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Transfer RNAs (tRNAs) are small non-coding RNAs (sncRNAs) essential for protein translation. Emerging evidence suggests that
tRNAs can also be processed into smaller fragments, tRNA-derived small RNAs (tsRNAs), a novel class of sncRNAs with powerful
applications and high biological relevance to cancer. tsRNAs biogenesis is heterogeneous and involves different ribonucleases, such
as Angiogenin and Dicer. For many years, tsSRNAs were thought to be just degradation products. However, accumulating evidence
shows their roles in gene expression: either directly via destabilising the mRNA or the ribosomal machinery, or indirectly via
regulating the expression of ribosomal components. Furthermore, tsRNAs participate in various biological processes linked to
cancer, including apoptosis, cell cycle, immune response, and retroviral insertion into the human genome. It is emerging that
tsRNAs have significant therapeutic potential. Endogenous tsRNAs can be used as cancer biomarkers, while synthetic tsRNAs and
antisense oligonucleotides can be employed to regulate gene expression. In this review, we are recapitulating the regulatory roles

of tsRNAs, with a focus on cancer biology.
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INTRODUCTION
In the central dogma of molecular biology, genetic information is
translated from DNA to proteins by means of messenger RNA
(mRNAs). Transfer RNA (tRNA) is a universal adaptor molecule and
decoder of genetic information: tRNAs translate mRNAs into
proteins by carrying amino acids to the growing polypeptide
chain at the ribosomal complex. Discovered more than 50 years
ago, tRNAs have been chemically, structurally, and functionally
well-characterised [1, 2]. Despite our extensive knowledge of tRNA
biology, it is only recently emerging that tRNAs can be fragmented
into functional small non-coding RNAs (sncRNAs), named tRNA-
derived small RNAs (tsRNAs).

tsRNAs were first identified in the urine samples of cancer
patients in the 1970s and originally thought to be clearance by-
products [3, 4]. Advanced next-generation sequencing (NGS)
techniques, with increased depth and means to overcome the
technical constraints dictated by RNA chemical modifications
(5, 6], allowed identification of tsRNAs as a bona fide class of
sncRNAs, deliberately generated by the specific action of
ribonucleases [7]. Highly conserved tsRNAs have been identified
in silico and in vivo within various species, including human,
mouse and zebrafish [7-11]. Recently, the identification of tsRNA
sequences and the characterisation of their relevance to cancer
and other pathologies has increased [12-14].

The sequence diversity of tsRNAs arises from the complexity of
the tRNAomes. Despite the limited number of DNA codons, there
are thousands of tRNA genes across eukaryotic organisms [15, 16].

Humans have around 500 genes encoding tRNAs, about half of
which are inactive pseudogenes [17]. This gene redundancy could
be explained by the existence of tRNA isoacceptors (tRNAs
charged with the same amino acid but with different anticodons)
and isodecoders (tRNAs with the same anticodon but with
different body structures) [18]. Interestingly, somatic mutations
in some of the tRNA genes have been documented to cause
various diseases, suggesting that each tRNA may play a non-
canonical, sequence-dependent role (for example, as the source of
tsRNAs) that cannot be compensated by other tRNAs [19].
Alternatively, tRNA isodecoders may be expressed in a tissue-
specific manner [18, 20].

Cancer is one of the most lethal and challenging pathologies,
causing millions of deaths every year. Dysregulation of tsRNA
expression levels has been associated with many cancer
pathologies [21]. sncRNAs, including micro-RNA (miRNAs) and
Piwi-interacting RNA (piRNAs) are known to participate in cancer
onset and progression [22, 23]. tsRNAs share many structural and
functional characteristics with miRNAs and piRNAs. Hence, it is not
surprising that there is increasing evidence for tsRNA regulatory
roles in many cellular contexts linked to cancer. Therefore, it is
fundamental to understand the regulatory roles of tsRNAs and
how these can be used for therapeutic and diagnostic cancer
applications.

In this review, we report the current classification of tsRNA
subclasses and their biogenesis. We also summarise known
mechanisms of tsRNAs dysregulation and tsRNA-driven
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mechanisms of cancer onset and progression. Finally, we discuss
examples of tsRNAs involved in cancer and conclude with an
overview of tsRNA-based therapeutic applications.

tsRNAs classification and biogenesis
A universal nomenclature system for tRNA-derived small RNA does
not yet exist. This class of sncRNAs is referred to as ‘tsRNAs’ but
also, tRNA fragments ‘tRFs‘or tRNA-derived RNA ‘tdRNAs'. The
name ‘tsRNA’ is becoming increasingly popular in the field. Hence,
we have used ‘tsRNA’ in this review.

tsRNAs biogenesis can occur at various stages of tRNAs
maturation. tRNA molecules are transcribed by RNA Polymerase
Il (Pol 1) as pre-tRNAs [24]. During maturation, the pre-tRNA 5’
PPP- leader sequence is cleaved by RNAse P and the 3’ trailer-UUU
sequence is cleaved by RNAse Z. Some tRNAs also undergo
splicing of the intronic sequence, contained between the antic-
odon and variable length loop. Lastly, the addition of the -CCA
triplet at the 3’ terminus marks tRNAs maturation [25]. Mature
tRNAs are ~70-90 nucleotides (nt) long. tRNAs, as well as pre-
tRNAs, are cleaved into tsRNAs via specific pathways. Depending
on the tRNA precursor alignment and cleavage site, tsRNAs can be
classified into several subclasses or types, as shown in Fig. 1.

Type | tsRNA are generated by cleavage of the mature tRNA at
either the 5" or 3’ end.

5" tsRNAs (or tRFs-5) align to the 5’ end of tRNA and extend at
least up to the D or the anticodon loop. 5 tsRNAs are more
abundant within specific ranges of nucleotide length. According
to this, 5’ tsRNAs are further divided into tRF-5a, 14-16 nt (up to
the D loop); tRF-5b, 22-24 nt long (up to the stem region between
the D and anticodon loop); and tRF-5¢c, 28-30 nt long (up to the
anticodon loop) [26]. However, 5" tsRNAs with other lengths that
do not fall into those subcategories have also been identified in
prostate cancer cells and archaea, indicating that 5’ tsRNAs and
their biogenesis may be more heterogenous than we first thought
[27, 28].

3’ tsRNAs (or tRFs-3) originate from the 3’ end of mature tRNA,
including the -CCA triplet and have a standardised length of
18-22 nt [26]. As mature tRNA molecules are decorated by several
chemical modifications, 3’ tsRNAs can carry those chemical marks.
The variety and roles of those chemical modifications on tsRNAs
have been discussed before [29, 30]. 3'tsRNAs contain some
consistent chemical modifications such as a 5’ phosphate group, a
3’ hydroxyl group, internal methylation (m'Asg) and pseuodour-
ydilation, that may have a role in 3’ tsRNA biogenesis.

Type Il tsRNAs (or tRFs-1) match the 3’ end of the pre-tRNA
trailer sequence and terminate with the polyU termination signal
for Pol Il [31]. Type Il tsRNAs are generated by RNAse Z or ELAC2
and have heterogenous lengths between 16-48 nt [26, 31, 32].
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Fig. 1 Summary of tsRNAs classification and features. First column: tsRNAs are classified according to alignment to tRNA precursors. Type |

tsRNAs are generated by cleavage of 5’ or 3’ mature tRNA ends; type Il tsRNAs align with 3’ trailer sequence of pre-tRNAs. tRNA halves align to
half of the mature tRNA molecules. Other tsRNA types are generated from 5’ leader sequence of pre-tRNAs or internal tRNA or pre-tRNA
sequences. The second column summarises known ribonucleases involved in tsRNA biogenesis. Features of each tsRNA type including
chemical modifications and length are highlighted in the third column. Finally, some general functions of tsRNA types related to cancer
biology are reported in last column. Image was created with Biorender.com. tsRNA tRNA-derived small RNA, ANG Angiogenin, m1A N1-
methyladenosine, RNase Z ribonuclease Z, ELAC2 ElaC ribonuclease Z 2, SHOT RNA sex hormone-dependent tRNA-derived RNAs, RNase P

ribonuclease P.
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Other tsRNAs that are not included in this classification are
internal tRNA fragments (itRFs or tRFs-2), which align with the
internal region around the anticodon loop of mature tRNAs and
have variable lengths [33]. In addition, pre-tRNA 5" leader
sequence can also generate tsRNAs by RNAse P cleavage during
tRNA maturation, which can include or exclude part of the 5
mature tRNA up to the anticodon loop [34]. Lastly, tRNA-derived
stress-induced small RNAs (tiRNAs), also known as tRNA halves,
align with half of the mature tRNA molecule, are 30-40 nt long
and can be divided into 5’ tiRNAs (with a 5’ phosphate and a 3’
cyclic phosphate) and 3’ tiRNAs (5’ hydroxylated and 3’ amino
acetylated) [35-37].

At present, we lack a comprehensive understanding of tsRNAs
biogenesis. To date, only a handful of ribonucleases have been
reportedly able to cleave tRNA or pre-tRNA: RNase P [38], RNase Z
[31], ELAC2 [32], Angiogenin (ANG)[37, 39, 40], Dicer [7, 41, 42] and
in vitro RNase T2 [43]. It is likely that more tRNA nucleases and
biogenesis pathways will be elucidated in the future. However,
there is general agreement that tRNA halves are produced by
cleavage in the anticodon of mature tRNAs by ANG, driven by the
stress response or tRNA structural instability [37, 44]. ANG is also
responsible for generating variable length, stress-induced
5'tsRNAs. Some tsRNAs and tRNA halves have been detected in
ANG-depleted cells, suggesting that there may be alternative or
compensatory pathways [40]. One study suggested that some
tsRNAs are produced by Dicer, in the absence of ANG [45].
Interestingly, another study showed that RNAse T2 can also
generate 5’ tsRNAs and tRNA halves in vitro [43].

There is controversy about Dicer being responsible for type |
tsRNAs biogenesis. Some studies support tsRNAs Dicer depen-
dency, especially of the 3’ tsRNAs [7, 9, 10, 31, 42, 46]. Whereas
others endorse the idea that tsRNAs are Dicer independent, as the
levels of tsRNAs remain unchanged in Dicer KO cells [47, 48]. Given
that 3’ tsRNAs have miRNA-like features, such as length and
chemical modifications at the 5’ and 3’ ends [31], they are likely to
be generated by Dicer.

Mechanisms of tsRNAs dysregulation

As discussed in the previous section, the biogenesis of tsRNAs is
not fully elucidated, and even less is known about the regulation
of tsRNA levels. Usually, tsRNAs have a constant expression level
across healthy tissue samples but are dysregulated in many
pathologies, including cancer [49, 50]. More than 400 tsRNA
sequences have been annotated across NCI-60 and TCGA panels
of cancer cell lines and collated into a database, tRFExplorer [51].
Databases, such as OncotRF and mintBase v 2.0, also offer an
overview of tsRNAs dysregulation in various cancers [13, 14].
Various studies suggest a tsRNA tissue-specific cancer signature
that could be valuable for biomarker and diagnostic applications
[52, 53]. Increasing our knowledge on tsRNAs regulation is
fundamental for developing therapeutic, diagnostic and prog-
nostic strategies. Therefore, it is relevant to interrogate the causes
of altered tsRNAs regulation.

Transcriptional and biogenesis-related dysregulation of tsRNAs.
tRNA abundance is in some instances correlated with diseases
[19]. In particular, cancer onset and progression are characterised by
high metabolic and translation rates, hence large tRNA pools [54].
Zhang et al. identified a tsRNA (referred to as tRNA-Glu-derived
PIiRNA or td-piR(Glu)), that is downregulated by interleukin-4 (IL-4)
[55]. Since IL-4 is known to induce monocyte differentiation and,
during this stage, Pol Il transcriptional activity is strongly reduced, it
is possible that td-piR(Glu) decreased levels may be a result of
decreased level of tRNA-Glu precursor [55]. However, a study has
shown that tsRNA abundances do not correlate with the availability
of tRNA precursors alone but rather the activity of the amino acid
that charges the tRNA with its amino acid [56]. This suggests that
tsRNA biogenesis may be a regulated process.
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Runt-related transcription factor 1 (RUNX1) is a transcription
factor involved in the pathogenesis of cancer by regulating cellular
processes, including apoptosis and cell proliferation. It is associated
with overall poor patient prognosis [57]. Interestingly, a study has
identified four tsRNAs that are responsive for the deregulation of
RUNX1 [58]. It is not clear whether that could be caused directly on
a transcriptional level, but it suggests that tsRNA levels could be
altered by the activity of oncogenes.

It is also useful to investigate whether aberrant levels of tsRNA
are the product of dysregulated ribonucleases that process tRNAs.
Examination of cancer databases, such as The Human Protein Atlas,
has shown ubiquitous expression of ELAC2/RNAse Z with no
specificity for cancer cells. Therefore, the cellular availability of these
ribonuclease has little effect on type Il tsRNA levels [58]. Similarly,
Dicer is generally poorly associated with cancer specificity, which
suggests lack of oncogenic link between Dicer and tsRNA levels.
ANG expression regulation is characterised by nuclear sequestration
or cytoplasmic association with ribonuclease/angiogenin inhibitor 1
(RNHT). Upon RNH1 dissociation or release from the nucleus/
nucleolus, ANG is activated [37]. It is possible that aberrant levels of
tRNA halves could be caused by endogenous dysregulation of ANG,
however, studies supporting this hypothesis are lacking at present.

Chemical modifications of tRNA. RNA is the most post-
transcriptionally modified molecule, with over 150 different chemical
modifications identified and extensively reviewed previously [59-62].
On average, each tRNA molecule contains 13 modifications [63].
Chemical modifications are catalysed by a growing set of proteins,
called 'writers'. Each of them is responsible for modification of a few
unique nucleotides. These chemical modifications are dynamic and
reversible as they can be removed by 'erasers' and have signalling
potential as they are recognised by 'readers' [64]. Chemical
modifications on tRNAs play a role in maintaining the stability of
RNA structures and processing of tRNAs into tsRNAs. Therefore,
deregulation of writers, readers or erasers may be accountable for
aberrant tsRNA levels. Among the many chemically diverse RNA
modifications, queuosine is one example of those chemical marks
been shown to protect tRNAs from cleavage [65]. Methylation
[66, 67] and pseudouridylation [68] have been mostly implicated in
the biogenesis of shorter fragments derived from tRNAs.

In humans, DNA methyltransferase 2 (DNMT2) and NOP2/Sun RNA
methyltransferase family member 2 (NSUN2) are the prominent
5-methylcytosine (m°C) methyltransferases of ncRNAs [69]. Indeed,
there is evidence for the protective role of NSUN2 and DNMT2-driven
methylation against tRNA fragmentation [70]. DNMT2-driven hypo-
methylation has been previously associated with tRNA instability and
the generation of tRNA fragments in stress response pathways by
ANG [44]. Ablation of DNMT2 in mouse sperm has been associated
with the increase of a set of tsRNAs [71, 72]. Similarly, tsRNAs
biogenesis in Drosophila was responsive to DNMT2 activity [73].
NSUN2 has been reported to be upregulated in many cancers
[74-79]. In addition, it has been suggested that NSUN2 is involved in
vault RNA (vtRNA) processing into small vtRNAs, another class of
sncRNAs with similar properties to tsRNAs [80, 81].

tRNA methyltransferase 2 homologue A and B (TRMT2A and
TRMT2B) were identified as writers of 5-methyluridine (m>Usy), which
is another conserved tRNA chemical modification, on tRNAs. TRMT2A
knockdown led to tRNAs hypomethylation and increased biogenesis
of 5" tRNA halves by ANG [82].

Finally, the reversion of m°C by the eraser Ten-Eleven-
Translocation 2 (TET2) has been implicated in promoting tRNA
translational activity and regulation of tsRNA biogenesis [83]. AlkB
Homologue 3, (ALKBH3) is also a known RNA methylation eraser and
it is upregulated in various cancers, including pancreatic, lung,
colorectal and urothelial. ALKBH3 has been shown to demethylate
tRNA 1-methyladenosine (m'A) and 3-methylcytidine (m3C) both
in vitro and in vivo [84]. ALKBH3 demethylated tRNAs were more
prone to processing by ANG [84].
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Pseudouridylation is the isomerisation of the uracil nucleotide [59].
The Pseudouridine synthase (PUSs) family is responsible for
catalysing this modification, especially PUS7 and PUS10 [68, 85].
Despite lacking clear evidence and mechanistic insight of PUS7/10
involvement, studies suggest that there is a connection between
pseudouridylation, tsRNAs biogenesis and cancer progression
[68, 86, 871.

Environmental stresses and intercellular signalling. Cells are
exposed to many environmental insults that induce stress. One
common stress response is a change in RNA metabolism and,
consequently, reduced metabolic rates of protein synthesis [88].
As tRNAs are the mediator of protein translation, it is not
surprising that a common stress response is the alteration of the
cellular tRNA pools. tRNA 3’ end trimming is a known mechanism
in Trypanosoma brucei, by which the organism makes tRNAs
unable to perform the translation in response to stress [89]. In
humans, tRNA fragmentation can be caused by oxidative stress
[37]. ANG is the ribonuclease mostly associated with stress-
induced tRNA halves biogenesis [90]. It has been proposed that
exposure to heavy metals, such as arsenite, drives ANG, but also
Dicer-mediated tRNA halves production [40, 45].
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It should be kept in mind that despite being an effective way of
reducing active tRNA pools among many organisms, tsRNA
biogenesis should not be reduced to this function [91].

In addition to environmental stress factors, multicellular organ-
isms rely on hormones and cytokines for intercellular communica-
tion. Deregulation of sex hormones is involved in breast and
prostate cancer. A group of special tRNA halves is regulated by sex
hormones, named sex hormones-dependent tRNA-derived RNA
(SHOT RNA) [92]. Honda et al. showed that the addition of estradiol
and dihydrotestosterone (DHT) to receptor-positive breast and
prostate cancer cell lines (MCF-7, BT-474 and LNCa-FGC) resulted in
increased levels of SHOT RNAs [92]. Interestingly, only 5 SHOT RNAs
were shown to promote cell proliferation [92].

tsRNA-driven regulatory mechanisms in cancer

tsRNAs roles in cancer biology have been linked to several biological
mechanisms. In summary, tsRNAs can regulate gene expression at
many levels by means of transcriptional and epigenetic regulation.
They can additionally exercise translational regulation by affecting
ribosomal machinery components and their functions. Moreover,
tsRNAs participate in diverse cell signalling mechanisms to promote
or inhibit cellular proliferation, as summarised in Fig. 2.
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Fig. 2 Summary of relevant tsRNA-driven mechanisms of gene expression regulation. tsRNAs mediate gene silencing. tsRNAs are loaded
on Argonaute 2 (AGO2) and participate in post-transcriptional gene silencing (PTGS), and nascent RNA silencing (NRS) by targeting messenger
(mRNA) and nascent RNA, respectively. tsRNAs also mediate transcriptional gene silencing (TGS) by recruitment of histone methyltransferases;
and inhibition of long-terminal repeat (LTR) retrotranscription by competing with tRNA. tsRNAs mediate mechanisms of translational
regulation by affecting ribosomal proteins and rRNA expression. In addition, they can stall protein translation by displacing the initiation
factor elF4G/elF4A complex and inducing stress granules (SGs) formation; SGs formation are also induced via YBX1 binding. tsRNAs can
displace YBX1 from mRNA transcripts and promote mRNA degradation. tsRNAs are involved in the regulation of the cell cycle and apoptosis
by interfering with several signalling mechanisms. Lastly, tsRNAs are loaded in extracellular vesicles (EVs) and mediate mechanisms of
regulation in recipient cells. Image was created with Biorender.com. PIWIL4 Piwi-Like RNA-mediated gene silencing 4, H3K9 histone H3
lysine 9, YBX1 Y box-binding protein, AURKA Aurora kinase A, FZD3 Frizzled Class Receptor 3, BCAR3 breast cancer anti-oestrogen resistance
protein 3, JAG2 Jagged Canonical Notch Ligand 2, Twi12 tetrahymena Piwi protein.
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Gene expression regulation. Many cancers arise from aberrant
oncogene regulation, which results in the overexpression of proto-
oncogenes and downregulation of tumour suppressor genes.
sncRNAs mediate gene silencing by RNA interference (RNAI)
mechanisms. RNAi can be classified as post-transcriptional gene
silencing (PTGS) [93, 94], or transcriptional gene silencing (TGS)
[95, 96]. PTGS effectors assemble in the RNA-induced silencing
complex (RISC). There are two ways of achieving gene silencing:
via direct cleavage of mRNA by Argonaute 2 (AGO2) slicer activity,
or by cytoplasmic translational repression [93, 94]. TGS, on the
other hand, utilises the RNA-induced transcriptional silencing
complex (RITSC) to recruit chromatin-modifying enzymes that
induce chromatin condensation and repress transcription [95, 96].
Even though some studies have shown tsRNAs binding preference
for AGO1, AGO3 and AGO4 [26, 31, 41], tsRNAs can also function in
a miRNA-like fashion to guide cytoplasmic AGO2 in executing
PTGS [41, 47, 97]. tsRNAs have more than once been mistakenly
annotated as miRNAs, further supporting their roles in PTGS
[9, 98]. Key examples of tsRNAs that drive PTGS of oncogenes are
reported in Table 1.

Furthermore, we have recently proposed a novel mechanism of
nuclear nascent RNA silencing (NRS) [42]. In this mechanism,
Dicer-dependent tsRNAs guide AGO2 to specific target sites
located in intronic regions of the nascent RNA, resulting in
degradation of nascent transcripts and gene silencing [42]. We
have identified ~1000 genes that are predicted to be regulated by
NRS, including many proto-oncogenes such as Bcl2 and Egfr [42].

Therefore, tsRNAs could be considered a new class of siRNA,
driving various forms of gene silencing. It would be interesting to
investigate whether, similarly to miRNAs, tsRNAs could also drive
gene activation, perhaps targeting promoters of protein-
coding genes.

Epigenetic and structural genome regulation. Epigenetic mechan-
isms, in particular aberrant methylation marks in DNA promoter
regions, have been linked to disturbed oncogene homoeostasis
and the onset of cancer [99, 100]. A few pioneer studies have
identified roles for tsRNA in epigenetic regulation mechanisms,
either in a Piwi-dependent or independent manner [55, 99],
proposing potential TGS roles for tsRNAs.

tsRNAs can be bound to the PIWI proteins, which are well-
known epigenetic players in cancer cells. For example, type I
tsRNA molecules ts-4521 and ts-3676, (now known as ts-101 and
ts-53, respectively) were identified to be bound to PIWIL2 [101].
Zhang et al. showed an epigenetic mechanism in human
monocytes. Here, a tsRNA with PIWI binding properties binds to
the PIWIL4. This drives the recruitment of H3K9 methyltrans-
ferases, SUV39H1 and SETDB1, and heterochromatin protein 18
(HP1B) to the promoter region of CD1A, causing inhibition of its
transcription [55].

In addition, tsRNAs can regulate transposable elements and
chromatin accessibility in a PIWI-independent manner [99]. Events
of retroviral transcription and transposon insertion can lead to
random integration in the genome, resulting in insertional
mutations and potentially cancer [102]. 3’ tsRNAs-CCA were found
to inhibit long-terminal repeat (LTR)-retrotransposon reverse
transcription by competing with full-length tRNA, which can act
as a primer for viral reverse transcription [103].

Regulation of the structural organisation of chromatin is a well-
known strategy for gene silencing. Chromatin modifiers can
deposit modifications on histones, leading to chromatin con-
densation and the formation of heterochromatin, which is
inaccessible to transcriptional effectors. Conversely, chromatin
relaxation to euchromatin promotes transcription factor accessi-
bility and hence gene expression [104]. A recent study identified a
5" tRNA half from tRNA-Gly°“ that is involved in the production of
Cajal bodies. These contain a variety of sncRNAs, including
U7 snRNAs [105]. U7 snRNAs affect histone expression by
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Examples of tsRNAs involved in cancer biology.

Table 1.

Reference

Mechanism

tsRNA class

tRNA
ThrAGT

Name

Targets 3’ UTR of oncogene TCL1 via AGO2

pre-tRNA 3’ tsRNA

3" tsRNA
3" tsRNA
5" tsRNA

ts-53 (ts-3676)
tRF-3017A

Proto-oncogenic

Silences tumour suppressor gene NELL2 via RISC activity with AGO proteins

VaITAC

Unwinds mRNA of ribosomal proteins and promotes ribosomal biogenesis

LeuCAG

3'tsRNA-LeuA®

tRF-Leu®A®
tRF-1001

Promotes cell cycle progression by interacting with AURKA

LeuCAG

Depletion of tRF-1001 impairs cell proliferation and causes accumulation of cells in G2

pre-tRNA 3’ tsRNA
not classified

5’ tsRNA
3’ tsRNA

SerTGA

Regulates MAPK signalling in gastric cancer cells

Glu™®

tRF-GIu-TTC-027

Tumour suppressor

Silences GPR78 by destabilising the 3’ UTR of its mRNA via AGO2; inhibits tumour progression

GIn™™®

tRF-24-V29K9UV3IU

tRF-3 CU1276

Regulates RPA1, master regulator or DNA damage response; drives arrest of Burkitt lymphoma cell

proliferation

GIyGCC

[122]
[121]

[120]

Downregulates BCAR3; suppresses ovarian cancer cell proliferation

5" tsRNA
3" tsRNA

GIuCTC

Leu
ValCAC

tRF-5 Glu

Interacts with JAG2 and downregulates Notch signalling pathway

tRF/miR1280

Binds FZD3, suppresses the Wnt/B-catenin signalling pathway and inhibits cell proliferation

5’ tRNA half

AS-tDR-001430

1629
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binding histone downstream element, therefore altering chroma-
tin status [105].

Altogether, tsRNAs can drive histone modifications, leading to
chromatin remodelling. Furthermore, their inhibitory role in
retrotransposon transcription could be relevant to gene amplifica-
tion, one of the drivers of cancer.

Translational regulation. Metabolic reprogramming is a hallmark
of cancer. Cancer cells have a high energetic demand due to
enhanced protein production, required to support dysregulated
cell growth and division [106]. In addition to transcriptional and
post-transcriptional regulation, tsRNAs can regulate protein
expression at the translational level, via multiple mechanisms.
Interestingly, many tsRNAs with translational inhibitory functions
were reported to have a GG-conserved motif at nucleotide 17-18
or 18-19 [107]. This suggests tRNA-protein binding or structural
roles for these tsRNAs.

In fact, many mechanisms of translational regulation involve
tsRNAs binding to and sequestering protein components of the
translational machinery, as well as the formation of non-canonical
RNA-protein complexes. For instance, tRNA halves can inhibit
translation initiation by interacting with the cap binding elF4F
complex and also displacing the elF4G/elF4A complex from
capped and uncapped mRNAs. In addition, this mechanism
induces stress granule (SG) formation and, consequently, stalled
protein translation [90].

tsRNAs can influence translational rates by binding Y box-
binding protein (YBX1), a multifunctional RNA/DNA binding
protein [108]. It was also reported that in breast cancer cells,
tsRNAs can induce tumour suppressor effects via displacement of
YBX1 from the mRNAs of oncogenic genes, promoting degrada-
tion of such transcripts [109].

In another mechanism, downregulated 5’ tsRNA-Leu (referred to
as tRF-Leu-CCA-004) was found to modulate the expression of
members of the cytochrome P450 family leading to the
speculation that it could affect protein expression [110]. In the
archaea haloferax volcanii, the 5’ tsRNA Val (referred to as tRF-5Val)
binds to the small ribosomal subunit and interferes with the
peptidyl transferase, hence destabilising the growing polypeptide
chain [28]. On the contrary, a 3’ tRNA-Thr half in Tripanosoma
bruceii was found to facilitate ribosomal-mRNA loading [111].

tsRNAs can also indirectly affect the level of protein translation
by regulating RNA and protein ribosomal components. 3’ tsRNAs
bearing m'A and pseudouridine marks can modulate rRNA
expression via binding the Tetrahymena piWI 12 (Twi12) complex,
Twi12-Xrn2-Tan1 [112]. Kim et al. identified a mechanism of
ribosomal protein regulation driven by 3 tsRNA-Leu™€ [113]. 3’
tsRNA-Leu“*® binds and unwinds the mRNA of ribosomal
components, RPS28 and RPS15, promoting their translation and
ultimately ribosomal biogenesis [113].

These studies suggest that tsRNAs can employ various
mechanisms to drive inhibition of protein translation, offering
yet another layer of gene expression regulation.

Regulation of the cell cycle and proliferation. Cancer is often
mediated by dysregulation of the cell cycle via turning off
checkpoints, leading to uncontrolled cell growth [114]. Apoptosis
is a self-induced mechanism of cell death that aims to eliminate
malignant or damaged cells [115]. tsRNAs have been implicated in
the regulation of the cell cycle, proliferation, and apoptosis.
Aurora kinase A (AURKA) is a serine/threonine kinase essential
to regulate mitosis, in particular chromosome segregation and cell
division. It is regarded as a potent oncogene [116]. 5’ tsRNA-
Leu“" (referred to as tRF-Leu“*® was found to be upregulated
and promote cell cycle progression in non-small cell lung cancer
(NSCLC). When this 5’ tsRNA was inhibited, AURKA was down-
regulated, whereas its upregulation caused AURKA hyperactivity
and promotion of cell cycle progression through G1 phase [117]. It

was proposed that this effect could potentially be mediated by 5’
tsRNA-Leu™ € interaction with miRNA-137 and miRNA-32, known
regulators of AURKA [117].

3’ tsRNA-Ser'* (referred to as tRF-1001) has been identified as a
regulator of cell proliferation [32]. Depletion of tRF-1001 by
antisense oligonucleotides caused a reduction in DNA synthesis
and accumulation of cells in G2 [32]. 3' tsRNA-CCA ends were
identified to be bound to Twi12, which is a known cell cycle
regulator [112, 118]. Members of the wingless-related integration
site (Wnt) pathway, including frizzled 3 receptors (FZD3), have
been shown to be often dysregulated in many malignant and
aggressive cancers, causing self-renewal and driving metastasis
[119]. 5 tRNA half Val“*“ (also known as AS-tDR-001430), inhibits
FZD3 and it was proposed to suppress the downstream Wnt/f-
catenin signalling pathway. This results in the inhibition of cell
proliferation and reduced cancer progression [120].

The Notch signalling pathway, which supports colorectal cancer
progression, can be modulated by a similar mechanism. 3’ tsRNA
(also referred to as miR1280), derived from both tRNA-Leu and
pre-miRNA1280, binds directly to the Notch ligand, jagged 2
(JAG2). Binding occurs at the 3" UTR and results in the inhibition of
the Notch signalling pathway. This affects downstream Gata1/3
mediated transcriptional regulation of miR200b, a master reg-
ulator of differentiation and cancer progression [121].

Breast cancer anti-oestrogen resistance 3 (BCAR3) has been
associated with ovarian cancer cell proliferation. Zhou and
colleagues identified that 5 tsRNA-Glu downregulates BCAR3 via
binding to the BCAR3 mRNA 3’ UTR, suppressing ovarian cancer
cell proliferation [122]. Furthermore, tRNAs, as well as tsRNAs, have
been shown to bind to cytochrome ¢, therefore can influence cell
fate by preventing apoptosis [123].

A Dicer-dependent 3’ tsRNA (referred to as tRF-3 CU1276), was
shown to have regulatory miRNA-like properties. It was also
reported to repress the expression of a set of genes including
RPA1, a master regulator of DNA dynamics and DNA damage
response [41]. Lastly, the expression of 3’ tsRNA CU1276 in
Burkitt lymphoma-derived cell lines drove the arrest of cell
proliferation [41].

In summary, various examples of specific tsRNA-driven mechan-
isms of cell cycle progression and proliferation regulation make
them highly interesting therapeutic targets for cancer therapy.

Intercellular  communication. Intercellular communication is
essential for mediating tissue organisation and homoeostasis, as
well as eliciting responses throughout the body [124]. Exosomes
are extracellular vesicles (EVs) which can carry cargo, of which
sncRNAs, including tsRNAs, form a substantial part, between cells
[125]. The cargo of EVs is tissue and cell-type dependent. For
example, tRNA/tsRNAs constitute 5% of the total sncRNAs content
of the exosomes released by liver cancer cells, of which 90% are 5’
tsRNAs of few enriched tRNA isotypes and they are significantly
upregulated compared to healthy tissue samples [126].

Gambaro et al. showed that synthetic tsRNAs (5’ tRNA half Gly)
could be transferred from donor to recipient cells [127], hence
promoting the idea that tsRNAs could play intercellular roles via
EV delivery. One of such intercellular mechanisms, driven by
tsRNAs, is the regulation of T-cell activation [128]. Immune
response activation is not only crucial for protecting against
pathogen invasion, but also for recognition and elimination of
cancer cells at the onset of malignant tumorigenesis [129]. tsRNAs
were specifically enriched sncRNAs in EVs secreted by activated
T cells compared to corresponding cellular RNA content and were
differentially expressed compared to EVs from resting T cells [128].
Chiou et al. reported a T-cell activation regulatory feedback loop.
Activated T cells promote inhibition of new T-cell activation via
packing and releasing specific tsRNAs into EVs. In this model, EV
packaging of tsRNAs functions to sequester specific inhibitory
tsRNAs by compartmentalisation. However, this could also
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potentially mediate intercellular communication [128]. Lastly, the
parasite Schistosoma mansoni was shown to release extracellular
tsRNAs and hypothesised to regulate gene expression in the host
cells upon EV uptake [130].

YBX1 is a good candidate for sorting and loading of specific
tsRNAs into EVs because YBX1 sorts loading of other sncRNAs,
such as specific miRNA molecules [131] and has also affinity for
specific sets of tsRNAs with CU-box motif [108, 109]. However,
YBX1 was shown to be dispensable in loading synthetic over-
expressed tRNA halves in MCF-7-derived EVs [127]. Therefore, the
role of YBX1 in tsRNAs and tRNA halves loading in EVs in
endogenous setup requires more investigation.

Oncogenic and tumour suppressor tsRNAs. tsRNAs involved in
different cancer types have been comprehensively reviewed
previously [50]. Here, we report selective and relevant examples
of these tsRNAs, many of which we have previously mentioned in
this review. We have classified these examples as proto-oncogenic
or tumour suppressor tsRNAs, shown together with the specific
mechanism by which they function, if known, in Table 1.

tsRNA-based therapeutic applications

Following the identification of tsRNAs as a bona fide novel class of
regulatory sncRNAs, there has been keen interest in the use of
tsRNAs for a plethora of potential therapeutic applications. Since a
study by Balatti et al. brought to light that cancers may have
specific tsRNA signatures [21], an increasing number of studies
have analysed tsRNA expression levels in cancer cell lines, tissues,
and extracellular samples [126, 132-142]. Balatti et al. predomi-
nantly identified type Il tsRNAs [21]. This may be due to the fact
that pre-tRNA-derived fragments are less decorated by chemical
modifications, therefore are easier to detect by sequencing [27].
However, at present, there is no specific type of tsRNAs whose
expression is predominantly dysregulated in cancer. This is likely
due to the heterogeneity of mechanisms which tsRNAs can
mediate, as discussed above.

Originally thought to be very low in abundance, the use of NGS
techniques that have improved the detection of RNA, has shown
that in fact tsRNAs (together with rRNA-derived small RNAs) are
among the most predominant sncRNA classes in many cell types
and tissues [5]. In addition, tsRNAs can be detected in bodily fluids,
such as saliva and plasma, where they may be protected inside EVs
that increase their stability [138]. For example, tsRNAs with
diagnostic and prognostic values were identified in non-invasive
breast cancer liquid biopsies [143]. Hence, tsRNAs have great
potential as useful diagnostic and prognostic biomarkers. In Table 2,
we report examples of some validated tsRNA cancer biomarkers.
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However, major limitations in the use of tsRNAs as biomarkers
still exist. Firstly, despite the advances in NGS techniques that
have allowed the detection of chemically modified RNAs, such as
tsRNAs, there is still limited availability of such tools. Secondly,
sequence similarity between tsRNAs and full-length precursors
could mislead the detection of tsRNA sequences [27]. Lastly, more
studies are required to confirm the accuracy of tsRNA expression
levels as biomarkers for diagnostic and prognostic applications.

Oligonucleotide-based therapy utilises short oligonucleotides to
modulate gene expression via RNAi mechanisms. It is an active
area of drug design, targeting gene-specific pathologies [144].
siRNA-based therapies have been recently FDA-approved and
implemented in the clinic [145]. Studies have shown several gene
silencing mechanisms driven by tsRNAs, as discussed above. We
and others have utilised synthetic tsRNA mimics in the laboratory
setup and have observed changes in RNA levels of the target
genes [42, 120, 127]. However, while siRNAs are short RNA
duplexes, tsRNAs are single-stranded RNAs, therefore are poten-
tially more prone to degradation. To make tsRNAs an effective
silencing strategy for therapeutic usage, chemical modifications of
nucleotides, to increase their stability, as well as sequence
optimisation, would be required to obtain silencing effects of
comparable efficiency to siRNA, or greater.

Antisense oligonucleotide (ASO) technology is another emer-
ging area of oligonucleotide-based therapy. It is based on the idea
that endogenous sncRNAs can be sequestered by Watson-Crick
base pairing with synthetic short oligonucleotides, promoting the
ablation of RNAi and, consequently, gene activation [144]. ASOs
against tsRNAs have been successfully used in a laboratory setting
in a few studies [113, 128], but tsRNA ASOs face challenges. For
example, ASOs are highly prone to degradation. Using modified
nucleic acids, such as locked nucleic acid (LNA), increases the
stability of ASOs without affecting their pharmacokinetic char-
acteristics [144, 146]. Moreover, given the sequence similarity
between tsRNAs and tRNAs, ASOs could potentially interfere with
tRNA stability by binding to the full-length tRNAs. miRNA sponges
are an example of longer ASO constructs designed with multiple
binding sites to sequester malignant endogenous miRNAs [147].
Since miRNA and tsRNA share many similarities in structure and
function, it is not surprising that similar ASO strategies are being
considered for tsRNAs [27]. These longer ASOs not only have
the advantage of not interfering with full-length tRNAs, but they
also have increased stability, resistance against RNase H degrada-
tion and can accommodate multiple tsRNA sequences in one
molecule.

Lastly, Onconase (ONC) is a small RNase that has great cellular
uptake, resistance against RNase Inhibitors and a propensity for

Table 2. Examples of tsRNA biomarkers in cancer.

tsRNA name Class of tsRNA Biological relevance Reference

ts-46, ts-47 pre-tRNA Downregulated in lung cancer; affect cell growth and survival [21]

3’ tsRNA

tRF-23-Q99P9PONDD 5" tsRNA High expression is associated with a low survival rate in patients with gastric cancer; [152]
proposed to target genes: BCKDHB, DGKD and GNPDA2

tRF-20-5998LO9D 5" tsRNA Correlates with tumour progression via an unknown mechanism [153]

tsRNA-ValTAC-41 3’ tRNA half Upregulated in patients with pancreatic adenocarcinoma and in exosomes of liver [126, 142]
cancer patients

tsRNA-26576 Not classified Upregulated in breast cancer, proposed to promote cellular growth, and inhibit [154]
apoptosis

5’ tiRNA-Pro"¢® 5’ tRNA half Downregulated in colorectal adenocarcinoma patients and associated with poor [155]
patient survival; proposed to regulate several pathways (AMPK, MAPK and mTOR)

tsRNA-5001a Not classified Upregulated in lung adenocarcinoma tissue, promotes the proliferation of lung [156]
adenocarcinoma cells

AS-tDR-007872 5’ tRNA half Downregulated in lung cancer patients and regulates apoptosis by downregulating [157]

BCL2L11
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targeting cancer cells [148]. Since the first clinical trial in 1993,
ONC has been administered to cancer patients alone or in
combination with other treatments [148]. ONC functions by
exerting regulatory roles, mainly regarding cell cycle arrest and
induction of apoptosis [148]. It is not clear exactly how ONC exerts
its anti-tumour effects, but it is very likely to be mediated by its
ribonucleolytic cleavage activity. ONC cleaves tRNAs and other
ncRNAs, such as pre-miRNAs, with a specific sequence and
structure preference, mimicking ANG and Dicer. Hence, ONC could
be useful for generating tsRNAs [148]. More research on the
potential applications of ONC is required. Nevertheless, given that
ONC has been safely used in clinical settings for some years, it
would be very convenient to implement its usage for tsRNA-based
therapeutic strategies.

CONCLUDING REMARKS

tsRNA is an exciting and promising new field in RNA and cancer
biology. The growing number of studies showing tsRNA-driven
mechanisms makes it clear that tRNA fragments are not just
degradation products, but functional and powerful sncRNAs. We
believe that efforts should be channelled towards investigating
crucial aspects of tsRNAs which, at present, are not well-
characterised. Firstly, the mechanisms of tsRNA biogenesis require
further study. Mechanistic insights into tRNA cleavage and its
regulation are key aspects of this. The cellular localisation of tsRNA
biogenesis also requires further investigation since Dicer nuclear
localisation has been reported [149]. Secondly, we need further
exploration into the roles of the chemical modifications of tRNA (for
tsRNA biogenesis) and tsRNAs (for stability and signalling). Lastly, the
interplay between tsRNAs and other classes of sncRNAs deserves
attention as it could unravel a novel regulatory and signalling
network, revealing yet another layer of cellular and gene regulation.
We predict that, in the next decade, an increasing volume of
information surrounding tsRNA biology will be brought to light.
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