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INTRODUCTION 

Intact, undamaged DNA is essential for the normal metabolism of living cells. 

However, endogenous and exogenous factors generate DNA damage, due to the fact that 

these can interfere with DNA strands and distort the structure of DNA. Despite the presence 

of efficient DNA repair mechanisms, lesions may remain in DNA, which can stall the 

replication machinery. As a consequence, the replication fork collapses, which can lead to cell 

cycle blockage and genomic instability through the generation of double-stranded DNA 

breaks (DSB) (Cortez, 2015). DNA damage bypass mechanisms prevent the fork collapse by 

tolerating lesions, therefore they contribute to the maintenance of genome stability. However, 

these processes can be error-prone, generating mutations and causing disease. Therefore the 

rigorous regulation of DNA damage tolerance pathways is essential for the maintenance of 

cell proliferation and genome integrity. The regulation is based on the collaboration of several 

proteins. The literature distinguishes three complex pathways: translesion synthesis (TLS), 

template switching (TSw), homologous recombination (HR). 

PCNA (proliferating cell nuclear antigen) is a key protein in DNA damage bypass 

mechanisms. PCNA is necessary for DNA replication and its posttranslational modifications 

regulate the damage tolerance pathways. The lysine at residue 164 (K164) of the protein is a 

target for ubiquitylation and sumoylation (Chen et al., 2011). The K164 monoubiquitylated 

PCNA activates the TLS, the polyubiquitylated PCNA triggers the TSw. While the functions 

of monoubiquitylated form of PCNA have been investigated widely and thoroughly from 

yeast to human cells, the exact regulatory mechanisms of polyubiquitylated form of PCNA 

are still unclear in higher eukaryotes.  

BRCA1 (breast cancer type 1 susceptibility protein) is another important component 

of DNA damage bypass pathways, with complex functions. This enzyme has a key role in 

homology directed DNA repair and DNA damage tolerance mechanisms (HR, TSw) (Huen et 

al., 2010). BRCA1 also possesses functions in TLS, but its role is controversial based on the 

literature. Some research groups suggest that BRCA1 inhibits TLS (Pathania et al., 2011; Xie 

et al., 2010), while others showed that this protein recruits translesion polymerases to DNA 

damage through promoting the ubiquitylation of PCNA (Tian et al., 2013). 
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AIMS 

The investigation of DNA damage bypass mechanisms is necessary to understand how 

mutations are generated. If we use these results in clinics, we could avoid harmful mutations 

leading to the development of tumors. Several chemotherapeutic agents function by causing 

DNA damage. DNA damage tolerance pathways participate in the emergence of resistance 

through bypassing lesions (Salehan and Morse, 2013). We could potentially prevent the 

emergence of resistance to the chemotherapeutic agents if we investigate the regulation of 

these processes. 

The aim of my Ph.D. study was to reveal the roles of polyubiquitylated PCNA and 

BRCA1 in the regulation of DNA damage bypass using an isogenic DT40 cell line model 

system.  

I was looking for answers to the following questions:  

• Is the polyubiquitylated form of PCNA necessary to bypass lesions caused by various 

DNA damaging agents (UV, MMS cisplatin)? 

• How does posttranslational modification of PCNA affect spontaneous and MMS-

induced mutagenesis? 

• Does BRCA1 participate in the regulation of DNA damage bypass mechanisms? 

• How does BRCA1 affect the mutational spectrum? 

• Do TLS polymerases and posttranslational modifications of PCNA contribute to the 

BRCA1 phenotype?  
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EXPREIMENTAL APPROACH AND THE MODELL SYSTEM 

To answer our questions, we used isogenic DT40 B lymphoblast cell lines, in which it 

is easy to remove segments of targeted genes, thereby knocking out the entire gene. A further 

advantage of DT40 is its suitability for short and long term genetically measurements due to 

its stable genetic background. During my work I used mutant cell lines previously produced 

in our laboratory and I created new ones.  

For investigating the mechanism of mono- and polyubiquitylated form of PCNA, I 

created various wild type and mutant PCNA-ubiquitin fusion constructs with genetic 

engineering methods. I transfected these constructs stably and randomly into the genome of 

the PCNAK164R cell line. 

 To examine the role of BRCA1, I generated double mutant cell lines (lacking proteins 

important for TLS and BRCA1) using homologous gene targeting. 

METHODS 

• I generated PCNA-ubiquitin fusion constructs using molecular cloning. 

• I investigated the further ubiqutylation of PCNA-ubiquitin constructs using an in vitro 

ubiquitylation assay. 

• I monitored the expression level of the PCNA-ubiquitin constructs using flow 

cytometry and Western blot techniques. 

• I measured the sensitivity of the cell lines to various DNA damaging agents using 

colony survival assays.  

• I followed the replication of a synthetic UV photoproduct in various cell lines using a 

lesion containing shuttle plasmid assay. 

• I investigated the effect of UV on the cell cycle using two dimensional cell cycle 

analysis. 

• I detected an early marker of DSB and replication fork stalling using 

immunofluorescence microscopy. 

• I analysed the spontaneous or DNA damaging induced mutation spectrum of various 

cell lines using whole genome sequencing. 
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NEW SCIENTIFIC RESULTS (THESES)  

1. Development of a new genetic model for clear separation and investigation of the 

function of mono- and polyubiquitylation of PCNA. 

2. Polyubiquitylation of PCNA does not participate in bypassing lesions caused by UV, 

MMS and cisplatin in DT40 cell lines. 

3. Lack of posttranslational modifications of PCNA (PCNAK164R) reduces spontaneous 

mutagenesis.  

4. TLS mediated by monoubiquitylated form of PCNA contributes to the error-free 

bypass of MMS-induced lesions. 

5. Recombinational proteins (BRCA1, XRCC3) participate in homology-based template 

switching, which is independent from the polyubiquitylated form of PCNA.  

6. Lack of BRCA1 increases the spontaneous and MMS-induced mutations. 

7. The K164R mutation of PCNA or the lack of POLη together with lack of BRCA1 

does not decrease spontaneous mutagenesis. However, REV1 contributes partially to 

the high mutation rate seen in the absence of BRCA1. 

 

SUMMARY 

I developed a genetic model system, based on DT40 chicken lymphoblast cell lines 

expressing PCNA-ubiquitin fusion constructs, to distinguish the role of mono- and 

polyubiquitylated form of PCNA. With this method I found that TLS mediated by 

monoubiqutylated PCNA is sufficient to bypass the lesions caused by UV, MMS, and 

cisplatin, while TSw mediated by polyubiquitylated PCNA is not necessary for the bypass. 

I revealed that the PCNAK164R mutation reduces spontaneous mutagenesis, 

consequently the post-translational modification of PCNA contributes to the error-prone 

bypass of lesions generated by endogenous factors. MMS-induced mutagenesis increases in 

the presence of PCNAK164R and decreases in the presence of PCNAK164R-UbK63R construct, 

therefore TLS mediated by monoubiquitylated PCNA contributes to the error-free bypass. 

My results suggest that recombination proteins (BRCA1, XRCC3) participate in the 

homology-directed template switching, independently from PCNA polyubiquitilyation. In 

BRCA1 mutants the spontaneous and the MMS-induced mutagenesis is increased, due to the 

dramatic decrease of homology-based processes caused by the absence of BRCA1. I prepared 

cell lines mutant for BRCA1 and TLS proteins (PCNAK164R, REV1 and POLη) and analysed 
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spontaneous mutagenesis. I concluded that the increased number of mutations in the absence 

of BRCA1 is not caused by PCNA and POLη, but are partially generated by REV1. 

My results contribute to a deeper understanding of the regulatory roles of PCNA and 

BRCA1 and could be a starting point for new personalised tumor therapeutics. 
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