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Abstract (English) 

In the central dogma, mRNA transfers genetic information from DNA to protein. Such flow of 

information ensures execution of various cellular events, of which the accuracy and efficiency are 

conferred by collective regulation via different factors involved in almost every aspect of 

biological processes in the cell. Chemical modification of biological macromolecules is one of the 

critical aspects that affect gene expression regulation. For example, the epigenetics, including 

DNA methylation and histone modifications, impacts the genome accessibility and genome 

stability. Post-translational modifications of protein, like phosphorylation and ubiquitination, 

provide another regulatory layer of gene expression via the control of protein homeostasis. As for 

RNA, even if more than 170 modifications had been identified in different types of RNA, the 

majority of them remains mysterious in terms of their functions. 

    Chemical modifications of mRNA vary in regard to their structures and abundances. Mature 

mRNA has m7G cap at its 5′ end and poly(A) tail at 3′ end. m7G cap is a critical feature to protect 

mRNA from degradation and initiate translation via the recognition by eIF4E. However, in the last 

decade, the concept of alternative caps had emerged with the identification of novel caps present 

in mRNA 5′ end in both prokaryotic and eukaryotic organisms. Nicotinamide adenine dinucleotide 

(NAD) is a representative alternative cap, which can be incorporated into mRNA by RNA 

polymerase during transcription, generating NAD-capped RNA. But the biological consequence 

of NAD-RNAs is still poorly understood. During my PhD, we identified NUDT12 as a cytosolic 

NAD-RNA decapping enzyme. NUDT12 is active only as homodimers. Crystal structure of 

NUDT12 homodimer explains each monomer contributes to creation of the two functional 

catalytic pockets. NUDT12 acts on both m7G-capped and NAD-capped RNA with preference on 

the later. Moreover, we identified an ⁓600 kDa dodecamer complex formed by bleomycin 

hydrolase (BLMH) and NUDT12, with BLMH being required for localization of NUDT12 to a 

few discrete cytoplasmic granules that are distinct from P-bodies. Both proteins downregulate gene 

expression when artificially tethered to a reporter RNA in vivo. Furthermore, loss of Nudt12 results 

in a significant upregulation of circadian clock transcripts in mouse liver. Overall, our study points 

to a physiological role for NUDT12 in the cytosolic surveillance of NAD-RNAs. 

    Besides m7G cap, mRNA bears internal modifications as well, such as m1A, m5C and m6A. 

Among these modifications, m6A is the most abundant one. m6A influences mRNA splicing, 

export and stability. It is essential to maintain mouse embryonic development. The regulatory 
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functions of m6A rely upon writers (RNA methyltransferase), erasers (RNA demethylase) and 

readers (m6A recognition protein). YTHDC2 is a germ cell-specific m6A reader in mammals. 

Previous studies revealed that YTHDC2 was required for mouse fertility because Ythdc2 knockout 

mice were infertile. Such phenotype was a result of defective transition from mitosis to meiosis. 

Immunoprecipitation mass spectrometry indicated XRN1, an exoribonuclease, was associated 

with YTHDC2. Nevertheless, the function of this complex and the underlying molecular 

mechanism of YTHDC2 remain elusive. Here we identify U-rich motifs as binding sites of 

YTHDC2 on 3′ UTRs of testicular RNA targets. Although its YTH domain is an m6A-binder in 

vitro, the YTH point mutant mice are fertile. Significantly, the 3′→5′ RNA helicase activity of 

YTHDC2 is essential for fertility. Biochemical studies decipher that the weak helicase activity of 

YTHDC2 is enhanced by its interaction with the XRN1. Single-cell transcriptomics indicate that 

Ythdc2 mutant mitotic germ cells transition into early stage of meiosis but accumulate a 

transcriptome with mixed mitotic/meiotic identity that leads to failure of progression into late stage 

of meiosis. Finally, our demonstration that Ythdc2 mutant zebrafish are infertile highlights its 

conserved role in animal germ cell development. 
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Abstract (French) 

Selon le dogme central, l'ARN messager (ARNm) transfère l'information génétique de l'ADN aux 

protéines. Ce flux d'informations assure l'exécution de divers événements cellulaires, dont la 

précision et l'efficacité sont conférées, par régulation collective, via différents facteurs impliqués 

dans presque tous les aspects des processus biologiques de la cellule. La modification chimique 

des macromolécules biologiques est l'un des aspects critique qui affecte la régulation de 

l'expression génétique. Par exemple, l'épigénétique, qui comprend la méthylation de l'ADN et les 

modifications des histones, a un impact sur l'accessibilité et la stabilité du génome. Les 

modifications post-traductionnelles des protéines, comme la phosphorylation et l'ubiquitination, 

fournissent une autre couche de régulation de l'expression génétique via le contrôle de 

l'homéostasie des protéines. Quant à l'ARN, même si plus de 170 modifications ont été identifiées 

dans différents types d'ARN, la majorité d'entre elles restent mystérieuses quant à leurs fonctions. 

    Les modifications chimiques de l'ARNm varient en fonction de leurs structures et de leurs 

abondances. L'ARNm mature possède une coiffe m7G à son extrémité 5′ et une queue poly(A) à 

son extrémité 3′. La coiffe m7G est une caractéristique essentielle pour protéger l'ARNm de la 

dégradation et initier la traduction via la reconnaissance par eIF4E. Cependant, au cours de la 

dernière décennie, le concept de capsule alternative a émergé avec l'identification de nouvelles 

capsules présentes à l'extrémité 5′ de l'ARNm dans les organismes procaryotes et eucaryotes. Le 

nicotinamide adénine dinucléotide (NAD) est une coiffe alternative représentative, qui peut être 

incorporée dans l'ARNm par l'ARN polymérase pendant la transcription, générant un ARN coiffé 

de NAD. Mais la conséquence biologique des ARN à NAD est encore mal comprise. Au cours de 

mon doctorat, nous avons identifié NUDT12 comme une enzyme cytosolique de décapsulation des 

ARN à NAD. La protéine NUDT12 est active uniquement sous forme d'homodimères. La structure 

cristalline de l'homodimère de NUDT12 explique que chaque monomère contribue à la création 

de deux poches catalytiques fonctionnelles. NUDT12 agit à la fois sur l'ARN coiffé de m7G et sur 

celui coiffé de NAD, avec une préférence pour ce dernier. De plus, nous avons identifié un 

complexe dodécamère de ⁓600 kDa formé par la bléomycine hydrolase (BLMH) et NUDT12, la 

BLMH étant requise pour la localisation de NUDT12 chez des granules cytoplasmiques discrets 

distincts des P-bodies. Les deux protéines régulent à la baisse l'expression des gènes lorsqu'elles 

sont artificiellement attachées à un ARN rapporteur in vivo. En outre, la perte de Nudt12 entraîne 

une importante régulation à la hausse de la transcription des gènes de l'horloge circadienne dans 
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le foie de la souris. Globalement, notre étude indique un rôle physiologique pour NUDT12 dans 

la surveillance cytosolique des ARN à NAD. 

    Outre la coiffe m7G, l'ARNm porte également des modifications internes, telles que m1A, m5C 

et m6A. Parmi ces modifications, m6A est la plus abondante. Celle-ci influence l'épissage, 

l'exportation et la stabilité de l'ARNm. Elle est essentielle au maintien du développement 

embryonnaire de la souris. Les fonctions régulatrices de m6A reposent sur des enzymes qui 

écrivent (ARN méthyltransférase), qui effacent (ARN déméthylase) et qui lisent (protéine de 

reconnaissance m6A). YTHDC2 est une enzyme qui lit les m6A spécifiques des cellules 

germinales chez les mammifères. Des études antérieures ont révélé que YTHDC2 était nécessaire 

à la fertilité des souris car les souris knockout Ythdc2 étaient infertiles. Ce phénotype est le résultat 

d'une transition défectueuse de la mitose et de la méiose. La spectrométrie de masse par 

immunoprécipitation a indiqué que XRN1, une exoribonucléase, était associée à YTHDC2. 

Néanmoins, la fonction de ce complexe et le mécanisme moléculaire sous-jacent de YTHDC2 

restent insaisissables. Nous avons identifié ici des motifs riches en U comme sites de liaison de 

YTHDC2 sur les 3′ UTR des cibles ARN testiculaires. Bien que son domaine YTH soit un liant 

m6A in vitro, les souris mutantes par mutation ponctuelle de YTH sont fertiles. De manière 

significative, l'activité hélicase ARN 3′→5′ de YTHDC2 est essentielle pour la fertilité. Des études 

biochimiques ont découvert que la faible activité hélicase de YTHDC2 est renforcée par son 

interaction avec XRN1. La transcriptomique unicellulaire indique que les cellules germinales 

mitotiques mutantes Ythdc2 passent au stade précoce de la méiose mais accumulent un 

transcriptome avec une identité mixte mitotique/méiotique qui conduit à l'échec de la progression 

vers le stade tardif de la méiose. Enfin, notre démonstration que le poisson zèbre mutant Ythdc2 

est infertile souligne son rôle conservé dans le développement des cellules germinales d’autres 

espèces animales. 
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Chapter 1. Regulation of mRNA 5′ cap by decapping enzyme NUDT12 

Introduction 

In 1953, James Watson and Francis Crick published a paper in Nature, reporting the first structure 

of DNA (deoxyribonucleic acid) that two long strands of DNA form a double helix (Watson and 

Crick, 1953). From that moment, the door of molecular biology was opened and afterwards 

numerous research and discoveries established the foundation of it, namely, the central dogma. 

According to the central dogma, DNA which is composed of four nucleotides A, T, C, G encodes 

genetic information, and such information is transferred by messenger RNA (mRNA) which is 

transcribed by using DNA as the template from nucleus to cytoplasm. Finally, mRNA is translated 

(decoded) into protein to exert specific biological functions. This genetic informational flow is 

fast, complicated and prone to errors, which means in this process any error must be detected in 

time and eliminated immediately after to guard the integrity of genetics. 

    One of the critical controls of gene expression is occurring at the transcriptional layer, that is, 

the regulation of mRNA metabolism. mRNA metabolism covers the lifetime of an mRNA from 

birth to death: transcription of DNA to pre-mRNA, mRNA maturation, nuclear export, cellular 

delivery to specific locations, translation into proteins and decay. Each step is collectively 

regulated and seamlessly connected with other steps by various protein factors, including those 

enzymes which specifically act on mRNA 5′ terminus. 

Canonical mRNA 5′ cap 

In eukaryotic cells, when DNA is transcribed by RNA polymerase II to generate nascent mRNA 

in nucleus, the first event occurred to such nascent mRNA is the formation of 5′ cap. Eukaryotic 

mRNAs are capped by N7-methyl guanosine (m7G) that is linked to the first transcribed nucleotide 

of nascent transcripts through an inverted 5′ to 5′ triphosphate bridge (Wei et al., 1975b). Addition 

of this m7G cap requires 3 steps of chemical reactions. First, RNA triphosphatase (TPase) removes 

the γ-phosphate from the 5′ triphosphate to generate 5′ diphosphorylated RNA as soon as 25 – 30 

nucleotides are incorporated into the nascent transcripts. Second, RNA guanylyltransferase 

(GTase) transfers a GMP group from GTP to the 5′ end of that diphosphorylated RNA to generate 

G-ppp-RNA. Finally in the third step, guanine-N7 methyltransferase (guanine-N7 MTase) deposits 

a methyl group at the N7 position of the guanine cap to form the m7G cap structure (Ramanathan 

et al., 2016). This m7GpppN (N is the first transcribed nucleotide) cap is also called cap 0. In most 
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cases, mRNA carrying cap 0 can be further methylated at the 2′-hydroxyl (2′-O) of ribose of the 

first transcribed nucleotide. This m7GpppNm cap is called cap 1. In particular, if first transcribed 

nucleotide is adenosine, cap 1 can undergo further methylation at the N6 position to generate 

m7Gpppm6Am structure (Wei et al., 1975a). Moreover, certain mRNAs have the 2′-O-methylation 

at the second transcribed nucleotide, resulting in formation of cap 2 structure:  m7GpppNmpNm. 

Taken together, cap 0, cap 1 and cap 2 represent the canonical 5′ cap structure of mRNA in 

mammalian cells (Figure 1.1) (Reddy et al., 1992). 

Capping enzymes 

RNA triphosphatases catalyze the first reaction of m7G cap biogenesis. These enzymes vary in 

different organisms and can be divided into two families: metal-dependent RNA triphosphatases 

of lower eukaryotes such as fungi and protozoa, and metal-independent RNA triphosphatases of 

higher eukaryotes, like metazoan and plants (Ghosh and Lima, 2010; Gu and Lima, 2005). In yeast,  

 
Fig 1.1 Chemical structure of eukaryotic mRNA 5′ cap (Decroly et al., 2011) 

Cet1 is the RNA TPase that cleaves the γ-phosphate from pppRNA (Ho et al., 1998). Crystal 

structure of Cet1 indicates in the catalytic site several acidic residues that coordinate two metal 

ions interact with the pppRNA triphosphate moiety (Bisaillon and Shuman, 2001a, b). In contrast 

to Cet1, RNA TPase of metazoan hydrolyzes the phosphate independently of metal ion. These 

enzymes contain a conserved HCxxxxxR(S/T) motif in their P-loop from which the cysteine 

attacks the 5′ γ-phosphate to release ppRNA product. According to the structure of mouse RNA 

TPase Mce1, only pppRNA can be accessible to the positively charged catalytic pocket (Changela 

et al., 2001; Takagi et al., 1997). 
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    RNA guanylyltransferases catalyze the second step that such enzymes transfer a GMP moiety 

from GTP to the 5′ diphosphate of RNA TPase-processed nascent transcripts, forming a capped 5′ 

end. This process consists of two rounds of reaction that a covalent lysyl-N-GMP intermediate is 

produced in the first step then the GMP is transferred to the 5′ diphosphate in the second step 

(Shuman and Hurwitz, 1981; Shuman et al., 1994). RNA GTases are conserved from virus to 

mammal and structurally they share the similar domain organization: the N-terminal 

nucleotidyltransferase (NTase) domain and the C-terminal Oligonucleotide/oligosaccharide 

binding (OB) domain. The NTase domain carries a nucleotide binding pocket where the enzymatic 

reaction is taken place and OB domain contributes to that catalytic reaction by adopting an “open-

closed” conformational change with NTase domain (Fabrega et al., 2003; Hakansson et al., 1997). 

RNA guanine-N7 methyltransferases catalyze last step to generate m7G cap by adding the methyl 

group to the N7 guanine of G(5′)ppp(5′)RNA. Mechanistically, RNA guanine-N7 MTase binds to 

the methyl donor S-adenosyl methionine (SAM) via one of its ligand binding sites then catalyzes 

the methyl transfer to guanine cap which is bound to the other ligand binding site. These two 

binding sites are located in a deep cleft in which it forms a classic Rossmann fold-like structure 

(Byszewska et al., 2014; Fabrega et al., 2004). Structural studies highlight that optimizing 

proximity and orientation of these two ligand binding sites is critical to the efficient methyl group 

transfer (Fabrega et al., 2004; Zheng et al., 2006). 

Viral genome encodes its own enzymes required for cap genesis. These enzymes are versatile 

and some of them are multifunctional. For example, Vaccinia RNA capping enzyme forms a 

heterodimer which is composed of two subunits: the large subunit D1 and the small subunit D12. 

D1 possesses all the essential enzymatic activities for cap generation while as a regulatory module, 

D12 significantly stimulates D1 activities (Higman et al., 1994; Mao and Shuman, 1994). Accord- 

ing to its structure, Vaccinia capping enzyme coordinates RNA TPase, GTase and guanine-N7 

MTase activities within discrete modules in its protein architecture but links these three activities 

tightly to facilitates the m7G cap formation (Figure 1.2) (De la Pena et al., 2007). Recently, a novel 

coronavirus, SARS-COV-2 which causes the COVID-19 pandemic, is shown to encode its capping 

enzyme Nsp14 to install m7G cap to viral mRNAs (Chen et al., 2009a). Interestingly, SARS-COV-

2 Nsp14 also harbors 3′ to 5′ exoribonuclease activity through its N-terminal ExoN domain. This 

ExoN domain is able to remove mismatched nucleotides to preserve the fidelity of coronavirus 

RNA (Liu et al., 2021).  
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Fig 1.2. Structure of Vaccinia capping enzyme in complex with AdoHcy (PDB 2VDW). D1 subunit (pink) 

interacts with D12 subunit (green) to catalyze the m7G cap generation. 

Cap-adjacent methyltransferases 

m7G cap (cap 0) generation is the earliest event happening to 5′ end of nascent mRNA in eukaryotic 

cells. In mammals, almost all the mRNAs harbor 2′ methylation of ribose at the first transcribed 

nucleotide (m7GpppNm, cap 1). This cap-specific ribose methylation is catalyzed by CMTR1. 

Initially named as ISG95 (interferon stimulated gene 95), this protein was reported to function as 

an RNA methyltransferase and its C-terminal WW domain interacted with C-terminal domain 

(CTD) of RNA polymerase II (Haline-Vaz et al., 2008). After that in 2010, the same protein was 

characterized as cap 1 2′-O-methyltransferase in human cells, hence, it was named as hMTR1 or 

CMTR1 (Belanger et al., 2010). Structural analysis of CMTR1 catalytic domain indicates that 

SAM and m7G cap are located into the deep pocket where the first nucleotide adjacent to the cap 

is accommodated at the bend of the substrate, ready to be methylated (Smietanski et al., 2014). 

Functional studies uncover that CMTR1 can promote ribosomal protein and histone gene 

expression (Liang et al., 2022) and in Drosophila it directs mRNA to synapses (Haussmann et al., 

2022). 

    Once the first transcribed nucleotide is adenosine, another RNA methyltransferase, called 

CAPAM or PCIF1, can further methylate N6 adenine to form m7Gpppm6Am 5′ end (Figure 1.3) 

(Akichika et al., 2019; Boulias et al., 2019; Sendinc et al., 2019). It is still not clear what is the 
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function of cap adjacent m6Am since one group claimed that this modification has little effect on 

mRNA stability (Sendinc et al., 2019), whereas the other group reported loss of m6Am reduces 

stability of certain m6Am-containing mRNAs (Boulias et al., 2019). It seems that PCIF1 is not 

essential for mammals, at least for mouse because PCIF1 KO mice are viable and fertile, without 

any aberrant phenotype except the reduced body weight (Pandey et al., 2020). Transcripts are 

either upregulated or downregulated in different tissues and ribosome profiling analysis suggests 

removal of PCIF1 has no direct influence on mRNA translation (Pandey et al., 2020). 

 
Fig 1.3. Structure of human CAPAM in complex with SAH and m7G cap.  

In some cases, a subset of mRNAs harbor 2′-O-methylation at both first and second transcribed 

nucleotide, forming cap 2. This methylation occurring at second transcribed nucleotide is catalyzed 

by CMTR2. Even if second 2′-O-methylation always appear with the cap 1 in mRNAs in vivo, in 

vitro methylation assay indicates that CMTR2 activity is independent of additional methylations 

(Werner et al., 2011). It is believed that CMTR1 functions in nucleus but regarding where the cap 

2 methylation is taken place, it is still unclear. Physiological functions of CMTR2 remain 

enigmatic as well.  
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Biological functions of m7G cap 

As a prevalent 5ʹ end modification of mRNAs, m7G cap is involved in versatile mRNA processes 

to regulate cellular biological functions. m7G cap is co-transcriptionally added to nascent 

transcripts which need to be further processed to become mature mRNAs, including splicing and 

3ʹ end modification. m7G cap is a key marker to initiate pre-mRNA splicing (Inoue et al., 1989; 

Konarska et al., 1984; Ohno et al., 1987) and this is mediated by recruiting and binding to the 

nuclear cap-binding complex (CBC). CBC is composed of two proteins, CBC80 and CBC20. 

During transcription, once m7G cap is installed at the 5ʹ end of mRNA precursor, CBC80 and CBC 

20 forms a heterodimer to bind to m7G cap. Subsequently, the cap-bound CBC interacts with 

U4/U6.U5 tri-snRNP to trigger splicing (Pabis et al., 2013). Not only is CBC involved in the 

assembly of spliceosome, but also it participates in pre-mRNA 3ʹ end processing, implicating a 

special role of CBC in coupling 5ʹ modification with 3ʹ processing to regulate pre-mRNA 

maturation (Flaherty et al., 1997). Except the relation with pre-mRNA processing via CBC, m7G 

cap is also shown to have an influence on transcription termination and exosome-mediated 

degradation (Andersen et al., 2013). These findings reveal an essential function of m7G cap 

structure in leading mRNA splicing and 3ʹ end formation through recruiting different protein 

complexes. 

After splicing and polyadenylation, m7G capped mature mRNA requires the transport from 

nucleus to cytoplasm to exert protein synthesis in ribosome. Many studies have reported that 

mRNA export relies on the interaction between CBC and nuclear export factors, for instance, REF 

(RNA export factor) (Nojima et al., 2007). REF is a component of transcription export complex 

TREX and it interacts with cap-bound CBC in a splicing-dependent manner (Cheng et al., 2006). 

These protein factors directly or indirectly communicate with nuclear pore complex to guide 

mRNA delivery to cytoplasm. 

In cytoplasm, the mission of mRNA is to be translated by ribosome to synthesize nascent peptide 

which will further be folded and modified to form functional protein. The majority of mRNA 

translation is cap-dependent, which means the recognition of m7G cap is a critical step to initiate 

translation. In eukaryotic cells, CBC stays attached to the mRNA 5ʹ cap in ribosome and recruits 

translation initiation factors such as eIF4G and eIF4A to start first round translation. This process 

needs the involvement of many other protein factors and ribosomal subunits as well (Chiu et al., 

2004; Choe et al., 2012; Choe et al., 2014; Fortes et al., 2000). After the pioneer round of 
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translation, eIF4E will bind to the m7G cap to replace CBC then eIF4F complex is recruited to the 

5ʹ end of mRNA to initiate steady-state rounds of translation (Maquat et al., 2010). In eIF4F 

complex, eIF4G binds to the cap while interacts with poly(A) binding protein PABP1 and such 

interplays create a pseudo-circular structure of translated mRNA (Figure 1.4). This unique 

structure is implied that it provides accessibility of ribosome to the entire mRNA to ensure the 

intactness of translation (Preiss and Hentze, 1998, 1999; Smith et al., 2014). Taken together, as a 

specific anchor, m7G cap is bound by various proteins complex in both nuclear and cytoplasm to 

drive mRNA splicing, export and translation. This cap also protects mRNA from 5ʹ to 3ʹ 

exoribonuclease-mediated decay. 

 
Fig 1.4. Schematic representation of cap-dependent translation. eIF4E, a cap binding protein interacts with 

eIF4G which further interacts with PABP1 to form a pseudo-circular structure of mRNA during translation, 

adapted from (Da Sacco and Masotti, 2012). 

Emerging functions of cap 1 and cap 2 

Although cap-adjacent 2ʹ-O-methylations (here referred as cap 1 and cap 2) were identified long 

time ago, physiological functions of these modifications remain poorly described, particularly for 

cap 2. For small nuclear RNAs (snRNAs) such U1, U2, U4 and U5, 2ʹ-O-methylation is present at 

the first transcribed nucleotide and this cap 1 structure is indispensable to maintain activities of 

snRNAs in splicing (Will and Luhrmann, 2011). Cap 1 is also verified to stimulate the ribosome 

binding and translation for viral mRNAs (Muthukrishnan et al., 1976; Muthukrishnan et al., 1978) 

as well as maternal mRNAs (Caldwell and Emerson, 1985; Kuge et al., 1998). Besides its 

regulation in mRNA splicing and translation, in recent years, cap 1 has emerged as a pivotal marker 

for distinguishing ‘self’ and ‘non-self’ RNA during innate immune response (Daffis et al., 2010). 

When pathogens like RNA virus invade cells, cytosolic protein factors like RIG-I (Retinoic Acid 
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Inducible Gene-I) and MAD5 are able to trigger the production of type I interferon to inhibit viral 

propagation via sensing viral RNA 2ʹ-O-methylation (De la Pena et al., 2007; Wu et al., 2013). In 

other words, cap 1 functions as a negative regulator to prevent aberrant activation of RIG-I/MAD5 

(Figure 1.5). This strategy can be utilized by virus that encodes its 2ʹ-O-methyltransferase to evade 

the cellular immune surveillance, suggesting the role of cap 1 in viral evolution. Note that a recent 

case for such viral immune evasion is the SARS-COV-2 that it encodes its own 2ʹ-O-

methyltransferase NSP16 (Viswanathan et al., 2020). 

 
Fig 1.5. 2ʹ-O-methylation (cap 1) in innate immune response. Cap 1 prevents the recognition by RIG-I/MAD5 
which otherwise induce type I interferon (INF) production and expression of IFN-induced proteins (IFIT) 

(Inesta-Vaquera and Cowling, 2017). 

Regarding to cap 2 modification, similarly to cap 1, it is also reported that the second transcribed 

nucleotide contributes to inhibition of IFIT1 action on cellular RNA, particularly on susceptible 

RNA sequences and at high IFIT1 concentrations (Abbas et al., 2017), indicating the potential 

regulation of cap 2 in innate immunity. Beyond this, whether cap 2 is related with other 

physiological functions is still unclear, especially considering its relatively low abundance 

compared with cap 1. More efforts should be made to precisely quantify cap 2 in mRNAs in future. 
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Noncanonical mRNA 5ʹ caps 

m7G cap is supposed to be the only cap modification existing in eukaryotic mRNA 5ʹ end for quite 

long time. However, in the last decades, discoveries of many other chemical structures present at 

both prokaryotic and eukaryotic mRNA 5ʹ ends diverse the concept of mRNA cap modification. 

These noncanonical or alternative caps represent a parallel regulation of mRNA 5ʹ end with classic 

m7G cap. 

    So far, the identified noncanonical caps include metabolic cofactors, such as NAD+/NADH 

(nicotinamide adenine dinucleotide), CoA (coenzyme A), FAD (flavin adenine dinucleotide), cell 

wall precursors UDP-GlcNAc (uridine diphosphate N-acetylglucosamine), dinucleotides 

polyphosphates, ADP-ribose and potentially other nucleoside derivatives (Bird et al., 2016; 

Cahova et al., 2015; Hudecek et al., 2020; Luciano and Belasco, 2020; Luciano et al., 2019; Wang 

et al., 2019). In contrast to m7G cap which is deposited by dedicated enzymes, at least in part, 

installation of those noncanonical caps is proposed to depend on RNA polymerase II. During 

transcription, RNA polymerase II can incorporate abundant cellular metabolites into nascent 

transcripts as the first transcribed nucleotide to form the 5ʹ end (Figure 1.6). Nevertheless, RNA 

polymerase II is not the only enzyme which can add the noncanonical caps because in mammalian 

cells, intronic small nucleolar RNAs (snoRNAs) and small Cajal body RNAs (scaRNAs) are found 

to be NAD-capped and this capping process is independent of RNA polymerase II action (Jiao et 

al., 2017). 

 
Fig 1.6. Schematic representation of noncanonical capping. RNA polymerase (RNAP) creates a capped 

transcript by using the small molecule as initiating substrate instead of canonical nucleoside triphosphate. This 

small molecule contains a nucleoside diphosphate (here adenosine diphosphate), and another moiety X bound 

to β-phosphate. RNAP uses incoming nucleoside triphosphate substrates (pppN) to elongate RNA chain, and 

moiety X is retained as noncanonical cap (Julius and Yuzenkova, 2019). 
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NAD+ cap 

Nicotinamide adenine dinucleotide (NAD) is a cofactor required for many cellular enzymes 

involved in various biological processes. In response to different environment, it changes between 

oxidized form (NAD+) and reduced form (NADH). As a redox coenzyme, NAD+ is reduced to 

NADH during beta oxidation, glycolysis, and the citric acid cycle. Such NADH is then transferred 

to mitochondria where it is oxidized in turn by electron transport chain through oxidative 

phosphorylation (Rich, 2003). Beyond this, NAD+ is served as a co-substrate in ADP-ribosylation 

by various ADP-ribosyltransferases including poly (ADP-ribose) polymerase (PARPs), NAD-

dependent DNA ligases and ADP-ribosyl cyclases (Lin, 2007). Recent excitement about NAD+ is 

due to the discovery that this molecule can be added to the 5ʹ end of mRNA as an alternative cap 

(Figure 1.7). 

 
Fig 1.7. Chemical structure of NAD-RNA (Luciano and Belasco, 2015) 

In 2009, David Liu’s group screened small molecule-RNA conjugates and found that NAD-

linked RNA is present in Escherichia coli and Streptomyces venezuelae (Chen et al., 2009b). 

However, due to the limit of liquid chromatography-mass spectrometry (LC-MS), they could not 

identify which RNA carried NAD+ cap. This remaining question was not addressed until another 

group established a chemical approach to sequence NAD-capped RNAs in bacteria in 2015 

(Cahova et al., 2015). In this paper, this group described a method that 5ʹ NAD-capped RNAs can 
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be biotin-labelled after Adenosine diphosphate-ribosylcyclase (ADPRC) treatment. The biotin-

labelled RNAs will be captured by streptavidin beads and further subjected to next generation 

sequencing. Using this so-called NAD captureSeq (Figure 1.8), they discovered specific regulatory 

small RNAs (sRNAs) as well as 5′-terminal fragments of mRNAs coding for proteins involved in 

metabolic pathways, stress response control, and for poorly characterized proteins, are decorated 

with NAD+ at the 5ʹ ends. For instance, sRNA RNAl is the most frequently NADylated RNA in E. 

Coli. Moreover, recently NAD+ cap is identified in bacterial mRNAs as well. Those related genes 

encode proteins involved in DNA replication, sporulation, and oxidation/reduction processes 

(Frindert et al., 2018). 

Not only in prokaryotic cells, but also in eukaryotic cells are NAD-RNAs discovered afterwards. 

Using NAD captureSeq, NAD+ cap is found on subsets of nuclear and mitochondrial encoded 

mRNAs in Saccharomyces cerevisiae (Walters et al., 2017). In human cells, mainly small nuclear 

(snRNA), and small nucleolar (snoRNA) RNAs are found to bear 5ʹ NAD+ cap (Jiao et al., 2017). 

Regarding the abundance, (0.6 ± 0.1) % mouse liver mRNA and (1.3 ± 0.3) % mouse kidney 

mRNA is 5ʹ NADylated, respectively (Wang et al., 2019). 

Biological functions of NAD+ cap are not well understood, but probably vary in different species. 

The most studied in vivo role of NAD+ cap is its influence on RNA stability and this influence is 

opposite for bacteria and eukaryotes. NAD+ cap is resistant to bacterial RppH-directed RNA decay 

in vitro (Cahova et al., 2015). While in eukaryotic cells, NAD-capped RNAs are rapidly degraded 

(Jiao et al., 2017). Another potential effect of NAD+ cap is on mRNA translation. However, so far, 

no clear evidence has been found to support the hypothesis that NAD+ cap could affect translation 

since neither the prokaryotic nor the eukaryotic translation apparatus can recognize the NAD+ cap. 

Results from an in vivo experiment where luciferase reporter gene was modified by either 5ʹ 

triphosphate (uncapped) or 5ʹ NAD+ indicated that NAD-capped reporter shared similar translation 

level with uncapped reporter (Jiao et al., 2017). 
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Fig 1.8. Schematic workflow of NAD captureSeq. ADPAC, adenosine diphosphate-ribosylcyclase; CuAAC, 

copper-catalysed azide-alkyne cycloaddition; pentynol, 4-pentyn-1-ol (Cahova et al., 2015). 

mRNA decay 

The dynamic balance of mRNA level in cytoplasm is important to regulate gene expression, which 

means on one hand, before protein translation starts, mRNA needs to be protected from cytosolic 

degradation. On the other hand, once translation process is completed, mRNA decay is executed 

to silence gene expression. In eukaryotic cells, there are two machineries acting on mRNA turnover: 

5′-3′ RNA decay and 3′-5′ RNA decay. Numerous studies focused on 3′-5′ RNA decay pathway 

have provided a comprehensive understanding of how mRNA is degraded from its 3′ end: the RNA 

exosome, a multi-subunit, processive protein complex that recognizes mRNA 3′ terminus and 

degrades the targets. This review (Zinder and Lima, 2017) can be referred to explain how the 

catalytic activity of exosome is regulated and the structural basis of exosome-mediated RNA decay. 

The 5′-3′ RNA decay pathway includes certain consecutive events that facilitate mRNA 

degradation in the 5′ to 3′ direction (Moore, 2005; Parker, 2012). First step of 5′-3′ RNA decay is 

to shorten poly(A) tail, or deadenylation, which leads to reduced occupation of PABP (poly(A) 

binding protein) and suppresses translation in the end. Two multisubunit protein complexes, 

PAN2-PAN3 and CCR4-NOT, carry out deadenylation in eukaryotes. The former complex 

initiates poly(A) tail trimming on PABP-bound mRNA and the later complex further accomplishes 

entire process of deadenylation (Collart, 2016; Wolf and Passmore, 2014). Shortly after 
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deadenylation, mRNA 5′ m7G cap will be removed (decapping). This is the second step of 5′-3′ 

RNA decay, in which cytoplasmic decapping enzymes account for the removal of m7G cap. 

Recently, it is proposed that the Pat-Lsm complex is a central regulator to bridge 3′ deadenylation 

to 5′ decapping. For example, in yeast, decapping coactivator complex Pat1-Lsm1-7 binds short 

oligo(A) tails and interacts with decapping enzyme Dcp2 simultaneously to promote mRNA 

degradation (Charenton et al., 2017; Chowdhury et al., 2007). Once 5′ m7G cap is removed, such 

uncapped mRNA is subjected to 5′ to 3′ exoribonuclease-mediated decay (5′ exonucleolysis) to 

convert RNA body into nucleotides (Figure 1.9). XRN1 is the major exoribonuclease that degrades 

cellular 5′ monophosphorylated RNAs to finalize last step of 5′-3′ RNA decay (Jones et al., 2012). 

Fig 1.9. Schematic representation of major steps in the eukaryotic 5′-3′ RNA decay pathway. For each step, the 

corresponding structures of protein complexes are shown on the right. Pan2-Pan3, PDB: 4XR7; Ccr4-Caf1-

CNOT1, PDB: 4B8C; Edc1-Dcp1-Dcp2-Edc3, PDB: 6AM0; Pat1-Lsm1-7, PDB: 4C8Q and Xrn1, PDB: 2Y35 

(Mugridge et al., 2018). 
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In bacteria, two basic pathways are involved in mRNA decay: direct access pathway and 5′ end 

dependent pathway (Figure 1.10). In the direct access pathway, mRNA is cleaved by endonuclease 

to produce two RNA fragments: one with 5′ triphosphates and the other with 5′ monophosphate. 

Both two fragments can be further degraded by 3′-5′ and 5′-3′ exoribonucleases, respectively. 

Regarding the 5′ end dependent pathway, the nudix RNA pyrophosphohydrolase RppH converts 

5′ triphosphorylated RNAs into 5′ monophosphorylated RNAs followed by 5′-3′ exoribonuclease 

or endonuclease digestion (Hui et al., 2014). 

 
Fig 1.10. mRNA decay pathways in bacteria (Kramer and McLennan, 2019) 

mRNA decapping enzymes 

As mentioned above, in the 5′-3′ RNA decay pathway, a very critical step is the removal of 5′ m7G 

cap. Across species, Nudix hydrolases are the principal enzymes carrying out this process. The 

Nudix (nucleoside diphosphate linked to another moiety X) superfamily contains diverse proteins 

possessing pyrophosphatase activity on a great variety of substrates, including nucleoside 

triphosphates, dinucleoside polyphosphates, dinucleotide coenzymes as well as the 5ʹ cap 

modification of mRNAs (Bessman et al., 1996; McLennan, 2006, 2013; Srouji et al., 2017). All 

the Nudix proteins include a conserved nudix box, a loop–helix–loop structural motif essential for 

catalysis. This motif binds to metal ions which is required for the hydrolysis of pyrophosphate 

bond present in all Nudix hydrolase substrates (Figure 1.11).  
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Fig 1.11. Chemical reaction catalyzed by Nudix enzymes. Canonical Nudix hydrolase substrates are nucleoside 

diphosphates linked to a variable moiety X. The nucleoside component (R) may include a variable number (n) 

of phosphate groups beyond the diphosphate, n = 0–4 (Srouji et al., 2017). 

Bacterial decapping enzymes 

In bacteria, two well studied Nudix hydrolases are RppH and NudC. Both enzymes act on 

pyrophosphate bond within different cap structures to generate 5ʹ monophosphorylated RNAs. 

RppH was first identified as an Ap5A/Ap4A hydrolase because it is capable of cleaving the 

diadenosine polyphosphate at RNA 5ʹ end to produce monophosphorylated RNA (Bessman et al., 

2001). In E. coli, RppH (EcRppH) removes pyrophosphate from 5ʹ triphosphorylated RNAs. 

However, recent discoveries may implicate that EcRppH proceeds to remove the β-phosphate after 

the γ-phosphate has first been cleaved via a yet unknown pathway (Luciano et al., 2017, 2018). In 

contrast to EcRppH, BsRppH (B. Subtilis RppH) removes γ- and β-phosphate consecutively, 

without the release of pyrophosphate (Richards et al., 2011). Both EcRppH and BsRppH require  

Both EcRppH and BsRppH require single-stranded nucleotides at the 5ʹ end of their substrates. 

While EcRppH has a wide selectivity of nucleotides at first, second or third position of RNA 5ʹ 

end (Foley et al., 2015), BsRppH has a stricter rule, with an absolute requirement for G at the 

second position, preference for a purine at the third position and a slight preference for A over G 

at the first position (Hsieh et al., 2013; Piton et al., 2013). After removal of diphosphates by RppH, 

RNAs with 5ʹ monophosphate are unstable and will be rapidly degraded. 

NudC acts on NAD-capped RNAs in bacteria to release monophosphorylated RNA with the 

adenosine moiety of the NAD+ cap at the 5′ end and nicotinamide mononucleotide (NMN) (Cahova 

et al., 2015). NudC functions as a homodimer (Figure 1.12), with each monomer contributing to 

stack the NAD+ cap in the catalytic pocket where residues within and outside nudix box of both 

subunits collectively carry out deNADding activity (Hofer et al., 2016; Zhang et al., 2016b). 
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Fig 12. Crystal structure of E. coli NudC in complex with NMN (Hofer et al., 2016). 

Eukaryotic decapping enzymes 

Eukaryotic genomes encode a much larger number of Nudix proteins than the prokaryotes, for ex-

ample, in human there are 22 NUDIX proteins acting on various substrates including 5′ capped 

RNAs. 8 out of 22 NUDIX proteins have been demonstrated to possess decapping activity in vitro, 

of which three enzymes, NUDT3, NUDT16 and NUDT20 (DCP2), are reported to decap RNA in 

vivo as well (Song et al., 2013). 

    Dcp2 was originally identified by genetic screen in yeast and its decapping activity was 

described later (Dunckley and Parker, 1999). Dcp2 is localized in cytoplasm and thought to be the 

main decapping enzyme that acts on 5ʹ ends of cytosolic mRNAs. Dcp2 cleaves 5 ́  capped mRNAs 

between the α- and β-phosphate, releasing a 7-methylguanosine diphosphate (m7GDP) molecule 

and a 5ʹ monophosphorylated mRNA that can be subjected to 5ʹ exonucleolytic degradation. 

Enzymatic function of Dcp2 is conserved from yeast to human, suggesting the central role of this 

protein in governing 5ʹ RNA decapping in eukaryotes (van Dijk et al., 2002; Wang et al., 2002). 

Dcp2 forms a core decapping complex with Dcp1, of which Dcp1 is the regulatory module and 

Dcp2 is the catalytic module (Figure 1.13). Furthermore, catalytic activity of Dcp1-Dcp2 complex 

can be stimulated by decapping activators, including Pat1, Edc3/Edc4 and the Lsm1-7 complex 

(Grudzien-Nogalska and Kiledjian, 2017; Parker, 2012; Valkov et al., 2017). Alternatively, Dcp1-
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Dcp2 complex can be recruited to mRNA targets by specific RNA binding proteins which 

recognize the cis-element of these targets to activate decapping (Li and Kiledjian, 2010). However, 

since Dcp2 is not ubiquitously expressed in mouse tissues, it may imply that in mammalian cells 

there are more Nudix proteins carrying out decapping on different subsets of mRNAs. 

 
Fig 1.13. Structure of the K. lactis (Kluyveromyces lactis) Dcp1-Dcp2-Edc3-m7GDP complex. Domain 

organization of each protein or fragment and their corresponding boundaries are indicated. m7GDP is shown 

as grey sticks, and the divalent metal ions are shown as purple spheres. E3BM, Edc3-binding motif (Charenton 

et al., 2016). 

    Nudt3 and Nudt16 are another two Nudix hydrolases showing decapping activity in vivo 

(Grudzien-Nogalska et al., 2016; Lu et al., 2011; Song et al., 2010). In vitro decapping experiment 

showed that Nudt16 preferentially acts on methylated m7G cap, producing m7GDP and 5ʹ 

monophosphorylated mRNA, which is similar to Dcp2. Nudt16 can also cleave the unmethylated 

cap structure, in which both bonds between α- and β-, and β- and γ-phosphate will be hydrolysed. 

As for Nudt3, it cleaves its substrate either between the α and β phosphate, or between the β and γ 

phosphate with about equal preference (Song et al., 2013). Both Nudt16 and Nudt3 control a small 

subset of mRNA targets, with very little overlap between each protein and Dcp2. Nudt16 is 

reported to regulate small nucleolar RNA (snoRNA) decapping while Nudt3 appears to target those 

cell mobility-associated mRNAs (Grudzien-Nogalska et al., 2016; Lu et al., 2011). 
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Eukaryotic deNADding enzymes 

With the discovery of noncanonical caps present at 5ʹ end of mRNAs in eukaryotes, it is speculated 

that certain enzymes within Nudix superfamily or outside can act on noncanonical caps as well. In 

bacteria, NudC removes the NAD+ cap (deNADding). However, how NAD-RNA in eukaryotic 

cells is degraded remains unclear for quite long time. 

One of the key discoveries in this field came out in 2017, in which human DXO (decapping 

exoribonuclease) protein was shown to remove NAD+ cap from NAD-capped RNAs in nucleus 

(Jiao et al., 2017). Previous studies had identified mammalian Dxo has decapping activity on both 

methylated and unmethylated caps of RNA (Jiao et al., 2013). What’s more, it also cleaves the 

pyrophosphate from triphosphate 5′ ends. In yeast, Dxo homologue Rai1 possesses 5′ 

pyrophosphohydrolase activity and forms a complex with 5′→3′ exoribonuclease Rat1 to degrade 

triphosphorylated RNAs in nucleus (Xiang et al., 2009). In mammals, Dxo combines these two 

activities, meaning it first removes the entire mRNA 5ʹ cap by cleaving after the first transcribed 

nucleotide, then processively degrades the mRNA body with its 5′→3′ exoribonuclease activity. 

Back to the paper (Jiao et al., 2017), human DXO was first time to identify as a nuclear NAD+ 

decapping enzyme. Mechanistically, this protein removes the entire NAD+ moiety, which is 

different with bacterial deNADding enzyme NudC, and degrades remaining RNA body after 

(Figure 1.14). 

 
Fig 1.14. Human DXO is a deNADding enzyme (Jiao et al., 2017). 
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How are cytosolic NAD-RNAs degraded in mammalian cells? 

So far, we know that mRNA 5ʹ end can be decorated with various modifications, including 

canonical m7G cap and noncanonical NAD+ cap. Installation and removal of 5ʹ caps depend on 

not only diverse enzymes which are directly catalysing reactions but also a broader protein 

factors that regulate these processes (Figure 1.15). In mammalian cells, Nudix hydrolases 

specifically remove mRNA 5ʹ cap m7G, such as Dcp2 (Nudt20) and Nudt16, in cytoplasm and 

Dxo can remove the NAD+ cap as well as m7G in nucleus. Except these important findings, still 

one question is remaining here: what is the destiny of cytosolic NAD-RNAs. 

 
Fig 1.15. RNA 5ʹ caps and their corresponding capping and decapping enzymes (Julius and Yuzenkova, 2019) 

    During my PhD, we searched Nudix superfamily and focused on those eight enzymes which 

were already demonstrated to have decapping activity towards m7G-capped RNA in vitro as 

mentioned before (Song et al., 2013). Among those eight proteins, we are particularly interested 
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in Nudt12. Human NUDT12 is the largest protein in NUDIX family, including N-terminal ankyrin 

repeats (ANK) and C-terminal hydrolase domain. Strikingly, recombinant human NUDT12 

protein was shown to hydrolyse NADH and NADPH in vitro (Abdelraheim et al., 2003). 

Considering the similar structure between NAD+ and NADH, we were curious about whether 

NUDT12 could also act on NAD+ and NAD-RNAs. The answer is yes. According to our data, 

human NUDT12 is a cytosolic NAD-RNA decapping enzyme. Like bacterial NudC, NUDT12 is 

active only as homodimer, with each monomer contributing to creation of the two functional 

catalytic pockets. We further identify BLMH (bleomycin hydrolase) as an interaction factor of 

NUDT12. The ANK repeats are required to maintain such interaction. In vitro, NUDT12 directly 

interacts with BLMH, forming an ∼600-kDa dodecamer complex. In vivo, BLMH is required to 

localize NUDT12 into discrete granules which are distinct from P-bodies and both proteins 

downregulate gene expression when artificially tethered to a reporter RNA. RNA-seq analysis of 

mouse liver transcripts indicates that expression of circadian clock genes is upregulated in the 

absence of NUDT12, pointing to a potential physiological role of NUDT12 in cytoplasmic 

surveillance of NAD-RNAs. 
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Results 

This section consists of a peer-reviewed paper entitled “Decapping Enzyme NUDT12 Partners 

with BLMH for Cytoplasmic Surveillance of NAD-Capped RNAs”, published in Cell Reports on 

24th December 2019. We investigated human NUDT12 enzymatic activities and its functions in 

vivo. NUDT12 can remove both methylated m7G cap and unmethylated G cap RNA in vitro, but 

generate different cleaved products. We further confirmed NUDT12 is a deNADding enzyme that 

cleaves bond within NAD, releasing NMN (nicotinamide mononucleotide) and 5ʹ AMP-RNA. We 

set up a competition assay to exam the decapping (m7G cap) and deNADding (NAD+ cap) and 

found that NUDT12 has a preference for NAD+ cap over m7G cap. We determined crystal structure 

of human NUDT12 in complex with m7G cap, showing NUDT12 forms a homodimer and such 

dimerization is essential to maintain the enzymatic activity. Protein mutagenesis experiment 

elucidated that several residues from both subunits render NUDT12 selectivity towards different 

caps. To identify potential interaction factors of NUDT12, we performed immunoprecipitation-

mass spectrometry (IP-MS) and showed that BLMH is associated with NUDT12 in vivo. We 

produced recombinant proteins and demonstrated NUDT12 forms a dodecamer with BLMH in 

vitro. With negative staining electron microscopy analysis, we proposed a model of this complex 

where hexameric BLMH forms a ring structure in the central and three subunits of NUDT12 

homodimer are anchored to the periphery of the ring. BLMH has no detectable effect on decapping 

or deNADding activity of NUDT12 in vitro, but is required to localize NUDT12 to cytoplasmic 

discrete granules. To investigate physiological function of NUDT12, we made Nudt12 KO mice. 

These mice are viable and fertile. We checked RNA expression in mouse liver and uncovered in 

the absence of Nudt12, expression of circadian transcripts are upregulated. 

    In this research, I produced all the recombinant proteins and performed in vitro biochemical 

experiments, including decapping assay and competition assay. To solve the human NUDT12 

structure, I did limited proteolysis-coupled mass spectrometry to define the protein sequence 

boundaries for crystallization. I also performed negative staining electron microscopy analysis of 

NUDT12-BLMH complex and prepared sample for AUC and SEC-MALS experiments. Kuan-

ming Chen created point mutants and solved the crystal structure together with Andrew A. 

McCarthy. Hao Wu created the mouse knockout mutant and performed all cell culture and mouse 

experiments. David Homolka analyzed sequencing data. Pasca Gos and Fabienne Fleury-Olela 
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carried out circadian experiments with Hao Wu. Ramesh Pillai prepared and wrote the manuscript 

with input from everyone. 
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Discussion 

In the first chapter, we described a Nudix hydrolase, human NUDT12 that cleaves both canonical 

m7G cap and noncanonical NAD+ cap of mRNAs. NUDT12 preferentially acts on NAD+ 

cap/NAD-RNA in vitro, which can be partially explained by its structure that in the catalytic 

pocket, except three essential residues (F356, E370 and E374) required for both decapping and 

deNADding activity, mutations of remaining residues only impair decapping activity while have 

very mild or no effect on deNADding activity. We failed to crystalize NUDT12 in complex with 

NAD+ cap, hence, we could not provide the details about how NUDT12 accommodates NAD+ cap 

within its binding pocket. However, since the catalytic domain is highly conserved between 

bacterial deNADding enzyme NudC (Hofer et al., 2016; Zhang et al., 2016b) and human NUDT12, 

we could still compare each other and speculate how NUDT12 recognizes different caps and how 

the preference towards NAD+ cap is rendered.  

NUDT12 directly interacts with BLMH, forming a dodecamer in vitro. BLMH is a cytoplasmic 

cysteine peptidase that forms a hexamer in vitro (O'Farrell et al., 1999). The only known function 

of this protein is that it can hydrolyse the anticancer drug, BLM to protect cell from of toxicity of 

chemotherapy. Mice lacking Blmh have low-penetrant neonatal death. Such mice are fertile but 

display tail dermatitis (Schwartz et al., 1999). Beyond this, the normal physiological function of 

this protease is unclear. BLMH has no significant influence on enzymatic activity of NUDT12, 

according to our in vitro decapping assay, however, we found that BLMH is required to sequester 

NUDT12 into cytosolic discrete granules in vivo. There granules are not P-bodies, nor stress 

granules. Inhibition of mRNA biogenesis does not interfere with the formation of such granules 

(data not shown here), suggesting RNAs are not co-localized with NUDT12-BLMH complex. 

Furthermore, when BLMH was artificially tethered to a luciferase reporter, it led to 

downregulation of the expression of this reporter, resembling that effect of NUDT12. Notably, 

human BLMH has no nucleic acid binding ability (O'Farrell et al., 1999), even though it is 

evolutionarily conserved and its homologues in yeast and rat bind either single-stranded DNA or 

RNA (Takeda et al., 1996; Xu and Johnston, 1994; Zheng and Johnston, 1998). More efforts 

should be made to better understand what the biological consequence of NUDT12-BLMH 

complex is. 

We made Nudt12 KO mice and such mutant mice have no aberrant phenotype, suggesting 

Nudt12 might be redundant, to some extent. As mentioned above, human nuclear DXO is a 
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deNADding enzyme as well. Function of Nudt12 in mammalians could be compensated by Dxo 

in nucleus and/or by other unknown enzymes in cytoplasm. Here we point out that loss of NudC 

in E. coli causes no dramatic change in regards to the level of small regulatory RNAs which are 

known to be NAD+ capped (Cahova et al., 2015), again implicating the existence of a parallel 

mechanism beside Nudt12. 

Although Nudt12 is not essential for mouse viability and fertility, we notice that in the absence 

of Nudt12, a subset of circadian gene is upregulated in mouse liver. We don’t know if this is due 

to increased stability of these circadian transcripts which are NAD-capped after removal of 

Nudt12. We tried to identify what kinds of RNA carry 5ʹ NAD+ cap in mouse liver or other tissues 

by using NAD captureSeq, but we failed. Nevertheless, it is still important to make it clear what 

are the NAD-capped RNAs and how abundant they are in mammalian, especially human cells, 

considering recently a few papers describing alternative approaches to quantify NAD-RNAs just 

came out (Hu et al., 2021; Yu et al., 2021).  

Since the discovery of NAD-RNA in bacteria in 2015 and later in yeast and mammals, one 

frequently asked question is why cells produce NAD-RNAs. In other words, what are the 

biological functions of NAD-RNA? So far, what we know is that NAD-RNAs are fragile, of which 

the half-life is very short compared with m7G-capped RNAs. Is that meaning NAD-RNAs are toxic 

such that once they are present inside cells, they must be eliminated rapidly? One hypothesis about 

the generation of NAD-RNA is that when cells are under stressful conditions, the cellular NAD+ 

level will be elevated, which means that the chance of generating NAD-RNA is increased. 

Therefore, NAD-RNAs can be a signal when cells are exposed to stress. The biogenesis of NAD-

RNA is thought to be facilitated by RNA polymerase II in nucleus, even if no clear evidence can 

validate this up to now. Whereas in cytoplasm, how the NAD-RNAs are generated is still a 

mystery. One possibility is that nuclear NAD-RNAs can be exported to cytoplasm. But as is known 

that decapping enzyme Dxo governs NAD-RNA decay in nucleus (Jiao et al., 2017), why those 

NAD-RNAs that exported to cytoplasm can escape such surveillance. On the other hand, RNA 

export relies upon the communication between nuclear export factors and CBC which binds m7G 

cap (Cheng et al., 2006; Nojima et al., 2007). No data is shown that CBC recognizes NAD+ as 

well. Hence, NAD-RNA transport from nucleus to cytoplasm seems impossible. Then the other 

possibility of biogenesis of cytoplasmic NAD-RNAs is that these NAD-RNAs are produced 
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locally via a mechanism yet to be discovered. At least in yeast, certain NAD-RNAs are generated 

in mitochondria (Walters et al., 2017). 

Human genome encodes 22 NUDIX hydrolases, of which only eight enzymes are active against 

m7G cap in vitro (Song et al., 2013). Apart from DCP2 (NUDT20), NUDT16 and NUDT12 which 

is described in this thesis, our knowledge about other NUDIX proteins is quite limited. Recently, 

NUDT2 is another protein of interest in this filed because of the identification of Ap4A-capped 

RNAs (Hudecek et al., 2020; Luciano and Belasco, 2020; Luciano et al., 2019). Human NUDT2 

is the Ap4A hydrolase that catalyzes the asymmetric hydrolysis of diadenosine 5',5'''-P1,P4-

tetraphosphate (Ap4A) to yield AMP and ATP (Ge et al., 2013; Thorne et al., 1995). It also acts 

on m7G cap. Physiological function of NUDT2 is not well known but at least this protein seems to 

be essential for neurodevelopment because mutation of NUDT2 causes intellectual disability in 

human (Anazi et al., 2017; Diaz et al., 2020; Yavuz et al., 2018). Whether this phenotype is linked 

to Ap4A-RNA is unclear. Depletion of NUDT2 results in dramatic increase of intracellular level 

of Ap4A molecule which in turn activates the immune response (Shu et al., 2019). Again, the 

underlying mechanism needs to be illustrated. 

The diverse 5ʹ cap modifications and their corresponding capping/decapping enzymes make the 

regulation of RNA 5ʹ ends complex. The regulatory network of classic m7G cap is more or less 

established owing to numerous studies on it in the past decades. However, with the discoveries of 

more and more noncanonical caps, such as NAD+, Ap4A and FAD, our cognition about RNA 5ʹ 

ends needs to be expanded. One direction would be systematically and quantitatively measure 

RNA 5ʹ ends. This requires a much more precise approach to detect RNA 5ʹ modifications, 

considering their low abundance in the cells. Moreover, once a novel modification is discovered, 

efforts should be made to identify those related enzymes and more importantly, to provide insights 

into mechanism of how this modification functions in vivo. Since RNA 5ʹ modifications are also 

linked to innate immune response, inflammation and tumorigenesis, development of new 

diagnostic methods and potential therapies that target relevant enzymes and/or pathways, deserves 

more attention.  
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Chapter 2. YTHDC2 binds 3′ UTR of RNA targets to regulate meiosis 

Introduction 

Since the proposal of central dogma by Crick in 1957, hundreds of thounds papers have been 

published in this field, with a vast majority being focused on DNA and protein. Among those 

studies, one of the most popular research interest is to investigate modifications present in DNA 

and protein. Up to now, it is known that modifications of DNA/chromatin, including methylation, 

histone modification, comprise the basic concept of epigenetics that control gene expression. 

Modifications of protein, such as phosphorylation, acetylation and ubiquitination which are called 

post-translational modifications, make another layer of gene expression regulation. However, in  

the last decade, with more and more literatures related with quantification and functiona of RNA 

modifications coming out, a novel layer that controls gene expression in the RNA level starts to 

emerge. 

RNA modification 

It is believed that RNAs from all kingdoms of life can be decorated with chemical modifications 

in great diversity. The earliest discovery of RNA modification can date back to 1960, when 

pseudouridine was identified from highly abundant samples (Cohn, 1960). To date, more than 170 

chemical modifications have been identified in various types of RNA (Boccaletto et al., 2022). 

Most modifications are present in transfer RNA (tRNA) and ribosomal RNA (rRNA), of which 

the enzymatic reactions and fucntions are relatively well characterized. However, in the past 

decade, owing to the improvement of high-resolution mapping approachs and next generation 

sequencing, many other modifications are found in mammalian messanger RNA (mRNA) and 

small nuclear RNA (snRNA), particularly for mRNA methylation. These modifications are 

dynamic, reversible and critical in diverse cellular processes involved in RNA metabolsim. 

Dysfunction of RNA modifications is linked to abnormal cell development and human diseases. 

RNA modifications or in other words, the epitranscriptomics, represent an emerging crucial way 

to regulate gene expression. 

rRNA modification 

Ribosomal RNA (rRNA) is the most abundant RNA in a cell and it is extensively modified during 

transcription and following maturation in the nucleolus, nucleus and cytosol. Recently, more than 

130 individual chemical modifications in rRNA are identified based on the high resolution 
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structure of human ribosome (Natchiar et al., 2017). Among these modifications, 2ʹ-O-methylation 

of the ribose and converstion of U to pseudouridine (Ψ) are the two major types, making up 95% 

of rRNA modification. To date, 55 2′-O-methylation sites and 45 Ψ sites have been identified in 

yeast rRNAs, while in human rRNAs 60 2′-O methylations and 25 Ψ pseudouridylations are 

experimentally validated (Birkedal et al., 2015; Natchiar et al., 2017; Taoka et al., 2016). As an 

essential subunit of ribosome, rRNA serves to maintain protein synthesis. Therefore, rRNA 

modifications that frequently occur in or close to functionally crucial sites of ribosome are thought 

to make contribution to the protein quality control during translation (Sloan et al., 2017).  

    In general, there are two mechanisms that introduce chemical modifications into rRNAs at 

different stages during ribosome biogenesis. One is guided by small nucleolar RNAs (snoRNAs) 

and the other is facilitated by stand-alone enzymes. Modifications guided by snoRNAs are 2′-O-

methylation and pseudouridylation, which are catalyzed by two classes of snoRNPs, termed box 

C/D and box H/ACA snoRNPs respectively (Ganot et al., 1997; Kiss-Laszlo et al., 1996; Ni et al., 

1997; Watkins and Bohnsack, 2012). Eukaryotic snoRNPs, which are functionally conserved, are 

ribonucleoprotein complexes that comprise a snoRNA and its associated catalytic protein. Such 

snoRNA binds its pre-rRNA targets with base-pairing to guide the catalytic component to modify 

specific site. Box C/D snoRNAs form a single hairpin structure through their conserved sequence 

motifs (C box, 5′- RUGAUGA-3′ and D box, 5′-CUGA-3′). Structural analysis of a box C/D 

snoRNA from Sulfolobus solfataricus (Figure 2.1) indicates that extensive pairing between 

snoRNA and pre-rRNA positions the catalytic site of methyltransferase fibrillarin to modify the 

ribose of target, 5 nucleotides upstream of the D/D′ box (Lin et al., 2011; Tollervey et al., 1993). 

Particularly, additional complementarity of snoRNA-pre-rRNA occurring close to the methylated 

site could stimulate methylation (van Nues et al., 2011). In contrast to box C/D snoRNAs, H/ACA 

box snoRNAs containing a conserved H box (5′-ANANNA-3′) and an ACA sequence form a 

double hairpin structure. Through base-pairing with snoRNA, pre-rRNA is accommodated in the 

pseudouridylation pocket localized in one hairpin, in which non-based-paired uridine is exposed 

to pseudouridine synthetase to complete isomerisation, as is shown by the structure of an H/ACA 

box sRNP from Pyrococcus furiosus (Figure 2.1) (Lafontaine et al., 1998). Notably, there are 

several exceptions that 2′-O-methylation and pseudouridylation are independent of snoRNAs. For 

example, in yeast pseudouridine synthetase Pus7 directly catalyzes pseudouridylation in a 
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consensus motif in 5S rRNA and 2′-O-methyltransferase Sbp1 can methylate G2922 of the 25S 

rRNA (Decatur and Schnare, 2008; Lapeyre and Purushothaman, 2004). 

Fig 2.1. Structures of box C/D and box H/ACA snoRNP complexes. A, crystal structure of an H/ACA box sRNP 

from Pyrococcus furiosus. Cbf5 is the pseudouridine synthetase that deposits Ψ at rRNA target. Gar1, Nop10 

and Nhp2 are the protein components that stablize the tertiary fold of the RNA and ensure correct positioning 

of the target nucleotide in the Cbf5 active site. B, structure of a box C/D sRNP from Sulfolobus solfataricus. 

Fibrillarin catalyzes 2ʹ-O-methylation in rRNA with assistance from other protein subunits including L7Ae 

and Nop5 (Duan et al., 2009; Lin et al., 2011; Sloan et al., 2017). 

    Besides 2′-O-methylations and pseudouridylations, eukaryotic rRNAs are also modified at the 

base position. Those base modifications, such as N7-methylguanosine (m7G) and acetylated 

cytosine (ac4C) present either in small or large ribosomal subunits, are installed by various 

enzymes including RNA methyltransferases, acetyltransferases and pseudouridine synthetases. 

rRNA methyltransferases, like the cap-adjacent methyltransferase, belong to the Rossman-like 

fold family and use S-adenosylmethionine (SAM) as a methyl group donor. As for rRNA 

acetylation, NAT10 (Kre33 in yeast) is demonstrated to carry out acetylation of cytosines of the 

18S rRNA (Ito et al., 2014; Sharma et al., 2015). What’s more, unlike other base-modifying 

enzymes which appear to exclusively act on rRNAs, NAT10/Kre33 acetylates tRNASer and 

tRNALeu as well, but these processes require additional cofactor THUMPD1/Tan1 (Sharma et al., 

2015).  

rRNA modifications often appear in a cluster in ribosome where modified residues are residing 

in or nearby functionally important regions including decoding and tRNA binding sites (the A-, P- 

and E-sites), the peptidyltransferase center and the intersubunit interface (Sloan et al., 2017). Such 
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spatial and structural arrangement suggests that chemical modifications of rRNA play an important 

role in regulating ribosomal function to ensure efficient and accurate protein synthesis. On one 

hand, rRNA modifications stabilize the overall structure of ribosome. On the other hand, the 

heterogeneity of these modifications at certain sites or across species reflect the complex of 

ribosome functions during evolution. 

tRNA modification 

Transfer RNAs (tRNA) deliver amino acids to ribosome during mRNA translation. They are the 

second abundant RNA after rRNA but harbor the largest number and the greatest diversity of 

chemical modifcations in cells. So far, more than 100 different modifications have been found in 

both cytoplasmic and mitochondral tRNAs. The classic and most common tRNA consists of 76 

nucleotides and is highly conserved across species (Rich and RajBhandary, 1976). In human cell, 

each tRNA is decorated with, on average, 11-13 different modifications which are installed during 

tRNA maturation (Schimmel, 2018). These modificatioins which are deposited by so many various 

enyzmes (Figure 2.2), range from simple methylation or isomerization, including N1-

methyladenosine (m1A), 5-methylcytosine (m5C), pseudouridine (Ψ) and inosine (I), to complex 

multistep chemical modifications, such as N6-threonylcarbamoyladenosine (t6A) and 5-

methoxycarbonylmethyl-2-thiouridine (mcm5s2U) (Delaunay and Frye, 2019). Function of each 

modification depends on both its location in tRNA and its chemical structure. For instance, 

anticodon loop in tRNA displays a great variety of modifications, with the wobble position 

(position 34) bearing the highest diversity (Figure 2.2). Modifications at wobble position expand 

and optimize codon usage, hence, they render tRNAs more efficiency of decoding message from 

mRNAs during gene-specific translation (Chan et al., 2012; Hanson and Coller, 2018; Schaffrath 

and Leidel, 2017). 

    Under certain conditions, tRNA modifications can also impact function through direct 

involvement in folding process. In S. cerevisiae, m1A58 is present in 23 out of 34 tRNAs and is 

installed by the Trm6p/Trm61p methyltransferase complex (Anderson et al., 1998). Mutations of 

this complex results in a slow growth phenotype, attributable to the trunover of unmethylated 

tRNAi
 Met. m1A58 is identified in human tRNA as well tRNA3

 Lys, where human homologs TRMT6 

and TRMT61A catalyze the methylation. Overexpression of human TRMT6/TRMT61A complex 

in yeast restores the formation of m1A58 in tRNAi
 Met, suggesting m1A58 is evolutionarily 

conserved (Ozanick et al., 2005). Another case is m7G46 in tRNAVal(AAC), which is methylated by  
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Fig 2.2. Schematic representation of tRNA chemical modifications. Modified positions and types along with 

their corresponding depositing enzymes are indicated. Enzymes involved in modifications at wobble positions 

are highlighted in purple. Positions 34–36 indicate anticodons (Delaunay and Frye, 2019). 

the methyltransferase complex Trm8p/Trm82p in yeast. Double deletions of related genes (trm8-

Δ trm4-Δ) cause loss of m7G46 modification and dramatic decrease of cellular tRNAVal(AAC) 

accompanied by loss of aminoacylation. Such mutants have a temperature-sensitive growth defect 

(Alexandrov et al., 2006). Together, modifications outside of the anticodon region can play 

extremely important role in stablizing structure of endogeous tRNAs. 

In addition to influence tRNA stability and tRNA-mRNA pairing, modifications can also affect 

the cleavage of tRNA. One of the instance is that Drosophila Dnmt2 can introduce m5C38 in three 

types of tRNA, tRNAAsp(GTC), tRNAVal(AAC) and tRNAGly(GCC). Its enzymatic activity is essential 

for Drosophila viability. Interestingly, Dnmt2-mediated methylation protects tRNAs against 

ribonuclease cleavage under stress conditions, indicating a novel function of tRNA modification 
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during the biogenesis of tRNA-derived small RNAs (Schaefer et al., 2010). Similarly, in human 

cells, NSUN2 is another m5C methyltransferase that catalyzes the reaction at multiple sites in 

tRNAs. Loss of m5C in tRNA increases its endonucleolytic cleavage, leading to an accumulation 

of 5′ tRNA-derived small RNA fragments. Accumulation of those fragments in the absence of 

NSUN2 is linked to reduced protein translation, activation of stress pathways and disordered 

neuro-development. Whereas NSUN2-mediated tRNA methylation protects from endonucleolytic 

cleavage into small RNA fragments (Blanco et al., 2014). Based on these studies, it is possible that 

tRNA modifications can have an impact on cell signaling processes where dysregulation of them 

may lead to disease and cancer.  

In summary, in response to different microenvironments, tRNAs adopt at least two mechanisms 

that control protein synthesis via chemical modifications. First, modifications outside the 

anticodon loop ensure a stable structure of tRNA so that they modulate the global de novo protein 

synthesis. Second, modifications within the anticodon loop determine the translation of codon-

specific genes (Delaunay and Frye, 2019). 

mRNA modification 

Recent excitement in the field of RNA modification was due to the quantification and mechanistic 

studies on reversible modifications in mRNA, of which mRNA methylation in particular, attracted 

the most interest. In addition to 5ʹ m7G cap and 3ʹ polyadenylation tail, mRNA also bears various 

internal chemical decorations (Figure 2.3), including base isomerization (U to Ψ), methylation of 

bases (m1A, m5C and m6A) as well as 2ʹ postion of riboses (Nm and m6Am), deamination (A to I) 

and oxidation of m5C to 5-hydroxymethylcytosine (hm5C) (Li et al., 2016b). Identification and 

quantification of these modifications have been benefited tremendously from recent advances in 

developing novel methods that couple analytic chemistry and high-throughput sequencing to allow 

us map each modification at or near single-base resolution (Moshitch-Moshkovitz et al., 2022). 

Together with extensive characterization of the modification “effectors”, including enzymes 

involved in reversible chemical reactions that alter the modification level and protein factors which 

can recognize such marker, and their functional studies, our understanding towards mRNA 

modification is expanded dramatically. We know modifications in DNA and histone represent the 

epigenetic control of gene expression. Likewise, RNA modifications comprise the novel layer of 

gene expression, which is termed as epitranscriptomics.  
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Fig 2.3. Chemical modifications in mRNA (Li et al., 2016b). 

N1-Methyladenosine (m1A) 

m1A was identified in nucleic acids almost sixty years ago (Dunn, 1961). After decades, its 

distribution and function in tRNA and rRNA are well documented that m1A is a prevalent 

modification in  tRNA with a major impact on structure and function. This can be explained by its 

occurrence at the Watson-Crick base-pairing interface where this positively charged base can 

significantly influence protein-RNA interactions and RNA secondary structures via electrostatic 

effects (Agris, 1996; Roundtree et al., 2017a). However, m1A in mRNA is less studied because of 

its low abundance in mRNA. This situation was changed in 2016 when two groups independently 

reported that m1A is present in thousands of different transcripts in eukaryotic cells, at an estimated 

average transcript stoichiometry of 20% in humans (Dominissini et al., 2016; Li et al., 2016a). One 

year later, m1A was also found in mitochondrial transcripts (Li et al., 2017b; Safra et al., 2017). 

By exploiting m1A-seq or m1A-ID-seq, m1A is mapped uniquely to the 5′ untranslated regions 

(UTRs) with enrichment around start codon upstream of the first splice site (Dominissini et al., 

2016; Li et al., 2016a). Enzymes that catalyze the deposition of m1A in cytosolic mRNAs is still 

unclear, even though some m1A sites are found in tRNA T-loop-like structures, where 

TRMT6/TRMT61A complex is thought to introduce this modification (Safra et al., 2017). 

Regarding mitochondrial m1A, at least one defined m1A site in ND5 mRNA is installed by 

methyltransferase TRMT10C. This methylation pattern is tissue-specific and tighty controled 
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during development (Safra et al., 2017). This modification can be removed by RNA demethylase 

ALKHB3 and this reversible process is quite dynamic in response to various types of cellular stress 

(Dominissini et al., 2016; Li et al., 2016a). Role of m1A in regulaing mRNA translation is 

debatable. One group claimed that m1A on mRNA is a repressive marker for translation bacasue 

it blocks base pairing (Safra et al., 2017). Whereas, this conclusion is conteracted by another 

finding that m1A correlates with elevated translation in human Hela and mouse embryonic cells 

(Dominissini et al., 2016). A better approach of evaluating the global effect of m1A on translation 

is crucial to understand its physiological function. 

5-Methylcytosine (m5C) 

The earliest discovery of m5C in protein coding RNA dates back to 1970s. At that time, it was 

found that m5C is much less abundant than other types of mRNA modifications, such 2ʹ-O-

methylation and m6A (Desrosiers et al., 1974; Dubin and Taylor, 1975). Taking advantage of 

bisulfite sequencing that was first applied to map m5C in DNA (Schaefer et al., 2009), 

transcriptome-wide sequencing of m5C in mRNA and lncRNA (long noncoding RNA) in human 

cells was achieved (Squires et al., 2012) and the distribution of this methylated marker in 

transcripts appears to favour untranslated regions, where several m5C sites are localized to the 

binding sites for Argonaute proteins in particular (Squires et al., 2012). Consistent with previous 

studies, even though the abundance of m5C varies among organisms (Amort et al., 2017; David et 

al., 2017; Huang et al., 2019), overall number of m5C in mRNAs is rather low and it can even 

reach as low as single digits in mammals (Legrand et al., 2017). The tRNA methyltransferase 

NSUN2 was reported to methylate cytosine in two mRNAs: CINP and NAPRT1 (Squires et al., 

2012) and recently, another protein NSUN6 was demonstrated to specifically methylate cytosines 

at the consensus motif CTCCA which is located in loops of hairpin in 3ʹ UTR (Selmi et al., 2021). 

However, it is not clear whether mRNA m5C can be directly removed by other enzymes. 

Interestingly, m5C is recognized by several proteins, including ALYREF and YBX1 (Chen et al., 

2019; Yang et al., 2017; Zou et al., 2020). ALYREF is the mRNA export adaptor protein. It binds 

m5C-containing mRNAs with its K171 residue to guide mRNA export (Yang et al., 2017). YBX1 

is the Y box binding protein and its W65 residue in the conserved cold-shock domain is crucial to 

recognize m5C modification. In bladder cancer cells, YBX1 promotes cancer pathogenesis and 

progression via targeting m5C-containing oncogene-related transcripts (Chen et al., 2019). 

    In Drosophila melanogaster, m5C in mRNA can be further oxidized by Tet-family enzymes to 
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form 5-hydroxymethylcytosine (hm5C) (Fu et al., 2014). Using hMeRIP-seq (methylated RNA 

immunoprecipitation followed by sequencing), hm5C is detected in over 1500 mRNAs with 

enrichment in the exonic and intronic regions (Delatte et al., 2016). The Drosophila Tet ortholog 

which carries out hydroxymethylation and hm5C-containing RNAs are found to be abundant in 

brain. Mutation of Tet in fruit fly leads to impaired brain development, accompanied by decreased 

RNA hydroxymethylation, suggesting hm5C might be important for Drosophila neurodevelopment 

(Delatte et al., 2016).  

N6-Methyladenosine (m6A) 

Among all the internal chemical modifications, m6A is the most abundant one in mRNA. Although 

discovery of this modification is rather early (Desrosiers et al., 1974), systematic quantification of 

m6A is only available after 2012 when two groups described an antibody-based m6A mapping 

method, whereby they quantified m6A in mouse and human cells and revealed the m6A methylome 

(Dominissini et al., 2012; Meyer et al., 2012). It turns out that mRNA m6A methylation is 

unexpectedly prevalent in mammalian transcriptomes and this modification is highly conserved 

from mouse to human, implicating m6A may have very essential functions in regulating mRNA 

metabolism. These two papers undoubtably ignite the field of RNA modification, since then, 

numerous studies have been focused on m6A and its biological functions and regulations are 

unravelled. 

    Statistical analyses of m6A reveal that in human cells, approximately 0.15 – 0.16 percentage of 

adenosine in polyadenylated RNAs is converted to m6A and m6A to A ratios are significantly 

affected by highly expressed genes in the transcriptome (He and He, 2021; Liu et al., 2020; Liu et 

al., 2014; Wei et al., 2018). What’s more, percentage of transcripts containing m6A in the whole 

transcriptome reaches 25% in average and this number can go up to 60% if those relatively lowly 

expressed genes are taken into consideration (He and He, 2021). In regards to the average number 

of m6A per transcript, ~ 3 m6A residues are detected in one transcript based on LC-MS/MS and ~ 

1.7 m6A peaks per transcript are quantified according to m6A-seq respectively (Dominissini et al., 

2012; He and He, 2021; Perry et al., 1975). Notably, these numbers can be either overestimated or 

underestimated because many transcripts are unmethylated while many have more m6A sites than 

the average.  

    When mapping m6A position in the whole transcriptome, it is uncovered that m6A is 

preferentially enriched in the vicinity of stop codons and in 3′ untranslated regions (3′ UTRs) 
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(Figure 2.4). Furthermore, m6A commonly cocurs at a consensus motif DRACH, where D equals 

A, G or T; R equals A or G; H can be either A, C or U; A is the methylated site (Dominissini et 

al., 2012; Meyer et al., 2012). Multiple DRACH motifs can be next to each other but not all of 

them carry m6A. In some cases, m6A is identified outside DRACH sequence as well (Doxtader et 

al., 2018; Mendel et al., 2018; Pendleton et al., 2017). However, one unsolved question is that how 

this unique pattern of  m6A distribution is defined. In addition, m6A in protein coding sequences 

appears to more frequently present in longer internal exons (> 200 nt) and this is not because these 

long exons occupy the majority of all internal exons (only 15% internal exons are > 200 nt) (Ke et 

al., 2017). Together, deposition of m6A in mRNAs is specific and also context-dependent, which 

means this process is probably tightly regulated in mammalian cells. 

 
Fig 2.4. Metagene profile of m6A distribution along the entire transcript. One m6A peak at the transcription 

start site is attributed to N6,2′-O-dimethyladenosine (m6Am). m6A is also found in coding regions and is 

particulary enriched near stop codon in 3′ UTR (Meyer and Jaffrey, 2014). 

    m6A is involved in many cellular processes to regulate gene expression. m6A alters transcription, 

pre-mRNA splicing, mRNA exprot and translation (Wang et al., 2014a; Wang et al., 2015; Xiao 

et al., 2016; Zhou et al., 2019). It also affects protein-RNA interactions by changing RNA 

structures (Liu et al., 2015). Given its diverse roles in the regulation of gene expression, m6A is 

indeed a critical regulatory target in various physioligical processes and aberrant abundance or 

dysregulation of m6A can cause severe consequences. Such multifaced nature of m6A in gene 

expression regulation is relied upon its protein “effectors”, including “writers” which install m6A 

marker in transcripts; “erasers” which remove this marker and “readers” which specifically 

recognize this marker to modulate different processes (Figure 2.5). 
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Fig 2.5. m6A writers, erasers and readers (Shi et al., 2019). METTL3-METTL14-WTAP methyltransferase 

complex accounts for the majority of m6A in mammalian transcriptomes and METTL16 methylates adenosine 

in a structured region. m6A can be removed by FTO and ALKBH5 which belong to RNA demethylase. YTH 

proteins including YTHDF1/2/3 and YTHDC1/2, HNRNP proteins that can recognize m6A in different contexts. 

m6A writers 

Almost twenty years after the discovery of m6A in protein coding RNA, corresponding 

methyltransferase complex was purified and the AdoMet-binding subunit was cloned 

subsequently, namely METTL3 (Bokar et al., 1994; Bokar et al., 1997). Followed by identification 

of METTL14 being a direct interaction factor of METTL3, this heterodimer is characterized as the 

methyltransferase responsible for the vast majority of m6A in mouse and human transcriptomes 

(Liu et al., 2014; Wang et al., 2014b). Biochemical and structural works demonstrate that METTL3 

is the catalytic module while METTL14 as an allosteric activator is essential for RNA binding 

(Figure 2.6) (Sledz and Jinek, 2016; Wang et al., 2016b; Wang et al., 2016c). Further studies 

reported a larger complex consisting of accessory subunits, including Wilms tumor 1-associating 

protein (WTAP), Vir like m6A methyltransferase associated protein (VIRMA), zinc finger CCCH-

type containing 13 (ZC3H13), RNA binding motif protein 15/15B (RBM15/15B) and an E3 

ubiquitin ligase HAKAI that are important for the activity and specificity of this m6A writer (Patil 

et al., 2016; Ping et al., 2014; Ruzicka et al., 2017; Wen et al., 2018; Yue et al., 2018). For example, 

WTAP interacts with METTL3/METTL14 to recruit them to mRNA targets and is required for 
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their nuclear localization as well as the methyltransferase activity (Ping et al., 2014). ZC3H13 

contributes to m6A methylation by anchoring WTAP-VIRMA-HAKAI-ZC3H13 complex in 

nucleus (Wen et al., 2018). RBM15/RBM15B interacts and directs m6A methyltransferase 

complex to methylate adenosine sites proximal to m6A consensus motifs (Patil et al., 2016). These 

regulatory components ensure co-transcriptional installation of m6A by METTL3/METTL14 core 

subunits in nucleus, however, other studies also give hint that METTL3 may form an assembly in 

cytoplasm (Alarcon et al., 2015; Choe et al., 2018). It is not clear whether such cytosolic METTL3-

containing complex resembles the nuclear one.  

 
Fig 2.6. Crystal structure of METTL3-METTL14 heterodimer. The SAM donor bound to METTL3 is shown 

as stick format and colored yellow (Sledz and Jinek, 2016).  

As the principal m6A methyltransferase, METTL3/METTL14 and their homologs exert 

essential functions in multiple physiological processes. Deletion Ime4 (METTL3 in yeast) or 

mutation its catalytic domain impedes the progression of meiosis and induces foraging 

pseudohyphal (PH) development in yeast (Agarwala et al., 2012). Drosophila Ime4 is essential for 

viability and targets Notch signaling pathway to maintain oogenesis (Hongay and Orr-Weaver, 

2011). In Arbidopsis, removal of METTL3 ortholog Mta results in a 90% reduction of m6A, 

accompanied by defects in growth, apical dominance and embryonic development (Bodi et al., 

2012; Zhong et al., 2008). Mettl3 or Mettl14 KO mice are lethal because embryos in these mutant 

mice fail to thrive at E5.5 (Batista et al., 2014; Geula et al., 2015). Conditional knockout 

Mettl3/Mettl14 in different mouse tissues further indicate a central regulatory role of this complex 

in spermatogenesis (Lin et al., 2017), brain development and function (Xu et al., 2020; Yoon et 

al., 2017), innate immune response (Rubio et al., 2018; Winkler et al., 2019) and cardiac 

homeostasis (Dorn et al., 2019). Apart from its physiological functions, METTL3-METTL14 

complex is also linked to a broad range of cancer types and type 2 diabetes (De Jesus et al., 2019; 
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Huang et al., 2020; Ianniello et al., 2019; Yang et al., 2019). All these independent works point 

out the importance of regulating METTL3/METTL14 in normal physiology as well as in disease. 

Though most m6A sites in mammalian transcriptomes are deposited by METTL3-METTL14 in 

linear regions, still a small proportion is catalyzed by additional methyltransferases. Recently, 

METTL16 was shown to install m6A in certain RNA targets (Aoyama et al., 2020; Nance et al., 

2020; Pendleton et al., 2017; Warda et al., 2017). Structure of METTL16 reveals that like 

METTL3, its catalytic domain adopts the classic Rossmann-like fold and uses SAM as the methyl 

group donor (Figure 2.7) ((Doxtader et al., 2018; Mendel et al., 2018). Until now, two targets of 

METTL16 are confirmed: U6 snRNA which is involved in pre-mRNA splicing and MAT2A 

mRNA whose gene encodes the SAM synthetase MAT2A. Instead of methylating adenosine in 

DRACH motif, METTL16 catalyzes m6A methylation in a consensus sequence ((UACAGARAA) 

that located in a structural region (Doxtader et al., 2018; Mendel et al., 2018). Additionally, 

METTL16 was also shown to bind a long noncoding RNA (Brown et al., 2016). 

 
Figure 2.7. Crystal structure of METTL16 methyltransferase domain bound to MAT2A Hairpin 1. Protein is 

shown in blue, RNA in orange, and “clamp” loops interacting with the RNA in cyan (Doxtader et al., 2018). 

In human cells, METTL16 regulates MAT2A mRNA splicing in response to cellular SAM 

levels (Pendleton et al., 2017). In mouse, knockout Mettl16 leads to embryonic lethality. 

Conditional knockout of Mettl16 in adult mouse testis also causes infertility due to lack of mature 

germ cells (Mendel et al., 2018). C. elegans genome encode a methyltransferase METT-10, the 
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ortholog of METTL16, and it deposits an m6A marker on the the 3′ splice site (AG) of the SAM 

synthetase pre-mRNA, indicating the conserved function of  METTL16. Presence of m6A at the 3′ 

splice site inhibits proper splicing of worm synthetase RNA and this inhibitory effect is conserved 

in mouse. Mechanistically, 3′ splice site m6A blocks the binding of splicing factor U2AF35 to the 

3′ splice site, implicating that site-specific m6A may be critical for splicing regulation (Mendel et 

al., 2021). 

Besides METTL3/METTL14 and METTL16, another methyltransferases are also demonstrated 

to modify m6A in other types of RNA. METTL5-TRMT112 and ZCCHC4 catalyze m6A 

methylation in human 18S rRNA and 28S rRNA, respectively (Ma et al., 2019; van Tran et al., 

2019). The diversity of m6A methyltransferase reflects that as an important post-transcriptional 

modification, m6A can be added either in a type-specific or context-specific manner and such 

addition requires tight and dynamic regulation. 

m6A erasers 

One remarkable aspect of m6A modification is that apart from its deposition by RNA 

methyltransferases, the methyl group can also be removed by RNA demethylases. Until now, two 

enzymes are verified to be able to convert m6A to A on mRNAs, including fat mass and obesity-

associated protein (FTO) and ALKBH5 (Jia et al., 2011; Zheng et al., 2013). These erasers belong 

to the Alkb family of dioxygenases, of which catalytic reaction requires involvement of α- 

ketoglutarate, ferrous and oxygen (Falnes et al., 2002; Gerken et al., 2007). Substrates of Alkb 

enzymes are composed of DNA and RNA, and each protein appears to have specificity towards 

different substrates. 

According to its name, FTO was initially identified as a protein linked to obesity (Church et al., 

2010; Dina et al., 2007; Fischer et al., 2009). Later, its demethylase activity was reported that FTO 

could remove 3-methylthymidine (m3T) and 3-methyluridine (m3U) in single-stranded DNA and 

RNA, respectively (Gerken et al., 2007; Jia et al., 2008). Based on these two studies, the relatively 

higher activity towards RNA nucleotides was observed. Followed by another work published in 

2011, FTO was shown to efficiently demethylate m6A in mRNA in vitro and knockdown FTO 

leads to the increased m6A level in HeLa cells , suggesting that m6A-containing mRNAs could be 

the main target of FTO (Jia et al., 2011). However, several studies pointed out that m6A abundance 

was not mediated by FTO in other tissues. For instance, analysis of mouse Fto-knockout brain 

transcriptome did not show a significant increase in m6A levels (Hess et al., 2013). Neither the 
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increase of m6A sites in mRNA was observed from mouse embryos and cells lacking Fto (Mauer 

et al., 2017). Using antibody-independent approach to map m6A also revealed that overall 

abundance of m6A was not changed by FTO depletion (Garcia-Campos et al., 2019). Taken 

together, FTO-mediated m6A seems to be complex and to some extent, is irrelevant to 

physiological processes. 

In addition to m6A, a big advance in defining FTO substrate is that m6Am can be demethylated 

by FTO to form Am as well. In vitro biochemical experiments showed a much higher demethylation 

rate towards m6Am compared with m6A. As discussed above, m6Am can be found in mRNA as well 

as in snRNA at the first transcribed nucleotide. Quantification of cellular m6Am level in poly(A) 

RNA in FTO-knockout cells indicated m6Am appears to tolerate the loss of FTO (Mauer et al., 

2017). Whereas for snRNA, FTO-knockout cells showed >50% m6Am stoichiometries, confirming 

snRNAs are FTO targets (Mauer et al., 2019). Considering the fact that snRNAs mediate pre-

mRNA splicing and FTO-knockout cells display splicing defects (Bartosovic et al., 2017), it is 

postulated that FTO-mediated m6Am is a key regulatory information during splicing. 

ALKBH5 is the second identified m6A demethylase in mammalian cells (Zheng et al., 2013). 

Unlike FTO which is localized in both nucleus and cytoplasm, ALKBH5 is exclusively enriched 

in nucleus, supporting that ALKBH5 probably demethylates nuclear RNA targets to regulate those 

events occurring in nucleus, such as mRNA transcription, splicing and export. Knockdown 

ALKBH5 increased cellular m6A levels, while overexpression ALKBH5 decreased m6A more 

significantly (Zheng et al., 2013). ALKBH5 is not essential for mouse viability but is required for 

fertility, as ALKBH5-knockout mice testes showed defective spermatogenesis. RNA-seq analysis 

indicated that in mouse testis, around 1500 genes were affected by ALKBH5 in terms of their 

expressions, including those genes involved in p53 functional interaction network (Zheng et al., 

2013).  

Physiological functions of ALKBH5 remain unclear except its essence for mouse germ cells, 

but certain cancer cells are correlated with elevated expression of ALKBH5, such as glioblastoma 

stem cells (Dixit et al., 2017; Zhang et al., 2017). ALKBH5 can demethylate the transcription 

factor FOXM1 pre-mRNAs, resulting in enhanced RNA stability and expression. The other 

example is breast cancer stem cell. When these cells are exposed to hypoxic environment, 

upregulated expression of ALKBH5 is also detected (Thalhammer et al., 2011; Zhang et al., 

2016a). Similar to FOXM1, NANOG mRNA which encodes a pluripotency factor, is demethylated 
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by ALKBH5 to promote breast cancer stem cell phenotype. Overall, not only ALKBH5 is crucial 

for sperm development, but also its upregulation is correlated with tumorigenesis under certain 

conditions. 

To sum up, in contrast to writers which install m6A modification, FTO and ALKBH5 represent 

an additional mechanism that regulates distribution and abundance of m6A in mammalian 

transcriptomes by removing such marker. This dynamic balance further ensures the readers to 

regulate cellular processes via recognizing this modification. 

m6A readers 

The multifaceted nature of m6A is relying upon its reader proteins that can specifically recognize 

this chemical marker. In vertebrates, five proteins are found to sense m6A methylation through a 

highly conserved YT521-B homology (YTH) domain. These YTH domain-containing proteins, 

based on their amino acid sequences, are divided into three groups: YTH domain family 1-3 

(YTHDF1-3), YTH domain-containing 1 (YTHDC1) and YTH domain-containing 2 (YTHDC2). 

The YTH domain was previously predicted to a putative RNA-binding domain before it was 

demonstrated to recognize m6A (Stoilov et al., 2002). The first clue implicating YTH domain is 

an m6A-binding domain came from an in vitro m6A pull-down assay where two YTHDF proteins 

(YTHDF2-3) were detected (Dominissini et al., 2012). Later on, structure of the human YTHDF2 

YTH domain bound to m6A was determined, indicating that YTH domain recognizes m6A and 

binds to RNAs in an m6A-dependent manner (Li et al., 2014; Zhu et al., 2014). 

In human, these five m6A readers differ in protein sequence and length, except the YTH domain 

(Figure 2.8). Several structural studies have revealed that YTH domain, containing approximate 

150 amino acids, consists of four α helices and six β sheets. The m6A is accommodated within an 

aromatic cage in the YTH domain where two or three tryptophan residues engage with the methyl 

moiety (Luo and Tong, 2014; Theler et al., 2014; Xu et al., 2015; Xu et al., 2014). All the readers 

appear to recognize m6A in the DRACH motif without obvious sequence preference, except 

YTHDC1. YTHDC1 shows the strongest binding affinity when bound to RNA target having 

upstream G next to m6A (GGm6ACU), which could result from the formation of hydrogen bond 

between carbonyl group of G and nitrogen group from main chain (Xu et al., 2014). 

    YTH proteins regulate almost every aspect of RNA metabolism, including pre-mRNA splicing, 

mRNA export, mRNA decay and translation. It is believed that these m6A readers function in a 

context-dependent way to influence specific physiological processes. 
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Fig 2.8. Human m6A readers. A, protein sequence alignment of the YTH domain. B, domain organization of 

each human m6A reader. All the five proteins include the C-terminal conserved YTH domain (Liao et al., 2022). 

YTHDF1-3 

YTHDF readers are localized in cytoplasm, hence, these proteins mainly modulate m6A-associated 

events occurring in cytosol. Compared with YTHDC proteins, besides the YTH domain, YTHDF 

proteins also share high sequence identity over the rest region which contains low-complexity 

sequences and prion-like P/Q/N-rich domains (Patil et al., 2018). Recent work indicated that these 

unstructured regions are required for YTHDF proteins that undergo phase separation and m6A can 

enhance this process (Ries et al., 2019). 

Early studies proposed that YTHDF proteins specifically mediate m6A RNA processing. 

YTHDF1 was shown to enhance the translation of m6A-containing mRNAs via recognizing m6A 

sites in 3ʹ UTR and interacting with translation initiation factor eIF3 (Wang et al., 2015). 

Moreover, YTHDF1 could promote mRNA translation elongation by recognizing m6A located in 

5ʹ UTR and binding to eEF2 (Li et al., 2020). Similar effect was also observed for Snail mRNA 

where YTHDF1 targets m6A sites in its CDS region to induce translation elongation (Lin et al., 

2019). According, the influence of YTHDF1 on mRNA translation appears to be context-specific. 

YTHDF1 is unlikely to be involved in mRNA decay because knockdown YTHDF1 has little effect 

on the stability of m6A-containig mRNAs (Wang et al., 2015). 
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Among YTHDF proteins, function of YTHDF2 was first characterized, with a major impact on 

mRNA decay. Human YTHDF2 predominantly resides in 3ʹ UTR in more than 3000 m6A-

containing transcripts. Depletion of YTHDF2 leads to the accumulation of these transcripts in 

active polysome as well as their increased cellular level, suggesting YTHDF2 guides m6A mRNAs 

for degradation (Wang et al., 2014a). This negative effect on mRNA stability requires both the C-

terminal YTH domain and N-terminal region which directly interacts with the superfamily 

homology (SH) domain of CNOT1, a component of CCR4-NOT deadenylation complex. 

YTHDF2 binds to the m6A marker of mRNAs and recruits CCR4-NOT complex to degrade 

transcripts (Du et al., 2016). Furthermore, YTHDF2 can trigger Endoribonucleolytic cleavage of 

m6A-containing RNAs through interacting with HRSP12 which will further recruit 

endoribonucleases RNase P and RNase MRP (Park et al., 2019). This role of YTHDF2 in directing 

mRNA degradation is consistent with its localization in P-bodies which is known to be involved 

in mRNA decay (Wang et al., 2014a). Overall, YTHDF2 regulates m6A-containing mRNA 

degradation in cytoplasm. 

At present, function of YTHDF3 is not clear. One hypothesis is that when YTHDF3 is close to 

YTHDF1, it promotes mRNA translation. Likely, YTHDF3 promotes the degradation of m6A- 

modified mRNA in synergy with YTHDF2 (Li et al., 2017a; Shi et al., 2017). However, in 2020, 

two groups proposed a unified model for YTHDF proteins in regards to their regulatory function 

on m6A. YTHDF proteins share the same mRNA targets rather than different mRNAs. Instead 

regulate m6A-containing mRNA translation, all YTHDF proteins indeed act redundantly to 

promote mRNA degradation. They clearly showed that knockdown individual YTHDF protein 

almost has no impact on mRNA stability, but only when all three YTHDF proteins were depleted 

simultaneously, half-life of m6A-containing mRNAs is significantly decreased, indicating in the 

cytoplasm, YTHDF proteins collectively mediate m6A mRNA decay (Lasman et al., 2020; Zaccara 

and Jaffrey, 2020). 

YTHDC1 

As the founding member of YTH family proteins, YTHDC1 is the only known m6A reader that 

localizes in nucleus, particularly in the YT bodies that are adjacent to nuclear speckles (Nayler et 

al., 2000). In agreement with its nuclear localization, YTHDC1 regulates pre-mRNA splicing by 

connecting trans- and cis-regulatory elements and affects alternative splicing patterns. YTHDC1 

may bind pre-mRNA targets as soon as they are transcribed and methylated, then splicing factors, 
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such as SRSF3 and SRSF10 (serine/arginine-rich splicing factor), are recruited by YTHDC1 to the 

targets so as to facilitate splicing. Remarkably, these splicing factors interact with YTHDC1 in a 

competitive manner. On one hand, binding of SRSF3 at the N-terminal domain of YTHDC1 

prevents the binding of SRSF10, leading to exon inclusion of pre-mRNA during splicing. One the 

other hand, once the N-terminal region is bound to SRSF10, YTHDC1 promote exon skipping 

(Xiao et al., 2016). Notably, the exon inclusion is probably predominant in the YTHDC1-mediated 

splicing events because YTHDC1 shows a much higher affinity with SRSF3 over SRSF10. Not 

only involved in alternative splicing, but also YTHDC1-SRSF3 complex modulates 3ʹ end 

alternative polyadenylation of pre-mRNA via interacting with processing factor CPSF6 (Kasowitz 

et al., 2018). 

After splicing, YTHDC1 was shown to direct m6A-containing mRNAs to export to cytoplasm. 

In this process, YTHDC1 and SRSF3 collaborate with the nuclear RNA export factor (NXF1) to 

facilitate the exportation of methylated mRNAs. NXF1 binds SRSF3 and this interaction can be 

enhanced by YTHDC1 (Roundtree et al., 2017b). Alternatively, m6A-containing mRNA export 

can be driven by the transcription and export complex (TREX) via recruiting YTHDC1 to the 

mRNA target (Lesbirel et al., 2018). 

Beyond its regulation of m6A in mRNA, YTHDC1 was also reported to act on noncoding RNA. 

For example, YTHDC1 preferentially recognizes m6A sites on XIST and is essential for XIST 

function. XIST is a long noncoding RNA that is heavily modified by m6A. This noncoding RNA 

contributes to the inactivation of X chromosome and transcriptional repression of genes on X 

chromosome (Patil et al., 2016). It is postulated that binding of YTHDC1 to XIST may cause 

additional recruitment of proteins that involved in epigenetic silencing.  

YTHDC2 

YTHDC2 is the largest protein among YTH family proteins. Compared with other YTH proteins 

which only contain C-terminal YTH domain and remaining low-complexity regions, YTHDC2 

includes multiple domains along its entire length. There is a N-terminal R3H domain, a central 

DEAH-box helicase domain where two RecA domains are interrupted by two ankyrin repeats, a 

helicase-associated 2 domain (HA2) followed by OB-fold (oligonucleotide/oligosaccharide-

binding fold) and the C-terminal YTH domain (Figure 2.8). In line with its domain organization, 

YTHDC2 was demonstrated to possess ATP-dependent RNA helicase activity. It resolves the 

duplex region of RNA targets in a 3ʹ to 5ʹ manner (Jain et al., 2018; Wojtas et al., 2017). 
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Unlike other YTH proteins which are ubiquitously expressed in different tissues, YTHDC2 is 

highly enriched in germ cells (Bailey et al., 2017; Hsu et al., 2017; Jain et al., 2018; Wojtas et al., 

2017). Ythdc2 knockout mice are infertile. In the knockout testes, mitotic germ cells enter early 

stage of meiosis but undergo premature spermatogenesis and apoptosis in the end. By preforming 

Immunoprecipitation coupled to mass spectrometry (IP-MS), YTHDC2 is associated with another 

germ cell-specific protein MEIOC as well as the 5ʹ to 3ʹ exoribonuclease XRN1 in mouse testis 

(Abby et al., 2016; Jain et al., 2018; Wojtas et al., 2017). Knockout Meioc phenocopies that of 

Ythdc2 in mouse, implicating that YTHDC2 may form a complex with MEIOC to regulate meiosis-

associated transcripts. Interaction between YTHDC2 and XRN1 is specific because all the other 

YTH proteins do not bind to XRN1 (Kretschmer et al., 2018). However, it is unclear whether 

YTHDC2 interacts with XRN1 and MEIOC simultaneously. 

How YTHDC2 regulates spermatogenesis?  

As mentioned above, YTHDC2 is essential for mouse fertility but the underlying mechanism 

remains elusive. Although its C-terminal YTH domain binds to m6A in vitro, the binding affinity 

is the weakest among all YTH proteins (Wojtas et al., 2017; Xu et al., 2015). Analysis of 

YTHDC2-binding sites in transcripts by CLIP experiment have shown a limited overlap with m6A 

sites (Patil et al., 2016). All these data point to a question: is m6A recognition ability of YTHDC2 

relevant to its in vivo function, particular in the germ cells. YTHDC2 is associated with XRN1 

and MEIOC, however, we don’t know whether the interactions are direct or not, and if so, what 

are the physiological functions of this complex?  

    During my PhD, I collaborate with my colleagues to try to address these questions. We decipher 

that YTHDC2 preferentially binds to U-rich motifs in the 3ʹ UTR of testicular transcripts. Mice 

carrying m6A reading-deficient Ythdc2 are fertile, indicating the YTH domain is not required for 

mouse fertility. However, the helicase activity of YTHDC2 is essential for mammalian germ cells. 

YTHDC2 directly interacts with XRN1 and the coiled coil domain of MEIOC. In vitro biochemical 

assay shows that XRN1 stimulates the ATPase and helicase activity of YTHDC2. Using single-

cell RNA sequencing, we uncover a unique role of YTHDC2 in ensuring proper separation of 

mitotic transcripts from meiotic transcripts when spermatogonial cells enter meiosis, because loss 

of Ythdc2 leads to a mixed identity of transcriptome in meiotic germ cells that fail to complete the 

whole process of meiosis. In the end, we observe that Ythdc2 knockout zebrafish is infertile as 

well, suggesting YTHDC2 is functionally conserved in regulating animal fertility. 
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Results 

This section includes a peer-reviewed paper entitled “The XRN1-regulated RNA helicase activity 

of YTHDC2 ensures mouse fertility independently of m6A recognition”, published in Molecular 

Cell on 18th March 2022. In this paper, we described that by performing iCLIP experiment, we 

discovered that YTHDC2 specifically locates to the 3ʹ UTR of testicular transcripts by using U-

rich motif as the loading site. We further did in vitro RNA binding assay and found that YTHDC2 

preferentially binds to poly(U) oligonucleotides rather than poly(A) oligonucleotides. Strikingly, 

such U-rich sequence is not overlapped with the DRACH motif. We introduced a point mutation 

(W1375A) in mouse genome and found that heterozygous and homozygous Ythdc2YTH knockin 

mice with the mutant YTH domain are viable and fertile, indicating m6A reading capacity of 

Ythdc2 is not required for mouse fertility. Since YTHDC2 was already demonstrated as an RNA 

helicase, we wondered whether its helicase activity is relevant to the phenotype. We created a 

mouse knockin mutant that has a point mutation in the ATP hydrolysis motif DEVH (E332Q). 

Mice carrying catalytic-dead Ythdc2 are viable but infertile. Even crossed with wildtype mice, 

such Ythdc2+/cat-dead mice can’t produce litter, indicating this E332Q mutation is dominant 

negative. RNA-seq analyses showed dramatic gene expression changes in catalytic-dead mutant 

testis compared with wildtype testis. Those genes that are significantly downregulated are 

normally highly expressed in meiotic spermatocytes. Hence, the helicase activity of YTHDC2 is 

indispensable for mouse fertility. With IP-MS, we confirmed that YTHDC2 is associated with 

XRN1 as well as MEIOC in mouse testis. Moreover, we identified RBM46 as a novel interaction 

factor of YTHDC2. We further produced their recombinant proteins and found that YTHDC2 

directly interacts with XRN1 via its ankyrin repeats. YTHDC2 also binds to the coiled coil domain 

of MEIOC in vitro. To investigate the biological consequence of these complexes, we established 

a fluorescence-based helicase assay and observed that YTHDC2 itself is a weak helicase, probably 

due to its unique domain organization where two RecA domains are inserted by two ankyrin 

repeats. However, XRN1, which binds to the ankyrin repeats, stimulates the helicase activity of 

YTHDC2. We speculated that XRN1 can allosterically regulate the conformational change of 

YTHDC2 during unwinding process. In the end, we did single-cell sequencing of transcriptomes 

from wildtype and Ythdc2 knockout testis. Our data indicated that YTHDC2 governs a fine 

separation of the transcriptomes when germ cells transition from mitosis to meiosis. In the absence 
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of YTHDC2, cells do enter into meiosis but still express mitotic genes, and such a mixed 

transcriptome fails to support further progression into late stage of meiosis. 

    In this project, I produced all the recombinant proteins required for experiments. I also carried 

out all the in vitro biochemical assays. Radha Raman Pandey created mouse mutant, performed 

iCLIP experiment and prepared sequencing libraries. Pascal Gos prepared FACS-purified germ 

cells. Kyrylo Krasnykov did the single-cell sequencing analysis. David Homolka analyzed mass 

spectrometry data and made all the figures. Mateusz Mendel and Richard J. Fish produced 

zebrafish mutant and analyzed phenotype. Radha Raman Pandey and Ramesh S. Pillai designed 

experiments and Ramesh S. Pillai wrote the manuscript with input from everyone. 

Apart from the protein production and biochemical experiments, in order to understand how 

YTHDC2 interacts with XRN1, I also did cryo electron microscopy (cryo-EM) analysis of 

YTHDC2-XRN1 complex. I made a great effort to try to solve the structure of this complex, but I 

failed in the end. I could only resolve a model of XRN1 but not YTHDC2, nor the complex. 

Therefore, we did not put the cryo-EM data in our paper. Here I just show some preliminary results. 

First, I did negative staining to check the quality of sample (Figure 2.9). The sample appeared to 

be good for cryo-EM. Then I prepared cryogenic grids and we collected several datasets at EMBL 

 
Fig 2.9. Negative staining of YTHDC2-XRN1 (1-1279) 
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Grenoble and CryoGEnic facility in University of Geneva. One of the dataset allowed us to resolve 

a 3D volume of XRN1 at 4 angstrom (Figure 2.10). I also obtained a model supposed to be 

YTHDC2 (Figure 2.11), but I could not validate it because the resolution was quite bad. The main 

problem is that this complex is fragile and easy to fall apart in ice, even when I use crosslinking 

reagent to stabilize the complex. 

    There is a cover for this paper, which is designed by Anne-Claire Godet (THREONINE). 
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Figure 2.10. Micrograph, 2D classification and 3D reconstruction (XRN1 dataset). The resolved model of XRN1 

is fitted with Drosophila XRN1 structure (PDB: 2Y35).  
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Fig 2.11. Micrograph, 2D classification and 3D reconstruction of another dataset which a potential volume of 

YTHDC2 is resolved. The 3D model is fitted with predicted structure of YTHDC2 by AlphaFold (Jumper et 

al., 2021; Varadi et al., 2022).  
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Discussion 

In this chapter, I described our following studies after the first YTHDC2 paper from the lab was 

published in 2007 (Wojtas et al., 2017). We would like to address three main questions: 1. What 

are the targets of YTHDC2 in mouse testis? 2. What makes YTHDC2 essential for mouse fertility, 

its m6A reading ability or helicase activity? 3. What is the mechanism in regulating meiosis by 

YTHDC2? To seek the answer for the first question, my colleague Raman optimized the protocol 

for iCLIP experiment and prepared RNA samples and libraries for next generation sequencing. 

After analyzing the sequencing data, we found that YTHDC2 preferentially binds to 3′ UTR in 

testicular transcripts. This is not because these transcripts have longer 3′ UTR. Moreover, the 

binding sites of YTHDC2 are enriched in uridines (UUUUU), implicating YTHDC2 uses such U-

rich motif as loading site to locate at the 3′ UTR. We speculated that this feature is conferred by 

the OB fold because this domain is thought to preferentially bind to U-rich sequence, for example, 

RNA helicase MLE displays uridine specificity via its OB fold (Prabu et al., 2015). I then 

performed electrophoretic mobility shift assay (EMSA) and confirmed that YTHDC2 selectively 

binds to U-rich oligonucleotide instead of A-rich oligonucleotide in vitro. However, it is still 

unclear why YTHDC2 specifically binds to 3′ UTR. On one hand, the OB fold may contribute to 

this process through recognizing U-rich sequence present at the 3′ UTR. On the other hand, it is 

possible that other proteins recruit YTHDC2 to 3′ UTR in vivo. Using immunoprecipitation 

coupled to mass spectrometry, we identified a putative RNA-binding protein RBM46 that is 

associated with YTHDC2 in mouse germ cells. Interestingly, a recent work reported that depletion 

of Rbm46 in zebrafish caused infertility (Dai et al., 2021). In the mutants, although spermatogonial 

cells were almost normal, the spermatogenesis was impaired, which was very similar to what we 

observed in YTHDC2 mutant zebrafish. The function of RBM46 in mouse and human remains 

elusive, but at least in germ cells, it is possible that RBM46 binds to targeted transcripts and 

recruits YTHDC2 to the 3′ UTR. Therefore, creation of Rbm46 knockout mouse, checking its 

phenotype and investigating the interaction between YTHDC2 and RBM46 would benefit the 

understanding of how RBM46 and YTHDC2 collectively regulate germ cell development to 

ensure the proper meiosis. 

Another finding from the iCLIP sequencing results is that among those thousands of transcripts 

regulated by YTHDC2 in mouse testis, a large class belongs to the ubiquitination pathway. As is 

known β-TrCP, a substrate recognition component of an E3 ubiquitin ligase complex, can 
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ubiquitinate transcription factor DMTR1 for degradation and thereby facilitate the proper 

transition from mitosis to meiosis in mouse testis (Nakagawa et al., 2017), but whether β-TrCP is 

directly targeted by YTHDC2 and how the ubiquitination pathway is mediated by YTHDC2 to 

maintain normal spermatogenesis remain to be understood.  

Even though the YTH domain of YTHDC2 harbors m6A recognition capacity in vitro, its 

binding affinity is the weakest among all YTH proteins in mammalian cells (Wojtas et al., 2017). 

We also compared the YTHDC2 binding sites (UUUUU) with m6A methylation sites (DRACH) 

in a 200-nt window and found that U-rich motif is not in the vicinity of DRACH motif. These 

discoveries let us doubt if the m6A reading ability is relevant to the mouse phenotype. Concerning 

with this, we introduced a point mutation (W1375A) in the YTH domain to abrogate m6A 

recognition by mouse Ythdc2. After a long-term observation, we confirmed YTH mutant mice 

were viable and fertile, indicating in fact the YTH domain is dispensable for mouse fertility. 

Probably YTHDC2 does not use its YTH domain to bind to the targets and this is reminiscent of 

the extreme case of the yeast YTH protein Mmi1, where Mmi1 YTH domain specifically 

recognizes hexanucleotide U(U/C)AAAC that are enriched in the determinant of selective removal 

(DSR) region in meiotic-specific mRNAs. The YTH domain cannot bind m6A-containig RNAs 

(Hiriart et al., 2012; Wang et al., 2016a; Yamashita et al., 2012). Accordingly, it would make sense 

to rethink the YTH proteins in different species, especially those possessing weak binding affinity 

towards m6A, which may act in an m6A-independent way to mediate specific biological processes. 

YTHDC2 includes two RecA domains and is already demonstrated to be a 3ʹ to 5ʹ RNA helicase. 

We created catalytic-dead YTHDC2 mutant mice and these mice were infertile, indicating the 

helicase activity is essential for mouse fertility. However, what is the role of helicase domain in 

regulating germ cell meiosis is currently unknown. YTHDC2 probably translocates along the 

target from 3ʹ to 5ʹ to resolve the RNA structures or preclude bound protein factors. It is also 

possible that YTHDC2 remodels RNA-protein complexes bound at the 3ʹ UTR. What makes 

YTHDC2 unique as an RNA helicase is that two ankyrin repeats insert into the helicase domain. 

Such design allows the ankyrin repeats to serve as a module where other protein factors can target 

it to regulate YTHDC2 helicase activity, here, in our case, we showed XRN1 enhances the helicase 

activity of YTHDC2 by directly binding to this module. To study the allosteric effect of XRN1 

and decipher the interface, I tried to determine the structure of YTHDC2-XRN1 complex by 

crosslinking mass spectrometry and cryo-EM. At the same time, I also plan to use hydrogen-
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deuterium exchange mass spectrometry (HDX-MS) to study the molecular dynamics of YTHDC2. 

The aim is that with structural information, we can design mutations to dissect YTHDC2 and 

XRN1 without affect their major functions in the cell. For example, our data indicated a short 

region in the C-terminal domain of XRN1 likely binds to the ankyrin repeats. It is known that C-

terminus of XRN1 is the low-complex region and interacts with many other protein factors, such 

as decapping activator EDC4 (Braun et al., 2012). By specifically mutating residues in XRN1 that 

required for interaction with YTHDC2 without touching either its N-terminal nuclease domain or 

other regions in the C-terminus that interplay with other protein factors will be the best model to 

study the function of YTHDC2-XRN1 complex in vivo. Furthermore, we can also mutate residues 

in the ankyrin repeats to block the formation of YTHDC2-XRN1 complex and observe what is the 

consequence. However, we do not know if altering ankyrin repeats will impact its helicase activity 

because we noticed that removal of ankyrin repeats makes YTHDC2 surprisingly active in vitro. 

Considering the fact that helicase activity of YTHDC2 is required for mouse fertility, one 

experiment would be interesting to exam delta ankyrin repeats mouse. What will happen if mouse 

genome encodes a super active helicase? Can we detect structural changes in YTHDC2-bound 

RNA targets in wildtype and mutant germ cells, particularly in the 3ʹ UTR? All these experiments 

will help us to understand how the helicase activity of YTHDC2 that can be modulated by XRN1 

contributes to facilitate meiosis in mammalian germ cells. 

Though MEIOC directly binds to YTHDC2 via its C-terminal coiled coil domain, it is unclear 

where it binds in YTHDC2. Ankyrin repeats are probably not the region, based on our data 

(unpublished). Except the coiled coil domain, the remaining region is intrinsically disordered, 

which makes it difficult to express MEIOC recombinant protein. I also tried to co-express 

YTHDC2 and MEIOC, but failed either. MEIOC knockout mouse has the same phenotype as 

YTHDC2 knockout (Abby et al., 2016; Soh et al., 2017), implying that MEIOC probably regulates 

the same targets of YTHDC2 to promote meiosis in germ cells. In insect, MEIOC ortholog Bam 

forms a complex with YTHDC2 ortholog Bgcn, but Bgcn lacks the YTH domain and probably has 

no ATPase and helicase activities (Jain et al., 2018; Ohlstein et al., 2000). YTHDC2, together with 

MEIOC, appears to adapt different mechanisms to regulate germ cell development during 

evolution. 

Single-cell sequencing of testicular transcriptome reveals that YTHDC2 mediates the fine 

separation of the transcriptomes when mitotic spermatogonia enter meiosis. In the YTHDC2-
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deficient testis, mitotic germ cells can replicate and transition into meiosis. However, such meiotic 

cells still express genes that are related with mitosis, meaning both mitotic transcripts and meiotic 

transcripts are present in cells which are already in the early stage of meiosis. This mixed identity 

of transcriptomes leads to defective differentiation for meiotic cells so that no sperm is produced 

and these cells probably undergo apoptosis in the end. The reason causing mixed transcriptomes 

in meiotic cells is still poorly understood. Nevertheless, our data favor a model that YTHDC2 

promotes the decay of mitotic RNA targets during the mitosis-meiosis transition stage via 

recruiting exoribonuclease XRN1. In the future, it would be interesting to test this model by 

mutating the U-rich sequence in one or two YTHDC2 targets and check if that affects its regulation 

by YTHDC2 or we can artificially tether YTHDC2 to a reporter mRNA and detect the consequence 

for that reporter. 

So far, what we have discussed is about the m6A-independent function in regulating mammalian 

germ cell development. Whereas, we can not exclude the possibility that YTHDC2 functions 

replying upon its m6A reading ability in other scenarios. Several studies point to its role in 

enhancing translation. For example, when FTO is depleted in mouse adipocytes, as a result, 

YTHDC2 recognizes increased m6A markers in Hif1a mRNA to induce mRNA translation and 

promote white-to-beige fat transition (Wu et al., 2021). Another paper shows that YTHDC2 

recognizes methylated adenosine within the internal ribosome entry site (IRES) in HCV (Hepatitis 

C virus) RNA genome to support its cap-independent translation (Kim and Siddiqui, 2021). 

Furthermore, YTHDC2 also targets m6A in mRNA coding sequences (CDS), probably to resolve 

mRNA secondary structures, and stimulates translation (Mao et al., 2019). Therefore, it would be 

risky to rule out any m6A-dependent function of YTHDC2, especially outside the germline. Future 

studies should be focused on investigating m6A-dependent and m6A-independent roles of 

YTHDC2 in different contexts. 

In recent years, the importance of chemical modifications that are represented by m6A 

methylation in gene expression regulation becomes more and more appreciated. As discussed in 

this thesis, to date, more than 170 chemical modifications have been identified in RNA. Some of 

them are quite abundant in the cells but some are subtle. Undoubtably, many chemical 

modifications play essential functions in almost every aspect of RNA metabolism. At the same 

time, many puzzles remain to be solved in this field. Is the modification reversible? What are the 

writers and erasers for this modification? More importantly, what are the readers? Addressing 
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these questions will expand our knowledge of how RNA modifications contribute to elegant fine-

tuning of gene expression and eventually, benefit us for developing potential RNA-based 

therapies. 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



142 

 

References 

Abbas, Y.M., Laudenbach, B.T., Martinez-Montero, S., Cencic, R., Habjan, M., Pichlmair, A., 

Damha, M.J., Pelletier, J., and Nagar, B. (2017). Structure of human IFIT1 with capped RNA 

reveals adaptable mRNA binding and mechanisms for sensing N1 and N2 ribose 2'-O 

methylations. Proc Natl Acad Sci U S A 114, E2106-E2115. 

 

Abby, E., Tourpin, S., Ribeiro, J., Daniel, K., Messiaen, S., Moison, D., Guerquin, J., Gaillard, 

J.C., Armengaud, J., Langa, F., et al. (2016). Implementation of meiosis prophase I programme 

requires a conserved retinoid-independent stabilizer of meiotic transcripts. Nat Commun 7, 10324. 

 

Abdelraheim, S.R., Spiller, D.G., and McLennan, A.G. (2003). Mammalian NADH 

diphosphatases of the Nudix family: cloning and characterization of the human peroxisomal 

NUDT12 protein. Biochem J 374, 329-335. 

 

Agarwala, S.D., Blitzblau, H.G., Hochwagen, A., and Fink, G.R. (2012). RNA methylation by the 

MIS complex regulates a cell fate decision in yeast. PLoS Genet 8, e1002732. 

 

Agris, P.F. (1996). The importance of being modified: roles of modified nucleosides and Mg2+ in 

RNA structure and function. Prog Nucleic Acid Res Mol Biol 53, 79-129. 

 

Akichika, S., Hirano, S., Shichino, Y., Suzuki, T., Nishimasu, H., Ishitani, R., Sugita, A., Hirose, 

Y., Iwasaki, S., Nureki, O., et al. (2019). Cap-specific terminal N-6-methylation of RNA by an 

RNA polymerase II-associated methyltransferase. Science 363, 141-141. 

 

Alarcon, C.R., Lee, H., Goodarzi, H., Halberg, N., and Tavazoie, S.F. (2015). N6-methyladenosine 

marks primary microRNAs for processing. Nature 519, 482-485. 

 

Alexandrov, A., Chernyakov, I., Gu, W., Hiley, S.L., Hughes, T.R., Grayhack, E.J., and Phizicky, 

E.M. (2006). Rapid tRNA decay can result from lack of nonessential modifications. Mol Cell 21, 

87-96. 

 

Amort, T., Rieder, D., Wille, A., Khokhlova-Cubberley, D., Riml, C., Trixl, L., Jia, X.Y., Micura, 

R., and Lusser, A. (2017). Distinct 5-methylcytosine profiles in poly(A) RNA from mouse 

embryonic stem cells and brain. Genome Biol 18, 1. 

 

Anazi, S., Maddirevula, S., Faqeih, E., Alsedairy, H., Alzahrani, F., Shamseldin, H.E., Patel, N., 

Hashem, M., Ibrahim, N., Abdulwahab, F., et al. (2017). Clinical genomics expands the morbid 

genome of intellectual disability and offers a high diagnostic yield. Mol Psychiatry 22, 615-624. 

 

Andersen, P.R., Domanski, M., Kristiansen, M.S., Storvall, H., Ntini, E., Verheggen, C., Schein, 

A., Bunkenborg, J., Poser, I., Hallais, M., et al. (2013). The human cap-binding complex is 

functionally connected to the nuclear RNA exosome. Nat Struct Mol Biol 20, 1367-1376. 

 

Anderson, J., Phan, L., Cuesta, R., Carlson, B.A., Pak, M., Asano, K., Bjork, G.R., Tamame, M., 

and Hinnebusch, A.G. (1998). The essential Gcd10p-Gcd14p nuclear complex is required for 1-



143 

 

methyladenosine modification and maturation of initiator methionyl-tRNA. Genes Dev 12, 3650-

3662. 

 

Aoyama, T., Yamashita, S., and Tomita, K. (2020). Mechanistic insights into m6A modification 

of U6 snRNA by human METTL16. Nucleic Acids Res 48, 5157-5168. 

 

Bailey, A.S., Batista, P.J., Gold, R.S., Chen, Y.G., de Rooij, D.G., Chang, H.Y., and Fuller, M.T. 

(2017). The conserved RNA helicase YTHDC2 regulates the transition from proliferation to 

differentiation in the germline. Elife 6. 

 

Bartosovic, M., Molares, H.C., Gregorova, P., Hrossova, D., Kudla, G., and Vanacova, S. (2017). 

N6-methyladenosine demethylase FTO targets pre-mRNAs and regulates alternative splicing and 

3'-end processing. Nucleic Acids Res 45, 11356-11370. 

 

Batista, P.J., Molinie, B., Wang, J., Qu, K., Zhang, J., Li, L., Bouley, D.M., Lujan, E., Haddad, B., 

Daneshvar, K., et al. (2014). m(6)A RNA modification controls cell fate transition in mammalian 

embryonic stem cells. Cell Stem Cell 15, 707-719. 

 

Belanger, F., Stepinski, J., Darzynkiewicz, E., and Pelletier, J. (2010). Characterization of hMTr1, 

a human Cap1 2'-O-ribose methyltransferase. J Biol Chem 285, 33037-33044. 

 

Bessman, M.J., Frick, D.N., and O'Handley, S.F. (1996). The MutT proteins or "Nudix" 

hydrolases, a family of versatile, widely distributed, "housecleaning" enzymes. J Biol Chem 271, 

25059-25062. 

 

Bessman, M.J., Walsh, J.D., Dunn, C.A., Swaminathan, J., Weldon, J.E., and Shen, J. (2001). The 

gene ygdP, associated with the invasiveness of Escherichia coli K1, designates a Nudix hydrolase, 

Orf176, active on adenosine (5')-pentaphospho-(5')-adenosine (Ap5A). J Biol Chem 276, 37834-

37838. 

 

Bird, J.G., Zhang, Y., Tian, Y., Panova, N., Barvik, I., Greene, L., Liu, M., Buckley, B., Krasny, 

L., Lee, J.K., et al. (2016). The mechanism of RNA 5' capping with NAD+, NADH and 

desphospho-CoA. Nature 535, 444-447. 

 

Birkedal, U., Christensen-Dalsgaard, M., Krogh, N., Sabarinathan, R., Gorodkin, J., and Nielsen, 

H. (2015). Profiling of ribose methylations in RNA by high-throughput sequencing. Angew Chem 

Int Ed Engl 54, 451-455. 

 

Bisaillon, M., and Shuman, S. (2001a). Functional groups required for the stability of yeast RNA 

triphosphatase in vitro and in vivo. J Biol Chem 276, 30514-30520. 

 

Bisaillon, M., and Shuman, S. (2001b). Structure-function analysis of the active site tunnel of yeast 

RNA triphosphatase. J Biol Chem 276, 17261-17266. 

 



144 

 

Blanco, S., Dietmann, S., Flores, J.V., Hussain, S., Kutter, C., Humphreys, P., Lukk, M., Lombard, 

P., Treps, L., Popis, M., et al. (2014). Aberrant methylation of tRNAs links cellular stress to neuro-

developmental disorders. Embo J 33, 2020-2039. 

 

Boccaletto, P., Stefaniak, F., Ray, A., Cappannini, A., Mukherjee, S., Purta, E., Kurkowska, M., 

Shirvanizadeh, N., Destefanis, E., Groza, P., et al. (2022). MODOMICS: a database of RNA 

modification pathways. 2021 update. Nucleic Acids Res 50, D231-D235. 

 

Bodi, Z., Zhong, S., Mehra, S., Song, J., Graham, N., Li, H., May, S., and Fray, R.G. (2012). 

Adenosine Methylation in Arabidopsis mRNA is Associated with the 3' End and Reduced Levels 

Cause Developmental Defects. Front Plant Sci 3, 48. 

 

Bokar, J.A., Rath-Shambaugh, M.E., Ludwiczak, R., Narayan, P., and Rottman, F. (1994). 

Characterization and partial purification of mRNA N6-adenosine methyltransferase from HeLa 

cell nuclei. Internal mRNA methylation requires a multisubunit complex. J Biol Chem 269, 17697-

17704. 

 

Bokar, J.A., Shambaugh, M.E., Polayes, D., Matera, A.G., and Rottman, F.M. (1997). Purification 

and cDNA cloning of the AdoMet-binding subunit of the human mRNA (N6-adenosine)-

methyltransferase. RNA 3, 1233-1247. 

 

Boulias, K., Toczydlowska-Socha, D., Hawley, B., Liberman, N., Takashima, K., Zaccara, S., 

Guez, T., Vasseur, J.J., Debart, F., Aravind, L., et al. (2019). Identification of the m(6)Am 

Methyltransferase PCIF1 Reveals the Location and Functions of m(6)Am in the Transcriptome. 

Mol Cell 75, 631-+. 

 

Braun, J.E., Truffault, V., Boland, A., Huntzinger, E., Chang, C.T., Haas, G., Weichenrieder, O., 

Coles, M., and Izaurralde, E. (2012). A direct interaction between DCP1 and XRN1 couples 

mRNA decapping to 5' exonucleolytic degradation. Nat Struct Mol Biol 19, 1324-1331. 

 

Brown, J.A., Kinzig, C.G., DeGregorio, S.J., and Steitz, J.A. (2016). Methyltransferase-like 

protein 16 binds the 3'-terminal triple helix of MALAT1 long noncoding RNA. Proc Natl Acad 

Sci U S A 113, 14013-14018. 

 

Byszewska, M., Smietanski, M., Purta, E., and Bujnicki, J.M. (2014). RNA methyltransferases 

involved in 5 ' cap biosynthesis. Rna Biol 11, 1597-1607. 

 

Cahova, H., Winz, M.L., Hofer, K., Nubel, G., and Jaschke, A. (2015). NAD captureSeq indicates 

NAD as a bacterial cap for a subset of regulatory RNAs. Nature 519, 374-377. 

 

Caldwell, D.C., and Emerson, C.P., Jr. (1985). The role of cap methylation in the translational 

activation of stored maternal histone mRNA in sea urchin embryos. Cell 42, 691-700. 

 

Chan, C.T., Pang, Y.L., Deng, W., Babu, I.R., Dyavaiah, M., Begley, T.J., and Dedon, P.C. (2012). 

Reprogramming of tRNA modifications controls the oxidative stress response by codon-biased 

translation of proteins. Nat Commun 3, 937. 



145 

 

Changela, A., Ho, C.K., Martins, A., Shuman, S., and Mondragon, A. (2001). Structure and 

mechanism of the RNA triphosphatase component of mammalian mRNA capping enzyme. Embo 

J 20, 2575-2586. 

 

Charenton, C., Gaudon-Plesse, C., Fourati, Z., Taverniti, V., Back, R., Kolesnikova, O., Seraphin, 

B., and Graille, M. (2017). A unique surface on Pat1 C-terminal domain directly interacts with 

Dcp2 decapping enzyme and Xrn1 5'-3' mRNA exonuclease in yeast. Proc Natl Acad Sci U S A 

114, E9493-E9501. 

 

Charenton, C., Taverniti, V., Gaudon-Plesse, C., Back, R., Seraphin, B., and Graille, M. (2016). 

Structure of the active form of Dcp1-Dcp2 decapping enzyme bound to m(7)GDP and its Edc3 

activator. Nat Struct Mol Biol 23, 982-986. 

 

Chen, X., Li, A., Sun, B.F., Yang, Y., Han, Y.N., Yuan, X., Chen, R.X., Wei, W.S., Liu, Y., Gao, 

C.C., et al. (2019). 5-methylcytosine promotes pathogenesis of bladder cancer through stabilizing 

mRNAs. Nat Cell Biol 21, 978-990. 

 

Chen, Y., Cai, H., Pan, J., Xiang, N., Tien, P., Ahola, T., and Guo, D.Y. (2009a). Functional screen 

reveals SARS coronavirus nonstructural protein nsp14 as a novel cap N7 methyltransferase. P Natl 

Acad Sci USA 106, 3484-3489. 

 

Chen, Y.G., Kowtoniuk, W.E., Agarwal, I., Shen, Y., and Liu, D.R. (2009b). LC/MS analysis of 

cellular RNA reveals NAD-linked RNA. Nat Chem Biol 5, 879-881. 

 

Cheng, H., Dufu, K., Lee, C.S., Hsu, J.L., Dias, A., and Reed, R. (2006). Human mRNA export 

machinery recruited to the 5' end of mRNA. Cell 127, 1389-1400. 

 

Chiu, S.Y., Lejeune, F., Ranganathan, A.C., and Maquat, L.E. (2004). The pioneer translation 

initiation complex is functionally distinct from but structurally overlaps with the steady-state 

translation initiation complex. Genes Dev 18, 745-754. 

 

Choe, J., Lin, S., Zhang, W., Liu, Q., Wang, L., Ramirez-Moya, J., Du, P., Kim, W., Tang, S., Sliz, 

P., et al. (2018). mRNA circularization by METTL3-eIF3h enhances translation and promotes 

oncogenesis. Nature 561, 556-560. 

 

Choe, J., Oh, N., Park, S., Lee, Y.K., Song, O.K., Locker, N., Chi, S.G., and Kim, Y.K. (2012). 

Translation initiation on mRNAs bound by nuclear cap-binding protein complex CBP80/20 

requires interaction between CBP80/20-dependent translation initiation factor and eukaryotic 

translation initiation factor 3g. J Biol Chem 287, 18500-18509. 

 

Choe, J., Ryu, I., Park, O.H., Park, J., Cho, H., Yoo, J.S., Chi, S.W., Kim, M.K., Song, H.K., and 

Kim, Y.K. (2014). eIF4AIII enhances translation of nuclear cap-binding complex-bound mRNAs 

by promoting disruption of secondary structures in 5'UTR. Proc Natl Acad Sci U S A 111, E4577-

4586. 



146 

 

Chowdhury, A., Mukhopadhyay, J., and Tharun, S. (2007). The decapping activator Lsm1p-7p-

Pat1p complex has the intrinsic ability to distinguish between oligoadenylated and polyadenylated 

RNAs. RNA 13, 998-1016. 

 

Church, C., Moir, L., McMurray, F., Girard, C., Banks, G.T., Teboul, L., Wells, S., Bruning, J.C., 

Nolan, P.M., Ashcroft, F.M., et al. (2010). Overexpression of Fto leads to increased food intake 

and results in obesity. Nat Genet 42, 1086-1092. 

 

Cohn, W.E. (1960). Pseudouridine, a carbon-carbon linked ribonucleoside in ribonucleic acids: 

isolation, structure, and chemical characteristics. J Biol Chem 235, 1488-1498. 

 

Collart, M.A. (2016). The Ccr4-Not complex is a key regulator of eukaryotic gene expression. 

Wiley Interdiscip Rev RNA 7, 438-454. 

 

Da Sacco, L., and Masotti, A. (2012). Recent insights and novel bioinformatics tools to understand 

the role of microRNAs binding to 5' untranslated region. Int J Mol Sci 14, 480-495. 

 

Daffis, S., Szretter, K.J., Schriewer, J., Li, J., Youn, S., Errett, J., Lin, T.Y., Schneller, S., Zust, R., 

Dong, H., et al. (2010). 2'-O methylation of the viral mRNA cap evades host restriction by IFIT 

family members. Nature 468, 452-456. 

 

Dai, X., Cheng, X., Huang, J., Gao, Y., Wang, D., Feng, Z., Zhai, G., Lou, Q., He, J., Wang, Z., et 

al. (2021). Rbm46, a novel germ cell-specific factor, modulates meiotic progression and 

spermatogenesis. Biol Reprod 104, 1139-1153. 

 

David, R., Burgess, A., Parker, B., Li, J., Pulsford, K., Sibbritt, T., Preiss, T., and Searle, I.R. 

(2017). Transcriptome-Wide Mapping of RNA 5-Methylcytosine in Arabidopsis mRNAs and 

Noncoding RNAs. Plant Cell 29, 445-460. 

 

De Jesus, D.F., Zhang, Z., Kahraman, S., Brown, N.K., Chen, M., Hu, J., Gupta, M.K., He, C., and 

Kulkarni, R.N. (2019). m(6)A mRNA Methylation Regulates Human beta-Cell Biology in 

Physiological States and in Type 2 Diabetes. Nat Metab 1, 765-774. 

 

De la Pena, M., Kyrieleis, O.J.P., and Cusack, S. (2007). Structural insights into the mechanism 

and evolution of the vaccinia virus mRNA cap N7 methyl-transferase. Embo J 26, 4913-4925. 

 

Decatur, W.A., and Schnare, M.N. (2008). Different mechanisms for pseudouridine formation in 

yeast 5S and 5.8S rRNAs. Mol Cell Biol 28, 3089-3100. 

 

Decroly, E., Ferron, F., Lescar, J., and Canard, B. (2011). Conventional and unconventional 

mechanisms for capping viral mRNA. Nat Rev Microbiol 10, 51-65. 

 

Delatte, B., Wang, F., Ngoc, L.V., Collignon, E., Bonvin, E., Deplus, R., Calonne, E., Hassabi, B., 

Putmans, P., Awe, S., et al. (2016). RNA biochemistry. Transcriptome-wide distribution and 

function of RNA hydroxymethylcytosine. Science 351, 282-285. 



147 

 

Delaunay, S., and Frye, M. (2019). RNA modifications regulating cell fate in cancer. Nat Cell Biol 

21, 552-559. 

 

Desrosiers, R., Friderici, K., and Rottman, F. (1974). Identification of methylated nucleosides in 

messenger RNA from Novikoff hepatoma cells. Proc Natl Acad Sci U S A 71, 3971-3975. 

 

Diaz, F., Khosa, S., Niyazov, D., Lee, H., Person, R., Morrow, M.M., Signer, R., Dorrani, N., 

Zheng, A., Herzog, M., et al. (2020). Novel NUDT2 variant causes intellectual disability and 

polyneuropathy. Ann Clin Transl Neurol 7, 2320-2325. 

 

Dina, C., Meyre, D., Gallina, S., Durand, E., Korner, A., Jacobson, P., Carlsson, L.M., Kiess, W., 

Vatin, V., Lecoeur, C., et al. (2007). Variation in FTO contributes to childhood obesity and severe 

adult obesity. Nat Genet 39, 724-726. 

 

Dixit, D., Xie, Q., Rich, J.N., and Zhao, J.C. (2017). Messenger RNA Methylation Regulates 

Glioblastoma Tumorigenesis. Cancer Cell 31, 474-475. 

 

Dominissini, D., Moshitch-Moshkovitz, S., Schwartz, S., Salmon-Divon, M., Ungar, L., Osenberg, 

S., Cesarkas, K., Jacob-Hirsch, J., Amariglio, N., Kupiec, M., et al. (2012). Topology of the human 

and mouse m6A RNA methylomes revealed by m6A-seq. Nature 485, 201-206. 

 

Dominissini, D., Nachtergaele, S., Moshitch-Moshkovitz, S., Peer, E., Kol, N., Ben-Haim, M.S., 

Dai, Q., Di Segni, A., Salmon-Divon, M., Clark, W.C., et al. (2016). The dynamic N(1)-

methyladenosine methylome in eukaryotic messenger RNA. Nature 530, 441-446. 

 

Dorn, L.E., Lasman, L., Chen, J., Xu, X., Hund, T.J., Medvedovic, M., Hanna, J.H., van Berlo, 

J.H., and Accornero, F. (2019). The N(6)-Methyladenosine mRNA Methylase METTL3 Controls 

Cardiac Homeostasis and Hypertrophy. Circulation 139, 533-545. 

 

Doxtader, K.A., Wang, P., Scarborough, A.M., Seo, D., Conrad, N.K., and Nam, Y. (2018). 

Structural Basis for Regulation of METTL16, an S-Adenosylmethionine Homeostasis Factor. Mol 

Cell 71, 1001-1011 e1004. 

 

Du, H., Zhao, Y., He, J., Zhang, Y., Xi, H., Liu, M., Ma, J., and Wu, L. (2016). YTHDF2 

destabilizes m(6)A-containing RNA through direct recruitment of the CCR4-NOT deadenylase 

complex. Nat Commun 7, 12626. 

 

Duan, J., Li, L., Lu, J., Wang, W., and Ye, K. (2009). Structural mechanism of substrate RNA 

recruitment in H/ACA RNA-guided pseudouridine synthase. Mol Cell 34, 427-439. 

 

Dubin, D.T., and Taylor, R.H. (1975). The methylation state of poly A-containing messenger RNA 

from cultured hamster cells. Nucleic Acids Res 2, 1653-1668. 

 

Dunckley, T., and Parker, R. (1999). The DCP2 protein is required for mRNA decapping in 

Saccharomyces cerevisiae and contains a functional MutT motif. Embo J 18, 5411-5422. 



148 

 

Dunn, D.B. (1961). The occurrence of 1-methyladenine in ribonucleic acid. Biochim Biophys Acta 

46, 198-200. 

 

Fabrega, C., Hausmann, S., Shen, V., Shuman, S., and Lima, C.D. (2004). Structure and 

mechanism of mRNA cap (guanine-N7) methyltransferase. Mol Cell 13, 77-89. 

 

Fabrega, C., Shen, V., Shuman, S., and Lima, C.D. (2003). Structure of an mRNA capping enzyme 

bound to the phosphorylated carboxy-terminal domain of RNA polymerase II. Mol Cell 11, 1549-

1561. 

 

Falnes, P.O., Johansen, R.F., and Seeberg, E. (2002). AlkB-mediated oxidative demethylation 

reverses DNA damage in Escherichia coli. Nature 419, 178-182. 

 

Fischer, J., Koch, L., Emmerling, C., Vierkotten, J., Peters, T., Bruning, J.C., and Ruther, U. 

(2009). Inactivation of the Fto gene protects from obesity. Nature 458, 894-898. 

 

Flaherty, S.M., Fortes, P., Izaurralde, E., Mattaj, I.W., and Gilmartin, G.M. (1997). Participation 

of the nuclear cap binding complex in pre-mRNA 3' processing. Proc Natl Acad Sci U S A 94, 

11893-11898. 

 

Foley, P.L., Hsieh, P.K., Luciano, D.J., and Belasco, J.G. (2015). Specificity and evolutionary 

conservation of the Escherichia coli RNA pyrophosphohydrolase RppH. J Biol Chem 290, 9478-

9486. 

 

Fortes, P., Inada, T., Preiss, T., Hentze, M.W., Mattaj, I.W., and Sachs, A.B. (2000). The yeast 

nuclear cap binding complex can interact with translation factor eIF4G and mediate translation 

initiation. Mol Cell 6, 191-196. 

 

Frindert, J., Zhang, Y., Nubel, G., Kahloon, M., Kolmar, L., Hotz-Wagenblatt, A., Burhenne, J., 

Haefeli, W.E., and Jaschke, A. (2018). Identification, Biosynthesis, and Decapping of NAD-

Capped RNAs in B. subtilis. Cell Rep 24, 1890-1901 e1898. 

 

Fu, L., Guerrero, C.R., Zhong, N., Amato, N.J., Liu, Y., Liu, S., Cai, Q., Ji, D., Jin, S.G., 

Niedernhofer, L.J., et al. (2014). Tet-mediated formation of 5-hydroxymethylcytosine in RNA. J 

Am Chem Soc 136, 11582-11585. 

 

Ganot, P., Bortolin, M.L., and Kiss, T. (1997). Site-specific pseudouridine formation in 

preribosomal RNA is guided by small nucleolar RNAs. Cell 89, 799-809. 

 

Garcia-Campos, M.A., Edelheit, S., Toth, U., Safra, M., Shachar, R., Viukov, S., Winkler, R., Nir, 

R., Lasman, L., Brandis, A., et al. (2019). Deciphering the "m(6)A Code" via Antibody-

Independent Quantitative Profiling. Cell 178, 731-747 e716. 

 

Ge, H., Chen, X., Yang, W., Niu, L., and Teng, M. (2013). Crystal structure of wild-type and 

mutant human Ap4A hydrolase. Biochem Biophys Res Commun 432, 16-21. 



149 

 

Gerken, T., Girard, C.A., Tung, Y.C., Webby, C.J., Saudek, V., Hewitson, K.S., Yeo, G.S., 

McDonough, M.A., Cunliffe, S., McNeill, L.A., et al. (2007). The obesity-associated FTO gene 

encodes a 2-oxoglutarate-dependent nucleic acid demethylase. Science 318, 1469-1472. 

 

Geula, S., Moshitch-Moshkovitz, S., Dominissini, D., Mansour, A.A., Kol, N., Salmon-Divon, M., 

Hershkovitz, V., Peer, E., Mor, N., Manor, Y.S., et al. (2015). Stem cells. m6A mRNA methylation 

facilitates resolution of naive pluripotency toward differentiation. Science 347, 1002-1006. 

 

Ghosh, A., and Lima, C.D. (2010). Enzymology of RNA cap synthesis. Wires Rna 1, 152-172. 

 

Grudzien-Nogalska, E., Jiao, X., Song, M.G., Hart, R.P., and Kiledjian, M. (2016). Nudt3 is an 

mRNA decapping enzyme that modulates cell migration. RNA 22, 773-781. 

 

Grudzien-Nogalska, E., and Kiledjian, M. (2017). New insights into decapping enzymes and 

selective mRNA decay. Wiley Interdiscip Rev RNA 8. 

 

Gu, M.G., and Lima, C.D. (2005). Processing the message: structural insights into capping and 

decapping mRNA. Curr Opin Struc Biol 15, 99-106. 

 

Hakansson, K., Doherty, A.J., Shuman, S., and Wigley, D.B. (1997). X-ray crystallography reveals 

a large conformational change during guanyl transfer by mRNA capping enzymes. Cell 89, 545-

553. 

 

Haline-Vaz, T., Silva, T.C.L., and Zanchin, N.I.T. (2008). The human interferon-regulated ISG95 

protein interacts with RNA polymerase II and shows methyltransferase activity. Biochem Bioph 

Res Co 372, 719-724. 

 

Hanson, G., and Coller, J. (2018). Codon optimality, bias and usage in translation and mRNA 

decay. Nat Rev Mol Cell Biol 19, 20-30. 

 

Haussmann, I.U., Wu, Y.Y., Nallasivan, M.P., Archer, N., Bodi, Z., Hebenstreit, D., Waddell, S., 

Fray, R., and Soller, M. (2022). CMTr cap-adjacent 2 '-O-ribose mRNA methyltransferases are 

required for reward learning and mRNA localization to synapses. Nature Communications 13. 

 

He, P.C., and He, C. (2021). m(6) A RNA methylation: from mechanisms to therapeutic potential. 

Embo J 40, e105977. 

 

Hess, M.E., Hess, S., Meyer, K.D., Verhagen, L.A., Koch, L., Bronneke, H.S., Dietrich, M.O., 

Jordan, S.D., Saletore, Y., Elemento, O., et al. (2013). The fat mass and obesity associated gene 

(Fto) regulates activity of the dopaminergic midbrain circuitry. Nat Neurosci 16, 1042-1048. 

 

Higman, M.A., Christen, L.A., and Niles, E.G. (1994). The mRNA (guanine-7-)methyltransferase 

domain of the vaccinia virus mRNA capping enzyme. Expression in Escherichia coli and structural 

and kinetic comparison to the intact capping enzyme. J Biol Chem 269, 14974-14981. 



150 

 

Hiriart, E., Vavasseur, A., Touat-Todeschini, L., Yamashita, A., Gilquin, B., Lambert, E., Perot, 

J., Shichino, Y., Nazaret, N., Boyault, C., et al. (2012). Mmi1 RNA surveillance machinery directs 

RNAi complex RITS to specific meiotic genes in fission yeast. Embo J 31, 2296-2308. 

 

Ho, C.K., Pei, Y., and Shuman, S. (1998). Yeast and viral RNA 5 ' triphosphatases comprise a new 

nucleoside triphosphatase family. J Biol Chem 273, 34151-34156. 

 

Hofer, K., Li, S., Abele, F., Frindert, J., Schlotthauer, J., Grawenhoff, J., Du, J., Patel, D.J., and 

Jaschke, A. (2016). Structure and function of the bacterial decapping enzyme NudC. Nat Chem 

Biol 12, 730-734. 

 

Hongay, C.F., and Orr-Weaver, T.L. (2011). Drosophila Inducer of MEiosis 4 (IME4) is required 

for Notch signaling during oogenesis. Proc Natl Acad Sci U S A 108, 14855-14860. 

 

Hsieh, P.K., Richards, J., Liu, Q., and Belasco, J.G. (2013). Specificity of RppH-dependent RNA 

degradation in Bacillus subtilis. Proc Natl Acad Sci U S A 110, 8864-8869. 

 

Hsu, P.J., Zhu, Y., Ma, H., Guo, Y., Shi, X., Liu, Y., Qi, M., Lu, Z., Shi, H., Wang, J., et al. (2017). 

Ythdc2 is an N(6)-methyladenosine binding protein that regulates mammalian spermatogenesis. 

Cell Res 27, 1115-1127. 

 

Hu, H., Flynn, N., Zhang, H., You, C., Hang, R., Wang, X., Zhong, H., Chan, Z., Xia, Y., and 

Chen, X. (2021). SPAAC-NAD-seq, a sensitive and accurate method to profile NAD(+)-capped 

transcripts. Proc Natl Acad Sci U S A 118. 

 

Huang, H.L., Weng, H.Y., Deng, X.L., and Chen, J.J. (2020). RNA Modifications in Cancer: 

Functions, Mechanisms, and Therapeutic Implications. Annu Rev Canc Biol 4, 221-240. 

 

Huang, T., Chen, W., Liu, J., Gu, N., and Zhang, R. (2019). Genome-wide identification of mRNA 

5-methylcytosine in mammals. Nat Struct Mol Biol 26, 380-388. 

 

Hudecek, O., Benoni, R., Reyes-Gutierrez, P.E., Culka, M., Sanderova, H., Hubalek, M., Rulisek, 

L., Cvacka, J., Krasny, L., and Cahova, H. (2020). Dinucleoside polyphosphates act as 5'-RNA 

caps in bacteria. Nat Commun 11, 1052. 

 

Hui, M.P., Foley, P.L., and Belasco, J.G. (2014). Messenger RNA degradation in bacterial cells. 

Annu Rev Genet 48, 537-559. 

 

Ianniello, Z., Paiardini, A., and Fatica, A. (2019). N(6)-Methyladenosine (m(6)A): A Promising 

New Molecular Target in Acute Myeloid Leukemia. Front Oncol 9, 251. 

 

Inesta-Vaquera, F., and Cowling, V.H. (2017). Regulation and function of CMTR1-dependent 

mRNA cap methylation. Wiley Interdiscip Rev RNA 8. 

 

Inoue, K., Ohno, M., Sakamoto, H., and Shimura, Y. (1989). Effect of the cap structure on pre-

mRNA splicing in Xenopus oocyte nuclei. Genes Dev 3, 1472-1479. 



151 

 

Ito, S., Horikawa, S., Suzuki, T., Kawauchi, H., Tanaka, Y., Suzuki, T., and Suzuki, T. (2014). 

Human NAT10 is an ATP-dependent RNA acetyltransferase responsible for N4-acetylcytidine 

formation in 18 S ribosomal RNA (rRNA). J Biol Chem 289, 35724-35730. 

 

Jain, D., Puno, M.R., Meydan, C., Lailler, N., Mason, C.E., Lima, C.D., Anderson, K.V., and 

Keeney, S. (2018). ketu mutant mice uncover an essential meiotic function for the ancient RNA 

helicase YTHDC2. Elife 7. 

 

Jia, G., Fu, Y., Zhao, X., Dai, Q., Zheng, G., Yang, Y., Yi, C., Lindahl, T., Pan, T., Yang, Y.G., et 

al. (2011). N6-methyladenosine in nuclear RNA is a major substrate of the obesity-associated 

FTO. Nat Chem Biol 7, 885-887. 

 

Jia, G., Yang, C.G., Yang, S., Jian, X., Yi, C., Zhou, Z., and He, C. (2008). Oxidative 

demethylation of 3-methylthymine and 3-methyluracil in single-stranded DNA and RNA by 

mouse and human FTO. FEBS Lett 582, 3313-3319. 

 

Jiao, X., Chang, J.H., Kilic, T., Tong, L., and Kiledjian, M. (2013). A mammalian pre-mRNA 5' 

end capping quality control mechanism and an unexpected link of capping to pre-mRNA 

processing. Mol Cell 50, 104-115. 

 

Jiao, X., Doamekpor, S.K., Bird, J.G., Nickels, B.E., Tong, L., Hart, R.P., and Kiledjian, M. 

(2017). 5' End Nicotinamide Adenine Dinucleotide Cap in Human Cells Promotes RNA Decay 

through DXO-Mediated deNADding. Cell 168, 1015-1027 e1010. 

 

Jones, C.I., Zabolotskaya, M.V., and Newbury, S.F. (2012). The 5' --> 3' exoribonuclease 

XRN1/Pacman and its functions in cellular processes and development. Wiley Interdiscip Rev 

RNA 3, 455-468. 

 

Julius, C., and Yuzenkova, Y. (2019). Noncanonical RNA-capping: Discovery, mechanism, and 

physiological role debate. Wiley Interdiscip Rev RNA 10, e1512. 

 

Jumper, J., Evans, R., Pritzel, A., Green, T., Figurnov, M., Ronneberger, O., Tunyasuvunakool, 

K., Bates, R., Zidek, A., Potapenko, A., et al. (2021). Highly accurate protein structure prediction 

with AlphaFold. Nature 596, 583-589. 

 

Kasowitz, S.D., Ma, J., Anderson, S.J., Leu, N.A., Xu, Y., Gregory, B.D., Schultz, R.M., and 

Wang, P.J. (2018). Nuclear m6A reader YTHDC1 regulates alternative polyadenylation and 

splicing during mouse oocyte development. PLoS Genet 14, e1007412. 

 

Ke, S., Pandya-Jones, A., Saito, Y., Fak, J.J., Vagbo, C.B., Geula, S., Hanna, J.H., Black, D.L., 

Darnell, J.E., Jr., and Darnell, R.B. (2017). m(6)A mRNA modifications are deposited in nascent 

pre-mRNA and are not required for splicing but do specify cytoplasmic turnover. Genes Dev 31, 

990-1006. 

 



152 

 

Kim, G.W., and Siddiqui, A. (2021). N6-methyladenosine modification of HCV RNA genome 

regulates cap-independent IRES-mediated translation via YTHDC2 recognition. Proc Natl Acad 

Sci U S A 118. 

 

Kiss-Laszlo, Z., Henry, Y., Bachellerie, J.P., Caizergues-Ferrer, M., and Kiss, T. (1996). Site-

specific ribose methylation of preribosomal RNA: a novel function for small nucleolar RNAs. Cell 

85, 1077-1088. 

 

Konarska, M.M., Padgett, R.A., and Sharp, P.A. (1984). Recognition of cap structure in splicing 

in vitro of mRNA precursors. Cell 38, 731-736. 

 

Kramer, S., and McLennan, A.G. (2019). The complex enzymology of mRNA decapping: 

Enzymes of four classes cleave pyrophosphate bonds. Wiley Interdiscip Rev RNA 10, e1511. 

 

Kretschmer, J., Rao, H., Hackert, P., Sloan, K.E., Hobartner, C., and Bohnsack, M.T. (2018). The 

m(6)A reader protein YTHDC2 interacts with the small ribosomal subunit and the 5'-3' 

exoribonuclease XRN1. RNA 24, 1339-1350. 

 

Kuge, H., Brownlee, G.G., Gershon, P.D., and Richter, J.D. (1998). Cap ribose methylation of c-

mos mRNA stimulates translation and oocyte maturation in Xenopus laevis. Nucleic Acids Res 

26, 3208-3214. 

 

Lafontaine, D.L., Bousquet-Antonelli, C., Henry, Y., Caizergues-Ferrer, M., and Tollervey, D. 

(1998). The box H + ACA snoRNAs carry Cbf5p, the putative rRNA pseudouridine synthase. 

Genes Dev 12, 527-537. 

 

Lapeyre, B., and Purushothaman, S.K. (2004). Spb1p-directed formation of Gm2922 in the 

ribosome catalytic center occurs at a late processing stage. Mol Cell 16, 663-669. 

 

Lasman, L., Krupalnik, V., Viukov, S., Mor, N., Aguilera-Castrejon, A., Schneir, D., Bayerl, J., 

Mizrahi, O., Peles, S., Tawil, S., et al. (2020). Context-dependent functional compensation 

between Ythdf m(6)A reader proteins. Genes Dev 34, 1373-1391. 

 

Legrand, C., Tuorto, F., Hartmann, M., Liebers, R., Jacob, D., Helm, M., and Lyko, F. (2017). 

Statistically robust methylation calling for whole-transcriptome bisulfite sequencing reveals 

distinct methylation patterns for mouse RNAs. Genome Res 27, 1589-1596. 

 

Lesbirel, S., Viphakone, N., Parker, M., Parker, J., Heath, C., Sudbery, I., and Wilson, S.A. (2018). 

The m(6)A-methylase complex recruits TREX and regulates mRNA export. Sci Rep 8, 13827. 

 

Li, A., Chen, Y.S., Ping, X.L., Yang, X., Xiao, W., Yang, Y., Sun, H.Y., Zhu, Q., Baidya, P., 

Wang, X., et al. (2017a). Cytoplasmic m(6)A reader YTHDF3 promotes mRNA translation. Cell 

Res 27, 444-447. 

 



153 

 

Li, F., Zhao, D., Wu, J., and Shi, Y. (2014). Structure of the YTH domain of human YTHDF2 in 

complex with an m(6)A mononucleotide reveals an aromatic cage for m(6)A recognition. Cell Res 

24, 1490-1492. 

 

Li, X., Xiong, X., Wang, K., Wang, L., Shu, X., Ma, S., and Yi, C. (2016a). Transcriptome-wide 

mapping reveals reversible and dynamic N(1)-methyladenosine methylome. Nat Chem Biol 12, 

311-316. 

 

Li, X., Xiong, X., and Yi, C. (2016b). Epitranscriptome sequencing technologies: decoding RNA 

modifications. Nat Methods 14, 23-31. 

 

Li, X., Xiong, X., Zhang, M., Wang, K., Chen, Y., Zhou, J., Mao, Y., Lv, J., Yi, D., Chen, X.W., 

et al. (2017b). Base-Resolution Mapping Reveals Distinct m(1)A Methylome in Nuclear- and 

Mitochondrial-Encoded Transcripts. Mol Cell 68, 993-1005 e1009. 

 

Li, Y., and Kiledjian, M. (2010). Regulation of mRNA decapping. Wiley Interdiscip Rev RNA 1, 

253-265. 

 

Li, Z., Peng, Y., Li, J., Chen, Z., Chen, F., Tu, J., Lin, S., and Wang, H. (2020). N(6)-

methyladenosine regulates glycolysis of cancer cells through PDK4. Nat Commun 11, 2578. 

 

Liang, S., Silva, J.C., Suska, O., Lukoszek, R., Almohammed, R., and Cowling, V.H. (2022). 

CMTR1 is recruited to transcription start sites and promotes ribosomal protein and histone gene 

expression in embryonic stem cells. Nucleic Acids Research 50, 2905-2922. 

 

Liao, J., Wei, Y., Liang, J., Wen, J., Chen, X., Zhang, B., and Chu, L. (2022). Insight into the 

structure, physiological function, and role in cancer of m6A readers-YTH domain-containing 

proteins. Cell Death Discov 8, 137. 

 

Lin, H. (2007). Nicotinamide adenine dinucleotide: beyond a redox coenzyme. Org Biomol Chem 

5, 2541-2554. 

 

Lin, J., Lai, S., Jia, R., Xu, A., Zhang, L., Lu, J., and Ye, K. (2011). Structural basis for site-specific 

ribose methylation by box C/D RNA protein complexes. Nature 469, 559-563. 

 

Lin, X., Chai, G., Wu, Y., Li, J., Chen, F., Liu, J., Luo, G., Tauler, J., Du, J., Lin, S., et al. (2019). 

RNA m(6)A methylation regulates the epithelial mesenchymal transition of cancer cells and 

translation of Snail. Nat Commun 10, 2065. 

 

Lin, Z., Hsu, P.J., Xing, X., Fang, J., Lu, Z., Zou, Q., Zhang, K.J., Zhang, X., Zhou, Y., Zhang, T., 

et al. (2017). Mettl3-/Mettl14-mediated mRNA N(6)-methyladenosine modulates murine 

spermatogenesis. Cell Res 27, 1216-1230. 

 

Liu, C., Shi, W., Becker, S.T., Schatz, D.G., Liu, B., and Yang, Y. (2021). Structural basis of 

mismatch recognition by a SARS-CoV-2 proofreading enzyme. Science 373, 1142-+. 



154 

 

Liu, J., Li, K., Cai, J., Zhang, M., Zhang, X., Xiong, X., Meng, H., Xu, X., Huang, Z., Peng, J., et 

al. (2020). Landscape and Regulation of m(6)A and m(6)Am Methylome across Human and 

Mouse Tissues. Mol Cell 77, 426-440 e426. 

 

Liu, J., Yue, Y., Han, D., Wang, X., Fu, Y., Zhang, L., Jia, G., Yu, M., Lu, Z., Deng, X., et al. 

(2014). A METTL3-METTL14 complex mediates mammalian nuclear RNA N6-adenosine 

methylation. Nat Chem Biol 10, 93-95. 

 

Liu, N., Dai, Q., Zheng, G., He, C., Parisien, M., and Pan, T. (2015). N(6)-methyladenosine-

dependent RNA structural switches regulate RNA-protein interactions. Nature 518, 560-564. 

 

Lu, G., Zhang, J., Li, Y., Li, Z., Zhang, N., Xu, X., Wang, T., Guan, Z., Gao, G.F., and Yan, J. 

(2011). hNUDT16: a universal decapping enzyme for small nucleolar RNA and cytoplasmic 

mRNA. Protein Cell 2, 64-73. 

 

Luciano, D.J., and Belasco, J.G. (2015). NAD in RNA: unconventional headgear. Trends Biochem 

Sci 40, 245-247. 

 

Luciano, D.J., and Belasco, J.G. (2020). Np4A alarmones function in bacteria as precursors to 

RNA caps. Proc Natl Acad Sci U S A 117, 3560-3567. 

 

Luciano, D.J., Levenson-Palmer, R., and Belasco, J.G. (2019). Stresses that Raise Np4A Levels 

Induce Protective Nucleoside Tetraphosphate Capping of Bacterial RNA. Mol Cell 75, 957-966 

e958. 

 

Luciano, D.J., Vasilyev, N., Richards, J., Serganov, A., and Belasco, J.G. (2017). A Novel RNA 

Phosphorylation State Enables 5' End-Dependent Degradation in Escherichia coli. Mol Cell 67, 

44-54 e46. 

 

Luciano, D.J., Vasilyev, N., Richards, J., Serganov, A., and Belasco, J.G. (2018). Importance of a 

diphosphorylated intermediate for RppH-dependent RNA degradation. Rna Biol 15, 703-706. 

 

Luo, S., and Tong, L. (2014). Molecular basis for the recognition of methylated adenines in RNA 

by the eukaryotic YTH domain. Proc Natl Acad Sci U S A 111, 13834-13839. 

 

Ma, H., Wang, X., Cai, J., Dai, Q., Natchiar, S.K., Lv, R., Chen, K., Lu, Z., Chen, H., Shi, Y.G., 

et al. (2019). N(6-)Methyladenosine methyltransferase ZCCHC4 mediates ribosomal RNA 

methylation. Nat Chem Biol 15, 88-94. 

 

Mao, X.D., and Shuman, S. (1994). Intrinsic Rna (Guanine-7) Methyltransferase Activity of the 

Vaccinia Virus Capping Enzyme D1 Subunit Is Stimulated by the D12 Subunit - Identification of 

Amino-Acid-Residues in the D1 Protein Required for Subunit Association and Methyl-Group 

Transfer. J Biol Chem 269, 24472-24479. 

 



155 

 

Mao, Y., Dong, L., Liu, X.M., Guo, J., Ma, H., Shen, B., and Qian, S.B. (2019). m(6)A in mRNA 

coding regions promotes translation via the RNA helicase-containing YTHDC2. Nat Commun 10, 

5332. 

 

Maquat, L.E., Tarn, W.Y., and Isken, O. (2010). The pioneer round of translation: features and 

functions. Cell 142, 368-374. 

 

Mauer, J., Luo, X., Blanjoie, A., Jiao, X., Grozhik, A.V., Patil, D.P., Linder, B., Pickering, B.F., 

Vasseur, J.J., Chen, Q., et al. (2017). Reversible methylation of m(6)Am in the 5' cap controls 

mRNA stability. Nature 541, 371-375. 

 

Mauer, J., Sindelar, M., Despic, V., Guez, T., Hawley, B.R., Vasseur, J.J., Rentmeister, A., Gross, 

S.S., Pellizzoni, L., Debart, F., et al. (2019). FTO controls reversible m(6)Am RNA methylation 

during snRNA biogenesis. Nat Chem Biol 15, 340-347. 

 

McLennan, A.G. (2006). The Nudix hydrolase superfamily. Cell Mol Life Sci 63, 123-143. 

 

McLennan, A.G. (2013). Substrate ambiguity among the nudix hydrolases: biologically 

significant, evolutionary remnant, or both? Cell Mol Life Sci 70, 373-385. 

 

Mendel, M., Chen, K.M., Homolka, D., Gos, P., Pandey, R.R., McCarthy, A.A., and Pillai, R.S. 

(2018). Methylation of Structured RNA by the m(6)A Writer METTL16 Is Essential for Mouse 

Embryonic Development. Mol Cell 71, 986-1000 e1011. 

 

Mendel, M., Delaney, K., Pandey, R.R., Chen, K.M., Wenda, J.M., Vagbo, C.B., Steiner, F.A., 

Homolka, D., and Pillai, R.S. (2021). Splice site m(6)A methylation prevents binding of U2AF35 

to inhibit RNA splicing. Cell 184, 3125-3142 e3125. 

 

Meyer, K.D., and Jaffrey, S.R. (2014). The dynamic epitranscriptome: N6-methyladenosine and 

gene expression control. Nat Rev Mol Cell Biol 15, 313-326. 

 

Meyer, K.D., Saletore, Y., Zumbo, P., Elemento, O., Mason, C.E., and Jaffrey, S.R. (2012). 

Comprehensive analysis of mRNA methylation reveals enrichment in 3' UTRs and near stop 

codons. Cell 149, 1635-1646. 

 

Moore, M.J. (2005). From birth to death: the complex lives of eukaryotic mRNAs. Science 309, 

1514-1518. 

 

Moshitch-Moshkovitz, S., Dominissini, D., and Rechavi, G. (2022). The epitranscriptome toolbox. 

Cell 185, 764-776. 

 

Mugridge, J.S., Coller, J., and Gross, J.D. (2018). Structural and molecular mechanisms for the 

control of eukaryotic 5'-3' mRNA decay. Nat Struct Mol Biol 25, 1077-1085. 

 



156 

 

Muthukrishnan, S., Morgan, M., Banerjee, A.K., and Shatkin, A.J. (1976). Influence of 5'-terminal 

m7G and 2'--O-methylated residues on messenger ribonucleic acid binding to ribosomes. 

Biochemistry 15, 5761-5768. 

 

Muthukrishnan, S., Moss, B., Cooper, J.A., and Maxwell, E.S. (1978). Influence of 5'-terminal cap 

structure on the initiation of translation of vaccinia virus mRNA. J Biol Chem 253, 1710-1715. 

 

Nakagawa, T., Zhang, T., Kushi, R., Nakano, S., Endo, T., Nakagawa, M., Yanagihara, N., 

Zarkower, D., and Nakayama, K. (2017). Regulation of mitosis-meiosis transition by the ubiquitin 

ligase beta-TrCP in male germ cells. Development 144, 4137-4147. 

 

Nance, D.J., Satterwhite, E.R., Bhaskar, B., Misra, S., Carraway, K.R., and Mansfield, K.D. 

(2020). Characterization of METTL16 as a cytoplasmic RNA binding protein. PLoS One 15, 

e0227647. 

 

Natchiar, S.K., Myasnikov, A.G., Kratzat, H., Hazemann, I., and Klaholz, B.P. (2017). 

Visualization of chemical modifications in the human 80S ribosome structure. Nature 551, 472-

477. 

 

Nayler, O., Hartmann, A.M., and Stamm, S. (2000). The ER repeat protein YT521-B localizes to 

a novel subnuclear compartment. J Cell Biol 150, 949-962. 

 

Ni, J., Tien, A.L., and Fournier, M.J. (1997). Small nucleolar RNAs direct site-specific synthesis 

of pseudouridine in ribosomal RNA. Cell 89, 565-573. 

 

Nojima, T., Hirose, T., Kimura, H., and Hagiwara, M. (2007). The interaction between cap-binding 

complex and RNA export factor is required for intronless mRNA export. J Biol Chem 282, 15645-

15651. 

 

O'Farrell, P.A., Gonzalez, F., Zheng, W., Johnston, S.A., and Joshua-Tor, L. (1999). Crystal 

structure of human bleomycin hydrolase, a self-compartmentalizing cysteine protease. Structure 

7, 619-627. 

 

Ohlstein, B., Lavoie, C.A., Vef, O., Gateff, E., and McKearin, D.M. (2000). The Drosophila 

cystoblast differentiation factor, benign gonial cell neoplasm, is related to DExH-box proteins and 

interacts genetically with bag-of-marbles. Genetics 155, 1809-1819. 

 

Ohno, M., Sakamoto, H., and Shimura, Y. (1987). Preferential excision of the 5' proximal intron 

from mRNA precursors with two introns as mediated by the cap structure. Proc Natl Acad Sci U 

S A 84, 5187-5191. 

 

Ozanick, S., Krecic, A., Andersland, J., and Anderson, J.T. (2005). The bipartite structure of the 

tRNA m1A58 methyltransferase from S. cerevisiae is conserved in humans. RNA 11, 1281-1290. 

Pabis, M., Neufeld, N., Steiner, M.C., Bojic, T., Shav-Tal, Y., and Neugebauer, K.M. (2013). The 

nuclear cap-binding complex interacts with the U4/U6.U5 tri-snRNP and promotes spliceosome 

assembly in mammalian cells. RNA 19, 1054-1063. 



157 

 

Pandey, R.R., Delfino, E., Homolka, D., Roithova, A., Chen, K.M., Li, L.Y., Franco, G., Vagbo, 

C.B., Taillebourg, E., Fauvarque, M.O., et al. (2020). The Mammalian Cap-Specific m(6)Am 

RNA Methyltransferase PCIF1 Regulates Transcript Levels in Mouse Tissues. Cell Rep 32. 

 

Park, O.H., Ha, H., Lee, Y., Boo, S.H., Kwon, D.H., Song, H.K., and Kim, Y.K. (2019). 

Endoribonucleolytic Cleavage of m(6)A-Containing RNAs by RNase P/MRP Complex. Mol Cell 

74, 494-507 e498. 

 

Parker, R. (2012). RNA degradation in Saccharomyces cerevisae. Genetics 191, 671-702. 

 

Patil, D.P., Chen, C.K., Pickering, B.F., Chow, A., Jackson, C., Guttman, M., and Jaffrey, S.R. 

(2016). m(6)A RNA methylation promotes XIST-mediated transcriptional repression. Nature 537, 

369-373. 

 

Patil, D.P., Pickering, B.F., and Jaffrey, S.R. (2018). Reading m(6)A in the Transcriptome: m(6)A-

Binding Proteins. Trends Cell Biol 28, 113-127. 

 

Pendleton, K.E., Chen, B., Liu, K., Hunter, O.V., Xie, Y., Tu, B.P., and Conrad, N.K. (2017). The 

U6 snRNA m(6)A Methyltransferase METTL16 Regulates SAM Synthetase Intron Retention. 

Cell 169, 824-835 e814. 

 

Perry, R.P., Kelley, D.E., Friderici, K., and Rottman, F. (1975). The methylated constituents of L 

cell messenger RNA: evidence for an unusual cluster at the 5' terminus. Cell 4, 387-394. 

 

Ping, X.L., Sun, B.F., Wang, L., Xiao, W., Yang, X., Wang, W.J., Adhikari, S., Shi, Y., Lv, Y., 

Chen, Y.S., et al. (2014). Mammalian WTAP is a regulatory subunit of the RNA N6-

methyladenosine methyltransferase. Cell Res 24, 177-189. 

 

Piton, J., Larue, V., Thillier, Y., Dorleans, A., Pellegrini, O., Li de la Sierra-Gallay, I., Vasseur, 

J.J., Debart, F., Tisne, C., and Condon, C. (2013). Bacillus subtilis RNA deprotection enzyme 

RppH recognizes guanosine in the second position of its substrates. Proc Natl Acad Sci U S A 110, 

8858-8863. 

 

Prabu, J.R., Muller, M., Thomae, A.W., Schussler, S., Bonneau, F., Becker, P.B., and Conti, E. 

(2015). Structure of the RNA Helicase MLE Reveals the Molecular Mechanisms for Uridine 

Specificity and RNA-ATP Coupling. Mol Cell 60, 487-499. 

 

Preiss, T., and Hentze, M.W. (1998). Dual function of the messenger RNA cap structure in 

poly(A)-tail-promoted translation in yeast. Nature 392, 516-520. 

 

Preiss, T., and Hentze, M.W. (1999). From factors to mechanisms: translation and translational 

control in eukaryotes. Curr Opin Genet Dev 9, 515-521. 

 

Ramanathan, A., Robb, G.B., and Chan, S.H. (2016). mRNA capping: biological functions and 

applications. Nucleic Acids Res 44, 7511-7526. 

 



158 

 

Reddy, R., Singh, R., and Shimba, S. (1992). Methylated cap structures in eukaryotic RNAs: 

structure, synthesis and functions. Pharmacol Ther 54, 249-267. 

 

Rich, A., and RajBhandary, U.L. (1976). Transfer RNA: molecular structure, sequence, and 

properties. Annu Rev Biochem 45, 805-860. 

 

Rich, P.R. (2003). The molecular machinery of Keilin's respiratory chain. Biochem Soc Trans 31, 

1095-1105. 

 

Richards, J., Liu, Q., Pellegrini, O., Celesnik, H., Yao, S., Bechhofer, D.H., Condon, C., and 

Belasco, J.G. (2011). An RNA pyrophosphohydrolase triggers 5'-exonucleolytic degradation of 

mRNA in Bacillus subtilis. Mol Cell 43, 940-949. 

 

Ries, R.J., Zaccara, S., Klein, P., Olarerin-George, A., Namkoong, S., Pickering, B.F., Patil, D.P., 

Kwak, H., Lee, J.H., and Jaffrey, S.R. (2019). m(6)A enhances the phase separation potential of 

mRNA. Nature 571, 424-428. 

 

Roundtree, I.A., Evans, M.E., Pan, T., and He, C. (2017a). Dynamic RNA Modifications in Gene 

Expression Regulation. Cell 169, 1187-1200. 

 

Roundtree, I.A., Luo, G.Z., Zhang, Z., Wang, X., Zhou, T., Cui, Y., Sha, J., Huang, X., Guerrero, 

L., Xie, P., et al. (2017b). YTHDC1 mediates nuclear export of N(6)-methyladenosine methylated 

mRNAs. Elife 6. 

 

Rubio, R.M., Depledge, D.P., Bianco, C., Thompson, L., and Mohr, I. (2018). RNA m(6) A 

modification enzymes shape innate responses to DNA by regulating interferon beta. Genes Dev 

32, 1472-1484. 

 

Ruzicka, K., Zhang, M., Campilho, A., Bodi, Z., Kashif, M., Saleh, M., Eeckhout, D., El-Showk, 

S., Li, H., Zhong, S., et al. (2017). Identification of factors required for m(6) A mRNA methylation 

in Arabidopsis reveals a role for the conserved E3 ubiquitin ligase HAKAI. New Phytol 215, 157-

172. 

 

Safra, M., Sas-Chen, A., Nir, R., Winkler, R., Nachshon, A., Bar-Yaacov, D., Erlacher, M., 

Rossmanith, W., Stern-Ginossar, N., and Schwartz, S. (2017). The m1A landscape on cytosolic 

and mitochondrial mRNA at single-base resolution. Nature 551, 251-255. 

 

Schaefer, M., Pollex, T., Hanna, K., and Lyko, F. (2009). RNA cytosine methylation analysis by 

bisulfite sequencing. Nucleic Acids Res 37, e12. 

 

Schaefer, M., Pollex, T., Hanna, K., Tuorto, F., Meusburger, M., Helm, M., and Lyko, F. (2010). 

RNA methylation by Dnmt2 protects transfer RNAs against stress-induced cleavage. Genes Dev 

24, 1590-1595. 

 

Schaffrath, R., and Leidel, S.A. (2017). Wobble uridine modifications-a reason to live, a reason to 

die?! Rna Biol 14, 1209-1222. 



159 

 

Schimmel, P. (2018). The emerging complexity of the tRNA world: mammalian tRNAs beyond 

protein synthesis. Nat Rev Mol Cell Biol 19, 45-58. 

 

Schwartz, D.R., Homanics, G.E., Hoyt, D.G., Klein, E., Abernethy, J., and Lazo, J.S. (1999). The 

neutral cysteine protease bleomycin hydrolase is essential for epidermal integrity and bleomycin 

resistance. Proc Natl Acad Sci U S A 96, 4680-4685. 

 

Selmi, T., Hussain, S., Dietmann, S., Heiss, M., Borland, K., Flad, S., Carter, J.M., Dennison, R., 

Huang, Y.L., Kellner, S., et al. (2021). Sequence- and structure-specific cytosine-5 mRNA 

methylation by NSUN6. Nucleic Acids Res 49, 1006-1022. 

 

Sendinc, E., Valle-Garcia, D., Dhall, A., Chen, H., Henriques, T., Navarrete-Perea, J., Sheng, 

W.Q., Gygi, S.P., Adelman, K., and Shi, Y. (2019). PCIF1 Catalyzes m6Am mRNA Methylation 

to Regulate Gene Expression. Mol Cell 75, 620-+. 

 

Sharma, S., Langhendries, J.L., Watzinger, P., Kotter, P., Entian, K.D., and Lafontaine, D.L. 

(2015). Yeast Kre33 and human NAT10 are conserved 18S rRNA cytosine acetyltransferases that 

modify tRNAs assisted by the adaptor Tan1/THUMPD1. Nucleic Acids Res 43, 2242-2258. 

 

Shi, H., Wang, X., Lu, Z., Zhao, B.S., Ma, H., Hsu, P.J., Liu, C., and He, C. (2017). YTHDF3 

facilitates translation and decay of N(6)-methyladenosine-modified RNA. Cell Res 27, 315-328. 

 

Shi, H., Wei, J., and He, C. (2019). Where, When, and How: Context-Dependent Functions of 

RNA Methylation Writers, Readers, and Erasers. Mol Cell 74, 640-650. 

 

Shu, S., Paruchuru, L.B., Tay, N.Q., Chua, Y.L., Foo, A.S.Y., Yang, C.M., Liong, K.H., Koh, 

E.G.L., Lee, A., Nechushtan, H., et al. (2019). Ap4A Regulates Directional Mobility and Antigen 

Presentation in Dendritic Cells. iScience 16, 524-534. 

 

Shuman, S., and Hurwitz, J. (1981). Mechanism of mRNA capping by vaccinia virus 

guanylyltransferase: characterization of an enzyme--guanylate intermediate. Proc Natl Acad Sci U 

S A 78, 187-191. 

 

Shuman, S., Liu, Y.Z., and Schwer, B. (1994). Covalent Catalysis in Nucleotidyl Transfer-

Reactions - Essential Motifs in Saccharomyces-Cerevisiae Rna Capping Enzyme Are Conserved 

in Schizosaccharomyces-Pombe and Viral Capping Enzymes and among Polynucleotide Ligases. 

P Natl Acad Sci USA 91, 12046-12050. 

 

Sledz, P., and Jinek, M. (2016). Structural insights into the molecular mechanism of the m(6)A 

writer complex. Elife 5. 

 

Sloan, K.E., Warda, A.S., Sharma, S., Entian, K.D., Lafontaine, D.L.J., and Bohnsack, M.T. 

(2017). Tuning the ribosome: The influence of rRNA modification on eukaryotic ribosome 

biogenesis and function. Rna Biol 14, 1138-1152. 



160 

 

Smietanski, M., Werner, M., Purta, E., Kaminska, K.H., Stepinski, J., Darzynkiewicz, E., 

Nowotny, M., and Bujnicki, J.M. (2014). Structural analysis of human 2'-O-ribose 

methyltransferases involved in mRNA cap structure formation. Nat Commun 5, 3004. 

 

Smith, R.W., Blee, T.K., and Gray, N.K. (2014). Poly(A)-binding proteins are required for diverse 

biological processes in metazoans. Biochem Soc Trans 42, 1229-1237. 

 

Soh, Y.Q.S., Mikedis, M.M., Kojima, M., Godfrey, A.K., de Rooij, D.G., and Page, D.C. (2017). 

Meioc maintains an extended meiotic prophase I in mice. PLoS Genet 13, e1006704. 

 

Song, M.G., Bail, S., and Kiledjian, M. (2013). Multiple Nudix family proteins possess mRNA 

decapping activity. RNA 19, 390-399. 

 

Song, M.G., Li, Y., and Kiledjian, M. (2010). Multiple mRNA decapping enzymes in mammalian 

cells. Mol Cell 40, 423-432. 

 

Squires, J.E., Patel, H.R., Nousch, M., Sibbritt, T., Humphreys, D.T., Parker, B.J., Suter, C.M., 

and Preiss, T. (2012). Widespread occurrence of 5-methylcytosine in human coding and non-

coding RNA. Nucleic Acids Res 40, 5023-5033. 

 

Srouji, J.R., Xu, A., Park, A., Kirsch, J.F., and Brenner, S.E. (2017). The evolution of function 

within the Nudix homology clan. Proteins 85, 775-811. 

 

Stoilov, P., Rafalska, I., and Stamm, S. (2002). YTH: a new domain in nuclear proteins. Trends 

Biochem Sci 27, 495-497. 

 

Takagi, T., Moore, C.R., Diehn, F., and Buratowski, S. (1997). An RNA 5'-triphosphatase related 

to the protein tyrosine phosphatases. Cell 89, 867-873. 

 

Takeda, A., Masuda, Y., Yamamoto, T., Hirabayashi, T., Nakamura, Y., and Nakaya, K. (1996). 

Cloning and analysis of cDNA encoding rat bleomycin hydrolase, a DNA-binding cysteine 

protease. J Biochem 120, 353-359. 

 

Taoka, M., Nobe, Y., Yamaki, Y., Yamauchi, Y., Ishikawa, H., Takahashi, N., Nakayama, H., and 

Isobe, T. (2016). The complete chemical structure of Saccharomyces cerevisiae rRNA: partial 

pseudouridylation of U2345 in 25S rRNA by snoRNA snR9. Nucleic Acids Res 44, 8951-8961. 

 

Thalhammer, A., Bencokova, Z., Poole, R., Loenarz, C., Adam, J., O'Flaherty, L., Schodel, J., 

Mole, D., Giaslakiotis, K., Schofield, C.J., et al. (2011). Human AlkB homologue 5 is a nuclear 

2-oxoglutarate dependent oxygenase and a direct target of hypoxia-inducible factor 1alpha (HIF-

1alpha). PLoS One 6, e16210. 

 

Theler, D., Dominguez, C., Blatter, M., Boudet, J., and Allain, F.H. (2014). Solution structure of 

the YTH domain in complex with N6-methyladenosine RNA: a reader of methylated RNA. 

Nucleic Acids Res 42, 13911-13919. 



161 

 

Thorne, N.M., Hankin, S., Wilkinson, M.C., Nunez, C., Barraclough, R., and McLennan, A.G. 

(1995). Human diadenosine 5',5"'-P1,P4-tetraphosphate pyrophosphohydrolase is a member of the 

MutT family of nucleotide pyrophosphatases. Biochem J 311 ( Pt 3), 717-721. 

 

Tollervey, D., Lehtonen, H., Jansen, R., Kern, H., and Hurt, E.C. (1993). Temperature-sensitive 

mutations demonstrate roles for yeast fibrillarin in pre-rRNA processing, pre-rRNA methylation, 

and ribosome assembly. Cell 72, 443-457. 

 

Valkov, E., Jonas, S., and Weichenrieder, O. (2017). Mille viae in eukaryotic mRNA decapping. 

Curr Opin Struct Biol 47, 40-51. 

 

van Dijk, E., Cougot, N., Meyer, S., Babajko, S., Wahle, E., and Seraphin, B. (2002). Human 

Dcp2: a catalytically active mRNA decapping enzyme located in specific cytoplasmic structures. 

Embo J 21, 6915-6924. 

 

van Nues, R.W., Granneman, S., Kudla, G., Sloan, K.E., Chicken, M., Tollervey, D., and Watkins, 

N.J. (2011). Box C/D snoRNP catalysed methylation is aided by additional pre-rRNA base-

pairing. Embo J 30, 2420-2430. 

 

van Tran, N., Ernst, F.G.M., Hawley, B.R., Zorbas, C., Ulryck, N., Hackert, P., Bohnsack, K.E., 

Bohnsack, M.T., Jaffrey, S.R., Graille, M., et al. (2019). The human 18S rRNA m6A 

methyltransferase METTL5 is stabilized by TRMT112. Nucleic Acids Res 47, 7719-7733. 

 

Varadi, M., Anyango, S., Deshpande, M., Nair, S., Natassia, C., Yordanova, G., Yuan, D., Stroe, 

O., Wood, G., Laydon, A., et al. (2022). AlphaFold Protein Structure Database: massively 

expanding the structural coverage of protein-sequence space with high-accuracy models. Nucleic 

Acids Res 50, D439-D444. 

 

Viswanathan, T., Arya, S., Chan, S.H., Qi, S., Dai, N., Misra, A., Park, J.G., Oladunni, F., 

Kovalskyy, D., Hromas, R.A., et al. (2020). Structural basis of RNA cap modification by SARS-

CoV-2. Nat Commun 11, 3718. 

 

Walters, R.W., Matheny, T., Mizoue, L.S., Rao, B.S., Muhlrad, D., and Parker, R. (2017). 

Identification of NAD+ capped mRNAs in Saccharomyces cerevisiae. Proc Natl Acad Sci U S A 

114, 480-485. 

 

Wang, C., Zhu, Y., Bao, H., Jiang, Y., Xu, C., Wu, J., and Shi, Y. (2016a). A novel RNA-binding 

mode of the YTH domain reveals the mechanism for recognition of determinant of selective 

removal by Mmi1. Nucleic Acids Res 44, 969-982. 

 

Wang, J., Alvin Chew, B.L., Lai, Y., Dong, H., Xu, L., Balamkundu, S., Cai, W.M., Cui, L., Liu, 

C.F., Fu, X.Y., et al. (2019). Quantifying the RNA cap epitranscriptome reveals novel caps in 

cellular and viral RNA. Nucleic Acids Res 47, e130. 

 

Wang, P., Doxtader, K.A., and Nam, Y. (2016b). Structural Basis for Cooperative Function of 

Mettl3 and Mettl14 Methyltransferases. Mol Cell 63, 306-317. 



162 

 

Wang, X., Feng, J., Xue, Y., Guan, Z., Zhang, D., Liu, Z., Gong, Z., Wang, Q., Huang, J., Tang, 

C., et al. (2016c). Structural basis of N(6)-adenosine methylation by the METTL3-METTL14 

complex. Nature 534, 575-578. 

 

Wang, X., Lu, Z., Gomez, A., Hon, G.C., Yue, Y., Han, D., Fu, Y., Parisien, M., Dai, Q., Jia, G., 

et al. (2014a). N6-methyladenosine-dependent regulation of messenger RNA stability. Nature 505, 

117-120. 

 

Wang, X., Zhao, B.S., Roundtree, I.A., Lu, Z., Han, D., Ma, H., Weng, X., Chen, K., Shi, H., and 

He, C. (2015). N(6)-methyladenosine Modulates Messenger RNA Translation Efficiency. Cell 

161, 1388-1399. 

 

Wang, Y., Li, Y., Toth, J.I., Petroski, M.D., Zhang, Z., and Zhao, J.C. (2014b). N6-

methyladenosine modification destabilizes developmental regulators in embryonic stem cells. Nat 

Cell Biol 16, 191-198. 

 

Wang, Z., Jiao, X., Carr-Schmid, A., and Kiledjian, M. (2002). The hDcp2 protein is a mammalian 

mRNA decapping enzyme. Proc Natl Acad Sci U S A 99, 12663-12668. 

 

Warda, A.S., Kretschmer, J., Hackert, P., Lenz, C., Urlaub, H., Hobartner, C., Sloan, K.E., and 

Bohnsack, M.T. (2017). Human METTL16 is a N(6)-methyladenosine (m(6)A) methyltransferase 

that targets pre-mRNAs and various non-coding RNAs. EMBO Rep 18, 2004-2014. 

 

Watkins, N.J., and Bohnsack, M.T. (2012). The box C/D and H/ACA snoRNPs: key players in the 

modification, processing and the dynamic folding of ribosomal RNA. Wiley Interdiscip Rev RNA 

3, 397-414. 

 

Watson, J.D., and Crick, F.H. (1953). Molecular structure of nucleic acids; a structure for 

deoxyribose nucleic acid. Nature 171, 737-738. 

 

Wei, C., Gershowitz, A., and Moss, B. (1975a). N6, O2'-dimethyladenosine a novel methylated 

ribonucleoside next to the 5' terminal of animal cell and virus mRNAs. Nature 257, 251-253. 

 

Wei, C.M., Gershowitz, A., and Moss, B. (1975b). Methylated nucleotides block 5' terminus of 

HeLa cell messenger RNA. Cell 4, 379-386. 

 

Wei, J., Liu, F., Lu, Z., Fei, Q., Ai, Y., He, P.C., Shi, H., Cui, X., Su, R., Klungland, A., et al. 

(2018). Differential m(6)A, m(6)Am, and m(1)A Demethylation Mediated by FTO in the Cell 

Nucleus and Cytoplasm. Mol Cell 71, 973-985 e975. 

 

Wen, J., Lv, R., Ma, H., Shen, H., He, C., Wang, J., Jiao, F., Liu, H., Yang, P., Tan, L., et al. 

(2018). Zc3h13 Regulates Nuclear RNA m(6)A Methylation and Mouse Embryonic Stem Cell 

Self-Renewal. Mol Cell 69, 1028-1038 e1026. 

 



163 

 

Werner, M., Purta, E., Kaminska, K.H., Cymerman, I.A., Campbell, D.A., Mittra, B., Zamudio, 

J.R., Sturm, N.R., Jaworski, J., and Bujnicki, J.M. (2011). 2'-O-ribose methylation of cap2 in 

human: function and evolution in a horizontally mobile family. Nucleic Acids Res 39, 4756-4768. 

Will, C.L., and Luhrmann, R. (2011). Spliceosome structure and function. Cold Spring Harb 

Perspect Biol 3. 

 

Winkler, R., Gillis, E., Lasman, L., Safra, M., Geula, S., Soyris, C., Nachshon, A., Tai-Schmiedel, 

J., Friedman, N., Le-Trilling, V.T.K., et al. (2019). m(6)A modification controls the innate immune 

response to infection by targeting type I interferons. Nat Immunol 20, 173-182. 

 

Wojtas, M.N., Pandey, R.R., Mendel, M., Homolka, D., Sachidanandam, R., and Pillai, R.S. 

(2017). Regulation of m(6)A Transcripts by the 3'-->5' RNA Helicase YTHDC2 Is Essential for a 

Successful Meiotic Program in the Mammalian Germline. Mol Cell 68, 374-387 e312. 

 

Wolf, J., and Passmore, L.A. (2014). mRNA deadenylation by Pan2-Pan3. Biochem Soc Trans 42, 

184-187. 

 

Wu, B., Peisley, A., Richards, C., Yao, H., Zeng, X., Lin, C., Chu, F., Walz, T., and Hur, S. (2013). 

Structural basis for dsRNA recognition, filament formation, and antiviral signal activation by 

MDA5. Cell 152, 276-289. 

 

Wu, R., Chen, Y., Liu, Y., Zhuang, L., Chen, W., Zeng, B., Liao, X., Guo, G., Wang, Y., and 

Wang, X. (2021). m6A methylation promotes white-to-beige fat transition by facilitating Hif1a 

translation. EMBO Rep 22, e52348. 

 

Xiang, S., Cooper-Morgan, A., Jiao, X., Kiledjian, M., Manley, J.L., and Tong, L. (2009). 

Structure and function of the 5'-->3' exoribonuclease Rat1 and its activating partner Rai1. Nature 

458, 784-788. 

 

Xiao, W., Adhikari, S., Dahal, U., Chen, Y.S., Hao, Y.J., Sun, B.F., Sun, H.Y., Li, A., Ping, X.L., 

Lai, W.Y., et al. (2016). Nuclear m(6)A Reader YTHDC1 Regulates mRNA Splicing. Mol Cell 

61, 507-519. 

 

Xu, C., Liu, K., Ahmed, H., Loppnau, P., Schapira, M., and Min, J. (2015). Structural Basis for 

the Discriminative Recognition of N6-Methyladenosine RNA by the Human YT521-B Homology 

Domain Family of Proteins. J Biol Chem 290, 24902-24913. 

 

Xu, C., Wang, X., Liu, K., Roundtree, I.A., Tempel, W., Li, Y., Lu, Z., He, C., and Min, J. (2014). 

Structural basis for selective binding of m6A RNA by the YTHDC1 YTH domain. Nat Chem Biol 

10, 927-929. 

 

Xu, H., Dzhashiashvili, Y., Shah, A., Kunjamma, R.B., Weng, Y.L., Elbaz, B., Fei, Q., Jones, J.S., 

Li, Y.I., Zhuang, X., et al. (2020). m(6)A mRNA Methylation Is Essential for Oligodendrocyte 

Maturation and CNS Myelination. Neuron 105, 293-309 e295. 



164 

 

Xu, H.E., and Johnston, S.A. (1994). Yeast bleomycin hydrolase is a DNA-binding cysteine 

protease. Identification, purification, biochemical characterization. J Biol Chem 269, 21177-

21183. 

 

Yamashita, A., Shichino, Y., Tanaka, H., Hiriart, E., Touat-Todeschini, L., Vavasseur, A., Ding, 

D.Q., Hiraoka, Y., Verdel, A., and Yamamoto, M. (2012). Hexanucleotide motifs mediate 

recruitment of the RNA elimination machinery to silent meiotic genes. Open Biol 2, 120014. 

 

Yang, X., Yang, Y., Sun, B.F., Chen, Y.S., Xu, J.W., Lai, W.Y., Li, A., Wang, X., Bhattarai, D.P., 

Xiao, W., et al. (2017). 5-methylcytosine promotes mRNA export - NSUN2 as the 

methyltransferase and ALYREF as an m(5)C reader. Cell Res 27, 606-625. 

 

Yang, Y., Shen, F., Huang, W., Qin, S., Huang, J.T., Sergi, C., Yuan, B.F., and Liu, S.M. (2019). 

Glucose Is Involved in the Dynamic Regulation of m6A in Patients With Type 2 Diabetes. J Clin 

Endocrinol Metab 104, 665-673. 

 

Yavuz, H., Bertoli-Avella, A.M., Alfadhel, M., Al-Sannaa, N., Kandaswamy, K.K., Al-Tuwaijri, 

W., Rolfs, A., Brandau, O., and Bauer, P. (2018). A founder nonsense variant in NUDT2 causes a 

recessive neurodevelopmental disorder in Saudi Arab children. Clin Genet 94, 393-395. 

 

Yoon, K.J., Ringeling, F.R., Vissers, C., Jacob, F., Pokrass, M., Jimenez-Cyrus, D., Su, Y., Kim, 

N.S., Zhu, Y., Zheng, L., et al. (2017). Temporal Control of Mammalian Cortical Neurogenesis 

by m(6)A Methylation. Cell 171, 877-889 e817. 

 

Yu, X., Vandivier, L.E., and Gregory, B.D. (2021). NAD-seq for profiling the NAD(+) capped 

transcriptome of Arabidopsis thaliana. STAR Protoc 2, 100901. 

 

Yue, Y., Liu, J., Cui, X., Cao, J., Luo, G., Zhang, Z., Cheng, T., Gao, M., Shu, X., Ma, H., et al. 

(2018). VIRMA mediates preferential m(6)A mRNA methylation in 3'UTR and near stop codon 

and associates with alternative polyadenylation. Cell Discov 4, 10. 

 

Zaccara, S., and Jaffrey, S.R. (2020). A Unified Model for the Function of YTHDF Proteins in 

Regulating m(6)A-Modified mRNA. Cell 181, 1582-1595 e1518. 

 

Zhang, C., Samanta, D., Lu, H., Bullen, J.W., Zhang, H., Chen, I., He, X., and Semenza, G.L. 

(2016a). Hypoxia induces the breast cancer stem cell phenotype by HIF-dependent and ALKBH5-

mediated m(6)A-demethylation of NANOG mRNA. Proc Natl Acad Sci U S A 113, E2047-2056. 

Zhang, D., Liu, Y., Wang, Q., Guan, Z., Wang, J., Liu, J., Zou, T., and Yin, P. (2016b). Structural 

basis of prokaryotic NAD-RNA decapping by NudC. Cell Res 26, 1062-1066. 

 

Zhang, S., Zhao, B.S., Zhou, A., Lin, K., Zheng, S., Lu, Z., Chen, Y., Sulman, E.P., Xie, K., Bogler, 

O., et al. (2017). m(6)A Demethylase ALKBH5 Maintains Tumorigenicity of Glioblastoma Stem-

like Cells by Sustaining FOXM1 Expression and Cell Proliferation Program. Cancer Cell 31, 591-

606 e596. 



165 

 

Zheng, G., Dahl, J.A., Niu, Y., Fedorcsak, P., Huang, C.M., Li, C.J., Vagbo, C.B., Shi, Y., Wang, 

W.L., Song, S.H., et al. (2013). ALKBH5 is a mammalian RNA demethylase that impacts RNA 

metabolism and mouse fertility. Mol Cell 49, 18-29. 

 

Zheng, S.S., Hausmann, S., Hausmann, P., Liu, Q.S., Ghosh, A., Schwer, B., Lima, C.D., and 

Shuman, S. (2006). Mutational analysis of Encephalitozoon cuniculi mRNA cap (guanine-N7) 

methyltransferase, structure of the enzyme bound to sinefungin, and evidence that cap 

methyltransferase is the target of sinefungin's antifungal activity. J Biol Chem 281, 35904-35913. 

Zheng, W., and Johnston, S.A. (1998). The nucleic acid binding activity of bleomycin hydrolase 

is involved in bleomycin detoxification. Mol Cell Biol 18, 3580-3585. 

 

Zhong, S., Li, H., Bodi, Z., Button, J., Vespa, L., Herzog, M., and Fray, R.G. (2008). MTA is an 

Arabidopsis messenger RNA adenosine methylase and interacts with a homolog of a sex-specific 

splicing factor. Plant Cell 20, 1278-1288. 

 

Zhou, K.I., Shi, H., Lyu, R., Wylder, A.C., Matuszek, Z., Pan, J.N., He, C., Parisien, M., and Pan, 

T. (2019). Regulation of Co-transcriptional Pre-mRNA Splicing by m(6)A through the Low-

Complexity Protein hnRNPG. Mol Cell 76, 70-81 e79. 

 

Zhu, T., Roundtree, I.A., Wang, P., Wang, X., Wang, L., Sun, C., Tian, Y., Li, J., He, C., and Xu, 

Y. (2014). Crystal structure of the YTH domain of YTHDF2 reveals mechanism for recognition 

of N6-methyladenosine. Cell Res 24, 1493-1496. 

 

Zinder, J.C., and Lima, C.D. (2017). Targeting RNA for processing or destruction by the 

eukaryotic RNA exosome and its cofactors. Genes Dev 31, 88-100. 

 

Zou, F., Tu, R., Duan, B., Yang, Z., Ping, Z., Song, X., Chen, S., Price, A., Li, H., Scott, A., et al. 

(2020). Drosophila YBX1 homolog YPS promotes ovarian germ line stem cell development by 

preferentially recognizing 5-methylcytosine RNAs. Proc Natl Acad Sci U S A 117, 3603-3609. 

 


