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Research on tRNA (tRNA) has gone a long way since the
existence of this essential adaptor of the genetic code was first
hypothesized five decades ago. With the new and fascinating
discovering of connections between tRNAs and cellular path-
ways beyond genetic translation, the field of tRNA research
has reached a new era. Here, we review some aspects of the
emerging variety of tasks performed by full-length tRNAs as
well as their fragments generated by specific nuclease cleav-
age. Topics of special focus include the effect of differential
expression of tRNAs in healthy tissues as well as their frequent
deregulation observed in cancer cells. We also discuss the cen-
tral role played by tRNAM in cell metabolism, proliferation,
and response to oxidative stress. Finally we review evidences
suggesting that tRNAs are critical sources of short RNAs regu-
lating an ever growing variety of cellular processes including
translation initiation, control of genomic retroviral sequences,
or RNA interference.

Introduction

In eukaryotes, tRNA genes are massively transcribed by RNA
polymerase III. Millions of tRNAs molecules are synthesized per
generation, which represent, at any time, at least 30% of all RNA
in a cell.! tRNA transcription comes at an obvious and tremen-
dous energetic cost and therefore needs to be tightly regulated in
response to nutrient availability and cellular fitness.

A portion of the RNA polymerase III promoter resides within
each eukaryotic tRNA gene (Fig. 1). This internal promoter
encompasses two distinct regions corresponding to nucleotides
8-19 (box A) and 52-62 (box B) of tRNA.? tRNA biogenesis
involves the synthesis of an initial transcript containing a 5'
leader sequence, which is subsequently removed by the endonu-
clease RNase P.> Maturation of the 3’ end requires trimming the
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3' trailer and subsequent addition of CCA after the discriminator
base N73% (Fig. 2). Only a small fraction of tRNA genes con-
tain introns that are invariably found between nucleotides 37 and
38. Splicing of tRNAs is essential and involves only a limited
number of proteins as opposed to spliceosome-mediated mRNA
splicing. Prior to their export from the nucleus to the cytoplasm,
freshly processed tRNAs are extensively modified. On average
14 modifications are added post-transcriptionally in eukaryotic
tRNAs.® The structure and the position of these modifications
modulate tRNA activity to different extents. Modifications in
or around the anticodon loop tune translation rate and impact
cellular growth.” Modifications in the main body typically affect
tRNA folding and stability.®?

Basal tRNA Expression in Human

Organization of tRNA genes in the human genome

tRNAs were long considered as archetypical house-keeping
molecules. They were thought to serve an exclusive role in pro-
tein translation and supposedly lacked regulatory functions.
Prior to the human genome-sequencing project, human tRNAs
were expected to be no more diverse than those in unicellular
organisms.

The human genome encodes around 500 tRNA genes, which
represent five times the tRNA gene population in the bacte-
ria E. coli. These genes are found throughout the genome and
are present on all but the Y chromosome.’” The mitochondrial
DNA encodes an additional 22 tRNA genes. The correspond-
ing tRNAs are grouped into 49 isoacceptor families and decode
21 amino acids. Interestingly, the largest cluster of tRNA genes
resides in the gene cluster of the major histocompatibility com-
plex also known as the leukocyte antigen complex. This co-
localization suggests a potential coordination between canonical
protein translation and immune system functions."

Another remarkable and unforeseen feature of tRNA that was
revealed by genome sequencing is the proliferation of tRNA isode-
coder genes. Isodecoders share identical anticodon sequence but
display differences elsewhere in the tRNA body. The number and
percentage of such tRNA genes follows remarkably the phyloge-
netic arrangement of living organisms. This fraction is < 10% in
the budding yeast, 12-18% in fruit flies and worms and increases
to 35-46% in chickens, dogs, rats, and mice."” In humans > 50%
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Figure 1. Cloverleaf folding of tRNA (tRNA). The standard cloverleaf structure (2D) and conventional numbering is shown. Conserved nucleotides are
indicated (T and ¥ are modified residues: ribothymidine and pseudouridine; R are for purines and Y for pyrimidines). Watson-Crick base pairings and G-U
pairs are shown; thin black lines indicate long-distance base pairings involved in tertiary folding (3D, upper right panel).

of tRNA genes are isodecoders (Fig. 3). Isodecoders have iden-
tical decoding capacity and therefore appear redundant at first
glance. In reality, tRNA isodecoders display significant func-
tional variations. An increasing body of evidence suggests that
some isodecoders, particularly those with low affinity for the
translation machinery, perform functions beyond protein syn-
thesis and act as potent cell regulators.'**3

Differential tRNA expression in healthy human tissues
Global tRNA expression is theoretically adjustable. tRNAs

are transcribed by RNA polymerase III and its associated
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transcription factors, TFIIIB and TFIIIC. On one hand, intra-
cellular abundance of these two essential factors is subjected to
regulation as suggested by results from mRNA expression arrays."
Alternatively, TFIIIB and TFIIIC activities can be modulated at
the post-translational level.”

Regulation of the expression of individual isodecoders is also
possible. Only a few nucleotides in the internal tRNA gene pro-
moter are highly conserved because of their involvement in the
tRNA tertiary structure. Seven nucleotides within box A and 6
nucleotides within box B are variable. These sequence differences
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could modulate the promoter strength by increasing
or lowering the binding affinity for the aforemen-
tioned transcription factors.

Comparative tRNA expression in brain, liver,
vulva, testis, ovary, thymus, lymph node, and
spleen tissue show that tRNA concentrations vary
by as much as 10-fold among these eight organs.!

The three immune tissues contain increased levels O P go
. . . . o0 ne® B ™
of tRNAs charged with hydrophobic amino acids R o 20

and decreased levels of tRNAs for the charged
group compared with brain tissue. In contrast, the
two reproductive tissues contain decreased levels of
tRNAs for the hydrophobic group and increased
levels of tRNAs for the small side chain group. It
appears that cellular tRNA concentrations naturally
adjust to codon usage in order to maintain transla-
tion speed and limit ribosomal drop-off. Ribosomal
proteins constitute by far the largest fraction of the
proteome and therefore predominantly influence
tRNA distribution.' Tissue-specific genes are some-
times expressed at a rate comparable to ribosomal
components. Because these tissue-specific proteins
are synthesized at such a high level they are directly
responsible for the partial reprogramming of tRNA
expression.

tRNAs are Overabundant in Cancer Cells

ﬂo

eukaryotic
tRNA
synthesis

In multiple myeloma

In multiple myeloma (MM), malignant plasma
cells overexpress cytosolic tRNAs. Levels of tRNAs
derived from chromosomal-encoded genes are ele-
vated by 2- to 4-fold, whereas the levels of tRNAs
derived from mitochondrial-encoded genes remain
unchanged” (Fig. 4). Myeloma cells are also char-

acterized by the production and secretion of large

Figure 2. Synthesis, processing, and nucleo-cytoplasmic export of eukaryotic tRNA.
In eukaryotes, tRNA concentrations fluctuate according to cell demand and are not
proportional to the number tRNA genes in the genome (1). tRNA genes are transcribed
by RNA polymerase (2) as long precursors (pre-tRNA). Additional sequences are then
enzymatically removed (3). Functional tRNAs display a CCA sequence at their 3-end.
This triplet is added post-transcriptionally by the tRNA nucleotidyl transferase (CCase)
(4). Base modifications are added at the final processing step (5). Export of tRNA
through nuclear pores is facilitated by exportin-t and Ran-GTP (6).

amounts of monoclonal antibodies.

In breast cancer

tRNAs are invariably overexpressed in breast cancer cells and
the corresponding expression patterns are remarkably conserved
across the major subtypes of breast cancer. Cellular concentrations
of nuclear- and mitochondrial-encoded tRNAs increase by up to
5-fold in breast cancer cell lines vs. non-cancer derived cell lines.'
Interestingly, this difference is even more pronounced when malig-
nant cells are compared with regular primary cells. Indeed, breast
tumor cells express 10 times more nuclear- and mitochondrial-
encoded tRNAs than the corresponding healthy breast tissue.

Functional consequence

Deregulation of RNA polymerase III and abnormal levels of
pol III transcripts is common in a wide range of transformed cells.
Cancer cells often overexpress TFIII factors, which subsequently
lead to overexpression of tRNAs.”?* In addition, polyploidy or
genomic instability together with changes in chromatin structure
drastically impact the expression of hundreds of genes in cancer
relative to healthy cells. Chaotic and unpredictable tRNA expres-
sion in pathological cells would be an expected consequence.
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Surprisingly, transformed and cancerous cells preserve balanced
tRNA pools that resemble the pools of healthy cells although they
express considerably more tRNA molecules than regular cells.'® In
cancer cells, tRNA expression is regulated globally and simultane-
ously on the entire collection of tRNA genes.

Central Role for tRNAMet and MetRS

Artificial overexpression of initiator tRNAM** reprograms
overall tRNA expression

Global regulation of tRNA expression in cancer cells enables
simultaneous and coordinated transcription of all tRNAs. By
definition, the same mechanism inhibits or keeps in check the
overexpression of single tRNA species. Because tRNAs were long
considered non-regulatory housekeeping genes, there are no well-
established efficient methods for redistributing tRNA levels in
mammalian cells. In addition, since tRNAs are so abundant, a
mere 2-fold overexpression requires the biosynthesis and matu-
ration of an additional 1,000,000 tRNAs per cell." Artificial
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Figure 3. Number of tRNA genes and isodecoder genes across the phylogenetic spectrum. Eukaryotic genomes contain between 200 and 450 tRNA
genes encoding 41 to 55 tRNA isoacceptors (tRNAs with different anticodons). The number of tRNA genes having the same anticodon but different
sequences elsewhere in the tRNA body (tRNA isodecoders) varies significantly and is increasing across the phylogenetic spectrum. Sequence variations
in tRNA isodecoders are concentrated in the internal promoter regions for RNA polymerase lll.

tRNA overexpression in cancer cells requires the generation of
stable cell lines and only modest but nonetheless significant
increase (1.4- to 2.2-fold) can be achieved. Interestingly, even
low expression of additional initiator tRNAM* in non-tumori-
genic cells increases cell metabolism and proliferation. A rush
of initiator tRNA in the translation machinery may have two
consequences. First, it may boost global mRNA translation and
stimulate overall protein synthesis. Second, it may favor trans-
lation of mRNA encoding cell-cycle or anti-apoptotic proteins
such as Myc or Cyclin D1 and drive the cell toward a more
defined and pronounced pro-cancer state. Overexpression of
initiator tRNAM also globally increases tRNA levels, confirm-
ing the necessity to maintain a balanced pool of tRNAs in fast
dividing cells. Between the two options of actively degrading
excess of initiator tRNA and raising the rest of the tRNA pool
up to the level of the initiator tRNA, cells choose the latter
against all energetic considerations.

Misacylation of tRNA by methionyl-tRNA synthetase has
been observed in bacteria, yeast, and mammals

tRNA-microarray analyses have demonstrated that methi-
onyl-tRNA  synthetases (MetRS) from Escherichia coli,
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Saccharomyces cerevisiae, and humans misacylate non-cognate
tRNAs with methionine. These misacylated species are used in
translation and lead to the synthesis of mutant proteins with poten-
tial new features or properties.

E. coli MetRS mismethionylates only two E. coli tRNA species
in vitro, one tRNA™ and one tRNAA", Strong and very specific
interactions between residues of the enzyme and the anticodon
stimulate or alternatively prevent the transfer of methionine onto
the tRNA. Therefore, only a very limited set of non-methionine
tRNAs display identity elements for mismethionylation.? On the
contrary, S. cerevisiae MetRS mismethionylates a wide range of
non-methionine tRNAs.?* The magnitude of mismethionylation
depends directly on growth conditions. At stationary phase, mis-
methionylation culminates and one in every ten methionine is
transferred onto non-cognate tRNAs. The yeast MetRS is part
of a unique three-protein complex that includes a general tRNA-
binding protein, Arclp and the glutamyl-tRNA synthetase. This
complex equips yeast MetRS with strong and non-specific tRNA
binding abilities explaining the extensive level of misacylated
tRNAs in that species. In unstressed mammalian cells, approxi-
mately 1% of the methionylated tRNAs are non-cognate and
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mismethionylation is further increased by up to 10-fold when
cells are exposed to various forms of oxidative stress* (Fig. 5).
Interestingly, mismethionylation was not observed for any yeast or
human mitochondrial tRNA. Mismethionylation patterns of E.
coli, yeast and mammals do not correspond to each other. Further
studies may determine if mammalian mismethionylation is an evo-
lutionary extension of bacterial and yeast pathways or represents
the convergent evolution of a distinct mechanism.

Methionine misacylation protects cells against oxidative stress

Many cellular stressors trigger the release of reactive oxygen
species (ROS). ROS damage cellular components in general and
oxidize the highly reactive sulfur in methionine residues in partic-
ular. Proteins have evolved to minimize the impact of ROS by hid-
ing functional residues such as histidine, tryptophan, cysteine or
methionine behind protein motifs displaying decoy or non-essen-
tial methionine.” Mismethionylation and subsequent misincorpo-
ration of methionine residues in neo-synthesized proteins enhances
the protective function of genetically encoded decoy methionine
residues. This complementary pathway is induced rapidly and
allows immediate extra-genetic incorporation of methionine in
response to increased ROS levels. An obvious side effect of this
mechanism is the apparent undesirable synthesis of catalytically
inactive or misfolded proteins. These aberrant proteins constitute
only a minor fraction of the mismethionylation-derived protein
pools, as other proteins would contain extra methionine in posi-
tions with minimal disturbance to catalytic activity or structure.
Rapid containment of ROS comes at a cost and these proteins are
the result of a cellular compromise.

tRNA Fragments: The Challenge of Defining
Nomenclature, Classification and Biological
Functions

The first report describing the inhibitory role of a tRNA frag-
ment isolated from human urinary bladder carcinoma was pub-
lished in 1999.% Since this initial report, an eclectic collection
of tRNA fragments have been found in bacteria, fungi, plants,
and animals.”” All these fragments were indifferently described
as tRNA halves®® or tRNA-derived halves.* Acronyms such as
tRFs(tRNA-derived RNA fragments),* tiRNAs (stress-induced
small RNAs),>%%itRNAs (stress-induced tRNAs),*tsRNAs
(tRNA-derived small RNAs)* and ubcRNAs (urinary bladder-
carcinoma RNAs)?® were used sometimes to refer to very similar
tRNA sub-entities. As this collection of fragments grew exponen-
tially, the definition of a unifying nomenclature became indis-
pensable.* The two major classes of tRNA fragments are currently
defined as tRNA halves and small tRNA fragments (tRFs).

tRNA halves: effector molecules of stress response

Angiogenin (ANG) and Rnylp generate tRNA halves of 30 to
35 nucleotides, in mammals®*“* and yeast* respectively, by split-
ting mature tRNAs in or near their anticodon loop (Fig. 6). These
cleavages are induced by starvation in Tetrahymena thermoph-
ila,?® serum deprivation in Giardia lambia,® during development
in Aspergillus fumigatus® or in response to oxidative stress in
eukaryotes.***>4* Most 5" halves generated by ANG inhibit pro-
tein synthesis by inducing elF2a-phosphorylation and promoting
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breast tumor

Figure 4. Differential tRNA expression in seven different human tissues
measured by tRNA microarrays. Tumor cells generally express higher lev-
els of nuclear encoded tRNA than every tissue examined.

stress granule assembly.**®4 Alcernatively, some 5’ tRNA halves
bind directly to elF4G, elF4A, and elF4G/elF4A complexes
sequestering pivotal translation components away from mRNA.%
This binding is driven by the presence of oligoguanine (TOG)
motifs of four to five residues found at the 5" end of tRNA halves.

Three subclasses of small tRNA fragments (tRFs): 5, 3'
CCA, and 3' U tRFs

The biosynthesis of 5'tRFs is complex and still cryptic in
many aspects. Several nucleases are apparently responsible for the
generation of fragments of different sizes (Fig. 6). It has been
proposed that Dicer, the microRNA processing enzyme, may
be involved in the production of 19 to 22-nucleotide tRFs.***
Interestingly, Dicer knockout still supports the production of
10 to 15 nucleotides tRFs* suggesting the existence of a Dicer-
independent pathway for smaller fragments. Finally, it has been
proposed that angiogenin, which cuts primarily within the anti-
codon loop, could potentially also target both the D-loop and
the TyU-loop in order to generate ~20-nt long 5’ and 3’ tRFs.>
Because 5" tRFs are produced by Dicer and found associated with
AGO2%* one would expect them to have miRNA-like activities.
Surprisingly, 5'tRFs derived from tRNAS™ inhibit the translation
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conventional genetic code

mistranslation code for Met

Figure 5. Mismethionylation of several tRNA causes mistranslation in vivo. tRNA-microarray analyses have shown that methionyl-tRNA synthetases
misacylate non-cognate tRNA with methionine which are subsequently used in translation. The extent of mismethionylation is linked to cell fitness.

of reporter genes in vivo and in vitro although they intrinsically
have little to no ability to base pair with their primary targets.*?
An unexpected and recent report has shown that a 5'tRF derived
from tRNAY" downregulates protein synthesis in the archaeon
Haloferax volcanii by interfering with the small ribosomal
subunit.”

3" CCA tRFs are emerging cellular regulators with tremen-
dous biomedical potential. Retroviruses like the Human immu-
nodeficiency virus (HIV-1) highjack cellular tRNA™*, (RNAP®,
or tRNAT™? in order to replicate their genome. In other words,
these tRNAs bind to retroviral primer binding site (PBS) and
serve as primers to initiate reverse transcription.”“ Interestingly,
3" CCA tRFs originating from human tRNA™ maintain their
PBS binding ability.” It was initially believed that these frag-
ments could be used as antiviral countermeasures by compet-
ing with tRNA*. A report published in 2009 revealed the true
extent of 3'CCA tRFs’ regulatory functions. Viral PBS base pair-
ing with these fragments becomes excellent substrate for Dicer*
(Fig. 6). The cleavage of PBS gives rise to another short RNA
named PBSnc RNA, which inhibits HIV replication most likely
through RNAI pathways. A significant fraction of the human
genome is made of relics of retroviral sequences. Many identified
3" tRFs are highly complementary to endogenous retroviral PBS.
tRNA fragments constitute a potential reservoir of molecules able
to keep the expression of viral sequences in check."

3'U tRFs are derived from the 3’ trailer of tRNA precursors
(Fig. 6). These fragments typically display five to six consecu-
tive uridine residues at their 3" end, which correspond to the
canonical RNA polymerase III stop signal. 3'U tRFs are found
exclusively in the cytoplasm suggesting instant export from the
nucleus to the cytoplasm or alternative pre-tRNA processing
by a cytosolic form of RNase Z.77°° 3'U tRFs are essential and
potent regulators of cellular proliferation, they are consistently
overexpressed in cancer cell lines. RNaseZ, an enzyme essential
for their biogenesis, is also known as the prostate cancer suscep-
tibility gene ELAC2.%¢ 3'U tRFs bind preferentially the non-
splicing AGO3 and 4. The cellular impact of these fragments is
therefore RNAI independent and likely to be indirect. First, the
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saturation of AGO3 and 4 could potentiate the silencing activity
of miRNA by favoring their binding to effector AGO1 and 2.
Second, AGO3 and 4 are involved in various cellular pathways
and their binding to 3'U tRFs could modulate their activity. For
example, AGO4 stimulates spermatogenesis and regulates cell
cycle’! AGO3 participates in Alu RNA guided mRNA decay

during stem cell proliferation.””

Conclusion

Five decades of intensive research has revealed the function
of tRNAs in protein biosynthesis at the atomic, molecular and
cellular level. The recent standardization of high throughput
approaches opens whole new perspectives by boosting the dis-
covery of new tRNA functions and allowing the scientific com-
munity to appreciate the extent of their ramifications. New
functions could not have been envisioned due to their intricacy
and apparent functional distance to the translation machinery.
tRNAs have tremendous potential for cellular regulation as a
full-length molecule but also when shattered into pieces. How
an ancient housekeeping RNA evolved to become such a potent,
versatile, and specific cellular regulator still remains elusive.
However some obvious tRNA features have most certainly facili-
tated or even driven this transition. First and foremost, tRNAs
are extremely abundant and consequently highly redundant. A
significant number of tRNA molecules can be rechanneled, away
from the translation machinery, without perturbing the dynamic
of protein synthesis. Second, tRNA sequences are highly mal-
leable. Myriads of compensatory mutations allow the shuffling
of nucleotides without affecting functional folding. Finally,
this ubiquitous and primordial molecule coevolved with liter-
ally every living organism. This early coexistence gave tRNAs
the unique opportunity to interact with a wide variety of cel-
lular mechanisms and grow deep ramifications within modern
pathways. The cellular network of molecular interactions consti-
tutes in many ways the utmost jigsaw. Tremendous progress has
been made toward solving this puzzle and many parts have been
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assembled independently of each other. TRNAs could be one of
the puzzle pieces needed to kilt these parts together.
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