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ARTICLE INFO ABSTRACT

Keywords: Transfer RNAs (tRNAs) play pivotal roles in the transmission of genetic information, and abnormality of tRNAs
Non-coding RNA directly leads to translation disorders and causes diseases, including cancer. The complex modifications enable
Tumor . tRNA to execute its delicate biological function. Alteration of appropriate modifications may affect the stability
:ﬁ?A modification of tRNA, impair its ability to carry amino acids, and disrupt the pairing between anticodons and codons. Studies

confirmed that dysregulation of tRNA modifications plays an important role in carcinogenesis. Furthermore,
when the stability of tRNA is impaired, tRNAs are cleaved into small tRNA fragments (tRFs) by specific RNases.
Though tRFs have been found to play vital regulatory roles in tumorigenesis, its formation process is far from
clear. Understanding improper tRNA modifications and abnormal formation of tRFs in cancer is conducive to
uncovering the role of metabolic process of tRNA under pathological conditions, which may open up new av-

enues for cancer prevention and treatment.

1. Introduction

Composed of 70-90 nucleotides, tRNA is a class of small non-coding
ribonucleic acid folded into “clover” secondary conformation and L-
shaped tertiary structure with the basic function of carrying and trans-
porting amino acids. As a connecting molecule between mRNA and
protein, tRNA plays a central role in translation, delivering amino acids
onto the ribosome and translating nucleotide sequences into corre-
sponding polypeptide chains in the manner of codon-anticodon pairing
[1,2]. tRNA accounts for about 4-10% of all cellular RNA [3].

The sequences of tRNA in mammalian genomes are highly
conserved. Many tRNA genes, with the same anticodon, are distributed
in different places in the genome but share the same sequence. The
reference human genome of hgl9 contains 446 tRNA genes distributed
in 280 sequences, and the gene number/gene sequence ratio is 1.59 [4].
Using hg38 reference annotation, 429 highly confident tRNA genes were
obtained [5]. Chip-seq studies of RNA polymerase III (Pol III) subunits

Abbreviations: tRNA, transfer RNA; tRFs, tRNA fragments.

and transcription factors show that most tRNA isocode genes are tran-
scribed in different cell types [6]. However, there is a great diversity of
tRNA and tRNA may obtain gene diversity by increasing the mis-
acylation tendency of non-homologous tRNA synthetase. The diversity
of tRNAs has also been suggested as a possible explanation for their
fine-tuning of translation in a cell type or cell state-dependent manner.
For example, sequence changes in tRNA bodies can regulate amino-
acylation status, or efficiency of ribosome loading [7,8].

On the other hand, the unprecedented complexity of tRNA biosyn-
thesis, modification pattern, regulation, and function play an important
role in the occurrence and development of many diseases including
cancer. The latest research of tRNA in tumors brings up many new ideas
for the prevention and treatment of cancers. Till now, more than 100
modifications have been identified in all human tRNA isoforms. After
specific modifications, usually under some stress conditions, tRNA will
break up and generate small tRNA fragments (tRFs). With the richness of
its modification and the diversity of its derived tRFs, tRNAs play a broad
range of roles in tumorigenesis [9]. This review summarizes the most
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Abbreviations

tRFs tRNA fragments

PolIIl  RNA polymerase III

m7G 7-methylguansine

Q queuosine

mcm5s2U  methoxycarbonylmethyl-2-thiouridine
v pseudouridine

m5C 5-methylcytosine
TGT tRNA-guanine transglycosylase

5-FU 5-fluorouracil
TMZ temozolomide

Pol I RNA polymerase II

CESC cervical squamous cell carcinoma and endocervical
adenocarcinoma

COAD  colon adenocarcinoma

GBM glioblastoma

LC lung cancer

BC breast cancer

HNSC head and neck squamous cell carcinoma

ICC intrahepatic cholangiocarcinoma T-ALL  acute lymphoblastic leukemia
NPC nasopharyngeal carcinoma ANG angiopoietin
EMT epithelial-mesenchymal transition TNBC triple-negative breast cancer
ESCC esophageal squamous cell carcinoma PRAD prostatic carcinoma
IRES intrinsic ribosomal entry site B-ALL  acute B lymphocytic leukemia
MAPK  mitogen-activated protein kinase CRC colorectal cancer
IRES intrinsic ribosomal entry site U34 uridine 34
PUS pseudouridine synthase SG stress granules

recent research progress of tRNA-centered cancer development process, [13-22].

focusing on tRNA modification, stability, and the consequences of
structural breakage in cancer.

2. Abnormal tRNA modifications and cancer

The initial product of Pol III is the tRNA precursor which undergoes a
complex series of biological processes to be converted into the mature
tRNA [10], including removal of the 5’ precursor conductor by RNase P,
RNase E, and RNase PH, cleavage of the 3’ tail by RNase T, adding CCA
to the 3’ end by CCA adding enzyme, and multiple modifications of tRNA
bases [11].

Various tRNA modifications have been found in tRNA anticodons,
which are essential for tRNA to carry out its biological functions. The
sequence of tRNA is more conserved than that of mRNA, and many
modifications on tRNA have been confirmed to occur at several fixed
positions. During the transfer of amino acids from the 3’ terminus of
tRNA to the growing peptide chain, anticodons at positions 34, 35, and
36 of tRNA recognize specific codons on mRNA through hydrogen
bonding at the A site of the ribosome. There is an important “wobbling
pairing” in codon-anticodon interactions, where base pairing between
the third position of the codon and the first position of the anticodon
(position 34 of the tRNA) does not always follow Watson-Crick rule but
adapts to various irregular pairings. The presence of a variety of modi-
fied nucleotides at position 34 (wobble modification) is an important
regulator of wobbling pairing. In addition to wobble modification, po-
sition 37 is another hot spot for tRNA modification. This position is
adjacent to the anticodon and plays a regulatory role in maintaining
reading and pairing. There are also many modifications present on tRNA
bodies, including on the D-arm, T-arm, and variable loop, which are
involved in maintaining the structural stability of tRNA. Recent studies
have shown that tRNA modifications can be dynamically regulated
based on the levels of cellular metabolites and environmental cues. The
anomaly of tRNA modification at any position may lead to diseases
including the occurrence of cancer [12]. Studies show that some posi-
tions have relatively fixed modifications, while some modifications
occur on multiple positions. The diversity of tRNA modifications has
attracted increasing attention in cancer research. During the past two
decades, at least 16 new tRNA modifications have been identified across
various organisms. This review focuses on roles of several major tRNA
modifications in tumorigenesis, including 7-Methylguansine (m’G),
queuosine (Q), Methoxycarbonylmethyl-2-thiouridine (mcmsszU),
pseudouridine (¥) and 5-methylcytosine (m°C) (Fig. 1). Some latest
techniques for detecting tRNA modifications are summarized in Table 1

2.1. 7-methylguanosine (m’G) modification

The modification of tRNA by 7-methylguanosine (m’G) is widely
found in bacteria and eukaryotes, usually at position 46. Through
hydrogen bonding with bases G22 and C13, m’G modification makes
this position positively charged and enhances the stability of tRNA
[23-26]. In 2019, methyltransferase METTL1 was identified as the
writer of m’G [27], regulating m’G modification of tRNA. In 2021,
Orellana et al. demonstrated that METTL1/WDR4 promoted m’G
modification of tRNA, which reduced ribosomal pause and improved
translation efficacy [28]. In tumors, m’G-tRNA modification selectively
enhances the translation of oncogenic transcripts and plays a
cancer-promoting role. For example, m’G modification plays a key
tumorigenic function in intrahepatic cholangiocarcinoma (ICC) by
up-regulating genes of cell cycle and epidermal growth factor receptor
(EGFR) pathway [29]. When METTL1/WDR4 is depleted, reduced m’G
modification results in decreased translation of tumor-relevant mRNAs,
and impaired cell proliferation, colony formation, cell invasion, and
tumorigenicity [30]. In breast cancer, the expression of METTLI is
clearly negatively correlated with patient prognosis. Silencing METTL1
inhibited the proliferation, migration, and invasion of breast cancer cells
mediated by EGFR/EFEMPI1 up-regulation [31]. In nasopharyngeal
carcinoma (NPC), high expression of METTL1/WDR4 promotes the
growth and metastasis of NPC cells in vitro and in vivo. ARNT, the up-
stream transcription factor of METTL1, promoted the expression of
METTL1, affected m’G modification of tRNA, up-regulated the
WNT/f-catenin signaling pathway, and finally enhanced the
epithelial-mesenchymal transition (EMT) and chemotherapy resistance
of NPC cells [32]. In esophageal squamous cell carcinoma (ESCC),
METTL1/WDR4 is significantly up-regulated. Knockdown of METTLI or
WDR4 results in reduced m’G-tRNA modification and reduced trans-
lation of oncogenic transcripts enriched in the RPTOR/ULK1/autophagy
pathway [33].

2.2. Queuosine (Q) modification

Queuine is a nucleoside analogue of guanosine through base ex-
change. It is present at the first position of the anticodon loop of tRNA
for histidine, aspartic acid, asparagine, and tyrosine. The reaction is
catalyzed by tRNA-guanine transglycosylase (TGT), which was identi-
fied in 1982 [34]. In 2014, Remi Zallot et al. reported that the eukaryotic
TGT consists of catalytic subunit (QTRT1) and homologous accessory
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subunit (QTRTD1) [35]. As early as the 1980s, it was found that cyto-
plasmic or mitochondrial tRNA lacked Q modification in a variety of
tumors [36]. In 1992, this modification was found to be associated the
occurrence and development of human colon adenocarcinoma [37].
Recent studies have confirmed that low Q-tRNA is closely linked to
uncontrolled cell proliferation and malignant tumors. Low Q-modifica-
tion of tRNA is caused by the decrease of tRNA guanine transglycosylase
activity, which may be a potential therapeutic target [38,39]. Loss of
QTRTI1 in human breast cancer cells changes the function of regulatory
genes and affects the proliferation and migration of tumor cells [40]. A
study shows that queuine promotes antioxidant defense system by
increasing antioxidant enzyme activities and inhibits oxidative stress
and tumorigenesis, which may be one of the reason why loss of Q-tRNA
is associated with tumor [41]. In addition, loss of Q modification can
promote Warburg type metabolism, which is beneficial to the energy
metabolism of tumors [42].

2.3. U34 mem®s>-tRNA modification

Post-transcriptional modifications of tRNA on the wobble uridine 34
(U34) base are highly conserved and contribute to translational fidelity.

METTL1
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Fig. 1. tRNA modifications and cancer. Common
sites and enzymes for Q, mem5s2U, y, m7G, and m5C
modifications on tRNA. Alterations of modifying en-
zymes lead to excessive or absent of modifications,
change of the expression of tumor-related genes, and
activating or inhibiting of certain cancer-related
signaling pathways. Increased y modification and
mb5C lead to the proliferation of glioblastoma, HNSC,
and CESC. U34 mcm5s2-tRNA modification promotes
the development of breast cancer, melanoma, COAD,
and leukemia. Deficiency of Q modification promotes
tumor cell proliferation. m7G-tRNA modification
selectively enhances the translation of oncogenic
mRNA and plays a pivotal carcinogenic role. (HNSC:
head and neck squamous cell carcinoma; CESC: cer-
vical squamous cell carcinoma and endocervical
adenocarcinoma; BC: breast cancer; COAD: colon
adenocarcinoma; GBM: glioblastoma; LC: lung can-
cer; ESCC: esophageal squamous cell carcinoma; NPC:
nasopharyngeal carcinoma; ICC: intrahepatic
cholangiocarcinoma).

N Warburg type
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Modification of the wobble site by mem®s?U is known to enable wobble
pairing and optimizing the codon translation rate to improve the
translation fidelity and ensure the extension of the translated peptide
[43-48]. The absence of this modification may cause ribosome stalling
[49]. Researchers found that ELP3 and CTU1/2, as partner enzymes in
U34 mem®s2-tRNA modification, up-regulated the expression of DEK
oncogene through mem®s?tRNA modification, which further
up-regulated the expression of intrinsic ribosomal entry site (IRES)
invasive transfer factor and promoted the invasion and metastasis of
breast cancer [50]. The modification of U34 position also plays an
important role in melanoma development and drug resistance. Research
found that the survival of melanoma cells expressing BRAFV600E
oncogene depends on tRNA modifications at U34, and simultaneously
inhibition of MAPK signaling and ELP3/CTU1/2 kills melanoma cells
and overcomes resistance to MAPK-targeted therapy alone. Specifically,
ELP3/CTU1/2 enhances the translation of HIF1lo mRNA by modifying
U34 to maintain a high level of HIFla protein content to promote
glycolysis in melanoma cells and promote cancer progression [51].
Furthermore, studies have shown that ELP3/CTU1/2 knockdown sen-
sitizes drug-resistant melanoma to targeted therapy [52]. In addition,
loss of U34 modification enhances nuclear import of GIn3 and activates
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Table 1

Techniques for identifying tRNA modifications.

Modification

Technique

Detection mechanism

Queuosine ( Q)

Queuosine ( Q)

3-Methylcytidine ( m3C )

5-Methoxycarbonylmethyl-2-
thiouridine (mem®s?U)

4-Thiourdine (s*U)

Pseudouridine (W)

7-Methylguansine (m’G)

7-Methylguansine (m7G)

APB and Northern
blot

PAQS-seq

HAC-seq

Gamma-toxin
endonuclease

MTSEA biotin-XX
s*U detection
system

Nanopore
sequencing

TRAC-Seq

m7G-MaP-seq

The method is based on the
copolymerization of boric
acid (N-acryloyl-3-
aminobenylboric acid (APB))
in a polyacrylamide gel and
the interaction between this
derivative and the free cis-
diol group of tRNA. During
electrophoresis, the cis-diol
group slows the Q-modified
tRNA, which can then be
separated from the
unmodified tRNA and
quantified using Northern
blot analysis [13].

Periodate treatment oxidizes
the Q base, resulting in
specific missing tags in RNA-
seq data. Single-base
resolution of Q modification
in tRNA can then be obtained
from biological RNA samples
by Nextgen sequencing [14].
Specific cleavage of tRNA
chains at m3C is induced by
aniline treatment following
hydrazine treatment [15].
The gamma-toxin
endonuclease is used to cut
tRNA containing the
mem5s2U modification. This
technique, combined with
Northern blotting, enables
rapid and sensitive detection
of changes in the
modification status of
mem®s?U [16].

MTSEA biotin-XX reacts only
with s*U and not with other
sulfur-modified nucleosides
in tRNA, such as sU
derivatives, and could
specifically label s*U [17].
Most RNA modifications
result in systematic base-
calling errors, and the
signature of these base-
calling “errors” can be used to
identify the types of
underlying RNA
modifications [18].

m’G TRAG-seq involves
processing size selection of
RNA to remove the major
tRNA modification followed
by sodium borohydride
(NaBH4) to reduce the m7G
site and subsequent aniline-
mediated cleavage of the
RNA strand at the resulting
nonbasic site. The cleaved
sites are subsequently ligated
with adapters to construct
libraries for high-throughput
sequencing [19].

The m7G-modified position is
converted to a non-basic site
by sodium borohydride
reduction, recorded directly
as a cDNA mutation by
reverse transcription and
sequenced [20].

Cancer Letters 563 (2023) 216170

Table 1 (continued)

Modification Technique Detection mechanism

5-Formylcytidine (f°C) £°C is visualized using a

semistable ylide label and

Photo-facilitated
detection and

sequencing could be distinguished from a
similar 5-formyluridine [21].
5-Formylcytidine (f°C) Protonation- The combination of
dependent protonation with electron-
sequencing withdrawing substituents can

change the molecular orbital
energy of the modified
cytidine nucleosides and
enhance the reactivity and
sensitivity of detecting 5 fC in
tRNA [22].

NCR (nitrogen catabolite repression) gene, affects TOR signaling
pathway, inhibits cell division and growth, and reverses the resistance of
cancer cells to rapamycin, which may be another mechanism of U34
modification on the occurrence and development of tumors [53]. Recent
studies have shown that tumor-associated M2 macrophages up-regulate
the expression of ELP3 by activating PI3K and STAT6 signaling path-
ways, and EIP3 further activates mTOR complex 2 (mTORC2) to drive
the progression of intestinal tumors. On the contrary, classical M1
macrophages downregulate the expression of ELP3. The modification of
U34 is differently regulated among different subtypes of macrophages,
and its imbalance plays an important role in tumorigenesis [54]. For
example, the modification at U34 exhibited anti-tumor effect in leuke-
mia and lymphoma. Deletion of ELP3 induces a p53-dependent check-
point, activates ATF4, upregulates protein synthesis, affects
hematopoietic stem cell differentiation, and promotes the development
of leukemia and lymphoma with p53 mutation [55]. In addition, ELP3
deletion blocks the T Cell cycle and impairs T follicular helper cell
response by activating ATF4 [56].

2.4. Pseudouridine (‘¥) modification

Pseudouridine modification is the most abundant modification in
RNA [57]. Pseudouridine synthase (PUSs) writes pseudouridine modi-
fication into RNA. There are 13 types of pseudouridine modifications
identified in human, which play different roles [58]. In glioblastoma,
PUS7 modified tRNA which reduced TYK2 translation, inhibited STAT1
pathway, and resulted in tumor proliferation. PUS7 can be specifically
targeted by small molecule inhibitors, which may be a new target for
cancer treatment [59]. PUSI0 modification of tRNA promotes cell
growth and may play a role in tumor proliferation [60]. Recent studies
have shown that abundance of tRNA-derived fragments carrying ¥
modification in stem cells hinders the recruitment of translation coac-
tivator PABPC]1 interacting protein 1 (PAIP1) and inhibits the translation
of mRNA, promoting the transplantation and differentiation of he-
matopoietic stem cells and progenitor cells (HSPCs) in patients with
myelodysplastic syndrome (MDS) [61]. In general, although ¥ modifi-
cation has been recognized for a long time, its biological function re-
mains to be thoroughly investigated.

2.5. 5-methylcytosine (m°C) modification

5-methylcytosine (m>Q) is present on mRNA, rRNA, and tRNA in
multiple species. As a reversible epigenetic modification, m>C modifi-
cation affects the fate of RNA molecules and plays important roles in a
variety of biological processes [62]. Modification with m®C may occur at
multiple tRNA positions and play different roles. For example, m°C at
the junction of the variable loop and the T-stalk increases the stability of
the tRNA by increasing the hydrophobicity of the base pair and pro-
moting base stacking [63]. Modification with m>C at position 38 plays a
role in protecting tRNA from stress-induced endonuclease mediated
fragmentation [64]. DNMT2, a member of the DNA methyltransferase
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superfamily, catalyzes the formation of m>C at position 38 in the tRNA
anticodon loop. This modification by DNMT2 is highly conserved in
mammals, and its alteration is closely associated with the occurrence
and development of cancer [65]. Loss of DNMT2 reduces the stability of
tRNA and negatively affects the integrity of genome [66], which may
contribute to the occurrence of tumors. NOL1/NOP2/SUN domain
family member 2 (NSUN2), another m®C writer, also plays a carcino-
genic role in a variety of cancers [67]. Studies have shown that knock-
down of NSUN2 and m’G modifying enzyme METTLI in Hela cells
significantly enhances the sensitivity of cells to 5-fluorouracil (5-FU)
chemotherapy, suggesting that targeting NSUN2 and METTLI1 may be a
treatment strategy for cervical cancer [67]. Enrichment of NSUN2
modified tRNA has also been found in ovarian cancer, which is associ-
ated with increased tumor heterogeneity [68]. High expression of
NSUN2 is also associated with poor prognosis of head and neck squa-
mous cell carcinoma [69]. NSUN6, another member of the 5-NOL1/-
NOP2/SUN domain family, mediates m°C modification to halt NELFB
transcription in glioblastoma, thereby overcoming temozolomide (TMZ)
resistance in glioblastoma [70]. The expression of NSUN6 is
down-regulated in prostate cancer, which may be an index for the
prognosis of prostate cancer [71]. The role of m°C modification in
mRNA has been extensively studied, whereas its role in tRNA remains to
be fully explored.

3. Production and fragmentation of tRNA in cancer

In addition to a variety of modifications, the production and frag-
mentation of tRNA are also important biological processes, which are
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regulated by many factors. During these processes, gene mutations,
deletions, or over-activation under stress conditions will lead to
abnormal synthesis or fragmentation of tRNA, resulting in pathological
consequences (Figs. 2 and 3). Recently, the involvement of these pro-
cesses in cancer have caught much attention of researchers, which
provides a new research direction for exploring the mechanism of
carcinogenesis.

3.1. Abnormal tRNA synthesis in cancer

The synthesis of tRNA requires the involvement of multiple enzymes.
Pol Il is a polymerase that transcribe tRNA in eukaryotes and is essential
for tRNA production [72]. Estrogen receptor o (ERa) is highly expressed
in breast cancer and targets Pol IlI-transcribed genes, including RMRP, a
positive regulator of cell cycle progression, and RN7SL1, a
tumor-inducing inflammatory response gene, to promote the progres-
sion of breast cancer [73]. In glioblastoma, the Pol II-dependent tran-
scription factor SOX4 was found to block the recruitment of TATA box
binding protein and Pol III, thereby hindering tRNA synthesis. Inhibition
of tRNAiMet synthesis by this mechanism blocked the proliferation of
glioblastoma cells [74]. In breast and colorectal cancer, chemotherapy
reduced the DNA binding activity of Pol III, leading to decreased tRNA
transcription and cell cycle arrest, which contributed to cancer chemo-
therapy resistance [75]. Telomerase reverse transcriptase (TERT) en-
hances chromatin recruitment of Pol III regulatory subunit RPC32,
leading to increased tRNA production and promoting cancer cell pro-
liferation. Knocking out TERT in mouse model of breast cancer reduces
tRNA level, inhibits tumor proliferation, and improves the survival rate

GGTS

EM}

T-ALL

NADH

Fig. 2. Abnormal tRNA synthesis in cancer. The production of tRNA is a complex biological process, including initial synthesis, modifications, and maturation. RNA
Pol 111 is an key tRNA synthetase in huma. Studies have found that a variety of factors affect the expression of RNA Pol III, thereby changing the synthesis of tRNA and
leading to tumorigenesis. Aminoacyl-synthetase plays an important role in determining the amino acid carrying capacity of tRNA. Deficiency of LARS leads to the
proliferation of breast cancer cells, and increase of ValRS promotes the progression of T-ALL. (T-ALL: acute lymphoblastic leukemia; BC: breast cancer; LARS: leucyl-

tRNA synthetase; ValRS: valyl-tRNA synthetase).
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Fig. 3. tRNA fragmentation in cancer. In cells, tRNAs are cleaved into tRFs by various enzymes, including ANG, Dicer, Ma2F-mt9, and ELAC2. The syntheses of tRNA
modification enzymes increase under certain stress conditions including chemotherapy, hypoxia, high lactate, and abnormal hormone levels, resulting in drug
resistance and tumor development. (CRC: colorectal cancer; TNBC: triple-negative breast cancer; PRAD: prostatic carcinoma; BC: breast cancer; B-ALL: acute B

lymphocytic leukemia).

[76]. These results suggest that TERT may not only affect the activity of
telomerase, but also act as an upstream regulator of Pol III, affecting the
synthesis of tRNA and participating in the occurrence and development
of cancers. Sarah E. Dremel et al. found that herpes simplex virus-1
(HSV-1) altered transcription of host Pol III and promoted expression
of tRNA is conducive to viral infection [77]. This work sheds new light
on the mechanism of occurrence and development of viral
infection-related tumors.

Besides Pol III, other factors were found to participate in tRNA syn-
thesis and maturity. leucyl-tRNA synthetase (LARS) is lost in breast
cancer, leading to the disorder of leucine-tRNA synthesis and the inhi-
bition of the translation of leucine-rich codons of mRNA. As a result, the
expression of some growth suppressor genes including epithelial mem-
brane protein 3 (EMP3) and gamma-glutamyltransferase 5 (GGT5) is
disrupted, which promotes the proliferation of breast cancer [78]. In
acute lymphoblastic leukemia (T-ALL), NOTCHI1 upregulates the
expression of valine aminoacyl-tRNA synthetase and promotes the
progression of T-ALL. Restriction of dietary valine intake can reduce the
translation rate of mRNA encoding mitochondrial complex I subunits,
resulting in defective assembly and impaired oxidative phosphorylation
of complex I, cutting off the energy supply of T-ALL cells through the
mitochondrial pathway, and limiting the occurrence and development
of T-ALL [79].

In addition to the tRNA encoded by nuclear genes, mitochondrial
tRNA mutations are also involved in a variety of cancers. By sequencing
the genomes and transcriptomes of 527 tumors and 14 cancers, James B
Stewart and colleagues observed a large number of mutations and
accumulation of immature tRNA precursors in mitochondria. Mutations
in tRNAs not only affects their own synthesis, but also impairs the
translation of relevant gene transcripts [80]. Recent studies have shown
that abnormal methylation of mitochondrial DNA affects the expression
of related tRNAs and drives the process of tumorigenesis. In endometrial

cancer, tRNA-Arg-TCT-4-1 hypermethylation promotes cell prolifera-
tion, while demethylation arrests cells in G0/G1 phase and inhibits
tumor proliferation and migration [81].

3.2. tRNA fragmentation in cancer

Initially, tRNA-derived fragments were considered to be useless
metabolites of cells, but gradually they were found to have certain
biological functions. Recently, the biological function of tRNA frag-
mentation has become a research hot spot, and the abnormal formation
of tRFs in cancers has also attracted lots of attention. Various mecha-
nisms lead to tRNA lack of modification, reduced stability, and tRFs
formation. Among them, stress response is a widely studied mechanism.
Research found that angiopoietin (ANG) mediated tRNA cleavage to
produce tRFs under stress. The resulting tRFs interacted with YB-1 and
participated in the formation of stress granules (SG) [82]. Furthermore,
tRFs formed during stress were found to form a unique stable
four-molecule aggregate RNA G-quadruplex (RG4) which played a key
role in regulating mRNA translation [83].

In colorectal cancer cells, hypoxia up-regulates Dicerl expression,
leading to tRNA degradation and the production of tRF-20-MEJB5Y13,
and promoting the invasion and migration of CRC cells [84]. Another
study found that ANG was up-regulated in colorectal cancer and pro-
duced a large number of tRFs, which promoted colorectal cancer inva-
sion [85]. Hypoxia-induced tRFs formation was also found in
triple-negative breast cancer (TNBC) cell lines. Fragments tDR-0009
(derived from tRNA-Gly-GCC-1-2) and tDR-7336 (derived from tRNA--
Gly-GCC-1-2) are mainly involved in the maintenance of cell stemness
and cell response to interleukin 6 (IL-6), which may be the reason for the
resistance of TNBC to adriamycin [86]. Drugs for cancer treatment such
arsenite and pateamine A can also promote ANG to cleave tRNA into
tRFs which participate in the assembly of stress particles [87]. All these
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evidence suggest a role of tRFs in cancer drug resistance. High plasma
lactate environment is a key factor in the development of human ma-
lignant tumors. In mouse model, researchers found that high lactate
induced ANG, enhanced the expression of 5'tRFs, and promoted the
development of B-cell lymphoma [88]. In breast cancer and prostate
cancer, abnormal sex hormones are a major hallmark, and the
over-expression of sex hormones promotes ANG to cleave tRNA into
5'tRFs and 3'tRFs, which stimulates the proliferation of tumor cells [89].
Studies also found that sex hormone-induced tRFs are heterogeneous in
breast cancer [90]. This suggests a more profound regulatory mecha-
nism for tRFs formation. In this connection, it has been confirmed that
ANG overexpression selectively clears specific tRNAs, including tRNA-
Glu, tRNAGly, tRNALys, tRNAVal, tRNAHis, tRNAAsp, and tRNASeC.
Moreover, enzymes other than ANG also play roles in cutting and pro-
ducing shorter tRFs [91]. For instance, MazF-mt9 was found to cleave
tRNA at a single site within the D-loop or anticodon with high speci-
ficity. Unlike ANG, MazF-mt9 cleans tRNA and forms tRFs to inhibit
stress response [92]. Eun-Jin Choi et al. discovered a new enzyme ELAC2
that cleaves tRNA during respiratory syncytial virus (RSV) infection to
promote viral infection and may play a role in the progression of clear
cell renal cell carcinoma (ccRCC) [93].

4. Conclusion

tRNA plays a key role in protein synthesis. Any abnormal changes in
tRNA may lead to abnormal protein synthesis and consequentially lead
to pathological conditions such as cancer.

There are a lot of modifications on tRNA to ensure the proper bio-
logical function of tRNA. With the progress of sequencing technology,
more and more new modifications have been discovered, and abnormal
tRNA modifications have been found closely associated with the
occurrence of cancers [13,15,94-96]. But in general, the regulatory
mechanism of tRNA modification and its role in cancer are far from
clear. Furthermore, some modifications such as m1A are widely spread
in mRNA, whereas its alteration in tRNA and the role in tumorigenesis
are still largely unknown. In this regard, more efforts are still needed to
characterize tRNA-specific modifications, which affect some pivotal
functions of tRNA such as the ability of tRNA to recognize codons and
carry amino acids, as it directly changes the expression of proteins at the
translational level. In addition, these tRNA modifying enzymes are
highly likely to serve as the target for tumor therapy. It should be
pointed out that a specific kind of modification may appear in different
positions of tRNA and play different roles, corresponding to different
catalytic enzymes. However, there are still a lot of gaps in this question,
and lots of modification enzymes of many sites have not been charac-
terized. Their functions need to be further studied, which may be a
challenge but also bring us new hope.

In addition, it is important to point out that the cleavage of tRNA
under certain conditions has not attracted much attention of researchers
till recently. Specific tRFs were found to be significantly differentially
expressed in a variety of cancers and were closely associated with the
prognosis of cancer patients [97-100]. tRFs may serve as early diag-
nostic biomarkers. Their production may also be a major reason of drug
resistance. However, research in this field is still very limited, and the
enzymes involved in tRNA cleavage and their mechanisms of action
warrant further exploration. Moreover, targeting these processes may
reverse drug resistance and is promising to improve the efficacy of
current cancer treatment strategies. Importantly, further studies are
warranted for identifying the tRNA-cleaving enzymes and unveiling
their mechanisms of action including the motifs they recognize during
cleavage, factors affecting the cleavage in tumor microenvironment, and
so on. Although the fragments of tRNA, tRFs, have been found to have
similar functions as microRNA, some studies have shown that tRFs
possess more diverse functions associated with its modifications such as
stabilizing mRNA. A clearer understanding of the generation and func-
tion of tRFs will help us decipher the role of tRNA in the molecular
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network of tumorigenesis at post-transcriptional, translational, and
post-translational levels. In summary, there are still many unanswered
questions about tRNA, a widely known non-coding RNA, and further
studies on its generation, modification, and fragmentation are expected
to lead to new breakthroughs in cancer therapy.
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