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tRNA-derived small RNAs (tsRNAs) have recently gained attention as important

regulatory non-coding RNAs (ncRNAs). Among these, tRNA-derived fragments

(tRFs) constitute a distinct and well-defined subset. These small molecules play

essential roles in maintaining cellular homeostasis and have been increasingly

implicated in disease pathogenesis. This comprehensive review specifically

concentrates on tRFs, takes a closer look at their diverse mechanisms of action

and their impact on key cellular processes. Specific focus is placed on their

functions within the central nervous system (CNS) and their involvement in

the molecular pathways driving neurological diseases and neurodevelopmental

disorders. Besides their pathological roles, the review covers fundamental

aspects of tRFs, including their biogenesis, classification, and structural features.

It also describes latest methods for tRFs detection, prediction, and validation.

Overall, the review points out the ongoing need for research in this area,

especially when it comes to applying these findings clinically. Importantly, it

highlights their potential as useful biomarkers and even targets for treatment

in neurological diseases.
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1 Introduction

1.1 Discovery of tsRNA

Transfer RNAs (tRNAs) are type of non-coding RNAs (ncRNAs) which acts as an
adapter molecule that facilitates protein synthesis by helping the ribosome interpret
nucleotide triplets. It links the genetic information on messenger RNA (mRNA) to the
corresponding amino acid sequences (Anderson and Ivanov, 2014). Apart from its well-
established function, tRNAs are the source for the production of tRNA-derived small
RNAs (tsRNAs) (Su et al., 2020b). tsRNAs had emerged from studies in Escherichia coli
(E. Coli). Researchers observed that upon bacteriophage invasion, E. Coli cells generated
short RNA fragments from tRNA as part of their cellular response. This discovery provided
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GRAPHICAL ABSTRACT 

Overview of key tRFs: their biogenesis, functions, roles in the CNS, and biomarker/therapeutic potential. The left panel summarizes the enzymatic 
cleavages that generate distinct tRF subtypes during tRF biogenesis. The upper panel highlights tRF functions at the cellular level, including 
epigenetic, post-translational, and translational regulation, their roles in stress responses, and receptor- and ligand-mediated modulation. The lower 
left panel depicts the involvement of tRFs in key CNS processes. Finally, bottom right panel illustrates the potential of tRFs as biomarkers in different 
sample sources (e.g., serum, CSF) and their possible therapeutic applications for neurological and psychiatric disorders. 

an important evidence that tRFs generation represents a regulated 
cellular event rather than random degradation or turnover 
(Levitz et al., 1990; Li and Stanton, 2021). A breakthrough in 
understanding tRFs occurred in 2009 when Lee et al. (2009) 
investigated these novel small RNAs (sRNA). By extracting 17– 
26 nucleotide fragments from prostate cancer cell lines (LNCaP 
and C4-2) and employing 454 deep sequencing with specialized 
analytical pipelines, they identified 17 tsRNAs originating from 
either precursor tRNAs or the processing of mature tRNAs’ 
5 or 3 regions (Lee et al., 2009). Concurrent work by Cole 
et al. (2009) team independently confirmed the existence of 
abundant sRNA molecules derived specifically from mature tRNA 
5 ends when they sequenced RNA from HeLa cell nucleoli. 
Subsequent investigations have indicated that tsRNA biogenesis 
occurs through precise cleavage at specific sites on tRNA 
molecules. Importantly, both the production mechanisms and the 
profile of resulting fragment changes depending on the cell type 
and physiological conditions. This controlled mechanism yields 
distinct tsRNA classes that perform specific functions within cells 
(Anderson and Ivanov, 2014; Soares and Santos, 2017; Kuhle 
et al., 2023). The integration of experimental techniques, high-
throughput small RNA sequencing, and bioinformatics analysis 
has made the detection, identification, and quantification of 
tsRNA easy. This enabled researchers to study biological roles of 

tsRNA’s across diverse samples and clinical contexts (Yu et al., 
2024). 

1.2 Biogenesis, classification and 
structure of tsRNAs 

tRNA-derived small RNAs classification system is based on 
which structural region of the parent tRNA molecule was 
cleaved to produce the fragment, the length of tsRNAs and the 
conditions under which they are produced (Lee et al., 2009; 
Kumar et al., 2015; George et al., 2022). According to this system, 
there are two main classes: tRNA-derived stress-induced RNAs 
(tiRNAs or tRNA halves) and tRFs. tiRNAs contain some double-
stranded structural elements and generally 30–40 nucleotides in 
length. The ribonuclease angiogenin (ANG) cleaves tRNAs at the 
anticodon loop. This precise endonucleolytic cleavage results in 
the production of two distinct fragments. These fragments are 
named as 5 tiRNAs and 3 tiRNAs depending on whether they 
contain the 5 or the 3 end of the parent tRNA, respectively 
(Fu et al., 2009). However, tRFs have also been found to 
be produced independently from ANG under specific cellular 
conditions (Rashad et al., 2021). Ultraviolet (UV) radiation, heat 
shock, oxidative stress, viral infection, nutrient deprivation, or 
hypoxia have been found to induce tiRNAs production. These 
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indicate that tiRNA production is linked to stress conditions 
(Thompson et al., 2008; Fu et al., 2009; Yamasaki et al., 2009; 
Saikia and Hatzoglou, 2015; Pan et al., 2021; Ajmeriya et al., 
2024). tRFs are generated through processing of tRNA precursors 
(pre-tRNAs) or the endonucleolytic cleavage of mature tRNAs. 
The specific location where these cleavages occur on the tRNA 
molecule determines the type of tsRNA that will be produced. 
There are six main types of tRFs in eukaryotes: tRF-1 (3 U-tRF), 
5 U-tRFs, tRF-2, tRF-3 (3 tRFs), tRF-5 (5 tRFs), and i-tRF. The 
nomenclature of tRFs varies in the literature as researchers often 
use alternative classification systems and terminology to describe 
the same species. 

tRF-1s are generated through the cleavage of 3’ untranslated 
region (3 UTR) of pre-tRNA by ELAC2/RNaseZ, their length 
is variable and shows a broad length distribution. Because they 
carry a poly U sequence, tRF-1s are also named as 3 U-tRF 
(Karousi et al., 2019; Yang et al., 2023). On the other hand, 5 

U-tRFs are generated from the 5 leader sequence of pre-tRNA 
and are typically 17 nucleotides in length (Weng et al., 2022). 
tRF-2s are fragments derived from the anticodon stem and loop 
region of tRNAs under hypoxic conditions. They typically do 
not include the 5 or 3 ends of pre- or mature tRNAs. Several 
specific tRNA species, including tRNAGlu , tRNAAsp, tRNAGly, and 
tRNATyr have been shown to be sources of these tRFs. tRF-2s 
have been found to exhibit tumor-suppressive properties through 
their interaction with Y-box binding protein 1 (YBX1), an RNA-
binding protein that normally stabilizes oncogenic transcripts. 
By binding to YBX1, tRF-2s eectively sequester this protein, 
preventing it from stabilizing cancer-promoting transcripts and 
thereby inhibiting tumor progression (Goodarzi et al., 2015; Kumar 
et al., 2016). tRF-3s are derived from the 3 end of the mature tRNAs 
through specific endonucleolytic cleavage. They are generally 18– 
22 nucleotides in length and include the “CCA” trinucleotide at 
their 3 end. tRF-3s are cleaved at the TC loop and this cleavage 
can be mediated by dierent enzymes depending on the cellular 
context, including ANG, Dicer, or other cellular exonucleases. 
Based on their precise cleavage sites, tRF-3s are further classified 
into two subtypes: tRF-3a and tRF-3b. tRF-5s are produced from 
the 5 end of the mature tRNAs through Dicer mediated digestion. 
These cleavages occur around the D-loop or the stem region 
between the D-loop and anticodon loop. Depending on the precise 
location of the cut, dierent tRF-5 subtypes with varying lengths 
are produced: tRF-5a (14–16 nucleotides) originating from the 
D-loop, tRF-5b (22–24 nucleotides) from the D-stem, and tRF-
5c (28–30 nucleotides) from the anticodon stem (Kumar et al., 
2016; Xie et al., 2020). i-tRFs are derived from internal positions 
of the mature tRNA and can be produced any location and they 
do not contain 5 or 3 ends of mature tRNA (Kuscu et al., 2018). 
Based on cleavage sites i-tRFs are divided into three categories: 
A-tRF, V-tRF, and D-tRF. A-tRFs result from cleavage in the 
anticodon loop, V-tRFs originate from cuts in the variable region, 
and D-tRFs are produced by cleavage within the D loop (Chu et al., 
2022). 

In 2014, Kumar et al. (2014) demonstrated that the distribution 
of tRF-1, tRF-3, and tRF-5 are not equal across the mouse and 
human cell lines. Their study also showed that the expression 
of these transfer RNA fragments is tissue specific. Generally, 
tRF-1s show lower abundance compared to tRF-5 and tRF-
3s in the mouse tissues and human cell lines they examined. 

tRF-2s and i-tRFs are found to be not as abundant as other 
three types of tRFs. The overall order of abundance from 
highest to lowest is: tRF-5, tRF-3, and tRF-1 (Kumar et al., 
2014). Meta-analysis of sRNA data in HeLa cells has indicated 
distinct subcellular localization patterns: tRF-3s and tRF-1s are 
predominantly found in the cytoplasm, while tRF-5s are mainly 
present in the nucleus. However, these tRFs can relocate from the 
cytoplasm to the nucleus under certain conditions (Kumar et al., 
2016). 

2 Functions of tRFs 

tRNA-derived fragments have emerged as critical regulators of 
gene expression, cellular stress responses, and neurodegenerative 
processes (Figure 1). Recent studies have revealed that these RNAs 
play significant roles in neuronal homeostasis and are implicated in 
the pathophysiology of various neurodegenerative diseases (NDs) 
such as Alzheimer’s disease (AD), Parkinson’s disease (PD), and 
Amyotrophic Lateral Sclerosis (ALS) by interacting with gene 
expression, translation control, cellular stress responses, intra- and 
intercellular communication and metabolic processes (Schimmel, 
2018; Tian et al., 2022; Wilson and Dutta, 2022; Zhao et al., 2025). 

2.1 Gene expression regulation 

tRNA-derived fragments can regulate gene expression through 
RNA interference (RNAi)-like mechanisms. Several tRFs have been 
shown to target mRNAs via sequence complementarity, recruiting 
Argonaute (AGO) proteins and leading to transcript degradation or 
translational repression (Kuscu et al., 2018; Lyons et al., 2018; Tian 
et al., 2022). In addition, many tRFs were discovered to inversely 
modulate essential genes associated with AD and PD through 
a microRNA (miRNA)-like mechanism, in the SAMP8 mouse 
model of cerebral aging. Significantly, downregulated tRFs such 
as AS-tDR-011389 and AS-tDR-013428 were associated with the 
upregulation of pathogenic targets including Camk2n1, P2ry1, and 
Rpsa, whereas upregulated tRFs like AS-tDR-011775 targeted genes 
related to neurodegeneration, such as Park2 and Mobp, indicating 
their active role in synaptic dysfunction, amyloid toxicity, and 
astroglial signaling (Zhang et al., 2019). By directly disrupting 
translation initiation via eIF4F displacement and suppressing 
nascent protein synthesis through Ago2-mediated RNA silencing, 
certain tRF species, especially 5tiRNAs and tRF-3s, contribute to 
neuronal necrosis. These tRFs exhibited cytotoxic eects in both 
primary neurons and models of ischemic stroke (IS), drawing 
attention to their function in stress-induced neuronal injury, 
ribosomal stalling, and translational repression. According to the 
results, neurodegenerative disorders associated with excitotoxicity 
and oxidative stress may have a new pathogenic mechanism 
and potential treatment target in aberrant RNA polymerase 
III-driven tRF expression (Cao et al., 2021). Besides, tRF-Ala-
AGC-3-M8 reduces neuroinflammation and neuronal damage 
in AD by inhibiting the ERK1/2-p70S6K signaling cascade 
and targeting EphA7 (Deng et al., 2025). Neuroprotection and 
therapeutic possibilities in AD are oered by its restoration, 
which decreases glial activation and pro-inflammatory cytokine 
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FIGURE 1 

Action mechanisms of tRFs. Diagram depicts the complex regulatory processes of tRFs and mt-tRFs on neuroinflammation, translational control and 
neuronal homeostasis. 

release. These post-transcriptional regulatory abilities position 
tRFs as potent modulators of neuronal gene expression in 
response to stressors commonly observed in neurodegenerative 
contexts. 

2.2 Altering mRNA stability 

Through binding to RNA-binding proteins or untranslated 
regions (UTRs) of mRNAs, tRFs can prevent degradation, leading 
to increased half-life and elevated protein expression of critical 
neuronal genes (Lyons et al., 2018; Zhao et al., 2025). This dualistic 
function underscores the complex regulatory roles of tRFs in the 
CNS. Supporting this, in the SAMP8 mouse model, several tRFs 
were identified as stabilizers of mRNAs associated with synaptic 
function and neuroprotection, indicating their significance in 
preserving neuronal integrity during aging and neurodegeneration 
(Kuscu et al., 2018; Zhang et al., 2019, 2023; Green et al., 2020). 
Moreover, translation control can be achieved via the Leu-CAG 
derived 3 tRF improves the translation of mRNAs called RPS28 
and RPS15, via binding of the tRF which in turn promotes the 
maturation of 18S ribosomal RNA (rRNA) and the assembly of 40S 
ribosomal subunits (Kim et al., 2017). 

2.3 Translation regulation 

Under cellular stress, tRFs, especially those derived from 
tRNA-Gly and tRNA-Val, can directly block translation initiation 

without requiring AGO association. This mechanism likely 
contributes to the adaptive translational reprogramming observed 
in neurodegeneration (Lyons et al., 2018). Beyond initiation 
blockade, tRFs exert fine-tuned control over ribosome activity. For 
example, some 3 tRFs like tRF3003a, associate with polysomes to 
modulate elongation or termination rates of translation, potentially 
aecting synaptic plasticity and protein aggregation pathways 
relevant to AD and PD (Tian et al., 2022; Kim et al., 2025; 
Oberbauer et al., 2025; Zhao et al., 2025). Also, tiRNAs have 
been shown to displace eIF4G/A from mRNA caps, forming 
G-quadruplex (G4) structures that inhibit the assembly of the eIF4F 
translation initiation complex. This suppresses cap-dependent 
translation, a conserved response in ND models under oxidative 
stress (Ivanov et al., 2011; Li D. et al., 2024). Another study found 
that the formation of G4 structures by ANG-induced 5 tiRNAs, 
especially from tRNA-Ala and tRNA-Cys, displaces eIF4F from 
mRNAs and inhibits translation initiation (Ivanov et al., 2014). By 
influencing ribosome biogenesis or translation factors, tRFs can 
modulate the capacity and fidelity of protein synthesis in neurons, 
aecting synaptic strength, memory consolidation, and cellular 
resilience (Lyons et al., 2018). 

2.3.1 Binding to argonaute 
tRNA-derived fragments, especially 5 tRFs and 3 tRFs, can 

load onto Argonaute proteins (AGO1–4), functioning similarly 
to miRNAs in silencing gene expression through sequence-
specific targeting. The tRF-AGO complex can inhibit target mRNA 
by cleavage or translational repression, a mechanism that is 
increasingly appreciated in neuronal and glial cells (Maute et al., 
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2013; Kumar et al., 2014). These fragments can associate with 
AGO complexes and inhibit mRNA expression via seed-sequence 
complementarity, indicating a Dicer-independent mechanism 
of post-transcriptional gene silencing that may be utilized in 
neurodegenerative disorders and stress-induced inflammatory 
conditions (Lyons et al., 2018; Green et al., 2020; Li D. et al., 2024). 

2.3.2 Acting on ribosomes 
Certain tRFs can directly associate with ribosomal subunits, 

altering translation dynamics independent of mRNA silencing. 
For example, tiRNAs bind to 40S subunits and inhibit global 
protein synthesis, allowing selective translation of stress-responsive 
genes (Lyons et al., 2018). Additionally, tRFs can interact with the 
initiation factor eIF4F to inhibit cap dependent protein translation 
and ribosome assembly which in turn leads to impaired recovery 
of cells during stress conditions (Prehn and Jirström, 2020). 
Moreover, 3 tRF-Leu-CAG remodels the secondary structure 
of ribosomal protein S28 (RPS28) and accelerates its synthesis, 
promotes ribosome biogenesis, and sustains translational capacity 
under proteostatic stress (Kim et al., 2017; Kim H. K. et al., 2019). 

2.4 Epigenetic regulation and 
environmental factors 

Emerging research shows that tRF expression profiles can 
be altered by aging, physical activity, and dietary habits. High-
fat diets, for instance, disrupt normal tRF signaling pathways, 
leading to metabolic and inflammatory dysfunction in the brain 
(Lyons et al., 2018). A mice study revealed that sperm-derived 5 

tsRNA-Gly-GCC is upregulated in response to a paternal high-fat 
diet, acting as an epigenetic carrier that enhances gluconeogenesis 
in ospring by downregulating hepatic Sirt6 through direct 
interaction with its 3 UTR, thus activating the FoxO1 pathway and 
facilitating intergenerational transmission of metabolic dysfunction 
and impairment of glucose metabolisms in the osprings via 
epigenetic alterations (Wei et al., 2014; Wang et al., 2022). 
Expression patterns of tRFs change among monozygotic twins, 
indicating epigenetic and regulatory variations distinctive to 
each individual, even though they share the same DNA. When 
traditional genetic methods fail, these tRF signals can step in as 
forensic biomarkers to reliably dierentiate between identical twins 
(Tian et al., 2025). Fertilization occurs when certain tRFs such 
5 tRF-Gly-GCC and 5 tRF-Glu-CTC are produced and loaded 
into sperm. Intergenerational epigenetic inheritance and metabolic 
reprogramming in children are influenced by changes in the 
number of tRFs caused by a paternal low-protein diet. These tRFs 
regulate gene expression in the early embryonic stage, especially in 
metabolic pathways (Sharma et al., 2016). Additional publication 
proved that ANG-mediated production of tRF-5, 5 tRF-Gly, 5 tRF-
Glu, and 5 tRF-Val accumulates paternal inflammation and causes 
metabolic disorders by altering gene expression networks involved 
in glucose homeostasis and adiposity (increased fat/muscle ratio) 
in next generations (Zhang Y. et al., 2021). 

tRNA-derived fragments also regulate the epigenome by 
influencing chromatin remodeling, DNA methylation, and histone 
modification. They interact with chromatin regulators or aect 
the transcription of epigenetic enzymes, thereby modulating long-
term gene expression patterns relevant to synaptic plasticity and 

memory (Lyons et al., 2018; Cai et al., 2024; Tahiri et al., 2025; Zhao 
et al., 2025). Environmental factors such as hormone therapy and 
antidepressant use have been shown to modulate tRF expression 
in the brain (Martens-Uzunova et al., 2021). These treatments 
influence stress resilience and cognition by altering tRF-mediated 
epigenetic and translational programs (Wang et al., 2025). 

2.5 Role of tRF in stress granules 

Stress granules (SGs) are non-membranous cytoplasmic 
aggregates composed of proteins and RNAs that form in response 
to various cellular stress conditions (Marcelo et al., 2021). In 
response to environmental stressors, mammalian cells initiate 
a transcriptional and translational reprogramming characterized 
by the downregulation of housekeeping gene expression and 
the upregulation of genes involved in stress adaptation (Rawat 
et al., 2021). This adaptive response is initiated by translational 
inhibition mediated through the phosphorylation of eukaryotic 
initiation factor 2 alpha (eIF2α) and is further facilitated by 
the active sequestration of untranslated mRNAs into SGs. Both 
natural and synthetic 5 tRFs induce SGs via an eIF2α-independent 
mechanism which highlights the eect of 5 tRFs on translational 
repression pathways (Emara et al., 2010). Another study proved 
that G4-tiRNAs can regulate protein functions by mediating 
neuroprotection by recruiting YBX1 to aid in the construction of 
SGs, which in turn promote cell survival in stressful conditions by 
protecting neurons in the hippocampus of early onset AD (EOAD) 
patients and slow down the atrophy (Ivanov et al., 2014; Wu et al., 
2021). Stress granule formation via ANG-induced 5 tRFs can also 
proves the eect of these fragments on NLRP3 inflammasome 
activation regulation (Cai et al., 2024). 

2.6 Receptor-mediated and ligand-like 
functions 

2.6.1 Toll-like receptor activation 
Small non-coding RNAs (sncRNAs), including tRFs, have been 

reported to activate pattern recognition receptors such as Toll-
like receptors (TLR7 and TLR8) (Pawar et al., 2024). For example, 
tDR-1:34-His-GTG-1 (5 tRNA-His-GUG half) promotes Tumor 
Necrosis Factor-α (TNF-α) and Interleukin-1β (IL-1β) secretion via 
TLR7 activation. Such activation can induce neuroinflammatory 
cascades by stimulating microglia or peripheral immune cells, 
contributing to chronic inflammation in AD and ALS models (Yu 
et al., 2025). For example, tRFs are able to bind to TLRs directly to 
trigger inflammatory reactions from T-cells (Wang et al., 2006). 

2.6.2 Ligand activity 
Certain extracellular tRFs act as ligands for surface or 

intracellular receptors, potentially modulating intercellular 
communication within the CNS. Although direct ligand-receptor 
interactions remain to be fully elucidated, tRFs secreted via 
extracellular vesicles (EVs) may mimic signaling molecules and 
regulate cellular responses (Torres and Martí, 2021; Weng et al., 
2022; Cooke et al., 2024). Besides, tRFs bind to transmembrane 
proteins which has an eect on early neural development (Yuan 
et al., 2021). 
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2.7 Regulation of cellular responses 

2.7.1 Apoptosis 
Several studies have demonstrated that specific tRFs can 

suppress pro-apoptotic genes or enhance anti-apoptotic pathways 
via gene silencing or protein modulation. This cytoprotective eect 
has been observed in models of ischemia, PD, and excitotoxicity 
(Lyons et al., 2018; Lv et al., 2024). tRFs can directly bind to 
cytochrome C (cyt C) either to form cyt C ribonucleoprotein 
complex or to inhibit caspase-9 activation in order to inhibit 
apoptosome formation (Su et al., 2020b). Another function of these 
fragments can be achieved via the regulation of other related gene 
expressions relate to apoptosis associated protein transport (Li D. 
et al., 2024). Moreover, tRFs can regulate neuroprotective factor 
expression and inhibit cell death pathways in conditions like brain 
tissue damage for the purpose of tissue recovery (Yuan et al., 2024). 

2.7.2 Inflammation 
In neuroinflammatory models, tRFs have been implicated in 

the regulation of cytokine expression and microglial activation. 
Some tRFs suppress Nuclear Factor kappa B (NF-κB) signaling, 
while others enhance IL-6 or TNFα production depending on 
the context (Qiu et al., 2024). Several tRFs have been shown to 
regulate inflammation by modulating cytokine production and 
inflammatory signaling pathways. One of which is tDR-59:75-Thr-
AGT-1-M2 (3 tRF-Thr-AGT) that attaches to 3 UTR of Z-DNA-
binding protein 1 (ZBP1) which activates NLRP3 inflammasome to 
induce pyroptotic cell death (Sun et al., 2021). Another examples 
are IL-6 cytokine suppression by JAK3 inhibition via tDR-60:76-
Cys-GCA-2-M7 and IL-8 enhancement by NF-κB p65 activation via 
tDR-1:34-Ala-CGC-1-M3-D22GC-A25G-U26C (5 tRF-Ala-CGC) 
(Liu et al., 2018; Green et al., 2020). 

2.7.3 Role of mitochondrial tRFs on mitochondria 
function 

Mitochondrial tRFs (mt-tRFs) are increasingly recognized as 
important regulators of cellular metabolism. In neurodegenerative 
contexts, mt-tRFs are generally downregulated in AD mice, 
contributing to mitochondrial dysfunction which is a hallmark of 
diseases like PD and AD (Zhang et al., 2024). These fragments may 
modulate oxidative phosphorylation (OXPHOS) or mitochondrial 
translation by targeting mitochondrial mRNAs or ribosomal 
proteins. For instance, the mitochondrial tRFs, mt-tRF-Leu-TAA, 
promotes the translation of electron transport chain components, 
which in turn boosts OXPHOS. The synthesis of ATP is enhanced 
and the release of insulin in pancreatic β-cells is coupled with 
mitochondrial metabolism in response to glucose. Thus, mt-tRF-
Leu-TAA can be a potential biomarker in NDs (Jacovetti et al., 
2024). mt-tRFs can also mediate paternal epigenetic inheritance 
by transferring environmentally induced mitochondrial signals 
from sperm to the embryo, thereby altering early embryonic 
gene expression and influencing ospring metabolic phenotypes 
such as impaired glucose tolerance and insulin sensitivity in the 
ospring (Tomar et al., 2024). In addition to mitochondria-derived 
tRFs, nuclear-derived tRFs also participate in the regulation of 
mitochondrial functions. 5 tsRNA-Glu-CTC, translocates from 
cytosol to mitochondria, reduces mt-tRNA-Leu association and 
impairing its aminoacylation by competitively binding to LaRs2, 

which in turn disrupting mitochondrial protein synthesis and 
function leading to memory decline (Li D. et al., 2024). In the 
cytoplasm, nuclear gene expression is modulated by mt-tRFs via 
interacting with RNA-binding proteins such as AGO, thereby 
regulating mRNA stability and translation. These interactions 
enable mt-tRFs to influence diverse cellular processes including 
metabolism, stress responses, and inter-organelle communication 
(Muneretto et al., 2024). For that matter, the ratio of nuclear-
tRF/mt-tRF in cytoplasm can be a potential biomarker for the 
progresses of ND (Paldor et al., 2023; Madrer et al., 2025). 

2.7.4 Oxidative stress 
Oxidative stress is a central driver of pathogenesis in 

neurodegenerative disorders, triggering extensive tRNA 
fragmentation as a cellular response (Deng et al., 2022). Stress 
factors such as heavy metal or H2O2 exposure, angiogenin-
mediated cleavage of mature tRNAs increases the production of 
tRFs (Huang and Hopper, 2016; Chen and Liu, 2017; Hou et al., 
2022). tRFs regulation is influenced in order to either protect the 
cell or pave the way for cell death. For example, tRF-Glu-CTC 
levels were regulated in both in vivo and in vitro experiments in 
response to H2O2 which has an eect on neurogenesis (Karacicek 
et al., 2025). On the other hand, tRFs can trigger oxidative stress. 
A 5 tRF, tRF-Gly-GCC, is found to promote ROS production 
in radiation induced lung injury (Deng et al., 2022). As a result, 
oxidative stress not only escalates tRNA cleavage and dynamically 
modulates tRF levels some of which are upregulated to mediate 
stress adaptation, while others are downregulated to rebalance 
translation which is revealing a sophisticated mechanisms to 
maintain cellular homeostasis but also can be triggered by the tRFs 
which leads to disease progression. 

3 Detection, prediction and 
verification tools 

Scientists are now able to identify, categorize, and thoroughly 
study tRFs because of the fast advancement of small non-coding 
RNA sequencing (sncRNA-seq) technology. The field of tRF 
research is dependent on certain databases, identification tools, and 
verification procedures (Table 1). 

3.1 Identification tools 

3.1.1 Small RNA sequencing 
Small non-coding RNA sequencing (sncRNA-seq) data 

including the steps of RNA isolation, bioinformatics analysis, 
library preparation, and sequencing, is the fundamental technique 
to identify tRFs. Common techniques for eÿcient RNA isolation 
include TRIzol or column-based procedures which are prerequisite 
for high-quality sncRNA-seq data. An essential part of capturing 
tRFs is selecting and enriching tiny tRNA fractions (14–50 
nucleotides) according to their size. Library preparation must be 
completed, which includes adapter ligation, reverse transcription, 
and amplification to complete thorough high-throughput 
sequencing on Illumina systems to produce millions of short reads 
(Lee et al., 2009; Aalto and Pasquinelli, 2012). Specialized kits like 
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TABLE 1 Bioinformatics, predictive, experimental and functional tools for tRNA derived fragment (tRF) research. 

Method Key strength Key limitation 

Bioinformatic tools 

MINTbase 2.0 Oers curated tRF sequence, abundance, and metadata across 
tissues and cancers 

Only includes tRFs ≥ 16 nt. and for homo sapiens 

tDRnamer/tRAX Standardized naming system/High-confidence tRF quantification Varies by algorithm; susceptible to tRNA misannotation. Only available 

for known tRFs 

Predictive tools 

tRFtarget 2.0 Predicts for mRNA targets of tRFs using hybridization 

thermodynamics and CLASH data 

Predictions need experimental validation 

IntaRNA/RNA22 Predict interactions based on seed, accessibility, and free energy Often used in combination for better specificity. miRNA bias, potential 
false positives, no tRF-specific tuning 

Experimental tools 

Northern blotting Accurate size confirmation and visual validation. Gold standard Labor intensive and time consuming. Low sensitivity for low 

abundance tRFs 

qRT-PCR Sensitive and quantitative; condition specific. Faster and cheaper 

than sequencing 

Requires primer optimization due to tRF short length & modifications. 
Only available for known tRFs 

Functional tools 

Antisense inhibition Specific knockdown of tRFs: reveals biological role O-target eects: delivery optimization needed 

Luciferase assay Validates direct gene targeting of tRFs via 3 UTR binding. Sensitive. Depends on predicted target sites 

CLIP/RIP assays Reveals in vivo RNA–protein interactions. Identification of RNA 

binding sites 
Technically demanding, requires high-quality antibodies and UV 

crosslinking. Low yield, high background 

RNA pulldown Confirms tRF-target or tRF-protein interactions in vitro. Validation 

for mechanism of actions. 
Requires biotin labeling, prone to non-specific binding 

the Arraystar rtStarTM tRF&tiRNA Pretreatment and First-Strand 
cDNA Synthesis Kit have been created to improve the accuracy of 
tRF identification by ensuring eÿcient removal of internal tRNA 
modifications and proceeding of reverse transcriptase during 
cDNA synthesis (Xu et al., 2024; Yu et al., 2024). 

3.1.2 Differential expression and functional 
annotation 

Post-sequencing analysis includes cutting adapters, and 
mapping reads to reference genomes by using bioinformatics tools 
like Bowtie 2.0, STAR, or HISAT2 (Langmead and Salzberg, 2012; 
Dobin et al., 2013; Kim D. et al., 2019). To achieve tRF detection 
specificity, it is necessary to filter out contaminants like rRNA or 
miRNAs and find preset sequence patterns. Dierential expression 
analyses, such DESeq2, amplify variations in tRF expression across 
trial conditions (Love et al., 2014). After examining dierentially 
expressed tRFs, pathway and functional enrichment analyses such 
as Kyoto Encyclopedia of Genes and Genomes (KEGG) and Gene 
Ontology (GO) give further biological meaning. 

tRNA-derived fragment research requires systematic 
categorization, nomenclature, and functional prediction 
capabilities provided by databases. MINTbase 2.0 stands out 
for its extensive database of all known tRFs for Homo sapiens 
(Pliatsika et al., 2018). This database allows researchers to easily 
explore, compare, and evaluate tRFs through its user-friendly 
interface among the other tRF cataloging sites. tRF identification 
may be performed in databases like tsRNAsearch for other 
species (Donovan et al., 2021). tDRnamer and the tRAX are the 
two advanced tools systematic tRF annotation and categorization 
(Chan et al., 2025). tRAX allows for the high-throughput processing 

and analysis of dierential expression from small RNA sequencing 
data in order to eÿciently identify tRFs for various species. On 
the other hand, tDRnamer uses machine learning methods to 
categorize tRFs according to sequence features and genetic origin. 
tDRnamer aimed to generate a consensus by providing consistent 
nomenclature and maintaining consistency between investigations. 
Therefore, scientists can use this tool to convert the tRF names by 
using the sequences of their selected tRFs. 

3.1.3 Target prediction tools 
By integrating thermodynamic modeling with experimental 

data from crosslinking, ligation and sequencing of hybrids 
(CLASH) which is used to detect RNA-RNA interactions (Xie 
et al., 2020), tRFtarget 2.0 stands out as a web-based tool 
especially designed for predicting tRF-mRNA interactions, which 
is important for target prediction for tRFs (Li N. et al., 2024). 
In addition, tRFtarget performs pathway-level understanding by 
including downstream functional enrichment as well. On the other 
hand, there are two other methods that were initially made for 
miRNA research, RNA22 and IntaRNA, are tools but have now 
been modified to anticipate tRF targets (Miranda et al., 2006; Mann 
et al., 2017; Xie et al., 2020). This is because of their accessibility 
modeling and flexible seed-pairing procedures. With its focus 
on accessibility and interaction energy, IntaRNA provides strong 
predictions for both short and structured RNAs, whereas RNA22 
excels at finding non-canonical interactions free of conservation 
bias. RNA22 were utilized for various studies; to investigate tRF 
targets for thyroid cancer study, for the validation of AGO-
loaded tRFs by combining Cross-linking Immunopreciptation 
(CLIP) data, to find functional relationships of tsRNA-mRNA 
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interactions in neurological damage (Kuscu et al., 2018; Li 
et al., 2020; Do et al., 2024). These methods have been utilized 
in a number of research. These techniques are used to make 
predictions regarding the regulatory potential of tRFs in many 
biological systems. They are trusted by many to help them test 
theories. When it comes to detecting non-canonical and seed-
independent interactions, RNA22 provides more flexibility than 
tRFtarget 2.0, which is optimized for tRF-specific interactions using 
experimentally informed parameters. On the other hand, IntaRNA 
is great for structured RNA targets because of its emphasis on 
accessibility and energy-based modeling. As a result, it can be said 
that they complement each other well; tRFtarget 2.0 is very specific, 
RNA22 is very exploratory, and IntaRNA is very structurally 
precise. 

3.1.4 Quantitative reverse transcription PCR 
(qRT-pCR) 

Quick, sensitive, and precise detection of tRFs is possible with 
PCR-based techniques like quantitative reverse transcription PCR 
(qRT-PCR) (Boskovic et al., 2020; Xie et al., 2020). The rapidity, low 
cost, and high sensitivity of this experimental method make it an 
attractive approach for quantifying tRFs with low abundance. On 
the other hand, PCR relies on pre-existing sequence information, 
which can lead to amplification bias, and it might be challenging 
to discover new or unexpected tRF sequences. Thus, due to 
their tiny size and structural variability, tRFs need careful primer 
design for qRT-PCR validation in order to distinguish between 
related isoforms and guarantee accurate quantification to find a 
mechanistic link was found between altered tRNA processing and 
tRF accumulation in neurological disorders (Wu et al., 2021; Yu 
et al., 2024). 

3.1.5 Northern blot 
Northern blotting provides visual confirmation that 

supplements sequencing-based predictions by validating the 
existence, length, and expression pattern of tRFs (Xie et al., 2020; 
Su et al., 2022; Esmaeili et al., 2025). For early-stage discovery and 
stress/disease-specific tRF response analysis, it is still the gold-
standard approach for dierentiating physiologically produced 
tRFs from degradation artifacts (Boskovic et al., 2020; Wu et al., 
2021). 

3.2 Verification 

3.2.1 Antisense inhibition and AAV-shRNAs 
Researchers often employ antisense oligonucleotide-based 

inhibition to validate tRFs and understand the biological eects 
of species depletion. Locked nucleic acid (LNA) modified 
antisense oligonucleotides are highly eective at targeting sRNA 
molecules, such as tRFs, because of their high binding aÿnity 
and nuclease resistance (Su et al., 2022). One way to study 
cell survival, stress responses, apoptosis, and global translation 
rates after tRF knockdown is by incorporating these inhibitors 
into cultured cells or model organisms. Then, one can use 
Western blotting, flow cytometry, and ribopuromycylation to 
measure these outcomes (Mahmood and Yang, 2012; Bastide 
et al., 2018; McKinnon, 2018). Transcriptome profiling and 

antisense inhibition demonstrate the significance of tRF-regulated 
downstream gene networks in disease-relevant biological processes 
like neuroinflammation, metabolic regulation, and tumor 
development, and the fact that their inhibition enhances apoptosis 
in neurons subjected to oxidative stress suggests that certain 5 

tiRNAs produced from-(ANG) play a protective role in cellular 
homeostasis. 

Adeno-associated Virus mediated short hairpin RNA (AAV-
shRNA) knockdown method employs a construct to inhibit tRF 
expression in cellular or animal models. AAV-shRNA is critical 
step for experimental validation of computational predictions 
and assurance of their biological relevance (Monahan et al., 
2002; Moore et al., 2010). AAV-shRNA knockdown may evaluate 
phenotypic consequences by analyzing cellular activity, changes in 
gene expression, and downstream pathways, which may provide 
light on the functional roles of tRFs. 

3.2.2 Luciferase reporter assays 
Another functional verification method, luciferase reporter 

assay, examines the interactions between tRFs and mRNAs to 
provide evidences of gene expression regulations by measuring how 
tRF binding to the 3 UTR of target mRNAs modulates luciferase 
activity (Tong et al., 2020; Su et al., 2022; Esmaeili et al., 2025). As 
an example, firefly luciferase activity was significantly reduced by 
tRF-Ala-AGC-3-M8 mimic compared to the negative control when 
using the wild-type reporter, stating that this tRF directly represses 
gene expression via interaction with the reporter’s target sequence 
(Deng et al., 2025). 

3.2.3 CLIP/RIP 
Crosslinking and immunoprecipitation (CLIP) and its variant 

RNA immunoprecipitation (RIP) are powerful approaches 
to experimentally validate the interactions between tRFs and 
RNA-binding proteins (RBPs), particularly those involved in 
post-transcriptional regulation. Photoactivatable-Ribonucleoside-
Enhanced CLIP (PAR-CLIP) is another powerful technique that 
combines metabolic labeling with UV crosslinking to capture RNA-
protein interactions with high specificity and single nucleotide 
resolution, whereas RIP and CLIP have lower resolution or 
eÿciency but are simpler to perform (Xie et al., 2020). These 
tests identify the presence or absence of certain tRFs in various 
biological components, such as eector complexes including AGO 
proteins or RBPs containing YBX1, which plays a role in stress 
granule formation (Lyons et al., 2016). For example, interaction 
of tRF-3b with AGO proteins was confirmed by RIP, supporting 
the idea that it regulates gene expression through a miRNA-like, 
AGO-dependent mechanism (Su et al., 2022). The bound sRNA 
species are identified by target RBP immunoprecipitation, RNA 
extraction, and high-throughput sequencing such as CLIP-seq after 
UV crosslinking covalently stabilizes RNA-protein interactions 
in vivo. In order to identify more stable RNA-protein interactions 
in their natural environment, RIP employs a comparable method 
that does not include UV crosslinking. The physical binding of 
tRFs to regulatory proteins and their functional pathways are 
confirmed by these methodologies. Findings from CLIP-based 
studies point to the roles of certain tRF-5 in mRNA targeting and 
translational control, since these proteins are attracted to AGO2 
complexes in neurological diseases. 

Frontiers in Cellular Neuroscience 08 frontiersin.org 

https://doi.org/10.3389/fncel.2025.1663788
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/


fncel-19-1663788 November 28, 2025 Time: 20:51 # 9

Kocakusak et al. 10.3389/fncel.2025.1663788 

3.2.4 RNA pulldown assay 
For the purpose of validating anticipated tRF interactions 

with target proteins or RNAs, RNA pulldown experiments are 
potent experimental methods. This technique involves capturing 
interacting molecules by incubating synthetic tRF probes tagged 
with biotin with cellular lysates. The complexes are separated 
by using magnetic beads coated with streptavidin, which are 
subsequently subjected to a battery of washing and elution 
procedures. Mass spectrometry and next-generation sequencing 
are used to identify the proteins and RNAs that have been 
captured, respectively. RNA pull-down assays were used to detect 
tRF interactions with spliceosomal components contributing to 
neurodegenerative phenotypes, ribosomal complexes regulating 
translation under neurodegenerative stress in human samples, 
hnRNPF proteins modulating RNA splicing and histone gene 
regulation, stress granule proteins such as YB-1, TIA1, and G3BP1, 
promoting stress granule assembly and contributing to neuronal 
survival mechanisms during neurodegenerative stress (Dubnov 
et al., 2024; Madrer et al., 2025; Boskovic et al., 2020; Prehn and 
Jirström, 2020). This method clearly establishes direct contacts, 
shedding light on the regulatory networks and biological processes 
mediated by certain tRFs. 

4 The role of tRNA modifying 
enzymes in neurological disorders 

The impairments in tRNA metabolism are associated with 
brain abnormalities and neurological disorders (Qin et al., 
2020). Mutations in certain genes that encode enzymes such as 
ANG, cleavage factor polyribonucleotide kinase subunit 1 (CLP1) 
and NOL1/NOP2/SUN domain tRNA cytosine methyltransferase 
(Nsun2) have been implicated in disruptions of tRNA biogenesis. 

Angiogenin in its mature form contains three key structural 
elements that determine its function: a receptor-binding site, a 
catalytic region with ribonuclease activity, and a signal sequence 
for nuclear entry. These three components are required for ANG 
to work eÿciently. Disruptions to ANG’s structure may impair 
both its RNA-cleaving function and nuclear import (Tripolszki 
et al., 2019). Mutations in the ANG gene that alter its activity 
have been shown to be linked to both sporadic and familial ALS 
cases (Greenway et al., 2006). This finding was followed by the 
identification of ANG mutations in ALS patients from various 
regions worldwide (Aparicio-Erriu and Prehn, 2012). The literature 
on ANG mutations in ALS has been expanding considerably 
in recent years, and ongoing studies continue to enhance our 
understanding of ANG’s involvement in this field (Prehn and 
Jirström, 2020). ANG has been shown to play a neuroprotective 
role under stress conditions both in vivo and in vitro (Kieran 
et al., 2008; Skorupa et al., 2012; Hogg et al., 2020). Specifically, 
ANG provides neuroprotective eects against hypoxic injury of 
motor neurons. However, this neuroprotective phenomenon is lost 
in ALS-associated ANG mutations including K40I, Q12L, K17I, 
R31K, C39W, and I46V as demonstrated in NSC34 cells (Sebastià 
et al., 2009). In a separate study, this protection is suggested to 
occur through ANG’s cleavage of tRNA to generate tiRNAs. Hogg 
et al. (2020) suggested that the serum 5 tRF-Val-CAC might 
hold biomarker potential in ALS and be related to activation 

of neuroprotection under stress. In their study, MZ-294 cells 
were treated with ANG, and small RNA sequencing followed by 
custom bioinformatics analysis was performed to characterize tRFs 
produced by ANG. A significantly dierent profile was observed 
between ANG-treated and vehicle control groups for the 5 tRF-
Val-CAC (Hogg et al., 2020). Besides its neuroprotective role, 
ANG has been shown to play a role in neurite pathfinding, as 
demonstrated when the ribonucleolytic activity of human ANG was 
inhibited by NCI 65828 inhibitor in P19-derived neurons. In 2019, 
a research group examined the ANG gene through sequencing by 
comparing 136 sporadic ALS patients to 112 healthy controls of 
Hungarian origin. Among the mutations found in the analysis, 
R33W mutation led to partial reduction in both ribonucleolytic 
activity and nuclear translocation eÿciency of ANG (Tripolszki 
et al., 2019). ANG mutations were also detected in patients with 
other NDs such as AD and PD. For example, 1,001 AD patients 
and 1,010 control cohort with Italian origins were investigated for 
ANG gene mutations. The results revealed a non-sense mutation 
(K73X) which made the mature protein 51 amino acids shorter 
and diminished the catalytic functional site in two AD patients 
(Gagliardi et al., 2019). Additionally, ANG mutations including 
K17I and I46V have been identified in PD patients from dierent 
ethnic backgrounds. The specific ANG variants detected appear 
to vary according to ethnic origin (van Es et al., 2011; Prehn and 
Jirström, 2020). 

Methyltransferase is a key factor in post-transcriptional 
modifications of RNAs by introducing 5-methylcytosine (m5C) 
(Van Haute et al., 2019). Mutations in NSun2 lead to intellectual 
disability and facial dysmorphism, highlighting its critical role in 
human neurodevelopmental processes (Abbasi-Moheb et al., 2012; 
Khan et al., 2012). These pathological findings were associated 
with Dubowitz Syndrome characterized by microcephaly and 
intellectual disability (Martinez et al., 2012). In NSun2-deficient 
mice and patient fibroblasts, loss of NSun2 resulted in the ANG-
mediated cleavage of specific tRNA isotypes (Asp, Glu, Gly, His, 
Lys, Val) and accumulation of tRF-5 (Blanco et al., 2014). Increased 
tRF-5 leads to disruption in protein translation and induction 
of stress pathways. Moreover, neuronal death was observed in 
cortical, hippocampal, and striatal neurons. The inhibition of 
ANG was suÿcient to rescue the phenotype of NSun2-deficient 
mice. Together, these findings demonstrate that impaired tRNA 
methylation caused by NSun2 deficiency can lead to abnormal 
activation of ANG, resulting in the accumulation of tRF-5 and 
ultimately disrupting neuronal development and survival. Another 
study reported that NSun2 activity is essential for neuronal 
dierentiation (Flores et al., 2017). Loss of function in NSun2 
resulted in the accumulation of intermediate progenitor cells and a 
reduction in dierentiated upper-layer cortical neurons. Together 
with reduced NSun2 expression, exposure to recombinant (ANG) 
exacerbates the impairment of neuronal dierentiation. The 
NSun2 deficiency is also associated with synaptic transmission 
and depression (Blaze et al., 2021). The deficiency of NSun2 
specifically in the forebrain resulted in reduced Gly tRNA levels 
and downregulation of synaptic protein translation. Taken together, 
NSun2 plays a pivotal role in tRNA modifications, neuronal 
dierentiation and synaptic plasticity whereas its loss contributes 
to pathophysiology of neurodevelopmental disorders. 

Cleavage factor polyribonucleotide kinase subunit 1 is RNA 
kinase unique to mammals and has a role in tRNA splicing 
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through interaction with the tRNA splicing endonuclease (TSEN) 
complex (Hanada et al., 2013). The loss of kinase activity of 
CLP1 leads to death of spinal motor neurons, deficits in motor 
control and paralysis. Furthermore, dysregulation of CLP1 results 
in an increase in tyrosine (Tyr) tRFs in vitro. The accumulation 
of Tyr-tRFs was also present in the spinal cord and cortex of 
CLP1 kinase-dead mice. Supporting this finding, another study 
demonstrated that the mature tRNAs were depleted while intron-
containing the amount of pre-tRNAs was increased in induced 
neurons generated from CLP1 mutant patients (Schaer et al., 
2014). The transfection of unphosphorylated 3-tiRNAs rendered 
CLP1 mutant neurons susceptible to oxidative stress-induced cell 
death (Schaer et al., 2014). In another study, oxidative stress 
increases the production of Tyr-tRFs in both wild-type and CLP1 
mutant mouse embryonic fibroblasts (MEFs) (Hanada et al., 
2013). The defect in CLP1 increased the loss of motor neurons. 
The accumulation of 5 exon of tyrosine pre-tRFs (5 Tyr-tRF) 
negatively regulates neural dierentiation by enhancing the cell 
death in SH-SY5Y human neuroblastoma cell line (Inoue et al., 
2020). The injection of 5 Tyr-tRF resulted in microcephaly in 
zebrafish larvae and reduced number of spinal motor neurons 
in the spinal cord. The p53 inactivation rescued the phenotype 
associated with the CLP1 mutation in vitro and in vivo (Hanada 
et al., 2013; Inoue et al., 2020). These findings indicate that the 
oxidative stress-induced cell death is through a p53-dependent 
pathway. PKM2 (Pyruvate Kinase M2) has been demonstrated as 
a target of 5Tyr-tRF in vitro and in zebrafish (Inoue et al., 2020). 
These results indicate that the interaction between 5 Tyr-tRF and 
PKM2 during neurogenesis may serve as an initiating factor for 
neuronal dysfunction. Additionally, a recent study has identified 
PKM2 as a critical factor involved in the regulation of neurogenesis 
(He et al., 2025). 

Human CLP1 mutation (R140H) was detected in five 
genetically distinct families (Karaca et al., 2014). The CLP1 
(R140H) mutation does not abolish the kinase activity of CLP1. 
However, it specifically disrupts the interaction with the TSEN 
complex. Similar to the findings, another group found that nuclear 
localization and kinase activity of CLP1 were reduced (Schaer 
et al., 2014). The patients carrying the CLP1 mutation and CLP1 
kinase-dead mice exhibit microcephaly and deficits in motor and 
sensory function (Karaca et al., 2014). In another study, patients 
from four unrelated families demonstrate clinical features similar to 
Pontocerebellar hypoplasia (PCH), a disease defined by atrophy of 
the cerebellum and brainstem (Schaer et al., 2014). In conclusion, 
impaired CLP1 activity perturbs tRNA biogenesis, leading to 
neurodevelopmental disorders and NDs. 

5 tsRNAs in neurological disorders 

Growing data from in vivo animal models, in vitro systems, 
and clinical studies in patients has showed that variations in 
tRF expression patterns are correlated with neuroinflammation 
and neuronal dysfunction (Supplementary Tables 1–3). tRF 
subtypes are considered both functional mediators in pathogenesis 
and valuable promising biomarkers for neurological disorders 
(Figure 2). Therefore, understanding the diverse role of specific tRF 
subtypes across neurological conditions is essential for developing 

targeted therapeutic strategies and enhancing precision medicine 
approaches in this field. 

5.1 Alzheimer’s disease 

Alzheimer’s disease is a progressive neurodegenerative 
disorder characterized by extracellular amyloid-beta (Aβ) 
protein aggregation creating senile plaques and intracellular 
accumulation of hyperphosphorylated tau protein, which forms 
neurofibrillary tangles (Ashrafian et al., 2021). Accumulating 
evidence indicates that sncRNAs such as tRFs have emerged as 
novel diagnostic tools, therapeutic targets and regulatory molecules 
in the pathophysiology of AD. 

Several studies investigating molecular basis and pathogenesis 
of AD revealed changes in tRF levels across various brain regions 
and biological samples. For example, in small neuron-derived 
extracellular vesicles (sNDEVs) derived from serum samples of AD 
patients, three tRFs were significantly upregulated while 10 tRFs 
were downregulated. Among them changes in tRF-20-1HPSR9O9 
and tRF-33-RM7KYUPRENRHD2 expression confirmed by qRT-
PCR suggest that these sNDEV-derived tRFs may represent 
promising biomarkers for distinguishing familial Alzheimer’s 
disease from sporadic cases and healthy controls. Also tRF-20-
1HPSR9O9 expression in sNDEVs was inversely correlated with 
p-Tau levels in AD patients (P = 0.041, R2 = −0.3473) (Arioz et al., 
2025). Similarly, AD patient brain tissues showed reduced levels of 
tsRNA-Tyr and tsRNA-Arg in the frontal lobe cortex and increased 
levels of 5tRF-Gly-GCC, 5 tRF-Glu-CTC, and 5 tRF-Pro-AGG 
in the hippocampus. These dysregulated tsRNAs are associated 
with neurodevelopmental pathways such as synapse formation and 
have been implicated in increasing the susceptibility of motor 
neurons to oxidative stress–induced cell death, highlighting their 
involvement in both physiological motor neuron functions and 
stress-related responses (Zhang et al., 2020). Additionally, 5 tRF-
Pro-AGG correlated with disease stage progression, suggesting its 
potential as a diagnostic biomarker for monitoring AD onset and 
development (Wu et al., 2021, 2023). 

Another study emphasized sex-specific dierences, reporting 
significant reductions in tRFs targeting cholinergic transcripts 
(CholinotRFs) in the nucleus accumbens of female AD 
patients. Interestingly, five of these tRFs derived from the same 
mitochondria-derived tRNA, PheGAA (Shulman et al., 2023). 
Supporting this sex-specific pattern, Dubnov et al. (2024) showed 
that the level of tDR-36:75-Asn-GTT-2-M2 in the cerebrospinal 
fluid (CSF) of female AD patients was elevated compared to 
cognitively healthy controls, while the level of the same tRF showed 
no dierence in male patients (Dubnov et al., 2024). 

In animal models, altered tiRNA and tRF profiles were observed 
in the hippocampus of APP/PS1 mice (Lu et al., 2021). Dierential 
expression levels of tRF-Thr-CGT-003 and tRF-Leu-CAA-004 
validated by qRT-PCR and they were identified as regulators 
of calcium-related proteins, including the voltage-gated calcium 
channel γ2 subunit and the endoplasmic reticulum calcium release 
protein RYR1, as well as retinol metabolism–associated enzymes 
such as CYP2S1 and CYP2C68. The use of RNA modification 
aborted sequencing (PANDORA-seq) revealed downregulation of 
mitochondrial tsRNAs in the prefrontal cortex of 5xFAD mice, 
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FIGURE 2 

Differentially regulated tsRNA associated with neurological and neuropsychiatric disorders. This schematic summarizes expression of tsRNA 
reported in the literature and each disease category grouped in separate boxes according to pathological classifications: neurodegenerative 
(magenta), acute (yellow), chronic (orange), psychiatric (purple) and neuro-oncologic (teal). Expression directionality is color coded: green for 
increased expression, red for decreased expression and black for for tRFs with unclear or undetermined regulation direction. 

with three of them (mt-tsRNA-Gln, mt-tsRNA-His, and mt-tsRNA-
Leu) were significantly decreased (Zhang et al., 2025). Additionally, 
the traditional Chinese medicine Bushen Tiansui formula (BSTSF) 
modulated 57 tsRNAs in right hippocampus of AD rats. KEGG 
pathway and GO analyses find potential therapeutic mechanisms 
through which tsRNAs exert. Treatment-associated tsRNAs may 
mediate their beneficial eects by modulating the cAMP signaling 
pathway and retrograde endocannabinoid signaling pathways 
(Zhang Z.-Y.et al., 2021). Collectively, these studies highlight 
region- and sex-specific alterations in tRF expression in AD, but 
a universally consistent tRF biomarker across studies has not yet 
been established. 

5.2 Parkinson’s disease 

Parkinson’s disease is characterized by the progressive 
degeneration and loss of dopaminergic neurons in the substantia 
nigra pars compacta, as well as catecholaminergic neurons in 
the locus coeruleus (Prehn and Jirström, 2020). High-throughput 
small RNA sequencing of post-mortem brain samples from both 
premotor and motor stages of PD, along with age-matched control 
subjects, was used to quantify the various types of sRNAs in the 
amygdala. Among the most sequenced RNAs, tRNAs contributed 

significantly, accounting for 24% of the total, with tRNA-Val-GTY 
being the most highly expressed tRNA (Pantano et al., 2016). 
In a re-analysis of 254 RNA-seq datasets from three previous 
studies, researchers examined tRF expression in prefrontal cortex, 
CSF, and serum samples from male and female PD patients and 
controls. A total of 62 dierentially expressed tRFs were found to 
be shared between CSF and the prefrontal cortex. Additionally, sex-
dependent dierences in tRF expression were observed between 
PD patients with and without dementia in both CSF and serum 
samples (Magee et al., 2019). Magee et al. (2019) also identified 
a subset of 5-tiRNAs as smallest sets of tRFs that could serve as 
distinguishing biomarkers. These 5-tiRNAs are already known to 
function in neuronal processes in ALS (Ivanov et al., 2011). They 
may play a protective role in PD, potentially influencing neuronal 
survival under stress conditions. Another study re-analyzed short 
RNA-seq data from post-mortem CSF and blood samples of 
PD patients and controls. The results revealed elevated levels of 
long tRFs in CSF compared to blood. CSF also showed a notable 
age-related decline in specific 3- and internal tRFs, along with 
more pronounced sex-specific dierences than those observed 
in blood (Paldor et al., 2023). Specifically, mitochondrial tRFs 
were enriched in sequences targeting cholinergic transcripts, 
suggesting that mitochondrial loss, a hallmark of PD, may reduce 
tRFs. Therefore, it might increase cholinergic transcript levels 
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and disrupting cholinergic balance. Another study re-analyzed 
short RNA-seq data from post-mortem CSF and blood samples 
of PD patients and controls. The results revealed elevated levels 
of long tRFs in CSF compared to blood. CSF also showed a 
notable age-related decline in specific 3- and internal tRFs, 
along with more pronounced sex-specific dierences than those 
observed in blood (Paldor et al., 2023). Furthermore, the analysis 
of EVs derived from the serum of PD patients identified 122 
upregulated and 69 downregulated tRFs, with tRF-02514 showing 
the highest expression level. Functional studies demonstrated that 
tRF-02514 promotes microglial pyroptosis and neuroinflammation 
by suppressing ATG5-mediated autophagy. Notably, knockdown 
of tRF-02514 in a PD mouse model reduced neuroinflammation, 
enhanced autophagy, and alleviated PD-related pathology (Dong 
et al., 2025). These findings point out tRF-02514 not only as a 
potential biomarker but also as a therapeutic target. 

5.3 Amyotrophic lateral sclerosis 

Amyotrophic lateral sclerosis is a terminal ND that is caused 
by the progressive degeneration and death of motor neurons in 
the CNS (Ye et al., 2025). While approximately 10% of ALS 
cases are linked to genetic factors, the majority of the cases occur 
sporadically without any clear family history (Rojas et al., 2020). 
Currently, clinical symptoms are used for diagnosis of the disease. 
However, the symptoms do not emerge until neurodegeneration is 
already underway (Witzel et al., 2022). Therefore, earlier detection 
of the disease and reducing treatment delays requires biomarker 
development. 

Recent studies have highlighted the involvement of tRFs and 
tiRNAs in ALS progression and pathology. In a study, Hogg et al. 
(2020) measured spinal cord and serum samples obtained from 
SOD1G93A mice with dierent genetic backgrounds in terms of 
disease progression and lifetime. The analysis revealed elevated 
5 Val-CAC concentrations in spinal cord tissue from slow-
progressing SOD1G93A mice compared to their fast-progressing 
counterparts. Additionally, they compared 5 Val-CAC level from 
16 slow- and 70 fast-progressing ALS patients along with 91 healthy 
controls. It was significantly elevated at symptom onset, correlating 
with angiogenin upregulation, altered translation initiation, and 
slower disease progression. Serum 5 Val-CAC levels were elevated 
in ALS patients with slower disease progression, indicating its 
potential as a prognostic biomarker linked to angiogenin-mediated 
stress responses in motor neurons (Hogg et al., 2020). The same 
research team conducted small RNA sequencing in 2024 using 
spinal cord from SOD1G93A and TDP43A315T mouse models. 
The bioinformatics analysis demonstrated the upregulation of 
5 tiRNA-Lys-CTT in the SOD1 mouse model and 5 tiRNA-
Val-CAC and 5 tiRNA-Val-AAC in the TDP43 mouse model. 
Researchers validated the significant increased level of 5 tiRNA-
Val-CAC in TDP43 mouse model by custom TaqMan assays. 
Since ANG generates these 5 tiRNAs through cleavage at the 
anticodon loop, these results provide direct evidence that elevated 
tiRNA levels direct consequence of enhanced ANG activity in both 
mutant ALS mouse models. The accumulation of these tiRNAs 
highlights a mechanistic connection between ANG dysregulation, 
altered tRNA cleavage, and neuronal stress responses in ALS The 

small RNA sequencing results also showed decreased expression 
of seven 3 tRFs in TDP43 mouse model compared to control 
while 3 tRF-Ser-CGA was increased in the SOD1 mouse model. 
The authors proposed that the reduction in 3 tRFs, which 
result from T loop cleavage of tRNA, may reflect impaired 
activity of Dicer or other RNases (Baindoor et al., 2024). In 
2025, Jirström et al. (2025) reported a significant increase in 
5 tiRNAGly−GCC levels in the lumbar spinal cord of TDP-
43A315T mice. Although a similar elevation was observed in 
the SOD1G93A and FUS (1–359) ALS mouse models, these 
increases were not statistically significant. Additionally, 5tiRNA-
Gly-GCC levels upregulated in primary cortical neurons exposed 
to ALS-related oxidative, proteasomal, and excitotoxic stress. 
They transfected the primary neurons with synthetic mimics of 
5 tiRNA-Gly-GCC and investigated its role by whole-transcript 
RNA sequencing and proteomics. The results revealed that 
majority of the mRNAs were downregulated and contained 
predicted 5 tiRNA-Gly-GCC binding sites, pointing its role in 
silencing the target genes. Label-free mass spectrometry results 
showed downregulation of key proteins essential for translation 
initiation and ribosomal assembly, suggesting suppressed protein 
synthesis (Jirström et al., 2025). In 2024, Loher et al. (2025) 
performed analysis on short RNA-seq datasets with accession 
number GSE168714 and GSE148097 obtained from NIH’s Gene 
Expression Omnibus (GEO) (Dobrowolny et al., 2021; Magen et al., 
2021). Both datasets consist of serum and plasma samples from 
ALS patients and control group. From the analysis, they found 
that the abundance of tRF-5 and tRF-3 and a few 5-tiRNAs 
changed. In general, they re-examined the plasma samples of GEO 
project GSE168714 which include 103 datasets from control and 
248 datasets from ALS patients using DESeq2. They identified 
dierentially abundant 56 tRFs. Additionally, they carried out 
an independent analysis on the serum samples of GEO project 
GSE148097, containing six control and 13 patient datasets using 
DESeq2 and showed that 34 tRFs were dierentially abundant. 
More specifically, the abundance of 5-tRNA half from tRNA-Gly-
GCC in ALS patients increased compared to control (Loher et al., 
2025). 

5.4 Huntington’s disease 

Huntington’s disease (HD) is a neurodegenerative autosomal 
inherit disorder caused by the CAG repeat expansion in the 
huntingtin gene (HTT) (Creus-Muncunill et al., 2021; Zhao 
et al., 2025). The clinical features of HD are unwanted choreatic 
movements, behavioral and psychiatric impairments and dementia 
(Roos, 2010). In HD, repeat expansion resulted in aggregation of 
HTT protein (Kim et al., 2021). The accumulation of aggregated 
HTT protein primarily aects the striatum is the primarily 
aected region where loss of medium spiny neurons (MSN) 
occurs and inflammation. Although the genetic mutation that 
is responsible for HD has been discovered, further research is 
required to shed light on the pathophysiological mechanisms by 
which mutant HTT contributes to the disease (Pellegrini et al., 
2022). Therefore, eective treatments or valid biomarkers have 
not been developed. In vivo and clinical studies demonstrated 
that there are widespread alterations at the transcriptional level 
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primarily in the striatum (Dubois et al., 2021). Previously, 
the association of ncRNAs including miRNAs and long non-
coding RNAs (lncRNAs) with pathophysiology of HD has 
been demonstrated (Tan et al., 2021; Ghafouri-Fard et al., 
2022). 

The role of tsRNAs in HD has recently emerged as a field of 
study. In one study, small RNAs derived from the putamen of HD 
patients (HD-sRNA-PT) were introduced into the striatum of mice, 
leading to the recapitulation of neuropathological features (Creus-
Muncunill et al., 2021). The small RNAs in mice injected with 
HD-sRNA-PT were characterized by small RNA sequencing. The 
injection of HD-sRNA-PT into mice resulted in the abundance of 
tRNA clusters. In HD-sRNA-PT injected mice, Ala-, Gly- and Val-
5 tRFs were upregulated particularly in putamen. The selected 5 

tRFs were overexpressed in primary striatum neurons of mice and 
their eect on neuronal viability was assessed. According to MTS 
assay, overexpression of 5 tRF derived from tRNA-Ala-CGC-3 was 
suÿcient to reduce cell viability. tRNA-Ala-CGC-3 is a target of 
the Dopamine- and cAMP-regulated phosphoprotein (DARPP-32) 
protein, a critical player in Huntington’s disease pathogenesis, and 
functional studies using its inhibitor have validated this interaction. 

5.5 Multiple sclerosis 

Multiple sclerosis (MS) is an inflammatory-mediated 
ND of the CNS defined by inflammation, demyelination, 
and neurodegeneration. MS is a multifactorial disease that is 
determined by genetic (e.g., genetic variants in HLA complex), 
epigenetic and environmental factors (vitamin D deficiency, 
Epstein-Barr virus (EBV) infection and microbiome) (Maciak 
et al., 2021; Wang, 2021). Most of the people are diagnosed 
with relapsing–remitting multiple sclerosis (RRMS) which is 
distinguished by having periods of worsening and followed by 
a relative stabilization until the next attack (Duy and McCoy, 
2020; Manu et al., 2021). After 10–15 years, the diagnosis 
of RRMS, patients developed secondary progressive multiple 
sclerosis (SPMS) leading to chronic inflammation and increasing 
neurological disability (Yousuf and Qurashi, 2021). The rare 
type of MS is primary progressive multiple sclerosis (PPMS), 
symptoms worsen after the initial diagnosis and periods of 
relapse–remission cannot be observed. The occurrence of 
dierent phenotypes is a consequence of the complexity of 
MS. For the development of MS subtype-specific therapies, it 
is essential to identify biomarkers in serum, plasma, or CSF 
that can dierentiate between the various subtypes of multiple 
sclerosis. 

The diagnostic potential of various miRNAs and lncRNAs 
has been previously established (Nowak et al., 2022; Alkhazaali-
Ali et al., 2024). According to the current literature, there is 
only one article that has explored the role of tsRNAs in MS 
(Needhamsen et al., 2022). In this study, small RNA sequencing was 
performed on blood and CSF samples of MS patients. The result 
of MINTmap pipeline indicated that tRF-3constitute the majority 
of transcripts detected in plasma samples. The most abundantly 
detected tsRNAs in CSF and CSF cells were i-tRFs and tRF-
5, respectively. They detected tRF-36-PJB7MNLE308HP1B was 
significantly upregulated in plasma samples of RRMS patients. 

5.6 Ischemic stroke 

Ischemic injuries occur as a result of disrupted or inadequate 
blood flow, potentially resulting in functional impairment of 
aected organs. Ischemic Stroke (IS) is a significant cause of 
disability and mortality in adults, stemming from cerebrovascular 
events. Following an IS, the conditions of ischemia and anoxia 
contribute to neuronal degeneration and necrosis (Lou et al., 
2012). Limited research has explored the role of tsRNAs in 
ischemia, but a rat model of ischemia induced by middle 
cerebral artery occlusion (MCAO) revealed tRNA-Val and tRNA-
Gly fragments as the most prevalent small RNA fragments (Li 
et al., 2016). In PC12 cells, exposure to arsenite or hydrogen 
peroxide triggered oxidative stress, leading to tRNA cleavage 
and tiRNA production. An in vitro ischemia–reperfusion injury 
model in PC12 cells showed that under stress conditions, ANG-
mediated generation of tiRNAs, including tRNA-Ala, tRNA-Gly, 
and tRNA-Cys, was induced, as observed through Northern 
blotting. Minocycline treatment in an ischemia–reperfusion PC12 
cell model mitigated oxygen-glucose-deprivation (OGD)-induced 
damage by significantly down-regulating tiRNA biomarkers linked 
to cell injury (Elkordy et al., 2018). Excessive glutamate release 
leading to neuronal necrosis is a well-established contributor to 
morbidity and mortality in IS. To investigate the underlying 
mechanisms, small RNA sequencing was performed in glutamate-
induced rat primary neurons and found 82 tRFs and tiRNA were 
upregulated and 71 tRFs and tiRNA were downregulated. Six 
tRFs and tiRNA, which were upregulated in the glutamate treated 
group were tested for their cytotoxic eect. tRF-His-GTG and 
tRF-Gln-CTG showed stronger cytotoxic eect upon transfection, 
triggered cell swelling and death. Members of the tRF-2 subclass, 
including tRF-His-GTG and tRF-Gln-CTG, demonstrated novel 
cytotoxic properties, indicating that while certain tiRNAs may 
promote neuronal vulnerability and progressive degeneration, 
specific tRF-2 species act as potent inducers of acute neuronal 
death. These tRFs impaired protein synthesis and mitochondrial 
function which confirmed by functional experiments in both 
in vitro and Drosophila models (Cao et al., 2021). In a rat model 
of cerebral ischemia/reperfusion injury, minocycline treatment 
reduced tiRNA levels and induced selective tRNA cleavage, 
indicating modulation of tiRNA generation (Sato et al., 2020). In 
chronic-phase intracerebral hemorrhage in rats, 331 tsRNAs were 
identified, with seven significantly altered (one upregulated, six 
downregulated). Bioinformatics and validation linked these tsRNAs 
to oxidative stress, endocytosis, and GPCR signaling, implicating 
them in hemorrhagic stroke pathology (Li et al., 2020). 

A clinical study found elevated plasma tRNA derivatives in 
both ischemic and hemorrhagic stroke patients versus controls. In 
IS, higher levels correlated with larger infarcts, greater hematoma 
volumes, and poorer 7-day outcomes, suggesting their potential as 
early biomarkers (Ishida et al., 2020). Blood sample analysis two 
days post-stroke identified six significantly upregulated tRFs and 
highlighted CD14+ monocytes as central players in the cholinergic 
inflammatory reflex, linking specific tRFs to immune responses 
following stroke (Winek et al., 2020). Small RNA sequencing of 
plasma samples from a discovery cohort of acute IS, intracerebral 
hemorrhage (ICH), and stroke mimics (SM) patients revealed 
that tRFs were most abundant in ICH plasma. The analysis 
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demonstrated high diagnostic accuracy for dierentiating ICH 
from IS and SM, with tRFs showing promise as biomarkers 
for distinguishing between these stroke types and controls, with 
validation yielding strong results in independent datasets (Nguyen 
et al., 2020). In a study of 17 patients with acute IS due to anterior 
large vessel occlusion, elevated plasma tRNA derivatives correlated 
with infarct size and outcomes, with lower levels predicting 
better prognosis after endovascular thrombectomy, suggesting 
their potential as early biomarker (Ishida et al., 2022). 

5.7 Epilepsy 

Epilepsy is a neurological disorder defined by the repeated 
seizures (Beghi et al., 2015). Diagnosis of epilepsy relies on the 
patient’s clinical history, along with Electroencephalogram (EEG) 
and Magnetic Resonance Imaging (MRI) scans. However, EEG 
based seizure prediction studies often lack accuracy for some 
patients. Blood-based biomarkers, such as ncRNAs (like tRFs) are 
considered as a promising alternative due to their ease of collection 
and rapid analysis. It has been shown that three tRFs (5 Gly-
GCC, 5 Ala-TGC, and 5 Glu-CTC) obtained from plasma samples 
of patients with focal epilepsy during video EEG monitoring are 
significantly dierent compared to those in healthy controls. These 
fragments were found at higher levels before seizures than after, 
suggesting their potential as biomarkers for assessing seizure risk 
(Hogg et al., 2019). 

5.8 Glioma 

Glioma is a common malignant tumor that originates primarily 
in the brain and other areas of the central nervous system, typically 
developing from glial cells. In 2007, World Health Organization 
(WHO) classified CNS tumors into four categories from grade 1 to 
4. According to this classification, glioblastoma multiforme (GBM) 
is graded as the most severe grade 4 tumor and patients with GBM 
show poor clinical outcome (Chen et al., 2017; Yasinjan et al., 
2023). Despite advances in treatment, there is a critical need for 
the deeper understanding of the underlying molecular mechanisms 
to improve diagnostic and prognostic tools. tRFs as regulatory 
molecules could provide new insights into glioma biology and 
clinical management. 

In previous study, researchers explored the dierences in 
tsRNA expression in patients with GBM (4 cases) and low-
grade glioma (LG) (five cases). RNA sequencing from the fresh 
tumor samples showed dierences in the expression of tsRNAs, 
and among nine candidate tsRNAs, three tsRNAs showed low 
expression and six tsRNAs showed high expression in GBMs. 
Based on quantitative PCR (qPCR), the expression of one tsRNA 
(tRF-1–32-chrM.Lys-TTT) was significantly decreased in GBM 
compared to LG. On the other hand, the expressions of 5 
tsRNAs were significantly increased. Gene ontology enrichment 
analysis indicated these tsRNAs are associated with nucleotide 
excision repair (NER), Hippo signaling pathways, and other cancer-
related processes (Tu et al., 2023). Complementing these findings, 
Ren et al. (2022) conducted comprehensive bioinformatics and 
experimental studies. They analyzed over 1,000 human tsRNAs 

from tRFexplorer and tRFdb and mapped them back to their 
original tRNA sources. They found that about 200 tsRNAs were 
actively expressed in glioma samples and focused primarly on 
tRNA-Cys-GCA. tRFs derived from tRNA-Cys-GCA, can directly 
regulate oncogenes like VAV2, thereby influencing proliferation, 
autophagy, and survival outcomes. It produced nine dierent 
tsRNA fragments from various regions including four tRF-
5 (tRFdb-5015a, tRFdb-5016a, tRFdb-5017a, and tRFdb-5017b), 
two tRF-3 (tRFdb-3003a and tRFdb-3003b) and three tRF-1 (ts-
55, ts-56, and ts-60). Among them the expression of tRFdb-
3003a/b, ts-55, and ts-60 were decreased in glioma compared 
to non-tumors. They also investigated the association between 
the expression of tRFdb-3003a and tRFdb-3003b and survival 
outcome of the patients by Kaplan–Meier curve analyses. They 
indicated that downregulation of these two tsRNAs were linked 
to poor survival. Moreover, they suggested that tRFdb-3003a 
may involve in regulation of glioma cell proliferation in vivo 
and in vitro. Analysis revealed that mRNAs correlated with 
tRFdb-3003a were enriched in pathways related to autophagy 
and the spliceosome. These findings suggest that the reduced 
expression of tRFdb-3003a may contribute to glioma progression 
and could function as a potential tumor suppressor (Ren et al., 
2022). 

To bridge computational findings with the mechanistic 
understanding of glioma, researchers investigated TRMT10A 
expression, whose low expression is associated with poorer 
prognosis in GBM patients. They found that knockdown of 
TRMT10A expression in U251 glioma cells resulted in upregulation 
of tRNA-Arg-CCT-derived tRF-22 (tRF-22-8XF6RE98N) along 
with decrease in m1G9 modification of tRNA-Arg-CCT. In 
contrast, tRF-22 inhibition coupled with TRMT10A overexpression 
significantly diminished xenograft tumor size and vasculogenic 
mimicry in nude mice (Wei et al., 2025). 

Extending mechanistic investigations to explore the presence 
of tRFs in microvesicles and exosomes, Gyuris et al. (2019) isolated 
cancer EVs and ribonucleoprotein complexes from mouse primary 
GBM cells at were driven by specific growth factor receptors (EGFR 
and PDGFRA). They performed RNA sequencing to determine 
long and short RNAs and discovered that ribonucleoprotein 
complexes contain high concentrations of tRFs. Their study 
indicated the possible role of tRFs in how cells communicate with 
each other (Gyuris et al., 2019). 

5.9 Major depressive disorder 

Depression is a mood disorder characterized by a persistent 
feeling of sadness and loss of interest, aecting an individual’s 
emotions, thoughts, and behaviors, and potentially leading to 
various emotional and physical problems. This condition places 
considerable health and social challenges worldwide, as evidenced 
by extensive research (Li et al., 2023). To understand the role 
of tsRNAs in depression-related disorders, researchers analyzed 
sncRNAs from the prefrontal cortex of 93 individuals with 
schizophrenia or bipolar disorder and 77 controls. Distinct profiles 
of sncRNAs were identified, with a notable abundance of tRNA-
derived fragments, particularly 5 tiRNAs from tRNA-Glu-CTC 
and tRNA-Gly-CCC/Gly-GCC, as the most commonly expressed in 
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both groups (Nersisyan et al., 2024). In a follow-up study involving 
258 patients with major depressive disorder (MDD), small RNA 
sequencing was used to assess tsRNA expression before and after 
8 weeks of duloxetine treatment. Ten tsRNAs showed significant 
expression changes in responders and were found to interact with 
ECM1, BAFF, and miRNAs, suggesting their involvement in the 
drug’s therapeutic eects through modulation of key biological 
pathways (Wang et al., 2025). In a chronic unpredictable mild 
stress (CUMS)-induced depression mouse model, 14 tsRNAs 
were dierentially expressed, and Fer-1 treatment altered 22 
tsRNAs (seven upregulated, 15 downregulated). Notably, tsRNA-
3029b, upregulated in CUMS and downregulated by Fer-1, 
reduced ferroptosis and promoted neuronal regeneration when 
inhibited, suggesting that Fer-1’s antidepressant eects may 
involve tsRNA modulation (Li et al., 2023). Also, CUMS-induced 
depressive like mouse model used to investigate how psychological 
stress influences male fertility and alters sperm small non-
coding RNAs. Notably, significant alterations in sperm tsRNAs 
were observed, with 988 downregulated and 26 upregulated, 
particularly aecting tsRNA-Leu and tsRNA-Gly types, suggesting 
a potential link to stress-related fertility decline (Huang et al., 
2025). 

5.10 Autism spectrum disorder 

Autism spectrum disorder (ASD) is a neurodevelopmental 
condition which is defined by impairment in social communication 
along with repetitive behaviors and focused interests (Wu et al., 
2016). While existing diagnostic approaches can determine ASD 
in children by approximately age three, early detection remains 
challenging and may lead to a significant number of false positive 
results (Hicks et al., 2016). Maternal immune activation (MIA) 
during pregnancy have been identified as potential ASD risk factor 
which may influence fetal development by altering epigenetic 
processes. 

Recent studies suggest that MIA alters the expression of miRs 
and tRFs at the maternal-fetal interface. In one study, researchers 
collected RNA from the placenta/decidua of pregnant mice at day 
E12.5 after administering a second dose of poly (I:C) which is 
known to trigger autism-related traits in MIA ospring. Afterward, 
they performed RNA sequencing on the extracted samples. MIA 
temporarily led to a significant increase in the expression of 
seven tRF-3a variants which is followed by normalization of the 
expression within 6 h. On the other hand, 5’ tiRNAs from tRNA-
Asp showed significant downregulation following MIA at 3 h and 
exhibited decreased expression at 6 h. This study showed the 
role of tRFs in the regulation of neurodevelopment and suggested 
potential for biomarker-based early screening of ASD (Su et al., 
2020a). 

5.11 Traumatic brain injury 

Traumatic brain injury (TBI) is defined by a complicated 
pathophysiology that initiates with a primary mechanical insult 
and advances into an extended secondary injury phase, which 
encompasses various interconnected pathological mechanisms. 

Gaining insight into the functional roles of small non-coding 
RNAs (sncRNAs) could oer new perspectives and therapeutic 
approaches for tackling the intricate nature of brain disorders, 
including TBI (Puhakka et al., 2022). 

In a mouse model of controlled cortical impact, 103 tsRNAs 
were dierentially expressed 72 h after traumatic brain injury 
(TBI), with 56 upregulated and 47 downregulated. Gene ontology 
analysis indicated involvement in inflammation and synaptic 
activity, suggesting tsRNAs may contribute to secondary injury 
and serve as potential therapeutic targets (Xu et al., 2022). 
Three months post-TBI, small RNA sequencing in rats with 
chronic neuroinflammation revealed altered small non-coding 
RNA profiles, including 16 and 13 tRFs in the thalamus and 
cortex, respectively. Two upregulated fragments, 3 tRF-Ile-
AAT and 3 tRF-Lys-TTT, were linked to worse behavioral 
outcomes, suggesting a regulatory role for tsRNAs in chronic 
neuroinflammation and their potential as therapeutic targets 
(Puhakka et al., 2022). Xuefu Zhuyu Decoction (XFZYD), a 
traditional Chinese medicine, modulated 41 specific tsRNAs in 
TBI rats, suggesting tsRNA involvement in key recovery pathways 
and potential therapeutic eects (Yang et al., 2022). Sequencing 
and omics analyses in a TBI rat model identified XFZYD-
regulated tsRNAs, notably AS-tDR-002004 and AS-tDR-002583, 
as potential therapeutic targets influencing key injury-related 
pathways via genes such as Pi4kb, Mapk1, and Gnai1 (Dai et al., 
2022). 

5.12 Spinal cord injury 

Spinal cord injury (SCI) primarily results from traumatic 
events, starting with immediate physical damage from sudden 
compression and bruising of the spinal cord. This initial injury 
triggers a cascade of secondary biological processes which usually 
lead to a permanent neurological impairment (Qin et al., 
2019). Numerous treatment approaches have been developed to 
minimize further neuronal damage counteract neurodegeneration 
while enhancing neural repair and clinical improvement (Anjum 
et al., 2020). Although some progress has been made, complete 
therapeutic breakthrough remains challenging. Therefore, the 
mechanisms underlying SCI need to be understood better and 
new molecular targets for therapeutic applications must be 
identified. A study explored tsRNA as potential mediators of 
the pathophysiological modifications observed after spinal cord 
injury. Researchers used tsRNA-Seq analysis to determine the 
tsRNA expression profiles in spinal cord tissues from sham and 
contusion SCI rat models. The results revealed that a total of 
47 tsRNAs were exclusively expressed in the sham group and 
28 tsRNAs were exclusively expressed in SCI group. In general, 
tRF-5 expression was upregulated in SCI group while other 
tsRNA types were downregulated. Additionally, tiRNA-Gly-GCC-
001 was found to be significantly upregulated in the SCI group 
by both sequencing and PCR. This study also demonstrated 
that tiRNA-Gly-GCC-001 suppressed BDNF expression through 
direct binding to its 3 UTR. Through targeting BDNF, it could 
modulate MAPK and neurotrophin signaling pathways, thus 
influencing pathophysiological changes following SCI (Qin et al., 
2019). 
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6 Biomarker and therapeutic 
potential of tRFs 

Dysregulation of tRFs level is linked to several neuropsychiatric 
disorders. Advances in RNA-seq technologies and bioinformatics 
have revealed tissue-specific expression patterns of tsRNAs, 
highlighting their potential as biomarkers. Their stability and 
detectability in CSF, serum, and brain tissue, along with disease-
and regional expression pattern and robust changes in response 
to various stimuli, suggest their suitability for clinical use as 
non-invasive biomarkers; as shown in studies dierentiating 
PD patients from controls (Godoy et al., 2018; Magee et al., 
2019). Additionally, their presence in EVs provides an accessible 
sample source that reflects changes occurring in the brain 
(Torres and Martí, 2021). Together, these characteristics make 
tRFs ideal candidates for diagnostic, prognostic, and disease-
monitoring biomarkers in neuropsychiatric disorders. tRFs have 
also emerged as novel promising therapeutic agents due to their 
regulatory roles in various cellular process. However, before clinical 
implementation, the roles of tsRNAs in disease mechanisms must 
be clarified, and their therapeutic applications carefully validated. 
Strategies such as overexpression, knockout models, and genome-
editing approaches (e.g., CRISPR/Cas9) may help elucidate tsRNA 
functions and optimize therapeutic interventions. In addition, 
safe and eÿcient delivery systems, including AAV or other viral 
vectors, will be required to overcome obstacles such as blood– 
brain barrier penetration and o-target eects. Although significant 
hurdles persist in production, purification, and delivery, ongoing 
research strongly supports the feasibility of developing tsRNAs into 
biopharmaceuticals for treating NDs in the future (Tian et al., 
2022). 

The interpretation of tRFs as biomarkers must consider the 
heterogeneity of sample sources. Each sample type may provide 
unique diagnostic or mechanistic insights about the disease. 
For example, researchers showed that dierent sets of tRFs are 
expressed in CSF compared to blood in PD patients which separates 
from controls (Paldor et al., 2023). Another study supports these 
finding stating that most of the tRFs that change in PD compared to 
healthy controls are specific to only one type of sample (prefrontal 
cortex, CSF, or serum). Moreover, the same study demonstrated 
clear sex-dependent patterns. Dierentially abundant tRFs in PD 
were observed when samples were analyzed separately by sex 
particularly in CSF and serum (Magee et al., 2019). Similarly, 
researchers showed dierences in tRF expression profiles in the 
nucleus accumbens of individuals with AD in a sex-specific analysis 
of sncRNA profiles by small RNA-Seq. They detected significant 
alterations exclusively in females, while prominent changes were 
not observed in males (Shulman et al., 2023). These studies 
emphasize that sex is a key factor of tRF alterations and must be 
taken into account as a critical factors in PD and AD for future 
biomarker studies. 

Standardization in the tRFs is important to keep reproducibility 
and comparability across dierent studies. Currently, there are 
substantial variations in RNA isolation methods, sequencing 
platforms, and bioinformatic pipelines. Additionally, a uniform 
nomenclature system and tools such as tDRnamer is required for 
consistent naming of tRFs (Holmes et al., 2023). Integration of 
standard protocols for sample preparation, library construction, 

and data analysis will help cross study comparisons while 
improving the reliability of tRF research. This will ultimately 
promote the conversion of tRFs into robust biomarkers and 
therapeutic targets. 

7 Future perspective and conclusion 

In recent years, tsRNAs have gained recognition as 
key regulatory molecules involved in the pathogenesis of 
neurodegenerative and psychiatric disorders. Although high-
throughput sequencing has identified numerous tsRNAs associated 
with NDs, their biogenesis, classification, and molecular roles 
remain only partially understood. Emerging evidence indicates 
that tsRNAs are integral to CNS development and function, where 
they may exert neuroprotective eects and regulate neuronal gene 
expression. Aberrant tsRNA expression has been linked to the 
onset and progression of NDs, in part by modulating mRNAs 
encoding proteins critical for neuronal survival. This suggests 
their potential utility as diagnostic biomarkers and therapeutic 
targets. Despite their promise, clinical translation of tsRNAs is still 
at an early stage. The therapeutic use of tsRNAs is still confined 
to the preclinical stage, largely because of significant hurdles 
related to their delivery, stability, and safety within the CNS. Major 
limitations involve insuÿcient ability to cross the blood–brain 
barrier, susceptibility to rapid degradation, potential o-target 
interactions, and the absence of well-established strategies for 
reliable and safe delivery to the brain (Tian et al., 2022). Current 
detection methods include sequencing, microarrays, qRT-PCR, 
northern blotting, and computational analyses, yet more refined 
and integrated approaches are needed for clinical application. 
Furthermore, the interaction networks between tsRNAs and 
other non-coding RNAs, particularly miRNAs, are not yet fully 
delineated. 

In conclusion, tsRNAs represent a novel and promising class of 
regulatory RNAs with potential to enhance our understanding of 
neurodegenerative mechanisms and contribute to the development 
of innovative therapeutic strategies. 
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