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Abstract

applications as tumor markers.

Transfer RNAs (tRNAs) promote protein translation by binding to the corresponding amino acids and transporting
them to the ribosome, which is essential in protein translation. tRNA-derived small RNAs (tsRNAs) are derived frag-
ments of tRNAs that are cleaved explicitly under certain conditions. An increasing amount of research has demon-
strated that tsRNAs have biological functions rather than just being degradation products. tsRNAs can exert functions
such as regulating gene expression to influence cancer progression. Their dysregulation is closely associated with vari-
ous cancers and can serve as diagnostic and prognostic biomarkers for cancer. This review summarizes the genera-
tion, classification, and biological functions of tsRNAs, and highlights the roles of tsRNAs in different cancers and their
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Background

Transfer RNAs (tRNAs) are members of the small non-
coding RNA (sncRNA) family and play an essential role
in protein translation [1]. RNA polymerase III (Pol III)
can transcribe tRNA genes into precursor tRNAs (pre-
tRNAs), which then undergo a series of modifications
and treatments to become mature tRNAs eventually [2,
3]. Mature tRNA possesses a conserved cloverleaf-type
secondary structure consisting of a D-loop, anticodon
loop, T-loop, variable loop, and an L-type tertiary struc-
ture maintained by hydrogen bonds [4]. In the process
of protein translation in organisms, tRNAs mainly rec-
ognize codons on mRNAs through their anticodon loop
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structure and transport them to ribosomes by binding
the corresponding amino acids through the principle of
base complementary pairing to facilitate protein transla-
tion [5, 6].

tRNA-derived small RNAs (tsRNAs) were first discov-
ered in the urine of cancer patients in the late 1970s. At
that time, tsSRNAs were considered random degradation
products and did not attract widespread attention [7-9].
However, with the rapid development of high-through-
put sequencing technology, more and more sncRNAs are
being gradually identified. In recent years, many experi-
ments and studies have proved that tsRNAs are derived
fragments of pre-tRNAs or mature tRNAs produced by
specific cleavage under specific environments, which
have biological functions rather than just degradation
products [7, 10].

In this review, we will describe the generation, classifi-
cation, and biological functions of tsRNAs, emphasizing
the role of tsRNAs in different cancers and their clinical
application value as tumor markers.
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The generation and classification of tsRNAs
Depending on the cleavage location on the tRNAs, tsR-
NAs can be divided into different species. The first type is
tRNA-derived fragments (tRFs), which are about 14—30 nt
in length and originate from pre-tRNAs or mature tRNAs
[11, 12]. The second type is tRNA halves (tiRNAs), which
are about 31-40 nt in length and are mainly produced
by Angiopoietin (ANG), cleaving the anticodon loop of
mature tRNAs under a variety of stress conditions [13].
Among tRFs and tiRNAs, many different classifications
have been derived depending on the specific cleavage
site (Fig. 1). In addition, sex hormone-dependent tRNA-
derived RNAs (SHOT-RNAs) are produced under sex hor-
mone-induced conditions [14].

tRFs are close in length to microRNAs (miRNAs) and can
be divided into four subclasses, tRF-1, tRF-3, tRF-5, and
i-tRF, based on the positions of cleavage of ANG, Dicer, or
other RNases on mature tRNAs or pre-tRNAs (Fig. 1). tRF-
1, also called 3’ U-tRF, is derived from the 3’ end of pre-
tRNA, digested by ribonuclease Z, and has a characteristic
poly-U sequence [15]. tRF-3, also known as 3’ tRF, is pro-
duced by nucleic acid endonuclease cleavage on the T-loop
of mature tRNAs and contains a specific CCA structure at
the 3’ end of the mature tRNA [16, 17]. tRF-5, also referred
to as 5’ tRE, is derived from the 5" end of mature tRNA and
is a tRNA-derived fragment produced by Dicer cleavage
in the D-loop or the region between the D-loop and the
anticodon loop of mature tRNA [18]. The last type is i-tRF
or tRF-2, which is cleaved from the internal structure of
mature tRNA and does not contain the 5’ end or 3’ end of
mature tRNA. Some types of it were found to be produced
in breast cancer (BC) cell lines under hypoxic conditions,
but the exact mechanism of its production remains unclear
[19-21].

tiRNAs are tRNA half-molecules produced by ANG-spe-
cific cleavage at the anticodon loop of mature tRNA under
various stress conditions such as hypoxia, UV radiation,
heat shock, oxidative stress, viral infection, and phosphate
deficiency [22]. tiRNAs can be classified into two types, 3/
tiRNA and 5’ tiRNA [23, 24] (Fig. 1). 3’ tiRNA starts at the
3" end of the mature tRNA and ends at the anticodon loop
cleavage site, whereas 5’ tiRNA extends from the 5’ end of
the mature tRNAs anticodon loop [25, 26]. If the gener-
ated fragment is longer than the tiRNA, the fragment will
be called stress-induced tRNA-3 (sitRNA-3) and stress-
induced tRNA-5 (sitRNA-5) [27].

Biological functions of tsRNAs

tsRNAs have multiple biological functions, including reg-
ulation of gene expression, regulation of translation, and
regulation of epigenetics, exerting their biological roles in
various ways.
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Regulation of gene expression
tsRNAs can regulate gene expression in multiple ways.
Similar to the regulatory mechanism of miRNAs, tsR-
NAs can participate in the formation of RNA-induced
silencing complex (RISC) and regulate the stability of
mRNA through RISC binding to the 3’ untranslated
region (3’-UTR) of target genes via the post-transcrip-
tional pathway to regulate gene expression [28]. In gas-
tric cancer (GC), tRF-3017A can bind to Argonautes
(AGO) protein to form RISC and downregulate the
expression of the tumor suppressor gene neural EGFL
like 2 (NELL2), thus affecting the migration, invasion,
and other functions of GC cells [29] (Fig. 2a). Besides,
tRF5-GluCTC is important for RSV replication and
host gene regulation at the post-transcriptional level.
RNA pull-down experiments revealed that tRF5-
GluCTC could exert regulatory effects through binding
to AGO4 protein, while AGO1 directed tRF5-GluCTC
to perform gene regulation in an atypical manner that
remains unclear [30]. In addition, tRF-T11 derived
from Chinese redbud can target the 3’-UTR of onco-
gene TRPA1 mRNA by interacting with AGO2 to sup-
press TRPA1. This research holds great promise for the
development of novel RNA drugs derived from nature
[31].

tsRNAs can also act as protein decoys that influence
the stability of the targeted RNAs and regulate gene
expression by competitively binding RNA-binding pro-
tein (RBP) [32]. Under hypoxic conditions, BC cell lines
produce a series of tRFs that reduce the stability of mul-
tiple oncogenic transcripts by competitively binding the
3’-UTRs of the RBP Y-box binding protein 1 (YBX1),
which decreased the expression of oncogenes in the post-
transcriptional pathway, leading to the suppression of
tumor growth [20] (Fig. 2b). In addition, 5’ tsSRNA can
reduce the stability of oncogenic transcripts c-Myc by
competitively binding insulin-like growth factor 2 mRNA
binding protein 1 (IGF2BP1), which inhibits the expres-
sion of c-Myc mRNA and thus promotes the differentia-
tion of stem cells in mouse embryonic stem cells (mESCs)
[33]. The above two studies add a new research direction
to the way tsRNAs regulate gene expression.

Furthermore, it has been reported that tRF-3 derived
from tRNAM™® can inhibit human immunodeficiency
virus-1 (HIV-1) reverse transcription by binding to
AGO2 and thus antisense complementation with the
HIV-1 primer-binding site (PBS), which inhibits HIV
viral gene expression [34] (Fig. 2c). In host cells, tRF-3019
can be used as a primer to initiate and promote reverse
transcription of respiratory syncytial virus (RSV), which
in turn accelerates the self-replication of RSV viral genes
and increases the infection efficiency and reproduction



Gu et al. Experimental Hematology & Oncology

(2022) 11:35

Page 3 of 15

XD RNA gene

i uuuuu

&

O

3’ Trailer
5’ Leader
Nucleus
pre-tRNA
‘x Cytoplasm
uuuuu
CCAY¥ !
D Ioc?pT ]]O T loop
- . —
— -y
Variable loop
Anticodon loop ‘
| mature tRNA
\4
5 tiRNAl sitRNA-5| i-tRF (tRF-2) sitRNA-3 3’ tiRNA

IO

T8

Fig. 1 Biogenesis and classification of tsRNAs. tsRNAs can be divided into two species. The first type is tRFs, which can be divided into four
subclasses, tRF-1, tRF-3, tRF-5, and i-tRF (tRF-2), based on the position of cleavage. The second type is tiRNAs, classified into 3/ tiRNA and 5" tiRNA
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of RSV. Therefore, controlling the level of tsRNAs may
become a new approach to controlling viral infection
[35-37].
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Regulation of translation
tsRNAs can regulate the translation process of biologi-
cal proteins in different ways, specifically in two different
ways, AGO-dependent and AGO-independent ways [38].
Among them, the AGO-dependent translational repres-
sion approach in which tsRNAs can preferentially bind to
AGO and subsequently target conserved sites in mRNAs
through the 7-mer motifs of tsRNAs for antisense match-
ing, ultimately reducing the translational activity of
mRNAs, but did not affect the mRNA levels of tsRNAs
target genes [38, 39]. In Drosophila, the regulation medi-
ated by tsRNAs is dependent on AGO2. 5'-tsRNA can
inhibit the translation of mRNAs of ribosomal proteins
and other translational factors through antisense pairing,
thus inhibiting overall protein synthesis [38, 40] (Fig. 2d).
A previous study found that in human HEK293 cells, tRFs
are associated with 1, 3, and 4 of the AGO family and
may silence mRNA translation by binding to the AGO
protein family [16]. Maute et al. found that a tRF named
CU1276 is downregulated in B-cell lymphoma with a
DICER1-dependent biogenesis property similar to miR-
NAs and could physically associate with AGO proteins,
which can modulate proliferation and the DNA damage
by inhibiting the translation of RPA1 [41]. Furthermore,
in rhizobia, three tRFs were shown to exert translational
repression by hijacking AGO1 to regulate host genes
associated with rhizome initiation and development [42].
In AGO-independent translation regulation, tsRNAs
can regulate translation by assembling to form RNA
G-quadruplexes (RG4), affecting ribosome produc-
tion, function, and structure [39, 43, 44]. Endogenous
5'-tiRNA molecules produced by stress can assemble
to form RG4 structures that replace the translation ini-
tiation factor eIF4E/G/A on the mRNA cap and exert
a translational repressive effect on mRNA [38, 45, 46]
(Fig. 2e). Ribosomes are known to be ribonucleopro-
tein machines that decode the genetic information of
mRNAs into polypeptides. Non-coding RNAs play an
essential role from the transcription and processing of
precursor rRNAs to the assembly of ribosomes [47].
Kim et al. showed that LeuCAG3’ tsRNA could promote
the protein translation process of mRNAs through base
complementary pairing binding to the mRNA of ribo-
somal protein S28 (RPS28), which is related to ribo-
some production, resulting in a change in the secondary
structure of the RPS28 mRNA and thus affecting ribo-
some production [43] (Fig. 2f). Subsequently, further
studies revealed that the regulatory effect of LeuCAG3’
tsRNA on the translational process of RPS28 in humans
and mice was after the translation initiation phase. The
tsRNA enhanced and promoted the translation of RPS28
mRNA by binding to its coding sequence (CDS) and non-
coding 3’-UTR sequence to alter its secondary structure.
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Inhibition of LeuCAG3’ tsRNA expression significantly
inhibited the translation process and decreased the
expression of RPS28 protein [44]. It has been found that
tRF-3 is associated with the PIWT protein Twil2 protein,
which is essential for cell growth. The complex formed by
them can affect rRNA processing and thus regulate trans-
lation by binding to Xrn2 and Tan1 [48] (Fig. 2g). In addi-
tion, under stress conditions, the salt-loving archaeon
H. volcanii can produce Val-tRFs, which function as
competitive binders with mRNA and can inhibit peptide
bond formation and thus protein translation by binding
to the small ribosomal subunits immediately adjacent to
the mRNA channel [39]. In contrast, in the unicellular
protozoan Trypanosoma brucei, 3’ tsRNA™" produced in
a stressful environment can integrate into the ribosome
and enhance mRNA loading and thus have an effect on
global translation [49].

Regulation of epigenetics

tsRNAs also have functions in regulating biological epi-
genetics. tsRNAs, similar to PIWI-interacting RNAs
(piRNAs), can also bind to PIWI proteins to form com-
plexes that play important roles by regulating genes
associated with germ cell and stem cell developmen-
tal pathways [50—52]. Previous studies in hfd-fed mice
found that sperm tiRNAs contribute to the transmis-
sion of acquired metabolic disorders to the next genera-
tion, identifying a role for tsRNAs in intergenerational
inheritance as well as in the transmission of metabolic
phenotypes [53, 54]. In mice, it has been found that tsR-
NAs are enriched during sperm maturation and early
embryonic development and may play a relevant role by
replacing piRNAs in cells or tissues where they are not
available [55]. In contrast, the conversion of RNA load
from piRNAs to tsRNAs during sperm maturation also
suggests that tsSRNAs are involved in epigenetic regula-
tion [56]. A related study showed that mice deficient in
DNA methyltransferase-2 (DNMT2) prevented high-fat
diet-induced intergenerational genetic disorders [57],
while the absence of DNMT2 abolished alterations in
sperm tsRNAs modification and expression, suggesting
a key role for tsRNAs in epigenetic mechanisms [58].
The above studies indicate that tsRNAs are equivalent to
new piRNAs in playing significant roles in the epigenetic
regulation of organisms. Furthermore, tsRNAs are capa-
ble of regulating histone methylation in human mono-
cytes, and there may be additional tsRNAs that may be
involved in the epigenetic regulation of somatic cells
that are temporarily undiscovered and unstudied [59].
Besides, tRFGIUTTC could reduce the expression of Cyc-
lin D1, Cyclin-dependent kinase 4, and Cyclin E, which
are factors essential for the maintenance of the G1/S
phase in mammalian cells, to promote the proliferation
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of preadipocytes and reduce the expression of fatty acid
synthesis-related genes to affect lipid accumulation, play-
ing an essential role in adipogenesis [60—62].

Dysregulation of tsRNAs in cancer and related roles
With the increasing development of high-throughput
sequencing technology, a growing number of studies
have found that dysregulation of tsRNAs is closely asso-
ciated with the development of multiple cancers. Cur-
rently, tsRNAs have been reported to be dysregulated in
cancers such as BC, colorectal cancer (CRC), GC, hema-
tological tumors, etc. A wide range of tsSRNAs has been
found to possess the ability to regulate the proliferation
and metastasis of tumor cells and influence the tumor
cell cycle and apoptosis. Next, we will discuss the role of
tsRNAs in different cancers.

BC

BC has surpassed lung cancer (LC) as the fifth cause of
global cancer death and the leading cause of cancer inci-
dence worldwide [63]. Many kinds of different non-cod-
ing RNAs have been found to influence the development
of BC, among which tsRNAs can regulate BC progres-
sion in several ways. Goodarzi et al. found that a series
of novel tRFs produced by BC cell lines under hypoxic
conditions could bind to YBX1, decreasing the stability
of YBX1 endogenous oncogenic transcripts and inhibit-
ing the progression of BC. They speculated that the inter-
action between tRFs and YBX1 may be only a small part
of the general regulatory network of sncRNAs and RBPs
[20]. Another study found specific interactions between
tRF3E and nucleolin (NCL) by RNA Pulldown assays. In
BC, the diminished competitive binding of tRF3E to NCL
enhanced the translational repression of p53 mRNA by
NCL, leading to decreased expression of the cancer sup-
pressor gene p53 and promoting the progression of BC
[64]. In addition to the RBP mechanism, tsRNAs can
also play a regulatory role by binding to the target genes.
5/-tiRNA " was significantly decreased in BC tissues and
cell lines and can directly bind to frizzled class receptor
3 (FZD3) to inhibit BC progression by suppressing the
FZD3/Wnt/B-Catenin signaling pathway, acting as an
inhibitory factor in BC [65]. Besides, tRF-19-W4PU732S,
which is significantly highly expressed in BC, could pro-
mote the malignant progression of BC by inhibiting
ribosomal protein L27a (RPL27A) [66]. While ts-112
and RUNX family transcription factor 1 (RUNX1) were
negatively correlated in BC cells versus normal breast
epithelial cells, RUNX1 may exert its cancer-suppressive
function by inhibiting ts-112 to prevent over-prolifer-
ation of normal breast epithelial cells [67]. tsSRNAs can
also promote immunotherapy in BC. Shan et al. evalu-
ated the impact of the interaction between tRFs and T

Page 6 of 15

cell activation on the survival of BC patients by Kaplan—
Meier survival and multivariate Cox regression models
and identified five tRFs-related pathways associated with
survival by Spearman analysis, providing new BC treat-
ment targets to improve immunotherapy in BC [68]. In
triple-negative BC (TNBC), dysregulation of tsRNAs
caused disorders of various mRNAs, which consequently
had an impact on immune response pathways, cell signal-
ing, chemoresistance, and energy metabolism [69]. Under
hypoxic conditions, two tsRNAs (tDR-0009 and tDR-
7336) involved in maintaining cellular responses to inter-
leukins were significantly upregulated in the SUM-1315
cell line, which may be a potential mechanism by which
hypoxic conditions induce the generation of tsRNAs to
promote adriamycin resistance in TNBC, suggesting that
specific tsRNAs may be a regulatory molecule involved
in chemotherapy resistance in hypoxic TNBC and have
the potential to become a new biomarker and interven-
tion target in TNBC too [70]. In addition, the expression
of tRFLys-CTT-010 is increased in TNBC and interacts
with the glucose-6-phosphatase catalytic (G6PC) subunit
to regulate cellular lactate production and glycogen con-
sumption levels, which promotes the proliferation of can-
cer cells, suggesting that tRFLys-CTT-010/G6PC and the
glucose metabolism regulatory axis may be a new thera-
peutic target for TNBC [71]. In summary, in BC, tsRNAs
can regulate the malignant progression of BC through
mechanisms such as RBP and target genes and can also
regulate BC progression in multiple ways by affecting
immunotherapy, chemoresistance, and energy metabo-
lism, providing new markers and targets for the diagnosis
and treatment of BC in the clinical practice.

CRC

CRC is a clinically common cancer with the third high-
est incidence rate and the second-highest mortality rate
[63]. In CRC, tsRNAs have also been found to have an
essential role in regulating the progression of CRC by
modulating multiple signaling pathways. The expression
of tsRNAs was susceptible to hypoxic conditions, where
5’ tiRNA-His-GTG was regulated by the hypoxia/HIFla/
Ang axis, with increased expression under hypoxia, and
could directly target LATS2 to inhibit the Hippo signal-
ing pathway and promote the expression of prolifera-
tion and anti-apoptosis related genes, thus promoting
CRC development both in vivo and in vitro [72]. Also
under hypoxic conditions, Luan et al. found that Dicerl
could induce increased expression of tRF-20-MEJB5Y13,
which leads to enhanced migration and invasion of CRC
cells, providing new insight into the studies regard-
ing hypoxia signaling regulatory tsRNAs in CRC [73].
Huang et al. identified a fragment that could be derived
from both tRNA™" and pre-miRNA, which they named
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tRF/miR-1280. The expression of tRF/miR-1280 was
decreased in CRC, and mechanistic studies revealed that
tRF/miR-1280 could bind to Notch ligand JAG2 lead-
ing to inactivation of Notch signaling, which ultimately
inhibited CRC growth and metastasis. This study dem-
onstrated the possibility that miRNAs are derived from
tRNAs and provided a new insight for investigating
tsRNAs [74]. Besides, tsRNAs could also regulate the
metastatic ability of CRC. The expression of ANG was
elevated in CRC tissues, promoting CRC growth and
metastasis both in vivo and in vitro. Meanwhile, a series
of tiRNAs produced by ANG cleavage are enriched in
both CRC tissues and highly metastatic cell lines and are
involved in the process of ANG-promoted CRC metas-
tasis, suggesting that the ANG/tiRNAs/cell migration
invasion regulatory axis may be a new therapeutic tar-
get for patients with metastatic CRC [24]. Besides, the
expression of tRF-phe-GAA-031 and tRF-VAL-TCA-002
was significantly upregulated in CRC tissues, suggesting
that they may play an essential role in the growth and
metastasis of CRC and are potential biomarkers as well
as therapeutic targets for CRC [75]. In addition, Wang
et al. established the expression profiles of tsRNAs in
CRC by high-throughput sequencing. They analyzed and
predicted the targets of tsRNAs, the relationship between
tsRNAs and mRNAs, and constructed gene regulatory
modules for tRFs and tiRNAs simultaneously, which pro-
vided directions for subsequent studies on the functions
and mechanisms of tsRNAs in CRC [76]. In conclusion,
in CRC, tsRNAs could affect the progression of CRC by
regulating multiple signaling pathways and play an essen-
tial role in the metastasis of CRC, providing new thera-
peutic targets for CRC.

GC

GC is a severe cancer worldwide, ranking fifth and fourth
globally in incidence and mortality, respectively [63].
In GC, tsRNAs can affect the proliferation and metas-
tasis of GC cells and regulate the development of GC.
By small RNA sequencing, Shen et al. found that tRF-
33-P4R8YPILON4VDP was significantly decreased in
GC tissues. Quantitative real-time PCR revealed that
the expression level of tRF-33-P4R8YPILON4VDP was
decreased in the plasma of GC patients, consistent with
the high-throughput sequencing results. Subsequently,
cell function experiments showed that this molecule can
inhibit the proliferation and migration of GC cells and
could promote apoptosis and alter the cell cycle, which
demonstrated the potential of tsRNAs to regulate the
progression of GC [77]. Another study found that the
tRF-3017A derived from tRNAY=TAC can combine with
AGO protein to regulate the expression of cancer sup-
pressor gene NELL2, which promotes migration of GC
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cells and metastasis of lymph nodes in GC patients, and
has the effect of facilitating GC malignant progression
[29]. Besides, the expression of tRF-19-3L7L73]D was
decreased in GC, which could block the GC cell cycle in
the GO/G1 phase, induce apoptosis, inhibit cell prolifera-
tion and migration, and thus inhibit the malignant pro-
gression of GC [78]. Moreover, tsRNAs can also influence
the progression of GC by regulating signaling pathways.
tRF-24-V29K9UV3IU was found by Dong et al. to inhibit
the Wnt signaling pathway by regulating the proliferation
and metastatic ability of GC cells, which in turn hinders
the progression of GC [79]. tRF-5026a was found to be
able to regulate the PTEN/PI3K/AKT signaling pathway,
and upregulation of tRF-5026a could inhibit the pro-
liferation and metastasis of GC cells, which played an
influential inhibitory role in the progression of GC also
[80]. Xu et al. selected tRF-GluTTC-027 with down-reg-
ulated expression for their research, and they found that
tRE-GIuTTC-027 was associated with the MAPK signal-
ing pathway by GO function and KEGG pathway analy-
sis. Further validation revealed that tRF-GIuTTC-027
could significantly regulate the related proteins in the
MAPK signaling pathway and play a cancer suppressive
role in GC progression [81]. Our research found that
tRF-31-US5YKFN8DYDZDD and hsa_tsr016141 could be
used as diagnostic and prognostic markers for GC, sug-
gesting that tsRNAs could also be novel biomarkers for
GC [82, 83]. As a conclusion, tsRNAs can affect the pro-
liferation and metastasis of GC and regulate the malig-
nant progression of GC through multiple mechanisms.
Meanwhile, tsRNAs can also be potential biomarkers
for the diagnosis and prognosis of GC, providing new
insights and targets for the diagnosis and treatment of
GC in clinical practice.

Hematological tumors

Besides solid tumors, tsRNAs have been reported in
hematologic tumors as well. In B-cell lymphomas,
low expression of tRF-3 CU1276 could modulate
the molecular response to cellular DNA damage and
inhibit cell proliferation by targeting replication pro-
tein A1(RPA1) [41]. In addition, Guo et al. found that
tsRNAs were dysregulated in myelodysplastic syn-
drome (MDS), and the expression of tsRNAs corre-
lated with whether MDS patients would develop acute
myelocytic leukemia (AML) [84]. Chronic lymphocytic
leukemia (CLL) is the most common human leukemia,
and the expression of ts-3676 is decreased in almost
all CLL. It was found that decreased expression levels
of ts-3676 diminished the ability to target the 3-UTR
of T cell lymphoma breakpoint 1 (TCL1), leading to
increased expression of TCL1, which aggravated the
severity of CLL consequently [85]. A follow-up study
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found that ts-3676 and ts-4521 expression was signifi-
cantly dysregulated in both LC and CLL, suggesting
that tsRNAs play a vital role in both solid and hemato-
logic tumors [86].

Other cancers

Except for the cancers discussed above, tsRNAs play
significant roles in other cancers as well. In hepatocel-
lular carcinoma (HCC), Gly-tRF targets Nedd4 family
interacting protein 2 (NDFIP2) to promote the growth
of HCC cells. Through analysis, NDFIP2 was found to
regulate the AKT signaling pathway via ubiquitination
of downstream target proteins, thereby regulating the
malignant progression of HCC [87]. The expression of
tRF-315 was increased in prostate cancer (PC) cells and
could inhibit cisplatin-induced apoptosis. In LNCaP
and DU145 cells, tRF-315 could also alleviate cispl-
atin-induced mitochondrial dysfunction. Further study
revealed that tRF-315 protected PC cells from cispl-
atin-induced mitochondrial-dependent apoptosis by
targeting the tumor suppressor gene (GADD45A) [88].
In LC, the expression of ts-46 and ts-47 was decreased
and inhibited the growth of LC cells, suggesting that
tsRNAs may be involved in cancer pathogenesis and
are key substances in cancer-related pathways [89].
tRF-Leu-CAG can promote proliferation and cell cycle
in non-small cell LC (NSCLC) cells. Follow-up studies
revealed that tRF-Leu-CAG might target AURKA to
participate in some signaling pathways to perform its
cancer-promoting effects. Still, the exact mechanism
remains further validated later [90]. Furthermore, the
upregulation of tsRNA-5001a is associated with poor
prognosis, promoting lung adenocarcinoma (LUAD)
cell proliferation and increasing the risk of postopera-
tive recurrence in LUAD patients [91]. In papillary thy-
roid carcinoma (PTC), highly expressed tiRNA-Gly can
directly bind to RNA binding motif protein 17 (RBM17)
and lead to RBM17-dependent phosphorylation of
downstream signaling pathways by inducing mitogen-
activated protein kinase 4 (MAP4K4) mRNA exon 16
splicing. Subsequent transfer of RBM17 from the cyto-
plasm to the nucleus increases RBM17 protein expres-
sion by inhibiting RBM17 degradation, promoting PTC
progression [92].

Taken together, tsRNAs play an essential role in vari-
ous types of cancer, they can regulate multiple signaling
pathways and have a complex regulatory relationship
with tumor biogenesis. With the continuous improve-
ment of the tsRNAs database and detection technol-
ogy, it is believed that tsRNAs will be applied to clinical
applications and provide a new way of thinking for
tumor treatment.
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Clinical application value of tsRNAs in cancer:

as biomarkers for cancer diagnosis and prognosis
As a non-invasive and convenient sampling technique
for tumor diagnosis, liquid biopsy has gradually replaced
invasive methods for cancer diagnosis and detection in
the last decade [93]. Meanwhile, an increasing number
of studies have found that tsRNAs are present not only
in the tissues, but also widely in the body fluids of can-
cer patients, including plasma, serum, and exosomes. It
has been reported that the expression of tsRNAs differs
significantly between cancer patients and normal con-
trols, correlates with clinicopathological parameters of
patients, and can predict the poor prognosis of patients.
If tsRNAs are well integrated with liquid biopsy tech-
niques and applied in the clinical practice, it is believed
that they will provide new biomarkers for the clinical
diagnosis of cancers and open up new avenues for the
detection of cancer patients [94] (Table 1).

In terms of plasma, Zhu et al. first found that the
expression level of tiRNA-5034-GIuTTC-2 was signifi-
cantly downregulated in both tissues and plasma of GC
patients. By receiver operating characteristic analysis,
they found that tiRNA-5034-GIuTTC-2 had better diag-
nostic efficacy, which was further increased by com-
bining the expression levels in tissues and plasma of it,
indicating that tiRNA-5034-GIuTTC-2 has the poten-
tial to become a biomarker for GC [95]. Wang et al.
found that the expression levels of tRF-Arg-CCT-017,
tRF-Gly-CCC-001, and tiRNA-Phe-GAA-003 were sig-
nificantly increased in the plasma of BC patients by
high-throughput sequencing, while the expression lev-
els of tRF-Gly-CCC-001 and tiRNA-Phe-GAA-003 in
exosomes correlated significantly with the expression
levels in plasma, indicating that most of them in plasma
were also present in exosomes [96]. In LC, Wang et al.
found that the expression of tRF-16-L85J3KE was down-
regulated in the plasma of LUAD patients, while the
expression of tRF-21-RK9P4P9L0 and tRF-16-PSQP4PE
was upregulated, consistent with the RNA sequencing
results. The Area Under Curve (AUC) of these three tsR-
NAs reached 0.92 when they were combined to diagnose
LUAD, suggesting good diagnostic efficacy. Addition-
ally, tRF-21-RK9P4P9L0 was negatively correlated with
LUAD prognosis, and inhibition of tRF-21-RK9P4P9L0
expression diminished the proliferation, migration, and
invasive ability of LC cell lines [97]. In the plasma of CRC
patients, the expression level of 5-tRF-GlyGCC was sig-
nificantly elevated with an AUC of 0.882 and was further
increased to 0.926 after combined with carcinoembry-
onic antigen and Carbohydrate antigen199, suggesting its
good diagnostic efficacy for CRC [98].

On the serum side, the expression levels of hsa_
tsr016141 and tRF-31-US5YKFN8DYDZDD  were
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Table 1 Clinical application value of tsRNAs in cancer
Source  tsRNAs name tsRNAs type Cancer type Expression Clinical significance References
Plasm tiRNA-5034-GIuTTC-2 5tiIRNA GC Down Have good diagnostic efficacy for GC, [95]
which was further improved by com-
bining their expression levels in tissues
and plasma
tRF-33-P4R8YPOLON4VDP 5tiIRNA GC Down Serve as a novel diagnostic biomarker  [77]
and target for GC therapeutics
tRF-19-3L7L73JD i-tRF GC Down Associated with tumor size and may be  [78]
useful as a biomarker of GC
tRF-5026a tRF-5 GC Down Related to tumor size and has certain [80]
diagnostic value to predict the overall
survival
tRF-Glu-CTC-003, tRF-Gly-CCC-007, tRF-  tRF-5 EBC Down Serve as novel biomarkers for the [107]
Gly-CCC-008 diagnosis of EBC
tRF-Leu-CAA-003, tRF-Ser-TGA-001, tRF-
Ser-TGA-002
tRF-Gly-CCC-001 tRF-1 BC Up Serve as diagnostic biomarkers for BC [96]
tRF-Arg-CCT-017, tiRNA-Phe-GAA-003  tRF-1, 5tiRNA  BC Up Serve as diagnostic and prognostic
markers of BC
tRF-16-PSQP4PE, tRF-21-RK9P4P9LO tRF-5 LC Up Combining the three tsRNAs may [971
tRF-16-L85J3KE i-tRF LC Down predict LUAD
5"-tRF-GlyGCC tRF-5 CRC Up Serve as a promising diagnostic bio- [98]
marker for CRC diagnosis
Serum hsa_tsr016141 tRF-5 GC Up Serve as a diagnostic marker for GCand  [82]
dynamically monitor the postoperative
situation
tRF-31-U5YKFN8DYDZDD i-tRF GC Up Related to TNM stage, depth of tumor [83]
invasion, lymph node metastasis, and
vascular invasion
tRF-Leu-CAG 5tiRNA NSCLC Up Significantly correlated with tumor [90]
progression
tDR-000,620 5tiRNA TNBC Down May provide predictive biomarkers and  [99]
therapeutic targets for TNBC recurrence
5/-tiRNAY 5'tiRNA BC Down Positively correlated with stage progres-  [65]
sion and lymph node metastasis
tRF-30-JZOYJE22RR33, tRF-27-ZDX- tRF-3 BC Up Correlated with trastuzumab resistance  [100]
PHOS53KSN
tRF-17-79MPOPP tRF-5 BC Down Serve as novel biomarkers for the [102]
diagnosis of EBC
tDR-7816 i-tRF BC Down Potential diagnostic biomarker for [101]
patients with early non-TNBC
tsSRNA-MetCAT-37, tsRNA-ValTAC-41, tRF-3 PDAC Up may be promising and effective candi-  [108]
tsRNA-ThrTGT-23 dates for PDAC diagnosis
tRF-GIN-TTG-006 tRF-5 HCC Up can distinguish between HCC patients ~ [103]
and healthy controls even in early
stages
Exosome tRF-38, tRF-18 tRF-3 GC Up discriminate GC patients with a high [104]
tRF-25 itRF risk of recurrence and poor prognosis
tRNA-ValTAC-3 tRF-3 HCC Up serve as a novel “liquid biopsy” bio- [105]
tRNA-GIYTCC-5, tRNA-VaIAAC-5 5'HRNA marker for HCC diagnosis
tRNA-GIUCTC-5 tRF-5
tRNA-GIlyGCC-5 tRF-5 ESCC Up predict of ESCC patients who likely to [106]

benefit from adjuvant therapy
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significantly increased in the serum of GC patients,
which could effectively distinguish GC patients from
normal controls and their expression levels were sig-
nificantly decreased after GC surgery. Moreover, they
were both good diagnostic markers and predictors of
poor prognosis in GC [82, 83]. Upregulated tRF-Leu-
CAG in NSCLC serum was significantly associated with
tumor progression, while tRF-Leu-CAG expression
was similarly upregulated in NSCLC cell lines. Inhibi-
tion of tRF-Leu-CAG suppressed cell proliferation and
impeded the cell cycle, suggesting that it may be a new
diagnostic marker and potential therapeutic target in
NSCLC [90]. Significantly decreased tDR-000620 in the
serum of TNBC patients, which was associated with
lymph node status and recurrence, was an independ-
ent poor predictor of recurrence-free survival, and its
expression level may be a factor in the recurrence and
poor prognosis of TNBC patients [99]. In addition,
the expression levels of tRF-30-JZOYJE22RR33 and
tREF-27-ZDXPHOS53KSN were significantly elevated in
the serum of trastuzumab-resistant BC patients, and
patients with high expression levels of both benefited
to a lesser extent from trastuzumab-based therapy, sug-
gesting that both of them play an important role in tras-
tuzumab resistance and could be clinical targets for the
treatment of trastuzumab-resistant BC as an interven-
tion target and potential biomarker [100]. Besides, tDR-
7816 was significantly differentially expressed in the
serum of non-TNBC patients and may affect xenobiotic
metabolic processes associated with breast carcinogen-
esis [101]. The expression levels of 5'-tiRNAY* and tREF-
17-79MPIPP were significantly decreased in the serum
of BC patients, and both were significantly correlated,
with 5-tiRNA"¥! being associated with TNM stage and
lymph node metastasis [65, 102]. In addition, tRF-GIn-
TTG-006 derived from tumor cells was found to be sig-
nificantly upregulated in HCC serum, and the signature
of tRF-GIn-TTG-006 could distinguish HCC patients
from healthy controls, even when HCC patients were in
early stages (sensitivity: 79.0%; specificity: 74.8%) [103].

From the exosome aspect, tRF-38, tRF-25, and tRF-
18 were expressed elevated in plasma exosomes of GC
patients, which has good accuracy for GC diagnosis and
may be a predictor of GC after surgery [104]. Besides,
the expression levels of tRNA-ValTAC-3, tRNA-
GlyTCC-5, tRNA-ValAAC-,5, and tRNA-GIuCTC-5
were significantly increased in plasma exosomes from
patients with HCC, indicating that plasma exosomal
tsRNAs could be new diagnostic biomarkers [105]. The
tRNA-GlyGCC-5, derived from salivary exosomes, was
a noninvasive biomarker for the diagnosis and prog-
nosis of human Esophageal squamous cell carcinoma
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(ESCC) and could predict preoperative patients who
might benefit from adjuvant therapy [106].

In summary, tsRNAs have shown promising biomarker
potential and clinical application in plasma, serum, and
exosomes of cancer patients. The detection of tsRNAs
expression in body fluids of cancer patients is expected to
be a new and better technique applicable to the noninva-
sive diagnosis of cancer in the future.

Databases for tsRNAs

There are many databases for tsSRNAs that can boost the
research of tsRNAs (Table 2). tRFdb is the earliest data-
base about tRFs, which contains information about tRFs
in eight species and can be set for specific species as
well as searched by tRF ID or tRF sequence [50]. PtRFdb
includes various information about tRFs in plants, facili-
tating the study of tRFs in plants [109]. tRex is a database
of tRFs in plants Arabidopsis thaliana and summarizes
information about the sequencing of multiple small
RNAs, which conveniently facilitates the study of tRFs in
Arabidopsis thaliana [110]. MINTbase v2.0 was updated
based on the first generation MINTbase, containing
information about tRFs in a variety of human tissues. It
can be searched to show the abundance of tRFs in vari-
ous cancers on demand [111]. Apart from that, tRFs gene
network prediction, tRFs survival analysis, and func-
tional enrichment analysis can be performed in OncotRF
according to the settings of users [112].

Besides providing basic information on tsRNAs, the
following databases help study tsRNAs-related functions
and mechanisms. tRFTar can be customized to search
and filter the interaction of tRFs with target genes and
can perform enrichment analysis of the functions of tRFs
[113]. tRFTars can predict the potential target genes of
tRFs online and contribute to studying the function and
mechanism of tRFs [114]. tsRFun database contains the
expression profiles of tsRNAs in 32 cancers, which ena-
bles online prediction of the targets of tsRNAs and the
construction of interaction networks with mRNAs [115].
tRFtarget database provides a comprehensive prediction
of the interaction between tRFs and targets through two
advanced tools, RNAhybrid and IntaRNA, and allows the
analysis of the predicted target genes [116]. tsRBase con-
tains tsSRNAs from different species and different types of
samples information, which also provides valuable infor-
mation on tsSRNAs and basic information. Also, tsRBase
collected the latest literature on tsRNAs research, which
provides a comprehensive aid for studying tsRNAs [117].

Conclusions

With the in-depth investigation of tsRNAs, the bio-
logical functions of tsRNAs such as regulation of gene
expression, translation, and epigenetics have been
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Table 2 Databases for tsRNAs
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Name Function Website

MINTbase  Contains basic information about tRFs currently found in a variety of human tissues and http://cm jefferson.edu/MINTbase/
demonstrates the abundance of tRFs in a variety of cancers

OncotRF Can be used to search the expression level and related information of corresponding tRFs http://bioinformatics.zju.edu.cn/OncotRF
in different cancers, and has the functions of tRFs gene network, functional enrichment
analysis and survival analysis

PtRFdb Contains detailed information about tRFs in different plants, is a database of tRFs in plants,  http://www.nipgr.res.in/PtRFdb/
helpful for the study of tRFs in plants

tRex Database of tRFs studies in arabidopsis thaliana http://combio.pl/trex

tRFdb Contains information on 3 tRFs for 8 species, searchable by tRF sequence or tRF ID http://genome.bioch.virginia.edu/trfdb/

tRFexplorer
can be performed with genes or miRNAs in TCGA samples

Differential expression of tsRNAs in TCGA in NCI-60 can be analyzed, and correlation analysis

https://trfexplorer.cloud/

http://www.rnanut.net/tRFTar/

http://trftars.cmuzh.ennin.glab.org:3838/tar/
http://www.tsrbase.org

http://rna.sysu.edu.cn/tsRFun/or http://
biomed.nscc-gz.cn/DB/tsRFun/

tRFTar Can be customized to search the interaction relationship between tRFs and target genes,
and has enrichment analysis and other functions, which is helpful to explore the function
of tRFs

tRFTars The first database to predict potential tRFs targets in humans

tsRBase Contains the basic characteristics of tsRNAs in different species as well as the target and
biological function information of tsRNAs, which can be searched according to research
needs

tsRFun Provides tsRNAs identification, target prediction, enrichment analysis and other online tools

tRFtarget ~ RNAhybrid and IntaRNA can be used to predict tRFs targets by predicting the interaction

between tRFs and transcripts

http://trftarget.net

gradually revealed. tsRNAs dysregulation is closely
related to the development of various cancers. At the
same time, dysregulated tsRNAs have the potential to
act as tumor biomarkers and can provide new targets
for cancer diagnosis and treatment. Moreover, they can
dynamically monitor cancer patients and provide new
targets for cancer diagnosis and treatment. Currently,
databases of tsRNAs are emerging, covering tsRNAs
from different species and different types of samples,
which can provide researchers with basic information
on the origin and sequence of tsRNAs. In addition,
many databases also have the function of predicting the
targets of tsRNAs, which contributes to the study of the
molecular mechanism of tsRNAs and related processes.
The emergence of these databases has promoted the
rapid development of tsSRNAs research.

However, although tsRNAs are currently found to
be dysregulated in a variety of cancers, the mecha-
nisms by which they genuinely influence cancer pro-
gression remain unclear, and studies on the functions
and mechanisms of tsRNAs are still inadequate. More
in-depth molecular mechanisms of tsRNAs still need
further exploration and discovery in the future. In addi-
tion, studies on tsRNAs as tumor diagnostic and prog-
nostic markers are still in their infancy, and the sample
size of studies on whether they can be applied to clini-
cal analysis still needs to be expanded. Meanwhile, the
number of tsRNAs included in many databases related
to the functions of tsRNAs is still limited, many tsRNAs

cannot be analyzed, so it is still necessary to expand the
number of tsRNAs included in databases in the future.

In conclusion, studies on tsRNAs have been emerg-
ing in recent years, with an increasing number of tsR-
NAs and their research tools have been discovered and
applied. It is believed that in the future, with the advance-
ment of technology, the role and mechanism of tsRNAs
in cancer will also become increasingly apparent. As an
emerging non-coding small RNA, the emergence of tsR-
NAs provides a new direction and possibility for diagnos-
ing and treating cancer in the future.
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