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In this thesis, I have characterized the role of genes involved in TLS at the genome 
of mammalian cells in response to DNA-damaging agents, using mouse embryonic 
fibroblast (MEFs) and mice with defined mutations in these genes. To this aim, 
I have developed a toolbox to study multiple aspects of TLS of the damaged genome, 
including bypass of different types of lesions, replication fork progression, mutagenesis, 
DNA damage signaling, genome breakage and cell survival. This work shows 
comprehensively the relative in vivo contributions of a number of mammalian TLS-
associated polymerases to replication of damaged DNA and to DNA damage signaling 
responses when cells are exposed to common food-derived genotoxins and to UV 
light. Additionally, this thesis provides evidence that ssDNA gaps can be transmitted 
through mitosis into the subsequent cell cycle and converted into DSBs that underlie 
genome instability, in a DNA replication-dependent fashion. Lastly, I have shown that 
Rev1, a key TLS polymerase, is required for preventing premature aging in mice. 

The Complexities of TLS

Many in vitro studies of individual TLS polymerases have been conducted and these 
have yielded important insights into their biochemical properties (Waters et al., 2009), 
rather than on their functions and contribution to TLS in a living cell. In Chapters 2 
and 3, I described the roles of different mammalian TLS polymerases in response to 
DNA damages at nuclear chromatin. Even if, at the genome, some types of DNA lesions, 
such as CPDs, may be bypassed by only one TLS polymerase at the replication fork 
(Yoon et al., 2009), the present idea of TLS is that persistent DNA damage is replicated 
by the concerted action of at least two TLS polymerases: inserter polymerases and 
extender polymerases. The inserter TLS polymerase is capable of inserting nucleotides 
across DNA lesions, while extension beyond the lesions is performed by extender 
TLS polymerases (Prakash et al., 2002; Shachar et al., 2009; Yoon et al., 2009; Yoon et 
al., 2010). So far, mammalian Polk and Polz have been implicated in the latter stage 
(Haracska et al., 2002; Prakash et al., 2002). Data in this thesis suggest that the extender 
function of Polk might be limited to specific DNA lesions, since MEFs deficient for 
Polz display persistent stalled replication forks at UV-induced (6-4)PPs and at BPDE 
lesions (Chapters 2 and 3). This suggests that, for these DNA lesions, (i) other TLS 
polymerases, including Polk, are not capable of acting as an extender polymerase, or 
that (ii) Polk-mediated extension might be Polz-dependent.

Regulation of TLS

Because TLS is an inherently mutagenic process, its activity should be tightly controlled. 
This thesis and work by others provide evidence that Rev1 and Polz are indispensable 
for bypassing strongly helix-distorting (6-4)PPs (Shachar et al., 2009; Szuts et al., 2008), 
whereas they have a minor role in the bypass across mildly helix-distorting CPDs. In 
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addition, CPDs and Benzo[a]pyrene diepoxyde (BPDE)-induced DNA adducts seem 
to be cognate DNA lesions for Polh and Polk, respectively (Bi et al., 2005; Yoon et 
al., 2009; Zhang et al., 2002). It is not known how the “optimal” TLS polymerase is 
recruited to a specific lesion. In yeast and in human cells, arrest of the replication fork 
by DNA adducts elicits TLS via the mono-ubiquitination of PCNA at K164 (PCNA-
Ub), especially for TLS by Polh across mildly distorting CPDs (Bienko et al., 2010). 
This may suggest a “tool belt” mechanism whereby all TLS polymerases are bound 
to PCNA which, upon fork stalling and ubiquitination, selects the best suited TLS 
polymerase to perform the bypass (Freudenthal et al., 2010). However, data in chapter 
3 and from Edmunds et al suggest that Rev1 and Rev3-mediated TLS is independent 
from PCNA-Ub (Edmunds et al., 2008). Therefore, a reasonable possibility could be 
that the TLS polymerase selection is based on a trial and error basis. In such a model, 
when a particular TLS polymerase would not be able to appropriately bypass the lesion, 
another might be invoked, possibly only after repriming of replication downstream 
of the lesion (see below). Other processes and pathways that may regulate mutagenic 
TLS include (i) proofreading in trans by the replicative polymerases (Bebenek et al., 
2001a), (ii) DNA mismatch repair (Tsaalbi-Shtylik et al., in preparation), and (iii) the 
Fanconi anemia (FA) pathway. The FA pathway has been implicated in the regulation 
of Rev1 and Rev3 via its FANCC component (Niedzwiedz et al., 2004). In support, it 
has recently been shown that the FA-associated protein (FAAP20) interacts with Rev1 
through its ubiquitin-binding domain (UBZ4) (Kim et al., 2012). Depletion of FAAP20 
leads to loss of recruitment of Rev1 to UV damages, indicating that the FA complex may 
stimulate TLS. Furthermore, the FA complex possesses ubiquitin ligase activity, and it 
is tempting to speculate that the FA complex may regulate TLS by ubiquitination of 
TLS-related proteins in response to strongly helix-distorting DNA lesions. In addition, 
the FA complex may also indirectly influence TLS, since recent data indicate that the 
FA complex stabilizes stressed replication forks. Accordingly, in the absence of the FA 
complex, destabilized forks may not be suitable for Rev1-dependent TLS (Lossaint et 
al., 2013). 

Recently, it has been shown that a subunit of the yeast replicative DNA polymerase 
Polδ, Pol32, interacts with Polz and that this interaction is required for Polz-mediated 
TLS (Johnson et al., 2012). Likewise, in human cells, the human ortholog of Pol32, 
POLD3, interacts with Rev1 and Polz as well as with the ubiquitin-binding protein 
Spartan. Depletion of Spartan leads to enhanced UV-induced mutagenesis, which is 
dependent on Rev1 and Polz (Kim et al., 2013). Together, these data suggest a link 
between the coordination and regulation of replicative and TLS DNA polymerases. 

Mechanistic Basis for TLS

To bypass DNA lesions, TLS may act in two modes: (i) direct bypass and (ii) post-
replicative gap filling. Post-replicative gaps can be generated by re-priming of processive 
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replication beyond the lesions or by the convergence of an adjacent replicon. Possibly, 
cells employ both TLS modes to bypass DNA damages, depending on the architecture 
of DNA lesions. For instance, the mildly-helix distorting CPDs might be competently 
bypassed by Polh via direct bypass, while TLS across the strongly helix-distorting (6-4)
PPs is thought to involve post-replicative gap filling (Jansen et al., 2007). It was shown 
by electron microscopy that TLS-deficient yeast cells accumulate ssDNA gaps 30 min 
after UV exposure, providing evidence for TLS as a gap-filling mechanism (Lopes et 
al., 2006). It would be intriguing to apply the same approach to human or mouse Xpc 
mutant cells that are deficient for global-genome nucleotide excision repair (GG-NER) 
of UV lesions, but proficient for TLS. Consistent with a role in post-replicative gap 
filling, Rev1 or Rev3 mutant mouse cells show the accumulation of (6-4)PPs-containing 
ssDNA patches in the G2 phase (Jansen et al., 2009a; Jansen et al., 2009b). Although 
also in mammalian cells gap-filling TLS at an episomal substrate can be separated from 
replication (Diamant et al., 2012), the physiological role of post-replicative gaps at the 
genome is not established, as it is difficult to exclude the possibility that, in Rev1 or 
Rev3-proficient cells, CPDs and (6-4)PPs are bypassed directly. ssDNA gaps activate 
the Atr-mediated DNA damage signaling pathway and the loading of the 9-1-1 complex 
to 5’ primer-dimer termini (Majka et al., 2006; Nam et al., 2011). Furthermore, yeast 
Rev1, Polz as well as Polk might be recruited to damaged chromatin and interact with 
the 9-1-1 complex (Jansen et al., 2007; Kai et al., 2003; Sabbioneda et al., 2005; Yu et 
al., 2003). In yeast, it has been demonstrated that 9-1-1 mutant yeast cells display a 
hypomutable phenotype to DNA damaging agents (Murakami-Sekimata et al., 2010; 
Paulovich et al., 1998). This implies that the 9-1-1 complex is at the intersection 
between TLS and DNA damage signaling in yeast. Recently, it was found that Rev1, via 
its N-terminal BRCT domain, specifically binds 5’ phosphorylated primer-template 
termini in vitro, a result consistent with recruitment of the protein to post-replicative 
gaps (de Groote et al., 2011). Further study for the interaction between Rev1 or Rev3 
and the 9-1-1 complex in mammalian cells might provide more insight into the linkage 
of TLS and DNA damage signaling. 

Isolation and Characterization of TLS Complexes

Unraveling the composition of TLS polymerase-containing complexes in response 
to a particular kind of DNA damage in the genome, and dissecting whether such 
complexes act directly at stalled replication forks or at post-replicative gaps will 
contribute in understanding TLS at the molecular level. This can be investigated by 
using different approaches. To study the proximity of photolesions in single-stranded 
DNA, different DNA polymerases, and the 9-1-1 complex, the proximity ligation 
assay can be applied. This assay is a highly sensitive, antibody-dependent, technique 
to investigate the proximity of biomolecules in situ (Gullberg et al., 2003). Similarly, 
chromatin immunoprecipitation (ChIP), using an antibody specific for a protein or 
DNA adduct in concert with western blotting or mass spectrometry, may be employed 
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to analyze protein complexes at ssDNA containing CPDs or (6-4)PPs. Additionally, 
such ChIP analysis also allows the identification of histone modifications, which may 
provide evidence on the existence of preferred chromatin regions for TLS polymerases. 
To isolate protein complexes at replication forks, an assay called Isolation of proteins 
on nascent DNA (iPOND) can be used (Sirbu et al., 2012; Sirbu et al., 2013). This assay 
relies on the pull-down of DNA replication forks that have incorporated 5-ethynyl-2’-
deoxyuridine (EdU) prior to stalling, with associated proteins, which can be followed 
by western blotting or mass spectrometry. To enhance the specificity, an antibody 
that specifically binds to single-stranded CPDs or (6-4)PPs may be used to pull down 
replication complexes at these lesions, prior to iPOND. In addition, epitope-tagged 
ubiquitin or other post-translational modifications will provide a map showing 
which proteins are modulated in response to stalled replication forks by specific DNA 
damaging agents. 

Generation of Cell Lines with Multiple Deficiencies in TLS-
Related Genes: Next Generation Mutagenesis Strategies

After identifying TLS-associated complexes at particular lesions, cells deficient for 
specific TLS-associated proteins or TLS complexes could be generated in order to study 
TLS at the genome, using the toolbox developed here. With regard to the generation of 
cell lines deficient in certain factors, at present two techniques are widely used: siRNA 
(or shRNA)-mediated knockdown and gene-targeting. The disadvantages of siRNA or 
shRNA knockdown are efficiency, specificity and stability, while gene-targeting is costly, 
time-consuming and laborious. The generation of double-mutant cells is even more 
difficult. Recently, Wang et al have demonstrated a novel gene-targeting technology 
using the CRISPR/Cas system. This technique is highly efficient and can target multiple 
genes in cells and in mice simultaneously (Wang et al., 2013). Applying this approach to 
TLS-associated genes will allow the generation of cell lines with various combinations 
of TLS mutants in a limited time span. 

From Single Strand Gaps to Genome Instability

Previous work has shown that Rev1-/-Xpc-/- MEFs that are defective in the bypass of 
(6-4)PPs replicate UV-damaged DNA almost completely, leaving unreplicated (6-4)
PPs in ssDNA gaps (Jansen et al., 2009a). In Chapter 5 of this thesis, the fate of these 
ssDNA gaps was studied. It was found that, at environmentally relevant levels of UV 
lesions, these gaps, despite activating DNA damage signaling, are transmitted through 
mitosis into the subsequent cell cycle leading to the formation of DSBs during the 
ensuing S phase. Yet, high levels of UV damage result in poor cell cycle progression and 
a strong mitotic arrest ((Jansen et al., 2009a) and data not shown). These data suggest 
that high levels of ssDNA gaps activate a strong cell cycle checkpoint that precludes 
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cells from entering a new cell cycle. Apparently, relatively low levels of ssDNA gaps are 
tolerated in cultured mammalian cells. In the second S phase, ssDNA gaps may stall 
replisomes resulting in DSBs as reflected by the formation of phosphorylated Atm and 
the induction of micronuclei (MN). It should be noted, however, that phosphorylated 
ATM represents only a fraction of DSBs, mainly in heterochromatin (Riballo et al., 
2004). In the near future, it would be intriguing to determine whether chromosomal 
aberrations accompany the induction of MN in the second cell cycle. Furthermore, 
live cell imaging of Rev1-/-Xpc-/- MEFs expressing GFP-tagged 53BP1, a DSB marker, 
allows the analysis of 53BP1 foci formation in the first and second cell cycle after UV 
exposure. Therefore, such an analysis may provide additional insights in the occurrence 
of UV-induced DSBs in Rev1-/-Xpc-/- MEFs. Recently, this approach revealed that in 
aphidicolin-treated cells 53BP1 foci are formed, when the cells are in the subsequent 
cell cycle following treatment (Lukas et al., 2011). These data suggest that incompletely 
replicated DNA in the first cell cycle is transmitted to the daughter cells, comparable 
with the findings presented in Chapter 5. Surprisingly, Rev1-deficient cells are likely 
defective in the repair of DSBs (Sharma et al., 2012). This might aggravate the genome 
instability induced by UVC in Rev1-/-Xpc-/- MEFs. However, also Xpc-/- cells accumulate 
DSBs during the second S phase upon high UVC exposure indicating that the delayed 
genome instability described in Chapter 5 is not restricted to Rev1-deficient cells.

The MN assay is an important standard assay in genotoxicity testing (Kirsch-Volders 
et al., 2011). The advantages of the assay are its (i) simplicity of scoring, (ii) accuracy, 
(iii)  sensitivity and (iv) rapidity. Nonetheless, this assay requires cycling cells and 
therefore appropriate doses of test agents are critical to prevent the induction of 
permanent cell cycle arrests. The Organisation for Economic Co-operation and 
Development (OECD) guidelines for standard testing for MN recommends the second 
cell division to be covered in MN analysis (Kirsch-Volders et al., 2011). However, a 
mechanistic insight related to this advice was lacking. In line with this, the data in 
Chapter 5 demonstrates that the induction of MN following exposure to agents 
inducing replication-blocking DNA lesions may require two cell divisions to convert 
primary DNA damage (a ssDNA gap) into a DSB. Therefore, the testing guidelines 
released by OECD, including (i) the standard in vivo MN test guideline 474 and (ii) the 
in vitro MN test guideline 487, should be obligated.

TLS and Premature Aging

As already mentioned, stalled replication forks at DNA damage lead to Atr-mediated 
DNA damage signaling. The bypass of DNA adducts by TLS polymerases results in 
completion of replication and the quenching of DNA damage signaling. This suggests 
that there might be an equilibrium between these two mechanisms. It has been 
demonstrated that TLS, while mutagenic, paradoxically suppresses tumor promotion 
in mice by mitigating excessive proliferation that likely is caused by DNA damage 
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signaling associated with chronic replicative stress (Tsaalbi-Shtylik et al., 2009). 
Perturbation of the balance between mutagenesis, replicative stress and proliferation 
might lead to pathologies, such as cancer and premature aging. Premature aging 
correlates with the accumulation of endogenous DNA damages, induced mainly by 
free radicals (de Boer et al., 2002; Hasty et al., 2003). Lipid peroxidation products, 
generated endogenously by cells or found in fatty diets, induce free radicals, DNA 
lesions and large amounts of protein damages. Chapter 2 of this thesis shows that Rev1 
and Poli play a role in bypassing DNA lesions induced by hydroxynonenal (HNE), an 
end product of lipid peroxidation. As described in Chapter 6, Rev1-/-Xpc-/- mice display 
phenotypes of accelerated aging that most likely originates in enhanced replication 
stress caused by defective TLS at endogenous DNA damages. These endogenous DNA 
damages might be related, among others, to lipid peroxidation-induced DNA adducts. 

Poli has been implicated not only in bypassing HNE adducts (Chapter 2), but it might 
also act as 5’-deoxyribose phosphate lyase, which is essential for the removal of free 
radical-induced DNA damages by Base Excision Repair (BER) (Bebenek et al., 2001b). 
Indeed, depletion of Poli in human cells enhanced their sensitivity to oxidative stress 
(Petta et al., 2008). At present, it is unclear whether Poli prevents premature aging in 
mice. It would be interesting to study mice with a defined deletion in the Poli gene.

Although Rev3 performs only a minor role in bypassing HNE-induced lesions 
(Chapter  2), Rev3 mutant mice display embryonic lethality (Van Sloun et al., 2002; 
Wittschieben et al., 2000). This suggests that the endogenous DNA damages causing 
the embryonic lethality of Rev3-deficient mice may not be related to lipid peroxidation 
products. It has been found that Rev3 mutant chicken DT40 cells are hypersensitive 
to a nitric oxide inducer, suggesting a role of Rev3 in TLS across nitric oxide-induced 
DNA damages (Wu et al., 2006). Nitric oxides are generated in cells and interact with 
oxygen, resulting in the reactive nitrogen species (RNS) that bind to both DNA and 
proteins. In order to shed light on the role of Rev3 in preventing replication stress 
induced by nitric oxide and aging, the addition of nitric oxide scavengers to Rev3-
defective embryos may prevent embryonic lethality.

Premature aging may be provoked by mutations in DNA of mitochondria, (Lagouge 
et al., 2013). Mitochondria have no Nucleotide Excision Repair (NER) (LeDoux et al., 
1992), thus, there is a possibility that endogenous lipid peroxidation products might 
induce mutations in mtDNA. In yeast cells, Rev1 and Rev3 are recruited to mitochondria 
to perform mutagenic TLS (Zhang et al., 2006). At present, a role for mammalian TLS 
polymerases in mitochondria is not known. Therefore, mutation analysis on mtDNA 
of TLS-deficient mammalian cells may unveil this process in mammals. Moreover, 
investigation on the integrity of mitochondria in cells lacking a TLS polymerase might 
provide a molecular link between TLS, cellular metabolism and aging. 

Telomere shortening is also related to premature aging of somatic cells (Lopez-Otin et 
al., 2013). Telomeres can be classified as a DNA damage trap as they possess limited 

PERSPEC
TIVES

7



155

DNA repair activity leading to persistent DNA damages, telomere exhaustion and 
attrition. It is not yet clear whether TLS polymerases play a role in preventing telomere 
shortening or in preventing DNA damage signaling at persistent ssDNA gaps at 
telomeres. Further study using mice described in Chapter 6 may provide insights into 
the role of TLS polymerases in protecting telomeres, and ultimately aging.
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