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Transfer RNA (tRNA) is a central component of protein synthesis and plays important roles
in epigenetic regulation of gene expression in tumors. tRNAs are also involved in many cell
processes including cell proliferation, cell signaling pathways and stress response,
implicating a role in tumorigenesis and cancer progression. The complex role of tRNA
in cell regulation implies that an understanding of tRNA function and dysregulation can be
used to develop treatments for many cancers including breast cancer, colon cancer, and
glioblastoma. Moreover, tRNA modifications including methylation are necessary for tRNA
folding, stability, and function. In response to certain stress conditions, tRNAs can be
cleaved in half to form tiRNAs, or even shorter tRNA fragments (tRF). tRNA structure and
modifications, tiRNA induction of stress granule formation, and tRF regulation of gene
expression through the repression of translation can all impact a cell’s fate. This review
focuses on how these functions of tRNAs, tiRNA, and tRFs can lead to tumor development
and progression. Further studies focusing on the specific pathways of tRNA regulation
could help identify tRNA biomarkers and therapeutic targets, which might prevent and
treat cancers.
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INTRODUCTION

Cancer continues to be one of the leading causes of death in the world, accounting for 13% of all
deaths (Zhao & Li, 2021). Cancer cells are characterized by rapid cell growth, which must be
supported through the reprogramming of metabolic pathways. Unlike healthy cells which primarily
use oxidative phosphorylation for energy production, tumor cells primarily rely on anabolic
pathways including aerobic glycolysis, fatty acid synthesis, and the pentose phosphate pathway
to absorb nutrients that can be used to build macromolecules in order to meet the demands of the
rapidly proliferating cell (Zhao & Li, 2021). Because approximately 70% of cell dry weight is protein,
cancer cells especially depend upon high levels of protein production (Dolfi et al., 2013). In fact, as
the cell proliferation rate increases, so does the protein synthesis rate per cell volume (Dolfi et al.,
2013).

Protein production begins when genetically coded, hardwired DNA is first transcribed into
messenger RNA (Yu et al,, 2021) in the nucleus, which is then transported into the cytoplasm to be
translated into protein that can be used by the cell. In the cytoplasm, tRNA translates each three-base
codon on the mRNA into an amino acid. These amino acids form a chain known as a polypeptide,
which can be processed into a protein. Because of the critical role that tRNAs play in protein
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production and cell survival, tRNA transcripts are tightly
controlled before being post transcriptionally modified
(Schaffer et al, 2019). These modifications are important for
tRNA structure and function (Torres et al, 2014). The
dysregulation of tRNAs and tRNA modifying enzymes has
been implicated in a multitude of disorders such as
neurodevelopmental disorders (Schaffer et al., 2019), type 2
diabetes, and the development and proliferation of many
cancers including breast, bladder, and colorectal cancer
(Torres et al., 2014). This is not surprising considering that
tRNA synthesis is managed by many oncogenes and tumor
suppressors (Huang et al., 2018). The understanding that we
have regarding the role of tRNA in cancer cells suggests that there
is at least a correlation, if not a causal relationship, between tRNA
malfunction and cancer cell proliferation. This review will
concentrate primarily on the association between tRNA
methylation, tRNA fragments, and selenoproteins and cancer
development.

TRNA STRUCTURE AND FUNCTIONS

tRNA structure and modifications play a dominant role in its
function. During tRNA synthesis, tRNA precursors must be
transcribed within the nucleus, before being modified and exported
out of the nucleus (Figure 1). In eukaryotes, this process begins with
RNA polymerase III and transcription factors TFIIIB and TFIIIC
transcribing tRNA genes into pre-tRNAs (Santos et al., 2019). Post-
transcription, tRNAs are processed to form mature tRNA. During
procession, RNase P removes the 5'leader of the pre-tRNA transcript,
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La protein binds to the U tract of the 3 end, and Rnase Z cleaves the
discriminator nucleotide (Berg and Brandl). The basic structure of
most tRNA molecules includes an acceptor stem and D-arm, which
work together to recognize aminoacyl tRNA synthetase; the anticodon
arm, which ensures that the correct amino acid is added to the peptide
chain; the T-arm, which aides in ribosome interaction; and the
variable loop (Lyons et al, 2018). However, despite this general
structure, the positions of the anticodon and acceptor stems may
differ among tRNAs, indicating a flexibility that is necessary for tRNA
interaction with many different molecules within the cell (Kuhn,
2016). Upon development of the mature tRNA, modifying enzymes
may then add modifications (Santos et al., 2019). Ninety-three tRNA
modifications have been identified (Berg & Brandl, 2021), with tRNAs
undergoing the most modifications of any RNA species at a median of
thirteen modifications per tRNA in eukaryotes (Pan, 2018). Although
the primary function of most tRNA modifications is to either stabilize
the tertiary structure of the tRNA or influence the codon-anticodon
recognition (Lyons et al., 2018), each modification has a different effect
on tRNA function. Furthermore, the role of tRNA within the cell
extends beyond the translation of mRNA. tRNA has been shown to be
involved in many other cell processes including cell signaling
pathways and the cellular response to stress.

TRNA MODIFICATIONS IN CANCER CELLS

tRNA modifications are epigenetic and can adjust the rate of
translation to meet the cell’s needs (Hou et al., 2015). Post-
transcriptional modifications such as hydroxylation, acetylation,
and deamination (Suzuki, 2021) can contradict the tRNA’s
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FIGURE 1| A schematic representation of the process of tRNA biogenesis. tRNA biogenesis begins with transcription of tRNA to form pre-tRNA. This pre-tRNA is
then processed to form a mature tRNA before being exported from the nucleus. The mature tRNA is then ready to be charged with an amino acid by an aminoacytRNA

Hi:mij

Charging

4= Acceptor Stem

¢ TLoop

gunn s

4= Variable
Loop

4= Anticodon
Loop

D Loop

Frontiers in Cell and Developmental Biology | www.frontiersin.org

June 2022 | Volume 10 | Article 886642


https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Gupta et al.

default mode of reading codons using Watson-Crick base pairing
rules through impacting the accuracy of translation, the efficiency
of translation, or the abundance of certain tRNA species (Endres
et al., 2019). For example, the N6-threonylcarbamoyladenosine
(t°A) tRNA modification, which is formed through addition of a
Thr residue to the N° position of adenine aides in codon
recognition, aminoacylation, and translocation, while
queuosine, a hypermodified guanosine derivative, at position
34 can impact the rate of translation elongation (Suzuki,
2021). Additionally, tRNA methyltransferase ALKBH8 may
impact mRNA translation through catalyzing the
hydroxylation of cm’U or mem®U into ¢hm’U or mchm’U,
respectively, in tRNASY (U*CC) (Fu et al, 2010). This
function may be linked to cancer cell progression as ALKBHS
has been found to be upregulated in bladder cancer and increase
ROS production in cancer cells (Fu et al, 2010). Some
hypomodified tRNAs are degraded (Santos et al, 2019) by
exonucleases and removed through a process known as rapid
tRNA decay. However, some hypomodified tRNAs remain,
indicating that tRNA modifications are not static and are
dependent on cellular conditions (Suzuki, 2021). For example,
although the transfer RNA guanine transglycosylase completely
post transcriptionally modifies specific tRNAs to exchange
guanine for queuine in terminally differentiated somatic cells,
it incompletely modifies undifferentiated rapidly growing cells
(Pathak et al., 2005).

Because of the abnormal cellular conditions in cancer cells,
tRNA modifications are especially different. Due to the cancer
cell’s rapid proliferation rate, blood supply is often not enough to
sustain the cancer cell, leading the cell to reach a state of hypoxia,
or low oxygenation. This can cause oxidative stress. Oxidative
stress can activate a multitude of tumor-activating signaling
cascades, some of which may upregulate tRNA modifying
enzymes. These modifying enzymes will catalyze tRNA
modification, thus increasing translation of target tRNA
molecules (Endres et al., 2019). This is supported by findings
that anticodon wobble uridine tRNA modifications are
upregulated in breast, bladder, and melanoma cancer cells
(Hawer et al.,, 2018). Although the downstream effects of these
modifications differed based on the cancer cell type, U34
modifications were shown to support the shift in translation in
cancer cells and promote cancer cell growth (Hawer et al., 2018).
Conversely, a decrease in wobble uridine modifications was
demonstrated to be detrimental in hematopoiesis. In a mouse
model, an inactivation of Elp3, the catalytic subunit of the
elongator that modifies wobble uridine in tRNAs, led to
p53 mutation-driven leukemia/lymphoma (Rosu et al, 2021).
These functions of tRNA modification are further complicated by
debate over whether these tRNA modifications directly impact
the expression of stress-related proteins or act in stress signaling
(Kirchner & Ignatova, 2014).

Dysregulation of some of these modifications can have serious
consequences for protein synthesis and have been linked to
certain cancers and genetic disorders (Lin et al, 2018)
(Figure 2). For instance, hypomodification of tRNA by the
transfer RNA guanine transglycosylase has been found to be
associated with Dalton’s Lymphoma ascites, lung cancer, ovarian
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cancer, and human leukemia (Pathak et al., 2005). Additionally,
because of the importance of functioning protein synthesis for
synapse development (Kirchner & Ignatova, 2014), neuronal cells
may be particularly vulnerable to tRNA dysregulations.

Even the steps prior to tRNA modification can regulate gene
expression. Aminoacyl-tRNA synthetase (Kim et al, 2012), a
ligase which catalyzes the tRNA esterification to its cognate
amino acid, has been shown to have other domains that are
unrelated to this primary function, but can form complexes that
are linked to cancers including glioblastoma (Kim et al., 2012).
These interactions amongst ARSs may significantly impact the
phenotype of glioblastoma, and thus influence the long-term
survival of patients with glioblastoma (Kim et al, 2012).
Aminoacylases such as Leucyl-tRNA synthetase and
methionyl-tRNA synthetase, which charge tRNAs with leucine
and methionine respectively, are associated with tumor formation
or cell death (Rubio Gomez and Ibba, 2020). Additionally,
misacylation by ARSs beyond the normal rate can cause
changes in gene expression and may lead to cancer
development, as these mistranslation errors can lead to
polypeptide chains with unpredictable issues (Santos et al,
2019). These abnormal interactions of ARSs within the cell
can change the prognosis of glioblastoma patients (Kim et al,
2012). These findings demonstrate the major effects of ineffective
or mis-regulated tRNA modification on cell biology.

Cancer
Development

and Spread

FIGURE 2 | This diagram lists examples of tRNA hypermodification,

tRNA hypomodification, tRNA gene expression, and tRNA-derived fragments
that can lead to cancer development and spread. For tRNA hypermodification
and tRNA hypomodification, the diagram includes tRNA modifications

and tRNA methyltransferases associated with cancer development and
spread.
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TRNA METHYLATION AND CANCER

The quantity and frequency of tRNA modifications varies,
depending on factors such as chemical imbalances (Kimura
et al, 2020) and cell cycle stage (Patil et al, 2012). A
depletion of certain tRNA modifications can impact the rate of
translation of cell cycle genes which are specifically coded by
tRNAs (Lin et al.,, 2018). Many modifications play an active role in
the cell’s stress response in both healthy and diseased cells. One
such modification, tRNA methylation is conducted by tRNA
methyltransferases (Endres et al., 2019) and is necessary for
tRNA folding, stability, and function (Lin et al, 2018). tRNA
methylation is also an important modulator of cell proliferation
and differentiation. Low tRNA methylation has been shown to
decrease the global translation rate (Papatriantafyllou, 2012).

Although in healthy cells tRNA modifications can help
prevent disease, changes in the rate of translation of cell cycle
genes can disrupt cell cycle regulation and lead to tumorigenesis
(Figure 2). In such cells, oxidative stress can activate the mitogen-
activated protein kinase cascade (Li et al., 2021), which targets the
human tRNA methyltransferase 9 like (1 TRM9L) gene in order to
suppress cell growth (Endres et al., 2019). The upregulation of
hTRMOL has been shown to use different pathways to express
tumor suppressive qualities in colon, lung, and ovarian cancers
(Endres et al., 2019). However, a loss of the "TRMIL region on
chromosome 8 has been found in breast, bladder, prostate, and
colon cancer, and the hTMRMOYL enzyme has been shown to
downregulate the oncogene and cell cycle regulator, cyclin D1
(Endres et al, 2019). In lung cancer tissues, hTRM9L
downregulation was also shown be associated with poor
prognosis (Bian et al, 2021). Although hTRM9YL has been
shown to have different methods of tumor suppression of each
of these cancers, it had a universal effect of reducing
tumorigenesis (Da Ros et al., 2018).

The tRNA methyltransferase, FTSJ1, can mediate 2'O
methylation of tRNA (He et al., 2020). It has been shown that
FTS]1 have a tumor-suppressor effect in healthy cells, but was
downregulated in non-small cell lung cancers (Wang et al., 2022)
(Bian et al., 2021). This downregulation of FTS]1 resulted in fewer
tRNA modifications, particularly of 2'-O-methyladenosine
(Luchman et al.) modification, and an increase in tumor cell
proliferation (Bian et al., 2021). In contrast, tRNA
methyltransferase 1 (METTL1), which mediates the formation
of N”-methylguanine (m’G) modification (Ying et al., 2021), has
been shown to promote tumor cell proliferation and increase
chemoresistance (Li et al., 2021). METTL1 levels were found to
not only be higher in cancer patients, but also have an inverse
relationship with survival for cancers such as bladder cancer (Li
et al., 2021). Because METTL1 levels increased with increasing
glioma grade, METTLI1 expression levels may be able to be used
to predict glioma prognosis (Li et al.,, 2021). METTLI was also
shown to promote hepatocarcinoma, lung cancer, and
intrahepatic ~ cholangiocarcinoma  proliferation  through
catalyzing m’G tRNA modification (Chen et al, 2021; Dai
et al, 2021; Ma et al, 2021). Furthermore, depletion of
METTLI led to decreased m’G tRNA modifications and the
overall global translation rate, suggesting that METTL1 may be
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able to be used as an anti-cancer target (Orellana et al., 2021).
High levels of METTL1 can also promote chemoresistance to
cisplatin and docetaxel in advanced nasopharyngeal carcinoma
through increasing m’G tRNA modification and upregulating the
WNT/B-catenin signaling pathway (Chen et al., 2022).
Additionally, the m5 tRNA methyltransferases NSUN2 and
DNMT2, which also play a role in translation regulation, have
been found to be overexpressed in many cancer types including
oral, colon and breast cancer cells, respectively (Endres et al,
2019; Dong & Cui, 2020). The NSUN2 and METTL1 tRNA
modification genes have been associated with resistance to anti-
cancer therapy (Hawer et al., 2018). However, deletion of NSUN2
and METTLI in HeLa cells increased sensitivity to the anti-cancer
drug 5-fluorouracil (Suzuki, 2021). Previously mentioned,
ALKBHS, can produce mecm’ U tRNA modifications, has been
shown to be upregulated in the event of DNA damage (Patil et al.,
2012). Mcm® U levels have been shown to oscillate throughout
the cell cycle and help regulate its progression (Patil et al., 2012).
Mcm® U modifications have been shown to slow cell cycle
progression in S. cerevisiae, and a similar result would be
expected in humans in response to ALKBHS8 upregulation
(Patil et al, 2012). In contrast, ALKBHI1, a member of the
same AlkB family as ALKBHS8 catalyzes the demethylation of
N1 -methyladenosine (m'A) in tRNAs in response to glucose
availability (Liu et al., 2016). This decreases the use of tRNA in
protein synthesis and the overall translation rate (Liu et al., 2016).
The effects of ALKBH1 can differ based on cancer type. Although
the upregulation of AIkBH1 was found to promote proliferation
of gastric cancer cells, it was found to correlate to better survival
in pancreatic cancer and lung cancer patients (Wang et al., 2022).
TRMT2A, another tRNA methyltransferase, is highly
expressed in HER2+ breast cancer cells and may indicate a
higher chance of relapse (Suzuki, 2021). Other tRNA
modification genes such as TRIT1, TRMT12, and ELPI1 are
associated with lung cancer, breast cancer, and melanoma,
respectively  (Hawer et al, 2018). Although many
modifications are wupregulated in cancer cells, tRNA
hypomodification is also often found in these diseased cells
(Suzuki, 2021). Deficiencies of wybutosine, a nucleoside
important for codon recognition and reading frame
maintenance found on eukaryotic tRNA™™, has been detected
in hepatoma, neuroblastoma, and colorectal cancer (Suzuki,
2021). This modification induces frame shifting and leads to
nonsense-mediated RNA decay (Suzuki, 2021).

EFFECTS OF TRNA GENE EXPRESSION ON
CANCER CELL REGULATION

Understanding tRNA gene expression may also provide insight
regarding cell regulation. Close to half of the tRNA genes within
the human population are constitutively silent or poorly
expressed. These genes may have extra-transcriptional
functions, such as acting as insulators, which can block gene
expression (Torres, 2019). In another form of tRNA variation,
tRNAs known as isodecoders, are associated with the same
anticodon, yet differ elsewhere on the tRNA body (Czech
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et al,, 2010). These tRNA isodecoders vary in their efficiency of
translational suppression despite having similar aminoacylation
levels (Geslain & Pan, 2011), suggesting that some isodecoders
may play a larger role in the regulation of gene expression (Czech
et al., 2010). Evidence for the function of isodecoders in gene
regulation can be seen in the differing translational efficiency
rates of isodecoders despite their association with the same codon
(Geslain & Pan, 2010). Specifically, Leu and Ser derived tRNA
isodecoders have been shown to have varying levels of stop-codon
suppression efficiencies, while all tRNA*™ have demonstrated
low suppression activity (Geslain & Pan, 2010). Even the roles of
aminoacyl tRNA synthetase extend beyond protein production.
Some aminoacyl tRNA synthetases such as seryl tRNA synthetase
have been shown to be associated with metabolism. In healthy
cells, glucose mediates the acetylation of seryl tRNA synthetase,
causing it to translocate into the nucleus and suppress de novo
lipid biosynthesis. However, breast cancers inhibit this
translocation leading to abnormal lipid biosynthesis (Zhao
et al, 2021). These findings exhibit the complexity and
variation within the roles of tRNA in the cell. Although the
roles of silent tRNA and tRNA isodecoders are still being
discovered, their ability to affect gene regulation suggests that
misfunction can have detrimental effects on gene expression.
tRNA gene expression most likely plays an important role in cell
proliferation in both healthy and cancerous cells. Although the
exact mechanism of tRNA regulation is unknown, the key role
that tRNA regulation plays in cell proliferation suggests that the
upregulation of tRNA can also induce the development of
tumorigenesis.

As tumor cells rapidly proliferate, they require the necessary
cellular components to maintain a high growth rate. Although
most likely more of an effect than a cause of cancer proliferation,
numerous tumor cells have been shown to have elevated levels of
tRNAs (Gingold et al., 2014). For example, breast cancer cells
have been shown to upregulate some tRNAs by up to ten times
(Pavon-Eternod et al., 2009). Oncogenes play an important role
in meeting the high level of gene transcription at the mRNA level.
Through obstructing tumor suppressors ability to inhibit RNA
polymerase III transcription in healthy cells, oncogenes can
increase Pol III transcription, thus increasing tRNA
transcription (Bian et al,, 2021). Oncogenes are also able to
selectively induce the expression of certain tRNAs and repress
the expression of other tRNAs in order to aid in this rapid rate of
cell proliferation (Santos et al., 2019). Specifically, the initiator
methionine tRNA has been shown to be induced the most in
proliferating cells (Pavon-Eternod et al, 2013), while the
selenocysteine tRNA has been shown to be repressed in many
cancerous and proliferating cells (Barroso et al., 2014) (Luchman
et al.,, 2014) (Hudson et al., 2012). These induced tRNAs have
been shown to prefer codons enriched in proliferation genes
(Gingold et al.,, 2014). tRNA synthesis in glioblastoma has also
been shown to be linked to de novo GTP biosynthesis caused by
increased Impdh2 expression (Kofuji et al, 2019). This
upregulation of Impdh2 has also been shown to be positively
correlated with increased glioma malignancy and negatively
correlated with patient survival (Kofuji et al., 2019). Similarly,
high levels of tRNA", tRNAP™, tRNA™* have been shown to be
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related to tumor differentiation in lung adenocarcinoma tissues
and paracarcinoma tissues (Bian et al, 2021) (Figure 2). This
tRNA upregulation may be linked not only to tumorigenesis, but
may also to cancer patient prognosis, suggesting that it may be
used as a marker of cancer development (Santos et al., 2019).

Conversely, the downregulation of tRNA can be used to limit
cell growth and proliferation. Targeting certain tRNA genes that
are necessary for mRNA translation will lead to cell cycle exit and
decreased protein translation. This will decrease cell proliferation,
acting as a tumor suppressant (Yang et al., 2020). One such gene
is SOX4, a transcription factor that controls the expression of
some tRNA genes. Although depending on the type of cancer
SOX4 can act as a tumor suppressor or an oncogene, it has been
shown to limit glioblastoma cell proliferation (Zhang et al., 2014).
Through binding to certain tRNA genes, SOX4 can repress the
expression of tRNAs and thus reduce protein synthesis (Yang
et al,, 2020). In fact, high SOX4 expression was found to be
associated with better prognosis for glioblastoma patients (Zhang
et al, 2014). Other pathways that decrease the rate of protein
translation could be used to limit the spread of cancers. The drug
Norcantharidin (Zhang et al, 2015) has demonstrated the
capability to slow protein translation through targeting
microRNA to treat cancer (Zhang et al., 2015). Norcantharidin
has been used to treat certain malignant cancers and has been
shown to suppress invasion by glioblastoma cells (Zhang et al.,
2015). The success of Norcantharidin suggests the possibility that
other drugs that reduce the rate of protein translation may be
used as treatment (Zhang et al., 2015). Leucyl-tRNA synthetase,
an aminoacyl tRNA synthetase that charges tRNA (Leu) with
L-leucine, may also be targeted as an anticancer treatment
partially due to its overexpression in cancer cells and
association with the p21 protein, which may act as a tumor
suppressor (Gao et al., 2015).

TRNA-DERIVED FRAGMENTS AND
CANCER DEVELOPMENT

During times of stress, the cell has many measures in place to
prevent long-term damage to the cell and conserve energy.
Since protein translation has a high energy and resource
demand, the «cell takes measures to reduce protein
production when resources are scarce. tRNA is often
implicated in these measures due to its pivotal role in
protein translation. Before protein translation,
aminoacylation attaches an amino acid to a tRNA, thus
charging it. However, under nutritional stress,
aminoacylation levels of tRNAs within the cell can change
(Raina & Ibba, 2014) and uncharged tRNAs can act as
signaling molecules of cellular processes (Nunes et al,
2020). For example, uncharged tRNAs may activate the
general amino acid control pathway during times of cellular
stress (Zaborske et al., 2009). This pathway induces protein
kinase Gen2p to phosphorylate eukaryotic initiation factor-2
(Zaborske et al., 2009), a necessary factor for the start of
translation, thus reducing its activity (Zaborske et al., 2009).
Protein translation can also be rapidly inhibited through the
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cleavage of the 3'CCA terminal sequence of tRNAs or the
reuptake of cytoplasmic tRNAs into the nucleus during times
of nutritional stress (Kirchner & Ignatova, 2014).

In mammalian cells under nutritional, biological,
physicochemical, and oxidative stress conditions, tRNA’s may
be cut into fragments known as tRNA-derived small RNAs
(tsRNAs). TsRNAs include half-tRNA molecules, called
tiRNAs (Zhu et al,, 2019), which are cleaved by the nuclease
angiogenin (ANG), and are about 30-35 nucleotides in length
(Yamasaki et al., 2009) (Ivanov et al., 2011). Certain tiRNAs have
the ability to reduce protein production, induce stress granule
formation, and interfere with siRNA-mediated silencing of stress-
response genes in mammalian cells (Kirchner & Ignatova, 2014).
Even shorter than tiRNAs molecules, are tRNA fragments (tRF)
(Sobala & Hutvagner, 2013), which are between 13 and 20
nucleotides in length and are derived from the cleavage of
mature or pre-tRNA by ANG (Raina & Ibba, 2014). There are
five types of tRFs including tRF-1, tRF-2, tRF-3, tRF-5, and i-tRF
(Zhang et al., 2020). Most tRFs are either induced in response to
cellular stress of constitutively expressed (Lyons et al., 2018).
Specific tRF functions include RNA silencing, translation
regulation, and epigenetic regulation (Yu et al., 2020).

While tRFs make up only a fraction of the tRNA pool (Raina &
Ibba, 2014), they can still have a major impact on the cell’s
survival and proliferation. For example, 3'U and 5’ tRFs can be
found in very high levels in actively proliferating cells (Sobala &
Hutvagner, 2013). Additionally, in response to stress conditions
such as starvation, oxidative stress, and heat shock (Lyons et al.,
2018), tRF levels tend to be upregulated. For example, sodium
arsenite stress, has been shown to lead to the demethylation of
tRNAs, which can make them more prone to cleavage by ANG,
leading to the generation of tRFs (Yu et al., 2021). These tRFs can
induce translation repression and stress-granule assembly (Sobala
& Hutvagner, 2013). In certain cases, tRFs are able to inhibit
protein translation by preventing peptide bond formation
(Sobala, 2013) or acting as signal transducers (Czech et al,
2010). In almost all cancers, ANG expression is increased,
potentially in order to increase tRF expression and, in turn,
cancer proliferation (Zeng et al., 2020).

tRNA-derived fragments play a multitude of roles in both
cancer development and suppression (Figure 2). tRFs have been
shown to reduce cell progression through limiting kinase activity,
impacting mRNA stability, regulating reverse transcription, and
regulating apoptosis (Zhu et al, 2019). Some tRNA-derived
fragments are known to be associated with certain cancers.
For example, ts-101, ts-53, ts-46, and ts-47 have been found to
be downregulated in lung cancer (Yu et al., 2020). Additionally,
colon adenomas have been shown to downregulate ts-53 and ts-
101, and chronic lymphocytic leukemia cancer cells have been
shown to downregulate ts-46, ts-47, ts-49, ts-53, and ts-101 (Zeng
et al., 2020). tRF-1001, which is derived from tRNAS®, has also
been shown to promote cancer cell proliferation (Lyons et al,
2018). The upregulation of tRF-Leu-CAG in non-small cell lung
cancers (NSCLCs) has also been shown to increase cell
proliferation through upregulating the activity of aurora kinase
A, an important kinase in mitosis (Bian et al., 2021). Mutations of
tRNA fragments may also to cancer cell proliferation, such as ts-
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53 and ts-101 mutations found in chronic lymphocytic leukemia
and lung cancer (Zeng et al., 2020).

tRFs may influence cancer progression through regulation of
gene expression during cellular stress. During cellular stress, tRFs
associate with RNA binding proteins that would otherwise bind
oncogene transcripts and increase cell proliferation. This has been
shown to hold true for the RNA binding protein Y-box binding
protein (YBX1) in several cancers (Zhu et al., 2019). Specifically,
in breast cancer cells, tRF-2s from tRNA", tRNA*, tRNAY
and tRNA™" have been shown to suppress metastasis through
binding to YBX1, thus inhibiting its engagement with oncogenic
mRNAs (Zeng et al, 2020). High YBXI1 levels have been
associated with poor prognosis of breast cancer patients and
relapse following surgical resection (Shibata et al., 2018). YBX1
levels have also been directly correlated with poor prognosis for
patients suffering from ovarian and prostate cancer (Shibata et al.,
2018). Additionally, 5'-tRFs have been found to promote
proliferation and migration of high-grade serous ovarian
carcinoma cells through downregulation of HMBOX1 (Hu
et al., 2022).

As another response to stress conditions, such as a change in
cell pH or decrease in mitochondrial transmembrane potential,
the cell may undergo apoptosis. Apoptosis is important for cell
survival, as it can prevent the uncontrolled growth characteristic
of cancer cells. tRNA may play a major role in this stress response
process and the regulation of apoptosis. Apoptosis occurs
through the release of cytochrome ¢ from the mitochondria,
which activates caspase-9 in the Apaf-1 apoptosome. Caspase-9
can then activate caspase-3, which will execute apoptosis. tRNA
has been found to be able to directly inhibit apoptosis through
scavenging for cytochrome c inside and outside the mitochondria
(van Raam & Salvesen, 2010) and through repressing cytochrome
¢ by binding to it (Huang et al, 2018). This suppression of
cytochrome ¢ prevents apoptosis and may lead to tumor
proliferation (Mei et al, 2010). Further understanding of
tRNA’s anti-apoptotic function may be useful for cancer
therapies (Mei et al., 2010). Such therapies may target these
tRNAs in order to induce apoptosis and prevent cancer cell
proliferation.

tRNA fragments may also be used as biomarkers for cancers.
tRFs derived from tRNAPPGAA) and tRNAYCYY) may act as
biomarkers of progression-free disease survival in prostate
tumors (Endres et al, 2019). Other tRNA fragments may be
used as biomarkers for cancers, such as 5'-tiRNAs which have
shown promise as potential noninvasive biomarkers for breast
cancer and head and neck squamous cell carcinoma (Zeng et al.,
2020). A better understanding of tRF biomarkers may help
elucidate possible biomarkers. For example, tRF-5026a was
shown to regulate PTEN/PI3/AKT signaling pathway and
decrease gastric cancer cell proliferation, suggesting that tRF-
5026 may be used as a biomarker for gastric cancer (Zhu et al,,
2021).

Because of the strong association between cancer proliferation
and tRFs, tRF regulation could be used to develop cancer
treatment. The ability of tRF regulation to prevent cancer
progression has been demonstrated in lung cancer cells, where
the overexpression of tRNA signatures ts-46 and ts-47 inhibited
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further growth and survival of two lung cancer cell lines (Yu et al.,
2020). Additionally, tRFs have been identified as a therapeutic
target in the treatment of hepatocellular carcinoma after blockage
of tRF-3""“AG 3 tRNA fragment important for ribosome
biogenesis, led to tumor cell apoptosis (Yu et al., 2021).
Conversely, tRFs and tiRNAs may impact cancer cell
resistance to chemotherapeutics. For example, tRNA-derived
fragments tDR-0009 and tDR-7336 were shown to be
upregulated and increased chemoresistance of doxorubicin in
triple-negative breast cancer (Zeng et al., 2020). Ts-57s and ts-46s
were also found to be related to breast cancer chemoresistance to
lapatinib (Zeng et al., 2020). tRNA-derived fragments may also
increase chemoresistance through inhibition of the eukaryotic
translation inhibiting factor 4 g (Zhu et al, 2019), which can
block expression of the adenosine triphosphate-binding cassette
(ABC) transporter. This transporter is important for effluxing
anti-cancer drugs across cell membranes (Zhang et al., 2020).
Additionally, tRFs and tiRNAs produce stress granules, which
have been shown to make glioblastoma cells resistant to the
anticancer drug bortezomib (Zhang et al., 2020). YBX1, as
previously discussed, may also play a role in the drug
resistance of breast cancer cells through promoting
antiestrogen resistance, and decreasing the effectiveness of
endocrine therapeutic drugs for estrogen receptor positive
(ER-positive) breast cancer patients (Shibata et al, 2018).
tiRNA-5s have also been shown to lead to phospho-elF2a-
independent stress granule assembly, which has been
associated with chemotherapeutic resistance (Zeng et al., 2020).

SELENOPROTEIN EXPRESSION AND
CANCER DEVELOPMENT

Selenium (Se) is an essential micronutrient that has been
demonstrated to have many positive health benefits, including
potentially preventing cancer cell differentiation (Murdolo et al.,
2017). Selenoproteins (SEPs), which contain selenium, can
differentially impact cancer development through antioxidant
activity (Short & Williams, 2017). Selenoprotein development
begins when dietary selenium in the form of selenomethionine
undergoes metabolism in the liver to produce selenocysteine,
which can then be degraded by selenocysteine lyase to yield
selenide. These selenoproteins are formed when specialized tRNA
translate the UGA site of mRNA as selenocysteine, rather than
recognizing it as a termination signal (Jameson & Diamond,
2004). The tRNA is able to recognize this site due to the presence
of the Sec insertion sequence (Jameson & Diamond, 2004) in the
3’ untranslated region of the mRNA (Jameson & Diamond, 2004).

Although Selenoproteins are widely recognized for their
antioxidant activity, they also may impact angiogenesis,
growth factor signaling, and the inhibition of apoptosis, which
may either support or repress tumorigenesis (Short & Williams,
2017). Selenoprotein expression may also effect DNA stability
and oncogene activation (Murdolo et al., 2017).

The biological mechanism SEPs use to exert their anticancer
effects is uncertain. However, SEPs such as selenoprotein P
(SELP), glutathione peroxidases (Jameson & Diamond, 2004),
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thioredoxin reductases (TXNRD) and selenoprotein F (SEP15)
have been shown to be able to regulate tumorigenesis through
impacting cancer-related signaling proteins (Jia et al., 2020). The
effect of stress-related (selenoproteins) SEPs on tumorigenesis
differs depending on the organ and cancer type. Glutathione
peroxidase 4 (GPX4) provides cell protection from oxidative
stress-induced cell death (Becker et al., 2014) and may be
found in high levels in cancer cells, causing resistance to
chemotherapeutics (Yang et al., 2014). GPX4 has been shown
to regulate ferroptosis in large B cell lymphoma cells, renal cell
carcinomas (Yang et al., 2014), and head and neck cancer cell
lines (Shin et al., 2018). Inhibition of transcription factor Nrf2
and silencing of p62 were found to sensitize head and neck cancer
cells to GPX4 inhibitors, thus inducing ferroptosis and providing
a potential treatment to overcome chemoresistance (Shin et al,,
2018). Targeting GPX4 with dihydroartemisinin (Yi et al., 2020)
treatment (Yi et al.,, 2020) was also shown to be successful in
causing glioblastoma cell death through increasing cellular ROS
levels and inducing ferroptosis (Yi et al., 2020). Single-nucleotide
polymorphisms (SNPs) in selenoprotein genes such as SELNOP
and GPX (Jia et al, 2020) may impact the efficiency of
selenoprotein synthesis as well as the risk of disease. SNPs in
selenoprotein S (SEPS) have been linked with lung, breast,
prostate, colorectal, bladder, and thyroid cancers (Short &
Williams, 2017).

Because selenoprotein expression is determined explicitly by
the expression of Sec tRNA (Carlson et al, 2004), differing
expression of Sec tRNA may be used to study the role of Se in
cancer progression. For example, interbreeding of Sec tRNA
transgenic mice with prostate cancer resulted in more high-
grade lesions. However, Sec tRNA transgenic mice had no
change in hepatocellular tumor number compared to wild type
mice when crossed onto TGF-alpha transgenic background
(Short & Williams, 2017).

Hypoxic conditions can reduce selenoprotein synthesis at the
posttranscriptional level, through decreased Sec tRNA levels
(Becker et al., 2014). The two isoforms of Sec tRNA are
encoded on Trsp (Carlson et al, 2018), a single copy gene
found in eukaryotes (Serrdo et al.,, 2018). Deletion of the Trsp
gene completely eliminates selenoprotein expression (Carlson
et al, 2018) and was shown to increase oxidative stress and
increase reactive oxygen species (ROS) accumulation in
macrophages or the liver of mice with cancer (Serrdo et al,
2018), while excision of Trsp in mammary glands led to
increased mammary tumors and decreased survival (Serrdo
et al, 2018). Additionally, sec-tRNA** gene mutation or
deletions have also been linked to cancers such breast, colon,
and prostate cancer (Serrdo et al., 2018).

DISCUSSION

tRNA  structure, modification,  upregulation, and
downregulation not only change depending on cell type, but
can also change in response to cell conditions and can impact
cell proliferation. How and to what extent tRNAs are modified
or cleaved can determine cell survival. The many functions of
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tRNA and its derivatives contribute to the complex role tRNAs
play within healthy cells, which only becomes further
complicated in tumor cells. The wunique roles tRNA
derivatives play in different cancers (Huang et al., 2018)
combined with tRNAs’ secondary structure and chemical
modifications, make tRNAs challenging to study (Schaffer
et al., 2019). Because tRNA derivatives are often specific to
certain cancers, they may be used as targets for
chemotherapeutics or as biomarkers of disease. A more
thorough understanding of how these aspects of tRNA
impact tumor cell suppression, tumor cell activation, and
treatment resistance can provide valuable information that
is useful for the development of potential therapies for
individuals diagnosed with cancer. However, barriers such
as drug resistance and tumor heterogeneity continue to
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