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Abstract

Transfer RNAs (tRNAs) are key adaptor molecules that decipher the genetic code during
translation of messenger RNAs (mRNASs) in protein synthesis. In contrast to the traditional view
of tRNAs as ubiquitously expressed housekeeping molecules, awareness is now growing that
tRNA-encoding genes display tissue-specific and cell-type-specific patterns of expression, and
that tRNA gene expression and function are both dynamically regulated by post-transcriptional
RNA maodifications. Moreover, dysregulation of tRNAs, mediated by alterations in either their
abundance or function, can have deleterious consequences that contribute to several distinct
human diseases, including neurological disorders and cancer. Accumulating evidence shows
that reprogramming of mRNA translation through altered tRNA activity can drive pathological
processes in a codon-dependent manner. This Review considers the emerging evidence in support
of the precise control of functional tRNA levels as an important regulatory mechanism that
coordinates mRNA translation and protein expression in physiological cell homeostasis, and
highlight key examples of human diseases that are linked directly to tRNA dysregulation.

Introduction

Discovered more than 60 years ago?, transfer RNAs (tRNAs) are key molecules involved in
deciphering the genetic code in messenger RNAs (mRNAS) and in the synthesis of proteins.
Soon after the initial determination of tRNA structure2, tRNAs were shown to be highly
structured, commonly consisting of ~76 nucleotides arranged in a cloverleaf secondary
structure containing three stem loops, known as the D-loop (dihydrouridine-containing
loop), anticodon loop and T-loop (thymidine, pseudouridine and cytidine-containing or
TYC loop). These stem loops fold onto themselves to form the classic L-shaped tRNA
conformation, in which one arm is composed of the acceptor stem and T-loop, and
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a second arm is formed by the D-loop and anticodon stem loop (Figure 1a). Besides

their compact shape, another defining characteristic of some tRNAs is the presence of
inosine (a modified adenosine) in their anticodon triplet, which forms the basis for the
wobble hypothesis3. Moreover, tRNAs contain numerous post-transcriptional chemical
modifications that influence tRNA stability, structure, folding, translational fidelity and
translational fine-tuning®6. These tRNA modifications respond dynamically to changes in
cellular metabolism or environmental cues and dysregulation of tRNA modifications can
have major biological consequences (reviewed elsewhere).

Strikingly, the human genome contains ~500 genes encoding nuclear tRNAs, which are
transcribed by RNA polymerase I11 (Pol 111) and contain two internal promoter regions,
Box-A (nucleotides 8-19) and Box-B (nucleotides 52-62), as well as 22 tRNAs encoded
by the mitochondrial genome®. The nuclear-encoded tRNAs form 21 isoacceptor families,
each consisting of tRNAs that encode the same amino acid but have a different anticodon;
therefore, one isoacceptor family exists for every amino acid, including selenocysteine (an
analogue of cysteine that contains selenium instead of sulfur, and is critical for formation of
selenoproteins). Isodecoder families, by contrast, are tRNAs that share the same anticodon
but possess nucleotide differences elsewhere in their structure. Interestingly, in eukaryotes
the number of isodecoders (as a fraction of all tRNA genes) varies widely and tends to
increase across the phylogenetic tree?; in humans, for instance, ~50% of tRNA genes encode
isodecoders, whereas in budding yeast (Saccharomyces cerevisiae) only about 3% of tRNA
genes encode isodecoders (Figure 1b). In light of the presumed functional redundancy
between different isodecoders, the reasons why human genomes (and those of other higher
eukaryotes) contain so many tRNA genes remain unclear. However, this situation hints

at the possibility of tissue-specific or cell-type-specific expression of different subsets of
tRNA genes and suggests that tRNA isodecoder function could be less redundant and/or
more diverse than previously anticipated. Indeed, the exact number, particular repertoire
and relative expression levels of tRNA genes in different cells remain largely unaddressed.
Available data from newly developed bulk next-generation tRNA sequencing techniques
suggest that a single human cell could have 300-400 tRNA genes that are actively
transcribed®10.11 but, as yet, no data focusing on tRNA abundance at single-cell resolution
are available. Nevertheless, an emerging concept based on accumulating evidence from
tRNA sequencing studies is that (similarly to mMRNA expression or microRNA expression)
tRNA expression can be influenced by context, including the cellular environment and
tissue type®:11:12. Furthermore, although the extent to which each individual human tRNA
contributes to protein synthesis remains undetermined, accumulating evidence indicates that
not all tRNAs isoacceptors or isodecoders are functionally equivalent®13.14, In consequence,
changes in the abundance or function of specific tRNAs can result in codon-biased
reprogramming of mRNA translation, whereby distinct sets of mMRNASs that are enriched

in a particular codon are particularly affected by alterations in specific tRNA genes and
contribute to human disease1°>-20,

In this Review, we focus on the canonical role of tRNAs in mRNA translation, and provide a
particular emphasis on the dysregulation of tRNA. The major sources of tRNA dysregulation
can be categorized as causing changes in either tRNA abundance or tRNA function. The first
group involves mutations in the molecular machinery that affect the transcription, processing
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or stability of tRNAs, as well as mutations in tRNA genes. The second group includes
mutations in enzymes that affect tRNA function through the deposition and/or alteration

of RNA modifications and defects in amino acid charging of tRNAs. We highlight the
implications of tRNA dysregulation for human disease with a few illustrative examples, and
discuss potential routes for therapeutic intervention. The non-canonical roles of tRNAs are
not discussed as they have been extensively reviewed elsewhere?!,

Changes in tRNA abundance

Mutations in RNA polymerase Ill complex genes

Pol 111 is responsible for the transcription of tRNAs as well as several other non-coding
RNAs including 55 rRNA, U6 snRNA, 7SL RNA, 7SK RNA, and RNase P RNA22,
Various inherited mutations, occurring in 9 of the 17 subunits of Pol 111 (also known

as POLR3)23 have been primarily associated with a wide variety of neurodegenerative
disorders (Figure 2a) (reviewed extensively elsewhere?425). Mutations in the genes encoding
six of these Pol 111 subunits (POLR3A%8, POLR3B?, POLRI1C?8, POLR3K?, POLR3H®
and POLR3GL31:32) cause a spectrum of rare genetic disorders, including hypomyelinating
leukodystrophy (HLD), which is the most common POLR3-related disorder. Mutations in
BRF1, which encodes the 90 kDa subunit of transcription factor I11B (TFIIIB, isoform 1 of
which is involved in tRNA transcription as an activator of POLR3) are associated with a
cerebellar-facial-dental syndrome that overlaps clinically with POLR3-related disorders33.

One proposed hypothesis to explain the pathophysiological consequences of hypofunctional
Pol 111 proposes that mutations in Pol 111 lead to either globally reduced levels of tRNAs

or reduced levels of specific tRNA species?®. These deficits would have consequences for
overall protein production, particularly during early development, where (for example) they
cause defects in myelin formation that lead to the characteristic hypomyelination phenotype
of HLD34. This hypothesis is supported by several reports that different disease-causing
mutations result in decreased levels of some tRNAs; however, the identity of these tRNASs
varies from study to study. For instance, a homozygous splice-site mutation (c.1771-6C>G)
in POLR3A results in a global decrease of mature tRNA levels that reaches statistical
significance for tRNACY, tRNALeY, tRNAHIS and the initiator tRNAMEL despite the
reduction in tRNA levels being mild overall3>. Similarly, fibroblasts from patients carrying
mutations in POLR3K showed decreased levels of initiator tRNAMEt (Ref.29). Moreover,
HEK?293 cells used to model a disease-causing mutation in POLR3A (c.25546A>G) using
CRISPR-Cas9 uncovered a widespread decrease in precursor tRNA levels36, Although these
studies provide a snapshot of the tRNA landscape in POLR3-related disorders, the reader
should note that they were not carried out in neuronal cells; such mutations are most likely
to have a profound impact on the Pol Il transcriptome in the disease-relevant cell type(s).

Transcriptional regulation by oncogenes and tumour suppressors

Commitment to cell division is preceded by attainment of a critical cell size, a process that is
directly coordinated with an increase in overall protein synthesis. A major contributor to this
increase in translation rate is the transcription of tRNA genes, which is elevated in cells that

possess altered tumour suppressor or oncogene pathways (reviewed elsewhere37). Increasing
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evidence indicates that Pol 111 can be directly regulated by well-known oncoproteins and
tumour suppressors, which are encoded by some of the most commonly mutated genes

in human cancers, such as those encoding mTORC1 components or involved in Ras
signalling, MYC, TP53, NOTCHI1 and RB1 (Figure 2b). For example, stimulation of Pol

I11 transcription is mediated by direct or indirect phosphorylation of key components of the
Pol 111 machinery by mTORC1 components (namely, the negative Pol 111 regulator MAF1)
or its downstream effectors38-43, MYC is a transcription factor that drives increased cell
division prior to protein synthesis and has been shown to control Pol 111 transcription by
directly localizing at tRNA genes through association with BRF1, a key component of

the TFIIB complex#*. This interaction can trigger the localization of histone-modifying
enzymes such as histone acetyltransferase GCN5 (also known as KAT2A) and the adapter
protein TRRAP, which helps to promote tRNA gene transcription*®. Ras signalling can

also increase Pol 111 transcription via increased expression of a component of the TFII1B
complex#847. By contrast, the tumour suppressor proteins p53 and Rb both negatively
regulate Pol 111 transcription by directly binding to members of the TFI1IB complex (TBP or
BRF1), thereby inhibiting the recruitment of Pol 111 to tRNA genes*8-33, In 2021, NOTCH1
(aberrant activation of which is a key event in T cell acute lymphoblastic leukemia (T-ALL))
was identified as a positive regulator of tRNA biogenesis (particularly tRNAVa)19, Taken
together, this body of work supports the concept that modulation of tRNA levels via Pol

I11 regulation is an important mechanism in the control of growth, malignant transformation
and tumorigenesis. Whether the regulation of Pol Il transcripts by oncogenes and tumour
suppressor proteins is global or biased towards certain tRNA families, isoacceptors or
isodecoders remains unclear.

Epigenetic regulation of tRNA gene expression

Gene expression can be positively or negatively regulated by epigenetic mechanisms such
as DNA methylation and histone modifications (Figure 3a). Epigenetic regulation of tRNA
transcription has not been investigated thoroughly; nonetheless, some evidence suggests
that these processes might be partially responsible for regulating tRNA transcription in
physiological states and in disease. For instance, hypermethylation of the TRX-CAT1-4
gene (also known as tRNA-iMet (anticodon CAT) 1-4), was identified as an age-related
DNA methylation change within a disease-associated region identified in a genome-wide
association study®*. Further studies of a tRNA locus showed genomic enrichment for CG
DNA hypermethylation that was age-related and tissue-specific®. In further support of
this notion, early research performed in Xenopus laevis oocytes using hypermethylated
tRNALYS-encoding genes showed that Pol I11-dependent transcription of tRNA genes could
be affected by their methylation status6. More research is needed to clarify the role of gene
methylation in transcriptional regulation of tRNA loci.

The influence of histone modifications on transcription of tRNA genes has been
characterized in more detail (reviewed elsewhere®’-28). For example, nucleosome occupancy
or positioning is reportedly similar between Pol Il transcribed genes and tRNA genes, and
histone regulation might also play an important role in tRNA expression. The dynamics

of this level of regulation are illustrated during macrophage differentiation; chromatin
accessibility is positively correlated with the level of histone H3 acetylation at lysine 27
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(H3K27ac), a histone mark positively associated with transcription levels, including tRNA
transcription. Downregulation of many tRNA genes occurs during monocyte-to-macrophage
differentiation, which suggests that their transcription is subject to dynamic control during
cell differentiation2. Although the dynamic epigenetic regulation of tRNA expression is
becoming increasingly appreciated, its relevance to disease states remains to be addressed.

Pol Ill-transcribed genes are found in intergenic regions that are relatively depleted of
nucleosomes®?, hinting that local chromatin accessibility might not play an important role
in the transcription of tRNA genes, but studies performed in yeast suggest otherwise. For
example, global nucleosome depletion in yeast cells leads to transcriptional activation of
several loci containing tRNA genes80, Because most tRNA genes (along with intergenic
factor binding sites) are about the size of a DNA molecule wrapped around a single
nucleosome, the Pol 111 machinery has to compete with nucleosomes for access to tRNA
genes®?. Early research suggested that nucleosome depletion at loci containing tRNA genes
was a consequence of active Pol Il transcription; however, consistent evidence indicates
that nucleosomes are actively excluded from tRNA genes by chromatin remodellers to
facilitate their transcription®2. Altogether, multiple lines of evidence support the role of
dynamic chromatin remodelling at loci containing tRNA genes as a regulatory mechanism
that modulates tRNA gene transcription. This regulatory mechanism has the capacity to
respond quickly to changes in the cellular state and further research is warranted to evaluate
its physiological role.

Mutations in tRNA-encoding genes

mt-tRNA genes are hotspots for mutations associated with multiple diseases (reviewed
elsewhere®3). Over the past 24 years, approximately 370 mutations in all 22 mt-tRNA
genes have been reported®*. These mutations have been linked with altered levels of tRNA
modifications and with functional alterations in mitochondrial protein translation®®.

The first observations showing that point mutations in mt-rRNA genes can lead to aberrant
mt-tRNA function mediated by defects in the deposition of RNA modifications came from
the study of tRNAs isolated from patients with two important mitochondrial disorders:
myoclonus epilepsy associated with ragged red fibres (MERRF), and mitochondrial
myopathy, encephalopathy, lactic acidosis, and stroke-like episodes (MELAS)%. Mutations
in mt-tRNALeU(VUR) “including A3243G and U3271C (amongst other mutations associated
with MELAS), hinder its recognition by tRNA modification GTPase GTPBP3-MTO1,

the enzyme complex responsible for creating the modification 5-taurinomethyluridine
(xm®U) at “‘wobble’ position 34. Mutation-dependent tm°U hypomodification at position
34 in mt-tRNALeU(UUR) reqyits in impaired recognition of UUG codons, which are
enriched in MT7-ND6 mRNA (which encodes NADH-ubiquinone oxidoreductase chain 6, an
essential component of mitochondrial complex 1), thereby leading to defects in respiratory
activity®6.67,

Several other associations have been reported between mt-tRNA gene mutations and
impaired RNA modifications. Some of these mutations do not overlap with the modified
sites, suggesting that disease-causing point mutations can have an adverse effect on substrate
recognition or alter the activity of tRNA-modifying enzymes. In 2020, an in-depth study of
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mt-tRNA modification in all 22 mt-tRNA species reported finding 18 types of modified
nucleosides at 137 positions®8. This study also identified 23 disease-associated point
mutations in commonly modified bases that are likely to abolish the modification®8. Further
understanding of human mt-tRNA modifications is necessary to fully understand the basis of
mitochondrial diseases.

Compared with mutations in mt-tRNA genes, relatively little is known about either the
prevalence or the role in disease of mutations in cytosolic tRNA genes (Figure 3b). A 2018
study that focused on the mutation rates of cytosolic tRNA genes showed that these genes
are subject to transcription-associated mutagenesis. Strikingly, this report showed that tRNA
gene loci have a mutation rate up to tenfold higher than the genome-wide average®. Most
of this genetic variability is accounted for by mutations in the flanking regions of tRNA
genes, which are defined as the 20 nucleotides either upstream of the transcription start site
or upstream of the mature tRNA sequence, plus the 10 nucleotides downstream of the 3" end
of the mature tRNA sequence. Interestingly, the flanking region with the highest variability
is located at the 5” end of the mature tRNA, a region that also harbours the transcription
start site (which is only 5 nucleotides upstream of the mature tRNA sequence)9:70, This
observation raises several interesting questions: can mutations in flanking regions affect
tRNA expression? Do mutations in tRNA gene loci contribute to survival fitness and/or
natural variation in humans? Although some evidence suggests that mutations in flanking
regions can affect tRNA expression in human cells’?, the effects of such mutations on
transcription of tRNA genes has not yet been addressed.

By contrast, the mature tRNA sequence is highly conserved, an observation that is in line
with the existence of strong selection pressure to preserve tRNA functionality®®. Mutations
in the mature tRNA sequence are, therefore, expected to be highly deleterious. One of

the most interesting examples is the isodecoder tRNA-Arg (anticodon TCT) 4-1, which is
specifically expressed in the central nervous system (CNS)12. A study in mice identified

a point mutation (T>C; rs46447118) in the Mod205 locus that harbours the n-7TRtct5
(nuclear encoded tRNA Arg5 (anticodon TCT) gene. This SNP is localized at position

50 of the tRNA T-loop and was shown to interfere with the maturation process, leading to
accumulation of pre-tRNAs and decreased aminoacylation levels’2. Interestingly, the mature
sequence of tRNA-Arg (anticodon TCT) 4-1 is highly conserved in both vertebrates and
invertebrates. One other mutation has been reported in a nuclear-encoded tRNA gene: a
single nucleotide change (C65G) in the only functional selenocysteine tRNASEC identified
in a homozygous patient who had low plasma selenium levels, abdominal pain, fatigue,
muscle weakness, and markedly decreased levels of stress-related selenoproteins (Figure
3c)’3. Interestingly, this mutation, which is located in the acceptor stem, caused a reduction
in U34 modification, which is essential for wobble pairing. These studies showcase the
disease-causing potential of mutations in nuclear tRNA genes.

Mutations in non-coding sequences in the human genome are often overlooked and could
contribute to the poor characterization of the variability of the nuclear tRNAome. Moreover,
several studies suggest that tRNA gene copy number variation is observable in human
genomes and might be a source of phenotypic variation between individuals. A cluster

of five tRNA genes located on chromosome 1, including various Glu-CTC, Gly-TCC,
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Asp-GTC, Leu-CAG, and Gly-GCC genes, showed higher copy humbers compared to the
hg19 reference genome’®. Moreover, about 50% of the genotyped individuals had a deletion
of at least one allele of the tRNALYSCUUY gene on chromosome 1174, However, owing to the
identical amino acid sequences of mature tRNA isoacceptors arising from different genes,
studying the contributions of individual tRNA loci remains very challenging. tRNA gene
copy number variation might represent an underappreciated layer of genetic diversity and
could potentially contribute to human disease and genetic fitness.

In summary, the cellular tRNA pool can be affected by alterations at multiple stages

in the biogenesis pathway, including mutations in tRNA genes as well as defects in
transcription or maturation. Dysregulation of post-transcriptional tRNA modifications, such
as N7-methylguanosine (m’G), can also lead to changes in tRNA abundance by affecting
the stability of tRNA (Box 1). Often tRNA levels are assumed to be produced in excess,
meaning that their levels might not represent a limiting factor in protein homeostasis.
However, it is now becoming increasingly clear that small alterations in the tRNA pool

can have profound physiological consequences and can be linked directly to many human
diseases, including neurological disorders and cancer.

Altered tRNA maturation and splicing

tRNA biogenesis begins with the transcription of premature tRNA (pre-tRNA), which then
undergoes a multi-step maturation process involving trimming of the flanking region at the
5’ end (leader sequence) by nuclear ribonuclease (RNase) P75 and at the 3’ end (trailer
sequence) by RNase Z1 and RNase Z2 (also known as ELAC1 and ELAC2)76. About

6% of pre-tRNAs also undergo the removal of a short intron by dedicated tRNA splicing
machinery. This step is followed by the addition of a CCA (cytosine—cytosine—adenine)
sequence to the 3’ end by the tRNA nucleotidyltransferase TRNT1 and deposition of

a particular subset of the multitude of possible chemical modifications by specific RNA-
modifying enzymes. Each mature tRNA contains an average of ~13 such modifications per
molecule. Aminoacyl tRNA synthetase (aaRS) enzymes then charge each mature tRNA with
an amino acid on their 3’ end (a process termed aminoacylation) that matches a particular
trinucleotide anticodon sequence.

Maturation of pre-tRNA is critical for the regulation of normal cell homeostasis, division
and growth, and pre-tRNA maturation is deregulated in various human diseases (Figure
4). Whereas no disease-associated mutations have yet been reported in genes encoding
RNase P complex components, elevated expression levels of both the catalytically active
RNase P RNA component H1 (also known as RPPH1) as well as the protein components
of the complex have been found in cancer cells’’. However, many mutations have been
identified in mitochondrial RNase P (mtRNase P), the complex that carries out trimming
of pre-tRNAs in mitochondria. Mutations in all three protein components (MRPP1, MRPP2
and MRPP3) of mtRNase P have been associated with a wide range of diseases. For
instance, several mutations in MRPP2 have been linked with HSD10 disease (also known
as 2-methyl-3-hydroxybutyric aciduria), which has complex features that resemble severe
mitochondrial disorders’®. The hallmarks of HSD10 include cardiomyopathy, loss of
cognitive and motor functions, epilepsy and blindness. Functional studies performed in
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fibroblasts from patients with HSD10 showed that disease-causing mutations in MRPP2 can
affect the processing of transcripts of mtRNA genes, tRNA modifications and the overall
activity of mtRNase P79-81, pathological mutations in MRPP1 (encoded by 7RMT10C) have
been associated with hypotonia, lactic acidosis and deafness. Similarly, studies conducted

in patient-derived fibroblasts revealed normal activity of m1R9 methyltransferase (MTase),
which catalyses N1-methylation of guanine or adenine in position 9 in mt-tRNAs, but
impaired activity of mtRNase P due to decreased stability of MRPP1 protein, leading to
accumulation of unprocessed precursor mt-tRNAs82. Furthermore, mutations in MRPP3
(encoded by PRORP) cause defects in mt-tRNA processing. Patients bearing these mutations
present with variable phenotypes that include hearing loss, primary ovarian insufficiency,
developmental delay and changes in brain white matter. Functionally, mutations in PRORP
lead to decreased levels of MRPP3 in patient fibroblasts with concomitant accumulation of
unprocessed mt-tRNASs. In vitro reconstitution assays also indicated that the pathogenic
mutations impair mt-tRNA processing®3. Strong evidence from animal models further
supports the observations that pathogenic variants in all three subunits of mtRNAse P lead to
mitochondrial dysfunction and a variety of clinical presentations84-86,

Of the two nuclear RNase Z isoforms in humans, ELAC1 and ELAC2, ELAC2 is likely to
be the enzyme primarily responsible for removal of the tRNA trailer sequence®’. ELAC2
was first identified as a candidate gene associated with susceptibility to prostate cancer/6:88,
and a link between £LAC2mutations and cardiac disease has also been established®®. By
contrast, ELAC1 has not yet been implicated in disease. ELAC1 functions to recycle tRNAs
released from stalled ribosomes by removing the 2”,3” cyclic phosphate moiety (found

on tRNAs that have been cleaved from the ribosome P-site by the tRNA endonuclease
ANKZF1) that permits CCA reincorporation®’.

Processed and recycled tRNAs are substrates for TRNT1-mediated addition or
reincorporation of the CCA trinucleotide at the 3" end. 7RN/71 mutations have been linked
with a spectrum of rare metabolic disorders that have a variety of clinical manifestations,
including childhood-onset sideroblastic anaemia, B-lymphocyte immunodeficiency, retinitis
pigmentosa, hepatomegaly, deafness, cerebellar atrophy, and deficiencies of pancreatic

and renal function. Mechanistically, these mutations cause defective post-transcriptional
modifications of both cytosolic and mitochondrial tRNAs, particularly in the addition of the
3' CCA trinucleotide to mitochondrial tRNACYS, tRNALEUUUR and tRNAHIS 90,

Lastly, about 6% of human tRNA genes contain a small intron that is removed by

the tRNA splicing endonuclease (TSEN) complex to generate a functional mature
tRNA9L.92 Human TSEN consists of two catalytic subunits, TSEN2 and TSEN34, and
two structural subunits, TSEN15 and TSEN549, Mutations in the genes encoding each
of these subunits have been found in patients with pontocerebellar hypoplasia (PCH), a
group of developmental disorders that share clinical characteristics, including cerebellar
hypoplasia and microcephaly®3-97. Additionally, the mammalian TSEN complex associates
with the RNA kinase CLP1%, and CLP1 has been found to harbour mutations in patients
with neuropathologies and tRNA splicing defects®-101. |n the past year, biochemical
reconstitution of the human TSEN-CLP1 complex along with analyses of fibroblasts
from patients with PCH have provided insight into the molecular mechanism of the
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splicing defects observed in these patients. This work showed that although mutant TSEN
retains its endonuclease activity, complex assembly and pre-tRNA cleavage are altered,
leading to changes in the pre-tRNA pool101, Altogether, strong evidence indicates that that
polymorphisms in the TSEN-CLP1 complex (and, therefore, defects in tRNA splicing) are
the underlying cause of PCH102,

Changes in tRNA function

Besides changes in tRNA levels, changes that alter tRNA function can cause disease in
humans. These include errors incorporated during amino acid charging as well as errors in
post-transcriptional modifications that are essential for cognate codon recognition. In this
section, we highlight key examples illustrating how these processes are directly linked to
human disorders.

Altered amino acid charging

For a tRNA to be functional, it must be charged with an amino acid that matches its
anticodon sequence. This well-characterized process is performed by aaRS enzymes’®.
Defects in amino acid charging can have devastating consequences in protein synthesis and
are known to cause several disorders in humans (Figure 5). Pathological mutations in at

least 17 different mitochondrial aaRSs have been described and predominantly result in CNS
symptoms (reviewed elsewhere103),

The first reported disease-associated mutation in a cytosolic aaRS was described in patients
with Charcot—-Marie-Tooth disease (CMT) type 2D, a hereditary peripheral neuropathy
characterized by progressive degeneration of motor and sensory neurons causing muscle
weakness, and upper and lower limb atrophy. Mutations in any of the five cytoplasmic
glycyl-tRNA synthetases (GARSs) have been implicated in CMT04 and a potential
underlying molecular mechanism has been described. Although still a matter of debate,
details of the molecular consequences of mutations in GARSs are emerging. New research
supports the idea that aberrant GARS activity is related to a gain-of-function mechanism
that results in impaired translation. Mutated GARS binds to tRNACY and sequesters it,
thereby depleting the tRNASY pool and causing ribosome stalling on glycine codons, which
results in chronic activation of the integrated stress response via the sensor kinase GCN2.
The integrated stress response can be diminished by either pharmacological inhibition of
GCN2 or ectopic expression of tRNACY, which alleviate peripheral neuropathy in animal
models195.106 \Whether chronic activation of the integrated stress response is a mechanism
shared by pathological mutations in other aaRS remains unclear, but aberrant aaRS activity
is now accepted to be an important contributor to tRNA-related diseases.

Altered tRNA modification landscapes

tRNA molecules include numerous chemical modifications (involving 10-20% of their
nucleotides) that play various roles in their stability, structure, folding, translational fidelity
and fine-tuning of translation*6. Human tRNA modifications are both tissue-specific and
cell-type specific, and their levels and activity can change dynamically in response to
cellular stressors or environmental cues%7:108, Up to 39 types of RNA modification exist
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in cytoplasmic tRNAs and 18 types in mitochondrial tRNAs, and many of the enzymes
responsible for these modifications are dysregulated in disease (reviewed elsewhere’).
Study of the chemical modifications of RNA is known as epitranscriptomics and diseases
caused by aberrant tRNA modifications are referred to as tRNA modopathies. The main
pursuit of these two fields is to understand the molecular mechanisms of particular tRNA
modifications.

Most tRNA modopathies involve a loss-of-function mechanism due to mutation or deletion
of the responsible tRNA-modifying enzyme. Although understanding of tRNA modifications
and their corresponding enzymes is still incomplete, aberrant modification of tRNAs

can affect translation in three main ways: aberrant modifications in the anticodon that
directly restrict or expand decoding functions; aberrant modifications in the tRNA body
that alter its folding characteristics or structural stability (discussed above); and aberrant
tRNA modifications that alter charging specificity (Figure 5). For example, aberrant
modifications in the wobble position of the anticodon loop (position 34) can either

restrict or expand the potential of a tRNA to decode a particular codon. The absence

of 5-methoxycarbonylmethyluridine (mcm®U) or 5-methoxycarbonylmethyl-2-thiouridine
(mcmds2U) results in translational infidelity leading to amino acid sequence errors and
activation of the unfolded protein response and heat shock response199.110, By contrast,

a change of adenosine to inosine at position 34 (that is, A43 to 134) enables the

resulting anticodon to recognize codons that have U, C, or A in the third position3-111,
Complete ablation of 134 is incompatible with life, which implies that 134 is essential

for correct protein synthesis. In humans, some evidence indicates that the modification
status of position 37 might also be important for correct aminoacylation, as abolishing
N6-threonylcarbamoyl-adenosine (t6A) at position 37 (for instance) results in markedly
reduced aminoacylation levels in mt-tRNALYs 112,

Cancer is by far one of the most thoroughly studied pathologies in humans, and large
multi-omic cancer datasets have been collected over the years. Global analysis of MRNA
expression in patient-derived samples, using data included in The Cancer Genome Atlas
(TCGA), showed that tRNA-modifying enzymes are highly dysregulated in cancer!13, tRNA
pseudouridine synthase A (PUS1, which converts uridine to pseudouridine (%)), tRNA
(guanine(26)-N(2))-dimethyltransferase (TRMT1, which converts guanosine to N2,N2-
dimethylguanosine (m%2G)) and tRNA (guanine-N(7)-)-methyltransferase (METTL1, which
converts guanosine to 7-methylguanosine (m’G)) are the most strongly upregulated
tRNA-modifying enzymes across different cancer types, whereas the most downregulated
enzymes in TCGA dataset are the putative tRNA MTase TRMT9B (which catalyses an
unknown modification, probably uridine modifications at the wobble position 34), tRNA
(cytosine(38)-C(5))-methyltransferase (TRDMT1, which generates 5-methylcytosine (m°C)
at position 38 in the anticodon loop of tRNAASP, and tRNA methyltransferase 10 homolog
A (TRMT10A), which catalyzes the formation of M1-methylguanine at position 9 (m%G)113,
Further research is needed to fully understand the individual contributions of tRNA
modifications to human diseases.
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Altered tRNA pools

Repurposed microRNA sequencing data from TCGA has been used to estimate the changes
in tRNA levels in diseased versus healthy tissues. The results indicate that an altered
abundance of specific tRNAs is a widespread phenomenon in different human cancers!13,
This observation has implications for many human cancers as increasing evidence suggests
that, rather than having global effects on protein synthesis, changes in the tRNA pool

lead to codon-biased reprogramming of mMRNA translation that can specifically drive
oncogenic programmes. The examples presented below highlight the underlying role of
disease mechanisms that exploit alterations in tRNA supply and demand to preferentially
translate MRNAs involved in metastasis, drug resistance, cell growth and bioenergetics.

Translation initiation is the first rate-limiting step in protein synthesis and can be hijacked
to support tumorigenesist14115 For example, overexpression of tRNAIMet causes changes
in metabolic and growth rates in immortalized human breast cells!8; overexpression of
tRNAIMet also promotes metastasis in melanoma tumours'? and furthermore increases
tumour burden and vascularization in mice’2.

Another regulatory layer in the translation of oncogenic mRNAS is the alteration

of elongator tRNAs and the resulting changes in cognate codon usage (Figure 6a).
Overexpression of tRNACIU(VUC) and tRNAATICCE) promotes a pro-metastatic state in
breast cancer by enhancing the translation of transcripts that are enriched in their cognate
codons1®. Moreover, reprogramming of mRNA translation through alteration of wobble
modifications might play an important role in resistance to targeted therapy in melanoma
driven by the BRAFY6U0F gncogene. Overexpression of U34 tRNA-modifying enzymes
promote glycolysis through codon-dependent regulation of translation of H/F7ZA mRNAL,
Another example of translational reprogramming is the accumulation of m’G-modified
tRNASs upon overexpression of METTL1 and/or WDR4. Accumulation of tRNAA(TCT)
or tRNALYS(CTT) |eads to biased translation of growth-promoting proteins that are enriched
in their respective cognate codons, thereby supporting malignant transformationl”.118, A
genome-wide loss-of-function CRISPR-Cas9 screen of components involved in tRNA
biogenesis identified tRNAV2! as a critical adaptation in the pathobiology of T-ALL2.
Mechanistically, increased NOTCH1 signalling is responsible for the upregulation of
tRNAVal 19 This change affects the translation of MRNAs involved in the electron
transport chain, which are enriched with valine codons, thereby enhancing mitochondrial
bioenergetics1®. Interestingly, dietary restriction of valine consumption reduced the tumour
burden in a mouse model of T-ALL, suggesting a potential avenue for treatment!9. The
relevance to disease of the emerging concept of codon-biased translation (first described in
yeast in response to cellular stresses109110) js becoming increasingly apparent and might
help to explain the varied phenotypes associated with various diseases caused by altered
tRNA expression or function.

Avenues for therapeutic intervention

Proteins involved in the biogenesis and function of tRNAs are attractive therapeutic targets
to treat human diseases (Figure 6b). For example, aaRSs have received considerable
attention as potential therapeutic targets in drug development, not only those targeting
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human aaRSs but also those targeting aaRSs produced by human pathogens (reviewed
elsewhere!19). Moreover, considerable effort is now being dedicated to the identification and
development of small-molecule inhibitors of RNA-modifying enzymes, including tRNAs20,
Another promising approach involves precise editing of the mitochondrial genome, which is
opening the door to treatments for mitochondrial disorders!?1,

A currently overlooked area of potential therapeutic intervention is the direct modulation
of tRNA molecules. This prospect could involve one of three approaches: restoration of
functional tRNAs in patients with diseases caused by loss-of-function of a specific tRNA,;
tRNA modulation or inhibition in diseases caused by elevated levels of particular tRNAs
(termed onco-tRNAS); or expression of anticodon-engineered tRNAS that can suppress
premature termination codons, (Figure 6b). The clearest preclinical example of the first
approach is the rescue of animal models of CMT due to aberrant GARSs by overexpression
of a transgenic tRNACY moleculel%®, This strategy remains to be tested in a clinical
setting, and more research into its feasibility is needed. The second approach relies on

the inhibition of pathogenic tRNAs such as tRNA-Arg (anticodon-TCT)-4-1, which our
group has identified as a key tRNA that is largely responsible for the oncogenic activity

of METTL1Y. Potential strategies to modulate tRNA-Arg (anticodon-TCT)-4-1 levels in
tumours include the use of small molecules that target this tRNA, RNA interference (RNAI)
or the use of antisense oligonucleotides to block tRNA function, 122123

Conclusions and future perspectives

Owing to their high cellular abundance and stability, tRNAs have been commonly
considered to be housekeeping molecules that are intimately linked to cell proliferation

and cell-cycle control. However, it is becoming increasingly clear that tRNAs are highly
regulated, and that even small changes in their abundance or their nucleotide modification
levels can have profound effects, leading to aberrant translation, changes in protein
expression and disease states. Accumulating evidence suggests that aberrant tRNAs can
drive various different human pathologies, including pro-tumorigenic programmes and
neurodegenerative diseases. Nonetheless, our understanding of the role of many tRNA
modifications and the corresponding modifying enzymes is currently limited. Available data
highlight the tRNA epitranscriptome and the functional tRNA pool as important regulatory
layers in the translation of the human genome. With the development of new high-
throughput technologies (including RNA sequencing methods and RNA mass spectrometry)
that are capable of detecting and quantifying tRNA modifications and tRNA abundance,

we anticipate that the field will gain increased understanding of the epitranscriptome and
tRNAome in both physiological and disease states. We envision that tRNA-focused analyses
will become part of routine multi-omics studies, similarly to mRNAs and microRNAs, that
aim to identify potential treatment targets as well as biomarkers for early diagnosis.
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Box 1.
Altered tRNA stability and disease

tRNAs are subject to extensive post-transcriptional modifications that can affect

their function. Some of these modifications alter tRNA stability; for example, N-7-
methylguanosine (m’G) at position 46 in a subset of tRNAs that harbour the RAGGU
motif in their variable loop®17:124, The crystal structure of tRNAP€ showed that m’G46
forms a base-triple interaction with C13 and G22 that helps stabilize the tertiary structure
of the tRNA125, In mammals, the heterodimeric METTL1-WDR4 enzyme complex

is responsible for depositing m’G in tRNAs. In humans, pathogenic mutations in

WDR4 cause impaired tRNA m’G modification and are associated with microcephalic
primordial dwarfism characterized by brain malformation, encephalopathy, and facial
dimorphism126:127 and with Galloway—Mowat syndrome, a heterogeneous disorder
characterized by neurodevelopmental defects combined with renal glomerular disease28.
Deletion of either component of the MTase complex in yeast or in mouse stem cell
models results in decreased abundance of m’G-modified tRNAs®125129 |n yeast, the
degradation of hypomodified tRNAs is carried out by a quality control pathway known
as rapid tRNA decay pathway, whose counterpart in humans remains unknown130.131,

In mice, deletion of the m’G methyltransferase (MTase) complex leads to defective

stem cell renewal and neural differentiation, which is consistent with the severe brain
malformations observed in patients with WDR4 mutations®9. Moreover, expression of
METTL1and WDRA4is highly upregulated in human cancers, and METTL1 can act

as an oncogenel’ 118 Mechanistically, overexpression of METTL 1 leads to increased
m’G levels and increased abundance of a subset of tRNAs. Surprisingly, one of these
tRNAs with increased abundance is the CNS-specific tRNA-Arg (anticodon TCT) 4-1.
Overexpression of this tRNA partially reproduced the malignant transformation observed
with METTL 1 overexpression, thus supporting the notion that changes in the tRNA pool
and codon-biased mMRNA translation are responsible for this malignant phenotypel’.
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Key points
. tRNA-encoding genes display tissue-specific and cell-type-specific patterns of
expression.
. tRNA gene expression and function are both dynamically regulated by post-

. Dysregulation of tRNAs, mediated by alterations in either their abundance or

. Reprogramming of mRNA translation through altered tRNA activity can drive

transcriptional RNA modifications.

function, can have deleterious consequences that contribute to several distinct
human diseases.

pathological processes in a codon-dependent manner.
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Transfer RNA (tRNA) function and gene expression profiles are dynamically regulated
by post-transcriptional tRNA modifications. Here, Orellana and colleagues discuss

the canonical role of tRNAs in mRNA translation, focusing on alterations in tRNA
abundance or function implicated in human diseases.
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Figure 1. tRNA molecular structure and variance in isodecoder prevalence in eukaryotic species.
a | Cloverleaf structure of a tRNA molecule. The colours denote different structural

domains. b | The number of tRNA isodecoders increases along the phylogenetic spectrum.
Here, numbers of tRNA isodecoders are depicted as the fraction of all tRNA genes in
different eukaryotes. Data for Part b were obtained from ref®.
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(:) Oncogene
@ Tumorsuppresor

tRNA transcription
(tRNAY)
-

'\ et e

colours identify Pol 111 subunits that harbour pathological mutations in humans. b |
The regulatory effect of oncoproteins (red) and tumour suppressors (yellow) on Pol I11-
mediated transcription of tRNA genes. The three subunits of TFI11B: TATA-box-binding

protein (TBP), B double prime 1 (BDP1), and B-related factor-1 (BRF1), are shown

»»»»»

interacting with TFIIIC. mTORCL1 indirectly stimulates Pol Il transcription via inhibition

of MAF1, a negative regulator of Pol I1l. Ras small GTPases activate their downstream

effector extracellular signal-regulated kinase (ERK), which induces BRF1 expression. Rb
binds directly to BRF1, which inhibits Pol 111 recruitment. NOTCH1 stimulates tRNAV!
transcription both directly and via targeting MYC. MYC directly interacts with BRF1 and
activates the histone-modifying enzymes transformation and transcription domain-associated
protein (TRRAP) and GCNS5. P53 directly inhibits TBP and Pol Il recruitment. Part a is
adapted from ref23,
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Figure 3. Epigenetic mechanisms and sequence variability might influence nuclear tRNA
expression.

a | Epigenetic mechanisms might regulate tRNA expression. For example, methylation of

tRNA genes could block DNA polymerase 111 (Pol 111) transcription. Similarly, histone
marks (such as K3K27 acetylation) and overall nucleosome occupancy could influence
the accessibility of chromatin at tRNA loci. b | tRNA genes show high variability in

their flanking regions and these hyper-variable regions®® overlap with Pol 111 occupancy

and transcription start sites (TSSs)0. Top plot shows the frequency of single nucleotide
polymorphisms (SNPs) for active and inactive tRNA loci. Bottom plot represents the
distribution of Pol I11 occupation relative to each position within the tRNA gene and its
flanking regions. The acceptor stem (blue), D-stem (red), anticodon stem (green), and

T-stem (orange) are highlighted in the 2D tRNA structure for both plots. Flanking tRNA
regions containing relatively high mutation rates can overlap with Pol 111 TSSs, which raises
the important question of whether variable flanking regions influence tRNA expression. ¢ |
Mutations in nuclear encoded tRNAs are rare, but one example is a mutation in the acceptor
stem region (red) of the tRNASEC gene that causes reduced U34 modifications and a deficit
in stress-related translation of selenoproteins’3. Patients with mutant tRNASEC experience
low plasma selenium levels, abdominal pain, fatigue, and muscle weakness. Part b is adapted

from ref®® (top graph) and ref’® (bottom graph).
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Figure 4. tRNA maturation and splicing defects in disease.
tRNA maturation involves the removal of 5' leader and 3' trailer sequences, CCA addition,

and in some instances splicing of a short intron. Subsequently the mature tRNA is exported
to the cytoplasm for aminoacylation (AA) by aminoacyl tRNA synthetases (aaRS). Some
nuclear encoded tRNAs are imported into mitochondria. Mutations in proteins involved in
the maturation of tRNAs (red) can lead to disease (shaded boxes). Levels of ribonuclease P
(RNAse P) and ribonuclease P RNA component 1 (RPPH1) enzymes are increased in cancer
but the physiological relevance of these alterations remains unknown.
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Figure 5. Defects in tRNA modifications or aminoacylation influence translation.
Translation elongation factors (principally elF1a) capture aminoacylated tRNAs (with the

exceptions of initiator tRNAMe which requires elF218, and tRNASEC, which requires
elFSec19) and deliver them to ribosomes to be utilized in the synthesis of proteins. Inside
the A-site of the ribosome, the tRNA recognizes cognate codon sequences by forming
hydrogen bonds with its anticodon triplet at positions 34, 35, and 36. Codon-anticodon
interactions in positions 35 and 36 follow Watson—Crick base pairing, whereas those at
position 34 sometimes do not (wobble pairing)3. Thus, the canonical function of tRNAs as
adapter molecules during protein synthesis is influenced by changes in tRNA modifications.
Absence of the mcm®U modification in the anticodon results in incorrect decoding, whereas
134 modifications in the anticodon expand the tRNA decoding capabilities. Furthermore,
tRNAs lacking t8A37 modifications leads to reduced aminoacylation levels. Moreover,
defects in aminoacyl tRNA synthetases (aaRS) can cause mischarging (red circle), resulting
in either incorporation of an incorrect amino acid or the absence of amino acid charging
followed by tRNA degradation, depletion of the corresponding tRNA, and ribosome stalling
at the cognate codon. The best-understood example is Charcot—Marie—Tooth disease type
2D, in which mutant glycyl-tRNA synthetase (GARS) fails to release bound tRNACY,
thereby sequestering it and leading to depletion of functional tRNAGIY 105,
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Figure 6. Alterations in the tRNA pool can drive disease and offer avenues for therapeutic
intervention.

a | Dysregulation of the levels of specific tRNAs leads to codon-biased translation. During
steady state, the abundance of certain tRNAs could be a rate-limiting factor for the
translation of oncogenic mMRNAs enriched in their cognate codon (AGA highlighted in red),
which restricts the translation rate and results in normal protein synthesis. Upregulation of
the corresponding tRNA (red modified tRNAAI(TCT) versus other tRNAs (blue) removes
this restriction, raising translation rates and increasing the production of oncogenic protein.
This mechanism can result from increased ribosome occupancy or faster (enhanced)
translation of MRNAS containing its cognate codon (red AGA). b | Potential avenues for
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therapeutic intervention include pharmacological inhibition of tRNA modifying enzymes
or aminoacyl tRNA synthetases (aaRSs) using small molecules or biological agents. These
approaches could correct dysfunctional tRNA levels in cancer and various neurological
diseases. Similarly, modulation of the expression of downstream tRNA effectors, either

by ectopic restoration (green tRNA molecules) or inhibition of overexpressed tRNAs

(red) might offer new strategies to treat diseases caused by altered levels of functional
tRNAs. Potential approaches include pharmacological inhibition of pathological tRNAs
by small molecules, RNA interference (RNAI), or antisense oligonucleotides (green).
Another approach is the expression of anticodon engineered tRNAS to suppress premature
termination codons and achieve normal protein synthesis.
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