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ABSTRACT
Transfer RNA (tRNA) is not merely a passive carrier of amino acids, but an active regulator of mRNA translation controlling 
codon bias and optimality. The synthesis of various tRNA modifications is regulated by many “writer” enzymes, which utilize 
substrates from metabolic pathways or dietary sources. Metabolic and bioenergetic pathways, such as one-carbon (1C) metabo-
lism and the tricarboxylic acid (TCA) cycle produce essential substrates for tRNA modifications synthesis, such as S-Adenosyl 
methionine (SAM), sulfur species, and α-ketoglutarate (α-KG). The activity of these metabolic pathways can directly impact 
codon decoding and translation via regulating tRNA modifications levels. In this review, we discuss the complex interactions 
between diet, metabolism, tRNA modifications, and mRNA translation. We discuss how nutrient availability, bioenergetics, and 
intermediates of metabolic pathways, modulate the tRNA modification landscape to fine-tune protein synthesis. Moreover, we 
highlight how dysregulation of these metabolic-tRNA interactions contributes to disease pathogenesis, including cancer, meta-
bolic disorders, and neurodegenerative diseases. We also discuss the new emerging field of GlycoRNA biology drawing parallels 
from glycobiology and metabolic diseases to guide future directions in this area. Throughout our discussion, we highlight the 
links between specific modifications, their metabolic/dietary precursors, and various diseases, emphasizing the importance of 
a metabolism-centric tRNA view in understanding many pathologies. Future research should focus on uncovering the interplay 
between metabolism and tRNA in specific cellular and disease contexts. Addressing these gaps will guide new research into 
novel disease interventions.

1   |   Introduction

Cells have evolved the capacity to respond to a wide vari-
ety of extrinsic and intrinsic stimuli to ensure their survival. 
Responding to nutrient availability, depletion, and metabolic 

cues is essential to ensure proper energy regulation. In recent 
years, our understanding of the intimate links between trans-
lation and metabolism has allowed for a new understanding of 
a variety of physiological and pathological phenomena (Biffo 
et al. 2024; Snieckute et al. 2022; Tang et al. 2024). Cancer cells, 
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for example, possess a large array of metabolic adaptations that 
regulate translation to ensure survival in the stressful tumor mi-
croenvironment (TME) (Nakahara et al. 2023; Tang et al. 2024; 
Yang et  al.  2024). mRNA translation is an energy-expensive 
process that is tightly controlled to ensure a balance between 
nutrient availability, cellular needs, and protein synthesis needs 
(Biffo et al. 2024; Warner et al. 2001). Thus, mRNA translation 
adapts dynamically to various stimuli and cues, including met-
abolic changes that are required to maintain cellular function 
(Biffo et al. 2024; Tang et al. 2024). mRNA translation shows re-
markable plasticity in response to various stimuli, such as star-
vation and metabolic stress, that prioritizes the translation of 
stress-response-specific transcripts while conserving energy via 
globally downregulating protein production (Costa-Mattioli and 
Walter 2020; Rashad 2024; Tang et al. 2024). Thus, understand-
ing this plasticity, and what regulates it, is vital in understand-
ing an array of pathologies from metabolic diseases to cancer 
and aging.

Transfer RNA (tRNA) is understandably one of the major regula-
tors of mRNA translation plasticity (Rashad 2024; Suzuki 2021). 
One of the interesting features when considering the diverse and 
dynamic roles of tRNA in mRNA translation is the mismatch 
between the codons to be decoded and the anticodons available 
for decoding (dos Reis et al. 2004). That is, 48 tRNA anticodons 
(in human cells) are available to decode 64 mRNA codons en-
coding for 20 amino acids (dos Reis et al. 2004; Suzuki 2021). 
This genetic code redundancy allows for translational plasticity 
and dynamic regulation in response to various stimuli (Dedon 
and Begley 2022; Huber et al. 2022; Nedialkova and Leidel 2015; 
Rashad  2024; Torrent et  al.  2018). tRNA modifications at the 
wobble position (position 34 of the tRNA) are thus essential 
to expand the codon decoding capacity of certain anticodons 
and allow for non-cognate pairings (Dedon and Begley  2022; 
Rashad 2024; Suzuki 2021). This property allowed for the regula-
tion of mRNA translation via codon biased translation (Camiolo 
et al. 2012; Dedon and Begley 2022; Nedialkova and Leidel 2015; 
Rashad 2024; Yarian et al. 2002). To date, more than 170 RNA 
modifications have been identified, spanning all life forms from 
prokaryotes to eukaryotes (Delaunay et al. 2024; Suzuki 2021). 
Most modifications are thought to affect tRNA stability and 
folding outside the anticodon loop and to optimize base-pairing 
for those in and around the anticodon. Nonetheless, the bio-
logical functions of many modifications are yet to be fully un-
derstood in cell, condition, and disease-specific contexts. This 
poses important challenges when considering the roles of tRNA 
modifications in any context. For example, the translational de-
mands and metabolic adaptations unique to particular tissues 
or cells are likely to shape how specific modifications influence 
the translation process (Rashad 2024). Therefore, more work is 
needed, at many levels, to fully grasp the complexity of tRNA 
modifications and their roles in disease. Nonetheless, the links 
between tRNA modifications and metabolism and diet are one 
of the most interesting fields of research that has been gaining 
traction in recent years (Biffo et  al.  2024; Rashad  2024; Tang 
et al. 2024). Certain tRNA modifications have been linked to diet 
and the microbiome, such as queuosine (Q) (de Crécy-Lagard 
et al. 2024; Rashad 2024). Others have been linked to one carbon 
(1-C) metabolism, such as mitochondrial taurine-methylation 
modifications (Morscher et al. 2018), glycation products, such as 
3-(3-amino-3-carboxypropyl)uridine (acp3U) (Xie et  al.  2024), 

or amino acid intake, such as N6-threonylcarbamoyladenosine 
(t6A) (Wu et al. 2024). In this review, we will revisit the intimate 
and complex links between tRNA modifications and diet and 
metabolism with a specific focus on eukaryotic systems. Due 
to significant differences between eukaryotic and archaeal or 
prokaryotic mechanisms, our discussion will be limited to eu-
karyotic systems. We will attempt to unravel this complex in-
teraction while providing a blueprint for future research into 
tRNA-metabolism coupling and its diseases relevance.

2   |   The Multilevel Regulation of mRNA 
Translation by tRNA

tRNA regulates and interacts with mRNA translation not only 
via wobble modifications, but through various phenomena that 
has been studied extensively in the literature. While in this re-
view we focus mainly on tRNA modifications, the other aspects 
of tRNA biology should be kept in mind when one dissects its 
role in regulating translation and metabolism. In this section, 
we will provide an overview of the various processes by which 
tRNA can dynamically regulate mRNA translation.

2.1   |   tRNA Transcript Expression

tRNAs are transcribed from tRNA genes via RNA polymerase III 
(Arimbasseri and Maraia 2016). tRNAs are transcribed as pre-
tRNAs, some containing introns which need further processing 
to generate mature tRNAs (Hayne et al. 2022; Yuan et al. 2023) 
(Figure 1). The maturation events include the removal of the 5′ 
leader, 3′ trailer, intron splicing by the TSEN (tRNA splicing en-
donuclease) complex, and the addition of the 3′CCA end (Hayne 
et  al.  2022; Kirchner and Ignatova  2015). Recent studies have 
shown that tRNA isoacceptors, and in turn the anticodons they 
express, are stably expressed across tissues and developmental 
stages (Ando et al. 2025; Gao et al. 2024; Pinkard et al. 2020). 
However, variations occur at the level of isodecoders, tRNA 
transcripts (here defined as mature tRNAs) that share the same 
anticodon sequence but vary elsewhere (Gao et al. 2024; Pinkard 
et al. 2020) (see Box 1). Nonetheless, in disease conditions, tRNA 
isoacceptors levels can change to drive specific translational pro-
grams. For example, it was shown that specific tRNAs can drive 
breast cancer metastasis by stabilizing and enhancing the trans-
lation of pro-metastatic mRNAs through interacting with their 
cognate codons (Goodarzi et al. 2016). Furthermore, during oxi-
dative stress, tRNA isoacceptors levels change to drive stress re-
sponse programs and antioxidant proteins translation via codon 
biased translation (Torrent et  al.  2018) (Figure  2, see Box  2). 
Nonetheless, determining tRNA expression via sequencing is 
not an easy task, and library preparation methods entail various 
technical steps that made the study of tRNA expression some-
what restrictive (Goodarzi et al. 2016; Hu et al. 2021; Pinkard 
et al. 2020). For example, many reverse transcriptase enzymes 
are unable to resolve the many modifications and structural ele-
ments in the tRNAs, resulting in the inability to synthesize full-
length tRNA cDNAs (Hu et al. 2021; Pinkard et al. 2020). New 
advances in tRNA sequencing, such as nanopore direct tRNA 
sequencing, could provide a breakthrough that allows more re-
searchers to study tRNA expression dynamics in various condi-
tions and diseases (Lucas et al. 2024).
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2.2   |   tRNA Modifications

tRNAs are heavily decorated by chemical modifications, on av-
erage 13 per tRNA molecule or 1 per 3 nucleotides (Kirchner and 
Ignatova 2015; Rashad 2024; Suzuki 2021) (Figure 3A, Table 1). 
tRNA modifications contribute to the tRNA translational role 
through various mechanisms. tRNA modifications in the D 
(dihydrouridine) or T (TΨC; pseudouridine) loops contribute 
to tRNA structural stability and are essential for correct tRNA 
recognition by aminoacyl synthases (Giegé and Eriani  2023; 
Rashad, Han, et  al.  2020; Schultz et  al.  2024; Suzuki, Ueda, 
et al. 1997; Sylvers et al. 1993; Tuorto et al. 2012). Position 34, 
or the wobble position, is a hotbed for modifications, which 
allows for the expansion of the genetic code and non-cognate 
base-pairings (Suzuki  2021) (Figure  3B,C). Modifications at 
position 34 can be dynamically regulated via their stoichiome-
try or tRNA transcript expression to drive synonymous codon 
bias and translational shifts (Chionh et  al.  2016; Dedon and 
Begley 2022; Giguère et al. 2024; Huber et al. 2022; Rashad 2024; 
Suzuki 2021). Modifications at the wobble position are also im-
portant for maintaining the ribosomal reading frame and avoid-
ing frameshifting and the consequent dysfunctional protein 
production (Dixit et al. 2021). In addition, the loss of cytosolic or 
mitochondrial tRNA wobble modifications can lead to various 
genetic conditions, such as MELAS and MERRF syndromes that 
will be discussed later in this review (Bento-Abreu et al. 2018; 
Matsumura et al. 2023). Another hotbed for modifications is po-
sition 37. Which, while not being in the anticodon, is essential 
for codon decoding fidelity and efficiency and the maintenance 
of the reading frame (Akiyama et  al.  2024; Rosselló-Tortella 

et al. 2020). In the following sections, we will discuss in more 
detail certain tRNA modifications in light of their connection to 
metabolic pathways and cues.

2.3   |   tRNA Amino Acylation

tRNA aminoacylation is the essential step during which cog-
nate amino acids are attached to the corresponding tRNAs to 
be further carried to the site of translation (Alberts et al. 2022; 
Kwon et  al.  2019). tRNA aminoacylation is carried out by a 
group of enzymes called aminoacyl-tRNA synthetases (AARS), 
which are divided into two classes (I and II) based on the archi-
tecture of the active site of the enzyme (Kwon et al. 2019; Sung 
et al. 2022). AARS activate the cognate amino acid via ATP hy-
drolysis to form adenylated amino acid (amino acid bound to 
AMP), after which the amino acid is transferred to the 3′ end of 
the tRNA (containing a CCA sequence) and linked via an ester 
linkage to form the final aminoacyl-tRNA molecule that will 
be used for translation (Alberts et al. 2022; Kwon et al. 2019) 
(Figure 4A). Mis-acylation of tRNAs (i.e., charging tRNAs with 
incorrect amino acid) can lead to deleterious consequences on 
protein synthesis (Lee et  al.  2006) (Figure  4B). Thus, AARS 
possess proofreading capabilities to ensure correct amino acid 
incorporation (Lee et al. 2006; Perona and Gruic-Sovulj 2014). 
Nonetheless, during stress, mis-acylation is observed, which 
was theorized to be a mechanism to protect proteins against ROS 
damage via mis-incorporating methionine into proteins (Netzer 
et al. 2009). AARS are associated with a variety of diseases such 
as cancer and a variety of genetic diseases (Kwon et  al.  2019; 

FIGURE 1    |    tRNA transcription and processing: tRNAs are transcribed by RNA Pol III from the DNA as pre-tRNAs. Pre-tRNAs are then pro-
cessed by the tRNA splicing endonuclease (TSEN) complex to mature tRNA. Mature tRNAs are then aminoacylated by aminoacyl tRNA synthetases 
(AARS), and the aminoacylated tRNAs are then used for mRNA translation and protein synthesis. Created in BioRender. https://​BioRe​nder.​com/​
l90k470.

https://biorender.com/l90k470
https://biorender.com/l90k470
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Sung et al. 2022). For example, Valine aminoacyl-tRNA synthe-
tase (VARS) promotes melanoma therapy resistance via driving 
codon-biased translation towards valine-containing transcripts 
(El-Hachem et al. 2024). Mutations in several AARS genes are 
associated with Charcot–Marie–Tooth disease (CMT) (Wei 
et al. 2019; Zuko et al. 2021). There are important links between 
tRNA modifications and tRNA aminoacylation. Certain tRNA 
modifications were shown to be essential for correct aminoac-
ylation of tRNAs (Giegé and Eriani 2023; Schultz et al. 2024). 
Several modifications in positions 34 (such as Q and I) and 37 
(such as yW and t6A) act as identity elements for tRNA recogni-
tion by AARS (Giegé and Eriani 2023; Zhang, Zhou, et al. 2024). 
Modifications in the T-arm can also impact aminoacylation 
(Schultz et al. 2024). We could speculate that hypomodification 
of any tRNA modification would ultimately impact aminoac-
ylation, however, not all modifications are interrogated from 
this aspect in the available literature. The level of tRNA amino-
acylation can be indeed impacted by dietary inputs and amino 
acid availability (Paley and Perry 2018). Amino acid starvation, 
for example, can modulate the levels of tRNA aminoacylation, 
and in turn, codon-biased translation (Dittmar et  al.  2005; 
Ofverstedt et al. 1994). Thus, it becomes clear, though not thor-
oughly studied, that dietary and metabolic factors impacting 

amino acid levels can influence mRNA translation via tRNA 
aminoacylation, adding another layer of complexity to tRNA 
functions.

2.4   |   tRNA Derived Small Non-Coding RNAs

tRNA has been recognized as a source of small non-coding 
RNAs called tRNA-derived fragments, or tDRs (although some 
articles refer to them as tsRNAs or tRFs) (Holmes et al. 2023; 
Rashad, Han, et al. 2020; Rashad, Niizuma, et al. 2020; Sanadgol 
et  al.  2022). The first set of tDRs was tRNA halves, produced 
during stress by angiogenin-mediated cleavage of tRNAs into 5′ 
and 3′ halves (Emara et al. 2010; Ivanov et al. 2011; Yamasaki 
et  al.  2009). However, other forms of tDRs are also produced 
from tRNA, such as 3′-tRFs, 5′-tRFs, and more (Chen et al. 2025; 
Muthukumar et al. 2024). tRNA cleavage was first thought to 
protect cells against stress via activating stress granules (SG) 
formation and translation repression (Emara et al. 2010; Ivanov 
et al. 2011; Yamasaki et al. 2009). However, recent findings sug-
gest that tRNA halves do not induce SGs formation, and their 
expression is rather associated with cell death than a protective 
effect (Rashad, Han, et al. 2020; Rashad, Niizuma, et al. 2020; 
Sanadgol et al. 2022). tDRs were shown over the course of the 
last decade to function via various molecular mechanisms. tDRs 
were shown to interact with RNA binding proteins (RBPs), 
for example, by binding YBX1 to suppress its mRNA inter-
action (Goodarzi et  al.  2015; Lyons et  al.  2016). Certain tDRs 
were also shown to promote the translation of ribosomal pro-
teins to maintain translation, and their suppression induces 
apoptosis by reducing the number of 40S ribosomal subunits 
(Kim, Fuchs, et  al.  2017). tDRs are a hot topic in cancer biol-
ogy, and many tDRs have been shown to play important roles 
in various cancers (Chen et  al.  2025; Lee et  al.  2023; Wang 
et al. 2024). tDRs have an important regulatory and signaling 
role in regulating metabolic cues. Hyperglycemia was shown to 
upregulate a certain tDR (termed tRF-3001a) which in turn can 
promote diabetes-associated neurovascular dysfunction (Zhu 
et al. 2023). Nonetheless, despite the wealth of literature on the 
potential roles of tDRs in diseases and their proposed modes of 
action, their biogenesis, processing, and actual function remain 
somewhat contentious. In addition, the role of modifications on 
tDRs remains poorly understood. An important question arises, 
whether the use of synthetic tDRs to study their function and in-
teraction captures their true biological nature, or are the results 
skewed due to the absence of important naturally occurring 
tDRs modifications?

3   |   Diet, Metabolism, and the Regulation of mRNA 
Translation

While in this review we focus on tRNA modifications, we take 
a detour in this section to quickly review the intricate links be-
tween diet, metabolism, and translation. These connections, 
which are becoming more apparent, reveal the intimate links 
and the complexity of metabolism-translational connections. 
Pathways such as the mTOR and the ribosome quality con-
trol (RQC) were shown, as discussed in the next section, to 
play important roles in regulating how our cells respond to 
changes in diet or energy intake and how their dysregulation 

BOX 1    |    Isodecoders versus isoacceptors tRNAs.

Isoacceptors refer to tRNAs encoding the same amino acids 
but having different anticodon sequences, thus decoding 
different codons for the same amino acid. Isodecoders refer 
to tRNAs encoding the same amino acid and having the 
same anticodon sequences but differ in the tRNA sequences 
elsewhere. Created in BioRender. https://​BioRe​nder.​com/​
x11r437.

https://biorender.com/x11r437
https://biorender.com/x11r437
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can contribute to metabolic diseases such as diabetes and 
more. These pathways are intimately connected to tRNA, 
therefore, examining these pathways is important in the con-
text of this review.

3.1   |   mTOR and Regulating of Translation

Mechanistic target of rapamycin or mTOR is a protein kinase 
that stands in the center of an intricate signaling network, 
orchestrating the balance between cellular growth and meta-
bolic cues (Liu and Sabatini  2020). mTOR integrates diverse 
upstream signals ranging from nutrient availability and energy 
status to growth factors and stress cues to drive downstream 
pathways that regulate processes like protein synthesis, auto-
phagy, and metabolism (Liu and Sabatini  2020) (Figure  5A). 
mTOR comprises a catalytic subunit along with multiple reg-
ulatory proteins and functions as the core of two distinct yet 
interconnected complexes, mTORC1 and mTORC2, each fea-
turing its own unique set of regulatory components. mTORC1 
assembly depends on its interaction with regulatory-associated 
protein of mTOR (RAPTOR) and mammalian lethal with SEC13 
protein 8 (mLST8). In contrast, the formation of mTORC2 in-
volves rapamycin-insensitive companion of mTOR (RICTOR), 
mLST8, and Sty1-interacting protein 1 (SIN1) (Figure  5A). 
Much of the work that has been done to understand mTOR 
function in metabolism and translation has been through 
dissecting the mTORC1 complex, the allosteric target of rapa-
mycin (Dowling et al. 2010; Liu and Sabatini 2020). Emerging 
evidence reveals a complex interplay between mTOR signaling 
and tRNA dynamics, establishing an mTOR-tRNA axis influ-
enced by tRNA synthesis, modifications, and aminoacylation, 

which plays a pivotal role in preserving translational homeo-
stasis. To explore this, we will first briefly explain mTOR reg-
ulation and then examine the intricate interactions between 
mTOR and tRNA.

3.1.1   |   Translation and Upstream Regulation of mTOR

The activity of mTORC1 is tightly regulated by dietary and 
metabolic cues (Figure 5B). Key inducers of mTOR activity in-
clude energy availability, amino acids, and growth signals such 
as insulin and insulin-like growth factors, which equip cells 
with the programming necessary for growth activation. The 
tuberous sclerosis complex (TSC), a critical negative regulator 
of mTORC1, serves as a central point where multiple signaling 
pathways converge to inhibit mTOR activity. TSC functions as a 
GTPase-activating protein (GAP) for the small GTPase Rheb, a 
direct activator of mTORC1.

When cellular energy levels drop, AMP-activated protein ki-
nase (AMPK) is activated, leading to mTORC1 inhibition both 
directly via phosphorylation and indirectly through the ac-
tivation of TSC. Additionally, low glucose levels can directly 
suppress mTORC1 by influencing RAG GTPases. Beyond 
energy signals, mTORC1 is directly regulated by amino acid 
sensing. Cytosolic amino acid levels are monitored by sensors 
such as castor1 and sestrin2, which inhibit the GATOR2-
GATOR1-KICKSTOR complex, thereby suppressing mTORC1 
when amino acid levels are low (Ban et  al.  2004; González 
et al. 2012; Hara et al. 1998; Jewell et al. 2015; Kim et al. 2013; 
Meng et  al.  2020; Wolfson and Sabatini  2017). Similarly, 
conditions such as DNA damage, hypoxia, and metabolic 

FIGURE 2    |    The impact of tRNA expression on protein synthesis: Changes in tRNA transcription can drive codon-biased translation by dictating 
the available anticodon pool for decoding codons, thus leading to preferential translation of specific proteins enriched in specific codons/amino ac-
ids. Created in BioRender. https://​BioRe​nder.​com/​i28y771.

https://biorender.com/i28y771
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stress—marked by nutrient or energy depletion—suppress 
mTOR activity, preventing growth under unfavorable cir-
cumstances. Furthermore, under anabolic conditions, mTOR 
promotes cell growth by shifting glucose metabolism away 
from oxidative phosphorylation toward glycolysis, supporting 
biomass synthesis. Additionally, mTOR directly regulates the 
synthesis of proteins, lipids, and nucleotides while inhibiting 
competing catabolic processes, such as autophagy and protea-
somal or lysosomal degradation pathways.

3.1.2   |   Translation and Downstream Effectors of mTOR

mTOR regulates translation by phosphorylating two key pro-
teins: p70S6K1 (S6K1) and eIF4E-binding protein 1 (4EBP1), 
both of which are critical for initiating and maintaining 
mRNA translation (Figure 5B). S6K1 serves as a central hub for 
mTOR signaling. Upon activation by mTOR-mediated phos-
phorylation, S6K1 promotes ribosomal activation, initiates 
and elongates polypeptide synthesis, and supports pyrimidine 
synthesis, all of which are essential for protein production. 
In contrast, 4EBP1 acts as a negative regulator of translation. 
When active, 4EBP1 binds to eIF4E, a cap-binding protein es-
sential for translation initiation, and prevents it from associ-
ating with eIF4G and eIF4A to form the heterotrimeric eIF4F 
complex. This inhibition blocks the recruitment of mRNAs to 
ribosomes, halting translation. eIF4E specifically recognizes 
and binds the 5′ cap structure (m7G cap) of mRNA, making 
it a crucial player in the initiation of translation. mTOR's 
phosphorylation of 4EBP1 releases eIF4E, thereby enabling 
the assembly of the eIF4F complex and promoting ribosomal 
translation.

Acute and complete inhibition of mTOR in both complexes re-
duces the translation of all mRNAs to some degree and reduces 
global protein synthesis by ≈60%. Among the most affected are 
mRNAs containing 5′ terminal oligopyrimidine (TOP) motifs or 
TOP-like sequences, which are defined as mRNAs with a cyti-
dine immediately after the 5′ cap, followed by an uninterrupted 
stretch of 4–14 pyrimidines. These mRNAs encode critical com-
ponents of the translation machinery and proteins essential for 
cell growth. Their heightened sensitivity to mTOR inhibition 
arises from their reliance on mTORC1-mediated phosphoryla-
tion of 4E-BP. This phosphorylation event is crucial for the selec-
tive translation of TOP mRNAs, linking mTOR activity directly 
to the regulation of cellular growth and protein production 
(Thoreen et al. 2012).

3.1.3   |   mTOR, tRNA, and Metabolic Regulation 
of Translation

mTORC1 plays a pivotal role in regulating tRNA gene expres-
sion by interacting with tRNA gene promoters (Kantidakis 
et al. 2010). Specifically, mTORC1 phosphorylates and inacti-
vates MAF1, a key repressor of RNA polymerase III, which is 
responsible for tRNA transcription. This mechanism mirrors 
mTORC1's well-documented regulation of translation through 
4E-BP inactivation (Kantidakis et al. 2010; Michels et al. 2010; 
Shor et al. 2010). Inhibition of mTORC1 reduces overall tRNA 
transcription, with specific tRNA pools being particularly sen-
sitive. For example, tRNA-LeuCAA and tRNA-TyrGUA, which 
are aminoacylated by leucyl-tRNA synthetase (LARS) and 
tyrosyl-tRNA synthetase (YARS), respectively, are upregulated 
via mTORC1 activation during processes like chemotherapy-
induced senescence escape in cancer cells (Guillon et al. 2021). 
This underscores mTOR's role in selectively modulating tRNA 
pools, which in turn differentially shapes the proteome.

As mentioned, mTORC1 activity is regulated by nutri-
ent availability, particularly amino acid levels, through the 

BOX 2    |    What is synonymous codon usage or codon bias?

Most amino acids are encoded in the DNA and RNA by mul-
tiple codons (Top, codon wheel), except for Met and Trp. 
This genetic codon redundancy allows for fine-tuning of 
translation via Synonymous codon usage, codon optimality, 
or codon bias. This refers to the relative decoding efficiency 
for different codons of the same amino acids. Thus, mRNAs 
enriched in one codon versus the other will be differentially 
translated (either more or less). This feature is one of the 
mechanisms by which cells respond to stress via alteration of 
tRNA expression and modifications, and it plays an impor-
tant role in tRNA-mediated oncogenic programs. Created in 
BioRender. https://​BioRe​nder.​com/​f19x879.

https://biorender.com/f19x879
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GATOR2-GATOR1-KICKSTOR complex. In addition to that, a 
novel tRNA-based mechanism has been uncovered that modu-
lates mTORC1 activity. During amino acid depletion, uncharged 
tRNAs accumulate and activate general control non-depressible 
2 kinase (GCN2). Activated GCN2 phosphorylates F-box only 
protein 22 (FBXO22), which then ubiquitinates mTORC1 at 

lysine 2066. This modification prevents substrate recruitment, 
effectively inhibiting mTORC1's kinase activity (Ge et al. 2023). 
Additionally, leucyl-tRNA synthetase (LARS), which catalyzes 
the aminoacylation of leucine to its cognate tRNA, also functions 
as a leucine sensor. It relays leucine availability to mTORC1 by 
activating RagD GTPase, thereby stimulating mTORC1 activity. 

FIGURE 3    |    tRNA modifications and codon decoding. (A) Examples of tRNA modifications at different positions. The full scientific names of 
the modifications are presented in Table 1. For a more detailed list of tRNA modifications, please see (Suzuki 2021). Created in BioRender. https://​
BioRe​nder.​com/​c66f324. (B) Types of codon-anticodon pairing. Modifications at the wobble position allow for cognate base pairing between non-
cognate nucleotides. In this example, G-U pairing. Created in BioRender. https://​BioRe​nder.​com/​i85q135. (C) Example of codon decoding expansion 
by Inosine modifications. Created in BioRender. https://​BioRe​nder.​com/​b75e540.

https://biorender.com/c66f324
https://biorender.com/c66f324
https://biorender.com/i85q135
https://biorender.com/b75e540
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This pathway can be specifically inhibited by BC-LI-0186, a 
compound that blocks the leucine-sensing function of LARS in 
cancer (Han et al. 2012; Kim, Lee, et al. 2017). Beyond cancer 
and senescence, these findings suggest that targeting the tRNA/
mTOR axis could influence cellular behavior in metabolic con-
ditions such as obesity and diabetes, where mTOR activity is a 
central player in disease pathogenesis (Catania et al. 2011).

3.1.4   |   tRNA Modifications and Regulation 
of mTOR Function

It has been reported that the tRNA modification m1A at position 
58, which is synthesized by TRMT6/TRMT61A, enhances TSC1 
translation in hematopoietic stem cells (HSC), a key negative 
regulator of mTORC1 activity. Murine TRMT6-deficient HSC, 
experienced aberrant hyperactive mTORC1 signaling due to re-
duced translation elongation of Tsc1 mRNA, leading to abnor-
mal cell cycle progression, increased mitochondrial activity, and 
oxidative stress. Ultimately, this leads to exhausting the HSC 
pool, which could be saved partially by rapamycin, highlight-
ing tRNA-m1A-58 modification as a crucial translational check-
point regulating mTORC1 activity (Zuo et al. 2024).

3.2   |   Ribosome Quality Control 
and Metabolic Cues

Protein biosynthesis involves complex processes, and errors 
during translation can compromise protein quality (Spriggs 
et al. 2010). Ribosomes, the cellular machines responsible for 
protein synthesis, are abundant, with a typical cell containing 
approximately 10 million ribosomes. Each ribosome produces 
a new protein every 1–2 min, translating mRNA into the cor-
rect polypeptide sequence (Shi et al. 2017). During translation, 

TABLE 1    |    List of known and discussed tRNA modifications and 
their full scientific names.

Abbreviation Full name

ac4C N4-acetylcytidine

acp3U 3-(3-Amino-3-carboxypropyl)uridine

Am 2′-O-methyladenosine

Cm 2′-O-methylcytidine

cm5U 5-Carboxymethyluridine

D 5-Carboxymethyluridine

f5C 5-Formylcytidine

f5Cm 5-Formyl-2′-O-methylcytidine

Gm 2′-O-methylguanosine

hm5C 5-Hydroxymethylcytidine

hm5Cm 2′-O-methyl-5-hydroxymethylcytidine

I Inosine

i6A N6-isopentenyladenosine

m1A 1-Methyladenosine

m1G 1-Methylguanosine

m1I 1-Methylinosine

m1Y 1-Methylpseudouridine

m2,27G N2,N2,7-trimethylguanosine

m2,2G N2,N2-dimethylguanosine

m2G N2-methylguanosine

m3C 3-Methylcytidine

m3U 3-Methyluridine

m5C 5-Methylcytidine

m5U 5-Methyluridine

m5Um 5,2′-O-dimethyluridine

m6,6A N6,N6-dimethyladenosine

m6A N6-methyladenosine

m6Am N6,2′-O-dimethyladenosine

m6t6A N6-methyl-N6-
threonylcarbamoyladenosine

m7G 7-Methylguanosine

manQ Mannosyl-queuosine

galQ Galactosyl-queuosine

mchm5U_R 5-(Carboxyhydroxymethyl)
uridine methyl ester (R)

mchm5U_S 5-(Carboxyhydroxymethyl)
uridine methyl ester (S)

mcm5s2U 5-Methoxycarbonylmethyl-2-thiouridine

mcm5U 5-Methoxycarbonylmethyluridine

(Continues)

Abbreviation Full name

mcm5Um 5-Methoxycarbonylmethyl-
2′-O-methyluridine

ms2i6A 2-Methylthio-N6-isopentenyladenosine

ms2t6A 2-Methylthio-N6-
threonylcarbamoyladenosine

ncm5U 5-Carbamoylmethyluridine

ncm5Um 5-Carbamoylmethyl-2′-O-methyluridine

oHyW Hydroxywybutosine

Q Queuosine

t6A N6-threonylcarbamoyladenosine

tm5U 5-Taurinomethyluridine

tm5S2U 5-Taurinomethyl-2-thiouridine

Um 2′-O-methyluridine

Y Pseudouridine

yW Wybutosine

TABLE 1    |    (Continued)
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ribosomes assemble from two subunits, the 60S large subunit 
and the 40S small subunit, forming the 80S ribosome. The ri-
bosome scans the mRNA starting at the 5′ end, locates the start 
codon, and begins translation through the open reading frame, 
elongating the nascent protein until reaching a stop codon. 
At this point, release factors free the newly synthesized pro-
tein for subsequent folding and processing based on its specific 
function (Schuller and Green 2018). However, translation faces 
challenges such as aberrant mRNAs containing damaged nu-
cleotides, secondary structures, or missing termination codons. 
Shortages of specific amino acids, interactions between tRNAs 
and ribosomes, and certain codons can also hinder translation 
elongation (Schuller and Green 2018). These issues can cause 
ribosome stalling, trapping the ribosome with an incomplete 

polypeptide. If unresolved, such stalling can lead to transla-
tion arrest, protein aggregation, and proteotoxicity. While brief 
pauses during elongation are often resolved naturally, persistent 
stalling activates cellular stress responses and quality control 
mechanisms to rescue stalled ribosomes. There are three dis-
tinct pathways that resolve stalled ribosomes depending on the 
causing agent: the ribotoxic stress response (RSR) activated by 
Zakα (Vind, Snieckute, et al. 2020), ribosome associated qual-
ity control (RQC) activated by ZNF598, and integrated stress 
response (ISR) activated by GCN2 (Vind, Genzor, et al. 2020; 
Wu et al. 2020). Discussing all of them is beyond the scope of 
this work; however, they have been discussed thoroughly here 
(Filbeck et al. 2022; Joazeiro 2019; Pakos-Zebrucka et al. 2016; 
Vind, Genzor, et  al.  2020). Quality control mechanisms link 

FIGURE 4    |    tRNA aminoacylation and translation. (A) tRNA aminoacylation process. First, the tRNA and its cognate amino acid enter the active 
site of the specific synthetase. Next, Using ATP, the synthetase catalyzes the covalent bonding between the amino acid and the tRNA. The tRNA 
charged with the amino acid is released by the synthetase. Created in BioRender. https://​BioRe​nder.​com/​t47j685. (B) Mis-acylation can lead to the 
production of dysfunctional proteins by incorporating incorrect amino acids in the peptide sequence. Created in BioRender. https://​BioRe​nder.​com/​
i59v250.

https://biorender.com/t47j685
https://biorender.com/i59v250
https://biorender.com/i59v250
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FIGURE 5    |    An overview of the mTOR signaling network. (A) mTORC1 and 2 subunits and upstream regulators. Created in BioRender. https://​
BioRe​nder.​com/​z24s972. (B) The signaling pathways upstream of mTORC1. Positive regulators of mTORC1 signaling are shown in red, and neg-
ative regulators are shown in blue. Downstream signaling effectors of mTORC1 are shown in green; SK6 and eIF4E support anabolism as a re-
sult of mTORC1 activation. mTORC1 and tRNA dynamics are linked through several pathways. Amino acid scarcity leads to the accumulation of 
uncharged tRNA activating GCN2 and FBXO22-mediated mTOR ubiquitination, while abundance leads to AARS-mediated mTORC1 activation. 
mTORC1 phosphorylates MAF1 and thereby relieving its inhibition of pol III transcription of tRNA genes. AARS, aminoacyl tRNA synthetase; 
FBXO22, F-box only protein 22; GCN2, general control nonderepressible 2; MAF1, MAF1 yeast homolog. Created in BioRender. https://​BioRe​nder.​
com/​g77t784.

https://biorender.com/z24s972
https://biorender.com/z24s972
https://biorender.com/g77t784
https://biorender.com/g77t784
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tRNA functionality and ribosome activity to translation fidel-
ity. For example, in mammals, mutations in CNS-specific tRNA 
n-Tr20 impair translation and cause ribosome stalling at AGA 
codons (Ishimura et  al.  2014). In bacteria, the loss of m1G37 
modification reduces tRNA aminoacylation efficiency, leading 
to codon-specific ribosome stalling and widespread changes in 
gene expression (Masuda et al. 2021). Amino acid depletion has 
been shown to activate both the RSR and ISR through their re-
spective upstream activators. For instance, nutrient and amino 
acid starvation activate the RSR via ZAKα due to ribosomal 
stalling (Snieckute et al. 2022). As mentioned previously, amino 
acid depletion causes uncharged tRNAs to accumulate, activat-
ing GCN2. This activation inhibits mTORC1 substrate recruit-
ment and suppresses global protein synthesis (Ge et al. 2023). 
GCN2 also moderates translational activity under amino acid 
scarcity by preventing excessive ribosome collisions. Notably, 
while amino acid starvation is essential for ribosome stalling 
and RSR activation, ribosomal collisions only occur in the ab-
sence of GCN2 activity, underscoring its critical role in mod-
erating translation. These observations highlight GCN2 as a 
central integrator of nutrient status, linking amino acid avail-
ability to multiple pathways that regulate translation through 
sensing tRNA status, mTORC1 inhibition, and ribosome qual-
ity control.

4   |   Dietary/Metabolic Regulation of tRNA 
Modifications

The regulation of tRNA modifications and their levels depends 
on multiple factors. tRNA expression, modifications' stoichiome-
try, and modifying enzyme levels are some of the important reg-
ulatory factors of tRNA modifications' levels in a given system 
(Dedon and Begley 2022; Pichot et al. 2023). An important factor 
regulating tRNA modifications levels is the supply of precur-
sors and enzyme substrates for enzymatic tRNA modifications 
synthesis. In this section, we will review such relations between 
substrate/precursor availability, metabolic/dietary regulation of 
these substrates, tRNA modifications, and ultimately codon bi-
ased translation.

4.1   |   tRNA Queuosine and the Link Between Gut 
Microbiome and Translation

Queosine (Q) is a wobble tRNA modification with a 
7-deazaguanosine core structure and a bulky cyclopentene 
group-containing side chain (Suzuki et  al.  2025). Q was re-
cently thoroughly reviewed here (Suzuki et al. 2025) and here 
(Rashad  2024). However, it is important to highlight some 
interesting aspects of Q in terms of the regulation of cellular 
bioenergetics. In prokaryotes, Q can be synthesized de-novo 
from guanin triphosphate nucleoside (GTP) (de Crécy-Lagard 
et al. 2024). However, in eukaryotes, the synthesis of Q is de-
pendent on the supply of its precursor, queuine (q), which 
is derived from gut microbiota or from diet (de Crécy-Lagard 
et al. 2024; Fergus et al. 2021; Rashad 2024). This nature of Q 
provides an interesting insight into how our gut bacteria, or our 
diet can directly influence mRNA translation. Q is present in 
four tRNAs: Asparagine (Asn), Aspartic acid (Asp), Histidine 

(His), and Tyrosine (Tyr) (Rashad 2024; Suzuki et al. 2025). Q 
is further glycosylated to galactosyl-queuosine (galQ) in Tyr 
and mannosyl-queuosine (manQ) in Asp tRNAs via the re-
cently identified QTGAL and QTMAN enzymes, respectively 
(Zhao et al. 2023). Q allows the expansion of codon decoding 
from NAC codons to NAC/U codons (Ando et al. 2025; Fergus 
et  al.  2021; Fergus et  al.  2015). Without Q, NAU codons are 
prone to ribosome stalling and frameshifting, leading to im-
proper decoding and mRNA translation (Dixit et al. 2021). Q is 
present in cytosolic and mitochondrial tRNAs and was shown 
to be essential for proper mitochondrial translation and func-
tion (Boland et al. 2009; Hayes et al. 2020; Kulkarni et al. 2021; 
Rashad 2024). Such links to mitochondrial function would, in 
theory, link Q levels to cellular bioenergetics and, consequently, 
to cellular metabolism. Nonetheless, QTRT1 KO mice are phe-
notypically normal apart from sex-dependent cognitive dysreg-
ulation due to hippocampal degeneration (Cirzi et al. 2023), in 
line with the relatively higher levels of Q in the brain compared 
to other organs (Ando et al. 2025). In fact, QTRT1 KO animals, 
apart from zebrafish, are viable and fertile (Cirzi et  al.  2023; 
Zhao et al. 2023), which begets the question, whether Q is es-
sential only during cellular stress, where cellular metabolism 
and bioenergetics need to be more tightly regulated to respond 
to the adverse environment (Rashad 2024). Despite several re-
search groups working on Q modifications, its biological roles 
remain unclear. However, the potential links between Q and 
bioenergetics cannot be overlooked and should be investigated 
in future works.

4.2   |   The Citric Acid Cycle and tRNA 
Modifications

A central process for generating energy in mitochondria-
containing organisms is the tricarboxylic acid (TCA) cycle 
(Figure  6). The TCA cycle is essential for generation energy 
as well as metabolites for various biosynthetic and cellular 
processes (Arnold et al. 2022). The TCA cycle entails a series 
of steps starting from glucose breakdown to pyruvate fol-
lowed by pyruvate breakdown to acetyl Co-A, whose oxida-
tion as part of the TCA cycle accounts for > 60% of oxygen 
consumption and energy production (Akram 2014) (Figure 6). 
Acetyl Co-A itself is a donor of the acetyl group in many re-
actions (Guertin and Wellen  2023). Indeed, the tRNA modi-
fication N4-acetylcitiidine (ac4C) is synthesized by an acetyl 
transferase reaction catalyzed by the enzyme NAT10 (Arango 
et  al.  2018; Schiffers and Oberdoerffer  2024). Another im-
portant TCA cycle byproduct for tRNA modifications synthe-
sis is α-Ketoglutarate (or 2-oxoglutarate), which is essential 
for the synthesis of 5-hydroxymethylcytidine (hm5C) and 
5-formylcytidine (f5C) tRNA modifications via ALKBH1 di-
oxygenase activity (Kawarada et al. 2017). The TCA cycle is 
impacted by dietary intake of micro and macronutrients as 
well as cellular metabolic needs (Arnold et  al.  2022; Yoshii 
et  al.  2019). Thus, the metabolic state of the cell can influ-
ence the status of tRNA and mRNA modifications through 
TCA cycle byproducts, and ultimately mRNA translation and 
protein synthesis. In this section, we will discuss these modi-
fications and the links to the TCA cycle metabolites essential 
for their synthesis.
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4.2.1   |   ac4C and Acetyl Co-A

Acetyl Co-A is an ancient molecule that is thought to predate 
ATP as an energy source (Martin  2020). Acetyl Co-A is pro-
duced by glucose, lipid, and amino acid catabolism, and is es-
sential to power the TCA cycle (Arnold et al. 2022; Guertin and 
Wellen 2023). However, the roles of acetyl Co-A in cells are more 
diverse than just being an energy molecule. Acetyl Co-A is a sub-
strate for lysine acetylation reactions, such as those regulating 
gene expression through histone acetylation (Shvedunova and 
Akhtar 2022). Acetyl Co-A is very well studied in cancer, and 
acetyl Co-A metabolic enzymes are often overexpressed in can-
cers (Guertin and Wellen 2023). In cancer, acetyl Co-A impacts 
oncogenesis via its role in the mevalonate pathway, de novo lipo-
genesis, and protein acetylation, as well as various cell-specific 
processes (reviewed extensively in Guertin and Wellen (2023)). 
However, the role of acetyl Co-A in promoting cancer through 
RNA acetylation remains relatively obscure in comparison. 
RNA acetylation is mediated by a non-redundant enzyme, N-
acetyltransferase 10 (NAT10), in mammalian cells or its homo-
log in yeast and bacteria (Arango et al. 2018; Ikeuchi et al. 2008; 
Ito et  al.  2014; Schiffers and Oberdoerffer  2024) (Figure  7A). 
ac4C is present in mRNA, tRNA, and rRNA (Schiffers and 
Oberdoerffer  2024). Adaptor molecules guide the activity of 
NAT10 towards specific RNAs. THUMPD1 directs NAT10 to 
interact with 2 tRNAs: SerCGA and LeuUAG (Broly et  al.  2022; 
Yan et al. 2024). The box C/D small nucleolar RNA (snoRNA) 
SNORD13 directs NAT10 towards nucleotide 1842 of 18S rRNA 
via sequence complementation (Sharma et  al.  2015; Sharma 
et al. 2017).

In tRNA, ac4C is present at position 12 in the D-arm and is essential 
for maintaining tRNA tertiary structure as well as modifications 
present at the D and T-loops (Suzuki 2021) (Figure 7B). Initially, 
it was reported that ac4C occurs in 2 tRNAs, SerCGA and LeuUAG 
(Broly et al. 2022; Yan et al. 2024). However, ac4C-RIP-seq iden-
tified an extended set of ac4C-modified tRNAs (Wei et al. 2023). 
Nonetheless, targeted analysis for these tRNAs identified by ac4C-
RIP-seq using mass spectrometry is needed for confirmation. ac4C 
does not occur in mitochondrial tRNAs and is restricted to cyto-
solic tRNAs (Suzuki 2021; Suzuki et al. 2020). The maintenance 
of tRNA structure is essential for various tRNA processes such as 
aminoacylation and proper codon decoding (Schultz et al. 2024; 
Suzuki 2021). Thus, loss of ac4C from tRNA would impact codon 
decoding of the tRNAs depending on it for structure via structural 
instability and failure to properly aminoacylate the tRNAs. This is 
clear in the case of ac4C hypomodification, where protein synthe-
sis is globally impacted (Yan et al. 2024).

ac4C in the mRNA is also associated with important trans-
lational effects that should be mentioned (Arango et al. 2018; 
Wei et  al.  2023). However, the impact of ac4C on mRNA is 
heavily dependent on its location within the transcript 
(Schiffers and Oberdoerffer  2024). ac4C modifications 
within the 5′ untranslated region (5′UTR) can promote up-
stream translation initiation and suppress canonical start 
sites, while modifications in the coding sequence (CDS) can 
promote elongation (Arango et  al.  2018, 2022; Schiffers and 
Oberdoerffer 2024). Alternatively, ac4C within the Kozak se-
quence (CAUGG) represses initiation via interacting with ini-
tiator tRNA-Met (tRNA-iMet) t6A modification (at position 37 

FIGURE 6    |    The tricarboxylic acid (TCA) cycle and tRNA modifications linked to some of its products. Created in BioRender. https://​BioRe​nder.​
com/​o04m704.

https://biorender.com/o04m704
https://biorender.com/o04m704
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of the tRNA) (Arango et al. 2022) (Figure 7C). The presence 
of ac4C in mRNA is essential for mRNA translation as well as 
stability (Gong et al. 2024; Hu et al. 2024; Shuai et al. 2024). 
The impact on mRNA stability is linked to the translational 
efficiency conferred by ac4C modifications present in the CDS 
(Arango et al. 2018).

The promiscuity of NAT10 activity on multiple RNA species, as 
well as its reported role in protein acetylation (Liu et al. 2020; 
Zheng et  al.  2022), renders isolating its effect on a specific 
mRNA or process difficult when approaches such as gene 
knockdown or overexpression are employed (Schiffers and 
Oberdoerffer 2024). While targeting its adaptor molecules could 

FIGURE 7    |    (A) Synthesis of ac4C by NAT10. (B) ac4C is present at position 12 in the D-arm and is essential for maintaining tRNA tertiary struc-
ture. Created in BioRender. https://​BioRe​nder.​com/​r90s952. (C) ac4C location in the mRNA sequence dictates its role in regulating translation. 
Created in BioRender. https://​BioRe​nder.​com/​j29l940. (D) Expression of NAT10 in multiple tumors. Data from the cancer genome atlas database. 
Hash indicates statistical significance. Data from ULCAN: https://​ualcan.​path.​uab.​edu/​index.​html.

https://biorender.com/r90s952
https://biorender.com/j29l940
https://ualcan.path.uab.edu/index.html
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offer some degree of specificity, such as targeting THUMPD1 
to study ac4C in tRNA (Broly et al. 2022), this was not widely 
performed in the published literature (Wei et  al.  2023; Yan 
et al. 2024). Thus, whether the observed effect is solely due to 
a specific mRNA/tRNA/rRNA effect or a combination of all 
is a difficult question to answer in each experimental setting. 
Nonetheless, NAT10 and ac4C modification were implicated 
in many diseases and were shown to be important for a large 
array of processes (Achour and Oberdoerffer 2024). NAT10 was 
shown to play important roles in the regulation of the cell cycle, 
immunity, and development (Achour and Oberdoerffer  2024; 
Broly et al. 2022), conditions in which acetyl Co-A itself plays 
an important role (Guertin and Wellen  2023; Lee et  al.  2014; 
Moussaieff et  al.  2015), which signifies the intimate links be-
tween ac4C and acetyl Co-A metabolism. NAT10, through ac4C 
mRNA and tRNA modifications, was shown to play important 
roles in many cancers (Gong et al. 2024; Shuai et al. 2024; Wei 
et al. 2023; Yan et al. 2024). In fact, NAT10 expression is upreg-
ulated in multiple cancers (Figure 7D).

There are yet several limitations in studying ac4C, mainly 
technical issues faced during attempts to map it via sequenc-
ing methods, whether chemical or antibody-based (Achour 
and Oberdoerffer  2024; Schiffers and Oberdoerffer  2024). 
While NAT10 is the canonical writer of ac4C, there is yet an 
eraser to be identified. While ac4C is static within tRNA and 
rRNA, this remains to be elucidated in mRNA (Achour and 
Oberdoerffer 2024). In addition, as mentioned above, isolating 
NAT10 function on a specific substrate remains a challenge. The 
links between acetyl Co-A metabolism and ac4C levels are also 
an area that is understudied. Future works should attempt to 
highlight the dynamic relationship between acetyl Co-A metab-
olism and RNA acetylation, which would add an important and 
interesting layer to our understanding of the metabolic regula-
tion of mRNA translation.

4.2.2   |   α-Ketoglutarate (α-KG) and Anticodon 
Modifications

α-KG is an intermediate of the TCA cycle (Figure  6) and is 
linked to 2 tRNA modifications: hm5C and f5C, which occur 
in 2 tRNAs: mitochondrial tRNA-Methionine (mt-tRNA-
MetCAU) and cytosolic tRNA leucine (tRNA-LeuCAA) (Kawarada 
et al. 2017) (Figure 8A). This modification pathway is a multi-
step pathway starting with N5-methylation of cytosine at posi-
tion 34 by NSUN2 in the cytosol, or NSUN3 in the mitochondria. 
Next, ALKBH1, using α-KG and O2 as substrates, oxygenates 
m5C to hm5C and further to f5C. In the cytosol, these modifica-
tions are further 2′O-ribose methylated by FTSJ1 to hm5Cm and 
f5Cm respectively (Figure  8A). FTSJ1 does not localize in the 
mitochondria; thus, in the mitochondria, only f5C exists. f5Cm 
and f5C promote the expansion of codon decoding by allowing 
the wobble cytosine to pair with adenosine (Figure 8B,C). This 
allows tRNA-LeuCAA to decode both GUU and AUU leucine 
codons (Kawarada et  al.  2017). In mammalian mitochondria, 
the AUA codon encodes for Met and not isoleucine (Ile) as in 
the cytosol (Haag et al. 2016; Kawarada et al. 2017). Thus, f5C 
in mt-tRNA-MetCAU allows for the proper amino acid incor-
poration into mitochondrial DNA-encoded proteins. This was 
shown to be important for mitochondrial function and cellular 

bioenergetics (Delaunay et al. 2022; Haag et al. 2016; Kawarada 
et  al.  2017). Indeed, such regulation was implicated in cancer 
via mitochondrial translation regulation (Delaunay et al. 2022). 
The importance of f5C for mitochondrial translation and func-
tion, and its dependence on α-KG, provides an interesting view 
into the bidirectional relationship between metabolic and bio-
energetic output of the cells and how tRNA modifications inter-
act and fine-tune it (Figure 8D). α-KG generated from the TCA 
cycle is essential for the synthesis of mitochondrial f5C, which 
is in turn essential for respiratory complex functions and the 
TCA cycle, and so on (Delaunay et al. 2022; Haag et al. 2016; 
Kawarada et al. 2017) (Figure 8D). Such a feedback loop, while 
intriguing to consider, was not fully characterized in the liter-
ature. Again, such notions signify the importance of studying 
RNA modifications not only from the viewpoint of their enzyme 
function, but also from the viewpoint of the reaction substrates 
and how they connect to various metabolic and bioenergetic 
processes.

α-KG itself has many pleiotropic effects (Zdzisińska et al. 2017), 
it acts as a precursor for the endogenous biosynthesis of the 
amino acids; glutamate and glutamine, through cataplerotic re-
actions that prevent α-KG accumulation in the cells (Newsholme 
et al. 2003; Zdzisińska et al. 2017). Glutamate and glutamine fur-
ther play important roles in many cells and organs (Newsholme 
et al. 2003). α-KG is also an important antioxidant that can sup-
press oxidative stress and protect against ROS-induced mito-
chondrial damage (Yamamoto and Mohanan 2003; Zdzisińska 
et al. 2017). While such antioxidant effects were attributed to 
the non-enzymatic oxidative decarboxylation scavenging activ-
ity of α-KG (Long and Halliwell 2011) or via interacting with 
cyanogens, such as cyanide, and forming intermediates that 
suppress their activity (Moore et al.  1986; Norris et al.  1990), 
there is another mechanism that could be at play. Previous 
works have shown that overexpressing ALKBH1 could alter 
how cells respond to oxidative stress (Rashad et  al.  2021, 
2022; Rashad, Han, et  al.  2020). While these previous works 
have mainly focused on the potential demethylase activity of 
ALKBH1, the dioxygenase activity and the generation of hm5C/
f5C could be a major factor that was overlooked. For example, 
overexpressing ALKBH1 protected cells from respiratory com-
plex III inhibition-induced mitochondrial dysfunction and 
oxidative stress (Rashad et al. 2022). Whether α-KG supplemen-
tation could also modulate the level of anticodon modifications, 
thus driving mRNA translation toward a more antioxidant pro-
gram, is an interesting thought that remains to be examined. 
α-KG also plays important roles in immune modulation, regu-
lating bone structure and health, cardiovascular regeneration, 
aging and health span, and cancer (Minogue et al. 2023; Naeini 
et  al.  2023; Wang et  al.  2020; Xiang et  al.  2024; Zdzisińska 
et  al.  2017). While various processes have been attributed to 
these diverse effects of α-KG, such as histone methylation or 
metabolic rewiring, identifying whether anticodon modifica-
tions play a role is an unexplored mechanism given the wealth 
of literature on α-KG.

4.3   |   l-Threonine and Translation Regulation

N6-threonylcarbamoyladenosine (t6A), which is located at posi-
tion 37 in cytosolic and mitochondrial tRNAs, is regulated by 
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FIGURE 8    |    α-KG and tRNA deoxygenation in the cytosol and mitochondria. (A) Modification synthesis pathway for hm5C and f5C using α-KG as 
a substrate. Created in BioRender. https://​BioRe​nder.​com/​l86i366. (B, C) Codon decoding by f5Cm and f5C in the cytosol and mitochondria, respec-
tively. Created in BioRender. https://​BioRe​nder.​com/​r61n681. (D) Bidirectional relationship between α-KG and f5C. Created in BioRender. https://​
BioRe​nder.​com/​m94h274.

https://biorender.com/l86i366
https://biorender.com/r61n681
https://biorender.com/m94h274
https://biorender.com/m94h274
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dietary inputs as well as mitochondrial respiration and TCA 
cycle activity (Lin et al. 2018; Suzuki 2021; Suzuki et al. 2020; 
Wu et  al.  2024). The first step in t6A biogenesis is the non-
enzymatic reaction between l-Threonine and CO2 or HCO3

− to 
generate a carbamate intermediate. YRDC then uses ATP to 
convert this intermediate into threonylcarbamoyl-AMP (TC-
AMP) which is then transferred to adenine at position 37 via 
the KEOPS complex in the cytosol or OSGEPL1 in the mito-
chondria (Lin et al. 2018; Srinivasan et al. 2011; Suzuki 2021; 
Suzuki et al. 2020; Zhou et al. 2020) (Figure 9A). t6A can be fur-
ther N6-methylated to m6t6A by TRMO (Kimura et al. 2014) or 
2-methylthiolated into ms2t6A by CDKAL1 (Arragain et al. 2010; 
Santos et al. 2020; Wei et al. 2011). Thus, given this biosynthetic 
pathway, the rate-limiting steps for t6A formation are mito-
chondrial activity and dietary availability of l-Threonine (Lin 
et al. 2018; Wu et al. 2024). t6A is needed for proper decoding 
of ANN coding, which is achieved via codon stacking, leading 
to the stabilization of the codon-anticodon loop conformation 
and more efficient translation (Akiyama et  al.  2024; Thiaville 
et al. 2016; Zhang, Zhou, et al. 2024). Loss of t6A results in mis-
incorporation of amino acids into the growing peptide chain as 
well as a reduction in tRNA aminoacylation, without impact-
ing tRNA stability or abundance (Wu et al. 2024; Zhang, Zhou, 
et al. 2024).

In the mitochondria, t6A is present in 5 tRNAs: mt-tRNA-
ThrUGC, mt-tRNA-LysUUU, mt-tRNA-SerAGY, mt-tRNA-IleGAU, 
and mt-tRNA-AsnGUU (Lin et al. 2018; Zhang, Zhou, et al. 2024; 
Zhou et  al.  2020). Mito-tRNA t6A modifications are essential 
for proper mitochondrial mRNA translation and mitochon-
drial function (Lin et al. 2018; Zhang, Zhou, et al. 2024). Loss 
of mitochondrial t6A via targeting OSGEPL1 leads to reduced 
mitochondrial respiration and ATP generation. This was due 
to downregulation of various mitochondrial as well as nuclear-
encoded respiratory complex proteins, which mainly impacted 
respiratory complex I activity (Lin et  al.  2018; Zhang, Zhou, 
et al. 2024). Indeed, loss of t6A due to point mutation in mito-
chondrial tRNA was observed to occur in MERRF syndrome 
(Myoclonus epilepsy with ragged-red fibers) (Lin et al. 2018; Lott 
et  al.  2013). In fact, multiple known point mutations in mito-
DNA encoded tRNA genes were shown to abrogate or reduce 
t6A levels (Lin et al. 2018). Another example is the m.15927G>A 
in mt-tRNA-Thr associated with Leber's hereditary optic neu-
ropathy, also through mitochondrial dysfunction secondary 
to mitochondrial translation defects (Zhang, Li, et  al.  2024). 
Nonetheless, loss of mitochondrial t6A does not appear to inter-
fere with normal mammalian embryogenesis and development 
(Zhang, Zhou, et al. 2024).

Cytosolic t6A defects due to mutations in YRDC or KEOPS com-
plex genes are also associated with several developmental dis-
orders. The most famous example of which is Galloway-Mowat 
syndrome (GAMOS) (Arrondel et  al.  2019; Braun et  al.  2017; 
Treimer et  al.  2022). GAMOS is characterized by early-onset 
steroid-resistant nephrotic syndrome and microcephaly 
(Arrondel et  al.  2019). Mutations in YRDC, GON7, TPRKB, 
LAGE3, and TP53RK were found to occur in GAMOS patients 
(Arrondel et  al.  2019; Braun et  al.  2017; Treimer et  al.  2022). 
Mutations in YRDC or KEOPS complex elements led to reduced 
t6A levels, protein translational defects, reduced proliferation, 
and activation of the cellular stress response (Braun et al. 2017; 

Flores et al. 2017). Activation of DNA damage response (DDR) 
and apoptosis in neuronal progenitor cells was reported to be a 
consequence of these mutations leading to microcephaly (Braun 
et  al.  2017). On the other hand, impaired podocyte migration 
could be attributed to the renal defects (Braun et  al.  2017). It 
also appears that genetic defects of t6A biosynthesis can lead 
to neural and renal phenotypes generally, not only in GAMOS 
(Edvardson et al. 2017; Schmidt et al. 2021). This could allude to 
specific translational programs needed in the brain and kidneys 
that render them highly sensitive to t6A aberrations.

t6A is also becoming a subject of interest in cancers. Studies 
have shown its role in hepatic, lung, and brain cancers (Guo 
et  al.  2021; Shen et  al.  2020; Wu et  al.  2024). t6A promotes a 
pro-oncogenic codon-biased translational program that pro-
motes cell proliferation and self-renewal (Guo et al. 2021; Shen 
et  al.  2020; Wu et  al.  2024). Indeed, YRDC, the first enzyme 
is the biosynthetic pathway of t6A and the subject of focus in 
the published literature, was upregulated at the mRNA level in 
multiple cancers except in kidney cancers and thyroid cancer, 
where it was downregulated (Figure  9B). This pattern of ex-
pression could signify a tissues-specific role of t6A in regulating 
oncogenic mRNA translation that is far from being explored. 
In the work of (Wu et al. 2024), which explored the oncogenic 
role of t6A and threonine thoroughly in glioblastoma (GB), t6A 
was shown to be essential for maintaining glioma stem cells 
(GSCs) self-renewal capacity and translation via regulating 
ANN codon decoding. In addition, dietary l-Threonine restric-
tion recapitulated the effects of t6A loss and YRDC targeting and 
restricted tumor growth in vitro and in vivo, providing an inter-
esting approach to target cancer via dietary manipulation of the 
epitranscriptome.

t6A biosynthetic pathway is also linked to type 2 diabetes (T2D). 
t6A methyl-thiolation to ms2t6A by CDKAL1 is essential for 
pancreatic β-cell function and insulin production (Arragain 
et al. 2010; Santos et al. 2020; Steinthorsdottir et al. 2007; Wei 
et al. 2011). ms2t6A is present in tRNA-LysUUU (Wei et al. 2011). 
ms2t6A is essential for the decoding of the LysAAA and LysAAG co-
dons (Narendran et al. 2021; Santos et al. 2020). Lys is essential 
for the processing of pro-insulin to insulin via cleavage by PCSK1 
(proprotein convertase subtilisin/kexin type 1) (Narendran 
et al. 2021; Santos et al. 2020). Thus, deficiency of ms2t6A leads 
to improper pro-insulin translation, its accumulation, and loss 
of glucose-stimulated insulin secretion and impaired glucose 
tolerance and disrupted energy metabolism, ultimately lead-
ing to T2D (Ohara-Imaizumi et al. 2010; Okamura et al. 2012; 
Santos et al. 2020; Steinthorsdottir et al. 2007; Wei et al. 2011).

Given this link between t6A biosynthesis and ms2t6A levels 
and insulin secretion (Liu et  al.  2024; Santos et  al.  2020; Wei 
et  al.  2011), one might consider whether l-Threonine supple-
mentation could have a positive impact on T2D. On the con-
trary, multiple population studies highlighted that l-Threonine 
intake is a risk factor for lower insulin levels and increased glu-
cose levels (Liu et al. 2023; Vangipurapu et al. 2019). Thus, the 
link to T2D appears to be strictly linked to ms2t6A and methyl-
thiolation of tRNA (Arragain et  al.  2010; Santos et  al.  2020; 
Steinthorsdottir et al. 2007). Nonetheless, pleiotropic effects of 
l-Threonine unrelated to t6A were reported. In mouse embry-
onic stem cells (mESCs) l-Threonine was shown to promote 
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S-adenosyl methionine (SAM) generation via the folate cycle, 
which was essential for histone methylation and maintenance 
of pluripotency (Shyh-Chang et al. 2013). However, this might 
not be the case in human cells, as the Threonine dehydrogenase 
gene, which is essential for linking l-Threonine to the folate 
cycle, is a pseudogene (Shyh-Chang et al. 2013; Wu et al. 2024). 
Threonine supplementation was also shown to extend lifes-
pan in Caenorhabditis elegans via suppressing ferroptosis 
(Kim et al. 2022; Ravichandran et al. 2018). l-Threonine levels 
were shown to be reduced in aged rodent and human plasma 
(Darst et  al.  2019; Wesley et  al.  2019). Notably, the decline in 
mitochondrial function and respiration are hallmarks of aging 
(Guo et al. 2023; Tavallaie et al. 2020). Given that mitochondrial 
TCA cycle and CO2 generation are rate limiting in the synthe-
sis of t6A, in addition to l-Threonine levels (Lin et al. 2018; Wu 
et al. 2024), the question of the potential role of t6A and its down-
stream modifications, especially ms2t6A in aging, becomes more 
interesting.

4.4   |   One-Carbon (1C) Metabolism 
and the Landscape of tRNA Modifications

One-carbon (1C) metabolism is a network of interconnected 
biochemical pathways that supply and utilize one-carbon units 
for critical cellular functions, linking transcription and trans-
lation by virtue of producing metabolites necessary for these 
steps to take place (Danchin et  al.  2020) (Figure  10). 1C me-
tabolism is essential for the biosynthesis of nucleic acids and 
amino acids, epigenetic and epitranscriptomic regulation, and 
maintenance of redox balance (Ducker and Rabinowitz  2017; 
Fox and Stover  2008). Folate plays a central role in 1C me-
tabolism by serving as a carrier of one-carbon units essential 
for these processes (Zarou et  al.  2021). One-carbon units are 
donated from amino acids, majorly serine, as well as glycine, 
and choline degradation products like dimethylglycine and 
methylglycine. Enzymes catalyze the transfer and utilization 
of these one-carbon units, with folate derivatives acting as the 

FIGURE 9    |    l-Threonine and t6A synthetic pathway. (A) Synthesis of t6A modifications requires mitochondrial respiration generating CO2 and 
l-Threonine supply. Created in BioRender. https://​BioRe​nder.​com/​q14z530. (B) Expression of YRDC in cancers. Data from the cancer genome atlas 
database. Hash indicates statistical significance. Data from ULCAN: https://​ualcan.​path.​uab.​edu/​index.​html.

https://biorender.com/q14z530
https://ualcan.path.uab.edu/index.html
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carriers. In animals, folate (vitamin B9) must be obtained from 
dietary sources. Dietary folate or its synthetic form, folic acid, 
undergoes conversion to tetrahydrofolate (THF) in two steps 
catalyzed by dihydrofolate reductase (DHFR), a process that 
requires NADPH as a cofactor.

THF is further converted to N5,N10-methylene THF by ser-
ine hydroxy methyltransferase (SHMT1 in the cytoplasm and 
SHMT2 in mitochondria), which transfers the hydroxymethyl 
group from serine to THF while converting serine to glycine in a 
reversible reaction (Garrow et al. 1993). The cellular localization 
of SHMT activity allows compartmentalized synthesis and ca-
tabolism of serine, depending on the supply and demand for 1C 
units. N5,N10-methylene THF is at the center of 1C metabolism, 
and it can be utilized for different outcomes and biosynthesis 
of multiple outputs depending on cell requirements. N5,N10-
methylene THF is recycled back to THF by the enzyme thymi-
dylate synthase, which in the process converts deoxyuridine 
monophosphate (dUMP) to deoxythymidine monophosphate 
(dTMP). This is a very critical step because the synthesized 
dTMP is used for DNA synthesis.

Alternatively, N5,N10-methylene THF can be reduced to 
N5-methyl THF by methylene THF reductase (MTHFR). 
N5-methyl THF is involved in homocysteine re-methylation 
to methionine, a reaction catalyzed by methionine synthase 
(MS), which requires vitamin B12 as a cofactor. The synthesis 
of methionine from folate metabolism is intimately linked to 
translation, as methionine is the first amino acid residue in 
translation (Bhattacharyya and Varshney  2016). Methionine 
is subsequently converted to S-adenosylmethionine (SAM), 
an essential methyl donor for a myriad of molecules, includ-
ing RNA and DNA methylation reactions that regulate epi-
genetics and epitranscriptomics (Chiang et  al.  1996; Fischer 
et al. 2022).

N5,N10-methylene THF can also be oxidized to N5,N10-
methenyl THF by methylene THF dehydrogenase (MTHFD) in 
a reversible reaction. Methenyl-THF is then converted to N10-
formyl THF by Methenyl-THF cyclohydrolase (MTHFC). N10-
formyl THF, the most oxidized form of folate, is indispensable for 
de novo purine synthesis, with one molecule of 10-formyl-THF 
required for each RNA or DNA base synthesized (Ducker 

FIGURE 10    |    One carbon (1C) metabolism. The diagram outlines the folate cycle, methionine cycle, and transsulfuration pathway. Folic acid is 
converted to THF, supporting purine and pyrimidine synthesis, while MTHFR facilitates methyl-THF production for methionine recycling, where 
SAM is synthesized, supporting the RNA methylation reaction. Homocysteine supports glutathione and redox balance, with cysteine and taurine 
synthesis supporting tRNA modifications. The pathway was constructed with information partially from Sanderson et al. (2019). Red star highlights 
metabolites discussed in the manuscript. Created in BioRender. https://​BioRe​nder.​com/​k51q339.

https://biorender.com/k51q339
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and Rabinowitz  2017; Pietzke et  al.  2020). In mitochondria, 
10-formyl-THF is used by the enzyme methionyl-tRNA form-
yltransferase (MTFMT) to formylate part of the mt-tRNA-Met 
pool. This formylated tRNA (N-formylmethionine-tRNA-Met) 
serves as the initiator for translation in mitochondria and thus 
is essential for proper mitochondrial function and respiration 
(Minton et  al.  2018; Tucker et  al.  2011). Since 10-formyl-THF 
cannot cross the mitochondrial membrane, it first gets hydro-
lyzed to formate by the MTHFD1-like enzyme (MTHFD1L) for 
transport.

The activated methyl cycle (methionine cycle) is completed 
through enzymatic steps that regenerate methionine from 
homocysteine and recycle N5-methyl THF back to THF. 
Homocysteine can be redirected out of the activated methyl 
cycle to form cystathionine by cystathionine beta-synthase, 
which requires the carbon backbone of serine and vitamin B6. 
Cystathionine then gets acted on by cystathionine gamma lyase 
to form α-Ketobutyrate and cysteine.

Cysteine can undergo further enzymatic transformations, con-
tributing to taurine biosynthesis, glutathione production via the 
transsulfuration pathway, or pyruvate and hydrogen sulfide 
synthesis through cysteine desulfurase activity (Corona-Trejo 
et  al.  2023). Taurine biosynthesis involves the oxygenation of 
cysteine-to-cysteine sulfinate by cysteine dioxygenase (iron-
dependent), followed by decarboxylation to hypotaurine by cys-
teine sulfinic acid decarboxylase, and subsequent oxidation to 
taurine by hypotaurine dehydrogenase.

4.4.1   |   SAM and tRNA Methylation

S-adenosylmethionine (SAM), a core product of 1C metabo-
lism, is essential for methylation modifications of DNA, RNA, 
proteins, and other molecules, catalyzed by methyltrans-
ferase enzymes (MTases) (Fukumoto et  al.  2022). In tRNA, 
methylation occurs in many positions, and they serve to sta-
bilize tRNA structure and facilitate translation and codon 
decoding (Orellana et  al.  2021; Rashad, Han, et  al.  2020; 
Tuorto et al. 2012). SAM is produced from methionine in the 
methyl cycle (methionine cycle) (Figure  10). SAM is utilized 
for the methylation reaction leading to the production of s-
adenosylhomocysteine (SAH). SAH is a competitive inhibitor 
of MTases; thus, the balance between SAM and SAH is es-
sential in dictating the rate of methylation reactions (Fischer 
et  al.  2022; Fukumoto et  al.  2022). Studies have shown that 
SAM supplementation or targeting may serve as therapy for 
various conditions such as inflammation, cancer, and depres-
sion (Fischer et al. 2022; Li et al. 2017; Pascale et al. 2022; Peng 
et al. 2024; Yoon et al. 2016).

In RNA, SAM is essential for methyltransferase reactions in 
virtually all RNA species (Delaunay et  al.  2024; Suzuki  2021; 
Xiong and Zhang 2023). In the tRNA, several of these modifi-
cations were shown to play important roles in various diseases 
and molecular processes. For example, m7G at position 46 was 
shown to be a driver of oncogenesis via supporting codon-
biased pro-oncogenic program in multiple cancers (Dedon and 
Begley 2022; Orellana et al. 2021; Zhang, Xu, et al. 2024). m3C 
at position 32 was shown to regulate the cell cycle and DNA 

damage response via a serine codon-biased mRNA transla-
tion program (Cui et  al.  2024). Loss of m1G at position 9 due 
to genetic mutations in the TRMT10A gene leads to intellec-
tual disability, microcephaly, diabetes, and short stature in hu-
mans and alters the mRNA translation via the destabilization 
of tRNA-iMet (initiator methionine) and tRNA-GlnCUG (Tresky 
et al. 2024). m1A at position 58 was shown to regulate stem cell 
self-renewal capacity and T-cell function (He, Wang, et al. 2024; 
Liu et al. 2022; Zuo et al. 2024). While it is important to know 
about all these modifications and their important roles in regu-
lating translation and diseases, the purpose of this narration is 
to show how critical the supply of SAM via the 1C metabolism is 
to the maintenance of correct codon decoding and proteostasis 
via tRNA methylation.

4.4.2   |   tRNA Thiolation and Sulfur Amino Acids

1C metabolism is an essential supplier of sulfur species, which 
are critical to tRNA thiolation reactions (Laxman et  al.  2013; 
Pedrioli et al. 2008). Cysteine degradation by NFS1 leads to the 
release of sulfur species (Figure  10) which are transferred to 
tRNA in a multistep thiolation process that involves members 
of the ubiquitin-like protein family (Jüdes et al. 2016; Pedrioli 
et al. 2008). Sulfur released by NFS1 is transferred to MOCS3. 
MOCS3 transfers the sulfur to URM1 via adenylation followed 
by a subsequent thiocarboxylation. URM1 acts as the sulfur 
carrier in tRNA thiolation reactions (Chowdhury et  al.  2012; 
Furukawa et  al.  2000; Jüdes et  al.  2016; Leidel et  al.  2009; 
Pabis et  al.  2020) which occur in cytosolic and mitochondrial 
tRNAs (Suzuki  2021). In this section, we will discuss the cy-
tosolic thio-uridine modification mcm5s2U. Mitochondrial uri-
dine thiolation modification will be discussed in the following 
Section 4.4.3.

mcm5s2U is synthesized in a multiple-step pathway that starts 
with the modification of U to cm5U at the wobble position by 
the elongator complex proteins (ELP 1–6). This is followed by 
either methylation into mcm5U by TRMT112 and ALKBH1 
or alternatively modification into ncm5U by a yet-to-be-
identified enzyme. CTU1 and 2 further synthesize mcm5s2U 
by transferring a sulfur group from URM1 protein to mcm5U 
(Figure  11A) (Schäck et  al.  2020). mcm5s2U is present in 3 
tRNAs: GluUUC, LysUUU, and GlnUUG (Figure 11B). However, 
its upstream modification, mcm5U, is present in another set 
of tRNAs, while the other arm of the pathway leading to 
the generating of ncm5U occurs in a different set of tRNAs 
(Figure 11B). Thus, the synthesis of mcm5s2U is not a simple 
continuation in the elongator U34 modifications synthesis 
pathway, but rather highly regulated and sequence specific. 
The availability of sulfur amino acids, namely methionine and 
cysteine, tightly regulates the levels of mcm5s2U and its sub-
sequent impact on codon decoding (Laxman et al. 2013). The 
1C metabolism-sulfur availability-tRNA uridine thiolation 
pathway is thus intimately linked to provide metabolic cues 
to regulate or influence translation via substrate availability. 
Not only are mcm5s2U levels dependent on sulfur amino acids 
levels, but they also act as a sensor for amino acids availabil-
ity. That is, cells deficient in mcm5s2U appear to be amino 
acid starved in the presence of abundant amino acids (Gupta 
et al. 2019).
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mcm5s2U, unlike other modifications discussed here, re-
stricts codon decoding (Rapino et  al.  2018, 2021). That is, 
mcm5s2U restricts the codon decoding of the UUN anticodons 
from NAA and NAG to NAA only (Figure  11C,D) (Rapino 
et al. 2018, 2021). mcm5s2U is essential for decoding NAA co-
dons encoding for Glu, Gln, and Lys amino acids, and its loss, 
by editing elongator proteins or CTU1/2, leads to ribosome 
stalling at NAA codons, protein aggregation, and downreg-
ulation of proteins biased towards NAA codons via transla-
tional repression (Rapino et  al.  2018, 2021). Evidence of the 
dispensability of mcm5s2U for NAG codons was shown in 
(Rapino et al. 2021), where mutating the coding sequence of 
KIFA4A, a gene enriched in NAA codons, to include NAG in-
stead of NAA rescued its translational defects upon mcm5s2U 
depletion. mcm5s2U promotes the translation of proteins 
containing the hydrophilic amino acid motif [EKR]-[EKR]-
[EKR]-R-[DEKR], and loss of mcm5s2U leads to aggregation 
of proteins enriched in this motif (Rapino et al. 2021). While 
the true nature of this link between mcm5s2U and hydrophilic 
amino acid motifs is not fully understood, it could be related 
to the dynamics of protein folding in the ribosome exit tun-
nel (Nilsson et al. 2015; Rapino et al. 2021). Glu (E), Gln (Q), 
and Lys (K) are all hydrophilic amino acids. Glu (E) and Lys 
(K) are clearly enriched in the [EKR]-[EKR]-[EKR]-R-[DEKR] 

motif. Thus, alterations in the decoding speed, or sudden en-
hanced translation of their NAG codons beyond the needed 
speed could, at least in theory, alter the dynamics of protein 
co-translational folding in the ribosome (Komar 2009; Nilsson 
et  al.  2015; Wilson and Beckmann  2011). It is important to 
keep in mind that strategic pausing in translation is essential 
for proper protein folding, especially around difficult or com-
plex structures in the protein (Komar  2009; Pechmann and 
Frydman 2013; Yu et al. 2015).

NAA codons, decoded by mcm5s2U, were shown to be en-
riched in specific genes and gene sets such as HIF1α, cell 
cycle-related genes, and specific protein families such as kine-
sins (Rapino et al. 2018, 2021). In addition, there is evidence 
of a sort of coupling between mTOR signaling and mcm5s2U 
presence in tRNA (Laxman et  al.  2013; Leidel et  al.  2009). 
Thus, mcm5s2U can act as a sensor for metabolic cues, and 
in tandem with other metabolic and growth pathways, to reg-
ulate cellular dynamics via fine-tuning mRNA translation. 
Dysregulation of mcm5s2U and the elongator-dependent tRNA 
modifications pathway was linked to various diseases. Apart 
from its established role in cancers such as melanoma (Rapino 
et  al.  2018), mutations leading to loss of mcm5s2U were as-
sociated with bronchial asthma and neurodevelopmental and 

FIGURE 11    |    tRNA thiolation and mcm5s2U modifications. (A) Synthetic pathway for mcm5s2u (Schäck et  al.  2020). Created in BioRender. 
https://​BioRe​nder.​com/​j70a796. (B) tRNAs carrying modifications of this pathway at position 34. (C) Codon restriction by mcm5s2U. Created in 
BioRender. https://​BioRe​nder.​com/​x86z632. (D) Codon anticodon pairing of the 3 amino acids related to mcm5s2U. Note that for the synonymous 
codons (NAG), an anticodon is available for decoding. However, the wobble uridine can pair with the G in the third codon nucleotide (see Figure 3B). 
Thus, mcm5s2U restricts this pairing and restricts the codon decoding to NAA codons.

https://biorender.com/j70a796
https://biorender.com/x86z632
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neurodegenerative diseases such as amyotrophic lateral scle-
rosis (ALS) (Anderson et  al.  2001; Bento-Abreu et  al.  2018; 
Freeman et  al.  2019; Hawer et  al.  2018; Strug et  al.  2009; 
Takeoka et  al.  2001). Despite it being one of the most inter-
esting tRNA modifications to study, our understanding of 
mcm5s2U remains incomplete, especially in the disease and 
tissue context as well as its links to metabolic diseases and 
sulfur metabolism disorders (Kožich and Stabler 2020).

4.4.3   |   Mitochondrial tRNA Modifications and Taurine 
and Folate Metabolism

Taurine is a semi-essential amino acid characterized by an 
amine group and a sulfur group. It is vital for life, support-
ing multiple body systems, and has been identified as a key 
factor in aging and mitochondrial genetic disorders (Ohsawa 
et al. 2019; Singh et al. 2023; Sunada 2020; Yamori et al. 2010). 
Taurine is either dietary-derived or generated in the cells via 
the cysteine degradation pathway (Figure  10). Studies show 
that taurine levels in the blood decline with age, while sup-
plementation has been demonstrated to extend both lifespan 
and health span in mice. Taurine has been found to reduce 
cellular senescence, protect against telomerase deficiency, 
suppress mitochondrial dysfunction, decrease DNA damage, 
and reduce inflammation (Singh et  al.  2023). Experimental 
studies using genetic rat models highlight taurine's effective-
ness in combating hypertension, stroke, and atherosclerosis. 
Additionally, higher urinary taurine levels are associated with 
lower cardiovascular disease (CVD) risk factors such as obe-
sity, high blood pressure, and cholesterol. Taurine also helps 
mitigate fat deposition and liver damage in metabolic condi-
tions (Yamori et al. 2010).

Taurine is essential for taurine methylation modifications of 
mitochondrial tRNAs (Asano et al. 2018; Sunada 2020). These 
modifications include tm5U and tm5s2U, a thiolation-linked 
modification (Suzuki et al. 2020). tm5U and tm5s2U are present 
at the wobble position of 5 mitochondrial tRNAs: LeuUUR, Trp, 
Lys, Glu, and Gln (Matsumura et al. 2023; Suzuki et al. 2011b, 
2020; Suzuki and Suzuki  2014). tm5U is synthesized by the 
writers MTO and GTPBP3 using N5,N10-methylene THF and 
taurine as substrates for the reaction (Asano et al. 2018; Chen 
et al. 2016; Fakruddin et al. 2018; Kopajtich et al. 2014; Martinez-
Zamora et al. 2015; Matsumura et al. 2023). tm5U is further thi-
olated by MTU1 into tm5s2U using sulfur species generated by 
NFS1-mediated degradation of cysteine (Matsumura et al. 2023; 
Yan et al. 2006; Zhang et al. 2018) (Figure 12A).

This biosynthetic pathway shows the intimate link between tau-
rine modifications and the mitochondrial folate cycle (Morscher 
et  al.  2018). SHMT2, the mitochondrial analogue of SHMT, 
plays a crucial role in providing N5,N10-methylene THF via 
its catalytic activity (Morscher et  al.  2018). N5,N10-methylene 
THF in turn provides the methyl donor needed for synthesiz-
ing tm5U in the wobble position of mitochondrial tRNAs (Asano 
et al. 2018; Morscher et al. 2018). tm5U and tm5s2U are essential 
for the accurate decoding of NNR codons (R = A or G, i.e., pu-
rines) and to prevent misreading of NNY codons (Y = U or C, 
i.e., pyrimidines) (Asano et al. 2018; Kirino et al. 2004; Suzuki 
et  al.  2011b) (Figure  12B). tm5U expands the codon decoding 

of mitochondrial anticodons via stabilizing the interaction be-
tween U and G by altering the classical U:G wobble geometry 
to that similar to Watson-Crick pairing, leading to better codon 
decoding (Kurata et al. 2008; Suzuki et al. 2011b). This codon 
expansion is essential for mitochondrial translation. In SHMT2-
deficient human cells, for example, mitochondrial ribosome pro-
filing reveals that the lack of this modification leads to disrupted 
translation, causing ribosome stalling at lysine (AAG) and leu-
cine (UUG) codons (Morscher et al. 2018).

Folate itself is essential for mammalian development and pro-
liferating tissues and its deficiency causes congenital heart 
defects, and impaired DNA synthesis and neural tube defects 
(NTDs), resulting in conditions ranging from anencephaly (in-
compatible with postnatal survival) to spina bifida, often associ-
ated with partial leg paralysis (Beaudin and Stover 2009; Copp 
et al. 2015; Hibbard 1964). Mitochondrial folate metabolism is 
essential for embryonic 1C unit metabolism, with deficiencies in 
enzymes like MTHFD1 causes embryonic lethality and severe 
NTDs (Momb et al. 2013; Narisawa et al. 2012). In children and 
adults, folate deficiency impacts hematopoiesis and immune 
function, leading to macrocytic anemia (Tandon et  al.  2022). 
Folate deficiency might be contributing to these diseases via 
altering mitochondrial translation, not only via contributing 
to N-formylmethionine-tRNA-Met synthesis, but also via al-
tering taurine modification levels (Asano et  al.  2018; Minton 
et al. 2018; Morscher et al. 2018; Ormazabal et al. 2015).

Loss of taurine modifications leads to severe mitochondrial 
dysfunction and alteration of oxidative phosphorylation by in-
terfering with the translation of mitochondrial DNA-encoded 
respiratory complex genes, leading to mistranslation, protein 
aggregation, and aberrant mitochondrial protein import (Asano 
et al. 2018; Chen et al. 2016; Fakruddin et al. 2018; Martinez-
Zamora et al. 2015; Morscher et al. 2018). In zebrafish, loss of 
mitochondrial taurine modifications via enzymatic deletion 
leads to an array of aberrations, including defective embryonic 
development, hypertrophic cardiomyopathy, and hearing de-
fects (Chen et al. 2016, 2019; Zhang et al. 2018).

In humans, mutations in mitochondrial tRNAs carrying tau-
rine modifications or mutations in the writer enzymes can lead 
to an array of genetic diseases including MELAS syndrome 
(Mitochondrial encephalomyopathy lactic acidosis and stroke 
like episodes, mutations in mt-tRNA-LeuUUR gene) (Homma 
et al. 2021; Kirino et al. 2004; Ohsawa et al. 2019; Sunada 2020), 
MERRF syndrome (myoclonic epilepsy with ragged red fibers, 
mutations in mt-tRNA-Lys genes) (Schaffer et al. 2014; Suzuki 
et  al.  2011a), hypertrophic cardiomyopathy and lactic acidosis 
(mutations in MTO1 gene) (Baruffini et al. 2013), Hypertrophic 
cardiomyopathy and lactic acidosis and encephalopathy (mu-
tations in GTPBP3 gene) (Kopajtich et  al.  2014), and RILF 
(Reversible infantile liver failure, mutations in MTU1/TRMU 
gene) (Wu et al. 2016; Zeharia et al. 2009). These syndromes are 
all characterized by mitochondrial dysfunction due to trans-
lational defects leading to aberrant mitochondrial respiratory 
complex formation. Taurine deficiency itself can lead to symp-
toms resembling MELAS and MERRF due to mitochondrial 
dysfunction (Schaffer et  al.  2014). In addition, taurine supple-
mentation was shown to rescue the symptomatology of MELAS 
(Homma et  al.  2021; Ohsawa et  al.  2019; Schaffer et  al.  2014; 
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Sunada  2020), despite the core pathology being a mutation in 
the tRNA-LeuUUR gene and not taurine deficiency.

Mutations in mt-tRNA-LeuUUR genes that are attributed to 
MELAS have also been found to be associated with type 2 dia-
betes (T2D) (Kadowaki et al. 1994; Suzuki et al. 2003; Suzuki, 
Suzuki, et al. 1997). Mitochondrial dysfunction is one of the core 
pathophysiological processes in T2D, leading to high ROS gener-
ation and low ATP levels, and β-oxidation, and in turn, dysreg-
ulated bioenergetics homeostasis and insulin resistance (Kim 
et al. 2008; Lowell and Shulman 2005; Rovira-Llopis et al. 2017). 
Thus, dysfunctional mitochondrial translation could indeed 
lead to insulin resistance and T2D. Not surprisingly, taurine 
supplementation was shown to reduce glycaemic indices and 
improve insulin resistance as well as the risk for metabolic syn-
drome (Kim et al. 2012; Maleki et al. 2020; Moludi et al. 2022; 
Tao et al. 2022; Tzang et al. 2024). Folate was also shown to have 
benefits in T2D (Mokgalaboni et al. 2024; Zhao et al. 2018; Zhu 
et al. 2020). It is not unlikely that the effects of folate and taurine 
on T2D and metabolic syndrome could be linked to mitochon-
drial translation and function via tRNA taurine modifications. 
However, this is an area that is yet to be fully explored in taurine 
and folate biology and their links to T2D.

4.5   |   N-Glycation and tRNA Modifications

A new addition to the ever-expanding repertoire of RNA 
modifications is the glycosylated tRNA modifications (Flynn 
et al. 2021; Suzuki et al. 2025; Xie et al. 2024; Zhao et al. 2023). 
We can divide this class into two subclasses, although this is 

mostly based on our current understanding and will likely 
change in the future. The first class is linked to Q modifications, 
discussed above, which includes manQ and galQ (Rashad 2024; 
Suzuki et al. 2025; Zhao et al. 2023). manQ and galQ are synthe-
sized by QTMAN and QTGAL enzymes using UDP-mannose 
and UDP-galactose as sugar donors (Suzuki et  al.  2025; Zhao 
et al. 2023). Both manQ (on tRNA-Asp) and galQ (on tRNA-Tyr) 
play roles in codon decoding and the expansion of their respec-
tive amino acids and in proteostasis. galQ is also essential to 
prevent stop codon readthrough (Zhao et al. 2023). manQ and 
galQ have been known to exist for years. However, their enzyme 
system has only been recently identified via seminal work by 
Zhao et al. (2023).

The second, and quite recently identified, class of glycosylated 
tRNA modifications refers to what is currently being called 
GlycoRNAs (Flynn et  al.  2021). Seminal work from Flynn 
et  al. reported the discovery of N-glycosylation of small 
RNAs and their representation on the cell surface (Flynn 
et  al.  2021). Later work by Xie et  al.  (2024) identified the 
tRNA modifications, acp3U, to be an attachment site for N-
glycans. N-glycosylated small RNAs are represented on the 
cell surface and colocalize with lipid rafts (Flynn et al. 2021; 
Ma et  al.  2024). GlycoRNAs are expected to play important 
roles, most importantly in cell–cell communication and im-
mune modulation, akin to what is known about glycosylation 
in general (Reily et al. 2019). Indeed, GlycoRNAs were shown 
to suppress siglec receptors in vitro, which are important for 
natural killer (NK) cells' function (Flynn et  al.  2021). They 
were also shown to regulate neutrophil recruitment and trans-
migration across endothelial cells (Zhang, Tang, et al. 2024). 

FIGURE 12    |    Mitochondrial taurine-methylation modifications. (A) Biosynthetic pathway of mitochondrial taurine modifications. Created in 
BioRender. https://​BioRe​nder.​com/​z49j976. (B) tm5U is essential for extending the codon decoding of UNN anticodons to NNA and NNG codons and 
restricts the pairing between UNN anticodons and NNC or NNU codons. Created in BioRender. https://​BioRe​nder.​com/​t33e443.

https://biorender.com/z49j976
https://biorender.com/t33e443
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Nonetheless, the field of GlycoRNAs is still young, and the 
tools to study and detect GlycoRNAs are evolving (Kageler 
et  al.  2024). In addition, acp3U itself is one of the not-so-
understood modifications at the molecular and disease rele-
vance levels. Apart from its location in the D-arm of tRNA 
and its enzyme system (DTWD1 and DTWD2) (Takakura 
et al. 2019), it is not studied in diseases or in other conditions, 
beyond a few reports on the potential role of DTWD1 in can-
cer (Ma et  al.  2015). acp3U confers stability to tRNA and is 
essential for maintaining translation and cellular prolifera-
tion (Takakura et al. 2019). acp3U is present in cytosolic but 
not mitochondrial tRNAs (Suzuki  2021; Suzuki et  al.  2020; 
Takakura et  al.  2019). One would expect that the links be-
tween GlycoRNAs and acp3U would drive more research into 
its biological and disease relevance. Analysis of the cancer ge-
nome atlas data (TCGA) shows dysregulation of both DTWD1 
and DTWD2 expression in multiple cancers (Figure 13). The 
expression, however, appears to be cancer and tissue spe-
cific. For example, the expression of DTWD1 and DTWD2 
was lower in kidney cancer while it was higher in cholan-
giocarcinoma (Figure 13). This could allude to tissue, cell, or 
cancer-specific regulatory processes. Nonetheless, the gene 
expression of a given enzyme system does not equal changes 

in the corresponding tRNA modifications all the time, as the 
regulation of tRNA modifications is more complex and nu-
anced (Rashad  2024). Thus, studying the enzymes and the 
modification levels in cancers is important to fully elucidate 
their roles. In addition to these challenges, the enzymatic sys-
tems responsible for N-glycosylation of acp3U modified RNAs 
remain to be discovered. Further, whether the N-glycosylation 
occurs on mature tRNAs first, then these tRNAs are further 
processed to tDRs, or whether the N-glycosylation occurs on 
tDRs carrying acp3U remains to be elucidated. Such nuances 
are critical in understanding the biogenesis and functions of 
GlycoRNAs (Figure 14).

While there are still many unanswered questions regarding 
GlycoRNAs and acp3U functions, the field of glycobiology could 
give us clues as to how we should direct the research in this area 
in the future (He, Zhou, et al. 2024; Reily et al. 2019). There are 
several types of glycosylated proteins and lipids in human cells, 
whose complex mechanisms of synthesis and regulation are 
beyond the scope of this review (Reily et  al.  2019). The main 
types are N-glycosylated proteins, O-glycosylated proteins, gly-
cosphingolipids (GSLs), proteoglycans, and glycosaminoglycans 
(Reily et al. 2019). Glycosylation regulates diverse processes such 

FIGURE 13    |    Expression of DTWD1 (A) or DTWD2 (B) in cancers. Data from the cancer genome atlas database. Hash indicates statistical signif-
icance. Data from ULCAN: https://​ualcan.​path.​uab.​edu/​index.​html.

https://ualcan.path.uab.edu/index.html
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as regulating protein stability and folding, phase separation, reg-
ulation of cell adhesion, immune modulation, and signal trans-
duction (He, Zhou, et al. 2024). Dysregulation of glycosylation is 
associated with many diseases, including congenital disorders 
of glycosylation, autoimmune diseases and chronic inflamma-
tion, diabetes, neurodegenerative diseases, and a wide variety 
of cancers (He, Zhou, et  al.  2024; Reily et  al.  2019). Indeed, 
changes in the diet, such as high-fat diet, can alter glycosylation 
patterns, and in turn impact cellular processes in many organs 
and cells (Mastrodonato et al. 2020; Paton et al. 2023). Thus, it is 
not unlikely that GlycoRNAs would also be sensitive to dietary 
changes and metabolic aberrations.

Given that dysregulation of the tRNA epitranscriptome is 
known to occur in many of these conditions, such as mutations 
of the CDKAL1 gene in diabetes leading to the loss of ms2t6A 
modification (Santos et  al.  2020; Steinthorsdottir et  al.  2007; 
Wei et al. 2011) or the dysregulation of tRNA modifications in 
many cancers (Dedon and Begley  2022), it seems likely that 
GlycoRNAs could also play roles in these glycation disorders. 
However, many challenges remain. Identifying the pathways 
and proteins responsible for GlycoRNAs synthesis, and whether 
they are RNA sequence specific or not, is an important problem 
to tackle. Characterizing the role of GlycoRNAs in the cells, and 
whether they play roles inside the cell in translation or only at 
the cell membrane, is another important one. These challenges, 
questions, and many more, are expected to be tackled in the 
coming years, along with efforts to understand the pathophys-
iologic roles of GlycoRNAs.

5   |   Conclusion

The relation between tRNA and metabolism is complex and bi-
directional. The tRNA epitranscriptome can influence metab-
olism by regulating mRNA translation. While metabolism can 
influence the tRNA epitranscriptome by providing substrates 
for the synthesis of tRNA modifications, or via mTOR-mediated 
tRNA transcription. In addition, both tRNA and metabolism 
are regulated by macro and micronutrient content of the diet. 
As highlighted in this review, there are several key areas that 
are understudied that require special attention to fully grasp the 
extent of this metabolic-tRNA-translation axis. How 1C metab-
olism influences tRNA modification levels, while studied, is not 
fully explored and requires more attention. GlycoRNA biology 
is an emerging and promising area that could link the tRNA 
epitranscriptome to a variety of non-canonical functions outside 
the scope of mRNA translation. Nonetheless, a huge amount of 
work is needed to fully resolve many of the questions around 
GlycoRNA biosynthesis and functions. It is also important to 
highlight that most studies on tRNA modifications were done 
in prokaryotes, yeast, or using cell lines. These models, while 
important from the standpoint of biochemical and molecular 
understanding of tRNA modifications and their role in codon 
decoding, are unable to recapitulate the complex 3D biology that 
occurs in the tissues. Cell lines commonly used are also not quite 
representative of primary cells, which is of concern when one 
studies physiology or pathology. Importantly, cellular metabo-
lism in the context of a tissue is drastically different from when 
the same cell is cultured in a dish. Thus, more attention should 

FIGURE 14    |    A hypothesized model for GlycoRNAs biogenesis and function. DTWD1/2 synthesize acp3U in the D-arm of mature tRNAs at po-
sition 20. Further N-glycosylation of acp3U is mediated via a yet-to-be-identified glycotransferase enzyme system. Mature tRNAs are processed into 
N-glycated tDRs forming part (or all?) of the GlycoRNAs pool. Alternatively, mature tRNAs can be processed to tDRs, which are then glycosylated. 
GlycoRNAs are expressed on the cell surface of cancer cells and allow them to evade immune surveillance and targeting by suppressing siglec recep-
tors on natural killer (NK) cells. Created in BioRender. Rashad (2024) Created in BioRender. https://​BioRe​nder.​com/​z88v875.

https://biorender.com/z88v875
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be given to studying various tRNA modifications in cell, tissue, 
and organ contexts. Understanding metabolic cues that impact 
cells in the complex environment of multicellular organisms 
is of utmost importance to fully comprehend the metabolism-
tRNA-translation axis.
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