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Abstract
Modern research in the last decade has unearthed several roles of tRNA such as participation in regulatory, biosynthetic, immunological and stress-responsive roles apart from their “housekeeping” roles in protein synthesis. The tRNA undergoes numerous chemical modifications and fragmentations that contribute to stability, versatility aiding its participation in an array of cellular functions. Also, tRNA's acts a hub connecting environmental inputs to gene expression and cellular outcomes. It participates in immunomodulation, microbiological commensalism/pathogenicity and processing quality control human neuropathology states through epigenetics. Several mutations in the genes encoding enzymes/proteins in these pathways cause disease pathologies in CNS. The present review covers in detail the broad area of tRNA biogenesis, cellular roles and modifications highlighting key proteins/enzymes, machinery and the genes involved. The robust structure, chemical activation, abundance, and rich information content of tRNA confers them an epithet of “Swiss army knife” indispensable in cellular functions and health, yet highly susceptible to rewiring in disease.  Several CNS diseases are reported currently reported as protein malformation and folding disorders.Given the central role of tRNA in the protein synthesis, the review updates the currently knowledge in this area of disease genomics. 
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1.0. Introduction
The basics of tRNA-biochemistry and biogenesis.
“Cellular RNAs are traditionally divided into three ubiquitous classes: mRNAs- the sequence of which is decoded to produce proteins; ribosomal (r) RNAs-possessing enzymatic activities required for protein synthesis, and tRNAs which shuttle amino acids to the growing polypeptide chain serving non-(protein)-coding functions” (De Robertis 2020). “Both rRNAs, as an integral part of the ribosome, and tRNAs, as carriers of amino acids, decode the nucleotide information on mRNA into specific amino acid sequence synthesized by the ribosome. Transfer RNA (tRNA) is short, non-coding RNAs with a distinctive cloverleaf secondary structure and an “L” shaped tertiary structure” (Amaral 2020). “In the classic cloverleaf structure, the tRNA contains 4 stem loop regions which are named the acceptor stem, the T Ψ C-loop, the anticodon loop, and the dihydrouridine or D-loop. In the tertiary structure the anticodon loop is located at one end of the “L” shape which has complementary base pairing to the codon within messenger RNA (mRNA). The cognate amino acid is attached to the acceptor stem at the other end of the “L” via an ester bond between the 3’ hydroxyl group and the amino acid carboxyl group. The elbow region of the “L” shape comprises the T Ψ C-loop and the D-loop is stabilized by multiple hydrogen bonds formed between highly conserved residues” (Hogg 2023.). “Magnesium ions stabilize the tertiary structure of tRNA by forming contacts with the phosphate backbone” (Schauss 2020). “tRNAs are highly conserved, and enable protein translation the afore features stabilize the tertiary structure thus linking the nucleotide information to amino acid sequence” (Cooper and Hausman et al., 2019). “Beyond this canonical function, tRNA is also implicated in a number of other biological processes including cell signaling, cell survival, apoptosis, metabolism of amino acids and porphyrines, and stress responses” (Raina and Michael 2014). “Despite their small size (~73–95 nucleotides), tRNA are characterized extensive post-transcriptional processing and modifications (up to 100 nucleoside modifications), also they are extreme stability and resistance to nucleases” (Lucas et al., 2024; Polacek and Ivanov 2020).
“The human genome contains more than 500 genes encoding over 40 different tRNA. Genes encoding tRNA occur in clusters throughout the human genome and are transcribed by RNA polymerase III in the nucleolus, implicating the coordinated production and processing of rRNA and tRNA. Approximately 28 tRNA genes are intronic, and decode 20 standard amino acids” (Van Bortle et al., 2017). “There is considerable variation in the number of genes for each isoacceptor type (tRNAs with different anticodons that carry the same amino acid), with up to 38 genes encoding Alanine tRNAs. These can be further subdivided into isodecoder types, which have the same anticodon and amino acid, with variation in the primary sequence” (Geslain and Pan 2009). “tRNA sequencing have revealed different expression patterns for isoacceptors and isodecoders” (Ishimura and Nagy, et al 2014). “A mutation in a CNS-specific Arginine isodecoder influenced penetrance of a neurodegenerative phenotype caused by a mutation in the ribosome recycling factor GTPBP2. There are four isodecoder types (ArgTCT, LeuCAA, IleTAT, and TyrGTA) that contain introns. Within the anticodon loop region tRNA splicing is performed in two steps, firstly intron removal by the tRNA Splicing Endonuclease Complex (TSEN), which is comprised of 4 subunits: 2 endoribonuclease subunits (TSEN2 &TSEN34) and 2 scaffolding subunits (TSEN15 & TSEN54)” (Hayne and Lewis 2022). “TSEN2 is responsible for cleaving the 5’ splice site leaving the 5’ exon with a 2’3’cyclic phosphate end, and TSEN34 cleaves the 3’ splice site and leaves the 3’exon with a 5’hydroxyl group. Secondly, the 5’ and 3’ exons are directly ligated by the RTCB ligase complex” (Yuan et al., 2023). “Mutations in the four subunits of the TSEN complex and Cleavage Factor Polyribonucleotide Kinase Subunit 1 (CLP1) results in Pontocerebellar Hypoplasia (PCH) a clinically heterogeneous neuro-developmental disorder (Schaffer et al 2014). The final stage in tRNA maturation is the extensive modification of specific nucleotides within the tRNA to aid stability and structure” (Pan 2018)
“Initially, tRNA is transcribed in the form of a precursor (pre-tRNA) containing 5′-leader and 3′-trailer sequences and, in some cases, introns in the anticodon loop” (Medha and Ibba 2014). “During tRNA maturation, the 5′-trailer is processed by RNase P, the 3′-trailer is removed by RNase Z, and subsequent to 3′-trailer removal, the 3′-end of all human tRNAs is modified by the addition of the universal 3′-CCA triplet by the CCA-adding enzyme (also known as TRNT1)”( Jarrous et al., 2022). “Intron-containing tRNAs are processed by a nuclear tRNA splicing endonuclease (TSEN) complex that excises the intron and ligates 5′- and 3′-tRNA exons to form mature tRNA” (Sekulovski, et al., 2021). “Other genes in the human genome closely resemble tRNA but contain insertions, deletions, point mutations, or contain Polymerase III promoter elements but do not resemble tRNA sequences these are collectively termed tRNA pseudogenes and predicted tRNA pseudogenes” (Chan and Lowe 2016). “Pre-transcribed tRNA with a 5’ leader and 3’ trailer sequence is cleaved by RNase P and RNase Z respectively. Human nuclear RNase P is a ribonucleoprotein complex with a weakly catalytic RNA component, H1 RNA, and comprising 10 protein subunits” (Klemm et al. 2016). “Initailly, 5’ leader is removed followed by removal of the 3’ trailer sequence by RNase Z, which recognizes the discriminator nucleotide, releasing the trailer sequence. The tRNA intronic sequences and RNase P also show nucleolar organization indicating tRNAs are both transcribed and processed within the nucleolus”(Hopper et al., 2011). “The non-templated CCA-tail is added by tRNA nucleotidyl transferase enzyme, which simultaneously checks the integrity of the tRNA backbone and will not add the CCA-tail to defective tRNA that are subsequently degraded, thereby performing a crucial quality control step” (Wellner et al., 2018).Figure-1 sumamrises the mechanisms involved in tRNA biogenesis
2.0.  Cellular Functions of tRNA
Modern research has unveiled several features of tRNA such as participation in regulatory, biosynthetic, immunological and stress-responsive roles than simple “housekeeping” molecules. The tRNA versatility aids and regulates its participation in an array of cellular functions. In bacteria, archaea and eukaryotes, tRNA and their derivatives function as sensors, scaffolds, primers, signaling molecules, enzyme substrates and immunological modulators.
A noncanonical function of tRNA lies in its ability to act as a sensor of nutrient status (Guo et al., 2013). Cells exploit the charging state of tRNA to determine nutritional status. In eukaryotes, histidyl-tRNA-synthetase-like domain of the protein kinase GCN2 a stress sensor triggers the integrated stress response (ISR) through eIF2α phosphorylation (Pakos-Zebrucka et al., 2016). Mutations of GCN2's ISR have pathological implications in tumour adaptation to nutrient-poor environments (Ye et al., 2022). Aside from translation and stress signaling, cytoplasmic tRNA can bind cytochrome c and limit apoptosome formation, reducing caspase activation (Elena-Real et al., 2018). Biophysical and cellular studies implicate binding to cytochrome c's heme domain disrupts its pro-apoptotic function, providing a layer of post-mitochondrial control over intrinsic apoptosis (Shanmugam et al., 2014). Thus demonstrating how common housekeeping RNAs can be repurposed as protein ligands to influence life-and-death decisions. Aminoacyl-tRNAs operate as activated donors in a variety of membrane and cell wall modification processes. The membrane enzyme MprF (Multiple Peptide Resistance Factor) transfers Lys (or other amino acids) from aa-tRNA to phosphatidylglycerol, resulting in cationic aminoacyl-phospholipids that repel cationic antimicrobial peptides and contribute to daptomycin resistance (Slavetinsky et al., 2021). In peptidoglycan production, Fem family transferases use particular aa-tRNAs to form peptide cross-bridges on lipid II, influencing cell wall architecture and antibiotic sensitivity (Bouhss et al., 2014). Stress-induced nucleases (such as angiogenin) cleave tRNA, resulting in 5′ "halves" and shorter tRNA-derived fragments (tRFs). tRFs have a significant impact on translation, mRNA stability, transposon regulation, and piRNA pathways, and have been linked to cancer, neurological disease, and aging (Guo et al., 2023; Peng et al., 2024; Zeng et al., 2024). In cancer, unique tRF signatures correspond to phenotype and some tRFs directly repress carcinogenic transcripts or reprogram translation initiation (Su et al., 2023). tRFs also circulate in biofluids and in extracellular vesicles, allowing for both local and systemic communication. Epigenetic role of tRNA is demonstrated through the sperm-borne transmission of metabolic phenotypes to offspring (Chen et al., 2016).
TLR7/8 is an innate immune receptors that detects foreign single-stranded RNA. Certain tRNA changes can obscure pathogen-associated RNA signatures. A prominent example is 2′-O-methyl-G at position 18 (Gm18) in the D-loop: bacterial tRNAs expressing Gm18 effectively inhibit TLR7 signaling (Nechooshtan et al., 2017). Loss of the TrmH methyltransferase (which installs Gm18) increases TLR7-mediated interferon responses, and synthetic Gm18-modified fragments can inhibit TLR7 activation in human cells. Beyond their canonical role in translation, tRNA are varied regulators of cellular physiology, and. Proteome balance during normal physiology, tRNA abundance, charge levels, and chemical modifications are closely regulated with changes cascading into disease states. Uncharged tRNA activates stress pathways such as the GCN2-mediated integrated stress response in eukaryotes (Hinnebusch, 2005; Ye et al., 2022). Cleaved tRNA fragments (tRFs/tiRNAs) add to this regulatory network by modifying translation, silencing transposable elements, and influencing epigenetic inheritance (Liang et al., 2025). Cancer cells alter tRNA pools and their modifications to facilitate codon-biased translation of malignant programs and distinguish between proliferative and differentiated stages (Gingold et al., 2014). Altered tRNA modification mechanisms, such as NSUN2-mediated m^5C, stabilize specific tRNA, alter translation, and correlate with severity. Loss-of-function in NSUN2 causes tRNA instability and neurological abnormalities, while overexpression promotes tumor growth (Blanco et al., 2014). The tRFs add a second layer of regulation the 5′-tRFs can displace RNA-binding proteins (e.g., YBX1) from carcinogenic transcripts, suppressing metastasis, whereas other tRFs promote context dependent malignancy (Yu et al., 2023). 
Defects in tRNA genes, processing and modification enzymes are common in neurodevelopmental and mitochondrial diseases which affect mitochondrial translation (Cui et al., 2023). Processing enzymes such as ELAC2 (RNase Z) have been linked to coupled oxidative phosphorylation insufficiency and cardiomyopathy, demonstrating how tRNA maturation deficiencies affect neural and cardiac energy (Haack et al., 2013). In sumary, the robust structure, chemical activation, abundance, and rich information content of tRNAs make them a cellular “Swiss army knife”: indispensable in health, yet highly susceptible to rewiring in disease. The several pathways which tNA participates illustrate their flexibillity and metabolic roles that extends beyond ribosomes. Further tRNA's acts a hub that connecting environmental inputs to gene expression and cellular outcomes. tRNA epitranscriptome sews its function to immunomodulation and microbiological commensalism/pathogenicity and processing quality control in human neuropathology states. These properties ascribe tRNAs as a promising biomarkers and therapeutic targets.

3.0. tRNA Modifications and Dysregulation
[bookmark: _Hlk207012781]“tRNAs are well-known for their central role in protein synthesis, where they undergo numerous chemical modifications that are essential for gene expression regulation various cellular processes such as growth, stress responses development, and homeostasis” (Vare et al., 2017; Agris et al., 2017; Klassen et al., 2020). “Recent studies have found over 200 different RNA modifications in diverse organisms, necessary for the precise and efficient translation of proteins. Emerging research evidences suggests that aberrations in tRNA modifications and dysregulation contribute to the pathophysiology of various human disorders” (Wu et al., 2013). “These modifications facilitate the improvement of tRNA stability, ensure accurate decoding of mRNA, enhance translational fidelity, regulate the interaction between tRNA and ribosomes, ability to transport specific amino acids as well as the efficiency of protein synthesis” (Krutyholowa et al., 2019; Suzuki et al., 2021). “With an average of 13 alterations per molecule, different tRNA species have distinct modifications. These modifications involve various chemical processes like methylation, acetylation, deamination, isomerization, glycosylation, and pseudouridylation” (Grosjean et al., 1996; Amalric et al., 2022). Each of these methods is described in the following paragraph highlighting the major modifications.Figure-2 illustrates tRNA modifications and enzymes.

3.1.Methylation modification of tRNA(m1A,m3C,m7G,m5C, m2G)
“Methylation, the addition of a methyl group (CH3) to tRNA nucleotides, is crucial for structural stability and molecular interactions and it is a common post-transcriptional modification” ( Lv et al., 2024). “Methylation modifications include m1A, m5C, m7G, and others. The modification of tRNA is inseparable from the function of tRNA methyltransferase. tRNA methyltransferase methylates specific sites of tRNA to promote the stability of tRNA and change the ability of amino acid delivery and ribosome occupancy of different tRNAs” (Yuan et al., 2024).
[bookmark: _Hlk207047464][bookmark: _Hlk207047481][bookmark: _Hlk207047494][bookmark: _Hlk207047527][bookmark: _Hlk207047542]“m1A is a universal RNA modification that modifies a methyl group on the first nitrogen atom of adenosine in RNA occuring at the Watson-Crick interface altering RNA basal pairing” (Li et al., 2022; Lu et al., 2010). “Modification occurs at positions 9, 14, 22, 57, and 58 in cytoplasmic tRNAs, and at positions 9 and 58 in mitochondrial tRNAs” (Hopper et al., 2013). “tRNA regulators of m1A modification in mammalian cells are mainly the writer (TRMT6, TRMT61A, TRMT61B TRMT10C) and erasers (ALKBH1, ALKBH3, ALKBH7, FTO). In mitochondria, TRMT10C, TRMT61B, and ALKBH7 are mainly responsible for the m1A modification and de-modification while TRMT6.TRMT61A, ALKBH1, and ALKBH3 are distributed in the cytoplasm” (Li et al., 2010; Liu et al., 2016). “The m1A, m1A58 are important and highly conserved modifications that occur in all processes of life” (Dominissini et al., 2016). “m1A 58 in cytosolic and mitochondria is demethylated by ALKBH1 and ALKBH1” (Liu et al., 2016; Kawarada et al., 2017).  “m1A58 is essential for the initiation of protein translation, and ALKBH1-mediated deletion of m1A58 modification leads to degradation of tRNAiMet, which inhibits the translation efficiency of the protein, and results in a slow cell growth phenotype” (Wang et al., 2008; Saikia et al., 2010). “N3-methylcytidine (m3C) is a methyl group attached to the third carbon of the cytosine base. The modification only affects nascent tRNAs, and its effect on periodic tRNAs is not obvious” (Scholler et al., 2021).  “The m3C methyltransferases identified in human cells are METTL2A/METTL2B (methylated mainly at tRNAThr, tRNAThr and tRNAArg), METTL6 (methylated mainly at tRNASer, tRNASer, tRNASer, tRNASer) and METTL8 (methylated mainly at tRNAThrUGU). Interestingly, almost all of them are methylated at the site 32 in cytidine” (Bohnsack et al., 2022). m3C32 enables maintain the anticodon loop in the optimal conformation for tRNA function.
[bookmark: _Hlk207052178][bookmark: _Hlk207052202]“The conversion of guanosine to 7-methylguanosine (m7G) at position 46 in tRNA is a conserved process essential for maintaining tRNA structural integrity and functional efficiency” (Shaheen et al., 2015). “The tRNA 46 guanosine position (m7G46) is the most common m7G methylation site” (Blersch et al., 2021). “The m7G46 is located in the variable loop region in tRNA, and the m7G46 modification in the variable loop region forming a tertiary base pair with C13-G22, which stabilizes the tRNA structure” (Tomikawa et al., 2018). “The modification of m7G on tRNA is predominantly facilitated by the METTL1/WDR4 complex. This is the most prevalent mRNA cap modification and is also present in internal mRNA, microRNA, tRNA, and rRNA” (Cheng et al., 2022). “In yeast, this modification is catalyzed by the Trm8 and Trm82 complex, while in mammals it is facilitated by proteins encoded by the METTL1 and WDR4 genes” (Leulliot et al., 2008; Lin et al., 2019). “The modification is crucial for maintaining tRNA folding and stability through precise hydrogen bond interactions” (Zhu et al., 2023). “Dysregulation of the Trm8 and Trm82 complex could lead to tRNA instability and degradation via the rapid tRNA degradation pathway, significantly impacting translation by affecting occupancy on ribosomes and translation efficiency” (Saleh and Farabaugh et al., 2024).”Mutations in WDR4 gene are associated with primordial dwarfism, characterized by microcephaly and intellectual development challenges, underscoring the critical role of m7G in neurodevelopment” (Filonava et al., 2015; Trimouille et al., 2018). “The m5C modification of RNA is created when the donor's active methyl group (SAM) is added to the C-5 position of the cytosine base in the RNA” (Cantara et al., 2011). “m5C residues are present on eukaryotic tRNA cytosines C34, C38, C48, C49, and C72” (Motorin et al., 2010). “They are involved in the composition of tRNA secondary structure, which is related to codon recognition and stability of tRNA” (Van Haute et al., 2019). “In eukaryotic tRNAs m5C is commonly found at specific positions: 48, 49, 50 (between the variable loop and the T-YC loop), 34, 38 (in the anticodon loop), and 72 (in the acceptor stem). In Saccharomyces cerevisiae, Trm4 facilitates these modifications whereas in mammals, RNA cytosine methyltransferases NSUN3, NSUN6, NSUN2, and DNMT2 are involved, each targeting distinct tRNA species and positions” (Haag, et al., 2015; Towns and Begley 2012). “The modification is essential for cellular defense against oxidative stress, enhancing cell survival by regulating stress-responsive protein translation. These modifications of tRNA enable intracellular metabolic balance, optimize codon-anticodon pairing, and regulate protein translation efficiency and accuracy” (Shanmugam et al., 2015). “Enzymes of the NSUN family of proteins comprising the NSUN2, NSUN3, NSUN6, and the DNMT2-regulate modifications of tRNA. In mammalian cells, m5C protects tRNA from angiogenin-induced cleavage during stress. NSUN2 deficiency, leads to the absence of m5C, resulting in accumulation of 50 tRNA fragments that inhibit global translation initiation affecting cell migration, adhesion and differentiation in CNS” (Blanco et al., 2014; Flores et al., 2017; Blanco et al., 2016). “Additionally, defects in the NSUN2 gene reduce the abundance of specific tRNAs in tissues such as the skin, liver, and cerebral cortex. This reduction affects synaptic signaling proteins in the prefrontal cortex, influencing excitatory neurotransmission and behavioral outcomes” (Hussain et al., 2013; Wang et al., 2016; Blaze et al., 2021; George et al., 2022). “Mutations in NSUN3 and NSUN2 genes are linked to mitochondrial encephalopathy, epilepsy, and neurodevelopmental disorders” (Khan et al., 2012).
“N2-methylguanine (m2G) is formed by aminomethylation of guanine at C2 position” (Dai et al., 2017). “The modification is widespread and conserved in eukaryotes, archaea and few bacteria species” (Chan et al., 2010).”Modification usually occurs at positions 6 and 10 (Menezes et al., 2011). The m2G modification is predominantly mediated by TRMT11 and THUMPD2/THUMPD3, both of which necessitate the assistance of a co-factor, TRMT112, to facilitate their catalytic activity” (Bourgeois et al., 2017; Yang et al., 2021). “In yeast cells, loss of Trm11 (TRMT11 homolog) does not affect yeast growth” (Purushothaman et al., 2005). “However, knockout of THUMPD3 in HEK-293T cells resulted in global protein translation and impairment, inhibition of cell growth” (Yang et al., 2021).
3.2.Pseudouridylation (ψ) modification
“Pseudouridylation, the enzymatic conversion of uridine to pseudouridine, is a prevalent modification across diverse organisms, critical for the tRNA functionality. In tRNAs, the nucleotides in the anticodon stem-loop 38 and 39 are commonly modified by pseudouridylate synthase 3 (Pus3) in Saccharomyces cerevisiae” (Lecointe et al., 1998). “Pseudouridine enhances the thermal stability of the anticodon stem-loop by improving base-stacking interactions, a role observed in both yeast tRNA-Phe and human tRNA-Lys underscoreing its importance of in maintaining tRNA structural integrity” (Yarian et al., 1998; Durant et al., 1999; Denmon et al., 2011).
3.3.t6A modification and N4-Acetylcytidine (ac4C) modification 
“The N6-threonylcarbamoyladenosine (t6A) modification at position 37 of tRNAs decoding ANN codons is a conserved feature across all domains of life” (El Yacoubi et al., 2012; Thiaville et al., 2014; Thiaville et al., 2015). “This modification preserves the internal loop structure of tRNA through hydrogen bonding and π- π stacking interactions, preventing Watson–Crick pairing between U33 and A37 and stabilizing the anticodon stem-loop (ASL)” (Agris et al., 2007; Han et al., 2018). “The modification enhances the fidelity of codon–anticodon interactions within the ribosome, ensuring accurate positioning of tRNA with mRNA and also facilitating the insertion of aminoacylated tRNA into the A site of ribosome’s” (Rapino et al., 2018; McMahon et al., 2018; Waas et al., 2007). “This modification is critical for efficient aminoacylation of tRNAs, optimizing translation efficiency, and maintaining cellular protein balance” (Wang et al., 2018; Lin et al., 2015). “In humans, N-acetyltransferase 10 (NAT10), in conjunction with THUMP domain-containing protein 1 (THUMPD1), facilitates the acetylation of serine and leucine tRNAs, reflecting a conserved mechanism across species” (Sharma et al., 2015; Kamalampeta et al., 2013). “Beyond its structural role, ac4C is vital in tRNA processing, aminoacylation, and accurate mRNA translation, emphasizing its essential function in protein synthesis” (Broly et al., 2022).
3.4.Other tRNA methylation modifications
“Apart from the extensively studied methylation modification described above, other modifications include TRMT2A mediated 5-methyluridine (m5U) tRNA methylation which affects cell proliferation. TRMT2A localizes in the nucleus possibly modifying tRNA in the nucleus and inhibits cell proliferation blocking it in the G2/M phase. Knockout TRMT2A in MEF cells promotes MEF cell proliferation, suggesting modification may inhibit tumor cell growth” (Chang et al., 2019).

4.0.tRNA fragments in human cells
“High-throughput RNA sequencing has detected distinct classes of tRNA fragments in mammalian cells” (Cabrelle et al., 2024). “Their abundance varies between different cell types and tissues implicating no correlation with abundance of parent tRNAs. Moreover, some of the fragments are only produced under specific conditions such as developmental stage, proliferative status, stress or viral infection” (Yu et al., 2021). Although tRNA are heterogeneous in size (10–45 nucleotides), they are not products of random tRNA cleavage or degradation because their ends are precisely defined by RNA cleavage sequence determinants. tRNA form 10% of all nuclear-encoded human tRNAs. Biogenesis of tRNA is a complex process, in the context of tRNA fragment as described in the introduction section. 
4.1.tRNA halves (tiRNAs)
“TRNA halves are produced by specific cleavage in the anticodon loop to produce 30–35 nucleotide 5′-tRNA halves and 40–50 nucleotide 3′-tRNA halves” (Hou et al., 2022). “Small quantities of these fragments are found in human cells under normal growth conditions. Many of these are splicing intermediates derived from intron-containing tRNAs. In contrast, tiRNAs are produced by stress-induced (e.g. oxidative stress, heat shock or UV irradiation) cleavage of mature cytoplasmic tRNAs by the ribonuclease angiogenin (ANG)”( Saikia et al., 2015). “In response to stress, ANG translocates into cytoplasm from the nucleus and dissociates from RNH1. Under these conditions, ANG cleaves cytoplasmic tRNA into 5′- and 3′-tiRNAs” (Sarangdhar and Allam 2021). “While intuitively such cleavage should cause abrupt translational arrest, this is not observed because only a minor fraction (only 5′-tiRNAs derived from tRNAAla and tRNACys are responsible for the inhibition of translation” (Sobala and Hutvagner 2013). “Mechanistically, active tiRNAs inhibit translation initiation by interfering with the assembly of the cap binding complex eIF4F (the complex required for canonical translation initiation), and requires cooperation with the translational silencer YB-1” (Liu et al., 2025). “Inhibition of translation initiation by 5′-tiRNAs also induces the assembly of stress granules (SGs). SGs are dynamic cytoplasmic RNA foci that possess adaptive and pro-survival functions” (Lyons et al., 2016). “SGs contain translationally-stalled mRNAs, associated preinitiation factors, specific RNA-binding proteins and signaling molecules” (Advani and Ivanov 2020). “In response to oxidative stress, ANG first cleaves the conserved CCA-end of all tRNAs to remove associated amino acids, and only then cleaves the anticodon loop” (Shigematsu and Kirino2020). “Based on in vitro studies it is demonstrated that tRNAs with cleaved CCA ends can serve as substrates for TRNT1 (CCA-adding enzyme) allowing repair of CCA ends when stress is relieved” (Pawar et al., 2019).
4.2.Diverse tRNA fragments (tRFs)
[bookmark: _GoBack]“tRFs are fragments of tRNA or pre-tRNA that are typically shorter than tRNA halves (~12 30 nucleotides)” (Liapi, et al., 2020). “Mature tRNAs have a 5′-monophosphate group and 3′-CCA charged with cognate amino acid. All nuclear-encoded tRNAs have four base-paired stems (in 5′- 3′-direction: D arm, anticodon arm, T arm, and acceptor stem) bridging the conserved D-loop, tRNA-specific anticodon loop, variable loop and T-loop” (Biela et al., 2023). “Compared to mature tRNAs, pre-tRNAs lack the CCA tail but include a 5′-leader starting with triphosphate, a 3′-trailer with an oligouridine stretch and, a variable-sized intron” (Fu et al., 2015). “Mature tRNAs can give rise to 5′-tRFs and 3′ CCA-tRFs that are produced by cleavage of tRNA in the D-loop and in/near the T-loop, respectively” (Panstruga and Spanu 2024). “5′-tRFs are 19–21nt fragments that are formed by specific cleavage after conserved nucleotides G18-G19 in the D-loop.” (Lalande et al., 2020). “Interestingly, the abundance of selected 5′-tRF species (e.g. derived from tRNAsGln/Lys/Val/Arg) in HeLa cells is comparable to the levels of abundant microRNAs such as miR-21 or members of let-7 family” (Cole et al., 2009). “Similarly, the abundance of selected 5′ tRFs (e.g. derived from tRNAsGlu/Ser/Leu/Gln) in prostate cancer cell lines is greater than more than 90% of individual microRNAs in these cells” (Lee et al., 2009). Dicer significantly decreases the abundance of 5′-tRFs; they are processed from larger tRNA intermediates selected 5′-tRFs. The 3′ CCA-tRFs are tRNA fragments characterized by the presence of a universal CCA trinucleotide at their 3′-ends and are produced from mature tRNAs by cleavage in the T-loop (Gong, et al., 2023). The biogenesis of 3′CCA-tRFs is proposed to be both Dicer-dependent and can also be processed to produce fragments containing 5′-leader, 3′-trailer or intron-derived sequences. The best-studied pre-tRNA-derived fragments belong to so-called 3′U-tRFs (19–25 nt) that include the 3′-trailer from pre-tRNA followed by a 2–6 nt oligouridine stretch produced by terminating RNA polymerase III.
4.3.Other classes of fragmented tRNAs
“Mammalian intron-containing pre-tRNAs also produce a distinct subset of relatively stable tRFs. Some of these tRFs are splicing products of pre-tRNAs that lack leader and trailer sequences” (Kim et al., 2020). “Although these fragments resemble tRNA halves, they are concentrated in the nucleus rather than the cytoplasm. Much larger tRFs containing 5′-leader sequences followed by the entire 5′-exon of pre-tRNA (5′-leader-exon-tRF, e.g. produced from pre-tRNATyr/Arg) are predominantly nuclear and induced by oxidative stress in an ANG-independent manner” (Cao et al., 202). “In some pathological conditions, accumulation of relatively abundant linear introns derived from pre-tRNA is also observed” (Shin, et al., 2021). “Additional tRFs (e.g. derived from pre-tRNAIle/Tyr) containing 5′-trailer sequences followed by a partial exon (5′-leader-partial-tRF) or 3′-exon followed by 3′-trailer sequences (3′-partial-exon-trailer) have been reported” (Kumar et al. 2016). However these fragments are less abundant than intron-containing and 5′-leader-exon-tRFs, and their functions are unknown. 
5.0. Roles of tRNA in CNS disorders
“tRNAs distribution in the brain is uniquely distributed in neuronal or neuronal specific types and research data sets reveal distinct expression levels of tRNA, isoacceptor tRNAs. These functions are altered roles across time, sex and age and in CNS health and disease implicating additional impact of this class of RNA in celllar functions. Protein malformation and misfolding disorders are currently the main causes of several CNS diseases as evidenced by decades of research. Mutations in the genes encoding enzymes/proteins in these pathways involved in biogenesis, cellular roles and modifications of tRNA contribute a maor burden of CNS disorders.  We highlight few important roles in this paragraph. Stress-responsive tsRNAs sub types accumulate in neuronal stress granules under diverse stress stimuli and thus blocking mRNAs out of the cellular domains involved in routine translation” (Emara et al., 2010). “Stress-induced tRNA-Ala halves is reported in motor neurons, also this function enables regeneration.However, potentially harmful effect of stress granules is reflected in the enrichment of tsRNAs in the putamen of Huntington’s disease patients”(Creus-Muncunill et al., 2021). “tsRNAs may also function as aptamers, whereby their structural properties determine their binding capacities to proteins or other targets.  Other roles which have major roles in CNS include interaction with RNA binding proteins (RBPs) and decreasing transcript levels tsRNAs transported in extracellular vesicles or associated with carriers, such as ribonucleoproteins or lipoproteins” (Corley et al., 2021).”Regulating ribosome biogenesis and facilitating translation and controlling histone levels and regulating the production of non-coding RNAs”(Itani et al., 2022; ). tsRNAs are pivotal for inter- neuronal communication in Li et al., 2015 reported 5′-tsRNAs in cholinergic synaptic vesicles as an evidence of this observation. For a detailed review the reader is refered to to Katarzyna Winek and Hermona Soreq 2025; Kaiying Yang et al., 2023.
5.1.tRNA fragments in CNS disorders
“ANG mutants possessing reduced ribonuclease (RNase) activity are implicated in the pathogenesis of Amyotrophic Lateral Sclerosis (ALS), a fatal neurodegenerative disease” (Gotte. 2024). “A subset of ALS-associated ANG mutants was also found in PD patients. Recombinant ANG is neuroprotective for cultured motor neurons and administration of ANG to SOD1 (G93A) mice, significantly promotes both life-span and motor function” (Vacchiano et al. 2022). “As most ALS/PD-associated mutations are RNase loss-of-function mutations and ANG-mediated neuroprotection is RNase-dependent, it is speculated that they affect production of tiRNAs required for cell survival” (Sheng et al., 2014). “Mechanistically, formation of tiRNAs may contribute to motor neuron survival via its ability to inhibit apoptosis or promotion of SGs” (Tian, et al., 2022). Paldor et al,2022 performed a more targeted analysis of the PPMI in whole blood samples of idiopathic PD patients and report  age-dependent decline in CNS 3’tRF.In cerebral palsy Simoes et al, 2022 performed small non-coding RNA sequencing on matched serum and CSF samples from patients diagnosed with possible or probable PSP and healthy controls78. “They identified 16 dysregulated tRFs in serum include GlyGCC and GluCTC. Several mutations in the cytosine-5 RNA methyltransferase NSun2 have been identified to cause a syndromic form of intellectual disability (ID) and a Dubowitz-like syndrome in humans” (Gonskikh et al., 2025). “Human NSun2 methylates cytosine residues in the anticodon loop (position C34) and at the intersection of the variable loop and the T arm of tRNA (positions 48/49/50) (Van Haute, et al., 2019). The tRNA targets of NSun2 are limited to a subset of tRNA isotypes (Asp, Glu, Gly, His, Lys and Val)” (Li, et al., 2021). “In the absence of NSun2, these tRNA are non-methylated and prone to accumulate as 5′ tRNA fragments as a result of stress-induced ANG-mediated cleavage” (Su et al., 2019). “tRNA fragments derived from intron-containing tRNAs are also strongly implicated in neurodegeneration. Mutations in the CLP1 gene (R140A) are found in patients with pontocerebellar hypoplasia (PCH), characterized by impaired development of various parts of the brain” (Bilge et al. 2022). “Animal models of CLP1 deficiency (mice and zebrafish) demonstrate developmental and neuromuscular defects. At the cellular level, the R140A mutation leads to the depletion of mature tRNAs, accumulation of unspliced pre-tRNAs in patient-derived neurons and accumulation of linear introns” (Tian, et al., 2022). Recent publications investigating small non-coding RNAs in AD mouse models and AD patient tissues provide evidence of tRF dysregulation in AD. Transgenic mice overexpressing mutant chimeric mouse/human APP (APPswe) and mutant human Presenilin 1 (PSEN1dE9) which develops age-dependent cognitive impairment displayed abundant pathological A40-42 inclusions and dysregulated tRFs6 (Jankowsky et al., 2004). A study by Coronel et al, 2012 found that short RNAs of approximately 21nt were generated from the CAG triplet expansion in a Dicer-dependent manner. Abundant “clusters” aligning to Glycine, Alanine, Valine, and Glutamic acid tRNAs were detected in putamen from HD patients. Finally in epilepsy 3 tRFs that are elevated in advance of seizures and return to baseline post-seizure were identified. At a cellular level the tRFs were detected in primary mouse hippocampal neurons, and the tRF levels in the media fell following sustained epileptiform activity induced by magnesium withdrawal (Kuhlmann 2018). Table-1- lists few neurological disorders associated with tsRNAs.These studies implicate the role of tRNA in diverse CNS disorders with cell and phenotype specificity.

6.0. Conclusion
The several pathways which tRNA participates illustrate their flexibillity and metabolic roles that extends beyond ribosomes. Further tRNA's acts a hub which connects environmental inputs to gene expression and cellular outcomes ascribing a “Swiss army knife” epithet to them. The tRNA epitranscriptome links them to immunomodulation, pathogenicity and cellular pathology roles. Defects in tRNA genes, processing and modification enzymes are commonly reported in neurodevelopmental and mitochondrial diseases. The tRNA modifications in diverse organisms, is necessary for the fidelity, precise and efficient translation of proteins. An average of 13 alterations per molecule, implicates scope for errors and aberrations in tRNA modifications and dysregulation contribute to the altered cellular states.Also, several fragmented classess have been reported with altered chemical and physiological roles which are cell type specific. In summary, tRNA is indispensable for normal cellular and physiological roles of a cell due to their robust structure, chemical activation, abundance, and rich information. Further, tRNA is highly susceptible to rewiring in several disease states including Cancer and CNS due to mutations in several genes. Finally,the tRNA are promising biomarkers and therapeutic targets due to several advantages such as sampling in body fluids, detection and indicators of disease states and malleable chemical modifications which facilitate delivery in cellulo as tailored drugs.
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Tables and Figures.
Table-1.Neurological disorders assocaited with tsRNAs modifications (Yang 2023).
	Sl.no
	tRNA
	Condition
	Cell/organ
	Expression and function

	1
	Multiple tsRNAs, tsRNAs from tRNA-Ala
	Huntington’s disease
	Brain, putamen
	Induce disease symptoms in mice after brain injection

	2
	From pre-tRNA Ile introns 
	CLP1 R140H mutation mouse model
	Newborn mice-fibroblasts, brains
	Accumulation of specific tsRNAs

	3
	5’-tsRNA from pre-tRNA-Tyr
	Kinase-dead CLP1 mice 
	Neurons
	Susceptibility to oxidative stress

	4
	tRNAs-Gly and tRNA-Val
	Experimental ischaemic brain injury
	Endothelial cells
	Inhibition of angiogensis

	5
	5’-tsRNA from tRNA-Glu
	Physiological
	Cholinergic synapse, mouse brain
	Secreted in synaptic vesicles

	6
	5’-tsRNAs from tRNA-Ala,tRNA-Gly and tRNA-Glu
	Epilepsy
	Blood
	Increased prior to seizures

	7
	5’-tsRNAs from tRNA-Val
	ALS
	Blood
	Associated with decreased disease progression 

	8
	Mainly 3’-tsRNAs
	Ischaemic stroke
	Blood
	Found in immune compartments, may contribute to regulation of monocytes/macrophages

	9
	tsRNA profile
	MS
	Blood/CSF
	Opposite expression patterns in cellular compartements

	10
	tsRNA profile
	PD
	Blood/CSF
	Sex-specific and disease-associated profiles

	11
	From tRNA-Tyr and tRNA-Arg
	AD
	Brain,cortex 
	Decreased levels and specific modifications linked with disease 

	
	5’-tsRNAs and 3’-tsRNAs
	ALS, FTD and PD mouse models 
	Brain
	ALS:upregulation of ANG -derived 5’-tsRNAs, ALS,FTD: 3’-tsRNSs downregulation
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