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The surprisingly complex tRNA subsystem: 
part 4—tRNA fragments regulate processes
Royal Truman

In part 11, part 22 and part 33 of this series we examined the 
complex enzymatic processing necessary to generate func-

tional tRNAs. Dozens of protein-based molecular machines 
were therefore necessary from the very beginning for the 
genetic code to work. In part 5,4 we will consider whether 
evolution is a plausible explanation for these findings.

Here in part 4, we will discuss additional biological ser-
vices provided by tRNAs and also by degradation fragments 
generated from tRNAs. Instead of being worthless RNA frag-
ments, these are used for important regulatory purposes. The 
intention of this paper is to help gain a more comprehensive 
picture of the vast number of interacting processes involved 
in a cell and how to interpret this fact. Evolutionists assume 
that life must have started very simple and complexity was 
added incrementally through a vast number of individual 
fortuitous accidents upon which natural selection could 
then act. An understanding of what needs to be explained 
in a reasonable amount of detail is necessary before blindly 
assuming that natural, unguided chemistry is causally suf-
ficient to provide a feasible pathway from an abiogenetic 
state to functioning cells.

tRNA cleavage products had been considered biologically 
irrelevant for more than three decades. This is the kind of 
error which results from the wrong mindset, that cells should 
be as simple as possible to make evolution credible. Given 
the vast number of kinds of tRNA fragments and very low 
concentrations of most of them, many scientists were blinded 
by their presuppositions to thinking these did not merit seri-
ous research.

The tRNA world is now so vast that all the processes 
affected and regulated are almost beyond comprehension.5 
The potential for utter cellular chaos is overwhelming without 

an initial master plan as the basis for carefully implemented 
controlled activities.

We will point out next that tRNAs do more than only serve 
as linker molecules to translate codons.

tRNAs regulate protein translation

It is common for individual cellular components to be 
used for multiple purposes, analogous to how a metal gear or 
software subroutine is reused in different contexts. Modular 
designs based on standardized elements are characteristic of 
well-engineered systems. It is now known that tRNAs collab-
orate in many cellular activities in eukaryotes, bacteria, and 
archaea beyond serving only as adaptor molecules. Gener-
ally, the concentration of uncharged tRNAs in cells is low, so 
when translation slows down for any reason free tRNA serves 
as a signal to regulate other linked processes. For example, 
free tRNA can interact with the protein kinase5 MEK2 and 
thereby inhibit the latter’s activity, slowing down cell-cycle 
progression until translation can resume at full capacity.6

As another example of translation regulation, under stress 
or nutrient limitation the amount of uncharged tRNA increas-
es, activating the kinase GCN2. This then increases phos-
phorylation of the eukaryotic initiation factor eIF2α thereby 
hindering delivery of the initiator tRNAMet to the ribosome. 
The result is also a slowdown of translation.6

tRNAs involved in non-translation processes

Many tRNAs are also involved in other pathways which 
are not related to genetic code translation,7 for example in 
the first step of heme and chlorophyll biosynthesis, as reverse 

tRNA-derived small RNAs consist of tiRNAs and tRFs. Generation of tiRNAs is stimulated by stress conditions such as 
amino acid deficiency, oxygen deprivation, UV radiation, oxidative damage, heat shock, phosphate starvation, arsenite, 
and viral infection. They are involved in cell-to-cell communication, immune signalling, cell-state transitions, and in 
suppressing tumour formation and metastasis. tRFs regulate expression of messenger RNA, apoptosis, cell growth, 
and epigenetic inheritance, suppress movement of transposable elements, interact with the immune system, modify 
chromatin organization, and regulate translation by displacing initiation factors or displacing mRNA from the initiation 
complex. Some tRFs auto-regulate their own concentration by binding to the aminoacyl-tRNA synthetases responsible for 
their production. Clearly, cells are top-down, intelligently planned systems having crosstalk between genetic subsystems, 
designed for robustness, adaptability, and self-regulation.
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transcription primers, and for strand transfer during retrovi-
ral replication.8 tRNAs can interact with the cytochrome C 
protein preventing it from binding to the caspase activator 
Apaf-1, thus helping to regulate apoptosis (cell suicide for 
the good of an entire organism).6 Eukaryotic tRNAs partici-
pate in targeting proteins for degradation via the N-end rule 
pathway,8 which helps regulate protein concentrations to the 
necessary levels.9

Aminoacylated tRNAs involved in 
non-translation processes

Aminoacylated tRNAs (aa-tRNAs) are also involved in 
non-ribosomal peptide bond formation, post-translational 
protein labelling, modification of phospholipids in the cell 
membrane, and antibiotic biosynthesis.10

Regulation with tRNA-derived small RNA

So far, we have focused on tRNA molecules, and now 
we will examine RNA degradation fragments derived from 
them. tRNA-derived small RNAs (tsRNAs) have been iden-
tified in all domains of life, and aberrant tsRNA expression 
is linked to several diseases such as cancer and neurologi-
cal disorders.11–14 Since this is still a new area of research, a 
consistent nomenclature to describe these specially crafted 
fragments has not been established yet.15 Online databases 
of tsRNAs are available,16 which also include those derived 

from tRNAs encoded by organelles such as mitochondria 
and chloroplasts.11

Even though the same kinds of tsRNAs are formed, many 
of the enzymes used (ribonucleases) by eukaryotes are dif-
ferent than those found in bacteria and archaea, and these 
ribonucleases are often tRNA-type specific.15 We propose that 
this is best explained as examples of different designs used 
in order to solve similar requirements in an optimal manner.

Three key enzymes are involved in the generation and 
maturation of tsRNAs, namely RNase Z, Dicer, and angio-
genin14 and the non-coding RNA fragments generated from 
cleavage of both tRNA and pre-tRNA participate in regulat-
ing several cellular processes,17 including the cellular RNA 
interference (RNAi) system.10

Studies on tsRNAs have revealed commonalities with the 
better-known miRNAs (micro-RNAs).18 Like miRNAs, tsR-
NAs are also known to base-pair with complementary sites 
of mRNA (messenger-RNA) to prevent their translation.17

The presence of virus can stimulate the production of tsR-
NAs which are able to interfere with reverse transcription of 
RNA of virus origin. The abnormal expression of tsRNA has 
been shown to be strongly associated with various diseases, 
such as tumours, the cardiovascular system, epigenetics,19 and 
neurological diseases14, but properly expressed help hinder 
cancerous growth.17

There are two families of tsRNAs (figure 1): tiRNAs and 
tRFs, which we will discuss next.

tiRNAs (tRNA-derived stress-induced RNAs)

tiRNAs, also called tRNA-halves, are cleaved specifi-
cally in the anticodon loop to produce two fragments: 30–35 
nucleotide (nt) long 5’-tRNA halves and 40–50 nt 3’-tRNA 
halves20 (figure 2). The enzymes responsible for this cleav-
age are Rny112 and angiogenin (ANG), a member of the 
pancreatic RNase superfamily,13 but the mechanisms have 
not been worked out in detail yet. ANG targets preferentially 
the dinucleotide ‘CA’ pattern in single-stranded RNA, with 
~20-fold higher preference for CA over UA and 3-fold higher 
for CA over CG.13

tiRNAs are produced almost exclusively under stress 
conditions, for example, amino acid deficiency, hypoxia 
(oxygen deprivation), UV radiation, oxidative damage, 
heat shock, phosphate starvation, presence of arsenite, and 
viral infection,12,17 promoting assembly of stress granules21. 
Studies indicate that tiRNAs might also react to environ-
mental challenges via mechanisms that do not involve the 
well-known integrated stress response.13 For example, tRNA 
cleavage was not observed in other forms of stress investi-
gated, like γ-irradiated, etoposide-treated or caffeine-treated 
human cells.13

The concentration of mature tRNA is not significantly 
altered by formation of tiRNAs. Less than 5% of the tRNA 
pool is cleaved, and only 5’-tiRNAs, but not 3’-tiRNAs 

Figure 1. tRNA-derived small RNAs generated by various ribonucleases. 
tRNA-derived stress-induced RNAs (tiRNAs): 5’ tiRNA and 3’ tiRNA are 
cleaved from the anticodon loop. tRNA-derived fragments (tRFs): these 
consist of four families, called tRF-1s, tRF-2s, tRF-3s, and tRF-5s.
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inhibit translation in cultured cells. Moreover, only tiRNAs 
derived from tRNAAla and tRNACys have been shown to be 
responsible for the inhibition,20 and the nature of cleavage is 
regulated according to type of tissue. The level and compo-
sition of tiRNAs have also been shown to change with age 
and calorie intake.13

tiRNAs are believed to help suppress metastasis and 
tumour formation.22 Fragments introduced into breast cancer 
cells decreased cancer growth, whereas inhibition of these 
fragments increased the cancer phenotype.13 ANG-induced 
tiRNAs are also involved in the cellular response to virus 
infection13 and can act as signalling molecules that participate 
in cell-to-cell communication and in immune signalling.13 
Thus, tiRNAs can serve as biomarkers to detect stress-
induced tissue damage, which is important since uncontrolled 
tissue damage is a common underlying cause of cancer 
(figure 2).13

Several studies have shown that various diseases result if 
tiRNA expression is dysregulated under stress conditions14, 
and modification of specific nucleosides seems to help regu-
late their expression by providing resistance to ANG-induced 
cleavage in tRNAs during stress responses.13

There is also a group of special tiRNAs known as sex-
hormone-dependent tRNA-derived RNAs, found in breast 
and prostate cancer cell lines, which are not produced under 
stress conditions.14

A comprehensive study involving several institutes from 
India and Singapore examined how specific tiRNAs are 
involved in cell-state transitions using mouse embryonic 
stem cells. They found differential enrichment in a broad 
range of cell states.23

tRFs (tRNA-derived fragments)

The second family of tsRNAs consist of tRNA-derived 
fragments (tRFs) which are 18–22 nt in length (figure 1). 

These tRFs have been found in all domains of life, but the 
processing details are different. For example, eukaryote tRFs 
which are produced inside the nucleus must be exported into 
the cytoplasm.24

tRF are not irrelevant degradation products

The evidence includes several observations: (a) tRFs are 
not always derived from the more abundant tRNAs, nor do 
the numbers of tRFs correlate with the gene of the parental 
tRNAs; (b) fragmentation patterns depend on the specific 
parental tRNA; (c) fragmentation patterns change according 
to developmental stage or cellular conditions; and (d) some 
tRFs are bound to Argonaute/Piwi proteins, well-known 
components of the RNA-induced silencing complex.25

Compared with randomly degraded fragments, tRFs pos-
sess at least the following three characteristics: (1) remark-
able site-specificity; (2) defined lengths; and (3) significantly 
higher abundance. This allows them to be reliably identified 
using computer tools.26

In one detailed study25 the expression levels of mitochon-
drial and nuclear tRFs were found to differ significantly dur-
ing the six stages (the egg, 1st−4th instar larvae, and adult) 
of the tadpole shrimp Triops cancriformis, a ‘living fossil’ 
whose morphological form is claimed not to have changed in 
almost 200 million years. The total read number of nuclear 
tRFs was 412 times larger than the number of mitochondrial 
tRFs and the amount of tRFs deriving from each kind of 
parental tRNA varied considerably. For example, among the 
mitochondrial tRFs, tRFSer(GCU) was most abundant (30.1 
%).25 In the case of nuclear tRF, 72.9% derived from only 
one kind of tRNA, tRNAGly(GCC).25

Aberrant tRNAs are a source of RFs

tRFs are extracted from tRNAs and tRNA precursors by 
nucleases Dicer and RNase Z.17 In particular aberrant and 

Figure 2. Formation of tiRNAs (tRNA halves) and some biological functions they participate in
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misfolded tRNAs are recognized and cleaved,15 serving a 
quality control function. But tRFs also play many useful 
cellular functions directly. They form in response to various 
cellular stresses (e.g. oxidative stress, UV irradiation, and 
nutrient starvation) and those correctly formed are often 
protected from degradation by addition of various ligands.24

There are four types of tRFs

Many researchers distinguish between tRF-5s, tRF-3s, 
tRF-1s, and tRF-2s, classified based on the part of the mature 
tRNA or pre-tRNA from which they are derived (figure 1)17 
but the abundances of tRF-1s and tRF-2s are usually con-
siderably lower than of tRF-3s and tRF-5s.14 The tRF-5s are 
further classified by their lengths: tRF-5a (14–16 nts), tRF-5b 
(22–24 nts), and tRF-5c (28–30 nts) and the lengths of these 
tRF-5 series follow a normal distribution.14

Generally, tRF-1s vary in length depending on the loca-
tion of a termination signal within each precursor tRNA.34 
Since tRNA genes can come in multiple variants, this leads 
to a variety of tRFs which then provide a means to help 
regulate different processes in more precise manners. This 
design-centric interpretation views the existence of multiple 
tRNA gene copies not as the result of meaningless accidental 
gene duplication events but planned variety and adaptability.

tRFs are involved in translation-related cellular processes

Evidence is accumulating that tRFs can regulate transla-
tion, by displacing initiation factors or by displacing mRNA 
from the initiation complex. Studies revealed that 18-nt 5’ 
tRFs having the terminal oligoguanine (TOG) motif modified 

to pseudouridine (Ψ) at the eighth uridine position can inhibit 
global translation, whereas the normal uridine-bearing 18-nt 
5’ tsRNAs cannot.12,27 It requires much credibility to believe 
that countless examples like these of extreme specificity 
executed by complex enzymes to perform key cellular pro-
cesses, arose by random mutations.

Another study found that a valine tRNA-derived frag-
ment (Val-tRF) produced under certain stress conditions in 
eukaryotes and archaea can bind to the small ribosomal sub-
unit. This then displaces mRNA from the initiation complex, 
decreasing the amount of protein formed.28 In S. cerevisiae 
both 5’- and 3’-parts of tRNA fragments can bind directly 
to ribosomes,29 but to different sites. These interactions are 
stress-dependent and inhibit protein synthesis.29 In other 
words, there exists a prepared solution able to react almost 
instantly when the problem arises.

The tRF interactions with key proteins of the translation 
machinery, whether ribosomal proteins or translation initia-
tion factors, rely on sequence-specific binding.11 Using data 
from several Drosophila genomes, the authors of one study 
reported that the 7-nt target sites associated with a reduced 
translation efficiency were perfectly complementary to the 
respective 5’tsRNAs.11 Intriguingly, examples are also known 
of increases in translation for at least two ribosomal proteins 
by binding to sequence-complementary target sites that pre-
sumably lie within the coding sequence of their mRNA.11

Some tRFs assemble into intermolecular G-quadruplexes 
(RG4s), structures consisting of four guanine molecules 
which interact with each other through Hoogsteen hydro-
gen bonding and are further stabilized by cations like Na+ 
and K+.30,31 Selected 5’tiRNAs (e.g. tiR NAAla and tiRNACys) 

Figure 3. Sequence alignment of tRF5-GluCTC with APOER2. The interactive region was identified by both RNAhybrid analysis and the binding assays. 
The 3’-portion of tRF5-GluCTC recognizes a target site in the 3’-untranslated region of APOER2 and suppresses its expression.35



108

JOURNAL OF CREATION 35(1) 2021  ||  PAPERS

bearing the terminal oligoguanine (TOG) motif (four to five 
guanine residues) at their 5’-termini displace translation 
initiation factor eIF4A/F/G from mRNAs.12

Some tRFs can also bind to the exact aminoacyl-tRNA 
synthetases involved in producing their parent tRNA.12,14 
In yeast, they were reported to bind to ribosome-as sociated 
aminoacyl-tRNA synthetases and thereby at least in vitro 
inhibit translation by regulating tRNA aminoacylation.12 This 
is an example of feedback self-regulation, which causes an 
overproduced biomolecule to slow down its own creation. 
Robustness and regulation to ideal concentrations are typical 
of intelligently designed engineered systems.

tRFs can mimic the principle used by miRNAs to fine-tune 
translation rates by interacting with mRNAs. A statistical 
analysis of a dataset generated from The Cancer Genome 
Atlas representing 32 types of cancer revealed a multitude 
of statistically significant and context-dependent associations 
between various tRFs and mRNAs.32 The tRF-mRNA circuitry 
was found to depend on a patient’s gender and the expres-
sion levels of tRFs are also known to change with oncogene33 
activation and cancer progres sion regulating the occurrence 
and development of tumours.34

One particular tRF fragment, 
tRF5Glu(CTC) (tFR5-GluCTC) is pre-
dicted to be able to bind to at least 44 
mRNAs with a minimum free energy 
of ≤ −30 kcal/mol,35 which is typical of 
miRNAs. This is of interest and known 
through medical research because 
infection by the Respiratory Syncytial 
Virus (RSV) interferes with these 44 
mRNAs and RSV can deactivate the 
host immune defences combating it. 
The mRNA of a specific target of tFR5-
GluCTC, apolipoprotein E receptor 
2 (APOER2) was predicted to have 
the best binding and was examined 
in depth35 (figure 3). APOER2 was 
shown to inhibit RSV replication by 
interacting with key RSV protein(s),35 
so interfering with APOER2’s mRNA 
would enhance the virus survival. This 
is exactly what happens upon infection 
by RSV: this induces production of 
tRF5-GluCTC, leading to a lower level 
of APOER2.35 We will speculate on the 
significance of this from a design point 
of view below.

Several variants of tFR5-GluCTC 
were synthesized to provide fewer nt 
pairing with APOER2, and the effect 
of exposure to RSV was examined. 

Surprisingly, the fewer and dispersed pairings at the 3’ end 
of tFR5-GluCTC were found to affect concentration of 
APOER2 most strongly.

Two facts may point to a design purpose behind a virus 
with RSV-like properties. First, it seems noteworthy how 
many genes can be regulated by tFR5-GluCTC, around 44. 
In addition, APOER2 belongs to a class of lipoprotein recep-
tors which promote the replication of some Flaviviruses via 
endocytosis.36 Perhaps the original design and intention was 
to use some viruses to regulate genes, endowed also with 
autoregulation. One can envision that the correct amount of 
APOER2 could control how much of a virus would survive 
and thereby regulate dozens of mRNAs. It is well established 
that there are diseases caused by malfunctioning regulation. 
The concept is shown in figure 4.

Some scientists, such as Dr Peter Borger from Wort und 
Wissen in Germany, have suggested that viruses seem to 
have originally been encoded on genomes for useful pur-
poses, reminiscent of transposable elements, but mutated 
and became transmissible and harmful as a consequence of 
the Fall.37

Figure 4. RSV (Respiratory Syncytial Virus) viruses may have originally served a regulatory function to 
fine-tune the expression level of dozens of mRNAs. RSV induces production of a key tRNA fragment 
‘tRF5-GluCTC’ which is believed to interact with at least 44 mRNAs in the manner of miRNAs.35 
tRF5-GluCTC decreases the concentration of a key protein APOER2 (by interacting with its mRNA) 
which then prevents growth of RSV by interacting with a key replication-necessary protein.35 The 
net effect can be autoregulation of dozens of mRNAs if the right ones are targeted in the correct 
manner. This must be correctly regulated or lead to disease. It is conceivable that originally RSVs 
were not transmissible between organisms, causing the damage seen currently by viruses.
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tRFs are also involved in non-translation-related cellular 
processes

tRNA fragments are important for a wide range of biologi-
cal processes, and millions of small tRNA-derived molecules 
can interact with cellular proteins and mRNAs.6

Torres and colleagues at the Barcelona Institute of Sci-
ence and Technology detected several examples of significant 
differences in expression level among genes in the same 
isodecoder38 affecting tRFs levels but not that of mature 
tRNAs.39 Variations of individual isodecoder genes should 
not affect translation timing or amount, so their experiments 
reinforce the new understanding that tRNA genes are often 
also involved in regulating functions which are not related to 
serving as adaptor molecules for mRNA translation.

Indeed, tRFs are an emerging class of regulatory RNAs 
which play a role in producing various noncoding RNAs—
snoRNAs, scaRNAs, and snRNAs17—and participate in many 
processes, a few of which we will mention next.

Modify chromatin organization

tRFs can modify chromatin organization processes.40

Regulate apoptosis and cell growth

Some tRFs are involved in initiating and inhibiting apop-
tosis,24 and cell viability after cell damage.14 tRFs have also 
been reported to participate in cell growth.14

Epigenetic inheritance

tRFs can also be directly involved in epigenetic inheri-
tance in germ-line cells, affecting the metabolism of off-
spring. Key studies showing this were performed on low-
protein-diet mice whose sperm showed markedly different 
tiRNAs concentrations.19,41,42

Suppress movement of transposable elements

tRFs can suppress reverse transcription and retrotrans-
poson mobility and can silence long terminal repeat (LTR) 
retrotransposons.17

Interact with miRNA-based mRNA silencing process

As research in tRFs progressed it became apparent that 
several miRNAs had been incorrectly annotated and are 
actually derived from tRNAs.15 Alternative gene sources 
of mature miRNAs are now known, so that miRNAs are 
not always generated from hairpin pri-miRNA (primary 
microRNA) structures. This poses no problem if cellular pro-
cesses were designed in advance, but evolutionary attempts 
occurring through random mutations would create an endless 
potential for interference with mRNAs.

Some tRFs take part in globally controlling small RNA 
silencing through competitively combining with one of the 
key Ago43 family proteins.17 Although these tRFs can deac-
tivate mRNAs, unlike miRNAs, the target sites of mRNAs 
are distributed through all regions, including the 5’-UTR 
(untranslated region), CDS (coding sequence), and 3’-UTR.12 
Once again, the potential for interference is overwhelming, 
with the wrong mRNA targets being affected without an 
initial top-down design and implementation.

On-going research is uncovering ever more layers of 
regulation. A novel class of tRF-2s derived from tRNA(Asp), 
tRNA(Tyr), tRNA(Gly), and tRNA(Glu) was discovered 
recently, able to inhibit various oncogenic33 mRNAs from 
stabilization thus helping to fight cancerous growth.17

Interact with the immune system

During the acute inflammatory stage, tRFs are signifi-
cantly upregulated in blood circulation, implying a function 
in immune regulation. Investigations have demonstrated that 
tsRNAs can directly interact with a key receptor to activate 
immune responses in some lymphocytes.14

Discussion and conclusions

We began this series with the assumption that the col-
lection of tRNA linker molecules seemed like the simplest 
subsystem of the genetic system since presumably only RNA 
is involved. This assumption was shown to be wrong in parts 
1–3, since extensive biochemical processing is necessary for 
tRNAs to work, carried out by protein-constructed molecular 
machines. Now we see that the tRNAs and their degradation 
fragments play many additional important biological roles 
and communicate with various processes, some indirectly 
related to translations and others completely unrelated.

tRNAs are integrated into auto-regulation schemes such 
that translation is slowed down when substantial amounts of 
non-charged species are present as signals, and tRNAs are 
also integrated with cell-cycle progression. However, evolu-
tion’s lack of foresight prevents any planning of translation 
regulation before code translation even existed (especially 
when the same parts will serve multiple purposes). The exam-
ples presented involve precisely crafted interaction between 
tRNAs and protein complexes. Thus, our major conclusion 
is that the ensemble of tRNAs also includes several parts 
which are irreducibly complex. Evolution processes cannot 
begin with just RNA and somehow evolve an entire genetic 
system. This will be further explored in part 5.4

References
1. Truman, R., The surprisingly complex tRNA subsystem: part 1—generation 

and chemical modifications, J. Creation 34(3):80–86, 2020.
2. Truman, R., The surprisingly complex tRNA subsystem: part 2—biochemical 

modifications, J. Creation 34(3):87–94, 2020.



110

JOURNAL OF CREATION 35(1) 2021  ||  PAPERS

3. Truman, R., The surprisingly complex tRNA subsystem: part 3—tRNA 
fragments regulate processes, J. Creation 35(1):98–103, 2021.

4. Truman, R., The surprisingly complex tRNA subsystem: part 5—evolutionary 
implausibility, J. Creation (in press).

5. Protein kinases are enzymes which catalyze the transfer of a phosphate group 
from ATP to usually a specific serine, threonine, or tyrosine residue on a target 
protein to modify its activity.

6. Pan, T., Modifications and functional genomics of human transfer RNA, Cell 
Res. 28:395–404, 2018.

7. Schimmel, P., The emerging complexity of the tRNA world: mammalian tRNAs 
beyond protein synthesis, Nat. Rev. Mol. Cell. Biol. 19:45–58, 2018.

8. The amino acid residue used at the N-terminal end of a protein serves as a signal 
for the intended half-life in bacteria and eukaryotes. Ubiquitin ligases and other 
enzymes then mediate the degradation.

9. Hopper, A.K., Transfer RNA post-transcriptional processing, turnover, 
and subcellular dynamics in the yeast Saccharomyces cerevisiae, Genetics 
194:43–67, May 2013.

10. Kanai, A., Welcome to the new tRNA world! Frontiers in Genetics 5(336):1–2, 
2014.

11. Jehn, J. and Rosenkranz, D., tRNA-derived small RNAs: the good, the bad and 
the ugly, Med. One, 4:e190015, 2019.

12. Kim, H.K., Transfer RNA-derived small non-coding RNA: dual regulator of 
protein synthesis, Mol. Cells 42(10):687–692, 2019.

13. Saikia, M. and Hatzoglou, M., The many virtues of tRNA-derived stress-induced 
RNAs (tiRNAs): discovering novel mechanisms of stress response and effect 
on human health, J. Biol. Chemistry 290(50):29761–29768, 2015.

14. Qin, C., Xu, P.-P., Zhang, X., Zhang, C., Liu, C.-B., Yang, D.-G., Gao, F., Yang, 
M.-L., Du, L.-J., and Li, J.-J., Pathological significance of tRNA-derived small 
RNAs in neurological disorders, Neural Regen. Res. 15(2):212–221, 2019.

15. Keam, S.P. and Hutvagner, G., tRNA-derived fragments (tRFs): emerging new 
roles for an ancient RNA in the regulation of gene expression, Life 5:1638–1651, 
2015.

16. Publicly available tsRNA databases: tRFdb: genome.bioch.virginia.edu/trfdb; 
MINTbase v2.0: cm.jefferson.edu/MINTbase/; PtRFdb: 223.31.159.8/PtRFdb/
index.php.

17. Jin, F. and Guo, Z., Emerging role of a novel small non-coding regulatory RNA: 
tRNA-derived small RNA, ExRNA 1:39, 2019.

18. O’Brien, J., Hayder, H., Zayed, Y., and Peng, C., Overview of microRNA 
biogenesis, mechanisms of actions, and circulation, Front. Endocrinol. 9:402, 
2018.

19. Chen, Q., Yan, M., Cao, Z., Li, X., Zhang, Y., Shi, J., Feng, G.H., Peng, H., 
Zhang, X., Zhang, Y., Qian, J., Duan, E., Zhai, Q., and Zhou, Q., Sperm tsRNAs 
contribute to intergenerational inheritance of an acquired metabolic disorder, 
Science 351(6271):397–400, 2016.

20. Anderson, P. and Ivanov, P., tRNA fragments in human health and disease, FEBS 
Letters 588:4297–4304, 2014.

21. Stress granules are dense conglomerates composed of proteins and RNAs that 
are produced when a cell is under stress.

22. Goodarzi H., Liu, X., Nguyen, H.C., Zhang, S., Fish, L., and Tavazoie, S.F., 
Endogenous tRNA-derived fragments suppress breast cancer progression via 
YBX1 displacement, Cell 161(4):790–802, 2015.

23. Krishna, S., et al., Dynamic expression of tRNA-derived small RNAs define 
cellular states, EMBO Reports 20:e47789, 2019.

24. Raina, M. and Ibba, M., tRNAs as regulators of biological processes, Front. 
Genet. 5:171, 2014.

25. Hirose, Y., Ikeda, K.T., Noro, E., Hiraoka, K., Tomita, M., and Kanai, A., Precise 
mapping and dynamics of tRNA-derived fragments (tRFs) in the development 
of Triops cancriformis (tadpole shrimp), Genetics 16:83, 2015.

26. Zheng, L.L., Xu, W.L., Sun, W.J., Li, J.H., Wu, J., Yang, J.H., and Qu, L.H., 
tRF2Cancer: A web server to detect tRNA-derived small RNA fragments (tRFs) 
and their expression in multiple cancers, Nucleic Acids Res. 44:W185–193, 2016.

27. Guzzi, N., Cieśla, M., and Ngoc, P.C.T., Pseudouridylation of tRNA-derived 
fragments steers translational control in stem cells, Cell 173(5):1204–1216.e26, 
May 2018.

28. Gebetsberger, J., Wyss, L., and Mleczko, A.M., A tRNA-derived fragment 
competes with mRNA for ribosome binding and regulates translation during 
stress, RNA Biology 14(10):1364–1373, October 2017.

29. Bąkowska-Żywicka, K., Kasprzyk, M., and Twardowski, T., tRNA-derived short 
RNAs bind to Saccharomyces cerevisiae ribosomes in a stress-dependent manner 
and inhibit protein synthesis in vitro, FEMS Yeast Research 16(6):fow077, 
September 2016.

30. Lyons, S., Gudanis, D., Coyne, S., Gdaniec, Z., and Ivanov, P., Identification of 
functional tetramolecular RNA G-quadruplexes derived from transfer RNAs, 
Nature Communications 8:1127, 2017.

31. Ivanov, P., et al., G-quadruplex structures contribute to the neuroprotective 
effects of angiogenin-induced tRNA fragments, PNAS 111:18201–18206, 2014.

32. Telonis, A.G., Loher, P., Magee, R., Pliatsika, V., Londin, E., Kirino, Y., and 
Rigoutsos, I., tRNA fragments show intertwining with mRNAs of specific repeat 
content and have links to disparities, Cancer Research 79(12):canres.0789, 2019.

33. An oncogene is a gene with the potential to cause cancer. In tumour cells, these 
genes are often mutated or expressed at high levels.

34. Zhu, P., Yu, J., and Zhou, P., Role of tRNA-derived fragments in cancer: 
novel diagnostic and therapeutic targets tRFs in cancer, Am. J. Cancer Res. 
10(2):393–402, 2020.

35. Deng, J. et al., Respiratory syncytial virus utilizes a tRNA fragment to 
suppress antiviral responses through a novel targeting mechanism, Mol. Ther. 
23:1622–1629, 2015.

36. Endocytosis is the process of surrounding a substance by an area of cell 
membrane and then bringing it into the cell.

37. Personal discussions with Dr Peter Borger.
38. Isodecoders are tRNAs having the same anticodon sequence.
39. Torres, A.G., Reina, O., Attolini, C.S-O., and Ribas de Pouplana, L., Differential 

expression of human tRNA genes drives the abundance of tRNA-derived 
fragments, PNAS 116(17):8451–8456, 23 April 2019.

40. Boskovic, A., Bing, X.Y., Kaymak, E., and Rando, O.J., Control of noncoding 
RNA production and histone levels by a 5’ tRNA fragment, Genes Dev. 
Published in advance, 12 December 2019.

41. Sharma, U., et al., Biogenesis and function of tRNA fragments during sperm 
maturation and fertilization in mammals, Science 351:391–396, 2016.

42. Peng, H., et al., A novel class of tRNA-derived small RNAs extremely enriched 
in mature mouse sperm, Cell Res. 22:1609–1612, 2012.

43. Argonaute (Ago) proteins are the active part of RNA-induced silencing complex 
(RISC), cleaving the target mRNA strand complementary to the bound miRNA.

Royal Truman has bachelor’s degrees in chemistry and in 
computer science from State University of New York; an 
M.B.A. from the University of Michigan (Ann Arbor); a Ph.D. 
in organic chemistry from Michigan State University; and a 
two-year post-graduate ‘Fortbildung’ in bioinformatics from 
the Universities of Mannheim and Heidelberg. He works in 
Germany for a European- based multinational.

http://genome.bioch.virginia.edu/trfdb
https://cm.jefferson.edu/MINTbase/
http://223.31.159.8/PtRFdb/index.php
http://223.31.159.8/PtRFdb/index.php

