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Abstract 

                Amongst the hundreds of known chemical modification of RNA, N6-

methyladenosine (m6A) is the most abundant internal modification found on messenger 

RNAs. Despite this, the biological function of m6A remained largely enigmatic, in part due 

to earlier studies suggesting its static nature. The discovery of enzymes capable of reversing 

m6A demonstrated its dynamic nature. This was complemented by development of 

methodologies that allowed transcriptome-wide analysis of m6A distribution in eukaryotic 

organisms from yeast to human, with the subsequent implication of m6A in almost all steps 

of RNA metabolism. Meanwhile, N6-methyldeoxyadenine (6mA), its DNA counterpart that, 

for decades, was thought to be restricted to prokaryotic genomes and single cell eukaryotes, 

has recently been detected in multi-cellular eukaryotes C. elegans, Drosophila and green 

algae. However, due to contradictory reports regarding its detection, the presence and 

potential biological function of 6mA in mammalian genomes was unclear. In search of 6mA 

in human pluripotent stem cell genome, this thesis corroborated other studies in failing to 

detect 6mA in human cells. Nonetheless, this thesis describes the discovery of m6A presence 

on the RNA component of  R-loops, the three-stranded nucleic acid structures consisting of 

RNA:DNA hybrid and a displaced single stranded DNA, that can confer vulnerability to 

genotoxic attacks. Through analysis of cell-cycle resolved R-loops, this thesis reveals the 

dynamic nature of m6A modified RNA:DNA hybrids, notably, with their higher 

accumulation in S and G2/M cell cycle phases compared to G0/G1 cells. Moreover, this 

thesis uncovers direct interaction of the m6A reader, YTHDF2 with R-loops, both in vitro 

and in vivo. Finally, this thesis uncovers a role for both m6A and YTHDF2 in regulating the 

stability of R-loops, as depletion of either the m6A writer, METTL3 or YTHDF2 resulted in 

genome-wide R-loops accumulation. Moreover, persistent loss of YTHDF2 led to cell growth 

retardation, increased accumulation of RNA:DNA hybrids and extensive DNA damage in R-

loop-containing loci. Taken together, the findings of this thesis uncover a role for m6A and 

YTHDF2 in safeguarding the genome by limiting toxic accumulation of R-loops. 
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Chapter 1  

1. Introduction 

1.1. Methylation of deoxyadenosine and its biological roles  

1.1.1. Various nucleic acid bases are methylation substrates 

Soon after the elegant demonstration that DNA serves as the hereditary genetic material 

(Avery et al., 1944), the existence of a modified nucleic acid base, 5-methylcytosine (5mC), 

was uncovered in a preparation of calf thymus (Hotchkiss, 1948), thus, preceding the 

elucidation of DNA double-helix structure (Watson and Crick, 1953). Despite its early 

identification, the appreciation of 5mC importance in generating phenotypic variation 

exclusive of changes in the DNA sequence, and, therefore its epigenetic (Waddington, 1959) 

significance, came much later (Holliday and Pugh, 1975). Through its predominant 

association with repressed chromatin, 5mC plays essential roles in a wide range of biological 

processes, including imprinting (Reik et al., 1987), X-chromosome inactivation (Lyon, 1961; 

Mohandas et al., 1981), transposon silencing (Walsh et al., 1998), embryonic development 

(Okano et al., 1999) and ageing (Wilson and Jones, 1983). Though 5mC remains the most 

studied DNA modification, the discovery of targeted methylation of the exocyclic nitrogen 

atom in position 6 of adenine bases (Dunn and Smith, 1955; Ratel et al., 2006) along with 

other modified nucleic acid bases (Sood et al., 2019) reflected the expanding lexicon of DNA 

modifications  (Qifan Zhu et al., 2018). Notable modifications include, N4-methylcytosine 

(4mC) and N6-methyldeoxyadenosine (6mA) that comprise the restriction-modification 

system in prokaryote (Arber and Dussoix, 1962; Yu et al., 2015), whereby the host 

selectively modifies its genome in a defensive mode that allow targeting of unmodified 

foreign genome by restriction endonucleases (Ehrlich et al., 1987). With improvement in 

detection technologies, more than 40 types of chemically modified bases have been reported 

in DNA to date (Sood et al., 2019). Despite the diversity of DNA modifications, not all of 
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them are generated enzymatically, some may indicate DNA lesions such as N2-

methylguanine, N7-methylguanine, N7-methyladenine, O6-methylguanine (6mG), N3-

methylthymine, and O4-methylthymine (Sedgwick et al., 2007; Grosjean, 2009; Ito and 

Kuraoka, 2015; Kafer et al., 2016). As the mechanism by which some DNA modifications are 

generated remain enigmatic (Olinski et al., 2016), the very existence of some reported DNA 

modifications remain an open question (Schiffers et al., 2017; Stöger, 2017; O’Brown et al., 

2019), never mind what function they might have (Chen et al., 2016). 

1.1.2. Deoxyadenosine methylation in prokaryotes 

First discovered in protists, the DAM (DNA adenine methylase) methyltransferase-generated, 

N6-methyldeoxyadenosine (6mA) is a pervasive DNA modification in prokaryotic genomes 

whose primary function is thought to distinguish self from invading DNA as part of the 

restriction-modification system (Dunn and Smith, 1955; Iyer et al., 2011; Vanyushin et al., 

1970). In addition to its well documented role in host-genome defence, 6mA has been shown 

to regulate important biological processes, including bacterial DNA replication by mediating 

the DnaA binding at the oriC region (Boye et al., 2000; Reisenauer et al., 1999), replication 

associated mismatch repair (Hsieh, 2001), regulation of gene expression (Camacho et al., 

2005; Low et al., 2001), and repression of IS10 and IS50 bacterial transposons by physically 

hindering RNA polymerase recruitment to their promoters (Roberts et al., 1985; Dodson and 

Berg, 1989). Collectively, these studies not only illustrate the essential functions of 6mA in 

the prokaryotic genome, but also motivated much of the recent excitement about the 

existence and potential function of 6mA in eukaryotic systems.  

1.1.3. Detection of methylated adenine in eukaryotic systems. 

Unlike prokaryotic DNA, eukaryotic genomes were initially thought to be devoid of 6mA 

(Vanyushin et al., 1970). The first compelling evidence of 6mA presence in eukaryotes was 

its discovery in transcriptionally active regions of Tetrahymena genome (Gorovsky et al., 
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1973). This was subsequently followed by reports of 6mA in other ciliates, including 

Paramecium aurelia (Cummings et al., 1974), Oxytricha fallax (Rae and Spear, 1978) as well 

as Stylonichia mytilius (Ammermann et al., 1981; Gutiérrez et al., 2000). Comparative 

genomic analysis of DNA methyltransferases postulated the lateral transfer of adenine 

methylases to a variety of other eukaryotic systems, including the unicellular 

Chlamydomonas reinhardtii (Hattman et al., 1978; Fu et al., 2013) and more recently to 

multi-cellular organisms (Gogarten and Townsend, 2005; Iyer et al., 2011) suggesting a more 

wide-spread presence of 6mA in eukaryotes. Thus, 6mA was recently detected in several 

metazoan genomes including, Drosophila (Zhang et al., 2015), Caenorhabditis elegans 

(Greer et al., 2015a), and, controversially, in vertebrate genomes such as mouse (kidney cells, 

(Koziol et al., 2016); embryonic stem cells, (Wu et al., 2016a), Danio rerio and Sus scrofa 

(Liu et al., 2016).  

1.1.4. Writers and erasers of deoxyadenosine methylation 

6mA is generated through the transfer of a methyl group from S-adenosyl-L-methionine to 

the exocyclic NH2 in position 6 of the purine ring (N6) by DNA methyltransferases (Gold et 

al., 1963). First observation of this was reported in Escherichia coli cell extracts where the 

DNA adenine methylases such as Dam and MunI thought to selectively methylate target 

adenine bases (Gold et al., 1963; Srinivasan and Borek, 1964; Hurwitz et al., 1965; 

Nikolskaya et al., 1981; Blow et al., 2016; Harris and Goldman, 2020). In similar manner, 

various eukaryotic genomes have been shown to contain putative N6-adenosine-

methyltransferases with an MT-A70 domain. These include DNA 6mA methyltransferase 

complex in the ciliate Oxytricha, termed MTA1c (Beh et al., 2019; Harris and Goldman, 

2020), DNA N6 adenine methyltransferase 1, DAMT-1, in C. elegans (Greer et al., 2015a), 

Ime4-like methyltransferase in Drosophila (Zhang et al., 2015), METTL4 in human 

mitochondria (Hao et al., 2020) and N-6 adenine-specific DNA methyltransferase 1 (N6MT1) 
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in mammals (Kweon et al., 2019). Despite the identification of several candidate 6mA 

demethylases, the molecular mechanisms of 6mA demethylation in multicellular eukaryotes 

remain unclear. For example, even though a Drosophila DAMD, a homolog of ten-eleven 

translocase (TET) was recently proposed to demethylate 6mA (Zhang et al., 2015), no 

evidence for TET-mediated 6mA demethylation reported in Drosophila  (Iyer et al., 2016; 

O’Brown and Greer, 2016), raising questions regarding the efficiency of DAMD mediated 

6mA demethylation in vivo. Nevertheless, other Fe (II)- and α-ketoglutarate-dependent 

dioxygenase members such as C. elegans NMAD-1 as well as  mammalian ALKBH1 and 

ALKBH4 have also been proposed as potential 6mA demethylases (Greer et al., 2015a; 

Kweon et al., 2019; Xiao et al., 2018).  

1.1.5. Biological consequences of deoxyadenosine methylation in eukaryotes 

Through the identification and manipulation of 6mA reader proteins, 6mA involvement in 

DNA replication (Lu et al., 1994), restriction-modification system (Iyer et al., 2011), and 

relaxation of double stranded DNA (Cheng et al., 1985) has been shown for prokaryotes. 

Apart from its recent detection in multicellular eukaryotes (Fu et al., 2015; Greer et al., 

2015b; Zhang et al., 2015), very little is known about the function of eukaryotic 6mA. 

Nonetheless, in C. elegans 6mA was found to trans-generationally accumulate following the 

depletion of spr-5, a histone H3 lysine 4 dimethyl (H3K4me2) demethylase, or after the 

deletion of nmad-1, a DNA m6A demethylase, suggesting association of 6mA with active 

transcription (Greer et al., 2015a). Consistent with 6mA association with transcriptional 

activity, in Drosophila, elevated levels of 6mA were observed in gene bodies of actively 

transcribed transposons (Zhang et al., 2015). In contrast, in higher eukaryotes, where the 

presence of 6mA is still controversial (Douvlataniotis et al., 2020; Lentini et al., 2018), 6mA 

has been reported to correlate with gene repression by preserving polycomb mediating 

transcriptional silencing (Kweon et al., 2019). 
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1.1.6. Contradictory reports of deoxyadenosine methylation in mammals. 

Even though the presence of 6mA in lower eukaryotes has been widely confirmed, there is an 

ongoing controversy regarding reports of 6mA detection in mammalian genomes. Indeed, the 

controversy started soon after the first reported 6mA detection in mammals in studies of bull 

and human sperm DNA in the 1960s (Unger and Venner, 1966). Despite painstaking efforts, 

other groups were not able to reproduce this finding (Vanyushin et al., 1970), and as a result 

the findings were dismissed with 6mA presence interpreted as a result of potential 

contamination of the mammalian samples with prokaryotic DNA. Using a dot-blot method, 

Achwal and colleagues reported the detection of 6mA in several species including DNA 

preparations from human placental tissue (Achwal et al., 1983). Subsequently, using a 

combination of dot-blot and DNA immunoprecipitation, 6mA was reportedly detected in 

mouse (Wu et al., 2016a; Yao et al., 2017) and human (Huang et al., 2015) cells. Attempting 

to settle the controversy, recently, the Carell lab performed analysis of mouse embryonic 

stem cells and tissues using a novel ultrasensitive UHPLC-MS method but found no 6mA or 

4mC in these samples (Schiffers et al., 2017). Corroborating these findings, combined 

bioinformatics and experimental analysis highlighted potential sources of contamination 

responsible for apparent presence of 6mA in mammalian samples (O’Brown and Greer, 2016; 

Douvlataniotis et al., 2020). As the inherently low amounts of 6mA in eukaryotic genomes 

further fuel this controversy (Ratel et al., 2006), studies of 6mA in mammalian cells requires 

not only a carefully designed and properly controlled analysis but also highly sensitive 

techniques.  

1.2. N6-methyladenosine (m6A) in RNA 

1.2.1. Methylation of RNA adenosine is dynamic 

Unlike its DNA counterpart, the presence of N6-methyladenosine (m6A) in eukaryotic RNAs 

has been well documented since the 1970s (Desrosiers et al., 1974; Schibler et al., 1977). 
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Indeed, amongst the hundreds of known RNA modifications (Dal Magro et al., 2018; 

Machnicka et al., 2013), m6A is the most abundant internal modification of mRNAs and long 

noncoding RNAs (lncRNAs) of mammalian cells (Cantara et al., 2011; Sommer et al., 1978). 

Interestingly, m6A presence on mRNA has been verified in species from all three domains of 

life, including viruses (Krug et al., 1976), bacteria (Deng et al., 2015), plants (Zhong et al., 

2008), yeast (Clancy et al., 2002), and mammalian cells (Desrosiers et al., 1974; Perry and 

Kelley, 1975). In addition to decorating messenger RNAs (Desrosiers et al., 1974; Carroll et 

al., 1990), adenine methylation occurs in other RNA classes, including ribosomal RNAs 

(Maden, 1986; Sergiev et al., 2008), transfer RNAs (Björk et al., 1987), small nuclear RNAs 

(Shimba et al., 1995), microRNAs (Alarcón et al., 2015) and long noncoding intergenic 

RNAs (Barbieri and Kouzarides, 2020; Fazi and Fatica, 2019). Despite its widespread 

presence across transcripts, on average, only 3 methylated adenosines are detected per 

messenger RNAs (Desrosiers et al., 1974; Perry and Kelley, 1975), most frequently in the 

Pu[G > A]m6AC[U > A > C] context where Pu denotes purine (Rottman et al., 1994; Shimba 

et al., 1995). Using a combination of anti-m6A specific antibody and high throughput next 

generation sequencing approaches, recently, the transcriptome-wide distribution maps of 

m6A across several eukaryotic species have been generated for a number of species including 

human (Dominissini et al., 2012), mouse (Batista et al., 2014) and yeast (Schwartz et al., 

2013). These maps rely on affinity capture methods where the extracted mRNA is 

fragmented, m6A containing transcripts are pulled down and sequenced following reverse 

transcription and library generation from the pulldown and input control (Dominissini et al., 

2012; Meyer et al., 2012). These studies revealed transcriptome-wide m6A enrichment near 

stop codons, within 3’ UTR regions with about 70% of m6A-marked transcripts conserved 

between human are mouse, suggesting a conservation of function in these organisms (Batista 

et al., 2014; Dominissini et al., 2012; Meyer et al., 2012; Schwartz et al., 2013). Although 
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recent introduction of base-resolution m6A mapping methods (Ke et al., 2015; Linder et al., 

2015) allowed a more precise mapping of m6A profiles transcriptome-wide (Koh et al., 

2019), it remains largely unclear how the region specific deposition of m6A along the 

transcript (e.g. enrichment in 3’UTR as opposed to exons) is achieved. The discovery of m6A 

writers, erasers and readers (Figure 1.2.1) might shed light on the precise molecular function 

of m6A (He, 2010).  

 

Figure 1.2.1. The dynamic and reversible nature of m6A RNA methylation. This is 

mediated by a group of writer and eraser proteins while the presence of the mark is 

interpreted by a group of reader proteins (adapted from (Zhu et al., 2019). 

 

1.2.2. Writers of m6A 

The presence of chemical modifications on RNA bases has been known for more than 4 

decades (Desrosiers et al., 1974; Wei et al., 1975), the prevailing view was that RNA 

modifications are static and bear no important functional roles in RNA metabolism (Yue et 

al., 2015). This view was largely based on the fact that unlike genomic DNA, RNAs have 

short half-lives (Rabani et al., 2011; Schwanhäusser et al., 2011). Moreover,  the m6A 

demethylases were until recently unknown (He, 2010). Almost two decades after the 

discovery of m6A on messenger RNAs, Bokar and colleagues conclusively showed that a 70-

KD protein termed MT-A70, isolated from mammalian cell extracts as a part of a 200-KD 
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complex, exhibits methyltransferase activity based on its ability to bind  S-Adenosyl 

methionine (SAM) and install the methyl group on target RNA adenosines (Bokar et al., 

1994, 1997). The ability of this methyltransferase to generate m6A was further demonstrated 

both in vitro and in vivo (Narayan and Rottman, 1988). Indeed, METTL3 or MT-A70 

depletion was shown to restrict levels of m6A methylation (Bokar, 2005). The m6A 

methyltransferase enzymes are conserved from yeast to humans; in Saccharomyces cerevisiae 

METTL3 ortholog IME4 (inducer of meiosis 4) has been shown to generate m6A during 

meiosis (Agarwala et al., 2012; Schwartz et al., 2013), in Drosophila melanogaster, the 

METTL3 ortholog, IME4 was shown to be essential for m6A methyltransferase activity as 

well as normal development (Hongay and Orr-Weaver, 2011) and in various plants that 

include Arabidopsis, maize, and rice, the METTL3 orthologue, MTA, is ubiquitously 

expressed and exhibits m6A methyltransferase activity (Haugland and Cline, 1980; Zhong et 

al., 2008). In eukaryotic systems, including mammals, the Wilms’ tumor 1-associating 

protein (WTAP) (Little et al., 2000) has been shown to act as a co-factor in the METTL3-

METTL14 methyltransferase complex and, thus, to ensure efficient methylation of target 

adenosines (Agarwala et al., 2012; Ping et al., 2014). Recently, through the identification of 

WTAP-dependent and independent m6A deposition sites, WTAP association with the 

METTL3/METTL14 complex is thought to preferentially determine 5’ and internal mRNA 

sequences (Schwartz et al., 2013; Sun et al., 2015), thereby potentially contributing to 

regional specificity of m6A deposition along transcripts. In addition to WTAP, in recent 

years, through proteomic and functional analysis (Horiuchi et al., 2013; Schwartz et al., 

2013), additional members of the METTL3/METTL14 multiprotein complex have been 

identified in mammals (Ping et al., 2014). These include, KIAA1429, a mammalian homolog 

of the Drosophila Virilizer protein (Schwartz et al., 2013), the RNA binding motif protein 15 

(RBM15) and its paralogue RBM15B targeting METTL3 to RNA (Lence et al., 2016; Patil et 
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al., 2016). While it is becoming increasingly clear that METTL3/METTL14 constitute the 

core component of the methyltransferase complex, more recently, additional 

methyltransferases have been identified (Pendleton et al., 2017) which have been shown to 

methylate long noncoding RNAs and intron sequences in CAG contexts as opposed to the 

canonical DRACH motif (Nance et al., 2020; Wang et al., 2015; Warda et al., 2017). What is 

becoming increasingly obvious is that methyltransferases co-opt with other proteins to not 

only identify their target RNAs (Ping et al., 2014) but also discriminate between different 

adenosine contexts for methylation.  

1.2.3. Erasers of m6A 

In a landmark study, the He group demonstrated that the Fat mass and obesity-associated 

(FTO) protein isolated from nuclear extracts has m6A demethylase activity (Jia et al., 2011). 

FTO is a member of the non-heme Fe(II)- and α-KG-dependent AlkB family of dioxygenases 

(Gerken et al., 2007; Kurowski et al., 2003) that has been shown to oxidatively demethylate 

products of alkylation damage present in both single stranded RNA (3-methyluracil (Jia et al., 

2008) and single stranded DNA (3-methylthymidine, Aas et al., 2003; Gerken et al., 2007), 

but the He group was the first to demonstrate that m6A may serve as a substrate for FTO 

mediated demethylation (Jia et al., 2011). Akin to oxidative demethylation of methylated 

DNA cytosines by ten-eleven (TET) proteins that convert 5mC to 5-hydroxymethylcytosine 

(5hmC), 5-formylcytosine (5fC) and 5-carboxycytosine (5fC) (Tahiliani et al., 2009; Ito et 

al., 2010, 2011), FTO has been shown to oxidatively convert m6A to N6-

hydroxymethyladenosine and N6-formyladenosine (Fu et al., 2013). Due to the inherent 

instability of FTO-mediated m6A demethylation intermediates (Yue et al., 2015), it is 

unknown whether they have any separate biological functions. More recently, FTO has been 

shown to exhibit higher demethylation activity towards N6,2-O-dimethyladenosine (m6Am) 

compared to m6A (Mauer et al., 2017). In addition to FTO, the He group also identified 
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ALKBH5 as another m6A demethylase (Zheng et al., 2013). Despite the ability of both FTO 

and ALKBH5 to demethylate m6A, there is an appreciable difference in their subcellular 

localisation and expression pattern in a cell- and tissue-type-specific manner (Meyer and 

Jaffrey, 2014). Whereas FTO is detectable in both nucleus and, albeit weaker levels, in the 

cytoplasm (Hess et al., 2013), ALKBH5 expression is thought to be restricted to the nucleus 

(Zheng et al., 2013). Moreover, FTO is mainly expressed in the brain, whereas ALKBH5 

protein is predominantly detected in testis (Zheng et al., 2013). Such distinct localisation and 

cell-type-specific distribution of FTO and ALKBH5 demethylases may indicate difference in 

their target specificity. Nevertheless, the discovery of m6A demethylases represent a 

paradigm shift in our understanding of the dynamic and reversible nature of RNA 

modifications in eukaryotic transcriptomes, and, thus, it ushers a new era of epitranscriptomic 

studies.  

1.2.4. Readers of m6A  

In addition to m6A demethylases, multiple m6A dependent RNA binding proteins have been 

captured in pull-down assays using m6A modified RNA probes and their identity uncovered 

by mass spectrometry analysis (Dominissini et al., 2012; Schwartz et al., 2013). YTH 

(YT521-B homology)-domain containing protein family proteins, YTHDF1, YTHDF2 and 

YTHDF3 were amongst the first identified for their high affinity to m6A modified RNAs in 

vitro (Dominissini et al., 2012; Schwartz et al., 2013), and later functionally validated using 

knockdown experiments in mammalian cells (Wang et al., 2014). YTH-domain is a 

conserved RNA biding domain found in over 100 eukaryotic proteins (Zhang et al., 2010) 

that executes m6A binding affinity via a conserved aromatic cage (Liao et al., 2018; Xu et al., 

2015). In addition to YTHDF1-3 proteins, there are two more YTH-domain containing 

proteins, YTHDC1 and YTHDC2 (Zhang et al., 2010). Structural analysis show that 

YTHDC1 preferentially interacts with m6A in GGm6AC sequence contexts via an aromatic 
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cage in its YTH-domain (Xu et al., 2015), in a similar fashion to royal family protein 

recognition of methyllysine (Yap and Zhou, 2011). In contrast to other human YTH-domain 

containing proteins, YTHDC2, beside its YTH-domain, also contains a number of other 

domains: a domain of unknown function (DUF1065), an ankryin repeats (ANK) domain and  

two putative helicase domains (Figure 1.2.4) (Liao et al., 2018) that may determine various 

biological consequences of YTHDC2 interaction with m6A (Kretschmer et al., 2018). 

 

Figure 1.2.4. Domain architecture of human YTH domain-containing proteins: 

Schematic showing the domains of YTHDC1 (UniProt ID: Q96MU7), YTHDC2 (UniProt 

ID: Q9H6S0), YTHDF1 (UniProt ID: Q9BYJ9), YTHDF2 (UniProt ID: Q9Y5A9), and 

YTHDF3 (UniProt ID: Q7Z739), adapted with modifications from (Liao et al., 2018). 

 

Beside YTH-domain containing proteins, m6A is recognised by other RNA binding proteins 

(Zhao et al., 2020), these include heterogeneous nuclear ribonucleoproteins HNRNPA2B1 

which binds m6A in microRNAs (Alarcón et al., 2015), HNRNPC and HNRNPG (Zarnack et 

al., 2013) that thought to bind m6A modified RNAs (Liu et al., 2017; Spitale et al., 2015)  as 

a result of m6A-induced structural changes in RNAs (Liu et al., 2017; Spitale et al., 2015) 

Moreover, insulin-like growth factor 2 mRNA-binding proteins 1, 2 and 3 have been shown 

to bind m6A marked mRNAs through their K homology domain (Huang et al., 2018; Müller 

et al., 2019). More recently, proline-rich and coiled-coil-containing protein 2A (PRRC2A) 

has been reported to interact with m6A bearing transcripts via GGACU sequence motif (Wu 
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et al., 2019). Together, these m6A binding protein continue to reveal the diverse functional 

roles of m6A.   

1.3. m6A deposition impacts multiple steps of RNA biogenesis  

1.3.1. Role of m6A in RNA Stability and degradation  

As early as in the 1970s, using [3H] or H3
32PO4 adenosine labelled HeLa cells, Darnell and 

colleagues showed that m6A presence leads to faster turnover of transcripts (Sommer et al., 

1978; Ke et al., 2015). However, the mechanism remained largely unknown until the He lab 

recently demonstrated that YTHDF2 proteins specifically interact with m6A located in 

predominantly GGAC sequence motifs on both messenger and noncoding RNAs to target 

them to RNA degradation sites such as P-bodies (Wang et al., 2014). Importantly, YTHDF2 

knockdown showed extended half-lives of m6A marked RNA (Wang et al., 2014), thereby 

unveiling a critical role for YTHDF2 in regulation the stability of m6A-modified RNAs. 

Subsequently, YTHDF2 has been shown to mediate degradation of m6A marked RNAs by 

recruiting the CCR4-NOT deadenylase complex to corresponding RNAs for decay (Du et al., 

2016). Alternatively, YTHDF2 has also been shown to mediate degradation of m6A marked 

RNAs via its interaction with the human heat-responsive protein 12 (HRSP12) and 

subsequent cleavage of the RNA with the RNase P/MRP endoribonuclease complex (Park et 

al., 2019). In a recently published work, the Jaffrey lab presented data that suggests all 

YTHDF proteins (YTHDF1,2 &3) have a unified role in degradation of m6A marked 

transcripts (Zaccara and Jaffrey, 2020). Thus, their report re-emphasises a fundamental role 

for m6A in regulating RNA stability. Moreover, although this finding is in agreement with 

the  functional compensation between YTHDF proteins, recently reported by the Hannah 

group (Lasman et al., 2020), what underlies the dramatic phenotypic differences between the 

individual knockouts of each of the YTHDF proteins remain largely a mystery. For example, 

while YTHDF2 KO mice exhibit pre-weaning embryonic lethality (Li et al., 2018), neither 
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YTHDF1 nor YTHDF3 KO mice seem to have such a drastic phenotype (Lasman et al., 

2020; Shi et al., 2018; Zhang et al., 2019). This raises an interesting question of whether the 

functional redundancy is temporally and spatially restricted. Nevertheless, the supreme role 

of YTHDF2 in mediating the degradation of m6A modified RNAs remain unchallenged. 

Conversely, m6A has also been shown to recruit HuR proteins that result in stabilisation of a 

select m6A containing RNAs (Wang et al., 2015; Huang et al., 2018). This reader-dependent 

function of m6A was also observed in METTL3 depletion studies, where increased stability 

of m6A depleted transcripts has been detected (Wang et al., 2014; Ke et al., 2017). 

1.3.2. The role of m6A in regulating RNA splicing. 

The m6A presence on pre-mRNA has been shown to regulate alternative splicing both in 

human (Zhao et al., 2014) and flies (Haussmann et al., 2016). The m6A nuclear reader, 

HNRNPA2B1 has also recently been shown to modulate the splicing of micro RNAs in an 

m6A-dependent manner (Alarcón et al., 2015). More recently, another nuclear m6A reader, 

YTHDC1 has been shown to promote alternative splicing of oocyte transcripts as well as 

regulate mRNAs’ polyadenylation (Kasowitz et al., 2018). Taken together, these studies 

reveal an additional layer of RNA processing control mediated by m6A and its reader 

proteins (Zhu et al., 2020). 

1.3.3.  Role of m6A in export of nuclear RNA  

In one of the earliest indications for the role of m6A in promoting RNA nuclear export, 

cycloleucine, a potent inhibitor of methionine transferase, was shown to suppress nuclear 

export of mRNA (Finkel and Groner, 1983). Subsequently, direct inhibition of METTL3 has 

been shown to slow the nuclear export of clock gene transcripts per2 and Arntl and, as a 

result, a longer circadian period has been observed (Fustin et al., 2013). Recently, the m6A 

reader, YTHDC1 has also been implicated in promotion of nuclear export of m6A-marked 

RNAs as its depletion led to nuclear retention of m6A modified mRNAs (Roundtree et al., 
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2017). Extending these findings, Wilson and colleagues confirmed the role of YTHDC1 in 

nuclear export and further demonstrated that the m6A machinery recruit the multi-subunit 

mRNA export machinery, TREX, for nuclear export of m6A marked transcripts (Lesbirel et 

al., 2018). More recently, m6A presence on select noncoding RNAs has been shown to 

accelerate their export (Zuckerman et al., 2020). In like manner, inhibition of the m6A 

demethylase, ALKBH5 has been shown to promote the increased nuclear export of m6A 

marked RNAs (Zheng et al., 2013). Collectively, these studies reveal an important role of 

m6A in promoting nuclear to cytoplasmic export of target RNAs. 

1.3.4. The role of m6A in the regulation of RNA translation. 

The first indication of m6A function in the regulation of RNA translation was presented by 

He and colleagues (Wang et al., 2015). They show that YTHDF1 interacts with m6A-

modified RNA and promote ribosome loading of m6A marked RNAs (Wang et al., 2015). 

Although Wang et aldid not reportchanges in the ratio of m6A modified and nonmodified 

RNAfollowing YTHDF1 knockdown (Wang et al., 2015), more recent reports suggest that all 

YTHDF proteins (YTHDF1/2/3) exhibit functional redundancy in regulating mRNA stability 

but not translation (Zaccara and Jaffrey, 2020). This latest study by the Jaffrey group seems 

to challenge earlier described consequences of m6A in promoting translation of m6A marked 

RNA via YTHDF1 (Wang et al., 2015) but also  fails to explain the obvious disparities in the 

reported phenotypes of YTHDF3 KO (mild) compared to YTHDF2 (embryonic lethal )(Li et 

al., 2018; Shi et al., 2018). 

1.4. Cellular and physiological functions of m6A modified RNA 

1.4.1. The role of m6A in meiosis 

First insights into the physiological and functional role of m6A came from studies in 

Saccharomyces cerevisiae that showed that m6A appears on target mRNA exclusively during 

meiosis (Shah and Clancy, 1992; Clancy et al., 2002). Deposition of m6A on mRNA during 



33 
 

meiosis is mediated by IME4 (inducer of meiosis 4), an orthologue of mammalian m6A 

writer, METTL3 (Agarwala et al., 2012). Although IME4-depleted yeasts survive, the 

absence of IME4 was found to delay entry into meiotic division that is required for proper 

sporulation (Shah and Clancy, 1992; Agarwala et al., 2012; Schwartz et al., 2013). In 

contrast, complete loss of IME4 in Drosophila melanogaster has been shown to result in 

lethality (Hongay and Orr-Weaver, 2011). However, hypomorphic Drosophila melanogaster 

mutants of IME4 have been shown to exhibit aberrant notch signalling that in turn lead to 

defective oogenesis (Hongay and Orr-Weaver, 2011; Kan et al., 2017). Recently, these 

meiotic functions of m6A has also been observed in mammals. For example, mice with testis 

specific METTL3 deficiency exhibit impaired meiosis initiation and sterility (Xu et al., 

2017). Conversely, deletion of the m6A demethylase, ALKBH5, has been shown to result in 

defective spermatogenesis, due, in part, to accumulation of m6A marked transcripts linked 

with cell-death in spermatocytes undergoing meiosis (Zheng et al., 2013). Recently, 

YTHDF2 has been shown to mediate the selective degradation of m6A marked mRNAs 

during oocyte development with its deletion leading to defective oogenesis and subsequent 

infertility (Ivanova et al., 2017). More recently, the involvement of another m6A reader 

protein, YTHDC2, in meiotic initiation and progression of mouse germ cells was reported as 

its depletion was found to impair proper meiosis (Zeng et al., 2020). It is still largely unclear 

to what extent the reported meiotic functions of m6A reader proteins is a consequence of 

their interaction with m6A. 

1.4.2. The role of m6A during stress response 

Motivated by the dynamic nature of m6A modification (Jia et al., 2011), several studies 

uncovered a role for m6A in cellular and organismal stress response. The m6A reader protein, 

YTHDF2 was found to protect m6A deposited on 5’ UTR of stress induced transcripts by 

translocating to the nucleus during heat shock stress (Zhou et al., 2015). The reported 



34 
 

YTHDF2 translocation to the nucleus was shown to be required for protecting heat-induced 

m6A modified transcripts from demethylation by FTO (Zhou et al., 2015), such that they can 

participate in cap-independent translation via interaction with eIF3 (Meyer et al., 2012; 

Meyer and Jaffrey, 2014). In a recent paper, Zhou et al. extended these findings by revealing 

the involvement of m6A in amino-acid starvation-induced stress response (Zhou et al., 2015). 

Direct perturbation of RNA methylation levels by deletion of the writer, METTL3 or 

methylation eraser, FTO, in adult mice neurons compromised fear-induced stress response 

(Engel et al., 2018). Similarly, upon ultra-violet mediated DNA damage, METTL3 mediated 

m6A deposition was observed at the site of damage (Xiang et al., 2017). Collectively, these 

studies further establish m6A as a dynamic modification that can provide cells and organisms 

with a stimulus dependent response.  

1.4.3. The role of m6A in cellular differentiation and development  

Initial hints for m6A physiological role came from studies in yeast that showed knockdown 

of IME4, the yeast METTL3 ortholog, resulted in sporulation defects (Shah and Clancy, 

1992; Agarwala et al., 2012; Schwartz et al., 2013). In multicellular eukaryotes, complete 

loss of the m6A methyltransferase has been shown to often result in lethality. For example, in 

Drosophila melanogaster, complete loss of IME4 is lethal (Hongay and Orr-Weaver, 2011) 

while, hypomorphic mutants of IME4 have been shown to exhibit aberrant notch signalling 

that in turn lead to defective oogenesis (Hongay and Orr-Weaver, 2011; Kan et al., 2017). In 

zebrafish, disruption of mRNA clearance through targeting m6A reader YTHDF2 has been 

shown to result in defective zygotic genomic activation (Zhao et al., 2017). Similar effect of 

YTHDF2 removal has also been documented in mice, where mice oocytes lacking YTHDF2 

failed to undergo proper maternal to zygotic genome activation (Ivanova et al., 2017) largely 

due to defective oocyte competence (Lasman et al., 2020). Direct disruption of m6A patterns 

through complete METTL3 deletion in mice proved to be challenging due to its embryonic 
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lethal phenotype (Geula et al., 2015). However, mouse and human METTL3 knockout ES 

cells are viable but fail to differentiate properly (Dominissini et al., 2012; Geula et al., 2015), 

largely due to prolonged expression of pluripotency factors, NANOG and SOX2 (Batista et 

al., 2014). Tellingly, METTL3 KO mouse embryos die between embryonic day 3.6 to 6.5 

which is known to coincide with onset of differentiation (Batista et al., 2014). In a similar 

manner to METTL3 deletion, METTL14 KO mice also failed to properly transition through 

epiblast stage, further confirming the role of m6A in regulating cellular differentiation and 

development (Meng et al., 2019). Investigation of SMAD2/3 interactome in human 

pluripotent stem cells by Bertero et al revealed that SMAD2/3 interacts with METTL3/14 to 

guide m6A deposition on TGFβ/activin signalling pathway transcripts linked with 

pluripotency (Bertero et al., 2018). In further support for m6A role in promoting cellular 

differentiation, unlike their wild type counterparts, METTL3 KO hematopoietic stem cells 

failed to properly differentiate upon stimulation due to the failure of expression of MYC 

mRNA that is m6A-modified in wild type cells (Lee et al., 2019). The role of m6A in 

regulating differentiation and development also extends to the nervous system (Hsu et al., 

2017) where the presence of m6A-enriched transcripts is the highest amongst different tissues 

(Meyer et al., 2012; Chang et al., 2017). Disruption of m6A deposition via METTL14 

depletion has been shown to impair axonal regeneration in adult mouse dorsal root ganglion 

(Weng et al., 2018). Similarly, disruption of m6A patterns via METTL3 depletion in mouse 

embryonic brain tissues has been shown to result in delayed cell-cycle of radial glia that, in 

turn, extended cortical neurogenesis (Yoon et al., 2017). Since such decreased proliferation 

rate was also observed upon FTO depletion (Li et al., 2017), it may suggest that a tight 

balance between the rate of m6A deposition to and removal from different transcripts is key 

to ensure proper differentiation and development of the brain (Li et al., 2017). 
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1.4.4. The role of m6A in disease  

In addition to its role in development, by virtue of its reversible nature and its major role in 

almost all steps of RNA metabolism, it is perhaps unsurprising that links between m6A mis-

regulation and multiple diseases have been uncovered (Barbieri and Kouzarides, 2020). High 

levels of the m6A methyltransferase, METTL3 was found in acute myeloid leukaemia cells 

compared to healthy hematopoietic stem/progenitor cells (Vu et al., 2017). Depletion of 

METTL3 using short heterogeneous RNA (shRNA) treatment was found to promote 

differentiation, death of leukemic cells or delayed leukaemia progression (Vu et al., 2017), 

suggesting the potential therapeutic target of METTL3 in myeloid leukaemia (Vu et al., 

2017). The Kouzarides lab confirmed these findings and further identified a select group of 

gene promoters whose binding by METTL3 is found to be essential to promote translation of 

their transcripts and subsequent myeloid leukaemia progression (Barbieri et al., 2017). Soon 

after these reports and in similar manner to METTL3 (Vu et al., 2017), METTL14 has been 

shown to promote self-renewal and progression of acute myeloid leukaemia as its suppression 

promoted terminal myeloid differentiation (Weng et al., 2018). In all three studies, the role of 

METTL3/METTL14 deposited m6A in promoting translation of oncogenic transcripts is 

consistently highlighted (Barbieri et al., 2017; Vu et al., 2017; Weng et al., 2018). METTL3 

over-expression has also been implicated in many cancer types. In lung cancer, METTL3 

over-expression thought to promote translation of oncogenic transcripts through association 

with the translation initiation machinery (Lin et al., 2016). Similarly, in liver cancer, 

METTL3 over-expression was found to promote the translation of oncogenic transcripts that 

are critical for epithelial to mesenchymal transition (Lin et al., 2019). In addition to m6A 

methyltransferases, there is a growing appreciation for the role of m6A demethylases in 

diseases. For example, a consistently increased expression of FTO has been reported in many 

cases of human cancers (S. Yang et al., 2019; Barbieri and Kouzarides, 2020). In human 
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melanoma cells, FTO overexpression thought to promote melanoma cell growth by exposing 

key transcripts involved in tumour suppression to YTHDF2 decay, these include PD-1, C-X-

C motif chemokine receptor 4, and SRY-Box transcription factor 10 (S. Yang et al., 2019). 

Similarly, FTO and YTHDF1 has also been shown to promote tumour cell growth and 

differentiation in acute myeloid leukaemia and melanoma respectively (Li et al., 2017). The 

association of FTO over-expression with tumorigenicity of cancer cells has also been 

reported in breast cancer cells (Niu et al., 2019). In a similar manner to FTO, ALKBH5 over-

expression has also been shown to promote proliferation, migration, and invasion of cancer 

cells (Barbieri and Kouzarides, 2020). For example, ALKBH5 over-expression has been 

shown to promote the stability of plasmacytoma variant translocation 1, an oncogenic long 

noncoding RNA, in osteosarcoma cells (Chen et al., 2020). Although mounting evidence 

demonstrate the critical roles of m6A writer and eraser proteins in cancer (Barbieri and 

Kouzarides, 2020), it remains largely unclear to what extent the reported roles of these 

proteins in cancer are dependent on their ability to bind m6A. Nonetheless, perturbation of 

m6A reader proteins has also been implicated in the pathogenesis of many cancers (Barbieri 

and Kouzarides, 2020). For example, YTHDF1 over-expression was found to promote 

ovarian cancer metastasis by increasing the translation of targets transcripts in an m6A-

dependent fashion (T. Liu et al., 2020), a feature that has been document in other cancers 

(Barbieri and Kouzarides, 2020). YTHDF2 misexpression has also been implicated in 

initiation and/or progression of multiple cancers, ranging from acute myeloid leukemia; 

where YTHDF2 was found to mediate the decay of m6A modified pro-apoptotic tumour 

necrosis factor signalling pathway transcripts (Paris et al., 2019). In prostate cancer, 

YTHDF2 over-expression was found to promote proliferation of prostate cancer cell lines, 

and its inhibition suppressed proliferation and migration of prostate cancer cells (T. Liu et al., 

2020), whereas in hepatocellular carcinoma YTHDF2 has been suggested to promote 
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metastasis by compromising the immune system through the decay of m6A-containing 

interleukin 11 and serpin family E member 2 transcripts (Hou et al., 2019). Intriguingly, a 

common theme is emerging where changes in m6A levels (directly or indirectly) seem to 

impact the rate of cell cycle both in healthy (cell resisting differentiation, (Lasman et al., 

2020) and in cancer cells (promoting tumorigenicity, (Barbieri and Kouzarides, 2020). 

Despite this, very little is known about the role of m6A in the cell-cycle regulation. 

1.5. RNA:DNA hybrids (R-loops). 

1.5.1. Definitions and potential origins 

Existence of a rudimentary form of RNA:DNA hybrids is thought to predate the very 

emergence of biological systems (Bhowmik and Krishnamurthy, 2019; J. Xu et al., 2020). 

Therefore, it is perhaps unsurprising that RNA:DNA hybrids are not only present in all three 

domains of life (Carles-Kinch and Kreuzer, 1997; Hyjek et al., 2019; Yu et al., 2003) but 

perform essential functions in numerous biological processes including such basic ones as the 

replication of DNA lagging strand by synthesis of Okazaki fragments (Sugino et al., 1972), 

extension and protection of  telomeres (Greider and Blackburn, 1989), erroneous 

incorporation of ribonucleotides during DNA leading strand synthesis (Lujan et al., 2013; 

Nick McElhinny et al., 2010) and within the active site of RNA polymerase II during 

transcription initiation (Nudler et al., 1997). All the aforementioned RNA:DNA hybrids are 

typically made up of less than 11 base pairs (Costantino and Koshland, 2018). However, 

during the transcription of nascent RNA, the newly synthesised RNA can, on exit from the 

active site of RNA polymerase, invade the negatively supercoiled and therefore partially 

unwound double stranded DNA (Liu and Wang, 1987), this permits the RNA to anneal to its 

complementary template DNA strand, generating a longer stretch of RNA:DNA hybrid and 

displace the single stranded DNA, in sum, giving rise to a three-stranded nucleic acid 

structure, known as R-loop (Thomas et al., 1976). Although structural characterisation of 
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such RNA:DNA hybrids was reported since  1970s (White and Hogness, 1977), evidence for 

an in vivo formation of RNA:DNA hybrids was first reported in 1995 by the Crouch lab in 

Escherichia coli study (Drolet et al., 1995). Subsequent studies uncovered the presence of R-

loops in Saccharomyces cerevisiae (Wahba et al., 2011), Caenorhabditis elegans (Castellano-

Pozo et al., 2012), Drosophila Melanogaster (Alecki et al., 2020), zebrafish (Sorrells et al., 

2018), mice (Sanz et al., 2016a), humans (Ginno et al., 2012, 2013) as well as plants (W. Xu 

et al., 2020). Despite the prevalence of R-loops, the precise mechanism of how R-loops 

formation occurs in vivo remain largely unclear (Skourti-Stathaki and Proudfoot, 2014). 

Nonetheless, two models have been proposed, an “extended RNA/DNA hybrid” and “thread 

back” model (Westover et al., 2004). The “extended RNA:DNA hybrid” model suggests that 

R-loops arise because of an extension to the RNA:DNA hybrid formed within the active site 

of RNA polymerase (Westover et al., 2004). In contrast, the “thread-back” model suggests 

that on release from the active site of an RNA polymerase, the nascent RNA “threads-back” 

and re-anneals to its complementary DNA strand by invading the double stranded DNA and 

displacement of a single stranded DNA (Westover et al., 2004). However, the former model 

is not supported by crystallographic structure of RNA Pol II that uncovered the existence of 

two distinct exit channels for the nascent RNA and the template DNA (Westover et al., 

2004). Instead, the thread-back model is more widely accepted (Aguilera and García-Muse, 

2012; Skourti-Stathaki and Proudfoot, 2014) due to observations that formation of 

RNA:DNA hybrids occurs co-transcriptionally e.g. in response to defective transcriptional 

elongation, splicing or termination (Costantino and Koshland, 2015). Such transcriptional 

defects thought to promote formation of R-loops by providing nascent RNA exiting the RNA 

polymerase an extended opportunity to re-anneal to the double stranded DNA, and therefore 

generating an R-loop (Costantino and Koshland, 2015). In addition to defective RNA 

processing, several structural features in the DNA have been shown to promote RNA:DNA 
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hybrid formation. These include, transcription from a genomic region rich in cytosine clusters 

or a G-rich transcript (Yu et al., 2003; Ginno et al., 2013; Chan et al., 2014), the presence of 

specific DNA secondary structures, G-quadruplexes (Sundquist and Klug, 1989), on the non-

template strand (De Magis et al., 2019), negative supercoiling of DNA template (Drolet, 

2006; Roy et al., 2010) and the presence of nicks on the non-template DNA strand (Roy et 

al., 2010). Although the thread-back model necessitates co-transcriptional formation of 

RNA:DNA hybrids (Huertas and Aguilera, 2003; Aguilera and García-Muse, 2012), recent 

evidence challenges the universality of this mechanism. For example, R-loops can also form 

in response to abnormal processing of post-transcriptional events, such as RNA export 

(Huertas and Aguilera, 2003) and defective degradation of RNA (Costantino and Koshland, 

2015). In addition, RNA:DNA hybrids have also been shown to form in trans, away from the 

initial site of transcription, evidence for this was first described in yeast where induction of 

indigenous transcript was shown to form an RNA:DNA hybrid with an artificial yeast 

chromosome (Wahba et al., 2013).  

1.5.2. Consequences of RNA:DNA hybrid formation 

As the thermodynamic stability of RNA:DNA hybrids is higher than that of double stranded 

DNA (Roberts and Crothers, 1992), regardless of how they form, the mere presence of 

RNA:DNA hybrids in the genome have been found to influence a number of important 

biological processes (Santos-Pereira and Aguilera, 2015; Niehrs and Luke, 2020), 

contributing to both physiological and pathological consequences (Aguilera and García-

Muse, 2012; Crossley et al., 2019).  

1.5.2. The role of RNA:DNA hybrids in DNA replication  

The earliest evidence for involvement of RNA:DNA hybrids in DNA replication was presented 

in 1972 by Okazai and colleagues in their investigation of the discontinuous mechanism of 

DNA replication (Sugino et al., 1972). Subsequent studies showed that the RNA component of 
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the RNA:DNA hybrid is targeted for removal, by the RNA:DNA hybrid specific ribonuclease 

H (RNase H) (Itoh and Tomizawa, 1980; Masukata et al., 1987). Similarly, RNA:DNA hybrids 

have been shown to prime DNA synthesis from bacteriophage T4 replication origins following 

infection (Carles-Kinch and Kreuzer, 1997). In later years, the involvement of RNA:DNA 

hybrids has been extended to synthesis of leading strand, where the RNA component of the 

hybrid  provides a primer for DNA polymerases in species  ranging from Saccharomyces 

cerevisiae (Baldacci et al., 1984), to mammals  (Pohjoismäki et al., 2010; Xu and Clayton, 

1995). Interestingly, by overlapping DNA replication origins in human cells with published 

maps of R-loop distribution in mammals, recently, Gómez and colleagues proposed that human 

cells could also employ RNA:DNA hybrids together with G-quadruplexes for the initiation of 

DNA replication (Lombraña et al., 2015), although clear experimental support for  R-loop role 

in initiation of DNA replication remain to be seen (Ekundayo and Bleichert, 2019). 

1.5.4. The role of RNA:DNA hybrids in Ig class switch recombination. 

In response to stimulation (e.g. through a contact with a foreign antigen), B-cells undergo a 

process called immunoglobulin (Ig) class switch recombination (CSR) that is responsible for 

switching B-cell antibody production from IgM (immunoglobulin M) to IgG, IgE or IgA 

(Chaudhuri and Alt, 2004; Stavnezer et al., 2008). At the molecular level, CSR occurs within 

a G-rich non-template DNA strand of 25–80 bp tandem repeats stretching over several 

kilobases, termed the S region (Dunnick et al., 1993). In stimulated B-cells, it is thought that 

non-coding (sterile) transcripts (Manis et al., 2002; Shinkura et al., 2003) are generated in the 

S-region where they form stable RNA:DNA hybrids (Daniels and Lieber, 1995; Reaban and 

Griffin, 1990). In a seminal paper by Lieber and colleagues, the presence of RNA:DNA hybrid 

in the S-region of stimulated B-cell was not only confirmed to take place in vivo but also shown 

to be part of stable R-loops (Yu et al., 2003). As a result, the G-rich non-template, single 

stranded DNA, displaced by the formation of R-loops in the S-region, becomes a target for 
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deamination by the activation-induced cytidine deaminase (AID) (Chaudhuri et al., 2003). In 

turn, AID-mediated deamination of cytosine bases to deoxyuridine is thought to mediate double 

strand DNA break (Catalan et al., 2003; Faili et al., 2002; Petersen-Mahrt et al., 2002). The 

deoxyuridine is targeted for removal by uracil DNA glycosylase (UNG), a component of the 

base excision repair (BER) (Petersen-Mahrt et al., 2002). UNG processing of deoxyuridines 

has been shown to result in an abasic site whose processing by the apurinic/apyrimidinic 

endonuclease 1 (APE1) is found sufficient for nick formation that precede CSR (Chaudhuri 

and Alt, 2004; Imai et al., 2003; Kao et al., 2013; Petersen-Mahrt et al., 2002). Ironically, 

despite the essential role of R-loops in mediating CSR, failure to properly regulate the 

formation of R-loops or untimely removal  has been shown to compromise the genomic 

integrity of B-cells itself (Chaudhuri and Alt, 2004; Pefanis et al., 2014). These threats to 

genomic stability posed by the presence of R-loops is predominantly driven by the vulnerability 

of the displaced single stranded DNA to genotoxic attack (Crossley et al., 2019; Lindahl, 1993; 

Santos-Pereira and Aguilera, 2015).  

1.5.5. The role of RNA:DNA hybrids in transcriptional regulation 

Although transcription is necessary to generate R-loops, accumulating evidence suggest that 

transcription itself is subject to regulation by R-loops (Aguilera and García-Muse, 2012; 

Crossley et al., 2019). First in vivo indication of R-loops’ role in transcriptional regulation came 

from studies of topoisomerase 1 deficient Escherichia coli cells (Drolet, 2006; Drolet et al., 

1995). In these bacterial cells, negative supercoiling increased as a result of topoisomerase 

deficiency was found to promote excessive R-loops formation and growth defect that can be 

rescued by overexpression of RNase H, R-loops specific ribonuclease (Drolet, 2006; Drolet et 

al., 1995). Studies on the impact of excessive R-loops formation leading to hyper-negative 

supercoiling in Escherichia coli, and Saccharomyces cerevisiae showed that, unless resolved, 

it compromises fidelity of transcription (Baaklini et al., 2008; El Hage et al., 2010). 



43 
 

Subsequently, work from the Proudfoot and Gromak labs showed that R-loops formation in the 

G-rich sequences of 3’end in mammalian genes, contribute to efficient transcriptional 

termination by pausing RNA polymerase II (Gromak et al., 2006; Skourti-Stathaki et al., 2011). 

In addition to promoting transcriptional termination, R-loops formed at 3’-end of highly 

transcribed convergent genes are thought to prevent transcriptional read through into the 

adjacent locus (Crossley et al., 2019; Sanz et al., 2016a). Consistent with this, recent evidence 

suggest that formation of R-loops also acts as a strong barrier for RNA polymerase II mediated 

transcription (Belotserkovskii et al., 2017), potentially contributing to transcriptional stress 

(Saponaro et al., 2014). While promoting transcription termination in cis, R-loops have also 

been suggested to promote antisense transcription from the displaced single stranded DNA 

(Nair et al., 2020; Skourti-Stathaki et al., 2014; Tan-Wong et al., 2019). This is thought to lead 

to the formation of double stranded RNA at transcriptional pause sites, ultimately leading to 

the formation of repressive chromatin marked by H3K9me2 (Skourti-Stathaki et al., 2014). 

However, genome-wide R-loop mapping by the Chedin lab did not seem to corroborate the 

presence of repressive histone marks in R-loops harbouring genomic regions (Sanz et al., 

2016a). Similarly, the presence of RNA:DNA hybrids has also been shown to disfavour the 

presence of histone proteins (Dunn and Griffith, 1980; Crossley et al., 2019). In addition to 

promoting transcriptional termination (Skourti-Stathaki et al., 2011), recent genome-wide 

mapping of R-loops using a variety of methods demonstrate enrichment of R-loops at 

promoters of mammalian genes (Chen et al., 2017; Ginno et al., 2012; Nadel et al., 2015; Sanz 

et al., 2016a). Such promoter associated R-loops have been suggested to counter promoter 

DNA methylation (Ginno et al., 2012) by hindering binding of methyltransferases to 

unmethylated CpG islands (Grunseich et al., 2018; Ginno et al., 2012). Correspondingly, 

excessively accumulated R-loops were associated with hypomethylation in Aicardi-Goutières 

syndrome genome that lack optimal R-loop resolution mechanism (Lim et al., 2015). This 
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hypomethylated feature is thought to render R-loop harbouring promoters accessible for 

transcription activation (Boque-Sastre et al., 2015; Cloutier et al., 2016; Arab et al., 2019), 

potentially through recruitment of enzymes involved in active DNA demethylation (Arab et 

al., 2019). Paradoxically, R-loops have also been shown to impede transcription elongation and 

serve as sites of recombination (Huertas and Aguilera, 2003; Domínguez-Sánchez et al., 2011; 

Aguilera and García-Muse, 2012). These features of R-loop formation necessitate tight balance 

between their rate of deposition and removal to prevent potential deleterious consequences. 

1.5.6. RNA:DNA hybrids and genome instability 

Despite the important role R-loops play in physiological processes ranging from transcriptional 

regulation to class switch recombination in B-cells, persistent R-loops formation can also pose 

significant threat to genome instability. The earliest evidence for R-loops involvement in 

genome instability came from studies of Saccharomyces cerevisiae mutants of the THO 

complex (Huertas and Aguilera, 2003). THO is a multimeric protein complex composed of 

HPR1, MFT1 and THP2 proteins that mediate nuclear export of polyadenylated mRNAs in a 

transcription dependent manner (Chávez et al., 2000), in association with the TREX complex 

(Aguilera and Gómez-González, 2008). THO mutant Saccharomyces cerevisiae showed 

defective nuclear export, excessive R-loop accumulation and hyperrecombination (Huertas and 

Aguilera, 2003; Luna et al., 2005). Interestingly, the hyper-recombination was shown to be R-

loop dependent as over-expression of the RNA:DNA hybrid ribonuclease H suppressed the 

hyper-recombination phenotype of THO mutants (Huertas and Aguilera, 2003; Jimeno et al., 

2002; Luna et al., 2005). Subsequently, mutation of THO/TREX has been shown to lead to R-

loop accumulation-mediated genome instability in humans (Domínguez-Sánchez et al., 2011), 

suggesting a conserved THO/TREX function complex in safeguarding genome stability by 

limiting excessive R-loops formation (Santos-Pereira and Aguilera, 2015). In addition to their 

role in transcription-associated recombination (Belotserkovskii et al., 2017; Crossley et al., 
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2019), persistent R-loops have been shown to cause genome instability in variety of other 

processes (Santos-Pereira and Aguilera, 2015; Costantino and Koshland, 2018). These include, 

forming physical impediment to progression of replication fork in dividing cells (Gan et al., 

2011; Kotsantis et al., 2016; Stork et al., 2016; Wellinger et al., 2006), especially in head-on 

collision with replisome (Hamperl et al., 2017; Lang et al., 2017; Matos et al., 2020), DNA 

fragmentation (Li and Manley, 2005), activation-induced deaminase (AID) mediated 

hypermutation from the non-template single stranded DNA (Petersen-Mahrt et al., 2002; 

Chaudhuri et al., 2003; Imai et al., 2003; Kao et al., 2013), as well as exacerbating DNA 

damage repair by impeding the binding of DNA damage repair proteins to sites of double 

stranded DNA breaks (Aguilera and Gómez-González, 2008; Cohen et al., 2018; Gorthi et al., 

2018; Quan Zhu et al., 2018; Barroso et al., 2019). Paradoxically, R-loops have also been 

implicated in mediating DNA damage repair. For example, Fischer and colleagues showed that 

transient RNA:DNA hybrids are essential for homologous recombination-mediated DNA 

damage repair in yeast genome as depletion of transient hybrids via RNase H over-expression  

led to strand resection (Ohle et al., 2016). Similarly, R-loops mediated recruitment of Rad52 

have been shown to mediate transcription-associated homologous recombination repair of 

double strand breaks in human cells (Yasuhara et al., 2018), suggesting a conserved mechanism 

of R-loops-mediated double strand break repair. Moreover, DROSHA-mediated RNA:DNA 

hybrid formation around DNA double strand break sites is crucial for error-free repair (Lu et 

al., 2018). The apparently contradictory roles of RNA:DNA hybrids in double strand breaks 

formation and repair suggest the existence of cell-type specific mechanisms to maintain a tight 

lid on physiological DNA repair-related RNA:DNA hybrids, which are likely to be short lived 

(Depamphilis et al., 2012), from their transitioning to persistent pathological R-loops (Crossley 

et al., 2019; García-Muse and Aguilera, 2019).      
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1.5.7. Mechanisms of RNA:DNA hybrid resolution  

Given the threat persistent R-loops can pose to genomic stability (Crossley et al., 2019; 

García-Muse and Aguilera, 2019), eukaryotic genomes deploy a variety of surveillance 

mechanisms to either prevent the unscheduled formation of R-loops or ensure their rapid 

dissolution once they formed (Skourti-Stathaki and Proudfoot, 2014). Since defective 

transcription and transcript processing have been shown to contribute to R-loops formation, 

there is increasing realisation that one of the ways organisms keep a lid on R-loop levels is to 

prevent their formation in the first place (Kim and Jinks-Robertson, 2012; Wahba et al., 

2011), for example, by ensuring the precise spatial and temporal regulation of transcriptional 

events that can contribute to R-loop formation (Paulsen et al., 2009; Santos-Pereira and 

Aguilera, 2015), starting from initiation (Dumelie and Jaffrey, 2017) to elongation 

(Domínguez-Sánchez et al., 2011; Zatreanu et al., 2019), splicing (Li and Manley, 2005; 

Nguyen et al., 2019), nuclear export and degradation (Aguilera and García-Muse, 2012; 

Huertas and Aguilera, 2003). Despite this, nascent RNA has been shown to exhibit strong 

tendency to re-anneal to excessively negative supercoiled DNA template (Drolet et al., 1994), 

as a result, organisms deploy specific proteins and modification of local chromatin structure 

to keep in check levels and duration of transcription associated hyper-negative supercoiling to 

limit R-loop formation (Tuduri et al., 2009; El Hage et al., 2010; Cristini et al., 2019; Fragola 

et al., 2020); (Bayona-Feliu et al., 2017; Zeller et al., 2016). In case any of the preventative 

mechanisms fail, and unscheduled R-loops build-up as a result, organisms from bacteria to 

human developed a specific class of ribonucleases called RNase H (Cerritelli and Crouch, 

2009; Hyjek et al., 2019). In eukaryotic organisms, there are two types of RNase H enzymes, 

RNase H1 and RNase H2 and both of them catalyse dissolution of RNA:DNA hybrids by 

endonucleolytical degradation of the RNA component of the hybrids (Cerritelli and Crouch, 

2009; Skourti-Stathaki and Proudfoot, 2014). Whereas RNase H1 acquired the ability to both 
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bind the RNA:DNA hybrid and degrade the RNA part of the hybrid (Gaidamakov et al., 

2005), RNase H2 is made-up of three different protein subunits, RNase H2A that comprise 

the catalytic subunit, RNase H2B, and RNase H2C (Reijns et al., 2012; Zimmer and 

Koshland, 2016; Hyjek et al., 2019). Unlike RNase H2, RNase H1 has been shown to bind to 

the majority of nuclear R-loops in vivo (Zimmer and Koshland, 2016; Chen et al., 2017) 

suggesting differences in their R-loop targeting efficiencies (Lockhart et al., 2019). In 

addition to RNase H proteins, eukaryotic genomes use the SETX, a putative senataxin 

encoded RNA:DNA helicase to resolve RNA:DNA hybrids (Kim et al., 1999) in species 

ranging from yeast (Mischo et al., 2011) to humans (Skourti-Stathaki et al., 2011). More 

recently, senataxin has been implicated in the resolution of R-loops formed at sites of double 

strand DNA breaks (Cohen et al., 2018; Bader and Bushell, 2020), suggesting a possible 

function for this enzyme in the repair of DNA double strand breaks (Skourti-Stathaki and 

Proudfoot, 2014). In addition, a family member of PIF1 DNA helicase, Pif1p has also been 

implicated in the resolution of RNA:DNA hybrid structures (Boulé and Zakian, 2007). 

Defining R-loops resolution by the ability of a given protein to suppress γH2AX (a central 

mark of DNA damage) signal in eukaryotes (Georgoulis et al., 2017), recent genome-wide 

screens (Paulsen et al., 2009) and proteomic analysis (Cristini et al., 2018; Wang et al., 2018) 

indicate the presence of hundreds of previously unknown factors potentially involved in R-

loop resolution and genome stability (Hegazy et al., 2020), yet many of these remain 

completely unexplored. 

1.5.8. Detection and mapping of RNA:DNA hybrids 

Recognising the diverse biological functions that R-loops play in transcriptional regulation 

(Santos-Pereira and Aguilera, 2015) and genome stability (Aguilera and Gómez-González, 

2008; Paulsen et al., 2009; Costantino and Koshland, 2018; García-Muse and Aguilera, 

2019), several strategies that aim to detect RNA:DNA hybrids have been developed (Boque-
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Sastre et al., 2017; Halász et al., 2017; Vanoosthuyse, 2018). The most widely used 

RNA:DNA hybrid mapping strategy involves the use of S9.6, a monoclonal anti-RNA:DNA 

hybrid antibody (Boguslawski et al., 1986) that has high specificity for RNA:DNA hybrids 

over other nucleic acid structures (Boguslawski et al., 1986; Phillips et al., 2013). Using 

sensitivity of R-loops structures to RNase H treatment as a control, S9.6 antibody has been 

used to study R-loops as part of several techniques, including dot-blot (Wahba et al., 2013), 

immunofluorescence staining (García-Rubio et al., 2015; Stork et al., 2016; Hamperl et al., 

2017; Barroso et al., 2019), and affinity purification of R-loop structures (Chan et al., 2014; 

El Hage et al., 2014; Nadel et al., 2015; Cristini et al., 2018) often followed by high-

throughput sequencing for genome-wide mapping of R-loops (Ginno et al., 2012; Sanz et al., 

2016a; Wahba et al., 2016; Cristini et al., 2018; Kabeche et al., 2018). In addition to detection 

of R-loops using S9.6 antibody, recently, a catalytically inactive RNase H has been used for 

mapping genome-wide profiles of R-loops (Ginno et al., 2012; Chen et al., 2017). Moreover, 

compared to double stranded DNA, the RNA comprising R-loops increases molecular weight 

of sequences harbouring R-loops, and as a result, R-loop-containing sequences has been 

shown to have a distinct electrophoresis in electrophoretic mobility shift (EMSA) analysis 

(Daniels and Lieber, 1995). Accordingly, EMSA has been used to study R-loops in the S 

region of stimulated B-cells during class switch recombination (Yu et al., 2003). 

Alternatively, R-loops can be mapped at single nucleotide resolution by exposing the 

displaced single stranded DNA across R-loop containing regions to sodium bisulfite 

treatment, which converts cytidine bases to uracils, which are identified as thymine bases by 

PCR (Yu et al., 2003, 2006; Malig et al., 2020). Taking clues from sequences known to be 

prone to R-loop formation, recently, a computational model for prediction of R-loop 

detection has been proposed (Jenjaroenpun et al., 2015). Despite the various ways R-loops 
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can be mapped, there is a growing appreciation of limitations of these techniques (Halász et 

al., 2017; Hartono et al., 2018; Vanoosthuyse, 2018).  

1.6. Aims of the thesis 

Despite the knowledge of N6-methyladenosine (m6A) deposition on RNAs for decades, 

interest in the potential biological functions of m6A, from development to disease, has only 

intensified following the recent discovery of enzymes demonstrated its reversible and dynamic 

nature. As a result, m6A has been implicated in almost all steps of RNA metabolism. 

Meanwhile, the DNA counterpart of m6A, N6-methyldeoxyadenosine (6mA) that was thought 

to be confined to prokaryotic and unicellular eukaryotic genomes, recently, has also been 

discovered in Drosophila, Caenorhabditis elegans, and Chlamydomonas reinhardtii genomes. 

Although these findings led to multiple searches for 6mA in higher eukaryotes, due to technical 

limitations often combined with insufficiently controlled experiments, the results of these 

initial attempts proved contradictory, thus further propagating uncertainty regarding 6mA 

presence in vertebrate genomes.  

1.6.1. Investigate the potential presence of N6-methyladeoxyadenosine (6mA) in the 

human genome. 

The first and primary aim of this thesis was therefore to investigate the presence of 6mA in the 

genome of human pluripotent stem cells (hPSCs). As described in chapter 3.1 – 3.3, 6mA was 

not detectable neither using the highly sensitive immunostaining technique nor with the ultra-

sensitive mass spectrometry.  

1.6.2. Investigate the origin of chromatin-associated 6mA/m6A immunostaining signal in 

human cells. 

Although 6mA was undetected in human cells, paradoxically, the immunostaining analysis 

showed persistent 6mA/m6A signal refractory to treatments with RNase A or DNase I. As 
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described in chapter 3.4, using multiple independent approaches, this thesis uncovers the 

presence of RNase H-sensitive m6A-marked RNA:DNA hybrids in hPSCs.  

1.6.3. Investigate the genome-wide distribution of m6A marked RNA:DNA hybrids in 

human cells 

As m6A presence on RNA:DNA hybrids was not known before, there was no protocol for 

genome-wide mapping of m6A marked RNA:DNA hybrid profiles. Therefore, in chapter 4 of 

this thesis, a novel technique for genome-wide mapping of m6A-marked RNA:DNA hybrids 

is presented. Remarkably, at the sequence levels, there was an almost complete over-lap of 

m6A-decorated R-loops with S9.6 captured R-loops, suggesting that m6A marks most 

RNA:DNA hybrids in hPSCs. 

 

1.6.4. Interrogate the relationship between m6A marked RNA:DNA hybrids and 

transcription. 

The discovery that m6A marks the majority of RNA:DNA hybrids prompted the interrogation 

of transcriptional profiles of genomic sequences harbouring m6A marked RNA:DNA hybrids. 

In chapter 5.1. – 5.2 

 

1.6.5. Investigate the relationship between histone modifications and m6A marked 

RNA:DNA hybrids in human pluripotent stem cells. 

Previous investigations of S9.6 mapped R-loops suggested potential modulation of histone 

modifications in R-loop containing loci. As described in chapter 5.3, the relationship between 

m6A marked RNA:DNA hybrids and histone modifications is investigated. Interestingly, m6A 

marked RNA:DNA hybrid did not exhibit significant overlap with any of the known histone 

marks.  
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1.6.6. Investigate the cell-cycle dynamics of m6A marked RNA:DNA hybrids in human 

pluripotent stem cells. 

Following the discovery of m6A on RNA:DNA hybrids, there was a persistently high m6A 

immunostaining signal in mitotic cells compared to interphase cells. As described in chapter 6, 

this prompted the investigation of m6A marked RNA:DNA hybrid dynamics in flow 

cytometry-sorted G0/G1, S, and G2/M cell-cycle phases. Interestingly, m6A-marked 

RNA:DNA hybrids showed preferential enrichment in S and G2/M cell-cycle phases compared 

to cells in G0/G1. Importantly, both m6A-marked RNA:DNA hybrids and S9.6 pulled-down 

R-loops exhibited identical cell-cycle dynamics. 

 

1.6.7. Investigate the biological function of m6A on RNA:DNA hybrids. 

One of the best characterized function of m6A on RNA is its ability to shorten messenger RNA 

lifespan. As described in chapter 7, this prompted modulation of m6A levels through targeted 

depletion of its writer enzyme, which led to genome-wide accumulation of RNA:DNA hybrids, 

suggesting m6A involvement in regulating the stability of RNA:DNA hybrids in human cells.  

In chapters 8 and 9, YTHDF2, one of the best characterised readers of m6A, is shown to co-

localise with RNA:DNA hybrids in vivo and physically interact with m6A marked RNA:DNA 

hybrids in vitro. Importantly, both the transient and CRISPR-cas9-mediated depletion of 

YTHDF2 led to pronounced accumulation of RNase H-sensitive RNA:DNA hybrids, cell 

growth retardation and increased DNA damage in human and mouse cells, suggesting a 

conserved role for m6A in regulating the stability of RNA:DNA hybrids. The implications of 

these findings are discussed in chapter 10. 
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Chapter 2: Materials and methods 

2.1. Materials: 

2.1.1. Cell lines and mouse tissues 

REBL-PAT human induced pluripotent stem cells (hiPSCs) were generated previously from 

patient skin derived fibroblasts using CytoTune 2.0 nonintegrating Sendai virus 

(ThermoFisher) (Duncan et al., 2017). HUES7 hESCs were gifted by Chad Cowan and Doug 

Melton at the Harvard Stem Cell Institute (Cowan et al., 2004). HeLa, LN-18 and U87MG 

cancer cell lines were gifts from Dr Beth Coyle of Nottingham University, sourced from 

ATCC. YTHDF2 knockout (CRISPR/Cas9-mediated deletion of 140bp in exon3, resulting in 

frameshift and premature stop codon) HAP1 cells (Horizon Discovery, no. 

HZGHC006678c001) and their isogenic WT parental HAP1 cells were obtained from Horizon 

Descovery. Wild type and Ythdf2 KO mouse neural stem cells (mNSCs) together with wild 

type and Ythdf2 KO mouse embryonic cortex were previously derived from WT and Ythdf2 

KO mouse E14.5 embryonic forebrain (Li et al., 2018). 

2.1.2. Antibodies 

Table 2.1.2. List of primary and secondary antibodies used for immunofluorescence (IF), 

Western blot (WB), ChIP and DRIP procedures. The table shows the name of antibodies, 

supplier, catalogue number, and procedure(s) the antibody were used in throughout this thesis.  

Antibody Supplier Catalogue number Procedure 

Anti-m6A rabbit polyclonal Synaptic systems 202003 IF/DRIP/WB 

Anti-DNA-RNA Hybrid S9.6 

antibody 

Merck Millipore MABE1095 IF/DRIP/WB 

Anti-m1A mouse monoclonal Diagenode C15200235 IF 
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Anti-5mC mouse monoclonal Diagenode C15200081-100 IF 

Anti-phospho-Histone H3 

(Ser10) mouse monoclonal 

Cell Signalling (6G3) 9706 IF 

Anti-5hmC mouse monoclonal Diagenode C15220001-50 IF 

Anti-YTHDF1 rabbit polyclonal ProteinTech 17479-1-AP IF/WB 

Anti-YTHDF2 rabbit polyclonal ProteinTech 24744-1-AP IF/ChIP/WB 

Anti-HNRNPA2B1 mouse 

monoclonal 

Novus NB120-6102SS IF/ChIP 

Anti-γH2AX mouse monoclonal Merck 05-636 IF/ChIP 

peroxidase-conjugated anti-

rabbit secondary antibody 

ThermoFisher 65-6120 IF 

Alexafluor 633-conjugated 

secondary antibody 

ThermoFisher A-21052 IF 

Top1 Abcam ab109374 WB 

METTL3 rabbit polyclonal Bethyl 

Laboratories 

A301-567A WB 

Lamin B1 rabbit polyclonal Abcam ab16048 WB 

 

2.1.3. Immunofluorescence reagents 

Table 2.1.3. Immunofluorescence reagents for staining mammalian cells and paraffin 

embedded tissues. Details of antibodies used are provided in Table 2.1.2. 

Reagent/material Supplier Catalogue 

number 

8-well glass chamber slides ThermoFisher 154534PK 
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Glass Coplin jar Cole-Parmer UY-48585-30 

Xylene ThermoFisher 6601 

Ethanol, anhydrous denatured, 

histological grade 

Sigma Aldrich 64-17-5 

Phosphate buffer saline (PBS) Fisher Scientific 12821680 

4% paraformaldehyde (PFA) Sigma Aldrich P6148 

Tween 20  Sigma Aldrich P9416 

Triton X-100  Sigma Aldrich X100 

Slide moisture chamber Scientific Device Laboratory 197-BL 

BSA (blocking solution) Sigma Aldrich A9418 

22 x 32 mm Glass cover slips BDH 406/0188/24 

Mounting Medium with DAPI Vector Labs H-1200 

Nail polish Cosmetic retailers (e.g. Boots) Colourless 

Hydrochloric Acid, 37% Fisher Scientific 7647-01-0 

RNase A Qiagen 19101 

RNase H NEB M0297S 

Turbo DNase Invitrogen AM1907 

Tyramide signal amplification Kit 

Plus Fluorescein System 

Perkin Elmer NEL741001KT 

 

2.1.4. Cell culture reagents: 

Table 2.1.4.1. Human pluripotent stem cell culture reagents. This includes reagents for 

culturing both REBL-PAT hiPSCs and HUES7 hESCs.  
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Reagent Supplier Catalogue 

number 

Essential 8TM medium LifeTechnologies A1517001 

Corning® Matrigel® Corning 356235 

Phosphate-buffered saline (PBS) Gibco™ 14190-094 

TrypLE™ Select Enzyme ThermoFisher 12563029 

ROCK inhibitor Tocris Bioscience 1254/10 

Non-Essential Amino Acids Gibco™ 11140050 

100 μM β-mercaptoethanol Sigma 63689 

GlutaMAX Gibco™ 35050061 

DMEM-F12 Gibco™ 11320033 

Knockout Serum Replacement Gibco™ 10828028 

KaryoMAX™ Colcemid™ Solution ThermoFisher 15212012 

Basic Fibroblast Growth Factor Peprotech 100-18B 

 

Table 2.1.4.2. Cell culture reagents for HeLa, LN-18 and U87MG cancer cell lines. 

Reagent Supplier Catalogue number 

DMEM Gibco™ 11965092 

Fetal Bovine Serum (FBS) heat inactivated ThermoFisher F4135 

Penicillin-Streptomycin (P/S) Gibco™ 15140122 

Phosphate-buffered saline (PBS) Gibco™ 14190-094 

Trypsin-EDTA (0.25%) Gibco™ 25200056 

 

Table 2.1.4.3. Cell culture reagents for wild type and YTHDF2 KO HAP1 cells. 
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Reagent Supplier Catalogue number 

DMEM/F12 Gibco™ 11320033 

Fetal Bovine Serum (FBS) heat inactivated ThermoFisher F4135 

Penicillin-Streptomycin (P/S) Gibco™ 15140122 

Phosphate-buffered saline (PBS) Gibco™ 14190-094 

Trypsin-EDTA (0.25%) Gibco™ 25200056 

Attachment Factor Protein Gibco™ S006100 

 

2.1.5. Flow cytometry materials and reagents to sort human cells into G0/G1, S and G2/M 

phases of the cell cycle.  

Material and reagents Supplier Catalogue number 

RNase A (100µgml) Qiagen 19101 

Phosphate-buffered saline (PBS) Gibco™ 14190-094 

Ethanol, anhydrous denatured, 

histological grade 

Sigma Aldrich 64-17-5 

Propidium iodide (10µgml) Sigma-Aldrich P3566 

MoFlo Astrios EQ Beckman B25982 

Beckman Coulter Kaluza Beckman 2.1 sofware 

 

2.1.6. Chromatin immunoprecipitation reagents  

Materials and reagents Supplier Catalogue number 

Formaldehyde (36.5-38%) Sigma-Aldrich F8775 

EZ-Magna ChIP A/G ChIP kit Merck 17-10086 

Covaris S2 ultrasonicator Covaris S220 
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Anti-YTHDF2 rabbit polyclonal antibody ProteinTech 24744-1- AP 

anti-HNRNPA2B1 mouse monoclonal 

antibody 

Novus NB120-6102SS 

anti-γH2AX mouse monoclonal antibody Merck 05-636, clone JBW301 

 

2.1.7.1. Materials and reagents for m6A and S9.6 DRIP as well as m6A RIP 

Materials and reagents Supplier Catalogue 

number 

DNeasy Blood & Tissue Kit Qiagen 69504 

Kapa Library Quantification Kit Kapa Biosystems KK4823 

The Agilent 2200 TapeStation system Aiglent Technologies  

Phenol:Chloroform:Isoamyl Alcohol 

25:24:1 

Aldrich P2069-100ML 

RNeasy mini Kit Qiagen 74104 

NanoDrop™ 2000/2000c ThermoFisher ND-2000 

Proteinase K (PK) Solution Promega MC5005 

Phosphate-buffered saline (PBS) Gibco™ 14190-094 

DynaMag™-2 Magnet ThermoFisher 12321D 

SuperScriptIII Reverse Transcriptase Invitrogen 2072529A 

Dynabeads™ M-280 Sheep Anti-Rabbit IgG Invitrogen 11203D 

Triton X-100  Sigma Aldrich X100 

EpiMark N6-Methyladenosine Enrichment 

Kit 

NEB E1610S 

Anti-m6A rabbit polyclonal antibody Synaptic systems 202003 
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Random hexamers Invitrogen 1831815 

Dynabeads™ M-280 Sheep Anti-Mouse IgG Invitrogen 11201D 

Anti-DNA-RNA Hybrid S9.6 antibody Merck Millipore MABE1095 

RNase H NEB M0297S 

RNase A Qiagen 19101 

Turbo DNase Invitrogen AM1907 

Covaris S2 ultrasonicator Covaris S220 

QIAquick PCR purification kit Qiagen 28104 

Nuclease free water NEB B1500S 

Qubit™ Flex Fluorometer Invitrogen Q33327 

NEBNext® Multiplex Oligonucleotides for 

Illumina ® 

NEB E7335S 

NEB Next DNA Ultra Library Preparation 

Kit  

NEB E7370 

 

2.1.7.2. Buffers for m6A DIP and S9.6 DRIP: 

Buffer Composition 

Lysis buffer 20 mM Tris pH8.0, 4mM EDTA, 20mM NaCl, 1% SDS 

10x IP buffer 100 mM Na-phosphate pH 7.0 (monodibasic), 1.4 M NaCl, 0.5 % Triton 

X-100. 

TE buffer 10mM Tris pH7.5, 1mM EDTA. 

PBS (1X) 137 mM NaCl, 2.7 mM KCl, 8 mM Na2HPO4, and 2 mM KH2PO4; 

pH 7.5. 
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Proteinase K 

buffer 

20 mM Tris pH 8.0, 4 mM EDTA, 20 mM NaCl, 1 % SDS. 

 

2.1.8. Oligonucleotides: 

2.1.8.1. Primers used for RT-qPCR (For assessing the expression levels of the 

corresponding loci) 

Oligonucleotide name Sequence 

METTL3 forward CAAGCTGCACTTCAGACGAA 

METTL3 reverse GCTTGGCGTGTGGTCTTT 

YTHDF2 forward ACCTTACTTGAGTCCACAGG 

YTHDF2 reverse AGCCAATGGAGGGACTGTAG 

HNRNPA2B1 forward AGGTGCTCCTCGCAGAGT 

HNRNPA2B1 reverse TCCTAGAACTCTGAACTTCCTGC 

RNAse H1 forward CAGGAATCGGCGTTTACTGG 

RNAse H1 reverse TCACCTCTTTCCCTGCACTT 

GAPDH forward GATGCTGGCGCTGAGTACG 

GAPDH reverse GCAGAGATGATGACCCTTTTGG 

HECW1 forward ATACAGCTACAACCCCGACC 

HECW1 reverse CTGAGAGTGCCCGATGGAAT 

MAN2B2 forward GTCCCACATCCCTTTCTCCA 

MAN2B2 reverse GAACTGCTTGTCACATCCCC 

RANBP17 forward CAACCTTCTACACAGCGCTC 

RANBP17 reverse GCCCGATCAACATACGCTTT 
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2.1.8.2. Primers used for verifying the genotype of Wild type and CRISPR cas9 

mediated YTHDF2 KO HAP1 cells. 

Primer sequence 

YTHDF2 3rd exon 

forward 

AATTATGCTTATGCACCTAGCTCCT 

YTHDF2 3rd exon 

reverse 

ATGCCATTCTTGGTCTTCAGTTTAG 

 

2.1.8.3. Primers used for investigating enrichment in m6A DIP, S9.6 DRIP and ChIP 

experiments. 

Primer sequence 

LINE1 forward AGGCCACTGTGTGCGCGC 

LINE1 reverse CCAGGTGTGGGATATAGTCTC 

Alu-Y forward AGATCGAGACCATCCTGGCT 

Alu-Y reverse CCGCCTCCCGGGTTCACGCC 

Alu-S forward GCCGAGGCGGGCGGATCACC 

Alu-S reverse GCCTCCCGAGTAGCTGGGAT 

α-satellites Novus, NBP1-71654SS 

MYH16 forward AGAGCAGAGCAACAGAGACT 

MYH16 reverse TTCCCTACTGAGTCCTCCCA 

HECW1 forward CCCTTGACTCCCTTTCTCCC 

HECW1 reverse AGGGAGGGGAAGAAAGAGAG 

MAD1L1 forward TCACCACCATTCTCACGTCA 

MAD1L1 reverse TGATGGTGTGGAGAGTGGTC 
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MAN2B2 forward CCACTGCTATGACCACCACT 

MAN2B2 reverse ACAGTGATGGGTGGTGATCA 

LPA forward AGTATTTTGTGGTTTTGATGCCA 

LPA reverse AACCCAGCAAGCTTAAACGC 

RANBP17 forward CACACGCAGAACCACACATA 

RANBP17 reverse CAGAAGCTAAGATGTGTGTGTGT 

RANBP17 Downstream 

F 

GGTGGTGGAAATTAGCAGGC 

RANBP17 Downstream 

R 

GGCAGAGGAGTTTAGTGACCA 

HECW1 Downstream F TGTCCTACCCCTACCCAAGA 

HECW1 Downstream 

R 

TTGGAGGGCTAAAGGACAGG 

 

2.1.8.4. Oligonucleotides used for spike-in during m6A and S9.6 DRIP experiments: 

These oligonucleotides were used to make synthetic RNA:DNA hybrids in which the 

RNA component either m6A modified or non-modified. Importantly, the DNA oligo was 

designed to include flanking primer sequences for assessment by qPCR. 

Name Sequence 

m6A-RNA oligo CCUAUGAGCAACGUGUUAGAUGGGCCGUUCAUCUGCUAAAA 

GGXCUGCUUUUGGGGCUUGUGCAAAGAUCAAACAACUUGU, 

where X is m6A 

non-modified 

RNA oligo 

CCUAUGAGCAACGUGUUAGAUGGGCCGUUCAUCUGCUAAAA 

GGACUGCUUUUGGGGCUUGUGCAAAGAUCAAACAACUUGU 
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DNA oligo GGATACTCGTTGCACAATCTACCCGGCAAGTAGACGATTTT 

CCTGACGAAAACCCCGAACACGTTTCTAGTTTGTTGAACA 

Amplification 

primer F 

ACAAGTTGTTTGATCTTTGC 

Amplification 

primer R 

CCTATGAGCAACGTGTTAG 

 

2.1.8.4. Oligonucleotides used in electrophoretic mobility-shift assays (EMSA). These 

were to assess affinity of YTHDF2 to m6A modified and non-modified RNA:DNA 

hybrids compared to its affinity to single stranded m6A modified and nonmodified RNA 

oligonucleotides. 

Name Sequence 

Non-modified 

RNA oligo 

AUGGGCCGUUCAUCUGCUAAAAGGACUGCUUUUGGGGCUUGU 

m6A-

containing 

RNA oligo 

AUGGGCCGUUCAUCUGCUAAAAGGXCUGCUUUUGGGGCUUGU 

where X is m6A 

DNA oligo ACAAGCCCCAAAAGCAGTCCTTTTAGCAGATGAACGGCCCAT 

 

2.1.8.5. Buffers used in EMSA  

Buffer Composition 

High salt binding 

buffer 

12.5 mM Hepes pH 7.9, 5 mM MgCl2, 0.5 mM EDTA, 80/150 

mM NaCl, 1 mM DTT, 0.025 % NP-40, 50 µg/ml BSA, 15 % 

glycerol 
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Low salt binding 

buffer 

6 mM Hepes pH 7.9, 4 mM Tris HCl pH 8.0, 30 mM KCl, 1 mM 

EDTA, 1 mM DTT, 30 µg/ml BSA, 5% glycerol 

 

2.1.9. siRNAs, transfection reagents, bacteria, plasmids 

Material and reagents Supplier Catalogue number 

Human METTL3 siRNA Dharmacon 56339 

Human HNRNPA2B1 

siRNA 

ThermoFisher 4390824 

Human YTHDF2 siRNA Qiagen GS51441 

Human RNase H1 siRNA Dharmacon M-012595-00-0010 

Non-targeting siRNA ThermoFisher D-001210-02 

DharmaFECT Dharmacon T-2001-01 

pEGFP-RNASEH1 plasmid Addgene 108699 

pmaxGFP Lonza VDC-1040 

FuGENE® HD Promega E2312 

DH5α Competent Cells Invitrogen 18265017 

QIAprep Spin Miniprep Kit  Qiagen 27104 

 

2.1.10. PCR, RT-PCR, and RT-qPCR 

Table 2.1.10. Reagent was used for PCR, RT-PCR, and RT-qPCR experiments. 

Material and reagents Supplier Catalogue number 

SuperScriptIII Reverse Transcriptase Invitrogen 2072529A 

Nuclease free water NEB B1500S 

RNeasy mini Kit Qiagen 74104 
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RNase-Free DNase Set Qiagen 79254 

DTT (0.1M) ThermoFisher P2325 

1st strand synthesis kit ThermoFisher 18080400 

Phusion® High-Fidelity DNA 

Polymerase 

NEB M0530S 

Random hexamers Invitrogen 1831815 

dNTPs NEB N0447S 

SYBR Green PCR Master Mix Sigma-Aldrich S4438 

ABI 7500 Real-Time PCR system Applied Biosystems 4351105 

 

2.1.11. Microscopes 

Zeiss LSM780 Confocal microscope 

Zeiss LSM 710 Confocal microscope (DIC) 

Nikon Eclipse 90i wide-field microscope 

 

2.2. Cell culture experiments  

Cell culture was carried out in a mycoplasma free Class II safety cabinet.  

2.2.1. Human pluripotent stem cells  

REBL-PAT human induced pluripotent stem cells (hiPSCs) and HUES7 human embryonic 

stem cells (hESCs) were cultured in Essential 8 medium with supplement (no. A1517001) on 

Matrigel-coated tissue culture fasks at 37 °C with 5% CO2. Approximately, every 3 days the 

cells were passaged by replacing E8 medium with PBS to wash the cells, followed by 

incubation with TrypLE Select Enzyme at 37°C in a humidified incubator with 5% CO2 to 

dissociate the cells. After 4 minutes, TryPLE was inactivated with BGK solution (DMEM-F12 
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medium supplemented with 100 μM β-mercaptoethanol, 1% GlutaMAX, 1% Non-Essential 

Amino Acids, 1% GlutaMAX and 15% Knockout Serum Replacement). Cells were then 

pelleted by centrifugation for 4 min at 160g, resuspendend in freshly prepared E8 medium 

supplemented with 10μM Rocki before seeding them into a freshly prepared Matrigel-coated 

tissue culture flask at approximately 25000 cells/cm2. The E8 medium is replaced every 24hrs 

without Rocki supplementation until next split. Culture is restarted with a frozen batch of low 

passage cells after 20-30 passages. Use of the HUES7 hESC line was approved by the UK 

Medical Research Council Steering Committee in association with the UK Stem Cell Bank. 

2.2.2. KaryoMAX Colcemid treatment  

To obtain mitotic cell-enriched culture, hPSCs were treated with a 1:100 dilution of 

KaryoMAX Colcemid Solution when the cells were at their peak doubling time (24-48 hrs 

following seeding) and incubated at 37 °C in a humidified incubator with 5% CO2. After 3 hrs, 

the KaryoMAX containing medium was discarded and the cells were replenished with fresh 

KaryoMAX free E8 medium and incubated for 24hrs at 37 °C in a humidified incubator with 

5% CO2. The cells were collected for either staining or DRIP experiments. 

2.2.3. Fluorescence-activated cell sorting (FACS) 

Approximately 70% confluent REBL-PAT hPSCs were enzymatically dissociated, washed in 

PBS and fixed for 2 hrs in 70 % ethanol, washed again in PBS, stained with propidium iodide 

solution (PBS solution supplemented with 10 μg/ml propidium iodide, 0.1 % Triton X-100 and 

100 μg/ml RNase A) and sorted based on the PI staining intensity into G0/G1, S and G2/M cell 

cycle phases at 98% purity after excluding debris and apoptotic cells with forward vs side 

scatter gating using Beckman Coulter Astrios EQ and Beckman Coulter Kaluza Analysis 2.1 

software.  
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2.2.4. Cell culture for cancer cell lines 

2.2.4.1. LN18, LN229, and U87MG glioblastoma cell lines 

LN18, LN229, and U87MG were cultured in DMEM (high glucose) supplemented with 10% 

heat-inactivated fetal bovine serum and 1% penicillin/streptomycin at 37 °C in a humidified 

incubator with 5% CO2. The culture medium was replaced daily. To passage cells (every 3-4 

days), the culture medium was discarded, and the cells were washed with sterile PBS, before 

dissociating them with trypsin for 3 minutes at 37 °C with 5% CO2. The excess trypsin in 

dissociated cells was quenched with culture medium and the cells were pelleted by 

centrifugation for 4 min at 160g. After discarding the supernatant, the cells were resuspended 

in complete medium and incubated at 37 °C in a humidified incubator with 5% CO2 until next 

split or collected for experimentation.  

2.2.4.2. HeLa cell culture 

HeLa cells were cultured essentially in the same conditions as in 2.2.3.2. The principal 

difference was that HeLa cells were passaged every 3rd day. The culture was replaced with a 

frozen batch of low passage cells after 20 passages. 

2.2.4.3. HAP1 cell culture 

Wild type and YTHDF2 KO HAP1 cells were cultured on DMEM/F12 (Gibco Life 

Technologies, no. 11320033) supplemented with 20% heat-inactivated fetal bovine serum 

containing 1% pen/strep at 37 °C in a humidified incubator with 5% CO2. Cells were passaged 

when reached between 70-80 % confluency. Cells were regularly inspected to confirm the 

largely haploid genome is maintained and the culture is replaced with a frozen batch of low 

passage cells after 10 passages. 

2.2.4. Wild Type and Ythdf2 KO mouse Neural Stem cell culture 
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Wild Type and Ythdf2 KO mouse Neural Stem cells were cultured in our collaborator’s lab as 

described in (Li et al., 2018). 

2.2.5. Growth curve of Wild type and YTHDF2 KO HAP1 cells  

After reaching about 60 % confluency, wild type and YTHDF2 KO HAP1 cell cultures were 

passaged and seeded 4x T25 tissue culture flasks at 350x104 cell each, this was labelled day 

zero. After 24hrs, 1x T25 flask from WT and YTHDF KO cells were dissociated and the total 

number was determined using hemocytometer. This was repeated every 24 hrs for 96 hrs in 

total. The same cell counting was repeated twice more using a fresh batch of WT and YTHDF2 

KO cells in each case. The average number of both WT and YTHDF2 KO for each day was 

plotted against time (hrs). Statistical significance was determined using two-tailed t-test 

following assessment of variance with F-test. 

2.2.6. Short interference RNA knockdown of target genes 

For depletion of target transcripts (METTL3, YTHDF2, HNRNPA2B1, RNase H1), hPSCs were 

transfected with 50 pmol of the corresponding siRNA duplex using DharmaFECT (GE 

Lifesciences) in antibiotic free medium (Optimum), according to Manufacturer’s instructions. 

After 24 hrs of incubation at 37 °C in a humidified incubator with 5% CO2, the medium was 

repeated once more and the cells incubated for further 24 hrs at 37 °C in a humidified incubator 

with 5% CO2. The next day, the cell were harvested for either RT-qPCR, DRIP, ChIP or for 

staining if transfection was performed on hPSCs cultured in Matrigel-coated 8-well glass 

chamber slides.  As a control, hPSCs were transfected with a non-targeting siRNA. 

2.2.7. pEGFP-RNASEH1 plasmid transfections in HAP1 cells 

For overexpression of RNase H1, 2 µg of a C-terminally eGFP-tagged human RNASEH1 

(nuclear isoform) pEGFP-RNASEH1 plasmid was transfected into wild type and YTHDF2 KO 

HAP1 cells using the FuGENE® HD Transfection Reagent (Promega) at 3:1 ratio as per the 
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manufacturer’s instruction. A parallel transfection with the pmaxGFP (Lonza) was used as a 

control green fluorescent protein (GFP)-only plasmid. The cells were incubated at 37 °C in a 

humidified incubator with 5% CO2. The transfection was repeated after 24hrs and the cells 

were harvested for staining or DRIP. 

2.3. Molecular Biology Experiments 

2.3.1. Growth of pEGFP-RNASEH1 plasmid containing bacteria 

To amplify the pEGFP-RNASEH1 plasmid DNA for transfections, the stab of pEGFP-

RNASEH1 plasmid containing bacteria was spread on Kanamycin (50 µg/mL) containing LB-

agar plates and a single colony from the surviving clones was grown overnight at 37 °C in 10 

mL of Kanamycin (50 µg/mL) containing LB medium.  

2.3.2. Isolation of pEGFP-RNASEH1 plasmid 

Plasmid isolation was performed using Qiagen’s Qiaprep Spin Miniprep kit as instructed by 

the manufacturer. The purified plasmid was quantified prior to use verifications. 

2.3.3. Verification of pEGFP-RNASEH1 plasmid 

Following isolation, pEGFP-RNASEH1 plasmid was verified by sequencing. 

2.3.4. Verification of Wild type and YTHDF2 KO HAP1 cells. 

YTHDF2 KO HAP1 cells was generated by the manufacturer via CRISPR/Cas9-mediated 

deletion of 140bp in exon 3, leading to frameshift and generation of premature stop codon 

(Figure 2.3A). The deletion was confirmed by sequencing (Figure 2.3B) and PCR (D) with 

primers highlighted in B. 
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Figure 2.4. Validation of YTHDF2 KO in HAP1 cells. (A) Schematic illustrating structure 

of wild type (WT) YTHDF2 protein and truncated protein expressed in YTHDF2 KO HAP1 

cells. The lengths (aa) of the proteins and YTH domain are shown. (B) The alignment of 

genomic sequences of YTHDF2 exon 3 in WT and YTHDF2 KO (KO) HAP1 cells. (C) The 

alignment of protein sequences corresponding to YTHDF2 exon 3 in WT and YTHDF2 KO 

(KO) HAP1 cells. The premature stop codon generated by deletion/frameshift in KO is 

presented in red. (D) The results of PCR performed using genomic DNA isolated from WT and 

YTHDF2 KO HAP1 cells and the primers corresponding to the sequences of YTHDF2 exon 3 

are depicted in red in (B).  

2.3.5. Functional validation of YTHDF2 KO in HAP1 cells by immunostaining. 

The 140 bp deletion from the c-terminal region of YTHDF2 impacts its YTH-(m6A binding)-

domain. Therefore, it was hypothesised in YTHDF2 KO HAP1, if any, only a truncated version 

would exist resulting from early stop codon. This was verified by immunostaining wild type 

and YTHDF2 KO HAP1 cells for YTHDF2 as described in 2.4.8. In contrast to wild type cells 

in which YTHDF2 staining was detected in the mitotic chromatin, YTHDF2 KO cells did not 

exhibit mitotic YTHDF2 staining. These results further confirmed the functional impairment 

the 140 bp deletion causes on YTHDF2. 
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2.4. Immunostaining experiments 

2.4.1 m6A immunocytochemistry in non-denaturing conditions 

For m6A staining in non-denaturing (no HCl treatment) conditions, to each well of a 8-well 

Matrigel coated chamber slide, approximately 13x104 REBL-PAT hiPSCs were seeded, and 

the cells were fixed for 15 minutes in 4 % paraformaldehyde (PFA) after reaching 60-70% 

confluency. After safely discarding the fixative, the cells were washed 3 times, for 5 minutes 

each, with PBS, permeabilized with PBS solution containing 0.5 % Triton X-100 and washed 

5 times for 5 minutes each with PBS to remove excess detergent. Following permeablization, 

the cells were blocked in PBS containing 10 % FBS before replacing the blocking solution with 

1:200 dilution of rabbit anti-m6A antibody in blocking buffer. After 30 minutes incubation at 

room temperature in a humidified chamber, excess antibody was removed with 3 washes, 5 

minutes each, using PBS solution containing 0.01 tween 20 before applying goat anti-rabbit 

HRP-conjugated secondary antibody (1:400 dilution) in blocking solution for an hour in 

humidified chamber at room temperature. Excess secondary antibody was removed with 3 

washes, 5 minutes each, using PBS solution containing 0.01% tween 20 followed by 2 minutes 

incubation in Tyramide (1:200 TSA buffer) solution. The slide was washed 3 times for 5 

minutes each before coating the slide with DAPI containing mounting medium and sealed for 

examination using microscopy. In parallel, slides with no primary and no secondary antibodies 

were included as controls. 

2.4.2. Co-immunostaining of m6A and 5-mC in denaturing conditions 

For m6A staining in denaturing (with HCl treatment) conditions, to each well of a 8-well 

chamber slide, approximately 13x104 REBL-PAT hiPSCs were seeded, and the cells were fixed 

for 15 minutes in 4 % paraformaldehyde (PFA) after reaching 60-70 % confluency. After safely 

discarding the fixative, the slide containing the cells was washed 3 times, for 5 minutes each, 
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with PBS, permeabilized with PBS solution containing 0.5 % Triton X-100 and washed 5 times 

for 5 minutes each with PBS to remove excess detergent. Following permeablization, the slides 

containing the cells were incubated for 1 hr at room temperature in 4N HCL solution. 

Following the DNA denaturation step, the 4N HCl was safely discarded and the slides were 

washed 5 times, 5 minutes each, with PBS to remove residual HCl. Next, the slides were 

blocked in PBS containing 10 % FBS before replacing the blocking solution with a mixture of 

1:200 dilution of rabbit anti-m6A antibody and 1:100 dilution of mouse anti-5mC antibody in 

blocking buffer. After 1 hr incubation in a humidified chamber at room temperature, excess 

antibody was removed with 3 washes, 5 minutes each, using PBS solution containing 0.01% 

tween 20 before incubating in blocking buffer containing a mixture of goat anti-rabbit HRP-

conjugated secondary antibody (1:400 dilution)  and 1:400 dilution of Alexafluor 633- 

conjugated secondary antibody for an hour in humidified chamber at room temperature. Excess 

secondary antibody mixture was removed with 3 washes, 5 minutes each, using PBS solution 

containing 0.01% tween 20 followed by 2 minutes incubation in Tyramide (1:200 TSA buffer) 

solution. The slide was washed 3 times for 5 minutes each before coating the slide with DAPI 

containing mounting medium and sealed for examination using microscopy. In parallel, slides 

with no primary and no secondary antibodies were included as controls. This staining was 

repeated three times using biologically independent samples. 

2.4.3. Co-immunostaining of m6A and PH-3, 6mA and 5mC in no RNase condition, RNase 

A only and RNases A and H. 

The staining was essentially performed using previously described procedure (Abakir et al., 

2016). Briefly, for m6A co-staining with PH-3 in denaturing (with HCl treatment) conditions, 

each well of a 8-well Matrigel-coated chamber slide was seeded with approximately 13x104 

REBL-PAT hiPSCs, and the cells were fixed for 15 minutes in 4% paraformaldehyde (PFA) 

after reaching 60-70% confluency. After safely discarding the fixative, the slide containing the 
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cells was washed 3 times for 5 minutes each with PBS, permeabilized with PBS solution 

containing 0.5% Triton X-100 and washed 5 times, for 5 minutes each with PBS to remove 

excess detergent. Following permeablization, the slides were separates into three groups: No 

RNases treated, treatment with only 25 mg/mL RNase A, or treatment with RNase H buffer 

containing a mixture of  25 mg/mL RNase A and 10U of RNase H and incubated overnight at 

37 °C. After discarding excess RNase solution, the slides were then incubated 1hr at room 

temperature in 4N HCL solution for DNA depurination. Following the DNA denaturation step, 

4N HCl was safely discarded and the slides were washed 5 times, for 5 minutes each, with PBS 

to remove residual HCl. The slides were next blocked in PBS containing 10% FBS before 

replacing the blocking solution with a mixture of 1:200 dilution of rabbit anti-m6A antibody 

and 1:200 dilution of mouse anti-phospho-Histone H3 antibody or 1:200 dilution of rabbit anti-

m6A antibody and 1:100 dilution of mouse anti-5mC antibody in blocking buffer. After 1 h 

incubation in a humidified chamber at room temperature, excess antibody mixtures were 

removed with 3 washes, 5 minutes each, using PBS solution containing 0.01% tween 20 before 

incubating in blocking buffer containing a mixture of goat anti-rabbit HRP-conjugated 

secondary antibody (1:400 dilution)  and Alexafluor 633-conjugated secondary antibody for an 

hour in humidified chamber at room temperature. Excess secondary antibody mixture was 

removed with 3 washes, 5 minutes each, using PBS solution containing 0.01% tween 20 

followed by 2 minutes incubation in Tyramide (1:200 TSA buffer) solution. The slide was 

washed 3 times for 5 minutes each before coating the slide with DAPI containing mounting 

medium and sealed for examination using microscopy. In parallel, slides with no primary and 

no secondary antibodies were included as controls. This staining was repeated three times using 

biologically independent samples. 

2.4.4. Co-immunostaining of YTHDF2 and RNA:DNA hybrids (S9.6) 
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The staining was performed using previously described procedure (Sollier et al., 2014). Briefly, 

for YTHDF2 co-staining with S9.6, each well of 8-well Matrigel-coated chamber slide was 

seeded with approximately 13x104 REBL-PAT hiPSCs, and after reaching 60-70% confluency, 

cells were fixed for 15 minutes in 4% paraformaldehyde (PFA). After safely discarding the 

fixative, the cells were washed 3 times for 5 minutes each, with PBS, permeabilized with PBS 

solution containing 0.5% Triton X-100 and washed 5 times, for 5 minutes each, with PBS to 

remove excess detergent. Next, the slides were blocked in PBS containing 10% FBS for 1 h 

before replacing the blocking solution with a mixture of 1:500 dilution of rabbit anti-YTHDF2 

antibody and 1:200 dilution of mouse anti-phospho-Histone H3 antibody or 1:200 dilution of 

rabbit anti-m6A antibody and a 1:500 dilution of mouse S9.6 monoclonal antibody in blocking 

buffer. After 1 h incubation in a humidified chamber at room temperature, excess antibody 

mixtures were removed with 3 washes, 5 minutes each, using PBS solution containing 0.01% 

tween 20 before incubating in blocking buffer containing a mixture of goat anti-rabbit HRP-

conjugated secondary antibody (1:400 dilution)  and Alexafluor 633-conjugated secondary 

antibody for an hour in humidified chamber at room temperature. Excess secondary antibody 

mixture was removed with 3 washes, 5 minutes each, using PBS solution containing 0.01% 

tween 20 followed by 2 minutes incubation in Tyramide (1:200 TSA buffer) solution. The 

slides were washed 3 times for 5 minutes each before coating the slide with DAPI containing 

mounting medium and sealed for examination using microscopy. In parallel, slides with no 

primary and no secondary antibodies were included as controls. This staining was repeated 

three times using biologically independent samples. 

2.4.5. Co-immunostaining of YTHDF1 and phosphorylated histone H3 in hPSCs cells 

The same immunostaining procedure as in 2.4.4 was followed except for primary antibodies. 

Blocking solution contained a mixture of a 1:500 dilution of rabbit anti-YTHDF1 and 1:200 

dilution of mouse anti-phospho-Histone H3 antibody. In parallel, slides with no primary and 
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no secondary antibodies were included as controls. This staining was repeated three times using 

biologically independent samples. 

2.4.6. Co-immunostaining of YTHDF2 and phosphorylated histone H3 in hPSCs. 

The same immunostaining procedure as described in 2.4.4 was followed except for primary 

antibodies. Blocking solution contained a mixture of 1:500 dilution of rabbit anti-YTHDF2 

antibody and 1:200 dilution of mouse anti-phospho-Histone H3 antibody. In parallel, slides 

with no primary and no secondary antibodies were included as controls. This staining was 

repeated three times using biologically independent samples. 

2.4.7. Co-immunostaining of HNRNPA2B1 and m6A in hPSCs 

The immunostaining procedure described in 2.4.4 was followed except for primary antibodies.  

Blocking solution contained a mixture of 1:200 dilution of mouse anti-HNRNPA2B1 antibody 

and 1:200 dilution of rabbit anti-m6A antibody. In parallel, slides with no primary and no 

secondary antibodies were included as controls. This staining was repeated three times using 

biologically independent samples. 

2.4.8. Co-immunostaining of YTHDF2 and phosphorilated histone H3 in WT and 

YTHDF2 KO cells 

The same immunostaining procedure as in 2.4.4 was followed except that HAP1 cells were 

seeded onto attachment factor protein coated 8-well chamber slides and, for primary antibodies, 

blocking solution containing a mixture of 1:500 dilution of rabbit anti-YTHDF2 antibody and 

1:200 dilution of mouse anti-phospho-Histone H3 antibody was used. In parallel, slides with 

no primary and no secondary antibodies were included as controls. This staining was repeated 

three times using biologically independent samples. 

2.4.9. Immuno-competition assay for validation of specificity of anti-m6A antibody  
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To examine specificity of the anti-m6A antibody, hPSCs were co-stained as described in 2.4.2 

for m6A and 5-hydroxymethylcytosine (5hmC) in the presence of no competitor, N6-methyl-

2′-deoxyadenosine-5′-triphosphate (6mATP), unmodified deoxyadenosine triphosphate (ATP) 

or deoxythymidine triphosphate (TTP) from deoxynucleotide triphosphate set. 

2.4. 10. Immunostaining of 1-methyladenosine (m1A) in hPSCs 

The m1A staining was performed as described in 2.4.1 except the anti-m6A antibody was 

replaced with 1:500 dilution of mouse anti-m1A monoclonal antibody in blocking buffer.  

2.4.11. Immunostaining of METTL3 KD hPSCs for phosphorylated γH2AX   

HPSCs cultured in Matrigel-coated 8-well chamber slides were depleted from METTL3 as 

described in 2.2.7 along with control and stained for phosphorylated γH2AX as described in 

2.4.2 except anti-m6A antibody was replaced with 1:200 dilution of mouse anti-γH2AX 

antibody in blocking buffer.   

2.4.12. Immunostaining of HNRNPA2B1 KD hPSCs for phosphorylated γH2AX  

hPSCs cultured in Matrigel-coated 8-well chamber slides were depleted from METTL3 as 

described in 2.2.7 along with controls and stained for phosphorylated γH2AX as described in 

2.4.2 except anti-m6A antibody was replaced with 1:200 dilution of mouse anti-γH2AX 

antibody in blocking buffer.   

2.4.13. Immunostaining of phosphorylated γH2AX in WT and YTHDF2 KO HAP1 cells 

HAP1 WT and KO cells cultured in 8-well chamber slides were stained for phosphorylated 

γH2AX as described in 2.4.2 except anti-m6A antibody was replaced with 1:200 dilution of 

mouse anti- γH2AX antibody in blocking buffer.   
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2.4.14. Immunostaining of wild type and Ythdf2 KO mouse embryonic brain sections for 

phosphorylated γH2AX. 

Generation of Ythdf2 conditional KO mice, followed by cre-mediated deletion and derivation 

of mNSCs from E14.5 embryonic forebrains, was described by Li and colleagues (Li et al., 

2018). All mouse experiments were approved by the Norwegian Animal Research Authority, 

Norwegian Food Safety Authority and performed in accordance with institutional guidelines 

at the Center for Comparative Medicine at Oslo University Hospital. Animal work was 

conducted in accordance with the rules and regulations of the Federation of European 

Laboratory Animal Science Association (FELASA). Immunohistochemistry was essentially 

performed as previously described in (Abakir et al., 2016). Paraffin-embedded E14.5 WT and 

Ythdf2 KO mouse embryonic brain sections were first dewaxed using 2 washes of 10 minutes 

each in xylene at room temperature. Following dewaxing, the tissues were rehydrated by 

successive 10-minute washes in 95, 75, and 50% ethanol at RT. Rehydrated tissues were 

fixed in 4% paraformaldehyde (PFA) at room temperature. Following 15 minutes of 

incubation, excess fixative was safely discarded, and the sections were washed 3 times for 5 

minutes each in PBS before permeabilization in PBS containing 0.5 % Triton-X100 for 30 

minutes at room temperature. Next, excess detergent was removed by 3 washes of 5 minutes 

each prior to incubation in blocking buffer (PBS containing 10% FBS) for 1 h at room 

temperature. The blocking solution was replaced with 1:200 dilution of mouse anti- γH2AX 

primary antibody in blocking buffer. Following 1 h incubation at room temperature, the 

unbound primary antibody was removed with 3 washes of 5 minutes 0.01% Tween 20 in PBS 

before incubation in 1:400 dilution of Alexafluor 633-conjugated secondary antibody for an 

hour in humidified chamber at room temperature. Excess secondary antibody was removed 

with 3 washes, 5 minutes each using PBS solution containing 0.01% tween 20. The sections 

were washed 3 times for 5 minutes each before coating the slide with DAPI containing 
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mounting medium and sealed for examination using microscopy. In parallel, sections with no 

primary and no secondary antibodies were included as controls. This staining was repeated 

three times using biologically independent samples. 

2.5. Microscopy and image analysis 

2.5.1. Widefield microscopy 

Nikon Eclipse 90i fluorescent microscope was employed to rapidly examine whether staining 

experiment worked prior to imaging the samples using confocal microscope.  

2.5.2. Confocal microscopy images  

Representative images (500-nm optical sections) of immunostained mammalian cells were 

acquired with a Zeiss LSM 780 confocal microscope using a Plan Apochromat ×63/1.40 

numerical aperture Oil DIC M27 objective. The images for each experiment were obtained 

using identical acquisition protocol, exposure and gain settings to ensure appropriate 

comparisons between samples.  

2.5.3. Imaging analysis 

Confocal images were processed using Image J (Schneider et al., 2012) and Adobe 

Photoshop. Unless stated otherwise, from each representative image, a minimum of 20 nuclei 

were selected for signal intensity quantifications using the ZEN Zeiss LSM 780 imaging 

software as described in (Ramsawhook et al., 2017). Statistical significance was determined 

GraphPad Prism using 2-tailed t-test following assessment of the variance with F.  

 

2.6. Liquid Chromatography–Tandem Mass Spectrometry (LC–MS/MS) 

 

2.6.1. Preparation of cells for DNA and RNA isolation 

To prepare genomic and total RNA for assessment of 6mA and m6A using LC-MS/MS, 70-

80% confluent mitotic cell-enriched (KaryoMax-colcemid) and asynchronous control REBL-
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PAT hiPSCs and HUES7 hESCs cultures were washed in PBS, dissociated by TrypLE Select 

Enzyme, washed with PBS again and pelleted into 1.5 mL Eppendorf tubes following 

inactivation of TrypLE Select Enzyme with BGK solution.  

2.6.2. Isolation of genomic DNA and RNA. 

Genomic DNA and total RNA was isolated from pelleted hPSCs (REBL-PAT hiPSCs and 

HUES7 hESCs) using DNeasy Blood and Tissue Kit and RNeasy mini Kit respectively 

following manufacturer’s instruction. Approximately 200 µg of DNA and total RNA samples 

were isolated and kept in -20 °C freezer until examined by our collaborators in NEB for 

m6A/6mA presence and quantification.  

2.6.3. Detection and quantification of m6A in genomic DNA and total RNA using LC–

MS/MS 

These experiments were performed by our collaborators (Dr Daniel Gackowski’s group) in 

Department of Clinical Biochemistry, Nicolaus Copernicus University in Toruń, Bydgoszcz, 

Poland. Approximately 15 µg of purified DNA and RNA were used for LC–MS analysis. 

Genomic DNAs and total RNAs were digested to nucleosides by treatment with Nucleoside 

Digestion Mix (NEB, M0649S) overnight at 37 °C. LC–MS/MS analysis was performed in 

duplicate by injecting digested DNAs and RNAs on an Agilent 1290 UHPLC equipped with a 

G4212A diode array detector and a 6490A Triple Quadrupole Mass Detector operating in 

positive electrospray ionization mode. UHPLC was carried out using a Waters XSelect HSS 

T3 XP column (2.1×100mm2, 2.5 µm) with the gradient mobile phase consisting of methanol 

and 10mM aqueous ammonium formate (pH 4.4). MS data acquisition was performed in 

dynamic multiple reaction monitoring mode. Each nucleoside was identified in the extracted 

chromatogram associated with its specific MS/MS transition: dC at m/z 228→112, d5mC at 

m/z 242→126, d5hmC at m/z 258→142, d5fC at m/z 256→140, dA at 252→136, d6mA at 

266→150, rC at m/z 244→112, m5 C at 258→126, Cm at 258→112, rA at 268→136, m1 A 
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at 282→150, Am at 282→136, m6 A at 282→150 and m6 2A at 296→164. External calibration 

curves with known amounts of the corresponding nucleosides were used to calculate ratios 

within the samples analysed. Two independent biological replicates were performed for 

analysis of m6A in genomic DNA and three biological replicates for m6A assessment in total 

RNA extracted from human cells. 

 

2.7. Genome-wide mapping of m6A modified RNA:DNA hybrids in mammalian cells 

2.7.1. DNA isolation  

Genomic DNA was isolated from hPSCs (REBL-PAT hiPSCs and HUES7 hESCs) by 

SDS/Proteinase K treatment at 37 °C followed by incubation with 100 µg/ml–1 RNaseA for 30 

min in lysis buffer, phenol-chloroform extraction, and ethanol precipitation.  

2.7.2. Quantification of genomic DNA. 

Quick assessment of DNA purity and quantification was initially performed using 

NanoDrop™,  then all subsequent genomic DNA and RNA quantifications were performed 

using Qubit™ as instructed by the manufacturer. 

2.7.3. Sonication of genomic DNA 

The DNA was fragmented to 300–600bp using Covaris S2 ultrasonicator (Covaris). Sonication 

was confirmed using the Agilent 2200 TapeStation system (Figure 2.7.3) 
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Figure 2.7.3. Visualization of a typical sample of sonicated DNA fragments using Agilent 

2200 TapeStation system and D1000 reagent. 

2.7.4. RNase H treatment of control samples for m6A and S9.6 DRIP 

Following sonication, genomic DNA was divided in two fractions, one treated with RNase H 

treatment and one without such treatment. RNase H treatment was performed with 10 units of 

RNase H (NEB, no. M0297S) in 1×RNase H buffer overnight at 37 °C. Next day, the samples 

were passed through DNA extraction columns (DNeasy Blood & Tissue Kit) prior to adaptor 

ligation. 

2.7.5. DNA adaptor ligation and library preparation for Illumina sequencing  

Both RNase H treated and untreated genomic DNA samples were ligated with NEB adaptors 

using the NEBNext® Multiplex Oligonucleotides kit as instructed by the manufacturer’s 

protocol. 

2.7.6. S9.6 immunoprecipitation  

S9.6 DRIP was carried out essentially as described previously by the Chedin lab (Ginno et al., 

2012). For every DRIP reaction (RNase H treated and untreated), 10 μg of sonicated genomic 

DNA was diluted in 400 µL of nuclease free water before adding 50 µL of 10x IP buffer and 
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10 µL of S9.6 antibody. The mixture was incubated overnight in an orbital shaker at 4 °C. To 

the mixture, 20 μl of PBS washed Sheep anti-mouse IgG (Dynabeads) were added the next day 

and incubated for 2 hrs in an orbital shaker at 4 °C. After 2 hrs, the samples were placed with 

lids open on a magnetic rack and the supernatant (containing non-precipitated fragments) was 

replaced with two 1xIP buffer washes, 10 minutes each, before returning the samples on the 

magnetic rack to remove the excess IP buffer. The samples containing R-loop enriched 

fragments were then incubated overnight at 55 °C in proteinase K buffer containing 3 μL of 

25mg/mL proteinase K to digest the antibody. The nucleic acids were isolated by column 

purification using QIAquick PCR purification kit. The corresponding primary IgG-only and 

secondary IgG-only (Dynabeads-only) DRIP reactions were used in control 

immunoprecipitations.  

2.7.7. m6A RNA:DNA immunoprecipitation (m6A DIP) 

In order to map m6A-modified RNA:DNA hybrids using the anti-m6A antibody, previously 

described methylated DNA immunoprecipitation (meDIP) approach (Weber et al., 2005) was 

adapted. In every m6A DIP reaction (RNase H treated and untreated), 10 μg of sonicated 

genomic DNA was diluted in 400 µL of nuclease free water and denatured for 10 min at 95 °C 

prior to incubation with 50 µL of 10x IP buffer and 10 µL of anti-m6A antibody. The mixture 

was incubated overnight in an orbital shaker at 4 °C. To the mixture, 20 μl of PBS washed 

sheep anti-rabbit IgG (Dynabeads) were added the next day before incubation for 2 hrs in an 

orbital shaker at 4 °C. After 2 hrs, the samples were placed with lids open on a magnetic rack 

and the supernatant (containing non-precipitated fragments) was replaced with two 1x IP buffer 

washes, 10 minutes each, before returning the samples on the manganic rack to remove excess 

IP buffer.  The samples containing R-loop enriched fragments were then incubated overnight 

at 55 °C in proteinase K buffer containing 3 μL of 25 mg/mL proteinase K to digest the 

antibody. R-loops were isolated by column purification using QIAquick PCR purification kit. 
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The corresponding primary IgG-only and secondary IgG-only (Dynabeads-only) DRIP 

reactions were used in control immunoprecipitations.  

2.7.8. Library preparation and high throughput m6A DIP and S9.6 DRIP sequencing.  

Following immunoprecipitation, adapter-ligated RNA:DNA hybrid-enriched samples were 

amplified for 15 cycles as described in NEB Next DNA Ultra Library Preparation Kit. The  

libraries were quantified using the Kapa Library Quantification Kit. High-throughput 

sequencing was performed using Illumina NextSeq500 platform to generate 2×150-bp reads. 

Primary IgG-only DRIP reactions resulted in levels of DNA insufficient for successful library 

production, even with the maximum number (15) of amplification cycles recommended by 

NEB. A summary of both m6A DIP and S9.6 DRIP is outlined below (Figure 2.7.8).  
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Figure 2.7.8. Workflow for m6A DIP and S9.6 DRIP sequencing techniques.  
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2.8. Whole-transcriptome sequencing 

2.8.1. Total RNA extraction 

RNA extraction from hPSCs was performed using the RNeasy mini kit (QIAGEN) following 

manufacturer’s instructions. Importantly, on-column 15 minutes at room temperature DNase 

digestion using the RNase-Free DNase Set was performed to remove any residual 

contaminating DNA.  

2.8.2. RNA library preparation and sequencing 

RNA sequencing libraries were constructed using Illumina TruSeq Stranded Total RNA 

sample preparation kit according to the manufacturer’s guidelines, and then sequenced on an 

Illumina HiSeq 4000 generating 20–50 million 75-bp paired-end reads per sample. 

2.9. Bioinformatic analysis  

Bioinformatic analysis was carried out in collaboration with the University of Nottingham 

ADAC team. 

2.9.1. Analysis of m6A DIP- and S9.6 -seq data 

The 150-bp Illumina paired-end reads were trimmed using Skewer to remove low-quality 

sequences (Jiang et al., 2014). Reads that passed filtering were aligned to the human Ensembl 

genome (build hg38.89) using the Burrows–Wheeler aligner with default parameters (Li and 

Durbin, 2009). As each biological sample was split across multiple lanes of sequencing, the 

corresponding alignments were merged with Samtools (Li et al., 2009) and de-duplicated to 

remove PCR artifacts with picard-tools MarkDuplicates (Chang et al., 2013). The impact of 

each pulldown was assessed using Phantompeakqualtools (Marinov et al., 2014), and highly 

modified regions (peaks) were identified using MACS2.1.1 (Zhang et al., 2008; Marinov et al., 

2014). Because the exact mode of genomic distribution of m6 A-containing RNA:DNA hybrids 

was initially unknown, detection of both narrow and broad peaks was carried out using -q0.01 

settings for narrow peaks and -broad-cutoff 0.1 (q0.01) for broad peaks. High-confidence peaks 
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and consensus peaks were identified using the bioconductor package DiffBind (Ross-Innes et 

al., 2012). We performed peak calling against input DNA and against secondary IgG-only 

control samples. More than 96% of the m6A DIP peaks called against input were also identified 

using IgG-only controls. Peaks called against input were used for further analysis. Consensus 

peaks were defined using the dba.peakset () function to select for peaks overlapping in both 

replicates. In each instance the replicate sample BAM/bed files, along with the corresponding 

input samples, were used as input. The R package ChipQC (Carroll et al., 2014) was employed 

for assessing the peaks’ genomic distribution and the quality of the sequencing data. The 

Ensembl Genome GTF file (Homo_sapiens.GRCh38.89.gtf) (Zerbino et al., 2018) was 

downloaded and processed to extract gene biotypes, annotated gene features, introns, intergenic 

regions and sequences 3 kb up/downstream of genes. The Repeatmasker Library (db20140131) 

(Bao et al., 2015) was downloaded from UCSC, converted to the ensembl gene build and 

processed to identify repeat masked regions. The Ensembl regulatory build 

(HgGRCh38.Regulatory_Build.regulatory_features.20161111) was downloaded and 

processed to identify regulatory features (Zerbino et al., 2015). The consensus and DMR 

bedfiles were annotated with this list of gene features, gene biotypes, repeat-masked sequences 

and regulatory regions using BedTools intersect (Quinlan and Hall, 2010). The Features present 

in each of the samples were then counted using awk and processed into a matrix.  

2.9.2. Bioinformatics: Comparison of the m6A DIP and S9.6 DRIP peaks datasets with 

genomic distribution of histone modifications in hPSCs. 

Previously released hPSCs ChIP– seq datasets for histone marks (H3K4me1, GSM733782; 

H3K4me2, GSM733670; H3K4me3, GSM733657; H3K27me3, GSM733748; H3K27ac, 

GSM733718; H3K9me3, GSM1003585; H3K36me3, GSM733725; H3K79me2, 

GSM1003547) were compared against consensus peaks using an adaptation of Aaron Quinlans 

bedtools jacard statistic pipeline (https://github.com/arq5x/tutorials/blob/master/bedtools.md).   

https://github.com/arq5x/tutorials/blob/master/bedtools.md
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2.9.3. Analysis of gene expression for the m6A and S9.6 peaks-containing genes 

The whole transcriptome sequencing raw reads were trimmed using Skewer and processed 

using the standard Tuxedo v2 pipeline; reads were aligned to the human genome hg38.89 (from 

biomart) using Hisat2 (Frazee et al., 2015), then novel transcripts were identified and quantified 

using Stringtie. Significantly differentially expressed genes were identified using the default 

Ballgown parametric F-test (Hulsen et al., 2008). The mean levels of expression of genes 

with/without peaks (both across the entire length of genes +/- 3 kb and restricted to peaks within 

specific feature types) were compared and a series of graphs generated using R. The list of 

hPSCs promoter categories defined in the previous study (Verma et al., 2018)  was kindly 

provided by Danwei Huangfu (Memorial Sloan Kettering Cancer Center). The promoters were 

characterised in the previous study as active if they were associated with H3K4me3 (in the 1.5-

kb region flanking the TSS) and H3K79me2 (in the 5-kb region downstream of the TSS), as 

initiated if they were associated with H3K4me3 (in the 1.5-kb region flanking the TSS), as 

bivalent if they were associated with H3K4me3 and H3K27me3 (in the 1.5 kb region flanking 

the TSS) and as silent if they were not associated with H3K4me3 (in the 1.5 kb region flanking 

the TSS) (Verma et al., 2018). Area-proportional Venn diagrams for lists of peaks/genes were 

generated using BioVenn (Hulsen et al., 2008). For analysis of distribution of DRIP and control 

reads in the areas containing m6A only-, S9.6 only- and m6A/S9.6 overlapping peak sets, the 

peaks called with MACS2 were compared against replicate-merged bamfiles using Deeptools 

compute matrix tool to create a per peak-set distribution matrix of read coverage +/- 3 Kb from 

the center of the peak for each biological condition (Ramírez et al., 2016). The Deeptools 

plotHeatmap - averageTypeSummaryPlot tool was used to visualise the results. For comparison 

of gene expression against the number of m6A and S9.6 DRIP peaks per gene, the average per 

gene FPKM values were extracted from the RNAseq data and directly compared against the 
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number of peaks per gene (including +/- 3 Kb flanking regions) for the m6A and S9.6 diffbind 

consensus peak-sets. Scaled binning was employed to dimensionally reduce the scope of the 

data in order to effectively visualize it.  

2.9.4. The distribution of m6A marked RNA:DNA hybrids among different repetitive 

sequences. 

For LINE1, Alu, ERV and SVA enrichment analyses, raw Illumina RNAseq reads from H7-

hESCs (GSE36552) (Yan et al., 2013) and raw Illumina reads from m6A DIP and S9.6 DRIP 

(2 replicas each) were aligned to the consensus sequences of L1Hs-Ta, L1Hs-preTa, L1PA2, 

L1PA5, AluY, AluS, SVA-D, SVA-E, SVA-F, HERV-LTR5_Hs and HERV-LTR7Y extracted 

from Repbase (http://www.girinst.org/repbase/) (Bao et al., 2015). Alignment used Bowtie2 

(Langmead et al., 2009) using end-to-end and sensitive parameters: -D 15 -R 2 -N 0 -L 22 -i S, 

1, 1.15. Mapped reads were counted and normalized by retroelement length in kb and by the 

total number of reads mapped to the genome in millions (RPKM, Reads Per Kilobase per 

Million mapped reads). The annotated bed files have been deposited to the following online 

repository (https://bitbucket.org/ADAC_UoN/adac1075-bed-files/). The in-house scripts used 

for the analysis can be found in the following online repository 

(https://bitbucket.org/ADAC_UoN/adac0175-code/). These analyses were performed in an 

excellent collaboration with the Garcia-Perez  lab in the MRC Human Genetics Unit together 

ADAC team in Nottingham. 

2.10. Validation of m6A DIP and S9.6 DRIP protocols 

2.10.1. Two-round RNA:DNA hybrid immunoprecipitations (S9.6 DRIP followed by m6A 

DRIP) 

For the two-round (S9.6 DRIP followed by m6A DRIP) DRIP/DRIP, 10 individual S9.6 DRIP 

reactions were performed in parallel that generated approximately 500 ng of total nucleic acid. 

The recovered nucleic acid was used for m6A DIP followed by qPCR analysis of R-loops 

http://www.girinst.org/repbase/
https://bitbucket.org/ADAC_UoN/adac0175-code/
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enriched intronic and repetitive sequences. This approach demonstrated that both m6A and 

S9.6 recognised essentially the same RNA:DNA hybrids, thus validating the m6A DRIP 

procedure. 

2.10.2. Validation of m6A DRIP procedure: m6A RIP qRT-PCR following S9.6 DRIP 

For S9.6 DRIP followed by the m6 A RIP experiment, nucleic acids recovered from DRIP were 

denatured for 30 min at 95 °C. This was followed by digestion of the DNA components of 

RNA:DNA hybrids using Turbo DNase for 30min at 37 °C. After inactivation of DNase, 

approximately 100 ng of the recovered RNA was used for m6A RIP performed using the 

EpiMark N6-Methyladenosine Enrichment Kit. The recovered RNA was reverse transcribed 

using SuperScript III Reverse Transcriptase and random hexamers and analyzed by qPCR. IgG-

only reactions and reactions carried out without reverse transcription were used as controls.  

2.10.3. Validation of m6A DIP and S9.6 DRIP using synthetic oligoes. 

For validation of m6A DIP using synthetic oligonucleotides, 0.1–1.0 pmol of m6A-containing 

and non-modified RNA:DNA hybrids and individual single stranded RNA or DNA 

oligonucleotides were spiked-in with 5 µg of mouse gDNA. To generate RNA:DNA hybrids, 

RNA and DNA oligonucleotides were mixed in equimolar concentrations, incubated for 20 

min at 98 °C, slowly cooled in a heating block and placed on ice. Quantitative PCR analysis of 

m6A DIP and S9.6 DRIP samples was carried out with SYBR Green PCR Master Mix (Sigma) 

according to standard procedures. Fold enrichment was calculated as 2ddCt, where 

dCt=Ct(enriched)–Ct(input) and ddCt=dCt–Ct (IGG). The primers used for DRIP/DIP–qPCR 

and qPCR analysis of the corresponding transcripts are listed in Supplementary Table 1. 

Primers for α-satellites were obtained from Novus (no. NBP1-71654SS). Generic primers 

amplifying Alu elements from the indicated families and evolutionarily young L1Hs were used. 

Human LINE1 primers were designed to detect L1PA1 and L1PA2 classes of these retro-

elements. Primers for mouse LINE1 ORF1 were previously published41. The primers used for 
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DIP- and DRIP–qPCR of Alu-Y, Alu-S and LINE1s were also employed for qPCR. Gene 

expression was normalized by comparison to levels of GAPDH gene expression. 

2.10.4. Validation of m6A presence on RNA:DNA hybrids using stable-isotope dilution 

ultra-performance liquid chromatography with tandem mass spectrometry (SID-UPLC-

MS/MS).  

These experiments were performed by Dr Daniel Gackowski group in Department of Clinical 

Biochemistry, Nicolaus Copernicus University in Toruń, Bydgoszcz, Poland. The hydrolysates 

were ultrafiltered prior to injection and spiked with 3 fmol/µl of internal [D3]-m6A standard 

in volumetric ratio 4:1. Chromatographic separation was performed using Waters Acquity 

UPLC system with photo- diode array detector used for quantification of unmodified 

nucleosides and Xevo TQ-S tandem quadrupole mass spectrometer for adenosine, m6A and 

[D3]-m6A. Chromatographic separation was performed using Waters CORTECS T3 (150 mm 

× 3 mm, 1.6 µm). The flow rate was 0.5 ml/min and the injection volume was 0.5 µl. The 

separation was performed with a gradient elution for 10 minutes using a mobile phase 0.05 % 

acetate (A) and acetonitrile (B) (0.5-3 % B for 4 min, next linearly to 70 % B in 1.5 min with 

subsequent column washing with 70 % acetonitrile for 1.6 min and re-equilibration with 99.5 

% A for 3.6 min). All samples were analyzed in three to five technical replicates with technical 

means used for further calculations. The quantities of unmodified nucleosides were determined 

by UV detection. Mass spectrometric detection was performed using Waters Xevo TQ-S 

tandem quadrupole mass spectrometer equipped with an electrospray ionization source 

operating in positive ionization mode. Common detector parameters were as follows: capillary 

voltage 3.5 kV, cone voltage 15 V, collision voltage 18 V, source temperature 150 °C, nitrogen 

desolvation gas flow 1000 L/h, nitrogen cone gas flow 200 L/h, desolvation temperature 600 

°C and nebulizer gas pressure 7 bar. Collision-induced dissociation was obtained with argon 

(6.0 at 3 x 10-6 bar pressure) as a collision gas. The instrument response to all compounds was 



93 
 

optimized by the infusion of 10 µM genuine compounds dissolved in water (10 µl/min) in 

mobile phase A stream, through mass spectrometer fluidics system operating in the “mixed” 

mode, using MassLynx 4.1 Intelli-Start feature. To provide optimum sensitivity, the most 

abundant fragmentation pathway for each compound was chosen (except adenosine in case of 

which the less abundant isotopic mass was chosen to improve the linearity of detector 

response): 282.2→150 (m6A), 285.2→153 ([D3]-m6A), 270.2→138 (adenosine). Stock 

solutions (0.05 mM) of N6-methyladenosine and stable-isotope-labelled internal standard 

[D3]-N6-methyladenosine (Toronto Research Chemicals) were prepared in water. 

Concentration of standards was measured with UV spectrophotometer and calculated by using 

molar extinction coefficient (ε at 266 nm = 11490). To obtain calibration curve for m6A and 

adenosine analyses, the ratio of area under the curve for the unlabelled nucleoside to the internal 

standard (A/A*) was plotted against the ratio of the molar concentrations (c/c*) of the 

unlabelled nucleoside to the internal standard [D3]-m6A. Absolute molar concentration of 

m6A was determined on the basis of isotopedilution internal calibration. The ratio of area under 

the curve for the unlabelled nucleoside to the internal standard (A/A*) and molar concentration 

of internal standard in the sample were used in calculations using calibration equations. 

External calibration based on peak area was used for quantitation of nucleosides using UV 

detection. For 2D-UPLC–MS/MS analysis of 5-methylcytidine, hydrolysates were spiked with 

an internal standard ([13C, D3]-5-methylcytidine, TRC Inc., Toronto, Canada) in volumetric 

ratio 4:1 (2 pmol/µl). Chromatographic separation was performed with a Waters Acquity 

2DUPLC system and Xevo TQ-S tandem quadrupole mass spectrometer for second dimension 

chromatography. At-column-dilution technique was used between first and second dimension 

for improving retention at trap/transfer column. The columns used were: a Waters Cortex T3 

column (150 mm×3 mm, 1.6 µm) at the first dimension, a Waters X-select C18 CSH (100 

mm×2.1 mm, 1.7 µm) at the second dimension and Waters X-select C18 CSH (20 mm × 3 mm, 
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3.5 µm) as trap/transfer column. Chromatographic system operated in heart-cutting mode, 

indicating that selected part of effluent (2.4-2.6 min) from the first dimension was directed to 

trap/transfer column via 6-port valve switching, which served as “injector” for the second-

dimension chromatography system. The flow rate at the first dimension was 0.5 ml/min and 

the injection volume was 0.5-2 µl. The separation was performed with a gradient elution for 10 

minutes using a mobile phase 0.05 % acetate (A) and acetonitrile (B) (0.5-3 % B for 4 minutes, 

next linearly to 70 % B in 1.5 min with subsequent column washing with 70% acetonitrile and 

re-equilibration with 99.5 % A for 3.6 minutes). Flow rate at the second dimension was 0.3 

ml/min. The separation was performed with a gradient elution for 10 minutes using a mobile 

phase 0.01 % acetate (A) and methanol (B) (1-50 % B for 4 minutes, isocratic flow of 50 % B 

for 1.5 minutes, and re-equilibration with 99 % A up to next injection). All samples were 

analysed in three to five technical replicates of which technical mean was used for further 

calculation. Mass spectrometric detection was performed using the Waters Xevo TQ-S tandem 

quadrupole mass spectrometer, equipped with a UniSpray ionization source with 1.2 kV 

potential at target pin. Collision-induced dissociation was obtained using argon 6.0 at 3 x 10-6 

bar pressure as the collision gas. Transition patterns for 5-methylcytidine (258>126) and [13C, 

D3]-5-methylcytidine (262>130), as well as specific detector settings were determined using 

the MassLynx 4.1 Intelli-Start feature. To obtain calibration curves for MS/MS analyses, the 

ratio of the area under the curve for the unlabelled nucleoside to the internal standard (A/A*) 

was plotted against the ratio of the molar concentrations (c/c*) of the unlabelled nucleoside to 

the internal standard. Concentrations of stock solutions of standards in deionized water, used 

for calibration, was determined using UV-spectrometry. DNA from immunoprecipitated 

samples was purified using MagCore Viral Nucleic Acid Extraction Kit (cartridge code 202) 

according to the manufacturer’s instruction. After purification, samples were completely dried 

in SpeedVac system and dissolved in 10 µl of MilliQ-grade deionized water. DNA was mixed 
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with 10 µl of buffer containing 200 mM ammonium acetate and 0.2 mM ZnCl2 (pH 4.6), 

nuclease P1 (0.2 U) and tetrahydrouridine (2 μg/sample) and incubated at 37° C for 1 h. 

Subsequently, 5.2 µl of 10 % (v/v) NH4OH and 0.26 U of alkaline phosphatase were added to 

each sample followed by 1h incubation at 37° C. DNA hydrolysates were spiked with a solution 

of internal standard in volumetric ratio 4:1, to concentration of 0.3 fmol/µl of [D3]-m6A and 

200 fmol/µl of [13C, D3]- 5- methylcytidine, and analyzed as described above in 1D-mode for 

m6A and 2D-mode for 5- methylcytidine. Representative chromatograms and UV traces are 

shown below. 
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Figure 2.10.4. SID-UPLC-MS/MS analysis of hPSCs-derived nucleic acids released and 

retained upon RNase H treatment. (A) Representative chromatograms of m6A (top panel) 

and [D3]-m6A (bottom panel) in blank sample, untreated sample and RNase H treated sample 

of HUES7 hESCs-derived nucleic acids retained on 3kDa cut-off membrane. (B) 

Representative chromatograms of m6A (top panel) and [D3]-m6A (bottom panel) in blank 

sample, untreated sample and RNase H treated sample of HUES7 hESCs-derived nucleosides 
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passed thru 3kDa cut-off membrane. (C) Representative UV trace at 280 nm of hydrolysate of 

nucleic acids extracted from HUES7 cells. Similar results were obtained in 16 independent 

measurements with experimental samples and in 10 independent experiments during method 

optimisation. 

2.11. S9.6 DRIP slot-blot 

RNA:DNA hybrids and protein co-immunoprecipitation with S9.6 antibody was performed by 

Dr Natalia Gromak’s group at Dunn’s School of Pathology, Oxford University. RNA:DNA 

hybrids and protein co-immunoprecipitation with S9.6 antibody was performed from non-

crosslinked HeLa cells as described previously (Cristini et al., 2018). Genomic DNA was 

isolated from HeLa cells and sonicated as previously described (Groh et al., 2014). 

Immunoblots of RNA:DNA hybrid immunoprecipitation samples were probed with the 

following antibodies: Top1 (dilution 1:2,000), YTHDF1 (dilution 1:1,000), YTHDF2 (dilution 

1:500), METTL3 (dilution 1:2,000), HNRNPA2B1 (dilution 1:500) and Lamin B1 (dilution 

1:2,000). Top1 and Lamin B1 were used as positive and negative controls, respectively. Images 

were acquired by chemiluminescence using autoradiography. 

2.12. Chromatin Immunoprecipitation (ChIP) 

For each ChIP experiments,  approximately 1 x 107 hPSCs grown on a matrigel-coated T75 

flask in E8 medium were crosslinked with formaldehyde (1% final concentration) at room 

temperature. After 10 minutes of incubation, the formaldehyde was quenched with 10X 

Glycine followed by washing the cells twice with ice cold PBS solution containing Protease 

Inhibitor Cocktail II. The cells were then collected by scraping and pelleted by centrifugation 

at 800 x g for 5 minutes at 4 °C. Next, the cells were lysed for 15 minutes with agitation at 4 

°C using cell Lysis Buffer containing Protease Inhibitor Cocktail II. Lysed cells were pelleted 

by centrifugation at 800 x g for 5 minutes at 4° C, discarded the debris containing supernatant 

and resuspended the pellets in Protease Inhibitor Cocktail II containing nuclear lysis buffer. 

The resulting chromatin was sonicated for 2x 15 minutes each at 4° C using Covaris S2 

sonicator (Duty Cycle 5%, Intensity 4, Cycle/Burst 200). Chromatin immunoprecipitation 
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(ChIP) was performed using the EZ-Magna ChIP A/G Chromatin Immunoprecipitation Kit 

according to the manufacturer’s instructions using 10 μg of anti-YTHDF2 rabbit polyclonal, 

10 μg of anti-HNRNPA2B1 mouse monoclonal, or 10 μg of anti-γH2AX mouse monoclonal 

primary antibodies. In parallel, 5 μg of anti-Acetyl Histone H3, and normal Rabbit IgG, were 

run as positive and negative controls along with input. ChIP was analysed by quantitative 

PCR carried out with the SYBR Green PCR Master Mix (Sigma) according to standard 

procedures. Fold enrichment was calculated using the Pfaffl method (Pfaffl, 2001). The 

primers used for DRIP–qPCR were also used for ChIP–qPCR analysis. 

2.13. Electrophoretic Mobility-Shift Assay (EMSA) 

EMSA technique for assessing in vitro binding of YTHDF2 to various m6A-modified and 

nonmodified oligonucleotides was performed. 

2.13.1. Purification of recombinant YTHDF2.  

Full-length YTHDF2 was cloned into pET-28b with N-terminal His-tag (Genescript). The 

plasmid was expressed in BL21(DE3) cells and incubated with LB-medium (Puls Medical, 

244610) with sorbitolat at 37 °C until OD600=0.7. Expression was induced with 300 µM of 

isopropyl-b-d-thiogalactoside overnight at 18 °C. Cells were pelleted by centrifugation at 

3,000g for 10 min at 4 °C, resuspended in lysis buffer (50mM Tris pH 8.0, 300mM NaCl, 

10mM β-mercaptoethanol (ME), 10 mM imidazole) and sonicated. After sonication, the extract 

was centrifuged at 19,000 g for 20 min at 4 °C. The supernatant was loaded to Protino Ni-NTA 

agarose prepared as described by the producer (Macherey-Nagel, 745400.100) in a 50-ml tube 

and incubated at 4 °C with rotation for 30 min. After centrifugation at 3,000g for 2 min, the 

Ni-agarose-bound YTHDF2 was washed with buffer containing 50mM Tris pH 8.0, 300 mM 

NaCl, 10 mM ME and 50 mM imidazole. Recombinant YTHDF2 was eluted with five washes 
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(1.5 ml each) of elution buffer (50 mM Tris pH 8.0, 300 mM NaCl, 10 mM ME and 300 mM 

imidazole). 

 

2.13.2. Formation of end-labelled synthetic RNA:DNA hybrids  

To generate RNA:DNA hybrids, the RNA and DNA oligonucleotides were mixed in equimolar 

concentrations, incubated for 20 min at 98º C, slowly cooled down in a heating block and 

placed on ice. Oligonucleotides were end-labelled with γ32P-ATP using T4 polynucleotide 

kinase (NEB).  

2.13.3. Electrophoretic Mobility-Shift Assay (EMSA).  

Approximately 10-300 ng of His-fused human recombinant YTHDF2 or 30-300 ng of human 

recombinant FLAG-fused YTHDF2 (Active Motif, catalogue number 31573) were incubated 

with 0.15 pmol of the labelled RNA:DNA hybrid or single stranded RNA probes in 15 µl of 

binding buffer containing 1 µg poly(dI-dC) (Sigma) for 30 min on ice. Either high salt (80-150 

mM NaCl) binding buffer (12.5 mM Hepes pH 7.9, 5 mM MgCl2, 0.5 mM EDTA, 80/150 mM 

NaCl, 1 mM DTT, 0.025 % NP-40, 50 µg/ml BSA, 15 % glycerol) or low salt binding buffer 

previously used for methyl-CpG-binding proteins and DNA substrates24 (6 mM Hepes pH 7.9, 

4 mM Tris HCl pH 8.0, 30 mM KCl, 1 mM EDTA, 1 mM DTT, 30 µg/ml BSA, 5% glycerol) 

were employed for EMSA. The binding reactions were separated by electrophoresis in 5 % 

acrylamide gel and 0.5 × TBE buffer at 4º C. The signal was visualised using phosphoimager. 

2.14. Microscale thermophoresis.  

Microscale thermophoresis was employed to study the interaction of YTHDF2 with modified 

or unmodified RNA and the RNA:DNA hybrid synthetic substrates used in EMSA 

experiments. Purified fulllength YTHDF2 with N-terminal His-tag was labelled with the NT-

647 RED-trisNTA dye for His-tagged proteins following the recommended labelling protocol 

(Nanotemper Technologies). One hundred microliters of 200-nM protein in PBS buffer was 
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mixed with 100 μl of 100 nM dye in the supplemented PBS-T buffer and incubated at room 

temperature for 30 min. The labelled protein was then added to a 1:1 dilution series of the 

respective substrate in UltraPure DNase/ RNase-Free Distilled Water (Thermo Fisher 

Scientific) to a final concentration of 50nM. The different protein-substrate samples were 

loaded into standard NT.115 MST capillaries (Nanotemper). Fluorescence profiles were 

measured at 25 °C in a Monolith NT.115 instrument using the red channel. Data were collected 

at either 20% (single-strand substrates) or 40% (hybrid substrates) MST power and 60% 

excitation power. Changes in fluorescence (ΔFnorm) due to thermophoresis were measured as 

the signal difference between time points 0 and 10 s. Data were normalized and plotted as a 

function of ligand concentration, and a binding curve was fitted to the average of six 

independent dilution series of each substrate. 

2.15. Statistics:  

At least two, and typically three, independent experiments were carried out for all experiments 

unless indicated otherwise. DRIP and DIP were performed in two, and RNA-seq in three, 

biologically independent experiments. All experiments were replicated independently. 

Statistical tests used for individual experiments are described in the corresponding figure 

legends. For quantification of m6 A, γH2AX and S9.6 signal intensities, statistical significance 

was determined using either unpaired two-tailed Student’s t-test or unpaired two-tailed Welch′s 

t-test. Signal intensity and qPCR data were plotted and analyzed in GraphPad Prism v.7.04.  
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Chapter 3: Results 

3. Discovery of N6-methyladenosine on the RNA components of RNA:DNA hybrids (R-

loops) in mammalian cells. 

              N6-methyldeoxyadenosine (6mA) is a pervasive DNA modification whose primary 

function in prokaryotes is thought to permit host genomes distinguish self from invading DNA 

as part of the restriction-modification system (Dunn and Smith, 1955; Vanyushin et al., 1970; 

Iyer et al., 2011). Comparative genomic analysis of DNA modifying enzymes postulated the 

lateral transfer of adenine methylases to eukaryotic systems (Iyer et al., 2011). Although 

evidence of this modification occurring in simple eukaryotes such as Tetrahymena was known 

since the 1970s (Gorovsky et al., 1973), it is the more recent reports of 6mA presence in multi-

cellular eukaryotes (Greer et al., 2015a; Zhang et al., 2015; Fu et al., 2015) that re-ignited 

investigations into the biological functions of 6mA beyond the restriction-modification system 

in bacteria. However, contradictory reports of 6mA detection in mammalian genomes (Wu et 

al., 2016a; Schiffers et al., 2017) raised new doubts regarding the presence of 6mA in 

vertebrates (Douvlataniotis et al., 2020). In addition to this, both bacterial and mammalian 

transcriptomes contain abundant yet dynamic methylated adenine (m6A) on RNA (Jia et al., 

2011; Meyer et al., 2012; Dominissini et al., 2012; Deng et al., 2015). Moreover, the presence 

of high  levels of 6mA in Mycoplasma (Lluch-Senar et al., 2013) often found in mammalian 

cells cultured in non-sterile conditions further complicates interpretation of studies reporting 

the presence of 6mA in mammalian genomes (Douvlataniotis et al., 2020). Therefore, careful 

re-evaluation of reported 6mA in mammalian genomes is warranted. As the amount of 6mA 

reported in eukaryotes is several folds lower than in prokaryotes (O’Brown and Greer, 2016), 

it was reasoned that if 6mA is present in mammalian DNA, its content is significantly lower 

than the levels of the well-studied DNA 5mC.  Herein, a highly sensitive immunochemical 

technique, optimized, specifically for the analysis of low-abundance DNA modifications 
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(Abakir et al., 2016) was employed with an anti-6mA specific antibody (figure 3.1A) to 

investigate the presence and genomic distribution of 6mA in human pluripotent stem cells 

(hPSCs). 

3.1. m6A is detectable by immunochemistry and LC-MS/MS in hPSCs RNA 

Before investigation of 6mA presence in hPSCs genomes, first, we examined the presence of 

RNA m6A in hPSCs using a highly sensitive immunochemical technique, optimized, 

specifically for the analysis of low-abundance nucleic acid modifications (Figure 3.1A) 

(Abakir et al., 2016) with anti-m6A specific antibody in non-denaturing condition. Importantly, 

under these conditions, genomic 6mA cannot be detected. This is due to the omission of DNA 

denaturation (e.g. using 4M HCl) step that is essential and routinely used for immunostaining 

of DNA modifications (Santos and Dean, 2006; Wheldon et al., 2014; Mondo et al., 2017). 

Immunostaining of REBL-PAT human pluripotent stem cells (hPSCs) with this antibody 

showed prominent nuclear and cytoplasmic m6A signal (Figure 3.1B, top panel) that 

disappeared in RNase A pre-treated control hPSCs (Figure 3.1B inset panel). These results 

confirmed the presence of abundant m6A in human pluripotent stem cells (Dominissini et al., 

2012) and importantly, validated the suitability of the immunostaining technique for m6A 

detection in human cells. Confirming an RNA origin of m6A staining signal in human cells, 

m6A immunostaining of hPSCs in presence of DNase I, an endonuclease that degrades DNA 

(Salnikow et al., 1970) led to a loss of DAPI signal but preserved the characteristic m6A 

staining pattern in untreated control cells (Figure 3.1C). In agreement with these results, using 

liquid chromatography-tandem mass spectrometry (LC-MS/MS), we showed that 

approximately 0.2% of total adenosine residues isolated from hPSCs were m6A modified 

(Figure 3.1D).  
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Figure. 3.1. Detection of RNA m6A in hPSCs using immunochemistry and LC-MS/MS. 

(A) a schematic of the Tyramide Signal Amplification for immunofluorescent enhancement 

employed here for the detection of low-abundance non-canonical nucleic acid bases, adapted 

from (Faget and Hnasko, 2015). (B) REBL-PAT hPSCs co-immunostained for m6A (green) 

and DAPI (blue) in non-denaturing conditions, either pre-treated with RNase A (Top panel) 

or untreated (bottom panel). Merged images and individual channels are shown. Dividing 

cells are arrowed (C) Co-immunostaining of m6A and DAPI in REBL-PAT hPSCs 

performed in non-denaturing conditions with or without DNase I treatment as indicated. 

Merged images consisting of m6A (green) and DAPI (blue) channels together with phase in 

case of DNase I treated sample) and individual channels are shown. Scale bars are 10 μm.  

(D) The ratios of the indicated ribonucleotides obtained from the quantification of LC-

MS/MS peaks in the total hPSCs RNA. 
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3.2. Detection of RNase A-resistant m6A immunostaining signal in mitotic chromatin of 

various human cell lines.  

To examine whether 6mA is detectable in human cells, hPSCs were co-immunostained with 

m6A and 5mC following pre-treatment with 4N HCl. Whereas 5mC immunostaining signal 

was restricted to hPSCs nuclei, m6A signal was observed throughout stained cells but most 

prominent in the nuclei (Figure 3.2A). In order to discriminate the ubiquitous m6A signal from 

the potential presence of low-abundance 6mA, a parallel m6A co-immunostaining with 5mC 

was performed in mitotic cell-enriched hPSCs pre-treated with RNase A. Remarkably, a strong 

immunostaining signal in mitotic chromatin potentially originated from 6mA was detected in 

RNase A treated hPSCs (Figure 3.2B). As conclusive detection of 6mA in mammalian cells 

remain elusive (Douvlataniotis et al., 2020; Schiffers et al., 2017), detection of 6mA in hPSCs 

would have several implications on studies of chromatin biology, cellular differentiation and 

development. Therefore, the same immunostaining was repeated in various cancer cell lines 

including LN18 (Figure 3.2C) and HeLa cells (Figure 3.2D -E). In both cell lines, a very similar 

RNase A-resistant mitotic m6A staining signal was observed. These results seemingly 

indicated the presence of 6mA in the chromatin of human cells. In an attempt to verify these 

results, next, genomic DNA isolated from both mitotic cells synchronised using colcemid 

(Rieder and Palazzo, 1992) or asynchronous hPSCs lines (REBL-PAT and HUES7) was  

examined for the presence of 6mA using liquid chromatography–tandem mass spectrometry 

(LC–MS/MS). In parallel, other modified DNA bases known to decorate genomes of hPSCs 

(5mC; 5-hydroxymethylcytosine, 5hmC and 5-formylcytosine, 5fC) were also measured in the 

same samples. Astonishingly, LC-MS/MS analysis showed no 6mA in these cells even at levels 

comparable to that of 5fC [about 20 parts per million cytosine, (Pfaffeneder et al., 2011)] 

(Figure 3.2. F). Although these results are consistent with a growing list of studies that failed 

to report appreciable 6mA detection in mammalian genomes (Douvlataniotis et al., 2020; 
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Schiffers et al., 2017), nevertheless, these results highlighted a massive discrepancy with the 

immunostaining results obtained previously and shown in (Figure 3.1B). 

 

 

Figure 3.2. Mitotic chromatin of different human cell lines exhibit RNase A-resistant 

m6A immunostaining signal.  m6A and 5mC co-immunostaining of non-RNase A treated 

(A) and RNase A treated (B) hPSCs mitotically enriched using colcemid treatment with 

addition of 4M HCl-denaturing step. Representative co-immunostaining of m6A and 5mC in 

non-RNase A treated (C) and treated (D) LN18 cancer cells pre-treated with 4M HCl-

denaturing step. Co-immunostaining of m6A and 5-methyldeoxycytosine (5mC) in RNase A 

treated HeLa cells with the addition of 4M HCl-denaturation step (E). Merged images are 

shown (A-B). Merged views and individual channels are presented in (C, D and E). Mitotic 

cells are indicated with arrows (A-E). (F) Ratios of the indicated deoxynucleotides obtained 

from the quantification of LC–MS/MS peaks in KaryoMAX-treated and untreated 

hiPSC/hESC DNA. Data are means ± s.d., n = 2 MS experiments. 
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3.3. Validating the specificity of anti-m6A antibody with synthetic 6mdATP in hPSCs. 

The striking discrepancy between the strong m6A immunostaining results and the lack of 6mA 

in LC-MS/MS analysed hPSCs genomes in (Figure 3.2), prompted the re-evaluation of anti-

6mA antibody specificity using immune-competition experiments. As previously observed, 

strong m6A staining was observed in the absence of any competing nucleotide (Figure 3.3A). 

Similarly, neither the presence of 100 nM deoxyadenosine triphosphate, (dATP) (Figure 3.3B), 

nor 100 nM deoxythymidine triphosphate, dTTP (Figure 3.3C), interfered with the m6A 

staining signal. In contrast, co-immunostaining of hPSCs for m6A and 5hmC in the presence 

of only 10 nM N6-methyldeoxyadenosine triphosphate, 6mdATP, resulted in the specific loss 

of m6A signal without interference with 5hmC signal (Figure 3.3D). Though these experiments 

confirmed the specificity of the anti-m6A antibody (Mondo et al., 2017) in the immunostaining 

experiments above, to this point, the source of the m6A immunostaining signal in mitotic 

chromatin of human cells remained a mystery.  
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Figure 3.3. m6A immunostaining in hPSCs is specifically competed by 6mdATP but not 

by unmodified deoxythymidine triphosphate. Representative confocal microscopy images 

of RNase A treated hPSCs co-immunostained for m6A and 5-hydroxymethylcytosine (5hmC) 

following 4M HCl treatment. The staining was performed either without competitor (A), or in 

the presence of deoxyadenosine triphosphate (dATP)(B), deoxythymidine triphosphate, dTTP 

(C) and N6-methyldeoxyadenosine triphosphate, 6mdATP(D). Scale bars are 20 μm. 

3.4. Discovery of m6A presence on the RNA component of RNA:DNA hybrids (R-loops) 

If the anti-m6A antibody is specific for m6A as shown in (Figure 3.3), then how is it possible 

that 6mA was not detectable with the highly sensitive LC-MS/MS (Figure 3.2)? This led to the 

hypothesis that the prominent m6A immunostaining signal in RNase A treated hPSCs might 

originate from an m6A bearing RNA trapped in a hybrid with a DNA as part of the R-loop. R-

loops are three-stranded nucleic acid structures composed of an RNA:DNA hybrid and a 

displaced single stranded DNA (Thomas et al., 1976; Drolet et al., 1995; Santos-Pereira and 

Aguilera, 2015). Despite their unusual structure, R-loops play crucial functions in several 

physiological process that include DNA replication (Masukata et al., 1987), Ig class switch 

recombination in stimulated B-cells (Yu et al., 2003), countering DNA methylation (Grunseich 

et al., 2018) and, as shown more recently, transcriptional regulation (Ginno et al., 2012; 

Skourti-Stathaki and Proudfoot, 2014; Niehrs and Luke, 2020). Despite their widely recognised 

roles in cellular physiological processes, unless resolved, formation of unscheduled R-loops 

compromise genome integrity (Aguilera and García-Muse, 2012; Reijns et al., 2012; Crossley 

et al., 2019). Therefore, organisms from all three domains of life utilise an endoribonuclease, 

RNase H, to resolve RNA:DNA hybrids by specifically degrading the RNA component of the 

hybrids (Drolet et al., 1995; Gaidamakov et al., 2005). Consequently, sensitivity to RNase H 

has become one of the defining features of RNA:DNA hybrids that is routinely used to 

investigate the presence of these structures (Drolet et al., 1995; El Hage et al., 2014; Sanz et 

al., 2016b). In addition, the generation of anti-RNA:DNA hybrid monoclonal (S9.6) antibody 

(Boguslawski et al., 1986) proved crucial in isolation and mapping the genome-wide 

distribution of RNA:DNA hybrids (Ginno et al., 2012; El Hage et al., 2014). To test whether 
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the mitotic chromatin-associated m6A immunostaining signal originate from the RNA 

component of R-loops, hPSCs were co-immunostained with m6A and the mitosis marker, 

phosphorylated Histone H3 (Ser10) either without RNase treatment (Figure 3.4A),  pre-treated 

with RNase A only (Figure 3.4B) or following pre-treatment with RNase H (Figure 3.4C). As 

expected, mitotic chromatin-associated m6A signal was detected in the absence and presence 

of RNase A (Figures 3.4A-B). Remarkably, mitotic chromatin m6A immunostaining signal 

completely disappeared or significantly decreased in RNase H treated hPSCs (Figure 3.4C). 

The loss of m6A immunostaining signal in RNase H treated hPSCs provided the first ever 

evidence of a non-canonical nucleic acid base in R-loops. To verify these results using an 

independent approach, genomic DNA of two hPSCs lines (REBL-PAT human induced 

pluripotent stem cells and HUES7 human embryonic stem cells) were isolated either in the 

presence of RNase H or without it, before the analysis of m6A levels in both factions using 

stable-isotope dilution ultra-performance liquid chromatography with tandem mass 

spectrometry (SID-UPLC-MS/MS). Whereas no significant change was observed in the levels 

of ribo-5-methylcytidine, ribo-m5C, following RNase H treatment, we observed more than 

fivefold increase in the amount of m6A recovered from the RNase H pre-treated fraction 

compared to m6A levels in the untreated genomic DNA of hPSCs.  
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Figure 3.4. m6A marks the RNA component of RNA:DNA hybrids in hPSCs. 

Representative confocal microscopy images of hPSCs co-immunostained for m6A and 

phospho-Histone H3 (phosphorylated histone 3 at serine 10) without RNases (A) and 

following RNase A only treatment (B) or combined RNases A + H treatment. Merged views 

and m6A channel are presented. Scale bars, 5μm. (D) Box plots showing quantification of 

m6A signal intensity in representative 20 cells each, interphase and mitotic following no 

RNase treatment, RNase A only treatment and combined RNase A and H treatment. 

Significance was determined using unpaired two-tailed Student’s t-test (***p<0.0001). (E) 

Schematic illustrating design of the experiment on SID–UPLC–MS/MS analysis of hPSCs-

derived genomic DNA released (filtrate) and retained (retentate) following RNase H 

treatment. (F) SID–UPLC–MS/MS quantification of m6A and ribo-m5C in the fractions of 

HUES7 hESC- and REBL-PAT hiPSC-derived genomic DNA released following RNase H 

treatment. Data are shown as means ± s.d., n = 4/n = 3 MS experiments for m6A/ribo-m5C 

quantification. rN, ribonucleosides. 
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3.5. Summary and conclusion. 

Taken together, these results constitute the first report of m6A presence on the RNA component 

of RNA:DNA hybrids. However, the genomic distribution of m6A marked RNA:DNA hybrids 

was not known, insights on which can provide clues regarding the biological significance of 

marking R-loops with m6A. Given the dynamic nature of co-transcriptionally deposited m6A 

on nascent RNAs (Hsu et al., 2017; Ke et al., 2017), can the function of m6A on R-loops be 

uncovered by modulating its incorporation and removal?. The remainder of the thesis aimed to 

answer these questions. 
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Chapter 4: Results 

4. Genome-wide analysis reveals that majority of RNA:DNA hybrids in hPSCs are 

marked by m6A. 

4.1. Development of a new protocol for genome-wide mapping of m6A-modified 

RNA:DNA hybrids  

Following the generation of S9.6 (a monoclonal anti-RNA:DNA hybrid) antibody 

(Boguslawski et al., 1986), immunoprecipitation of RNA:DNA hybrid has widely been used to 

examine genomic sequences containing these structures (El Hage et al., 2010; Groh et al., 

2014). By incorporating next generation whole-genome sequencing technologies, genome-

wide maps of RNA:DNA hybrids (S9.6 DNA/RNA precipitation, DRIP) has been profiled in 

several species, ranging from yeast to human (Ginno et al., 2012; Nadel et al., 2015; Wahba et 

al., 2016; Dumelie and Jaffrey, 2017). However, as the presence of m6A on RNA:DNA hybrids 

was not previously known, understandably, there was no m6A DRIP protocol available. 

Therefore, in this study, the previously published S9.6 DRIP-seq approach (Ginno et al., 2012; 

Chan et al., 2014) was specifically adapted for mapping m6A modified RNA:DNA hybrids; 

whereby the anti-m6A antibody (Mondo et al., 2017) replaced the S9.6 antibody with the 

additional step of heat denaturation (to permit m6A detection) and identification of m6A and 

S9.6 peaks by comparing to RNase H treated controls (Figure 2.7.8).  

4.2. Validation of the m6A DRIP approach 

As the m6A DRIP protocol (Figure 2.7.8) has previously not been validated, first, the 

specificity and affinity of S9.6 antibody for m6A-modified RNA:DNA hybrids was examined 

using m6A modified and non-modified 81-mer synthetic single stranded RNA oligonucleotides 

hybridized with complementary DNA oligonucleotides (Figure 4.2A). Interestingly, evaluation 

of the immunoprecipitation results by qPCR revealed comparable efficiency of S9.6 antibody 

towards m6A modified and non-modified RNA:DNA hybrids, indicating that the presence of 

m6A on the hybrids did not hinder their immunoprecipitation by the S9.6 antibody (Figure 
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4.2B). Performing the same qPCR evaluation by replacing the S9.6 antibody with anti-m6A 

antibody showed the specific enrichment of m6A-modified RNA:DNA hybrids in m6A DIP 

analysis (Figure 4.2C). In contrast, m6A DIP-qPCR analysis did not reveal any enrichment of 

non-m6A containing RNA:DNA hybrids, single stranded RNA with or without m6A and single 

stranded DNA (Figure 4.2C). These results revealed the specificity of the m6A antibody in 

DRIP approaches; thus, confirming the validity of the adapted m6A DRIP approach for 

genome-wide mapping of m6A-marked R-loops. Intriguingly, when compared to S9.6, the 

anti-m6A antibody had appreciably greater pull-down efficiency of the same synthetic hybrid 

substrate, suggesting the two antibodies have markedly different affinities to the same substrate 

(Figure 4.2D).  
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Figure 4.2. Validation of m6A DIP using synthetic RNA and DNA substrates (A) 

Schematic demonstrating the sequences of synthetic oligonucleotides and RNA:DNA hybrids 

used for spike in validation experiments. (B) S9.6 DRIP exhibits comparable efficiencies in 

precipitating non-modified and m6A-containing RNA:DNA hybrids. Relative enrichment of 

DRIP performed on the m6A-containing RNA:DNA synthetic substrate normalized against 

that of DRIP done on equivalent amount (0.1 pmol) of non-modified spike in synthetic 
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RNA:DNA hybrid. (C) The results of m6A DIP on 0.1 pmol of the indicated spike in 

synthetic oligonucleotides and RNA:DNA hybrids. Unlike non-modified RNA:DNA hybrid 

substrate or single stranded m6A-containing RNA oligonucleotide, m6A-containing 

RNA:DNA hybrid is efficiently detected by m6A DIP technique. (D) The relative enrichment 

of DIP/DRIP performed on 0.1 pmol of spike in synthetic m6A-containing RNA:DNA hybrid 

(81-mer with 46 % GC content) shown in (A) using anti-m6A and S9.6 antibodies along with 

IGG for IP after the indicated time intervals of heat denaturation. Data are means ± SD, n = 3 

independent experiments. 

4.3. Genomic distribution of m6A modified RNA:DNA hybrids  

To map the genome-wide distribution of m6A marked R-loops, m6A and S9.6 DRIP reactions 

were performed in parallel on hPSCs-derived genomic DNA followed by high-throughput 

sequencing of the DNA template as described in (Figure 4.1). As controls, m6A and S9.6 DRIP 

reaction were performed in parallel on hPSCs genomic DNA pre-treated with recombinant E. 

coli RNase H (Figure 4.1). In collaboration with the ADAC team at the University of 

Nottingham, the DRIP-seq reads were mapped to the human genome, followed by peak calling 

and identification of the consensus peaks after analysis of the replicate correlation of the 

identified peaks for the obtained datasets (4.3.1A-B). Amongst the consensus peaks identified, 

there were 23,582 m6A and 6,713 S9.6 peaks respectively, of which 6,512 were overlapping 

peaks (Figure 4.3.2A). Importantly, both m6A and S9.6 peaks displayed almost identical 

distribution patterns across various genomic regions (Figure 4.3.2B) and the  majority of these 

peaks were RNase H sensitive (Figure 4.3.2C), indicating the presence of m6A on the RNA 

component of RNA:DNA hybrids.  
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Figure 4.3.1. Replicate correlation analysis for m6A and S9.6 DRIP-seq peaks. (A) 

Replicates’ coverage histograms for the narrow peaks of the indicated DRIP/DIP samples. 

(B) Peaks correlation histograms for the indicated samples. 
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Figure 4.3.2. m6A is present on the majority of RNA:DNA hybrids in hPSCs. (A) Venn 

diagram illustrating overlap between m6A DIP and S9.6 DRIP consensus peaks in REBL-

PAT hiPSCs (B) Distribution of m6A and S9.6 peaks at the indicated genomic features in 

hiPSCs. (C) Coverage plots of m6A DIP and S9.6 DRIP densities (counts per kilobase, CPK) 

in the intron of the CAMTA1-201 gene. m6A DIP and S9.6 DRIP peaks are marked by red 

and blue rectangles, respectively.  

 

4.4. Analysis of m6A and S9.6 peak distribution across various genomic features.  

Consistent with co-transcriptional generation of R-loops (Stork et al., 2016), m6A peaks across 

different gene categories accumulated mostly in protein coding regions, antisense transcripts 

and long noncoding RNAs (Figure 4.4A). Regulatory regions, CTCF-binding sites, 

transcription factor (TF) binding sites, open chromatin, and enhancer sequences showed 

enrichment of m6A peaks (Figure 4.4B). Similarly, highest levels of RNase H sensitive peaks 
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were detected  in introns, intergenic regions, 3 kilobases (Kb) up- and downstream of coding 

sequences (CDS) followed by less peaks in promoters, exons and promoter flanking regions 

(Figure 4.4C-D). In repetitive sequences, both m6A and S9.6 peaks showed enrichment in Long 

Terminal Repeat-containing (LTR) retrotransposons, and non-LTR retrotransposons such as 

LINE1 and Alu sequences but neither peaks were detected in α-satellite repeats (Figure 4.4E). 

These results confirm the presence of m6A on the majority of RNA:DNA hybrids. 

 

Figure 4.4. Analysis of m6A and S9.6 peak distribution across distinct genomic features. 

(A, B) Distribution of the m6A DRIP consensus peaks counts across the indicated gene 
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categories (A) and regulatory sequences (B). (C-D) Distribution of the m6A (A) and S9.6 

DRIP (B) consensus peaks counts across the indicated genomic features. (E) Distribution of 

m6A DRIP consensus peaks counts at the indicated repetitive sequences.     

 

4.5. Summary and conclusion 

Since the genome-wide distribution of m6A DRIP-seq datasets exhibited almost identical 

patterns to that of S9.6 DRIP-seq at the sequence level, together, these data suggest that m6A 

marks the majority of RNA:DNA hybrids in hPSCs. In addition, direct comparison of the 

efficiency of m6A and S9.6 antibodies revealed the superior sensitivity of m6A antibody in 

enrichment of m6A modified hybrids suggesting that the newly developed m6A DRIP offers a 

powerful indirect method for studying genome-wide distribution of RNA:DNA hybrids. 

 

 

 

 

 

 

 

 

 

 

 

 



121 
 

 

 

 

 

 

 

Chapter 5 

Deposition of m6A on RNA:DNA hybrids 

correlate with transcription in a distinct 

chromatin environment 
 

 

 

 

 

 

 

 

 

 



122 
 

5. Deposition of m6A on RNA:DNA hybrids correlate with transcription  

5.1. m6A and S9.6 peaks predominantly occur in transcribed genomic regions. 

Consistent with co-transcriptional generation of R-loops (Huertas and Aguilera, 2003; Ginno 

et al., 2012; Stork et al., 2016), the majority of RNase H-sensitive m6A and S9.6 peaks were 

detected in transcribed regions of the genome (protein coding, anti-sense, and lncRNA coding 

regions, see Figure 4.6A). Therefore, the expression levels of the corresponding genes were 

assessed to understand if m6A and S9.6 peaks correlate with their transcriptional activity using 

total RNA-seq isolated from REBL-PAT hPSCs. In agreement with co-transcriptional 

generation of R-loops, transcribed genes were consistently over-represented (around 70%) in 

both m6A and S9.6 DRIP peaks datasets compared to genes that are transcriptionally silent 

(around 50%) in hPSCs (Figure 5.1A). Despite this, m6A peak-containing genomic sequences 

did not display significant enrichment for active, silent, bivalent or initiated promoters (Figure 

5.1B). In addition, other than the fact m6A modified R-loops were mostly detected in 

transcribed genomic regions (Figure 4.4A), no significant correlation was found between m6A 

peak and the levels of transcriptional activity of the corresponding loci (Figure 5.1C-D). These 

results suggest that most R-loops are efficiently cleared from highly transcribed genomic 

regions. 
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Figure 5.1. The gene expression analysis of m6A and S9.6 peaks-containing genes. (A) 

The ratios of genes with TPM (transcript per million reads) greater than 1 (TPM > 1), TPM 

more than 0 but less than 1 (0<TPM 1) and transcriptionally inactive genes (TPM = 0) 

amongst m6A or S9.6 narrow peaks-containing genes and genes without peaks in REBL-PAT 

hPSCs (B) Pie chart illustrating distribution of m6A DIP narrow peak-containing genes 

across their promoter categories (silent, active, bivalent and initiated) in hPSCs. (C) 

Distribution of Log10 gene TPM in relation to the number of m6A DIP narrow peaks in the 

gene for genes with TPM greater than 1 in REBL-PAT hiPSCs. (D) The box plots showing 

distribution of Log10 gene TPM for m6A narrow peaks-containing genes and genes without 

peaks with TPM greater than 1 (TPM > 1) and TPM more than 0 but less than 1 (0<TPM 1) 

The elements of the box plot are: center line, median; box limits, upper and lower quartiles; 

whiskers, 1.5× the interquartile range; n, sample size (genes); dots, outliers.  

 

5.2. m6A and S9.6 DRIP-seq peaks strongly correlate with transcriptional activity of 

retroelements 
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Interestingly, the same assessment in retroelements revealed significant enrichment of m6A 

modified RNA:DNA hybrids in the open reading frame of evolutionary novel and 

transcriptionally active LINE1 (L1-Ta and L1-pre-Ta) retro-elements that comprise about one 

fifth of the human genome (Figure 5.2A-B) (Klawitter et al., 2016). Moreover, compared to 

m6A DRIP peak distribution in evolutionary younger L1PA2 peaks, evolutionary older and 

transcriptionally less active LINE1 retro-elements (e.g. L1PA5) showed significantly reduced 

enrichment of m6A peaks, suggesting m6A/S9.6 peaks correlate with transcriptional activity 

across LINE1 elements (Figure 5.2A). In agreement with this, Short INterspersed Elements 

(SINEs) from the Alu class that are transcribed by RNA polymerase III (pol-III) but rely on 

LINE1 elements for retro-transposition and comprise more than 11% of the genome (Batzer 

and Deininger, 2002) showed significant enrichment of m6A and S9.6 peaks (Figure 5.2A-B). 

Interestingly, unlike the bias of m6A and S9.6 peaks towards younger LINE1 elements, both 

evolutionary young Alu-Y and old Alu-S elements showed comparable enrichment of m6A 

peaks (Figure 2C). Thus, these data suggest that the presence of m6A on RNA:DNA hybrids 

correlates with actively transcribed regions of the human genome, in both RNA pol-II 

(LINE1s) and RNA pol-III (Alu) transcribed loci. 
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Figure 5.2. The distribution of m6A marked RNA:DNA hybrids among different 

repetitive sequences. (A) The distribution of normalized m6A DIP reads among different 

classes of LINE1, SVA and LTR repeats. (B) The distribution of normalized m6A DIP and 

S9.6 DRIP reads across L1-Ta transcript compared with the input (RNAseq results). (C) The 

distribution of normalized m6A DIP reads among the indicated classes of Alu repeats. Data 

are means ± SD, n=2 biologically independent samples (m6A DIP replicates) in (B, C). 

 

5.3. m6A DIP and S9.6 DRIP peaks datasets do not overlap with majority of histone 

modifications in hPSCs. 

Previously, co-transcriptional formation of R-loops has been suggested to contribute to 

chromatin patterning in regulatory regions (Ginno et al., 2012; Stork et al., 2016; García-Muse 

and Aguilera, 2019). To examine whether the presence of m6A/S9.6 peaks coincides with 

histone marks, Chromatin immunoprecipitation (ChIP)-derived datasets of histone 

modifications in hPSCs were aligned with m6A and S9.6 DRIP peaks. Unexpectedly, no 

significant correlation between any of the analysed histone modification and the distribution of 
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m6A and S9.6 peaks was identified (Figure 5.3). Despite this, both m6A and S9.6 peak datasets 

clustered together (Figure 5.3). Taken together, these results suggest the lack of overlap 

between RNA:DNA hybrids and major histone marks.   

 

Figure 5.3. Comparison of the m6A DIP and S9.6 DRIP peaks datasets with genomic 

distribution of histone modifications in hPSCs. The results of clustering analysis of m6A 

DIP and S9.6 DRIP narrow peaks datasets and the indicated histone modifications’ ChIP-seq 

peaks datasets (H3K4me1, GSM733782; H3K4me2, GSM733670; H3K4me3, GSM733657; 

H3K27me3, GSM733748; H3K27ac, GSM733718; H3K9me3, GSM1003585; H3K36me3, 

GSM733725; H3K79me2, GSM1003547). 

 

5.4. Summary and conclusion 

Overall, in line with co-transcriptional formation of RNA:DNA hybrids (Huertas and Aguilera, 

2003; Stork et al., 2016), interspersed elements and individual loci showed m6A/S9.6 peaks 

are enriched in transcribed regions of the human genome. These results are in agreement with 

recent studies demonstrating co-transcriptional deposition of m6A on nascent RNAs by the 
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catalytic subunit of mammalian N6-adenosine-methyltransferase, METTL3 (He, 2010; Ping et 

al., 2014; Ke et al., 2017). 
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6. m6A RNA:DNA hybrids exhibit cell cycle stage-specific dynamics in hPSCs 

Although studies implicating RNA:DNA hybrids in a myriad of cellular processes considerably 

expanded in recent years (Richard and Manley, 2017; Niehrs and Luke, 2020), little was known 

about the dynamics of RNA:DNA hybrids during the cell cycle. Nevertheless, mitotic 

chromatin of multiple human cell lines consistently showed RNase H sensitive high m6A 

immunostaining signal compared to interphase cells (Figures 3.4A), suggesting the rate of m6A 

deposition or degradation varied significantly depending on the cell-cycle stage.  

6.1. Cell-cycle dependent m6A deposition on RNA:DNA hybrids in human cells. 

To examine the cell cycle dynamics of m6A modified R-loops, parallel m6A and S9.6 DRIP 

were performed on FACS-sorted G0/G1, S and G2/M hPSCs populations (Figure 6.1.1A) and 

changes in R-loops levels corresponding to LINE1 elements (Figure 6.1.1B) and individual 

intronic regions (Figure 6.1.1C) were assessed for each cell-cycle phase using quantitative PCR 

(qPCR). In these experiments, both m6A and S9.6 immunoprecipitated RNA:DNA hybrids 

showed preferential accumulation in LINE1 regions during S phase, peak at G2/M and 

drastically decrease at G0/G1 phases of the cell cycle in hPSCs (Figure 6.1.2A-B). In contrast, 

α-satellite repeats showed no significant changes in both m6A and S9.6 retrieved RNA:DNA 

levels at any stage of hPSCs cell cycle. Since R-loops are predominantly co-transcriptionally 

formed (Huertas and Aguilera, 2003; Stork et al., 2016), these results implied that LINE1 

repeats are also transcriptionally active during S and G2/M cell cycle phases in hPSCs. In 

agreement with this, a recent study reported that cells in S and mitotic phases of the cell cycle 

exhibit enrichment for the highly active LINE1 mRNAs (Mita et al., 2018). Similarly, m6A 

and S9.6 DRIP-qPCR show comparable accumulation of intronic R-loops during S and G2/M 

phases before significantly dropping in G0/G1 phase of the cell cycle in hPSCs (Figure 6.1.2C-

D). Importantly, these cell cycle-specific changes in R-loop levels were essentially equivalent 
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in both m6A and S9.6 DRIP experiments, suggesting that m6A is present on RNA:DNA 

hybrids throughout all stages of the cell cycle (Figure 6.1.2A-D).  
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Figure 6.1.1. FACS sorting of hPSCs and selection of RNA:DNA hybrid containing loci 

for analysis of their cycle-cycle. (A) The diagram illustrating gating of single hiPSCs using 

PI-Area and PI-Width signals (left panel) and DNA content frequency histogram (right panel) 

of a representative hiPSC population used for cell cycle analysis. hPSCs at G0/G1, S and 

G2/M phases are marked. (B) m6A DIP and S9.6 DRIP consensus narrow peak counts of the 

indicated repetitive elements in hPSCs (C) The coverage plots of m6A DIP and S9.6 DRIP 

densities (CPK) in the intronic regions of the indicated genes. m6A and S9.6 peaks are 

marked with red and blue rectangles. 

 

 

Figure 6.1.2. Cell-cycle dependent dynamics of RNA:DNA hybrids  

(A-B) Results of m6A DIP and S9.6 DRIP–qPCR of the indicated repeats performed on 

FACS sorted hPSCs at different cell cycle phases in presence and absence of RNase H. 

Generic primers amplifying evolutionarily young L1Hs were used. Results of S9.6 DRIP (C) 

and m6A DIP–qPCR (D) of RNA:DNA peaks localized in the introns of the indicated genes 

(see figure 6.1B) performed on FACS sorted hPSCs. A-D, Data are means ± s.d., n= 3 

independent experiments. 
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6.2. Depletion of nuclear RNase H1 results in accumulation of m6A marked RNA:DNA 

hybrids in hPSCs 

Sensitivity to RNase H is one of the defining features of R-loop structures (Cerritelli and 

Crouch, 2009). Consistent with this, small interfering RNA (siRNA)-mediated 60-70% 

depletion of nuclear RNase H1 transcripts in hPSCs (Figure 6.2A) resulted in accumulation of 

m6A- and S9.6-immunoprecipitated RNA:DNA hybrids on repetitive and intronic loci (Figure 

6.2B) without significant changes in LINE1 transcription (Figure 6.2C). Confirming the 

specificity of RNase H1 depletion to m6A and S9.6 DRIP peak containing loci, no enrichment 

for m6A- or S9.6 DRIP-qPCR was detected for genomic regions downstream of m6A and S9.6 

peak sites (Figure 6.2B,D-E). Taken together, these results revealed that the formation of 

RNase H sensitive m6A-marked RNA:DNA hybrids occurred in vivo which is consistent with 

the co-transcriptional deposition of m6A (Ke et al., 2017), as well as the generation of 

RNA:DNA hybrids (Huertas and Aguilera, 2003; Stork et al., 2016).  
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Figure 6.2. m6A DIP signal is increased upon RNase H1 knockdown in hPSCs.  

(A) Relative expression of RNase H1 RNA in hPSCs transfected with control non-targeting 

(siCTL) and RNase H1 (siRNaseH1) siRNAs. (B) The results of m6A DIP qPCR of the 

indicated repeats and intronic sequences performed on siCTL and siRNaseH1 hiPSCs. The 

regions without peaks (RANBP17 Downstream and HECW1 Downstream) were used as 

controls. Generic primers amplifying Alu elements from the indicated families and 

evolutionarily young L1Hs were used for DRIP qPCRs and qPCR. Data are means ± SD, 

n = 3 independent experiments. (C) Relative expression of LINE1 RNA in hPSCs transfected 

with control non-targeting (siCTL) and RNase H1 (siRNaseH1) siRNAs. (D) The coverage 

plots of m6A and S9.6 DRIP/DIP densities (CPK) in the regions located downstream of the 

m6A and S9.6 peaks (marked with red rectangles). The location of regions that were used as 

controls in (B) is designated by blue rectangles. 
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6.3. Sequential S9.6 and m6A DRIP confirm enrichment of R-loops across multiple loci. 

To further confirm m6A marks presence on S9.6 immunoprecipitated fragments, two 

sequential IP reactions were performed, S9.6 DRIP followed by m6A DIP-qPCR (Figure 

6.3A). Consistent with previous results, individual intronic (Figure 6.3B) and repetitive 

sequences (Figure 6.3C) showed enrichment in the two-round IP procedure, confirming the 

presence of m6A on S9.6 retrieved R-loops.  

 

Figure 6.3. m6A is detectable on the RNA components of R-loops. (A) Schematic 

representation of the two rounds IP procedure, S9.6 DRIP followed by m6A DIP procedure. 

(B, C) The results of the two round (S9.6 DRIP followed by m6A DIP) DRIP/ DIP performed 

on individual intronic (b) and repetitive (c) m6A/S9.6 peak containing sequences. 

Representative results of analysis of one of 3 independent biological samples are presented. 

Data are means ± SD, n = 3 technical repeats. 
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6.4. Summary and conclusion  

Taken together, these results confirm the presence of m6A on conventional S9.6 retrieved 

RNA:DNA hybrids and point to a model wherein the cell cycle dictates the rates of R-loop 

deposition and clearance.  
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7. m6A regulates the stability of RNA:DNA hybrids in human cells 

Shortly after the discovery of m6A (Desrosiers et al., 1974; Perry and Kelley, 1975), seminal 

studies of m6A function demonstrated that its addition to nascent pre-mRNAs results in 

instability of target mRNAs (Sommer et al., 1978; Ke et al., 2017). This was shortly followed 

up by the cloning of m6A writer METTL3 (Bokar et al., 1997) whose depletion was shown to 

increase the average half-lives of target mRNAs (Sommer et al., 1978; Ke et al., 2017). The 

demonstration that m6A marks the majority of RNA:DNA hybrids (Figure 4.3.2A), raised the 

interesting hypothesis of whether m6A, similar to the consequence of its presence on mRNAs 

(Wang et al., 2014), can also regulate the stability of RNA:DNA hybrids. 

7.1. METTL3 depleted hPSCs exhibit increased accumulation of R-loops. 

To investigate whether m6A has a destabilising effect on R-loops, the m6A writer enzyme 

METTL3 (Bokar et al., 1997; Bokar, 2005) was depleted in hPSCs using siRNA treatment 

(Figure 7.1A). Although this did not significantly change the expression level of R-loop-

containing genomic loci (Figure 6.4A-B), compared to untreated control samples, METTL3 

depleted hPSCs showed increased cell-cycle dependent accumulation of R-loops in intronic 

sequences (Figure 6.4C), LINE1 (Figure 6.4D), and Alu sequences (Figure 6.4E). These results 

strongly suggest the involvement of METTL3 deposited m6A in regulating the stability of 

RNA:DNA hybrids.  
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Figure 7.1. METTL3 depletion leads to accumulation of RNA:DNA hybrids in hPSCs. 

METTL3 depletion leads to accumulation of RNA:DNA hybrids in hPSCs. (a) The results of 

S9.6 DRIP qPCR of the indicated repeats and intronic sequences performed on siCTL and 

siMETTL3 hiPSCs sorted at different cell cycle phases. (b) Relative expression of the 

indicated transcripts in siCTL and siMETTL3 hiPSCs. The difference between the values of 

Y-axes in (a) and in Fig. 3b is due to incorporation of RNase H control samples in the 

analysis shown in Fig. 3b. Data are means ± SD, n = 3 independent experiments. 

 

7.2. METTL3 depleted hPSCs display genome-wide increase in m6A marked R-loop 

levels. 

Highlighting the importance of m6A in regulating the stability of R-loops, as little as 29% 

reduction in m6A brought about by METTL3 depletion in hPSCs transcriptome (Figure 

7.2A) led to 35% increase in m6A retrieved from RNase H genomic DNA isolated from 

METTL3 depleted hPSCs (Figure 7.2B). These results provide additional evidence that 

modulation of m6A levels directly influences the stability of R-loops. Correspondingly, 

compared to untreated cells, hPSCs treated with siMETTL3 showed 3.8-fold increase in the 
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numbers of consensus m6A DRIP peaks (Figure 7.2C – D). Importantly, the presence of 

siMETTL3-specific m6A peaks did not correlate with changes in transcription of the 

corresponding genes (Figure 7.2D-E).

 

Figure 7.2. METTL3 depletion leads to an increase in the numbers of m6A DIP peaks in 

hPSCs. (A) SID-UPLC-MS/MS quantification of m6A in the total nucleic acids isolated from 

siCTL and siMETTL3 hPSCs. (B) SID-UPLC-MS/MS quantification of m6A retrieved from 

genomic DNA in siCTL and siMETTL3 hPSCs following RNase H treatment. The data are 

means of 2 experiments ± SD. (C) The total numbers of consensus peaks of m6A DIP 

performed on wild type and siMETTL3 hiPSCs. (D) Heatmaps showing the distribution of 

density of indicated reads across genomic regions containing peaks (3 kb around peak center) 

obtained in three experiments: S9.6 DRIP performed on wild type (WT) hPSCs, m6A DIP 

carried out on WT cells and m6A DIP performed on siMETTL3 hPSCs. The colour of each 

line represents the density of reads for a given peak. The width of the heatmaps is normalized 

by peak length. (E) Pie chart showing the percentages of transcripts differentially expressed 

between siCTL and siMETTL3 hPSCs (p<0.01) and transcripts without significant changes 
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in expression amongst genes containing m6A DIP peaks specific only for siMETTL3 hPSCs. 

(F) Pie chart demonstrating the percentages of genes containing m6A DIP peaks specific only 

for siMETTL3 hPSCs (diff peaks) and genes without such peaks (No diff peaks) 

corresponding to the transcripts differentially expressed between siCTL and siMETTL3 

hPSCs. 

 

7.3. m6A writer and readers are amongst proteins physically interacting with R-loops 

The identification of m6A binding proteins implicated m6A in almost all steps of RNA 

metabolism (Meyer and Jaffrey, 2014; Hsu et al., 2017). Broadly, m6A reader proteins can be 

classified as YTH-domain containing proteins (YTHDF1, YTHDF2, YTHDF3, YTHDC1 and 

YTHDC2) (Lasman et al., 2020) and non-YTH domain m6A readers with the nuclear m6A 

reader HNRNPA2B1 provides an example of one of these (Alarcón et al., 2015). Whereas 

YTHDF1 and YTHDF3 was shown to regulate the translation efficiency of m6A containing 

mRNAs (Wang et al., 2015; Shi et al., 2018), YTHDF2 has been shown to promote degradation 

of m6A containing mRNAs (Wang et al., 2014). These findings raised the intriguing hypothesis 

that these reader proteins may interact with R-loops via m6A. In support of this hypothesis, the 

m6A writer, METTL3 along with YTHDF1, YTHDF2 and HNRNPA2B1 were detected by 

slot-blot amongst proteins bound to S9.6 retrieved R-loops (Figure 7.3). These results suggest 

the involvement of m6A reader proteins in mediating m6A function in R-loops.  
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Figure 7.3. m6A writer and reader proteins interact with RNA:DNA hybrids. 

Immunoblot of RNA:DNA hybrid protein co-immunoprecipitation (IP)-probed with indicated 

antibodies. Top1 and Lamin B1 serve as positive and negative controls, respectively, for R-

loop immunoprecipitation. The experiments were repeated independently two times for 

METTL3 and three times for other proteins, with similar results. 

7.4. Summary and conclusions 

Taken together, these findings suggest that METTL3-depletion-mediated, reduced m6A 

deposition led in turn to reduced m6A turn-over rates, resulting ultimately in R-loop 

accumulation. Moreover, the discovery of physical interaction of m6A reader proteins with 

native R-loops could provide a physiological rationale for m6A deposition on R-loops in the 

first place. 
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8. Dissecting the nature of YTHDF2 interaction with m6A modified RNA:DNA hybrids. 

8.1. Cytoplasmic YTHDF2 localizes to chromatin of mitotic hPSCs 

Though the detection of m6A reader proteins on S9.6 immuno-precipitated R-loops (see section 

7.3) suggested the potential involvement of these reader proteins in R-loop biology (Figure 

7.3), it was not clear whether any of these interactions is functional. Moreover, since the 

interactions were examined in R-loops retrieved from asynchronous cells, it was unclear 

whether any of these reader proteins interact with mitotic chromatin, enriched in m6A modified 

R-loops. To examine the localisation of m6A binding proteins, first, m6A and HNRNPA2B1 

co-immunostaining was performed. While m6A staining exhibited the characteristic high 

signal in mitotic chromatin, HNRNPA2B1 staining was specifically excluded from the 

chromatin in mitotic cells (Figure 8.1A-B). Next, the YTH-domain containing proteins were 

examined for potential interaction with the R-loops enriched mitotic chromatin. YTHDF1 co-

immunostaining with the mitotic cell marker, Phospho-H3 showed that YTHDF1 exhibits 

predominantly cytoplasmic localization in both interphase and mitotic hPSCs (Figure C-D). 

Although YTHDF2 staining signal was predominantly cytoplasmic in interphase cells, 

curiously, YTHDF2 exhibited strong co-localisation with Phospho-H3 in mitotic chromatin 

(Figure 8.1E-G). These results suggest a potential interaction between m6A enriched R-loops 

in mitotic cells and YTHDF2.   
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Figure 8.1. Immunostaining of hPSCs for m6A reader proteins. (A, B) Immunostaining of 

hiPSCs for HNRNPA2B1 and m6 A (C,D) Immunostaining of hiPSCs by using anti-YTHDF1 

and anti-pH-H3 antibodies imaged at two different magnifications. imaged at two different 

magnifications. (E,F,G) Immunostaining of hiPSCs for YTHDF2 and pH-H3 imaged at two 

different magnifications. Merged views and YTHDF1/HNRNPA2B1/YTHDF2 channels (A-

G). Locations of the views shown in B,D,F,G are marked with dashed rectangles in A,C,E. All 

scale bars, 10 μm. Experiments shown in A-G were repeated independently four times with 

similar results. 

 

8.2. YTHDF2 co-localises with R-loops in in vivo 

Since levels of m6A modified R-loops peaked in mitotic cells, the localisation of YTHDF2 

suggested the localisation of YTHDF2 to R-loops. To examine this, YTHDF2 co-staining with 

the S9.6 R-loops antibody was performed in fixed hPSCs. Interestingly, YTHDF2 co-staining 

with S9.6 (Figure 8.2A) revealed a high degree of YTHDF2 staining signal co-localization with 

R-loops (Figure 8.2B). Moreover, YTHDF2 and S9.6 signals showed more than 90% overlap 

across hPSCs nuclei. Although these results revealed the co-localisation of YTHDF2 and 

RNA:DNA hybrids, it was not clear whether this interaction is direct or m6A dependent.  
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Figure 8.2. YTHDF2 co-localizes with R-loops in vivo. YTHDF2 co-localizes with R-loops 

in vivo and interacts with synthetic m6A-marked RNA:DNA hybrids in vitro. (A) Co-

immunostaining of YTHDF2 with R-loops (S9.6) in a representative hPSCs interphase 

nucleus. Merged view and individual channels are shown. The area used for S9.6/YTHDF2 

signals quantification is indicated. The arrow designates the region used for generation of 

signal intensity profile shown in (B). (b) The profile showing intensities of YTHDF2, S9.6 

and 4,6-diamidino-2-phenylindole (DAPI) signals across the nuclear region marked with an 

arrow in (A). (C) Representative image of hPSCs immunostained for YTHDF2 and R-loops 

(S9.6). Merged view and YTHDF2/S9.6 channels are shown. Scale bar = 20 μm The 
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experiments shown in (A, C) were repeated independently 3 times with similar results. (D) 

Scatter diagram for YTHDF2 and S9.6 fluorescence intensities in an individual hPSCs 

nucleus. (E) The value of overlapping coefficient of YTHDF2 vs S9.6 intensities quantified 

for 20 cells immunostained for YTHDF2 and S9.6. The centre value is median, error bars 

show minimal and maximal values.  

 

8.3. YTHDF2 interaction with synthetic RNA:DNA hybrids is m6A dependent 

In order to examine whether the interaction of YTHDF2 with R-loops is mediated by the 

presence of m6A on the RNA, the binding affinity of YTHDF2 to γ32P-ATP labelled 42-mer 

synthetic hybrids and single stranded RNAs modified with and without m6A in the consensus 

GGAC motif was examined using in electrophoretic mobility-shift assays (EMSA). 

Consistent with previous observations (Wang et al., 2014) human recombinant YTHDF2 

exhibited higher binding affinity towards m6A containing single stranded RNA compared to 

oligoes with no m6A modification. Similarly, YTHDF2 exhibited higher binding affinity 

towards m6A-containing RNA hybridized to DNA compared to RNA:DNA hybrids without 

m6A, both in low and high salt conditions (Figure 8.3A-B). These results confirm the 

interaction of YTHDF2 with RNA:DNA hybrids and reveal essential role for m6A in 

mediating this interaction.  
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Figure 8.3. YTHDF2 interacts with synthetic m6A-marked RNA:DNA hybrids in vitro. 

(A) The results of EMSA using recombinant YTHDF2-His fusion (B) or YTHDF2-FLAG 

(B) and 0.15 pmol of unmodified (non) or m6A-containing (meth) RNA oligonucleotides 

(ssRNA) or corresponding synthetic RNA:DNA hybrids (RNA:DNA). Triangles indicate 

increasing concentrations of the protein (10, 100, 300 ng). Concentrations of the recombinant 

protein (B) and NaCl/KCl in the binding buffer are indicated. The RNA and RNA:DNA-

YTHDF2 protein complexes are arrowed.  

 

8.4. YTHDF2 shows higher binding affinity towards m6A containing RNA:DNA hybrids 

compared to unmodified RNA:DNA hybrids 

To further clarify the preferential substrate specificity of YTHDF2 towards m6A modified 

RNA and RNA:DNA hybrids, its binding affinity towards methylated and non-methylated 

synthetic RNA and RNA:DNA hybrids was examined in microscale thermophoresis (MST) 

analysis. These data showed that YTHDF2 exhibited similar binding affinity towards m6A on 

single stranded RNA (Kd:15.5 +/-4.8 µM) or RNA:DNA hybrids (Kd:16.2 +/-5.0 µM). 

Confirming YTHDF2 interaction with RNA and RNA:DNA hybrids dependency on m6A, 

YTHDF2 exhibited significantly lower binding affinity towards single stranded RNA and 

RNA:DNA hybrids that did not have m6A (Figure 8.4A-B). These results further confirm that  

binding of YTHDF2 to RNA:DNA hybrids is m6A dependent.  
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Figure 8.4. YTHDF2 exhibit higher binding affinity towards m6A containing 

RNA:DNA hybrids compared with non-modified RNA:DNA duplexes. Microscale 

thermophoresis binding curves for YTHDF2 interaction with m6 A-containing/non-modified 

RNA:DNA hybrid and m6A-marked/non-modified ssRNA synthetic substrates. Binding is 

shown as fraction of protein bound as a function of substrate concentration. Binding curves 

are fitted to the data points from experiments for m6 A-containing (filled circles/triangles) 

and unmodified (open circles/triangles) substrates. Dissociation constant (Kd) values are 

shown for each of the interactions. Error bars show s.d., the center values are means, n= 6 

independent series of experiments. 

 

8.5. Chromatin immunoprecipitation (ChIP) reveal that YTHDF2 intercats with R-loops 

containing genomic-loci in vivo. 

To interrogate whether the interaction of YTHDF2 to m6A modified synthetic hybrids occurs 

in vivo, YTHDF2-bound chromatin was examined using ChIP-qPCR. YTHDF2 ChIP-qPCR 

results revealed recruitment of YTHDF2 to LINE1 elements and intronic sequences enriched 

in R-loops (Figure 8.5A). In contrast, ChIP-qPCR analysis of another m6A reader, 

HNRNPA2B1 revealed no binding of HNRNPA2B1 to LINE1 repeats even though the 

presence of HNRNPA2B1 at intronic sequences enriched in R-loops was detected in these 

experiments (Figure 8.5B). The binding of YTHDF2 to LINE1 elements and intronic 
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sequences enriched in R-loops suggests that YTHDF2 and R-loops interact in vivo.  

 

Figure 8.5. ChIP-qPCR reveals YTHDF2 interacts with R-loop-containing loci in vivo. 

(A-B) The results of YTHDF2 (A) and HNRNPA2B1 (B) ChIP-qPCR of the indicated 

repeats and intronic sequences performed on REBL-PAT hPSCs (A-B. Representative results 

of one of 3 independent experiments ± SEM are presented. 

8.6. Enrichment of YTHDF2 at R-loop-containing genomic-loci in METTL3 and RNase 

H1 depleted hPSCs. 

Since the ribonuclease RNase H1 mediate removal of cellular R-loops (Cerritelli and Crouch, 

2009), numerous studies used RNase H1 depletion to study consequences of R-loop formation. 

The binding of YTHDF2 to R-loop enriched genomic loci raised the hypothesis that YTHDF2 

is recruited as a response to R-loop formation. To test this and further verify YTHDF2 

interaction with R-loops in vivo, RNase H1 depleted and control hPSCs were examined for 

YTHDF2 recruitment to chromatin. Analysis of YTHDF-2 ChIP-qPCR revealed that, unlike in 

untreated control cells, siRNase H1 depleted hPSCs show increased recruitment of YTHDF2 

to both LINE1 repeats and intronic sequences following transient RNase H1 depletion (Figure 

8.6A). Likewise, consistent with recruitment of HNRNPA2B1 to intronic sequences enriched 

in R-loops (Figure 8.5B), compared to untreated (control) cells, HNRNPA2B1 ChIP-qPCR 

analysis of RNase H1 depleted hPSCs revealed increased binding of HNRNPA2B1 to intronic 

sequences (Figure 8.6B). Next, YTHDF2 and HNRNPA2B1 ChIP-qPCR experiments in 

siMETTL3 depleted and untreated control hPSCs were performed to verify whether the in vivo 

interaction of YTHDF2 and HNRNPA2B1 with R-loops is m6A dependent. Consistent with 
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m6A dependent recruitment of both YTHDF2 and HNRNP2B1 to R-loops, depletion of 

METTL3 led to decreased binding of both m6A readers to R-loops containing genomic loci 

(Figure 8.6C-D). In sum, these results indicated the m6A depended binding of YTHDF2 and 

HNRNPA2B1 to R-loops and suggested functional relevance of these interactions. 

 

 

 

Figure 8.6. Increased YTHDF2 recruitment to R-loop-containing genomic loci in RNase 

H1 or METTL3 depleted hPSCs. The results of YTHDF2 (A,C) and HNRNPA2B1 (B,D) 

ChIP-qPCR of the indicated repeats and intronic sequences performed on siCNTL and 

siRNase H1 hPSCs (A,B) or on siCTL and siMETTL3 hPSCs (C,D). Representative results 

of one of 3 independent experiments ± SEM are presented. 

  

8.7. YTHDF2 depletion leads to accumulation of RNA:DNA hybrids in human cells 

To understand the functional significance of YTHDF2 interaction with R-loops enriched 

genomic-loci, m6A and S9.6 DRIP-qPCR assessment of those loci upon YTHDF2 depletion 

was carried out. Relative to untreated control cells, remarkably, significant enrichment of 

m6A and S9.6 R-loops were detected in hPSCs with transiently depleted YTHDF2 (figure 
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8.7.1A-B). As these results suggested a role for YTHDF2 in regulating the stability of 

RNA:DNA hybrids, the same genomic loci were assessed using S9.6- and m6A-DRIP-qPCR 

in wild type (WT) and YTHDF2 knockout (KO) HAP1 cells. Consistent with a role for 

YTHDF2 in regulating the stability of RNA:DNA hybrids, compared to isogenic WT cells, 

YTHDF2 KO HAP1 cells showed significant accumulation (ranging from 5-50 fold increase) 

of R-loops in repetitive elements (LINE1s, Alu-S and Alu-Y) and intronic sequences (Figure 

8.7.1C-D). In agreement with these results, mass spec analysis of m6A released from RNase 

H1 treated m6A DRIP experiments show significantly higher m6A levels in YTHDF2 KO 

HAP1 cells compared to isogenic WT control cells (Figure 8.7.1E-F).  

 

 

Figure 8.7.1. YTHDF2 depletion leads to accumulation of R-loops, increased accretion 

of m6A on RNA:DNA hybrids. (A) Relative expression of YTHDF2 transcript in hiPSCs 

transfected with siYTHDF2 siRNAs compared with that in non-targeting control siRNA 

(siCTL) transfected cells. (B) The results of S9.6 DRIP qPCR of the indicated repeats and 

intronic sequences performed on siCTL and siYTHDF2 hiPSCs. (C-D) The results of S9.6 

DRIP qPCR of the indicated repeats and intronic sequences performed on WT and YTHDF2 
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KO HAP1 cells. Generic primers amplifying Alu elements from the indicated families and 

evolutionarily young L1Hs were used. (E-F) SID-UPLC-MS/MS quantification of m6A in the 

nucleic acids immuno-precipitated (IP-ed) from YTHDF2 KO and wild type HAP1 using 

S9.6 antibody. The results normalized for dA together with S9.6 IP performed on RNase H-

pre-treated samples (E) and for ribo-A together with quantification of ribo-m5C in the IP-ed 

material (F) are shown. Experimental error is expressed as ± SD. 

 

8.7.2. YTHDF2 depletion leads to accumulation of R-loops in human and mouse cells  

In agreement with the involvement of YTHDF2 protein in resolving excessive R-loops, 

YTHDF2 KO cells that express truncated YTHDF2 protein (Figure 8.7.2A) excluded from 

mitotic chromatin (Figure 8.7.2B) exhibited significantly high S9.6 immunostaining signal, 

relative to WT cells (Figure 8.7.2C-D). Remarkably, the elevated S9.6 immunostaining signal 

was consistently detected in mouse Ythdf2 KO derived neural stem cells (mNSCs) (Figure 

8.7.2E-F). Correspondingly, both m6A and S9.6 DRIP qPCR analysis revealed 4-8 fold 

increase in R-loop enrichment in the open reading frame of mouse LINE1 repeats (Figure 

8.7.2G). Taken together, these results demonstrate a conserved role for YTHDF2 in resolving 

excessive R-loop formation in mammalian cells. 
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Figure 8.7.2. YTHDF2 depletion leads to accumulation of R-loops in human and mouse 

cells. (A) Schematic illustrating structure of wild type (WT) YTHDF2 protein and truncated 

protein expressed in YTHDF2 KO HAP1 cells. The lengths (aa) of the proteins and YTH 

domain are shown. (B) Representative images of wild type (WT) and YTHDF2 KO HAP1 

cells expressing truncated version of the protein, immunostained for YTHDF2 and 

phosphorylated histone H3. Individual channels and merged views are shown. (C) 

Immunostaining of HAP1 wild type and YTHDF2 KO HAP1 cells with S9.6 antibody and 

DAPI. Merged images and S9.6 channel views are shown. (D) Quantification of S9.6 signal 

mean nuclear intensity of cells in (C) The numbers of nuclei used for quantification are 

indicated in. (E) Immunostaining of wild type/Ythdf2 KO mNSCs with S9.6 antibody and 

DAPI. (F) Quantification of S9.6 signal mean nuclear intensity of cells in (E). (G) The results 

of S9.6 and m6A DRIP qPCR of mouse LINE1 ORF1 performed on wild type and Ythdf2 

KO mNSCs. Merged images and S9.6 channel views are shown and the numbers of nuclei 

used for quantification are indicated in (b, f). Representative results of one of 3 independent 

experiments ± SEM are presented in (c, g), **p < 0.001, ***p < 0.0001. 
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8.8. Summary and conclusion 

These results demonstrated the m6A depended interaction of  YTHDF2 and HNRNPA2B1 

with R-loops. Despite this, depending on the cell-cycle stage, the ability of m6A reader proteins 

to interact with m6A-modified R-loops significantly differed. Whereas mitotic chromatin 

seemed devoid of HNRNPA2B1 staining, YTHDF2 exhibited prominent interaction with 

mitotic chromatin, raising the interesting possibility of whether such interaction is functional. 

Implying its functional interaction with m6A modified RNA:DNA hybrids, YTHDF2 and S9.6 

co-staining signal showed more than 90% overlap across hPSCs nuclei. In agreement with a 

functional role for YTHDF2 co-localisation with R-loops, both the in vitro and in vivo analysis 

showed m6A-dependent YTHDF2 interaction with RNA:DNA hybrids.  Interestingly, RNase 

H or METTL3 depletion mediated increase in R-loop levels led to increased YTHDF2 

recruitment to R-loop-containing loci, suggesting functional role for YTHDF2 in R-loop 

resolution. Corresponding, both transient and constitutive depletion of YTHDF2 resulted  in 

excessive formation of R-loops. Given the novelty of these findings (R-loops accumulation in 

the absence of YTHDF2), it was very interesting to understand the consequences of YTHDF2 

absence on R-loops biology. 
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9. Excessive R-loop accumulation, increased DNA damage and cell growth retardation: 

Biological consequences of YTHDF2 depletion. 

The generation of single stranded DNA as part of R-loop formation has been well established 

to confer vulnerability of the cell to DNA damage (Crossley et al., 2019; García-Muse and 

Aguilera, 2019) and, as a result, DNA damage has been identified as a characteristic 

consequence of abnormal R-loop accumulation. This chapter aimed to investigate the 

significance of YTHDF2 depletion on R-loop metabolism.   

9.1. YTHDF2 and METTL3 depletion leads to elevated levels of γH2AX  phosphorylation 

in human and mouse cells 

Consistent with a role for YTHDF2 in resolving toxic accumulation of R-loops, YTHDF2 KO 

HAP1 cells showed a significant increase in immunostaining signal of phosphorylated (at 

serine 139) histone variant H2AX (γH2AX), a marker for DNA double-strand breaks (Figure 

9.1A). The elevated levels of γH2AX staining signal were also detected in the cortex of 

Ythdf2 KO embryos and Ythdf2 KO mNSCs (Figure 9.1C-D). Next, γH2AX ChIP-qPCR 

analysis was performed to test whether the increased γH2AX staining signal in YTHDF2 KO 

cells coincides with genomic loci enriched in R-loops. Analysis of γH2AX ChIP-qPCR 

revealed enrichment of γH2AX in R-loop containing repetitive and intronic sequences 

(Figure 9.1B). Similarly, siRNA mediated METTL3 depleted hPSCs showed (albeit less 

significantly) increased γH2AX immunostaining signal (Figure 9.1E). Taken together, these 

results suggest a novel role for both METTL3 and YTHDF2 in suppressing accumulation of 

R-loops and ensuing DNA damage.  
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Figure 9.1. YTHDF2 depletion leads to elevated levels of H2AX phosphorylation in 

human and mouse cells. (A) Representative images of YTHDF2 KO and WT HAP1 cells 

immunostained for γH2AX and DAPI, and quantification of γH2AX signal intensity in 

YTHDF2 KO and WT HAP1 cells. (B) The results of γH2AX ChIP qPCR of the indicated 

repeats and intronic sequences performed on WT and YTHDF2 KO HAP1 cells. Generic 

primers amplifying Alu elements from the indicated families and evolutionarily young L1Hs 

were used. Data are means of 3 independent experiments ± SEM. (C-D) Representative 

images of WT/Ythdf2 KO embryonic brain cortex and mNSCs immunostained for γH2AX 

and DAPI alongside quantification of γH2AX signal intensity in these tissues/cells. (D) 

Immunostaining of siCTL and siMETTL hPSCs for γH2AX and DAPI, and quantification of 

γH2AX signal intensity in these cells *p < 0.05, ***p < 0.0001. 
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9.2. YTHDF-2 depletion lead to cell growth retardation  

DNA damage has long been shown to mediate cell growth retardation. Next, the cell growth 

rate was determined for the DNA damage laden YTHDF2 KO and isogenic WT HAP1 cells. 

Only 24 hrs after seedingYTHDF2 KO cells showed decreased, relative to WT cells, cell 

number that continued dropping further in the remaining 3 days of culture (Figure 9.2 A). These 

results are consistent with previous reports of decreased proliferation rate for Ythdf2 KO-

derived neural stem cells (Figure 9.2B) (Li et al., 2018). In sum, these results suggest YTHDF2 

involvement in controlling normal cell growth; potentially linked to its role in R-loop 

resolution. 

 

Figure 9.2. YTHDF2 depletion leads to cell growth retardation in mammalian cells. (A) 

The growth curves of WT and YTHDF2 KO HAP1 cells determined using cell numbers at 

point of seeding and then every 24hrs until the 4th day. (B) Data from Li et al., 2018 showing 

Number of viable NSPCs at 0, 24, 72, and 120 h monitored by signal intensity of Presto Blue 

reagent. Proliferation rate was calculated by normalizing to wild type at 0 h.  

 

9.3. RNase H1 overexpression partially rescues increased γH2AX immunostaining signal 

of YTHDF2 KO cells 

A defining feature of R-loops is sensitivity to RNase H treatment (Drolet et al., 1995). By over-

expressing nuclear targeted RNase H1 in WT and YTHDF2 KO, our aim here was to test 



160 
 

whether the increased γH2AX immunostaining signal in YTHDF2 KO originate from R-loops 

and thus can be rescued, by over-expression of RNase H. Remarkably, YTHDF2 KO cells 

showed significantly reduced γH2AX foci following over-expression of GFP-tagged RNase 

H1 (Figure 9.3A). In contrast, GFP only transfected cells showed no reduction in γH2AX foci, 

suggesting reduction of these foci necessitate RNase H over-expression (Figure 9.3B). These 

results support a conserved function for YTHDF2 in suppressing the build-up of excessive R-

loop mediated DNA damage. 

 

 

Figure 9.3. RNase H1 over-expression partially rescues the increased H2AX 

phosphorylation in YTHDF2 depleted HAP1 cells. (A) Representative images of YTHDF2 

KO HAP1 cells transfected with GFP-RNase H1 and GFP-only expression constructs 

immunostained for γH2AX and DAPI, and (B) quantification of γH2AX signal intensity in 

the GFP-positive cells. P value is indicated. Examples of the nuclei used for signal 

quantification are marked with dotted shapes. Merged images and γH2AX channel views are 

shown, and the numbers of nuclei used for quantification are indicated in (B). *p < 0.05.  

 

9.4. Summary and conclusion 

The striking accumulation of RNA:DNA hybrids in YTHDF2 depleted cells (see chapter 8) 

raised interesting questions regarding the potential function of YTHDF2 in R-loop biology. 

Given the growing consensus that accumulation of unscheduled R-loops formation results in 
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DNA damage (Sollier et al., 2014; Barroso et al., 2019), it raised the intriguing question of 

whether YTHDF2 contribute to safeguarding genome stability by suppressing R-loop-

mediated DNA damage. In support of this, depletion of YTHDF2 led to excessive R-loop 

formation in mouse and human cells. Importantly, in both human and mouse cells, depletion 

of YTHDF2 resulted in accumulation of γH2AX foci within R-loop containing genomic loci. 

To understand whether the accumulated DNA damage in YTHDF2-depleted cells was linked 

to R-loops, RNase H was over-expressed in YTHDF2 KO human cells. Indicating γH2AX 

hat the DNA damage in YTHDF2 KO cells is linked to R-loops, RNase H over-expression 

reduced the accumulation of γH2AX foci. This represented the first described function for 

YTHDF2 in regulating genome stability via R-loops. Moreover, depletion of YTHDF2 also 

resulted in cell growth retardation, possibly due to the excessive formation of R-loops and 

increased rates of DNA damage accumulating in these cells.  
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10.1. Discovery of m6A on RNA:DNA hybrids 

Motivated by multiple reports of 6mA presence in metazoan genomes (Fu et al., 2015; Greer 

et al., 2015b; Zhang et al., 2015), initially, this thesis aimed to investigate the presence and 

potential biological function of DNA 6mA in human cells. Based on the use of two independent 

approaches, an anti-m6A specific antibody-based highly sensitive immunostaining method and 

a powerful liquid chromatography-tandem mass spectrometry (LC-MS/MS) capable of 

detecting as few as 20 modified nucleobases (e.g. 5fC) in the genome (Gackowski et al., 2016; 

Pfaffeneder et al., 2011), 6mA was not detectable in human cells. These observations are 

consistent with a growing body of evidence showing that 6mA is either completely absent in 

mammalian genomes (Schiffers et al., 2017), i.e. occuring beyond the limit of detection of LC-

MS/MS (Douvlataniotis et al., 2020; Schiffers et al., 2017), or, according to the more recent 

studies, may be erroneously incorporated to mammalian DNA by DNA polymerases from 

bacterial sources (X. Liu et al., 2020). In addition, as 6mA extensively marks prokaryotic 

genomes, any bacterial (e.g. mycoplasma) contamination may lead to incorrect indication of 

the presence of physiologically non-negligible levels of 6mA in mammalian genomes 

(Douvlataniotis et al., 2020; Schiffers et al., 2017) warranting thorough mycoplasma exclusion 

measures prior to and during 6mA evaluation in nucleic acids from mammalian cells and 

tissues. Despite maintaining the hPSCs in mycoplasma-free chemically defined culture 

conditions, consistently, these cells exhibited strong m6A immunostaining signal that was 

resistant to RNase A (that exclude any contaminating m6A from RNA, (Jia et al., 2011; Meyer 

et al., 2012; Dominissini et al., 2012; Deng et al., 2015) or DNase I treatments but either 

significantly decreased or completely lost in cells pre-treated with RNase H, a ribo-

endonuclease that specifically targets the RNA component of RNA:DNA hybrids for 

degradation (Hyjek et al., 2019) . Moreover, using dot-blot experiments, more recently, Yang 

and colleagues also confirmed the presence of m6A on RNA:DNA (X. Yang et al., 2019) 
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although no quantitative assessment was shown. Despite re-confirming the specificity of the 

anti-m6A antibody in this thesis and by other labs (Mondo et al., 2017; Zhao et al., 2017), it is 

conceivable that the anti-m6A antibody could also exhibit binding affinity, albeit weakly, to 

other structurally similar RNA modifications (Linder et al., 2015). Therefore, in collaboration 

with the Gackowski lab in Poland, an antibody-independent, quantitative assessment of RNase 

H of m6A in hPSCs DNA was performed, which independently demonstrated the presence of 

m6A marked RNA:DNA hybrids. In sum, these results provide the first observation of a 

noncanonical nucleic base in R-loops, that have recently been independently confirmed in a 

number of studies (X. Yang et al., 2019; Zhang et al., 2020). Given the wide-ranging regulatory 

roles m6A is known to play in RNA biology (Fu et al., 2014) coupled with the conserved 

regulatory function of R-loops (Niehrs and Luke, 2020), it is anticipated that the discovery of 

m6A presence on R-loops will likely impact all steps of R-loop/RNA:DNA hybrid biogenesis 

and possibly extend the biological function of m6A itself, thus providing an insight into  

another layer of gene regulation. Moreover, the discovery of m6A on R-loops might be 

particularly helpful in settling the ongoing debate around the highly contentious 6mA presence 

in mammalian genomes (Koziol et al., 2016; Wu et al., 2016a; Liu et al., 2016; Mendel et al., 

2018)(Koziol et al., 2016; Liu et al., 2016; Wu et al., 2016b; Schiffers et al., 2017; Yao et al., 

2017; Stöger, 2017; Douvlataniotis et al., 2020). Thus, the discovery of m6A on R-loops 

suggest that re-evaluation of all previously reported data on the 6mA presence in mammalian 

genomes is necessary. Notably, to date, all reports of 6mA detection in mammalian genomes 

are presented without RNase H control and, as the result, m6A mapping on R-loops might be 

interpreted as 6mA (Wu et al., 2016b). Moreover, as the anti-m6A antibody can also bind DNA 

6mA and, unless genomic DNA is harvested from contamination-free environment, the 

presence of 6mA in contaminating species e.g. bacteria could confound interpretation of 6mA 

analysis in mammalian genomes. Furthermore, the stability of RNA:DNA hybrids is higher 
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than that of double stranded DNA (Roberts and Crothers, 1992), and given the resistance of 

RNA:DNA hybrids to RNase A treatment (Allison and Wang, 2019), any results of 6mA 

immunostaining in the absence of RNase H may erroneously indicate the presence of 6mA.  

10.2. Genomic distribution of m6A marked RNA:DNA hybrids. 

As soon as the presence of m6A on RNA:DNA hybrids has been confirmed, the aim was to 

obtain insights into the biological function of m6A on R-loops. To this end, by adapting a 

previously published genome-wide RNA:DNA hybrid mapping protocol (Ginno et al., 2012), 

the genome-wide distribution of m6A-marked RNA:DNA hybrids in hPSCs was obtained 

where the corresponding sequences showed RNase H sensitivity in control samples. 

Interestingly, the global map of m6A marked RNA:DNA hybrids showed almost identical 

profile to the R-loops maps obtained with the S9.6 antibody, suggesting that m6A marks most 

of RNA:DNA hybrids. Although this is somehow consistent with previous finding showing the 

presence of m6A on the majority of messenger RNAs (Bokar, 2005; Linder et al., 2015), the 

anti-m6A antibody captured 3 folds more RNA:DNA compared with S9.6 antibody specific 

for RNA:DNA hybrids. Using synthetic m6A modified and unmodified RNA:DNA hybrids as 

spike-in control during m6A and S9.6 immunoprecipitation reactions, the affinity of m6A 

antibody was shown to be considerably higher (3 – 5 folds) than S9.6 for the same hybrid. This 

is consistent with previous reports that show that various antibodies raised to the same target  

may have considerable differences in their affinities (Shim, 2011), a widely recognised draw-

back of therapeutic application of many antibodies. Nevertheless, the recent development of 

an antibody-independent approach for mapping genome-wide distribution of R-loops can 

provide a potential alternative for studying the genomic distribution of RNA:DNA hybrids 

(Malig et al., 2020), however, in the context of m6A marked R-loops, such an approach may 

require  coupling with an antibody-independent mapping of m6A-marked RNA:DNA hybrids.  
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Consistent with co-transcriptional formation of RNA:DNA hybrids (Huertas and Aguilera, 

2003; Stork et al., 2016), the genome-wide profiling of m6A-modified R-loops revealed a 

strong enrichment of m6A marked RNA:DNA hybrids in transcribed regions. Strikingly, 

nearly 50% of m6A- and S9.6- captured RNA:DNA hybrids were mapped to transcribed 

intergenic regions which are increasingly being recognised to play important and often 

conserved regulatory functions (Pheasant and Mattick, 2007; Hainer et al., 2011; Mattick, 

2018). Importantly, these data are consistent with several maps of R-loops in various model 

systems (Nadel et al., 2015; Wahba et al., 2016; Al-Hadid and Yang, 2016; Chen et al., 2017). 

In addition to intergenic regions, more than 20% of mapped m6A marked RNA:DNA hybrids 

were enriched in intronic sequences, suggesting potential involvement of these R-loops in 

regulating RNA processing (Li and Manley, 2005). In agreement with these results, recent 

analysis implicated intronic R-loops in regulating alternative RNA splicing (El Hage et al., 

2014; Wan et al., 2015; Nguyen et al., 2018; Chen et al., 2018) and genome instability as a 

consequence of their accumulation (Chan et al., 2014; Nguyen et al., 2019; Tam and Stirling, 

2019). Moreover, a substantial number of m6A and S9.6 peaks mapped to either promoter, 

5’UTR or 3’UTR regions, suggesting direct involvement in transcriptional regulation (Niehrs 

and Luke, 2020), and this is consistent with previous studies demonstrating R-loop enrichment 

in these regions (Ginno et al., 2012; Skourti-Stathaki et al., 2014; Sanz et al., 2016a; Dumelie 

and Jaffrey, 2017). In support of this, promoter-associated R-loops have been shown to 

promote demethylation by hindering access of DNA methyltransferases to their target CpG 

sequences (Arab et al., 2019) or altering chromatin structure to either promote antisense 

transcription  (Tan-Wong et al., 2019) or induce repressive chromatin structure (Sun et al., 

2013; Colak et al., 2014). Moreover, formation of R-loops at 3’UTR pause sites have been 

associated with transcriptional termination (Gromak et al., 2006; Skourti-Stathaki et al., 2011). 

Unlike some of the unusually long (up to 1kb) R-loops reported in some studies (Sanz et al., 
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2016b), the majority of the RNA:DNA hybrids obtained in this study are less than 500 bp in 

length. This is consistent with the fact that, apart from R-loops reported in B-cells formed 

during class switch recombination (Yu et al., 2003), the majority of R-loops ranges from 80 to 

500 bp according to a number of reports (Sun et al., 2013; El Hage et al., 2014; Skourti-Stathaki 

and Proudfoot, 2014; Costantino and Koshland, 2015; Wahba et al., 2016; García-Muse and 

Aguilera, 2019). Notwithstanding the differences in the model system used for R-loop 

mapping, technical variation in R-loop mapping, particularly in the fragmentation step of DNA 

prior to immunoprecipitation could contribute to differences in the length of reported R-loops 

(Sanz et al., 2016b; Wahba et al., 2016). Consistent with this, it was found that the use of 

restriction-enzyme based DNA fragmentation could result in over-estimation of R-loop size as 

they are known to predominantly target the repeat-rich non-coding sequences (Halász et al., 

2017). Nevertheless, the recent development of high-resolution R-loop mapping techniques 

might aid the standardization of methods used for R-loop mapping (Dumelie and Jaffrey, 2017; 

Malig et al., 2020). Moreover, the m6A RNA:DNA hybrid mapping approach described in this 

thesis provide a robust and highly sensitive method for profiling R-loops genome-wide or at 

the level of a single-locus.  

10.3. Lack of correlation between m6A marked RNA:DNA hybrid and major histone 

marks. 

To gain insights into the chromatin environment associated with m6A-marked RNA:DNA 

hybrids, both m6A and S9.6 derived RNA:DNA hybrids were overlapped with previously 

published histone marks in hPSCs. Despite previous indications of particular histone 

modifications and R-loop formation (Skourti-Stathaki et al., 2014; Zeller et al., 2016; Sanz et 

al., 2016a), there was not obvious correlation between either m6A or S9.6 derived RNA:DNA 

hybrids. Consistent with this finding, the presence of RNA:DNA hybrids has previously been 

shown to disfavour the presence of histone marks (Dunn and Griffith, 1980; Crossley et al., 



168 
 

2019). Moreover, recent analysis suggests that the association of RNA:DNA hybrids with 

particular histone marks is more indicative of non-physiological R-loop formation (García-

Pichardo et al., 2017). In summary, these results suggest a model whereby m6A marked 

RNA:DNA hybrids provide a separate yet previously unknown chromatin environment that 

may further alter both the local chromatin topology and confirmation, to either exclude or 

promote specific chromatin interacting factors. 

10.4. The cell-cycle as potential regulator of R-loop dynamics 

Compared to interphase cells, mitotic cells consistently exhibited RNase A resistant high m6A 

immunostaining signal, and in an aim to probe this further, hPSCs were sorted using flow 

cytometry into G0/G1, S and G2/M cell cycle populations based on propidium iodide staining 

intensity, before assessment of m6A modified RNA:DNA hybrid levels. Interestingly, 

accumulation of RNA:DNA hybrids varied depending on the stage of the cell cycle for both 

intronic and retroelements sequences. Consistently with the immunostaining results, both m6A 

and S9.6 derived RNA:DNA hybrids were enriched in S and G2/M phases of the cell cycle 

with noticeable depletion in interphase cells. While confirming previous reports showing 

variation in R-loop levels between dividing and nondividing cells (Gómez-González et al., 

2009; Graf et al., 2017; Kabeche et al., 2018), these results also extend those findings by 

showing mitotic enrichment of R-loops in LINE1 retro-elements, potentially regulating their 

retroposition in dividing cells (Shi et al., 2007; Xie et al., 2013). As waves of gene reactivation 

is known to occur during and on-exit from mitosis, it would be particularly interesting to further 

dissect the role of m6A marked RNA:DNA hybrids in  LINE1 expression (Palozola et al., 

2017), especially in the context of pluripotency, and cell fate decisions, wherein LINE1 

mobilization has recently been implicated (Klawitter et al., 2016; Percharde et al., 2018; Flasch 

et al., 2019; Wang et al., 2020).  
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10.5. Modulation of m6A levels uncover its role in regulating R-loop stability  

Technical difficulties of selectively modifying m6A has previously challenged attempts into 

understanding the precise biological function of m6A (Linder et al., 2015). The discovery of 

m6A writers, readers and eraser proteins not only demonstrated its dynamic nature (Fu et al., 

2014) but also provided an excellent tool to probe the function of m6A. Consequently, m6A 

has been implicated in almost all aspects of RNA metabolism at the cellular level from 

pluripotency and differentiation, to development and disease (Bokar, 2005; Dominissini et al., 

2012; Fu et al., 2014; Geula et al., 2015; Xu et al., 2017; Barbieri and Kouzarides, 2020; Begik 

et al., 2020). One of the most striking consequences of m6A deposition on RNAs (Desrosiers 

et al., 1974; Perry and Kelley, 1975) is its ability to reduce their half-life (Sommer et al., 1978; 

Ke et al., 2017) and catalyse their eventual destabilization (Wang et al., 2014; Zaccara and 

Jaffrey, 2020; Lasman et al., 2020; Lee et al., 2020). The finding that m6A marks the majority 

of RNA:DNA hybrids (see chapter 4) and demonstration that RNA:DNA hybrids exhibit cell 

cycle dependent dynamics (see chapter 6), raised the interesting hypothesis of whether m6A, 

similar to the consequence of its presence on mRNAs (Wang et al., 2014), also regulates the 

stability of RNA:DNA hybrids. Consistent with previous analysis, transient depletion of 

METTL3 in hPSCs led to reduced levels (29%) of m6A deposition as assessed by mass 

spectrometry (Liu et al., 2014). While such reduction of m6A deposition did not seem to 

significantly affect expression of R-loop containing loci (see chapter 7), remarkably, it led to 

2-6 fold increase in the level of R-loops detected in intronic sequences and LINE1 

retroelements during S and G2/M phases of the cell cycle compared to control hPSCs. These 

results not only demonstrate the involvement of m6A in regulating the stability of RNA:DNA 

hybrids but are also consistent with other studies implicating m6A in promoting rapid turnover 

of target RNAs (Liu et al., 2014; Wang et al., 2014; Ke et al., 2017; Lee et al., 2020). In 

accordance with this, m6A-decorated RNA:DNA hybrids have recently been implicated in 
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promoting homologous recombination-mediated double strand break repair (Zhang et al., 

2020). Moreover, the finding that nuclear m6A regulate RNA:DNA hybrid stability present a 

novel nuclear function for m6A beyond its much-studied role in regulating cytoplasmic RNA. 

In agreement with this, recently, the He lab showed that modulation of m6A could also impact 

not only the distribution but also levels of chromatin-associated RNAs (J. Liu et al., 2020). In 

addition, m6A could contribute to reduction of the thermodynamic stability of RNA:DNA 

hybrids (Roberts and Crothers, 1992) that is defined by unique structure of their double helix 

intermediate between A-form characteristic for RNA:RNA duplexes and B-form usual for 

double stranded DNA (Shaw and Arya, 2008).  

To gain further insights into the biological significance of m6A on R-loops, the best 

characterised m6A reader proteins were probed for their interaction with m6A modified R-

loops. This includes, YTHDF1 (Wang et al., 2015), YTHDF2 (Wang et al., 2014) and 

HNRNPA2B1 (Alarcón et al., 2015) that exert their function on RNA in m6A dependent 

manner along with METTL3 (Liu et al., 2014) were found to physically interact with native R-

loops. In support of this, these proteins have already been reported in previous studies of 

RNA:DNA hybrid protein interactomes (Cristini et al., 2018; Wang et al., 2018). As m6A 

modified RNA:DNA hybrids showed preferential enrichment in mitotic cells, the spatial 

distribution of these reader proteins was examined using immunostaining experiments (see 

chapter 8). Although all 3 key m6A reader proteins were detected in interphase hPSCs nuclei, 

only YTHDF2 showed strong localisation to mitotic chromatin, suggesting its functional role 

during mitosis. In support of this, YTHDF2 was earlier found amongst proteins interacting with 

cell-cycle resolved mitotic chromatin (Ginno et al., 2018), however no functional analysis of 

its role in the chromatin was presented. To investigate whether YTHDF2 translocation to 

mitotic chromatin is dependent on m6A, we assessed YTHDF2 binding affinity to synthetic 

m6A-containing and non-modified RNA:DNA hybrids using micro-scale thermophoresis and 
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EMSA. In both these experiments, YTHDF2 exhibited stronger affinity to m6A-modified 

synthetic RNA:DNA hybrids compared to unmodified hybrids. In agreement with this, 

YTHDF2 exhibited strong co-localization with S9.6 in immunostaining experiments, further 

suggesting a functional interaction between YTHDF2 and R-loops. Consistent with this, 

YTHDF2 chromatin immunoprecipitation analysis showed recruitment of YTHDF2 to R-loops 

containing genomic loci. In order to probe the function of YTHDF2 recruitment to sites of R-

loops, next, profiles of RNA:DNA hybrids in intronic and LINE1 retroelement regions were 

assessed following depletion of YTHDF2. In these experiments, YHTDF2 depletion led to 

increased accumulation of m6A modified RNA:DNA hybrids, suggesting the involvement of 

YTHDF2 in resolution of RNA:DNA hybrids. Consistent with this, depletion of both YTHDF2 

and METTL3 led to increase in γH2AX immunostaining signal, a marker of double strand 

DNA breaks (Georgoulis et al., 2017) and a characteristic feature of persistent R-loops 

(Hamperl et al., 2017; Cristini et al., 2019; Crossley et al., 2019). Taken together, the data 

presented in this thesis support a role for m6A in regulating the stability of RNA:DNA hybrids 

that accumulate during specific stages of the cell cycle. In this context, m6A through its reader 

proteins might regulate YTHDF2 that might require the recruitment of additional factors such 

as helicases (Cristini et al., 2018; Wang et al., 2018) or endonucleases (Park et al., 2019) to 

achieve R-loop resolution. As a result, YTHDF2 could help ensure proper transition through 

the cell cycle (Fei et al., 2020). Consistent with this, YTHDF2 was found among genes whose 

down-regulation led to significant increase in γH2AX in human cells (Paulsen et al., 2009). 

The thesis envisages future implication of m6A in virtually all instances of R-loop formation, 

scanning, and resolution ranging from physiological to pathological contexts. Moreover, the 

presence of m6A-marked R-loops in human cells will likely contribute to understanding the 

exact molecular mechanisms of balancing the paradoxical roles of R-loops between 

physiological phenomena and pathological contexts that threaten genome integrity. 
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Furthermore, ultimately, recent advances in RNA editing (Liu et al., 2019) might allow using 

m6A and other RNA modifications for precise programming of the stability of RNA:DNA 

hybrids that may be instrumental for their therapeutic manipulation in R-loop mediated 

pathologies (Richard and Manley, 2017).  
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