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Abstract 

tRNA-derived fragments (tRFs) are an emerging category of small non-coding RNAs that are generated from cleavage 
of mature tRNAs or tRNA precursors. The advance in high-throughput sequencing has contributed to the identifica-
tion of increasing number of tRFs with critical functions in distinct physiological and pathophysiological processes. 
tRFs can regulate cell viability, differentiation, and homeostasis through multiple mechanisms and are thus consid-
ered as critical regulators of human diseases including cancer. In addition, increasing evidence suggest the extracel-
lular tRFs may be utilized as promising diagnostic and prognostic biomarkers for cancer liquid biopsy. In this review, 
we focus on the biogenesis, classification and modification of tRFs, and summarize the multifaceted functions of tRFs 
with an emphasis on the current research status and perspectives of tRFs in cancer.

Keywords tRNA-derived fragments, tRNA halves, Cancer, Biomarker

Introduction
Transfer RNAs (tRNAs) are among the most abundant 
non-coding RNAs (ncRNAs), constituting 4–10% of all 
cellular RNAs [1]. tRNAs play crucial roles in protein 
translation by recognizing mRNA codons and transfer-
ring specific amino acids to ribosomes for polypeptide 
chain elongation. Beyond their canonical role in trans-
lation, tRNAs also serve as regulators during multiple 

cellular processes, such as modulating pro-metastatic 
gene expression [2], regulating neuronal homeosta-
sis with specific isodecoders [3] and mobilizing adap-
tive translation by base modifications [4, 5]. In 2009, 
Lee et al. first reported a novel class of small RNAs with 
second abundance only to miRNAs, termed as tRNA-
derived fragments (tRFs) [6]. These fragments are prod-
ucts of tRNA precursors or mature tRNAs cleaved by 
different ribonucleases at specific positions [6].With the 
rapid advancement of high-throughput RNA sequencing, 
increasing amounts of these small RNAs have been dis-
covered [7, 8]. Although tRFs have long been neglected 
as futile degradation intermediate or by-products of ran-
dom cleavage, accumulating evidence confirm that tRFs 
are functional and are associated with diverse human 
diseases, including cancer [9–12]. This review will sum-
marize the most recent discoveries of tRF biogenesis, 
classification, modification and biological functions. 
Furthermore, we highlight the emerging roles of tRFs as 
biomarkers and therapeutic targets in cancer, hoping to 
provide novel insights into strategies for cancer diagnosis 
and treatment.
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Biogenesis and classification of tRFs
In 1958, Zamecnik and Hoagland found transfer RNA 
that could transfer 14C-labeled amino acids to synthe-
sized proteins [13]. In the nucleus, the precursor tRNAs 
(pre-tRNAs) are first transcribed from tRNA genes by 
RNA polymerase III followed by ribonuclease P and ribo-
nuclease Z cleavage of the 5’ leader and 3’ tail sequences 
[14, 15]. The pre-tRNAs undergo splicing of intron by 
tRNA endonucleases, attachment of a CCA sequence 
at the 3 termini and further modifications during tRNA 
maturation [16–18]. Conventional tRNAs are 75–93 
nt long and highly conserved with four arms (stem and 
loop): the D-arm, anticodon arm, TψC arm, acceptor 
arm, and variable arm [19, 20]. tRNAs can be cleaved by 
different ribonucleases at specific positions, thus gen-
erating various tRFs [6]. The biogenesis procedure and 

classification of tRFs are illustrated in Fig. 1. As classified 
by MINTbase[17], mature tRNAs can generate 5 sub-
types of tRFs: 5’-half, 3’-half, 5’-tRF, 3’-tRF and i-tRF [21].

5’‑halves and 3’‑halves
tRNA halves are generated by the cleavage at the anti-
codon site of mature tRNAs. Depending on the relative 
side of their body against the anti-codon cleavage site, 
tRNA halves are divided into two subgroups: i) 5’-half, 
30–35 nt in length ranging from the 5’ end to the antico-
don loop, and ii) 3’-half, 40–50 nt in length ranging from 
the anticodon loop to the 3’ end [22]. Intriguingly, tRNA 
halves are often produced asymmetrically, resulting in a 
much higher abundance of 5’-halves than 3’-halves [23, 
24]. Under various stress conditions such as heat shock, 
UV irradiation, hypoxia, arsenite, amino acid starvation, 
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Fig. 1 Biogenesis and classification of tRFs. Pre-tRNAs are first transcribed from tRNA genes by RNA polymerase III in the nucleus, followed by 
cleavage of RNase P and RNase Z at the 5’ and 3’ ends, respectively. The pre-tRNAs undergo splicing of intron by tRNA endonucleases, attachment of 
CCA sequence at 3’ end and further modifications to achieve tRNA maturation. Based on the incision site of mature tRNAs, tRFs can be divided into 
5’-halves, 3’-halves, 5’-tRFs, 3’-tRFs, and i-tRFs. The cleavage of pre-tRNAs also generates tRFs
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and viral infection, a specific subtype of tRNA halves is 
usually produced, termed as tRNA-derived stress-induc-
ible RNAs (tiRNAs) [12, 25, 26]. The distinction between 
tRNA halves and another tiRNA (transcription initiation 
RNA) should be noticed [27]. The generation of tRNA 
halves relies on the catalysis of particular endonucle-
ases including angiogenin (ANG) in mammals or Rny1p 
in yeast [23, 28]. ANG belongs to the RNase A nuclease 
family, whose cleavage leaves a cyclic phosphate at the 3’ 
end of 5’-half and hydroxyl at the 5’ end of 3’-half [23]. 
Therefore, conventional sequencing protocols are unable 
to analyze ANG-induced 5’-halves. Treatment with T4 
polynucleotide kinase (PNK) can convert the cyclic phos-
phates to 3’-OH and add a 5’-terminal phosphate, thus 
facilitating adapter ligation for effective RNA sequenc-
ing [29]. Interestingly, a recent study revealed that 
ANG-knockout only altered the expression of two tRNA 
halves (the 5’-half from  tRNAHisGTG  and the 3’-half from 
 tRNAAspGTC ), with the majority of stress-induced tRNA 
halves remaining unchanged [30]. This finding suggests 
that ANG only contributes to partial production of tRNA 
halves, indicating the existence of other endonucleases 
involved.

tRNA halves are reported to be mainly located in 
the cytoplasm [31, 32]. Under stress conditions, ANG 
travels from the nucleus and accumulates in the cyto-
plasm, cutting mature tRNAs to produce tRNA halves. 
Increasing evidence reveal that tRNA halves can also 
be produced in stress-independent manners. Honda 
and coworkers found sex hormones and their receptors 
could induce angiogenin-mediated cleavage of the anti-
codon loop from aminoacylated mature tRNAs, forming 
a novel type of tRF, termed as sex hormone-dependent 
tRNA-derived RNAs (SHOT-RNAs) [33]. The difference 
between SHOT-RNAs and canonical tRNA halves lies in 
the 2’, 3’-cyclicphosphate instead of a hydroxyl group at 
the 3’end of 5’-halves, and an amino acid attached to the 
3’ end of the 3’- halves [33]. Another tRNA half named 
 tRNAPro 5’ half does not show stress-dependent expres-
sion either, suggesting the presence of alternative biogen-
esis pathways [34].

5’‑tRFs and 3’‑tRFs
5’-tRFs are generated by cleavage on the D-loop, D stem or 5’ 
half of the anticodon stem of tRNAs [35]. The role of Dicer in 
generating 5’-tRFs is debatable. Cole and coworkers provided 
the evidence of Dicer involvement in processing 5’-tRFs 
derived from  tRNAGln by observing a significant decrease of 
these tRFs after Dicer knockdown [36]. Since Dicer canoni-
cally corresponds to double-stranded structures, in some 
cases the cloverleaf tRNAs may refold into stem-loop hair-
pins to serve as Dicer substrate with unknown mechanisms 
[37]. On the contrary, a more recent study showed that Dicer 

is dispensable for the biogenesis of most 5’-tRFs [38]. The 
difference in incision loci leads to three subtypes of 5’-tRFs 
with varying length: i) type a (14–16 nt), ii) type b (22–24 
nt), and iii) type c (28–30 nt), with the cleavage sites for type 
a, b, and c located in the D loop, D stem, and the 5’ half of 
the anticodon stem, respectively [35]. 3’-tRFs can be pro-
duced in Dicer-dependent or Dicer-dependent manners. 
Dicer, angiogenin, or other RNases cleave on the TψC loop 
to generate two subtypes of 3’-tRFs: i) type a (~ 18 nt) and ii) 
type b (~ 22nt), with the length ranging from 13 to 22 nt [35]. 
The 5’-tRFs mainly exist in the nucleus, while 3’-tRFs mostly 
reside in the cytoplasm [35, 39].

i‑tRFs
i-tRFs originate from the internal zone of mature tRNAs 
but does not extend to their 5’ end and 3’ end [40]. Dif-
ferent cleavage starting sites corresponding to different 
i-tRF subtypes: i-tRFs cleaved at the beginning of the 
anti-codon loop and overlap with the anticodon loop, 
i-tRFs formed by cutting the D-stem and contain the 
D-loop, i-tRFs generated by cleavage at the variable loop 
and overlap with the variable loop, i-tRFs with an antico-
don loop and a stem structure, and etc. [41, 42]. Telonis 
et al. tended to divide i-tRFs into six subtypes based on 
the location of the 5’terminus at region A to D, A loop 
or D loop [43]. Certain i-tRFs derived from  tRNAGlu, 
 tRNAAsp,  tRNAGly, and  tRNATyr are induced during 
hypoxic conditions in breast cancer cells [42]. The ribo-
nucleases involved in generating i-tRFs remain unknown.

tRFs from pre‑tRNAs
Apart from the standard classification of tRFs by MINT-
base [21], there are atypical classes of tRFs generated 
from pre-tRNAs. tRF-1  s are derived from the 3’ trailer 
fragment of precursor tRNAs trimmed by RNaseZ or its 
cytoplasmic homologous endonuclease ElaC ribonucle-
ase Z 2 (ELAC2) [44]. tRF-1  s 16–48 nt in length start 
after the 3’ end of the mature tRNA before CCA addition 
and end with a ‘poly-U’ sequence (UUUUU, AUCUU, 
UUCUU, or GUCUU) [45]. Though originated from pre-
tRNAs, tRF-1  s are mostly cytoplasmic [44]. Therefore, 
the tRF-1  s are believed to be translocated to the cyto-
plasm after generation in the nucleus [46]. However, it 
is also reported that tRF-1 s are produced and regulated 
by ELAC2 directly in the cytoplasm, e.g., tRF-1001 [6]. 
5’U-tRFs, mostly 17 nt in length, are processed from the 
pre-tRNA 5’ leader sequences of various tRNAs [41]. 
They were identified by mapping the sequencing reads 
of RNA from human prostate cancer tissues to a tRNA 
reference database [41]. The abundance of tRF-1 and 5’U-
tRF is generally lower than 5’-tRF and 3’-tRF [6, 41]. The 
pre-tRNAs also generate another type of tRF, named 5’ 
leader-exon tRF [47]. These 5’ leader-exon tRFs start 
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from the very beginning of the 5’ leader sequence and 
contain the 5’ exon sequence of the pre-tRNAs [47]. Inac-
tivation of RNase CLP1 kinase activity leads to the poor 
generation of tRNA exon halves but the accumulation of 
5’ leader-exon tRF in motor neurons, possibly caused by 
the defect in tRNA exon ligation in a CLP1 kinase-dead 
background driven by oxidative stress [47].

tRNA modification in tRF biogenesis
The underlying mechanisms regulating tRFs biogen-
esis remain unclear. However, emerging evidence prove 
that the modifications of tRNAs not only influence the 
stability and function of tRNAs but also regulate tRF 
biogenesis.

Methylation
Methylation is the most prominent post-transcriptional 
modification of tRNAs. The DNA methyltransferase 2 
(DNMT2) methylates C5 at cytosine residues (m5C) 
of specific tRNAs at cytosine 38 (C38) [48]. Deletion of 
Dnmt2 could induce the loss of m5C at the C38 position, 
leading to enhanced stability of tRFs against RNase degra-
dation [49]. Similarly, NOP2/Sun RNA methyltransferase 
2 (NSUN2) and tRNA methyltransferase 2 homolog A 
(TRMT2A) performs post-transcriptional methylation of 
tRNAs at m5C and 5-methyluridine (m5U) respectively 
[24, 50]. Deletion of NSUN2 and TRMT2A induces angi-
ogenin overexpression and accumulation of tiRNAs [24, 
50]. Besides, bicoid interacting 3 domain containing RNA 
methyltransferase (BCDIN3D) mediates the phospho-
methylation of  tRNAHis, resulting in increased resistance 
against Dice and regulation of 3’-tRF formation [51]. On 
the other hand, demethylases ALKBH1 and ALKBH3 can 
remove the methyl group of m1A in tRNAs, which har-
bor increased sensitivity to the cleavage of angiogenin to 
produce tRFs [52, 53].

Pseudouridylation
Pseudouridylation (Ψ) is driven by evolutionarily con-
served pseudouridine synthases (PUSs), with psuedouri-
dine converted from uridine by pseudouridine synthetase 
(PUS7) [54]. In human embryonic stem cells (hESCs), 
PUS7 binds to distinct tRNAs and controls the biogenesis 
of certain tRFs [54]. The deletion of PUS7 results in Ψ 
loss of tRNAs, leading to the decreased expression of cer-
tain 5’-tRFs derived from tRNAs containing a 5’ terminal 
oligoguanine (TOG), such as tRNA-Ala, tRNA-Cys, and 
tRNA-Val [54].

Queuosine modification
Queuosine (Q) is a hypermodified 7-deaza-guanosine 
which substitute guanine at the wobble position 34 of 

 tRNAHis,  tRNAAsn,  tRNATyr, and  tRNAAsp with 5’GUN 
anticodons [55]. In human, Q modification is accom-
plished by the incorporation of queuine into the wob-
ble anticodon nucleotide by the heterodimeric enzyme 
of QTRT1/QTRT2. Q modification can directly protect 
cognate  tRNAHis and  tRNAAsn from angiogenin cleavage 
in HEK293T cells [56]. Intriguingly, Q modification may 
directly affect the Dnmt2-dependent  m5C38 modifica-
tion in  tRNAAsp of fission yeast, indicating the crosstalk 
between different modification types [57, 58].

2’‑O‑methylation
Methylation of ribose at 2’-OH group can occur in all 
four nucleotides and other non-canonical nucleotides. 
Therefore, 2’-O-methylation in cellular RNAs is widely 
spread in all domains of life. In bacteria, the tRNA halves 
originated from  tRNAAsp and  tRNAArg by ribotoxins can 
be further repaired by Pnkp/Hen1 heterotetramer to 
produce full-length tRNAs with 2’-O-methylation at the 
cleavage site, which enhances tRNA resistance against 
ribotoxins [59]. Furthermore, 2’-O-methylation of the 
wobble cytidine at C34 in HAP1 cells protects human 
elongator  tRNAMet (CAT) from endonucleolytic cleavage 
by angiogenin [60]. 2’-O-methylation limits the endonu-
cleolytic cleavage of  tRNAPhe by TRM7/FTSJ1 and sta-
bilizes  tRNAPhe fragments in Drosophila [61]. Besides, 
bacterial tRNA 2’-O-methylation is recently found 
dynamically regulated under stress conditions [62], fur-
ther indicating the association between this type of mod-
ification and stress-induced tRF biogenesis.

Apart from the modifications mentioned above, more 
types of modifications involved in tRFs needs to be 
unveiled. The mechanism of these modifications affect-
ing tRF biogenesis is not well characterized. One possi-
ble explanation is that the structures of modified tRNAs 
are too tight or stable for nucleases to access. However, 
whether this procedure is totally the consequence of 
RNA folding or there are proteins participate in needs 
further investigation.

tRF function
Although the investigation of tRF biology is still in its 
infancy, emerging evidence has revealed the diverse func-
tional roles of tRFs. The distinct functionalities of tRFs 
are illustrated in Fig. 2.

Nascent RNA silencing
The mechanism of nuclear RNA interference is con-
troversial, due to the skepticism over the presence of 
nuclear RNAi factors and technical difficulties [63]. 
Very recently, a novel nascent RNA silencing mecha-
nism of Dicer-dependent tRFs has been reported [9]. 
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The Dicer-generated tRFs associate with AGO2 pro-
teins and target introns of nascent RNA through base 
pairing, followed by AGO2 slicing and the translational 
prevention. Unlike post-transcriptional/transcriptional 
gene silencing, nascent RNA silencing takes place in 
nuclei and has no effect on the transcriptional level of 
target genes. Of note, the single-stranded tRFs directly 
bind to nuclear AGO2, coherent with the previously 
reported absence of duplex RNA in nuclear RNAi pro-
gress, probably due to the lack of RISC loading and 
maturation factors in the nucleus [64]. However, the 
entrance of tRF to RISC regardless of its single-strand 
characteristic remains enigmatic.

Transcriptional regulation
Pekarsky et  al. performed an RNA immunoprecipita-
tion and revealed that ts-53 and ts-101 were detected 
in complexes containing AGO1 and AGO2 and in com-
plexes containing Piwi-L2, indicating that tRFs are capa-
ble of associating with both AGO and Piwi proteins [65]. 
However, the evidence is inadequate for the definition of 
these fragments as functional PIWI-interacting RNAs 
(piRNAs), as proposed by Genzor et al. [66]. Zhang and 
coworkers discovered a 5’-tRF, tRNA-Glu-derived piRNA 
(td-piR (Glu)), which could bind to PIWIL4 and recruit 
SETDB1, SUV39H1, and heterochromatin protein 1β 
(HP1β) to the CD1A promoter region, thus facilitating 
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H3K9 methylation and significantly inhibiting CD1A 
transcription in human monocytes [67]. Besides, Chen 
et  al. suggested that sperm tRFs preferentially bind to 
promoter regions rather than coding regions to facilitate 
regulation of downstream genes, resulting in altered met-
abolic trait inheritance and embryonic development [68].

Post‑transcriptional gene silencing
Since tRFs share similar length distribution with miR-
NAs and bear satisfactory sequence complementarity for 
mRNAs, the preliminary studies mainly focus on their 
miRNA-like roles in post-transcriptional gene silencing. 
The meta-analysis of human photoactivatable-ribonucle-
oside-enhanced crosslinking and immunoprecipitation 
(PAR-CLIP) data from Kumar et  al. showed a promi-
nent preference for 5’-tRFs and 3’-tRFs to associate with 
AGO1, 3, and 4 rather than AGO2, while there is almost 
no incorporation for tRF-1 s with all four AGOs [35]. The 
comparable read counts and positional T to C mutational 
frequency of 5’-tRFs and 3’-tRFs indicate that these tRFs 
associate with AGOs in a manner similar to miRNAs 
to regulate gene silencing [35]. The preference for tRFs 
with certain AGOs was later found to be modulated in 
an age-dependent manner in Drosophila [69], indicating 
a dynamic regulation of tRFs from young to adult organ-
isms. Either Dicer-dependent or -independent tRFs are 
able to associate with AGOs to generate RNA-induced 
silencing complex (RISC), which is further guided to the 
partially complementary site of target mRNAs (mostly 
3’UTR region) and leads to translational repression as 
well as mRNA decay [70, 71]. Apart from 5’-tRF, 3’-tRF 
is also found associated with Twi12 protein, a PIWI pro-
tein essential for growth, to activate exonuclease Xrn2 
and Tan1 for rRNA processing in Tetrahymena [72]. In 
another case, ts-53 and ts-101 interact with PiwiL2 pro-
tein as well as AGO protein and are downregulated in 
cancer [73], indicating their potential regulatory roles in 
gene silencing.

Furthermore, tRFs may regulate post-transcriptional 
gene expression by directly binding to RNA-binding 
proteins (RBPs). Y box binding protein 1 (YBX1 or 
YB-1) is a versatile RNA-binding protein involved 
in multiple cellular pathways and linked with cancer 
progression [74, 75]. A group of i-tRFs derived from 
 tRNAGlu,  tRNAAsp,  tRNAGly, and  tRNATyr compete 
with YBX1 to bind to the 3’UTRs of multiple onco-
genic transcripts in breast cancer cells, thus eliminat-
ing the stabilization effect of YBX1 [42]. The mRNA 
destabilization results in decreased expression of these 
oncogenes, ultimately inhibiting cancer metastasis 
[42]. In another scenario, tsGlnCTG showed inter-
action with IGF2BP1, an RNA binding protein that 

stabilizes c-Myc mRNA, resulting in inhibited tran-
script stability and promoted differentiation of mouse 
embryonic stem cells [76].

Translational regulation—inhibition of translation 
initiation
Increasing evidence suggest that tRFs can modulate 
global translation process, acting as both negative and 
positive regulators. As mentioned above, ANG induces 
the formation of tRNA halves under stress conditions. 
Of note, specific ANG-induced 5’-tiRNAs (but not 
3’-tiRNAs) such as 5’-tiRNAAla and 5’-tiRNACys inhibit 
translation initiation by cooperating with the trans-
lational repressor YB-1 to displace the cap-binding 
complex eIF4G/A/F from capped mRNA and inducing 
the assembly of stress granules (SGs) [77]. Although 
required for packaging tiRNA-repressed mRNAs into 
SGs, YB-1 is dispensable for tiRNA-mediated trans-
lational repression [78]. It was further confirmed that 
the activity of these selected 5’-tiRNAs relies on the 
formation of a G-quadruplex (G4) structure assem-
bled from four 5’-tiRNA molecules with the interac-
tion of theTOG motifs (four to five guanine residues) at 
their 5’-ends [79, 80]. Subsequent work uncovered that 
the G4-tiRNAs are capable of directly binding to the 
HEAT1 domain of eIF4G, leading to the impairment of 
40S ribosome scanning and the translation shutdown 
[81].

Apart from tRNA halves, 5’-tRFs can also regulate 
translational initiation by aberrant modifications. Bel-
lodi’s group proposed that the Ψ modification at U8 
mediated by PUS7 in embryonic stem cells can drive 
the resulting mini TOG (mTOG)-containing 5’-tRFs 
to bind to polyadenylate-binding protein 1 (PABPC1), 
an integral protein responsible for eIF4G/A interac-
tion and initiation of cap-dependent translation. The 
formation of mTOG-PABPC1 complex blocks PABPC1 
recruitment to eIF4F, thus repressing protein trans-
lation. In contrast, PUS7 loss impairs this tRF-medi-
ated translational regulation in embryonic stem cells, 
resulting in increased protein biosynthesis and early 
defective germ layer specification [54]. Another study 
uncovered that the absence of the cytosine-5 RNA 
methyltransferase NSun2 causes the accumulation of 
5’-tRFs and reduction of protein translation rates [24]. 
However, how the failure in NSun2-mediated tRNA 
methylation induces translation arrest remain elusive. 
As indicated by the above findings, specific modifica-
tions could regulate not only tRF biogenesis but also 
post-transcriptional gene expression which directly 
impacts their biological functions.
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Translational regulation—promotion of protein translation 
by regulating ribosome biogenesis
tRFs also regulate translation by accelerating ribosome 
biogenesis. A specific 3’-tRF derived from the Leu-CAG 
tRNA (LeuCAG3’tsRNA) interacts with two riboso-
mal protein mRNAs (RPS28 and RPS15) to enhance 
their translation and increase tumor cell viability [82]. 
Mechanically, the LeuCAG3’tsRNA maintains the trans-
lation of RPS28 and ultimately the number of ribosomes 
by binding to the 3’-UTR and coding regions in RPS28 
mRNA, leading to the unfolding of its secondary struc-
ture and enhanced translation [83]. The knockdown 
of LeuCAG3’tsRNA induces substantial apoptosis in 
HeLa cells and patient-derived orthotopic hepatocellu-
lar carcinoma (HCC) xenografts in mice models, indi-
cating the contribution of 3’-tRF in cancer progression 
[82]. The same group further demonstarte that the 
LeuCAG3’tsRNA is fully aminoacylated and its genera-
tion is highly regulated by the leucyl-tRNA synthetase 
(LARS1), which conjugates the specific amino acids 
with cognate tRNAs [84]. Another study suggests that 
19-nucleotide 5’-tRF Gln19 specifically interacts with the 
ternary multisynthetase complex (MSC) and promotes 
ribosomal and poly(A)-binding translation elongation 
in HeLa cells [85]. Moreover, the conserved GG-dinu-
cleotide motif at the 3’ends in 5’-tRFs is essential for the 
interaction with MSC, leading to the destabilization of 
MSC and the inhibition of ribosome maturation [85, 86].

Inhibition of apoptosis
Apart from the effects on gene silencing and protein 
translation, tRFs also regulate cell apoptosis. In wild-type 
mouse embryonic fibroblasts (MEF), hyperosmotic stress 
induces apoptosis following the release of cytochrome c 
(Cyt c) from mitochondria and subsequent formation of 
apoptosomes [87]. Saikia et al. propose that ANG treat-
ment protects MEFs or primary neurons from hyperto-
nicity-induced apoptosis by inducing the generation of 
5’- and 3’-tiRNAs to sequester cytosolic Cyt c within a 
ribonucleoprotein complex [88]. The restraint of Cyt c 
leads to the decreased formation of apoptosome or inhib-
ited apoptosome activity, ultimately protecting cells from 
apoptosis [88].

Regulation of reverse transcription
Transposable elements (TEs) are mobile genomic DNAs 
which induce autonomous or non-autonomous transpo-
sition, leading to potentially harmful heterochromatins 
[89]. Therefore, TE transcription is tightly controlled 
by epigenetic marks such as DNA methylation and his-
tone modifications. However, alternative regulatory net-
works are indicated when these epigenetic marks are 
absent. Recently, tRFs have been confirmed to protect 

the host genome from TE intervention [71, 90]. The 18 
nt 3’-tRFs specially inhibit mouse LTR-retrotransposon 
(also known as endogenous retrovirus (ERV)) activity by 
competing with intact tRNAs for the highly conserved 
primer binding site (PBS) of LTR-retrotransposon, lead-
ing to the blockade of the ERV reverse transcription [90]. 
Meanwhile, the 22 nt 3’-tRFs affect transposon expres-
sion by post-transcriptionally silencing of coding-com-
petent ERV mRNA by binding to the PBS sequence [90]. 
In general, the two 3’-tRFs inhibit LTR-retrotransposon 
activity by varied mechanisms but both depending on 
base complementarity with PBS sequence. Similarly, an 
18 nt 3’-tRF derived from the dsRNA hybrid formed by 
the HIV-1 PBS and the 3’ termini of the human cellular 
tRNAlys3 can in turn inhibit HIV-1 reverse transcription 
by binding to AGO2 and targeting PBS, resulting in sup-
pression of HIV-1 [91]. In another study, tRF-3019 has 
been reported to act as a primer for human T cell leu-
kemia virus type 1 (HTLV-1) reverse transcriptase by 
binding to PBS, thus enhancing viral infection [92]. These 
findings demonstrate that tRFs can play dual roles in reg-
ulating viral reverse transcription and potentially serve as 
novel targets for viral control.

Regulation of noncoding RNA production and chromatin 
accessibility
In addition, the recent studies indicate that tRFs can 
modulate noncoding RNA biogenesis and global chroma-
tin organization [93, 94]. A 28 nt 5’-tRF called 5’ tRF-Gly-
GCC, or tRF-GG for brevity was identified as an inhibitor 
of genes associated with the endogenous retroelement 
MERVL [93]. Interestingly, the repression of MERVL-
associated genes is found to be a downstream result of 
an evolutionarily conserved function for tRF-GG in pro-
moting noncoding RNA production [94]. The tRF-GG 
interacts with hnRNPF/H and positively regulates the 
production of noncoding RNAs in Cajal bodies, includ-
ing the U7 snRNA, which modulates heterochromatin-
mediated transcriptional repression of MERVL elements 
by supporting an adequate supply of histone proteins 
[94]. In this way, tRF-GG manipulation alters a variety of 
noncoding RNA production and chromatin accessibility 
of specific genes in both mouse ES cells and preimplanta-
tion embryos [94].

Biological roles and clinical values of tRFs in cancer
In 2018, Pliatsika et  al. released the MINTbase v2.0 
which contains the largest collection of 26,531 distinct 
human tRFs by analyzing all The Cancer Genome Atlas 
(TCGA) datasets as of October 2017 [95]. This data-
base has provided the researchers a useful tool for in-
depth investigation of tRFs in cancers. Previously, the 
same group first analyzed breast cancer datasets from 
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TCGA and found that the identity and abundance of tRFs 
exhibit race-dependent differences [40]. Later, the cor-
relation networks constructed by them uncovered race/
ethnicity-dependent tRF-mRNA associations in pros-
tate adenocarcinoma and triple-negative breast cancer 
[96, 97]. More recently, this work has been extended to 
a large-scale pan-cancer analysis to investigate the tRF-
mRNA associations in 32 cancer types of TCGA cohort 
[43]. Some major points have been made for investigat-
ing the commonalities of tRFs in cancer. First, tRF gen-
eration strongly depends on tRNA genomic origin in 
terms of tRF identity and abundance [43]. Second, both 
nuclear and mitochondrial tRFs are positively correlated 
with shorter genes with high density of repeats, and neg-
atively correlated with longer genes with low density of 
repeats in most of the 32 cancer types [43]. Third, tRF-
mRNA correlations are cancer-specific while uncovering 
several pathways universally regulated by tRFs among 
multiple cancer types [43]. Fourth, in addition to acting 
like miRNAs or decoying RBPs, tRFs could interact with 
ribosomal proteins and aminoacyl-tRNA synthases in 
many cancer types [43]. Finally, some pathways identified 
with tRF association in bladder, lung, and kidney cancers 
are regulated in a sex-dependent manner [43]. This large-
scale analysis supports the general and extensive role of 
tRFs in posttranscriptional regulation in cancer.

On the other hand, the aberrant expression and func-
tion of specific tRFs have also been reported in vari-
ous cancers, including breast cancer (BC), gastric 
cancer (GC), and colorectal cancer (CRC), among others 
(Table  1). Growing evidence demonstrate that the dys-
regulation of tRFs is closely related with clinicopatho-
logic features and survival of cancer patients [98–100]. 
Functional studies indicate that tRFs are involved in vari-
ous biological activities during cancer development and 
progression, such as tumor cell proliferation, metastasis, 
apoptosis and chemoresistance [101–103]. Herein, we 
will summarize the most recent advances of the biologi-
cal roles and clinical values of tRFs in different cancers, 
as well as the associated mechanisms and regulatory 
networks.

tRFs in BC
To date, BC is the most studied cancer for tRFs. Based on 
high-throughput sequencing, the expression profiles of 
tRFs have been characterized and increasing deregulated 
tRFs were identified in BC such as tRF-32-XSXMSL73V-
L4YK, tRF-32-Q99P9P9NH57SJ, tRF-17-79MP9PP, 
and tsRNA-26576 [107, 108]. Some of these tRFs were 
further validated as potential diagnostic or prognostic 
biomarkers for BC. For instance, circulating tRF-Arg-
CCT-017, tRF-Gly-CCC-001, and tiRNA-Phe-GAA-003 
were upregulated in plasma samples of BC patients, and 

the levels of circulating tRF-Arg-CCT-017 and tiRNA-
Phe-GAA-003 were associated with overall survival and 
disease-free survival, indicating their potential as bio-
markers [98]. By contrast, tRF-Gly-CCC-046, tRF-Tyr-
GTA-010 and tRF-Pro-TGG-001 were downregulated in 
both tissues and sera of early-stage BC patients compared 
to healthy donors [112]. Six 5’-tRFs were significantly 
downregulated in plasma of patients with early BC, as 
well as in cell supernatants, plasma exosomes, and tis-
sues [8]. In another study, tRFs (tRF-1003 and tRF-3001a) 
showed better diagnostic value than their corresponding 
miRNAs (miR-4521 and miR-1260a), whose sequences 
are within the tRFs’ [116]. Koi et al. constructed a diag-
nostic model using 3 small RNAs: miR-21-5p (3’ addition 
C), miR-23a-3p and tRF-Lys (TTT), which could achieve 
high diagnostic accuracy (AUC = 0.92) for BC detection 
and discriminate BCs as early as stage 0 from controls 
[109]. In BC patients with T cell exhaustion, low expres-
sion of ts-34 or high expression of ts-49 was associated 
with improved survival, indicating their potential as ther-
apeutic targets to improve patient survival or outcomes 
of immunotherapies [106].

Triple-negative breast cancer (TNBC) is a refractory 
subtype of BC with aggressive pathology, chemoresist-
ance and poor overall survival. A big data-driven study 
uncovered the race disparities of the expression profiles 
of miRNA isoforms and tRFs between Caucasian and 
African-American patients with TNBC [97]. Intrigu-
ingly, a combination of high levels of tRFs and known 
miR signatures of BC tumors can distinguish BC-derived 
extracellular vesicles (EVs) in circulation from other 
source-derived EVs [178]. Feng et al. analyzed the expres-
sion profiles of tRFs in cancer stem cells (CSCs) isolated 
from TNBC and non-TNBC cell lines and found that 
tDR-000620 expression level was consistently lower in 
TNBC CSCs and serum samples, which can indepen-
dently predict recurrence for TNBC [113]. Besides, two 
hypoxia-induced tRFs tDR-0009 and tDR-7336 were 
found mainly involved in maintenance of stem cell popu-
lation and cellular response to IL-6, thereby facilitating 
the doxorubicin resistance in TNBC [179]. A recent work 
found that tRFLys-CTT-010 could interact with glucose-
6-phosphatase catalytic subunit (G6PC) to regulate cel-
lular lactate production and glycogen consumption, 
resulting in enhanced cell proliferation of TNBC [180]. 
This functional axis may provide novel therapeutic tar-
gets for TNBC treatment. For the diagnosis of non-triple 
negative breast cancer, circulating tDR-7816 expression 
was reported as a potential biomarker even in early 
stage [114]. In addition, Honda and colleagues identified 
the abundant accumulation of SHOT-RNAs only in tis-
sues from estrogen receptor (ER)-positive breast cancer 
patients, but not in those from triple-negative patients or 
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in normal breast tissues [33]. The generation of SHOT-
RNAs were regulated by sex hormone and their recep-
tors through activating ANG cleavage of aminoacylated 
mature tRNAs, and the resultant accumulation of SHOT-
RNAs contributed to BC cell proliferation, thus promot-
ing BC tumorigenesis and tumor growth [33].

Emerging evidence show that tRFs are functional in BC 
tumorigenesis and progression through versatile mecha-
nisms. Farina et  al. identified ts-112 as an oncogenic 
tRF which was selectively repressed by tumor suppres-
sor RUNX1 to prevent overactive proliferation in breast 
epithelial cells [181]. Mo and coworkers identified 5’-tiR-
NAVal and tRF-17-79MP9PP as tumor-suppressors for 
BC through inhibition of FZD3/Wnt/β-Catenin signal-
ing pathway and THBS1/TGF-β1/Smad3 axis, respec-
tively [110, 111]. Recently, tRF-19-W4PU732S was found 
overexpressed in BC and promoting BC cell EMT and 
CSC phenotypes by targeting and inhibiting ribosomal 
protein-L27A (RPL27A) [104]. The regulatory roles of 
above-mentioned three tRFs relies on direct sequence 
complementarity with the 3’UTRs of mRNAs of target 
proteins [104, 110, 111]. Besides, BC-associated tRFs can 
also exert various functions by direct interacting with 
proteins. As mentioned above, in breast cancer Goodarzi 
et  al. identified a novel class of i-tRFs sharing common 
motif that matches the YBX1 recognition sequence [42]. 
Loss-of-function and gain-of-function studies revealed 
that these i-tRFs suppressed BC cell growth under serum-
starvation, invasion, and metastasis, whereas highly 
metastatic cells blunted the induction of these i-tRFs to 
evade this tumor-suppressive pathway [42]. Another tRF 
named tRF3E derived from the same mature tRNA with 
i-tRF  tRFGlu identified by Goodarzi et al. [42] could inter-
act with nucleolin protein and repressed the translation 
of p53 mRNA, displaying tumor-suppressor functions 
[115]. A most recent work also unraveled the direct inter-
action of nucleolin with another pro-metastatic 5’-tRFCys 
through different mechanisms. 5’-tRFCys could drive the 
oligomerization of nucleolin with specific metastasis-
promoting metabolic transcripts (Mthfd1l and Pafah1b1) 
to form a ribonucleoprotein complex, thereby protecting 
these transcripts from exonucleolytic degradation and 
promoting BC metastasis [105].

tRFs in GC
GC is one of the most common cancers ranking as the 
fourth leading cause of cancer death worldwide [182]. To 
date, increasing numbers of deregulated tRFs involved in 
GC have been unveiled. Gu et al. found that a 5’-tRF, hsa_
tsr016141, was significantly overexpressed in GC tissues 
and serum, with close relation to lymph node metastasis 
and tumor grade [120]. Besides, the upregulation of tRF-
31-U5YKFN8DYDZDD [122] and tRF-23-Q99P9P9NDD 

[121] were also observed in GC and both significantly 
associated with lymph node metastasis, TNM stage and 
vascular invasion. By contrast, tiRNA-5034-GluTTC-2 
was downregulated in both GC tumor and plasma, and 
closely related to tumor size [128]. Other GC-downreg-
ulated tRFs (tRF-33-P4R8YP9LON4VDP and tRF-19-
3L7L73JD) exhibited significant inhibitory effect on GC 
cell proliferation and migration while inducing apoptosis 
and cell cycle arrest [101, 129]. So far, some important 
clues have been provided by researchers for understand-
ing the molecular mechanisms of GC-related tRFs. Dong 
et al. showed that a GC-associated tRF tRF-24-V29K9U-
V3IU impeded GC progression through regulating the 
Wnt signaling pathway [125], while Zhu and coworkers 
indicated the inhibition of tRF-5026a on GC progression 
was associated with the PTEN/PI3K/AKT signaling path-
way [99]. The MAPK signaling pathway also participates 
in the regulatory network orchestrated by GC-related 
tRFs. For instance, tRF-Val-CAC-016 and tRF-Glu-
TTC-027 directly bind to the mRNA 3’UTR of Calcium 
Voltage-Gated Channel Subunit Alpha1 D (CACNA1d) 
and transforming growth factor beta 2 (TGFB2) respec-
tively to regulate MAPK signaling pathway and GC pro-
gression [123, 124]. In another case, a 3’-tRF tRF-3019a 
bound with mRNA 3’UTR of tumor suppressor gene 
F-box protein 47 (FBXO47), resulting in enhanced GC 
cell proliferation, migration and invasion [118]. Intrigu-
ingly, the posttranscriptional gene silencing mediated by 
some GC-related tRFs is reported to be AGO2-depend-
ant. The tRF-3017A and tRF-24-V29K9UV3IU can 
function as miRNA-like fragments and bind to AGO2 
protein, followed by binding with the 3’UTR of NELL2 
and GPR78 mRNAs [117, 126].

In addition to RNAi abilities, GC-related tRF can also 
interact with RBPs. Recently, Cui and colleagues identi-
fied a 3’-tRF named as tRF-Val as a potential oncogene 
in GC and confirmed the interaction of tRF-Val with the 
chaperone molecule EEE1A1 [119]. They further unrave-
led that tRF-Val mediated the transport of EEF1A1 to the 
nucleus, thus improving the interaction of EEF1A1 and 
MDM2-p53, which resulted in p53 ubiquitination and 
blockade of p53 signaling pathways [119]. However, the 
underlying mechanism of tRF affecting GC progression 
remains largely unknown and needs further investigation.

tRFs in CRC 
tRF-1001, a tRF-1 type tRF, was identified as a functional 
RNA fragment which could affect colon cancer cell pro-
liferation. The knockdown of tRF-1001 significantly 
impaired the growth of HCT116 cells, with specific cell 
cycle arrest in G2 phase [6]. This inhibitory effect of tRF-
1001 depletion was not attributed to a decrease in the 
corresponding mature tRNA and could be rescued by 
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the introduction of a synthetic tRF-1001 (Me-tRF-1001), 
indicating that tRF-1001 was necessary in colon cancer 
cell proliferation [6]. In a tRF signature study, tRF-1001 
(termed ts-36 by the authors) showed a two-fold increase 
in expression level in colon carcinomas but not adeno-
mas [73]. In the same study, only ts-40 showed simul-
taneous upregulation in both colon carcinomas and 
adenomas, suggesting its oncogenic role in colon cancer 
development [73].

With the rapid development of RNA sequencing, 
increasing CRC-related tRFs have been discovered 
[132]. Xiong et  al. identified 16 significantly differen-
tially expressed tRFs between colon cancer tissues and 
peri-tumor tissues, including three tRF subtypes (i-tRF, 
tRF-1, and 5’-tRF) [183]. Zhu et  al. successfully built a 
diagnostic model based on four differentially expressed 
tRFs (tRF-22-WB86Q3P92, tRF-22-WE8SPOX52, tRF-
22-WE8S68L52 and tRF-18-8R1546D2) and a prognostic 
model based on six significant tRFs (tRF-18-HSRVK7D2, 
tRF-33-PSQP4PW3FJI0W, tRF-33-PSQP4PW3FJIKW, 
tRF-18-H9Q867D2, tRF-32-O7M8LOMLQHWU3, and 
tRF-16-I3FJQSD) from small RNA-seq data to improve 
CRC diagnosis and recurrence prediction [133]. A recent 
study investigated the involvement of tRFs in EMT and 
found that CRC-upregulated tRF-phe-GAA-031 and 
tRF-VAL-TCA-002 were significantly correlated with 
distant metastasis and clinical stage [130]. Moreover, 
higher expressions of these two tRFs were associated 
with shorter survival for CRC patients, indicating their 
potentials as prognostic markers [130]. Recently, Tsia-
kanikas et al. reported that high expression of 5’-tiRNA-
ProTGG  was not only associated with poor disease-free 
survival and overall survival, but also could indepen-
dently predict CRC recurrence [131]. Wu and coworkers 
proposed plasma 5’-tRF-GlyGCC as a novel diagnostic 
marker for CRC since its AUC achieved 0.882 and could 
be improved to 0.926 with the combination of CEA and 
CA199 [135]. They further found that the increased 
expression of 5’-tRF-GlyGCC relies on the upregula-
tion of AlkB homolog 3 (ALKBH3), a tRNA demethyl-
ase which can enhance tRNA cleavage [135]. Luan et al. 
found that Dicer1 upregulated the expression of tRF-
20-MEJB5Y13 under hypoxic conditions and promoted 
hypoxia-induced CRC cell invasion and migration [102]. 
In another study, ANG was found upregulated in CRC 
tissues and suggested to promote metastasis in CRC via 
inducing tiRNA (5’-tiRNA-Val) production [134].

The studies on underlying mechanism for the roles 
of tRFs in CRC are in progress. The GC-downregulated 
tRF-20-M0NK5Y93 could inhibit CRC cell migration and 
invasion by binding to the 3’UTR of Claudin-1 mRNA 
and regulating EMT [184]. In a similar manner, a 17-bp 
tRF/miR-1280 suppressed CRC cell growth, CSC-like 

phenotype and metastasis through a direct interaction 
with JAG2 3’ UTR and subsequent inhibition of Notch 
signaling pathways [136]. Intriguingly, a recent study 
revealed that a specific tRNA half, 5’tiRNA-His-GTG, 
responded to hypoxia via the HIF1α/ANG axis and pro-
moted CRC progression by regulating LATS2 and block-
ing hippo pathway [12]. Another recent study showed 
that mimics of tRFs derived non-pathogenic Escherichia 
coli strains (NPECSs) possess significant cytotoxicity on 
CRC cells [185]. Among them, EC83 mimic, a double-
strand RNA with a 22nt 5’-tRF derived from tRNA-Leu 
(CAA) as an antisense chain, had highest cytotoxic effect, 
which can be enhanced by the 2’-O-methylation of the 
ribose of guanosine (Gm) and resulting stabilization of its 
tertiary structure [185]. This work may inspire the utiliza-
tion of NPECS tRFs as potent therapeutic molecules for 
CRC.

tRFs in lung cancer
The tRF signatures in lung cancer was uncovered in 2017 
and ts-46 and ts-47 are demonstrated as downregu-
lated tRFs with an inhibiting effect on the colony forma-
tion ability of H1299 and A549 lung cancer cells [73]. 
Gu et  al. developed a TRY-RNA signature composed of 
tRFs, rRNA-derived small RNAs, and YRNA-derived 
small RNAs from human peripheral blood mononuclear 
cells, which exhibited diagnostic potential for precise 
discrimination between healthy control, lung cancer and 
pulmonary tuberculosis [142]. Nowadays, machine learn-
ing has been increasingly applied for combined analysis 
of multiple molecules to achieve higher prediction accu-
racy. Wang et al. established a model by support vector 
machine, combining three hub tRFs (tRF-16-L85J3KE, 
tRF-21-RK9P4P9L0 and tRF-16-PSQP4PE) to predict 
lung adenocarcinoma with an AUC 0.99 in plasma and 
0.92 in tissues [140]. By contrast, the performance of 
these single tRF to distinguish lung adenocarcinoma in 
both plasma and tissue was very poor [140]. Another 
recent study also demonstrated that machine learning 
diagnostic models constructed with serum RNAs includ-
ing tRFs, microRNAs, miscellaneous RNAs, and isomiRs 
could predict lung cancer up to 10 years prior to diagno-
sis, with a top AUC up to 0.9 [186].

The association and function of single tRFs in lung 
cancer is partially unveiled. The expression of serum 
tRF-31-79MP9P9NH57SD was found elevated in non-
small cell lung cancer (NSCLC) in relation to clinical 
stage and the malignancy of lymph node, and signifi-
cantly decreased after surgery [141], indicating its poten-
tial as diagnostic biomarker for NSCLC. Significantly 
upregulated serum tRF-Leu-CAG was associated with 
stage progression for NSCLC, and may be involved in 
regulating AURKA to promote cell proliferation and cell 
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cycle in NSCLC [138]. tsRNA-5001a was found to pro-
mote the proliferation of lung adenocarcinoma cells, 
and its high expression was associated with higher risk 
of postoperative recurrence [137]. AS-tDR-007872 was 
recognized as a diagnostic biomarker and a tumor sup-
pressor for NSCLC with inhibitory effect on tumor cell 
proliferation, invasion, and migration, which is probably 
induced by targeting BCL2L11 [143]. Recently, Yang et al. 
found that AS-tDR-007333 was significantly upregulated 
in NSCLC and associated with poor prognosis [139]. 
They further uncovered that AS-tDR-007333 promoted 
NSCLC malignancy by activating MED29 through two 
mechanisms, either interacting with HSPB1, enhancing 
H3K4me1 and H3K27ac in MED29 promoter and acti-
vating MED29 expression, or stimulating the expression 
of transcription factor ELK4 to bind to MED29 promoter 
and increase its transcription [139].

tRFs in leukemia
While studying the miR-4521/3676 cluster in chronic 
lymphocytic leukemia (CLL), Pekarsky and colleagues 
found that miR-3676 and miR-4521 are indeed tRFs 
and involved in cancer pathogenesis [65]. The two tRFs 
(renamed as “ts-53” and “ts-101”) were down-regulated 
in CLL and interacted not only with AGO proteins but 
also with PiwiL2 protein [65]. Later, the same group 
described a signature of 17 tRFs differentially expressed 
in CLL, among which only ts-46 and ts-47 are simulta-
neously downregulated in lung cancer [73]. The Kontos 
group worked on the role of tRFs in CLL and identified 
i-tRFs (i-tRF-GlyGCC, i-tRF-GlyCCC and i-tRF-PheGAA 

) and a 3’-tRF tRF-LeuAAG/TAG  as independent prognos-
tic biomarkers for CLL [144, 145, 147, 148]. As described 
above, tRF-3019 may prime HTLV-1 reverse transcrip-
tion, thus could act as a novel target to control HTLV-1 
infection and HTLV-induced adult T-cell leukemia/
lymphoma [92]. Of note, tRFs are also involved in acute 
myeloid leukemia (AML). The expression of the tDR-Asp 
family in myelodysplastic syndromes (MDS) patients who 
later progressed to AML was significantly lower than that 
in MDS patients who never progressed to AML, which 
may help predict MDS progression to AML [146].

tRFs in pancreatic cancer
As reported by the latest WHO cancer statistics, pan-
creatic cancer accounts for almost as many deaths 
(466,000) as cases (496,000) owing to its poor survival 
outcomes [182]. Several studies have indicated that tRF 
could be applied as potential biomarkers and therapeu-
tic targets for pancreatic cancer. Jin et  al. performed 
high-throughput sequencing in tissues and validated 
four tRFs including AS-tDR-000064, AS-tDR-000069, 
AS-tDR-000102, and AS-tDR-001391 as deregulated 

fragments in pancreatic cancers [149]. Subsequently, a 
serum two-tRF signature involving tRF-Pro-AGG-004 
and tRF-Leu-CAG-002 was indicated as a novel prom-
ising biomarker for early pancreatic cancer diagnosis 
and post-operative survival prediction [151]. In addi-
tion, downregulation of tRF-Pro-CGG was observed 
in pancreatic ductal adenocarcinoma (PDAC) and was 
associated with short overall survival [153], whereas 
serum tsRNA-ValTAC-41 was found upregulated in 
PDAC and its high level predicted poor prognosis 
[152].

The investigation of underlying mechanisms of pan-
creatic cancer-associated tRFs is still at its early stage. 
Sui et al. explored the role of tRF-Leu-AAG in pancre-
atic cancer cells and found tRF-Leu-AAG promoted 
cell proliferation, migration, and invasion through 
directly binding to UPF1 mRNA [150]. In another 
study, tRF-21-VBY9PYKHD (tRF-21) was identified 
as a tumor suppressor in PDAC progression, whose 
generation was inhibited by leukemia inhibitory fac-
tor and IL-6 through splicing factor SRSF5 [154]. Fur-
ther investigations suggested that tRF-21 reduction 
promoted AKT1/2-mediated heterogeneous nuclear 
ribonucleoprotein L (hnRNP L) phosphorylation and 
hnRNP L-DDX17 complex formation, which prefer-
entially spliced Caspase 9 and mH2A1 pre-mRNAs to 
form Caspase 9b and mH2A1.2, resulting in promoted 
PDAC cell malignant phenotypes [154].

tRFs in liver cancer
In addition to the LeuCAG3’tsRNA described before 
[82], several other tRFs have also been reported in 
HCC. Zhan and colleagues identified serum mito-
chondrial tRF-Gln-TTG-006 as a potential biomarker 
for HCC diagnosis [187]. Recently, a novel five-tRF-
based diagnostic model and a seven-tRF-based prog-
nostic model were developed for cancer diagnosis and 
the overall survival prediction of liver cancer patients 
[188]. Besides, plasma exosomal tRFs (tRNA-Val-
TAC-3, tRNAGlyTCC-5, tRNA-ValAAC-5 and tRNA-
GluCTC-5) could serve as novel biomarkers for the 
diagnosis of liver cancer [156]. In terms of mechanisms, 
an HCC-upregulated tRF Gly-tRF enhanced liver can-
cer stem cell-like properties and promoted EMT by 
targeting NDFIP2 and activating the AKT signaling 
pathway [155]. In addition, Cho et  al. identified a dis-
tinct set of pre-tRNA 3’ trailer-derived tRFs by analyz-
ing the profiles of small RNAs in Huh7 cells and human 
liver biopsies, which could sequester nuclear-cytoplas-
mic shuttling protein La/SSB in the cytoplasm by direct 
binding with their 3’U-tails, thus negatively regulating 
La/SSB-dependent viral gene expression [82].
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tRFs in ovarian cancer
Balatti et al. identified that ts-29 was overexpressed more 
than two folds in cancer samples while ts-3 was upreg-
ulated in both ovarian cancer and CLL [73]. The inves-
tigation of public RNA-sequencing data from ovarian 
cancer patients and non-cancer controls revealed that 
circulating tRFs cover a high proportion (ranging from 
2.5–29.4%) of total small RNAs and are not random 
degradation products in serum [157]. Four differentially 
expressed tRFs in serum with greatest significance were 
named as ts1-ts4 (all derived from Gly-tRNA) and fur-
ther investigated [157]. Among them, ts-3 was optimal 
which was able to diagnose ovarian cancer from healthy 
controls with best accuracy (AUC = 0.948), but could not 
distinguish malignancy from benign [157].

High-grade serous ovarian cancer (HGSOC) accounts 
for 75% of ovarian cancer cases with highest mortal-
ity. The differential expression profile of tRFs was char-
acterized in HGSOC and the tRFs were shown to be 
involved in multiple pathways such as the AMPK path-
way, the glucagon signaling pathway and the insulin 
signaling pathway [189]. tRF-03357 showed significantly 
increased expression in HGSOC serum and could pro-
moted SK-OV-3 cell proliferation, migration and inva-
sion partially by downregulating the transcription factor 
HMBOX1 [159].

tRFs are also associated with the prognosis of ovar-
ian cancer. The elevated expression of i-tRFs derived 
from  tRNAGlyGCC  in ovarian cancer was correlated with 
advanced tumor stage and poor overall survival as well 
as early progression following debulking surgery and 
platinum-based chemotherapy, which could help with 
personalized prognosis prediction and clinical decisions 
[158]. Another 5’-tRF derived from tRNA-Glu-CTC, 
tRF5-Glu, was identified in ovarian cancer cell [190]. 
tRF5-Glu could directly bind to the 3’UTR of the Breast 
Cancer Anti-Estrogen Resistance 3 (BCAR3) mRNA 
thereby downregulating its expression, resulting in sup-
pressed cancer cell proliferation [190]. Intriguingly, a 
recent research reported that a tRF mimic (antisense 
derived from the 5’end of  tRNAHis(GUG) of Chinese yew) 
could exhibit comparable anti-cancer activity with taxol 
on A2780 ovarian cancer cells [191]. Dual-luciferase 
reporter assay and AGO-RIP assay revealed that the 
plant-derived tRF-T11 directly targeted the 3’UTR of 
oncogene TRPA1 mRNA and interacted with AGO2 to 
suppress ovarian cancer cell growth [191], which sheds 
light on the development of nature source tRFs as thera-
peutic molecules.

tRFs in prostate cancer
In 2009, Lee et  al. identified tRF-1001, a tRF-1 derived 
from the 3’ end of a Ser-TGA tRNA precursor, in 

ultra-high-throughput sequencing of RNA library con-
structed from prostate cancer cell line [6]. tRF-1001 was 
found highly expressed in a wide range of cancer cell lines 
and correlated with cell proliferation [6]. The generation 
of tRF-1001 relied on a prostate cancer susceptibility 
gene, tRNA 3’-endonuclease ELAC2, indicating its spe-
cific biological role in prostate cancer [6]. SHOT-RNAs 
are abundantly expressed in androgen receptor (AR)-
positive prostate cancer cell lines LNCaP-FGC cells, but 
not  AR− DU145 and PC-3 cells [33]. Magee and cowork-
ers analyzed the Prostate Cancer datasets of TCGA to 
obtain profiles of miRNA isoforms and tRFs in prostate 
cancer and the latter was found to be correlated with dif-
ferent races [96]. tRFs are also involved in chemotherapy 
resistance. Yang et  al. identified that tRF-315 derived 
from  tRNALys may protect prostate cancer cells from 
mitochondrion-dependent apoptosis induced by cisplatin 
through targeting genes including GADD45A, suggesting 
that tRF-315 may serve as a therapeutic target or predic-
tive indicator for prostate cancer treatment [192].

tRFs in bladder cancer
The expression profiles of tRFs were characterized with 
subsequent bioinformatics analysis in muscle-invasive 
bladder cancer (MIBC) in a Chinese population [160]. 
91 significantly expressed tRFs were identified, among 
which tiRNA-1:33-Gly-GCC-1, tRF-1:32-Gly-GCC-1, 
and tRF- + 1:T20-Ser-TGA-1 were validated and likely 
to participate in the pathophysiological process of MIBC 
[160]. A 5’-tRF, 5’-tRF-LysCTT, was found significantly 
deregulated in bladder cancer by in silico analysis of the 
TCGA-BLCA project [161]. Increased 5’-tRF-LysCTT 
was associated with aggressive tumor phenotype, early 
progression of non-muscle-invasive bladder cancer 
(NMIBC) and poor survival of MIBC [161]. Moreo-
ver, the integration of 5’-tRF-LysCTT with the clinically 
available markers acquired superior risk-stratification 
specificity and improved prediction of disease progres-
sion for bladder cancer, compared with the use of the 
clinical markers alone [161]. Interestingly, the modifica-
tion of tRFs could regulate RNA biology in bladder can-
cer. The N1-methyladenosine (m1A) modification was 
found TRMT6/61A-dependent and deregulating the 
targetome of tRFs in urothelial carcinoma of the bladder, 
resulting in unfolded protein response via 3’-tRF targets 
[193], which verified the important role of base modifica-
tion of tRFs in regulating gene silencing.

tRFs in renal cancer
The RNA sequencing of clear cell renal cell carcinoma 
(ccRCC) and normal renal tissues showed tRNA reads 
mapped in the 30–36 nt fraction instead of 73–95 nt, 
indicating cleavage of tRNAs [162]. Among them, the 
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downregulation of 5’tRNAValAAC was further validated, 
with an inverse correlation with ccRCC staging and grad-
ing [162]. Besides, 5’-halves including 5’-tRNA-Arg-CCT 
half, 5’-tRNA-Glu-CTC half, 5’-tRNA-Leu-CAG half 
and 5’-tRNA-Lys-TTT half were also downregulated 
in the serum and tissue of ccRCC patients [163]. Their 
lower expression levels were associated with adverse 
clinicopathological parameters, suggesting the potential 
of 5’-halves as novel ccRCC biomarkers [163]. Recently, 
Kazimierczyk and coworkers characterized the expressed 
tRFs during human renal cell development and found 
5’-tRF could replace miR-458 during tumor suppres-
sion and regulate MEIS2, FMN1 and CTDSPL2 proteins, 
resulting in impaired renal function [194]. In silico analy-
sis showed that 5’-tRF could also regulate the activity of 
renal tumor-associated proteins such as NFIC, GNAO1 
and HIPK2 [194].

tRFs in cervical cancer
In endocervical adenocarcinoma, several hub miRNA/
tRFs closely associated with significant clinical pheno-
types such as Silva pattern A, gastric subtype and sub-
stantial LVSI exhibiting concordant biological function 
were identified through the weighted gene co-expression 
network analysis, providing potential biomarkers for 
personalized medicine of cervical cancer [167]. Shi and 
colleagues developed panoramic RNA display by over-
coming RNA modification aborted sequencing (PAN-
DORA-seq) with a combined enzymatic treatment to 
remove key RNA modifications that block adapter liga-
tion and reverse transcription, and identified specific 
expression profiles of abundant tRFs in different tissues 
and HeLa cells [195]. Besides, a 35 long residue tRF, 
 tRNAPro 5’ half, was found to be apparent in HeLa cells 
and could bind to the ribosome, leading to ribosome 
stalling and the formation of peptidyl-tRNA [34]. In addi-
tion, tRF(Gln) was found upregulated in HeLa cells and 
repressed protein translation without the need for com-
plementary target sites in the mRNA [86]. A 3’-tRF tRN-
Alys3 was found to associate with AGO2 and target HIV 
primer binding site in HeLa cells [91]. In another study, 
two 5’-tRFs, 5’tDR-GlyGCC and 5’tDR-GlnCTG, were 
revealed to enhance tumor progression of cervical can-
cer by promoting ribosome assembly and preventing cell 
apoptosis [52].

tRFs in other cancers
In addition, tRFs have also been reported in other can-
cers including esophageal squamous cell carcinoma 
(ESCC), multiple myeloma (MM), cervical cancer, papil-
lary thyroid cancer (PTC), lymphoma, pharyngeal cancer, 
laryngeal cancer, head and neck squamous cell carci-
noma (HNSCC), and uveal melanoma (UVM), glioma 

and cholangiocarcinoma. Recently, a novel biomarker 
signature of saliva-derived exosomal ncRNAs (tRNA-
GlyGCC-5 and sRESE) was constructed, which could not 
only distinguish ESCC patients from healthy controls 
with 90.5% sensitivity and 94.2% specificity, but also serve 
as a pre-operative biomarker to identify patients who 
might benefit from adjuvant therapy [164]. The deregu-
lated tRFs could be potential biomarkers for diagnosing 
MM from healthy donors [165], distinguishing relapsed/
refractory MM from newly diagnosed ones [103], and 
predicting overall survival of MM patients [166]. The 
expression profile of tRFs in PTC were characterized and 
tRF-39-0VL8K87SIRMM12E2, which showed the maxi-
mum expression difference between PTC cells and nor-
mal cells, was found mostly enriched in the “metabolic 
pathways” [168]. In PTC, a tRNA half tiRNA-Gly could 
bind to the U2AF homology motif (UHM) of RBM17 
protein and induce the translocation and upregulation 
of RBM17 by inhibiting its degradation in a ubiquitin/
proteasome-dependent way [169]. Furthermore, tiRNA-
Gly could induce RBM17-dependent alternative splicing 
of MAP4K4 mRNA, which led to the phosphorylation 
of downstream signaling pathways, thereby exerting 
its oncogenic role in PTC [169]. A 3’-tRF derived from 
Gly(GCC) tRNA, CU1276, was downregulated in B-cell 
lymphoma, with its generation regulated by DICER-1 
and the miRNA-like ability to associate with all four 
AGO proteins [170]. Moreover, CU1276 could suppress 
the proliferation of lymphoma cells and enhance DNA 
damage response by repressing endogenous RPA1 [170]. 
The expression profile of tRFs in primary nasopharyn-
geal carcinoma was identified and two upregulated tRFs 
(tRF-1:28-Val-CAC-2 and tRF-1:24-Ser-CGA-1-M3) and 
one downregulated tRF (tRF-55:76-Arg-ACG-1-M2) 
were validated [171]. Another tRF, tRF-1:30-Lys-CTT-
1-M2 was upregulated in hypopharyngeal cancer and 
identified as an independent risk factor for lung metas-
tasis [100]. In the HNSCC, a multi-marker signature of 
3 circulating sncRNAs including miRNAs, tRFs and 
YRNA-derived small RNAs was identified with signifi-
cantly deregulated expression in patients’ sera compared 
with healthy controls, which could contribute to early 
diagnosis of HNSCC [196]. Furthermore, a specific 5’ 
tRNA-Val-CAC-2–1 half (reduced in serum of oral squa-
mous cell carcinoma (OSCC) patients and elevated in the 
tumor tissue) was found to transcriptionally target spe-
cific genes involved in the negative regulation of the G1/S 
transition of the mitotic cell cycle, suggesting its poten-
tial as circulating biomarker and target for anticancer 
therapies of OSCC [174]. In addition, fifteen tRFs were 
significantly associated with overall survival of HNSCC 
patients, among which tRF-20-S998LO9D was validated 
as the top prognostic biomarker [173]. UVM is the most 
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common intraocular tumor in adults with a 50% meta-
static rate. By comprehensive characterization of TCGA 
datasets involving 80 primary UVM tumor samples, the 
expression profiles of miRNA isoforms and tRFs was 
described, with close relation to various molecular phe-
notypes, metastatic disease, and patient survival of UVM 
[175]. Recently, a 5’-tRF tRF-20-S998LO9D was retrieved 
through bioinformatics of MINTbase pan-cancer data-
sets and verified as upregulated in a variety of cancers, 
including BC, HNSCC, ccRCC, lung squamous cell car-
cinoma, pheochromocytoma and paraganglioma, and 
uterine corpus endometrial carcinoma [197]. The ele-
vated expression of tRF-20-S998LO9D indicated poor 

prognosis in a variety of cancers and could be a potential 
pan-cancer biomarker [197].

Extracellular tRFs for cancer diagnosis 
and prognosis
Emerging evidence have shown that tRFs encapsulated in 
EVs may play key roles in cellular process regulation and 
intercellular communication, providing promising bio-
markers for cancer liquid biopsy. The extracellular tRFs 
involved in cancer are illustrated in Fig. 3.

High-throughput sequencing and verification in a large 
cohort of 120 patients with BC and 112 healthy con-
trols identified tRF-Arg-CCT-017, tRF-Gly-CCC-001, 

Fig. 3 Extracellular tRFs involved in cancers. Certain extracellular tRFs derived from peripheral blood or salivary are aberrantly expressed and 
associated with cancers including glioblastoma, hypopharyngeal cancer, breast cancer, esophageal carcinoma, liver cancer, gastric cancer, and 
cervical squamous cell carcinoma. Detection of these extracellular tRFs contributes to early cancer diagnosis and prognosis prediction
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and tiRNA-Phe-GAA-003 as circulating diagnostic 
markers of BC [98]. These 3 tRFs showed consistent 
upregulation in BC plasma and exosomes with obvious 
correlations observed in tRF-Gly-CCC-001 and tiRNA-
Phe-GAA-003, indicating their existence in plasma 
exosomes [98]. A tRF-Lys (TTT) was found elevated 
in serum of BC patients, along with miR-21-5p and 
miR-23a-3p [109]. However, while miR-21-5p and miR-
23a-3p showed consistent abundance in serum EVs of 
BC patients, tRF-Lys (TTT) were not aberrantly included 
in EVs [109]. Similarly, in another study, only two (tRF-
Ser-TGA-001 and tRF-Ser-TGA-002) out of six tRFs 
were found consistently downregulated in exosomes and 
plasma samples of patients with early breast cancer com-
pared with healthy controls [8]. One explanation to the 
inconsistency is the potential existence of other circulat-
ing forms of tRFs, which needs further investigation. The 
“miRNA-like” tRNA fragments miR-720 and miR-1274b 
were found overexpressed in MCF-7 cells and the expres-
sion was greatly amplified in MCF-7 EVs [178]. Moreo-
ver, the combined analysis of these tRFs and known miR 
signatures could distinguish breast tumor-derived EVs 
from EVs originated from other cell sources [178]. Like-
wise, Tosar and colleagues sequenced intracellular small 
RNAs of breast epithelial cell lines (MCF-7 and MCF-
10A) and extracellular fractions enriched in microvesi-
cles, exosomes and ribonucleoprotein complexes [198]. It 
turned out that 5’-tRNA halves of 31–33 nt were signifi-
cantly enriched in the extracellular space and constituted 
part of ~ 45 kDa ribonucleoprotein complexes [198].

A deep sequencing of exosomal RNAs revealed that 
tRFs with 20–40 nt length accounted for less than 10% 
of all annotated small RNAs derived from human gastric 
cancer cell lines [199]. Tong and coworkers investigated 
the profiles of extracellular RNAs derived from cell cul-
tures of HPV-induced HNSCC and cervical squamous 
cell carcinoma (CSCC) cells [200]. The tRNAs were much 
more enriched in exosomes and MVs (31% and 34%) than 
in source cells (3%), with 5’-tRFs and 5’-halves represent-
ing 90% of total tRNA reads in extracellular RNAs [200]. 
The exosomes and MVs shared similar characteristics in 
tRNA composition with GluCTC being the most over-
represented tRNA (32.6% and 29.9%, respectively), dif-
ferent from source cells in which GlyGCC being most 
overrepresented [200]. Another compositional character-
ization of extracellular RNA complexes associated with 
microvesicles, EVs, and RNPs was performed by Wei 
et al. in human glioma stem cells (GSCs) [201]. Remark-
able enrichment of ANG and 5’tRNA halves from specific 
tRNAs such as GluCTC and GlyGCC were observed in 
GSC-derived exosomes, suggesting the occurrence of 
tRNA cleavage in exosomes [201]. Patients with liver 
cancer exhibited significantly higher tRNA-ValTAC-3, 

tRNAGlyTCC-5, tRNA-ValAAC-5 and tRNA-GluCTC-5 
levels in their plasma exosomes than healthy controls, 
demonstrating the diagnostic potential of these tRFs 
for liver cancer [156]. In addition, tRF-1:30-Lys-CTT-
1-M2 was identified as overexpressed in plasma EVs of 
hypopharyngeal cancer patients and further validated 
in newly diagnosed cancer patients. Furthermore, a sig-
nificant upregulation of tRF-1:30-Lys-CTT-1-M2 was 
presented in the lung metastatic hypopharyngeal cancer 
patients compared with the non- metastatic patients, 
which was considered as an independent risk factor for 
the metastasis of hypopharyngeal cancer [100].

In addition to exosomes derived from peripheral blood, 
salivary exosomes also contain cancer-associated tRFs. A 
recent study identified differentially expressed exosomal 
small RNAs by RNA sequencing of salivary exosomes 
obtained from 3 ESCC patients and 3 healthy con-
trols in a pilot study and further validated in discovery 
cohort [164]. The developed tRF-based signature (tRNA-
GlyGCC-5 and sRESE) could discriminate ESCC patients 
from the controls with high sensitivity and specificity and 
predict overall survival [164]. In particular, it could also 
predict preoperative patients who would benefit from 
adjuvant therapy [164]. Therefore, salivary exosomal 
tRFs may represent non-invasive, more convenient, and 
reliable biomarkers for cancer diagnosis and prognosis. 
Emerging evidence have shown that tRFs encapsulated in 
EVs may play key roles in cellular process regulation and 
intercellular communication, providing promising bio-
markers for cancer liquid biopsy.

Conclusion and perspectives
The development and application of high-throughput 
transcriptome sequencing has led to the ever-growing 
discovery of novel tRFs. Further investigations of tRFs 
for their biological functions and underlying mecha-
nisms are in progress, highlighting the key roles of tRFs 
in various diseases by diverse activities such as nascent 
RNA silencing, transcription inhibition, epigenetic 
gene silencing, and translation regulation. Herein, we 
reviewed the current status of tRF research in cancer. 
The tRFs can be divided into tRNA halves and tRFs, 
including canonical fragments with 5’ or 3’ termini 
from mature tRNAs, and uncanonical ones such as 
i-tRFs, tRF-1  s and 5’leader-5’exon tRFs. Meanwhile, 
various modifications of tRNAs regulate tRF biogene-
sis, and influence the stability and function of tRFs. The 
tRFs play critical roles in biological processes includ-
ing nascent RNA silencing, transcriptional inhibition, 
post-transcriptional gene silencing, translational regu-
lation, inhibition of apoptosis, regulation of reverse 
transcription, and regulation of chromatin accessibility. 
The ubiquitous expression of tRFs has been reported 
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in various cancers, with their function and regulatory 
mechanism partially unveiled. In addition, we summa-
rized the extracellular tRFs relevant with several cancer 
types such as breast cancer, liver cancer, glioblastoma, 
esophageal carcinoma and hypopharyngeal cancer, 
hoping to provide promising biomarker candidates for 
cancer liquid biopsy.

However, there are still several limitations in the field 
of tRF research. First, the nomenclature of tRF is debated, 
resulting in inconsistency in publications and confusion 
of readers. Since one tRF can originate from different 
isodecoders of different tRNAs, the MINTbase database 
employs the “License Plates” nomenclature for naming 
tRFs (e.g., tRF-24-7SIRMM12E2), which is totally based 
on nucleotide sequence to eliminate ambiguities for the 
same exact molecule [95]. Some sequencing results use 
tDRs to address tRFs (e.g., AS-tDR-000064), while oth-
ers follow other nomenclatures (e.g., tRF-Val-CAC-016) 
[123, 149]. Moreover, some tRFs are named by the order 
of discovery or the preference of authors (e.g., tRF-1001 
is called ts-36 in another paper [6]), making search-
ing through and comparison of different publications 
more difficult [6, 73]. Therefore, a clear and standard-
ized nomenclature of tRF is urgently needed. Secondly, 
the knowledge we’ve gained of tRFs is far from satisfac-
tion. Although the dysregulation of some tRFs has been 
revealed in cancer, a vast number of tRFs are not iden-
tified yet, with their biological functions and underlying 
mechanisms remaining enigmatic. Further comprehen-
sive investigations are urgently required. Thirdly, there is 
a long way to go to utilize tRF in clinic as biomarkers for 
cancer. Although some researches emphasized the poten-
tial of tRF for cancer diagnosis, few of them could reach 
excellent specificity and sensitivity without combined 
analysis of conventional biomarkers. More importantly, 
the detection of tRFs mainly relies on high-throughput 
sequencing and stem loop RT-PCR, which are too costly 
or complicated for large scale detection. More attempts 
should be made for developing appropriate tRF testing 
methods. Fourthly, the strategy of current studies using 
synthesized tRFs to investigate their biological activities 
may be defective. Due to the incomplete knowledge of 
tRFs, the synthesized tRFs generally lack modification to 
exactly mimic endogenous tRFs. Without certain modi-
fications, the synthesized tRFs may exert different spa-
tial structures and resulting in totally varied activities. In 
fact, the pretreatment of tRF sequencing removing modi-
fications for further detection might have altered the 
original structure of some tRFs and even led to RNA deg-
radation, making the sequencing results unfaithful. Thus, 
more efforts should be made to either obtain adequate 
highly-purified endogenous tRFs, or figure out their exact 
modifications and spatial structures for precise mimicry.

In conclusion, increasing tRFs with various biological 
functions are being identified. Current results from pre-
liminary studies reveal the significant association of dys-
regulation of tRFs with cancer progression, yet with their 
regulatory networks largely unraveled. Future in-depth 
investigations are urgently needed for better understand-
ing of tRFs in cancer progression and providing potent 
therapeutic molecules or qualified biomarkers for cancer 
diagnosis and prognosis.
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