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Abstract (EN) 

Messenger RNA (mRNA) is transcribed from the coding DNA sequences by the RNA 

polymerase II. The nascently synthesised mRNA, called pre-mRNA, undergoes a series of 

maturation steps consisting of 5′ capping, removing non-coding sequences in the process of 

splicing and finally, 3′ end cleavage and polyadenylation. In mammals, 5′ cap structure 

includes template-independent terminal N7-methylguanosine (m7G), connected to mRNA via 

an unusual 5′ to 5′ triphosphate linkage and followed by the two first transcribed nucleotides, 

which are further modified with 2′-O-methyl (Nm) marks and, in the case of the first nucleotide 

being A, additionally N6-methyladenosine (m6A). The formation of the m7G cap is mediated 

by two enzymes: RNGTT and RNMT-RAM. Nm marks are added to the first and second 

nucleotide by the cap-specific RNA methyltransferases CMTR1 and CMTR2, forming cap1 

and cap2 structures, respectively. Finally, if the first nucleotide is A, the PCIF1 enzyme 

deposits the m6A mark. While virtually all mRNA transcripts have cap1 modification, only 

approximately 50% have cap2. In addition to protecting mRNA from degradation and 

enhancing translation, these marks are essential components of the innate immune system, as 

uncapped transcripts are detected by the cytoplasmic sensors of foreign RNA, triggering 

interferon response and apoptosis.  

 The aim of my PhD was to further characterise the physiological and molecular 

functions of the mRNA cap1 and cap2 structure. Using a combination of mouse models and 

cell culture models, we show that both CMTR1 and CMT2 are vital for embryogenesis, with 

both mutant embryos dying around embryonic day E7.5, before the organogenesis stage. 

Sequencing of E6.5 and E7.5 mutant embryos showed that CMTR1 and CMTR2 regulate non-

overlapping subset of genes indicating their separate functions. Interestingly, for both mutants, 

Cmtr1 and Cmtr2,  this occurs without any activation of the innate immune response, 

suggesting that the functions of Nm extend beyond simply marking cellular RNAs as self. 

Conditional depletion of CMTR1 in male germ cells results in complete infertility, while only 

some females are infertile. Depletion of CMTR1 in fully developed organs, like the liver, leads 

to chronic activation of interferon expression. Interestingly, among commonly dysregulated 

genes in CMTR1 Knocked-out (KO) backgrounds are ribosomal genes overlapping with 5′ 

TOP transcripts and snoRNA host genes. 

This investigation offers a comprehensive examination of the roles of CMTRs in 

development and in selected organs and illuminates their complex functions behind protecting 

from triggering autoimmune reactions. 
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Abstract (FR) 
ARN messager (ARNm) est transcrit à partir des séquences d'ADN codantes par l'ARN 

polymérase II. Le nouvellement synthétisé ARNm, appelé pré-ARNm, subit une série d'étapes 

de maturation comprenant la coiffe 5′ (5′ capping), l'élimination des séquences non codantes 

lors du processus d'épissage, et enfin la clivage en 3′ et la polyadénylation. Chez les 

mammifères, la structure de la coiffe 5' comprend une N7-méthylguanosine (m7G) 

indépendante du modèle, reliée à l'ARNm via une liaison triphosphate inhabituelle 5′ à 5′, 

suivie des deux premiers nucléotides transcrits, qui sont ensuite modifiés par des marques 2′-

O-méthyl (Nm) et, dans le cas où le premier nucléotide est A, par l'ajout de la N6-

méthyladénosine (m6A). La formation de la coiffe m7G est médiée par deux enzymes : RNGTT 

et RNMT-RAM. Les marques Nm sont ajoutées au premier et au deuxième nucléotide par les 

ARN méthyltransférases spécifiques de la coiffe, CMTR1 et CMTR2, formant respectivement 

les structures cap1 et cap2. Enfin, si le premier nucléotide est A, l'enzyme PCIF1 dépose la 

marque m6A. Alors que pratiquement tous les transcrits d'ARNm ont la modification cap1, seul 

environ 50 % ont la cap2. En plus de protéger l'ARNm de la dégradation et d'améliorer la 

traduction, ces marques sont des composants essentiels du système immunitaire inné, car les 

transcrits non coiffés sont détectés par les capteurs cytoplasmiques de l'ARN étranger, 

déclenchant la réponse de l'interféron et l'apoptose. 

L'objectif de ma thèse de doctorat était de caractériser davantage les fonctions 

physiologiques et moléculaires de la structure cap1 et cap2 de l'ARNm. En utilisant une 

combinaison de modèles de souris et de cultures cellulaires, nous montrons que CMTR1 et 

CMTR2 sont tous deux essentiels pour l'embryogenèse, car les embryons mutants meurent tous 

deux vers le jour embryonnaire E7.5, avant le stade de l'organogenèse. Le séquençage des 

embryons mutants E6.5 et E7.5 a montré que CMTR1 et CMTR2 régulent un sous-ensemble 

de gènes non chevauchants, indiquant leurs fonctions distinctes. Fait intéressant, pour les deux 

mutants Cmtr1 et Cmtr2, cela se produit sans aucune activation de la réponse immunitaire 

innée, suggérant que les fonctions de Nm vont au-delà de simplement marquer les ARN 

cellulaires comme étant du soi. La déplétion conditionnelle de CMTR1 dans les cellules 

germinales mâles entraîne une infertilité totale, tandis que seules certaines femelles sont 

infertiles. La déplétion de CMTR1 dans des organes entièrement développés, comme le foie, 

entraîne une activation chronique de l'expression d'interféron. Fait intéressant, parmi les gènes 

couramment dysrégulés dans les contextes de déficience de CMTR1 se trouvent des gènes 

ribosomaux chevauchant avec les transcrits 5' TOP et les gènes hôtes des snoARN. 
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Cette étude offre un examen complet des rôles des CMTRs dans le développement et dans 

certains organes sélectionnés, et éclaire leurs fonctions complexes de protection contre le 

déclenchement de réactions auto-immunes.  
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Introduction 

Regulation of gene expression 

One of the fundamental principles of molecular biology is the central dogma theory, first 

articulated by Francis Crick in his lecture in 1958 (Cobb, 2017; Crick, 1970). The original 

model of the central dogma depicted a straightforward flow of genetic information: a single 

gene, encoded in DNA, is transcribed into one messenger RNA (mRNA) molecule, which is 

subsequently translated into a single protein (Figure 1). However, the landscape of molecular 

biology was dramatically reshaped with the discovery of mRNA splicing in the late 1970s 

(Berget et al., 1977; Chow & Broker, 1978). This revelation illustrated that a single gene could 

give rise to multiple distinct proteins, thereby adding a layer of complexity to the central 

dogma. This phenomenon, known as alternative splicing, enables a single gene to produce a 

diverse set of mRNA molecules, each of which can be translated into different proteins (Figure 

1). 

The regulation of gene expression controls the timing, quantity, and location of 

effecting molecule, protein or RNA presence. This complex process involves various 

mechanisms operating at the DNA, RNA, and protein levels (Figure 1) 

DNA, composed of four canonical nucleotides (Adenine, Thymine, Cytosine, and 

Guanine), is not "naked" within cells but instead forms a compacted structure known as 

chromatin through interactions with proteins and RNA molecules. Histones, a primary 

component of DNA condensation, play a crucial role in this process. Additionally, DNA can 

undergo modifications, such as cytosine methylation, resulting in 5-methylcytosine (5mC), 

which serves as an epigenetic mark associated with gene silencing. 

The regulation of gene expression extends beyond DNA modifications. After their 

synthesis, proteins can undergo post-translational modifications, which involve adding or 

removing chemical groups to specific amino acid residues. These modifications, such as 

phosphorylation, methylation, or acetylation, can profoundly impact protein stability, activity, 

and localisation with other molecules. Another type of modification, ubiquitination marks 

proteins for degradation. Interestingly, histones themselves can undergo various post-

translational modifications that modulate gene expression. These histone marks include 

acetylation, methylation, phosphorylation, and ubiquitination. For instance, histone acetylation 

is associated with gene activation, as it relaxes the chromatin structure, allowing easier access 

of transcriptional machinery to the DNA. On the other hand, histone methylation can have 
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diverse effects depending on the specific site and degree of methylation. For example, 

trimethylation of histone H3 at lysine 4 (H3K4me3) is generally associated with gene 

activation, while trimethylation at lysine 9 (H3K9me3) is linked to gene repression.  

By integrating DNA and protein modifications, the field of epigenetics explores how 

these intricate molecular mechanisms collectively regulate gene expression at both the 

chromatin and protein levels. The dynamic interplay between DNA modifications, histone 

marks, and protein post-translational modifications orchestrates a complex gene regulatory 

network in cells. Lastly, regulation of gene expression can be modulated by changes in RNA 

molecules, encompassing nucleotide editing and RNA modifications. These alterations can 

affect alternative splicing, localisation, translation, and stability of RNA molecules or directly 

 

 
Figure 1 - Central dogma of molecular biology. A) One gene encodes for one mRNA and one protein. 

B) Many mRNAs can originate from one gene for example, as a result of alternative splicing, and thus 

one gene can result in many proteins. C) DNA, RNA and protein molecules can be modified. AC – 

acetylation, P – phosphorylation, Me – methylation, H3K9me3 – tri-methylation of histone three at lysine 
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9, H3K4me3 – trimethylation of histone 3 at lysine 4, CpG methylation – methylation of cytosine at CpG 

islands 

influence transcription. The field study relating to RNA modifications is called 

epitranscriptomics. Interestingly, while mutations in DNA are typically irreversible, 

modifications that lead to alternative gene expressions are reversible. This flexibility allows 

for an extensive range of adaptability in response to internal and external stimuli. 

 

mRNA processing 

The life of mRNA begins with its transcription and concludes with its degradation. The so 

 

mRNA transcription and transcription termination 

The process of mRNA transcription is the first step in gene expression, during which the 

genetic information stored in DNA is converted into a single-stranded mRNA molecule. In 

case of mRNA, this process is carried out by an enzyme called RNA polymerase II (RNA pol 

II), which binds to a specific DNA sequence known as the promoter region. Upon binding, the 

RNA polymerase unwinds the DNA double helix to allow access to other transcriptional 

machinery, a process often facilitated by chromatin and nucleosome remodelling. As the RNA 

polymerase moves along the DNA, it synthesises a complementary mRNA strand using the 

DNA as a template. It adds ribonucleotides that are complementary to the DNA bases, pairing 

adenine (A) in DNA with uracil (U) in RNA, thymine (T) in DNA with adenine (A) in RNA, 

cytosine (C) in DNA with guanine (G) in RNA, and guanine (G) in DNA with cytosine (C) in 

RNA. 

 One of the RNA pol II regulations is through its carboxy-terminal domain (CTD) 

localised at its biggest subunit. CTD consist of repetitions of the heptapeptide of YSPTSPS. 

This sequence is repeated multiple times, usually around 52 times in humans, resulting in a 

long unstructured tail. The CTD plays a critical role in coordinating various stages of 

transcription, including initiation, elongation, and termination. It serves as a platform for 

recruiting and assembling various factors involved in RNA processing and transcriptional 

regulation. The CTD undergoes dynamic phosphorylation and dephosphorylation events of its 

heptapeptide repeats at specific residues, primarily at serine 2 and serine 5, during different 

stages of transcription. For example, genome-wide occupancy profiles for all CTD 

phosphorylation marks showed that serine 5 and serine 7 are phosphorylated during 

transcription initiation, whereas tyrosine 1, serine 2, and threonine 4 phosphorylation signals 
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increase during the transcription towards the 3′ end and polyadenylation site (Heidemann et al., 

2013). 

Once the RNA polymerase reaches a cleavage and polyadenylation signal, often 

represented by the canonical AAUAAA sequence in humans, the polymerase slows down but 

continues the transcription. Cleavage and Polyadenylation Specificity Factor (CPSF) 

recognises the transcribed polyadenylation signal on newly-synthesised mRNA, which attracts 

other factors necessary for polyadenylation. The nascent transcript is cleaved downstream of 

the polyadenylation signal, and poly(A) polymerase adds a series of adenine (A) nucleotides 

to the 3′ end of the mRNA at the cleavage site. During this process, a poly(A) tail consisting 

of dozens of adenine nucleotides, with a median of 50–100 nt (Chang et al., 2014), is added to 

the 3′ end of the mRNA molecule, which helps enhance stability, promote nuclear export, and 

facilitate translation initiation. The dissociation of RNA pol II from the DNA is facilitated by 

the exonuclease Xrn2, which degrades the remaining RNA still attached to the polymerase. 

The majority of human genes can also contain alternative polyadenylation signals. The 

choice of polyadenylation site determines the length of the mRNA and affects its stability, 

localisation, and translational efficiency. Alternative polyadenylation can produce mRNA 

isoforms with different 3′ untranslated regions (3′UTRs), which can contain different 

regulatory elements, such as microRNA binding sites, leading to the differential expression of 

genes. Regulation of alternative polyadenylation can occur in response to changes in 

developmental stage, environmental conditions, and disease states and can affect gene 

expression and cellular function. Dysregulation of alternative polyadenylation has been linked 

to several human diseases, such as cancer and neurodegenerative disorders, highlighting the 

importance of this process in maintaining normal cellular function. 

Finally, during transcription, the mRNA is processed in a series of molecular events 

that occur simultaneously with mRNA transcription (co-transcriptionally), shaping the 

maturation and functionality of the nascent mRNA molecule. These processes include mRNA 

capping, splicing, and RNA editing, where specific nucleotides within the mRNA are modified 

or replaced. Alternative splicing, a co-transcriptional process that generates multiple mRNA 

variants from a single gene by splicing together different combinations of exons, enhances 

protein diversity and complexity within the cell.  
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mRNA splicing and alternative splicing 

mRNA splicing is a crucial process in gene expression that involves the removal of the non-

coding intronic regions of pre-mRNA and the joining the exonic coding regions together by 

the spliceosome. Splicing is a highly dynamic process, which can be regulated to result in 

multiple mRNA isoforms in alternative splicing. 

The spliceosome is a dynamic macromolecular complex composed of five small nuclear 

ribonucleoproteins (snRNPs), protein complexes and small nuclear RNAs (snRNAs). The 

snRNAs, including U1, U2, U4, U5, and U6, play pivotal roles in splicing. They recognise the 

intron-exon boundaries and catalyse the intron removal and exon ligation reactions, ensuring 

the correct splicing of pre-mRNA (Matera & Wang, 2014; Will & Lührmann, 2011).  

The Exon Junction Complex (EJC), another important player in the mRNA splicing 

process, is a multi-protein complex that is deposited onto mRNA at the exon-exon junctions 

during the splicing process. It participates in multiple facets of mRNA metabolism, including 

nuclear export, surveillance, localisation, and translation. The EJC works in concert with the 

spliceosome to ensure accurate splicing, thereby maintaining the integrity of the genetic 

message (Asthana et al., 2022; H. Martin et al., 2022; Schlautmann & Gehring, 2020). 

Alternative splicing widely increases the diversity of the proteome. One example of a 

differentially spliced gene is Titin. Titin is a giant protein found in muscle cells that functions 

as a molecular spring, contributing to muscle elasticity and passive tension. The TTN gene 

encoding Titin undergoes extensive alternative splicing, giving rise to multiple isoforms that 

differ in size and have particular mechanical properties. Different Titin isoforms are expressed 

in various muscle types and during muscle development, with longer, more compliant isoforms 

found in cardiac muscle and shorter, stiffer isoforms in skeletal muscle (Labeit & Kolmerer, 

1995). 

Another,  layer of complexity to our understanding of genes is added by the alternative 

splicing by expanding the coding capacity of our genomes. Even though humans have 

approximately 20,000 coding genes, we have around 180,000 different mRNAs (Kersey et al., 

2018). It seems that only 80,000 mRNA isoforms can produce sequence-distinct protein 

isoforms (Ezkurdia et al., 2015). Nevertheless, it is still unclear how many genes have only one 

isoform, called a single major isoform. The estimates vary from 28% (Tress et al., 2017), 30% 

(Ezkurdia et al., 2015) to less than 50% (Tapial et al., 2017) of all human genes having a single 

major. Interestingly, gene expression patterns between the same organs in different organisms 

seem to be conserved, but their alternative splicing differs (Merkin et al., 2012).  
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mRNA export  

Fully processed mRNAs, capped, spliced, and polyadenylated, are exported from the nucleus 

to the cytoplasm, where they can be translated. In order to avoid exporting faulty mRNA, this 

process is highly regulated and involves various protein factors and complexes. One such 

complex is the exon junction complex (EJC), deposited on spliced mRNAs at exon-exon 

junctions during splicing. The EJC plays several roles in mRNA metabolism, including mRNA 

export, translation, and nonsense-mediated mRNA decay (NMD) (Asthana et al., 2022; H. 

Martin et al., 2022; Schlautmann & Gehring, 2020). The EJC recruits the TREX (transcription-

export) complex for mRNA export, which is responsible for coupling transcription with mRNA 

export. TREX’s more extensive components, such as the THO complex, Aly/REF, and the 

mRNA export receptor TAP/NXF1, help to facilitate mRNA export through the nuclear pore 

complex (NPC). The EJC, along with other factors and complexes, ensures that only mature, 

properly processed mRNAs are exported to the cytoplasm, thus maintaining the fidelity and 

efficiency of gene expression (Asthana et al., 2022; Gromadzka et al., 2016; H. Martin et al., 

2022). 

 

mRNA translation 

Once mRNA reaches the cytoplasm, the information encoded in mRNA is converted into a 

protein through a process called translation. Translation occurs on ribosomes, large molecular 

machines composed of ribosomal RNA (rRNA) and ribosomal proteins. The ribosomes provide 

the platform for the synthesis of proteins by facilitating the interaction between mRNA and 

transfer RNA (tRNA) (Dever et al., 2018; Moore & Steitz, 2011; Simonović & Steitz, 2009; 

Steitz, 2008). 

tRNA molecules play a crucial role in translation by bringing the appropriate amino 

acids to the ribosome. Each tRNA molecule has a specific sequence of nucleotides 

corresponding to a particular amino acid. The tRNA recognises codon, a three-nucleotide 

sequence, on the mRNA through its complementary anticodon sequence. The complementary 

base pairing between the tRNA's anticodon and the mRNA's codon ensures the amino acid's 

accurate placement in the growing protein chain. The translation is divided into three main 

stages: initiation, elongation, and termination (Orellana et al., 2022; Phizicky & Hopper, 2010).  

During initiation, the small ribosomal subunit binds to the mRNA, typically at the 5′ 

cap structure, and scans along the mRNA until it encounters the start codon (usually AUG). In 
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eukaryotes, this start codon is often part of a larger sequence known as the Kozak consensus 

sequence (Kozak, 1981). The sequence aids in accurately identifying the RNA’s 5′ cap 

structure and positioning the start codon for the small ribosomal subunit. 

The pairing of the start codon with the anticodon of the initiator tRNA, which carries 

the amino acid methionine, marks the next step in initiation. The large ribosomal subunit then 

joins this assembly, completing the formation of the translation initiation complex. With the 

ribosome correctly positioned at the start codon - an accuracy significantly aided by the Kozak 

sequence - the translation process is primed to transition into the elongation phase, where the 

nascent protein chain begins synthesising. 

As the elongation phase starts, distinct aminoacyl-tRNAs, each carrying a specific 

amino acid, come into play. These tRNAs complement the mRNA codons that the ribosome is 

processing. The ribosome acts as a catalyst, forming peptide bonds that connect these amino 

acids, thus building up the emerging polypeptide chain (Dever et al., 2018). 

Termination occurs when the ribosome encounters a stop codon (UAA, UAG, or UGA) 

on the mRNA. These codons do not code for any amino acids and are recognised by release 

factors, which facilitate the release of the completed polypeptide chain from the ribosome.  

As the nascently synthesised peptide emerges from the ribosome, it begins to fold into 

its native structure co-translationally, often with the assistance of molecular chaperones. After 

the ribosomal subunits dissociate from the mRNA, the protein might continue to fold post-

translationally, sometimes needing additional chaperone assistance or undergoing specific 

modifications to reach its final functional form (Ellgaard et al., 2016). The ribosomal subunits 

then dissociate from the mRNA, and the newly synthesised protein can undergo post-

translation-folding and post-translational modifications to become functional (Dobson, 2003; 

Keenan et al., 2021). 

Overall, mRNA translation is a highly regulated and complex process essential for 

producing proteins and properly functioning cells. Dysregulation of translation as well as 

protein miss folding can lead to numerous diseases. 

 

Translation initiation 

In eukaryotes, there are two main types of translation initiation: cap-dependent and cap-

independent. Cap-dependent initiation, the most prevalent mechanism, begins with the 

interaction between the mRNA and specific protein complexes. 
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Immediately after the mRNA is transcribed in the nucleus, the Cap Binding Complex 

(CBC) binds to the 5′ cap structure. This binding protects the mRNA from degradation, 

facilitates its export from the nucleus to the cytoplasm, and can even aid in the early stages of 

translation initiation (Gonatopoulos-Pournatzis & Cowling, 2014). 

Once the mRNA is in the cytoplasm, there is a transition during which the eukaryotic 

initiation factor 4F (eIF4F) complex replaces the CBC at the 5′ cap structure. The eIF4F 

complex, which includes the proteins eIF4E, eIF4G, and eIF4A, is responsible for recruiting 

the small ribosomal subunit to the mRNA, marking the onset of the translation process 

(Gonatopoulos-Pournatzis & Cowling, 2014). 

In contrast to cap-dependent initiation, cap-independent initiation does not rely on 

mRNA’s 5′ cap structure. Instead, it makes use of specific RNA elements located within the 

mRNA. 

The most common mRNA element located within the 5′UTR is internal ribosome entry 

sites (IRES). IRES involves the direct recruitment of ribosomes to an internal region of the 

mRNA, bypassing the need for a 5′ cap. The IRES-mediated translation is typical for some 

viruses, but also some of cellular mRNAs carry their IRES elements which allows them to 

initiate translation in a cap-independent manner (Hoshi et al., 1984; Y. Yang & Wang, 2019).  

Notably, there is evidence that N6-methyladenosine modification in the 5′ UTR might 

also be involved in cap-independent translation. m6A in the 5′ UTR is recognised by a protein 

called eIF3 which can further recruit the 43S complex to initiate translation (Meyer et al., 

2015). 

 

mRNA degradation 

mRNA degradation is a crucial process that regulates gene expression by controlling the 

abundance and stability of mRNAs. The degradation mechanisms differ between the nucleus 

and the cytoplasm and between the mRNA molecule’s 5′ and 3′ ends. In the nucleus, mRNA 

degradation primarily occurs through the exosome complex in the 3′ to 5′ direction, degrading 

aberrant mRNAs that fail to process properly, such as capping, splicing, or polyadenylation. 

This quality control mechanism ensures that only mature mRNAs are exported to the 

cytoplasm. 

In the cytoplasm, mRNA degradation typically involves two main pathways: 

deadenylation-dependent and endonucleolytic cleavage. Deadenylation-dependent decay starts 

with removing the protective poly(A) tail at the 3′ end of the mRNA by deadenylase enzymes. 
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This is followed by decapping the 5′ end, exposing the mRNA to exonucleases that degrade 

the molecule from both ends. Alternatively, endonucleolytic cleavage can occur, in which 

specific endonucleases cleave the mRNA internally, generating fragments that are 

subsequently degraded by exonucleases (Beelman & Parker, 1995; Garneau et al., 2007). 

These mRNA degradation pathways ensure proper gene expression by maintaining the 

appropriate levels of mRNAs in the cell and removing any defective or unnecessary transcripts. 

This fine-tunes protein synthesis and enables rapid cellular responses to changes in 

environmental conditions or cellular signals. 

An example of adaptation to changes via mRNA degradation is modulation of iron 

uptake in the cells. Under low iron conditions, IRP1 binds to iron-responsive elements (IREs) 

in the mRNA of Transferrin encoded by TFR1, stabilising the mRNA and promoting the 

production of TFR1 protein, which increases iron uptake into the cell. Conversely, when iron 

levels are high, IRP1 loses its ability to bind to IREs due to the incorporation of iron, leading 

to the degradation of TFR1 mRNA and a decrease in iron uptake (Casey et al., 1989; Müllner 

& Kühn, 1988; Theil, 1994).  

 

 

 

Figure 2 - mRNA modifications in mammals. N7-methylguanosine (m7G), 2′-O-methylation (Nm), 

N6,2′-O-dimethyladenosine (m6Am)  are specific for the 5′end of the mRNA, whereas N6-

methyladenosine (m6A), 2′-O-methylation (Nm), inosine (I) and  Pseudouridine (Ψ) are deposited in its 

body.  
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RNA modifications and editing 

RNA consists of four canonical nucleotides – adenosine (A), cytosine (C), guanosine (G) and 

uracil (U) which are incorporated into the RNA molecules during transcription by the RNA 

polymerases. Those can be further modified by adding or removing some chemical groups. In 

the 50s, some RNA modifications could be identified using thin-layer chromatography (Davis 

& Allen, 1957; Dunn, 1959; Littlefield & Dunn, 1958). Up to today, over 170 different 

modifications have been identified, mostly on non-coding RNAs like tRNAs or rRNAs 

(Boccaletto et al., 2018). In addition to non-coding RNAs, also mRNA can be extensively 

chemically modified.  

 Identification of mRNA modifications was possible only after the establishment of 

purification of polyadenylated RNAs (Gros et al., 1959; S Brenner & Meselson, 1957). The 

most common modifications are cap-specific N7-methylguanosine (m7G), 2′-O-methylation 

(Nm), N6,2′-O-dimethyladenosine (m6Am) (Gonatopoulos-Pournatzis & Cowling, 2014) and 

internal modifications N6-methyladenosine (m6A), 2′-O-methylation (Nm), inosine (I), 

Pseudouridine (Ψ), 5-hydroxymethylcytosine (hm5C) (Lan et al., 2020), N4-acetylcytidine 

(ac4C) (Figure 2) (Thalalla Gamage et al., 2021). The comprehensive study and understanding 

of these RNA modifications and their biological implications fall under a rapidly evolving field 

known as epitranscriptomics. 

 

 

Methods to detect RNA modifications 

Accurately identifying and mapping RNA modifications has long been a challenge in 

epitranscriptomics. This is due to several technical difficulties, such as the low abundance of 

some modifications, their presence only in a subset of mRNAs, and their low chemical 

reactivity, among other factors. Over the years, several methods have been established to 

overcome these challenges, playing a crucial role in expanding the field. These methods can 

be broadly classified into multiple categories: either as direct and indirect or global and site-

specific.  

 

Direct and indirect RNA modifications methods 

Direct methods involve the identification of modified nucleotides without the use of 

intermediate steps or markers. These techniques often involve high-resolution mass 

spectrometry or next-generation sequencing methods. Direct methods include techniques like 
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high-performance liquid chromatography (HPLC), 2D thin-layer chromatography (TLC) with 

radioactive isotopes and Liquid Chromatography-Tandem Mass Spectrometry (LC-MS/MS). 

which can detect modifications directly on the RNA molecule.  

On the other hand, indirect methods rely on the use of chemical treatment, antibodies 

or enzymes to recognise specific modifications. After the treatment, the modifications can 

detected by techniques such as immunoblotting or next-generation sequencing.  

Global RNA modifications Identification 

For global identification of modifications, techniques like HPLC, LC-MS/MS, and TLC are 

used, which give an overview of all modifications in a given RNA sample. In contrast, site-

specific identification techniques, such as third-generation sequencing and reverse 

transcription at single nucleotide resolution with the use of antibodies or after chemical 

treatment of the sample, can provide information about the exact location of modifications on 

the RNA molecule.  

Historically, the first method used to identify modified nucleotides was two-

dimensional thin-layer chromatography, which utilised radioactive isotopes. This method 

facilitates the separation of nucleotides according to their distinct chemical properties. By 

comparing the migration patterns of these nucleotides with established standards, it becomes 

possible to identify modified nucleotides through their unique migration patterns. 

High-Performance Liquid Chromatography (HPLC) is an analytical technique used to 

separate and purify components of a mixture based on their chemical properties. In HPLC, a 

mixture is passed through a column packed with a stationary phase. This solid or liquid material 

interacts with the sample components differently based on their chemical properties, such as 

polarity, size, and charge (Nees et al., 2014).  

Mass spectrometry (MS) is a powerful analytical technique for quantifying molecules 

based on their mass-to-charge ratio (m/z). The technique involves ionising molecules, 

separating the resulting ions based on their m/z, and detecting the ions using a detector. 

Interestingly, we can also combine MS with HPLC to increase its performance (Meng, 2006). 

Direct global methods, such as HPLC, HPLC-MS, LC-MS/MS, and 2D thin-layer 

chromatography, all share a standard limitation: they lack information about the specific 

position of modifications. This becomes particularly problematic when dealing with 

modifications that are of low abundance or are present only in specific types of RNA, such as 

mRNAs. In such cases, the sample being analysed must be meticulously purified to eliminate 

any contaminants. 
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Take the Nm modification as an example. Nm has been identified in various types of 

RNA, including rRNA, tRNA, mRNA, and small RNAs. Since Nm is found in high abundance 

in rRNA, detecting it in mRNAs—constituting only 1-5% of total RNA—requires a sample 

free of rRNA for precise analysis. Additionally, the use of proper controls is essential to 

determine the presence of any contaminants. 

Given the challenges and limitations of direct global methods, developing site-specific 

identification techniques for modified nucleotides has emerged as a strategic approach to 

overcome these issues. 

 

Site-specific RNA modifications detection methods 

An even more critical aspect of epitranscriptomics is understanding the relationship between 

various modifications, their location and their function. This can be achieved only by applying 

methods which allow site-specific detection. Such methods depend on antibodies, gene 

engineering of modification reader proteins, reverse transcriptase properties, chemical 

modifications or direct sequencing (Motorin & Marchand, 2021).  

One of the first mapped mRNA modifications was inosine, identified due to their 

unique chemical structure. Inosine is a deaminated adenosine, which is recognised as cytosine 

by reverse transcriptase. Consequently, the resulting cDNA contains guanosines in place of 

thymines. By sequencing this cDNA and comparing it with a reference genome or 

transcriptome, the positions of inosine can be inferred from the locations where the cDNA 

sequence contains a guanine in place of the expected adenine. This method offers valuable 

insight into the transcriptome-wide distribution and abundance of inosine-containing RNA 

molecules. It is important to note, however, that this technique does not directly detect inosine, 

but rather implies its presence based on the characteristics of reverse transcription (Bazak et 

al., 2014). 

Antibody-based approaches are one way to identify the modified nucleotide position 

and sequence in which it is deposited. Such antibodies have a high affinity to modified 

nucleotides, and by pulling down and sequencing such fragments, we can identify their 

sequence. Antibodies were developed to m6A/ m6Am, m1A, hm5C, ac4C and m7G (Weichmann 

et al., 2020; Y. Zhang et al., 2022). Moreover, antibodies can be used in the determination of 

relative quantities by the use of ELISA or dot blot.  

Nanopore sequencing is a next-generation sequencing technology that uses a nanopore-

based sensor to read the sequence of DNA or RNA molecules as they pass through a tiny pore. 
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This technology has been developed by Oxford Nanopore Technologies, and it offers several 

advantages over other sequencing methods.  

One of the key advantages of nanopore sequencing is its ability to produce long reads, 

which can span thousands of bases (Nobuaki Kono & Kazuharu Arakawa, 2019; Y. Wang et 

al., 2021).  

In nanopore sequencing, a single-stranded DNA or RNA molecule is passed through a 

nanopore, which is a membrane protein to which a motor protein is attached. As the molecule 

passes through the nanopore, the k-mer (5 consequent nucleotides) creates a change in 

electrical current that can be measured and recorded. This change in current is specific to each 

base in the DNA or RNA sequence, allowing the sequence to be determined (Jain et al., 2016; 

van Dijk et al., 2018; Y. Wang et al., 2021).  

The change of charge and time of going through the pore can serve to detect the 

modified bases, which were first applied for DNA and m5dC/5mC or m6dA/6mA (Rand et al., 

2017; Stoiber1 et al., 2017; Y. Wang et al., 2019). Recently, nanopore was used to identify 

sequence motifs of various mRNA modifications such as m6A (Jenjaroenpun et al., 2021; 

Parker et al., 2020; Piechotta et al., 2022; Price et al., 2020), m5C (Acera Mateos et al., 2023), 

Nm (Abebe et al., 2022; Begik et al., 2021; Hassan et al., 2022; Stephenson et al., 2022) or 

pseudouridine (Stephenson et al., 2022). 

Recent studies show how endogenous modifications in ribosomal RNAs from E. coli 

and S. cerevisiae can be detected using nanopore sequencing. The modifications were 

identified through changes in the electrical signal and dwell times of the RNA passing through 

the nanopore, which were caused by interactions between the modified nucleotides and the 

helicase motor protein. By analysing these changes, the specific types and locations of the 

modifications in the RNA sequences were identified (Begik et al., 2021; Hassan et al., 2022; 

Stephenson et al., 2022).  

 

Methods to map 2′-O-methylation 

As mentioned earlier, 2′-O-methylation (Nm) modification is a common modification of rRNA, 

tRNAs, mRNAs, and small RNAs. Interestingly, Nm modification was shown to be impactful 

in various cellular mechanisms such as translation. Thus, a handful of methods were developed 

for its mapping. Interestingly, Nm modification can be found in mRNAs at internal sites and at 

the 5′ end, where it only occurs at the first one or two mRNA nucleotides. 
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Reverse transcriptase, when transcribing at low deoxy-ribonucleoside triphosphate 

(dNTP), stops the transcription at the Nm nucleotide and thus, a method called Reverse 

Transcription at Low deoxy-ribonucleoside triphosphate (dNTP) concentrations followed by 

polymerase chain reaction (PCR) (RTL-P) was developed (Z.-W. Dong et al., 2012).  

Another characteristic of the Nm modification is its ability to protect the phosphodiester 

bond between the modified nucleotide and the downstream nucleotide during alkaline 

cleavage. When combined with deep sequencing, this property allows for identifying sequences 

less susceptible to random fragmentation. A method known as RiboMethSeq has been 

developed based on this property (Birkedal et al., 2015; Motorin et al., 2021; Pichot et al., 

2020). However, one limitation of this method is its requirement for random cleavage and high-

depth sequencing, making it more suitable for longer RNAs. Conversely, RiboMethSeq has 

also been demonstrated to apply to mRNAs (Ringeard et al., 2019). 

Other methods are NmSeq (Dai et al., 2017) and RibOxi-seq (Zhu et al., 2017). Both 

methods rely on the differential reactivity of 2′-OMe versus 2′-OH nucleotides. Fragmented 

RNA undergoes oxidation which renders the non-methylated ends incapable of ligation to 

linkers used for high-throughput library construction. The resulting reads are aligned to a 

reference genome and analysed to determine methylation sites. However, it is worth noting that 

some results from the NmSeq method, such as the identified motif, have been questioned due 

to the potential issue of adaptor sequence detection, possibly affecting the validity of the 

results. 

All the methods described above are suitable only for internal Nm sites. To map the Nm 

sites and prevalence of single vs double Nm sites at the 5′ end of mRNA, two methods were 

developed: CapTag-seq and CLAM-Cap-seq (Despic & Jaffrey, 2023).  

CapTag-seq is a quantitative method used to measure the levels of cap1 and cap2. To perform 

CapTag-seq, polyA purified RNAs undergo enzymatic decapping, followed by ligation of a 5′ 

adapter composed of 2′-O-methylated nucleotides. The RNA is then subjected to RNase T2, 

which cleaves all phosphodiester bonds except those with Nm modification. After the RNase 

T2 treatment, the 5′ adaptor is left with either 1, 2, or 3 nucleotides. A single nucleotide 

corresponds to RNA with an unmodified 5′ end, while three nucleotides correspond to RNA 

with 2 Nm modifications at the 5′ end CapTag-seq provides a highly accurate method for 

quantitatively measuring the levels of cap1 and cap2 (Despic & Jaffrey, 2023). 

CLAM-Cap-seq is a method used to identify transcripts with cap0, cap1, and cap2 

modifications on their 5′ ends. The mRNA is first decapped, and then reverse transcription is 
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applied. The resulting complementary strand is circularised using a circular ligase, which 

enables it to connect with the mRNA molecule. The RNA-DNA hybrid is then subjected to 

RNA degradation using RNase T2 and KOH, leaving only RNA with Nm modifications in the 

DNA-RNA hybrid. After adaptor ligation, the library is subjected to Illumina sequencing, 

enabling transcriptome-wide mapping of 5′ end Nm modifications. Nevertheless, the biggest 

drawback of this method is requirement of 7 μg poly(A)+ RNA as starting material which might 

not be feasible for many tissues (Despic & Jaffrey, 2023). 

 

Internal mRNA modifications 

The intricate landscape of gene expression is significantly influenced by an array of internal 

mRNA modifications. Among the most well-studied internal mRNA modifications are N6-

methyladenosine (m6A), inosine (I), 2′-O-methylation (Nm) and pseudouridine (Ψ). Each of 

these modifications has a distinct role in mRNA processing and regulation, shaping the intricate 

landscape of gene expression and thus contributing to the complexity of gene expression. 

Meanwhile, other less abundant modifications such as N5-methylcytosine (m5C), N1-

methyladenosine (m1A), 5-hydroxymethylcytosine (hm5C), N7-methyladenosine and N4-

acetylcytidine (ac4C) were also identified in mRNAs. However, these are less abundant, and as 

a result, their roles are not as well-established. The significance and potential functions of these 

less prevalent modifications remain topics of ongoing discussion and research in the field (S. 

Kumar & Mohapatra, 2021; Sun et al., 2023). 

This section will focus to briefly elucidate the multifaceted nature of some internal 

mRNA modifications. 

  

N6-methyladenosine (m6A) 

N6-methyladenosine (m6A), the first discovered modification of mRNA, has been identified in 

a wide range of biological systems. These include rats (Desrosiers et al., 1974), human cells 

(Wei et al., 1976), mouse cells (Schibler et al., 1977), and even viruses (Krug et al., 1976). The 

high prevalence of m6A in mRNA likely enabled its early discovery in mRNAs. 

In 2012, two groups developed a method to map m6A sites using m6A-specific 

antibodies and subsequent next-generation sequencing (Dominissini et al., 2012; Meyer et al., 

2012). Despite initial evidence of m6A appearing in the 1970s, it was the novel technologies, 

such as mapping of m6A, that allowed the significant expansion of the m6A field. This might 

be observed by a brief search on PubMed for m6A and RNA. Publications have grown from 
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approximately 94 prior to 2012 to 4,996 since then, averaging 27 new publications per week in 

the current year. With new approaches for mapping m6A across the whole transcriptome 

calculated approximately one m6A site per 2000 nucleotides in RNA HepG2 cells (Dominissini 

et al., 2012). 

In humans, m6A is deposited on mRNAs co-transcriptionally by two methyl 

transferases (METTL), monomeric METTL16 and heterodimeric complex METTL3/14. 

METTL16 recognises a loop of specific TACAGAGAA sequence (Mendel et al., 2018) and 

the heterodimeric complex METTL3/14 recognises a single-stranded sequence motif RRACH 

(IUPAC sequence standing for puRin, puRin, Adenosine, Cytosine, H - any except Guanosine). 

Even though the RRACH motif is uniformly distributed among themRNA transcripts, m6A is 

enriched around the STOP codon (Dominissini et al., 2012; Meyer et al., 2012). Recently three 

publications showed that the exon-junction complex shapes the m6A distribution by abrogating 

the METTL3/14 complex’s binding to mRNA (P. C. He et al., 2023; Uzonyi et al., 2023; X. 

Yang et al., 2022). 

Studies of those two separate complexes – METTL16 and METT3/14 –  showed that 

the same modification can lead to different consequences based on it position.  When deposited 

at 3′ splice site it can inhibit splicing (Mendel et al., 2021), when deposited at different loci  it 

can affect export (indirectly) (Lesbirel et al., 2018; Zheng et al., 2013), localisation (Flamand 

& Meyer 2022), translation (Coots et al., 2017; Mao et al., 2019), polyadenylation (Wu et al., 

2023) and mRNA stability (Lasman et al., 2020).  

Furthermore, m6A affects not only molecular functions but also physiological 

functions. It plays crucial role in regulation of S-adenosine methionine- the methyl group donor 

(Mendel et al., 2018; Pendleton et al., 2017), embryogenesis in mammals (Batista et al., 2014; 

Geula et al., 2015) and plants (Zhong et al., 2008), meiosis in yeast (Clancy et al., 2002; 

Schwartz et al., 2013), sex determination in fruit flies (Haussmann et al., 2016) and X-

chromosome inactivation via XIST (Patil et al., 2016) or circadian clock control (J. M. Fustin 

et al., 2013; J.-M. Fustin et al., 2018).  

In summary, m6A modification in mRNA has emerged as a crucial regulatory 

mechanism, influencing all aspects of the mRNA life cycle and physiological functions across 

diverse biological systems. 
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Inosine (I) 

Inosine is a modified nucleoside that is created through the deamination of adenosine in RNA. 

Deamination of adenosines is performed by enzymes of the ADAR (Adenosine Deaminase 

Acting on RNA) family of genes (Melcher et al., 1996). In humans, three ADAR genes have 

been identified: ADAR1, ADAR2, and ADAR3. All of them possess the double-stranded RNA  

(dsRNA) binding domain, which explains the position of inosines in dsRNA regions. 

 ADAR1 has three isoforms that differ in their N-terminal sequences and subcellular 

localisation (Galipon et al., 2017; Pestal et al., 2015). ADAR1 is involved in the editing of both 

coding and non-coding RNA and plays important roles in innate immunity (Liddicoat et al., 

2015a; Mannion et al., 2014; Niescierowicz et al., 2022) and RNA interference (W. Yang et 

al., 2005). ADAR1 marks cellular dsRNA as self-molecules to avoid triggering autoimmunity 

(Rice et al., 2012). The involvement of ADAR1 and inosine in innate immunity is discussed in 

the next chapter. 

 ADAR2 is primarily expressed in the brain. ADAR2 mutant mice have been shown to 

experience seizures and die within the first three weeks after birth. Unlike ADAR1, it has been 

found that their early death is not due to the activation of the innate immune system. Rather, 

the mutant mice exhibit a phenotype that results from a single under-edited position in the 

transcript of one subunit, one Glutamate receptor (GluA2). Unedited mRNA is translated with 

a single mutation leading to a dysfunctional protein (Brusa et al., 1995). The phenotype of the 

ADAR2 mutant is rescued by the knock-in of a single point mutation in GluA2 (Higuchi et al., 

2000; Seeburg et al., 1998).  

 ADAR3 is an inactive Adenosine deaminase but has retained its ability to bind dsRNA. 

ADAR3 mutant mice have increased anxiety levels and deficits in hippocampus-dependent 

short- and long-term memory formation (Miles et al., 2018). 

The presence of inosine in dsRNA molecules is a feature conserved across metazoans. 

The significance of inosine has been demonstrated in the fruit fly, Drosophila melanogaster. 

Genetic knockout of the only ADAR gene in flies leads to several abnormalities, including 

defects in motor control, mating, and flight, as seen in ADAR null mutants - flies with no 

functional ADAR gene (Palladino et al., 2000). These null mutants also exhibit increased sleep 

due to synaptic dysfunction in glutamatergic neurons (J. E. Robinson et al., 2015). Moreover, 

both catalytically dead and null ADAR knockouts were found to express immune-induced 

molecules, highlighting ADAR's essential role in maintaining a normal immune response 

(Deng et al., 2020a). 
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N5-methylcytosine (m5C)  

m5C, one of the first RNA modifications identified, initially stirred debate about its existence 

in mRNA. This was mainly because it was commonly found in tRNA but seemed rare in 

mRNA. However, thanks to recent advancements in mapping technologies, the presence of 

m5C in mRNAs was confirmed. (Huang et al., 2019; Selmi et al., 2021). NSUN2 and NSUN6 

are known m5C methyltransferases that act on distinct sets of mRNAs and motifs (Huang et 

al., 2019; Schumann et al., 2020; Selmi et al., 2021; Trixl & Lusser, 2019). In general, m5C is 

found preferentially near the start codon (J. Liu et al., 2022; Schumann et al., 2020; X. Yang 

et al., 2017), and m5C-containing transcripts are less efficiently translated (Schumann et al., 

2020). However, NSUN6 sites are located near the stop codon, and their presence correlates 

with higher translation rates (Selmi et al., 2021). Recent studies have shown that m5C is 

enriched on maternal mRNAs in various species, including fruit flies, frogs, zebrafish, mice, 

and humans, and preferentially near the 3′ UTR (J. Liu et al., 2022). Another proposed function 

of m5C is its involvement in mRNA export (X. Yang et al., 2017). 

 

Pseudouridine (Ψ) 
Pseudouridine (Ψ) is a type of RNA modification where the uridine (U) base is isomerised to 

form a different base structure. Ψ was one of the first identified RNA modifications (Cohn & 

Volkin, 1951; Davis & Allen, 1957). Ψ is installed by the family of enzymes called 

pseudouridine synthases (PUS) and found in almost all types of RNA, including rRNA, tRNA, 

mRNA, and non-coding RNA (Martinez et al., 2022). Ψ enhances stabilises the RNA structure 

of tRNA and rRNA (Arnez & Steitz, 1994; Davis & Poulter, 1991; Newby & Greenbaum, 

2002)by stabilisation of structure in duplexes between Ψ -A, Ψ -G, Ψ -U and Ψ -C pairs 

(Kierzek et al., 2014) 

Ψ in mRNAs is present in pseudouridine/U ratio in about 0.2–0.6% (X. Li et al., 2015). It′s 

deposited co-transcriptionally as well as post-transcriptionally. Presence of  Ψ in the 

polypyrimidine tract in introns leading to the splicing failure due to the disability of U2AF(65) 

to recognise the pseudouridylated polypyrimidine tract (C. Chen et al., 2010). In contrast, 

intronic pseudouridine upstream of the 3′ ss enhances splicing (Martinez et al., 2022). 

Moreover, the depletion of pseudouridine synthetases, PUS1, PUS7 and RPUSD4, leads to 

widespread effects on alternative splicing (Martinez et al., 2022).  
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2′-O-methylation (Nm) 

Internal 2′-O-methylation (Nm) refers to methylation occurring on the ribose sugar of any 

nucleotide, regardless of the nucleotide's base forming Am, Um, Gm or Cm. This modification is 

common in rRNA and tRNA molecules. In humans, the process of Nm of RNA is primarily 

catalysed by a class of enzymes known as methyltransferases. Specifically, the 2′O-methylation 

of rRNA is performed by a complex known as small nucleolar ribonucleoprotein particles 

(snoRNPs) consisting of two key components, snoRNA and Fibrillarinn, where snoRNA 

guides the site-specificic methylation. At the same time, a different set of enzymes conducts 

the Nm of transfer RNAs (tRNAs) in humans. A family of tRNA methyltransferase (TRMT) is 

mainly responsible for these modifications. Within this family, several enzymes, including 

TRMT61A and TRMT6/61B, help add a methyl group at different positions in the tRNA 

molecule.  

Interestingly, Nm also appears as a modification within mRNA molecules. Two 

enzymes, FTSJ3, belonging to TRMT and Fibrillarin methylating primarily rRNAs, have been 

shown to deposit internal Nm sites on mRNA. A method called Reverse Transcription at Low 

dNTP concentrations followed by PCR (RTL-P) (Z.-W. Dong et al., 2012) has revealed that 

Fibrillarin, along with snoRNAs, modifies the mRNA of a gene called Pxdn with Nm. This 

modification increases the stability of Pxdn mRNA but reduces Pxdn protein levels, which 

suggests that Nm may hinder translation. (Elliott et al., 2019). This probably due to the Nm  in 

mRNA codons that can significantly impair protein translation by causing a high rejection rate 

of the corresponding tRNA (J. Choi et al., 2018). 

The role of internal Nm modification in mRNA has been particularly investigated in the 

context of viral infections. The Nm modification in the mRNA cap structure serve as a mark of 

cellular RNAs whereas the internal Nm modification can stabilise the RNA.  Its role in innate 

immunity will be further discussed in the next chapter. 

 

N1-methyladenosine (m1A) 

Studies have revealed that the deposition of m1A is primarily limited to tRNA-like structures 

within a select number of gene coding transcripts, mediated by the TRMT6/TRMT61A 

complex (Dominissini et al., 2016; X. Li et al., 2016; Safra et al., 2017). It is believed that this  
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Figure 3. Processing of 5′end termini in different cell types. P – terminal phosphate, rRNA – 

ribosomal RNA, lncRNA – long non-coding RNA, snRNA – small nuclear RNA, tRNA – transfer RNA 

 

modification disrupts the A-T base pairing, thereby altering the secondary structure of the RNA 

(L. Lu et al., 2010). However, the demethylation of m1A by ALKBH3 can reverse this 

modification (X. Li et al., 2016). Interestingly, mRNAs that contain m1A are inefficiently 

translated (Safra et al., 2017). 

Nevertheless, the reanalysis of data proposed that many of the formerly identified m1A 

sites were misannotated and proposed that cytosolic mRNAs m1A is a rare internal 

modification at very low stoichiometries and at very low number of sites (Schwartz, 2018; 

Wiener & Schwartz, 2021) 

 

mRNA cap modifications  

RNA polymerases use the nucleotide triphosphates as the building blocks to synthesise RNA 

molecules. This results in 5′ end triphosphates on all RNA molecules. Nevertheless, such 5′ 

end termini are unfavoured and are further processed. Most RNA classes possess the 5′ 
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monophosphate, which is secured by endonucleolytic cleavage or by removal of diphosphate 

by the DUSP11 (Burke & Sullivan, 2017). In contrast, the transcripts of RNA polymerase II 

undergo a process called mRNA capping. Moreover, all RNA classes need to be protected from 

degradation either by making secondary structures or by 5′ end binding proteins (Chyba! 

Nenalezen zdroj odkazů.). 

Initially, mRNA transcribed by RNA polymerase II has a triphosphate at its 5′ end. 

When the transcript reaches about 25 nt in length, the triphosphate is converted to the 5′-5′ 

triphosphate bridge-linked N7-methylguanosine (m7G) cap in the process of capping (Chyba! 

Nenalezen zdroj odkazů.) (Coppola et al., 1983; Shatkin & Manley, 2000). 

In higher eukaryotes, RNA capping is carried by two enzymes performing three 

activities: RNGTT (triphosphatase and guanylyltransferase) removes the terminal phosphate 

and adds GMP forming Gppp-RNA. At the same time, (RNA guanine-7-methyltransferase) 

monomethylates the added guanine base on the seventh position, forming m7Gppp-RNA. This 

mRNA cap structure (m7GpppNN) is termed the cap0. 

Moreover, in higher organisms, mRNA cap structure can be further modified by 2′-O-

methylation on the first transcribed nucleotide (cap1) or the first two transcribed nucleotides 

(cap2). The transcription start site (TSS) nucleotide is always modified by the CMTR1 enzyme 

forming cap1 (m7Gppp NmpNp)  structure (Bélanger et al., 2010). Another mammalian ribose 

methylatransferase, CMTR2, methylates the second transcribed nucleotide creating cap2 

(m7Gppp NmpNmp)  structure which is present in 50% of transcripts of polyadenylated RNAs 

in human HeLa cells (Despic & Jaffrey, 2023; Furuichi et al., 1975; Wei Cha-Mer and 

Gershowitz, 1975). Additionally, if the first transcribed nucleotide is adenosine, it can be 

further modified at the N6 position of the adenine base to generate N6,2′-O-dimethyl adenosine 

(m6Am) (Akichika et al., 2018; Boulias et al., 2019; Sendinc et al., 2019; Sun et al., 2019; Wei 

Cha-Merand Gershowitz, 1975). Interestingly, mRNA capping happens co-transcriptionally 

(Akichika et al., 2018; Galloway et al., 2021; Inesta-Vaquera et al., 2018; Pandey et al., 2020) 

except 2′-O-methylation at the second transcribed nucleotide which happens only in the 

cytoplasm where CMTR2 localises (Figure 4) (Despic & Jaffrey, 2023; Werner et al., 2011).  
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Figure 4. Mammalian mRNA cap structure. Mammalian cap structure depends on the activities of 5 

enzymes.  

Cap0 function  

Cap0 was implicated in multiple different functions in mRNA, from protecting from RNA 

degradation by blocking XRN1 exonuclease through mRNA export and stimulation mRNA 

splicing to being essential for translation initiation (Gonatopoulos-Pournatzis & Cowling, 

2014). 

Cap0 protect the mRNA from degradation. Triphosphorylated mRNAs are recognised 

by the NUDT2, which catalyses only the first step of mRNA degradation. The 

monophosphorylated mRNAs are then recognised and cleaved by 5′- 3′- end exoribonucleases 

– XRN1 and XRN2 (Laudenbach et al., 2021). 

Cap0 is recognised by the cap-binding complex (CBC), which coordinates various 

processes involved in mRNA processing, including pre-mRNA splicing, 3′-end processing, 

nonsense-mediated decay, nuclear–cytoplasmic transport, recruitment of translation factors in 

the cytoplasm as well as the nuclear export of snRNAs (Elisa Izaurralde et al., 1995). The CBC 

is composed of a heterodimer consisting of nuclear cap-binding protein 2 (NCBP2 or Cap-

binding protein 20 - CBP20) and NCBP1 (also known as CBP80) (Elisa Izaurralde et al., 1995). 

NCBP2 directly binds to the mRNA cap, while NCBP1 acts as a stabilising factor and an 

adaptor for other processing factors (Gebhardt et al., 2015; Gonatopoulos-Pournatzis & 

Cowling, 2014; Topisirovic et al., 2011).  



23 
 

In in vitro splicing studies was shown that the mRNA cap is unnecessary for splicing, 

but it increases the splicing efficiency in HeLa nuclear extracts. Nevertheless, the addition of 

a cap analogue to the reaction inhibits the splicing which pointed out to its essential role in 

splicing  (Edery & Sonenberg, 1985; Konarska et al., 1984; Patzelt et al., 1987). CBC facilitates 

the association of U1 snRNP with the cap proximal 5′splice site during the formation of the E 

(early) complex showing its importance in splicing of the first intron. However, in a pre-mRNA 

containing two introns, CBC is not required for splicing of the cap distal intron. (Lewis et al., 

1996). CBC remains associated with the pre-mRNA throughout the whole splicing cycle 

(Lewis et al., 1996).  

Notably, only appropriately processed mRNAs - those that are capped, spliced, and 

possess a polyA tail - are exported to the cytoplasm (Carmody & Wente, 2009). This 

understanding was reinforced by experimental data showing that uncapped RNAs when 

microinjected into a Xenopus nucleus, failed to make this transition to the cytoplasm (Cheng 

et al., 2006). An exciting aspect of this process is that some export factors, such as ALYREF, 

directly interact with the EJC, ensuring that only spliced mRNAs are transported from the 

nucleus to the cytoplasm (Gromadzka et al., 2016). Furthermore, the cap on mRNA is 

recognised by CBP80, which in turn interacts with ALYREF. This interaction promotes further 

association with the TREX complex, setting the stage for nuclear export (Cheng et al., 2006). 

Moreover, inhibition of polyadenylation leads to mRNA retention in the nucleus (Apponi et 

al., 2010; Z. Chen et al., 1999; Tudek et al., 2018). Interestingly, the Cap Binding Complex 

(CBC) remains consistently associated with the mRNA cap throughout the entirety of the 

nuclear export process (Visa et al., 1977). 

When mRNA is exported from the nucleus to the cytoplasm, the mRNA cap guides 

another process. Cap-dependent mRNA translation initiation. The first few rounds of 

translation are called the pioneer round of translation, which is CBP dependent. During this 

phase, CBC directly interacts with eIF4G (McKendrick et al., 2001). Later on, the translation 

initiation is dependent on eIF4e. The transition from the pioneer round of translation to the 

standard mode of translation depends on the exchange of CBC for eIF4E at m7G, which is 

regulated by importins (Sato & Maquat, 2009). The importance of eIF4 and cap7 on translation 

was shown in various experimental setups. In vitro, Brome mosaic virus RNAs lacking m7G 

cap leads to the reduction but not complete abolition of translation (Shih et al., 1976). In vivo 

in tobacco protoplasts, Chinese hamsters, ovary cells, and yeast following delivery by 

electroporation, only capped mRNAs are translated (Gallie, 1991).  
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Interestingly, there was only limited evidence involving cap-independent translation 

initiation. First are viral-specific loops in the 5′ UTRs called Internal ribosomal entry. Second, 

were m6A sites in 5′UTR (Hoshi et al., 1984; Y. Yang & Wang, 2019). Nevertheless, for the internal 

ribosomal entry site, there are still no known endogenous ones, and second, for m6A-dependent 

translation initiation, only limited evidence was shown (Meyer et al., 2015).  

 

Cap1 function 

The first transcribed nucleotide of mRNA is always modified with a 2′O-methylation (Furuichi 

et al., 1975; Wei Cha-Mer and Gershowitz, 1975) by the enzyme CMTR1 forming m7Gppp Nm 

-RNA (cap1) (Bélanger et al., 2010). Cap1 mRNA structure was shown to be important for 

mRNA stability, translation and recognition of self- and non-self- RNA molecules. Probably 

none if these  is caused by the CBC complex, as cap1 does not affect the affinity of the cap-

binding protein (CBP) to m7G cap analogues (Worch et al., 2005). 

Cap1 protects the mRNA against recognition by the nuclear decapping enzyme DXO 

which recognises mRNA without Nm modification at the first position (m7GpppRNAs), 

hydrolyses it and promotes its degradation (Picard-Jean et al., 2018). Its nuclear localisation 

prevents the maturation of unmethylated endogenous RNAs and their export to the cytoplasm.  

Interestingly, the cap1 mRNA structure was never tested for splicing. Nevertheless, 

cap1, as well as cap2 on U2 snRNA, were tested. Both cap1 and cap2 were shown to be 

essential for splicing in U2 snRNA. Chimeric U2 snRNA lacking Nm modification at the first 

and second transcribed nucleotide showed that Nm modifications are crucial for efficient 

splicing and E-complex formation (Dönmez et al., 2004).  

 In in vitro conditions, both cap0 and cap1 are translated in wheat germ and reticulocyte 

lysate systems. However, high input concentrations were m7GpppAm enriched up to 2-fold in 

the ribosome-bound fraction (Muthukrishnan et al., 1978). In Xenopus oocytes, the maturation 

of oocytes by progesterone promotes cap1 and cap2 methylation and polyadenylation. 

Inhibition of methylation doesn't affect mRNA polyadenylation but does impact mRNA 

translation. In the oocytes, cap0 mRNAs are not translated (Kuge et al., 1998). In differentiated 

cells, cap0 mRNA molecules are translationally inhibited by the cap-binding protein IFIT1 

during viral infection. IFIT1 specifically binds the cap0 structure, preventing the initiation of 

its translation. Furthermore, the presence of cap1 is critical to avoid the activation of the innate 

immune system, a topic that will be explored in more detail in the next chapter. 
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Cap2 function 

The structure of Cap2 has been observed to vary across different organisms, tissues and human 

cell lines. The presence of cap2 in humans is estimated to be around 50% (Despic & Jaffrey, 

2023; Furuichi et al., 1975), with a bit slightly higher occupancy in A starting transcripts 

(Despic & Jaffrey, 2023). More than sequence specificity, cap2 is present on longer-living 

mRNAs. Nevertheless, cap2 does not affect half-life of mRNAs neither their (Despic & Jaffrey, 

2023). Interestingly, cap2 was also shown to play a role in marking cellular mRNAs as self 

(Despic & Jaffrey, 2023; Schuberth-Wagner et al., 2015; Wang Yanli et al., 2010).  

 

m6Am cap function 

mRNAs always possess a cap1 structure. When the TSS nucleotide is adenosine, it can be 

further modified at the N6 position to form the m7Gppp m6Am-RNA by PCIF1 (Akichika et al., 

2018; Boulias et al., 2019; Sendinc et al., 2019; Sun et al., 2019). m6Am is present in 92% of A 

starting transcripts (Akichika et al., 2018). Investigation of m6Am transcripts in PCIF1 KO 

background does not support either mRNA stability or mRNA translation effect or rather points 

out that it might have different outcomes in different cell types (Akichika et al., 2018; Boulias 

et al., 2019; Pandey et al., 2020; Sendinc et al., 2019).  

 

Cap modifying enzymes 

mRNA cap structure depends on the enzymatic activity of 5 enzymes, RNGTT, RNMT, 

CMTR1, CMTR2 and PCIF1. 

 

RNMT 

RNMT (RNA guanine-7-methyltransferase) monomethylates the Gppp-RNA to m7Gppp-RNA 

(cap0). Although RNMT has an active methyltransferase domain, RNMT needs to be activated 

by RAM (Liang et al., 2023). RAM increases the recruitment of the methyl donor, AdoMet (S-

adenosyl methionine, SAM), to RNMT (Varshney et al., 2016).  

Interestingly, naive CD4 T cells do not express RNMT either RAM; only their 

activation drives their expression. To study the effect of RNMT on CD4 cells differentiation, 

a conditional knockout mouse (cKO) model mouse was established, which specific deletion of 

RNMT in CD4 T cells via Tg(Cd4-cre)1Cwi. The cKO T cells were confirmed to possess a 

Gppp-RNA cap structure. Induction of T cell activation leads to defects in the cell cycle and 

apoptosis. The characterisation of naïve T cells by sequencing showed over 1500 dysregulated 
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genes. The analysis of the transcriptome of cKO CD4 cells showed that RNMT (cap0) is 

essential for the expression of some snoRNAs and terminal polypyrimidine tract (TOP) 

mRNAs (Galloway et al., 2021). Moreover, the lack of RNMT leads to decreased ribosome 

synthesis, reduced translation rates and proliferation failure (Galloway et al., 2021). The fact 

that RNMT is not expressed in naïve T cells and the cKO T cells fail to activate indicates that 

the presence of cap0 is more crucial in activated cells.  

 

TOP transcripts 
TOP transcripts, also known as TOP mRNAs, refer to a specific group of messenger RNAs 

that contain a characteristic motif known as the "TOP motif" in their 5′ UTR. The term "TOP" 

stands for "terminal oligopyrimidine tract." These transcripts play a crucial role in regulating 

protein synthesis in response to various cellular conditions, including stress (Avni et al., 1997). 

TOP mRNAs are highly sensitive to stress signals and exhibit unique regulatory 

properties. They are particularly responsive to stress conditions affecting cellular energy, such 

as nutrient deprivation, hypoxia, and amino acid limitation. Under normal conditions, TOP 

mRNAs are efficiently translated, contributing to synthesising ribosomal proteins and other 

components of the translational machinery (Cockman et al., 2020). 

TOP mRNAs are targets of cap0 binding protein LARP1 which can be regulated by 

mTORC1 (Philippe et al., 2020). In the context of cellular stress, LARP1 plays a unique role 

by anchoring 5′ TOP transcripts within stress granules (SGs) and processing bodies (PBs) 

(Wilbertz et al., 2019). While this relocation to granules is a stress-induced phenomenon, it 

does not appear to affect the translation or decay of these transcripts during recovery (Wilbertz 

et al., 2019). This indicates a nuanced, context-dependent regulation of 5′TOP mRNAs. 

 

CMTR1 

CMTR1 is a multidomain protein with nuclear localisation signal (NLS), G-patch domain, 

Rossman-fold methyltransferase (RFM), GTase-like domain and WW domain (Werner et al., 

2011). CMTR1 localises to the nucleus (Werner et al., 2011) and interacts with RNA pol II via 

its WW domain (Inesta-Vaquera et al., 2018). WW domain is well-known for interacting with 

RNA pol II C-terminal domain (CTD). CMTR1 interacts with RNA pol II only when CTD is 

phosphorylated at Ser5 (Inesta-Vaquera et al., 2018). This interaction enables the methylation 

of pre-mRNAs during the early elongation stages of transcription when the mRNA is m7G 

capped (Heidemann et al., 2013). 
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Another protein interacting factor of CMTR1 is DHX15 (Inesta-Vaquera et al., 2018; 

Toczydlowska-Socha et al., 2018). DHX15 was shown as splicing factor under the gene name 

Prp43 in yeasts. CMTR1 can methylate only ssRNA, and as DHX15 is a helicase, one proposed 

function of this interaction is enabling CMTR1 to methylate structured mRNAs by DHX15 

unwinding the dsRNA regions. Indeed such a  case was confirmed in vitro, where CMTR1 

could methylate dsRNA only when incubated with DHX15 (Toczydlowska-Socha et al., 2018). 

Nevertheless, another study showed that methylation activity on ssRNA of CMTR1 decreases 

when in complex with DHX15 (Inesta-Vaquera et al., 2018). Moreover, the interaction of 

CMTR1 with DHX15 and RNA pol II is mutually exclusive with distinct localisations 

indicating that DHX15-CMTR1 complex might have distinct, yet unknown fucntion (Inesta-

Vaquera et al., 2018). 

 

The physiological function of CMTR1 

Differentiation of Mouse embryonic stem cells (mESC) upon LIF (Leukemia Inhibitory Factor) 

withdrawal showed that levels of CMTR1 increase during the differentiation. The lack of 

CMTR1 by siRNA knockdown (KD) leads to the failure of mESC cells to differentiate upon 

LIF withdrawal as well as during neural differentiation (Y. L. Lee et al., 2020; Liang et al., 

2022). Knockdown of Cmtr1 leads to downregulation of histone and ribosomal genes (Liang 

et al., 2022). Reduction of histones leads to DNA damage (Hogan & Foltz, 2021), also 

confirmed in the Cmtr1 KD cells (Liang et al., 2022). Moreover, Cmtr1 KO mice are 

embryonically lethal (Y. L. Lee et al., 2020). 

 siRNA-mediated Cmtr1 KD in DIV2 (day in vitro neurons) rat neurons impairs 

dendritic development. Moreover, Cmtr1-cKO Emx1 (cKO in EMX1-expressing neuronal 

progenitors) mice show reduced cortical size and abnormal dendritic morphology (Y. L. Lee 

et al., 2020).  

In addition, CMTR1 was also implicated to have a role in cancer progression. 

Upregulation of CMTR1 is correlated with poor prognosis in colorectal cancer, while CMTR1 

downregulation by siRNA-mediated KD led to suppressed cell proliferation and tumorigenicity 

(You et al., 2023). 
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CMTR2 

The second transcribe nucleotide is modified in approximately 50% (Despic & Jaffrey, 2023; 

Furuichi et al., 1975) cases by the action of CMTR2 enzyme forming m7GpppNmNm-RNA 

(cap2) (Werner et al., 2011). CMTR2 is less studied compared to CMTR1. 

CMTR2 localises primarily to the cytoplasm (Werner et al., 2011). CMTR2 consists of 

two Rossman-fold MTase domains, with only the first domain possessing catalytic activity 

(Smietanski et al., 2014). In vitro methylation studies have shown that CMTR2 can methylate 

both m7G and m2,2,7G caps in mRNA and snRNA (Werner et al., 2011).  

 

The physiological function of CMTR2 

A genetic fly model of CMTr2 exhibited no defects. Immunofluorescence analysis revealed 

that CMTr2 localises to the polytene chromosomes in flies (Haussmann et al., 2022), while in 

mammals, it predominantly localises to the cytoplasm (Werner et al., 2011). Moreover, 

dCMTR2 in flies shows an affinity for methylating the first transcribed nucleotide to form the 

cap1 structure. This indicates the possibility of redundant functions between Drosophila 

melanogaster CMTr1 and CMTr2. Fly double mutants lacking both CMTr1 and CMTr2 are 

viable but exhibit defects in reward learning (Haussmann et al., 2022). 

As well as cap1, it has been shown that cap2 plays a role in recognising self and non-

self-RNA molecules (Despic & Jaffrey, 2023; Schuberth-Wagner et al., 2015).  

 

PCIF1 

Phosphorylated C-terminal domain-interacting Factor 1 (PCIF1) methylates A starting 

transcripts to generate m6Am. This enzyme is primarily localised in the nucleus and is known 

to interact with RNA polymerase II (RNA pol II) during the early stages of transcription 

elongation, facilitated by its WW domain (Akichika et al., 2018). Interestingly, the absence of 

PCIF1 does not affect cell viability or growth in human cell lines, highlighting its non-essential 

role in basic cell function (Akichika et al., 2018; Boulias et al., 2019; Sendinc et al., 2019). 

However, cells lacking PCIF1 exhibit increased sensitivity to oxidative stress, implying a 

potential role of PCIF1 in the cellular response to oxidative damage (Akichika et al., 2018). 

Studies on animal models revealed that mice that PCIF1 is not crucial for viability or fertility, 

but, he PCIF1 KO animals display decreased body weight, hinting to at an important role of 

PCIF1 that is not yet understood (Pandey et al., 2020).  
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Innate immunity 

In the process of evolution, various changes occur in populations of organisms over time, 

leading to adaptations that increase their fitness in response to environmental pressures. These 

genetic changes are passed down from generation to generation, allowing for the emergence of 

new traits and, in some cases, the formation of new species. These changes can occur due to 

various mechanisms, including mutation, gene flow, genetic drift, and natural selection. One 

of the less obvious but key factor in the evolution of organisms is the pathogen-host interaction, 

where there is an ongoing arms race in which pathogens evolve new ways to infect hosts, and 

hosts evolve new defences to resist infection. This arms race was a key component in the 

evolution of the immune system. 

The immune system can be divided into two main branches: innate immunity and 

adaptive immunity. Innate immunity is evolutionarily older, fast, and does not need the 

individual to meet the pathogen in advance. One possesses it from birth, whereas adaptive 

immunity is acquired over time. 

Innate immunity uses a variety of specialised cells and molecules to sense the presence 

of pathogens and initiate a rapid response. These cells and molecules are collectively known 

as pattern recognition receptors (PRRs), and they can recognise conserved structures 

commonly found on many different types of pathogens. The conserved pathogens’ structures 

are called pathogen-associated molecular patterns (PAMPs) and could be any molecular 

structure uncommon for the host. When PRRs recognise PAMPs, they trigger a signalling 

pathway that leads to the activation of the innate immune system leading to the production of 

molecules such as cytokines and chemokines, which attract other immune cells to the site of 

infection and activate their effector functions to clear the pathogen. Examples of PAMPs could 

be components of bacterial cell walls like lipopolysaccharide (LPS) and peptidoglycan, fungal 

cell wall components like beta-glucans and viral RNA and DNA. 

 

Nucleic acids in recognition of non-self  

Innate immunity to sense the non-self PAMPs is present from bacteria to humans. Even though 

the innate immune systems are different among different species, they still have some 

similarities. Notably, over 60 different innate immune systems were found in bacteria (Duncan-

Lowey et al., 2023; Tesson et al., 2022). Nevertheless, only a minimum of those are similar to 

the human innate immune system which cover recognitions of non-self nucleic acids.  
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One mechanism is to recognise the viral DNAs in bacteria, where DNA modifications 

are essential is the restriction digestion system. In brief, restriction enzymes are endonucleases 

that recognise specific DNA sequences not found in their own genome, allowing cleavage of 

any non-self DNA sequence, and thus, degradation of the viral genome. Evolutionary, some 

bacteria ‘improved’ their restriction digestion system and modified their genome with m5dC or 

m6dA. Their restriction endonucleases were then targeting only sequences lacking those 

modifications. Nevertheless, some viruses overcame this phenomenon, and are able to modify 

their nucleic acids as well. In mammals, if DNA or non-methylated CpG motifs are found in 

the cytoplasm, it is sensed as non-self DNA (Krieg, 2002). 

A newly discovered bacterial system known as RADAR (restriction by an adenosine 

deaminase acting on RNA) is comprised of two genes: an adenosine triphosphatase (RdrA) and 

an adenosine deaminase (RdrB). When phage infects cells, the RADAR system deaminates the 

pool of ATP, effectively inhibiting phage propagation (Duncan-Lowey et al., 2023). Although 

it was initially thought that the RADAR system might edit adenosines in RNA, subsequent 

studies showed that no increase in inosines in RNA was observed (Duncan-Lowey et al., 2023). 

Interestingly, adenosine deamination in mRNA molecules has been found to be a 

critical component of the innate immune system in metazoans, where inosines in dsRNA 

regions serve as mark of self-RNAS. Recognition of dsRNA without any inosines is recognised 

as non-self (Junqueira et al., 2016). Recognising dsRNA leads to innate immune system 

activation in both vertebrates and invertebrates. Nevertheless, with different outcomes. 

Whereas in mammals, the recognition of dsRNA leads to Interferon (IFN) expression 

(Liddicoat et al., 2015a; Mannion et al., 2014; Niescierowicz et al., 2022), in invertebrates, no 

interferon genes are present, and it leads to the expression of immune genes (Deng et al., 2020a; 

L. Xu et al., 2013). Some viruses, such as rotavirus (Reoviridae), use dsRNA as their genome. 

Additionally, some ssRNA viruses have dsRNA as an intermediate during replication or 

produce replication byproducts such as defective viral genomes or transcription to create 

mRNAs. For example, the DNA virus Herpes simplex virus has dsRNA during the 

amplification of its transcriptome due to bidirectional transcription. 

 

Sensors of non-self RNA in human 

There are four classes of enzymes that recognise non-self RNA molecules: Toll-like receptors 

(TLR), oligoadenylate synthase-like proteins (OAS), retinoic acid-inducible gene I (RIG-I)-

like receptors, and protein kinase R (PKR). TLR and RIG-I-like receptors are constitutively 
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expressed in cells, while the expression of OASes and PKR is induced by the activation of the 

innate immune system via interferon. As a result, TLR and RIG-I-like receptors serve as the 

first line of defence against pathogens in the cell, whereas OASes and PKR function as the 

second layer (Anderson et al., 2010; U. Y. Choi et al., 2015; Lemaire et al., 2008). 

 

Toll-like receptors 

First, in endosomes, viral RNA can be recognised by Toll-like receptors (TLR) – TLR3, TLR7 

and TLR8. dsRNA is sensed by TLR3 whereas ssRNA is recognised by TLR7 and TLR8 (Y. 

G. Chen & Hur, 2022).  

Toll-like receptors have limited expression patterns, mainly expressed in immune and 

epithelial cells (Martínez-Espinoza & Guerrero-Plata, 2022). TLR receptors form dimers 

which, upon the recognition of viral RNA, change the conformation leading to the recruitment 

of adaptor proteins and the activation of downstream signalling pathways. This results to the 

activation of expression of cytokines or interferons or TNF-alpha (Petes et al., 2017). 

 

Protein kinase R 

The dsRNA can be sensed by the protein kinase R (PKR). PKR is one of the Interferon 

stimulated genes which, upon expression, is inactivated and activated by the binding to dsRNA, 

leading to its dimerisation and autophosphorylation. Activated PKR phosphorylates the α-

subunit of the translation initiation factor eIF2, leading to global translation inhibition. The 

substrate of PKR activation is double-stranded RNA of a minimum length of 30 nucleotides 

(Lemaire et al., 2008). Moreover, structured small RNAs can activate PKR activity (Nallagatla 

et al., 2007). Modifications in ssRNA can slightly decrease PKR activity (Nallagatla & 

Bevilacqua, 2008), but the effect of different the modifications is more prominent on dsRNAs. 

Moreover, the effect of RNA modification in dsRNA and ssRNA on PKR activation differs. 

For example, modifications such as s2U, s4U, 2′-dU and PS-G (α-Phosphorothioguanosine) in 

dsRNA decrease the PKR activity, whereas in ssRNA s2U, I5U and m6A in ssRNA (Nallagatla 

& Bevilacqua, 2008). 

 

Oligoadenylate synthase-like proteins 

Another class of interferon stimulated genes are oligoadenylate synthase-like proteins (OAS), 

which consist of 4 isoforms OAS1, OAS2, OAS3 and OASL. OAS family proteins can 
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synthesise the 2′-5′- linked oligoadenylate, which leads to the activation of RNase L. Activated 

RNase L then degrades all classes of RNAs in the cytosol (U. Y. Choi et al., 2015). 

 

RIG-I-like receptors (RLRs) 

In cytoplasm are cytoplasmatic sensors of viral RNA - retinoic acid-inducible gene I (RIG-I), 

melanoma differentiation-associated protein 5 (MDA5) and laboratory of genetics and 

physiology 2 (LGP2). All are from a family of RIG-I receptors. Compared to Toll-like 

receptors, the cytoplasmatic sensors are ubiquitously expressed among all tissues.  

 All three RIG-I-like receptor members possess a central helicase and a carboxy-

terminal domain (CTD). The central helical domain is composed of three helicase domains - 

Hel1, Hel2i, Hel2 and the pincer domain. RIG-I and MDA5 also possess N-terminal repeated 

caspase recruitment domains (CARDs). Helicase and CTD domains act together to detect 

immunostimulatory RNAs. Binding to immunostimulatory RNAs causes activation of the 

sensor via conformation change, allowing the CARD domains to associate with MAVS. 

Activated MAVS then trigger signalling, leading to cytokine expression such as IFN. The IFN, 

in turn, initiate the production of a large set of interferon-stimulated genes (ISGs) in the infected 

cell and those nearby to create an anti-pathogenic environment (Rehwinkel & Gack, n.d.; 

Schoggins et al., 2011).  

 Both RIG-I and MDA5 recognise dsRNA. MDA5 preferentially binds long dsRNA, 

whereas RIG-I the short dsRNA. Moreover, RIG-I binds the RNAs that are uncapped on their 

5′end. As immunostimulatory RNAs are recognised dsRNAs lacking inosines or having 

unprocessed or not enough process 5′end such as 5′triphosphate (Hornung et al., 2006; 

Pichlmair et al., 2006), 5′diphosphate (Goubau et al., 2014; P. Kumar et al., 2013; Ren et al., 

2019) or only lack the 2′O- methylation on the first transcribed nucleotide (Schuberth-Wagner 

et al., 2015; Wang Yanli et al., 2010; Züst et al., 2011).  

 

Double-stranded RNA molecules in recognition of non-self 

Most of the RNA inside our cells is single-stranded, meaning it′s made up of a single chain. 

Nevertheless, parts of mRNAs loop around due to self-complementary sequences, forming 

short double-stranded regions. On the other hand, many viruses generate long double-stranded 

RNA (dsRNA) during their lifecycle, making dsRNA a potential sign of viral invasion in our 

cells. This triggers an activation in our innate immune system. 
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For instance, some viruses, like rotavirus, a member of the Reoviridae family, have 

dsRNA as their genetic material (Uzri & Greenberg, 2013). Other viruses, even though their 

primary RNA is single-stranded, create dsRNA as an intermediate during the replication of 

their genome, as well as during transcription. Or for example, herpes simplex virus type 1 

(HSV1), a DNA virus, employs bidirectional transcription, which also produces dsRNA (J. 

Zhao et al., 2021). 

Our cells must avoid mistakenly recognising their dsRNA as viral-like, so our cellular 

RNAs are marked as ′self′ by an enzyme called ADAR1. ADAR1 is a nuclear protein that binds 

to dsRNA in the nucleus and deaminates adenosine to inosine. This process is called A-to-I 

RNA editing, and it is critical to prevent our immune system from mistakenly responding to 

our own dsRNA, which could result in autoimmune conditions (Liddicoat et al., 2015b; 

Mannion et al., 2014). 

Inosine plays a critical role in the self vs non-self distinction within metazoan innate 

immune systems, acting as a marker for self-molecules to evade recognition by the immune 

system. Consequently, as previously discussed, double-stranded RNA (dsRNA) sensors, such 

as RIG-I, MDA5, and LPG2, are designed to identify only those dsRNA molecules that lack 

inosine (Liddicoat et al., 2015b; Mannion et al., 2014; Stok et al., 2022). In this manner, these 

sensors maintain a fine-tuned balance in discerning foreign from self-entities within the 

organism. 

The correct recognition of self-RNA molecules is crucial for maintaining immune 

homeostasis. A deficiency in editing by ADAR1 can lead to the misrecognition of self-RNA 

as non-self, triggering inappropriate immune responses. This situation is exemplified in 

autoimmune disorders such as Aicardi-Goutières syndrome (AGS). Mutations within ADAR1 

that alter its expression pattern or editing efficiency can result in persistent interferon 

signalling, a hallmark of this disease (Rice et al., 2012). 

The importance of Adar1′s role in innate immunity was demonstrated in mice null 

mutants. Mice Adar1 mutants die by embryonic day E12.5 due to the overexpression of 

interferon, as detected by the presence of interferon-stimulated genes (Mannion et al., 2014; 

Liddicoat et al., 2015). The phenotype can be partially rescued by the lack of MDA5(Liddicoat 

et al., 2015a) or Mavs (Mannion et al., 2014) receptor. The role of Adar1 in the innate immune 

response is also conserved in Zebrafish (Niescierowicz et al., 2022). 

As Interferon signalling is known to be part of innate immunity only in vertebrates, it 

is interesting that A-to-I editing has a conserved role in being a mark of self-RNA molecules 
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in flies as well. Both catalytically dead and null ADAR knockouts were found to express 

immune-induced molecules, highlighting the essential role of ADAR in maintaining a normal 

immune response(Deng et al., 2020b). It recognises non-self-RNA molecules in flies by Dicer-

2 (Deng et al., 2020b), an enzyme generally involved in processing small RNAs. The role of 

Dicer-2 in sensing on-self molecules in flies is further emphasised during viral infections, 

where the lack of Dicer-2 leads to heightened production of immune-induced molecules 

(Deddouche et al., 2008) 

In conclusion, the A-to-I editing represents another critical layer in distinguishing self-

RNA in dsRNAs which are conserved from fly to humans. This distinction prevents an 

autoimmune response, illustrating ADAR's vital role in maintaining the immune system's 

balance. 

 

RNA modifications in recognition of non-self 

Up to today, we know about 160 different RNA modifications (Boccaletto et al., 2018). While 

those have many functions, mainly in gene expression, some also function in the recognition 

of self and non-self-RNA molecules. 

 In humans, many RNA modifications contribute to distinguishing self- vs non-self-

RNA molecules. Modifications abolishing the activation of cytoplasmic RIG-I family receptors 

are mRNA cap modifications (Hornung et al., 2006; P. Kumar et al., 2013; Ren et al., 2019; 

Schuberth-Wagner et al., 2015), inosine in dsRNAs (Hartner et al., 2008; Junqueira et al., 2016; 

Liddicoat et al., 2015a; Mannion et al., 2014; Niescierowicz et al., 2022), M1ψ, ψ, s2U, m5U, 

m5C, hm5C, m6A (Durbin et al., 2016). On the other hand, m5C, m6A, m5U, s2U, ψ (Karikó et 

al., 2005), Internal Nm modifications but Cm ablates activity of TLR receptors (Cekaite et al., 

2007; Eberle et al., 2008; Robbins et al., 2001).  

 

Internal 2′-O-methylation in innate immunity 

The internal Nm modification in mRNA has been investigated in the context of viral infection. 

This modification has been identified in several viruses, including Human immunodeficiency 

virus (HIV1) (Ringeard et al., 2019), Sudan ebolavirus (B. Martin et al., 2018), as well as 

Flaviviruses West Nile and Dengue virus (H. Dong et al., 2012). In the Ebola virus, the L  
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Figure 5. mRNA Cap evolution. The methylation status between various organism differ.  

protein is responsible for internal Nm modifications. Similarly, in Dengue and West Nile 

laviviruses, the NS5 protein conducts these modifications. Both enzymes methylate not only  

HIV1 virus transcripts are Nm modified by the cellular enzyme FTSJ3, which helps avoid 

detection by MDA5 (Ringeard et al., 2019)  exonuclease activity of ISG20, thereby enhancing 

mRNA stability upon Interferon expression (Kazzi et al., 2023).  

 

mRNA cap modifications in recognition of non-self-RNA molecules 

A distinguishing feature of our mRNAs is the inclusion of an mRNA cap structure (Figure 4). Given that this specific cap 

structure is found in all our processed mRNAs, evolutionary differs between organisms ( 

Figure 5), makes it a sophisticated target to identify foreign RNAs.  

Immunostimulatory RNAs (Figure 6) are recognised as dsRNAs lacking 2′O-

methylation at the first transcribed nucleotide irrespectively of cap0 (m7GpppN-RNA) or tri- 

or diphosphates (pppN-RNA and ppN-RNA) at the 5′ end (Goubau et al., 2014; Hornung et al., 

2006; P. Kumar et al., 2013; Pichlmair et al., 2006; Schuberth-Wagner et al., 2015; Wang Yanli 

et al., 2010; Züst et al., 2011). mRNA cap structure was shown to be recognised by RIG-I 

(Schuberth-Wagner et al., 2015) and MDA5 (Züst et al., 2011). 2′O-methylation at the first 

transcribed nucleotide is crucial to prevent RIG-I activation as it presents reduced binding and, 

as a consequence, interferon pathway activation, as the methyl group clashes with its conserved 
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histidine (H830) (Devarkar et al., 2016; Schuberth-Wagner et al., 2015; Wang Yanli et al., 

2010). Interestingly, transfection of mRNAs having only a second transcribed nucleotide 2′O-

methylated does not completely but significantly block IFN production as m7GpppNNm-RNA 

as well as pppNNm-RNA compared to non-self RNA molecules (Schuberth-Wagner et al., 

2015; Wang Yanli et al., 2010). Similarly, KO of CMTR2 in HEK cells showed mild elevation 

of Interferon stimulated genes (Despic & Jaffrey, 2023). Cap1 methyltransferase, CMTR1, 

belongs to the ISG genes, which is why its other gene name is ISG95 (Shaw et al., 2017; 

Williams et al., 2020). Interestingly, stimulation of human cells with Interferon-β leads to lower 

expression of ISGs upon siRNA-mediated KD of CMTR1. Moreover, KD of CMTR1 leads to  

 

 

Figure 6. Sensing of the mRNA cap structure. mRNA cap structure prevents recognition of RNA 

molecule as non-self when 2′O-methylated (methylation mark aiming to the bottom) at first transcribed 

nucleotide. Interestingly, m6A (methylation mark aiming to the top) was never studied at the first 

transcribed nucleotide in recognition of self- and non-self-RNA molecules  
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higher propagation of positive-sense RNA viruses, Zika virus (ZIKV) and dengue virus 

(DENV) (Williams et al., 2020). Both ZIKV as well as DENV carry their own cap1 2′O-

methyltransferase. This proposes a function of CMTR1 to increase the expression of ISGs 

which may slow down the replication of viruses.  

 Conversely, some viruses carry their own viral methyltransferase responsible for cap1 

mRNA structure. Their mutations lead to decreased growth of Dengue virus (H. Dong et al., 

2010), Yellow fever virus (Schuberth-Wagner et al., 2015), Coronavirus (Züst et al., 2011), 

West Nile virus or vaccinia virus (Daffis et al., 2010).  

 There are a few interferon-induced cap-binding proteins, such as IFIT1 and IFIT5 

(Abbas et al., 2017; Habjan et al., 2013; Miedziak et al., 2020; Pichlmair et al., 2011). Nm at 

the first position was shown to increase the translation due to IFIT1, which competitively 

inhibits the translation machinery of unmethylated RNA (Abbas et al., 2017; Habjan et al., 

2013). Interestingly, IFIT1 binds with a stronger affinity to A-starting transcripts than G-

starting (Miedziak et al., 2020). 

  

Self-RNA molecules recognised as non-self 

RIG-I and MDA5 can also bind the self-RNA s with signatures of non-self. RIG-I binds the 

vault RNAs under the infection of Kaposi′s Sarcoma-associated herpesvirus (Y. Zhao et al., 

2018). Newly transcribed vault RNAs possess the 5′-triphosphate, which is DUSP11 processes. 

It′s activity results in 5′ monophosphorylated RNAs. Nevertheless, during the Kaposi′s 

Sarcoma-associated herpesvirus infection, the vault RNAs are triphosphorylated, probably due 

to the decreased levels of DUSP11 (Burke & Sullivan, 2017). Interestingly, the 

triphosphorylated vault RNA blocks the Kaposi′s Sarcoma-associated herpesvirus lytic 

reactivation (Y. Zhao et al., 2018). 

 

How viruses try to avoid recognition 

Viruses utilise various mechanisms within host cells to evade recognition as pathogens 

invading the cell. One key factor for recognising non-self is the mRNA cap structure, and many 

viruses have found ways to utilise it. There are four primary mechanisms that viruses use to 

avoid recognition, with some viruses using more than one mechanism. Firstly, some viruses 

with a nuclear replication cycle utilise cellular transcription machinery, resulting in viral 

mRNAs being capped and modified like cellular mRNAs. Secondly, certain cytoplasmic 

viruses encode their own RNA-capping machinery. The third mechanism is to acquire the cap 
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structure from cellular mRNA via a process called cap snatching. The fourth option involves 

encoding proteins that covalently bind to the 5′ ends of mRNA to prevent recognition by RIG-

I-like receptors (Table 1). Moreover, to avoid sensing, some viruses also inhibit the innate 

immunity pathway (Bowie & Unterholzner, 2008; H.-C. Lee et al., 2019; Simmons et al., 

2013). 

 

Nuclear transcription using cellular machinery 
Many DNA viruses, including both DNA viruses and retroviruses such as Polyomavirus, 

Papillomavirus, Parvovirus, Hepatitis B Virus (HBV), and Human Immunodeficiency Virus 

(HIV), undergo a nuclear replication cycle. This allows them to utilise the host′s cellular 

transcription machinery for their propagation. Specifically, these viruses can employ the host′s 

DNA-dependent RNA polymerase. This interaction enables the modification of viral RNA in 

a manner similar to host RNA (Baltimore, 1971; K. H. Choi, 2012).  

 

Encoding own capping machinery  
Numerous viruses, particularly those with a cytoplasmic life cycle, encode their own RNA-

modifying enzymes as part of their replication and transcription machinery. This adaptation is 

crucial as RNAs, without any modifications, would be swiftly recognised as foreign by host 

cells, leading to an immune response. To circumvent this, such viruses come equipped with 

their own machinery for capping RNA. In humans, the placement of cap1 modification relies 

on three enzymes (RNGTT, RNMT, CMTR1), whereas viruses typically utilise one or two 

enzymes with the necessary catalytic domains for these activities. 

Certain viruses, such as poxvirus and coronaviruses, utilise two enzymes for this 

process. Poxvirus carries the genes D1R and D12L (Cobb, 2017; Crick, 1970; Farlow et al., 

2010), while coronaviruses employ NSP14 and NSP16 (Bobrovs et al., 2021; Pan et al., 2022; 

Wilamowski et al., 2021) to deposit cap0 and cap1 modifications. Conversely, some viruses 

consolidate both cap0 and cap1 activities into a single protein. An example is the rotavirus, 

which uses the protein VP3 for this purpose (Ogden et al., 2014). This mechanism is considered 

less efficient than the cellular capping enzymes (Moreno-Contreras et al., 2022; Uzri & 

Greenberg, 2013). 
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Table 1. Key replicative characteristics, viral RNA 5′ modifications, and responsible enzymes in 

diverse families of mammalian viruses. The table lists selected examples of viral families that infect 

mammals, along with the location of their lifecycle, the detected 5′ end modifications of viral RNA, and 

the enzymes responsible for these modifications. Note the unique ′cap-snatching′ mechanisms 

employed by the Orthomyxoviridae and certain Bunyavirales species. ′RT′ stands for reverse 

transcriptase, and ′DdRp′ refers to DNA-dependent RNA polymerase.  
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Certain viruses, such as Flaviviruses, VSV (Rhabdoviridae), and Ebola virus 

(Filoviridae), utilise specific proteins that bear all the catalytic activities required for 

replication, transcription, and RNA capping in one single enzyme. Flaviviruses employ the 

NS5 (L. Liu et al., 2010). At the same time, VSV (Rhabdoviridae) (Ogino & Green, 2019) or 

Ebola virus (Filoviridae) (Martin et al., 2018) rely on the L protein, both proteins bearing all 

the catalytic activities for replication/transcription and RNA capping.  

In conclusion, despite variations in the number of proteins utilised, viruses’ ultimate 

goal is to evade recognition by the host cell. Whether it involves employing multiple enzymes 

or consolidating activities into a single protein, viruses adapt their replication and transcription 

machinery to ensure escape from host immune responses. This highlights the remarkable ability 

of viruses to manipulate host processes and underscores the importance of studying these 

mechanisms for developing effective antiviral strategies. 

 

Cap snatching 
In the mechanism known as ′cap-snatching,′ certain viruses exploit their viral proteins to cleave 

the 5′ terminal RNA of the host cell, which bears the cap1 structure, and use it as a primer for 

its own transcription. This strategy culminates in generating hybrid molecules, integrating 

elements from both the host and viral mRNA. 

A subset of viruses, including influenza viruses and viruses from the Bunyavirales 

order, such as Lassa virus, hantaviruses, and arenaviruses, employ cap-snatching. However, 

notable differences exist between these two categories. Influenza viruses, for instance, localise 

to the nucleus, where their RNA-dependent RNA polymerase (RdRp) interacts with RNA 

polymerase II, cleaving the 5′ ends of small nuclear RNAs (snRNAs) or pre-mRNAs. In 

contrast, bunyaviruses localise to the cytoplasm, where they cap-snatch mRNA (Olschewski et 

al., 2020).  

Moreover, influenza viruses rely on an RdRp protein complex consisting of three 

different proteins—PA, which contains an endonuclease (EN); PB1, serving as the RdRp; and 

PB2, featuring a cap-binding domain (CBD) (De Vlugt et al., 2018; Olschewski et al., 2020). 

In contrast, Bunyavirales use a single L protein encompassing all three domains (Olschewski 

et al., 2020). A fascinating example is the mosquito-transmitted Rift Valley fever virus, a 

bunyavirus that preferentially cap-snatches mRNA terminal oligopyrimidine (TOP) transcripts 

(Hopkins et al., 2015). 
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Interestingly, the Influenza virus, as it is dependent on CMTR1 to make cap1 RNA 

structure, was shown that the KD of CMTR1 inhibits viral replication and up-regulates anti-

viral genes in human fibroblasts infected with the Influenza virus (B. Li et al., 2020). Moreover, 

a selective CMTR1 inhibitor was shown to abrogate the capping of the Influenza virus and, 

thus, its replication in cells and mice (Tsukamoto et al., 2023). In summary, the cap-snatching 

mechanism employed by various viruses underscores the complex interplay between host and 

pathogen, shedding light on potential therapeutic targets such as CMTR1, whose inhibition 

could stifle viral replication and bolster the host's anti-viral response. 

 

Viral cap-binding proteins 
The known viruses without m7G cap structure belong to +ssRNA viruses, such as 

Picornaviridae, Caliciviridae, and Hepeviridae. Those viruses either possess monophosphate 

at their 5′end or covalently attached protein to the 5′end (Nomoto et al., 1976). Such a protein 

in Poliovirus is called viral protein genome-linked (VPg). VPg is by its tyrosine linked by 

phosphodiester linkage to viral RNA (Ambros & Baltimore, 1978; Crawford & Baltimore, 

1983). Protein-bound to the 5′end of mRNA diminishes recognition of such RNA by 

cytoplasmic RIG-I-like sensors (Furuichi, 2015).  

 

Inhibition of the innate immune system 
In addition to evading recognition by cellular machinery by modifying their RNA caps, viruses 

have developed strategies to inhibit crucial cellular processes, including those involved in viral 

nucleic acid detection and interferon response. IFNs play a pivotal role in the innate immune 

response by triggering antiviral defences and orchestrating the immune system′s response to 

viral infections. However, viruses have evolved sophisticated mechanisms to subvert these 

defence mechanisms, enabling them to establish successful infection and replication within 

host cells.  

For instance, Influenza, a common respiratory virus, encodes a protein known as non-

structural protein (NS1). NS1 can directly bind to and decrease the activation of RIG-I, a sensor 

of non-self-RNA (Pichlmair et al., 2006). This decreases the host cell′s ability to detect and 

respond to the virus, thereby promoting viral replication (Jureka et al., 2020). 

In a similar fashion, the Rotavirus, a common cause of severe diarrhoea in young 

children, uses its Viral Protein 3 (VP3) to inhibit the host′s innate immune response. The VP3 

protein is multifunctional; it not only acts as an mRNA capping enzyme but also plays a 

significant role in the phosphorylation of MAVS, another sensor of viral infections. The 
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phosphorylation leads to the degradation of MAVS, further inhibiting the host′s immune 

response. Moreover, VP3 also possesses a 2′-5′-phosphodiesterase (PDE) domain that can 

degrade 2′-5′-oligoadenylate (2-5A), an activator of RNase L, effectively preventing its 

activation. This leads to the inhibition of another level of innate immunity (Song et al., 2020; 

R. Zhang et al., 2013, Ding et al., 2018) 

The Zika virus, particularly a Brazilian isolate, has evolved a different strategy to 

counter the host′s immune response. Its protein NS5 has been demonstrated to disrupt the 

interferon-α/β receptor (IFNAR) signalling, an integral part of the interferon response, by 

depleting signal transducer and activator of transcription 2 (STAT) and blocking STAT1 

phosphorylation. Upon activation, IFNAR dimerises activating downstream JAK/STAT 

signalling and thus abrogating induction of ISGs expression (Hertzog et al., 2018). 

In addition to the above examples, NS5 of the Dengue virus also demonstrates an 

antagonistic effect on the innate immune system. NS5 can associate with and target for 

degradation of STAT2, inhibiting STAT2-dependent ISGs expression (Ashour et al., 2010; 

Morrison & García-Sastre, 2014). 

Similarly, the Hepatitis C virus (HCV) has also evolved strategies to inhibit interferon 

signalling and other innate immune responses. One such mechanism involves the HCV NS3/4A 

protease, which cleaves Toll-like receptor 3 adaptor protein TRIF and thus reduces signalling 

via TLR3 (K. Li et al., 2005). The second target of NS3/4A protease is MAVS. Cleavage of 

MAVS leads to its dissociation from the mitochondrial membrane, abrogating the activation 

ability of MAVS, thereby suppressing the induction of IFN. Moreover, HCV employs another 

strategy to disrupt innate immunity. This interaction by NS5A impedes the PKR′s activation 

process, usually involving its dimerisation (Gale et al., 1998). Both NS3/4A and NS5A play 

crucial roles in antagonising the activation and the signalling of the innate immune system, 

thus aiding the survival of the virus in the host cell. 

The examples provided demonstrate just a fraction of the diverse strategies viruses use 

to dodge removal by the host cell, thereby boosting their chances of survival. This diversity 

across different viruses underscores the vital role of these mechanisms in the viruses′ success. 

Viruses exemplify the continual struggle throughout evolutionary history between pathogens 

and their hosts by developing these varied methods to sidestep and impair the innate immune 

response.  
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RNA modifications in the development of RNA therapy 

Understanding the role of RNA molecules in protecting being recognised as non-self RNA 

molecules and their molecular properties showed their importance in developing RNA-based 

therapies. As shown in early studies of Katalyn Kariko and later her group, transfection of 

unmodified RNA molecules leads to the expression of interferon. In contrast, RNA with RNA 

modifications (m5C, m6A, m5U, s2U, or Ψ) leads to decreased to non-detectable expression of 

interferon via the TLR receptors (Karikó et al., 2005). Moreover, incorporating Ψ into the 

transfected RNA enhances translation yields (Karikó et al., 2008) due to the enhanced stability 

of RNA (Davis, 1995; Karikó et al., 2008). Moreover, Ψ diminishes PKR activation. Since 

PKR activation leads to the abrogation of protein synthesis, the presence of Ψ in mRNAs 

enhances the translation of transfected mRNA (Anderson et al., 2010). Furthermore, the 

presence of N1-Ψ (m1Ψ) outperforms the Ψ and provides enhanced protein expression in 

translation activity (Andries et al., 2015). This is even more prominent if transfected mRNA 

contains m1Ψ in combination with m5C (Andries et al., 2015).  

Similarly, transfection of siRNAs activates the innate immune response via the TLR 

receptors activation. Interestingly, the substitution of uridines by Um ablates the activation 

(Cekaite et al., 2007). Moreover, further studies showed that any Nm modification but Cm 

modification show the same effect (Eberle et al., 2008; Robbins et al., 2001).  

In essence, understanding RNA modifications plays a pivotal role in the advancement 

of RNA-based therapies. Modified RNA molecules, such as those with m5C, m6A, m5U, s2U, 

or Ψ alterations, demonstrate decreased interferon expression and enhanced translational 

yields, offering a path to suppress the innate immune response. This knowledge not only 

augments our understanding of RNA behaviour but also catalyses the development of more 

potent and sophisticated RNA therapeutics and vaccines.  

 

Mouse embryonic development 

The intricate landscape of RNA modifications, as explored in the previous chapter, reveals 

their pivotal roles in gene expression regulation. Remarkably, perturbations in various RNA-

modifying enzymes have been linked to a striking outcome: embryonic lethality. This chapter 

bridges the gap between RNA modifications and mouse embryonic development, delving into 

the profound impact of RNA-modifying enzymes on embryonic viability.  
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Figure 7. Embryogenesis. Embryogenesis in mice consists of 6 main stages, cleavage, morulation, 

blastulation, gastrulation, gastrula and organogenesis. E stands for Embryonic day when the stage is 

observed in a mouse. The green cells at organogenesis stages represent primordial germ cells. 

 

Mouse embryonic development begins with the fusion of a sperm and an egg, resulting 

in a fertilised egg or zygote. The zygote then undergoes a series of cell divisions, forming a 

solid ball of cells called a morula (Kojima et al., 2014; Lei et al., 2020). The morula develops 

into a blastocyst, which consists of an outer layer of cells called the trophoblast and an inner 

cell mass. After the blastocyst stage, gastrulation is the next crucial step in mouse embryonic 

development. Gastrulation involves the rearrangement of cells within the embryo, forming 

three distinct germ layers: ectoderm, mesoderm, and endoderm. This process establishes the 

foundation for organogenesis, which follows gastrulation. Organogenesis is the period during 

which the germ layers differentiate and give rise to specific organs and tissues. Through a 

complex series of coordinated cellular interactions and morphogenetic events, organs such as 

the brain, heart, liver, and limbs begin to form, leading to the development of a fully functional 

mouse organism (Nakatsuji, 1992; Obata et al., 2000) (Figure 7). 

Among the mRNA-modifying enzymes crucial for embryonic development are m6A 

methyltransferases Mettl16 and Mettl3. Mettl16 mutants die during pre-implantation stages 

around E3.5. The underlying cause of lethality in these mutants is believed to be the absence 

of m6A modification, specifically on the Mat2a transcript. Mat2a encodes an enzyme involved 

in generating the methyl group donor, S-adenosylmethionine (SAM), which is essential for 

various methylation reactions in the developing embryo. The loss of m6A modification on the 

Mat2a transcript disrupts the production of SAM, leading to the abrogation of all methylations 

critical for embryonic development (Mendel et al., 2018). Interestingly, compared to Mettl16, 

which has been shown to methylate only hand full of transcripts, Mettl3/14 complex methylates 
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most m6A sites. Nevertheless, in comparison to Mettl16 mutants, Mettl3 mutants demonstrate 

a distinct pattern of embryonic lethality occurring at a later stage, specifically during 

implantation around E5.5 Studies have revealed that the presence of m6A modification on 

pluripotency marker mRNAs leads to their decreased stability and reduced translation, thereby 

promoting the decay of these markers. In the case of Mettl3 mutants, the absence of proper 

m6A modification results in the impaired regulation of pluripotency markers, preventing the 

embryo from progressing beyond E5.5 (Geula et al., 2015). 

Another mRNA-modifying enzyme crucial for embryonic development is ADAR1. 

Adar1 mouse mutants die during organogenesis stages at E12.5 (Liddicoat et al., 2015a; 

Mannion et al., 2014). The embryonic lethality of Adar1 mutants is due to the activation of the 

innate immune system and Interferon expression, leading to erythropoiesis and liver failure 

(Liddicoat et al., 2015a; Mannion et al., 2014).  

Other crucial mRNA-modifying enzymes are cap-specific modifiers, RNGTT, RNMT, 

CMTR1, CMTR2 and PCIF1. Notably, Rnmt, Cmtr1, Cmtr2, and Pcif1 mouse mutants have 

been established, whereas no phenotype for Rngtt mutant mice was reported.  Rnmt (Groza et 

al., 2023), Cmtr1 (Y. L. Lee et al., 2020) and Cmtr2 (Groza et al., 2023) mutants are reported 

to cause embryonic lethality prior to organogenesis, whereas no embryonic phenotype was 

observed in Pcif1 mutants (Pandey et al., 2020). It is important to note that the database (Groza 

et al., 2023) and the study (Y. L. Lee et al., 2020) have not explicitly determined the exact time 

point of embryonic lethality and the underlying causes.  

To summarise, the interplay between RNA modifications and mouse embryonic 

development unveils the essential roles of mRNA-modifying enzymes in ensuring proper 

embryogenesis. The loss of specific modifications, such as m6A and cap modifications, due to 

mutations in enzymes like METTL16 or METTL3 and some cap-specific modifiers leads to 

embryonic lethality at various stages. These findings underscore the intricate regulatory 

mechanisms orchestrated by RNA modifications during the crucial developmental stages of 

mouse embryos. 

 

Mouse primordial germ cells  

Similarly, as for embryonic development, RNA modifications were shown to be crucial for 

male and female fertility at different stages of the development of primordial germ cells.  

In mice, primordial germ cells (PGCs) relocate from the base of the allantois to the genital 

ridges through a series of sequential movements. Initially forming a cluster of approximately 
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40 cells at around embryonic day 7.25 (E7.25), the PGCs migrate to the hindgut endoderm at 

E7.75, then progress to the mesentery at E9.5 and ultimately colonise the genital ridges by 

E10.5 (Figure 7). During the proliferative phase of PGCs in both males and females, an 

important event known as epigenetic reprogramming occurs. This process involves genome-

wide DNA demethylation, which includes the erasure of genomic imprinting (Saitou et al., 

2002; Saitou & Yamaji, 2012). The further development of male and female germ cells differs.  

In male embryos, XY PGCs enter mitotic arrest upon entry to the genital ridges and 

stay in the G0/G1 phase of the cell cycle until birth to then resume proliferation around day 

P2-P5 (Saitou & Yamaji, 2012). The first wave of spermatogenesis is synchronised during 

testis maturation, with cells entering meiosis around P10. At prophase I of meiosis, 

spermatocytes are first detected in the testis at about day 10, Zygotene at P12 and Pachytene at 

P14. The spermiogenesis happens after P20 when round spermatids differentiate from 

elongated ones. Around 6-8 weeks, males reach sexual maturity ( Figure 8) (Fayomi & Orwig, 

2018). 

In female XX embryos, primordial germ cells initiate the first phase of meiosis, 

prophase I, around the E13.5. By the E15.5, the majority of germ cells in the developing ovaries 

have progressed through the initial stages of meiotic prophase I, which include the leptotene, 

zygotene, and pachytene stages. By the E17.5, these cells pause their development at the 

diplotene stage of prophase I, becoming diplotene oocytes. Diplotene oocytes are located in 

primordial follicles. As the follicle matures, it becomes a primary follicle (P5), with the oocyte 

growing and the surrounding cells changing shape. The primary follicle then develops into a 

 

Figure 8. Mouse spermatogenesis. Embryonic germ cells are mitotically arrested till birth. Later the 

germ cells go through active proliferation, meiosis, and spermiogenesis, where the spermatids go 

through the last developmental changes to become fully developed sperms. 4n, 2n and 1n stand for 

DNA content. P0, P8, P14, P20, P60 stand for the animal's age abbreviated from postnatal day. 
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secondary follicle, characterised by multiple layers of surrounding cells and a small 

fluid-filled space. This space expands as the follicle grows, forming an intermediate called a 

pre-antral follicle and, finally, a fully formed antral follicle. Under the influence of hormones, 

some antral follicles typically outgrow the others to become preovulatory or Graafian follicles. 

The dominant follicle then releases its oocyte during ovulation. The released oocyte is called 

the secondary oocyte, which is arrested in the metaphase stage of meiosis II until fertilisation 

occurs ( Figure 9) (Elvin, 1998; Saitou & Yamaji, 2012).  

Among the mRNA-modifying enzymes crucial for fertility belongs METTL3 and 

METTL16. As both of the enzymes are embryonically lethal, the creation of conditional 

knockout (cKO) mice was needed. The fertility of METTL16 was studied in the presence of 

germline-specific expression of Mvh-Cre, which starts to be expressed around 14.5. cKO males 

are infertile as the cKO testes were atrophied, and the arrested germ cell development was 

observed. The effect of the lack of METTL16 on female fertility was not studied (Mendel et 

al., 2021). 

In female mice, the lack of METTL3 during early oocyte development 

(Mettl3f/fVasaCre+) led to abnormal ovary morphology and sterility. In contrast, knockout at 

a later stage (Mettl3f/f Zp3Cre+) resulted in normal ovary morphology but still caused sterility. 

In male mice, early-stage knockout (Mettl3f/fStra8Cre+) significantly reduced testis volume, 

while knockout during the spermatid stage (Mettl3f/fPrm1Cre+) had no impact on fertility or 

seminiferous tubules morphology (Lasman et al., 2020). 

 

Figure 9. Mouse Folliculogenesis. Folliculogenesis begins with the development of the primordial 

follicle, which progresses to the antral follicle stage through primary, secondary, and pre-antral follicle 

stages. 
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Interestingly, compared to Mettl3 KO mice that are lethal, Zebrafish zMettl3 mutants 

are viable. Mutant fish of both sexes show defects in fertility. Males show defects in sperm 

maturation, and sperm motility is significantly reduced, whereas in females, oocyte maturation 

is affected. Nevertheless, defects in oocyte maturation in mutants can be rescued by sex 

hormone (Xia et al., 2018). Interestingly, many m6A reader proteins showed fertility 

phenotype, such as RRC2A (Tan et al., 2023), YTHDF2 (Lasman et al., 2020) or m6A eraser 

ALKBH5 (Zheng et al., 2013) 

The disruption of RNA-modifying enzymes, such as Mettl3 and Mettl16, significantly 

impacts the development of primordial germ cells and fertility in mice, underscoring the 

essential role of RNA modifications in these processes. 
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Aims of the study 

The study’s primary aim was to investigate the physiological role of mammalian RNA cap-

proximal ribose methylations, specifically cap1 and cap2, in mice models and human cell 

culture and their significance in mouse embryonic development. The study focused on 

understanding the importance of cap-specific ribose methylations by examining the 

consequences of losing the responsible enzymes CMTR1 and CMTR2. 

Additionally, I intended to determine the relationship between the loss of cap1 and the 

activation of the interferon pathway by studying the response of the interferon pathway in the 

absence of cap1 methylation in the liver conditional knockout model. 

Finally, my aim was to explore the impact of cap1 loss on germ cell differentiation and gain 

insights into the involvement of cap1 methylation in the differentiation process of germ cells. 

In summary, the study aimed to investigate the physiological functions of CMTR1 and 

CMTR2 and give insights into their roles in the innate immune system and beyond.  
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Results 
 

Chapter 1 -  Essential roles of RNA cap-proximal ribose methylation in mammalian 
embryonic development and fertility 
 

This chapter contains a peer reviewed article published in Cell Reports with a name “Essential 

roles of RNA cap-proximal ribose methylation in mammalian embryonic development and 

fertility” published in July 2023.  In this study we demonstrated the critical roles of RNA 

methyltransferases CMTR1 and CMTR2 in mouse embryonic development. Our findings 

indicated that both enzymes are crucial, for the switch from gastrulation to organogenesis 

stages. Interestingly, this developmental arrest in both Cmtr1 and Cmtr2 mutants occurred 

without triggering the innate immune response, suggesting that the role of these enzymes 

extends beyond merely distinguishing cellular RNAs as self.  Furthermore, our study showed 

that conditional removal of CMTR1 in the mouse germline results in infertility. In addition, we 

found that a conditional deletion of CMTR1 leads to chronic activation of the interferon 

pathway in the liver, demonstrating the multifaceted roles these enzymes play in mammalian 

biology.   

 I maintained and genotyped all 4 mice colonies, organised all mouse experiments 

dissected organs as wells as embryos, perofimed cell lines expesiments and extracted RNA 

with the help of Fabienne Fleury-Olela. All bioinformatics analysis was done by Kyrylo Krasnikov 

and some preliminary ones by David Homolka. Mateusz Mendel designed Cmtr1 loxP animals, 

Lingyun Li purified DHX15 and CMTR1 and confirmed their interaction, Olesya Panasenko 

performed ribosomal and polysomal profiling, Cathrine Broberg Vagbø conducted RNA MS 

analysis, RNA-seq libraries were prepared in Genomics Core Facility at EMBL Heidelberg or iGE3 

Genomics Platform. Histology slides were prepared at Histology Facility at UNIGE.  Illustrations 

of embryos, and graphical abstract were created by Nicolas Roggli. 

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

involved in editing the manuscript at every stage of the publication process.  

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

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

My thesis aimed to understand the physiological function of extended mRNA cap structure by 

studying Cap-specific mRNA (nucleoside-2′-O-)-methyltransferases, Cmtr1 and Cmtr2, in 

mammals.  

Particularly, I investigated the role of the enzymes Cmtr1 and Cmtr2 in mouse 

embryonic development. Lack of Cmtr1 (Chapter I, Figure 1) and Cmtr2 (Chapter I, Figure 4) 

leads to developmental defects during gastrulation stages and embryonic lethality. Notably, the 

lack of cap1 and cap2 does not lead to any activation of the innate immune system in mutant 

embryos at the time of their embryonic arrest (Chapter I, Figure 1E, 4E), as could be expected 

due to their established roles in innate immunity. Interestingly, Cmtr1 and Cmtr2 seem to 

regulate different subsets of genes (Chapter I, Figure 4F). Lack of Cmtr1 leads to the 

downregulation of snoRNA host genes (SNHG) (Chapter I, Figure 1E), whereas the most 

dysregulated class of genes in Cmtr2 mutants seems to be 5s rRNA (Chapter I, Figure 4E). 

To understand the role of cap-specific methyltransferases beyond the embryonic 

development, I first focussed on Cmtr1,  generating conditional knockout (cKO) animals to 

analyse the role of Cmtr1 in the germ line and liver (Chapter I, Figure 3). Investigation of 

Cmtr1 liver cKO (Cmtr1loxP/-; AlbCreERT2ki/+) mutants uncover chronic interferon pathway 

activation in the livers of mice with Cmtr1 mutations. Cmtr1 germ cells cKO (Cmtr1loxP/-; Mvh-

Creki/+) males are infertile, whereas females show low penetrance infertility (Chapter I, Figure 

2).  

Interestingly, despite the essential role of Cmtr1 in embryonic development, the human 

HAP1 CMTR1 KO cell line is viable, albeit showing reduced cell growth not caused by cell 

cycle defects (Chapter I, Figure S3C, D). The analysis of the influence of cap1 on translation 

shows that global translation remains unchanged in Cmtr1 mutant livers (Chapter I, Figure 3K, 

L) and human cells (Chapter I, Figure S4F). 

This investigation comprehensively examines CMTRs′ roles in development and 

selected organs and sheds new light on their complex functions and implications. 

 

Embryonic lethality 

As previously described, lack of any of the cap-specific mRNA (nucleoside-2′-O-)-

methyltransferases leads to embryonic lethality in mice (Groza et al., 2023; Y. L. Lee et al., 
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2020) (Chapter I, Figure 1B, 4B).  However, the cause of embryonic arrest is not known. To 

understand the role of CMTR1 and CMTR2 on mouse embryonic development, we obtained 

Cmtr1+/- (Chapter I, Figure S1A) and Cmtr2+/- (Chapter I, Figure S5A) animals. Crosses 

between heterozygous animals for each of the two genes Cmtr1 and Cmtr2 confirmed that 

indeed both Cmtr1 KO (Cmtr1-/-) (Chapter I, Figure 1B) and Cmtr2 KO (Cmtr2-/-) (Chapter I, 

Figure 4B) are lethal. To understand the importance of both genes, we crossed Cmtr1 and 

Cmtr2 heterozygous animals and  isolated embryos at post-implantation stages. Dissection of 

embryos showed that both Cmtr1 (Chapter I, 1C, 1D and S1C) and Cmtr2 (Chapter I, Figure 

4C, 4D and S4C) mutant embryos show developmental defects during the gastrulation stages, 

although the phenotype slightly differs. Cmtr1 mutant embryos start to exhibit size differences 

at E7.5 (Chapter I, Figure 1D) and do not reach E8.5, whereas Cmtr2 mutants proceed 

gastrulation and some reach E8.5 with some escapers reaching organogenesis with size defects 

(Chapter I, Figure 4D). This indicates that the embryonic arrest of Cmtr1 mutants occurs one 

day before Cmtr2 mutants. 

Embryonic lethality of both mutants in the mid-stage of their development points to the 

importance of the correct mRNA cap structure for proper entry into organogenesis but not for 

early embryonic developmentInterestingly, this is in contrast to the early studies of mRNA cap 

structure, which postulated an essential role of mRNA cap in the oocyte-to-the-embryo and 

maternal-to-zygotic transition. In moth, tobacco hornworm was shown that the mRNA cap 

structure differs between oocyte (non-methylated G cap) and developing embryo (m7G cap; 

cap0), and the switch from cap0 to cap1 is crucial for the oocyte-to-the-embryo transition 

(Kastern et al., 1982; Kastern & Berry, 1976). In vertebrates, mos/MAPK pathways play a 

critical role in modulating oocyte meiotic cell-cycle progression. Full-grown oocytes have no 

Mos protein but contain translationally dormant c -mos mRNA, which is being translated soon 

after the oocytes are exposed to progesterone, the primary stimulus of maturation (Cooper, 

1994). In Xenopus, cap1 methylation on c-mos mRNA was shown to be crucial for oocyte 

maturation via translational activation of c-mos mRNA (Kuge et al., 1998). On the other hand, 

dormant embryos and developed embryos of brine shrimp possess the mRNA cap1 structure, 

and the addition of methylation inhibitor, a SAM product, SAH, does not alter the translation 

(Muthukrishnan et al., 1975).  

In contrast, mammalian cap1 and cap2 are not crucial for the oocyte-to-the-embryo or 

maternal-to-zygotic transition, as the Cmtr1 and Cmtr2 mutant embryos are viable till the 
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gastrulation stages. Both cap1 and cap2 rather play an essential role in gastrulation stages and 

ensuring entering the organogenesis.  

One proposed argument why CMTR1 and CMTR2 mutants survive up to gastrulation 

stages could be the maternal contributions as oocyte contains proteins and mRNAs from the 

mother, which could contain CMTR1 and CMTR2 proteins and their mRNAs. Nevertheless, 

the maternal mRNAs start to be actively depleted around the 2-cell stage.  Around the same 

time, zygotic gene expression occurs (Aoki, 2022). Moreover, the embryo has thousands of 

cells up to gastrulation, making maternal contribution improbable beyond day E3.5.  

Further examination of the mutant embryos points towards some mechanisms that 

could contribute to embryonic lethality, which will be described in the following subsections.  

 

Innate immunity during embryogenesis 

As both cap1 and cap2 were earlier shown to be necessary for the distinguishing of self and 

non-self molecules (Despic & Jaffrey, 2023; Pichlmair et al., 2006; Schuberth-Wagner et al., 

2015; Wang Yanli et al., 2010), one expected cause of the embryonic arrest and following 

lethality is the activation of the innate immune system, which could be detected in RNA 

sequencing datasets as elevated expression of the Interferon stimulated genes – ISGs 

(Schoggins & Rice, 2011). However, sequencing of both Cmtr1 (Chapter I; Figure 1E) and 

Cmtr2 (Chapter I; Figure 4E) mutant embryos at E6.5 and E7.5 did not show any ISGs being 

expressed.  

 Several studies showed that innate immunity, recognition of non-self RNA molecules, 

is inhibited in the early stages of embryonic development in human and mouse embryonic stem 

cells (ESC) (L. L. Chen et al., 2010; R. Wang et al., 2013, 2014). The expression of cytoplasmic 

sensors of viral-like mRNAs was shown to be inhibited by microRNAs (Witteveldt et al., 

2019). Moreover, the lack of ADAR1, a protein critical for  modyfing endogenous dsRNA 

molecules in order to avoid innate immune system activation, leads to embryonic lethality only 

around E11.5 due to the defects caused by the activation of the innate immune system. 

Knockout of downstream factors in the interferon signalling pathway like Stat1, Ifnar1 

(Mannion et al., 2014) or MDA5 results in prolonged survival of Adar1 KO animals for two 

more days.  

 Taken together, studies on mESC show that innate immunity is initially inhibited during 

the embryonic development, but its overactivation leading to embryonic lethality in Adar1 KO 

mice at E11.5, indicates that in mouse the innate immunity should be activated between E3.5 
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(mESC) and E11.5 (lethality of ADAR1 KO mice). Since both Cmtr1 and Cmtr2 mutant 

embryos show lethality in this window, we analysed the expression of cytoplasmic innate 

immunity sensors and their downstream signalling pathway partners in publicly available 

RNAseq datasets and showed that the expression of those starts only during organogenesis 

stages around E10.5 (Chapter I; Figure 1F, S1D). This explains the lack of ISG expression in 

Cmtr1 and Cmtr2 mutants and points out to other regulatory roles of both mRNA cap 

structures. 

   

CMTR1 and CMTR2 do not have a redundant role in mouse embryogenesis 

Two recent studies from Mathias Soller′s group propose that in Drosophila melanogaster 

CMTr1 and CMTr2 could have overlapping roles, where both CMTr1 and CMTr2 could form 

cap1 structure. Moreover, only double mutants of CMTr1 and CMTr2 show reward learning 

defect phenotype (Dix et al., 2022; Haussmann et al., 2022). Finally, in vitro, methylation assay 

shows that hCMTR2 can methylate both the first and second transcribed nucleotide (Dix et al., 

2022).  

Compared to flies, the situation in mice differs. Both CMTR1 and CMTR2 are essential 

for embryonic development in mice. Analysis of gene expression changes between Cmtr1 and 

Cmtr2 mutant embryos at E6.5 showed that out of hundreds of dysregulated genes in mutant 

embryos, only 8 dysregulated genes are shared between those two (Chapter I; Figure 4F), 

indicating that both regulate different subsets of genes. 

Gastrulation in mice is a crucial developmental stage marked by the emergence of the 

primitive streak around E6.5. Epiblast cells, destined to give rise to the embryo, migrate 

through this primitive streak and differentiate into precursors of the two primary germ layers: 

the mesoderm and the definitive endoderm (Tam & Loebel, 2007). Examining Cmtr1 and 

Cmtr2 mutant embryo’s bulk RNA sequencing data deconvoluted to a single-cell level suggests 

distinct roles for both cap-specific methyltransferases.   

At E6.5, both mutants already display a significant downregulation of primitive streak 

markers, demonstrating the immediate effects of these mutations. By E7.5, the developmental 

trajectory of these mutants begins to diverge further. Cmtr1 mutants show a decreased presence 

of mixed mesoderm markers, retaining a high proportion of parietal endoderm and 

extraembryonic ectoderm cells (Chapter I; Figure S1E). In contrast, Cmtr2 mutants exhibit an 

increased presence of pharyngeal mesoderm but fewer haematoendothelial progenitors and 

blood progenitors (Chapter I; Figure S4H). Interestingly, The International Mouse Phenotyping 
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Consortium (IMPC) reports that Cmtr2 heterozygotic animals have increased heart weight 

supporting that CMTR2 is crucial for proper cardiovascular system development (Groza et al., 

2023). These divergent phenotypes underscore the unique developmental consequences of each 

mutation. 

Given the fact that hCMTR1 and hCMTR2 could both methylate the first transcribed 

nucleotide in in vitro methylation experiment  (Dix et al., 2022; Haussmann et al., 2022), we 

examined polyA+ RNA from CMTR1 KO cells by mass spectrometry. Double-purified 

polyA+ RNA showed a decrease in Nm modification but not its complete lack (Chapter I; Figure 

S4B). The cause can be rRNA contamination, as the presence of m6,6A (rRNA-specific 

modification) in the polyA+ samples was detected (data not shown). Nevertheless, the 

complete lack of  m6Am in CMTR1 KO cells was observed. m6Am is cap specific modification 

that depends on both CMTR1 and PCIF1. The complete lack of m6Am indicates that CMTR2 

could not methylate cap1. The discrepancy between in vitro and in vivo methylation results 

might be explained by cellular localisation of both proteins. CMTR1 localises to the nucleus, 

whereas CMTR2 predominately to the cytoplasm  (Inesta-Vaquera et al., 2018; Liddicoat et 

al., 2015; Smietanski et al., 2014; Toczydlowska-Socha et al., 2018; Werner et al., 2011). 

Taken together, their overlapping functions in mice in vivo are unlike but cannot be excluded.  

 

Embryonic lethality of Cmtr1 mutants 

Cmtr1 KO embryos cannot progress from the gastrulation stage to the organogenesis stage. 

The first noticeable differences between WT and Cmtr1 KO embryos emerge around the mid-

to-late gastrulation stage (E7.5), characterised by a reduced size. This highlights the crucial 

role of CMTR1 in gastrulation for the proper initiation of organogenesis. 

Gastrulation initiates with the formation of the primitive streak on the surface of the 

epiblast, which consists of cells that will contribute to both the embryo and the placenta. During 

this process, cells within the primitive streak undergo invagination, moving inward to establish 

the three primary germ layers: ectoderm, mesoderm, and endoderm. This coordinated cell 

migration not only shapes the basic body plan but also establishes the embryo's anterior-

posterior and dorsal-ventral axes. Another important event during gastrulation is the formation 

of the notochord. Additionally, the embryo undergoes a metabolic switch from anaerobic 

glycolysis to mitochondria-dependent aerobic oxidative phosphorylation during gastrulation 

and organogenesis. This metabolic shift is essential for supporting the rapid growth and 

development of both the embryo and the placenta. 
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To investigate the causes of embryonic arrest in Cmtr1 KO embryos, we conducted 

RNA sequencing on embryos at gastrulation stages E6.5 and E7.5, aiming to capture early 

transcriptome changes. The RNAseq analysis of E6.5 Cmtr1 mutants identified approximately 

200 genes exhibiting altered expression, which increased to about 1600 genes one day later at 

E7.5. While the RNAseq analysis did not directly answer the question of what causes the 

embryonic arrest or the failure of proper cell differentiation, it provided some preliminary 

clues, such as dysregulations in few signalling pathways, snoRNA host genes or 5′TOP 

transcripts that will be discussed in the upcoming subchapters. 

 

Dysregulation of signalling pathways 

One of the critical factors that plays a role in the coordination of processes during gastrula 

development are signalling pathways such as signalling of bone morphogenetic proteins 

(BMPs), fibroblast growth factors (FGFs), Hedgehog, Nodal and Wnt (Heisenberg & Solnica-

Krezel, 2008). It is not surprising that imbalances in signalling pathways, such as the distortion 

of NF-κB or WNT, can lead to embryonic arrest (Nguyen et al., 2018; Sidrat et al., 2021a, 

2021b; Sokol, 2015; C. Xu et al., 2018). The WNT signalling pathway is crucial for 

establishing the anterior-posterior axes of embryos (Zou, 2006). Gradual inhibition of the WNT 

signalling in the posterior "tail" region is necessary for proper development (Nguyen et al., 

2018; Sidrat, Rehman, Joo, Lee, Kong, et al., 2021). Disruptions in the WNT signalling 

pathway can lead to gastrulation defects due to its fundamental roles in cell fate determination 

and cell polarity (Sokol, 2015). 

In our analysis of Cmtr1 mutant E7.5 embryos, we observed the downregulation of 

genes associated with the WNT and hedgehog signalling pathways as observed by GOterms 

and KEGG pathways. Since the dysregulation of these pathways occurred at E7.5 but not at 

E6.5, it suggests that the dysregulation of signalling pathways might be rather a secondary 

effect than the primary cause of the lack of CMTR1. 

 

snoRNA host genes (SNHGs) 

The analysis of gene expression changes between WT and Cmtr1 mutant embryos revealed 

dysregulation of snoRNA host genes (SNHGs) (Chapter I; Figure 1E, S1G). SNHGs are 

protein-coding or long non-coding genes that carry snoRNAs in their introns, and proper 

splicing is needed for snoRNA processing. We analysed the level of intron-containing 

snoRNAs and found no differences between the KO and WT embryos regarding snoRNA 
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levels (Chapter I; Figure S1F). It is important to note that the coverage of introns in RNA-seq 

data is generally low due to the degradation and technical limitations. Since neither the 

snoRNAs nor the introns containing snoRNAs appear to be dysregulated, it is more likely that 

if SNHGs contribute to any embryonic defects, it is due to the genes themselves rather than the 

snoRNAs they carry. 

 SNHGs with the most significant changes among the downregulated include Snhg12, 

Snhg8, Snhg5, Snhg4 and eIF4a2 (Chapter I; Figure 1E). Snhg12 is a long non-coding RNA 

(lncRNA) that encodes four small nucleolar RNAs (SNORA66, SNORA61, SNORA16A, and 

SNORD99). Its downregulation leads to decreased cell proliferation. Additionally, Snhg12 is 

a marker gene in many cancers. 

Snhg8 is chromatin-localized lncRNA encoding for SNORA24. Snhg8 plays a role in 

the differentiation of epithelial cells. Its downregulation contributes to the differentiation of 

epithelial cells through binding to DNA at histone H1 sites. H1s-mediated chromatin 

compaction and transcriptional repression have been proposed to play a critical role in human 

stem cell differentiation (P. He et al., 2022). Moreover, its knockdown inhibits cell proliferation 

and colony formation while promoting cell apoptosis in diffuse large B-cell lymphoma tissue 

(D.-H. Yang et al., 2021), and it is upregulated in various tumour types, increasing the 

proliferation, migration, invasion, and metastasis of cancer cells (Yuan et al., 2021). 

Snhg5 carries SNORD50, and its knockdown decreased breast cancer cell proliferation 

(Chi et al., 2019; J. Li & Sun, 2018). Snhg4 is known to play an oncogenic role in tumours. 

The overexpression of Snhg4 positively impacted cell growth in MHCC-97H. Moreover, high 

expression of Snhg4 in acute myeloid cancer patients correlated with shorter survival (J. Li & 

Sun, 2018; Qiu et al., 2023). 

eIF4a2 is eukaryotic initiation factor 4A belonging to the extensive DEAD-box RNA 

helicase family (W. T. Lu et al., 2014). Interestingly, EIF4A2 interacts with Ccr4-Not to 

promote miRNA-mediated translational repression of 5′ purine-rich mRNAs (Wilczynska et 

al., 2019). Similarly to other SNHGs, the knockdown of EIF4A2 decreases growth and 

metastasis in colorectal cancer (Z.-H. Chen et al., 2018).  

Overall, the expression of many SNHGs needs to be finely tuned, as their 

overexpression is observed in various cancers, many being marker genes, and their knockdown 

leads to decreased cell growth. Similarly, snoRNAs were shown to be regulated during 

differentiation (McCann et al., 2020). However, whether the observed phenotypes are caused 

by the genes themselves or the snoRNAs they carry remains to be elucidated. 
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5′TOP transcripts 

Numerous SNHGs belong to the ribosomal gene family, many of which feature a 5′ terminal 

oligopyrimidine tract (5′TOP). 5′TOP is distinguished by a unique feature known as the 5′ 

terminal oligopyrimidine tract (5′ TOP). This characteristic element consists of a cytidine 

residue at the transcription start site nucleotide, followed by a continuous sequence of up to 13 

pyrimidines. This feature plays a crucial role in coordinated translation control and it has been 

observed that the translation of mRNAs of ribosomal proteins is inhibited when cell growth is 

arrested. This phenomenon occurs in all cell lines studied, both in laboratory conditions and in 

living organisms (Avni et al., 1997).  

 Upon investigating these ribosomal genes and 5′TOP transcripts in Cmtr1 KO 

embryos, we observed a slight decrease in the overall representation of both categories 

(Chapter I; Figure S1). Interestingly, lack of CMTR1 has already been linked to downregulated 

gene expression of ribosomal protein and histone genes in mouse embryonic stem cells (mESC) 

(Galloway et al., 2021). 5′TOP mRNAs are targets of cap0 binding protein LARP1 (Galloway 

et al., 2021; Philippe et al., 2020). Interestingly, LARP1 anchors 5′ TOP transcripts within SGs 

and PBs upon cellular stress. Granule localisation in stress does not affect translation or decay 

during recovery (Wilbertz et al., 2019).Notably, the dysregulation of balance between LARP1 

and 5′ TOP transcripts leads to p53 stabilisation and cell cycle arrest.  

It is not clear what causes the downregulation of 5′ TOP transcripts and whether the 

slight downregulation of 5′ TOP transcripts observed in mutant embryos is sufficient to trigger 

embryonic arrest.  

 

Cap1 regulation molecular functions. 

Cap0 affects all aspects of mRNA life, from its stability, splicing, and mRNA export to 

translation, with most functions being affected via the cap-binding complex (CBC). CBC has 

a higher affinity to bind capped RNAs with purines at TSS than pyrimidines. Nevertheless, any 

effect of CBC binding to cap1 vs cap0 was not observed. Interestingly, the only increase in 

CBC binding was to the m6A starting cap analogue (Worch et al., 2005); nevertheless, the 

involvement of cap1 in molecular processes, such as stability, splicing, and mRNA export to 

translation, needs to be better studied.  

Since we observed no defects in early Cmtr1 mutant embryos (up to E6.5) as well as 

Hap1 KO line and liver conditional mutant cells are viable, cap1 seems to be not essential for 
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global transcription, mRNA splicing, mRNA export, translation or mRNA stability. However, 

failure of embryos to reach gastrulation suggest that it is still possible that cap1 regulates a 

subset of transcripts or affects all transcripts at low levels. 

Regulation of translation 

Cap1′s role in the regulation of translation has been demonstrated in vivo within Xenopus 

oocytes (Kuge et al., 1998) and in some cell lines (Drazkowska et al., 2022). Furthermore, 

cap1′s involvement has been established in antiviral environments where the expression of 

interferon and subsequent interferon-stimulated genes (ISGs) lead to the inhibition of cap0 

mRNAs′ translation (Abbas et al., 2017; Fleith et al., 2018; Habjan et al., 2013; Pichlmair et 

al., 2011). 

Our study sought to investigate cap1′s role in protein synthesis, specifically focusing 

on Cmtr1 conditional mutant (cKO) livers. Remarkably, these mutant livers showed an 

upregulation of ISGs (Chapter I; Figure 3E), including IFIT1 (Chapter I; Figure 3C), a cap-

binding protein that selectively recognises cap0 but not cap1. This selectivity allows it to inhibit 

cap0 mRNAs′ translation by preventing the recruitment of cap-binding eukaryotic translation 

initiation factors (Abbas et al., 2017; Fleith et al., 2018; Habjan et al., 2013; Pichlmair et al., 

2011).  

To assess the overall translation state, we performed sucrose-gradient centrifugation on 

liver lysates, generating polysome profiles from both control and Cmtr1 cKO livers (Chapter 

I; Figure 3K, S3D). Although both profiles showed expected monosome and polysome peaks, 

the mutant livers display slight downregulation across all peaks in both duplicates. Notably, 

this suggests that the overall translation in cKO livers is not significantly affected, only 

showing a slight negative impact. Importantly, we normalised the input material to the total 

protein amount rather than the same number of cells. The normalisation of the input to the 

number of cells rather than protein concentration might have yielded different results, 

particularly considering the observed downregulation of ribosomal protein genes in RNA 

expression. In summary, the expression of IFIT1 in cKO livers does not affect global 

translation. 

We conducted ribosome profiling to examine the translation status of individual 

mRNAs in mouse livers, which determines ribosome occupancy on mRNAs through deep 

sequencing (Ingolia et al., 2009). We normalised the ribosome footprint reads mapped to the 

coding sequence to transcript expression levels derived from the input lysate. Evaluating 

translation efficiency, we observed low coverage of mRNAs due to inefficient rRNA depletion 
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. Notably, the low coverage of mRNA reads in the ribosome profiling library due to rRNA 

depletion from fragmented RNA (Chapter I; Figure S3H) is a common method limitation. 

Nevertheless, the analysis of coding sequences revealed significant alterations in the translation 

of several transcripts in the Cmtr1 cKO liver (Chapter I; Figure 3L, M), as well as slight 

downregulation of the whole class of genes belonging to histone genes, snoRNA host genes, 

ribosomal genes and 5′ TOP (Chapter I; Figure S3F). As previously reported, a lack of Cmtr1 

in mESCs leads to replication stress which might explain the downregulation of histone genes 

(Liang et al., 2022).  

Previous research on interferon-treated cell cultures has demonstrated that the 

translation of three ISGs, ISG15, MX1, and IFITM1, depends on CMTR1, as these genes 

require cap1 methylation to avoid IFIT1-mediated inhibition (Williams et al., 2020). Our 

dataset echoes these published findings, showing that while ISG15′s expression is upregulated 

at the RNA level, its translation is paradoxically downregulated in the absence of CMTR1 

(Chapter I; Figure 3H, L, M). These findings give rise to the hypothesis that IFIT1-mediated 

translational inhibition may affect mRNAs that share specific primary or secondary structures, 

potentially leading to their comparative translational inhibition. Furthermore, it raises the 

question of whether these structures are shared with other cellular genes, particularly among 

the 161 translationally downregulated genes we identified. 

Conversely, CMTR1 KO HAP1 cells exhibited over a thousand genes dysregulated 

relative to WT on the transcriptome level (Chapter I; Figure S4E, F). However, ribosome 

profiling showed only 20 genes as significantly dysregulated. Analysis of gene classes revealed 

mild downregulation of ribosomal genes and 5′ TOP mRNAs. Comparison of translational 

efficiency between liver and Hap1 cells showed no overlapping genes. 

Additionally, no significant differences were found in the translation of mRNAs based 

on their Transcription Start Sites (TSS). We generally see slightly fewer translated C starting 

transcripts, which agrees with previously published data (Tamarkin-Ben-Harush et al., 2017). 

However, it is worth noting that we used database annotations to classify the mRNAs’ TSS, 

which might differ in livers or after the conditional deletion of Cmtr1. 

 In conclusion, our study does not show a strong effect of cap1 on global 

translation and points out only to downregulation of histone, snoRNA host genes, and 

ribosomal genes. It is important to note that histones and ribosomal genes are sensitive to 

cellular stress. Therefore, we cannot conclusively determine if their decreased translation is a 
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primary effect of cap1 absence or a secondary effect due to the activation of the innate immune 

system or another form of cellular stress. 

  

Regulation of splicing 

Cap0 cap structure is crucial for mRNA splicing. Nevertheless, the involvement of cap1 in 

splicing still needs to be determined. Cap1 was shown to be important for splicing in chimeric 

U2 snRNA (Dönmez et al., 2004). We performed an alternative splicing events analysis to 

assess the changes in splicing between Cmtr1 KO and WT embryos.  

We identified 195 significantly dysregulated events in mutant E6.5 embryos, 

corresponding to ~1% of all events (we identified 20763 events in our dataset), with  the most 

dysregulated events being intron retention. The number of intron retention events further 

increases at E7.5 (Chapter I, Figure 1G). A more detailed analysis of intron retention events 

revealed that at the E6.5 stage the second intron is the most retained one, while at E7.5, it is 

intron 2, 3, and 4 (data not shown).  

Similarly, we performed the same analysis for Cmtr1 cKO livers at all three time points 

(D2, D6, D22). Interestingly, our preliminary search at time point D6 showed the most changes 

of all three time points with splicing events of  alternative first exons, alternative 5′ splice sites, 

alternative 3′ splice sites, alternative last exon, skipped exon, as well as retained introns being 

between 2-4%.  

Although the observed differences at alternative splicing are worth further examination, 

this goes beyond the scope of this study. Nevertheless, there are a few possibilities that cause 

the differences in alternative splicing. The causes might be the primary effect, lack of cap1 

methylation at mRNAs, snRNAs, or secondary cause such as interferon expression. A few 

studies have already pointed out that splicing is altered upon viral infection or interferon (Liao 

& Garcia-Blanco, 2021; E. K. Robinson et al., 2021; Sertznig et al., 2022), and thus we cannot 

point out whether the differences observed in cKO livers are due to the lack of cap1, as primary 

effect or due to the activation innate immune system. Additionally, it is worth noting that the 

strongest interacting partner of CMTR1 is DHX15 (Chapter I, Figure S4J) (Inesta-Vaquera et 

al., 2018; Toczydlowska-Socha et al., 2018), a splicing factor that was found to repress 

suboptimal introns with weak splice sites, multiple branch points, and cryptic introns (J. Zhang 

et al., 2022).  

Nevertheless, further studies are needed to confirm or disprove any primary effect of 

cap1 on alternative splicing. 
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Recognition of non-self 

According to initial studies, the presence of cap1 is of utmost importance for distinguishing 

self and non-self RNA molecules. Remarkably, my work shows that developing embryos that 

lack Cmtr1 show embryonic lethality before initiating the innate immune system. Our research 

focus shifted towards conditional mutants to investigate the role of CMTR1 outside of 

developing systems and facilitate the study of innate immunity. Western blot analysis revealed 

the expression of CMTR1 protein in all tested tissues except muscle and white fat tissues, 

displaying one to three bands (Chapter, Figure 3A). The liver is one organ known for possible 

interferon expression activation (Liddicoat et al., 2015a; Mannion et al., 2014). Additionally, 

the liver offers the advantage of being a large organ, enabling the execution of numerous 

diverse analyses. These characteristics make the liver an ideal organ for investigating innate 

immunity, particularly in CMTR1 conditional depletion background. We specifically 

generated conditional Cmtr1 mutants in the liver using the tamoxifen-activated AlbCreERT2 

recombinase. The AlbCreERT2 recombinase is expressed exclusively in the liver under the 

control of the Alb promoter. CreERT2 recombinase localises to the cytoplasm, and only upon 

the tamoxifen injection it translocases to the nucleus. 

To investigate the role of the lack of Cmtr1, we examined cKO model animals 

(Cmtr1loxP/-; AlbCreERT2+/-). The experimental setup involved tamoxifen injections for four 

consequent days and collecting liver tissues at three different time points: 2, 6, and 22 days 

later (Chapter, Figure 3B). As lack of CMTR1 is expected to lead to activation of the innate 

immune system (Williams et al., 2020), and previous studies on Adar1 cKO mutants (Alb-

ADAR1 cKO) with the deletion from E10.5 resulted in phenotypes such as growth retardation, 

smaller livers, and high mortality at early ages (G. Wang et al., 2015), we were monitoring the 

experimental animals daily for loss of weight or any discomfort phenotypes such as pain. In 

contrast to Adar1 cKO, our Cmtr1 cKO animals did not exhibit any growth retardation, as the 

deletion occurred only when the animals were adults. Still, no weight loss or discomfort was 

observed in the animals, even 22 days after the last injection. Additionally, we examined the 

size of the liver and performed histological examinations, but no significant changes in liver 

cellularity were observed (Chapter I, Figure 3C). 

Evaluation of conditional mutants of Cmtr1 in livers showed that already two days after 

the last injection, CMTR1 was depleted from livers (Chapter I, Figure 3C). We observed the 

upregulation of interferon-stimulated genes at all three-time points (Chapter I, Figure 3E-I). 
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Since the lack of cap1 leads to continuing interferon expression even after 22 days, this suggests 

that the absence of cap1 leads to chronic activation of the innate immune response. 

Interestingly, Adar1 liver cKO with constitutively expressed Cre recombinase under 

Alb promoter show more severe issues which might be caused by the activation of innate 

immune system during development of liver tissue (Hartner et al., 2008). The question is what 

would lead to more severe phenotype, lack of cap1 or lack of inosine, using cre recombinase 

under same promotor and conditions.  

In summary, lack of cap1 in adult mouse liver leads to the chronic stimulation of the 

innate immune system. This offers a possibility to study Cmtr1 liver cKO animals as a model 

to study autoimmune hepatitis as a long-term chronic liver disease that causes inflammation 

and liver damage.  

 

Mouse germ cells conditional mutants 

The conditional deletion of Cmtr1 in mouse germ cells leads to varying phenotypes 

between genders. We accomplished this conditional deletion in the mouse germline using the 

germline-specific Mvh-Cre line (also known as Vasa-Cre). This line expresses the Cre 

recombinase transgene, regulated by the mouse vasa homolog (Mvh) promoter. Expression of 

Mvh-Cre starts at embryonic day E14.5 creating deletion id germ cells around this day. No 

offspring were observed when conditional knockout (Cmtr1loxP/-; Mvh-Cre+/-) males were 

bred with wild-type females. A dissection of the testes at postnatal day 31 (P31) revealed 

significant atrophy compared to the control group (Cmtr1loxP/+; Mvh-Cre+/-) (Chapter I, Figure 

2B). 

A histological examination of the knockout testes shows a pattern of progressive 

degeneration with ageing. At birth, P0, the cKO testes appeared normal compared to the control 

group. However, by P31, when the first germ cells should have differentiated, notable defects 

in differentiation were observed. The cells remained in one to three layers but failed to 

differentiate properly. This effect was even more pronounced in adults (P75). The seminiferous 

tubules in adult knockout testes were narrow and devoid of germ cells (Figure 2C). In stark 

contrast, tubules in the control testes were full of germ cells at all stages of development during 

spermatogenesis, including mitotic spermatogonia, meiotic spermatocytes, post-meiotic 

haploid round spermatids, elongate spermatids, and sperm (Chapter I, Figures 2C and S2C). 

On the other hand, Cmtr1 cKO females, when crossed with WT partners, showed 

decreased fertility as some females showed infertility and  in general cKO females had slightly 
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lower number of progeny compared to WT females (Chapter I, Figures 2E). Notably, during 

the experimental setup, if no pregnancy was observed during the first month, the female was 

paired with a different partner to avoid potential issues related to individual mate preferences 

or compatibility, ensuring that the observed results were due to the genetic modification and 

not a mismatch between partners.  Nevertheless, the histological examination of ovaries did 

not show any significant differences between follicles between cKO and control females. 

(Chapter I, Figures 2E). 

As males are completely infertile and females display low penetrance infertility, few 

possibilities could explain the differences between male and female phenotypes. The most 

straightforward is that  CMTR1 might be crucial for spermatogenesis but not oogenesis. 

Another possibility lies in the timing of Mvh-Cre expression, which starts at E14.5. This is a 

significant point in female development as meiosis has already begun, whereas male germ cells 

are in mitotic arrest before meiosis. Consequently, a hypothesis that CMTR1 may be essential 

for entering meiosis cannot be confirmed with the current Mvh-Cre cKO model. To ascertain 

whether CMTR1 plays a role in oocytes entering meiosis, other Cre lines would need to be 

established and tested. 

Furthermore, another potential explanation for male infertility could be the expression 

of interferons, as activation of the innate immune system has been associated with infertility. 

This aspect should be considered in future investigations of the underlying mechanisms 

contributing to male infertility in the absence of CMTR1. 

 

Embryonic lethality of Cmtr2 mutants 

This subchapter will discuss the possible causes of Cmtr2 mouse embryonic lethality. As 

previously discussed, Cmtr2 mutant mice fail to survive beyond the gastrulation stages, 

underscoring the critical role of this gene in early embryonic development. RNA sequencing 

of embryos at E6.5 and E7.5 gastrulation stages reveals dysregulation of hundreds of genes. 

Gene ontology analysis of these genes points to numerous diverse pathways, implying a 

significant impact on organogenesis. 

Ribosome biogenesis in Cmtr2 mutant embryos 

Despite the ribodepletion of the RNAseq libraries of Cmtr2 embryos (E6.5 and E7.5), we could 

still detect 5s rRNA reads in our sequencing data. Interestingly, the 5s rRNA gene is notably 

downregulated among the most dysregulated genes (Chapter I, Figure 4E). At the E6.5 stage, 
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24 out of 39 detected 5s rRNA genes are downregulated. One day later, 8 out of 21 are 

downregulated and 3 upregulated.  

The 5s rRNA is the only rRNA not transcribed by RNA pol I but rather by RNA pol III 

from a single cluster located on chromosome 8 (Kampen et al., 2021; Zhou et al., 2015). 

Dysregulation of ribosomal components can lead to the activation of p53, causing cell death 

(Kampen et al., 2021). The complex of 5s rRNA, RPL5, and RPL11, known as free 5s rRNP, 

is a vital player in the regulation of p53 by ribosomal proteins (Donati et al., 2013; Sloan et al., 

2013).  KEGG pathway enrichment showed 7 different P53 pathway components to be 

upregulated, such as p21, DR5, Noxa, PUMA, Sestrins, Cyclin G, and Np73. Collectively, the 

dysregulations in 5s rRNA and subsequent p53-mediated apoptosis might explain embryonic 

lethality. However, considering that the libraries were ribodepleted, the dysregulation of 5s 

rRNA might simply be an artefact. Therefore, techniques like northern blot or quantitative real-

time PCR should be utilised to confirm this. If the downregulation of 5s rRNA is indeed 

confirmed, the regulatory mechanism underlying it would need further examination.   

 

Splicing in Cmtr2 

As an earlier study showed, cap2 on U2 snRNA is crucial for efficient splicing (Dönmez et al., 

2004). Our study did not focus on splicing of CMTR2 as to dissect the primary and secondary 

causes in developing/dyeing embryos seems to be tricky; nevertheless, the focus on CMTR2 

and its involvement in the splicing might be interesting in future research as the RNA 

sequencing revealed two snRNAs being downregulated - RNu11 and  RNu12. Both RNu11 

and RNu12 are snRNAs of the minor spliceosome. Minor spliceosome, is a spliceosome 

consisting of U11, U12, U4atac U6atac, and U5 snRNAs being crutial for recognition of 

specific subset of introns being call U12 dependent (Juan-Mateu & Valcárcel, 2023; Tarn & 

Steitz, 1996; Verma et al., 2018).  Constitutive deletion of RNu11 in mice leads to embryonic 

lethality, whereas conditional deletion in the neocortex leads to microcephaly display cell cycle 

defects and p53-mediated cell death (Baumgartner et al., 2018). Mutations in RNU12 lead to 

congenital cerebellar ataxia characterised by delayed motor milestones in development, mild 

learning difficulties and hypotonia in infancy (Elsaid et al., 2017). Taken together, both U11 

and U12 snRNA have vital roles in development. Nevertheless, it is unknown whether cap2 

could stabilise the U11 and U12 or if their downregulation is a secondary effect. A non-

developing model would be advantageous to investigate splicing in the genetic background of 

Cmtr2.  
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Remaining questions in the field 

While this study provided several answers, it also paved the way for even more questions to be 

answered in next research studies. With the questions concerning CMTR1 and CMTR2 as well 

as more in the field touching innate immunity.  

 

Could m6A at the first transcribed nucleotide (m7Gpppm6A cap) contribute to the recognition 
of self and non-self-RNA molecules?  

The presence of m6A at the first transcribed nucleotide (m7Gpppm6A cap) raises 

intriguing questions about its potential role in distinguishing self from non-self-RNA 

molecules. It seems that the majority of cellular mRNAs start with adenosine (Akichika et al., 

2018; Galloway et al., 2020), which only in 8% represent Am, whereas 92% of them form 

m6Am (Akichika et al., 2018).  

It has been observed that many viruses possess m6Am at their cap structures, such as 

VSV (Tartell et al., 2021), dengue virus (FURUICHI, 2015), coronavirus (L. Wang et al., 

2023), and vaccinia virus (Boone & Moss, 1977).  While no viral methyltransferases have been 

identified, it is possible that PCIF1, known for its nuclear localisation (Pandey et al., 2020), 

translocated during viral infection to the cytoplasm and methylates viral RNA. PCIF1 has been 

shown to methylate viral cytoplasmic RNA in the case of VSV (Tartell et al., 2021) and 

coronavirus (L. Wang et al., 2023). Notably, removal of PCIF1 has been found to increase 

interferon β production in coronavirus-infected cells (L. Wang et al., 2023). The fact that vital 

infection promotes translocalisation of PCIF1 from the nucleus to cytoplasm supports the 

hypothesis that m6Am cap might have a vital role in sensing self- and non-self RNA molecules. 

In summary, the presence of m6Am at the TSS nucleotide in both cellular and viral 

transcripts highlights the complex interplay between RNA modifications and viral replication 

strategies. The involvement of PCIF1, its subcellular localisation, and its role in the 

cytoplasmic replication cycles of certain viruses provide avenues for further investigation to 

unravel the intricate mechanisms underlying these phenomena. 

 

How mRNA cap structure looks like in muscles and white fat? 

Our current understanding postulates that all mRNAs carry the cap1 structure since its absence 

triggers the activation of interferon expression. A noteworthy observation from the protein 

expression analysis (conducted via western blotting) reveals the absence of CMTR1 in muscle 
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and white fat tissues (Chapter I, Figure 3A). Given that CMTR1 is the only known nuclear 2′-

O-methyltransferase, this implies that cap1 may not be present in these specific tissues. As 

cap0 has been shown to activate the innate immune system (Goubau et al., 2014; Hornung et 

al., 2006; P. Kumar et al., 2013; Pichlmair et al., 2006; Schuberth-Wagner et al., 2015; Wang 

Yanli et al., 2010; Züst et al., 2011), this, in turn, triggers a new question: Could cytoplasmic 

viral RNA sensors be present in these tissues? 

Noteworthy is the fact, that the protein levels of CMTR1 levels in tissues were tested 

only by the western blot analysis, to confirm their lack further experiments should conducted 

such as real-time PCR, protein MS or western blot with different protein concentrations to see 

if the levels of CMTR1 are lower or CMTR1 is completely missing. Nevertheless, if CMTR1 

is indeed not present in muscles and white fat tissues, it raises few alternative possibilities. Our 

first observation indicates that the protein expression of PCIF1 is noticeable in both muscle 

and white fat tissues (Pandey et al., 2020). Even though, our current understand of PCIF1 

indicates that it preferentially methylates Am modified transcripts, it is possible that it modifies 

A transcripts as well. Importantly m6A at the TSS nucleotide was already identified (J. Wang 

et al., 2019). This suggests that tissues with lower CMTR1 protein levels might contain m 

m7Gpppm6A-RNA, as there is an assumption that m6A at the transcription start site (TSS) 

nucleotide could have a role in sensing. 

A second proposition is that CMTR2 might compensate for CMTR1's absence, thus 

tagging cellular mRNAs as self. This idea aligns with Mathias Soller's lab proposal that 

CMTR2 could potentially methylate the first transcribed nucleotide (Dix et al., 2022; 

Haussmann et al., 2022). Noteworthy is the fact the mammalian CMTR2 predominantly 

localises to the cytoplasm (Despic & Jaffrey, 2023; Werner et al., 2011). 

Thirdly, it is conceivable that CMTR2 might achieve this by methylating the second 

transcribed nucleotide. The existence of Nm modification solely on the second transcribed 

nucleotide could shield the mRNA from being detected, albeit less efficiently than cap1 

(Schuberth-Wagner et al., 2015; Wang Yanli et al., 2010). Given that roughly 50% of 

transcripts are believed to contain cap2 (Despic & Jaffrey, 2023; Furuichi et al., 1975; Wei 

Cha-Mer and Gershowitz, 1975), it is possible that CMTR2 has higher occupancy or just 

methylates mRNAs more effectively in these tissues. 
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Could CMTR2 contribute to the elimination of viral infection?  
Lack of cap2 leads to mild expression of ISGs in Hek cells (Despic & Jaffrey, 2023). 

Additionally, cells transfected with in vitro synthesised RNA having Nm modification only on 

the second transcribed nucleotide show lower interferon expression compared to 

nonmethylated RNAs transfection (Schuberth-Wagner et al., 2015; Wang Yanli et al., 2010). 

As interferon production has a negative effect on viral growth, it raises the question if CMTR2 

could be a potential target for viral therapies. To answer this question, I generated mutant 

Cmtr2 lung cKO (Cmtr2loxP/-;SftpcCre+/-) animals expressing human COVID-19 receptor under 

constitutive promoter K18 (K18-hACE2) in order to study the role of Cmtr2 in coronavirus 

infection.  

 

Can CMTR1 and CMTR2 act redundantly?  

Even though this study shows that CMTR1 and CMTR2 have different phenotypes and no 

m6Am modification was observed in CMTR1 KO cells indicating that CMTR2 is cannot 

methylate the pre-mRNAs co-transcriptionally, we cannot exclude that both CMTR1 and 

CMTR2 could act redundantly in some specific cases. 

For example, can CMTR2, upon the lack of CMTR1, translocate to the nucleus? Or on 

the other hand, could CMTR1 localise to cytoplasm? For ADAR1, it was shown that upon IFN 

expression, it expresses a s shorter variant that localises to the cytoplasm (Galipon et al., 2017; 

Pestal et al., 2015). Similarly, PCIF1 is known to localise to the nucleus. Nevertheless, it was 

shown that during viral infection PCIF1 can translocate to cytoplasm to methylate viral RNA. 

(Tartell et al., 2021). This opens a question of  how many mRNA modifying enzymes could 

change their localisation upon viral infection. 

 

When do RNAs get cap2 methylated?  

Analysis of RNAs showed that cap2 is present in mRNA, and snRNAs (Despic & Jaffrey, 

2023; Werner et al., 2011), with mRNAs being cap2-modified in 50% of cases, whereas 

snRNAs in nearly 100% in various cell types (Krogh et al., 2017). Unlike nuclear CMTR1, 

CMTR2 localises to the cytoplasm (Werner et al., 2011).As CMTR2 recognizes and binds to 

m7G-capped RNAs (Smietanski et al., 2014), it opens the question of when CMTR2 could 

methylate the RNAs. Both mRNAs and snRNAs are exported to the cytoplasm by the CBC 

complex, which binds to the m7G-cap structure (Carmody & Wente, 2009; Cheng et al., 2006; 

Elisa Izaurralde et al., 1995). CBC stays attached to the mRNAs till it is exchanged by eIF4e 
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during translation (Sato & Maquat, 2009). This proposes a question of when CMTR2 can 

methylate the mRNAs. One possibility is that CMTR2 outcompetes CBC binding to methylate 

mRNA. The second would be that CMTR2 methylates the mRNA when the CBC is exchanged 

to eIF4e during translation.  

 On the other hand, the snRNAs cap2 methylation by CMTR2 is probably simpler. In 

the cytoplasm, snRNAs are capped when their m7G cap is further methylated forming trimethyl 

cap. It is probable that the cap2 methylations happened during this process as well. Taken 

together, cytoplasmic capping remains an interesting question for further research. 

 

When do cytoplasmic sensors sense cap0 mRNAs? 

Cellular mRNAs carrying cap0 when reach cytoplasm are recognised as non-self by 

cytoplasmic RIG-I like sensors to trigger interferon expression mRNAs (Chapter I, Figure 3) 

(Despic & Jaffrey, 2023; Williams et al., 2020) and subsequent establishment of antiviral 

environment by ISGs expression the question is at which moment the RNAs possessing cap0 

are recognised by such sensors. Given the fact that cap-binding proteins bind and protect 

mammalian cellular mRNAs throughout the whole mRNAs lifespan which raises a similar 

question to the previous one, when cytoplasmic sensors sense cellular RNAs and at which 

moment the mRNA cap is naked.  

 

Why is the innate immune system inhibited in early embryos?  

In general, embryos are unable to produce interferon as showed in mouse and human 

embryonic stem cells (ESC) (L. L. Chen et al., 2010; R. Wang et al., 2013, 2014). On the 

contrary, even though the ESC cells cannot produce Interferon, they are able to respond to 

interferon stimulation by expression of low levels of ISGs (R. Wang et al., 2014) indicating 

some possibility of maternal interferon expression in embryo protection. Nevertheless, mESC 

retained the ability to sense viral dsRNA via Protein kinase R (PKR) leading to translation 

inhibition and subsequent inhibition of cell proliferation (R. Wang et al., 2013). Interferon 

expression upon viral infection starts to be detected only from E7.5, but remains limited to 

trophoblast (Barlow et al., 1984) Nevertheless the response to pathogens in trophoblast is 

limited. It is able to respond to viral-like dsRNA, poly I:C.  the poly I:C treatment induces the 

expression of interferon in trophoblast through the Toll-like 3 receptor (TLR3), endosomal 

sensor of dsRNAs, activation and not the cytoplasmic RNA sensors. On the other hand the 

trophoblast is unable to respond to gram-negative bacteria as lipopolysaccharides treated 



109 
 

trophoblast cells did not show any interferon expression (Abrahams et al., 2006). Interestingly, 

trophoblast is believed to protect the cells from viral infection as when human trophoblast cells 

are infected with a virus, they produce protective molecules. If the media from these treated 

trophoblast cells is then transferred to unrelated cells before they are infected, it results in a 

reduced rate of viral infection compared to cells in untreated media (Delorme-Axford et al., 

2013). On the other hand the cytoplasmic sensors of RIG-I family seems to be inactive till 

E10.5 (Chapter I, Figure 1F, S1D) The mechanism of inhibition of cytoplasmic RIG-I like 

sensors in mESC was shown to be due to the expression of miRNA miR-673-5p (Witteveldt et 

al., 2019).  

This raises a question whether miR-673-5p is expressed throughout the whole early- 

and mid-embryonic development or is there different mechanism? What would happen is the 

interferon expression pathway could be activated in ESC cells and early embryos?  Would it 

help embryos to overcome some viral infections? 

 Among the viruses known to trigger severe abnormalities when infection happens 

during embryonic development is Zika virus (ZIKV). ZIKV infection contracted during 

pregnancy manifests many congenital anomalies and postnatal developmental complications. 

These encompass not only foetal loss and intrauterine growth restriction (IUGR) but extend to 

grievous conditions like microcephaly. Furthermore, ZIKV can induce a variety of motor and 

neurodevelopmental disorders, underscoring its substantial impact on the developmental health 

of affected neonates. Interestingly, when the infection in murine uterus happens during 

gastrulation stages, E6.5 - E8.5, it is fatal, whereas infection at later stages at E13.5 leads to 

viable offspring with some pups with mild encephalitis (Nakayama et al., 2021). Another study 

using  different viral and mouse strains showed, that ZIKV infection at E.4.5 has fatal outcomes 

whereas E8.5 leads to viable litter. Nevertheless, when the same experiments were performed 

with IFN receptor 1 deficient mice, ZIKV infection was much more severe and led to the 

demise of the embryo (Yockey et al., 2016). Taken together, activation of interferon expression 

in developing embryo might have beneficial roles in overcoming viral infections.  

 Another pathogen transmitted disease that is especially dangerous during pregnancy is 

toxoplasmosis. Treatment of toxoplasmosis-infected mouse embryonic fibroblast (MEF) cells 

with IFN-β or IFN-γ, to induce innate immune reaction,  inhibited T. gondii growth (Mahmoud 

et al., 2015). Moreover, study on two different mouse lines showed that expression IFN-γ has 

a protective function on maternal-fetal transmission (Shiono et al., 2007). These findings 
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confirm the importance of innate immune system in viral infection and opens a potential for 

innate immune stimulators during pregnancy with known infection to some diseases.  

 

Is cap1 presence conserved as a mark of self-molecules? 

As interferon expression is common only for vertebrates, it raises a question whether same time 

of molecules could be sensed in invertebrates but different innate immune mechanism. 

Interestingly, studies on fruit flies (Drosophila) suggest that enzymes responsible for cap 

methylation — CMTr1 and CMTr2 — might also be involved in the immune response. When 

both enzymes were mutated in fruit flies, we observed an upregulation in specific immune 

response genes (Figure 10) (Haussmann et al., 2022). This suggests that cap methylation could 

potentially be a conserved mechanism for differentiating 'self' and 'non-self' molecules in 

invertebrates. Interestingly, a similar pattern has been noted for another RNA modification 

enzyme, ADAR, which edits RNA by converting adenosine to inosine. Initially, fruit fly 

mutants for ADAR were not studied for innate immunity as the mutant display quite low innate 

immune responce, but later studies focusing on innate immunity confirmed that the presence 

of inosine is a conserved indicator of 'self' RNA molecules. This reinforces the potential role 

of RNA modifications in shaping the immune response (Deng et al., 2020; Palladino et al., 

2000b; Robinson et al., 2015). 

 

 

Figure 10.  Functional classification of upregulated (bottom) and downregulated (top) genes in 

CMTr113A; CMTr2M32 double mutant flies compared to control flies reported by Haussmann et al., 2022. 
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Do SNHGs have any role in embryonic development?  

This study showed significant dysregulation of numerous SNHGs in the Cmtr1 KO embryo. Is 

their dysregulation in Cmtr1 mutants contributing to the lethal phenotype? While many SNHGs 

function as prognostic markers in cancer, their physiological role in mice has yet to be explored. 

The studies on SNHGs are limited, focusing only on single cancer cell lines and lacking 

developmental models such as mice or screenings in mouse embryonic stem cells (mESCs) 

(Zimta et al., 2020) . A broader and more detailed investigation could provide important 

insights into the function of SNHGs in embryonic development. Moreover, an insight into the 

function of the SNHG versus its encoded snoRNA would also be insightful. 
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Conclusion 

In conclusion, my PhD research advanced our understanding of CMTR1 and CMTR2 functions 

in mammals. Utilising mouse mutants and cell culture models, I demonstrated that both 

proteins are crucial for mouse embryonic development—a role that is distinct from their 

previously described function in the innate immune system. The absence of cap1 in livers 

confirmed its vital role in distinguishing self- and non-self- RNA molecules in differentiated 

cells, leading to chronic activation of the innate immune system. Furthermore, conditional 

mouse models indicated that CMTR1 is pivotal in post-embryonic development, as its absence 

in germ cells results in male infertility and decreased female fertility. Notably, the comparison 

of dysregulated genes between Cmtr1 and Cmtr2 mutants revealed that cap1 and cap2 

structures each modulate a unique subset of genes. Among the dysregulated genes in Cmtr1 

mutants are snoRNA host genes, 5′TOP transcripts, and ribosomal protein genes. Overall, this 

research illuminated the roles of cap1 and cap2 methylation in gene regulation, extending 

beyond their role in designating cellular RNAs as 'self.' While this study provided several 

answers, it also paved the way for new questions in the field 
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