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Lung cancer, one of the most malignant tumors, has extremely high morbidity and mortality, posing a serious threat to global health. It is an urgent need to fully understand the pathogenesis of lung cancer and provide new ideas for its treatment. Interestingly, accumulating evidence has identified that transfer RNAs (tRNAs) and tRNA metabolism–associated enzymes not only participate in the protein translation but also play an important role in the occurrence and development of lung cancer. In this review, we summarize the different aspects of tRNA metabolism in lung cancer, such as tRNA transcription and mutation, tRNA molecules and derivatives, tRNA-modifying enzymes, and aminoacyl-tRNA synthetases (ARSs), aiming at a better understanding of the pathogenesis of lung cancer and providing new therapeutic strategies for it.
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INTRODUCTION
Lung cancer is one of the most malignant tumors and a cause for cancer-related deaths globally, accounting for about 18% of all cancer deaths (Sung et al., 2021). The majority of lung cancers are non–small cell lung cancers (NSCLCs), among which the most common subtypes are adenocarcinoma and squamous cell carcinoma (Herbst et al., 2018). The early symptoms of lung cancer are usually mild or even without any discomfort. Most of the patients with lung cancer are diagnosed in the advanced stage, which is generally associated with daunting metastases (Popper, 2016; Yousefi et al., 2017). Furthermore, research data found that the 5-year survival rate of patients with lung cancer distant metastasis was only 18.6% (Fitzmaurice et al., 2017). This poor prognosis emphasizes the importance of diagnosis and treatment before overt metastases develop. At the same time, due to the heterogeneity of lung cancer, understanding its pathogenesis is crucial for developing effective treatments (Nicoś et al., 2020; Hou et al., 2021).
Not participating in protein-coding and small noncoding RNAs (sncRNAs) is a phenomenon that exists widely and plays a widespread and important role in organisms (Zhao et al., 2018; Li et al., 2018b; Zhou et al., 2019; Ying et al., 2021). Transfer RNAs (tRNAs) are among the most abundant sncRNAs, which are widely found in organisms and account for about 4–10% of all cellular RNAs (Kirchner and Ignatova, 2015). Traditionally, tRNAs are involved in protein translation and have a basic function of carrying and transporting amino acids, which is key to the high efficiency and accuracy of protein synthesis (Grewal, 2015; Huang et al., 2018). In recent years, there has been growing evidence that tRNAs contribute to the pathogenic process of various cancers (Ignatova et al., 2020; Zhang et al., 2020b; Pan et al., 2021; Yang et al., 2021). tRNAs can be specifically spliced into regulatory fragments under the effect of hypoxia and other stress conditions, which promotes lung cancer cell proliferation and cell cycle (Shao et al., 2017). In some cases, the mutations of mitochondria-encoded tRNA (mt-tRNA) were pathogenic and highly likely to promote the carcinogenesis of lung cancer (Wang et al., 2015; He et al., 2016). Besides, tRNA modification is also inseparable from lung cancer (He et al., 2020). Thus, this article focuses on the different types of tRNA-associated dysregulation in lung cancer (Figure 1), which provide new ideas for the diagnosis and treatment of this disease.
[image: Figure 1]FIGURE 1 | tRNA-associated metabolism and lung cancer. tRNA, transfer RNA; TERT, telomerase reverse transcriptase; hTRM9L, tRNA methyltransferase 9-like; TRIT1, tRNA isopentenyltransferase 1; QTRT1, tRNA-ribosyltransferase 1; METTL1, methyltransferase-like 1; ARSs, aminoacyl-tRNA synthetases; AIMPs, ARS-interacting multifunctional proteins; IARS2, isoleucyl-tRNA synthetase 2; LRS, leucyl-tRNA synthetase; TyrRS, tyrosine-tRNA synthetase; NARS, asparaginyl-tRNA synthetase; MRS, methionyl-tRNA synthetase; and AIMP2-DX2, AIMP2 lacking exon 2.
ROLES OF TRNA METABOLISM IN LUNG CANCER
tRNA Transcription and Mutations in Lung Cancer
RNA polymerase III (Pol III) is mainly responsible for the transcription of tRNA and 5S rRNA in eukaryotes (Wang and Gerber, 2020). Of note, the transcription of tRNAs by RNA Pol III was influenced by all kinds of oncogenes and tumor-suppressor genes (Rollins et al., 2007; Johnson et al., 2008). The transcription of Pol III in healthy cells is inhibited by tumor suppressors (White, 2008). However, this limitation is compromised during cell transformation, and oncogene products exacerbated this problem, which stimulated the output of Pol III (White, 2008). Interestingly, there is a significant positive correlation between telomerase reverse transcriptase (TERT) and tRNA levels in cancer. TERT directly binds to the Pol III subunit RPC32 and upregulates the recruitment of chromatin, resulting in an increase in the occupancy rate of Pol III on the tRNA genes (Khattar et al., 2016). TERT is significantly enriched at tRNAMet, tRNAArg, and tRNALys genes, regulating the expression of these tRNAs, thus controlling the rate of protein synthesis in cancer cells and promoting tumorigenesis to a certain extent (Khattar et al., 2016).
Mutations of tRNA usually occur in mitochondria due to the lack of protective histones, introns, and effective DNA repair systems in mitochondrial DNA (mtDNA) (Wallace, 2015). These mutations in certain mt-tRNAs, such as tRNAHis, tRNAAla, tRNALeu, tRNASer, and tRNAThr, have strong pathogenicity and are highly likely to be related to the carcinogenesis of lung cancer (Wang et al., 2015; He et al., 2016). mtDNA mutation destroys the secondary structure of tRNA itself and affects the tRNA posttranscriptional modifications and aminoacylation, which causes a decrease in the mitochondrial protein synthesis and the inability to meet the respiratory phenotype and the threshold of ATP required by normal cells, thereby promoting tumorigenesis (Lu et al., 2009).
Of note, recent studies found that the newly designed β32_33 peptide could penetrate the mitochondrial membrane and improve the viability of the cells containing mt-tRNALeu(UUR) m.3243A>G and mt-tRNALys m.8344A>G mutations by stabilizing the structure of mt-tRNA mutants (Perli et al., 2020). Moreover, mitochondrially targeted zinc finger nucleases (mtZFNs) shifted the heteroplasmy of the mt-tRNAALA m.5024C>T mutant, thereby rescuing mitochondrial functions (Gammage and Viscomi, 2018). These findings indicate that correcting the pathogenic mt-tRNA mutations can rescue disease phenotypes, which provides new ideas for the treatment of lung cancer. In all, both tRNA transcription and mutation are involved in the pathogenesis of lung cancer.
tRNA Molecules and Derivatives in Lung Cancer
In addition, the dysregulation of tRNA levels is closely related to the prognosis of lung cancer. Analyzing the expression level of tRNA in lung adenocarcinoma tissues and paracarcinoma tissues by the tRNA RT-qPCR array, Kuang et al. found that there were differences in many tRNA levels, such as tRNAAsn, tRNAIle, and tRNALeu (Kuang et al., 2019). Through further analysis of the correlation between the tRNA expression and clinicopathological characteristics, they unraveled that the expression of three tRNAs, tRNAIle, tRNAPro, and tRNALys was related to tumor differentiation, and patients with a higher expression of mt-tRNAGlu and tRNATyr and lower expression of tRNAThr and tRNAAsn had a higher risk of relapse (Kuang et al., 2019). Moreover, the levels of tRNALys, mt-tRNASer, and tRNATyr were associated with cancer-specific survival (Kuang et al., 2019). These tRNAs were used as variables to construct a prognostic model of lung adenocarcinoma and could accurately predict cancer-specific survival in patients with lung adenocarcinoma (Kuang et al., 2019).
The initial transcription product of RNA Pol III is a precursor of tRNA (pre-tRNA), which must undergo a series of complex biological processes before being converted into mature tRNA (Vannini and Cramer, 2012). Under the effect of sex hormones, hypoxia, and other stress conditions, pre-tRNAs and mature tRNAs are found to be significant signaling molecules, which are broken down into tRNA derivatives (Thompson et al., 2008; Veneziano et al., 2016). Under stress, tRNA breakdown products are more frequently found in tumor tissues (Dong et al., 2020; Farina et al., 2020; Wang et al., 2021b). According to the different cleavage sites, tRNA derivatives are mainly divided into two types: tRNA-derived stress-induced RNAs (tiRNAs) generated by cleaving the anticodon loops of the mature tRNAs (Saikia and Hatzoglou, 2015; Shigematsu and Kirino, 2017) and tRNA-derived fragments (tRFs) formed by cutting the mature or precursor tRNAs in the D-loop, T-loop, and other positions (Keam and Hutvagner, 2015; Pekarsky et al., 2016). Strikingly, increasing evidence argued that tRNA derivatives were dysregulated in lung cancer (Pekarsky et al., 2016; Balatti et al., 2017). ts-3676 and ts-4521, which were derived from tRNAThr and tRNASer, respectively, could not only interact with the Argonaute proteins Ago1 and Ago2 to act as microRNAs but also interact with the P-element–induced wimpy testis (Piwi)–like protein 2 (PiwiL2) to serve as Piwi-interacting small RNAs (piRNAs) (Pekarsky et al., 2016). It was worth noting that these two tsRNAs were significantly downregulated and mutated in lung cancer tissues than normal lung tissues (Pekarsky et al., 2016). In addition, using pathway analysis software to evaluate the roles of ts-4521 in cancer, Balatti et al. found that the downregulation of ts-4521 was related to the cell proliferation and apoptosis-related signal pathways (Balatti et al., 2017). Moreover, the overexpression of ts-46 and ts-47 had a strong inhibitory effect on cell colony formation in lung cancer cells (Balatti et al., 2017).
Another study found that tRFs could effectively regulate kinase activity. tRF-Leu-CAG, derived from tRNALeu(CAG), regulated the aurora kinase A (AURKA) activity in NSCLC, thereby mediating cell proliferation and cell cycle progression (Shao et al., 2017). AURKA, a serine–threonine kinase, was related to the maturation and separation of the centrosome and regulated the assembly and stability of the spindle, thus playing an important role in mitosis. The overexpression of tRF-Leu-CAG enormously increased the activity of AURKA and promoted the cell proliferation and G0/G1 cell cycle progression in NSCLC, which would be conducive to the deterioration of cancer (Shao et al., 2017). In contrast, AURKA was significantly downregulated in H1299 cells transfected with the tRF-Leu-CAG inhibitor (tRFi), indicating that this tRF might be a potential target for the treatment of lung cancer (Shao et al., 2017). In addition, Chiou et al. have demonstrated that antisense oligonucleotides can induce the silencing of tRNA fragments (Chiou et al., 2018). Therefore, it can be speculated that blocking tRNA fragments with oncogenic activity through ASO may be a potential strategy for the treatment of lung cancer.
Various RNA species are released into the extracellular space in the form of extracellular vesicles (EVs) or complexes with proteins, collectively known as extracellular RNA (exRNA) (Happel et al., 2020). Interestingly, exRNAs could not only serve as potential biomarkers for lung cancer (Wang et al., 2020) but also could act as signaling molecules to regulate tumorigenesis (Li et al., 2019). Among them, tRNAs and tRFs are considered to be one of the most abundant RNA components in the extracellular compartment (Torres and Martí, 2021). It is worth noting that the abundance of tRFs in plasma EVs from lung squamous cell carcinoma patients was higher than that from lung adenocarcinoma and healthy individuals, indicating that ex-tRFs might contribute to the development of lung squamous cell carcinoma (Li et al., 2018a). Taken together, the dysregulation of tRNAs and tRNA derivatives has a stake in the pathogenesis of lung cancer.
tRNA-Modifying Enzymes in Lung Cancer
There are always various modifications after the transcription of tRNAs, which affect not only the stability of tRNAs and codon recognition but also the stability of tRNA transcripts (Martinez et al., 2017; Guo and Ng, 2019; Kimura et al., 2020; Tavares et al., 2021). The number and type of individual tRNA modifications are different, and mammalian cytoplasmic tRNA is estimated to carry 13-14 modifications on an average (Chan et al., 2010). The tRNA modification patterns produced under different environmental stresses are different, indicating that tRNA modification plays a regulatory role in the cellular response to stress (Chan et al., 2010). The pathogenesis of cancer changes the tRNA modification chemistry, which occurs after oxidative stress (Endres et al., 2019). Increasing evidence argues that tRNA modification and corresponding tRNA-modifying enzymes not only play an important role in translation but also are important signal molecules in the pathogenesis of cancer (Rashad et al., 2020; Rosselló-Tortella et al., 2020; Zhang et al., 2020c). Dong et al. found that the modification profiles of tRNA in rapidly proliferating cancer cells were roughly the same, indicating that there was a proliferation-related modification regulation in rapidly proliferating cancer cells, and tRNA had a positive regulatory effect in rapidly proliferating cancer cells (Dong et al., 2016). However, the roles of these tRNA modifications in rapidly proliferating cells remain to be further studied.
Notably, in recent studies, it has been found that tRNA modification was regulated by FTSJ1 in lung cancer, which had a tumor-suppressor effect (He et al., 2020). Eighteen types of tRNA modifications and up to 7 tRNA modification genes in NSCLC tumor tissues were significantly downregulated compared with normal tissues, of which the expression level of 2′-O-methyladenosine (Am) modification was the lowest (He et al., 2020). Further research showed that the amount of Am in tRNAs was significantly related to the expression of FTSJ1, which exerted significant tumor suppressor ability via interacting with DNA damage-regulated autophagy modulator 1 (DRAM1) (He et al., 2020). Similarly, another study indicated that tRNA methyltransferase 9-like (hTRM9L) attenuated the cell cycle by downregulating cyclin D1 and restricted the migration and invasion potential by changing the expression of cadherin in lung cancer (Wang et al., 2018). However, hTRM9L was significantly downregulated in lung cancer tissues, which was closely related to the poor prognosis of patients and was an independent prognostic factor for lung cancer patients (Wang et al., 2018). Collectively, the tRNA-modifying enzymes FTSJ1 and hTRM9L act as tumor suppressors, and measures that can promote their overexpression may be effective in treating lung cancer.
Additionally, some tRNA-modifying enzymes promoted the development of lung cancer (Kato et al., 2005; Coll-SanMartin and Davalos, 2021). hDUS2, a homolog of yeast and bacterial tRNA-dihydrouridine synthases (DUSs), was highly expressed in NSCLC samples, and its high levels were related to the poor prognosis of lung cancer patients (Kato et al., 2005). This enzyme facilitated the formation of dihydrouridine in tRNAs and increased the translation efficiency by interacting with glutamyl-prolyl-tRNA synthetase (EPRS), thereby contributing to tumorigenesis. Significantly, NSCLC cells transfected with si-hDUS2-#2 showed a decrease in dihydrouridine levels and growth inhibition, suggesting that the selective inhibition of hDUS2 might have the potential to treat NSCLC (Kato et al., 2005). Coll-SanMartin et al. observed that tRNA isopentenyltransferase 1 (TRIT1) catalyzed the N6-isopentenyladenosine (i6A) modification at the 37th position of tRNAs, and it showed gene amplification–related overexpression in small cell lung cancer (Coll-SanMartin and Davalos, 2021). Importantly, cancer cells with TRIT1 gene amplification were more sensitive to the drug arsenic trioxide, which provided a theoretical basis for the clinical treatment of such small cell lung cancer patients.
ARSs in Lung Cancer
It is recognized that tRNA can combine with its homologous amino acids through ARS-mediated aminoacylation, thus transporting amino acids to the ribosomes to participate in protein synthesis (Kwon et al., 2019; Zhou et al., 2020b). In mammalian cells, ARSs can not only exist in their free form in the cytoplasm but also interact with three ARS-interacting multifunctional proteins (AIMPs) to form a multiple tRNA synthetase complex (MSC) (Zhou et al., 2020a). Previously, ARSs and AIMPs were regarded as housekeeping molecules without additional functions. However, growing evidence indicates that ARSs and AIMPs are involved in tumorigenesis (Yum et al., 2016; Hyeon et al., 2019; Zhang et al., 2020a).
Di et al. found that isoleucyl-tRNA synthetase 2 (IARS2) acted as an oncogene in NSCLC by activating the protein kinase B (AKT)/mammalian target of rapamycin (mTOR) pathway (Di et al., 2019). IARS2 was highly expressed in NSCLC tissues, and silencing IARS2 could inhibit the activity of lung cancer cells and reduce the tumorigenicity of cancer cells in nude mice. Not only leucyl-tRNA synthetase (LRS) was significantly upregulated in lung cancer cell A549 but also its mRNA was highly expressed in primary lung cancer tissues (Shin et al., 2008). To explore the carcinogenic potential of the overexpression of LRS in lung cancer, Shin et al. knocked down the LRS in A549 cells and found that the growth and migration of cancer cells were significantly inhibited, indicating that this molecule played an important role in the development of lung cancer (Shin et al., 2008). Of note, AIMP2 had a tumor suppressor activity on lung cancer cells by Smad ubiquitination regulatory factors 2 (Smurf2) (Kim et al., 2016). AIMP2 was phosphorylated by transforming the growth factor-β (TGF-β)–activated p38MAPK, and the phosphorylated AIMP2 was separated from the MSC (Kim et al., 2016). Subsequently, the dissociated AIMP2 translocated to the nucleus and interacted with Smurf2 to exert its nuclear function. On the one hand, this interaction promoted the degradation of ubiquitin-mediated FUSE-binding protein (FBP) and thus downregulated c-Myc. On the other hand, it inhibited the binding of Smurf2 to chromosomal region maintenance 1 (CRM1), thereby reducing the nuclear export of Smurf2 to sustain TGF-β signaling (Kim et al., 2016). TGF-β signaling is involved in the regulation of a variety of cellular functions, including cell proliferation, differentiation, migration, and apoptosis (Siegel and Massagué, 2003), and its alteration can lead to human diseases, such as cancer (Massagué, 2008; Ikushima and Miyazono, 2010).
Meaningfully, the abundance of tyrosine-tRNA synthetase (TyrRS) and microtubule agglutinin cross-linking factor 1 (MACF-1) in lung adenocarcinoma tissue was higher than that in adjacent normal tissues (Zhou et al., 2013). Cox regression analysis found that patients with high TyrRS or MACF-1 expression had a significantly increased risk of death. Asparaginyl-tRNA synthetase (NARS), a class II ARS, had higher levels in lung adenocarcinoma than adjacent normal tissues, and it was positively correlated with lymph node metastasis (Hsu et al., 2016). Importantly, the downregulation of NARS could inhibit the growth and migration of adenocarcinoma cells (Hsu et al., 2016). Furthermore, methionyl-tRNA synthetase (MRS) had excessive mTORC1-related activities in NSCLC tissues, which played a vital role in tumor growth and spread (Kim et al., 2017a). Importantly, its overexpression was associated with poor clinical outcomes in patients with NSCLC. Interestingly, AIMP2-lacking exon 2 (AIMP2-DX2), a tumorigenic factor, is often upregulated in many cancers (Choi et al., 2011; Lim et al., 2020). AIMP2-DX2 is produced by alternative splicing, and it is highly expressed in human lung cancer cells and patient tissues. The ratio of AIMP2-DX2 to AIMP2 was positively correlated with the cancer stage, while it was negatively correlated with patient survival (Choi et al., 2011). This was because AIMP2-DX2 reduced the proapoptotic activity of AIMP2 by competing with p53 (Choi et al., 2011). The cells with higher levels of AIMP2-DX2 had a higher tendency to form anchorage-independent colonies, were more resistant to cell death, and increased the sensitivity of lung tumors (Choi et al., 2011). In all, certain ARSs not only contribute to the development of lung cancer but also serve as potential biomarkers for its diagnosis and prognosis (Figure 2).
[image: Figure 2]FIGURE 2 | Dysregulation of ARSs and AIMPs in lung cancer. IARS2 regulates lung cancer cell proliferation by activating the AKT/mTOR pathway. AIMP2 interacts with Smurf2 to downregulate c-Myc and sustains TGF-β signaling, thereby inhibiting tumorigenesis. Moreover, AIMP2-DX2 reduces the proapoptotic activity of AIMP2 by competitive binding to p53, which induces lung tumorigenesis. ARSs, aminoacyl-tRNA synthetases; AIMPs, ARS-interacting multifunctional proteins; IARS2, isoleucyl-tRNA synthetase 2; Smurf2, Smad ubiquitination regulatory factors 2; TGF-β, transforming growth factor-β; AIMP2-DX2, AIMP2 lacking exon 2.
As ARSs and AIMPs are closely related to the development of tumors, they may become potential targets for tumor treatment. LRS played an important role in activating the mTORC1 pathway and cell growth (Kim et al., 2019). Interestingly, the new LRS inhibitor BC-LI-0186 inhibited the mTORC1 signaling pathway by interacting with the RagD site of LRS, leading to the cytotoxicity of NSCLC cells and anticancer effects in the K-ras mouse lung cancer model (Kim et al., 2017b; Kim et al., 2019). These results provide a new therapeutic strategy for NSCLC. Moreover, Lim et al. found that the heat shock protein HSP70 (HSP70) was a critical factor which affected the level of AIMP2-DX2, and it was positively correlated with the level of AIMP2-DX2 in lung cancer cells (Lim et al., 2020). HSP70 could block the seven in absentia homolog 1 (Siah1)– mediated ubiquitination of AIMP2-DX2 by interacting with AIMP2-DX2, thereby maintaining the stability of AIMP2-DX2 and further enhancing AIMP2-DX2–induced cell transformation and cancer progression (Lim et al., 2020). Notably, BC-DXI-495 specifically inhibited the interaction of AIMP2-DX2 with HSP70, thereby inhibiting tumorigenesis (Lim et al., 2020). Another research discovered that AIMP2-DX2 also could prevent oncogene-induced apoptosis and senescence by directly binding to and inhibiting p14/ARF (Oh et al., 2016). However, the inhibition of DX2-p14/ARF interaction played an antitumor effect in lung cancer and delayed tumor progression (Oh et al., 2016). Taken together, although AIMP2-DX2 is a tumorigenic factor in the lung cancer progression, it can also be used as a treatment strategy for patients suffering from lung cancer.
CONCLUSION AND FUTURE PERSPECTIVE
Normally, tRNAs are considered to be housekeeping molecules with no additional functions. However, more and more evidence shows that tRNAs are related to various physiological and pathological processes (Lord et al., 2017; Liu et al., 2020; Zhu et al., 2020; Meng et al., 2021). As mentioned above, tRNA-associated metabolism plays a vital role in the development of lung cancer (Table 1). In recent years, many studies have analyzed the expression landscape of tRNAs, tRFs, tRNA modifying enzymes, and ARSs in cancer samples from The Cancer Genome Atlas (TCGA) (Pliatsika et al., 2018; Zhang et al., 2018; Hernandez-Alias and Benisty, 2020). For example, Telonis et al. found that i-tRFs were the richest tRFs among 32 human cancer types, and mt-tRNAs contributed to more tRFs than the nuclear ones (Telonis et al., 2019). There were associations between the identified tRFs and mRNAs, and the corresponding mRNAs usually belonged to the same biological processes, such as cell–matrix adhesion, receptor tyrosine kinase (RTK) signaling, and DNA and RNA metabolism. Importantly, many components of the MAPK signaling pathway were differentially related to tRFs between the sexes in lung adenocarcinoma, indicating that tRFs might play a role in underlying the sex disparities in the development of lung cancer (Telonis et al., 2019). Another TCGA-based analysis confirmed that the high expression of tRNA-ribosyltransferase 1 (QTRT1), an enzyme involved in the posttranscriptional modification of tRNAs, was associated with short overall survival in lung adenocarcinoma (Ma and He, 2020). Although these findings still need to be verified by in vivo and in vitro experiments, they greatly expand the research ideas of tRNA in the context of lung cancer.
TABLE 1 | Roles of tRNA-associated metabolism in lung cancer.
[image: Table 1]Gu et al. found that tsRNAs, rRNA-derived small RNAs (rsRNAs), and yRNA-derived small RNAs (ysRNAs) in human peripheral blood mononuclear cells were differentially expressed between lung cancer, pulmonary TB, and control individuals (Gu et al., 2020). Of these, the levels of tsRNAs derived from tRNAAla, tRNAAsn, tRNALeu, tRNALys, and tRNATyr were higher in lung cancer patients. Importantly, the researchers built a molecular signature based on 25 distinct ts/rs/ysRNAs, and this signature could precisely distinguish lung cancer patients from other subjects, indicating that tsRNAs might be used as potential biomarkers for lung cancer. Another research discovered that MRS and CD45 dual immunofluorescent staining had a good diagnostic performance for NSCLC patients with lymph node metastasis, and it could be used as a supplement to the routine cytology test (Lee and Kim, 2019). These findings indicate that certain tRNA fragments and ARSs may have great diagnostic values for lung cancer.
In addition, tRNA-related molecules are considered as therapeutic targets for lung cancer. Several studies have confirmed that tRNA derivatives can promote or inhibit the development of lung cancer (Balatti et al., 2017; Shao et al., 2017). Therefore, antisense molecules or mimetics targeting these tsRNAs can be used as potential small-molecule drugs. For example, tiRNA-Gly interacted with RNA-binding motif protein 17 (RBM17) to regulate alternative splicing, thereby promoting the proliferation and migration of papillary thyroid carcinoma (PTC) cells (Han et al., 2021). Notably, si-tiRNA-Gly significantly reduced the levels of tiRNA-Gly in PTC cells and inhibited their proliferation and migration. Another experiment found that the transfection of synthetic RNA mimetics of tRFs derived from tRNAGlu, tRNATyr, tRNAAsp, and tRNAGly could inhibit cancer metastasis to the lungs (Goodarzi et al., 2015). In addition, methyltransferase-like 1 (METTL1), a tRNA-modifying enzyme, was upregulated in lung adenocarcinoma tissues and inhibited autophagy in lung cancer cells through the AKT/mTORC1 pathway (Wang et al., 2021a). Conversely, HCC827 cells transfected with si-METTL1 showed enhanced autophagy, indicating that METL1 might be a promising target for the treatment of lung cancer. Interestingly, the antiparasitic drug pyrimethamine promoted the degradation of AIMP2-DX2 through ubiquitination, thereby suppressing the growth of H460 cells in xenograft mice (Kim et al., 2020). In conclusion, future research based on tRNA will help in understanding the pathogenesis of lung cancer and provide new ideas for its diagnosis and treatment.
AUTHOR CONTRIBUTIONS
MB conceptualized the study and wrote the manuscript; SH participated in the literature search and discussion; and ZZ and DY revised and supervised the overall project. All authors read and approved the final version of the manuscript.
FUNDING
This project was supported by the National Natural Science Foundation of China (81900468).
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.
REFERENCES
 Balatti, V., Nigita, G., Veneziano, D., Drusco, A., Stein, G. S., Messier, T. L., et al. (2017). tsRNA Signatures in Cancer. Proc. Natl. Acad. Sci. USA 114 (30), 8071–8076. doi:10.1073/pnas.1706908114 
 Chan, C. T. Y., Dyavaiah, M., DeMott, M. S., Taghizadeh, K., Dedon, P. C., and Begley, T. J. (2010). A Quantitative Systems Approach Reveals Dynamic Control of tRNA Modifications during Cellular Stress. Plos Genet. 6 (12), e1001247. doi:10.1371/journal.pgen.1001247 
 Chiou, N.-T., Kageyama, R., and Ansel, K. M. (2018). Selective Export into Extracellular Vesicles and Function of tRNA Fragments during T Cell Activation. Cel Rep. 25 (12), 3356–3370. e3354. doi:10.1016/j.celrep.2018.11.073 
 Choi, J. W., Kim, D. G., Lee, A.-E., Kim, H. R., Lee, J. Y., Kwon, N. H., et al. (2011). Cancer-associated Splicing Variant of Tumor Suppressor AIMP2/p38: Pathological Implication in Tumorigenesis. Plos Genet. 7 (3), e1001351. doi:10.1371/journal.pgen.1001351 
 Coll-SanMartin, L., Davalos, V., Piñeyro, D., Rosselló-Tortella, M., Bueno-Costa, A., Setien, F., et al. (2021). Gene Amplification-Associated Overexpression of the Selenoprotein tRNA Enzyme TRIT1 Confers Sensitivity to Arsenic Trioxide in Small-Cell Lung Cancer. Cancers 13 (8), 1869. doi:10.3390/cancers13081869 
 Di, X., Jin, X., Ma, H., Wang, R., Cong, S., Tian, C., et al. (2019). The Oncogene IARS2 Promotes Non-small Cell Lung Cancer Tumorigenesis by Activating the AKT/MTOR Pathway. Front. Oncol. 9, 393. doi:10.3389/fonc.2019.00393 
 Dong, C., Niu, L., Song, W., Xiong, X., Zhang, X., Zhang, Z., et al. (2016). tRNA Modification Profiles of the Fast-Proliferating Cancer Cells. Biochem. Biophysical Res. Commun. 476 (4), 340–345. doi:10.1016/j.bbrc.2016.05.124
 Dong, X., Fan, X., He, X., Chen, S., Huang, W., Gao, J., et al. (2020). Comprehensively Identifying the Key tRNA-Derived Fragments and Investigating Their Function in Gastric Cancer Processes. Ott 13, 10931–10943. doi:10.2147/ott.s266130 
 Endres, L., Fasullo, M., and Rose, R. (2019). tRNA Modification and Cancer: Potential for Therapeutic Prevention and Intervention. Future Med. Chem. 11 (8), 885–900. doi:10.4155/fmc-2018-0404 
 Farina, N. H., Scalia, S., Adams, C. E., Hong, D., Fritz, A. J., Messier, T. L., et al. (2020). Identification of tRNA‐derived Small RNA (tsRNA) Responsive to the Tumor Suppressor, RUNX1, in Breast Cancer. J. Cel Physiol 235 (6), 5318–5327. doi:10.1002/jcp.29419 
 Fitzmaurice, C., Fitzmaurice, C., Allen, C., Barber, R. M., Barregard, L., Bhutta, Z. A., et al. (2017). Global, Regional, and National Cancer Incidence, Mortality, Years of Life Lost, Years Lived with Disability, and Disability-Adjusted Life-Years for 32 Cancer Groups, 1990 to 2015: A Systematic Analysis for the Global Burden of Disease Study. JAMA Oncol. 3 (4), 524–548. doi:10.1001/jamaoncol.2016.5688 
 Gammage, P. A., Viscomi, C., Simard, M.-L., Costa, A. S. H., Gaude, E., Powell, C. A., et al. (2018). Genome Editing in Mitochondria Corrects a Pathogenic mtDNA Mutation In Vivo. Nat. Med. 24 (11), 1691–1695. doi:10.1038/s41591-018-0165-9 
 Goodarzi, H., Liu, X., Nguyen, H. C. B., Zhang, S., Fish, L., and Tavazoie, S. F. (2015). Endogenous tRNA-Derived Fragments Suppress Breast Cancer Progression via YBX1 Displacement. Cell 161 (4), 790–802. doi:10.1016/j.cell.2015.02.053 
 Grewal, S. S. (2015). Why Should Cancer Biologists Care about tRNAs? tRNA Synthesis, mRNA Translation and the Control of Growth. Biochim. Biophys. Acta (Bba) - Gene Regul. Mech. 1849 (7), 898–907. doi:10.1016/j.bbagrm.2014.12.005 
 Gu, W., Shi, J., Liu, H., Zhang, X., Zhou, J. J., Li, M., et al. (2020). Peripheral Blood Non-canonical Small Non-coding RNAs as Novel Biomarkers in Lung Cancer. Mol. Cancer 19 (1), 159. doi:10.1186/s12943-020-01280-9 
 Guo, Q., Ng, P. Q., Shi, S., Fan, D., Li, J., Zhao, J., et al. (2019). Arabidopsis TRM5 Encodes a Nuclear-Localised Bifunctional tRNA Guanine and Inosine-N1-Methyltransferase that Is Important for Growth. PLoS One 14 (11), e0225064. doi:10.1371/journal.pone.0225064 
 Han, L., Lai, H., Yang, Y., Hu, J., Li, Z., Ma, B., et al. (2021). A 5′-tRNA Halve, tiRNA-Gly Promotes Cell Proliferation and Migration via Binding to RBM17 and Inducing Alternative Splicing in Papillary Thyroid Cancer. J. Exp. Clin. Cancer Res. 40 (1), 222. doi:10.1186/s13046-021-02024-3
 Happel, C., Ganguly, A., and Tagle, D. A. (2020). Extracellular RNAs as Potential Biomarkers for Cancer. Jcmt 2020. doi:10.20517/2394-4722.2020.71
 He, Q., Yang, L., Gao, K., Ding, P., Chen, Q., Xiong, J., et al. (2020). FTSJ1 Regulates tRNA 2ʹ-O-Methyladenosine Modification and Suppresses the Malignancy of NSCLC via Inhibiting DRAM1 Expression. Cell Death Dis 11 (5), 348. doi:10.1038/s41419-020-2525-x 
 He, Z., Zheng, L., Xie, D., Yu, S., and Zhao, J. (2016). Mutational Analysis of Mitochondrial tRNA Genes in Patients with Lung Cancer. Balkan J. Med. Genet. 19 (2), 45–50. doi:10.1515/bjmg-2016-0035
 Herbst, R. S., Morgensztern, D., and Boshoff, C. (2018). The Biology and Management of Non-small Cell Lung Cancer. Nature 553 (7689), 446–454. doi:10.1038/nature25183 
 Hernandez‐Alias, X., Benisty, H., Schaefer, M. H., and Serrano, L. (2020). Translational Efficiency across Healthy and Tumor Tissues Is Proliferation‐related. Mol. Syst. Biol. 16 (3), e9275. doi:10.15252/msb.20199275 
 Hou, M., Wu, N., and Yao, L. (2021). LncRNA CBR3-AS1 Potentiates Wnt/β-Catenin Signaling to Regulate Lung Adenocarcinoma Cells Proliferation, Migration and Invasion. Cancer Cel Int 21 (1), 36. doi:10.1186/s12935-020-01685-y
 Hsu, C.-H., Hsu, C.-W., Hsueh, C., Wang, C.-L., Wu, Y.-C., Wu, C.-C., et al. (2016). Identification and Characterization of Potential Biomarkers by Quantitative Tissue Proteomics of Primary Lung Adenocarcinoma. Mol. Cell Proteomics 15 (7), 2396–2410. doi:10.1074/mcp.M115.057026 
 Huang, S.-q., Sun, B., Xiong, Z.-p., Shu, Y., Zhou, H.-h., Zhang, W., et al. (2018). The Dysregulation of tRNAs and tRNA Derivatives in Cancer. J. Exp. Clin. Cancer Res. 37 (1), 101. doi:10.1186/s13046-018-0745-z
 Hyeon, D. Y., Kim, J. H., Ahn, T. J., Cho, Y., Hwang, D., and Kim, S. (2019). Evolution of the Multi-tRNA Synthetase Complex and its Role in Cancer. J. Biol. Chem. 294 (14), 5340–5351. doi:10.1074/jbc.REV118.002958
 Ignatova, V. V., Kaiser, S., Ho, J. S. Y., Bing, X., Stolz, P., Tan, Y. X., et al. (2020). METTL6 Is a tRNA m3C Methyltransferase that Regulates Pluripotency and Tumor Cell Growth. Sci. Adv. 6 (35), eaaz4551. eaaz4551. doi:10.1126/sciadv.aaz4551 
 Ikushima, H., and Miyazono, K. (2010). TGFβ Signalling: a Complex Web in Cancer Progression. Nat. Rev. Cancer 10 (6), 415–424. doi:10.1038/nrc2853 
 Johnson, S. A. S., Dubeau, L., and Johnson, D. L. (2008). Enhanced RNA Polymerase III-dependent Transcription Is Required for Oncogenic Transformation*. J. Biol. Chem. 283 (28), 19184–19191. doi:10.1074/jbc.M802872200
 Kato, T., Daigo, Y., Hayama, S., Ishikawa, N., Yamabuki, T., Ito, T., et al. (2005). A Novel Human tRNA-Dihydrouridine Synthase Involved in Pulmonary Carcinogenesis. Cancer Res. 65 (13), 5638–5646. doi:10.1158/0008-5472.can-05-0600 
 Keam, S., and Hutvagner, G. (2015). tRNA-Derived Fragments (tRFs): Emerging New Roles for an Ancient RNA in the Regulation of Gene Expression. Life 5 (4), 1638–1651. doi:10.3390/life5041638 
 Khattar, E., Kumar, P., Liu, C. Y., Akıncılar, S. C., Raju, A., Lakshmanan, M., et al. (2016). Telomerase Reverse Transcriptase Promotes Cancer Cell Proliferation by Augmenting tRNA Expression. J. Clin. Invest. 126 (10), 4045–4060. doi:10.1172/jci86042
 Kim, D. G., Lee, J. Y., Lee, J.-H., Cho, H. Y., Kang, B. S., Jang, S.-Y., et al. (2016). Oncogenic Mutation of AIMP2/p38 Inhibits its Tumor-Suppressive Interaction with Smurf2. Cancer Res. 76 (11), 3422–3436. doi:10.1158/0008-5472.can-15-3255 
 Kim, D. G., Park, C. M., Huddar, S., Lim, S., Kim, S., and Lee, S. (2020). Anticancer Activity of Pyrimethamine via Ubiquitin Mediated Degradation of AIMP2-DX2. Molecules 25 (12), 2763. doi:10.3390/molecules25122763 
 Kim, E. Y., Jung, J. Y., Kim, A., Kim, K., and Chang, Y. S. (2017a). Methionyl-tRNA Synthetase Overexpression Is Associated with Poor Clinical Outcomes in Non-small Cell Lung Cancer. BMC Cancer 17 (1), 467. doi:10.1186/s12885-017-3452-9
 Kim, E. Y., Lee, J. G., Lee, J. M., Kim, A., Yoo, H. C., Kim, K., et al. (2019). Therapeutic Effects of the Novel Leucyl-tRNA Synthetase Inhibitor BC-LI-0186 in Non-small Cell Lung Cancer. Ther. Adv. Med. Oncol. 11, 175883591984679. doi:10.1177/1758835919846798 
 Kim, J. H., Lee, C., Lee, M., Wang, H., Kim, K., Park, S. J., et al. (2017b). Control of Leucine-dependent mTORC1 Pathway through Chemical Intervention of Leucyl-tRNA Synthetase and RagD Interaction. Nat. Commun. 8 (1), 732. doi:10.1038/s41467-017-00785-0 
 Kimura, S., Srisuknimit, V., and Waldor, M. K. (2020). Probing the Diversity and Regulation of tRNA Modifications. Curr. Opin. Microbiol. 57, 41–48. doi:10.1016/j.mib.2020.06.005 
 Kirchner, S., and Ignatova, Z. (2015). Emerging Roles of tRNA in Adaptive Translation, Signalling Dynamics and Disease. Nat. Rev. Genet. 16 (2), 98–112. doi:10.1038/nrg3861 
 Kuang, M., Zheng, D., Tao, X., Peng, Y., Pan, Y., Zheng, S., et al. (2019). tRNA‐based Prognostic Score in Predicting Survival Outcomes of Lung Adenocarcinomas. Int. J. Cancer 145 (7), 1982–1990. doi:10.1002/ijc.32250
 Kwon, N. H., Fox, P. L., and Kim, S. (2019). Aminoacyl-tRNA Synthetases as Therapeutic Targets. Nat. Rev. Drug Discov. 18 (8), 629–650. doi:10.1038/s41573-019-0026-3 
 Lee, J. M., Kim, T., Kim, E. Y., Kim, A., Lee, D. K., Kwon, N. H., et al. (2019). Methionyl-tRNA Synthetase Is a Useful Diagnostic Marker for Lymph Node Metastasis in Non-small Cell Lung Cancer. Yonsei Med. J. 60 (11), 1005–1012. doi:10.3349/ymj.2019.60.11.1005 
 Li, C., Qin, F., Hu, F., Xu, H., Sun, G., Han, G., et al. (2018a). Characterization and Selective Incorporation of Small Non-coding RNAs in Non-small Cell Lung Cancer Extracellular Vesicles. Cell Biosci 8, 2. doi:10.1186/s13578-018-0202-x 
 Li, T., Shao, Y., Fu, L., Xie, Y., Zhu, L., Sun, W., et al. (2018b). Plasma Circular RNA Profiling of Patients with Gastric Cancer and Their Droplet Digital RT-PCR Detection. J. Mol. Med. 96 (1), 85–96. doi:10.1007/s00109-017-1600-y
 Li, Y., Yang, Y., Gan, T., Zhou, J., Hu, F., Hao, N., et al. (2019). Extracellular RNAs from Lung Cancer Cells Activate Epithelial Cells and Induce Neutrophil Extracellular Traps. Int. J. Oncol. 55 (1), 69–80. doi:10.3892/ijo.2019.4808
 Lim, S., Cho, H. Y., Kim, D. G., Roh, Y., Son, S.-Y., Mushtaq, A. U., et al. (2020). Targeting the Interaction of AIMP2-DX2 with HSP70 Suppresses Cancer Development. Nat. Chem. Biol. 16 (1), 31–41. doi:10.1038/s41589-019-0415-2 
 Liu, W., Liu, Y., Pan, Z., Zhang, X., Qin, Y., Chen, X., et al. (2020). Systematic Analysis of tRNA-Derived Small RNAs Discloses New Therapeutic Targets of Caloric Restriction in Myocardial Ischemic Rats. Front. Cel Dev. Biol. 8, 568116. doi:10.3389/fcell.2020.568116 
 Lord, C. L., Ospovat, O., and Wente, S. R. (2017). Nup100 Regulates Saccharomyces cerevisiae Replicative Life Span by Mediating the Nuclear export of Specific tRNAs. Rna 23 (3), 365–377. doi:10.1261/rna.057612.116 
 Lu, J., Sharma, L. K., and Bai, Y. (2009). Implications of Mitochondrial DNA Mutations and Mitochondrial Dysfunction in Tumorigenesis. Cell Res 19 (7), 802–815. doi:10.1038/cr.2009.69 
 Ma, Q., and He, J. (2020). Enhanced Expression of Queuine tRNA-Ribosyltransferase 1 (QTRT1) Predicts Poor Prognosis in Lung Adenocarcinoma. Ann. Transl Med. 8 (24), 1658. doi:10.21037/atm-20-7424 
 Martinez, A., Yamashita, S., Nagaike, T., Sakaguchi, Y., Suzuki, T., and Tomita, K. (2017). Human BCDIN3D Monomethylates Cytoplasmic Histidine Transfer RNA. Nucleic Acids Res. 45 (9), gkx051–5436. doi:10.1093/nar/gkx051 
 Massagué, J. (2008). TGFβ in Cancer. Cell 134 (2), 215–230. doi:10.1016/j.cell.2008.07.001 
 Meng, F., Zhou, M., Xiao, Y., Mao, X., Zheng, J., Lin, J., et al. (2021). A Deafness-Associated tRNA Mutation Caused Pleiotropic Effects on the m1G37 Modification, Processing, Stability and Aminoacylation of tRNAIle and Mitochondrial Translation. Nucleic Acids Res. 49, 1075–1093. doi:10.1093/nar/gkaa1225 
 Nicoś, M., Krawczyk, P., Crosetto, N., and Milanowski, J. (2020). The Role of Intratumor Heterogeneity in the Response of Metastatic Non-small Cell Lung Cancer to Immune Checkpoint Inhibitors. Front. Oncol. 10, 569202. doi:10.3389/fonc.2020.569202 
 Oh, A.-Y., Jung, Y. S., Kim, J., Lee, J.-H., Cho, J.-H., Chun, H.-Y., et al. (2016). Inhibiting DX2-P14/ARF Interaction Exerts Antitumor Effects in Lung Cancer and Delays Tumor Progression. Cancer Res. 76 (16), 4791–4804. doi:10.1158/0008-5472.can-15-1025 
 Pan, Y., Yan, T.-M., Wang, J.-R., and Jiang, Z.-H. (2021). The Nature of the Modification at Position 37 of tRNAPhe Correlates with Acquired Taxol Resistance. Nucleic Acids Res. 49 (1), 38–52. doi:10.1093/nar/gkaa1164 
 Pekarsky, Y., Balatti, V., Palamarchuk, A., Rizzotto, L., Veneziano, D., Nigita, G., et al. (2016). Dysregulation of a Family of Short Noncoding RNAs, tsRNAs, in Human Cancer. Proc. Natl. Acad. Sci. USA 113 (18), 5071–5076. doi:10.1073/pnas.1604266113 
 Perli, E., Pisano, A., Pignataro, M. G., Campese, A. F., Pelullo, M., Genovese, I., et al. (2020). Exogenous Peptides Are Able to Penetrate Human Cell and Mitochondrial Membranes, Stabilize Mitochondrial tRNA Structures, and rescue Severe Mitochondrial Defects. FASEB j. 34 (6), 7675–7686. doi:10.1096/fj.201903270R 
 Pliatsika, V., Loher, P., Magee, R., Telonis, A. G., Londin, E., Shigematsu, M., et al. (2018). 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. 46 (D1), D152–d159. doi:10.1093/nar/gkx1075 
 Popper, H. H. (2016). Progression and Metastasis of Lung Cancer. Cancer Metastasis Rev. 35 (1), 75–91. doi:10.1007/s10555-016-9618-0 
 Rashad, S., Han, X., Sato, K., Mishima, E., Abe, T., Tominaga, T., et al. (2020). The Stress Specific Impact of ALKBH1 on tRNA Cleavage and tiRNA Generation. RNA Biol. 17 (8), 1092–1103. doi:10.1080/15476286.2020.1779492 
 Rollins, J., Veras, I., Cabarcas, S., Willis, I., and Schramm, L. (2007). Human Maf1 Negatively Regulates RNA Polymerase III Transcription via the TFIIB Family Members Brf1 and Brf2. Int. J. Biol. Sci. 3 (5), 292–302. doi:10.7150/ijbs.3.292 
 Rosselló-Tortella, M., Llinàs-Arias, P., Sakaguchi, Y., Miyauchi, K., Davalos, V., Setien, F., et al. (2020). Epigenetic Loss of the Transfer RNA-Modifying Enzyme TYW2 Induces Ribosome Frameshifts in colon Cancer. Proc. Natl. Acad. Sci. USA 117 (34), 20785–20793. doi:10.1073/pnas.2003358117
 Saikia, M., and Hatzoglou, M. (2015). The Many Virtues of tRNA-Derived Stress-Induced RNAs (tiRNAs): Discovering Novel Mechanisms of Stress Response and Effect on Human Health. J. Biol. Chem. 290 (50), 29761–29768. doi:10.1074/jbc.R115.694661 
 Shao, Y., Sun, Q., Liu, X., Wang, P., Wu, R., and Ma, Z. (2017). tRF-Leu-CAG Promotes Cell Proliferation and Cell Cycle in Non-small Cell Lung Cancer. Chem. Biol. Drug Des. 90 (5), 730–738. doi:10.1111/cbdd.12994 
 Shigematsu, M., and Kirino, Y. (2017). 5′-Terminal Nucleotide Variations in Human Cytoplasmic tRNAHisGUG and its 5′-halves. RNA 23 (2), 161–168. doi:10.1261/rna.058024.116 
 Shin, S.-H., Kim, H.-S., Jung, S.-H., Xu, H.-D., Jeong, Y.-B., and Chung, Y.-J. (2008). Implication of Leucyl-tRNA Synthetase 1 (LARS1) Over-expression in Growth and Migration of Lung Cancer Cells Detected by siRNA Targeted Knock-Down Analysis. Exp. Mol. Med. 40 (2), 229–236. doi:10.3858/emm.2008.40.2.229 
 Siegel, P. M., and Massagué, J. (2003). Cytostatic and Apoptotic Actions of TGF-β in Homeostasis and Cancer. Nat. Rev. Cancer 3 (11), 807–820. doi:10.1038/nrc1208 
 Sung, H., Ferlay, J., Siegel, R. L., Laversanne, M., Soerjomataram, I., Jemal, A., et al. (2021). Global Cancer Statistics 2020: GLOBOCAN Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA A. Cancer J. Clin. 71 (3), 209–249. doi:10.3322/caac.21660
 Tavares, J. F., Davis, N. K., Poim, A., Reis, A., Kellner, S., Sousa, I., et al. (2021). tRNA-Modifying Enzyme Mutations Induce Codon-specific Mistranslation and Protein Aggregation in Yeast. RNA Biol. 18 (4), 563–575. doi:10.1080/15476286.2020.1819671 
 Telonis, A. G., Loher, P., Magee, R., Pliatsika, V., Londin, E., Kirino, Y., et al. (2019). tRNA Fragments Show Intertwining with mRNAs of Specific Repeat Content and Have Links to Disparities. Cancer Res. 79 (12), 3034–3049. doi:10.1158/0008-5472.can-19-0789 
 Thompson, D. M., Lu, C., Green, P. J., and Parker, R. (2008). tRNA Cleavage Is a Conserved Response to Oxidative Stress in Eukaryotes. Rna 14 (10), 2095–2103. doi:10.1261/rna.1232808 
 Torres, A. G., and Martí, E. (2021). Toward an Understanding of Extracellular tRNA Biology. Front. Mol. Biosci. 8, 662620. doi:10.3389/fmolb.2021.662620 
 Vannini, A., and Cramer, P. (2012). Conservation between the RNA Polymerase I, II, and III Transcription Initiation Machineries. Mol. Cel 45 (4), 439–446. doi:10.1016/j.molcel.2012.01.023 
 Veneziano, D., Di Bella, S., Nigita, G., Laganà, A., Ferro, A., and Croce, C. M. (2016). Noncoding RNA: Current Deep Sequencing Data Analysis Approaches and Challenges. Hum. Mutat. 37 (12), 1283–1298. doi:10.1002/humu.23066 
 Wallace, D. C. (2015). Mitochondrial DNA Variation in Human Radiation and Disease. Cell 163 (1), 33–38. doi:10.1016/j.cell.2015.08.067 
 Wang, C., Wang, W., Han, X., Du, L., Li, A., and Huang, G. (2021a). Methyltransferase-like 1 R-egulates L-ung A-denocarcinoma A549 C-ell P-roliferation and A-utophagy via the AKT/mTORC1 S-ignaling P-athway. Oncol. Lett. 21 (4), 330. doi:10.3892/ol.2021.12591 
 Wang, J., Ma, G., Ge, H., Han, X., Mao, X., Wang, X., et al. (2021b). Circulating tRNA-Derived Small RNAs (tsRNAs) Signature for the Diagnosis and Prognosis of Breast Cancer. NPJ Breast Cancer 7 (1), 4. doi:10.1038/s41523-020-00211-7
 Wang, L., Chen, Z. J., Zhang, Y. K., and Le, H. B. (2015). The Role of Mitochondrial tRNA Mutations in Lung Cancer. Int. J. Clin. Exp. Med. 8 (8), 13341–13346. 
 Wang, L., Wang, J., Jia, E., Liu, Z., Ge, Q., and Zhao, X. (2020). Plasma RNA Sequencing of Extracellular RNAs Reveals Potential Biomarkers for Non-small Cell Lung Cancer. Clin. Biochem. 83, 65–73. doi:10.1016/j.clinbiochem.2020.06.004 
 Wang, S., Liu, X., Huang, J., Zhang, Y., Sang, C., Li, T., et al. (2018). Expression of KIAA1456 in Lung Cancer Tissue and its Effects on Proliferation, Migration and Invasion of Lung Cancer Cells. Oncol. Lett. 16 (3), 3791–3795. doi:10.3892/ol.2018.9119 
 Wang, X., Gerber, A., Chen, W.-Y., and Roeder, R. G. (2020). Functions of Paralogous RNA Polymerase III Subunits POLR3G and POLR3GL in Mouse Development. Proc. Natl. Acad. Sci. USA 117 (27), 15702–15711. doi:10.1073/pnas.1922821117 
 White, R. J. (2008). RNA Polymerases I and III, Non-coding RNAs and Cancer. Trends Genet. 24 (12), 622–629. doi:10.1016/j.tig.2008.10.003 
 Yang, C., Lee, M., Song, G., and Lim, W. (2021). tRNALys-Derived Fragment Alleviates Cisplatin-Induced Apoptosis in Prostate Cancer Cells. Pharmaceutics 13 (1), 55. doi:10.3390/pharmaceutics13010055 
 Ying, W., Gao, H., Dos Reis, F. C. G., Bandyopadhyay, G., Ofrecio, J. M., Luo, Z., et al. (2021). MiR-690, an Exosomal-Derived miRNA from M2-Polarized Macrophages, Improves Insulin Sensitivity in Obese Mice. Cel Metab. 33, 781–790. doi:10.1016/j.cmet.2020.12.019
 Yousefi, M., Bahrami, T., Salmaninejad, A., Nosrati, R., Ghaffari, P., and Ghaffari, S. H. (2017). Lung Cancer-Associated Brain Metastasis: Molecular Mechanisms and Therapeutic Options. Cell Oncol. 40 (5), 419–441. doi:10.1007/s13402-017-0345-5 
 Yum, M. K., Kang, J.-S., Lee, A.-E., Jo, Y.-W., Seo, J.-Y., Kim, H.-A., et al. (2016). AIMP2 Controls Intestinal Stem Cell Compartments and Tumorigenesis by Modulating Wnt/β-Catenin Signaling. Cancer Res. 76 (15), 4559–4568. doi:10.1158/0008-5472.can-15-3357 
 Zhang, C., Lin, X., Zhao, Q., Wang, Y., Jiang, F., Ji, C., et al. (2020a). YARS as an Oncogenic Protein that Promotes Gastric Cancer Progression through Activating PI3K-Akt Signaling. J. Cancer Res. Clin. Oncol. 146 (2), 329–342. doi:10.1007/s00432-019-03115-7
 Zhang, F., Shi, J., Wu, Z., Gao, P., Zhang, W., Qu, B., et al. (2020b). A 3′-tRNA-Derived Fragment Enhances Cell Proliferation, Migration and Invasion in Gastric Cancer by Targeting FBXO47. Arch. Biochem. Biophys. 690, 108467. doi:10.1016/j.abb.2020.108467 
 Zhang, J., Lu, R., Zhang, Y., Matuszek, Ż., Zhang, W., Xia, Y., et al. (2020c). tRNA Queuosine Modification Enzyme Modulates the Growth and Microbiome Recruitment to Breast Tumors. Cancers 12 (3), 628. doi:10.3390/cancers12030628 
 Zhang, Z., Ye, Y., Gong, J., Ruan, H., Liu, C.-J., Xiang, Y., et al. (2018). Global Analysis of tRNA and Translation Factor Expression Reveals a Dynamic Landscape of Translational Regulation in Human Cancers. Commun. Biol. 1, 234. doi:10.1038/s42003-018-0239-8 
 Zhao, Q., Chen, S., Li, T., Xiao, B., and Zhang, X. (2018). Clinical Values of Circular RNA 0000181 in the Screening of Gastric Cancer. J. Clin. Lab. Anal. 32 (4), e22333. doi:10.1002/jcla.22333
 Zhou, X., Xue, L., Hao, L., Liu, S., Zhou, F., Xiong, H., et al. (2013). Proteomics-based Identification of Tumor Relevant Proteins in Lung Adenocarcinoma. Biomed. Pharmacother. 67 (7), 621–627. doi:10.1016/j.biopha.2013.06.005 
 Zhou, Z., Sun, B., Huang, S., Yu, D., and Zhang, X. (2020a). Roles of Aminoacyl-tRNA Synthetase-Interacting Multi-Functional Proteins in Physiology and Cancer. Cel Death Dis 11 (7), 579. doi:10.1038/s41419-020-02794-2 
 Zhou, Z., Sun, B., Huang, S., and Zhao, L. (2019). Roles of Circular RNAs in Immune Regulation and Autoimmune Diseases. Cel Death Dis 10 (7), 503. doi:10.1038/s41419-019-1744-5 
 Zhou, Z., Sun, B., Nie, A., Yu, D., and Bian, M. (2020b). Roles of Aminoacyl-tRNA Synthetases in Cancer. Front. Cel Dev. Biol. 8, 599765. doi:10.3389/fcell.2020.599765
 Zhu, C., Sun, B., Nie, A., and Zhou, Z. (2020). The tRNA‐associated Dysregulation in Immune Responses and Immune Diseases. Acta Physiol. 228 (2), e13391. doi:10.1111/apha.13391 
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.
Copyright © 2021 Bian, Huang, Yu and Zhou. 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.
OPS/images/fmolb-08-659388-t001.jpg
tRNA-associated metabolism

TERT

Mutations in mt-tRNAs, such as

tRNA"S, tRNA%S, tRNA", tRNAS,

and tRNA™

Dysregulation of tRNA levels
ts-3676 and ts-4521

ts-46 and ts-47
(RF-Leu-CAG

FTSJ1

hTRMOL

hDUS2

TRIT1

IARS2
LRS

AIMP2

TyRS
NARS

MRS
AIMP2-DX2

LRS
AIMP2-DX2

Effects

Promoted cancer cell proliferation

Associated with lung tumorigenesis

Used as variables to construct aprognostic model of
lung adenocarcinoma and predict cancer-specific
survival

Involved in tumorigenesis

Affected lung cancer cell growth and survival
Promoted cel proiferation and cell cycle in NSCLC
Suppressed the malignancy of NSCLC
Suppressed the prolferation, migration, and
invasion of lung cancer cells

Contributed to tumorigenesis

Cancer cells with TRIT1 gene amplification were
more sensitive to arsenic trioxide

Acted as an oncogene in NSCLC

Played an important role in the development of lung
cancer

Had atumor-suppressor activity on lung cancer cells

High TyrRS expression increased the risk of death
Promoted the growth and migration of
adenocarcinoma cells

Associated with tumor growth and spread

Induced lung tumorigenesis
Associated with lung tumorigenesis

Prevented oncogene-induced apoptosis and
senescence

Mechanisms

Regulated the expression of tRNAY!, tRNA9,
and tRNA", thus controlling protein synthesis in
cancer cells

Not only acted as microRNAS but also served as
pIRNAS

Inhibited the colony formation in lung cancer cells
Increased the activity of AURKA

By inhibiting the DRAM1 expression

Inhibited the expressions of cyclin D1 and
N-cadherin and promoted the expression of
E-cadherin

Increased the translation efficiency by interacting
with EPRS

Involved in the expression of selenoproteins

By activating the AKT/mTOR pathway
Promoted the growth and migration of cancer
cells

Interacted with Smurf2 to downreguiate c-Myc
and sustain TGF-B signaling

Had excessive mTORC1-related activities in
NSCLG tissues

Reduced the proapoptotic activity of AIMP2
through competitive binding to p53
Activated the mTORC1 pathway

Through binding to and inhibiting p14/ARF

References

Khattar et al. (2016)
Wang et al. (2015); He
etal. (2016)

Kuang et al. (2019)

Pekarsky et al. (2016)
Balatti et al. (2017)
Shao et al. (2017)
He et al. (2020)
Wang et al. (2018)
Kato et al. (2005)
Coll-SanMartin and
Davalos (2021)
Diet al. (2019)
Shin et al. (2008)
Kim et al. (2016)

Zhou et al. (2013)
Hsu et al. (2016)

Kim et . (2017a)
Choi et al. (2011)

Kim et al. (2019)
Ohetal. (2016)





OPS/xhtml/nav.xhtml
Contents

		Cover

		tRNA Metabolism and Lung Cancer: Beyond Translation		Introduction

		Roles of tRNA Metabolism in Lung Cancer		tRNA Transcription and Mutations in Lung Cancer

		tRNA Molecules and Derivatives in Lung Cancer

		tRNA-Modifying Enzymes in Lung Cancer

		ARSs in Lung Cancer





		Conclusion and Future Perspective

		Author Contributions

		Funding

		Publisher’s Note

		References









OPS/images/cover.jpg
frontiers
in Molecular Biosciences

tRNA Metabolism and Lung
Cancer: Beyond Translation





OPS/images/fmolb-08-659388-g001.gif





OPS/images/fmolb-08-659388-g002.gif
)
|—
S

e

T

o
5 s

| (]
iy

e

Pty

(]

||

T










OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
, frontiers o
in Molecular Biosciences





