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Abstract

tRNA function is based on unique structures that enable mRNA decoding using anticodon 

trinucleotides. These structures interact with specific aminoacyl-tRNA synthetases and ribosomes 

using 3D shape and sequence signatures. Beyond translation, tRNAs serve as versatile signaling 

molecules interacting with other RNAs and proteins. Through evolutionary processes, tRNA 

fragmentation emerges as not merely random degradation but an act of recreation, generating 

specific shorter molecules called tRNA-derived small RNAs (tsRNAs). These tsRNAs exploit 

their linear sequences and newly arranged 3D structures for unexpected biological functions, 

epitomizing the tRNA “renovatio” (from Latin, meaning renewal, renovation, and rebirth). 

Emerging methods to uncover full tRNA/tsRNA sequences and modifications, combined with 

techniques to study RNA structures and to integrate AI-powered predictions, will enable 

comprehensive investigations of tRNA fragmentation products and new interaction potentials in 

relation to their biological functions. We anticipate that these directions will herald a new era for 

understanding biological complexity and advancing pharmaceutical engineering.

eTOC blurb

tRNA-derived small RNAs (tsRNAs) are increasingly recognized as critical regulators of cellular 

physiology. Kuhle et al. review how tsRNA functionalities are intricately linked to their 3D 

structures and their dynamic modulation by modifications and binding partners, highlighting the 

promise of new experimental and AI-based approaches to tackle their biological complexity.

Introduction:

The transfer RNA (tRNA) stood at the center of an entire research era dedicated to the 

elucidation of the molecular mechanisms underlying cellular information processing. First 
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discovered in 1958 and identified as the small adaptor molecule that Francis Crick had 

predicted in his ‘adaptor hypothesis’ in 1954, tRNAs became a central focus of biochemists’ 

and molecular biologists’ efforts to unravel the mysteries of biological complexity1–3. 

Contemporaneously, aminoacyl-tRNA synthetases (aaRSs) were identified as the enzymes 

that catalyze the ATP-dependent matching of each amino acid with its cognate tRNA4,5, 

thereby establishing the rules of the universal genetic code. Another milestone was reached 

when, in 1965, the complete chemical structure of yeast tRNAAla was elucidated6, followed, 

about eight years later, by the 3D X-ray crystal structure of tRNAPhe from yeast7,8. These 

studies revealed an intricate, highly condensed secondary and tertiary structure, which 

finally provided a framework to understand the moleclular basis of genetic code expression 

and protein biosynthesis. It served as a model to study the recognition principles in protein-

RNA interactions, the role of modified nucleotides and metal ion coordination in RNA 

folding and function, and it lent credibility to the idea that, during the early phases of 

cellular evolution, catalytically active RNAs could have predated protein-based enzyme 

catalysis9. The complex structure-function relationship of tRNA biology established that for 

RNAs, as for proteins, function follows form.

Recent years have seen renewed interest in tRNA biology, driven by studies into the 

unexpected functions of tRNAs in shaping cellular responses to environmental cues. These 

new tRNA functions range from adaptive protein synthesis to signaling in diverse regulatory 

networks. In particular, the discovery of tRNA-derived small RNA (tsRNA), and the striking 

complexity of their biological functions, epitomize the tRNA ‘renovatio’ [Latin, meaning 

renewal, renovation, and rebirth] as regulatory small RNAs.

In this review, we focus on the overall complexity of the emerging human tRNA biology 

and, with a few illustrative examples, highlight its basis and physiological importance. A 

particular emphasis is thereby put on the structures of tsRNAs to understand their biological 

functions, a concenpt that was first shaped more than 50 years ago by the study of tRNAs.

The initial discoveries that tRNA fragmentation generates functional small RNAs, known 

as tRNA-derived small RNAs (tsRNAs), came as a surprise10. However, it has since 

been proven to be an evolutionarily conserved process and is now recognized as an 

ancient method of small RNA biogenesis, regulated by various ribonucleases (RNases) 

and tRNA modifications, and highly responsive to dynamic cellular conditions11. This 

revelation has stimulated a new direction in tRNA biology and aligns well with the idea 

that nature is efficient, conservative, and tends to repurpose available molecular components 

with functional importance. In this case, the regulated tRNA fragmentation and selective 

retention of tsRNAs exemplify an adaptive and interconnected phenomenon resulting from 

evolutionary refinement. We emphasize the crucial point that tRNA fragmentation is not 

merely a process of degradation but one of creation, whereby numerous tRNA fragments 

(tsRNAs) are generated, and then deployed for a particular biological function.

The highly regulated process of tsRNA biogenesis and functionality also highlights the 

importance of continuing to explore the diverse functions of previously neglected small 

non-coding RNAs (sncRNAs)12. In fact, this exploration stimulated studies of other 

sncRNA types derived from the fragmentation of various RNA precursors, including rRNAs, 
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snoRNAs, snRNAs, Y RNAs, and vault RNAs, among others12−14. Our understanding of 

their biogenesis, functions, and interactions continues to evolve as we explore the endless 

frontier of the RNA world.

Although the topic of tsRNA has been reviewed elsewhere11,15, here we aim to provide 

a fresh perspective by focusing on tRNA-derived structures – the cornerstone of their 

functionality. This focus is driven by our updated understanding of tRNA’s role in many 

unexpected functions that depend on unique structures, and their dynamic regulation. 

Importantly, many tsRNAs exert their functions not only through linear sequences for base-

pairing under the well-defined RNAi doctrine, but also by employing diverse secondary and 

tertiary structures that generate various binding potentials.

Delving into these new functions starts with a deeper understanding of RNA modifications 

and subcellular environments that control the folding dynamics and interactions of tRNAs 

and tsRNAs. In pursuit of these objectives, we discuss state-of-the-art methods for analyzing 

tRNA/tsRNA sequences and their modifications, methods for studying tsRNA 3D structures, 

and the state of emerging AI-based predictions. Finally, we envision how these efforts, 

centered on tRNA structures and fragmentation, bring new excitement for understanding 

both biological complexity and for how to apply this understanding to new classes of 

therapeutic medicines.

1. The intricate world of tRNA structures

a. RNA structure defines its function - tRNA as a paradigm—In 1966, Francis 

Crick noted that “it almost appears as if tRNA were Nature’s attempt to make an RNA 

molecule play the role of a protein”2. Like for proteins, the functional tRNA fold can be 

decomposed into a primary, secondary, and tertiary structure16. The primary structure is 

usually comprised of 76–90 nucleotides. It adopts a characteristic cloverleaf-like secondary 

structure, in which the four arms are designated as acceptor stem, dihydrouridine (D) 

stem-loop, anticodon stem-loop, and TψC (T) stem-loop. The terminal D-loop and T-loop 

then join to form an intricate network of tertiary interactions, which arranges the individual 

structural subdomains into an L-shaped overall fold that defines tRNAs from all three 

domains of life. Notably, while Watson-Crick pairs of the typical A-type RNA helix define 

the tRNA secondary structure, the tertiary fold relies almost exclusively on interactions 

between non-Watson-Crick pairs. This highlights the importance of non-WC pairs to expand 

the diversity of possible interactions in functional RNA folding17,18.

tRNA function is exquisitely sensitive to this conserved L-shaped architecture16,19. On the 

one hand, it forms the uniform platform for interactions that are common to all tRNAs, 

from interactions with processing enzymes that sample the shapes and overall dimensions 

of tRNA subdomains, to their precise fit into the ribosome. On the other hand, tRNAs also 

present unique, highly differentiated surfaces that enable a diversity of specific interactions 

that are idiosyncratic to each tRNA19,20. A familiar example is the anticodon-codon 

interaction between tRNA and mRNA. Another example is the way in which aminoacyl-

tRNA synthetases (aaRSs) pick out their cognate tRNAs, and simultaneously reject all 

others, to establish the rules of genetic code expression.
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b. tRNA structure in extra-translational functions—tRNAs were long considered 

to be largely confined to their role as adaptors in translation. Recent years have seen 

increasing evidence for critical functions of tRNAs outside of the core translation process10 

(Figure 1). In one of the earliest documented examples, tRNAs were demonstrated to act 

as key metabolic sensors in the integrated stress response to nutrient deprivation21. In this 

example, their deacylated form binds and activates Gcn2. Other examples include tRNA 

binding to cytosolic Cytochrome c, leading to the suppression of apoptosome formation22, 

to the interferon-induced tetratricopeptide repeat protein IFIT5 and schlafen 11, to promote 

cellular antiviral defense mechanisms23,24, and to the mitogen-activated protein kinase 2 

(MEK2) in pancreatic cancer cells, possibly affecting its role in cell cycle progression and 

proliferation25. Interestingly, the correct identification of MEK2, along with various other 

human proteins, as a tRNA-binding protein was based on a machine learning algorithm 

that specifically searched for a protein’s binding potential to the unique L-shaped tRNA 

structure26. Similarly, a recent study revealed how the capsid-bound tegument protein pp150 

on human cytomegalovirus (HCMV) uses a shape-complementary positively charged patch 

to bind host tRNAs27, possibly to provide stability to the viral capsid and facilitate viral 

genome encapsulation.

Viruses also use tRNA-like structures (TLS) to hijack pre-existing tRNA functional 

networks in the host cell. For example, the 3ʹ-ends of various RNA viruses use structural 

mimics of entire tRNAs or its subdomains as recognition signal for replication initiation28. 

Similarly, translation initiation on many viruses is promoted by structures in the 3’-UTR, 

as well as by internal ribosomal entry sites (IRES) that mimic tRNAs, or their anticodon 

domains, to facilitate ribosome recruitment and reading frame selection29,30. More recent 

evidence shows how the brome mosaic virus uses a conformationally dynamic TLS to 

bind the host tyrosyl-tRNA synthetase (TyrRS), a binding process that differs greatly from 

how tRNA typically binds to the same enzyme. This highlights how dynamic structural 

changes of viral TLS can manipulate host machinery through non-standard interactions31. 

Accumulating evidence also suggests that TLS are not confined to viruses, but occur 

frequently in non-viral mRNAs as well as in non-coding RNAs from bacteria, yeast, plants, 

and humans32–39. It is obvious from these examples that the use of the tRNA shape as a 

regulatory, aptamer-like element is far more widespread than was appreciated up until only 

recently40. Moreover, they highlight the potential for TLS-containing RNAs to interfere with 

central cellular processes, a potential that may be exploited extensively by tRNA-derived 

small RNA.

c. RNA modifications regulate conformational plasticity and information 
content.—The unique overall fold of tRNA has a high degree of structural plasticity16,41. 

While its ‘ground state’ is the overall L-shaped fold, the tRNA body has the capacity to 

undergo local structural changes or global twisting and bending to adapt for interactions. 

Post-transcriptional modifications modulate a tRNA’s stability and structural dynamics42,43. 

With human nuclear-encoded tRNAs containing on average 11–13 modifications per 

molecule44,45, they have the highest density of post-transcriptional modifications among 

all RNAs. These modifications range from simple methylations to highly sophisticated 
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hypermodifications that greatly increase the information content and functional diversity of 

tRNAs in vivo42,46.

Modifications as simple as methylations can have diverse and position-dependent effects 

on the tRNA structure43. For instance, nucleobase methylation on the Watson-Crick edge 

(e.g., m1A, m1G, and m3C) interferes with canonical Watson-Crick H-bonding, while 

at the same time promoting alternative, non-canonical interactions. On the other hand, 

methylation of nucleobases outside of the Watson-Crick edge, such as 5-methylcytosine 

(m5C), does not interfere with Watson-Crick base-pairing but increases the stability of 

stacking interactions47. Similarly, pseudouridylation (ψ) increases the stability of stem 

regions, whereas dihydrouridine (D) destabilizes the stacking interactions required for an 

A-type RNA helix so that loop formation is favored42,43.

The strategic deposition or removal of modifications in the tRNA structure thus can increase 

rigidity in one region, while increasing flexibility in another. Recent studies have begun 

to unravel the dynamic interplay between factors that encode (writers) or remove (erasers) 

tRNA modifications in response to varying cellular conditions, environmental stresses, and 

their biological consequences. These functional effects range from stress-induced tRNA 

degradation and adaptive translation to the site-specific endonucleolytic cleavage of tRNAs 

into tsRNAs with distinct biological funcitons48,49.

2. tRNA fragmentation: a rebirth of function

a. Brief survey of current state—Early studies of tsRNAs originated from the 

observation that tRNA fragmentation increases under various stress conditions in both 

unicellular organisms and mammalian cells50–56. These findings not only led to the 

discovery of tsRNAs’ role in regulating cellular responses to stress conditions but also 

identified the enzymes responsible for cleaving tRNAs into tsRNAs53–55,57,58. Further 

research based on traditional small RNA sequencing revealed that tsRNAs can be 

significantly more enriched than other well-studied small RNAs (e.g., miRNAs, piRNAs) 

even under physiological conditions, such as in mature sperm59. In this context, sperm 

tsRNAs serve a role in carrying hereditary information, by contributing to what we 

call the ‘sperm RNA code’60. This code plays a critical role in mediating the paternal 

epigenetic inheritance of environmental stressors61–68. Additionally, tsRNAs have been 

detected in the sera of a wide range of species under physiological conditions69,70. They 

are highly responsive to infections and to various pathological conditions, thus making them 

promising candidates for novel biomarkers of diseases, including cancer and neurological 

disorders71–74.

Recent advancements in small RNA-sequencing techniques that overcome modifications 

harbored by tsRNAs led to the detection of a greater abundance of tsRNAs across various 

tissues and cells75,76. Further studies have shown that RNA modifications alter the function 

of tsRNAs63,77–79. These discoveries put tsRNA research into the limelight, branching 

into several directions, including the regulation of biogenesis, disease associations, and the 

study of fundamental functional principles (Figure 2). Significantly, although some tsRNAs 

function in an RNAi-like manner58,80–84, a growing body of evidence suggests that the 
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biological activities of many tsRNAs are based on their secondary and tertiary structures 

(Figure 3).

b. RNA modifications control tsRNA formation—A central question regards the 

mechanisms underlying the regulation and specificity of tRNA fragmentation, which may be 

referred to as the “tRNA fragmentation code.” This code encompasses: the susceptibility of 

certain tRNAs to fragmentation due to their structures and modifications, the determination 

of cleavage sites by ribonucleases, and the selective retention of specific fragments (e.g., 

3’ vs. 5’ halves) following enzymatic nicking. Accumulating evidence points to a deep 

connection between tRNA modifications and tsRNA formation. Individual modifications 

may have both stimulatory and inhibitory effects on tRNA fragmentation, and their impact 

depends on the specific tRNA and cleavage site. tRNA fragments mostly arise from mature 

tRNAs, with most tsRNAs generated through endonucleolytic cleavage in the loop regions, 

where the accessibility of the tRNA backbone for cleavage can regulate tsRNA formation. 

As an example, the endonuclease angiogenin (ANG) requires unstructured, single-stranded 

regions to catalyze hydrolysis of the phosphodiester backbone. Certain modifications, such 

as cytosine-C5 methylation (m5C) deposited by the writers DNMT2 and NSUN2, protect 

tRNAs from endonucleolytic cleavage by ANG and reduce 5’ tRNA half production (Figure 

3). Conversely, deletion of DNMT2 and NSUN2 increases tRNA susceptibility to cleavage 

into tsRNAs63,85–89.

TRMT10A-mediated N1-methylguanine (m1G) modification on G9 of tRNAGln stabilizes 

tRNAGln and prevents tsRNA production90. On the other hand, TRMT10A deficiency-

induced G9 hypomethylation leads to apoptosis in β-cells due to the accumulation of 5’ 

tsRNAGln. Likewise, increased levels of N1-methyladenine (m1A) and 3-methylcytidine 

(m3C) in tRNAs in response to reduced levels of the tRNA demethylases ALKBH1 and 

ALKBH3 prevent ANG-mediated tRNA cleavage and the formation of specific tsRNA 

subsets91,92.

Further fragmentation regulation is provided by modifications in the anticodon wobble 

position 34 of tRNAs. For instance, 2′-O-methylation of C34 in human elongator tRNAMet 

prevents stress-induced cleavage by angiogenin93. Simlarly, queuosine (Q) modification, 

incorporated by the QTRT1/QTRT2 complex into position 34 of certain tRNAs, was also 

reported to protect tRNAs against angiogenin-mediated cleavage94.

While most reported cases point to a protective effect of modifications against tRNA 

fragmentation, some studies suggest that modifications can promote tsRNA biogenesis. 

PUS7-catalyzed pseudouridylation (Ψ) at position U8 of tRNAs increases levels of several 

types of TOG-containing (i.e., a terminal oligo-guanine motif) short 5’ tsRNAs in stem 

cells, suggesting that Ψ8 may promote cleavage of these tRNAs78. In another example, the 

m2
2G26 modification in tRNALeu(CAA) is protective against fragmentation at the anticodon-

loop, but promotes cleavage at the V-loop95. Finally, the 5-methoxycarbonylmethyl-2-

thiouridine (mcm5S2) modification at the anticodon wobble position of yeast tRNAs 

promotes site-specific cleavage into tsRNAs by the Kluyveromyces lactis γ-toxin96,97.
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c. tRNA-binding proteins act as cofactors in tsRNA formation: Post-

transcriptional modifications and tRNA structural dynamics affect interactions with tRNA-

binding proteins (tRBPs). Interestingly, several recent studies suggest that the tRNA 

aminoacylation state (determined by the activity of aminoacyl-tRNA synthetases) may 

serve as a cue for tsRNA formation. First evidence came from a study of sex-hormone-

dependent cancer cells, which express a highly specific subset of ANG-dependent tsRNAs 

from tRNALys and tRNAHis, with the release of aminoacylated 3’ tsRNAs98. Upregulation 

of the corresponding 5’ tsRNAs promotes cancer cell proliferation through an unknown 

mechanism. A more recent study found that 22 nt 3’ tsRNAs from tRNALeu, tRNAAla, 

and tRNAGly are fully aminoacylated under normal growth conditions in HeLa cells99. 

Interestingly, the levels of the tRNALeu-derived tsRNA, which specifically enhances 

translation of a subset of mRNAs encoding ribosomal proteins (RPS) in human and mouse 

cells100,101, depend on the aminoacylation state and the presence of the leucyl-tRNA 

synthetase (LeuRS). Depletion of eEF1A, the elongation factor that delivers aminoacylated 

tRNAs to the ribosome, further increases the expression of these charged 3’ tsRNAs. Besides 

the functional implications of these results for a possible regulatory circuit between tRNA-

charging levels, RPS translation, and ribosome biogenesis, they also raise the intriguing 

possibility that aaRSs and other tRBPs may serve as regulatory co-factors in tRNA 

fragmentation as a response to cellular cues (Figure 3A−C).

Further support for this notion comes from a study in the ciliate Tetrahymena, which 

showed that the Ago/Piwi protein Twi12 binds tRNAs, promotes their fragmentation, and 

specifically retains 18–22 nt long 3’ tsRNAs that stimulate the association of Twi12 with 

other proteins and import into the nucleus102. Moreover, Hasler et al. showed that the 

lupus autoantigen (La) protein functions as an RNA chaperone for pre-tRNAs to promote 

correct folding and processing into mature tRNA. Yet, some pre-tRNAs can adopt alternative 

pre-microRNA-like hairpin structures which are efficiently cleaved by Dicer to produce 

tsRNAs. Accordingly, reduced levels of La result in elevated levels of cellular tsRNAs103.

d. tsRNA structure – beyond the RNAi doctrine: The default view of tsRNAs is 

that of unstructured small non-coding RNAs, in which linear sequence information mediates 

biological function by antisense matching to target sequences. To some degree, this view 

may be a vestige of the historical context when research was focused on RNAi-based 

post-transcriptional control of gene expression. Studies are now uncovering additional layers 

of biological information outside of the RNAi-doctrine, which is encoded in the structural 

properties of tsRNAs.

RNA has the capacity to fold into an array of complex structural states (Figure 3). 

Depending on its length, sequence, and external cellular conditions, a given RNA may 

populate an ensemble of alternative conformations with distinct compactness, stabilities, 

and flexibilities104,105. The dynamic equilibrium between these alternative states is dictated 

by the nature of the RNA’s conformational free-energy landscape, which can lie anywhere 

on a spectrum between a steep topography, populated by a few stable and highly favored 

conformations, and a flat landscape with many unstable structural states that readily 

interconvert into each other. Much of the functional complexity of RNAs is rooted in their 

ability to dynamically adapt this conformational landscape in response to specific cellular 
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signals, which includes binding of other macromolecules or small molecule ligands, changes 

in temperature or ion concentrations, chemical modifications, and mutations104,106,107. The 

folding of mature tRNA under normal conditions is an example for a steep free-energy 

landscape (Figure 3B). For the majority of nucleotide positions in a tRNA the possibilities 

for alternative conformations and interactions are highly constrained to a few favored 

states16. The landscape changes dramatically in the event of tRNA cleavage, and the 

subsequent release of tsRNAs from constraints imposed by the tRNA fold. Depending on the 

cleavage site, modification state, and length, a tsRNA enters a new structure space (Figure 

3C). The tsRNA conformation that mediates biological function may involve structural 

features inherited from the tRNA precursor, thereby giving rise to TLSs, or may adopt 

entirely unrelated conformational states.

In the following, we discuss recent findings that demonstrate the importance to understand 

tsRNAs as structured molecules, which mediate biological functions by binding to and 

thereby regulating other RNAs and proteins. Post-transcriptional modifications are a 

particular focus because they are increasingly recognized for their key role in modulating 

the composition of the cellular tsRNA pool and its response to cellular and environmental 

changes. It is important to note that additional factors such as small molecule ligands, ion 

concentrations, and temperature, among others, are likely to contribute to the structural and 

functional dynamics of cellular tsRNAs.

tsRNA binding regulates localization and activities of RBPs and other RNAs:  RNA-

binding proteins (RBPs) typically are thought of as proteins that bind RNA to change the 

fate or function of the bound RNAs. However, recent evidence shows that the regulatory 

relationship between RNAs and RBPs goes both ways108. An example is the association of 

tsRNAs with the Twi12 in the ciliate Tetrahymena, where tsRNAs regulate nuclear RNA 

metabolism and cell growth109. As Couvillion et al.102 showed, cytosolic Twi12 binds 

tRNAs, leading to their on-protein cleavage into 5’ and 3’ tsRNAs. Of these, the 18–22 

nt long 3’ tsRNAs are selectively retained to stimulate assembly of Twi12 into a larger 

RNP complex with exonuclease Xrn2 and Tan1 and its relocalization into the nucleus102. 

tsRNA-binding to Twi12 thus acts as a trigger to stimulate nuclear RNA metabolism and 

rRNA processing110. Interestingly, the Twi12-associated tsRNA pool correlates with the 

overall abundances of cellular tRNAs, and not with a specific or a few specific tRNAs. This 

lack of specificity in tRNA selection implies that selection is based on the tRNA shape 

rather than on specific sequence features.

In another example, Saikia et al.111 showed that tsRNAs are part of the cellular anti-

apoptotic, pro-survival response to stress. In the intrinsic pathway that initiates apoptosis, 

Cytochrome c (Cyt c) is released from mitochondria into the cytosol and interacts with 

Apoptotic protease-activating factor 1 (Apaf-1) to form the apoptosome and activate caspase 

9. In cells exposed to hyperosmotic stress, angiogenin-induced tRNA cleavage leads to 

the accumulation of 5’ and 3’ tsRNAs (tRNA halves) that selectively bind released Cyt 

c to form stable ribonucleoprotein complexes. The formation of these complexes leads 

to decreased apoptosome formation, inhibition of caspase 9 cleavage, and increased cell 

survival. Notably, tsRNAs bind Cyt c with higher affinity than full-length tRNAs111, 

which are also known to inhibit apoptosis via direct binding to Cyt c and suppression 
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of apoptosome formation in healthy unstressed cells22. Thus, tRNAs and tsRNAs may 

form a two-tiered adaptive response to prevent cells from entering apoptotic states under 

normal and stressed conditions, respectively, with tsRNAs providing a swift first response 

to stress-induced Cyt c release before other anti-apoptotic factors, such as the Inhibitor of 

Apoptosis (IAPs) proteins, become available.

AaRSs are another prominent target for riboregulation by tsRNAs. Keam et al.112 showed 

that a 19 nt long 5’ tsRNA from tRNAGln associates with the human multisynthetase 

complex (MSC), a large aggregation of multiple aaRSs into a single complex. Paradoxically, 

although this tsRNA was first identified as a member of a subclass of short 5′ tsRNAs 

that repress global translation in a linear sequence-independent manner (meaning that no 

common sequence elements in the tsRNAs were required for this activity)113, Keam et 

al. reported that 5’ tsRNAGln binding to the MSC increases translation of ribosomal and 

poly(A)-binding proteins112. In another study, Mleczko et al. found that several 3′ tsRNAs 

and one 5′ tsRNA associate with aaRSs in yeast, resulting in translation inhibition by 

reducing tRNA-specific as well as global aminoacylation by aaRSs114.

tsRNAs have also emerged as one of the most diverse classes of so-called 

ribosome-associated non-coding RNAs (rancRNAs), small RNAs that directly bind the 

ribosome in a stress-dependent manner and mediate translation regulation115. Ribosome-

associated tsRNAs have been identified in bacteria116, yeast114,117,118, plants119, and 

mammals113,120,121. One of the best studied examples are 20–44 nt long 5’ tsRNAs 

produced in the halophilic archaeon H. volcanii in response to environmental stress56. 

One specific 26-nt long 5’ tsRNAVal, is induced by alkaline stress and suppresses global 

translation by binding to the 16S rRNA of small ribosomal subunits near the mRNA binding 

channel. Interestingly, this appears to be achieved through two distinct mechanisms: First, by 

displacing mRNAs from the translation initiation complex and second, by inhibiting peptide 

bond formation during elongation56,122. Similarly, in various mammalian model systems, 

a constitutively expressed 35-nt long 5’ tsRNAPro associates with ribosomes and mediates 

global translation repression120. This tsRNA binds directly to the 18S rRNA of the small 

ribosomal subunit close to the subunit interface, presumably leading to ribosomal stalling 

and the accumulation of a specific low-molecularweight by-product that was identified as 

the released peptidyl-tRNA.

While most rancRNAs described so far inhibit translation, a recent study showed that 

tsRNAs may also stimulate ribosomal translation. Analyzing the small ncRNA interactome 

of ribosomes in the protozoan parasite Trypanosoma brucei, Fricker et al.123 identified a 3’ 

tsRNAThr that was particularly abundant under nutrient deprivation and in stationary phase, 

which associates with ribosomes and stimulates translation by facilitating mRNA loading 

during recovery from starvation conditions123.

Competitive tsRNAs binding to RNA-binding proteins regulates mRNA stability and 
translation and modulates cancer progression:  The Y-Box Binding Protein 1 (YBX1) 

is an abundant RBP involved in a variety of cellular pathways. One of its key functions is 

to bind and stabilize thousands of transcripts, resulting in a vast YBX1-dependent regulon 

with broad consequences for diverse cellular functions. Among these, YBX1 is one of 
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the most overexpressed oncogenes in human cancers, where it stabilizes pro-oncogenic 

transcripts. Hypoxia induces a subpopulation of anticodon-stem-loop-containing tsRNAs 

derived from tRNAGlu, tRNAAsp, tRNAGly, and an intron-containing tRNATyr.124 These 

tsRNAs counteract the YBX1-stabilized tumor-promoting transcripts in breast cancer cells. 

Mechanistically, they sequester YBX1 away from oncogenic mRNAs, resulting in their 

destabilization and subsequent suppression of cancer metastasis. Interestingly, YBX1 is 

known to specifically recognize and stabilize m5C modified mRNA transcripts, in part by 

recruiting the RBP human antigen R (HUR, also known as ELAVL1)125,126. Each of the 

four tRNAs giving rise to YBX1-interacting tsRNAs contain one or more m5C deposition 

sites47. Whether m5C modifications in the anticodon-loop or other parts play a role in the 

tsRNA-mediated sequestration of YBX1 remains to be determined.

A similar mechanism of tsRNA-mediated riboregulation was recently revealed for the 

RBP Nucleolin (NCL)127. NCL is a multifunctional RNA-binding protein that controls 

early steps of ribosome biogenesis in the nucleolus but is also abundantly found in the 

cytosol where it binds transcripts to modulate cell proliferation, survival, and apoptosis. 

As Falconi et al.127 showed, cytoplasmic NCL forms a tight and highly specific complex 

with a 32 nt long tsRNA derived from the 3’ half of tRNAGlu(UUC), which thereby leads 

to the competitive displacement of NCL from other transcripts. Among the mRNAs more 

exposed is that encoding tumor suppressor p53, which leads to increased p53 expression 

and thus modulation of cancer cell growth. Interestingly, RNA-binding by NCL relies on 

a single-stranded recognition motif (U/G)CCCG(A/G) within a stem-loop structure. In the 

thermodynamically most stable fold predicted for the 3’ tsRNAGlu, this motif is buried 

within the double-stranded stem region inherited from the original T-stem-loop architecture. 

Efficient NCL binding may thus require alternative folding of the tsRNA, possibly correlated 

with changes in its modification state.

Notably, YBX1- and NCL-binding tsRNAs are downregulated in metastatic cancer 

cells127,128, suggesting that their dysregulation promotes aberrantly elevated translation of 

oncogenic transcripts. Like the mTOG-ψs discussed below78, these tsRNAs may thus be 

required to suppress aberrant protein synthesis programs.

Interestingly, an opposite effect on NCL activity was recently reported for a 5’ tsRNA 

derived from tRNACys, which is upregulated during breast cancer progression and 

required for breast cancer metastatic lung colonization128. Contrary to the effect by 3’ 

tsRNAGlu, the 5’ tsRNACys binds NCL and drives its oligomerization with pro-metastatic 

metabolic transcripts Mthfd1l and Pafah1b1. This oligomerization creates a higher-order 

ribonucleoprotein complex, which protects bound transcripts from degradation and increases 

their stability and expression. Identification of the binding site by CLIP and crosslinking-

induced modification sites showed that NCL-binding depends on two G-rich motifs in the 

tsRNA, one of which corresponds to the 5’TOGs known to be involved in RG4 formation 

(see below) and the other to the loop region of the D-stem-loop. Whether the 5’ tsRNACys 

molecules associate into an RG4, and whether this plays a role in NCL oligomerization 

remains unclear at present, as does a potential role for RNA modifications.
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tsRNAs form quaternary G-quadruplex structures to target initiation factors and 
induce stress granule formation.: Quaternary structure formation among tsRNAs 

has been suggested for their role in stress granule formation and global translation 

regulation. An important mechanism of general translation repression is the condensation 

of mRNAs, translation initiation factors, and ribosomal subunits into non-membrane-

enclosed subcellular compartments called stress granules (SGs). While it is now well 

established how eIF2α phosphorylation in the context of the integrated stress response 

promotes SG formation, 5’ tsRNAs, produced by ANG-cleavage under stress, also play 

an important role in an alternative, eIF2α-independent pathway of SG formation53. 

The Anderson lab determined that select ~30 nt long 5’ tsRNAs from tRNAAla and 

tRNACys, which bear a conserved motif of four to five guanine residues at their 5’ end 

(5’TOGs), form intermolecular RNA G-quadruplexes (RG4) to competitively displace the 

translation initiation factor eIF4A/E/G (eIF4F) complex from m7G-capped mRNAs129,130. 

Mechanistically, the HEAT1 domain of eIF4G, the central scaffolding protein of the eIF4F 

complex, directly binds to RG4s, thereby inhibiting the scanning step of translation initiation 

and leading to the formation of stress granules in an eIF2α-independent manner131. The 

same 5’ tsRNAs were also found to associate with the cold shock domain of YBX1. 

Although YBX1 is dispensable for translation initiation factor displacement from capped 

mRNAs132, it facilitates SG assembly and may thereby contribute to the efficiency of global 

translational repression129,132–134.

Modification-induced functional switch in tsRNA-mediated translation control of 
embryonic stem cell maintenance and differentiation.: Recent experiements support 

a critical functional role of tsRNAs and their dynamic regulation by post-transcriptional 

modifications during cell differentiation and embryogenesis78,79. In one specific example, 

Guzzi et al. showed using human ESCs (hESCs) that the pseudouridine (ψ) synthase 

PUS7 directs the formation of ~18 nt long TOG-containing 5’ tsRNAs (termed mini- or 

mTOG-ψs) from tRNAAla, tRNACys, and tRNAVal by depositing a ψ at the U8 position (ψ8) 

of these tRNAs78,79. Like the longer (~30 nt) TOG-containing 5’ tsRNAs130,131, mTOG-

ψs interfere with eIF4F complex assembly and lead to global translational repression. 

Underlying this effect is the association of mTOG-ψs with the RRM domains of 

polyadenylate-binding protein 1 (PABPC1), a central component of the 5ʹ cap-binding 

translation initiation complex, which prevents recruitment of the translational co-activator 

PABPC1-interacting protein 1 (PAIP1). This results in a strong translational repression of 

transcripts containing pyrimidine-enriched sequences (PES) at the 5′-UTR, which includes 

mRNAs encoding components of the protein synthesis machinery.

Notably, PUS7 is upregulated and leads to an enrichment of mTOG-ψs in embryonic 

stem cells, whereas PUS7 and mTOGs are rapidly downregulated during embryonic 

differentiation78. Thus, mTOGs appear to be part of a post-transcriptional regulatory circuit 

to control gene expression during stem cell commitment and development. Consistently, 

PUS7 depletion impairs tsRNA-mediated translation regulation and leads to aberrantly 

increased protein biosynthesis. Growth and differentiation defects in hESCs as well as 

defective germ layer specification are the result, which suggests that mTOG-ψs are required 

to selectively inhibit aberrant protein synthesis programs78,79. Notably, while the association 
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of mTOGs with PABPC1 is enhanced by ψ8, mTOGs with unmodified U8 cannot displace 

eIF4F, but instead show a preference for YBX1. PUS7-mediated pseudouridylation may 

thus act as a structural ‘switch’ to rewire the mTOG-interactome landscape and ensure tight 

spatiotemporal control of gene expression in the process of stem cell commitment.

Further evidence for the ability of modifications to modulate the ‘information capacity’ 

of a tsRNA pool is provided by the role of the m5C writer DNMT2 during stem cell 

differentiation and early embryonic development. DNMT2-dependent m5C deposition in 

position C38 of various tRNA species is known to inhibit angiogenin-induced tsRNA 

generation86. Accordingly, loss of m5C38 deposition in DNMT2−/− knock-out mice 

leads to a significant increase in tsRNA levels in the bone marrow88. This increase is 

accompanied by a reduction of the hematopoietic stem and progenitor cell population and 

cell-autonomous defects in their differentiation. These results are consistent with various 

studies that suggest a broad role of DNMT2 in the control of tsRNA generation86,89, and the 

finding that loss of DNMT2 activity leads to differentiation and developmental defects135. 

In another line of investigation, the sperm-derived tsRNAs (and other small RNAs) derived 

from mice kept on a high-fat diet (HFD) contain significantly elevated levels of m5C and 

m2G base modifications, possibly as a result of HFD-induced upregulation of DNMT2 in 

the epididymis61,63. These effects could be part of the ‘sperm RNA code’ that transmits 

paternally acquired metabolic traits60,63. For example, transfection of an m5C38 modified 

vs. unmodified sperm-derived 39-nt 3’ tsRNAGly led to distinct transcriptomic responses 

in NIH/3T3 cells, possibly due to modification-induced structural changes in tsRNAs that 

contribute to distinct coding signatures in the ‘sperm RNA code’ and the transmission of 

epigenetic information. This is supported by the fact that the modification state of C38 

induces a significant structural change in the 3’ tsRNAGly, with the m5C38-modified tsRNA 

exhibiting an increased susceptibility to RNase degradation63. Similar observations were 

made for heat-shock-induced tsRNAs in Drosophila, which were longer-lived and more 

abundant in DNMT2 knockout flies compared to tsRNAs from wild-type flies136.

Nicked tRNAs and tsRNA dimers confer increased stability and may serve as 
reservoirs of tsRNAs with diverse quaternary structures.: Following tRNA cleavage, 

the resulting tsRNAs are usually viewed as separate molecules with independent functions. 

Yet, two recent studies suggest that a large proportion of tsRNAs remains associated in 

stable nicked tRNA complexes between 5’ and 3’ fragments, both in human cells and in 

extracellular human biofluids137,138. Although no specific function was linked with nicked 

tRNAs, they were suggested to serve either as a stable reservoir for tsRNAs or to mediate 

independent functions that require a structurally intact, but translationally inactive, tRNA 

fold. Evidence for such a specific function comes from a recent study in the bacterium 

Salmonella enterica. Here, a nicked tRNA directly binds the transcriptional activator RtcR 

and thereby activates expression of the rtcBA RNA repair operon137. Interestingly, the 

interaction of nicked tRNA with RtcR relies on the presence of a 2’,3’ cyclic phosphate 

in the 5’ tsRNA from its endonucleolytic cleavage, supporting the notion that distinct 

terminal phosphate states, resulting from tRNA cleavage by distinct endonucleases, may be 

yet another important factor determining the structures and intermolecular interactions of 

tsRNAs139,140. Finally, in addition to the stable complexes of 5’ and 3’ tsRNAs in nicked 
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tRNAs, Tosar et al.141 show that 5’ tsRNAs from tRNAGly can form homodimers as well 

as heterodimers with 5’ tsRNAGlu, resulting in tertiary and quaternary structures that are 

distinct from those expected in monomeric tsRNAs or nicked tRNAs.

Taken together, these results further highlight the vast complexity of tsRNAs at the three-

dimensional level, which is based on their capacity to adopt diverse ensembles of specific 

secondary, tertiary and quaternary structures.

3. Emerging methods centered on tRNA and tsRNA sequences, modifications, and 
structures

The prediction of the 3D structure of tRNA in 1969 is considered as a milestone in 

the emergence of bioinformatics142. By integrating limited tRNA sequence information, 

secondary structure predictions, and experimental data, Levitt was able to derive a complex 

3D model that provided valuable guidence for subsequent attempts to experimentally 

determine the tRNA tertiary structure by means of X-ray crystallography8,143,144. The 

early work by Levitt and others145,146 demonstrated the great potential that computational 

modeling holds to support experimental approaches to unravel the structural properties and 

biological functions of RNAs. At the same time, it also highlighted the need to integrate a 

wide range of high-quality, high-throughput experimental data to increase the accuracy and 

thus credibility of computational structure predictions to gain functional insights.

Despite it being 60 years since the first tRNA sequence was reported, and despite 

thousands of sequences published since then, obtaining accurate tRNA/tsRNA sequences 

and modification states is still a challenge. The error in the assignment of a single base pair, 

as occurred with E. coli tRNAAla, can severely impede interpretations and discoveries based 

on a single sequence147. In the most recent works, computational and AI-based predictions 

of structures of tsRNAs require complete accuracy of primary sequences and modifications. 

Thus, newer technologies for sequencing and emerging techniques to examine tsRNA 

structures, through combining experimental, computational, and AI-driven predictions, are 

providing a more systematic approach to identification of tsRNAs and their interactome 

inside the cell. These issues are discussed below.

a. Resolving primary sequences—The presence of RNA modifications and 

structures that block reverse transcription during cDNA production make tRNAs and 

tsRNAs difficult to sequence148,149. The problem is compounded by adaptor ligation 

challenges caused by unique RNA termini generated during tsRNA biogenesis98. Recent 

methodological advancements have aimed at overcoming these challenges, either through 

enzymatic conversions140,150 to remove blocking modifications (e.g., m1A, m1G, m3C)76, 

or by the use of highly processive reverse transcriptases (e.g., TGIRT, BoMoC, and 

MarathonRT)151–153, which can be advantageously employed to deduce the RNA’s 

modification state154. These methods thoroughly reviewed elsewhere12,155, have led to 

ever-increasing precision in deciphering the full repertoire of tRNAs and tsRNAs in different 

tissue and cell contexts. They are also being utilized as tools in translational research to 

identify distinct tRNA/tsRNA signatures associated with disease conditions153,156.
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b. Multiplexed mapping of RNA modifications—The complex modifications 

deposited on tRNAs/tsRNAs are sources of biological information that is an integral 

part of what controls RNA stability, structure, and interaction potentials46,157. Databases 

(e.g., Modomics)44 catalog site-specific tRNA modifications gathered over decades from 

a variety of studies. Most of these studies focused on individual modifications and, 

therefore, offer a static perspective that fails to capture the dynamic regulatory processes 

of RNA modifications in a tissue or cell-specific context. Next-generation methods that 

directly sequence tRNA/tsRNA and simultaneously identify all modifications are needed to 

investigate dynamic regulation of tRNA/tsRNA modifications. Two classes of methods are 

currently applied to map multiple types of RNA modifications directly and quantitatively 

on tRNA/tsRNAs. These methods are based on advanced mass spectrometry (MS) and 

nanopore technology.

Because the input RNAs for MS are typically digested into smaller pieces or single 

nucleotides, most studies utilizing MS focus on quantifying RNA modifications rather than 

on site-specific mapping. A recent innovation uniformly degrades tRNA into a mass ladder, 

and thereby allows the direct “reading” of RNA sequence and modification information from 

the mass shift along the ladder158,159. This approach is conceptually reminiscent of Sanger 

DNA sequencing, which exploits a DNA ladder12. Although the method requires further 

development to achieve high throughput capabilities and the analysis of multiple tRNAs/

tsRNAs from mixed RNA types, it can be readily implemented for de novo sequencing 

of enriched full length tRNAs/tsRNAs, enabling simultaneous mapping of multiple RNAs 

along with the tRNA sequence itself. This approach could be used to address immediate 

questions such as tRNA/tsRNA modification variations in different tissue and cells, as well 

as under normal and disease conditions.

Recently, nanopore-based direct RNA sequencing has used the remarkable structures of 

natural membrane ion channels to identify RNA pieces. This identification is based on 

changes in ionic currents as the RNAs pass through the pore160. Due to its unique features, 

nanopore technology has revolutionized direct DNA and RNA sequencing and holds 

significant potential for directly identifying associated RNA modifications that produce 

distinguishable ion currents. Contemporary studies employed nanopore-based approaches to 

sequence native tRNA populations, and to provide quantitative estimations of both tRNA 

abundances and modification dynamics161. Although current methods cannot yet identify 

modifications de novo and require existing tRNA sequence/modification information as a 

reference, this direction can be further enhanced through deep-learning algorithm training 

for high-throughput analysis of tRNA/tsRNA sequence and modifications. This training 

must be based on various standard RNA sequences with multiple modifications inserted at 

different positions, or it can use the information obtained from deciphered tRNA/tsRNA 

sequences with known modification maps. Of course, a large dataset is needed to ensure 

accuracy of the deep-learning analysis.
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c. Analyzing tRNA and tsRNA structures with experimental, computational, 
and AI-based prediction

Traditional computational approaches:  Computational methods serve as a 

straightforward approach for gaining structural insights into RNA molecules. These high-

throughput RNA structure prediction techniques primarily rely on sequence information, 

making them a popular choice for analyzing RNA structures. Conventional computational 

approaches for RNA structure prediction include minimum free energy (MFE) based 

methods (e.g., Mfold, RNAfold, UNAFold, RNAstructure, MC-Fold, and MC-Sym)162–166. 

These approaches assume that the most stable secondary structure of an RNA molecule 

minimizes free energy based on thermodynamic principles. MFE-based methods can be 

extended to further provide probabilistic information about alternative RNA structures by 

calculating base-pairing probabilities for each nucleotide position in the RNA sequence 

using partition functions from statistical thermodynamics. Thus, each tsRNA sequence can 

be used to generate multiple predicted secondary structures according to MFE ranking 

(Figure 4A). Other computational methods, such as stochastic context-free grammars 

(SCFGs)167,168, appear to offer a more rigorous probabilistic framework for RNA secondary 

structure predictions. While these computational methods have been successful in predicting 

some RNA secondary structures and are being improved through knowledge-based 

approaches, they inherently face limitations in predicting the dynamic nature of RNA 

folding. Because MFE-based algorithms predict secondary structures based on the lowest 

free energy, they tend to maximize the number of Watson-Crick pairs, which underestimates 

the importance of non-Watson-Crick interactions in RNA folding. Moreover, limitations 

arise from unknown subcellular environments and challenges posed by highly modified 

RNAs, such as those tsRNAs where modifications can alter base-pairing principles.

Traditional experimental approaches:  Traditionally, high-resolution methods such as 

X-ray crystallography, NMR, and more recently, cryo-electron microscopy (cryo-EM) 

have been used to verify secondary and tertiary RNA structures. Although NMR and 

cryo-EM have the capacity to provide information on an RNA’s conformational ensembles 

and dynamics, they are typically limited to a few favored structural states that occupy 

deep valleys in a free-energy landscape. Except for NMR, the small size of tsRNA 

presents an additional challenge for these traditional structural methods. Other traditional 

methods used for RNA structure determination that may bypass these limitations include 

in-line or chemical probing169, as well as site-direct mutagenesis, which have been 

applied successfully to determine secondary structures in solution. However, obtaining a 

comprehensive view of the conformational ensemble and dynamic changes for the numerous 

tsRNA and tRNA sequences within a cell remains a challenge.

Novel experimental technologies with high-throughput analyses:  Beyond computational 

prediction, new experimental technologies combine chemical, biological, and bioinformatic 

approaches for the analysis of RNA structures and interactions. These advances, which 

have gained momentum over the past decade, can be categorized into two main branches. 

The first reveals secondary RNA structures by detecting RNA backbone flexibility based 

on chemical probing, such as SHAPE-seq, Structure-Seq, and derivative methods170–174. 

The essence of these methods uses chemical probes, such as SHAPE agents or dimethyl 
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sulfate (DMS), to target nucleotides in accessible, single-stranded regions (i.e., those 

without base-pairing). These probes add chemical RNA modifications that interfere with 

reverse transcription (by stopping RT or introducing misincorporations). High-throughput 

sequencing is then used to detect and quantify these stops/misincorporations. From this, the 

secondary structural profile of the RNA can be inferred. Notably, the latest development in 

this technical branch, called “tRNA structure-seq”, was employed to determine the dynamic 

structural changes of tRNA under heat stress in vivo and to identify tRNA modification 

changes using misincorporation signatures175. Remarkably, this work showed that even 

tRNAs, once considered to have relatively rigid structures, undergo dramatic shape changes 

that include rod-like structures under heat stress (Figure 4B). This method could soon be 

used for studying tsRNA secondary structure. In particular, it could address the question of 

structural heterogeneity between similar tsRNA sequences with differing terminal lengths 

(e.g., 18 nt vs. 22 nt), as these length differences have been shown to result in very different 

modes of action176. Furthermore, this method could also help to directly investigate how the 

variations in RNA modifications among tsRNAs contribute to their structural diversity.

The second branch of technical development identifies RNA-RNA interactions from 

proximity chemical crosslinking (e.g., by Psoralen or its derivative AMT, or amotosalen). 

These methods, including PARIS, SPLASH, LIGR-seq, and PARIS2177−181 determine long-

range interactions between different RNAs, as well as alternative RNA conformations 

within long RNAs (e.g., rRNA). This approach has numerous derivatives and improvements, 

such as improving RNA capturing efficiency. Recently, the method identified viral-host 

RNA interactions (e.g., Zika, SARS-CoV-2) to reveal virus infection strategies. However, 

chemical crosslinking cannot efficiently probe protein-protected regions, so that these 

methods generally identify more exposed areas. Because inter- and intra-RNA-RNA 

interactions are commonly stabilized and mediated by proteins, RIC-seq (RNA in situ 

conformation sequencing) was developed to address the limitations of direct RNA-RNA 

crosslinking182. RIC-seq captures protein-mediated RNA-RNA proximal interactions in 
situ and can yield information regarding RNA-RNA spatial interactions in cells. This 

branch of technology could be further adapted for tsRNA research, proving useful in 

identifying tsRNA structures and exploring the RNA interactome of tsRNAs within cells. 

For example, it could provide new insights into tsRNA interaction sites within ribosomes 

and other nuclear RNPs. Indeed, by reanalyzing a previous database from CLASH (cross-

linking, ligation, and sequencing of hybrids) – an experimental approach used to identify 

RNA–RNA duplexes associated with Argonaute proteins in vivo183,184 – researchers 

have not only uncovered numerous tsRNA–mRNA hybrids but also found evidence of 

interactions between tsRNA and rRNA, tsRNA and snRNA, and with other small non-

coding RNAs185–187. These findings strongly suggest a complex tsRNA interactome in both 

the cytoplasmic and nuclear compartments, which may lay the foundation for understanding 

their modes of action.

AI-based deep learning and challenges caused by RNA flexibility:  AI-based prediction 

of RNA structure primarily relies on machine learning algorithms, particularly deep learning 

techniques, to predict secondary and tertiary RNA structures, and RNA-protein binding 

potentials. AI algorithms require large high-quality training data sets, which includes 
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experimentally validated 3D RNA structures and sequences, secondary structures based 

on data from chemical probing that provide information on structural flexibility, and base-

pairing interactions188,189. While databases continue to grow, they are nonetheless limited at 

this time.

For example, the prediction of RNA 3D structures uses high-quality structural data deposited 

in the Protein Data Bank. The availability of this information is far more limited compared 

to sequencing-based data. And, of course, the deposited 3D structures represent a static 

view that does not capture the dynamic nature of RNAs. For 3D RNA structure prediction, 

the recently developed approach Atomic Rotationally Equivalent Scorer (ARES)190 uses a 

strategy that learns the geometric arrangements of each atom. This strategy is a promising 

direction, because it enables accurate structural model prediction based on limited known 

RNA conformations.

Despite the success of accurate protein structure prediction enabled by AlphaFold191 and 

RoseTTAFold192, predicting RNA structure is inherently more challenging. RNA is more 

flexible, and a single RNA sequence can adopt multiple secondary, tertiary, or higher-order 

structures, which are expanded upon by the possibilities for structures based on RNA-RNA 

interactions189. Further complexity arises because each conformation potentially serves a 

different function. For example, atomic force microscopy (AFM) revealed that the same 

RNA primary sequence can simultaneously exhibit completely different 3D structures under 

near-physiological solution conditions193. Most of these structures showed ligand binding 

abilities that were idiosyncratic to the structure and suggested therefore functional relevancy. 

This potential repertoire of structures for a single RNA poses significant challenges for 

AI-based predictions. These challenges are particularly obvious for tsRNAs and tRNAs that 

are in highly compartmentalized cells. In such locales, RNA structures are influenced by 

factors that engender distinct functions within different contexts (Figure 4A,B).

AI-based prediction demands context-specific data from high-quality experiments, from 

which the specific conditions for a particular RNA structure can be obtained and used as 

the basis for deep learning. Taking tsRNAs as an example, their secondary and tertiary 

structures would depend on specific conditions, such as normal vs. stress conditions in 

tissues and cells, and nuclear vs. cytoplasmic compartments, which are intricately linked 

with their RNA modification status and binding partners. Thus, the AI-training process 

must deploy deep learning of context-dependent information, such as the repertoire of 

surrounding RNA sequences and proteins, which in turn influence/stabilize each other’s 

structures and interactions, and thereby exert specific functions in each context.

4. Future perspectives

The study of tsRNAs serves as a striking example of biological complexity, where the 

fragmentation of tRNAs has given rise to a new world of structural and functional 

diversity10. This wholly unexpected development represents a clear ‘renovatio’, a rebirth 

of tRNA functionality. tsRNAs have been identified across all domains of life11, which in 

turn speaks to their critical role in cellular evolution. Notably, their emergence predates 

other more widely studied small RNAs, such as miRNAs. This is due to tsRNA biogenesis 

being controlled by ancient enzymes that predate the emergence of Dicer (only found in 
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eukaryotes) in the prokaryotic world, and regulated by even more ancient mechanisms 

controlling RNA modifications, potentially derived from a ribozyme-dominated RNA 

world11.

In fact, the exploration of tRNA fragmentation principles and the function of tsRNAs is 

now being generalized to study a wider spectrum of small non-coding RNAs (sncRNAs) 

fragmentated from a range of ancient structured RNAs, including rRNAs, snRNAs, 

snoRNAs, Y RNAs, Vault RNAs, among others12. Some of these share similar biogenesis 

pathways, such as being cleaved by RNase A, T2, L families, with their fragmentation 

patterns and efficiencies also controlled by the RNA modifications they carry194. This 

strongly suggests that the degradation and fragmentation of longer structured RNAs into 

sncRNAs, followed by selective retention, may represent the earliest form of sncRNA 

biogenesis12.

Furthermore, the exploration of the functions of tsRNAs and other sncRNAs has led to the 

revelation that there is a wider spectrum of functional principles of sncRNAs, extending 

beyond the RNAi doctrine. This is deeply rooted in the versatile structural signatures of 

RNAs, enabling a fundamental interaction potential with other molecules such as RNAs, 

proteins, and metabolites. This generates an astronomical number of combinations, resulting 

in the information capacity needed for the construction of the complex cells we observe 

today. The future integration of multi-layered information through advanced AI-based 

deep learning, such as considering aspects of tsRNA sequence, fragmentation pattern, 

site-specific RNA modifications, RNA structures, tsRNA binding proteins, and subcellular 

compartmentalization—will enable novel and deeper insights and the understanding of the 

diverse functionality of tsRNAs (Figure 5).

Finally, tsRNAs and their dysregulation are increasingly recognized as central players in 

a variety of human diseases, from neurological disorders to cancer195−200. Accordingly, 

tsRNAs are emerging as promising targets with significant therapeutic potential196,201–203, 

and a rapidly growing body of evidence suggests extracellular tsRNAs as diagnostic 

and prognostic biomarkers for liquid biopsies72,196,204,205. A deeper understanding of 

tsRNA biogenesis and function will therefore provide a necessary framework for future 

pharmaceutical engineering, particularly about RNA modifications and structural aspects 

of engineered sncRNAs. Approaches to therapeutically target specific RNAs require 

comprehensive knowledge of their structural dynamics and the functions associated 

with them206,207. This requirement will be aided by advances in the development 

of computational tools that predict RNA structures and their interaction potential in 
vivo190,208–210. This knowledge is also essential for the emerging field of tRNA therapy211. 

For instance, in the study of suppressor tRNA therapy, engineered suppressor tRNAs are 

designed to recognize and decode stop codons (termination codons) in mRNA during 

translation212,213. By doing so, they can treat diseases caused by nonsense mutations 

(including cystic fibrosis, Duchenne muscular dystrophy, and Dravet syndrome), where 

suppressor tRNAs restore full-length protein synthesis by bypassing premature stop codons. 

However, when suppressor tRNAs are delivered to target cells, tsRNAs with specific 

functions may arise and introduce side effects. Consequently, researchers should consider 

the delivery quantity, cleavage/retention patterns of the resulting tsRNAs, and their potential 
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functions. Investigating this level of complexity will broaden our understanding of the 

principles governing the organization and operation of biological systems overall, ultimately 

enabling more informed treatment approaches for human diseases.
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Figure 1. Canonical and non-canonical tRNA functionality.
Illustration of canonical tRNA function in decoding the genetic code of mRNAs and deliver 

cognate amino acids to the ribosome for protein synthesis. Shown also is the expanding non-

canonical tRNA functions in the cell. These non-canonical functions leverage the structural 

features of tRNA to interact with specific proteins, thereby regulating cellular physiology 

and mediating critical viral-host interactions across various biological processes.
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Figure 2. Overview of the expanding field of tsRNA research.
This illustration depicts the three main branches of current tsRNA research. These branches 

encompass the study of tsRNA biogenesis, which involves various tRNA modifications, 

RNases, and regulatory proteins. The molecular mechanisms of actions, and the roles of 

tsRNAs in both physiological functions and disease associations, is based on previous 

research and review articles10,11,15,82,214–218.
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Figure 3. Structural plasticity in tRNAs and tsRNAs and their modulation by RNA modifications 
and cofactor binding.
(A) Illustration showing how post-transcriptional RNA modifications and tRNA-binding 

proteins act to regulate RNase-mediated tRNA cleavage and tsRNA formation. (B) 

Schematic presentation of the conformational free-energy landscapes of tRNAs (left) and 

tsRNAs (right) and their modulation in response to changes e.g., in modification state or 

ligand binding. (C) Structural view of predicted tsRNAs derived from a single tRNAAla 

precursor.
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Figure 4. Interchangeable structures of tRNAs and tsRNAs depending on the environment and 
local context.
(A) Illustration showing predicted tsRNAAla secondary structure with differential MFE 

ranking (using MCfold165), or with different temperature settings (using RNAstructure166). 

These predicted structures do not consider the impact of RNA modifications and the 

changing local context, and therefore need further experimental validations. (B) Illustration 

showing that heat stress triggers conformational changes in bacterial tRNAAla, increasing the 

proportion of rod-like shapes while decreasing the prevalence of the classic cloverleaf tRNA 

structure. These structures are based on experimental data from tRNA structure-seq175.
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Figure. 5. Integrating multi-layers of tsRNA information enables diverse tsRNA functionality.
Multi-faceted data obtained from various technologies regarding tsRNA sequence/

fragmentation pattern, site-specific RNA modifications, RNA structures, tsRNA binding 

proteins and subcellular compartmentalization would enable future high-dimensional 

analyses with the advancement of deep learning algorism, leading to better understand of 

the fundamental modes of tsRNA action, and thus their biological roles in specific contexts. 

RNase: ribonuclease; RNPs: ribonucleoprotein particles; EV: extracellular vesicle; Cyto: 

cytoplasma; Nuc: nucleus.
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