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Abstract: Deep analysis of next-generation sequencing data unveils numerous small non-coding
RNAs with distinct functions. Recently, fragments derived from tRNA, named as tRNA-derived
small RNA (tsRNA), have attracted broad attention. There are mainly two types of tsRNAs, including
tRNA-derived stress-induced RNA (tiRNA) and tRNA-derived fragment (tRF), which differ in the
cleavage position of the precursor or mature tRNA transcript. Emerging evidence has shown that
tsRNAs are not merely tRNA degradation debris but have been recognized to play regulatory roles in
many specific physiological and pathological processes. In this review, we summarize the biogeneses
of various tsRNAs, present the emerging concepts regarding functions and mechanisms of action
of tsRNAs, highlight the potential application of tsRNAs in human diseases, and put forward the
current problems and future research directions.
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1. Introduction

Transfer RNAs (tRNAs) are ubiquitous nucleic acid entities that belong to the most abundant small
non-coding RNA, constituting 4-10% of all cellular RNA [1]. They are the fundamental components
of the translation machinery in that they deliver amino acids to the ribosome to translate the genetic
information in an mRNA template into a corresponding polypeptide chain. Traditionally, tRNA is
considered as a static contributor to gene expression and its function is limited as an adaptor molecule
in translation [2]. However, recent studies have revealed that a large number of non-coding small
RNAs are derived from tRNAs. The tRNA-derived small RNAs (tsRNAs) are not merely byproducts of
random cleavage of tRNAs, but as regulatory small non-coding RNAs in pathophysiologic processes [3].
Thus, tRNA has now been recognized as a dynamic regulator with various functions.

The biogenesis of mature tRNA begins with the transcription of precursor tRNA (pre-tRNA) by
RNA polymerase III. The 5’ leader sequence and a 3’ polyuracil (poly-U) tail of a newly transcribed
pre-tRNA can be cleaved by endonucleolytic ribonuclease P (RNase P) and ribonuclease Z (RNase Z),
respectively, followed by the addition of a 3’ CCA tail with the help of the tRNA nucleotidyl transferase.
For a subset of tRNAs, the intron located between position 37 and 38 are removed through tRNA
splicing. Multiple post-transcriptional modifications are also added along the maturation of a tRNA.
Only correctly processed tRNAs leave the nucleus through a nuclear receptor-mediated export process,
which serves as a checkpoint for sorting tRNAs with incorrectly processed termini [4]. The mature
tRNAs have a length of 73-90 nts and adopt a clover-leaf shaped secondary structure, composing
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a D-loop, an anticodon loop, a T-loop (also known as T C loop), a variable loop, and an amino acid
acceptor stem [1,5]. Since the beginning of this century, researchers have found that tRNAs can be
precisely regulated and cleaved into tsRNAs, which play unique and diverse biological roles under
different physiological and pathological conditions. Therefore, studying the biological functions
and the underlying molecular mechanisms of tsRNAs has become a new research active spot in
the field of small non-coding RNA. Here, we present updated views concerning the biogenesis,
biological functions, and mechanisms of action of tsRNAs, and discuss their involvement and potential
application in human health and diseases.

2. tRNA-Derived Small RNA Classification and Biogenesis

The discovery of tsRNAs can be dated back to the late 1970s, when they were considered as
product of tRNA random degradation and attracted only minimal interest [6,7]. The wide application
of high-throughput sequencing technology has unveiled various tsRNAs in bacteria, fungi, plants,
and mammals. tRNAs are encoded by multiple genes in human (Figure 1). Since there are multiple
isoacceptors (tRNA acceptors that take the same amino acids) for each amino acid and numerous
isodecoders (tRNA genes with the same anticodon but different sequences elsewhere in the tRNA
body) for individual isoacceptor, various types of tsSRNA can be generated from diverse tRNA sources.
Based on the length and cleavage sites of tRNAs, tsSRNAs can be divided into two main types: one is
stress-induced tRNA fragments, produced by specific cleavage in the anticodon loop of mature
tRNAs with 28-36 nts length, which has been named as tRNA-derived stress induced RNA (tiRNA);
the other is about 14-30 nts length and derived from the mature or primary tRNAs, which has
been named as tRNA-derived fragment (tRF). Both types of tsSRNA can accumulate during different
biological processes in several species and have very different biogenesis pathways that are slowly
being uncovered. Moreover, the naming conventions of tsRNAs are inconsistent, as researchers
generally named the identified tsSRNAs in their systems primarily based on their own preferences.
The un-unified tsRNA naming system indicates that the research in this field is not mature enough
and has a broad research and development space.
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Figure 1. Multiple transfer RNA (tRNA) genes in human genome. Numbers of tRNA genes are
presented for different amino acids and anticodons. Each graph with different colors indicates
a different amino acid. Various isoacceptors (tRNA acceptors that accept the same amino acids)
exist for each amino acid. Existence of isodeciders (tRNA genes with the same anticodon but different
sequences elsewhere in the tRNA body) for each isoacceptor expands the source of RNAs for generation
of diverse tRNA-derived small RNAs (tsRNAs).

2.1. tRNA-Derived Stress-Induced RNA

Two subtypes of tiRNAs have been discovered, namely 5'-tiRNAs and 3'-tiRNAs, which are
generated by the cleavage in or near the anticodon loop of a tRNA (Figure 2). Rnylp, a member of
the Ribonulcease T2 family, and angiogenin (ANG), a member of the Ribonuclease A superfamily,



Genes 2018, 9, 246 3o0f15

are responsible for the production of tiRNAs in yeast and mammal cells, respectively [8-10].
The cleavage events are executed under stress conditions such as amino acid deficiency, phosphate
starvation, UV radiation, heat shock, hypoxia, oxidative damage, and viral infection [8,10-15].
Nonetheless, it has been found that very few tiRNAs are produced under growth condition [16].
tiRNAs are mainly located in the cytoplasm, with a small amount in the nucleus and mitochondria,
and can also be detected in the circulation system of human [17,18].
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Figure 2. The types of tsRNAs are classified by size and sequence location in the tRNA structure.
1-tRNA-derived fragment (tRF) is generated by RNase Z, which cleaves 3’ trailer from pre-ribosomal
RNA (rRNA). 2-tRF, which contains the anticodon loop, is generated by unknown ribonuclease. In the
case of 3-tRFs and 5-tRFs, the subtypes are determined by size and location of the source. tiRNAs are
grouped by whether their source sequences are from the 5’ or 3’ tRNA cleaved by angiogenin (ANG).

2.2. tRNA-Derived Fragment

tRFs are produced from pre-tRNAs as well as mature tRNAs. Up until now, four types of
tRFs have been identified and characterized by their provenance on tRNAs: 5-tRFs, 3-tRFs, 1-tRFs,
and 2-tRFs (Figure 2). 5-tRFs are generated from cleavage in the D-loop of tRNAs by Dicer, oftentimes
with adenine as their 3’-ends, and can be further divided into 5a-tRFs (~15 nts), 5b-tRFs (~22 nts),
and 5c-tRFs (~30 nts) [19,20]. 3-tRFs are resulted from cleavage in the T-loop by Dicer, ANG or
other members of the Ribonuclease A superfamily, and usually contain a CCA tail sequence with
a length of about 18 nts or 22 nts [19-22]. Cleavage of the 3'-trailer fragment of pre-tRNAs by RNase
Z or its cytoplasmic homologue ELAC2 give rise to 1-tRFs, which usually begin exactly after the
3’-ends of mature tRNA (5'-CCA-3' tails excluded) and possess poly-U at their 3'-ends [20,23,24].
Recently, a novel tRF subtype containing the anticodon loop has been detected in breast cancer
cells. They are derived from tRNACH {RNAASP {RNACY, and tRNAT?, and are referred as 2-tRFs.
However, the ribonuclease responsible for the production of 2-tRFs is still not clear [25]. The subcellular
localization of tRFs is still controversial, partially due to the variations in experimental approaches
used and species. For examples, in human cells, 5-tRFs are abundant in nucleus while 3-tRFs and
1-tRFs are in cytoplasm [26-28]; however, in Drosophila and Trypanosoma cruzi cells, tRFs were found to
be exclusively cytoplasmic [29,30]. The specific subcellular localization of tRFs also depends on how
they are generated and is believed to be important for their differential cellular functions.
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2.3. Effects of Transfer RNA Modification and Structure on tRNA-Derived Small RNA Biogenesis

In eukaryotes, tRNAs undergo by far the most numerous and chemically diverse
post-transcriptional modifications that ensure proper structure and function. The prevalence
of modified nucleotides in tRNAs varies in different organisms, with the density of nucleotide
modifications making up about 17% of the total residues [31]. Most of these modifications are located
in the anticodon loop, with methylation at position 34 (the first one of anticodon) and 38 (close to
the 3’ end of the anticodon) affecting tRNA function in translation and increasing the accuracy of
translation [32]. It has also been revealed that the tRNA modifications could influence the biogenesis
of tsRNAs. For example, two methyltransferases NSun2 and Dnmt2, can promote tRNA stability
by specifically methylating C5 at cytosine residues (m>C) [33]. Thus, in NSun2 knockout mice that
fail to implement tsSRNA m>C modifications, the cleavage of tsRNAs into tiRNAs by ANG is greatly
increased, leading to repression of translation, induction of a stress response and subsequent apoptosis
in cerebral cortex, hippocampus and striatum neurons [17,34]. Similarly, Dnmt2 mediated m°C
modifications inhibit the ANG mediated cleavage of tRNA anticodon loop, resulting in decreased
levels of tiRNAs [33,35]. In addition, the tRNA tertiary conformation is also essential for preventing
the cleavage of tRNA by ANG. A recent report has shown that stress conditions such as irradiation,
toxicity, ischemia, and acute injuries can disrupt the tertiary structures of mature tRNAs, enabling
the tRNAs to be cleaved by ANG to play a protective role [36]. Therefore, the modifications and
conformations of mature tRNAs are necessary for the maintenance of tRNA structure and the blockage
of endonuclease cleavage, suggesting tsSRNAs (especially tiRNA) are likely derived from tRNAs that
are not properly modified or folded.

3. Biological Roles and Mechanisms of Action of tRNA-Derived Small RNAs

Despite mounting evidence for the generation of tsRNAs in almost all cell types, a recurring
concern is that tsRNAs might be aberrant degradation products of certain endonucleases.
Numerous groups have demonstrated that the processing of mature tRNAs into tsRNAs is remarkably
site-specific and restricts to some isotypes of a tRNA. More importantly, tsSRNAs exhibit features of
functional regulatory small non-coding RNAs, which are shown in Figure 3.

3.1. Regulating mRNA Stability

As a kind of small non-coding RNAs with length less than 30 nts, tRFs hold similar functions with
microRNAs (miRNAs) which regulate mRNA stability by directly binding to mRNA. For example,
3-tRFs derived from tRNASY-GCC in mature B lymphocytes (referred as CU1276) or from tRNALewCAG
in non-small cell lung cancer cells have has miRNA-like structure and function, inhibiting protein
translation or cleaving partially complementary target site [37,38]. Since tRFs are evolutionarily
ancient and present in both prokaryotes and eukaryotes [27], it is not surprising that tRFs in Drosophila
preferentially suppress mRNA translation of ribosomal proteins and other translational factors via
antisense pairing [39]. Interestingly, some tsRNAs preferentially associate with Agol, Ago3, and Ago4
proteins but not Ago2 in a cell type specific manner [27], indicating that tRFs have other functions than
the direct binding with their target genes as miRNAs. Haussecker et al. reported that 3-tRFs and 1-tRFs
can regulate the gene expression by competitively binding to Ago family proteins, thus affecting the
silence efficiency of their target genes [28]. For example, 1-tRF5"TGA derived from pre-tRNASer-TGA
(referred as Cand45) interacts with Ago3 and Ago4 but does not have a gene silencing function as
seen in miRNAs [28]. Therefore, tRFs could regulate gene expression through either canonical or
non-canonical miRNA /siRNA pathway by incorporating into Ago proteins. Since the Ago proteins
bind small RNAs ranging from 20 to 24 nts [40], tiRNAs may not be incorporated into these proteins
and exert their functions through miRNA /siRNA pathways. In addition, 2-tRFs (mainly from tRNAS!Y,
tRNAASP tRNASY, and tRNADT) can competitively bind to YBX-1 (also referred as YB-1) and block
its interaction with oncogenic mRNAs, thereby reducing the stability of these mRNAs and eventually
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inhibiting metastasis of human breast cancer cells [25]. Further efforts are needed to explore the
endogenous mRNA targets of tRFs and to construct the regulatory networks.
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Figure 3. The diverse functions and working mechanisms of tsRNAs. It is generally accepted that the
tsRNAs regulate a variety of biological processes, including gene expression, translation initiation and
elongation, stress granule assembly, ribosome biogenesis, intergenerational inheritance, and apoptosis.
miRNA: microRNA; RT: reverse transcription; LTR: long terminal repeat; RISC: RNA-induced silencing
complex; PBS: primer binding sites; YB1: Y-box binding protein 1.

3.2. Inhibiting Translation Initiation and Elongation

The tiRNAs (mainly 5'-tiRNAs) could decrease the global translation speed by 10-15% [10].
Since tRNAs are key molecules of protein biosynthesis, inhibition of translation as a consequence
of full length tRNA destruction seems to be a plausible scenario. However, this picture appears to
be too simplistic, as it has been shown in several studies that the steady state levels of genuine
tRNAs do not change significantly [10,14,41]. Subsequent studies showed that specific tiRNAs
(mainly 5'-tiRNAs from tRNAA? and tRNA®Y$) could assemble into a G-quadruplex-like structure
(G4-motif), which is able to competitively bind to elF4G/elF4A in the translation initiation complex and
then inhibit cap-dependent mRNA translation but not the translation of internal ribosome entry sites
(IRES)-mediated protein translations which are responsible for cell survival and anti-apoptosis [42,43].
Given that most proteins responsible for cell survival and anti-apoptosis are translated via the IRES
pathway, it is likely that tiRNAs can exert protective effects under stress conditions by selectively
repressing the translation of housekeeping components to reduce cellular energy expenditure while
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leaving the production of pro-survival proteins unaffected. These findings indicate that the purpose of
tiRNA production is not to decrease the functional mature tRNA level but to regulate translational
process under stress conditions. In addition, 5'-tiRNAs can also bind to the translation silencer
YB-1 and enhance the assembly of stress granule through an elF2« phosphorylation independent
pathway [44], so as to facilitate cellular resistance to stress and promote survival. We therefore believe
that tiRNAs represent an important regulatory factor under stress.

A recent study unveils that pseudo-uridylation of 5-tRFs can also steer translation initiation in
stem cells [45]. However, several lines of experimental evidence indicate that tRFs affect the elongation
phase of translation. tRFs may serve as molecular brakes for polysome assembly with consequent
translational repression [46]. For example, 5-tRFs are able to repress the expression of reporter genes
without the needs for complementary sites in the mRNA, implicating tRFs may target the translational
machinery [47]. A 5-tRF derived from tRNAVa-GAC jpy Haloferax volcanii has been demonstrated to bind
the small ribosomal subunit in immediate vicinity of the mRNA channel and dim protein biosynthesis
globally [48]. The detailed structural studies may be required to better understand how tRFs associate
with ribosome components. Taken together, it appears reasonable to assume that tsSRNAs can attenuate
global protein biosynthesis by targeting the translation machinery.

3.3. Regulating Ribosome Biogenesis

tsRNAs have recently emerged as important regulators of ribosome biogenesis, including
ribosomal RNAs (rRNA) and proteins. In lower organisms Tetrahymena thermophila, it is found that
tsRNA is a composition of the pre-rRNA splicing complex (TXT) [49]. 3-tRFs can specifically bind
to Twil2 protein (an Ago/Piwi family protein), thus recruits Tan1 protein and exonuclease Xrn2 to
form a TXT complex, which cleaves and processes the precursor rRNAs to enhance rRNA synthesis.
However, whether tRFs could enhance rRNA process in higher organisms needs further investigation.
In mammalian cells, 3-tRF derived from tRNAM"CAG can bind at least two ribosomal protein mRNAs
(ribosomal protein S28, RPS28 and ribosomal protein 515, RPS15) to promote their translations [50].
However, there is no direct evidence showing tiRNAs are able to regulate ribosome biogenesis. For
now at least, tsSRNAs modulate translation at different levels depending on their subtypes, the cellular
states, and species.

3.4. Functioning as a Novel Epigenetic Factor

Transposable elements are mobile genomic DNAs that are potentially harmful to the host genome,
and their transcription is normally suppressed by epigenetic marks such as DNA methylation and
histone modification [51]. However, it remains an open question how the genome defends itself
during the window of epigenetic reprogramming, such as pre-implantation embryo development,
when most of the epigenetic marks are wiped off and then re-established. Recently, Andrea et al.
discovered that 3/-tRFs with different lengths (18 nts and 22 nts) can silence the long terminal
repeat (LTR) retrotransposon by blocking reverse transcription (the 18 nts 3-tRF) and miRNA-like
post-transcriptional silencing (the 22 nt 3-tRF), respectively [52]. In plant Arabidopsis thaliana, 5-tRFs
are processed by Dicer-like 1 and incorporated into Agol, akin to a miRNA involved in the regulation
of genome stability through targeting to transposon element transcripts [53]. Interestingly, tiRNAs are
the most abundant small RNA species in the mature sperm of mice [54]. The sperm tiRNAs delivered
at fertilization can change the transcriptome of the early-stage embryos, including genes associated
with metabolic pathways [55,56]. These changes are not associated with the DNA methylation status,
suggesting that the regulatory sperm tiRNAs may act as a novel epigenetic factor that affects the
phenotype of the offspring. These works open yet another chapter about the RNA mediated epigenetic
control, but the precise contribution of tsRNAs in vivo might be more complicated and deserves
case-by-case study.
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3.5. Requlating RNA Reverse Transcription as a Guide RNA

tsRNAs can be used as a guide RNA in virus RNA reverse transcription. The 3-tRF (referred as
tRF-3019) of host cells could bind to the primer-binding sites (PBS) of human T-cell leukemia virus
type 1 (HTLV-1) RNA, thus initiating reverse transcription and promoting the virus self-synthesis [57].
Meanwhile, respiratory syncytial virus (RSV) infection can trigger stress response in the host cells
through inducing ANG cleavage of tRNAs to produce tiRNAs. RSV utilizes the host tiRNAs as primers
to favor its replication and improve the infection efficiency [58-60]. Thus, both two types of tsSRNA can
serve as primers for reverse transcription. Further studies on the functions of tsRNAs in viral infection
are likely to provide valuable insights into details of virus-host interactions.

3.6. Preventing Apoptosis by Binding to Cytochrome C

An early study has shown that mature tRNA molecules could bind to Cytochrome C (Cyt C),
and then inhibit the apoptosome formation and the activity of Caspase 9, thus promoting cell
survival [61]. As tsRNAs are derived from tRNAs, it is speculated that tsRNAs may also interact with
Cyt C. Under hyperosmotic stress condition, ANG mediated tiRNAs (both the 5'-tiRNA and 3'-tiRNA)
but not fully tRNAs or tRFs can interact with mitochondria-released Cyt C to form ribonucleoprotein
complex, thus inhibiting the apoptosome formation and activity [62]. The interaction between tiRNAs
and Cyt C triggers a series of biological processes leading to suppression of apoptosis, and this is
gradually considered as a new anti-apoptotic mechanism. However, how can tiRNAs specifically
recognize Cyt C in this biological process? Whether its own modifications or some other factors are
involved? Do the tRFs interact Cyt C in specific conditions? All these interesting questions need to be
further investigated.

3.7. Immune Regulation

The tRFs exist in both the hematopoietic and lymphoid tissues and in blood circulation system.
During the acute inflammation stage, the levels of tRFs rapidly increase in the circulatory system [18,63],
indicating that tRFs likely probably play important roles in the immune response. On one hand,
tRFs are involved in the gene regulation within immune cells. During the maturation of monocytes to
dendritic cells, the 5-tRF derived from tRNACM can form a complex with Ago-like proteins PIWIL4
and PIWIL1, and then recruits SETDB1, SUV39H1, and HP1beta to methylate the histone H3K9 on the
promoter region of CD1A, leading to inhibition of CD1A expression [64]. On the other hand, tsSRNAs
(e.g., CCACCA sequences at 3'-end of tRNA-AlaUGC) can directly interact with Toll-like receptors to
activate the immune responses of Th1 and toxic T lymphocytes [65]. These results suggest that tsRNA
is a novel immune signaling molecule, but the underlying mechanisms need to be further explored.

3.8. Other Possible Roles and Mechanisms of Action

tRNAs could also fold into stem-loop hairpin structures rather than the canonical tRNA
clover-leaf structure to serve as conventional pre-miRNA, which then generates miRNA-like tsSRNAs
to silence certain mRNAs [66]. tsRNAs have also been found to exist in processing bodies (P-bodies,
i.e., the degradation region of mRNA), indicating that tsRNAs may be directly involved in the
degradation of target mRNAs like miRNAs [67]. Although some isolated functions have been reported,
the vast majority of tsRNAs appear to operate via unknown mechanisms.

4. Roles of tRNA-Derived Small RNA in Diseases

Abnormal levels of tsRNAs have been observed in a variety of human diseases, including cancer,
neurodegenerative diseases, acquired metabolic diseases, and infectious diseases. It remains to be
determined whether these tsRNAs contribute to disease pathogenesis. Their involvements in human
diseases provide fresh perspectives for the exploration and development of new biomarkers and novel
therapeutic strategies for the detection, monitoring, and treatment of human diseases.
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4.1. tRNA-Derived Small RNA and Cancer

Rapidly growing tumor cells outgrow a deficient blood supply which results in
a microenvironment with limited oxygen and nutrients. Tumor cells can adapt to this stressful
environment by different regulation strategies, thus ensuring survival and proliferation [68].
The tsRNA production from tRNAs under stress is one of the important pathways; accordingly,
the biological functions of tsRNAs are mainly to protect cell survival under stress. Therefore, it is
reasonable to believe that tsRNA is a new target for tumor therapy. Besides, tsSRNAs can be detected in
the urine and serum from tumor patients [69-71], suggesting they can be used as molecular markers
for tumor diagnosis. For example, Dhahbi et al. found that the level of tsSRNAs in the blood samples
from breast cancer patients was closely related to the pathological characteristics through small RNA
high-throughput sequencing analysis [72]; Honda et al. found that a kind of hormone dependent
tsRNA was abundant in breast cancer and prostate cancer and can enhance the proliferation of cancer
cells [16]. Therefore, a tsRNA database related to different tumors was established for researchers to
query (tRF2Cancer) [73]. Moreover, the presence of mutations at the tsRNA (Reference to ts-101/ts-53)
gene locus in chronic lymphocytic leukemia (CLL) and lung cancer samples supports the idea that
these tsRNAs can represent a new diagnostic marker in cancer management [74,75]. In summary,
tsRNAs are closely related to tumor onset, progression, and drug response, and could be potential
therapeutic targets and/or diagnostic markers; however, thorough and deliberate evaluations are
needed before translating tsRNAs into clinics.

4.2. tRNA-Derived Small RNA and Neurodegenerative Diseases

It is generally believed that neurodegenerative diseases are mainly caused by genetic and
environmental factors which induce oxidative stress, inflammation, and mitochondrial dysfunction,
leading to neuron dysfunction. In recent years, a number of mutations were found in genes associated
with tsRNA biogenesis from patients with neurodegenerative diseases, providing a basis for further
investigations to link tsRNAs with the development of neurodegeneration [17,35,76,77].

Since 2004, more than 40 ANG mutants have been found in amyotrophic lateral sclerosis,
Parkinson’s disease and other neurodegenerative diseases. Most of these mutations impair its
ribonucleolytic activity or/and nuclear translocation [76]. Considering that the biogenesis of many
tiRNAs depends on the ribonucleolytic activity of ANG, it is reasonable to speculate that certain
tiRNAs play important roles in these diseases. In fact, it has been shown that tiRNAs (such as
tiRNAAR and tiRNASY®) or their DNA analog with G4-motif could promote neuron survival under
stress conditions and could be used for the treatment of neurodegenerative diseases [42,78]. Thus,
individuals with ANG mutations are more likely to succumb to neurodegeneration. On the contrary,
there are reports indicating that ANG can induce accumulation of tiRNAs caused by defects in tRNA
methyltransferases Dnmt2 and NSun2, thus triggering a stress response and cell death in the nervous
system, suggesting tiRNAs enhance neuron death [17,35]. Therefore, tiRNAs seem to have opposite
effects, either protecting the neurons or promoting neuronal damage. We believe that the levels and
types of tiRNAs are the key points to determine their roles in the process of cell damage: at the early
stage, the production of tiRNAs will reduce the protein translation speed and activate a stress response,
protecting cell survival; however, if the cell cannot be recovered, the existence of tiRNAs will lead to
sustained stress, eventually damaging the cells. Although the true functions of different tsRNAs in
neurodegeneration are still unclear, these studies indicate that there is a close relationship between
abnormal tRNA metabolism and neurodegenerative diseases [77].

4.3. tRNA-Derived Small RNA and Acquired Metabolic Diseases

In 2012, a novel class of tsRNA, which is derived from the 5'-end of tRNAs and ranged from 30 to
34 nts in length, was first discovered in the mature sperm of mammals [54]. Although details of their
biogeneses remain unknown, sperms show an altered tsRNA profile after a high-fat diet (HFD) [55]
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or a low-protein diet in mice [79], after an HFD [80] or an environmental-like compound exposure
in rats [81], and in obese human [82], suggesting that sperm tsRNA may be functionally involved
in acquired metabolic diseases. Functional evidence provides that a tsRNA-dependent mechanism
mediates the paternal transmission of metabolic traits in mammals [55]. Subsequent studies showed
that significant changes in pancreatic islet transcriptome (mainly metabolism related pathways) in the
early-stage embryos injected with sperm tsRNAs from high-fat mice and in the offspring mice [55,56].
Moreover, sperm tsRNAs were found to harbor numerous RNA modifications that contribute to the
stability of tsSRNAs, and levels of 5-methylcytidine (m°C) and N,-methylguanosine (m?G) in sperm
tsRNAs were significantly increased after paternal HFD consumption [55]. These discoveries raise
exciting new possibilities regarding the mechanisms through which sperm gain information from the
environment through tsRNAs mediated epigenetic memory, which contributes to the intergenerational
inheritance of an acquired metabolic disorder.

4.4. tRNA-Derived Small RNA and Infectious Diseases

tsRNAs were observed in some types of infectious agents, such as Escherichia coli [83],
Aspergillus fumigatus [12], Giardia lamblia [13], Ascaris [84], Trypanosoma cruzi [85,86], viruses [58-60],
and prions [87], under different stimuli that could be stress, cell cycle progression, and/or infection
by a pathogenic agent [88]. For example, T. cruzi secreted a population of small non-coding
RNAs including tsRNAs in extracellular vesicles and transferred to other parasites and susceptible
mammalian cells, leading to metacyclogenesis transformation and to an increased susceptibility to
infection [86]. However, the consequences or biological roles of the tsRNAs in infectious agents are
not completely defined. Further efforts should be focused on the complete description of tsSRNAs and
their roles as virulence factors, drug targets, biomarkers, or as relevant molecules for infection.

4.5. tRNA-Derived Small RNA as a Biormarker for Disease Diagnosis

Study of the association between the circulating tsRNA level and disease represents an active
spot in this field. RNA high-throughput sequencing analysis revealed that tsRNAs are significantly
different in urine and serum between cancer patients and healthy people and are associated with the
pathological processes of cancer [72]. Meanwhile, it was found that the tsRNA content in serum is
closely related to aging, calorie intake, and acute tissue injury [18,36]. Moreover, the levels of tsRNAs
in tissue section can also be used as a marker for disease severity. For example, 2-tRFs containing
anticodon loop are accumulated in primary tumor [25]; tsRNAs content in tissue is correlated to the
clinical pathological characteristics of breast cancer [72], and is significantly increased in damaged
tissues [36]. However, the study on tsRNAs as a biomarker for disease diagnosis is still at a preliminary
stage, and more clinical and experimental evidence is needed for clinical translation.

5. Conclusions and Perspectives

In summary, the research on tsRNAs has made some important progress and become a new hot
spot in the field of non-coding RNAs. It has been found that tsRNAs play different roles in gene
expression, protein translation, epigenetic regulation, and immune processes, and are closely associated
with various diseases such as cancer, neurodegenerative diseases, metabolic diseases, and infectious
diseases. However, the study on tsRNAs is still at a preliminary stage, and there are many questions
that need to be solved.

Firstly, the biogenesis process of tsRNAs is not completed understood. Although it is known that
RNase Z, Dicer, and ANG are involved in the biogeneses of tsSRNAs, the understanding of ribonucleases
is not very comprehensive. For example, the ribonuclease responsible for the biogenesis of 2-tRF is
still not identified. Meanwhile, it is not clear about the underlying molecular mechanism of tsRNA
biogenesis. It is necessary to screen and identify the relevant regulatory factors, and observe the
dynamic processes in cells. In addition, as a new non-coding small RNA, are tsRNAs stable in cells?
Is there any modification? How they are degraded? All these questions need to be further studied.
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Secondly, the naming of tsRNA is still inconsistent. The human genome contains more than
500 tRNA genes, and all the tRNAs could be cleaved by different types of ribonucleases to produce
various tsRNAs. However, these tsRNAs have not been categorized with a unified name yet.
Although some tsRNA databases have simply classified and encoded some tRFs according to the
naming mode of miRNA, a large number of tsRNAs have been missed and the simple classification and
encoding mode cannot provide clear basic information about the tsRNAs [19]. According to the origins
and types of tsSRNAs, we proposed a naming convention in the form of X-tsRNAAANNN Here, tsRNA
represents the species, and it is divided into tiRNAs and tRFs; X represents the subtypes of tsSRNAs,
which can be divided into 1, 2, 3, and 5 based on the mapped location of tRNAs; AA represents
the abbreviation of amino acid carried by the mapped tRNAs; NNN represents the anticodon of
the mapped tRNAs. For example, 5'-tiRNA and 3a-tRF derived from tRNAS"CTC can be named as
5'-tiRNASCTC and 3a-tRFSMCTC respectively. The names of tsRNAs from published in the related
articles can be re-named in Table 1.

Table 1. The published names and suggested renaming of tsRNA.

tsRNA Type Subtype Published Name Suggested Rename Biogenesis Refs.
LRF tRF-1001 1-tRESer-TGA pre-tRNASer-TGA [20]
. Cand45 1-tRESer-TGA pre-tRNASer-TGA [28]
2_tRFAsp-GTC tRNAAsp-GTC
Asp Glu ’
2-RF R dy 2{RFCI-YIC) {RNAGI-YTC [25]
2-tRFGly-TCC RN AGly-TCC
tRF-3019 3a-tRFF™ tRNAP™ [57]
{RF miR-1280 3a-tRFLe" tRNALew [66]
3-tRF miR-720 3a-tRFTh tRNAThr [66]
_ Lys5
miR-1274a/b o {RNALYS [66]
CU1276 3b-tRFCly-GCC tRNAGly-GCC [37]
miR-1308 5a-tRECYY tRNAGY [66]
miR-886-5P 5a-tRFAl tRNAAR [66]
5-tRE Val-tRF 5b-tREVa-GAC FRNA Val-GAC 89]
td-piR(Glu) 5c-tRFGl tRNAG [64]
tRF5-GluCTC 5'tiRNAGH-CTC tRNAGHu-CTC [58,59]
e.g., 5/_tiRNAG1u»CTC, _
tsSRNA gS/_ﬁRN AGIu-CTC tRNA [55]
I ., 5/_t-RNAGlu-CTC,
HRNA ;_Egﬁ: SHOT-RNA e NAGI-CTC {RNA [16]
T Glu-CTC
{RNA halve S aucTe {RNA [12,90,91]
Iy Glu-CTC
tiIRNA e85 -tiRNA ’ tRNA [42,43]

3/ tiRNAClu-CTC

tiRNA: tRNA-derived stress-induced RNA; miR: microRNA; SHOT-RNA: sex hormone-dependent tRNA-derived
RNA; piR: piwi-interacting RNA; td-piR: tRNA-derived piR.

Thirdly, the universality and specificity of tsRNAs are unclear. Our current understanding of the
mechanism of tsRNAs is mainly restricted to a few specific tsSRNAs. There are large types and numbers
of tsRNAs. Therefore, is there any tissue specificity in their expression and distribution? Do their
biological functions have universality or specificity? All these questions are still unclear. Furthermore,
our experimental approaches and methods for tsRNAs are also limited. As tsRNAs are derived from
tRNAs, it is still difficult to specifically change the tsRNAs content without affecting the expression
level of mature tRNAs.

Finally, the clinical translation of tsRNAs needs in-depth evaluation. tsRNAs have been shown to
be abnormally expressed in various diseases, such as cancer, neurodegenerative diseases, and metabolic
diseases, underscoring their potential values in clinical application. It is found that during acute injury
of tissues and organs, the tsRNAs level in the circulatory system is increased, making tsSRNAs more
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sensitive than other known tissue injury markers. It is expected that tsSRNAs can serve as novel markers
for identifying organ damage [36]. However, current methods for detecting tsSRNAs are mainly based
on high-throughput sequencing and Northern blot, which are not suitable for clinical analysis of large
samples. Therefore, the development of appropriate detection methods and the establishment of
clinical indicators are the key steps for tsSRNA to be applied clinically.

tsRNA, as a novel regulatory non-coding small RNA, not only broadens the research field of small
non-coding RNA, but also enriches the content of tRNA as a dynamic factor involved. Even though our
current knowledge about tsRNAs is yet incomplete, they clearly represent a novel class of regulatory
small non-coding RNA with surprising cellular roles in all domains of life. Future work will reveal
how they fit into the ever-growing puzzle of RNA biology.

Author Contributions: J.S. and Z.X. conceived the paper. ].S. and S.L. wrote the paper.

Acknowledgments: This work was supported by the following grants: National Natural Science Foundation
of China (No0.31570786 and No0.81602557); Zhejiang Provincial Natural Science Foundation of China
(No.LY17H160021); Fundamental Research Funds for the Central Universities (N0.2017FZA7006).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Kirchner, S.; Ignatova, Z. Emerging roles of tRNA in adaptive translation, signalling dynamics and disease.
Nat. Rev. Genet. 2015, 16, 98-112. [CrossRef] [PubMed]

2. Banerjee, R.; Chen, S.; Dare, K.; Gilreath, M.; Praetorius-Ibba, M.; Raina, M.; Reynolds, N.M.; Rogers, T.;
Roy, H.; Yadavalli, S.S.; et al. tRNAs: Cellular barcodes for amino acids. FEBS Lett. 2010, 584, 387-395.
[CrossRef] [PubMed]

3. Schimmel, P. The emerging complexity of the tRNA world: Mammalian tRNAs beyond protein synthesis.
Nat. Rev. Mol. Cell Biol. 2018, 19, 45-58. [CrossRef] [PubMed]

4. Simos, G.; Hurt, E. Transfer RNA biogenesis: A visa to leave the nucleus. Curr. Biol. 1999, 9, R238-R241.
[CrossRef]

5. Rich, A; RajBhandary, U.L. Transfer RNA: Molecular structure, sequence, and properties. Annu. Rev. Biochem.
1976, 45, 805-860. [CrossRef] [PubMed]

6. Borek, E.; Baliga, B.S.; Gehrke, C.W.; Kuo, C.W.; Belman, S.; Troll, W.; Waalkes, T.P. High turnover rate of
transfer RNA in tumor tissue. Cancer Res. 1977, 37, 3362-3366. [PubMed]

7. Speer, ].; Gehrke, C.W.; Kuo, K.C.; Waalkes, T.P; Borek, E. tRNA breakdown products as markers for cancer.
Cancer 1979, 44, 2120-2123. [CrossRef]

8.  Fu,H,;Feng,];Liu, Q,; Sun, E; Tie, Y;; Zhu, J.; Xing, R.; Sun, Z.; Zheng, X. Stress induces tRNA cleavage by
angiogenin in mammalian cells. FEBS Lett. 2009, 583, 437—442. [CrossRef] [PubMed]

9.  Thompson, D.M.; Parker, R. The RNAse Rnylp cleaves tRNAs and promotes cell death during oxidative
stress in Saccharomyces cerevisiae. J. Cell Biol. 2009, 185, 43-50. [CrossRef] [PubMed]

10. Yamasaki, S.; Ivanov, P.; Hu, G.E; Anderson, P. Angiogenin cleaves tRNA and promotes stress-induced
translational repression. J. Cell Biol. 2009, 185, 35—42. [CrossRef] [PubMed]

11. Lee, S.R;; Collins, K. Starvation-induced cleavage of the tRNA anticodon loop in Tetrahymena thermophila.
J. Biol. Chem. 2005, 280, 42744-42749. [CrossRef] [PubMed]

12. Jochl, C.; Rederstorff, M.; Hertel, J.; Stadler, PF.; Hofacker, I.L.; Schrettl, M.; Haas, H.; Huttenhofer, A.
Small ncRNA transcriptome analysis from Aspergillus fumigatus suggests a novel mechanism for regulation
of protein synthesis. Nucleic Acids Res. 2008, 36, 2677-2689. [CrossRef] [PubMed]

13. Li, Y.; Luo, J.; Zhou, H.; Liao, J.Y.; Ma, L.M.; Chen, Y.Q.; Qu, L.H. Stress-induced tRNA-derived RNAs:
A novel class of small RNAs in the primitive eukaryote Giardia lamblia. Nucleic Acids Res. 2008, 36, 6048—-6055.
[CrossRef] [PubMed]

14. Thompson, D.M.; Lu, C.; Green, PJ.; Parker, R. tRNA cleavage is a conserved response to oxidative stress in
eukaryotes. RNA Pub. RNA Soc. 2008, 14, 2095-2103. [CrossRef] [PubMed]

15. Hsieh, L.C; Lin, S.I; Shih, A.C.; Chen, ].W,; Lin, W.Y,; Tseng, C.Y.; Li, W.H.; Chiou, T.J. Uncovering small
RNA-mediated responses to phosphate deficiency in Arabidopsis by deep sequencing. Plant Physiol. 2009,
151, 2120-2132. [CrossRef] [PubMed]


http://dx.doi.org/10.1038/nrg3861
http://www.ncbi.nlm.nih.gov/pubmed/25534324
http://dx.doi.org/10.1016/j.febslet.2009.11.013
http://www.ncbi.nlm.nih.gov/pubmed/19903480
http://dx.doi.org/10.1038/nrm.2017.77
http://www.ncbi.nlm.nih.gov/pubmed/28875994
http://dx.doi.org/10.1016/S0960-9822(99)80152-3
http://dx.doi.org/10.1146/annurev.bi.45.070176.004105
http://www.ncbi.nlm.nih.gov/pubmed/60910
http://www.ncbi.nlm.nih.gov/pubmed/884680
http://dx.doi.org/10.1002/1097-0142(197912)44:6&lt;2120::AID-CNCR2820440623&gt;3.0.CO;2-6
http://dx.doi.org/10.1016/j.febslet.2008.12.043
http://www.ncbi.nlm.nih.gov/pubmed/19114040
http://dx.doi.org/10.1083/jcb.200811119
http://www.ncbi.nlm.nih.gov/pubmed/19332891
http://dx.doi.org/10.1083/jcb.200811106
http://www.ncbi.nlm.nih.gov/pubmed/19332886
http://dx.doi.org/10.1074/jbc.M510356200
http://www.ncbi.nlm.nih.gov/pubmed/16272149
http://dx.doi.org/10.1093/nar/gkn123
http://www.ncbi.nlm.nih.gov/pubmed/18346967
http://dx.doi.org/10.1093/nar/gkn596
http://www.ncbi.nlm.nih.gov/pubmed/18820301
http://dx.doi.org/10.1261/rna.1232808
http://www.ncbi.nlm.nih.gov/pubmed/18719243
http://dx.doi.org/10.1104/pp.109.147280
http://www.ncbi.nlm.nih.gov/pubmed/19854858

Genes 2018, 9, 246 12 of 15

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Honda, S.; Loher, P; Shigematsu, M.; Palazzo, ]J.P; Suzuki, R.; Imoto, I; Rigoutsos, I; Kirino, Y.
Sex hormone-dependent tRNA halves enhance cell proliferation in breast and prostate cancers.
Proc. Natl. Acad. Sci. USA 2015, 112, E3816-E3825. [CrossRef] [PubMed]

Blanco, S.; Dietmann, S.; Flores, ].V.; Hussain, S.; Kutter, C.; Humphreys, P.; Lukk, M.; Lombard, P.; Treps, L.;
Popis, M.; et al. Aberrant methylation of tRNAs links cellular stress to neuro-developmental disorders.
EMBO ]. 2014, 33, 2020-2039. [CrossRef] [PubMed]

Dhahbi, ].M.; Spindler, S.R.; Atamna, H.; Yamakawa, A.; Boffelli, D.; Mote, P; Martin, D.LK. 5’ tRNA halves
are present as abundant complexes in serum, concentrated in blood cells, and modulated by aging and
calorie restriction. BMC Genom. 2013, 14, 298. [CrossRef] [PubMed]

Kumar, P; Mudunuri, S.B.; Anaya, J.; Dutta, A. TRFdb: A database for transfer RNA fragments. Nucleic Acids Res.
2015, 43, D141-D145. [CrossRef] [PubMed]

Lee, Y.S.; Shibata, Y.; Malhotra, A.; Dutta, A. A novel class of small RNAs: tRNA-derived RNA fragments
(tRFs). Genes Dev. 2009, 23, 2639-2649. [CrossRef] [PubMed]

Li, Z.H.; Ender, C.; Meister, G.; Moore, P.S.; Chang, Y.; John, B. Extensive terminal and asymmetric processing
of small RNAs from rRNAs, snoRNAs, snRNAs, and tRNAs. Nucleic Acids Res. 2012, 40, 6787-6799.
[CrossRef] [PubMed]

Maraia, RJ.; Lamichhane, T.N. 3’ processing of eukaryotic precursor tRNAs. Wiley Interdiscip. Rev. RNA
2011, 2, 362-375. [CrossRef] [PubMed]

Babiarz, J.E.; Ruby, ].G.; Wang, Y.M.; Bartel, D.P; Blelloch, R. Mouse ES cells express endogenous shRNAs,
siRNAs, and other microprocessor-independent, dicer-dependent small RNAs. Genes Dev. 2008, 22,
2773-2785. [CrossRef] [PubMed]

Liao, J.Y.; Ma, LM.; Guo, Y.H.; Zhang, Y.C.; Zhou, H.; Shao, P,; Chen, Y.Q.; Qu, L.H. Deep sequencing of
human nuclear and cytoplasmic small RNAs reveals an unexpectedly complex subcellular distribution of
miRNAs and tRNA 3’ trailers. PLoS ONE 2010, 5, e10563. [CrossRef] [PubMed]

Goodarzi, H.; Liu, X.H.; Nguyen, H.C.B.; Zhang, S.; Fish, L.; Tavazoie, S.F. Endogenous tRNA-derived
fragments suppress breast cancer progression via YBX1 displacement. Cell 2015, 161, 790-802. [CrossRef]
[PubMed]

Cole, C.; Sobala, A.; Lu, C.; Thatcher, S.R.; Bowman, A.; Brown, ].W.; Green, PJ.; Barton, G.J.; Hutvagner, G.
Filtering of deep sequencing data reveals the existence of abundant Dicer-dependent small RNAs derived
from tRNAs. RNA 2009, 15, 2147-2160. [CrossRef] [PubMed]

Kumar, P.; Anaya, J.; Mudunuri, S.B.; Dutta, A. Meta-analysis of tRNA derived RNA fragments reveals
that they are evolutionarily conserved and associate with Ago proteins to recognize specific RNA targets.
BMC Biol. 2014, 12, 78. [CrossRef] [PubMed]

Haussecker, D.; Huang, Y.; Lau, A.; Parameswaran, P.; Fire, A.Z.; Kay, M.A. Human tRNA-derived small
RNAs in the global regulation of RNA silencing. RNA 2010, 16, 673-695. [CrossRef] [PubMed]

Reifur, L.; Garcia-Silva, M.R.; Poubel, S.B.; Alves, L.R.; Arauco, P.; Buiar, D.K; Goldenberg, S.; Cayota, A.;
Dallagiovanna, B. Distinct subcellular localization of tRNA-derived fragments in the infective metacyclic
forms of Trypanosoma cruzi. Mem. Inst. Oswaldo Cruz. 2012, 107, 816-819. [CrossRef] [PubMed]

Goktas, C.; Yigit, H.; Cosacak, M.I.; Akgul, B. Differentially expressed tRNA-derived small RNAs co-sediment
primarily with non-polysomal fractions in Drosophila. Genes 2017, 8, E333. [CrossRef] [PubMed]

Hori, H. Methylated nucleosides in tRNA and tRNA methyltransferases. Front. Genet. 2014, 5, 144. [CrossRef]
[PubMed]

El Yacoubi, B.; Bailly, M.; de Crecy-Lagard, V. Biosynthesis and function of posttranscriptional modifications
of transfer RNAs. Annu. Rev. Genet. 2012, 46, 69-95. [CrossRef] [PubMed]

Tuorto, F; Liebers, R.; Musch, T.; Schaefer, M.; Hofmann, S.; Kellner, S.; Frye, M.; Helm, M.; Stoecklin, G.;
Lyko, F. RNA cytosine methylation by Dnmt2 and Nsun2 promotes tRNA stability and protein synthesis.
Nat. Struct. Mol. Biol. 2012, 19, 900-905. [CrossRef] [PubMed]

Hussain, S.; Sajini, A.A.; Blanco, S.; Dietmann, S.; Lombard, P.; Sugimoto, Y.; Paramor, M.; Gleeson, ].G.;
Odom, D.T.; Ule, J.; et al. Nsun2-mediated cytosine-5 methylation of vault noncoding RNA determines its
processing into regulatory small RNAs. Cell Rep. 2013, 4, 255-261. [CrossRef] [PubMed]

Schaefer, M.; Pollex, T.; Hanna, K.; Tuorto, E; Meusburger, M.; Helm, M.; Lyko, E. RNA methylation by
Dnmt2 protects transfer RNAs against stress-induced cleavage. Genes Dev. 2010, 24, 1590-1595. [CrossRef]
[PubMed]


http://dx.doi.org/10.1073/pnas.1510077112
http://www.ncbi.nlm.nih.gov/pubmed/26124144
http://dx.doi.org/10.15252/embj.201489282
http://www.ncbi.nlm.nih.gov/pubmed/25063673
http://dx.doi.org/10.1186/1471-2164-14-298
http://www.ncbi.nlm.nih.gov/pubmed/23638709
http://dx.doi.org/10.1093/nar/gku1138
http://www.ncbi.nlm.nih.gov/pubmed/25392422
http://dx.doi.org/10.1101/gad.1837609
http://www.ncbi.nlm.nih.gov/pubmed/19933153
http://dx.doi.org/10.1093/nar/gks307
http://www.ncbi.nlm.nih.gov/pubmed/22492706
http://dx.doi.org/10.1002/wrna.64
http://www.ncbi.nlm.nih.gov/pubmed/21572561
http://dx.doi.org/10.1101/gad.1705308
http://www.ncbi.nlm.nih.gov/pubmed/18923076
http://dx.doi.org/10.1371/journal.pone.0010563
http://www.ncbi.nlm.nih.gov/pubmed/20498841
http://dx.doi.org/10.1016/j.cell.2015.02.053
http://www.ncbi.nlm.nih.gov/pubmed/25957686
http://dx.doi.org/10.1261/rna.1738409
http://www.ncbi.nlm.nih.gov/pubmed/19850906
http://dx.doi.org/10.1186/s12915-014-0078-0
http://www.ncbi.nlm.nih.gov/pubmed/25270025
http://dx.doi.org/10.1261/rna.2000810
http://www.ncbi.nlm.nih.gov/pubmed/20181738
http://dx.doi.org/10.1590/S0074-02762012000600018
http://www.ncbi.nlm.nih.gov/pubmed/22990974
http://dx.doi.org/10.3390/genes8110333
http://www.ncbi.nlm.nih.gov/pubmed/29156628
http://dx.doi.org/10.3389/fgene.2014.00144
http://www.ncbi.nlm.nih.gov/pubmed/24904644
http://dx.doi.org/10.1146/annurev-genet-110711-155641
http://www.ncbi.nlm.nih.gov/pubmed/22905870
http://dx.doi.org/10.1038/nsmb.2357
http://www.ncbi.nlm.nih.gov/pubmed/22885326
http://dx.doi.org/10.1016/j.celrep.2013.06.029
http://www.ncbi.nlm.nih.gov/pubmed/23871666
http://dx.doi.org/10.1101/gad.586710
http://www.ncbi.nlm.nih.gov/pubmed/20679393

Genes 2018, 9, 246 13 of 15

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Mishima, E.; Inoue, C.; Saigusa, D.; Inoue, R ; Ito, K,; Suzuki, Y;; Jinno, D.; Tsukui, Y.; Akamatsu, Y.; Araki, M.; et al.
Conformational change in transfer RNA is an early indicator of acute cellular damage. J. Am. Soc. Nephrol. 2014,
25,2316-2326. [CrossRef] [PubMed]

Maute, R.L.; Schneider, C.; Sumazin, P.; Holmes, A.; Califano, A.; Basso, K.; Dalla-Favera, R. tRNA-derived
microRNA modulates proliferation and the DNA damage response and is down-regulated in B cell
lymphoma. Proc. Natl. Acad. Sci. USA 2013, 110, 1404-1409. [CrossRef] [PubMed]

Shao, Y.; Sun, Q.; Liu, X.; Wang, P.; Wu, R.; Ma, Z. tRF-Leu-CAG promotes cell proliferation and cell cycle in
non-small cell lung cancer. Chem. Biol. Drug Des. 2017, 90, 730-738. [CrossRef] [PubMed]

Luo, S.; He, E; Luo, J.; Dou, S.; Wang, Y.; Guo, A.; Lu, J. Drosophila tsRNAs preferentially suppress general
translation machinery via antisense pairing and participate in cellular starvation response. Nucleic Acids Res. 2018.
[CrossRef] [PubMed]

Dueck, A.; Ziegler, C.; Eichner, A.; Berezikov, E.; Meister, G. MicroRNAs associated with the different human
argonaute proteins. Nucleic acids Res. 2012, 40, 9850-9862. [CrossRef] [PubMed]

Saikia, M.; Krokowski, D.; Guan, B.J.; Ivanov, P; Parisien, M.; Hu, G.F.,; Anderson, P; Pan, T.; Hatzoglou, M.
Genome-wide identification and quantitative analysis of cleaved tRNA fragments induced by cellular stress.
J. Biol. Chem. 2012, 287, 42708-42725. [CrossRef] [PubMed]

Ivanov, P.; Emara, M.M.; Villen, J.; Gygi, S.P.; Anderson, P. Angiogenin-induced tRNA fragments inhibit
translation initiation. Mol. Cell 2011, 43, 613-623. [CrossRef] [PubMed]

Ivanov, P; O'Day, E.; Emara, M.M.; Wagner, G.; Lieberman, J.; Anderson, P. G-quadruplex structures
contribute to the neuroprotective effects of angiogenin-induced tRNA fragments. Proc. Natl. Acad. Sci. USA
2014, 111, 18201-18206. [CrossRef] [PubMed]

Lyons, S.M.; Achorn, C.; Kedersha, N.L.; Anderson, PJ.; Ivanov, P. YB-1 regulates tiRNA-induced stress
granule formation but not translational repression. Nucleic Acids Res. 2016, 44, 6949—-6960. [CrossRef]
[PubMed]

Guzzi, N.; Ciesla, M.; Ngoc, PC.T;; Lang, S.; Arora, S.; Dimitriou, M.; Pimkova, K.; Sommarin, M.N.E.;
Munita, R.; Lubas, M.; et al. Pseudouridylation of tRNA-derived fragments steers translational control in
stem cells. Cell 2018. [CrossRef] [PubMed]

Yim, D.; Krishna, S.; Lakshmanan, V.; Koh, J.; Park, J.E.; Cheong, ].K.; Low, J.L.; Lim, M.; Ip, J.; Nah, ].M.;
et al. Dynamic expression of tRNA-derived small RNAs define cellular states. BioRxiv 2017. [CrossRef]
Sobala, A.; Hutvagner, G. Small RNAs derived from the 5 end of tRNA can inhibit protein translation in
human cells. RNA Biol. 2013, 10, 553-563. [CrossRef] [PubMed]

Gebetsberger, J.; Wyss, L.; Mleczko, A.M.; Reuther, J.; Polacek, N. A tRNA-derived fragment competes
with mRNA for ribosome binding and regulates translation during stress. RNA Biol. 2017, 14, 1364-1373.
[CrossRef] [PubMed]

Couvillion, M.T.; Bounova, G.; Purdom, E.; Speed, T.P.; Collins, K. A Tetrahymena Piwi bound to mature trna
3’ fragments activates the exonuclease X2 for RNA processing in the nucleus. Mol. Cell 2012, 48, 509-520.
[CrossRef] [PubMed]

Kim, H.K; Fuchs, G.; Wang, S.; Wei, W.; Zhang, Y.; Park, H.; Roy-Chaudhuri, B.; Li, P;; Xu, J.; Chu, K; et al.
A transfer-RNA-derived small RNA regulates ribosome biogenesis. Nature 2017, 552, 57—-62. [CrossRef]
[PubMed]

Slotkin, R K.; Martienssen, R. Transposable elements and the epigenetic regulation of the genome. Nat. Rev. Genet.
2007, 8, 272-285. [CrossRef] [PubMed]

Schorn, A.J.; Gutbrod, M.].; LeBlanc, C.; Martienssen, R. LTR-retrotransposon control by tRNA-derived small
RNAs. Cell 2017, 170, 61-71. [CrossRef] [PubMed]

Martinez, G.; Choudury, S.G.; Slotkin, RK. tRNA-derived small RNAs target transposable element
transcripts. Nucleic Acids Res. 2017, 45, 5142-5152. [CrossRef] [PubMed]

Peng, H.; Shi, J.; Zhang, Y.; Zhang, H.; Liao, S.; Li, W.; Lei, L.; Han, C.; Ning, L.; Cao, Y.; et al. A novel class
of tRNA-derived small RNAs extremely enriched in mature mouse sperm. Cell Res. 2012, 22, 1609-1612.
[CrossRef] [PubMed]

Chen, Q.; Yan, M,; Cao, Z.; Li, X;; Zhang, Y.; Shi, J.; Feng, G.H.; Peng, H.; Zhang, X.; Zhang, Y.; et al.
Sperm tsRNAs contribute to intergenerational inheritance of an acquired metabolic disorder. Science 2016,
351, 397-400. [CrossRef] [PubMed]


http://dx.doi.org/10.1681/ASN.2013091001
http://www.ncbi.nlm.nih.gov/pubmed/24833129
http://dx.doi.org/10.1073/pnas.1206761110
http://www.ncbi.nlm.nih.gov/pubmed/23297232
http://dx.doi.org/10.1111/cbdd.12994
http://www.ncbi.nlm.nih.gov/pubmed/28378898
http://dx.doi.org/10.1093/nar/gky189
http://www.ncbi.nlm.nih.gov/pubmed/29548011
http://dx.doi.org/10.1093/nar/gks705
http://www.ncbi.nlm.nih.gov/pubmed/22844086
http://dx.doi.org/10.1074/jbc.M112.371799
http://www.ncbi.nlm.nih.gov/pubmed/23086926
http://dx.doi.org/10.1016/j.molcel.2011.06.022
http://www.ncbi.nlm.nih.gov/pubmed/21855800
http://dx.doi.org/10.1073/pnas.1407361111
http://www.ncbi.nlm.nih.gov/pubmed/25404306
http://dx.doi.org/10.1093/nar/gkw418
http://www.ncbi.nlm.nih.gov/pubmed/27174937
http://dx.doi.org/10.1016/j.cell.2018.03.008
http://www.ncbi.nlm.nih.gov/pubmed/29628141
http://dx.doi.org/10.1101/158501
http://dx.doi.org/10.4161/rna.24285
http://www.ncbi.nlm.nih.gov/pubmed/23563448
http://dx.doi.org/10.1080/15476286.2016.1257470
http://www.ncbi.nlm.nih.gov/pubmed/27892771
http://dx.doi.org/10.1016/j.molcel.2012.09.010
http://www.ncbi.nlm.nih.gov/pubmed/23084833
http://dx.doi.org/10.1038/nature25005
http://www.ncbi.nlm.nih.gov/pubmed/29186115
http://dx.doi.org/10.1038/nrg2072
http://www.ncbi.nlm.nih.gov/pubmed/17363976
http://dx.doi.org/10.1016/j.cell.2017.06.013
http://www.ncbi.nlm.nih.gov/pubmed/28666125
http://dx.doi.org/10.1093/nar/gkx103
http://www.ncbi.nlm.nih.gov/pubmed/28335016
http://dx.doi.org/10.1038/cr.2012.141
http://www.ncbi.nlm.nih.gov/pubmed/23044802
http://dx.doi.org/10.1126/science.aad7977
http://www.ncbi.nlm.nih.gov/pubmed/26721680

Genes 2018, 9, 246 14 of 15

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Sharma, U.; Conine, C.C.; Shea, ].M.; Boskovic, A.; Derr, A.G.; Bing, X.Y.; Belleannee, C.; Kucukural, A.;
Serra, RW.; Sun, F; et al. Biogenesis and function of tRNA fragments during sperm maturation and
fertilization in mammals. Science 2016, 351, 391-396. [CrossRef] [PubMed]

Ruggero, K.; Guffanti, A.; Corradin, A.; Sharma, V.K.; De Bellis, G.; Corti, G.; Grassi, A.; Zanovello, P.;
Bronte, V.; Ciminale, V.; et al. Small noncoding RNAs in cells transformed by human T-cell leukemia virus
type 1: A role for a tRNA fragment as a primer for reverse transcriptase. J. Virol. 2014, 88, 3612-3622.
[CrossRef] [PubMed]

Deng, ].F,; Ptashkin, R.N.; Chen, Y,; Cheng, Z.; Liu, G.L.; Phan, T.; Deng, X.L.; Zhou, ].H.; Lee, L; Lee, Y.S.;
et al. Respiratory syncytial virus utilizes a tRNA fragment to suppress antiviral responses through a novel
targeting mechanism. Mol. Ther. 2015, 23, 1622-1629. [CrossRef] [PubMed]

Wang, Q.R.; Lee, I; Ren, ].P; Ajay, S.S.; Lee, Y.S.; Bao, X.Y. Identification and functional characterization of
tRNA-derived RNA fragments (tRFs) in respiratory syncytial virus infection. Mol. Ther. 2013, 21, 368-379.
[CrossRef] [PubMed]

Zhou, J; Liu, S.; Chen, Y.; Fu, Y,; Silver, A.].; Hill, M.S.; Lee, L.; Lee, Y.S.; Bao, X. Identification of two novel
functional tRNA-derived fragments induced in response to respiratory syncytial virus infection. J. Gen. Virol.
2017, 98, 1600-1610. [CrossRef] [PubMed]

Mei, Y.D.; Yong, J.; Liu, H.T.; Shi, Y.G.; Meinkoth, J.; Dreyfuss, G.; Yang, X.L. tRNA binds to cytochrome ¢
and inhibits caspase activation. Mol. Cell 2010, 37, 668—678. [CrossRef] [PubMed]

Saikia, M.; Jobava, R.; Parisien, M.; Putnam, A.; Krokowski, D.; Gao, X.H.; Guan, B.J.; Yuan, Y.; Jankowsky, E.;
Feng, Z.; et al. Angiogenin-cleaved tRNA halves interact with cytochrome c, protecting cells from apoptosis
during osmotic stress. Mol. Cell. Biol. 2014, 34, 2450-2463. [CrossRef] [PubMed]

Zhang, Y.; Zhang, Y; Shi, J.; Zhang, H.; Cao, Z.; Gao, X.; Ren, W.; Ning, Y.; Ning, L.; Cao, Y,; et al. Identification
and characterization of an ancient class of small RNAs enriched in serum associating with active infection.
J. Mol. Cell. Biol. 2014, 6, 172-174. [CrossRef] [PubMed]

Zhang, X.; He, X.; Liu, C,; Liu, J.; Hu, Q.; Pan, T,; Duan, X; Liu, B.; Zhang, Y.; Chen, J; et al. IL-4 inhibits
the biogenesis of an epigenetically suppressive PIWI-interacting RNA to upregulate CD1a molecules on
monocytes/dendritic cells. J. Immunol. 2016, 196, 1591-1603. [CrossRef] [PubMed]

Wang, Z.J.; Xiang, L.; Shao, J.J.; Yuan, Z.H. The 3’ CCACCA sequence of tRNAAla(UGC) is the motif that is
important in inducing Th1-like immune response, and this motif can be recognized by Toll-like receptor 3.
Clin. Vaccine Immunol. 2006, 13, 733-739. [CrossRef] [PubMed]

Schopman, N.C.; Heynen, S.; Haasnoot, J.; Berkhout, B. A miRNA-tRNA mix-up: tRNA origin of proposed
miRNA. RNA Biol. 2010, 7, 573-576. [CrossRef] [PubMed]

Hafner, M.; Landthaler, M.; Burger, L.; Khorshid, M.; Hausser, J.; Berninger, P.; Rothballer, A.; Ascano, M., Jr.;
Jungkamp, A.C.; Munschauer, M.; et al. Transcriptome-wide identification of RNA-binding protein and
microRNA target sites by par-clip. Cell 2010, 141, 129-141. [CrossRef] [PubMed]

Keith, B.; Simon, M.C. Hypoxia-inducible factors, stem cells, and cancer. Cell 2007, 129, 465-472. [CrossRef]
[PubMed]

Zhao, C.; Tolkach, Y.; Schmidt, D.; Kristiansen, G.; Muller, S.C.; Ellinger, J. 5'-tRNA halves are dysregulated
in clear cell renal cell carcinoma. J. Urol. 2018, 199, 378-383. [CrossRef] [PubMed]

Magee, R.G.; Telonis, A.G.; Loher, P; Londin, E.; Rigoutsos, I. Profiles of miRNA isoforms and tRNA
fragments in prostate cancer. Sci. Rep. 2018, 8, 5314. [CrossRef] [PubMed]

Yeri, A.; Courtright, A.; Reiman, R.; Carlson, E.; Beecroft, T.; Janss, A.; Siniard, A.; Richholt, R.; Balak, C.;
Rozowsky, J.; et al. Total extracellular small RNA profiles from plasma, saliva, and urine of healthy subjects.
Sci. Rep. 2017, 7, 44061. [CrossRef] [PubMed]

Dhahbi, ].M.; Spindler, S.R.; Atamna, H.; Boffelli, D.; Martin, D.I. Deep sequencing of serum small
RNAs identifies patterns of 5’ tRNA half and yRNA fragment expression associated with breast cancer.
Biomark. Cancer 2014, 6, 37-47. [CrossRef] [PubMed]

Zheng, LL.; Xu, W.L,; Liu, S.; Sun, WJ.; Li, . H.; Wu, J.; Yang, ] H.; Qu, L.H. tRF2Cancer: A web server to detect
tRNA-derived small RNA fragments (tRFs) and their expression in multiple cancers. Nucleic Acids Res. 2016, 44,
W185-W193. [CrossRef] [PubMed]

Balatti, V.; Rizzotto, L.; Miller, C.; Palamarchuk, A.; Fadda, P.; Pandolfo, R.; Rassenti, L.Z.; Hertlein, E.;
Ruppert, A.S.; Lozanski, A.; et al. TCL1 targeting miR-3676 is codeleted with tumor protein p53 in chronic
lymphocytic leukemia. Proc. Natl. Acad. Sci. USA 2015, 112, 2169-2174. [CrossRef] [PubMed]


http://dx.doi.org/10.1126/science.aad6780
http://www.ncbi.nlm.nih.gov/pubmed/26721685
http://dx.doi.org/10.1128/JVI.02823-13
http://www.ncbi.nlm.nih.gov/pubmed/24403582
http://dx.doi.org/10.1038/mt.2015.124
http://www.ncbi.nlm.nih.gov/pubmed/26156244
http://dx.doi.org/10.1038/mt.2012.237
http://www.ncbi.nlm.nih.gov/pubmed/23183536
http://dx.doi.org/10.1099/jgv.0.000852
http://www.ncbi.nlm.nih.gov/pubmed/28708049
http://dx.doi.org/10.1016/j.molcel.2010.01.023
http://www.ncbi.nlm.nih.gov/pubmed/20227371
http://dx.doi.org/10.1128/MCB.00136-14
http://www.ncbi.nlm.nih.gov/pubmed/24752898
http://dx.doi.org/10.1093/jmcb/mjt052
http://www.ncbi.nlm.nih.gov/pubmed/24380870
http://dx.doi.org/10.4049/jimmunol.1500805
http://www.ncbi.nlm.nih.gov/pubmed/26755820
http://dx.doi.org/10.1128/CVI.00019-06
http://www.ncbi.nlm.nih.gov/pubmed/16829609
http://dx.doi.org/10.4161/rna.7.5.13141
http://www.ncbi.nlm.nih.gov/pubmed/20818168
http://dx.doi.org/10.1016/j.cell.2010.03.009
http://www.ncbi.nlm.nih.gov/pubmed/20371350
http://dx.doi.org/10.1016/j.cell.2007.04.019
http://www.ncbi.nlm.nih.gov/pubmed/17482542
http://dx.doi.org/10.1016/j.juro.2017.07.082
http://www.ncbi.nlm.nih.gov/pubmed/28765068
http://dx.doi.org/10.1038/s41598-018-22488-2
http://www.ncbi.nlm.nih.gov/pubmed/29593348
http://dx.doi.org/10.1038/srep44061
http://www.ncbi.nlm.nih.gov/pubmed/28303895
http://dx.doi.org/10.4137/BIC.S20764
http://www.ncbi.nlm.nih.gov/pubmed/25520563
http://dx.doi.org/10.1093/nar/gkw414
http://www.ncbi.nlm.nih.gov/pubmed/27179031
http://dx.doi.org/10.1073/pnas.1500010112
http://www.ncbi.nlm.nih.gov/pubmed/25646413

Genes 2018, 9, 246 15 of 15

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Pekarsky, Y.; Balatti, V.,; Palamarchuk, A.; Rizzotto, L.; Veneziano, D.; Nigita, G.; Rassenti, L.Z.; Pass, H.I;
Kipps, T.J.; Liu, C.G.; et al. Dysregulation of a family of short noncoding RNAs, tsSRNAs, in human cancer.
Proc. Natl. Acad. Sci. USA 2016, 113, 5071-5076. [CrossRef] [PubMed]

Greenway, M.J.; Alexander, M.D.; Ennis, S.; Traynor, B.]J.; Corr, B.; Frost, E.; Green, A.; Hardiman, O. A novel
candidate region for ALS on chromosome 14q11.2. Neurology 2004, 63, 1936-1938. [CrossRef] [PubMed]
Schaffer, A.E.; Eggens, V.R.; Caglayan, A.O.; Reuter, M.S,; Scott, E.; Coufal, N.G.; Silhavy, J.L.; Xue, Y,;
Kayserili, H.; Yasuno, K.; et al. CLP1 founder mutation links tRNA splicing and maturation to cerebellar
development and neurodegeneration. Cell 2014, 157, 651-663. [CrossRef] [PubMed]

Li, S.; Chen, Y,; Sun, D.; Bai, R.; Gao, X; Yang, Y.; Sheng, J.; Xu, Z. Angiogenin prevents progranulin A9D
mutation-induced neuronal-like cell apoptosis through cleaving tRNAs into tiRNAs. Mol. Neurobiol. 2018,
55,1338-1351. [CrossRef] [PubMed]

Huypens, P; Sass, S.; Wu, M.; Dyckhoff, D.; Tschop, M.; Theis, F.; Marschall, S.; Hrabe de Angelis, M.;
Beckers, J. Epigenetic germline inheritance of diet-induced obesity and insulin resistance. Nat. Genet. 2016,
48,497-499. [CrossRef] [PubMed]

De Castro Barbosa, T.; Ingerslev, L.R.; Alm, P.S.; Versteyhe, S.; Massart, J.; Rasmussen, M.; Donkin, I;
Sjogren, R.; Mudry, ].M.; Vetterli, L.; et al. High-fat diet reprograms the epigenome of rat spermatozoa and
transgenerationally affects metabolism of the offspring. Mol. Metab. 2016, 5, 184-197. [CrossRef] [PubMed]
Schuster, A.; Skinner, M.K,; Yan, W. Ancestral vinclozolin exposure alters the epigenetic transgenerational
inheritance of sperm small noncoding RNAs. Environ. Epigenet. 2016, 2, dvw001. [CrossRef] [PubMed]
Donkin, I.; Versteyhe, S.; Ingerslev, L.R.; Qian, K.; Mechta, M.; Nordkap, L.; Mortensen, B.; Appel, E.V,;
Jorgensen, N.; Kristiansen, V.B.; et al. Obesity and bariatric surgery drive epigenetic variation of spermatozoa
in humans. Cell Metab. 2016, 23, 369-378. [CrossRef] [PubMed]

Tomita, K.; Ogawa, T.; Uozumi, T.; Watanabe, K.; Masaki, H. A cytotoxic ribonuclease which specifically
cleaves four isoaccepting arginine tRNAs at their anticodon loops. Proc. Natl. Acad. Sci. USA 2000, 97,
8278-8283. [CrossRef] [PubMed]

Wang, J.; Czech, B.; Crunk, A.; Wallace, A.; Mitreva, M.; Hannon, G.J.; Davis, R.E. Deep small
RNA sequencing from the nematode Ascaris reveals conservation, functional diversification, and novel
developmental profiles. Genome Res. 2011, 21, 1462-1477. [CrossRef] [PubMed]

Garcia-Silva, M.R,; Frugier, M.; Tosar, ].P.; Correa-Dominguez, A.; Ronalte-Alves, L.; Parodi-Talice, A.;
Rovira, C.; Robello, C.; Goldenberg, S.; Cayota, A. A population of tRNA-derived small RNAs is actively
produced in Trypanosoma cruzi and recruited to specific cytoplasmic granules. Mol. Biochem. Parasitol. 2010,
171, 64-73. [CrossRef] [PubMed]

Fernandez-Calero, T.; Garcia-Silva, R.; Pena, A.; Robello, C.; Persson, H.; Rovira, C.; Naya, H.; Cayota, A.
Profiling of small RNA cargo of extracellular vesicles shed by Trypanosoma cruzi reveals a specific extracellular
signature. Mol. Biochem. Parasitol. 2015, 199, 19-28. [CrossRef] [PubMed]

Bellingham, S.A.; Coleman, B.M.; Hill, A.F. Small RNA deep sequencing reveals a distinct miRNA signature
released in exosomes from prion-infected neuronal cells. Nucleic Acids Res. 2012, 40, 10937-10949. [CrossRef]
[PubMed]

Garcia-Silva, M.R.; Cabrera-Cabrera, F.; Giiida, M.C.; Cayota, A. Novel aspects of tRNA-derived small RNAs
with potential impact in infectious diseases. Adv. Biosci. Biotechnol. 2013, 4, 17-25. [CrossRef]
Gebetsberger, J.; Zywicki, M.; Kunzi, A.; Polacek, N. tRNA-derived fragments target the ribosome and
function as regulatory non-coding RNA in Haloferax volcanii. Archaea 2012, 2012,260909. [CrossRef] [PubMed]
Dhahbi, J.M. 5’ trna halves: The next generation of immune signaling molecules. Front. Immunol. 2015, 6, 74.
[CrossRef] [PubMed]

Haiser, H.J.; Karginov, EV,; Hannon, G.J.; Elliot, M.A. Developmentally regulated cleavage of tRINAs in the
bacterium Streptomyces coelicolor. Nucleic Acids Res. 2008, 36, 732-741. [CrossRef] [PubMed]

@ © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1073/pnas.1604266113
http://www.ncbi.nlm.nih.gov/pubmed/27071132
http://dx.doi.org/10.1212/01.WNL.0000144344.39103.F6
http://www.ncbi.nlm.nih.gov/pubmed/15557516
http://dx.doi.org/10.1016/j.cell.2014.03.049
http://www.ncbi.nlm.nih.gov/pubmed/24766810
http://dx.doi.org/10.1007/s12035-017-0396-7
http://www.ncbi.nlm.nih.gov/pubmed/28127696
http://dx.doi.org/10.1038/ng.3527
http://www.ncbi.nlm.nih.gov/pubmed/26974008
http://dx.doi.org/10.1016/j.molmet.2015.12.002
http://www.ncbi.nlm.nih.gov/pubmed/26977389
http://dx.doi.org/10.1093/eep/dvw001
http://www.ncbi.nlm.nih.gov/pubmed/27390623
http://dx.doi.org/10.1016/j.cmet.2015.11.004
http://www.ncbi.nlm.nih.gov/pubmed/26669700
http://dx.doi.org/10.1073/pnas.140213797
http://www.ncbi.nlm.nih.gov/pubmed/10880568
http://dx.doi.org/10.1101/gr.121426.111
http://www.ncbi.nlm.nih.gov/pubmed/21685128
http://dx.doi.org/10.1016/j.molbiopara.2010.02.003
http://www.ncbi.nlm.nih.gov/pubmed/20156490
http://dx.doi.org/10.1016/j.molbiopara.2015.03.003
http://www.ncbi.nlm.nih.gov/pubmed/25795082
http://dx.doi.org/10.1093/nar/gks832
http://www.ncbi.nlm.nih.gov/pubmed/22965126
http://dx.doi.org/10.4236/abb.2013.45A002
http://dx.doi.org/10.1155/2012/260909
http://www.ncbi.nlm.nih.gov/pubmed/23326205
http://dx.doi.org/10.3389/fimmu.2015.00074
http://www.ncbi.nlm.nih.gov/pubmed/25745425
http://dx.doi.org/10.1093/nar/gkm1096
http://www.ncbi.nlm.nih.gov/pubmed/18084030
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	tRNA-Derived Small RNA Classification and Biogenesis 
	tRNA-Derived Stress-Induced RNA 
	tRNA-Derived Fragment 
	Effects of Transfer RNA Modification and Structure on tRNA-Derived Small RNA Biogenesis 

	Biological Roles and Mechanisms of Action of tRNA-Derived Small RNAs 
	Regulating mRNA Stability 
	Inhibiting Translation Initiation and Elongation 
	Regulating Ribosome Biogenesis 
	Functioning as a Novel Epigenetic Factor 
	Regulating RNA Reverse Transcription as a Guide RNA 
	Preventing Apoptosis by Binding to Cytochrome C 
	Immune Regulation 
	Other Possible Roles and Mechanisms of Action 

	Roles of tRNA-Derived Small RNA in Diseases 
	tRNA-Derived Small RNA and Cancer 
	tRNA-Derived Small RNA and Neurodegenerative Diseases 
	tRNA-Derived Small RNA and Acquired Metabolic Diseases 
	tRNA-Derived Small RNA and Infectious Diseases 

	Conclusions and Perspectives 
	References

