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Transfer RNA-derived small RNAs (tsRNAs) are newly discovered noncoding RNAs (ncRNAs). According to the specific cleavage of nucleases at different sites of tRNAs, the produced tsRNAs are divided into tRNA-derived stress-inducible RNAs (tiRNAs) and tRNA-derived fragments (tRFs). tRFs and tiRNAs have essential biological functions, such as mRNA stability regulation, translation regulation and epigenetic regulation, and play significant roles in the occurrence and development of various tumors. Although the roles of tsRNAs in some tumors have been intensively studied, their roles in gastric cancer are still rarely reported. In this review, we focus on recent advances in the generation and classification of tsRNAs, their biological functions, and their roles in gastric cancer. Sixteen articles investigating dysregulated tsRNAs in gastric cancer are summarized. The roles of 17 tsRNAs are summarized, of which 9 were upregulated and 8 were downregulated compared with controls. Aberrant regulation of tsRNAs was closely related to the main clinicopathological factors of gastric cancer, such as lymph node metastasis, Tumor-Node-Metastasis (TNM) stage, tumor size, and vascular invasion. tsRNAs participate in the progression of gastric cancer by regulating the PTEN/PI3K/AKT, MAPK, Wnt, and p53 signaling pathways. The available literature suggests the potential of using tsRNAs as clinical biomarkers for gastric cancer diagnosis and prognosis and as therapeutic targets for gastric cancer treatment.
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1 Introduction

Gastric cancer (GC), the fourth most common cause of tumor-associated death, poses a severe threat to human health worldwide, especially in East Asia (1). The initial symptoms of gastric cancer are not specific or obvious, so most patients have already reached an advanced stage at the time of diagnosis and thus miss the optimal treatment period. Therefore, finding biomarkers that can identify early GC and new targets for GC treatment is of great significance.

Transfer RNA-derived small RNAs (tsRNAs) are newly discovered noncoding RNAs (ncRNAs) that were once mistakenly considered random degradation products of transfer RNAs (tRNAs). In recent years, with the development of high-throughput sequencing technology and advances in bioinformatics analysis, tsRNAs have received increasing attention in cancer research (2, 3). Based on the specific cleavage at different sites of precursor tRNAs or mature tRNAs, the generated tsRNAs are classified into tRNA-derived stress-induced RNAs (tiRNAs) and tRNA-derived fragments (tRFs). Based on the splicing site within the tRNA, tiRNAs can be classified into 5′-tiRNAs and 3′-tiRNAs. tRFs can be classified into tRF-1, tRF-2, tRF-3, tRF-5, and i-tRF. Studies have shown that tRFs and tiRNAs have essential biological functions, such as RNA silencing, translation regulation and epigenetic regulation, and play significant roles in the occurrence and development of various tumors (4, 5). Although the roles of tsRNAs in some tumors have been intensively studied, their roles in GC are still rarely reported.

In this review, we focus on the recent advances in the generation and classification of tsRNAs, their biological functions, and their roles in gastric cancer. We also discuss the potential of using tsRNAs as clinical biomarkers for cancer diagnosis and prognosis and as therapeutic targets for cancer treatment.




2 Biogenesis and discovery of tsRNAs



2.1 Classification of tRFs and tiRNAs

tRNAs, which have a secondary cloverleaf structure containing three hairpin loops: a D loop, an anti-codon loop, and a TψC loop, play important roles in protein biosynthesis. In recent years, precursor tRNAs, also called mature tRNAs, have been shown to be specifically cleaved to produce a new class of ncRNAs, namely, tsRNAs, which can be divided into tiRNAs and tRFs according to their cleavage sites (5). With the application and development of RNA high-throughput sequencing and analysis, more and more tsRNAs have been discovered (6). The high-throughput sequencing approaches work well for more types of RNAs, such as messenger RNA (mRNA), long ncRNA, microRNA (miRNA), or fragments derived from ribosomal RNA, small nuclear RNA, and small nucleolar RNA (7). Recently, a novel tsRNA- and ribosomal RNA-derived small RNAs (rsRNAs) - friendly small ncRNA sequencing method named PANDORA-Seq (panoramic RNA display by overcoming RNA modification aborted sequencing) has been established, which expands our knowledge on the biogenesis and functions of tsRNAs and rsRNAs, as well as the regulatory roles of various RNA modifications (8).




2.1.1 tiRNAs

tiRNAs, with lengths of 31-40 nucleotides (nt), are generated by cleaving of the anticodon loop of the mature tRNA by angiogenin (ANG) under stress conditions, particularly nutritional deficiency, hypoxia, heat shock, and oxidative stress (9–11). Therefore, tiRNAs are also called tRNA-derived stress-inducible RNAs and tRNA halves. Based on whether the 5′ or 3′ sequencer of the anticodon cleavage position is included, tiRNAs are classified into two basic types: 5′-tiRNAs (including the 5′ end of the mature tRNA to the terminus of the anticodon loop) and 3′-tiRNAs (including the anticodon loop to the 3′ end of the mature tRNA) (Figure 1) (9, 11). According to a recent study, it was found that ANG is not the only ribonuclease to produce tiRNAs because the production of some tiRNAs is dependent on RNase L cleavage (12). In addition, the other type of tRNA halves called sex hormone-dependent tRNA-derived RNAs (SHOT-RNAs), which are not induced by various stress stimuli but rather by hormones and are cleaved by ANG, can be highly expressed in hormone receptor-positive breast and prostate cancer cells (13).




Figure 1 | The main classification of tRNA-derived fragments (tRFs) and tRNA halves (tiRNAs). In the figure, the tRNA sources of tRFs and tiRNAs are shown, with the color of the tRNA source matching that of the ncRNA product (9).





2.1.2 tRFs

tRFs have a similar length to miRNAs, approximately 14-30 nt, and can be classified into different types based on their original site in these molecules: tRF-1, tRF-2, tRF-3, tRF-5 and i-tRF (Figure 1) (4). tRF-1s are small fragments derived from the 3′ tails of pre-tRNAs and are cleaved by RNase Z or ELAC2 (14, 15). tRF-2s are derived from the decomposition of anticodon loops of tRNAs (6, 15). tRF-3s are derived from the T-loop of the 3′-ends of mature tRNA and are cleaved by ANG and Dicer; they can be further divided into tRF-3a (18 nt) and tRF-3b (22 nt) molecules (4, 14). tRF-5s are produced by Dicer cutting the D loop of tRNA; they can be further divided into tRF-5a (14 nt-16 nt), tRF-5b (22 nt-24 nt) and tRF-5c (28 nt-30 nt) (4, 14). i-tRFs are derived from the anticodon loop of mature tRNAs and sections of the D-loop and T-loop (3, 14, 15).





2.2 Nomenclature and databases of tsRNAs

To date, the naming rules of tsRNAs are not consistent, and tRFs are currently more intensively studied than tiRNAs. To promote research and scholarly communication, scientists have created various databases of tsRNAs (Table 1), including tRFdb, tDRmapper, tRF2Cancer, MINTmap, MINTbase v2.0, PtRFdb, tRex, tRFexplorer, OncotRF, tsRBase, tRFtarget, and tsRFun (16–27). Additionally, a novel optimized bioinformatic tool, SPORTS1.0 (https://github.com/junchaoshi/sports1.0) can annotate and profile tsRNAs from small RNA (sRNA) sequencing data across a wide range of species and predict potential RNA modification sites based on nucleotide mismatches within sRNAs (28).


Table 1 | tsRNA databases.



Currently, there are differences in the nomenclature of tsRNAs in different databases and studies (16, 20, 29, 30). In the tRFdb database, tRFs of each organism are named in the order in which they were identified, with the first tRF-5 named 5001, the first tRF-3 named 3001, and the first tRF-1 named 1001. Also, the tRF-5s with lengths of 15, 22 and 31 nt are attached with “a”, “b” or “c”, respectively, and the tRF-3s with lengths of 18 and 22 nt are attached with “a” and “b”, respectively (e.g., tRF-3019a, tRF-3017A) (16). The TDRmapper database provides a name for each tsRNA containing three components that indicate the parent tRNA “family” from which it is derived, the size, and the region in the mature or pre-tRNA from which it is derived (17). MINTbase v2.0 derives a unique license plate name for each tRF based on the sequence (e.g., tRF-19-3L7L73JD) (20). In addition, in some studies, tRFs are also named by their length (e.g., tRF-25) (31, 32).

In conclusion, scholars have continued to study databases on tsRNAs in recent years, discovering an increasing number of tsRNAs and exploring their mechanisms of action. However, establishing a standardized nomenclature rule for tiRNAs and tRFs has faced several problems, including the extensive chemical modifications of tRNAs, difficulty in obtaining the exact origin of tsRNAs, and the fact that only a few tsRNAs have been experimentally validated (30).

In order to facilitate understanding and memory, a new and consistent naming method based on the structure and sequence of tsRNAs will be adopted in this paper. Taking “tRF -+1: T18 Arg ACG-3-M1-17: C>A” as an example, the name can be divided into 5 parts: tRF, +1: T18, Arg ACG-3, M1, 17: C>A. The first component of the name indicates the types of tsRNAs, which can be divided into tRFs and tiRNAs, and “tsRNA” means those not included in the databases. The second component of the name indicates the region in the mature or pre-tRNA from which the read is derived, which includes three situations that “1:18”, “+1:T18” and “-1:L18”, representing tsRNAs alignment to the 1:18 base of mature tRNA, to the 1:18 base of pre-tRNA 3’tailer, and to the 1:18 base of pre-tRNA 5’leader, respectively. The third part of the name, “Arg ACG-3”, where “Arg” is short for the tRNA amino acid, “ACG” is the anti-codon and “3” is a unique identifier for each tRNA family, represents the tRNA from which tsRNA is derived. The fourth component of the name, “M1”, refers to the comparison of the tsRNA to several tRNAs. If the tsRNA is compared to three tRNAs, it is written as “M3”. The last component of the name is “17:C> A”, where “17” indicates the mutation of the base after base 17 on the tsRNA (i.e., base 18) and “C> A” means that the corresponding base on the tRNA is “C”, while the corresponding base on the tsRNA is “A”.





3 Biological functions of tsRNAs

Studies have shown that tsRNAs have a wide range of biological functions, including regulating the stability of mRNA, translation regulation, and epigenetic regulation (2–4, 15). The biological functions of tsRNAs are very complex and require further elucidation. The biological functions and molecular mechanisms studied more thoroughly in recent years are summarized as follows.



3.1 Regulating the stability of mRNA

tsRNAs can regulate the stability of mRNAs. On the one hand, some tsRNAs exhibit the same sequences as miRNAs with similar mechanisms of action (15). Huang et al. found that tRF derived from tRNALeu was comparable in sequence to miR-1280 derived from pre-miRNA and inhibited the Notch signaling pathway by directly interacting with the JAG2 mRNA 3′ untranslated region (UTR), thereby inhibiting the proliferation of colorectal cancer cells (33). Some tsRNAs form an RNA-induced silencing complex (RISC) with Argonaute (AGO) proteins in a manner similar to how miRNAs silence mRNA, suggesting that tsRNAs may play a major role in RNA silencing (34). On the other hand, tRFs can bind to RNA-binding proteins (RBPs) and posttranscriptionally regulate gene expression, and RBPs interact with targeted RNAs to control their stability (15). YBX1 is an RBP that is highly overexpressed in several types of cancers. Goodarzi et al. found that under the induction of hypoxic stress in breast cancer cells, some tRFs derived from tRNAAsp, tRNAGlu, tRNAGly and tRNATyr can suppress the stability of multiple oncogenic transcripts by displacing their 3’ UTR from the RBP YBX1 and eventually inhibit the proliferation of breast cancer cells (35).




3.2 Translation regulation

tsRNAs can regulate translation levels. A recent study found that LeuCAG3’tsRNA enhances translation by promoting ribosome biogenesis (36). Keam et al. also proposed that the 5’ tRF Gln19 interacts with the human multisynthetase complex (MSC) and increases ribosomal and poly(A)-binding protein translation (37). On the other hand, tsRNAs can inhibit translation by interfering with translation initiation and elongation. Lyons et al. found that G4-tiRNA disrupts the assembly of the 40S ribosomal subunit by directly targeting the HEAT1 structural domain of eIF4G, a major scaffolding protein necessary for translation initiation, ultimately inhibiting translation initiation (38). In addition, Gebetsberger et al. showed that a tRF-5 derived from a valine tRNA-derived fragment (Val-tRF) under certain stress conditions in the halophilic archaeon Haloferax volcanii competes with mRNA for binding to the small ribosomal subunit, thus affecting translation initiation and inhibiting subsequent protein biosynthesis (39).




3.3 Epigenetic regulation

Some studies have shown that tsRNAs can act as epigenetic regulators to maintain genome stability by targeting and inhibiting transposable elements (TEs) (40). TEs are DNA sequences that can “move” from one location in the genome to another, and the movement of TEs driven by intact and active transposons is highly mutagenic and must be tightly controlled (41). Therefore, the transcription of TEs is often repressed by epigenetic marks, such as histone modification and DNA methylation (41). Studies have shown that some tRF-3s of 18 and 22 nt in length derived from mature mouse tRNAs could match endogenous retroviruses (ERVs) of long terminal repeats (LTRs), and 22 nt tRFs posttranscriptionally silenced coding-competent ERVs, while 18 nt tRFs specifically interfered with reverse transcription and retrotransposon mobility (42, 43). In addition, Chen et al. revealed that injecting tsRNA fractions from the sperm of male mice fed a high-fat diet into normal zygotes led to metabolic disorders in F1 offspring and altered the gene expression of metabolic pathways in the early embryos and islets of F1 offspring, which was unrelated to DNA methylation at CpG enrichment regions, indicating that sperm tsRNAs represent a paternal epigenetic factor that may mediate the intergenerational inheritance of diet-induced metabolic disorders (44). Zhang et al. revealed that deletion of a mouse tRNA methyltransferase, DNMT2, altered the sperm small RNA expression profile, including levels of tsRNAs and rsRNAs, and abolished sperm small ncRNA-mediated transmission of high-fat-diet-induced metabolic disorders to offspring (45). Recently, Boskovic et al. discovered a specific tRF-5, tRF-Gly-GCC, which plays a role in the production of a variety of ncRNAs. The regulation of U7 snRNA by tRF-Gly-GCC modulates heterochromatin-mediated transcriptional repression of MERVL elements by supporting the production of a sufficient amount of histone proteins (46).





4 Roles of tsRNAs in gastric cancer

Growing evidence indicates that tsRNAs play essential roles in tumor development and progression, and their dysregulated expression has some clinical value. In this review, using PubMed, we identified 16 articles published between 2015 and 2022 on dysregulated tsRNAs in GC, involving a total of 17 tsRNAs, of which 9 were upregulated and 8 were downregulated. The potential value of tsRNAs in diagnosing and treating GC is now comprehensively described according to their potential clinical value and the degree of research on their mechanisms. Furthermore, their underlying mechanisms of action in GC were analyzed in depth (Tables 2, 3).


Table 2 | The clinical value of upregulated tsRNAs in GC and the underlying mechanism.




Table 3 | The clinical value of downregulated tsRNAs in GC and the underlying mechanism.





4.1 The roles of tsRNAs as biomarkers for cancer diagnosis and prognosis

The tsRNAs reported in the literature, whether upregulated or downregulated, have potential clinical value.



4.1.1 Abnormally high expression of tsRNAs as biomarkers in GC

Huang et al. discovered that tsRNA-32:62-chrM.tRNA2-ValTAC exists stably in GC cells, tissues, and serum (47). The levels of tsRNA-32:62-chrM.tRNA2-ValTAC in serum, tumor tissues, and GC cell lines are considerably higher than those in samples from normal physical examination populations and gastritis patients, para-cancerous tissues, and normal gastric epithelial cells. The study found that the expression of serum tsRNA-32:62-chrM.tRNA2-ValTAC in GC patients decreased significantly after the operation. The survival time of patients with high expression of this tRF was significantly shorter than that of patients with low expression. Its high expression is positively correlated with tumor invasion, vascular invasion, Tumor-Node-Metastasis (TNM) stage, and lymph node metastasis. On the other hand, compared with conventional markers, such as CEA, CA199 and CA724, tsRNA-32:62-chrM.tRNA2-ValTAC has higher sensitivity and specificity in the differentiation and diagnosis of malignant and benign gastric tumors. The combined use of tsRNA-32:62-chrM.tRNA2-ValTAC with CEA, CA199 and CA724 has more diagnostic potency and good clinical application potential (47).

Gu et al. revealed that the serum levels of tRF-1:29-Gln-TTG-1-M3 show a gradient change among GC patients, gastritis patients, and healthy donors (48). The increased tRF-1:29-Gln-TTG-1-M3 levels are positively linked to differentiation grade, T stage, lymph node status, and TNM stage. TRF-1:29-Gln-TTG-1-M3 belongs to tRF-5, which is mainly located in the nucleus, and is continuously secreted in tumor cells with good stability and specificity. Receiver operating characteristic (ROC) analysis showed that the serum expression level of tRF-1:29-Gln-TTG-1-M3 can significantly distinguish GC patients from healthy donors or gastritis patients. The sensitivity of tRF-1:29-Gln-TTG-1-M3, CEA, and CA199 in the joint diagnosis of GC is 90%, while that of tRF-1:29-Gln-TTG-1-M3 and CA724 in the joint diagnosis of GC is 82%, which are both higher than the sensitivity of a single tumor marker. Meanwhile, through the analysis of the postoperative survival curve and the expression level of tRF-1:29-Gln-TTG-1-M3 in GC patients, investigators found that tRF-1:29-Gln-TTG-1-M3 can be monitored dynamically in GC patients after the operation. In addition, there is no significant correlation between Helicobacter pylori infection and the expression level of tRF-1:29-Gln-TTG-1-M3 (48).

Zhang et al. found that the differential expression of tRF-1:23-Val-CAC-2 in the serum of GC patients is higher than that of gastritis patients and healthy donors, which can clearly distinguish GC patients from gastritis patients and healthy people (49). The investigators found that serum tRF-1:23-Val-CAC-2 expression levels are significantly reduced in GC patients after the operation, and low expression of the tRF is associated with a prolonged overall survival (OS). High expression is positively correlated with T stage, lymph node metastasis, TNM stage, and neurological/vascular invasion. ROC analysis showed that tRF-1:23-Val-CAC-2 is more effective for early GC diagnosis than the conventional GC biomarkers CEA, CA199 and CA724, and the combination of the tRF and the conventional biomarkers further improves the diagnostic efficiency (49).

Zhang et al. demonstrated that tRF-58:75-Ala-AGC-1 is significantly upregulated in GC tissues and cell lines, and its high expression is correlated with TNM stage, histological grade, and lymph node metastasis (50). Furthermore, ROC analysis showed that tRF-58:75-Ala-AGC-1 could distinguish GC tissue from nontumor adjacent tissues (NATs) with an area under the ROC curve (AUC) of 0.689. Although the diagnostic potential of tRF-58:75-Ala-AGC-1 seems unsatisfactory, it is still superior to previously reported values for CEA (AUC=0.583) and CA199 (AUC=0.585) (50).

Lin et al. discovered that the expression levels of tRF-25 (tRF-52:76-Val-AAC-1-M3), tRF-18 (tRF-59:76-Val-AAC-1-M5), and tRF-38 (tsRNA-39:74-tRNA-Val-AAC-1-M3) in plasma exosomes of GC patients are considerably higher than those of healthy controls (31). The authors developed a GC diagnostic model containing three tRFs (tRF-52:76-Val-AAC-1-M3, tRF-59:76-Val-AAC-1-M5, and tsRNA-39:74-tRNA-Val-AAC-1-M3) with a mean AUC of 0.815, demonstrating greater sensitivity and specificity for GC diagnosis than the commonly used clinical markers and each of the three tRF biomarkers. The results suggested that plasma exosome tRF-52:76-Val-AAC-1-M3, tRF-59:76-Val-AAC-1-M5, and tsRNA-39:74-tRNA-Val-AAC-1-M3 are biomarkers for GC diagnosis and prognosis and help to identify and diagnose GC patients with a high risk of recurrence and poor prognosis (31, 62).




4.1.2 Abnormally low expression of tsRNAs as biomarkers in GC

Zhu et al. found that the expression of tiRNA-50:84-Glu-TTC-2 is downregulated in GC tissues, plasma and GC cell lines, and its level is closely related to tumor size (53). The AUCs of tiRNA-50:84-Glu-TTC-2 in tissue and plasma were 0.779 and 0.835, respectively. When tissues and plasma were used in combination, tiRNA-50:84-Glu-TTC-2 showed a sensitivity, specificity, and AUC of 84.7%, 92.8%, and 0.915, respectively. The OS of patients with lower expression of tiRNA-50:84-Glu-TTC-2 was considerably lower than that of patients with higher expression. Univariate analysis indicated that TNM stage, lymphatic metastasis, and tiRNA-50:84-Glu-TTC-2 expression in tissues are associated with OS, while multivariate analysis revealed that lymphatic metastasis is a detrimental factor for OS (53).

Zhu et al. found that tsRNA-1:18-tRNA-Val-AAC-1-M8 (tRF-18-79MP9P04) is downregulated in GC tissues, plasma samples and GC cell lines, and its levels are considerably associated with OS, tumor size, TNM stage, and lymph node metastasis (54). Animal experiments showed that high concentrations of tsRNA-1:18-tRNA-Val-AAC-1-M8 can effectively inhibit tumor growth in mice. ROC analysis showed that the combination of tissue and plasma tsRNA-1:18-tRNA-Val-AAC-1-M8 as a GC biomarker significantly improves the diagnostic efficiency with an AUC of 0.908 and a sensitivity and specificity of 94.6% and 81.1%, respectively, indicating that tsRNA-1:18-tRNA-Val-AAC-1-M8 can distinguish GC patients from healthy people (54).

Studies found that the AUCs of tRF-1:24-chrM.Gln-TTG and tiRNA-1:34-Val-CAC-2 to differentiate GC tissues from NATs are 0.871 and 0.748, respectively (56, 57). tRF-1:24-chrM.Gln-TTG has good sensitivity and specificity, and the level of tiRNA-1:34-Val-CAC-2 is correlated with TNM stage (56, 57). Additionally, the expression of tsRNA-5:23-tRNA-Val-AAC-1-M7 is downregulated in the plasma of GC patients, and its expression is correlated with tumor size, with an AUC of 0.623 for GC diagnosis (60).

tsRNAs are stable and highly enriched in plasma with good sensitivity and specificity. As shown in Table 4, tsRNAs have higher diagnostic potency than conventional biomarkers, and tsRNAs in combination with conventional biomarkers show even more significant diagnostic potency. In summary, recent studies found that tsRNA-32:62-chrM.tRNA2-ValTAC, tRF-1:29-Gln-TTG-1-M3, tRF-1:23-Val-CAC-2, tsRNA-39:74-tRNA-Val-AAC-1-M3, tRF-52:76-Val-AAC-1-M3, tRF-59:76-Val-AAC-1-M5 and tRF-58:75-Ala-AGC-1 are significantly upregulated in serum, exosomes and tissues of GC, while tiRNA-50:84-Glu-TTC-2, tsRNA-1:18-tRNA-Val-AAC-1-M8, tRF-1:24-chrM.Gln-TTG, tiRNA-1:34-Val-CAC-2, and tsRNA-5:23-tRNA-Val-AAC-1-M7 are downregulated in tissues and plasma of GC patients (Table 4). The differential expression of tsRNAs was closely correlated with the clinicopathological factors of GC, with tsRNAs being highly correlated with lymph node metastasis, TNM stage, tumor size, and vascular invasion (Figure 2). In conclusion, tsRNAs could serve as novel biomarkers for GC diagnosis.


Table 4 | Diagnostic value of tsRNAs as biomarkers in GC.






Figure 2 | Expression of tsRNAs as biomarkers and correlation with clinicopathological factors. Summarizing the upregulated and downregulated tsRNAs as biomarkers in gastric cancer, the abnormal expression of tsRNAs is closely related to the main clinicopathologic factors of gastric cancer, such as lymph node metastasis, TNM stage, tumor size, and vascular invasion. TNM, Tumor-Node-Metastasis.







4.2 Mechanisms of tsRNA regulation of GC progression and their potential targets for GC diagnosis and treatment



4.2.1 tsRNAs promote GC progression

Zhang et al. revealed that the upregulated tRF-58:75-Ala-AGC-1 interacts with the AGO2 protein to form a complex and suppress the expression of the target gene FBXO47 by directly binding to the 3’UTR of the tumor suppressor gene FBXO47, which silences the tumor suppressor effect of FBXO47 and further promotes GC cell proliferation, migration and invasion (50).

Tong et al. found that tRF-58:76-Val-TAC-1-M2 is upregulated in GC tissues and cell lines (51). The upregulated tRF-58:76-Val-TAC-1-M2 forms an RISC with the AGO2 protein, which promotes the migration and invasion of GC cells by directly binding to the 3’UTR of the tumor suppressor gene NELL2 and silencing the tumor suppressor effect of the NELL2 gene via a mechanism similar to that of miRNA-mediated target gene silencing (51).

Cui et al. showed that tRF-60:76-Val-CAC-2 is significantly upregulated in GC tissues and cell lines (52). tRF-60:76-Val-CAC-2 mediates its translocation into the nucleus by binding to the chaperone molecule EEF1A1, thereby facilitating its interaction with the MDM2-p53 complex and promoting the phosphorylation of MDM2 to enhance the nuclear localization and ubiquitin ligase activity of MDM2. This results in inhibition of the downstream molecular pathway of the tumor suppressor p53, which promotes proliferation and invasion and inhibits apoptosis in GC cells (52, 63).




4.2.2 tsRNAs inhibit GC progression

Zhu et al. discovered that tsRNA-1:18-tRNA-Val-AAC-1-M8 is downregulated in GC cells (54). Increasing tsRNA-1:18-tRNA-Val-AAC-1-M8 levels in both normal and cancerous gastric mucosal epithelial cells results in a G0/G1 block, which arrests the cell cycle and inhibits migration and cell proliferation (54). In addition, tsRNA-1:18-tRNA-Val-AAC-1-M8 is negatively regulated by the PTEN/PI3K/AKT signaling pathway. Low levels of tsRNA-1:18-tRNA-Val-AAC-1-M8 lead to low levels of PTEN as well as elevated levels of PI3K and AKT, which suggests that tsRNA-1:18-tRNA-Val-AAC-1-M8 may exert its tumor suppressor effect through the PTEN/PI3K/AKT signaling pathway (54).

Wang et al. demonstrated that tRF-1:24-chrM.Gln-TTG expression is significantly downregulated in GC tissues, and animal experiments showed that low levels of tRF-1:24-chrM.Gln-TTG significantly promote tumor growth capacity in mice (55). tRF-1:24-chrM.Gln-TTG can function as a miRNA-like fragment, bind to the AGO2 protein, and directly silence the expression of GPR78, a member of the G-protein-coupled receptor superfamily, by complementing the 3’UTR of GPR78 mRNA, thereby inhibiting the proliferation, invasion and metastasis of GC cells and promoting their apoptosis (55). In another study, Dong et al. constructed a network of tRF-1:24-chrM.Gln-TTG target genes involved in cancer development and metastasis, such as ErbB (ErbB2), MAPK (MAP3K7, MAP2K3, MAPK8IP1, MAPK8IP2, MAPK8IP3, etc.), Wnt/β-catenin (WNT4, WNT10A, WNT3A, etc.), and chemokines (CXCR5, CXCR3, CX3CL1, CX3CR1, CXCL9, etc.) by biomimetic analysis (56). The investigators discovered that tRF-1:24-chrM.Gln-TTG further inhibits GC cell proliferation, migration and invasion by downregulating the expression of CCND2, FZD3 and VANGL1 to participate in the Wnt pathway while promoting apoptosis. In addition, tRF-1:24-chrM.Gln-TTG can significantly enrich MAPK. It was speculated that it may participate in the critical process of tumor progression through the p38 MAPK signaling pathway and may also participate in the occurrence and metastasis of GC by targeting organs, lymphatic circulation, Th1/Th2 cell differentiation and inflammation (56).

Zheng et al. found that a 5′-tiRNA named tiRNA-1:34-Val-CAC-2 is significantly downregulated in GC cells and tissues and inhibits GC cell proliferation and metastasis (57). The upregulated tiRNA-1:34-Val-CAC-2 promotes its interaction with the AGO2 protein to silence the expression of LRP6, an essential membrane protein receptor of the Wnt/β-catenin signaling pathway, by targeting LRP6 mRNA in a miRNA-like manner and further inhibits the metastasis and proliferation of GC cells and promotes the apoptosis of GC cells through the Wnt/β-catenin signaling pathway (57).

Xu et al. disclosed that tRF-+1:T17-Glu-TTC-2-2 is significantly downregulated in GC tissues and cells, and animal experiments showed that tRF-+1:T17-Glu-TTC-2-2 could significantly reduce the capacity of tumor growth in mice (58). The upregulated tRF-+1:T17-Glu-TTC-2-2 inhibits the MAPK signaling pathway by downregulating the expression of ERK1/2, JNK and p38, thus significantly inhibiting the proliferation, migration and invasion of GC cells both in vitro and in vivo (58).

Xu et al. also found that tRF-+1:T15-Val-CAC-1 is significantly expressed at low levels in GC cell lines and tissues, and animal experiments showed that tRF-+1:T15-Val-CAC-1 could inhibit the proliferation of xenograft tumors in mice (59). tRF-+1:T15-Val-CAC-1 regulates the classical MAPK signaling pathway and inhibits the proliferation of GC cells by interacting with the AGO2 protein and then silencing the expression of the oncogenic gene CACNA1d (59).

Shen et al. revealed that tsRNA-5:23-tRNA-Val-AAC-1-M7 shows lower expression in GC patient plasma samples and GC cell lines, and the upregulated expression of tsRNA-5:23-tRNA-Val-AAC-1-M7 arrests GC cells at the G0/G1 phase, thereby inhibiting their migration and proliferation and promoting GC cell apoptosis (60).

Shen et al. also found that tiRNA-1:33-Gly-GCC-1 is downregulated in cell lines and plasma of GC patients (61). The upregulated expression of tiRNA-1:33-Gly-GCC-1 inhibits GC cell proliferation by arresting GC cells at the G0/G1 phase, and it also inhibits GC cell migration and promotes apoptosis (61).

In summary, tsRNAs play an essential role in tumorigenesis and development (Figure 3). We found that tRF-58:75-Ala-AGC-1, tRF-58:76-Val-TAC-1-M2, tRF-+1:T15-Val-CAC-1, tRF-1:24-chrM.Gln-TTG and tiRNA-1:34-Val-CAC-2 have a common feature, that is, they can bind to the AGO2 protein as miRNA-like fragments to silence the expression of target genes and affect the progression of GC (Figure 3). Among them, tRF-58:75-Ala-AGC-1 and tRF-58:76-Val-TAC-1-M2 specifically bind to the 3’UTR of FBXO47 and NELL2 to form an RISC by interacting with AGO2 and negatively regulate FBXO47 and NELL2 expression to promote GC progression, respectively. tRF-+1:T15-Val-CAC-1 and tRF-1:24-chrM.Gln-TTG complement the 3’UTR of CACNA1d and GPR78 mRNA, and interact with the AGO2 protein and then silence the expression of CACNA1d and GPR78 to inhibit GC progression, respectively. It has been proved that tiRNA-1:34-Val-CAC-2 is regulated by LRP6 by binding to AGO2, and a 3’UTR regulatory site has also been detected, but the correlation between tiRNA-1:34-Val-CAC-2 and 3’UTR of LRP6 has not been explained. Additionally, there is another different mode of action. tRF-60:76-Val-CAC-2 directly binds to the chaperone molecule EEF1A1 and promotes its interaction with MDM2 to inhibit the downstream molecular pathway of p53 and promote GC progression. The researchers only found the effect of tsRNA-5:23-tRNA-Val-AAC-1-M7 and tiRNA-1:33-Gly-GCC-1 on the biological function of gastric cancer and did not explore its regulatory mechanism. Moreover, studies about tsRNA-1:18-tRNA-Val-AAC-1-M8 and tRF-+1:T17-Glu-TTC-2-2 also only discovered the tsRNAs can regulate some important signaling pathways and did not reveal the mechanisms of their action. The other tsRNAs related to GC in our paper were only verified as biomarkers, without in-depth investigation of their mechanisms. There are also some interesting findings that tRF-3a is the main upregulated type of tsRNA in GC, while tRF-5a and tRF-5c are the main downregulated types, suggesting that tRF-3a may play an essential role in the development of GC (52). However, more data is needed to confirm this hypothesis due to the inadequacy of currently available data. These studies suggest that tsRNAs may serve as promising therapeutic targets and biomarkers of GC. Further exploration of tsRNA-related pathways is necessary to establish the GC regulatory network of tsRNAs to help clinicians better diagnose and treat GC.




Figure 3 | The mechanism of tsRNAs in GC. tsRNAs regulate the PTEN/PI3K/AKT, MAPK, Wnt and p53 signaling pathways by interacting with the AGO2 protein to silence the expression of oncogenes or tumor suppressor genes and other pathways, thus promoting or inhibiting the progression of GC. AGO2, Argonaute 2; GC, gastric cancer.








5 Summary and perspectives

With the in-depth exploration of the biological functions and mechanisms of tsRNAs, they are increasingly considered therapeutic targets and new biomarkers for cancer (53). In this report, we review the recent progress in the generation and classification of tsRNAs, their biological functions and their roles in GC and summarize the 17 tsRNAs that have been identified to be upregulated and downregulated in GC, providing evidence to support the clinical value of tsRNAs in GC. However, there are several limitations of the existing studies. First, there are differences in the nomenclature of tsRNAs in different databases and studies, which is an obstacle for summarizing tsRNAs; thus, a standardized nomenclature rule and a high-coverage database are needed for a more concise understanding of tsRNAs. Second, the mechanism of tsRNA dysregulation in GC needs to be studied more deeply, especially in regards to tiRNAs, the data for which are insufficient; the current research is mostly focused on miRNA-like mechanisms of action. Third, the involved signaling pathways only include the Wnt/β-catenin, MAPK, PTEN/PI3K/AKT and p53 signaling pathways. Many studies are needed to confirm the existence of other pathways and fully understand the regulatory network of tsRNAs in GC. Finally, chemotherapy resistance is one of the challenges of GC clinical treatment, and there are no reports of tsRNAs involved in GC resistance mechanisms in the literature. It is still urgent to study whether tsRNAs are involved in drug resistance mechanisms. In conclusion, tsRNAs bring new hope to GC diagnosis and treatment, but further research is needed before they can be put into clinical applications.





Data Availability Statement

Data sharing is not applicable to this article as no new data were created or analyzed in this study.





Author contributions

All authors listed have made a substantial, direct, and intellectual contribution to the work and approved it for publication





Funding

The present study was supported by the Natural Science Foundation of Zhejiang (No. LBY23H200005), the Medical and Health Science and Technology of Zhejiang Province (No. 2020KY811 and 2019KY155).




Acknowledgments

We sincerely thank all workers who contributed to this study.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





References

1. Sung, H, Ferlay, J, Siegel, RL, Laversanne, M, Soerjomataram, I, Jemal, A, et al. Global cancer statistics 2020: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J Clin (2021) 71(3):209–49. doi: 10.3322/caac.21660

2. Yu, M, Lu, B, Zhang, J, Ding, J, Liu, P, and Lu, Y. tRNA-derived RNA fragments in cancer: current status and future perspectives. J Hematol Oncol (2020) 13(1):121. doi: 10.1186/s13045-020-00955-6

3. Fu, BF, and Xu, CY. Transfer RNA-derived small RNAs: novel regulators and biomarkers of cancers. Front Oncol (2022) 12:843598. doi: 10.3389/fonc.2022.843598

4. Xie, Y, Yao, L, Yu, X, Ruan, Y, Li, Z, and Guo, J. Action mechanisms and research methods of tRNA-derived small RNAs. Signal Transduct Target Ther (2020) 5(1):109. doi: 10.1038/s41392-020-00217-4

5. Zhu, L, Ge, J, Li, T, Shen, Y, and Guo, J. tRNA-derived fragments and tRNA halves: the new players in cancers. Cancer Lett (2019) 452:31–7. doi: 10.1016/j.canlet.2019.03.012

6. Kumar, P, Kuscu, C, and Dutta, A. Biogenesis and function of transfer RNA-related fragments (tRFs). Trends Biochem Sci (2016) 41(8):679–89. doi: 10.1016/j.tibs.2016.05.004

7. Zheng, G, Qin, Y, Clark, WC, Dai, Q, Yi, C, He, C, et al. Efficient and quantitative high-throughput tRNA sequencing. Nat Methods (2015) 12(9):835–7. doi: 10.1038/nmeth.3478

8. Shi, J, Zhang, Y, Tan, D, Zhang, X, Yan, M, Zhang, Y, et al. PANDORA-seq expands the repertoire of regulatory small RNAs by overcoming RNA modifications. Nat Cell Biol (2021) 23(4):424–36. doi: 10.1038/s41556-021-00652-7

9. Wang, BG, Yan, LR, Xu, Q, and Zhong, XP. The role of transfer RNA-derived small RNAs (tsRNAs) in digestive system tumors. J Cancer (2020) 11(24):7237–45. doi: 10.7150/jca.46055

10. Jiang, P, and Yan, F. tiRNAs & tRFs biogenesis and regulation of diseases: a review. Curr Med Chem (2019) 26(31):5849–61. doi: 10.2174/0929867326666190124123831

11. Tao, EW, Cheng, WY, Li, WL, Yu, J, and Gao, QY. tiRNAs: a novel class of small noncoding RNAs that helps cells respond to stressors and plays roles in cancer progression. J Cell Physiol (2020) 235(2):683–90. doi: 10.1002/jcp.29057

12. Su, Z, Kuscu, C, Malik, A, Shibata, E, and Dutta, A. Angiogenin generates specific stress-induced tRNA halves and is not involved in tRF-3-mediated gene silencing. J Biol Chem (2019) 294(45):16930–41. doi: 10.1074/jbc.RA119.009272

13. Honda, S, Loher, P, Shigematsu, M, Palazzo, JP, Suzuki, R, Imoto, I, et al. Sex hormone-dependent tRNA halves enhance cell proliferation in breast and prostate cancers. Proc Natl Acad Sci U.S.A. (2015) 112(29):E3816–25. doi: 10.1073/pnas.1510077112

14. Zhang, Y, Qian, H, He, J, and Gao, W. Mechanisms of tRNA-derived fragments and tRNA halves in cancer treatment resistance. biomark Res (2020) 8:52. doi: 10.1186/s40364-020-00233-0

15. Yu, X, Xie, Y, Zhang, S, Song, X, Xiao, B, and Yan, Z. tRNA-derived fragments: mechanisms underlying their regulation of gene expression and potential applications as therapeutic targets in cancers and virus infections. Theranostics (2021) 11(1):461–9. doi: 10.7150/thno.51963

16. Kumar, P, Mudunuri, SB, Anaya, J, and Dutta, A. tRFdb: a database for transfer RNA fragments. Nucleic Acids Res (2015) 43(Database issue):D141–5. doi: 10.1093/nar/gku1138

17. Selitsky, SR, and Sethupathy, P. tDRmapper: challenges and solutions to mapping, naming, and quantifying tRNA-derived RNAs from human small RNA-sequencing data. BMC Bioinf (2015) 16:354. doi: 10.1186/s12859-015-0800-0

18. Zheng, LL, Xu, WL, Liu, S, Sun, WJ, Li, JH, Wu, J, et al. tRF2Cancer: a web server to detect tRNA-derived small RNA fragments (tRFs) and their expression in multiple cancers. Nucleic Acids Res (2016) 44(W1):W185–93. doi: 10.1093/nar/gkw414

19. Loher, P, Telonis, AG, and Rigoutsos, I. MINTmap: fast and exhaustive profiling of nuclear and mitochondrial tRNA fragments from short RNA-seq data. Sci Rep (2017) 7:41184. doi: 10.1038/srep41184

20. Pliatsika, V, Loher, P, Magee, R, Telonis, AG, Londin, E, Shigematsu, M, et al. MINTbase v2.0: a comprehensive database for tRNA-derived fragments that includes nuclear and mitochondrial fragments from all the cancer genome atlas projects. Nucleic Acids Res (2018) 46(D1):D152–9. doi: 10.1093/nar/gkx1075

21. Gupta, N, Singh, A, Zahra, S, and Kumar, S. PtRFdb: a database for plant transfer RNA-derived fragments. Database (Oxford) (2018) 2018:bay063. doi: 10.1093/database/bay063

22. Thompson, A, Zielezinski, A, Plewka, P, Szymanski, M, Nuc, P, Szweykowska-Kulinska, Z, et al. tRex: a web portal for exploration of tRNA-derived fragments in arabidopsis thaliana. Plant Cell Physiol (2018) 59(1):e1. doi: 10.1093/pcp/pcx173

23. La Ferlita, A, Alaimo, S, Veneziano, D, Nigita, G, Balatti, V, Croce, CM, et al. Identification of tRNA-derived ncRNAs in TCGA and NCI-60 panel cell lines and development of the public database tRFexplorer. Database (Oxford) (2019) 2019:baz115. doi: 10.1093/database/baz115

24. Yao, D, Sun, X, Zhou, L, Amanullah, M, Pan, X, Liu, Y, et al. OncotRF: an online resource for exploration of tRNA-derived fragments in human cancers. RNA Biol (2020) 17(8):1081–91. doi: 10.1080/15476286.2020.1776506

25. Zuo, Y, Zhu, L, Guo, Z, Liu, W, Zhang, J, Zeng, Z, et al. tsRBase: a comprehensive database for expression and function of tsRNAs in multiple species. Nucleic Acids Res (2021) 49(D1):D1038–45. doi: 10.1093/nar/gkaa888

26. Li, N, Shan, N, Lu, L, and Wang, Z. tRFtarget: a database for transfer RNA-derived fragment targets. Nucleic Acids Res (2021) 49(D1):D254–60. doi: 10.1093/nar/gkaa831

27. Wang, JH, Chen, WX, Mei, SQ, Yang, YD, Yang, JH, Qu, LH, et al. tsRFun: a comprehensive platform for decoding human tsRNA expression, functions and prognostic value by high-throughput small RNA-seq and CLIP-seq data. Nucleic Acids Res (2022) 50(D1):D421–31. doi: 10.1093/nar/gkab1023

28. Shi, J, Ko, EA, Sanders, KM, Chen, Q, and Zhou, T. SPORTS1.0: a tool for annotating and profiling non-coding RNAs optimized for rRNA- and tRNA-derived small RNAs. Genomics Proteomics Bioinf (2018) 16(2):144–51. doi: 10.1016/j.gpb.2018.04.004

29. Lee, YS, Shibata, Y, Malhotra, A, and Dutta, A. A novel class of small RNAs: tRNA-derived RNA fragments (tRFs). Genes Dev (2009) 23(22):2639–49. doi: 10.1101/gad.1837609

30. Xu, WL, Yang, Y, Wang, YD, Qu, LH, and Zheng, LL. Computational approaches to tRNA-derived small RNAs. Noncoding RNA (2017) 3(1):2. doi: 10.3390/ncrna3010002

31. Lin, C, Zheng, L, Huang, R, Yang, G, Chen, J, and Li, H. tRFs as potential exosome tRNA-derived fragment biomarkers for gastric carcinoma. Clin Lab (2020) 66(6):961–9. doi: 10.7754/Clin.Lab.2019.190811

32. Weng, Q, Wang, Y, Xie, Y, Yu, X, Zhang, S, Ge, J, et al. Extracellular vesicles-associated tRNA-derived fragments (tRFs): biogenesis, biological functions, and their role as potential biomarkers in human diseases. J Mol Med (Berl) (2022) 100(5):679–95. doi: 10.1007/s00109-022-02189-0

33. Huang, B, Yang, H, Cheng, X, Wang, D, Fu, S, Shen, W, et al. tRF/miR-1280 suppresses stem cell-like cells and metastasis in colorectal cancer. Cancer Res (2017) 77(12):3194–206. doi: 10.1158/0008-5472.CAN-16-3146

34. Kumar, P, Anaya, J, Mudunuri, SB, and Dutta, A. Meta-analysis of tRNA derived RNA fragments reveals that they are evolutionarily conserved and associate with AGO proteins to recognize specific RNA targets. BMC Biol (2014) 12:78. doi: 10.1186/s12915-014-0078-0

35. Goodarzi, H, Liu, X, Nguyen, HC, Zhang, S, Fish, L, and Tavazoie, SF. Endogenous tRNA-derived fragments suppress breast cancer progression via YBX1 displacement. Cell (2015) 161(4):790–802. doi: 10.1016/j.cell.2015.02.053

36. Kim, HK, Fuchs, G, Wang, S, Wei, W, Zhang, Y, Park, H, et al. A transfer-RNA-derived small RNA regulates ribosome biogenesis. Nature (2017) 552(7683):57–62. doi: 10.1038/nature25005

37. Keam, SP, Sobala, A, Ten Have, S, and Hutvagner, G. tRNA-derived RNA fragments associate with human multisynthetase complex (MSC) and modulate ribosomal protein translation. J Proteome Res (2017) 16(2):413–20. doi: 10.1021/acs.jproteome.6b00267

38. Lyons, SM, Kharel, P, Akiyama, Y, Ojha, S, Dave, D, Tsvetkov, V, et al. eIF4G has intrinsic G-quadruplex binding activity that is required for tiRNA function. Nucleic Acids Res (2020) 48(11):6223–33. doi: 10.1093/nar/gkaa336

39. Gebetsberger, J, Wyss, L, Mleczko, AM, Reuther, J, and Polacek, N. A tRNA-derived fragment competes with mRNA for ribosome binding and regulates translation during stress. RNA Biol (2017) 14(10):1364–73. doi: 10.1080/15476286.2016.1257470

40. Park, J, Ahn, SH, Shin, MG, Kim, HK, and Chang, S. tRNA-derived small RNAs: novel epigenetic regulators. Cancers (Basel) (2020) 12(10):2773. doi: 10.3390/cancers12102773

41. Slotkin, RK, and Martienssen, R. Transposable elements and the epigenetic regulation of the genome. Nat Rev Genet (2007) 8(4):272–85. doi: 10.1038/nrg2072

42. Schorn, AJ, Gutbrod, MJ, LeBlanc, C, and Martienssen, R. LTR-Retrotransposon control by tRNA-derived small RNAs. Cell (2017) 170(1):61–71.e11. doi: 10.1016/j.cell.2017.06.013

43. Zhang, Y, Shi, J, and Chen, Q. tsRNAs: new players in mammalian retrotransposon control. Cell Res (2017) 27(11):1307–8. doi: 10.1038/cr.2017.109

44. Chen, Q, Yan, M, Cao, Z, Li, X, Zhang, Y, Shi, J, et al. Sperm tsRNAs contribute to intergenerational inheritance of an acquired metabolic disorder. Science (2016) 351(6271):397–400. doi: 10.1126/science.aad7977

45. Zhang, Y, Zhang, X, Shi, J, Tuorto, F, Li, X, Liu, Y, et al. Dnmt2 mediates intergenerational transmission of paternally acquired metabolic disorders through sperm small non-coding RNAs. Nat Cell Biol (2018) 20(5):535–40. doi: 10.1038/s41556-018-0087-2

46. Boskovic, A, Bing, XY, Kaymak, E, and Rando, OJ. Control of noncoding RNA production and histone levels by a 5' tRNA fragment. Genes Dev (2020) 34(1-2):118–31. doi: 10.1101/gad.332783.119

47. Huang, Y, Zhang, H, Gu, X, Qin, S, Zheng, M, Shi, X, et al. Elucidating the role of serum tRF-31-U5YKFN8DYDZDD as a novel diagnostic biomarker in gastric cancer (GC). Front Oncol (2021) 11:723753. doi: 10.3389/fonc.2021.723753

48. Gu, X, Ma, S, Liang, B, and Ju, S. Serum hsa_tsr016141 as a kind of tRNA-derived fragments is a novel biomarker in gastric cancer. Front Oncol (2021) 11:679366. doi: 10.3389/fonc.2021.679366

49. Zhang, Y, Gu, X, Qin, X, Huang, Y, and Ju, S. Evaluation of serum tRF-23-Q99P9P9NDD as a potential biomarker for the clinical diagnosis of gastric cancer. Mol Med (2022) 28(1):63. doi: 10.1186/s10020-022-00491-8

50. Zhang, F, Shi, J, Wu, Z, Gao, P, Zhang, W, Qu, B, et al. A 3'-tRNA-derived fragment enhances cell proliferation, migration and invasion in gastric cancer by targeting FBXO47. Arch Biochem Biophys (2020) 690:108467. doi: 10.1016/j.abb.2020.108467

51. Tong, L, Zhang, W, Qu, B, Zhang, F, Wu, Z, Shi, J, et al. The tRNA-derived fragment-3017A promotes metastasis by inhibiting NELL2 in human gastric cancer. Front Oncol (2021) 10:570916. doi: 10.3389/fonc.2020.570916

52. Cui, H, Li, H, Wu, H, Du, F, Xie, X, Zeng, S, et al. A novel 3'tRNA-derived fragment tRF-Val promotes proliferation and inhibits apoptosis by targeting EEF1A1 in gastric cancer. Cell Death Dis (2022) 13(5):471. doi: 10.1038/s41419-022-04930-6

53. Zhu, L, Li, T, Shen, Y, Yu, X, Xiao, B, and Guo, J. Using tRNA halves as novel biomarkers for the diagnosis of gastric cancer. Cancer Biomark (2019) 25(2):169–76. doi: 10.3233/CBM-182184

54. Zhu, L, Li, Z, Yu, X, Ruan, Y, Shen, Y, Shao, Y, et al. The tRNA-derived fragment 5026a inhibits the proliferation of gastric cancer cells by regulating the PTEN/PI3K/AKT signaling pathway. Stem Cell Res Ther (2021) 12(1):418. doi: 10.1186/s13287-021-02497-1

55. Wang, H, Huang, W, Fan, X, He, X, Chen, S, Yu, S, et al. The tRNA-derived fragment tRF-24-V29K9UV3IU functions as a miRNA-like RNA to prevent gastric cancer progression by inhibiting GPR78 expression. J Oncol (2022) 2022:8777697. doi: 10.1155/2022/8777697

56. Dong, X, Fan, X, He, X, Chen, S, Huang, W, Gao, J, et al. Comprehensively identifying the key tRNA-derived fragments and investigating their function in gastric cancer processes. Onco Targets Ther (2020) 13:10931–43. doi: 10.2147/OTT.S266130

57. Zheng, J, Li, C, Zhu, Z, Yang, F, Wang, X, Jiang, P, et al. A 5`-tRNA derived fragment NamedtiRNA-Val-CAC-001 works as a suppressor in gastric cancer. Cancer Manag Res (2022) 14:2323–37. doi: 10.2147/CMAR.S363629

58. Xu, W, Zhou, B, Wang, J, Tang, L, Hu, Q, Wang, J, et al. tRNA-derived fragment tRF-Glu-TTC-027 regulates the progression of gastric carcinoma MAPK signaling pathway. Front Oncol (2021) 11:733763. doi: 10.3389/fonc.2021.733763

59. Xu, W, Zheng, J, Wang, X, Zhou, B, Chen, H, Li, G, et al. tRF-Val-CAC-016 modulates the transduction of CACNA1d-mediated MAPK signaling pathways to suppress the proliferation of gastric carcinoma. Cell Commun Signal (2022) 20(1):68. doi: 10.1186/s12964-022-00857-9

60. Shen, Y, Xie, Y, Yu, X, Zhang, S, Wen, Q, Ye, G, et al. Clinical diagnostic values of transfer RNA-derived fragment tRF-19-3L7L73JD and its effects on the growth of gastric cancer cells. J Cancer (2021) 12(11):3230–8. doi: 10.7150/jca.51567

61. Shen, Y, Yu, X, Ruan, Y, Li, Z, Xie, Y, Yan, Z, et al. Global profile of tRNA-derived small RNAs in gastric cancer patient plasma and identification of tRF-33-P4R8YP9LON4VDP as a new tumor suppressor. Int J Med Sci (2021) 18(7):1570–9. doi: 10.7150/ijms.53220

62. Kohansal, M, Ghanbarisad, A, Tabrizi, R, Daraei, A, Kashfi, M, Tang, H, et al. tRNA-derived fragments in gastric cancer: biomarkers and functions. J Cell Mol Med (2022) 26(18):4768–80. doi: 10.1111/jcmm.17511

63. Tsai, NP, Wilkerson, JR, Guo, W, and Huber, KM. FMRP-dependent Mdm2 dephosphorylation is required for MEF2-induced synapse elimination. Hum Mol Genet (2017) 26(2):293–304. doi: 10.1093/hmg/ddw386




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2023 Gan, Song and Ding. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Transfer RNA-derived small RNAs (tsRNAs) in gastric cancer

      

        		

          1 Introduction

        



        		

          2 Biogenesis and discovery of tsRNAs

        

          		

            2.1 Classification of tRFs and tiRNAs

          



          		

            2.1.1 tiRNAs

          

            		

              2.1.2 tRFs

            



          



          



          		

            2.2 Nomenclature and databases of tsRNAs

          



        



        



        		

          3 Biological functions of tsRNAs

        

          		

            3.1 Regulating the stability of mRNA

          



          		

            3.2 Translation regulation

          



          		

            3.3 Epigenetic regulation

          



        



        



        		

          4 Roles of tsRNAs in gastric cancer

        

          		

            4.1 The roles of tsRNAs as biomarkers for cancer diagnosis and prognosis

          

            		

              4.1.1 Abnormally high expression of tsRNAs as biomarkers in GC

            



            		

              4.1.2 Abnormally low expression of tsRNAs as biomarkers in GC

            



          



          



          		

            4.2 Mechanisms of tsRNA regulation of GC progression and their potential targets for GC diagnosis and treatment

          

            		

              4.2.1 tsRNAs promote GC progression

            



            		

              4.2.2 tsRNAs inhibit GC progression

            



          



          



        



        



        		

          5 Summary and perspectives

        



        		

          Data Availability Statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fonc-13-1184615-g002.jpg
Tumor invasion, vascular invasion,
TNM stage, lymph node metastasis

Differentiation grade, T stage,
lymph node status, TNM stage

stage, lymph node metastasis,

Upre gul ate d _— TNM stage, ?gg‘;)il(;)ligical/vascular

TNM stage, histological grade,
lymph node metastasis The most relevant

clinicopathological
factors are:
lymphatic metastasis,
TNM stage,

tumor size,

vascular invasion.

e High risk of recurrence, poor prognosis

Tumor size, TNM stage,
lymphatic metastasis, overall survival

Overall survival, tumor size, TNM stage,
lymph node metastasis

Downregulated

TNM stage

Tumor size






OEBPS/Images/table2.jpg
Putative
function
and animal
experiments

Unified Argonaute s Potential  Observations and
ample O
clinical correlation with

type Possible mechanism Reference
P value clinical outcome

naming of binding
this paper capacity

High expression is

p—_— RNA-3262- | (RNA- — related to late-stage,
it - chrM.RNA2- | Val- 3int Unclear 11 Biomarker deep tumor invasion, Not clear yet. Not clear yet. (“7)
USYRENSDYDZDD ValTAC TAC Sem Iymph node metastasis,
and vascular invasion.
g itz Tissue ;:gnlzi::lnsi::icmlaml:::oT
hsa_tsr016141 GIn-TTG-1- G- 20t Undlear 193 Biomarker ation 8¢ T Not clear yet. Not clear yet. (48)
Serum stage, lymph node
M3 TTG
status and TNM stage.
High expression is
we-123val- | RYVA- Tissue 17;‘:‘:;;:’?;:;:
tRF-23-Q99PIPINDD CAC2 z:tér 23nt Unclear 164 e Biomarker riode metastasis, TNM Not clear yet. Not clear yet. (49)
stage and neurological/
vascular invasion.
1RF-52:76- tRNA-
tRF-25-R9ODMJ6B26 Val-AAC-1- Val- 25nt Unclear
M3 AAC
They're help to
RE ;‘:.LA;;: - '\-/‘:w 38nt Unclear 50 Hasmy Biomarker fé"::’::i i“:iﬂ:sc Not clear yet. Not clear yet. &)
QBIMRSYUBSSSBFDZ. | Sycaivs: | Aac (€icsome) high risk of recurrence
and poor prognosis.
tRF-59:76- tRNA-
tRF-18-BS68BFD2 Val-AAC-1- Val- 18nt Unclear
M5 AAC
Biomarker High levels.
High expression is
RF-3019 Aeacor | 4= 180t Haveproved | 112 Tissue - stage, histological proibcaton;. | BAXOL) thas prostti CC (50)
AGC grade and lymph node | P70
promoter migration and  progression.
metastasis. 3
invasion.
High levels
IRE-5876- RNA- &6 High expression is promote the It interacts with the AGO2 protein to
RE-3017A4 Val-TAC-1- Val- 190t Have proved | 87 Tissue omoter correlated with positive | invasion and silence the tumor suppressor gene 51)
M2 TAC P Iymph node metast: NELL2, thus promoting GC progression.
1t binds to the chaperone molecule
High expression is EEFIAL mediates its transport into the
(RE-6076- ot Gc positively correlated o2 nucleus and promotes its interaction
RF-60:76-Val-CAC-2 Val- 17nt Unclear 65 Tissue s and invasion 2 P (52)
Val-CAC-2 promoter with tumor size and N with MDM2, thus inhibiting the
CAC . and inhibits
tumor invasion. downstream molecular pathway of ps3
apoptosis in GC

and promoting GC progression.

cells.

GC, gastric cancer; AGO2, Argonaute 25 TNM, Tumor-Node-Metastasis.
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TsRNA Sample er AUC SEN  SPE
tsRNA-32:62-chrM.tRNA2- Serum from GC patients and healthy donors tsRNA-32:62-chrM.tRNA2-ValTAC 0.740  60.4% = 80.9%
ValTAC
CEA 0.696  57.7% = 67.4%
CA199 0.600 36.0% = 82.0%
CA724 0.639 42.3%  74.2%
tsRNA-32:62-chrM.tRNA2-ValTAC+CEA 0783  68.5% = 79.8%
tsRNA-32:62-chrM.tRNA2-ValTAC+CA199 0769 712% = 73.0%
tsSRNA-32:62-chrM.tRNA2-ValTAC+CA724 0.771 = 64.0% = 80.9%
isé{ig;f:i—;zl:‘rM,tRNAZ-ValTAC+CEA 0813 | 820% | 69.7%
Serum from GC patients and gastritis patients tsRNA-32:62-chrM.tRNA2-ValTAC 0.680  58.6%  72.9%
CEA 0.651 57.7% = 62.5%
CA199 0.568 = 36.0% = 70.8%
CA724 0602  423% = 68.7%
tsRNA-32:62-chrM.tRNA2-ValTAC+CEA
+CA199+CA724 0.713 86.5%  47.9%
tRF-1:29-GIn-TTG-1-M3 Serum from GC patients and healthy donors tRF-1:29-GIn-TTG-1-M3 0.814 74.6% | 782%
CEA 0.705 = 68.5%  72.7%
CA199 0.607  60.0% = 63.6%
tRF-1:29-GIn-TTG-1-M3+CEA 0.830 86.1% = 66.4%
tRF-1:29-GIn-TTG-1-M3+CA199 0.854 = =
tRF-1:29-GIn-TTG-1-M3+CEA+CA199 0.864 90.0% = 66.4%
Serum from GC patients and gastritis patients tRF-1:29-GIn-TTG-1-M3 0.692  63.8% = 68.0%
tRF-1:29-GIn-TTG-1-M3+CEA 0703  76.9% = 60.0%
tRF-1:29-GIn-TTG-1-M3+CA199 0.683 - =
tRF-1:29-GIn-TTG-1-M3+CEA+CA199 0.718 80.8% = 52.0%
Serum from GC patients and healthy donors tRF-1:29-GIn-TTG-1-M3 0.820 65.6%  89.1%
CA724 0780  63.5% = 77.0%
tRF-1:29-GIn-TTG-1-M3+CA724 0.893  82.3%  85.1%
Serum from GC patients and gastritis patients tRF-1:29-GIn-TTG-1-M3 0754  65.6% = 80.0%
CA724 0.716 63.5%  68.6%
tRF-1:29-GIn-TTG-1-M3+CA724 0802  87.5% = 62.9%
tRF-1:23-Val-CAC-2 Serum from GC patients and healthy donors tRF-1:23-Val-CAC-2 0783  66.9% = 85.7%
CEA 0715 | 59.7% = 73.9%
CA199 0.614 44.3% | 77.3%
CA724 0.751 53.2%  85.7%
tRF-1:23-Val-CAC-2+CEA+CA199+CA724 0.862  83.1%  48.7%
Serum from early GC patients and healthy donors tRF-1:23-Val-CAC-2 0724 60.0% = 84.9%
CEA 0.664 51.2% | 73.9%
CA199 0.590 41.5% | 77.3%
CA724 0.711 46.3% = 85.7%
tRF-1:23-Val-CAC-2+CEA+CA199+CA724 0819  78.0% = 47.9%
Serum from GC patients and gastritis patients tRF-1:23-Val-CAC-2 0685  59.7% = 74.0%
CEA 0.678 59.7% | 86.0%
CA199 0.605 = 44.3% = 80.0%
CA724 0.676 53.2% @ 84.0%
tRF-1:23-Val-CAC-2+CEA+CA199+CA724 0.764 81.4%  48.0%
tRF-52:76-Val-AAC-1-M3 Plasma from GC patients and healthy donors tRF-52:76-Val-AAC-1-M3 0.825
:iﬁi’_ﬁz"'mNA'w' tsRNA-39:74-tRNA-Val-AAC-1-M3 0803 - -
tRF-59:76-Val-AAC-1-M5 tRF-59:76-Val-AAC-1-M5 0.817
tRF-58:75-Ala-AGC-1 GC tissues and NATs tRF-58:75-Ala-AGC-1 0.689 - -
GC stage I-11 tissues and NATs tRF-58:75-Ala-AGC-1 0.796 - -
GC stage ITI-1V tissues and NATs tRF-58:75-Ala-AGC-1 0.665 - -
GC tissues with lymph node metastasis and NATs tRF-58:75-Ala-AGC-1 0.754 - -
GC tissues without lymph node metastasis and NATs tRF-58:75-Ala-AGC-1 0.530 - -
Poorly differentiated GC tissues and NATs tRF-58:75-Ala-AGC-1 0.677 - -
tiRNA-50:84-Glu-TTC-2 GC tissues and NATs tiRNA-50:84-Glu-TTC-2 0.779  73.3% = 46.5%
Plasma from GC patients and healthy donors tiRNA-50:84-Glu-TTC-2 0835  97.3%  59.5%
Silt:;‘::::;‘: NaTSplamaifrom GCpatientsand tiRNA-50:84-Glu-TTC-2 0915 | 847%  92.8%
tsRNA-1:18-tRNA-Val- GC tissues and NATs tsRNA-1:18-tRNA-Val-AAC-1-M8 0.631 51.2% | 72.1%
AAC-1-M8
Plasma from GC patients and healthy donors tsRNA-1:18-tRNA-Val-AAC-1-M8 0.883  97.3%  67.6%
Sslt:;‘f::;‘i NATs, plasma from GC patients and 1\ b\ 1118 (RNA-Val-AAC-1-M8 0908  94.6% | 8L1%
GC tissues and NATs, plasma from GC patients and tsRNA-1:18-tRNA-Val-AAC-1-M8+tiRNA-
healthy donors 50:84-Glu-TTC-2 0938 | D12k | 865N
tRF-1:24-chrM.GIn-TTG GC tissues and NATs tRF-1:24-chrM.GIn-TTG 0871  78.6% = 92.9%
tiRNA-1:34-Val-CAC-2 GC tissues and NATs tiRNA-1:34-Val-CAC-2 0.748 - -
(SRNA-5:23-RNA-Val- Plasma from GC patients and healthy donors tsRNA-5:23-tRNA-Val-AAC-1-M7 0623 404%  79.6%

AAC-1-M7

AUC, area under the ROC curve; SEN, sensitivity; SPE, specificity; GC, gastric cancer; NATS, nontumor adjacent tissues.
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GC, gastric cancer; AGO2, Argonaute 2; OS, overall survival; TNM, Tumor-Node-Metastasis.
* Two different studies involved 19 and 38 samples, respectively.
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Tissue

Tissue

Plasma

Blood

Potential
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value
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Biomarker

GC
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GC
inhibitor

GC
inhibitor

Biomarker

GC
inhibitor

GC
inhibitor

Observations
and correlation
with clinical
outcome

Low expression is
related to larger
tumor size,
advanced TNM
stage, positive
Iymphatic
metastasis and poor
0s.

Low expression is
associated with
shorter OS, larger
tumor size,
advanced TNM
stage, and positive
Iymph node
metastasis.

Not clear yet.

Low expression is
significantly
correlated with
advanced TNM
stage.

Low expression is
related to larger
tumor size and
advanced
histological grade.

Tis levels are related
to tumor size and
histology.

Low expression is
associated with
larger tumor size.

Not clear yet.

Putative function and
animal experiments

Not dlear yet.

High levels inhibite
proliferation and migratory
capabiliies and result in a
GO/G1 block. High
concentrations of tsRNA-
L:18-RNA-Val-AAC-1-M8
can inhibit tumor growth in

mice.

High levels inhibite
proliferation, migration, and
invasion of GC Cells while
promoting apoptosis. Low
levels significantly promote
tumor growth capacity in
mice.

High levels inhibite
‘metastasis, proliferation, and
promotes apoptosis of GC
cells.

High levels suppress the
‘migration and invasion
capacities of GC cells. It can
significantly reduce the
capacity of tumor growth in
mice.

It can inhibit the proliferation
of GC cells and xenograft
tumors in mice.

High levels inhibite
proliferation and migratory
capabilities, increase apoptosis
rate and arrest GC cells at the
GO/G1 phase.

High levels arrest GC cells at
the GO/G1 phase and inhibit
proliferation and migration,
promote apoptosis of GC
cells.

Possible mechanism

Not dlear yet.

1t negatively regulated by the
PTEN/PI3K/AKT signaling

pathway to inhibit GC progression.

Tt interacts with the AGO2 protein
to silence GPR7S, thus inhibiting
GC progression. It downregulates
the expression of CCND2, FZD3
and VANGLI to participate in the
Wat signaling pathway and inhibit
GC progression.

It interacts with the AGO2 protein
and then silences LRP6 to regulate
the Wnt signaling pathway and
inhibit GC progression.

It downregulates the expression of
ERKI1/2, JNK and p38 to inhibit
the MAPK signaling pathway and
inhibit GC progression.

Itinteracts with the AGO2 protein
and then silences the oncogenic
gene CACNALA to regulate the
MAPK signaling pathway and
inhibit GC progression.

Not clear yet.

Not clear yet.
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The first tRFs database containing sequences and read counts of the three classes of tRFs  http://genome.bioch.virginia.edu/

2015 tRFdb 16
for eight species trfdb/ e
A standardized nomenclature and quantification scheme are provided to help discover https://github.com/sararselitsky/
2015 tDR 17,
MAPPEL | ovel tRNA-derived RNA biology tDRmapper an
2016 tRF2Cancer A database that allows users to study tRFs expression in different types of cancer http://rna.sysu.edu.cn/tRFfinder/ (18)
T Pe— database for rapid and detaled analysis of nuclear and mitochondrial (RNA fragments hitps://github.com/TU-CMC- a5
from short RNA-seq data Org/MINTmap/
MINT! i i itoch ial fr: fi 1l th
2018 INTbase A databa.se including nuclear and mitochondrial fragments from all the cancer genome httpy/cm jefferson.edu/MINTbase/ | (20)
v2.0 atlas projects
2018 PtRFdb A database that identifies a total of 5607 unique tRFs in plant http://www.nipgr.res.in/PtRFdb/ 1)
2018 tRex A Web Portal for Exploration of tRNA-Derived Fragments in arabidopsis thaliana http://combio.pl/trex (22)

A database showing the expression profile of tRFs in every cell line in NCI-60 and for

2019 WRFexplorer | G5 e https://trfexplorer.cloud/ 23)

5655 | Oncotii A database for researchers studying the roles, functions and mechanisms of tRFs in htp//bioinformatics.zju.edu.cn/ @
human cancers OncotRF

2021 tsRBase A database for expression and function of 121942 tsRNAs in multiple species http://www.tsrbase.org (25)

2021 tRFtarget A database covering 936 tRFs and 135 thousand predicted targets in eight species http://trftarget.net (26)

http://rna.sysu.edu.cn/tsRFun/or
http://biomed.nscc-gz.cn/DB/ ©7)
tsRFun/

A database for decoding human tsRNA expression, functions and prognostic value across
2022 tsRFun
32 types of cancers
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