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Decades after identification as essential for protein synthe-
sis, transfer RNAs (tRNAs) have been implicated in various
cellular processes beyond translation. tRNA-derived small
RNAs (tsRNAs), referred to as tRNA-derived fragments
(tRFs) or tRNA-derived, stress-induced RNAs (tiRNAs),
are produced by cleavage at different sites from mature or
pre-tRNAs. They are classified into six major types repre-
senting potentially thousands of unique sequences and
have been implicated to play a wide variety of regulatory
roles in maintaining normal homeostasis, cancer cell
viability, tumorigenesis, ribosome biogenesis, chromatin re-
modeling, translational regulation, intergenerational inheri-
tance, retrotransposon regulation, and viral replication.
However, the detailed mechanisms governing these processes
remain unknown. Aberrant expression of tsRNAs is found
in various human disease conditions, suggesting that a
further understanding of the regulatory role of tsRNAs
will assist in identifying novel biomarkers, potential thera-
peutic targets, and gene-regulatory tools. Here, we highlight
the classification, biogenesis, and biological role of tsRNAs
in regulatory mechanisms of normal and disease states.

Transfer RNAs (tRNAs) are non-coding RNAs of 76-93 nt in
length essential for mRNA translation. They decode genetic infor-
mation into proteins by transferring amino acids to the growing
polypeptide chains that are synthesized on ribosomes." tRNAs
are processed from pre-tRNAs transcribed by RNA polymerase
Il (RNA pol III).> During maturation, pre-tRNAs undergo
several modifications, such as the removal of the 5 leader and
3’ trailer sequences, splicing, post-transcriptional modification,
and addition of a CCA sequence at the 3’ end of mature tRNA.

tRNAs are, by far, the most abundant RNA species, and their se-
quences are highly conserved across species. They are grouped
into 64 types according to their anti-codon sequence. More
than 500 loci in human genomes have hitherto been identified,
and over 400 tRNA genes have unique sequences.” In addition,
there are over 600 tRNA pseudogenes, and tRNA lookalikes in
the human nuclear genome and their functional significance
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remain unknown.>*
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For decades, tRNAs have been mostly considered to play a role in pro-
tein synthesis. However, it is becoming increasingly clear that tRNAs
have various additional roles involved in cell proliferation, tumor

metastasis, and neuronal homeostasis.” The first tRNA mutations
related with human disease were identified in 1990.” These muta-
tions were found in mitochondrial-expressed tRNAs and result in
neuromuscular phenotypes. In contrast, no human disease has been
associated with a cytoplasmic tRNA mutation, per se, but mutations
in genes related to post-transcriptional modification of tRNAs and
cytoplasmic tRNA-related protein partners, including splicing factors
and aminoacyl tRNA-synthetase (ARSs), are strongly associated with
certain human diseases.® For example, mutations in the tRNA-
splicing endonuclease complex (TSEN2, TSEN15, TSEN34, and
TSEN54) were identified in PCH (pontocerebellar hypoplasia) type
2 and 4 patients, of which brain tissue showed immature development
of the cerebellum and other structural defects.’

tRNA-derived small RNAs (tsRNAs) were first discovered in the
urine of cancer patients in the 1970s.''! At the time, these RNAs
were considered to be degradation products. With the advent of
next-generation, high-throughput sequencing (NGS), the sequencing
reads corresponding to tsSRNAs were often discarded as degradation
products or sequencing artifacts. However, just over a decade ago,
three groups revealed that tsRNAs have biological roles.'*”"* A
growing body of evidence has demonstrated that tsRNA expression
is not correlated with cognate tRNA abundance and they are pro-
cessed at specific cleavage sites of mature and pre-tRNAs."” Interest-
ingly, tRNAs are differentially expressed in a variety of tissues, can-
cers, and during normal growth and development, including
'® The same tRNA isodecoder genes (contain-
ing the same anti-codon sequence but with differences in each body
sequence) are differentially expressed in several cases,'” which sug-
gests that the differential expression of each tRNA gene may be

cellular differentiation.
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related to noncanonical tRNA functions (e.g., tsRNA). Thus far, six
major types of tsSRNAs have been identified in various organisms,
from humans to Escherichia. coli (E. coli), and they have been impli-
cated in various diseases with distinct mechanisms. The fact that there
are hundreds of tRNA genes that can be cleaved at specific sites to
produce many different types and lengths of small RNAs suggests
that thousands of unique and de novo non-coding RNAs can poten-
tially be generated in a cell. Together, all of these findings demonstrate
that tsRNAs are not merely degradation products but are generated in
a precise and regulated manner.

Throughout this review, we will provide an overview of tsRNA clas-
sification and biogenesis while delineating known tsRNA-mediated
regulatory mechanisms. In addition, we describe potential tsRNA as-
sociations with disease-related processes, when known, and how these
interactions could empower new disease biomarkers or be manipu-
lated for novel treatments.

Nomenclature and Classification

tsRNAs are also called tRF (tRNA-derived RNA fragment), tDRs
(tRNA-derived small RNAs), and tiRNAs (tRNA-derived stress-
induced RNAs).">"'* tsRNAs are differently named according to
length and cleavage position on tRNA or pre-tRNA.

tsRNAs of 18-30 nt in length are categorized as either type I or type II,
according to the cleaved position on mature tRNA and pre-tRNA,
respectively (Figure 1). Type I tsRNAs are further classified into
two subgroups: 5'tsRNA (tRF-5 or 5'tRF) and 3'tsRNA (tRF-3 or
3/tRF), which are derived from the 5’ and 3’ ends of mature tRNA,
respectively.'* NGS data show that 5tsRNAs from HEK293 cells
mainly occur at lengths of 14-16 nt (tRF-5a), 22-24 nt (tRF-5b),
and 28-30 nt (tRF-5c), which begin at the 5’ termini of mature tRNAs
and end at a D-loop (tRF-5a) or at a stem region between the D-loop
and the anti-codon loop (tRF-5b and tRF-5c¢) of a mature tRNA."
Other lengths of 5'tsRNAs were also identified in prostate cancer cells
and Haloferax volcanii,'® indicating that the length of 5'tsRNA might
be more heterogeneous than expected, depending on the cell type and
species. On the other hand, 3'tsRNAs (3/tRF) are uniformly present in
the 18- to 22-nt forms throughout the three domains of life.'” Their 5’
ends reside in the T-loop, and the 3’ end corresponds with the 3’ ter-
minus of mature tRNA, which all ends in CCA. Interestingly, most
22-nt 3’'tsRNAs contain an N1-methyl-adenosine (m1A58) at the
58" nt in the T-loop (corresponding to the 19 nt in the tsRNA)
and a pseudouridine at or near their 5’ termini,'”*” perhaps because
one or both features may play a role in the generation of this type of
tsRNA.

Type I tsRNAs (tRF-1 or 3'U tRF) 16-48 nt in length are processed
from a 3’ trailer sequence of pre-tRNA that begins 1 to 2 nt down-
stream of the 3’ end of the tRNA genomic sequence and ends with
a polyuridine sequence (UUUUU, UUCUU, GUCUU, or AUCUU),
a RNA pol III termination signal.'>'* Because the positions of the
termination signal vary for each tRNA transcript, the length of the
type II tsRNAs are more heterogeneous than type I tsRNAs.'*'”

tsRNAs of length 30-40 nt are called “tRNA halves” because their
lengths are almost half that of mature tRNA.*' They are often referred
toas “tiRNA” due to their stress-induced characteristic,"” and some of
them are called “SHOT-RNAs” (sex-hormone-dependent tRNA-
derived RNA) because they are highly expressed in hormone-depen-
dent cancers.”” They are grouped into 5'tRNA halves (5'tiRNA) and
3'tRNA halves (3'tiRNA) (Figure 1). The 5 end of the former corre-
sponds with the 5" end of the mature corresponding tRNA, although
the 3’ end is in the anti-codon loop. The latter begins in the anti-
codon loop and ends with the 3’ terminus of the mature tRNA
(Figure ).

There are two additional types of tsRNAs that are not included in the
classes described above. i-tRF,* referred to as tRF-2,%* with a variable
length is derived from the internal region of mature tRNA straddling
the anti-codon region (Figure 1).”>*° The other type begins at the 5’
end of the leader sequences in pre-tRNA and ends in the 3’ terminus
of the 5’ exon in the anti-codon loop after removal of introns, which is
implicated in neuronal degeneration (Figure 1).*°

The information of varied tsRNAs has been retrieved from
numerous deep-sequencing analyses and have been made available
on public websites: tRFdb (http://genome.bioch.virginia.edu/trfdb)
and tRF2Cancer (http://rna.sysu.edu.cn/tRFfinder).””**

So far, the nomenclature for tsRNA has not been established. In order
to intuitively understand which mature or pre-tRNAs generate the
indicated tsRNAs in our text, we have added each tRNA name to
the term “tsRNA” or “tRNA halves” according to their size and also
include the names used in each study. Other tsRNAs not included
in the six major subtypes described above will be referred to by the
name used in each study.

Biogenesis of tsRNAs

18- to 30-nt tsRNAs

Because type I and II tsRNAs are primarily 22 nt in length and are also
known to be 5’ phosphorylated and 3’ hydroxylated,'>*’ which are
characteristics of microRNAs (miRNAs), early investigation into
the biogenesis of tsRNAs was focused on the involvement of Dicer
or the microprocessor complex (Drosha/DGCR8), both of which
are required for the biogenesis of miRNA.*® tsRNAs (3’ end of Ile
tRNA precursor) in mouse embryonic stem cells (mESCs) were
initially found to be processed by Dicer, but not DGCR8.”" The Ile
tRNA precursor is predicted to form a long hairpin structure as an
alternative form, which is considered to be a substrate of Dicer. In
human cell lines, 19nt-GIn5tsRNA and 22nt-GlyGCC3'tsRNA
(CU1276) were also reported to be processed by Dicer.””*” An 18-
nt Lys3’tsRNA (PBSncRNA), which is highly expressed in human im-
munodeficiency virus (HIV)-1-infected MT4 cells, is processed by
Dicer.™

In contrast, NGS data analyses from Dicer or Dgcr8 knockout mESCs
indicate that type I tsRNAs are not processed using a canonical
miRNA pathway.35 Dicer mutants in mouse, D. melanogaster, and
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Figure 1. The Classification and Biogenesis of tsRNA

There are more than 6 types of tsRNAs. Each type of tsRNA is processed from mature tRNA or pre-tRNA and has a distinct biogenesis pathway generated by different

ribonucleases. All of the involved processing enzymes are indicated; the major processing enzyme is shown in blue. tRNA halves are primarily processed by angiogenin. The
major processing enzyme for the tsRNAs derived from mature tRNAs is not well known.

S. pombe do not significantly change type I or I tsRNA expression.'”
Dicer knockout 293T cells also show no differences in tsRNA expres-
sion.’® At most, these data suggest that Dicer and the microprocessor
complex may only process a small number of specific tRNAs and/or
in a cell-type-specific manner during particular cellular events.
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There are many lines of evidence demonstrating that tsRNAs are pro-
cessed by endonucleases other than the miRNA-processing enzymes.
For example, LysTTT3/tsRNA is processed by other ribonucleases,
including angiogenin, in an in vitro cleavage assay.””> RNase T2 is
responsible for the production of tsRNAs in length of 17-40 nt in
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plants. Human RNase T2 and yeast Rny1p, a member of the RNase T2
family, are also able to generate 17- to 40-nt tsRNAs.”’

Type II tsRNAs are also processed by different endonucleases. RNA
pol III transcribes the pre-tRNA gene, which is composed of a 5
leader, mature tRNA, and 3’ trailer sequence.z‘38 Ribonuclease RNase
P and RNase Z remove the 5’ leader and 3’ trailer portions from the
pre-tRNA sequence in the nucleus, respectively, and a CCA sequence
is added at the 3’ end of the mature tRNA.”® Consequently, the
released 3’ trailer sequence in the processing of tRNA becomes a
type II tsRNA. Haussecker et al. provided the evidence that RNase
Z is required for type II tsRNA generation in vitro,14 and Lee et al.
identified that ELAC2, a tRNA 3’ endonuclease®® and a prostate can-
cer susceptibility gene, processes SerTGA type II tsRNA (tRF-1001)
from pre-tRNA in a prostate cancer cell line."> Overall, more work
is required to further determine the full detailed mechanism by which
type II tsRNAs are processed, the location(s) of processing (i.e., nu-
clear versus cytoplasmic), and how such processing may be linked
to regulating their production.

30- to 40-nt tsRNAs

The biogenesis of tRNA halves 30-40 nt in length is more established
than the 17- to 30-nt fragments. tRNA halves were initially found in
E. coli and were generated by PrrC nuclease in response to bacterio-
phage infection.*” Later, it was reported that this cleavage also occurs
in Tetrahymena thermophila,”" bacteria,”’ fungi,*> and mammalian
cells*** during various stress conditions, including amino acid
or glucose starvation, heat shock, hypoxia, UV irradiation, or heavy
metal exposure. However, all stress conditions do not induce the pro-
duction of tRNA halves, indicating that this cleavage event is not
solely caused by reduced translation during stress conditions.'>***>*°
These stress-induced tRNA halves are called tiRNAs. Two different
ribonucleases, angiogenin (a member of RNase A superfamily)'>*
and Rnylp,”” were initially identified to be involved in this stress-
induced process in mammalian or yeast cells, respectively. Under
normal physiological states, angiogenin does not process tsRNAs
because the enzyme is localized to the nucleus or sequestered by
assembly with RNH1 (angiogenin inhibitor) in the cytoplasm. Stress
condition releases angiogenin from nucleus or RNHI, allowing
processing into tRNA halves,*>*%*°

Independent of the characteristic stress response, a subset of tRNA
halves, including AspGUC and HisGUG tRNA halves, is expressed
in estrogen receptor (ER)-positive breast cancer and androgen recep-
tor (AR)-positive prostate cancer cell lines, indicating that regulation
of specific tRNA halves is dependent upon sex hormones and their re-
ceptors. These SHOT-RNAs are produced by angiogenin-dependent
cleavage in the anti-codon loop of the tRNA in response to hormone-
signaling pathways.”” 3 SHOT-RNAs have an amino acid at the 3’ ter-
minus and do not have introns, suggesting that this type of tRNA half
is generated from the mature tRNA.*"*?

A number of studies show that angiogenin is not the only ribonu-
clease that can process tRNA halves. Angiogenin-independent

tRNA halves can be formed in the absence of stress,**° and the

combination of Dicer- and angiogenin is required for processing of
certain type of tRNA halves.** Furthermore, the biogenesis of tRNA
halves is modulated by tRNA modifications. As an example,
Drosophila DNA methyltransferase DNMT2 methylates mature
tRNAsASP (GTO), Val (AAC), G(GCO) 4 protects them from angioge-
nin-induced cleavage.”™ Additionally, loss of the cytosine-5 RNA
methyltransferase, NSUN2, and its anti-cleavage effect on tRNAs
results in the accumulation of 5" tRNA halves by increasing angioge-
nin-mediated cleavage of tRNAs. This increased cleavage reduces
protein translation rate and leads to neuro-developmental disease.”’
Finally, RNase T2 in plants and humans can process tRNA halves
as well.”” Together, these results suggest there may be multiple path-
ways that result in the biogenesis of tRNA halves.

50

The Biological Functions of tsRNAs and Their Role in Disease
Processes

There is a growing body of evidence demonstrating that certain types
of tsRNAs play a role in a variety of cellular processes. Before explain-
ing these processes, we will first cover the limitations of tsRNA
sequencing and quantification and the potential use of tsRNAs as tu-
mor markers.

tsRNAs as Biomarkers in Human Disease

Unique Issues with tsRNA Quantification. One important aspect of
tsRNA biology is that the high number of nucleotide modifications™
and sequence similarities in both tRNAs and corresponding tsRNAs,
plus the relative abundance of closely related tsRNAs and various
length isoforms, can result in mis-quantification for a given tsRNA
species. For example, a chemical modification that interferes with
reverse transcription may result in an overestimation of the smaller
isoform and underestimation of the longer isoform of a respective
tsRNA in NGS analysis. Other means of quantification between size
variants can be distinguished using northern blots and, as such,
may be at odds with sequencing-based quantification.”> However,
northern blot quantification can suffer from cross-hybridization to
a number of tsRNAs that have high sequence homologies.

As a result, newer forms of NGS are being developed to overcome
Cozen et al.>® and Zheng et al.”* separately
developed a novel library preparation method that removes methyl
groups from tRNA. They used engineered E. coli AlkB to demethylate
N1-methyladenosine (m1A), N3-methylcytidine (m3C), and N1-
methylguanosine (m1G).”»* Their methods prevent the inhibitory
effects of methylation but did not resolve the potential effects of other
types of modified nucleotides during sequencing. A better solution for

these limitations.”> > 1.4

tsRNA sequencing might be nanopore sequencing, also recently
developed, which detects ionic current through nanopores and recog-
nizes the change in current when RNA or DNA passes through the
nanopores.”® Because there is no cDNA synthesis step, nanopore
sequencing might be the best-existing method to resolve the inhibi-
tory effects of modified nucleotides on reverse transcription during
sequencing. However, a higher error rate and inadequate character
for short biomolecules need to be resolved.
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To date, the modified nucleotides in mature tRNAs likely make it
difficult to discover biomarkers from tsRNAs in a high-throughput
manner. However, type II tsRNA (derived from 3’ end of pre-
tRNA) have high potential to be used as biomarkers with current
sequencing technology because pre-tRNAs are the least-modified
form of tRNA.

The Characteristic Expression of Type 1I tsRNAs in Cancer. The first
identified tsRNA identified to play a role in cancer was SerTGA
type II tsRNA (tRF-1001). This tsRNA is highly expressed in several
cancer cell lines, including prostate and colon cancers. It is highly
associated with the proliferation of colon cancer cells (HCT-116)
and is required for the cell cycle transition from the G2 to M phase.'*

After this initial finding, Balatti et al.”” screened type II tsRNA expres-
sion using custom tsRNA microarray chips and revealed that many
type II tsRNAs are differentially expressed in different tumors,
including chronic lymphocytic leukemia (CLL) and lung, breast,
ovarian, or colorectal cancers. In both CLL and lung cancer, HisGTG1
type II tsRNA (Ts-46), ArgTCG4 type II tsRNA (ts-47), ThrCGT15
type II tsRNA (ts-49), SerGCT-4-3-type II tsRNA (ts-53), and
ThrAGT-1-1 type II tsRNA (ts-101) are downregulated although
PseudoCTT51 type IT tsRNA (ts-4) is upregulated. In breast cancer,
IleAAT154 type II tsRNA (ts-66) is upregulated, whereas ts-86 is
downregulated. In ovarian cancer, ten tsRNAs are up or downregu-
lated. SerGCT-4-3-type II tsRNA (ts-53) and ThrAGT-1-1 type II
tsRNA (ts-101) are also downregulated in adenoma, but not in
adenocarcinoma. AspGTC48 type II tsRNA (ts-3) is upregulated in
CLL and ovarian cancer. These differential expression patterns sug-
gest that tsSRNAs could be potentially tumor-promoting or suppress-
ing genes. tsRNAs are highly regulated in HRAS, KRAS, PIK3CA-
activated breast cancer cell lines, and MYC-activated lymphocytes,
also suggesting that tsRNAs can be important molecules in
tumorigenesis.”’

The regulation of type II tsRNA biogenesis has only recently started to
be revealed. Farina et al.”® determined that four type IT tsRNAs (ts-19,
ts-29, ts-46, and ts-112) expression levels were responsive to the
RUNZX1 tumor suppressor expression and that ts-112 was inversely
correlated with RUNX1 and possessed oncogenic activity. This
finding suggests that expression of some type II tsRNAs might be
regulated by tumor-suppressor genes or oncogenes, which could
also explain differential expression of tsRNAs in cancer cells.

Next, we will discuss specific functional roles for tsRNAs that have
been identified as potential targets for cancer detection and
therapeutics.

Extracellular tsRNAs. Although there are certain limitations to mea-
sure tsRNA levels correctly, there have been a number of attempts
to identify extracellular tsRNAs. tsRNAs in extracellular vesicles
(EVs) were initially detected from murine immune cells® and then
identified to originate after secretion by T cells. Activating T cells
released EV's enriched with tsRNAs, suggesting that T cells may selec-
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tively shed tsRNAs that might repress immune activation.”” Recently,

a subset of tsSRNAs was recently detected in EV's from liver cancer pa-
tients,”' suggesting that tsRNAs could be promising biomarkers for
cancer diagnosis.

Like all research on extracellular RNAs, the role of tsRNAs outside of
cells is unresolved. It is possible that specific tsRNAs in serum or EVs
could be used as biomarkers in specific disease states. Any possible
functionality to their release from the cell and ultimate fate needs
to be determined with additional studies.®>*

Gene Silencing—Do tsRNAs Interact with the miRNA
Machinery?

In early investigations, tsSRNAs were considered as a different type
or class of miRNAs, and it remained unclear whether tsRNAs
interact with various miRNA components, such as the Ago pro-
teins, a central element of the RNA-induced silencing complex
(RISC). Nevertheless, there remains conflicting evidence for and
against the argument that tsRNA interacts with miRNA machin-
ery. In part, some studies in support use supraphysiologic levels
of tsSRNA mimics to establish binding to various RNA-binding
proteins, an approach that can be fraught with artifact. In addi-
tion, tsRNA-mediated functional knockdown of mRNAs contain-
ing tsRNA complementary targets is generally not as robust as
with similarly designed miRNA targets. Finally, Ago proteins
mostly require double-stranded RNA for loading,’* making it
mechanistically difficult to envision how some of the tsRNAs
would become functionally attached to these proteins.

In this section, we demonstrate the conflicting evidence for and
against tsRNA-Ago association and various examples of tsRNA-
mediated gene silencing processing.

Ago Associations

GlyTCC3/tsRNA (Cand23), GlyGCC3'tsRNA (Cand33 or CU1276),
and type II-SerTGAtsRNA (Cand45 or tRF-1001) are more abun-
dantly associated with Ago 3 and 4 rather than Ago 1 and 2 deter-
mined by RNA-immunoprecipitation assay with overexpressed
Agos.'»*’ This preference toward specific Ago families was also sub-
stantiated by two different NGS-based analyses, PAR-CLIP (photoac-
tivatable-ribonucleoside-enhanced crosslinking and immunoprecipi-
tation) and CLASH (crosslinking, ligation, and sequencing of
hybrids), both of which delineated that type I tsRNAs prefer Ago 1,
3, and 4 proteins to Ago 2, although most type II tsRNAs did not
bind to any Ago proteins.'” The preference for different Ago proteins
was also affected by age in flies, and the target prediction results of
these age-dependent tsRNAs suggest the potential roles of tsRNAs
in development and neuronal functions associated with age.®”
Recently, the luciferase assay with overexpressed LeuAAG3'tsRNA,
CysGCA3'tsRNA, and LeuTAA3'tsRNA showed that 18-nt 3'tsRNAs
repress gene expression in a Dicer-independent but Ago-dependent
manner. Furthermore, they were associated with the GW182 protein,
which represses translation of target mRNAs and degrades them.®
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Figure 2. Gene-Silencing Mechanism

(A) Modulation of HIV replication. LysUUU 3'tsRNA binds to the HIV-1 primer-binding site (PBS) associated with the Ago?2 protein. (B) Modulation of DNA damage response is
shown. GlyGCC 3'tsRNA modulates the molecular response to DNA damage by repressing endogenous RPAT. (C) Suppression of Notch signaling and tumorigenesis
is shown. LeuAAG 3'tsRNA (tRF/miR-1280 fragment) binds to the JAG2 mRNA 3’ UTR and induces its degradation, which inhibits the activation of the Notch pathway in
colorectal cancer cells. (D) Trans-gene silencing of 5’ tRNA halves is shown. 5'GIuCUC tRNA halves recognize the 3' UTR of apolipoprotein E receptor 2 (APOER2) mRNA and

suppresses its expression.

In contrast to the findings above, there are also studies suggest-
ing that tsRNAs are poorly or not at all associated with Ago
families. Cole et al.”* revealed that GIn3/tsRNA was poorly asso-
ciated with Agol and Ago2 proteins by determining that the
majority of this tsRNA was enriched in fractions lacking Ago2
proteins in HeLa cells. Hasler et al.”” showed that the lupus
autoantigen La protein, which is required for tRNA processing

166

and folding,”” prevents tsRNAs from being incorporated into
Ago 1-4 proteins, thus protecting the miRNA pathway from
tsRNA incorporation into the Ago proteins. However, they
also revealed that Ile-typell-tsRNA transports to the cytoplasm
for Dicer processing and Ago protein loading via exportin
(Xpo5),°® suggesting that the interaction with Agos might vary
by individual tsRNAs. Kim et al’® also determined that
LeuCAG5’ and 3'tsRNA, AspGTC3’tsRNA, and SerGCT-typell-

tsRNA (Cand45 or tRF-1001 in another study) were not associ-
ated with endogenous Ago 1-3 proteins, which was different
from previously published results.”

Specific Examples of Gene Silencing

The first validated target of tsSRNA-mediated gene-silencing activity
was in HIV. The 18-nt LysUUU3'tsRNA (3’ end of tRNAlys3) is
complementary to the HIV primer binding site (PBS) and associates
with the Ago2 protein. It was induced from HIV-infected MT4 T cells
and remarkably reduced HIV-1 RNA copies, indicating that
this tsRNA might potentially inhibit HIV-1 replication using RNAi
machinery and be a novel molecular target for modulating HIV
replication (Figure 2A).** Like LysUUU3'tsRNA, HisGTG3'tsRNA
and LeuCAG3/'tsRNA were also found to be associated with the
Ago?2 proteins when Ago2 was overexpressed in HeLa cells.”
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GlyGCC3'tsRNA (CU1276) also has trans-gene-silencing activity,
even though it is skewed toward interactions with Agol, 3, and 4
rather than Ago2. The GlyGCC3'tsRNA is highly expressed in normal
germinal center B cells but was markedly reduced in germinal-center-
derived lymphomas. Overexpressed GlyGCC3'tsRNA suppresses
lymphoma cell viability and modulates the molecular response to
DNA damage by repressing RPA1 expression, which stabilizes sin-
gle-stranded DNA intermediates during DNA replication or stress
(Figure 2B).*

17-nt tRF/miR-1280 is known to be processed from both LeuAAG
mature tRNA and a miRNA precursor. Furthermore, this tRF/miR-
1280 suppresses Notch signaling by repressing Notch ligand JAG2
expression, resulting in reduced tumor formation and metastasis, as
well as suppression of the stem-cell-like phenotype of colorectal can-
cer cells (Figure 2C).°® It remains to be determined which Ago protein
is involved in the gene-silencing activity of this tsRNA.

Recently, Luo et al.* found that 5'tsRNAs inhibit global translation
by suppressing the synthesis of translation-machinery-related genes,
including ribosomal proteins, via interaction with the Ago2 protein.
Kuscu et al.”® also found that the 18-nt 3'tsRNA represses endoge-
nous target genes associated with Ago and GW182 proteins involved
in miRNA-mediated translation repression and target mRNA
degradation.

30- to 40-nt tRNA halves have been implicated in viral replication by
gene-silencing mechanisms as well. Wang et al.” identified a subset of
5/tRNA halves (termed tRFs in their study) that were enriched in hu-
man respiratory syncytial virus (RSV)-infected human airway epithe-
lial cells, in which GluCUC, GlyCCC, LysCUU, and CysGCA5tRNA
halves (tRF5-GluCUC, GlyCCC, LysCUU, and CysGCA) promoted
viral replication. These tsRNAs are generated by angiogenin and
repress gene expression through base pairing with the 3’ UTR in a
target mRNA. Distinct from miRNA-mediated regulation, the 3’
end region of tRNA halves is important for selecting target sites of
tRNA halves, suggesting they might interact with other protein com-
plexes, other than RISC.”””! RSV-induced GluCTC5tRNA halves
downregulate the viral replication repressor host gene APOER2 and
promote viral replication,”” which can be a potential target for inhib-
iting RSV replication (Figure 2D). Together, these studies begin to
illuminate the functional role of tsRNA species in cancer and infec-
tions, which appear to be diverse in their mechanisms and likely
targetable for therapeutic interventions.

Piwi-Dependent Gene Regulation

Some tsRNAs of similar length to PIWI-interacting RNAs (piR-
NAs) of 26-31 nt in length have been found to associate with
PIWT proteins. piRNAs are generally expressed in the germline
and repress transposable elements (TEs). In addition, piRNAs
can affect histone modification and DNA methylation in somatic
cells.”? Of interest, an association of PIWI protein and tsRNAs
has also been observed in Tetrahymena. 3'tsRNAs are associated
with Tetrahymena Piwi 12 (Twil2) protein,”” which is essential

2346 Molecular Therapy Vol. 28 No 11 November 2020

for growth.”* 3’tsRNAs-associated Twil2 protein is assembled
with the Xrn2 and Tanl proteins, resulting in stimulation of
Xrn2 exonuclease activity in the nucleus, which is required for ri-
bosomal RNA processing (Figure 3A).”> These interactions add
to the growing body of evidence that tsRNA plays a substantiative
role in essential biological processes.

Another study by Zhang et al.”® identified a new piRNA, td-piR(Glu),
derived from the 5’ end of tRNA-Glu that is highly expressed in hu-
man monocytes rather than in differentiated dendritic cells. td-piR(-
Glu) is 29 nt in length and 2’-O methylated at the 3’ terminus, which
is characteristic of a piRNA. PIWIL4 protein interacts with the
td-piR(Glu) and recruits SETDB1, SUV39H]1, and heterochromatin
protein 1P to the CD1A promoter, which leads to H3K9 methylation
and inhibition of CD1A transcription in monocytes. This result sug-
gests that tsRNAs can play a role in piRNA regulation of chromatin
remodeling in somatic cells (Figure 3B). The authors also revealed
that angiogenin, which processes tRNA halves from mature tRNAs,
did not affect the processing of the td-piR(Glu). Instead, during the
differentiation of monocytes into dendritic cells, cytokine inter-
leukin-4 (IL-4) is likely to be involved in the generation of td-
piRs.”® An investigation into the generation and modification of
tRNA-derived piRNAs might shed light on piRNA biogenesis and
function in somatic cells.

SerGCT-4-3-typell-tsRNA (ts-4521 or later called ts-101) and
ThrAGT-1-1-typell-tsRNA (ts-3676, later called ts-53) were origi-
nally identified as miRNAs (miR-4521 and miR-3676, respectively).
They bind to overexpressed Agol and Ago2 proteins as well as over-
expressed Piwi-like protein (Piwil2), suggesting that these tsRNAs
might play a role as a piwi RNA.”

Regulation of Transposons

TEs are called mobile genomic DNAs, and their transposition activ-
ities are usually suppressed by epigenetic markers, like DNA methyl-
ation and histone modification.”® TEs are also regulated by small
RNAs, including piRNAs, at the level of post-transcription and/or
pre-transcription during epigenetic marker reprogramming.”” Most
epigenetic markers and piRNAs disappear during preimplantation
embryo development, in which other pathways or short RNAs are
needed to protect the genome.”” The possibility that tsRNAs can be
newly identified regulators of TE was raised due to their perfect
sequence complementarity with the PBS sequence contained in the
long terminal repeat (LTR) of retrotransposons (also known as
endogenous retroviruses [ERVs]). Recently, Schorn et al.® found
that 18- and 22-nt 3’tsRNAs (CCA 3tRF) accumulated in
Setdbl—/—, but not in Dnmt-1—/— mESCs. Dnmt-1 mediates
DNA methylation, resulting in inhibition of most non-LTR retro-
transposons, whereas Setdbl mediates histone H3K9 trimethylation
(H3K9me3), leading to inhibition of most LTR retrotransposons.”®
This finding implies that tsRNAs might be regulators of the expres-
sion of the LTR retrotransposon, perhaps through their perfect
sequence complementarity. In vitro assay results demonstrate
that the 18-nt LysUUU3'tsRNA (tRF-Lys-AAA) inhibits retroviral
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Figure 3. PIWI Protein-Dependent Gene Regulation

(A) rRNA processing regulation. Twi12-bound 3’ tsRNAs assemble the nuclear exonuclease X2 and Tan1, which is required for cellular ribosomal RNA processing. (B)
Chromatin remodeling regulation is shown. tRNA-Glu-derived piRNA (td-piR(Glu)) is associated with PIWIL4, leading to recruitment of SETDB1, SUV39H1, and hetero-
chromatin protein 1 to the CD1A promoter region, and facilitates H3K9 methylation. The transcription of CD1A is consequently inhibited.

cDNA synthesis by competing with mature tRNAs for binding to
the PBS. Another mechanism proposed was that the 22-nt
LysUUU3'tsRNA induced RNAI silencing activity, resulting in the
inhibition of coding-competent ERVs (Figure 4A).*° Contrary
to the inhibitory effect of these tsRNAs on retrotransposons,
ProAGG3/tsRNA (tRF-3019), which is perfectly complementary to
the PBS of human T cell leukemia virus type 1 (HTLV-1), primes
HTLV-1 reverse transcriptase in an in vitro assay. This finding sug-
gests that ProAGG3/tsRNA might be required for HTLV-1 reverse
transcription (Figure 4B).*!

Thus, the miRNA and piRNA-like activities of some tsRNAs have
been described in the context of their individual biological roles,
across several cellular processes. Next, we will discuss some of the
more-unique functions ascribed to tsRNAs.

Intergenerational Inheritance and Metabolic Disease

One of the unique functions of tsRNAs is related to epigenetic inher-
itance. The mechanism of non-genetic inheritance, including histone
modifications, DNA methylation, and RNA transcription, remains
largely undetermined.®” The metabolic disorders in offspring result-
ing from a paternal diet-induced metabolic change™ strongly suggests
that sperm contain information related to intergenerational non-ge-
netic inheritance. Peng et al.** identified distinct expression patterns
of small non-coding RNAs in adult testis, mature sperm, and uteri.
Although most of the small RNAs in adult testis are piwi RNAs,
the majority in mature sperm are 5'tRNA halves, suggesting that
tRNA halves might play an important role in parental hereditary in-
formation. Because mammalian PIWTI proteins are not expressed in
mature sperm,”” 5'tRNA halves in mature sperm might not be consid-
ered to have a piRNA function requiring PIWI proteins. Recently, two
different groups revealed that 5'tRNA halves displayed significant dif-

ferences in mature sperm from mice fed a high-fat diet (HFD)*® or
low-protein diet.*”

Chen et al.*° determined that male offspring from mice fed a
HFD or sperm from normal mice whose zygotes were injected
with tsRNAs isolated from HFD sperm had impaired glucose
tolerance as a result of suppressed metabolic-pathway-related
genes. These genes were more downregulated in both the
eight-cell embryos and blastocysts than any other stage in pre-
implantation mouse development. Their results suggest that
sperm 5'tRNA halves affect gene expression in early embryogen-
esis, leading to a metabolic disorder. Sperm 5tRNA halves pref-
erentially match promoter regions rather than coding sequences
in 1,134 genes, of which 922 are expressed in eight-cell embryos,
suggesting that sperm 5'tRNA halves might play a role in tran-
scriptional regulation (Figure 5 Later, Yang et al.*® deter-
mined 5tRNA halves were highly expressed in eight-cell em-
bryos, supporting the concept that 5tRNA halves might play a
role in early embryogenesis.

)86

Further studies show that sperm 5tRNA halves isolated from
mice fed an HFD had more m?G and m>C modifications,®® which
might contribute to RNA stability® or RNA-mediated transge-
nerational epigenetic inheritance.”” Zhang et al.”' determined
that a deletion in the Dnmt2 (mouse tRNA methyltransferase)
gene inhibited the formation of these modifications and abolished
sperm 5tRNA half-mediated intergenerational inheritance. They
also showed that Dnmt2-regulated m>C affects the secondary
structure and biological properties of sperm 5tRNA halves, as
well as rRNA-derived small RNAs (Figure 5). Their results sug-
gest that modification of sperm non-coding RNAs is important
for parental epigenetic inheritance.
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Figure 4. The Regulation of LTR-Retrotransposon (ERV)

(A) Repression. 18-nt 3'tsRNAs block ERV reverse transcription by competing with intact tRNAs for PBS; 22-nt 3'tsRNAs exert post-transcriptional silencing of retroviral
protein production by targeting its mRNA. (B) Activation is shown. The ProAAG3'tsRNA (tRF-3019) is capable of priming HTLV-1 reverse transcriptase. The ProAAG3'tsRNA
may play an important role in priming HTLV-1 reverse transcription and thus represents a novel target to control HTLV-1 infection.

Other studies focused on epigenetic inheritance conducted by
Sharma et al.*” identified that 5tRNA halves derived from Glu-
CYC, GlyCCC, GlyGCC, GIyTCC, LysCTT, and HisGTG tRNA
were 2- to 3-fold upregulated in cauda sperm in low-protein-
diet-fed mice. These 5tRNA halves are not abundant in the
epididymis. Inhibition of GlyCCC 5tRNA halves repressed genes
regulated by the LTR of endogenous retroelement MERVL in
both embryonic stem cells and embryos, suggesting that low-pro-
tein-diet-induced sperm 5tRNA halves play a role in regulating
retrotransposon activity or expression.

The role of tRNA halves in intergenerational inheritance is also
supported by the recent evidence that paternal exercise alters
mouse small non-coding RNAs in sperm and reduces anxiety
traits from male offspring. Intriguingly, paternal exercise highly
increased 299 5tRNA halves and a few miRNAs, although
3'tsRNAs of 16 and 22 nt in length were significantly reduced.’
The reason for the reduced 3'tsRNAs and their mode of regula-
tion remain to be determined.

Despite discrepancies regarding the mechanism by which tRNA
halves regulate metabolic changes in offspring from each group,
the results provide strong evidence that sperm 5tRNA halves
are distinct from stress-induced 5tRNA halves (tiRNAs) and
play a role in intergenerational inheritance. The detailed mecha-
nism by which they affect metabolic status in offspring requires
further investigation.
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Global Translation Regulation

One of the most studied tsRNA functions is translation regulation.
Translation is complex and highly regulated at many levels. The pro-
cess is generally divided into three basic steps: initiation; elongation;
and termination. The regulation of translation initiation has been well
studied. The eukaryotic initiation factor 4F (eIF4F) complex is
composed of eIF4A, 4E, and 4G. EIF4F binds to the 7-methylguano-
since cap on mRNAs and recruits the 43S ribosomal pre-initiation
complex (40S ribosomal subunit and the elF2-GTP-Met-tRNAiM!
ternary complex), which scans in the 5’ to 3’ direction to reach the
start codon. During this initiation step, eIF4E is regulated by MYC,
mitogen-activated protein kinase (MAPK)-interacting serine/threo-
nine kinase (MNK), and the mTOR complex 1 (mnTORC]1). Elonga-
tion is also known to be regulated by mTORCI1 via ribosomal protein
S6 kinase (Figure 6).”

Studies in recent years have shown that tsRNAs may fine-tune global
translation or the translation of a specific subset of mRNAs under
different cellular conditions. These events can involve either inhibi-
tion or stimulation of the translational processes that regulate cellular
events, such as ribosome biogenesis, cellular proliferation, and/or
apoptosis.

The first identified function of tsRNAs was global translation inhibi-
tion under stress in plant and animal cells.'** tRNA cleavage events
under stress conditions were earlier regarded as a cellular process to
reduce the abundance of mature tRNAs. However, even with the
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formation of tRNA halves, the mature tRNA pool did not significantly
change, 1321445
dent role in global translation inhibition. In plants, Zhang et al.”*
identified that tRNA halves or larger sizes of tRNA fragments were
enriched in the phloem sap (PS) of pumpkin plants and inhibited
global translation in vitro. In mammals, Yamasaki et al."?® identified
that tRNA halves were induced under oxidative stress, heat shock,
or UV irradiation and angiogenin is required for the generation of
tRNA halves.

Instead, tRNA halves were found to play an indepen-

Translation is inhibited by the formation of cytoplasmic stress
granules (SGs) under various environmental stresses. There are
two distinct pathways that result in inducing SG formation.
One is to phosphorylate eukaryotic translation initiation factor
2a. (elF2a) to reduce ternary complexes, leading to the SGs for-
mation. The other is an elF2a phosphorylation-independent SG
formation pathway.”>”®

Intriguingly, 5tRNA halves, but not 3tRNA halves, induce the
elF20. phosphorylation-independent formation of SGs."> The An-
derson lab determined that selected tRNA halves (Ala5tRNA
halves and Cys5'tRNA halves), bearing terminal oligonucleotide
(TOG) motifs (four to five guanine residues) at their 5 termini,
form intermolecular RNA G-quadruplexes (RG4) to displace the
translation initiation factor eIF4F complex from mRNAs.”””®
Additionally, these tRNA halves were associated with the YB-1
(YBX) protein to facilitate the assembly of SGs (Fig-
ure 6A).”7”"'°" However, the YB-1 protein is dispensable for dis-
placing translation initiation factors from capped mRNAs,'"" indi-
cating that other mechanisms are required for displacing
translation initiation factors. Anderson’s group further investi-
gated the mechanism by which RG4 displace translation initiation
factors from mRNAs and found that RG4 binds to eIF4G to
impair 40S ribosome scanning on mRNAs, leading to the forma-

tion of elF2a-independent stress granules.'"

nducing metabolic disorders and addictive behavior. The tsRNAs were loaded into

Guzzi et al.'” identified that global translation is dependent upon
the presence of a pseudouridine on tsRNAs in embryonic and he-
matopoietic stem cells. 18-nt TOG-bearing 5'tsRNAs with a pseu-
douridine molecule at the 8™ position bind to polyadenylate-bind-
ing protein 1 (PABCI), displacing PABPC1 and translation
initiation factors from mRNAs, leading to global translation inhi-
bition; conversely, tsRNAs without pseudouridine did not affect
translation (Figure 6B).

Gebetsberger et al.'® identified that fourteen different 5'tsRNAs of
20-44 nt in length were stress-dependent, ribosome-associated
ncRNAs in Haloferax volcanii. In particular, 26-nt ValGAC5'tsRNA
(ValtRF) binds to the polysome and 30S subunit during high pH
stress and suppresses global translation by inhibiting peptide bond
formation in vitro. A further study revealed that ValGAC5'tsRNA
displaces mRNA from the translation initiation complex.'®* tsRNAs
were also shown to interact with ribosome-associated aminoacyl-
tRNA synthetases in yeast and inhibited in vitro translation through
effects on tRNA aminoacylation.'””

Recently, ribosome-associated translation stimulation was also re-
ported. Fricker et al.'® analyzed the small non-coding RNA interac-
tome of ribosomes in Trypanosoma brucei during different growth
conditions and life stages and found that Thr3’tRNA half (t(RNA™"
3’half) was markedly induced under nutrient deprivation. During
the recovery phase from starvation conditions, Thr3’tRNA half
bound to both ribosomes and polysomes to enhance translation by
facilitating mRNA loading onto actively translating ribosomes
(Figure 6C).

Keam et al.'”” performed immunoprecipitation and SILAC (stable
isotope labeling with amino acids in cell culture) mass spectroscopy
and revealed that 19-nt Gln5’tsRNA (5’ tRF GIn19) was associated
with the human multisynthetase complex, which increases ribosomal
and poly(A)-binding protein translation.
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A number of tsRNAs are involved in translation regulation. Multiple mechanisms are involved. The tsRNAs can inhibit translation or promote the translation of cellular mMRNAs.
The 3 major translation steps are shown on the right. (A) Global repression is shown. 5’ tsRNAs with terminal oligo-G (TOG) motifs form an RNA G-quadruplex (RG4) structure,
which displaces translational initiation factors (eukaryotic initiation factor [elF]-4A, F, and G) from the m7G-capped mRNAs and sequesters them in stress granules, leading to
global translational inhibition. (B) Modification-dependent repression is shown. Shorter forms of TOG-5 tsRNAs (18 nt) forming RG4 show different binding affinities with
translational initiation factors, depending on whether they are modified at the C8 position, where Pus7 converts cytidine to pseudouridine. The 18-nt U8-TOG-5'tsRNAs
inhibit translation, although the 18-nt C8-TOG-5'tsRNAs do not. (C) Global stimulation is shown. tRNA™ 3'half is produced during stress conditions in Trypanosoma brucei.
tRNAT™ halves are associated with ribosomes and polysomes, which stimulate translation by facilitating mRNA loading during stress recovery once starvation conditions. (D)
Sequence- and structure-dependent stimulation is shown. The 22-nt LeuCAG3'tsRNA binds to the mRNA of small ribosome protein (RPS28/15) mRNAs and unfolds the
duplexed RNA structure at the target site, which increases the translation of the RPS28/15 protein. RPS28 is essential for ribosome biogenesis.
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Ribosome Biogenesis and Enhanced Translation

Different from the global translation regulation, tsSRNAs can regulate
mRNA translation in a sequence-specific manner. Kim et al.” found
that a specific tsSRNA derived from the 3’ end of tRNA""(“A%) could
selectively enhance the translation of specific RPS mRNAs. Leu-
CAG3'tsRNA binds to double-stranded regions in ribosomal protein
S28 and S15 (RPS28 and RPS15) mRNAs in a sequence-specific
manner and enhances their translation by altering the secondary
structure of the target region from human cancer cells. RPS28 is espe-
cially required for 18S ribosomal RNA processing.'*® Therefore, inhi-
bition of LeuCAG3'tsRNA reduced the abundance of RPS28 and
RPS15 proteins and, in turn, impaired ribosome biogenesis, leading
to apoptosis in HeLa, HEK293, and HCT-116 cells. This inhibition
also suppressed human hepatocellular carcinoma growth in a pa-
tient-derived orthotopic xenograft model in mice (Figure 6D).>”
The target site of LeuCAG3'tsRNA is conserved in many vertebrate
species. LeuCAG3'tsRNA-regulated mouse RPS28 translation occurs
in a similar manner in humans, suggesting that LeuCAG3'tsRNA-
regulated translation might be conserved in vertebrates.'”” Kim
et al.'”” also determined that LeuCAG3'tsRNA regulates translation
after initiation in humans and mice. These studies still raise questions
about which tsRNAs play a role in translation in a manner similar to
LeuCAG3/tsRNA.

This work gives an additional layer to the complexity of translational
regulation and provides a potential therapeutic target for cancer treat-
ment. Below, we show another tsRNA may act as a tumor suppressor.

Destabilization of Oncogenic Transcripts

Goodarzi et al.'' identified that a subset of internal tsRNAs (termed
as tRF-2 or i-tRF) are induced in breast cancer cells under hypoxic
conditions. They are derived from GluYTC, AspGTC, GlyTCC, and
TyrGTA mature tRNAs. Their cleavage position and length vary,
but mostly anti-codon regions are included in these tsSRNAs. A com-
mon sequence motif (SCUBYC) from these tsRNAs is similar to the
target sequences of the YB-1 protein, which binds to the 3’ UTR of
multiple oncogenic gene transcripts to stabilize them. The induced in-
ternal tsRNAs competitively displace target oncogenic transcripts
from the YB-1 protein and decrease the stability of those transcripts,
resulting in suppression of the metastatic progression of breast can-
cer. They are present at significantly lower levels in highly metastatic
breast cancer cells, and more YB-1 protein is known to be present in
metastatic cancer cells, implying that highly metastatic cells have a
mechanism to evade the suppressive function of the internal tsRNAs
(Figure 7A). Although tiRNAs are associated with the YB-1 protein
via their TOG motif, internal tsRNAs do not have a TOG motif.''°
These studies revealed a novel mechanism for suppression of tumors
by tsRNAs, and their biogenesis warrants future investigation.

Balatti et al.''' determined that ThrAGT-1-1-typell-tsRNA sup-
presses a T cell leukemia/lymphoma 1 (TCL1) gene, a key oncogene
in the development of aggressive CLL, through binding to its 3’ UTR
like a miRNA. Loss of ThrAGT-1-1-typell-tsRNA upregulates TCL1
expression, leading to CLL progression (Figure 7B).

Nonetheless, here and unlike the studies by Kim et al.”> showing
downregulation of a LeuCAG3'tsRNA may be a suitable cancer target,
these tsRNAs would have to be added back or upregulated if they were
to be potential cancer targets. Potential therapeutic strategies of
tsRNA addition or downregulation could be similar to strategies

used to regulate tumor suppressor versus proto-oncogene,
respectively.
tsRNAs and Apoptosis

Another activity of tsRNA that might be useful for cancer treat-
ment is related to the induction of apoptosis. Saikia et al.''>'"’?
revealed that angiogenin induced tRNA halves from mouse em-
bryonic fibroblast (MEF) cells after interaction with released cyto-
chrome ¢ (Cyt ¢) in a ribonucleoprotein (Cyt c-RNP) complex.
Because Cyt ¢ is a component of the apoptosome, these tRNA
halves inhibit apoptosome assembly and ultimately lead to the
protection of cells from apoptosis under hyperosmotic stress (Fig-
ure 7C). They also found that angiogenin treatment protected pri-
mary cortical neurons under hyperosmotic stress from apoptosis.
Their results suggest a subset of tRNA halves play a role in cell
viability using a function distinct from translational inhibition un-
der different stress conditions, and the mechanisms by which
their roles are regulated need to be determined.

Intriguingly, full-length mature tRNAs also inhibit apoptosis through
direct binding to Cyt ¢, followed by the suppression of apoptosome
formation in the absence of stress,''* suggesting that full-length
mature tRNAs and tRNA halves play a role in protecting cells from
apoptosis under normal or stress conditions, respectively. Why do
cells require two different molecules for cytoprotection from
apoptosis? What is the role of mature tRNA in cytoprotection during
stress? How is binding to Cyt ¢ or inhibition of global translation
regulated under stress? New efforts to answer these questions may
contribute to our understanding of how to protect cells from
apoptosis.

In addition to the above findings, new studies have shed some light on
how higher concentrations of tsRNAs might be related to apoptosis in
cancer cells. Zhou et al.'"> determined that tsRNA-26576 activated
cellular multiplication and migration but suppressed cellular
apoptosis in breast cancer cells. La Ferlita et al.'*® identified around
300 tsRNAs in the National Cancer Institute cancer cell lines (NCI-
60) and The Cancer Genome Atlas (TCGA) databases, analyzed their
expression profiles, and developed a public database, tRFexplorer.
Veneziano et al.''” determined 964 type I tsRNAs were upregulated
more than 2-fold, although 701 type I tsRNAs were downregulated
at least 2-fold in CLL compared to normal B cells. These data suggest
that type I tsRNAs could be used for biomarkers for cancer diagnosis,
including CLL, and might affect apoptosis in cancer cells.

At this point in time, the role of differentially expressed tsRNA in
various cancers is not well understood, and further study is needed
to establish the value of each in its particular context for future
anti-cancer therapies.
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Figure 7. The Biological Role of tsRNA in Cancer Progression and Apoptosis

(A) Destabilization of oncogenic transcripts. YBX1 binds to oncogenic transcripts and protects them from degradation. Internal tsRNAs interact with YBX1, leading to
sequestration of YBX1. As a result, oncogenic transcripts are degraded. (B) Suppression of oncogenic transcripts is shown. ThrAGT-1-1-typell-tsRNA binds to TCL1T mRNA
and post-transcriptionally represses its protein product, leading to inhibition of CLL development. (C) Inhibition of apoptosis is shown. tsRNA binds to cytochrome C (Cyt C)

and inhibits apoptosome formation, thus promoting cell survival.

tsRNAs in Neurodegenerative Disease

The last tsRNA function to be discussed is related to neurodegener-
ative diseases. Hanada et al.*® identified that a distinct class of tsRNAs
is processed from intron-containing pre-tRNAs. Tyrosine pre-tRNA-
derived fragments accumulate in kinase-dead CLP1 (Clp1K/K) MEF
cells, the spinal cords of C57BL/6 Clp1K/K neonatal mice, and 4-
month-old CBA/J] ClplK/K mice. CLP1 was the first identified
mammalian RNA kinase, which phosphorylates the 5 hydroxyl
termini of RNAs and is implicated in tRNA, mRNA, and siRNA
maturation.''®'"” CLP1 is associated with the tRNA splicing endonu-
clease (TSEN) complex, which removes the intron within the anti-
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codon loop of a limited number of pre-tRNAs, producing 5 and 3’
tRNA exon halves.'”'*” A kinase-dead CLP1 causes impairment of
pre-tRNA splicing and instead results in the accumulation of a 41-
to 46-nt 5’ leader sequence followed by 5’ exon fragments and 3’
exon fragments from tyrosine pre-tRNA, which are localized in the
nucleus. These tsRNAs sensitize cells to p53-dependent cell death un-
der oxidative stress but did not affect translation. Even though these
tsRNAs are induced under oxidative stress, their localization in
the nucleus and angiogenin-independent processing suggests that
their biological roles are different from angiogenin-induced tRNA
halves.*®
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Figure 8. Two Different Strategies Using tsRNAs as Anti-cancer Targets

(A) Inhibition of tsRNA to suppress proliferation of hepatocellular carcinoma. The LeuCAGS3'tsRNA directly binds and enhances translation of RPS28 transcripts by the
unfolding of their secondary structures. As a result, increased LeuCAG3'tsRNA upregulates the number of ribosomes, promoting proliferation of hepatocellular carcinoma
cells. Antisense oligonucleotides (ASOs) complementary to the tsRNA or possibly tsSRNA sponges act as competitive inhibitors and “soak up” the endogenous tsRNA.
Inhibition of LeuCAG3'tsRNA results in apoptosis and can suppress hepatocellular carcinoma growth. (B) Addition of exogenous tsRNAs derived from tRNASUWYTC to
suppress tumor metastasis is shown. These tsRNAs destabilize oncogenic transcripts by competing for binding with the YBX1 protein. In highly metastatic breast cancer
cells, the tsRNAs are suppressed, which induces metastatic progression. Addition of synthetic tsRNAs or overexpression of tsRNAs from an tRNA overexpression plasmid

can destabilize oncogenic transcripts, leading to inhibition of metastasis.

Schaffer at al.'*' determined that a Clpl mutation in patients led
to progressive brain atrophy and observed an accumulation of
intron-containing pre-tRNAs and a depletion of corresponding
mature tRNAs, including TyrGTA, IleTAT, and LeuCAA tRNA
from these patients-derived neurons. Intriguingly, 5’ exon frag-
ments did not affect cell viability. Instead, the 5 phosphorylated
3’ exon fragment allowed CLP1 mutant cells to survive under
oxidative stress, although the 5’ hydroxylated 3’ exon fragment
did not.'*' Together, these studies suggest that tsRNAs or
tRNA processing are highly correlated with neuronal development
and neurodegeneration.

Closing Remarks

Since the first evidence for a functional role of tsRNAs in gene regu-
lation was found a decade ago, the aberrant expression of cytoplasmic
tsRNAs has been reported to contribute to various human disease
states. Indeed, the wide diversity of tsRNAs represents a novel group

of non-coding RNAs and appears to have distinct functions for regu-
lating gene expression or affecting cell physiology. With additional
work, the validity and importance of the various tsRNA-described
functions will become more apparent. Nevertheless, it seems logical
to ask whether there is a direct connection between the canonical
function of tRNAs in protein translation and the generation of func-
tional tsRNAs across the genera. Might the diversity and/or redun-
dancy of the tRNA genes in organisms be connected to the function
of the various tRNAs and/or tsRNAs? Interestingly, a common theme
to many of the current studies discussed in this review suggests that
tsRNAs likely play various roles to fine-tuning protein synthesis
through differing mechanisms.

Roughly 30%-50% of cellular energy is consumed in protein
synthesis,'**'** and the coordination in producing appropriate stoi-
chiometric amounts of the structural RNAs and required protein
components is complex. Thus, multi-faceted coordination through
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feedback between the various protein synthetic components (e.g.,
tsRNAs) would make sense.

tsRNA modifications also needed to be thoroughly investigated
because they are highly correlated with tRNA stability, tsRNA biogen-
esis, and its function.”””"??>!1%% Currently, the purification methods
of endogenous tsRNAs based on their modification state have just
started to be developed.l“’125 More-advanced, modification-based
tsRNA purification technology will be important for understanding
the role of modification on tsSRNA and developing tsRNAs as thera-
peutic drugs. Nevertheless, we have just started to scratch the surface
in our understanding of the biological role of these non-coding RNAs.
In the next decade, we are likely to see (1) improvement in tsSRNA
quantification methods and hence better expression profiles during
normal growth and development, as well as pathogenic states; (2) a
better understanding of tsSRNA biogenesis and mechanisms regu-
lating their cellular concentrations; (3) more mechanistic insights
into how the tsRNAs regulate gene expression, perhaps at the level
of global translation versus selective translation; and (4) insights
into the potential of tsRNAs as diagnostic and/or therapeutic targets
for various disease states (Figure 8).
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