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Abstract 

 

RNA methylation is an important regulator of RNA metabolism. The most 

common form of internal mRNA methylation is N6-methyladenosine (m6A), 

which is deposited by the m6A methyltransferase complex (MTC). This occurs 

co-transcriptionally, meaning the MTC must interact with components within 

the broader chromatin environment, in order to rapidly and selectively access 

nascent RNA. My thesis is a step towards a better understanding of those 

interactions. 

 

In the first part of my thesis, I examine the cellular response to UV-C 

irradiation, which has recently been demonstrated to induce dynamic m6A 

deposition. Not only do I find limited evidence to support this model, I also 

show this discrepancy partly arises from the cross-reactivity of m6A antibodies 

with poly (ADP-ribose) (PAR), which confounds imaging data. I then identify a 

previously uncharacterised regulatory relationship between the core MTC 

protein, METTL3, and the synthesis of PAR (PARylation). In the second part 

of the thesis, I utilise a range of experimental techniques in an attempt to 

describe how PARylation is affected by the loss of METTL3. These experiments 

give no single answer, but indicate several contexts in which PARylation and 

METTL3 may be linked. In the third section, I present a study of how PARP-1 

and PARylation is regulated by METTL3 during the exit from pluripotency, 

and in the context of MEK/ERK signalling. At the heart of this section is a 

proteomic dataset that measures changes to the PARP-1 chromatin-associated 

interactome, in the presence and absence of METTL3. This identifies several 

interesting candidate proteins, on which further research can be based.  
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In summary, I have identified, and begun the characterisation of, a regulatory 

relationship between two important processes: the m6A modification of RNA 

and PARylation. This may have important consequences for understanding 

several aspects of cell homeostasis and disease.  
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Impact Statement 

 

The two biological process that are studied in depth in this thesis, PARylation 

by PARP proteins, and the m6A modification of RNA, are fundamentally 

important for cell function.  

 

The PARP proteins are crucial regulators of many important parts of cell 

biology. PARP-1 is best characterised as a primary regulatory of the DNA 

damage response, and is targeted by several cancer treatments because of this. 

However, it also plays a fundamental role in regulating chromatin structure, 

telomeres, protein aggregation, and apoptosis. Understanding how PARP 

proteins operate and are regulated, in any of these contexts, will have many 

consequences for understanding fundamental biology and disease aetiology.  

 

Recently, there has been a resurgent interest in RNA modifications, particularly 

m6A, which is the most common internal modification on protein coding RNA. 

The cell uses m6A to regulate RNA metabolism, which in turn regulates cell 

differentiation and cell growth, amongst other things. 

 

In this thesis I demonstrate that the loss of METTL3, the core m6A ‘writer’ 

protein, leads to a loss of PARylation, as well as many changes to the proteins 

that associate with PARP-1 on the chromatin. This suggests that there is a 

regulatory mechanism operating between these two biological systems. My 

doctoral work forms a foundation for understanding this relationship in greater 

depth, which may have importance for understanding the multifarious aspects of 

cell biology that these two systems impinge on.  
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Chapter 1.  Introduction 

 

The chromatin, a scaffold of protein and DNA, is managed by a cohort of 

regulatory proteins and molecules. Together, they compose a landscape of 

incredible complexity, in which demarcated systems are managed by specific 

regulatory mechanisms, while each must also work in concert with the rest in 

order for the cell to survive.  

 

In this thesis I explore a corner of this regulatory landscape, and present work 

that suggests a link between the post-transcriptional N6-methyladenosine (m6A) 

modification of RNA, and the synthesis of poly-ADP ribose (PAR) by poly 

ADP-ribose polymerases (PARPs). Both processes are known to operate as 

dynamic and subtle mechanisms to alter cell biology: m6A, through regulating 

RNA metabolism, and PAR, as a post-translational modification and scaffolding 

molecule. Both m6A-modified RNA and PAR are single-stranded nucleic acids, 

and both are regulated by a cohort of writer, reader and eraser proteins (Figure 

1-1). In recent years, the regulatory horizons of m6A and PAR, as well as the 

proteins that synthesise them, have been broadened. In this introduction I first 

give an overview of our core understanding of the biology of the m6A RNA 

modification and the PARP family of proteins, then discuss in more detail 

recent work on the regulatory systems they both impinge upon at the 

chromatin, paying particular attention to the areas of overlap. In this way I aim 

to provide a context for understanding my doctoral research, which asks the 

primary question of whether there is a regulatory relationship between the two 

(Figure 1-1). 
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Figure 1-1 Comparison of the regulation of m6A and PARylation. 

Upper panel - The m6A modification of RNA and PARylation of proteins have similarities in 
terms of how they are regulated by the cell. Both are deposited by ‘writer’ enzymes, while 
‘eraser’ proteins remove the modifications, allowing m6A and PAR to be dynamic regulators of 
RNA and protein. Both m6A and PAR function by altering the interaction between the 
modified molecule and other local proteins. Some of these ‘reader’ proteins overlap, especially 
RNA binding proteins. In this thesis I query whether there is co-regulation between these two 
processes, specifically at the chromatin, represented by the bidirectional arrow. Lower panel – 
RNA and PAR are both ribonucleic acids and are structurally similar, except PAR only 
contains adenosine ‘bases’ and contains a pyrophosphate bond backbone. The red methyl group 
indicates m6A modification of adenosine.  
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1.1 Post-transcriptional RNA modifications 

1.1.1 A brief historical introduction to post-transcriptional RNA modifications 

By the mid 1950’s, the work of organic chemists had determined the covalent 

structure of the four canonical nucleotides of RNA and DNA, and in 1957 had 

published work demonstrating the presence of a ‘fifth nucleic acid’, an 

isomerisation of uridine, which is now termed pseudouridine (or Ψ)1. By the 

time the first complete sequence of an RNA polymer, alanine tRNA, was 

determined by Robert Holley and colleagues2, several “unusual” nucleoside 

residues were known, including both base and sugar-methylated nucleosides3,4. 

The pioneering work during this period demonstrated, importantly, that these 

modifications were created post-transcriptionally, and by the end of the decade 

several enzymes that could catalyse such reactions, in prokaryotes and 

eukaryotes, had also been identified5–7. 

 

During this period, technical limitations meant that only RNA species of high 

abundance, and with a high stoichiometric preponderance of modified 

nucleotides, were amenable for study. This meant that most of the work on non-

canonical nucleotides was based on tRNA and rRNA. Whilst this limited its 

potential breadth, such focused work was rewarded through the development of 

a subtle and sophisticated model for the distribution and mechanism of RNA 

modifications in these RNA species. In mature tRNA, for example, in which 

specific modified bases within the molecule are required for the formation of a 

stable structure, it was determined that these sites could be sequentially 

modified by additional modification enzymes8,9. It also led to the rRNA peptidyl 

transferase centre (PTC) being identified as a hotspot for RNA modifications, 

which suggested a structural role in this enzymatic domain10. Knowledge of 

modifications on other RNA species remained much more rudimentary - indeed 
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at this point in time methylated nucleotides were not thought to be present on 

many RNA species, such as mRNA. Following the development of a technique 

for separating mRNA from bulk RNA, however, it became possible to carry out 

a specific analysis of mRNA. As a result, methylated base species could be 

detected in mRNA in great abundance, especially the internal mRNA 

modification, N6-methyladenosine11. 

 

1.1.2 Recent advances in techniques to study RNA modifications 

A relatively incipient state of RNA modification research following this early 

period induced the call for an improved understanding of the RNA 

‘epitranscriptomics’ (conceptually similar to DNA epigenetics), in 201012. Two 

years later this call had borne fruit, with the publication of two methods for 

identifying m6A transcriptome-wide; meRIP-seq and m6A-seq13,14. These 

methods were founded on the immunoprecipitation of purified and fragmented 

RNA with antibodies specific for the m6A modification, followed by NGS 

sequencing. This built upon work in the 1970’s that demonstrated that 

antibodies specific to m6A could be used to purify modified RNA15. Greater 

resolution was achieved by UV crosslinking the antibody to RNA following 

immunoprecipitation16,17, adapting the principles of the individual-nucleotide 

resolution UV crosslinking and immunoprecipitation (iCLIP) protocol18. This 

advance enabled the mapping of m6A at single nucleotide resolution, and similar 

antibody-based approaches have now been applied to several RNA 

modifications19–26. More recently, to avoid biases from non-specific antibody 

binding, orthogonal mapping methods have also been developed 27–31, although 

they also have their own limitations and biases32. In conjunction with this now 

veritable smorgasbord of high-throughput mapping methods, the last decade has 

also seen the development of increasingly sensitive LC-MS methods for the 
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detection and quantification of RNA modifications33,34. Overall, this means 

researchers now have at their disposal a highly developed suite of 

complementary techniques for the analysis of RNA modifications across the 

transcriptome. 

 

1.1.3 The m6A regulatory machinery: writers and erasers 

A great deal of attention has coalesced around one specific RNA modification, 

m6A, due to it being the most common internal modification in mRNA. In 

mammals the core metabolic machinery for depositing m6A on mRNA consists 

of two proteins: Methyltransferase Like 3 (METTL3) and Methyltransferase 

Like 14 (METTL14), two members of the MT-A70 family of S-adenosyl-L-

methionine (SAM)-dependent methyltransferases (MTases)35.Collectively they 

form a heterodimer termed the m6A transferase complex (MTC), in which 

METTL3 possesses the active catalytic domain, using SAM as a cofactor to 

transfer a methyl group to the N6 position of the adenine base, whilst 

METTL14 is understood to provide structural support and drive interaction 

with other regulatory proteins36,35. For normal m6A deposition, in addition to 

these core proteins, the MTC associates with additional proteins, collectively 

described as the ‘m6A-METTL-associated complex’ (MACOM). The 

composition of the MACOM varies depending on the cellular context, but can 

include Wilms’ Tumour Associated Protein (WTAP),  Vir-like m6A 

methyltransferase-associated (VIRMA) (also known as Virilizer or KIAA1429), 

RNA-Binding Motif 15 (RBM15), zinc finger CCCH domain-containing protein 

13 (ZC3H13), and HAKAI (Cbl photo oncogene like 1, also termed CBLL-1)36–

40. These corollary proteins of the MACOM appear to increase the stability of 

the complex38, and also aids its localisation to sites of transcription41. Other 

m6A methyltransferases also exist: METTL16 has been shown to deposit m6A 
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on a small number of coding and non-coding RNAs42,43, whilst the majority of 

m6A on 18S and 28S rRNA in humans is respectively deposited by two separate 

methyltransferases: METTL5 and ZCCHC544,45.   

 

Traditionally RNA modifications are referred to as ‘post-transcriptional’, 

however the vast majority of sites appear to be deposited co-transcriptionally, 

with the MTC directly interacting with elongating RNA polymerase II 

(RP2)46,47 and the chromatin38,48, at the loci of m6A modified transcripts. The 

deposition of m6A is tightly tuned to the activity of RP2, as rates of m6A 

appear to correlate negatively with the speed of transcription49. Blocking Pol II 

elongation leads to partial loss of METTL3 from sites of transcription50, and 

slowing elongation increases MTC-RP2 interactions49. MTC-mediated m6A 

deposition is strongly enriched within a degenerate DRACH context (D = A, G, 

or U; R = A or G; H = A, C, or U), with a core RAC motif generally present51. 

Spatial enrichment is also observable within the mRNA transcript around the 

stop codon and in both the 5’ and 3’ UTRs16 (Figure 1-2 B). How such precision 

is achieved remains only partly understood. Whilst there is a slight increase of 

DRACH motifs near the stop codon, this is not sufficient to explain the degree 

of enrichment, indicating corollary factors driving DRACH motif selection16,52. 

To a certain extent this appears to be regulated by accessory proteins within 

the MACOM complex. For instance VIRMA/KIAA1429 promotes m6A 

deposition around the stop codon and 3’UTR, with some evidence this is due to 

the interaction with polyadenylation CFIm complex39. In addition, both 

METTL3 and METTL14 have been shown capable of binding and methylated 

DNA directly, in vitro, with some evidence of preference to DRACH motifs in 

ChIP-Seq datasets as well53. Whether or not this regulates m6A deposition, 

however, is unknown. 
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Once m6A has been added to a transcript, it can also be removed by 

demethylase ‘eraser’ proteins. In mammals, the two primary m6A demethylases 

are the Fat Mass and Obesity associated protein (FTO) and the AlkB Homolog 

5, RNA Demethylase (ALKBH5). ALKBH5 is strongly enriched in the nucleus, 

and localises to splicing speckles, whereas FTO is found in both nucleus and 

cytoplasm54. There is debate regarding the specificity of their m6A target 

selection. Whilst FTO is capable of removing any m6A, it’s been shown to 

preferentially demethylate the m6Am site found adjacent to the m7G cap of 

mRNAs, over internal sites in the transcript55. ALKBH5, meanwhile, has 

greater preference of m6A residing in DRACH motifs, over other sequence 

contexts56. Loss of ALKBH5 increases the speed of RNA transcription and 

mRNA nuclear export56, as well as disrupting normal splicing and 3’UTR 

length57, suggesting it has an important role in regulating mRNA processing. 

 

 

 
Figure 1-2. Overview of m6A deposition and function. 

A. Schematic of the m6A ‘writer’, ‘reader’ and ‘eraser’ proteins. Reprinted from58 with 
permission under MDPI open access policy. B. Plot showing meta-plot density of m6A 
crosslink sites across mRNA. Reprinted from59 under a creative commons license.  
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1.1.4 The impact of m6A on RNA metabolism 

m6A deposition is strongly correlated with reduced mRNA stability47,50,60, but 

has also been shown to alter the translational propensity of mRNA61 and its 

localisation to the cytoplasm62. In addition, it seemingly has a small role in 

regulating mRNA localisation to cytoplasmic aggregated bodies such as stress 

granules63–65, and in pre-mRNA splicing46,66–68 (Figure 1-3). These functions are 

mediated by altering the interactions with proteins, which are designated as 

‘readers’ if their association increases due the presence of m6A, or ‘anti-readers’ 

if they are repelled by m6A (Figure 1-2). Many RNA-binding proteins (RBPs) 

have been shown to be sensitive to the presence of m6A69. 

 

The best characterised mechanism by which m6A can influence RNA 

metabolism is through altering interactions with members of the YTH family of 

RNA binding proteins60,70–72. Initial work suggested that the three different 

cytoplasmic YTHDF proteins may have independent functions, with DF1 

regulating mRNA translation, DF2 inducing degradation and DF3 regulating 

both degradation and translation60,73–75. More recently, however, it has been 

shown that where expression is similar, all three can act in a redundant fashion 

to induce mRNA degradation: they have near-identical binding profiles on the 

same mRNA, they all interact with components of the CCR4-NOT complex, 

and a significant impact on mRNA degradation is only seen in a triple DF 

KO76. Nevertheless, the YTHDF proteins do show tissue- and temporal-specific 

expression patterns, indicating that there is likely to be some context specific 

function in vivo77. YTHDC1, which is enriched in the nucleus, functions 

somewhat differently, regulating m6A RNA export to the cytoplasm62 and 

mediating the regulation of m6A-methylated RNA on the chromatin78. It has 

identified roles in regulating splicing, protection RNA from degradation, and 

mediating protein-protein interactions79,80. The function of YTHDC2, the final 
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member of the family, is less well understood, however it only appears to bind a 

small subset of m6A methylated mRNAs. It plays an important role in 

spermatogensis81, and can regulate translation by binding within the internal 

ribosome entry site and operating as a helicase82. 

 

In addition to YTH-mediated regulation of m6A modified RNA, other 

mechanisms have been identified, through which m6A can alter RNA stability. 

Interestingly, removal of m6A by FTO at m6Am sites adjacent to the 5’ cap, is 

associated with reduced stability of the transcript, in opposition to the generally 

destabilising impact of the presence of the m6A modification on mRNA83. In 

addition, METTL3 depletion reduces the association between DROSHA and 

m6A methylated pre-miRNA via the loss of HNRNPA2B1 binding to m6A, with 

a resulting accumulation of unprocessed pre-miRNA84. The presence of m6A is 

also able to alter RNA structure. An example of this is seen in the m6A-

mediated opening of a hairpin structure, revealing a binding site for hnRNPC85. 

Such m6A-hnRNPC switches have been found to exist at hundreds of locations 

across in mRNA and lncRNA, disruption of which affects the abundance of the 

RNAs in which they reside85.  

 

Beyond altering mRNA stability, m6A has been linked to other aspects of 

mRNA metabolism. One of these is splicing. Several studies in Drosophila 

melanogaster studies point towards m6A as a profound modulator of 

splicing68,86. In mammals its relevance is less clear. A number of publications 

have shown an enrichment of m6A around exonic and intronic splice sites, and 

provide evidence that loss of m6A can alter splicing globally46,67,85,87. This 

argument, however, has been countered by a convincing analysis of m6A 

stoichiometry on nuclear subfractions of RNA, showing the vast majority of 
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exons are spliced normally in the absence of the m6A methyltransferase 

complex47.  

 

Several studies have implicated the presence of m6A in increasing translation 

efficiency, although the mechanistic models differ61,74,75,88,89. One argues that 

interactions between YTHDF1 and methylated mRNA increases translation 

efficiency via the protein-protein interactions between DF1 and eIF3, in which 

YTHDF1 recruits eIF proteins in a cap-dependent manner75. Similarly DF3 has 

also been shown to act as regulating mRNA translation efficiency through 

interacting with ribosomal subunits, seemingly acting in a co-regulatory fashion 

with DF174. An alternative model of translation regulation involves m6A bound 

by METTL3 in the 3’UTR, which interacts with eIF3h in the 5’ cap, causing 

mRNA looping, which in turn enhances translation of that mRNA61. A final 

model linking m6A and translation explores m6A in the 5’ UTR. In this, 

transcripts with m6A enriched in the 5’ UTR are directly bound by eIF3. This 

allows mRNA to be translated in a cap-independent fashion, bypassing the need 

for eIF4E89. Whether this model is compatible with the METTL3-mediated 

looping model is not clear, as the looping model assumed an association with 

cap-dependent translation. The validity of these models has recently been called 

into doubt, however, and it appears likely the impact if YTHDF proteins and 

translation is minimal76.  
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Figure 1-3 Summary of known roles for m6A in RNA metabolism. 

Reprinted from 90 under a creative commons license. 
 

1.1.5 The dynamic regulation of m6A  

Understanding how m6A specificity is achieved by the MTC (in terms of which 

genes are methylated and where methylation occurs in the transcript), and what 

regulates its stoichiometry in different conditions, is an ongoing project.  

 

m6A patterns of deposition cluster in a tissue specific manner in both humans 

and mice, with particular differences notable in the brain and embryonic 

methylomes91,92. Indeed, disruption of m6A in the nervous system and during 

embryogenesis is associated with the most pronounced phenotypes, suggesting a 

greater functional importance in these tissues93,94. Patterns of methylation at a 

tissue level appear to be positively correlate with the expression of MTC 
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componentry and negatively with eraser proteins ALKBH5 and FTO91. The 

expression of YTH proteins also varies between different tissues and at different 

developmental stages, which will regulate the abundance of m6A containing 

mRNAs77.  

 

The broader MTC/MACOM interactome is likely to be important for regulating 

m6A deposition, although this remains relatively understudied. In human iPSCs, 

for instance, interactions between the MTC and SMAD2/3 alter during germ-

layer specification, which has been shown to regulate the deposition of m6A to 

transcripts involved in early cell fate decisions95. Studies in the mouse 

hippocampus have also shown that m6A deposition on Immediate Early Genes 

(IEGs) is necessary for memory consolidation, and is dynamically regulated 

independently of gene expression in response to training, although the 

mechanism by which this operates is not known96.  

 

Another mechanism which regulates m6A deposition is via the post-translational 

modification (PTM) of the MTC. On METTL3, phosphorylation sites cluster at 

the  N-terminus, the central region close to the NLS, and adjacent to the 

methyl-transferase domain, whereas on METTL14 there is only a single site, 

S399, adjacent to the inactive methyltransferase domain97. Previously, a N-

terminal phosphate was shown to be necessary for proper formation of the 

METTL3-METTL14 heterodimer35, although this finding has been disputed97. 

More recently, the dynamic and progressive regulation in PTM status has been 

shown to stabilise the METTL3-METTL14-WTAP complex, where METTL3 

and WTAP are first ubiquitinated, then phosphorylated by ERK1/2, before 

being deubiquitinated by USP598. Stabilisation in this manner appears to 

increase METTL3 activity. METTL14 PTMs can also regulate m6A 

deposition—PRMT1 methylation of METTL14 C-terminal promotes m6A 
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deposition via increasing interaction with RP2, targeting m6A deposition to 

specific mRNAs99. Interestingly, METTL3 has also been identified as a target of 

the kinase ataxia telangiectasia mutated (ATM) in response to DNA damage, 

however whether this has any functional relevance is not known100. 

 

Such regulation of m6A and the MTC may also be relevant to rapid changes in 

cell state, such as in response to cell stress. Several studies have found that m6A 

increases within the 5’UTR of nascent mRNA in response heat shock and UV 

irradiation14,88,89. Mechanistically this seems to occur, at least in part, through 

the near-immediate translocation of YTHDF2 from the cytoplasm to the 

nucleus upon heat shock, which protects m6A in the 5’UTR from removal by 

the demethylase FTO, rather than targeted m6A deposition in this region88. The 

expression of the demethylase ALKBH5 also changes in states of cell stress, such 

as hypoxia101 and during viral infection102, suggesting this may also be a 

mechanistic route to dynamic regulation of m6A.  

 

1.1.6 The MTC and m6A at the chromatin 

Research into the regulatory process that feedback between the MTC and 

chromatin has increased our appreciation of the complexity with which m6A is 

regulated, the different biological contexts in which it operates, and the 

regulatory roles that m6A-methylated RNA play on the chromatin. This is still 

a nascent area of research however, with studies often appearing in seeming 

contradiction with one another. Part of the challenge is understanding whether 

the relationship described between chromatin and MTC occurs directly or 

indirectly, whether it operates via the impact of m6A on RNA processing or 

RBP recruitment, or though the direct interaction between the MTC and 

chromatin. 
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For instance, METTL3 KO has been shown to reduce H3K4me3 levels, a 

marker of active transcription, in human erythrocytes103. The mechanism 

proposed by the authors involved the presence of m6A promoting the translation 

of the mRNA for the H3K4me3 methyltransferase SETD1A/B, thereby 

suggesting an indirect regulatory mechanism. Conversely, an indirect mechanism 

has also been demonstrated in mouse neural precursor cells to have the opposite 

effect, whereby METTL14 KO causes a global increases in H3K4me3 and 

H3K27ac (two markers of active transcription) as well as H3K27me3 (a marker 

of transcriptional shutdown), due to the increased stability of transcripts that 

encode the relevant modifying enzymes for these marks after m6A loss104. To 

add greater complexity, a screen looking for histone modifications regulated by 

m6A in HEK293 cells found the only significant change was the relative loss of 

H3K9me2 (associated with transcriptional inhibition) in the m6A+ve reporter, 

with no significant changes in H3K4me3, H3K27ac or H3K27me3105. In their 

model, m6A directly recruits the m6A reader YTHDC1 at the chromatin, which 

then recruits the demethylase KDM3B. Of course, it is plausible that the effect 

of m6A could vary significantly between different cell types, depending on the 

expression levels of the different histone modification enzymes, as well as m6A 

reader proteins, and the regulation of m6A deposition. This makes determining a 

coherent role for m6A/MTC in histone regulation very challenging.  

 

 Recently, several studies were published looking at the relationship between the 

MTC and histone modifications in mESCs, which allows the studies to be more 

easily compared to one another. The first explores how chromatin modification 

can guide m6A methylation, and demonstrated that H3K36me3, a marker of 

active transcription, directly recruits the MTC via interaction with 

METTL14106. The loss of H3K36me3 via knockdown of SETD1/2 induced 
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global m6A hypomethylation, while the authors also observed that the genomic 

pattern of m6A deposition was mutually exclusive with the pattern of 

heterochromatin markers H3K9me3 or H3K27me3. A second shows that loss of 

METTL3 induces an increase in H3K4me3 and H3K27ac, as well as a global 

increase in nascent RNA synthesis, and a more open chromatin structure, 

suggesting METTL3 normally imparts an inhibitory influence on RNA 

transcription78. The authors propose a complex mechanism involving a small 

portion of the m6A-marked chromatin-associated non-coding RNA (carRNA) 

recruiting YTHDC1. This then recruits the NEXT complex (that degrades the 

ncRNA), which promotes recruitment of the polycomb repressor complex 

(PRC2), that inhibits transcription through heterochromatin formation. The 

authors found this primarily to affect retrotransposons, particularly LINE-1 

elements, but also coding genes with m6A marked carRNA upstream. Reducing 

m6A on specific carRNAs induces local transcription, suggesting m6A can be 

used to finely tune transcription via a negative feedback loop and crosstalk 

between transcription, m6A and other regulatory systems. How specificity is 

achieved here, however, remains unclear. 

 

Two more recent papers also look at the regulation of retrotransposable 

elements in mESCs. The first identified components of the MTC and MACOM 

in a screen of factors regulation endogenous retroviruses (ERVs)107. Interestingly 

rapid degradation of METTL3 using an auxin degron system caused a rapid 

increase in IAP-family ERV expression, however the authors find this is largely 

mediated through altering RNA stability via reduced YTH protein binding in 

the cytoplasm. No global changes in histone modifications are observed and, 

although local changes at IAP loci were detected, this consisted of increases in 

both the permissive H3K4me3 and repressive H3K9me3 marks. Nevertheless, 

this still suggests there is some degree of feedback between the MTC and 
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chromatin regulation. The second paper also looks at IAP family of ERVs108. 

Similarly, they show KO of METTL3 leads to an increase in IAP expression, 

but conversely a profound loss of repressive histone modifications (H3K9me3 

and H4K20me3). This is rescued by wildtype but not catalytic mutant 

METTL3. The authors also demonstrated partial loss of the H3K9me3 and 

H4K20me3 demethylases SETDB1 and TRIM28 at the chromatin in METTL3 

KO, as well as YTHDC1, but not loss of METTL3 in YTHDC1 KO, suggesting 

METTL3 recruitment. Interestingly, rescue can be achieved by wildtype 

METTL3 or catalytic mutant METTL3 tethered to the chromatin, suggesting 

the regulatory process is a driven by MTC protein-protein interactions and not 

via m6A on the RNA. It would be interesting to know the global impact on 

histone modification genome-wide in this system, although the authors do not 

present this data. 

 

 

Paper Cell model Impact of MTC 

on RNA 

Impact of MTC 

loss on chromatin  

Proposed model of 

regulation 

Kuppers, et 

al.(2019)103 

Human 

erythroids 

N/A Reduced H3K4me3 

(permissive) 

m6A regulated 

translation of H3K4me3 

methyltransferases 

Wang, et 

al.(2018)104 

Mouse NPC Increased 

expression in KO 

Increased 

H3K4me3, 

H3K27ac 

(permissive) and 

H3K27me3 

(repressive) 

m6A regulated stability 

of histone modification 

transcripts 

Li, et 

al.(2020)105 

HEK293 N/A Increased 

H3K9me2 

(repressive) 

m6A+ve chromatin 

recruitment of 

YTHDC1+demethylase 

KDM3B 
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Liu, et 

al.(2020)78 

Mouse ESC Global increase 

in KO 

Increased 

H3K4me3 and 

H3K27ac 

(permissive) 

m6A+ve carRNA 

chromatin recruitment 

of YTHDC1, NEXT and 

PRC2. 

Chelmicki, et 

al.(2021)107 

Mouse ESC Increase ERV in 

Degron 

No global change. 

Local ERV 

increase in 

permissive 

H3K4me3 

(permissive) and  

H3K9me3 

(repressive) 

m6A regulated stability 

of RNA in cytoplasm 

Xu, et 

al.(2021)108 

Mouse ESC Increase ERV in 

degron 

Local ERV loss 

H3K9me3 and 

H4K20me3 

(repressive) 

METTL3 recruitment of 

methyltransferase 

SETB1 

Table 1. Summary of m6A/MTC regulation of the chromatin 

Table summarising recent studies exploring the regulation of chromatin and transcription by the 
MTC and m6A. 
 
 
Overall, we are left with a complex mix of ways in which the MTC and m6A 

can affect chromatin regulation. This can occur at the level of the RNA, either 

through altering mRNA stability and translation, or through m6A-modified 

chromatin-associated RNAs regulating local recruitment of proteins. The exact 

relationship between m6A/MTC and chromatin appears variable, depending on 

the wider cellular context in which it operates, be that cell type, developmental 

stage, or genomic region.  
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1.2 Poly ADP-ribose polymerases 

1.2.1 An overview of the PARP family of proteins 

True poly (ADP-ribose) polymerase (PARP) proteins are defined by the 

presence of a 50 amino-acid ‘PARP-signature’ catalytic domain, and the ability 

to covalently add polymers composed of ADP-ribose subunits (PAR) onto 

proteins109. In this way, they are distinct from other members of the 17-strong 

‘PARP’ family, which also possess a PARP-signature motif, but are only 

capable of synthesising mono-ADP ribose (MAR)110 (Figure 1-4). Proteins with 

mono ADP-ribosylation activity are now known to comprise the majority of the 

‘PARP’ family of proteins, including PARP-3, 4, 6, 7, 8, 9, 10, 11, 12, 14, 15 

and 16 110–112. Here, I am concerned only with the members of the family 

capable of poly ADP-ribose polymerase activity: PARP-1 (ARTD1), PARP-2 

(ARTD2), PARP5a (ARTD5), PARP5b (ARTD6)112.  

 

These four proteins are divided into two groups based on their protein structure 

- DNA dependent PARPs (PARP-1, PARP-2), which contain DNA binding 

domains (Zinc-finger or SAP domain), and the Tankyrases (PARP5a, 

PARP5b), which are separated from the rest of the PARP family by the 

presence of several ankyrin repeats and a Sterile Alpha Motif (SAM), which 

mediates protein-protein interactions. These two groups have distinct cellular 

localisations- the DNA dependent PARPs are primarily found within the 

nucleus, whereas the Tankyrase PARPs are found within the cytosol112.  
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Figure 1-4 PARP family of proteins in eukaryotes 

Schematic of the multi-domain PARP family of proteins. Reprinted from 113 with permission 

under Creative Commons. 

 

1.2.2 PAR ‘writers’ and ‘erasers’ - the core regulatory machinery 

As referenced, PAR is a polymer composed of repeated units of ADP-ribose. 

These are synthesised from donor NAD+ molecules, and linked together via a 1-

2 glycosidic bond (Figure 1-1). PAR chains can be structured in two different 

ways—a linear form, in which the ribose proximal to adenine is joined via an α 

Ο-glycosidic bond, or a branched form, where the joining occurs between two 

proximal ribose rings (Figure 1-5 A). These polymers have been estimated in 

vivo to grow up to 200 units in length, with branches every 20-50 subunits114. 

Due to its structural similarities to RNA, PAR has been referred to as a third 

type of nucleic acid115. There are two main mechanisms by which PAR is 
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understood to function: The covalent addition of PAR to proteins as a post-

translational modification116; and the binding of PAR by ‘reader’ proteins117. 

The consequences of adding a long, highly negatively charged, polymer to 

proteins is significant, as it can change the interactions between proteins and 

many other biomolecules through alterations of protein charge and protein 

structure.  

 

The majority of stimulated and steady state PAR is understood to be 

synthesised by PARP-1 (~85-90%) and PARP-2 (~5-15%), with PAR 

synthesised from the remaining PARP proteins likely negligible118. PAR 

polymers can be synthesised incredibly quickly in response to specific stimuli. In 

response to DNA strand breaks, for example, a rapid rate of synthesis is seen 

within seconds, and saturation is reached by 10 minutes119. This can cause a 

significant drain on levels of NAD+ within cells: in response to prolonged DNA 

damage, NAD+ levels have been calculated to drop to 20% of normal levels120. 

This can induce cell death through a glycolytic crisis121,122. As a result, PAR 

synthesis is tightly regulated by PAR ‘erasure’ enzymes, of which there are 

several in mammals. Poly ADP-Ribose glycohydrolase (PARG) primarily 

removes PAR exolytically (i.e., from the end distal to the attached protein), but 

also endolytically (i.e., at the point of attachment to the protein)123. The 

endolytic activity is interesting in that this creates free-floating PAR chains, no 

longer attached to a specific protein, and there is growing evidence that free-

floating PAR may be linked to protein aggregation in Parkinson’s Disease124,125. 

Endolytic removal of PAR via the protein-proximal ADP-ribose also occurs 

through the activity of Terminal ADP-ribose Glycosylase (TARG1/C6orf13), 

which functions in the DNA damage response, and loss of which is causal for a 

severe early-onset neurodegenerative disease126. ADP-ribosyl-hydrolase 3 

(ARH3), another glycohydrolase, functions exolytically and is localised in the 
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nucleus and cytoplasm127. One of its key cellular functions appears to be in an 

apoptotic pathway, which induces a form of cell death termed, ‘PARthanatos’ 

mediated via the Apoptosis Inducing Factors (AIF)128. More recently a large 

family of Nudix Hydrolases were also found able to degrade PAR, leaving a 

ribose-5'-phosphate attached to the protein, which could also then function to 

impair future ‘re-PARylation’ 129. The broader function of this family of 

proteins in relation to regulating PARylation is only beginning to be 

understood, as they have a large number of substrates. Their ability to regulate 

the pool of metabolites that feed into and out from the synthesis of PAR, 

however, suggest they are likely to be significant regulators of PARP biology130.  
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Figure 1-5. Schematic summary of PAR synthesis and PARP1 function in the DNA 

damage response. 

A The synthesis of PAR chains from an acceptor protein can be linear (b) or branched (c). 
Reprinted from131 with permission from Elsevier B PARP-1 responds to a wide range of DNA 
damage forms, and incudes the recruitment of downstream repair pathways. Reprinted from 132 
with permission from John Wiley and Sons. 
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1.2.3 The regulation of PARylation 

PARP proteins are best recognised as a mediators of cell stress pathways, 

especially several types of genotoxic stress109,133,134, oxidative stress135 and heat 

shock136,137. They also function catalytically in non-stressful cellular events, such 

as in the regulation of chromatin structure131, oxidative metabolism138, 

mitosis139, telomere regulation140,141, and DNA replication142. As a result, 

understanding the mechanisms of PARP activation is necessary to understand 

how they function within the cell.  

 

The best characterised activating signal for PARP proteins is their binding to 

damaged DNA, which is known to activate both PARP-1 and PARP-2134,143. 

This mediates the recruitment of downstream repair pathways in the DNA 

damage response (DDR) (Figure 1-5  B). PARP-1 possesses three zinc-finger 

domains (Zn1, Zn2, Zn3), the first two of which are known to recognise several 

secondary DNA structures, including nicked DNA (single-stranded breaks), 

double-stranded breaks, cruciform structures and nucleosome linking DNA144,145. 

Zn2 has been shown to have greater affinity for DNA binding than Zn1, 

however Zn1 binding to DNA introduces a conformational change in the PARP-

1 protein, drawing the helical subdomain (HD) away from the adjacent catalytic 

domain (ART) and leading to the allosteric activation of PAR synthesis146,147. 

Despite not possessing similar zinc-finger domains, this HD-mediated allosteric 

mechanism of activation is thought to be identical in PARP-2, which requires 

all three of its domains for DNA binding and activation to occur143,148. In 

addition, PARP-2 has also found to be activated through binding to PAR 

chains, a mechanism that could help to amplify the signal started by PARP-

1149. Interestingly, the rate of PAR synthesis by PARP-1 is greater after binding 

DNA nicks and breaks with a 3’ phosphate, in comparison to double stranded 

breaks or those with a 5’ phosphate119. It therefore seems probable that 
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additional factors, perhaps highly subtle conformational differences in the DNA, 

also regulate the rate of PAR synthesis during the DDR. 

 

Many interacting proteins have also been identified as capable of inducing 

PARP activation, almost all acting on PARP-1, and often in the context of 

cellular stress. In response to heat shock, for example, PARP-1, binds 

throughout the hsp70 gene body, PARylating itself and the nucleosomes in the 

same region137. This induction of enzymatic activity was shown to be caused by 

the localisation of heat shock factor (HSF) at the hsp70 locus and the 

acetylation of histones H2AK5, although it is not clear which of these processes 

directly mediates PARP-1 activity. Heat shock has also been shown to lead to 

the PARylation of poly(A) binding polymerase (PAP), although co-incubation 

of PARP-1 and PAP in vitro shows that interaction between these two proteins 

is sufficient to induce PARylation, even in the absence of additional HS 

signals136. Genotoxic stress, meanwhile, leads to the direct interaction of PARP-

1 with many activating proteins, including SAM68150, YY1151 , YB-1152, 

HMGN1153, XPA154, OGG1155, DDB2156, C12orf48157, p53158, and HPF1159. 

These interactions all appear to occur as part of the DNA damage response, and 

the majority also require induction of PARylation by DNA in vitro . Several, 

however, including XPA, OGG1 and DDB2, are able to induce low level 

PARylation in the absence of DNA, indication that protein-protein interactions 

alone are able to induce the conformational changes necessary to activate 

PARP-1 during the DDR. 

 

The induction of PARylation also occurs in the absence of cell stress. In 

Drosophila melanogaster, the PARP-1 homologue is activated through 

interactions with histones H1 and H3, while histones H2B and H2A inhibit 

PARP-1 activity160,161. It has also been shown that human polynucleosomes, 
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made of core histones assembled with circular, undamaged DNA, are much more 

potent inducers of PARP-1 activation in vitro than circular DNA alone162. 

Despite the numerous examples of protein-protein interactions that can 

influence PARylation, both during and in the absence of cell stress, the precise 

mechanisms by which they operate is generally poorly understood. One well 

characterised example is that of HPF1, which promotes the deposition of PAR 

chains to serine residues by both PARP-1 and PARP-2, during the DDR159. 

Once the catalytic domain has been allosterically activated by the removal of 

the HD domain, HPF1 forms a joint active site163. Given the significant 

electrostatic negative charge that must be overcome during the synthesis of 

PAR, protein shielding of PAR charge may also be an effective way to increase 

the efficiency of PAR synthesis, in a similar way to cations such as Mg2+ and 

Ca2+, which are both known as potent stimulators of PARP metabolic 

activity161,164. This model seems likely, for example, in the case of YB-1152. 

 

Several signalling pathways have also show to regulate PARP-1 activity. For 

example, phosphorylation via the calcium-dependent protein kinase CamKIIδ 

has been shown to activate PARP-1 activity165. Extracellular signal-regulated 

kinases (ERKs 1 and 2) have also been identified as prominent regulators of 

PARP-1166,167,168. PARP-1 methylation at K508, located within the core auto-

modification domain and mediated by SET7/9 in response to oxidative stress, 

leads to stimulated PARylation activity in vivo and in vitro, but is blocked by 

prior PARP-1 auto-PARylation169. Finally Ca+ signalling has been shown to 

rapidly induce PARP activity, independently of DNA damage, via inositol 

1,4,5,-trisphosphate (IP3), although the precise mechanism for this activity has 

not been determined170. Regarding other PARPs, PARP-5a has been shown to 

be the direct target of several phosphorylation pathways, including the mitogen-

activated protein kinase (MAPK), which directly activates PARylation via 
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PARP-5a phosphorylation at the Golgi apparatus upon insulin stimulation171, 

and Polo-like kinase-1 (Plk1), which phosphorylates and activates PARP-5a at 

telomeres172.  

 

Despite advances in the understanding of signals that activate PARP catalytic 

activity, there remains a discrepancy between the number of identified 

PARylation-inducing signals and the number of processes in which catalytically 

active PARP proteins are known to play a role. This is especially true to 

PARP5a and PARP5b, for which very little is known regarding the mechanics 

of their activation. It is therefore likely that many of the signals that regulate 

PARP activity are yet to be described. 

1.2.4 PARP protein interactions with RNA 

PARP-1 and PARP-2 are known to bind to RNA in the nucleus173–177. PARP-1 

in particular has been shown to interact with a diverse array of RNA species, 

including pre-mRNA and non-coding RNA such as rRNA. This has been shown 

to regulate pre-mRNA splicing178 and rRNA processing177,179, but has also been 

shown to regulate PARylation, although this is disputed. Two papers were 

published in 2019 exploring this concept. The first found PARP-1 binds specific 

snoRNAs in vivo, and that the binding to these snoRNA induces strong 

PARylation activity in vitro175. The second paper looked at both PARP-1 and 

PARP-2 and found that they bind RNA without any specificity to sequence or 

structure, and that binding did not induce PARylation, including with snoRNA 

identified in the previous study176. Why this difference occurred is unclear, but 

may have been due to different secondary structures forming during in vitro 

RNA synthesis180.  
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It is worth noting that previous studies have also found PARylation by PARP-1 

and PARP-2 can be induced via RNA binding, although to a lesser extent than 

from binding to fragmented DNA173,177. Therefore, whilst it seems probably 

PARP binding to RNA can induce PARylation, an important question is 

whether this is an important inducer of PARylation in vivo. Inhibition of RNA 

polymerase I, which causes a nucleolar accumulation of short unprocessed rRNA 

fragments, induces PARP-2 PARylation177, indicating the nucleolus may be an 

important location for RNA-induced PARylation in the cell. Aside from this, 

however, it is unclear where RNA induced PARylation occurs. Another question 

relates to specificity—of the RNAs that PARP proteins are able to bind to, are 

all able to induce PARylation, or only some? If only some, why is this? To my 

knowledge, these questions have not been addressed in any publication.  

 

1.2.5 PARP PARylation targets 

PARP-1 is capable of PARylating multiple amino acid residues, including Glu, 

Lys, Arg, Cys, Asp, Ser, phosphor-Ser, Thr, His and Tyr 135,181–186. The 

proteomic studies carried out to identify these acceptor sites has also identified 

hundreds of proteins that are capable of being PARylated in different cellular 

contexts. Interestingly, there appear to be very few sequence constraints 

affecting the protein targets, apart from those on Glu (E) residues, for which 

several consensus motifs (PXE*, E*P, PXXE* and E*XXG) have been 

identified 186, and Ser, which is normally preceded by a basic residue183. 

Nevertheless, the charged amino acids lysine, arginine, glutamate, and aspartate 

are most commonly used as acceptor sites for PARylation.  

 

The most studied single target of PARylation is PARP-1 itself, which is heavily 

auto-modified both intra- and inter-molecularly following stimulation133. Indeed, 
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the inter-molecular auto-parylation reaction, and formation of PARP-1 dimers, 

appears to be necessary for optimising its catalytic activity187. In the context of 

DNA damage, auto-parylation has been shown to block PARP-1 interaction 

with intact chromatin, but not with damaged chromatin, thereby acting as a 

switch to change PARP-1 from a regulator of intact chromatin to a regulator of 

DNA damage sites188. Conversely auto-PARylation of PARP-1 has been shown 

to inhibit PARP-1 activity by releasing it from DNA, thereby acting as an 

autoinhibitory switch162. As many proteins are capable of binding PAR chains, 

PARP-1 auto-PARylation also offers a mechanism to aggregate specific proteins 

at sites where PARP-1 is active, so that they too can become PARylated, as 

has been shown for p53158. PARP-1 auto-modification is not isolated to the 

DNA damage response, however. Most identified activators of PARP-1 

PARylation, stress-linked or not, also induce PARP-1 auto-modification, 

although it should be noted, where activation signals have been determined in 

vitro, this may be an artefact of the fact that there are no other potential 

acceptor proteins available to PARylate.  

 

Beyond auto-modification, several studies have attempted to map the 

PARylation targets of PARP-1 proteome wide, using mass-spectrometry, 

normally after a PAR IP116,135,183,184,189–194. It should be noted that all the 

referenced studies have one, or several, of the following biases: cells are pre-

treated to induce non-physiological forms of stress, PARG is impaired, the 

proteomic method is unable to distinguish between MARylated and PARylated 

proteins, or the proteomic method only looks at the modification of a specific 

amino acid residue. Variations between methods for protein capture, cell 

treatment and cell lysis also lead to significant differences between the identified 

protein sets. Nevertheless, useful conclusions about the broad function of 

PARylation can be made based on consistent findings between studies, as well 
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as the recurrence of proteins within a specific functional group. For example, 

many proteins relating to RNA processing and regulation of transcription have 

been picked up by several studies, as well as those involved in regulating the 

mitotic spindle, nucleolar proteins, rRNA processing componentry, regulators of 

chromatin structure, stress granule proteins and DNA repair complexes185.  

 

Querying the specific targets of different PARP proteins is also something that 

has been explored using proteomic approaches. Engineering PARP-1 and 

PARP-2 to use NAD+ analogs has enabled the identification of their specific 

substrates195. Interestingly, the findings of this study implied that in steady 

state there is little overlap between the PARylation targets of PARP-1 and 

PARP-2, although it is worth noting that very few PARP-1 targets were 

identified with this method, perhaps suggesting experimental limitations. 

 

Overall, such studies have been helpful in expanding our understanding of the 

cellular processes that involve PARP activity and PARylation, as well as giving 

insights into specific subsets of proteins that are PARylated in certain cell 

states or in response to specific stimuli.  

 

The functional role of PARylation is different depending on the protein and 

cellular context. Mutational analysis of p53, for example, indicates that 

PARylation is crucial in maintaining the nuclear localisation of this protein, by 

blocking its interaction with the nuclear export receptor, Crm1196. A similar 

function in regulating nuclear/cytoplasmic localisation has also been identified 

for other proteins, including THRAP and TAF15, in response to genotoxic 

stress116. Beyond the nucleus, PARylation of target proteins in the cytosol also 

has important cellular functions. Knockdown of the two known cytoplasmic 

PARylating proteins, PARP-5a and PARP-5b, leads to profound defects in 
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spindle formation and cell division and is the cause of heritable cherubism 

disease in humans197,198. They are also required for normal telomere 

maintenance and Wnt signalling140,172,199. In relation to Wnt signalling 

PARylation can be understood as a destabilising signal, as PARP-5a/b 

mediated PARylation of PTEN leads to its recognition by the E3 ubiquitin 

ligase RNF146, and subsequent degradation199,200.  

 

Finally, PARP-1 has been shown capable of PARylating double-stranded DNA 

with exposed 5’ and 3’ phosphorylated ends, as well as single-stranded DNA 

with a 5’ phosphate, whilst PARP-2 can PARylate double-stranded DNA 

termini with a 5’ phosphate201. PARP-1 shows preferences for PARylating at 3’ 

terminal phosphates, and there is evidence it will preferentially use this as a 

PAR acceptor over other PARP-1 proteins202. DNA PARylation has further 

been identified in cells with PARG knockdown and increased DNA damage203. 

The functional role of DNA PARylation, and the extent to which it occurs in 

unperturbed cells, however, is yet to be determined. 

 

1.2.6 PAR ‘reader’ proteins 

Many proteins have now been identified that are able to bind to PAR chains, in 

a similar way to RNA or DNA, and indeed several protein domains appear to 

have evolved specifically for this function. This includes the PAR-Binding Motif 

(PBM)204, the PAR-binding Zinc Finger (PBZ)139, Macrodomains205 and the 

WWE domain181. These are widespread within the proteome and each have 

preferences for specific forms of PAR (Figure 1-6 A). The basic PBM, for 

example, composed of around 20 amino acids, can be found embedded within a 

diverse range of protein domains and is predicted in silico to be present in 

around 500 proteins, including several histones, key proteins in the DNA 



 

 51 

damage response, members of the hnRNP family of RNA binding proteins, and 

cell cycle regulators190,204. In addition, many other protein domains, such as the 

Forkhead-associated (FHA) and BRCA1 C-terminal (BRCT), which normally 

mediate phosphate binding, and several RNA/DNA binding domains (RRM, 

RGG, SR, OB-folds, PIN) have been demonstrated to confer the ability to bind 

to PAR181. As a result, there are hundreds of probable PAR-binding proteins 

across the proteome, many of which also function as RNA and DNA binding 

proteins. Only a few of these have been studied in the context of PARylation in 

depth, however, including the FET proteins (FUS, TAF-15, EWSR1), TAR-

binding protein (TDP-43), NONO, RBMX, SAFB1 and G3BP1181,190,206.  
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Figure 1-6 PAR reader proteins 

A Several protein domains have been identified as capable of binding to PAR chains. Often 
these show specific preferences to certain parts of the PAR polymer, such as the Macro domain, 
which binds to the free ends of PAR chains. Multi-branched arrows indicate the exact binding 
preference has not been identified. Several of these domains also mediate interactions with other 
nucleic acids, as indicated. Adapted from 181 with permission under a Creative Commons license. 
B Many proteins with Low-Complexity Domains (LCDs) bind to PAR chains and show dynamic 
aggregation at sites of PAR synthesis. Here is an example from206 for canonical RBPs FUS and 
EWS in response to UV damage. These aggregations have the properties of phase-separated 
liquid. Reprinted with permission under a Creative Commons license. 
 

The ability of proteins to bind to PAR chains, as well as be covalently modified 

by them, allows PAR chains to operate as a scaffold that can attract proteins to 
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sites of PARylation. Such scaffolding may allow proteins to be PARylated 

themselves, interact with other PAR-binding proteins, or be concentrated to 

carry out enzymatic reactions206,207 (Figure 1-6 B). The rapid reversibility of 

this modification also means such scaffolding can be utilised for a short period 

of time during a PARylation spike. As a wider point relating to regulating levels 

of PAR in the cell, it is interesting to note that the catalytic domain of PARG 

is structurally highly similar to the macrodomain possessed by several key PAR-

interacting proteins, such as ALC1/CHD1L208. One model of PAR regulation 

could therefore involve PAR-binding proteins outcompeting PARG for access to 

PAR, thereby stabilising it. 

 

A relevant observation regarding the role of PAR scaffolds is the enrichment of 

low-complexity domains (LCDs) across the PAR-binding proteome206. Such 

domains have elsewhere been shown to confer the ability of proteins to form 

membraneless phase-separated droplets when binding to RNA209,210. In a similar 

fashion, PAR binding by LCD-containing proteins has been shown to induce 

phase-separation in the DNA damage response206,211, and it is possible that this 

could be a general principle for understanding PAR function in many different 

cellular contexts. This includes the nucleolus212, stress granules213, and protein 

aggregates linked to neurodegeneration disease191,214,215, all of which are enriched 

for PAR. 

 

1.2.7 PARP and PAR at the chromatin: regulation of structure and 

transcription 

The regulatory role of PARP proteins at the chromatin is complex, with nuclear 

PARP proteins regulating constitutive heterochromatin, facultative 
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heterochromatin, and euchromatin via mechanisms that vary depending on the 

chromatin context and broader cell state. 

 

At a global level, in both Drosophila and human cells, PARP-1 is enriched at 

promoter and enhancer regions, correlating positively with the binding of RNA 

polymerase II (RP2), H3K4me3 and H3K36me3178,216,217. This association 

appears partly causative, with PARylation shown to induce tortional relaxation 

of the local chromatin environment, thereby changing the amenability of local 

DNA for transcription or epigenetic modification. In Drosophila, the formation 

of large decondensed chromatin ‘puffs’ have been found to correlate to levels of 

PARylation and active PARP proteins218, whilst in mammals loss of PARP-1 

has been found to increase Pol II pausing219,220. Furthermore, PARylation of 

linker histone H1 has been demonstrated to lead to the exclusion of H1, the 

decompaction of the nucleosome, and is associated with the expression of 

immediate early genes and memory formation in neurons216,221,222. PARylation 

can also regulate transcription via long-distance regulation of chromatin 

structure. For example, active PARP-1 recruitment to an enhancer of the Shh 

gene in neural precursor cells (NPCs) increases physical enhancer-promoter 

interaction, a mechanism that can be impeded by intervening recruitment of 

CTCF between the enhancer and promoter223. PARylation-mediated 

maintenance of euchromatin has also been shown to occur via the repression of 

the histone demethylase KDM5B via direct PARylation224, as well as the 

inhibition of the DNA methyltransferase DNMT1 via PAR binding225.  

 

At centromeres, telomeres and constitutive heterochromatin, however, loss of 

PARP-1 is associated with the loss of the repressive marks H3K9me3 and 

H4K20me3, and several phenotypes associated with heterochromatin 

dysregulation, such as chromosomal mis-segregation, reactivation of inactive X 
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chromosome and telomere loss226. The relationship between PARylation activity 

at these sites is generally the reverse of that in euchromatin. In the context of X 

inactivation, it appears PARylation activity is actively repressed through the 

inhibitory action of the protein macroH2A227. Similarly, active PARP-1 

mediated fork-reversal at telomeres appears highly toxic for telomere 

maintenance in the context of aberrant telomerase binding, and can be rescued 

through inhibiting PARylation228. In the case of nucleolar heterochromatin, 

where PARP-1 is highly enriched, PARP-1 recruitment and parylation of 

histones appears to occur immediately following replication fork progress and 

leads to the deposition of negative methylation marks229. Inhibition of 

PARylation prevents these marks and increases rDNA transcription229. 

PARylation of chromatin-associated protein can also negatively affect 

transcription at euchromatic regions. For example, PARylation of the Negative 

Elongation Factor 1 (NELF-E) during the DDR to double-stranded breaks 

blocks NELF inhibition of Pol II elongation, leading to transcriptional silencing 

at the break site230. 

 

1.3 RNA in the DNA damage response 

The relationship between DNA damage and RNA biology is being given 

increasing attention. Given the importance of PARP1/2 in regulating the DNA 

damage response, and the MTC in regulating RNA biology, this is an area of 

intersection between the two processes that has relevance for this thesis. Recent 

publications directly linking m6A to the DDR will be discussed in greater detail 

in the introduction to Chapter 3, however an overview of the links between 

RNA metabolism and the DDR are given here. 
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In the active coding genome, the established model of the transcriptional 

response to genotoxic stress is of a global “shutdown”, with the exception of the 

targeted upregulation of specific genes necessary for damage repair231. This 

response is highly conserved from mammals to yeast232, and is partly regulated 

through modifying or degrading the RNA polymerase233–235. However, this view 

hides a complexity in the cellular response that varies temporally and depends 

on the specific form of damage that is present. In reaction to whole-cell UV 

irradiation, for example, a wave of transcription is first observed in active genes 

as RNA polymerase II (RP2) is release from proximal-pause sites236,237. 

Transcription continues, but with radically reduced elongation rates that limit it 

the promoter-proximal regions. This is thought to partly occur due to the use of 

elongating RP2 as a ‘surveillance’ mechanism, that stalls upon interaction with 

bulky DNA lesions on the transcribed strand and initiate transcription-coupled 

nucleotide excision repair (NER)238, but also via global signalling pathways that 

modify the behaviour of the polymerase239,240. In contrast, in response to single-

stranded breaks (SSBs) or double-stranded breaks (DSBs), only a localised 

transcriptional shut-down occurs, due to changes to the immediate chromatin 

environment241. Smaller oxidative adducts, meanwhile, that can be bypassed by 

the polymerase, inducing only a temporary pause of elongating RP2242. 

Therefore, within actively transcribed genes, the RNA that is produced from the 

vicinity of damage sites in cis, and globally in trans, varies depending on the 

damage. 

 

Alternatively, non-coding roles for RNA that actively contribute to the DNA 

damage repair process have also been identified. These involve different RNA 

subspecies, including long non-coding RNA (lncRNA), microRNA (miRNA) and 

RNA:DNA hybrids, as well as different mechanistic roles, such as the 

recruitment of DNA repair proteins, negative blocking of other proteins, the 
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formation of concentrated phase-separated foci, and the regulation of chromatin 

structure243. Understanding the extent to which these various observations 

relate to one another remains a challenge for the field, however research to date 

has produced several coherent models. Perhaps the best studied role for non-

coding RNA in the DDR is in RNA:DNA hybrids, during the DSB response244. 

Increased R-loop formation has been observed in response to a wide range of 

genotoxic agents capable of forming DSBs245–247. Whilst they are well known to 

be capable of causing DNA damage and genome instability248, and many 

proteins have evolved to recognise and remove them249–251, several studies have 

provided evidence for a regulated and functional role for R-loops in promoting 

DSB repair252,253. A number of different mechanisms have been proposed for 

this: the R-loop operating as a template during RNA-templated DSB 

repair254,255; acting as a block to excessive strand re-sectioning during 

homologous recombination repair256; and recruiting DSB repair factors which 

influence DSB pathway choice245–247,257. Interestingly, whilst the changes in 

torsional conformation that occur through DNA strand-break formation appear 

to promote the formation of R-loops, the precise source for the invading RNA 

following a break is debated. Evidence has been put forward suggesting they are 

formed by bi-directional transcription that occurs in a promoter-independent 

fashion from the break site258,259, however it could also come from RNA that 

was already present at elongating RNA Pol II at the point of break formation, 

or via nascent transcription occurring in response to break formation via 

canonical mechanisms236. Indeed, all three processes may contribute, given that 

R-loops formed from RNA already present could then promote antisense 

transcription260. What appears clear is that any benefit of R-loops in the repair 

process is time dependent, and removal of the R-loop is necessary for full-repair 

to be achieved248,261. Therefore, it is a process that is likely to require highly 

specific regulation, for which many of the details remain outstanding. 
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Alternative non-coding forms of RNA induced as part of the genotoxic stress 

response (GSR) include lncRNAs and miRNAs. Several groups have now 

identified lncRNA that are upregulated in response to genotoxic stress. When 

this occurs in trans from the site(s) of damage, they appear to function either in  

transcriptional regulation (positive and negative), or by acting as a decoy 

binding scaffold. The scaffolding behaviour can inhibit the function of specific 

proteins or miRNAs that would otherwise negatively affect the repair 

process237,262–265, although there is evidence this can occur in cis as well263. 

Alternatively, several groups have also found evidence that transcription of 

lncRNA can occur directly from the site of a DSB247,266,267. This has been 

suggested to either form R-loops247, recruit DNA damage repair proteins 

directly247,267, or be processed into small non-coding RNAs (sncRNA) which 

then recruit DDR factors258. Indeed, several groups have identified sncRNA as 

important for efficient repair of the break, perhaps by operating as guide 

sequences268–271. As to whether these are synthesised and processed directly as 

miRNA by DICER and DROSHA258,270 or converted from initially larger 

lncRNA, is unclear267. 

 

The involvement of RNA in the DDR is indirectly implied by observations that 

many RNA processing enzymes and RNA binding proteins (RBPs) are recruited 

to a diverse array of DNA damage sites238,272–275. In addition, many RBPs are 

the direct targets of DNA damage signalling kinases ATM and ATR100,276. In 

many cases, the localisation of canonical RBPs at damage sites follows a distinct 

pattern of early recruitment, generally on the timescale of seconds or minutes, 

before subsequent exclusions, normally after around 20-30 minutes272,277,278. 

Such transience suggests these proteins play a positive role at damage sites in 

the early part of the DDR, and a negative one thereafter, however delineating 
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this mechanistically is challenging, and few studies have explored this in the 

necessary detail. Ewing Sarcoma (EWS), an RBP that forms part of the FET 

family of proteins, for example, localises rapidly to sites of DNA damage273. 

Studies looking at EWS RNA binding in the context of DNA damage to date, 

however, have only considered changes that occur hours after damage induction, 

at which point EWS has re-localised to the nucleolus, and many downstream 

splicing changes have occurred279. Similarly, poly(A)-binding protein 1 

(PABPN1) localises to DSB sites within seconds, and is lost after 30 minutes, a 

process dependent its phosphorylation by ATM276. Subsequent effects on 

poly(A) sites selection on RNA were examined, where there was no change, but 

not the role of RNA in the immediate recruitment of PABPN1. Thus, as it 

stands there is limited evidence that RBPs that show transient association with 

DNA damage sites are recruited through RNA binding. 

 

An alternative mechanism for RBP recruitment is via interaction with PAR, 

produced by PARP proteins at the damage site. The evidence for this is 

convincing—many of the RBPs that have been shown to localise to sites of 

DNA damage are also able to bind to PAR chains, and indeed the majority 

show sensitivity to PARP activity in the context of the DDR181,238,273. 

Furthermore, many RBPs are direct targets of PARylation, which has been 

shown to affect their RNA binding and localisation190,280, whilst PARP1 activity 

at sites of DNA breaks has been shown to inhibit local mRNA synthesis238. One 

may therefore conclude that RNA is secondary, or irrelevant, to the association 

of RBPs with DNA damage sites in the first phase of repair, and it is purely a 

PAR driven process. However, whilst the rapid localisation of RBPs to damage 

sites is concomitant with the timing of PAR synthesis in response to DNA 

damage, and therefore consistent with PAR-mediated recruitment, they often 

remain at damage sites after the majority of PAR has been degraded (e.g., > 10 
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minutes), suggesting an alternative substrate retains them there, potentially 

RNA. Outstanding questions also exist regarding the functional mechanism of 

canonical RBPs at damage sites. Whilst the loss of several RBPs at damage 

sites has been shown to impair damage repair272,277, the reasons for this are not 

clear. Interestingly, several studies have demonstrated that RBPs at damage 

sites, which are enriched for unstructured, low-complexity domains, are able to 

phase-separate at high concentration281, a process that can be potentiated 

through binding to RNA209,282 and PAR206,283. Such behaviour has been 

demonstrated for several RBPs in the context of the DNA damage response, 

including the FET proteins211,282 and RBM14257, which localise rapidly and 

temporarily to DSBs. There are now several studies suggesting PAR and RNA 

at the site of DNA damage induces the formation of phase-separated structures 

composed of DNA damage repair proteins266,284,285, which could increase the rate 

of the repair processes by temporarily concentrating necessary repair factors. 

1.4 The regulation of METTL3 and PARP-1 during early 

differentiation. 

Both METTL3 and PARP-1 have been shown in mammals to regulate the 

maintenance of pluripotency, and the exit from pluripotency. Knockout of 

METTL3 impairs the ability of murine stem cells to exit from a naïve state, due 

to the increased stability of pluripotency transcripts286. A model of m6A-

regultated mRNA stability influencing the ability of cells to switch between 

transcriptional programmes during development, has been supported by several 

studies287,288. However, loss of METTL3 has also been shown to impair self-

renewal during pluripotency, and promote spontaneous differentiation, through 

interfering with JAK/STAT signalling289. Loss of m6A has also been associated 

with impaired neurogenesis due to cell cycle defects290. Therefore, there is a lack 
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of clarity regarding the precise role of METTL3 and m6A in early 

differentiation. 

 

PARP-1 has also been shown to regulate both the maintenance of pluripotency 

and the exit from it. Two studies have demonstrated that this involves direct 

interaction with Sox2, and regulation of Sox2-driven gene expression291,292. Upon 

exit from pluripotency, loss of PARP-1 has also been shown to impair the 

differentiation of the neuroectoderm293,294, although PARP-1/2 dbKO mice can 

survive up to the onset of gastrulation295. 

 

An important regulatory pathway of both PARP-1 and METTL3 in 

differentiation is the Mitogen-activated protein kinase/ERK kinase 

(MEK)/extracellular-signal-regulated kinase (ERK) signalling pathway. The 

MEK/ERK signalling cascade links cell surface receptors to gene expression, 

and has a variety of functions linked to the prevention or induction of apoptosis, 

and the progression of the cell cycle296. Modulation of this pathway is used 

extensively during differentiation297. Roughly, ERK signalling is inhibited to 

maintain pluripotency and upregulated as cells initially leave pluripotency298. As 

cells continue to differentiate, MEK/ERK signalling has a variety of different 

roles depending on the specific developmental path in question, primarily driven 

by different fibroblast growth factor (FGF) activation298.  

 

The activity of both METTL3 and PARP-1 has been shown to be regulated by 

MEK/ERK signalling. This can occur through the direct interaction between 

PARP-1 and phosphorylated ERK2, which has been demonstrated in vitro to 

activate PARylation activity166. There is also evidence for the phosphorylation 

of PARP-1 by ERK1/2 both dependently and independently of DNA damage 

167,168. Both of these processes have been shown to induce PARylation. This is 
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highly relevant to early differentiation. Several studies have shown PAR levels 

are low in pluripotent cells, whereas upon pluripotency exit there is a dramatic 

increase in PARP-1 driven PARylation291,294,299. This appears to be caused, in 

part, by the phosphorylation of PARP-1 by ERK1/2, which increases PARP-1 

affinity for NAD168,294. It also influences the described interactions between and 

PARP-1-Sox2: in the absence of active MEK/ERK signalling, PARP-1 interacts 

with Sox2 and regulates pluripotency gene expression291,292. Following ERK1/2 

activation, increased PARP-1 PARylation activity inhibits Sox2, and promotes 

neuroectodermal specification294. PARP-1 and ERK also engage in a feedback 

loop, whereby prolonged PARylation leads to downregulation of ERK1/2 

phosphorylation300. 

 

The regulation of METTL3 activity by MEK/ERK signalling has only recently 

been identifed98. The authors demonstrate that METTL3 is directly 

phosphorylated by ERK1/2, which increases the stability of METTL3 and the 

MTC. This also increases the deposition of m6A. Conversely, prolonged blocking 

of the MEK/ERK pathway (> 8 hrs) destabilises METTL3 and the MTC. It 

also appears to be an important regulator of differentiation, as METTL3 

mutants that are incapable of being phosphorylated impede the exit from a 

pluripotent state. 

 

1.5 The focus of the thesis 

As evidenced in this introduction, both the roles of both m6A and PAR are now 

understood to extend into many, partially imbricating, areas of chromatin 

biology. In this thesis, I am concerned with trying to determine where, if any, 

there is a co-regulatory relationship between the two. To do so, I address the 

following primary questions: 
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• Does perturbation of the m6A machinery affect PARP proteins, both in 

terms of PARylation activity and PARylation-independent activity? 

• If so, in what context are PARP proteins affected? 

• If so, is this a direct or indirect relationship? 

• If so, what additional signals effect this relationship? 

 

Whilst few conclusive answers are reached for any of these questions, the work 

presented in this thesis suggests PARP-m6A co-regulation does exist, and opens 

up a research space for future investigation. 
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Chapter 2. Materials & Methods 

2.1 Antibodies used 

Primary Antibody Product code 

m6A Rb Synaptic Systems 202 003 

m6A Rb  Abcam ab151230 

m1A Rb  Abcam EPR-19836-208 

m2A Rb Gift from T. Kouzarides 

m66A Sh Gift from T. Kouzarides 

m8A Rb Gift from T. Kouzarides 

m4C Sh Gift from T. Kouzarides 

m3U Rb Gift from T. Kouzarides 

m1G Rb Gift from T. Kouzarides 

m22G Rb Gift from T. Kouzarides 

Anti-Phos-Hist H2A.X (S139) Ms Millipore 05-636 

Anti-poly-ADP-ribose binding reagent Rb Merck MABE1031 

GAPDH (14C10) CST 2118L 

NPM1  Thermo MA5-12508 
PARP-1 Antibody (C2-10) Santa Cruz sc-53643 
PARP-1 N-terminal antibody (pAb) Active Motif 61639 
Cleaved PARP (Asp214) Antibody (Human Specific) CST 9541 
Nucleolin Biorbyt orb420058 
PARG Abcam ab169639 
Fibrillarin Abcam ab5821 
RNA Polymerase II RPB1 [Clone: 8WG16] purified Biolegend 664906 
METTL3 Abcam ab195352 
METTL3 Abcam ab240595 
METTL14 Abcam ab264408 
CHD1L CST #13460 
SMB Sigma S0698 
β-Tubulin CST #2146 
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Secondary  Product code 

Alexa-fluor Goat anti-Rb 488 Abcam ab150077 

Alexa-fluor Goat anti-Ms 568 Abcam ab175473 

 

2.2 Antibody specificity testing 

The specificity of RNA modification antibodies was tested by following an 

adapted miCLIP protocol but replacing input RNA with in vitro modified 

oligonucleotides containing a biotin tag. I incubated 0.2µg of oligonucleotide 

with 0.5µg of antibody. The rest of the protocol preceded as given in the 

miCLIP methods, up to the IP step using protein G beads. At this point RNA-

protein complexes were eluted from the beads in 7µl of 1X Laemmli buffer with 

0.2M DTT. All eluate was blotted onto a nitrocellulose membrane, which was 

blocked with 3% BSA-TBST (0.1% Tween-20). The membrane was incubated 

with a 1:5000 dilution of a streptavidin-HRP conjugate for 1-2 hours at room 

temperature and visualised with ECL detection reagents. Images were taken 

with the Amersham 680 blot imager, on auto setting. 

 

2.3 Cell lines and culturing 

U2OS cell were received from cell services at the Francis Crick Institute. Only 

cells below passage 20 were used for experiments. Cells were grown in DMEM 

Glutamax +10% FBS.  

 

mESC were derived from the IDG3.2 parental line. For maintenance in a naïve 

pluripotent state, they were grown in 2i LIF media (Basal N2B27 + 1mM 

PD03259010, 3mM CHIR99021 and 105U/ml M LIF (Esgro ESG 1106) on 

gelatin coated plates. For experiments looking at impact of MEK signalling, 



 

 66 

cells were seeded at 2.6 × 103 cells/cm2 and cultured for 72 hrs in either basal 

N2B27 alone, or N2B27 containing βFGF at 2 ng/ml, as described in301. For 

MEK inhibition, cells grown in N2B27 or N2B27+FGF for 72hrs were cultured 

in N2B27+1uM MEKi inhibitor (PD035901).  

 

For the creation of METTL3 KO and CM lines, guides and template were 

designed by Dr. Miha Modic in which the DPPW motif in the SAM binding 

motif of the protein (Asp395-Pro398) was changed in APPA. This template was 

synthesised as an 500nt Ultramer single-stranded DNA oligonucleotide,  

Plus including 200nt homology arms (ssODN) by IDT.  

 

cctattctaagctatatacttaaactgggtggggtatccatatatgtagaaaaatagggaataatttagcaatctgg

cttactgatgggagcacaatgggataggaatgcttgaggtagagggtttgggactgtgaaatctgtgaaagaagg

aaagatgaccaaatactacctcctgcagTGGATCTGTTGTGATATCCGCTACCTGGAC

GTCAGTATCTTGGGCAAATTTGCAGTTGTGATGGCTgcgccgccggcgGAT

ATTCACATGGAGCTACCGTATGGGACATTAACAGATGATGAGATGCG

CAGGCTCAATATACCAGTGCTACAGGATGACGGCTTTCTTTTCCTCT

GGGTCACAGGAAGgtaatataatccagatatgtaggtatgggaaatacagcagagtgaaaactgggt

aaagtcctgggtttctcaggcatttgattaaatgtcacttaggatgcctgcctcttctgaggggtttgatgtttttag 

 

SpCas9-T2A-GFP_gRNA plasmid (Addgene plasmid #48138) containing 

gRNAs targeting the first exon of METTL3 were transfected alongside the 

ssODN. Single cell clones were selected with FACS, with assistance from the 

flow-cytometry facility at the Francis Crick Institute. Clones were grown and 

duplicates before being checked by sequencing the targeted exons using 

following primers: 

Primer (F) gtatgatctacttttgaagtac 

Primer (R) CACTGGTATATTGAGCCTGC 
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The amplicons were then sequenced by the sequencing facility at the Francis 

Crick Institute. This produced several KO and CM clones. These were then 

verified by western blot. Unfortunately, the WT clones that had been through 

CRISPR selection were not retained, meaning the WT mESC used in this thesis 

have not undergone identical selection to the KO clones. 

 

2.4 Nuclear/Cytoplasmic fractionation 

Cells were resuspended (30ul/1 × 106cells) in buffer A (10 mM HEPES, [pH 7.9], 

10 mM KCl, 1.5 mM MgCl2, 0.34 M sucrose, 10% glycerol, 1 mM DTT, 5μg of 

aprotinin per ml, 5μg of leupeptin per ml, 0.5μg of pepstatin A per ml 0.1 mM 

phenylmethylsulfonyl fluoride). Triton X-100 (0.1%) was added, and the cells 

were incubated for 5 min on ice. Nuclei were collected in a pellet by low-speed 

centrifugation (4 min, 1,200 × g, 4°C). The supernatant (S1) was further 

clarified by high-speed centrifugation (15 min, 20,000 × g, 4°C) to remove cell 

debris and insoluble aggregates (Cytoplasm fraction). Nuclei were washed three 

times in buffer A, and then lysed in buffer B (10 mM Tris/Cl pH7.5, 150 mM 

NaCl, 0.5 mM EDTA, 0.5% NP40, 1x mammalian Protease Inhibitor Cocktail 

(e.g., Serva®), benzonase, 2.5 mM MgCl2, PARPi (10uM Veliparib, 1uM 

PARGi (PD00017273)) using bioruptor pico for 20 cycles 30sec ON/OFF. 

Nuclear and cytoplasmic fractions were boiled in Laemmli buffer at 95 for 10-

15min and loaded onto a 10-well NuPAGE gel, following standard conditions for 

western blot. 

2.5 Bioinformatic analyses 

miCLIP 

miCLIP sequencing  was carried out by the high-throughput sequencing facility 

at the Francis Crick Institute. Sequencing data was mapped and processed by 
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Charlotte Capitanchik using PyRaMod, a custom python-based workflow. This 

pipeline is based on mapping with Bowtie and STAR, and uses the Gencode 

GRCh38 genome assembly and M15 annotations for human and mouse miCLIP 

segmentation respectively. In PyRaMod, rRNA, snoRNA and snRNA reads 

were pre-mapped to consensus sequences.  

 

Differential expression analysis was carried out using the DEseq2 package. First 

individual nucleotide crosslink counts were merged for each replicate library at a 

whole-gene level by using the Bedtols ‘intersect’ and ‘groupby’ tools and the 

Gencode GRCh38 genome assembly. The output BED files were then 

intersected with one another to find common genes across all conditions using 

Bedtools ‘map’. In the DEseq2 package, a likelihood ratio test of IP/Input 

cDNA count ratios for -UV and +UV samples were generated by using the 

design: ~ assay + condition + assay:condition302. Significant changes were 

determined using a threshold p-adj (p values adjusted for multiple testing) < 

0.05, and a fold change threshold of > 2 or < 2, respectively. All figures were 

produced in R 3.5.2 using “dplyr”, “ggplot2” and “ggthemes” packages. 

 

Public ChIP-Seq analysis 

 

For ChIP seq analysis, fastq files were downloaded from the relevant GEO 

datasets webpage. These were trimmed using Trimmomatic303 then pre-mapped 

to rDNA sequences using the BWA/0.7.17 MEM algorithm304. Unmapped reads 

were then mapped to the hg38 reference genome using BWA ALN algorithm, 

before BAM files were generated using Samtools, removing duplicate reads and 

those with mapping quality < 20305. ChIP-Seq peaks were called using 

MACS2/2.1.1, using SPRM normalization, a FDR cutoff of 0.01 and --mfold 4, 

50. Binding motifs were identified using the MEME suite306 and meme-chip and 
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centrimo. using the following conditions: -meme-minw 5 -meme-maxw 9 -meme-

nmotifs 6 -ccut 200 -order 1 --dreme-e 0.05 -spamo-skip -fimo-skip. Heatmaps of 

read enrichment over specific genomic regions were generated using the 

Deeptools Bamcoverage, ComputeMatrix and PlotHeatmap tools, normalizing 

using RPKM and the following conditions: Binsize 40, smoothlength 120307. 

 

2.6 UV irradiation assay 

For all DNA damage experiments, U2OS cells were pre-incubated with 10µM 

final concentration of BrdU for 12-16 hours. For UV-C treatment, the 

Stratalinker 2400 was calibrated by first-prewarming the 254nm bulbs for 2-3 

minutes then measuring the accuracy of the energy output using a UV-C sensor. 

Media was then removed from the cells immediately prior to irradiation, and 

the plate or dish was placed in the centre of the Stratalinker. The cells were 

exposed to 50J UV-C, then media was added back to cells, which were then 

processed as detailed. For RNAse treatment, after UV irradiation cells were 

immediately placed on ice and washed once with cold PBS. They were then 

permeabilised with 1% Triton X-100 in PBS for 1 min on ice. Cells were washed 

twice with ice cold PBS and incubated with 0.2ug/ul RNase A and H in 1× 

RNase H buffer for 60 seconds at 37 °C in the incubator. Cells were removed 

and placed back on ice, then washed twice with cold PBS. Cells were then 

processed for downstream applications accordingly. For PARP inhibition, cells 

were treated with Olaparib (Tocris AZD 2461) at a final concentration of 20µm 

for 2 hours at 37°C. For PARG inhibition, cells were treated with PARG 

inhibitor (Tocris PDD00017273) at 1µm for 20 minutes. 
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2.7 Dot blots 

Samples were diluted to the same concentrations in RNAse free water. For RNA 

dot-blot, samples were then denatured for 2 min at 75°C in 

the thermocycler and placed immediately on ice. Samples were spotted onto a 

dry nylon membrane (GE Healthcare Hybond-N+) either by hand or using a 

dot-blot manifold (BIORAD). The membrane was left to dry fully then 

crosslinked in Stratalinker 2400 using standard crosslinking settings. Standard 

conditions for western blot were then followed from this point. Samples were 

visualised with an HRP conjugated secondary antibody using ECL detection 

reagent (Amersham). Membrane was finally stained with 0.04% (w/v) 

methylene blue to check for loading. Images were taken with the Amersham 680 

blot imager on auto setting. 

 

2.8 Fluorescence Recovery After Photobleaching (FRAP) 

FRAP experiments were carried out with the assistance of Dr. Flora Lee and 

the Francis Crick Advanced Light Imaging facility. The NPM1-GFP construct 

was bought from Addgene (#17578). U2OS cells were seeded onto glass-bottom 

8-chamber Ibidi slides and forward  transfected with 125ng plasmid per well 

using lipofectamine 3000, into cells that had previously been reverse transfected 

with siRNA (control and METTL #1). Cells were imaged 48hrs after NPM1-

GFP transfection.   

 

FRAP was carried out on Zeiss inverted 880 confocal microscopes, equipped 

with a 63x objective, a gas mixer CO2 supply and a temperature-controlled 

chamber set at 37°C. All parameters were kept constant across independent 

experiments and conditions. The bleaching area was a small nucleolar region 
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within the GC component. For comparison a separate nucleolus in the same cell 

was monitored.  

 

2.9 Image analysis 

All image processing and analysis was done using in FIJI using custom scripts. 

Quantification of total nuclear staining was done by first creating a mask of all 

nuclei within an image using DAPI staining, then measuring the signal intensity 

in the PAR staining within the regions determined by the mask. For PAR 

nucleolar and yH2A.X speckle counting, foci signal in the relevant channel was 

thresholded for each image separately using the Auto Thresholding tool. For 

yH2A.X this used the gamma_bin setting, for PAR this used the Max_entropy 

setting. A selection of images in WT and KD cells were checked to ensure these 

settings were thresholding appropriately. Data on the speckle/foci was then 

generated using the Biovoxxel ‘Speckle Counter’ tool. Accepted foci sizes were 

adjusted for PAR and yH2A.X separately, to ensure appropriately sized speckles 

were counted.  

PAR: upper_secondary_count=15 max_secondary_size=150 show=none 

speckle statistic secondary_object 

yH2A.X: min_secondary_size=3 max_secondary_size=100 show=none speckle 

statistic secondary_object 

Downstream analysis of the data was carried out in R Studio using the dplyr 

and ggplot2 packages.  

 

2.10 Immunofluorescence 

Cells were incubated with 4% PFA in PBS for 15 minutes at room temperature. 

Coverslips were washed 3x with PBS. Cells were permeabilized with PBS 0.25% 



 

 72 

Triton X-100 for 15 minutes at room temperature. Coverslips were washed 2x 

with PBST and blocked with a buffer of 1% BSA, 10% FBS, 0.25% Triton and 

0.02% sodium azide for 60 minutes. Primary antibodies were diluted in blocking 

buffer and incubated overnight at 4°C. Coverslips were washed 3x with PBST. 

Secondary antibodies were diluted in a 3% BSA PBST blocking buffer (1:1000) 

and incubated for 1 hour at RT. Coverslips were washed 2x PBST, and stained 

with DAPI (1:1000) for 10 minutes, and washed in PBS. Coverslips were 

mounted with VECTASHIELD (Vector laboratories, H-1000).  

Immunofluorescence images with taken either a 63x objective (ED Plan-Neoflur 

63x/1.3 Oil DIC M27) 40x or 20x objective (EC Plan-Neofluar 20x/0.50 M27) 

with either a wide-field microscope (Zeiss Axio M1) or a confocal microscope 

(Zeiss LSM 880). 

2.11 miCLIP 

RNA isolation 

For nuclear fractionation for DNA damage miCLIP, following irradiation 

confluent U2OS cells from a 15cm dish were immediately added to 10ml 

cytoplasmic lysis buffer (50 mM Tris-HCl pH 7.4, 10mM NaCl, 0.5% Igepal CA-

630 (Sigma I8896), 0.25% Triton X-100, 1mM EDTA) rotated at 4°C for 3 

minutes at 4°C, then spun at 4°C at 1000 x g for 3 minutes. The supernatant 

was removed and the pellet was resuspended in 1ml of CLB and spun at 4°C, 

1000 x g, for 3 minutes. Supernatant was discarded, and then the pellet was 

used as nuclear fraction. RNA isolation then proceeded using the mirVana™ 

miRNA Isolation Kit following manufacturer’s instructions. 

 

RNA crosslinking 

RNA for miCLIP was extracted using the mirVana™ miRNA Isolation Kit 

(ThermoFisher AM1560) using manufacturer’s instructions. For brain tissue, 
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samples were first ground to a fine powder using a sterile pestle and mortar 

under liquid nitrogen. For polyA+ RNA isolation, Oligo (dT)25  Dynabeads® 

were used, starting with purified total RNA and following manufacturer’s 

instructions. RNA concentration was measured using the Qubit™ RNA HS 

Assay Kit and successful isolation of polyA+ RNA was confirmed using the 

Agilent 4200 Tapestation Bioanalyzer system for RNA (Agilent, 5067-5579).  

1-10µg of RNA was used as input and fragmented using the 10X fragmentation 

reagent (Thermo Scientific) for 15 minutes at 70°C for total RNA and 60°C for 

polyA+ RNA. Antibody input was optimised for each experiment but as a 

general rule was half the total amount of input RNA. Input RNA and antibody 

were incubated in IP buffer (50 mM Tris-HCL, pH 7.4, 100 mM NaCl, 0.05% 

NP-40) for 2 hours at 4°C. The antibody was crosslinked to the RNA by 

irradiating on ice in the IP solution in a sterile 6-well plate, twice with 0.3 J 

cm−2 UV light (254 nm) in a Stratalinker 2400. For input samples, all steps were 

identical, except without the IP and crosslinking. 

 

3’ adaptor ligation and removal 

 

RNA-antibody complexes were added to 30ul of protein G Dynabeads 

(Invitrogen) and incubated for 1.5 hours at 4°C in IP buffer to bind. After IP, 

beads were washed in high salt wash buffer ( 50 mM Tris-HCl, pH 7.4,1 M NaCl, 

1 mM EDTA, 1% Igepal CA-630, 0.1% SDS, 0.5% sodium deoxycholate) and 

PNK wash buffer (20mM Tris-HCl pH7.4, 10mM MgCl2, 0.2% Tween-20). 3’ end 

dephosphorylation was carried out in 5X PNK buffer (PNK (NEB M0201L), 

FastAP alkaline phosphatase (ThermoFisher, EF0654), RNasin, water) at 37°C 

for 40 minutes. After a wash in PNK buffer, 3’ L3 adaptor ligation was performed 

in a reaction mix of (10X ligation buffer (no DTT), DMSO, high concentration 

T4 RNA ligase I (M0437M NEB), RNasin, PNK (NEB M0201L), pre-adenylated 
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L3 adaptor, 50% PEG8000) for 75 minutes at 22°C. This was followed by 1 x 

washes with high salt and PNK buffers. If barcoded L3 adaptors were used, 

samples were multiplexed at this point. Excess adaptor removal was carried out 

by incubating in the adaptor removal reaction mix (NEB Buffer 2, 5’ Deadenylase 

(NEB M0331S), RecJ endonuclease (Epicentre RJ411250), RNasin, PEG400) for 

1 hour at 30°C and 30 minutes at 37°C. For input samples, purification after each 

step was instead carried out by collection with 2.5X volume of Ampure RNA XP 

beads, and 0.66X volume of isopropanol during precipitation steps. 

 

Library Preparation 

Beads were resuspended in 20µl of 1x NuPAGE loading buffer, and the RBP-

RNA-linker complexes were eluted at 70°C for 5 minutes. This was loaded onto a 

NuPAGE 4-12% Bis-Tris SDS-PAGE, run for 65 mins at 180V with MOPS buffer, 

and transferred to a nitrocellulose membrane at 30V for 2 hours. The membrane 

was visualized in the IR wavelength with the LI-COR Odyssey-Clx. After imaging, 

a printout of the infrared image creates a mask for the membrane, and RBP 

complexes of size 15-60kDa above the expected molecular weight of the light and 

heavy antibody chain (25kDa and 45kDa) were cut out from the nitrocellulose 

membrane. Protein-RNA was removed from the membrane with 200µl proteinase 

K SDS buffer (10mM Tris-HCl pH 7.4, 100mM NaCl, 1mM EDTA, 0.2% SDS) 

for 1 hour at 50°C. These steps were not carried out for input samples and Ampure 

XP purification was instead carried out as before. The RNA was then 

phenol/chloroform extracted and precipitated with 40ul 5M NaCl, 0.75ul 

glycoblue and 1ml EtOH overnight at -20oC. The RNA was pelleted by 

centrifugation for 30 minutes at 4°C at 13000G. The RNA was then reverse 

transcribed with barcoded RT primers using the Superscript IV Kit, then 

incubated with 1M NaOH for 15 minutes at 37°C to degrade the RNA, then 

neutralised with 1M HCL. cDNAs from up to 3 barcodes could then be 
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multiplexed. cDNAs were then purified by adding 3x the reverse transcription 

reaction volume of Agencourt AMPure XP beads, then following manufacturer’s 

instructions. cDNAs were circularised in the following reaction mix (10x 

CircLigase Buffer II (Epicentre), CircLigase II (Epicentre), 50 mM MnCl2, 5M 

betaine) for 2 hours at 60°C, then purified again with Agencourt AMPure XP 

beads. cDNAs were eluted in 20ul of water. To test amplify the cDNA library, 

1ul of the cDNA eluate was amplified with P3/P5 solexa primers in a 10ul reaction. 

This is then run on a  6% TBE gel to monitor the specificity by comparing to the 

negative controls, and to verify successful amplification. A final PCR library was 

then generated from 4ul cDNA. Libraries were quantified by QuBit dsDNA HS 

Assay and the size distribution was assessed by Agilent 2400 Bioanalyser. 

Libraries were sequenced by Illumina HiSeq 2500. 

 

2.12 PAR isolation from cells. 

Isolation of pADPr was carried out using the protocol described by Martello et 

al308. Clean-up was done using the RNeasy MinElute Cleanup kit and following 

manufacturer’s instructions. Quantification was done using the Nanodrop 

spectrophotometer where concentration (molar) = absorbance (258nm)/13,500. 

In vitro synthesised pADPr was purchased from Trevigen (4336-100-01). 

2.13 PAR IP 

Biotinylated PAR chains were purchased from Trevigen (4336-100-02). PAR 

was bound to  Streptavidin Sepharose High Performance 50% bead slurry. 

Beads were first washed with NETN buffer (150 mM NaCl, 5 mM EDTA, 

50 mM Tris-HCl pH 8.0, 0.5% (v/v) NP-40, 1x protease and phosphatase 

inhibitors, 1mM DTT, 1 μM Olaparib and 5 µM PARGi).  After each wash step, 

centrifuge samples for 3 min at 4,000 r.p.m, 4oC. Beads were then incubated 
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with NETN buffer containing 0.5nmol of the biotin-PAR bait or 0.5nmol of 

biotin only for 30min at 4oC, rotating. These were then incubated with 0.75mg 

nuclear lysate for 1.5hrs at 4oC. Beads were then washed 3x in NETN+0.5% 

NP-40, and standard western blot protocol was followed.  

 

2.14 RIP QPCR 

U2OS cells were reverse transfected in biological duplicate with 5nM of final 

siRNA concentration in 15cm dishes per replicate. Cells were collected 72hrs 

post transfection and processed following the protocol described in 175 using the 

PARP-1 C-10 antibody referenced under ‘Antibodies’. QPCR was carried out in 

technical quadruplicate per sample using the SYBR green mastermix (thermo 

4309155) and a Quantstudio 6 PCR system. QPCR primers were identical to 

those used in175. Ct values were normalised to input. Enrichment of the 

snoRNA over GAPDH was calculated as 2(−ΔΔCt [RIP/background]). This was then 

plotted relative to siControl treated cells. 

 

2.15 RNA mass-spectrometry 

Preparation of samples, injection into mass spectrometer and analysis was done 

with the assistance of Dr. Paulo Gameiro and the Proteomics Facility at the 

Francis Crick Institute. 

 

Per replicate 500ng of RNA was suspended  nuclease-free H2O on ice. 10X 

Nuclease P1 Buffer was added ( 250mM NaCl, 25mM ZnCl2, 100mM NaAcetate 

pH 5.2(final conc 1x). 2 μl of Nuclease P1 (1U/μl) for total reaction volume of 

25ul. Samples were incubated 37C for 2 hrs. 3μl fresh NH4HCO3 (1M), 1μl 

Alkaline phosphatase (5 U) and 1μl nuclease-free H2O to a final volume of 30μl 
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were added. Samples incubated 2hrs at 37C. formic acid was added to be 0.1%. 

samples were filtered with 0.22 μM microfuge tubes (Costar). Digested RNA 

samples were injected into LC-MS/MS in technical triplicate alongside pre-

prepared nucleoside standards. Processing and analysis of data was carried out 

using the Skyline software package309. 

 

2.16 Silica Particle Assisted Chromatin Enrichment (SPACE) 

The SPACE protocol and data analysis was followed as described in 310 with 

injection of samples into the mass-spectrometer, raw data processing and 

statistical analyses performed by Dr. Sina Rafiee, with assistance from the Crick 

proteomics facility. 

 

Xcalibur software was used during data acquisition in data-dependent 

acquisition mode. RAW data were processed with MaxQuant (1.6.2.6) using 

default settings. The global false discovery rate for both protein and peptides 

was set to 1%. The match-from-and-to and re-quantify options were enabled, 

and intensity-based quantification options (iBAQ) were calculated. Proteins 

identified by reverse site only were removed. Gene Ontology was downloaded 

from Uniprot and the DAVID Gene Ontology database. Samples were quantile-

normalised using the preprocessCore R package. 

 

The following adjustments were also made to the SPACE protocol: 

2% Paraformaldehyde was used instead of 1% for crosslinking, to reduce DNA 

damage induction. 10uM PARPi (Veliparib) and 1uM PARGi (PD00017273) 

were also added during crosslinking to prevent artefactual PARylation. PARPi 

and PARGi were also added throughout all lysis and IP steps. 15cm dishes of 

mESC were used per replicate for ChIP-SPACE, which was around 10-15 
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million cells. No metabolic labelling (e.g., SILAC) was used. For the ChIP step 

preceding SPACE nuclei were isolated through incubated 10 minutes on ice in 

10mM Tris-HCL+ 1% Triton X100, centrifuged 2000g 2mins, then washed x3 

with LB3 buffer 10 mM Tris-HCl [pH 8], 100 mM NaCl, 1 mM EDTA, 0.5 mM, 

0.1% Na-deoxycholate, 0.5% N-lauroylsarcosine, 0.1% SDS), spinning down 

2000g for 2mins after each wash. Nuclei were lysed in LB3 plus 0.1% SDS in the 

Bioruptor Pico, 10 x 30sec ON/OFF. Samples were centrifuged at 10,000g to 

clear lysate and protein concentration was measured using the DC protein assay 

(Biorad). ~1mg of protein was used per replicate. 7ug of antibody was used per 

replicate, samples were incubated with primary antibody overnight on rotation 

at 4C. Samples were then brought to 1ml with IP buffer (50mM Tris-HCL pH 

7.5, 150mM NaCl, 0.5% NP-40, 1% TritonX-100, 5mM EDTA) and mixture of 

protein A/G magnetic dynabeads (Dynal, 100.02) were used to collect the IP for 

4 hours at 4C. Beads were collected on a magnetic rack and washed x2 with 

CLIP high stringency buffer (15 mM Tris-HCl, pH 7.4, 120 mM NaCl, 25 mM 

KCl, 5 mM EDTA, 1% Triton X100, 0.001% SDS, 1% sodium deoxycholate) 

and 2x washes with IP buffer. The standard SPACE protocol was then followed. 

 

2.17 Small-interfering RNA knockdown of METTL3 

Silencer select siRNA for METTL3 were bought from Ambion (#s32141 and 

#s32143) as was the control siRNA (medium GC content, Thermo 12935300) 

 Knockdown of METTL3 in U2OS cells was carried out using the reverse 

transfection method and RNAiMAX (ThermoFisher) following manufacturer’s 

instructions. 10uM of siRNA was used with #s32141 siRNA used for all 

experiments due to better METTL3 KD efficiency. 
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2.18 Statistical Analyses 

For immunofluorescence, RIP-qPCR, FRAP, western blot and dot-blot 

experiments, statistical comparisons were made using an unpaired, two-tailed, t-

test, with a significance threshold of p<0.05, unless otherwise stated. For 

immunofluorescence, measured signal intensity was compared between WT and 

KO cells. For western blots, the signal was first normalised to GAPDH 

expression. For dot-blots signal was normalised to methylene blue input signal 

where possible. For RNA mass spectrometry, standard curves using 

ribonucleoside standards were used to calculate an absolute quantification of A 

and m6A nucleosides and analysed using the Skyline software (Version 19.1). 

Differences in m6A/A fractions between WT and KO cells were then compared 

statistically. In the RIP-qPCR experiment, differences were tested using a t-test 

comparing dCT values, normalised to input signal, for siControl and siMETTL3 

samples for each snoRNA separately. In FRAP experiments, the mobile fraction 

was calculated using Fiji software. These values were then used for the t-test 

comparison.  

 

For SPACE proteomic experiments, statistical analyses were carried out by Dr. 

Sina Rafiee, following the protocol outlined here310. Briefly, iBAQ values were 

compared using a moderated t-test, with Benjamin-Hochberg adjusted p-values, 

using the R Limma package. Log2(KO/WT) >1 and adj. p-value <0.1 were 

considered as significantly enriched proteins, unless otherwise stated. 

 

R Studio or Microsoft Excel were used for all statistical analysis.  

 



 

 80 

2.19 Western blot 

For western blots, cell pellets were washed in PBS and lysed in RIPA buffer 

with 1:100 dilution of benzonase. For PAR western blots, 10uM of PARP 

inhibitor (veliparib) and PARG inhibitor (PD00017273) were also added. 

Samples were disrupted using a Bioruptor Pico sonicator for 10x cycles of 30sec 

on and 30sec off. Lysate was cleared by centrifugation at 4C, and supernatant 

taken. Protein quantification was done using the DC protein assay kit (Biorad 

5000111). Samples were diluted in 1X LDS buffer with 100mM DTT and heated 

at 70C for 5 minutes, run on 4-12% NuPAGE Bis-Tris gels (ThermoFisher) and 

transferred to nitrocellulose membranes. Membranes were blocked in 3% BSA 

PBST or TBST for 1 hour at RT then stained with the appropriate primary 

and HRP conjugated secondary antibodies. Visualisation was carried out using 

the Amersham ECL detection kit (Amersham RPN2232) and the Amersham 

680 blot imager. Quantification was carried out by measuring signal intensity in 

raw TIF images using ImageJ. 

 

Chapter 3. m6A in the DNA damage response 

3.1 Chapter aims and summary 

In this chapter, I present work exploring the role of the post-transcriptional m6A 

RNA modification in the response to DNA damage. The context to this work is 

a paper that Xiang and colleagues published in 2017, describing the dynamic 

deposition and removal of the m6A modification of RNA immediately following 

UV irradiation311. Whilst exciting, this discovery also generated several 

interesting questions regarding the phenomenon, including: is there specificity in 

where m6A is deposited in response to UV? How is the m6A machinery able to 

respond to DNA damage? And how does m6A-modified RNA function in the 
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cellular response to UV irradiation? These questions are composed under a 

broader interest in the potential for post-transcriptional RNA modifications to 

act as dynamic regulators of RNA biology. In this way they could act as a 

mechanism by which cells could respond rapidly to specific stimuli, and fine tune 

interactions between RNA and protein to regulate RNA metabolism and RNA-

binding protein behaviour. 

 

Considering these questions, I begin the chapter by discussing the current 

literature exploring m6A in the DNA damage response, and the outstanding 

questions in relation to this topic. In the results section, I describe my 

experimental work that, first, recapitulates the findings of Xiang and colleagues, 

and uses this as a starting point to study m6A in response to UV irradiation at a 

transcriptome-wide level using methylation-iCLIP (miCLIP). I then discuss 

orthogonal imaging studies and biochemical analyses that suggest that 

commercial m6A antibodies can non-specifically bind to poly ADP-ribose, which 

then foments a surprising re-interpretation of m6A in the UV response. Finally, 

in the discussion, I contextualise these experimental findings back in the broader 

literature, highlight the limitations of the work and outline relevant future 

directions of research. 

 

3.2 Introduction 

3.2.1 m6A in the DNA damage response 

Understanding the multifarious biological machineries that regulate the DNA 

damage response is of critical importance in the life sciences. DNA is the primary 

vessel for the inherited information that encodes life, yet it experiences a constant 

onslaught from factors, both endogenous and exogenous, capable of causing it 

damage312. Through evolution, various mechanisms have evolved to repair 
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damage, specific to the various forms that occur, and the cellular context in which 

they arise. Initial work has clarified a core componentry of the DNA damage 

response, including repair enzymes, cell-cycle checkpoint regulators, immediate 

kinase signalling proteins, and downstream kinases. Since then, over the last two 

decades, there has been a growing understanding of the complexity of the system 

by which cells respond to DNA damage, beyond the core signalling pathways313. 

This includes non-coding roles of RNA, which have been linked to the response 

to a range of DNA damage types through the formation of R-loops, lncRNA 

aggregation platforms, the localisation of RBPs and DNA-damage response 

proteins, as well as the formation of phase-separated foci at damage 

sites262,263,265,267,314. 

 

Recently, several studies have shined light on post-transcriptional RNA 

modifications as an alternative way through which RNA may operate, and be 

regulated, in the DNA damage response (DDR). This was first proposed by Xiang 

and colleagues who showed that, in response to UV-C irradiation, levels of m6A 

in the nuclei of U2OS cells rapidly and massively increased311. This m6A response 

occurred within 1 minute of irradiation, peaked around 5 minutes post UV-C, and 

returned to basal levels by ~10 minutes (Figure 3-1 A). The authors showed that 

depletion or knock-out of METTL3 caused a loss of m6A upregulation in response 

to UV-C (Figure 3-1 B and C) and delayed the downstream repair of 

cyclopyrimidine dimers (CPDs), implying m6A has a functional role in the NER 

repair process. In addition, they demonstrated the deposition of m6A was PARP 

1/2 dependent, suggesting it operated within the BER pathway, but placed it 

within the NER and Trans-lesion synthesis (TLS) pathways instead, as the CPD 

phenotype was rescued by overexpression of polymerase kappa.  
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Figure 3-1 Figures adapted from Xiang et al., showing m6A response to DNA damage. 

A U2OS cells irradiated with 15J UV-C, fixed at timepoints indicated post-irradiation, and 
stained for m6A, ƴH2A.X  and DAPI. Relative m6A signal is indicated Adapted from Fig 1B. B 
and C immunofluorescent images of U2OS cells fixed 2mins post UV-C and stained as in 
previous images. Comparison between METTL3 KD using siRNA and MT3 KO cells, with 
either wild-type or catalytic mutant rescue. Adapted from figure 2 of the referenced paper. Scale 
bars = 20uM. With permission from SpringerNature.   
 

Aside from adding insight into the DDR, this finding was also significant because 

it impinged on the debate of whether post-transcriptional RNA modifications 

could be adjusted dynamically to alter RNA biology in response to specific stimuli. 

Since the discovery of ‘writer’, ‘reader’, and ‘eraser’ proteins for the m6A, the 

potential for it to be added and removed from RNA in response to specific stimuli 

had been conceptually understood315, but lacked clear supporting evidence. In 

contrast, there was evidence that, in steady state, the vast majority of m6A marks 

were static once they had been deposited during transcription47. In contrast, this 

study from Xiang et al. showed m6A could be utilised as a highly dynamic 
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signalling pathway on RNA and suggested that the DDR may be a useful model 

in which dynamic RNA modification could be studied.  

 

Since then, three papers have been published that demonstrate links between m6A 

and R-loop formation, which has implications for understanding the role of m6A 

in DNA damage, given that R-loop formation is associated with DNA damage 

formation. First, Yang et al. observed an 10-fold decrease in R-loop signal in 

METTL3 KD HeLa cells, as determined by S9.6 antibody binding, alongside a 

relative loss of m6A signal in the remaining R-loops316. The decrease in R-loops 

was insensitive to the presence or absence of the nuclear m6A reader protein 

YTHDC1, suggesting it does not play a functional role in this context. Subsequent 

genomic mapping of R-loops via ssDRIP-seq showed a specific loss of R-loop signal 

at, and extending beyond, the transcriptional end-site of genes in METTL3 KD 

cells, especially in genes coding for m6A+ve RNA. The authors observed increased 

transcription downstream of the TES in m6A+ve genes in METTL3 KD cells, but 

not within the gene body, or upstream, and proposed that m6A promotes R-loop 

formation at the TES, thereby promoting polymerase termination, invoking the 

known model for R-loops in transcription termination317.  

 

A second paper demonstrates, via an altered DRIP-seq protocol, that m6A is 

present in the majority of RNA:DNA hybrids across the genome in hPSCs, with 

specific enrichment at LINE-1 elements, Alu elements and introns318. The authors 

also show via immunofluorescent imaging that RNAse H sensitive m6A signal 

accumulates specifically during S-phase and up to the G2/M checkpoint of the 

cell cycle, whereas specific RNAse H sensitive m6A signal (in comparison to 

RNAse A treatment) is not seen in non-replicating cells. Contrary to the previous 

paper, in this study knock-down of METTL3 lead to an increase in R-loops, 

suggesting m6A normally inhibits their formation, perhaps by destabilising the 
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RNA. The authors also demonstrate that several m6A reader proteins interact 

with RNA:DNA hybrids pulled down using the S9.6 antibody, including 

YTHDF2. Separate KD of either METTL3 or YTHDF2 also led to an increase in 

RNA:DNA suggesting m6A and its binding by YTHDF2 are required for 

preventing RNA:DNA formation, as this effect was partially rescued with RNAse 

H overexpression. They also show KD of either METTL3 or YTHDF2 leads to 

an increase in DSB formation, as measured by ƴH2A.X  foci, which is at least 

partly rescued in YTHDF2 KO cells with RNAse H overexpression. Interestingly, 

regarding m6A deposition in RNA:DNA hybrids in KD cells, the authors observe 

both an increase in m6A-positive R-loop DRIP-seq peaks in METTL3 knockdown 

cells, and an increase in the amount of m6A in R-loops overall detected by mass 

spectrometry. Whilst the authors reasonably argue this could arise from an overall 

increase in R-loops with a lower density of m6A, (as the m6A peaks increase much 

more than the mass-spectrometry quantification in METTL3 KD), the density of 

m6A-positive DRIP-seq reads at the same loci in WT and METTL3 KD cells do 

not clearly support this conclusion, as they appear largely similar. An alternative 

possibility is that the m6A deposition by METTL3 is a by-product, and not 

directly responsible for regulating R-loop formation, whilst the protein itself is.  

 

A third study looking specifically at m6A in response to DNA damage in U2OS 

cells, demonstrates through imaging that METTL3 is recruited to sites of DSBs 

following S43 phosphorylation, and that an m6A signal, which is sensitive to 

RNAse H treatment, also increases at these sites319. These observations build on 

previous studies showing nascent RNA is transcribed at DSBs267. METTL3 

depleted cells are hypersensitive to DNA damaging agents and show a loss of 

RNA:DNA hybrids at sites of DSBs. Interestingly, they also show that R-loop 

formation at DSBs induced by the endonuclease I-Ppol in 28s rDNA are rescued 

by METTL3 expression in KO cells, even though m6A in rRNA is not deposited 



 

 86 

by METTL345. This could be explained by METTL3 having a role in the DSB 

response that is separate from its normal function in RNA methylation. In their 

final model, m6A-positive R-loops are recognised and stabilised by YTHDC1 

which then allows the localisation of HR proteins BRCA1 and RAD51 in an R-

loop dependent manner.  

 

Overall, from these three studies, there are conflicting data on the relationship 

between R-loops/RNA:DNA hybrids and m6A. Two of the studies show that m6A 

promotes the formation of R-loops, whereas one shows m6A blocks the formation 

R-loops. Of those two studies, one shows downstream regulation by YTHDC1, 

whereas the other rules it out. There is also variation in where m6A-regulated R-

loops occur in the chromatin: across its entirety, at the TES of coding genes, 

specifically enriched at LINE-1 & SINE elements, or enriched at DSBs. Of course, 

these sites of enrichment aren’t mutually exclusive from one another - DSBs are 

known to be enriched in sites of active transcription and retrotransposon 

elements320,321. What is lacking from the collective reading of these three studies 

is a clear mechanism that underpins how METTL3 and m6A may regulate R-loop 

formation, which has implications for understanding m6A in the DDR. 

Interestingly, two of these studies invoke analogous mechanisms to explain 

opposite behaviours. Zhang et al. argue that YTHDC1 binding to m6A sites on 

chromatin-associated RNA in the context of DSBs protects it from degradation, 

which then promotes formation of R-loops, whereas Abakir et al. propose that 

YTHDF2 binding to m6A sites on chromatin-associated RNA during mitosis 

promotes its degradation, thereby reducing R-loop formation. These models 

remain compatible with one another, given that separate functions for YTHDC1 

and YTHDF2 are known, however they do suggest novel functions for both 

proteins, seeing as YTHDC1 has previously been shown to promote nuclear export 
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of m6A+ve RNA62, while m6A-mediated RNA degradation by YTHDF2 is 

thought to occur in the cytoplasm76,322.  

 

Overall, the mechanistic differences between these studies may relate instead to 

the analytical focus of the individual papers, differences between the specific cell 

lines used, and different roles for METTL3 and m6A in RNA:DNA hybrid 

formation in different circumstances. An important point to make is that the 

extent to which such regulation is dependent on m6A is unclear. Only one of the 

three papers demonstrated that phenotypic rescue was not possible with a 

catalytic mutant METTL3, but given that catalytic mutation may change the 

localisation and RNA/DNA binding capabilities of the m6A complex108, this is a 

difficult thing to control for. It is worth at least considering that these phenotypes 

may instead be dependent on an alternative, catalytically independent, functions 

of METTL3. It is now known that METTL3 has a diverse array of functions and 

can alter chromatin structure105, transcriptional rate323, or the localisation of 

other regulatory proteins of the chromatin97, and so it seems at least possible that 

in some of these contexts, m6A deposition could be a by-product of METTL3 

localisation, rather than functionally necessary. 

 

In the context of the DNA damage, the data on m6A and METTL3 is also 

somewhat contradictory. The first paper from Xiang, et al., showed an increase 

in m6A in response to UV-A and UV-C (dominated by oxidative damage and 

primarily activating the NER pathway) on single-stranded RNA, as it was 

sensitive to RNAse A, but, unlike Zhang et al., saw no increase in m6A in response 

to specific DSB induction, and no impact of METTL3 loss on the recruitment of 

a subset of DSB repair proteins. Furthermore, their data from m6A-RIP seq 

analysis showed little difference between -UV and +UV conditions, both in terms 

of changes in m6A peak number, or relative enrichment in sites shared between -
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UV and +UV conditions, despite an increase observed in a dot-blot of polyA+ 

RNA. One interesting difference in the m6A RIP-seq data from this study was 

those peaks unique to the +UV condition were not enriched for the canonical 

DRACH motif, known to be targeted by the METTL3-containing complex, 

perhaps suggesting novel site deposition in response to UV. It therefore remains 

somewhat unclear which RNA species are targeted by the m6A complex in 

response to UV-C. Why these contradictions exist, especially regarding the 

deposition of m6A in single-stranded RNA or DNA:RNA hybrids, as well as the 

downstream impact on DSB repair, is unclear.  

 

Given this uncertainty that is present in the literature, a further study of the role 

of METTL3 and m6A in the DNA damage response is warranted and forms the 

backdrop for the work carried out here. Of particular interest is understanding 

which RNAs are relevant targets of m6A in the DDR, how the m6A machinery 

can specifically respond to DNA damage, how it integrates into broader DDR 

pathways, and what its functional relevance is. 

 

3.3 Results 

3.3.1 The increase in m6A IF signal after UV irradiation is not supported by 

orthogonal methods 

Given that it was shown that UV-C irradiation led to a dynamic gain and loss of 

m6A in the nucleus311, in order to use this process as a model with which to study 

dynamic RNA modifications, I first needed to establish that this finding could be 

replicated. To do this I repeated the experiment described by Xiang et al., in 

Figure 1 of their publication (reproduced here in Figure 3-1). This involved pre-

treating U2OS cells with BrdU for 12 hours, then irradiating with 25J/m2 of UV-

C. Cells were returned to the incubator after irradiation and fixed at three time-
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points post-UV: 1 minute, 5 minutes and 10 minutes. In a similar way to the 

original paper (Figure 3-2), immunofluorescent (IF) staining using a polyclonal 

anti-m6A antibody (Synaptic Systems) showed a large increase in m6A signal at 

1 minute post-UV, with a rapid decrease to basal levels by 5 minutes (Figure 3-2 

A). To confirm this result using orthogonal methods, I also analysed RNA 

extracted from cells following the same treatment, using dot-blot and mass-

spectrometry. Surprisingly, these did not give similar results. Dot-blot staining of 

total and nuclear RNA from non-irradiated and UV-C irradiated U2OS cells, in 

conditions identical to those used for IF staining, did not show any increase in 

m6A signal (Figure 3-2 B, C) using both standard commercial m6A antibodies 

(Abcam and Synaptic Systems). Similarly, mass spectrometry analysis of large 

and small (>/< 200nt) fractionated nuclear RNA did not show any significant 

difference in the m6A/A ratio in either fraction (Figure 3-2D). Given that the 

change in m6A signal in IF experiments was so large under the conditions 

described, this was surprising.  
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Figure 3-2. Changes in m6A in response to UV-C irradiation.  

A representative immunofluorescent image of m6A (Synaptic Systems) and ƴH2A.X  in U2OS 
cells that are untreated (0’) or UV-C irradiated and fixed at 2 minutes (2’) or 5 minutes (5’) post-
UV. Size bar = 100µM. B Dot-blot of total RNA extracted at time points indicated at left hand 
side (‘ = seconds), in biological duplicate. m6A = Abcam m6A antibody. MB  = nucleic acid 
dye methylene blue, used as loading control. C Dot-blot of nuclear RNA extracted from non-
irradiated or UV-C irradiated U2OS cells, at 2 minutes post-UV using Abcam antibody. Single 
replicate D RNA mass-spectrometry showing percentage of m6A modified adenosine out of the 
total A nucleosides in nuclear RNA in biological duplicate from UV-C irradiated and non-UV-C 
irradiated U2OS cells, 2 minutes post UV-C. small RNA = < 200nt, large RNA = > 200 nt.  
 
 
 

3.3.2 miCLIP of post-UV nuclear RNA 

One possible explanation for the absence of change in the dot-blot staining was 

that the high levels of rRNA in these samples meant it was not possible to detect 

the changes in m6A using this technique. This would explain why differences were 

observed by Xiang et al. when using polyA+ RNA. Contrary to this, however, 
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the m6A RIP-seq analysis that was also carried out using polyA+ RNA by Xiang 

et al. did not show a substantial increase in m6A peaks, which could mean polyA+ 

RNAs were not the primary hosts of post-irradiation m6A deposition311. Given 

this lack of clarity, I decided to create my own m6A miCLIP libraries from non-

irradiated and UV-C irradiated U2OS cells. 

 

A number of adaptations had already been made to the original published miCLIP 

protocol16 by other members of the group, Dr Paulo Gameiro and Dr. Flora Lee, 

such as the use of zinc acetate to fragment RNA prior to IP, and infrared 3’ 

adaptors to allow gel purification of antibody-RNA complexes, which had been 

adapted from the infrared iCLIP (irCLIP) protocol168. These modifications 

aligned the miCLIP with the iCLIP protocol used by the Ule group. In addition, 

I began testing a series of further modifications to the protocol. Primarily these 

were designed to try to improve the efficiency and throughput of miCLIP 

generally, but also to tackle some specific challenges of the protocol. These 

adaptations are listed below, with the relevant protocol steps from Figure 3-4  

given in brackets. Those that were adapted from the enhanced CLIP (eCLIP) 

protocol324, or initially introduced by other Ule group members are identified by 

footnotes.  

These were: 

• Optimising conditions for RNA fragmentation prior to 

immunoprecipitation (IP) for total and polyA+ RNA1 (2). 

• Improving crosslinking efficiency of the antibody to RNA by increasing the 

UV-C irradiation energy1 (4). 

• Reducing non-specific antibody binding, by crosslinking after stringent 

washing of immunoprecipitated (IP) RNA-antibody complexes (3). 

 
1 Building on the miCLIP protocol already developed by Paulo Gameiro. 
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• Increasing the efficiency of 3’ adaptor ligation using two enzymes to 

dephosphorylate RNA following IP2 (4). 

• Increasing the efficiency and/or reducing the reaction time of 3’ the 

adaptor ligation step using a high concentration RNA ligase and 

PEG80001,2 (4). 

• Increasing the efficiency of 3’ adaptor ligation by carrying out 3’ adaptor 

ligation after PAGE purification (5). 

• Removing contaminating 3’ adaptor by digesting excess adaptor with a 5’ 

deadenylase and 5’ to 3’ DNA exonuclease 3 (4). 

• Testing the use of barcoded 3’ adaptor sequences to allow early 

multiplexing of samples to reduce technical variation4 (4). 

• Replacing PAGE size selection and phenol-chloroform purification of RNA-

antibody complexes with Zymo column purification2 (5). 

• Reducing adaptor contamination, by replacing Streptavidin bead 

purification with Ampure XP bead purification (6). 

• Removing use of RNases by replacing RNase degradation of RNA template 

after cDNA synthesis with alkaline hydrolysis4. 

• Comparing the use of two purification steps using Ampure XP beads to 

one Ampure XP bead purification step and one gel purification step (7). 

 

These adaptations were tested using an anti-m6A antibody (Abcam). The protocol 

was followed until one or both of the two quality-control checkpoints in the 

miCLIP protocol: The visualisation of RNA-antibody complexes on a 

nitrocellulose membrane, and the visualisation of the final DNA library at the end 

of the protocol (Figure 3-3). The final hybrid protocol is detailed in the methods 

 
2 adapted from eCLIP324 
3 adapted from325, with advice from Dr. Chris Sibley. 
4Developed in the Ule lab for iCLIP by Dr. Flora Lee 
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section. Overall, however, the improvements garnered from these adaptations 

were: 

1. A reduced standard RNA input (for mapping m6A on total RNA) from 

10µg to 5µg, with as little as 2.5µg also viable for creating sequencing 

libraries. 

2. Successful multiplexing of up to eight separate samples after the addition 

of the 3’ adaptor, reducing hands-on experimental time and experimental 

variability between samples. 

 

 

 
Figure 3-3 Testing carried out to optimise the miCLIP protocol. 

A RNA fragmentation optimisation - a trace from an Agilent Tapestation gel plotting size of 
RNA fragment length against normalised signal intensity following fragmentation of total RNA 
with zinc chloride at four different temperatures. Ideal fragments for miCLIP are between 50-
150nt B A Li-Cor Odyssey image of a nitrocellulose membrane showing RNA-protein complexes 
that have been size separated by SDS page. RNA-antibody complexes from the light chain and 
heavy chain are identified by high and low yellow boxes respectively. Conditions that showed 
preferable signal in comparison to control were selected for the optimised protocol C A 6% TBE 
gel stained with SYBR green showing PCR amplified miCLIP libraries for different protocol 
adaptations. The specific double bands running below 150nt are a result of the amplification of 
contaminating adaptor sequences. Desirable sequence lengths are between 150 and 250nt. D A 
second SYBR green stain of 6% TBE gel showing PCR amplified miCLIP libraries for different 
conditions. Here, multiplexing libraries using barcoded 3’ adaptors early in the protocol is 
compared to a standard library using the IR 3’ adaptors. 
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Using this protocol, I generated miCLIP libraries from U2OS cells before and after 

UV-C irradiation. Cells were treated in an identical manner to those used in 

previous experiments, and nuclear RNA isolation was carried out on samples 1-

minute post-UV treatment, when IF images suggested m6A levels were high 

(Figure 3-4 A). Both miCLIP and mock miCLIP sequencing libraries were made 

using nuclear RNA (Figure 3-4 B). This would hopefully provide the sensitivity 

to detect changes in polyA+ RNA, but also any changes present on other RNA 

species. Computational mapping of the libraries to the human genome was carried 

out by Charlotte Capitanchik. 

 

 
Figure 3-4 Schematic of DNA damage miCLIP experiment and protocol  

A Representation of the experimental setup for the DNA damage miCLIP experiment carried 
out in biological triplicate to map changes to m6A in response to UV-C irradiation. B 
schematic detailing the steps of miCLIP library preparation, as adapted from the iCLIP 
protocol18. Adapted with permission of authors from326 . 
 

The miCLIP protocol generates sequencing reads that truncate at the site of the 

m6A modification, due to the presence of the anti-m6A antibody blocking reverse 

transcription. Plotting crosslink (XL) counts mapping to the 28s rRNA showed 

strong enrichment at position 4220, the known single m6A site, indicating the 
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assay was able to specifically identify m6A (Figure 3-5 A). PCA analysis of 

miCLIP and input libraries also showed clear separation along the principal 

component by experimental treatment. Surprisingly, plotting the normalised XL 

counts across RNA subtypes showed that after UV irradiation there was a relative 

increase in crosslinks mapping to non-coding RNA, and a relative decrease in 

those mapping to coding regions (Figure 3-5 C). However, a very similar 

distribution was observed for the input library as well, suggesting that this might 

not represent specific changes in m6A deposition, but changes in relative RNA 

abundance (Figure 3-5 D). 

 
Figure 3-5. m6A crosslinks before and after UV irradiation 

A plotting XL counts at each nucleotide across the 28s rRNA shows strong enrichment at 
position 4220, a known m6A site. B Principal component analysis of input and miCLIP 
libraries shows clear separation based on treatment and protocol. C XL counts in the miCLIP 
libraries plotted by genomic region as a percentage of library size. D Identical plot to C, but for 
the input library. The library size of the plusUV3 replicate was much smaller than the rest of 
the libraries, and so was excluded from downstream analysis. 
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To determine which specific RNAs contained these m6A sites, I merged crosslink 

counts at a whole gene level, and filtered to remove XLs within rRNA, tRNA, 

and those mapping to the mitochondrial genome. I also filtered for genes with 

average miCLIP XL count < 5 for -UV and +UV miCLIP samples. This left 4802 

genes. I then carried out differential expression analysis to identify genes that 

showed differential m6A XL counts using DEseq2. First, I did this for miCLIP 

libraries only, comparing +UV to -UV samples. This gave a total of 245 genes 

with increased XL counts and 148 genes with decreased XL counts (Figure 3-6 

A). I took these upregulated genes and ran them through the GOrilla gene 

ontology search engine327. The top 10 enriched terms were strongly linked to RNA 

processing (Figure 3-6 B). Looking at which RNAs determined these GO terms, 

almost all of them were snoRNA, reflecting the relative enrichment seen for 

ncRNA across the +UV libraries. Considering the MTC is excluded from the 

nucleolus and Cajal bodies, where these RNAs are processed and reside, it was 

unlikely that such changes were the result of the MTC directly modifying these 

RNA species 

 
Figure 3-6. Differential expression analysis and GO term enrichment of genes post UV-

C treatment 

A Scatter plot of the log2 fold change (LFC) of m6A XL counts at whole gene level after UV 
treatment. Red dots are those with LFC > 1 or < -1 with an adj. p <0.05. B. Circled genes are 
those used for GO-term enrichment. B The top-10 GO terms by FDR q-value, as determined by 
GOrilla327.  
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Indeed, when also using the input library to carry out a likelihood ratio test 

(minus UV IP/input vs plus UV IP/input) only 36 genes were still upregulated 

post-UV and 2 genes downregulated (Figure 3-7 B). This indicated almost all 

changes had been due to different RNA abundance between the input samples. 

Calculating the differential expression of just the input samples confirmed this 

to be the case, as the distribution to the likelihood ratio plot was almost 

identical (Figure 3-7 A).   

 

 
Figure 3-7. Differential expression analysis of miCLIP input data 

A Differential expression analysis of the input libraries shows a very similar distribution to the 
miCLIP when controlled for input, indicating the majority of changes are due to difference in 
RNA abundance. Red dots are genes with an LFC > 1 or < -1 with an adj. p <0.05. B LFC 
changes after UV using a likelihood ratio test of against miCLIP XL normalised to input.  
 
 
Whilst a small number of genes did show a significant increase in m6A signal, 

this didn’t appear to be a sufficient number to account for the changes in m6A 

imaging signal after UV. Furthermore, visually inspecting the XL coverage for 

the top-10 most changes genes using the Integrative Genomics Viewer (IGV) 

suggested these genes were enriched due to a lack of coverage in the input 

samples, rather than increased m6A signal. Where there was greater m6A signal 

in the post-UV samples on coding RNA (such as for MATR3) the reads mapped 

to snoRNAs present within the gene. Overall, this dataset did not strongly 

support the hypothesis that UV irradiation leads to large increase in m6A 
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deposition on nuclear RNA, but did indicate significant difference in RNA 

abundance could occur in a short time frame after UV irradiation. 

 

3.3.3 Non-specific binding to PAR accounts for the m6A IF signal in UV-C 

irradiated cells 

Given that orthogonal experiments had failed to consistently validate the increase 

in m6A IF signal post UV irradiation, further controls were carried out to try to 

identify the cause of this discrepancy. To be confident that the IF signal arose 

from RNA, U2OS cells were treated with either a mix of RNAse A and RNAse 

H, or DNAse I, in both non-irradiated and UV-C irradiated cells, following the 

protocol given in the paper by Xiang et al. Contrary to expectations, in UV-C 

treated cells the RNAse A/H treatment did not cause any significant change in 

nuclear m6A signal (Figure 3-8 A), despite RNAse treatment clearly removing the 

vast majority of RNA (Tapestation - data not shown). Conversely, DNAse I 

treatment did cause a small but significant reduction (t-test, p=3.5x10-10) (Figure 

3-8 A). More importantly, both RNAse treated and DNAse treated cells exhibited 

almost complete loss of m6A signal when cells were pre-treated with the PARP 

inhibitor Olaparib (Figure 3-8 A,D). PARP inhibition (PARPi) in the absence of 

RNAse or DNAse treatment also had a similar effect. In non-irradiated cells, the 

results were somewhat different. Whilst overall levels of m6A nuclear signal were 

much lower than in UV-C irradiated cells, both RNAse treatment or PARP 

inhibition led to similarly small but significant reductions in nuclear m6A signal 

(t-test, p<2.22x10-16), which was further reduced in cells with combined RNAse 

treatment and PARPi (Figure 3-8 C). In contrast, DNAse treatment led to a large 

increase in m6A nuclear signal, which was not significantly changed by PARPi.  
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Figure 3-8 m6A immunofluorescent staining in U2OS  

A immunofluorescence staining against m6A, ƴH2A.X  and DAPI in U2OS at 2 minutes post UV-
C irradiation and without UV-C irradiation. +UV and -UV cells were imaged using different 
settings and so intensity of signal is not directly comparable. Size marker  = 100µM. B Boxplots 
of nuclear m6A signal in U2OS in the absence of UV irradiation, but prepared at the same time 
as plus UV samples. Significance values are p-values from unpaired two tailed t-tests. C Boxplots 
created in identical fashion to those in B, but for the UV irradiated cells represented in A. Note, 
order of samples is not the same between minus and plus UV charts. N=>800 cells/replicate  
 

 

In light of these results, I investigated whether either Abcam or Synaptic Systems 

m6A antibodies were able to bind to poly(ADP-Ribose) (PAR), given that the 

change in signal seen in conditions of PARPi suggested this as a possibility. 



 

 100 

Indeed, in a dot-blot, both Abcam and Synaptic Systems antibodies showed strong 

binding to in-vitro synthesised PAR in comparison to the same quantity of total 

RNA (Figure 3-9 A), despite these antibodies also showing good specificity to in 

vitro synthesised oligonucleotides containing an m6A over other RNA 

modifications, or unmodified RNA oligonucleotides (Figure 3-9 B). One intriguing 

possibility was that the PAR itself was m6A modified, and this caused binding of 

the m6A antibodies. However, the m6A antibody did not bind more to PAR 

extracted from WT cells than PAR extracted from METTL14 KO cells. It did, 

however, bind equally well to in vitro synthesised PAR, which cannot have been 

methylated (Figure 3-9 E). Furthermore, when testing a range of different 

antibodies raised against different RNA modifications, all antibodies that targeted 

adenosine modifications showed an increase in IF signal in U2OS cells following 

UV-C irradiation, whereas those specific to modifications on other bases showed 

no change (Figure 3-9 C and D). As PAR is also a single-stranded ribonucleic 

acid, but one that contains only adenosine and no other base groups, it appears 

highly probably that in the context of the DDR following UV-C treatment, in 

which large quantities of PAR are synthesised, antibodies capable of binding to 

adenosine modifications will also bind to PAR chains. 
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Figure 3-9 m6A and other RNA modification antibodies are capable of binding poly 

(ADP-ribose).  

A Dot-blot staining of identical quantities of in vitro synthesised PAR and total RNA using 
antibodies against poly (ADP-ribose) and m6A. Sequential dots are a 10-fold dilution series 
starting at 150ng. B Dot-blot staining of the Synaptic Systems anti-m6A antibody against 1µg of 
20nt single-stranded RNA oligonucleotides, either unmodified, or modified with the indicated 
modification. Numbers below blot denote signal fold change relative to the unmodified control. 
The same assay with similar results was also carried out for the Abcam m6A antibody. C 
Representative immunofluorescent images of U2OS cells, either UV-C irradiated, or not irradiated, 
and stained antibodies raised against the indicated RNA modifications. D Quantification of 
average nuclear immunofluorescent signal for the indicated modifications represented in C. 
N=>300 cells/replicate E Dot-blot of equal quantities of PAR, stained with either an anti-m6A 
antibody (Abcam) or anti-PAR antibody. WT = wildtype mESC, MT14KO = METTL14 
knockout mESC, IV = commercial In vitro synthesised PAR. Numbers above blot indicate fold 
change in m6A antibody signal relative to WT control, normalised to PAR signal.  
 

3.3.4 Loss of METTL3 reduces PAR synthesis in U2OS cells 

In the paper from Xiang et al., it was shown that loss of METTL3 led to a loss 

of IF m6A staining after UV-C irradiation. Given that it now appeared highly 

probably that the m6A antibodies were binding to PAR chains following UV-C 
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treatment, an alternative interpretation of that data would instead suggest loss 

of METTL3 affects levels of PAR. To test this hypothesis, METTL3 was knocked 

down in triplicate using siRNA in U2OS cells. Cells were then either lysed for 

protein extraction or fixed for immunofluorescent staining, without UV-C 

irradiation. All processing steps were also carried out in the presence of PARP 

and PARG inhibitors to prevent artefactual PARP activation during sample 

preparation. As predicted from this reinterpretation of the data, western blot of 

total cell lysate showed ~20% loss (p = 0.04) in total PAR signal in siMETTL3 

cells at 72 hours post siRNA transfection, with a 90% average KD efficiency of 

METTL3 (Figure 3-10 A and B). This result was replicated with 

immunofluorescent staining of U2OS cells, which also showed a significant 

reduction in nuclear PAR signal after METTL3 KD (Figure 3-10 C and D). 

Whilst the western blot signal gave an indication of the average change in PAR 

signal covalently bonded to protein in METTL3 KD cells, the IF images gave a 

more nuanced picture of the changes that take place to PAR during METTL3 

loss, as indicated from the violin plot (Figure 3-10 D). This is probably because 

IF signal could come from other forms of PAR in the cell and would include PAR 

added to the insoluble chromatin fraction, lost during western blot preparation.  

Whilst overall there was a significant reduction in total nuclear PAR signal in 

METTL3 KD cells, a small subset retained a high nuclear PAR signal, 

particularly in large foci, whilst others retained similar signal to the control cells. 

The latter was probably the result of variable KD efficiency in different cells 

(Figure 3-10 A and B), however, increased signal, relative to control, in the 

nucleolus in some KD cells was interesting. Given that at steady state the 

majority of PAR signal is found in the nucleolus179,328, it appeared likely that this 

signal marked nucleoli and implied METTL3 regulation of nucleolar PAR may 

differ from that in the rest of the nucleus. This makes sense, considering METTL3 
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is normally excluded from the nucleolus and is not thought to modify nucleolar 

RNA, such as rRNA. 

 

 
Figure 3-10 PAR levels at steady state are significantly reduced in U2OS cells after 

METTL3 knockdown. 

A Western blot showing total cell lysate from U2OS cells transfected in triplicate with either with 
control siRNA or siRNA targeting METTL3 collected at 72hrs post-transfection and stained with 
an anti-PAR antibody, anti-METTL3 antibody to show successful KD and GAPDH as a loading 
control. B Quantification of the blot shown in A of average change in PAR signal across the three 
replicates, normalised to GAPDH intensity. Error bars show SEM, * = student’s t-test p-value < 
0.04. C Representative epifluorescent images of U2OS cells treated in duplicate with either control 
or METTL3 siRNA, fixed 72hrs post treatment and stained for PAR and GAPDH. Scale bars = 
50uM. D Violin plot with internal boxplots showing quantification of experiment represented in 
C by plotting per cell nuclear PAR intensity across duplicates. N=>700/replicate. **** = t-test 
p-value < 0.0001.  
 
 

To get an understanding of the kinetics regarding the relationship between 

METTL3 loss and PARylation, and replicate the results of the previous 

experiment, I also carried out a time-course imaging study, looking at nuclear 

PAR signal at three time-points following siRNA transfection: 24hrs, 48hrs and 

72hrs. Given that loss of METTL3 could potentially induce downstream changes 

through modifying mRNA stability, it was important to see how early after the 

induction of KD, changes in PAR levels could be observed. At 24hrs post 

transfection, whilst the change did not reach statistical significance there was a 
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clear downward shift in PAR levels, which became statistically significant, and 

larger, at 48 and 72 hrs post-transfection (Figure 3-11 A and B). Unfortunately, 

METTL3 levels were not measured at the same time, so it is not possible to 

correlate PAR levels with the efficiency of METTL3 KD at these different time-

points. Overall, however, this result validated the findings of the previous 

experiment and gave indication that PAR levels may be affected when METTL3 

protein levels are only partially reduced and before significant secondary affects 

have accumulated. 
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Figure 3-11 Immunofluorescent staining of PAR in U2OS following KD of METTL3 

A Representative confocal fluorescent image of U2OS cells collected at the indicated time points 
after transfection with either control siRNA or siMETTL3. Scale bar = 50uM. B Bar plot showing 
the average nuclear PAR signal relative to controls siRNA cells from the images represented in 
A. asterisks = student’s T-test p-value < 0.0001.N = >50 cells per condition 
 

 

To briefly conclude, these findings suggested an interesting and previously 

unidentified regulatory relationship between METTL3 and nuclear PAR 

synthesis, which has many implications for other areas of cell biology. Further 

analysis of the impact of METTL3-mediated inhibition of PARylation will be 

explored in greater detail in the subsequent chapters. 

 

3.4 Discussion 

Given the substantial rise in discoveries relating to the function m6A in the last 

decade, it is important to ensure that the underlying tools that have been used 

to make such discoveries are reliable, and where there are limitations, that these 

are known about. Since the first publications detailing techniques to map RNA 

modifications across the transcriptome, it has been known that the antibodies 

used for such mapping can demonstrate off-target binding, as was made clear in 

the debate around m1A329,330, however the specificity of commonly used m6A 

antibodies had been verified in the literature331. Nevertheless, even if modification 

antibodies show much stronger binding to modified nucleotides over unmodified 

nucleotides, in a cellular context in which modified nucleotides only make up a 

small percentage of the total, even rare non-specific binding can lead to a high 

number of false positive readouts. 
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In this chapter, I have demonstrated that the most commonly used polyclonal 

antibodies targeting m6A are also strong binders of poly(ADP-ribose). This has 

most relevance for immunofluorescent imaging, where the use of these antibodies 

is widespread, especially when used in situations where PAR levels are likely to 

be high, such as the genotoxic stress response. This finding, however, has 

important implications for the use of these antibodies in any experimental 

contexts where there is the opportunity to bind to PAR chains, and their use in 

any such situations should be controlled for appropriately. 

 

As a result of this observation, in this chapter I also presented the surprising 

discovery that the loss of METTL3 leads to a significant reduction in PAR levels 

within the cell. Further work is necessary to fully understand the mechanistic 

relationship between the METTL3 and PARylation, some of which will be 

presented in the following chapters, but this has interesting implications for 

understanding the role of METTL3 in contexts of PAR synthesis, including the 

DNA damage response. 

 

3.4.1 m6A IF signal increase after UV irradiation but is not supported by 

orthogonal methods 

In this section, I demonstrated that whilst immunofluorescent imaging of m6A 

in U2OS cells following UV-C irradiation showed a large increase in m6A signal, 

this change was not observed by analysing extracted RNA from these cells via 

dot-blot and mass-spectrometry. Such results indicate that using the m6A 

antibody in fixed cells may not give a reliable indicating of the actual level of 

RNA m6A-methylation in the cell. Why there exists a discrepancy between my 

dot-blot and mass-spectrometry data (Figure 3-8 B and C) and that presented 

by Xiang et al., is not completely clear, but there are a few explanations that 
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may reasonably explain these differences. Firstly, dot-blot data in the Xiang 

paper was carried out using polyA+ selected RNA, whereas here I used either 

total cellular RNA or nuclear RNA. In the case of total RNA, it is possible that 

rRNA would dominate any sample, and hide any changes occurring on polyA+ 

RNA. As a result, it may have been better to also include a polyA+ comparison 

in my studies as well. In the case of nuclear RNA, this is less clear, as given the 

imaging data showed a pan-nuclear increase in m6A signal following UV-C, one 

would expect collected RNA only from the nucleus would give some indication 

of this increase, even if the difference were only slight. Additionally, given 

potential m6A signal I did observe in the miCLIP experiment was on snoRNA, 

you would expect strong m6A signal to reside in the nucleoli after UV, but this 

is not the case. In fact, the opposite is true, which is also the case for PAR 

signal after UV-C irradiation. 

 

Immunofluorescent staining using a range of RNA modification antibodies 

suggested the non-specific binding to PAR was not exclusive to anti-m6A 

antibodies, given that all available antibodies targeting adenosine modifications 

showed increased signal following UV irradiation. As I did not include a PARPi 

control in this experiment, it is of course possible that they were binding to 

their target modifications, but it seems highly unlikely that this is the case in 

the wider context of the research. Poly ADP-ribose has a highly similar 

structure to single stranded RNA but, given its synthesis from NAD+, only 

contains an adenine base. Therefore, what seems more probable is they all share 

the ability to bind to PAR. What this highlights is the challenge of antibody 

specificity when the target of interested is much rarer than a non-specific entity. 

This has been well documented in the case of m1A, as even low level non-

specific binding to unmethylated adenine, in the context of an RNA 

modification that is exceedingly rare, led to an overwhelming number of false-
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positive peaks being identified in mRNA330, and should be kept at the forefront 

of researcher’s minds when planning any experiments using these antibodies. 

 

Given that the m6A antibodies show stronger binding to PAR than other 

adenosine antibodies, yet shows a high degree of specificity when comparing 

binding between non-methylated and methylated RNA oligonucleotides, it 

seemed possible that the antibody was recognising m6A methylated poly ADP-

ribose. Given that there is no published mechanism by which this could occur, 

the most plausible case was that m6A RNA methyltransferases could deposit the 

mark, given the structural similarities of PAR and RNA, and as it had been 

shown the ‘m6A’ signal was lost in response to both METTL3 loss and PARP 

inhibition. Using PAR extracted from METTL14 KO cells was therefore a 

straightforward way to test this, although it is entirely possible that METTL14 

KO did not affect the putative PAR methylation. Similarly, the greater m6A 

binding to an identical quantity of in vitro synthesised PAR does not rule out 

the possibility of m6A methylated PAR, as one alternative possibility is that the 

structure of PAR generated through in vitro synthesis is either of a different 

structure (e.g., fewer branches) or of better integrity (e.g., less degraded, or of 

different length) which could affect antibody binding. The ideal method would 

have been to isolate PAR from cells post UV-C treatment, digest, and analyse 

using HPLC to see if methylated adenosine were present. Indeed, this approach 

was attempted, but the methodology did not result in any usable data. 

Nevertheless, this would still be a gold standard method show whether PAR can 

be methylated, and could be worth repeating, even if it seems an unlikely 

possibility, as it would be a very interesting finding. 

 



 

 109 

3.4.2 Mapping changes in nuclear m6A using miCLIP 

miCLIP is a valuable method for mapping m6A sites, transcriptome wide. The 

adaptations to the methods developed during my thesis should be of use to 

other researchers attempting to apply this method, as two of the primary 

limitations are the large quantities of input material required and variability 

between replicates - two aspects that are specifically addressed by this improved 

method. Nevertheless, the limitations of miCLIP are primarily due to the 

specificity of the antibody. Even if it is highly specific, given the relative 

scarcity of m6A methylated adenosine as a percentage of total adenosines in the 

transcriptome, even weak binding to non-methylated sites can give a high 

number of false positives. As has become increasingly apparent in recent years, 

combining miCLIP with orthogonal methods is necessary to be confident about 

mapping specificity32. 

 

The use of miCLIP in pre- and post-UV U2OS cells was primarily an attempt to 

understand in greater depth the targets of m6A methylation in response to UV. 

What my results instead suggested was that there are probably very few 

changes, and certainly it does not appear to be the case that the direction of 

change is purely that of increased m6A. It should be noted that this analysis is 

carried out at a whole gene level and on genes that possessed m6A sites in both 

pre- and post-UV samples. It remains possible that novel m6A sites appear in 

response to UV irradiation, or that changes in m6A sites selection occur that are 

not detected which a whole-gene analysis. If this is the case, based on the data 

of Xiang and colleagues, these may not be present in DRACH sequences, as in 

their paper post-UV m6A peaks were not enriched for this motif311 (extended 

data Figure 5). However, what this dataset does suggest is that the change in 

m6A seen in imaging data does not correlated directly with changes to m6A on 

RNA. This dataset also emphasises the importance of using input libraries to 
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control for expression changes, which is not always done by researchers. Finally, 

the significant changes in RNA abundance that occurred after UV irradiation, 

which appear to have cause the majority of the differential miCLIP signal, is 

interesting, considering cells were collected at 2 minutes post UV irradiation. 

This is not long enough for substantial changes in RNA abundance to have 

occurred, therefore it suggests to me differences in the accessibility of certain 

RNAs, such as those residing in the nucleolus and Cajal bodies. This may occur 

because of structural changes that take place in these nuclear bodies in response 

to DNA damage. 

 

3.4.3 The sensitivity of m6A staining to RNAse and DNAse 

The response of the m6A signal in immunofluorescent staining to RNAse 

treatment, DNAse treatment and PARP inhibition was interesting, especially 

the differences between UV and non-UV treated cells. In UV treated cells it 

appears clear from this data that the majority of ‘m6A’ signal came from the 

antibody binding to PAR, as neither DNAse or RNAse treatment led to a 

significant loss of signal, whereas added PARPi led to near total loss in RNAse 

treated cells, and majority loss in DNAse treated cells. Why this difference 

existed between DNAse and RNAse treated cells can probably be understood 

from the non-UV treated cell data. Here, DNAse treatment led to a significant 

increase in ‘m6A’ signal most likely due to the strong induction of DNA damage 

and subsequent PARP activation that would have arisen from this treatment, 

as the DNAse treatment was carried prior to fixation. In UV-C treated cells, 

whilst PARP activation is already high due to UV irradiation, added DNAse 

treatment would have increased the damage burden and concomitant level of 

PAR. The reason PARPi did not reduce this signal is probably due to the fact 

that immediately before and during DNAse I treatment, the media containing 
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the PARPi inhibitor was washed out, meaning damage that occurred 

subsequently did not occur in the presence of PARP inhibition. However, it is 

also possible that the signal could occur through m6A induction in response to 

DSBs. A DNAse + RNAse control would be necessary to rule this possibility 

out. One curiosity is that the ƴH2A.X does not appear any greater in DNAse 

treated cells. An explanation that appears plausible is that the DNAse 

treatment (1 minute at 37oC) was not long enough for substantial ƴH2A.X 

modification to occur but was long enough for PARylation to occur. 

 

Unlike UV-C irradiated cells, RNAse A+H treatment did slightly, but 

significantly reduce the m6A signal in the non-irradiated cells, indicating that 

the antibody is capable of binding methylated RNA, or at least RNA, when 

levels of PAR are low. Since these experiments were carried out, several 

publications have used m6A antibodies in immunofluorescent staining, 

specifically showing its deposition in R-loops, as discussed in the introduction to 

this chapter. Considering the methods used in these studies would be interesting 

to further confirm whether the ‘m6A’ signal loss achieved in non-irradiated 

RNAse A+H treated cells here would also occur in RNAse A only or RNAse H 

only treated cells. Much greater nuclear m6A RNAse A sensitivity has been 

shown in the context of 4M HCL treatment318, used to denature the chromatin 

and releases RNA:DNA hybrids, although presumably it may also increase 

access to some chromatin-associated single-stranded RNA as well. The only 

other paper specifically looking at m6A in DDR also used an m6A antibody 

(Synaptic Systems) for immunofluorescence staining. They too use a denaturing 

protocol, which they argued is necessary to visualise m6A in response to DSBs. 

This would suggest the m6A signal seen in my studies after DNAse treatment 

was not m6A-RNA, as the chromatin was not denatured, although it is 
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surprising that the authors did not detect PAR following zeocin treatment in 

denatured cells (they do not publish images of the non-denatured cells). 

 

To be clear, the findings presented do not preclude the use of m6A antibodies in 

imaging studies or suggest that the results of any studies using them should be 

rejected. They do mean, however, that careful controls should be used to ensure 

results are specific to m6A methylated RNA, especially when studying cell states 

where PARP induction is a possibility. The two studies referenced in this 

section do provide clear controls through long incubations with RNAse A and 

RNAse H treatment, as well as delineating carefully the different staining when 

using denaturing and non-denaturing staining protocols. However, PARP 

inhibition or PARGi controls should also be utilised, especially when using KD 

or KO of METTL3 as a control, given that it appears to regulate PARylation 

activity. 

3.4.4 Reduced PAR levels after loss of METTL3 

The inhibition or reduction of PAR levels at steady state in U2OS cells, 

following KD of METTL3 was surprising and raises many questions regarding 

mechanism and downstream impact. One challenge of interpreting this data is 

that, to get a high level of knockdown of METTL3, it is necessary to use an 

siRNA for 2-3 days. As a result, it is possible that any phenotypic changes 

observed in cells are secondary effects of the loss of METTL3, which is known 

to alter mRNA stability in particular. Furthermore, only a single siRNA was 

used in these studies. Although replication of the phenotype in different cell-

types will be presented in subsequent chapters, using two siRNAs in this would 

have been optimal, given the known problems with off-target effects. In this 

context, however, it is reassuring that a steady reduction in PAR could be 

observed as early as 24 hrs post-transfection, which was statistically significant 
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by 48hrs. This implies that the relationship between METTL3 and PAR levels 

may be a direct one, although it does not prove it. Regardless, as the effect of 

METTL3 loss on PARylation was greatest at 72hrs post-knockdown, this was 

the timepoint used for subsequent experiments using this system, meaning 

secondary effects of METTL3 loss cannot be ruled out. This is not something 

unique to this study however and is an issue for any experiment using RNA 

interference, CRISPR KD or constitutive KO cells. A valuable solution has been 

the emergence of degron systems to rapidly degrade a protein of interest, as has 

indeed recently been used for studies of METTL366,108. Replicating the findings 

presented here using such systems would be of value. 

 

Finally, an interesting anomaly that I did not explore is the impact of cell cycle 

stage on the METTL3-PAR phenotype. In the study from Xiang et al, one 

figure shows that m6A upregulation only occurred in the S/G2/M-phase of the 

cell cycle, and not in G1, although it does not appear the rest of work was 

exclusively carried out in S/G2/M-phase cells. Similarly, in the study by Abakir 

et al, m6A+ve R-loop formation was much greater in stages of mitosis, 

indicating the activity of METTL3 may be very different at this point in the 

cell cycle. In future work it would be useful to clarify whether the impact of 

METTL3 loss on PAR levels show variance depending on the cell-cycle phase, 

as this would have repercussions for understanding its role mechanistically and 

its broader impact on cell biology. 

 

3.4.5 Conclusion 

In this chapter, I have shown that the increase in m6A signal observed in 

response to UV irradiation is affected by the m6A antibody binding to PAR 

chains. This is true of the two commonly used m6A antibodies, from Abcam 
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(ab151230) and Synaptic Systems (202 003). This non-specific binding is 

particularly relevant for immuno-staining of whole cells or tissue, in situations 

where PAR levels are likely to be high. I also failed to find a strong increase in 

m6A levels post-UV irradiation using orthogonal methods, including miCLIP. 

Whilst these data do not completely remove the possibility that m6A is 

deposited in response to UV irradiation, it means it is likely to be a much 

smaller and more nuanced effect than that originally described. Finally, I show 

that the loss of METTL3 via siRNA KD causes a significant reduction in levels 

of PAR in the cell, which is likely to have downstream implications for PARP-

regulated aspects of cell biology. 

 

 

 

Chapter 4. Exploring the impact of METTL3 loss on 

PARP biology 

4.1 Chapter aims and summary 

The discovery that loss of METTL3 led to a reduction in cellular PAR levels, 

outlined in the previous chapter, opened up several avenues for research. Given 

the many contexts in which PARP proteins operate in the cell, there were several 

potential routes between METTL3 loss and PARylation change. As METTL3 is 

involved in the co-transcriptional modification of RNA, one possibility was that 

a regulatory relationship between METTL3 and PARP took place in the 

framework of RNA metabolism at the chromatin. I had also found that loss of 

PAR in METTL3 KD cells occurred independently of the exogenous induction of 

DNA damage. Whilst this didn’t preclude a role for the METTL3-mediated 

regulation of PAR during the DNA damage response, I was interested in 

understanding the impact of METTL3 on PARP activity independently of this 
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paradigm, as PARP proteins had been shown to bind to and be regulated by 

RNA in non-genotoxic cell states180,332.  

 

PARP1 activation by snoRNA in the nucleolus represents the clearest example of 

PARP-RNA regulation. Many snoRNA are also m6A methylated within a 

DRACH motif context16,333. An intriguing hypothesis was therefore that changes 

to snoRNA via loss of METTL3 impacted PARylation levels through changing 

its interaction with snoRNA. If true, this would also likely have a downstream 

impact on nucleolar structure. On a broader scale, I was also interested in 

mapping total changes to the PARylated proteome that occurred in response to 

the loss of METTL3. This would hopefully provide clues as to the specific context 

in which METTL3 loss affected PARylation. 

 

In this chapter, I begin with a discussion of the literature relating to regulation 

of PARylation outside of the DNA damage response, and how this can be studied. 

In the results section, I show that whilst loss of METTL3 changes the abundance 

and morphology of nucleolar PAR, this correlates with only modest changes to 

nucleolar PARP-1-RNA interactions, and no gross changes to nucleolar structure. 

I further show that whilst loss of METTL3 is associated with an increase in 

spontaneous double-stranded breaks, the changes to the chromatin-associated 

PARylated proteome do not suggest this is primarily driven through PAR loss. 

Finally, I show evidence that METTL3 and PAR can directly interact with one 

another and discuss the likelihood this is representative of a regulatory 

mechanism. 
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4.2 Introduction 

4.2.1 PARylation at steady state 

In response to certain markers of cell stress, such as damaged DNA, PARP 

proteins are strongly activated, and PAR is rapidly synthesised334. Such 

activating signals are normally short lived, and the PAR is then rapidly degraded 

by PARG335. Even in a short period, such activity causes a significant drain on 

both NADH and ATP levels in the cell which, if the stress is prolonged or 

widespread, can induce apoptosis336. In contrast, in the absence of stress induction 

signals PAR levels at steady state are low, and is roughly understood to be 

homeostatically maintained by perpetual degradation by PARG, and low-level 

PARP protein PARylation activity337. This model of PARylation at steady state 

lacks nuance, however, and fails to explain how specificity is achieved spatially 

and temporally. PARP-1 is one of the most abundant proteins in the cell, and in 

non-stressed cells is enriched on the chromatin, where it has antagonistic roles in 

regulating intact chromatin structure, primarily via histone PARylation188. 

Activation of PARylation can be induced through protein-protein interactions 

with specific histones338 and additional chromatin associated proteins159. This 

basal level PARylation has been shown to be an important regulator of RNA 

transcription in the context of both active and inactive regions of the 

genome220,226.  

 

In eukaryotic cells, a large fraction (40-50%) of both PARP-1 and PARP-2 are 

also found within transcriptionally active nucleoli328 (Figure 4-1 A). The nucleolus 

is a membrane-less organelle, formed of liquid-like condensates of protein and 

RNA that separate into three distinct layers339. PARylation, which is a potent 

modifier of protein phase-separation206, has been proposed to operate in the outer 

two layers (granular and dense fibrillar component (GC and DFC)) of the 
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nucleolus by maintaining proteins in a phase-separated state283. Several nucleolar 

proteins, including NPM1, DDX21 and Fibrillarin, are PARylated by PARP-1, 

and perhaps also by PARP-2175,328,340. Enzymatic inhibition of PARP-1 induces 

the loss of many proteins from the nucleolus, and the subsequent fragmentation 

of nucleolar structure179. It has also been shown to lead to the accumulation of 

unprocessed rRNA suggesting it functions in rRNA processing, which occurs in 

the interface between the FDC and GC175,179. PARP-1 has also been found to 

PARylate TIP5, and interacts with rDNA heterochromatin during S-phase229. KD 

of PARP-1, in this context, is associated with increased rRNA transcription. 

Following DNA damage induction, PARP-1 moves from the nucleolus to the 

chromatin341. Interestingly, this even occurs following damage induced directly in 

nucleoli, suggesting PARP-1 doesn’t function in the DDR in these structures, 

except perhaps in a negative fashion where loss of nucleolar PARP-1 stalls rRNA 

processing342,343. 
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Figure 4-1 published work on PARP proteins in the nucleolus 

A Figure adapted from 328 showing the enrichment of both PARP-1 and PARP-2 in the 
nucleolus in untreated mouse and human cells. Reprinted with permission from the Company of 
Biologists. B Figure adapted from 175 showing the impact of PARP inhibition on the localisation 
of DDX21 to the nucleolus. Right panel showing the binding of PARP-1 to specific snoRNAs 
using RIP-QPCR. Reprinted with permission from Elsevier. 
 

4.2.2 PARP proteins and RNA 

In in vitro studies, PARP-1 catalytic activity has been shown to be induced by 

binding to mRNA173, whilst PARP-2 activation can be induced via rRNA 

binding177. PARP-1 RNA binding also occurs in human and drosophila cells on a 

transcriptome-wide scale, where it is enriched on RNAs mapping to intergenic 

regions and to pre-mRNA intronic regions173. Recently it was shown that PARP-

1 PARylation activity in the nucleolus is induced via its interaction with specific 

species of snoRNAs175 (Figure 4-1 B). Blocking PARP1 snoRNA binding 

prevented PARylation of granular component proteins, and induced their 
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relocalisation to the nucleoplasm. PARP-1 localisation to rDNA during nucleolar 

formation has also been shown to be dependent on its binding to pRNA229. 

Therefore, in the context of the nucleolus and the wider chromatin, PARP-RNA 

interactions are important for regulating PARP behaviour in the cell. 

4.2.3 Understanding PARP function via PARylation targets 

One successful approach for interrogating how PARP PARylation activity 

operates within the cell has been to map PARylation targets using affinity based 

high-sensitivity mass spectrometry. This usually involves a method of pulling-

down PARylated or PAR binding proteins using a PAR binding agent, such as a 

purified PAR-binding protein domain (such as the Af1521 macrodomain116,192 or 

catalytically dead PARG189 ) or PAR-specific antibody (10H)191. The different 

approaches to purifying PARylated proteins all appear to have their own biases, 

however, which results in different final proteomes. For example, the Af1521 

domain will bind both PARylated and MARylated proteins, the 10H antibody 

has been shown to have binding preference for PAR polymers greater than 15 

units in length344, and PARG has been shown to bind the terminal PAR unit123. 

 

Despite limitations, mapping the PARylated proteome has demonstrated both 

the large number of potential targets of PARylation, and the specificity of 

PARylation targeting in response to certain stimuli. This means it is a useful way 

for identifying PARylation function in specific contexts. For example, in response 

to different genotoxic treatments, a large number of proteins linked to the DNA 

damage response are directly PARylated116, demonstrating the role of PARP-1 in 

the DDR. In addition, this approach expanded the known componentry of the 

DDR by also identifying many DDR specific PARylation targets not previously 

known to function in this context, including many RNA binding proteins116. 
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All PARylation specific proteomic studies to date have used exogenous treatment 

to artificially increase PAR levels, either through genotoxic stress or PARG 

inhibition. Where non-stress PARylation has been mapped, as the AF1521 

domain was used for PAR IP, the data does not distinguish between MARylated 

and PARylated proteins345. There is therefore a gap in our knowledge of 

PARylation targets in steady state cells, and how they change due to the presence 

or absence of regulatory factors. 

 

4.3 Results 

4.3.1 Changes to PAR nucleolar signal in after loss of METTL3 

In U2OS cells, immunofluorescent staining using a PAR binding agent 

(MABE1031) gave a pan-nuclear staining, with enriched signal at foci within the 

nucleus. As both PARP-1 and PARP-2 are known to be enriched in nucleoli at 

steady state, this signal was likely to come from PAR within the nucleolus. To 

test this, U2OS cells were fixed and stained using antibodies against PAR and 

NPM1, a protein that is known to reside in the granular layer of the nucleolus. 

Both PAR and NPM1 showed clear overlapping signal, indicating that the PAR 

‘foci’ were indeed in the nucleolus (Figure 4-2 A). In the previous chapter I had 

shown that KD of METTL3 caused a total reduction in nuclear PAR signal, but 

with a subset of cells retaining PAR signal in foci, presumably within the 

nucleolus. To gain better insight into the nucleolar PAR changes I imaged U2OS 

cells 72hrs after transfection with either a control siRNA, or siRNA targeting 

METTL3, and imaged them with a high-resolution confocal microscope. Unlike 

cells treated with control siRNA, which retained clear nucleolar PAR foci, in 

METTL3 KD cells the PAR signal was much more diffuse, and no longer present 

in a pattern characteristic of nucleolar staining (Figure 4-2 B). To quantify these 

changes, I analysed the immunofluorescent images using the ImageJ ‘speckle 
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counter’ tool, adjusting conditions to be optimised for detecting the nucleolar 

PAR signal seen in wildtype cells. Following METTL3 KD, a greater percentage 

of cells had no detectable nuclear PAR foci, whilst those that did retain detectable 

foci had a greater number of foci, representative of the diffuse PAR signal 

observed in those images (Figure 4-2 C). Average PAR levels were also reduced, 

as seen in the previous chapter. 

 
Figure 4-2. Changes to nucleolar PAR following METTL3 knockdown. 

A Representative epifluorescent images of nuclear PAR staining using the PAR-binding agent 
(Millipore MABE1031) shows clear enrichment at nucleoli, as determined by overlap with 
nucleophosmin (NPM1) staining. Cells were counterstained with DAPI. Scale bar  = 50µm. B 
Representative confocal images of U2OS cells 72hrs after transfection with control siRNA or 
METTL3 siRNA, stained using a PAR binding agent (MABE1031) and counterstained with 
DAPI.  siRNA KD of METTL3 induces the disaggregation of PAR nucleolar signal. Scale bar =  
50µm. C Boxplot showing the quantification of the number of PAR nuclear ‘foci’ in the same 
U2OS cells shown in B. Foci were counted using a custom ImageJ script using the Biovoxxel 
‘Speckle inspector’ tool. KD done in technical duplicate. 700 nuclei measured per condition. 
 

Interested in the dynamics of this process, and how quickly nucleolar PAR signal 

changed in response to METTL3 loss, I further analysed the METTL3 knockdown 
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time-course KD imaging data that had been carried out from 24 to 72hrs. Whilst 

at 24hrs, PAR staining between control and METTL3 KD cells appeared similar, 

at both 48hrs and 72hrs post-transfection, a disaggregation of nucleolar PAR 

signal could be observed. Quantification of the size of the PAR foci using the 

speckle counter tool in ImageJ showed a significant reduction in the area of PAR 

foci at 48 and 72hrs post transfection, with no significant difference at 24hrs 

(Figure 4-3). In the images it was observable that, beginning at 48hrs post-

transfection, the nucleolar PAR puncta became somewhat fragmented, whilst in 

some cells disappeared altogether. It was possible that these differences coincided 

with different levels of METTL3 in the cells, and that changes to nucleolar PAR 

may also be associated with changes to nucleolar structure. 

 

 
Figure 4-3 Time-course of PAR staining following siRNA knockdown of METTL3. 

Represented confocal images of U2OS cells were transfected with either control siRNA or siRNA 
targeting METTL3. Cells were fixed at the indicated timepoints and immunofluorescent staining 
was carried out against PAR, with DAPI counterstaining. Scale bar  = 50µm. Violin plots show 
changes in the area of the PAR foci following METTL3 KD. Quantification of the area of 
detected PAR foci was carried using the ImageJ speckle counter tool. Significance was 
determined using an unpaired students t-test. Ns  = not significant, **** = p < 0.0001. At least 
450 foci were counted per condition. 
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4.3.2 The impact of METTL3 loss on PARP-1 snoRNA binding in the nucleolus 

I was interested to see whether the dispersal of PAR signal after METTL3 KD 

correlated with other changes to PARP-1 activity in the nucleolus. As discussed, 

PARP-1 has previously been shown to bind to specific H/ACA snoRNAs in the 

nucleolus, which stimulate PARylation175. To query whether this binding 

following METTL3 knockdown, I carried out RIP-QPCR of PARP-1 in U2OS 

cells, 72hrs after KD with a METTL3 siRNA, in biological duplicate. Knockdown 

of METTL3 was highly efficient, whilst precipitation of PARP-1 was strongly 

enriched over IgG (Figure 4-4 inset).  Based on previously published results175, 

there are several snoRNAs that PARP-1 specifically binds to and is activated by, 

whereas there are others for which it should show no specific binding enrichment.  

I used these pre-defined targets to check whether PARP-1 binding to activating 

snoRNA changed following loss of METTL3. My hypothesis was that binding to 

PARylating-inducing snoRNA would be reduced following METTL3 KD, thereby 

explaining the loss of nucleolar PAR, and that no differences would be detected 

in snoRNA that do not induce PARylation.. The results of the RIP-QPCR, 

however, did not support this. Surprisingly, half of the six ‘PARP-1 activating’ 

snoRNA, including SNORA2, SNORA18 and SNORA37 were significantly 

enriched following METTL3 KD. The other three ‘PARP-1 activating’ snoRNA 

(SNORA73A, SNORA73B, SNORA74A) did not significantly change in METTL3 

KD, similarly to the three ‘non-PARP-1 interacting’ snoRNA/scaRNA tested 

(SNORA15, SNORA65, SCARNA2) (Figure 4-4). In general, the expression of 

the ‘non-interacting’ snoRNA, apart from SCARNA2, was very low, also making 

it difficult to make clear comparisons between the ‘interacting’ and ‘non-

interacting’ species. 
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As a general loss of nuclear PAR signal was observed in METTL3 KD cells, as 

well as disintegration of nucleolar PAR signal, it was surprising that an increased 

association with PARylation activating snoRNA was observed. It was also notable 

that the three ‘interacting’ snoRNAs that did not change in METTL3 KD, had 

previously been identified as the strongest binders and activators of PARP-1 

(SNORA73A, 73B, 74A). As some snoRNA had been shown to be m6A 

methylated, one possibility was that the presence or absence of m6A determined 

whether or not PARP-1 interaction was altered in METTL3 KD cells.  

 

 
Figure 4-4. PARP-1 RIP qPCR of specific snoRNA after METTL3 KD 

Boxplot shows average relative fold change of indicated snoRNA in METTL3 KD cells in 
comparison to control cells. Data comes from technical and biological duplicates and signal was 
normalised to GAPDH. Unpaired students t-test was used for significance testing. Error bars = 
SD. * = 0.05, ** = 0.005, ns  = not significant. The interacting/non-interacting separation is 
based on the data published in175. Inset western blot shows IP efficiency of PARP1 in siControl 
and siMETTL3 treated cells from a single replicate. Input is 1%. IgG IP was carried out in 
siControl treated lysate from the same experiment.  
 

To see if this was the case, I returned to the m6A miCLIP datasets generated in 

U2OS cells from nuclear RNA, and visually inspected merged clustered crosslink 
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sites from control replicates on both PARP-1 interacting and non-interacting 

snoRNA. No pattern between the presence of m6A sites on a snoRNA and it being 

a PARP-1 interactor or not can be discerned: some snoRNA had many m6A XL 

clusters (SNORA73A, SNORA73B, SNORA3) whereas others had none 

(SNORA18, SNORA37, SNORA74A) (Figure 4-5). None of the non-interacting 

snoRNA contained miCLIP peaks either, however it is likely this is due to low 

RNA abundance rather than a true indication of the methylation status of these 

RNA. Input read counts for all three non-interacting snoRNA were very low, in 

comparison to interacting RNA. This was also true of the original RIP-QPCR 

data that first showed a specific PARP-1-snoRNA interaction, suggesting these 

results may also have been biased by snoRNA abundance175. 

 
Figure 4-5 snoRNA m6A miCLIP crosslink sites 
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Images taken from IGV346 showing clustered miCLIP crosslink sites in U2OS cells across 
snoRNA species shown to interact or not with PARP-1175. Crosslinks scores are normalised to 
library size. Red dots indicate the locations of core ‘RAC’ motifs. 
 

4.3.3 Querying the general impact of PARP inhibition on nucleolar structure 

As PARylation in the nucleolus had been hypothesised to promote its phase-

separation from the rest of the nucleoplasm, one would expect to see changes in 

the liquid properties of the nucleolus in METTL3 KD cells. One common way to 

characterise this is through using fluorescence recovery after photobleaching 

(FRAP). As NPM1 had previously been identified as a target of PARylation328 

and a mediator of phase separation in the nucleolus339, this was used as a marker 

of nucleolar dynamics. An expression construct of GFP tagged human NPM1 was 

co-transfected into U2OS, alongside control or METTL3 siRNAs, and cells were 

analysed 48hrs post-transfection—the earliest timepoint at which a difference 

between nucleolar PAR signal had been observed. 
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Figure 4-6 FRAP experiments testing changes to nucleolar NPM1 mobility after METTL3 KD 

A Representative confocal image of U2OS cells expressing NPM1-GFP before and after the 
bleaching. Dotted line indicates nuclear perimeter. B Plot of the average normalised relative 
fluorescence signal following the bleaching. Error bars indicate 95% CI. C Quantification of the 
average mobility of NPM1 shown in B in control and METTL3 KD cells. Error bars are SD. Ns 
= non-significant students t-test where p>0.05. n cells/condition = 6.  
 

GFP-NPM1 showed localisation to presumed nucleolar structures within both 

control and METTL3 KD cells, although the gross morphology of the NPM1 

nucleolar signal was different between control and METTL3 KD cells: Following 

KD there were a greater number of cells with no distinct NPM1-marked nucleoli, 

similarly to what previously been observed for the nucleolar PAR signal, and 

when nucleoli were present, they were of fewer number and less rounded (Figure 

4-6 A). However, there were not enough cells imaged to compare this statistically. 

Additionally, whilst in control cells some NPM1 could be detected in the rest of 

the nucleoplasm, very little NPM1 could be seen outside of the ‘nucleolar’ 
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aggregates in METTL3 KD cells (Figure 4-6 A). However, after carrying out 

fluorescent bleaching of the nucleolar NPM1, no significant difference was 

observed in the average mobile NPM1 fraction between control and KD cells, 

although recovery was slightly reduced in KD cells (Figure 4-6  B,C).  

 

In order to determine that changes to nucleolar morphology could in fact be 

determined following inhibition of PARylation, as had been demonstrated 

previously175,179, U2OS cells were treated with either DMSO or the PARP 

inhibitor Olaparib for 2 hours. Cells were then fixed and immunofluorescent 

staining was carried out for nucleolin, (marking the outer granular component 

(GC) of the nucleolus), fibrillarin (marking the inner dense fibrillar component 

(DFC)) and PAR. Comparing the overlay of PAR and fibrillarin in untreated 

cells, it is clear that PAR signal extends beyond the dense fibrillar domain, and 

into the granular component, whilst also overlapping with fibrillarin (Figure 4-7). 

This indicated that PAR was present in both the DFC and GC, as has been 

shown in the literature. Surprisingly, however, despite PARPi leading to near 

complete loss of PAR within the cell, no obvious changes to either fibrillarin or 

nucleolin signal, as proxies for nucleolar structure, were seen in Olaparib treated 

cells. Therefore, it appeared possible that the impact of PAR loss on nucleolar 

dynamics in U2OS cells was minimal, which could be why no significant changes 

were determined in the FRAP experiment. 
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Figure 4-7 Immunofluorescent images of nucleolar markers and PAR in U2OS cells before and 

after PARP inhibition. 

Representative epifluorescent images of U2OS cells treated with 10uM DMSO or PARP 
inhibitor Olaparib for 2 hours.  
 

4.3.4 Loss of METTL3 increases spontaneous DSBs 

As attempts to identify PAR—mediated changes to nucleoli after METTL3 loss 

had been inconclusive, I wanted to identify other PAR-regulated cell processes 

that are affected by loss of METTL3. An obvious paradigm is the DNA damage 

response, give the crucial role that nuclear PARP proteins play in several repair 

pathways. One simple way of determining if the DNA damage response was 

affected after METTL3 KD was to look for the accumulation of DNA damage. 

To do this, U2OS cells after METTL3 KD were stained for ƴH2A.X, a marker 

of single and double-stranded DNA breaks (Figure 4-8). Loss of METTL3 
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caused a significant increase in the number of ƴH2A.X foci, which were detected 

using the speckle inspector tool in ImageJ. This indicates either an increase in 

DNA damage inducing signals or an inhibition in DNA damage repair, although 

it does not indicate whether damage accrued due to direct failure of break repair 

or the accumulation of other forms of damage. 

 

 
Figure 4-8 ƴH2A.X  signal is increased in U2OS cells after METTL3 KD 

On the left are representative epifluorescent images of U2OS cells, 72hrs after transfection with 
control or METTL3 siRNA. Cells from the same experiment as shown in Figure 1. On the right 
are the quantified images, represented by dot plots, of the number of ƴH2A.X  foci per cell. 
Distributions were compared using an unpaired t-test. **** = p<0.0001. Experiment was 
carried out in technical duplicate.  n= 700 cells per condition.  
 

4.3.5 Evidence for direct feedback between METTL3 and PARP proteins. 

Whilst I had not been able to identify a clear regulatory relationship between 

METTL3 and PARP-1 via RNA, another possibility was that METTL3 

regulated PAR levels by interacting with PAR chains directly. This could, in 

theory, have the effect of stabilising PAR, by protecting it from degradation or, 

if METTL3 bound to auto-PARylated PARP proteins, by stimulating 

PARylation. Loss of METTL3 in either of these contexts would lead to a 

general loss of PAR. To determine whether the MTC was capable of interacting 

with PAR, I carried out a PAR-IP, in which in vitro synthesised, biotinylated 

PAR was bound to streptavidin beads and incubated with nuclear lysate from 

wildtype U2OS cells. Surprisingly, in comparison to the biotin only control, 



 

 131 

METTL3 was pulled down with PAR chains, whereas other members of the 

MTC-METTL14 and WTAP-were not (Figure 4-9). As confirmation of the 

specificity of the assay, CHD1L, a known PAR binder was also co-precipitated, 

whereas SMB protein, not known to interact with PAR chains, was not 

identified. The result was surprising because METTL3 is known to interact in a 

tight complex with METTL14, and both proteins are usually co-precipitated. As 

the buffers used for washing were of moderate stringency (100mM salt, 0.5% 

non-ionic detergent) it seemed unlikely this would have removed METTL14. 

Therefore, a plausible interpretation was that METTL3 bound to PAR chains 

independently of the rest of the MTC complex. 

 

 
Figure 4-9 PAR IP shows interaction with METTL3 but not METTL14 or WTAP. 

Western blot showing the Co-IP of members of the MTC with in vitro synthesised PAR chains. 
The experiment was carried out in biological triplicate and compared to a negative control of 
streptavidin beads incubated with biotin only. CHD1L, a known PAR binder was used as 
positive control, whilst SMB, not known to bind to PAR was used as a negative control. SN = 
supernatant. 
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4.3.6 Detecting changes to the PARylated proteome in METTL3 KD cells. 

As loss of METTL3 induced an accumulation of DNA damage, phenocopying 

PARP inhibition, and there was evidence of direct binding by METTL3 to PAR 

chains, independently of the MTC, it was possible that METTL3 was directly 

able to regulate PARylation in the cell. As focused analysis of the nucleolus had 

given inconclusive results, I wanted to map changes to the PARylated proteome 

in an unbiased manner, as a way of identifying specific PARylated proteins or 

protein pathways that were affected by METTL3 loss. 

 

To do this I utilised a method for detecting chromatin associated proteins, 

recently developed by Dr. Sina Rafiee and other members of the Ule and 

Luscombe laboratories, termed SPACE (Silica Particle Assisted Chromatin 

Enrichment)310. This approach uses silica coated magnetic beads to purify 

formaldehyde-crosslinked and fragmented chromatin via its binding to DNA. 

This avoids the requirement for prior chromatin precipitation and can be 

preceded by a targeted pull-down of a protein of interest, thereby enabling the 

rapid and stringent identification of the total or specific chromatin-associated 

proteome (Figure 4-10).  

 

 

Figure 4-10. Total SPACE workflow. Reprinted with permission from 310.  

Step 1 – cells are crosslinked in 1% paraformaldehyde and lysed in a stringent buffer containing 

guanidium hydrochloride, before nuclei are purified and the chromatin is fragmented through 

sonication. Step 2 – fragmented chromatin is precipitated onto silica beads using isopropanol. 
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Step 3 – RNAse incubation can be used to remove proteins attached to the chromatin via RNA. 

Step 4 – beads are washed and proteins are digested with LyC and trypsin. Peptides are then 

cleaned and injected into the mass spectrometer. This gives the basic overview of total SPACE. 

Step 1 can be preceded by an immunoprecipitation of a protein of interest . Figure adapted from 

310 with permission from author. 

 

In order to detect PARylated proteins, I used the same PAR-binding agent 

previously used for imaging experiments (MABE1031). This consists of a purified 

WWE domain from the RNF146 protein attached to an Fc protein, and has been 

demonstrated to bind to both poly (>20 subunits) and oligo (5-20 subunits) 

PAR347. This is advantageous for identifying PARylated proteins in comparison 

to the commonly used 10H antibody (which only binds PAR chains > ~20 units) 

and Af1521 domain (which binds both PAR and MAR)347. The WWE domain 

has also been shown to effectively pull-down PARylated proteins in high-salt 

conditions347. As a positive control for the method, total RNA polymerase II 

(RP2) was also targeted. Previous SPACE experiments by colleagues had shown 

that METTL3 interacts with RP2, and so this would also be useful to indicate 

whether the experimental conditions were sensitive enough to detect the presence 

of METTL3 at the chromatin. 

 

METTL3 was knocked down in biological triplicate using a METTL3 siRNA 

over 72hrs. Cells were then mildly crosslinked and lysed in the presence of both 

a PARP inhibitor (veliparib) and a PARG inhibition (PD00017273), to prevent 

artefacts from PAR synthesis or PAR degradation during sample preparation. 

Injection into the mass-spectrometer, processing of the raw proteomic data and 

the creation of figures was carried out in collaboration with Dr. Sina Rafiee. 

After filtering proteins for those with a minimum of 4/6 replicate values, a 

combined total of 230 unique proteins were detected across control and 

METTL3 KD. This included known PARylated proteins and PAR binding 
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proteins such as Nucleolin, Matrin 3, DDX21, FUS, NONO and several 

HNRNPs. The top 10 GO terms enriched for these proteins related to the 

metabolism of RNA, which is consistent with other published PARylated 

protein datasets, especially considering the absence of exogenous genotoxic 

stress induction (Figure 4-11 C). Surprisingly, however, PARP-1 itself was not 

detected, despite being a highly PARylated protein, whilst PARP-2 was. 

Overall 123/230 (53%) of the detected proteins overlapped with the published 

PARylated proteome produced by Jungmichel and colleagues116 (Figure 4-11 A), 

although it should be noted that this dataset was created without using PARP 

or PARG inhibitors during cell lysis, which could have led to artificial 

PARylation. They also used the Af1521 domain for pulldown, which is capable 

of binding MARylated proteins as well, meaning non-PARylated proteins will be 

present. Given that it is not clear whether the effect of METTL3 loss on 

PARylation is mediated by PARP-1 or PARP-2, I also compared the total 

identified protein list to that identified by Gibson and colleagues, who carried 

out in vitro PARylation assays with purified PARP-1 and PARP-2 by 

incubating them with nuclear lysate220. Similarly, to the Jungmichel dataset, 

140/230 (61%) of hits overlapped with at least one the two datasets, and 

122/230 (53%) overlapped with both (Figure 4-11 B). There did not appear to 

be any specific overlap with either PARP-1 or PARP-2 here, although given the 

highly artificial nature of the Gibson dataset, their list may instead give a total 

potential PARylated proteome that masked in vivo differences between PARP-1 

and PARP-2.  
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Figure 4-11 Overview of PAR-SPACE dataset in U2OS cells  

A Overlap between PAR-SPACE dataset identified here in U2OS cells (control and METTL3 

KD conditions combined) with the PARylated proteome published by Jungmichel and 

colleagues116. B Total PAR-SPACE proteins overlapped with in vitro determined PARylated 

targets of PARP-1 and PARP-2 by Gibson and colleagues335. C Top 10 enriched GO terms by 

false discovery rate for the total combined PARylated proteome identified using PAR-SPACE, 

as determined using REVIGO348. 

 

Surprisingly, only five proteins were significantly less enriched following the loss 

of METTL3 (SFPQ, FUS, HIST2H3, PDIK1L, NKTR), with only one protein 

(RPL28) showing enrichment after loss of METTL3 (Figure 4-12 B). 

Nevertheless, the proteins identified through the experiment as sensitive to loss 

of METTL3 were intriguing. Both SFPQ and FUS have both been shown to 

bind to PAR chains190,349, identified in PAR-pulldown proteomes116,186,345, and 

shown to be PARylation targets of both PARP-1 and PARP-2220. HIST2H3A, 

which codes for histone H3.2, is a core component of nucleosome, and has 

previously been shown to be displaced by PARP activity at the hsp70 locus, be 

necessary for localisation of PARP-1 to the chromatin, and activate PARP-1 
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PARylation activity137,160,161. It has also been identified in previous PAR 

proteomes116,220. The other two proteins that were identified as reduced in 

siMETTL3 conditions (NKTR and PDIK1L) have not previously been linked to 

PARP proteins or PARylation. PDIK1L encodes a serine/threonine protein 

kinase, normally localised to the nucleus, about which very little is known350. 

NKTR encodes the NK tumour-recognition protein, a receptor that is believed 

to localised to the cell surface, suggesting that this is most likely a 

contaminant351. Interestingly, although it did not quite pass the statistical 

significance threshold, PARP-2 was also reduced in METTL3 KD cells. 

Whether this indicates PARP-2 is the major mediator of METTL3 induced 

PAR loss, or whether this is merely representative of the fact it is a PARP-1 

PARylation substrate is not clear, however. 
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Figure 4-12 Changes to the PARylated proteome in METTL3 KD cells, determined by PAR-

SPACE 

A. Western blot shows knockdown efficiency of METTL3 in siControl and siMETTL3 treated 

cells. Replicates were merged. Bar plot below shows relative METTL3 signal after knockdown in 

the above blot, normalised to GAPDH. B Volcano plot of PAR proteome changes, shows fold 

changes in average iBAQ values after METTL3 KD relative to control on the x axis. Significant 

changes were determined to have  fold-change > 2 and adj. p-value < 0.1,in a moderated t-test. 

C Fold changes in RNA polymerase II SPACE following METTL3 KD  in the same cells. 

 

In the RNA polymerase II SPACE, neither METTL3 nor any other members of 

the MTC were detected in control cells, despite METTL3 previously being 

identified as interacting with RP2 in previous ChIP-SPACE datasets. This could 

indicate a low experimental sensitivity, which could also explain why so few 
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changes were detected in the PAR SPACE. Interestingly, PARP-1 was identified 

in the RP2 SPACE, but did not change its association significantly between 

control and METTL3 KD cells, which could indicate the locus of METTL3-PAR 

regulation is not at sites of active transcription. However, several known PAR 

binding or PARylated proteins did show an increased interaction with RP2, 

including TARDBP2, EWSR1 and FBL, which could be related to loss of PAR, 

although this would require further validation. 

 

4.4 Discussion 

4.4.1 Nucleolar PAR and nucleolar structure after METTL3 KD 

Given that a large fraction of PARP-1 and PARP-2 are known to reside in the 

nucleolus at steady state, it was unsurprising that the strongest PAR signal in 

steady state was also seen in these structures. This made it an interesting target 

to focus on in follow up experiments, as it was easy to visualise specific changes 

in nucleolar PAR after METTL3 KD, in comparison to the diffuse PAR signal 

seen in the rest of the nucleoplasm. These changes indicated to me that 

significant alterations in the behaviour of nucleolar PARP proteins and the 

structure of the nucleolus would be likely in METTL3 KD cells, however this 

did not seem to be the case. Regarding the interaction with snoRNA, whilst a 

significant increase in the interaction with a subset of snoRNAs was observed in 

METTL3, it is difficult to interpret this data, given that these RNAs are 

thought to induce PARylation. It is worth noting, the proposed interaction 

between PARP-1 and snoRNA is debated, with one study failing to replicate 

the finding of specific interaction between PARP-1 and certain snoRNAs, as 

well as their ability to induce PARylation176. Whilst a response to this has been 

published by the original group180, it remains uncertain whether the PARP-1 

does specifically bind specific snoRNAs. The changes observed in METTL3 KD 
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cells, may therefore represent subtle changes to PARP-1 localisation or 

nucleolar structure that induced non-specific changes in the interaction with the 

snoRNAs tested. It is also true that this data only comes from a single 

experiment and replication would likely be valuable to determine how specific 

that impact of METTL3 loss is on PARP-1-snoRNA interactions.  

 

Regarding the FRAP analysis, it was notable that, in a similar fashion to 

nucleolar PAR signal, morphological differences in NPM1-GFP labelled nucleoli 

could be observed between control and METTL3 cells. Yet, this didn’t translate 

into a significant difference using the experimental assay. Given that a small 

difference in NPM1 mobility was detected between control and KD cells, it is 

possible that the experiment was stymied by the small number of replicates per 

condition, which made overcoming the significance test difficult. Furthermore, 

given the variable expression that occurs when cells are transfected with an 

expression construct, optimising the amount of NPM1-GFP transfected into 

cells may be important. Anecdotally, the transfection of this construct was toxic 

to cells, indicating it may have been impairing normal nucleolar function, whilst 

also more toxic to METTL3 KD cells, suggesting a different susceptibility to 

nucleolar perturbation.  

 

The immunofluorescent images of nucleolar markers post-PARP inhibition 

challenged this concept, however. As there was no obvious difference between 

control and PARPi cells, PARylation may not be a significant regulator of 

nucleolar structural integrity in U2OS cells. This could be dependent on the 

nucleolar markers used, however, as some nucleolar proteins, such as DDX21352, 

have been shown to be highly mobile between the nucleoplasm and nucleolus. 

Testing a wider panel of proteins may also have shown some that are sensitive 

to PARPi, while others are not, although it should be noted that fibrillarin and 
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nucleolin were used because they had previously been shown to have sensitivity 

to PARPi in Drosophila179. The differences observed between this and published 

data may therefor relate to species or cell specific differences. It is also worth 

noting that the role of PAR in regulating the phase separation is currently a 

theoretical model and lacks clear experimental grounding. Therefore, it could be 

the case that PARylation has little relevance for nucleolar structure, although it 

seems improbable that PAR in the nucleolus has no effect on protein dynamics. 

4.4.2 DNA damage induction in METTL3 KD cells 

One downstream effect of METTL3 KD that was detectable was an increase in 

ƴH2A.X foci, a marker of single and double stranded breaks. It’s notable that 

has also been identified in an independent study of METTL3 KD (Figure 4-13). 

This increase in DNA damage could explain the loss of PAR from the nucleolus, 

as PARP-1 would presumably be increasingly recruited to the chromatin to deal 

with damage repair. Nevertheless, overall, there still exists a general loss of 

nuclear PARylation after METTL3 KD, meaning PARP-1 loss from the 

nucleolus to break sites cannot mechanistically explain the phenotype, although 

it would explain whether it is a secondary effect.  

 

Further work exploring defects in DDR pathways after METTL3 loss would be 

a fruitful avenue for future research, as it is not possible to say whether the 

initial damage occurs in growth phase cells, or during DNA replication. In the 

study by Xiang et al, looking at m6A in the UV irradiation response311, no 

change in either 53BP1 or BRCA1 recruitment to DSBs was detected in 

METTL3 KD cells, indicating no gross defects in DSB repair pathways. They 

also detected no change in the recruitment of several markers of the nucleotide 

excision repair pathway (NER), XPA, DDB2, TFIIH and XPC), to laser 

induced DNA damage. This pathway is normally impaired after PARP 
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inhibition, although whether PARP-1 is directly involved in regulating this 

pathway is debated353. It would be interesting to look at recruitment of base 

excision repair (BER) pathway proteins, such as XRCC1 and DNA ligase III, 

which are known to be directly recruited to damage sites by PARP-1144. If 

recruitment of these proteins was impaired in METTL3 KD cells, this could 

explain the increase in DSB, as unrepaired lesions could be converted to DSBs 

during S-phase. Furthermore, this could explain the loss of nucleolar PAR, 

through PARP-1 recruitment to break sites, although it still wouldn’t explain 

the underlying inducing factor causing overall PAR loss. 

 

 
Figure 4-13 γH2AX foci levels after siRNA METTL-3 KD. 

Detection of γH2AX foci in U2OS cells transfected with siNC or siMETTL3. Scale bars, 5 μm. 
Adapted from with 319 permission from Elsevier.  
 

 

4.4.3 Evidence for direct PAR-METTL3 interaction 

The demonstration that METTL3 was capable of binding to PAR chains in the 

absence of other MTC proteins was interesting, given that independent 

functions of METTL3 and METT14 have recently been described354. Of course, 

this should be contextualised with the artificial nature of the experiment. PAR 

is highly negatively charged, and so many proteins with RNA or DNA binding 

domains are likely capable of interacting with PAR in an IP experiment. 

Structurally, however, the proposed RNA binding region of the MTC exists in 
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the groove between METTL3 and METTL14 or via METTL14 RGG domains97, 

which would indicate METTL3 interacts with PAR via another domain. 

METTL3 does contain two CCCH-type zinc fingers at its N-terminus, which are 

known to mediate RNA binding355, although it does not possess any of the PAR 

reader domains previously identified in the literature181. Recently, a technique 

was developed to specifically identify PAR-binding proteins across the 

proteome, using a PAR photo-affinity probe, in which a photo-inducible cross-

linker is incorporated into in vitro synthesised PAR356. This assay did not 

detect METTL3, or other members of the MTC, therefore it is unclear without 

repetition how robust the METTL3-PAR interaction is.  

 

Even if the in vitro interaction is true, whether or not this also translates into 

in vivo interactions between METTL3 and PAR is further unclear. In the PAR-

SPACE experiment, METTL3 wasn’t detected, however, this dataset was 

specifically enriched for proteins crosslinking to chromatin. As very little 

METTL3 appears to directly crosslink to chromatin, as evidenced by ChIP-Seq 

datasets (discussed in greater detail in the next chapter), and is not though to 

be directly PARylated itself, it seems unlikely non-covalent METTL3-PAR 

interactions would be identified with the SPACE method. As evidence of this, 

CHD1l, a protein known to strongly bind PAR at the chromatin but not be 

covalently modified by it357, was also not found in the SPACE proteome. 

METTL3 was identified in a PAR proteomic dataset using the Af1521 protein 

domain to IP proteins. However, as this binds MAR and PAR, it is not possible 

to determine which of these is relevant METTL3358. Identifying in vivo non-

covalent PAR-protein interactions remains challenging, especially when 

querying a specific protein of interest, however given the METTL3 does not 

regularly appear in PAR/MAR proteomic datasets, it is unlikely to be a strong 

PAR binder. 
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4.4.4 Interpreting the changes to the PARylated proteome in METTL3 KD cells 

One approach by which I tried to get around the ‘needle in a haystack’ problem 

of linking METTL3 and PARylation was through a proteome-wide analysis 

using PAR-SPACE. Given the increase in damage accumulation, it was 

surprising that more changes were not seen in METTL3 KD cells using PAR-

SPACE. In one sense, this absence of evidence could be representative of 

PARylation inhibition, as an increase in PAR would be expected in cells in 

which DNA damage was heightened. Conversely, however, as no exogenous 

PARylation stimulation signal was added to the cells, endogenous PAR levels, 

even with mildly raised DNA damage levels would likely have been low. It is for 

this reason that most studies mapping the PARylated proteome manipulate 

cells to increase PAR levels, despite the consequential artefactual signal that 

this induces. It therefore seems most probable that few significant proteins were 

identified due to low overall PAR signal in both conditions. As evidence of this, 

the average iBAQ value in PAR SPACE was around half of the average iBAQ 

value in RNA pol II SPACE (8.8 vs 19.9), despite identical input quantities. 

Furthermore, the average level of METTL3 KD in this experiment was ~65%, 

lower than the 85-90% KD achieved in other experiments. This probably meant 

the phenotype was much milder in these cells than in other experiments. Given 

that the DNA damage response may be affected in METTL3 KD cells, mapping 

changes to the PARylated proteome after specifically inducing DNA damage 

could actually be a useful future experiment, as it would increase the number of 

detectable proteins and give insight into DNA damage specific changes in 

METTL3 KD cells.  
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Despite this, some interesting proteins were reduced in METTL3 KD cells. Both 

SFPQ and FUS are known PARylated proteins and RNA binding proteins with 

roles in the DNA damage response and co-transcriptional RNA processing116,190. 

Loss of both proteins causes an increase in ƴH2A.X foci359,360, similarly to that 

observed METTL3 KD cells. FUS has been shown to play a role in the PARP-1 

regulated BER pathway and is recruited to damage sites in a PAR dependent 

manner360. This would suggest that BER repair should be impaired in METTL3 

KD cells, and reiterates the value in exploring BER function. It is also worth 

noting that PARP-2 is reduced in METTL3 KD cells, whereas PARP-1 levels 

were unchanged, although it was not a statistically significant change. Given 

that PARP-2 is thought to contribute minimally to PAR synthesis when 

PARP-1 is present361, it seems unlikely that this would be the cause of the 

general PARylation loss detected. Nevertheless, as PARP-2 appears an 

important synthesiser of PAR in the DNA damage response and fork 

stabilisation during replication362,363, it would be important to determine 

whether the effect of METTL3 loss is mediated via PARP-1 or PARP-2. 

 

The RNA Pol II ChIP-SPACE was designed as a control experiment to 

determine whether METTL3 was detectable at the chromatin. It wasn’t, which 

suggests that the sensitivity of SPACE was low. This may have been due to the 

use of a less sensitive mass spectrometer to that used in previous experiments, 

or due to protein input at the low-end of that recommended in the ChIP-

SPACE protocol. It is also possible, as with the PAR-SPACE, that identifying 

METTL3 association with the chromatin is challenging due to temporally brief 

interaction. Interestingly, HMGB2 was reduced in RP2 SPACE in METTL3 

KD cells, a protein shown to regulate the expression of senescence inducing 

genes by localising to senescence-associated gene loci (SASP)364. METTL3 was 

recently linked to senescence regulating via binding to SASP loci, where it 
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promotes transcription independently of METTL14 and m6A regulation354. This 

could therefore represent an interesting regulatory paradigm. It will be 

interesting to explore whether PARP proteins effect gene structure at SASP 

loci, and whether this effect of METTL3 loss depends on PARylation. 

4.4.5 Conclusion 

To summarise, in this chapter I have shown that, whilst PAR levels in the 

nucleolus fall in METTL3 KD cells, this appears to have a limited impact on 

PARP-1-snoRNA interactions and on nucleolar structure. Given that there were 

some changes in nucleolar dynamics and PARP-1-snoRNA binding in METTL3 

KD cells though, I suspect that more extensive experimentation would identify 

significant changes in the nucleolus. I also show that METTL3 KD causes an 

accumulation of DSB/SSBs, although it is not clear whether this is caused by 

PAR loss. I also show METTL3 can bind to PAR chains independently of the 

MTC, introducing the possibility that METTL3-PAR regulation is independent 

of its methyltransferase function. Finally, I show a small number of changes to 

the chromatin associated PARylated proteome after METTL3 KD, which may 

be due to limited detection of PARylated proteins in non-genotoxic states. 
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Chapter 5. Regulation between the MTC and PARP-1 

on the chromatin 

5.1 Chapter aims and summary 

In this chapter I present my work investigating the evidence for co-regulation of 

the MTC and PARP proteins on the chromatin, the downstream impact when 

this is disrupted, and how this may be affected by the exit from pluripotency. 

The core of this work consists of results from an experiment looking at changes 

to the PARP-1 interactome at the chromatin after the loss of METTL3, using 

the SPACE method310. I begin by giving an introduction showing how PARP 

ChIP-Seq and PARP protein interactomes have previously been used to 

understand their cellular functions. I then give an overview of how PARPs and 

the MTC are known to be regulated by MEK/ERK signalling, which is relevant 

to early differentiation. 

 

In the results section, I first provide an analysis of public ChIP-Seq data that 

implies METTL3 and PARP-1 may bind to similar regions on the chromatin, 

linked to neurogenesis. I then describe the changes that occur in PARylation 

and PARP-1 localisation as cells exit pluripotency in METTL3 KO mouse 

embryonic stem cells (mESCs). Finally, in the same cellular model, I use 

SPACE to show that the loss of METTL3 causes profound changes in the 

PARP-1 protein interactome on the chromatin, whilst also being strongly 

influenced by MEK signalling. The use of SPACE here identifies several 

interesting candidate proteins for future analysis. This dataset will hopefully be 

useful as a starting point for interrogating further the specifics of the impact of 
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METTL3 loss on PARP biology, both in terms of the mechanistic link and its 

downstream consequences.   

5.2 Introduction 

In order to understand how a protein operates at the chromatin, two high-

throughput approaches have been utilised to great effect: ChIP-Seq and ChIP-

MS (and variants thereof). Both generally begin with chromatin 

immunoprecipitation (ChIP), in which a protein of interest is crosslinked to the 

chromatin using formaldehyde, to stabilise protein-chromatin interactions 

during cell-lysis, and chromatin is sheared into smaller fragments. The 

interactome of a protein of interest, either protein or DNA, can then be 

identified via precipitation using an antibody365.  

 

ChIP-Seq arose out of the development of high-throughput sequencing methods, 

and was adapted from previous interactions in which DNA was analysed via 

PCR366 or Southern blotting367 (ChIP-DNA/PCR), or using microarray chips368 

(ChIP-ChIP). Mapping chromatin-associated proteins in terms of which genomic 

sequences they bind to can give great insight into their regulatory function on 

the chromatin, especially when integrated with histone modification maps, such 

as whether they bind within euchromatic regions, gene enhancers, or to specific 

sets of genes representing some developmental program or pathway. Such rich 

datasets can give great insight into protein activity, however, remain limited by 

the specificity of the antibody used, and the propensity of a protein to crosslink 

efficiently to the chromatin. It is also difficult to discern whether enriched 

sequences are the result of direct binding to the DNA, or of an indirect 

association, which can occur via chromatin looping, or interaction with another 

protein or RNA. 
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ChIP with mass spectrometry (ChIP-MS) has been useful for giving a picture of 

the protein-protein interaction landscape at the chromatin369–372. This includes 

characterising the interacting partners of transcription factors373, or cataloguing 

proteins that bind within the vicinity of specific histone modifications370,374. 

Alternatively, chromatin-wide methods for looking at protein-protein 

interactions can also be useful for interrogating the entire chromatin associated 

proteome, and query how this changes in different cell states or in response to 

specific stimuli. The value of this approach can be seen in the determining of 

the chromatin-associated proteome during developmental transitions or during 

cell-cycle transitions375,376 . However, the sample complexity and high variance 

in protein abundance with this approach does inevitably result in the 

preferential detection of highly abundant proteins.  

 

5.2.1 Chromatin mapping of the MTC  

Surprisingly, despite clear evidence that the MTC operates in close proximity to 

the chromatin, there are relatively few studies that have mapped their 

interactions using ChIP-seq or ChIP-MS. There are 7 publicly available ChIP-

Seq datasets for either METTL3 or METTL14, with 5/7 published within the 

last year48,50,78,105,106,108,354. As discussed in the main introduction, these studies 

have made quite different conclusions regarding the association of the MTC and 

chromatin, even when performed in the same cell lines. Initial studies using 

ChIP-Seq were published in 2017. The first, mapping tagged METTL3 in 

mESCs, identified 78,742 peaks, which were enriched in protein-coding genes, 

with only a small percentage within the vicinity of the TSS50. Beyond this, little 

further analysis of the dataset was provided. The second more focused study, in 

the MOLM-13 human AML cell line, found a surprisingly small number of peaks 

(136 for METTL3, 119 for METTL14). These sites were enriched at the TSS of 
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actively transcribed genes, as marked by H3K4me3, but with only 2 of these 

sites co-bound by both proteins. These data can be interpreted in different 

ways. Firstly, that the association between the MTC and chromatin may be 

highly transitory, making it hard to generate accurate ChIP-Seq data. The sites 

identified may represent a stochastic subset of the total MTC chromatin 

binding regions, which is why there is little overlap between METTL3 and 

METTL14 peaks. Secondly, depending on differences in library preparation, the 

ChIP-Seq datasets may represent rare binding directly to the chromatin, or 

more common indirect association via RNA. Interestingly, a later re-analysis of 

both these datasets found both a strong enrichment for an ACA motif, the core 

sequence within the DRACH motif found in m6A methylated RNA53. Whether 

this represented direct binding to DRACH motifs in DNA, or was due to the 

MTC crosslinking to RNA on the chromatin, and being precipitated as part of a 

larger complex with the DNA, was not clear. To my knowledge, no other 

publications using MTC ChIP-Seq have explored DNA binding motifs. A subset 

of MTC ChIP-Seq studies have shown enrichment within actively transcribed 

regions. METTL14 ChIP in mESC has been shown to be enriched in actively 

transcribed gene bodies, although still with a relatively small number of binding 

sites (1,973)106. METTL3 ChIP, was similarly linked to sites of active 

transcription, through demonstration of an overlap between METTL3 

chromatin binding sites and that of the H3K9me2 demethylase KDM3B105. The 

link between METTL3 chromatin binding and the regulation of chromatin 

structure has been strengthened and complicated by the recent studies in 

mESC, showing METTL3 also binds to regions of heterochromatin, especially 

those containing retroviral sequences, where its presence promotes maintenance 

of heterochromatin, a duality of function that is similar to that of PARP-

1108,377. Interestingly, METTL3’s relationship to TSS appears to change 

significantly as mESCs differentiate to embryoid bodies: in pluripotent cells 
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enrichment is mainly found in intergenic regions, whereas upon exit from 

pluripotency enrichment is much greater at TSS108. Very recently, the theory 

that METTL3 and METTL14 may have chromatin functions independently of 

the ability of to m6A modify RNA has been bolstered by work in IMR90 cells 

showing that 94% of METTL14-dependent and 83% of METTL3-dependent 

changes in gene expression could be rescued with a catalytic mutant versions of 

these proteins354. The authors showed that regulation of senescence-inducing 

gene expression changes was caused by METTL3 and METTL14 in the absence 

of m6A, on protein coding transcriptions and non-coding chromatin-associated 

RNAs. Interestingly, METTL3 and METTL14 showed strong co-localisation in 

normal cells, but strongly divergent binding in senescent cells, with METTL3 

showing stronger association to the TSS and METTL14 stronger association 

with upstream regions.  

 

5.2.2 Chromatin mapping of PARP-1 

Similarly to the MTC, there are only 7 publicly available PARP-1 ChIP-Seq 

datasets, all in different cell types. Two of these, carried out in mouse midbrain 

tissue, show enriched PARP-1 binding to the TSSs of genes, with dynamic and 

increased enrichment at loci coding for proteins involved in neuronal signalling 

and memory formation, following cocaine stimulation378,379. A study in MEFs 

combined PARP-1 ChIP-Seq with a PAR ChIP-Seq dataset, which usefully 

allowed the overlap of PARP-1 binding sites associated with active PARylation, 

and those where PARP-1 binds without PARylation. From this it was shown 

that PARylating PARP-1 binds to sites of active transcription (H3K4me3 +ve), 

whereas PARP-1 binding in the absence of PAR is enriched in repressed 

chromatin220. This suggests PARP-1 has dual functions at the chromatin, 

dependent on PARylation activity. This relationship may be different in 
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pluripotency, however; in mESCs PARP-1 is enriched at the TSSs of 

pluripotency loci, especially those regulated by Sox2, but appears to operate 

independently of PARylation activity291. Interestingly, PARP-1 binding and 

function has a positive effect on transcription at these loci, but appears to 

operate independently of PARylation activity. PAR levels increase upon release 

from pluripotency, thought to be regulated via ERK1/2 signalling167,294. This 

disrupts PARP-1-Sox2 interactions, and also promotes neuroectodermal 

differentiation, although it has not been addressed how this affects PARP-1 

chromatin binding and regulation of transcription. A study in breast cancer cells 

showed inducing PARylation induction by progesterone leads to a concomitant 

increase in PARP-1 chromatin binding within 2kb of gene TSSs, again linking 

active PARP-1 with regions of active transcription380. Another study in breast 

cancer cells, looking specifically at gene TSSs, further confirmed the association 

with PARP-1 and the TSSs of actively transcribed genes, evidenced by the 

enrichment of H3K4me3 positive and DNAse I sensitive regions217. Finally, a 

study mapping PARP-1 following DSB induction in MCF7 cells showed PARP-

1 enrichment at the TSS of active genes containing fragile promoters, prone to 

break formation. This occurred even in the absence of ƴH2A.X, which indicates 

PARP-1 can be recruited to these regions in the absence of breaks381. 

 

5.2.3 PARP protein interactomes 

Whilst several PARylated and many DNA-damage associated proteomes have 

been published, there are few high-throughput studies focused on the protein 

interactomes of PARP-1 and PARP-2, especially without exogenous DNA 

damage induction. Only one study, to my knowledge, has looked specifically 

into the total interactomes of PARP-1 using mass-spectrometry382, a study that 

also maps PARP-2 and PARG interactomes. This identified only 133 
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interacting proteins across all three proteins, whilst failing to identify previously 

reported interactors, suggesting it may have lacked sensitivity. It should be 

noted that in this study they did not cross-link protein-protein interactions 

before lysis or inhibit PARPs or PARG, which may have led to reduced, or 

artefactual interactions occurring during the immuno-precipitation. 

Furthermore, analysis of how the PARP protein interactomes are altered in 

relation other regulatory factors has not been carried out in a high-throughput 

manner, instead focusing on individual interactions292.  

 

Given this background, there appeared great value in interrogating how loss of 

METTL3 affected PARP activity on the chromatin, in terms of the targets of 

PARylation, the PARP interactome, and the global changes to the chromatin 

associated proteome.  
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5.3 Results 

5.3.1 Analysis of public ChIP-seq dataset for evidence of METTL3 and PARP-

1 co-regulation 

In the previous chapter it was demonstrated that loss of METTL3 resulted in a 

significant reduction in PARylation in U2OS cells. There was also evidence that 

METTL3 interacted directly with chains of PAR. This implied a regulatory 

relationship, although it remained unclear how this operated. Assuming this was 

a direct relationship, and not caused by secondary effects of METTL3 KD, two 

hypothetical scenarios, which seemed plausible, were as follows: 1) a process in 

which METTL3 interacted with PARylating proteins and either stabilised their 

PARylating activity or stimulated it further. Given the nuclear localisation of 

METTL3, this would most likely be PARP-1 or PARP-2. 2) METTL3 bound to 

other PARylated proteins via PAR chains and either stabilised those chains 

from degradation or made those chain more amenable for further PARylation 

by PARP-1 or 2. Given that publicly available ChIP-seq data existed for both 

PARP-1 and METTL3, I explored this to see if there was any overlap between 

METTL3 and PARP-1 chromatin binding, which would give some evidence of a 

direct regulatory relationship. 

 

At the time of analysis the only public METTL3 ChIP-Seq dataset in human 

cells was in MOLM-13, an acute myeloid leukaemia cell-line, from Barbieri et 

al.48. This consisted of ChIP-Seq for both METTL3 and METTL14, carried out 

in untagged cells in biological triplicate. Starting from the fastq read files, I 

followed the mapping and peak calling conditions outlined in the methods 

section of the associated publication. Peak calling using MACS2 software gave 

~100 peaks each for METTL3 and for METTL14, with a low level of overlap 
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between them, similarly to what was found in the original research paper. Given 

this was a low number of peaks, it was important to find a metric that indicated 

binding specificity. A subsequent re-analysis of the same ChIP-Seq data had 

found enrichment for a binding motif containing ACA, the core of the DRACH 

motif53. Assuming this indicated a specific signature of MTC binding, either 

from the RNA or DNA, I decided to use this to classify the ChIP-Seq peaks. 

Running both sets of peaks through the MEME-ChIP analysis pipeline, which 

scores motif enrichment within ChIP peak datasets, the strongest enriched motif 

for METTL3 ChIP was AGCCAATGG, which replicates what was found in the 

original paper, and most probably represents a CAT-box motif, indicative of 

METTL3 binding in the vicinity of promoter regions. It did not show any 

central enrichment within the METTL3 peaks. The METTL14 peaks enriched 

for the CAT box motif as well, but also showed significant central enrichment 

for a GACAG motif, reminiscent of the DRACH motif (Figure 5-1 A). The 

METTL14 dataset was therefore used for further analysis. 

 

 
Figure 5-1 Analysis of Public PARP-1 and METTL14 ChIP-Seq data 

A Enrichment of a motif containing the core ‘ACA’ motif targeted by the MTC in mRNA was 
identified as centrally enriched in 20% of METTL14 ChIP-Seq peaks using MEME-Chip analysis 
software. B ChIP-seq reads from381 for PARP-1, and several other known interacting proteins 
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were mapped to METTL14 peaks, split into those containing the GACAG motif or not. C Total 
METTL14 peaks sites were mapped with histone modification ChIP-Seq reads also from 381. D 
METTL14 peaks were split into those containing a H3K27ac peak or not, and other ChIP-Seq 
libraries from 381 were mapped to these sites. 
 

Of interest was whether there was any overlap with PARP-1 ChIP-seq data, 

indicating co-regulation on the chromatin. A recent paper from Dellino and 

colleagues used ChIP-Seq to explore the relationship between PARP-1 and 

several chromatin associated factors, all in U2OS cells381. This data provided a 

useful resource for exploring the relationship between METTL14 and PARP-1 

as well as other chromatin-associated factors. The data was generated in U2OS 

cells with an AsiSI expression vector, used to induce double-stranded breaks. In 

my analysis, however, only the data from the uninduced cells, without damage, 

was used. This included data for several histone modifications, PARP-1 

associated proteins XRCC4, RAD51, TOP1 and TOP2B, as well RNA 

polymerase II, either phosphorylated at serine 2 (pS2), indicative of elongating 

RP2 in the gene body, or serine 5 phosphorylation (pS5), indicative of RP2 

initiating transcription383. The reads from these datasets were plotted over the 

METTL14 peak regions, which had been divided into those containing a 

‘DRACH’ motif and those without. Both PARP-1 and its known interactors, 

TOP2B and XRCC4, showed clear enrichment at the GACAG containing 

METTL14 peaks, but much lower enrichment at the non-GACAG METTL14 

peaks (Figure 5-1 B). In contrast, the RP2 pS5 reads showed much greater 

enrichment at the non-GACAG peaks than at the GACAG containing 

METTL14 peaks Figure 5-1 B). This suggested that, whilst METTL14 does 

show binding to regions in the vicinity of transcription initiation, these are not 

the same sites as those bound by both METTL14 and PARP-1, and not those 

enriched for the ‘DRACH’ motif. To classify the METTL14 peaks in an 

alternative way, I also mapped ChIP-Seq datasets from several histone 

modifications to the METTL14 peaks, including H3K27ac, H3K4me3, H3K4me1 
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and ƴH2A.X. The strongest enrichment was for H3K27ac at a subset of sites 

(Figure 5-1 C). This is indicative of actively transcribed regions of the genome, 

either at transcription start sites, or at enhancer regions. The METTL14 peaks 

were then classified by the presence/absence of a H3K27ac peak, and the same 

ChIP-Seq datasets were mapped over these regions. Unlike the RP2-pS2 data, 

which showed strong enrichment at the H3K27ac-positive regions, the PARP-1 

data showed only very slight enrichment at the H3K27ac-postive METTL14 

regions, again suggesting that sites co-bound by METTL14 and PARP-1 are not 

enriched at sites of active transcription (Figure 5-1 D).  

 

In order to put this into a broader context, the METTL14 peak regions 

classified by the presence/absence of the GACAG motif were used to map 

metaprofiles for ChIP-Seq data for 340 transcription factors (TF), created as 

part of the ENCODE consortium in K562 cells384. The TFs in the top 5% of 

enriched peaks in METTL14-GACAG regions were taken forward for further 

analysis (Figure 5-2 A). Notably, many proteins that contained the strongest 

signal at METTL14 GACAG-peaks were transcriptional repressors, including 

EHMT2, HDAC1, HDAC2, MIER1, MNT, SAP30 and REST. Furthermore, 

REST, which operates as a transcriptional repressor of neural genes in stem cells 

and is itself repressed during neurogenesis385, is known to recognise and bind to 

the NRSE motif, which contains the same GACAG motif that was found 

enriched in a subset of METTL14 peaks (Figure 5-2 C). REST ChIP-Seq peak 

regions were downloaded from the ENCODE consortium database and classified 

by the presence or absence of the NRSE motif. When the METTL14 ChIP-seq 

reads from MOLM-13 cells were plotted over these regions, there was very 

strong enrichment for binding within the NRSE-positive REST peak regions, 

over the non-NRSE regions (Figure 5-2 D). Given several of the other proteins 

enriched at METTL14 peaks also associated with transcriptional repression 
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overlap at REST peak regions (Figure 5-2 B), it appeared highly likely that the 

‘DRACH’ motif identified in the MOLM-13 ChIP-Seq data, came from a NRSE 

motif. This suggested that the MTC and PARP-1 may associate with one 

another at sites on the chromatin that are repressed via the REST complex. 

 

 
 

Figure 5-2 Mapping ENCODE ChIP-Seq data over METTL14 ChIP-seq peak regions 

A Heatmap creating using the Deeptools analysis suite, showing the top enriched TF ChIP-Seq 
datasets from ENCODE at GACAG-positive METTL14 peaks. B View from IGV genome 
browser showing non-normalised Bigwig scores for a selection of ENCODE ChIP-seq datasets, at 
an overlapping METTL14/REST peak region, upstream of the Lin28 locus. C The consensus 
RE1/NRSE motif, commonly bound by repressive transcriptional regulator REST, and 
containing the same GACAG motif, republished from 386 under a creative commons license. D 
METTL14 ChIP seq reads, mapped over REST peak regions taken from ENCODE data, split 
into those containing the NRSE motif (green), and those without (blue). 
 

5.3.2 Changes to METTL3-PAR phenotype following the release from 

pluripotency 

The analysis of public ChIP-Seq data for the MTC and PARP-1 indicated the 

possibility that co-regulation may occur, in the context of transcriptional 

repression, with a potential link to neuronal differentiation. As both PARP-1 

and the MTC had previously been linked to the regulation of 
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neurogenesis290,294,387, and the activities of both PARP-1 and METTL3 had been 

demonstrated in the literature to change as cells leave pluripotency, it was 

intriguing to explore how the METTL3-PARP1 relationship operated in this 

context. In order to do this, in collaboration with Dr. Miha Modic in the Ule 

lab, METTL3 knock-out (KO) and catalytic mutant (CM) cell lines were 

generated from an IDG3.2 parental cell line, using CRISPR-Cas9. Guides were 

designed to target the DPPW SAM binding motif in METTL3 (Asp395-

Pro398), and replace it with the catalytical non-functional APPA motif, based 

on previously published work using an identical METTL3 catalytic mutant388. 

This was carried out with the aim of being able to understand the extent to 

which any observed changes in PAR/PARP activity were dependent on the 

catalytic function of METTL3, a question that had largely been avoided by the 

field at the time. Cells were transfected with a ssODN ultramer containing the 

HR template, alongside an expression vector containing the Cas9 protein and 

guides. Colonies from single cell clones were picked and screened using PCR. 

From this, several CM and KO cell lines were derived. Unfortunately, the 

catalytic mutant also appeared to destabilise the METTL3 protein (Figure 5-3 

A) and as a result these lines were not used for further analysis. Importantly, 

however the expression of PARP-1 was the same in both wildtype and KO cell 

lines (Figure 5-3) 
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Figure 5-3 Western blots of METTL3 and PARP1 expression in METTL3 KO and CM 

mESC 

A METTL3 expression in KO and CM lines generated via CRISPR targeting of the METTL3 
catalytic domain. Successful catalytic mutation destabilised the METTL3 protein. B PARP-1 
expression in the two METTL3 KO mESC lines used for subsequent experiments. All cells 
grown in 2iLIF. 
 

To study how exiting pluripotency affected the MTC regulation of PARylation, 

as well as confirm that the phenotype was reproducible in a different species, 

wildtype mESC and two independent METTL3 knockout (MT3 KO) cell lines 

were either grown in N2B27+2iLIF (2iLIF), which maintains cells in a ‘naive’ 

pluripotent state, or taken out of pluripotency by growing for 48 hours in 

N2B27-only media. 2iLIF media contains an inhibitor of MEK signalling, as well 

as a Wnt signalling agonist, and the LIF protein. Cells were collected post-

treatment and staining for PAR was carried out by western blot. Surprisingly, 

whilst a small difference in PAR levels between WT and MT3 KO cells could be 

observed in a naïve state, the effect was much greater when cells were taken out 

of pluripotency (Figure 5-4). This effect was also seen in cells grown in 

N2B27+FGF2+Activin A, which pushes cells into an epiblast-like state (data 

not shown). Given that MEK signalling had previously been shown to alter the 

activity of both PARP-1291 and METTL398, and MEK inhibition was removed 

when cells were transferred from 2iLIF to N2B27 media, the WT and MT3 KO 

cells after 48hrs in N2B27 were treated with a MEK inhibitor (MEKi) for one 
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hour, and the impact on PAR signal was again assessed via western blot. Whilst 

in WT cells MEKi strongly reduced the PAR signal, in KO cells, where PAR 

levels were already low, the MEKi treatment had no obvious effect, suggesting 

they had become insensitive in the KO genetic background (Figure 5-4).  

 

 
Figure 5-4 Western blots of PAR staining in WT and METTL3 KO mESCs 

Western blots against poly (ADP-ribose) using the MABE1031 PAR binding agent (Millipore) 
in technical and biological duplicates. Bar plots show signal normalised against GAPDH. A 
Cells grown in 2iLIF (naïve pluripotency) B 48hrs in N2B27 (early neuroectoderm) C Cells 
grown in N2B27 and treated for 1 hour either with 3uM DMSO (-) or with 1uM of MEKi (+). 
 

Under the same conditions (48hrs in 2iLIF and N2B27), WT and KO cells were 

fixed with paraformaldehyde and IF staining was carried out against PAR, 

PARP-1 and PARG. Similarly to the results from western blot, little difference 

could be seen in PAR levels between WT and KO cells in the 2iLIF condition, 

but could be observed in cells grown in N2B27 (Figure 5-6 A and B). 

Interestingly, whilst PAR levels were similar between WT and KO cells in 

2iLIF, the localisation of PARP-1 in these cells appeared substantially different. 

In WT cells a pan-PARP-1 staining could be seen, whereas in KO cells there 

was much stronger PARP-1 foci, which were most likely to relate to PARP-1 
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localisation to the nucleolus. Previous western blots had indicated that levels of 

PARP-1 were similar between WT and METTL3 KO cells in 2iLIF (Figure 5-3 

B), therefore it did not appear to be a change in the total level of the protein 

but rather a change in localisation that had taken place. 

 

In N2B27, there were substantial differences in both PARP-1 and PARG 

localisation between WT and KO cells (Figure 5-5 B). In WT cells, the 

transition between 2iLIF and N2B27 induced an increase in PARG cytoplasmic 

puncta. This was also the case in KO cells, however the puncta appeared larger 

than those in WT cells. For PARP-1, in WT cells the staining was similar 

between 2iLIF and N2B27 condition - PAN nuclear - although some cytoplasmic 

PARP-1 puncta could be observed in N2B27 media. In contrast, in the KO 

cells, clear PARP-1 cytoplasmic puncta could be observed, in a similar way to 

the PARG staining. As the PARP-1 and PARG staining had to be carried out 

in different wells it was not possible to see if these cytoplasmic puncta 

overlapped with each other. Treating cells in N2B27 with MEKi for one hour 

also had a noticeable effect on PAR, PARP-1 and PARG staining, in WT and 

KO cells (Figure 5-6 C). In the WT cells, PAR levels were reduced following 

MEKi treatment, whilst PARG staining appeared more diffuse, with a loss of 

clear cytoplasmic puncta. PARP-1 staining was strongly nucleolar, some 

resembling the staining seen in KO cells in 2iLIF media. This was also similar in 

the KO cells, suggesting MEKi treatment reverted PARP-1 distribution back to 

that seen in the naïve state. PAR levels were also reduced, with a loss of signal 

in assumed nucleolar regions, whilst PARG cytoplasmic puncta were also 

reduced, again returning to a similar staining to that seen in 2iLIF. 

 

Given that the cytoplasmic accumulation of cleaved PARP-1 can be caused by 

the induction of apoptotic programmes336, I carried out nuclear and cytoplasmic 
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fractionation of WT and METTL3 KO cells grown in N2B27, as well as those 

treated with MEKi. This would allow to check whether the PARP-1 signal in 

the cytoplasm was as a result of re-localisation of full-length PARP-1 or was 

instead cleaved PARP-1. Western blot staining was carried out using nuclear 

and cytoplasmic lysate against total PARP-1 (using N-terminal and C-terminal 

binding antibodies), and cleaved PARP-1 (specific to the 89kda cleaved 

fragment) (Figure 5-6). Both N- and C-terminal PARP-1 staining of whole 

length protein showed strong nuclear signal, with no cytoplasmic signal 

detectable, indicating that full length PARP-1 was not responsible for the 

cytoplasmic signal observed in IF images. Whilst both PARP-1 antibodies 

showed evidence of reduced signal in KO cells, this was much more noticeable 

with the N-terminal antibody, with very little change seen using the C-terminal 

antibody. Interestingly, however, the N-terminal PARP-1 signal showed a clear 

inverse pattern with the cleaved PARP-1 signal in the cytoplasmic fraction, 

which is interpretable if cleaved PARP-1 is converted to cleaved PARP-1. 

Surprisingly, this was reversed in MEKi treated cells: total nuclear PARP-1 was 

higher in KO cells, and cytoplasmic cleaved PARP-1was lower. As the MEKi 

treatment had only been an hour, this meant changes in both total and cleaved 

PARP-1 occurred very rapidly, with METTL3 KO and WT cells responding 

differently. It’s worth noting there was significant variation between KO clones, 

suggesting that replication of the experiment is necessary before one could be 

confident about the observed effects. 
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Figure 5-5 IF images showing PAR, PARP-1 and PARG staining in WT and METTL3 KO 

cells during pluripotency and differentiation 

Representative epifluorescent images of WT and MT3 KO mESCs stained for PAR, the N-

terminal of PARP-1 and PARG, grown for 48hrs in the three conditions indicated. Black box 

used to indicate staining was carried out in separate well. Scale bar  = 50µM 

 

 
Figure 5-6 Western blots of cytoplasmic and nuclear fractions of WT and KO mES cells grown 

in N2B27 

Cells were grown in N2B27 for 48hrs and treated with DMSO or 1uM of MEKi for one hour 
before collection. β-tubulin and NPM1 are used as cytoplasmic and nuclear markers respectively. 
Bar plots show indicated signal normalised to the relevant fraction marker and plotted relative 
to the signal in WT cells in N2B27. 
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5.3.3 PARP-1 ChIP-SPACE 

In the context of significant changes to both the level of PAR and the 

localisation of PARP-1 in the mESC KO cells upon exit from pluripotency, I 

was interested in understanding the changes to the PARP-1 interactome 

between WT and KO states. The changes observed in total western blot and IF 

of PAR and PARP-1 in the context of METTL3 loss and MEK signalling, 

suggested that METTL3 regulation of PARP-1 was greatest when MEK 

signalling was uninhibited. As PARylation activity normally increases once cells 

leave pluripotency, and many PARP-1 protein interactions occur via PAR 

chains, one would expect differences in the PARP-1 interactome in MT3 KO 

cells due to the loss of PAR. In such a scenario, when MEK signalling was 

blocked, PARP-1 PARylation activity would be lower and METTL3 (within the 

MTC) destabilised. Loss of METTL3, in this model, would therefore lead to 

fewer changes in the PARP-1 interactome that are: A) PAR dependent and B) 

dependent on METTL3 stabilisation. Alternatively, the fractionation 

experiment indicated that loss of PARylation could be caused by increased 

cleavage of PARP-1. In this case, changes to the PARP-1 interactome would 

not necessarily be caused by loss of PAR chains or direct interaction with 

METTL3 (although this was still a possibility). Either way, insight into the 

changes in PARP-1 behaviour could be gathered from determining what 

proteins PARP-1 was interacting with in WT and METTL3 KO cells. 

 

In order to do this, I utilised SPACE. Two sets of SPACE proteomic libraries 

were created: one in which chromatin purification was preceded with a PARP-1 

immunoprecipitation step (between steps 1 and 2 in the SPACE workflow), to 

identify PARP-1 specific interactors. Another in which the PARP-1 ChIP was 

omitted, thereby generating a total chromatin proteome in the above conditions, 

termed ‘global SPACE’ hereafter. Injection of peptides into the mass-
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spectrometer and raw data processing was carried out by Sina Rafiee with 

assistance from the proteomics platform at the Francis Crick Institute. Given 

the observation of increased cleaved PARP-1 in METTL3 KO cells, the PARP-

1 antibody used for IP targeted the C-terminal of the protein. Unlike the N-

terminus, which contains DNA-binding domains, the C-terminal fragments of 

cleaved PARP-1 should localise to the cytoplasm, and therefore be lost in the 

nuclear fractionation steps that precede the IP. 

 

In order to appraise the impact of MEK signalling on METTL-3 mediated 

PARP-1 activity, mESC were grown in N2B27, however this time βFGF was 

also added, as a means to further boost MEK signalling and increase the 

detectable differences between WT and KO cells. This had previously been 

shown to promote a neuroectodermal identity297, which activates PARP-1294. 

Collection at 72hrs post-induction was chosen as this has been shown to create a 

cell population that are 50% Sox1 positive301. This was deemed a reasonable 

compromise between generating a homogenous cell population that had 

responded to the MEK signalling, but had not been left to differentiate so long 

that corollary factors arising from the different differentiation propensities had 

occurred, although it was not possible to preclude that possibility. As before, to 

block MEK signalling, cells were taken out of FGF media and treated with 

MEKi for 1hr. This length of treatment would allow the complete blocking of 

the signal transduction but be short enough to prevent secondary effect, such as 

the activation of apoptosis programmes, that could arise from prolonged MEK 

inhibition.  
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5.3.4 PARP-1 ChIP-SPACE in non-stress conditions identifies known PARP-1 

interactors. 

In total, across all conditions, 380 unique proteins were identified as interacting 

with PARP-1. This group of proteins was then filtered to remove any for which 

there was only a single detected peptide measurement across the replicates for 

each condition, as well as removing those with immunoglobulin and keratin GO 

terms. Where no protein was detected across all replicates in one condition, but 

was detected in other conditions, the NA was replaced with the lowest value for 

any detected protein in that condition. Overall, this filtering left 225 high 

confidence proteins. Unlike the PAR ChIP-SPACE, this included PARP-1, as 

well as previously published PARP-1 interactors, such as CAPRIN1, RBMX, 

RBM14, NONO and LIG3. Using GOrilla, 6 of the top 10 enriched GO terms 

(in comparison to the total human proteome) related to RNA processing, 

confirming the strong association between PARP-1 and RNA metabolism that 

has previously been published389 (Figure 5-7 A), whilst 200/225 of these proteins 

overlapped with published proteomes of PARylated proteins, again indicating 

this method identified specific PARP-1 interactors (Figure 5-7 B). PCA also 

demonstrated clustering of the replicates by condition (Figure 5-7 C). 
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Figure 5-7 PARP-1 ChIP-SPACE shows significant changes to PARP-1 interactome on 

the chromatin in response to METTL3 KO and MEK inhibition 

A Top 10 most significant GO terms for proteins identified as interacting with PARP-1 in 
PARP-1 ChIP-SPACE using REVIGO348. B Overlap between stringent PARP-1 ChIP-SPACE 



 

 169 

proteins and published proteomes of PARylated proteins116,190,390. C PCA plot of PARP-1 
SPACE replicates. D Volcano plot of changes in the PARP-1 interactome between control and 
MEKi treated WT cells. Coloured dots are significant (FC > 2, adj. p-value <0.05)  E Identical 
plot to D, but here showing changes in METTL3 KO cells. F Overlap of proteins that were lost 
from PARP-1 following MEKi in WT cells only and PARylated proteins identified in a previous 
study116. G The same group of proteins from F, marked by known associated with RNA 
processing, DNA damage and regulation of chromatin structures. H Dot plots of iBAQ scores for 
the same list of proteins across all conditions. Blue line indicates average score across replicates, 
red bars indicate standard deviation. 

5.3.5 PARP-1 interacting proteins are sensitive to MEK signalling in WT cells 

In WT cells, given the role that MEK signalling plays in the activation of 

PARylation, one would expect proteins lost from the vicinity of PARP-1 in 

response to MEK inhibition to be enriched for known PAR binders, or otherwise 

PAR-dependent interactors. Indeed, this appeared to be the case. 32 proteins 

showed a significant change (log2FC > 1, adj. p-value < 0.05) between control 

(active MEK) and MEKi conditions, with 29 of these changes showing a 

reduced interaction with PARP-1 following MEKi (Figure 5-7 D). This group of 

proteins included known PAR binding or PARylated proteins, such as FUS284, 

NPM1328, hnRNPA2B1116 and SFPQ190. Overall 80% (23/29) of the proteins 

lost upon MEKi overlapped with those of the PAR-interacting proteomes 

identified by Jungmichel116 (Figure 5-7 F), and were enriched for proteins 

involved in either RNA processing, chromatin regulation, or the DNA damage 

response (Figure 5-7 G). It is worth noting that unlike the comparative PAR 

proteomes previously published, this experiment was carried out without 

exogenous genotoxic agents, meaning that any DNA damage was at endogenous 

levels. As a result, the identified proteins likely reflect a mixture of the various 

biological roles of PARP-1 in general chromatin regulation, transcription, 

nucleolar regulation and DNA damage repair. 

 



 

 170 

5.3.6 PARP-1 interacting proteins with altered sensitivity to MEK in KO cells 

In METTL3 KO cells, the majority of the changes observed following MEKi 

treatment were no longer seen. 18 proteins were significantly changed in KO 

cells, with 14 showing reduced interaction with PARP-1 after MEK inhibition 

(Figure 5-7 E). Only two of these, however, overlapped with those lost in WT 

cells: HMGB2 and SF3A1. This is interpretable with a model in which the PAR 

levels are similarly low in untreated and MEKi treated METTL3 KO cells. If we 

look at the iBAQ values of proteins that showed MEK sensitivity in WT but 

not KO cells, however, it appears more complex than this. One would expect 

that, if PAR levels are low in METTL3 KO cells, the interaction of these 

proteins with PARP-1 would be low across KO-untreated and KO-MEKi 

conditions, in comparison to WT untreated cells. However, for most of the 

proteins in this group, an interaction with PARP-1 is lost only in WT 

conditions upon MEKi, whereas in METTL3 KO cells, the iBAQ scores are 

similar to WT-untreated cells, yet insensitive (or less sensitive) to MEKi 

(Figure 5-7 H). This suggests instead the effect of MEKi is mediated via 

METTL3, although clearly the recruitment of proteins to PARP-1 is not 

dependent on the presence of METTL3. 

 

As noted, a small number of proteins showed reduced association with PARP-1 

in METTL3 KO cells only (Figure 5-7 E). Interestingly, this includes PCNA, a 

major regulator of chromatin and PARP-1 itself. Plotting the iBAQ values for 

these proteins across conditions indicates that amongst this group the response 

to MEKi is more diverse. Some proteins, such as PCNA, PRDX2, BLMH and 

TMPO, appear to have little sensitivity to MEKi in WT cells, but are lost 

completely from the PARP-1 interactome following MEKi treatment in KO 

cells, as if the presence of METTL3 normally protects these cells from the 

effects of MEK signalling (Figure 5-8). Others, such as HNRNPA1, HNRNPAB 
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and PARP-1, show some sensitivity to MEKi in both WT and KO cells, but 

with an exaggerated effect in KO, suggesting METTL3 buffers the effect of 

MEK signalling in their interaction with PARP-1. In global SPACE a similar 

pattern to that in PARP-1 SPACE is only seen for PRDX2, suggesting the rest 

are PARP-1 specific effects. 

 
Figure 5-8 iBAQ values for proteins with reduced PARP-1 interaction after MEKi 

treatment in METTL3 KO cells 

Dot plots of iBAQ scores for proteins with reduced association with PARP-1 after MEKi in 
METTL3 KO cells. Blue line indicates average score across replicates, red bars indicate 
standard deviation. 
 
 

5.3.7 Increased association between PARP-1 and nucleolar proteins in 

METTL3 KO cells. 

As well as looking at changes occurring in response to inhibition of MEK 

signalling, fold changes between WT and KO cells were also determining 
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separately for FGF and MEKi treated cells (Figure 5-9 A,B). Surprisingly, of 

the 69 significant changes across both FGF and MEKi treated cells, the 

majority (55/69) of changes were of increased interaction in METTL3 KO cells. 

It is notable that almost half of those increased in METTL3 KO are proteins 

occasionally or mainly localised to the nucleolus: CHTOP, DCAF13, DDX21, 

DKC1, ESF1, FTSJ3, GTPBP4, MYBBP1A, NCL, NHP2L1, NOP2, NOP58, 

RBM28, RBPJ, RPL34, RPS19, RRP12 and UBTF391. As shown in the 

previous chapter, and published elsewhere179, PARP-1 at steady state is 

strongly localised to the nucleolus, where it is involved with the regulation of 

chromatin structure, and rRNA processing175,179,229. The enrichment of nucleolar 

proteins in METTL3 KO cells could therefore indicate a re-localisation of 

PARP-1 to the nucleolus away from the rest of the chromatin (although this 

didn’t appear to be the case from imaging data), or changes to in nucleolar 

structure, and a loss of nucleolar proteins.  

 

Several other interesting candidate proteins had increased association with 

PARP-1 in METTL3 KO cells. One of these was 53BP1, a major regulator of 

DSB repair pathway choice, which promotes NHEJ during the G1 phase of the 

cell cycle392. In MEKi treated cells, another two were proteins linked to polyA 

tail formation of mRNA: CPSF6 and PABPC1. This is intriguing, given the 

known role for the m6A complex in regulating polyA site selection39, and the 

structural similarity between PolyA tails and PAR chains - both proteins 

appear in all three published PAR interactomes116,190,390. The iBAQ values for 

both proteins are similar for WT-FGF, KO-FGF and KO-MEKi, cells, and only 

lower for WT-MEKi cells (data not shown), which suggests sensitivity to MEK 

signalling is lost with the loss of METTL3.  
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5.3.8 Proteins sensitive to METTL3 KO in untreated or MEKi cells only 

Given that the use of constitutive KO cells could lead to secondary effects 

causing differences in the PARP-1 interactome between WT and KO cells, log-

fold changes in PARP-1 associated proteins between WT and KO cells were 

plotted in untreated cells vs MEKi treated cells (Figure 5-9 C,D). This allowed 

the identification of proteins that were sensitive to the loss of METTL3, but 

only in one treatment condition, indicating this wasn’t purely a general change 

in the behaviour of these proteins. In addition, as differences in PAR level and 

PARP-1 localisation appeared greatest in cells in which MEK signalling was not 

inhibited, proteins that showed significant changes in untreated (FGF) 

conditions only were of particular interest, as targets that could be explanatory 

for the observed PAR phenotype. 

 

 

 

 



 

 174 

 



 

 175 

Figure 5-9 Figures plotting changes in the PARP-1 interactome between WT and MT3 

KO cells, and their interaction with MEK signalling. 

A+B Volcano plots of fold-changes in the PARP-1 interactome between WT and KO cells in 
untreated and MEKi cells respectively. Coloured dots are significant (FC > 2, adj. p-value 
<0.05). C+D Dot plots of fold changes between WT and KO cells in untreated cells (FGF) vs 
those in MEKi treated cells. Proteins of interest that only show a significant change in one 
treatment condition are labelled. Significance thresholds identical to previous plots. E Dot plots 
of iBAQ values showing detected protein levels across different conditions for proteins of interest 
that are lost from PARP-1 in KO cells in untreated conditions only. iBAQ scores in PARP-1 
SPACE are on the left, and those in global SPACE are on the right. Blue line indicates average 
iBAQ scores across replicates, red bars indicate the standard deviation. F Dot plots for 
additional proteins lost from PARP-1 in METTL3 KO cells, identical to those produced in E.  
 

 

Two of these proteins, which highly appear relevant to PARP-1 activity, and 

showed the largest and most significant fold-changes, were ANP32E and 

Sam68/KHDRBS1 (Figure 5-9 C). ANP32E is a histone chaperone that 

regulates the removal of H2A.Z at break sites in response to DNA damage, and 

therefore a major positive regulator of the repair of DNA breaks393,394. Sam68 is 

also recruited to sites of DNA damage, and has been shown to interact with and 

regulate PARP-1 activity at these loci150. Given the direct role of these proteins 

in regulating PARP-1, it is possible that their loss in KO cells is key to 

explaining the PARylation phenotype following METTL3 KO. The iBAQ values 

for these proteins across conditions show that they interact with PARP-1 at 

similar levels across all conditions, except, untreated KO cells, where they 

showed substantial loss (Figure 5-9 E). A comparable pattern is not seen in the 

global SPACE data, where Sam68/KHDRBS1 shows similar sensitivity to MEK 

in WT and KO cells, and ANP32E only shows sensitivity in WT cells, the 

reverse of the PARP-1 SPACE (Figure 5-9 E). This indicates the changes in 

MT3 KO cells are specific to their interaction with PARP-1. 

 

It is also worth noting several other proteins that are lost in METTL3 KO cells 

in untreated cells, but do not appear in the untreated vs MEKi comparison 
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plots due to a lack of replicates in the MEKi condition. This includes RBM14, 

NONO, MSH6 and SARNP/THO1 (Figure 5-9 A). These proteins are known 

PAR binders116 that are enriched in paraspeckles395 and localise to sites of DNA 

damage in a PAR-dependent manner396,397. This makes them good candidates 

for PAR-sensitive PARP-1 interactors responding to reduced PAR levels in 

METTL3 KO cells. All four are also involved in the processing of R-loops, 

which could indicate a link between METTL3, PARP-1 and R-loop regulation.  

 

5.3.9 Changes of note in global SPACE 

Whilst the global SPACE data has thus far been used as a useful comparison to 

check the specificity of PARP-1 SPACE, it is also valuable for understanding 

the broader implications of METTL3 loss on the chromatin-associated 

proteome. This also offers an unbiased way (e.g., PARP-1 independent) for 

querying the effect of METTL3 loss on all PARP proteins and PAR-binding 

proteins. After filtering, 2238 proteins were identified across all conditions. PCA 

shows clear separation between replicates of the four different experimental 

conditions, with the majority of variation arising from MEKi, rather than 

METTL3 KO (Figure 5-10 A). 

 

Notably PARP-2, but not PARP-1, is lost from the chromatin in KO cells 

under the untreated growth conditions (Figure 5-10 B). This is interesting, as 

the assumption had been that the changes in PAR levels were due to changes in 

PARP-1 activity, however, PARP-2 is known to function redundantly with 

PARP-1 in many contexts335. From the iBAQ values, PARP-2 is lost from the 

chromatin in WT MEKi and both KO conditions, unlike PARP-1, which shows 

similar sensitivity to MEKi in both WT and KO states (Figure 5-10 D). This 

fits with what was predicted based on changes in PAR levels, which suggests 
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this may by the PARP causal of those observations, however PARP-2 

localisation to the chromatin can also be regulated by PARP-1 PAR 

synthesis149. Conversely, PARG levels slightly increase on the chromatin in KO 

cells. Given the rapid rate in which PARG degrades PAR, this difference, 

although small, could contribute to the reduced overall levels of PAR in the cell, 

although it is worth noting the adjusted p-value is high (adj p-value = 0.13).  

 

In addition, under FGF conditions several regulators of replication fork 

stabilisation and cell cycle progression are lost from the chromatin in METTL3 

KO cells: FANCD2, BOD1L, EAPP, NELF-A, THOC1 and SMARDAC1398–401. 

Whether or not these changes relate directly to either PARP-1 or METTL3 

behaviour is unclear, however. It is worth nothing that FANCD2 does co-

localise at the chromatin with members of the alt-EJ DNA damage repair 

pathway, the master regulator of which is PARP-1402. Therefore, it is possible 

that these changes link directly to changes in PARP-1 activity. Otherwise, the 

loss of these proteins from the chromatin could indicate a general defect in 

several major pathways: homologous recombination, stalled replication fork 

restart, and S1/G2 cell cycle progression. 
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Figure 5-10 Detected changes in global SPACE in WT and MT3 KO cells 

A PCA plot showing clear separation of condition replicates by cell type and growth treatment. 
B Volcano plot of logFC changes between untreated WT and KO cells. Those showed a log2FC 
> 3 and adjusted p-value < 0.005 are labelled, with some selected exceptions. C Identical plot 
to B, however proteins linked to fork stabilisation are labelled and listed on the right. Those in 
grey text did pass the p-value threshold but had a fold change < 2. D iBAQ values from global 
SPACE for proteins associated with chromatin PAR reading and writing.  
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5.4 Discussion 

5.4.1 Understanding ChIP-Seq data for PARP1 and METTL14 

The analysis of ChIP-seq data for METTL14 and PARP-1 identified a subset of 

overlapping binding sites that may also be regions bound by the REST complex, 

a major regulator of neurogenesis. This is interesting, as both the MTC and 

PARP-1 have been shown to have important regulatory roles in neurogenesis. 

METTL14 expression is especially high in neural apical progenitor cells of mice, 

whilst its conditional KO in the developing frontal cortex in mice induces 

delayed differentiation of neural precursor cells due to proliferative defects290. 

Loss of PARP-1 in neuronal stem cells causes a similar phenotype, in which 

neurogenesis is reduced due to cell cycle defects that appears to occur due to 

reduced MEK signalling293. Based on the literature, it is therefore at least 

plausible that the MTC and PARP-1 co-regulate neurogenesis in some capacity, 

although how they function on the chromatin to regulate gene expression is 

unclear. As the REST complex is an inhibitor of neurogenic gene expression, 

and must be removed in a controlled way during neurogenesis, it appears most 

probable that these complexes would interact with each other negatively403. 

This could exist in a mechanism whereby competitive interaction for binding 

sites between the MTC/PARP-1 and the REST complex would regulate 

neurogenic gene expression, or MEK activation of PARP-1 induces METTL3 

localisation and gene expression. A ChIP-qPCR validation of co-bound 

METTL14 and PARP-1 sites, as well as known REST sites would be a 

straightforward way to confirm whether this was the case. Relative binding 

could then be compared in reciprocal knockdown cells to see how loss of REST 

affects binding of METTL14 and PARP-1, and vice-versa. This was previously 

attempted, however no specific enrichment was observed for previously 



 

 180 

confirmed MTC, PARP-1 or REST sites, and so the data has not been 

presented here. 

 

It’s worth noting that PARP-1 has been identified as an interactor with the 

REST complex in HEK293 cells404. Comparing this proteome with the PARP-1 

SPACE proteome, shows 104/204 of the broad REST interactome overlap with 

the total PARP-1 interactome, with 32/55 of the most highly enriched proteins 

also found in the PARP-1 ChIP-SPACE protein list. Five of these were 

significantly changed in METTL3 KO cells: Nucleolin, RBMX, SYNCRIP (up 

in KO cells) and RUVBL2 and TRIM28 (down in KO cells) (Figure 5-11). 

 

One interesting question is whether or not METTL3 and METTL14 have 

completely overlapping function at the chromatin. The PAR pulldown 

experiment presented in the previous chapter indicated that METTL3 is able to 

bind to PAR chains independently of the rest of the MTC, suggesting that in 

the context of PAR regulation, METTL3 may function separately to 

METTL14. Furthermore, the fact that the GACAG motif was only enriched in 

METTL14 data but not METTL3, may reflect independent chromatin binding. 

It has recently been shown that METTL3 and METTL14 have separate 

regulatory functions in the context of cell senescence354. Therefore, clarifying 

whether, in the context of PARylation and PARP-1 chromatin interactions, 

METTL3 and METTL14 loss induces the same phenotype, would be interesting.  
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Figure 5-11 REST interactome in HEK293 cells 

Reprinted from 404 with permission under a Creative Commons Attribution 4.0 International 
License. Table below shows proteins also found in PARP-1 SPACE, with those also significantly 
changing in METTL3 KO cells vs WT in bold. 
 
 

Finally, a limitation of this re-analysis of public data was the poor level of 

ChIP-Seq data available for METTL3 and METTL4. Since then, several ChIP-

Seq datasets for both METTL3, METTL14 and PARP-1 have been published, 

with many in mESC. Therefore, re-examining these datasets to look for MTC-

PARP-1 co-binding sites, and any links to REST complex binding would be 
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interesting, and a good validation of the findings here. This would also allow 

further interrogation of the questions of whether METTL3 and METTL14 

operate similarly in the context of PARP-1 chromatin binding.  

 

5.4.2 The use of METTL3 KO and CM mESC lines  

Generating METTL3 KO lines was useful for determining the reproducibility of 

the effect of METTL3 loss on PARylation and further interrogating the 

relationship between METTL3 and PARP-1 in differentiation. One challenge 

with using this cell line, however, is the inability of determining whether the 

effect of METTL3 loss is due to a direct loss of METTL3, or a secondary effect 

due to changes in RNA or protein abundance, that then feeds into a pathway 

that effects PARP proteins. One solution to this would be to create a cell line in 

which METTL3 is rapidly degraded. Such systems have been used to study 

METTL3 in recent publications66,108, and would be valuable as a way to 

understand the relationship between METTL3 and PARP proteins. Another 

alternative would be to use an inducible rescue system, which would also allow 

the study of catalytic mutant versions of METTL3. The failure to create a 

stable METTL3 catalytic mutant in this study is notable. Using catalytic 

mutants for METTL3 should be considered an important control, and one that 

has been generally overlooked in the field until relatively recently. When they 

are used, however, generally the same catalytic mutant is used to the one 

generated in this study, which here destabilised the protein. It is interesting to 

note that the same catalytic mutant line in a recent publication had markedly 

different chromatin interactions to wildtype METTL3, which the authors 

interpreted as due to the specific mutation108, but may instead have been due to 

differences in METTL3 stability. Targeting alternative amino acids in METTL3 
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for mutation may therefore be a necessary strategy to develop usable METTL3 

catalytic mutants. 

 

5.4.3 PARP-1 relocalisation in METTL3 KO cells 

The changes in PARP-1 localisation observed in mESC METTL3 KO cells were 

striking and require discussion, especially when placed in the context of the 

PARP-1 SPACE data. Given that there is little evidence of full-length PARP-1 

localisation in the cytoplasm, the most parsimonious explanation for PARP-1 

cytoplasmic speckles is PARP-1 cleavage. It is well documented that PARP-1 is 

a target of cleavage caspases 3 and 7,  and that once cleaved, a C-terminal 

fragment will translocate to the cytoplasm, whilst the N-terminal fragment, 

which contains the DNA-binding domain, will be retained in the nucleus405. In 

support of this explanation is the fractionation western blot, which shows 

decreased levels of full-length PARP-1 in the nucleus, and increased cleaved 

PARP-1 in the cytoplasm, in KO cells. The rapid reversal of this pattern in 

MEKi induced cells is difficult to explain, given the treatment was too short for 

the rescue of PARP-1 levels to be likely. As this fractionation western blot was 

only carried out once, however, repeating the experiment with more replicates is 

necessary before strong conclusions can be made. 

 

One point of interest is the differences in PARP-1 distribution between WT and 

KO cells in 2iLIF conditions vs N2B27 conditions. Despite any differences in 

PAR levels being minimal in 2iLIF, and no evidence (from the IF images) of 

increased PARP-1 cytoplasmic localisation, the nuclear distribution of PARP-1 

is clearly different between WT and KO cells. It does not appear KO of 

METTL3 affects global PARP-1 levels, as shown here. This could mean that in 

a naïve state, PARP-1 in METTL3 KO cells is in some way ‘primed’ for 



 

 184 

degradation, which then occurs once cells leave pluripotency. Given the 

antibody used in the IF experiment targets the C-terminus of PARP-1, it is 

unlikely that any nuclear IF signal comes from cleaved PARP-1, as this should 

relocalise to the cytoplasm. A competing explanation is that loss of METTL3 as 

cells leave pluripotency is deleterious for cell health, and apoptotic pathways are 

induced during cellular differentiation that target PARP-1. If true, this would 

indicate the impact of METTL3 on PARP-1 is indirect and represent the 

general poor health of KO cells during differentiation. This could also explain 

the increased number of DSBs observed in METTL3 KD cells, shown in this 

thesis and elsewhere319, as retention of the N-terminal PARP-1 fragment in the 

nucleus has been shown to cause DSB formation and inhibit PARP-1 activity406. 

It is worth noting, however, that none of the known caspases, cathepsins or 

calpain proteins known to cleave PARP-1405 were identified as changed in either 

PARP-1 SPACE or global SPACE, and PARP-1 itself was not lost in global 

SPACE. Therefore, it is difficult to make strong conclusions either way. 

Something that I plan to do is to check for induction of Caspases 3 and 7, as 

well as fragmentation of PARP-1 in both METTL3 KO and METTL3 KD cells, 

to see if this appears to be significantly increased in these cells. This can be 

done with western blot. 

 

Finally, both the imaging of PARP-1 in METTL3 KO cells and the PARP-1 

SPACE data raised again the relevance of understanding PARP-1 in the 

nucleolus. The imaging shows increased PARP-1 nucleolar localisation in KO 

cells in naïve cells, as well as in response to MEKi in both WT and KO cells 

when leaving pluripotency. The SPACE data also showed increased association 

between PARP-1 and nucleolar proteins in KO cells, but in MEKi treated and 

untreated differentiation cells. This difference may be explained by differences in 

response to N2B27 or N2B27+bFGF growth conditions, however it certainly 
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requires clarification. Whilst the attempts to demonstrate clear differences 

between nucleoli in U2OS cells, presented in the previous chapter, were not 

successful, this still may be an avenue worth pursing further. This is the case 

because: A) a difference in PARP-1 nucleolar localisation seem to precede 

strong differences in PARylation and PARP-1 cleavage in METTL3 KO cells 

and may be an upstream process, B) the shuttling of PARP-1 from the 

nucleolus to the nucleoplasm is seen as a part of PARP-1 regulation during the 

response to DNA damage and apoptosis407, and nucleolar aggregation in 

METTL3 KO cells could preceded such defects. 

5.4.4 Interpreting PARP-1 SPACE data 

As with any large proteomic dataset, the major challenge with the PARP-1 and 

total SPACE datasets was to try and generate interpretable analysis. Here, 

analysis of WT and METTL3 KO cells, as well as MEK inhibition, revealed a 

complex picture, where for many proteins there is an interaction between 

METTL3 and MEK signalling that influences their relationship with PARP-1. 

Overall, this experiment should be seen as one that generates hypotheses, rather 

than one that offers clear conclusions. The effect of MEK inhibition alone was 

interesting as, after only an hour treatment, the effect was stark, and this 

dataset could offer a valuable insight for understanding PARP-1-MEK 

regulation. Overall, there were several changes in the PARP-1 SPACE and 

global SPACE that may be pertinent for understanding the relationship 

between METTL3 and PARP-1. This will be discussed in greater detail in the 

final discussion chapter. Nevertheless, before strong conclusions can be made 

about any of them, follow up experiments would be required to first confirm the 

results of the SPACE experiments, and secondly better understand how any 

changes link between METTL3 and PARP-1. In addition, one concern with this 

dataset is the opportunity for secondary differences between METTL3 WT and 
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KO cells to accumulate during the period of differentiation. The fact that the 

differences observed in PARP-1 SPACE were generally not observed in total 

SPACE gives me some confidence this is not the case. Nevertheless, as the 

primary interest was on the effect of MEK signalling, one alternative would be 

to find a time point after cells exit pluripotency at which MEK (as measured by 

ERK phosphorylation) is at its highest. This can be a few hours after stem cells 

leave pluripotency408, and using cells at this timepoint would somewhat 

ameliorate this problem. 

 

Trying to interpret the PARP-1 SPACE data in the context of the 

immunofluorescent images of PARP-1 after leaving pluripotency also poses a 

conundrum. In seems clear that changes to PARP-1 localisation occur in 

METTL3 KO cells, and this will undoubtedly affect the SPACE data, even 

though it only identifies interactions occurring on the chromatin. Generating 

ChIP-Seq dataset in the same conditions would be informative for 

understanding if there are specific differences in where PARP-1 is binding to 

chromatin in METTL3 KO cells. Both SPACE and ChIP-Seq datasets would be 

descriptive of the phenotype, however, rather than giving insight as to why this 

change is occurring. 

 

5.4.5 Comparing PARP-1 and Global space 

One concern regarding the PARP-1 SPACE data, is that the changes observed 

are due to global changes in protein abundance, of generic changes in the 

chromatin associated proteome in WT and METTL3 KO cells. This is because 

m6A can to affect mRNA stability and the translation efficiency of the mRNA, 

which can lead to differences in the abundance of specific proteins409. 

Additionally, loss of METTL3 is known to lead to a concomitant increase in the 
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abundance of other members of the m6A writer complex, such as WTAP. Of the 

55 proteins that were significantly increased in KO cells, 21 overlapped between 

FGF and MEKi treatments.  However, of these 21, only RBMX/HNRNPG also 

showed upregulation in KO cells in global SPACE for both FGF and MEKi 

conditions. Where proteins were only sensitive to the loss of METTL3 in either 

FGF or MEKi conditions, it is less likely these differences are due to changes in 

protein abundance from KO of METTL3, as published data suggests blocking 

MEK for one hour would not alter the proteome significantly410. Therefore, 

whilst changes in protein abundance cannot be ruled out a contributing factor, 

it appears the case that the majority of changes described in METTL3 KO cells 

were specific to their interaction with PARP-1.  

 

5.4.6 Interpreting global SPACE data 

Whilst the global SPACE data cannot tell us anything specific about PARP-1 

behaviour, it can provide insights into general changes in the chromatin 

regulatory state that occur in response to METTL3 KO. 

 

One particular point of interest is the effect of METTL3 loss on the other PAR 

regulatory proteins, aside from PARP-1, as changes to the regulation of these 

proteins could also explain the loss of PAR in METTL3 KO cells. Notably, 

PARP-2 and not PARP-1 is lost from the chromatin in METTL3 KO cells, in a 

pattern that closely matches the observed reduction in PAR signal - e.g., in 

MEKi WT cells and in METTL3 KO cells. Given that PARP-2 is the other 

chromatin associated PARP protein, it is important to understand further the 

extent to which this contributes to the reduction of PAR levels in KO cells. The 

assumption prior to this was that the effects of METTL3 loss were mediated 

through PARP-1, given that this has been shown to synthesis the ~90% of 
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nuclear PAR411. However, it is worth understanding the extent to which PARP-

2 could also contribute to this phenotype. There is a great deal of functional 

overlap between PARP-1 and PARP-2. Single KO mice for PARP-1 and 

PARP-2 appear healthy, whereas double knockout causes embryonic lethality295. 

Single KO of PARP-2 also renders several cell lines sensitive to DNA damage 

from alkylating agents, and regulates recruitment of XRCC1, suggesting it 

regulates BER in a similar fashion to PARP-1134,361,362. PARP-2 can be 

activated in an identical fashion to PARP-1, including by binding to broken 

DNA termini, RNA and PAR chains143,177,201, and there is some evidence they 

form heterodimers together134. Finally PARP-1 and PARP-2 are both enriched 

in nucleoli in non-stressed states, and are involved in the regulation of 

transcription in similar ways118,295,328. There is some disagreement in the 

literature regarding whether PARP-2 does regulate BER excision repair. In 

some cases there appears to be differences that are cell line dependent361, but 

contradictory findings have also been reported for identical cell lines361,363. 

However, the fact that there are differences in PARP-1 and PARP-2 function 

make it possible to elucidate which is regulated by METTL3. For instance, the 

PARP-1 and PARP-2 protein interactomes appear quite separate from one 

another382. Furthermore, the specific type of PAR synthesised by PARP-2 in 

response to DNA damage appears to be structurally different to that 

synthesised by PARP-1, with a greater propensity for synthesising branched 

PAR chains that PARP-1 only creates at low levels149. Given that PAR 

branching is interpretably differently by the cell412, determining whether specific 

types of PAR chains are lost in METTL3 KO cells would be interesting. For 

instance, PARG is reported to preferentially degrade branched over linear PAR 

chains, suggesting an interesting functional link between the loss of PARP-2 

and increase of PARG on the chromatin at a global level123. Interestingly, lower 

levels of PARG proteins and relative activity have previously been reported in 
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PARP-2 KO HeLa cells361. In this context it is worth noting that PARG also 

shows a small but significant increased chromatin association in METTL3 KO 

cells. This could also explain a reduction in PAR levels on the chromatin. 

Exploring recruitment of PARP-1, PARP-2 and PARG to the chromatin in 

METTL3 KO cells, perhaps in the context of DNA damage, would be 

interesting for understanding the precise nature of this relationship. 

 

Another aspect of the global SPACE data is the loss of several factors linked to 

fork stabilisation in METTL3 KO cells. The most prominent of these is 

FANCD2, but also BOD1L, both of which function in the same pathway to 

prevent pathological fork re-sectioning during stalled replication400. This implies 

defects in fork stabilisation in METTL3 KO cells, although it could also occur 

via a reduced number of stalled forks, and therefore lack of chromatin 

recruitment. Nevertheless, one would expect detectable differences to exist 

between WT and KO cells, either in the context of replication stress or cell-

cycle checkpoint signalling. Whilst it is not clear whether or not this links to the 

behaviour of PARP proteins in any way, loss of both PARP-1 and PARP-2  

induces an increase in DNA damage repair during S-phase, and both proteins 

have been shown to regulate stalled fork stability363. Again, the idea of loss of 

METTL3 causing ‘priming’ PARP-1 in the 2iLIF state comes to the fore, as KO 

in the naïve state is not associated with increased apoptosis or cell cycle 

changes286. That said, cMETTL3 KO in neural precursor cells has previously 

been shown to induce a delayed exit from mitosis290. Trying to determine the 

earliest changes in PARP protein behaviour in response to loss of METTL3 are 

therefore important in any future work on this subject. 

 

Finally, it was notable that METTL3 did not appear in the PARP-1 SPACE 

data, given that I was interested in determining whether or not the interaction 
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with PARP-1 was direct, however, neither METTL3 nor METTL14 were 

detected in global SPACE either. This could indicate the limited association 

with the MTC proteins and the chromatin and challenges the suggestion that 

METTL3 either interacts directly with PARP-1 on the chromatin or binds to 

PARylated proteins on the chromatin. Given the difficulties in crosslinking 

METTL3 to chromatin and RNA, however, it could be the case that METTL3 

is a challenging protein to crosslink, perhaps due to brief interactions with other 

proteins and nucleic acids. 
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Chapter 6. General Discussion 

In this thesis I have presented research that indicates that there exists a 

regulatory relationship between the m6A methyltransferase complex and PARP 

proteins.  I have not, however, been able to determine the exact mechanism of 

this relationship. There are several plausible mechanisms that could explain my 

data, and I will discuss these here, as well considering future directions for 

research into this subject, with a focus on the results from the proteomic data I 

produced. 

 

I have also highlighted the non-specific binding of m6A antibodies, which has 

important implications for their use in m6A research. In the first part of my 

conclusions section, I will expand on what this means for past research, and how 

m6A antibodies should be used in the future. 

6.1 The non-specific binding of m6A antibodies 

6.1.1 m6A in the UV damage response 

In the first chapter of this thesis, I demonstrated that the increase in m6A signal 

observed in response to UV irradiation was affected by the m6A antibody binding 

to PAR chains. The propensity of the most commonly used m6A antibodies, from 

Abcam (ab151230) and Synaptic Systems (202 003), to bind PAR in vitro was 

great, and this indicates great caution should be used when using these antibodies 

in any setting where PAR chains are likely to be present in abundance. This is 

particularly relevant for imaging whole cell or tissue, especially in response to 

large-scale DNA damage, heat shock, DNA replication stress, and several other 

stress responses413. This is true for both nuclear and cytoplasmic imaging - it was 

notable in U2OS cells in which PARG was inhibited that IF signal using the m6A 

antibodies increased in the cytoplasm as well as the nucleus, probably due to 
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PARP5a/b activity. PARP inhibitors and RNAse treatment control should 

therefore always be used to determine whether m6A imaging signal is specific.  

 

These issues do not mean, however, that m6A deposition isn’t altered in response 

to DNA damage, but it is probably a much more subtle change than that 

originally proposed by Xiang and colleagues311. For instance, in the miCLIP 

datasets produced by them and by me in this thesis, small differences could be 

observed at a select number of RNA transcripts in m6A levels. This was not 

always in the form of an increase in m6A, however, as peaks were both lost and 

gained in more or less equal numbers in the Xiang miCLIP dataset and mine. 

Elsewhere, RNAse H sensitive m6A IF signal has been demonstrated to increase 

in response to DSB induction, indicating its presence in RNA:DNA hybrids319. 

METTL3 has also been shown to be enriched at yH2A.X foci following DNA 

damage induction in two separate publications311,319. This does indicate the MTC 

and m6A may regulate some form of damage repair, although what the exact 

function is remains unclear. In this context, understanding the relationship 

between the MTC, m6A and PARP proteins may be highly informative. 

 

 

6.2 Theories of MTC regulation of PARP proteins. 

Loss of METTL3 appears to correlate with a reduction in PAR levels. This 

primary observation was demonstrated in both U2OS and mouse embryonic 

stem cells. I then attempted to understand why this happens, considering 

several plausible possibilities. Overviewing this data, there still remains several 

potential explanations for the loss of PAR following loss of METTL3. This can 

broadly be split into direct and indirect mechanisms, within which I have 

considered mechanisms that are RNA mediated, and those that are not. This 
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seems a relevant distinction, given the recent discovery that METTL3 and 

METTL14 have functions independent of m6A deposition354. In terms of 

novelty, a direct MTC-PARP regulatory paradigm would be the most 

important, but for the m6A field, either indirect and direct effects of MTC loss 

on PARP proteins are important to be aware of for planning experiments and 

interpreting experimental data. 

6.2.1 Direct RNA-dependent regulation 

As the MTC regulates RNA metabolism, a direct way by which the MTC and 

PARylation could be linked is via RNA. As PARP proteins had been shown to 

interact with RNA, and this interaction could induce PARylation, one 

hypothesis was that loss of PARP-1 RNA binding would induce a loss in 

PARylation. I queried whether known PARP-1-snoRNA interactions were 

disrupted in METTL3 KO cells. They were, but not in an interpretable pattern, 

which made making firm conclusions about this data difficult. To resolve this 

question, I also attempted to create PARP-1 iCLIP libraries in WT and 

METTL3 KO cells, as PARP-1 CLIP datasets had previously been published173. 

The crosslinking of PARP-1 to RNA appeared very inefficient, however, and the 

sequenced libraries were highly enriched for very short reads (<20nt), most of 

which multi-mapped to the human genome. As this could mean they were 

mapping to repetitive sequences (snRNA, LINE elements, rRNA), I mapped the 

reads to specific snRNA sequences, allowing for multimapping. There was very 

poor correlation between replicates, however, suggesting the PARP binding was 

not specific. As a result, it was not possible to full appraise the relationship 

between METTL3 loss and PARP-1 RNA interactions. One question was 

whether PARP-1 RNA binding was affected by the presence or absence of m6A. 

However, the previous PARP-1 CLIP dataset had shown crosslinks were 

enriched in GC rich regions, depleted of A-rich sequences, with no enrichment of 
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a DRACH motif variant, indicating it is unlikely that PARP-1 is a direct reader 

of m6A. Furthermore, several m6A reader and anti-reader screens have now been 

published, none of which have identified PARP-1. Collectively this suggests it is 

unlikely that PARP-1 activity is regulated via RNA binding at sites of m6A.  

 

PARP-1 RNA interactions could still be regulated by METTL3 independently 

of it being a ‘reader’ of m6A. A model for this is the relationship between 

METTL3 and DGCR850. At overlapping METTL3/DGCR8 ChIP-Seq peaks at 

coding genes, loss of METTL3 induces a reduction in DGCR8. This is 

associated with an increase RNA abundance from these loci, due to a loss of 

DGCR8-mediated gene silencing by direct pre-mRNA binding. Similarly, 

changes to loss of chromatin-associated METTL3 may alter PARP-1 chromatin 

localisation, thereby reducing or altering its association with PARylation-

activating RNA species. The relationship between the MTC, PARP-1 and the 

REST complex, identified in chapter 2, is of particular interest to me. METTL3 

chromatin binding was recently shown to change drastically in mESCs as they 

leave pluripotency: in a pluripotent state < 2% of METTL3 ChIP-seq sites are 

found at active promoters, whereas upon pluripotency exit this changes to > 

45%108. Given the shift in PARylation activity that is seen in the same 

transition, and the concomitant loss of repressive REST complex binding, this 

may be a locus of interesting co-regulation between these proteins.  

 

Alternatively, changes in the abundance of certain PARP interacting and 

activating RNA species after METTL3 loss could alter PARylation activities 

beyond spatially co-regulated gene loci. Loss of METTL3 is associated with an 

increase in snoRNA, for example, which eventually localise to the nucleolus, a 

region from which METTL3 is excluded50. This still appears a possible 

explanation, given that a small number of snoRNA species did show increased 



 

 195 

PARP-1 interactions in METTL KD cells, and PARP-1 nucleolar localisation 

appeared greater in METTL KO vs WT mESCs in naïve state. Mechanistically 

though, this remains hard to link to a loss in overall nuclear PARylation, 

including in the nucleolus, as PARP-1-snoRNA interactions are proposed to 

increase PARylation. The important factor may be the balance between 

nucleolar and wider chromatin associated PARP-1 RNA interactions, in which a 

loss of chromatin associated PARP-1 causes aberrant accumulation in the 

nucleolus, in which case snoRNA binding no longer acts as a PARylation 

activator.  

 

Of course, for either of these scenarios to be plausible it requires evidence that 

RNA binding is a major regulator of PARylation at steady state, and currently 

there is only limited in vitro evidence of this. Furthermore, the poor quality of 

PARP-1 iCLIP libraries suggests that PARP-1 is not a strong binder of RNA, 

although further analysis of this dataset may still yield some useful insights into 

PARP-1 RNA binding in the presence and absence of METTL3.  

6.2.2 Indirect RNA-dependent regulation 

As m6A regulates mRNA stability, a loss of METTL3 could cause an increase in 

certain mRNA species and their encoded proteins. There are many proteins that 

are able to affect PARylation activity, either through direct protein-protein 

interactions (such as HPF1159) or indirectly via signalling pathways (such as 

ERK signalling166). As a result, the effect of METTL3 loss on PARylation could 

be a secondary effect, due to changes in the abundance of any of the PARP-1 

regulatory proteins. Given the many potential routes between gene expression 

changes and PARylation, this is a complex problem to unpick using gene 

expression datasets, however it should be seriously considered as a potential 

driver of PARylation loss. Alternative model systems that will allow me to 
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resolve this problem of immediate and secondary effects of METTL3 loss will be 

discussed in the future directions section of this chapter. 

 

An interesting model by which METTL3 and PARylation could be linked is via 

the formation of RNA:DNA hybrids. As discussed in the introduction to chapter 

3, loss of METTL3 has been shown to both reduce RNA:DNA hybrids 

downstream of m6A methylated genes and to increase them at retrotransposon 

derived elements during S-phase316,318. In the PARP-1 SPACE experiment, 

several RNA:DNA hybrid interacting proteins were identified as reduced in 

METTL3 KO cells, including RBM14, NONO and KHDRBS1, as well as SFPQ 

in the PAR-SPACE experiment. This could be interpreted as evidence of R-loop 

dysregulation in KO cells. These proteins are not only R-loop binders, but also 

bind to PAR chains and are capable of inducing localised liquid-liquid phase 

separation (LLPS) (Figure 5-12). As recently argued by Vågbø and Slupphaug, 

the enrichment proteins capable of binding RNA, PAR and inducing LLPS 

could be indicative of PAR and RNA mediated phase separation at R-loops243. 

This would be driven by PARP-1 activity, and is likely to be enriched at 

hotspots for RNA:DNA hybrids108,354. METTL3 regulation of R-loop formation 

may therefore be an additional way in which PARylation activity is controlled. 

6.2.3 Direct RNA-independent mediated regulation 

METTL3 may regulate PARylation independently of its role as a modifier of 

RNA. This could take the form of direct protein-protein interactions between it 

and PARP proteins, such as that between HPF1 and PARP-1, which induces 

PARylation159. There is an absence of evidence for this, however, from MTC 

and PARP protein interactomes, which suggests this is not a likely scenario. 

Another possible mechanistic link is one in which METTL3 binds to PAR 

chains, thereby stabilising them by protecting them from degradation. Such a 
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model is consistent with the identification of METTL3 as a PAR binding 

protein, but given that METTL3 has only appeared in a single other PAR 

binding interactome, it seems unlikely that the interactions between METTL3 

and PAR would be strong enough to prevent widespread degradation of PAR. 

Alternatively, METTL3 or the MTC may regulate the form of PAR produced 

by PARP proteins. The stability of PAR chains has shown to be determined by 

its length and structure: longer and unbranched PAR chains appear to be 

degraded more quickly by PARG412. PARP-1 mutants that produced hypo-

branched PAR chains have been shown to reduce cell viability, unlike PARP-1 

mutants that produce short but normally branched PAR. It would be 

interesting to determine whether the structure of PAR produced in METTL3 

KO cells is structurally different to those in WT cells. This can be done to at 

low resolution using different antibodies/PAR binding agents that bind to 

different forms of PAR. Interestingly PARP-2, which was identified as reduced 

in both PAR and PARP-1 SPACE assays, is known to specifically produce 

hyperbranched PAR in a PAR-dependent manner149. Giving more attention to 

studying the behaviour if PARP-2 in METTL3 KO cells in future work is, I 

think, a necessary endeavour. 

 

6.2.4 Indirect RNA-independent mediated regulation 

PARylation could also be affected by changes in PARP protein localisation and 

chromatin structure that occur as a result of METTL3 loss, but do not require a 

direct MTC-PARP interaction. In this regard, the recently published work 

describing the impact of METTL3 and METTL14 on the localisation of RNA 

pol II and other regulatory factors to specific gene loci, independently of m6A 

methylation, could be an important paradigm for understanding the METTL3-

PARP relationship354.  
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Finally, an important control that is lacking is a thorough examination of 

caspase 3/7 activation and PARP-1 cleavage in these cells. Given the 

accumulation of PARP-1 in the cytoplasm of mESCs on exit from pluripotency, 

PARP-1 cleavage could be a mechanism by which PARylation loss could occur. 

Checking this is relatively simple in both METTL3 KD and METTL3 KO lines. 

Although increased caspase 3/7 activation wouldn’t necessarily mean this is the 

primary cause of PAR loss, it would be a parsimonious explanation. 

Interestingly, however, it has been shown that Caspase-7 cleavage of PARP-1 

can be mediated by co-RNA binding414. It is possible that this is affected by 

METTL3 loss, and would be a fascinating form of apoptosis-induction 

regulation. Ultimately, generating a model in which primary vs secondary effects 

of METTL3 loss on PARylation could be determined is necessary to resolve this 

question.  

6.3 Future directions. 

6.3.1 Following up PARP-1 SPACE to determine METTL3 dependent 

interactions. 

6.3.1.1 Specific PARP-1 SPACE interactions. 

In the PARP-1 SPACE dataset, several interesting changes were seen between 

METTL3 WT and KO cells. A small group of proteins, including RPL31, 

KHDRBS1 and ANP32E and were reduced in METTL3 KO untreated cells 

compared to all other conditions. This could be interpreted in two ways:  

 

1) METTL3 protects these proteins from the effects of MEK signalling 

(which causes the proteins to be blocked from interacting with PARP-1), 

so that the loss is only observed when METTL3 is absent. This would be 
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independent of the effect of MEK signalling on PARP-1 PARylation, as 

no change was observed between untreated and MEKi treated WT cells.  

2) The interactions between these proteins and PARP-1 are regulated 

primarily by METTL3, but only in the context of unperturbed MEK 

signalling. As association with PARP-1 is retained in MEKi treated 

METTL3 KO cells, in conditions of MEKi other proteins must regulate 

their interaction with PARP-1. 

  

The two most interesting candidates from the set, are KHDRBS1/Sam68 and 

ANP32E. ANP32E has previously been identified as an important regulator of 

the early response to DSBs, primarily through its role as regulator of the histone 

H2A.Z at break sites, which affects chromatin rigidity. If ANP32E is knocked-

down, H2A.Z accumulates at DNA damage sites, which delays the repair 

process394. H2A.Z removal is linked to enhanced histone H4 tail acetylation by 

Tip60/NuA4 complex, which blocks H4-H2A.Z interaction and allows H2A.Z to 

be removed. Retention of H2A.Z at damage sites can be caused by either loss of 

ANP32E or blocked acetylation by Tip60/NuA4. Interestingly, one of the 

components of the NuA4 complex, RUVBL2, is also lost in PARP-1 SPACE 

following METTL3 KO (FGF and MEKi). ANP32E is recruited secondarily to 

ƴH2A.X formation in the signal cascade in response to DSBs394. Whilst PARP-1 

binds to H2A.X ahead of the ƴH2A.X modification deposition, it will also bind 

readily to ƴH2A.X, which can amplify the PARP1 signal415. ANP32E 

localisation to damage sites therefore occurs after PARP-1 localisation, and one 

would expect its loss in METTL3 KO cells would therefore cause downstream 

disruption to DSB repair, but not be a driver of PARylation inhibition. 

 

Sam68/KHDRBS1 is KH-domain RNA binding protein involved in splicing 

regulation, but also a major regulator of the DNA damage response, and 



 

 200 

furthermore has been shown to activate PARP-1 PARylation activity, and 

phosphorylation of histone H2A.X150. PARP-1 and Sam68 are recruited to DNA 

damage sites independently of each other, however, Sam68 KO cells have 

reduced PAR synthesis following DNA damage induced by gamma irradiation. 

Epistatic analysis suggests Sam68 appears upstream to PARP-1, as knockdown 

of PARP-1 in Sam68 KO cells causes similar clonogenic survival rates to Sam68 

KO alone150. Sam68 has also recently been identified via a CRISPR KO screen 

as a major regulator of Olaparib sensitivity in HR-deficient cell lines416. This 

indicates Sam68 may be a valuable candidate for mediating the effect of 

METTL3 loss on PARP-1. Interestingly, it has been shown that Sam68 

interacts with YTHDC1, HNRNPA2B1 and HNRNPG417, all known nuclear 

readers of m6A418. Mechanistically, a link could therefore exist between the 

disruption of METTL3 regulated transcription and the changing localisation of 

Sam68. Carrying out detailed imaging analysis of Sam68 in WT and METTL3 

KO/KD cells would therefore be of value to clarify whether this protein is 

relevant to PAR loss in these cells. Given the link between YTH proteins and 

Sam68, also using a METTL3 catalytic mutant as a control would be 

important, as there could be a direct link here between m6A, Sam68 and PARP-

1. 

 

A second group of proteins lost in METTL3 KO cells were those reduced in 

untreated cells, but with too few data points in MEKi treated cells to make 

inferences in that condition. This includes NONO, RBM14, MSH6 and SARNP. 

Interestingly, both RBM14 and NONO have been shown to regulate the 

formation of RNA:DNA hybrids in response to DSB251,257, a process that m6A 

has also been shown to regulate319. Furthermore, these proteins both contain 

low-complexity domains that have been shown to induce the formation of phase-

separated aggregates at DNA damage sites, a process that PARP-1 PARylation 
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is also known to regulate. In fact, it has recently been noted that there is an 

overlap between RBPs, R-loop interacting proteins, PARylated proteins and 

proteins capable of phase-separation, indicating this may be a hub of chromatin 

co-regulation243 (Figure 6-1). Understanding the relationship between METTL3 

and PARP-1 could therefore be informative for understanding the regulation of 

R-loop formation.  

 

 
Figure 6-1.Overlap between proteins that interact with RNA binding proteins in 

DNA repair 

Figure reprinted from 243 showing the overlap between proteins involved in R-
loop processing, PAR binding and phase-separation. Printed with permission 
under a creative commons license. 
 

Of the many other proteins that showed significant changes in response to 

METTL3 KO, there are a few others that may be indicative of general changes 

taking place in the PARP-1 interactome. The first is PCNA, which has reduced 

association with PARP-1 in METTL3 KO cells, but only after MEKi treatment. 

Given that PCNA does not change in global SPACE, this change likely reflects 
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a change in PARP-1 localisation in KO cells after MEKi. In the IF images, 

MEKi treatment induced localisation of PARP-1 to the nucleoli, however this 

could also be seen in WT MEKi treated cells. In 2iLIF growth conditions, 

however, stronger PARP-1 nucleolar signal was observable in KO cells, 

suggesting this difference in PARP-1 nucleolar localisation could be an 

important factor here. Confirmation of changing PARP-1 association with 

PCNA, perhaps via ChIP-western blot, would be valuable for confirming this 

result. Given that interaction with PCNA has been shown to affect PARP-1 

PARylation activity and DNA repair, it would be interesting to further explore 

the downstream consequences of disrupted PCNA-PARP-1 interaction in the 

context of METTL3 loss. 

 

Secondly, 53BP1 has increased association with PARP-1 in untreated and 

MEKi treated METTL3 KO cells. The link of 53BP1 to PARP-1 is complex. 

PARP-1 inhibition generally increases 53BP1 foci formation419, especially for 

cells in G1, whereas PARP-1 protein loss from the damage site (KO/KD) 

globally leads to a decrease in 53BP1 foci420 . This difference is likely due to the 

different effects of PARP-1 inhibition and PARP-1 KO/KD. PARP-1 inhibition 

will cause an increase in DSBs due to PARP-1 trapping on the chromatin, while 

PARP-1 KO/KD causes hyper-resectioning at DSB sites, which in turn 

promotes repair via HR420. Increased 53BP1 in METTL3 KO suggests an 

increase in DSBs that are repaired via NHEJ. Alternatively, this could also be 

caused by changes in the cell cycle, as 53BP1 nuclear bodies, which PARP-1 is 

excluded from, accumulate during G1 and early S-phase and disassemble during 

late S-phase421. Certainly, understanding the extent to which the effect of 

METTL3 on PARP-1 effects both the DNA damage response and is cell cycle 

dependent, would be of value in the future.  
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Finally, CPSF6 shows strongly reduced association with PARP-1 in METTL3 

WT cells following MEKi but retains association in all other conditions. Given 

that CPSF6 is a major regulator of pre-mRNA 3’ end processing, its relationship 

to METTL3 is likely to be in the context of transcription.  In fact VIRMA, part 

of the wider MACOM complex, is known to interact with CPSF6 to regulate 

m6A deposition in the 3’ UTR39. As MEKi is known to destabilise the MTC and 

disrupt m6A deposition98, it is plausible that loss of CPSF6 in WT MEKi cells is 

due to changed behaviour of METTL3 and CPSF6 at sites of active 

transcription. In METTL3 KO cells, as the KO is constitutive, it is possible 

that transcriptional regulation adapts to the loss of METTL3, and CPSF6 

regulates 3’ end processing in a METTL3 independent manner, thereby making 

it impervious to the impact of MEKi. The spatial context in which CPSF6 and 

PARP-1 interact will be important to determine, given that PARP-1 has mainly 

been found to associate with transcription start sites. It has, however, been 

found to regulate pre-mRNA polyadenylation during heat shock, suggesting it 

also has functions in RNA 3’ end processing136. The observation regarding 

CPSF6 could therefore be informative for understanding further the complex 

relationships of both METTL3 and PARP-1 with sites of active transcription. 

 

6.3.1.2 Global SPACE 

The global SPACE experiment has provided a useful dataset in its own right, 

but is also a valuable control for checking the specificity of the PARP-1 SPACE 

data. So far, I have only used this data to confirm, on a protein-by-protein 

basis, whether changes observed in PARP-1 SPACE were also true of global 

SPACE. This could be carried out in a more statistically robust manner, to 

determine proteins that are enriched in each experimental condition in PARP-1 

SPACE over global. This may indicate other proteins of interest that are not 
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immediately apparent from the PARP-1 SPACE data alone. The global SPACE 

data also suggested that the cell cycle may be altered between WT and KO 

cells. Clarifying whether there are cell cycle defects in METTL3 KO cells is 

important future work. This could be done easily using FACS analysis, in 

combination with an inducible METTL3 KD or rescue line. If there are early 

METTL3 specific defects, generating cell-cycle specific datasets of PAR levels 

and the PARP-associated proteome and different stages of the cell cycle, using 

similar methods to those used previously376,422, would be very interesting. Such 

an approach could utilise the PAR-reporter construct discussed earlier.  
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6.3.2 Clarifying the direct or indirect relationship questions - the requirement 

for rapid METTL3 degradation 

The central limitation of my doctoral work has been the inability to determine 

whether the impact of METTL3 loss on PARylation is a direct or secondary 

effect. Constitutive KO or siRNA KD models are unable to resolve this 

problem, and it is a therefore necessary to develop other ways of depleting 

METTL3. Recently, two groups have published studies of METTL3 and m6A 

using rapidly degradable METTL3 cell lines66,107. Almost complete loss of 

METTL3 can be achieved in under an hour using these systems, which allows 

one to control for the majority of secondary effects caused by METTL3 loss. 

During the latter stages of my doctoral work, I did attempt to create a 

METTL3 degron line using the dTAG system, however this was unsuccessful. 

As this system has been used for METTL3 degradation by another group, it 

should be possible and to generate a METTL3-dTAG line, and this is worth 

pursuing. This would be valuable not just for this study, but for any future 

work into m6A. The limitation of this system is that it doesn’t allow you to 

query the catalytic dependent and independent functions of METTL3, which 

may be important in relation to METTL3 and PARPs. An alternative system is 

to use inducible rescue lines, in which expression of wildtype or mutant 

METTL3 occurs over several hours. Identifying a catalytic mutant which is not 

destabilising would be necessary, however, to control for METTL3 protein 

levels. A combination of both of these systems would be ideal for follow up 

studies.  

 

With such systems in place, understating the direct impact of METTL3 loss on 

PARylation would be achievable. One tool that would be interesting to use in 

this context is the recently developed PAR biosensor423. This consists of a PBZ 
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(PAR-binding zinc finger) domain tagged with GFP, which can be expressed in 

mammalian cells. This offers the ability to visualise PARylation in living cells, 

which would be useful for studying change to PARylation during rapid 

METTL3 degradation. In theory it may also be possible to combine this with 

formaldehyde or even UV crosslinking, to capture the PARylated proteome at 

several time-points after METTL3 loss. This would allow very stringent washing 

conditions, which should make the resulting proteome highly specific 

 

6.4 Final thoughts 

In this thesis, I began by examining a proposed model of m6A induction 

following UV-C irradiation. This revealed that commonly used m6A antibodies 

cross-react with poly (ADP-ribose). Given the ubiquity of these antibodies in 

m6A research, especially in imaging experiments, it is important that the field is 

aware of this. I also found little evidence to support the notion that m6A is 

strongly upregulated in response to UV-C, without conclusively disproving the 

possibility of it happening. As many claims about the m6A modification have 

been made, some of them contradictory, it is important that we arrive 

collectively at an accurate and nuanced understanding of how m6A operates in 

the cell. I hope I have made a positive contribution to that endeavour. Finally, I 

have identified a relationship between the m6A methyltransferase, METTL3, 

and PAR synthesis. As the specific nature of this relationship, especially 

whether it is direct or indirect, remains to be determined, I am hesitant about 

making strong claims about its importance. Nevertheless, it poses some 

interesting biological questions about METTL3 and PARP biology, which 

future research will clarify. 
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