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Abstract 

Dynamic regulation of gene expression guarantees cellular adaptation, survival and ultimately 

organismal development. Over 170 known RNA modifications can decorate various RNA molecules and 

represent one of the layers of gene regulation. N6-methyladenosine (m6A) is among the most prevalent 

modifications in eukaryotic mRNA and is implicated in nearly every step of mRNA biogenesis. Hence, 

the importance of m6A modification is being increasingly recognised in numerous biological processes. 

m6A installation is accomplished by a large protein complex, whose exact composition was long 

unknown. This modification can be recognised by the so-called YTH domain-containing m6A reader 

proteins that are main mediators of m6A functions.  

The purpose of this PhD work was to advance the understanding of m6A formation, investigate 

its role on mRNA processing, and examine the importance of this abundant modification during 

development of a fruit fly (Drosophila melanogaster). Molecular biology techniques along with high-

throughput sequencing experiments were applied to characterise components of the so-called “m6A 

writer complex”, required for m6A deposition, and to identify novel “m6A readers”. Gene-specific 

knockout animals were generated using the CRISPR-Cas9 genome engineering to study m6A functions 

in vivo. This study shows that the m6A writer complex in D. melanogaster consists of seven subunits 

that are conserved in higher eukaryotes. Methyltransferase-like protein 3 (Mettl3) carries catalytic 

activity and forms a heterodimer with the Methyltransferase-like protein 14 (Mettl14). In addition, five 

accessory proteins were found to be required for efficient target methylation: Fl(2)d, Vir, Nito, Flacc, 

and Hakai. Mechanistically, Flacc was shown to promote the interaction between Fl(2)d and Nito, 

whereas Hakai maintained the stability of Vir, Fl(2)d and Flacc. Analysis of m6A distribution along mRNA 

revealed enrichment of modification within 5` UTR regions in an A-rich RRACH sequence motif. 

Functionally, loss of m6A altered alternative splicing of a subset of modified transcripts. Characterisation 

of m6A readers identified the nuclear protein Ythdc1 as one of the key mediators of m6A functions in D. 

melanogaster and its loss recapitulated most splicing defects. Among aberrantly spliced transcripts was 

Sex lethal (Sxl), the master regulator of sex determination and dosage compensation pathways in D. 

melanogaster, which implicated m6A in the modulation of these processes. By exploring the importance 

of m6A modification during fly development, this work revealed high levels of m6A during early 

embryogenesis, at the onset of pupation, as well as in heads and ovaries of adult flies. Notably, fly 

mutants lacking Mettl3 or Mettl14 had reduced lifespan and were flightless. In addition, flies lacking 

m6A displayed severe locomotion defects due to altered neuronal functions and loss of Ythdc1 

resembled the loss of m6A writer components.  

Novel findings presented in this study substantially advance our current knowledge on the 

composition of the m6A writer machinery. This work also reveals the requirement of m6A in the 

alternative pre-mRNA splicing of Sxl and other targets and highlights the impact of this modification in 

the nervous system. In addition, numerous findings presented in this work provide an important 

resource of data for future studies that will allow better characterisation of this abundant mRNA 

modification at the molecular and organismal level. 
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Zusammenfassung 

Die dynamische Reguli der Genexpression ermöglicht die Anpassung der Zellen, deren Überleben 

und letztendlich die Entwicklung des Organismus. RNA Moleküle können durch Über 170 bekannte 

RNA-Modifikationen markiert werden und stellen eine der wichtigsten Schichten der Genregulation 

dar. N6-Methyladenosin (m6A) gehört zu den am häufigsten vorkommenden Modifikationen in 

eukaryotischer mRNA und ist an nahezu allen Schritten der mRNA-Biogenese beteiligt. Die Bedeutung 

der m6A-Modifikation findet daher in zahlreichen biologischen Prozessen zunehmend Beachtung. Die 

m6A Modifikation erfolgt durch einen großen Proteinkomplex, dessen genaue Zusammensetzung lange 

unbekannt war. Diese Modifikation kann durch die sogenannten YTH-Domäne-enthaltenen m6A-

Leserproteine erkannt werden, die Hauptmediatoren der m6A-Funktionen sind. 

Das Hauptziel dieser Doktorarbeit ist es, das Verständnis der m6A-Bildung zu verbessern. Zudem 

soll die Rolle bei der mRNA-Prozessierung und die Bedeutung dieser stark vorkommenden Modifikation 

während der Entwicklung der Fruchtfliege (D. melanogaster)  untersucht werden. Hierfür werden 

molekularbiologische Methoden zusammen mit Hochdurchsatz-Sequenzierungsexperimenten 

angewendet. Diese Methoden sollen helfen Komponenten des sogenannten "m6A-Schreiber-Komplex"  

der die m6A-Modifikation katalysiert, als auch einzelne "m6A-Leser", die die Modifikation erkennen und 

binden können, zu identifizieren und charakterisieren. Genspezifische Knockout-Modelle wurden unter 

Verwendung des CRISPR-Cas9-Genom-Engineerings erzeugt, um die m6A-Funktionen in vivo zu 

untersuchen. Insgesamt wurden die sieben Untereinheiten des m6A-Schreiber-Komplex in D. 

melanogaster identifiziert.  Alle Untereinheiten sind in höheren Eukaryoten konserviert. Das 

Methyltransferase-ähnliche Protein 3 (Mettl3) trägt als einziges katalytische Aktivität und bildet mit 

dem Methyltransferase-ähnlichen Protein 14 (Mettl14) ein Heterodimer. Neben diesen 

entscheidenden Proteinen sind fünf weitere für eine effiziente Zielmethylierung erforderlich: Fl(2)d, Vir, 

Nito, Flacc und Hakai. Hierbei stärkt Flacc die Wechselwirkung zwischen Fl(2)d- und Nito-Proteinen, 

während Hakai die Stabilität von Vir-, Fl(2)d- und Flacc-Proteinen stabilisiert. Die Analyse der m6A-

Verteilung entlang der mRNA ergab eine Anreicherung der Modifikation im 5'-UTR- innerhalb eines A-

reichen RRACH-Sequenzmotiv. Funktionell veränderte der Verlust von m6A das alternative Spleißen 

einiger modifizierter Transkripte. Durch die Charakterisierung von m6A-Lesern wurde das nukleare 

Ythdc1-Protein als einer der Hauptmediatoren der m6A-Funktionen in D. melanogaster charakterisiert, 

dessen Verlust zu Spleißdefekten führt. Unter den fehlerhaft gespleißten Transkripten befand sich unter 

anderem der Hauptregulator der Geschlechtsbestimmung und der Dosierungskompensationswege, Sex 

lethal (Sxl), der die Verbindung zwischen m6A und der Regulierung dieser Prozesse verdeutlicht. 

Zusätzlich zeigte die Untersuchung der m6A-Modifikation während der Fliegenentwicklung eine hohe 

Menge der Modifikation während der frühen Embryogenese, zu Beginn der Verpuppung sowie in 

Köpfen und Eierstöcken erwachsener Fliegen auf. Insbesondere ist die m6A-Modifikation für das 

ordnungsgemäße Funktionieren des Nervensystems erforderlich: Fliegenmutanten ohne Mettl3 oder 

Mettl14 sind flugunfähig und zeigen schwere Bewegungsdefekte. Der Verlust des nuklearen Ythdc1-

Proteins ähnelt dem Verlust von m6A-Schreiberkomponenten in diesem Phänotyp.  

Zusammenfassend werden in dieser Studie neue Erkenntnisse unseres derzeitigen Wissens über 

die Zusammensetzung und Funktion der m6A-Schreibmaschinerie fundamental erweitert. Diese Arbeit 

enthüllt den Bedarf an m6A für die Regulierung des alternativen prä-mRNA-Spleißen von Sxl und 

anderen Transkripten und unterstreicht damit die Auswirkungen dieser Modifikation auf neuronale 

Funktionen. Darüber hinaus liefern zahlreiche in dieser Arbeit vorgestellte Ergebnisse eine wichtige 
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Datenquelle für zukünftige Studien, die eine bessere Charakterisierung dieser  mRNA-Modifikation auf 

molekularer Ebene und hinsichtlich den gesamten Organismus ermöglichen.
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1 Introduction 

1.1 Regulation of gene expression 

Gene expression is a tightly regulated process, crucial for the formation, differentiation and 

functioning of every cell – a fundamental unit of life. Genetic information of  a given organism is 

encoded in a form of genomic deoxyribonucleic acid (DNA) that is wrapped around histones and saved 

in a cell nucleus as a compacted chromatin (Iyer et al. 2011). Each individual cell of a multicellular 

organism carries identical copy of a genome that is passed on to future generations by the germ cells. 

However, already in the first day of development, the frog embryo forms 69 distinct cell types, 

highlighting the importance of precise gene expression for cell differentiation and specialization (Briggs 

et al. 2018). By the central dogma of biology, genetic information is transferred from DNA to messenger 

RNA (mRNA) and further to proteins that represent main enzymatic and building blocks of the cell (Crick 

1958, Crick 1966). Spatial and temporal regulation of gene expression is thus achieved at multiple 

levels; before and during gene transcription, at the stage of pre-mRNA processing and finally during 

protein translation and folding. The first determinant of which genes are switched “on” and “off” is 

encoded within the chromatin state that either permits or inhibits transcription from specific loci. This 

chromatin landscape is defined by a combinatorial interplay between histone modifications, DNA 

modifications, regulatory non-coding RNAs, as well as long distance interactions of gene promoter and 

enhancer elements (Chen et al. 2017). Whether or not a gene is expressed, is ultimately decided by a 

plethora of sequence and cell type specific transcription factors that can promote the recruitment of 

RNA polymerase and associated complexes to initiate transcription. 

1.1.1 DNA methylation 
DNA methylation of cytosines (5mC) represents an epigenetic mark linked to transcriptional 

repression, when found at high and intermediate dense CpG islands within promoter regions (Meissner 

et al. 2008, Borgel et al. 2010), and bound by modification specific readers that mediate gene silencing. 

5mC can be deposited by DNMT1, a “maintenance” methyltransferase, that recognizes hemi-

methylated DNA (Hermann et al. 2004) or by “de-novo” methyltransferases DNMT3A and DNMT3B 

(Okano et al. 1999). This modification can also be dynamically removed by ten-eleven-translocase (TET) 

enzymes via hydroxymethyl-cytosine, formyl-cytosine and carboxyl-cytosine intermediates in 

consecutive reactions of iron and -ketoglutarate dependent oxidations (Ito et al. 2011, Wu and Zhang 

2014). This dynamic removal/deposition is of particular importance during the course of epigenetic 

reprogramming, when 5mC is erased from DNA in primordial germ cells (PGC) and in the embryo, just 

prior to its implantation. In mammals, 5mC modification is crucial for genomic imprinting whereby in a 

given cell one allele of either maternal or paternal origin is permanently repressed, while the other is 

kept transcriptionally active (Messerschmidt et al. 2014). 5mC is also required for the process of X-

chromosome inactivation in females, where one of the two X-chromosomes gets silenced in order to 

achieve proper dosage compensation (Clemson et al. 1996). While 5mC epigenetic mark is found in 

many organisms (Zemach et al. 2010, Su et al. 2011), it is not present in yeast, nematodes and flies, 

consistent with the absence of DNMT1, DNMT3A and DNMT3B enzymes in these species (Goll and 

Bestor 2005). Albeit, some studies reported identification of 5mC in the D. melanogaster genome at 
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limited levels (Dunwell and Pfeifer 2014). Although 5mC has been gaining most of the attention, it is 

not the only methylation mark found on DNA. N6-methyladenine (6mA) has been identified on the 

genomes of many organisms, however its roles in the regulation of gene expression are only beginning 

to be unveiled (Iyer et al. 2011, Iyer et al. 2016, O'brown and Greer 2016). 6mA was first identified in 

prokaryotes as one of DNA modifications of the restriction-modification (R-M) system that bacteria use 

as a tool to discriminate methylated “self” DNA from non-methylated “foreign” DNA (Bickle and Krüger 

1993). It was later also shown to be important in the processes of bacterial replication (Abeles et al. 

1993), chromosome segregation (Mohapatra et al. 2014) and gene transcription (Casadesús and Low 

2006), thereby expanding the regulatory potential of this DNA mark. 6mA methylation can be carried 

out by various N6-MTases that belong to three groups of enzymes originating from distant prokaryotic 

ancestors and their viruses (Iyer et al. 2016). Each group can be further divided to clades and sub-clades, 

based on respective secondary structure predictions (Iyer et al. 2016). One of the three groups contains 

proteins of evolutionary diverse MT-A70 clade, deriving from bacterial MunI-like R-M MTases. Notably, 

this clade contains enzymes acting on DNA as well as RNA targets; the Mettl3 and Mettl14 for example 

deposit m6A on mRNA (Figure 1) (Iyer et al. 2011, Iyer et al. 2016)  (See also Chapter 1.4.1).  

In most prokaryotes, 6mA modification is found in predicted DNA sequences, consistent with 

restricted activity of N6-MTases on well-defined and often palindromic recognition sites (Geier and 

Modrich 1979). This, however, is not the case in eukaryotes, where 6mA is present at low levels in 

distinct sequence contexts, within coding and non-coding genomic regions. Recruitment of responsible 

methyltransferases to sites of methylation is therefore likely regulated by distinct mechanisms and does 

not depend solely on the underlying DNA sequence (Fu et al. 2015, Greer et al. 2015, Zhang G. et al. 

2015, Wu et al. 2016, Mondo et al. 2017, Xiao et al. 2018). The 6mA deposition in eukaryotes is 

associated with nucleosome positioning and active transcription (Fu et al. 2015), transposon expression 

(Fu et al. 2015, Zhang G. et al. 2015, Wu et al. 2016) as well as with cancer progression (Xiao et al. 2018, 

Xie et al. 2018). Despite the fact that 6mA has been found in many eukaryotic genomes, only two 

distinct N6-MTases have been identified to date. DAMT-1 methyltransferase, an ortholog of vertebrate 

Mettl4 protein and a member of MT-A70 clade, was initially proposed to be required for 6mA formation 

in C. elegans (Greer et al. 2015). Recently its catalytic activity was also confirmed in mammals (Kweon 

et al. 2019). Additionally, N6AMT1 protein, a member of HemK family, was found responsible for 

genomic DNA methylation in human cells (Xiao et al. 2018). Notably, as a heterodimer with the Trm112 

protein, N6AM1 was shown to methylate amino group of lysine and glutamine residues of the histone 

H4 (Metzger et al. 2019) and of the eukaryotic release factor eRF1, respectively (Figaro et al. 2008). 

Most recently, another partner protein of Trm112 was identified, the N6-MTase Mettl5. 

Mettl5/Trm112 heterodimer catalyses formation of m6A, however not on DNA, but on a specific site of 

18s rRNA (Van tran et al. 2019, Ignatova et al. 2020, Leismann et al. 2020). Intriguingly, 6mA 

modification can also be dynamically removed, presumably by the activity of ALKBH1 (Wu et al. 2016, 

Xiao et al. 2018, Xie et al. 2018) or ALKBH4 demethylases in mammals (Kweon et al. 2019), ALKBH4 

ortholog NMAD-1 in C. elegans (Greer et al. 2015), and by dTET enzyme in D. melanogaster (Zhang G. 

et al. 2015). Similarly to 5mC modification, the dynamics of 6mA deposition and its removal may as well 

have important epigenetic functions in different cell types and during distinct developmental processes. 

Of note, the abundance and biological roles of 6mA in eukaryotes are currently highly debated and 

findings from two recent studies argue against regulated deposition of this DNA mark. Instead they 

propose that modification results due to promiscuous activity of the DNA polymerase  which can 

incorporate m6dATP (Liu X. et al. 2020, Musheev et al. 2020). 
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Figure 1. Scheme of N6-methyltransferases and ALKBH-family demethylases.  
Phylogenetic tree of species included in the analysis is shown on the right. Group1 and Group2 methyltransferases in 
Drosophila melanogaster (Dmel, red arrow) are listed below. Adapted from (Iyer et al. 2016). 

1.1.2 Histone modifications 
In the cell nucleus DNA is wrapped around a nucleosome core complex made of histone proteins 

that assemble in octamer structures composed of two copies of histones H2A, H2B, H3 and H4 

(Weintraub et al. 1975). N-terminal histone tails can be post translationally modified by distinct 
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modifications (methylation, ubiquitination, acetylation and others) that can alter histone charge and 

thereby directly affect chromatin compaction (Zentner and Henikoff 2013). Different histone 

modifications were shown to act as a platform for recruitment of specific “reader proteins”, such as 

chromatin modifiers and transcription factors that affect multiple cellular processes from transcription, 

chromatin organisation to mitosis, DNA replication and repair (Lawrence et al. 2016). Finally, the 

chromatin landscape may be transcriptionally accessible, repressed or poised for transcription, 

depending on the combination of present chromatin marks. While H3K9, H3K27 and H3K20 

methylations are normally associated with condensed, repressive chromatin, the H3K4, H3K36 and 

H3K79 methylations and H3K27 acetylation are linked to open, transcriptionally active chromatin 

(Kouzarides 2007, Zentner and Henikoff 2013). 

1.1.3 Non-coding RNA 
Beside chromatin associated proteins that can deposit, remove or bind distinct DNA and histone 

modifications, a growing list of non-coding RNAs involved in gene regulation are being characterized. 

They may act as transcriptional enhancers or repressors, by either directly influencing RNA PolII 

transcription or by guiding the chromatin modifiers to DNA in cis or in trans (Iyer et al. 2011, Kim et al. 

2015). A well-studied example includes a long non-coding RNA Xist, required for silencing of inactive X-

chromosome in female mammals to achieve dosage compensation (Clemson et al. 1996). Xist is 

transcribed from the inactive X-chromosome and acts in cis as a recruiter and activator of chromatin 

modifiers and scaffolding factors that induce chromatin compaction and repress gene expression 

(Creamer and Lawrence 2017). Presumably, Xist ensures removal of H3K27ac by HDAC3 deacetylase 

and subsequently deposition and spreading of H2AK119Ub and H3K27me3 marks by Polycomb 

repressive complexes 1 and 2 (PRC1 and PRC2), respectively (Żylicz et al. 2019) (see also Chapter 

1.4.8.b). Another well-studied example of RNA mediated chromatin repression represent small non-

coding RNAs of the piRNA pathway. The 21-31 nt long piRNAs associate with a family of PIWI proteins 

and act as guardians of the germ line in different species by repressing transposable elements (TE) in 

two ways. The piRNA-complexes direct cleavage of transcripts deriving from TE and induce 

transcriptional silencing of these loci (Iwasaki et al. 2015).  

Taken together, combinatorial effects of various epigenetic regulators, including DNA 

methylation, histone modifications and non-coding RNAs define chromatin compaction, its accessibility, 

and ultimately the first step in gene expression, the gene transcription. All coding genes are transcribed 

by the RNA polymerase II (RNA PolII) in a process that consists of three phases, initiation, elongation 

and termination (Proudfoot 2016, Cramer 2019). All stages of transcription are dynamically regulated, 

and linked with co-transcriptional assembly of pre-mRNA processing complexes. Thus, transcription 

itself has an important impact on the outcome of a mature mRNA.  
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1.2 mRNA processing 

Nascent pre-mRNA consists of non-coding untranslated regions (UTR) at its 5` and 3`-ends and 

an internal sequence composed of coding exons and non-coding introns. Following transcription, pre-

mRNA must first undergo a comprehensive co- and post-transcriptional processing that include 5`-

capping, intron removal via splicing, and final 3`-end processing and  polyadenylation. A mature mRNA 

is then exported to the cytoplasm where its translation and eventual decay take place. Of all cellular 

RNAs, mRNAs account for only 2-5 % while the remaining 95 – 98 % represent various non-coding RNAs 

that are involved in different biological processes either as structural or as regulatory components (Qu 

and Adelson 2012) (Table 1). Many of those are for example constituents of large ribonucleoprotein 

complexes, such as spliceosome (snRNA) or ribosome (rRNA), while some are involved in different steps 

of gene repression (Xist long ncRNA) or mRNA destabilization (siRNA) (Qu and Adelson 2012).  

RNA type Biological role 

snRNA  
small nuclear RNA 

snRNA associates with Sm and various other proteins to form snRNP complexes 
that are constituents of spliceosomes. Uridine-rich snRNA U1, U2, U4, U5 and U6 
form major spliceosome, and U11, U12, U4atac and U6atac form minor 
spliceosome. (Matera and Wang 2014). 

rRNA  
ribosomal RNA 

rRNA serve as structural and functional components of the ribosomes, the cellular 
translation machinery. The large ribosomal subunit (60S) contains 5S, 5.8S, 
25S/28S rRNA and the small subunit (40S) contains 18S rRNA along with a large set 
of ribosomal proteins (Henras et al. 2015). 

tRNA 
transfer RNA 

tRNA are highly modified and structured functional molecules that transfer 
individual amino acids to ribosomes during translation. Upon stress, the cleavage-
induced tRNA-derived fragments can also regulate translation and gene expression 
(Raina and Ibba 2014). 

snoRNA  
small nucleolar RNA 

snoRNA guide RNA modifying enzymes to defined targeted sites for methylation or 
pseudouridylation. C/D-box snoRNAs regulate 2`O-ribose methylation while 
H/ACA-box snoRNAs guide pseudouridylation to other types of RNA (rRNA, tRNA, 
U6 snRNA, mRNA) (Kiss-László et al. 1996, Ganot et al. 1997, Dupuis-Sandoval et 
al. 2015).   

scaRNA  
small Cajal body RNA 

scaRNA guide RNA modifying enzymes to RNA PolII transcribed snRNAs in the Cajal 
Body for 2`O-ribose methylation and pseudouridylation (Darzacq et al. 2002). 

miRNA  
micro RNA 

miRNA are small RNA species of (~26 nt) of RNAi pathway associated with RISC 
complex and involved in translational repression of mRNA, by partial base pairing 
with its targets. They can also function as transcriptional regulators (Catalanotto 
et al. 2016, Bartel 2018). 

siRNA  
small interfering RNA 

siRNA are ~25 nt long double stranded RNA of RNAi pathway. They are of endo- or 
exogenous origin, associated with RISC complex and involved in mRNA degradation 
by perfect complementarity. They can also act as transcriptional regulators 
(Carthew and Sontheimer 2009). 

piRNA  
Piwi RNA 

piRNA are 21-31 nt long small RNA associated with PIWI proteins that act as 
transcriptional repressors of transposable elements in the germ line. They may also 
induce cleavage of TE derived transcripts (Iwasaki et al. 2015).     

circRNA  
circular RNA 

circRNA are very stable covalently closed RNA species formed during mRNA 
splicing by a back splicing mechanism (downstream 5`ss ligates to upstream 3`ss) 
or they exist as stable intron lariats that did not undergo debranching. Functions 
of most circRNA are not known, albeit some examples of circRNA sequestering 
miRNA and RBPs have been described, as well as examples of circRNA involved in 
gene regulation and mRNA processing (Li X. et al. 2018).   

lncRNA  
long non-coding RNA 

lncRNA are a diverse class of >200 nt long transcripts that do not code for proteins. 
Many are transcribed from promoter/enhancer/intergenic/gene antisense-regions 
of the genome and can be involved in numerous biological processes, from 
regulating gene expression, transcription, translation to protein scaffolding for 
cellular compartmentalization (Kopp and Mendell 2018). 

Table 1. Description of major types of eukaryotic non-coding RNAs and their biological functions.  
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1.2.1 pre-mRNA capping and cap associated mRNA processing 
The very first step of pre-mRNA processing is a co-transcriptional modification of 5`-ends during 

the so-called capping. Newly formed mRNA cap has an important effect on mRNA stability and on its 

downstream processing, including splicing, export and translation (Cowling 2009). The most common 

mRNA cap in eukaryotes consists of 7-methyl-guanosine (m7G) coupled to the first transcribed 

nucleotide by a triphosphate linkage of two corresponding 5`-hydroxyl groups. This type of 5`-5`-

connection aids the mRNA resistance from 5`  3` - exonucleolytic cleavage (Murthy et al. 1991). 

Addition of mRNA cap is catalysed in a three step enzymatic reaction by a capping complex that 

interacts with the RNA PolII C-terminal domain and a nascent mRNA of ~20 nt. In this process the so-

called cap0 or m7G-ppp-N (where “p” represents phosphate and “N” the first nucleotide) is formed. 

The cap0 is further modified by the cap-specific mRNA 2`O-methyltransferases 1 and 2 (CMTR1 and 

CMTR2) that methylate the ribose of the first and the second nucleotide to form the cap1 (m7G-ppp-

Nm) and the cap2 (m7G-ppp-NmNm), respectively. The Nm modification of cap1 and cap2 structures 

are important for the self/non-self-RNA discriminating mechanism by the RIG-I mediated stimulation of 

the immune response (Galloway and Cowling 2019). Additionally, if the first nucleotide is adenosine, 

the N6-position of purine base can be methylated by a PCIF1 methyltransferase that forms the m7G-

ppp-m6Am cap whose functions remain to be characterised (Akichika et al. 2019, Boulias et al. 2019), 

(Mauer et al. 2019, Sendinc et al. 2019, Sun et al. 2019) (for details see also Chapter 1.3.1 and 1.4.3.c). 

Once deposited, the m7G modification is recognised by the cap-binding complex (CBC) composed of 

two proteins, cap-binding protein 20 (CBP20) that binds m7G and cap-binding protein 80 (CBP80) that 

interact with various mRNA processing factors (Gonatopoulos-Pournatzis and Cowling 2014). CBC 

association with components of the spliceosome promotes spliceosome assembly (Pabis et al. 2013) 

and its interaction with U1 snRNA aids to the recognition of the 5`splice site of the very first intron 

(Lewis et al. 1996). Besides splicing, CBC also enhances the cleavage step during the mRNA 3`-end 

processing (Flaherty et al. 1997), and additionally, plays an important role in the regulation of mRNA 

export by binding to protein Aly/REF, a component of the TREX export complex (Cheng et al. 2006). 

Finally, mRNA m7G cap is crucial for efficient translation of the vast majority of transcripts and has an 

important impact on mRNA turnover by acting as a 5`-end protection from exonucleolytic cleavage.  

1.2.2 pre-mRNA splicing 
The process of pre-mRNA splicing was discovered in the late 1970s (Berget et al. 1977, Chow et 

al. 1977) after initial observations showed that the size of many processed and exported mRNAs in the 

cytoplasm is smaller than the size of the nuclear nascent RNA transcripts (Getz et al. 1975, Herman et 

al. 1976). It was later demonstrated that genes are composed of coding as well as non-coding units, the 

so-called exons and introns, respectively. During the process of mRNA splicing introns are removed and 

the exons are ligated back together to form a mature mRNA. In the case of alternative splicing introns 

are recognised and excised in various different ways, leading to formation of multiple distinct mRNA 

isoforms from a single transcript (Pan et al. 2008, Wang et al. 2008). The importance of alternative 

splicing becomes apparent when comparing the complexity of different organisms, which is not 

proportional to their genome sizes or to numbers of protein-coding genes (Table 2). For instance, 

human and mouse genomes encode similar numbers of protein-coding genes, albeit the human 

transcriptome contains two-times more mRNA isoforms, and over 88 % of human genes code for more 

than two mRNA isoforms. In comparison, the fly genome contains twice less protein-coding genes, but 

nearly 7-times less mRNA isoforms indicating that the process of alternative pre-mRNA splicing 
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significantly expands proteome diversity and correlates with organismal complexity (Pan et al. 2008, 

Wang et al. 2008, Barbosa-Morais et al. 2012, Lee and Rio 2015). 

Feature Human Mouse Fly 

Genome size 3.300 MB 3.300 MB 165 MB 

All genes 63.677 39.179 15.682 

Protein-coding genes 22.180 22.740 13.937 

Multi-exonic genes 21.144 19.654 11.767 

Multi-exonic genes with > 2 mRNA isoforms 88 % 63 % 45 % 

mRNA isoforms 215.170 94.929 29.173 

Table 2. Comparison of genome size and extent of alternative splicing in human, mouse and fly. 
Adapted from (Lee and Rio 2015). 

1.2.2.a Spliceosome composition 

The splicing reaction involves two catalytic steps that both consist of a chemically simple 

nucleophilic attack during trans-esterification reaction. However, to accomplish this process, a dynamic 

assembly and disassembly of five uridine-rich small ribonucleoprotein (U snRNP) particles and 

associated proteins that all together form a major spliceosome machinery, is required. Each U snRNP is 

composed of one non-coding small nuclear RNA (snRNA) bound by surrounding core proteins. The U1, 

U2, U4 and U5 snRNAs associate with seven Sm-proteins that form a ring (SmB, SmD1, SmD2, SmF, 

SmE, SmG and SmD3), whereas the U6 snRNA is bound by the Lsm-ring proteins (Lsm2-Lsm8) (Table 3) 

(Matera and Wang 2014, Lee and Rio 2015). Various other RBPs, helicases and ATP-ases associate with 

snRNPs to support and regulate different steps of spliceosome assembly. The role of Prp19-associated 

complex, NineTeen Complex (NTC) in spliceosome remodelling has also been described in recent years 

(De Almeida and O'keefe 2015). 

U snRNP U snRNA U snRNA-associated core proteins Other associated proteins 

U1 U1 snRNA Sm-ring proteins, 
U1‐70K, U1-A, U1-C 

Prp39, Prp40, Prp42, Snu71, 
Nam8, Snu56 and Urn1 

U2 U2 snRNA Sm-ring proteins, 
U2A`, U2B``, SF3a and SF3b complexes   

U2AF35, U2AF65, SF1 

U4-U6 U4 snRNA, 
U6 snRNA 

U4 snRNA: Sm-ring proteins, 
U6 snRNA: Lsm2-Lsm8 proteins,  
Prp3, Prp31, Prp4 and Snu13 

 

U5 U5 snRNA Sm-ring proteins, 
Prp8, Prp6, Prp28, Brr2, Snu114, U5‐40K and Dib1 

Snu23, Prp38, Prp2, Spp2, Yju2 
and Cbc2 

Table 3. U snRNP composition.  
Composition of U snRNA particles with associated proteins. Adapted from (Lee and Rio 2015). 

1.2.2.b Spliceosome assembly and splicing catalysis 

The splicing reaction starts by the recognition of correct exon/intron boundaries or splice sites 

(ss), which are defined by specific consensus sequences. The 5`ss is defined by the AG/GURAGU 

sequence, whereas the 3`ss region is composed of more elements; the 3`ss motif NCAG/GU, the 

polypyrimidine tract just upstream of the 3`ss and a branch point sequence (BP) YNYURAC that is located 

20-40 nt upstream of the splice site. Adenosine (underlined) within the BP, represents the site of an 

intron lariat formation (Reed 1989). Throughout the splicing reaction, spliceosome constantly remodels 

and thus exists in various states (Figure 2).  
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The first splicing step involves the association of U1 snRNPs with pre-mRNA to form an early 

spliceosome complex (complex E). The U1 snRNP is co-transcriptionally recruited to the 5`splice site 

where U1 snRNA base pairs with a complementary intronic region. At the same time, the 3`ss region is 

recognised by U2AF35 (binds 3`ss) and U2AF65 (binds poly-pyrimidine tract) proteins, whereas the 

branch point (BP)  is bound by the SF2 protein. SF2 protein (also known as ASF or SRSF1) interacts with 

the U2AF65 and the U1 snRNP, which triggers formation of a molecular bridge between both sites of 

the intron, and stabilizes the interaction of U1 snRNP with the 5`ss. In the next step, the ATP-dependent 

helicases initiate an exchange of SF1 with the U2 snRNA that binds around the branch point adenosine 

(formation of U2 snRNA/BP duplex). The rearrangement of U1 and U2 snRNPs brings both sites of the 

intron in a close proximity, which allows formation of the pre-spliceosome complex (complex A) 

(Matera and Wang 2014, Fica and Nagai 2017). Following the formation of complex A, the U4-U6 and 

U5 snRNPs join as a tri-RNP sub-complex to assemble a pre-catalytic spliceosome (complex B). With the 

help of various helicases, major compositional and conformational rearrangements take place, resulting 

in the formation of activated spliceosome (complex Bact) (Fica and Nagai 2017). 

 

Figure 2. Schematic depiction of spliceosome assembly.  
Schematic depiction of spliceosome assembly within one exon-intron-exon sequence. 5`- and 3`-exon are shown as a white 
and a black block, respectively. A solid line between the exons represents the intronic region. Intronic 5`ss (GU), 3`ss (AG) and 
branch point (BP) adenosine (A) are depicted with red letters. U snRNPs and the NTC complex are shown as coloured ellipses. 
Text illustrations summarise main steps of spliceosome formation. Highlighted in green: during transition from B complex to 
C* complex, the U2 snRNP (U2 snRNA/BP duplex) undergoes major conformational changes. Source and adapted figure: (Fica 
and Nagai 2017, Van Der Feltz and Hoskins 2019). 
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Joining of the tri-snRNP disrupts the interaction of U1 snRNA with the 5`ss that is instead replaced 

with the U6 snRNA. U6 snRNA also base pairs with the U2 snRNA, and forms an internal stem loop to 

accommodate two metal ions thereby creating an active site of the spliceosome, required for the first 

catalytic step. At this stage, conformational changes trigger the release of U1 and U4 snRNPs from the 

spliceosome and joining of the NTC complex. In addition, the release of SF3 complex uncovers the U2 

snRNA/BP duplex and allows it’s positioning in the active site (Van Der Feltz and Hoskins 2019). 

Catalytic complex B* then catalyses the first splicing step, whereby the 2`hydroxyl group of the 

branch point adenosine carries out a nucleophilic attack to the 5`phosphoryl of the 5`ss, generating a 

free 5`exon and an intron lariat in the so-called catalytic spliceosome (complex C). Additional RNA 

helicases and remodelling factors (e.g. Prp16) then rearrange the complex C for the second step of 

splicing reaction, albeit leaving the catalytic centre in a similar conformation. The U2 snRNA/BP duplex 

moves away from the catalytic centre, which gets occupied by the 3`ss intron-exon junction (Bertram 

et al. 2017). In the following step, the free 3`hydroxyl group of the 5`-exon acts as a nucleophile and 

attacks the 5`phosphoryl of the 3`ss. This results in exon-exon ligation and release of mRNA with the 

help of Prp22 helicase and other factors. Finally, the U2, U5, and U6 snRNPs are released from the post-

splicing complex P and recycled, whereas the intron lariat is debranched and eventually degraded 

(Figure 2). 

Two mechanisms of efficient splice site recognition and splicing completion have been proposed 

depending on the intron and exon sizes. By the “intron definition” mechanism, spliceosome assembles 

on a short, nascently transcribed intron and splicing occurs while transcription of its downstream exon 

is still ongoing. This type of mechanism was demonstrated in yeast, where short introns are flanked by 

larger exons (Oesterreich et al. 2016). In contrast, most exons in higher eukaryotes are surrounded by 

much longer introns (from hundreds to thousands of nucleotides) and the “exon definition” mechanism 

is therefore used. In this case the spliced 5`-exon remains associated with the transcribing RNA PolII 

and further splicing steps only occur after transcription of an entire downstream exon has been 

completed, and the U1 snRNA recruited (Nojima et al. 2015, Nojima et al. 2018). In mammals, where 

the exon definition model prevails, components of the catalytic spliceosome were found to be 

associated with the Ser5P modified RNA PolII, which shows enrichment at the transcription start sites 

and over exonic regions (Nojima et al. 2018). These sites of transcription also correlate with reduced 

RNA PolII kinetics, likely allowing for efficient spliceosome assembly (Jonkers et al. 2014). Notably, the 

splicing outcome is also directly affected by the splice site recognition mechanism; mutation of the 5`ss 

results in intron retention if intron definition is used, and in exon skipping in the case of exon definition 

mechanism (Shukla and Oberdoerffer 2012, Jacob and Smith 2017). Splicing of very long introns can 

also occur in a stepwise fashion, known as recursive splicing, where the internal 3`ss is followed by an 

immediate 5`ss (recursive splice site) (Duff et al. 2015, Sibley et al. 2015). In vertebrates, a short exon 

(RS-exon) is present just downstream of the recursive splice site, enabling the spliceosome association 

by the exon definition mechanism. The RS-exon is, however, spliced out of the mature mRNA transcript 

in the following step of recursive splicing (Sibley et al. 2015). 

1.2.2.c Regulation of alternative splicing 

Alternative splicing enables the formation of multiple different mRNA isoforms from a single pre-

mRNA transcript and in this way expands transcriptome and proteome diversity. Differential usage of 

5`ss, 3`ss or both, leads to distinct types of alternative splicing events, namely: exon skipping (SE), 

alternative 5`ss (A5SS) and 3`ss usage (A3SS), mutually exclusive exon splicing (MXE) and intron 

retention (RI) (Figure 3). One of the very first examples of alternative splicing shed light onto generation 
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of two distinct immunoglobulin-M (IgM) isoforms important for adaptive immunity during B-

lymphocyte maturation; the membrane bound isoform in B-cells, and the secreted one in plasma cells 

(Alt et al. 1980, Early et al. 1980). Further examples have shown that alternative splicing can be 

regulated in a developmental- and tissue- specific manner by various cis- and trans- acting elements, 

which can alter spliceosome recruitment or its assembly in a positive or negative fashion, and during all 

stages of splicing reaction. Trans-acting factors recognise and bind the cis-regulatory sequences that 

can be classified into splicing enhancers (SE) and splicing silencers (SS), found within introns (ISE, ISS) 

or exons (ESE, ESS), respectively. 

 

Figure 3. Schematic representation of alternative splicing events. 
Two main mRNA isoforms are depicted for each alternative splicing event; skipped exon (SE), alternative 5`splice site (A5SS), 
alternative 3`splice site (A3SS), mutually exclusive exons (MXE), retained intron (RI). 

Among the well-characterised trans-acting factors are RBPs belonging to the group of RS proteins 

(arginine and serine-rich proteins) and hnRNP proteins. Both can impact constitutive as well as 

alternative splicing decisions by acting as enhancers or silencers (Busch and Hertel 2012, Howard and 

Sanford 2015). Importantly, most trans-acting factors regulate splicing in a context dependent manner, 

as demonstrated by transcriptome wide binding assays and corresponding RNA splicing maps for Nova, 

TDP-43, TIA, FUS, and many other proteins (Tollervey et al. 1993, Ule and Darnell 2006, Wang et al. 

2010, Ishigaki et al. 2012, Rot et al. 2017, Yee et al. 2018). Nova protein for example promotes inclusion 

of an alternative exon when it is bound to the YCAY cis-recognition motif in the flanking introns, but 

silences exon inclusion when it is bound to the same motif within the alternative exon (Ule and Darnell 

2006). 

pre-mRNA splicing occurs co-transcriptionally and is therefore strongly linked to the state of 

chromatin and DNA modifications, nucleosome positioning as well as to the speed of RNA PolII 

transcription, which are cell type- and tissue-specific (Naftelberg et al. 2015) (Chapter 1.1). In turn, 

splicing factors can also directly affect transcription. SRSF2 for example stimulates the pause release 

and processivity of RNA PolII by promoting the recruitment of the pTEFb (positive transcription 

elongation factor-b) complex (Ji et al. 2013). Many studies comparing tissue specific alternative splicing 

found that occurrence of alternative splicing is elevated in the neuronal tissue (Wang et al. 2008) 

(Merkin et al. 2012), where it affects brain development and synaptic plasticity (Ule and Darnell 2006, 

Su et al. 2018). Thus, splicing alterations are often the leading cause of diverse neurological defects 

(Modic et al. 2013, Doxakis 2014, Vuong et al. 2016). 
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1.2.2.d Additional functions of U1 snRNP 

Besides its functions in splice site selection, the U1 snRNP also plays important roles in other 

aspects of mRNA processing. It can bind to 5`ss like sequences along the nascent transcripts to inhibit 

the use of pseudo-5`ss and to prevent the occurrence of premature cleavage and polyadenylation. 

Recruitment of U1 snRNP to the 5`ss-like sequence within the ATM transcript for example, blocks this 

site and in turn promotes the use of correct 5`ss, allowing formation of a functional mRNA to impede 

development of disease ataxia telangiectasia (Dhir et al. 2010). Additionally, U1 snRNP acts as a general 

suppressor of premature polyadenylation. By binding upstream of the cryptic polyadenylation signals 

within introns, the U1 snRNP prevents their recognition (Kaida et al. 2010, Berg et al. 2012, Langemeier 

et al. 2013). In this way, the U1 snRNP prevents transcript shortening and safeguards the transcriptome 

(Venters et al. 2019). This function of U1 snRNP, named as telescripting, has a positive impact on 

transcription elongation of long genes (Oh et al. 2017) and promotes transcription of sense transcripts 

at bidirectional promoters (Almada et al. 2013). In addition, the snRNP-free U1A and U1-70K proteins 

can bind stem loop sequences, similar to those present in the U1 snRNA, along certain transcripts. 

When present in the proximity of polyadenylation signals, they prevent their usage, by interacting with 

and inhibiting the polyA-polymerase (Gunderson et al. 1998). In this way the U1A protein for example 

regulates processing and abundance of its own transcript (Boelens et al. 1993). 

1.2.3 mRNA translation 
In the cytoplasm the cap binding complex (CBC) is involved in the first pioneering round of 

translation, when mRNA associated proteins get stripped off the transcript to enable efficient 

translation in consecutive steps (Kim et al. 2009). Binding of CTIF protein (CBP80/20-dependent 

translation initiation factor) to the CBP80 was suggested to initiate recruitment and assembly of the 

43S translation pre-initiation complex (PIC). One of the PIC factors, the eIF3 complex, was shown to be 

important for the m6A-dependent and cap-independent translation under certain stress conditions 

(Meyer et al. 2015, Lin et al. 2016, Choe et al. 2018, Meyer Kate D. 2019). PIC scans along the 5`UTR 

until it recognises the AUG codon. At this point, the large 60S ribosomal subunit joins to form a 

translation initiation complex of the 80S ribosome, which starts the protein synthesis (Hinnebusch 

2014). Following the first round of translation, CBC dissociates from mRNA and is imported back to the 

nucleus, while the m7G cap gets bound by a new cap-associated complex eIF4F composed of three 

subunits; eIF4E, eIF4A and eIF4G. eIF4E binds directly to the m7G cap, eIF4A acts as an RNA helicase 

and eIF4G serves as a scaffolding component. The new, cap-bound eIF4F complex promotes the 

recruitment of PIC, required for initiation of continuous translation (Hinnebusch 2014). Additionally, 

the eIF4G interacts with the 3`-poly(A) tail binding protein (PABPC1) thereby connecting the 5`- and the 

3`-ends of mRNA in a closed loop during subsequent steps of translation. This enhances ribosome 

recycling and antagonizes mRNA decay (Amrani et al. 2008, Roy and Jacobson 2013).  

1.2.4 Cytoplasmic mRNA turnover 
mRNA translation and decay are well connected processes. During the course of translation, each 

mRNA undergoes a quality control to identify anomalous transcripts that could result in the synthesis 

of aberrant proteins. Depending on the transcript alteration, different mechanisms of degradation can 

be initiated. The presence of a premature stop codon triggers the activation of a non-sense mediated 

decay (NMD) pathway, the lack of a stop codon initiates a non-stop decay (NSD), and translational 

stalling events lead to the activation of a no-go decay (NGD) pathway (Roy and Jacobson 2013). mRNA 
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decay can also be triggered by sequence specific 3`UTR RNA binding Puf proteins that inhibit translation 

and recruit deadenylation complexes (Miller and Olivas 2011), as well as by miRNA mediated 

recruitment of RISC complex that leads to translation inhibition and subsequent mRNA deadenylation 

and decapping (Djuranovic et al. 2012). Most mRNA decay pathways are initiated by deadenylation. 

Shortening of the poly(A) tail is carried out by the Pan2-Pan3 and CNOT (Ccr4-Not) complexes. They are 

recruited to poly(A) tails of different lengths (>250 nt and <250 nt, respectively) and lead to dissociation 

of the poly(A) binding protein PABPC1 (Webster et al. 2018, Yi et al. 2018). Once the poly(A) tail reaches 

a critical length (<25 nt), the transcript becomes translationally inactive. At this stage, the transcript can 

get (a) stabilised/stored, (b) uridylated and degraded or (c) re-adenylated and returned to the 

translatable pool. 

(a) Stabilization of translationally repressed transcripts is mediated by RBPs that sequester mRNA 

to cytoplasmic membrane-less compartments, the so-called processing bodies (P-bodies), or upon 

stress, to the stress bodies (Standart and Weil 2018). P-bodies consist of phase separated mRNA and 

proteins that contain low complexity domains (LCD). Among associated proteins are translational 

repressors, deadenylation and decapping factors, as well as other components of the 5`  3` decay 

pathway. Nevertheless, how exactly is the balance between mRNA stabilisation, translation and decay 

in these compartments regulated is currently unknown.  

(b) Uridylation of short poly(A) tails is carried out by terminal uridyl transferases or TUTases 

(TUT4 and TUT7) (Lim et al. 2014), which add oligo U-tails and mark transcripts for degradation via the 

3`  5` or the 5`  3` pathways. Recognition of the oligo-U-tail by the exosome complex, leads to 

mRNA decay from the 3`  5` end (Mugridge et al. 2018). On the other hand, degradation via the 5`  

3` direction requires a prior removal of the m7G cap that protects mRNA from the 5`-exonucleases. This 

step is mediated by the binding of the Lsm1-7 – Patl1 octamer complex to short oligoadenylated or 

uridylated 3`-RNA ends (Chowdhury et al. 2007). The protein octamer interacts with and recruits 

decapping factors and exonuclease, which loop towards the 5`-termini. Removal of the m7G is carried 

out by the activity of the Nudix family proteins, such as mRNA-decapping enzyme 2 (Dcp2) (Sheth and 

Parker 2003, Schoenberg and Maquat 2012, Chen and Shyu 2017). Dcp2 acts on most targets and 

preferentially binds to the stem loop structure within the transcript`s 5`UTR. It hydrolyses the 

pyrophosphate linkage between the m7G and RNA, leaving behind the unprotected 5`-pRNA that can 

be further degraded by the activity of 5`  3` exonuclease Xrn1 (Li et al. 2008). Dcp2 activity is strongly 

stimulated by the Patl1 protein (Patr-1), the Lsm1-7 complex, as well as by the ECD4 (Ge-1) and DDX6 

(Dhh1) proteins that all associate with deadenylated and uridylated-mRNAs (Parker and Song 2004, 

Song and Kiledjian 2007). In summary, a pool of non-translatable mRNAs accumulates with Pat1, Lsm1-

7, LSM14, DDX6, XRN1, 4E-T and ECD4 and other decapping and decay activators in the cytoplasmic 

storage compartments (P-bodies) before they undergo mRNA decay. Notably, despite the fact that 

these mRNAs are destined for degradation, they may under certain conditions and if not yet decapped, 

re-associate with ribosomes (Luo Y. et al. 2018).  

(c) Translationally inactive transcripts with short poly(A) tails can escape decay if they undergo 

cytoplasmic polyadenylation by the cytoplasmic poly(A) RNA polymerase GLD-2 that extends poly(A) 

tails and enables translation reinitiation. Cytoplasmic polyadenylation is promoted by the CPEB protein 

that binds to CPE element (UUUUAU) in the transcript`s 3`UTR (Ivshina et al. 2014). 
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1.3 RNA modifications 

“The methylated purine bases reported here may be randomly incorporated into the various component nucleic acids in the 

specimens as the result of incompletely specific enzymatic action. On the other hand, it appears possible that the methylated 

purines represent functional constituents of particular nucleic acids” 

OCCURRENCE OF METHYLATED PURINE BASES IN YEAST RIBONUCLEIC ACID 

(Adler et al. 1958). 

RNA modifications decorate every known RNA group and represent another important layer in 

the regulation of gene expression. The first discovery of modified ribonucleotide dates back to 1951, 

when Cohn and colleagues identified a novel nucleotide isoform in samples of total RNA (Cohn and 

Volkin 1951). Further characterisation showed that the modified nucleotide in fact represents an 

isomer of uridine (Yu and Allen 1959) and was therefore named pseudouridine () (Cohn and Volkin 

1951). In following years many other studies found additional ribonucleotide modifications, such as the 

2-methyladenosine (m2A), N6-methyladenosine (m6A), N2,6-methyladenosine (m2,6A), N2-

methylguanine (m2G), and 1-methylguanine (m1G), present in highly abundant ribosomal and transfer 

RNAs (Adler et al. 1958, Littlefield and Dunn 1958). Since those early discoveries, the knowledge about 

various RNA modifications has grown remarkably. To date, 170 distinct modifications have been 

identified and all types of known RNA species were shown to be modified (Boccaletto et al. 2018) 

(Figure 4). Notably, over one third of modifications involve methylation, which places 

methyltransferases among the most abundant RNA modifying enzymes (Motorin and Helm 2011). 

Diversity of RNA modifications expands the potential for novel properties of modified nucleotides. m1A 

modification for example adds a positive charge , geranylation increases hydrophobicity (Dumelin et al. 

2012), while adenosine to inosine editing changes the base pairing (Crick 1966). RNA modifications can 

therefore substantially alter features and biogenesis of modified transcripts. In this way RNAs that carry 

ribose methylation (Nm) gain protection from alkaline hydrolysis (Parker and Steitz 1989) and 

pseudouridylated () RNAs show increased rigidity, which in turn affects their folding and structure 

(Davis 1995). Additionally, a large number of studies have recently identified a diverse set of RBPs that 

specifically recognize and bind, for example, the m5C and m6A modifications (Edupuganti et al. 2017, 

Zhao et al. 2017a). This suggests that RNA modifications can also act as signalling marks for protein 

recruitment in order to regulate downstream RNA processing. 

Amongst the most highly and diversely modified transcripts are rRNA and tRNA. Modifications 

regulate their folding and stability, and can affect mRNA translation. Many rRNA modifications for 

example cluster in the functional areas such as the decoding centre, as well as mRNA and tRNA 

accommodation sites (Natchiar et al. 2017). Modifications on tRNAs accumulate at the wobble 

anticodon (position 34), expanding the tRNA decoding potential, and just next to anticodon nucleotides 

(position 37), preventing the frameshifting during translation (Pan 2018). Despite demonstrated 

importance, less than half of all tRNA modifications have been mapped so far, since many tRNAs are 

expressed and modified in a cell type specific manner or in response to stress (Pan 2018). Notably, 

modifications have a strong impact on tRNA half-life. Loss of m5C for example leads to tRNA 

destabilization and cleavage, resulting in the formation of so-called tRNA fragments, with significant 

roles in various biological processes that go beyond mRNA decoding (Kumar et al. 2016). Other classes 

of small RNA, such as miRNA, siRNA and piRNA, were found to be 2`O methylated at their 3`-ends, which 

protects them from the exonuclease degradation (Horowitz et al. 1984, Yu et al. 2005, Kirino and 

Mourelatos 2007, Saito et al. 2007). Recently, 24 additional modifications have been identified by high 

sensitivity mass spectrometry in a pool of small RNA species (16-28 nt) isolated from human cells (Lan 

et al. 2018), which could include tRNA fragments. While further validations are needed to reveal the 
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exact identity of RNAs, this study nevertheless suggests that certain small RNAs might be modified to a 

higher extent than previously anticipated.  

 

Figure 4. RNA modifications found in three kingdoms of life.  
Modifications found on mRNA are listed on the right. Adapted from (Motorin 2015). 

Despite the growing number of novel modifications that are being discovered in distinct RNA 

species, the functional and biological relevance for most of them is not known. However, numerous 

examples highlight the importance of RNA modification homeostasis in distinct cellular processes. Thus, 

identification of factors involved in their deposition, from the enzymatic machinery to corresponding 

cofactors, is likely going to be a major task in the future. Notably, chemically identical modifications 

found on different RNA molecules are often generated by different, target-specific enzymes that display 

unique sequence and context requirements. For example, m6A in a stem-loop structure of the U6 

snRNA is generated by Mettl16, whereas a vast majority of m6A on mRNA is formed by the activity of 

MAC-MACOM complex (Chapter 1.4.2 and 1.4.3.b). Intriguingly, formation of a particular tRNA 

modification m5U can be generated by different enzymes that require specific methylation precursors. 

For instance, the m5U modification on tRNA at position 54 is in most bacteria catalysed by the TrmA 

enzyme that uses S-Adenosyl methionine (SAM) as a methyl donor. However, in a gram positive bacteria 

B. subtilis, this modification is formed by a TrmFO flavoprotein that requires methylene-

tetrahydrofolate as a methyl group precursor (Schmidt et al. 1975, Urbonavicius et al. 2005, Grosjean 

2009). This example of a convergent evolution shows how species can find different ways to ensure 

correct formation of favourable RNA modifications. It also infers that complexity of enzymatic 

machinery, required for formation of different RNA modifications, may be even more diverse than are 

modifications themselves. 
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1.3.1 mRNA modifications 
The first discovery of modifications on coding RNAs dates back to 1974, when a number of 

laboratories independently found 2`-O-methylated nucleotides as well as internal N6-methylated 

adenosines in mRNA originating from eukaryotic cells (Desrosiers et al. 1974, Perry and Kelley 1974) 

and viruses (Furuichi 1974, Shatkin 1974, Wei and Moss 1974). These studies coincided with major 

discoveries of the mRNA cap structure and its corresponding cap modifications, including m7G, Nm and 

m6Am, which were at that time also described as the “bizarre 5`-termini” (Adams and Cory 1975, 

Furuichi and Miura 1975, Furuichi et al. 1975, Perry et al. 1975, Wei and Moss 1975). Contrary to a 

great variety of modifications found on tRNA and rRNA, only a dozen were up until now found on mRNA. 

Recent technological advances enabled their detection and transcriptome wide mapping by various 

techniques oftentimes employing a step of chemical conversion, or an antibody-based 

immunoprecipitation, coupled with next generation sequencing (Chapter 1.4.9) (reviewed in 

(Ovcharenko and Rentmeister 2018, Motorin and Helm 2019)). Among more abundant mRNA 

modifications are inosine (I) (Porath et al. 2014), 2`-O-ribose methylations (Nm) (Dai et al. 2017), 

pseudouridine () (Carlile et al. 2014, Schwartz et al. 2014a) and N6-methyladenosine (m6A) (Meyer et 

al. 2012) (Dominissini et al. 2012). Some others seem to be less prevalent; 5-methylcytosine (m5C) 

(Edelheit et al. 2013) and its derivative 5-hydroxymethylcytosine (hm5C) (Delatte et al. 2016), N1-

methyladenosine (m1A) (Dominissini et al. 2016, Li X. et al. 2016, Li X. et al. 2017, Safra et al. 2017b) 

and the cap-specific N6,2`-O-dimethyladenosine (m6Am) (Mauer et al. 2017). Among the most recently 

identified internal mRNA modifications are N4-cytosine acetylation (ac4C) (Arango et al. 2018), 3-

metyhlcytosine (m3C) (Xu L. et al. 2017) and N7-methylguanosine (m7G) (Chu et al. 2018, Zhang L.S. et 

al. 2019) (Figure 5). Of note, the prevalence of m1A, m7G and ac4C on mRNA in eukaryotes is, however, 

still highly debated (Grozhik and Jaffrey 2018, Enroth et al. 2019, Sas-Chen et al. 2020).  

The ability to finally detect and map modifications on mRNA led to a renewed interest in this field 

of RNA biology. A boost of research, over the past years, resulted in many significant findings that shed 

light on this important new layer of gene regulation that was given the name of “Epitranscriptomics” 

(Roundtree I. A. et al. 2017). 

 

Figure 5. Nucleotide modifications on mRNA.  
Adapted from (Song and Yi 2019). 
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Pseudouridine () 

Pseudouridine modification is the most abundant RNA modification, and was at first mistakenly 

thought to be the fifth RNA base (Cohn and Volkin 1951). It was initially found on tRNA, rRNA, snRNA 

(Spenkuch et al. 2015) and more recently on snoRNA and coding RNA (Carlile et al. 2014, Schwartz et 

al. 2014a). Pseudouridine is a uridine isomer, in which the glycosidic bond between the pyrimidine ring 

and the ribose forms via the C4 residue of the ring, and not via the N1 residue like in uridine (Yu and 

Allen 1959). The imino group of N1 residue can therefore form an additional hydrogen bond, which 

increases thermal and structural stability of RNA (Davis 1995). Pseudouridine isomerisation requires 

the activity of pseudouridine synthases (Pus) that belong to different families and act on multiple RNA 

targets. All known pseudouridine synthases, with the exception of Dyskerin, act as stand-alone enzymes 

that recognise and modify RNA sites within a defined sequence. Dyskerin on the other hand requires 

the H/ACA-box snoRNA (or scaRNA) acting as a guide, and its associated proteins. The base pairing 

between the snoRNA and a target RNA defines the modification site specificity (Li Xiaoyu et al. 2016, 

Rintala-Dempsey and Kothe 2017) Many pseudouridine synthases have been recently shown to act on 

mRNA, where pseudouridine is a rather prevalent modification (0,2-0,6 % /U) (Li et al. 2015). Its 

transcriptome wide mapping, however, identified only a limited number of reproducible sites, likely 

due to biological variability of different samples as well as challenges associated with available mapping 

techniques (Carlile et al. 2014, Schwartz et al. 2014a, Li et al. 2015). Further characterisation of high 

confidence sites in mRNA identified Trub1 (Safra et al. 2017a) and Pus1 (Carlile et al. 2019) as the main 

pseudouridine synthases acting on mRNA. While functions of pseudouridine on mRNA are not known 

yet, its deposition was shown to be dynamic in response to environmental stress (Carlile et al. 2014, 

Schwartz et al. 2014a) and its presence could potentially alter mRNA decoding (Karijolich and Yu 2011), 

as well as other aspects of mRNA processing by affecting its stability and structure. Notably, mutations 

in different Pus enzymes have been associated with occurrence and progression of various cancers, 

distinct inheritable diseases, as well as with cognitive and neurological impairments (reviewed in (Penzo 

et al. 2017, Angelova et al. 2018)), highlighting the importance of this modification in non-coding and 

coding RNAs. 

2`-O-ribose methylation (Nm) 

2`-O-ribose methylation, also named as the Nm modification, represents the methylation of the 

ribose at the 2`-hydroxyl position and can be found on all four nucleotides and their derivatives 

(Boccaletto et al. 2018). Nm modification increases nucleotide hydrophobicity and protects RNA from 

nucleolytic cleavage (Sproat et al. 1989). Methylation is carried out by 2`-O-methyltransferases that, 

similarly to pseudouridine synthases, either act on their own as stand-alone enzymes or are guided to 

target sites by the C/D-box snoRNAs (or scaRNAs) and associated proteins. Many of them act on more 

than one substrate. Notably, a methyltransferase fibrillarin methylates rRNA targets via the C/D-box 

snoRNAs guidance (Tollervey et al. 1993), yet it was recently found to also methylate glutamine residues 

of the histone H2A at the rDNA loci (Tessarz et al. 2014), coupling transcriptionally permissive chromatin 

landscape and rRNA processing. Nm is highly abundant on rRNA, as well as on other non-coding RNAs. 

It is part of the 5`- cap1 and cap2 structures on most RNA PolII transcripts (Chapter 1.2.1) contributing 

to cellular discrimination between self and non-self RNA (Galloway and Cowling 2019). It also decorates 

3`-ends of many small RNAs protecting them from degradation (Ji and Chen 2012). In recent years, 

different methods have been developed for the transcriptome-wide mapping of Nm (Krogh et al. 2016, 

Dai et al. 2017, Incarnato et al. 2017, Dai Q. et al. 2018) and thousands of putative Nm sites have been 

identified on mRNA, with vast majority on uridines (0,15 % Um/U) (Dai Q. et al. 2018). In line with this, 
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the 2`-O-methyltransferase Spt1 in yeast modifies hundreds of mRNA sites, that are predominantly Um 

(Bartoli et al. 2018) The physiological relevance of internal Nm modification on mRNA is not known yet, 

however, it was suggested to increase RNA stability, alter its structure and affect protein binding (Bartoli 

et al. 2018). 

5-methylcytosine (m5C) and 5-hydroxymethylcytosine (hm5C) 

Five methyl-cytosine (5mC) is a well-studied epigenetic mark on DNA (Chapter 1.1.1). The same 

base modification (m5C) is also found on RNA, where it decorates abundant tRNA and rRNA. To some 

extent, the modification is also found on non-coding RNA and mRNA (Bohnsack et al. 2019). Like 2`-O-

methylation, the m5C protects tRNA from cleavage and fragmentation, thereby affecting mRNA 

decoding, particularly during stress response (Motorin and Helm 2010). Its presence in rRNA was shown 

to be important for correct ribosome biogenesis (Schosserer et al. 2015). Consistent with assigned 

functions, alterations in an m5C deposition have been linked to the occurrence of various diseases 

(Blanco and Frye 2014). In recent years, several studies developed different techniques for m5C 

mapping in an attempt to reveal transcriptome-wide m5C methylation (Squires et al. 2012, Hussain et 

al. 2013, Khoddami and Cairns 2013, Legrand et al. 2017). Most studies found the presence of m5C on 

mRNA with the enrichment around translation start sites. However, the number of identified sites and 

their methylation levels greatly varied (Amort et al. 2017, Legrand et al. 2017, Yang et al. 2017), 

suggesting that m5C deposition might be cell-type and context-dependent. m5C RNA modification can 

be catalysed by eight different proteins, seven members of the Nsun family and the DNMT2 enzyme. 

Of those, three proteins have been shown to bind mRNA (Castello et al. 2012), the Nsun2, Nsun5 and 

Nsun1. Nsun2 has been studied by several groups that identified either only a few (Hussain et al. 2013), 

or thousands of Nsun2-dependent sites (Squires et al. 2012, Yang et al. 2017). How prominent m5C 

really is on mRNA, which methyltransferases are responsible for its formation and how it affects mRNA 

processing, therefore remains the matter of future research. Intriguingly, recent identification of 

ALYREF protein as an m5C specific reader protein suggests a potential regulatory role of this 

modification in the mRNA export pathway (Yang et al. 2017). Similarly to 5mC on DNA, the m5C 

modification on RNA can be further demethylated to hm5C, f5C and ca5C by the activity of TET and 

ALKBH1 proteins acting on mRNA and tRNA sites, respectively (Delatte et al. 2016, Liu F. et al. 2016, 

Kawarada et al. 2017). Notably, in Drosophila melanogaster the hm5C methylation on mRNA is formed 

by the only TET ortholog, dTet (Delatte et al. 2016). dTet and hm5C modification are both elevated in 

neuronal tissue and essential for proper brain development, as well as for fly survival beyond pupation. 

dTet mutants also display altered locomotion and have defects in circadian rhythm (Delatte et al. 2016, 

Wang F. et al. 2018). Whether hm5C modification is present in other eukaryotes, and whether its 

functions are conserved, remains an open question. 

N1-methyladenosine (m1A) 

N1-methyladenosine modification (m1A) has been best characterised in tRNA, where a conserved 

m1A58 residue is critical for tRNA structure (Safra et al. 2017b) m1A adds a positive charge and alters 

base pairing, which can affect mRNA translation and reverse-transcription (Dominissini et al. 2016, Li X. 

et al. 2016, Li X. et al. 2017, Safra et al. 2017b). Transcriptome-wide mapping of m1A modification by 

different approaches resulted in inconsistent conclusions, in regards to its abundance on the mRNA. 

Hundreds of m1A sites were first proposed to decorate mRNA with enrichment in the 5`UTR 

(Dominissini et al. 2016, Li X. et al. 2016, Li X. et al. 2017). A follow-up study, however, classified the 

vast majority of them as mapping artefacts (Safra et al. 2017b, Grozhik et al. 2019) and the abundance 
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of m1A on mRNA was shown to be rather low by some of the studies (m1A/A: 0,015 % - 0,16 %) 

(Dominissini et al. 2016, Li X. et al. 2016, Li X. et al. 2017). Most recent validation of m1A modification 

identified a single m1A site in one mitochondrial mRNA (mt-mRNA). The work also implied that antibody 

cross-reactivity with the m7G 5`cap modification is the likely cause of false-positive m1A mapping in 

initial studies (Grozhik et al. 2019). Future mapping of m1A modification with complementary 

approaches and identification of enzymes responsible for methylation might provide more insights into 

m1A biogenesis and its functions, and should help to clarify observed discrepancies. Notably, the 

cytosolic tRNA methyltransferase complex TRMT6/TRMT61 was suggested to install some of the m1A 

sites that reside within a tRNA-like motif in the mRNA (Li X. et al. 2017). Other m1A methyltransferases 

are yet to be identified. Notably, m1A modification can be demethylated by three members of the AlkB 

family of proteins; FTO and ALKBH1 act on tRNA (Liu F. et al. 2016, Wei J. et al. 2018), while ALKBH3 

demethylates m1A on tRNA and mRNA (Chen Z. et al. 2019). Whether ALKBH1 and FTO also demethylate 

m1A on mRNA has not been explored yet, however potential activity of these proteins could account 

for the observed m1A profile variability. Interestingly, all demethylation enzymes acting on m1A have 

multiple substrates; ALKBH3 can additionally demethylate m3T, m3C and m1G in single-stranded nucleic 

acids, as well as m6A modification in tRNA (Ueda et al. 2017). ALKBH1, on the other hand, acts on m5C 

in tRNA, but also on 3mC, and 6mA modifications in DNA (Zhang and Jia 2018). Finally, FTO was primarily 

shown to demethylate m6A and m6Am modifications on mRNA and snRNA (Jia et al. 2012, Mauer et al. 

2017, Wei J. et al. 2018). This type of demethylation promiscuity by the AlkB members suggests a 

potential cross-talk between different modifications and biological processes in which they are involved 

(Figure 8). 

Inosine 

Adenosine can be converted to inosine via oxidative deamination by the activity of Adenosine 

deaminases acting on RNA (ADAR) and Adenosine deaminase acting on transfer RNA (ADAT) proteins. 

While ADATs form inosine on ssRNA in tRNA, ADAR enzymes act on intra- or inter-molecular dsRNA 

regions of various targets (Jin et al. 2009, Grice and Degnan 2015). Inosine preferentially base pairs with 

a cytosine, which alters mRNA decoding. One such example is a single amino acid change from 

glutamine to arginine in a GluA2 subunit of AMPA receptor, which prevents its calcium permeability, 

and demonstrates the importance of inosine editing for proper brain functions (Wright and Vissel 

2012). Majority of editing events have been attributed to the activity of ADAR1 and ADAR2 homodimers 

that are expressed in many tissues (Cho et al. 2003). Editing is, however, most prominent in the CNS of 

different species, including flies, squid and vertebrates. Consistently, loss of the only Adar protein in 

flies results in various behavioural defects (Palladino et al. 2000). Editing also plays an important role in 

innate immune response, where inosine acts as a label of the “self” RNA (Liddicoat et al. 2015) and in 

RNAi pathways during multiple steps of miRNA and siRNA biogenesis (Nishikura 2015). Over 1000 

inosine sites have been identified in human cells using transcriptome-wide mapping (Ramaswami and 

Li 2016). Nearly 95 % were in Alu repeats that reside in introns and UTRs (Levanon et al. 2004), 

suggesting a general potential function. In squid on the other hand, hundreds of thousands of sites 

were identified and 10 % of those were in coding regions, thus altering protein decoding (Liscovitch-

Brauer et al. 2017). Editing occurs co-transcriptionally and can be affected by splicing in cases where 

the exon-intron pairing is required for the recognition of a given editing site (Licht et al. 2016). On the 

other hand, inosine itself can also alter the splicing outcome (Solomon et al. 2013). 
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N4-cytosine acetylation (ac4C) 

One of the more recently identified modifications on mRNA is cytosine acetylation (ac4C) (Arango 

et al. 2018). It is deposited by the NAT10A acetyltransferase that was previously known to modify serine 

and leucine tRNAs as well as 18S rRNA (Ito et al. 2014, Sharma et al. 2015). On mRNA, ac4C modification 

is enriched around the 5`UTR region and CDS and was shown to promote transcript stability, as well as 

translation efficiency, when present at the wobble position (Arango et al. 2018).   

3-methylcytosine (m3C) 

One study over the past years detected m3C modification on mRNA and attributed the catalytic 

activity to the METTL8 enzyme (Xu L. et al. 2017). Two additional m3C methyltransferases, METTL2 and 

METTL6, were found to modify position 32 of certain tRNAs, however the METTL8 was shown to be 

restricted to mRNA targets. Further characterisation of METTL8 will likely uncover the potential 

biological functions of this newly described modification. 

N7-methylguanosine (m7G) 

The m7G modification is one of the positively charged modifications. It is co-transcriptionally 

deposited to RNA PolII transcripts as part of the 5` RNA cap (Chapter 1.2.1). Additionally, m7G is found 

on rRNA, tRNA and was recently identified also on mRNA (Chu et al. 2018, Malbec et al. 2019, Zhang 

L.S. et al. 2019). METTL1-WDR4 heterodimer that was known to modify tRNA, was shown to be 

responsible for deposition of a subset of m7G sites along mRNA. Modification was mapped in the 

polyadenylated RNA from mouse and human origin using an antibody enrichment followed by 

sequencing (Me-RIP-seq and miCLIP-seq), as well as by chemical conversion of m7G that caused site-

specific misincorporation during the reverse transcription step. Most transcripts carried m7G in an AG-

rich motif in the proximity of TSS (Malbec et al. 2019), as well as within CDS and 3`UTR regions (Malbec 

et al. 2019, Zhang L.S. et al. 2019). METTL1 was shown to be highly upregulated upon heat and oxidative 

stress and m7G was notably increased within CDS and 3`UTR regions (Malbec et al. 2019). These initial 

studies demonstrated that m7G is differentially installed upon stress and its abundance positively 

correlates with translational efficiency, suggesting a role in mRNA translation (Malbec et al. 2019, Zhang 

L.S. et al. 2019). 

N6-methyladenosine (m6A) 

m6A is the most prevalent of all, and best-studied modification on mRNA. Since its discovery in 

the 1970s, m6A has been shown to be required for nearly every aspect of mRNA metabolism and to 

play crucial roles in numerous biological processes. Alterations in its deposition, removal or decoding 

result in severe developmental defects and are associated with the occurrence of various diseases. 

Detailed insights into m6A biogenesis and its functions are described in the following sections (Chapter 

1.4).   

N6, 2`-O-dimethyladenosine (m6Am) 

m6Am modification is part of the 5`-terminal cap modification (cap1) of RNA PolII transcripts 

(Chapter 1.2.1). Modification was recently mapped in a transcriptome wide manner along with the m6A 

modification, using m6A-specific antibody and a miCLIP technique (Linder et al. 2015, Mauer et al. 

2017). While the methyltransferases responsible for the 2`-O methylation have been known for a long 

time (Galloway and Cowling 2019), the identity of the methyltransferase acting on N6-position, PCIF1 

(also known as CAPAM), was revealed only recently (Akichika et al. 2019) (Boulias et al. 2019, Sendinc 

et al. 2019, Sun et al. 2019) (Chapter 1.4.3.c). m6Am was proposed to increase mRNA stability by 
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interfering with decapping machinery (Mauer et al. 2017), however not all studies shared the same 

findings (Akichika et al. 2019, Boulias et al. 2019, Sun et al. 2019). In addition, m6Am was suggested to 

regulate mRNA translation in either positive (Akichika et al. 2019), or negative fashion (Sun et al. 2019) 

and further studies are required to clarify these discrepancies. Notably, m6Am can be demethylated to 

Am by the FTO demethylase that also acts on internal m6A sites in mRNA, lncRNA and snRNA (Jia et al. 

2011, Mauer et al. 2017, Mauer et al. 2019), and m6Am abundance was shown to change in response 

to stress (Akichika et al. 2019). Whether specific reader proteins can recognise m6Am modification has 

not been investigated yet, but it has been speculated that m6Am might alter the recruitment of the 

known cap-binding proteins to fine tune mRNA processing (Galloway and Cowling 2019, Sendinc et al. 

2019). Overall, the main biological functions of m6Am and its relevance in vivo remain to be discovered 

in the future. 

  

Over the past decade, the field of Epitranscriptomics expanded immensely. However, despite all 

the knowledge that accumulated, many questions remain to be explored. Namely, the molecular and 

biological functions of most modifications are not yet understood, nor are the enzymatic machineries 

responsible for their deposition, recognition and removal. Intriguingly, many enzymes, previously 

known to modify abundant rRNA and tRNA species, have been recently shown to also act on mRNA 

(Carlile et al. 2014, Schwartz et al. 2014a, Arango et al. 2018). Thus, one can anticipate that out of a 

plethora of all known RNA modifications, additional ones will likely be identified on coding RNAs in the 

future. Albeit, these might be present at limited levels and on only a subset of selected mRNA targets. 

Finally, with the growing list of mRNA modifications, it will be important to consider potential 

combinatorial effects that all modifications might impose on the fate of modified targets. 
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1.4 m6A modification 

m6A modification in mRNA was discovered in the 1970s (Wei et al. 1975), and was shown to be 

the most prevalent internal modification, present in a consensus sequence G/A-m6A-C (Wei et al. 1976). 

Initial studies found that each mRNA on average carries 6-7 methylated nucleotides. Considering the 

5`-cap specific m7G and 2`-O-methylations, this results in an average of 1-3 internal m6A methylations 

on a single mRNA (Perry and Kelley 1974, Wei et al. 1975). Future studies based on a few individual 

transcripts from Rous sarcoma virus (RSV) (Kane and Beemon 1985) and a bovine prolactin (bprl) 

(Narayan and Rottman 1988, Carroll et al. 1990) could demonstrate that m6A is enriched at the mRNA 

3` ends at non-stoichiometric levels (Horowitz et al. 1984). In 2012, an important breakthrough was 

made by two independent groups that developed a method for transcriptome wide mapping of m6A 

modification, called m6A-seq or MeRIP-seq (Chapter 1.4.9). They used the advantage of m6A-specific 

antibody to enrich m6A containing transcripts, and subjected them to high throughput sequencing 

(Dominissini et al. 2012, Meyer et al. 2012). Consistent with early reports, m6A mapping revealed that 

distribution of m6A along transcripts is not random. In vertebrates, modification is found around start 

codon and is highly enriched within long internal exons and, in particular, along the first 400 nts of the 

3`UTR regions (Dominissini et al. 2012, Meyer et al. 2012, Ke et al. 2015) (Figure 6). In yeast, m6A shows 

similar distribution, but is restricted to meiosis (Schwartz et al. 2013), while in plants modification has 

pronounced enrichment around 3`UTR and 5`UTR regions (Luo et al. 2014). These studies also 

confirmed that m6A resides in a specific consensus sequence RRACH (R denotes A or G, and H denotes 

A, C or U). Distribution of RRACH motif along transcripts appears to be random, with a mild enrichment 

towards transcript`s 3`-ends, albeit less pronounced than m6A (Ke et al. 2015). Importantly, not every 

RRACH motif is methylated, indicating that m6A deposition must be highly regulated. Underlying 

mechanisms that define methylation sites are, however, not yet understood. Thousands of human and 

mouse transcripts were found to be methylated and their methylomes were highly conserved, 

suggesting that m6A likely plays important functions in shaping the transcriptome.  

m6A methylation of vast majority sites on mRNA and lncRNA, is carried out by a large multi-

subunit m6A writer complex, the composition of which has only been characterised in recent years 

(Chapter 1.4.1) (Lence et al. 2019). Intriguingly, m6A modification was also shown to be reversible; two 

proteins of the AlkB-family demethylases, FTO and ALKBH5 can remove m6A from a subset of modified 

sites, which adds another layer to m6A complexity (Chapter 1.4.5) (Jia et al. 2011, Zheng et al. 2013). 

Initial findings in the m6A field, in regards to m6A mapping and discovery of m6A writers and erasers, 

were followed by a rapid exploration of m6A functions in various physiological systems. As of now, m6A 

modification was shown to affect nearly every step of mRNA metabolism (Chapter 1.4.7) and to play a 

significant role in various biological processes, as well as in a range of disease (Chapter 1.4.8) (Yang et 

al. 2018). Notably, m6A functions can be interpreted by the so called “reader proteins” that either 

specifically recognise modification, or their binding to certain mRNA is altered due to structural 

alterations induced by m6A (Chapter 1.4.6). Proteins of the YTH domain family that bind m6A 

modification have been thoroughly characterised. However, a growing list of newly discovered m6A 

readers keeps further expanding the regulatory potential of this highly abundant modification. The 

following chapters describe some aspects of m6A modification in more detail. 
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Figure 6. m6A and m6Am modifications show non-random distribution along the mRNA.  
a) Schematics representing distribution profiles of m6Am and m6A modifications along coding transcripts, within typical motifs 
BCA and RRACH, respectively (underlined A is targeted for methylation). Source: (Linder et al. 2015). b) Schematic 
representation of m6A and m6Am localization along the pre-mRNA regions. Arrows highlight a few functions mediated by m6A 
modification, if located in the indicated regions (Meyer et al. 2015, Louloupi et al. 2018). CDS – coding sequence, START – start 
of the CDS, STOP – end of the CDS, m7Gppp – 5`-mRNA cap, AAA(A)n – 3`-polyadenylated tail. 

1.4.1 Identification of the m6A writer complex-(es) 
First discoveries of the m6A methyltransferase complex were made in the 1990s, when two 

laboratories performed chromatographic separations of various cell types and found that m6A 

enzymatic activity resided in the nuclear fraction (Tuck 1992, Bokar et al. 1994, Bokar et al. 1997). They 

identified two multimeric protein sub-complexes that could efficiently methylate targets only when 

combined into a nearly 1 MDa large complex (Bokar et al. 1994). Smaller sub-complex of 200 kDa (MT-

A, or now known as MAC) was shown to contain two proteins. One of them was successfully 

characterised as a 70 kDa protein called MTA-70 (now renamed to METTL3) with a SAM-binding ability 

and methylation activity. The larger sub-complex of 875 kDa (MT-B, or now known as MACOM) displayed 

a tendency for nucleic acid binding (Bokar et al. 1994, Bokar et al. 1997), but the identity of its 

composition remained a mystery for over 20 years. In 2008, a study in plants found the first interactor 

of METTL3, a protein Fip37, and proposed that it might be one of the MACOM complex subunits (Zhong 

et al. 2008). Indeed, a few years later corresponding orthologs from yeast and vertebrates (Mum2 and 

WTAP, respectively) were shown to be conserved components of the m6A writer complex. Agarwala 

and colleagues found that Mum2 was indispensable for m6A deposition in S. cerevisiae (Agarwala et al. 

2012) and three independent groups discovered WTAP in human, mouse and zebrafish (Liu et al. 2014, 

Ping et al. 2014, Wang Y. et al. 2014). In addition, these studies identified another component of the 

complex, a methyltransferase METTL14 that is in fact a paralogue of METTL3. They could demonstrate 
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that METTL3 and METTL14 are the two proteins that form a stable heterodimer (now known as MAC), 

which interacts with the WTAP protein and other MACOM components to efficiently methylate its RNA 

targets (Liu et al. 2014, Ping et al. 2014, Wang Y. et al. 2014). 

 

Figure 7. Schematic representation of m6A methyltransferases and their substrates.  
a) PCIF1 is required for formation of m6Am cap modification on RNA PolII transcripts. b) MACOM and MAC complexes act 
cooperatively to methylate RNA PolII transcripts. c) MIS methylation complex in S. cerevisiae consists of three components 
(Ime4, Mum2 and Slz1) and is sufficient for m6A deposition. d) METTL16 methylates structured RNA sequences in the U6 
snRNA and in the Mat2a mRNA. e) Legend depicting methylation motifs of indicated methyltransferases. Red arrow indicates 
confirmed interactions. f) m6A and m6,2A methyltransferases acting on rRNA in bacteria (left) and eukaryotes (right). (See also 
Supplemental data 13).  

Over the last few years, while this study was ongoing, a major progress towards revealing the 

complete composition of the m6A writer was made by us, and others. Four additional proteins of the 

larger MACOM complex have been characterised: VIRMA (Schwartz et al. 2014b), RBM15 (Lence et al. 

2016, Patil et al. 2016) ZC3H13 (Guo et al. 2018, Knuckles et al. 2018, Wen et al. 2018, Yue et al. 2018), 

and HAKAI (Růžička et al. 2017) (Figure 7). All proteins were shown to be indispensable for efficient m6A 

methylation of mRNA, lncRNA and pri-miRNA, however their exact roles within the complex are to a 

large extent still unknown. Notably, while the m6A writer complex is found in many metazoan, it is 

absent in nematodes and notable differences in its composition exist in other species (Supplemental 
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data 13). In plants for example, two of the proteins, RBM15 and ZC3H13, are not conserved (Růžička et 

al. 2017), and in budding yeast, the complex is much simpler and contains only three subunits (Agarwala 

et al. 2012) (Chapter 1.4.4). Beside the large methyltransferase complex mentioned above, other 

methyltransferases that catalyse formation of m6A on mRNA (METTL16), rRNA (TRMT112/METTL5, 

ZCCHC4), tRNA, snRNA (METTL16, METTL4), as well as on a subset of mRNA, have been identified 

(Figure 7) (Chapter 1.4.3).  

1.4.2 m6A methylation by the METTL3-METTL14 –dependent complex 
METTL3 and METTL14 proteins belong to the N6-type of MTases (N6-MTase) that originate from 

prokaryotic ancestors. They have a typical Rossmann-fold catalytic domain that normally contains a 

[DNSH]PP[YFW] motif, which enables transfer of the methyl group from the SAM donor to target 

adenosine via the SN2-nucleophilic substitution (Iyer et al. 2016). Proteins belonging to N6-MTases are, 

based on their predicted secondary structures, further classified into three groups that contain several 

clades and subclades (Figure 1). Both, METTL3 and METTL14 belong to the clade 1 of the group 1, which 

is the most widespread and separates into six subclades. METTL3 and METTL14 are members of 

subclades 1 and 2, respectively (Iyer et al. 2016). A closely related methyltransferase, METTL4, belongs 

to a subclade 3 and was recently shown to catalyse m6A on U2 snRNA (Chen et al. 2020, Goh et al. 2020, 

Gu et al. 2020). It was also proposed to form 6mA methylation on DNA in some species (Fu et al. 2015, 

Greer et al. 2015, Zhang G. et al. 2015, Liu J. et al. 2016, Wu et al. 2016, Mondo et al. 2017, Xiao et al. 

2018) (see also Chapter 1.1.1). Members of the subclade 2 are often catalytically inactive due to 

mutations within their active motif, which is indeed the case in METTL14 (Sledz and Jinek 2016). 

Notably, subclades 4-6 are restricted to unicellular eukaryotes, fungi and plants and are not found in 

metazoan species (Iyer et al. 2016). Members of these subclades have their MTase domains often fused 

to different DNA and protein-binding domains, indicating that they might interact with, or act on various 

distinct substrates.  

1.4.2.a METTL3-METTL14 heterodimer structure 

In a MAC complex, the METTL3 and METTL14 form a stable asymmetric heterodimer, required 

for m6A deposition (Liu et al. 2014). While METTL3 displays low catalytic activity on its own, the 

heterodimer can efficiently methylate its targets in vitro and in vivo (Sledz and Jinek 2016, Wang P. et 

al. 2016, Wang X. et al. 2016). Partial crystal structures of the two enzymes, with a SAM methyl donor, 

revealed that their dimerization interface is formed via an extensive hydrogen bonding between both 

MTase domains and two partially disordered loops  (Sledz and Jinek 2016, Wang P. et al. 2016, Wang 

X. et al. 2016).  Interestingly, their dimerization is structurally more similar to a homodimer of 

prokaryotic 6mA DNA methyltransferases, than to other known heterodimers acting on RNA (Sledz and 

Jinek 2016). From two methyltransferases, only METTL3 is catalytically active and coordinates the SAM 

methyl donor just next to a DPPW motif. This motif forms interactions with the acceptor adenine 

residue and activates its amino group for a nucleophilic attack onto the methyl group of the SAM. The 

METTL14 adopts a similar overall fold to METTL3, but it cannot bind neither SAM nor acceptor adenine 

due to a few residues that impose critical structural differences. Steric hindrances created by two 

residues that intrude into SAM binding region, prevent SAM accommodation. Besides, METTL14 lacks 

residues, which in METTL3 stabilize SAM. METTL14 also cannot accommodate the acceptor adenine 

because of a few distinct amino acids residues that block its putative binding site. In addition, these 

residues prevent accessibility to the active motif, which also differs from the one in METTL3; in contrast 
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to DPPW motif in METTL3, the METTL14 motif EPPL lacks the final aromatic residue that would normally 

interact with adenine. Thus, METTL14 does not play a catalytic role, but is instead required for RNA 

binding and complex stability, which in turn increases catalytic activity of METTL3. The interface 

between the METTL3-METTL14 heterodimer forms a positively charged groove that can accommodate 

a single stranded RNA substrate and is crucial for m6A methylation (Sledz and Jinek 2016, Wang P. et al. 

2016, Wang X. et al. 2016). Differences between METTL3 and METTL14 also exist at the level of primary 

sequences and in the predicted secondary folding. METTL3 contains two N–terminal CCCH-zinc finger 

motifs that cooperate with the substrate RNA binding, while in METTL14, both N- and C-terminal ends 

are unstructured and of low complexity, which may, however, contribute to interactions with other 

proteins or RNA substrates (Iyer et al. 2016). Indeed, recent study demonstrated that a stretch of C-

terminal RGG-repeats in the METTL14 strongly improves RNA binding (Scholler et al. 2018). Notably, 

purification experiments with METTL3 and METTL14 proteins showed that the full-length METTL3 

protein is soluble, while the METTL14 forms high molecular weight aggregates (Wang P. et al. 2016). 

This could contribute to the assembly of multiple m6A writer complexes and may explain the observed 

clustering of m6A sites along the transcript (Linder et al. 2015, Meyer Kate D. 2019). The heterodimer 

localizes to the nucleus, however only METTL3 protein seems to encode a functional NLS in humans 

(Scholler et al. 2018).  

1.4.2.b METTL3-METTL14 posttranslational modifications 

Protein functions can be modulated by numerous posttranslational modifications (PTM), such as 

methylation, phosphorylation, ubiquitination, sumoylation and others. These PTMs can alter protein 

interactions, induce structural changes, modify protein localisation, affect its activity, or act as a signal 

for protein degradation. A comprehensive analysis of METLL3 and METTL14 phosphorylation sites in 

human cells has been reported recently (Scholler et al. 2018), however their functional importance has 

not been demonstrated yet. Phosphorylations were not required for methylation activity, protein 

localisation, or interaction with WTAP, suggesting they might not be essential for m6A deposition, or 

that they only modulate a subset of target sites, by altering binding to specific RNA sequences (Scholler 

et al. 2018). Another study recently analysed sumoylation of METTL3 and identified four modified lysine 

residues that strongly reduced its catalytic activity (Du et al. 2018), revealing an important mechanism 

for the regulation of m6A deposition.  

1.4.2.c METTL3-METTL14 biological roles 

METTL3 and METTL14 are highly conserved among eukaryotes (Bujnicki et al. 2002, Iyer et al. 

2016) (Figure 1). Typically, either both or none of the proteins is present in a genome, which is 

consistent with their activity as a homodimer. An exception is found in S. cerevisiae, where both 

proteins are encoded and expressed, however Kar4 (METTL14 ortholog) seems not to be required for 

m6A deposition, but is involved in other cellular processes (Chapter 1.4.4). METTL3 and METTL14 play 

fundamental roles during organismal development. Loss of either protein has a detrimental effect on 

the progress of embryogenesis and gametogenesis in most species studied so far. S. cerevisiae lacking 

Ime4 (the METTL3 ortholog) display sporulation defects during meiosis (Shah and Clancy 1992) and loss 

of corresponding orthologs in plants results in early developmental arrest and abnormal seed 

development  (Zhong et al. 2008, Bodi et al. 2012). Zebrafish lacking Mettl3 are viable, but show altered 

gamete maturation leading to reduced fertility in both males and females (Xia et al. 2018). 

Unexpectedly, Mettl3 depletion using morpholino treatment resulted in embryonic lethality, possibly 
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due to off-target effects (Zhang C. et al. 2017). Finally, Mettl3 and Mettl14 KO mice die during early 

embryogenesis at E6.5 (Wang Y. et al. 2014, Chen T. et al. 2015, Geula et al. 2015, Meng et al. 2019).  

Conditional removal or depletion of Mettl3 or Mettl14 revealed that their functions are required 

in diverse biological processes (Chapter 1.4.8). They regulate circadian clock (Fustin et al. 2013), cell-

cycle progression (Yoon et al. 2017), neurogenesis (Yoon et al. 2017) and axonal regeneration (Weng 

et al. 2018), among others. Mettl3 and Mettl14 are also indispensable for stem cell self-renewal, as well 

as for exit from pluripotency, and for coordinated differentiation of various cell types (Meng et al. 2019) 

(Wang Y. et al. 2014, Geula et al. 2015). The role of Mettl3 and Mettl14 in cell reprogramming has also 

been demonstrated (Chen T. et al. 2015). Alteration of Mettl3 or Mettl14 expression impairs proper 

immune response (Li H.-B. et al. 2017), haematopoiesis (Zhang C. et al. 2017), neuronal development 

(Angelova et al. 2018), and is associated with occurrence of a number of diseases and in a poor cancers 

prognosis (Dai D. et al. 2018, Liu Z.-X. et al. 2018). 

Given that METTL3 and METTL14 act as a heterodimer to methylate their targets, they are in 

most cases involved in similar biological processes, and loss of one component resembles the loss of 

the other. Few studies, however, found that both proteins may also function independently of each 

other. For instance, Mettl3 was shown to partially localise to the cytoplasm and associate with the 

polysomic fractions, where it was proposed to promote translation, of m6A-modified transcripts by 

interacting with the eIF3b translation initiation factor (Meyer et al. 2015, Lin et al. 2016). This function 

was independent of its catalytic activity, and of METTL14 and WTAP components. Additionally, Mettl3 

was recently detected in protrusions of migrating cells, where it may be involved in the regulation of 

localised translation (Dermit et al. 2019). Despite the fact that Mettl3 is the only catalytic subunit, the 

m6A profile can be orchestrated by other factors. For example, Mettl3 and Mett14 both interact with 

chromatin, but bind different factors and associate with different chromatin sites (Aguilo et al. 2015, 

Barbieri et al. 2017, Huang et al. 2019). In AML cells Mettl3 is recruited to active gene promoter regions 

via the CEBPZ transcription factor, independently of Mettl14, which promotes m6A deposition along 

transcript`s CDS (Barbieri et al. 2017). On the other hand, in mouse embryonic stem (mES) cells the 

interaction of Mettl3 with chromatin is regulated by ZFP217 protein that tethers it away from 

transcription sites in order to maintain low methylation levels of pluripotency factors end ensure mES 

cell self-renewal (Aguilo et al. 2015). Mettl14 was also recently shown to interact with chromatin. It can 

directly bind the H3K36me3 histone mark that is enriched at the end of gene segments. In this way 

Mettl14 was proposed to recruit the remaining subunits of the methyltransferase complex towards the 

transcript`s 3`UTR, which could potentially explain the m6A abundance within this region (Huang et al. 

2019). In light with these findings, it is possible that certain methylation sites are more dependent on 

Mettl3, Mettl14 or other factors of the methyltransferase complex. It would be interesting to 

investigate if the previously identified posttranslational modifications (Chapter 1.4.2.b) perhaps 

regulate Mettl3- and Mettl14-unique interactomes and potentially control m6A deposition to only a 

subset of selected targets.   

1.4.2.d WTAP 

Wilms' tumour 1-associating protein (WTAP) was shown to interact with METTL3 in plants and 

yeast (Agarwala et al. 2012, Bodi et al. 2012), many years before its role in m6A methylation was 

discovered. Recent studies in vertebrates revealed that WTAP co-fractionates with the METTL3 and 

METTL14 proteins and that it is required for heterodimer stabilization and its localization to nuclear 

speckles (Liu et al. 2014, Ping et al. 2014, Wang Y. et al. 2014). Interaction of WTAP with METTL3 is 

established via the N-terminal coiled-coil region that binds the N-terminal helix of the METTL3 protein 
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(Scholler et al. 2018). Consistent with its role within the m6A writer complex, WTAP shares over 50 % 

of RNA binding sites with METTL3 and its depletion results in significant loss of m6A on mRNA (Liu et al. 

2014, Ping et al. 2014, Wang Y. et al. 2014). WTAP is essential for survival and mice lacking WTAP die 

during early embryogenesis (E10.5), due to impaired mesoderm and endoderm differentiation 

(Fukusumi et al. 2008). Likewise, loss of its ortholog, Fip37, in plants leads to developmental arrest and 

embryonic lethality (Vespa et al. 2004). Flies lacking Fl(2)d, a WTAP ortholog, do not progress post larval 

stages (Granadino et al. 1990, Granadino et al. 1996)  and morpholino-mediated depletion of WTAP in 

zebrafish results in severe developmental defects and increased apoptosis (Ping et al. 2014). 

Consistently, its depletion in different cell lines inhibits cell proliferation and differentiation (Small et al. 

2006, Fukusumi et al. 2008) by activation of apoptosis (Small and Pickering 2009), while over expression 

is associated with increased glioblastoma migration and cancer invasion (Jin et al. 2012). WTAP is a 

nuclear protein, enriched in nuclear speckles where it interacts with different splicing factors and other 

proteins involved in RNA processing (Small and Pickering 2009, Horiuchi et al. 2013). Its localisation was 

shown to be dependent on the presence of BCLAF1 and THRAP3 that are part of the DNA damage-

induced BRCA1 protein complex (Horiuchi et al. 2013). WTAP depletion results in altered alternative 

splicing (Small and Pickering 2009), and impairs cell cycle progression (Horiuchi et al. 2006). In flies, 

Fl(2)d was also shown to colocalize with many splicing factors and is one of the proteins required for 

proper splicing of Sxl and tra in female germ and somatic cells  (Ortega et al. 2003) (Chapter 1.5.2). 

WTAP is essential for m6A deposition together with METTL3-METTL14 heterodimer and four other 

components of MACOM sub-complex that constitute a complete m6A writer complex. However, while 

the METTL3-METTL14 heterodimer has been studied extensively, much less is known about remaining 

components and their respective roles within the complex. They are discussed in Chapter 5.1, along 

with our findings from flies. 

1.4.3 Other m6A methyltransferases 

1.4.3.a m6A and m6,2A methyltransferases acting on rRNA 

N6-methyladenosine also known as 6-methylaminopurine (m6A) was initially discovered in highly 

abundant rRNA (Adler et al. 1958, Littlefield and Dunn 1958). Two recently characterised 

methyltransferases, ZCCHC4 and Mettl5, each methylate a single adenosine of 28S rRNA (A4220) and 

18S rRNA (A1832)  (Ma et al. 2019, Van tran et al. 2019, Ignatova et al. 2020, Leismann et al. 2020). 

These modifications are, however, not conserved in yeast (Piekna-Przybylska et al. 2008). m6A 

modification is also present on two sites of bacterial 23S rRNA (Tanaka and Weisblum 1975), where 

RlmF and RlmJ methyltransferases catalyse its formation on A1618 and A2030 residues, respectively 

(Sergiev et al. 2008, Golovina et al. 2012).  

In some bacteria, 23S rRNA also carries the N6-dimethyladenosine (m6,2A) modification at 

position A2058. This modification, catalysed by the Erm methyltransferase  (Denoya and Dubnau 1987), 

was identified in the 1970s by the Weisblum laboratory that studied bacterial resistance to macrolide 

antibiotic erythromycin (Lai and Weisblum 1971, Lai et al. 1973). Two additional, conserved m6,2A sites 

were later also found on bacterial 16S rRNA (A1518 and A1519) and eukaryotic 18S rRNA. Modifications 

are deposited by the bacterial KsgA methyltransferase and corresponding homologs in other species 

(Lafontaine et al. 1994, O'farrell et al. 2004) (Supplemental data 13) (Figure 7). 

1.4.3.b Mettl16 
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Beside MAC-MACOM complex and above-mentioned rRNA methyltransferases, two other m6A 

methyltransferases acting on mRNA, non-coding RNA and snRNA substrates have been identified 

recently, Mettl16 and Mettl4. Mettl16 is an m6A methyltransferase with only two identified targets, the 

U6 snRNA and Mat2a mRNA (Pendleton et al. 2017, Warda et al. 2017, Doxtader et al. 2018), whereas 

Mettl4 was shown to act on U2 snRNA (Chen et al. 2020, Goh et al. 2020, Gu et al. 2020) and is further 

discussed in (Chapter 5.1.5). Unlike Mettl3-Mettl14 heterodimer, Mettl16 binds and methylates its 

targets as a homodimer, albeit dimerization is not required for its catalytic activity (Ruszkowska et al. 

2018). Notably, Mettl16 can bind triple RNA helix of lncRNA MALAT1 as a homodimer, but does not 

methylate it (Ruszkowska et al. 2018). Substrate selectivity by the Mettl16 is restricted to the nonamer 

sequence motif [UACm6AGAGAA] located within a stem loop structure of its RNA targets. Intriguingly, 

Mettl16 regulates expression of Mat2a, a SAM-synthetase, in response to changes in intracellular SAM 

levels. Upon reduced SAM levels, Mettl16 binds a stem loop downstream of an alternative intron within 

the 3`UTR region of Mat2a transcript to promote its splicing. This results in translation of a functional 

protein and initiates a positive feedback loop to increase synthesis of SAM (Pendleton et al. 2017, 

Warda et al. 2017, Doxtader et al. 2018). Inversely, high levels of SAM lead to transcript methylation 

and a quick turnover of  Mettl16 from the stem loop, resulting in intron retention and Mat2a transcript 

decay, thereby repressing the SAM production (Pendleton et al. 2017, Warda et al. 2017, Doxtader et 

al. 2018). While numerous other transcripts were shown to be bound by Mettl16, mostly within intronic 

regions, so far only two have been found to be also methylated (Warda et al. 2017) (Figure 7). Given 

that Mettl16 promotes Mat2a splicing (when SAM levels are low) independently of its catalytic activity, 

binding to other identified transcripts may also affect their processing independently of m6A 

methylation (Brown et al. 2016, Warda et al. 2017). The crystal structure of Mettl16 revealed an 

extensive positively charged groove in the N-terminal region and in a part of Rossmann fold, which 

guides the bound RNA to the SAM-containing catalytic core (Doxtader et al. 2018, Mendel et al. 2018, 

Ruszkowska et al. 2018). Notably, Mettl16 adopts a similar structure to Mettl3, but shows unique 

features around the putative m6A binding site. This likely explains distinct substrate preferences of the 

two m6A methyltransferases (Ruszkowska et al. 2018). Mettl16 is essential for mouse survival and KO 

animals die during early embryogenesis at the time of implantation (around E6.5), presumably due to 

altered SAM synthesis (Doxtader et al. 2018, Mendel et al. 2018). Further characterisation of Mett16 

might reveal its additional functions during development or in other biological processes. 

1.4.3.c PCIF1 

PCIF1 (Phosphorylated CTD Interacting Factor 1) is a recently identified methyltransferase 

required for the formation of m6Am cap modification on RNA PolII dependent transcripts (for m6Am 

see also Chapter 1.3.1) (Akichika et al. 2019, Boulias et al. 2019, Mauer et al. 2019, Sendinc et al. 2019, 

Sun et al. 2019). PCIF1 interacts with the m7G cap of mRNAs and snRNAs and methylates the N6-

position of the first 2`O-methylated adenosine. The biological significance of m6Am modification on 

mRNA is as of now not known, however potential roles in mRNA translation and stability have been 

proposed (Mauer et al. 2017, Akichika et al. 2019, Boulias et al. 2019, Sendinc et al. 2019, Sun et al. 

2019). Using precise m6Am detection with miCLIP technique in PCIF1 KO cells, Senedic and colleagues 

recently demonstrated that m6Am stabilizes a subset of low abundant transcripts and simultaneously 

acts to repress translation. Its functions might be specifically required during stress, when PCIF1 knock 

out was shown to have a negative impact on cell survival. The m6Am modification and PCIF1 activity are 

specific for vertebrates. The PCIF1 ortholog (CG11399) is conserved in flies, however no m6Am has been 

detected in this species at the 5`-cap even though the catalytic residues required for methylation 
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reaction are intact. However, Drosophila melanogaster PCIF1 lacks two proline residues required for 

correct accommodation of the m7G modification at the 5`-cap of mRNA, which could explain the 

absence of m6Am modification in flies. Interestingly, the catalytic motif [DPPF] that is found in the 

vertebrate protein also differs in flies, by the last amino acid residue, which is histidine [DPPH]. The 

same motif has been previously identified in a bacterial N4mC methyltransferase M.NgoMXV (Radlinska 

et al. 1999), a protein that belongs to the same clade as N6-Adenine methyltransferases and adopts 

similar folding of its catalytic site (Iyer et al. 2016). This suggests that Drosophila melanogaster PCIF1 

ortholog (CG11399) may also be catalytically active, but might act on RNA targets, other than the m7G-

proximal 2`O-methyated adenosines and may be restricted to early embryogenesis (0-1 h), when 

CG11399 transcript expression is particularly high (Graveley et al. 2011). 

1.4.4 m6A methylation by the MIS complex in budding yeast 
m6A modification has been well characterized in budding yeast S. cerevisiae, where it is 

specifically required for entry to meiosis during sporulation upon nitrogen starvation (Shah and Clancy 

1992, Agarwala et al. 2012). The composition of the m6A methyltransferase complex in S. cerevisiae 

differs from other species and consists of three components; Ime4 (Inducer of meiosis), Mum2 and 

protein Slz1 that has no orthologs in higher eukaryotes (Agarwala et al. 2012). Slz1 serves as an 

accessory component for tethering the Ime4-Mum2 proteins to the nucleolus where methylation takes 

place (Schwartz et al. 2013). Timely deposition of m6A modification is achieved by restricted expression 

of Slz1 just prior to meiosis (Schwartz et al. 2013). The closest ortholog of Mettl14 in budding yeast is 

protein Kar4 (karyogamy-specific transcription factor) (Bujnicki et al. 2002). Even though Kar4 was 

found to interact with Ime4, in a yeast-two-hybrid screen (Ito et al. 2001), it seems not to be required 

for establishing m6A methylation. Instead, Kar4 acts as a transcriptional activator to promote mating 

(Lahav et al. 2007). It is currently not known how the MIS components assemble, bind RNA or specify 

target recognition. Given that Ime4 and Mum2 have high sequence similarity to METTL3 and WTAP, 

respectively, it would be interesting to compare the structural conformation of the MIS complex with 

the existing knowledge about the METTL3, METTL14 and WTAP proteins. Interestingly, the methylation 

profile and motif in yeast are reminiscent to those in vertebrates, with m6A enrichment along the 3`UTR 

regions and in the RGAC sequence motif (Schwartz et al. 2013) (Figure 7). Notably, a single m6A site 

within a 3`UTR region of a transcriptional repressor RME1 was recently found to be critical for the entry 

to meiosis. RME1 blocks transcription of a protein Ime1 that is essential for meiotic DNA replication. 

Methylation of rme1 mRNA triggers its degradation, which in turn enables Ime1 activity and induction 

of meiotic program (Bushkin et al. 2019). However, what triggers the timely expression of Slz1 remains 

to be shown.   
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1.4.5 m6A erasers 

1.4.5.a ALKBH family of proteins 

Paralleling the dynamic reversibility of DNA modifications, the m6A modification on RNA can also 

be demethylated. To date two m6A mRNA demethylases have been identified, ALKBH5 (AlkB homologue 

5) and FTO (fat mass and obesity associated) that belong to the group of AlkB family of Fe(II) and 2-

oxoglutarate-dependent oxidative DNA/RNA demethylases (Gerken et al. 2007, Jia et al. 2011, Zheng 

et al. 2013). The AlkB family contains nine homologues of the bacterial AlkB protein (ALKBH1-ALKBH8 

and FTO). Of those, seven members are conserved in all metazoan, however, the most recently evolved 

enzymes, ALKBH5 and FTO, that demethylate m6A on mRNA, are restricted to the vertebrate clade, with 

the exception of FTO that is also found in diatoms (Sanchez-Pulido and Andrade-Navarro 2007). 

Notably, archaea, obligate-anaerobic bacteria and S. cerevisiae do not encode AlkB proteins (Fedeles et 

al. 2015). All AlkB family proteins contain a typical N-terminal catalytic core, required for demethylation 

reaction (Mishina and He 2006, Fedeles et al. 2015, Kal and Que 2017), yet they differ by their substrate 

and target specificity (Figure 8).  

 

Figure 8. Schematic representation of AlkB-family of proteins and their substrates. 
Demethylation activities of different AlkB-family members on a) DNA, b) mRNA, ncRNA and snRNA, c) tRNA targets. d) 
Predicted activity of ALKBH4 and ALKBH7 on protein substrates (Fedeles et al. 2015). e) ALKBH8 catalyses the formation of 
mchm5U at tRNA wobble site (Songe-Møller et al. 2010). Of note, dTET is not a member of AlkB-family, but was proposed to 
demethylate 6mA on DNA in D. melanogaster (Zhang G. et al. 2015). Red star in a) denotes DNA damage sites (alkylated bases 
such as 3mC, 1mA, 1mG). 

While ALKBH3, ALKBH1, ALKBH5 and FTO preferentially target single stranded nucleic acids, the 

ALKBH2 was shown to act on dsDNA (Fedeles et al. 2015). Three members of the AlkB family (ALKBH1-

3) protect cells from alkylating DNA damage by catalysing oxidation of alkylated bases (such as m3C, 

m1A, m1G, m3U/T) (Fedeles et al. 2015). ALKBH8 differs from other members by containing an additional 

methyltransferase domain and is involved in the generation of the mchm5U modification at the tRNA 

wobble position (Songe-Møller et al. 2010). Finally, ALKBH4 and ALKBH7 are believed to demethylate 

proteins, while the ALKBH6 targets have not been identified yet (Fedeles et al. 2015). Notably, better 
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characterisation of AlkB proteins has revealed that many of them act on multiple distinct targets and 

substrates, which may be due to a conformational flexibility of the nucleotide recognition lid, positioned 

over the active site in most members of the AlkB family (Fedeles et al. 2015). For instance, ALKBH3, 

ALKBH1 and FTO can also act on m1A in tRNA (Kawarada et al. 2017, Wei J. et al. 2018, Chen Z. et al. 

2019), and ALKBH1 can remove m5C on tRNA (Zhang and Jia 2018). Additionally, ALKBH1 and ALKBH4 

both also demethylate 6mA on DNA (Wu et al. 2016, Xiao et al. 2018, Kweon et al. 2019), while ALKBH3 

catalyses the removal of m6A on tRNA (Ueda et al. 2017) (Chapter 1.1.1 and 1.3). It is therefore 

important to consider potentially promiscuous activity of individual AlkB protein on different targets 

and substrates, when their biological functions are being studied. In addition, the extent of their 

possible redundancy has not been addressed so far.  Two m6A demethylases, FTO and ALKBH5, that 

were shown to act on mRNA, can both demethylate only a subset of m6A sites along transcripts (Jia et 

al. 2011, Zheng et al. 2013). In addition, FTO can demethylate m6Am modification in mRNA and snRNA 

(Mauer et al. 2017, Mauer et al. 2019) (Figure 9) 1.  

 

Figure 9. Schematic representation of m6A and m6Am demethylation by ALKBH5 and FTO.  
ALKBH5 and FTO AlkB belong to non-heme iron dioxygenases and catalyse oxidative dealkylation of their substrates.ALKBH5 
acts on m6A (Zheng et al. 2013), while FTO acts on both m6A and m6Am. Unstable hm6A and fm6A intermediates have been 
detected in FTO mediated reactions (Jia et al. 2011, Mauer et al. 2019). α–KG: α–ketoglutarate. 

                                                

1 The AlkB enzymes and other non-heme iron dioxygenases catalyse oxidative dealkylation of their substrates. For ALKBH5 and FTO the 

reaction starts by the recognition of the substrate and binding of the α-ketoglutarate (α–KG) to the Fe(II) centre in the enzymes` active site. 
This activates sequentially bound oxygen (O2) to carry out a nucleophilic attack on the α–KG. Oxidative decarboxylation of α-KG results in a 
formation of succinate and CO2, the later of which leaves the reaction. In addition, this generates a reactive iron-oxygen moiety (high valent 
Fe(IV)=O) that can hydroxylate the alkylated substrate (e.g. methylated substrate). Reactive iron-oxygen attacks the substrate`s C-H bond and 
removes the hydrogen, which results in a formation of a carbon radical. The radical then rebinds the –OH group from the iron and forms 
unstable hydroxyl-intermediate that over time spontaneously resolves into formaldehyde (HCHO) and a demethylated nucleotide. FTO can 
further oxidise hydroxyl-intermediate to unstable formyl-intermediate. 
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FTO and ALKBH5 are expressed in different tissues and consistently, their depletion results in 

alterations of distinct biological processes (see below). Structurally, both proteins contain a 

characteristic loop that is not present in other AlkB family members and interferes with the 

accommodation of double stranded nucleic acid substrates (Han et al. 2010, Chen et al. 2014). FTO also 

contains an extended alpha-helical C-terminal region that is essential for its stability and catalytic 

activity (Han et al. 2010). Notably, the two enzymes do not display strict specificity for RRACH sites and 

target selectivity is achieved by structural constraints between the sequence surrounding the m6A site 

and the RNA binding motif (Zou et al. 2016). Intriguingly, interaction of ALKBH5 with one particular 

target was shown to be promoted by the transcript`s own antisense RNA (Zhang S. et al. 2017), 

suggesting that recognition of the correct target might require multiple mechanisms. In plants two 

ALKBH10 paralogs exist, ALKBH10A and ALKBH10B, with the former one acting on m6A mRNA 

modification (Duan et al. 2017). Notably, as mentioned above, three other AlkB members can 

demethylate N6-methylated adenosines on DNA (ALKBH1 and ALKBH4) and tRNA (ALKBH3) (Ueda et al. 

2017) Whether any of them could potentially remove m6A also from a subset of mRNA sites, remains 

to be addressed. 

1.4.5.b FTO 

FTO (Fat Mass and Obesity-associated) protein exhibits demethylation activity towards m6A and 

m6Am modifications on mRNA and snRNA targets (Jia et al. 2011, Mauer et al. 2019). Recently, m1A 

modification on tRNA was also shown to be the FTO substrate (Wei J. et al. 2018). FTO is a 

predominantly nuclear protein and partially co-localizes with splicing factors in nuclear speckles (Jia et 

al. 2011), suggesting its role in nuclear pre-mRNA processing. Indeed, its depletion in different cell types 

results in altered alternative splicing and a vast majority of FTO binding sites (74 %) are found in intronic 

regions (Zhao et al. 2014, Bartosovic et al. 2017). Study by Zhao and colleagues demonstrated that FTO 

dependent m6A sites accumulate at the splice sites and promote binding of SRSF2 splicing regulator, 

leading to increased inclusion of alternative cassette exons. However, given that FTO also demethylates 

m6A on U6 snRNA, and m6Am on U1 and U2 snRNAs (Wei J. et al. 2018, Mauer et al. 2019), it would be 

important to investigate the possible contribution of altered snRNA methylation on the FTO-dependent 

splicing outcomes. FTO mediated removal of m6A, but not m6Am, seems to have a negative effect on 

mRNA stability (Wei J. et al. 2018), by a so far unknown mechanism. Notably, FTO binding along the 

mRNA does not follow m6A distribution profile, which may indicate a function independent of its 

catalytic activity, or the presence of m6Am modification at sites other that 5`cap (Zhao et al. 2014, 

Bartosovic et al. 2017). In some cell types, FTO also localizes to the cytoplasm, where it was shown to 

primarily demethylate m6Am modification, and m1A modification on tRNA (Wei J. et al. 2018). 

Additionally, FTO was found in the axons of cells belonging to dorsal root ganglia, where it demethylates 

m6A from localized transcripts and in this way regulates their timely translation (Yu et al. 2018). 

FTO protein is highly expressed in brain and adipose tissue and alterations in FTO gene have been 

associated with numerous biological defects. genome-wide association study studies linked mutations 

in the first intron of the FTO gene to an increased BMI (Body Mass Index), and consequently FTO was 

proposed to be the driving factor of obesity (Loos and Yeo 2014). Intronic FTO single-nucleotide 

polymorphisms (SNPs) were later shown to alter expression of a protein Irx3 that regulates basal cellular 

metabolism (Smemo et al. 2014), via a long-range enhancer interactions. However, future work indeed 

demonstrated a direct role of FTO in obesity. FTO mutant mice models display reduced lean and fat 

mass  (Fischer et al. 2009, Gao et al. 2010) whereas FTO overexpression associates with enhanced 

adiposity and increased food intake (Church et al. 2010). Consistently, FTO demethylation activity is 
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required for adipocyte differentiation and fat cell maturation (Zhao et al. 2014). Notably, some studies 

reported that FTO expression is modulated in response to starvation or increased food intake 

(Poritsanos et al. 2011, Gill et al. 2019), suggesting that both, FTO genetic variants and diet may lead to 

obesity risk.  

Besides its role in metabolism, FTO is important in various neuronal processes and is highly 

expressed in different brain regions. It is particularly elevated in hypothalamus (Gerken et al. 2007) 

adult neural stem cells, and mature neurons (Li L. et al. 2017), where it is required for proper neuronal 

differentiation and adult neurogenesis (Li L. et al. 2017). Consistently, FTO loss of function results in 

impaired learning and memory consolidation (Widagdo et al. 2016, Li L. et al. 2017). Additionally, mice 

lacking FTO display postnatal growth retardation (Boissel et al. 2009, Fischer et al. 2009, Gao et al. 

2010), reduced brain volume (Li L. et al. 2017) and altered locomotion (Fischer et al. 2009). Notably, 

neural specific conditional FTO KO mice exhibit similar phenotypes (Gao et al. 2010). Alteration of FTO 

levels in mice upon induced stress leads to anxiety-like behaviour (Spychala and Rüther 2019), impaired 

dopaminergic signalling (Hess et al. 2013) and altered synaptic plasticity (Engel et al. 2018), suggesting 

that m6A (or m6Am, m1A) levels must be tightly regulated during stress adaptation. Finally, accumulating 

evidence suggests that FTO alterations promote growth and metastasis of different cancer types 

including acute myeloid leukemia (AML), glioblastoma and endometrial cancer (Chen and Du 2019). 

Nevertheless, while most studies thus far correlated all of the above-mentioned deficiencies with the 

misregulation of m6A levels, the exact contribution of m6Am and m1A modifications in these processes 

will have to be adequately analysed in the future. In summary, FTO is implicated in a wide range of 

biological processes and certainly represents an important pharmacological target for potential drug 

development (Niu et al. 2018). 

1.4.5.c ALKBH5 

ALKBH5, another m6A mRNA demethylase, is a strictly nuclear protein and partially co-localizes 

with splicing factors in nuclear speckles (Zheng et al. 2013). Consistently, its depletion alters alternative 

splicing (Tang et al. 2018). ALKBH5 also regulates mRNA localization and its depletion results in 

enhanced mRNA export (Zheng et al. 2013). ALKBH5 is highly expressed in testes, where its functions 

have been best-studied (Zheng et al. 2013, Tang et al. 2018). Loss of ALKBH5 in mice leads to male 

specific infertility. Males develop smaller testes with abnormal tubular architecture and strongly 

diminished numbers of spermatozoa that show significantly reduced motility (Zheng et al. 2013). These 

alterations arise from spermatogenic arrest, as demonstrated by reduced number of pachytene 

spermatocytes and their increased apoptosis (Zheng et al. 2013). Further studies showed that loss of 

ALKBH5 increases levels of m6A within CDS and around start codons, which results in altered splicing 

and aberrant transcript shortening. Additionally, high m6A levels promote premature transcript decay, 

which altogether interferes with the progress of spermatogenesis (Tang et al. 2018). Similarly to FTO, 

ALKBH5 is implicated in poor prognosis of several cancers (Zhang et al. 2016, Zhang S. et al. 2017, Liu 

Z.-X. et al. 2018, Pinello et al. 2018). Levels of ALKBH5 were shown to be strongly increased under 

hypoxic conditions that are often present in advanced tumours. Induced hypoxia in breast cancer stem 

cells leads to ALKBH5 mediated demethylation of a core pluripotency factor, Nanos, which elevates its 

protein levels and consequently promotes BCSC proliferation (Zhang et al. 2016). Levels of ALKBH5 are 

also high in glioblastoma stem cells (GSC), where demethylation of FOXM1 transcript, a cell-cycle 

regulator gene, elevates its protein levels. This resulted in increased GSC proliferation and promoted 

glioblastoma progression (Zhang S. et al. 2017). Given its role in cancer, ALKBH5 might represent a 

relevant target for diagnostic or therapeutic purposes.  
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1.4.6 m6A reader proteins 
m6A modification has a strong impact on the fate of modified RNA by, either directly or indirectly 

influencing the binding of various RBPs. The main mediators of m6A functions are the so-called “reader” 

proteins that can specifically recognise and accommodate m6A modification (Chapter 1.4.6.a and 

1.4.6.b). Best characterized are members of the YTH (YT521-B homology) domain-containing family of 

proteins (YTH proteins) (Patil et al. 2017). Different nuclear and cytoplasmic YTH proteins are implicated 

in nearly every aspect of mRNA processing: from splicing (Xiao et al. 2016) and polyadenylation (Ke et 

al. 2015), to mRNA export (Roundtree Ian A. et al. 2017). In the cytoplasm, they can promote translation 

(Wang et al. 2015, Hsu et al. 2017, Shi et al. 2017) and function in the regulation of mRNA stability and 

decay (Wang et al. 2013, Du et al. 2016, Hsu et al. 2017). Additionally, in specific sequence context m6A 

modification can change local RNA structure and in this way alter RNA-protein interactions in a positive 

or negative fashion (Chapter 1.4.6.c). This type of regulation, also called an “m6A-switch”, was shown 

to impact binding of a number of hnRNP proteins. hnRNPC (Liu et al. 2015), hnRNPA2B1 (Alarcon et al. 

2015a), hnRNPG (Liu et al. 2017), and HuR (Spitale et al. 2015) can in this way influence pri-miRNA 

processing, mRNA splicing and stability (Alarcon et al. 2015a, Liu et al. 2015, Spitale et al. 2015, Liu et 

al. 2017). Following chapters provide an overview of current knowledge on various RBPs whose binding 

to RNA was shown to be affected by m6A (Figure 10).  

1.4.6.a YTH domain-containing reader proteins 

YTH domain-containing family of proteins were among the first identified m6A binders 

(Dominissini et al. 2012). As revealed by the recent crystal structures, they can specifically 

accommodate m6A modification by an aromatic cage of the YTH domain (Li F. et al. 2014, Luo and Tong 

2014, Theler et al. 2014, Xu et al. 2014, Zhu et al. 2014). YTH family members are found in various 

species, from yeast to human as well as in plants. While their primary sequences outside the YTH 

domain largely differ, the primary sequence and structure of the YTH domain itself are highly conserved 

(Stoilov et al. 2002, Huang and Yin 2018). Vertebrates have five YTH proteins, four primarily acting in 

the cytoplasm (YTHDF1/2/3 and YTHDC2) and one in the nucleus (YTHDC1). However, while budding 

yeast have only one member (Pho92) (Schwartz et al. 2013), some plants encode up to thirteen paralogs 

(Arribas-Hernández et al. 2018, Scutenaire et al. 2018, Wei L.-H. et al. 2018). Consistent with the 

absence of m6A modification on mRNA in nematodes and fission yeast, no YTH domain members are 

found in the former, while the latter contains a single YTH domain protein Mmi1 that, however, cannot 

specifically accommodate m6A-modified RNA via its YTH domain (Wang C. et al. 2016) Vertebrate YTH 

proteins have been well characterised and were shown to have an important impact on mRNA 

biogenesis by interacting with various mRNA processing factors and by recruiting them to the target 

transcript. Among these are different splicing and export factors, translation apparatus, as well as 

components of the deadenylation complex (Figure 10). 
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Figure 10. m6A reader proteins.  
a) Schematic representation of known m6A readers and m6A-repelled proteins in different RNA processing steps in which they 
are involved. m6A readers in the nucleus and cytoplasm are shown above (in yellow) and below (in orange), respectively. 
Repelled proteins are shown in red and various interactors in grey. b) Figure legend depicting m6A in different types of RNA or 
in different structural contexts.  

YTHDC1 proteins 

YTHDC1 is the only nuclear YTH domain-containing family member that carries four predicted 

NLS and several low complexity regions; the N-terminal Q-rich, and C-terminal P- and E/R-rich regions, 

with the later likely implicated in protein-protein interactions (Hartmann et al. 1999). YTHDC1 was 

initially found as an interactor of various splicing factors, including SC35, SF2 and TRA2B (Imai et al. 

1998, Hartmann et al. 1999). TRA2B is the homolog of a well characterised splicing factor transformer-

2 in D. melanogaster, suggesting YTHDC1`s role in the regulation of pre-mRNA splicing. YTHDC1 resides 

in the so-called YT-bodies, adjacent to nuclear speckles, along with Sam68 and SAF-B proteins, that 

couple mRNA transcription to splicing (Hartmann et al. 1999, Nayler et al. 2000). Consistent with these 
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early observations, YTHDC1 was later found to regulate alternative splicing of a subset of m6A modified 

sites via its interactions with hyper-phosphorylated SRSF-proteins (Xiao et al. 2016). It promotes the 

recruitment of the splicing enhancer SRSF3 and interferes with the binding of the splicing silencer 

SRSF10, to enhance exon inclusion (Xiao et al. 2016). Besides its role in splicing, YTHDC1 was also found 

to interact with factors involved in alternative polyadenylation (SRSF3, SRSF7 and CPSF6) and to control 

transcripts` 3`UTR length (Kasowitz et al. 2018). Of note, the SRSF3 and SRSF10 were previously shown 

to regulate 3`UTR lengths in opposite directions (Müller-Mcnicoll et al. 2016). The exact mechanism by 

which YTHDC1 mediates 3`UTR processing has not been revealed yet. It could either sequester its 

interactors from their binding sites or promote their recruitment to methylated regions. Besides 

nuclear processing, YTHDC1 is also involved in mRNA export. It interacts with the hypo-phosphorylated 

version of the SRSF3 protein that acts as an adaptor for the NXF1 export factor (Müller-Mcnicoll et al. 

2016). In line with this, depletion of YTHDC1 results in the accumulation of m6A modified mRNA in the 

nucleus, which can be rescued by the ectopic expression of its C-terminal region required for the 

interaction with the SRSF3 protein (Roundtree Ian A. et al. 2017). Of note, the YTHDC1 interactor SRSF7 

was also shown to promote the recruitment of the NXF1 export factor to a subset of targets (Müller-

Mcnicoll et al. 2016). 

Another study that recently investigated the involvement of m6A in mRNA export, could 

demonstrate that on a subset of m6A sites YTHDC1, as well as m6A writer complex, directly interact with 

the TREX export complex components, suggesting that m6A can mark transcripts for nuclear export by 

multiple ways (Lesbirel et al. 2018). In addition to its interactions with mRNA, the iCLIP analysis of 

YTHDC1 binding also revealed high overlap with identified m6A on snoRNA and nuclear lncRNAs, such 

as Malat1, Neat1 and Xist (Patil et al. 2016). Notably, its binding to Xist is required for efficient X-

chromosome silencing, albeit the mechanism has not been refined yet (Patil et al. 2016). Overall, 

despite well-demonstrated roles of YTHDC1 in alternative splicing, polyadenylation and export (Figure 

10), it is currently not understood what regulates its recruitment to defined set of m6A sites, or how its 

interactions with other proteins are coordinated. The importance of YTHDC1 in numerous biological 

processes is being increasingly recognised. Like Mettl3 and Mettl14 writer components, Ythdc1 is 

indispensable for mice survival and most Ythdc1 KO embryos die in early stages post implantation (E8.5) 

(Kasowitz et al. 2018). In addition, Ythdc1 is also essential for gametogenesis in both males and females.   

YTHDF proteins 

Vertebrates contain three YTHDF paralogs (YTHDF1, YTHDF2 and YTHDF3) that share a high 

sequence similarity and contain an N-terminal low complexity region with P/Q/N rich repeats, involved 

in interactions with many mRNA processing factors (Patil et al. 2017) (Figure 10). Binding sites of all 

three YTHDF proteins throughout the transcriptome are highly similar and greatly overlap with 

identified m6A sites on mRNA (Patil et al. 2016). They all localize to the cytoplasm and are involved in 

the regulation of mRNA translation and turn over. YTHDF2 was the first protein shown to regulate mRNA 

stability (Wang et al. 2013) by interacting with the CCR4/Not complex (Du et al. 2016). YTHDF2 also co-

localizes with decapping and deadenylation components and was suggested to promote mRNA 

localization from the translatable pool to cellular compartments (e.g. P-bodies), from where they are 

committed for eventual decay (Wang et al. 2013). YTHDF1 on the other hand was shown to promote 

translation initiation of m6A marked transcripts by interacting with the eIF3 factors, which leads to 

mRNA looping and increases ribosome loading (Wang et al. 2015). The third member of the YTHDF 

proteins, YTHDF3, stimulates mRNA processing together with YTHDF1 and YTHDF2 and was proposed 

to stabilize their binding (Li A. et al. 2017) (Shi et al. 2017). Recent study, however, also demonstrated 
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that YTHDF3 mediates translation initiation by cooperative binding with PABPC1 and eIF4G2 proteins 

in the proximity of translation initiation sites, independently of the Mettl3 deposited m6A modification 

(Zhang Yuan et al. 2019). Nevertheless, its m6A interacting ability was indispensable for this regulation, 

suggesting that YTHDF3 might bind m6A deposited by other methyltransferases (e.g. Mettl16) or that it 

binds the m6Am modification that resides at the TSS (Mauer et al. 2017). In addition, upon stress the 

YTHDF3, but not YTHDF1 or YTHDF2, binds m6A sites within 5`UTR and tethers transcripts to cytoplasmic 

stress granules. This results in translational stalling and transcript stabilization (Anders et al. 2018), 

possibly via a set of Ythdf3-specific interactors that remain to be identified. All three YTHDF proteins 

share many common target sites and are involved in the same regulatory pathways, albeit it is currently 

not understood how their binding specificity or target recognition are defined. It was proposed that 

YTHDF1 and YTHDF3 recognise target mRNAs and promote their translation prior to recruitment of 

YTHDF2 that subsequently leads mRNA to decay. In this way, fast and efficient mRNA output could be 

achieved, whenever required (Li A. et al. 2017). Given that none of the proteins shows any sequence 

specificity, it is possible that other interacting partners are involved in the selection of unique m6A 

targets. Intriguingly, recent findings from Jaffrey and Hanna groups suggest that Ythdf1, Ythdf2 and 

Ythdf3 proteins act redundantly in a context and dosage-dependent manner, whereby the loss of one 

reader can be compensated by sufficient expression of the two other Ythdf members (Lasman et al. 

2020, Zaccara and Jaffrey 2020). Nevertheless, different spatial and temporal expression patterns of 

the Ythdf2 makes it indispensable for mouse gametogenesis and viability (Lasman et al. 2020), 

highlighting that the three proteins are not redundant in all cell types and biological systems. Pho92 

(also known as Mrb1) is the only YTH domain-containing protein in the budding yeast and is a member 

of the YTHDF family, with cytoplasmic localisation (Schwartz et al. 2013). Similarly to the MIS m6A writer 

complex, its expression is restricted to meiosis (Schwartz et al. 2013). In yeast m6A is elevated along the 

mRNA 3`UTR regions and methylated transcripts are highly enriched in the translatable pool associated 

with polysomes (Bodi et al. 2015). Early meiotic transcripts have a very short half-life (T Surosky and 

Esposito 1992) and Pho92 was proposed to mediate their timely decay (Kang et al. 2014). In line with 

this, Pho92 KO was efficiently rescued by the ectopic expression of YTHDF2 protein (Kang et al. 2014) 

whose function in mRNA decay has been well demonstrated (Wang et al. 2013). Nevertheless, more 

studies are needed to decipher the exact mechanism of Pho92 mediated m6A-specifiic transcript 

destabilization.   

YTHDC2 

YTHDC2 is the least conserved cytoplasmic member of the YTH-family and unlike the name might 

suggest, it is not related to the YTHDC1 protein (Bailey et al. 2017, Hsu et al. 2017, Wojtas et al. 2017, 

Jain et al. 2018). Besides its C-terminal YTH domain, the YTHDC2 contains other unique protein regions, 

including the R/H rich R3H domain, the DEAH-box helicase core with an Ankyrin repeat and further 

sequence motifs involved in nucleic acid binding and protein interactions (Jain et al. 2018). YTHDC2 

homologs are present in many eukaryotes, however they represent a highly divergent group of 

proteins. Many members retained overall architecture, but have lost either the YTH domain, or some 

of the other protein domains. This suggests that YTHDC2 homologs likely have different protein 

interactors, and have possibly evolved novel functions (Jain et al. 2018). Consistent with the presence 

of the helicase region, YTHDC2 has an ATP-dependent 3`  5` unwinding activity, albeit its biological 

relevance is not known yet (Wojtas et al. 2017, Jain et al. 2018). Similarly to other cytoplasmic YTH-

members, YTHDC2 can enhance mRNA translation (Hsu et al. 2017) and regulate stability of m6A 

modified transcripts (Figure 10). It acts cooperatively with an interacting partner MEIOC (Bailey et al. 
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2017, Hsu et al. 2017, Wojtas et al. 2017, Jain et al. 2018) that was previously shown to be required for 

the progression of meiosis (Abby et al. 2016). In addition, YTHDC2 associates with the Xrn1, a 5`  3` 

exoribonuclease via the Ankyrin domain, which may contribute to its proposed function in mRNA decay 

(Wojtas et al. 2017). However, since YTHDC2 can alter stability of different subsets of methylated 

transcripts in a positive or a negative fashion, exact mechanisms of its activities remain to be resolved.  

1.4.6.b Other m6A readers and m6A repelled proteins 

Most studies that searched for m6A readers performed in vitro pull-down experiments in chosen 

cell lysates using different m6A methylated/non-methylated RNA probes, that were followed by mass 

spectrometry proteomic analysis of recovered proteins (Dominissini et al. 2012, Schwartz et al. 2014b, 

Arguello et al. 2017, Edupuganti et al. 2017, Baquero-Perez et al. 2019). All studies consistently 

identified YTH-family members, however, many other RNA binding proteins were also found to 

preferentially interact with the m6A modified RNA sequences (Dominissini et al. 2012, Arguello et al. 

2017, Edupuganti et al. 2017, Baquero-Perez et al. 2019). Among them were the FMRP and its homologs 

FXR1 and FXR2 that have all been previously linked to translational repression (Siomi et al. 1996) as well 

as IGF2BPs implicated in mRNA stability and translation (Huang et al. 2018). 

FMRP: FMRP (Fragile X mental retardation protein) has an important role in neuronal 

development and its loss of function leads to Fragile X syndrome, a form of intellectual disability (Darnell 

and Klann 2013). FMRP is a predominantly cytoplasmic protein, although it is also found in the nucleus. 

Its functions in mRNA metabolism include regulation of alternative splicing, transcript localisation and 

primarily, translational inhibition (Bagni et al. 2012, Darnell and Klann 2013). FMRP protein contains 

several RNA binding domains (e.g KH, RGG) and all were shown to be required for binding to m6A 

modified sequences (Edupuganti et al. 2017). The analysis of FMRP targets transcriptome wide revealed 

that many carry m6A modification, suggesting that FMRP acts as a context dependent m6A reader 

protein (Chang et al. 2017). Recent study demonstrated that FMRP interacts with the YTHDF2 reader 

and proposed that both proteins might regulate mRNA stability of common targets (Zhang F. et al. 

2018), however, it is currently not known whether they act cooperatively, competitively or 

independently. 

IGF2BP: Another group of proteins that can recognise m6A modified sites are IGF2BP (Insulin-like 

growth factor 2 mRNA-binding protein) proteins (IGF2BP1, IGF2BP2 and IGF2BP3) (Huang et al. 2018). 

They share highly homology and carry two RRM and four KH (K-homology) RNA binding domains, with 

the later ones required for recognition and binding of m6A in the consensus sequence RRACH. Their 

transcriptome wide binding analyses showed that they mostly bind mRNA in their CDS and 3`UTR 

regions, where m6A is highly enriched. In line with this, over 80 % of their targets were m6A modified. 

A vast majority of identified transcripts was bound by at least two IGF2BP members, yet the proteins 

are not redundant, as individual depletion of each of them results in reduced target stability (Huang et 

al. 2018) (Figure 10). Stabilizing function was proposed to be mediated via IGF2BP interactors that are 

well characterised mRNA stabilizing proteins (DCP1A, PABPC1, HuR, MATR3, TIAR) and reside in 

cytoplasmic mRNA storage compartments, such as P-bodies and stress granules (Huang et al. 2018). In 

addition to their mRNA stabilizing role, IGF2BPs also associate with polysomal fractions and facilitate 

mRNA translation (Huang et al. 2018). 

eIF3: Translation initiation factor eIF3 can specifically bind m6A sites at the mRNA 5` UTR region 

to promote cap-independent mRNA translation upon cellular stress (e.g. heat shock), when the m7G-

cap-dependent translation is globally suppressed. Under such conditions, a set of stress-inducible 

transcripts gains the 5`-proximal m6A modification. Consequent binding of eIF3 ensures proper cellular 
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response (Meyer et al. 2015). Notably, eIF3 also contributes to efficient m7G-cap-dependent translation 

of m6A-modified transcripts via its interaction with the YTHDF1 and METTL3 proteins at the 3`UTR 

regions (Figure 10). Whether YTHDF1 and METTL3 also recruit eIF3 to the 5` sites during stress has not 

been investigated yet.   

SND1: The Tudor SND1 (Staphylococcal Nuclease And Tudor Domain Containing 1) protein binds 

viral m6A modified transcripts to regulate replication of Kaposi’s sarcoma-associated herpesvirus 

(Baquero-Perez et al. 2019). Some members of Tudor domain proteins contain an aromatic cage that 

can accommodate methylated histones and is structurally similar to the m6A-binding pocket of the YTH 

domain (Chen et al. 2011). Intriguingly, FMRP, FXR1 and FXR2 that also bind m6A, have a Tudor-like 

domain (Chen et al. 2011, Baquero-Perez et al. 2019). It is thus possible that other Tudor domain 

proteins recognise m6A modified transcripts in a sequence and structure dependent manner. Of note, 

many Tudor domain-containing (TDRD) proteins are highly expressed in the germ line, where m6A plays 

significant roles (Chapter 1.4.8.e). 

G3BP1 and G3BP2: Beside m6A readers, many pull-down experiments also identified proteins that 

preferentially interacted with the non-methylated RNA sequences (Arguello et al. 2017, Edupuganti et 

al. 2017). Among the repelled proteins were G3BP1 and G3BP2 (Ras GTPase-activating protein-binding 

protein 1 and 2) (Arguello et al. 2017, Edupuganti et al. 2017) along with their interactors (e.g. RBM42, 

USP10 and CAPRIN) that localise to cytoplasmic stress granules, where mRNA is stored and stabilized 

upon different stress stimuli (Arguello et al. 2017). This finding suggested that loss of m6A might 

promote transcript stability via G3BP1/2 binding (Figure 10). Further characterisation of G3BP1/2 in 

vivo however revealed that both proteins are repelled by m6A modification on a very small subset of 

sites that reside within a GGACU sequence, while their binding to the GAACU sequence (that differs by 

a single nucleotide) is equally good in the presence or absence of m6A (Edupuganti et al. 2017). In 

addition, transcriptome wide binding analyses of G3BP1/2 by PAR-CLIP also demonstrated that both 

proteins are highly enriched in CAACUC sites that contain AACU m6A-motif where their recruitment is 

m6A-independent (Edupuganti et al. 2017). In summary, binding of G3BP1/2 to target mRNA is repelled 

by m6A modification only in a restricted sequence context, where the loss of m6A modification 

promotes the G3BP1/2 mediated stabilization of targeted transcripts. 

1.4.6.c “m6A-switches” 

m6A modification does not interfere with Watson-Crick base pairing, however it can destabilize 

RNA duplex formation (Engel and Von Hippel 1974). In specific sequence contexts, m6A can therefore 

change local RNA structure and in this way influence binding of various RBPs (Alarcon et al. 2015a, Liu 

et al. 2015, Spitale et al. 2015, Liu et al. 2017). As shown by transcriptome wide RNA structural probing 

via icSHAPE (selective 2′‐hydroxyl acylation analysed by primer extension) experiment, m6A in many 

cases destabilizes base pairing of its surrounding nucleotides (Spitale et al. 2015). RNA binding of a 

number of hnRNP proteins, including hnRNPC, hnRNPA2B1, hnRNPG, and HuR, were found to be 

affected by these so-called “m6A-switches”, which consequently altered pre-mRNA splicing, miRNA 

targeting and mRNA stability (Figure 10) (Alarcon et al. 2015a, Liu et al. 2015, Spitale et al. 2015, Liu et 

al. 2017). For instance, thousands of intron-residing U-stretches become exposed by such m6A-induced 

remodelling, allowing for hnRNPC binding and its m6A-dependent splicing regulation (Liu et al. 2015). 

Likewise, the hnRNPG protein regulates splicing by binding to over 10.000 m6A-remodeled RNA motifs 

using its C-terminal low-complexity RGG-repeat region  (Liu et al. 2017). Recent study demonstrated 

that it acts as a bridge between the transcribing RNA PolII and m6A modified sites near exons of the 

nascent RNA. In this way hnRNPG increases RNAPolII dwell time and thereby promotes downstream 
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exon inclusion (Zhou et al. 2019). hnRNPA2B1 is another example of a protein that binds to sites in a 

UGAA motif in the proximity of m6A-switches and recapitulates alternative splicing outcomes observed 

upon loss METTL3 (Alarcon et al. 2015a). The most pronounced binding of hnRNPA2B1 is however along 

the 3`UTR regions, where it generally promotes the usage of proximal alternative polyadenylation sites. 

Whether this regulation is m6A-switch dependent is currently not known (Martinez et al. 2016). In 

addition to binding mRNA targets, hnRNPA2B1 also recognizes many m6A sites that reside in the pri-

miRNA sequences and promotes their processing by interacting with the DGCR8 microprocessor 

subunit (Alarcon et al. 2015a, Alarcon et al. 2015b). This function is however, not conserved in cells of 

the CNS (Martinez et al. 2016). Contrary to other m6A-switch regulated RBP mentioned so far, the HuR 

protein was shown to be repelled from hundreds of its binding sites that overlapped with m6A 

modification within the 3`UTR regions. This resulted in mRNA destabilization, due to increased miRNA 

targeting (Wang Y. et al. 2014). The impact that m6A-swithes have on the regulation of RNA processing 

is likely underscored, and more context dependent examples are expected to be found in the future. 

Overall, in order to gain better understanding into how different direct and indirect m6A readers co-

ordinately shape the transcriptome, additional studies on individual transcript examples will have to be 

carried out. 
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1.4.7 m6A modification regulates nearly all aspects of mRNA processing 
To get the first glimpse into biological functions of m6A mRNA methylation, back in the 1970s, 

researchers took advantage of different SAM inhibitors and monitored the mRNAs processing of known 

m6A modified transcripts1 (Caboche and Bachellerie 1977, Bachellerie et al. 1978). These early studies 

proposed the role of m6A in pre-mRNA splicing, export and decay albeit not ruling out effects that 

inhibitors might have on other methylation reactions, which could indirectly lead to the observed 

outcomes (Sommer et al. 1978, Camper et al. 1984). As of today, we know that m6A modification indeed 

regulates a subset of alternative pre-mRNA splicing and polyadenylation events, as well as that it 

promotes mRNA export. In addition, its role in nearly every other aspect of cytoplasmic mRNA 

processing including translation, stability, and decay has been demonstrated. Most of these functions 

are mediated by the m6A reader proteins (Chapter 1.4.6) (Figure 10). The following chapters summarise 

some processes shown to be affected by altered m6A levels. 

1.4.7.a Alternative splicing 

Alternative splicing is a co-transcriptional process that enables the formation of multiple distinct 

mRNA isoforms from a single transcript and represents one of the crucial mechanisms that contribute 

to proteome diversity. It is regulated by a combinatorial effect of cis-acting elements and trans-acting 

factors that define splice site selection (Chapter 1.2.2). The very first indication that m6A might play a 

role in the process of splicing was made in the early 1980s when modification was mapped to intronic 

regions of several transcripts  (Stoltzfus and Dane 1982, Carroll et al. 1990), revealing that methylation 

takes place prior to splice site recognition. Indeed, loss of methylation in the pre-mRNA of avian 

retrovirus envelope protein and in the bovine prolactin transcript was found to correlate with poor 

splicing efficiency (Stoltzfus and Dane 1982, Carroll et al. 1990). Further indications that m6A is likely 

involved in the regulation of alternative splicing came from its transcriptome wide mapping, showing 

that modification is highly enriched in long internal exons with multiple isoforms (Dominissini et al. 

2012, Ke et al. 2015). More recently, several studies demonstrated that m6A deposition occurs co-

transcriptionally, suggesting that its presence within introns might be more widespread (Barbieri et al. 

2017, Ke et al. 2017, Knuckles et al. 2017, Slobodin et al. 2017, Huang et al. 2019). Transcriptome wide 

RNA binding analyses of METTL3, METTL14 and WTAP also revealed that nearly 30 % of their binding 

sites reside in introns (Liu et al. 2014, Ping et al. 2014) that are located next to alternatively spliced 

exons (Ping et al. 2014). These intronic sites, bound by the writer complex, are most likely methylated, 

however the nature of fast co-transcriptional splicing, interferes with m6A recognition by the 

conventional MeRIP-seq mapping technique (Dominissini et al. 2012, Meyer et al. 2012). Loulolupi and 

colleagues therefore recently developed a method termed TNT-seq (transient N-6-methyladenosine 

transcriptome sequencing) that enables m6A detection in bromouridine (BrU) labelled and enriched 

nascent pre-mRNA (Louloupi et al. 2018). Using this approach, they could demonstrate that over 50 % 

of m6A sites reside in introns and correlate with slow processing and alternative splicing. In contrast, 

exonic m6A sites located in a close proximity to splice junctions, in particular to 5`ss, were linked to fast 

                                                

1 Chemical inhibitors that interfere with SAM biogenesis and counteract with SAM-dependent methylations have been used in order to reduce 

m6A levels. SAM is a methyl donor for numerous DNA, RNA and protein methyltransferases and is synthesised by the methionine 
adenosyltransferase (MAT) enzyme. SAM turnover results in the formation of S-adenosylhomocysteine (SAH), which is further hydrolysed by 
the activity of SAH-hydrolase. Early studies investigating m6A functions used three classical methylation inhibitors: cycloleucine, neplanocin A 
(NPC) and S-tubercidinylhomocysteine (STH). Cycloleucine is a competitive inhibitor of MAT. NPC can inhibit SAH hydrolase, which results in 
accumulation of SAH. This in turn inhibits activity of some methyltransferases that use SAM as a methyl donor. STH is structurally similar to 
SAH and inhibits methylation by the same mechanism. 
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and constitutive splicing (Louloupi et al. 2018). Similar findings were obtained by Molinie and 

colleagues, who developed a method (LAIC-seq) that allows a quantitative analysis of m6A-positive and 

negative fractions, They found that m6A promotes inclusion of cassette exons in mature transcripts 

(Molinie et al. 2016).  

Consistent with these observations, numerous studies could show that changes in m6A 

deposition or removal result in altered splicing outcomes (Dominissini et al. 2012, Zhao et al. 2014, Liu 

et al. 2015, Xiao et al. 2016, Bartosovic et al. 2017, Ke et al. 2017, Tang et al. 2018). Notably, some of 

the identified splicing events are likely indirect and the exact contribution of m6A for most events 

remains to be determined. However, few examples provide mechanistic insights into m6A regulated 

splicing that is in most cases mediated by different m6A reader proteins. A study from Xiao and 

colleagues demonstrated that a nuclear reader protein YTHDC1 promotes exon inclusion via its 

interactions with splicing regulators, the SR proteins. On a subset of cassette exons, YTHDC1 recruits 

splicing enhancer SRSF3 and interferes with the binding of splicing silencer SRSF10 (Xiao et al. 2016). 

The same mechanism also enhances splicing of the lytic cycle switch protein RSA in the Kaposi’s 

sarcoma-associated herpesvirus, albeit the respective m6A sites are in this case located in the intronic 

region of the RSA pre-mRNA (Ye et al. 2017). In another study, Liu and colleagues identified over 2000 

methylated intronic sites that promote hnRNPC binding via a structural m6A-switch mechanism and 

regulate alternative splicing of a subset of flanking exons (Liu et al. 2015). Work from Zhao and 

colleagues demonstrated how splicing can be regulated by the interplay between the SRSF2 protein 

and FTO mediated demethylation. They observed m6A enrichment in the proximity of splice sites, within 

exons that overlapped with SRSF2 binding sites. Depletion of FTO promoted SRSF2 binding and led to 

increased exon inclusion. It is currently not known, if SRSF2 binds m6A directly, or if its recruitment to 

RNA is affected by m6A-induced structural changes (Zhao et al. 2014). Bartosovic and colleagues also 

studied regulation of splicing by FTO mediated demethylation. In line with observations from Louloupi 

and colleagues, they showed that loss of m6A by FTO promotes splicing of internal exons. Additionally, 

they found that it counteracts with splicing of the last exon, where m6A enrichment is typically elevated 

(Bartosovic et al. 2017). Notably, given that the vast majority of FTO binding sites are in fact in intronic 

regions, suggests that some of the observed splicing alterations are likely caused by elevated m6A that 

reside in introns (Bartosovic et al. 2017). The importance of regulated m6A levels for correct splicing 

was also demonstrated by studies involving the ALKBH5 demethylase. The ALKBH5 KO for example 

promotes splicing and leads to shortening of various transcripts during spermatogenesis (Tang et al. 

2018). 

Another important example of m6A mediated splicing regulation was demonstrated for a 

transcript encoding the SAM-synthase (Mat2a) that is methylated by the Mettl16 enzyme in an auto 

regulatory fashion (Pendleton et al. 2017, Warda et al. 2017, Doxtader et al. 2018). When SAM is 

present in cells at sufficient levels, Mettl16 methylates Mat2a transcript at 3`UTR located stem loops. 

This results in retention of the upstream intron and subsequent mRNA degradation in the nucleus. 

Contrary, when levels of SAM are scarce, Mettl16 cannot induce methylation; however, it still 

recognizes and binds the stem loops of Mat2a mRNA and promotes intron splicing. In this way levels of 

functional Mat2a transcript are increased, which in turn elevates its protein levels and enzymatic 

production of SAM. This important negative feedback loop depends on the levels of available SAM that 

is required for methylations in various biological processes. Importantly, Mettl16 binds its target sites 

regardless of whether SAM is present or not, albeit with distinct binding affinity. This indicates that the 

enzyme can in some way sense and respond to SAM availability, possibly via a structural change induced 

after SAM binding. Recent structural data showed that Mettl16 can dimerize (Ruszkowska et al. 2018), 



Introduction – m6A modification 

43 
Tina Lence, PhD Thesis - The role of m6A modification on mRNA processing in Drosophila melanogaster 

however its methylation activity seems to depend only on individual N-terminal methyltransferase 

region. It will be helpful to determine how is the Mettl16 stalling on the transcript accomplished, and 

how this promotes splicing. Of note, the vertebrate specific C-terminal region (VCR) of Mettl16 alone is 

sufficient to induce Mat2a intron splicing. It will be also informative to see, if methylation of stem loop 

is needed to prevent functional splicing or else, if it is only required to ensure fast Mettl16 release from 

the transcript. Finally, it would be interesting to investigate, if any other SAM-dependent 

methyltransferase can respond similarly to the reduced levels of SAM, in regards to substrate 

recognition, binding retention or methylation efficiency.  

1.4.7.b Polyadenylation 

In vertebrates, m6A modification was shown to be highly enriched around the STOP codons and 

within the 3`UTR regions of coding transcripts (Dominissini et al. 2012, Meyer et al. 2012), where they 

in most cases also contain the cleavage and polyadenylation sequences. This raised the question 

whether m6A deposition and 3`-end processing are correlated. To address this possibility, Ke and 

colleagues performed m6A mapping with a nucleotide precision using an anti-m6A antibody and UV 

crosslinking (m6A-CLIP). They observed that 70 % of all m6A sites in mouse and human samples reside 

in the first 150-400 nts of the last exon, regardless of the location of the stop codon. They next analysed 

the polyA site choice in the presence and absence of m6A writer components (Ke et al. 2015). Among 

transcripts that changed alternative polyadenylation sites within the last exons, they found that in over 

60 % of cases m6A had an inhibitory effect on the proximal polyA site usage and has in this way 

promoted 3`UTR extension (Ke et al. 2015). In line with this, inactivation of FTO, increases m6A levels 

and steady state levels of transcripts with extended 3`UTRs (Bartosovic et al. 2017). Additional insights 

into the regulation of alternative polyA site usage via m6A have been demonstrated in a study that 

observed an interplay between the m6A writer component VIRMA and cleavage and polyadenylation 

specificity factors CPSF5 and CPSF6 (Yue et al. 2018). VIRMA was proposed to direct methylation of 

3`UTR regions. In contrast to Ke and colleagues, loss of VIRMA and m6A in most cases promoted the 

usage of a distal polyA site (Yue et al. 2018), while depletion of CPSF5 increased methylation and led to 

3`UTR shortening. 

The effect of m6A modification on the polyadenylation site choice was shown to be partially 

mediated by the nuclear reader protein YTHDC1 that interacts with the SRSF3, SRSF7, SRSF10 and CPSF6 

proteins (Kasowitz et al. 2018) involved in 3`UTR processing. Of note, the SRSF3 and SRSF10 were 

previously shown to regulate 3`UTR lengths in opposite directions, resulting in either pA shortening or 

lengthening, respectively (Müller-Mcnicoll et al. 2016). Beside examples of alternative polyadenylation, 

a recent study in plants also demonstrated that m6A in a subset of transcripts ensures efficient 3`UTR 

processing and thereby prevents generation of transcript fusions via transcriptional read-through. This 

is achieved via a nuclear reader protein CPSF30L that contains a YTH domain fused to a 30-kD subunit 

of the cleavage and polyadenylation specificity factor (Pontier et al. 2019). Extended 3`UTRs can contain 

features that affect transcript stability or subcellular localization, for example during early 

embryogenesis and neurogenesis (Elkon et al. 2013). By regulating the polyA site choice m6A could 

provide an additional layer in these processes. However, how exactly m6A modification in some cases 

prevents and in other facilitates the selection of alternative polyadenylation sites remains to be 

demonstrated on representative examples of biologically relevant transcripts. 
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1.4.7.c Export 

m6A modification can act as a signal for nuclear export via the TREX-NXF1 pathway. This pathway 

relies on the binding of TREX core components (THO complex and UAP56 helicase), export adaptor (e. 

g. ALYREF, SRSF3, SRSF7) and co-adaptor proteins (e.g. THOC5, CHTOP) that associate with mRNA during 

different steps of pre-mRNA processing; capping, splicing and polyadenylation. Binding of TREX complex 

components recruits the export receptor NXF1 that ultimately facilitates mRNA export (Lesbirel and 

Wilson 2019). First observations that m6A may regulate mRNA export were made by the use of 

methylation inhibitors that delayed cytoplasmic appearance of mature mRNA (Camper et al. 1984). 

Consistently, future studies could show that depletion of m6A demethylase ALKBH5, resulting in 

increased m6A levels, positively correlates with cytoplasmic localization of mRNA (Zheng et al. 2013). 

The main mediator of m6A-facilitated mRNA export was found to be a nuclear reader YTHDC1. It directly 

interacts with the SRSF3 and SRSF7 proteins and thereby facilitates the recruitment of NXF1 (Müller-

Mcnicoll et al. 2016, Roundtree Ian A. et al. 2017, Kasowitz et al. 2018). Consistent with these 

observations, depletion of YTHDC1 leads to the accumulation of m6A modified mRNA in the nucleus 

(Roundtree Ian A. et al. 2017). Additionally, YTHDC1 as well as m6A writer complex were shown to be 

associated with different components of TREX complex or corresponding adaptors, suggesting that m6A 

may enhance nuclear mRNA export by various parallel ways (Lesbirel et al. 2018, Lesbirel and Wilson 

2019). Intriguingly, improved m6A-mediated nuclear export was also observed for certain viral 

transcripts. Upon infection, Zika and HIV viruses can exploit cellular methylation machinery to increase 

their replication, possibly via the viral specific export mechanisms (Lichinchi Gianluigi et al. 2016, 

Lichinchi G. et al. 2016). 

1.4.7.d Translation  

One of the best studied functions of m6A is its role in mRNA translation (Wang et al. 2015, Meyer 

Kate D. 2019). It was first proposed in 1996 by a study that used an in vitro translation system to 

evaluate whether the presence of m6A might have an impact on this process. Indeed they observed a 

positive effect of m6A on protein synthesis (Heilman et al. 1996). In recent years, numerous studies 

demonstrated that m6A can affect translation initiation and elongation steps by different mechanisms 

(Meyer Kate D. 2019). Translation initiation can be promoted by binding of cytoplasmic m6A reader 

proteins YTHDF1 and YTHDF3 to m6A sites within the 3`UTR region. YTHDF1 presumably recruits the 

translation initiation factor eIF3 and promotes mRNA looping that connects polyA-bound PABPC1 with 

the cap bound eIF4E and eIF4G (Wang et al. 2015). YTHDF3 on the other hand, was shown to enhance 

binding of YTHDF1 and in turn promote translation (Shi et al. 2017). YTHDF3 was also proposed to drive 

translation of circRNA that carry m6A within an ORF and require a cap-independent translation 

mechanism. It was proposed to do so by interacting with the translation initiation factor eIF4G2 (Zhang 

Yuan et al. 2019). A different mechanism was described to take place in the case of a stress response. 

Upon heat shock response, translation initiation factor eIF3 can promote cap-independent translation 

of heat shock induced transcripts. It does so by directly binding to m6A sites located within the 5`UTR 

region (Meyer et al. 2015). Whether this mechanism also takes place during translation of circRNA has 

not been investigated yet. In addition, a cytoplasmic reader YTHDC2 was recently shown to elevate 

translation of a subset of transcripts with highly structured 5`UTR regions, possibly via the unwinding 

activity of its helicase domain, albeit the exact mechanism is not known yet (Tanabe et al. 2016).  

A positive effect on translation was also attributed to METTL3 itself (Lin et al. 2016, Choe et al. 

2018). Similarly to the YTHDF1 protein, METTL3 was shown to bind a subset of mRNAs at their 3`UTR 

and was found to interact with the eIF3h subunit of the eIF3 complex (Choe et al. 2018). This promoted 
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mRNA looping between the 3`UTR and 5`UTR ends, and resulted in a translational boost. While not all 

mRNA were regulated in this manner, those that responded to METTL3 binding all carried m6A 

modification near a STOP codon (Choe et al. 2018). METTL3 was also shown to regulate translation in 

case of a heat shock, albeit by a different mechanism. Upon stress response, METTL3 levels elevated 

and could trigger translation independently of its catalytic activity (Lin et al. 2016). Notably, given that 

under normal and stress conditions in most cell types the majority of METTL3 protein resides in the 

nucleus, several mechanistic aspects remain to be addressed. What directs METTL3 to bind a subset of 

cytoplasmic transcripts, does METTL3 remain bound to selected targets during transfer to the 

cytoplasm, and whether it localizes alone, or with other m6A writer components (Lin et al. 2016, Choe 

et al. 2018). 

A few studies demonstrated that m6A modification also affects translation elongation. m6A sites 

located within the CDS of some transcripts were shown to reduce elongation kinetics, by counteracting 

with the initial step of tRNA selection (Choi et al. 2016). In line with this, ALKBH5 demethylation of 

FOXM1 mRNA strongly promoted its translation in the glioblastoma stem-like cells (Zhang S. et al. 2017), 

whereas FTO-mediated demethylation promoted protein synthesis of axonal transcripts (Yu et al. 

2018). Two other studies showed that methylation of CDS is linked to transcription, but can affect mRNA 

translation in either a negative (Slobodin et al. 2017) or positive fashion (Barbieri et al. 2017). Slobodin 

and colleagues found that reducing the rate of transcription improved the interaction between RNA 

PolII and METTL3. This resulted in an increased methylation along the CDS and correlated with poor 

translation (Slobodin et al. 2017). In contrast, a study from Barbieri and colleagues proposed that 

METTL3 associates with promoter sites of selected, actively transcribed genes via the CEBPZ protein, in 

a METTL14 independent manner. This recruitment induced methylation of transcripts along their CDS 

and resulted in increased translation, presumably due to a release of ribosome stalling at methylated 

GAN codons (Barbieri et al. 2017). More studies are needed to reveal how all the above-mentioned 

mechanisms coordinate translation of methylated transcripts that for example contain m6A 

modifications within different regions. 

1.4.7.e mRNA turnover 

mRNA translation, stability and decay are highly connected processes, and their coordinated 

regulation is crucial for achieving a desirable protein output. The presence of m6A modification can 

have an important impact on mRNA turnover. m6A reader and anti reader proteins can, in specific 

sequence contexts, define whether mRNA becomes stabilised, destabilised, or destined for a rapid 

decay. One mechanism by which m6A enhances transcript stability is via IGF2BP reader proteins 

(IGF2BP1, IGF2BP2 and IGF2BP3). They interact with components of the stress granules and P-bodies 

and tether bound mRNAs to these cytoplasmic storage compartments (Huang et al. 2018). Another 

cytoplasmic reader, YTHDC2 promotes stability of m6A modified transcripts during meiosis by 

interacting with protein MEIOC (Bailey et al. 2017, Hsu et al. 2017, Wojtas et al. 2017, Jain et al. 2018). 

A different mechanism of m6A-mediated mRNA stabilisation was described in A. thaliana during osmotic 

stress. Modified transcripts were protected from nucleolytic cleavage, which enabled a specific 

response to environmental changes (Anderson et al. 2018).  

A few studies also demonstrated that m6A can interfere with transcript`s stabilization. This has 

been exemplified by RNA stabilizing proteins (e.g. G3BP1, G3BP2 and HuR), whose binding to RNA is 

altered by m6A. These so-called m6A-repelled proteins were shown to preferentially stabilize certain 

non-modified transcripts. Upon stress, G3BP1/2 proteins bind de-methylated transcripts and mediate 

their localisation to the cytoplasmic stress granules (Arguello et al. 2017, Edupuganti et al. 2017), 
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whereas the HuR protein prevents miRNA-mediated mRNA destabilization by binding to non-modified 

3`UTR sites (Wang Y. et al. 2014). 

One of the best-described roles of m6A modification is in the regulation of mRNA decay. 

Methylated transcripts were shown to be subjected to faster degradation, in various cell types and 

biological processes, including cell fate determination, gametogenesis, during maternal-to-zygotic 

transition and neurogenesis (Ivanova et al. 2017, Wojtas et al. 2017, Zhao et al. 2017b, Tang et al. 2018). 

mRNA decay was shown to be mediated via two cytoplasmic readers, YTHDF2 and YTHDC2. The 

cytoplasmic reader YTHDF2 interacts with the CCR4/Not1 deadenylation complex (Du et al. 2016). It 

was proposed to guide transcripts to processing bodies (Wang X. et al. 2014) from where they are 

eventually destined for degradation. Consistently, depletion of YTHDF2 markedly increases half-life of 

its targets in various cell types and model systems (Wang X. et al. 2014, Du et al. 2016, Zhao et al. 

2017b). Notably, two recent studies showed that all three Ythdf proteins promote mRNA decay and can 

function redundantly in a context and dosage-dependent manner (Lasman et al. 2020, Zaccara and 

Jaffrey 2020). Finally, besides Ythdf proteins, binding of YTHDC2 to a subset of mRNA also expedites 

their decay. This function of YTHDC2 might be mediated via its interaction with the Xrn1 

exoribonuclease (Wojtas et al. 2017). 
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1.4.8 m6A modification regulates various cellular and physiological processes 
Given the importance of m6A modification in numerous post-transcriptional processes 

mentioned above, it is not surprising that alterations in m6A deposition, removal or recognition can 

affect a plethora of biological functions (Nachtergaele and He 2018). A few examples are summarised 

below. 

1.4.8.a Cell cycle progression 

m6A modification is important for cell cycle progression. Initially, a study from Horiuchi and 

colleagues investigated molecular functions of WTAP protein in mice, before it was known that WTAP 

functions in m6A biogenesis. They found that WTAP and its interactors in human cells (RBM15, VIR, 

HAKAI) stabilize the cyclin A2 transcript and in this way regulate cell cycle transition from G2 to M phase 

(Horiuchi et al. 2006). Consistent with these early observations, Yoon and colleagues later showed that 

depletion of Mettl14 or Mettl3 delays cell progression through the S/G2/M phase, due to altered decay 

of cell cycle related transcripts (Yoon et al. 2017). This was found to be crucial for a timely cell 

differentiation of radial glia cells during cortical neurogenesis (Yoon et al. 2017), as well as for 

differentiation and clonal expansion of adipocytes (Kobayashi et al. 2018). Recent findings from Fei and 

colleagues described a positive regulatory loop that drives timely mitotic entry and involves YTHDF2-

mediated decay of a negative regulator of cell cycle, the kinase WEE1. In addition, they found that 

YTHDF2 is itself under the control of the cyclin-dependent kinase 1 (CDK1), whereby CDK1 inhibition 

resulted in YTHDF2 degradation (Fei et al. 2020). This indicated that various different mechanisms can 

contribute to cell cycle progression. Indeed, in glioblastoma stem cells (GSC), demethylation of a cell-

cycle regulator FOXM1 increased FOXM1 translation, which in turn promoted cell proliferation and 

glioblastoma progression (Zhang S. et al. 2017). Overall, it is possible that similar m6A-mediated 

pathways as described above also stimulate cycle progression in other cell types.  

1.4.8.b Xist-mediated X chromosome inactivation 

In most organisms females and males do not carry same sex chromosomes; in mammals females 

have two X chromosomes whereas males have one X and one Y chromosome. In order to achieve equal 

expression of X chromosome-encoded genes in both genders, a process of dosage compensation takes 

place whereby in females one of the X chromosomes (Xi) becomes transcriptionally silenced. A long 

non coding RNA Xist plays a crucial role in this process by mediating the recruitment and activation of 

chromatin modifiers and Polycomb repressive complexes 1 and 2 (PRC1 and PRC2) to sites of the 

inactive X chromosome (Xi) (Mira-Bontenbal and Gribnau 2016, Żylicz et al. 2019). In this way Xist 

induces spreading of silencing marks and subsequent X chromosome inactivation (XCI). m6A 

modification was proposed to be involved in the process of XCI by decorating the long non coding RNA 

Xist (Patil et al. 2016). m6A sites can be recognised by the Ythdc1 protein that facilitates Xist-mediated 

chromosome silencing (Patil et al. 2016). In support of this model, many studies that screened for novel 

Xist-associated interactors repeatedly found m6A reader protein Ythdc1 (Chu et al. 2015, Moindrot et 

al. 2015) as well as components of the m6A writer complex, including Vir (Moindrot et al. 2015) Wtap 

and Rbm15 (Chu et al. 2015, Moindrot et al. 2015, Graindorge et al. 2019). Ythdc1 was shown to be 

required for Xist-mediated gene silencing, but was not involved in Xist localisation to Xi, suggesting that 

it may facilitate the recruitment of the polycomb repressive complexes PRC1 and PRC2. 
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1.4.8.c Stress response 

Upon different stimuli, bulk levels of m6A modification in mRNA were found to elevate 

(Dominissini et al. 2012, Meyer et al. 2012). Following a heat shock m6A becomes increased specifically 

in the 5`UTR regions of transcripts critical for stress adaptation (Meyer et al. 2015). Modification acts 

as a means for cap independent translation, by direct recruitment of eIF3b to the modified sites (Meyer 

et al. 2015). Consistently, Mettl3 rapidly relocalises to heat shock induced genes to ensure timely Hsp70 

mRNA turnover and thus cell recovery (Knuckles et al. 2017). Another example of stress response 

involves targeted RNA methylation upon DNA damage. Mettl3 and Mettl14, but not WTAP, were shown 

to be recruited to the UV-induced DNA lesions. m6A on nascent transcripts facilitates binding of poly 

ADP-ribose polymerase (PARP) and trans-lesion synthesis DNA polymerase (Pol-κ) to damage sites, 

which promotes efficient repair of damaged DNA (Xiang et al. 2017). The m6A-Pol-κ repair is carried out 

by a yet unknown mechanism, albeit independently of the canonical Nucleotide excision repair (NER) 

pathway and Rad18/PCNA-regulated translesion DNA synthesis (TLS) pathway. 

1.4.8.d Cell differentiation and reprogramming 

m6A is required for maintenance of stem cell pluripotency, reprogramming and differentiation of 

various cell types in part by regulation of crucial transcription factors that drive and determine cell 

identity (Aguilo et al. 2015, Chen T. et al. 2015, Chen J. et al. 2019). Loss of Mettl3 in naïve mESC 

prevents their timely exit from pluripotency, whereas Mettl3 loss in primed mESC results in premature 

differentiation (Geula et al. 2015). Mettl14 knock-out in mouse alters conversion of epiblasts from naïve 

to primed cell state, which impairs post-implantation embryo development (Meng et al. 2019). 

Similarly, mice lacking Mettl3 die during early embryogenesis, due to a failure to down-regulate 

pluripotency marker Nanog (Geula et al. 2015). During hematopoietic stem cell differentiation, 

sufficient upregulation of Myc depends on m6A methylation (Lee et al. 2019). Mettl3 activity is also 

required during adipocyte differentiation, by facilitating correct splicing of RUNX1T1 transcription 

factor (Zhao et al. 2014) and by promoting cell cycle progression (Kobayashi et al. 2018). Likewise, m6A 

is important for correct cell differentiation in plants. Loss of WTAP ortholog (Fip37) leads to over 

proliferation of stem cells in shoot meristem, required for generation of all aerial parts (Shen et al. 

2016). 

1.4.8.e Gametogenesis 

m6A is crucial for male and female gametogenesis in plants, mice, and zebrafish and is 

indispensable for progression of meiosis in budding yeast. The role of m6A during spermatogenesis was 

well studied and was shown to be important at several stages. In mice, Mettl3 expression is particularly 

high in undifferentiated spermatogonia.  Consistently, removal of m6A writers Mettl3 and Mett14 in 

germ line dysregulates spermatogonial stem cell proliferation and differentiation (Lin et al. 2017) and 

loss of Mettl3 blocks initiation of meiosis at zygotene stage resulting in cell apoptosis (Xu K. et al. 2017). 

Different YTH domain readers were shown to contribute to progression of spermatogenesis. Similarly 

to m6A writers, removal of Ythdc1 alters spermatogonia differentiation (Kasowitz et al. 2018). Ythdc2 

on the other hand, interacts with the MEIOC protein that was previously shown to regulate meiosis 

(Abby et al. 2016). Novel insights revealed that Ythdc2 and MEIOC act together as a complex and 

promote progression of germ cells during mitotic and meiotic divisions in males and females (Bailey et 

al. 2017, Hsu et al. 2017, Wojtas et al. 2017, Jain et al. 2018). By binding to m6A modified transcripts, 

Ythdc2 and MEIOC reduce their stability in mitotic spermatogonial stem cells. In contrast, they can 
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promote transcript stability during later stages of spermatogenesis in meiotic spermatocytes  (Bailey et 

al. 2017, Hsu et al. 2017, Wojtas et al. 2017). In addition, Ythdc2 interacts with and destabilizes piRNA 

precursors in spermatocyte germ granules, and co-precipitates with MIWI protein, suggesting it may 

be involved in the control of piRNA processing (Bailey et al. 2017). Notably, Alkbh5 expression is 

elevated in testis and its deletion impairs spermatocyte differentiation post meiotic metaphase stage 

(Zheng et al. 2013), highlighting that m6A levels must be tightly regulated during spermatogenesis. In 

females, Ythdc1 ensures oocyte development post primary follicle stage (Kasowitz et al. 2018), while 

Ythdf2 controls oocyte maturation (Ivanova et al. 2017). The involvement of m6A in gametogenesis is 

conserved in other species. In zebrafish, loss of Mettl3 impairs oocyte maturation and results in altered 

sperm maturation and motility (Xia et al. 2018). Finally, loss of WTAP ortholog in rice (OsFIP) leads to 

defects in spore formation due to abnormal meiosis (Zhang F. et al. 2019), while inactivation of MTA 

machinery in A. thaliana results in a delay of endosperm development (Vespa et al. 2004). 

1.4.8.f Neural development and plasticity 

m6A modification is highly enriched in mammalian neural tissue as compared to other organs. Its 

levels gradually increase during brain development (Meyer et al. 2012) as well as during brain activity 

(Widagdo et al. 2016) and memory formation (Walters et al. 2017), suggesting that m6A might be 

important in this tissue. In line with this, numerous studies over the past few years demonstrated that 

m6A is involved in a wide range of neural processes. Precisely regulated levels of m6A for example 

ensure neural stem cell differentiation and proper brain development. Modification is involved in 

synaptic plasticity, and axonal regeneration and loss of m6A machinery leads to diverse neurological 

defects. Alterations are reflected in compromised learning and memory formation, in behavioural 

disorders, as well as in aggravated glioblastoma progression (Angelova et al. 2018, Engel and Chen 

2018, Jung and Goldman 2018, Flamand and Meyer 2019, Livneh et al. 2020). 

Neurogenesis 

Importance of m6A for neuronal development was first exemplified by studies showing that 

Mettl3 inactivation strongly impairs neuronal differentiation from hESC (Batista et al. 2014) as well as 

from embryoid bodies (Geula et al. 2015). In line with this, m6A is essential during embryonic and adult 

neurogenesis. I) During cortex development, conditional deletion of Mettl14 in mouse embryonic 

neural stem cells (NSCs) decreases self-renewal (Wang Y. et al. 2018) and alters differentiation of 

cortical neuronal progenitors (Yoon et al. 2017, Wang Y. et al. 2018). This extends neurogenesis to 

postnatal stages and reduces numbers of mature cortical neurons. Mechanistically, loss of m6A, in this 

context, delays timely decay of transcripts implicated in cell cycle progression (Yoon et al. 2017) and 

leads to upregulation of many chromatin modifiers associated with either gene silencing (H3K27me3) 

or activation (H3K27ac) (Wang Y. et al. 2018). Thus, combinatorial effects of several m6A-regulated 

pathways promote spatiotemporal formation of different neuronal subtypes. Notably, similar 

alterations in cortical neurogenesis were observed upon depletion of Ythdf2 that mediates m6A-

depedent decay (Li M. et al. 2018), suggesting that functions of this reader are critical for cortex 

development. II) m6A is also important for adult neurogenesis and alterations of m6A writers in later 

stages of brain development can result in impaired learning and memory formation, depression, as well 

as in occurrence of neurodegenerative diseases. Global levels of m6A and its writer components are not 

equally abundant in all brain regions (Chang et al. 2017, Wang C.-X. et al. 2018). They are elevated in 

the cerebellum and gradually decrease over the course of mouse cerebellar development from P7 to 

P20, suggesting critical roles of m6A in this region. Indeed, depletion of Mettl3 in mice cerebellum at 
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stage P7, results in several morphological changes in glia and Purkinje cells that exhibit altered dendrite 

lengths (Ma et al. 2018). Intriguingly, conditional knock-out (cKO) of Mettl3 specifically in neuronal cells 

manifests in particularly increased apoptosis of cerebellar granule cells, resulting in reduced brain size 

(Wang C.-X. et al. 2018). As a consequence, cKO Mettl3 mice display severe locomotor defects such as 

slow, interrupted movement with reduced moving distance and they eventually die at 3 weeks (Wang 

C.-X. et al. 2018). Notably, loss of Alkbh5 demethylase also alters cerebellar development, which 

highlights the need for tight regulation of m6A levels in this tissue (Ma et al. 2018). In addition, during 

adult neurogenesis Fto levels increase in developing neurons and Fto KO mice display growth 

retardation. Conditional loss of Fto in neurons recapitulates the whole body deletion, which strongly 

suggests crucial functions of this m6A/m6Am demethylase in the brain (Gao et al. 2010). 

Learning and memory formation 

m6A has an important role in the regulation of stress response, as well as for learning and 

memory formation in mice. Loss of Mettl3 in the adult hippocampus reduces long-term memory 

formation; however, prolonged training can rescue memory consolidation, pointing towards an 

important, yet dispensable function of m6A in this process (Zhang Z. et al. 2018). Several studies 

reported the role of Fto demethylase for memory acquisition. Neuronal loss of Fto alters adult neural 

stem cell proliferation and differentiation, which impairs short-term memory formation and leads to 

anxiety (Li L. et al. 2017, Spychala and Rüther 2019). On the other hand, loss of Fto in the hippocampus 

(Walters et al. 2017, Engel et al. 2018) or in the medial prefrontal cortex (Widagdo et al. 2016) enhances 

memory formation upon fear conditioning and impairs long-term potentiation. Consistently, induced 

fear-training leads to downregulation of Fto in primary cortical neurons and elevated m6A levels in 

genes involved in synaptic plasticity contribute to memory formation (Widagdo et al. 2016). This 

altogether highlights the importance of activity dependent m6A dynamics for behavioural adaptation. 

m6A dependent memory formation is mediated by different reader proteins. YTHDF1 is highly 

expressed in the hippocampus and is required for correct synaptic transmission and long-term 

potentiation. It binds numerous neuronal genes and facilitates local translation upon neuronal 

stimulation, when its levels become elevated in the postsynaptic densities (Shi et al. 2018).  

Synaptic plasticity 

Following external stimuli, neurons rapidly adjust their transcriptome and proteome to enable 

synaptic plasticity. m6A is involved in these processes via multiple ways. Thousands of localised 

transcripts were found to be methylated at synapses (Merkurjev et al. 2018), where Ythdf1, Fmr1 and 

other reader proteins can regulate their translation and stability (Edupuganti et al. 2017, Shi et al. 2018). 

In addition, Fto mediated removal of m6A promotes local translation of a subset of methylated targets, 

which in turn enhances axonal growth (Yu et al. 2018). Loss of Fto specifically in dopaminergic neurons 

increases sensitivity to cocaine due to impaired neuronal signalling and results in altered neuronal 

activity and behavioural response (Hess et al. 2013). Beyond the role in neuronal development, m6A 

modification also contributes to axon regeneration in CNS and PNS. Upon peripheral nerve injury, m6A 

levels strongly elevate which promotes Ythdf1 mediated translation of critical transcripts needed for 

efficient axon regeneration (Weng et al. 2018).  
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1.4.9 Methods for m6A quantification and mapping 
In order to understand the biological functions of any RNA modification, it is crucial to know the 

identity of the modified RNA species as well as sequence and context information surrounding the 

modified nucleotide. Following the discovery of m6A modification 1970s, a thin layer chromatography 

(TLC) in combination with different exo- and endoribonucleases was used to identify precise positions 

of m6A in a limited number of viral and eukaryotic transcripts (Perry et al. 1975). However, despite 

knowing that modification is one of the most abundant in mRNA, the characterisation of other modified 

transcripts only became possible with a development of an antibody based immunoprecipitation 

techniques nearly 30 years later (see below). In recent years, various methods have been established 

in order to map and quantify m6A on targeted RNAs. Some take the advantage of the m6A-recognizing 

antibody (MeRIP, miCLIP, LAIC-seq) or m6A-sensitive restriction endonucleases (MAZTER-seq), while 

others employ metabolic labelling with SAM analogs to induce RT-signature (e.g. propargyl-L 

selenohomocysteine, allyl-SAM) (Hartstock et al. 2018, Shu et al. 2020), or try to engineer DNAses and 

RTases to discriminate m6A from A and induce modification-specific fingerprint (Aschenbrenner et al. 

2018, Potapov et al. 2018). More recently fusion proteins of the YTH domain with RNA-editing domains 

have been successfully used to map m6A transcriptome wide (TRIBE, DART-seq) (Meyer K. D. 2019, 

Worpenberg et al. 2019). Future efforts and hopes for precise and quantitative determination of m6A 

sites are in the single molecule nanopore sequencing methods (Table 4) (Grozhik and Jaffrey 2018, 

Hartstock et al. 2018, Ovcharenko and Rentmeister 2018, Motorin and Helm 2019).  

Anti-m6A antibody-based enrichment techniques 

One of the major breakthroughs in the m6A-field happened in 2012, when Rechavi`s and Jaffrey`s 

laboratories independently reported the first transcriptome wide mapping of m6A modification on 

polyA RNA. Both groups developed similar methods that took the advantage of an antibody, which 

specifically recognized m6A modification, and performed m6A-methylated RNA immunoprecipitation 

coupled with next-generation sequencing named as MeRIP-seq or m6A-seq (Dominissini et al. 2012, 

Meyer et al. 2012). Using this approach, m6A containing fragments can be enriched from a pool of 

randomly fragmented RNAs, reverse transcribed and sequenced. The peak summit of aligned reads 

represents the approximate location of the putative m6A site.  

Both groups identified thousands of methylated transcripts and found a high rate of conservation 

between mouse and human m6A methylomes (Dominissini et al. 2012, Meyer et al. 2012). Another 

important discovery from these two studies was a metagene profile that revealed a strong enrichment 

of m6A around stop codons, within the 3`UTR regions and long internal exons (Figure 6). MeRIP-seq 

provides a broad spatial information about the presence of m6A along the transcripts, but it has its 

limitations. Its resolution is restricted to the initial size of RNA fragments and alignment of reads around 

the putative m6A site. Additionally, since the method relies on immunoprecipitation, stringent washes 

have to be limited, which often results in reduced specificity and increased background (Schwartz et al. 

2013). Another drawback is the requirement of high amounts (microgram) of input material, which is 

oftentimes not possible (when a limited amount of biological samples is to be analysed). While MeRIP-

seq is in general a good method of choice for transcripts with highly abundant m6A content, it can suffer 

from high background when transcripts with low stoichiometry are analysed, due to potential poor RNA 

recovery. In addition, transcripts with low expression levels might not be efficiently captured, thus 

MeRIP-seq is by no means a quantitative method. miCLIP was developed in order to overcome some of 

these limitations (Linder et al. 2015). By taking the advantage of UV crosslinking and iCLIP library 

preparation protocol (Konig et al. 2011). Linder and colleagues were able to obtain a high resolution 
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mapping of m6A modification in mouse and human samples. In contrast to MeRIP-seq, miCLIP allows 

stringent immunoprecipitation washing steps and only recovers RNA fragments that covalently 

crosslink to the antibody, thus providing a more reliable m6A map with reduced background. Depending 

on the antibody choice, during the reverse transcription step of library preparation, an RTase can induce 

truncation and/or mutation at the site of antibody peptide remnant, which reflects the m6A-signature 

(Linder et al. 2015).  

Method Description References 

2D-TLC Restriction to nts and thin layer chromatographic separation. 

 Quantification of absolute modification levels in chosen RNA sample.  

 Can distinguish m6A from m6Am. 

(Bodi and Fray 2017) 

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

 Quantification of the exact site of interest. 

 Can distinguish m6A from m6Am. 

(Liu et al. 2013) 

LC-MS/MS Liquid Chromatography with tandem mass spectrometry. 

 Restriction to nts, LC separation and MS detection analysis. 

 Quantification of absolute modification levels in chosen RNA sample. 

 Can distinguish m6A from m6Am.  

(Yuan 2017) 

MeRIP m6A-methylated RNA immunoprecipitation. 

 Ab-based enrichment.  

 Transcriptome-wide mapping. 

(Dominissini et al. 
2012, Meyer et al. 
2012) 

TNT-seq Transient N6-methyladenosine transcriptome sequencing. 

 Ab-based enrichment of the nascent BrU-labelled RNA (input: BrU 
enriched RNA, IP: BrU and m6A enriched RNA). 

 Detection of m6A in nascent RNA (improved detection of intronic sites). 

(Louloupi et al. 2018) 

miCLIP Methylation iCLIP. 

 Ab-based enrichment and UV crosslinking.  

 Transcriptome-wide mapping with a nt resolution. 

(Linder et al. 2015) 

m6A-LAIC-seq m6A-level and isoform-characterization sequencing. 

 Ab-based enrichment with external spike-in standards for relative 
quantification.  

 Transcriptome-wide mapping and relative quantification with no spatial 
information. 

(Molinie et al. 2016) 

MAZTER-seq MazF RNase assisted cleave of RNA at unmethylated sites within ACA motifs. 

 Transcriptome-wide mapping with a nt-resolution and relative 
quantification. 

(Garcia-Campos et al. 
2019) 

TRIBE ADAR-editing based detection of methylated region (AI). 

 Transcriptome-wide mapping (in vivo) and relative quantification. 

(Worpenberg et al. 
2019) 

DART-seq APOBEC-editing based detection of methylated region (CU). 

 Transcriptome-wide mapping (in vivo or in vitro) and relative 
quantification. 

(Meyer K. D. 2019) 

SMRT-seq Single molecule real time sequencing 

 RT based detection of a difference in binding of fluorescently labelled nts 
to m6A vs A. 

 Theoretically, detection and quantification of all sites in a single molecule 
with a nt resolution. 

(Saletore et al. 2012) 

Nanopore-
based 
sequencing 

Nanopore-forming proteins. 

 Direct detection of a current change during RNA travelling through the 
nanopore. 

 Theoretically, detection and quantification of all sites in a single molecule 
with a nt resolution. 

(Leger et al. 2019, Liu 
H. et al. 2019, 
Pratanwanich et al. 
2020) 

Table 4. Methods used for m6A detection and quantification. 

 

One of the biggest limitations of available antibody-based enrichment techniques, such as 

MeRIP-seq (Dominissini et al. 2012, Meyer et al. 2012), m6A-CLIP (Ke et al. 2015), PA-m6A-seq (Chen K. 

et al. 2015) and miCLIP (Linder et al. 2015) is the fact that they rely on the efficiency of 
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immunoprecipitation and can therefore not provide quantitative information. Even though iCLIP 

methodology allows for PCR duplicate removal (Konig et al. 2011), it is not a quantitative method for 

m6A mapping, since the RNA recovery highly depends on the 1) antibody choice, 2) the crosslinking 

efficiency, as well as on 3) the transcript expression level. Another approach termed m6A-LAIC-seq 

aimed to improve m6A quantification via the use of modified spike-in RNA sequences and by sequencing 

of both, the bound as well as the non-bound fractions (Molinie et al. 2016). When compared to known 

spike-ins, this approach enabled the quantification of methylated vs. non-methylated RNA fractions of 

intact, non-fractionated mRNA. However, LAIC-seq still relies on the antibody based 

immunoprecipitation and, in addition, cannot provide any spatial information in regards to m6A position 

along the RNA. Notably, the extent of methylation within intronic regions is likely underestimated, given 

that none of the currently available methods, with the exception of TNT-seq, can reliably detect m6A 

modification in introns. Considering the speed of technological advance, it is perhaps not too elusive to 

expect that a single molecule RNA sequencing on engineered nanopores may become a routine way 

for the analysis of the complex epi-transcriptome, by providing simultaneous quantification and exact 

spatial decoding of various RNA modifications.
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1.5 Drosophila melanogaster 

1.5.1 Developmental stages of D. melanogaster 
 

Drosophila melanogaster, a “fruit fly”, is a broadly used model organism. Development of 

sophisticated genetic tools enabled remarkable progress in our understanding of gene regulatory 

processes that affect development and behaviour of D. melanogaster. D. melanogaster belongs to the 

family of Drosophilidae with nearly 4500 other species (TaxoDros Database (Bächli 2015)). Taxonomic 

classification places D. melanogaster into subfamily Drosophilinae, genus Drosophila and subgenus 

Sophophora (O’grady and Desalle 2018).  

Development of D. melanogaster takes approximately ten days at 25 °C and consists of a series 

of stages that belong to four morphologically distinct states: embryogenesis, larval development, 

pupation, and adulthood (Figure 11). Following egg fertilisation, seventeen stages of fly embryogenesis 

occur over the course of 24 hours, before the hatching of the first instar larvae takes place. 

Development of first and second instar larvae each lasts one day, while maturation of the third instar 

larvae is completed in two days. Larval development is then followed by four days of metamorphosis 

during immobile stages of pupation (Tennessen and Thummel 2011) and is terminated by adult fly 

eclosion. The steroid hormone 20–hydroxyecdysone (20E), formed by the ecdysone from cholesterol, 

regulates progression through many stages of fly development. A pulse of 20E arrests larval growth and 

determines the onset of pupation and metamorphosis. Notably, throughout metamorphosis, many 

tissues of the larvae body including the nervous system, are replaced or become highly reorganised 

(Tissot and Stocker 2000). 

 

Figure 11. Life cycle of Drosophila melanogaster at 25 °C. 
The life cycle of Drosophila melanogaster at 25 °C is depicted (adapted from (Ong et al. 2014)).  
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1.5.2 Sex determination and dosage compensation pathways in Drosophila 
melanogaster 

 

Sex determination in D. melanogaster is controlled by the master regulatory gene Sex lethal (Sxl), 

which is expressed specifically in females. Sxl encodes an RNA binding protein (RBP) that regulates 

expression of genes in a downstream cascade that determine either male or female development, their 

physiognomy and behaviour (Figure 12a) (Penalva and Sánchez 2003, Salz 2011). In females, Sxl 

promotes formation of a functional protein Transformer (Tra) via an alternative splicing of transformer 

(tra). Tra is a female-specific splicing regulator that, together with Transformer-2 (Tra-2), establishes 

expression of transcription factors doublesex (dsx) and fruitless (fru). These factors play a major role in 

defining female vs. male development and behaviour (Pitman et al. 2002, Salz 2011). In addition, Sxl 

represses expression of male‐specific lethal‐2 (msl-2) at the level of splicing, export and translation (Salz 

2011). Msl-2 is an essential gene required for the assembly of the dosage compensation complex in 

males. In flies, females carry two X-chromosomes whereas males only have one. The dosage 

compensation process enables hyper transcription of the X-chromosome, which ensures equal 

expression of X-linked genes in males and females. Overall, levels of Sxl must be tightly controlled as 

sufficient levels of Sxl protein are crucial for efficient repression of Msl-2 and, therefore, female survival.  

Sxl transcript contains an alternative exon (L3) that introduces a premature STOP codon. Hence, 

in females, this exon must be repressed, whereas in males it is included in the final transcript. Initial 

expression of Sxl during early embryo development is controlled through the establishment promoter 

(Pe) and omits exons L2 and L3 (Figure 12b). It is driven by several X-chromosome encoded genes that 

are expressed at 2-fold higher levels in females and this dosage difference drives Sxl expression only in 

females. This is crucial for Sxl expression in later stages of development, since Sxl can auto-regulate its 

own splicing in a positive feedback loop. Upon zygotic gene activation, transcription of Sxl becomes 

dependent on the maintenance promoter (Pm) in both, males and females and females require efficient 

mechanisms for the silencing of L3 exon in order to form a functional Sxl protein (Moschall et al. 2017).  

Sxl contains two RRM domains that are required for its binding to Uridine-rich intronic regions 

next to L3 exon. With its N-terminal domain it interacts with spliceosome and other splicing factors to 

prevent L3 exon recognition and inhibit its splicing (Deshpande et al. 1999, Moschall et al. 2017). Among 

other known factors required for Sxl-dependent splicing regulation are U2AF, U1-70K, Snf, PPS, Fl(2)d, 

Vir as well as more recently identified Nito, Flacc, Ythdc1, Mettl3, and Mettl14 (Hilfiker et al. 1995, 

Granadino et al. 1996, Nagengast et al. 2003, Johnson et al. 2010, Moschall et al. 2017). The interplay 

between these factors in the regulation of Sxl splicing is not entirely understood, however they were 

all shown to genetically interact with Sxl and some of their loss-of-function alleles strongly compromise 

female, but not male, viability. Several factors also physically associate with Sxl protein, suggesting that 

these interactions may stabilize Sxl binding on Sxl transcript or aid in aborting the exon recognition 

(Moschall et al. 2017). Indeed, Snf is a fly homolog of U1A and U2B″ proteins and, thus, a component 

of the U1 and U2 snRNPs (Table 3) (Harper et al. 1992) that interacts not only with Sxl, but also with 

Nito and PPS proteins (Nagengast et al. 2003, Johnson et al. 2010, Guo et al. 2018). A few recent studies, 

including our work, shed light on the importance of m6A modification in the L3 exon silencing. These 

findings are discussed in the Chapter 5.5.1.  
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Figure 12. Regulation of sex determination in D. melanogaster. 
a) Schematic representation of regulatory cascade driving sex determination and dosage compensation in D. melanogaster. 
Female pathway is depicted on the left hand side and male pathway on the right hand side. b) Schematic representation of 
autoregulatory pre-mRNA splicing of Sex lethal (Sxl) transcript in males and females. In females, Sxl protein represses inclusion 
of the L3 exon (in red), which carries a premature STOP codon. This results in a translation of a functional Sxl protein. The 
absence of Sxl in males leads to inclusion of L3 exon, which introduces a premature STOP codon in a final transcript. Hence, 
no functional Sxl protein is produced in males. 

Initial work dissecting mechanisms behind Sxl splicing regulation, generated and studied mutant 

alleles of Sxl interacting factors. Two alleles of fl(2)d have been described: fl(2)d1 has a single point 

mutation and causes sex specific and temperature-dependent female lethality (Granadino et al. 1992). 

This allele was described as an antimorph (dominant negative) and is more detrimental for female 

viability than the null allele fl(2)d2 (Penalva et al. 2000), possibly due to interference with Sxl activity, 

leading to msl-2 derepression. Fl(2)d associates with several spliceosome associated proteins Snf, U1-

70K, U2AF50 and U2AF38 (Penn et al. 2008) that act in the 5’ and 3’ss recognition during early stages 

of spliceosome assembly (complex E and A) (Chapter 1.2.2). A fly mutant for Vir, vir2f, also leads to 

female specific lethality. Rescue of these fl(2)d and vir mutants can be achieved by ectopic expression 

of Sxl or by repression of msl-2. However, such flies develop as pseudomales (Hilfiker and Nothiger 

1991), since both, Fl(2)d and Vir, are also involved in the splicing regulation of transformer (tra) 

(Granadino et al. 1996, Ortega et al. 2003).  

Sxl protein is involved in pre-mRNA processing of several downstream targets (e.g. tra, msl-2). 

Splicing of tra in a male/female fashion is achieved by an alternative 3’ splice site selection. Sxl competes 
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with the U2AF for the binding to polypyrimidine tract just upstream of the proximal 3’ splice site. In this 

way, Sxl promotes the usage of a downstream splice site and, in turn, ensures the formation of a 

functional protein in female flies. In the absence of Sxl in males, the use of proximal site leads to the 

extension of the coding region, but at the same time introduces a premature STOP codon (Valcárcel et 

al. 1993). Thus, males do not express functional Tra protein. Repression of another Sxl target, msl-2, is 

crucial for female survival and Sxl controls its expression by interfering with splicing, export and 

translation. At the level of splicing, Sxl binds uridine-rich regions within the first intron of the msl-2 

transcript and promotes intron retention, by competing with Rox8 and U2AF35/50 for binding to the 5’ 

and 3’ splice sites, respectively (Förch et al. 2000).  

1.5.3 Neuronal development 
 

Neurogenesis in Drosophila melanogaster consists of two phases, one during embryogenesis and 

another during larval development and early pupation. The first phase establishes all larval neurons. It 

starts at embryonic stage nine (6h) by asymmetric division of neuroblasts (NB) that form new NB and a 

ganglion mother cell (GMC). GMCs further divide and differentiate into neurons and glia cells starting 

from the stage 13 (10h) until the end of embryogenesis. NBs on the other hand, undergo mitotic arrest 

at late embryonic stages and continue to divide only after larval hatching (Tissot and Stocker 2000). The 

start and extent of the second stage of neurogenesis varies between different regions of larval central 

nervous system (CNS). NBs in brain optical lobes and the mushroom body (learning and memory 

centres) divide continuously throughout larval development and metamorphosis (Prokop and Technau 

1994, Tissot and Stocker 2000, Homem and Knoblich 2012). NBs in the ventral nerve cord of the thoracic 

region also extensively proliferate during larval development but then die within the first 18 hours of 

pupation when they are no longer required (Truman 1990). Most adult-specific neurons that form 

during the second phase of neurogenesis in sensory systems, mushroom bodies and thoracic ventral 

nerve cord, are sensory neurons and interneurons responsible for the coordination of complex 

locomotor functions. On the other hand, large numbers of adult motor neurons have an embryonic 

origin and represent remodelled larval neurons. They acquire new functions to direct muscles of an 

adult fly, such as motor neurons required for flight (Truman 1990, Tissot and Stocker 2000). 

Fly locomotion, orientation and walking 

Spatio-temporal movements require coupling between sensory inputs and body locomotion. In 

adult flies, this adaptive sensorimotor processing is coordinated by structures in the central nervous 

system, the so-called central complex (Figure 13). Central complex of the insect brain has been 

implicated in visual orientation, visual learning, and locomotor control (Strauss 2002, Turner-Evans and 

Jayaraman 2016). The complex is located in the centre of the brain between the two protocerebral 

hemispheres. It consists of four highly connected structures; the protocerebral bridge, ellipsoid body, 

fan-shaped body, and the paired noduli. The ellipsoid body and fan-shaped body are connected to other 

brain regions, such as lateral accessory lobes, which are further linked to the ventral nerve cord that 

controls leg and wing movements (Strauss 2002, Turner-Evans and Jayaraman 2016). Fly walking speed 

is defined by a combination of step length and step frequency. Reduced walking speed was shown to 

be caused by alterations in the protocerebral bridge of the central complex, whereas ablation of 

mushroom bodies leads to increased walking activity (Strauss 2002). Fly orientation is controlled by the 

ellipsoid body and fan-shaped body of the central complex. They both contribute to the formation of 
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short-term memory that enables landmark orientation during walking (Strauss 2002). Overall numerous 

fly lines that display defects in the neuronal circuits of the central complex structures and the 

mushroom bodies suffer from walking and flying disabilities (Jordan et al. 2007).  

 

Figure 13.  Schematic view of D. melanogaster central complex. 
a) Scheme of adult fly brain with indicated mushroom body (in magenta), lateral accessory lobes (in dark blue) and central 
complex (in white). Shown is anterior view (top) and ventral view (bottom). b) Scheme of adult fly brain with indicated central 
complex structures: ellipsoid body (in pink), paired noduli (in yellow), fan-shaped body (in blue) and protocerebral bridge (in 
green). Shown is anterior view (top) and ventral view (bottom). Arrows indicate orientations: A – anterior, P – posterior, D – 
dorsal and V – ventral. Figures were generated with the 3D Virtual Fly Brain viewer (v2.virtualflybrain.org) (Milyaev et al. 2011).  

Buridan`s paradigm and the negative geotaxis assay are two behavioural tests that have been 

used throughout this study to address alterations in fly locomotion, orientation and their walking ability. 

Buridan`s paradigm allows for unbiased video tracking and analysis of an individual fly in an open arena. 

A single fly with clipped wings is placed onto a round platform surrounded by water in a circular arena. 

Fly in this paradigm walks back and forth, undisturbed, between two black visual targets (stripes) that 

are perceived as an escape gap in an illuminated surrounding. Over 15 minutes, fly`s walking trajectories 

are being tracked in order to analyse its orientation, activity, and walking speed (Strauss and Pichler 

1998, Colomb et al. 2012). Negative geotaxis represents a natural escape response of flies to move 

against the gravity after being tapped to the bottom of the vial. Analysis of negative geotaxis is a simple 

and robust behavioural assay that can be used to assess fly locomotion unless flies display severely 

altered motor functions and cannot climb the wall of the test vial. Notably, the assay is not affected by 

repeated fly testing, neither by the number of flies tested simultaneously in the same vial (Gargano et 

al. 2005, Ali et al. 2011). 
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2 Aim of the work 

N6-methyladenosine (m6A) is one of the most abundant modifications on mRNA. Over the past 

years, countless discoveries, including the ones described in this work, revealed critical functions of m6A 

modification in numerous biological processes. The main purpose of my PhD work was to advance the 

understanding of m6A biogenesis, to investigate the role of m6A on mRNA processing, and examine the 

importance of this RNA modification for development of a fruit fly (Drosophila melanogaster). 

 Aim I: 

Characterization of novel modulators required for deposition, recognition and removal of m6A 

modification on mRNA. m6A modification was previously shown to be deposited by a large, nearly 1 

MDa complex, albeit most components except for methyltransferase (MTA-70 or Mettl3) were not 

known. In vertebrates, m6A was also found to be dynamically erased by two demethylases and a few 

proteins that specifically interacted with m6A were discovered. During my PhD work I, therefore, 

anticipated to 1) identify components of the large methyltransferase m6A writer complex, 2) 

characterise m6A-specific reader proteins and 3) find potential erasers of this modification in D. 

melanogaster. 

 Aim II: 

Identification of regulatory functions of m6A modification on mRNA processing. In vertebrates, 

m6A modification has a non-random distribution along the coding transcript. It is found in exonic as well 

as intronic regions, suggesting its co-transcriptional deposition and possible roles in pre-mRNA 

processing. I, therefore, aimed to 1) generate the precise transcriptome-wide map of m6A modification 

in D. melanogaster, 2) identify transcriptome changes upon m6A loss and finally, study the possible 

contribution of m6A modification on alternative pre-mRNA splicing. 

 Aim III: 

Exploring the importance of m6A modification in vivo during development of D. melanogaster. At 

the time this project had started, functions of m6A modification in multicellular organisms had not been 

investigated yet. One of the goals was therefore to 1) investigate the prevalence of m6A modification 

and its regulators during different stages of D. melanogaster development and 2) generate fly mutants 

lacking critical components required for m6A biogenesis in order to characterise the importance of this 

modification in physiological processes. 
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3 Preliminary remarks 

Parts of results presented in this PhD thesis have been published in peer-reviewed journals in the 

form of research articles and literature reviews that are listed below. Chapters 4.1 to 4.7 cover main 

findings of the Research article 1, along with additional unpublished data. Chapter 4.8 includes main 

findings of the Research article 2, along with additional unpublished data. The final part of this thesis in 

Chapter 4.9 covers unpublished findings, with the manuscript in preparation. 

 

 Research article 1 (Appendix 1 of this PhD thesis): 

Lence T, Akhtar J, Bayer M, Schmid K, Spindler L, Ho CH, Kreim N, Andrade-Navarro MA, Poeck B, Helm 
M, Roignant JY (2016). m6A modulates neuronal functions and sex determination in Drosophila. Nature, 
Dec 8;540(7632):242-247. doi:10.1038/nature20568. 

 

 Research article 2 (Appendix 2 of this PhD thesis): 

Knuckles P*, Lence T*, Haussmann IU, Jacob D, Kreim N, Carl SH, Masiello I, Hares T, Villaseñor R, Hess 
D, Andrade-Navarro MA, Biggiogera M, Helm M, Soller M, Bühler M# and Roignant J-Y# (2018). 
Zc3h13/Flacc is required for adenosine methylation by bridging the mRNA binding factor 
Rbm15/Spenito to the m6A machinery component Wtap/Fl(2)d. Genes Dev, Mar 1;32(5-6):415-429. doi: 
10.1101/gad.309146.117. 

* - indicates equal contribution, # - indicates joint correspondence 

 

 Reviews: 

Lence T, Soller M, Roignant JY (2017). A fly view on the roles and mechanisms of the m6A mRNA 
modification and its players. RNA Biol, Review, Mar 29:1-9.  doi.org/10.1080/15476286.2017.1307484. 
 
Angelova M*, Dimitrova A*, Dinges N*, Lence T*, Worpenberg L*, Carre C# and Roignant J-Y# (2018). 
The emerging field of epitranscriptomics in neurodevelopmental and neuronal disorders. Front. Bioeng. 
Biotechnol, Review, Apr 13;6:46. doi: 10.3389/fbioe.2018.00046. 
 
Lence T *, Paolantoni C*, Worpenberg L* and Roignant J-Y (2019). Mechanistic insights into m6A RNA 
enzymes. Biochimica et Biophysica Acta (BBA) - Gene Regulatory Mechanisms, Review, Mar 
1862(3):222-229. doi: 10.1016/j.bbagrm.2018.10.014. 
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4 Results 

4.1 Identification of the m6A writer complex in D. melanogaster 

In order to identify potential m6A methyltransferase enzymes in Drosophila melanogaster, we 

performed an in silico approach and searched for Drosophila melanogaster orthologs of human METTL3 

methyltransferase. The phylogenetic analysis identified a protein Inducer of meiosis 4 (Ime4) that 

showed the highest homology to METTL3 (Figure 14a). Additionally, we found that among human 

proteins two other putative methyltransferases, METTL14 and METTL4, shared high similarity and 

sequence conservation with METTL3. This observation was consistent with the previous study from 

Bujnicki and colleagues, in which all three proteins were described as MT-A70 family members, 

belonging to lineages B, C and A, respectively (Bujnicki et al. 2002). As METTL14 and METTL4 could 

potentially be m6A methyltransferases, we also searched for their respective orthologs in Drosophila 

melanogaster, and found proteins CG7818 and CG14906 that have not been characterized before 

(Figure 14a). Notably, all three members of the MT-A70 family are also present in other vertebrate 

species, but are not conserved in distinct lineages of yeast species. The S. cerevisiae (budding yeast) 

encodes for the two orthologs of METTL3 and METTL14 (ime4 and KAR4, respectively), but lacks the 

METTL4 ortholog. In contrast, the S. pombe (fission yeast) encodes only the METTL4 ortholog 

(C22G7.07c) and has no orthologs of the other two enzymes (Figure 14a), which may suggest a loss of 

proteins during divergent evolution of the two yeast lineages.  

4.1.1 Mettl3, Mettl14 and Fl(2)d are required for m6A methylation of mRNA  
To investigate the involvement of the three putative methyltransferases, Ime4, CG7818 and 

CG14906 in m6A mRNA methylation in flies, we depleted proteins in Drosophila melanogaster Schneider 

S2R+ cells using dsRNA designed against respective transcripts. In order to quantify levels of m6A 

modification in mRNA, we subjected samples of enriched poly-adenylated (poly(A)) RNA to LC-MS 

analysis. Levels of m6A were significantly reduced (70 %) upon depletion of Ime4 (renamed to Mettl3) 

(Figure 14b), consistent with previously described function of METTL3 protein in vertebrates (Bokar et 

al. 1994). Intriguingly, we also observed a significant decrease (70 %) of m6A levels in samples where 

CG7818, the closest ortholog of human METTL14 (hereafter renamed to Mettl14), was depleted, 

suggesting that Mettl14 also acts as an mRNA methyltransferase. However, no change in m6A levels 

was observed when CG14906, the closest ortholog of human METTL4, was depleted (Figure 14b). This 

result is consistent with the current knowledge about the human METTL4, which also does not act on 

mRNA. It was instead shown to mediate formation of 6mA on DNA (Fu et al. 2015, Greer et al. 2015, 

Zhang G. et al. 2015) (Liu J. et al. 2016, Wu et al. 2016, Mondo et al. 2017, Xiao et al. 2018) and m6A on 

U2 snRNA (Chen et al. 2020, Goh et al. 2020, Gu et al. 2020) pointing towards distinct enzymatic activity 

and target recognition of the CG14906 (Mettl4) protein.   

Since neither depletion of Mettl3 nor Mettl14 lead to complete loss of m6A modification, we 

reasoned that the two proteins might act redundantly on a subset of methylated sites. We therefore 

depleted both proteins simultaneously and analysed residual m6A levels on mRNA. Surprisingly, levels 

of m6A modification were reduced to the same extent (70 %). This indicated that Mettl3 and Mettl14 

proteins are both required for m6A methylation of mRNA and that they likely share common targets, 



Results – Identification of the m6A writer complex in Drosophila melanogaster 

64 
Tina Lence, PhD Thesis - The role of m6A modification on mRNA processing in Drosophila melanogaster 

while the residual m6A might be present due to activity of other, uncharacterized methyltransferases. 

Alternatively, it may also represent an experimental artefact due to incomplete depletion of Mettl3 and 

Mettl14 proteins by dsRNA treatment, or remaining traces of rRNA that is also m6A modified. The 

advance in the m6A field at that time led to the discovery of another component of the large 

methyltransferase complex (see introduction: Chapter 1.4.1) by three independent laboratories. A 

protein WTAP was shown to interact with a METTL3-METTL14 heterodimer and to be required for m6A 

methylation in zebrafish, mouse as well as in human cells (Liu et al. 2014, Ping et al. 2014, Wang Y. et 

al. 2014). Additionally, previous studies in yeast and plants found that WTAP orthologs in these species 

(Mum2 and AtFIP37) strongly interact with MTA and Ime4, the respective METTL3 counterparts (Zhong 

et al. 2008, Agarwala et al. 2012). 

 

Figure 14.  Mettl3, Mettl14 and WTAP are required for m6A methylation of mRNA.  
a) Phylogenetic analysis of METTL3 orthologs in D. melanogaster. Mettl3 (Ime4), Mettl14 (CG7818) and Mettl4 (CG14906) are 
orthologs of human METTL3 (in green), METTL14 (in blue) and METTL4 (in violet) proteins, respectively. Each D. melanogaster 
(D.m) sequence clusters with the corresponding human (H.s), Danio rerio (D.r) and fungal ortholog; Schizosaccharomyces 
pombe (S.p) and Saccharomyces cerevisiae (S.c). b) LC–MS/MS quantification of m6A levels in mRNA samples depleted for 
indicated proteins. Ctr, control. Bar chart represents the mean ± standard deviation (s.d.) of three technical measurements 
from three biological replicates. ***P < 0.0001 (one-way analysis of variance (ANOVA), Tukey`s post-hoc analysis) are shown. 
Depletion of Mettl3 and Mettl14, but not Mettl4, results in a strong decrease of m6A levels. Depletion of Fl(2)d also leads to 
significant reduction of m6A levels on mRNA. c) Co-immunoprecipitation experiments between Mettl3, Mettl14 and Fl(2)d. 
Myc-tagged Mettl14 and HA-tagged Mettl3 or HA-tagged Fl(2)d were expressed in S2R+ cells and their interactions assayed 
using co-immunoprecipitation experiments with anti-Myc antibody. The three components of the methyltransferase complex 
interact with each other in an RNase treatment-independent manner. d) Yeast-two-hybrid assay of Mettl3, Mettl14 and Fl(2)d 
protein interactions. Proteins were cloned in yeast expression vectors and fused with either DNA-binding domain (BD) or DNA-
activation domain (AD). Indicated combinations of vectors were co-expressed in yeast. Empty vectors encoding only activation 
or binding domain were used as a control (Ctr). Recovered colonies were spotted on plates lacking Leucine and Tryptophan (-
Leu, -Trp) as well as on selection plates lacking amino acids Leucine, Tryptophan and Histidine (-Leu, -Trp, -His). BD-Mettl3 
specifically interacts with AD-Mettl14, as well as with AD-Fl(2)d (a, b, c - adapted from Lence et al 2016, d - unpublished data).   

We therefore investigated the potential involvement of a D. melanogaster WTAP ortholog Fl(2)d, 

in m6A biogenesis. Consistent with data from other species, depletion of Fl(2)d in S2R+ cells resulted in 

a strong reduction of m6A levels (90 %) (Figure 14b), indicating that function of this protein, in regards 
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to m6A mRNA methylation, is conserved in flies. To explore whether Mettl3 and Mettl14 together with 

Fl(2)d also form a methyltransferase complex in D. melanogaster, the interactions between the three 

proteins were analysed in S2R+ cells. Corresponding cDNAs were cloned in expression vectors with 

either C-terminal HA or N-terminal Myc tags and protein interactions were tested by co-

immunoprecipitation experiments. Consistent with vertebrate data, the Mettl14 protein efficiently co-

precipitated Mettl3 in an RNase-independent manner (Figure 14c). Likewise, Fl(2)d was highly enriched 

in Mettl14 precipitates compared to Myc-alone control pull down experiment, albeit to a lesser extent 

than Mettl3. To investigate whether the interactions between the three proteins are direct or mediated 

by other proteins, we performed the yeast-two-hybrid experiment. cDNA sequences were cloned in 

yeast expression vectors and fused to either GAL4 activation or DNA-binding domains. Different 

combinations of constructs were co-transfected and expressed in yeast. Recovered colonies were 

further spotted on selection plates for validation of direct protein-protein interactions. Mettl3 fused to 

the binding domain strongly interacted with Mettl14 as well as Fl(2)d that were fused to the activation 

domain (Figure 14d). Altogether, these results indicated that a conserved, stable complex composed of 

Mettl3-Mettl14 heterodimer together with Fl(2)d protein is required for m6A methylation of mRNA in 

flies. 

4.1.2 Components of the m6A writer complex localize to the nucleus 
We next analysed the subcellular localization of the methyltransferase complex components in 

S2R+ cells. Mettl3, Mettl14 and Fl(2)d proteins were tagged with a C-terminal HA-tag and expressed in 

cells along with the GFP-tagged Barentsz protein that served as a cytoplasmic marker. All three proteins 

localized intensely to the nuclear compartment, similar to their vertebrate counterparts (Figure 15a). 

However, while the vertebrate proteins were shown to co-localize with various splicing factors in 

distinct nuclear speckles (Liu et al. 2014, Ping et al. 2014, Wang Y. et al. 2014), we did not observe any 

apparent punctuated sub-nuclear localization of fly orthologs. This discrepancy could be due to cell 

type, or species-driven differences. Alternatively, the overexpressed, tagged versions of fly proteins 

might not entirely recapitulate the biological localization of endogenous proteins. Overall, the strong 

nuclear localization of components of the methyltransferase complex in fly and vertebrates, pointed 

towards a conserved activity of the complex, within the cell nucleus, where m6A mRNA methylation 

takes place. Additionally, this also suggested that m6A could play a role in pre-mRNA processing, 

including splicing and export.   

To gain further insights into the m6A functions we searched for protein interactors of the Mettl3 

and Fl(2)d proteins. Myc-tagged proteins or empty control vector were transfected in SILAC (stable 

isotope labelling of amino acids in cell culture) S2R+ cells and immuno-precipitated using anti-Myc 

antibody coupled to magnetic beads. A subsequent mass spectrometry analysis of Mettl3 and Fl(2)d 

interactors identified 66 and 30 proteins, respectively, that showed more than 1.5-fold enrichment over 

control (Figure 15b, Supplemental data 1). Among them were many proteins previously shown to be 

involved in different steps of mRNA processing, such as transcription (tousled-like kinase, 

topoisomerase 2), splicing (Hrb-proteins) and translation (eukaryotic initiation factor eIF-4a). Most 

enriched category of Fl(2)d interactors included proteins involved in heterochromatin formation (Figure 

14b). This finding is in line with a screen that identified Fl(2)d as an interactor of HP1 and as an enhancer 

of gene silencing (Swenson et al. 2016), suggesting that Fl(2)d likely represents an important factor for 

heterochromatin formation in flies. Whether this function is linked to m6A deposition is currently not 

known. Additionally, proteins required during cellular stress response (heat shock proteins) and for 
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proper progress through cytokinesis (twinstar, lamin, alpha-cop, hts, Rab11) were identified, potentially 

linking m6A modification to various biological processes.  

To address the role of m6A writer components Mettl3, Mett14, and Fl(2)d in vivo, we performed 

in situ hybridization in wild type (WT) embryos using transcript specific antisense probes. The sense and 

antisense probes against elav transcript served as either a negative or a positive control, respectively. 

At stages 8-9 (3-4 hours post fertilization), all three components displayed enrichment in the 

neuroectoderm and endoderm layers (Figure 15c) and at embryonic stage 15 (13 hours post 

fertilization) transcripts showed a rather ubiquitous expression profile with distinct enrichment in the 

developing CNS (Figure 15c). This was particularly apparent in the case of Mettl3 and fl(2)d transcripts.  

 

Figure 15. Components of the m6A writer complex localize to the nucleus and show enrichment in the neuro-ectoderm layer 
during embryogenesis.  
a) Immunostaining of HA-tagged Mettl3, Mettl14 and Fl(2)d proteins (in red) overexpressed in S2R+ cells. GFP-tagged Barentsz 
protein served as a cytoplasmic marker. DAPI staining is shown in blue. Three proteins of the methyltransferase complex 
localize to the nucleus. Scale bars, 10 μm. b) Gene ontology (GO) analysis of Mettl3 and Fl(2)d interacting proteins, identified 
by immunoprecipitation in S2R+ cells using either Myc-tagged Mettl3 or Fl(2)d proteins as a bait. Proteins that showed more 
than 1.5-fold enrichment over control were considered. Top GO-terms for biological processes are shown (Tyanova et al. 
2016). c) In situ hybridization analysis of Mettl3, Mettl14 and fl(2)d transcripts in staged D. melanogaster embryos using 
antisense (as) RNA probes. Elav sense (s) and antisense (as) probes were used as positive and negative controls, respectively. 
The three methyltransferase components show enrichment in the central nervous system (CNS) at embryonic stage 15 (a, c - 
adapted from Lence et al 2016, b - unpublished data).  
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4.1.3 m6A levels are dynamic during fly development 
The results of the in situ hybridization experiment suggested a potential function of m6A in the 

nervous system. To get further insights into the prevalence of the modification during fly development, 

we performed a staging experiment, where mRNA levels of m6A writer components as well as levels of 

m6A modification were assayed over the course of D. melanogaster development. Levels of Mettl3 and 

fl(2)d transcripts displayed a prominent enrichment during early embryogenesis, as well as in heads and 

ovaries of adult female flies (Figure 16). Importantly, levels of m6A modification on mRNA correlated 

well with the expression profile of the m6A writer components (Mettl3, fl(2)d) during all developmental 

stages. m6A modification was highly enriched in the first two hours of fly embryogenesis when transition 

from maternal to zygotic transition takes place. It then strongly declined and remained low during the 

remaining course of embryogenesis (6-22 hours) as well as during most larval stages (24-96 hours). 

Level of m6A modification peaked again at early pupation (144 hours), but then declined towards the 

end of pupation and stayed low in adult male and female flies (Figure 16). Notably, compared to a whole 

fly, m6A was strongly elevated in heads and ovaries, implying that m6A mRNA modification likely plays 

important roles during gametogenesis, early embryogenesis, as well as in the development of the 

nervous system. 

 

Figure 16.  m6A levels are dynamic during D. melanogaster development.  
Relative expression of Mettl3 and fl(2)d transcripts during D. melanogaster developmental stages and in adult female heads 
and ovaries, analysed by qRT-PCR. Levels of m6A modification were analysed in the same mRNA samples using LC-MS. 
Methyltransferase components and m6A levels are enriched during first hours of embryogenesis, early pupation as well as in 
adult heads and ovaries. Bars and line junctions represent the mean ± standard deviation (s.d.) of three technical 
measurements from three biological replicates (adapted from Lence et al 2016).   
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4.2 Identification of m6A reader proteins in D. melanogaster  

4.2.1 Flies encode one nuclear and one cytoplasmic YTH domain protein  
After m6A modification is deposited to mRNA it can be specifically recognized by a set of so-called 

reader proteins. The first identified and best-characterized readers belong to the YTH domain-

containing family and can accommodate N6-methylated adenosine via a hydrophobic pocket formed 

by aromatic residues of the YTH domain (Liao et al. 2018) (Chapter 1.4.6.a). To identify putative YTH 

domain-containing m6A reader proteins in D. melanogaster, we performed an in silico analysis and 

searched for homologs of a human YTHDC1 protein. While vertebrates contain five members of the 

YTH family proteins, there are only two proteins present in flies. Ythdc1 is the closest ortholog of human 

YTHDC1, while a CG6422 protein (that has not been investigated before) has the highest homology to 

three human YTHDF-proteins (Figure 17a).  

 

Figure 17. Nuclear Ythdc1 protein is enriched in the neuroectoderm during embryogenesis.  
a) Phylogenetic analysis of YTH domain-containing proteins. D. melanogaster Ythdc1 (also known as YT521-B) is an ortholog of 
human YTHDC1 protein (in orange), while Ythdf (CG6422) is the closest ortholog of YTHDF family of proteins (in grey). Each D. 
melanogaster (D.m) sequence clusters with the corresponding human (H.s), Danio rerio (D.r) and fungal ortholog Ustilago 
hordei (Uhordei). b) Immunostaining of HA-tagged Ythdc1 and Ythdf proteins (in red) overexpressed in S2R+ cells. GFP-tagged 
Barentsz protein served as a cytoplasmic marker. DAPI staining is shown in blue. Ythdc1 localizes to the nucleus and Ythdf 
shows cytoplasmic localization. Scale bars, 10 μm. c) In situ hybridization analysis of Ythdc1 and Ythdf transcripts in staged D. 
melanogaster embryos using antisense (as) RNA probes. Elav sense (s) and antisense (as) probes were used as positive and 
negative controls, respectively. Ythdc1, but not Ythdf, shows enrichment in the central nervous system (CNS) at embryonic 
stage 15 (adapted from Lence et al 2016).    

To investigate the subcellular localization of both YTH domain-containing proteins we cloned 

corresponding cDNAs in the expression vector with a C-terminal HA-tag and co-expressed them in D. 

melanogaster S2R+ cells along with a cytoplasmic protein Barentsz fused to the GFP. Ythdc1 protein 

localized to the nucleus with an intense enrichment at the nuclear periphery, while the Ythdf protein 

displayed strong cytoplasmic localization (Figure 17b). This was consistent with the localization pattern 

of vertebrate orthologs, where the YTHDC1 is the only nuclear YTH family member and all three YTHDF 

proteins localized to the cytoplasmic compartment. We next investigated the expression profile of 

Ythdc1 and Ythdf transcripts in wild type embryos using in situ hybridization. The Ythdc1 transcript 

showed a similar expression pattern to m6A writer components (Figure 17c); it was highly expressed at 

embryonic stage 8-9 (3-4 hours post fertilization) and showed a strong enrichment in the developing 
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neuro-ectoderm layer of embryos at stage 15 (13 hours post fertilization). On the other hand, the Ythdf 

transcript was expressed at much lower levels during early and late developmental stages (Figure 17c).  

4.2.1.a Expression profiles of both YTH domain proteins follow m6A levels during fly development 

To get further insights into the expression profile of Ythdc1 and Ythdf during complete fly 

development, we examined the transcript abundance in RNA samples from D. melanogaster 

developmental stages, in which we previously analysed m6A levels and expression of m6A writer 

complex components. The Ythdc1 levels (in orange) were highest in the stages of early embryogenesis 

(0-8 hours) and then steadily decreased, similarly to m6A levels (Figure 18). Ythdc1 expression then 

slightly increased during L1 and L2 larval stages (24-48 hours) and during early pupation (168 hours). 

The Ythdc1 levels were low in adult flies, however they were strongly elevated in female heads, but not 

in ovaries. Levels of Ythdf transcript, on the other hand, were very high during the first two hours of 

embryogenesis and then sharply decreased, and remained low for the rest of embryogenesis and larval 

development. A mild increase of Ythdf levels was observed during pupation (144 hours) and in ovaries, 

where m6A levels are also elevated. Taken together, the two YTH domain-containing proteins in D. 

melanogaster localize to distinct cellular compartments and their transcripts show different expression 

patterns. During late embryogenesis Ythdc1 transcript displayed enrichment in the neuro-ectoderm 

layer whereas Ythdf was expressed ubiquitously. Additionally, Ythdc1 was strongly enriched in adult 

heads, while Ythdf showed highest expression exclusively during the first two hours of embryogenesis. 

Therefore Ythdc1 might play important functions in nuclear pre-mRNA processing events, such as 

splicing and RNA export, possibly in neuronal tissue, while Ythdf could be involved in the cytoplasmic 

processes of mRNA localization, decay or translation during early embryogenesis prior to zygotic gene 

activation. 

 

Figure 18. Expression of both YTH domain-containing proteins correlate with m6A profile during fly development.  
Relative expression of Ythdc1 and Ythdf transcripts during D. melanogaster developmental stages and in adult female heads 
and ovaries, analysed by qRT-PCR. Levels of m6A modification were analysed in the same mRNA samples using LC-MS. Ythdc1 
and Ythdf components and m6A levels are enriched during first hours of embryogenesis and during early pupation. Ythdc1 and 
m6A levels are also enriched in adult female heads. Bars and line junctions represent the mean ± standard deviation (s.d.) of 
three technical measurements from three biological replicates (adapted from Lence et al 2016). 
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4.2.1.b Ythdc1 reader protein preferentially binds m6A modified RNA 

The specificity of m6A binding by different YTHDC and YTHDF proteins was revealed by resolved 

crystal structures of YTH domains with short RNA sequences containing m6A modification (Li F. et al. 

2014, Luo and Tong 2014, Theler et al. 2014, Xu et al. 2014, Zhu et al. 2014, Xu et al. 2015) (Chapter 

1.4.6.a). We compared the amino acid sequences of Ythdc1 and Ythdf to corresponding human 

orthologs and found that all residues of the YTH domain, required for m6A accommodation, are 

conserved (Supplemental data 23 and Supplemental data 24).  In order to test whether the two YTH 

domain-containing proteins in D. melanogaster also recognize and bind m6A modification, we 

performed an in vitro binding assay using either m6A-modified or non-modified RNA probes from a 

3`UTR region of the bovine prolactin (bprl) transcript that carried m6A at a known position and a 5`-

biotin tag (Figure 19a) (Narayan and Rottman 1988). We first analysed binding specificity using a dot-

blot assay. Serial dilutions of both RNA probes were heat denatured, spotted on a nylon membrane and 

crosslinked. Membrane was then incubated with a protein lysate from S2R+ cells expressing either a 

Myc-tagged GFP, Ythdc1 or Ythdf protein. To evaluate the specificity of the assay, one membrane was 

also incubated with an anti-m6A antibody. As expected, the antibody recognized the m6A-containing 

RNA probe substantially better than the unmodified one. This was particularly apparent at higher RNA 

amounts (> 0.5 g) (Figure 19a, top). Lysate containing the GFP protein served as a negative control and 

the protein did not bind any of the two probes (Figure 19a, middle), suggesting that despite limited 

sensitivity the assay may reveal potential m6A binders. Among the two YTH domain-containing proteins, 

the Ythdc1 protein recognized the m6A-modified probe better than the non-modified one, similarly to 

the anti-m6A antibody (Figure 19a, middle), indicating that D. melanogaster Ythdc1 is likely a reader of 

m6A modification. In contrast, we could not observe any difference in the recognition of m6A modified 

or non-modified probes by the Ythdf protein (Figure 19a, bottom). This could be due to the presence 

of a tag interfering with m6A accommodation or could reflect the inability of the Ythdf protein to 

accommodate m6A modification in a given sequence and/or structure context of the RNA probe used 

in this experiment.  

To confirm the observation of the dot-blot assay that Ythdc1 protein binds m6A modified RNA, 

we performed the following pull-down experiment. Protein lysates from cells expressing Myc-tagged 

GFP or Ythdc1 proteins were incubated with same m6A-modified or non-modified RNA probes from 

bovine prolactin. Probes were pulled-down with streptavidin-coupled magnetic beads and recovered 

proteins were analysed by western blot. Consistently with the dot-blot assay, GFP did not bind to any 

of the two probes, while Ythdc1 was more efficiently recovered with the m6A-containing probe (Figure 

19b). Overall, these results suggested that D. melanogaster Ythdc1 preferentially binds the m6A-

modified bovine prolactin transcript. On the other hand, the only YTHDF-member in D. melanogaster, 

Ythdf, showed no preference for m6A-modified probes in our assay. Nevertheless, Ythdf might as well 

bind m6A-modified RNA, however in a different sequence or structure context. 
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Figure 19. Ythdc1 reader protein preferentially binds m6A modified RNA probe.  
a) Dot-blot assay using biotinylated probe from bovine prolactin transcript with and without m6A modification. Protein extracts 
from S2R+ cells transfected with either Myc–tagged GFP, Ythdc1 or Ythdf were analysed for binding specificity to the cross-
linked RNA probes. Left, methylene-blue staining of crosslinked probes. Right, immunostaining using anti-Myc or anti-m6A 
antibody. Ythdc1 protein and anti-m6A antibody both show similarly enriched binding to the m6A-methylated probe. b) Pull-
down using biotinylated m6A probe from bovine prolactin transcripts and protein extracts from S2R+ cells transfected with 
either Myc–tagged GFP or Ythdc1. The same probe lacking the methylation was used as a negative control. Left, western blot 
using anti-Myc antibody. Right, dot blot using anti-Streptavidin-HRP antibody. Myc–Ythdc1 was pulled down better with the 
m6A methylated probe. Three independent experiments showed similar results (adapted from Lence et al 2016).   

4.2.2 Putative novel m6A readers are involved in mRNA turn-over 
m6A modification was shown to alter binding of various RBPs either in a positive or negative 

fashion (Dominissini et al. 2012, Edupuganti et al. 2017, Baquero-Perez et al. 2019) (Chapter 1.4.6.b). 

To identify potential m6A-interactors other than YTH domain proteins, we performed new pull-down 

experiments and subjected all recovered proteins to quantitative mass spectrometry proteomics 

analysis. We incubated bovine prolactin RNA probes with protein lysates from SILAC-labelled D. 

melanogaster S2R+ cells. We performed four independent experiments; in three experiments the 

methylated probe was incubated with lysates from heavy-amino acid labelled cells and the non-

modified probe with light-amino acid labelled cells (IP1, IP2, and IP3). To ensure that recovered proteins 

were not reflecting a possible effect of SILAC labelling on protein expression, we also performed one 

reverse experiment in which the methylated probe was incubated with lysates from light-amino acid 

labelled cells and the non-modified probe with heavy-amino acid labelled cells (IP4). Proteins that were 

identified in all four experiments and were either enriched, or repelled (by more than 1.3-fold) in at 
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least three experiments were considered as potential m6A-regulated RBPs (Figure 20). We identified 23 

proteins that displayed enrichment for binding to m6A probe over the non-modified one and 6 proteins 

that were m6A-repelled. The YTH domain-containing proteins were, however, not among selected 

candidates. While Ythdc1 protein was enriched above the threshold in two replicates, the Ythdf was 

enriched only once. This was not entirely unexpected, considering our previous results from the dot-

blot and pull-down assays performed with overexpressed YTH-proteins (Figure 19a, b) in which the 

Ythdc1 showed preferential, but not exclusive binding to the m6A-modified probe, whereas the Ythdf 

protein displayed no clear binding to neither methylated nor unmethylated probe (Figure 19a).  

We wondered why the bovine prolactin probe could not efficiently recover YTH domain proteins 

in any of the assay we have performed (Figure 19a, b and Figure 20b). Initial study, that identified 

different m6A readers, including YTH domain proteins, performed a similar in vitro pull-down 

experiment, but used as a bait a sequence of a viral RNA carrying m6A modification located in a 

predicted loop position (Dominissini et al. 2012). Notably, a recent study from Liu and colleagues 

systematically evaluated m6A recognition by an anti-m6A antibody or a purified YTH domain when it 

was located in different RNA substrates/structures. They found that m6A located within an RNA 

duplexes cannot be efficiently bound neither by an anti-m6A antibody, nor by a recombinant YTH 

domain (Kd>50 M for both, modified and unmodified RNA) (Liu B. et al. 2018). Additionally, they also 

demonstrated that only when m6A is positioned in a single stranded RNA or next to a nucleotide bulge 

of the same strand, it adopts an accessible conformation that can be specifically and strongly bound by 

the YTH domain proteins (Kd<0.5 M for modified and Kd>30 M for unmodified RNA) (Liu B. et al. 

2018). 

We thus questioned if structural restrictions might explain why the methylated RNA probe that 

we used in our study could not adequately recover YTH domain-containing proteins. We analysed the 

putative secondary structure of the 39 nt long bovine prolactin RNA probe using the Fold algorithm of 

the “RNAstructure” web tool that predicts the lowest free energy structure in a set of low free energy 

structures for a given sequence (Reuter and Mathews 2010). Intriguingly, we found that the bovine 

prolactin RNA probe is predicted to adopt a strong secondary structure in which m6A, at position 21, is 

embedded  in the middle of a 3 nt long RNA duplex (Figure 20b) with perfect base pairing of a very high 

probability (80-90 %). This RNA duplex is surrounded by a short stem loop on one side and by an open, 

unpaired sequence on the other side (Figure 20b). m6A modification was previously shown to have a 

destabilizing effect on RNA duplexes (Spitale et al. 2015), due to unfavourable isomer conformation 

that adenosine needs to adopt in order to base pair with uridine of the opposite strand. This trans-

conformation results in a steric clash within the atoms of adenosine base (between the exocyclic N6-

methyl group and the endocyclic nitrogen (N7)) (Roost et al. 2015). In spite of this, NMR studies have 

shown that self-complementary RNA containing a GGACU sequence motif can adopt a fully paired RNA 

duplex regardless of its methylation status (Roost et al. 2015). Therefore, it is unlikely that m6A in the 

bovine prolactin RNA could destabilize the 3-nt long RNA stem structure in a given GAC sequence 

context [nt 22 – nt 23], where the upstream guanosine and downstream cytosine nucleotides perfectly 

base pair with cytosine and guanosine [nt 34 – nt 36], respectively (Figure 20b). Thus, it is very likely 

that Ythdc1 and Ythdf proteins were not efficiently recovered by the bovine prolactin sequence, 

because m6A modification in this RNA probe is located in the paired RNA duplex and could not be 

appropriately accommodated by the corresponding YTH domains (Figure 19a, b and Figure 20a, b). This 

is in line with the study from Liu and colleagues (Liu B. et al. 2018).  showing that m6A recognition is 

regulated not only by the RRACH motif, but also by structural constraints of the surrounding sequence.  
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Figure 20. Identification of other potential m6A binders links m6A to splicing and polyadenylation.  
a) Heat map of enriched and repelled proteins identified by a pull-down experiment using biotinylated m6A or A containing 
probes from bovine prolactin transcript (shown in (b)) and protein extracts from S2R+ cells. Pulled down proteins from four 
independent experiments were subjected to MS analysis. Proteins that were more than 1.3-fold enriched (in blue) or repelled 
(in yellow) with m6A-containing probe over A-containing probe in at least three out of four experiments are shown. 
Corresponding human orthologs are listed on the right. Enriched proteins are involved in various steps of mRNA processing. 
b) Sequence of biotinylated RNA probe from bovine prolactin 3`UTR transcript carrying either m6A or A at position 21 (above). 
RNA structure prediction by the “RNAstructure” tool and the Fold algorithm (Reuter 2010). m6A is positioned in a closed stem 
structure of a predicted three nucleotide long stem that shows a high probability (80-90 %) for base pairing. Colour code 
denotes probability of each nucleotide to adopt displayed paired or unpaired structure. Calculated free energy of predicted 
structure is shown on the right. c) As in (b) for a sequence of biotinylated RNA probe (4xRRACH) containing four consecutive 
GGACU motifs carrying either m6A or A at each adenosine position (above) (unpublished data). 

Recent study from Vermeulen lab extensively screened for novel m6A reader proteins in various 

human and mouse cell types (Edupuganti et al. 2017) and found that YTH domain-containing proteins 

were by far the strongest binders of an RNA probe that contained four consecutive GGACU repeats with 

four m6A sites (Edupuganti et al. 2017). We wondered if perhaps a good m6A accessibility in this 

particular 4x RRACH RNA probe could explain efficient YTH-protein recovery. We analysed the predicted 

secondary structure of the 4x RRACH probe using the same Fold algorithm (Reuter and Mathews 2010). 

Indeed, as shown in Figure 20c, all four m6A sites in this RNA probe appear to be in an unpaired position. 

Consistent with the findings from Liu and colleagues, it is therefore not surprising that this RNA probe 

could readily recover YTH domain proteins. Overall, various studies aiming to identify putative m6A 

binders all used different RNA sequences that consequently also adopted different secondary 
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structures (Dominissini et al. 2012, Edupuganti et al. 2017, Baquero-Perez et al. 2019). This likely 

contributes to the discrepancy among identified sets of putative m6A reader proteins. Albeit, more 

importantly, it also reveals that distinct proteins can interpret m6A functions in a context dependent 

manner.  

 

Among candidates that we found enriched with the m6A probe were Ge-1, Patr-1 and Lsm1-Lsm7 

proteins that form a cytoplasmic complex involved in mRNA storage and decay in the P-bodies (Luo Y. 

et al. 2018), possibly linking m6A modified mRNA to these compartments to fine tune their turnover 

(Figure 20a). Highly enriched were also the cleavage and polyadenylation proteins known to suppress 

polyadenylation site selection (Masamha et al. 2014), as well as various proteins involved in pre-mRNA 

splicing, including U2af38 and U2af50, previously found to interact with Fl(2)d (Penn et al. 2008). These 

candidates therefore strongly support the role of m6A modification in different steps of mRNA 

processing. Given that some of the identified proteins interact with each other, it is likely that only one 

of the proteins within the complex binds the m6A modified RNA and subsequently recruits other 

components. It is possible that these newly identified m6A readers preferentially bind to m6A modified 

sites within the paired stem structure and were therefore not found by other studies. For some of the 

identified proteins a known binding motif was also present in the sequence surrounding the modified 

adenosine (e.g. msi protein binds UAG motif (Zearfoss et al. 2014)). It might be that m6A increases motif 

accessibility and protein binding specificity, acting as an “m6A-switch”, as previously shown for hnRNP 

proteins; hnRNPC (Liu et al. 2015), hnRNPG (Liu et al. 2017) and hnRNPA2B1 (Alarcon et al. 2015a). How 

exactly each of these newly identified proteins binds m6A modified RNA awaits future studies. Ideally, 

binding specificity to biologically relevant, m6A-modified transcripts should be analysed, rather than to 

RNA probes composed of repetitive sets of consensus sites. 
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4.3 Loss of m6A on mRNA affects gene expression and splicing  

4.3.1 The m6A writer complex and the Ythdc1 protein regulate alternative 
splicing  

Results of our protein interactome analysis and newly identified m6A binding proteins pointed 

towards a potential role of m6A modification in different steps of mRNA processing. In order to 

investigate the importance of m6A on gene expression and mRNA splicing, we performed transcriptome 

analysis in S2R+ cells depleted for m6A writer components, Mettl3, Mettl14 and Fl(2)d, as well as for 

nuclear and cytoplasmic YTH domain readers, Ythdc1 and Ythdf. Knockdown of Fl(2)d and Ythdf altered 

expression of many genes (n=2129 and n=1309), while other components showed a milder effect 

(n=484, n=230 and n=522) (Figure 21a, left). Among differentially expressed genes, 98 were in common 

between all three components of the writer complex (Figure 21a, middle) and of those, many were also 

deregulated upon loss of Ythdc1 and Ythdf (40 % and 61 %, respectively). This supports the involvement 

of these two proteins in m6A recognition and regulation of downstream processes (Figure 21a, right).  

 

Figure 21. Loss of m6A writers or nuclear reader Ythdc1 alters gene expression and splicing.  
a) Number of differentially expressed genes upon depletion of indicated proteins. Venn diagram of common misregulated 
genes upon depletion of Mettl3, Mettl14 and Fl(2)d (left) and YTH domain reader proteins (right). Most common differentially 
expressed genes by writer components are also misregulated upon depletion of Ythdc1 or Ythdf proteins. b) Box plots showing 
gene length for all expressed genes and differentially expressed genes in indicated knockdowns (KD) (average coverage >1 
read per kilobase per million mapped reads (RPKM) in control conditions). Distributions were compared to all expressed genes 
using the Wilcoxon rank sum test. Expressed genes were down sampled to the same number of genes as in the given 
knockdown. Differentially expressed genes upon loss of m6A or nuclear reader protein Ythdc1 are on average longer. c) 
Number of differentially spliced genes upon depletion of indicated proteins. Venn diagram of common differentially spliced 
genes upon depletion of Mettl3, Mettl14 and Fl(2)d (left) and YTH domain reader proteins (right). Most common differentially 
spliced genes by writer components are also differentially spliced upon depletion of Ythdc1. d) Pie charts showing distribution 
of differentially spliced events in each knock down condition. Alternative 5`splice site (5`ss) selection and intron retention are 
overrepresented events upon loss of m6A writers or nuclear reader protein Ythdc1 (Figure 17 - adapted from Lence et al 2016).  
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Among affected genes were many involved in the regulation of metabolism and organismal 

development, as well as in processes linked to neuronal functions (axon guidance, synaptic response to 

stimuli, behaviour), as determined by the Gene ontology term enrichment analysis (Appendix 1, ED Fig. 

4). Interestingly, even though S2R+ cells are of non-neuronal origin the affected genes were significantly 

longer as compared to all expressed genes, a feature common for neuronal genes (Zylka et al. 2015) 

(Figure 21b). We next analysed whether depletion of m6A components also resulted in differential 

splicing. While knock down of Fl(2)d altered many splicing events (n=2129), depletion of Mettl3 and 

Mettl14 had a milder effect (Figure 21c, left). Nevertheless, among the common differentially spliced 

genes, 74 % were also altered upon loss of Ythdc1 (Figure 21c, middle and right), indicating that nuclear 

reader is likely responsible for m6A mediated splicing regulation in D. melanogaster, as has been 

previously shown for its mammalian ortholog, Ythdc1 (Xiao et al. 2016). Interestingly, among different 

classes of splicing events, the intron retention and alternative 5` splice site selection were 

overrepresented (Figure 21d), which has been also observed in human cells (Dominissini et al. 2012).  

4.3.2 m6A in D. melanogaster is enriched along 5`UTR regions and in coding 
sequences 

To identify the sites of m6A methylation in D. melanogaster S2R+ cells transcriptome wide, we 

carried out methylated RNA immunoprecipitation followed by next-generation sequencing (MeRIP-seq) 

(Dominissini et al. 2012, Meyer et al. 2012) using an anti-m6A specific antibody. We performed m6A 

enrichment on a polyadenylated fraction of RNA and identified 1120 peaks in 812 genes that showed 

>1.3-fold enrichment over input. In most of the peaks we found a consensus motif RRACH (n=1027, 92 

%), centered on potentially modified adenosine (Figure 22a, top). This motif was previously shown to 

be the most common methylation site in mouse and human cells (Dominissini et al. 2012, Meyer et al. 

2012), supporting that peaks we had found are likely valid sites of m6A methylation, despite low 

enrichment. Distribution of identified peaks along transcripts was most prominent within the coding 

sequence (44,6 %) as well as around stop codons (16,3 %), similar to m6A distribution in other species 

(Figure 22, below). Interestingly, a large amount of peaks also fell around start codons (21,8 %) and the 

enrichment was higher compared to vertebrates (Appendix 1: Fig. 2C) (Dominissini et al. 2012, Meyer 

et al. 2012, Ping et al. 2014). By using the MeRIP-seq technique, we uncovered many putative m6A 

peaks, but we were not able to locate precise positions of m6A sites and our enrichment suffered from 

high background that could potentially result in substantial loss of identified methylation sites as well 

as in a set of false negative peaks. To overcome these technical drawbacks, we next performed m6A 

mapping using miCLIP (methylation specific individual-nucleotide resolution cross-linking 

immunoprecipitation) (Linder and Jaffrey 2019). During m6A immunoprecipitation, the anti-m6A specific 

antibody was crosslinked to polyadenylated RNA, which allowed stringent washing in order to remove 

any non-specifically bound RNA fragments. Importantly, crosslinking is expected to induce an indicative 

m6A footprint during the step of reverse transcription, which enables the identification of precise 

locations of putative m6A sites along the transcript (Linder and Jaffrey 2019). We focused on sites that 

resulted in truncation at adenosines, CITS (A) (crosslink-induced truncation site at Adenosine) and 

identified nearly 12.000 methylated sites in 3280 genes (Figure 22b), which is roughly four times more 

than the number of genes we mapped by MeRIP-seq. Nevertheless, while 75 % of modified genes 

identified by MeRIP-seq were also found by miCLIP, this overlap represented only 18.5 % of all genes 

found by miCLIP, indicating that miCLIP has a markedly better sensitivity (Figure 22c).  
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Figure 22. m6A in D. melanogaster is enriched along 5`UTR regions and coding sequences.  
a) MeRIP sequence logo and peak distribution. Sequence logo of deduced consensus motif for most m6A peaks centered on 
the modified adenosine. 1120 peaks were identified in 813 transcripts by MeRIP (top). Pie chart of m6A peak distribution in 
distinct transcript segments identified by MeRIP (below). Start codon (± 300 bp window around start), CDS (coding sequence 
(CDS) excluding 300 bp after start and 300 bp before stop), stop codon (± 300 bp window around stop). b) miCLIP sequence 
logo of crosslink induced truncation sites at adenosines (CITS (A)). Shown is a 5-nt region of 20-nt sequence logo of collapsed 
sequences at diagnostic sites for m6A CITS (A) centered on the modified adenosine. See materials and methods for a full 
sequence logo. 11897 CITS (A) sites were identified in 3280 transcripts by miCLIP (top). Pie chart of m6A CITS (A) distribution 
in distinct transcript segments identified by miCLIP (below). c) Overlap between transcripts carrying m6A peak identified by 
MeRIP, CITS (A) identified by miCLIP and a set of common differentially spliced genes upon combined depletion of Mettl3 and 
Mettl14 proteins. 77 % of transcripts with altered splicing are also m6A modified (a - adapted from Lence et al 2016, b, c - 
unpublished data).  

We next compared both datasets to a class of transcripts that were differentially spliced upon 

simultaneous depletion of Mettl3 and Mettl14 (n=82) and found that 77 % of transcripts were m6A 

modified (Figure 22c), suggesting that m6A might be required for their processing. Of those, 62 

transcripts were found in the miCLIP dataset, and 27 also contained a MeRIP peak, with a single 

transcript not covered by miCLIP.  Interestingly, among them was also fl(2)d (Figure 23a) that can be 

alternatively spliced into four different RNA isoforms, which code for two protein isoforms. Splicing 

decision depends on the alternative 5`-splice site (ss) selection of the first intron and on inclusion or 

exclusion of the alternative exon 2 (Ex2) (Figure 23). Use of 5`splice site three (ss3) extends the 

sequence of the first exon (Ex1) that carries an upstream start codon and therefore generates longer 

cDNA isoform.  
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Figure 23. fl(2)d splicing is regulated by m6A modification.  
a) UCSC Genome Browser screenshots of fl(2)d transcript showing normalized RNA-seq data from control and indicated 
knockdown samples in S2R+ cells. The MeRIP and miCLIP tracks of m6A positions are shown below. The gene architecture of 
fl(2)d is shown at the top, with thin blue boxes representing the 5′ and 3′ UTRs, thick blue boxes representing the CDS, and 
thin lines representing introns. Exon numbers are indicated at the top. Signals are displayed as read per kilobase per million 
mapped reads. b) Usage of different 5′ splice sites in exon 1 of fl(2)d transcript and skipping of exon 2 upon different 
knockdowns. Splicing analysis by semi-quantitative RT–PCR using primers in exon 1 and 3 (red arrows in the scheme). ss1, 
splice site 1; ss2, splice site 2; ss3, splice site3 (adapted from Lence et al 2016). 

A few putative m6A methylation sites were identified along the transcript, as shown by MeRIP 

and miCLIP tracks. The most prominent ones were located in the region between the 5` splice site two 

and three (ss2 and ss3, respectively) (Figure 23a). From the RNAseq data, we noticed that depletion of 

Mettl3, Mettl14, Fl(2)d proteins, or of the nuclear m6A reader Ythdc1, resulted in an increased use of 

downstream 5` splice site 3 (ss3) and in the exon 2 skipping (Figure 23a). We could confirm these results 

by RT-PCR and noticed that alternative splicing generates four major transcript isoforms. The use of 5` 

ss3 and alternative Ex2 skipping, which produces the longest isoform, is in fact a preferred splicing 

scenario in a control condition. Upon depletion of m6A methyltransferase complex subunits or of the 

nuclear reader protein, the use of ss1 or ss2 is further reduced (Figure 23b). This suggests that the 
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presence of m6A upstream of the ss3 might act as a mechanism to promote ss1 and ss2 usage or to 

block the ss3 selection, and in this way regulate formation of long vs. short protein isoform. In summary, 

we generated transcriptome wide m6A methylation map at a nucleotide resolution, which together with 

the results of differential splicing upon loss of m6A supports the involvement of m6A modification in the 

regulation of alternative pre-mRNA splicing. In addition, depletion of the nuclear Ythdc1 protein 

recapitulates splicing outcomes found upon depletion of m6A writer components and thus Ythdc1 likely 

mediates the splice site selection by binding to m6A sites. 
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4.4 Flies lacking m6A display severe locomotion defects 

4.4.1 Mettl3 and Mett14 mutant flies are viable, but flightless and die earlier 
In order to reveal the importance of m6A modification in vivo during the course of fly 

development, we generated mutants for Mettl3 and Mettl14 using the CRISPR-Cas9 approach with two 

gRNAs targeting each of the genes (Figure 24a). To confirm the loss-of-function alleles, we generated 

antibodies against Mettl3 and Mettl14 and analysed fly lysates by western blot. No functional protein 

was detected neither in the Mettl3 mutants lacking a large C-terminal part of the CDS including the 

catalytic core (Mettl3cat) nor in the complete null allele (Metll3null). Similarly, no protein was detected 

in the homozygous mutants with a two-nucleotide frameshift deletion of Mettl14 (Mettl14fs) (Figure 

24).  

 

Figure 24. Mettl3 and Mett14 mutant flies are viable, but flightless and die earlier.  
a) Schematic of gene loci with indicated deletions for Mettl3 (left) and Mettl14 (right). b) Validation of loss-of-function alleles 
for Mettl3 and Mettl14 mutants. Protein lysates from control and Mettl3 (left) and Mettl14 (right) mutant flies were analysed 
by western blot using respective antibodies raised against endogenous proteins. Arrow indicates position of Mettl3 protein 
size; star denotes unspecific background band (left). Tubulin was used as a loading control. c) Flies lacking Mettl3 protein are 
flightless and display a held out wing phenotype. d) Charts representing a lifespan of female (left) and male (right) Mettl3 
mutant flies (in purple) as well as of Mettl3 mutant flies expressing ectopically driven Mettl3 cDNA (in green). e) Quantification 
of fly climbing by negative geotaxis experiment using flies lacking Mettl3 and/or Mettl14 proteins. Bars represent the mean ± 
s.d. of female flies (n = 10 per condition) that climb over 10 cm in 10 s (six independent measurements). *P < 0.01; **P < 
0.001; ***P < 0.0001; n.s., not significant (one-way ANOVA, Tukey’s post-hoc analysis) (adapted from Lence et al 2016).   

In addition, we generated fl(2)d mutant flies and, as shown before, loss of Fl(2)d subunit resulted 

in lethality with no adult fly survivors (Granadino et al. 1990, Granadino et al. 1996). Surprisingly, flies 

lacking Mettl3 or Mettl14 were viable and displayed no apparent lethality over the course of 

development. This was in contrast to studies from vertebrates and plants, where depletion or loss of 

Mettl3 or Mettl14 is detrimental during early embryogenesis. (Zhong et al. 2008, Bodi et al. 2012, Wang 
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Y. et al. 2014, Chen T. et al. 2015, Geula et al. 2015, Meng et al. 2019). Despite these differences, Mettl3 

and Mettl14 mutant flies exhibited strong locomotion defects that resulted in compromised ability to 

climb and fly. In addition we observed the appearance of a held-out wing phenotype, resulting from 

inability to properly close wings over the dorsal body surface (Figure 24c). Moreover, mutant male and 

female flies had a reduced lifespan, as shown for Mettl3null allele, which could be rescued by ectopic 

expression of UAS-Mettl3 cDNA driven by ubiquitous (tubulin-GAL4) driver (Figure 24e).  

4.4.2 Loss of m6A leads to altered neuronal functions 
Mettl3 and Mettl14 mutant flies displayed altered behaviour. To test their locomotion 

systematically, we performed a negative geotaxis assay, in which flies of selected genotypes were 

collected in a measuring cylinder and briefly tapped to the bottom. Their climbing ability towards the 

top was assayed as the number of flies that crossed a defined distance threshold (d=10 cm) over the 

chosen time course (t=10 sec). We tested flies lacking either Mettl3, Mettl14 or both proteins in various 

combinations. While flies missing only one copy of each methyltransferase performed well, every 

additional removal of Mettl3 or Mettl4 resulted in a gradually reduced climbing ability, with double 

homozygous flies displaying strongly altered climbing (Figure 24e). This indicated that sufficient levels 

of m6A modification are required for unaltered locomotion processes. To assess locomotion defects 

more precisely, we next performed the Buridan paradigm experiment in which the movement of an 

individual fly in a closed arena is video-tracked over a 15-minute interval. We analysed the walking 

speed, orientation and activity of control flies, Mettl3cat mutant flies and Mettl3cat mutant flies 

rescued by ectopic expression of UAS-Mettl3 cDNA driven by either ubiquitous (tubulin-GAL4), pan-

neuronal (elav-GAL4), or mesoderm specific driver (24B-GAL4). Strikingly, all three parameters were 

strongly altered in mutant flies (Figure 25a, b and c). Walking speed was decreased nearly three-fold in 

comparison to control flies and we were able to completely rescue this defect by ubiquitous or neuronal 

expression of Mettl3, but not by its expression in mesoderm (Figure 25a). Likewise, we could restore 

altered orientation (Figure 25b) and activity (Figure 25c), indicating that the observed phenotypes were 

specific to the loss of functional Mettl3. Given the strong locomotion defects observed upon loss of 

m6A modification in adult flies, we focused on characterising molecular causes, contributing to this 

phenotype. We carried out a transcriptome analysis of fly heads from wild type flies and Mettl3cat 

mutants. A large number of genes was differentially regulated or differentially spliced upon loss of m6A 

(n=1681, FDR<0.05). Notably, among affected genes 39 % were identified as m6A targets in our miCLIP 

dataset from S2R+ cells and many of those have been previously linked to processes of locomotion and 

axon guidance (n=62) (Figure 26) (Supplemental data 3). Thus, upon loss of m6A modification, a 

combinatorial effect of various misregulated genes might lead to the observed locomotion phenotype.  

 

Several misregulated genes were previously shown to be required for synapse functionality and 

for development of larval neuromuscular junctions (NMJ) (e.g. babo, futsch, CASK). We therefore 

wanted to investigate if neuronal alterations also occur during earlier stages of fly development and 

analysed neuro-muscular junctions (NMJ) of the late L3-stage larvae. Control and Mettl3null larvae were 

dissected and immunostained with anti-DLG (disc-large, postsynaptic marker), anti-Synaptotagmin 

(presynaptic marker) and HRP (neuronal membrane marker) to visualize the synaptic connections 

between motoneurons and muscles, or so-called synaptic boutons. We found a significant increase in 

the number of boutons per muscle surface area in Mettl3null mutant larvae (Figure 25d), pointing 

towards the potential importance of Mettl3 and m6A modification for the synapse growth and possibly 
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for its functionality. Altogether, these results reveal the importance of m6A modification in neuronal 

functions that control fly locomotion and synapse development. 

 

Figure 25. Mutant flies lacking m6A display severe locomotion defects due to altered neuronal functions.  
a-c) Walking behaviour of Canton-S wild type (WT-CS), Mettl3Δcat mutant flies or Mettl3Δcat mutant flies expressing Mettl3 
cDNA ubiquitously (Tub-GAL4), in neurons (elav-GAL4) or in muscles (24B-GAL4) analysed by Buridan`s paradigm. Box plots 

representing a) walking speed, (b) orientation, as measured by median angular displacement from the direct approach to one 
of the stripes, and (c) activity, assayed by median fraction of time spent walking during a 15 min test period, of indicated 
females (n = 15 per condition). Boxes signify 25 %/75 % quartiles, thick lines indicate medians, and whiskers show maximum 
interquartile range × 1.5. n.s. not significant, *P < 0.05, **P < 0.01, ***P < 0.001 (Kruskal–Wallis analysis of variance with a 
Bonferroni correction). WT-CS, wild-type Canton-S flies. d) Left, Representative confocal images of muscle-6/7 NMJ synapses 
of abdominal hemisegment A3 for the indicated genotypes labelled with anti-DLG (magenta), anti-Synaptotagmin (green) and 
HRP (red) to reveal the synaptic vesicles and the neuronal membrane. Right, Quantification of normalized bouton number 
(total number of boutons/muscle surface area (μm2 × 1,000)) of NMJ 6/7 in A3 of the indicated genotypes (right). Error bars 
show mean s.e.m. P-values were determined with a Student’s t-test. The number of boutons are increased upon Mettl3 
knockout. MSA, muscle surface area (adapted from Lence et al 2016). 
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4.5 m6A modification modulates splicing of Sex lethal (Sxl) 

Another important gene among the top differentially spliced transcripts that caught our 

attention was Sex lethal (Sxl). Sxl protein is a major regulator of sex determination and dosage 

compensation in D. melanogaster. Its transcript can be alternatively spliced in male and female specific 

isoforms that differ by the presence of a male specific alternative exon (L3), which introduces a 

premature stop codon. Therefore, a functional protein is only formed in females, but not in males. Sxl 

auto-regulates its own splicing by binding to flanking introns and preventing L3 exon inclusion. As an 

RNA binding protein Sxl also controls splicing and translation of downstream targets required for female 

physiognomy and behaviour, and prevents initiation of dosage compensation, thereby allowing female 

survival (see introduction: Chapter 1.5.2).  

We analysed the transcriptome from adult female heads and noticed a significantly increased 

inclusion of L3 exon in Mettl3 mutant flies, but not in control flies, indicating inefficient repression 

mechanisms upon loss of m6A modification (Figure 26b). We confirmed these results by performing an 

RT-PCR, using primers against L3-flanking exons L2 and L4. Notably, we observed decreased levels of 

female specific Sxl isoform and the appearance of male specific Sxl isoform in heads from female mutant 

flies lacking Mettl3 or Mettl14, while Sxl splicing in males was not altered (Figure 26c). Thus, these 

results strongly indicated that m6A modification is required for proper splicing of Sex lethal transcript. 

Moreover, splicing of Sxl downstream targets, msl-2 and tra, was also affected in mutant females, likely 

as a result of reduced levels of functional Sxl protein (Appendix 1: ED Fig. 9b and c). 

 

Figure 26. m6A modulates splicing of the master regulator of sex determination in D. melanogaster, sex lethal (Sxl).  
a) The overlap of common differentially expressed or spliced transcripts in adult female heads lacking Mettl3, and of m6A 
modified transcripts. b) The UCSC Genome Browser screenshot of Sex lethal transcript (Sxl). Normalized RNA-seq data from 
control flies and Mettl3 mutant flies are shown. The gene architecture is at the top, with thin blue boxes representing the 5′ 
and 3′UTRs, thick blue boxes representing the CDS, thin lines representing introns, and L2, L3 and L4 representing exons. 
Signals are displayed as read per kilobase per million mapped reads. L3 denotes a male specific exon whose inclusion is highly 
enriched in Mettl3 mutant females. c) Spliced isoforms of Sxl were monitored by semi-quantitative RT–PCR using RNA extracts 
from male and female heads. The genotypes used are indicated below. Loss of m6A or Ythdc1 reader protein leads to inclusion 
of male specific exon L3. d) Table displaying the percentage of males and females hatching for indicated genotypes. Mettl3 
interacts genetically with Sxl to control female survival (adapted from Lence et al 2016).  
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Flies lacking Mettl3 or Mettl14 showed no apparent lethality during development and the level 

of Sxl female isoform was only reduced but not absent. Given the importance of sufficient Sxl levels for 

female survival, we wondered if Mettl3 and Sxl might genetically interact, as previously shown for other 

genes that mediate Sxl splicing (Moschall et al. 2017). To test this, we analysed female and male survival 

of Mettl3 mutants in a sensitized background, where one copy of Sxl was removed. We crossed 

Mettl3null females with Sxl7BO males and counted numbers of hatched adult flies. As expected, flies 

lacking one or both copies of Mettl3 showed no alterations in fly survival (Female: 57,6 % and 60,6 %, 

respectively). Likewise, loss of one copy of Sxl alone did not result in female lethality (46,3 %). In 

contrast, strong effect on female survival was observed when Mettl3 and Sxl alleles were combined. 

Less than 19 % of female flies survived when one copy of Mettl3 in addition to one copy of Sxl were 

removed (Figure 26c), indicating that there is a strong genetic interaction between m6A writer and Sxl. 

In conclusion, splicing of Sxl transcript is a process, highly regulated at multiple levels, where m6A 

modification acts along with other mechanisms in parallel pathways that altogether ensure sufficient 

levels of Sxl protein in female flies and prevent Sxl production in males. 
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4.6 Ythdc1 mutants recapitulate defects observed upon loss of m6A 

4.6.1 Loss of Ythdc1 results in altered fly locomotion  
We noticed severe behavioural defects (Figure 24 and Figure 25) as well as changes in gene 

expression (Figure 26) in mutants lacking m6A modification. We therefore wondered if Ythdc1 that I) 

also displayed enriched expression in neuroectoderm during embryogenesis (Figure 15), II) was shown 

to preferentially bind m6A modification (Figure 19) and III) shared most of common splicing defects with 

writer components in D. melanogaster S2R+ cells, could mediate m6A functions also in vivo. We 

therefore generated Ythdc1 mutant flies using the CRISPR-Cas9 system and two gRNAs targeting the 

gene region (Figure 27a).  

 

Figure 27. Ythdc1 mutant flies recapitulate locomotion defects of m6A writer mutants.  
a) Schematic of gene loci with indicated deletion for Ythdc1. Validation of loss of function allele for generated Ythdc1 mutant 
(below). PCR using genomic DNA from heterozygous or homozygous YthdcΔN mutant flies was loaded on agarose gel. Arrow 
indicates the size of an amplicon representing gene deletion. b) Quantification of fly climbing by negative geotaxis experiment 
using flies lacking Ythdc1 protein. Bars represent the mean ± s.d. of female flies (n = 10 per condition) that climb over 10 cm 
in 10 s (six independent measurements). ***P < 0.0001; n.s. (Student`s t-test). c-e) Walking behaviour of control, heterozygous 
and trans-heterozygous Ythdc1 mutant flies analysed by Buridan`s paradigm. Box plots represent walking speed (c), orientation 
as measured by median angular displacements from the direct approach to one of the stripes (d) and activity, assayed by 
median fraction of time spent walking during a 15 min test period (e), of indicated females (n = 15 per condition). Boxes signify 
25 %/75 % quartiles, thick lines indicate medians, and whiskers show maximum interquartile range × 1.5. n.s., not significant; 
*P < 0.05, **P < 0.01, ***P < 0.001 (one-way ANOVA, Bonferroni post-hoc analysis). WT-CS, wild-type Canton-S flies (adapted 
from Lence et al 2016).   

A deletion within the 5`-end of the gene that removed two start codons of encoded isoforms was 

confirmed by PCR (Figure 27a, below). The Ythdc1N mutant flies were viable, but flightless and 

displayed walking defects, resembling the flies lacking Mettl3 or Mettl14. We therefore analysed fly 

locomotion by a climbing assay, as described above, and strikingly, noticed that climbing ability of 

Ythdc1N mutants was strongly altered (Figure 27b). We next performed the Buridan paradigm and 

found that the walking speed of trans-heterozygous Ythdc1N//Ythdc1Df flies was also significantly 

reduced (Figure 27c). Of note, heterozygous Ythdc1N/+ flies displayed significantly altered orientation 

and activity that were not recapitulated in the Ythdc1Df deficiency line, thus these phenotypes are likely 

a result of an off-target effect caused by our CRISPR-Cas9 generated mutant (Figure 27d, e). In 
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summary, these results strongly indicated that the nuclear reader mediates m6A functions also in vivo, 

in regards to adult fly locomotion.  

4.6.2 Mettl3 and Ythdc1 mutant flies regulate many common splicing events 
Given that flies lacking either m6A writing components or the nuclear reader Ythdc1 displayed 

similar behavioural defects we wanted to identify common molecular targets in vivo. We therefore 

performed the transcriptome analysis of wild type, Mettl3null and Ythdc1N mutant adult flies and 

focused on differential splicing. Loss of Mettl3 resulted in 397 differentially spliced transcripts and loss 

of Ythdc1 in 489 (FDR<0.1). Many transcripts (n=243) were shared between flies lacking Mettl3 (61 %) 

and Ythdc1 (50 %) (Figure 28a), suggesting that Ythdc1 likely regulates m6A dependent splicing, not only 

in S2R+ cells, but also in vivo. Among common transcripts, 70 % (n=170) were m6A modified in S2R+ 

cells, as shown by comparison with our miCLIP dataset (Figure 28b). Similarly to splicing alterations 

found in S2R+ cells, many transcripts displayed differential 5` splice site selection and intron retention. 

The major class of differentially spliced transcripts was, however, alternative exon skipping (Figure 28c). 

Importantly, Sxl whose splicing was shown to be affected in flies lacking Mettl3, was also altered in 

Ythdc1N female mutants (Figure 28c, last columns). We next analysed the gene ontology of selected 

170 transcripts and found that they represented many distinct biological processes, such as cell 

differentiation, mRNA splicing, vesicle transport, as well as regulation of neurotransmitter transport 

and secretion (Figure 28d). Future work will be required to explore if any of misregulated transcripts 

contributes to observed neuronal and behavioural phenotypes of m6A mutants. 

 

Figure 28. Mettl3 and Ythdc1 mutant flies regulate many common splicing events.  
a) Venn diagram showing the overlap of differentially spliced transcripts in Mettl3 and Ythdc1 knockout flies. b) The overlap of 
common differentially spliced transcripts in flies lacking Mettl3 or Ythdc1 and transcripts likely carrying m6A modification. c) 
Pie chart showing distribution of differentially spliced events in common, methylated transcripts from (b). Most splicing events 
include exon skipping. d) Gene ontology (GO) analysis of common differentially spliced and methylated transcripts. Top ten 
terms for biological process are sorted by their fold enrichment (Tyanova et al. 2016). Targets related to neuronal processes 
are depicted on the right. (a – adapted from Lence et al 2016, b-d – unpublished data). 
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In summary, we generated mutant flies lacking m6A writer components and the nuclear Ythdc1 

that mediates functions of m6A modification in vivo via the regulation of alternative splicing. Mettl3 

mutant flies were viable but displayed severe locomotion defects due to impaired neuronal functions 

and flies lacking Ythdc1 recapitulated these alterations. Ythdc1 mutants also shared a substantial 

number of differentially spliced events with Mettl3 mutant flies. Notably, among those was Sxl, 

supporting the role of m6A modification as an important factor in modulating the sex determination 

and dosage compensation pathways. 
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4.7 Nito is a novel component of the m6A writer complex 

4.7.1 Ythdc1 interacts with splicing factors and with components of the m6A 
writer complex 

Given that Ythdc1 regulates m6A-dependent splicing events, we wanted to further investigate 

the underlyig mechanism by analysing the Ythdc1 protein interactome. Myc-tagged Ythdc1 was 

expressed in stable isotope labelled (SILAC) S2R+ cells and immuno-precipitated using anti-Myc 

antibody coupled to magnetic beads. Recovered proteins were subjected to mass spectrometry 

analysis, which identified 73 proteins with more than 2-fold enrichment over control in both, forward 

and reverse experiments (Figure 29a). Among them were many predicted mRNA binding proteins 

(Supplemental data 1).  

 

Figure 29. Ythdc1 interacts with many splicing factors and with components of the m6A writer complex.  
a) SILAC-coupled mass spectrometry analysis using Ythdc1–Myc as a bait. Scatterplot of normalized forward versus inverted 
reverse experiments plotted on a log2 scale. The threshold was set to a two-fold enrichment (blue dashed line). Proteins in 
the top right quadrant were enriched in both replicates. b) mRNA quantification of fl(2)d isoforms after knockdown of 
identified Ythdc1-interacting proteins. Four proteins, Hrb27C, Qkr58E-1, Vir and Nito, in addition to m6A components, control 
fl(2)d splicing in the same direction. Data points of three technical replicates are shown (adapted from Lence et al 2016). 

To identify proteins that might be required for m6A-dependent splicing regulation we depleted 

all candidates in S2R+ cells and analysed splicing outcomes of a previously described transcript fl(2)d 

(Figure 23d and e). Depletion of m6A, or of the nuclear reader protein, resulted in increased formation 

of a long fl(2)d isoform and we found that depletion of four other proteins, Hrb27c, Qkr58E-1, Vir and 
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Nito, also altered splicing in the same direction (Figure 29b), indicating that they might mediate some 

of m6A-regulated splicing events together with Ythdc1. We next tested the splicing outcomes of other 

transcripts, with known m6A-dependent spliced isoforms from our transcriptome datasets (e.g. 

Hairless, Aldh-III, Dsp1, CG8929, hts) (Supplemental data 5 - 7). Qkr58E-1 and Hrb27C were not required 

for the regulation of all splicing events (Figure 30a), suggesting that in order to regulate splicing, Ythdc1 

likely binds m6A and recruits (or interacts with) distinct RBPs, depending on the sequence constraints 

of a given transcript. Notably, we could confirm that the interaction between Ythdc1 and Qkr58E-1 was 

RNase independent, via a co-immunoprecipitation experiment (Figure 30b and c). However, we did not 

observe binding of Ythdc1 to Hrb27c (Figure 30b), suggesting that either interaction is too weak, or that 

Hrb27c might also act independently of Ythdc1 to mediate splicing of some m6A modified transcripts. 

  

Figure 30. Ythdc1 regulates splicing of the m6A modified transcripts.  
a) mRNA-isoform quantification of m6A-regulated transcripts including Hairless, Aldh-III, CG8929, hts upon knockdown of 
indicated components. Nito controls m6A splicing events. The quantification of three technical replicates from two biological 
experiments is shown as mean ± s.d. Schematic representation of alternatively spliced transcript regions (5`3` orientation) 
is shown above each graph. Blue dots indicate locations of m6A and red arrows indicate primer pairs used for RT-qPCR. b) Co-
immunoprecipitation studies were carried out with lysates prepared from S2R+ cells co-expressing Myc–Qkr58E-1, Myc–
Hrb27C and HA–Ythdc1. For control, S2R+ cells were transfected with Myc alone and HA–Ythdc1. Myc-containing proteins 
were immunoprecipitated using anti-Myc antibody and then immunoblotted with anti-Myc and anti-HA antibodies. c) Co-
immunoprecipitation of Myc–Qkr58E-1 with HA– Ythdc1 with or without RNaseT1. Extracts from S2R+ cells expressing HA–
Ythdc1 either with Myc control or with Myc–Qkr58E-1 were immunoprecipitated using anti-Myc antibody. Expression of 
indicated proteins was monitored by immunoblotting using anti-Myc and anti-HA antibodies (adapted from Lence et al 2016).   

4.7.2 Nito and Vir are conserved components of the writer complex 
Interestingly, loss of Nito and Vir consistently altered splicing of all transcripts we tested (Figure 

30a), reminiscent of the loss of m6A writer components. Both proteins were previously identified as 

regulators of Sxl splicing (Moschall et al. 2017), suggesting that they might interact with other subunits 

of the m6A writer complex and potentially be constituents of the nearly 1 MDa big methyltransferase 
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complex (Bokar et al. 1994, Bokar et al. 1997). Notably, depletion of vertebrate ortholog, VIRMA, was 

shown to reduce m6A levels on mRNA in mouse and human cells (Schwartz et al. 2014b), supporting 

the possibility that the role of Vir in m6A pathway could also be conserved in flies. To address this, we 

first tested if Nito and Vir interact with other components of the writer complex. Indeed, we could co-

immunoprecipitate both proteins with Fl(2)d in an RNase independent manner (Figure 31a). 

 

Figure 31. Nito and Vir are new, conserved components of the writer complex.  
a) Co-immunoprecipitation of Nito (top) and Vir (bottom) with Fl(2)d protein. Extracts from S2R+ cells expressing HA-tagged 
Fl(2)d protein together with Myc alone, Myc–Vir or Myc-Nito were immunoprecipitated using Myc-specific beads. Expression 
of indicated proteins was monitored by western blot analysis using anti-Myc and anti-HA antibodies. RNaseT1 treatment 
before immunoprecipitation is indicated at the bottom. Nito and Vir interact with Fl(2)d in an RNase independent way. b) 
Relative expression of nito and vir transcripts during D. melanogaster developmental stages and in adult female heads and 
ovaries, analysed by qRT-PCR. Levels of m6A modification were analysed in the same mRNA samples using LC-MS. 
Methyltransferase components and m6A levels are enriched during first hours of embryogenesis, during early pupation as well 
as in adult heads and ovaries. Bars and line junctions represent the mean ± standard deviation (s.d.) of three technical 
measurements from three biological replicates. c) LC–MS/MS quantification of m6A levels in mRNA samples depleted for 
indicated proteins. Bar chart represents the mean ± standard deviation (s.d.) of three technical measurements from three 
biological replicates. ***P < 0.0001 (one-way analysis of variance (ANOVA), Tukey`s post-hoc analysis) are shown. Depletion 
of all components of the methyltransferase complex leads to significant reduction of m6A levels on mRNA. d) Co-
immunoprecipitation studies were carried out with lysates prepared from S2R+ cells co-expressing Myc–tagged Mettl14 and 
HA–tagged Mettl3 upon control (Ctr) Fl(2)d, Vir or Nito knockdown. For control experiments, S2R+ cells were transfected with 
Myc alone and HA–tagged Mettl3. Lysates were immunoprecipitated using anti-Myc antibody and then detected with anti-
Myc and anti-HA antibodies. Knockdown of Fl(2)d, but not Nito or Vir, weakens the interaction between Mettl3 and Mettl14 
(adapted from Lence et al 2016 Nature).   

Additionally, we analysed their expression profiles during D. melanogaster developmental stages 

and observed that they were remarkably similar to the distribution of m6A modification. Highest levels 

were observed in the very first hour of embryogenesis and a steep decrease was seen in the next few 

hours, and over the following stages of embryogenesis (Figure 31b). Recapitulating m6A levels, nito and 
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vir peaked again during pupation (168 hours), with levels of vir being more pronounced and also higher 

in remaining stages of pupation, as well as in adults and in fly heads. Like other known components of 

the writer complex, both transcripts were also highly expressed in ovaries (Figure 16), further 

suggesting their role within the m6A complex.  

To unambiguously examine, if the two identified proteins are components of the m6A writer 

complex, we analysed m6A abundance by LC-MS/MS in mRNA samples from S2R+ cells depleted for 

Nito, Vir or other known components of the complex. Strikingly, m6A levels were significantly reduced 

in either of the knock down (Figure 31c). This strongly supported that Vir and Nito proteins are indeed 

novel fly components of the m6A writer complex, essential for efficient methylation. Importantly, 

paralleling our findings, two vertebrate orthologs of Nito, RBM15 and RBM15B were also found to be 

required for m6A methylation in human and mouse cells (Patil et al. 2016), highlighting that the complex 

is likely evolutionary conserved.  

To understand how the proteins might interact with each other and affect the complex assembly 

we depleted Fl(2)d, Vir and Nito in S2R+ cells and assessed the binding between the Mettl3-Mettl14 

heterodimer by a series of co-immunoprecipitation experiments. Surprisingly, while knock down of 

Fl(2)d strongly reduced the interaction between the two methyltransferases, loss of Vir or Nito had no 

effect (Figure 31d). This suggested that Fl(2)d, Nito and Vir proteins may have independent roles within 

the complex, with Fl(2)d likely stabilizing the Mettl3-Mettl14 heterodimer formation. Importantly, 

several structural and biochemical studies demonstrated a strong interaction between Mettl3 and 

Mettl14 proteins in vertebrates and our interactome analysis of Mettl3 protein identified Mettl14 as 

by far most enriched protein (Supplemental data 1), thus further work will be required to explain the 

apparent destabilisation of the heterodimer upon Fl(2)d depletion in flies. In our current study, we used 

a co-immunoprecipitation assay, which is not a quantitative method and we ectopically overexpressed 

tagged proteins. Ideally, similar immunoprecipitation experiments should be performed with 

endogenous Mettl3 and Mettl14 proteins in either control, Fl(2)d, Nito or Vir depleted condition and 

by using a quantitative mass spectrometry analysis for the analysis of recovered proteins.  

 



Results – Flacc protein is part of the MACOM complex, required for m6A deposition 

92 
Tina Lence, PhD Thesis - The role of m6A modification on mRNA processing in Drosophila melanogaster 

4.8 Flacc is required for m6A deposition as a component of the 
MACOM complex 

4.8.1 Nito interacts with many proteins linking m6A to transcription and mRNA 
processing 

Deposition of m6A modification on mRNA requires nearly 1 MDa methyltransferase complex that 

has been first described in the 1990s (Bokar et al. 1994, Bokar et al. 1997). Notably, Bokar and 

colleagues carried out cell fractionation and gel filtration experiments and proposed the existence of 

two sub-complexes of ~200 kDa and ~800 kDa, however, Mettl3, carrying the catalytic activity, was the 

only identified subunit at the time. Chuang He and colleagues later confirmed the existence of this large 

complex by performing similar fractionation followed by mass spectrometry analysis. They also 

identified additional proteins of the complex, Mettl14 and WTAP (Liu et al. 2014). Follow-up studies by 

numerous laboratories, including ours, contributed to the identification of further subunits; VIRMA (Vir) 

and RBM15 (Nito) (Schwartz et al. 2014b, Lence et al. 2016, Patil et al. 2016). Nevertheless, a protein 

complex composed of these five conserved subunits; Mettl3, Mettl14, Fl(2)d (WTAP), Vir (VIRMA) and 

Nito (RBM15), would still not add up to a 1 MDa size. This suggested that either other unknown 

components were yet to be discovered, or else that some of the proteins were present in multiple 

copies. To identify potential new constituents we decided to search for Nito interacting proteins in D. 

melanogaster S2R+ cells. Myc-tagged Nito protein was expressed in SILAC labelled cells and immuno-

precipitated using anti-Myc antibody coupled to magnetic beads. Recovered proteins were subjected 

to mass spectroscopy analysis and 39 proteins with >1.5-fold enrichment over control were identified 

(Figure 32a, top). Importantly, Fl(2)d and Vir were among top hits and many other enriched proteins 

were involved in mRNA processing and in the regulation of transcription (Figure 32a, bottom). One of 

the candidates that caught our attention was CG7358 that was not yet described in D. melanogaster. 

However, its closest vertebrate ortholog, ZC3H13, was previously found as a strong interacting partner 

of WTAP (Horiuchi et al. 2013) in several human cell types, yet its link to m6A function was not 

investigated.  

4.8.2 Flacc is required for m6A deposition  
To investigate the potential role of CG7358 in the m6A pathway, we first validated interactions 

of CG7358 with other components of the m6A-complex by co-immunoprecipitation. FlagMyc-tagged 

CG7358 could efficiently precipitate HA-tagged Nito, Fl(2)d and Vir (Figure 32b and Appendix 2: Fig. S3A, 

B) in an RNase independent manner. The CG7358 protein was therefore renamed into Flacc, standing 

for “Fl(2)d-associated complex component”. To see if Flacc was also required for m6A methylation, we 

depleted the protein along with other m6A writer components in the S2R+ cells and analysed changes 

of m6A levels on mRNA using LC-MS/MS analysis. Indeed, depletion of Flacc significantly reduced m6A 

levels to a similar extent as knock down of other components (Figure 32c).  
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Figure 32. Flacc is required for m6A deposition and regulates m6A dependent events.  
a) SILAC-coupled mass spectrometry analysis using Nito–Myc as a bait. Scatterplot of normalized forward versus inverted 
reverse experiments plotted on a log2 scale. The threshold was set to 1,5-fold enrichment (red dashed line). Proteins in the 
top right quadrant were enriched in both replicates. Gene ontology (GO) term analysis (Tyanova et al. 2016) for enriched 
proteins is shown below. b) Co-immunoprecipitation experiments were carried out with lysates prepared from S2R+ cells 
transfected with FlagMyc-tagged Flacc and HA-tagged Nito. In control lanes, S2R+ cells were transfected with FlagMyc alone 
and an identical HA-containing protein. Extracts were immunoprecipitated with anti-Myc antibody and immunoblotted using 
Flag and HA antibodies. Two percent of input was loaded. The same experiment was repeated in the presence of RNaseT1. 
Nito and Flacc interact with each other in an RNA-independent manner. c) LC-MS/MS quantification of m6A levels in either 
control samples or mRNA extracts depleted for the indicated proteins in S2R+ cells. The bar chart shows the mean of three 
biological replicates and three independent measurements. Error bars indicate mean ± s.d. (∗) P < 0.01, Student’s t-test. 
Knockdown of all indicated proteins significantly reduces m6A levels. d) Relative isoform quantification of m6A-regulated genes 
(Aldh-III, Hairless, and Dsp1) upon depletion of the indicated components. Error bars represent mean ± s.d. Flacc is required 
for m6A-dependent splicing events. Schematic representation of alternatively spliced transcript regions (5`3` orientation) is 
shown above each graph. Blue dots indicate locations of m6A and red arrows indicate primer pairs used for RT-qPCR. e) Fold 
enrichment of m6A-regulated transcripts (Aldh-III and Dsp1) over input in Myc-Ythdc1 RIP after control or Flacc depletion. The 
bar chart shows the mean of three biological replicates. Errors bars indicate mean ± s.d. (∗) P < 0.01; (∗∗) P < 0.001, Student’s 
t-test. Loss of Flacc affects Ythdc1 binding to m6A modified transcripts (adapted from Knuckles 2018 G&D).  
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Additionally, Flacc was required for proper splicing of m6A-regulated transcripts, Aldh-III, Hairless 

and Dsp1 (Figure 32d) and its depletion resulted in a compromised binding of nuclear reader protein 

Ythdc1 to methylated sites of Aldh-III and Dsp1 targets (Figure 32e), consistent with reduced levels of 

m6A. In parallel to our study in flies, we initiated a collaboration with a laboratory investigating the role 

of Rbm15 in mouse embryonic stem cells (mESC) (Dr. Philip Knuckles and Prof. Marc Bühler at FMI, 

Basel). Using a similar approach, they aimed at identifying novel Rbm15 interacting partners and found 

Zc3h13 protein (closest Flacc ortholog). Importantly, Zc3h13 was, similarly to Flacc in flies, essential for 

m6A methylation in mESC, which strongly suggested that D. melanogaster Flacc and mouse Zc3h13 are 

novel, conserved m6A methyltransferase components (Appendix 2: Fig. 1A, 2A-C and Appendix 2: Fig. 

S4). 

4.8.3 Flacc regulates similar transcriptome events as other m6A writer 
components 

We next analysed m6A-dependent mRNA processing in a transcriptome wide manner, by 

performing RNA sequencing upon depletion of every component of the m6A writer complex in S2R+ 

cells. We observed a striking difference between transcriptome changes upon combined depletion of 

two methyltransferases or of any other component. While knock-down of Mettl3 and Mettl14 changed 

expression of 300 genes (FDR<0.1), depletion of other m6A writer components resulted in more 

pronounced effect, with over 1500 genes affected in each individual knock-down condition (Figure 33a, 

top). This suggested that Fl(2)d, Nito, Vir and Flacc possibly also regulate gene expression independently 

of m6A methylation, or that depletion of Mettl3 and Mettl14 proteins was not sufficient to recapitulate 

complete loss of m6A modification and corresponding transcriptome changes. Notably, Fl(2)d, Vir and 

Flacc proteins shared most of their differentially changed genes (94 %, 90 % and 88 %, respectively) 

with at least one other KD condition (Figure 33a, below), suggesting that they act in the same complex. 

Notably, Nito differed from other components by altering expression of more than 4000 genes. Of 

those, more than 50 % were unique, indicating that either Nito acts in some pathways independently 

of other components (see discussion Chapter 5.1.3) or that its depletion in S2R+ cells induced an off-

target effect. Nevertheless, we found that 706 genes were commonly misregulated upon depletion of 

any of the four components (Figure 33a, below) and these genes changed their expression in the same 

direction, as demonstrated by the heat map clustering (Figure 33b).  

Given the similar transcriptome changes observed upon Fl(2)d, Vir, Nito and Flacc depletions, 

and the fact that the four proteins interacted with each other, as assayed by immunoprecipitation 

experiments, we reasoned that they likely constitute a protein complex independently of the 

Mettl3/Mettl14 heterodimer. This would be consistent with previous studies from fractionation and gel 

filtration experiments in human cells, where two sub-complexes of ~200 and ~800 kDa were shown to 

be required for m6A deposition on mRNA (Bokar et al. 1994, Bokar et al. 1997, Liu et al. 2014). We 

therefore proposed that the smaller complex represents the stable Mettl3/Mettl14 heterodimer, which 

we named “MAC” (stated for m6A-METTL complex). The larger complex that is composed of Fl(2)d, Vir, 

Nito, Flacc and potentially additional subunits, was named as MACOM (MAC-associated complex). As 

shown from the analysis of m6A levels, all MAC and MACOM components are required for efficient 

mRNA methylation (Figure 32c). In the following analysis, we focused on the 706 common misregulated 

transcripts of the MACOM complex and compared them with our miCLIP dataset. Surprisingly, among 

253 common up-regulated genes, the majority (80 %, n=203) were methylated (Figure 33c, left) and 

significantly longer than all expressed genes (Figure 33c, right). This was consistent with our initial 
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observations where misregulated genes upon depletion of Mettl3, Mettl14 and nuclear reader Ythdc1 

were analysed (Figure 21b). In contrast, only 51 % of all common down-regulated genes (n=164) were 

methylated and only marginally longer than all expressed genes (Figure 33d). Thus, it is possible that 

many down-regulated genes were affected indirectly and that loss of m6A in S2R+ cells more likely leads 

to gene up-regulation. Whether this is a consequence of attenuated transcription or results from 

reduced transcript turnover is currently not known and will have to be investigated in the future. Of 

note, our GO-term analysis demonstrated that down-regulated genes were enriched for metabolic 

processes, whereas up-regulated genes were enriched for embryonic development, epithelial cell 

differentiation and migration (Appendix 2: Fig. 3F), which was in line with our initial transcriptome 

analysis of S2R+ cells depleted for MAC components (Appendix 1, ED Fig. 4).  

 

Figure 33. Depletion of Flacc results in similar transcriptome changes as depletion of other m6A writer components.  
a) Number of differentially expressed genes (false discovery rate [FDR]) upon knockdown of indicated proteins and common 
differentially expressed targets regulated by components of MACOM (below). b) Fold change (log2) expression of commonly 
mis-regulated genes. The heat map is clustered according to rows and columns. The colour gradient was adjusted to display 
the 1 % lowest/highest values within the most extreme colour (lowest values as the darkest blue and highest values as the 
darkest red). c) Overlap between common up-regulated genes and genes that are m6A modified (left). Probability density 
distribution of gene lengths for all genes tested in the differential expression analysis and genes that were up-regulated in all 
conditions. The distributions were compared using the Kolmogorov-Smirnov test. Most up-regulated genes are m6A modified 
and longer than all expressed genes. d) Overlap between common down-regulated genes and genes that are m6A modified 
(left). Probability density distribution of gene lengths for all genes tested in the differential expression analysis and genes that 
were down-regulated in all conditions. The distributions were compared using the Kolmogorov-Smirnov test. Less 
downregulated genes are m6A modified and their length is larger than length of all expressed genes, albeit to a lesser extent 
than up-regulated genes (adapted from Knuckles 2018 G&D). 

4.8.4 Flacc regulates splicing of m6A modified transcripts 
We next looked into our transcriptome data from S2R+ cells to analyse the role of Flacc on 

splicing regulation. More than 100 transcripts were differentially spliced upon combined depletion of 

Mettl3 and Mettl14, or upon depletion of Vir (Figure 34a). Knock-down of Flacc affected 256 genes, 

whereas depletion of Fl(2)d and Nito had an even more profound effect on over 600 genes with altered 
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splicing outcome (Figure 34a). Notably, 45 genes were common between all conditions, and belonged 

to neuron differentiation, cell morphogenesis and cell differentiation processes (Figure 34b). Among 45 

common genes all but three were also methylated (Figure 34c), suggesting a role of m6A modification 

on splicing regulation. Most splicing events represented the alternative 5` splice site selection (n=23) 

or intron retention (n=15). This was consistent with our previous observations when Mettl3, Mettl14, 

Fl(2)d writer components and Ythdc1 were analysed (Figure 21d), and pointed towards the importance 

of m6A in this particular splicing decision. Of note, many alternative splicing sites were located within, 

or in close proximity of the 5`UTR regions where m6A modification is also highly enriched in D. 

melanogaster, as shown for example in Dsp1, Aldh-III and Hairless transcripts (Supplemental data 5-7). 

 

Figure 34. Depletion of Flacc leads to similar splicing changes as depletion of other m6A writer components.  
a) Number of differentially spliced genes (false discovery rate [FDR]) upon knockdown of indicated proteins. b) The GO-term 
analysis of common differentially spliced genes performed using the package ClusterProfiler. The top 10 terms are displayed. 
c) Overlap between common differentially spliced genes and genes that are m6A modified (left). Pie chart showing distribution 
of common differentially spliced events. Most splicing events include alternative 5`splice site (5`ss) selection and intron 
retention (Figure 32 a) and b) - adapted from Knuckles 2018 G&D; Figure 32 c) – unpublished data). 

4.8.5 Flacc is required for proper splicing of Sex lethal 
Given that Flacc recapitulated transcriptome changes of other m6A writer components, we next 

wanted to address its role in vivo. We took advantage of two available fly lines carrying dsRNA against 

Flacc to perform a knock down in a tissue specific manner. We induced Flacc depletion in legs and 

genitalia discs using a dome-GAL4 driver. Strikingly, we noted appearance of male specific sex combs in 

female forelegs (red arrow), a typical evidence of female masculinization (Figure 35a). Additionally, flies 

were sterile and their genitalia showed severe transformations, with the appearance of male-like 

genital structures (red arrowheads). Likewise, depletion of Nito was previously shown to lead to the 

same type of transformations (Yan and Perrimon 2015) and was therefore used as a positive control.  
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Figure 35. Flacc is required for proper splicing of Sxl.  
a) dome-GAL4-driven expression of shRNA or dsRNA in genital discs and first pair of leg discs against Nito or Flacc, respectively. 
(Top) Forelegs of a wild-type male fly and female flies depleted for Nito or Flacc show the appearance of male-specific sex 
comb bristles (red arrow). (Bottom) Depletion of Nito or Flacc results in transformations of female genitalia and loss of vaginal 
bristles (red arrowhead). b) Quantification of female survival and transformations in escapers upon depletion of Nito or Flacc 
using the dome-GAL4 driver. (n) The number of analysed flies with the expected number of escapers in brackets. Depletion of 
Nito and Flacc results in a high level of transformation in female genitalia and the appearance of male specific sex combs on 
forelegs. c) Semi-quantitative RT–PCR analysis of Sxl isoforms in male and female heads from flies depleted for Fl(2)d, Nito, or 
Flacc, respectively, using the elav-GAL4 driver. Inclusion of male-specific exon L3 is observed in flies lacking m6A components 
(adapted from Knuckles 2018 G&D). 

We next quantified the penetrance of the phenotype and observed that one of the dsRNA lines 

appeared to be stronger (KK110253) leading to 50 % female lethality and with escapers mostly showing 

genitalia transformations (Figure 35b). Using the other dsRNA line (GD35212) resulted in 100 % of 

female escapers with appearance of genitalia transformations and of male specific sex combs. Similarly, 

over 80 % of flies with reduced levels of Nito displayed both deformations, while remaining 20 % were 

lethal, pointing towards a strong requirement of Flacc and Nito proteins in sex determination and 

dosage compensation pathways. To understand, if observed female transformations and lethality were 

due to altered splicing of Sxl, we analysed RNA extracts from fly heads where either Fl(2)d, Nito or Flacc 

were depleted using neuronal driver elav-GAL4. Indeed, loss of m6A writer components lead to strong 

de-repression of male-specific L3 exon and the appearance of long, non-functional Sxl isoform in 

females (Figure 35c). This suggested that Flacc is required for regulation of Sxl splicing in vivo along with 

other m6A writer components, and its depletion has a profound effect on female physiognomy and 

survival. 

4.8.6 Flacc stabilizes the interaction between Nito and Fl(2)d 
We next wanted to untangle the precise role of Flacc within the methyltransferase complex. Flacc 

is a large protein (1150 aa) with many repeat regions and no determined structure (Supplemental data 

21). It displays low homology to its human ortholog ZC3H13 (15,5 % identity) but shares one predicted 
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coiled-coil region that could be involved in protein-protein binding with other writer complex subunits. 

We wondered if Flacc could act as a stabilising component of the m6A writer complex and we therefore 

carried out co-immunoprecipitation experiments to systematically test interactions between different 

components upon depletion of Flacc in S2R+ cells. We previously showed that depletion of Fl(2)d 

protein, but not Nito or Vir, destabilized the formation of the Mettl3-Mettl14 heterodimer (Figure 31d). 

Depletion of Flacc did not affect this interaction (Appendix 2: Fig. S8A), indicating that Fl(2)d is likely the 

main interactor between MAC and MACOM sub-complexes. We next analysed the stability of the 

interaction between MACOM components. Flacc depletion had no effect on interactions between Nito 

protein and Vir, Mettl3 or Mettl14 (Appendix 2: Fig. S8C, G and H, respectively). However, we found 

that the binding of Nito to Fl(2)d was strongly compromised (Figure 36a). Since no other interaction 

between m6A writer components was altered in Flacc knock down condition, this indicated that Flacc 

is specifically required to mediate the binding between Fl(2)d and Nito, possibly to provide a functional 

link between MAC and MACOM for m6A deposition.  

To confirm these results, we next tested the binding affinity of Fl(2)d and Nito proteins on known 

m6A modified targets, Aldh-III, Hairless and Dsp1, using RNA immunoprecipitation followed by RT-qPCR. 

It was previously shown that human ortholog, RBM15, is required for guiding the m6A-complex to sites 

of methylation, by direct recognition of U-rich regions in proximity of m6A sites (Patil et al. 2016). We 

therefore expected that upon Flacc depletion, binding of Fl(2)d to RNA might be more strongly 

compromised than binding of Nito to RNA. Indeed, upon Flacc KD Fl(2)d recovered significant less RNA 

as compared to control condition. On the other hand, only a mild decrease in RNA recovery was 

observed for Nito (Figure 36b). Surprisingly, we also found that Vir interacted with both, Nito and Fl(2)d 

proteins in an RNase independent manner (Figure 31a and Appendix 2, Fig. S8C and E). These 

interactions were not altered by Flacc depletion, yet the sole presence of Vir was not sufficient to 

replace the loss of Flacc in regards to Fl(2)d-Nito binding, consistent with the observation that knock 

down of Flacc leads to significant reduction of m6A levels on mRNA (Figure 32c). These results thus 

suggest that Flacc is indispensable for maintaining the stability of interaction between Fl(2)d and Nito. 

In the future it will be important to better characterise interactions between all components of the 

MACOM complex, ideally with purified proteins. In particular it is currently not clear which domains of 

Flacc are required for interactions with other proteins and whether its binding to Fl(2)d and Nito is 

indeed direct, or if other components, such as Vir, are also involved.  

Given that all components of the m6A methyltransferase complex are conserved in higher 

eukaryotes, we wondered if the function of Flacc, as a stabilizing factor of the Fl(2)d-Nito interaction, 

might also be conserved for its vertebrate ortholog ZC3H13. We therefore cloned the human isoform 

of ZC3H13 in D. melanogaster expression vector (Figure 36c). We then assayed the binding between 

Fl(2)d and Nito in S2R+ cells upon depletion of Flacc, and a simultaneous ectopic expression of either 

the ZC3H13 protein or an empty vector. As expected, the interaction was strongly compromised in a 

control experiment, where only an empty vector was expressed. Strikingly, expression of human 

ZC3H13 protein could rescue the interaction between D. melanogaster Fl(2)d and Nito proteins (Figure 

36d and e) indicating that, despite low sequence similarity (Supplemental data 21), both, Flacc and 

ZC3H13 proteins carry out a conserved stabilizing function in the MACOM complex assembly. 

Importantly, in collaboration with Prof. Marc Bühler`s laboratory (FMI, Basel) we could also 

demonstrate that loss of Zc3h13 in mESC compromises the interaction between RBM15 and WTAP, 

which strongly supports our findings from flies (Appendix 2, Fig. 6). Notably, a parallel study 

characterizing the ZC3H13 protein in human cells showed that depletion of ZC3H13 does not alter 

interactions between any other components of the m6A complex (Wen et al. 2018). While this study 
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did not investigate the relevance of the RBM15, it is nevertheless possible that the interaction between 

RBM15 and WTAP is dependent on the presence of ZC3H13 also in human cells. 

 

Figure 36. Flacc stabilizes the interaction between Nito and Fl(2)d writer components.  
a) Co-immunoprecipitation experiments were carried out with lysates prepared from S2R+ cells transfected with GFPMyc-
tagged Nito and HA-tagged Fl(2)d. In control lanes, S2R+ cells were transfected with Myc alone and an identical HA-containing 
protein. Extracts were immunoprecipitated with anti-Myc antibody and immunoblotted using anti-Myc and anti-HA 
antibodies. The same experiment was repeated in Flacc knockdown conditions. Interaction between Nito and Fl(2)d is strongly 
reduced upon depletion of Flacc. b) Fold enrichment of m6A-regulated transcripts (Aldh-III, Hairless, and Dsp1) over input in 
Myc-Fl(2)d and Myc-Nito RIP upon depletion of Flacc or in control conditions. The bar chart shows the mean of three biological 
replicates. Errors bars indicate mean ± s.d. (∗) P < 0.01; (∗∗) P < 0.001; (∗∗∗) P < 0.0001; (n.s.) not significant, Student’s t-test. 
Loss of Flacc strongly affects Fl(2)d binding and, to a milder extent, binding of Nito to m6A-regulated transcripts. c) 
Immunostaining of Myc-tagged Flacc and human ZC3H13 proteins (in red) overexpressed in S2R+ cells. GFP-tagged Barentsz 
protein served as a cytoplasmic marker. DAPI staining is shown in blue. Both proteins localize mainly to the nucleus. Zoom-in 
identifies punctuated localization in the cytoplasm. Scale bars, 5 μm. d, e) Co-immunoprecipitation experiments were carried 
out with lysates prepared from S2R+ cells transfected with either FlagMyc-tagged Nito or HA-tagged Fl(2)d. In control lanes, 
S2R+ cells were transfected with FlagMyc alone and an identical HA-containing protein. Extracts were immunoprecipitated 
with Flag antibody and immunoblotted using Myc and HA antibodies. The same experiment was performed upon depletion of 
Flacc. Human ZC3H13 was transfected in an identical set of experiments. The interaction between Nito and Fl(2)d is strongly 
reduced upon loss of Flacc (lane 6) but can be rescued upon expression of human ZC3H13 protein (lane 8). Quantification of 
two replicates is shown in d). (a, b, d, e - adapted from Knuckles 2018 G&D, c – unpublished data). 
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4.8.7 Flacc interactome identifies factors previously linked to m6A writers and 
readers 

Aiming to gain a better insight into the functions of MACOM complex, we performed a Flacc 

protein interactome analysis. Myc-tagged Flacc protein was overexpressed in D. melanogaster S2R+ 

cells and enriched using an anti-Myc antibody coupled to magnetic beads. Following stringent washing, 

the recovered proteins were subjected to tandem mass spectrometry analysis. Altogether, we 

identified 87 proteins that were >1,5-fold enriched in both replicates. The strongest interactor was Nito 

(Figure 37a), confirming that the experiment was technically sound. GO-term analysis showed that 

enriched proteins belonged to various biological processes ranging from nuclear pore organisation and 

nucleocytoplasmic transport, to different steps of mRNA processing (Figure 37b). A large number of 

identified proteins were constituents of spliceosome, or splicing regulators (Figure 37c), supporting our 

existing observations on m6A involvement in the modulation of splicing decision. Interestingly proteins 

involved in mRNA localization and components of the nuclear pore complex were among enriched 

proteins, suggesting that Flacc might be required in the regulation of mRNA export or even shuffle with 

RNA to the cytoplasm. 

Unexpectedly, many Flacc interactors were also found to be constituents of the cytoplasmic 

vesicles, peroxisomes and mitochondria, potentially linking Flacc to distinct cellular processes, where it 

may function as part of m6A writer or independently of other MACOM components. Intriguingly, m6A 

profiling in plants found that nearly 90 % of mitochondria-encoded coding genes carry m6A within a 

typical consensus RRACH site, albeit the metagene profile showed no apparent enrichment towards 

the 3`-ends of transcripts (Wang et al. 2017). In our miCLIP experiment, we found over 158 m6A 

modified sites on 20 annotated mitochondrial-encoded genes, including 12 out of 13 mRNA transcripts. 

Most peaks clustered at the very beginning of the transcripts, similar to nuclear encoded genes, 

however they resided in a non-conventional AT-rich motif. Whether these mitochondrial m6A sites are 

also dependent on the activity of Flacc/MAC/MACOM, or on other methyltransferases, awaits future 

investigations. Intriguingly, our immunostaining experiments with Flacc, as well as with human ZC3H13 

proteins, identified punctuated expression of both proteins in the cytoplasm (Figure 36c), which could 

represent cytoplasmic phase separation of Flacc and ZC3H13 via repeat regions and low complexity 

domains (Supplemental data 21). Notably, human endogenous ZC3H13 protein was also shown to have 

similar subcellular localization pattern in three different cell types (Human Protein Atlas, (Thul et al. 

2017)), suggesting that the fraction of cytoplasmic localized D. melanogaster Flacc protein is likely 

biologically and functionally relevant. Study from Wen and colleagues proposed that in human cells 

ZC3H13 is required for nuclear localisation of all other components of the MAC and MACOM, therefore 

it will be interesting to identify the role of the remaining Flacc/Zc3h13 protein residing in the cytoplasm.  

  

We next noticed that many Flacc interactors were previously found to interact with the nuclear 

reader, Ythdc1, suggesting a link between m6A deposition and downstream regulatory processes. To 

address this possibility, we systematically compared interactome data sets that we obtained for Mettl3, 

Fl(2)d, Nito, Flacc and Ythdc1 (Supplemental data 2). 34 proteins were shared between Ythdc1 and at 

least one of the writer components, suggesting that some of these common interacting factors, 

including Ythdc1 itself, might be recruited to sites of methylation simultaneously with the m6A writer 

complex. Among them were proteins involved in the regulation of splicing (Qkr58E-1, Qkr58E-2, 

Qkr58E-3, Saf-B, nonA), consistent with the proposed role of m6A in this process. Additionally, RNA 

binding proteins that shuttle between nucleus and cytoplasmic compartments were also included. 
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These were proteins required for RNA localization (rump, homer), translation and stability (Fmr1, pAbp, 

lark, glo, hang), as well as gene silencing (Ago2) and nuclear pore organisation (Gp210).  

 

Figure 37. Flacc interactome analysis identifies factors previously linked to m6A writers and readers.  
a) SILAC-coupled mass spectrometry analysis using Flacc–Myc as a bait. Scatterplot of normalized forward versus inverted 
reverse experiments plotted on a log2 scale. The threshold was set to 1,5-fold enrichment (red dashed line). Proteins in the 
top right quadrant were enriched in both replicates. b) Gene ontology (GO) term analysis (Tyanova et al. 2016) for enriched 
proteins (FDR<0.05). c) Flacc interactome network of selected 1.5-fold enriched proteins shown in (b). Each protein is depicted 
as an individual node. Clusters of nodes represent proteins involved in different RNA processes including transcription, splicing, 
transport and translation. Edges connect proteins, shown to interact by experimental based evidence (from STRING). Protein 
nodes and individual proteins that are linked to common cellular processes, are grouped in circles. MACOM complex 
components are shown in bright red with Flacc in dark red (unpublished data). 

Intriguingly, the human FMRP protein (Fmr1 ortholog) was recently shown to interact with the 

m6A reader YTHDF2 and bind m6A modified transcripts in the cytoplasm (Zhang F. et al. 2018). This 

suggests that different m6A binding factors may act cooperatively to achieve the same mRNA processing 

output, or they may function in an opposing manner by competing for the same m6A-sites. An 

interesting common protein was also scaffold attachment factor-B (Saf-B), a component of the nuclear 
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YT-bodies, where human YTHDC1 was shown to localize along with the Sam68 protein (Qkr58E-1 

ortholog) in a phosphorylation dependent manner (Hartmann et al. 1999, Nayler et al. 2000). Saf-B and 

YT-bodies reside at the sites of active transcription in a close proximity to nuclear speckles (the storage 

hubs of splicing factors) to regulate co-transcriptional mRNA processing (Nayler et al. 1998). Intriguingly 

in D. melanogaster the Saf-B protein is a constituent of the so-called Omega speckles with Hrb87F, 

Hrb98DE, other proteins and ncRNA (Singh and Lakhotia 2015). Therefore, Saf-B mediated 

compartmentalization could potentially link the recruitment of Ythdc1 and associated proteins to co-

transcriptionally deposited m6A sites. Taken together, our comprehensive interactome analyses of m6A 

writers and the nuclear reader Ythdc1 suggests that they may be required in many biological processes 

and in different cellular compartments, beyond the main activity in the nucleus. 
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4.9 Hakai protein modulates m6A deposition by stabilizing the m6A 
writer complex 

4.9.1 Hakai is a conserved protein, required for m6A deposition 
m6A deposition is mediated by the nearly 1 MDa big writer, composed of two separate sub-

complexes, MAC and MACOM. We, and others, have identified and characterised six conserved 

subunits of this multiprotein complex in flies and vertebrates (Liu et al. 2014, Ping et al. 2014, Schwartz 

et al. 2014b, Lence et al. 2016, Patil et al. 2016, Lence et al. 2017, Růžička et al. 2017, Guo et al. 2018, 

Knuckles et al. 2018, Wang Y. et al. 2018, Wen et al. 2018, Yue et al. 2018). The combined composition 

of Mettl3, Mettl14, Fl(2)d, Vir, Nito and Flacc would, however, only account for ~650-700 kDa (for 

human orthologs), indicating that either some of the subunits exist in multiple copies, or that additional 

factors of the complex were yet to be discovered. To address this, we searched over the literature and 

noticed that Fl(2)d, Flacc and Vir were previously identified as part of the highly conserved 

macromolecular complex, together with the protein Hakai (Wan et al. 2015). Additionally, in human 

cells, HAKAI was found as one of the strongest WTAP interactors and both proteins shared a common 

protein network that included VIR, RBM15, and MAC proteins (Horiuchi et al. 2013). This strongly 

suggested that HAKAI might associate with, or be a component of the MACOM complex. HAKAI is a 

highly conserved protein, found in plants, flies and vertebrate lineage and is a predicted E3 ubiquitin 

ligase  (Mukherjee et al. 2012) (Supplemental data 22). HAKAI was previously shown to bind E-cadherin, 

a constituent of cellular adherens junctions. It was proposed to ubiquitinate it and trigger its 

destabilization, thereby affecting cell-cell adhesion (Fujita et al. 2002, Kaido et al. 2009). For that 

reason, HAKAI was so far mostly studied in the context of cell migration and cancer progression 

(Figueroa et al. 2009, Aparicio et al. 2012, Castosa et al. 2018).  

To address the possibility that Hakai associates with the m6A writer in flies, we first had a look if 

Hakai was perhaps found in any of our previous protein interactome studies. We noticed that it was 

indeed just below the 1,5 - fold enrichment threshold in the Nito interactome (Figure 32a), suggesting 

it might bind the MACOM complex. We tested if Hakai is required for m6A methylation by depleting it 

in D. melanogaster S2R+ cells along with Mettl3 and Mett14 proteins, and analysing the change of m6A 

levels in mRNA. In agreement with the potential existence of Hakai in the functional writer complex, its 

depletion led to a substantial loss of m6A (Figure 38a). Albeit, the effect was much milder (32 % 

reduction of m6A levels) as compared to Mettl3/Mettl14 knockdown (60 % reduction of m6A levels). 

This result could indicate that Hakai is required for methylation of only a subset of sites, or that residual 

levels of Hakai protein were still present due to its low knock down efficiency (Figure 39f).  

While this work was ongoing, two studies found that Hakai is required for m6A deposition in 

plants (Růžička et al. 2017) and human cells (Wen et al. 2018), which was consistent with our 

observations in flies. Interestingly, plants lacking Hakai only displayed marginal developmental defects 

and a mild reduction of m6A levels, suggesting that Hakai is not an essential component for m6A 

deposition in this species. In D. melanogaster, however, protein was previously shown to be 

indispensable for viability and hakai null flies displayed numerous developmental defects due to 

aberrant cell migration and tissue morphogenesis that led to early embryonic lethality (Kaido et al. 

2009).  
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Figure 38. Hakai is a conserved RING domain-containing protein, affecting m6A deposition.  
a) LC-MS/MS quantification of m6A levels in either control samples or mRNA extracts depleted for the indicated proteins in 
S2R+ cells. The bar chart shows the mean of three biological replicates and three independent measurements. Error bars 
indicate mean ± s.d. Knockdown of Hakai results in substantial reduction of m6A levels. b) Schematic representation of two 
short and two long hakai transcript isoforms generated by alternative splicing. 5`UTR and 3`UTR sequences are shown in grey 
and CDS in colours, connecting lines represent introns. c) Relative expression of hakai short and long transcript isoforms during 
D. melanogaster developmental stages and in adult female heads and in ovaries, analysed by qRT-PCR. Levels of m6A 
modification were analysed in the same mRNA samples using LC-MS/MS. All hakai isoforms and m6A levels are enriched during 
first hours of embryogenesis, during early pupation as well as in adult heads and ovaries. Bars and line junctions represent the 
mean ± standard deviation (s.d.) of three technical measurements from three biological replicates. d) Immunostaining of Myc-
tagged Hakai short (Hakai-RC) and long (Hakai-RF) protein isoforms (in red) overexpressed in S2R+ cells. GFP-tagged Barentsz 
protein served as a cytoplasmic marker. DAPI staining is shown in blue. The short Hakai isoform localizes strictly to the 
cytoplasm, while the long isoform is expressed in both cellular compartments with enrichment in the nucleus. Scale bars, 10 
μm (unpublished data). 

Four hakai isoforms can be generated in D. melanogaster via alternative pre-mRNA splicing, 

whereby the recognition of an alternative intron can generate two short and two long protein isoforms 

that differ in their C-terminal region and in the length of the second exon. (Figure 38b). All protein 

isoforms contain a well characterised RING domain typical for E3 ubiquitin ligases and an adjacent Zn-

finger domain. This region is highly conserved in human ortholog HAKAI (Supplemental data 22) and 

was shown to be required for its dimerization (Mukherjee et al. 2012). Two Zn-fingers from two HAKAI 
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monomers adopt an atypical fold named as the HYB domain (for “HAKAI pTyr binding”) that is essential 

for HAKAI binding to phosphorylated Tyrosine residues (pTyr) in a few known interactors (Marengere 

and Pawson 1994).  

In order to investigate the role of Hakai protein in the context of m6A modification we analysed 

the levels of hakai transcripts during D. melanogaster development and compared them to the m6A 

abundance on mRNA (Figure 38c). All short and long hakai isoforms greatly overlapped with the m6A 

profile, displaying high enrichment in the first two hours of embryogenesis and in ovaries. Interestingly, 

only the long hakai isoforms were also highly abundant in males compared to females, implying an 

important role of Hakai in males. In line with this observation, hakai mutants survived until larval stages 

if paternally contributed Hakai was present (Kaido et al. 2009). Intriguingly, primates have a HAKAI 

paralog ZNF645 that shares 85 % identity. The protein is expressed exclusively in the testis (Liu et al. 

2010) where it might have taken over the functions that are in other organisms still performed by Hakai.  

 

Figure 39. Hakai regulates transcripts that are common with other components of the MACOM complex.  
a) Number of differentially spliced genes (false discovery rate [FDR]) upon knockdown of the indicated proteins. b) Relative 
isoform quantification of m6A-regulated genes (fl(2)d and Hairless) upon depletion of the indicated components. Error bars 
represent mean ± s.d. Hakai is required for m6A-dependent splicing regulation. c) Number of differentially expressed genes 
(false discovery rate [FDR]) upon knockdown of the indicated proteins. d) Overlap between common up-regulated genes and 
genes that are m6A modified. e) Overlap between common down-regulated genes and genes that are m6A modified. f) Relative 
expression levels of indicated transcripts displaying validation of KD efficiency. The mean with standard deviation of three 
biological replicates and three technical measurements is shown (unpublished data). 
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To analyse the subcellular localization of Hakai, we next cloned the two Hakai isoforms in a Myc-

tag expression vector and expressed them in D. melanogaster BG3 cells of neuronal origin. Surprisingly, 

the short isoform was present exclusively in the cytoplasm with a strong signal at the cellular periphery 

(Figure 38d). The long isoform was predominantly nuclear, but also found in the cytoplasm and 

resembled the expression pattern observed by Keido and colleagues that used the antibody raised 

against the endogenous Hakai protein (Kaido et al. 2009). These results thus suggest that two Hakai 

isoforms might have independent functions, with the longer one likely involved in the regulation of m6A 

deposition. 

We next analysed whether Hakai, like other writer components, regulates m6A-dependent gene 

expression in a transcriptome wide manner. Indeed, depletion of Hakai in S2R+ cells resulted in many 

differentially spliced events (n=128, FDR<0,1) (Figure 39a). We validated some of the transcripts that 

were in common with other writer components by RT-qPCR and observed that depletion of Hakai 

resulted in similar extent of isoform shift as combined depletion of Mettl3 and Mettl14 (Figure 39b), 

confirming its requirement for m6A deposition. Additionally, knock down of Hakai altered expression of 

814 genes and 43 % of those were shared with other MACOM subunits (Figure 39c). Consistent with 

our previous observations, common up-regulated genes were more likely to be m6A methylated (87,7 

%) than down-regulated ones (57,9 %) (Figure 39d, e). 

4.9.2 Hakai interacts with MACOM components  
We next wanted to investigate Hakai binding to other components of the MACOM complex. 

Given its previously demonstrated interaction with WTAP in human cells (Horiuchi et al. 2013), we first 

tested if it can co-precipitate with Fl(2)d in S2R+ cells. Indeed HA-tagged Fl(2)d was efficiently pulled 

down by a Myc-tagged Hakai, but not an empty vector, in an RNase independent manner (Figure 40a). 

In the same way Hakai could precipitate HA-tagged Nito, confirming our Nito-interactome data (Figure 

32a). This altogether supported that Hakai interacts with the MACOM complex. To validate these results 

in an unbiased way, we performed a yeast-two-hybrid assay with all seven known writer subunits. We 

cloned all genes in yeast expression vectors with either Gal4-transcription activation domain (AD) or 

Gal4-DNA binding domain (BD) and observed a strong signal between Hakai-AD and Fl(2)d-BD, but not 

in a control conditions, suggesting that Hakai most likely directly binds Fl(2)d. A notable signal, albeit 

with a higher background, was also observed between Hakai-AD and Nito-BD (Figure 40b). No signal 

was, however, detected with Flacc and the large 180-kDa protein Vir, which was not successfully 

expressed in yeast. Thus, future binding analyses with purified proteins will be crucial to reveal how 

proteins interact with each other. Nevertheless, these results suggested that Hakai interacts with at 

least two MACOM components, Fl(2)d and Nito, to regulate deposition of m6A. Additionally, we noticed 

that Hakai can homo-dimerise. This was consistent with the structural data of human ortholog that self-

dimerizes in order to coordinate a Zn-finger motifs of its RING and p-Tyr binding domains (collectively 

called HYB domain) for a target recognition (Mukherjee et al. 2012). Interestingly, Fl(2)d and Nito were 

also found to homo-dimerize in a yeast-two-hybrid assay (Figure 40c). This has been previously 

proposed for human ortholog of Fl(2)d (Liu et al. 2014) and will require further validation by biochemical 

characterisation of the complex. Overall, these results shed light on the likely composition of a 

functional m6A methyltransferase complex consisting of two components of MAC (Mettl3 and Mettl14) 

and five components of MACOM (Fl(2)d, Vir, Nito, Zc3h13 and Hakai), of which some are likely present 

as homodimers. 

 



Results – Hakai protein modulates m6A deposition by stabilizing the m6A writer complex 

107 
Tina Lence, PhD Thesis - The role of m6A modification on mRNA processing in Drosophila melanogaster 

 

Figure 40. Hakai directly interacts with writer complex components Fl(2)d and Nito.  
a) Co-immunoprecipitation experiments were carried out with lysates prepared from S2R+ cells transfected with Myc-tagged 
Hakai (long isoform) and HA-tagged Nito or Fl(2)d. In control lanes, S2R+ cells were transfected with Myc alone and an identical 
HA-containing protein. Extracts were immunoprecipitated with anti-Myc antibody and immunoblotted using anti-Flag and 
anti-HA antibodies. Two percent of input was loaded. The same experiment was repeated in the presence of RNaseT1. Nito 
and Fl(2)d interact with Hakai in an RNase-independent manner. b) Yeast-two-hybrid assay to investigate Hakai interaction 
with Nito and Fl(2)d. Proteins were cloned in yeast expression vectors and fused with either Gal4-DNA binding domain (BD) or 
Gal4-DNA activation domain (AD). Indicated combinations of vectors were co-expressed in yeast and empty vectors encoding 
only activation or binding domain were used as control (Ctr). Recovered colonies were spotted on plates lacking Leucin and 
Tryptophan (-Leu, -Trp) as well as selection plates lacking amino acids Leucin, Tryptophan and Histidine (-Leu, -Trp, -His). AD-
Hakai interacts with BD-Fl(2)d and potentially also with BD-Nito. c) Yeast-two-hybrid assay same as in (b), to investigate Hakai, 
Nito and Fl(2)d homo-dimerization. Hakai, Fl(2)d and Nito all homo dimerize (unpublished data). 

4.9.3 Fl(2)d is ubiquitinated and strongly destabilized upon Hakai depletion 
To understand what may be a potential role of Hakai within the MACOM complex, we turned our 

focus on its predicted E3 ubiquitin ligase domain. We reasoned that if ubiquitination activity is real, 

some of the MACOM components might be its direct targets. Fl(2)d and Nito have been recently 

identified among the ubiquitinated proteins in D. melanogaster S2R+ cells (Schunter et al. 2017). Given 

the fact that both proteins interacted with Hakai in the yeast-two-hybrid assay (Figure 40b) we analysed 

their ubiquitination status in the presence and absence of Hakai. We cloned Fl(2)d and Nito proteins in 

a GFP-tag containing vector and expressed them in control and Hakai depleted S2R+ cells. We then 

performed immunoprecipitation under stringent 8M Urea conditions and analysed the ubiquitination 

by SDS-PAGE and western blot. While we could not detect ubiquitination of Nito, Fl(2)d appeared to be 

polyubiquitinated, as shown by a strong shift of molecular weight of more than 100 kDa (Figure 41a). 

The ubiquitination levels seemed to be reduced in the Hakai knock down condition, however the overall 

level of immunoprecipitated Fl(2)d was also diminished (Figure 41a and b). We therefore repeated this 

experiment and compared ubiquitination levels of Fl(2)d in control condition and upon inhibition of 

proteasome activity using MG132 inhibitor to prevent protein degradation. We could confirm the 

ubiquitination of Fl(2)d in all samples, but surprisingly, Fl(2)d was strongly destabilized upon Hakai 

knock down, when proteasome was not inhibited (Figure 41c). This indicated that loss of Hakai results 

in Fl(2)d degradation, at least in part, via the ubiquitin-proteasome pathway. Fl(2)d was so strongly 

destabilized that its input sample was not detected at a given exposure (Figure 41c, lane 2), possibly as 



Results – Hakai protein modulates m6A deposition by stabilizing the m6A writer complex 

108 
Tina Lence, PhD Thesis - The role of m6A modification on mRNA processing in Drosophila melanogaster 

a result of very efficient depletion of Hakai (Figure 41d, as compared to Figure 41b). On the other hand, 

upon proteasome inhibition Fl(2)d was stabilised (Figure 41c, input) and its ubiquitination levels also 

remained constant (Figure 41c, lane 3 and 4) even though Hakai was strongly depleted (<15 % 

remaining) (Figure 41d). If ubiquitination of Fl(2)d was indeed Hakai dependent, a decrease of its 

ubiquitination would have been expected. Thus, these experiments indicated that Hakai is essential for 

Fl(2)d stabilisation, but not for its ubiquitination.  

 

Figure 41. Fl(2)d is post-translationally ubiquitinated.  
a, b) Ubiquitination analysis of GFP-tagged Nito and Fl(2)d proteins upon control condition and Hakai depletion. GFP-tagged 
proteins were immunoprecipitated using anti-GFP-coupled beads under stringent urea conditions and analysed by western 
blot. Fl(2)d, but not Nito, is ubiquitinated. b) Relative expression levels of hakai shown as a validation of its KD efficiency. The 
mean with standard deviation three technical measurements is shown. c, d) Ubiquitination analysis of GFP-tagged Fl(2)d 
protein upon control and Hakai protein depletion, with or without proteasome inhibitor MG132. GFP-tagged Fl(2)d was 
immunoprecipitated using anti-GFP-coupled beads under stringent urea conditions and analysed by western blot. Fl(2)d 
stability and ubiquitination are decreased upon Hakai depletion and rescued by inhibition of proteasomal degradation. d) 
Relative expression levels of hakai shown as a validation of its KD efficiency. The mean with standard deviation of three 
technical measurements is shown. e, f) MS analysis of Hakai-dependent ubiquitinated proteins in S2R+ cells. Scatter plot of 
normalized forward versus inverted reverse experiments plotted on a log2 scale. The threshold was set to a 2-fold enrichment 
or depletion (red dashed line). One protein in the top right quadrant is enriched in both replicates. e) Relative expression levels 
of hakai shown as a validation of its KD efficiency in indicated samples. The mean with standard deviation of three technical 
measurements is shown. Hakai depletion does not affect global ubiquitination levels in D. melanogaster S2R+ cells 
(unpublished data). 
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To get a better insight in the function of Hakai as an E3 ubiquitin ligase, we performed a proteome 

wide ubiquitinome analysis of D. melanogaster S2R+ cells in control and Hakai knock-down condition. 

Cells isotopically labelled with heavy amino acids were depleted for Hakai and cells isotopically labelled 

with light amino acids served as a control in the forward experiment. A vice versa depletion was 

performed in the reverse experiment. Proteins were digested with endo-proteinase Lys-C and peptides 

were further enriched with di-glycine-lysine remnant-recognising resin, to identify ubiquitination sites 

via LC-MS/MS. We found over 3000 ubiquitination sites, but unexpectedly not a single site was reduced 

in response to Hakai depletion in a forward and reverse experiment and only one site was 1,5-fold 

increased (in a SesB protein) (Figure 41e and f). Importantly, we noticed that the two replicates, one 

from heavy and one from light labelled cells, anti-correlate, which most likely reflects the bias in the 

cell growth and morphology due to labelling (data not shown). Hence, it is possible that Hakai 

ubiquitinates a subset of targets that were not equally  expressed in both types of labelled S2R+ cells, 

or that its ubiquitination activity depends on specific external stimuli. We also cannot exclude that 

residual levels of Hakai upon its depletion, were still sufficient to ubiquitinate putative targets. 

Alternatively, Hakai might not act as an active E3 ubiquitin ligase. Addressing this possibility will require 

a thorough re-validation of its only known target, protein E-cadherin, and further search for its potential 

novel targets in other cell types or, ideally, in the hakai knock out flies that we generated. 

4.9.4 Hakai depletion strongly affects stability of MACOM components 
Given the strong effect of Hakai depletion on Fl(2)d stability we wanted to further investigate by 

which means, other than ubiquitination, could Hakai regulate Fl(2)d protein levels. To confirm that 

Fl(2)d destabilisation is biologically relevant and not just an artefact of an overexpressed construct, we 

first analysed levels of the endogenous Fl(2)d protein. In line with previous observations, Hakai 

depletion strongly destabilized Fl(2)d and its levels were reduced to less than 50 % (Figure 42a, b and 

c). To see if loss of Hakai also destabilizes other components of the m6A writer complex or else, if this 

effect is restricted to Fl(2)d, we analysed protein levels of the Mettl3 and Mettl14, since only antibodies 

for these two proteins were available. Upon knock down of Hakai, levels of Mettl3 were only marginally 

reduced, while levels of Mettl14 remained unchanged (Figure 42a), indicating that Hakai is required to 

specifically stabilize Fl(2)d, but not the two components of the MAC complex.  

We next wondered if Fl(2)d stability only depends on the presence of Hakai, or whether other 

components of the methyltransferase complex may regulate its levels as well. To address this 

possibility, we analysed endogenous Fl(2)d protein upon depletion of Mettl3, a component of MAC, as 

well as upon depletion of Nito, a component of MACOM. Notably, only knock-down of Hakai, but not 

Mettl3 or Nito, resulted in a strong decrease of Fl(2)d levels, indicating that this effect is specifically 

mediated by Hakai (Figure 42d, e and f). We repeated the same experiment upon proteasome inhibition 

(+MG132) and observed a partial, albeit significant recovery of Fl(2)d levels, suggesting that either 

proteasome inhibition was not complete or that both major protein degradation pathways contribute 

to destabilization and removal of endogenous Fl(2)d protein; the ubiquitin-proteasome pathway and 

the autophagy-lysosome pathway.   

We next wanted to investigate if Hakai can stabilize other proteins on a global level. We therefore 

analysed the complete proteome of control and Hakai-depleted S2R+ cells (that was performed from 

the same cell lysate as ubiquitinome mentioned above). Given that proteasome-dependent protein 

degradation pathway was inhibited, levels of nearly all proteins remained unchanged. However, protein 

levels of Hakai were strongly reduced, indicating a successful depletion (Figure 42g). Strikingly, we found 
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that levels of Vir, a component of the MACOM complex, were decreased to the same extent as levels 

of Hakai (Figure 42g). This suggested that reduced levels of Hakai have a particularly strong impact on 

Vir stability and that upon Hakai depletion Vir is subjected to degradation, most likely, via autophagy-

lysosome pathway. Moreover, when having a closer look at all proteins whose levels were decreased 

by at least 1,4-fold in both replicates upon Hakai depletion, we found that among only eight identified 

proteins also Fl(2)d and Flacc were present (with 1.41/1.47-fold and 1,64/1,73-fold reduced levels, in 

Forward/Reverse experiment, respectively) (Figure 42g and h). 

 

Figure 42. Hakai is required for stability of MACOM complex.  
a) Analysis of endogenous Fl(2)d, Mettl3 and Mettl14 protein levels from control cells and cells depleted for Hakai were 
analysed by western blot. Tubulin was used as a loading control. b) Quantification of Fl(2)d, Mettl3 and Mettl14 levels from 
blots shown in (a). The bar chart shows the mean of four biological replicates. Error bars indicate mean ± s.d. (∗∗∗) P < 0.001, 
Student’s t-test. Hakai depletion strongly destabilizes Fl(2)d, but not Mettl3 or Mettl14 proteins. c) Relative expression levels 
of hakai shown in (a) shown as a validation of its KD efficiency. The mean with standard deviation of three technical 
measurements is shown. d) Analysis of Fl(2)d levels upon Hakai, Mettl3 or Nito depletion with or without proteasome inhibitor 
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MG132. Protein lysates from control cells and cells depleted for Hakai, Mettl3 or Nito were analysed by western blot for levels 
of endogenous Fl(2)d protein. Tubulin was used as a loading control. One representative experiment is shown and 
quantification of three independent experiments is shown in (f). e) Relative expression levels of hakai, Mettl3 and nito shown 
in (d) show as a validation of their KD efficiencies. The mean with standard deviation of three technical measurements is 
shown. f) Quantification of Fl(2)d levels related to experiment in (d). The bar chart shows the mean of three biological 
replicates. Error bars indicate mean ± s.d. (∗) P < 0.05, (∗∗∗∗) P < 0.0001, n.s. not significant, Student’s t-test. Hakai strongly 
destabilizes Fl(2)d and its levels can be partially rescued by proteasome inhibition. Nito depletion destabilizes Fl(2)d to a much 
milder extent. g) LC-MS/MS analysis of Hakai-dependent proteome in S2R+ cells. Scatter plot of normalized forward versus 
inverted reverse experiments plotted on a log2 scale. The threshold was set to a 1,4-fold enrichment or depletion (red dashed 
line). Proteins in the bottom left quadrant are decreased in both replicates. Hakai and Vir were reduced >2-fold, Flacc >1,5-
fold and Fl(2)d >1,4-fold. h) Heat map of proteins whose levels were reduced by >1,4-fold in both replicates of the whole 
proteome analysis shown in (g). Other components of the m6A writer complex and reader proteins are shown for comparison. 
Levels of Mettl3, Mettl14 and Nito are not changed upon Hakai depletion (unpublished data). 

Interestingly, levels of Nito, MAC components or reader proteins were not affected (Figure 42g 

and h). This suggested that Hakai is essential for stabilization of three components of the MACOM 

complex; Vir, Fl(2)d and Flacc that together with Hakai form an evolutionary conserved and stably 

associated macromolecular complex (Wan et al. 2015). These observations are also in line with our 

results on MACOM dependent transcriptome analysis, where depletion of Nito had a much stronger 

effect on gene expression compared to other components (Figure 33a), suggesting that Nito is involved 

in processes independently of the MACOM complex (see discussion Chapter 5.1.3).  

Of note, isotopically labelled S2R+ cells with heavy amino acids display changed morphology 

(better cell-cell adhesion and reduced adhesion to surface of the cell culture flask), which likely explains 

a skewed (anti-correlated) protein expression profile between heavy and light cells, as visible in the plot 

(Figure 42g). Therefore, we also performed an additional, Hakai-dependent proteome analysis using 

non-labelled S2R+ cells and obtained similar results in regards to Vir destabilization, supporting our 

initial observations from SILAC labelled cells. Ideally, a ubiquitinome and proteome analysis from Hakai 

fly mutants, that we have generated, should also be performed in the future in order to I) confirm the 

destabilization effect on Vir, Fl(2)d and Flacc and II) to identify potential biologically relevant 

ubiquitination targets that might not be expressed in S2R+ cells. 
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5 Discussion and outlook 

Gene regulation has to be tightly controlled to ensure proper development and differentiation 

at cellular and organismal level. Each cell in the eukaryotic organism carries the same DNA code, yet its 

chromatin landscape and transcriptome output greatly differ. Dynamic regulation of gene expression is 

particularly important during stress conditions (e.g. DNA damage, viral infection, starvation, heat shock, 

malignant deformations), as it guarantees cellular adaptation and survival, and may trigger cell death 

to ensure removal of anomalous cells. Consistently, alterations of gene expression at chromatin, DNA 

or RNA level often lead to the occurrence of various diseases or to organismal death. Thus, it is crucial 

to deeply, and thoroughly understand all mechanisms cells employ, to timely and dynamically regulate 

their fates (Chapter 1.1). Akin to modifications found on DNA, RNA molecules can be heavily modified. 

In fact, over 170 different RNA modifications have been identified so far in all kingdoms of life. Most 

are found on highly abundant tRNA and rRNA, and a dozen also decorate less abundant mRNA (Chapter 

1.3). RNA modifications represent a new layer of gene regulation that has coined a new field of 

“epitranscriptomics”. N6-methyladenosine (m6A), known since the 1970s, is one of the most abundant 

modifications on mRNA. Over the past decade, enzymatic machineries required for its writing, reading 

and erasing have finally been revealed. Moreover, technological progress enabled transcriptome wide 

mapping of m6A even on scarce RNA species (Chapter 1.4). These seminal discoveries allowed further 

characterisation of roles that m6A play at cellular and organismal level. m6A is being increasingly 

recognised as a critical means to rapidly adjust gene expression and regulates nearly every step of 

mRNA biogenesis. As a result, m6A is crucial in numerous biological processes ranging from cell fate 

determination, cell cycle progression, X-chromosome inactivation, to cellular response to various stress 

agents (Chapter 1.4.8).   

 

In this study, we investigated roles and functions of m6A modification in D. melanogaster as a 

model organism. Our findings are discussed in the following sections: Chapter 5.1 covers 

characterisation of components of the conserved writer complex, required for m6A deposition on 

mRNA. Our observations about other putative N6-methyltransferases and demethylases are discussed 

in Chapter 5.1 and Chapter 5.2. We also studied YTH domain reader proteins and found other sequence 

and structure specific m6A readers included in Chapter 5.2. To investigate roles of m6A on mRNA 

processing, we profiled modification in S2R+ cells and found that it is present in a typical RRACH motif, 

albeit with a strong enrichment at the 5`UTR regions and with a preference for A-rich sequences. These 

findings are discussed in Chapter 5.1.3. At the molecular level, we could demonstrate that m6A in D. 

melanogaster influences splicing of a subset of genes. Link between m6A modification and splicing 

outcome is discussed in Chapter 5.5. Finally, to investigate roles of this modification in vivo, we 

generated several mutants for factors involved in m6A deposition and its recognition. We found that 

modification is not essential for fly survival, yet it modulates sex determination and dosage 

compensation pathways (Chapter 1.5.2). In addition, flies lacking m6A-components display severe 

behavioural defects as a result of altered neuronal functions. These findings are covered by Chapter 

5.6.2.      
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5.1 m6A writer complex consists of two sub-complexes MAC and 
MACOM 

Early work from the Rottman`s group suggested that the vast majority of m6A on mRNA is 

deposited by a large, nearly 1 MDa protein complex, composed of two sub-complexes (Bokar et al. 

1994, Rottman et al. 1994, Bokar et al. 1997). One single protein with a catalytic activity, the 

methyltransferase-like 3 (Mettl3), has been discovered soon after, however, identities of other 

components remained a mystery. Over the past few years the composition of the so-called “m6A writer” 

complex has been resolved by the identification of seven proteins essential for efficient m6A 

methylation Mettl3 (METTL3), Mettl14 (METTL14), Fl(2)d (WTAP), Vir (VIRMA), Flacc (ZC3H13), Hakai 

(HAKAI) and Nito (RBM15) (this work and other studies). Biochemical and structural characterisation of 

these proteins confirmed Rottman`s findings and revealed that Mettl3 and Mettl14 heterodimerize and 

form a complex MAC (m6A-METTL complex), while remaining components constitute the larger complex 

MACOM (MAC-associated complex) (reviewed in (Lence et al. 2019)) (Figure 43 and Supplemental data 

26). MAC and MACOM are both stable on their own, and interact during m6A deposition. Notably, a 

comprehensive study of evolutionary conserved macromolecular complexes found that Nito primarily 

resides in a complex with four other RNA-binding  proteins, which may be indicative of its involvement 

in additional cellular processes, independent of MACOM complex (Wan et al. 2015) (Figure 43 and 

Chapter 5.1.3).  

During the course of this study we were able to identify, and to some extent characterise seven 

components of the m6A writer complex in D. melanogaster. While functions of some proteins of this 

large complex have already been revealed, precise roles of most subunits remain enigmatic and await 

further analyses from genomic, biochemical and structural perpectives (Table 5). 

 

Complex Components Functions 

MAC Mettl3 (METTL3) 
Mettl14 (METT14) 

Catalytic subunit 
Facilitates RNA binding and MAC complex stability  

MACOM Fl(2)d (WTAP) 
Vir (VIRMA) 
Flacc (ZC3H13) 
Hakai (HAKAI) 

Interacts with MAC and several splicing factors 
Large scaffolding protein with repeat-and LC-domain regions 
Stabilizes interaction between Fl(2)d and Nito 
Ensures stability of Vir, Fl(2)d and Flacc proteins  

*MACOM *Nito (RBM15/RBM15B) Promotes RNA binding with RRM domains   

 Dhx15 (DHX15) 
Trmt112 (TRMT112) 
CG3155 (SUGP1) 
CG7878 (DDX43) 

DEAH-box RNA helicase 
Activator of protein, rRNA and tRNA methyltransferases 
Gly-rich domain (G-patch domain) promotes helicase activity 
DEAD-box helicase 

Table 5. Evolutionary conserved macromolecular complexes. 
Table of proteins belonging to three conserved macromolecular complexes with components required for m6A RNA 
methylation that have been renamed to MAC and MACOM. Names of human orthologs are shown in brackets. * - star denotes 
RBM15, RBM15B and Nito proteins that are also part of MACOM complex but were, in addition, shown to exist in a complex 
with proteins listed below (Dhx15, Trmt112, CG3155 and CG7878) (data source: (Wan et al. 2015). 
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5.1.1 MAC 
To identify putative m6A methyltransferases in D. melanogaster we searched for orthologs of 

human METTL3 (or MT-A70) protein, the only known enzyme with a N6-methylation activity towards 

adenosines in mRNA at that time. By using such an in silico approach, we found a fly protein Mettl3 (or 

Ime4) as well as two additional, uncharacterised paralogs, METTL14 (Mettl14 or CG7818) and METTL4 

(Mettl4 or CG14906) (Figure 14a). All three proteins belong to a group of N6-type methyltransferases 

with a typical catalytic domain consisting of a (DNSH)PP(YFW) motif (Iyer et al. 2016) (Figure 1), but act 

on different targets. We found that Mettl3 and Mettl14 proteins are both required for deposition of 

m6A on mRNA, whereas Mettl4 likely methylates several distinct RNA and DNA substrates (see below 

Chapter 5.1.5). These observations are consistent with functions of their respective orthologs in other 

species (Lence et al. 2019). 

Structural and biochemical studies of vertebrate METTL3 and METTL14 proteins revealed that 

they form a stable heterodimer (Sledz and Jinek 2016, Wang P. et al. 2016, Wang X. et al. 2016) known 

as the MAC (m6A-METTL-complex). While METTL3 is catalytically active and can accommodate SAM, 

METTL14 contains a degenerated catalytic centre and facilitates binding of MAC to mRNA, which aids 

to methylation efficiency (Chapter 1.4.2.a). By comparing human and fly protein sequences, we found 

that regions required for RNA recognition, as well as for a stable interaction between the two proteins, 

are highly conserved, thus similar mode of dimerization between Mettl3 and Mettl14 most likely also 

takes place in D. melanogaster (Supplemental data 16, 17 and 25). In support to this, we found that the 

two proteins co-immunoprecipitate in an RNA-independent manner and strongly interact with each 

other in the yeast-two-hybrid assay (Figure 14c and d). In addition, we performed Mettl3 and Mettl14 

protein interactome analyses, which repeatedly identified the corresponding heterodimer partner as 

the top interactor (Supplemental data 1 and data not shown for Mettl14). Interestingly, we observed 

that removal of one protein (e.g. in Mettl3 mutant flies) to some extent reduces stability of the other, 

further implying that they form a stable complex. Similar observations were also reported for human 

orthologs (Kobayashi et al. 2018), however the mechanism by which Mettl3 and Mettl14 could stabilize 

each other is currently not known. In line with the notion that Mettl3 and Mettl14 act as a heterodimer, 

we found that their individual or combined depletion reduces m6A levels to a similar extent (Figure 14b), 

suggesting that both proteins are indeed required for methylation of same targets. At the molecular 

level, we observed that depletion of MAC components results in numerous common misregulated 

genes and several splicing changes of transcripts that contain m6A within a close proximity to alternative 

splice sites (Figure 21 and Figure 22). Analogous findings have been reported in other species (Chapter 

1.4.7), hence functions of m6A modification in regards to mRNA processing are likely conserved in D. 

melanogaster, where it can alter gene expression and modulate splicing of a subset of modified 

transcripts (see Chapter 5.5). Several pieces of data suggest that Mettl3 and Mettl14 primarily act 

together within the MAC heterodimer to carry out m6A deposition. During D. melanogaster 

development for example, expression profiles of Mettl3 and Mettl14 transcripts strongly recapitulate 

the abundance of m6A modification on mRNA (Figure 44). Likewise both transcripts are enriched in the 

neuroectoderm at embryonic stage 15 (Figure 15). In addition, fly mutants lacking either of the two 

proteins are viable but display similar developmental defects including reduced lifespan, altered 

locomotion and inability to fly (see Chapter 5.6). 

We observed that ectopically expressed Mettl3 and Mettl14 localise to the nucleus in S2R+ cells, 

which is in line with studies showing that m6A deposition on mRNA occurs co-transcriptionally (Barbieri 

et al. 2017, Knuckles et al. 2017, Slobodin et al. 2017, Huang et al. 2019). Similarly, in vertebrates all 

components of the m6A writer complex are also found in this compartment (Horiuchi et al. 2013, 
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Scholler et al. 2018). In flies, Mettl3 and Mettl14 both contain a predicted nuclear localisation signal 

(NLS), however the relevance of these sites in flies has not been confirmed yet (Supplemental data 16 

and 17). Notably, in human cells a vertebrate-conserved NLS of the METTL3 was shown to be sufficient 

for tethering the complete MAC heterodimer to the nucleus, whereas the NLS of METTL14 protein was 

found dispensable (Scholler et al. 2018). An intriguing observation was made in mES cells, where cell 

fractionation experiments suggested a strong enrichment of MAC complex in the cytoplasm (Wen et al. 

2018). Since the cytoplasmic localisation was not apparent by immunofluorescence staining it is 

possible that the two proteins disperse in that compartment. Further studies should address the 

biological importance of this cell type-specific localization of MAC in mES cells. Interestingly, in 

vertebrate METTL3, several sumoylation sites (K177/K211/K212/K215) have been identified within its 

characterised NLS (209-215 aa), however their mutations had no effect on protein localisation or 

stability, but instead negatively impacted methylation activity (Du et al. 2018). Even though none of 

these sites is conserved in fly Mettl3 ortholog, it would be informative to test if this region is important 

for mediating interaction with any other component of the m6A writer complex. Alternatively, 

sumoylation could promote interaction of Mettl3 with other m6A-unrelated proteins, which might, in 

turn, out-compete its binding with m6A writer and in this way compromise methylation output. 

Can MAC components act beyond m6A methylation? 

We performed Mettl3 interactome analysis and surprisingly identified proteins linked to mRNA 

translation, including eIF4a, eIF2 and several ribosomal subunits (Supplemental data 1), suggesting that 

in addition to its methyltransferase function, Mettl3 may be involved in other cellular processes. 

Consistently, vertebrate METTL3 was shown to interact with the translation initiation factor eIF3h to 

promote mRNA translation independently of its catalytic activity or METTL14 (Lin et al. 2016) (Choe et 

al. 2018). While the region required for binding to this particular factor is absent in flies, interactions 

with the above-mentioned candidate proteins nonetheless open the possibility that Mettl3 may be 

implicated in translational regulation in D. melanogaster. In addition to translation-related proteins, our 

Mettl3 interactome study also identified several proteins involved in cytoplasmic vesicle formation (Rab 

proteins, Chc) and coatomere proteins (COP, COP, Arf1) (Supplemental data 1) that are, for example, 

required for localisation and sorting of specific mRNAs in neurons (Todd et al. 2013). Mettl3 contains 

several KKxx motifs that can be recognised by the COPprotein (Arakel and Schwappach 2018), thus it 

may be involved in RNA-mediated vesicle trafficking from Golgi to ER, or to mitochondria (Zabezhinsky 

et al. 2016, Béthune et al. 2019). While the biological significance of these putative interactions has not 

been tested yet, these data nonetheless suggest that, similarly to vertebrate METTL3, a fraction of 

Mettl3 protein in flies might indeed exist in the cytoplasm, possibly acting as an RBP independently of 

its catalytic activity.  
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5.1.2 MACOM 
In the current study, we have characterised the so-called MACOM complex (MAC-associated 

complex) that contains five subunits (Fl(2)d, Vir, Nito, Flacc and Hakai) conserved in flies and vertebrates 

(Table 5). In line with the role of MACOM complex in m6A deposition, we found that depletion of any 

component results in a strong decrease of m6A levels on mRNA. The MACOM complex, however, does 

not contain catalytic activity, but is instead required for stabilization of MAC and likely improves its 

binding to RNA. In addition, it provides a scaffold that guides MAC to target sites. Notably, the exact 

mechanism of how specific sites of methylation are selected, is not known yet and MACOM appears to 

be an important, but not the only factor in determining this process. Current knowledge on mediators 

that drive m6A specificity is discussed in Chapter 5.4. Most MACOM components were initially found in 

a screen searching for WTAP interactors in different human cell lines (Horiuchi et al. 2013), long before 

their association with m6A was discovered. We could show that in mouse cells MACOM components 

form a functional complex that is stable under high, 350 mM salt conditions. Similarly, all MACOM 

components in flies co-immunoprecipitate with Nito, indicating that the complex is conserved in these 

two species (Appendix 2, Fig. 1A, B). Many other features of MACOM components further highlight the 

existence of a stable complex involved in m6A methylation: I) all components primarily localize in the 

nucleus, where methylation takes place, II) expression profiles of all MACOM subunits strongly correlate 

with m6A levels during fly development (Figure 46). High enrichment is observed during early 

embryogenesis, at the onset of pupation as well as in adult heads and ovaries. III) All proteins of the 

MACOM complex have been implicated in splicing regulation of Sex lethal (Sxl), the master regulator of 

sex determination in D. melanogaster (Chapter 1.5.2). IV) On a global scale, depletion of each 

component results in numerous common transcriptome changes (Figure 39) and a significant 

proportion of differentially expressed or spliced transcripts carry m6A modification, which strongly 

suggests that they are indeed direct targets of methylation. This was particularly apparent for genes 

whose steady state levels were up-regulated upon loss of m6A and were enriched for processes involved 

in embryonic development, cell differentiation and migration (n=136, 87,7 %, P<8,9e-52). Intriguingly, 

this could be indicative of an important role of m6A in the maintenance of the cellular identity as well 

as in the regulation of cell fate determination during differentiation, similarly to what has been 

described in numerous other species (Chen J. et al. 2019, Heck and Wilusz 2019). Notably, despite clear 

indications that MACOM complex is required for m6A deposition, several pieces of evidence also point 

towards separate functions. Most apparent is the early lethality of flies lacking any of the MACOM 

components, as compared to unaltered viability of flies that lack MAC. These aspects are further 

discussed in Chapter 5.6. Properties of individual MACOM components in flies, with the emphasis on 

similarities and differences with their orthologs in other species, are described below. 

Fl(2)d (WTAP)  

Fl(2)d is the fly ortholog of the WTAP protein, that was initially  found to associate with the Mettl3 

protein in plants, yeast and vertebrate cells (Agarwala et al. 2012, Bodi et al. 2012, Scholler et al. 2018). 

It encodes a 59 kDa protein with a high sequence similarity to human WTAP. While the structure of 

WTAP remains mysterious, it was shown to contain a predicted coiled-coil domain that is required for 

its binding with METTL3 (Scholler et al. 2018) (Supplemental data 18 and 25). Since the regions required 

for mediating the interaction between METTL3 and WTAP proteins are conserved in flies, we expect 

that the binding mode between Mettl3 and Fl(2)d is likely the same. Indeed, we could confirm that in 

flies Fl(2)d co-immunoprecipitated with both Mettl3 and Mettl4. However, we only detected direct 

binding between Fl(2)d and Mettl3, but not Fl(2)d and Mettl14 in a yeast-two-hybrid assay (Figure 14). 
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Likewise, the binding surface between vertebrate WTAP and METTL14 has not been confirmed yet. 

Intriguingly, we find that depletion of Fl(2)d strongly destabilizes the interaction between Mettl3 and 

Mettl14 proteins. This is, however, not the case when levels of Nito, Vir or Flacc are reduced (Figure 

31d and Appendix 2: Fig. S8A), suggesting that only Fl(2)d is required for MAC integrity. On the first 

hand this seems to contradict the accumulated knowledge on MAC heterodimer stability (Sledz and 

Jinek 2016, Wang P. et al. 2016, Wang X. et al. 2016), thus it would be important to test the in vitro 

binding affinity between Mettl3 and Mettl14 in the presence and absence of Fl(2)d. Depletion of WTAP 

in human adipocyte cells, but not mouse ES cells, results in reduced levels of endogenous METTL3 and 

METTL14 proteins (Kobayashi et al. 2018, Wen et al. 2018), indicating that WTAP may potentially affect 

MAC formation via several different mechanisms.  

Beside its binding to MAC and MACOM, we found that Fl(2)d also co-immunoprecipitated with 

other factors involved in RNA processing, heterochromatin organisation and cell cycle regulation (Figure 

15 and Supplemental data 1). This is in line with earlier studies reporting on Fl(2)d interaction with 

several splicing factors (Penn et al. 2008). Fl(2)d was also found to bind the heterochromatin associated 

protein HP1 and to act as an enhancer of gene silencing (Swenson et al. 2016, Kochanova et al. 2020). 

Intriguingly, we observed that a large fraction of methylated targets were up-regulated upon loss of 

m6A, hence it would be interesting to investigate the potential link between m6A deposition and 

transcriptional output. It is possible that m6A writer complex impedes transcription at specific loci and 

consequently ensures proper target methylation and downstream pre-mRNA processing. Notably, we 

did not find any association between m6A and mRNA stability in flies (data not shown), hence we 

assume that observed gene misregulation might, to some extent, originate from altered transcription. 

The link between transcription kinetics and methylation has been already demonstrated in vertebrate 

system, where reduced RNA PolII kinetics positively affects m6A writer recruitment to chromatin and, 

hence, increases m6A deposition on specific targets (Slobodin et al. 2017, Slobodin et al. 2020). Whether 

such interdependency between the speed of transcription and target methylation also exists in flies is 

currently not known. In flies, two Fl(2)d isoforms exist that differ in their N-terminal region 

(Supplemental data 18). While their individual functions have not been studied in detail, the long 

isoform appears to be predominantly expressed in most tissues and contains an extended histidine and 

glutamine rich region (HQ-rich) that is found in many transcription factors oftentimes promoting 

protein-protein interactions (Penalva et al. 2000). Notably, only this isoform can interact with the 

transcription factor Sine Oculis (So) in the eye (Anderson et al. 2014) and altered retinal development 

in fl(2)d mutant cells was in part attributed to elevated expression levels of two target genes of So, the 

elav and lozenge. Hence, this further suggests the potential role of Fl(2)d in the regulation of 

transcription. Of note, even though a small scale yeast-transcriptional-assay failed to prove such activity 

towards a particular LacZ-reporter (Anderson et al. 2014), genome wide approaches may be more 

appropriate to provide the full picture. Taken together, future work will be required to decipher the 

involvement of Fl(2)d in the process of transcription and to discriminate if this function is linked to m6A 

deposition, or else, if it acts independently of the m6A writer complex. 

Vir (VIRMA) 

Vir is an essential gene, required for survival and its loss of function leads to embryonic lethality 

in flies and mice (Schultt et al. 1998, Wu et al. 2019). It codes for the largest, 210 kDa nuclear protein 

of the MACOM complex with no defined structure or sequence features (Supplemental data 19). We 

found that Vir co-immunoprecipitated with Mettl3, Fl(2)d and Nito in an RNase independent manner 

(Figure 31a). Likewise, its human ortholog, VIRMA (also known as KIAA1429) binds WTAP and HAKAI 
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(Yue et al. 2018) and co-immunoprecipitated with MAC (Schwartz et al. 2014b), indicating that it is a 

component of the MACOM complex in flies and vertebrates. Notably, these interactions were mediated 

by its N-terminal region that is partially conserved in flies and was previously shown to be required for 

fly viability (Niessen et al. 2001). Tethering of N-termini to the reporter was sufficient to induce 

methylation (Yue et al. 2018), suggesting that this part is required for maintaining the functionality of 

the MACOM complex. On the other hand, the C-terminal region may be required for RNA binding or for 

interactions with other factors involved in the guidance of MACOM to methylation sites. The exact role 

of Vir within the complex is currently not known, but it may act as a scaffold for other MACOM 

components. We observed that stability of Vir is strongly dependent on Hakai, since depletion of Hakai 

in S2R+ cells leads to a substantial reduction of its protein, but not RNA levels (Figure 42), however the 

exact mechanism remains to be defined.  

Nito (RBM15/RBM15B)  

In D. melanogaster, Nito (also known as Spenito) is the closest ortholog of two vertebrate 

paralogs, RBM15 and RBM15B, and encodes a 90 kDa protein. Using co-immunoprecipitation assays, 

we found that Nito resides in the complex with other MACOM components (Figure 31a) and also 

interacts with MAC and Ythdc1 (Figure 29 and Appendix 2: Fig. S8C, G and H). This is consistent with 

reports from vertebrates, where RBM15 was shown to interact with other m6A writer components 

(Horiuchi et al. 2013, Patil et al. 2016). In addition, we observed that the interaction between Nito and 

Fl(2)d is stabilised by Flacc, and intriguingly, this binding mode is conserved in vertebrates (Figure 36 

and Appendix 2: Fig. 6). Human and fly proteins contain several predicted NLS, which is consistent with 

their subcellular distribution and suggests that their localisation might be independent of other 

interactors (Supplemental data 20). Nito, RBM15 and RBM15B proteins are members of the split ends 

(Spen) family of proteins containing three N-terminal RRM domains and a C-terminal Spen paralogs and 

orthologs C-terminal (SPOC) domain. These regions are highly conserved, however proteins share low 

similarity outside of indicated domains. Nito, RBM15 and RBM15B are indispensable for efficient m6A 

deposition (Lence et al. 2016, Patil et al. 2016) and vertebrate counterparts were shown to bind uridine-

rich sites in the proximity of m6A sites via RRM domains, which was proposed to contribute to 

methylation specificity (Patil et al. 2016). RBM15 can interact with various chromatin modifiers via the 

SPOC domain (Ma et al. 2007, Lee and Skalnik 2012, Xiao et al. 2015). It can for example bind the Setd1b 

H3K4me3 methyltransferase that marks sites of active transcription (Lee and Skalnik 2012, Xiao et al. 

2015). Whether this is also the case for Nito has not been explored yet. In vertebrates, levels of RBM15 

are regulated by the PRMT1 mediated methylation, followed by ubiquitination. The targeted Arginine 

residue is however not conserved in Nito, hence, it is currently not known if similar mode of regulation 

exists in flies. The importance of Nito was previously studied in several developmental processes; it 

promotes Wingless signalling (Chang et al. 2008) and is required for remodelling of CCAP/bursicon 

neurons (Gu et al. 2017), whereas elevated levels of Nito in the eye alter photoreceptor development 

(Jemc and Rebay 2006). In mice, RBM15 is critical for development of heart, spleen and vasculature as 

well as during haematopoiesis, B-cell and megakaryocyte differentiation (Raffel et al. 2007, Niu et al. 

2009, Raffel et al. 2009, Jin et al. 2018). However, whether other components of MAC and MACOM 

complex are involved in these processes remains to be addressed. Our high throughput mass 

spectrometry analysis of Nito interactors identified many proteins involved in RNA processing and in 

particular splicing (Figure 32a and Supplemental data 1), which is in line with previous studies (Dong et 

al. 2015, Guo et al. 2018). Notably, RBM15 also interacts with several components of the early 
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spliceosome (Chu et al. 2015, Zhang L. et al. 2015), hence the involvement of this protein in the 

regulation of mRNA processing appears to be conserved.  

Flacc (ZC3H13)  

Flacc or “Fl(2)d associated complex component”, encodes a 1150 aa protein with no defined 

structure. It contains one predicted coiled-coiled domain embedded in the Arg/Glu-repeats that is 

partially conserved in its human ortholog ZC3H13 (Supplemental data 21 and 25). The importance of 

this region has not been addressed so far, but it may be targeted by PRMT-mediated methylation and 

affect protein functionality (Wei et al. 2020). Overall, Flacc shares low sequence similarity with its 

vertebrate orthologs that contain an N-terminal Zn-finger of unknown function, as well as several 

extended regions with a compositional bias of different amino acid repeats, which are not present in 

Flacc. We found that Flacc interacts with MACOM, in particular with Fl(2)d and Nito, as shown by the 

mass spectrometry analysis (Figure 37 and Supplemental data 1). This is consistent with other parallel 

studies from flies (Guo et al. 2018), as well as from mES cells, where Zc3h13 forms a complex with 

Virma, Hakai, Wtap and Rbm15 proteins (Appendix 2: Fig. 1) (Wan et al. 2015). Intriguingly, we found 

that loss of Flacc specifically compromises the interaction between Nito and Fl(2)d, but not between 

other MAC or MACOM components (Figure 36). Importantly, despite the poor sequence similarity with 

vertebrate orthologs we were able to reconstitute this interaction with the human ZC3H13 protein, 

suggesting that protein folding, rather than primary sequences, are important for stabilization of 

MACOM complex. Notably, the final 300 aa of ZC3H13 were shown to be sufficient for interactions with 

HAKAI, WTAP and VIRMA; however, this region is only partially conserved in Flacc, which further implies 

that ZC3H13 and Flacc proteins likely share structural similarities. To our surprise, we found that Vir 

could interact with both, Nito and Fl(2)d independently of Flacc, however this was not sufficient to 

rescue the binding between the two proteins upon Flacc depletion. We currently do not hold an 

explanation for this observation, nevertheless, it is important to note that due to the lack of available 

antibodies, all experiments were performed with ectopically expressed proteins. Hence, it is possible 

that we were not able to detect some of potentially compromised interactions between endogenous 

Vir, Nito and Fl(2)d.  

An important function that was also attributed to Zc3h13 in mESC, was its requirement for the 

localisation of other m6A writer complex components to the nucleus, albeit the role of Rbm15 was not 

addressed in this study (Wen et al. 2018). We could show that in Zc3h13 KO mES cells, Rbm15 

immunoprecipitated less Wtap, Virma and Hakai proteins than in control cells. This clearly indicated 

that interactions between Rbm15 and other MACOM components were compromised and could 

indeed result from aberrant protein localisation (Appendix 2: Fig. S9). While we did not observe any 

changes in subcellular distribution of Fl(2)d and Nito proteins upon depletion of Flacc in D. 

melanogaster S2R+ cells (data not shown), such tethering mechanism might nevertheless exist in other 

cell types. Indeed, our Flacc interactome analysis identified several proteins that constitute nuclear 

pore complex (Figure 37), hence it would be interesting to test if Zc3h13/Flacc mediated m6A writer 

guidance to the nucleus is cell-type specific. Notably, Flacc and ZC3H13 contain NLS and primarily 

localize to the nuclei, however a fraction of proteins was also detected in specific punta within the 

cytoplasm (Figure 36c). Our Flacc interactome data from S2R+ cells identified many proteins involved 

in transcription, RNA splicing and localisation, which is in line with proposed functions of m6A 

modification (Figure 37). Unexpectedly, among identified Flacc interactors were also several metabolic 

enzymes and proteins that constitute vacuoles, peroxisomes and mitochondria. This opens an intriguing 
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possibility that Flacc may be implicated in cellular processes linked to metabolism and biogenesis of 

cytoplasmic vesicles. 

Hakai (HAKAI) 

Hakai protein (named by “destruction” in Japanese) also known as the CBLL1 (for Cbl-like 1 or Cbl 

Proto-Oncogene-like 1) is highly conserved among metazoan and plants, but absent in yeast (Horiuchi 

et al. 2013, Růžička et al. 2017, Knuckles et al. 2018). Its functions within the MACOM complex are 

currently least understood. In D. melanogaster, Hakai encodes a 49 kDa protein with two N-terminal 

domains that display high sequence identity with human ortholog HAKAI (Supplemental data 22); the 

RING-type domain, which is found in many E3 ubiquitin ligases, and the Zn-finger containing region that 

is required for binding of the phosphorylated-Tyrosine (p-Tyr)-residues (Mukherjee et al. 2012, Růžička 

et al. 2017). In addition, Hakai in flies contains an N-terminal Arg/Gly-repeats, whereas human ortholog 

contains a C-terminal Pro-rich region. In plants and vertebrates, Hakai was shown to form a stable 

homodimer (Mukherjee et al. 2012, Růžička et al. 2017), which is consistent with our results from a 

yeast-two-hybrid assay, showing that Hakai also homodimerizes in flies (Figure 40). Previous studies 

that characterised partial HAKAI structure in humans, revealed that two HAKAI monomers interact in 

an antiparallel manner via the highly conserved RING and pTyr-binding domains (Mukherjee et al. 

2012). These two domains form a positively charged pocket of the so-called HYB domain (Hakai pTyr-

binding), which can accomodate proteins that carry a phosphorylated Tyr residues, surrounded by 

acidic Asp and Glu amino acids (Mukherjee et al. 2012). Among known binding targets are E-cadherin, 

contractin and DOK1 that are phosphorylated by the Src-kinase (Mukherjee et al. 2012). In addition, 

Hakai interacts with constituents of the MACOM complex in vertebrates and plants (Mukherjee et al. 

2012, Růžička et al. 2017) and we were able to show that these interactions are conserved in flies. Hakai 

was for example identified in the Nito interactome (Figure 32) and could efficiently co-

immunoprecipitate Nito and Fl(2)d proteins in S2R+ cells (Figure 40a). We also observed direct binding 

between ectopically expressed Hakai, Nito and Fl(2)d proteins in a yeast-two-hybrid assay (Figure 40b). 

Intriguingly, Hakai was shown to share many common interactors with WTAP in several different human 

cell types (Horiuchi et al. 2013) and deletion of a RING domain completely abolished binding with other 

proteins (Horiuchi et al. 2013). Notably, since this domain contributes to the formation of a stable 

homodimer, lost interactions most likely reflect a failure of HakaiRING to form contacts with other 

proteins due to a structural instability of the HYB domain (Mukherjee et al. 2012, Horiuchi et al. 2013). 

Further details on Hakai HYB and RING domains are discussed in Chapter 5.1.3, along with a potential 

function of Hakai as an active E3 ubiquitin ligase. 

Intriguingly, we found that Hakai is crucial for stabilization of Vir, Fl(2)d and Flacc proteins (Figure 

42g, h). While it is currently not understood how exactly Hakai maintains MACOM homeostasis, it would 

be informative to investigate, if its loss has the same role in other species. Notably, Hakai depletion only 

marginally reduced Zc3h13 levels in mES cells, whereas other proteins have not been analysed (Wen et 

al. 2018). Intriguingly, in flies, Hakai had the strongest impact on levels of Vir that contains a predicted 

tyrosine phosphorylation site (Y307), located within an acidic amino acid sequence DYEDED 

(Supplemental data 19) (Zhai et al. 2008). This reinforces the idea that the interaction between Vir and 

Hakai is most likely direct. Of note, levels of the two MAC components and Nito were not affected, 

which supports previous findings that Mettl3 and Mettl14 form a stable complex on their own and that 

Nito is involved in additional processes, not linked to the MACOM complex (see below Chapter 5.1.3). 

Depletion of Hakai in vertebrates and flies leads to a significant reduction of m6A levels in mRNA 

(Růžička et al. 2017, Yue et al. 2018), hence, we propose that Hakai protein is an essential constituent 
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of the m6A writer complex and is crucial for m6A deposition, by ensuring stability of the MACOM 

complex. 

Similarly to other MACOM components, HAKAI is highly enriched in the nucleus in plants and in 

most vertebrate cell types (Horiuchi et al. 2013, Růžička et al. 2017). Intriguingly, in several human 

epithelial cell lines, a fraction of HAKAI was also found in the cytoplasm at sites of cell-cell contacts 

along the membrane, where it co-localised with E-cadherin, a constituent of adherens junctions (Fujita 

et al. 2002). In flies, Hakai protein exists in four different isoforms, two longer and two shorter, which 

differ in their C-terminal region. All isoforms contain the HYB domain (Figure 38b and Supplemental 

data 22) and were able to bind ectopically expressed Fl(2)d and Nito in a yeast-two-hybrid assay (Figure 

40b and data not shown for the short isoform). Despite these similarities, we found that subcellular 

localisation of short and long Hakai proteins is different. In D. melanogaster BG3 cells, the long isoform 

is expressed ubiquitously with a clear enrichment in the nucleus and resembles the expression pattern 

that was previously observed in S2R+ cells (Kaido et al. 2009). On the other hand, the short Hakai 

isoform is restricted to the cytoplasm and enriched at the cellular membrane (Figure 38d). While it is 

important to note that we used ectopically expressed proteins to assess their localisation, these results 

nevertheless suggest that long and short Hakai proteins might be involved in different cellular 

processes. Notably, since none of the two Hakai isoforms contains NLS, they are most likely tethered to 

distinct cellular compartments via a distinct set of interactors. Intriguingly however, work by Keido and 

colleagues previously demonstrated that co-expression of E-cadherin and the long Hakai isoform in D. 

melanogaster S2R+cells was sufficient to promote the re-localisation of this isoform from the nucleus 

to sites of cell-cell junctions (Kaido et al. 2009). This strongly suggests that short and long Hakai isoforms 

can also act redundantly and that their localisation most likely depends on the temporal cellular 

proteome. Indeed, in vertebrates HAKAI displays distinct subcellular distribution in different human cell 

lines and can dynamically change upon various stimuli (Figueroa et al. 2009, Horiuchi et al. 2013, Díaz-

Díaz et al. 2017). It is currently not understood why short and long Hakai isoforms in flies localise to 

distinct cellular compartments under unperturbed conditions and whether this is biologically relevant. 

In order to decipher the unique roles of the two Hakai proteins, several important questions remain to 

be addressed: 

- Do short and long Hakai isoforms localise to different compartments in all cell types? Which 

other proteins, beside E-cadherin, can affect their distribution?  

- What are isoform specific interactors? Does the short Hakai isoform preferentially interact 

with the E-cadherin (or other cell-cell contact proteins) in BG3 cells?  

- Do both isoforms display the same affinity to other MACOM components? Can both isoforms 

rescue protein levels of Vir, Fl(2)d and Flacc in Hakai null cells? Which of the two isoforms 

can potentially replace Hakai loss in plants and vertebrates?  

 

To investigate the role of different Hakai isoforms in vivo, we generated flies with specifically 

deleted long isoform as well as Hakai null flies. As shown before, Hakai is indispensable for survival and 

flies lacking both isoforms die during larval stages ((Kaido et al. 2009) and our unpublished data). In 

addition, previous study from Kaido and colleagues demonstrated that germline loss of Hakai leads to 

embryonic lethality with variable penetrance (Kaido et al. 2009). Several developmental processes, 

including dorsal closure and ectoderm organisation were shown to be altered, likely resulting from 

impaired epithelial formation and cell motility. Notably, many embryos displayed deteriorated 

epithelial integrity, which was most apparent at regions that require morphological changes (tracheal 

invagination, segmental furrow formation) (Kaido et al. 2009). Aberrant cell migration also contributed 
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to defects in midgut formation where endoderm and visceral mesoderm failed to reach proper 

positions, whereas in migrating tracheal cells, Hakai was required for F-actin organisation and cell 

motility. The importance of Hakai protein in the epithelial development was, in addition, supported by 

a large genetic screen where Hakai was found as a modifier of a rough eye phenotype. Its inactivation 

enhanced the defects in organisation of the eye epithelium (Ketosugbo et al. 2017). Taken together, 

Hakai likely functions in distinct cell types to control cell migration, regulate cellular connectivity and 

maintain tissue homeostasis. Hence, upon loss of Hakai, a combination of different defects leads to 

early fly lethality. Of note, we found that flies lacking only the long isoform are viable, whereas Kaido 

and colleagues obtained a partial rescue of Hakai null flies by ectopic expression of the long Hakai 

isoform. These results, hence, strongly suggest the two Hakai isoforms can act redundantly also in vivo. 

Which processes are preferentially regulated by a short or long Hakai isoform, is currently not known, 

and will need to be investigated in the future.  

 

HAKAI has been also studied in plants, where it co-purifies with VIR and FIP37 (WTAP ortholog), 

and localizes exclusively in the nuclei (Růžička et al. 2017). Complete loss of MAC components, FIP37 

or VIR leads to developmental arrest during seed development and results in embryonic lethality  (Bodi 

et al. 2012). Surprisingly, HAKAI mutant plants are viable, with no apparent defects and with only 

marginally decreased m6A levels (Růžička et al. 2017), suggesting that its functions are not essential for 

plant development. Nevertheless, a strong genetic interaction was observed between HAKAI and FIP37 

trans-heterozygous plants, which failed to produce homozygous seedlings. In addition, removal of 

HAKAI in MTA (Mettl3 ortholog) mutants strongly deteriorated the severity of growth phenotype 

(Růžička et al. 2017). This altogether indicates that in plants HAKAI mediates m6A functions, albeit it is 

not a crucial component of the m6A writer complex. Whether it affects stability of other MACOM 

components is currently not known. In vertebrates, HAKAI was found to be highly enriched in the 

proliferating tissue as well as in many cases of malignancies (Figueroa et al. 2009, Aparicio et al. 2012, 

Castosa et al. 2018) and was recently proposed as a potential novel target for cancer treatment (Díaz-

Díaz et al. 2017, Castosa et al. 2018). In the future it will be important to investigate, which proteins 

might be regulated by HAKAI-mediated ubiquitination and whether this activity is required for 

functional m6A methylation (see Chapter 5.1.3). 

How do MAC and MACOM complexes assemble and interact?  

Existing data indicate that Fl(2)d is the main bridging factor that connects MACOM with the  MAC 

complex (Figure 43 and Supplemental data 26). However, given that there are currently no structural 

insights of the MACOM complex, it remains possible that other components also contribute to MAC 

binding. In fact, exact assembly and connectivity between MACOM components are to a large extent 

still unknown. Likewise, protein stabilities appear strongly interdependent. Most of the data from our 

work and other studies suggest that Fl(2)d directly interacts with Vir and Hakai, whereas its interaction 

with Nito strongly depends on the presence of Flacc. Given the protein size and currently known 

interactions, it is conceivable that Vir potentially functions as a scaffold, connecting other components. 

Notably, depletion of Virma in mES cells leads to substantially diminished levels of Wtap and Zc3h13 

proteins (Wen et al. 2018, Yue et al. 2018). In addition, depletion of Wtap or Hakai independently of 

Virma also results in Zc3h13 reduction, suggesting that each of these subunits contributes to MACOM 

stability and functionality (Figure 43 and Supplemental data 26). Notably, we found that in flies and mES 

cells depletion of Flacc (Zc3h13) destabilizes the interaction between Fl(2)d (Wtap) and Nito (Rbm15), 

however, protein levels of all components remain unperturbed. This infers that binding between Wtap-
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Vir-Hakai might be independent of Flacc and Nito. Indeed, plants do not encode Nito and Flacc 

orthologs (Figure 44), hence these three components possibly form a stable “minimal” MACOM 

complex on their own (Růžička et al. 2017). In addition, upon loss of Flacc In mES cells, Wtap, Vir and 

Hakai can still interact, even though they are retained in the cytoplasm (Wen et al. 2018). Intriguingly, 

depletion of any of these proteins also leads to cytoplasmic retention of Mettl3 and Mettl14 proteins, 

strongly suggesting that a completely assembled “minimal” MACOM complex is in fact needed for the 

interaction with MAC heterodimer within the nuclei. Nonetheless, further characterisation of each 

individual component will be required to precisely define binding surfaces and interdependencies 

between them.  

We found that in addition to Hakai, also Mettl14, Fl(2)d and Nito can form homodimers (Figure 

40 and data not shown), which is consistent with observations from plants (Růžička et al. 2017). These 

interactions could promote clustering of the m6A writer within a particular region of the selected 

transcript to enrich methylation at certain loci. Indeed, m6A mapping data from flies and vertebrates 

identified areas with prominent m6A clusters in most methylated transcripts (Linder et al. 2015) 

(Supplemental data 7). Thus, to understand mechanisms for m6A site selection, it will be informative to 

validate and further investigate these observations. In summary, structural and biochemical studies of 

MAC and MACOM complexes will be required to uncover the exact spatial positioning of each 

component and to shed light on the precise contribution of individual protein in the formation and 

stability of m6A writer. 

  

Figure 43. Scheme depicting components of MAC and MACOM complexes required for m6A methylation in D. melanogaster.  
MAC and MACOM complexes interact and form a functional methyltransferase complex in order to deposit m6A on targeted 
RNA (left). MACOM is also involved in m6A-independent processes (right). For details see also Supplemental data 26. 
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5.1.3 m6A-independent functions of MACOM components 
As discussed in previous chapters, MACOM complex is crucial for efficient m6A deposition to a 

vast majority of sites. However, molecular and genetic characterisation of MACOM components clearly 

indicates that they are involved in additional, m6A-independent processes. I) We find that depletion of 

any MACOM component in S2R+ cells results in more severe gene misregulation than depletion of MAC 

(Figure 39). Among misregulated genes, nearly 30 % were not methylated, suggesting that those 

transcripts might represent their m6A-independent targets. It is important to note that these 

conclusions are based on gene depletion experiments, which may not entirely recapitulate a clear effect 

of a loss-of-function allele. Hence, it is possible that gene expression changes reported in current work 

reflect the non-ideal KD efficiencies. II) A clear distinction between MAC and MACOM components is 

also apparent in vivo. While Mettl3 and Mettl14 KO flies are viable, the loss of any MACOM component 

results in lethality during early stages of development, prior to pupation. III) In addition, flies with 

reduced levels of MACOM components also exhibit more pronounced effects on splicing of Sex lethal 

transcript. We observed that depletion of Nito or Flacc in legs and genitalia discs results in a strong 

female masculinisation (Figure 35). In contrast, flies lacking MAC components show none of these 

phenotypic characteristics, even though splicing of Sxl is altered to some extent (Figure 26). These 

differences may originate from an independent role of MACOM in Sxl splicing or an additional function 

in the regulation of downstream targets within the Sxl cascade (See Chapter 5.5.1). IV) Given that Fl(2)d, 

Nito, Vir interact with many splicing factors and spliceosome-associated proteins (Supplemental data 

1), MACOM might be involved in modulating splicing independently of m6A. To address this possibility, 

it will be important to obtain a precise record depicting transcriptome wide binding of each individual 

component of MAC and MACOM. In addition to the above-mentioned m6A-independent roles of the 

complete MACOM complex, some unique features of Nito and Hakai also suggest that these proteins 

may act individually in unrelated pathways.  

Nito 

Several pieces of evidence suggest that Nito may be involved in processes that are independent 

of both, m6A deposition and MACOM complex. Nito was the only MACOM component, not destabilized 

upon Hakai KD in our proteome study (Figure 42h) and its depletion misregulated a large number of 

genes that were not shared with other m6A writer subunits (Figure 39). We observed that depletion of 

Flacc only marginally affects binding of Nito to m6A target transcripts, as demonstrated by the RIP-qPCR 

experiments. This suggests that its binding to RNA is, at least to some extent, independent of the 

remaining MACOM components. Of note, binding of Fl(2)d to the same RNA targets was significantly 

altered, confirming that its interaction with RNA is more dependent on the stable MACOM complex 

(Figure 36b). Another piece of data in favour of Nito having MACOM independent functions, comes 

from a large study on conserved macro-molecular complexes, in which Nito (and human RBM15 and 

RBM15B) was found in a complex with a different set of proteins (Wan et al. 2015). Among them were 

RNA/DNA binding proteins and helicases Dhx15 (DHX15), Trmt112 (TRMT112), CG3155 (SUGP1) and 

CG7878 (DDX43) (Table 5). While the relevance of these interactions is yet to be confirmed, it would, 

nevertheless, be interesting to see if any of these proteins can modulate or interfere with m6A 

deposition. Finally, in our search for novel m6A reader proteins, Nito and Dhx15 were efficiently 

recovered with the m6A modified RNA probe, which suggests that Nito may act in processes 

downstream of m6A writing, potentially as m6A reader on a subset of m6A sites (Figure 20). In summary, 

further work may decipher putative roles of Nito beyond m6A methylation.  
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Hakai 

Contrasting other MACOM components, localisation of the two Hakai isoforms is not restricted 

to the nuclear compartment. In flies, the long Hakai isoform displays ubiquitous expression with a 

prominent localisation in the nucleus, whereas the short isoform is enriched in the cytoplasm at cellular 

membrane (Figure 42). Such distinct expression strongly suggests that Hakai is involved in processes 

within the cytoplasm independently of the MACOM complex. Notably, Hakai contains a conserved RING 

(really interesting new gene) domain that is found in many active E3 ubiquitin ligases and was, 

therefore, proposed to act as one (Fujita et al. 2002). Thus far, the only target shown to be bound and 

supposedly ubiquitinated by HAKAI, is a protein E-cadherin (Fujita et al. 2002). It encodes a 

transmembrane protein that mediates cell-cell adhesion at sites of adherens junctions. E-cadherin is 

highly expressed in epithelial cells and plays central roles in epithelial cell polarity as well as in the 

regulation of cell motility during development, tissue remodeling, carcinogenesis and epithelial-

mesenchymal transition (EMT) (Takeichi 1995). Using its extracellular domain, E-cadherin 

homodimerizes with another E-cadherin on the neighbouring cell. On the other hand, its intracellular 

domain is required for interactions with p120 catenin and catenin that stabilise E-cadherin at the 

cellular membrane and connect it with the actin cytoskeleton (Takeichi 1995). Hakai can bind E-

cadherin that is phosphorylated at a specific Tyrosine residue (pTyr) within its intracellular region (Fujita 

et al. 2002, Mukherjee et al. 2012). Mechanistically, upon E-cadherin phosphorylation, binding of 

catenins is outcompeted by Hakai that promotes E-cadherin ubiquitination. Once ubiquitinated, E-

cadherin gets cleaved, endocytosed and degraded, which consequently leads to the loosening of 

cellular contacts (Fujita et al. 2002).   

Hakai (also known as Cbl-like-1) was initially proposed to act as an E3 ubiquitin ligase because of 

its sequence similarity with the well characterised E3 ubiquitin ligase, Cbl (Casitas B-lineage 

Lymphoma). Both proteins contain a RING domain, pTyr-binding domain and a C-terminal Pro-rich 

region. However, the RING and p-Tyr domains in Hakai and Cbl are in reversed order and adopt entirely 

different folding (Dou et al. 2012). In Cbl, the pTyr-binding domain (also known as SH2 domain) consists 

of a Zn-finger that can accommodate pTyr-containing targets (Joazeiro et al. 1999). Downstream RING 

domain then facilitates ubiquitin transfer from the ubiquitin conjugating enzyme (E2) to the bound 

target by acting as a scaffold that connects E2 with its substrates (reviewed in (Metzger et al. 2012, 

Cooper et al. 2015)). In contrast to Cbl, Hakai has to homodimerize in order to create an atypical pTyr 

binding module at the interface of two proteins. Notably, several residues of the RING domain are also 

required for homodimer stabilisation (Mukherjee et al. 2012). Two RING domains and two pTyr domains 

of the Hakai dimer, fold in the so-called HYB domain that is essential for interactions with other proteins 

(Supplemental data 22), including components of the MACOM complex (Mukherjee et al. 2012, Horiuchi 

et al. 2013). HYB domain can also specifically accommodate proteins with pTyr residues surrounded by 

acidic residues. 

Several studies demonstrated that Hakai binds phosphorylated E-cadherin and other proteins via 

its HYB domain, however a direct evidence for its ubiquitination activity is currently missing (Fujita et 

al. 2002, Mukherjee et al. 2012). The ubiquitination of E-cadherin can be elevated upon simultaneous 

overexpression of Src-kinase and Hakai (Fujita et al. 2002), however by such indirect approach one 

cannot rule out that ubiquitination is carried out by another E3 ligase. Indeed, E-cadherin can be 

ubiquitinated by at least two other E3 ubiquitin ligases, MDM2 and RNF43, in a p-Tyr dependent 

manner (Yang et al. 2006, Zhang Y. et al. 2019). It is therefore possible that Hakai uses the HYB domain 

to bind p-Tyr targets and then acts as a bridging factor that mediates transfer of the bound protein to 

another E3 ligase. Notably, in vertebrates Hakai immunoprecipitated with RNF20 and RNF40 
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(Mukherjee et al. 2012), whereas in D. melanogaster it was shown to interact with several E3 ligases 

such as Parkin, Ariadine1 and Ariadine2 (Aguilera et al. 2000, Giot et al. 2003, Gradilla et al. 2011). 

Nevertheless, it remains possible that Hakai acts as an ubiquitin ligase in certain cell types or on a limited 

subset of its interactors. Of note, Hakai does not directly interact with and ubiquitinate E-cadherin in D. 

melanogaster, despite the fact that they co-immunoprecipitate and colocalise at sites of cell-cell 

junctions (Kaido et al. 2009). Hence other ubiquitin ligases must mediate E-cadherin internalisation and 

subsequent degradation in flies. 

To identify potential ubiquitinated targets of Hakai in flies, we performed a quantitative 

ubiquitinome analysis of control and Hakai depleted S2R+ cells. To our surprise, we did not find any 

Hakai dependent ubiquitination-sites that would consistently change in both replicates (Figure 41). 

Notably, many sites were differentially ubiquitinated in a single replicate, however, given that the heavy 

and light amino acid labelled cells displayed morphological differences it is more likely that these sites 

simply reflect the effect of cell labeling, rather than relevant Hakai-dependent ubiquitination. 

Nevertheless, in order to find any potential targets that might not be expressed in S2R+ cells, it will be 

important to perform ubiquitinome analysis in non-labelled cells, preferentially originating from Hakai 

mutant flies that we had generated. In summary, despite having a RING domain and being initially 

proposed to act as an active E3 ubiquitin ligase, it will be important to unambiguously confirm that 

Hakai indeed carries out ubiquitination of proteins it binds. To address this, it will be crucial to: 

- Identify the E2 ubiquitin conjugating enzyme involved in ubiquitination reaction(s).  

- Confirm that ubiquitination of E-cadherin in vertebrates is indeed carried out by Hakai and 

characterise other putative ubiquitinated targets. 

- Uncouple the pTyr binding role from the ubiquitination role of the HYB domain. 

- Specify the exact interaction sites between Hakai and other MACOM components in order 

to understand if ubiquitination plays any role in the process of m6A deposition. 

 

Taken together, the combined biochemical and transcriptome analyses, along with phenotypical 

characterizations of all seven proteins of the writer complex suggest that they reside in two separate 

complexes, the MAC and the MACOM (Figure 43 and Supplemental data 26). MACOM complex has 

significant roles beyond m6A deposition that will have to be systematically investigated in the future. 

Keeping this in mind it will be crucial to uncouple functions of individual MACOM components that 

occur due to alterations in m6A deposition from the ones that are m6A independent. In addition, Mettl3 

and Mettl14 were implicated in processes that do not require MACOM components (see below Chapter 

5.1.4), implying that MAC may also act on specific targets in a MACOM independent fashion. Future 

work may provide better understanding of regulatory mechanisms that define how and when MAC and 

MACOM complexes interact and deposit m6A. 
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5.1.4 Is MACOM required for methylation of all mRNA sites? 
We could demonstrate that depletion of any subunit of MACOM leads to a significant reduction 

of m6A levels in mRNA, indicating that MACOM complex is indispensable for m6A deposition. However, 

a few examples discussed below, indicate that methylation of some sites may, nevertheless, not depend 

on all MACOM subunits. 

m6A writer composition  

Regulated deposition, decoding and removal of m6A mRNA modification is crucial for proper 

development and functioning of most eukaryotic organisms studied thus far. Yet, notable differences 

exist in regards to the composition of the m6A writer complex as well as in a variety of reader proteins 

and in the presence or absence of m6A demethylases. Figure 44 and a table in the Supplemental data 

13 summarize our current knowledge about different m6A methyltransferases and their substrate 

preferences in some of the model organisms. Dissimilarities in the composition of MAC and MACOM 

complexes in different organisms raise the question, whether all MACOM components are equally 

important for m6A deposition on mRNA.  

 

Figure 44. Proteins required for methylation of N6-position of adenosine in representative organisms.  
Phylogenetic tree is shown on the left, whereas m6A methyltransferases and associated proteins are listed on top. Full dots 
represent the presence of the indicated protein. PCIF1 acts on Am and forms m6Am modification. DIMT1 adds m6,2A instead 
of m6A and different bacterial Erm enzymes can form m6A or m6,2A modifications. See also Supplemental data 13. Figure was 
generated with iTOL tool (Letunic and Bork 2019). 

As described in previous sections, in flies and vertebrates, seven proteins constitute MAC and 

MACOM. Plants, on the other hand, do not encode orthologs of RBM15 and ZC3H13 components and 

methylation is efficiently carried out with only five subunits. Notably, different methylation motif 

(UGUAHH) has been identified in plants (Li Y. et al. 2014, Wei L.-H. et al. 2018, Zhang F. et al. 2019, 

Wang et al. 2020), however it is currently not known if this is due to different composition of the m6A-
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complex, or if the genome context and other possible interactors drive methylation within this 

particular sequence. Nevertheless, it would be interesting to study if ectopic expression of ZC3H13 and 

RBM15 proteins could induce differential methylation in plants. Another interesting example of the m6A 

writer complex, with different composition also comes from budding yeast, where the so-called MIS 

complex only consists of three subunits; Mum2 (Wtap), Ime4 (Mettl3) and a yeast specific factor Slz 

(Chapter 1.4.4) (Agarwala et al. 2012). Notably, despite this obvious difference in the complex 

composition, the methylation motif as well as m6A enrichment along the mRNA appear to be the same 

as in vertebrates (Schwartz et al. 2013). It will be of great interest to structurally characterise m6A writer 

complexes from different species and compare their selective binding to mRNA along with their 

putative associations with the chromatin. Such findings would without a doubt shed light onto why the 

very same catalytic enzyme in S. cerevisiae only requires two accessory proteins, whereas in higher 

eukaryotes efficient methylation depends on the large MACOM complex. 

Cytoplasmic methylation 

In most cell types, MAC and MACOM components show predominantly nuclear localization, as 

inferred by immunostaining experiments. In contrast, the cell fractionation analysis of mES cells, found 

a strong cytoplasmic localization of MAC, but not MACOM components (Wen et al. 2018), suggesting 

that MAC might carry out cytoplasmic methylation of specific targets independently of MACOM. 

Interestingly, numerous reports identified m6A on transcripts originating from ssRNA viruses of 

Flaviviridae family that replicate exclusively in the cytoplasm (e.g. HCV, DENV, ZIKV, KSHV, and others) 

(Gokhale et al. 2016, Lichinchi G. et al. 2016, Dang et al. 2019). This raises several possibilities for their 

methylation: I) cytoplasm-located MAC complex is sufficient for m6A deposition, II) a certain amount of 

functional MAC-MACOM complexes exists in the cytoplasm or III) MAC and MACOM components 

localize to the cytoplasm upon infection. IV) Alternatively, methylation could be carried out by a 

different cytoplasmic methyltransferase. To discriminate which of these possibilities holds true, it 

would be informative to monitor the localisation of each component upon viral infection and to analyse 

potential changes in the complex composition. Intriguingly, in mES cells Zc3h13 was shown to be 

required for nuclear localization of other m6A writer components (Wen et al. 2018), therefore its 

regulated re-localisation to the cytoplasm could, in principle, enable the formation of a complete 

methylation machinery in this compartment. Alternatively, since loss of ZC3H13 was shown to 

specifically destabilize only the interaction between WTAP and RBM15 (Figure 36), a stable and 

catalytically competent complex of MAC, WTAP, VIR, ZC3H13 and HAKAI proteins might still exist in the 

cytoplasm. Such complexes could carry out methylation of viral and other potential targets. 

Characterisation of mechanisms that drive cytoplasmic methylation of viral RNA could have important 

implications for future development of potential antiviral treatments. 

m6A methylation upon cellular stress 

Findings from a few studies suggest that under certain cellular conditions MACOM complex is 

not required for m6A methylation. Upon UV-induced DNA damage, m6A levels rapidly increase at sites 

of DNA lesions (peaking at two minutes post laser-induced DNA damage), which in turn promotes DNA 

repair via DNA polymerase- κ (Pol-κ) dependent mechanism (Xiang et al. 2017). Under these 

circumstances, Mettl3 and Mettl14 were shown to be essential for m6A deposition, however Wtap 

protein was found dispensable, suggesting that MACOM may not be required. Although it is not possible 

to exclude that other MACOM components facilitated MAC recruitment to sites of methylation, this 

work, nevertheless, demonstrates that co-transcriptional deposition of m6A in certain cellular 
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conditions does not require all MACOM components. Of note, this study characterised methylated RNA 

species by MeRIP sequencing (restricted to polyA+ RNA) and found enrichment of m6A at 5`UTR regions 

within the RRACH and other motifs. Thus, future work implementing precise mapping of MAC/MACOM 

binding before and after DNA damage, and characterisation of MAC-interacting proteins during DNA 

damage, might shed light onto the exact mechanism of m6A-mediated DNA repair. Intriguingly, in 

human cells, WTAP and HAKAI co-precipitate with splicing-associated proteins THRAP3 and BCLAF1 

(Horiuchi et al. 2013). In the context of UV-induced DNA damage, these two proteins were found to be 

rapidly excluded from damage sites (within two minutes after laser-induced DNA damage), which in 

turn promoted cellular resistance to genotoxic stress (Beli et al. 2012). It would be interesting to test if 

THRAP3 and BCLAF1 proteins perhaps mediate the removal of MACOM complex from DNA damage 

sites prior to methylation of nascent transcripts, and to further investigate the potential interplay 

between THRAP3/BCLAF1 proteins and m6A methylation. Intriguingly, since no orthologs of THRAP3 or 

BCLAF1 proteins neither of Pol-κ exist in D. melanogaster, it might be informative to investigate if MAC 

mediated m6A methylation upon DNA damage also occurs in flies and if so, how are methylation and 

repair regulated (Sekelsky 2017).  
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5.1.5 What are the functions of other putative m6A methyltransferases in flies? 
In flies and other species, Mettl3 and Mettl14 proteins are part of the conserved methylation 

complex that is required for deposition of a majority of m6A on mRNA. Besides, several other m6A 

methyltransferases that can act on different RNA and DNA targets have also been characterised in 

recent years (Chapter 1.4.3) (Supplemental data 14). When we initiated this project only the function 

of Mettl3 was known and we therefore decided to screen for additional m6A mRNA methyltransferases 

that could potentially act on mRNA. We searched for fly proteins that contained the N6-MTase 

sequence motif (Prosite: PS00092) (Timinskas et al. 1995, Sigrist et al. 2013). Beside two closest Mettl3 

paralogs, Mettl14 (CG7818) and Mettl4 (CG14906), we found six other uncharacterised proteins 

(CG9531, CG9966, CG9154, CG9666, CG1074 and CG7544), whose functions in flies were not known 

(Supplemental data 8). We tested all proteins for m6A-activity by depleting them in D. melanogaster 

S2R+ cells and by measuring residual m6A levels on mRNA. Unlike depletion of Mettl3 and Mettl14 that 

strongly reduced m6A levels, KD of other candidates showed no evident change (Supplemental data 8). 

Intriguingly, Mettl16, a vertebrate ortholog of CG7544 protein was later found to specifically methylate 

U6 snRNA and one particular mRNA target in human cells (Mat2a), whereas Mettl5, an ortholog of 

CG9666 protein was recently characterised as an exclusive 28s rRNA m6A methyltransferase (Van tran 

et al. 2019, Ignatova et al. 2020, Leismann et al. 2020). Such restricted substrate selectivity of Mettl16 

and Mettl5 proteins likely explains why no change in m6A levels was observed in our enzyme depletion-

LC/MS assay. Nevertheless, it is possible that also in flies, CG7544 and other putative m6A 

methyltransferases act on a limited set of mRNA targets. Different approaches, such as characterisation 

of transcriptome wide RNA binding sites and analysis of m6A levels in different RNA species, should 

enable identification of relevant targets and shed light on molecular functions of these 

methyltransferases in the future. 

 

Among other uncharacterised methyltransferases, Mettl4 (CG14906) is a nuclear protein that 

belongs to the same clade of N6-MTases as Mettl3 and Mettl14 proteins (Figure 1) and shares high 

sequence similarity with the two proteins within the MT-A70 domain. Thus, we assumed that it might 

act as a potential m6A methyltransferase and decided to investigate its functions in vivo. Using the 

CRISPR-Cas9 system we generated a mutant allele (Mettl42) that lacked a large part of the CDS 

including the translation start site (Supplemental data 9). Flies lacking Mettl4 were homozygous viable 

and displayed no obvious developmental defects indicating that Mettl4 is not essential for fly survival. 

This observation is consistent with other alleles that have been described thus far (Silva 2017, Gu et al. 

2020). We analysed transcript expression levels during fly development and noticed that Mettl4 levels 

are particularly high in the first hour of embryogenesis. Mettl4 is also elevated during the transition 

from late larvae to pupation (120 h) and is rather high in adult flies (Supplemental data 9), suggesting 

that Mettl4 might be important during these developmental stages.  

Intriguingly, a few recent studies provided novel insights into the role of this methyltransferase. 

Mettl4 was found to act as an N6-adenosine methyltransferase in human HEK293 cells, where it forms 

the m6Am modification of U2 snRNA by methylating the pre-existing Am residue at position A30 (Chen 

2020 Cell Research, Goh 2020 Biorxiv). Consistently, a recent study in flies also identified the activity of 

Mettl4 as an m6A methyltransferase of the U2 snRNA, acting on site A30 (Gu et al. 2020). Notably, in 

collaboration with Prof. Suzuki`s group (The University of Tokyo), we were able to confirm that our 

Mettl42 mutant flies indeed lack m6A methylation in U2 snRNA at the position A30, as well as at the 

following position A31 (unpublished data). In light of these recent reports, it would be interesting to 

functionally compare the human and fly Mettl4 orthologs since the activity of human METTL4 was 
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found to be strongly elevated by the Nm modification, which is not present at these positions in flies. 

All studies also reported alterations in pre-mRNA splicing upon loss of Mettl4, albeit direct involvement 

of the N6-methylation has not been demonstrated and the mechanism is, as of now, unknown. 

Intriguingly, the A30 site (A30, A31 in D. melanogaster) of the U2 snRNA is part of the flexible linker 

located just between the region that interacts with the pre-mRNA branch point sequence on one side 

(U2/BS helix) and the U6 snRNA on the other side (U2/U6 helix Ia) (Sashital et al. 2007). A30 was 

previously shown to be the spot that allows rotation of the entire downstream region of U2 snRNP 

(U2/BS helix) during the spliceosome transition from Bact-, C- to C*-complexes (Figure 2) (Bao et al. 

2017). Thus, m6A may promote flexibility that ensures the rearrangement of the branch site within the 

catalytic centre. Notably, recent reports showed that only a subset of splicing events were Mettl4 

dependent and most represented cassette exons (Goh et al. 2020). Thus, a study using an in vitro 

splicing assay in the presence/absence of this modification might shed light on the exact mechanism. 

Given the close proximity of the A30 to the branch point sequence, m6A may alter the splicing efficiency 

depending on the sequence surrounding the branch point motif. Of note, budding yeast does not 

encode Mettl4 and a less diverse set of branch point sequences has been reported in this organism 

(Lim and Burge 2001). It is also important to note that U2 snRNA genes exist in multiple copies and their 

expression is spatially and temporarily regulated. A five nucleotide deletion in one the U2 snRNA genes, 

which included the A30 site, was shown to alter splicing of a subset of small introns specifically in the 

mouse cerebellum, which in turn resulted in neuron degeneration (Jia 2012 cell). It would be interesting 

to explore if all U2 snRNA genes are m6A modified and whether some cells or splicing events are more 

susceptible to the loss of this particular m6A modification than others. In summary, future work will be 

required to reveal the importance of this conserved U2 snRNA methylation site on pre-mRNA 

processing in different cell types, as well as during normal and stress conditions.  

In recent years, several studies reported an additional N6-methylation activity of METTL4 

resulting in the formation of 6mA modification on DNA substrates in different organisms, including 

human and C. elegans (Chapter 1.1.1) (Greer et al. 2015, Kweon et al. 2019). In Drosophila 

melanogaster, a 6mA demethylase DMAD (also known as dTet) has been found (Zhang G. et al. 2015), 

while the 6mA methyltransferase has not been characterised yet. To investigate, if the function of 

Mettl4 as a 6mA methyltransferase is conserved in flies we measured 6mA levels in DNA samples from 

WT and Mettl42 mutant female ovaries, as well as from S2R+ cells where Mettl4 was depleted. 6mA 

levels in all samples were rather low (<0,0015 % 6mA/T) and loss of Mettl4 in flies did not further reduce 

6mA levels, neither in S2R+ cells nor in ovaries (Supplemental data 9). Whether Mettl4 is a functional 

6mA methyltransferase in Drosophila melanogaster, therefore, remains the matter of future 

investigations. It is possible that Mettl4 deposits 6mA at restricted DNA sites, in specific cell types, 

developmental stages, or only under particular stress conditions. Notably, recent studies in vertebrates 

argue against the existence of an enzymatic machinery depositing 6mA in a regulated manner and, 

instead, suggest that the main source of this rare epigenetic mark is DNA polymerase  which 

incorporates m6dATP in a cell cycle dependent manner (Liu X. et al. 2020, Musheev et al. 2020). 
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5.2 m6A demethylases in Drosophila melanogaster? 

Akin to the reversibility of m5C DNA methylation, m6A modification on RNA can be demethylated 

to adenosine via the activity of a few ALKBH-family of proteins. Table in Supplemental data 14 

summarizes currently known enzymes with enzymatic activity against N6-methyladenosine in different 

species. ALKBH5 and FTO display demethylation activity towards m6A on mRNA, snRNA and lncRNA. 

Besides, FTO can demethylate m6Am modification that is found as a part of a 5`-cap at the first 

nucleotide of mRNA and RNA PolII-transcribed snRNA (Chapter 1.4.5.b). ALKBH5 and FTO are found 

only in vertebrate species. The exception to this is FTO that also exists in unicellular diatoms (Sanchez-

Pulido and Andrade-Navarro 2007). Interestingly, none of the MAC or MACOM components is 

conserved in diatom species, however, they encode two paralogs of the PCIF1 enzyme, required for 

m6Am formation. This might speak In favour of recent findings, suggesting that the primary substrate 

of FTO is m6Am, rather than m6A (Mauer et al. 2017, Mauer et al. 2019). It is important to note that the 

epitranscriptome landscape of m6A or m6Am modifications has not been investigated in diatoms thus 

far, but may nevertheless be informative. Of note, like in flies, both PCIF proteins in diatoms carry 

atypical catalytic motifs with a histidine residue [DPPH] (Chapter 1.4.3.c). Thus, diatoms would 

represent an ideal system to address I) if this Histidine residue abrogates enzymatic activity for m6Am 

formation, and II) in case m6Am indeed exists in this species, whether it is a preferred substrate of FTO 

demethylase. 

Besides FTO and ALKBH5, a few additional ALKBH members were also shown to demethylate m6A 

on other types of RNA and DNA substrates. ALKBH1 and ALKBH4 act on 6mA modification in DNA, 

whereas ALKBH3 reverses m6A on tRNA (Ueda et al. 2017). Whether any of these enzymes can also 

demethylate m6A on specific mRNA targets, has not been addressed yet. Throughout this work, we 

investigated if any of the seven ALKBH-members present in Drosophila melanogaster might act on 

mRNA substrates (Supplemental data 10). To this end, we depleted all proteins in S2R+ cells and 

analysed changes in m6A content on mRNA. While none of the ALKBH members affected bulk m6A 

levels, we cannot exclude that some of them might act only on a restricted subset of mRNA targets. 

Notably, as mentioned above, vertebrate orthologs of AlkB and CG4036 (ALKBH1 and ALKBH4, 

respectively) were recently shown to demethylate 6mA on DNA, which makes them intriguing 

candidates for potential activity towards m6A on mRNA. On the other hand, catalytic activities of 

CG6144 and CG14130 proteins, and of their corresponding vertebrate proteins ALKBH6 and ALKBH7 

are not known yet and only a few reports addressed their functions thus far. In human, ALKBH6 

transcript is highly expressed in testis and pancreas (Tsujikawa et al. 2007), while in Drosophila 

melanogaster expression of CG6144 (Alkbh6) is elevated during early embryogenesis (Flybase 

modENCODE (Brown et al. 2014)). Any further molecular or biological relevance of this protein is, as of 

now, unknown. More is, however, known about the ALKBH7 protein. It is highly expressed in the human 

pancreas, spleen, and prostate. A particular SNP has been associated with prostate cancer (Tsujikawa 

et al. 2007), whereas its loss of function in mice leads to obesity (Solberg et al. 2013). Upon DNA 

damage, ALKBH7 initiates programmed necrosis by triggering mitochondrial membrane collapse. As a 

result, cells lacking ALKBH7 can become resistant to DNA damage-induced cell death, which strongly 

suggests its role as a cancer suppressor (Fu et al. 2013). While its targets are not known, structural 

studies revealed that it lacks a characteristic nucleotide-recognition lid and has a catalytic site exposed 

to the solvent, suggesting it might not be a typical RNA/DNA demethylase and may also act on other 

substrates (Wang G. et al. 2014).  



Discussion and outlook - m6A demethylases in Drosophila melanogaster? 

135 
Tina Lence, PhD Thesis - The role of m6A modification on mRNA processing in Drosophila melanogaster 

Given the lack of knowledge about these two ALKBH-members, we wanted to reveal functions of 

CG6144 (Alkbh6) and CG14130 (Alkbh7) in flies and have therefore generated corresponding mutant 

alleles (Supplemental data 11). Large deletion of CG61442 (Alkbh62) allele removed nearly complete 

CDS including the translation start site and resulted in fly lethality. We found no adult escapers, nor did 

we notice any apparent pupae survival. While we cannot exclude a possible off-target effect that could 

arise during mutant generation, this observation is, nevertheless, in line with the high expression of 

CG6144 (Alkbh6) during embryogenesis (Flybase modENCODE) (Brown et al. 2014) and suggests a 

potential importance of this protein for early fly development. The mutant allele that we generated for 

CG14130 gene removed a C-terminal part of the AlkB domain including the -ketoglutarate binding 

residues. CG141306 (Alkbh76) flies were, however, viable with no apparent developmental delay.    

Besides, we created expression constructs of HA-tagged CG6144 (Alkbh6) and CG14130 under 

the UAS promoter and generated corresponding fly lines. If driven with a particular GAL4-driver, these 

constructs enable ectopic protein expression in a chosen cell type. Expression of constructs with an 

actin-GAL4 driver in the S2R+ cells revealed that CG6144 is localised ubiquitously throughout nuclear 

and cytoplasmic compartments (Supplemental data 11). CG14130 (ALKBH7), on the other hand, 

displayed cytoplasmic localisation that most likely represented mitochondria. This is consistent with the 

presence of a predicted mitochondrial localisation signal in both, fly and vertebrate orthologs. It is thus 

possible that CG14130 (Aklbh7) functions are required during stress, starvation or upon DNA damage 

as demonstrated for human ALKBH7 (Fu et al. 2013). Notably, several modifications on mt-RNA are 

crucial for adequate adaptation to different environmental cues and many mutations in mt-RNA 

modifying enzymes have been previously linked to the occurrence of various mitochondrial diseases 

(Bohnsack and Sloan 2018).  

In summary, no m6A demethylase has been so far identified in flies. Tools that we have 

generated, including mutant flies and rescue constructs, will enable further investigation into the 

potential involvement of the two poorly characterised ALKBH-members (CG6144 (Alkbh6) and 

CG14130 (Alkbh7)) in the epitranscriptomic and epigenetic field. Given the rapid advance in the LC-MS 

and other detection techniques, a plethora of distinct modifications can be simultaneously analysed 

even from a limited amount of RNA or DNA samples (Lan et al. 2018). Thus, one could potentially screen 

for the demethylation activity of these enzymes towards various modifications in different tissue 

samples, developmental stages, or upon particular stress conditions. 
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5.3 m6A is decoded by different reader proteins 

Once deposited, m6A modification can be recognised by reader proteins that may interact with 

and recruit other RNA processing factors, and in this way mediate the fate of modified transcript. 

Alternatively, m6A can also change local RNA structure and indirectly affect binding of various RBPs by 

the so-called RNA-switch mechanism (Chapter 1.4.6). Among the best described m6A readers are the 

YTH domain-containing proteins that can specifically accommodate m6A via a hydrophobic pocket of 

the YTH domain (Li F. et al. 2014, Luo and Tong 2014, Theler et al. 2014, Xu et al. 2014, Zhu et al. 2014).  

All YTH domain-containing proteins that have been investigated so far, displayed m6A binding ability. 

The only known exception is the Mmi protein from fission yeast that carries a mutation in the YTH 

domain, which interferes with m6A accommodation (Wang C. et al. 2016). Notably, S. pombe does not 

encode components of the m6A writer machinery (Supplemental data 14) and has no m6A on mRNA.  

In this study, we aimed to identify and characterise proteins that can decode m6A in D. 

melanogaster (Chapter 4.2). By in silico analysis, we initially found two fly orthologs of the YTH domain-

containing proteins, Ythdc1 and Ythdf that showed a high sequence similarity to corresponding human 

orthologs, the YTHDC1 and YTHDF1/2/3 proteins, respectively (Supplemental data 23 and 24). While the 

homologies within the YTH domains were very high, sequences outside these regions differed. We 

performed several in vitro assays to investigate if two D. melanogaster proteins can bind m6A. Using 

m6A modified RNA probe from the bovine prolactin containing a known methylation site (Chapter 

4.2.1.b) we were able to confirm that Ythdc1 preferentially binds m6A. However, our results for Ythdf 

were not conclusive (Figure 19). Of note, similar observations were obtained in an independent study 

from Kan and colleagues who analysed RNA binding specificities of purified YTH domains. Only Ythdc1, 

but not Ythdf, was efficiently recovered by m6A-containing RNA probe in an EMSA assay (Kan et al. 

2017). Intriguingly, sequence alignments of all fly and human orthologs unequivocally show that all 

residues, required for m6A accommodation, are conserved (Supplemental data 23 and 24). This led us 

to assume that Ythdc1 and Ythdf in D. melanogaster perhaps only bind m6A in a specific sequence and 

structure context. In line with these predictions, a recent study demonstrated that the YTH domain 

cannot accommodate m6A modification if it is located in a stable RNA duplex (Liu B. et al. 2018). This is 

indeed the case for the bovine prolactin RNA probe that we have used in the current study (Figure 20b) 

and most likely explains a poor binding of YTH proteins to this RNA probe. Notably, two recent studies 

from flies confirmed that Ythdc1 and Ythdf can bind m6A, when located in a different sequence 

(4xGGACU) which adopts an open conformation  (Figure 20c) (Kan et al. 2020, Soldano et al. 2020). 

Thus, we can conclude that in D. melanogaster both YTH domain-containing proteins are functional, 

albeit context dependent, m6A readers. 

5.3.1 Ythdc1 
Ythdc1 is the only nuclear YTH domain-containing protein and shares high sequence similarity 

with its human ortholog YTHDC1, in particular within the region adjacent to the YTH domain 

(Supplemental data 23). The entire N-terminal part and a vast majority of the C-terminal part are of low 

complexity with no predicted secondary structure. Instead, they are expected to constitute a flexible 

disordered region (as predicted by NetSurfP-2.0 software) (Klausen et al. 2019), likely involved in 

protein-protein interactions. In our interactome study from S2R+ cells, we found that Ythdc1 associates 

with numerous proteins, many of which are RBPs involved in different RNA processing steps (Figure 29 

and Supplemental data 1), potentially linking Ythdc1 to pre-mRNA splicing, polyadenylation and export. 
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Consistently, vertebrate YTHDC1 interacts with various splicing factors (Imai et al. 1998, Hartmann et 

al. 1999, Xiao et al. 2016) and was, in addition, proposed to be involved in the regulation of mRNA 

export (Lesbirel and Wilson 2019). Human and fly Ythdc1 proteins interact with several common RBPs, 

suggesting that some functions of Ythdc1 may be conserved. Among them were for example members 

of the STAR family of proteins (Signal Transduction and Activators of RNA), such as the Sam68 and 

several QKI-proteins, that link signal transduction with post-transcriptional gene regulation. Another 

example was the scaffold attachment factor-B (Saf-B) protein that couples pre-mRNA transcription and 

splicing (Nayler et al. 2000) (Supplemental data 1). Interestingly, in human cells YTHDC1, Sam68 and 

Saf-B proteins reside in the so-called YT-bodies, adjacent to nuclear speckles and influence splicing in a 

phosphorylation dependent manner (Hartmann et al. 1999, Nayler et al. 2000, Rafalska et al. 2004). 

Whether such mode of regulation also exists In flies is not known, however we could identify 

interactions between Ythdc1, Saf-B and several orthologs of the Sam68 protein (Qkr58E-1, -2, -3), 

strongly suggesting that similar protein complex, involved in splicing regulation, also exists in flies 

(Figure 29 and Figure 30). Notably, Qkr58E-1 was also one of the proteins that influenced splicing of 

many Ythdc1 targets, indicating that the two proteins likely act cooperatively to achieve efficient 

splicing outcome of a subset of methylated transcripts (Figure 30). Indeed, their combined depletion in 

S2R+ cells had more prominent effect on the splicing alteration of the fl(2)d transcript compared to 

individual depletion of either Mettl3, Ythdc1 or Qkr58E-1 proteins (Supplemental data 15). Importantly 

however, loss of Qkr58E-1 did not alter all Ythdc1-dependent events, signifying the existence of other 

parallel mechanisms that mediate splicing together with the Ythdc1 (see Chapter 5.5). 

From our interactome analysis, we also noticed that Ythdc1 in flies interacts with the cap-binding 

proteins CBP20 and CBP80. Interestingly, their depletion in S2R+ cells shifted splicing of methylated 

targets in the opposite way than did depletion of m6A machinery, or of the Ythdc1 reader (Supplemental 

data 15). However, m6A levels remained unchanged, indicating that cap-binding proteins (CBPs) do not 

stimulate m6A deposition. Instead, these observations may suggest a competition between the CBPs 

and Ythdc1 for methylated sites, or could point toward CBP20/80 - mediated tethering of Ythdc1 away 

from sites of methylation. Of note, a vast majority of m6A in flies reside within the 5`UTR regions in a 

proximity to the mRNA cap (Figure 22) and many differentially spliced events were also found in the 5`-

regions (Supplemental data 5, 6 and 7). The putative interpaly between CBP20/80 - Ythdc1 therefore 

provides an exciting possibility to adjust the extent of Ythdc1 binding to m6A sites and in this way 

mediate downstream pre-mRNA processing.  

Interplay between m6A writers and Ythdc1 

We found that Ythdc1 protein represents one of the main mediators of m6A functions in flies. 

Consistent with its role in splicing, over 70 % of differentially spliced transcripts were shared between 

Mettl3 and Ythdc1 depleted cells (Figure 21 and Figure 23). Likewise, its removal in vivo resembled the 

loss of m6A writer machinery in regards to altered pre-mRNA processing (Figure 28). Furthermore, 

Ythdc1 KO flies displayed similarly compromised adult locomotor abilities (Figure 27). During the course 

of fly development Ythdc1 expression recapitulated the profile of m6A modification and the writer 

complex (Figure 16 and Figure 18) (see also Chapter 5.6), highlighting the importance of this nuclear 

reader protein in maintaining accurate m6A interpretation. It is currently not known to what extent 

Ythdc1 binds m6A sites in flies, hence, it will be important to generate an accurate RNA binding map 

and compare it with the m6A profile in order to clearly evaluate its direct contribution in 

posttranscriptional regulation. 
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Our comprehensive interactome analysis of m6A writer components and of the Ythdc1 protein 

revealed that they share many common interactors, which is highly suggestive of the interplay between 

m6A writers and readers in downstream mRNA processing (Supplemental data 2). Ythdc1 for example 

efficiently precipitated most components of the MACOM complex, including Nito, Fl(2), Vir and Flacc 

(Supplemental data 1). Consistently, in several human cell lines HAKAI and WTAP enriched the YTHDC1 

protein (Horiuchi et al. 2013). Among the common proteins that we found interacting with Ythdc1 and 

at least one of the writer components were RBPs involved in the regulation of splicing in line with the 

proposed role of m6A in this process. Additionally, proteins that shuttle between nucleus and 

cytoplasmic compartments were also identified, such as those required for nuclear pore organisation, 

mRNA localization, stability translation as well as gene silencing (Supplemental data 2). Intriguingly, 

several common proteins (e.g. Saf-B Hrb87F, Hrb98DE) constitute the so-called Omega speckles that 

represent chromatin associated co-transcriptional mRNA processing hubs in flies (Singh and Lakhotia 

2015). It is currently not known how does the Ythdc1 protein recognise and bind the “accurate” set of 

methylated transcripts, however, given the accumulated data, we envision a formation of non-

membranous compartments that expedite the recruitment of Ythdc1 and its associated proteins to co-

transcriptionally deposited m6A sites. Whether Ythdc1 also directly interacts with any of the MACOM 

components, or else if additional bridging factors are involved, remains the matter of future 

investigations. Taken together, the link between m6A writing and reading does not seem so elusive and 

it may well be that many other m6A specific binders are recruited to sites of methylation via the writer 

complex. Nevertheless, further work will be required to unambiguously address which of the identified 

interactions are biologically relevant and how is the binding of writers and readers regulated. 

5.3.2 Ythdf 
In contrast to vertebrates, flies encode a single cytoplasmic YTH domain protein, Ythdf (CG6422) 

(Figure 17) that has not been functionally characterised before. In vertebrates, three YTHDF proteins 

regulate translation, stability and decay of their targets (Hazra et al. 2019). To this end, we investigated 

the role of D. melanogaster Ythdf ortholog in S2R+ cells, where its depletion leads to a up-regulation 

(n=545) and down-regulation (n=797) of many transcripts (Figure 21), with nearly half of them also 

being m6A modified. To investigate, if Ythdf affects mRNA turnover, we carried out RNA stability assay, 

using Actinomycin D transcriptional inhibitor and analysed mRNA levels at different time points in 

control, Ythdf and Mettl3/Mettl14 depleted S2R+ cells. Our unpublished data show that loss of m6A and 

Ythdf has no overall effect on mRNA stability. However, we cannot exclude that some targets are under 

the control of m6A-dependent decay or that this may be the case in different cell types. In human cells 

iCLIP analysis demonstrated that transcriptome wide binding of three YTHDF-proteins highly overlap 

(Patil et al. 2016), suggesting that they might act redundantly. Indeed, two recent studies demonstrated 

that the loss of one YTHDF reader can be compensated by two other YTHDF members in a dosage-

dependent manner (Lasman et al. 2020, Zaccara and Jaffrey 2020). However, this does not seem to be 

the case in all cellular contexts and the unique expression pattern of the Ythdf2 during mouse 

development makes it indispensable for mouse gametogenesis and viability (Lasman et al. 2020). In 

addition, tethering of YTHDF2 and YTHDF3 to a reporter transcript either facilitated its decay or 

translation, respectively (Rauch et al. 2018). Besides, loss of yeast YTH domain protein Pho92 that is 

required for timely mRNA turnover, was efficiently rescued by the YTHDF2 (Kang et al. 2014). Thus, to 

investigate if D. melanogaster Ythdf protein is, to some extent, involved in transcript stability, decay or 

translation, similar tethering experiments could be carried out. In addition, by expressing a fly Ythdf 



Discussion and outlook - m6A is decoded by different reader proteins 

139 
Tina Lence, PhD Thesis - The role of m6A modification on mRNA processing in Drosophila melanogaster 

protein in YTHDF1, YTHDF2 or YTHDF3 KO cells one could anticipate that Ythdf protein may rescue some 

aspects of gene regulation, which could help at interpreting its functions. 

We aimed at investigating Ythdf roles in vivo and found that during fly development, Ythdf 

expression strongly correlated with m6A levels and was, similarly to Ythdc1, most abundant during early 

embryogenesis (Figure 18). In particular, its levels peaked during the first two hours and were elevated 

in ovaries, suggesting its maternal deposition. To understand the importance of this cytoplasmic reader 

in fly development, we initially generated a mutant allele with a deletion close to three translation start 

sites that should interfere with translation of functional proteins. In the Ythdf5 mutant, deletion 

introduced a premature stop codon after a few translated amino acids (Supplemental data 12). Ythdf5 

mutant flies were viable and to our surprise, fertile. Even though we found elevated Ythdf expression 

in embryos and ovaries, observations from mutant flies speak against the essential role of this protein 

in fly gametogenesis and during maternal to zygotic transition. In contrast, different Ythdf members in 

mice and zebrafish have crucial roles in these processes (Chapter 1.4.8.e). Nevertheless, similar findings 

were recently made by a study from Kan and colleagues who generated Ythdf mutants with comparable 

5`-end deletions (Kan et al. 2017). Intriguingly, we observed that Ythdf5 flies displayed defects in adult 

mushroom body development (Soldano et al. 2020). However, due to a small deletion of Ythdf5 allele 

there was a possibility that an alternative downstream translation start site could be used to generate 

a truncated protein with an intact YTH domain. If expressed, such protein could either still be functional, 

or could act as a dominant negative. Thus, a new allele lacking an entire YTH domain was generated 

(Soldano et al. 2020). Intriguingly, YTH-Ythdf mutant flies recapitulated mushroom body phenotypes 

of the Ythdf5 allele and have since been thoroughly characterised to reveal biological and molecular 

functions of this cytoplasmic reader (Soldano et al. 2020). 

5.3.3 Other putative m6A regulated proteins 
YTH domain-containing proteins are among best described m6A readers and their binding 

preference for m6A modification has been explicitly demonstrated by structural characterisation of the 

YTH domain (Li F. et al. 2014, Luo and Tong 2014, Theler et al. 2014, Xu et al. 2014, Zhu et al. 2014). 

Albeit, with a growing volume of studies searching for novel m6A readers, it is becoming increasingly 

recognised that m6A can affect RNA binding of many other RBPs (Dominissini et al. 2012, Edupuganti et 

al. 2017, Baquero-Perez et al. 2019). In certain sequence contexts, these proteins may directly 

recognise m6A. Often times, however, modification enforces structural changes, which can in turn 

readily expose or hide their RNA recognition sites along the transcripts (Micura et al. 2001, Alarcon et 

al. 2015a, Liu et al. 2015, Spitale et al. 2015, Liu et al. 2017, Liu B. et al. 2018). Several proteins have 

been identified whose RNA binding is impacted by m6A in a positive (hnRNPs, eIF3, FMRP, IGF2BP) or 

negative manner (HuR, G3BP1) (Dominissini et al. 2012, Edupuganti et al. 2017, Baquero-Perez et al. 

2019). One of these non-conventional m6A readers, FMRP, can preferentially, but not exclusively, bind 

m6A modified RNAs (Edupuganti et al. 2017). FMRP plays important roles in proper neuronal 

development and altered FMRP functions are the leading cause of the Fragile X syndrome, a form of 

intellectual disability (Darnell and Klann 2013). Hence, the interplay between m6A and FMRP received 

a lot of attention over the past few years. FMRP was implicated in mediating the export and stability of 

methylated mRNA, in part, with the cytoplasmic Ythdf2 protein (Zhang F. et al. 2018, Hsu et al. 2019). 

Notably, FMRP strongly interacts with other YTH domain proteins, which raises the question, to what 

extent does FMRP act autonomously as an m6A reader? Intriguingly, in flies we found that Fmr1 

interacts with the nuclear Ythdc1 proten as well as with MACOM components (Supplemental data 2), 
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whereas, a recent work form Soldano and colleagues revealed that it also binds the cytoplasmic Ythdf 

protein. This study further highlighted the importance of this interplay for proper neuronal 

development (Soldano et al. 2020). It is thus possible that FMRP associates with some m6A modified 

transcripts already in the nuclei and shapes their processing along the way to the cytoplasm. 

 

To identify novel m6A binding proteins in D. melanogaster, we performed an in vitro pull-down 

assay followed by mass spectrometry analysis of recovered proteins. We used an RNA probe from the 

3`UTR of the bovine prolactin (bprl) transcript that contains a well characterised m6A site (Carroll et al. 

1990), (Figure 20a). Based on our in silico structure prediction, m6A site in the bprl is embedded within 

a stem loop conformation (Figure 20b). In many cases, m6A modification can obstruct the formation of 

RNA duplexes and, hence, sites in the proximity of m6A tend to be unpaired (Liu B. et al. 2018). However, 

based on currently available studies (Roost et al. 2015), this does not seem to be the case for the bprl 

sequence, where m6A in the GGACU motif is surrounded by a perfect RNA duplex (See also Chapter 

4.2.2). Importantly, YTH domains cannot efficiently accommodate m6A sites that are located within the 

RNA duplex (Liu B. et al. 2018) and indeed, neither Ythdc1 not Ythdf were among recovered proteins in 

our mass spectrometry assay (Figure 20a). Thus, we propose that proteins enriched by the methylated 

probe represent RBPs or protein complexes that directly recognise m6A modified bprl sequence 

independently of YTH domain-containing readers.  

mRNA decay  

Intriguingly, proteins that displayed preferential binding to m6A modified probe, were Ge-1 

(EDC4), Patr-1 (PATL1) and Lsm1, Lsm2, Lsm3, Lsm4, Lsm5 and Lsm7 proteins (Lsm1-7) (Figure 20a) that 

constitute a complex involved in the regulation of mRNA storage and decay in the cytoplasmic foci 

termed P-bodies (Luo Y. et al. 2018). Patr-1 (Protein associated with topo II related-1) is one of the core 

components of the P-bodies, where it engages with various different proteins. The Ge-1 (also known as 

EDC4, Enhancer of decapping 4) is a scaffolding protein that interacts with and activates decapping 

proteins Dcp1 and Dcp2 (Mugridge et al. 2018). Lsm1-7 proteins form a ring shaped structure that, 

together with the Patr-1 protein, associate with short adenylated or uridylated 3`ends of transcripts, 

which are poised for 5`  3` mediated decay (see Chapter 1.2.4). This heterooctameric complex 

promotes the recruitment of decapping enzymes Dcp1 and Dcp2, which in turn stimulates mRNA 

degradation. In vertebrates, the link between m6A and mRNA degradation has been already 

demonstrated (Lee et al. 2020). Briefly, m6A carrying transcripts can be bound by the Ythdf2 reader that 

facilitates tethering of m6A-carrying transcripts to the P-bodies. In addition, Ythdf2 recruits the Ccr4-

Not complex and, hence, promotes mRNA deadenylation and subsequent turnover (Lee et al. 2020). 

However, whether there is a direct connection between m6A and the following steps of mRNA 

processing, namely uridylation and decapping, has not been addressed thus far.  

Importantly, our findings might provide the missing link that potentially connects m6A-mediated 

mRNA deadenylation (via Ythdf) with mRNA decapping (via Patr-1/Lsm1-7). We propose that 

deadenylated m6A-carrying transcripts can be directly recognised by the Patr-1/Lsm1-7 protein 

complex, which subsequently accelerates the recruitment of decapping machinery and promotes 

mRNA turnover of a subset of m6A modified transcripts. Notably, while we were not able to find the 

connection between m6A and overall mRNA stability (unpublished data) it remains possible that only 

selected transcripts are destabilised in this way. Given that in flies a vast majority of m6A sites reside in 

the 5`UTR regions, it would be important to investigate if perhaps transcripts that carry m6A specifically 

within their 3`UTR regions are predisposed for such regulation. Intriguingly, in vertebrates, m6A 
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modification is highly abundant within the 3`UTR regions, hence, we envision that such mechanism may 

be conserved and of particular importance in the regulation of mRNA turnover in higher organisms.  

In summary, our preliminary data provide an intriguing possibility that the Patr-1/Lsm1-7 protein 

complex is involved in destabilization of methylated transcripts via its ability to directly bind m6A sites. 

Recent studies suggest that Patr-1 enhances mRNA binding of Lsm1-7 proteins to mRNA (Lobel and 

Gross 2020) and its depletion in flies results in exuberant growth of synaptic boutons at NMJ (Pradhan 

et al. 2012), a phenotype that is apparent in mutants lacking m6A (see Chapter 1.5.3). Hence, the role 

of Patr-1/Lsm1-7 mediated transcript decay may be specifically important for selected set of mRNAs in 

the nervous system, where rapid adjustment of transcript levels is of particular importance. Future 

studies will, however, need to decipher whether and how the heterooctamere complex binds m6A and 

to which extent this mechanism contributes to the fine-tuning of mRNA decay.  

Polyadenylation machinery 

Highly enriched were also components of the cleavage and polyadenylation machinery, including 

the Sym (SYMPK), Cpsf73 (CPSF3), CG3679 (CPSF5) and CG7185 (CPSF6) proteins (Figure 20a), which 

was unexpected, given the poor enrichment of m6A in 3`UTR region in flies. Notably, CPSF5 was 

previously shown to act as a broad repressor of proximal poly(A) site usage (Masamha et al. 2014). 

While it is currently not known to what extent these sites might overlap with m6A, this is nevertheless 

in line with the study that showed global 3`UTR shortening upon loss of m6A (Ke et al. 2015). We 

identified one single transcript that displayed altered polyadenylation in response to m6A loss in D. 

melanogaster S2R+ cells. Intriguingly, this was the Ythdc1 transcript and the usage of its proximal 

poly(A) site was increased upon m6A loss, consistently with the potential CPSF5 mediated mechanism 

(unpublished data, (Bayer 2016)). It remains possible, however, that m6A affects alternative 

polyadenylation in a broader range, albeit in other cell types or in particular developmental processes. 

Of note, in the bprl transcript, the preferential CPSF5 binding motif 5'UGUA is located in a loop only 4 

nt downstream of the m6A site (Figure 20b), strongly suggesting that CPSF5 may indeed directly 

recognise m6A modification. Of note, these observations are only partially consistent with a recently 

published study where CPSF5 depletion was proposed to induce 3`UTR shortening but at the same time 

also promote efficient m6A deposition (Yue et al. 2018).  

Splicing factors 

Among proteins enriched with the m6A probe were also several factors involved in the regulation 

of splicing, which is in line with a growing evidence of the role of m6A in this process (see Chapter 

1.4.7.a and Chapter 5.5). U2af38 (U2AF35) and U2af50 (U2AF65) are, for example, required for the 

recognition of 3`ss elements during the early spliceosome assembly and interact with Fl(2)d, suggesting 

that their binding to m6A sites may be functionally relevant (Penn et al. 2008). In addition, B52 (SRSF4), 

Nito (RBM15), Dhx15 (DHX15) and CG6379 (CMTR1) were also previously implicated in alternative 

splicing (Venables et al. 2012). Intriguingly in human cells CMTR1 and DHX15 form a stable complex and 

influence activities of each other. DHX15, the DEAH (Asp-Glu-Ala-His)-box RNA helicase is activated by 

the 2`O-methyltransferase CMTR1 (Inesta-Vaquera et al. 2018) and, in turn, CMTR1 requires DHX15 

helicase for methylation of highly structured 5`UTRs (Toczydlowska-Socha et al. 2018). It is thus possible 

that m6A in some sequence contexts provides a platform for the recruitment of DHX15 helicase, which 

then mediates structure unwinding and exposes sequence motifs to increase accessibility for other 

RBPs.  
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Repelled proteins 

A few proteins were also repelled by the presence of m6A modification. Of those, Zn72D (ZFR) is 

a particularly interesting candidate, since it is a known dsRNA binding protein that was just recently 

implicated in the regulation of RNA editing in flies and vertebrates (Freund et al. 2020, Sapiro et al. 

2020). Zn72D was shown to bind a large set of Adar targets and could to some extent promote mRNA 

editing. Interestingly, Zn72D and Adar mutant flies resembled alterations in locomotion and NMJ 

formation that we observed in flies lacking Mettl3. However, defects in Zn72D KO flies were more 

pronounced, indicating additional editing-independent functions of this protein. Intriguingly, in our 

interactome data we found that Zn72D interacts with the Ythdc1 reader (Supplemental data 1). Since 

none of the two proteins can efficiently bind m6A within the bprl sequence context, their interaction 

might indeed be relevant, implicating Zn72D in the m6A-related processes. Of note, the negative 

correlation between m6A and editing has been already demonstrated, however the mechanistic insights 

are not entirely understood (Xiang et al. 2018). It is possible that m6A modification modulates editing 

in a sequence and context dependent manner, whereby the presence of m6A could destabilize RNA 

duplex formation and, thus, alter Adar association. Alternatively, it could preclude binding of Zn72D 

and consequently Adar in cases where dsRNA structure remains unaffected by m6A. In the future, it will 

be interesting to confirm the Ythdc1-Zn72D interaction and further explore the interplay between m6A 

and editing in the context of neuronal development. 

 

Taken together, these newly identified m6A-enriched and m6A-repelled candidates open up a few 

exciting possibilities on how m6A may modulate several mRNA processing steps. Future studies will 

uncover the exact mechanisms by which these proteins potentially bind and accommodate m6A 

modification. In a surge to identify new m6A-binders, the RNA probe-based in vitro pull-down 

approaches proved as a powerful tool. However, limitations clearly arise from sequence and structure-

dependent binding preferences of individual RBP (Lewis et al. 2017). Hence, upcoming screens for novel 

m6A-regulated RBPs should, at best, include biologically relevant transcripts carrying methylation at 

well-known sites. In combination with rigorous validation of novel candidates, such methodologies will 

provide further insights into how the m6A code is interpreted by the cell.  
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5.4 The mystery behind the m6A profile on mRNA 

Transcriptome-wide mapping of m6A modification was one of the major breakthroughs in the 

field of epitranscriptomics. In 2012, two independent groups found that in vertebrates m6A is highly 

enriched in the RRACH motif and is not randomly distributed along mRNA, but is instead highly enriched 

around 3`UTR regions, STOP codons and within long internal exons (Dominissini et al. 2012, Meyer et 

al. 2012). To gain molecular insights into m6A deposition along mRNA in D. melanogaster, we mapped 

modification in S2R+ cells by two approaches that, both, take the advantage of an anti-m6A-specific 

antibody to immunoprecipitate m6A modified transcripts. We initially employed a low-resolution 

MeRIP-seq method and later performed a high-resolution miCLIP technique that incorporates UV-

crosslinking step prior to immunoprecipitation, and thus highly improves mapping specificity (Linder et 

al. 2015) (see Chapter 1.4.9). Using both methods, we came to the following findings: I) m6A in D. 

melanogaster resides in an A-rich RRACH motif, resembling RRACH motif found in other species, and II) 

m6A in flies is highly enriched along 5`UTR regions.  

By MeRIP-seq we initially showed that most peaks (92 %; n=1120 in 812 genes) contain the 

conserved RRACH consensus motif (Figure 22). The m6A distribution along mRNA was identified in the 

coding sequences (~40 %) and around STOP codons (~15 %). In addition, we found that over 20 % of 

m6A peaks were also in the proximity of START codons, which contrasts the methylation profile in 

vertebrates (Dominissini et al. 2012, Meyer et al. 2012). However, it is important to consider that, due 

to weak enrichment of peaks over input (>1.3-fold), many low stoichiometry m6A sites might have been 

missed and some of highly abundant transcripts may have been detected as false positives. Using 

miCLIP technique we later found that m6A modification is more prevalent than initially thought. By 

focusing on sites with truncations at adenosines (CITS (A)) we identified over 12.000 putative m6A peaks 

in 3280 genes. Since the majority of modified genes found in MeRIP were also identified by miCLIP (75 

%) we used miCLIP data for all further analyses. Intriguingly, over 50 % of all CITS (A) sites were in 5`UTR 

regions, whereas only 11 % were present in the 3`UTR regions (Figure 22). This strongly suggested that 

in D. melanogaster the m6A profile is biased towards the transcripts` 5`-ends and is in this way distinct 

from the profile generally observed in other species. Nevertheless, the sequence logo surrounding 

collapsed m6A sites was the adenosine rich RRACH, that falls into a typical RRACH-motif recognised by 

the MAC complex. Similar observations were also obtained by the E. Lai group that performed m6A 

mapping in D. melanogaster embryos (Kan et al. 2017) (see also below).   

m6A at 5`UTR is also found in other systems  

m6A in the proximity of 5`ends has been, to some extent, also observed in a few other systems. 

For instance, m6A enrichment within the START codons was detected in fully differentiated cells from 

mouse cerebral cortex (Chang et al. 2017), liver (He et al. 2017), and muscles (Kudou et al. 2017), as 

well as in plants (Li Y. et al. 2014, Luo et al. 2014). This indicates that m6A profile might be cell type, 

rather than species-specific and is likely orchestrated by the temporary cellular transcriptome. In 

support of this, in the hippocampus of two weeks old mice many m6A sites are found in the first exon, 

whereas in a six weeks old adult mice, m6A is predominantly located in the last exon (Li L. et al. 2017). 

Notably, the m6A profile was shown to gradually change also during fly embryogenesis. In early 

embryonic stages, similar m6A abundance was observed at 5`UTR and 3`UTR regions, however towards 

the end of embryogenesis, a majority of m6A sites were detected within the 5`UTR regions (Kan et al. 

2017). The mechanism and relevance of such methylome shift is currently not known, albeit it likely 

reflects the gradual transcriptome changes of maternal-to-zygotic transition (MZT) (Kwasnieski et al. 
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2019). Another example of a dynamic switch of m6A profile was also reported in vertebrate cells that 

were subjected to different stress conditions (Meyer et al. 2015, Zhou et al. 2018). Heat shock and 

starvation induced a global and rapid increase of m6A levels within the 5`UTR regions and these newly 

deposited sites were required for the regulation of selective translation. It is important to note that 

many vertebrate transcripts carry m6Am modification at the very first or second nucleotide. Given that 

anti-m6A antibody cannot distinguish between the m6A and m6Am modifications, methylomes obtained 

by immunoprecipitation based techniques need to be interpreted with caution.  

Which factors are currently known to regulate m6A deposition? 

One of the open questions in the m6A-field that remains to be solved is: What are determining 

factors that shape the m6A profile? It is clear that m6A along mRNA is not located randomly, but rather 

displays a distinct enrichment in defined segments; e.g. at 3`UTRs in vertebrates and 5`UTRs in flies. A 

common feature for most m6A sites appears to be the RRACH motif (or A-rich motif in flies), yet the 

motif alone is insufficient to explain the methylation profile since distribution of RRACH sequences is 

equal along the transcript (Linder et al. 2015) and a vast majority of such sites are not methylated. In 

recent years, several mechanisms have been proposed that may contribute to m6A installation, 

however, exact “instructions” for methylation of an individual site are likely context-dependent.  

I) m6A writer complex: several m6A writer components can bind RNA and display some degree of 

specificity. For instance, the Mettl3-Mettl14 heterodimer binds ssRNA with a positively charged groove 

at the interface of both methyltransferase domains. In addition, two zinc-finger domains (ZnF1 and 

ZnF2) in Mettl3 bind RNA containing RRACH motif, whereas C-terminal RGG repeats of Mettl14 

contribute to RNA binding, but do not seem to provide any specificity (Chapter 1.4.2.a). Notably, the 

ZnF1 of Mettl3 in D. melanogaster contains a 70-nt extended region, thus it would be interesting to test 

if this extension contributes to preferred methylation of the A-rich AAACA motif in flies (Supplemental 

data 16). In addition, a single position of Mettl14 (R298) was shown to direct binding to the RRACH 

motif (towards the position of C) and its mutation (R298A) diminishes methylation efficiency (Wang P. 

et al. 2016, Wang X. et al. 2016). Importantly, beside the RRACH motif, other substrate sequences were 

also shown to be recognised by the Mettl3/14 heterodimer in vitro (Wang P. et al. 2016, Wang X. et al. 

2016). For example, GGAUU sites can be methylated, albeit at a lower efficiency than GGACU sites 

(Wang P. et al. 2016, Wang X. et al. 2016, Pratanwanich et al. 2020). Nevertheless, they most likely 

represent some of m6A modified motifs. In our miCLIP dataset, this is reflected by the sequence context 

of all CITS (A) sites, where the nucleotide following m6A is not exclusively C, but to a lesser extent, also 

U (Figure 22). This has been also previously observed in human methylome determined by miCLIP 

(Linder et al. 2015) and more recently by an antibody-independent mapping assays (Pratanwanich et 

al. 2020, Wang et al. 2020). Additional RNA recognition was proposed to be defined by MACOM 

components, whereby binding of RBM15 to U-rich sequences guides methylation machinery towards 

RRACH sites in the proximity of Uridine-stretches (Patil et al. 2016), whereas the RNA-dependent 

association of Virma with cleavage and polyadenylation factors promotes m6A deposition at the 3`UTR 

(Yue et al. 2018). Since Fl(2)d (WTAP) and Flacc (Zc3h13) also bind RNA, it is likely that they contribute 

to the specificity of m6A methylation. Future studies resolving the structure of the complete m6A writer 

complex should provide novel insights.  

II) METTL14 binding to H3K36me3: In vertebrates, METTL14 was shown to interact with 

chromatin and directly bind the H3K36me3 histone mark (Huang et al. 2019). This was proposed to be 

a driving mechanism for m6A deposition within the 3`UTR region. Given that binding sites for interaction 

with the H3K36m3 are conserved in D. melanogaster Mettl14 protein (Supplemental data 17), it would 
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be interesting to investigate if such association also occurs in flies, where H3K36me3 modification is 

similarly enriched at the 3`UTR regions (Bell et al. 2007), but the m6A profile is nonetheless different 

(Figure 22).  

III) Transcriptional rate of RNA PolII: Several studies demonstrated that m6A methylation occurs 

co-transcriptionally, but it is currently not clear if this can influence the specificity of the m6A profile. 

Work from Slobodin and colleagues provided some insights by showing that impeded transcriptional 

rate, due to slow or paused RNA PolII, allows better recruitment of methylation complex and, hence, 

contributes to elevated methylation (Slobodin et al. 2017). Such pausing is observed at TES or along the 

exons of mRNA where m6A levels were shown to be high (Jonkers and Lis 2015). In concordance with 

these findings, less pausing is detected along the TES of lincRNA as compared to mRNA and no 

enrichment of m6A has been detected along the 3`UTR of lincRNA (Schlackow et al. 2017). However, 

since methylation of transcripts originating from RNA viruses has also been reported, m6A deposition 

cannot depend solely on the link with chromatin. Future work will be required to elucidate to which 

extent transcriptional speed, in combination with chromatin state, specifies the underlined m6A profile 

in different systems.  

IV) RNA sequence context: An intriguing insights on m6A methylation profile were obtained by a 

recent m6A mapping technique, MAZTER-seq, employing a restriction endonuclease MazF, which 

cleaves RNA specifically at unmethylated sites occurring at ACA motifs (Garcia-Campos et al. 2019). By 

thorough experimental and computational analysis of sequences surrounding the modified sites, 

researcher found that m6A methylation and its stoichiometry in yeast and mammals can be predicted 

in cis by an extended sequence code flanking the putative m6A site (positions -4 to +4) and its local 

structure. A bias toward an A at position -4, T at position +4, and G at positions -2, -1 appears to be a 

conserved feature. 

 

Notably, an important insight into m6A methylation specificity also comes from an early study 

that demonstrated a successful methylation of an in vitro transcribed RNA by a nuclear cell lysate 

(Narayan and Rottman 1988) (Rana and Tuck 1990). Methylation sites along the studied transcript were 

identical to those identified in vivo, albeit with reduced stoichiometry. This suggests that transcription 

might not affect methylation specificity, but rather its efficiency. Since currently available m6A mapping 

techniques cannot accurately determine methylation levels, future studies employing novel 

quantitative techniques (e.g. nanopore sequencing) might shed light onto methylation stoichiometry in 

connection with RNA transcription, chromatin status and local m6A site environment. 
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5.5 m6A modification regulates alternative splicing 

m6A modification has been implicated in all steps of mRNA life cycle, from transcription, nuclear 

processing, to its export, translation and decay. Alternative splicing is one of the main sources of 

proteome diversification, as well as a means to expand regulatory potential of the transcriptome (Lee 

and Rio 2015). A growing list of studies could demonstrate the involvement of m6A in this 

posttranscriptional process, whereby m6A depletion was not prone to any particular alternative splicing 

event (Chapter 1.4.7). Consistently, we found that in D. melanogaster the loss of m6A alters a large 

number of splicing events, in S2R+ cells as well as in vivo (Figure 21 and Figure 28). Consistent with the 

involvement of m6A in the process of alternative splicing, nearly all common differentially spliced 

transcripts, upon the loss of m6A writer components, were also methylated (n=42/45 (Figure 34a). In 

S2R+ cells, we observed enrichment for alternative 5’ss selection and intron retention events, however 

this was not readily apparent in vivo, suggesting that m6A may modulate different steps of splicing 

reaction. Of note, we propose the involvement of m6A modification in splicing based on the correlation 

between methylation states of transcripts that display m6A-dependent splicing changes, but we lack 

the explicit mechanistic insights. Thus, it is plausible that some splicing defects may be an indirect 

consequence of other processes (e.g. altered levels of splicing regulators, altered transcription, and 

export). Nevertehless, based on the currently available information from this and other studies, we 

envision several possible scenarios by which m6A could potentially affect splicing. 

m6A writer complex interacts with several splicing factors 

Components of the m6A writer complex interact with several splicing factors involved in the 

assembly of the early spliceosome (Complex E and A) during the step of splice site recognition (Figure 

2). In particular, Fl(2)d was shown to interact with core components of the U1 snRNP [Snf, U1-70K] and 

U2 snRNP [Snf, U2AF50, and U2AF38] that bind the 5` and 3` ss, respectively (Penn et al. 2008) (Table 

3 and Figure 2). Likewise, Nito and Flacc co-precipitate with the Snf protein (Yan and Perrimon 2015, 

Guo et al. 2018). Our interactome data are consistent with these studies and we find that Nito interacts 

with the ortholog of Prp39 (CG1646) and with U2A`, which form the U1 and U2 snRNP, respectively 

(Supplemental data 1). Intriguingly, our Flacc interactome revealed interactions with several factors that 

constitute the U5/U4-U6 tri-snRNP [Hoip (SNU13), CG4849 (EFTUD2), Prp8 (PRP8)] and the NTC 

complex [Bx42 (SNW1), Prp19 (PRP19)]. All these components associate with spliceosome in later 

stages, during the formation of Complex B and Bact (Table 3 and Figure 2), suggesting that MACOM may 

be implicated in several steps of spliceosome assembly. Consistent, with findings from flies, WTAP and 

RBM15 were also identified as components associated with the active spliceosome in vertebrates (Zhou 

et al. 2002), highlighting the involvement of MACOM in the regulation of splicing. In addition, RBM15 

was shown to bind numerous intronic sites (55 %) and to promote the recruitment of U2 snRNP 

components [SF3B1 and the U2AF], which increased splice site recognition and splicing efficiency (Chu 

et al. 2015, Zhang L. et al. 2015). Overall, current data suggest that spliceosome assembly may be 

modulated already at the step of m6A deposition. Hence, certain splicing changes might be at least in 

part explained by the numerous interactions between MACOM complex and various splicing factors. Of 

note, depletion of Fl(2)d and Nito resulted in a substantially greater number of differentially spliced 

transcripts (n>600) as compared to depletion of MAC components (n<100). This likely reflects the fact 

that MACOM components are also implicated in m6A-independent functions (see Chapter 5.1.3).  
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m6A reader proteins 

m6A is recognised by different reader proteins, either directly or by an m6A-imposed structural 

switch. There are many pieces of evidence that point towards the direct involvement of the nuclear 

Ythdc1 reader in the process of splicing. We found a significant overlap between differentially spliced 

transcripts in Mettl3 KO and Ythdc1 KO flies (50 % and 61 %, respectively), suggesting that this protein 

is an important mediator of m6A-mediated splicing (Figure 28 and Figure 30). In vertebrates, some m6A-

dependent splicing events could be clearly attributed to the interplay between Ythdc1 and two SR-

proteins. Ythdc1 was shown to recruit the splicing enhancer SRSF3 to promote alternative exon 

inclusion and at the same time interfere with the binding of SRSF10 in order to prevent exon skipping 

(Xiao et al. 2016). In D. melanogaster, these two SR-proteins are not conserved, hence a different 

mechanism must take place. In our screens for m6A-mediators, we found that Ythdc1 interact with 

proteins that have been previously linked to splicing [QKI proteins, hnRNPs and others] (Supplemental 

data 1). In addition, several putative reader proteins, previously implicated in splicing, have also been 

identified by our m6A-pull down experiment [U2af38 (U2AF35) and U2af50 (U2AF65), B52 (SRSF4), 

Dhx15 (DHX15) and CG6379 (CMTR1)] (Figure 20). Future studies will reveal to what extent is their 

binding to RNA modulated by m6A modification.  

Examples in flies 

In D. melanogaster m6A is highly enriched in 5`UTR regions and many examples displayed altered 

splicing in close proximity to m6A sites. For instance, in the Dsp1, Aldh-III and Hairless transcripts the 

loss of m6A resulted in the use of alternative 5`ss and substantially increased splicing (Supplemental 

data 5-7). While the underlying mechanisms that drive splicing alterations are currently not known, we 

propose that in some of these examples the presence of m6A (or its deposition) obstructs splicing. In 

the case of Dsp1, m6A perfectly overlaps with the 3`ss that is recognised only upon m6A depletion 

(Supplemental data 5). Likewise, several prominent m6A peaks are located upstream of the 5`ss that 

becomes preferentially used when m6A is depleted. It is possible that m6A acts as a platform that 

recruits RBPs, which abrogate proper binding of U1 snRNP and U2 snRNP to splice sites. In the example 

of Hairless transcript, m6A loss promotes the use of a downstream 5`ss and upstream 3`ss, which results 

in a CDS extension (Supplemental data 6). In this case, m6A sites are not adjacent to any splice site, 

hence modification may either act to promote or block the use of alternative splice sites. Similarly, 

alternative intron is found in the 5`UTR of the Aldh-III transcript where two m6A peaks are located 

upstream of the 5`ss (Supplemental data 7). Notably, loss of m6A in the Dsp1 and H transcripts enables 

efficient splicing of very short introns (34 nt and 85 nt, respectively). In short introns, where the 5`ss 

and branch point sequence are in close proximity (<56 nt), the conformational rearrangements 

required for the spliceosome to progress from the complex B to the activated complex Bact are 

inefficient, due to limited flexibility (Keiper et al. 2019). Two proteins, Smu1 and RED, were found to 

facilitate spliceosome activation by releasing structural constraints. Their removal results in a global 

retention of short introns (Keiper et al. 2019). Intriguingly, the Smu1 protein was found in our Ythdc1 

interactome study, hence it is possible that, in some cases, Ythdc1 tethers the Smu1 away from the 

spliceosome and in this way precludes efficient splicing of short introns. Overall, these examples 

indicate that m6A deposition might interfere with spliceosome assembly and splice site recognition. On 

one hand via the MACOM complex and its numerous interactions with different spliceosome 

components and on the other hand via the m6A reader proteins. In particular by the Ythdc1 protein and 

its binding partners. Hence, m6A should perhaps be viewed as a novel cis-acting element that can serve 

as a splicing enhancer or silencer in a context dependent manner. 
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In summary, loss of m6A modification does not seem to have a substantial role in constitutive 

splicing, but rather affects only a subset of splicing events. The levels of m6A are elevated in brain tissue 

(Meyer et al. 2012) where alternative splicing is of critical importance as it represents one of the 

mechanisms that contribute to a rapid transcriptome adjustment upon external stimuli and promote 

neuronal plasticity (Merkin et al. 2012, Su et al. 2018). Altered splicing has been implicated in neuronal 

defects and is a driving cause of numerous diseases (Vuong et al. 2016). Hence, understanding how 

m6A may help in shaping the transcriptome is of significant value. As of now, a very few individual events 

have been investigated in detail and more mechanistic studies are clearly required to decipher the exact 

contribution of m6A in this process. Notably, precise and single-nucleotide resolution mapping along 

with clearly defined stoichiometry of each individual site will provide more conclusive insights in the 

future. In this respect, the use of long read, single molecule sequencing will, with no doubt, greatly 

expand our knowledge (Parker et al. 2020). However, one limitation in the interpretation of m6A - 

splicing interplay that remains to be solved, is the lack of a reliable method that could efficiently and 

quantitatively capture m6A within intronic sites. Given the fast mode of co-transcriptional splicing, 

development of a novel approach that would allow mapping of m6A within pre-captured intron lariats, 

might potentially overcome this limitation. 

5.5.1 m6A modification modulates splicing of Sex lethal (Sxl)  
Sex lethal (Sxl) is a master regulator of sex determination in D. melanogaster (Penalva and 

Sánchez 2003, Moschall et al. 2017) (Chapter 1.5.2) that encodes a female specific RNA binding protein 

Sxl. By posttranscriptional regulation of its downstream targets, Sxl drives female physiognomy. In 

addition, it acts as the main inhibitor of the dosage compensation pathway and, hence, ensures female 

survival. In contrast, its aberrant expression in males hinders their viability. Controlled expression of Sxl 

protein in both, males and females, is thus of utmost importance. It is achieved by an alternative splicing 

of male specific exon (L3) that comprises a premature stop codon. Skipping of this exon permits 

translation of a functional Sxl protein in females, whereas its inclusion in males, prevents Sxl formation, 

and in turn activates the process of dosage compensation. Sxl can auto-regulate splicing of its own 

transcript, by binding to the Uridine-rich regions in the proximity of the alternative exon L3 (Moschall 

et al. 2017). By interaction with other proteins (e.g. Snf, PPS, MACOM components), Sxl inhibits 

spliceosome assembly and precludes exon inclusion.  

In our current study, we found that splicing of Sxl is altered in flies lacking m6A writer components 

and results in increased inclusion of L3 exon in mutant females (Figure 26c), which implicates m6A in 

the sex determination and dosage compensation pathways. Notably, same observations were also 

reported by Soller and Lai laboratories that, in addition, mapped m6A modification in intronic regions 

flanking the L3 exon (Haussmann et al. 2016, Kan et al. 2017). While the exact role of m6A modification 

in this splicing context is not yet entirely understood, it is critical to note that Sxl splicing was also found 

to be altered upon the loss of the m6A reader protein Ythdc1 (Figure 26c). It is thus unambiguous that 

m6A deposition as well as its recognition contribute to efficient inhibition of the exon L3. Interestingly, 

Haussmann and colleagues demonstrated that ectopic expression of Ythdc1 in S2R+ cells, which are of 

male origin, could repress the L3 exon inclusion and change the Sxl splicing outcome into the female 

isoform (Haussmann et al. 2016). This finding is unexpected, as it suggests that despite the absence of 

a functional Sxl protein in these cells, splicing of L3 exon can be efficiently silenced. It is possible that I) 

Sxl transcript is efficiently methylated, but the endogenous levels of Ythdc1 are in general low in this 

cell type and, therefore, only its ectopic expression was able to saturate all intronic m6A sites, which 
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then interfered with the spliceosome assembly. II) Alternatively, we found that Ythdc1 interacts with 

MACOM components (Supplemental data 1), therefore it is possible that ectopic expression of Ythdc1 

was sufficient to trigger their recruitment, which led to L3 exon repression. 

Given that Sxl directly interacts with MACOM components (Chapter 1.5.2), it is possible that m6A 

writer complex amplifies the inhibition of exon recognition by stabilizing Sxl binding on RNA. Notably, 

depletion of any MACOM component, results in stronger alteration of Sxl splicing compared to the loss 

of MAC, suggesting that MACOM complex is required for L3 exon silencing beyond its function in m6A 

deposition (Hilfiker et al. 1995, Granadino et al. 1996, Nagengast et al. 2003, Johnson et al. 2010, Yan 

and Perrimon 2015, Guo et al. 2018, Knuckles et al. 2018). This is further exemplified by the fact that 

depletion of Nito or Flacc in in genital discs results in transformations of female genitalia, and depletion 

in the first pair of leg discs leads to the appearance of male-specific sex comb bristles at the forelegs 

(Figure 35a). In contrast, we found no evidence of female masculinization in Mettl3 or Mettl14 KO flies. 

Among proteins that regulate splicing of Sxl and interact with Snf is also PPS (Protein Partner of Sans 

fille) (Johnson et al. 2010). It encodes a large protein containing a SPOC, PHD and other domains and 

was proposed to provide a link to the chromatin. PPS, however, acts independently of other MACOM 

components as its depletion in S2R+ cells has no effect on m6A levels (Supplemental data 15). These 

observations altogether highlight the complexity of Sxl splicing, which is controlled by several parallel 

pathways. In this way different regulatory mechanisms complement each other and ensure that in 

females levels of functional Sxl protein remain above the minimum threshold (but also within the 

optimal window (Suissa et al. 2011) that still guarantees female viability. Notably, our analyses of 

different genetic interactions revealed that the loss of MAC components strongly compromised female 

viability, albeit only in a sensitised background, where Sxl expression has already been reduced (Figure 

26). This points towards a mild contribution of m6A in Sxl splicing on its own and to its rather modulatory 

role in this process.  

 

Figure 45. Regulation of Sxl alternative splicing.  
Scheme depicting splicing regulation of Sxl in m6A dependent and independent manner. In females, several mechanisms 
contribute to the inhibition of male specific exon L3 (in red). Full lines indicate identified and predicted interactions between 
Sxl and MACOM components as well as between Ythdc1 and MACOM components ((Guo et al. 2018), Supplemental data 2). 
Red dotted red lines indicate interactions of Sxl, MACOM and PPS with Snf protein. These interactions prevent binding of U1 
snRNP and U2 snRNP to the 5`ss and 3`ss of exon L3 and, thus, inhibit its inclusion in the final Sxl transcript. 
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Nevertheless, in line with reduced levels of functional Sxl protein, we found that splicing of Sxl 

downstream targets, msl-2 and tra, was also affected in Mettl3/Mettl14 mutants (Appendix 1: ED Fig. 

9b and c). In females, splicing of msl-2 is under the control of Sxl that promotes intron retention and, 

hence, inhibits Msl-2 expression. In the case of tra, two alternative 3’ss can be used and inhibition of 

the proximal site by Sxl enables the formation of a functional Tra protein in female flies (Chapter 1.5.2). 

Notably, it was previously shown that splicing of tra is not only under the control of Sxl, but is in parallel 

also regulated by Fl(2)d and Vir (Granadino et al. 1996, Ortega et al. 2003, Guo et al. 2018). We 

therefore wondered if the processing of msl-2 and tra might be regulated via the m6A-mediated 

mechanism, similarly to what we observed for Sxl transcript. From our miCLIP data, we noticed that tra 

carries two m6A sites in the region between the proximal and distal 3’ss. Thus, it would be interesting 

to investigate, if Ythdc1 can indeed bind these m6A sites to modulate the splice site decision. Ythdc1 

could either block the proximal splice site or promote the usage of the distal splice site. Interestingly, 

we also found that msl-2 contains a putative m6A peak, which directly overlaps with the adenosine of 

the potential BP sequence of the retained intron. Thus, it is possible that splicing of msl-2 is, in part, 

also regulated by the m6A-Ythdc1 pathway that may interfere with BP sequence recognition and, hence, 

with spliceosome assembly. Other targets of Sxl include notch, nanos, e(r), on which Sxl imposes less 

decisive outcome (Moschall et al. 2017). Sxl for example inhibits notch translation, however this effect 

can be weakened by the activity of Hrb27C (Hrp48), that reduces Sxl levels to allow Notch expression 

in specific cell types (Suissa et al. 2011). Likewise, in the germline Sxl mediates translational repression 

of nanos, which has to be tightly regulated. Activity of Sxl, along with other repressors, is required only 

in germ stem cells (GSC) that are leaving the stem cell niche. At that stage, reduced levels of Nanos 

allow their differentiation to oocyte. Such restricted action of Sxl is crucial for the balance between GSC 

differentiation vs. self-renewal and is also important in later stages of oogenesis, when expression of 

Nanos protein is again required. Notably, GSCs lacking Sxl fail to differentiate and, instead, over 

proliferate and give rise to germ line tumors. Such ovarian defects have been also reported in flies 

deficient for Snf or MACOM components (Granadino et al. 1992, Salz 1992, Schultt et al. 1998, Yan and 

Perrimon 2015, Guo et al. 2018), but were not detected in MAC mutants (Appendix 1: ED Fig. 8a). This 

indicates that m6A does not contribute significantly to the regulation of Sxl splicing in the germline, 

whereas MACOM complex is essential and it further highlights that MACOM acts beyond its role in m6A 

depositon. In support to this, we found that Sxl splicing in ovaries of Mettl3 flies was only marginally 

affected (Appendix 1: ED Fig. 9a), whereas its splicing was strongly altered in fly heads (Figure 26 and 

Appendix 1: Fig. 4c).  

 

In light of the modulatory role of m6A in Sxl splicing, it is plausible that a predominant role of m6A 

in posttranscriptional mRNA processing is to adjust, rather than control gene expression. m6A mark on 

a given transcript is most likely interpreted in a context dependent manner, whereby m6A readers along 

with a plethora of RBP concomitantly shape its fate. m6A thus appears to represent an additional layer 

of regulation that acts in parallel with other mechanisms to ensure the optimal transcript output. The 

benefit of such a cooperative regulatory programme may be that it offers a larger “buffering zone”, 

whereby a defect in one regulatory pathway may still be partially rescued by other functional pathways. 

In addition, with a growing set of potential m6A-recognising RBPs, m6A on a given transcript can serve 

as a platform that enables a switch from one reader (promoting the outcome A) to another reader 

(promoting the outcome B). Such a mechanism may facilitate a rapid cellular response when needed 

(e.g. changing condition, stress, differentiation).
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5.6 The role of m6A mRNA modification during D. melanogaster 
development 

The life cycle of a fruit fly consists of embryogenesis, larval development, metamorphosis during 

pupation and finally adulthood (see Chapter 1.5.1). We found that in Drosophila melanogaster m6A 

levels on mRNA are strongly elevated during early embryogenesis (0-2 hours) and at the onset of 

pupation (120-192 hours), while they are much lower in other developmental stages. In adult flies, m6A 

is strongly enriched in heads and ovaries as compared to the full fly (Figure 46). While we cannot rule 

out that m6A modification might also be enriched in some other tissue, our findings nevertheless 

suggest that m6A may be particularly important during fly oogenesis, early embryonic development and 

in the nervous system. Notably, we find that transcript levels of all factors involved in m6A deposition 

(MAC and MACOM) follow the trend of m6A modification. Consistently, their protein levels were also 

found to be highly enriched during early embryonic stages (Becker et al. 2018). Similarly, transcripts 

levels of YTH domain-containing m6A readers Ythdc1 and Ythdf to a large extent resemble the 

expression pattern of m6A in mRNA. Most apparent differences are observed in adult flies, where 

Ythdc1 is particularly enriched in heads, whereas levels of Ythdf are elevated in ovaries (Figure 46).  

A peak of m6A levels is also noticeable during pupation (120-192 hours) and might reflect 

important roles of modification during metamorphosis when a remarkable tissue reorganisation takes 

place. In particular, the second phase of neurogenesis that is required for the formation of adult sensory 

and interneurons (INs) occurs during these developmental stages. These newly formed neurons 

regulate the coordination of complex locomotor functions in adult flies (see Chapter 1.5.3). Thus, given 

the apparent behavioural defects that we observed in m6A writer or m6A reader lacking flies (see 

below), it would be interesting to investigate if methylation of some particular targets perhaps 

contributes to the progression of neurogenesis throughout pupation.  

 
 

Figure 46. Heatmap of m6A levels and m6A players during developmental stages of D. melanogaster.  
Heatmap represents levels of m6A modification on mRNA and relative expression levels of m6A writer components and readers 
during D. melanogaster developmental stages. 

To uncover the importance of m6A modification in D. melanogaster development, we generated 

mutants of several proteins involved in m6A-deposition and recognition: Mettl3, Mettl14, Fl(2)d, Hakai, 

Ythdc1 and Ythdf. Adult flies lacking MAC components were viable but displayed several deficiencies. 
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In addition to altered locomotion, flies were flightless and had a reduced life span. Ythdc1 mutants 

recapitulate defects observed in MAC mutants, suggesting that in D. melanogaster this protein, to a 

large extent, mediates m6A functions in vivo. Mutants lacking Fl(2)d developed until larval stages and 

died before pupation, similarly to what has been described before for different fl(2)d alleles (Penalva 

et al. 2000). Likewise, loss of function alleles for nito, flacc, vir and hakai were previously shown to 

cause lethality during larval development (Hilfiker and Nothiger 1991, Kaido et al. 2009, Yan and 

Perrimon 2015, Guo et al. 2018). This indicates that MACOM, but not MAC, complex is required for 

progression through metamorphosis independently of its role in m6A-deposition. In line with this, our 

hakai null flies, that lacked both hakai isoforms, did not survive post larval stages. Intriguingly, hakai 

long mutants, in which only the long isoform was deleted were viable, suggesting that both protein 

isoforms may act redundantly. Alternatively, the long protein isoform may not be required for functions 

determining fly survival that are possibly linked to m6A-independent roles of the MACOM complex. 

5.6.1 Gametogenesis and early embryogenesis 
In our analysis of developmental stages, we found particularly high m6A levels during the first 

two hours of embryogenesis. This time frame corresponds to embryonic development before maternal-

to-zygotic transition (Figure 46) when embryo progression depends solely on maternally deposited 

mRNA. Hence, it would be interesting to test if, during these early stages, m6A imposes a positive effect 

on translation of abundantly methylated mRNA in order to boost, much needed, protein production. 

At the onset of zygotic gene activation, m6A levels drastically decrease, which is suggestive of a rapid 

removal of the existing pool of maternally deposited and methylated transcripts. Notably, the role of 

m6A in the process of maternal-to–zygotic transition has been well studied in zebrafish and mice, where 

modification indeed contributes to timely decay of maternal transcriptome via the Ythdf2 reader 

protein. m6A loss therefore leads to early embryonic lethality (Ivanova et al. 2017, Zhao et al. 2017b). 

To this end, we did not investigate the importance of m6A during embryogenesis, however, we did 

observe that mating of homozygous Mettl3 mutants resulted in a remarkably lower number of surviving 

larvae as compared to crosses between heterozygous flies. Since we did not analyse embryo hatching 

rates we cannot rule out that other factors (e.g. fly mating, embryo laying) had predetermined such an 

outcome. In order to clearly demonstrate the importance of m6A modification during early stages of fly 

development, it will be crucial to systematically test and discriminate between potential alterations 

originating from maternal and/or paternal origin. Of note, the importance of maternally deposited 

Mettl3 has been elucidated in the context of Sex determination, where only flies that lacked maternal 

Mettl3 genetically interacted with the Sxl, whereas flies that lacked paternal copy showed no effect 

(Haussmann et al. 2016, Lence et al. 2016).  

We also observed that m6A levels were elevated in ovaries, suggesting that modification might 

be important during oogenesis. Indeed numerous reports form vertebrates, yeast as well as plants have 

demonstrated the crucial role of m6A in male and female gametogenesis (see Chapter 1.4.8.e). Early 

study in flies from Hongay and colleagues in fact reported severe lethality of Mettl3 mutants, whereby 

rare escaper females displayed defects during oogenesis. These alterations included aberrant ovarioles 

with fused egg chambers and were fully rescued by ectopic expression of Notch protein (Hongay and 

Orr-Weaver 2011). In contrast, our viable homozygous mutants lacking both, Mettl3 and Mettl14 

components, showed no such ovarian abnormalities (Appendix 1, ED Fig. 8). In line with our 

observations, similar findings were also reported by two other groups that generated independent 

Mettl3 mutants (Haussmann et al. 2016, Kan et al. 2017). Nevertheless, Kan and colleagues found that 
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upon loss of Mettl3, nearly 50 % of ovarioles contained egg chambers of earlier stages compared to 

those of wild type flies, indicating that m6A might be important for timely egg chamber maturation. 

Ovariole maturation undergoes 14 stages of egg chamber development that can be separated into 

three phases: mitotic (st. 1-6), endocycle (st. 7-10a) and gene amplification phase (st. 10b-13) (Jia et al. 

2015). After careful re-analysis of our ovary immunostaining data, we indeed observed that Mettl3 and 

Mettl14 mutant ovarioles on average contain reduced numbers of egg chambers that lack different 

intermediate stages (Appendix 1, ED Fig. 8). This was suggestive of a mild negative effect of m6A loss on 

ovariole development, albeit with a variable penetrance. Notch signalling pathway is an important 

regulator of a phase transition switch during egg chamber development and we find that notch is m6A 

modified in S2R+ cells. In addition, in osteosarcoma cells, loss of Virma leads to diminished Notch levels, 

suggesting it may be a common m6A-regulated target in different systems (Han et al. 2020). It is possible 

that severe developmental and oogenesis defects, observed in Mettl3 mutants generated by Hongay 

and colleagues (Hongay and Orr-Weaver 2011), were, in fact, apparent due to sensitised genetic 

background in which Notch levels may have already been diminished. An additional loss of m6A then 

resulted in further reduction of notch below critical levels. Nonetheless, to get better mechanistic 

insights into the exact contribution of m6A methylation during fly oogenesis, it will be important to 

determine m6A profile at different stages of oogenesis and to characterise relevant m6A targets that 

may be involved in egg chamber development and its progression throughout different phases of 

maturation. 

5.6.2 m6A in D. melanogaster is required for proper neuronal functions 

m6A is required for development of neuromuscular junctions 

To investigate the potential role of m6A in synaptic functions, we analysed neuromuscular 

junctions (NMJ) in late larval stages. Drosophila NMJ is a well-established system that enables studying 

of the synapse formation, functionality and plasticity and consists of predominantly glutamatergic 

synapses (Menon et al. 2013). We found that Mettl3 mutants display increased numbers of synaptic 

boutons and active zones per bouton in muscle-6/7 of abdominal hemisegment A3 (Figure 25), 

suggesting that m6A modification is important for synaptic architecture and potentially 

neurotransmission. Whether functionality of NMJs is also affected, has not been analysed in our current 

work and remains a topic of future investigations. Notably, we also analysed NMJs of Ythdc1 mutant 

larvae but did not observe any defects (Cheuk Hei Ho; data not shown), thus, other reader proteins 

likely regulate m6A-mediated NMJ synapse formation in muscle-6/7 of abdominal hemisegment A3. 

Intriguingly, a similar phenotype as observed in Mettl3 NMJs was previously reported in mutants lacking 

Fmr1, a recently characterised m6A reader protein (Edupuganti et al. 2017). Fmr1 controls synaptic 

structure by posttranscriptional regulation of several factors required for NMJ formation (e.g. CamKII, 

chic, dscam, futsch and others) (reviewed in (Drozd et al. 2018)). We found that levels of these 

transcripts are misregulated upon loss of Mettl3 and they are all m6A methylated in S2R+ cells 

(Supplemental data 3). However, future studies will reveal if this is also the case in vivo and if Fmr1 

binding to modified transcripts may at least partially explain altered NMJ formation in Mettl3 mutants. 

Interestingly, Nito was recently shown to control axon outgrowth, branching and synaptic bouton 

formation in the CCAP/bursicon neurons, however it is currently not known if this function is linked to 

m6A deposition (Gu et al. 2017).  
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One of the proteins that we found downregulated upon Hakai depletion in S2R+ cells was Spätzle 

(Spz) encoding a neurotrophin that is required for synaptic plasticity at the neuromuscular junctions. 

Spz is expressed in the body wall muscles and targets Toll1 receptors in motoneurons via a retrograde 

transport (Sutcliffe et al. 2013). Loss of Spz leads to NMJ overgrowth and increased numbers of synaptic 

boutons with reduced active zones, which results in altered neurotransmission. In our miCLIP data we 

find that spz contains several prominent m6A sites, hence it might be one of the relevant candidates 

that potentially contribute to altered NMJ formation in m6A-lacking flies. Several putative candidates 

were also among proteins that interact with m6A writer proteins (Supplemental data 2). Hangover 

(hang) for example is a nuclear RBP expressed in motoneurons and acts as a negative regulator of NMJ 

bouton growth by reducing the levels of FasII transcript (Schwenkert et al. 2008). A transmembrane 

FasII protein is involved in synapse remodelling pathway and its transcript is m6A modified in S2R+ cells. 

Thus, it would be interesting to test if its levels are regulated by m6A-Hangover interplay.  

Locomotion of adult flies 

Beside aberrant NMJ at larval stages, several abnormalities were also apparent in adult flies 

lacking m6A writer or Ythdc1 reader proteins. Mettl3 and Ythdc1 mutants displayed locomotion defects 

evident by reduced activity, slow walking speed and disorientation. Importantly, these phenotypes 

were rescued by ectopic expression of Mettl3 cDNA in neurons, but not in muscles (Figure 24 and Figure 

27). In addition, we observed that m6A levels were strongly elevated in heads of adult flies, highlighting 

the importance of m6A for neural functions. Adaptive sensimotor processing is controlled by the so-

called central complex in the CNS that consists of spatially connected structures; the Protocerebral 

Bridge, ellipsoid body, fan-shaped body, and the paired noduli, which coordinate different aspects of 

body locomotion (Chapter 1.5.3). Whether only particular brain regions or a subset of neurons are 

responsible for the observed defects, awaits future investigations. Notably, our transcriptome-wide 

sequencing from Mettl3 KO fly heads identified dozens of misregulated transcripts that have been 

previously linked to locomotion and behavioural defects (Supplemental data 3). Most likely, a 

combinatorial effect of several genes, altered by the loss of m6A, is a driving cause for the observed 

phenotypes. Nevertheless, many of these genes were shown to be modified in S2R+ cells and they 

might also carry m6A in vivo, however, future analysis of neuronal methylome will be crucial for 

characterization of biologically relevant targets. Recent technological advances in m6A detection 

techniques (e.g. nanopore sequencing, MAZTER-seq and DART-seq) allow m6A identification with 

minimal RNA requirements (Meyer K. D. 2019, Wang et al. 2020). Thus, if combined with single-cell RNA 

sequencing, these approaches may enable more precise mapping of m6A in chosen neuronal 

populations. Importantly, m6A is also implicated in mRNA export and translation, hence, beside a steady 

state RNA analysis, incorporation of proteomic approaches to monitor protein expression changes may 

prove useful.  

In addition to altered walking, orientation and activity, adult flies lacking Mettl3 or the nuclear 

reader protein Ythdc1 also displayed compromised climbing ability in response to negative geotaxis. 

We were able to recapitulate climbing defects by depletion of m6A writer components, Mettl3 and 

Flacc, in different types of neurons, indicating that altered climbing indeed results from the absent m6A 

pathway. We used several cell type specific Gal4-driver lines and observed that flies were most sensitive 

to simultaneous depletion of m6A in serotonergic and dopaminergic neurons (Supplemental data 4). 

Notably, individual depletion of m6A in serotonergic and dopaminergic neurons or in other types of 

neurons resulted in less pronounced effects, suggesting that serotonergic and dopaminergic neurons 

are particularly sensitive to the loss of m6A in regards to negative geotaxis response. In the future, it 
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will be important to confirm these findings by rescue experiments in individual neuronal subtypes, 

which may also help in elucidating what are exact targets driving such an impaired locomotion. 

 m6A and Parkinson`s disease 

Parkinson`s disease (PD) is a progressive neurodegeneration disorder associated with pathologic 

accumulation of protein aggregates (Lewy bodies) and mitochondrial dysfunction specifically in 

dopaminergic neurons resulting in consequent loss of affected neurons. These defects lead to muscle 

rigidity, altered movement, cognitive impairment and disruption of sleep-wake cycle (Schapira and 

Jenner 2011). Aetiology of PD involves genetic and environmental factors, however mutations in several 

genes (-synuclein, parkin, LRRK-2, PINK-1, and others) were found to be the major cause for the onset 

of familial forms of disease. Many of these genes encode factors involved in the response to oxidative 

stress and in the ubiquitin-proteasome system of protein quality control. Parkin for example is an E3 

ubiquitin ligase that is involved in mitochondrial quality control and in the control of oxidative stress in 

dopaminergic neurons. Excess levels of dopamine that are not captured by cellular vesicles, prompt 

dopaminergic neurons highly susceptible to Parkinson`s disease. The accumulation of free dopamine in 

the cytosol of dopaminergic neurons represents a serious cytotoxic stress (Segura-Aguilar and Paris 

2014). In a free form, dopamine can be degraded by several ways; it can be stepwise enzymatically 

oxidised at the outer membrane of the mitochondria, albeit with the side production of hydrogen 

peroxide. Alternatively, dopamine can also spontaneously oxidise to highly reactive dopamine o-

semiquinone and further to aminochrome. Toxicity of aminochrome is exemplified by the fact that it 

can form adducts with different proteins (e.g. -synuclein) or may for example inhibit the activity of E3 

ubiquitin ligase parkin. Several mechanisms exist that can inactivate toxic dopamine products. Among 

them is the glutathione-S-transferase (GST) that can conjugate glutathione to both, dopamine o-

semiquinone and aminochrome, and the corresponding products can be further degraded and 

secreted. Thus, GST can protect dopaminergic neurons from neurotoxicity (Smeyne and Smeyne 2013, 

Segura-Aguilar and Paris 2014).   

Glutathione-S-transferase S1 (GstS1) is the closest ortholog of the GST protein in D. 

melanogaster. It was one of the few reduced proteins that we identified in the proteome analysis of 

S2R+ cells upon Hakai depletion (Figure 42). This could suggest the potential role of m6A in the onset of 

PD. In flies, GstS1 catalyses conjugation of reduced glutathione to a variety of substrates and is involved 

in the control of oxidative stress. Loss of GstS1 enhances neurodegeneration of dopaminergic neurons 

in parkin mutant flies that represent a fly model of Parkinson disease, whereas GstS1 overexpression 

specifically in dopaminergic neurons alleviates neurodegeneration symptoms (Whitworth et al. 2005). 

In addition, flies lacking one copy of GstS1 in parkin null background display reduced locomotion during 

geotaxic climbing behaviour and have shortened life span (Whitworth et al. 2005). Intriguingly, similar 

behavioural phenotypes were observed in flies lacking Mettl3 (Figure 24), signifying a possible 

contribution of m6A loss in the PD. As mentioned before, we found that depletion of m6A writer 

components, specifically in dopaminergic and serotonergic neurons, significantly alters fly climbing 

(Supplemental data 4). Of note, parkin mutants do not display changes in brain volume, since only a 

subset of DA neurons in CNS undergo neurodegeneration. In line with this, we did not observe any loss 

of brain volume or appearance of brain vacuoles in adult Mettl3 mutant females (at day 3 day and day 

10) (data not shown). Interestingly, in a large yeast-two-hybrid screen of D. melanogaster protein 

interactions, Hakai was found with to interact with parkin (Giot et al. 2003), which may also suggest an 

independent role of Hakai in parkin-mediated mitochondrial homeostasis. In the future it will be 

important to investigate if GstS1 levels are indeed reduced in Mettl3 mutants, and particularly, if GstS1 
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protein is under the control of m6A modification in dopaminergic neurons. In addition, elevated levels 

of carbonylated mitochondrial proteins are indicative of oxidative stress in PD and other 

neurodegenerative disorders (Bizzozero 2009). Thus, analysis of protein carbonylation in Mettl3 mutant 

brain could serve as a simple read-out to assess if loss of m6A contributes to the onset of 

neurodegeneration (Fedorova et al. 2014). Notably, in support of the possible role of m6A misregulation 

in the pathogenesis of PD, a recent study detected reduced m6A levels in the brain of a rat model of PD 

(Chen X. et al. 2019).  

Fly models of PD also display alterations in non-motor behaviour. These symptoms include 

compromised learning and memory formation as well as disrupted circadian rhythm (Seugnet et al. 

2009, Balija et al. 2011). In mice, m6A has been implicated in the short and long term memory 

acquisition as well as in the control of circadian rhythm, hence it would be of interest to investigate if 

these aspects of PD are also present in Mettl3 mutant flies. Intriguingly, an impairment in short term 

memory acquisition has been recently demonstrated in flies lacking the cytoplasmic Ythdf protein, 

however the exact molecular mechanisms remain to be discovered (Kan et al. 2020).  Due to simplicity 

of the fly neural circuits, D. melanogaster represents a favourable model to study potential contribution 

of m6A in the onset and progression of PD.  

Longevity and flight 

In addition to locomotion defects, we also observed that flies lacking Mettl3 have a reduced life 

span and display a held-out wing phenotype. They are unable to fold their wings over the thorax and 

abdomen, and cannot fly (Figure 24). Direct flight muscles (DFM) and fast contracting indirect flight 

muscles (IFMs) in the thorax, control wing positioning and movement, and in this way contribute to 

flight activity (Clayton et al. 1998, Kozopas and Nusse 2002). Below we describe a few putative 

candidates that may contribute to shortened lifespan and flight alterations upon loss of m6A 

modification. Their involvement will, however, need to be verified in the future. I) As discussed above, 

notch is modified in S2R+ cells and loss of Mettl3 results in diminished Notch levels in ovaries (Hongay 

and Orr-Weaver 2011). Intriguingly, adult flies with reduced levels of Notch in the CNS, display 

shortened lifespan and altered flying (Presente et al. 2001). II) GstS1 protein whose levels are decreased 

upon Hakai depletion, is abundant in IFMs. These muscles contain large numbers of mitochondria and 

are highly susceptible to oxidative damage, therefore they may be more dependent on functional GstS1 

protein (Clayton et al. 1998). In addition, ectopic expression of GstS1 in wing discs results in aberrant 

wing development (Toba et al. 1999). Finally, in a genomic screen, GstS1 was shown to be required for 

extended longevity (Seong et al. 2001), hence it represents a potential candidate gene that may 

contribute to several phenotypes observed in flies lacking m6A. In the future, it will be important to 

unambiguously determine the importance of m6A modification for the stability of GstS1 protein in vivo. 

III) Finally, a gene held out wings (how) encodes a nuclear RNA binding protein that regulates muscle 

development. As the name implies, how mutants exhibit abnormal wing positioning, albeit the exact 

mechanism leading to such defects is currently unknown (Baehrecke 1997). Its transcript also contains 

a prominent m6A peak and thus may be regulated by the m6A pathway. IV) Aberrantly positioned held-

out wings and flight impairment have also been reported in several mutants lacking different 

components of the chromatin remodelling complex BAP (e.g. brahma, moira, osa) (Brizuela and 

Kennison 1997, Vázquez et al. 1999, Ragab et al. 2006). These factors regulate the expression of 

Antennapedia (Antp), a trithorax group gene that is, among other functions, required for a proper wing 

development. Abnormal wing positioning was also observed in mutants for several factors (e.g. tara, 

stretch) that genetically interact with BAP complex and Antennapedia (Calgaro et al. 2002, Yazdani et 
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al. 2008). Since many of these factors are m6A modified in S2R+ cells, it would be of interest to 

investigate if functionality of the BAP remodelling complex, in the context of wing positioning and flight 

activity, is perhaps compromised in flies lacking m6A. 

Summary 

In summary, our findings from flies with disrupted m6A pathway highlight a particular importance 

of m6A modification in the fly nervous system. Severely altered locomotion and orientation, flight 

insufficiency, as well as aberrant synapse morphology at the NMJ are most likely just some of the 

defects resulting from a loss of m6A deposition. Further efforts will be required to better characterise 

causative factors leading to this apparently elevated dependency of the nervous system on the 

presence of m6A modification. It is important to note that we do not currently have any proof on 

whether transcripts that we found methylated in S2R+ cells are also methylated in any other fly tissue. 

A recent study performed a comprehensive analysis of m6A landscape across different tissue and cell 

types in mouse and human. Their findings showed that m6A methylation in the brain is conserved 

between mouse and human, but distinct from other tissue, possibly reflecting a unique and highly 

specialised transcriptome of neural cells. Surprisingly, however, results from all other tissues 

demonstrated that m6A methylome of non-neuronal cells is more similar within a given species than 

between mouse and human (Liu J. et al. 2020). Hence it will be important to characterise D. 

melanogaster methylome in other cell types of neuronal origin or from neuronal tissue. 

Since neurons are highly specialised and polarised cells that assemble into complex cellular 

networks to ensure efficient signal transmission and functioning, they may be more reliant on 

mechanisms that enable flexible adjustment of gene expression at different levels. Notably, several 

other post-transcriptional processing events also occur at higher frequency in the nervous system as 

compared to other tissue; these include alternative splicing and polyadenylation, recursive splicing, the 

formation of circRNA as well as localised translation and translation of microexons (Furlanis and 

Scheiffele 2018, Lennox et al. 2018, Su et al. 2018). This infers that numerous mRNA processing events 

may cooperatively enable greater diversification of transcriptome and proteome and a rapid 

spatiotemporal adjustment in response to various stimuli and environmental cues. Given that m6A can 

modulate at least some of these processes, it most likely serves as an additional layer of gene regulation 

that strongly contributes to proper neuronal development, functioning and plasticity. 

The importance of m6A modification in the nervous system is, however, not unique to D. 

melanogaster and over the past few years numerous studies demonstrated that correct deposition of 

m6A is critical for normal development and functioning of the nervous system in other species (Chapter 

5.6.2) (reviewed in (Angelova et al. 2018, Engel and Chen 2018, Jung and Goldman 2018, Flamand and 

Meyer 2019, Livneh et al. 2020)). Similarly to our observations, m6A levels were found elevated in the 

developing brain in mice (Meyer et al. 2012) and region-specific methylation has already been 

characterised in the cortex (Widagdo et al. 2016, Chang et al. 2017, Yoon et al. 2017, Li M. et al. 2018, 

Wang Y. et al. 2018), cerebellum (Chang et al. 2017, Ma et al. 2018, Wang C.-X. et al. 2018), 

hippocampus (Walters et al. 2017, Engel et al. 2018, Zhang Z. et al. 2018). By conditional inhibition of 

m6A writers and readers, these studies described numerous alterations and highlighted the 

requirement of m6A in diverse neuronal processes including embryonic and adult neurogenesis (Yoon 

et al. 2017, Wang C.-X. et al. 2018, Wang Y. et al. 2018), axon guidance (Zhuang et al. 2019) and 

regeneration (Weng et al. 2018), but also for cognitive functions during memory formation (Engel et al. 

2018, Koranda et al. 2018, Zhang Z. et al. 2018). Several studies could demonstrate the molecular 

mechanisms underlying neuronal alterations and most m6A functions have been assigned to YTH 
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readers. Ythdf2 is for example indispensable for timely decay of methylated transcripts during cortical 

neurogenesis (Yoon et al. 2017, Li M. et al. 2018), whereas Ythdf1 facilitates local translation of 

methylated targets in postsynaptic densities of hippocampal neurons to ensure correct synaptic 

transmission (Shi et al. 2018) and controls translation of Robo3.1 mRNA for accurate axon guidance in 

spinal commissural neurons (Zhuang et al. 2019). Notably, restricted activities of different m6A readers 

highlight the need for detailed dissection of m6A in different cell populations. Precise mapping of m6A 

in selected neuronal subtypes, however, awaits future endeavours. 

D. melanogaster provides a valuable genetic model to studying development and functioning of 

the nervous system, as well as behavioural response. Our work revealed first phenotypical and genetic 

evidence that m6A modification regulates processes linked to neuronal functioning. The relevance of 

our findings has been confirmed by independent studies from Soller and Lai Laboratories (Haussmann 

et al. 2016, Kan et al. 2017). Notably, two recent studies found that loss of m6A in flies also impairs 

cognitive functions during aging (Kan et al. 2020) and controls axonal growth in PNS and CNS via the 

cytoplasmic Ythdf reader (Soldano et al. 2020). Despite intriguing findings in regards to behavioural and 

locomotor abnormalities resulting from m6A loss (Haussmann et al. 2016, Lence et al. 2016, Kan et al. 

2017), the causative factors that drive these defects are to a large extent still unknown. Hence, future 

studies may attempt careful analysis of different candidate targets identified in this work. In addition, 

a systematic examination of conditional loss of m6A writers in selected neuronal subtypes might provide 

novel mechanistic insights into factors driving m6A-dependent development in the central and 

peripheral nervous system. Ultimately, a functional dissection of individual m6A sites will be needed to 

prove their roles in specific biological processes.  

Intriguingly, a set of novel approaches for targeted addition, removal and recognition of m6A 

modification in a chosen transcript have been developed in recent years (Shi et al. 2019, Wei and He 

2019). For example, fusions of m6A effectors with dCas9 and dCas13 proteins have enabled site specific 

methylation, demethylation (Liu X.-M. et al. 2019) and m6A binding (Rauch et al. 2018). In another 

approach, target-specific m6A readers were constructed from proteins originating entirely from the 

human genome. The so-called “CRISPR-Cas-inspired RNA targeting system (CIRTS)”, therefore holds 

promise for a potential therapeutic use in the future (Rauch et al. 2019). These novel technologies will 

undoubtedly prove valuable to decipher the significance of a single methylation site on the transcript 

processing and its fate in a context dependent manner. 
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Conclusions 

The aim of this PhD work was to characterise m6A modification in flies from a broad perspective 

and by following several directions in order to identify factors involved in m6A biogenesis, to reveal the 

roles of m6A modification on pre-mRNA processing and to investigate the importance of this 

modification during development of Drosophila melanogaster. Novel findings presented in this study 

substantially advance our current knowledge on the composition of the m6A writer machinery. This 

work also revealed the requirement of m6A in the alternative pre-mRNA splicing of Sxl and other targets 

and highlighted the impact of this modification for neuronal functions. In addition, numerous 

unpublished findings presented in this work provide an important resource of data that will further 

future explorations to better characterise this abundant mRNA modification at the molecular and 

organismal levels. Main findings of this study are summarised below.  

Aim I: Characterization of novel modulators required for deposition, recognition and removal of m6A 
modification on mRNA 

o m6A writer complex in Drosophila melanogaster consists of two sub-complexes: MAC 

(Mettl3, Mettl14) and MACOM (Fl(2)d, Vir, Nito, Flacc, Hakai) that are conserved in higher 

eukaryotes. 

o Nito and Flacc are novel factors, essential for m6A deposition.  

o Flacc stabilizes the interaction between Fl(2)d and Nito proteins. 

o Hakai maintains stability of Vir, Flacc and Fl(2)d proteins. 

o Ythdc1 is a nuclear m6A reader and one of the main mediators of m6A functions in flies. 

 

Aim II: Identification of regulatory functions of m6A modification on mRNA processing.  

o Distribution of m6A in flies is highly enriched in 5`UTR regions. 

o m6A resides in a conserved consensus A-rich RRACH motif. 

o Modification facilitates alternative splicing of a subset of modified transcripts.  

 

Aim III: Exploring the importance of m6A modification in vivo during development of a fruit fly 
(Drosophila melanogaster).  

o Modification is highly enriched during early embryogenesis, at the onset of pupation, as 

well as in heads and ovaries of adult flies.  

o m6A writers and readers follow the expression profile of m6A modification during fly 

development. 

o Fly mutants lacking Mettl3 and Mettl14 are flightless and display severe locomotion 

defects. 

o Loss of nuclear reader protein Ythdc1 resembles the loss of m6A writer components. 

o m6A is required for proper splicing of Sxl (Sex lethal) transcript in females and in this way 

modulates sex determination and dosage compensation pathways. 
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Supplemental data 1 

 

Supplemental data 1. Protein interactors with Mettl3, Fl(2)d, Nito, Flacc and Ythdc1 baits.  
Proteins with >1,5 fold enrichment (bait/control) in forward (Fwd) and reverse (Rev) experiments are shown. Numbers in red 
represent intensity ratios for proteins that were detected with one peptide in the control condition of the respective 
experiment. 

  

Gene.names Fwd Rev Gene.names Fwd Rev Gene.names Fwd Rev Gene.names Fwd Rev Gene.names Fwd Rev Gene.names Fwd Rev Gene.names Fwd Rev

Mettl3 22,8 0,0 fl(2)d 1,8 0,0 nito 2,1 0,4 Flacc 11,5 0,1 52 RpLP1 2,0 0,6 Ythdc1 21,1 0,1 60 homer 3,3 0,5

1 Mettl14 12,7 0,0 1 Hrb98DE 2,1 0,1 1 CG3548 2,9 0,4 1 fl(2)d 12,3 1,5 53 CG8814 2,0 0,4 1 CG9641 16,1 0,1 61 P32 3,3 0,6

2 CG33303 5,3 0,2 2 BRWD3 5,0 0,2 2 Hsp60 2,2 0,5 2 nito 7,5 0,2 54 CG6479 2,0 0,2 2 qkr58E-2 11,8 0,1 62 RpL22 3,3 0,6

3 Psa 4,9 0,3 3 Top2 2,5 0,2 3 GIP 2,2 0,4 3 qkr58E-1 5,4 0,3 55 Fmr1 2,0 0,5 3 GIP 10,8 0,2 63 CG8929 3,2 0,4

4 PyK 4,4 0,2 4 ball 2,6 0,2 4 CG1646 2,2 0,4 4 homer 4,6 0,2 56 CG3902 1,9 0,6 4 CG5787 9,7 0,2 64 vir 3,1 0,2

5 RnrL 4,4 0,1 5 mod 2,4 0,2 5 gag 2,1 0,4 5 didum 4,5 0,5 57 Vha55 1,9 0,7 5 rump 8,8 0,3 65 flacc 3,1 0,4

6 Cct5 4,4 0,2 6 bocksbeutel 4,8 0,2 6 CG7611 2,0 0,5 6 VhaAC39-1 4,4 0,3 58 hoip 1,9 0,7 6 Pep 8,7 0,3 66 CG11148 3,0 0,2

7 Rab7 4,2 0,4 7 D1 2,9 0,2 7 hang 1,9 0,5 7 gag 4,3 0,4 59 Myo31DF 1,9 0,7 7 CG30122 8,7 0,2 67 MLE 3,0 0,2

8 Ca-P60A 4,2 0,3 8 dre4 4,0 0,2 8 tlk 1,9 0,5 8 RpL32 3,9 3,1 60 RpL6 1,9 0,5 8 lark 8,7 0,2 68 LD23634 3,0 0,6

9 T-cp1 4,1 0,2 9 CG4236;Caf1 2,4 0,3 9 fl(2)d 1,9 0,6 9 nmd 3,9 0,9 61 CG9684 1,9 0,4 9 Hrb98DE 8,5 0,2 69 CG1646 2,9 0,3

10 CG3523 4,0 0,3 10 tlk 5,3 0,3 10 CLIP-190 1,9 0,6 10 CG3884-RB 3,7 0,3 62 RpL10Ab 1,9 0,7 10 nito 8,3 0,3 70 tral 2,9 0,5

11 Rop 4,0 0,3 11 CG8878 3,5 0,3 11 CG7668-RA 1,9 0,5 11 CkIIbeta 3,6 0,2 63 Aldh 1,9 0,4 11 Hrb87F 7,8 0,3 71 RpS15 2,9 0,6

12 Gp93 3,7 0,4 12 Hrb87F 2,1 0,3 12 Ulp1 1,9 0,5 12 Nup154 3,4 0,3 64 RpL4 1,9 0,3 12 sqd 7,8 0,3 72 Nop60B 2,8 0,5

13 eIF-2alpha 3,7 0,2 13 glo 3,0 0,3 13 CG5599 1,8 0,5 13 Gp210 3,4 0,3 65 AGO2 1,8 0,6 13 ssx 7,3 0,4 73 Xe7 2,7 0,6

14 Hsc70-4 3,7 0,2 14 Gnf1 3,9 0,3 14 Mtor 1,8 0,6 14 SF2 3,2 0,3 66 Fib 1,8 0,6 14 qkr58E-3 7,3 0,3 74 CG5641 2,7 0,4

15 RpL3 3,5 0,5 15 CG42232 3,6 0,3 15 qkr54B 1,8 0,5 15 CkIIalpha 3,2 0,3 67 RpLP2 1,8 0,5 15 unk 7,1 0,5 75 caz 2,6 0,2

16 Chc 3,4 0,3 16 CG8289 7,7 0,4 16 mRpS22 1,8 0,6 16 PhKgamma 3,1 0,4 68 nonA 1,8 0,4 16 CG1677 7,0 0,5 76 CG5792 2,6 0,3

17 sesB 3,4 0,2 17 Msp300 3,7 0,4 17 Pabp2 1,8 0,5 17 Pxn-RD 3,1 0,4 69 BEST:LD30049 1,8 0,6 17 baf 7,0 0,3 77 CG3542 2,6 0,5

18 RpS3 3,4 0,2 18 CG4747 2,1 0,4 18 RAF2 1,7 0,6 18 Acn 3,1 0,3 70 RpL14 1,8 0,6 18 Ote 6,9 0,4 78 Gp210 2,5 0,6

19 Hsp68 3,4 0,2 19 sle 3,9 0,4 19 ttk 1,7 0,5 19 CG8475 3,1 0,4 71 SmB 1,7 0,6 19 Ars2 6,7 0,4 79 CG13903 2,5 0,4

20 Hel25E 3,4 0,2 20 Ssrp 3,5 0,4 20 Tm1 1,7 0,6 20 Nup93-1 3,0 0,4 72 SmG 1,7 0,7 20 bocksbeutel 6,5 0,4 80 tyf 2,5 0,5

21 alphaCop 3,3 0,4 21 CG5746 7,2 0,5 21 Flo-1 1,7 0,5 21 r 3,0 0,4 73 eIF3ga 1,7 0,6 21 eIF-4E 6,4 0,4 81 Tdrd3 2,5 0,3

22 hts 3,3 0,3 22 CG5787 2,2 0,5 22 CG3714 1,7 0,6 22 Pmp70 3,0 0,3 74 eIF3-S10 1,7 0,6 22 Cbp20 6,4 0,5 82 CG7194 2,4 0,4

23 betaCop 3,2 0,3 23 Pep 2,4 0,5 23 CG9641 1,6 0,5 23 zip 3,0 0,3 75 ncd 1,7 0,6 23 His4 6,3 0,4 83 Gnf1 2,3 0,4

24 Rack1 3,1 0,2 24 Lam 1,7 0,5 24 qkr58E-3 1,6 0,6 24 Saf-B 2,9 0,3 76 Prp19 1,7 0,5 24 Lam 6,1 0,5 84 CG6701 2,2 0,5

25 ran 3,1 0,3 25 RpL7 1,6 0,6 25 qkr58E-1 1,6 0,6 25 Nup205 2,9 0,4 77 SmE 1,7 0,6 25 Imp 6,1 0,5 85 Tango5 2,2 0,6

26 Vha68-2 3,0 0,2 26 rump 3,0 0,6 26 Top1 1,6 0,6 26 CG15784 2,9 0,3 78 RpL28 1,7 0,6 26 His2B 6,0 0,4 86 CG4266 2,2 0,3

27 betaTub60D 3,0 0,2 27 Rcc1 3,7 0,6 27 Arp2 1,6 0,7 27 Vha100-2 2,9 0,5 79 dre4 1,7 0,9 27 CG10077 6,0 0,2 87 SD07683 2,2 0,4

28 Arf79F 3,0 0,2 28 RpL13A 4,3 0,6 28 glo 1,6 0,6 28 HDC14603 2,8 0,4 80 rin 1,7 0,5 28 pAbp 5,9 0,5 88 CG7903 2,2 0,4

29 Tcp-1eta 2,9 0,3 29 RpL4 3,0 0,6 29 CG5214 1,6 0,5 29 Smu1 2,7 0,8 81 Cat 1,7 0,6 29 His1 5,9 0,3 89 lig3 2,2 0,5

30 Rab2 2,8 0,2 30 qkr58E-1 2,6 0,6 30 Grip71 1,6 0,6 30 gag 2,7 0,4 82 eIF3-S9 1,6 0,6 30 Hrb27C 5,9 0,5 90 Upf1 2,2 0,3

31 Hsp83 2,7 0,6 31 U2A 1,6 0,6 31 CG8771 2,6 0,5 83 RpL12 1,6 0,7 31 His2Av 5,9 0,4 91 ball 2,1 0,3

32 RpL9 2,7 0,5 32 Mes2 1,6 0,6 32 lark 2,5 0,3 84 Pex14 1,6 0,5 32 Syp 5,8 0,2 92 CG11505 2,1 0,4

33 EfTuM 2,7 0,2 33 mre11 1,6 0,5 33 CG5261 2,5 0,4 85 RpL5 1,6 0,6 33 eIF-3p66 5,7 0,6 93 Saf-B 2,1 0,5

34 CG7033 2,6 0,3 34 qkr58E-2 1,6 0,6 34 Mec2 2,5 0,4 86 Trip1 1,6 0,5 34 Rcc1 5,6 0,2 94 btz 2,1 0,6

35 sta 2,6 0,3 35 Set1 1,5 0,4 35 CG7766 2,4 0,4 87 Past1 1,6 0,6 35 eIF4G 5,5 0,5 95 enc 2,0 0,4

36 Vap-33-1 2,6 0,2 36 CG7065 1,5 0,6 36 Chc 2,4 0,3 88 RpL18 1,6 0,5 36 rngi 5,5 0,6 96 CG9987 2,0 0,6

37 RpL5 2,6 0,5 37 Arpc1 1,5 0,6 37 tho2 2,3 0,4 89 RpL23A 1,6 0,6 37 qkr58E-1 5,5 0,4 97 l(2)35Df 2,0 0,5

38 CG17337 2,5 0,3 38 CG7358 1,5 0,6 38 LKR 2,3 0,5 90 CG12264 1,6 0,7 38 His3 5,4 0,4 98 Ostgamma 1,9 0,6

39 CG4169 2,5 0,4 39 ORF1 1,5 0,6 39 Pex1 2,3 0,4 91 PPO2 1,6 0,6 39 nonA 5,3 0,3 99 CG6422 1,9 0,3

40 betaTub56D 2,5 0,2 40 GIP 2,2 0,5 92 CG4849 1,6 0,7 40 CG5746 5,3 0,3 100 Top2 1,9 0,4

41 Rab1 2,5 0,5 41 Nop56 2,2 0,6 93 DnaJ-1 1,6 0,5 41 larp 5,1 0,4 101 CG8142 1,9 0,6

42 Ef2b 2,4 0,5 42 rump 2,2 0,6 94 RpL3 1,6 0,6 42 bor 5,0 0,3 102 ISWI 1,8 0,4

43 Lam 2,4 0,6 43 Tango4 2,2 0,5 95 RpLP0 1,5 0,4 43 AGO2 4,9 0,4 103 CG8478 1,8 0,4

44 eIF-4a 2,3 0,2 44 Bap60 2,2 1,0 96 Mfe2 1,5 0,6 44 Cbp80 4,8 0,5 104 eIF4G2 1,8 0,4

45 RpL18A 2,3 0,6 45 bor 2,1 0,5 97 Bx42 1,5 0,5 45 glo 4,7 0,2 105 RfC3 1,8 0,5

46 R 2,2 0,2 46 CG43088 2,1 0,3 98 RpL18A 1,5 0,6 46 rin 4,6 0,6 106 Top3beta 1,8 0,4

47 alphaTub84D 2,2 0,2 47 pnr 2,1 0,5 99 Rme-8 1,5 0,5 47 mtSSB 4,5 0,6 107 FK506-bp1 1,8 0,6

48 Rab11 2,1 0,6 48 pAbp 2,1 0,5 100 CG5077 1,5 0,7 48 lig 4,2 0,6 108 CG9684 1,8 0,6

49 RpS17 2,1 0,3 49 Pgam5 2,1 0,6 101 CG17544 1,5 0,8 49 Atx2 4,1 0,5 109 NAT1 1,7 0,4

50 Hsc70-3 2,1 0,3 50 hrp48 2,1 0,5 102 Prp8 1,5 0,6 50 CG5726 4,1 0,5 110 hang 1,7 0,4

51 Gapdh1 2,1 0,6 51 CG5214 2,0 0,5 51 Eip63E 4,1 0,7 111 Ddx1 1,7 0,6

52 RpL21 2,1 0,6 52 Fmr1 4,1 0,4 112 RhoGAP19D 1,7 0,4

53 RpS4 2,0 0,3 53 fl(2)d 4,1 0,3 113 nocte 1,7 0,5

54 tsr 2,0 0,4 54 bel 4,0 0,6 114 Parp 1,7 0,3

55 Tctp 2,0 0,5 55 Patr-1 3,8 0,5 115 cup 1,6 0,2

56 RpL27 1,9 0,5 56 yps 3,8 0,5 116 par-1 1,5 0,5

57 RpL30 1,8 0,5 57 Zn72D 3,5 0,3 117 pont 1,5 0,6

58 RpS7 1,8 0,3 58 nonA-l 3,4 0,3 118 4E-T 1,5 0,6

59 blw 1,8 0,3 59 La 3,4 0,6

60 Gale 1,7 0,2

61 Prosalpha1 1,7 0,3

62 RpS16 1,7 0,5

63 Mec2 1,7 0,4

64 lost 1,7 0,3

65 AGO2 1,6 0,4

66 RpL22 1,6 0,4

66 RpS13 1,5 0,5

Mettl3 Fl(2)d Nito Flacc Ythdc1
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Supplemental data 2 

Common protein interactors 

Fly protein Human 
ortholog 

Predicted function Reference 

AGO2 Ago2 Component of the RISC complex, siRNA pathway FBgn0087035 (Martinez and Tuschl 2004) 

ball (NHK-1) VRK1 Ser/Thr kinase, H2A and BAF phosphorylation, chromatin 
condensation. Mitotic spindle organisation. Progression of meiosis 
and mitosis. Neuronal stem cell population maintenance. 

FBgn0027889 (Cullen et al. 2005, Nikalayevich 
and Ohkura 2015) 

bocksbeutel - Unknown (LEM domain, possible nulclear lamina associated protein) FBgn0037719 (Barton et al. 2014) 

Bor ATAD3A Mitochondrial ATPase. Mitochondria maintanence. FBgn0287225 (Harel et al. 2016) 

CG1646 PRPF39 Unknown (predicted 5`ss recognition). FBgn0039600 

CG5746 - - FBgn0039186 

CG9641 - - FBgn0031483 

CG9684 - Unknown (TDRD1 family protein) FBgn0037583 

copia/GIP - Retrotransposon gene, required for RNA dependent DNA 
intergartion. Abbundant in MB alpha/beta neurons. 

FBgn0013437 

Fl(2)d WTAP MACOM component FBgn0037583 (Knuckles et al. 2018) 

Flacc ZC3H13 MACOM component FBgn0030974 (Knuckles et al. 2018) 

Fmr1 FMRP Regulation of mRNA localization, translation. Neuronal development 
and synaptic plasticity. 

FBgn0028734 (Drozd et al. 2018) 

glorund hnRNPH/F oskar mRNA localisation, repression of nanos mRNA translation. 
Dorsal-ventral and anterior-posterior axis specification. 

FBgn0259139 (Piccolo et al. 2014) 

Gnf1 RFC1 Unknown (predicted DNA binding, PCNA association) FBgn0004913 

Gp210 NUP210 Unknown (predicted nuclear pore organisation) FBgn0266580 

hang - RBP, regulates response to cellular stress and ethanol tolerance via 
binding and stabilization of dnc-RA mRNA. Negative regulation of 
NMJ bouton growth, possibly via reduction of FasII expression. 

FBgn0026575 (Schwenkert et al. 2008, Ruppert et 
al. 2017) 

homer HOMER2 RBP important for oskar anchoring at the post pole, binds glutamate 
receptor at post-synaptic part. Control of locomotor activity. 

FBgn0025777 (Diagana et al. 2002) 

Hrb87F 
(hrp36) 

hnRNPA2B1 Unknown (predicted splicing regulator. Involved in female gonad 
development and stress response). Interacts with non-A and pep 
proteins. 

FBgn0004237 (Reim et al. 1999, Piccolo et al. 
2014) 

Hrb98DE 
(hrp38) 

hnRNPA2B1 RBP, 5UTR binding of DE-cadherin for translational regulation. 
Control of GSC self-renewal and oocyte localisation. 

FBgn0001215 (Ji and Tulin 2012, Piccolo et al. 
2014) 

lark RBM4B RBP involved in positive regulation of translation of circadian clock 
transcripts. 

FBgn0011640 (Huang et al. 2014) 

Nito RBM15/15B MACOM component FBgn0027548 

nonA SFPQ/NONO Regulation of cyrcadian rythm via stabilization of cpx pre-mRNA. 
Interacts with hrb87F and pep proteins.  Vertebrate SFPQ/NONO 
homo- and heterodimerize and are implicated in various mRNA 
processing steps including splicing. Human SFPQ is found in 
cytoplasmic aggregates in neurodegenerative disorders. 

FBgn0004227 (Reim et al. 1999, Luo W. et al. 
2018) (Knott et al. 2016) 

pAbp 
(PABPC1) 

pAbp Regulation of mRNA translation, localization. FBgn0265297 (Vazquez-Pianzola and Suter 
2012, Marygold et al. 2017) 

Pep - Protein on ecdysone puffs. Interacts with non-A and Hrb87F proteins. 
DNA and RNA binding protein, acts on ecdyson response loci. 

FBgn0004401 (Reim et al. 1999) 

qkr58E-1 KHDRBS3 Unknown (KH domain, predicted RNA splicing) FBgn0022986 (Lence et al. 2016) 

qkr58E-2 KHDRBS1 Unknown (KH domain, predicted RNA procesing) FBgn0022985 

qkr58E-3 
(kep1) 

KHDRBS1 Regulation of alternative splicing. FBgn0022984 (Katzenberger et al. 2009)  

Rcc1 RCC1 Regulator of chromosome condensation 1. RanGTPase, regulation of 
nucleocytoplasmic transport. Diffrentiation of lateral neurons. 
Regulation of mitotic spindle formation. 

FBgn0002638 (Carazo-Salas et al. 1999, Shi and 
Skeath 2004) 

Rin 
(Rasputin) 

G3BP1 Localisation of mRNA to stress granules. Regulation of dorsal-vental 
axis during oogenesis, presumably via the translational activation of 
orb mRNA. Context dependent m6A repelled RBP. 

FBgn0015778(Costa et al. 2013, Edupuganti et al. 
2017) 

RpL22 RPL22 Large ribosomal subunit FBgn0015288 

rump hnRNPM Regulation of splicing (exonic splicing enhancers), binds and 
localizes oskar and nanos mRNA. Regulation of anterior/posterior 
axis specification. 

FBgn0267790 (Jain and Gavis 2008, Sinsimer et 
al. 2011) 

Saf-B SAFB Scaffold attachment factor B. Regulation of splicing. FBgn0039229 (Park et al. 2004) 

Top2 TOP2A-B DNA and RNA binding. FBgn0284220 (Strick et al. 2000) 

Supplemental data 2. Common protein interactors of writers and Ythdc1 reader.  
List of protein interactors that were >1,5 fold enriched and identified with at least two of the baits: Mettl3/Fl(2)d/Nito/Flacc 
and Ythdc1 (see also Supplemental data 1). Corresponding human orthologs and predicted functions are shown in columns on 
the right.   
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Supplemental data 3 

Mis-regulated transcripts in Mettl3 KO female heads with a miCLIP peak 

Locomotion Axon guidance 

Gene  Gene  

18w UP 18-wheeler, Toll-like receptor.  babo DN Receptor protein serine/threonine kinase 

aop DN Ets DNA-binding protein pokkuri brat DN Brain tumor protein 

awd UP Nucleoside diphosphate kinase Bsg AS Basigin 

babo DN Receptor protein serine/threonine kinase Cam UP Calmodulin 

brat DN Brain tumor protein Caps DN Capricious 

Bsg AS Basigin Cdc42 UP Cdc42 homolog 

Cam UP Calmodulin chic UP Profilin 

Caps DN Capricious dlp UP Dally-like 

CASK DN Peripheral plasma membrane protein CASK dock DN Dreadlocks 

Cdc42 UP Cdc42 homolog Dscam1 AS Down syndrome cell adhesion molecule 1 

chic UP Profilin egh DN Beta-1,4-mannosyltransferase egh 

csw DN Tyrosine-protein phosphatase corkscrew eIF-2beta UP Eukaryotic translation initiation factor 2 subunit 2 

disp DN Protein dispatched fend DN Transmembrane protein fend 

dlp UP Dally-like, FER DN Tyrosine-protein kinase Fer 

dock DN Dreadlocks, ImpL2 DN Neural/ectodermal development factor IMP-L2 

dom DN Helicase domino kis DN Kismet, isoform C 

Dscam1 AS Down syndrome cell adhesion molecule 1 Lar DN Tyrosine-protein phosphatase Lar 

EcR DN Ecdysone receptor Mical DN [F-actin]-methionine sulfoxide oxidase Mical 

egh DN Beta-1,4-mannosyltransferase egh msps DN Protein mini spindles 

eIF-2beta UP Eukaryotic translation initiation factor 2 subunit 2 PlexA DN Plexin A, isoform A 

fend DN Transmembrane protein fend pod1 DN Coronin 

FER DN Tyrosine-protein kinase Fer Rac1 UP Ras-related protein Rac1 

gish AS Gilgamesh Rho1 UP Ras-like GTP-binding protein Rho1 

hipk DN Homeodomain interacting protein kinase sbb AS Scribbler, isoform J 

ImpL2 DN Neural/ectodermal development factor IMP-L2 Sema-1a DN Semaphorin-1A 

Jafrac1 UP Peroxiredoxin 1 sli DN Protein slit 

kis DN Kismet, isoform C sm DN Smooth, isoform T 

Lar DN Tyrosine-protein phosphatase Lar Smox DN Mothers against decapentaplegic homolog 

mask DN 
Ankyrin repeat and KH domain-containing protein 
mask trio DN Trio, isoform A 

Mical DN [F-actin]-methionine sulfoxide oxidase Mical unc-104 DN Kinesin-like protein unc-104 

msps DN Protein mini spindles wgn UP Tumor necrosis factor receptor superfamily member wengen 

nonA AS, DN Protein no-on-transient A Wnk DN Wnk kinase 

norpA DN 
1-phosphatidylinositol 4,5-bisphosphate 
phosphodiesterase 

Learning or memory 

nudE UP Nuclear distribution protein nudE homolog Gene  
PlexA DN Plexin A Adf1 AS Transcription factor Adf-1 

pod1 DN Coronin arm DN Armadillo segment polarity protein 

qm AS Quemao arr DN Arrow 

Rab11 UP Drab11 aru DN Arouser 

Rac1 UP Ras-related protein Rac1 be UP Ben 

Rac2 UP Ras-related protein Rac2 Cam UP 

Calcium/calmodulin-dependent protein kinase type II 

chain 

Rala UP Ras-related protein Ral-a CASK DN Peripheral plasma membrane protein CASK 

Rho1 UP Ras-like GTP-binding protein Rho1 CG18769 UP Calcium uniporter protein, mitochondrial 

sbb AS Scribbler CrebB AS Cyclic AMP response element-binding protein B 

Sema-1a DN Semaphorin-1A eas UP Ethanolamine kinase 

sesB UP ADP,ATP carrier protein EcR DN Ecdysone receptor 

sgl UP UDP-glucose 6-dehydrogenase Fdh UP Alcohol dehydrogenase class-3 

shep DN Protein alan shepard futsch DN Microtubule-associated protein futsch 

shi AS Dynamin Gclm DN GH03051p 

slgA DN Proline dehydrogenase 1, mitochondrial gish AS Gilgamesh 

sli DN Protein slit kis DN Kismet 

sm DN Smooth Mob2 DN MOB kinase activator-like 2 

Smox DN Mothers against decapentaplegic homolog Pka-C1 DN cAMP-dependent protein kinase catalytic subunit 

sqh UP Myosin regulatory light chain sqh ps AS Presenilin homolog 

stai DN Stathmin Rac1 UP Ras-related protein Rac1 

Syn1 DN IP02644p Sap47 AS, DN Synapse-associated protein of 47 kDa 

trbd DN Ubiquitin thioesterase trabid shi AS Dynamin 

trio DN Trio Syn1 DN Synapsin 

tsr UP Cofilin/actin-depolymerizing factor homolog Tomosyn DN Tomosyn ortholog 

unc-104 DN Kinesin-like protein unc-104 wnd DN Mitogen-activated protein kinase kinase kinase 

wgn UP 
Tumor necrosis factor receptor superfamily member 
wengen     

Wnk DN Wnk kinase     

yuri UP Yuri gagarin     

Supplemental data 3. Misregulated transcripts in Mettl3 KO female heads with a predicted m6A methylation  
List of misregulated transcripts from Mettl3 KO female heads that also have m6A methylation peak. (Inferred from miCLIP data 
from S2R+ cells based on truncation peaks (miCLIP-A)) and are involved in fly locomotion, axon guidance, or learning and 
memory formation, source: FlyBase. UP – up-regulated genes (FDR<0,05), DN – down-regulated genes (FDR<0,05), AS – 
alternatively spliced genes (FDR<0,1). 
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Supplemental data 4. Fly locomotion. 
a and b) Quantification of fly climbing by negative geotaxis experiment using flies depleted for Mettl3 or Flacc proteins. Bars 
represent the mean ± s.d. of female flies (n = 10 per condition) that climb over X-units (see (b)) in 10 seconds (10 independent 
measurements). *P < 0.01; **P < 0.001; ***P < 0.0001 (two sided Student`s t-test, equal variances). b) Description of GAL4 
drivers used for expression of Mettl3 and flacc dsRNAs ubiquitously, or in specific neurons. c) Related to Supplemental data 3. 
Venn diagram displaying the overlap between differentially spliced, up-regulated or down-regulated genes (in heads from 
Mettl3 KO flies) and genes that are m6A modified in S2R+cells. Number of genes for each overlap that have a role in locomotion, 
axon guidance or learning and memory formation based on GO-terms analysis of biological process (FDR<0,05) is displayed 
below (Tyanova et al. 2016). 
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Supplemental data 5. UCSC tracks showing splicing and methylation of Dsp1 transcript.  
UCSC Genome Browser screenshots. Normalized RNA-seq data from control and indicated knockdown samples in S2R+ cells 
are shown. The miCLIP tracks showing cDNA counts of predicted m6A positions are shown below. Gene architecture of Dsp1 
is depicted above, with thin blue boxes representing the 5′ and 3′ UTRs, thick blue boxes representing the CDS, and thin lines 
representing introns. Zoom-in view of the selected region is shown below. Motifs of putative m6A methylation sites are listed 
below each miCLIP cDNA count peak signal. Adenosines predicted to be modified are labelled in red. 
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Supplemental data 6. UCSC tracks showing splicing and methylation of Aldh-III transcript. 
UCSC Genome Browser screenshots. Normalized RNA-seq data from control and indicated knockdown samples in S2R+ cells 
are shown. The miCLIP tracks showing cDNA counts of predicted m6A positions are shown below. Gene architecture of Aldh-
III is depicted above, with thin blue boxes representing the 5′ and 3′ UTRs, thick blue boxes representing the CDS, and thin 
lines representing introns. Zoom-in view of the selected region is shown below. Motifs of putative m6A methylation sites are 
listed below each miCLIP cDNA count peak signal. Adenosines predicted to be modified are labelled in red 
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Supplemental data 7. UCSC tracks showing splicing and methylation of Hairless transcript.  
UCSC Genome Browser screenshots. Normalized RNA-seq data from control and indicated knockdown samples in S2R+ cells 
are shown. The miCLIP tracks showing cDNA counts of predicted m6A positions are shown below. Gene architecture of Hairless 
is depicted above, with thin blue boxes representing the 5′ and 3′ UTRs, thick blue boxes representing the CDS, and thin lines 
representing introns. Zoom-in view of the selected region is shown below. Motifs of putative m6A methylation sites are listed 
below each miCLIP cDNA count peak signal. Adenosines predicted to be modified are labelled in red. 
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Supplemental data 8. Putative m6A mRNA methyltransferases.  
a) List of putative N6-methyltransferases in Drosophila melanogaster (D.m.), based on the presence of the N6-MTase motif: 
[LIVMAC]-[LIVFYWA]-{DYP}-[DN]-P-P-[FYW] (Prosite: PS00092) (Timinskas et al. 1995, Sigrist et al. 2013). Human (H.s.) 
orthologs and attributed methylation activities with targets are listed for each protein. * - predicted function based on its 
yeast ortholog (Polevoda et al. 2006). b) Schematics of each methyltransferase, with indicated protein size and the N6-MTase 
motif (in black). Proteins of the MT-A70 clade (Iyer et al. 2016) share high sequence similarity with the Mettl3 (also known as 
MT-A70) protein in their c-terminal region (MT-A70-like, in red). Exact amino acid residues of the N6-MTase motif are shown 
on the right. Degenerate N6-MTase motifs of Mettl3 and Mettl14 proteins contain amino acids that do not comply and are 
coloured in red. c) LC-MS/MS quantification of m6A levels in either control samples or mRNA extracts depleted for the indicated 
proteins in S2R+ cells. Only depletion of Mettl3 and Mettl14 proteins, but of no other candidates, reduces m6A levels on mRNA.  
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Supplemental data 9. Description of Mettl4 mutant allele  
a) Schematic representation of genomic (left) and protein (right) region of generated mutant allele for putative m6A mRNA 

methyltransferase CG14906 (Mettl4). The MT-A70-like domain is shown in red. Large deletion of Mettl42 allele introduces a 
premature stop codon within the methyltransferase region. b) Immunostaining of HA-tagged Mettl4 protein (in red) 
overexpressed in S2R+ cells. GFP-tagged Barentsz protein served as a cytoplasmic marker. DAPI staining is shown in blue. 
Mettl4 localizes to the nucleus. Scale bars, 10 μm. c) Alignment of wild type (Mettl4_WT) and mutant (Mettl4_KO) DNA alleles. 
Regions targeted by gRNAs are shown in green with arrowheads indicating beginning and end of deletion. Premature stop 
codon of Mettl4_KO is shown in blue. d) LC-MS/MS quantification of dm6A levels in genomic DNA extracts from 4 days old 
female flies of indicated genotypes (left) or from S2R+ cells depleted for the indicated proteins. 6mA levels were not 
significantly different from controls. 
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Supplemental data 10. Putative demethylases of m6A on mRNA.  
a) List of putative ALKBH-family demethylases in Drosophila melanogaster (D.m.), based on the presence of the AlkB-like 
dioxygenase region (InterPro: IPR037151). Human (H.s.) orthologs with described demethylation activities and their targets 
are listed for each protein (Fedeles et al. 2015, Zhang G. et al. 2015, A Alemu et al. 2016, Mitchell et al. 2019). b) Schematics 

of each demethylase, with indicated protein size and the AlkB-like region denoting an iron and -ketoglutarate-dependent 
dioxygenase (in blue). CG17807 protein contains additional SAM-dependent methyltransferase type 11 domain (InterPro: 
IPR013216). c) LC-MS/MS quantification of m6A levels in mRNA extracts depleted for the indicated proteins in S2R+ cells. 
Depletion of neither candidate elevated m6A levels on mRNA. 
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Supplemental data 11. Description of mutant alleles for putative m6A demethylases.  
a) Schematic representation of genomic (left) and protein (right) loci of generated mutant alleles for putative m6A mRNA 

demethylases CG6144 (Alkbh6) and CG14130 (Alkbh7). The AlkB-like region is shown in blue. Large deletion of CG61442 

(null) allele removes complete coding sequence (top). Deletion of CG141306 allele leads to truncation of the protein and 
removes a large part of the encoded C-terminal AlkB like region. b) Immunostaining of HA-tagged CG6144 and CG14130 
proteins. CG6144 is ubiquitously expressed, while the CG14130 shows predicted mitochondrial localisation. Scale bars, 10 μm. 
c) Alignment of wild type (CG14130_WT, CG6144_WT) and mutant (CG14130_KO, CG6144_KO) alleles. Regions targeted by 
gRNAs are shown in green with arrowheads indicating beginning and end of deletion. Start and stop codons of CG6144_WT 
are labelled in red, and the mutation in CG14130_KO is depicted in orange.  
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Supplemental data 12. Description of mutant allele for Ythdf cytoplasmic reader.  
a) Schematic representation of genomic (left) and protein (right) loci of generated mutant alleles for Ythdf cytoplasmic reader.  

YTH domain is shown in orange. Three isoforms are depicted (D, B and C).  Deletion in the 5` region of Ythdf5 mutant allele 
introduces a premature stop codon to remove nearly complete CDS. A short (<11 aa) peptide can be translated. b) Alignment 

of wild type (ythdf_WT) and mutant (Ythdf_5) alleles. One region targeted by gRNAs is shown in green with arrowheads 
indicating beginning and end of deletion. Start and premature stop codons are depicted in red and with arrowheads.  
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Human Flies Nematodes Fission yeast Budding yeast Plants Diatoms Bacteria 

        

Homo sapiens 
Drosophila 
melanogaster 

Caenorhabditis 
elegans 

Schizo. pombe 
Saccharomyces 
cerevisiae 

Arabidopsis 
thaliana 

Thalassiosira 
pseudonana 

Escherichia  coli Targets 

METTL3 Mettl3 / / Ime4 MTA / / 
mRNA 
ncRNA 
circRNA 

viral RNA 
(Zhong et al. 2008, 

Agarwala et al. 
2012, Dominissini et 
al. 2012, Meyer et al. 
2012, Schwartz et al. 
2014b, Lichinchi G. 
et al. 2016, Zhou et 

al. 2017) 

METTL14 Mettl14 / / Kar4 MTB / / 

WTAP Fl(2)d / / Mum2 Fip37 / / 

VIRMA Vir / / / Virilizer / / 

RBM15/15B Nito / / / / / / 

ZC3H13 Flacc / / / / / / 

HAKAI Hakai / / / Hakai / / 

/ / / / Slz1 / / / 
mRNA 

(Agarwala et al. 
2012) 

Homo sapiens Drosophila 
melanogaster 

Caenorhabditis 
elegans Schizo. pombe Saccharomyces 

cerevisiae 
Arabidopsis 
thaliana 

Thalassiosira 
pseudonana Escherichia  coli Targets 

METTL4 
Mettl4 
(CG14906) 

Damt-1 C22G7.07c / F18O14.6 / / 

DNA, 
U2 snRNA 

(Gu et al. 2020) 
(Goh et al. 2020), 

unpublished data, ) 

METTL16 
Mettl16 
(CG7544) 

METT-10 Mtl16 / FIO1 
THAPSDRAFT
_11744 

/ 

mRNA, 
U6 snRNA 

(Pendleton et al. 
2017, Shima et al. 
2017, Warda et al. 

2017) 

PCIF1 CG11399 / / / / 

THAPSDRAFT
_20873, 
THAPSDRAFT
_24679 

/ 

mRNA, snRNA 
(m6Am) 

(Akichika et al. 2019, 
Boulias et al. 2019, 
Sendinc et al. 2019) 

METTL5 
Mettl5 
(CG9666) 

Mettl5 
(C38D4.9) 

/ / / 
THAPSDRAFT
_36249 

L11 MTase 18S rRNA 
(Van tran et al. 2019, 
Ignatova et al. 2020, 

Leismann et al. 
2020) 

TRMT112 Trmt112 C04H5.1 trm112 TRM112 
TRM112A, 
TRM112B 

THAPSDRAFT
_36108, 
THAPSDRAFT
_36539 

/ 

ZCCHC4 CG12863 F33A8.4 / / / / / 
28S rRNA 

(Ma et al. 2019) 

DIMT1 CG11837 E02H1.1 Dim1 Dim1 DIM1A 
THAPSDRAFT
_28300 

KsgA 

16S, 18S rRNA 
(m62A) 

(Lafontaine et al. 
1994, O'farrell et al. 

2004) 

hMT10 / / / / / / RlmF 
23S rRNA 

(Sergiev et al. 2008) 

/ / / / / / / RlmJ 
23S rRNA 

(Golovina et al. 
2012) 

/ / / / / / / Erm 

23S rRNA 
(m6A or m62A) 
(Denoya and 

Dubnau 1987) 

Supplemental data 13. Proteins required for methylation of N6-position of adenosine on diverse classes of RNA in representative 
organisms.  
Components of MAC and MACOM complexes are shown on top, whereas other m6A methyltransferases are listed below. 
PCIF1 acts on Am and forms m6Am modification. DIMT1 adds m6,2A instead of m6A and different bacterial Erm enzymes can 
form m6A or m6,2A modifications. Figures were created based on templates from BioRender. 
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Human Flies Nematodes Fission yeast Budding yeast Plants Diatoms Bacteria 

 

        

 Homo sapiens 
Drosophila 
melanogaster 

Caenorhabditis 
elegans 

Schizo. pombe 
Saccharomyces 
cerevisiae 

Arabidopsis 
thaliana 

Thalassiosira 
pseudonana 

Escherichia  
coli 

Targets 

Y
T

H
 d

o
a

m
in

 r
e

a
d

e
rs

 

YTHDC1 Ythdc1 / Mmi / 
ECT12, 
CPSF30 

/ / 
m6A 
(Xiao et al. 
2016) 

YTHDC2 Bgcn*  F52B5.3* / / AAB01660.1 * / / 

m6A 
(Tanabe et al. 
2016) 
(Bailey et al. 
2017) 

YTHDF1, 
YTHDF2, 
YTHDF3 

Ythdf / / Pho92 

ECT2, 
ECT3, 
ECT4, 
ECT5** to 
ECT11** 
 

/ / 
m6A 
(Dominissini et 
al. 2012) 

          
 

Homo sapiens 
Drosophila 
melanogaster 

Caenorhabditis 
elegans 

Schizo. pombe 
Saccharomyces 
cerevisiae 

Arabidopsis 
thaliana 

Thalassiosira 
pseudonana 

Escherichia  
coli 

Targets 

D
e
m

e
th

y
la

s
e

s
 

ALKBH5 / / / / 
ALBH9B, 
ALKBH10B 

/ / 

m6A 
(mRNA, 
ncRNA) 
(Zheng et al. 
2013, Duan et 
al. 2017) 

FTO / / / / / 
THAPSDRAFT
_261481 

/ 

m6A, m6Am 
(mRNA, 
ncRNA, 
snRNA) 
(Sanchez-
Pulido and 
Andrade-
Navarro 2007, 
Jia et al. 2011, 
Mauer et al. 
2017, Mauer et 
al. 2019) 

ALKBH1 AlkB alkb-1 Alkb homolog / alkB / AlkB 
6mA (DNA) 
(Wu et al. 
2016) 

ALKBH4 CG4036 nmad-1 / / / / / 
6mA (DNA) 
(Kweon et al. 
2019) 

ALKBH3 / / / / / 
THAPSDRAFT
_42543 

/ 
m6A (tRNA 
(Ueda et al. 
2017) 

Supplemental data 14.  Proteins required for recognition and demethylation of N6-position of adenosine on RNA and DNA in 
representative organisms.  
YTH domain-containing proteins are shown on top, whereas m6A or 6mA demethylases are listed below. * - Drosophila 
melanogaster Bgcn, Caenorhabditis elegans F52B5.3 and Arabidopsis thaliana AAB01660.1 are the closest orthologs of 
YTHDC2 protein, but lack the YTH domain. ** - m6A binding has not been confirmed yet. Figures were created based on 
templates from BioRender. 
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Supplemental data 15. Functions of Ythdc1 interactors.  
a) Splicing changes of fl(2)d transcript upon depletion of indicated proteins, alone or in different combinations. Combined 
depletion of Qkr58E-1 and Ythdc1 proteins has the strongest effect on transcript upregulation and differential isoform splicing. 
b) Relative m6A/A levels on mRNA upon depletion of indicated proteins. Loss of pps has no effect on m6A levels. c) Splicing 
changes of Hairless, Dsp1 and fl(2)d transcript upon depletion of indicated proteins. Loss of CBP20-CBP80 proteins changes 
splicing of m6A-dependent transcripts in the opposite direction than the loss of m6A writer components Mettl3 andMettl14. 
d) Relative m6A/A levels on mRNA upon depletion of indicated proteins. Loss of CBP20 and CBP80 proteins has no effect on 
m6A levels.  
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Supplemental data 16. Alignment of Mettl3-METTL3 proteins.  
Alignment of Mettl3 protein sequences from D. melanogaster (Mettl3_Dm: Q9VCE6-1) and human (METTL3_Hs: Q86U44-1), 
with 43.4 % identity. Protein alignments were generated in Jalview 2.10.5 (Waterhouse et al. 2009) with ClustalO version1.2.4 
using default parameters (Larkin et al. 2007). Coloured by degree of amino acid conservation in each column with a 50 % cut 
off threshold. Underlined regions indicate: validated nuclear localization signal in METTL3 (NLS, black), ZnF1 and ZnF2 (red), 
Gate loop 1 and 2 (blue), interaction with Mettl14 (brown), WTAP (yellow) and RNA (green). Stars(*) denote SAM-binding 
residues (Sledz and Jinek 2016, Wang P. et al. 2016, Wang X. et al. 2016). Interrupted underlined regions indicate predicted 

-helix required for a direct interaction with eIF3h protein (Choe et al. 2018). Predicted NLS are shown in grey with indications 
for fly (Dm) and human (Hs) proteins (Obtained by cNLS Mapper (Kosugi et al. 2009)). 
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Supplemental data 17. Alignment of Mettl14-METTL14 proteins.  
Alignment of Mettl14 protein sequences from Drosophila melanogaster (Mettl14_Dm: Q9VLP7-1) and human (Mettl14_Hs: 
Q9HCE5-1), with 55.5 % identity. Protein alignments were generated in Jalview 2.10.5 (Waterhouse et al. 2009) with ClustalO 
version1.2.4 using default setting (Larkin et al. 2007). Coloured by degree of amino acid conservation in each column with a 
50 % cut off threshold. Underlined regions indicate interaction with H3K36me3 (blue), Mettl3 (brown) and RNA (green) (Sledz 
and Jinek 2016, Wang P. et al. 2016, Wang X. et al. 2016, Huang et al. 2019). Predicted NLS are shown in grey with indications 
for fly (Dm) and human (Hs) proteins (Obtained by cNLS Mapper (Kosugi et al. 2009)). 
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Supplemental data 18. Alignment of Fl(2)d-WTAP proteins.  
Alignment of Fl(2)d protein sequences from Drosophila melanogaster (Fl(2)d_Dm: Q9Y091-1) and human (WTAP_Hs: Q15007-
1), with 26.4 % identity. Protein alignments were generated in Jalview 2.10.5 (Waterhouse et al. 2009) with ClustalO 
version1.2.4 using default settings (Larkin et al. 2007). Coloured by degree of amino acid conservation in each column with a 
50 % cut off threshold. Stars (*) denote ubiquitination sites in Fl(2)d that were identified in this study. Underlined regions 
indicate coiled-coil regions (blue) predicted by program COILS (Lupas et al. 1991). Predicted NLS are shown in grey with 
indications for fly (Dm) and human (Hs) proteins (Obtained by cNLS Mapper (Kosugi et al. 2009)). 
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Supplemental data 19 

 

Alignment of Vir-VIRMA proteins (part1/2). 
Description on next page.  
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Supplemental data 19. Alignment of Vir-VIRMA proteins (part2/2). 
Alignment of Vir protein sequences from Drosophila melanogaster (Vir_Dm: Q9W1R5-1) and human (VIRMA_Hs: Q69YN4-1), 
with 22.2 % identity. Protein alignments were generated in Jalview 2.10.5 (Waterhouse et al. 2009) with ClustalO version1.2.4 
using default settings (Larkin et al. 2007). Coloured by degree of amino acid conservation in each column with a 50 % cut off 
threshold. Vir contains a putative phosphorylation site Y307 within a DYEDED sequence context (Zhai et al. 2008). Two vir 
mutations (vir 2f M1283K and vir ts E1426K ) are indicated with a star (Niessen et al. 2001).   

.  
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Supplemental data 20 

 

Supplemental data 20. Alignment of Nito-RBM15 proteins. 
Alignment of Nito protein sequences from Drosophila melanogaster (Nito_Dm:Q7KMJ6-1) and human (RBM15_Hs:Q96T37-
1), with 30.2 % identity. Protein alignments were generated in Jalview 2.10.5 (Waterhouse et al. 2009) with ClustalO 
version1.2.4 using default settings (Larkin et al. 2007). Coloured by degree of amino acid conservation in each column with a 
50 % cut off threshold. Underlined regions indicate interaction with RRM domains (green, PROSITE: PS50102) and SPOC 
domain (blue, PROSITE: PS50917). Predicted NLS are shown in grey with indications for fly (Dm) and human (Hs) proteins 
(Obtained by cNLS Mapper (Kosugi et al. 2009)). 
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Supplemental data 21 

 

Alignment of Flacc-ZC3H13 proteins (part1/2). 
Description on next page.  
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Supplemental data 21. Alignment of Flacc-ZC3H13 proteins (part2/2). 
Alignment of Flacc protein sequences from Drosophila melanogaster (Flacc_Dm: Q9VWN4-1) and human (ZC3H13_Hs: 
Q5T200-1), with 15.5 % identity. Protein alignments were generated in Jalview 2.10.5 (Waterhouse et al. 2009) with ClustalO 
version1.2.4 using default settings (Larkin et al. 2007). Coloured by degree of amino acid conservation in each column with a 
50 % cut off threshold. Underlined regions indicate Zinc-finger (red), coiled-coil regions (blue) predicted by program COILS 
(Lupas et al. 1991). Predicted NLS are shown in grey with indications for fly (Dm) and human (Hs) proteins (Obtained by cNLS 
Mapper (Kosugi et al. 2009)). 
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Supplemental data 22 

 

Supplemental data 22. Alignment of Hakai-HAKAI proteins. 
Alignment of Hakai protein sequences from Drosophila melanogaster (Hakai_Dm: M9PBE2-1) and human (HAKAI_Hs: Q75N03-
1), with 19.5 % identity. Protein alignments were generated in Jalview 2.10.5 (Waterhouse et al. 2009) with ClustalO 
version1.2.4 using default settings (Larkin et al. 2007). Coloured by degree of amino acid conservation in each column with a 
50 % cut off threshold. Underlined regions indicate RING-type domain (blue), phospho-Tyrosine (p-Tyr) binding domain (light 
green) with corresponding Zn-finger (dark green). Both, the RING domain and p-Tyr binding domain are required for Hakai 
homodimerization and together constitute the so-called HYB domain (Mukherjee et al. 2012).  
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Supplemental data 23 

 

Supplemental data 23. Alignment of Ythdc1-YTHDC1 proteins. 
Alignment of Ythdc1 protein sequences from Drosophila melanogaster (Ythdc1_Dm: Q9VZQ1-1) and human (YTHDC1_Hs: 
Q96MU7-1), with 23.8 % identity. Protein alignments were generated in Jalview 2.10.5 (Waterhouse et al. 2009) with ClustalO 
version1.2.4 using default settings (Larkin et al. 2007). Coloured by degree of amino acid conservation in each column with a 
50 % cut off threshold. Underlined regions indicate YTH domain (grey, PROSITE: PS50882) and m6A-accommodating residues 
(purple) (Xu et al. 2014). Predicted NLS are shown in grey with indications for fly (Dm) and human (Hs) proteins (Obtained by 
cNLS Mapper (Kosugi et al. 2009)). 
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Supplemental data 24 

 

Supplemental data 24. Alignment of Ythdf-YTHDF3 proteins. 
Alignment of Ythdf protein sequences from Drosophila melanogaster (Ythdf_Dm: Q9VBZ5-1) and human (YTHDF3_Hs: 
Q7Z739-1), with 24.3 % identity. Protein alignments were generated in Jalview 2.10.5 (Waterhouse et al. 2009) with ClustalO 
version1.2.4 using default settings (Larkin et al. 2007). Coloured by degree of amino acid conservation in each column with a 
50 % cut off threshold. Underlined regions indicate YTH domain (grey) and m6A-accommodating residues (purple) (Li F. et al. 
2014). 
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Supplemental data 25 

  

Supplemental data 25. Scheme depicting sequence features of human and fly MAC (Mettl3 and Mettl14) and MACOM (Fl(2)d, 
Nito, Vir, Flacc and Hakai) components. 
See also Supplemental data 16-24. D.m. denotes Drosophila melanogaster, M.m. Mus musculus  and H.s. Homo sapiens.  
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Supplemental data 26 

 
 

Supplemental data 26. Scheme depicting interactions between MAC and MACOM components. 
a) Predicted interactions between MAC and MACOM components, based on available data from mouse, human and fly 
orthologs, are depicted with a dot. Interaction was considered to be plausible, if detected by Co-immunoprecipitation assay, 
binding assay with purified proteins or by a yeast-two-hybrid assay. Interactions that have been reported by one assay are 
shown in light green, whereas those reported by more than one assay are shown in dark green. Source: this work, (Liu et al. 
2014, Ping et al. 2014, Wang Y. et al. 2014, Yan and Perrimon 2015, Lence et al. 2016, Guo et al. 2018, Knuckles et al. 2018, 
Wen et al. 2018, Yue et al. 2018). b) Interactions between individual components of MAC and MACOM complexes are shown 
by dotted lines. Green arrows indicate stabilizing effect of protein on the interacting protein, blue arrows indicate positive 
effect of protein on protein-protein interaction (Flacc stabilizes the interaction between Nito and Fl(2)d; Fl(2)d stabilizes the 
interaction between Mettl3 and Mettl14). Source: (*) - this work, (1) - (Wen et al. 2018), (2) - (Yue et al. 2018), (3) - (Knuckles 
et al. 2018), (4) - (Lence et al. 2016). 
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Materials and methods  

In silico phylogenetic analysis  
The phylogenetic trees were constructed with ClustalX (Larkin et al. 2007) from multiple sequence alignments generated with 
MUSCLE (Edgar 2004) of the Drosophila sequences with homologs from representative species. 

D. melanogaster stocks and genetics 
Drosophila melanogaster fly stocks used in this study are listed in Table 6. UAS-cDNA-HA flies were generated by injection of 
UAS cDNA-HA vectors at Bestgene Inc. Mutant alleles for Mettl3, Mettl14, Fl(2)d, Ythdc1, Ythdf, CG6144, CG14130, Hakai were 
generated using the CRISPR-Cas9 system following the previously described procedure (Kondo and Ueda 2013) and were 
injected in house. Two independent guide RNAs per gene were designed using the gRNA design tool: www.crisprflydesign.org 
(Table 8). Oligonucleotides were annealed and cloned into pBFv-U6.2 vector (National Institute of Genetics, Japan). Vectors 
were injected into embryos of TBX-0002 (y1 v1 P{nos-phiC31\int.NLS}X; attP40 (II)) flies. All flies were crossed with TBX-0008 
(y2 cho2 v1/Yhs-hid; Sp/CyO) flies to identify positive recombinant flies by eye color marker. Males were further crossed with 
CAS-0001 (y2 cho2 v1; attP40(nos-Cas9)/CyO) females. Males carrying nos-Cas9 and U6-gRNA transgenes were screened for 
the expected deletion and further crossed with the balancer strain AptXa/CyoGFP-TM6c. For the analysis of male to female 
transformations, flies of selected genotypes were chosen randomly. 

D. melanogaster climbing test 
2-3 day old flies were gender-separated and placed into measuring cylinders to assess their locomotion using the climbing 
assay reported in (Bahadorani and Hilliker 2008). Flies were tapped to the bottom and the number of flies that climbed over 
a defined threshold in 10 second intervals were counted. Ten female flies were used per experiment and six independent 
measurements were performed.  

D. melanogaster staging  
Staging experiment was performed using Drosophila melanogaster WIII8 flies that were kept in a small fly cage at 25°C. Flies 
laid embryos on big apple juice plates that were exchanged every 2 hours (h). Before each start of collection, one-hour pre-
laid embryos were discarded in order to remove all retained eggs and embryos from the collection. All following plates with 
embryos of 1 h or 2 h lay were further incubated at 25°C between 0 h and 20 h, with 2 h increment, in order to get all embryonic 
stages. For the collection of larval stages, L1 larvae (~30 larvae/stage) were transferred onto a new apple juice plate and were 
further incubated at 25°C till they reached a defined age (24 to 110 h, 2 hour intervals). Similarly, pupal stages were obtained 
by the transfer of L3 larvae (~30/stage) in a fresh vial, that were kept at 25°C and left to develop into a defined stage between 
144 and 192 hours in 2 h increment. 1-3 day old adults were collected and gender separated. Heads and ovaries from 50 
females were also collected. A total of three independent samples were collected for each Drosophila stage as well as for 
heads and ovaries. Samples from the staging experiment were used for RNA extraction to analyse m6A abundance in mRNA 
and expression levels of different transcripts during Drosophila development.  

Ovary immunostaining 
For ovary immunostaining, ovaries from 3-5 days old females were dissected in ice-cold PBS and fixed in 5 % formaldehyde for 
20 min at RT. After a 10 min wash in PBT1 % (1 % Triton X-100 in PBS), ovaries were further incubated in PBT1 % for 1h at RT. 
Ovaries were then blocked with PBTB (0.2 % Triton, 1 % BSA in PBS) for 1 hour at RT and later incubated with the primary 
antibodies in PBTB O/N at 4°C: Rabbit anti-Vasa, 1:250 (gift from Lehmann lab), mouse anti-ORB 1:30 (#6H4 DSHB). The 
following day, ovaries were washed 2 times for 30 min in PBTB and blocked with PBTB containing 5 % Donkey serum (Abcam) 
for 1h at RT. Secondary antibody was added later in PBTB with Donkey serum and ovaries were incubated for 2h at RT. Five 
washing steps of 30 min were performed with 0.2 % Triton in PBT and ovaries were mounted onto slides in Vectashield (Vector 
Labs). 

NMJ immunostaining 
For NMJ staining, third instar larvae were dissected in calcium free HL-3 saline and fixed in 4 % paraformaldehyde in PBT (PBS 
+ 0.05 % Triton X-100).  Larvae were then washed briefly in 0.05 % PBT for 30 min and incubated overnight at 4°C with the 
following primary antibodies: Rabbit anti-Synaptotagmin, 1:2000 (Littleton et al. 1993); mouse anti-DLG, 1:100 (#4F3, DSHB); 
TRITC-conjugated anti-HRP, 1:200 (Jackson ImmunoResearch). Secondary antibodies conjugated to Alexa-488 (goat anti-
rabbit, Jackson ImmunoResearch) and Alexa-647 (goat anti-mouse, Jackson ImmunoResearch) were used at a concentration 
of 1:200 and incubated at RT for 2 h. Larvae were finally mounted in Vectashield. Images from muscles 6-7 (segment A3) were 
acquired with a Leica Confocal Microscope SP5. Serial optical sections at 512×512 or 1024×1024 pixels were obtained at 0.38 
µm with the 63× objective. Different genotypes were processed simultaneously and imaged using identical confocal acquisition 
parameters for comparison. Bouton number was quantified in larval abdominal segment A3, muscles 6 and 7, of wandering 
third instar larvae. ImageJ software (version 1.49) was used to measure the area of the Synaptotagmin positive area. 
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RNA in situ hybridization 
For in situ hybridization Drosophila melanogaster WIII8 flies were kept at 25°C in conical flasks with apple juice agar plates and 
embryos were collected every 24 h. Embryos were transferred in a sieve and dechorionated for 2 min in 50 % sodium 
hypochloride. After 5 min wash in water, embryos were permeabilized with PBST (0.1 % Tween X-100 in PBS) for 5 min. 
Embryos were transferred in 1:1 mixture of heptane (Sigma) and 8 % formaldehyde (Sigma) and fixed for 20 min with constant 
shaking at room temperature (RT). After fixation the lower organic phase was removed and 1 volume of MeOH was added to 
the aqueous phase containing fixed embryos. Following 5 min of extensive shaking all liquid was removed and embryos were 
washed 3 times with 100 % MeOH. At this point embryos were stored at -20°C or used for further analysis. For in situ 
hybridization MeOH was gradually replaced with PBST with 10 min washes and with three final washes in PBST. Embryos were 

further washed for 10 min at RT with 50 % HB4 solution (50 % formamide, 5x SSC, 50 g/mL heparin, 0,1 % Tween, 5 mg/mL 
torula yeast extract) diluted in PBST. Blocking was performed with HB4 solution, first for 1h at RT and next for 1 h at 65°C. In 

situ probes were prepared with DIG DNA labeling Kit (Roche) following the manufacturer’s protocol. 2 L of the probe were 

diluted in 200 L of HB4 solution, heated up to 65°C to denature the RNA secondary structure and added to blocked embryos 
for further O/N incubation at 65°C. The next day, embryos were washed 2 times for 30 min at 65°C with formamide solution 
(50 % formamide, 1x SSC in PBST) and further 3 times for 20 min at RT with PBST. Embryos were then incubated with anti-DIG 
primary antibody (Roche) diluted in PBST (1:2000) for 2h at RT and later washed 5 times for 30 min with PBST. In order to 
develop the staining, embryos were rinsed with AP buffer (100 mM Tris pH 9.5, 50 mM MgCl2, 100 mM NaCl, 0.1 % Tween) 
and incubated with NBT/BCIP solution in AP buffer (1:100 dilution) until the intense staining was observed. Reaction was 
stopped with several 15 min PBST washes. Prior to mounting, embryos were incubated in 20 % glycerol and later visualized on 
Leica M205-FA stereomicroscope. 

Lifespan assay 
For lifespan assay, 2-3 day old flies were gender-separated and kept at 25°C in flasks with apple juice medium (<20 flies/tube). 

Number of flies tested: Females (37, Ime4cat/Ime4cat; 57, Tubulin-GAL4/UAS-Ime4); Males (33, Ime4cat/Ime4cat; 41, 
Tubulin-GAL4/UAS-Ime4). To monitor their survival rate over time, flies were counted and transferred into a new tube every 
2 days.  

Buridan paradigm  
Behavioural tests were performed on 2-5 day old females with Canton-S as wild-type control. Wings were cut under cold 
anaesthesia to 1/3 of their length in the evening prior to the experiment. Walking and orientation behaviour was analysed 
using Buridan’s paradigm as described in (Strauss et al. 1992). Dark vertical stripes of 12° horizontal viewing angle were shown 
on opposite sides of an 85-mm diameter platform surrounded by water. The following parameters were extracted by a video-
tracking system (5Hz sampling rate): total fraction of time spent walking (activity), mean walking speed taken from all 
transitions of a fly between the visual objects, and number of transitions between the two stripes. The visual orientation 
capacity (mean angular deviation) of the flies was assessed by comparing all 0.2-s path increments per fly (4500 values in 15 
min) to the respective direct path toward the angular wise closer of the two dark stripes. All statistical groups were tested for 
normal distribution with the Shapiro-Wilk-test. Multiple comparisons were performed using the Kruskal-Wallis analysis of 
variance or one-way ANOVA with a post-hoc Bonferroni correction. n=15 for all genotypes. The sample size was chosen based 
on a previous study (Poeck et al. 2008) and its power was validated with result analysis. Blinding was applied during the 
experiment.  

Generation of antibodies 
Antibodies against Ime4 and dMettl14 were generated at Eurogentec. For anti-Ime4 sera guinea pig was immunized with a 14 
amino acid-long peptide (163-177 AA); for anti-dMettl14 sera a rabbit was immunized with a 14 amino acid-long peptide (240-
254 AA). Both serums were affinity-purified using peptide antigens cross linked to sepharose columns.    

Immunostaining in S2R+ cells 
For staining of Drosophila S2R+ cells, cells were transferred to the poly-lysine pretreated 8-well chambers (Ibidi) at the density 
of 2 x 105 cells/well. After 30 min, cells were washed with 1x DPBS (Gibco), fixed with 4 % Formaldehyde for 10 min and 
permeabilized with PBST (0.2 % Triton X-100 in PBS) for 15 min. Cells were incubated with mouse anti-Myc (1:2000; #9E10, 
Enzo) in PBST supplemented with 10 % of Donkey serum at 4°C, O/N. Cells were washed 3x for 15 min in PBST and then 
incubated with secondary antibody and 1x DAPI solution in PBST supplemented with 10 % of Donkey serum for 2 h at 4°C. 
After three 15 min washes in PBST, cells were imaged with Leica SP5 confocal microscope using 63x oil immersion objective.  

Cell culture, RNAi and transfection 
Drosophila melanogaster S2R+ cells were grown in Schneider`s medium (Gibco) supplemented with 10 % FBS (Sigma) and 1 % 
Penicillin-Streptomycin (Sigma). For RNAi experiments, PCR templates for the dsRNA were prepared using T7 megascript Kit 

(NEB). S2R+ cells were seeded at the density of 10^6 cells/mL in serum-free medium and 7.5 g of dsRNA was added to 10^6 
cells. After 6 h of cell starvation, serum supplemented medium was added to the cells. dsRNA treatment was repeated after 
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48 and 96 h and cells were collected 24 h after the last treatment. Effectene (Qiagen) was used to transfect vector constructs 
in all overexpression experiments following the manufacturer`s protocol. 

RNA isolation, mRNA purification and RT-PCR 
Total RNA from S2R+ cells was isolated using Trizol reagent (Invitrogen) and DNA was removed with DNase-I treatment (NEB). 
mRNA was purified with Oligotex mRNA Kit (Qiagen) or by using two rounds of purification with Dynabeads® Oligo (dT)25 
(Invitrogen). cDNA for RT-qPCR was prepared using M-MLV Reverse Transcriptase (Promega) and transcript levels were 
quantified using Power SYBR® Green PCR Master Mix (Invitrogen) and oligos indicated in Supplementary Table 9. For RNA 
isolation from fly heads, 20 female flies were collected in 1.5 mL Eppendorf tubes and flash frozen in liquid nitrogen. Heads 
were first removed from the body by spinning the flies on vortex and then collected via the 0.63 mm sieve at 4°C. Fly heads 
were homogenized using a pestle and total RNA was isolated with Trizol reagent. DNA was removed by DNase-I treatment and 
RNA was further purified using RNeasy Kit (Qiagen). RNA from adult flies and dissected ovaries was prepared as described 
above by skipping the head separation step. 

LC-MS/MS analysis of m6A levels 
mRNA samples from S2R+ cells depleted for indicated proteins or from Drosophila staging experiments were prepared 
following the aforementioned procedures. Three-hundred nanograms of purified mRNA was digested using 0.3 U Nuclease P1 
from Penicillum citrinum (Sigma-Aldrich, Steinheim, Germany) and 0.1 U Snake venom phosphodiesterase from Crotalus 
adamanteus (Worthington, Lakewood, USA). RNA and enzymes were incubated in 25 mM ammonium acetate, pH 5, 
supplemented with 20 µM zinc chloride for 2 h at 37 °C. Remaining phosphates were removed by 1 U FastAP (Thermo 
Scientific, St Leon-Roth, Germany) in a 1 h incubation at 37 °C in the manufacturer supplied buffer. The resulting nucleoside 
mix was then spiked with 13C stable isotope labelled nucleoside mix from Escherichia coli RNA as an internal standard (SIL-IS) 

to a final concentration of 6 ng/l for the sample RNA and 10 ng/l for the SIL-IS. For analysis, 10 l of the before mentioned 
mixture were injected into the LC–MS/MS machine. Generation of technical triplicates was obligatory. All mRNA samples were 
analysed in biological triplicates. LC separation was performed on an Agilent 1200 series instrument, using 5 mM ammonium 
acetate buffer as solvent A and acetonitrile as buffer B. Each run started with 100 % buffer A, which was decreased to 92 % 
within 10 min. Solvent A was further reduced to 60 % within another 10 min. Until minute 23 of the run, solvent A was 
increased to 100 % again and kept at 100 % for 7 min to re-equilibrate the column (Synergi Fusion, 4 µM particle size, 80 Å 
pore size, 250 × 2.0 mm, Phenomenex, Aschaffenburg, Germany). The ultraviolet signal at 254 nm was recorded via a DAD 
detector to monitor the main nucleosides. MS/MS was then conducted on the coupled Agilent 6460 Triple Quadrupole (QQQ) 
mass spectrometer equipped with an Agilent JetStream ESI source which was set to the following parameters: gas 
temperature, 350 °C; gas flow, 8 l/min; nebulizer pressure, 50 psi; sheath gas temperature, 350 °C; sheath gas flow, 12 l/min; 
and capillary voltage, 3,000 V. To analyse the mass transitions of the unlabelled m6A and all 13C m6A simultaneously, we used 
the dynamic multiple reaction monitoring mode. 

Dot blot assays 
Serial dilutions of biotinylated RNA probe of bPRL containing m6A or A were spotted and crosslinked on nitrocellulose 
membrane (Biorad) with UV 245 light (3x 150 mJ/cm2). RNA loading was validated with methylene blue staining. Membranes 
were blocked with 5 % milk in PBST for 1h at RT and washed in PBST prior to incubation with the proteins of interest. S2R+ 
cells were transfected with either Myc-Ythdc1 or Myc-GFP constructs. 48 h post transfection cells were collected, washed with 
PBS and pelleted by centrifugation at 400 g for 10 min. The cell pellet was lysed in 1 mL of lysis buffer (10 mM Tris-HCl, pH 7.4, 
150 mM NaCl, 0.5 % NP-40). 3 mg of the protein lysate were mixed with 2 % BSA in lysis buffer and incubated with the 
membrane over night at 4 °C.  For control dot-blot rabbit anti-m6A antibody (Synaptic Systems) was used. The next day 
membranes were washed 3x in lysis buffer. Membranes with bound proteins were further crosslinked with UV 245 light (3x 
150 mJ/cm2) and analysed using anti-Myc antibody.  

In vitro pull-down assay 
S2R+ cells were transfected with either Myc-Ythdc1 of Myc-GFP constructs. 48 h post transfection cells were collected, washed 
with PBS and pelleted by centrifugation at 400 g for 10 min. The cell pellet was lysed and processed in 1 mL of pull-down lysis 
buffer (10 mM Tris-HCl, pH 7.4, 150 mM NaCl, 2 mM EDTA, 0.5 % Triton-X100, and 0.5 mM DTT). For individual pull-down, 1.5 

mg of protein were incubated with either 3 g of biotinylated RNA probe of bPRL containing m6A or not, or without probe, as 
a control in 0.5 mL of pull-down buffer supplemented with protease inhibitor mix and 10 U of Murine RNase Inhibitor (NEB) 

and incubated 2 h at 4°C.  5 L of Streptavidin beads (M-280, Invitrogen) were added and pull-down samples were incubated 

for additional 1 h at 4°C. Following 3 washes for 15 min with pull-down buffer, beads were re-suspended in 400 L of pull-

down buffer. 100 L were used for RNA isolation and dot blot analysis of recovered RNA probes with anti-Strep-HRP. The 

remaining 300 L of the beads were collected on the magnetic rack and IP proteins were eluted by incubation in 1x SDS buffer 
(ThermoFischer) at 95°C for 10 min. IP proteins as well as input samples were analysed by Western blot. 

In vitro pull-down assay followed by MS protein analysis 
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S2R+ cells were grown in Schneider medium (Dundee Cell) supplemented with either heavy (Arg8, Lys8) or light amino acids 
(Arg0, Lys0) (Sigma). The cell pellets from heavy and light labelled cells were lysed and processed in 1 mL of pull-down lysis 
buffer (10 mM Tris-HCl, pH 7.4, 150 mM NaCl, 2 mM EDTA, 0.5 % Triton-X100, and 0.5 mM DTT). For individual pull-down, 1.5 

mg of protein were incubated with either 3 g of biotinylated RNA probe of bPRL containing m6A, or not in 0.5 mL of pull-
down buffer supplemented with protease inhibitor mix and 10 U of Murine RNase Inhibitor (NEB) and incubated 2 h at 4°C.  5 

L of Streptavidin beads (M-280, Invitrogen) were added and pull-down samples were incubated for additional 1 h at 4°C. 

Following 3 washes for 15 min with pull-down buffer, beads were re-suspended in 400 L of pull-down buffer. 100 L were 

used for RNA isolation and dot blot analysis of recovered RNA probes with anti-Strep-HRP. The remaining 300 L of the heavy 
and light lysates were combined in 1:1 ratio and eluted with 1x NuPAGE LDS buffer. Samples were then subjected to MS 
analysis as described previously (Bluhm et al. 2016). Raw files were processed with MaxQuant (version 1.5.2.8) and searched 
against the Uniprot database of annotated Drosophila proteins (Drosophila melanogaster: 41850 entries, downloaded 
8.1.2015). 

Co-IP assay and western blot analysis 
For the co-IP assay, different combinations of vectors with indicated tags were co-transfected in S2R+ cells seeded in 10 cm 
cell culture dish as described above. 48 h post transfection cells were collected, washed with DPBS and pelleted by 10 min 
centrifugation at 400 g. The cell pellet was lysed in 1 mL of lysis buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 0.05 % NP-40) 

supplemented with protease inhibitors (1 g/mL Leupeptin, 1 g/mL Pepstatin, 1 g/mL Aprotinin and 1 mM PMSF) and 
rotated head-over-tail for 30 min at 4°C. Nucleus were collected by 10 min centrifugation at 1000x g at 4°C re-suspended in 

300 L of lysis buffer and sonicated with 5 cycles of 30 s ON, 30 s OFF low power setting. Cytoplasmic and nuclear fractions 
were joined and centrifuged at 18000x g for 10 min at 4°C to remove the remaining cell debris. Protein concentrations were 

determined using Bradford reagent (Bio-Rad). For IP, 2 mg of proteins were incubated with 7 L of anti-Myc Ab coupled to 
magnetic beads (Cell Signalling) in lysis buffer and rotated head-over-tail O/N at 4°C. The beads were washed 3x for 15 min 
with lysis buffer and IP proteins were eluted by incubation in 1x NuPAGE LDS buffer (ThermoFischer) at 70°C for 10 min. Eluted 
IP proteins were removed from the beads and DTT was added to 10 % final volume. IP proteins and input samples were 
analysed by Western blot after incubation at 70°C for additional 10 min. For Western blot analysis, proteins were separated 
on 7 % SDS-PAGE gel and transferred on Nitrocellulose membrane (Bio-Rad). After blocking with 5 % milk in PBST (0.05 % 
Tween in PBS) for 1h at RT, the membrane was incubated with primary antibody in blocking solution O/N at 4°C.  Primary 
antibodies used were: mouse anti-Myc 1:2000 (#9E10, Enzo); mouse anti-HA 1:1000 (#16B12, COVANCE); mouse anti-Tubulin 
1:2000 (#903401, Biolegend); Guinea pig anti-Ime4 1:500 and rabbit anti-dMettl14 1:250. The membrane was washed 3x in 
PBST for 15 min and incubated 1 h a RT with secondary antibody in blocking solution. Protein bands were detected using 
SuperSignal™ West Pico Chemiluminescent Substrate (Thermo Scientific).  

SILAC experiment and LC-MS/MS analysis 
For SILAC experiments (Mettl3, Fl(2)d, Nito and Ythdc1 May-tagged baits), S2R+ cells were grown in Schneider medium 
(Dundee Cell) supplemented with either heavy (Arg10, Lys8) or light amino acids (Arg0, Lys0) (Sigma). For the forward 
experiment, Myc-Ythdc1 was transfected in heavy labelled cells and Myc-alone in light labelled cells. The reverse experiment 
was performed vice versa. The co-IP experiment was done as described above. Before elution, beads of the heavy and light 
lysates were combined in 1:1 ratio and eluted with 1x NuPAGE LDS buffer that was subject to MS analysis as described 
previously (Bluhm et al. 2016). Raw files were processed with MaxQuant (version 1.5.2.8) and searched against the Uniprot 
database of annotated Drosophila proteins (Drosophila melanogaster: 41850 entries, downloaded 8.1.2015).  

Immunoprecipitation and ubiquitination analysis 
S2R+ cells were transfected with either GFP-tagged Nito or Fl(2)d proteins as described above. 48 hours post transfection 
attached cells in the 10 cm cell culture dish were washed 2x with cold PBS on ice. Cells were lysed with 1 mL of modified RIPA 
lysis buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 % NP-40, 0,1 % Na-deoxycholate), supplemented with 

complete protease inhibitor cocktail, 5 mM -glycerophosphate, 5 mM NaF, 1 mM Na-orthovanadate, 10 mM N-
ethylmaleimide. Cells were then collected and incubated for 10 minutes on ice and centrifuged 15 minutes at 16,000xg at 4°C. 
Supernatant was transferred to a new tube and protein concentration measured using Bradford. 1,5 mg of proteins were 
incubated with 20 µL of washed GFPTrap-A beads (Chromotec) for 1h at 4 °C end-over-end mixing. Beads were collected by 
centrifugation (3,000 rpm, 1 min) and the supernatant removed. Beads were washed 1x with dilution buffer (10 mM Tris-HCl 
pH 7.5, 150 mM NaCl, 0.5 mM EDTA, 1x Protease Inhibitor (Sigma), 10 mM N-ethylmaleimide), 3x with stringent wash buffer 
(8 M Urea, 1 % SDS in 1x PBS) and 1x with wash buffer (1 % SDS in 1x PBS). 40 µL of 2xLDS sample buffer (Invitrogen) 
supplemented with 1 mM DTT was added and beads were incubated for 10 min at 70°C. Eluted proteins were alkylated with 
5,5 mM CAA for 30 min at RT in the dark and subjected to in-gel digestion and MS analysis as described previously (Schunter 
2017 Plos One).  

Ubiquitinome and proteome analysis 
Ubiquitinome and proteome analysis of control and Hakai depleted S2R+ cells was performed as described previously 
(Schunter 2017 Plos One). Following modifications were made: S2R+ cells were grown in Schneider medium (Dundee Cell) 
supplemented with either heavy (Arg8, Lys8) or light amino acids (Arg0, Lys0) (Sigma). Depletion of Hakai was performed as 
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described above “Cell culture, RNAi and transfection” by omitting starvation and scaling up to obtain 50 mg of proteins per 
replicate (8-10, 15-cm cell culture dishes). 6 hours prior to cell lysis, the MG132 proteasome inhibitor was added to a final 

concentration of 15 M. Cells were lysed in modified RIPA lysis buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 

% NP-40, 0,1 % Na-deoxycholate) supplemented with complete protease inhibitor cocktail (Roche), 5 mM -glycerophosphate, 
5 mM NaF, 1 mM Na-orthovanadate, 10 mM N-ethylmaleimide. 1,5 mL of buffer was used per each 15-cm dish. All lysates of 

the same transfection were combined in a falcon and protein concentrations were measured by Bradford. 100 g of each 

protein sample were collected for WB analysis. Heavy and light replicates were joined in a 1:1 ratio and 50 g were collected 
for proteome analysis. For forward experiment Heavy labelled cells with control KD and light labelled cells with Hakai KD were 
joined, and vice versa for reverse experiment. Finally, ice-cold acetone was added to 80 % final conc. (4xV) and precipitated 
O/N at -20 °C. Ubiquitin pull downs, ubiquitination analysis and proteome analysis was performed following the procedure 
described in detail in (Ref Schunter 2017 Plos One). 

Yeast-two-hybrid assay (Y2H) 
Yeast-two-hybrid assay was performed using S. cerevisiae yeast strain [trp1-901, leu2-3,112, ura3-52, his3-200, gal4Δ, gal80Δ, 
LYS2::GAL1-HIS3, GAL2-ADE2, met2::GAL7-lacZ]. cDNAs of all tested genes (Mettl3, Mettl14, Fl(2)d, Vir, Nito, Flacc, Hakai, Er) 
were cloned in vectors pGAD424-GW and pGBT9-GW, with Leu2 and Trp1 markers (kindly provided by Helle Ulrich, IMB Mainz) 
to express all candidates with either the C-terminal Gal4-activation domain or the C-terminal Gal4-DNA binding domain, 
respectively. Briefly, yeast cells were grown in YPD medium until they reached O.D. = 0,6. Cells were centrifuged at 3500 rpm 
for 7min at RT and washed 1x with water, 1x with 250 mL of SORB (100 mM LiOAc, 10 mM Tris pH 8.0, 1 mM EDTA pH 8.0, 1 
M Sorbitol) and 1x with 100 mL of SORB. Pellets were resuspended in 3,6 mL of SORB and 400 mL of ssDNA carrier was added 

to competent cells. 50 L aliquots of cells were mixed with 100 ng of plasmid DNA. 6x volumes of PEG solution (10 mM Tris 
pH 8.0, 1 mM EDTA pH 8.0, 40 (w/v)-% PEG 3350) were then added to the cell-DNA mixture that was further incubated at RT 
for 30 min. Next, 1/9 of DMSO were added to cells that were subjected to 15 min heat shock at 42 °C. Following 2 min 

centrifugation at 4000 rpm and RT, the cell pellet was resuspended in 500 L of water and 100 L of cell solution was plated 
onto Trp-/Leu- selection agar plates. After 3 days of incubation at 30 °C, 5 colonies of each transformation were resuspended 

in 500 L of water and 4 L were spotted on selection agar plates (Trp-/Leu- and Trp-/Leu-/His-). Plates were imaged every 
24-hour interval. 

RNA immunoprecipitation (RIP) 
S2R+ cells were transfected with Myc-tagged constructs using Effectene reagent. 72 h post transfection cells were washed 
with ice cold PBS and collected by 5 min centrifugation at 1000x g. The cell pellet was lysed in 1 ml of lysis buffer (50 mM Tris-
HCl, pH 7.4, 150 mM NaCl, 0.05 % NP-40) supplemented with protease inhibitors, rotated head-over-tail for 30 min at 4 °C 
and centrifuged at 18,000x g for 10 min at 4 °C to remove the remaining cell debris. Protein concentrations were determined 

using Bradford reagent (Bio-Rad). For RNA immunoprecipitation, 2 mg of proteins were incubated with 2 g of anti-Myc 
antibody coupled to protein-G magnetic beads (Invitrogen) in lysis buffer and rotated head-over-tail for 4h at 4 °C. The beads 
were washed 3 times for 5 min with washing buffer. One fourth of immunoprecipitated protein – RNA complexes were eluted 
by incubation in 1× NuPAGE LDS buffer (Thermo Fisher) at 70 °C for 10 min for protein analysis. RNA from the remaining 
protein-RNA complexes was further isolated using Trizol reagent.  

RNA sequencing and computational analysis 
For samples from S2R+ cells (Mettl3, Mettl14, Mettl3/Mettl14, Fl(2)d, Ythdc1, Ythdf KDs) and for full fly RNA samples, Ilumina 
TruSeq Sequencing Kit (Illumina) was used. For Drosophila head samples, NEBNext Ultra Directional RNA Kit (NEB) was used. 
Libraries were prepared following the manufacturer`s protocol and sequenced on Illumina HiSeq 2500. The read-length was 
71 bp, paired end. The RNA-seq data was mapped against the Drosophila genome assembly BDGP6 (Ensembl release 79) using 
STAR (Dobin et al. 2013) (version 2.4.0). After mapping, the bam files were filtered for secondary alignments using samtools 
(version 1.2). Reads on genes were counted using htseq-count (version 0.6.1p1). After read counting, differential expression 
analysis was done between conditions using DESeq2 (version 1.6.3) and filtered for a false discovery rate (FDR) < 5 %. 
Differential splicing analysis was performed using rMATS (3.0.9) and filtered for FDR < 10 %. The data from fly heads were 
treated as above but cleaned for mitochondrial and rRNA reads after mapping before further processing. The sample 
Ime4hom_3 was excluded as an outlier from differential expression analysis.  

For samples from S2R+ cells (Mettl3/Mettl14, Fl(2)d, Vir, Nito, Flacc, Hakai KDs) Ilumina TruSeq Sequencing Kit (Illumina) was 
used. The RNA libraries were sequenced on a NextSeq500 with a read length of 85 bp. The data was mapped against Ensembl 
release 90 of Drosophila Melanogaster using STAR (v2.5.1b). Counts per gene were derived using featureCounts (v.1.5.1). 
Differential expression analysis was performed using DESeq2 (v. 1.16.1) and filtered for an FDR < 1 %. Differentially splicing 
analysis was performed using rMATS (v 3.2.5) and filtered for an FDR < 10 %. Sequencing depth normalised coverage tracks 
were generated using bedtools (v.2.25.0), samtools (v.1.3.1) and kentutils (v.302).  

m6A RNA immunoprecipitation (MeRIP) and computational analysis 

MeRIP was performed using the previously described protocol (Deng et al. 2015) with the following modifications. 8 g of 

purified mRNA from Drosophila S2R+ cells was incubated with 5 g of anti-m6A antibody (Synaptic Systems) in m6A-IP buffer 
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(150 mM NaCl, 10 mM Tris-HCl pH 7.4, 0.1 % NP-40) supplemented with 5 U /mL of Murine RNase inhibitor (NEB) for 2 h at 

4°C. In control m6A-IP experiment, no antibody was used in the reaction mixture. 5 L of A+G magnetic beads were added to 
all m6A-IP samples for 1 h at 4°C. On bead digestion with RNase T1 (Thermo Fisher) at final concentration 0.1 U/mL was 

performed for 15 min at RT. Beads with captured RNA fragments were then immediately washed 3 times with 500 L of ice-

cold m6A-IP buffer and further eluted with 100 L of elution buffer (0.02 M DTT, 150 mM NaCl, 50 mM Tris-HCl pH 7.4, 1 mM 

EDTA, 0.1 % SDS, 5 U/mL Proteinase K) at 42°C for 5 min. Elution step was repeated 4 times and 500 L of acidic 

phenol/chloroform pH 4.5 (Ambion) was added to 400 L of the combined eluate per sample in order to extract captured RNA 
fragments. Samples were mixed and transferred to Phase Lock Gel Heavy tubes (5Prime) and centrifuged for 5 min at 12000x 
g. Aqueous phase was precipitated O/N, -80°C. On the following day, samples were centrifuged, washed twice with 80 % EtOH 

and re-suspended in 10 L of RNase-free H2O (Ambion). Recovered RNA was analysed on RNA Pico Chip (Agilent) and 
concentrations were determined with RNA HS Qubit reagents. Since no RNA was recovered in the m6A-IP control samples, 
libraries were prepared with 30 ng of duplicate m6A-IPs and duplicate input mRNA samples. MeRIP-qPCR was performed on 
the fraction of eluted IP RNA and equal amount of input mRNA. cDNA for RT-qPCR was prepared using M-MLV Reverse 
Transcriptase (Promega) and transcript levels were quantified using Power SYBR® Green PCR Master Mix (Invitrogen) using 
oligonucleotides indicated in Table 7.  

For MeRIP-seq, NEBNext Ultra Directional Kit was used, omitting the RNA fragmentation step for recovered MeRIP samples 
and following the manufacturer`s protocol for input samples. Libraries were sequenced on an Illumina MiSeq as 68 bp single 
read in one pool on two flow cells. The MeRIP-seq data were processed following the same protocol as the RNA samples for 
mapping and filtering of the mapped reads. After mapping, peaks were called using MACS (version 1.4.1) (Zhang et al. 2008). 
The genome size used for the MACS was adjusted to reflect the mappable transcriptome size based on Ensembl-annotated 
genes (Ensembl release 79). After peak calling, peaks were split into subpeaks using PeakSplitter (version1.0, 
http://www.ebi.ac.uk/research/bertone/software). Consensus peaks were obtained by intersecting subpeaks of both 
replicates (using BEDTools, version 2.25.0). For each consensus peak, the coverage was calculated as counts per million (CPM) 
for each of the samples and averaged for input and MeRIP samples. Fold changes for MeRIP over input were calculated based 
on these. Peaks were filtered for a minimal fold change of 1.3 and a minimal coverage of 3 CPM in at least one of the samples. 
Peaks were annotated using the ChIPseeker and the GenomicFeatures package (based on R/Bioconductor) (Yu et al. 2015).  

miCLIP and computational analysis 

miCLIP was performed following previously described method (Linder et al. 2015) (Sutandy et al. 2016) using 10 g of purified 

mRNA from Drosophila S2R+ cells and 5 g of anti-m6A antibody (Synaptic Systems, Lot# 202003/2-82). Immunoprecipitations 
were performed in quadruplicates and as a control one immunoprecipitation was performed where UV-crosslinking was 
omitted. Of note, this sample produced a library of very limited complexity, reflecting a low amount of background mRNA 
binding. Briefly, total RNA was isolated using Trizol reagent (Invitrogen) and DNA was removed with DNase-I treatment (NEB). 
Polyadenylated RNA was purified by two rounds of binding to Oligo (dT)25 magnetic beads (NEB) and mRNA was fragmented 

with RNA fragmentation solution (Ambion) using 1 L of solution per 2 g of mRNA and with 7 min incubation at 70 °C. 

Immunoprecipitation was performed at 4°C in 500 L of binding buffer (BB) (50 mM Tris-HCl pH 7,4, 150 mM NaCl, 0,5 % NP-
40). First, isolated mRNA and antibody were incubated for 2h. Samples were then transferred to individual well of a 12 well 

cell culture plate and crosslinked on ice (two-times, 150 mJ/cm2). Next, 60 L of magnetic ProteinG beads (Invitrogen) were 

resuspended in 500 L of BB and added to the IP sample. Samples were then incubated for another 2h at 4 °C, before washed 
with cold solutions as follows: 1x with BB, 2x with high salt buffer (50 mM Tris-HCl pH 7,4, 1 M NaCl, 1 % NP-40, 0,1 % SDS), 1x 
BB , 2x with PNK buffer (20 mM Tris-HCl pH 7,4, 10 mM MgCl2, 0,2 % Tween). All washes were performed by gentle pipetting 

and by 1min incubation on ice, washes with HSB were rotated at 4 °C for 2 min. 40  L of final wash was used for WB analysis 

of immunoprecipitation efficiency and 860  L were used for library preparation. All following steps of library preparation were 
performed as previously described (Sutandy et al. 2016). Data analysis was performed as described in (Linder et al. 2015).  

Two input-control libraries using the same mRNA as for miCLIP were prepared with the NEBNext Ultra Directional RNA Library 
Prep Kit for Illumina (NEB). To address potential bias that ZnCL2 fragmentation might impose on read truncation analysis, we 
generated the following two libraries: one library was prepared using ZnCl2 fragmented mRNA (the very same as for 
immunoprecipitation), while another library was prepared using intact mRNA that was fragmented during the library 
preparation by 1st strand cDNA synthesis buffer as per manufacturer instructions. Of note, the ZnCl2 fragmented mRNA was 
first purified using the 1.8X volume of RNAClean XP beads (Beckman Coulter). Following the 20 min incubation at RT, captured 

RNA was washed 3x with 80 % EtOH and eluted in 20 L of RNase-free water. The library was prepared using ~50 ng of cleaned, 
fragmented mRNA using the NEBNext Ultra Directional RNA Library Prep Kit for Illumina (NEB), by omitting the RNA 
fragmentation step and following the manufacturer`s protocol. Both libraries were amplified by 11 PCR cycles. 

For miCLIP, data analysis was performed as described in Ref (Linder et al. 2015). The full 20-nt sequence logo (collapsed 
sequence content) of CITS (A) sites is shown below, with predicted m6A site at position 11. 
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Flies generated and used in this study 

 

 

Stock name Line description Chr. Source Comment

Mettl3 cris (gRNA 1+2)/cyo Mettl3 gRNA (1+2) II this study in house injection

Mettl3 cris (gRNA 0+2)/cyo Mettl3 gRNA (0+2) II this study in house injection

Mettl14 cris (gRNA 1+2)/cyo Mettl14 gRNA (1+2) II this study in house injection

Mettl14 cris (gRNA 0+2)/cyo Mettl14 gRNA (0+2) II this study in house injection

Mettl4 cris (gRNA 1+2)/cyo Mettl4 gRNA II this study in house injection

CG6144 cris (gRNA 1+2)/cyo CG6144 gRNA II this study in house injection

CG14130 cris (gRNA 1+2)/cyo CG14130 gRNA II this study in house injection

Fl(2)d cris (gRNA 1+2)/cyo Fl(2)d gRNA II this study in house injection

Ythdc1 cris (gRNA 1+2)/cyo Ythdc1 gRNA II this study in house injection

Ythdf cris (gRNA 1+2)/cyo Ythdf gRNA II this study in house injection

Hakai cris (gRNA 1+2)/cyo #M1 Hakai gRNA (1+2) II this study BestGene injection

Hakai cris (gRNA 1+2)/cyo #M4 Hakai gRNA (1+2) II this study BestGene injection

Hakai cris (gRNA 2+3)/cyo #M3 Hakai gRNA (2+3) II this study BestGene injection

Hakai cris (gRNA 2+3)/cyo #M4 Hakai gRNA (2+3) II this study BestGene injection

UAS Mettl3-HA (1)/TM6c Mettl3 cDNA III this study BestGene injection

UAS Mettl3-HA (5)/TM6c Mettl3 cDNA III this study BestGene injection

UAS Mettl14-HA/TM6c Mettl14 cDNA III this study BestGene injection

UAS Mettl4-HA (1)/cyo GFP Mettl4 cDNA II this study BestGene injection

UAS Mettl4-HA (2)/cyo GFP Mettl4 cDNA II this study BestGene injection

UAS Mettl4-HA (3)/TM6c Mettl4 cDNA III this study BestGene injection

UAS CG17807-HA (1)/TM6c CG17807 cDNA III this study BestGene injection

UAS CG17807-HA (2)/cyo GFP CG17807 cDNA II this study BestGene injection

UAS CG6144-HA (1)/cyo GFP CG6144 cDNA II this study BestGene injection

UAS CG6144-HA (2)/cyo GFP CG6144 cDNA II this study BestGene injection

UAS CG14130-HA (1)/cyo GFP CG14130 cDNA II this study BestGene injection

UAS CG14130-HA (2)/cyo GFP CG14130 cDNA II this study BestGene injection

UAS Ythdc1 - FlagMyc/TM6c Ythdc1 cDNA III this study BestGene injection

Mettl3 Dcat (9C2)/Tm6c Mettl3 mutant Dcat III this study WIII8 background

Mettl3 Dcat/TM6c Mettl3 mutant Dcat III this study Oregon-R background

Mettl3 Dcat/TM3, Sb Mettl3 mutant Dcat III this study Oregon-R background

Mettl3 null (2A2)/Tm6c Mettl3 mutant null III this study WIII8 background

Mettl3 null null/TM6b Mettl3 mutant null III this study Oregon-R background

Mettl3 null null/TM6c Mettl3 mutant null III this study Oregon-R background

Mettl14 fs/cyo GFP Mettl14 mutant (frame shift) II this study Oregon-R background

Mettl14 Dcut/cyo Mettl14 mutant (deletion) II this study

Fl(2)d D52/cyo GFP Fl(2)d mutant II this study

Fl(2)d D23/cyo GFP Fl(2)d mutant II this study

Fl(2)d D24/cyo GFP Fl(2)d mutant II this study

Mettl4 D2/Mettl4 D2 Mettl4 mutant (null) III this study Oregon-R background

Ythdc1 D34/dfd EYFP TM3, Sb Ythdc1 mutant III this study

Ythdc1 D34/TM6b Ythdc1 mutant III this study Oregon-R background

Ythdf D5/TM6c Ythdf mutant III this study

Ythdf D5 (5B1)/Tm6c Ythdf mutant III this study WIII8 background

CG6144 D2/cyo GFP CG6144 mutant II this study

CG14130 D6/CG14130 D6 CG14130 mutant III this study

Hakai mutant (MS - ha'/cyo GFP) Hakai mutant II Matthias Soller

Hakai mutant (MS - 7526/cyo GFP) Hakai mutant II Matthias Soller

sxlM8/sxl7B0 Sxl mutant X Matthias Soller

24BGal4, Mettl3 Dcat /TM6c 24BGAL4 driver, Mettl3 mutant Dcat II; III this study

ElavGAL4 (x); Mettl3 Dcat /TM6c ElavGAL4 driver Mettl3 mutant Dcat X; III this study

TubGAL4/cyo; Mettl3 Dcat /TM6c Tubulin GAL4 driver, Mettl3 mutant Dcat II; III this study

UAS Mettl3-HA/cyo; Mettl3 Dcat /TM6c Mettl3 cDNA, Mettl3 mutant Dcat II; III this study

W+, UAS Mettl3-HA; Mettl3 Dcat /S-T Mettl3 cDNA, Mettl3 mutant Dcat II; III this study

UAS Mettl3-HA/cyoGFP; Mettl3 null/TM6c Mettl3 cDNA, Mettl3 mutant null II; III this study Oregon-R background

TubGAL4/cyoGFP; Mettl3 null /TM6c Tubulin GAL4 driver, Mettl3 mutant null II; III this study Oregon-R background

Mettl14 fs/cyo GFP; Mettl3 Dcat/TM6b Mettl14 mutant fs, Mettl3 mutant  Dcat II; III this study

Def Mettl14/cyo; Mettl3 Dcat/TM6b Mettl14 defficiency, Mettl3 mutant Dcat II; III this study

TubGAL4/cyoGFP; Ythdc1 D34/TM6b Tubulin GAL4 driver, Ythdc1 mutant II; III this study Oregon-R background
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Table 6. Flies generated and used in this study. 
Note: Oligonucleotides used for cloning and generating gRNA plasmids for gRNA lines are listed in Table 8. 

  

Stock name Line description Chr. Source Comment

dsMettl3 (1) (#80448) Mettl3 RNAi (y1 v1; P{TRiP.HMS06028}attP2) Bloomington

dsMettl3 (2) (#41590) Mettl3 RNAi (y1 v1; P{TRiP.GL01126}attP2/TM3, Sb1) Bloomington

shmir Nito (#34848) Nito shRNA DRSC, Harvard

shmir Fl(2)d (#55674) Fl(2)d shRNA DRSC, Harvard

shmir GFP (#41552) GFP shRNA Bloomington

dsFlacc (KK110253) (#v110253) Flacc RNAi (P{KK105583}VIE-260B) VDRC, Vienna

dsFlacc (GD35212) (#v35212) Flacc RNAi (w1118; P{GD12212}v35212) VDRC, Vienna

Def Mettl3/TM6b (Df(3R)Exel6197) Mettl3 defficiency Bloomington

Def Mettl14/Cyo (Df(2L)BSC200/Cyo) Mettl14 defficiency Bloomington

Def Ythdc1/TM6c (Df(3L)Exel6094) Ythdc1 defficiency Bloomington

DomeGAL4;UASGFP/FM7i leg discs, genitalia discs driver Erica Bach

Tub-GAL4 ubiquitous driver Bloomington

elavC155-GAL4 neuronal driver Bloomington

how24B-GAL4 muscular driver Bloomington

DdcGAL4 serotonergic, dopaminergic neuronal driver lab stock

Trh(1)GAL4 serotonergic neuronal driver lab stock

Trh(2)Gal4 serotonergic neuronal driver lab stock

PleGAL4 dopaminergic neuronal driver lab stock

ChATGAL4 cholinergic neuronal driver lab stock

NPF(1)GAL4 peptidergic neuronal driver lab stock

NPF(2)GAL4 peptidergic neuronal driver lab stock

Vglut(1)GAL4 glutamatergic neuronal driver lab stock

Vglut(2)GAL4 glutamatergic neuronal driver lab stock

WIII8 WIII8 WT fl ies lab stock

Canton-S Canton-S lab stock

Oregon-R Oregon-R lab stock

AptXa/CyoGFP-TM6c balancer l ine lab stock

CAS0001 Cas9 line DGRC, Indiana

TBX0008 balancer l ine DGRC, Indiana

TBX0002 transformation line DGRC, Indiana
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Oligonucleotides used in this study 

 

Name Sequence 5´--> 3´ Name Sequence 5´--> 3´

CBP20 qF GGGGTTATGGCAAACTGTTG Fl(2)d 5UTR-1 prox-ss qF tttccaccgaccatgtcac

CBP20 qR GGGGGCTTATAGTCTTTACAGTCA Fl(2)d 5UTR qR ggacctgttccagcttgagat

CBP80 qF tccagacgttgctgaatttg Fl(2)d 5UTR-2 dist-ss qF AGCAGCAGCAACATGCAG

CBP80 qR cacggaataccgaatggaat Fl(2)d 5UTR all isoforms F CAGCAGCAAACGAGAAATCA

CG7358 short qPCR F tgatttcgaatggatgaacg CG8929 5UTR qF TTGCCAATAAAACGTTAACAGC

CG7358 short qPCR R cggcaatgatttcgtctttg CG8929 5UTR long qR GCTCTGGCAATTATGTAAACGA

CG7358 long qPCR F TACTGGCTCAGGTAAGCAAACTA CG8929 5UTR short qR CGCGACAACACACTTTACCA

CG7358 long qPCR R GTGCGGATTAGCTCCTGTTT H 5UTR qF GTGCCCCAAAACATGAAAAT

ZC3H13 qF ACATCAGGGAAGGAATGACG H spliced 5UTR qR ACGTCATTAAGCAGGGCCATT

ZC3H13 qR CCCGATCTCTCTCTCTAGCC H 5UTR qR tccaaaccgcattatatggaca

Hakai short qR tggctcctaaactaagctgtcc Dsp1 5UTR qF TGCATCATACATTCGCGTTT

Hakai split long qF AAGCAGCGCAAGCTCTCCGA Dsp1 spliced 5UTR qR TTCTATATCTTTCACTTTTATTCACC

Hakai common qR CTACCGATGTTACCGACACC Dsp1 5UTR qR ttagttttagcacaagtacgt

Mettl3 qF AAGGAACTCGTTGAGGCTGA hts 5UTR qF GCAGTTCTCTTTTGCGCTTC

Mettl3 qR CACCTGTGTGGAGACAATGG hts spliced 5UTR qR TGGTTTTCAGCCGCTAATTC

Mettl14 qF AAGCGTCGTTTGCTTTTAGC hts 5UTR qR aaaattgccgctcctaacag

Mettl14 qR GCATTACCCAAAGCCTTTTTC Aldh-III 5UTR qF CGGTGAACGGTTGTCAAAG

Mettl4 qF2 TTGAAATTGCAAAAGAAAACTGA Aldh-III spliced 5UTR qR TCGGTTTCTGGTTCTGGTTACTC

Mettl4 qR2 GCGTAGCTAATTTACCTCCTCCT Aldh-III 5UTR qR gcacggcaaatgtaaacaac

Fl(2)d qF CGGTCAATCTCCTGTTCGAG dl 5UTR prox ss qF TGCTTTAAGCTTCCGCTCTC

Fl(2)d qR GACAGCTCGTTCTGGGTCTC dl 5UTR exon qR CAAGGAGTGATCTGAAATCTCG

Ythdf qF CCGAGAAAGTGCACAAGGAT dl 5UTR dist ss qF CGAATAAATCGAAAAACAAAAACA

Ythdf qR AAACCTTGGCTCTGCTGAAG Sxl-L2-F ACACAAGAAAGTTGAACAGAGG

Ythdc1 qF GGCTCGAGTTATGCGAGAAA Sxl-4-R CATTCCGGATGGCAGAGAATGG
Ythdc1 qR GGTGGTCGTGATTTGATCCT

Hrb27C qF CGATCTGCGGACCTTCTTTA Name Sequence 5´--> 3´

Hrb27C qR GCGGGACTTCTTCTTCTCCT Rpl15 MeRIP qF AGGATGCACTTATGGCAAGC

Vir qF CTGATGACCATCCAGGGAGT Rpl15 MeRIP qR GCGCAATCCAATACGAGTTC

Vir qR GATGGCTGTGAGGTCCTTGT BRWD3 MeRIP qF GCAAAAACCTCCTCCTCCTC

Nito qF GCCAGTACGGTTCCAGATGT BRWD3 MeRIP qR GTCGTTCGCGATGGAGTTAT

Nito qR CCGTCCGTCAAATGAAACTT Vinc MeRIP qF GCTGGTGTCCTCATCGTAGG

Qkr58E-1 qF GTGCTCCAGAGACCCCTGA Vinc MeRIP qR GCGGCTGAGAACAGGAACTA

Qkr58E-1 qR ACGCGTTGGTCTTCTCATTC CG4165 MeRIP qF GGCACGAGTACTTCCTGGAC

Flacc qF ACGAGACAGAGAGCGAGACC CG4165 MeRIP qR AAGACTGAGCTCCGGACTTG

Flacc qR TCTTGGTGGTGGTGGTAGTG Fak MeRIP qF GAGTTGGGGTCTCGTCAAAC

Rpl15-qF AGGATGCACTTATGGCAAGC Fak MeRIP qR CACGAACTATTCAGCGGATAA

Rpl15-qR GCGCAATCCAATACGAGTTC CG3267 MeRIP qF CAGGAGATTGCCCAAGAAAA

Hakai qF caagaaaatcgacgacagca CG3267 MeRIP qR TCCGAAGTGCAGTTTGTCTG

Hakai qR ctcctgcatgaccgaatctt Hairless MeRIP qF GCCAACTTAAGCAGGACGAC

CG17807 qF GGAGGACGTGCTTTGGTTTA Hairless MeRIP qR GGCAAAAAGCCATTTGAGG

CG17807 qR CTGCTCAGTGGTACGCTCCT AldhIII MeRIP qF CAACCAGCGTTTCGACTACA

CG6144 qF GGCAAGTTAATAACACCCAAGTG AldhIII MeRIP qR AGGTGGTGGGGGTCAAGTA

CG6144 qR GCAAGGATAACGAGGACTTCA

CG14130 qF TGATTATCCAGAACAGAAGTCCTC Name Sequence 5´--> 3´

CG14130 qR ATGGCACCGTCTCAAAATGT elav SP6 F atttaggtgacactatagaagagGTGAAGCTGATACGCGACAA

Mettl4  qF TTCAATATCGGAAATGTTGAAAT elav T7 R ttaatacgactcactatagggagaGGCTTTGTTGGTCTTGAAGC

Mettl4 qR CTTGTGATCCAAGAACACTGC Mettl3 SP6 F atttaggtgacactatagaagagCAGCCTGGAGATGGTGAACT

CG4036 qF ACATCAATGGCGTAGACATCC Mettl3 T7 R ttaatacgactcactatagggagaTCAGGCACTCGACTTTTGTG

CG4036 qR TTTATTTGCCAGAATATCTGAGACTT Mettl14 T7 F ttaatacgactcactatagggagaTAATCAGAATGCCGCCACTA

CG33250-AlkB qF TGCAAAAGTACCAGTCCTGATTT Mettl14 SP6 R atttaggtgacactatagaagagCCCAAGCAGAAATGTTCGAT

CG33250-AlkB qR TTTCTTGATCATTCCCCTTGA Fl(2)d SP6 F atttaggtgacactatagaagagGCTGCAATGACTATGGACGA

CG1074 qF AGGCGGCTACTCACCTATGA Fl(2)d T7 R-long isoform ttaatacgactcactatagggagaTCGATCTCATCTTCGAGCAA

CG1074 qR TACCGATCCCTGAAGTCCTG Ythdf T7 F ttaatacgactcactatagggagaACCGATCACGGCAATAAGAG

CG7544 qF GCAGCCCGACTATACCAAAA Ythdf SP6 R atttaggtgacactatagaagagGCACGCCGATTTTAATTTGT

CG7544 qR CACAGAAACCTTGCCATTGA Ythdc1 T7 F ttaatacgactcactatagggagaCGAATCGAATGGTGGAGACT

CG9154 qF TGGTTTATTTTGATTTGAATGCTC Ythdc1 SP6 R atttaggtgacactatagaagagCCGTGTGTCTCGGAATAGGT

CG9154 qR CGAGATGTCGTCGTCCATAA Flacc SP6 R atttaggtgacactatagaagagGCCAGATCCATAAGGCAATC

CG9531 qF GCCGATGGTGAAGACCATTA Flacc T7 F ttaatacgactcactatagggagaAGTACCGTGACCTCGAAACG

CG9531 qR CGAATCTCTCGCGCTGATAC Hakai SP6 R atttaggtgacactatagaagagGTATTGCGACTGCTGCCAGTTGC

CG9666 qF TCGAAGGATATTGAGGTGGA Hakai T7 F ttaatacgactcactatagggagaCCTTAAGTGGAACCACAAGGTG

CG9666 qR TGTCCAAAACTAAATGCAACTGA

CG9960 qF GCGAGCATTTGTGCATACTG Gene Amplicon

CG9960 qR ATTTGATGCTATTGCACGAGTC Hrb27C DRSC32136

nonA DRSC20357

Name Sequence 5´--> 3´ nonA-1 DRSC25387

Fl(2)d qF CGGTCAATCTCCTGTTCGAG CG4266 DRSC04456

Fl(2)d qR GACAGCTCGTTCTGGGTCTC CG7903 DRSC16338

Fl(2)d 5UTR qF tttccaccgaccatgtcac nonA DRSC17017

Fl(2)d 5UTR qR AGCAGCAGCAACATGCAG caz DRSC23280

Hairless qF GTGCCCCAAAACATGAAAAT pAbp DRSC07659

Hairless qR tccaaaccgcattatatggaca ssx DRSC38980

Dsp1 qF TGCATCATACATTCGCGTTT Nito DRSC05943

Dsp1 qR ttagttttagcacaagtacgt Syp DRSC29126

AldhIII qF CAACCAGCGTTTCGACTACA CG30122 DRSC34694

AldhIII qR AGGTGGTGGGGGTCAAGTA Ago2 DRSC31769

Primers used for in situ probes

Templates obtained from DRSC RNAi Screening centre

Primers used for RIP

Primers used for validation of MeRIP peaks

Primers used for qPCR validations of transcript levels Primers used for splicing validations
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Table 7. Oligonucleotides used in this study. 
Note: Oligonucleotides used for cloning and generating plasmids are listed Table 8 

  

Name Sequence 5´--> 3´ Name Sequence 5´--> 3´

Mettl3 T7 F ttaatacgactcactatagggagaCAGCCTGGAGATGGTGAACT Zn72D T7 R ttaatacgactcactatagggagaTTCGTTGTATTGTCGGTTGC

Mettl3 T7 R ttaatacgactcactatagggagaTCAGGCACTCGACTTTTGTG Qkr58E-3 T7 F ttaatacgactcactatagggagaCCCCAAGCGAGTTTACTGAG

Mettl3 T7 F2 ttaatacgactcactatagggagaGCACTGGTCATTGGCTAAAC Qkr58E-3 T7 R ttaatacgactcactatagggagaGCGCATACGTTTCATGTCAG

Mettl3 T7 R2 ttaatacgactcactatagggagaCATCTGGATAACGCTTCTGGA TBPH T7 F ttaatacgactcactatagggagaACGACTTGCGCGAGTATTTC

Mettl14 T7 F ttaatacgactcactatagggagaTAATCAGAATGCCGCCACTA TBPH T7 R ttaatacgactcactatagggagaGTTTTGGTTCTGCAGCTGGT

Mettl14 T7 R ttaatacgactcactatagggagaTGATCAGTTCCCTCAACTTGG rump T7 F ttaatacgactcactatagggagaGCTCAAGCAGGTCTTCAAGC

Mettl14 T7 F2 ttaatacgactcactatagggagaTAACAGTAGTCGCCAGCTGAATTCC rump T7 R ttaatacgactcactatagggagaCCGATCTCTCGGAACTTGTC

Mettl14 T7 R2 ttaatacgactcactatagggagaCTCAGCAAAGTAGGTCTGGTATAGC CG8929 T7 F ttaatacgactcactatagggagaCTCATTACCCGCTGGAAAGC

Mettl4 T7 F ttaatacgactcactatagggagaCGAAGCATATGACGAATTTAAGC CG8929 T7 R ttaatacgactcactatagggagaAGGATATGGGCGACTGGAC

Mettl4 T7 R ttaatacgactcactatagggagaTGGTTGCAATGTTCTACTTTACG yps T7 F ttaatacgactcactatagggagaGCAACGACACCAGAGAGGAT

Mettl4 T7 F2 ttaatacgactcactatagggagaACTGGGAGGATGGCTACAAC yps T7 R ttaatacgactcactatagggagaTGGACCATTGTTGAAGTTGC

Mettl4 T7 R2 ttaatacgactcactatagggagaGCATCTCGTAAGGCTGCTTC fmr1 T7 F ttaatacgactcactatagggagaGCGTCAGGAGAAGATGGAGA

Fl(2)d F T7 ttaatacgactcactatagggagaCGGACTCTAATACCGGCAAA fmr1 T7 R ttaatacgactcactatagggagaTCTTCGGTGGTGTGGTTGT

Fl(2)d R T7 ttaatacgactcactatagggagaGGTGTTGTCACTGGCTGATG Hakai T7 F ttaatacgactcactatagggagaCCTTAAGTGGAACCACAAGGTG

Fl(2)d T7 F2 ttaatacgactcactatagggagaGCCCCTATGAAAAGCAACAG Hakai T7 R ttaatacgactcactatagggagaGTATTGCGACTGCTGCCAGTTGC

Fl(2)d T7 R2 ttaatacgactcactatagggagaGGATCGAGCAGAGCAGTG Hrb27C T7 F ttaatacgactcactatagggagaGGAAGACGAGAGGGGCAAA

Ythdf T7 F ttaatacgactcactatagggagaACCGATCACGGCAATAAGAG Hrb27C T7 R ttaatacgactcactatagggagaCCACCCAGGAAGACCTTGTA

Ythdf T7 R ttaatacgactcactatagggagaGCACGCCGATTTTAATTTGT Flacc T7 F ttaatacgactcactatagggagaAGTACCGTGACCTCGAAACG

Ythdf T7 F2 ttaatacgactcactatagggagaTACTGAGCTGCTGCGGTAGA Flacc T7 R ttaatacgactcactatagggagaGCCAGATCCATAAGGCAATC

Ythdf T7 R2 ttaatacgactcactatagggagaGCGCATTTATGTGTCGAGAG CBP80 T7F ttaatacgactcactatagggagaccgtggaatcgaacctagag

Ythdc1 T7 F ttaatacgactcactatagggagaCGAATCGAATGGTGGAGACT CBP80 T7R ttaatacgactcactatagggagaattgacgaaccgatcgaaac

Ythdc1 T7 R ttaatacgactcactatagggagaCCGTGTGTCTCGGAATAGGT CBP20 T7F ttaatacgactcactatagggagacacagcagatctccgactca

Ythdc1 T7 F2 ttaatacgactcactatagggagaACGGAGCACCACACCATC CBP20 T7R ttaatacgactcactatagggagatccgtgcggtattcatctc

Ythdc1 T7 R2 ttaatacgactcactatagggagaGTCCCGATTCCGATAGCC CG17807-ds-F ttaatacgactcactatagggagaTCAAAAGTGACTGCGAGGTGTCTCC
Vir T7 F ttaatacgactcactatagggagaTATCTTTGAGGCGGTGTTCC CG17807-ds-R ttaatacgactcactatagggagaGCTGAAGTGATCCGCAATCTTATCG

Vir T7 R ttaatacgactcactatagggagaAACATGACCAGCAGGGATTC CG6144-ds-F ttaatacgactcactatagggagaGGATTTCACGGGCTTTGAAGTGC

Vir T7 F2 ttaatacgactcactatagggagaCATCACACTGGCCATCTACG CG6144-ds-R ttaatacgactcactatagggagaAGGTGGAATCTGAGGATACAGCTCG

Vir T7 R2 ttaatacgactcactatagggagaGTCCCCTTCAAAGACCAACA CG14130-ds-F ttaatacgactcactatagggagaCGGTGGAAAGCAACGCTATAAAAGC

Hrb87F T7 F ttaatacgactcactatagggagaCTACCGCACCACAGATGATG CG14130-ds-R ttaatacgactcactatagggagaCTTCGTTTTTAATGGCCATTCAGTC

Hrb87F T7 R ttaatacgactcactatagggagaGTTGAATCCTCCACCACCAC CG7544-T7 F ttaatacgactcactatagggagaAGTTTGGTGCCCACATTAGC

Qkr58E-2 T7 F ttaatacgactcactatagggagaACCATCAAGCTGTCCCAAAA CG7544-T7 R ttaatacgactcactatagggagaGTAGTGGCTCCGAGTGGAAG

Qkr58E-2 T7 R ttaatacgactcactatagggagaCTCCTCCTCCTGCACCACTA CG9154-T7 F ttaatacgactcactatagggagaGGAGAGATCAAAACGCGAAG

Hrb98DE T7 F ttaatacgactcactatagggagaACTACCGTACCACCGACGAG CG9154-T7 R ttaatacgactcactatagggagaAAACTTGTTGCCCAGATTGC

Hrb98DE T7 R ttaatacgactcactatagggagaACTTTGTCCACGGGATCGTA CG9531-T7 F ttaatacgactcactatagggagaGCAGGTCAACTATGGCACAA

lark T7 F ttaatacgactcactatagggagaATTCATCGGGAATCTTGACG CG9531-T7 R ttaatacgactcactatagggagaCCAGGGCATTAAGGTTCTCA

lark T7 R ttaatacgactcactatagggagaCATCCATGATGCGGTCAC CG1074-T7 F ttaatacgactcactatagggagaCTACGCCCACTCCAACAAAT

Pep T7 F ttaatacgactcactatagggagaAGGCTAAGATCGCAGAGCAG CG1074-T7 R ttaatacgactcactatagggagaAGTTTTAGGTGCCTCGCAGA

Pep T7 R ttaatacgactcactatagggagaATCTCCACGTCCTCGTCATC CG9960-T7 F ttaatacgactcactatagggagaCTTGAGCCCAGAAGATTTCG

sqd T7 F ttaatacgactcactatagggagaGCCATTCGACAAGCAAAAGT CG9960-T7 R ttaatacgactcactatagggagaTGAACTTAACAGCCCGGAAC

sqd T7 R ttaatacgactcactatagggagaCCGGCATAGTAGTCGCCATA CG9666-T7 F ttaatacgactcactatagggagaTTGGAACAGTACCCCACTCC

glo T7 F ttaatacgactcactatagggagaATCTGCCAAGCCTGATGAAC CG9666-T7 R ttaatacgactcactatagggagaAACTTGTAGCTGGCGTCGAT

glo T7 R ttaatacgactcactatagggagaAGCCGACATTGTTGTTTCCT CG33250-T7 F ttaatacgactcactatagggagaACAATGCCAGGCGTTAAATC

larp T7 F ttaatacgactcactatagggagaAGAATCTGGTGCCCAAAATG CG33250-T7 R ttaatacgactcactatagggagaAAATTGAGGGTTGCCAACAT

larp T7 R ttaatacgactcactatagggagaAAGAACGACCAGAAGCGGTA CG4036-T7 F ttaatacgactcactatagggagaGCTGCGAACAGGACTTTCAT

Imp T7 F ttaatacgactcactatagggagaCAAAATACTCGCCCACAACA CG4036-T7 R ttaatacgactcactatagggagaTCCCGGTAGGCTACACAAAC

Imp T7 R ttaatacgactcactatagggagaCACAAGCAACTCAACCGTGA CG11837-T7 F ttaatacgactcactatagggagaAACCACCATGCTGGAGAAAG

Qkr58E-1 T7 F ttaatacgactcactatagggagaGCATACCAAAGCCCGAGATA CG11837-T7 R ttaatacgactcactatagggagaGAATTGAAAGCCAGCAGGAG

Qkr58E-1 T7 R ttaatacgactcactatagggagaGATCGCCATAGGATTTGGAA CG42631-T7 F ttaatacgactcactatagggagaCAGGCCAGGAAACAGCTTAG

Qkr58E-1 T7 F2 ttaatacgactcactatagggagaTGCTTCTTCAAAGCCCAAAG CG42631-T7 R ttaatacgactcactatagggagaCGATCTTCTGGAGGAAGCAG

Qkr58E-1 T7 R2 ttaatacgactcactatagggagaGGTGTGAATAGTTGGATTGTTGA CG3910-T7 F ttaatacgactcactatagggagaGGGCCAACTATAGCACCAAA

Zn72D T7 F ttaatacgactcactatagggagaGTAACCAATGCCACCTACGC CG3910-T7 R ttaatacgactcactatagggagaCAGAGAGCGGGTAGATCCTG

Primers used for dsRNA synthesis 
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Plasmids generated and used in this study 
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Table 8. Plasmids generated and used in this study with corresponding oligonucleotides. 
Note: Gateway destination vectors were obtained from Drosophila Genomics Resource Centre at Indiana University.  
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N6-methyladenosine RNA (m6A) is a prevalent messenger RNA modification in vertebrates. Although its functions in 

the regulation of post-transcriptional gene expression are beginning to be unveiled, the precise roles of m6A during 

development of complex organisms remain unclear. Here we carry out a comprehensive molecular and physiological 

characterization of the individual components of the methyltransferase complex, as well as of the YTH domain-

containing nuclear reader protein in Drosophila melanogaster. We identify the member of the split ends protein family, 

Spenito, as a novel bona fide subunit of the methyltransferase complex. We further demonstrate important roles of this 

complex in neuronal functions and sex determination, and implicate the nuclear YT521-B protein as a main m6A 

effector in these processes. Altogether, our work substantially extends our knowledge of m6A biology, demonstrating 

the crucial functions of this modification in fundamental processes within the context of the whole animal. 
 

RNA modifications represent a critical layer of epigenetic 

regulation of gene expression 1. m6A is among the most 

abundant modifications in the mammalian system 2,3. m6A 

distribution has been determined in several organisms and 

cell types, including human, mouse, rice and yeast 4–7. The 

modification is found in a subset of the RRACH con-sensus 

sites (R, purine; H, non-guanine base) and is enriched around 

stop codons, in the 3-untranslated regions (3UTRs) and 

within long internal exons. m6A was shown to control 

several post-transcriptional processes, including pre-mRNA 

splicing, mRNA decay and translation 4,5,8–16, which are 

mediated in part via conserved members of the YTH protein 

family 4,17. The methyltransferase complex catalysing m6A 

formation in mammals consists of methyltransferase-like 3 

(METTL3), methyltransferase-like 14 (METTL14) and a 

stabilizing factor called Wilms’ tumour 1-associated protein 

(WTAP) 9,11,18,19. In mammals, m6A can be reverted into 

adenosine via two identified demethylases: fat mass and 

obesity associated factor (FTO) 20–22 and AlkB homologue 

5 (ALKBH5) 23. 

 

Several studies have uncovered crucial roles for METTL3 

during development and cell differentiation. Knockout of 

Mettl3 in murine naive embryonic stem cells blocks 

differentiation 24,25, while its deletion in mice causes early 

embryonic lethality. Similarly, in Drosophila, loss of the 

METTL3 orthologue Ime4 is reported to be semi-lethal 

during development, with adult escapers having reduced 

fertility owing to impaired Notch signalling 26. Depletion of 

the METTL3 orthologue MTA in Arabidopsis thaliana also 

affects embryonic development 27,28, while in yeast ime4 

has an essential role during meiosis 29–31. All of these 

observations indicate the importance of m6A in the gonads 

and during early embryogenesis. Recent crystal structure 

studies investigated the molecular activities of the two 

predicted catalytic proteins 32,33; however, their respective 

roles in vivo remain unclear. Here we characterize members 

of the methyltransferase complex in Drosophila and identify 

the split ends (SPEN) family protein, Spenito (Nito), as a 

novel bona fide subunit. Expression of complex components 

is substantially enriched in the nervous system, and flies with 

mutations in Ime4 and Mettl14 suffer from impaired neuronal 

functions. Methyltransferase complex components also 

influence the female-specific splicing of Sex-lethal (Sxl), 

revealing a role in fine-tuning sex determination and dosage 

compensation. Notably, knockout of the nuclear m6A reader 

YT521-B resembles the loss of the catalytic subunits, 

implicating this protein as a main effector of m6A in vivo.  

 

m6A is enriched in the nervous system 

To investigate potential functions of m6A in Drosophila, we 

monitored its levels on mRNA samples isolated at different 

developmental stages of wild-type flies using mass 

spectrometry (Fig. 1a and Extended Data Fig. 1a, b). We find 

that m6A is remarkably enriched in early embryo-genesis but 

drops dramatically 2 h after fertilization and remains low 

throughout the rest of embryogenesis and early larval stages. 

During the third larval instar, m6A rises again to reach a peak 

at pupal phases. While the overall level of m6A decreases in 

adults, it remains substantially elevated in heads and ovaries. 

A phylogenetic analysis of the Drosophila METTL3 

orthologue Ime4 (Extended Data Fig. 1c) identifies two 

closely related factors, CG7818 and CG14906. Depletion of 

Ime4 and CG7818 in embryonic-derived Schneider (S2R+) 

cells decreases m6A levels by about 70%, whereas depletion 

of CG14906 had no effect (Fig. 1b and Extended Data Fig. 

1d). These results indicate that Ime4 and CG7818 are 

required to promote m6A activity in Drosophila. Because of 

its sequence and functional conservation with human 

METTL14, CG7818 was renamed dMettl14. Fl(2)d and 

Virilizer (Vir) are the Drosophila homologues of WTAP and 

KIAA1429, respectively, which are integral components of 

the complex in mammals6. Both transcripts follow the same 

develop-pmental distribution as other methyltransferase 

complex components and their depletion also affects m6A 

levels (Fig. 1a, b and Extended Data Fig. 1d–f). Ime4 and 

Fl(2)d co-immunoprecipitate with dMettl14 in an RNA-

independent manner (Fig. 1c). Likewise, Vir, Fl(2)d and 

Ime4 are found in the same complex (Extended Data Fig. 

1g). Notably, Fl(2)d depletion reduces the interaction 

between Ime4 and dMettl14 (Extended Data Fig. 1h), 

confirming its proposed role as a stabilizing factor. All 

components localize in the nucleus and are ubiquitously 

expressed in early embryonic stages (data not shown) but 

show substantial enrichment in the neuroectoderm at later 

stages (Fig. 1d, e). Altogether, our results demonstrate the 



Appendix 1 

222 
Tina Lence, PhD Thesis - The role of m6A modification on mRNA processing in Drosophila melanogaster 

 

Figure 1 | Drosophila m6A methyltransferase complex is enriched in the 
nervous system.  
a, Heatmap shows relative mRNA expression of methyltransferase complex 

subunits and m6A levels during development. b, m6A liquid chromatography 

tandem-mass spectrometry (LC–MS/MS) quantification in different 

knockdown conditions. Ctr, control. Bar chart represents the mean +/-
standard deviation (s.d.) of three technical measurements from three biological 

replicates. ***P < 0.0001 (one-way analysis of variance (ANOVA), Tukey`s 

post-hoc analysis). c, Lysates from S2R+ cells expressing indicated proteins 

were immunoprecipitated using Myc beads. HA, haemagglutinin. d, 

Immunostaining of indicated proteins in S2R+ cells. DAPI, 4′,6-diamidino-

2-phenylindole. Scale bars, 10 μm. e, In situ RNA hybridization. elav-

positive (elav-as) and -negative (elav-s) controls are shown. CNS, central 

nervous system. Scale bars, 100 μm. 

 

existence of a conserved functional methyltransferase 

complex in Drosophila and reveal its particular abundance in 

the nervous system. 

 

YT521-B mediates m6A-dependent splicing 

To obtain insight into the transcriptome-wide m6A 

distribution in S2R+ cells, we performed methylated RNA 

immunoprecipitation followed by sequencing (MeRIP-seq) 

(Extended Data Fig. 2a, b). In total, 1,120 peaks representing 

transcripts of 812 genes were identified (Supplementary 

Table 1). The consensus sequence RRACH is present in most 

m6A peaks (n = 1,027, 92% of all peaks) (Fig. 2a). 

Additional sequences are also enriched, suggesting their 

potential involvement in providing specificity to the 

methyltransferase complex (Extended Data Fig. 2c). As 

shown in other species, enrichment near start and stop 

codons was observed (Fig. 2b, c). We next performed 

transcriptome analyses in S2R+ cells lacking m6A 

components (Extended Data Fig. 3a–c). Knockdown of 

Fl(2)d leads to strong changes in gene expression (n =2,129 

differentially expressed genes; adjusted P value < 0.05; Fig. 

2d, e and Supplementary Table 2), while knockdowns of 

Ime4 and dMettl14 have milder effects. Gene ontology 

analyses revealed that genes involved in diverse metabolic 

processes, anion transport and cell adhesion are significantly 

overrepresented (Extended Data Fig. 4). Despite the fact that 

S2R+ cells are of non-neuronal origin, the affected genes are 

also enriched for neuronal functions, including roles in axon  

 
Figure 2 | m6A controls alternative splicing via YT521-B.  

a, Sequence logo of deduced consensus motif for most m6A peaks centred on 

the modified adenosine. b, Pie chart of m6A peak distribution in distinct 

transcript segments. Start codon (+/- 300 bp window around start), CDS 

(coding sequence (CDS) excluding 300 bp after start and 300 bp before stop), 

stop codon (+/- 300 bp window around stop). c, Normalized m6A read counts 

in a +/- 300 bp window around start (left) and stop codons (right) for all 

transcripts detected. RPM, reads per million. d, Number of differentially 

expressed genes upon knockdown (KD) of indicated proteins. e, Venn 

diagrams representing common targets between methyltransferase complex 

components and YTH proteins. f, Boxplots of gene length for all expressed 

(Exp.) genes (average coverage >1 read per kilobase per million mapped reads 

(RPKM) in control conditions) and differentially expressed genes in each 

knockdown. Distributions were compared to all expressed genes using the 

Wilcoxon rank sum test. Expressed genes were downsampled to the same 

number of genes as in the given knockdown. g, Venn diagram showing the 

overlap of differentially regulated and/or spliced genes in Ime4/dMettl14 

double knockdown with genes containing m6A peaks. h, Number of 

differentially spliced genes upon knockdown of methyltransferase 

components and YTH proteins. i, Venn diagrams showing number of common 

targets between methyltransferase complex components and YTH proteins. 

 

guidance and synapse activity. Consistent with the larger 

average size of neuronal genes34, affected genes are 

significantly larger than the non-affected ones (Fig. 2f). We 

next compared the genes affected upon Ime4/dMettl14 

double knockdown with the m6A profile. Overall, about 15% 

of the affected genes contain at least one m6A peak (Fig. 2g). 

We find a slight but significant positive influence of m6A on 

mRNA levels (P value = 9.9 × 10−4) (Extended Data Fig. 

3d) and this effect seems independent of the location of the 

m6A peak along the transcript (Extended Data Fig. 3e). 

Several splicing changes upon knockdown of individual 

complex components were also observed (Fig. 2h, i). fl(2)d 

itself is among the affected transcripts in any of the 

knockdowns tested (Extended Data Fig. 5). Generally, each 

knockdown results in alternative 5′splice site usage and 

intron retention (Extended Data Fig. 3f), which was also 

observed in human cells 4. YTH proteins are critical readers 

of m6A in mammals. While vertebrates contain five proteins 

of this family, only two members exist in flies, CG6422 and 

YT521-B (Extended Data Fig. 6a). We find that CG6422 is 

localized in the cytoplasm and strongly enriched during the 

first 2 h after fertilization but then declines and remains at 

low levels during development and adulthood. By contrast, 

YT521-B is strictly nuclear and shows strong enrichment in 

the embryonic nervous system and adult brains (Fig. 1d, e 

and Extended Data Fig. 6b). Using dot-blot assays and pull-

down experiments we confirmed that YT521-B binds m6A 

in Drosophila (Extended Data Fig. 6c, d). RNAsequencing 

(RNA-seq) experiments show that depletion of CG6422 only 

marginally affects splicing (Fig. 2h) while YT521-B 

knockdown significantly impairs this process (103 
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Figure 3 | YT521-B and the methyltransferase complex control fly behaviour.  

a, Adult flies of indicated genotypes. b, Bars represent the mean +/- s.d. of female flies (n =10 per condition) that climb over 10 cm in 10 s (six independent 

measurements). *P < 0.01; **P < 0.001; ***P < 0.0001; NS, not significant (one-way ANOVA, Tukey’s post-hoc analysis). Student’s t-test was used for YT521-

B analysis. c, Walking speed of indicated females (n = 15 per condition) measured in Buridan’s paradigm. Kruskal–Wallis analysis with Bonferroni correction 

(Ime4) and one-way ANOVA, Bonferroni post-hoc analysis (YT521-B) were used. Boxes signify 25%/75% quartiles, thick lines indicate medians, and whiskers 

show maximum interquartile range × 1.5. *P < 0.0, **P < 0.01, ***P < 0.001; NS, not significant; WT-CS, wild-type Canton-S flies. 

 

differentially regulated splicing events; adjusted P value < 
0.1). The overlap of mis-spliced events between YT521-B 

knockdown and knockdown of methyltransferase complex 

subunits is about 70% (Fig. 2i), revealing that YT521-B 

might be the main mediator of m6A function in pre-mRNA 

splicing. 

 

m6A components modulate fly behaviour 

To investigate potential roles of m6A during Drosophila 

development, we generated Ime4- and dMettl14-knockout 

flies (Extended Data Fig. 7a, b, d). Two deletions in Ime4 

were created, removing the entire coding sequence 

(Ime4null) or only the C-terminal part containing the 

catalytic domain (Ime4Δcat). We find that flies homozygous 

for either mutant allele as well as transheterozygous flies 

survive until adulthood. We did not observe encapsulation 

defects in ovaries as previously shown using different 

alleles26 (Extended Data Fig. 8a). However, the mutant flies 

have a reduced lifespan and exhibit multiple behavioural 

defects: flight and locomotion are severely affected and they 

spend more time grooming (Fig. 3b, c and Extended Data 

Fig. 8b). They also display a mild held-out wing appearance 

resulting from failure to fold their wings together over the 

dorsal surface of the thorax and abdomen (Fig. 3a). dMettl14 

mutant flies have normal wings but their locomotion is also 

deficient (Fig. 3a, b). To test whether Ime4 and dMettl14 can 

compensate for each other in vivo, we generated double-

mutant animals. Removing one copy of Ime4 in the dMettl14 

mutant background mimics the held-out wing phenotype 

observed upon loss of Ime4 (Fig. 3a). Double-homozygous 

mutants give similar phenotypes as the Ime4 single 

knockout, albeit with increased severity (Fig. 3b). 

Altogether, these phenotypic analyses strongly suggest that 

Ime4 and dMettl14 control similar physiological processes 

in vivo, indicating that they probably regulate common 

targets. Furthermore, the function of Ime4 appears to be 

slightly predominant over dMettl14 and most activities 

require its catalytic domain. To quantify the locomotion 

phenotype better, the so-called Buridan’s paradigm35,36 

was applied. We find that the activity and walking speed of 

Ime4 mutant flies is reduced by twofold compared with 

control flies (Fig. 3c and Extended Data Fig. 8c). In addition, 

orientation defects were observed. All phenotypes were 

rescued by ubiquitous (Tub-GAL4) and neuronal (elav-

GAL4), but not mesodermal (24B10-GAL4) expression of 

Ime4 complementary DNA (Fig. 3c and Extended Data Fig. 

8c). These findings demonstrate that m6A controls 

Drosophila behaviour by specifically influencing neuronal 

functions. To investigate potential neurological defects 

underlying the behavioural phenotype, we examined the 

neuromuscular junction (NMJ) of Ime4-mutant larvae. 

Notably, NMJ synapses grow exuberantly in the Ime4 

mutant, displaying a 1.5-fold increase in the number of 

boutons and a 1.3-fold increase of active zones per bouton 

(Extended Data Fig. 7e), indicating that Ime4 may regulate 

locomotion via control of synaptic growth at the NMJ. To 

identify target genes involved in locomotion, adult heads of 

1–2-day-old female flies were dissected and subjected to 

RNA-seq. In total, 1,681 genes display significant changes 

in expression and splicing upon Ime4 loss of function 

(adjusted P value < 0.05). Notably, many of the affected 

genes control fly locomotion (n = 193; Supplementary Table 

6). We next compared the list of affected genes with our 

MeRIP data from S2R+ cells and identified a dozen 

locomotion-related genes as potential direct targets of m6A 

(Supplementary Table 7). Hence, it is likely that more than a 

single gene accounts for the locomotion phenotype observed 

in the absence of a functional methyltransferase complex. 

 

m6A components modulate splicing of Sxl transcripts 

Among the top hits showing changes in alternative splicing 

upon Ime4 knockout was Sxl, encoding a master regulator of 

sex determination and dosage compensation37 (Fig. 4a). Sxl 

is expressed in both females and males, but the transcript in 

males contains an additional internal exon introducing a 

premature stop codon. To confirm the role of Ime4 and 

potentially dMettl14 in Sxl splicing, we analysed RNA 

extracts from the heads of both sexes by polymerase chain 

reaction with reverse transcription (RT–PCR). While 

splicing is unaffected in males, mutant females of both 

genotypes show inclusion of the male-specific exon and 

decrease of the female-specific isoform (Fig. 4b, c). We 

found that this decrease is less pronounced when analysing 

isoform levels from whole flies, possibly reflecting the 

specific enrichment of m6A in the brain (Extended Data Fig. 

9a). Consistent with our findings, splicing of two Sxl target 

transcripts, transformer (tra) and msl-2, is also altered 

(Extended Data Fig. 9b, c). These results indicate that the 

methyltransferase complex facilitates splicing of Sxl pre-

mRNA, suggesting a role in sex determination and dosage  
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Figure 4 | YT521-B and the methyltransferase complex regulate Sxl 

splicing.  

a, RNA-seq data from control w1118, heterozygous and homozygous Ime4 

heads. Arrowheads display the primers used for quantification in b and c. chr, 

chromosome; L2, late exon 2; L3, late exon 3; L4, late exon 4. b, Spliced 

isoforms for Sxl were monitored by semi-quantitative RT–PCR using RNA 

extracts from male and female heads. The genotypes used are indicated below. 

c, RT–qPCR quantification of the Sxl female and male isoforms from RNA 

extracts of female heads using primers L2 and L4 (top), as well as L2 and L3 

(bottom). Error bars show mean +/- s.d. of three technical replicates from 

three biological experiments. 

 

compensation. To validate this hypothesis, we tested whether 

Ime4 genetically interacts with Sxl. Transheterozygous Ime4 

females were crossed with males carrying a deficiency in the 

Sxl locus and the survival rate of the progeny was quantified 

for both sexes. Females lacking one wildtype copy of both 

Ime4 and Sxl had severely reduced survival, while males 

were unaffected (Extended Data Fig. 9d). This effect 

probably arises from impairment of the dosage compensation 

pathway. Thus, these findings indicate that Ime4 interacts 

with Sxl to control female survival. 

 

Loss of YT521-B resembles m6A phenotypes 

Given that YT521-B specifically recognizes m6A and 

influences most m6A-dependent splicing events in S2R+ 
cells, we investigated whether its deletion in vivo mimics the 

knockout of members of the methyltransferase complex. A 

deletion in the YT521-B locus that disrupts expression of 

both YT521-B isoforms was generated (Extended Data Fig. 

7c). Similar to Ime4 and dMettl14 mutants, YT521-B mutant 

flies survive until adulthood but exhibit flight defects and 

poor locomotion (Fig. 3b, c and Extended Data Fig. 6e). 

Comparison of the transcriptome of Ime4-knockout with 

YT521-B-knockout female flies identified 397 splicing 

events regulated by Ime4 and, among those, 243 (61% of 

Ime4-affected events) are also regulated by YT521-B 

(Extended Data Fig. 9e, f), indicating a similar overlap as 

from S2R+ cells. While alternative 5′splice site usage is 

not specifically enriched in vivo, intron retention is still 

overrepresented (Extended Data Fig. 9g). Notably, loss of 

YT521-B also leads to the male-specific splicing of Sxl, tra 

and msl-2 and to the decrease of the female-specific Sxl 

isoform in females (Fig. 4b, c and Extended Data Fig. 9b, c). 

Collectively, these experiments strongly suggest that the 

m6A methyltransferase complex regulates adult locomotion 

and sex determination primarily via YT521-B binding to 

m6A. 

Nito is a novel component of the m6A complex 

To investigate the mechanisms of YT521-B-mediated 

splicing control, we searched for specific interacting partners 

using stable isotope labelling with amino acids in cell culture 

(SILAC)-based quantitative proteomics upon 

immunoprecipitation of a Myc-tagged YT521-B protein 

from S2R+ cells. We identified 73 factors that show more 

than twofold enrichment in the YT521-B–Myc sample 

(Extended Data Fig. 10a and Supplementary Table 8). 

Almost half (n = 30) are predicted mRNA-binding proteins. 

To investigate whether some of these mRNA-binding 

proteins regulate m6A-dependent splicing, we depleted them 

in S2R+ cells and assessed the effects on fl(2)d splicing. 

Notably, three proteins, Hrb27C, Qkr58E-1 and Nito, were 

found to similarly control fl(2)d splicing (Extended Data Fig. 

10b). Expanding this analysis to six additional m6A-

regulated splicing events reveals that Hrb27C and Qkr58E-1 

regulate only a subset, while loss of Nito consistently leads 

to similar splicing defects as observed upon depletion of 

YT521-B and members of the methyltransferase complex 

(Fig. 5a and Extended Data Fig. 10c–f). To get further 

insights into the interplay between YT521-B and the three 

mRNA-binding proteins, we performed co-immuno-

precipitation experiments. While Qkr58E-1 interacts with 

YT521-B in an RNA-independent fashion, interactions with 

Hrb27C and Nito could not be reproduced (Extended Data 

Fig. 10g, h and data not shown). However, we found that 

Nito interacts with both Fl(2)d and Ime4 independently of 

the presence of RNA (Fig. 5b). These findings indicate that 

Nito might be a component of the methyltransferase 

complex. Accordingly, nito mRNA expression correlates 

with m6A levels during development (Extended Data Fig. 

10i) and Nito knockdown leads to a severe m6A decrease 

(Fig. 5c). This decrease is not an indirect consequence of 

reduced levels of methyltransferase complex compo-nents 

upon Nito knockdown (Extended Data Fig. 10j). Finally, 

YT521-B binding to mRNA depends on the presence of Nito 

(Fig. 5d). Collectively, these results demonstrate that Nito is 

a bona fide member of the m6A methyltransferase complex. 

 

Discussion 

Components of the methyltransferase complex were shown 

to be essential during early development of various 

organisms. In contrast to these studies, our analysis argues 

against a vital role for Ime4 in Drosophila as both our 

deletion alleles give rise to homozygous adults without 

prominent lethality during development. This cannot be 

explained by compensation via dMettl14, as its knockout 

produces similar effects as the Ime4 knockout. Furthermore, 

depleting both genes only slightly intensifies the locomotion 

phenotype without affecting fly survival, supporting the idea 

that Ime4 and dMettl14 act together to regulate the same 

target genes. Accordingly, loss of either component in vivo 

dramatically affects stability of the other (Extended Data Fig. 

1i). Loss of function of either of the methyltransferases 

produces severe behavioural defects. All of them can be 

rescued by specific expression of Ime4 cDNA in the nervous 

system of Ime4 mutants, indicating neuronal functions. This 

is consistent with the substantial enrichment of m6A and its 

writer proteins in the embryonic neuroectoderm, as well as 

with the affected genes upon depletion in S2R+ cells. Our 

analyses further reveal notable changes in the architecture of 

NMJs, potentially explaining the locomotion phenotype. In 

the mouse, m6A is enriched in the adult brain5, whereas in 

zebrafish, METTL3 and WTAP show high expression in the  
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Figure 5 | Nito is a novel member of the methyltransferase complex. 

a, RT–qPCR quantification of splicing isoforms of DspI and dorsal transcripts 

upon knockdown of indicated proteins. Bars charts show mean +/- s.d. of 

three technical replicates from two biological experiments. ctr, control. b, 

Lysates from S2R+ cells expressing the indicated proteins were 

immunoprecipitated (IP) using Myc beads. c, LC–MS/MS quantification of 

m6A levels in mRNA depleted for the indicated proteins. Bar chart represents 

the mean +/- s.d. of three technical measurements from two biological 

replicates. ***P < 0.0001 (one-way ANOVA, Tukey’s post-hoc analysis). d, 

RT–qPCR quantification of fold enrichment over input of m6A-regulated 

transcripts in RNA immunoprecipitation with Myc–YT521-B, after depletion 

of indicated proteins. Error bars represent the mean +/- s.d. of three technical 

measurements from two biological replicates. 

 

brain region of the developing embryo 19. Furthermore, a 

crucial role for the mouse m6A demethylase FTO in the 

regulation of the dopaminergic pathway was clearly 

demonstrated 22. Thus, together with previous studies, our 

work reveals that m6A RNA methylation is a conserved 

mechanism of neuronal mRNA regulation contributing to 

brain function. We find that Ime4 and dMettl14 also control 

the splicing of the Sxl transcript, encoding for the master 

regulator of sex determination in Drosophila. This is in 

agreement with the previously demonstrated roles of Fl(2)d 

and Vir in this process38,39. However, in contrast to these 

mutants, mutants for Ime4, dMettl14 and YT521-B are mostly 

viable, ruling out an essential role in sex determi-nation and 

dosage compensation. Only when one copy of Sxl is 

removed, Ime4 mutant females start to die. Notably, m6A 

effect on Sxl appears more important in the brain compared 

to the rest of the organism, possibly allowing fly survival in 

the absence of this modification. Our targeted screen 

identifies Nito as a bona fide methyltransferase complex 

subunit. The vertebrate homologue of Nito, RBM15, was 

recently shown to affect XIST gene silencing via recruitment 

of the methyltransferase complex to XIST RNA, indicating 

that its role in m6A function and dosage compensation is 

conserved40. In summary, this study provides a 

comprehensive in vivo characteri-zation of m6A biogenesis 

and function in Drosophila, demonstrating the crucial 

importance of the methyltransferase complex in controlling 

neuronal functions and fine-tuning sex determination via its 

nuclear reader YT521-B.  
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METHODS 
Drosophila stocks and genetics. Drosophila melanogaster w1118, 

Canton-S and Oregon-R were used as wild-type controls. Other fly 

stocks used were tub-GAL4, elavC155-GAL4, how24B-GAL4, 

Df(3R)Exel6197, Df(2L)BSC200/Cyo, Df(3L) Exel6094 

(Bloomington Drosophila Stock Center). UAS-Ime4-HA/Cyo flies 

were generated by injection of UAS Ime4–HA vector at Bestgene. 
Mutant alleles for Ime4, dMettl14, fl(2)d and YT521-B were 

generated using the CRISPR–Cas9 system following the previously 

described procedure41. Two independent guide RNAs (gRNAs) per 
gene were designed using the gRNA design tool: 

http://www.crisprflydesign.org/ (Supplementary Table 9). 

Oligonucleotides were annealed and cloned into pBFv-U6.2 vector 
(National Institute of Genetics, Japan). Vectors were injected into 

embryos of y2 cho2 v1; attP40(U6.2-w-ex3-2) flies. Positive 

recombinant males were further crossed with y2 cho2 v1; 
attP40(nos-Cas9)/CyO females. Males carrying nos-Cas9 and U6-

gRNA transgenes were screened for the expected deletion 

and further crossed with the balancer strain AptXa/CyoGFP-TM6c. 
Ime4∆cat allele was obtained using gRNA sequences (GGACTCT 

TTCCGCGCTACAG and GGCTCACACGGACGAATCTC). A 

deletion of 569 bp (607–1,175 bp in the genome region 
chr3R:24032157..24034257, genome assembly BDGP release 6) 

was produced. Ime4null allele was obtained using gRNA sequences 

(GGCCCTTTTAACGTTCTTGA and 

GGCTCACACGGACGAATCTC) 

and produced a deletion of 1,291 bp (1,876–3,166 bp in the genome 
region chr3R:24030157..24034257). dMettl14fs allele was obtained 

using gRNA sequences (GGTTCCCTTCAGGAAGGTCG and 

GGACCAACATTAACAAGCCC) and produced a 2-nucleotide 
frame shift at position 227 of the coding sequence, leading to a 

premature stop codon at amino acid position 89. YT521-BΔN allele 

was obtained using gRNA sequences 
(GGCATTAATTGTGTGGACAC and 

GGCTGTCGATCCTCGGTATC) and produced a deletion of 602 

bp (133–734 bp in the genome region chr3L:3370451..3374170 
(reverse complemented)). 

mailto:j.roignant@imb-mainz.de
mailto:j.roignant@imb-mainz.de
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Phylogenetic analysis. The phylogenetic trees were constructed 

with ClustalX42 from multiple sequence alignments generated with 
MUSCLE43 of the Drosophila sequences with homologues from 

representative species. Cell line. Drosophila S2R+ are embryonic-

derived cells obtained from Drosophila Genomics Resource Center 

(DGRC; FlyBase accession FBtc0000150). The presence of 

Mycoplasma contamination was not tested.  
Cloning. The plasmids used for immunohistochemistry and co-

immunoprecipitation assays in Drosophila S2R+ cells were 

constructed by cloning the corresponding cDNA in the pPAC 
vector44 with N-terminal Myc tag and the Gateway-based vectors 

with N-terminal Flag–Myc tag (pPFMW) as well as C-terminal HA 

tag (pPWH) (obtained from Drosophila Genomics Resource Center 
at Indiana University). 

Climbing test. Two-to-three-day-old flies were gender-separated 
and placed into measuring cylinders to assess their locomotion using 

the climbing assay reported previously45. Flies were tapped to the 

bottom and the number of flies that climb over the 10 cm threshold 
in 10 s interval were counted. Ten female f/lies were used per 

experiment and six independent measurements were performed. 

Staging. Staging experiment was performed using Drosophila 
melanogaster w1118 flies that were kept in a small fly cage at 25 °C. 

Flies laid embryos on big apple juice plates that were exchanged 

every 2 h. Before each start of collection, 1 h pre-laid embryos were 
discarded to remove all retained eggs and embryos from the 

collection. All the resultant plates with embryos of 1 h or 2 h lay 

were further incubated at 25 °C between 0 h and 20 h, with 2 h 
increments, to get all embryonic stages. For the collection of larval 

stages, L1 larvae (~30 larvae/stage) were transferred onto a new 

apple juice plate and were further incubated at 25 °C till they reached 
a defined age (24 to 110 h, 2 h intervals). Similarly, pupal stages 

were obtained by the transfer of L3 larvae (~30/stage) in a fresh vial, 

that were kept at 25 °C and left to develop into defined stage between 

144 and 192 h in 2 h increments. One-tothree- day-old adults were 

collected and gender separated. Heads and ovaries from 50 females 
were also collected. A total of three independent samples were 

collected for each Drosophila stage as well as for heads and ovaries. 

Samples from the staging experiment were used for RNA extraction 
to analyse m6A abundance in mRNA and expression levels of 

different transcripts during Drosophila development. 

RNA isolation and measurement of RNA levels. Total RNA from 

S2R+ cells was isolated using Trizol reagent (Invitrogen) and DNA 

was removed with DNase-I treatment (NEB). mRNA was purified 
with Oligotex mRNA Kit (Qiagen) or by using two rounds of 

purification with Dynabeads Oligo (dT)25 (Invitrogen). cDNA for 

RT–qPCR was prepared using M-MLV Reverse Transcriptase 
(Promega) and transcript levels were quantified using Power SYBR 

Green PCR Master Mix (Invitrogen) and the oligonucleotides 

indicated in Supplementary Table 9. For RNA isolation from fly 
heads, 20 female flies were collected in 1.5 ml Eppendorf tubes and 

flash frozen in liquid nitrogen. Heads were first removed from the 

body by spinning the flies on vortex and then collected via the 0.63 
mm sieve at 4 °C. Fly heads were homogenized using a pestle and 

total RNA was isolated with Trizol reagent. DNA was removed by 

DNase-I treatment and RNA was further purified using RNeasy Kit 
(Qiagen). RNA from adult flies and dissected ovaries was prepared 

as described earlier by skipping the head separation step.  

RT–PCR. Two-to-three-day-old flies were collected and their RNA 
isolated as described earlier. Following cDNA synthesis PCR was 

performed using the oligonucleotides described in Supplementary 

Table 9 to analyse Sxl, tra and msl-2 splicing. 
RNA in situ hybridization. For in situ hybridization Drosophila 

melanogaster w1118 flies were kept at 25 °C in conical flasks with 

apple juice agar plates and embryos were collected every 24 h. 
Embryos were transferred in a sieve and dechorionated for 2 min in 

50% sodium hypochloride. After 5 min wash in water, embryos were 

permeabilized with PBST (0.1% Tween X-100 in PBS) for 5 min. 
Embryos were transferred in 1:1 mixture of heptane (Sigma) and 8% 

formaldehyde (Sigma) and fixed for 20 min with constant shaking at 

room temperature. After fixation the lower organic phase was 
removed and 1 volume of MeOH was added to the aqueous phase 

containing fixed embryos. Following 5 min of extensive shaking all 

liquid was removed and embryos were washed 3 times with 100% 

MeOH. At this point embryos were stored at −20 °C or used for 

further analysis. For in situ hybridization MeOH was gradually 

replaced with PBST with 10 min washes and with three final washes 

in PBST. Embryos were further washed for 10 min at room 

temperature with 50% HB4 solution (50% formamide, 5× SSC, 50 

μg/ml heparin, 0,1% Tween, 5 mg/ml torula yeast extract) diluted 

in PBST. Blocking was performed with HB4 solution, first for 1 h at 

room temperature and next for 1 h at 65 °C. In situ probes were 

prepared with DIG RNA labelling Kit (Roche) following the 
manufacturer’s protocol. Two microlitres of the probe were diluted 

in 200 μl of HB4 solution, heated up to 65 °C to denature the RNA 

secondary structure and added to blocked embryos for further 

overnight incubation at 65 °C. The next day, embryos were washed 

2 times for 30 min at 65 °C with formamide solution (50% 

formamide, 1× SSC in PBST) and further 3 times for 20 min at 

room temperature with PBST. Embryos were then incubated with 
anti-DIG primary antibody (Roche) diluted in PBST (1:2,000) for 2 

h at room temperature and later washed 5 times for 30 min with 

PBST. In order to develop the staining, embryos were rinsed with 
AP buffer (100 mM Tris pH 9.5, 50 mM MgCl2, 100 mM NaCl, 

0.1% Tween) and incubated with NBT/BCIP solution in AP buffer 

(1:100 dilution) until the intense staining was observed. Reaction 
was stopped with several 15 min PBST washes. Prior to mounting, 

embryos were incubated in 20% glycerol and later visualized on 

Leica M205-FA stereomicroscope. 

YT521-B RNA immunoprecipitation. S2R+ cells were depleted 

for the indicated proteins with two treatments of double-stranded 
RNA (dsRNA). Four days after treatment Myc-tagged YT521-B was 

transfected along with the control Myc construct. Seventy-two hours 

after transfection, cells were fixed with 1% formaldehyde at room 
temperature for 10 min and harvested as described previously46. 

Extracted nuclei were subjected to 13 cycles of sonication on a 

bioruptor (Diagnode), with 30 s “ON”/“OFF” at high settings. 

Nuclear extracts were incubated overnight with 4 μg of anti-Myc 

9E10 antibody (Enzo Life Sciences). Immunoprecipitation was 

performed as described previously 46 except that samples were 
DNase-treated (NEB) instead of RNase-treated and subjected to 

proteinase K treatment for reversal of crosslinks, 1 h at 65 °C. RNase 

inhibitors (Murine RNase Inhibitor, NEB) were used in all steps of 
the protocol at a concentration of 40 U/ml. 

Generation of antibodies. Antibodies against Ime4 and dMettl14 

were generated at Eurogentec. For anti-Ime4 sera guinea pig was 
immunized with a 14 aminoacid- long peptide (163–177 amino acids 

(AA)); for anti-dMettl14 sera rabbit was immunized with a 14 amino 

acid-long peptide (240–254 AA). Both serums were affinity-purified 
using peptide antigens crosslinked to sepharose columns. 

Immunostaining. For ovary immunostaining, ovaries from 3–5-
day-old females were dissected in ice-cold PBS and fixed in 5% 

formaldehyde for 20 min at room temperature. After a 10 min wash 

in PBT1% (1% Triton X-100 in PBS), ovaries were further incubated 
in PBT1% for 1 h at room temperature. Ovaries were then blocked 

with PBTB (0.2% Triton, 1% BSA in PBS) for 1 h at room 

temperature and later incubated with the primary antibodies in PBTB 
overnight at 4 °C: rabbit anti-Vasa, 1:250 (gift from Lehmann 

laboratory), mouse anti-ORB 1:30 (#6H4 DSHB). The following 

day, ovaries were washed 2 times for 30 min in PBTB and blocked 
with PBTB containing 5% donkey serum (Abcam) for 1 h at room 

temperature. Secondary antibody was added later in PBTB with 

donkey serum and ovaries were incubated for 2 h at room 
temperature. Five washing steps of 30 min were performed with 

0.2% Triton in PBT and ovaries were mounted onto slides in 

Vectashield (Vector Labs). For NMJ staining, third instar larvae 
were dissected in calcium free HL-3 saline and fixed in 4% 

paraformaldehyde in PBT (PBS + 0.05% Triton X-100). Larvae 

were then washed briefly in 0.05% PBT for 30 min and incubated 
overnight at 4 °C with the following primary antibodies: rabbit anti-

synaptotagmin, 1:2,000 (ref. 47); mouse anti-DLG, 1:100 (#4F3, 
DSHB); TRITC-conjugated anti-HRP, 1:200 (Jackson 

ImmunoResearch). Secondary antibodies conjugated to Alexa-488 

(goat anti-rabbit, Jackson ImmunoResearch) and Alexa-647 (goat 
anti-mouse, Jackson ImmunoResearch) were used at a concentration 

of 1:200 and incubated at room temperature for 2 h. Larvae were 

finally mounted in Vectashield. For staining of Drosophila S2R+ 
cells, cells were transferred to the poly-lysine pre-treated 8-well 

chambers (Ibidi) at the density of 2 × 105 cells/well. After 30 min, 

cells were washed with 1× DPBS (Gibco), fixed with 4% 
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formaldehyde for 10 min and permeabilized with PBST (0.2% 

Triton X-100 in PBS) for 15 min. Cells were incubated with mouse 
anti-Myc (1:2000; #9E10, Enzo) in PBST supplemented with 10% 

of donkey serum at 4 °C, overnight. Cells were washed 3× for 15 

min in PBST and then incubated with secondary antibody and 1× 
DAPI solution in PBST supplemented with 10% of donkey serum 

for 2 h at 4 °C. After three 15 min washes in PBST, cells were 

imaged with Leica SP5 confocal microscope using ×63 oil 

immersion objective.  
NMJ analysis. Images from muscles 6–7 (segment A3) were 

acquired with a Leica Confocal Microscope SP5. Serial optical 

sections at 512 × 512 or 1,024 × 1,024 pixels were obtained at 

0.38 μm with the ×63 objective. Different genotypes were 

processed simultaneously and imaged using identical confocal 
acquisition parameters for comparison. Bouton number was 

quantified in larval abdominal segment A3, muscles 6 and 7, of 

wandering third instar larvae. ImageJ software (version 1.49) was 
used to measure the area of the synaptotagmin-positive area. 

Cell culture, RNA interference and transfection. Drosophila 

S2R+ cells were grown in Schneider`s medium (Gibco) 

supplemented with 10% FBS (Sigma) and 1% penicillin–

streptomycin (Sigma). For RNA interference (RNAi) experiments, 
PCR templates for the dsRNA were prepared using T7 megascript 

Kit (NEB). dsRNA against bacterial β-galactosidase gene (lacZ) 

was used as a control for all RNA interference (RNAi) experiments. 

S2R+ cells were seeded at the density of 106 cells/ml in serum-free 

medium and 7.5 μg of dsRNA was added to 106 cells. After 6 h of 

cell starvation, serum supplemented medium was added to the cells. 

dsRNA treatment was repeated after 48 and 96 h and cells were 
collected 24 h after the last treatment. Effectene (Qiagen) was used 

to transfect vector constructs in all overexpression experiments 

following the manufacturer`s protocol. 
Co-immunoprecipitation assay and western blot analysis. For the 

co-immunoprecipitation assay, different combinations of vectors 

with indicated tags were co-transfected in S2R+ cells seeded in a 10 

cm cell culture dish as described earlier. Forty-eight hours after 

transfection cells were collected, washed with DPBS and pelleted by 
10 min centrifugation at 400g. The cell pellet was lysed in 1 ml of 

lysis buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 0.05% NP-

40) supplemented with protease inhibitors (1 μg/ml leupeptin, 1 μ

g/ml pepstatin, 1 μg/ml aprotinin and 1 mM PMSF) and rotated 

head-over-tail for 30 min at 4 °C. Nuclei were collected by 10 min 

centrifugation at 1,000g at 4 °C re-suspended in 300 μl of lysis 

buffer and sonicated with 5 cycles of 30 s ON, 30 s OFF low power 
setting. Cytoplasmic and nuclear fractions were joined and 

centrifuged at 18,000g for 10 min at 4 °C to remove the remaining 

cell debris. Protein concentrations were determined using Bradford 
reagent (BioRad). For immunoprecipitation, 2 mg of proteins were 

incubated with 7 μl of anti-Myc antibody coupled to magnetic 

beads (Cell Signaling) in lysis buffer and rotated head-over-tail 
overnight at 4 °C. The beads were washed 3 times for 15 min with 

lysis buffer and immunoprecipitated proteins were eluted by 

incubation in 1× NuPAGE LDS buffer (ThermoFischer) at 70 °C 

for 10 min. Eluted immunoprecipitated proteins were removed from 

the beads and DTT was added to 10% final volume. 
Immunoprecipitated proteins and input samples were analysed by 

western blot after incubation at 70 °C for additional 10 min. For 

western blot analysis, proteins were separated on 7% SDS–PAGE 
gel and transferred on Nitrocellulose membrane (BioRad). After 

blocking with 5% milk in PBST (0.05% Tween in PBS) for 1 h at 

room temperature, the membrane was incubated with primary 

antibody in blocking solution overnight at 4 °C. Primary antibodies 

used were: mouse anti-Myc 1:2,000 (#9E10, Enzo); mouse anti-HA 

1:1,000 (#16B12, COVANCE); mouse anti-Tubulin 1:2,000 
(#903401, Biolegend); guinea pig anti-Ime4 1:500 and rabbit anti-

dMettl14 1:250. The membrane was washed 3 times in PBST for 15 

min and incubated 1 h at room temperature with secondary antibody 
in blocking solution. Protein bands were detected using SuperSignal 

West Pico Chemiluminescent Substrate (Thermo Scientific). 

In vitro pull-down assay. S2R+ cells were transfected with either 

Myc–YT521-B of Myc–GFP constructs. Forty-eight hours after 

transfection cells were collected, washed with PBS and pelleted by 
centrifugation at 400g for 10 min. The cell pellet was lysed and 

processed in 1 ml of pull-down lysis buffer (10 mM Tris-HCl, pH 

7.4, 150 mM NaCl, 2 mM EDTA, 0.5% Triton-X100, 0.5 mM DTT). 
For individual pull-down, 1.5 mg of protein were incubated with 

either 3 μg of biotinylated RNA probe of bPRL containing m6A or 

not, or without probe, as a control in 0.5 ml of pull-down buffer 

supplemented with protease inhibitor mix and 10 U of Murine 

RNase Inhibitor (NEB) and incubated for 2 h at 4 °C. Five 
microliters of Streptavidin beads (M-280, Invitrogen) were added 

and pull-down samples were incubated for an additional 1 h at 4 °C. 

After 3 washes of 15 min with pulldown buffer, beads were re-

suspended in 400 μl of pull-down buffer. One-hundred microlitres 

was were used for RNA isolation and dot blot analysis of recovered 

RNA probes with anti Strep-HRP. The remaining 300 μl of the 

beads was collected on the magnetic rack and immunoprecipitated 

proteins were eluted by incubation in 1× SDS buffer 

(ThermoFischer) at 95 °C for 10 min. Immunoprecipitated proteins 

as well as input samples were analysed by western blot. 
Dot blot assays. Serial dilutions of biotinylated RNA probe of bPRL 

containing m6A or A were spotted and crosslinked on nitrocellulose 

membrane (Biorad) with ultraviolet 245 light (3 × 150 mJ/cm2). 

RNA loading was validated with methylene blue staining. 

Membranes were blocked with 5% milk in PBST for 1 h at room 

temperature and washed in PBST before incubation with the proteins 

of interest. S2R+ cells were transfected with either Myc–YT521-B 

or Myc–GFP constructs. Forty-eight hours after transfection cells 
were collected, washed with PBS and pelleted by centrifugation at 

400g for 10 min. The cell pellet was lysed in 1 ml of lysis buffer (10 

mM Tris-HCl, pH 7.4, 150 mM NaCl, 0.5% NP-40). Three 
milligrams of the protein lysate were mixed with 2% BSA in lysis 

buffer and incubated with the membrane overnight at 4 °C. For 

control dot-blot rabbit anti-m6A antibody (Synaptic Systems) was 
used. The next day membranes were washed 3 times in lysis buffer. 

Membranes with bound proteins were further crosslinked with 

ultraviolet 245 light (3 × 150 mJ/cm2) and analysed using anti-

Myc antibody. 

SILAC experiment and LC–MS/MS analysis. For SILAC 

experiments, S2R+ cells were grown in Schneider medium (Dundee 

Cell) supplemented with either heavy (Arg8, Lys8) or light amino 
acids (Arg0, Lys0) (Sigma). For the forward experiment, Myc–

YT521-B was transfected in heavy-labelled cells and Myc-alone in 

light-labelled cells. The reverse experiment was performed vice 

versa. The co-immunoprecipitation experiment was done as 

described earlier. Before elution, beads of the heavy and light lysates 

were combined in 1:1 ratio and eluted with 1× NuPAGE LDS 

buffer that was subject to MS analysis as described previously 48. 

Raw files were processed with MaxQuant (version 1.5.2.8) and 

searched against the Uniprot database of annotated Drosophila 
proteins (Drosophila melanogaster: 41,850 entries, downloaded 8 

January 2015). 

LC–MS/MS analysis of m6A levels. mRNA samples from S2R+ 
cells depleted for the indicated proteins or from Drosophila staging 

experiments were prepared following the aforementioned procedure. 
Three-hundred nanograms of purified mRNA was further digested 

using 0.3 U Nuclease P1 from Penicillum citrinum (Sigma-Aldrich, 

Steinheim, Germany) and 0.1 U Snake venom phosphodiesterase 
from Crotalus adamanteus (Worthington, Lakewood, USA). RNA 

and enzymes were incubated in 25 mM ammonium acetate, pH 5, 

supplemented with 20 μM zinc chloride for 2 h at 37 °C. Remaining 

phosphates were removed by 1 U FastAP (Thermo Scientific, St 

Leon-Roth, Germany) in a 1 h incubation at 37 °C in the 
manufacturer supplied buffer. The resulting nucleoside mix was then 

spiked with 13C stable isotope labelled nucleoside mix from 

Escherichia coli RNA as an internal standard (SIL-IS) to a final 

concentration of 6 ng/μl for the sample RNA and 10 ng/μl for the 

SIL-IS. For analysis, 10 μl of the before mentioned mixture were 

injected into the LC–MS/MS machine. Generation of technical 

triplicates was obligatory. All mRNA samples were analysed in 

biological triplicates, except for the ctr, nito, vir, hrb27C and 
qkr58E-1 knockdown samples, which were measured as biological 

duplicates. LC separation was performed on an Agilent 1200 series 

instrument, using 5 mM ammonium acetate buffer as solvent A and 
acetonitrile as buffer B. Each run started with 100% buffer A, which 

was decreased to 92% within 10 min. Solvent A was further reduced 

to 60% within another 10 min. Until minute 23 of the run, solvent A 
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was increased to 100% again and kept at 100% for 7 min to re-

equilibrate the column (Synergi Fusion, 4 μM particle size, 80 Å 

pore size, 250 × 2.0 mm, Phenomenex, Aschaffenburg, Germany). 

The ultraviolet signal at 254 nm was recorded via a DAD detector to 
monitor the main nucleosides. MS/MS was then conducted on the 

coupled Agilent 6460 Triple Quadrupole (QQQ) mass spectrometer 

equipped with an Agilent JetStream ESI source which was set to the 
following parameters: gas temperature, 350 °C; gas flow, 8 l/min; 

nebulizer pressure, 50 psi; sheath gas temperature, 350 °C; sheath 

gas flow, 12 l/min; and capillary voltage, 3,000 V. To analyse the 
mass transitions of the unlabelled m6A and all 13C m6A 

simultaneously, we used the dynamic multiple reaction monitoring 

mode. Mass transitions, retention times and QQQ parameters are 
listed in Supplementary Table 10. The quantification was conducted 

as described previously49. Briefly, the amount of adenosine was 
evaluated by the external linear calibration of the area under the 

curve (AUC) of the ultraviolet signal. The amount of modification 

was calculated by linear calibration of the SIL-IS in relation to m6A 
nucleoside. The R2 of both calibrations was at least 0.998 (see 

Extended Data Fig. 1a, b). Knowing both amounts, the percentage 

of m6A/A could be determined.  
MeRIP. MeRIP was performed using the previously described 

protocol50 with the following modifications. Eight micrograms of 

purified mRNA from Drosophila S2R+ cells was incubated with 5 

μg of anti-m6A antibody (Synaptic Systems) in MeRIP buffer (150 

mM NaCl, 10 mM Tris-HCl pH 7.4, 0.1% NP-40) supplemented 
with 5 U/ml of Murine RNase inhibitor (NEB) for 2 h at 4 °C. In 

control MeRIP experiment, no antibody was used in the reaction 

mixture. Five microlitres of A+G magnetic beads were added to all 

MeRIP samples for 1 h at 4 °C. On bead digestion with RNase T1 

(Thermo Fisher) at final concentration 0.1 U/ml was performed for 
15 min at room temperature. Beads with captured RNA fragments 

were then immediately washed 3 times with 500 μl of ice-cold 

MeRIP buffer and further eluted with 100 μl of elution buffer (0.02 

M DTT, 150 mM NaCl, 50 mM Tris-HCl pH 7.4, 1 mM EDTA, 

0.1% SDS, 5 U/ml Proteinase K) at 42 °C for 5 min. Elution step 

was repeated 4 times and 500 μl of acidic phenol/chloroform pH 

4.5 (Ambion) was added to 400 μl of the combined eluate per 

sample to extract captured RNA fragments. Samples were mixed and 

transferred to Phase Lock Gel Heavy tubes (5Prime) and centrifuged 

for 5 min at 12,000g. Aqueous phase was precipitated overnight, −
80 °C. On the following day, samples were centrifuged, washed 

twice with 80% EtOH and re-suspended in 10 μl of RNase-free 

H2O (Ambion). Recovered RNA was analysed on RNA Pico Chip 

(Agilent) and concentrations were determined with RNA HS Qubit 
reagents. Since no RNA was recovered in the MeRIP control 

samples, libraries were prepared with 30 ng of duplicate MeRIPs and 

duplicate input mRNA samples. MeRIP-qPCR was performed on the 
fraction of eluted immunoprecipitated RNA and an equal amount of 

input mRNA. cDNA for RT–qPCR was prepared using M-MLV 

Reverse Transcriptase (Promega) and transcript levels were 
quantified using Power SYBR Green PCR Master Mix (Invitrogen) 

using oligonucleotides indicated in Supplementary Table 9.  

Lifespan assay. For lifespan assay, 2–3-day-old flies were gender-

separated and kept at 25 °C in flasks with apple juice medium (<20 

flies/tube). Number of flies tested: females (37, Ime4Δcat/Ime4Δcat; 

57, Tubulin-GAL4/UAS-Ime4); males (33, Ime4Δcat/Ime4Δcat; 41, 
Tubulin-GAL4/UAS-Ime4). To monitor their survival rate over time, 

flies were counted and transferred into a new tube every 2 days. 

Buridan paradigm. Behavioural tests were performed on 2–5-day-
old females with Canton-S as wild-type control. Wings were cut 

under cold anaesthesia to one-third of their length on the evening 

before the experiment. Walking and orientation behaviour was 
analysed using Buridan’s paradigm as described 36. Dark vertical 

stripes of 12° horizontal viewing angle were shown on opposite sides 
of an 85-mm diameter platform surrounded by water. The following 

parameters were extracted by a video-tracking system (5 Hz 

sampling rate): total fraction of time spent walking (activity), mean 
walking speed taken from all transitions of a fly between the visual 

objects, and number of transitions between the two stripes. The 

visual orientation capacity (mean angular deviation) of the flies was 
assessed by comparing all 0.2-s path increments per fly (4,500 

values in 15 min) to the respective direct path towards the angular-

wise closer of the two dark stripes. All statistical groups were tested 

for normal distribution with the Shapiro–Wilk test. Multiple 

comparisons were performed using the Kruskal–Wallis ANOVA or 

oneway ANOVA with a post-hoc Bonferroni correction. n = 15 for 

all genotypes. The sample size was chosen based on a previous 
study51 and its power was validated with result analysis. Blinding 

was applied during the experiment.  

RNA-seq. For samples from S2R+ cells and for full fly RNA 

samples, Ilumina TruSeq Sequencing Kit (Illumina) was used. For 

Drosophila head samples, NEBNext Ultra Directional RNA Kit 

(NEB) was used. Libraries were prepared following the 
manufacturer`s protocol and sequenced on Illumina HiSeq 2500. 

The read-length was 71 bp paired end. For MeRIP, NEBNext Ultra 

Directional Kit was used omitting the RNA fragmentation step for 
recovered MeRIP samples and following the manufacturer’s 

protocol for input samples. Libraries were sequenced on an Illumina 
MiSeq as 68 bp single read in one pool on two flow cells. 

Computational analysis. The RNA-seq data was mapped against 

the Drosophila genome assembly BDGP6 (Ensembl release 79) 
using STAR52 (version 2.4.0). After mapping, the bam files were 

filtered for secondary alignments using samtools (version 1.2). 

Reads on genes were counted using htseq-count (version 0.6.1p1). 
After read counting, differential expression analysis was done 

between conditions using DESeq2 (version 1.6.3) and filtered for a 

false discovery rate (FDR) < 5%. Differential splicing analysis was 

performed using rMATS (3.0.9) and filtered for FDR < 10%. The 

data from fly heads were treated as above but cleaned for 
mitochondrial and rRNA reads after mapping before further 

processing. The sample Ime4hom_3 was excluded as an outlier from 

differential expression analysis. The MeRIP-seq data were 
processed following the same protocol as the RNA samples for 

mapping and filtering of the mapped reads. After mapping, peaks 

were called using MACS (version 1.4.1)53. The genome size used 
for the MACS was adjusted to reflect the mappable transcriptome 

size based on Ensembl-annotated genes (Ensembl release 79). After 

peak calling, peaks were split into ssubpeaks using PeakSplitter 
(version 1.0, http://www.ebi.ac.uk/research/bertone/software). 

Consensus peaks were obtained by intersecting subpeaks of both 

replicates (using BEDTools, version 2.25.0). For each consensus 
peak, the coverage was calculated as counts per million (CPM) for 

each of the samples and averaged for input and MeRIP samples. Fold 

changes for MeRIP over input were calculated based on these. Peaks 
were filtered for a minimal fold change of 1.3 and a minimal 

coverage of 3 CPM in at least one of the samples. Peaks were 

annotated using the ChIPseeker and the GenomicFeatures package 
(based on R/Bioconductor) 54.  

Statistics. In the Buridan paradigm, normality was tested for every 

dataset; different tests were used depending on the outcome. For not 
normally distributed data, Kruskal–Wallis test and Wilcoxon test 

were used. For normally distributed data, Bartlett test was applied to 

check for homogeneity of variances. ANOVA and t-test were used. 
Bonferroni corrections were applied. For climbing assays, normality 

was tested for every dataset. Homogeneity of variances were 

analysed with Levene’s test. One-way ANOVA test with Tukey’s 
post-hoc test was performed for multiple comparisons and Student’s 

t-test when two data sets were compared. For m6A level 

measurement, normality was tested for every dataset. Homogeneity 
of variances were analysed with Levene’s test. One-way ANOVA 

test with Tukey’s post-hoc test was performed for multiple 
comparisons.  

Randomization. Randomization was used for selection of female 

flies of chosen genotype for climbing tests, Buridan paradigm and 
RNA sequencing experiments. Randomized complete block design 

was applied to ensure the equal number of flies per test group. 

Complete randomization was applied for selection of larvae or flies 
of the chosen genotype for lifespan assay and NMJ staining 

experiment. 

Data availability statement. The data that support the findings of 
this study have been deposited in the NCBI Gene Expression 

Omnibus (GEO) under accession number GSE79297. All other 

relevant data are available from the corresponding author. 
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Extended Data Figure 1 | Characterization of the Drosophila m6A methyltransferase complex.  

a, Calibration curve for m6A nucleoside versus stable isotope labelled internal standard from digested Escherichia coli RNA. Areas under the curve (AUCs) are 

taken from MS/MS chromatograms. Amounts of 1–500 fmol m6A were evaluated. b, Calibration curve for external calibration of adenosine (A) nucleoside from 

2–500 pmol. AUCs are extracted from chromatograms generated by ultraviolet detection. c, Phylogenetic analysis of METTL3 homologues. Each Drosophila 

(D.m) sequence clusters with the corresponding human (H.s), Danio rerio (D.r) and fungal orthologue. Fungi probably lost ancestral versions of individual 

methyltransferases with these families, with Schizosaccharomyces pombe (S.p) keeping only one orthologue (METTL4) and Saccharomyces cerevisiae (S.c) 

keeping the two other (METTL3 and METTL14). METTL3, METTL14 and METTL4 orthologues are indicated in green, blue and purple, respectively. See 

Methods for details about the tree construction. d, Box plots of average expression (rpkm) for all genes expressed by at least 1 rpkm in different conditions. Red 

dots indicate the position of m6A components in comparison to other expressed genes. Bottom, relative expression of target genes upon different knockdowns 

(KDs). The mean +/- s.d. of three technical measurements from three biological replicates is shown. e, Relative vir mRNA expression and levels of m6A in 

mRNA during Drosophila development. Number of hours post-fertilization for different embryo, larval and pupal stages is indicated on the x axis. vir expression 

correlates with m6A levels. The mean +/- s.d. of three technical measurements from three biological replicates is shown. f, LC–MS/MS quantification of m6A 

levels in either control samples or in mRNA extracts depleted for the indicated proteins. Vir depletion affects m6A levels to the same extent as Fl(2)d knockdown. 

The mean +/- s.d. of three technical measurements from three biological replicates is shown for fl(2)d and mean +/- s.d. of three technical measurements from 

two biological replicates for vir. g, Co-immunoprecipitation of Myc–Vir with HA–Ime4 and HA–Fl(2)d. Extracts from S2R+ cells expressing HA-tagged proteins 

either with Myc alone or with Myc–Vir were immunoprecipitated using Myc-specific beads. Expression of indicated proteins was monitored by western blot 

analysis using anti-Myc and anti-HA antibodies. RNaseT1 treatment before immunoprecipitation is indicated at the bottom. h, Co-immunoprecipitation studies 

were carried out with lysates prepared from S2R+ cells co-expressing Myc–dMettl14 and HA–Ime4 upon control (Ctr) or Fl(2)d knockdown. For control 

experiments, S2R+ cells were transfected with Myc alone and HA–Ime4. Lysates were immunoprecipitated using anti-Myc antibody and then detected with anti-

Myc and anti-HA antibodies. Knockdown of Fl(2)d weakens the interaction between Ime4 and dMettl14. i, Western blots showing Ime4 and dMettl14 protein 

expression levels in extracts from indicated genotypes. Tubulin is used as a loading control.  

 



Appendix 1 

231 
Tina Lence, PhD Thesis - The role of m6A modification on mRNA processing in Drosophila melanogaster 

 
 

Extended Data Figure 2 | m6A quantification, MeRIP-seq validation and sequence features of m6A sites in Drosophila mRNA.  

a, Scatter plot of counts per million (CPM) values for intersected MeRIP peaks. The peaks have at least a support of 3 CPM in one of the replicates. b, qPCR 

validation of MeRIP peaks. Enrichment is calculated over a negative region in the Rpl15 transcript. The mean •} s.d. of three technical measurements from two 

replicates is shown. c, Sequence motifs enriched in a fraction of m6A peaks, analysis performed by Homer. 
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Extended Data Figure 3 | Significant fold changes and correspondence between biological replicates of RNA-seq data.  

a, Average versus mean– difference plots (MA-plots) show the moderated estimation of fold change and dispersion for RNA-seq data in the different knockdown 

conditions (adjusted P value < 0.05). The significant values are highlighted in red. b, Spearman sample-to-sample correlation based on gene expression profiles. 

c, Spearman sample-to-sample correlation based on splicing levels. d, Empirical cumulative distribution function (ECDF) plot of fold changes (log2) upon 

Ime4/dMettl14 double knockdown over control separated between m6A targets and non-targets. Values are shown between −0.5 and 0.5. The distributions were 

compared using  Wilcoxon rank sum test (P value = 9.9 × 10−4). e, Fold change upon Ime4/dMettl14 double knockdown versus control separated into genes 

without m6A peaks (non-targets) or containing m6A peaks within the CDS (CDS) or within a 300-bp window around the start or stop codon. Only genes considered 

for differential expression testing according to DESeq2 default filters are shown. f, Representation of differentially spliced events in the different knockdowns. 

Selection of 5′ alternative splice sites and increase in intron retention are the two most enriched classes. Classification of splicing changes upon knockdown of 

the unrelated EJC component eIF4AIII is shown for comparison. 
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Extended Data Figure 4 | Gene ontology term enrichment analysis.  

a–e, Significant GO terms (adjusted P value < 0.05) of differentially expressed genes in Ime4 knockdown (a), dMettl14 knockdown (b), Fl(2)d knockdown (c), 

CG6422 knockdown (d) and YT521-B knockdown (e) cells versus control S2R+ cells. Analysis was performed using the Bioconductor package of GOstats. 
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Extended Data Figure 5 | m6A nuclear components control fl(2)d splicing.  

a, UCSC Genome Browser screenshots of fl(2)d showing normalized RNA-seq data from control and indicated knockdown samples 

in S2R+ cells. The gene architecture of fl(2)d is shown at the top, with thin blue boxes representing the 5′ and 3′ UTRs, thick blue boxes representing the 

CDS, and thin lines representing introns. Exon numbers are indicated at the top. Signals are displayed as RPM. b, Usage of different 5′ splice sites in exon 1 of 

fl(2)d transcript and skipping of exon 2 upon different knockdowns. Analysis by semi-quantitative RT–PCR using primers in exon 1 and 3 (red arrows in the 

scheme). Quantification is indicated underneath the gel. ss1, splice site 1; ss2, splice site 2; ss3, splice site3. 
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Extended Data Figure 6 | Characterization of Drosophila YTH components.  

a, Phylogenetic analysis. Sequences from Ustilago hordei (a basidiomycota fungi) were used, in the absence of appropriate sequences from S. cerevisiae, and 

worked as outliers for each cluster to show the separation between the two major groups. b, Relative expression of YT521-B and CG6422 transcripts and levels of 

m6A in mRNA during Drosophila development. Number of hours post-fertilization for different embryo, larval and pupal stages is indicated on the x axis. The 

mean +/- s.d. of three technical measurements from three biological replicates is shown. c, Dot-blot assay using biotinylated probe from prolactin transcripts with 

or without m6A RNA modification. Protein extracts from S2R+ cells transfected with either Myc–GFP or Myc–YT521-B were analysed for binding specificity 

to the crosslinked probes. Left, methylene-blue staining of crosslinked probes. Right, immunostaining using anti-Myc or anti-m6A antibody. YT521-B protein 

shows the same enrichment to the methylated probe as anti-m6A antibody. d, Pull-down using biotinylated m6A probe from prolactin transcripts and protein 

extracts from S2R+ cells transfected with either Myc–GFP or Myc–YT521-B. The same probe lacking the methylation was used as a negative control. Left, 

western blot using anti-Myc antibody. Right, dot blot using anti-Strep-HRP antibody. The binding of Myc–YT521-B is increased with the methylated probe. Three 

independent experiments show similar results. e, Walking behaviour in Buridan’s paradigm in heterozygous and transheterozygous YT521-B mutants. Left, median 

angular displacements from the direct approach to one of the stripes. Right, median fraction of time spent walking during a 15 min test period (Kruskal–Wallis 

analysis of variance with a Bonferroni correction). Fifteen female flies per genotype were used in both assays. NS, not significant; *P < 0.05; **P < 0.01; ***P < 
0.001. 
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Extended Data Figure 7 | Genetic characterization of Ime4, dMettl14 and YT521-B.  

a–c, Top, Ime4 (a), dMettl14 (b) and YT521-B (c) loci with indicated deletions. Bottom, loss of function for Ime4 and dMettl14 were monitored by western blot 

using respective endogenous antibodies, while anti-Tubulin antibody was used as a loading control. To analyse YT521-B deletion, PCR using genomic DNA from 

heterozygous or homozygous YT521-BΔN mutant flies was loaded on agarose gel. d, Scheme of the dMettl14 protein showing the conserved MT-A70 domain. 

The frameshift position caused by the guide RNA-induced deletions and the molecular nature of the allele are indicated below. e, Representative confocal images 

of muscle-6/7 NMJ synapses of abdominal hemisegment A2 for the indicated genotypes labelled with anti-DLG (magenta), anti-Synaptotagmin (green) and HRP 

(red) to reveal the synaptic vesicles and the neuronal membrane. Bottom, quantification of normalized bouton number (total number of boutons/muscle surface 

area (μm2 × 1,000)) and normalized Synaptotagmin area (total Synaptotagmin-positive area (μm2)/muscle surface area (μm2 × 1,000)) of NMJ 6/7 in A3 

of the indicated genotypes. Error bars show mean •} s.e.m. P values were determined with a Student’s t-test. The number of boutons and of active zones per 

boutons are increased upon Ime4 knockout. MSA, muscle surface area. 
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Extended Data Figure 8 | Ime4 mutant flies have reduced locomotion and shortened lifespan but apparent normal ovarian development. 

a, Ovarian immunostaining of indicated genotypes. DAPI (blue) stains nucleus, Vasa protein (Vasa) (green) shows the germ cells and Orb protein (Orb) (red) the 

oocyte. Only one oocyte per egg chamber is seen in control and mutant ovaries, arguing against encapsulation defects. b, Survival curves of adult Drosophila. The 

lifespan of Ime4Δcat mutant flies (purple) and Ime4Δcat mutant flies expressing Ime4 cDNA ubiquitously (green) were quantified for both females and males. c, 

Walking behaviour in Buridan’s paradigm in Ime4Δcat mutant flies or Ime4Δcat mutant flies expressing Ime4 cDNA ubiquitously (Tub-GAL4), in neurons (elav-

GAL4) or in muscles (24B-GAL4). Left, median angular displacements from the direct approach to one of the stripes. Right, median fraction of time spent walking 

during a 15 min test period. Fifteen female flies per genotype. NS, not significant; *P < 0.05, **P < 0.01, ***P < 0.001 (Kruskal–Wallis analysis of variance with 

a Bonferroni correction). 
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Extended Data Figure 9 | m6A components fine-tune the sex determination pathway via YT521-B.  

a, Quantification of RT–qPCR experiments from RNA extracts of whole females using primers spanning exons 2 and 4 (top), as well as exons 2 and 3 (bottom) 

to quantify the levels of the Sxl female and male isoforms, respectively. The mean +/- s.d. of three technical measurements from two biological replicates is 

shown. b, Top, msl-2 genome architecture with thin blue boxes representing the 5′ and 3′ UTRs, thick blue boxes representing the CDSs and thin lines 

representing introns. Arrowheads display the position of primers used for quantification. Bottom, spliced isoforms for msl-2 were monitored by RT–PCR and PCR 

extracts were loaded on agarose gel. The quantification of three biological replicates is shown below as mean +/- s.d. c, Top, tra genome architecture with thin 

blue boxes representing the 5′ and 3′ UTRs, thick blue boxes representing the CDSs and thin lines representing introns. Arrowheads display the position of 

primers used for quantification. Bottom, spliced isoforms for tra were monitored by RT–PCR and PCR extracts were loaded on agarose gels. The quantification 

of three biological replicates is shown below as mean +/- s.d. L, long isoform; S, short isoform. d, Table indicating the percentage of males and females hatching 

for the indicated genotypes. Ime4 interacts genetically with Sxl to control female survival. e, Bar chart showing the number of differentially spliced genes upon 

knockout (KO) of Ime4 and YT521-B in adult females. f, Venn diagram showing the overlap of targets in the indicated knockout. g, Pie charts showing distribution 

of splicing events in the different knockout conditions. Intron retention is overrepresented upon knockout of Ime4 and YT521-B in vivo. 
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Extended Data Figure 10 | RNA interference screen identifies Nito as a new member of the methyltransferase complex.  

a, SILAC-coupled mass spectrometry analysis using YT521-B–Myc as a bait. Scatterplot of normalized forward versus inverted reverse experiments plotted on a 

log2 scale. The threshold was set to a twofold enrichment (blue dashed line). Proteins in the top right quadrant are enriched in both duplicates. b, mRNA 

quantification of fl(2)d isoforms after knockdown of potential YT521-B-interacting proteins. Three proteins, Hrb27C, Qkr58E-1 and Nito, in addition to m6A 

components, control fl(2)d splicing in the same direction. Data points of three technical replicates are shown. c–f, mRNA quantification of m6A-regulated 

transcripts including Hairless (a), Aldh-III (b), CG8929 (c), hts (d) upon knockdown of indicated components. Nito controls m6A splicing events. The 

quantification of three technical replicates from two biological experiments is shown as mean +/- s.d. g, Co-immunoprecipitation studies were carried out with 

lysates prepared from S2R+ cells co-expressing Myc–Qkr58E-1, Myc–Hrb27C and HA–YT521-B. For control, S2R+ cells were transfected with Myc alone and 

HA–YT521-B. Myc-containing proteins were immunoprecipitated using a Myc antibody and then immunoblotted with anti-Myc and anti-HA antibodies. h, Co-

immunoprecipitation of Myc–Qkr58E-1 with HA–YT521-B with or without RNaseT1. Extracts from S2R+ cells expressing HA–YT521-B either with Myc 

control or with Myc–Qkr58E-1 were immunoprecipitated using Myc-specific beads. Expression of indicated proteins was monitored by immunoblotting using 

anti-Myc and anti-HA antibodies. i, Relative nito mRNA expression and levels of m6A in mRNA during Drosophila development. Number of hours post-

fertilization for different embryo, larval and pupal stages is indicated on the x axis. nito expression correlates with m6A levels. The mean +/- s.d. of three technical 

measurements from three biological replicates are shown. j, Relative expression of indicated transcripts upon control, Nito and Vir knockdown. Vir and Nito 

knockdowns do not reduce expression of other components of the methlytransferase complex. The mean +/- s.d. of three technical measurements from two 

biological replicates is shown. 
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Thank you all! 

Hvala vsem! 

 

 

 

 

✽✽✽ 

 

 

Ko hodiš, pojdi zmeraj do konca. 

 

Spomladi do rožne cvetice, 

poleti do zrele pšenice, 

jeseni do polne police, 

pozimi do snežne kraljice, 

v knjigi do zadnje vrstice, 

v življenju do prave resnice, 

v sebi do rdečice  

čez eno in drugo lice. 

 

A če ne prideš ne prvič, ne drugič 

do krova in pravega kova, 

poskusi vnovič in zopet in znova. 

 

 

(Tone Pavček, Popotnik) 

 

 

✽✽✽ 

✽✽✽ 

 

 

When you walk, follow your way to the end. 

 

In spring, to the rose in flower, 

in summer to the ripened wheat, 

in autumn, to the well-stocked shelf, 

in winter, to the snow-white queen, 

in a book, to the last line recorded, 

in life, to the very truth, 

and in yourself – to a colour shed 

over your cheeks blushing red. 

 

If you`ve failed the first time, the second time, then, 

in attaining sorts and summits you pursue, 

 try again, once more, and anew. 

 

 

(Tone Pavček, The Wayfarer) 

 

 

✽✽✽ 
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