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Abstract: Transfer RNA-derived small RNA (tsRNA)s are novel non-coding RNAs, expressed in a variety 
of tissues and organs. Two subtypes of tsRNAs have been reported: tRNA-derived stress-induced RNA 
(tiRNA)s and tRNA-derived fragment (tRF)s. tsRNAs have been reported to play essential roles and possess 
different biological functions in a variety of physiological activities. Recently, tsRNAs have been implicated 
in a large number of diseases, such as cancers (including breast cancer, ovarian cancer, lung cancer, prostate 
cancer, colorectal cancer, etc.), neurological disorders, viral infections, metabolic diseases and angiogenesis-
related diseases. Although the biological functions of tsRNAs are still poorly understood, correlations 
between dysregulated tsRNA expression and disease development have been recently reported. Additionally, 
their capabilities as potential biomarkers for disease diagnosis and prognosis have been revealed in clinical 
studies. In this review, we summarize the current knowledge of tsRNAs, and discuss their potential clinical 
applications as biomarkers in different diseases. Although the regulation of tsRNAs is similar to miRNAs 
in regards to the related physiological and pathological processes, the higher stability and expression 
levels of tsRNAs place them as ideal biomarkers for the diagnosis and prognosis in cancer and other 
diseases. Therefore, it is worth to verify the possibility and reliability of these reported tsRNAs as potential 
biomarkers for clinical applications in disease diagnosis and prognosis.

Keywords: Transfer RNA-derived small RNA (tsRNA); biomarker; diagnosis

Submitted Mar 24, 2020. Accepted for publication Jul 31, 2020.

doi: 10.21037/atm-20-2797

View this article at: http://dx.doi.org/10.21037/atm-20-2797

Introduction

Transfer RNA-derived small RNAs (tsRNAs) are a type of 
small RNA fragments produced by a given nuclease (such as 
Dicer and ANG) cutting into the tRNA ring in a given cell/
tissue or under specific conditions, such as cell stress (1).  
tsRNAs originate from precursor or mature transfer RNAs 
which are cut precisely by enzymes (2), and can be mainly 
divided into two types based on the cleavage sites (3): 
tRNA-derived fragments (tRFs) and tRNA-derived stress-
induced RNAs (tiRNAs, also known as tRNA halves) (1). 

tRFs are derived from mature or primary tRNAs that are 
14–30 nt in length (dividing into 1-tRFs, 2-tRFs, 3-tRFs, 
5-tRFs, and i-tRFs according to the sources), while tiRNAs 
induced by stress or starvation are produced by specific 
cleavage at the mature tRNA anticodon loop of over 31 
nt (including 5'- and 3'- fragments, named 5'-tiRNAs 
and 3'-tiRNAs, respectively) (1,3,4). Moreover, tiRNAs 
are mainly located in the cytoplasm, while the location 
of tRFs remains controversial due to the variations in 
previous experimental approaches. However, both tiRNAs 
and tRFs are delivered into the peripheral blood through 
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the circulatory system and can also be detected by RNA 
high-throughput sequencing analysis and validated by 
quantitative real-time reverse transcription-polymerase 
chain reaction (qRT-PCR).

A novel optimized bioinformatic tool, SPORTS1.0 can 
annotate and profile canonical tsRNAs from small RNA 
(sRNA) sequencing data across a wide range of species (5).  
According to nucleotide mismatches within sRNAs, 
SPORTS1.0 can predict potential RNA modification sites 
and help further understand tsRNA functions. Additionally, 
databases, such as MINTbase and tRFdb, have been used in 
the biological analysis of the tsRNAs (6-8).

tsRNAs have been found to exhibit  important 
physiological features in various vital activities, and possess 
different biological functions depending on their sub-type. 
tsRNAs are commonly known to regulate gene expression 
and epigenetic inheritance (1,3). Recent studies established 
tsRNAs as widely expressed in a variety of mammalian 
tissues and organs (9). It has also been revealed that 
tsRNAs, similar to miRNAs, may regulate mRNA stability 
through binding mechanisms (9-11). tsRNAs have exhibited 
higher stability (12) and increased expression compared to 
miRNAs in mouse serum (13). Sharma et al. showed the 
specificity in testis and epididymis during sperm maturation 
and fertilization (14), while Karaiskos et al. observed an age-
dependent change in tRF expression of rat brain tissues (15). 
In particular, 3' tRFs expression increased with age, while 
5' tRFs showed inconsistent distribution (15). Therefore, 
tsRNAs are potential candidates for biomarkers across a 
wide range of clinical indications.

Recently, tsRNAs have been implicated in various 
diseases, such as cancer, neurological disorders, viral 
infection, and metabolic diseases. Although their functions 
are still poorly understood, the abnormal expressions of 
tRFs and tiRNAs have been extensively observed, with their 
potential as biomarkers being a target of near-constant 
research. To identify dysregulated tsRNAs, recent studies 
have performed high-throughput sequencing analysis 
and qRT-PCR validation. In this review, we summarize 
the dysregulated expressions of tsRNAs, and discuss the 
possibility of tsRNAs as biomarkers in cancer (Figure 1) and 
other diseases (Figure 2).

tsRNAs as biomarkers in cancer

A large number of studies have demonstrated that tsRNAs 
may be ideal biomarkers for cancers of the breast, ovaries, 

lung, prostate, colorectum, and other organs (Figure 1).

Breast cancer

MiRNAs are consistently reported to be associated with 
cancer growth, metastasis, and invasion. For instance, recent 
studies have revealed that “miRNA-like” tRFs in breast 
cancer are strongly associated with tumor progression 
(16,17), while markedly altered tRFs (5' tRNA halves) found 
in the serum of breast cancer patients were significantly 
associated with clinicopathologic characteristics and 
subtypes of breast cancer (18).

tRFs have also exhibited tumor-suppressive behavior 
in breast tissue. Goodarzi et al. demonstrated that a class 
of tRFs inhibited the development of breast cancer and 
metastasis (19) by binding to oncogenic protein YBX1 
instead of pro-oncogenic transcripts. Also, the circulating 
expression of tDR-7816, which could influence the 
xenobiotic metabolic processes to promote oncogenesis 
of cancer, was validated as a promising biomarker for 
the diagnosis of patients with early non triple-negative 
breast cancer (20). Using high-throughput sequencing and 
bioinformatics analyses, Cui et al. discovered that tDR-
0009 and tDR-7336 expression, derived from tRNA (Gly), 
were increased in hypoxia-treated triple-negative breast 
cancer cell lines, and were predicted to be involved in the 
regulation of hypoxia-induced chemoresistance through 
STAT3 activation (21). Furthermore, Wang et al. proposed 
three tRFs (upregulated: tRF-32-XSXMSL73VL4YK; 
downregulated: tRF-32-Q99P9P9NH57SJ and tRF-
17-79MP9PP) as potential novel diagnostic biomarkers 
of breast cancer (22), after revealing their significant 
expression levels in breast cancer tissues.

The upregulation of tsRNA-26576 in the tissues of breast 
cancer patients has been associated with the inhibition of 
cancer cell apoptosis, and the promotion of cancer cell growth, 
migration, and invasion (23). Moreover, the expression of 
two tumor suppressor genes, SPEN and FAT4, was found 
to be increased following treatment with tsRNA-26576 
knockdown (23). In addition, sex hormone-dependent 
tRNA-derived RNA (SHOT-RNA)s were abundantly 
expressed in human breast cancer cells, and 5'-SHOT-
RNAs could enhance tumor cell proliferation (24).  
Moreover, two novel internal tRFs (i-tRF), tRF-30-
JZOYJE22RR33 and tRF-27-ZDXPHO53KSN were 
reported to be upregulated in metastatic HER-2 positive 
breast cancer patients and associated with trastuzumab 
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drug resistance and poor prognosis (25). Therefore, the 
association of tsRNAs and tumor progression supports their 
potential as clinical biomarkers for breast cancer treatment. 
The strong correlation between tsRNR expression and 
cancer development makes them ideal targets for future 
treatment applications, and they may have further potential 
in evaluating the therapeutic effects of these treatments.

The abnormal activation of the Wnt/β-Catenin pathway 
has been significantly associated with tumorigenesis (26). 
A recent study demonstrated the inhibition of the Wnt/
β-Catenin pathway by 5'-tiRNA(Val) overexpression in 
both serum and tumor tissues of breast cancer patients. In 
this study, 5'-tiRNA(Val) was significantly downregulated in 
breast cancer tissue (27). The inhibitory mechanism adopted 
by 5'-tiRNA(Val) was facilitated by targeting FZD3. tRF3E, 
another newly discovered tRF derived from tRNA(Glu), 
was downregulated in the plasma of patients with HER2-
positive breast cancer compared to healthy controls (28). 

In this study, authors showed that tRF3E plays an essential 
role as a tumor-suppressor through targeting the RNA-
binding protein, nucleolin.

Ovarian cancer

Ovarian cancer is another sex hormone-associated 
cancer (29). A study revealed that tRF-03357 and tRF-
03358 were significantly increased in the serum of high-
grade ovarian cancer patients and cells. In particular, tRF-
03357 promoted cancer cell proliferation, migration, 
and invasion via inhibiting the tumor-suppressive factor, 
HMBOX1 (30). In the contrast, Zhou et al. reported that 
tRF5-Glu could directly target breast cancer anti-estrogen 
resistance 3 (BCAR3) mRNA and disturb its expression 
in ovarian cancer, resulting in the inhibition of ovarian 
cancer cell proliferation (31). Therefore, tRFs should be 
strongly considered as potential diagnostic biomarkers and 

Figure 1 Schematic diagram of the effects and underling mechanisms of tsRNAs in various types of cancer. tsRNA, transfer RNA-derived 
small RNA.
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therapeutic targets for future clinical applications in ovarian 
cancer.

Lung cancer

Lung cancer is responsible for the highest cancer 
mortality rate over the past few decades and is one 
of  the  most  common types  of  mal ignant  tumors 
worldwide (32). Pekarsky et al. identified two novel 
tiRNAs, ts-4521 and ts-3676, as potentially exhibiting 
anti-tumor functions in lung cancer and chronic 
lymphocytic leukemia (CLL). These tiRNAs were 
downregulated in lung cancer tissue and CLL (33).  
Both tiRNAs were reported to be involved in apoptosis 
and chromatin structure, indicating their potential role in 
regulating tumor cell growth and survival of lung cancer 
cells (34). Moreover, it also has been reported that tRF-Leu-
CAG is upregulated in human non‐small cell lung cancer, 
particularly in the late stages of the disease, and is associated 
with cell cycle progression by targeting AURKA (35).  
These results indicate that tsRNAs play an important role 
in tumor progression and further support dysregulated 

tsRNAs as promising biomarkers for lung cancer diagnosis.

Prostate cancer

Prostate cancer is the second most common cancer in 
men (32). As previously mentioned, Honda et al. observed 
enriched SHOT-RNA expression in prostate cancer 
and enhanced tumor proliferation (24). In a previous 
study, tRF-1001 was required for cell proliferation and 
highly expressed in prostate cancer cell lines compared 
to tissues (36). tRF-1001 knockdown treatment resulted 
in the inhibition of DNA synthesis, cell viability, and cell 
proliferation by arresting cancer cells at the G2 phase of the 
cell cycle (36). Hormone-dependent tiRNAs were reported 
to be upregulated in prostate cancer patients (37). The high 
level of these tiRNAs was strongly associated with adverse 
clinicopathological parameters, demonstrating that those 
tiRNAs could function as prognostic predictors for prostate 
cancer patients (37). Moreover, Olvedy et al. analyzed the 
expression profiles of tRFs in prostate cancer samples and 
found tRF-544 from tRNA(Phe)-GAA to be downregulated 
and tRF-315 from tRNA(Lys)-CTT to be upregulated in 

Figure 2 tsRNAs are involved in neurological disorders, viral infections, and other diseases, and could functions as biomarkers for the 
diagnosis and therapeutic targeting of these diseases. tsRNA, transfer RNA-derived small RNA.
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prostate cancer tissues compared to healthy tissues (38). 
The ratio of tRF-315/tRF-544 was positively associated 
with poorer progression-free survival and shorter period 
to disease relapse, indicating that the tRF-315 to tRF-544 
ratio might be a potential clinical biomarker for the tumor 
progression of prostate cancer (38).

Colorectal cancer

Colorectal cancer is one of the leading common cancers 
which causes 600,000 deaths globally every year (39). 
Through comprehensive analysis, 16 tRFs and 5 key 
miRNAs were identified as being significantly altered in 
colon cancer compared to matched peritumor tissues (40).  
Target mRNAs of the 16 tRFs and 5 miRNAs were 
primarily involved in vitamin metabolic pathways and the 
cyclic guanine monophosphate-protein kinase G signaling 
pathway, indicating their potential roles in colon cancer 
development (40). It has been demonstrated that tRF/
miR-1280 is derived from both tRNA (Leu) and pre-
miRNA-1280, and serves as a critical regulator of cancer 
growth in colorectal cancer cells (41,42). Li et al. showed 
that 5'-tiRNA-Val was upregulated in colorectal cancer and 
could be involved in angiogenin (ANG)-mediated tumor 
metastasis (43). Further mechanism-focused investigations 
have revealed that tRF/miR-1280 to be less expressed in 
colorectal cancer and targeted Notch ligand JAG2 (42). 
These studies suggest that tsRNAs might represent a 
potential target biomarker in the clinical prediction of 
colorectal cancer diagnosis and prognosis.

Other cancers

In addition to the cancers detailed above, recent studies 
have found that tiRNAs or tRFs could potentially serve 
as biomarkers for the clinical diagnosis of other cancers. 
Jin et al. investigated the expression profile of tRFs in 
clinical samples of pancreatic cancer. The target genes of 
four validated tRFs exhibiting differential expressions (AS-
tDR-000064, AS-tDR-000069, AS-tDR-000102, and AS-
tDR-001291) were mostly enriched in the Ras signaling, 
cancer, axon guidance, and PI3K/protein kinase-B signaling 
pathway according to Kyoto Encyclopedia of Genes and 
Genomes (KEGG) analysis (44). This demonstrates that 
tsRNAs could also contribute to pancreatic tumorigenesis 
and might be used as a clinical tool for the diagnosis 
and prognosis of pancreatic cancer (44). Zhu et al. also 
demonstrated that plasma exosome tsRNAs could be a 

potential novel “liquid biopsy” biomarkers for liver cancer 
diagnosis (45). Four tsRNAs were reported to be increased 
in plasma exosomes of liver cancer patients compared to 
healthy controls, supporting the diagnostic value of plasma 
exosome tsRNAs in cancer (45). Furthermore, tiRNA-5034-
GluTTC-2 was found to be downregulated in tissues and 
plasma of gastric cancer, and patients with higher tiRNA-
5034-GluTTC-2 expression exhibited a longer overall 
curve compared to those with low expression (46).

Previous studies have also demonstrated that tiRNAs 
were dysregulated in clear cell renal cell carcinoma (RCC). 
In particular, 5'-tRNA halves were downregulated in tissues 
and serum RCC patients, and thus may act as potential 
biomarkers for diagnosis and prognosis (47,48). However, 
the mechanisms of these tsRNAs remain to be further 
investigated.

Among patients with head and neck squamous cell 
carcinoma, the circulation levels of 5'-tiRNAs were 
significantly dysregulated in serum of cancer patients (49). 
Interestingly, tsRNAs might have different expression 
patterns in circulatory and tumor tissues. For instance, 5' 
tRNA-Val-CAC-2-1 was downregulated in the serum of 
oral squamous cell carcinoma patients but was upregulated 
in tumors compared to healthy adjacent tissue (50). Another, 
study revealed that 5' tRNA-Val-CAC-2-1 half belonged to 
a miRNA-enriched regulatory co-expression module and 
targeted genes involved in the regulation of mitosis (50).

In summary, some tsRNAs are highly expressed in tumor 
tissues and serum/plasma of cancer patients. They moderate 
cell growth by directly or indirectly targeting oncogenic 
proteins or pathways, and have been strongly associated 
with tumor growth, invasion, and metastasis. However, 
some tsRNAs showed lower expression in cancer patients 
and were reported to elicit tumor-suppressive effects. Thus, 
dysregulated tsRNAs could be used as novel biomarkers for 
the diagnosis and prognosis of different cancers.

Neurological disorders

Neurological diseases are structural and functional 
disorders of the nervous system (51). In the senescence-
accelerated mouse prone 8 (SAMP8) model (a model of 
Alzheimer’s disease and Parkinson’s disease), the expression 
of tsRNAs were significantly altered in the brain of SAMP8 
mice, with dysregulated tsRNAs strongly associated with 
impaired synapse formation and disrupted synaptic vesicle 
cycle pathways (52). Li et al. reported two tsRNAs from 
tRNA(Val)-CAC and tRNA(Gly)-GCC, which were 
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abundantly expressed in the rat brain ischemia model, 
the mouse hindlimb ischemia model, and the cellular 
hypoxia model (53). Functional analyses revealed that these 
upregulated tsRNAs could suppress angiogenesis and could 
be potential therapeutic targets (53). Under cell stress, 
tRNAs were found to be cleaved into small tiRNAs in rat 
neurons (54), and the levels of generated tiRNAs have 
been strongly associated with the severity of cell damage, 
indicating tiRNAs could function as a potential biomarker 
of neuron damage (54,55). Furthermore, tiRNA levels 
were observed to be increased in neurons soon after 
reperfusion, while its levels were significantly reduced in 
cells treated with minocycline, a neuroprotective antibiotic 
preventing reperfusion injury. This highlights the potential 
use of tiRNAs as indicators of treatment effect in ischemic 
injury (55).

ANG mutants have been associated with increased risk 
for Parkinson’s disease and amyotrophic lateral sclerosis 
(56,57). ANG-induced tsRNAs could therefore indicate 
the development and diagnosis of Parkinson’s disease. 
Magee et al. showed that the expressions of tsRNAs in the 
prefrontal cortex, cerebrospinal fluid, and serum samples, 
could distinguish Parkinson’s disease patients from healthy 
controls, indicating a potential role for tsRNAs as reliable 
biomarkers and predictive tools of Parkinson’s disease (58).

These studies demonstrated that aberrant tsRNA 
metabolism indicating dysregulation of tsRNAs was 
potentially associated with neurodegeneration. Further 
studies are needed to reveal the diagnostic and prognostic 
capability of tsRNAs.

Viral infections

To investigate the global expression profile of tsRNAs in 
respiratory syncytial virus (RSV)-infected airway epithelial 
cells, Wang et al. found a robust induction of tRFs derived 
from tRNA cleavages (59). Among them, tRF5-GluCTC 
was generated by ANG and promoted RSV replication (59).  
A further study revealed that RSV replication was regulated 
by suppressing the apolipoprotein E receptor 2, a known 
anti-RSV protein and target of tRF-GluCTC (60). 
Moreover, two novel RSV-induced tsRNAs (tRF5-GlyCCC 
and tRF5-CysGCA) were markedly increased with RSV 
infection, and promoted RSV replication (61). Inhibition of 
these two tsRNAs with antisense treatment suppressed RSV 
proliferation and virus-associated inflammation, implicating 
anti-tsRNAs as a promising therapy for the control of 
RSV (61). Another study found 30–35 nt 5'-tiRNAs to be 

abundantly expressed in healthy liver tissues compared to 
cancerous liver tissues, and to be increased during infection 
with chronic viral hepatitis (62). Additional deep sequencing 
analysis showed that tRFs were more abundant in human 
T-cell leukemia virus type 1 (HTLV-1) infected T cells 
than in healthy counterparts (63). Among these tRFs, tRF-
1001, which was upregulated in prostate cancer cells (36), 
was found to be increased in HTLV-1–infected cells (63). 
Another tRF, tRF-3019, was shown to be upregulated 
in infected cells and viral particles and was observed 
functioning as a primer for HTLV-1 reverse transcriptase, 
indicating that tRF-3019 might be critically involved in 
HTLV-1 replication (63). The studies, taken together, 
suggest that the tsRNA expression can serve as a biomarker 
for the diagnosis and prognosis of viral infection. Moreover, 
the strong association between tsRNA expression and viral 
replication suggests that tsRNAs may play an important 
role in the treatment and management of viral infections.

Other diseases

Numerous studies reported the roles of tsRNAs in other 
diseases. Accumulating evidence concerning the paternal 
hereditary pattern of diet-induced metabolic disorder has 
suggested the involvement of sperm in transgenerational 
epigenetic inheritance (64-66). A novel class of tsRNA 
derived from 5'tRNAs was first discovered in mammal 
mature sperm (67) .  Although detai led molecular 
mechanisms and functions of sperm tsRNAs remain 
unknown, recent studies have shown sperm tsRNAs to be 
significantly elevated in mice with high-fat diet (HFD)-
induced metabolic disorders (68), or a low-protein diet (14).  
Further investigation has found tRNA-Gly-GCC 
expression to be decreased in the testis but increased in 
the sperm. tRNA-Gly-GCC also modulated the activity 
of endogenous retroelements in the preimplantation 
embryo (14). A parental HFD may also influence the 
development of metabolic disorders in their offspring 
through transmission of specific tsRNAs from the sperm. 
This results in impaired glucose tolerance and body weight 
loss across two generations (69). Another study found 
that the sperm tRFs from obese men to be significantly 
altered (70). Moreover, a novel multiple generation 
mouse model demonstrated that maternal HFD could 
induce obesogenic phenotypes across three generations 
through sperm tsRNAs, indicating its lasting effect on 
transgenerational epigenetic inheritance (71). Sperm RNA 
modifications may also be intergenerationally transmitted. 
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Zhang et al. demonstrated that a methyltransferase, 
DNMT2, mediated paternal HFD-induced metabolic 
disorder transmission by altering the sperm tsRNA 
expression profile (72). Environmental exposure can 
also promote tsRNAs changes in the sperm, inducing 
a higher incidence of various diseases in offspring (73).  
In a myocardial hypertrophy rat model, small tRFs were 
found to be highly expressed in hypertrophic parental rat 
sperm, resulting in increased hypertrophic markers, fibrosis, 
and apoptosis in the hearts of offspring (74). In another 
rat model, sperm tsRNAs were found to be predictive 
and sensitive biomarkers of male reproductive toxicity 
exposed to ethylene glycol monomethyl ether (75). These 
studies indicate the possible function of sperm tsRNAs 
as potential vectors that transmit parental diet-induced 
metabolic disorders, and further investigations are required 
to demonstrate the feasibility of sperm tsRNAs as potential 
biomarkers for the diagnosis of hereditary diseases in 
subsequent generations.

In addition to tsRNAs, three plasma exosomal tRFs (tRF-
18, tRF-25, tRF-38), derived from tRNA (Val) were shown 
to be significantly increased in patients with osteoporosis 
compared to healthy controls (76). Two urinary exosomal 
tRFs, tRF-Val-TAG and tRF-Leu-AAC, which originate 
from kidney-related cells, were found to be significantly 
decreased in the patients with chronic kidney disease (77).  
The association between these tRFs and reduction 
of the glomerular filtration rate needs to be further 
investigated. In a recent study, we reported 72 tsRNAs 
that were significantly altered in a laser-induced choroidal 
neovascularization mouse model. Further studies by Gene 
Ontology (GO) and KEGG pathway analyses revealed 
that the target mRNAs of the altered tsRNAs were most 
enriched in the regulation of immune system processes, 
extracellular region, core promoter-binding and NOD-like 
receptor signaling pathway (78).

Conclusions

tsRNAs are novel, non-coding RNAs which are garnering 
increasing focus within the research community, but their 
functions and mechanisms remain largely unknown. This 
review provides a consolidated and compelling view of 
tsRNAs, including tRFs and tiRNAs, as novel biomarkers 
for various diseases including cancer, neurological disorders, 
viral infections, and metabolic diseases and angiogenesis-
related diseases. The regulation of tsRNAs is, to some 
extent, similar to miRNAs in regards to the related 

physiological and pathological processes. However, the 
stability and higher expression levels exhibited by tsRNAs 
place them as ideal diagnostic and prognostic biomarkers. 
In order to fully utilize tsRNAs in clinical settings across 
various diseases, their functions and mechanisms need to be 
imminently clarified via further investigation.
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