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ABSTRACT 

The genetic code in the eukaryotic cell is stored in the form of DNA, which 
is more resistant to hydrolysis than RNA. Replication fidelity and DNA 
repair mechanisms are in place to ensure genomic integrity to preserve 
the information encoded. Despite DNA polymerases’ discrimination 
against ribonucleotides, they are frequently incorporated into DNA and 
even in the presence of efficient ribonucleotide removal pathways, 
ribonucleotides may remain stably incorporated in the DNA. 

Ribonucleotides can be used as a marker of DNA replication enzymology 
by using HydEn-seq, a next-generation sequencing technique for the 
genome-wide mapping of ribonucleotides. I aimed to elucidate the 
activities of the specialized translesion synthesis DNA polymerase η in 
yeast. By using a steric gate variant that incorporates more 
ribonucleotides and by tracking those ribonucleotides, I determined a 
lagging strand preference dependent on its C-terminus in Paper I. The 
findings suggest a possible extension of the ‘division of labor’ among 
replicative polymerases to the specialized polymerases. 

Moreover, I was interested in the physiological role of incorporated 
ribonucleotides and used an extension of the HydEn-seq method outlined 
in Paper II, to map and quantitate ribonucleotides simultaneously. By 
investigating ribonucleotide incorporation into mouse mitochondrial 
DNA (mtDNA) in Paper III, we found that ribonucleotides are acquired 
mostly up until adulthood and are not connected to age-related mtDNA 
instability, suggesting relatively good tolerance of incorporated 
ribonucleotides in mtDNA.  



 

To gain a more comprehensive view on incorporated ribonucleotides in 
the DNA of mammals, I mapped and quantitated incorporated 
ribonucleotides in nuclear DNA (nDNA) and mtDNA from murine blood, 
bone marrow, brain, heart, kidney, liver, lung, muscle and spleen in Paper 
IV. I found tissue-dependent variations in the number and the identity of 
incorporated ribonucleotides and marked differences between nDNA and 
mtDNA. The ribonucleotide distribution in both types of DNA was non-
random and in nDNA affected by the proximity of genomic features, which 
in most cases increased the number of embedded ribonucleotides locally 
as compared to random positions in the nDNA.  

The thesis extends the knowledge of DNA polymerase η’s activity and the 
physiological role that incorporated ribonucleotides play in DNA. This 
more detailed characterization of the incorporated ribonucleotides 
genome-wide is a basic requirement for the understanding of diseases 
associated with genome instability, such as certain types of cancers or 
Aicardi-Goutières syndrome. 
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SAMMANFATTNING  

Den genetiska koden i eukaryota celler lagras i form av DNA, vilket är 
stabilare än RNA och mindre känsligt för hydrolys. 
Replikationsnoggranhet och mekanismer för DNA reparation 
upprätthåller genomets integritet och säkerställer att replikeringen av 
DNA sker korrekt. Trots att DNA-polymeraser, vilka replikerar DNA:t, 
vanligtvis kan särskilja mellan deoxyribonukleotider (DNA:s byggstenar) 
och ribonukleotider (RNA:s byggstenar), inkorporeras ibland 
ribonukleotider i DNA-strängen som inte alltid tas bort av de processer 
som ska upptäcka och ta bort dessa. Dessa ribonukleotider inkorporeras 
då stabilt i DNA-strängen och blir kvar. 

Ribonukleotider i DNA kan användas för att kartlägga DNA-
polymerasernas enzymologi. Genom att använda en specialiserad 
sekvenseringsmetod (HydEn-seq), som kartlägger inkorporerade 
ribonukleotider i hela genomet, var mitt mål att fastställa aktiviteten hos 
DNA polymeras η (pol η), vilket är ett specialiserat translesionssyntes-
polymeras i jäst. Genom att försämra pol η förmåga att välja bort 
ribonukleotider under DNA syntesen kunde jag fastställa att pol η är mest 
aktiv på DNA-strängen som byggs diskontinuerligt, den så kallade ”lagging 
strand”. Fyndet, vilket redovisas i delarbete I, implicerar att ”fördelningen 
av arbetskraft” man talar om mellan de replikerande polymeraserna i viss 
utsträckning kanske även gäller för de specialiserade polymeraserna.  

I delarbete II använde jag en modifierad version av HydEn-seq som 
möjliggör både kartläggning och kvantifiering av ribonukleotider i 
genomet samtidigt, för att undersöka vilken fysiologisk roll de 
inkorporerade ribonukleotiderna har. När vi i delarbete III undersökte 
mitokondriellt DNA (mtDNA) från möss i varierade åldrar, kunde vi 
konstatera, att åldersrelaterad genominstabilitet inte orsakas av felaktigt 
inkorporerade ribonukleotider vilket tyder på att ribonukleotider i 
mtDNA är vältolererade. 

För att ytterligare förstå vilken roll inkorporerade ribonukleotider spelar 
i däggdjurs DNA, kartlade och kvantifierade jag inkorporerade 
ribonukleotider i både nukleärt DNA (nDNA) och mtDNA från blod, 
benmärg, hjärna, hjärta, lever, lunga, mjälte, muskel och njure från mus i 
delarbete IV. Både antalet ribonukeotider och vilken basidentitet dessa 
hade varierade mellan olika vävnader och skiljde sig tydligt mellan 
mtDNA och nDNA i samma vävnad. Förekomsten av inkorporerade 
ribonukleotider var icke-slumpmässig, i nDNA ökade ofta förekomsten av 



 

inkorporerade ribonukleotider runt områden med genomisk funktion, 
jämfört med slumpmässigt utvalda områden i det nukleära genomet.   

Sammanfattningsvis bidrar avhandlingens resultat till utökad kunskap 
om DNA polymeras η aktiviteten och den fysiologiska roll inkorporerade 
ribonukleotider spelar för genomets integritet, vilket är grundläggande 
för att förstå sjukdomar associerade med genominstabilitet så som vissa 
typer av cancer och Aicardi-Goutières syndrom. 
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1 INTRODUCTION 

Despite having been discovered over 150 years ago1, deoxyribonucleic 
acid (DNA), the central hereditary molecule of all known life forms2 and 
connected molecular machineries, that replicate, repair and transcribe it, 
remain to be fully understood even today. As the body of knowledge 
grows, new mechanisms are discovered that either promote or impede 
genome stability3. In turn, based on genome instability or impairment of 
appropriate repair processes, mechanisms connected to aging and 
disease4-6 are uncovered. In this thesis, aspects of genome replication and 
instability involving incorporated ribonucleotides in Saccharomyces 
cerevisiae, Mus musculus and Homo sapiens (henceforth called yeast, 
mouse and human, respectively) genomes were studied. 

1.1 DNA 

Deoxyribonucleic acid is the central hereditary molecule in all living cells2. 
With the exception of mature erythrocytes and cornified cells like hair and 
nails where the previously present DNA is degraded in a controlled 
manner7,8, each living cell receives and maintains a copy of the full genetic 
code2. DNA was first isolated and documented in 1869 by Friedrich 
Miescher, who produced a first DNA precipitate while he isolated and 
described the proteins that constituted pus cells. Miescher already then 
speculated that the substance which he termed “nuclein” had a central 
role to play in the cell1. 75 years later, experiments by Avery et al. 
demonstrated that an attenuated avirulent strain of Pneumococcus could 
be transformed into a virulent strain by exposure to the DNA extracted 
from a virulent strain, implicating that DNA as opposed to proteins may 
function as the genetic material9. In 1953, the double-helical structure and 
canonical base-pairing were prominent discoveries by Franklin et al.10 
and Watson and Crick11, followed by a surge of fundamental findings: 
among others the identification of a “DNA synthesizing enzyme”, a DNA 
polymerase from Escherichia coli12, the cracking of the genetic code of how 
DNA-encoded sequences of ribonucleic acid (RNA) base triplets called 
codons correspond to amino acids13, the discovery of restriction enzymes 
that can cleave specific sites in the DNA14,15, DNA sequencing methods16,17, 
in vitro amplification of DNA by polymerase chain reaction (PCR)18 and 
more, all of which enable modern research in genetics and related fields. 
DNA consists of the four deoxyribonucleoside monophosphates (dNMPs), 
deoxyadenosine monophosphate (dAMP), deoxythymidine 
monophosphate (dTMP), deoxyguanosine monophosphate (dGMP) and 
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deoxycytidine monophosphate (dCMP), linked together covalently to 
form long polynucleotide strands. DNA typically occurs as a double strand 
of two such chains that are oriented anti-parallelly2. The sequences of the 
dNMPs in each strand are complementary to each other, such that an 
adenine (A) pairs with a thymine (T) and a guanine (G) would pair with a 
cytosine (C) via hydrogen bonds, as proposed by Watson and Crick in 
195319. DNA may also assume noncanonical structures other than the B-
form duplex and contain noncanonical base-pairing, both of which can 
affect genomic stability20,21. Noncanonical structures are for example 
cruciform DNA (Figure 1 A), A-DNA, Z-DNA (Figure 1 B), triplex (Figure 1 
C), G-quadruplex (G4, Figure 1 D), i-motif, hairpin or slipped DNA (Figure 
1 E), some of which are formed through noncanonical Hoogsteen 
hydrogen bonds22. 

 

Figure 1: Examples of noncanonical DNA structures. (A) Cruciform DNA. (B) Z-DNA. (C) 
Triplex DNA. (D) G-quadruplex. (E) Slipped DNA. (Figure from Zhao et al. (2010)21 with 
permission.) 

1.1.1 NUCLEAR DNA 

The eukaryotic nucleus contains most of the genetic material as nuclear 
DNA (nDNA), while a small number of genes is encoded by the 
mitochondrial DNA (mtDNA, see section 1.1.3). The eukaryotic nDNA is 
typically organized in several linear chromosomes and their number 
varies across species (Table 1)23. Somatic mammalian cells are diploid and 
carry two copies of each chromosome (autosome) and two sex 
chromosomes, while yeast cells can be haploid or diploid and can readily 
switch between mating types a and α24. 
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Table 1: Comparison of genome sizes, chromosome numbers and genes between 
human, mouse and yeast. Data for the reference genomes of Homo sapiens (GRCh38.p13), 
Mus musculus (GRCm39) and Saccharomyces cerevisiae (SacCer3) were retrieved from the 
RefSeq database25 and the Saccharomyces genome database SGD (yeastgenome.org). 

 Human Mouse Yeast 

Genome size [bp] ~ 3 Billion ~ 2.7 Billion ~ 12 Million 

Total number of 
chromosomes 

46 (22, X, Y) 
(diploid) 

40 (19, X, Y) 
(diploid) 

32/16 
(diploid/haploid) 

Genes ~ 38,000 ~ 40,000 ~ 6,600 
  

The information contained in eukaryotic genomes is versatile. Unlike 
prokaryotic genomes where the vast majority of the DNA is protein-
coding, only a small fraction of eukaryotic genomes contains protein-
coding genes, which can be transcribed to mRNA and translated into 
proteins26,27. The ENCODE project showed that the protein-coding 
sequences cover only about 1.2% of the human genome, but interestingly 
those sequences are spread out and span about 40% of the genome from 
promoter to poly(A) tail28. The non-coding DNA was once termed “junk 
DNA”29, but the understanding of eukaryotic genomes has since 
progressed to comprehend more of its complexity and uncover more of its 
functions. According to ENCODE, RNAs “cover” about 62% of the human 
genome; among them transfer RNAs (tRNAs), ribosomal RNAs (rRNAs), 
short RNAs (microRNAs), small interfering RNAs, long non-coding RNAs 
and pseudogenes28. Other genomic features were identified as protein-
binding sites, transcription start sites (TSS) or CpG dinucleotide 
methylation sites associated with epigenetic regulation and chromosome-
interacting regions30. This illustrates that much of the eukaryotic 
genome’s complexity lies within the non-coding regions. 

1.1.2 NUCLEAR DNA REPLICATION 

In order to equip eukaryotic daughter cells with a full set of chromosomes, 
the nDNA has to be replicated correctly in the DNA synthesis phase (S 
phase) of the cell cycle before cell division occurs during mitosis 
(M phase)31. The replication is initiated at specific positions in the genome 
called origins of replication (henceforth called origin). Origin firing is a 
temporally and spatially coordinated process, dividing the genome into 
replication domains32. In yeast, origin firing takes place at specific 
sequence motifs which are recognized by the Origin Recognition 
Complex33,34. In contrast, many possible positions of origins were 
identified in mammalian genomes, where some positions are more likely 
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to be initiated that contain regulatory elements such as TSS and enhancers 
or showed DNase I hypersensitivity35. Through the concerted action and 
involvement of a range of initiation factors a replisome is formed: two 
Minichromosome Maintenance (MCM) helicases are loaded in proximity 
of an Origin Recognition Complex onto the double strand forming a double 
hexamer36. Additional accessory factors including DNA polymerase ε 
(pol ε) join MCM to form a preinitiation complex37. The MCM helicases of 
the double hexamer are then separated and converted through melting of 
the double strand, conformational changes and recruitment of Cdc45 and 
GINS into their active form, encircling a single strand. MCM with Cdc45 
and the multi-unit GINS complex on a single-stranded DNA (ssDNA) are 
called the Cdc45-MCM-GINS (CMG) complex which constitutes the basis 
for replisome assembly37,38. Divergent movement of the CMG helicases 
from the origin exposes ssDNA and forms the beginning of the replication 
bubble36. Coating of the ssDNA by Replication Protein A (RPA) provides 
the starting point for the DNA polymerase α (pol α)-primase complex to 
initiate DNA synthesis. The pol α-primase complex synthesizes an RNA-
DNA primer. While the limitation to about 10 nucleotides of the RNA 
portion of the primer seems to be sterically regulated39, the mechanism 
for limiting the DNA portion of the primer to about 20-30 nucleotides 
remains to be solved. Models of a possible mechanism propose either the 
removal of pol α by Replication Factor C40 or by the conformational change 
as DNA synthesis progresses from A- to B-form DNA for which pol α has 
lower binding affinity41. The CMG complex is moving in 3´ to 5´ direction 
on the parental strand. It is associated with pol ε which is performing the 
leading strand DNA synthesis in a continuous manner (Figure 2)42-46, 
though some evidence supports the idea that DNA polymerase δ (pol δ) is 
being used as the DNA polymerase for both strands47,48. Recent findings in 
yeast suggest a role of pol δ in leading strand DNA replication initiation 
but the bulk of the leading strand still being replicated by pol ε49,50. In 
contrast to the leading strand, lagging strand synthesis has to be 
performed discontinuously, since a portion of the stand has to be revealed 
first, before 5´ to 3´ synthesis may occur. DNA synthesis on the lagging 
strand is initiated by the pol α-primase complex, as well, which provides 
the RNA primer and limited elongation with DNA39,51. These primers are 
extended by pol δ whose nucleotide incorporation rate is accelerated by 
Proliferating Cell Nuclear Antigen (PCNA)52. Lagging strand synthesis is 
completed by primer removal during Okazaki fragment maturation 
discussed in more detail in section 1.5.3. In yeast, replication termination 
sites are usually found in the middle of two origins of replication where 
two replication forks meet. They are mostly determined by the timing of 
origin firing rather than specific termination sequences53.  



Katrin Kreisel 

 
5 

 

Figure 2: Eukaryotic replication fork. Minichromosome Maintenance (MCM) helicase 
(grey) unwinds the parental double strand. The leading strand (blue arrow) is continuously 
synthesized by DNA polymerase ε (pol ε, blue), while lagging strand synthesis is produced 
discontinuously by repeated RNA primer (red lines) synthesis by the DNA polymerase α 
(pol α)-primase complex (red) and extension by DNA polymerase δ (pol δ, green). Okazaki 
fragment maturation is facilitated by Flap Endonuclease 1 (FEN1, orange) and DNA ligase 
(light blue). Proliferating Cell Nuclear Antigen (PCNA, yellow) functions as an accessory unit 
or processivity factor. The Replication Protein A (RPA, purple) coats the exposed parental 
strand. (Figure from Nick McElhinny et al. (2008)54 with permission.) 

In humans, replication initiation and termination were found to be co-
localized with transcription start and termination sites, respectively, to 
ensure coordination with the transcription machinery at highly 
transcribed regions55. Termination occurs when two forks converge and 
leading strands are ligated to the last Okazaki fragment of the respective 
opposite replication fork. Topoisomerase 2 (Top2) seems to be of 
importance in fork convergence, where Topoisomerase 1 (Top1) can no 
longer relieve positive supercoiling56. The replication fork probably 
rotates along the double strand instead, resulting in precatenanes behind 
it, which are likely resolved by Top256-58. Recent experiments in Xenopus 
laevis egg extracts suggest that CMG complexes can go past each other 
before being unloaded and that the presence of DNA structure at the CMG 
complex suppresses its ubiquitination resulting in disassembly during 
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replication59. Disassembly is facilitated by poly-ubiquitination of the CMG 
complex and subsequent separation of the complex subunits60,61. 

1.1.3 MITOCHONDRIAL DNA 

Mitochondria are cellular organelles believed to have originated from an 
endosymbiotic α-proteobacterium in an archaeal-derived host cell. While 
the proto-eukaryotic genome increased over time, the mitochondrial 
genome reduced,  only a few genes remained (Table 2) and part of the 
mitochondrial proteins are encoded on the nDNA62.  

Table 2: Comparison of eukaryotic mitochondrial DNAs. Human63 and mouse64 mtDNAs 
are more similar in size and coding genes than the larger yeast65 mtDNA. 

 Human Mouse Yeast 

mtDNA size [kb] 16.5 16.3 85.8 

Protein-coding genes 13 13 19 

tRNA 22 22 24 

rRNA 2 2 2 
 

The cell organelle efficiently generates adenosine triphosphate (ATP) and 
contributes to the cell’s metabolism66. Depending on species and tissue, 
hundreds or thousands of mitochondria are present in each cell. Each 
mitochondrion in turn contains about 1 to 10 and between 50 to 200 
copies of mtDNA in animals and yeast, respectively67. As opposed to the 
biparental inheritance of chromosomal genes, mtDNA is inherited only 
maternally68,69. MtDNA in mammals is about 16.5 kb long but unlike nDNA 
has a circular form (Figure 3), reminiscent of its bacterial origin62. Due to 
the differences in base composition of each mtDNA strand, the strands 
could be separated on a density gradient. This gave rise to the 
designations of “heavy strand” and “light strand”70. Yeast has a 
considerably bigger mtDNA, which is mainly caused by introns and non-
coding regions, since only six more protein-coding genes and two more 
tRNAs are encoded compared to the human and murine mtDNA 
(Table 2)71. It further differs from mammalian mtDNA in that it occurs 
predominantly in linear form, though it was long believed to be circular as 
well72,73. In contrast to nDNA, mtDNA in mammals (Figure 3) contains very 
few non-coding sequences, such as the origin of light strand synthesis 
(OriL) and the displacement loop (D-loop), which encompasses the origin 
of heavy strand synthesis (OriH) and accounts almost entirely for the 
difference in length between human and mouse mtDNA74. Why certain 
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genes stay encoded on the mtDNA, while others migrated to the nDNA, is 
a debated issue. Currently proposed hypotheses include that hydrophobic 
proteins are difficult to transport to the mitochondria75,76, that certain 
gene products could be toxic in the cytosol77, that mitochondrial genes use 
noncanonical codons78 or that colocalization of gene and gene product is 
required for regulatory purposes79. 

 

 

Figure 3: Map of the mouse mitochondrial DNA. The mouse mtDNA encodes for 13 mRNAs 
(light green), 22 tRNAs (grey) and 2 rRNAs (blue). A prematurely terminated nascent heavy 
strand can form a triple-stranded structure, the displacement loop (D-loop, orange), which is 
also encompassing the heavy strand origin of replication (OriH). The light strand origin of 
replication (OriL, light yellow) is located at 5,160-5,191 in a short non-coding region. A single 
SacI cleavage site is situated at position 9,047. Figure based on RefSeq accession 
NC_005089.1 and created with SnapGene® software (from Insightful Science, 
snapgene.com). 
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1.1.4 MITOCHONDRIAL DNA REPLICATION 

The mtDNA replication is mechanistically distinct from nDNA replication 
and involves factors specific to the mitochondrion. Interestingly, part of 
the mtDNA replication machinery seems to have originated from 
bacteriophages80. The currently favored model for mtDNA replication in 
mammals is the strand displacement model (Figure 4)81,82.  

 

Figure 4: Strand displacement model of mtDNA replication. Replication is initiated from 
an RNA primer (yellow line near OriH) stemming from a prematurely terminated transcript 
between the Light Strand Promoter and Conserved Sequence Box II near OriH. TWINKLE 
(orange) unwinds the double strand ahead of DNA polymerase γ (pol γ, blue), which extends 
the nascent heavy strand (dotted, grey line). Meanwhile, the exposed parental heavy strand 
is bound by the mitochondrial single-stranded DNA binding protein (mtSSB, green). Once 
OriL on the parental heavy strand is single-stranded, it can form a stem loop near OriL which 
mtSSB cannot bind. Mitochondrial RNA polymerase provides an RNA primer at the stem loop 
(yellow line near OriL) which is extended by pol γ (blue) to form the nascent light strand 
(dotted, grey line). (Figure based on Falkenberg (2018)82.) 

According to this model, both strands are synthesized in a continuous 
manner, as revealed by 5´-end mapping of the nascent daughter strands83. 
The strands are replicated sequentially. First, replication is initiated at 
OriH, where prematurely ended transcripts at the Conserved Sequence 
Box II (CSBII) from the Light Strand Promoter form R-loops, D-loop-like 
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structures where the second strand is displaced by an RNA84-87. An 
interstrand G4 between the DNA strand and the transcript anchors the 
RNA, increases the R-loop’s stability and likely contributes to the 
premature transcription termination at CSBII88. RNase H1 seems to be 
involved in processing of this RNA into a suitable RNA primer and allows 
the initiation of replication89. TWINKLE, the mtDNA helicase, unwinds the 
double strand90 while the mitochondrial DNA polymerase γ (pol γ) 
synthesizes the new heavy strand91,92. During this DNA synthesis, the 
displaced parental heavy strand is bound by the mitochondrial single-
stranded DNA-binding protein (mtSSB). The vast majority of replication 
attempts ends prematurely after about 605 nt. The 7S DNA can stay 
hybridized to the template, thereby forming a D-loop. The function of the 
D-loop is however unknown63,93. In about 5% of replication events, heavy 
strand synthesis continues and full replication is achieved63. Once the 
replication fork has passed OriL the parental heavy strand can form a stem 
loop which cannot be bound by mtSSB94. The mitochondrial RNA 
polymerase can then begin primer synthesis from a poly-T sequence, 
which is extended by pol γ after about 25 nt to begin light strand 
synthesis95,96. At this point, heavy and light strand synthesis proceed in 
parallel. Once both strands are completely synthesized, RNA primers need 
to be processed in order for DNA Ligase III to ligate the newly produced 
strands97. The primers at each origin are removed differently. Near OriH, 
5´-ends of the nascent strand mapped to multiple positions suggest the 
removal of not only the RNA primer but also parts of the newly 
synthesized heavy strand63. RNase H1 and the Mitochondrial Genome 
Maintenance Exonuclease 1 (MGME1) seem to perform this process at 
OriH together: RNase H1 is thought to remove the RNA primer from Light 
Strand Promoter to CSBII whereas MGME1 removes the remaining primer 
and part of the nascent heavy strand98,99. MGME1 can only cleave ssDNA, 
hence the 5´-end of the nascent strand has to be displaced. One possibility 
is that the synthesis of the 7S RNA transcript, whose function is otherwise 
unknown, may be facilitating the required displacement63,100,101. Once the 
primer at the 5´-end is removed, the 5´- and 3’-end can be ligated. For 
ligation the 5´-end and the 3’-end need to be neighboring, which is 
achieved by the concerted actions of pol γ and MGME1: pol γ can extend 
or resect the 3´-end and the 5´-end (displaced by pol γ) can be cleaved by 
MGME1 until the appropriate substrate for DNA Ligase III is achieved98,102. 
At OriL, the RNA primer is almost entirely removed by RNase H1, only 
leaving 1-3 ribonucleotides103. A second nuclease is required to remove 
the remaining ribonucleotides before ligation; the responsible enzyme 
has however not yet been identified104.  
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1.2 DNA POLYMERASES 

The eukaryotic DNA polymerases can be classified in four DNA 
polymerase families: A, B, X and Y (Table 3).  

Table 3: DNA polymerases from human, mouse and yeast. Eukaryotic DNA polymerases 
are classified in 4 families: A, B, X and Y. DNA polymerases are involved in a variety of DNA 
transactions, including DNA replication, proof-reading, DNA repair mechanisms and 
translesion synthesis. Abbreviations: BIR: break-induced replication; mtDNA: mitochondrial 
DNA; nDNA: nuclear DNA; OFM: Okazaki fragment maturation; PrimPol: Primase and DNA-
directed polymerase; TdT: terminal deoxynucleotidyl transferase; TLS: translesion synthesis; 
VDJ: lymphocyte receptor V, D and J gene segments. (Modified from McVey et al. (2016)105.) 

DNA pol Human Mouse Yeast Functions 
A family106 
Pol γ 

   
Replication, proof-reading & repair 
of mtDNA91,92,107,108 

Pol θ    TLS, DNA repair109-113 

Pol ν    TLS, DNA repair114,115 

B family116 
Pol α 

   
Primer synthesis for nDNA 
replication, BIR117,118 

Pol δ 
   

nDNA replication & proof-reading 
(lagging strand), OFM118-121 

Pol ε 
   

nDNA replication & proof-reading 
(leading strand), DNA repair117 

Pol ζ    TLS, DNA repair122-125 

X family126 
Pol λ    TLS, DNA repair127-130 

Pol β    TLS, DNA repair112,131-133 

Pol μ    TLS, DNA repair134-136 

TdT 
   

VDJ recombination, immune 
adaption, DNA repair136-138 

Y family139 
Pol η 

   
TLS, DNA repair, VDJ 
recombination140-145 

Pol κ    TLS, DNA repair146,147 

Pol ι    TLS, DNA repair146,148,149 

Rev1 
   

coordinating TLS, dCMP transferase 
activity122,150,151 

PrimPol 
   

Lesion-skipping & repriming at 
stalled replication forks152-155 
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The A-family DNA polymerases mtDNA pol γ156, DNA polymerases θ 
(pol θ)157 and ν (pol ν)158 are all related to Pol I in Escherichia coli. The 
three replicative polymerases in eukaryotes are pol α, pol δ and pol ε. The 
lagging strand is synthesized by pol α and δ in a discontinuous manner, 
while the leading strand is synthesized continuously by pol ε43,44,54. All 
three replicative polymerases belong to the B family of polymerases, 
which consist of a catalytic and a regulatory subunit, as well as accessory 
subunits116 and can be found in yeast, mice and humans (Table 3). B-
family DNA polymerases are considered the most common replicases and 
are found across all domains of life and even in some viruses116,159. The 
terminal deoxynucleotidyl transferase (TdT) and the DNA polymerases λ 
(pol λ), β (pol β) and μ (pol μ) make up the X family of DNA polymerases. 
While the primary sequence homology is a bit lower, overall structures of the 
X-family polymerases are similar126. Y-family DNA polymerases such as DNA 
polymerases η (pol η), κ (pol κ) and ι (pol ι) are all comprised of two subunits: 
one catalytic, one regulatory139. While B-family DNA polymerases almost 
exclusively serve as replicative polymerases, the DNA polymerases from the 
A, X and Y families are involved in a wide variety of cellular functions, such as 
repair and DNA damage tolerance pathways (see Table 3 and section 1.3.3). 

1.2.1 DNA POLYMERASE  

Pol η is a specialized Y-family DNA polymerase, found in human, mouse 
and yeast cells. In analogy with other genes leading to sensitivity to UV 
radiation, deletion of the pol η gene in yeast was found to result in UV 
sensitivity, its transcription to be induced by exposure to UV radiation and 
was hence termed rad30160. It was later determined to facilitate error-free 
translesion synthesis (TLS) across UV-induced lesions, such as thymine-
thymine cis-syn cyclobutane dimers, which would otherwise act as a 
replication barrier161-163 but can be accommodated by the more spacious 
active site164. Pol η may however also facilitate error-prone TLS at other 
damaged bases, such as 7,8-dihydro-8-oxo-deoxyguanine (8-oxoG) which 
are usually repaired via more efficient mechanisms165 and at pyrimidine 
(6-4) pyrimidone photoproducts (6-4PP)166-168. Interestingly, I found a 
distinct lagging strand bias for pol η activity in yeast and presented 
evidence for the lagging strand bias in humans as well169. 

Aside from the canonical function of TLS, various additional noncanonical 
cellular functions of pol η were discovered: pol η is involved in 
diversifying Ig genes by introducing A/T mutations in mice170 and 
humans171. It is involved in maintaining chromosomal  and common 
fragile site stability172,173, which can otherwise cause double strand breaks 
(DSBs) that could promote cancer development174. A role of pol η in 
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processing of oxidized ribonucleotides by NER was proposed based on 
deletions caused by 7,8-dihydro-8-oxo-riboguanosine in pol η deficient 
cells175. During homologous recombination (HR) a D-loop intermediate is 
formed by an invading DNA overhang which needs to be extended past the 
initial break based on the new homologous template176. In in vitro 
reconstitutions of HR, pol η was found to be able to perform extension of 
the invading strand similar to pol δ in those HR intermediates mediated 
by RAD51177,178. In vivo experiments in human cells confirmed an 
involvement of pol η and pol κ in HR146, though pol η is probably not a 
strict requirement for HR179,180. In yeast, pol η seems to be the only TLS 
polymerase involved in the formation of damage-induced cohesion 
throughout the whole genome which is important for correct 
chromosome segregation and DSB repair181 and it is independent of pol 
η’s polymerase  activity182,183. Moreover, pol η is implicated in regulating 
alternative lengthening of telomeres and facilitating telomer 
replication184,185. These canonical and noncanonical functions of pol η 
illustrate the wide variety of mechanisms it is involved in and suggest a 
fundamental role in maintaining a healthy level of genome stability.  

In humans, pol η is of particular interest due to its role in the Xeroderma 
pigmentosum (XP) variant subgroup XP-V186,187. XP-V makes up about 23% 
of all XP cases which is characterized by sun sensitivity in 60% of patients 
and development of basal cell and squamous epithelial cell carcinoma and 
cutaneous melanoma at an average age of 8 years188. While other XP 
subgroups are caused by deficiencies in Nucleotide Excision Repair (NER), 
XP-V is based on the perturbation of pol η189. In both cases, the disruption 
of NER or pol η decreases the cells’ ability to tolerate (ultraviolet (UV) 
light-induced) DNA damage by repairing or efficiently bypassing the 
damage, respectively190. Another aspect, relevant to human health is that 
pol η was found to facilitate resistance against anticancer therapeutics 
that induce interstrand crosslinks, probably by accommodating the 
lesions during TLS191-193. Therefore, pol η may be a valuable target for 
enhancing the treatments that are otherwise rendered ineffective194. 

1.3 GENOME INSTABILITY 

Many factors play a role in maintaining genome stability and protecting 
from sources of genomic instability. Both endogenous and exogenous 
factors challenge the DNA integrity and numerous control and repair 
mechanisms have evolved to mitigate and tolerate those challenges 
(Table 4)3,195, while genome instability is associated with aging and 
disease5,196.  
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Table 4: Overview of DNA damaging agents, resulting DNA lesions and associated 
repair mechanisms. Endo- and exogenous factors (upper row) cause a variety of different 
DNA damage types. For each category of DNA damage (middle row) a number of cellular 
mechanisms (lower row) have evolved to repair or tolerate the lesion. (Table from Chatterjee 
et al. (2017)195 with permission.) 

 

1.3.1 EXOGENOUS SOURCES OF GENOME 
INSTABILITY 

The most common sources for exogenous DNA damage are radiation or 
exposure to chemical agents. Sunlight, especially the contained UV light, 
can cause alterations in the DNA via direct absorption by the DNA or 
indirect mechanisms via non-DNA chromophores197. Directly absorbed 
UV light mainly causes cyclobutane pyrimidine dimers (CPDs) and to a 
lesser extend 6-4PPs (Figure 5)197-201. Single strand breaks (SSBs) and 
possibly DSBs, as well as DNA crosslinks can form via both direct or 
indirect pathways197. Oxidative damage of the DNA can stem from the 
interaction with reactive oxygen species (ROS) or reactive nitrogen 
species (RNS) which can be generated by photosensitized reactions202 or 
the induction of cellular responses, the latter of which typically occur at a 
delay after exposure197,203.  
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Figure 5: Representative structures of the main DNA lesions induced by UV radiation. 
(A) Cyclobutane pyrimidine dimers (CPDs), here: cyclobutane thymine dimers. (B) Pyrimidine 
(6-4) pyrimidone photoproduct (6-4PP), here: thymine dimer linked via C4 and C6. (Figure 
from Chatterjee et al. (2017)195 with permission.) 

Similarly, ionizing radiation such as used in radiotherapy or for 
diagnostics (X-rays, computer tomography scans, positron emission 
tomography scans) can directly introduce DSBs, while indirect damaging 
via ROS can result in SSBs, abasic sites, sugar modifications and base 
deamination3,195,204. Exogenous genotoxins include cigarette smoke, 
cancer therapeutics, environmental pollutants and contaminants, which 
can induce a variety of DNA damages205. Cigarette smoke causes oxidative 
damage because it contains free radicals and oxidants206. Chemicals 
commonly used in chemotherapy may alkylate DNA bases, crosslink DNA 
strands covalently or introduce SSBs and DSBs via the inhibition of 
topoisomerases3. 

1.3.2 ENDOGENOUS SOURCES OF GENOME 
INSTABILITY 

Aside from exogenous challenges to the DNA, even more lesions are 
caused by a range of endogenous processes that are part of the normal 
cellular metabolism and affect the integrity of the DNA207,208. In human 
cells, approximately 70,000 lesions are caused by endogenous 
mechanisms per day, the majority of which are SSBs (Table 5)209.  
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Table 5: Estimation of DNA lesions per cell and day. Regular cellular functions and 
processes cause lesions in the DNA. The most common lesions of endogenous origin, their 
frequency and the predominant mutations they cause are listed. Abbreviations: 7,8-dihydro-
8-oxo-deoxyguanine (8-oxoG), single strand break (SSB), double strand break (DSB).   (Table 
from Tubbs et al. (2017)209 with permission.) 

 

While some lesions may occur spontaneously, the underlying mechanisms 
for each lesion are often not as clear as for the lesions caused by the 
exogenous factors described above210. Spontaneous DNA damage may be 
mediated by the water present in the cell211. While the hydrolysis of the 
DNA backbone is slow, deamination of cytosine to uracil is estimated to 
occur around 100 to 500 times per cell per day212. Moreover, glycosidic 
bonds between the bases and the sugar-phosphate backbone are prone to 
hydrolysis, leading most often to depurination and less frequently to 
depyrimidination (Table 5)213,214. Regular cellular metabolism, such as 
oxidative phosphorylation for the energy production in mitochondria or 
the activity of NADPH oxidases and cytochrome P450 reductases are the 
sources for cellular ROS and RNS215,216. DNA damage caused by ROS or RNS 
is the most frequent type of damage and can lead to base oxidation, SSBs 
and DSBs217. 8-oxoG is the major oxidative base lesion observed, probably 
due to the low redox potential of guanosine218,219.  

Furthermore, a recent study by Xia et al. identified a number of proteins 
promoting spontaneous DNA damage in human cells220. The identified 
proteins, only 5.6% of which were known to be involved in DNA repair 
proteins, showed an overrepresentation among known cancer-driving 
genes and were associated with increased mutation rates when found in 
higher copy numbers. The authors suspect a role upstream of the known 
DNA repair pathways, through either promoting DNA damage and 
thereby overwhelming the available DNA repair capacity or by 



Ribonucleotides in DNA 

 16 

downregulation or inhibition of DNA repair mechanisms. Moreover, they 
propose three possible mechanisms for endogenous DNA damage: 1) 
blockage of the replisome or fork reversal caused by transcription factor 
binding, 2) altered transmembrane transporter activities causing 
increased levels of ROS and 3) disruption of the replisome causing 
replication fork collapse210. 

The cell usually facilitates DNA methylation as a normal epigenetic 
mechanism which is often associated with the repression of 
transcription221. The cellular methyl group donor S-adenosylmethionine 
can however also spontaneously generate N7-methylguanine, N3-
methyladenine and O6-methylguanine residues. While N7-methylguanine 
is not considered a harmful lesion, N3-methyladenine can facilitate 
cytotoxicity through the inhibition of DNA synthesis.  O6-methylguanine 
produces G:C to A:T transitions and is therefore a highly mutagenic 
lesion195. 

In addition, DNA transactions, such as DNA replication, faulty 
chromosomal segregation and erroneous or impaired DNA repair need to 
be considered as potential endogenous sources of genome instability222. 
During DNA replication the fidelity of DNA polymerases when 
incorporating the nucleotides and the ability of some DNA polymerases to 
proof-read incorporated bases determines how often wrong bases with a 
potential for mutagenesis are introduced223. Replication fidelity is further 
increased by mismatch repair (MMR), which is discussed in more detail in 
section 1.3.3224,225. DNA polymerases’ base selectivity can be affected by 
deoxyribonucleoside triphosphate (dNTP) pool imbalances, repetitive 
sequences that promote polymerase slippage, and other sequence effects 
including secondary structures226,227. Another challenge to fork 
progression is posed by the transcription machinery which can be met 
head-on or co-directionally. The activities of the replisome and the 
transcription machinery are usually well-regulated but some instances of 
their collision have been demonstrated and are associated with DNA 
damage or recombination228. Furthermore, R-loop formation involving 
the nascent RNA transcript can block the replication fork and is also 
associated with genomic instability229. For the mtDNA pol γ, the ROS-rich 
environment of the mitochondria also seems to affect fidelity by causing 
oxidative damage to its exonuclease domain which decreases its proof-
reading ability230. Faulty replication fork progression may cause DSBs or 
ssDNA gaps, and chromosomal damages like elevated occurrence of sister 
chromatid exchange, hyper recombination, gross chromosomal 
rearrangements and even chromosome loss222. Topological stress, which 
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is normally resolved by the activity of suitable topoisomerases may also 
introduce DNA damage through the activity of cohesin that traps the 
topological stress near centromeres231. DNA repair mechanisms, while in 
place to repair or tolerate damage, can introduce errors for the sake of 
preventing greater damage to the DNA. For example, post-replicative 
repair through translesion DNA polymerases may allow replication past 
bulky lesions to maintain DNA integrity but comes at the cost of the lower 
DNA polymerase fidelity of TLS DNA polymerases232. DSBs are considered 
to be the most harmful DNA lesions, probably due to the mutagenic 
potential of the available repair mechanisms: Non-Homologous End-
Joining (NHEJ) and HR (see section 1.3.3)233. Furthermore, base 
mismatches and their repair via MMR was found to be associated with 
repair-induced lesions in flanking regions of the original lesion234. 

Finally, the various ways of incorporation of ribonucleotides as described 
in section 1.4 and imperfect removal contribute to genome instability by 
forming SSBs through the hydrolysis via the 2´-hydroxyl group present in 
ribonucleotides. The majority of the estimated 70,000 lesions per cell and 
day are thought to be repaired efficiently and likely do not reflect 
permanent damage present in the DNA209. While I did not determine the 
daily frequency of incorporated ribonucleotides in DNA, I could estimate 
5.2 million stably incorporated ribonucleotides in the murine nDNA in 
Paper IV, which makes this noncanonical nucleotide the most common 
lesion in DNA by at least two orders of magnitude and may in part explain 
the fact that SSBs are the most common other lesion (Table 5)209. 

1.3.3 MITIGATING MECHANISMS 

As outlined above, the genome stability is challenged by a wide variety of 
stress factors that can cause a wide variety of DNA damages. Eukaryotic 
cells have therefore developed many mechanisms to repair or tolerate 
such damages to preserve the genomic integrity. DNA repair and tolerance 
mechanisms have to efficiently recognize the presence and type of lesion 
and select and facilitate appropriate repair195,235, which will be described 
briefly in this section. 

Direct reversal 
Mammals contain enzymes that can directly reverse some of the DNA 
lesions arising from UV radiation or alkylation195. Direct reversal of O-
alkylation of guanines and even interstrand crosslinks between guanines 
via alkyl-groups can be facilitated by O6‐alkylguanine‐DNA 
alkyltransferase236. A family of O6‐alkylguanine‐DNA alkyltransferase-
homologous enzymes lacking the ability to reverse the damage, however, 
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sense and direct bulky alkylations to the NER pathway209. N-alkylation of 
bases can be directly reversed by AlkB‐related α-ketoglutarate‐dependent 
dioxygenases237. 

Base Excision Repair 
Small lesions that are usually not causing significant structural 
distortions, including forms of oxidation (e.g. 8-oxoG), deamination, 
alkylation and apurinic/apyrimidinic sites (AP-sites) are recognized and 
repaired by Base Excision Repair (BER). A damaged base is removed by a 
DNA glycosylase or the process proceeds directly from an AP-site. 
Apurinic/apyrimidinic Endonuclease 1 makes an incision at the 5´-side of 
the AP-site’s sugar moiety, freeing the remaining 5´-deoxyribose 
phosphate. This gap is then either filled by a single nucleotide during 
single-nucleotide BER or via strand-displacement DNA synthesis in long-
patch BER. The resulting flap in long-patch BER can be removed by Flap 
Endonuclease 1 (FEN1) and the resulting nick from both BER pathways 
can be sealed by DNA Ligases I or III238. 

Nucleotide Excision Repair 
Bulkier lesions such as CPDs and 6-4PPs or damage from genotoxic agents 
are typically repaired through NER, which is considered to be a very 
versatile repair pathway. The mechanisms of global genome NER and 
transcription-coupled NER are distinguished mechanistically in how 
lesions are recognized. Global genome NER is initiated via the recognition 
of genome-wide lesions, while transcription-coupled NER is triggered by 
a stalled RNA polymerase at a DNA lesion239. In brief, after pathway-
specific recognition the pathways converge with the recruitment of 
transcription initiation complex TFIIH, which contains the helicases XPB 
and XPD that unwind about 30 nucleotides around the lesion240. A pre-
incision complex is formed, which protects the free ssDNA on the intact 
strand. The ERCC1-XPF nuclease incises the strand with the lesion and 
DNA displacement synthesis by pol ε in replicating cells or pol δ and pol κ 
in non-replicating cells proceeds for a few nucleotides241. The resulting 
ssDNA flap is cleaved by the endonuclease XPG and DNA Ligase I or 
Ligase IIIα/XRCC1 seal the nick in replicating or quiescent cells, 
respectively242. 

Ribonucleotide Repair 
The main repair pathway for incorporated ribonucleotides is 
Ribonucleotide Excision Repair (RER) and in its absence Top1-mediated 
ribonucleotide removal can serve as an alternative repair mechanism. 
Ribonucleotide repair is discussed in more detail in section 1.5. 
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Mismatch Repair  
Contributing to the replication fidelity, as mentioned in the previous 
section, is the MMR pathway. MMR acts on base mismatches that were 
wrongfully produced during replication and not removed by proof-
reading225. Mainly MutSα but also MutSβ, which are heterodimers of MutS 
Homolog (MSH) 2 and MSH6, and MSH2 and MSH3, respectively, 
recognize the mismatches or roadblocks while sliding along the DNA243. 
Upon recognition, MutLα, PCNA and Replication Factor C are recruited to 
the lesion. Moreover, the Exonuclease 1 (Exo1) is loaded onto the nascent 
strand for excision of the error244. Due to the 5´ to 3´ directionality of Exo1, 
an incision 5’ of the mismatch is necessary for its activity and was found 
to be facilitated by MutLα245. Finally, DNA pol δ can synthesize DNA to fill 
the resulting gap and the remaining nicks are sealed by DNA Ligase I246,247. 

Interstrand Crosslink Repair 
Covalent interstrand crosslinks (ICL) of bases in complementary strands 
may arise from a variety of endo- and exogenous agents including certain 
cancer therapeutics195. ICL repair follows varied pathways in quiescent 
cells, proliferating cells (replication-coupled) and in connection with 
transcription. Moreover, recent findings suggest even a lesion-specific 
variant of the ICL repair248. In brief, replication-coupled ICL repair is 
triggered at converging replisomes where the parental DNA strands are 
held together by the ICL. Separation of the parental strands or so-called 
“unhooking” can be facilitated through the Fanconi anaemia protein-
dependent pathway, a NEIL3 DNA glycosilase-dependent pathway or in 
the case of acetaldehyde ICLs via direct reversal of the lesion on one of the 
strands. The resulting gap on the unhooked DNA strand is then filled 
either via HR and or TLS which are both discussed below248,249. In 
quiescent cells transcription-dependent and -independent ICL repair 
involves different pathways of ICL recognition, but the pathways converge 
during the first incisions 5’ and 3’ of the ICL. In this case, incisions are 
made by NER factors on one strand and the resulting gap is filled via 
TLS250. A second gap is produced in a similar fashion; now on the other 
strand with the attached ICL and the previously incised DNA stretch so 
that it is released. The resulting gap is filled by pol δ251. 

Single Strand Break Repair 
SSB repair (SSBR) can be divided into long and short patch SSBR195. For 
long patch SSBR the SSBs are detected by Poly(ADP-ribose) 
polymerase (PARP) 1 and undergo subsequent end processing to remove 
any damages and generate 3´- and 5´-ends. A variety of enzymes, including 
polynucleotide kinase, apurinic/apyrimidinic endonuclease, pol β, 
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Tyrosyl DNA Phosphodiesterase 1, Aprataxin and FEN1, may facilitate this 
step to handle each possible terminal lesion appropriately. The resulting 
gap is filled by pol β in connection with pol δ and pol ε, and sealed by DNA 
Ligase I. During short patch SSBR the substrate is generated by the BER 
pathway, the gap is filled by pol β and DNA ligase III seals the remaining 
nick195,252. 

Double Strand Break Repair 
The two major repair pathways for DSBs are NHEJ and HR. In mammalian 
cells, NHEJ can further be divided into canonical NHEJ and alternative end 
joining which serves as a backup pathway in the absence of NHEJ 
proteins253. During classic NHEJ, the Ku70-Ku80 heterodimer recognizes 
and binds the DSBs and protects the DSBs from degradation254,255. The Ku-
heterodimer allows recruitment of components for the long-range 
synaptic complex that can turn into the short-range synaptic complex. The 
short-range synaptic complex ensures compatibility of the ends and 
allows ligation once any processing of incompatible terminal groups by 
the nuclease Artemis, terminal deoxynucleotidyl transferase, pol λ or pol μ 
has taken place256. Finally, strands are ligated by Ligase IV in complex with 
XRCC4 and XLF257,258. Unlike NHEJ, which can repair DSBs flawlessly but 
also has the potential to ligate mismatching DNA ends, HR uses strand 
invasion of the sister chromatid for the template-directed repair to 
facilitate DSB repair195. HR is initiated by the Mre11-Rad50-Nbs1 complex 
allowing the recruitment of the HR components. The DNA is initially 
resected to generate 3´-overhangs by the Mre11-Rad50-Nbs1 complex 
and RPA is loaded on the ssDNA overhang. Long range resection by Exo1 
and the BLM helicase follows, creating a longer 3´-overhang that will 
invade the homologous DNA to form a D-loop upon sufficient base 
pairing259. The invading 3´-overhang can then be extended by pol δ 
through displacement DNA synthesis using the newly acquired template 
strand, though other TLS polymerases have also been suggested105. HR is 
mainly resolved via non-crossover synthesis-dependent strand annealing 
in somatic cells or double Holliday junction in dividing cells. Error-prone 
alternatives such as long-tract gene conversion and break-induced 
replication may occur when the other two pathways fail253. 

DNA Damage Tolerance 
When a replicative polymerase is stalled at a bulky DNA lesion, the CMG 
helicase is typically not affected and can continue unwinding which leads 
to uncoupling of the helicase and the stalled polymerase, and produces 
long stretches of ssDNA260. Coating of the ssDNA with RPA triggers the 
ATR/Chk1 pathway which promotes cell cycle arrest, replication fork 
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stabilization and restarting of the DNA synthesis either by downstream 
repriming, lesion bypass by TLS polymerases, template switching or fork 
reversal and lesion repair261. TLS is thought to occur either on the fly at 
the replication fork or as post-replicative gap filling232,262,263. The bypass 
of DNA lesions by TLS polymerases  typically has a lower fidelity than the 
replicative DNA polymerases, but can be accurate when synthesizing past 
certain lesions264. The TLS polymerases’ lower fidelity stems from wider 
active sites which can encompass the DNA lesions on the parental DNA 
strand or allows them to fill ssDNA gaps195,265. This is a trade-off in 
preventing more catastrophic consequences of stalled forks, such as fork 
collapse which can result in a DSB266. The other major pathways of DNA 
damage tolerance are error-free: 1) the template switching mechanism 
which allows error-free synthesis across DNA lesions by utilizing the 
sister chromatid as the template reminiscent of the HR pathway267 and 2) 
fork reversal which is also dependent on some HR factors268.  

1.4 RIBONUCLEOTIDE INCORPORATION 

The two main pathways by which ribonucleotides can be incorporated 
into DNA are through synthesis of RNA primers that are needed for the 
initiation of DNA replication or through misincorporation by the 
replicative polymerases. In the nucleus, the pol α-primase complex is 
responsible for synthesizing a primer consisting of 7 to 12 ribonucleotides 
synthesized by the primase and is extended by pol α39,51. 

 

Figure 6: Steric ribonucleotide discrimination by a ‘steric gate’ residue. DNA 
polymerases often, though not exclusively, exclude incoming ribonucleotides through a steric 
clash between a bulky “steric gate” residue and the 2´-hydroxyl group of the incoming 
ribonucleotide (left). Changing this residue to a smaller one unlocks the steric gate and allows 
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for ribonucleotides to be incorporated during DNA synthesis more frequently. (Figure from 
Brown  et al. (2011)269 with permission.) 

In the mitochondria the mitochondrial RNA polymerase provides a 25 to 
27 nt RNA primer270. The bulk of DNA synthesis is then performed by 
extension of those primers by pol δ or pol ε in the nucleus271, or pol γ in 
mitochondria82. The replicative DNA pols α, δ and ε are able to distinguish 
between incoming dNTPs and ribonucleoside triphosphates (rNTPs) by a 
so-called “steric gate” (Figure 6), but the discrimination against 
ribonucleotides is imperfect269,272. Hence, ribonucleotides are occasionally 
incorporated by the replicative DNA polymerases. Similarly, the 
mitochondrial DNA pol γ can incorporate ribonucleotides into mtDNA as 
well, even though it possesses a higher selectivity than the replicative 
polymerases273. In addition, other mechanisms may introduce 
ribonucleotides into the DNA. Specialized DNA polymerases involved in 
TLS or DNA repair pathways are also able to misincorporate 
ribonucleotides and it has been demonstrated for yeast pol ζ274, murine 
TdT275 and human pol β276, pol η277, pol λ278, pol μ279, pol θ280, pol ι281 and 
may be implicated for pol κ282 and Rev1283 as well. While incorporated 
ribonucleotides are typically seen as a threat to genome stability, 
ribonucleotides were found to be crucial in DSB repair via NHEJ284,285 or 
HR286. Ribonucleotide incorporation may also temporarily serve to 
tolerate dNTP shortage287 and was shown to be a discrimination 
mechanism for the nascent strand during MMR288,289. Moreover, 
incorporated ribonucleotides function as imprints to facilitate mating 
type switch in Schizosaccharomyces pombe290,291. 

1.5 RIBONUCLEOTIDE REPAIR 

1.5.1 RIBONUCLEOTIDE EXCISION REPAIR 

RER (Figure 7) is considered the main pathway by which ribonucleotides 
can be removed from nDNA. The endonuclease RNase H2 is active on 
single incorporated ribonucleotide292,293 and can make an incision 5´ of 
it294,295. DNA synthesis by pol δ or pol ε then displaces the strand with the 
incorporated ribonucleotide and the resulting flap is excised by FEN1 or 
Exo1294,295. The resulting nick is subsequently sealed by DNA Ligase I294. A 
redundancy of the participating enzymes and the possible involvement of 
other components in RER was recently proposed based on in vitro 
experiments that suggested a role of the DDX3X protein, which showed a 
RNase H2-like activity, and of pol β and pol λ as alternatives to pol δ296. 
RER plays an important role in MMR because the transiently occurring 
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nick can act as a strand discrimination signal for a nearby mismatch288,289. 
While central to RER, RNase H2 has additional functionality in processing 
longer stretches of incorporated ribonucleotides or R-loops. This activity 
overlaps with RNase H1, which can process stretches of ribonucleotides 
or R-loops, but lacks the ability to incise single ribonucleotides297. 

 

Figure 7: Schematic of Ribonucleotide Excision Repair. RNase H2 (grey) performs an 
incision at the 5´-side of the incorporated ribonucleotide (red). Pol δ or pol ε (blue) can extend 
the resulting 3´-end during displacement DNA synthesis. The resulting flap can be cleaved by 
the Flap Endonuclease 1 (FEN1, yellow) or Exonuclease 1 (Exo1). The remaining nick is sealed 
by DNA Ligase I. (Figure from Sparks  et al. (2012)294 with permission.) 

1.5.2 TOP1-MEDIATED RIBONUCLEOTIDE REPAIR 

An alternative pathway may process incorporated ribonucleotides in the 
absence of RNase H2. Top 1 relieves tension from transcriptional 
supercoiling by introducing a nick in double strand DNA, but was also 
shown to have an endoribonuclease activity, thereby facilitating a 
potentially mutagenic removal of incorporated ribonucleotides298-302. 
When Top1 incises DNA at a ribonucleotide, Top1 is bound covalently to 
the 3´-phosphate, leaving a 5´-hydroxyl group. The 2´-hydroxyl group of 
the incorporated ribonucleotide has then the possibility for a nucleophilic 
attack at the phosphate, forming a 2´-3´cyclic phosphate303 and releasing 
Top1. Subsequent processing including a second incision by Top1 can be 
error-free or result in dinucleotide deletions at repetitive sequences299,304. 
If the second incision is however performed on the strand opposite of the 
incorporated ribonucleotide, a DSB is caused298. Both DSBs and deletions 
are obvious threats to genome stability and it remains unclear if and how 
a DNA nick with a 2´-3´-cyclic phosphate may be resolved. 
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1.5.3 PRIMER REMOVAL 

Aside from the removal of incorporated single ribonucleotides, short 
stretches of ribonucleotides are frequently introduced in the form of 
primers for replication. Especially lagging strand replication, which 
requires the repeated initiation of DNA synthesis due to the discontinuous 
mode of DNA synthesis, involves the numerous, transient incorporations 
of RNA primers produced by the pol α/primase complex37. On the lagging 
strand, DNA synthesis by pol δ will eventually near the 5´-end of the 
previous Okazaki fragment. By continuing the DNA synthesis, the primer 
of the previous Okazaki fragment is displaced and a DNA flap created 
which is cleaved by FEN1305. Displacement of a longer flap is thought to be 
rare. Instead only few ribonucleotides from the primer are displaced and 
cleaved in multiple successive steps in a process called nick 
translation37,306. The process is completed by DNA ligase sealing the 
nick307. Alternatively, primers or R-loops may be recognized and removed 
by RNase H1 or RNase H2. RNA:DNA hybrids are largely removed by 
RNase H2, which seems to have unrestricted access to genome. RNase H1 
can remove such hybrids as well, but the enzyme is spatially 
restricted297,308. 

1.5.4 RIBONUCLEOTIDE REPAIR IN MITOCHONDRIA 

As described above, a number of redundant ribonucleotide removal 
pathways are available in the nucleus. In contrast, ribonucleotide removal 
in mtDNA seems to be limited to the removal of replication primers 
generated by the mitochondrial RNA polymerase309,310. Similar to the 
Okazaki fragment maturation, the removal involves pol γ which, like pol δ, 
possesses a 3´-5´exonucleolytic function balanced with its limited ability 
for strand displacement, contributing to the removal of the RNA 
primer311,312. As mentioned in section 1.1.4, RNaseH1 has been implicated 
in facilitating primer removal from mtDNA and seems to be part of a 
mechanism involving two nucleases104. It is localized to the mitochondria 
and its loss is detrimental to mtDNA genome replication, leading to 
embryonic lethality in mice313,314. The severity of RNase H1 deficiency may 
also be explained by the recent finding of its involvement in the initiation 
of mtDNA replication89. RER mediated by RNase H2 was eliminated as a 
possible removal mechanism in yeast mitochondria, where RNase H2 
deficiency did not increase the number of incorporated ribonucleotides in 
mtDNA309. The impact of nucleoside triphosphate (NTP) pool imbalances 
on the incorporated ribonucleotides in mtDNA but not in nDNA unless 
RER was abolished, is further evidence suggesting the absence of RER in 
mitochondria315. 
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1.6 RIBONUCLEOTIDES AND DISEASE 

The importance of efficient ribonucleotide removal is illustrated by the 
fact that more than half of all Aicardi-Goutières syndrome (AGS) cases are 
characterized by mutations in each of the three subunits of RNase H2, the 
central enzyme of RER316-318. AGS is a neurological disorder that is usually 
passed on through autosomal recessive inheritance. The autoimmune 
disease systemic lupus erythematosus shares some similarities with AGS 
connected to impairment in RNase H2319. RNase H2-mediated RER is 
usually error-free, the backup pathway via Top1, however, is error-prone, 
suggesting a contribution to genome instability in absence of efficient 
RER320. In addition, stably incorporated ribonucleotides were found to 
increase UV-induced CPDs which pose a threat to genome stability as 
well319. Interestingly, some AGS patients with mutations in RNASEH2B 
had a later onset and milder neurological phenotypes as well as reduced 
mortality321. One proposed possible explanation might be that a certain 
threshold for the number of tolerable stably incorporated ribonucleotides 
exists320. A study in mice showed that an RNase H2A subunit variant 
deficient for ribonucleotide excision but proficient in the processing of 
RNA:DNA hybrids leads to embryonic lethality, like loss of the entire 
RNase H2B or RNase H2C subunits. This indicates that the defective 
removal of ribonucleotides and not the processing of R-loops is causative 
of the embryonic lethality. Furthermore, the RNase H2A G37S variant with 
reduced ability of ribonucleotide removal and RNA:DNA hybrid 
processing was viable, which suggests that there is a level of incorporated 
ribonucleotides that can be tolerated322. Loss of RNASEH2B was found to 
occur in chronic lymphocytic leukemia and other haematopoietic 
malignancies as a result of RNASEH2B’s genomic position between two 
tumor suppressor loci that are frequently deleted323. Similarly, 
RNASEH2B loss was a side effect of deletions found in prostate cancer324. 
In these cases, disruption of RER seems to be not the disease cause but a 
consequence. The accumulation of ribonucleotides, however, is a feature 
that can potentially be exploited in therapies of these cancers, because 
they confer sensitivity to PARP inhibitors325. A contributing role of stably 
incorporated ribonucleotides was also suggested in the neurological 
phenotype of ataxia with oculomotor apraxia 1 where RNA:DNA hybrids 
accumulate326. In mitochondria, the absence of RNase H1 impairs the 
ability of RNA primer removal which is associated with adult-onset 
mitochondrial encephalomyopathy313,327. Stably incorporated 
ribonucleotides seem however to be relatively well-tolerated in mtDNA 
where no ribonucleotide removal pathway comparable to RER in the 
nucleus is present309,315. 
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2 AIMS 

The broad aims in the thesis were two-fold: The first aim was to 
investigate the application of ribonucleotide incorporation as means to 
genome-wide track specialized DNA polymerases that are not involved in 
the bulk of DNA synthesis during replication. Second, the aim was to gain 
a better understanding of the role stably incorporated ribonucleotides 
have in mammalian genomes in vivo. The first aim was addressed by 
Paper I, while different aspects of the second aim were addressed in 
Papers II, III and IV. 

The publications had the following specific aims: 

Paper I: To determine and characterize yeast DNA pol η’s contribution in 
DNA synthesis genome-wide. 

Paper II: To describe a modification to the HydEn-seq method which 
allows for simultaneous mapping and quantitation of incorporated 
ribonucleotides in DNA. 

Paper III: To investigate the effects on mouse mtDNA stability of stably 
incorporated ribonucleotides in vivo. 

Paper IV: To study stably incorporated ribonucleotides in nDNA and 
mtDNA from different murine tissues and the effects of genomic features 
on the distribution of those incorporated ribonucleotides. 
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3 RESULTS 

3.1 PAPER I 

DNA polymerase η contributes to genome-wide lagging strand 
synthesis 

Eukaryotic DNA replication is characterized by the division of labor 
between the three replicative polymerases, pol α, pol δ and pol ε, that 
perform the majority of DNA synthesis. Pol ε continuously synthesizes the 
leading strand and pol α and pol δ facilitate lagging strand DNA 
synthesis54. Eukaryotes contain, however, a number of other DNA 
polymerases including pol η. Their roles are more specialized and related 
to DNA repair mechanisms or the bypass of lesions in the template DNA105. 
Where in the genome and how much those specialized polymerases 
contribute to DNA synthesis has not been studied in detail. The HydEn-
seq method was previously used to precisely determine the activities of 
the yeast replicative DNA polymerases genome-wide. This approach 
requires the modification of the steric gate residue near the polymerases’ 
active site, or a residue close to the steric gate, that decreases the 
polymerases’ ability to discriminate against rNTPs and the absence of 
efficient RER. This leads to a much more frequent misincorporation of 
ribonucleotides during replicative DNA synthesis which are not readily 
repaired due to the RER deficiency. The HydEn-seq method can then be 
applied to map those incorporated ribonucleotides genome-wide, thereby 
tracking where the DNA polymerase in question was active43. 

To genome-wide map the activity of pol η, I used yeast strains with a steric 
gate variant of pol η in an RER and NER deficient background. 
Additionally, pol ζ was initially removed due to its overlapping 
functionality328, though NER- and pol ζ-proficient strains yielded similar 
results. HydEn-seq libraries prepared from these strains were analyzed 
bioinformatically and compared to steric gate variants of the replicative 
polymerases. It was possible to detect incorporated ribonucleotides by 
pol η, despite the assumption that pol η, as a specialized TLS polymerase, 
is only involved in DNA synthesis to a limited extend. By comparing the 
mapped ribonucleotides from pol η to the patterns generated by steric 
gate variants of the replicative pol α, pol δ and pol ε, I could conclude 
lagging strand-specific activity for pol η. This discovery held also true near 
replication origins, where I found the replicative polymerases to 
transition between strands. Pol η activity clearly followed the same 
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transitions as pol α and pol δ and the opposite directionality was observed 
for pol ε. I hypothesized that pol η’s C-terminus is involved in its 
recruitment to the lagging strand, based on the presence of PCNA-
Interacting Protein or Rev1-Interacting Region motifs therin329,330. To 
determine whether pol η’s lagging strand specificity is facilitated via the 
C-terminus, I investigated a truncated pol η steric gate variant where the 
last 10 C-terminal residues were deleted. This deletion led to the of loss of 
lagging strand-specific pol η activity, indicating that the C-terminus is 
indeed the interface needed for pol η’s lagging strand recruitment. I 
further characterized the pol η steric gate variant by providing a modified 
RNase H2 which retains the ability to cleave at multiple consecutive 
ribonucleotides but is ineffective when encountering single incorporated 
ribonucleotides331. I observed a loss of lagging strand specificity in the 
presence of this RNase H2 variant, indicating that the steric gate variant 
of pol η predominantly incorporates short stretches of consecutive 
ribonucleotides. Moreover, I analyzed the sequence context of the 
detected ribonucleotides and found that a T-T dimer template was the 
most common position for ribonucleotides incorporated by the pol η 
steric gate variant. Pol η’s preference for T on the template strand was 
further supported by our analysis of single base pair deletions in the CAN1 
gene. This preference is most likely explained by pol η’s function in 
efficiently bypassing cis-syn T-T dimers161. Finally, we found also evidence 
that human pol η exhibits a lagging strand preference as well, by analyzing 
TA to TG mutations attributed to pol η332 in whole genome sequencing 
data from melanoma patients. 

3.2 PAPER II 

Simultaneous mapping and quantitation of ribonucleotides in 
human mitochondrial DNA 

There are several methods for the identification or quantitation of 
incorporated ribonucleotides in DNA. Ribonucleotide incorporation rates 
of DNA polymerases can be estimated by in vitro primer extension 
experiments269,272, but do not reflect stably incorporated ribonucleotides 
in the genome due to ribonucleotide removal pathways. Approaches to 
quantitate stably incorporated ribonucleotides involves alkaline 
hydrolysis and visualizing resulting DNA fragments, allowing estimates of 
the number of stably incorporated ribonucleotides but not conclusions 
about the base identity of incorporated ribonucleotides333. Sequencing-
based methods334-336 including HydEn-seq43 were able to identify 
incorporated ribonucleotides genome-wide but lacked the ability to 
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determine the absolute number of stably embedded ribonucleotides. To 
determine both the number and the base identity of incorporated 
ribonucleotides the HydEn-seq method was extended to include cleavage 
by a sequence specific endonuclease. In the HydEn-seq libraries generated 
to produce the data presented in this paper315, HincII was utilized, but 
even other restriction enzymes may be used, depending on the target 
organism and whether mtDNA, nDNA or both will be the subject of the 
analysis. 

This publication illustrates important aspects of the modified HydEn-seq 
method. I presented representative electropherograms of acceptable 
KOH- and KCl-treated libraries depicting clear differences in resulting 
fragment sizes. KCl-treated libraries should contain highly intact DNA 
consistent with free 5´-ends, showing very little to no DNA fragment 
below 1500 bp, whereas the KOH-treated libraries will typically result in 
a broad spectrum of DNA fragments ranging from around 300 bp to 
2000 bp consistent with an increase in 5´-ends from hydrolysis at 
incorporated ribonucleotides. Furthermore, I provided validation for the 
HincII cleavage, where I detected 70% of all 5´-ends in KCl-treated 
libraries at the HincII cleavage site and this number is decreased to about 
40% of all ends mapping to the HincII cleavage site in KOH-treated 
libraries, due to the alkaline hydrolysis at ribonucleotides as well. Lastly, 
I illustrated the ability to calculate absolute number of incorporated 
ribonucleotides by normalization to the reads at the HincII cleavage site 
and the base identity of them. 

3.3 PAPER III 

Elimination of rNMPs from mitochondrial DNA has no effect on 
its stability 

The mitochondrial replicative pol γ is capable of stringent discrimination 
against rNTPs273,337. Still, stably incorporated ribonucleotides are found in 
mtDNA due to the lack of efficient removal mechanisms309,315 and 
incorporation by pol γ is thought to be the main source for these 
ribonucleotides309. Though stably incorporated ribonucleotides in mtDNA 
seem well-tolerated, it is poorly understood how they may affect mtDNA 
stability. A role of ribonucleotides was implicated in previous studies of 
mtDNA depletion syndrome patient-derived cell lines315 and in a mouse 
model for mtDNA disorders caused by the loss of function in the MPV17 
protein338. 
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To investigate the effects of stably incorporated ribonucleotides in 
mtDNA, the experimental approach to utilize alkaline hydrolysis through 
KOH-treatment of DNA to approximate incorporated ribonucleotides was 
validated. When comparing the effects of RNase H2- and KOH-treatment 
on DNA fragment length, both showed an almost identical decrease in 
fragment size, indicative of ribonucleotides being the main cause of alkali-
sensitive sites in mtDNA. Comparing mtDNA from mouse embryos to 
mtDNA from spleen, heart, skeletal muscle, liver and brain of adult mice, 
we found that mtDNA from embryos contained the lowest number of 
incorporated ribonucleotides while those in mtDNA from tissues in adult 
mice were higher and varied between tissues. By measuring rNTPs and 
dNTPs in mouse embryos and spleen and skeletal muscle from adult mice 
via high-performance liquid chromatography, rNTP/dNTP ratios were 
determined to investigate whether NTP pools determine which 
ribonucleotides are incorporated in mtDNA. In accordance with previous 
findings339, the ATP/deoxyadenosine triphosphate (dATP) ratio was by 
far the highest and was also found to vary the most between tissues. With 
respect to the nucleotide-specific discrimination ability of pol γ273 this 
suggests that the ATP/dATP pools affect the ribonucleotide content in 
mtDNA to the greatest extent and confirms that the incorporated 
ribonucleotides in mtDNA reflect the present NTP pools315. Based on the 
observation that ribonucleotides were least common in mtDNA from 
embryos in comparison to mtDNA from adult tissues, an age-related 
increase of ribonucleotides in mtDNA was hypothesized. The hypothesis 
was tested by comparing the ribonucleotide content in mtDNA from 
embryos, pups, adult and aged mice. Interestingly, pups showed an 
intermediate level between the number of incorporated ribonucleotides 
determined in mtDNA from embryos and skeletal muscle in adult and 
aged mice, while there was no significant difference observed between the 
amounts in adult and aged mice. In contrast, the number of incorporated 
ribonucleotides in mtDNA from the hearts of pups was identical to the 
amount in embryos, but was increased significantly in mtDNA from hearts 
of adult mice. Both results show, however, that ribonucleotides are 
introduced up to adulthood, but do not increase in mtDNA of mice while 
aging. To further investigate how the ribonucleotide content in mtDNA 
reflects the present NTP pools, the ribonucleotide content of SAMHD1-
deficient mice was investigated. SAMHD1 has the ability to hydrolyze all 
four dNTPs340, its absence thereby increases dNTP pools. While the 
ribonucleotide content in nDNA was not affected by the deletion of 
SAMHD1, the increase in dNTPs was directly reflected in a decrease of 
incorporated ribonucleotides in mtDNA. Using HydEn-seq, I determined 
the base identity of incorporated ribonucleotides of mtDNA and nDNA of 
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SAMHD1-proficient and -deficient mice: Since SAMHD1 deficiency led to 
very few incorporated ribonucleotides in mtDNA, the detected 
distribution of base identity changed dramatically to reflect that of 
random nicks, by markedly decreasing incorporated rAMP, while loss of 
SAMHD1 had no effect on the ribonucleotide distribution in nDNA. Lastly, 
whether incorporated ribonucleotides contributed to mtDNA instability 
in aging was determined: We found that the mtDNA copy number was 
slightly higher in adult mice with SAMHD1 deficiency but not in old adults 
or aged mice. Furthermore, no differences in the number of deletions 
could be detected between aged SAMHD1-proficient and -deficient mice 
and no difference in life span of these animals was observed, indicating 
that incorporated ribonucleotides in mtDNA are not responsible for age-
related mtDNA instability. 

3.4 PAPER IV 

Stably incorporated ribonucleotides in murine tissues: 
quantitation, base identity and distribution in nuclear and 
mitochondrial DNA 

Stably incorporated ribonucleotides in DNA pose a possible threat to 
genome integrity due to their inherent predisposition to hydrolysis via the 
2´-hydroxyl group341. While some beneficial roles of ribonucleotides have 
been found, as described earlier in section 1.4, their physiological 
relevance remains to be fully explained. Ribonucleotides are frequently 
misincorporated into nDNA and mtDNA272,309. In case of nDNA, efficient 
removal by RER was assumed342, while ribonucleotides seem to be more 
tolerated in mtDNA where efficient removal pathways are lacking309,315.  

To gain more comprehensive knowledge of the significance of 
incorporated ribonucleotides in the DNA of healthy wild-type mammals, I 
used the approach outlined in Paper II to map and quantitate incorporated 
ribonucleotides in nDNA and mtDNA from nine different mouse tissues: 
blood, bone marrow, brain, heart, kidney, liver, lung, muscle and spleen. 
DNA samples were cleaved with SacI before preparing HydEn-seq 
libraries to allow for ribonucleotide quantitation. I determined the 
absolute numbers of incorporated ribonucleotides in nDNA and mtDNA 
and found statistically significant differences in the number of 
incorporated ribonucleotides among some of the investigated tissues. I 
found approximately 1 ribonucleotide per kb embedded in nDNA, while 
1 to 8 ribonucleotides per kb were present in mtDNA, depending on the 
tissue. Analysing the base identity of incorporated ribonucleotides, I 
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found distinct differences between the ribonucleotides found in nDNA 
compared to mtDNA. Incorporated ribonucleotides in nDNA were found 
to be somewhat closer to the base composition of nDNA, with guanosine 
monophosphate (GMP) and adenosine monophosphate (AMP) 
incorporated proportionally to their occurrence in nDNA, but an about 2-
fold overrepresentation of cytidine monophosphate (CMP) and an 
underrepresentation of uridine monophosphate (UMP). In contrast to the 
ribonucleotide content in nDNA, ribonucleotides in mtDNA were most 
frequently AMP, consistent with earlier findings and the high ATP/dATP 
ratio343, while GMP was only overrepresented in mtDNA from kidney and 
lung and otherwise proportional to the mtDNA base composition, CMP 
was underrepresented and UMP was almost not detected at all. To study 
whether certain genomic features promote or prevent stably 
incorporated ribonucleotides in nDNA, I performed analyses of 
ribonucleotides near known or predicted positions of enhancers, tRNAs, 
promoters, protein binding sites, segmental duplications, CpG islands, 
microsatellites, TSS and intrastrand G4s. To compare the incorporated 
ribonucleotides near these features to the ribonucleotide distribution in 
the genome, I also generated a data set consisting of 21,000 positions by 
picking 1,000 random positions from each chromosome and subjected it 
to the same normalisation steps and binning. For genomic features 
present only on one of the strands, the analysis was split to reflect 
ribonucleotides on the same strand as the genomic feature or the opposite 
strand than the feature. Interestingly, I found that enhancers, promoters, 
TSS and protein binding sites have increased numbers of ribonucleotides 
in their proximity on the same and the opposite strand. Furthermore, 
tRNAs showed a marked increase on the same, but not the opposite 
strand. G4s showed decreased ribonucleotides just before the G4 on the 
same strand and a sharp increase in incorporated ribonucleotides on the 
opposite strand. For the analysis of segmental duplications, CpG islands 
and microsatellites, ribonucleotides on both strands were analysed. While 
CpG islands did not seem to change the number of incorporated 
ribonucleotides, segmental duplications showed a decrease in them. The 
analysis of microsatellites yielded an interesting pattern, where 
ribonucleotides were underrepresented at the very start position of a 
microsatellite but markedly increased above the background by about 2-
fold at approximately 250 bp up- and downstream of this position and 
declining to background levels as represented by the random data set 
towards the periphery at about 500 bp up- and downstream of the feature. 
To investigate the ribonucleotide distribution in mtDNA, I calculated the 
mean number of incorporated ribonucleotides at each mtDNA position for 
the heavy and light strand. I found that ribonucleotides showed a non-
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random distribution and were present at distinct hotspots. Moreover, I 
determined distinct peaks of ribonucleotides near OriH and OriL which 
may be the remnants of incomplete primer removal. These studies 
provide evidence that ribonucleotides are not only transiently inserted 
but also stay stably incorporated in the nuclear genome where RER 
pathways are present. Moreover, this may imply that ribonucleotides have 
a functional role in certain parts of the eukaryotic genome. 
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4 CONCLUDING REMARKS 

The importance of balance between genome stability and instability for 
the evolutionary adaption or diversification of species and the 
flourishment of organisms is indisputable. A degree of variation in the 
genome allows for development of beneficial traits and adaption344. 
Imperfections in genome maintenance and repair mechanisms are 
contributors to this variation. An excess of changes or alterations, 
especially when affecting critical cellular functions, are however 
detrimental and associated with aging5,6 and disease4,345,346. 

The body of knowledge on mechanisms of how DNA damage may come 
about and can be repaired by cellular repair mechanisms is continuously 
growing, as many questions surrounding them remain to be explored. 
This thesis ties together aspects surrounding genome maintenance and 
stability. In Paper I, I expanded the knowledge on pol η activity in the yeast 
genome and demonstrated that the division of labor among replicative 
DNA polymerases might extend to the specialized polymerases. The 
HydEn-seq method proved useful for tracking the activity of a specialized 
DNA polymerase and the method can be utilized to determine the 
genome-wide activities of the other known DNA polymerases. Moreover, 
a similar approach may be useful in determining DNA polymerase 
activities in humans, where additional specialized DNA polymerases are 
present. My findings also showed that pol η’s lagging strand activity was 
abolished upon the loss of its C-terminus. Since the PCNA-Interacting 
Protein or Rev1-Interacting Region motif located in the C-terminus is the 
interface for interaction with PCNA and Rev1, my findings implicate them 
as immediate candidates to study the underlying mechanisms of pol η 
recruitment to the lagging strand.  

I described an important advance in the HydEn-seq method in Paper II, 
allowing for simultaneous mapping and quantitation of incorporated 
ribonucleotides. Contrary to estimates based on DNA fragment sizes 
resulting from alkaline hydrolysis or RNase H2-treatment, this method 
provides the possibility for direct and genome-wide measurement while 
also obtaining base identity information. The possible applications are 
broad, as the HydEn-seq method and its expansion with restriction 
enzyme cleavage, can be adjusted to DNA from any given organism, 
requiring only a reference genome in the analysis of the acquired 
sequencing data. Using this method to produce atlases of the DNA 
polymerases’ activities could paint a more comprehensive picture of the 
replication process, help define the roles of the specialized polymerases 
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and could potentially uncover overlapping or exclusive functionalities. 
The landscapes of incorporated ribonucleotides in genomes, their number 
and identity may also provide species-specific insight as to what levels of 
incorporated ribonucleotide are common and well-tolerated and which 
are detrimental. 

MtDNA replication and maintenance are distinct from the processes 
replicating and maintaining nDNA347. Ribonucleotides seem to be more 
readily tolerated in mtDNA where effective mechanisms for their removal 
are lacking309,315. Our findings in Paper III suggest that mtDNA instability 
related to aging is not caused by incorporated ribonucleotides which 
accumulated in the mtDNA until adulthood but remained largely 
unchanged in older and aged mice. This finding would point at the idea 
that incorporated ribonucleotides in mtDNA are by enlarge a byproduct 
of replication by pol γ rather than actively fulfilling a specific function. 
How these incorporated ribonucleotides are tolerated in the mtDNA could 
be the subject of further inquiries. It is for example conceivable that 
mtDNA-interacting proteins (e.g. nucleoid-associated proteins)348 
stabilize ribonucleotides in the mtDNA by sterically hindering self-
hydrolysis via the 2´-hydroxyl group. 

I determined the number, identity and distribution of ribonucleotides in 
nDNA and mtDNA of nine mouse tissues in Paper IV and observed tissue-
specific variations, in agreement with earlier findings of tissue-specific 
NTP pools.  In extension of my experiments, it would be of interest to 
determine the precise NTP pools from the same biological materials. 
Moreover, it would be interesting to explore whether ribonucleotides 
contribute to tissue-specific genome instability based on the local NTP 
pools and repair conditions349. Upon analysis of the ribonucleotide 
distribution near genomic features, I determined distinct 
overrepresentation of ribonucleotides compared to random genomic 
positions near most of the studied genomic features. The generated data 
allows for further cross-referencing with other genomic features or 
regions of interest and poses a starting point for further experiments that 
explain my findings. Since I found an increase in ribonucleotides near 
protein binding sites, it would be interesting to test the hypothesis that 
ribonucleotides can be masked from RER recognition e.g. by 
reconstituting RER in vitro and determining the ribonucleotide removal 
efficiency in the presence and absence of DNA binding proteins. My 
findings near G-quadruplex DNA may in part be explained by my 
observation that CMP is 2- to 3-fold more frequently present in proportion 
to the base composition of nDNA than GMP. I see, however, about a 10-
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fold increase of ribonucleotides opposite of intrastrand G-quadruplex 
DNA, which is probably not explained by the C-rich sequence alone. This 
marked overrepresentation of ribonucleotides on the opposite strand 
may point at substrate recognition being the main determining factor for 
efficient ribonucleotide removal (or lack thereof), as this strand likely 
remains single-stranded, may be bound by single strand binding proteins 
or may be able to form secondary structures itself350,351 which could 
prevent recognition by RER. 

Taken together, the work presented in this thesis has provided insights 
into the specialized pol η and the ribonucleotide landscape in nDNA and 
mtDNA of mammals. It may serve as the starting point for further lines of 
investigation in the pursuit of understanding the processes involved in 
maintaining or threatening genome stability. 
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