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A B S T R A C T   

Messenger RNAs (mRNAs) serve as blueprints for protein synthesis by the molecular machine the ribosome. The 
ribosome relies on hydrogen bonding interactions between adaptor aminoacyl-transfer RNA molecules and 
mRNAs to ensure the rapid and faithful translation of the genetic code into protein. There is a growing body of 
evidence suggesting that chemical modifications to mRNA nucleosides impact the speed and accuracy of protein 
synthesis by the ribosome. Modulations in translation rates have downstream effects beyond protein production, 
influencing protein folding and mRNA stability. Given the prevalence of such modifications in mRNA coding 
regions, it is imperative to understand the consequences of individual modifications on translation. In this review 
we present the current state of our knowledge regarding how individual mRNA modifications influence ribosome 
function. Our comprehensive comparison of the impacts of 16 different mRNA modifications on translation 
reveals that most modifications can alter the elongation step in the protein synthesis pathway. Additionally, we 
discuss the context dependence of these effects, highlighting the necessity of further study to uncover the rules 
that govern how any given chemical modification in an mRNA codon is read by the ribosome.   

1. Introduction 

RNA molecules serve a variety of essential roles in the cellular pro
tein synthesis machinery. Ribosomal RNAs (rRNAs) form the core of the 
ribosome, messenger RNAs (mRNAs) act as templates for the ribosome 
to ensure that amino acids are added in the correct order, and transfer 
RNAs (tRNAs) bring amino acids into the ribosome (Fig. 1A). These 
diverse functions are accomplished despite the relatively redundant 
chemical properties of the four nucleoside building blocks (cytidine, 
uridine, guanosine and adenosine) used to make all RNAs (Fig. 1B). One 
strategy that cells use to overcome the monotonous nature of the stan
dard nucleosides is to enzymatically modify their structures after they 
are linked together to form RNAs. In all organisms post-transcriptional 
modifications increase the topologies, chemistries and functionalities 
available to RNA molecules [1,2,3,4,5,6,7,8]. While the significance of 
modified nucleosides in tRNA and rRNAs have been well-known for 
decades, mRNA modifications are only recently gaining recognition as 
modulators of mRNA maturation, structure, stability and translation 
[9,10,3,11,5,12,7]. Consistent with the idea that mRNA modifications 
have the potential to play important biological roles, the dysregulation 
of mRNA incorporating enzymes is linked to development a variety of 

diseases, including intellectual disorders and cancers [13,14, 
15,16,17,18,19,20,21,22,23,24,25,26,27]. In this review we present 
data suggesting that most modifications influence how quickly and 
accurately the ribosome decodes an mRNA. We also discuss the limita
tions in our current capacity to predict which sites of mRNA modifica
tion are likely to promote biologically significant perturbations to 
protein synthesis. 

To date > 20 chemical modifications have been detected in 
eukaryotic protein coding mRNAs [28,3,4] (Fig. 2). Modifications can be 
added by enzymes or through non-enzymatic damage, such as alkylation 
or oxidation [28,29,30]. RNA-seq based technologies enabled the 
development of maps reporting where 13 enzymatically incorporated 
modifications can reside in all RNAs within a cell: N6-methyladenosine 
(m6A), pseudouridine (Ψ), dihydrouridine (D), N4-acetylcytidine 
(ac4C), N1-methyladenosine (m1A), N7-methylguanosine (m7G), 2′O- 
methyl modifications (Cm, Am, Gm, Um), 5-methylcytidine (m5C), and 
5-hydroxymethylcytidine (hm5C), and inosine (I) 
[31,32,1,33,34,35,36,37,38,39,40]. Apart from the m7G cap incorpo
rated into the 5′ end of all eukaryotic mRNAs, quantitative liquid 
chromatography coupled to tandem mass spectrometry (LC-MS/MS) 
studies reveal that N6-methyladenosine (m6A), inosine (I) and 
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Fig. 1. RNAs form the basis of the protein synthesis machinery. (A) Depiction of the basic components of the translational machinery, with the three central RNA 
species highlighted (rRNA, tRNA and mRNA). (B) The four chemical building blocks of RNA: adenosine (A), guanosine (G), cytidine (C) and uridine (U). 
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Fig. 2. Modifications in mRNAs. (A) Modifications reported to be enzymatically incorporated into mRNAs. (B) Modifications that can be incorporated as a result of 
RNA damage. (C) Modifications not found naturally found in mRNAs that are either incorporated into mRNA vaccines (m1Ψ) or have been used to probe translation 
termination. 
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pseudouridine (Ψ) are the most common modifications incorporated 
into mRNA by enzymes (Fig. 2A) [3]. m6A, Ψ and I exist in concentra
tions 10 to 100-fold above those of other reported modifications [3]. 
mRNA modifications resulting from oxidation, alkylation, or UV damage 
are typically present at lower levels than enzymatically incorporated 
modifications [30]. Such damage to RNA bases is usually found at the 
most chemically reactive groups (N- or O-) in the purine and pyrimidine 
rings of all four nucleosides [e.g. 8-oxoguanosine, N3-methylcytidine, 
O4-methyluridine and 1-methyladenosine] (Fig. 2B) [30]. Regardless 
of their origin, all nucleoside chemical modifications have the potential 
to impact how ther ribosome decodes an mRNA (Fig. 3A). 

In addition to the modifications present in cellular mRNAs, there is 
an emerging need to understand the consequences on translation of 
including non-naturally occurring modifications into mRNA nucleo
sides. This information is essential because such modifications are 
required components of many RNA-based therapeutics 
[41,42,43,44,45,46]. For mRNA therapeutics, non-naturally occurring 
modifications, such as N1-methylpseudouridine (m1Ψ), enable the 
mRNA sequences evade degradation by the innate immune response 
[41]. Indeed, incorporation of such modifications was crucial to the 
success of the recent COVID-19 mRNA vaccines [43]. Developing a 
comprehensive understanding of how RNA modifications influence 
translation will be essential for the continued rapid development of 
therapeutic mRNA technologies. 

Discerning how individual modifications impact protein synthesis is 
challenging in cells because most of the enzymes that incorporate mRNA 
modifications also catalyze the addition of modifications into multiple 
non-coding RNAs essential to translation (rRNA, tRNA; Fig. 1A) [28,3]. 
This makes it difficult to determine the discrete causes of observed 
changes to protein production when modifying enzymes are depleted. 
Furthermore, mRNA modifications are generally incorporated at sub- 
stoichiometric frequencies, and a mixed population of modified and 
unmodified mRNAs of the same sequence exist in cells [47,48,49,50,51]. 
Therefore, our most direct understanding of how mRNA modifications 
directly impact translation comes from studies investigating protein 
production from in vitro modified mRNA transcripts in translationally 
active lysates or fully purified reconstituted translation systems 
(Fig. 3B). With this in mind, below we examine how 16 individual 
mRNA modifications can influence the elongation and termination steps 
in protein synthesis (Fig. 4A), emphasizing work conducted in lysate and 
purified translation systems (Table 1). 

2. Adenosine modifications 

Post-transcriptional chemical additions to adenosine represent the 
most well-studied class of mRNA modifications. Three enzymatically 
incorporated adenosine modifications that change Watson-Crick face of 
nucleobases have been reported: N6-methyladenosine (m6A), N1- 

Fig. 3. Assessing protein synthesis. (A) Schematic of the steps in bacterial protein synthesis In the first step (initiation), initiation factors (IFs) help the 70S ribosome 
form on an AUG start codon with fMet-tRNAfMet bound in the ribosome P site. During the elongation phase of translation, aminoacyl-tRNAs (aa-tRNAs) are brought 
into the ribosome A site by EF-Tu:GTP (initial binding). The aa-tRNA is then positioned properly in the A site during accommodation, and EF-Tu exits following GTP 
hydrolysis. The amino acid (or peptide) on the P site tRNA is then transferred to the aa-tRNA in the ribosome A site during peptidyl-transfer. After a new peptide bond 
is catalyzed by the ribosome, EF-G binds and moves (translocates) the ribosome and associated tRNAs to the next codon. The cycle of elongation continues until the 
ribosome reaches a stop codon (UAA, UGA or UAG), and release factors (RFs) bind to the A site to catalyze the hydrolysis of the complete polypeptide. (B) Common 
approaches used to study translation. The kinetic resolution and mechanistic detail possible to attain increases as with the purification level of the translation system 
(from cells to reconstituted translation). 
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methyladenosine (m1A) and inosine (I). Notably, m1A can also be added 
non-enzymatically, as the result of alkylative damage. Each of these 
modifications has the potential to change hydrogen bonding interactions 
between an A site mRNA codon and an incoming aa-tRNA or release 
factor. Given that the ribosome relies heavily on precise hydrogen 
bonding patterns to ensure rapid and accurate translation, it is unsur
prising that all three of these modifications perturb mRNA decoding by 
the ribosome. However, the severity of these effects varies widely be
tween m6A, m1A and I, suggesting that additional factors beyond the 
simple disruption of mRNA:tRNA basepairs contribute to their conse
quences on translation. 

2.1. N6-methyladenosine (m6A) 

mA can be incorporated at thousands of locations in the tran
scriptome [83,84,85,86]. It was the first mRNA modification whose 
location was mapped and is a clear modulator of mRNA stability 
[87,88,6,89]. While m6A has been observed throughout mRNA tran
scripts, it is enriched in mRNA 3′ untranslated regions (3’ UTR) and 
coding sequences (CDS) around stop codons [86,7]. Initial studies 
speculated that these sites enhance translation [52]. Consistent with 
this, recent ribosome profiling, RIP-seq and reporter assays suggest that 
m6A binding proteins (YTHDF1, 3 and METTL3) increase the translation 
efficiency of m6A-containing mRNAs in cells and may promote cap in
dependent translation [56,53,22,57,54,55]. While these correlative 
studies suggest the possibility that m6A increases protein expression, 
investigations with modified mRNAs in lysates and bacterial recon
stituted translation systems reach different conclusions. 

Studies with in vitro transcribed mRNAs in translationally active ly
sates and purified translation systems reveal that the elongation of 
growing polypeptides by the ribosome slows on m6A containing codons 
[58,59,60,61,62,90,63]. The impact of m6A on translation elongation 

dependents upon the position of the modification within a given codon. 
The largest reductions in peptide formation are observed when m6A is 
incorporated into the first position of a codon, while the smallest effects 
are seen when m6A is in the 3rd position [58,59,63]. The reduced impact 
on elongation at the 3rd position could possibly be attributed to the 
permissive base-pairing between the tRNA and mRNA tolerated by the 
ribosome at the wobble-position [91]. The detrimental influence of m6A 
on translation elongation has been observed in both bacterial and 
eukaryotic cells, though the reported effects are most significant in the 
fully purified E. coli translation system [59,60,63]. Mechanistic studies 
of purified E. coli ribosomes reveal m6A disrupts a crucial step in ribo
some decoding, the hydrolysis of GTP by EF-Tu (Fig. 3A) [58]. These 
findings are consistent with NMR studies reporting that m6A destabilizes 
duplex A–U base pairs [92]. Despite the potential of m6A to influence 
mRNA:tRNA base-pairing, and its ability to perturb tRNA binding and 
accommodation, it does not increase the propensity of the ribosome to 
select the wrong tRNAs during elongation [70,61]. These data suggest 
the possibility that the inclusion of m6A into codons may present cells 
with a way to transiently slow the ribosome. Programmed transitory 
pauses \ could conceivably help to facilitate co-translational processes, 
such as nascent protein folding and modification, without detrimentally 
impacting the accuracy of protein production. 

2.2. N1-methyladenosine (m1A) 

The prevalence of m1A in mRNA transcripts has been controversial, 
with some groups reporting that it exists at low frequency within 
thousands of eukaryotic transcripts and others suggesting that m1A is 
rarely incorporated into a handful cytoplasmic mRNAs and a single 
mitochondrial mRNA [93,94,64, 95]. Establishing the location and 
abundance of m1A is complicated both by the ability of m1A to be added 
non-enzymatically under alkylative stress, and the apparent influence of 

Fig. 4. Modification of nucleobase positions 
impacts translation. Positions in adenosine 
(A), uridine (B), guanosine (C) and cytidine 
(D) that impede only elongation rates (red), 
elongation rates and amino acid mis- 
incorporation (blue), translation termina
tion (green) are circled. The data are too 
preliminary to confidently assign impacts to 
positions highlighted in orange. (For inter
pretation of the references to colour in this 
figure legend, the reader is referred to 
Table 1 and the web version of this article.)   
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tissue type and cellular conditions on m1A incorporation [64,29,30]. 
Regardless of when m1A is present or how it is incorporated, when the 
ribosome encounters the modification it has the potential to impact 
translation. 

m1A contains a methyl group attached the N1 position of the ring, 
causing the nucleobase to be positively charged (Fig. 2). Relative to 
adenosine, m1A has significantly disrupted hydrogen bonding accepting 
potential, and as such, can be reasonably expected to disrupt tRNA: 
mRNA interactions [96]. Consistent with this, polysome fractionation 
experiments and luciferase-based reporter assays in human cells 
demonstrate that m1A containing mRNAs are translationally repressed 
[64]. These findings are supported by observations that the insertion of 
m1A robustly inhibits mRNA translation in bacterial, yeast and wheat 
germ lysate based translation systems [60,63]. Pre-steady state kinetic 
analyses of cognate and near-cognate amino acid addition on m1A 
modified codons reveal that the modification generally inhibits the 
ability of adenosine to form base pairs [65]. In light of this, it makes 
sense that when the ribosome decodes m1A modified mRNAs in E. coli it 
activates the mRNA quality control pathway (tmRNA) that targets 
damaged mRNAs for degradation [65]. We expect similar quality control 
mechanisms, such as No-Go Decay (NGD), will be triggered in eukary
otes when the ribosome encounters m1A containing codons [97]. 

2.3. Inosine (I) 

The deamination of adenosine to form inosine within mRNAs is 
catalyzed by a family of enzymes called adenosine deaminases acting on 
RNA (ADARs) [98]. Inosine was among the first modifications to be 
discovered in mRNA, and the consequences of inosine incorporation 
change depending on where it is localized within a transcript [99]. The 

majority of inosine sites are located in mRNA untranslated regions 
where they modulate mRNA stability, structure and localization 
[100,101]. Nonetheless, over 1000 sites have been reported in mRNA 
coding regions, suggesting that inosine is regularly encountered by the 
ribosome in cells [102]. 

While inosine is created from adenosine, and lacks an amine group at 
the C2 position, its chemical structure also closely resembles that of 
guanosine – with a carbonyl at C6 (Fig. 2A). Because its structure is 
intermediate between adenosine and guanosine, inosine has the ability 
to base pair with adenosine, cytidine, and uridine - though it preferen
tially binds to cytidine [101]. The significance of this property is high
lighted by the observation that inosine modifications in tRNA anti- 
codons can be recognized as guanosine by the ribosome during trans
lation [103]. As such, it is unsurprising the incorporation of inosine into 
mRNA codons can lead to the incorporation of a variety of amino acids at 
the modified position [66]. It is hypothesized that ability to incorporate 
non-cognate amino acids could be a way to alter protein activities. 
Indeed, this has been shown to happen in the glutamate receptor GluR-B, 
where the presence of an inosine in an mRNA leads to the incorporation 
of arginine instead of glutamine (B. [104]). This is a functionally sig
nificant change, influencing the receptor efficiency and selectivity. 
However, inosine does not always cause the re-coding of an mRNA. The 
ability to promote alternative amino acid incorporation depends 
strongly on the position of the modification within a codon and context 
of the surrounding sequence. Some codons containing inosine modifi
cations promote amino acid substitution < 1% of the time, and others 
result in substitutions nearly every time [66]. While the ribosome ap
pears to mis-incorporate amino acids most often when inosine as at the 
1st position in a codon, the parameters dictating context dependent still 
remain to be established. 

Table 1 
Summary of modifications and their impact on translation.  

Modification Reported Consequence on Translation References 

Adenosine   
N6-methyladenosine (m6A) In cells: 

Increases protein expression, may increase cap-independent translation.  

In vitro: 
Modestly slows translation elongation. Impedes tRNA binding and accommodation. 

[52,53,54,55,56,22,57,58,59,60,61,62,63] 

1-methyladenosine (m1A) Generally represses translation, marks mRNA for degradation. [64,60,63,65] 
Inosine (I) Alters translation accuracy of elongation and termination in some contexts, slows 

elongation. 
[66,67,68] 

Uridine   
Pseudouridine (Ψ) Enhances protein production, modestly decreases elongation rates, promotes initiation, 

can promote low level amino acid mis-incorporation in some contexts 
[69,62,59,10,70,68] 

Guanosine   
7-methylguanosine (m7G) 5′ m7G cap: 

Enhances mRNA maturation, nuclear export, prevents degradation, promotes translation 
initiation. 

[71] 

1-methylguanosine (m1G) Abolishes translation when present at 1st or 2nd position of a codon, reduces ribosome 
accuracy and protein production 

[63] 

6-O-methylguanosine (m6G) Reduces the rate constant for amino acid addition and ribosome accuracy in a position 
dependent manner. 

[72,63] [61] 

8-oxo-7,8-dihydroguanosine (8-oxo) Stalls elongation, decreases yield of protein product. [73,74] 
Cytidine   

5-methylcytidine (m5C) In cells:Can  
repress and enhance translation.  

In vitro: 
Decreases protein production, enhances miscoding 

[59,75] 

N4-acetylcytidine (ac4C) Increases translation efficiency. [76] 
Ribose   

2′-O-methylations (Am, Gm, Um, Cm) Decreases translational efficiency in position and sequence dependent manner. [59] 
Non-naturally occurring   

N1-methylpseudouridine (m1Ψ) Increases protein yield, slows elongation, increases initiation. [77,78,79,80,81,68] 
2-Pyridone (Py) Abolishes stop codon recognition by release factors. [82] 
Zebularine (Ze) Abolishes stop codon recognition, promotes read through. [82] 
Purine (P) Decreases stop codon recognition by RF2, but not RF1, in a position dependent manner. [82] 
2,6-diaminopurine (DAP) Decreases stop codon recognition by RF2, but not RF1, in a position dependent manner. [82]  
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Not only does inosine have the ability to change the identity of 
protein products, iterated inosines also cause ribosomes to stall and 
generate truncated peptide products [67,66]. Changes to multiple as
pects of the translation pathway likely contribute to these stalling 
events, including inosine impacting EF-Tu binding and anti-codon/ 
codon interactions [67]. Furthermore, the substitution of A for I in 
UAG, UGA and UAA stop codons can change the specificity of bacterial 
release factors, with UIG and UGI substitutions increasing stop-codon 
read-through (by up to 90%) [82,105,66]. Together these findings 
suggest that the promiscuous nature of inosine base pairing can impact 
all steps of translation that depend on hydrogen bonding to ensure 
accuracy. 

3. Uridine modifications 

In contrast to modifications of other nucleosides, uridine modifica
tions have been generally more difficult to discover and quantify in 
mRNAs in part due to the lower limits of detection possible for these 
nucleosides on mass-spectrometry in LC-MS/MS. Nonetheless, the two 
most common uridine modifications in non-coding RNAs, pseudouridine 
(Ψ) and dihydrouridine (D), have also been reported in mRNAs 
[106,31,107,108,109]. D was discovered only recently, and the loss of 
the enzymes that incorporate it into mRNAs (which also target tRNAs) 
appears to slow translation [31]. Ψ is the second most abundant natu
rally occurring modification in mRNAs, and is also notable because it is 
related to the 1-methylpseudouridine (m1Ψ) modification included in 
many mRNA vaccines and therapeutics [41,43] (Fig. 4B, and ‘non-nat
ural mRNA modifications’ section below). While decades of studies 
demonstrate that Ψs present in tRNA make important contributions to 
translation, it has only recently come to light that Ψ in mRNA may also 
have significant consequences on protein synthesis. 

3.1. Pseudouridine (Ψ) 

Pseudouridine is unique among mRNA modifications because it is 
the only isomer of a nucleoside base that is incorporated (Fig. 2). Studies 
mapping the position of Ψ in the transcriptome indicate that it is present 
in hundreds of mRNA transcripts, with the majority of Ψ sites being 
localized in mRNA introns and CDS regions 
[106,107,108,110,111,109]. Initial reporter studies in cells suggested 
that the inclusion of Ψ in mRNA codons enhances translation and pro
motes protein production [69,62]. However, in vitro studies reached 
contradictory conclusions, indicating that Ψ slows translation 
[70,59,60]. These findings have since been reconciled by a recent study 
demonstrating that Ψ containing mRNAs slow elongation to induce 
stalling events, but still generate high levels of protein because they 
exhibit increased levels of ribosome loading onto transcripts . The 
impact of Ψ on translation termination has also been investigated. The 
insertion of Ψ has been reported to suppress translation termination at 
stop codons, though the degree to which this occurs in cells remains 
controversial [70,112,113,114]. Taken together these studies demon
strate that Ψ can influence multiple steps along the translation pathway. 

Ψ has long been studied for its ability to form non-canonical base 
pairs. Similar to inosine - though to a lesser degree - Ψ also promotes the 
addition of near-cognate amino acids in a highly context dependent 
manner [70]. In vitro translation studies reveal that the inclusion of Ψ 
increases the rate constant for valine mis-incorporation on phenylala
nine UUU codons when Ψ is at the first and third codon positions. In
vestigations of amino acid mis-incorporation into luciferase reporters 
produced from Ψ substituted mRNAs in HEK293 cells support these 
findings. Luciferase peptides generated from fully Ψ substituted mRNAs 
have much higher (> 20-fold) levels of mis-incorporated amino acids 
than peptides made from mRNAs only containing canonical uridine 
nucleosides [70]. However, consistent with the context dependence 
observed in in vitro translation studies, amino acid addition was not 
observed on every Ψ substituted codon. The position dependent 

modulations in ribosome accuracy by Ψ is akin to what has been re
ported for inosine. Understanding the rules that govern these context 
dependent effects will be important for researchers seeking to identify 
which Ψ-modified mRNA sites have the greatest potential to transla
tionally control gene expression. 

4. Guanosine modifications 

Methylations account for all of the mRNA modifications reported in 
guanosine nucleosides to date. These modifications result from either 
enzymatic reactions (N7-methylguanosine) and non-specific RNA dam
age (6-O-methylguanosine, 1-methylguanosine, 8-oxoguanosine) 
(Fig. 2). Similar to analogous purine methylations in adenosine, gua
nosine modifications impact the speed and fidelity of translation 
(Fig. 4C). As might be expected, the promiscuously incorporated RNA 
damage products all strongly reduce the ability of the ribosome to 
catalyze protein synthesis. 

4.1. N7-methylguanosine (m7G) 

The N7-methylguanasine cap present at the 5′ of all eukaryotic 
mRNAs is perhaps the most well studied mRNA modification. In contrast 
to the other modifications discussed thus far, the m7G cap is attached to 
mRNAs by a tri-phosphate linkage [115]. The m7G cap is a key feature of 
eukaryotic mRNAs, making crucial contributions to mRNA maturation, 
nuclear export, stability and translation initiation [71]. Recently m7G 
modifications were also discovered in mRNAs outside of the 5′ cap, in 
the 3′ UTR and CDS regions of mRNAs [116,71,117]. As the many 
functions of the m7G cap have been widely reviewed elsewhere 
[118,119], we will limit our brief discussion to the new class of internal 
mRNA m7G modifications. 

Like other methylations, the location of m7G sites within mRNA 
transcripts redistributes under varying stress conditions [71]. Analysis 
of human ribosome profiling data suggest that the inclusion of m7G 
increases the translation efficiency of modified mRNAs [71]. However, 
whether the observed impact is mediated by a cellular protein, occurs at 
initiation, or is a direct consequence of modifications at discrete sites on 
translation elongation or termination remains to be seen. Given the 
known ability of m7G in rRNAs and tRNAs to alter duplex RNA structure 
and dynamics [120,121,122] we anticipate that direct studies with pu
rified components (Fig. 3B) will reveal that m7G impedes tRNA binding 
and accommodation, similar to other methylations that change RNA 
structure and dynamics. Knowing this information would allow future 
studies to direct their investigations towards identifying RNA-protein 
interactions that may help to improve translation efficiency, akin to 
the proposed role YTHDF reader proteins in enhancing the translation of 
m6A-modified transcripts [53]. 

4.2. 1-methylguanosine (m1G) 

1-methylguanosine (m1G) is among the least abundant modifications 
reported in mammalian mRNAs [3]. Translation studies in wheat germ 
lysates and a reconstituted E. coli translation system suggest that, much 
like m1A, m1G can have dramatic effects on protein synthesis [63]. The 
incorporation of m1G into the 1st and 2nd codon positions abolishes 
protein production from reporter mRNAs (Fig. 3B), though protein 
output is unaffected when m1G was instead present in the 3rd position 
(wobble). The introduction of m1G into the first position of an mRNA 
codon also reduces protein production and ribosome accuracy (being 
decoded as either uridine or cytidine) in translationally active wheat 
germ lysates. Amino acid substitution on m1G codons is also observed, 
though to a more dramatic extent, in the peptides produced from the 
E. coli translation system. m1G changes translation in a similar way as 
m1A, suggesting that methylations to the N1 position of purine rings 
generally disrupts ribosome function [65]. 
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4.3. 6-O-methylguanosine (m6G) 

While the alkylation of adenosine at the N6 position is accomplished 
enzymatically, the analogous modification in guanosine (6-O-methyl
guanosine (m6G)) occurs through RNA damage [61,29,30]. Despite its 
discovery over 30 years ago the impact of m6G on translation has only 
been recently assessed [72,63] [61]. m6G changes in the guanosine 
Watson-Crick basepairing face and permits the nucleoside to be decoded 
as an adenosine. This results in the increased mis-incorporation of amino 
acids by both bacterial and eukaryotic ribosomes [61,63]. In cells, this 
change in basepairing has the potential to alter protein composition, or 
impact the overall rate of protein synthesis. 

Investigations across multiple translation systems (Fig. 3B) demon
strate that m6G perturbs protein synthesis in a position dependent 
manner. When poised in the first position of a codon, m6G reduces the 
rate constants for amino acid addition by the ribosome and impedes the 
cognate tRNA selection [61]. Substitution of m6G for G at the second 
position in a codon also reduces peptide bond formation with cognate 
aa-tRNA by 1000-fold, but unlike subsitution at the first position, it does 
not alter tRNA selection to permit non-cognate aa-tRNA to react [61,63]. 
In contrast, the presence of m6G at the 3rd position in a codon does not 
appear to affect cognate aa-tRNA interactions with the ribosome, but 
does enhance the incorporation of near cognate amino acids [61,63]. 
Interestingly, the ability of m6G to promote miscoding when in the 1st 
and 3rd positions of a codon, but not in the second, is reminiscent of the 
effects of Ψ. This differs markedly from the behavior of m6A, suggesting 
that adding an electron donating methyl-group to the hydrogen bond 
acceptor of a nucleobase is more detrimental than adding a methyl 
group to an hydrogen bond donor in N6 position of a purine ring. 

4.4. 8-oxoguanine (8-oxoG) 

It is estimated that 8-oxoG is generated once per every 105 unmod
ified guanosine nucleosides. It results from oxidative damage, and 
mRNAs are particularly susceptible to such damage due to their single 
stranded structures [123,124]. 8-oxoG is among the most abundant RNA 
damage products and significantly disrupts RNA structure [125,126]. 
Consistent with its ability to perturb RNA structure, the inclusion of 8- 
oxoG in mRNAs has been shown to stall translation elongation, 
decreasing the yield of protein product in both eukaryotic lysates and 
fully purified bacterial translation systems [73,74]. Consistent with this, 
kinetic studies in a reconstituted translation system demonstrate the 
inclusion of 8-oxoG in an mRNA codon reduces the rate constants for 
amino acid addition by up to four orders of magnitude [74]. In contrast 
to many other modifications, the extent to which 8-oxoG changes amino 
acid addition is independent of where the modification is localized 
within a codon. 8-oxoG is recognized by near-cognate tRNAs, though the 
peptide bond formation efficiency for these reactions is low, and the rate 
constants for near-cognate incorporation on codons containing 8-oxoG 
are only slightly faster (< 10%) than on unmodified codons [74]. As 
such, it is unlikely that 8-oxoG causes miscoding in the cell. The steric 
clash between the oxygen at the 8th position of the base and the phos
phate group at the 5th, which changes the base pairing potential of 8- 
oxoG, likely contributes to the observed uniformity of 8-oxoG medi
ated disruptions to translation. Given the large magnitude of disruptions 
to translation caused by 8-oxoG, we expect ribosomes to stall signifi
cantly, resulting in ribosome collisions that ultimately lead to the 
degradation of 8-oxoG containing transcripts by co-translational mRNA 
surveillance mechanisms [127,128,129]. 

5. Cytidine modification 

While a variety cytidine modifications have been reported in mRNAs 
(ac4C, m3C, hm5C, m5C, Cm), the consequences of only two nucleobase 
modifications, 5-methylcytidine and N4-actylcytidine, have been 
investigated. These initial studies reveal that the activities of enzymes 

incorporating m5C and ac4C into non-coding RNAs and mRNAs are 
important for translation. They also raise the possibility that cytidine 
mRNA modifications may have the unique ability to both slow and 
enhance translation elongation. 

5.1. 5-methylcytidine (m5C) 

The most common cytidine modification in both non-coding and 
protein coding mRNAs is m5C. The presence of m5C in tRNA influences 
aminoacylation, structure, stability and codon recognition [130] 
[131,132]. The ability of m5C in tRNA to effect codon:anti-codon in
teractions suggests that it may have a similar impact when present in 
mRNA codons. Much like other common modifications, m5C was first 
identified within mRNAs several decades ago, though its location within 
transcripts has only recently been mapped [133,134,135][75]. The 
abundance and frequency of m5C in mRNAs is not yet clear, though 
transcriptome wide maps of m5C sites indicate that the modification is 
more common in mRNA UTRs than coding regions [75]. 

Ribosome profiling studies have reached opposing conclusions about 
the effect of m5C in mRNA transcripts on translation, with some studies 
suggesting that these modifications enhance translation, and others 
indicating that they either repress, or do not change protein synthesis 
[75,136,137]. For example, a key m5C modifying enzyme, Nsun2 [75], 
has been reported to both increase and decrease the levels of translation 
in eukaryotic cells137] [60]. Studies in a fully reconstituted E. coli 
translation system found that the insertion of a single m5C into an mRNA 
reporter decreases the production of peptide in a reconstituted E. coli 
translation system by ~40% and increases amino acid mis-incorporation 
levels [59]. Such significant effects on both the extent and accuracy of 
protein production may help to rationalize why m5C is more commonly 
mapped in mRNA UTRs than in coding regions. Additional studies will 
be needed to deconvolute the impacts of m5C in UTRs and CDS, as it is 
possible that m5C in UTR regions enhance translation, while that in CDS 
regions may repress elongation. 

5.2. N4-actylcytidine (ac4C) 

The only acetylation reported in mRNA nucleosides is found on the 
N4 position of cytidine. Ac4C is common in non-coding RNAs and has 
recently also been observed in yeast, human and hyperthermophilic 
archaea mRNAs [76,138,139]. The N-acetyltransferase 10 (Nat10 in 
humans) enzyme is responsible for incorporating ac4C in yeast and 
humans [76,139]. One recent study conducted an in-depth investigation 
into the role of ac4C in mRNA [76]. This work used transcriptome-wide 
approaches to compare the stability and translation of mRNAs in wild- 
type nat10Δ cells. Their findings suggest that the presence of ac4C in 
mRNA increases translation efficiency, which the authors attribute to 
stabilizations in mRNA structure. However, the fact that Nat10 catalyzes 
ac4C addition not only into mRNAs, but also into tRNAs and rRNAs, and 
the prediction that most ac4C sites have relatively low frequencies of 
incorporation, present challenges in the interpretation of these data. 
Additional biochemical studies will be required to verify these initial 
studies and fully detangle the contributions of ac4C in mRNA and non- 
coding RNAs during translation. 

6. Ribose modifications (2′ OMe) 

2′-O-methylations have been reported on all four standard nucleo
sides (Am, Gm, Um, Cm) and some modified bases (m6Am) in mRNAs 
[140]. When present in mRNA CDS regions, 2′OMe modifications 
decrease translational efficiency in a position and sequence dependent 
manner [141,59]. Kinetic analyses, together with x-ray crystallography 
studies, demonstrate that 2′OMe modifications disrupt the ribosome 
decoding center, perturbing tRNA accommodation during translation 
elongation [141]. NMR studies reveal that 2′OMe modifications have 
large impacts on RNA dynamics, suggesting the possibility that these 
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modifications modulate the secondary structure ensembles of mRNAs in 
the ribosome active site – perhaps subtly favoring conformations that 
are not optimal for translation [142]. 

7. Non-naturally occurring mRNA modifications 

There is growing interest in understanding the impact of mRNA 
modifications not present in nature on translation. The inclusion of 
modifications, such as N1-methylpseudouridine (m1Ψ), in mRNAs vac
cines and therapeutics, underscores the need to be able to predict how 
changing individual positions in a nucleobase will impact translation 
[43]. Below we present what is known about the influence of m1Ψ on 
translation, and discuss investigations of a series of non-naturally 
occurring modifications that revealed the chemical basis for stop- 
codon recognition by release factors during translation termination. 

7.1. N1-methylpseudouridine (m1Ψ) 

m1Ψ is present in both tRNA and rRNA, but has not yet been detected 
in mRNA [28,143,144]. However, it is decoded by the ribosome when it 
is included in therapeutic mRNA, such as the SARS-CoV-2 mRNA vac
cines [43]. Protein yield from m1Ψ-modified mRNAs is increased 
because the modification helps transcripts to evade the cellular immune 
response [41,77]. Studies of fully m1Ψ modified mRNA reporters in cell- 
free rabbit reticulocyte lysate translation systems indicate that m1Ψ also 
impacts protein synthesis. Like Ψ, m1 Ψ induces ribosome stalling to 
slow polypeptide elongation, while still creating large amounts of pro
tein product [78]. Similar to Ψ, these two observations can be reconciled 
by increased translation initiation rates and the ability of cellular 
membranes to prevent ribosome collisions [68]. Moreover, the ability of 
m1Ψ to stabilize RNA structure may also account for some of the 
observed effects of m1Ψ on mRNA half-life and translation [77]. Struc
ture generally increases RNA half-life, and stabilization of some struc
tures in mRNA coding regions can enhance protein expression [79,78]. 

Though it seems counterintuitive, there are multiple ways that 
modest decreases in ribosome elongation speed could lead to increase 
levels of protein product [78]. Slowed progression of the ribosome along 
an mRNA can enhance co-translational protein folding (and therefore 
stability) [78,145], provide time for important RNA binding proteins to 
interact with a transcript [78,80], or the ribosome itself can protect an 
mRNA from endonucleases [78,81]. Furthermore, because m1Ψ reduces 
eIF2α-phosphorylation levels, slowed elongation might be beneficial in 
preventing ribosome collisions that might otherwise occur with rapidly 
loaded ribosomes. These possibilities can help to rationalize the 
observed impact of incorporating m1Ψ into mRNAs on the ultimate 
levels of their resulting protein products. 

7.2. Pyridone (Py), zebularine (Ze), 2,6-diaminopurine (DAP), purine 
(P) 

Pyridone (Py), zebularine (Ze), 2,6-diaminopurine (DAP) and purine 
(P) have all been introduced into stop codons (UAA, UAG, UGA) to 
assess the chemical requirements of nucleobases essential for translation 
termination. At the stringently monitored U1 position, removal of the 
ability of stop-codon nucleobases to donate and accept hydrogen bonds 
by the inclusion of Py and Ze abolishes the recognition of stop-codons 
release factors [82]. However, these modifications had differential ef
fects – with Ze promoting translational readthrough, and Py leading to 
stalled ribosomes. In contrast to the U1 pyrimidine modifications, the 
bacterial release factor 1 (RF1) still robustly catalyzes release on codons 
containing DAP and Purine at the 2nd and 3rd position [82]. However, 
release factor 2 (RF2) is only able to perform peptide hydrolysis when 
Purine is in the 3rd codon position, and DAP is in the 2nd position of a 
stop codon. These studies reveal that RF1 more flexibly recognizes stop- 
codons than RF2. Additionally, the accuracy of RF2 stop codon recog
nition is enhanced in the presence of an amino or carbonyl group at the 

second stop-codon nucleotide, and N6 in the last nucleoside of a stop 
codon. Analogous studies with non-natural nucleosides in other codons 
could be informative for gaining insight into how modified nucleosides 
in tRNA anticodons interact with mRNA in the ribosome A site. 

8. Conclusions 

Post-transcriptional modifications to mRNA nucleosides have been 
observed at thousands of sites in the eukaryotic transcriptome 
[106,84,107,108,109,117,51]. Although all of the modifications inves
tigated so far can alter translation (Fig. 4), they do so to different de
grees. The largest impacts on amino acid addition rate constants are 
observed for methylations to the N1 positions on purine nucleobases 
that abolish the ability of the base to form hydrogen bonds at this crucial 
position (m1G, m1A). This is in contrast to modifications made to the 
adjacent O6 and N6 functional groups (m6A, O6G, inosine), which alter 
tRNA binding and accommodation by the ribosome, but still permit 
amino acid addition. In general, non-methyl modifications to the 6- 
membered ring in purines and pyrimidines appear to effect ribosome 
accuracy (inosine, Ψ), likely because such modifications can signifi
cantly change strength and pattern of possible hydrogen bonding in
teractions between codons and tRNA anti-codons. Notably, merely 
changing the strength of Watson-Crick hydrogen bonding does not 
necessarily promote the misreading of codons. Illustrative of this, both 
inosine and m6A disrupt slow translation elongation, but only inosine 
promotes amino acid mis-incorporation. This suggests that changing, not 
simply abrogating, the hydrogen bonding potential of nucleobases has a 
large influence on tRNA selection. These observations are consistent 
with what is already known about the fundamental principles that shape 
mRNA:tRNA interactions, and alterations in Watson-Crick pairing have 
consequences on translation regardless of whether modifications are 
incorporated onto tRNA anticodons or mRNA codons. 

The parameters that dictate how modifications not on the Watson- 
Crick face of nucleobases impact translation are less clear. It is 
possible that such modifications, like Ψ, m5C or 8-oxoG, change nucle
obase ring electronics to perturb the strength of the hydrogen bond 
donors and acceptors involved in base pairing. Additionally, modifica
tions have the capacity to change intra-molecular interactions with an 
mRNA, or interactions between rRNA and mRNA within the A site. 
There is growing evidence that such factors, and not only anticodon: 
codon interactions, have a bigger contribution to translation elongation 
than previously recognized. This idea is supported by the common 
conclusion reached in studies of multiple modifications that the effect of 
a given modification on amino acid addition and translation accuracy 
largely depends on the sequence context in which the modification is 
placed. 

The in vitro work discussed in this review assesses translation on 
mRNAs that have every site of interest 100% modified. In cells this is 
rarely the case. While there are not yet measurements available of the 
occupancy of most modified sites, we do know that the two most com
mon mRNA modifications, m6A and Ψ, are incorporated at sub- 
stoichiometric levels (ranging from ~5–80%) [146,147,109,51]. The 
biological impact of any given modified site on translation will therefore 
depend largely on its occupancy. This is analogous to what has been 
observed for protein post-translational modifications, which are also 
incorporated at similarly sub-stoichiometric levels [148]. We anticipate 
that sites with higher levels of modification incorporation are likely to 
have more significant impacts on protein production. Future systematic 
biochemical and computational studies will be needed to uncover both 
the stoichiometry of modified mRNA sites as well as the context 
dependence of translational effects. This information will be broadly 
useful as researchers seek to identify which of the many chemically- 
modified positions reported mRNA codons are the most likely to have 
consequences for translation in cells. 
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[60] T.P. Hoernes, D. Heimdörfer, D. Köstner, K. Faserl, F. Nußbaumer, R. Plangger, 
C. Kreutz, H. Lindner, M.D. Erlacher, Eukaryotic translation elongation is 
modulated by single natural nucleotide derivatives in the coding sequences of 
mRNAs, Genes 10 (2) (2019) E84, https://doi.org/10.3390/genes10020084. 

[61] B.H. Hudson, H.S. Zaher, O6-Methylguanosine leads to position-dependent effects 
on ribosome speed and fidelity, RNA (New York, N.Y.) 21 (9) (2015) 1648–1659, 
https://doi.org/10.1261/rna.052464.115. 
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D. Weissman, K. Karikó, Incorporation of pseudouridine into mRNA enhances 
translation by diminishing PKR activation, Nucleic Acids Res. 38 (17) (2010) 
5884–5892, https://doi.org/10.1093/nar/gkq347. 

[70] D.E. Eyler, M.K. Franco, Z. Batool, M.Z. Wu, M.L. Dubuke, M. Dobosz-Bartoszek, 
J.D. Jones, Y.S. Polikanov, B. Roy, K.S. Koutmou, Pseudouridinylation of mRNA 
coding sequences alters translation, Proc. Natl. Acad. Sci. U. S. A. 116 (46) (2019) 
23068–23074, https://doi.org/10.1073/pnas.1821754116. 

[71] L. Malbec, T. Zhang, Y.-S. Chen, Y. Zhang, B.-F. Sun, B.-Y. Shi, Y.-L. Zhao, 
Y. Yang, Y.-G. Yang, Dynamic methylome of internal mRNA N7-methylguanosine 

and its regulatory role in translation, Cell Res. 29 (11) (2019) 927–941, https:// 
doi.org/10.1038/s41422-019-0230-z. 

[72] H. Kersten, M. Albani, E. Männlein, R. Praisler, P. Wurmbach, K.H. Nierhaus, On 
the role of ribosylthymine in prokaryotic tRNA function, Eur. J. Biochem. 114 (2) 
(1981) 451–456, https://doi.org/10.1111/j.1432-1033.1981.tb05166.x. 

[73] X. Shan, Y. Chang, C.G. Lin, Messenger RNA oxidation is an early event preceding 
cell death and causes reduced protein expression, FASEB J. 21 (11) (2007) 
2753–2764, https://doi.org/10.1096/fj.07-8200com. 

[74] C.L. Simms, B.H. Hudson, J.W. Mosior, A.S. Rangwala, H.S. Zaher, An active role 
for the ribosome in determining the fate of oxidized mRNA, Cell Rep. 9 (4) (2014) 
1256–1264, https://doi.org/10.1016/j.celrep.2014.10.042. 

[75] T. Huang, W. Chen, J. Liu, N. Gu, R. Zhang, Genome-wide identification of mRNA 
5-methylcytosine in mammals, Nat. Struct. Mol. Biol. 26 (5) (2019) 380–388, 
https://doi.org/10.1038/s41594-019-0218-x. 

[76] D. Arango, D. Sturgill, N. Alhusaini, A.A. Dillman, T.J. Sweet, G. Hanson, 
M. Hosogane, W.R. Sinclair, K.K. Nanan, M.D. Mandler, Acetylation of cytidine in 
mRNA promotes translation efficiency, Cell 175 (7) (2018) 1872–1886. 

[77] Y.V. Svitkin, Y.M. Cheng, T. Chakraborty, V. Presnyak, M. John, N. Sonenberg, 
N1-methyl-pseudouridine in mRNA enhances translation through eIF2α- 
dependent and independent mechanisms by increasing ribosome density, Nucleic 
Acids Res. 45 (10) (2017) 6023–6036, https://doi.org/10.1093/nar/gkx135. 

[78] D.M. Mauger, B.J. Cabral, V. Presnyak, S.V. Su, D.W. Reid, B. Goodman, K. Link, 
N. Khatwani, J. Reynders, M.J. Moore, I.J. McFadyen, MRNA structure regulates 
protein expression through changes in functional half-life, Proc. Natl. Acad. Sci. 
U. S. A. 116 (48) (2019) 24075–24083, https://doi.org/10.1073/ 
pnas.1908052116. 

[79] Y. Ding, Y. Tang, C.K. Kwok, Y. Zhang, P.C. Bevilacqua, S.M. Assmann, In vivo 
genome-wide profiling of RNA secondary structure reveals novel regulatory 
features, Nature 505 (7485) (2014) 696–700, https://doi.org/10.1038/ 
nature12756. 

[80] A. Re, T. Joshi, E. Kulberkyte, Q. Morris, C.T. Workman, RNA-protein 
interactions: an overview, Method Mol. Biol. (Clifton, N.J.) 1097 (2014) 
491–521, https://doi.org/10.1007/978-1-62703-709-9_23. 

[81] D.R. Schoenberg, Mechanisms of endonuclease-mediated mRNA decay, Wiley 
Interdisc. Rev. RNA 2 (4) (2011) 582–600, https://doi.org/10.1002/wrna.78. 

[82] T.P. Hoernes, N. Clementi, M.A. Juen, X. Shi, K. Faserl, J. Willi, C. Gasser, 
C. Kreutz, S. Joseph, H. Lindner, A. Hüttenhofer, M.D. Erlacher, Atomic 
mutagenesis of stop codon nucleotides reveals the chemical prerequisites for 
release factor-mediated peptide release, Proc. Natl. Acad. Sci. U. S. A. 115 (3) 
(2018) E382–E389, https://doi.org/10.1073/pnas.1714554115. 

[83] K. Chen, Z. Lu, X. Wang, Y. Fu, G.-Z. Luo, N. Liu, D. Han, D. Dominissini, Q. Dai, 
T. Pan, High-resolution N6-methyladenosine (m6A) map using photo- 
crosslinking-assisted m6A sequencing, Angew. Chem. 127 (5) (2015) 1607–1610. 

[84] D. Dominissini, S. Moshitch-Moshkovitz, S. Schwartz, M. Salmon-Divon, L. Ungar, 
S. Osenberg, K. Cesarkas, J. Jacob-Hirsch, N. Amariglio, M. Kupiec, Topology of 
the human and mouse m 6 A RNA methylomes revealed by m 6 A-seq, Nature 485 
(7397) (2012) 201–206. 

[85] B. Linder, A.V. Grozhik, A.O. Olarerin-George, C. Meydan, C.E. Mason, S. 
R. Jaffrey, Single-nucleotide resolution mapping of m6A and m6Am throughout 
the transcriptome, Nat. Methods 12 (8) (2015) 767–772, https://doi.org/ 
10.1038/nmeth.3453. 

[86] K.D. Meyer, Y. Saletore, P. Zumbo, O. Elemento, C.E. Mason, S.R. Jaffrey, 
Comprehensive analysis of mRNA methylation reveals enrichment in 3′ UTRs and 
near stop codons, Cell 149 (7) (2012) 1635–1646. 

[87] S. Ke, A. Pandya-Jones, Y. Saito, J.J. Fak, C.B. Vågbø, S. Geula, J.H. Hanna, D. 
L. Black, J.E. Darnell, R.B. Darnell, M 6 A mRNA modifications are deposited in 
nascent pre-mRNA and are not required for splicing but do specify cytoplasmic 
turnover, Genes Dev. 31 (10) (2017) 990–1006, https://doi.org/10.1101/ 
gad.301036.117. 

[88] U. Lavi, R. Fernandez-Mufioz, J.E. Darnell, Content of N-6 methyl adenylic acid in 
heterogeneous nuclear and messenger RNA of HeLa cells, Nucleic Acids Res. 4 (1) 
(1977) 63–69, https://doi.org/10.1093/nar/4.1.63. 

[89] S. Sommer, M. Salditt-Georgieff, S. Bachenheimer, J.E. Darnell, Y. Furuichi, 
M. Morgan, A.J. Shatkin, The methylation of adenovirus-specific nuclear and 
cytoplasmic RNA, Nucleic Acids Res. 3 (3) (1976) 749–766, https://doi.org/ 
10.1093/nar/3.3.749. 

[90] T. Smith, M. Tardu, H.R. Khatri, K.S. Koutmou, MRNA and tRNA Modification 
States Influence Ribosome Frame Maintenance During Poly(lysine) Peptide 
Synthesis, Submitted, 2022. 

[91] P.F. Agris, Decoding the genome: a modified view, Nucleic Acids Res. 32 (1) 
(2004) 223–238, https://doi.org/10.1093/nar/gkh185. 

[92] B. Liu, D.K. Merriman, S.H. Choi, M.A. Schumacher, R. Plangger, C. Kreutz, S. 
M. Horner, K.D. Meyer, H.M. Al-Hashimi, A potentially abundant junctional RNA 
motif stabilized by m6A and Mg2, Nat. Commun. 9 (1) (2018) 2761, https://doi. 
org/10.1038/s41467-018-05243-z. 

[93] D. Dominissini, S. Nachtergaele, S. Moshitch-Moshkovitz, E. Peer, N. Kol, M. 
S. Ben-Haim, Q. Dai, A. Di Segni, M. Salmon-Divon, W.C. Clark, G. Zheng, T. Pan, 
O. Solomon, E. Eyal, V. Hershkovitz, D. Han, L.C. Doré, N. Amariglio, G. Rechavi, 
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