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Transfer RNA-derived small RNAs (tsRNAs) play a role in 
various cellular processes. Accumulating evidence has 
revealed that tsRNAs are deeply implicated in human 
diseases, such as various cancers and neurological disorders, 
suggesting that tsRNAs should be investigated to develop 
novel therapeutic intervention. tsRNAs provide more 
complexity to the physiological role of transfer RNAs by 
repressing or activating protein synthesis with distinct 
mechanisms. Here, we highlight the detailed mechanism 
of tsRNA-mediated dual regulation in protein synthesis and 
discuss the necessity of novel sequencing technology to learn 
more about tsRNAs.
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INTRODUCTION

Transfer RNAs (tRNAs) were initially identified to decode 

genetic information by delivering amino acids to growing 

polypeptide chains in ribosomes. A growing body of evidence 

shows that tRNAs have diverse noncanonical functions im-

plicated in cell proliferation, tumor metastasis, and neuronal 

homeostasis. tRNA fragments also contribute to the nonca-

nonical functions of tRNAs (Schimmel, 2017).

	 tRNA cleavage products had been considered as degra-

dation products for more than three decades. Recently, they 

were identified as functional non-coding RNAs and were 

called tsRNAs (tRNA-derived small RNAs), tRFs (tRNA-derived 

RNA fragments), or tiRNAs (tRNA-derived stress-induced 

RNAs) (Haussecker et al., 2010; Lee et al., 2009; Yamasaki 

et al., 2009). tsRNAs are produced by cleavage at specific 

sites in tRNAs or pre-tRNAs, and their expression does not 

correspond to cognate tRNA levels (Kumar et al., 2014a), 

demonstrating that tsRNAs are not degradation products but 

precisely regulated non-coding RNAs.

	 Several types of tsRNAs have been identified and found to 

play physiological roles in many cellular processes, including 

protein synthesis, inheritance, oncogene regulation, trans-

poson element regulation, and chromosome remodeling; 

however, their detailed mechanisms have not been fully 

determined (Kumar et al., 2016). They are also implicated in 

various human diseases, such as cancers and neuronal disor-

ders, suggesting that tsRNAs can be developed as biomarkers 

or therapeutic targets.

	 Interestingly, tsRNAs are more deeply involved in protein 

synthesis compared with other non-coding RNAs. They inhib-

it global translation by displacing translation initiation factors, 

displacing mRNA from the translation initiation complex, or 

binding to aminoacyl-tRNA synthetases (Gebetsberger et al., 

2017; Ivanov et al., 2011; 2014; Lyons et al., 2017; Mleczko 

et al., 2018). They also enhance mRNA translation by un-

folding the mRNA secondary structure during translation or 

interacting with polysomes or the human multisynthetase 

complex (Fricker et al., 2019; Keam et al., 2017; Kim et al., 

2017).

	 Here, we review the classification of tsRNAs and the de-

tailed mechanisms by which tsRNAs regulate protein synthe-
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sis and discuss the necessity of a novel sequencing method 

for RNAs bearing modified nucleotides.

tsRNA TYPES
tsRNAs are processed by cleavage at distinct positions in ma-

ture tRNAs or pre-tRNAs; thus, they are classified according 

to their cleavage site. tsRNAs are largely categorized into 5′

tsRNAs (tRF-5) and 3′tsRNAs (tRF-3) (Fig. 1) (Haussecker et 

al., 2010; Lee et al., 2009). In human kidney cells, 5′tsRNA 

begins with the 5′ end of mature tRNA and ends in various 

positions between D-loop and the anti-codon loop of mature 

tRNAs, producing 14-16 nucleotide (nt), 22-24 nt, or 28-35 

nt form (Kumar et al., 2014a). Different populations of 5′

tsRNAs were reported from prostate cancer and Haloferax 

volcanii, indicating that the complexity of 5′tsRNAs might 

depend on the cell type and species. 3′tsRNAs have relatively 

uniform length. Their 5′ ends are in the T-loop (18 or 22 nt) 

or anti-codon loop (30-35 nt), and their 3′ ends correspond 

to the 3′ termini of mature tRNA (Kumar et al., 2014a).

	 In particular, tsRNAs of 30-35 nt in length are referred to as 

tRNA halves because their length is nearly half of the length 

of mature tRNAs (Fig. 1) (Lee and Collins, 2005; Yamasaki 

et al., 2009). They are also called tiRNAs because they are 

induced under various stress conditions, such as amino acid/

glucose starvation, heat shock, hypoxia, or UV irradiation in 

many species (Elkordy et al., 2018; Fu et al., 2009; Goodarzi 

et al., 2015; Haiser et al., 2008; Jöchl et al., 2008; Lee and 

Collins, 2005; Levitz et al., 1990; Thompson et al., 2008).

	 There are two additional types of tsRNAs; however, their 

involvement in the regulation of protein synthesis remains 

unclear. One is derived from the internal body of mature 

tRNA straddling the anti-codon region (i-tRF or tRF-2), which 

has a heterogeneous length (Kumar et al., 2016; Telonis et 

al., 2015). The other is derived from the 3′-trailer sequence 

of pre-tRNA (Haussecker et al., 2010; Lee et al., 2009). The 

following websites provide information on the identified ts-

Fig. 1. tsRNA regulates mRNA translation with distinct mechanisms. (A) 18-nt TOG-contained 5′tsRNA binds to PABPC1 to displace 

PABPC1 and translation initiation factors from mRNA. (B) 20- to 22-nt 5′tsRNA binds to RPs, eIFs, and eEFs mRNAs and repress their 

translations. (C) TOG contained 5′tiRNAs are induced under various stresses and inhibit global translation by displacing eIF4F complex 

from mRNA and promoting SG formation. (D) 22-nt LeuCAG3′tsRNA is required for ribosome biogenesis. It enhances RPS28 mRNA 

translation by unfolding the secondary structure of target sites in RPS28 mRNA during translation. (E) tRNAThr 3′half stimulates protein 

synthesis by binding to ribosome and facilitating mRNA loading onto polysomes. 
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RNA population from multiple high-throughput sequencing 

data (Table 1) (Gupta et al., 2018; Kumar et al., 2014b; Pliat-

sika et al., 2018; Zheng et al., 2016).

NEGATIVE REGULATORS

Global translation inhibition under stress conditions
Cytoplasmic stress granules (SGs) are formed under stress 

conditions and reprogram cellular translation, which alleviate 

energy-consuming cellular processes including transcription 

and translation. Two different pathways generate SGs. One is 

dependent upon eukaryotic translation initiation factor (eIF) 

2α phosphorylation. Stress conditions allow eIF2α to be phos-

phorylated, which reduce ternary complexes (eIF2α-GTP-tR

NAiMet) and promote the formation of SGs in the cytoplasm 

(Anderson and Kedersha, 2008). The other SG-generating 

pathway is independent of eIF2α phosphorylation (Dang et 

al., 2006; Farny et al., 2009). This pathway is triggered by 

two kinds of compounds. One class inhibits the function of 

the RNA helicase eIF4A, inclduing 15-deoxy-Δ(12,14)-pros-

taglandin J2, pateamine A, hippuristanol, and silvestrol. The 

other class interferes with the interaction of eIF4E and eIF4G, 

containing sodium selenite, hydrogen peroxide, and tiRNAs 

(Panas et al., 2016).

	 tRNA cleavage generating tsRNAs (tiRNAs) under stress 

was initially considered as a cellular process that reduces 

the abundance of mature tRNA under stress conditions. 

However, the mature tRNA pool is not significantly altered 

even though the abundance of tiRNAs is markedly increased 

under stress conditions (Lee and Collins, 2005; Thompson 

et al., 2008; Yamasaki et al., 2009), indicating that cleavage 

events do not actually reduce the level of mature tRNA. In-

stead, the tiRNA themselves play a role in global translation 

inhibition under stress, which was originally observed in plant 

and human cells (Yamasaki et al., 2009; Zhang et al., 2009). 

In plants, 5′ and 3′tiRNAs or bigger tRNA fragments were 

found to be enriched in the phloem sap (PS) but not in the 

leaves of pumpkin plants. These fragments inhibited trans-

lation in an unspecific manner in an in vitro translation assay 

(Zhang et al., 2009).

	 tiRNA-mediated global translation inhibition was also 

observed in human U2OS cells by Anderson’s group. They 

identified the arsenite, heat shock, or ultraviolet irradiation 

induced tiRNAs and a secreted ribonuclease, angiogenin is 

a ribonuclease required for producing tiRNAs under stress 

conditions (Yamasaki et al., 2009). The transfection of 

angiogenin-induced endogenous tiRNAs was reported to 

cause phospho-eIF2α-independent translational suppression 

(Yamasaki et al., 2009). Angiogenin-induced 5′tiRNAs but 

not 3′tiRNAs displaced translation initiation factor eIF4A/

F/G from uncapped/capped mRNAs and induced phos-

pho-eIF2α-independent SG assembly (Emara et al., 2010; 

Ivanov et al., 2011). In particular, selected 5′tiRNAs (e.g., tiR-

NAAla and tiRNACys) bearing the terminal oligoguanine (TOG) 

motif (four to five guanine residues) at their 5′-termini were 

observed to form intermolecular RNA G-quadruplexes (RG4), 

which displaced translation initiation factor eIF4A/F/G from 

mRNAs (Ivanov et al., 2011; Lyons et al., 2017).

	 In addition, tiRNAs could interact with YB-1 protein to fa-

cilitate SG assembly (Emara et al., 2010; Ivanov et al., 2011; 

2014). YB-1 (YBX-1) is a Y-Box Binding protein 1, which is 

known to be a translation initiation repressor by preventing 

association of the eIF4G with mRNAs (Evdokimova et al., 

2001; Nekrasov et al., 2003). For example, tiRNAAla was 

found to spontaneously enter motor neurons by forming a 

G-quadruplex secondary structure and induce a neuroprotec-

tive response with YB-1 protein (Ivanov et al., 2014). Howev-

er, YB-1 protein appears dispensable for displacing translation 

initiation factors from mRNAs (Lyons et al., 2016), suggestive 

of the involvement of other factors or mechanisms.

Modification-dependent translational regulation
Bellodi’s group reported that 18 nt TOG-containing 5′tsRNAs 

with pseudouridine at the 8th uridine position could inhibit 

global translation, whereas normal uridine-bearing 18 nt 

TOG-containing 5′tsRNAs could not (Guzzi et al., 2018). 

These tsRNAs were observed to bind to polyadenylate-bind-

ing protein 1 (PABPC1) and lead to the displacement of 

PABPC1 and translation initiation factors from mRNAs. 

Psuedouridine was converted from uridine by pseudouridine 

synthetase (PUS7) and regulated translation and cell growth 

in embryonic and hematopoietic stem cells (Guzzi et al., 

2018). This finding suggested that tsRNAs’ functions might 

be differentially regulated by modifications of their bodies.

Sequence-specific translation inhibition
Lu’s group showed that 5′tsRNAs could regulate global trans-

lation by suppressing the mRNA translation of ribosomal pro-

teins (RPs), eukaryotic translation initiation factors (eIFs), or 

eukaryotic translation elongation factors (eEFs) in Drosophila 

melanogaster (Luo et al., 2018). They found that 20-22 nt 

tsRNAs occupied 30-50% of shorter than 30 nt tsRNAs and 

preferentially bound to Ago-1 and -2 proteins, which are es-

sential for microRNA-mediated gene silencing activity, based 

on the analysis of 495 public small RNA libraries. In contrast, 

23-29 nt tsRNAs were associated with Ago-3, AUB, and PIWI 

proteins, suggesting that tsRNA functions might differ based 

on their length and interacting proteins (Luo et al., 2018).

	 Transfection and polysome experiments with 20-22 nt 

tsRNAs beginning with the 4th-6th nt and ending with the 

Table 1. Publicly available tsRNA database

Website Website address Reference

tRFdb http://genome.bioch.virginia.edu/trfdb (Kumar et al., 2014b)

tRF2Cancer http://rna.sysu.edu.cn/tRFfinder (Zheng et al., 2016)

MINTbase v2.0 https://cm.jefferson.edu/MINTbase/ (Pliatsika et al., 2018)

PtRFdb http://223.31.159.8/PtRFdb/index.php (Gupta et al., 2018)

http://genome.bioch.virginia.edu/trfdb
http://rna.sysu.edu.cn/tRFfinder
https://cm.jefferson.edu/MINTbase/
http://223.31.159.8/PtRFdb/index.php
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23th-25th nt of mature tRNAs in S2 cells showed that these 

tsRNAs could decrease polysome levels, suggestive of global 

translation inhibition. Ribosome profile data demonstrated 

that these tsRNAs more efficiently suppressed the translation 

of mRNAs containing more target sites. Unlike microRNAs, 

the target sites of mRNAs are distributed through all regions 

of mRNAs, including the 5′-UTR (untranslated region), CDS 

(coding sequence), and 3′-UTR. In particular, mRNAs of RPs, 

eIFs, and eEFs have more target sites than other mRNAs. 

Ago-2 knockdown derepressed their translation rather than 

that of other mRNAs, demonstrating that Ago-2 is required 

for the tsRNA-mediated translational suppression. Although 

their mechanism of inhibiting translation differs from that of 

tiRNAs, these tsRNAs are also induced under serum starvation 

and inhibit global translation by suppressing the translation 

of RPs and translation initiation and elongation factors (Luo 

et al., 2018).

Translation inhibition by interacting with ribosomes or 
aminoacyl-tRNA synthetases
Polacek’s group identified 14 different 5′tsRNAs of 20-44 nt 

in length as stress-dependent ribosome-associated non-cod-

ing RNAs in Haloferax volcanii based on deep sequencing. 

ValGAC5′tsRNAs interacted with the 30S subunit and poly-

some under high pH stress and inhibited global mRNA trans-

lation by interfering with peptide bond formation in an in vitro 

assay (Gebetsberger et al., 2012). In addition, ValGAC5′tsRNAs 

competed with mRNAs for ribosome binding and displaced 

mRNAs from the translation initiation complex, leading to 

global translation inhibition in vivo and in vitro (Gebetsberger 

et al., 2017).

	 In yeast, tsRNAs were reported to bind to ribosome-as-

sociated aminoacyl-tRNA synthetases and inhibit in vitro 

translation by regulating tRNA aminoacylation with unknown 

mechanism (Mleczko et al., 2018).

POSITIVE REGULATORS

Sequence- and structure-dependent translational activa-
tion
Kay’s group reported that the 22 nt LeuCAG3′tsRNA en-

hanced the mRNA translation required for ribosome biogen-

esis (Kim et al., 2017). They evaluated a number of 3′tsRNAs 

and found that the 22 nt LeuCAG3′tsRNA was essential for 

human cancer cell viability based on the antisense-mediat-

ed inhibition and transfection of the tsRNA mimics. Unlike 

microRNAs, this tsRNA was not associated with any Ago 

proteins and did not exhibit gene-silencing activity. Instead, it 

optimized ribosomal protein S28 (RPS28) translation by bind-

ing to two target sites in RPS28 mRNA. One is in the CDS and 

the other is in the 3′-UTR in RPS28 mRNA. The CDS target 

site forms a double strand by itself, and the 3′-UTR target 

site forms a secondary structure with the region including the 

translation initiation site, implying that this tsRNA might bind 

the duplexed target sites in mRNA and unwind them during 

translation. The RPS28 mutant (in which the target sites 

were altered) and icSHAPE (in vivo click selective 2′-hydroxyl 

acylation and profiling experiment) demonstrated that the 

LeuCAG3′tsRNA bound to double-stranded target sites in 

RPS28 mRNA and unfolded their secondary structure during 

translation in human cancer cells (Kim et al., 2017).

	 Since RPS28 is required for 18S rRNA (ribosomal RNA) 

biogenesis and is a component of the 40S ribosomal subunit 

(Robledo et al., 2008), the inhibition of LeuCAG3′tsRNA 

could impair ribosome biogenesis and in turn resulted in a 

decrease of cell viability, leading to apoptosis in cancer cells, 

such as HeLa and HCT-116 (human cervical and colon cancer 

cell lines, respectively) (Kim et al., 2017). The LeuCAG3′tsR-

NA was observed to be highly expressed in mouse hepatocel-

lular carcinoma cells compared with normal mouse liver cells, 

suggesting the possibility that this tsRNA could be used as a 

therapeutic target for hepatocellular carcinoma treatment. 

The authors inhibited the LeuCAG3′tsRNA in patient-derived 

orthotopic hepatocellular carcinoma in mouse xenograft 

model using a modified antisense oligonucleotide and ob-

served that patient-derived tumors in which the LeuCAG3′

tsRNA was inhibited underwent apoptosis and showed sup-

pressed tumor growth (Kim et al., 2017). This finding pro-

vided an additional layer to complex translational regulation 

and demonstrated that the LeuCAG3′tsRNA could be novel 

potential therapeutic target for cancer treatment.

	 The authors claimed that the LeuCAG3′tsRNA selected 

target sites based on favorable minimal free energy and their 

double-stranded nature. However, more efforts are needed 

to elucidate the detailed mechanism by which the LeuCAG3′

tsRNA selects target sites and unfolds the secondary structure 

of target mRNAs.

Translational activation by interacting with ribosomes or 
aminoacyl-tRNA synthetases
Polacek’s group also identified the translational activating 

function of tsRNAs from Trypanosoma brucei (Fricker et al., 

2019). They analyzed small non-coding RNA interactomes of 

ribosomes during different growth conditions and life stages 

of T. brucei and found that tRNAThr 3′half was highly accu-

mulated under nutrient deprivation conditions and the sta-

tionary phase of procyclic T. brucei. In contrast, tRNAAla5′half 

showed different expression pattern, which accumulated un-

der normal growth conditions but disappeared under starved 

conditions in procyclic and bloodstream T. brucei. Polysome 

profiles with sucrose gradients demonstrated that transla-

tion was globally suppressed and that 3′tRNA half bound to 

ribosomes and polysomes under starved conditions. In vivo 

and in vitro translation experiments demonstrated that the 

ribosome-bound tRNA halves stimulated protein synthesis by 

facilitating mRNA loading onto actively translating ribosomes 

(Fricker et al., 2019). This is the first evidence that tiRNA can 

activate global translation.

	 Hutvagner’s group also reported the translational activa-

tion of tsRNAs. They performed immunoprecipitation and a 

mass spectrometry using SILAC (stable isotope labeling with 

amino acids in cell culture) and demonstrated that the 19 nt 

5′tRF Gln19 was associated with the human multisynthetase 

complex and increased ribosomal and poly(A)-binding pro-

tein translation (Keam et al., 2017). However, the detailed 

mechanism needs to be determined.
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CONCLUSION AND FUTURE PERSPECTIVES

tsRNAs are classified into various types and exert diverse func-

tions in the regulation of gene expression and maintenance 

of cellular homeostasis. Especially, tsRNAs can suppress or ac-

tivate mRNA translation with distinct mechanisms dependent 

on or independent of the target sequence/structure, whereas 

microRNAs and piRNAs suppress mRNA levels at the tran-

scriptional or posttranscriptional levels. The understanding of 

the detailed mechanism by which tsRNAs regulate translation 

is critically important for the therapeutic application of tsR-

NAs. However, the modifications of tsRNAs may impede the 

investigation of tsRNAs. tRNAs have 92 different modified 

nucleotides and an average of 11-13 modifications per mol-

ecule (Phizicky and Hopper, 2010), which can interfere with 

cDNA synthesis during tsRNA library preparation, resulting in 

incorrect sequencing results (Cozen et al., 2015; Kim et al., 

2017; Zheng et al., 2015). Most of the sequencing data of 

tsRNAs are obtained from conventional sequencing methods, 

indicating that current sequencing data may mislead tsR-

NA-research direction. Only sequencing data of tsRNAs gen-

erated from the 3′-trailer sequence of the pre-tRNA might be 

reliable because 3′-trailer sequence are unmodified or very 

little modified.

	 Thus far, there are two sequencing methods for overcom-

ing methylation of tRNAs. Lowe’s and Pan’s groups separately 

developed demethylase sequencing methods that can re-

move methylation on tRNAs (Cozen et al., 2015; Zheng et 

al., 2015). However, as tsRNAs are subjected to various mod-

ifications as well as methylation, novel sequencing methods 

must be developed to accurately analyze tsRNA sequence 

and its expression. All of these efforts would contribute to 

the development of novel diagnostic markers and therapeutic 

targets.

Disclosure
The author has no potential conflicts of interest to disclose.

ACKNOWLEDGMENTS
This research was supported by the Chung-Ang University 

Research Grants in 2019.

ORCID
Hak Kyun Kim	 https://orcid.org/0000-0002-7709-7870

REFERENCES

Anderson, P. and Kedersha, N. (2008). Stress granules: the Tao of RNA 
triage. Trends Biochem. Sci. 33, 141-150.

Cozen, A.E., Quartley, E., Holmes, A.D., Hrabeta-Robinson, E., Phizicky, 
E.M., and Lowe, T.M. (2015). ARM-seq: AlkB-facilitated RNA methylation 
sequencing reveals a complex landscape of modified tRNA fragments. 
Nat. Methods 12, 879-884.

Dang, Y., Kedersha, N., Low, W.K., Romo, D., Gorospe, M., Kaufman, R., 
Anderson, P., and Liu, J.O. (2006). Eukaryotic initiation factor 2alpha-
independent pathway of stress granule induction by the natural product 
pateamine A. J. Biol. Chem. 281, 32870-32878.

Elkordy, A., Mishima, E., Niizuma, K., Akiyama, Y., Fujimura, M., Tominaga, 
T., and Abe, T. (2018). Stress-induced tRNA cleavage and tiRNA generation 
in rat neuronal PC12 cells. J. Neurochem. 146, 560-569.

Emara, M.M., Ivanov, P., Hickman, T., Dawra, N., Tisdale, S., Kedersha, N., 
Hu, G.F., and Anderson, P. (2010). Angiogenin-induced tRNA-derived 
stress-induced RNAs promote stress-induced stress granule assembly. J. 
Biol. Chem. 285, 10959-10968.

Evdokimova, V., Ruzanov, P., Imataka, H., Raught, B., Svitkin, Y., Ovchinnikov, 
L.P., and Sonenberg, N. (2001). The major mRNA-associated protein YB-1 
is a potent 5' cap-dependent mRNA stabilizer. EMBO J. 20, 5491-5502.

Farny, N.G., Kedersha, N.L., and Silver, P.A. (2009). Metazoan stress granule 
assembly is mediated by P-eIF2alpha-dependent and -independent 
mechanisms. RNA 15, 1814-1821.

Fricker, R., Brogli, R., Luidalepp, H., Wyss, L., Fasnacht, M., Joss, O., Zywicki, 
M., Helm, M., Schneider, A., Cristodero, M., et al. (2019). A tRNA half 
modulates translation as stress response in Trypanosoma brucei. Nat. 
Commun. 10, 118.

Fu, H., Feng, J., Liu, Q., Sun, F., Tie, Y., Zhu, J., Xing, R., Sun, Z., and Zheng, X. 
(2009). Stress induces tRNA cleavage by angiogenin in mammalian cells. 
FEBS Lett. 583, 437-442.

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

Gebetsberger, J., Zywicki, M., Künzi, A., and Polacek, N. (2012). tRNA-
derived fragments target the ribosome and function as regulatory non-
coding RNA in haloferax volcanii. Archaea 2012, 260909.

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

Gupta, N., Singh, A., Zahra, S., and Kumar, S. (2018). PtRFdb: a database for 
plant transfer RNA-derived fragments. Database (Oxford) 2018, 1-8.

Guzzi, N., Cieśla, M., Ngoc, P.C.T., Lang, S., Arora, S., Dimitriou, M., Pimková, 
K., Sommarin, M.N.E., Munita, R., Lubas, M., et al. (2018). Pseudouridylation 
of tRNA-derived fragments steers translational control in stem cells. Cell 
173, 1204-1216.

Haiser, H.J., Karginov, F.V., Hannon, G.J., and Elliot, M.A. (2008). 
Developmentally regulated cleavage of tRNAs in the bacterium 
Streptomyces coelicolor. Nucleic Acids Res. 36, 732-741.

Haussecker, D., Huang, Y., Lau, A., Parameswaran, P., Fire, A.Z., and Kay, 
M.A. (2010). Human tRNA-derived small RNAs in the global regulation of 
RNA silencing. RNA 16, 673-695.

Ivanov, P., Emara, M.M., Villen, J., Gygi, S.P., and Anderson, P. (2011). 
Angiogenin-induced tRNA fragments inhibit translation initiation. Mol. 
Cell 43, 613-623.

Ivanov, P., O'Day, E., Emara, M.M., Wagner, G., Lieberman, J., and Anderson, 
P. (2014). G-quadruplex structures contribute to the neuroprotective 
effects of angiogenin-induced tRNA fragments. Proc. Natl. Acad. Sci. U. S. 
A. 111, 18201-18206.

Jöchl, C., Rederstorff, M., Hertel, J., Stadler, P.F., Hofacker, I.L., Schrettl, M., 
Haas, H., and Hüttenhofer, A. (2008). Small ncRNA transcriptome analysis 
from Aspergillus fumigatus suggests a novel mechanism for regulation of 
protein synthesis. Nucleic Acids Res. 36, 2677-2689.

Keam, S.P., Sobala, A., Ten Have, S., and Hutvágner, G. (2017). tRNA-
derived RNA fragments associate with human multisynthetase complex 
(MSC) and modulate ribosomal protein translation. J. Proteome Res. 16, 
413-420.

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

Kumar, P., Anaya, J., Mudunuri, S.B., and Dutta, A. (2014a). 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. 12, 78.

Kumar, P., Kuscu, C., and Dutta, A. (2016). Biogenesis and function of 



692  Mol. Cells 2019; 42(10): 687-692  

tsRNA-Mediated mRNA Translation Regulation
Hak Kyun Kim

transfer RNA-related fragments (tRFs). Trends Biochem. Sci. 41, 679-689.

Kumar, P., Mudunuri, S.B., Anaya, J., and Dutta, A. (2014b). tRFdb: a 
database for transfer RNA fragments. Nucleic Acids Res. 43, D141- D145.

Lee, S.R. and Collins, K. (2005). Starvation-induced cleavage of the tRNA 
anticodon loop in Tetrahymena thermophila. J. Biol. Chem. 280, 42744-
42749.

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

Levitz, R., Chapman, D., Amitsur, M., Green, R., Snyder, L., and Kaufmann, G. 
(1990). The optional E. coli prr locus encodes a latent form of phage T4-
induced anticodon nuclease. EMBO J. 9, 1383-1389.

Luo, S., He, F., Luo, J., Dou, S., Wang, Y., Guo, A., and Lu, J. (2018). 
Drosophila tsRNAs preferentially suppress general translation machinery 
via antisense pairing and participate in cellular starvation response. 
Nucleic Acids Res. 46, 5250-5268.

Lyons, S.M., Achorn, C., Kedersha, N.L., Anderson, P.J., and Ivanov, P. 
(2016). YB-1 regulates tiRNA-induced Stress Granule formation but not 
translational repression. Nucleic Acids Res. 44, 6949-6960.

Lyons, S.M., Gudanis, D., Coyne, S.M., Gdaniec, Z., and Ivanov, P. (2017). 
Identification of functional tetramolecular RNA G-quadruplexes derived 
from transfer RNAs. Nat. Commun. 8, 1127.

Mleczko, A.M., Celichowski, P., and Bąkowska-Żywicka, K. (2018). Transfer 
RNA-derived fragments target and regulate ribosome-associated 
aminoacyl-transfer RNA synthetases. Biochim. Biophys. Acta Gene Regul. 
Mech. 1861, 647-656.

Nekrasov, M.P., Ivshina, M.P., Chernov, K.G., Kovrigina, E.A., Evdokimova, 
V.M., Thomas, A.A.M., Hershey, J.W.B., and Ovchinnikov, L.P. (2003). The 
mRNA-binding protein YB-1 (p50) prevents association of the eukaryotic 
initiation factor eIF4G with mRNA and inhibits protein synthesis at the 
initiation stage. J. Biol. Chem. 278, 13936-13943.

Panas, M.D., Ivanov, P., and Anderson, P. (2016). Mechanistic insights into 
mammalian stress granule dynamics. J. Cell Biol. 215, 313-323.

Phizicky, E.M. and Hopper, A.K. (2010). tRNA biology charges to the front. 
Genes Dev. 24, 1832-1860.

Pliatsika, V., Loher, P., Magee, R., Telonis, A.G., Londin, E., Shigematsu, 
M., Kirino, Y., and Rigoutsos, I. (2018). MINTbase v2.0: a comprehensive 
database for tRNA-derived fragments that includes nuclear and 
mitochondrial fragments from all The Cancer Genome Atlas projects. 
Nucleic Acids Res. 46, D152-D159.

Robledo, S., Idol, R.A., Crimmins, D.L., Ladenson, J.H., Mason, P.J., and 
Bessler, M. (2008). The role of human ribosomal proteins in the maturation 
of rRNA and ribosome production. RNA 14, 1918-1929.

Schimmel, P. (2017). The emerging complexity of the tRNA world: 
mammalian tRNAs beyond protein synthesis. Nat. Rev. Mol. Cell Biol. 19, 
45-58.

Telonis, A.G., Loher, P., Honda, S., Jing, Y., Palazzo, J., Kirino, Y., and 
Rigoutsos, I. (2015). Dissecting tRNA-derived fragment complexities 
using personalized transcriptomes reveals novel fragment classes and 
unexpected dependencies. Oncotarget 6, 24797-24822.

Thompson, D.M., Lu, C., Green, P.J., and Parker, R. (2008). tRNA cleavage 
is a conserved response to oxidative stress in eukaryotes. RNA 14, 2095-
2103.

Yamasaki, S., Ivanov, P., Hu, G.F., and Anderson, P. (2009). Angiogenin 
cleaves tRNA and promotes stress-induced translational repression. J. Cell 
Biol. 185, 35-42.

Zhang, S., Sun, L., and Kragler, F. (2009). The phloem-delivered RNA pool 
contains small noncoding RNAs and interferes with translation. Plant 
Physiol. 150, 378-387.

Zheng, G., Qin, Y., Clark, W.C., Dai, Q., Yi, C., He, C., Lambowitz, A.M., 
and Pan, T. (2015). Efficient and quantitative high-throughput tRNA 
sequencing. Nat. Methods 12, 835-837.

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


