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SUMMARY 

SUMMARY 

This is a story of studying an alternative pathway of a mechanism necessary for almost all 

cellular processes – from fertilisation to cellular differentiation, aging or oncogenesis. The 

following thesis sheds more light on the alternative active DNA demethylation pathways. DNA 

methylation mechanism is a basic epigenetic regulation of great importance. Alongside other 

developmental processes, it allows a single pluripotent stem cell, found within an early 

embryo, to form any type of tissue.1 Even though all types of cells found in mammalian 

organisms contain the same DNA sequence, due to the regulation of DNA methylation, they 

acquire different functions and specific morphology.2 Moreover, DNA methylation controls 

cell cycle via enzymatic activity, response to stress or apoptosis.3–5 This first level of epigenetic 

modification is found on – the 5 position of cytosine. This pyrimidine may be reversely 

methylated as depicted in Figure 1. The interplay between methyl group writing and removal 

represents a one of the key processes directing gene expression patterns. Finding the exact 

locations and ways in which genomic 5-methylcytosine turnover occurs will give researchers 

the tools for epigenetic fine-tuning.  

Researchers from Prof Thomas Carell’s group found in the past that 2'-fluorinated (F-fdC) 

nucleosides successfully stop TDG’s activity and still undergo some form of deformylation and 

decarboxylation. This raised questions about the existence of an alternative DNA 

demethylation pathway that bypasses the TDG-mediated base excision. We proved this 

hypothesis firstly using 6-aza-formyl-deoxycitidine as a feeding material for in vitro studies. 

Later, we were able to quantitatively trace the F-fdC to F-dC turnover in non-dividing cells, 

checking for a TDG-independent active demethylation pathway. This investigation is largely 

covered in the following thesis. 

The first chapter of this thesis consists of the publication that studies the mechanism of action 

of the proposed but not yet identified deformylase enzyme. I introduced a specifically 

modified nucleoside 6-aza-fdC into thymine DNA glycosylase knockout (TDG-/-) mouse 

embryonic stem cells (mESCs). 
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Figure 1. DNA demethylation pathway. Cytosine base becomes methylated by DNA methyltransferases 

(DNMTs) in two circumstances – de novo when it is newly introduced via a maintenance mechanism during DNA 

synthesis. In the absence of DNMT1, 5-methyl-deoxycytidine (5mdC) mark is passively by genome replication. 

However, it may also undergo the series of oxidations catalysed by Ten-eleven-translocation (TET) Iron2+/α-

Ketoglutarate-dependent enzymes. The last two oxidative cytosine derivatives – 5-formyl-deoxycytidine and 5-

carboxyl-deoxycytidine can be recognised as lesions and excised by Thymine DNA Glycosylase (TDG) or directly 

removed via an alternative route using C-C bond cleavage. Created using BioRender tool. 

This modification featured a nitrogen atom instead of a carbon atom at position C6 of the 

base. The aim of this design was to block the nucleophilic activation that was previously 

postulated to be required for the direct deformylation process to occur. The general workflow 

of all feeding experiments described in this thesis is shown in Figure 2. In conclusion, we 

discovered that there was no deformylation product formed from 6-aza-fdC after cellular 

uptake. A comparative double simultaneous feeding showed that deformylation occurred in 

the case of other compounds, thus the lack of 6-aza-dC was not caused only by the absence 

of TDG enzyme activity but also because the nucleophilic attack (needed for the initiation of 

the alternative demethylation pathway) was blocked.  
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The second publication concerns TDG-independent direct 5fdC deformylation in different cell 

types and cell lines. We incorporated 2’-fluorinated-5-formylcytosine (F-fdC) as a probe 

molecule and followed its turnover into the deformylated product: F-dC. Since 2’-fluorinated 

dC derivatives are recognised by DNMT enzymes, we could additionally see the products of 

F-dC re-methylation (F-mdC). 

 

Figure 2. The general workflow for cell-feeding studies. The cell culture conditions depended on the specific 

cell line. Somatic cells were maintained in their differentiated epigenetic states, whereas the stem cells were 

often primed in order to increase the levels of 5mdC and its oxidative derivatives in the genomic DNA. The iPS 

cell cultures followed the induction and differentiation protocols. The labelled or modified nucleosides were 

introduced to the cells at previously optimised concentrations. The viability of the cells and their behaviour upon 

modified nucleoside feeding were monitored using microscopy techniques or biochemical assays. When the 

desired cell density was obtained, the cells were harvested and DNA was isolated. In some cases, RNA or the 

pool of free nucleotides were additionally investigated. The samples were measured by Triple Quadrupole LC-

MS/MS. The use of isotopically labelled standards allowed the exact quantification of the measured nucleosides 

using a dedicated software. Created using BioRender tool. 

The synthesis route of F-fdC was innovative because it bypassed the F-dC intermediate, 

allowing us to obtain the pure incorporation material without any F-dC traces. We realised 

that different cells, depending on their characteristics, rates of division and function, 
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deformylate with different efficiencies. Stem cells showed low deformylation rates but 

somatic cell lines of different cancers, eg. HCT-116 (colon cancer line) and MCF-7 (breast 

cancer line) deformylate up to 30 times more. Such results are supporting at the hypothesis, 

that direct deformylation may be a tightly regulated and epigenetically important process, 

especially when it comes to carcinogenesis. Although we could not see a direct association 

between cellular replication and deformylation, we wanted to test whether the division could 

be a confounding factor. To test this hypothesis, we differentiated inducible neurogenin-

expressing iPS cells, which cease division 48 hours from induction. Even though there was no 

new DNA synthesised post-replication, the deformylation rates in such cells were still 

increasing assuring us that the direct deformylation is not a passive process. 

The third chapter of this thesis describes studies of a sister mechanism – the TDG-

independent direct decarboxylation. It was not an easy task, to find a 5-cadC probe molecule 

that would firstly, be well incorporated into the genomic DNA but secondly remain detectable 

and quantifiable via LC-MS/MS system. The solution for such challenge was to synthesise a 

triphosphate of 2ʹF-cadC and transfer it through the cellular membrane using a cyclodextrin 

transporter. As a result, the efficient triphosphate uptake resulted in a swift DNA 

incorporation of the desired compound. We could see the decarboxylation products slowly 

formed within the cells. Interestingly, this time higher decarboxylation rates were noticed in 

the stem cells than somatic cell lines. When quantifying the 5-cadC derivative, we managed 

to successfully overcome the challenge of signal suppression
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When researchers published the results of The Human Genome Project in 2003, many belived 

that they had uncovered the Holy Grail of medicine – the genetic code. The world anticipated 

a deeper understanding of the causes of both common and rare diseases. Moreover, it was 

expected that by knowing the sequences of genes, we could identify the DNA sequences 

responsible for human traits, such as appearance, intelligence or character. However, the 

sequencing of the human genome brought more questions than answers in the research 

community. Despite the unimaginable international scientific efforts to describe the 

genotype, more information was needed about the regulation of gene expression. It is not 

the sequence of a gene, but its expression level that results in the desired phenotype. Without 

this information, geneticists resemble musicians who are equipped with plenty of notes but 

still do not know when to play each sound. Despite the knowledge of the genome sequence 

contained within every nucleus-containing cell of our body, there was little understanding of 

the use of particular genes with respect to their functions. Patterns of genetic expression 

differentiate cells into distinct lineages, connecting their inherited genotypes with the 

observable phenotypes. The functional and morphological differences among the cells of a 

single organism can be attributed to certain modifications of variable transience found within 

the DNA sequence and the accompanying histones that dictate chromatin organization and 

alter transcription. The specific transcription-modifying structures found in each organism are 

named the "epigenome." The word "epigenetics" was coined by Conrad H. Waddington from 

Cambridge University in 1942. He described it as the task "to discover the causal mechanisms 

at work and to relate them as far as possible to what experimental embryology has already 

revealed of the mechanics of development." In his essay, based on observations of Drosophila 

melanogaster, Waddington emphasized that what links the genotype with phenotype is a 

complex of developmental processes, referred “epigenotype”.6,7

Eukaryotic inheritance relies on the information encoded within the 2’-deoxyribonucleic acid 

(DNA) molecule, which exists in the form of a double-stranded helix. This structure was 

elucidated in 1953 by James Watson and Francis Crick, using Rosalind Franklin’s x-ray 

crystallographic evidence.8 The DNA molecule is composed of four base building blocks, 
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paired by hydrogen bonds – 2’-deoxyadenosine (dA) with thymidine (T) and 2’-deoxyguanine 

(dG) with 2’-deoxycytidine (dC). Over 3 billion of such base pairs form a complete human 

genome.9 DNA is an extremely long molecule, reaching 2 m in length when stretched. To fit 

inside a cell’s nucleus, it needs to be tightly packed and well-organised. It wraps around an 

octamer of histone proteins, specifically heterodimers of H2a, H2b, H3 and H4, to form a 

nucleosome.10,11  

 

Figure 3. The nuclear packaging system for long DNA chains. This figure depicts the process of DNA wrapping 

around histone protein, along with the involvement of protein chaperones, to form various structural patterns 

that ultimately result in condensed chromatin, known as a chromosome. This organised structure promotes DNA 

stability and (most importantly), enables genes to maintain their transcriptional activity or remain silent as 

required. Created using BioRender tool. 

The fifth histone, H1, is positioned on the top of the DNA-protein complex, holding its integrity 

and stability. It is also responsible for the formation of a higher order chromatin structure.12 

Nucleosomes, which serve as the fundamental units of chromatin, typically contain between 

145 to 147 base pairs and are connected to each other like beads on a string through DNA 

linkers (~60 bp), forming a 10 nm primary level structure. When nucleosomes stack on the 
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top of each other, following a zigzag or solenoid model, they create a 30 nm secondary level 

fibre. Additionally, the layers of fibre loops (tertiary level) condense to form complete 

chromosomes, representing quaternary level structures (see Figure 3).13 The role of 

chromatin extends beyond DNA packaging and encompasses the regulation of DNA’s 

accessibility to replication and transcription processes. 

The current understanding of epigenetics (the epi- prefix derived from Ancient Greek, 

meaning “on top of”) emphasises its role in fine-tuning gene expression.14 A slightly 

modernised version Robin Holliday’s definition, by Wu and Morris states that epigenetics is 

“the study of changes in gene function that are mitotically and/or meiotically heritable and 

that do not entail change in DNA sequence.”15,16 Understanding epigenetic mechanisms 

provides valuable information about human development, pathogenesis and aging.17–19 

Epigenetic modifications have become hallmarks of cancer and other diseases, necessitating 

careful and in-depth basic science research before new clinical implications can be 

identified.20 

EPIGENETIC MODIFICATIONS 
The epigenetic modifications are found at different levels of chromatin organisation allowing 

its structure to quickly adapt gene expression patterns in response to endogenous and 

exogenous signals. These modifications can occur globally across the whole genome or be are 

targeted to specific areas. Some are found within DNA nucleobases, especially dC and dA.21–

23 Others, in a form of post-translational modifications (PTMs) are found on the N-terminal 

tails of histone proteins. Collectively, they control factors that lead to chromatin 

remodelling.24  

DNA condensation, characterised by tighter DNA coiling and heterochromatisation, is 

associated with reduced accessibility to the RNA polymerase, resulting in gene silencing. In 

contrary, a relaxed genomic structure, euchromatin, allows for active transcription. Higher 

level epigenetic modifications include the actions of non-coding RNA (ncRNA) molecules. For 

instance, micro RNAs (miRNAs) can act directly on the transcription products, targeting the 

3ʹ-untranslated region (3ʹ-UTR) of messenger RNAs (mRNAs). Piwi-interacting RNAs (piRNAs), 

in contrast, bind and regulate epigenetically significant proteins. The last group, long non-
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coding RNAs (lncRNAs) are much longer (>200nt in length) and present a wide range of 

epigenetic functions.25 All four levels of epigenetic transcription regulation impact each other 

and are depicted in figure 4. 

 

Figure 4. The four levels of transcriptional regulation. It consists of DNA modifications (1), histone proteins 

modifications (3), histone interactions with chromatin remodelling enzymes (4), and the significant role played 

by various types of non-coding RNAs (2) in posttranscriptional regulation. The interplay between different levels 

of transcriptional regulation cooperatively influences gene expression. Created using BioRender tool. 

DNA CYTOSINE MODIFICATIONS  
Cytosine may be differentially modified (see figure 5). Currently researchers look for the 

epigenetic importance of each modification. 5-methylcytidine (5mdC) is the best known 

noncanonical DNA nucleobase. It is characterised by owning a methyl group at C-5 position 

of the base. It was first chromatographically identified by Hotchkiss in 1948.26 5mdC is 

generated by a family of DNA methyl transferases (DNMTs). DNA methylation is associated 

with transcription repression, silencing of transposable elements, genomic imprinting and X-

chromosome inactivation. It is also closely related to histone methylation which helps to 

shape chromatin structure and function. 5mdC presence is associated with specific histone 

marks such as H3K9me3 and unmethylated H3K4, which are associated with transcriptional 

silencing.27 Increased levels of 5mdC are associated with condensed, transcriptionally inactive 

chromatin. The sites that are frequently methylated in human genome are dC-dG (5’ to 3’) 

dinucleotides with the exception of dC-dG rich areas (>550bp long sequences with <50% CG 

content) of gene promoters. They are so-called CpG islands and usually remain 
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unmethylated.28,29 The human genome contains approximately 47 000 CpG islands, 

frequently located in the transcription regulation sites (such as promoters) of housekeeping 

genes.30–33 By default, they are associated with an open chromatin structure. They destabilise 

DNA-nucleosome binding, thus attract other proteins. They may also contain sequence-

specific sites that are consistently nonmethylated at all developmental stages of the 

embryo.34,35 In turn, the intragenic CpG islands (counting for a third of all CpG islands) become 

methylated and are associated with transcriptional activity and chromatin modifications.33 In 

differentiated cells, about 6% of the dCpdGs are methylated in a tissue-specific manner.31,36 

Theoretical studies have suggested that the hydrogen bonding within 5mdC–dG pair is slightly 

stronger than in unmethylated dC-dGs, potentially enhancing DNA stacking interactions and 

increasing the likelihood of local structural distortions.37 5mC is also found in both, coding 

and non-coding human RNAs and its distribution is not random. Thus, 5mC in RNAs may play 

a role in transcriptome regulation.38–40  

 

Figure 5. Cytosine base modifications. Cytosine undergoes methylation by DNMT1/3a/3b enzymes, resulting in 

the formation of a modified DNA base called 5-methyl-deoxycytidine (5mdC). This epigenetic mark may be 

further oxidised by TET1/2/3 oxidases to 5-hydroxymethyl-deoxycytidine (5hmdC), followed by 5-formyl-

deoxycytidine (5fdC) and 5-carboyxl-deoxycytidine. Created using BioRender tool. 

Called “the sixth base of the genome”, another important epigenetic modification – 5-

hydroxymethylcytosine (5hmdC) induces a gene expression regulation that is opposite to 

5mdC.41,42 It is a stable, slowly-forming modification, that is associated with active 

transcription and found in gene enhancers.43–45 5hmdC, as well as two latter oxidation 

products – 5fdC and 5cadC are formed by Ten eleven translocation enzymes (TET1-3)-



 

 

- 12 - 

 

INTRODUCTION 

mediated oxidation.46 They are 2-oxoglutarate and Fe(II)-dependent enzymes that catalyse 

conversion of 5mC to 5-hydroxymethylcytosine (5hmdC). They also oxidise 5hmdC to 5fdC, 

then to 5cadC.47 The loss of Tet enzymes in mice leads to promoter hypermethylation and 

impairs proper differentiation of embryonic cells.48 The detailed description of the TET 

enzymes can be found in the “Epigenetic tools” section of the introduction. 

 

Figure 6. The different epigenetic states of gene promoters. A) The 5mdC mark is associated with a condensed (closed) 

chromatin structure and repressed transcription. The DNMT enzymes catalyse the cytosine methylation reaction and are 

additionally recognised by the epigenetic reader MeCP2 that recruits histone deacetylases which indirectly contribute to 

histone 3 methylation at lysine 9 and gene silencing. B) When the 5mdC marks undergoes the first TET-mediated oxidation, 

they turn into 5hmdC, which itself is a substrate for the next oxidation. TET enzymes effectively block the docking of DNMTs 

and MeCP2 to DNA. 5hmdC at the promoters as well as trimethylation of H3K4 is associated with an open chromatin structure 

and active transcription. Created using BioRender tool. 

Moreover, 5hmdC has been found upstream of gene start sites within mitochondrial DNA 

(mtDNA), reflecting a similar 5-hydroxymethylcytosine distribution pattern to genomic DNA.49 

All three 5mdC oxidation products take part in DNA demethylation via passive depletion upon 
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DNA replication or active reversion to the unmethylated dC. Studies have shown that the 

presence of TET readers on 5hmdC prevents binding of chromatin-remodelling proteins, such 

as MeCP2 and methyltransferases, thereby protecting promoters from methylation and what 

follows – deactivation (see Figure 6).50 The sequence-specific distribution of 5hmdC has been 

demonstrated in stem cells.51 Tissue-specific measurements have revealed high 

concentrations of 5hmdC in neurons of the Central Nervous System (CNS).52 Decreased levels 

of 5hmdC in cancer tissue indicate a higher likelihood of metastasis and overall poor prognosis 

for patient survival.53  

The epigenetic role of 5-formylcytosine (5fdC) remained enigmatic for years. For some it was 

only a by-product of active DNA demethylation or even just a DNA lesion, others believed that 

it is an epigenetically relevant modification of unknown function.54–59 In 2015, Bachman et al. 

showed that 5fdC is indeed a semipermanent base.54 It was later confirmed by Su et al. in 

2016.60 The fact that neither 5fdC nor 5cadC cause accumulation of harmful DNA repair 

intermediates in the stem cells is a supporting piece of evidence that both modifications may 

play an important, epigenetic role in mammalian development.61 5fdC global levels are 100-

1000 fold lower than 5hmdC. The highest frequency of 5fdC is found in the stem cells and 

reach up to 20 fdC per 106 dCs.62 Genome-wide 5fdC mapping in mouse embryonic stem cells 

(mESCs) showed its possible role in epigenetic priming within TDG-controlled regulatory 

elements such as enhancers.57,63 At certain genomic locations of pluripotent cells, the levels 

of 5fdC is comparable to 5mdC and 5hmdC.64 5fdC is also known to form DNA-histone protein 

cross-links with histone primary amines that may have an additional epigenetic function in 

conjunction with DNA demethylation.65,66 It is worth mentioning that such crosslinks of 5fdC 

and histone proteins lower accessibility of 5fdC, which fully stops replication or lowers 

transcription efficiency.67,68 Scientists are yet unsure whether DNA-peptide cross-links are 

indeed transcriptionally error-prone.69–71 The recent developments in the field of double-

stranded DNA (dsDNA) kinetics show that perhaps 5fdC itself (without the accompanied 

histones), in contrary to 5mdC, promotes dsDNA opening facilitating gene expression.72,73 

Recent CLEVER-seq quantification showed that 5fdCpdG is present specifically at long 

interspersed nuclear elements (LINEs) and long terminal repeats (LTRs) in the genomes of 

preimplantation embryos. The authors also postulate differences between 5fdC levels seen 
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in the maternal and the paternal pronuclei.74 5fdC, similarly to 5hmdC and 5cadC is partially 

recognised as an oxidative stress marker, thus its presence in differentiated cells may reflect 

cellular reaction to stressors.75,76 However, the influence of environmental changes on 5fdC 

formation in stem cells is still unknown.  

5-Carboxylcytosine (5cadC) is formed upon TET-mediated oxidation of 5fdC. It is the least 

abundant base from all TET oxidation products. 5cadC is recognised by TDG as an undesired 

lesion and primarily repaired by BER pathway.77–80 Similar to 5fdC, 5cadC is associated with 

actively transcribed regions of the genome.57 However, at the base resolution, both 

modifications are found at low frequency (when compared to other cytosine modifications 

such as 5mdC) and at distinct locations, implying different epigenetic roles and arguing 

against their functional redundancy.81,82 This has been confirmed by studies on human 

preimplantation embryos.83 The pairing of 5cadC with guanine stimulates DNA polymerase 

exonuclease activity and is recognised by DNA mismatch repair (MMR) proteins during DNA 

replication.84 Both – 5cadC and 5fdC decrease transcriptional efficacy.85 The Rpb2 subunit fork 

region recognizes 5cadC in the major grove of the template strand. Crystal structure analysis 

reveals that 5cadC interacts with RNA polymerase II elongation complex, leading to a 

decrease the transcription rates.86 Using Markov state models, RNA polymerase II has been 

recently found to pause transcription upon forming a hydrogen bond at epi-DNA recognition 

loop (fork loop 3 of Rpb2) with 5cadC.87 Its functional epigenetic role may be confirmed by in 

cellulo studies. Short-term 5cadC accumulation has been observed at promoter regions of 

genes responsible for lineage differentiation, such as TBx3 and HNF-4α as well as TTR and 

A1AT, known for hepatic and neural cell type formation in mammals.88,89 However, 

quantifying and mapping of 5cadC poses challenges. The measurements described in this 

thesis were obtained from tandem mass spectrometry analysis data.90,91 Other 5cadC 

detection methods are based on sequencing or PCR technologies.92,93 

Previously, 5fdC and 5cadC were considered DNA lesions or demethylation intermediates. 

Nevertheless, novel findings revealed that both modifications may carry important epigenetic 

functions. Apart from interacting with RNA polymerase and directly influencing transcription 

rates, they also recruit specific transcription factors and DNA repair proteins.94,95 In 2013, 

different excision mechanisms of 5cadC and 5fdC from DNA were proposed. Supposedly, a  
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“caC” monoanion exhibits poor acidity that promotes its resistance to TDG-mediated 

excision.96 Three years later, a more advanced NMR analysis showed that N3 hydrogen 

bonding between 5cadC/5dfC and guanine is weekended when compared to the canonical 

dC:dG pairs. This facilitates TDG recognition and what follows - base excision, confirming 

findings by Dubini et al.97,98 Other sources also confirm our hypothesis of direct C-C bond 

cleavage in human cells as an alternative DNA demethylation pathway.99  

 
NON-CODING RNA 
Many aspects of DNA methylation or histone PTMs and in result, transcriptome regulation 

are linked to different RNA non-coding molecules (ncRNAs). When unravelling epigenetically 

important processes, it is essential to take into account extremely complex interactions 

between different layers of gene expression regulators found on DNA, histone, chromatin and 

RNA levels. Huge non-coding parts of the genome, which for years were regarded as a 

“genomic black matter” or “junk DNA” become more and more interesting to researchers 

focused on epigenetics. Long-lasting and surprising ENCODE efforts showed a high utility of 

regulatory non-coding elements of the genome. The best-known non-coding RNA molecules 

so far are microRNAs, reaching up to 25nt in length, which modify expression post-

transcriptionally via binding to their cognate mRNA. These may include transcripts of 

epigenetic writers, readers and erasers.100 miRNA-mediated epigenetic regulation of 

DNMT1/3a/3b genes is known to contribute to a variety of cancers, including pancreatic, 

cervical, breast, prostate, lung, gliomas and chondrosarcomas.101 

On the other hand, miRNAs themselves can be regulated by circular RNAs (circRNAs) that act 

as “microRNA sponges”. CircRNAs are single-stranded, stable loop structures that can be to 

some extent translated into proteins. They are believed to form through exon back-splicing, 

lacking 5’caps and 3’ tails.102  

Long non-coding RNAs (lnRNAs) are RNA molecules that are longer than 200 nucleotides. They 

are considered tissue-specific regulators of chromatin and play diverse roles in gene 

regulation. On one hand lncRNAs can recruit chromatin-modifying enzymes to specific gene 

promoter site, facilitating or inhibiting their activity. They can act as scaffolds for protein 
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complexes involved in chromatin remodelling and epigenetic modifications. Additionally, 

lncRNAs have been shown to modulate gene expression both in transcription-dependent and 

transcription-independent manners.103 They can interact with transcription factors, RNA 

polymerase complexes and other regulatory molecules to influence gene expression patterns. 

Some studies show that lnRNAs can address site-specific demethylation and maintain 

“healthy level” of methylation by binding the GADD45A protein that recruits both TETs and 

TDG to the desired locations within the genome. In cancer, promoters of such lnRNAs are 

often hypermethylated, leading to their dysregulation and loss of function.104  

EPIGENETIC TOOLS 
Chromatin architecture is modified by a wide variety of enzymes. Some introduce DNA and 

histone modifications and are recognised as “epigenetic writers”. Other enyzmes, so-called 

“epigenetic readers” are specialised proteins containing modification-matching domains that 

not only recognise desired chemical tags but also act and mediate biological responses. Since 

epigenetic changes are often reversible processes, the last group of enzymes “epigenetic 

erasers” are capable of removing such modifications.105  The single-cell resolution data 

revealed that even two morphologically identical cells may differ in gene expression levels 

and chromatin organisation.106 

 
THE WRITERS 
 
DNA METHYLTRANSFERASES 
The writers introduce specific epigenetic modifications. One important family of enzymes 

responsible for cytosine methylation is the DNA methyltransferases (DNMTs). The mechanism 

of action of DNMTs in establishing methylation at C-5 position of dC DNA base is well 

understood (see figure 7). The process begins with Cys thiol nucleophilic attack to C-6, that 

brings a negative charge to the cytosine ring. This allows then for methyl (CH3) transfer from 

S-adenosyl-L-methionine (SAM) to C-5, then H5 proton is removed via β-elimination and 

5mdC is formed. The withdrawal of DNMT’s Cys, reinstalls aromaticity of the cytosine ring.107 
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Among the DNMT family, DNA methyltransferase 1 (DNMT1) is found in nearly all human 

tissues throughout the entire life.108 It is especially highly expressed in the mammalian brain, 

where it influences neuronal plasticity.109,110 Dnmt1 KO mice embryos cannot sustain life after 

major global demethylation ends (about E10.5).111 DNMT1 is targeted to the replication forks 

and CpG hemimethylated sites by UHRF1 in two ways – direct or indirect, via H3 

ubiquitination.112 When DNMT1’s catalytic domain interacts with a hemimethylated DNA, it 

maintains dCpdG methylation patterns upon cell division.113,114 DNMT1 binds to newly 

synthesised DNA strands and replicates the methylation marks, allowing to keep the same 

epigenetic state within the cell lineage. 

Figure 7. The cytosine methylation by DNMT enzymes follows SAM-pathway. This process involves three 

chemical transitions states (TS). At TS1, the Cys thiol nucleophilic attack brings a negative charge to the cytosine 

ring (-1). TS2 is characterised by the methyl group transfer from SAM, which is followed by Cys withdrawal (b-

elimination) in TS3 that restores the aromaticity of cytosine and results in 5mdC formation. Created using 

BioRender tool. 



 

 

- 18 - 

 

INTRODUCTION 

What is important, is its CXXC domain which, when bound to unmethylated CpGs, exhibits an 

autoinhibitory mechanism towards DNMT1’s MTase catalytic domain, ensuring that only 

semi-methylated CpGs undergo methylation.115 The term “maintenance” also has a 

phenotypic significance. DNMT1 maintains longevity and its insufficiency leads to premature 

aging and age-related diseases.116 Moreover, it is the only DNA methyltransferase found to 

accumulate at DNA damage sites, such as double strand breaks (DSB). As a result, it is also 

considered a potential component of the DNA mismatch repair pathway, ensuring that the 

methylation patterns are copied over to the newly repaired strands.117  

Although DNA methyltransferase 2 (DNMT2) is probably the most conserved among all 

mammalian DNMTs, it is known to methylate only 38th cytosine within the anticodon loop of 

tRNAAsp , which enhances the stability of this structure.118,119 Its methylating activity towards 

DNA has not yet been identified. Furthermore, genomes of Dnmt2-dependent organisms do 

not exhibit DNA methylation patterns.120 

DNA methyltransferases 3A and 3B (DNMT3A/3B) are referred as “de novo” methylating 

enzymes as they establish new 5mdC epigenetic marks on any CpG within the genome.121 

DNMT3B seems to be engaged in the majority of early developmental methylation events and 

imprinting, while DNMT3A maintains cellular differentiation throughout the lifespan. 

DNMT3A mutations are found in hematopoietic malignancies.122 Since 2020, it has been 

known that both enzymes exhibit distinct substrate recognition patterns.123 DNMT3A 

manifests a strong preference towards “CGC” and “CGT” motifs, while DNMT3B has a higher 

activity at “CGG” and “CGA” motifs. DNMT3B, in contrary to DNMT3A is associated with non-

CG dinucleotide methylation.124 The third member of the DNMT3 family, DNMT3L, is mainly 

expressed in embryos and lacks the N-terminal part of the PWWP regulatory domain.125 

Although catalytically inactive, depending on the circumstances, it acts as competitor or 

stimulant of de novo methylation.126,127 In mice, it plays a role in establishing maternal 

imprints.128 In adult tissue, it is be found only in germ cells or the thymus.  

HISTONE METHYLTRANSFERASES AND ACETYLASES 

Histones undergo several PTMs that contribute the histone code. These modifications among 

others include phosphorylation, parylation, ubiquitination, methylation and acetylation. The 
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last two modifications are the most prominent. Histone lysine methyltransferases (KTMs) 

incorporate one, two or three methyl groups on histone lysine residues. Each modification is 

associated with different chromatin transcriptional activity states, shown in table 1. For 

instance, trimethylation of H3K9 is found in the promoters of actively transcribed genes or 

transcriptional start sites (TSS) playing role in transcription initiation.129 Additionally, H3K4 

monomethylation is observed in active enhancers but it is still unclear whether this mark is 

causative of transcription activation or a consequence of it.130 Polycomb repressive complex 

2 (PRC2) is responsible for maintaining transcriptional repression through di- and 

trimethylation of  H3K27.105 Interestingly, different KTMs write the epigenetic marks 

depending on the localisation (heterochromatin or euchromatin) and the stage of 

methylation (mono-, di- or tri-) within the genome. 

Lysine acetylation of histone proteins performed by histone acetyltransferases (HATs) leads 

to neutralisation of lysine charge and reduction of DNA-histone affinity. These modifications 

promote increased DNA accessibility to protein complexes, such as RNA polymerase II, 

thereby enhancing transcription, replication and DNA repair processes. Futhermore, histone 

acetylation modulates protein-protein interactions and is involved in chromatin modelling, as 

some chromatin bromodomains specifically recognise acetylated lysines.131 HATs themselves 

are regulated by PTMs, primarily through phosphorylation.132 Conversely, deacetylation of 

histone proteins usually correlates with gene silencing.133 A summary of important histone 

modifications associated with either euchromatin or heterochromatin is depicted in Figure 8.  

THE READERS 
The Readers play crucial role in recognising and binding epigenetic modifications present on 

DNA-protein complexes, thereby mediating subsequent cellular responses. They often 

possess specific recognition domains and are components of chromatin remodelling 

complexes. DNA methylation readers, known as methyl CpG binding proteins, bind to 

methylated DNA and recruit chromatin transcription repression factors. 

There are three different protein domain families involved in this process – MBD, SRA and 

zinc finger (ZF). The earliest discovered MBD domain-containing protein was MeCP2. MeCP2 

recognises CpG as well as non-CpG methylated cytosines and in the past was believed to 
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repress transcription. Current understanding of this protein function suggests that it can 

function as both a transcriptional activator and repressor.134 Several transcriptional and 

chromatin regulators have been found to bind 5fdC including forkhead box family (FOX) 

proteins, which are essential transcription factors for embryonic development.135  

 

Figure 8. The most common histone modifications that are associated with active transcription or gene 

silencing. Methyl groups on histone residues sometimes may be associated with heterochromatin but in other 

circumstances, they may activate transcription.136–138 Often, they recruit DNA modifying enzymes such as DNMT 

proteins. Sometimes they are damage - induced DNA repair factors or cancer biomarkers.139–141 Histone 

acetylation is transcription-dependent, because in RNAPII takes part in HATs recruitment to the gene 

bodies.138,142 HATs already localised at the gene promoters are unable to acetylate until transcription starts. 

Moreover, histone acetylation is increased at the sites where transcription is disrupted and RNAPII stalls.143 Two 

histone proteins, H2A and H2B, undergo ubiquitination that plays significant role in signal transduction of 

transcription initiation or repression but most importantly – its elongation.144 Increased levels of a freshly 

discovered histone PTM - citrullination are involved in human carcinogenesis. These repressive modifications 

are catalysed by peptidyl arginine deiminases and their inhibitors may serve as a future anti-cancer 

therapy.145,146 Adapted from“Euchromatin vs Heterochromatin Callout” template by Biorender.com (2022). 

Retrieved from https://app.biorender.com/biorender-templates 
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Nucleosome remodelling deacetylases, histone methyltransferase EHMT1 as well as histone 

methyl-lysine binding protein L3MBTL2 have been identified as readers of 5fdC. Specific 

proteins are responsible for recognising and binding 5hmdC and other oxidative cytosine 

derivatives, and they typically do not overlap. In embryonic stem cells, these proteins are 

often members of DNA repair complexes.147 Interestingly, the CXXC domain of Tet3 enzyme 

isoforms (Tet3FL, Tet3s and Tet3o) specifically read 5cadC, and they may have regulatory 

functions in transcription regulation or DNA repair.148 

In the context of DNA methylation, DNMT3A/3B proteins, apart from their writing 

capabilities, can be also regarded as H3K36me3 readers.149 Their PWPP domains recognise 

this epigenetic mark using it as a promoter DNA de novo methylation guide.150 Neverthelss, 

Bröhm et al. argue that the H3K36me3 stimulatory effect on DNA linker methylation is 

independent from PWPP DNMT binding.151 Similarly, the ADD domain of DNMT3A recognises 

and binds unmethylated H3K4, what stimulates cytosine methylation. However, binding to 

modified H3 lysine tail changes DNMT3A’s conformation promoting its autoinhibition.152 

Histone methylation and DNA methylation are often found in close proximity within 

chromatin structures. These processes appear to closely correlate and coordinate their 

functioning.153  

Histone methylation readers consist of various protein families. For example, polycomb-like 

single tudor domain-containing PHD finger protein 1 (PHF1) recognises H4K20me2, while p53 

binding protein with tandem tudor domain binds demethylated H4K20. Histone demethylase 

JMJD2A, interacts with both H3K4me2 and H4K20me3, and UHRF1 recognises H3K9me3. One 

of the subunits of PRC2 promotes chromatin condensation through its binding to 

H3K27me3.105 In recent years, it has been revealed that many effector proteins and signal 

mediators bind to acetylated lysine residues, directly influencing transcriptional regulation. 

Acetyl groups are recognised by bromodomains, which is why PCAF binds H3K14ac and 

H4K8ac, while FALZ has a specificity towards H4K16ac.154,155 Bromodomains adopt four-

helical structures that form a hydrophobic pocket where acetylated lysine inserts and weakly 

binds. The binding strength increases with the number of acetylated residues. Histone 

acetylation readers are also essential for DNA repair.156 For example, a histone chaperone-
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containing double pleckstrin homology (PH) domain and catalytic subunit of SWI/SNF 

associating with acetylated H3, especially H3K56ac, initiate DSB repair mechanisms.157  

 

THE ERASERS 

The covalent PTMs are transient, their removal is catalysed by epigenetic erasers. This allows 

the transcriptome to maintain a certain level of flexibility in answering to endogenous and 

exogenous signals through the whole life of the cell. The process of active DNA demethylation 

will be described in detail in later chapters, nevertheless it is the perfect moment to introduce 

a group of epigenetic regulators - TET family proteins.158 Three members of TET enzymes have 

been identified in mammals – TET1, 2 and 3. They bind DNA via CXXC domain and oxidise 

5mdC stepwise to 5hmdC, 5dfC and 5cadC.159 In stem cells that give rise to gametes 

(primordial germ cells, PGCs), TET1 removes imprinted methylation patterns, while TET2 plays 

important part in haematopoiesis and TET3 is associated with active demethylation of 

zygote’s paternal DNA.160,161 Pluripotent cells show so-called “focal competition” between 

DNMT3 and TETs at somatic enhancers.162 About 30% of somatic enhancers are methylated 

but actively recruit TET enzymes in order to facilitate cell fate lineage decisions. This kind of 

regulation allows for rapid changes during the cell cycle that lead to cell specification, exit 

from pluripotency and formation early germ layers.163  

For many years, histone modifications were regarded as static and permanent. However, 

current knowledge appreciates the dynamic processes of writing and erasing of both – methyl 

and acetyl epigenetic marks. Histone deacetylases (HDACs) play a role in promoting 

chromatin condensation by catalysing the removal of the ε-amino acetyl group from lysine 

residues of histone tails. Mammalian HDACs are categorised into four classes of enzymes. 

Classes I, II and IV consist of Zn2+ - dependent enzymes, while class III includes the well-known 

NAD-dependent Sirtuin enzyme family.164 Histone lysine demethylases (KDMs) include lysine-

specific demethylases (LSD1 and LSD2) which require a protonated nitrogen and can 

demethylate mono- and demethylated lysines as well as a family of Jumonji C domain (JmjC) 

proteins catalyse the removal of methyl groups from trimethylated histone tails.165 Arginine 

demethylation can be carried out by arginine deaminase, which converts monomethylated 
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arginine residues into citrulline. Alternatively, methyl marks on arginine can also be removed 

by JmjC domain-containing proteins.166  

EPIGENETIC REPROGRAMMING IN MAMMALIAN DEVELOPMENT 
Methylation of the 5 position of the cytosine nucleotide base is an ancient characteristic of 

eukaryotic genomes. However many model organisms such as S. cerevisiae or C. elegans are 

known to poses no or extremely low levels of 5mdC.167–169 One reason why some genomes 

cannot afford 5mdC formation is that this modification can undergo spontaneous 

deamination, causing mutagenic C®T transitions.170 On the other hand, mammalian 

genomes are equipped with specific DNA repair enzymes that allow them to maintain CpG 

dinucleotides that are up to 80% methylated, typically outside of CpG islands. DNA 

methylation is essential for the mammalian development and Dnmt deficiency in mammals 

leads to lethality at the early embryonic stage and causes various developmental 

malformations.111 DNA methylation is associated with transcriptional silencing, imprints and 

X-chromosome inactivation and plays an important role in transposon repression. The role of 

5mdC within the bodies of actively transcribed genes is not yet known. 

The epigenetic tools used to methylate DNA have been discussed already; nevertheless it is 

important to understand that this process is reversible. The process of demethylation occurs 

during epigenetic reprogramming twice – shortly after the fertilisation at the preimplantation 

embryos and during germ cell maturation (See figure 9).171 Studies on mouse models have 

shown that paternal DNA in mature sperm cells is enclosed is tightly wrapped around 

protamines.172 Upon fertilisation, the protamines are replaced by highly acetylated histones, 

accompanied by a global loss of methylation. Active demethylation occurs when the rate of 

5mdC loss is faster than it would be through DNA replication.173 In this case, the entire 

paternal DNA is demethylated within 6 hours after fertilisation. This process involves several 

stages of Tet-mediated oxidations (eg. from 5mdC to 5hmdC, then 5fdC and/or 5cadC) and 

other enzymatically driven processes. However, there are cases in which the demethylation 

process is semi-active and semi-passive with the products of Tet-mediated oxidations (for 

example 5hmdC) undergoing passive dilution.159 Demethylation must be completed before 

DNA replication occurs within the paternal pronucleus. The only genomic locations protected 
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from DNA demethylation are mono-allelic imprinted genes, heterochromatin-associated 

regions around centromeres and retrotransposons.174 This is likely to maintain chromosomal 

stability and preserve imprints. Meanwhile, the oocyte containing maternal genome, 

previously stalled at metaphase II, completes the meiosis process. Maternal DNA is 

hypermethylated when compared to the paternal pronucleus and is epigenetically more 

stable. After fertilisation, it undergoes passive demethylation, gradually diluting 5mdC mark 

within the pool of newly synthesised DNA.  

 

Figure 9. DNA methylation levels during mammalian development. There are two waves of DNA demethylation 

within mammalian development. Once when primordial germ cells differentiate into gametes and secondly, just 

after fertilisation. Adapted from “DNA Methylation Levels During Mammalian Development” template by 

Biorender.com (2022). Retrieved from https://app.biorender.com/biorender-templates 

As a result, the morula, forming three days post fertilisation is characterised by the lowest 

genomic methylation levels. Subsequently, during blastocyst’s implantation, de novo 

methylation occurs due to cell-specific expression of Dnmt3b.175 This process allows the 

formation of two basic cell lineages: the inner cell mass (ICM) and trophectoderm (TE). 

Effectively, the ICM achieves DNA methylation levels close to those of somatic cells, while the 
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TE, whcih later contributes to the placenta, exhibits relative hypomethylation.176 This 

demethylation is a crucial process in epigenetic reprogramming necessary for proper 

embryonic gene expression, cellular totipotency and lineage comittment.177  

The second wave of the DNA reprogramming cycle happens after mid-gestation, within 

primordial germ cells (PGCs) of the embryo. When PGCs are germline stem cells originating 

from postimplantation epiblast cells that give rise to gametes.178 When PGCs migrate to the 

gonads, their imprinted DNA marks are erased (either passively or actively) without 

detectable activity of Dnmt enzymes. After demethylation is completed, male germ cells 

undergo mitosis, while oogonia enter meiotic arrest at prophase 1. This state of primary 

oocytes presists until puberty. During gametogenesis, both germ cells undergo a sex-specific 

round of de novo methylation. This process resets the imprints and removes other undesired 

epigenetic marks. In general, the genomes of sperm and oocytes are hypermethylated 

compared to somatic cells. For a complete scheme refer to Figure 9. 

DNA ACTIVE DEMETHYLATION 
5mdC can be oxidised via Ten-eleven translocation family enzymes.178 These are α-

ketoglutarate and iron-dependent dioxygenases catalyze the conversion of 5mdC to 5hmdC, 

5dfC and 5cadC.46,159,179–181 Interestingly, a recent in vitro study suggests that another class of 

ketoglutarate and iron-dependent dioxygenases, ALKBH2 and ALKH3, regarded as DNA-repair 

enzymes, may also have the ability to oxidise of 5mdC to 5fdC.182,183 The levels of 5mdC and 

its oxidised derivatives in genomic DNA (gDNA) can be directly measured using novel tandem 

mass spectrometry techniques with isotopically-labelled nucleosides.62,76,184–187 Both 5fdC 

and 5cadC are known to be substrates for thymine-DNA glycosylase (TDG)-mediated base 

excision repair (BER), which restores the canonical cytosine base (see Figure 1).188–190 TDG is 

a DNA repair enzyme that excises pyrimidine bases from dG-dT mismatches, and it can also 

modulate chromatin structure through nonspecific DNA binding.191 TDG protects CpG islands 

from hypermethylation and directs active DNA demethylation of genes regulated by 

developmental or hormonal signals.192 Active DNA demethylation occurs at least once during 

mammalian development, just after the successful fertilisation, when the paternal DNA 

methylation pattern is removed (see figure 9). It is not yet clear whether primordial germ cells 

lose their imprints through the same “active” mechanism.193–196 The enzymes known to 
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mediate the active removal of methyl moieties from the dCpdG dinucleotides are TETs and 

TDG. Although base excision repair is a multi-step and energetically expensive process, 

alternative pathways involving direct C-C bond cleavage have also been proposed.91,99,197–200 

However, some (perhaps epigenetically relevant) 5fdC marks evade the BER removal, possibly 

remaining inaccessible to TDG.60  

A MECHANISM OF NEURONAL DIFFERENTIATION 
Another class of stem cells utilised and described in this project are doxycycline-inducible 

Neurogenin 1 and 2-expressing human pluripotent stem cells (iNGNs). These cells, when 

induced, undergo functional and phenotypic differentiation into bipolar neurons within four 

days. The iNGNs were derived from reprogrammed skin fibroblasts obtained from a healthy 

male adult and were reprogrammed by the lab of Dr George Church from Harvard Medical 

School using Yamanaka transcription factors – Oct4, Sox2, Klf4 and c-Myc.201,202  

Figure 11. The process of generating iNGN cells from mature adult fibroblast based on the Waddington’s 

epigenetic landscape theory. Firstly, the mature fibroblasts undergo reprogramming using Yamanaka factors, 

which revert them to a pluripotent stem cell state. Subsequently, a viral vector is employed to introduce a 

doxycycline-inducible promoter into the genome, resulting in the establishment of iPS cel line capable of 

differentiating into bipolar neurons. Our study demonstrates, that these cells continue to undergo 
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demethylation even after they have ceased replication. Adapted from “Waddington landscape” template by 

Biorender.com (2022). Retrieved from https://app.biorender.com/biorender-template 

In the past, the reprogramming of differentiated human cells, such as fibroblasts, to an 

embryonic-like state involved transferring the content of their nucleus to the oocyte or fusing 

them with mESCs. Published in 2006 Yamanaka factors allowed for such programming to be 

performed directly within the differentiated cell in cell culture conditions.201 This 

breakthrough led to the generation of induced pluripotent stem (iPS) cells, which exhibited 

similar morphology, function and differentiation capabilities as embryonic pluripotent stem 

cells. The subsequent challenge was to differentiate iPS cells into the neuronal lineage. 

Existing methods at the time required extensible preparations over months and resulted in 

heterogenic and widely variable neuron-like cells that were difficult to characterise. A new 

approach emerged, using neurogenic transcription factors such as Neurogenin 1 and/or 

Neurogenin 2, which enabled rapid neural transformation.202–205 In the protocol published by 

Busskamp et al., lentiviral vector transfections were employed, wherein a doxycycline-

inducible Neurogenin expression cassette was inserted into iPS cells to initiate neurogenesis 

and facilitate the formation of neurons within a short period of four days.202 

 

It has been demonstrated that two weeks after induction, iNGNs exhibit electrical activity and 

transform into functional neurons. When co-cultured with astrocytes, these neurons can 

survive more than 100 days and express hallmarks of mature neurons.206 Some studies have 

successfully achieved the expression of channelrhodopsin-2 within iNGNs, opening doors to 

study optogenetic characteristics and eye-like organoid formation.206 Given that neuronal 

DNA contains relatively high levels of 5mdC and 5hmdC and other oxidation products of 

5mdC, differentiating neurons provide an excellent model for studying DNA demethylation 

mechanisms. Moreover, iNGNs cease mitotic divisions within 48 hours post induction, which 

eliminates the confounding effects of passive DNA demethylation from the analysis. The 

processes of differentiation and reprogramming are depicted within the Waddington’s 

landscape scheme in Figure 11. 
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5-methylcytosine (5mdC) was first identified within DNA almost a century ago and has since 

been found to have non-random distribution in the genome, playing crucial roles in cellular 

differentiation, mammalian development and cancer progression. The study of gene 

promoter regulation through methylation in the 1990s led to the term “epigenetic switch” to 

describe the influence of methylation on gene transcription activity. Today, we have the 

ability to detect, map and trace 5mdC within the genome as well as identify its interaction 

partners through immuno-proteomics studies. However, despite a century of extensive 

research, the pathways involved in the removal of this modification from the DNA are still not 

fully understood. The oxidation products of 5mdC, which are cryptic epigenetic modifications, 

pose additional challenges in unravelling mechanisms of their turnover during DNA 

methylation pathways.  

The first active removal of DNA methylation happens in early embryogenesis during 

epigenetic reprogramming. Maternal methylation is passively diluted through newly 

synthesized DNA, while paternal genetic material requires at least semi-active removal of its 

epigenetic marks using enzymes. One known demethylation mechanism involves the Base 

Excision Repair (BER) process, where thymine-DNA glycosylase (TDG) removes cytosine, 

leaving behind an abasic site. This complex and multistep process of 5mdC turnover that 

poses risk to DNA double strand stability. This work aims to investigate the alternative DNA 

demethylation pathway(s) that may not require energetically costly DNA repair. It is possible 

that the fine-tuning of DNA methylation regulation may necessitate faster and safer turnover 

of 5mdC to cytosine through TET-mediated pathways, potentially via one or both direct TDG-

independent routes: deformylation of 5fdC or decarboxylation of 5cadC.  

The studies presented in the following chapters are based on optimising various cell cultures 

for probe molecule intake. Then the turnover of the molecules through possible DNA 

demethylation pathways is tracked, and quantification is performed using mass 

spectrometry-based analysis of isotopically labelled natural cytosine modifications and the 

probe molecules. 2’-fluorinated dC derivatives, known to safely incorporate into cellular DNA 

and block TDG activity, were commonly used as probe molecules. The first study (Chapter 1) 



 

- 29 - 

 

AIM 

aims to elucidate the mechanism of direct deformylation in cellular systems. The proposed C-

C bond cleavage mechanism initiated by nucleophilic activation was found to be possible in 

somatic as well as stem cells. However, the specific deformylase enzyme or protein complex 

involved in this process remains unknown.  

The second study (Chapter 2) provides insights into TDG-independent active deformylation 

of 5fdC using 2’fluorinated-fdC probe molecule. The goal of this investigation was to explore 

the on and off switch of the direct deformylation and its biological relevance in various cellular 

states such as  embryonic development, differentiation, cell division, cancer progression using 

different cell types.  

The third published study (Chapter 3) focuses on the direct decarboxylation pathway. The 

main purpose of this study was to establish a method for direct decarboxylation pathway 

monitoring via mass spectrometry quantitative analysis. After the visibility of the 

decarboxylation product was established, there was a need to compare the captured F-cadC 

to F-dC transition rate and speed with deformylation levels in cellulo, to check which of the 

two pathways may be more pronounced in different type of cell. The data obtained showed 

that decarboxylation probably happens faster than deformylation. 
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CELL CULTURE 
 

DMEM/FBS somatic cell medium 

Ingredient Stock 
concentration Final concentration Volume in 100mL (mL) 

DMEM - - 87 
L-Alanyl-L-Glutamine 200 mM 2 mM 1 

NEAA 100x 1x 1 
Pen-Strep 100x 1x 1 

FBS (heat inact.) - 10% 10 
Table 1. DMEM/FBS medium used for somati ccell culture. 

 

DMEM/F12 somatic cell medium 

Ingredient Stock 
concentration Final concentration Volume in 100mL (mL) 

Ham’s F12 - - 43.5 
DMEM - - 43.5 

L-Alanyl-L-Glutamine 200 mM 2 mM 1 
NEAA 100x 1x 1 

Pen-Strep 100x 1x 1 
FBS (heat inact.) - 10% 10 

Table 2. DMEM/F12 medium used for CHO-K1 cells. 

 

McCoy’s/FBS somatic cell medium 

Ingredient Stock 
concentration Final concentration Volume in 100mL (mL) 

McCoy’s 5A - - 87 
L-Alanyl-L-Glutamine 200 mM 2 mM 1 

NEAA 100x 1x 1 
Pen-Strep 100x 1x 1 

FBS (heat inact.) - 10% 10 
Table 3. McCoy’s/FBS medium used for MCF-7 cells. 
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RPMI-1640/FBS somatic cell medium 

Ingredient Stock 
concentration Final concentration Volume in 100mL (mL) 

RPMI-1640 - - 88.9 
FBS (heat inact.) 200 mM 2 mM 10 

b-ME 50 mM 0.05 mM 0.1 
Pen-Strep 100x 1x 1 

Table 4. RPMI-1640/FBS medium used for THP-1 cells. 

DMEM/FBS mESC basal medium 

Ingredient Stock 
concentration Final concentration Volume in 100mL (mL) 

DMEM - - 86.8 
L-Alanyl-L-Glutamine 200 mM 2 mM 1 

b-ME 50 mM 0.1mM 0.2 
NEAA 100x 1x 1 

Pen-Strep 100x 1x 1 
FBS (ESC grade) - 10% 10 

Table 5. DMEM/FBS mESC basal medium used for mouse embryonic stem cells. 

DMEM/FBS a2i naïve state medium 

Ingredient Stock 
concentration Final concentration Volume in 100mL (mL) 

DMEM/FBS mESC 
basal media - - 87 

LIF 1x106 U/mL 1000 U/mL 0.1 
CGP 77675 15 mM 3 µM 0.02 
CHIR-99021 15 mM 3 µM 0.02 

Table 6. DMEM/FBS a2i medium used for mouse embryonic stem cells. 

DMEM/FBS C/R priming medium 

Ingredient Stock 
concentration Final concentration Volume in 100mL (mL) 

DMEM/FBS mESC 
basal media - - 99.78 

LIF 1x106 U/mL 1000 U/mL 0.1 
IWR-1 2.5 mM 3 µM 0.1 

CHIR-99021 15 mM 3 µM 0.02 
Table 7. DMEM/FBS C/R medium used for mouse embryonic stem cells. 

N2 100x stock preparation for N2 medium 

Ingredient Stock 
concentration Final concentration Volume in 10mL (mL) 

DMEM - - 7.28 
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Insulin 10 mg/mL in 25 
mM HEPES, pH8.2 2.5 mg/mL 2.5 

BSA 200 mM 5 mg/mL 10 
Putrescine 2HCl 0.5 M 10 mM 0.2 
Apo-Transferrin 100 mg/mL 10 mg/mL 1 

Progesterone 2 mM 2 µM 0.01 
Sodium selenite 3 mM 3 µM 0.01 

Table 8. N2 medium used for neural progenitor cells and . 

 

E7 medium* 

Ingredient Stock 
concentration Final concentration Volume in 1000mL (mL) 

DMEM - - 490 
Ham’s F-12 - - 490 
Pen-Strep 100 x 1x 10 

L-Alanyl-L-Glutamine 200 mM 2 mM 10 
L-Ascorbic Acid  

2-phosphate - - 64mg 

Nicotinamide 100 mM 0.1 mM 1 
Sodium selenite 3 mM 78 nM 25.9 mg 

Insulin 10 mg/mL 20 µg/mL 2 
Holo-transferrin 10 mg/mL 10 µg/mL 1 

NaCl - - 640 mg 
Table 9. E7 medium used iNGN cells.*E9 medium is composed of E7 medium + FGF-2 SI 20 μg/mL at 1:1000 
and TGF-β1 100 μg/mL at 1:1000 ratio added freshly into the dish. 

 

SOMATIC CELLS 
 

CHO-K1 (ATCC® CCL-61TM) 
It is an epithelial-like, adherent cell line. A subclone from a parental CHO cell line created from 

a biopsy of an ovary from a Chinese hamster. Cells underwent passaging every three days at 

1:8 ratio. The 3d feeding was performed at density ~100 000 cells per 60mm plate to obtained 

optimal confluency at the harvest timepoint. 

Culture medium: DMEM/F12 
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NEURO-2A (ATCC® CCL-131TM) 

Neuroblasts originated from a mouse neuroblastoma. Their morphology resembles neuronal 

and ameboid stem cells. Unstable karyotype, the number of chromosomes vary between 94 

and 98. Known to produce large quantities of microtubular proteins. Cells maintained by 

passaging in ratio 1:6 every three days. The 3d feeding was performed at density ~400 000 

cells per 60mm plate to obtained optimal confluency at the harvest timepoint. 

Culture medium: DMEM/FBS 

 

HCT 116 (ATCC® CCL-247TM) 

Human male colorectal carcinoma cell line with epithelial morphology. The cells were 

passaged every two days at 1:6 ratio. The 3d feeding was performed at density ~400 000 cells 

per 60 mm plate to obtained optimal confluency at the harvest timepoint. 

Culture medium: McCoy’s/FBS 

 

MCF7 (ATCC® HTB-22TM) 

Human female metastatic adenocarcinoma epithelial cell line originating from a mammary 

gland. Cells were passaged at 1:8 ratio every three days. The 3d feeding was performed at 

density ~500 000 cells per 60mm plate to obtained optimal confluency at the harvest 

timepoint. 

Culture medium: DMEM/FBS.  

 

RBL-2H3 (ATCC® CRL-2256TM)  

They are fibroblast-like basophilic leukaemia cells originating from rat. Characterised by high 

affinity IgE receptors and histamine expression. Cultured in DMEM/FBS medium, passaged at 

1:8 ratio every three days. The 3d feeding was performed at density ~400 000 cells per 60 mm 

plate to obtained optimal confluency at the harvest timepoint. 

Culture medium: DMEM/FBS.  
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HEP G2 (ATTC® HB-8065TM) 

They are epithelial-like cells isolated from a hepatocellular carcinoma of a teenage white male 

suffering from liver cancer. The cells were passaged at the ratio 1:6 every three days. 

Culture medium: DMEM/FBS. 

THP1 (ATCC® TIB-202 TM) 

Are monocytes isolated from peripheral blood of a patient suffering from the acute monocytic 

leukemia patient. Non-adherent cells passaged at 1:6 ratio every three days.  

Culture medium: RPMI-1640/FBS. 

 

MOUSE EBMRYONIC STEM CELLS 
 

Murine Embryonic Stem Cells (mESCs) were often used when performing experiments 

described in this dissertation. The cells were cultured at two stages of their pluripotency – 

naïve and primed, using different culturing conditions. mESCs cells are established from one 

of the ICM lineages of the developing blastocyst – the epiblast.207 The preimplantation 

epiblast is regarded as developmental ground state, meaning it can contribute to any cell 

lineage of a mouse foetus. Practically speaking, mESCs are immortalised naïve epiblast, which 

under suitable culture conditions (e.g. the presence of leukaemia inhibitory factor (Lif)) 

maintain self-renewal and pluripotency. Cellular multipotency is established by the interplay 

of several transcription factor genes such as NANOG, OCT4, SOX2 and KlF2,4,5, as well as 

Esrrβ and STELLA.208,209 Lif growth factor inhibits mESC differentiation activating Signal 

transducer and activator of transcription 3 (Stat3).210 Its activation is also needed to maintain 

cellular self-renewal.211  Stat3 is known to maintain stable levels of transcription factor Myc 

by inhibiting GSK3β-mediated phosphorylation and degradation.212 Removal of Lif from cell 

culture medium results in self-renewal antagonization and promotes cellular 

differentiation.213 Interestingly, the activation of Wnt/β-catenin signalling pathway has a 

similar, independent from JAK/STAT pathway, effect on GSK3β suppression.214 Both rely on 

promoting Myc activity that propagates epigenetic stem cell identity.215  The lack of Lif is not 

the only mechanism for stem cell differentiation. The activation of Erk pathway is also 
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responsible for stem cell lineage specification and blocking it via Gsk3 suppression using small 

molecule inhibitors (e.g. 2i) allows mESCs to stay fully pluripotent. Replacing Erk inhibition 

with Src inhibition using so-called alternative 2i (a2i) culture conditions, leads to the 

alternative ground state of the mESCs.216 Those cells completely block epithelial-to-

mesenchymal transition, even downstream of FGF-ERK pathway.217 A comparison between 

different culture conditions is seen in Figure 10.   

 

Figure 10. Different mouse embryonic stem cell (mESC) culture conditions. mESCs as in vitro models reflecting 

stem cells contained within pre- and post-implantation embryos are cultured in different medium conditions. 

Cells cultured in 2i and a2i resemble naïve epiblast (early and late respectively), while C/R medium primes cells. 

Importantly, a2i cultured cells have increased levels of Dnmt enzymes and express normal karyotype and in 

effect - chromosomal stability. Long-term 2i passaging loses imprinted genes has abnormal karyotype and 

impaired developmental potential.218 Created using BioRender tool. 
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5mdC oxidative derivatives are difficult to detect in 2i-cultured pluripotent ground cell states 

due to the previous genome-wide demethylation process, loss of imprints and low expression 

of DNMTs. Generally, in naïve cells the levels of 5fdC and 5cadC are low, nevertheless in cells 

cultured in a2i media both modifications are at least detectable. Often also quantifiable using 

LS-MS/MS systems.197 Priming converts mESCs from pre-implantation to post-implantation 

epiblast state. It also increases their genomic DNA methylation levels. This is the first step 

towards cellular lineage specification that murine embryos acquire between 4th and 5th days 

post fertilisation.219 To achieve such epigenetic profile, the cells are transferred from 

pluripotency-promoting 2i or a2i culture conditions into glycogen synthase kinase 3β inhibitor 

(CHIR) and tankyrase inhibitor IWR-1-endo (IWR1) containing medium (C/R)Co for 72 

hours.220 CHIR stabilises  β-catenin within the cytoplasm and IWR1 stops it from shifting inside 

the nucleus, protecting cells’ pluripotency.221 As a result, naïve cells, upon priming, become 

epiblast-like stem cells (EpiSCs).222 A similar effect can be obtained by culturing cells for 48 

hours under FGF2/Activin A conditions, generating cells transcriptionally resembling late-

gastrula primitive streak cells, the early embryonic structure that establishes bilateral 

symmetry of mammals and other amniotes.223 Alternatively exposing mESCs to FGF2/IWR1 

conditions gives posterior-proximal epiblast-resembling cells.224 

 

J1 (ATCC® SCRC-1010TM)  

(wildtype and KOs) 

Male mouse embryonic stem cell wild-type line originated from inner cell mass. Derived from 

a male agouti 129S4/SvJae embryo (1991). The cells were passaged at 1:6 ratio every second 

day. Form spherical colonies. Medium was changed every day. The culture dishes require 

gelatin coating applied for at least 5 mins prior to seeding (0.2% gelatin in dd H2O, autoclaved) 

and stored at in 37oC. 

Knock-out cells used: Dnmt3b (-/-), Dnmt3a (-/-), Dnmt triple knock-out (TKO) 

Culture media:  

• mESC DMEM a2i for maintenance 

• mESC DMEM basal medium for passaging 



 

- 37 - 

 

MATRIALS AND METHODS 

• mESC DMEM C/R medium for priming 

Priming: seeding cells at optimal density ~500 000 cells per 35 mm well (6 well plate) in mESC 

DMEM C/R medium, allow 72 h to grow. After 48h morphological changes become visible. 

 

R1 (ATCC® SCRC-1011TM) 

(wildtype and KOs) 

A pluripotent male mouse embryonic stem cell line (originating from the inner cell mass) 

established in 1991 via crossing of two strains 129S1/SvlmJ and 129X1/SvJ. Harvested from a 

3.5 day blastocyst. Form spherical colonies. The cells were passaged at 1:6 ratio every second 

day. Medium was changed every day. The culture dishes require gelatin coating applied for 

at least 5 mins prior to seeding (0.2% gelatin in dd H2O, autoclaved) and stored at in 37oC. 

Knock-out cells used: Sirt1 (-/-), Sirt6 (-/-) 

Culture media:  

• mESC DMEM a2i for maintenance 

• mESC DMEM basal medium for passaging 

• mESC DMEM C/R medium for priming 

Priming: seeding cells at optimal density ~500 000 cells per 35mm well (6 well plate) in mESC 

DMEM C/R medium, allow 72h to grow. After 48h morphological changes become visible. 

 

ES-E14TG2A (ATCC® CRL-1821TM) 

(wildtype and KOs) 

A blastocyst-derived, pluripotent mouse embryonic stem cell line - 129/Ola strain (1987). 

Form spherical colonies. The cells were passaged at 1:6 ratio every second day. Medium was 

changed every day. The culture dishes require gelatin coating applied for at least 5 mins prior 

to seeding (0.2% gelatin in dd H2O, autoclaved) stored at 37oC. 

Culture media:  
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• mESC DMEM a2i for maintenance 

• mESC DMEM basal medium for passaging 

• mESC DMEM C/R medium for priming 

Knock-out cells used: TDG(-/-) 

 

MOUSE FGF-2/EGF-DEPENDENT NSCS 

Neural Stem Cells established by Dr Fabio Spada (Prof. Carell Research Group) from E10 

mESCs. 

Totipotent cells forming “lattice” networks on gelatin - coated dishes. Cells were passaged 

every three days at 1:6 ratio. When stimulated with epidermal growth factor (EGF) or 

fibroblast growth factor (FGF-2) are capable to produce neuronal precursors, astrocytes or 

oligodendrocytes.  

Culture medium: N2 (the cells were used in pluripotent state only) 

IPS CELLS 
 

INGN CELLS 
(obtained from Prof. Church Group, Oxford) 

Neurogenin 1 and 2 – induced human iPS cells. For maintenance, passaged at the ratio 1:4 

every three days without induction. They need to be plated in presence of ROCK inhibitor - 

Thiazovivin at 1μM concentration in medium. For maintenance at the pluripotent state E7 

medium is required with addition of two growth factors - FGF2 (2 ng/mL) and TGF-β1 (100 

ng/mL). Both replenished every 24 hours. The induction process requires passaging the cells 

and plating them in the new media - E7 medium supplemented by doxycycline at 0,5 μg/mL 

concentration. The induction process undergoes as follows: 

Culture media: 

• E7 medium + growth factors: FGF2 (2ng/mL) and TGF-β1 (100ng/mL). for maintenance 

at the pluripotent state, the growth factors need to be replenished every 24 hours.  
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• E7 medium supplemented by doxycycline at 0,5 μg/mL concentration for the 

induction process  

Table 10. Coating medium for iNGN cell culture plates. 

Figure 12. The process of neural induction of iPS cells. The stem cell-like cells when exposed to induction and 

growth factors develop into bipolar neuron-like iNGN cells within 4 days follows a specific protocol developed 

by Busskamp et al. The cells are induced with doxycycline and the medium content is gradually changed to adapt 

to neural-like cell specificity. 

Plate coating procedure: coating medium can be prepared and stored at 4 oC for up to a 

month. GeltrexTM (Gibco) should be thawed on ice, when reaches room temperature it 

gelatinizes instantly. Thawed GeltrexTM should be added to the cold coating medium at a ratio 

of 1:1000. The medium mixture should be immediately transferred to the petri dishes, which 

can be then incubated for 90 minutes in 37 oC, 5% CO2. Afterwards, the volume should be 

topped-up with water as shown in the table below. The plates should be then transferred 

again into the incubator overnight. After 12 hours, the plates can be used for plating or and 

stored (covered with parafilm) at 4oC for up to 3 months. 

Coating medium 
Ingredient Stock concentration Final concentration Volume in 500mL (mL) 

DMEM - - 248.25 
Ham’s F-12 - - 248.25 
Pen-Strep 100x 0.45x 2.5 
b-ME 1000x 1x 1 
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OTHER LABORATORY TECHNIQUES NOT DESCRIBED IN THE PUBLISHED STUDIES 
 
GDNA EXTRACTION 
In order to extract genomic DNA (gDNA), the cells need to be harvested. The medium is 

removed and the cells are washed twice with PBS. Then, the lysis buffer is applied. The 

wells/plates are swirled until all cells detach and lyse. The lysate is transferred to Eppendorf 

tubes for further processing. The lysis buffer consists of RLT buffer (Qiagen) supplemented by 

the oxidation inhibitors - BHT (400 µM) and Desferal (400 µM) as well as b-ME (0.5 mM). BHT 

is dissolved first in 1/6 of the volume DMSO, then in two parts of water and vortexed until 

liquid becomes transparent. The volumes of the buffer: 1.6 mL per 3 cm diameter dish, 3.2 

mL per 6 cm dish, 6.4 mL per 10 cm dish. 

DNA is sheered using tissue lyser via bead milling process at 30Hz for one minute. The 

stainless beads are 5mm in diameter and are used one per microcentrifuge tube. 

Subsequently, the tubes are centrifuged for 10 minutes at 21 000 rpm. The lysate is then 

transferred to the columns from Quick gDNA extraction kit (Zymo Research). The flow-

through was kept if RNA or protein was needed to be extracted from the sample. After the 

DNA bound column residues, the RNA digest was performed by incubating the RNAse 

digestion buffer on the columns for 15 mins at room temperature. RNAse digestion buffer 

was prepared with Genomic Lysis Buffer (Zymo Research), RNAse A at a ratio of 1:250 

(Qiagen) and BHT (400 µM). and Desferal (400 µM). 

After the digest, the columns were centrifuged for 2 minutes at 10 000 rpm. DNA pre-wash 

and wash buffers were applied according to the manufacturer’s protocol. The samples were 

eluted with H2O with BHT (40 µM), minimum volume of 25μL per column. The aim was to 

obtain at least 250 ng/μL gDNA concentration per sample, which would give enough material 

for Triple Quadrupole MS triplicate measurements. 

RNA extraction was performed using Zymo Research Quick RNA extraction kit protocol.  

 

 



 

- 41 - 

 

MATRIALS AND METHODS 

CELL PROLIFERATION ANALYSIS 

CellTrace Violet was used according to the Cell Proliferation Kit protocol to label and trace 

generations of proliferating cells via Fluorescence-Activated Cell Sorting (FACS). Cell trace 

reagent was mixed with cell suspension (1 μM final concentration) in PBS and incubated for 

20 minutes at 37 oC protected from light in 15 mL falcon. Then, the mixture was centrifuged 

and the supernatant removed. Cells were washed twice with their dedicated medium and re- 

plated. The cells were stained for 24, 48 and 72 hours. CellTrace Violet covalently binds to the 

intracellular amines making fluorescent staining half-intense with every division round of the 

cells. The collected timepoints were measured with a lot of help and advice from Dr. Lisa 

Richter from BMC, LMU Department of Biology. 

QPCR 
All cDNA samples were prepared using iScript cDNA Synthesis Kit: 

iScript cDNA Synthesis Kit 
Ingredient Volume 

RNA Equal to 1 µg 
iScript Buffer 4 µL 

iScript Enzyme Mix 1 µL 
H2O up to 20 µL total 

volume 
 

The reaction was performed in a thermocycler as follows: 

Reverse transcription 
Step Temperature Time  

Priming 25 oC 5 min 
Reverse 

Transcription 
46 oC 20 min 

Enzyme inactivation 90 oC 1 min 
Hold at 4 oC ∞ 

 

Primers were resuspended at 100μM concentration. They were then diluted in a 1:4 ratio for 
the absorbance measurement on Nanodrop in UV-Vis Mode at 260 nm. The real 
concentrations were calculated using Beer’s law: 

𝑐 =
𝐴
𝜀!"#

× 	1000	 × 	4 
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Primers efficiency check: the primers were diluted to 1,25 μM concentration each. Control 

untreated cDNA was used to prepare 50 ng/μL concentration as a starting point, six serial 

dilutions were prepared, 1:10 each. Efficiency was checked for all pairs of each gene tested 

on 96-well plate using qTower3 thermocycler using the following protocol: 

Reverse transcription 
Step Temperature Time  

Heat denaturation  95 oC 2 min 
Denaturation 95oC 15 sec 

Annealing 55 oC 15 sec 
Elongation 72 oC 20 sec 

 

Melting curve was measured between 60 and 96 oC 

Blank control: primer pair + H2O and negative control: RNA + H2O 

The average Ct value from a technical triplicate was calculated. SLOPE function in MS Excel 

was used to calculate the slope of the log (primer concentrations) for each primer pair. The 

equation for primer efficiency was used: 

𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 = (10
$%

&'()* − 1) × 100 

 
SOLUBLE NUCLEOSIDE POOL ISOLATION AND PURIFICATION 

The soluble pool extraction protocol started with a cell harvest using typical cell passaging 

trypsinisation technique using TrypLE reagent, Gibco. The cells were counted with trypan blue 

via Countess II FL Automated Cell Counter, Life Technologies (ThermoFisher Scienitfic) and 

pelleted via centrifugation at 260 g for 3min. The pellet was resuspended with the ice-cold 

mixture of acetonitrile and water (1:1 ratio), 1mL per 1x106cells and gently vortexed. The cell 

suspension was incubated on ice for 15min and centrifuged at 10 000 g for 10min at 4oC. The 

supernatant containing the cytosolic fraction was collected and lyophilised, while the cell 

pellet was treated with the lysis buffer for subsequent gDNA isolation. 

 

 

 

40x 
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PURIFICATION WITH SUPEL-SELECT HBL 60MG COLUMNS: 
 

A) Extraction of nucleosides: 

1) Dissolve the lyophilized samples in H2O pH = 4. 100 µL per 400 000 cells. 

2) Equilibrate the columns with 1.5 mL MeOH, then 3 mL H2O pH = 4 

3) Run sample through the column 

4) Wash the column with 4 mL H2O pH = 4 

5) Collect the washed aqueous phase containing mainly phosphates and lyophilize it for 

dephosphorylation 

6) Dry the columns under vacuum in Schlenk flasks 

7) Elute nucleosides with 1.5 mL MeOH/MeCN = 1:1 

8) Lyophilise the samples 

9) Elute each sample with 43 µL H2O for MS measurements 

 

B) Dephosphorylation using Antarctic Phosphatase 

1) Dissolve the lyophilized aqueous phase using 16 µL H2O 

2) Add 2 µL Antarctic Phosphatase reaction buffer and mix gently 

3) Add 2 µL Antarctic Phosphatase 

4) Incubate at 37 oC for 30 min 

5) Inactivate the enzyme by heat shock at 80 oC for 2 min 

6) Cool down the sample on ice and purify using Super-Select HBL 60mg columns (using 

extraction of nucleosides - A) 
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Chemicals Company 
3,5-Di-tert-4-butylhydroxytoluene Sigma Aldrich  

 
6% Hydroxyethyl starch (Volulyte) Sigma Aldrich  

 
 Agarose Biozym 
Apo-Transferrin Sigma Aldrich  
Benzonase Sigma Aldrich  
Bovine serum albumin New England Biolabs  
BSA Sigma Aldrich  
CellTrace TM Violet Cell Proliferation Kit Thermo Fisher 
CGP 77675 Sigma Aldrich  
CHIR-99021 Sigma Aldrich  
Deferoxamine mesylate Sigma Aldrich 
Degradase Plus Zymo Research 
Dimethylsulfoxide (DMSO) Merck 
Doxycycline Sigma Aldrich 
Dulbecco’s Modified Eagle’s Medium (DMEM)  Sigma Aldrich 
Dulbecco ́s Phosphate Buffered Saline (PBS)  Sigma Aldrich 
Ethanol absolut Merck 
Ethylenediaminetetraacetic acid (EDTA) Sigma Aldrich 
Fetal bovine serum heat-inactivated (FBS HI)  Gibco 
Fetal bovine serum mESC-tested (FBS)  VWR 
FGF-2 SI MACS 
Ham’s F12 Sigma Aldrich 
HEPES Roth 
Holo-transferrin human Sigma Aldrich 
Insulin human recombinant Sigma Aldrich 
iScript cDNA synthesis kit  Bio-Rad 
Isopropanol Sigma Aldrich 
iTAQ universal SYBR® Green kit Bio-Rad 
L -Ascorbic acid 2-phosphate  Sigma Aldrich 
L-Alanyl-L-Glutamine Sigma Aldrich 
Leukemia Inhibitory Factor (LIF)  Sigma Aldrich 
Lipofectamine 3000 Invitrogen 
McCoy’s 5a Sigma Aldrich 
NAD+ Merck 
NEB digestion enzyme mix New England Biorad 
NeuroBrew-21 MACS 
Non-essential amino acids (NEAA) Lonza 
OptiMEM Gibco 
PD-0325901 Sigma Aldrich 
Penicillin Streptomycin (Pen-Strep)  Gibco 
peqGREEN VWR 
Progesterone Sigma Aldrich 
Putrescine 2HCl  Sigma Aldrich 
Quick-gDNA extraction kit Zymo Research 
RLT-Buffer Qiagen 
RNaseA Qiagen 
Sodium chloride Roth 
Sodium selenite Sigma Aldrich 
TGF-Beta MACS 
Thiazovivin MACS 
TrypLETM Express Enzyme  Gibco 
Trypsin  Invitrogen 
β-Mercaptoethanol (β-ME) Sigma Aldrich 
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SIRNA 

esiRNA targeting mouse Sirt1 

esiRNA targeting EGFP  

Sigma Aldrich 

Sigma Aldrich 

 

PCR PRIMERS 

Primer name 

mouse_Dnmt1_FW 

mouse_Dnmt1_RV 

mouse_Dnmt3a_FW 

mouse_Dnmt3a_RV 

mouse_Dnmt3b_FW 

mouse_Dnmt3b_RV 

mouse_Sirtuin1_FW 

mouse_Sirtuin1_RV 

mouse_Sirtuin2_FW 

mouse_Sirtuin2_RV 

mouse_Sirtuin6_RV 

mouse_TDG_RV 

mouse_TDG_FW 

mouse_GAPDH_FW 

mouse_GAPDH_RV 

 

 

Sequence 5’-3’ 

CGTTCAGAGCAGATCGGAGA 

CACTGGTCAACATCTGGGGT 

GAGCCTGAGTATGAGGATGGC 

CCACCAAGACACAATTCGGC 

TACACGCAGGACATGACAGG 

GTCCCATTGCTATGTCGGGT 

TACCTTGGAGCAGGTTGCAG 

GCACCGAGGAACTACCTGAT 

GTCCACTGGCCTCTATGCAA 

GATGGTTGGCTTGAACTGCC 

CTGGCGGTCATGTTTTGTGG 

GCCCATTTGAAGCAATGCCA 

GCGCAAGAGGACCGAAAGAA 

TGGAGAAACCTGCCAAGTATGA 

GTTGCTGTTGAAGTCGCAGG 

 

 



 

 

- 46 - 

 

CHAPTER 1 

CHAPTER 1. INVESTIGATION OF THE C-C BOND CLEAVAGE BY A DIRECT 

DEFORMYLATION MECHANISM  

 

“Analysis of an Active Deformylation Mechanism of 5-Formyl-deoxycytidine (fdC) in Stem Cells” M. Sc. 

Alexander Schön*, Ewelina Kaminska*, M. Sc. Florian Schelter*, M. Sc. Eveliina Ponkkonen, M. Sc. Eva 

Korytiaková, Dr. Sarah Schiffers, Prof. Dr. Thomas Carell 

 

*These authors equally contributed to this work  

 

SUMMARY 

Previous studies by Schröder et al. from 2016 already proved that 2ʹ-fluorinated derivatives F-mdC F-hmdC, F-

fdC, and F-cadC are resistant to TGD-mediated BER and are suitable substrates for DNA polymerases and TET 

enzymes.225,226 Based on these findings, these compounds became good candidates for tracking DNA active 

demethylation. Indeed, Iwan et al. only a year later suggested that deformylation from fdC to dC occurs via C-C 

bond cleavage, as demonstrated in in vitro (in cellulo) studies using 2’-fluorinated fdC genomic incorporation.197 

The robustness of this experimental setup allowed for the establishment of isotope-dilution mass spectrometry 

protocol for the precise quantification of noncanonical DNA nucleosides.186 Considering the previous findings 

indicating that 5fdC may be an epigenetically important DNA mark, we examined the mechanism of direct 

enzymatic deformylation. The first step of the hypothesised C-C bond cleavage involves a nucleophilic attack on 

the C-6 position of the base, which we blocked by replacing it with a nitrogen atom (see Figure 13). 198 We 

observed that the 6-aza-fdC compound effectively crosses the cellular membrane and becomes incorporated 

into genomic DNA. 
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Figure 13. The use of 6-aza-fdC and F-fdC molecules in C-C bond cleavage mechanism validation. The aim of this study was 
to investigate the mechanism of C-C bond cleave by blocking the first step towards this process - the nucleophilic attack at 
the C-6 position. 6-aza-fdC appeared to be a suitable compound that is safe to use in cellulo on sensitive TDG-KO mESCs. In 
order to test the efficiency of the deformylation we performed a co-feeding of 6-azafdC and F-fdC nucleosides, from which 
only the latter has been found to deformylate. This finding is an convincing piece of evidence towards the idea of the 
existence of the deformylase enzyme, that provides the system with a helper nucleophile. Created using BioRender tool. 
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CHAPTER 2. THE INVESTIGATION OF THE DEFORMYLATION RATES AND 

CIRCUMSTANCES IN WHICH IT OCCURS WITHIN DIFFERENT CELL LINES AND CELL 

TYPES 

 

“Deformylation of 5-Formylcytidine in Different Cell Types” M. Sc. Eva Korytiaková*, Ewelina Kamińska*, Dr. 

Markus Müller, Prof. Dr. Thomas Carell. 

 

*These authors contributed equally to this work. 

 

SUMMARY 

The initial mechanistic studies on stem cells confirmed the necessity of C-C bond cleave for deformylation to 
occur.200 In this study, we aimed to investigate deformylation in different cell types – stem cells, somatic cells 
(including cancer cells) and human iPS cells, across a wide range of cell lines. The goal was to identify potential 
regulatory mechanisms or enzymes involved in deformylation and determine if there are any differences in 
deformylation and determine if there are any differences in deformylation rates among different cell lines. We 
used the well-established and safe probe molecule, 2’-fluorinated fdC, for our experiments. Interestingly, we 
observed varying deformylation rates in different cell lines, with somatic and cancer cells exhibiting higher 
deformylation activity compared to stem cells. Importantly, this deformylation activity was independent of DNA 
replication. Additionally, our findings suggest that both TDG-mediated and alternative pathways (as compared 
in Figure 14) may be utilised under different circumstances, depending on genomic sequence-specific 
localisation and cellular energy expenditure during different stages of the cell cycle. It is also possible that ceratin 
epigenetically important 5-fdCs, such as those forming Schiff-bases, may not be accessible to TDG and other 
BER-associated protein complexes.65,75  
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Figure 14. The comparison between two DNA active demethylation pathways. Both at the start require 5-mdC and 5-hmdC 

oxidations by TET family dioxygenases. However, they end by different deformylation mechanisms. A) represents the well-

known TDG-mediated DNA repair process, in which 5-fdC is recognised as DNA lesion by the DNA glycosylase, which excises 

the base leaving the abasic site, later removed by AP endonuclease. Later, the DNA polymerase replaces the missing 

nucleobase that is sealed by the cooperative actions of the endonuclease and DNA ligase. This process requires a lot of 

energy needed for catalysis of at least 5 different enzymes. Moreover, the Base Excision Repair is associated with a risk of 

double strand breaks that are not only mutation-prone but also endanger the DNA stability. B) represents the direct 

enzymatic C-C bond cleavage deformylation, without the need for excision of the whole base. The proposed mechanism is 

simpler and less energetically costly. The unknown deformylase enzyme or complex, based on previous publication described 

in chapter 1 should provide a helper nucleophile and catalyse the conversion from 5-fdC to 5-dC. Created using BioRender 

tool. 
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CHAPTER 3 

CHAPTER 3. THE MECHANISM OF DIRECT DECARBOXYLATION 

 

“Intragenomic Decarboxylation of 5-Carboxy-2ʹ-deoxycytidine” Ewelina Kamińska*, M. Sc. Eva Korytiaková*, M. 

Sc. Andreas Reichl, Dr. Markus Müller, Prof. Dr. Thomas Carell. 

 

*These authors equally contributed to this work. 

 

SUMMARY 

After investigating of the deformylation process, we wanted to gain better understanding of the sister process 

– the direct decarboxylation pathway. We initially employed the established experimental methods, 

nevertheless they proved to be found inapplicable when it came to the chemically demanding carboxyl group. 

For this study, we created a new pulse-feeding protocol. The first feeding was done with a 2’fluorinated-cadC 

triphosphates enclosed within a vector that successfully transported the compound through cellular membrane. 

There were many challenges regarding ion suppression when quantifying the exact amount of the incorporated 

material using isotopically labelled standards on Triple Quadrupole LC-MS/MS system that were finally 

solved.186,227 The general experimental workflow is depicted in Figure 15. The triphosphates are more readily 

(than previously used F-fdC) incorporated into the genomic DNA, since they do not require any phosphorylation 

steps. The decarboxylation was not observed in the cytosol, thus we are convinced that the measured high levels 

of the direct decarboxylation happen intragenomically. Inversely to the previously studied deformylation, the 

decarboxylation is much more pronounced in stem cells than in somatic lines. The results presented in this 

manuscript show that decarboxylation may be a more favourable process than deformylation what stays in line 

with the data from previous group members such as Schiesser et al.198  Our findings were confirmed by the study 

of Feng et al. (2021), who also demonstrated the existence of a direct decarboxylation.186,228 
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CHAPTER 3 

Figure 15.  The general workflow of the F-cadCTP cellular decarboxylation experiments. The cells are incubated with F-

cadCTP and cyclodextrin transporter in tricine buffer for 30 min. The cells were harvested at two timepoints – 24 h and 72 

h. Later, the gDNA and nucleoside pool are extracted. The samples are prepared to be measured on the Triple Quadrupole 

Mass Spectrometry.   Created using BioRender tool. 
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CHAPTER 4 

CHAPTER 4. ADDITIONAL PUBLISHED WORK 

 

“AMPylation profiling during neuronal differentiation reveals extensive variation on lysosomal proteins” Tobias 

Becker, Cedric Cappel, Francesco Di Matteo, Giovanna Sonsalla, Ewelina Kaminska, Fabio Spada, Silvia Cappello, 

Markus Damme, Pavel Kielkowski.229 
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SUMMARY 

AMPylation is a posttranslational protein modification believed to play a significant role in foetal development 

of a nervous system.  This study reveals its localisation on lysosomal proteins that are associated with neuronal 

differentiation in iNGN iPS cell system. The chemical-proteomics data combined with gel-based separation 

techniques showed the correlation between the significant increase of lysosomal exonuclease PLD3 and protein 

AMPylation levels during maturation of the neurons. This information may help to shed more light on how 

lysosomal storage disorders may lead to neurodegeneration diseases. 
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Figure 1. Human neuroblastoma cells (SH-SY5Y) display an enrichment of pro-N6pA probe-labeled proteins in
lysosomes
(A) Schematic representation of protein AMPylation.
(B) Structure of the pro-N6pA probe for in situ labeling of potentially AMPylated proteins.
(C) Click chemistry staining of pro-N6pA with TAMRA-N3 (red) and immunocytochemical staining in SH-SY5Y and
colocalizations with markers for lysosome (LAMP2), ER (KDEL), and mitochondria (COX-IV).
(D) Volcano plot showing the significantly enriched AMPylated proteins from SH-SY5Y cells. Proteins localized to
lysosome are depicted in green. Significantly enriched protein hits with other subcellular localization are in red (cutoff
lines at 2-fold enrichment and p value of 0.05).
(E) GO terms analysis of significantly enriched proteins in SH-SY5Y cells.
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(Sreelatha et al., 2018), and N6-propargyl adenosine 50-O-triphosphate (N6pATP) or phosphoramidate
(Broncel et al., 2012; Grammel et al., 2011; Kielkowski et al., 2020a, 2020b). We have recently developed
a chemical proteomic approach that allows high-throughput screening of protein AMPylation and compar-
ison of the AMPylation levels between different conditions. This strategy utilizes the N6-propargyl or N6-
ethylazide adenosine phosphoramidate (pro-N6pA and pro-N6azA, respectively) probes, which are meta-
bolically activated to the corresponding N6-modified adenosine triphosphate upon uptake into cells and
used by endogenous AMP-transferases or by bacterial effectors in infection studies for protein AMPylation
(Figure 1B) (Kielkowski et al., 2020a, 2020b; Rauh et al., 2020). Of note, the resulting N6-modified ATP is
inherently in competition with endogenous ATP and thus cannot report on the exact stoichiometry of pro-
tein AMPylation. The application of this chemical proteomic strategy in various cell types has revealed that
protein AMPylation is more prevalent than previously assumed. Interestingly, it has led to the identification
of a large group of protein substrates from different subcellular compartments that are not restricted to the
ER, including cytosolic (PFKP, SQSTM1), nucleolar (PPME1), cytoskeletal (TUBB, MAP2), and lysosomal
(CTSB, PLD3, and ACP2) proteins (Broncel et al., 2016; Kielkowski et al., 2020a). In particular, in the lyso-
some, there is only limited evidence on PTMs of luminal lysosomal proteins other than N-glycosylation
amid numerous diseases associated with lysosomal proteins such as the lysosomal acid phosphatase
2 iScience 24, 103521, December 17, 2021
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ABBREVIATIONS 

ABBREVIATIONS 

-/- Knockout 

oC degree Celsius 

2i  medium with PD0325901 and CHIR99021 

5cadC  5-carboxy-2’-deoxycytidine 

5fdC  5-formyl-2’-deoxycytidine 

5hmdC  5-hydroxymethyl-2’deoxycytidine 

5mdC  5-methyl-2’deoxycytidine 

a2i  medium with CGP77675 and CHIR99021 

ATP  Adenosine Triphosphate 

BER  base excision repair 

bp base pair 

C/R medium with CHIR and IWR1 

cDNA complementary DNA 

CHIR CHIR99021 

CHO-K1 Chinese Hamster Ovary K1 

CpG dCdG dinculceotide 

CNS Central Nervous System 

dA 2'-deoxyadenosine 

dC 2'-deoxycytidine 

DNA Deoxyribonucleic Acid 

DNMT  DNA methyltransferase 

dG 2'-deoxyguanine 

DSB Double Strand Break 
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ABBREVIATIONS 

dT Thymidine 

EDTA  Ethylenediaminetetraacetic acid 

EpiSC Epiblast Stem Cell 

F-dC  2´-deoxy-2’-(R)-fluoro-cytidine 

F-fdC  2´-deoxy-2’-(R)-fluoro-formylcytidine 

F-mdC  2´-deoxy-2’-(R)-fluoro-methylcytidine 

FBS Foetal Bovine Serum 

FGF Fibroblast Growth Factor 

FOX Forkhead box proteins 

gDNA  genomic DNA 

HAT histone acetyltransferase  

HDAC histone deacetylase 

HEK Human Embryonic Kidney 

ICM Inner Cell Mass 

iNGN Neurogenin 1 and 2-expressing human induced pluripotent stem cells 

iPS induced Pluripotent Stem Cells 

JAK Janus Kinase 

JmjC Jumonji C 

K lysine 

KDM Histone lysine demethylases 

KMT Histone lysine methyltransferase 

KO Knockout 

LC-MS/MS Liquid chromatophrapy tandem mass spectrometry 

LIF Leukemia inhibitory factor 
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ABBREVIATIONS 

lncRNA  long non-coding RNA 

LSD Lysine-specific demethylase 1 

mESC  mouse embryonic stem cell 

MeCP2 methyl CpG binding protein 2 

miRNA  microRNA 

mtDNA  mitochondrial DNA 

mRNA messenger RNA 

NAD+ Nicotinamide Adenine Dinucleotide 

OCT4 Octamer-binding transcription factor 4 

PCR Polymerase Chain Reaction 

PGC Primordial germ cells  

piRNA  piwi-interacting RNA 

PRC2 polycomb repressive complex 2 

PTM  Post-Translational Modification 

R arginine 

RNA Ribonucleic acid 

RT-qPCR Real-Time quantitative polymerase chain reaction 

SAM  S-Adenosyl methionine 

siRNA  small interfering RNA 

Sirt Sirtuin 

STAT signal transducer and activator of transcription 

TE Trophoecoderm 

TET Ten-eleven translocation  

TDG Thymine DNA glycosylase 
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ABBREVIATIONS 

TSS Transcriptional Start Site 

aKG alpha-Ketogluterate 

μL microlitre 
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