating the replacement of TLS-polymerases (132, 133). Conversely, other 

studies demonstrated that SPARTAN recruits Polη (134, 135) and facilitates TLS during 

IgV diversification (see later) in DT40 cells (136). Nevertheless, PCNA Associated 

Factor 15 (PAF15) also modulates PCNA-TLS-polymerases interaction by physically 

masking binding sites of PCNA. Upon fork stalling, double monoubiquitinated PAF15 is 

deubiquitinated, thus releasing PCNA, making it accessible for modification and TLS 

polymerases (137-139). Defect in any of these mechanisms causes increased spontaneous 

or induced mutagenesis, supporting theory that tight regulation of lesion bypass 

minimizes the usage of error-prone TLS-pathway (127, 133, 139).  
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The K164 residue of PCNA can also be subject of SUMOylation (modification 

with small ubiquitin-related modifier - SUMO) (101, 140). In budding yeast, the Rad18-

Rad5-dependent TSw pathway requires Siz1-mediated SUMOylation of PCNA (70). 

Similarly, PCNA-SUMO promotes TSw in human TK6 and chicken DT40 cells lines, but 

without the association of RAD18 (141). Interestingly, besides facilitating recombination 

mediated TSw, SUMOylated PCNA proved to prevent unintended recombination at the 

stalled replication fork (70, 140, 142), distinguishing recombination-based DDT at, and 

behind the replication fork. 

Furthermore, the ubiquitin of monoubiquitinated PCNA can be extended to K63-

linked polyubiquitin chain by Ubc13/Rad5 E2/E3 enzymes, promoting TSw in budding 

yeast (69, 70, 101). Based on budding yeast results, there has long been a widely accepted 

model of DDT-activation: monoubiquitination promotes error-prone TLS and 

polyubiquitination activates error-free TSw. More recently, this model is challenged by 

the result that PCNA polyubiquitination promotes TLS in fission yeast and DT40 (141, 

143) and not required for TSw in DT40 (115). In mammals, yeast Rad5 has two orthologs, 

HLTF and SHPRH, both contributing to PCNA polyubiquitination (144), but in a lesion-

specific manner, as HLTF acts in response to UV-exposure, while SHPRH is activated 

upon methyl-methanosulfonate (MMS) derived DNA damage (145). PCNA 

polyubiquitination happens in the absence of HLTF and SHPRH, implying the existence 

of at least one additional PCNA-Ub specific E3 enzyme (146). Furthermore, 30-40% of 

TSw events seem to be RAD52-dependent and PCNA polyubiquitination-independent in 

yeast, suggesting existence of two alternative recombination based pathways (69). 

Besides possessing ubiquitin-ligase activity, HLTF takes part in remodeling of stalled 

replication fork via its DNA translocase domain, together with ZRANB3 and 

SMARCAL1 translocases (147). Interestingly, the three enzymes show decreasing 

dependence on PCNA modification: it is essential for HLTF, important, but not essential 

for ZRANB3, while SMARCAL1 seems to act PCNA ubiquitination-independently 

(148). This, taken together with the observation of distinct substrate preferences, suggests 

that the three enzymes act on different types of stalled fork structures (100).  

PCNA is not the sole DNA-clamp involved in DDT. The 9-1-1 trimeric complex 

(Rad9-Rad1-Hus1) plays a central role in checkpoint activation (149-151), but it is 

involved in TSw as well, and the latter function seems to be independent from check-
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point activation (67). Loading 9-1-1 to 5` ends of post-replicative gaps by its clamp-loader 

RAD17 (Rad24 in yeast) stimulates 5`→3` resection of gaps by recruiting EXO1, while 

PCNA facilitates 3`→5` resection via PIF1 (budding yeast) and MRE11 (mammals) (26, 

67). Furthermore, 9-1-1 member RAD1 and its yeast orthologue (which is confusingly 

called Rad17) interacts with recombination factor RAD51 (152, 153), possibly facilitating 

the initiation of recombination. Furthermore, 9-1-1 subunit RAD9 and clamp-loader 

RAD17 are essential for Ig gene conversion, but not for DSB induced by fork-collapse or 

SceI endonuclease (71, 154). 

Up to this point, I focused on protein-protein interactions driven by mainly post-

translational modifications of PCNA as key regulators of DDT pathways. This type of 

regulation is indeed important, but not the sole way to hold the DDT pathways under 

control:  

Abundance of Polη and REV1 is regulated via proteasomal degradation in cell 

cycle- and DNA damage-specific manner, which has been observed in eukaryotes from 

yeasts (both fission and budding yeast) to humans (155-160). Furthermore, yeast REV1 

oscillates not only in protein but in mRNA levels throughout the cell cycle (155). 

Similarly, upregulation of Polκ interferes replication and slows down the replication fork 

(161), suggesting that Polκ expression is also under tight regulation. Finally, low 

processivity is a shared characteristic of Y-family polymerases REV1 (48, 162), Polι 

(163), Polκ (164), Polη (52) and PRIMPOL (29) in vitro, likely preventing excessive 

usage of error-prone polymerases in the absence of activation signals discussed above. 

1.4 Crosstalk between DDT-pathways 

Up to this point, I have discussed DDT pathways as more or less independent, 

distinct mechanisms which share only a low number of regulator proteins like PCNA. In 

contrast, discoveries from the past few years revealed that certain key proteins are 

involved in multiple pathways making DDT an interconnected network of molecular 

mechanisms that responds to replication stress.  

First, there are mutually exclusive mechanisms: stalled forks can be rescued by 

either fork reversal, repriming or TLS. Observations in human cell lines revealed that 

overexpression of PRIMPOL suppresses fork reversal (37), while, in absence of HLTF, 

cells rely on either PRIMPOL or REV1 to maintain unrestrained replication (36). 
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Interestingly, HLTF seems to simultaneously recruit REV1 to stalled replication fork by 

an unknown mechanism, and restrict its access to the DNA by binding the free 3`-OH end 

(36). These results support the model of Zellweger and colleagues according to which FR 

is the default response of eukaryotes to replication stress (87), in contrast to dominance 

of PRR (TLS and TSw) in yeasts (165). Bai and colleagues propose an evolutionary point 

of view model, suggesting that multicellular organisms prioritize fidelity of replication to 

avoid accumulation of potentially harmful mutations and tumorous transformation of cell 

in protection of the whole organism (36).  

BRCA1 is involved in protection of reversed replication forks (84) and TSw (25, 

77, 166), promotes ubiquitination of PCNA via either interacting with RAD18 (167) or 

direct ubiquitination (168), thus plays a role in all DDT pathways. Furthermore, in 

absence of BRCA1, the resulting instability of replication fork activates repriming as a 

compensatory mechanism and the resulting ssDNA gaps are filled by REV1/Polζ-

mediated TLS, maintaining the viability of cells at the expense of enhanced mutagenesis 

(37, 38). Conversely, the PCNA deubiquitinase enzyme USP1 is in synthetic lethal 

interaction with BRCA1. This phenotype can be rescued by inhibition of REV1 or Polκ, 

suggesting that persistent recruitment of TLS polymerases to replication further 

destabilize replication fork (169). These two, apparently conflicting, observations 

highlight the distinct usage of replication-related and postreplicative TLS.  

Moreover, results of Tirman and colleagues shows that the REV1/Polζ TLS-

complex is involved in not only TLS-mediated PRR gap filling but in TSw as well, 

proposing a closer interaction between the previously considered distinct pathways of 

TLS and TSw (25). 

1.5 Medical importance of DDT pathways 

1.5.1 Beyond Replication stress: key role of DDT in IgV diversification 

Diversification of immunoglobulin variable (IgV) genes plays a central role in the 

adaptive immune response. The astounding repertoire of antibodies is generated by three, 

seemingly distinct processes: somatic hypermutation (SHM), gene conversion from 

homologous pseudogenes, not present in humans (GC) and class switch recombination 

(CSR) (124) but all three are initiated by regulated deamination of genomic cytidines by 

Activation-Induced Deaminase (AID) (170-172). Deamination of cytidines yields 
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genomic uracil residues which are subsequently excised by uracil DNA glycosylase UNG 

(173, 174) and resulting replication-stalling abasic sites trigger either TLS (SHM) or 

template switch (GC). While TLS introduces new point mutations, TSw utilizes pseudo 

V (ψV) donors as template (124, 170).  

Dependence of SHM on TLS regulators varies between species: Defect of PCNA 

ubiquitination strongly decreases the frequency of new mutations in DT40 (175), but has 

only mild effect on mice and rather changes pattern of new mutations, decreasing A to T 

mutations via its inability to recruit Polη (176, 177). Similarly, absence of REV1 does not 

decrease overall mutation numbers in IgV locus, but completely abolishes C to G 

transversion and decreases C to G transversion in mice (178). Interestingly, during SHM, 

REV1 acts as an actual TLS-polymerase instead of a regulator (179), while knockout of 

Polκ has no effect on SHM in mice (180).  

As mentioned before, TSw factor RAD17 and 9-1-1 complex member RAD9 are 

essential for GC and their absence increases frequency of SHM (71), similarly to 

deficiency of BRCA1, BRCA2, RAD51 or its paralogs in DT40 cells (75-77). 

Interestingly, DDX11, SPARTAN and Polη stimulate both SHM and GC (74, 136, 181), 

while absence of RAD54 decreases GC without influencing frequency of SHM (182).  

Although involvement of DDT factors in human immunodeficiencies are yet 

unknown, abnormal activity of AID and subsequent processing of resulting abasic sites 

may be implicated in development of chronic lymphoid leukemia (CCL) (183). 

1.5.2 DDT and cancer, therapeutic perspective 

Tolerance of DNA damage is a double-edged sword. Bypass of DNA lesions by 

the corresponding cognate TLS polymerase decreases mutagenesis (40), while repriming 

and fork reversal protect stalled replisome, preventing DSB-s, thus suppressing genomic 

rearrangements (37, 82) and altered balance of DDT pathways can contribute to tumorous 

transformation. For example, in the absence of Polη, the cognate polymerase of UV-

induced CPD, lesion bypass is performed by more mutagenic polymerases, which 

contributes to carcinogenesis in XP-V patients and associated with elevated risk of 

melanoma (184, 185). Similarly, polymorphisms of REV1 and Polι are associated with 

increased risk of	squamous cell carcinoma and adenocarcinoma, respectively (186) and 

loss of REV3L enhances spontaneous tumorigenesis in mice (187). Furthermore, 
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expression of microRNA miR-205-5p, negative regulator of both BRCA1 and RAD17, is 

elevated in tumoral and peritumoral head and neck squamous carcinoma (HNSC) tissues, 

leading to increased chromosomal instability (188). Last but not least, disturbance of 

expression or activity of HLTF is observed in colon cancer (189), acute myeloid leukemia 

(190), thyroid cancer (191) and head and neck cancer (192), while loss-of-function (LOF) 

mutation of ZRANB3 is associated with endometrial cancer (193).  

On the other hand, DDT pathways can protect cancer cells from elevated 

replication stress originating from rapid replication or oncogene activation and may 

contribute to the adaptation to cancer therapies (37, 194-196). Indeed, increased 

expression of TLS polymerases or RAD18 correlates with poorer prognoses of certain 

types of cancer (197-202). Given their role in the survival and chemoresistance of 

tumorous cells, DDT pathways have become attractive targets for cancer therapies lately, 

mainly focusing on TLS (203).Targeting Polη or Polι with small-molecule inhibitors 

improves chemosensitivity (204, 205). Alternatively, inhibition of homology-based DDT 

pathways by targeting UBC13 with small molecular inhibitor NSC697923 has shown 

promising results in neuroblastoma, melanoma and diffuse large B cell lymphoma 

(DLBCL) cells (206-208). 

Inhibition of poly(ADP-ribose) polymerase 1 (PARP1) is widely used in the 

treatment of HR-deficient cancers (especially those harboring BRCA1/2 mutation) (209-

211). Although the underlying molecular mechanism of sensitivity has yet to be unraveled 

(212), several studies suggest its role in instability of replication fork (85, 88, 90, 213) 

and the accumulation of ssDNA gaps in (38, 90). This, taken together with the fact that 

PARP inhibitors trap PARP1 on DNA forming blockage for replication fork (214), 

suggests an attractive model that impaired DDT pathways are responsible for PARPi 

sensitivity of HR-deficient cells (215). Unfortunately, efficiency of PARP-inhibitors is 

hampered due to subsequent development of resistance (216). Besides restoration of HR, 

resistance to PAPR-inhibition can be acquired by either stabilization of replication forks 

(217) or activation of repriming and subsequent gap-filling processes (25, 37, 38), making 

DDT pathways attractive targets in treatment of PARPi-resistant HR-deficient cancers. 
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1.6 Mutagenic signatures 

Somatic mutations are results of a DNA damaging or modifying effect (either 

exogenous or endogenous) and the subsequently activated repair process (or its absence), 

are forming a mutagenic process together. Mutagenic processes show DNA-context 

specificity, generating characteristic patterns of mutations including base substitutions, 

insertions and deletions (indels for short) and large-scale alteration of genome like 

rearrangements and copy number variations (218, 219). These patterns are called 

mutational signatures (218). Cells, regardless of being a cell line, healthy cell or cancer 

cell from a tumorous tissue, keep being exposed to mutagenic effects since the 

fertilization of the egg, resulting in unique mutational landscape which is shaped by 

combinations of superimposed signatures (218). Mutational signatures belonging to 

distinct mutational processes can be deciphered from DNA-sequencing data of cancer 

samples with unsupervised learning methods like non-negative matrix factorization 

(NMF) or hierarchical Dirichlet process (220, 221). These “basic” signatures are 

accessible from online databases like COSMIC (222) or Signal (223), but the exact 

contents are continuously updated due to the growth of the underlying databases. Based 

on the types of mutations, signatures have been categorized as single nucleotide 

substitution (SBS) signatures, doublet base substitution (DBS) signatures, indel (ID) 

signatures, rearrangement signatures (RS) and copy number (CN) signatures (224). The 

most recent version of COSMIC database consists of 67 SBS signatures (of which 49 

were considered to be of biological origin), 11 DBS signatures, 18 ID signatures and 21 

CN signatures, some of known aetiologies (but many of unknown) (225). For example, 

SBS31 and SBS35 are attributed to platinum chemotherapy; SBS4, DBS2 and ID3 are 

associated with tobacco smoking while SBS3 and ID6 have been attributed to defect of 

HR repair (225).  

Properly performed mutational signature analysis of cancer genomes provides 

insight into tissue-specific mutagenic processes that can contribute to the development of 

cancer (218), as well as to the formation of metastases (226, 227). Cell lines defective in 

certain repair pathways or exposed to mutagenic agents are often used to validate or 

elucidate molecular mechanisms behind signatures (228).  
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1.7 Cisplatin, a DNA lesion-forming agent 

Cis-diamminedichloroplatinum(II), best known as cisplatin, is an FDA-approved 

cytotoxic platinum agent widely employed in the treatment of various types of tumors 

including bladder, lung, ovarian, testicular cancer and wide array of paediatric tumors 

(229-233). The main molecular mechanism by which cisplatin exerts its anticancer role 

is the formation of DNA adducts followed by activation of DDR and apoptosis (234). The 

majority of cisplatin-derived lesions are crosslinked GA or GG dinucleotides of the same 

strand (235) interfering with replication. Preventing PCNA-monoubiquitination 

sensitizes cancer cells to cisplatin in cell-based assay (236), similarly to inhibition of 

RAD18 and REV1 which, in combination with cisplatin treatment, increase accumulation 

of genotoxic ssDNA gaps in BRCA1/2-deficent cells (38). Likewise, elevated expression 

of Polη and RAD18 contribute to cisplatin resistance in ovarian and glioblastoma cells, 

respectively (237, 238), as well as absence of REV1 or REV3L re-sensitizes cisplatin-

resistant cancer cells (239, 240). These results highlight the role of TLS polymerases in 

the development of chemoresistance to cisplatin (Fig. 3), making them attractive 

therapeutic targets.   
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Figure 3 Formation of cisplatin-induced DNA lesions and inference with replication. The 

major cisplatin-derived DNA adduct is the crosslinked adjacent guanine bases, denoted as cis-
Pt-GG. (A-B) Unrepaired cis-Pt-GG-s form obstructions for replication fork (C). Stalled 
replication can be rescued by translesion bypass through PCNA-(mono)ubiquitination, by Polη 
or REV1/Polζ (D). In the absence of TLS, accumulation of ssDNA gaps suggests the usage of 
repriming (E). 
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2 Objectives 

Aims of my PhD research were the following: 

1. Establishment of a collection of mutant cell lines in hTERT RPE-1 TP53-/- carrying 

mutations in key regulators of all DNA damage tolerance pathways: translesion 

synthesis, template switch, replication repriming and fork reversal. 

2. Determination of mutagenic signatures arising from the action of low-fidelity DNA 

polymerases and evaluation of their contribution to the spontaneous mutagenesis in 

DDT mutant RPE-1 cell lines and cultured human cell lines of tumor origin, utilizing 

whole genome sequencing data and the unsupervised learning technique non-

negative matrix factorization. Evaluation of the role of that DDT pathways plays in 

the large-scale integrity of genome.  

3. To investigate whether DDT-derived signatures extracted from RPE-1 samples are 

cell line specific or represent more common mutagenic processes across human cell 

lines. Analysis of DT40 lymphoblast cell lines of avian origin to investigate 

evolutionarily conserved role of DDT in mutagenesis. 

4. Evaluation of the role of DDT in the bypass of DNA lesions caused by cisplatin 

treatment, by analyzing contribution of cisplatin-derived signatures in WGS data of 

cisplatin treated RPE-1 cell lines. 

 

Contributions: 

The workflow in section 4.1.8 to determine large-scale mutation events and detailed in 

Methods 3.2 was established by Dr. Ádám Póti. Dr. Németh Eszter contributed to the data 

collections for experiments in section 4.14. Furthermore, Dr. Szikriszt Bernadett 

contributed in cytoxicity assays in section 4.2.1 (plating of cells and drug treatment). 
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3 Methods 

3.1 Cell line cultures 

RPE-1 cell lines were grown in Dulbecco's Modified Eagle Medium F12 

(DMEM/F12) medium (Thermo Fisher Scientific) supplemented with 10% fetal bovine 

serum (FBS) (Thermo Fisher Scientific), 1% PenStrep (Lonza) and 0.01 mg/ml 

Hygromycin B Gold solution (Invivogen), whereas hTERT-HMEC cells were grown in 

MEGM Mammary Epithelial Cell Growth Medium BulletKit (Lonza).  

Cell lines were cultured for days after first single cell cloning. Where indicated, 

cell lines were treated with 2μm cisplatin for one hour in four rounds at weekly intervals.  

3.2 Establishment of mutant cell lines  

Knockout cell lines REV1-/-, REV3L-/-, PRIMPOL-/-, HLTF-/- and point mutant 

PCNAK164R cell line were generated in hTERT-RPE1 TP53-/- background using CRISPR 

knockout and ssDNA template-mediated mutagenesis, respectively. Double mutant 

PCNAK164R PRIMPOL-/-, PCNAK164R REV1-/-, PCNAK164R HLTF-/- and REV1-/- PRIMPOL-

/- cell lines were generated in PCNA K164R and REV1-/- single mutant backgrounds, 

respectively (Table 2).  

Plasmids expressing components of CRISPR-system were constructed by cloning 

sgRNA-encoding oligonucleotides (Table 3) into pSpCas9(BB)-2A-GFP vector 

(Addgene #48138). Transfection of cell lines with corresponding CRISPR-constructs 

were conducted with 4D-Nucleofector with P3 Primary Cell transfection reagent (Lonza), 

supplemented with 1 μl of ssDNA template (100 μM) in case of site-specific mutagenesis 

of PCNA. To enhance probability of template integration, cells in PCNAK164R were 

treated with 50uM NHEJ-inhibitor scr7 (241). 24 hours following transfection, GFP+ 

single cell clones selected and plated using a BD FACSAria™ III High Sensitivity Flow 

Cytometer. Single cell clones were cultured in 96-well plates for approximately 3 weeks. 

As soon as cell numbers allowed, genomic DNA were isolated, followed by the 

amplification of corresponding genomic target site with Phire Tissue Direct PCR Master 

Mix (Thermo Fisher Scientific). In case of knockout experiments, genomic loci carrying 

mutations were detected using T7 Endonuclease I assays (New England BioLabs) and 

desired biallelic frameshift indels were found and confirmed by Sanger-sequencing 
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(Microsynth GmbH). Chromatograms were analysed with publicly available indel-

analyser Indigo tool (GEAR-Genomics)(242). In case of site-specific mutagenesis of 

PCNA, an Esp3I-binding site was introduced simultaneously with the base modification, 

allowing detection of successful modification with an endonucleotic digestion. Again, 

existence of biallelic mutation was confirmed with Sanger-sequencing. When it was 

possible, modifications were further confirmed by western blotting. 

Table 2 List of mutant RPE-1 cell lines. 

Cell line Parental cell line Origin 

hTERT RPE-1  TP53-/- hTERT RPE-1   Lim et al (169) 

hTERT RPE-1  TP53-/- REV1-/- hTERT RPE-1 TP53-/- This thesis 

hTERT RPE-1  TP53-/ -REV3L-/- hTERT RPE-1 TP53-/- This thesis 

hTERT RPE-1  TP53-/- PRIMPOL-/- hTERT RPE-1 TP53-/- This thesis 

hTERT RPE-1  TP53-/- PCNAK164R hTERT RPE-1 TP53-/- This thesis 

hTERT RPE-1  TP53-/- HLTF-/- hTERT RPE-1 TP53-/- This thesis 

hTERT RPE-1  TP53-/- BRCA1-/- hTERT RPE-1 TP53-/-  Lim et al (169) 

hTERT RPE-1  TP53-/- REV1-/- PRIMPOL-/- hTERT RPE-1 TP53-/- REV1-/- This thesis 

hTERT RPE-1  TP53-/- PCNAK164R PRIMPOL-/- hTERT RPE-1 TP53-/- PCNAK164R This thesis 

hTERT RPE-1  TP53-/- PCNAK164R REV1-/- hTERT RPE-1 TP53-/- PCNAK164R This thesis 

hTERT RPE-1  TP53-/- PCNAK164R HLTF-/- hTERT RPE-1 TP53-/- PCNAK164R This thesis 

Table 3 CRISRP target sites and sequencing primers, ssDNA template for PCNA modification 

Gene Target sequence Forward primer Reverse primer 

REV1 GAAGGGCAGCAAATACCTCA(GGG) TGGTCATGTGATAGTGGCTGG GCTCTTAATGCAACAGCTTAGACT 

REV3L AGTACCAGATCTAATCCATG(AGG) TAGCGGAACAGTCAAAGCACAG CTGTGGGAGGCTAAGAAACACTTC 

PRIMPOL TTTAACAAACCTGCCAACCC(AGG) TGCAATGTAAGATAGACTGCCATGA TCCTTCCTTTTCACAGTTTACTCA 

PCNA GTAATTTCCTGTGCACGAGA(CGG) AGTGATCCTCCTCCGTCAAGA TCGCAGATTTCAACAGTATCTCAA 

HLTF CATTTATTGATAGAGAATGG(TGG) TGCTGCTTGGGTTTGAATGC CTACCCTTCCCCTGTTGTGG 

ssDNA template for PCNA modification 

G*A*G*ATCTCAGCCATATTGGAGATGCTGTTGTAATTTCCTGTGCACGAGACGGAGTGAAATTTTCT

GCAAGTGGAGAACTTGGAAATG*G*A*A 
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3.3 Preparation of whole cell lysates 

Cells were washed by 1x PBS and detached from culturing surface using TripLE 

Expresse Enzyme (#12604013, ThermoFisher Scientific). Collected cells were lysed in 

4x Laemmli buffer (200 mM TRIS (pH 6.8), 400 mM DTT, 8% SDS, 40% glycerol, 

0.08% (w/v) bromophenol blue), and incubated at boiling water bath for 5 minutes. 

Samples were stored at -80˚C. 

3.4 Western Blotting 

Lysates were resolved on Mini-PROTEAN TGX Precast Protein gels (Bio-Rad) 

and transferred onto PVDF membranes (Bio-Rad) using electrophoretic wet transfer 

system. After transfer, membranes were blocked with 5% non-fat milk in TBST (20 mM 

TRIS pH 7.6 and 150 mM NaCl, 0.1% Tween 20) and incubated with corresponding 

primary antibody (dilution 1:2000 in 5% milk/TBST) overnight at 4˚C. Membranes were 

washed with TBST before incubation with HRP-coupled secondary antibodies (dilution 

1:20000 in 5% milk/TBST). Chemiluminescence HRP-signal was detected with 

ClarityTM Western ECL Substrate (Bio-Rad) and a ChemiDox MP Imaging System 

(Bio-Rad) according to manufacturer’s instruction.  

3.5 Sensitivity measurements 

For cytotoxicity assays, 250 RPE-1 cells per well in 384-well plates were seeded 

and incubated with cisplatin at a range of concentrations using threefold dilution series 

from 10 μM to 4.5 nm. Cell viability was measured after 120 hours using PrestoBlue 

(Thermo Fisher) and an EnSpire plate reader (Perkin-Elmer). Three technical replicates 

were averaged per experiment. Data were normalised to untreated cells; curves were fitted 

drm stats function in R and IC50 values for each experiment per cell lines were calculated 

according to the formula:	

𝐼𝐶50 = 𝑒𝑥𝑝
!!
" #$%&

'()
*+()(), 

Where c is the lowest point of the curve, d is the highest point of the curve, b is the 

slope of the curve. Individual IC50 values were divided by the mean of IC50 values of 

control cell line producing relative IC50 values. 
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3.6 Whole-genome sequencing, mutation calling and data analysis 

Library preparation and DNA sequencing were done at Novogene, Beijing, China 

on Illumina NovaSeq instruments in 2x150 bp paired-end format. Besides ancestral 

sample, three independent clones were sequenced from each treatment per each cell line. 

After quality control of raw sequences with FastQC, low quality and adapter sequences 

were removed using Trimmomatic (243) as well as duplicated reads using Samblaster. 

Remaining reads were aligned against the GRCh38 reference genome with bwa-mem 

(244). In order to improve accuracy of variant calling and detection of sort indels, samples 

were realigned using dedicated tools from GATK (245). To detect unique mutation in 

each sample, I used modified version of mutation detector tool Isomut, which used 

samtools with the -E flag during pileup generation to improve sensitivity towards 

complex mutations (246). Resulting lists of unique mutations were analysed further using 

R programming language. First, mutations were filtered, based on S-score generated by 

Isomut, allowing no more than five SBS mutation and one indel in any ancestral clone. 

Detected unique mutations in these samples provide an internal control for false positives. 

Data presented in this thesis came from three Isomut runs: 

• Mock treated RPE-1 control cell line and TLS mutants (one ancestral and three 

descendent clones per cell line, in total 32 samples), 

• “twin” runs including mock treated RPE-1 control, BRCA1 and HLTF mutants, 

HMEC mock treated, and cisplatin treated RPE-1 samples (total 32 samples), 

excluding one semi-independent cisplatin-treated BRCA1-/- clone from each run 

Preprocessing and analysis of mutation spectra, non-negative matrix factorization 

and deconstruction to COSMIC and de novo signatures were conducted using the 

MutationalPatterns R package (version 3.2.0) (247) and Python tool SigProfilerExtractor 

(248). 

3.7 Structural variant calling 

Structural variations in samples grouped by genotypes were detected with 

GRIDSS2 (249) using default parameters. After identification of somatic events with 

associated gridss_somatic_filter script, hits were filtered for confidence PASS variants. 

To enhance sensitivity for shorter (<200 bp) events, variants without soft-clipped 
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evidence were also included. Replication timing analysis was performed using the high-

resolution HepG2 Repli-seq dataset.  

3.8 Copy number variant calling 

To visualize ploidity of starting clones, I used a list custom RPE-1 specific 

mutations distributed uniformly across the reference genome (GRCh38), with average 

intermutation distance of 10 kbp. Coverages and allele frequencies of selected positions 

were calculated using pysam Python library, followed by determination of coverage 

profiles of mock treated clones using mean coverage of each sample and the mean GC 

ratio across non-overlapping 10 kbp windows calculated using bedtools (250). Windows 

overlapping with either centromeres or ENCODE blacklisted regions (251) were omitted. 

The modelled coverage in each window was determined using linear regression with the 

formula: 

Covji = CovSCi + GCi + ei, 

• Covji is the coverage of the ith window in sample j,  

• CovSCi is the coverage of the ith window in the corresponding ancestral clone, 

• GCi is the GC content of the ith window,  

• ei is random error and systematic ploidy change-induced deviations from the 

expected coverage.  

Copy number variant were quantified with ASCAT (252), using aforementioned 

custom mutation list and parameter gamma set to 1. Due to the absence of available 

germline data, dummy germline for each sample were created by setting LogR values at 

0, and setting BAF values at 0, 0.5 and 1 for loci with allele frequencies between 0-0.1, 

0.1-0.9 and 0.9-1, respectively. The custom GC-content and replication timing files for 

LogR correction were generated using the associated helper scripts. Segmented ploidy 

levels were subtracted from each starting clone using the ploidy levels of corresponding 

mock treated clones. The resulting profiles were filtered for significant change of ploidy. 

Finally, the identified ploidy change events were finally manually checked to obtain a 

high-confidence variant set. 
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3.9 Comparison of cancer cell line genomes 

Mutational data of 19 WGS samples published by Petljak and colleagues (253) 

were downloaded and mutation numbers from isogenic clones were summarized. Triplet 

spectra were reconstructed using Spectra were deconstructed with Mutational Patterns 

(247) using strict mutational fitting with maximum delta set to 0.004. Reference set for 

deconstruction contained solely de novo signatures SBS-A and SBS-B obtained from 

NMF on TLS-mutant RPE-1 cell lines. Reconstructed samples reached 0.9 or higher 

cosine similarity with original spectra were selected for further analysis.  

3.10 Analysis of DT40 genomes 

Triplet spectra of DT40 cell lines are derived from a previous publication of our 

research group (166). DT40-specific de novo SBS signatures were retrieved using NMF 

with MutationalPattern R package (247). 

3.11 Comparison of cisplatin-treated genomes 

Published mutation data of cisplatin treated human and DT40 data (254-256) were 

downloaded and NMF was performed together with cisplatin-treated RPE-1 samples 

using MutationPatterns (247). Principal component analysis was performed on centered 

and scaled triplet spectra data using prcomp stats function in R, whereas UMAP and tSNE 

analysis were performed on scaled but uncentered data, using umap and Rtsne R 

packages, respectively. 

3.12 Statistical analysis 

Unpaired two-sided t-tests were used for statistical comparisons of mutation 

numbers, with no adjustments for multiple comparisons except where noted. Significant 

ploidy changes were filtered with Mann-Whitney test (p < 0.001, effect size > 0.1). 
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4 Results 

4.1 Investigating the role of translesion synthesis in spontaneous 

mutagenesis. 

4.1.1 Disruption of TLS by targeting major regulator and effector proteins 

To determine how DNA damage tolerance shapes mutational landscape of human cells, 

I first investigated the role of TLS in spontaneous mutagenesis. My model RPE-1 is an 

hTERT-immortalized, untransformed cell line of retina pigment epithelial origin what is an 

emerging model for mutagenesis. TP53-knockout line (hTERT RPE-1 TP53-/-) was selected 

as control as this background allows inactivation of HR genes like BRCA1 (169, 257). I 

utilized CRISPR-mutagenesis to establish homozygous REV1-/- (regulator of TLS), and 

PRIMPOL-/- (effector protein of repriming, thus separates possible replicative and post-

replicative DDT pathways) knockout cell lines and to introduce K164R (lysine 164 to 

arginine) amino acid-changing mutation to PCNA (PCNAK164R from now on), which results 

in the loss of PCNA-(mono)ubiquitination-dependent activation of TLS. Besides single 

mutants I established all possible double mutant combinations as well. Furthermore, I made 

a homozygous REV3L-/- line to investigate REV1/Polζ mutasome-independent role of both 

REV1 and universal extensor TLS-polymerase Polζ.  

The REV1-specific sgRNA targeted UBM2-domain of gene near the C-terminus and 

resulted complete loss of protein, whereas in situ modification of PCNA prevents its DNA 

damaged-induced monoubiquitylation. Frameshift mutations are introduced immediately 

upstream the polymerase domain of PRIMPOL. Finally, REV3L were knocked out by 

targeting exon 12 which presented in functional splicing variant of the gene (258) 

(Fig. 4A). 

4.1.2 Assessment of spontaneous mutagenesis in TLS-mutant line by whole-

genome sequencing 

To investigate patterns of spontaneous mutagenesis in TLS-mutants, single cell clones 

were isolated from each cell line. Expanding clonal cell populations were separated as soon 

as cell numbers allowed. Cells were further cultured under normal conditions for a total of 60 

days, followed by a second single cell cloning step from each culture (Fig. 4B). Three 
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independent, isogenic cell clones and the ancestral clone for each cell line were whole 

genome sequenced at 30x mean coverage. Single base substitution and short indel events 

were detected utilizing IsoMut tool developed to find unique mutations in isogenic samples 

(259), making possible to identify the mutations arose between the two cloning steps. In 

control line hTERT RPE-1 TP53-/- I detected an average of 813 SBS-s, 17 insertions and 19 

deletions per clone established in these 60 days. In mutants defective in either REV1 or 

REV3L strong and significant reduction of SBS numbers (p < 0.0001, unpaired two-sided t-

test) were observable, whereas PRIMPOL single mutant but not PCNAK164RPRIMPOL 

double mutant shows small decrease in SBS mutation rate (p = 0.015) (Fig. 4C). SBS rate in 

PCNAK164Rdid not significantly differed from controls. Indel mutagenesis rates were broadly 

similar in every line with the exceptions of slightly decreased insertions rates in 

PCNAK164Rand PRIMPOL compared to control (p-value 0.022 and 0.031, respectively) and 

marked elevation of deletions in PCNAK164RREV1 mutants (p= 0.013) (Fig. 4D,E). 
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Figure 4 Regulators of TLS affects spontaneous mutagenesis in human RPE-1 cells. (A) 
Schematic representation of REV1, REV3L, PRIMPOL and PCNA, with main domains 
highlighted according to InterPro database. CRISPR target sites are indicated with black 
triangles. (B) Experimental setup of long-term mutagenesis experiment. Between two single cell 
cloning steps, cells were separated into three parallel cultures and grew for 60 days. Genomic 
DNA were isolated and sequenced from the ancestral clone and three subclones from each cell 
line. (C-E) Number unique of SBS, short insertion and short deletion mutations found in 
descendent clones. Individual values indicated by red dots, bars show mean and SEM values. 
Significance of changes were compared to control using unpaired two-sided t-tests, p-value > 
0.05 were considered non-significant (ns). No adjustment was made for multiple comparison. 
Modified version of a figure from Gyure et al (260) 

 

4.1.3 REV1, REV3L and PRIMPOL affect base substitution mutagenesis 

During analysis of SBS signatures, mutations are categorized into six classes 

considering the pyrimidines: C>A, C>G, C>T, T>A, T>C, and T>G. Classes further 

expanded to subclasses considering the genomic context (upstream and downstream 

bases), resulting in a 96-channel representation, called triplet-spectra (218). Plotting SBS-

spectra of control TP53-/- line showed high and specific C>A peaks especially in NCA 

and NCT triplet context (Fig. 5A). Based on triplet signatures of all cell lines revealed 

that SBS spectra of PCNAK164R and PCNAK164RPRIMPOL-/- were similar to the control, 

whereas all samples with either REV1- or REV3L-deficiency showed similar spectra with 

reduction in almost all mutation classes (Fig. 5B). In contrast, PRIMPOL mutant showed 
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unique spectrum (Fig. 5B). Mutational landscapes are usually shaped by distinct 

mutagenic effects with characteristic signatures (218). To identify these distinct patterns 

in my samples, I used non-negative matrix factorization (NMF) to derive two mutational 

signatures (Fig. 5C). Mixture of these two signatures (SBS-A and SBS-B) in varying 

proportion can reproduce original patterns of every sample with 0.91 to 0.98 cosine 

similarities. SBS-A showed strong similarity with COSMIC signatures SBS18 and 

SBS36 with cosine similarity 0.93 and 0.9, respectively, whereas SBS-B showed greatest 

similarity with COSMIC SBS3 and SBS40 (cosine similarity 0.87 and 0.93, respectively) 

(Fig. 5D). SBS18 and SBS36 show strong similarity (cosine similarity 0.91), and both 

considered to be result of impaired repair of 8-oxoG formed by reactive oxygen species 

(ROS), due to defect of DNA glycosylases OGG1 and MUTYH, respectively (261-263). 

Likewise, SBS40 and SBS3 show cosine similarity of 0.88. Whereas SBS3 was detected 

in tumour samples with deficiency in homologous recombination, like BRCA1/2-

negative breast cancers (221, 264, 265), aetiology of SBS40 is unknown though its cosine 

similarity of 0.88 with SBS3 suggests similar underlying molecular mechanisms. 

Deconstruction of triplet spectra of samples to COSMIC signatures showed similar 

proportions of SBS18/36 and SBS3/40 mutagenesis, supporting results from de novo 

signatures (Fig. 5E,F). Robustness of deconstruction was further confirmed by repeating 

NMF with an alternative software. Recommended signatures of repeated analysis showed 

remarkable cosine similarity with SBS-A and SBS-B (1 and 0.978, respectively). 

REV1, REV3L and PRIMPOL had strong influence on the ratio of SBS-A and SBS-

B. Surprisingly, SBS-B almost completely vanished from samples with either REV1 or 

REV3L mutation, suggesting that the REV1/Polζ complex is responsible for this HRD-

like mutagenic process (Fig. 5E). In contrast, PRIMPOL-/- samples showed increased 

contribution of SBS-B in expense of SBS-A. PCNAK164R and PCNAK164R PRIMPOL-/- did 

not differ from control samples (Fig. 5E). I concluded that REV1/Polζ is responsible for 

“flat” signature SBS-B, which resembles COSMIC SBS3 and SBS40, whereas PRIMPOL 

plays a role in an SBS18/36-like mutagenic process characterized by C>A transversions, 

and this role might depend on PCNA-ubiquitination (Fig. 5E).  
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Figure 5 SBS mutagenesis in consists of two components regulated by REV1/Polζ and 
PRIMPOL (A) Averaged SBS mutation spectra of control hTERT RPE-1 TP53–/– cell line (n=3). 
The main categories of 96-dimensional representation indicated above the panel whereas 
sequence context (preceding and following bases, forming 16 subcategories within is main 
categories) are shown below. (B) Average SBS spectra of DDT-mutant cell lines (n=3). (C) 
Triplet spectra of de novo mutagenesis signatures retrieved from all 24 samples using non-
negative matrix factorization. (D) Heatmap of cosine similarities values between de novo 
signatures and all COSMIC v3.3 SBS signatures. (E) The contribution of SBS-A and SBS-B to the 
SBS spectrum of samples with the indicated genotypes. Mean and SEM are shown, individual 
values are indicated by red markers. (F) Deconstruction of the mean SBS spectrum of each 
genotype into COSMIC v3.3 SBS signatures. Cosine similarities of the original and reconstructed 
spectra are shown above each column. Figure from Gyure et al (260) 

4.1.4 SBS-A and SBS-B are generated by mutagenic processes common in 

human cultured cells 

According to my results, spontaneous mutagenesis of RPE-1 TP53-/- cells are 

mainly shaped by processes attributed to HRD-deficiency and oxidative stress, though 

the cell line is HR-proficient and was not exposed to deliberate oxidative effects. To 

exclude the possibility that SBS-A and SBS-B are RPE-1 specific signatures, I validated 

results by investigating of another hTERT-immortalized normal human cell line. Triplet 

signature of HMEC was very similar to that of RPE-1 TP53-/- and could be reconstructed 

using SBS-A and SBS-B with high efficiency (cosine similarity of reconstructed 

signatures to originals were >0.94 in all clones) (Fig. 6A-B). I also reanalyzed spectra of 

19 human cell lines published by Petljak and colleagues (266). Spontaneous mutation 

spectra of 12 out of 19 cell lines could be reconstructed using SBS-A and SBS-B with 
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cosine similarity 0.9 or greater, supporting that mutagenic signatures found in RPE-1 cells 

are results of common mutagenic processes of cultured cell lines (Fig. 6C-D). The 

remaining seven cell lines showed extensive APOBEC- or MMR-related mutagenesis, 

two hypermutator phenotype with characteristic triplet patterns. Three out of twelve cell 

lines spectra could be reconstructed using only SBS-B (Fig. 6D). MDA-MB-436 is a 

BRCA1-mutant triple negative breast cancer (TNBC) cell line, whereas HCC38 is another 

TNBC line with confirmed BRCA1 promoter methylation (267). Similarly, NCI-H650 

carries truncating BRCA2 mutation. Furthermore, analysis of spontaneous mutational 

spectra of RPE-1 TP53-/-BRCA1-/- lines showed that elevated SBS mutagenesis in this cell 

line could be wholly attributed to SBS-B (Fig. 6H). Taken together, these results prove a 

connection between REV1/Polζ-dependent SBS-B and defect of HR and show that the 

(TLS-dependent) mutagenic process responsible for elevated mutagenesis in HR-

deficient cells operates in HR-proficient cells as well.  

To cover all DDT pathways, I knocked out yeast Rad5 homolog HLTF in RPE-1 

TP53-/- and RPE-1 TP53-/-PCNAK164R backgrounds, targeting its SNF2 domain. HLTF-/- 

showed increased SBS-mutagenesis but decreased number of indels, whereas all mutation 

types decreased in PCNAK164RHLTF-/- (Fig. 6F,G). Deconstruction of triplet spectra with 

de novo signatures showed that lack of HLTF increased the proportion of SBS-B, which 

phenotype is PCNA-(mono)ubiquitination-dependent (Fig. 6E,H). 
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Figure 6 SBS-A and SBS-B identify common mutagenesis processes in human cell lines 
(A) Averaged triplet SBS spectrum of spontaneous mutagenesis of three mock treated hTERT 
HMEC human cell line clones. (B) Deconstruction of each HMEC clones to de novo signatures 
SBS-A and SBS-B. Cosine similarity of each reconstructed spectra with original sample are 
shown on the top of each column. (C) Deconstruction efficiency of SBS of spectra of 19 human 
cell lines based on cosine similarity of original vs reconstructed spectra, threshold indicated at 
0.9. (D) relative contribution of SBS-A and SBS-B in the SBS spectra of cell lines with 
reconstruction efficiency of 0.9 or above. (E) SBS spectra of BRCA1-/-, HLTF-/- and PCNAK164R 
HLTF-/- cell lines. (F-G) Number unique of SBS and short deletion mutations arose cell lines from 
(E). Individual values indicated by red dots, bars show mean and SEM values. Significance of 
changes were compared to control using unpaired two-sided t-tests, p-value > 0.05 were 
considered non-significant (ns). No adjustment was made for multiple comparison. (H). The 
contribution of SBS-A and SBS-B to the SBS spectrum of samples with the indicated genotypes 
from (E). Mean and SEM are shown, individual values are indicated by red markers. Modified 
version of a figure from Gyure et al (260) 

4.1.5 TLS-dependent mutagenesis in HRD background is evolutionally 

conserved 

To investigate whether TLS-dependent HRD-mutagenesis is an evolutionary 

conserved mechanism, I reanalysed TLS- and HR-deficient DT40 chicken lymphoblast 

cell samples from a previous publication of our lab (166). In accordance with RPE-1 

mutants, REV1-/- and BRCA1-/- DT40 cell lines show decreased and markedly increased 

SBS numbers, respectively. Although triplet spectra of DT40 miss C>A peaks and have 

flatter pattern (Fig. 7A), signatures derived from NMF show similar behaviour that of in 

RPE-1: a REV1-dependent signature is wholly responsible for extensive SBS-

mutagenesis in BRCA1-/- mutant (Fig. 7B-C). These similarities suggest evolutionary 

conserved role of TLS in HRD genotypes, even if signatures from an evolutionarily 

distinct species cannot be fully comparable to that of derived from human tumour 

samples. 
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Figure 7 SBS mutagenesis in DT40 cell lines shows analogues to that of human cell lines. 
(A)Averaged triplet spectra of DT40 cell lines. (B) The contribution of DT40 SigA and DT40 SigB 
to the SBS spectrum of indicated DT40 genotypes. Each column represents mutations of three 
clones. (C) De novo triplet spectra derived from DT40 wildtype control, REV1-/- POLH-/-, BRCA1-

/- REV1-/- and BRCA1-/-POLH-/-using NMF 
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4.1.6 TLS regulates accurate replication of homopolymer repeats 

Analysis of indels based on their sequence context revealed increase of short 

deletions no longer than 3 bp at repeat sequences in the PCNAK164RREV1-/- cell line (Fig. 

8A). Arising deletions were predominantly single A/T deletions at homopolymer repeats 

longer than 4 bp, 2 bp deletions at 2- or 3-unit repeats or 3 bp deletions at 2-unit repeats 

(Fig. 8A). Cell line also showed modest increase of 2 bp deletion at with microhomology, 

though these deletions are predominantly 2 bp long, thus single nucleotide 

microhomology could also happen by chance.  PCNAK164R decreased the single C deletion 

either on its own compared to control or in combination with any other mutations 

compared to the corresponding single mutants (Fig. 8A). BRCA1-/- showed unique pattern 

characterized predominantly by 5 bp or longer deletions with or without microhomology 

what is attributed to activation of non-homologous end joining repair of DSB-s in absence 

of HR (225) (Fig. 8A). Decomposition of indel patterns using COSMIC indel signatures 

showed large contribution of ID4 signatures PCNAK164RREV1-/- (Fig. 8C). As REV1, 

which promotes error-prone TLS producing SBS-A, and PCNA-(mono)ubiquitination 

which seems to contribute in SBS-B, are the two primary regulators of TLS, this suggests 

the activation of a backup mechanism which might utilise 1-3 bp repeat sequences for 

translesion replication by template slippage. Interestingly, while PCNA-ubiquitination 

prevents from 2-3 bp deletions, PCNAK164R mutation decreases the number of 1 bp 

deletions in all background as shown by the decreased proportion if ID9 signature in these 

cell lines. Furthermore, contribution of ID9 is increased in RPE-1 REV1-/- but completely 

disappeared in RPE-1 PCNAK164RREV1-/-(Fig. 8C). A possible explanation is that in the 

absence of REV1, overactivation of monoubiquitinated PCNA-mediated TLS produces 1 

bp deletion at repeat sequences (Fig. 8B). The exact aetiology of ID9 has yet to be 

discovered, but it has been linked to AID-mediated formation abasic sites (268) and 

activation of Polθ (269) and has been shown to associate with genomic instability 

(270, 271). 
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Figure 8 TLS regulates accurate replication of homopolymer repeats (A) Indel spectra of all 
RPE-1cell lines, according to COSMIC indel classification, with insertion longer than 1 bp collapsed 
for clarity. (B) Simple model for role of TLS in formation of short indels: SBS mutagenesis is caused 
by bypassing genomic lesion by REV1/Polζ., whereas PCNA-(mono)ubiquitination driven TLS 
produces 1 bp deletion. In the absence of both processes, an alternative TLS pathway is activated 
which utilizes short deletions and produces short deletions due to template slipping. 
(C)Deconstruction of short indels per genotypes using COSMIC ID signatures. 
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4.1.7 REV1/Polζ prevents long deletions of kilobase pair size 

To detect deletions above the size range covered by IsoMut analysis, I used 

GRIDSS2 structural variant caller which can detect rearrangement breakpoint using de 

Bruijn graph breakend assembly algorithm (249). In TP53-/- control, PRIMPOL-/-, 

PCNAK164RPRIMPOL-/- and HLTF-/- cell lines, less than 2 long deletions (> 50 bp) per 

genome arose in the 60 days of the experiment (Fig. 9A-B). In contrast, cell lines with 

either REV1 or REV3L mutations developed large number of deletions that fell mostly in 

the range of 500-5000 bp size (Fig. 9A-B). Although defect in REV1/Polζ appears to be 

the main mediator of enrichment of deletions in this size range, phenotypes varied as I 

found 2.4-fold more deletions in REV3L-/- cells compared to REV1 mutants (an average 

of 29 vs 12 events per genome, p=0.002, unpaired two-sided t-test) (Fig. 9B). These 

deletions predominantly developed in late replicating regions in REV1-/- and REV3L-/- 

cells (Fig. 9C). Although REV3L has shown to have a role in the prevention of large scale 

chromosome instability (272), such narrow size range of deletions suggests distinct 

mutagenic process. 
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Figure 9 REV1/Polζ prevents long deletions of kilobase pair size (A) Size distribution of 
>50 bp deletions identified with GRIDSS2. Event were pooled by genotypes; each marker 
represents one deletion. (B) Mean and SEM values of deletions numbers in the 500-5000 bp size 
range per genome. Markers represent values of individual clones. (C) Distribution of deletions 
in the 500-5000 bp size range by replication timing in REV1–/– and REV3L–/– cells. 

4.1.8 REV1 and PRIMPOL play redundant roles to prevent chromosome 

instability  

To quantify chromosome-level changes arose during culturing time, I utilized an 

algorithm established by our lab (260), which detects copy number alterations (CNAs) in 

isogenic samples based on sequence coverage and allele frequency of heterozygous SNPs. 

I found copy number abnormalities in every ancestral clone. For instance, extra copy of 

chromosome 7 and 11, as well as even higher copy number of segments of chromosome 

were found in RPE-1 TP53-/- control ancestral (Fig. 10A). In contrast, these CNA-s were 

not found in other ancestral clones, though all single mutant cell lines were derived from 

RPE-1 TP53-/-. Genomes of descendent clone were compared to corresponding ancestral 

clone to identify changes in copy number established during the 60 days of mock 

treatment. Mutants were defective in TLS-initialization but not in repriming (REV1-/-, 

PCNAK164R and PCNAK164RREV1-/-), showed low number of deletions and no duplications 

(Fig. 10B-C). Loss of PRIMPOL caused low number of both deletions at the 0.1-1 Mb 

range duplications of at least 10 Mb in size. Simultaneous depletion of REV1 and 

PRIMPOL resulted in the greatest number of CNAs compared to control (p=0.006, 

unpaired two-sided t-test), with both duplications and deletions longer than 1 Mb. 



 

51 

Increased numbers of deletions and duplications were found on BRCA1-/- as well 

(p=0.012) (Fig. 10B). Genomic instability caused BRCA1/2-deficiency has been 

previously observed (273-275) and may be attributed to the excessive accumulation of 

ssDNA gaps (276) or the defect in protection of stalled fork (277). I also found increased 

number of CNAs events in REV3L-/- and PCNAK164RHLTF-/- cells, though these were not 

significant probably due to the small numbers (Fig. 10B).  
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Figure 10 REV1 and PRIMPOL play redundant role to prevent chromosome instability 
(A) top two tracks in each panel: Sequence coverage (COV) and B allele frequency (BAF) of 
selected human SNPs are shown along the human genome (dashed lines indicates chromosome 
boundaries). Three bottom tracks in each panel: Δcoverage of each descendent clones and 
corresponding ancestral clone. Visible alterations show changes affect partial or whole 
chromosomes. (B) Number of copy number alterations per samples grouped by genotypes, 
classified as gain or loss Total CNA numbers per clone in each genotype were compared to the 
control cell line using unpaired two-sided t-test. Only significant differences are indicated. (C) 
Size distribution of CAN events per genotypes: classified as gain and loss; each marker represents 
one event. 

4.2 Role of DDT pathways in cisplatin-induced mutagenesis 

4.2.1 REV1 and PCNA-ubiquitination play redundant role in tolerance of 

genomic cisplatin adducts  

To investigate the role of error-prone TLS in the bypass of cisplatin-induced 

lesions, I first determined the sensitivities of polymerase mutant cell lines to cisplatin, 

supplemented with the RPE-1 TP53-/- BRCA1-/- cell line in which excessive usage of 

REV1/Polζ has been observed. Cells were treated with decreasing concentration of 

cisplatin for 5 days followed by determination of the ratio of viable cells compared to 

corresponding untreated controls. All cell lines proved to be sensitive to cisplatin with 

relative IC50 concentration between 0.022 and 0.44 compared to the RPE-1 TP53-/- 

control (Fig. 11A). PRIMPOL-/- showed the lowest sensitivity, thus the highest relative 

IC50 concentration (0.44), though this did not significantly differ from REV1-/- due to the 

unexpectedly high standard error of latter (p=0.2, unpaired two-sided t-tests). Most 
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sensitive cell lines were REV3L-/- with mean relative IC50 0.022, though differences 

between REV3L-/- and double mutants PCNAK164RPRIMPOL-/-, PCNAK164RREV1 and 

REV1-/-PRIMPOL-/- were not significant with p-values 0.17, 0.08 and 0.06, respectively 

(Fig. 11A). Undistinguishable phenotypes of REV3L-/- and complete abolishment of main 

TLS-inducer pathways implies that Polζ is the major extensor polymerase to bypass 

cisplatin-induced lesions. Furthermore, REV1 has PCNA-(mono)ubiquitination 

independent role as shown by the almost six-fold decrease of relative IC50 of 

PCNAK164RREV1 cell line compared to PCNAK164R (p=1.97x10-6). BRCA1-/- and 

PCNAK164R showed similar, almost nine-folds decreased mean relative IC50 value (0.12 

and 0.11, respectively) (Fig. 11A). 
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Figure 11 DDT pathways affect both mutagenicity and cytotoxicity of cisplatin (A) Mean 
and SEM values of relative IC50 values per genotypes (n=3). IC50 values calculated per each 
experiment for each cell lines were normalized with mean IC50 value of control cell line RPE-1 
TP53-/-. Absolute IC50 values were compared to the control cell line using unpaired two-sided t-
test, only least and most significant results are indicated. (B-C) Mean and SEM values of SBS 
and short deletions mutations per cell lines. Markers represent values of individual clones. (D) 
Averaged triplet spectra of cisplatin treated RPE-1 cell lines, each show averaged values of three 
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descendent clones. (E-F) NMF analysis of cisplatin-treated RPE-1 cell lines; (E) shows relative 
distribution of de novo cisplatin signatures per samples, grouped by cell line or genotype; (F) 
Triplet spectra of de novo cisplatin signatures. (G) Analysis of SBS spectra of cisplatin treated 
cell lines using PCA, UMAP and tSNE algorithm. Data was centered and scaled for PCA and 
scaled without centering for UMAP and tSNE.  

4.2.2 Cisplatin treatment increases both SNV and indel mutagenesis 

To gain deeper insight into how DDT pathways influence cisplatin induced 

mutagenesis, I analysed triplet spectra of RPE-1 TP53-/-, RPE-1 TP53-/-PRIMPOL-/- and 

RPE-1 TP53-/-BRCA1-/- cells treated with cisplatin. Cells were grown similarly to mock 

treated samples except for weekly one-hour long treatments with 2 μm cisplatin for four 

weeks before second single cell cloning step. One of the three RPE-1 TP53-/-BRCA1-/- 

subcultures (#3) did not recover after the fourth cisplatin treatment. Instead, I sequenced 

two clones from subculture #2. Technically, unique mutations found in samples are being 

arose in samples between the last common ancestral and second cloning step and 

mutations collected between first cloning step and last common ancestral is shared, thus 

filtered out by IsoMut. Separation of subcultures as soon as cell number allows minimizes 

the shared mutations. To avoid loss of mutations shared in clones derived from the same 

subculture, I conducted two parallel IsoMut analysis excluding a semi-independent clones 

from each run. 

SNV numbers drastically increased in all genotypes with average numbers of new 

SNVs 6710, 4691 and 7484 in RPE-1 TP53-/-, RPE-1 TP53-/-PRIMPOL-/- and RPE-1 

TP53-/-BRCA1-/-, respectively, which means six to nine-fold increase of SBS mutagenesis. 

Similarly, the number of deletions and insertions showed four to eight-fold and five to 

seven-fold increase compared to mock treated samples, respectively (Fig. 11B-C). 

4.2.3 Cisplatin induced mutation signatures are shaped by DDT-pathways 

The most frequent mutations arising upon cisplatin-treatment can be grouped into 

three main categories: C>T mutation in CCY context, T>A mutations in CTN context and 

C>A mutations in YCN or NCY context. Additionally, C>G peaks at GCC or TCT triplets 

appeared in BRCA1-/- cells. It is important to highlight that all these mutation types arose 

at canonical cisplatin-target dinucleotides AG and GG (235). TP53-/- control and 

PRIMPOL-/- mutants showed similar C>T and T>A dominated spectra, whereas 

approximately same number of C>A, C>T and T>A mutations arose in BRCA1-/- cells 
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(Fig. 11D). These results are in line with previous observations in human tumours and 

cell lines (225, 254). To obtain more robust results, I added triplet spectra of previously 

published cisplatin-treated cell lines HepG2, MCF-10A (254), TK6 (255) and DT40 (256) 

to the NMF analysis, which produced four components to describe the triplet spectra most 

appropriately (Fig. 11E-F). Three out of four components were associated with cisplatin 

treatment, and each dominated by one of the major mutation types mentioned above, 

whereas fourth component resembled was enriched in mock treated samples and 

considered to be the background mutagenesis (Fig. 11F). Cisplatin-related signatures 

show cell line- or genotype-dependent contribution to SBS spectra (Fig. 11E).  

I investigated the cosine similarity between SBS spectra of cisplatin-treated 

BRCA1-/- clones to estimate the effect of the aforementioned semi-independent clones. 

Although the clones from the same subcultures (clones #1 and #3) were proved to be 

almost identical (rounded cosine similarity was 1), the genuinely independent clone from 

the separated subculture showed high similarity as well (cosine similarity as high as 0.99), 

indicating that usage of semi-independent samples did not markedly decrease the 

reliability of observations. 

In order to better understand what factors shape the cisplatin-induced mutagenesis 

I performed dimension reduction on scaled 96-channel SBS-spectra of samples, using 

both linear transformation algorithm principal component analysis (PCA) and non-linear 

transformation algorithms UMAP and tSNE for dimension reduction. All algorithms 

clearly separated DT40 and TK6 samples from rest of samples. In contrast, no clear 

clusters could be observed among neither RPE-1 genotypes nor cell lines of non-

lymphoblastic origin (Fig. 11G).  

4.2.4 Cisplatin induces single T insertions and C deletions in sequence-specific 

manner 

Signature analysis of indels revealed that indels are predominantly 1 bp long 

insertions and deletions, especially C/G deletions and A/T insertions, in all genotypes. 

The majority of C/G deletions affects single- or dinucleotide C/G-s, whereas A/T 

insertions predominately happened at A/T units 1 bp or longer (Fig. 12A). Analysis of 1 

bp insertions considering the preceding and following dinucleotides showed that T 

insertions are mostly GGTT > GGTTT mutations in every genotype, whereas C insertions 
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did not show similar sequence-dependence and difference between genotypes is more 

prominent (Fig. 12C). Distributions of sequence context of deletions are more diffuse, 

though C deletion were more likely to happened if next base was T or C in every genotype, 

whereas T deletions predominantly arose at T repeats, especially in PRIMPOL-/- (Fig. 

12C). To sum up, T insertions and C deletions showed stronger sequences context- and 

weaker genotype-dependencies and could be attributed to cisplatin-induced intrastrand 

adducts at GG or GA dinucleotides, whereas T deletion predominantly happens at T-

repeats. Decomposition of indel signatures revealed that indel spectra of all cell lines are 

predominately mixture of three COSMIC signatures ID3, ID9 (both characterized by 1 

bp deletions) and ID11 (characterized by 1 bp A/T insertions) (Fig. 12B). ID3 is attributed 

to tobacco smoking (225) which causes 8-oxoG lesions (cisplatin predominately binds 

guanines as well), whereas ID11 (of unknown aetiology) has been linked to alcohol 

consumption (278) and HRD (279). 
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Figure 12 Cisplatin predominantly induces single T insertions and C deletions in 
sequence-specific manner (A) Indel spectra of cisplatin-treated RPE-1cell lines, according to 
COSMIC indel classification, with insertion longer than 1 bp collapsed for clarity. 
(B)Deconstruction of short indels per genotypes using COSMIC ID signatures. (C) Heat map of 
the frequency of 1 bp indels, classified according to the preceding and the following dinucleotides 
as indicated. The deleted or inserted base is shown above panels. Number of events are shown 
above each individual panel. 
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5 Discussion 

In my thesis, I investigated the role of DNA damage tolerance pathways in 

spontaneous and cisplatin-induced mutagenesis in human cells using RPE-1 TP53-/- as 

model system. According to my results, spontaneous SBS mutagenesis is of two 

components: one which resemble HRD mutagenesis proved to be dependent on REV1 

and Polζ TLS polymerases and promoted by PCNA-(mono)ubiquitination, whereas the 

second, similar to mutagenic effect of ROS, was influenced by both REV1/Polζ and 

PRIMPOL. Furthermore, PCNA-(mono)ubiquitination was found to promote 1 bp long 

deletions, which mechanism seemed to be REV1-dependent. In contrast, prevention of 

TLS polymerase recruitment via concurrent loss of major PCNA-(mono)ubiquitination 

and REV1 resulted in increased number of deletions at short repeats and arose of an ID 

signature not presented single mutants. Besides its role to prevents short deletions, 

REV1/Polζ prevents formation of deletions in a specific, several kilobase size range. 

Finally, simultaneous loss of REV1 and PRIMPOL caused chromosome-level instability. 

These results emphasized multifaceted roles of non-replicative DNA polymerases in 

spontaneous mutagenesis. 

SBS signatures identified in RPE-1 (SBS-A and SBS-B) were successfully used to 

deconstruct SBS spectra of human somatic cell lines of various origin, proving that 

corresponding molecular mechanisms are common among cultured human cells. 

Furthermore, SBS signatures in evolutionarily distinct avian cell line DT40 showed 

analogous behavior, suggesting evolutionary conserved role of TLS in SBS mutagenesis. 

Similarly, a C>A dominated SBS signature closely resembles SBS-A was found in colon 

samples of a wide range of mammals (280). In the same study, a flat SBS signature 

resembles COSMIC signature SBS5 and the imprint of 5-methylcytosine deamination 

presenting as CG>TG mutations was also identified. Presence of a broad-spectrum 

component of SBS spectra may be related to the role of SBS-B in RPE-1. Possible 

explanation of differences between SBS-B and the SBS5-like signature in mammals is 

that 5-methylcytosine deamination have less prominent role in fast-growing cultured cells 

(281). 

SBS-A resembled 8-oxoG-mediated mutagenesis (261) and have shown to be 

dependent on PRIMPOL. PRIMPOL can bypass 8-oxoG but its activity has only shown 
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in vitro (32, 282). Loss of PRIMPOL affected SBS-A mutagenesis only in PCNA-

(mono)ubiquitination-proficient background, suggesting complex regulation of 

replicative lesion bypass and protection of stalled fork, in which PRIMPOL and PCNA-

(mono)ubiquitination play concomitant role. Their involvement in an 8-oxoG-related 

pattern implies that replication is challenged by either oxidation of genomic guanines or 

incorporation of priori oxidised nucleotides. Furthermore, the decreased of its relative 

contribution in SBS spectra of PRIMPOL-/- cells raises the possibility that SBS-A is 

related to existence or filling of ssDNA gaps.  

As I have clearly shown, SBS-B signature is fully dependent on REV1 and REV3L 

proving that REV1/Polζ makes a significant contribution to spontaneous mutagenesis in 

human cultured cells. Contribution of REV1 and Polζ in mutagenesis of HR-deficient 

cells has been shown in on various organisms (38, 166, 283). Furthermore, our group has 

previously shown that Pol η and Pol κ also contribute to SBS mutagenesis in BRCA1–/– 

chicken DT40 cells (166), in contrast to PCNA-(mono)ubiquitination which did not affect 

SBS mutagenesis (256), implicating that TLS polymerases of Y family are recruited by 

REV1. Taken together the similarity of SBS-B and HRD-mediated COSMIC signatures, 

the role of REV1 in both processes, the markedly increased contribution of SBS-B in SBS 

mutagenesis in BRCA1-deficient human cell lines and the presence of SBS-B in HR-

proficient human cell lines, I draw the conclusion that “HRD-meditated” signature is the 

fingerprint of a common mutagenic mechanism which operates in human cells 

independent of their HR-status. Furthermore, PCNAK164R mutation caused modest 

decrease of SBS-B in every genotype, suggesting that PCNA-(mono)ubiquitination 

promotes REV1-mediated TLS but not indispensable in its activation. 

Loss of both BRCA1 and HLTF result in accumulation of ssDNA gaps due to 

PRIMPOL-mediated repriming (36, 38), whereas HR-factors make important 

contribution to postreplicative gap-filling via TSw (276, 284). In the absence of TSw, 

gaps can be filled by TLS (25). Increased contribution of SBS-B in both HLTF- and 

BRCA1-deficient cell lines suggests involvement of REV1/Polζ in postreplicative TLS, 

which appears to be constitutively active in HR-proficient cells as well, but BRCA1-

deficient cells seem to be more dependent on this mechanism (38). Controversially, loss 

of PRIMPOL increases the contribution of SBS-B component as well, implying that 

PRIMPOL-/- cells are more dependent on REV1 upon replication fork stalling. As absence 
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of PRIMPOL prevents formation of ssDNA gaps (15, 38), it suggests that REV1/Polζ 

maintains the replication fork progression in absence of repriming. Possible explanation 

that REV1/Polζ perform “on-the-fly” TLS rescuing replication fork destabilized by loss 

of either BRCA1 (169), HLTF or PRIMPOL (36). 

Phenotypes of REV1-/- and REV3L-/- showed high similarity in respect to SBS 

spectra and 500-5000 bp deletions, suggesting that chief role of REV1 is the recruitment 

of REV3L. It is in agreement with the formation of previously described REV1-REV7-

REV3L complex called TLS-mutasome (122). Base substitutions can arise either during 

bypass of lesions through two-polymerase mechanism whereby one TLS polymerase 

inserts an incorrect base and Polζ acts as an obligate extensor polymerase utilizing 

mismatched primer (285) or downstream the lesions via mutagenesis process called 

collateral mutagenesis (256) due to low fidelity of Polζ (286). The mechanism behind the 

deletions of 500-5000 bp size is not yet clear, but may be attributed to one of the emerging 

TLS-independent roles of REV1 or Polζ such as replication through unusual DNA-

structures (287), protection of stalled replication fork (288), replication of 

pericentromeric heterochromatin(289) or mitotic DNA synthesis (290). Furthermore, 

there is also a possible analogy with Polθ-dependent 50-500 bp deletions observed in the 

genomes of rev-1 mutant C. elegans(291). 

Both REV1 and PRIMPOL promote replication fork progression by bypassing 

lesions or repriming replication behind lesions, respectively. Simultaneous loss of both 

proteins may cause accumulation of unreplicated DNA, leading to mitotic segregation 

problems and chromosome instability. Alternatively, absence of both on-the-fly TLS and 

replication repriming may overactivates the third replicative DDT-pathway, the fork 

reversal. Prolonged regression eventually causes collapse of replication fork, leading to 

genome instability (13, 14). Furthermore, the fact that loss of PRIMPOL in combination 

with loss of REV1 but not with PCNAK164R-modification causes excessive genome 

instability suggests that PCNA-(mono)ubiquitination plays a less important role during  

the replicative bypass of lesions than REV1. 

Rise of ID4 indel signature in PCNAK164RREV1-/- and its absence in both single 

mutant cell lines showed the joint role of REV1 and PCNA-(mono)ubiquitination in 

prevention of short deletions at short repeats. ID4 has been attributed to genomic 
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ribonucleotide-removing activity of topoisomerase 1 (TOP1) (292) and appeared in 

RNase-H2 knockout cell lines established in the same hTERT RPE-1 TP53-/- (292), 

suggesting that either REV1 or PCNA ubiquitylation could therefore have a hitherto 

undetected role in the repair of genomic ribonucleotides. However, ID4-like pattern in 

RNase-H2-KO RPE-1 cells show different frequency of 3 bp repeat deletions. This 

modest difference raises the possibility that not only one can produce ID4-like signature. 

Recently described “microhomology-mediated gap filling” activity of Polθ (293) and 

high frequency of indel mutagenesis and template slippage activity of PRIMPOL in vitro 

(34, 282) provide possible alternative mechanisms in the absence of TLS in 

PCNAK164RREV1-/- cells. 

Furthermore, I investigated cisplatin-induced mutagenesis in RPE-1 TP53-/-, RPE-

1 TP53-/-BRCA1-/- and RPE-1 TP53-/-BRCA1-/- cell lines. Cisplatin-treatment increased 

the numbers of point mutations and short indels compared to mock treated samples. 

Analysis of the sequence context of mutations revealed that DNA lesions of cisplatin 

origin are directly responsible for surplus mutations, though patterns varied across 

genotypes. As cisplatin-triggered SBS mutagenesis is attributed to TLS (294, 295), 

varying contribution of cisplatin-derived signatures may imply differential utilization of 

TLS polymerases. Importance of cisplatin-induced lesions bypass Polκ have been 

reported in human and chicken cell lines (45, 166). It is important to highlight that 

cisplatin induces almost exclusively C>A mutations in DT40 BRCA1-/- cell line what 

process is entirely Polκ-dependent. In contrast, triplet spectra of cisplatin-treated RPE-1 

TP53-/-BRCA1-/- showed more diverse landscape with C>T, T>A and C>G peaks, 

suggesting activation of more than one mutagenic process, which require further 

investigation. Identification of proteins involved in these molecular mechanisms would 

provide potential targets in combination therapies with cisplatin in treatment of BRCA1-

deficient tumours. Finally, analysis of triplet spectra of cisplatin-treated human and DT40 

cell lines revealed that the tissue of origin plays a more important role in cisplatin-induced 

mutagenesis than the BRCA1- or PRIMPOL-status of the cells.  
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6 Conclusions 

• REV1 plays a central and a multifaceted role in spontaneous mutagenesis and 

protection of genome integrity, as being wholly responsible for HRD-like component 

of spontaneous SBS mutagenesis, prevents formation of kilobase-long deletions. 

REV1 probably exert these roles by recruiting Polζ an universal extender TLS-

polymerase. 

• Defective TLS in RPE-1 PCNAK164RREV1-/- cell line give rise to an unexpected 

mutagenic a process what was missing from single mutant cell lines and 

characterized by 1 bp deletions at longer A/T homopolymers, 2 bp deletions at 2- or 

3-unit repeats and 3 bp deletions at 2-unit repeats. To conclude, REV1 prevents short 

deletions at repeat sequences in cooperation with PCNA-(mono)ubiquitination via a 

yet unknown molecular mechanism.  

• REV1 guards large-scale genome integrity as well. Simultaneous loss of PRIMPOL 

and REV1 resulted in increased number of 1-100 Mb scale deletions in duplications 

of genome. As both PRIMPOL and REV1 promote replication fork progression, loss 

of both proteins may cause mitotic segregation problem due to the accumulation of 

unreplicated DNA or prolonged fork stalling. 

• On the basis of SBS spectra and frequencies of CNA events in PCNAK164RPRIMPOL-/- 

and REV1-/- PRIMPOL-/- cell lines, REV1 plays a more important role in the promotion 

of TLS than PCNA-(mono)ubiquitination in human cells. 

• Cisplatin treatment induces single base substitution and 1 bp long indel mutations in 

sequence context specific manner. DDT pathways can affect both indel and SBS-

signatures, maybe reflecting varying compositions of TLS-polymerases used for 

lesion-bypass.   
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7 Summary 

Genomes of living organisms are continuously challenged by mutagenic agents, 

both extrinsic and intrinsic. Damaged genomic positions, called genomic lesions, 

interfere with replication as high-fidelity replicative polymerases cannot process template 

encodes ambiguous information. Various molecular pathways have evolved to maintain 

integrity of genetic information. Mechanisms which help replication machinery to cope 

with lesions and complete duplication of genome are jointly called DNA damage 

tolerance pathways or DDT for short. Fork reversal stabilizes stalled replication fork and 

restarts it when DNA repair fixed the damaged site. Replication repriming grants fork 

progression by starting replication machinery behind the lesion. Arising ssDNA gaps are 

eventually filled by either homologous recombination-based template switch or 

translesion synthesis. Translesion polymerases are special DNA polymerases of lower 

fidelity enabling them to bypass lesions postreplicatively or during replication. 

I identified two components of spontaneous SBS mutagenesis in a human cell line 

RPE-1: an HRD-like component what is wholly depended on REV1 and Polζ, whereas 

the second component showed similarity with oxidative mutagenesis and was affected by 

PRIMPOL and PCNA-(mono)ubiquitination. Remarkably, de novo signatures were 

identified in DDT-mutant untransformed cells which were neither HR-deficient nor were 

exposed to deliberate oxidative damage. Investigation of RPE-1 TP53-/-BRCA1-/- cell line 

showed that HRD-like signature was responsible for elevated mutation number in this 

cell line. I successfully reconstructed SBS spectra of 12 human cell lines with de novo 

signatures, proving that underlying molecular mechanisms are common in cultured 

human cells. Furthermore, the connection between REV1 and HRD was proved to be 

evolutionary conserved, as shown by the analysis DDT-mutant DT40 chicken cell lines. 

TLS and repriming prevent formation of deletions and insertions of as short 1 bp to as 

large as several Mb. REV1 plays central role in protection from deletions: simultaneous 

loss of PCNA-(mono)ubiquitination and REV1 give rise to short deletions, whereas 

REV1 and PRIMPOL redundantly prevents genomic instability. Finally, aberrant 

recruitment of REV3L due to loss of REV1 causes accumulation of kilobase long 

deletions. Furthermore, DDT pathways affect mutation signatures of cisplatin treatment, 

providing new diagnostic markers and therapeutic targets. 
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