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Abstract

Transfer RNA (tRNA) have been harbingers of many paradigms in RNA biology. They are among
the first recognized noncoding RNA (ncRNA) playing fundamental roles in RNA metabolism.
Although mainly recognized for their role in decoding mMRNA and delivering amino acids to the
growing polypeptide chain, tRNA also serve as an abundant source of small ncRNA named tRNA
fragments. The functional significance of these fragments is only beginning to be uncovered. Early
on, tRNA were recognized as heavily post-transcriptionally modified, which aids in proper folding
and modulates the tRNA:mRNA anticodon—codon interactions. Emerging data suggest that these
modifications play critical roles in the generation and activity of tRNA fragments. Modifications
can both protect tRNA from cleavage or promote their cleavage. Modifications to individual
fragments may be required for their activity. Recent work has shown that some modifications are
critical for stem cell development and that failure to deposit certain modifications has profound
effects on disease. This review will discuss how tRNA modifications regulate the generation and
activity of tRNA fragments.
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Transfer RNA (tRNA) are best known for their role in helping decode mRNA information
by the ribosome and delivering amino acids to the extending polypeptide chain during
MRNA translation. Mature tRNA range in size from approximately 70 — 90 nucleotides, a
distribution that is largely conserved throughout evolution. With few exceptions, tRNA
across all species adopt a clover leaf secondary structure, which contains five major
structural elements: (a) The acceptor stem to which the amino acid is attached, (b) the D-arm
(c) the anticodon arm, (d) the variable loop, and (e) the T-arm, also known as the T¥'C arm.
Each arm consists of a double-stranded stem and single-stranded loop. The acceptor stem
and D-arm are involved in aminoacyl tRNA synthetase recognition, which is required for
amino acid charging at the acceptor stem. The anticodon loop interacts with mRNA codons
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to ensure the delivery of the proper amino acid to the elongating peptide chain. The T-arm is
involved in ribosome:tRNA interactions that aid in efficient translation.

tRNA are expressed from a large number of genes, ranging from 170 to 570, depending
upon the species [1]. In humans, there are at least 417 distinct tRNA genes, despite the fact
that there are only 64 codons [2]. The precise reason for the expansion of tRNA genes is
unknown. The diversity of tRNA genes is due to gene duplication and diversity in tRNA
isodecoders, tRNA that recognize the same anticodon but have a different RNA sequence,
and isoacceptors, tRNA that decode multiple related codons (e.g., tRNAHIS decodes both
CAU and CAC codons). However, certain tRNA isodecoders have different functional roles
that may be important under distinct cellular conditions or cell types [3]. In fact, some tRNA
are expressed in a tissue-specific manner [4]. Alternatively, the increase in tRNA diversity
could allow for an increase in the repertoire of substrates for tRNA-derived small RNA,
discussed herein.

tRNA processing

All RNA must undergo some level of processing to generate mature species and tRNA are
no exception. In prokaryotes, RNA, including tRNA, are transcribed by the single RNA
polymerase. In eukaryotes, RNA polymerase 111 transcribes tRNA. Most eukaryotic and
prokaryotic tRNA are transcribed as pre-tRNA that contain a 5" leader and a 3" trailer that
are removed by two distinct endonucleolytic cleavage events (Fig. 1). The 5” leader is
removed by RNase P-mediated cleavage, leaving a5’ monophosphate [5]. RNase P is a
ribonucleoprotein complex in which RNA typically serves as the catalytic core [6].
Endonucleolytic cleavage of the tRNA 3" trailer was shown in 1975 [7,8], but cloning and
identification of the responsible enzyme, RNase Z, was not completed until nearly 30 years
later [9]. RNase Z is a metallo-B-lactamase endonuclease, and its activity results in a 3
hydroxyl and a single 3" overhang acceptor stem. In most prokaryotes and all eukaryotes, a
mature 3" end requires the addition of a ‘CCA” trinucleotide by enzymatic means [10]. In
humans, this is accomplished by tRNA-nucleotidyl transferase 1 (TRNT1). In some
prokaryotic species, notably in Escherichia coli, the terminal ‘CCA’ is genomically encoded.
Aminoacyl tRNA synthetases recognize the single-stranded base immediately 5° of the
CCA, named the “‘discriminator’ base, and other sequence elements, typically found in the
anticodon stem-loop, which guides tRNA charging with the proper amino acid [11].

In some instances, an intron is located in the tRNA anticodon stem (Fig. 1). In humans, ~
7% (28 of 417) of the tRNA genes contain introns [2]. Complete maturation of these tRNA
requires excision of the intron v/ia a tRNA-specific process. In yeast, this process is initiated
by the SEN complex (Sen2, Senl5, Sen34, and Sen54) [12,13], which endonucleolytically
cleaves tRNA on both sides of the intron, leaving a 2”,3” cyclic phosphate on the 5” exon
and 5" hydroxyl on the 3" exon [14]. To ligate these two exons, the tRNA ligase, Trl1,
converts the 2°,3” cyclic phosphate to a 2” phosphate and 3" hydroxyl [15]. Trl1 also
contains Kinase activity that phosphorylates the 5” hydroxyl of the 3" exon allowing for
ligation of the two exons. Finally, the 2" phosphate is removed by Tpt1 [16]. In vertebrates,
the yeast Sen complex ortholog termed the TSEN complex performs the initial cleavage
reaction [17]. At this point, two distinct processes may complete the splicing reaction,
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although the relative contribution of each is unknown to date. The ‘yeast-like’ pathway
utilizes the RNA kinase Clp1, which phosphorylates the downstream exon in a manner
similar to Trl1 [18-20]. However, the enzymes that resolve the 2,3 cyclic phosphate, ligate
the two halves and remove the resultant 2” phosphate are unknown. In the ‘animal’ pathway,
the RNA ligase HSPC117, a homolog of the prokaryotic ligase RtcB, directly acts upon the
2’,3” cyclic phosphate to ligate the second exon [21]. This is facilitated by a complex of
proteins containing DDX1, CGI-99, Archease, and Ashwin [22,23]. It is worth noting that
biological activities have been attributed to the excised intron in addition to the cleaved 5’
leader and 3" trailer RNA. The function of these RNA and their roles in regard to RNA
modifications will be discussed below.

tRNA modifications

Despite the recent fervor and debate surrounding the role of RNA modifications in mMRNA
[24,25], the presence of a multitude of modifications has long been known in tRNA. Early
enzymatic digests of calf liver RNA showed mononucleotides that did not correspond to the
four canonical RNA bases [26]. One of these was identified as pseudouridine (), a
modification that was shown to be abundant in yeast tRNA and rRNA [27]. Similar nucleic
acid digests identified 2-methyladenine, AB-methyladenine, and Af-dimethyladenine in
yeast. These studies were expanded to show the presence of these nucleotides in bacteria and
wheat germ, thereby establishing an evolutionary connection to these modified bases
[28,29]. Further guanosine derivatives were identified in plants, yeast, bacteria, and
mammals [30], and 5-methylcytosine (m°C) was first identified in £. co/i[31]. Salt-based
fractionation of RNA showed that much of the RNA-modified nucleotides were within the
‘soluble’ fraction, which was later shown to contain tRNA [32]. Further evidence that tRNA
were the highly modified ‘soluble RNA’ was obtained by showing that highly modified
RNA had a high propensity to incorporate amino acids, a property that is now known to be
tRNA charging [33,34]. Finally, when Holley and colleagues first elucidated the sequence of
tRNAAR they noted the presence of ¥ and dihydrouridine (D) at specific sites in the T¥'C-
and D-arms, respectively, thereby giving them their names [35].

From these initial laborious experiments, which proved the existence of nucleotide
modifications and their location in tRNA, the total number of modifications present in RNA
has expanded to more than 170 different modifications as cataloged by Modomics [36].
More recent mass spectroscopy and chemical approaches have aided in the identification of
different groups and their positions [37-39]. These modifications range from minor changes,
such as the aforementioned pseudouridylation or the addition of a single methyl group
(m!A, m°C) to the addition of large bulky groups, such as conversion of guanosine to
wybutosine (). In addition to modification of bases, select riboses in the sugar-phosphate
backbone can be methylated to add additional complexity. Many of these modifications are
universal across all domains of life and are even found in the tRNA encoded within
mitochondria and plastids [36].

Most tRNA modifications are thought to play one of two major roles: (a) stabilizing or
modifying tertiary structure and/or (b) aiding in the codon—-anticodon recognition. While it is
certainly a generality, modifications in the D- and T-arms serve to stabilize the tRNA
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structure while those in the anticodon arm affect codon recognition, particularly in the
wobble position (Reviewed in [40]).

Of the 170 RNA modifications currently known, 93 are found in tRNA, but the frequency
and distribution can vary in a given organism or tRNA species [36]. ¥ is the most abundant
modified nucleotide found in tRNA [41]. In tRNA, ¥ is universally found at position 55
(denoted '¥'55) in the loop of the T-arm. This facilitates proper tertiary structure in which the
loop of the T-arm interacts with the loop of the D-arm via W55 [42]. As with ¥, 1-
methyladenosine (m!A) is similarly abundant, found in tRNA in all domains of life and was
also recently identified in mMRNA [43]. Methylation of A at position 58 is universally
conserved in all domains of life, and methylation at position 9 is also common [36]. Similar
to the function of ¥'55, m*A9 and mLAS55 confer additional structural stability to the tRNA
tertiary structure [44,45].

Modifications may also facilitate tRNA:mRNA interactions and are often found at position
34, the wobble base in the anticodon, or just 3" of the anticodon at position 37. Among the
best studied example is modification of G37 to Y37. This modification stabilizes the
codon:anticodon interaction within the A site of the ribosome by providing increased base-
stacking and ionic interactions [46,47]. Lack of this modification can lead to translational
defects such as translational frameshifting. In Saccharomyces cerevisiae, modification of
U34 to 5-methoxycaronyl-methyl-2-thiouridine (mem®s2U) also instills accuracy and
stability of codon:anticodon pairing, particularly in the case of tRNALYS(UUU) and is
essential for viability [48,49]. tRNALYS(UUY) js particularly in need of stabilization of
codon:anticodon base-pairing due to the three weak A:U or G:U base pairs in the interaction.
In tRNALYS (UUU), mem>s2U34 modification increases the network of interactions to
stabilize base-pairing. This is also true for m°C at position 34 in tRNALEU(CAA) [50].

As many modifications are required for tertiary structure stability, it should not be surprising
that hypomodified tRNA are inherently less stable. Ablation of the enzymes that deposit
mlA at position 58 are lethal as they cause tRNA;Mét depletion [51,52] Hypomodified
tRNA;Met molecules are oligoadenylated and targeted for degradation by the nuclear
exosome [53]. tRNA export from the nucleus to the cytoplasm is facilitated by Exportin-T
[54,55], and mutations that disrupt tRNA tertiary structure reduce the efficiency of tRNA
export [56]. Additional modifications occur after export to the cytoplasm. If these
modifications do not occur, hypomodified tRNA are also targeted for decay viathe ‘rapid
tRNA decay’ pathway [57,58]. Interestingly, some tRNA positions are never modified. In
particularly, the 3" CCA tail remains unmodified as are several positions in the variable loop
[36].

Deposition of nucleotide modifications can alter tRNA maturation and vice versa. In regard
to tRNA splicing, the presence of introns in a pre-tRNA or the act of splicing may modulate
the deposition of nucleotide modifications, although, in most cases, the precise role or
requirement for these madifications is unknown. There are several examples in which tRNA
processing is required for efficient tRNA modification. In tRNATY, the presence of an intron
is required for modification of U35 to V'35, which is required for efficient codon recognition
[59,60]. A similar situation is seen for tRNALEY in which the presence of an intron is
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required for modification of C34 to m®C34 [61]. In Trypansoma brucei, only one tRNA gene
contains an intron, tRNA™", but splicing of this tRNA is required for viability [62].
Interestingly, in this case, the intron itself must be modified at several positions in order for
splicing to occur, marking an instance where modification is required for processing rather
than processing directing modifications [63].

A dramatic example of the interdependence of tRNA processing and modification comes
from archaea. In Haloferix volcanii, the tRNAT™ intron encodes a box C/D snoRNA [64].
Surprisingly, the target of this snoRNA is tRNAT™ itself, guiding 2"-O methylation of C34
and U39 in tRNAT™ in cisas part of the pre-tRNA [65], but more surprisingly the excised
intron can act in #rans[66]. Thus, the intron of tRNAT™ acts as a small RNA, independent of
the role of the tRNA. This is one of the earliest examples of a small functional RNA derived
from a tRNA, a topic on which the remainder of this review will focus.

tRNA cleavage in host defense response

The phenomena of tRNA cleavage has long been recognized, but it is only in recent years
that tRNA fragments themselves have been recognized to be functional (Figs 2 and 3).
Among the earliest observations and best described mechanisms of tRNA cleavage comes
from E. coli. Some strains of £. coli carry a plasmid (pCol) encoding various colicin proteins
(e.g., Colicin D, E3, E5) (reviewed in [67]). Although the identity of the plasmid or the
functional relation to the proteins it encoded was unknown, in 1925, it was observed that
certain strains of £. coli, later discovered to be those containing pCol, were superior
competitors compared to other strains [68,69]. It was later discovered that pCol encoded
various toxins, which are secreted and kill non-pCol-containing competitors, and antitoxins,
which act as an antidote for secreted toxins [69]. Colicin D and E5 are secreted proteins that
are tRNA-specific RNases [70-72], which target tRNA anticodon stem loops, although they
differ in their specificity. Colicin D targets tRNAA™ [72], while colicin E5 targets tRNA
with queuosine (Q) modifications in the wobble position of their anticodon (e.g.,
tRNATYT(QUA)) [71].

Using a modified nucleotide to direct tRNA cleavage is not unique to the colicin nucleases.
The E. colitRNA-specific nuclease PrrC is activated during T4 bacteriophage infection by
the phage-encoded Stp peptide [73,74]. Similar to Colicin, PrrC targets and cleaves at the
wobble position in the anticodon of specific tRNA. Rather than targeting Q-modified
derivatives, PrrC specifically targets tRNALYS(WUY) in which the wobble U has been
modified to 5-methylaminomethyl 2-thiouridine (mnm?®s2U) [75] (Fig. 3). Mutations that
prevent either 5-methylaminomethyl or 2-thiouridine modification to the wobble U decrease
PrrC activity toward tRNALYS(UUY) by approximately 90%. In theory, this activity leads to
an ‘altruistic suicide’ in which infected £. coli remove themselves from the population to
prevent further bacteriophage infection. However, T4 bacteriophage contains a system to
counteract the £coPrrC system [76]. PrrC cleavage leaves a 2”,3” cyclic phosphate on the 5
fragment that T4 polynucleotide kinase (T4 PNK) converts to a 3" hydroxyl. Concurrently,
T4 PNK phosphorylates the 5” hydroxyl of the 3" cleavage product allowing for T4 RNA
ligase 1 to ‘reseal’ the cleaved tRNA.
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The targeted tRNA cleavage for defense purposes is not restricted to prokaryotes and neither
is the use of tRNA modifications for defining specificity (Fig. 3). The yeast Kluyveromyces
lactis secretes a heterotrimeric toxin known as zymocin, composed of a.-, -, and y-subunits
[77]. The a- and B-subunits facilitate entry of the y-subunit into competitor cells, such as S.
cerevisiae, where it causes irreversible cell cycle arrest and cell death [78,79]. Nearly 25
years after the discovery of zymocin, the target of the y-toxin was revealed to be tRNA [79].
In these regards, y-toxin acts in a similar manner to colicin, cleaving at the wobble position
in the anticodon. Here, tRNAG!U (WUC) {RNALYs (WUU) and tRNA GIN(UUC) where the
wobble U has been modified to 5-methoxycarbonylmethyl-2-thiouridine (mecm?2s2U) are
targeted for cleavage [79]. Mutant S. cerevisiae strains that prevent these modifications
prevent the action of y toxin, establishing the requirement of this modification for cleavage.

Emerging data show that human cells may also target tRNA for bulk cleavage in response to
viral infections. In this instance, cleavage occurs at position 37 of the mature tRNA and
predominantly occurs on tRNAHIS, although cleavage also occurs on tRNAP™ and various Y-
RNA [80]. Mammalian cells have an intricate network of sensors monitoring double-
stranded RNA (dsRNA), a hallmark of viral infection. When a viral infection via dsRNA
recognition is identified, 2’5" oligoadenylate synthetase converts ATP to 2'-5" linked
oligoadenylates (2-5A) (reviewed in [81]). RNase L binds 2-5A, which promotes its
dimerization and activation, at which point it targets select tRNA for cleavage. RNase L has
a very promiscuous recognition sequence (UNN; with “*” indicating the site of cleavage).
Therefore, specific recognition of tRNAHS and tRNAP™ cannot be explained solely by
simple nucleotide determinants. Similar to tRNases in prokaryotes and in yeast, added
specificity is granted by RNA modifications. Within the anticodon loop of tRNAHIS, there
are three potential RNase L cleavage sites. /7 vitro transcribed tRNAHS is susceptible to
cleavage at each of these three sites in contrast to physiological tRNAHIS, which is only
cleaved at position 37. The authors of this study found that modification of G34 to Q34
provides specificity that guides cleavage at the physiological site [80] (Figs 2 and 3). RNase
L activation is accompanied by a dramatic decrease in protein synthesis. It has been
speculated that cleavage of bulk tRNAHIS inhibits protein synthesis by preventing decoding
of histidine codons. However, a formal link between RNase L-dependent tRNA cleavage and
inhibition of translation has not been proven. It remains possible that the cleavage products
of tRNAHIS themselves contain activity.

Biologically active tRNA fragments

The supposition that tRNA fragments from RNase L-directed cleavage may harbor
biological activity is not without precedent. Evidence presented over the previous decade has
established a new field focusing on functions of small RNA derived from tRNAs. These
RNA are produced via diverse biogenesis pathways, proposed to play an active role in
different biological processes (Fig. 4) and, as a result, a complicated and often confusing
nomenclature. Broadly, tRNA fragments can be classified into two categories: fragments
induced as a result of cellular stress response pathways and constitutively expressed
fragments (Fig. 2). These RNA may be derived from mature cytoplasmic tRNA, full-length
pre-tRNA or ‘discarded’ processing fragments, such as those containing introns, 5” leaders
or 3’ trailers.
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In the 1970s, tRNA breakdown products were identified from urine and serum of cancer
patients and were hypothesized to be potential biomarkers for cancer [82,83]. Similarly, with
the advent of high-throughput sequencing, fragments of tRNA were often recovered when
sequencing small RNA, but were regularly disregarded as nonphysiologically relevant
degradation intermediates. However, a wealth of data now supports that these are bona fide
functional RNA. Their production is conserved throughout evolution, and they play a wide
array of roles (Fig. 4).

Stress-induced tRNA fragments

An early report of inducible tRNA fragments came from studying the ciliate 7etrahymena
thermophila in response to amino acid starvation [84]. Diverse tRNA fragments were
generated after serum starvation, but the majority of tRNA were found to be cleaved within
the anticodon loop, and thus, the individual RNA were termed ‘tRNA halves’. Later work
showed that tRNA cleavage in response to stress is not restricted to 7.thermophila. In
particular, the anticodon targeting of tRNA by RNases was a widespread evolutionary
reaction to cell stress [85]. An unbiased screen of small RNA revealed widespread tRNA-
derived small RNA in S. cerevisiae, which were dramatically induced in response to various
stresses, including heat shock and oxidative stress. Further experiments showed that
oxidative stresses caused a similar response in Arabadopsis thaliana and human tissue
culture cells [85].

Two groups independently demonstrated that stress-induced tRNA cleavage in humans is
carried out by the RNase angiogenin (ANG) [86,87]. Again, tRNA cleavage was observed
after a wide array of cellular insults, including starvation, heat shock, cold shock, oxidative
stress, and UV irradiation. Subsequently, these small RNA were shown to harbor biological
activity [87]. By monitoring protein synthesis, a subset of these small RNA inhibited
translation (further discussed below) [87]. Concurrent with these findings, a different
nuclease Rny1, a RNase T2 endonuclease, was shown to be the RNase responsible for
stress-induced tRNA cleavage in S. cerevisiae [88]. Similarsized tRNA fragments were also
identified in the phloem and sap of pumpkins (Cucurbita maxima) [89]. Isolation of these
abundant small RNA showed that they were largely derived from tRNA and rRNA. Similar
to data found in yeast and humans, translation assays suggested that these RNA harbor
biological activity as they nondiscriminately inhibit mMRNA translation [89]. To date, the
enzymes that target tRNA in C. maxima, A. thaliana, or T. thermophila are unknown.

ANG, the protein that targets tRNA in mammalian cells, is a member of the RNase A
superfamily (reviewed in [90]). Despite having high similarity to bovine pancreatic RNase
A, it has significantly reduced activity due to occlusion of the active site by a glutamine
residue not found in RNase A [91]. ANG was discovered and characterized by its ability to
promote new blood vessel growth [92], making it a potential anticancer therapeutic target
[93]. The ability of ANG to promote growth and angiogenesis is dependent upon its catalytic
activity yet /n vivo RNA targets of ANG were unknown until recently. Nearly 35 years after
its discovery, ANG was shown to target mature tRNA /n vivo [86,87]. Of particular note is
that ANG is a secreted molecule that is actively taken up by surrounding cells [92].
Potentially, ANG acts in an ‘interferon-like’ manner by which neighboring cells can take up
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ANG secreted from stressed cells. In cells and in the absence of stress, ANG is held in an
inactive state vz interaction with the RNase A family inhibitor RNH1 [94,95].

It is unclear what specifies ANG-mediated tRNA cleavage. Similar to RNase L, the
sequence specificity of ANG or Rny1 makes them promiscuous RNases. /n vitro digests
show that ANG will cleave between any purine and pyrimidine dinucleotides albeit with
varying efficiencies (CpA>CpG>UpA>UpG) [96]. As with other members of the RNase T2
family, Rny1 is thought to have no sequence specificity [97]. Despite this, in human cells,
only ~ 1% of tRNA are cleaved during a stress response [98]. This can be partially explained
by protection of tRNA from ANG or Rny1 by various protein complexes, such as the
ribosome. However, it is surprising that certain tRNA are more susceptible than others to
stress-induced cleavage and which tRNA are targeted for cleavage can change in response to
different stresses, further indicating selectivity [98]. Of particular note is tRNAT", which is
resistant to ANG-induced tRNA cleavage in vivo despite the fact that its anticodon loop has
two purine: pyrimidine dinucleotides that should be susceptible to ANG-mediated cleavage
(5" CU'GU"AGG 3’, where " indicates potential cleavage sites) [86]. An intriguing
possibility is that post-transcriptional modifications render tRNAT™ resistant to cleavage as
its anticodon loop is highly modified [36]. While the genomic sequence encoded
CUGUAGG, the modified mature anticodon loop is CU9¥ Am1GG in which ‘9’ denotes
galactosyl-queuosine. This specific modification is unique to tRNA™ in humans. /n vitro
digests of 5S rRNA show that ANG efficiently cleaves between ¥:A dinucleotides and
several other tRNA that contain m1G at position 37, so it is unlikely that these modifications
protect tRNAT', leaving the galactosyl-queuosine as a likely protective mark. Alternatively,
tRNATYT is unique as all the genes encode an intron within the anticodon loop and possibly
splicing imparts some modification or other state to tRNA™" that enables it to evade ANG
cleavage [60].

As with tRNA cleavage initiated in host defense pathways, tRNA modifications can play
important roles in promoting or restricting tRNA cleavage in response to stress (Fig. 2). m°C
has roles in modulating tRNA cleavage. In higher eukaryotes, m°C is primarily added by
NSUN2 or DNMT2 [99-102]. DNMT2 methylates tRNAVAIAAC) {RNACIV(GCC) and
tRNAASP(GTC) [101,103]. Mutant DNMT?2 flies lack these methylation marks and
demonstrate an increase in tRNA fragments from these tRNA species, establishing DNMT2
m®C deposition as a tRNA cleavage protective mark [103]. m°C as a protective mark is
extended evolutionarily as NSUN2-deposited m>C has a similar anticleavage affect in mice
[100]. tRNA lacking m®C have increased affinities for ANG, leading to more tRNA
cleavage. In addition to a marked increase in tRNA fragments, NSUN2 knockout mice
display neurological defects similar to human syndromic intellectual disability and
Dubowitz-like syndrome. This mimics human disease where patients with a syndromic form
of intellectual disability and Dubowitz-like syndrome have homozygous mutations in
NSUN2 that impairs its catalytic activity [104-106]. While DNMT2 or NSUN2 knockout
mice are viable, double knockout of both methyltransferases is synthetically lethal [102].
However, mouse embryonic fibroblasts derived from these inviable animals are viable but
demonstrate a decreased translation rate, a phenotype potentially attributed to increased
tRNA cleavage.
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Despite data in mice showing synergistic effects of NSUN2 and DNMT2 methylation, a
recent study in Drosophila melanogaster show that m>C deposition by either NSUN2 or
DNMT2 may have differing effects on tRNA fragment production [107]. CRISPR-Cas9-
mediated knockouts of NSUN2 or DNMT2 were generated in D. melanogaster. In response
to heat shock, DDNMT?2 flies generated more tRNA fragments which were longer lived than
tRNA fragments from wild-type flies. In contrast, DNSUNZ2 flies failed to generate tRNA
fragments in response to heat shock. Differences in species or cell types may underlie these
contrasting results.

It has been well characterized that stress-induced tRNA cleavage results in reduction in
protein synthesis (Fig. 4, translation modulation). It cannot be overemphasized that this is
not due to depletion of the pool of cytoplasmic tRNA, as only a small proportion of tRNA
are cleaved, in contrast to host defense-related tRNA cleavage. Instead, the small RNA
themselves harbor biological activity. To date, several mechanisms of translation inhibition
have been discovered for different tRNA-derived small RNA. Perhaps the most extensively
studied mechanism of translation inhibition by tRNA fragments is by the 5" halves of
tRNAAI and tRNACYS, Upon their discovery, these fragments were termed 5 tRNA-derived
stress-induced RNA (5'tiRNA) [87]. These RNA are generated by ANG-directed cleavage,
generating two smaller RNA, 5'tiRNA and 3’tiRNA. To date, only 5’ tiRNA have been
shown to possess translation repression activities. ANG-mediated cleavage results in
5’tiRNA that contain a hydroxyl group at their 5 -ends and a 2”,3” cyclic phosphate at the
3’-ends [87,108,109] and 3 tiRNA that contain a hydroxyl group at their 5”-ends and a
hydroxyl or an amino acid at their 3"-ends. Some high-throughput experiments indicated
that 5"tiRNA are more abundant than 3"tiRNA [110,111]. Although not empirically proven,
it is likely that the 27,3 cyclic phosphate provides the 5'tiRNA with greater stability. It
should also be noted that results of high-throughput RNA-sequencing can be greatly affected
by methodology of RNA purification and library construction.

The translation inhibition activity of 5'tiRNAA!2 and 5"tiRNACYS is endowed by a stretch of
five guanosine residues at the 5”-end called the terminal oligoguanine motif (TOG motif)
[112]. 5'tiRNAA2 and 5"tiRNACYS inhibit translation by blocking cap-dependent translation
initiation. Canonical cap-dependent translation requires the heterotrimeric elF4F complex,
composed of elF4E, elF4A, and elF4G, to bind the m’GTP mRNA cap. elF4F is required
for proper assembly of the canonical translation pre-initiation complex. By preventing
formation of this complex on the mRNA, TOG-containing tiRNA block translation
initiation. As a result, this also triggers the formation of nonmembranous cytoplasmic bodies
called stress granules (SGs) [113]. SGs are condensates of non-translated mRNPs and 40S
ribosomal subunits that are thought to promote survival through sequestration of pro-
apoptotic signaling molecules and non-translating housekeeping mRNA (reviewed in [114]).
TOG-containing tiRNA directly interact with Y-box binding protein 1 (YB-1, YBX1) and
this interaction is critical for the formation of tiRNA-induced SGs [115]. However, YB-1 is
dispensable for tiRNA-mediated translation repression. The precise mechanism of tiRNA-
mediated elF4F displacement remains to be elucidated. TOG-containing tiRNA interact with
each other v/atheir TOG motif forming tetrameric molecules [116]. The guanosine residues
of one tiRNA interact v/ia Hoogsteen base-pairing to form a parallel, intermolecular G-
quadruplex. Only the tetrameric G-quadruplex tiRNA demonstrated biological activities as
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the monomeric TOG-containing tiRNA did not repress translation or triggered the formation
of SGs. Moreover, this appears to be an evolutionary conserved phenomenon as evidence has
also been presented that tiRNA from A. thaliana also assemble into a tetrameric G-
quadruplex [116]. The activity of TOG-containing tiRNA is thought to be neuroprotective
[117]. RNA G-quadruplexes are known regulators of translation (reviewed in [118]). Recent
data suggest that RNA G-quadruplexes are largely unfolded under steady-state conditions in
human cells [119]. Their presence and activity in TOG-containing tiRNA suggests that G-
quadruplexes may have an unexplored role in regulating gene expression in non-steady-state
conditions, such as stress conditions.

It is worth noting that most experiments using TOG-containing tiRNA have used synthetic
RNA and therefore lack RNA modifications found /n vivo. To date, experiments using bulk,
endogenous tiRNA, show that they have similar activities to unmodified synthetic tiRNA
[87,112,113]. However, given the abundance of tRNA modifications, it is likely that some
may alter tiRNA activity. It remains to be investigated whether stress-induced tRNA
fragments are enriched or depleted for specific tRNA modifications. Further experiments
with endogenous TOG-containing tiRNA would be of great value as tRNA modifications are
known to change in response to stress [50,120-122].

A variety of non-TOG-containing tiRNA also inhibit translation, albeit via alternative
mechanisms. The halophilic archeon H. volcanii generates tRNA fragments in response to
certain stresses such as alkaline stress or increased magnesium levels [123]. In this case,
cleavage does not occur in the anticodon loop, but rather in the single-stranded region
between the D-arm and the anticodon arm generating a 26-nucleotide RNA. This RNA
derived from tRNAVA! referred to as valine tRNA-derived fragment (Val-tRF), physically
interacts with the small ribosomal subunit to inhibit translation initiation complex formation
by preventing mRNA:ribosome interaction [124]. The activity of this small RNA is
conserved in all three domains of life as it can block translation in S. cerevisiae, H. volcanii,
and E. coli. This is not accomplished by preventing Shine-Dalgarno:Anti-Shine-Dalgarno
interactions, as is common for other small RNA in prokaryotes. Instead, Val-tRF binds
within the mRNA binding channel in the 30S small ribosomal subunit. A similar situation
has been proposed for a subset of tRNA fragments in S. cerevisiae where several tRNA
fragments were found to associate with ribosomes following stress. Specifically, the binding
of both 3" and 5" fragments derived from tRNAHIS was associated with translation
repression [125].

Surprisingly, in contrast to RNase L-mediated tRNA cleavage, which is antiviral, some
tRNA fragments are proviral. Upon infection of human cells with respiratory syncytial virus,
several tRNA fragments are produced, the most abundant of which are 5° halves from
tRNACGIU(CTC) {RNACIY(GCC) and tRNALYS(CTT) [126]. These tRFs can function in a
miRNA-like manner. In particular, tRFGU(CTC) hase-pairs with the 3" UTR of the
apolipoprotein E receptor 2 (APOER2) mRNA and reduces its expression [127]. Otherwise,
APOER?2 protein functions in an antiviral manner; thus, suppression of expression by tRFs
promotes viral replication. Further work has shown that blocking 5" tRFGU(CTC) and
5"tRFLYS(CTT) also promote viral replication [128]. Blocking these tRFs with antisense
oligos suppresses viral replication. Conversely, transfection of synthetic tRFs stimulates
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viral replication. The precise mechanism through which these tRFs promote viral replication
is unknown, although it is hypothesized to occur viaa miRNA-like manner as shown for
5"tRFCIY(GCC) [127].

Finally, some stress-induced tRNA fragments play biological roles distinct from regulating
translation. During osmotic stress, ANG-cleaved tRNA associate with cytochrome cto
promote survival [129]. At the onset of apoptosis, cytochrome cis released from the
mitochondria where it interacts with other proteins and oligomerizes to form a large protein
structure called the apoptosome. Various tRNA fragments interact with cytochrome ¢ upon
release from the mitochondria to block apoptosome formation and promote survival [129].

Constitutive tRNA fragments

Not all tRNA fragments are produced in response to cellular stress. There are abundant
tRNA fragments that are constitutively produced throughout the lifespan of an organism, in
specific cell types or at specific developmental stages. Some of these represent the same
molecule as a stress-induced fragment and even share a biogenesis pathway, but are
exemplified by their stable noninduced production. Diverse tRNA fragments are commonly
found in cancer cells lines. Such tRNA-derived small RNA were first carefully analyzed by
high-throughput sequencing of small RNA from prostate cancer cell lines [130]. These small
RNA, referred to as tRFs, are 19-21 nucleotides and are generated as a result of cleavage in
any of the tRNA loops [131]. However, one of the more intriguing tRNA-derived small
RNA, termed tRF-1001, is derived from the 3" trailer of tRNASE", Its biogenesis is thought
to be a result of ELAC2 cleavage during tRNA maturation. Surprisingly, tRF-1001 promotes
cell proliferation in cancer cells [130]. In addition to their identification in cancer cell lines,
select tRFs have been identified in various healthy tissues including heart, colon, lung, and
small intestine [131].

Data have been presented suggesting that the biogenesis of many tRFs is dependent upon
Dicer, a principal enzyme in the generation of miRNA [132]; however, as the
aforementioned tRF-1001 is ELAC2-dependent, it is likely that there are multiple biogenesis
pathways given the wide array of tRF species. In fact, other studies demonstrate that many
stably expressed tRNA fragments are Dicer- and Drosha-independent [131,133]. tRFs also
have been shown to associate with Agol, Ago3, and Ago4, but not with Ago2 [131].
However, other data indicate tRFs do associate with Ago2 [134]. Given that their size
mirrors that of MiRNA, it is conceivable that these tRNA-derived RNA, once incorporated
into an Argonaute protein, could function in a miRNA- or siRNA-like manner. Using
luciferase reporter assays with constructs containing tRF antisense sequences, tRFs are
capable of eliciting sequence-dependent translation repression [135]. Investigations in D.
melanogaster show that some tRNA fragments modulate the translation of mMRNA through
antisense base-pairing in a manner that is dependent upon Ago2 [136], by modulating
expression of the translational machinery. Related to this finding, in humans, a tRNA
fragment derived from tRNALEY base-pairs with RPS28 mRNA and promotes its expression
[137]. In this instance, rather than functioning via an Ago-mediated pathway, the tRF
prevents deleterious secondary structure formation in the mRNA.
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Recent work has revealed that some tRNA fragments can regulate epigenetic inheritance. In
sperm from mice fed a high-fat diet (HFD), there was a marked increase in 5" tRNA
fragments [138]. Interestingly, offspring born from mice fertilized by sperm with high
concentrations of tRNA fragments displayed a higher incidence of glucose metabolism
disorders. In this case, rather than modulating mRNA translation, it appears that these tRNA
fragments target the promoters of select genes to alter transcription. Interestingly, analysis of
tRNA fragments in mice fed a HFD revealed that these tRNA fragments were enriched in
m>C and A2-methylguanosine (m2G) modifications, but the relevance of these modifications
was unknown in this initial study. Follow-up work showed that DNMT2 was responsible for
these modifications. In contrast to wild-type animals, DNMT2 knockout mice failed to
demonstrate a relative enrichment of m®C or m2G in the tRNA fragments after HFD [139].
The DNMT2 knockout mice fed a HFD did still produce tRNA fragments; in fact, they
produced higher levels of tRNA fragments in agreement with previously reported data on
DNMT2-mediated regulation of tRNA cleavage [103]. However, these fragments no longer
conferred metabolic disorders to the next generation. The authors show that modification of
m®C38 in the tRNA fragments alters the secondary structure of the small RNA, which may
be necessary for their activity. Thus, in this instance, not only are the tRNA fragments
necessary, but must contain the proper DNMT2 deposited modifications. In a related study,
mice on protein restriction diets had increased levels of tRNA fragments from tRNAGIY(GCC)
[140]. These tRNA fragments repress the transcription of genes associated with the
endogenous retroelement MERVL. This activity may be evolutionarily conserved. tRNA
fragments are found abundantly in the pollen of A. thalianaand other land plants [141]. In
this case, tRNA fragments also target transposable elements, although in A. thaliana, they
load into Agol and target transposable element RNA. Moreover, genetic ablation of
DNMT2 and NSUNZ2, the methyltransferases that generates m°C in tRNA, leads to an
increase in mobile element expression and genome instability in D. melanogaster [107]. This
is concurrent with alterations in tRNA fragment production seen in DNMT2 and NSUN2
knockout flies.

Finally, data are emerging that tRNA fragments play vital roles in regulating stem cell fate.
Distinct cell types differ in their susceptibility to form tRNA fragments and the
consequences of their formation [142]. Hematopoietic stem/progenitor cells (HSPCs) and
lineage committed myeloid-restricted progenitor (MyePro) cells both take up secreted ANG;
however, the result of this uptake depends upon cell type. In HSPCs, ANG cleaves tRNA
generating tRNA fragments that repress translation which is required for maintaining the
stemness of these cells. In contrast, ANG does not cause cleavage of tRNA in MyePro cells,
instead causing an increase in rRNA transcription and enhancing proliferation. It is not
known what makes the tRNA of HSPCs susceptible to ANG-mediated cleavage or what
protects the tRNA of MyePro cells; potentially cell type-specific tRNA modification could
play a role. This is backed up by reports in other stem cells in which tRNA modifications
affect tRNA cleavage, protein synthesis, and maintenance of stemness [143,144]. Cells
derived from NSUN2 knockout mice produce an increased amount of tRNA fragments due
to defects in m°C modifications in specific tRNA species. As epidermal stem cells naturally
express low levels of NSUNZ2, this leads to the increases in the abundance of tRNA
fragments [143]. In turn, tRNA fragments in epidermal stem cells throttle protein synthesis
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to maintain stemness. Upon differentiation, NSUN2 expression levels rise, concomitant with
a decrease in abundance of tRNA fragments and an increase in protein synthesis. Similar
results have been reported for the maintenance of neuroepithelial stem (NES) cells [144]. In
NSUN2 knockout mice, NES cell differentiation is impaired and this result is phenocopied
by increased ANG expression. This delayed differentiation is due to improper stem cell
maintenance caused by pervasive tRNA fragment production that may underlie NSUN2-
related neurological defects. m®C is not the only tRNA modification that may affect tRNA
fragment production to regulate stem cells. A recent report shows that ¥ of TOG-containing
tRNA fragments may also promote stem cell maintenance [145]. Pseudouridylate synthase 7
(PUS7) is enriched in human embryonic stem cells (hRESCs) and catalyzes the
pseudouridylation of U8, particularly in tRNA that contain a TOG motif (tRNAA,
tRNACYS, tRNAVa. hESCs produce abundant TOG-containing tRNA fragments that are 18
nucleotides, in contrast to TOG-containing tiRNA generated during stress, which are 30 — 31
nucleotides. For this reason, they have been termed miniTOGs (mTOGS). These recently
discovered tRNA fragments repress translation and maintain the stem cell niche.
Importantly, only mTOGs containing ¥'8 exert translation inhibitory effect in stem cells.
This is in contrast to TOG-containing tiRNA, where to this point, modifications have not
been tested as synthetic, unmodified tiRNA are as active as endogenous tiRNA [87,112,113].
This highlights a critical difference from stress-induced and constitutively produced tRNA
fragments, particularly in terms of stem cell maintenance.

Concluding remarks

As the field of RNA modifications continues to expand, it is critical to remember that tRNA
are the most densely modified RNA molecules with the greatest diversity of chemical
modifications. These modifications dictate tRNA structure and regulate canonical tRNA
function. Recent reports have shown that these modifications are critically important for
modulating the noncanonical functions of tRNA, paramount among these are functions of
tRNA-derived small RNA. Intriguingly, tRNA modifications can promote or inhibit the
generation of these fragments and the modifications within tRNA fragments can affect their
activity. Given the diversity of tRNA modifications, many new functions in tRNA cleavage
and tRNA fragment biological activities surely remain to be discovered.

As work continues, many unanswered questions remain and several points should be taken
into account. In the field’s infancy, experiments dissecting tRNA fragment activity have
relied on synthetically synthesized RNA devoid of any modifications. While it is true that for
some tRNA fragments, where endogenous modified RNA and synthetic RNA have similar
biological activities [87,112], recent work discovered that addition of certain RNA
modifications, such as ¥ or m®C, is necessary to grant a specific RNA its activity [139,145].
Therefore, it is possible that in the search for active tRNA fragments, some biological
activities of tRNA fragments were undetected because they did not contain the required
physiological modifications. For analysis of individual species of tRNA fragments, methods
to reliably separate these molecules from the milieu of all tRNA fragments will need to be
developed. These methods will require purification of large amounts of material for
biochemical studies, a restraint that may slow their development and implementation. One
such protocol has been developed to separate different tRNA species [146], which could be
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further refined for the purification of tRNA fragments. However, as tRNA fragments are
typically 100 times less abundant than the tRNA from which they were derived [98],
scalability issues will remain. Alternatively, many modified nucleotides are available for
purchase in synthetic RNA. As of now, the high price of adding these modifications to
oligonucleotides may make this approach cost-ineffective, particularly in the early screening
stages of an experiment.

What will hamper some of future studies is our current incomplete knowledge of the full
repertoire of tRNA modifications. This is particularly evident in terms of cell type
specificity. For example, using the most current Modomics dataset [36], we generated a map
of nucleotide modification frequency in humans (Fig. 3). This map and data from Modomics
indicate that position 8 is rarely modified. However, it is clear that pseudouridylation of this
nucleotide is required for activity of miniTOGs in stem cells [145]. As tRNA modification
mapping is currently limited to profiling in specific cancer cell lines, some cell type- or
tissue-specific modifications are certainly missed. In turn, the presence of specific tRNA
modifications may prevent or promote tRNA cleavage. Such differences in tRNA
modifications may explain the findings in hematopoietic cells, where ANG readily cleaves
tRNA in HSPCs but not in MyePro cells.

Despite our incomplete understanding of the molecular mechanisms underlying biogenesis
and functions of tRNA fragments, the link between tRNA fragments and various biological
processes has been established. It is imperative that we continue to decipher the molecular
mechanisms that contribute to our understanding of how tRNA fragments and tRNA
modification relate to human disease.
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Abbreviation

ANG angiogenin

APOER2 apolipoprotein E receptor 2

HFD high-fat diet

HSPCs hematopoietic stem/progenitor cells
NES neuroepithelial stem

SGs stress granules

TOG terminal oligoguanine
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tRNA maturation pathways. Pre-tRNA contain a5’ leader (blue), a 3" trailer (green), and,
in some instances, an intron (red) located within anticodon loop. Different domains of life

utilize different enzymes to generate mature tRNA.
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Fig. 2.

thll\IA fragment diversity. Different small RNA species may be generated from pre-tRNA (5
leader—blue, 3" trailer—green, intron—red) or mature tRNA. Shown here is a selection of
identified tRNA fragments, the species in which they were identified, the enzyme
responsible, and the earliest citation. Other tRNA fragments have been identified but are not
shown.
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Fig. 3.

thll\IA modifications and cleavage. A heat map displaying how often a particular nucleotide
is modified. Human cytosolic tRNA modification profile was used [36]. Modifications that
effect tRNA cleavage are indicated as well as the modifying enzyme (when known) and
enzyme responsible for cleavage. Note that while the presence of queuosine at position 34
inhibits tRNA cleavage within the anticodon, it provides specificity for the RNase L-
mediated cleavage of tRNAHS at position 37.
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Proposed biological activities of tRNA fragments.
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