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1. Abbreviations 

3′SS – 3′ splice site  

5′SS – 5′ splice site  

ac4C – N4-acetylcytidine 

AML – acute myeloid leukaemia  

BP – branch point  

C. elegans – Caenorhabditis elegans 

CBC – cap-binding complex  

CFIm – cleavage factor Im 

CHO – chinese hamster ovary  

cLEU – cycloleucine  

CMTR – Cap-specific mRNA 2 ′O-methyltransferase 

CTD – carboxy-terminal domain  

D. melanogaster – Drosophila melanogaster 

DNA – deoxyribonucleic acid  

eIF3 – eukaryotic initiation factor 3  

ENE+A – element of nuclear expression with a downstream A-rich 

ESCs – embryonic stem cells  

FTO – fat mass and obesity-associated protein  

hnRNA – heterogenous nuclear RNA  

hnRNPC – heterogenous nuclear ribonucleoprotein C 

hnRNPs – heterogenous nuclear ribonucleoproteins  

I – inosine 

IGF2BPs – insulin-like growth factor 2 mRNA binding proteins  

Ime4 - Inducer of meiosis 4 

IP – immunoprecipitation  

KA1 – kinase-associated 1 

KD – knock-down 

KO – knock-out 
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LC–MS/MS – Liquid Chromatography with tandem mass spectrometry 

lncRNA – long non-coding RNA 

m1A – N1-methyladenosine 

m5C – 5-methylcytidine 

m6A – N6-methyladenosine  

m6A-IP-seq – m6A-immunoprecipitation-sequencing 

m6Am – N6,2′-O-dimethyladenosine 

m7G – N7-methylguanosine  

MAT – methionine adenosyltransferase  

METT–10 – Methyltransferase homolog 10 

METTL3 – Methyltransferase Like 3 

METTL14 – Methyltransferase Like 14 

METTL16 – Methyltransferase Like 16 

mRNA – messenger RNA 

MS – mass spectrometry  

MTD – methyltransferase domain  

Nm – 2′-O-methyl  

nt – nucleotide  

PN – poikilotderma with neutropenia 

polyA – polyadenosine  

PPT – polypyrimidine tract  

pre–mRNA – precursor messenger RNA  

RNA – ribonucleic acid 

rRNA – ribosomal RNA 

S. cerevisiae – Saccharomyces cerevisiae 

S. pombe – Schizosaccharomyces pombe 

SAH – S-adenosylcysteine 

SAM – S-adenosylmethionine  

SCARLET - Site-specific cleavage (RNaseH) and radioactive-labelling followed by ligation-
assisted extraction and thin-layer chromatography 

SE – exon skipping  
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snRNA – small nuclear RNAs 

snRNPs – small nuclear ribonucleoprotein complexes  

SR – serine/arginine rich 

Sxl – sex lethal  

tRNA – transfer RNA  

TUT1 – uridyl transferase 1  

U2AF – U2 small nuclear ribonucleoprotein auxillary factor  

UHPLC–MS/MS – Ultra-high performance liquid chromatography-MS/MS 

VCR – vertebrate conserved domain  

WT – wild type 

WTAP – Wilms’ tumor 1-associating protein  

YTH – YT521-B homology 

YTHDC – YTH domain-containing   

YTHDF – YTH domain-containing family protein  

Ψ – pseudouridine 
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2. Abstract (English)  
During recent years, RNA modifications emerged as a new layer of post-transcriptional gene 

expression regulation, with more than 170 different modifications detected up to date. The most 

common internal mRNA modification is N6-methyladenosine (m6A). It is deposited on pre-mRNA 

by two methyltransferases: METTL3-METTL14 heterodimer and METTL16. METTL3/14 deposits 

the majority of m6A in the cell and is essential for embryonic development in plants and animals. 

Methylation by METTL3/14 was shown to regulate mRNA degradation, translation, nuclear export, 

or pre-mRNA splicing. The role of METTL16 methyltransferase is much less understood. METTL16 

is conserved from E. coli to humans, and in mammals it methylates U6 snRNA and Mat2a mRNA, 

encoding for S-adenosyl methionine (SAM) synthetase. SAM is a methyl group donor essential in 

the majority of methylation reactions, including m6A deposition. METTL16 was shown to bind 

conserved RNA hairpins in the last exon of Mat2a pre-mRNA to promote splicing of the last Mat2a 

intron. However, intron splicing is enhanced not by the m6A methylation of the Mat2a transcript, but 

by the presence of METTL16 itself, which stimulates splicing through so-called vertebrate conserved 

regions (VCR) located in the C-terminal part of the protein. My research aimed to understand the 

physiological role of METTL16 in mice, identify its additional targets, and understand its role in 

gene expression regulation in C. elegans.  

In my PhD project, we generated the Mettl16 knock-out (KO) mouse line and showed that 

METTL16 is essential for embryonic development, with Mettl16 KO embryos dying between 

embryonic days 3.5 to 6.5 (during the implantation stage). Analysis of the early embryos isolated at 

morula (E2.5) and blastocyst (E3.5) stages showed a drastic decrease in Mat2a mRNA levels. As 

Mat2a is the only SAM synthetase expressed in the developing embryo, we proposed that the 

observed lethality was due to the failure in re-establishing DNA methylation levels caused by SAM 

deficiency. In addition, we showed that METTL16 is also important outside of embryonic 
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development, with conditional deletion of Mettl16 in mouse male germline leading to arrested germ 

cell development and infertility. Finally, we determined RNA substrate requirements of METTL16 

and identified the N-terminal part of the protein as necessary for RNA binding.  

In the second part of my project, we investigated the role of METTL16 homologue, METT-

10, in C. elegans. We showed that METT-10 is an m6A methyltransferase and that its targets are 

conserved between mice and worms, with U6 snRNA and SAM synthetase transcripts: sams-3,-4,-5 

being methylated. In worms, sams transcripts were methylated at the 3′ splice site (3′SS), leading to 

splicing inhibition and transcript degradation. This mechanism was active in nutrient-rich conditions 

and acted as an m6A-mediated switch to stop SAM production and regulate its homeostasis. In 

addition, we showed that 3′SS m6A inhibits splicing by preventing an essential splicing factor 

U2AF35 binding to the 3′SS. Although in mammals SAM synthetase splicing is regulated differently, 

the mechanism of splicing inhibition by 3′SS methylation is conserved.  

Taken together, my work provided new insights into METTL16 mechanism of action and 

physiological role in mouse and C. elegans. In addition, I identified an evolutionarily conserved 

mechanism of splicing regulation through m6A methylation directly inhibiting U2AF35 binding to 

the 3′SS. This discovery raises a possibility that RNA modifications might be a new layer of splicing 

regulation.  
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3.  Abstract (French) 
Au cours des dernières années, les modifications de l'ARN sont apparues comme un niveau 

supplémentaire de régulation post-transcriptionnelle de l'expression des gènes, avec plus de 170 

modifications différentes détectées à ce jour. La modification interne la plus courante de l’ARN 

messager (ARNm) est la N6-méthyladénosine (m6A). Elle est déposée sur le pré-ARNm par deux 

méthyltransférases : l'hétérodimère METTL3-METTL14 et METTL16. METTL3/14 dépose la 

majorité de m6A dans la cellule et est essentielle au développement embryonnaire chez les plantes et 

les animaux. Il a été démontré que la méthylation par METTL3/14 peut réguler la traduction et la 

dégradation de l'ARNm, l'export nucléaire ou l'épissage du pré-ARNm. Le rôle de la 

méthyltransférase METTL16 est beaucoup moins bien compris. METTL16 est conservée d’E. coli à 

l'homme, et chez les mammifères elle méthyle les petits ARN nucléaires (ARNsn) U6 et l'ARNm 

Mat2a, codant pour la S-adénosyl méthionine (SAM) synthétase. La SAM est une donneuse de 

groupe méthyle essentiel dans la majorité des réactions de méthylation, y compris le dépôt de m6A. 

Il a été démontré que METTL16 se lie à des structures en épingle à cheveux conservées dans le 

dernier exon du pré-ARNm Mat2a pour promouvoir l'épissage du dernier intron. Cependant, 

l'épissage de l'intron est favorisé non pas par la méthylation m6A du transcrit Mat2a, mais par la 

présence de METTL16 elle-même, qui stimule l'épissage par l'intermédiaire des régions conservées 

des vertébrés (VCR) situées dans la partie C-terminale de la protéine. Mon projet de thèse vise à 

comprendre le rôle physiologique de METTL16 chez la souris, à identifier ses autres cibles et à 

comprendre son rôle dans la régulation de l'expression des gènes chez C. elegans.  

Dans le cadre de mon projet de thèse, nous avons généré une lignée de souris knock-out (KO) 

Mettl16 et montré que METTL16 est essentielle au développement embryonnaire. En effet, les 

embryons KO Mettl16 meurent entre les jours embryonnaires 3,5 et 6,5 (durant le stade 

d'implantation). L'analyse des embryons isolés aux stades morula (E2.5) et blastocyste (E3.5) a 
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montré une diminution drastique des niveaux d'ARNm Mat2a. Comme Mat2a est la seule SAM 

synthétase exprimée dans l'embryon en développement, nous avons proposé que la létalité peut être 

due à l'échec du rétablissement des niveaux de méthylation de l'ADN causé par la déficience en SAM. 

En outre, nous avons montré que METTL16 est également importante en dehors du développement 

embryonnaire. L’élimination conditionnelle de Mettl16 dans la lignée germinale mâle de la souris 

entraîne l'arrêt du développement des cellules germinales et l'infertilité. Enfin, nous avons déterminé 

les substrats d’ARN requis pour METTL16 et identifié la partie N-terminale de la protéine comme 

étant nécessaire pour la liaison à l'ARN.  

Dans la deuxième partie de mon projet, nous avons étudié le rôle de l'homologue de 

METTL16, METT-10, chez C. elegans. Nous avons montré que METT-10 est une méthyltransférase 

dont les cibles sont conservées entre la souris et le ver. En effet, les ARNsn U6 et les transcrits codant 

pour les SAM synthétases, sams 3, 4, 5, sont méthylés. Chez les vers, les transcrits sams sont 

méthylés au niveau du site d'épissage 3′ (3′SS), entraînant une inhibition de l'épissage et une 

dégradation du transcrit. Ce mécanisme est actif dans des conditions riches en nutriments et agit 

comme un signal pour arrêter la production de SAM et réguler son homéostasie en réponse à m6A. 

De plus, nous avons montré que la modification m6A sur le 3′SS inhibe l'épissage en empêchant un 

facteur d'épissage essentiel U2AF35 de s’y lier. Bien que chez les mammifères l'épissage de la SAM 

synthétase soit régulé différemment, le mécanisme d'inhibition de l'épissage par la méthylation du 

3′SS est conservé.  

Dans l'ensemble, mes travaux ont permis de mieux comprendre le mécanisme d'action de 

METTL16 et son rôle physiologique chez la souris et chez C. elegans. De plus, j'ai identifié un 

mécanisme de régulation de l'épissage conservé au cours de l'évolution par la méthylation de m6A 

qui inhibe la liaison de U2AF35 au 3′SS. Cette découverte soulève la possibilité que les modifications 

de l'ARN puissent constituer une nouvelle couche de régulation de l'épissage 
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5.  Introduction  

5.1. Discovery of nucleic acids  

The year 2021 marks the 60th anniversary of messenger RNA (mRNA) discovery, when on the 13th 

of May 1961, two articles, one co-authored by Sydney Brenner, second by Jim Watson, described 

the isolation of mRNA (Brenner et al., 1961; Gros et al., 1961). It was the effect of decades of work, 

which started in 1871 with the discovery of nucleic acids, more precisely deoxyribonucleic acid 

(DNA), by a Swiss chemist Friedrich Miescher (Dahm, 2005). Miescher performed a chemical 

analysis of pus cells, where he showed that the nucleus of human white blood cells contained a 

phosphorus-rich fraction resistant to proteolysis, which, due to its localization, he termed “nuclein” 

(Hall and Sankaran, 2021). Further studies have shown that there are two types of nucleic acids, 

which can be distinguished based on their sugar molecules (either ribose or deoxyribose) and were 

believed to have distinct localization: ribonucleic acids (RNA or yeast nucleic acid), which can be 

found only in plant tissues, and deoxyribonucleic acid (DNA or thymonucleic acid or animal nucleic 

acid), exclusive to animal tissues (Allen, 1941). However, this view was soon debunked with 

mounting evidence that in all organisms DNA is to be found in the nucleus, while RNA is mainly 

located in the cytoplasm (Davidson and Waymouth, 1943). In 1952 biochemist Erwin Chargaff 

published results of sea-urchin DNA analysis composition, where he showed that the ratio of purines 

to pyrimidines is always approximately 1 to 1. It became known as Chargaff Rule (Chargaff et al., 

1952) and paved the way for further research and understanding how information is stored in the 

DNA. One of the most significant leaps in knowledge came a year later, with the publication of the 

DNA structure, the result of four scientists efforts: Rosalind Franklin, Maurice Wilkins, James 

Watson and Francis Crick. Watson and Crick, the authors of the study, showed that DNA forms a 

double-helix structure, with the nucleobases pairing inside the helix and phosphate groups facing 
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outside (Watson and Crick, 1953). They also speculated that the DNA sequence could be a basis of 

genetic information storage: “it therefore seems likely that the precise sequence of the bases is the 

code which carries the genetical information” (Watson and Crick, 1953).  

5.2. How genetic information is stored and transfered?  

Simultaneously to the discovery and description of nucleic acids, the identity of the genetic 

information carrier was being intensively discussed. Before that, people for centuries have wondered 

why children are similar to their parents and how different traits are passed from generation to 

generation. For example, a Greek philosopher Aristotle proposed that the father, through sperm, 

provides the “form”, while the mother provides the “matter”, although with females also being 

responsible for the development of certain traits (Henry, 2006). In 1868, Darwin, building on the 

ideas of another Greek philosopher, Hippocrates, proposed the concept of pangenesis, where all cells 

in a body would be capable of shedding minute particles called gemmules, which then would 

accumulate in the gonads. That would allow the environment to affect information passed from 

parents to the offspring (Liu, 2008). At a similar time to Darwin’s publication, in 1866, a Moravian 

monk Johann Gregor Mendel presented his work “Versuche über Pflanzen hybriden”, where he 

showed that inherited traits are not blending (as was believed at that time), but are either dominant 

or recessive. In addition, he proposed the existence of certain factors, which transfer information 

from each of parents to their progeny, every trait independent from the others. Initially forgotten, his 

rules were rediscovered 35 years later by Hugo de Vries, Erich von Tschermak and Carl Correns, 

laying the foundation of modern genetics. In 1909 the term “gene” was coined by a Danish botanist 

Wilhelm Johannsen to describe the Mendelian unit of heredity. However, the nature of the genes 

carrier remained unknown (Portin and Wilkins, 2017).  

 It was the research of three men: Walter Sutton, Theodor Boveri and Thomas Morgan, which 

showed that nuclear structures visible during the cell division (first described by Walther Flemming 
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in 1879), called chromosomes, are carriers of the genetic information. Sutton and Boveri first 

proposed the idea in 1902. However, it gained strong support with further experiments on fruit flies 

by Thomas Moran, who linked inheritance of a particular trait (white eyes) with the X chromosome 

and, in 1915, co-authored a seminal book, “The Mechanism of Mendelian Heredity”. Nevertheless, 

it was still not established what inside the chromosomes carries the genetic information. Initially, 

proteins were believed to be the carriers, and only in the early 1940s, breakthrough research on gene 

transfer mechanisms in bacteria showed that it is DNA (Avery et al., 1944). 

5.3. The Central Dogma of Molecular Biology  

The remaining question was the relationship between DNA, RNA, and proteins, and how dynamic it 

is. In 1957, Francis Crick, during his lecture at the Society of Experiment Biology symposium at 

University College London, proposed an idea, nowadays known as “Central Dogma of Molecular 

Biology”, which linked all the pieces together and revolutionized biology.  

 
Figure 1. Francis Crick's unpublished notes with the first description of the Central Dogma (1956). Credit: Wellcome 
collection (ref. PP/CRI/H/2/6). 

In the lecture and the following article entitled “On protein synthesis”, Crick proposed that “[…] 

once 'information' has passed into protein it cannot get out again. In more detail, the transfer of 
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information from nucleic acid to nucleic acid, or from nucleic acid to protein may be possible, but 

transfer from protein to protein, or from protein to nucleic acid is impossible.” (Crick, 1958). Central 

dogma brought a logic for the flow of the information, where DNA is responsible for storing all the 

genetic information. When needed, fragments of this information are being transcribed into 

messenger RNA (mRNA), which is used as a template to synthesize proteins in the process of 

translation. Although Crick hypothesised that the information could move from RNA to DNA 

(rightly so), there is no possibility that any information contained in the protein sequence could be 

transferred back to RNA or DNA (Figure 1). Over the following years, it was shown that eukaryotic 

mRNA is not the exact copy of the DNA, but it has to be extensively processed to be translated.  

5.4. mRNA processing 

The first step of mRNA synthesis is the transcription of DNA template by RNA polymerase II, which 

ultimately results in the synthesis of a precursor messenger RNA (pre-mRNA). Pre-mRNA 

subsequently undergoes several maturation steps to form mRNA, that include: 5′ capping, removal 

of non-coding regions in the process of splicing, decorating of pre-mRNA with chemical 

modifications and 3′ end processing and polyadenylation (reviewed in (Hocine et al., 2010)). All of 

these steps are happening co-transcriptionally. The mature mRNA is next bound by specific factors 

allowing for nuclear export in order to reach the cytoplasm and be translated. One of the requirements 

for mRNA maturation and export is the successful completion of splicing.  

5.4.1. pre-mRNA splicing 

During the 1960s and 1970s, the molecular biology field was trying to understand the mechanisms 

of mRNA synthesis in the mammalian cells. The early studies showed the presence of an unstable 

RNA fraction that might be the animal equivalent of mRNA previously found in bacteria (Scherrer 

et al., 1963). This unstable RNA fraction was initially termed heterogeneous nuclear RNA (hnRNA) 



20 

 

and was suspected to be a precursor to cytoplasmic mRNA (Soeiro et al., 1966). Further studies 

showed that both hnRNA and mRNA are polyadenylated at the 3′ end, suggesting both a direct link 

between the two and the importance of poly(A) in mRNA processing (Edmonds et al., 1971). 

However, the relation between hnRNA and mRNA remained unclear until 1977, when two groups 

combined the method of RNA – DNA hybridization with the electron microscopy analysis, providing 

the first visualisation of splicing using adenovirus hnRNA (Berget et al., 1977; Chow et al., 1977).  

 Studies done during the next decades showed that pre-mRNAs are composed of coding and 

non-coding sequences called exons and introns. To form a mature mRNA, introns have to be 

removed, and exons joined together in the process of splicing, performed by intricate molecular 

machinery called spliceosome (Brody and Abelson, 1985). Spliceosome contains five different small 

nuclear ribonucleoprotein complexes (snRNPs) composed of uridine-rich small nuclear RNAs 

(snRNA) U1, U2, U4, U5 and U6 snRNAs associated with snRNP-specific proteins. In addition, 

snRNPs are further associated with many different protein cofactors creating a massive complex of 

approximately 100 different proteins (reviewed in (Plaschka et al., 2019; Wilkinson et al., 2020)).  

5.4.1.1. Splice site recognition  

A critical first step in pre-mRNA splicing is the recognition of correct exon/intron boundaries, which 

are defined by a set of specific short sequences at the 5′ splice site (5′SS), branch point (BP) sequence  

and the 3′ splice site (3′SS) (revised in (Wilkinson et al., 2020)). In humans, these sequences are: 

GURAGN for the 5′SS, YNYURAY for BP and the 3′SS is defined by both a stretch of pyrimidines 

close to the end of the intron called polypyrimidine tract (PPT) as well as YAG sequence exactly at 

the 3′SS (GU and AG marked in bold are the first and the last nucleotides of the intron) (revised in 

(Wilkinson et al., 2020)). These sequences are specifically bound by a set of splicing factors: the 5′ 

splice site by U1 snRNA (Mount et al., 1983), branch point by the branch point binding 

protein/splicing factor 1 (BBP/SF1) (Berglund et al., 1997) and the 3′ splice site by the U2 small 
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nuclear ribonucleoprotein auxiliary factor (U2AF) (Ruskin et al., 1988), comprised of two subunits: 

65-kDa U2AF65 and 35-kDa U2AF35 (Zamore and Green, 1989). These sequences are bound by 

splicing factors leading to the formation of the first spliceosome stage called E complex (Wilkinson 

et al., 2020). Next, the presence of BBP and U2AF proteins on pre-mRNA recruits U2 snRNP, which 

binds to the branch point leading to the assembly of the prespliceosome complex (A complex) 

(Kramer and Utans, 1991). Then, U1 and U2 snRNPs recruit the U4/U6•U5 tri-snRNP, which binding 

leads to additional rearrangements and the formation of the catalytically active spliceosome. Finally, 

U1 and U4 snRNAs dissociate, leaving U2/U6•U5 complex together with additional factors to 

catalyse chemical steps (reviewed in (Wilkinson et al., 2020)).  

The two subunits of the U2AF complex bind to distinct sequences at the 3′ splice site. U2AF65 

directly contacts the polypyrimidine tract, while U2AF35 binds exactly to the 3′SS YAG sequence 

(Wu et al., 1999). First studies showed that while U2AF65 is absolutely essential for splicing, both in 

vitro and in vivo, U2AF35 is required for viability, but not in vitro splicing (Zamore and Green, 1991; 

Zhang et al., 1992). Next, it was reported that binding of U2AF35 is critical for splicing of introns 

having weak polypyrimidine tracts, which are not efficiently bound by U2AF65 alone (Wu et al., 

1999). Based on that, introns can be divided into two categories, AG-dependent introns, where 

U2AF35 binding is essential for splicing, and AG-independent introns, where intron recognition by 

U2AF65 alone is sufficient for splicing (Wu et al., 1999). The presence of “weak” splice sites allows 

for modulation of splicing in different conditions in a process known as alternative splicing.  

5.4.1.2. Alternative splicing 

The complexity of splicing regulation allows for a process of alternative splicing, where one pre-

mRNA transcript can be spliced in different ways, resulting in many different mRNA transcripts, 

potentially encoding a variety of protein variants. Alternative splicing was proposed to be one of the 

significant sources of species-specific differences and correlated with organism complexity 
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(Graveley, 2001). While the number of protein-coding genes is similar among invertebrates and 

vertebrates, the level of alternative splicing is much higher in vertebrates, reaching especially high 

levels in humans (Barbosa-Morais et al., 2012). Latest genome-wide studies estimated that 90 – 95% 

of human genes are alternatively spliced (Pan et al., 2008). Alternative splicing differs not only 

between species, but is also cell-type and tissue-specific, with enrichment of alternatively spliced 

genes in brain, muscle, testis or embryonic stem cells (ESCs) (Tapial et al., 2017; Yeo et al., 2004). 

There are several different types of alternative splicing events possible, including alternative 5′ and 

3′ splice site usage, exon skipping (SE), mutually exclusive exon splicing, intron retention, alternative 

promoters and alternative poly(A) (Keren et al., 2010). The majority of alternative splicing events in 

mammals constitute intron retention and exon skipping events, with a very low percentage of 

alternative 5′ and 3′ splice site events (Tapial et al., 2017).  

  Alternative splicing is controlled through cis-acting RNA elements in exons and introns, 

which are recognized by trans-acting regulators. These factors interact then with the core splicing 

machinery, increasing (in case of splicing enhancer) or restricting (in case of splicing silencers) 

access to the splice sites (Furlanis and Scheiffele, 2018). The best-known example of splicing 

enhancers is the family of serine/arginine (SR)-rich proteins, consisting of 12 members SRSF1 to 

SRSF12. Proteins involved in splice site usage inhibition (splicing silencers) belong to the family of 

heterogenous nuclear ribonucleoproteins (hnRNPs) (Busch and Hertel, 2012). Another layer of 

alternative splicing control has arisen in recent years, based on the interaction between mRNA 

chemical modifications and splicing machinery.  

5.5. RNA modifications 

RNA consists of four nucleotides, which are ribose sugars covalently attached to nitrogenous bases: 

adenine (A), guanine (G), cytosine (C) and uracil (U). The first hint that RNA can be further modified 

or that other nucleotides exist, came in the 1950s, with a discovery of the so-called “fifth base” in 



23 

 

yeast, which was later identified as pseudouridine (Davis and Allen, 1957). Over the following 

decades, many more variants and chemical modifications were identified, with over 170 different 

RNA modifications known today, out of which 71 are present in eukaryotes (Boccaletto et al., 2018). 

Most of these modifications are found on non-coding RNAs, with transfer RNAs (tRNAs) being the 

most extensively modified RNA (average 13 modifications per molecule) (Pan, 2018), but also 

ribosomal RNAs (rRNAs) (Decatur and Fournier, 2002) and small nuclear RNAs (snRNAs) (Morais 

et al., 2021). However, during recent years it became clear that also mRNA can be chemically 

modified with several different modifications described so far (reviewed in (Wiener and Schwartz, 

2020).  

5.5.1. mRNA modifications  

One of the first discovered mRNA modifications were methylation at the 5′ end of the transcript 

forming a cap structure (Wei et al., 1975) and 3′ end polyadenosine (polyA) tail (Darnell et al., 1971; 

Edmonds et al., 1971), with both modifications needed for pre-mRNA maturation and mRNA export 

from the nucleus (Shatkin and Manley, 2000). The cap structure formation involves linking  

N7-methylguanosine (m7G) with the first nucleotide via reverse 5′ to 5′ triphosphate linkage (Shatkin, 

1976). The two following nucleotides can have their ribose methylated by CMTR1 and CMTR2 

enzymes to generate 2′-O-methyl (Nm) modification (Werner et al., 2011). In addition, if the first 2′-

O-methyl nucleotide is adenosine, it can be further methylated by PCIF1 to create N6,2′-O-

dimethyladenosine (m6Am) (Akichika et al., 2019; Sendinc et al., 2019). The m7G cap associates with 

the nuclear cap-binding complex (CBC) and is not only needed to protect mRNA from degradation 

(Shimotohno et al., 1977), but is also required for splicing (Konarska et al., 1984), nuclear export 

(Nojima et al., 2007) and translation initiation (Fortes et al., 2000). In addition, ribose methylation 

deposited by CMTR1 was shown to be essential for self versus non-self discrimination and protection 

from the interferon response (Devarkar et al., 2016).  
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Besides the cap structure, several internal mRNA modifications were identified so-far 

(selected modifications shown in the Figure 2): ribose methylation (Nm), 5-methylcytidine (m5C), 

pseudouridine (Ψ), N1-methyladenosine (m1A), N7-methylguanosine (m7G), N4-acetylcytidine 

(ac4C), inosine (I), N6,2′-O-dimethyladenosine (m6Am) and N6-methyladenosine (m6A) (reviewed in 

(Wiener and Schwartz, 2020).  

 

Figure 2. An example of selected chemical modifications present on messenger RNA. The modified sites are marked in 
red. 

As the field is rapidly developing, the presence of some of these modifications on mRNA is 

being questioned, with conflicting studies concerning m1A and ac4C. Initially, m1A was shown to be 

enriched in the 5′ UTR and mitochondrial transcripts (Li et al., 2017), while subsequent studies failed 

to find m1A on mRNA and attributed the signal to antibody cross-reactivity (Grozhik et al., 2019; 

Safra et al., 2017). A similar problem concerns mRNA acetylation (ac4C), which was initially shown 

to be widespread in mammalian mRNA and affect translation (Arango et al., 2018), while another 
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study found no ac4C in both mammalian and yeast RNA (Sas-Chen et al., 2020). Nevertheless, the 

most common and the most studied internal mRNA modification is N6-methyladenosine (m6A). 

5.5.2. N6-methyladenosine 

The first surge of interest in mRNA modifications took place in the 1970s, with dozens of articles 

pointing towards the presence of methylation at sixth nitrogen of adenosine, so called N6-

methyladenosine (m6A) (Figure 3). It was identified on heterogeneous nuclear RNA (hnRNA) in 

mice (Perry and Kelley, 1974), rats (Desrosiers et al., 1974), human cells (Wei et al., 1976) and 

viruses (Krug et al., 1976). These initial studies also had a Geneva-related accent, as one of the initial 

studies was published by UNIGE professor emeritus Ueli Schibler during his postdoctoral stay in the 

group of Robert Perry in Philadelphia (Schibler et al., 1977).  

 

Figure 3. The structure of N6-methyladenosine with the methyl group marked in red. 

The interest in m6A continued, with the antibodies raised against m6A by Sims lab in 1977 

(Munns et al., 1977) and by Luhrmann lab in 1987 (Bringmann and Lührmann, 1987); a 

demonstration that m6A residues are distributed in a non-random pattern in mammalian mRNA, with 

enrichment at the 3′ end of mRNA in 1984 (Horowitz et al., 1984) and finally, identification of the 

enzyme responsible for the deposition of m6A in 1997 (Bokar et al., 1997).  

All these studies laid the groundwork for a revolution that came with the arrival of the next-

generation sequencing of RNA. In 2012, two groups, one led by Sammie Jaffrey (Meyer et al., 2012) 

and the second by Gideon Rechavi (Dominissini et al., 2012), used antibodies recognizing m6A 
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modification to precipitate and sequence mammalian mRNAs containing m6A (m6A-IP-seq). They 

identified thousands of methylation sites across the transcriptome, many of them conserved between 

mouse and human. The methylated sites overlapped with the RRACH (R = A/G, H = A, T, C) 

consensus motif, with a clear enrichment towards the 3′ end of transcripts (Dominissini et al., 2012; 

Meyer et al., 2012). Further studies showed that m6A is deposited co-transcriptionally on pre-mRNA 

(Ke et al., 2017; Louloupi et al., 2018) and confirmed that the majority of m6A is in the last exon, 

with a very sharp rise within 150 - 400 nucleotides of the start of the last exon (Ke et al., 2015). 

However, the mechanism driving the 3′ end enrichment of m6A is not yet understood.  

The recent studies showed that m6A is the most common internal mRNA modification, with 

approximately 1 m6A peak per 2000 nucleotides (1.7 peaks per gene) in the HepG2 cells (Dominissini 

et al., 2012). Further reports confirmed these estimates, with m6A amounts to be approximately 0.2% 

of m6A/A in mouse ESC (Geula et al., 2015) and between 0.11 to 0.23% adenosines methylated in 

mouse and human tissues (Liu et al., 2020). It is remarkably close to the initial m6A prevalence 

assessments from the 1970s, which estimated the amount of m6A to be around 0.2% of mRNA, with 

approximately three m6A sites per mRNA (Perry et al., 1975). The high levels of m6A mRNA and 

evolutionary conservation between yeast and humans indicate an important role of m6A in mRNA 

biology.  

5.5.2.1. The biological role of m6A 

Removal of METTL3/14, which deposits the majority of mRNA m6A, leads to meiosis defects in 

yeast Saccharomyces cerevisiae (Clancy et al., 2002), sex determination and neuronal defects in 

Drosophila melanogaster (Haussmann et al., 2016; Lence et al., 2016) and early embryonic lethality 

in plants (Zhong et al., 2008) and mice (Batista et al., 2014; Geula et al., 2015). All these observations 

underline the essential role of m6A in early embryonic development and gonad formation. In addition, 

m6A was implicated in the control of numerous other biological processes in mammals, including 
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XIST-mediated transcriptional silencing (Patil et al., 2016); heat shock response (Meyer et al., 2015; 

Zhou et al., 2015); DNA repair after UV radiation (Xiang et al., 2017); circadian clock control (Fustin 

et al., 2013, 2018) or cell cycle progression and neurogenesis (Yoon et al., 2017), among others. 

Alternations in m6A methylation levels are also connected with many different types of cancer 

(reviewed in (Barbieri and Kouzarides, 2020)), with the most studied role in the development and 

progression of acute myeloid leukaemia (AML) (Vu et al., 2017).  

5.6. The Epitranscriptome  

The deposition and action of m6A are controlled by a set of proteins that can specifically deposit, 

recognize, or remove m6A from the mRNA (Figure 4).  

 

Figure 4. A landscape of factors involved in m6A modification regulation and function. Picture credit: Margot Riggi. 

m6A is deposited on particular sites on mRNA by methyltransferase proteins, also referred to 

as “writers”. After the methylation, m6A can be recognized by proteins called “readers, " which then 

perform specific biological functions or be removed by m6A demethylases, called “erasers”. All these 
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factors allow for dynamic regulation of m6A deposition on mRNA and create an entirely new layer 

of gene expression control, which due to its similarity to epigenetics, was called epitranscriptomics. 

In the following few chapters, I will discuss the factors involved in m6A regulation in more detail.  

5.6.1. m6A Writers 

The enzymes depositing N6-methyladenosine on RNA belong to the family of methyltransferases, 

which transfer a methyl group from S-adenosylmethionine (SAM) (donor) to nucleotides (acceptor). 

So far, four enzymes were described to deposit m6A on RNA. The two mRNA methyltransferases 

are METTL3/14, which deposits m6A on the RRACH consensus motif and is responsible for the 

majority of m6A methylation on mRNA (Liu et al., 2014) and METTL16, which methylates 

structured RNA with a specific consensus motif (UACAGAGAA) and has only two identified 

targets: U6 snRNA and MAT2A pre-mRNA (Pendleton et al., 2017). The two remaining enzymes, 

METTL5 and ZCCH4, methylate ribosomal rRNA. METTL5 deposits m6A1832 in 18S rRNA and 

is important for fine-tuning translation (Ignatova et al., 2020; Rong et al., 2020), while ZCCHC4 

methylates 28S subunit at position 4220 and is required for global translation activity (Ma et al., 

2019). In the next subchapters, I will focus exclusively on mRNA m6A methyltransferases.  

5.6.1.1. METTL3/METTL14  

Search for the mRNA m6A methyltransferase started together with the discovery of m6A modification 

on mRNA in the 1970s. However, only in 1994 it was shown that mRNA m6A methylation activity 

was mediated by a megadalton protein complex comprised of 30 kDa (MT-A1), 200 kDa (MT-A2) 

and 875 kDa (MT-B) components (Bokar et al., 1994). When the whole complex was crosslinked 

with 3H-SAM, only the 200 kDa fraction co-purified with a 70 kDa protein, suggesting that it contains 

the methyltransferase protein, which is part of a bigger, 200 KDa complex (Bokar et al., 1994). The 

methyltransferase, initially called MT-A70, was cloned soon after, allowing for antibodies 
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production and more detailed analysis in the subsequent years (Bokar et al., 1997). Further studies 

showed that MT-A70 is not only present in mammals, but is conserved in yeast and plants, where it 

also deposits m6A on mRNA. First, the S. cerevisiae homologue of MT-A70, IME4, was described 

to deposit m6A on yeast mRNA, which is essential for proper sporulation (Clancy et al., 2002). Later, 

the plant homologue MTA was shown to methylate mRNA and be critical for embryonic plant 

development (Zhong et al., 2008).  

 The next breakthrough came in 2012 when two studies showed widespread m6A mRNA 

methylation in human cells (Dominissini et al., 2012; Meyer et al., 2012). Soon after, it was reported 

that almost all m6A mRNA methylation in mammals is deposited by MT-A70 (renamed METTL3), 

which forms a complex with METTL14 protein, and that m6A methylation is essential for embryonic 

stem cells differentiation (Liu et al., 2014; Wang et al., 2014). In 2016 the first structures of the 

catalytic core of METTL3/14 heterodimer were published, showing that METTL3 is a catalytic 

subunit, while METTL14 lacks catalytic activity and is needed for the complex stabilisation and 

mRNA binding (Śledź and Jinek, 2016; Wang et al., 2016a). METTL3/14 adds m6A co-

transcriptionally, with the lower speed of RNA polymerase II increasing the methylation rate 

(Slobodin et al., 2017). It preferentially methylates GGACU and GGACA sequences, with 50% lower 

efficiency for GAACU and GGAUU (Wang et al., 2016b), explaining why almost all m6A sites are 

found within the RRACH motives (Dominissini et al., 2012; Meyer et al., 2012). 

Although METTL3/14 alone is active in vitro, it requires a much bigger complex to methylate 

its targets in vivo. The first identified component of the complex was Wilms’ tumour 1-associating 

protein (WTAP), which is required for METTL3/14 localization in the nuclear speckles (Ping et al., 

2014). The current view is that METTL3 interacts with WTAP through its N-terminal domain 

(Schöller et al., 2018), and WTAP is needed for linking METTL3/14 with the rest of the complex. 

Analysis of WTAP proteome revealed, among many, interactions with VIRMA, RBM15/15B, 
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ZC3H13 and HAKAI proteins (Horiuchi et al., 2013). VIRMA interacts with CPSF5 and CPSF6 

polyadenylation and cleavage factors and is important for preferential mRNA methylation close to 

3′ UTRs. Its depletion led to a significant drop in mRNA m6A levels (Yue et al., 2018). Recently it 

was proposed that VIRMA forms a scaffold for the whole complex, facilitating interaction between 

WTAP, RBM15/15B and HAKAI (Bawankar et al., 2021). RBM15/15B was shown to interact with 

WTAP and drive specificity of the METTL3/14 complex (Patil et al., 2016), while ZC3H13 to bridge 

WTAP with RBM15/15B and to be required for m6A levels maintenance as well as sex determination 

in Drosophila (Knuckles et al., 2018). Finally, HAKAI is important for the stability of WTAP, 

RBM15/15B and VIRMA complex (Bawankar et al., 2021). 

All the insights gathered over the years showed that despite the simple methods, initial 

biochemical characterization successfully purified components of the mammalian mRNA m6A 

methyltransferase complex: the 200 kDa fraction contained METTL3/14 heterodimer complex, while 

the bigger fraction was most likely composed of the other components of the METTL3/14 complex: 

WTAP, VIRMA, RBM15/15B, ZC3H13 and HAKAI.  

5.6.1.2. METTL16 

Early biochemical experiments hinted at the existence of the second m6A methyltransferase in 

mammalian cells, which would be specific to U6 snRNA, with methylation activity dependent on the 

U6 snRNA secondary structure (Shimba et al., 1995). It took over 20 years to show that U6 snRNA 

is methylated by METTL16 methyltransferase (Pendleton et al., 2017). Before that, METTL16 was 

shown to be a nuclear protein, binding (although not methylating) specific secondary structures in 

long non-coding RNA MALAT1 (Brown et al., 2016). It was only later identified to methylate not 

only U6 snRNA, but also Mat2a pre-mRNA, encoding for SAM synthetase (Pendleton et al., 2017). 

In mammals, METTL16 comprises two domains: the N-terminal methyltransferase domain and the 

C-terminal vertebrate-specific regions (VCR) (Pendleton et al., 2017). Initially, it was proposed that 
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VCR domains act as splicing enhancers (Pendleton et al., 2017). However, recently it was shown that 

they are rather RNA binding domains, essential for U6 snRNA (Aoyama et al., 2020) and MALAT1 

binding (Ruszkowska et al., 2018).  

5.6.1.2.1. Evolutionary conservation of METTL16 

Analysis of METTL16 evolutionary conservation shows that while the methyltransferase domain of 

METTL16 is conserved from bacteria to humans, the C-terminal vertebrate conserved regions (VCR) 

seems to be unique for vertebrates (Figure 5) (Pendleton et al., 2017).  

 

Figure 5. Evolutionary conservation of METTTL16 protein and its domain composition. (modified from (Pendleton et 

al., 2017)).  

METTL16 homologue in Escherichia coli, YbiN, deposit N6-methyladenosine at position 

A1618 in 23S rRNA (Sergiev et al., 2008). Changes in ybiN gene expression (both downregulation 

and overexpression) lead to moderate growth retardation and loss of cell fitness compared to the 
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parental strain (Sergiev et al., 2008). In yeast, METTL16 homologue is present in 

Schizosaccharomyces pombe, while it’s not conserved in S. cerevisiae, which lacks U6 snRNA 

methylation. Deletion of S. pombe homologue, Duf890, leads to slower growth (Pendleton et al., 

2017), and it was recently shown that U6 snRNA m6A methylation by Duf890 is essential for 

stabilization of weak 5′ splice sites and proper splicing (Ishigami et al., 2021). In plants (Arabidopsis 

thaliana), FIONA1 is essential for the circadian clock regulation, but its targets remain unknown 

(Kim et al., 2008). While in Caenorhabditis elegans, METT-10 is needed for proper germline 

development (Dorsett et al., 2009), its role in D. melanogaster remains unknown.  

5.6.1.2.2. METTL16 targets 

While METTL3/14 methylates thousands of different sites in the cell characterized by a short 

consensus motif RRACH (Liu et al., 2014; Wang et al., 2016a), METTL16 is much more specific, 

recognizing much longer consensus motif UACAGAGAA placed in a context of structured RNA 

(Pendleton et al., 2017). A recent study showed that METTL16 binds over 400 different RNAs in 

HEK293T cells, including 355 mRNAs with 93% of peaks located within introns, 68 lncRNAs and 

nine ncRNAs (Warda et al., 2017). It is important to underline that out of these 400 proposed targets, 

only three targets were experimentally validated: MALAT1 lncRNA (Brown et al., 2016), Mat2a 

mRNA and U6 snRNA (Pendleton et al., 2017). METTL16 binds, but not methylates, the triple helix 

sequence of MALAT1 called an element of nuclear expression with a downstream A-rich tract 

(ENE+A); however, the functional role of the METTL16-MALAT1 interaction is not known (Brown 

et al., 2016). When it comes to the other targets, Mat2a encodes for methionine adenosyltransferase 

(MAT) enzyme, which is essential for S-adenosylmethionine (SAM) production, while U6 snRNA 

is a core component of splicing machinery. Both targets will be described in more detail below.  
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5.6.1.2.2.1. Mat2a mRNA 

S-adenosylmethionine (SAM, also known as AdoMet) is one of the most essential molecules in the 

cell, being the primary methyl donor in all living organisms as well as the precursor of aminopropyl 

groups in polyamine synthesis and glutathione precursor in the liver (Finkelstein, 1990). SAM is 

synthesized by enzymes belonging to the methionine adenosyltransferase (MAT) family, also known 

as S-adenosylmethionine (SAM) synthetases. There are two SAM synthetases in mammals: MAT2A 

is expressed in all tissues except the liver, where another isoform, MAT1A, is present (Lu and Mato, 

2012). The majority of methionine from the diet is processed by MAT1A in the liver, while the rest 

is processed in tissues by MAT2A (Lu and Mato, 2012). While Mat1a KO mice are viable (Lu et al., 

2001), Mat2a KO leads to early embryonic lethality in mice (Dickinson et al., 2016).  

 METTL16 was shown to be essential for the regulation of Mat2a mRNA splicing and stability 

in response to changes in SAM levels (Pendleton et al., 2017; Shima et al., 2017). METTL16 

specifically recognizes and methylates six conserved hairpins (hp1 to hp6) in the last exon of Mat2a 

pre-mRNA (Pendleton et al., 2017; Shima et al., 2017). The binding of METTL16 to hp1 is essential 

for induction of splicing of the last intron of Mat2a and transcript stabilization in low SAM conditions 

(Pendleton et al., 2017), while methylation of hp2 to hp6 controls Mat2a stability, leading to nuclear 

degradation by YTHDC1 in high SAM conditions (Shima et al., 2017).  

In low SAM conditions, METTL16 binds to the hp1on the Mat2a transcript and stays there 

waiting for the methyl group donor SAM (Pendleton et al., 2017). The increased occupancy of 

METTL16 on the transcript stimulates splicing through the VCR domains, which were recently 

proposed to attract the cleavage factor Im complex 25 KDa subunit (CFIm25, Nudt21, CPSF5), which 

then drives splicing (Scarborough et al., 2021). However, the exact mechanism of this regulation, as 

well as the relation between METTL16 and CFIm25, are not clear. On the other hand, when the levels 

of SAM are high, METTL16 has enough substrate to methylate the hairpins quickly, there is no 
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splicing stimulation, and the last intron is retained (Pendleton et al., 2017). In addition, m6A deposited 

on hp1 – hp6 hairpins is recognized by m6A reader YTHDC1, which then targets the transcript for 

degradation (Shima et al., 2017).  

5.6.1.2.2.2. U6 snRNA 

The second target of METTL16 is U6 snRNA, which is the core component of splicing machinery, 

recruited by U1 and U2 snRNPs as a part of U4/U6•U5 tri-snRNP to form the catalytically active 

spliceosome (Will and Luhrmann, 2011). U6 snRNA forms the catalytic core of the spliceosome, 

where it coordinates the magnesium ions required for splicing chemistry (Yean et al., 2000) and, 

together with U2 and U5 snRNA, positions pre-mRNA for the splicing reaction. U6 snRNA basepairs 

with the 5′SS intron sequence through the ACAGA motif, which is conserved between yeast and 

humans and is essential for splicing (Kandels-Lewis and Séraphin, 1993; Lesser and Guthrie, 1993).  

U6 snRNA is the most conserved of the five snRNA involved in splicing (Madhani et al., 

1990). While S. cerevisiae and S. pombe have only one copy of U6 snRNA, there are over 900 copies 

in humans (Doucet et al., 2015). However, only four were shown to be transcriptionally active. Unlike 

other snRNAs, which are transcribed by RNA polymerase II and exported to the cytoplasm for 

maturation, U6 snRNA is transcribed by RNA polymerase III, and all the maturation steps take place 

in the nucleus (Reddy et al., 1987; Vankan et al., 1990). Additionally, U6 snRNA doesn’t share the 

2, 2, 7-trimethylguanosine cap with other snRNAs or m7G cap with mRNAs, but instead, it possesses 

γ-monomethyl phosphate 5′ modification (Singh and Reddy, 1989).   

Although all snRNAs are extensively chemically modified, m6A is not commonly found, with 

single m6A sites present only on U4 and U6 snRNA (Morais et al., 2021). While the enzyme 

modifying U4 snRNA has not yet been identified (Morais et al., 2021), METTL16 was shown to 

methylate U6 snRNA in humans and yeast S. pombe (Pendleton et al., 2017; Shimba et al., 1995). 
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The methylated nucleotide is located in the asymmetric bulge region of U6 snRNA (Montemayor et 

al., 2014) and in both organisms, it is in the middle of the conserved ACAGA motif (position A43 in 

humans, A37 in S. pombe) which is essential for splicing (Pendleton et al., 2017; Shimba et al., 1995).  

The role of the m6A methylation of ACAGA motif is not well understood. In S. cerevisiae, 

there is no METTL16, and ACAGA motif of U6 snRNA is not methylated. At the same time, deletion 

of Duf890, S. pombe homologue of METTL16, leads to delayed growth (Pendleton et al., 2017). It 

was recently shown that U6 snRNA m6A methylation in S. pombe is essential for stabilising weak 5′ 

splice sites and proper splicing (Ishigami et al., 2021). Although the role of U6 snRNA m6A 

methylation in mammals is not known, mutation of A43 position into G43 leads to lower efficiency 

of in vitro splicing in human splicing extracts, while mutations to C or U completely block splicing 

(Datta and Weiner, 1993).  

5.6.2. m6A readers 

Methylation deposited on mRNA can be specifically recognized by “reader” proteins, which can 

either directly bind to the methylated residues (direct readers like YTH proteins or IGF2BPs) or bind 

to RNA because of m6A-mediated changes to the RNA structure and opening of RNA-binding motifs 

(indirect readers like HNRNP proteins). The best-known family of proteins able to recognize m6A 

modification are YTH proteins. There are five proteins belonging to the family, cytoplasmic 

YTHDF1 – YTHDF3 and YTHDC2, as well as nuclear YTHDC1 (reviewed in (Patil et al., 2018)).  

YTHDC1, initially named YT521-B, was first identified as a nuclear protein involved in 

splicing modulation and localizing to specific nuclear loci (Hartmann et al., 1999). Soon after, a new 

domain was identified in human YT521-B and called YTH (for YT521-B homology) (Stoilov et al., 

2002). The YTH domain turned out to be highly conserved across a wide species range and was 

shown to be an RNA-binding domain (Zhang et al., 2010). The breakthrough came with the discovery 
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that the YTH domain specifically recognizes m6A methylated RNA, which was first showed using 

m6A binding assays (Dominissini et al., 2012) and shortly after was confirmed by several structural 

studies (Luo and Tong, 2014; Theler et al., 2014; Xu et al., 2014). Over the years, YTHDC1 was 

shown to be involved in several different processes, including splicing regulation by facilitating 

SRSF3 and blocking SRSF10 binding to mRNA (Xiao et al., 2016), control of alternative 

polyadenylation through interaction with the 3′ processing factors SRSF3, SRSF7 and CPSF6 

(CFIm68) (Kasowitz et al., 2018) as well as export of methylated mRNA to the cytoplasm through 

binding to SRSF3 and NXF1 (Roundtree et al., 2017). All these functions are essential for life, as 

removal of YTHDC1 in mice leads to embryonic lethality past early post-implantation stages 

(Kasowitz et al., 2018). 

The second YTHDC protein, YTHDC2, is highly enriched in testes and ovaries (Wojtas et 

al., 2017). It is a very unusual m6A reader as, besides the YTH domain, it contains several RNA 

binding domains as well as a helicase domain (Meyer and Jaffrey, 2017). YTHDC2 was shown to be 

essential for the control of meiosis in flies germline (Chen et al., 2014) and mice, both males and 

females (Bailey et al., 2017; Hsu et al., 2017; Wojtas et al., 2017). Ythdc2 knock-out male germ cells 

enter meiosis, but because of persistent cyclin A2 expression, the cells attempt an abnormal mitotic-

like division, which results in cell death (Bailey et al., 2017). Analysis of Ythdc2 knock-out testes 

showed upregulation of highly methylated transcripts, indicating that YTHDC2 might be involved in 

the degradation of m6A-methylated transcripts (Wojtas et al., 2017). Additionally, YTHDC2 was 

shown to interact with XRN1 5′ - 3′ exonuclease (Kretschmer et al., 2018; Wojtas et al., 2017) and 

MEIOC protein, with Meioc KO mouse phenocopying the Ythdc2 KO phenotype (Soh et al., 2017). 

However, the exact role of XRN1 and MEIOC interaction with YTHDC2 remains not understood.  

Except for the YTHDC family of proteins, there is also the YTHDF family consisting of three 

highly similar cytoplasmic proteins: YTHDF1, YTHDF2 and YTHDF3 (also called DF1 – DF3) 
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(reviewed in (Meyer and Jaffrey, 2017)). YTHDF proteins consist only of the YTH domain and an 

extended low-complexity region, which was recently reported to drive liquid-liquid phase separation 

after binding to m6A-methylated transcripts (Ries et al., 2019). While mouse knock-outs of Ythdf1 

(Shi et al., 2018) and Ythdf3 (Zhang et al., 2019) are viable and fertile, lack of Ythdf2 leads to oocyte 

defects and sub-lethality (Ivanova et al., 2017). There is conflicting evidence about the role and 

mechanism of action of different YTHDF proteins. Initially, it was reported that DF1 enhance the 

translation of m6A methylated mRNAs (Wang et al., 2015), DF2 promotes degradation through the 

interaction with the CCR4-NOT deadenylase complex (Du et al., 2016), and DF3 participates in both 

roles, translation regulation and degradation (Shi et al., 2017). However, recently it was proposed 

that all the YTHDF proteins recognize the same targets and act redundantly to mediate mRNA 

degradation (Zaccara and Jaffrey, 2020). The model was further confirmed in mice and mouse 

embryonic stem cells, where it was shown that YTHDF proteins are redundant and any specific 

defects reported previously for various Ythdf mutants are caused by different tissue expression 

profiles of YTHDF protein family members (Lasman et al., 2020). In conclusion, based on the recent 

evidence, the primary role of YTHDF proteins is the degradation of m6A-methylated transcripts and 

the individual members of the family act redundantly.  

Besides the YTH family of proteins, recently proteins belonging to the insulin-like growth 

factor 2 mRNA binding proteins family (IGF2BPs) were shown to specifically bind m6A methylated 

mRNAs. IGF2BPs recognize m6A through the K homology domains, promoting the storage and 

stability of their target mRNAs (Huang et al., 2018). Another example is the eIF3 protein, which 

binds m6A sites in the 5′ UTR and recruits the 43S complex to initiate cap-independent translation 

(Meyer et al., 2015). Furthermore, eIF3 was shown to interact with METTL3, leading to RNA 

circularization and enhanced translation (Choe et al., 2018).  
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Another type of readers are so-called indirect RNA readers, which binding to RNA depends on 

the structural changes mediated through m6A influence on base pairing and RNA secondary 

structures formation. Due to steric contact, m6A destabilizes A – U base pairing and RNA duplexes 

by 0.5 – 1.7 kcal/mol (Roost et al., 2015). However, if A – U base pairing is neighboured by a 5′ 

bulge, then m6A stabilizes the paring by approximately 1 kcal/mol. In addition, m6A leads to 

destabilisation of double-stranded RNAs having A – G and A – C pairing, although to smaller extend 

(Roost et al., 2015). At the same time, it stabilises A – A pairs by approximately 0.7 kcal/mol and 

increases stacking of adenine in unpaired context by 0.4 – 0.6 kcal/mol (Roost et al., 2015). An 

example of protein sensitive to m6A-driven structural changes is heterogenous nuclear 

ribonucleoprotein C (HNRNPC), which regulates alternative splicing of target mRNAs based on the 

presence of m6A in the vicinity of its binding motif (Liu et al., 2015).  

Finally, the list of mRNA m6A binding proteins might not be complete. A recent mass-

spectrometry-based screen of proteins binding to m6A-methylated and unmethylated RNA, detected 

many proteins preferentially binding to methylated RNA. At the same time, they also showed that 

m6A repels certain RNA-binding proteins like G3BP1, G3BP2 or USP10 (Edupuganti et al., 2017).  

5.6.3. m6A erasers 

In addition to “writer” and “reader” proteins, there are proteins capable of removing m6A methylation 

from RNA called demethylases or “erasers”. In mammals, two enzymes were shown to demethylate 

m6A RNA and convert it back to adenosine: fat mass and obesity-associated protein (FTO) (Jia et al., 

2011) and ALKBH5 (Zheng et al., 2013). Both of the enzymes have nuclear localisation (Gerken et 

al., 2007; Zheng et al., 2013) and both belong to the AlkB family of Fe(II)/α-ketoglutarate-dependent 

dioxygenases, which remove modifications in the reaction of oxidative dealkylation (Fedeles et al., 

2015). While both enzymes demethylate m6A in vitro, their in vivo targets and roles are still debated.  
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The role of FTO in removing m6A from mRNA is being continuously discussed. Although it 

was initially shown to demethylate m6A mRNA (Jia et al., 2011), a subsequent study showed a very 

modest increase in m6A levels in FTO-deficient mice (Hess et al., 2013). Finally, it was demonstrated 

that although FTO demethylates m6A, it has over 100-times higher affinity to m6Am (Mauer et al., 

2017). FTO-mediated demethylation of m6Am adjacent to m7G cap was found to reduce the stability 

of mRNAs (Mauer et al., 2017). However, these results are in disagreement with the other studies 

showing no influence of cap m6Am on transcript stability, but rather on translation efficiency 

(Akichika et al., 2019; Sendinc et al., 2019). Finally, FTO was found to demethylate m6Am at the first 

nucleotide of snRNAs, with depletion of FTO causing a dramatic increase in m6Am levels at snRNAs 

caps, correlated with alternative splicing patterns (Mauer et al., 2019). FTO role in m6Am 

demethylation is challenged by another study showing that although in vitro, FTO has a higher 

preference for m6Am than m6A, in vivo, it demethylates both m6A and m6Am, with a higher affinity 

towards m6A (Wei et al., 2018).  

The other eraser, ALKBH5, was shown to be essential for proper spermatogenesis in mice 

with Alkbh5 KO animals having a strongly reduced number of spermatozoa due to apoptosis of 

pachytene and metaphase-stage spermatocytes (Zheng et al., 2013). LC-MS/MS analysis of mRNA 

modifications showed increased m6A levels in Alkbh5 KO testes, while RNA sequencing of WT and 

KO testes showed thousands of differentially expressed genes (Zheng et al., 2013). ALKBH5 might 

also function outside of the germ cell development. It was recently demonstrated that overexpression 

of ALKBH in acute myeloid leukaemia (AML) promotes leukaemia stem cells self-renewal and is 

important for disease progression (Shen et al., 2020). 

To summarize, besides the role of ALKBH5 in murine testes, the broad influence of both enzymes 

on m6A levels in most cell types remains disputable. In agreement with that, a recent study analysed 

pre-mRNA and mRNA m6A methylation levels in HeLa cells and found no changes in methylation 
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status, suggesting that demethylation of m6A mRNA might not be widespread and instead be limited 

to specific conditions or tissues (Ke et al., 2017).  

5.6.4. The role of m6A in splicing  

Since its discovery, it was speculated that m6A might play a role in RNA processing and splicing 

regulation (Kane and Beemon, 1985). Studies in the 1980s and 1990s showed that general inhibition 

of methylation leads to accumulation of unspliced pre-mRNA both in chicken embryo fibroblasts 

(Stoltzfus and Dane, 1982) as well as Chinese Hamster Ovary (CHO) cells (Carroll et al., 1990). 

More recent studies brought further evidence of the role of m6A methylation in splicing regulation. 

One of the first studies of transcriptome-wide m6A distribution reported that silencing of m6A 

methyltransferase METTL3 led to changes in splicing on hundreds of genes in HepG2 cells 

(Dominissini et al., 2012). The same effect was later shown in Mettl3 KO mouse embryonic stem 

cells (ESCs) and preimplantation epiblasts, where hundreds of alternative splicing events, mostly 

exon skipping and intron retention, were reported (Geula et al., 2015). Another study used nascent 

pre-mRNA m6A-seq to show that the majority of m6A (over 50%) is deposited on pre-mRNA inside 

introns, having a splicing modulatory function. The presence of m6A close to splice junctions 

increases splicing kinetics, while high levels of intronic m6A were correlated with alternative splicing 

(Louloupi et al., 2018). The other studies reported much lower intronic m6A levels, between 6 -10% 

(Ke et al., 2017; Wei et al., 2021), however still leading to perturbation of splicing events following 

acute depletion of METTL3 (Wei et al., 2021).  

 Additionally, both readers and erasers were described to be involved in the regulation of 

splicing. The best-studied example is the role of the YTHDC1 reader in splicing. In mice, YTHDC1 

was shown to promote exon inclusion through recruiting pre-mRNA splicing factor SRSF3 and 

blocking SRSF10 factor binding (Xiao et al., 2016), and its deficiency in oocytes caused massive 

alternative splicing defects (Kasowitz et al., 2018). In Drosophila, binding of YTHDC1 homologue, 
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YT521-B, to the m6A methylated Sex-lethal (Sxl) transcript leads to alternative splicing and is 

required for sex determination (Haussmann et al., 2016; Lence et al., 2016). Another example of m6A 

reader implicated in splicing is hnRNPG, which binds to m6A residues near splice sites and promotes 

exon inclusion through interaction with carboxy-terminal domain (CTD) of RNA polymerase II 

(Zhou et al., 2019).  

When it comes to erasers, both FTO and ALKBH5 were reported to affect pre-mRNA splicing. 

The exact role and mechanism of FTO regulation are not yet clear, with studies reporting that FTO 

binds to introns, preventing exon skipping and controlling the 3′UTR length (Bartosovic et al., 2017), 

that FTO promotes exon skipping (Zhao et al., 2014) or that FTO regulates splicing though control 

of m6Am levels in adenosine adjacent to the snRNA cap (Mauer et al., 2019). At the same time, 

ALKBH5 was shown to be essential for correct splicing and production of longer 3′-UTR mRNAs 

in testis (Tang et al., 2017).  

 Finally, one of the potential ways of m6A-driven alternative splicing could be the regulation 

of splicing factors binding to pre-mRNA. A recent study showed that m6A modestly inhibits some 

splicing enhancers binding, while promoting splicing silencers binding (Edupuganti et al., 2017).  

5.7. C. elegans as a model for m6A research  

Caenorhabditis elegans are microscopic (~1 mm in length), free-living nematodes (worms) 

found around the world, which feeds on bacteria and reproduces rapidly, with approximately 300 

offspring per reproductive cycle, which take 3.5 days to mature (Meneely et al., 2019). C. elegans 

are mostly hermaphroditic and able to self-fertilize, which together with a fast developmental cycle, 

makes them a very easy model for genetic manipulations and screens (Meneely et al., 2019). 

However, for a long time, C. elegans seemed to be an unsuitable model for mRNA m6A research as 

it lacks all the main proteins involved in m6A biology. Worms lack homologues of METTL3/14 
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methyltransferase complex, FTO and ALKBH5 demethylases, as well as YTH reader proteins except 

of YTHDC2 homologue, F52B5.3 which, however, lacks the YTH domain (Harris et al., 2020; Howe 

et al., 2021). Nevertheless, analysis of C. elegans RNA showed that many different RNA 

modifications, including m6A, were present in both short (< 200 nt) and long (> 200 nt) RNA 

fractions (van Delft et al., 2017). However, m6A presence in the long RNA fraction could be 

attributed to both mRNA and rRNA. Indeed, another study, which analysed the influence of 13 

different C. elegans methyltransferases on ribosomal RNA methylation, identified METL-5, a 

homolog of mammalian METTL5, as m6A methyltransferase methylating adenosine 1717 on 18S 

ribosomal RNA in C. elegans (Liberman et al., 2020). Furthermore, a broader screen of 22 different 

potential RNA methyltransferases identified F33A8.4 (an ortholog of the human ZCCHC4) as the 

large rRNA subunit m6A methyltransferase (Sendinc et al., 2020).  

The remaining question was the presence of m6A on mRNA in C. elegans. Measurements of 

mRNA m6A levels by UHPLC-MS/MS showed that m6A makes 0.0008% of C. elegans mRNA 

(Liberman et al., 2020), approximately 250-times less than 0.2% present in mammalian mRNA 

(Geula et al., 2015). The second study performed m6A-IP-seq of C. elegans mRNA, showing no m6A 

enrichment over the gene bodies, lack of specific consensus motif and no significant m6A signal in 

HPLC-MS/MS, concluding that C. elegans mRNA lacks m6A modification (Sendinc et al., 2020).  

Nevertheless, the C. elegans genome has homologues of two recently described RNA 

methyltransferases: METT-10, being an ortholog of human METTL16, which was shown to 

methylate U6 snRNA and Mat2a mRNA (Pendleton et al., 2017) and METL-4, an ortholog of human 

METTL4, which was reported to methylate U2 snRNA (Chen et al., 2020; Goh et al., 2020). While 

METL-4 was shown to be DNA 6mA methyltransferase (Greer et al., 2015), the study was later 

questioned as the 6mA signal likely resulted from bacterial DNA contamination (O’Brown et al., 

2019), so its function remains unknown. On the other hand, METT-10 has high homology to 
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METTL16 protein (Dorsett et al., 2009), making it a good candidate for worm mRNA m6A 

methyltransferase.  

5.7.1. METT-10 role in C. elegans  

As mentioned previously, METTL16 is very well conserved, ranging from E. coli to humans. 

METTL16 homologue is also found in C. elegans, where it’s called METT-10 (Harris et al., 2020). 

METT-10 is a nuclear protein with a well-conserved and most likely active methyltransferase domain 

(Dorsett et al., 2009). It was reported to play a role in worm germline development and inhibits 

specification of germ-cell proliferative fate (Dorsett et al., 2009). Germ cells in mett-10 KO worms 

could not correctly progress through the mitotic cell cycle, with enlarged, diffuse nuclei in 

proliferative zone indicating cell cycle arrest, leading to a sterile phenotype when animals are raised 

at 25°C (Dorsett et al., 2009). METT-10 is expressed in many different cell types, including intestine, 

vulva, spermatheca, somatic gonad, germline, oocytes and pachytene germ cells (Dorsett et al., 

2009). The nuclear localization of METT-10 is driven by both a nuclear localization signal (NLS) 

and an interaction with dynein light chain 1 (DLC-1), which promotes its nuclear accumulation as 

well as protein expression (Dorsett and Schedl, 2009). Interestingly, expression of mett-10 transgenic 

construct with mutations in NLS and DLC-1 binding motif almost completely rescued mett-10 KO 

phenotype, whereas expression of mett-10 construct having a mutation in the methyltransferase 

catalytic domain failed to do so. Although these results underline the importance of METT-10 

methylation activity (Dorsett and Schedl, 2009), it is still unknown why METT-10 methylation is 

important and what are the methylated targets.  

5.7.2. Splicing in C. elegans  

Although the entire splicing machinery and the mechanism of splice site recognition are conserved 

between worms and humans, there are some important differences. In C. elegans, unlike mammals, 
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there are two types of splicing: trans-splicing, which joins exons from two different transcripts, and 

cis-splicing, joining exons from the same primary transcript (Blumenthal, 2012). Trans-splicing takes 

place only for the first intron, while all the subsequent ones are splicing in cis. In addition, C. elegans 

introns lack BP sequences and have different 3′SS sequences, with a highly conserved U4CAG/R 

sequence instead of a long polypyrimidine tract and YAG sequences found in mammals (Blumenthal 

and Thomas, 1988). Similarly to mammals, 3′SS is recognized by U2AF65 and U2AF35 proteins, 

where U2AF65 binds to the short U stretch and U2AF35 contacts the 3′SS directly (Hollins et al., 

2005). Mutation of the uridine residues upstream of the 3′SS reduce proper splice site recognition, 

whereas a strong uridine stretch was driving splicing even in the case of 3′SS YAG mutations (Zhang 

and Blumenthal, 1996). These results suggest that, similarly to mammals, two types of splice sites, 

strong and weak, exist in C. elegans, potentially allowing for regulation and alternative splicing 

(Hollins et al., 2005; Zhang and Blumenthal, 1996).  
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6.  Aim of the study  

The initial aim of my thesis was to understand the biological role of a recently identified m6A 

methyltransferase METTL16 as well as to understand the structural features, both at the level of 

protein and the RNA substrate, which allow METTL16 to specifically recognize U6 snRNA and 

Mat2a mRNA. In the second part of my work, I intended to understand the role of the METTL16 

methyltransferase domain alone, using C. elegans as a research model as non-vertebrates lack the 

VCR region. The initial observation that METTL16 homologue in C. elegans, METT-10, methylates 

3′SS of SAM synthetase transcripts leading to splicing inhibition had encouraged me to expand my 

goals further to understand the mechanisms of m6A-driven splicing inhibition and conservation of 

this mechanism in mammals.  

 
  



46 

 

7.  Results  

7.1. Chapter I – The role of METTL16 in Mouse Embryonic 

Development  

This chapter consist of a peer-reviewed article entitled “Methylation of Structured RNA by the m6A 

Writer METTL16 Is Essential for Mouse Embryonic Development”, published in Molecular Cell 

journal in September 2018. In this study, we showed that METTL16 is required for early embryonic 

development in mice due to its role in S-adenosylmethionine (SAM) levels regulation. In addition, 

we solved the crystal structure of the METTL16 methyltransferase domain. We showed that the N-

terminal region (1 – 78 aa) is important for RNA binding, while the loop region (187 – 223 aa) is 

necessary for RNA methylation, but not binding. Finally, we analysed RNA substrate requirements 

of METTL16 and showed that it methylates structured RNA, having METTL16 consensus motif 

inside the loop region. While mutations of the loop region are detrimental for methylation activity, 

the exact sequence of the stem region is not important as long as the pairing is preserved.  

I contributed to this project by starting this project with Prof. Pillai and being its lead author. 

I maintained the mouse colony and organised all mouse experiments. E6.5 embryos were isolated 

with the help of Leonardo Beccari, E8.5 embryos were isolated by myself. I planned and performed 

the isolation of E2.5 and E3.5 embryos with help from Pascal Gos and Olivier Fazio. E2.5 and E3.5 

RNA-seq libraries were prepared in Genomics Core Facility at EMBL Heidelberg. I did IP-MS to 

identify METTL16 complexes as well as almost all biochemical assays (except Fig. 2A) using 

recombinant proteins produced by Kuan-Ming Chen. The Mettl16 KO mouse line and RNA-seq 

libraries was generated by Raman Radha Pandey, METTL16 protein and crystals were obtained by 

Kuan-Ming Chen, the crystal structure was solved by Andrew McCarthy, all bioinformatics analysis 
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was done by David Homolka. The manuscript was written by Ramesh Pillai, with my and other 

authors input. I was involved in editing the manuscript at every stage of the publication process.  

The manuscript was not modified for the purpose of this thesis, and thus, the figure 

numeration and bibliography are separate from the rest of the thesis.  

The graphic on the next page is our cover design proposal originally submitted to the journal. 

The cover was created by Margot Riggi (Twitter: @MargotRiggi).   
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7.2. Chapter II – Regulation of splicing by m6A methylation 

This chapter consists of a peer-reviewed article entitled “Splice site m6A methylation prevents 

binding of U2AF35 to inhibit RNA splicing”, published in Cell journal in June 2021. In this study, 

we show that C. elegans homologue of METTL16, METT-10, is an m6A mRNA methyltransferase 

that methylates U6 snRNA and sams-3/-4/-5 transcripts encoding for SAM synthetases. The sams 

transcripts are m6A methylated at the 3′SS of intron 2, with methylation correlated with impaired 

splicing. We show that splicing is impaired because m6A blocks the binding of the U2AF35 splicing 

factor, inhibiting splice site recognition. Methylation of this site is regulated by diet and is essential 

for the maintenance of stable SAM levels. Next, we show that although in mammals, SAM synthetase 

transcript splicing is regulated differently, the mechanism of U2AF35 inhibition by m6A is 

conserved. We identify approximately 1000 potentially regulated 3′SS in mice and show that two of 

them might be regulated during mouse embryonic development.  

I contributed to this project by being the lead author, who performed most of the experiments, 

discussed the project and particular experiments with Ramesh Pillai, David Homolka and other co-

authors as well as coordinated all the experiments. I generated and maintained Mettl16 catalytic-dead 

mouse mutants, performed all biochemical assays and cell culture experiments, analysed worm 

experiments (RNA isolation and RT-PCR). Kamila Delaney generated, maintained, and collected all 

the C. elegans lines and conducted all worm experiments with help from Joanna Wenda and Florian 

Steiner. Raman Radha Pandey prepared all m6A-IP experiments as well as RNA for MS analysis, 

Kuan-Ming Chen produced all recombinant proteins and performed ITC measurements, Cathrine 

Broberg Vagbo did RNA mass spectrometry analysis, David Homolka conducted all computational 

analyses. The manuscript was written by Ramesh Pillai, with my and other authors input. I was 

involved in editing the manuscript at every stage of the publication process.  
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The manuscript was not modified for the purpose of this thesis and thus figure numeration 

and bibliography are separate from the rest of the thesis.  

The graphic on the next page is our cover design proposal originally submitted to the journal. 

The cover was created by Marzia Munafò (https://www.munafomarzia.com, Twitter: 

@munafomarzia). 

https://www.munafomarzia.com/
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8. Discussion  

The aim of my PhD work was to understand the biological role of m6A methyltransferase METTL16 

homologues in mice (METTL16) and C. elegans (METT-10) as well as to understand the structural 

basis of the RNA substrate recognition by METTL16. We discovered that surprisingly, despite 

millions of years of evolutionary difference, METTL16 and METT-10 have the same function in 

mouse (Chapter I) and worm (Chapter II) and methylate the same targets: U6 snRNA and transcripts 

encoding for SAM synthetases, Mat2a mRNA in mice and sams-3,4,5 in C. elegans. In both cases, 

methylation of SAM synthetase transcripts regulates the stability of the transcript in response to 

changes in SAM levels, being essential for SAM homeostasis. However, the mechanism of this 

regulation is different. In mice, METTL16 stimulates intron splicing to stabilize Mat2a, while in  

C. elegans, METT-10 methylates the 3′SS, blocking splice site usage and inhibiting splicing. In both 

organisms, METTL16/METT-10 is important for proper development. In mice, it’s essential for early 

embryonic development and male germ cells differentiation, while in worms, it controls germ cells 

proliferation.  

 Next, we obtained a crystal structure of the METTL16 methyltransferase domain and defined 

structural features crucial for RNA binding and methylation. Additionally, we explored RNA 

substrate requirements and showed that both METTL16 and METT-10 recognize specific consensus 

motif placed in the context of structured RNA.  

 Finally, we uncovered a new mechanism of splicing regulation through methylation of 3′SS, 

which blocks U2AF35 splicing factor binding and splice site recognition. Methylation of this site is 

dynamically regulated based on the C. elegans diet and is essential for SAM levels control. In 

mammals, SAM synthetase transcript splicing is regulated differently, but the mechanism of U2AF35 

inhibition by m6A is conserved.  
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In the following chapters, I would like to discuss the potential implications of these results in 

more detail.  

8.1. METTL16 is essential for mouse embryonic development 

Initially, METTL16 was shown to regulate SAM synthetase MAT2A mRNA levels in cell lines 

(Pendleton et al., 2017; Shima et al., 2017), but its role in mouse development was unknown. To 

understand the physiological role of METTL16 in mice, we generated the Mettl16 KO mouse line 

and demonstrated that the lack of METTL16 leads to early embryonic lethality, between embryonic 

days 3.5 to 6.5 (Chapter I, Fig. S4D). Sequencing of E2.5 embryos showed only four transcripts 

downregulated, with a substantial decrease in Mat2a mRNA levels (Chapter I, Fig. 4). MAT2A is 

the only SAM synthetase in the developing embryo, and thus decrease in Mat2a mRNA levels most 

likely led to SAM deficiency. However, due to the low amount of material, we could not measure 

the levels themselves. SAM is the primary methyl donor for all methylation reactions, and thus, its 

deficiency would lead to widespread demethylation of RNA, DNA and proteins, including histones. 

The reason for embryo lethality is most likely failure to regulate gene expression both at the 

level of epigenetic regulation, which is reintroduced during the embryo implantation phase (Reik et 

al., 2001), as well as on post-transcriptional and post-translational level. It was shown that removal 

of SAM for more than 24 hours leads to apoptosis of human pluripotent stem cells (Shiraki et al., 

2014). Similarly, inhibition of MAT2A in bovine embryos (Ikeda et al., 2017) or inhibition of 

methylation with cycloleucine in pig embryos (Yu et al., 2021) leads to embryo death. Therefore, it 

is not surprising that Mettl16 KO E3.5 embryos showed transcriptome-wide changes, making them 

unfit for further development. Interestingly, also Mettl3 KO mice die at a similar time, around E5.5 

to E7.5 (Geula et al., 2015).  
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 Finally, Mettl16 KO E2.5 embryos sequencing results, showing a strong decrease in Mat2a 

pre-mRNA levels combined with the last intron inclusion, confirmed previous cell culture 

experiments (Pendleton et al., 2017) and brought a better understanding of the METTL16 mechanism 

of action in mice.  

8.1.1. Regulation of Mat2a pre-mRNA in mouse  

There are six conserved hairpins, named hp1 to hp6, recognized and methylated by METTL16 in the 

3′UTR of MAT2A pre-mRNA (Pendleton et al., 2017). METTL16 was proposed to regulate MAT2A 

pre-mRNA levels both by retained intron splicing stimulation, through the VCR domains (Pendleton 

et al., 2017), and transcript stability, through m6A methylation of the hairpin structures recognised 

by YTHDC1, which leads to transcript degradation (Shima et al., 2017). In high SAM conditions, 

MAT2A pre-mRNA would be methylated and degraded through the interaction with YTHDC1, while 

in low SAM conditions, METTL16 dwell time on the transcript would increase, leading to splicing 

stimulation (Pendleton et al., 2017; Shima et al., 2017). Is one of the modes of action more important 

than the other? Do they act synergistically?  

Sequencing of Mettl16 knock-out mouse embryos showed a significant decrease in Mat2a 

pre-mRNA levels and simultaneous increase in reads coming from the retained intron (Chapter I, 

Figure 4), suggesting that splicing stimulation by METTL16 has a more important role in the 

developing embryo than m6A-mediated transcript degradation. Methylation of hp2 – hp6 might have 

a role in further fine-tuning of MAT2A mRNA levels; however, the extent of this regulation remains 

to be seen. In the original study, YTHDC1-depletion affected only the luciferase reporter levels, 

while it did not affect the endogenous MAT2A mRNA levels (Shima et al., 2017). What is more, 

YTHDC1 is believed to regulate splicing and alternative polyadenylation, but its role in RNA 

degradation has never been reported before. On the other hand, YTHDF proteins have a well-

established function in transcript degradation, making them better candidates for drivers of Mat2a 
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mRNA degradation. However, there was also no effect of YTDF2-depletion on MAT2A mRNA 

levels.  The recent reports that YTHDF proteins work synergistically (Lasman et al., 2020; Zaccara 

and Jaffrey, 2020) might explain why there was no effect, as YTHDF2-depletion might have been 

compensated by the presence of YTHDF1 or YTHDF3 proteins.  

8.1.2. The catalytic activity of METTL16 is essential for mouse 

development  

Analysis of Mettl16 KO mouse embryos showed a decrease in splicing of the last intron of Mat2a 

pre-mRNA, which is believed to be mediated through METTL16 VCR domains (Pendleton et al., 

2017). In addition, cell lines experiments showed that tethering of catalytically-dead METTL16 is 

sufficient for MAT2A splicing (Pendleton et al., 2017). We assumed that if Mat2a mRNA levels are 

mainly controlled at the splicing level, then the catalytically-dead (but RNA binding) mutants of 

METTL16 should still stimulate splicing of Mat2a pre-mRNA and result in viable animals. At the 

same time, they would allow to distinguish between VCR-dependent and methylation-dependent 

roles.  

To explore that, we decided to generate mouse lines with mutations in the catalytic domain 

of METTL16. Two mutations, F187G and PP185/186AA, were selected. According to the published 

data, while both mutants are catalytically inactive, PP185/186AA retains RNA biding ability and 

stimulates splicing of MAT2A retained intron (although with lower efficiency than WT METTL16), 

while F187G does not bind RNA at all (Pendleton et al., 2017). If Mettl16 KO lethality phenotype is 

solely due to the inability to regulate Mat2a splicing, PP185/186AA mouse mutants should be still 

viable, while F187G mutation should be lethal. Unfortunately, both mutations led to embryonic 

lethality (Chapter II, Fig. 6A). Analysis of single embryo sequencing (E2.5 and E3.5 embryos) of 

PP185/186AA animals showed decreased Mat2a mRNA levels; however, due to the low number of 
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reads, we could not see reads coming from the last intron region to assess whether PP185/186AA 

mutant stimulates splicing of Mat2a pre-mRNA.  

 There are several potential explanations why PP185/186AA mutant (catalytic dead, able to 

bind RNA) fails to stimulate Mat2a pre-mRNA splicing and results in the same phenotype as Mettl16 

KO. The first is that mutated protein might be unstable in vivo, which would be very hard to assess 

due to the low amount of material available in the E2.5 and E3.5 embryos. The second is that the 

lower efficiency of splicing stimulation initially reported for the PP185/186AA mutant (Pendleton et 

al., 2017) might not be enough to stabilize Mat2a pre-mRNA in vivo. Third, methylation of Mat2a 

pre-mRNA might be essential for its stabilisation, but that would be the opposite mechanism to the 

one previously reported. Finally, the methylation activity of METTL16 might be important for the 

regulation of other targets required for embryonic development, including U6 snRNA. 

8.1.3. Additional targets of METTL16 in mouse 

While sequencing of E2.5 embryos showed four targets (Mettl16, Mat2a, Ccdc92b and Gm15698) 

being downregulated (Chapter I, Fig. 4 and Fig.S5) (Mendel et al., 2018), we focused our attention 

on Mat2a mRNA deficiency as the reason for embryonic lethality. Although the most probable, our 

hypothesis does not include the potential influence of the two other downregulated genes: Gm15698 

and Ccdc92b. Both genes are expressed in the early embryos, with Gm15698 expressed only in the 

developing embryo and Ccdc92b expressed in the early embryo, brain and developing liver (Tapial 

et al., 2017). Unfortunately, there is very little information about the genes' role, making their role in 

the developing embryo challenging to assess. Nevertheless, while Gm15698 (ElobI) lacks METTL16 

binding motif and so that it’s hard to explain a significant drop in expression levels in Mettl16 KO 

embryos, Ccdc92b gene is much more interesting. It has a perfect METTL16 consensus motif in the 

3’UTR (TACAGAGAA), and the whole region around the consensus motif forms a secondary 
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structure identical to Mat2a hp1 structure. Further studies are necessary to establish the link between 

METTL16 and both genes.  

Furthermore, it is important to mention that METTL16 was described to bind (but not methylate) 

to ENE+A triple helix structures in MALAT1 (Brown et al., 2016). The role of this interaction is 

unknown, but as Malat1 KO mice are viable, its loss shouldn’t contribute to the Mettl16 KO mouse 

phenotype (Nakagawa et al., 2012; Zhang et al., 2012). However, as ENE elements protect viral or 

cellular non-coding RNAs from rapid degradation by sequestering the 3′ poly(A) tail inside the RNA 

secondary structure (Conrad et al., 2007), it is interesting whether METTL16 could also bind other 

cellular or viral ENE sequences and for example contribute to viral infection.  

 Finally, Warda et al. showed that METTL16 binds to over 400 different RNAs in HEK293T 

cells, including 355 mRNA, 68 lncRNAs and 9 ncRNAs (Warda et al., 2017). However, the 

overwhelming majority of the sites located in mRNA (90%) and lncRNAs (75%) do not overlap with 

known m6A sites, making them questionable targets. As it was not shown whether these sites have a 

consensus motif or potential to form a secondary structure needed for METTL16 binding (Warda et 

al., 2017), their association with METTL16 remains to be experimentally validated. One potential 

explanation for the mismatch between binding and the lack of methylation might come from a recent 

study that showed that some targets could be bound, but still not methylated by METTL16 (Doxtader 

et al., 2018).  

8.2. METTL16 function is conserved in C. elegans 

My next goal was to understand the role of METTL16 homologue, METT-10 in C. elegans. As 

METT-10 has a well-conserved methyltransferase domain (Dorsett et al., 2009), we hypothesised 

that it might be m6A methyltransferase in C. elegans. In Chapter II, I describe the analysis of m6A 

levels in WT and mett-10 KO worms, which showed that METT-10 methylates several transcripts, 
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mainly U6 snRNA and SAM synthetase transcripts: sams-3, sams-4 and sams-5 (Chapter II, Fig. 1). 

That makes METT-10 the first confirmed mRNA m6A methyltransferase in C. elegans, with targets 

conserved between mouse and worm. However, unlike in mice, where there are six m6A peaks in the 

5′UTR of Mat2a pre-mRNA, in worms, the sams transcripts are methylated at a single site, precisely 

at 3′SS of intron 2 of sams transcripts (Chapter II, Fig. 2). This methylation inhibits splice site usage 

by blocking U2AF35 splicing factor binding and leads to alternative splice site usage, resulting in 

transcript degradation. The whole mechanism is regulated by diet, acting as a feedback loop to 

regulate SAM levels in different environmental conditions (Chapter II, Fig. 4). It is the first instance 

where the presence of m6A is shown to directly impact splicing, which will be discussed in more 

detail later.  

 Although the function of METTL16 is conserved between mice and worms, there are 

important differences in the mode of action. Comparison of Mettl16 and mett-10 KO outcomes shows 

that in mouse METTL16 is needed for SAM synthetase transcript stabilization, while in C. elegans 

METT-10 is important for its degradation. The source of this difference is perhaps different 

environments in which worms and mice live. As production of SAM is energetically costly, requiring 

methionine and ATP, mammals might need to control it tightly. At the same time, worms might have 

enough nutrients to produce SAM constantly, and only too high levels are dangerous.  

 Another interesting difference is the mechanism of SAM synthetase transcript regulation. In 

mice, it was proposed that METTL16 binding promotes splicing through the recruitment of additional 

factors, which recently were identified to be CFIm25 protein. In worms, splicing is regulated directly 

by the m6A methylation of the 3′SS. The additional factors in mice might allow for further fine-tuning 

of splicing, which might not be necessary for worms. The second possibility is that worms do not 

have m6A-binding proteins and thus, the only potential mode of m6A action is to directly prevent 

binding of splicing factors.  
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8.2.1. METT-10 importance besides SAM level control 

The previous studies showed that METT-10 is important for C. elegans germline development, with 

mett-10 KO germ cells unable to progress through the mitotic cell cycle, resulting in sterility 

phenotype at 25°C (Dorsett et al., 2009). Our experiments showed decreased brood size in mett-10 

KO worms at 20°C compared to WT, with a very significant drop in nutrient-rich conditions (Chapter 

II, Figure 4G). This drop in brood size was correlated with the increased SAM levels as measured by 

metabolomics (Chapter II, Fig. 4E). We hypothesised that the phenotype of mett-10 KO is caused by 

the inability to regulate SAM levels, which at some point become toxic for worms. To test that, we 

generated C. elegans mutants, where we removed regulated intron in sams-3, sams-4 and sams-5 (so-

called Δintron worms), having single mutants or combining them to generate a triple Δintron sams-

3/-4/-5 mutant. Worms with Δintron produced SAM synthetases, but lost the ability to control sams 

intron splicing through METT-10 methylation, leading to increased SAM synthetase protein levels 

in nutrient-high conditions as shown by Western Blot (Chapter II, Fig. 4F). Surprisingly, despite 

upregulated SAM synthetase protein levels, we saw a very modest decrease in brood size in Δintron 

lines. The reduction was significant only in comparison between WT and the triple Δintron (sams-

3/-4/-5) worms, with the effect being much smaller than between mett-10 KO and WT worms. This 

result indicates that METT-10, besides the SAM synthetase transcripts, have additional targets and 

functions in C. elegans. What could be the other targets?  

 U6 snRNA m6A methylation could be the first candidate, with m6A in the middle of the 

crucial ACAGA motif, which was shown to be important for splicing in S. pombe (Ishigami et al., 

2021). However, we have not seen any major splicing defects in mett-10 KO worms (Chapter II, Fig. 

S1), so either U6 snRNA methylation is not critical in worms, or it is specific only to a subset of 

targets. Another potential reason for the mett-10 KO phenotype severity might be additional targets 

of METT-10. Analysis of m6A-IP-seq between mett-10 KO and WT worms showed that while U6 
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snRNA and sams-3/-4/-5 pre-mRNAs are the main targets of METT-10, there are over 171 other 

transcripts with significant depletion of m6A in mett-10 KO. Besides U6 snRNA and sams transcripts, 

the most m6A-depleted transcript is mtce.24 encoding for one of the mitochondrial tRNAs (Chapter 

II, Fig. 1). However, it is unclear whether mtce.24 is a direct target of METT-10, as it lacks the 

consensus motif and the secondary structure needed for METT-10 methylation. In addition, the 

function of mtce.24 in C. elegans remains unknown.   

8.2.2. m6A methylation in C. elegans 

The presence of m6A on worm mRNA was for a long time controversial as C. elegans lacks all the 

main proteins involved in the deposition or recognition of mRNA m6A, including METTL3/14 

methyltransferase. In addition, recent studies showed that in worms, mRNA m6A is either very low 

abundant (0.0008% of C. elegans mRNA) (Liberman et al., 2020) or is not present at all (Sendinc et 

al., 2020). In Chapter II, we show that despite the low levels, mRNA in C. elegans is m6A methylated, 

with METT-10 being the m6A mRNA methyltransferase that methylates sams-3/-4/-5 pre-mRNA 

transcripts. Comparison of mett-10 KO and WT worms identified few additional targets in the mett-

10 KO; however, most of them lacked METT-10 consensus motif, so the drop in m6A levels might 

be due to secondary effects. At the same time, our broader analysis of m6A levels by LC-MS/MS 

showed that the amount of m6A on poly(A)+ RNA is much higher than previously reported, being 

approximately five times lower in C. elegans when compared to mice (Chapter II, Fig. 1B). 

Sequencing of equimolar amounts of worm and mouse poly(A)+ RNA revealed similar amounts of 

m6A, but with striking differences in distribution. While in mice, m6A was distributed in well-defined 

peaks, in C. elegans, almost all m6A seems to be distributed randomly (Chapter II, Fig, 1E). Only for 

a few sites were we able to define a long consensus sequence rich in purines (GA repeats). 

Interestingly, the random distribution and the very same motif were reported recently, where they 

were attributed to the unspecific binding of the m6A antibody (Sendinc et al., 2020).  
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Despite the overall high m6A levels in poly(A)-enriched fraction, the seemingly random 

distribution of m6A and lack of defined consensus motif raises questions about the source of m6A in 

worms. Is there another yet undiscovered m6A mRNA methyltransferase? Is m6A coming from 

bacteria in the C. elegans diet, either as sample contamination or randomly incorporated into pre-

mRNA by RNA polymerase II? It was shown that bacteria also have m6A methylation, distributed 

uniformly along the transcripts at GCCAG consensus motifs (Deng et al., 2015). As RNA polymerase 

II can incorporate m6A into pre-mRNA, plants and mammals use the ADAL enzyme for m6A removal 

and recycling (Chen et al., 2018). A homologue of mammalian ADAL, adal-1, is also present in 

worms (Harris et al., 2020), so it is unlikely that bacterial m6A might be randomly incorporated into 

the pre-mRNA, pointing more toward sample contamination with the bacterial mRNA. Or maybe 

both the levels of m6A, as well as seemingly random distribution, are caused by a combination of 

contamination with other RNA species and unspecific m6A antibody binding, as suggested recently 

(Sendinc et al., 2020)? The presence of RNA modifications not found on mRNA, like specific for 

rRNA N6,N6-dimethyladenosine (m6
2A), might suggest rRNA contamination, however it doesn’t 

explain the GA repeats consensus. To summarize, more research is needed to understand better the 

presence, distribution and role of worm mRNA m6A.  

8.3. m6A methylation of the 3′SS directly regulates splicing 

Since the 1980s and 1990s, m6A was implicated in splicing regulation, with the early studies showing 

that inhibition of methylation leads to accumulation of unspliced pre-mRNAs in chicken embryo 

fibroblasts (Stoltzfus and Dane, 1982) and in chinese hamster ovary (CHO) cells (Carroll et al., 

1990). However, as the studies used general methylation inhibitors, the results were more likely 

caused by general RNA processing defects, including lack of cap methylation, which is needed for 

recognition by the cap binding complex (CBC) (Worch et al., 2005). More recently, there is growing 

evidence for the role of m6A in splicing regulation, with multiple studies finding widespread changes 
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in splicing patterns following depletion of components involved in m6A methylation: METTL3 

writer (Dominissini et al., 2012; Geula et al., 2015), FTO (Bartosovic et al., 2017; Zhao et al., 2014) 

and ALKBH5 (Tang et al., 2017) erasers as well as YTHDC1 reader (Kasowitz et al., 2018).  

Our initial observation of the correlation between 3′SS m6A methylation and impaired splice 

site usage in C. elegans led us to a discovery of a previously unknown mechanism of splicing 

regulation, where m6A methylation can directly block U2AF35 splicing factor binding to inhibit 

splicing (Chapter II). Using in vitro splicing assays, we showed that the exact mechanism is 

conserved in mammals and is limited to U2AF35-dependent splice sites (so-called weak splice sites) 

(Chapter II, Fig. 5). To identify mammalian splice sites potentially regulated by m6A methylation, 

we performed in silico analysis of all 3′SS in mice to select those having METTL16 binding motif 

and forming secondary structures around the 3′SS (Chapter II, Fig. 6E). Next, we confirmed that 

some of these sites can be in vitro methylated by METTL16 (Chapter II, Fig. 6F). Finally, we showed 

that two potentially m6A methylated splice sites have different splice site usage in Mettl16 KO mouse 

embryos, suggesting that this regulation might be active during mouse embryonic development 

(Chapter II, Fig. 6G). To summarize, we discovered an evolutionarily conserved mechanism of 

splicing regulation where m6A methylation of 3′SS blocks U2AF35 binding to inhibit splicing. In 

addition, the same mechanism was very recently reported by another group, further strengthening 

our conclusions (Watabe et al., 2021).  

A recent crystal structure of U2AF35 bound to its target explains how m6A blocks U2AF25 

binding. Amino-acid residues of U2AF35 very closely surround the -2 adenosine (the one which is 

methylated by METT-10), thus there is no space to accommodate the methyl group. Isothermal 

titration calorimetry (ITC) measurement of binding affinity to non-methylated and m6A methylated 

RNA confirmed our results, with over 100x times weaker biding for methylated RNA (Kd value being 

0.47 µM and 53.8 µM, respectively) (Yoshida et al., 2020). However, this type of splicing inhibition 
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would work only for the U2AF35-dependent transcripts. Indeed, the m6A methylated 3′SS in  

C. elegans sams-3/-4/-5 transcripts have mutated consensus motif, with AUUACAG/R sequence 

instead of the typical U4CAG/R. As U2AF65 was shown to bind to the U4 consensus motif (Hollins 

et al., 2005), these mutations move the balance towards U2AF35-driven splicing.  

It is worth mentioning that our study is not the first one to implicate a direct role of RNA 

modification in splicing regulation. It was previously shown that pseudouridine deposited on 

particular sites in the polypyrimidine tract (PPT) could block U2AF65 binding and inhibit in vivo 

splicing (Chen et al., 2010). A recent study expanded on this research, showing that pseudouridine is 

deposited co-transcriptionally and that intronic pseudouridines are associated with alternatively 

spliced introns (Martinez et al., 2020). Depletion of pseudouridine synthetases PUS1, RPUSD4 and 

PUS7 results in widespread alternative splicing changes (Martinez et al., 2020). Interestingly, in vitro 

splicing with pseudouridinylated substrates enhanced splicing (Martinez et al., 2020), unlike the 

previous study, where pseudouridinylation inhibited the splice site usage (Chen et al., 2010). It 

suggests that the effect of pseudouridine on splicing might be dependent either on the pre-mRNA 

substrate or the site of pseudouridinylation.  

Finally, both our study and the previous studies describing the role of pseudouridine in splicing 

regulation suggest that a more widespread regulation of splicing by a direct interaction between 

different RNA modifications and splicing factors is possible and might contribute to alternative 

splicing regulation.  

8.4. The role of U6 snRNA m6A in splicing 

The second conserved target of METTL16/METT-10 is U6 snRNA, methylated at the ACAGA 

motif, which is essential for the 5′ splice site recognition and splicing. The METTL16 consensus 

motif in U6 snRNA is conserved from yeast (S. pombe) to humans (Pendleton et al., 2017), with 
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methylation present in both species. Conservation of m6A methylation at the crucial splicing motif 

suggests that m6A might be important for splicing. Indeed, removal of S. pombe homologue of 

METTL16, Duf890/mtl16 led to slower growth compared to the WT yeast (Pendleton et al., 2017). 

Recently it was shown that U6 snRNA m6A methylation in S. pombe is needed for efficient splicing 

of a subset of introns, which are not strongly bound by U5 snRNA (Ishigami et al., 2021). These 

introns are characterized by adenosine as the 4th nucleotide (A4 introns) with the exonic 5′ sequence 

being BBH instead of U5 snRNA consensus AAG (Ishigami et al., 2021). The lack of U6 snRNA 

m6A leads to intron retention and significant changes in pre-mRNA splicing (Ishigami et al., 2021). 

It is the first mechanistic example of U6 snRNA m6A role in splicing. However, the question remains 

about the role of U6 snRNA m6A methylation in other organisms.  

In our case, we haven’t observed any major splicing defects, both in mouse embryos depleted of 

METTL16 (Chapter I) as well as in mett-10 KO C. elegans (Chapter II). While in mouse the reason 

might be the maternal contribution of U6 snRNA, which was described to have a long half-life of 

about 24 hours (Fury and Zieve, 1996), that could not be the case in worms, where U6 snRNA m6A 

methylation is completely absent as confirmed by the SCARLET method (Chapter II, Fig. 1), which 

allows for single-nucleotide resolution analysis of RNA modifications (Liu et al., 2013). 

Interestingly, the levels of U6 snRNA were two-fold increased in the mett-10 KO worms (Chapter 

II, Fig. S1), while they were not affected in S. pombe (Ishigami et al., 2021). However, we can’t 

explain why the loss of methylation would lead to increased U6 snRNA levels as the m6A methylated 

region is not involved in U6 processing.  

The reason why we did not see splicing abnormalities similar to S. pombe Δmtl16 is not apparent. 

Either, because of focusing on global splicing defects, we missed a subset of affected transcripts, or 

the 5′SS is recognized differently in worms and mice compared to yeast. While in yeast (S. 

cerevisiae), the U6 snRNA ACAGA motif strongly pairs with the intron sequence, a recent structure 
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of the human C* spliceosome complex shows that the m6A methylated adenosine on U6 snRNA (U6-

A43) does not pair with the intron, suggesting that it might not be essential for splicing in humans 

(Bertram et al., 2017). Early biochemical experiments seem to confirm that in humans, A43 is not 

essential for in vitro splicing as A to G mutation can still splice (although with lower efficiency). 

However, it is important to note that other mutations (A to C or A to U) completely inhibit splicing 

(Datta and Weiner, 1993). This is not the case in S. cerevisiae, where any mutation of ACAGA 

adenosine leads to lethality (Madhani et al., 1990).  

8.5. Regulation of U6 snRNA m6A methylation 

Although we have not seen any significant splicing defect in Mettl16 and mett-10 KO, U6 snRNA 

m6A may play a role in some specific developmental or environmental conditions. Thus, another 

interesting question is whether U6 snRNA m6A methylation is deposited constitutively on all U6 

snRNA molecules or whether the level of this modification can be modulated. Previous reports 

suggest that the former is true, with S. pombe (Ishigami et al., 2021) and HeLa cells (Liu and Pan, 

2015) U6 snRNA ACAGA motif being completely m6A methylated. However, Western Blot of 

METTL16 distribution in mouse tissues shows that its protein levels differ significantly between 

tissues, with METTL16 absent in several tissues, including kidney, liver, muscle and bone marrow 

(Chapter II, Fig. 6B). That raises an intriguing possibility that U6 snRNA m6A methylation might be 

regulated in order to dynamically modify 5′SS usage. In addition, a demonstration that U6 snRNA is 

not equally m6A methylated would not be the first example of dynamic changes in snRNA 

modifications. In 2019, FTO was proposed to regulate m6A methylation of snRNA cap, being 

important for alternative splicing regulation (Mauer et al., 2019). Another study showed that 

methylation of certain 2′-O-methyl sites is affected in Jurkat cells (leukaemia model) compared to 

the activated T cells (Krogh et al., 2017). These results suggest that snRNA modifications might be 

more dynamic than commonly believed and involved in alternative splicing regulation. 
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Another interesting question is the level of U6 snRNA methylation in other organisms where 

METTL16 is conserved. Drosophila melanogaster is especially interesting as flies, compared to 

other species, have a very short METTL16 homologue. Fly protein is 305 aa long, while the worm 

is 479 aa and human is 562 aa. Although the methyltransferase domain is very well conserved 

between species, the C-terminal end is missing in flies. The region was shown to be essential for U6 

snRNA binding and methylation by METTL16 (Aoyama et al., 2020), so its lack in flies could 

potentially impair U6 snRNA methylation efficiency.  

8.6. The structural features of METTL16 

To understand how METTL16 can recognize its targets and why it requires both the long consensus 

motif (UACAGAGAA in mammals) and the hairpin structure, we crystalised and solved the structure 

of the METTL16 methyltransferase domain (MTD) (Chapter I). Two constructs were selected based 

on a limited proteolysis analysis: full-length methyltransferase domain (1 – 291 aa) and ΔN construct 

(40 – 291 aa). We failed to crystalize constructs with the RNA substrate (hp1 from Mat2a mRNA); 

however, we obtained crystal structures of both constructs bound to SAH (Chapter I, Figure 1). Based 

on the structure, we defined two regions to be essential for METTL16 activity: METTL16 specific 

N-terminal region (1 – 78 aa) and a flexible loop region (F187 – G223), located next to the catalytic 

residues (NPPF, N184 – F187), which was disordered in our structure. Using various biochemical 

assays, we showed that the N-terminal region is rich in negatively charged amino acids and is 

important for RNA binding. At the same time, the flexible loop is needed for substrate methylation, 

but not binding, suggesting that it might be needed for substrate positioning. Interestingly, the loop 

region in C. elegans is longer (48 aa 35 aa) and has poor sequence conservation, suggesting that it 

might have different substrate specificity. Indeed, while human METTL16 methylates the worm 

sams region, the opposite is not true (Chapter II, Figure 3F and S3B).  
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 Two other structures of METTL16 MTD were published, one describing MTD alone 

(Ruszkowska et al., 2018) and the second having MTD bound to its RNA substrate (Mat2a hp1) 

(Doxtader et al., 2018). While the structure of MTD alone shows a high degree of overlap with our 

study, MTD bound to hp1 RNA shows interesting differences. First of all, the loop region is stabilized 

upon the RNA binding and forms a “clamp” that holds the RNA and positions the substrate for 

methylation in the catalytic pocket. Mutation of a single residue in this region (R200Q), found in 

certain types of cancer, leads to upregulation in methylation activity (Doxtader et al., 2018). The 

second interesting region is the so-called K-loop (KTLLMD, 163 – 167 aa), which occludes the SAM 

binding site and was proposed to be an autoregulatory switch, which could modulate METTL16 

dwell time on targets (Doxtader et al., 2018). The presence of this region might potentially improve 

SAM level sensing and allow for switching between splicing enhancement/methylation modes. An 

exciting, but not yet confirmed possibility, would be the deposition of post-translational 

modifications on this region to modulate the function of METTL16.  

Additionally, a comparison of our structure and the one from Doxtader et al. explains why we 

didn’t obtain the crystals of MTD bound to the RNA. While the boundaries of our construct were  

1 – 291 aa, the other group used 1 to 310 amino acids. Analysis of the sequence between 291 and 

310 amino acids shows several positively charged amino acids (DDVTVPSPPSKRRKLEKPRK, 

Uniprot: Q86W50 (Bateman et al., 2021)), which very likely are needed for stabilisation of the 

METTL16-protein complex. Additionally, while we used an endogenous hp1 sequence, Yunsun Nam 

used a mutated hp1 hairpin (called hp1x), where the stem region was mutated to obtain stronger 

pairing and more stable stem (Doxtader et al., 2018). Although METTL16 does not contact the stem 

region, stronger pairing might have stabilised the RNA substrate, improving crystallization 

conditions. 
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Finally, although the studies broaden understanding of METTL16 structure and substrate 

recognition, information about the C-terminus of the protein, containing so-called VCR regions, was 

still missing.  

8.6.1. What is the role of the VCR domain?  

One of the controversial questions is the role of METTL16 C-terminal domains called vertebrate 

conserved regions (VCR). Initially, it was proposed that while METTL16 MTD binds to the hairpin 

structures in MAT2A pre-mRNA, VCR domains are essential for MAT2A pre-mRNA splicing. The 

model was supported by tethering assays, where VCR domains alone could stimulate the splicing of 

a construct containing the last intron of MAT2A pre-mRNA (Pendleton et al., 2017). Although a 

precise mechanism of splicing regulation remained unknown, the authors suggested that additional 

co-factors will be necessary for splicing induction (Pendleton et al., 2017). 

Recently, a follow-up study identified CFIm25 (CPSF5, NUDT21), a component of the cleavage 

factor Im (CFIm) complex, as being important for MAT2A intron splicing (Scarborough et al., 2021). 

CFIm25 tethering was enough to stimulate MAT2A pre-mRNA splicing in METTL16 siRNA KD, 

suggesting that METTL16 is upstream of CFIm25 and might recruit it (Scarborough et al., 2021). 

However, the study failed to show any interaction between METTL16 and CFIm25, implying that 

VCR do not interact directly with CFIm25. What is then a function of the VCR domains? How does 

it recruit CFIm25? The authors hypothesised that VCR would not bind CFIm25 directly, but rather 

stimulate CFIm25 binding by rearranging the RNA secondary structure to unravel the CFIm25 binding 

motif.  

A recent study seems to support the role of VCR in RNA binding and potential structural 

rearrangements. They show that VCR is an RNA binding domain needed for U6 snRNA, but not 

MAT2A hairpin, binding (Aoyama et al., 2020). The binding affinity of METTL16 MTD alone is 
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over 100x weaker for U6 snRNA compared to the full-length protein, while only 3x weaker in the 

case of Mat2a hairpin. The group crystalized METTL16 VCR domains and showed that their 

structure is similar to the kinase-associated 1 (KA1) domain of terminal uridylyltransferase  

1 (TUT1), a known U6 snRNA binding protein. In addition, they mapped VCR binding to the internal 

stem-loop (ISL) region of U6 snRNA and proposed that it introduces structural changes in U6 snRNA 

to facilitate methylation by METTL16 (Aoyama et al., 2020). It is worth noting that already before, 

the VCR region was shown to be important for binding to MALAT1 (Ruszkowska et al., 2018). 

In summary, our understanding of the VCR domain role has evolved from a platform for splicing 

factors recruitment to an RNA binding domain, required for MALAT1 and U6 snRNA binding and 

potentially introducing structural changes to these targets. At the same time, the VCR domain was 

proposed to be conserved only in vertebrates, so how U6 snRNA is recognized and methylated in the 

other species, especially in C. elegans? Is U6 snRNA recognised and bound differently, or is the 

function of the C-terminal region also conserved in non-vertebrates? METTL16 homologues in many 

species, involving C. elegans METT-10, have a long C-terminal tail. Analysis of METT-10 region 

200 – 479 aa using Phyre2 database (Kelley et al., 2015) finds high similarity to the vertebrate VCR 

domains. I decided to explore it further using AlphaFold2, a recently released machine learning 

algorithm, which offers significantly improved in silico structure prediction (Jumper et al., 2021). 

Comparison of the full-length structures of human METTL16 and C. elegans METT-10 shows high 

similarity in the C-terminal region, suggesting that the VCR region might not be limited to vertebrates 

only (Figure 6). However, further structural and biochemical studies are needed to confirm this 

prediction.  
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Figure 6. Comparison of METTL16 (A) and METT-10 (B) full-length structures predicted using AlphaFold2 algorithm 

(Jumper et al., 2021). C-terminal region (marked in red) shows a high similarity between human and worm protein, 

suggesting that VCR regions might be conserved in non-verebrates.  

8.6.2. RNA substrate requirements of METTL16  

While the level of m6A methylation of SAM synthetase transcripts is dynamically changing in 

different nutrient conditions in C. elegans (Chapter II, Fig. 4), methylation of U6 snRNA seems to 

remain stable both in low and high nutrient conditions (Chapter II, Fig. S1). Either both targets are 

methylated at the same rate, and lack of changes in U6 snRNA m6A methylation levels is due to its 

long half-life (U6 is so stable that it will finally be methylated, while the turnover of sams transcripts 

is much faster), or perhaps METT-10 (and METTL16) can distinguish between different substrates 

and adjust its mode of action. Ours and other groups results seem to suggest that METTL16/METT-

10 is able to sense differences in RNA substrates, and even small changes might result in significant 

changes in methylation efficiency (Doxtader et al., 2018; Mendel et al., 2018).  

 Our analysis of different Mat2a hp1 substrate mutants showed that METTL16 recognizes and 

methylates substrates with consensus motif present in a bulge of a hairpin structure. Both consensus 
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motif and secondary structure are essential for the methylation, although mutations of the stem region 

showed that the stem sequence is not essential as long as the pairing, leading to hairpin formation, is 

preserved (Chapter I, Fig. 3). These results were explained by the structure of METTL16 bound to 

RNA, where the stem region is not contacted by METTL16 (Doxtader et al., 2018). More 

importantly, the same study showed that both the size of the bulge region as well as mutations in the 

hp1 consensus motif can modulate methylation activity. A single mutation (UACAGAGAA into 

UACAGAAAA) present in the consensus motif of Mat2a hp5 hairpin increases methylation activity 

5-fold (Doxtader et al., 2018)  

Finally, it is important to mention that methylation assays indicate that METTL16 and METT-10 

have different target requirements, with METT-10 having a much more limited set of substrates. 

While human METTL16 can efficiently methylate all tested Mat2a hairpins (mouse, worm, 

silkworm, and fly) (Chapter II, Figure 3F), worm METT-10 does not recognize mouse Mat2a hairpin 

and methylates efficiently only the worm sequence (Chapter II, Figure S3). The difference might be 

caused by different loop regions or discrepancies in the C-terminal region.  
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8.7. Conclusions 

In conclusion, during my PhD, I gained important insights about METTL16 function and mode of 

action in mice and the role of METTL16 homologue in C. elegans, METT-10. In addition, I described 

a new mechanism of m6A-driven splicing regulation, which is conserved between worms and 

mammals.  

The most important points are:  

• In mice, METTL16 is an essential RNA m6A methyltransferase required for both early 

embryonic development and male germline differentiation;  

• METTL16 structure analysis identified two crucial regions: the N-terminal region required 

for RNA binding and the loop region necessary for RNA methylation; 

• METTL16 homologue in C. elegans, METT-10, is mRNA m6A methyltransferase, 

methylating U6 snRNA and SAM synthetase transcripts; 

• Methylation of SAM synthetase transcripts by METT-10 is essential for SAM levels 

homeostasis in C. elegans;  

• m6A deposited on the 3′SS directly inhibits splice site usage through blocking U2AF35 

splicing factor binding, with the mechanism of splicing inhibition conserved between 

nematodes and mammals.  
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