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RNA modifications play an essential role in determining RNA fate. Recent studies have revealed the effects of such

modifications on all steps of RNA metabolism. These modifications range from the addition of simple groups, such

as methyl groups, to the addition of highly complex structures, such as sugars. Their consequences for translation

fidelity are not always well documented. Unlike the well-known m6A modification, they are thought to have direct

effects on either the folding of the molecule or the ability of tRNAs to bind their codons.

RNA modifications  translation fidelity  2′-O-methylation

1. Role of rRNA Modifications in Translation Fidelity

Ribosomal RNA is the most abundant non-coding RNA in the cytoplasm. It is the main constituent of the ribosome.

In total, 200 modification sites have been mapped on the human ribosome, in which about 2% of the nucleotides

are modified . These modifications can modulate all stages in the life of the rRNA, from ribosome

biogenesis to translation accuracy . The most frequent modifications observed are pseudo-uridines and 2′-O-

methylations, although base methylation and acetylation have been reported . We focus here on the description

of the two main modifications of rRNAs known to affect translation fidelity.

1.1. 2′-O-methylation

2′-O-methylation (Nm) is a modification in which a sugar is added to the 2′C hydroxyl group of the nucleotide. The

chemical impact of Nm on RNA has been investigated by several studies. It has been reported that Nm biases the

sugar pucker equilibrium in favor of the C3′-endo conformation of pyrimidines . Intra-residue steric repulsion

occurs between the Nm, the 3′-phosphate, and the 2-carbonyl groups in the C2′-endo conformation, favoring the

C3′ form. The Nm modification may, therefore, either stabilize or modulate RNA structures.

In human cells, Nm is mediated by the ribonucleoprotein complex consisting of the methylase fibrillarin (FBL) and

the guide RNA (C/D box snoRNA) specific to the methylation site . FBL is an essential protein, but it can be

partially inactivated, leading to a decrease of up to 50% in the number of methylation sites in human cells .

More than 100 2′-O-methylation sites have been mapped on rRNAs, independently of nucleoside identity .

The role of Nm in miscoding has been explored in human cancer cells . FBL overexpression, leading to

hypermethylation of the ribosome, has been shown to trigger an increase in amino-acid incorporation at cognate or

near-cognate codons. It is difficult to identify the 2′-O-methylation sites responsible for this phenotype, because

site-specific inactivation experiments have not been performed yet on human cells. As FBL methylates all the sites,
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the only solution would be to inactivate each snoRNA specifically, one-by-one. A study of this type has been

performed in yeast, in which knockouts of the various guide C/D box snoRNAs have been performed . The

impact of the loss of each snoRNA was evaluated by measuring stop codon readthrough efficiency. Nm-C  was

identified as the most important of the Nm sites tested. The abolition of Nm at this P-site triggers a slight increase

in UAG readthrough. This work revealed a role for Nm-C  in the maintenance of ribosome fidelity during

termination. There is now a need to reproduce such systematic analyses of Nm sites in humans.

The role of rRNA’s Nm extends beyond miscoding events. The downregulation of FBL has been shown to alter

IRES-dependent initiation and frameshifting. A single deletion of Am  or Gm  in the 28S rRNA or of Am  in

the 18S rRNA is embryo-lethal in zebrafish . Moreover, FBL overexpression has been reported during the

differentiation of human stem cells, and in several cancer studies, suggesting a central role in these processes 

.

1.2. Pseudouridine and rRNA

With the exception of position 50 in the 5S rRNA that is catalyzed by the enzyme PUS7, the formation of Ψs in

rRNA is catalyzed by a ribonucleoprotein complex composed of the pseudo-uridine synthase DKC1 associated with

H/ACA box snoRNAs . In human rRNAs, Ψs are mapped with a Ψ/U ratio of 5–7%, with a total of about 100

sites . DKC1 is as an essential protein, and mutations of its gene have been linked to X-linked

dyskeratosis congenita disease. Patients may display alterations to skin color, nail dystrophy, bone marrow failure,

and an increase in the risk of developing cancer and pulmonary fibrosis, although it is not clear whether these

effects are related to the absence of Ψ from rRNA .

The role of Ψs in miscoding has been investigated in human cells . SNORA24 (ACA24), a H/ACA box snoRNA

guiding the Ψ  and Ψ  on the 18S rRNA, has been downregulated in HCC cells . An analysis of ribosomal

pre-translocation complex dynamics by sm-FRET indicated changes in tRNA conformation in the A-site in

ribosomes lacking Ψ  and Ψ  relative to wild-type ribosomes, depending on the tRNA entering the ribosome. It

has also been shown that lower levels of SNORA24 expression increase amino-acid misincorporation by 10%–

20% and readthrough by 15% at UGA, but not at UAG codons.

The way in which Ψs in rRNAs decrease the accuracy of translation seems to depend on their abundance in the

peptidyl transferase and decoding centers of the ribosome . Ψs are known to generate an additional N1 H-bond

donor and to stabilize the C3′-endo conformation . This enables Ψs to increase RNA–RNA stability in the fidelity

centers of the ribosome . A decrease in the number of Ψ sites is, thus, accompanied by ribosome

destabilization, resulting in a decrease in ribosome fidelity.

2. mRNA Modifications Impact the Reading of the Genetic
Code
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Many studies over the last decade have revealed the importance of mRNA modifications. These modifications are

highly dynamic, with eraser proteins able to eradicate the modifications from the mRNA. The dynamic aspect of the

modifications allows integration in a very efficient manner of the RNA metabolism and translation to the

physiological state of the cell, considering the appearance of possible stresses.

2.1. Inosine on mRNA

The formation of inosine on mRNAs is catalyzed by the adenosine deaminases ADAR1 and 2 . The inosines of

mRNAs, like those of tRNAs, play a major role in expansion of the genetic code, with 5072 identified editing sites in

human coding sequences .

One of the best known examples of the importance of A-to-I editing in mRNA is the modification of the glutamate

receptor subunit B (GluRB) precursor messenger RNA: CAG (Gln) → CIG (Arg) in exon 11. This site is modified by

ADAR2 and is essential to ensure the impermeability of the glutamate receptor to Ca  ions . A defect of this

inosine site has, notably, been shown to contribute to neuronal death in amyotrophic lateral sclerosis . The

dysregulation of ADAR1 and 2 has also recently been observed in human hepatocellular carcinoma . Patients

with an upregulation of ADAR1 and a downregulation of ADAR2 have higher incidences of tumor recurrence and

liver cirrhosis, and shorter disease-free survival times. These dysregulations are linked to changes in the number of

inosine sites, with, in particular, hyper-editing of the FLNB mRNA and hypo-editing of the COPA mRNA . Finally,

ADAR1 seems to act as an oncogene, whereas ADAR2 acts as a tumor suppressor, in hepatocellular carcinoma.

Inosine in mRNAs is known to modulate alternative splicing and stability, but it clearly also plays an essential role

as an enhancer of near-cognate tRNA incorporation, ensuring the activity of some proteins . On the other hand,

we did not find any significative difference in ribosome profiling between edited and non-edited mRNA in term of

translation efficiency in A. Thaliana mitochondria . The conservation of these essential CDS sites, rather than

the cognate codon with a G, remains to be evaluated.

2.2. Pseudouridine

Unlike the Ψs found in rRNA, the reaction generating those found in mRNA is catalyzed by pseudo-uridine

synthases, which are RNA-independent proteins , although the existence of some box H/ACA snoRNAs

complementary to mRNAs raises the possibility that RNA-dependent pseudo-urylation of mRNAs also occurs 

. mRNA Ψs are known to be modulated under cellular stress and during development, but no Ψ reader or eraser

has yet been described . Within the translated and untranslated regions of mRNAs, pseudo-uridine is present

with a Ψ/U ratio of 0.2–0.6%, and 1889 sites have been identified by N3-CMC–enriched pseudo-uridine

sequencing . More than 60% of pseudo-uridine residues are located within the coding sequence, suggesting a

link with translation .

In prokaryotes, several studies have described the ability of Ψ to alter base-pairing and induce misincorporation 

. However, far fewer studies have been performed on human cells . Amino-acid misincorporation in front of

a “U-codon” has been shown to occur at a rate of 1%. The presence of Ψ in mRNA induces the substitution of Ser,
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Ile or Leu for Phe at UUU/C codons; Cys or His substitution for Tyr at UAU/C codons; and Pro or Gln substitution

for Leu at CUA/U/C/G codons (Figure 1).

Figure 1. Prediction of anticodon substitution in front of codons with pseudo-uridine (Ψ), based on the amino acid

mis-incorporated in the study of Eyler et.al. (2019). Nucleotides in green indicate a mismatch in front of Ψ.

Nucleotides in red indicate a mismatch next to Ψ. N: A, U, C or G base. Possibilities of codon-anticodon pairings

with more than one mismatch are not represented.

Given the high frequency of Ψ in mRNA and its role in near-cognate tRNA recognition, Ψ modifications probably

make a major contribution to translation fidelity. A closer look at codon/anticodon base-pairing in the case of the

misincorporation of Cys at a Tyr codon reveals a central mismatch between an A and a C. This unfavorable

interaction is probably compensated for by the strong ability of Ψ to stabilize the codon/anticodon structure by

stacking interactions. Indeed, Ψ is known to enhance RNA structure stability. Despite its ability to form a

supplementary N1-hydrogen bond, Ψ has the same Watson-Crick base-pairing properties as U .

2.3. N6-methyladenosine (m A)

The N6-methyladenosine (m A) modification involves the addition of a methyl group to the N atom linked to the C6

of adenosine. Chemical predictions of the impact of m A on RNA–RNA base-pairing suggest a disruption of this

interaction due to the methyl group . Indeed, this group must adopt an anti-conformation in the context of A–U

pairing. This conformation is less energetically favorable than the syn conformation, leading to destabilization of the

RNA–RNA accommodation.

In humans, more than 12000 m A sites are estimated to be present on 7000 mRNAs . About 35% of m A

sites are located within the coding region . m A is a dynamic modification that has been reported to interact with

several enzymes called readers . A heterodimeric methylase complex (METTL3-METTL14) is responsible for

adding the methyl group. Once modified, the site can be recognized by reader proteins, most of which belong to

the YTH-domain protein family (YTHDC and YTHDF), or eraser proteins, which are demethylases (such as FTO

and ALKBH5).

The impact of m A at the first or second position of the codon has been measured by quench flow techniques .

This modification delays tRNA incorporation, by slowing tRNA accommodation at site A of the ribosome. However,
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it has been reported that m A at the middle position of the codon has a lesser effect on pairing for near-cognate

than for cognate tRNAs . This difference in kinetics suggests that tRNA misincorporation rates are likely to be

higher in the presence of m A at the middle position. However, contrary to these findings for prokaryotic systems,

mass spectrometry assays in eukaryotes (wheat germ and HEK293T) identified no miscoding effect of the m A

modification . The method used for eukaryote systems may be insufficiently sensitive to detect

misincorporation in the context of cognate/near-cognate competition. Indeed, the same study found no miscoding

effect of Ψ modification, contradicting the findings of another team published in the same year . In the face of

these conflicting data, further studies are required to clarify the impact of m A on miscoding events.

m A is one of the most commonly studied RNA modifications because of its broad influence on RNA maturation

and degradation, RNA-protein interactions and translation efficiency, implicating this modification in a number of

different biological processes . Focusing on human health, altered m A levels have been

implicated in the regulation of the expression of genes relating to cancer pathogenesis and development .

2.4. 5-methylcytosine

5-methylcytosine (m C) is a cytosine with an additional methyl group on C5. Like m A, m C is a dynamic

modification, with writer, reader and eraser proteins. NSUN2 and the Aly/REF export factor are the principal m C

mRNA writer and reader proteins, respectively . m C has been mapped on several transcriptomes in humans 

. Although NSUN2 and NSUN6 are well-known tRNA-modification enzymes, they also appear to modify

mRNA. The number of m C sites in mRNA has been estimated at about a thousand by bisulfite RNA sequencing

. Interestingly, viral RNAs are particularly rich in m C modifications, suggesting that it could play a role in the

discrimination of endogenous and exogenous RNAs.

The question of the impact of m C on translation has been addressed by ribosome profiling in Hues9 human

embryonic stem cells with a knockout of NSUN6 gene . No global translational defect was observed, but the

absence of NSUN6 was found to trigger stop codon enrichment at the P-site of the ribosome, possibly after

readthrough, and an increase in ribosomes bound to the 3′UTR of mRNAs modified by NSUN6. These data

suggest that m C sites in the 3′UTR of mRNA enhance translation termination efficiency by decreasing the

readthrough rate. It remains unclear how m C in the 3′UTR affects termination. Another study in HEK293T cells

assessed the impact of m C at the three codon positions by mass spectrometry . None of the three positions

was found to modulate the misincorporation of amino acids.

m C is linked to human health. Indeed, NSUN2 mutations are associated with growth retardation,

neurodevelopmental defects, and have been identified as a possible treatment target for tumors .

Moreover, the m C reader and eraser proteins cited above are known to display altered expression levels in

various types of cancer .

3. Utilization of RNA Modifications to Treat Human Diseases
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The field of RNA modifications is undoubtedly a very promising area in human therapy. Synthetic modified mRNAs

can be used in diverse therapeutic contexts, including cardiac regeneration, asthma, cystic fibrosis or lung

diseases . The best-known application is probably the current COVID-19 vaccines of Pfizer/BioNtech

and Moderna. In these mRNA-based vaccines, all the uridine residues are replaced by N1-methyl-pseudouridines

to prevent the recognition of the vaccine mRNA by host RNA sensors and to stimulate translation initiation by

attenuating eIF2α phosphorylation . For those interested in eiF2α stress response and translational

regulations, please see the following review . It is also possible to target mRNAs directly, through the use of

artificial snoRNAs to replace a U residue with a Ψ at a specific position . In this example, changing the U to a Ψ

at the first position of a premature termination codon leads to the incorporation of several amino acids rather than a

stopping of translation. This could restore production of the full-length protein, thereby correcting the genetic

defect.

From another standpoint, RNA modifications affect diverse biological processes, and the correct incorporation of

many of these modifications, at the correct sites, is required for normal development. Alterations to these

modifications have been implicated in several diseases, including cancers and resistance to therapy of melanoma

cells . The role of m A in cancer is very well documented, and m C has also emerged as a major player in

cancer development . Given the crucial roles of writer, reader and eraser proteins in cell homeostasis,

these proteins have naturally emerged as potential treatment targets . Ribosome modifications are also of

potential interest in this context, and DKC1 and FBL may serve as potential anticancer targets, as shown by the

changes in their levels of expression in many cancers .

As discussed above, it is possible to target mRNA with an H/ACA snoRNA for the incorporation of a Ψ at a specific

position. This approach could be used in genetic diseases caused by the presence of a premature termination

codon (PTC). Proof-of-concept has been obtained through the demonstration that replacing the U of the stop

codon with Ψ converts the stop codon into a sense codon . Indeed, serine and threonine were found at ΨAA

and ΨAG codons, whereas tyrosine and phenylalanine were found at ΨGA codons. In principle, it should be

possible to change the modification status of tRNAs to modulate translation fidelity. This would be particularly

useful in diseases linked to the appearance of a premature stop codon, which are treated with readthrough-

inducing molecules. These molecules, such as aminoglycosides, target the ribosome, enabling it to read through

the stop codon, but it should be possible to improve the incorporation of specific tRNAs by altering their

modifications . However, in this case, a delicate balance must be found between promoting high levels of

readthrough without compromising normal tRNA usage. The recent publication describing the stimulation of UGA

readthrough by inhibiting the Cm  modification on tRNA  with 2,6-diaminopurine (DAP) paves the way for the

development of such therapeutic approaches . We are still at the dawning of the epi-transcriptomic era,

particularly as concerns human treatments, but this field promises to yield extraordinary advances.
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