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of tRFs are generated from all parts of a tRNA molecule. The goal of this review was to present what is currently known about tRFs and their potential as
biomarkers for the earlier detection of disease.
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What are tRNA Fragments?

High-throughput sequencing studies continue to identify an
expanding array of new small noncoding RNAs (ncRNAs).!
These newly identified small ncRNAs are derived from many
types of primary RNA transcripts that ultimately give rise to
the small, biologically functional molecules of microRNAs
(miRNAs), ribosomal RNA (rRNA) fragments, small nucleo-
lar RNA fragments, tRNA fragments (tRFs), and others.?
Early high-throughput sequencing studies of small ncRNAs
generally regarded RNA fragments as nothing more than
contaminating degradation products and sequences of little
interest for biological study.! It was assumed that these frag-
ments were naturally produced, inert RNAs derived from the
functional parental rRNA and tRNA molecules. However,
with improving bioinformatic methodologies, these once dis-
missed RNA fragments are now being recognized for their
importance in many biological pathways, including the regu-
lation of translation, stress responses, proliferation, and other
aspects influencing human disease.! tRFs are now known to
be purposefully processed from both mature and pre-tRNAs.
tRFs represent one group of small ncRNAs currently under-
going a new wave of investigation centered primarily on the
control mechanisms resulting in their biogenesis and deter-
mining their biological function within various cell types and

cell growth conditions.

What is Known About the Biogenesis of tRFs?

Biogenesis of tRNAs and tRFs. tRNAs are among the
most abundant RNA molecules in a given cell, constituting
as much as 4%-10% of total cellular RNA.3 The fundamental
role of tRNAs, where a charged tRNA delivers an amino acid
to a growing peptide chain within the ribosome, is well stud-
ied.’® The biogenesis of tRNAs begins with their transcrip-
tion by RNA polymerase III from a type 2 RNA polymerase
IIT promoter. After transcription, several modifications are
made to the tRNA transcript in the form of endonucleitic
cleavages, exonucleitic trimming, nontemplated nucleotide
additions, and multiple single-base modification events. These
events occur prior to the addition of a single amino acid to
the 3" end of the mature tRNA (summarized in Fig. 1). The
highly modified and aminoacylated tRNA may then be used
within translation.

The biogenesis process used by cells to make mature
aminoacylated tRNAs consists of many well-regulated steps
that result in the interaction of tRNA molecules with several
tRNA modification enzymes.® Paramount to understanding
the tRF biological function is the need to understand tRF bio-
genesis. Recent research has centered on deducing how a tRF
is generated from a molecule essential for protein translation
and which pathways are used to generate mature tRNAs ver-
sus those used to generate various tRFs.
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Figure 1. An overview of the process leading to tRNA and tRF biogenesis. tRNAs are initially processed from pre-tRNAs into mature tRNA by removing
nucleotides that constitute a 5" leader by RNase P cleavage, and then, the 3’ tail is removed through cleavage of the tRNA primary transcript by

RNase Z. A select group of tRNAs harbor introns and must be further processed by a complex known as the tRNA splicing endonuclease, a complex
including CLP1 and other proteins (not included in this figure).'® In this figure, representative enzymes are listed as tRNA modifying or cleaving enzymes
and are not meant to be inclusive of all such enzymes. It is highly likely that additional modifying and cleaving enzymes for tRNAs will be identified in

the future. There is also a yet unanswered question as to whether tRFs are generated after delivering an amino acid or if a subset of the many tRNAs is
specifically processed to tRFs without going through the process of amino acylation. Representative tRFs have been identified for all 20 amino acids and

for mitochondrial tRNAs as well.

Nomenclature of tRFs. Highlighting the emergence of a
new field of scientific study, the nomenclature of tRFs has had
a varied beginning.! In earlier studies of tRFs, the fragments
were simply called tRNA halves and included 5-half-tRNAs as
well as 3™-half~tRNAs.”131¢ In another related study, the tRFs
were referred to as tRNA-derived small RNAs.” Additional
labels have been used for tRFs based on their size, expression,
or function. In one such study, tRFs expressed in response to
stress were called stress-induced tRNAs (tiRNA).'3 In another
study, tRFs were named for the location of the cleavage site;
thus, those cleaved from the 3’ end of the tRNA were called
tRF-3.1° Meanwhile, tRFs expressed in response to hormone
stimulation have been referred to as sex hormone-dependent
tRNA derived RNAs."* Figure 2 describes frequently iden-
tified tRFs and the pathways leading to their biogenesis. As
more information becomes available about the function of this
group of ncRNAs, a more clear method of naming them will
also evolve.

The biogenesis of tRFs is highly conserved. Initially
regarded as degradation products, tRFs were often excluded
from published studies and, as such, were not considered as
potential biomarkers in earlier studies.! However, the expres-
sion of tRFs in response to stress is evolutionarily conserved
and includes both prokaryotes and eukaryotes, suggesting a
functional role of biological importance.®*18 Furthermore,
the processing of tRFs from mature tRNAs has been shown
to occur by an evolutionarily conserved group of proteins,
the RNases. RNases that have been shown to generate spe-
cific types of tRFs, including PrrC, Rnyl, Dicer, RNase Z,

RNase P, and angiogenin, and it is expected that this list may
grow as more fragments are studied.*®1%127 While these
studies have provided the groundwork for understanding that
the biogenesis of tRFs is a conserved and regulated process,
further investigation is needed to determine the ultimate
molecular function of specific tRFs. Additionally, improved
detection strategies are needed for the identification of tRFs
within biological samples. Once characterized, these tRFs may
prove to be robust biomarkers that reveal critical information
about a patient’s current state or future risk of the disease.!?

Interestingly, tRFs observed in many high-throughput
studies were assumed to be derived from mature tRNAs
because the expected cleavage, nontemplated nucleotide addi-
tions, and base modifications required to generate mature
tRNAs had taken place prior to the generation of the tRF.}®
tRNAs are initially processed into mature tRNAs by remov-
ing nucleotides that constitute a 5" leader or 3’ tail through
cleavage of the tRNA primary transcript by RNase P and
RNase Z, respectively. It has recently been shown that the
3’ trailer sequence may form a subset of the functional tRFs
and this subset has been designated as tRF-1, indicating their
biogenesis is neither 3’ nor 5” from the mature tRNA.1? The
series of tRF-1 include tRF-1001, which was shown to impair
cellular proliferation, when knocked down with siRNA. Thus,
biogenesis of pre-tRNAs does result in the formation of a
functional class of tRFs.1°

Other subsets of tRFs are generated from the splicing
of intron sequences and the cleaving of mature tRNAs.!>1
After these cleavage events, the tRNAs gain three additional
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Figure 2. Nomenclature of tRFs. The nomenclature for tRFs is inconsistent due to their recent identification most often as part of deep-sequencing data
sets. Early terminology included tRF-1 or 3'U tRF for the trailing sequence cleaved by RNase Z during maturation.'®”® The tRFs generated following
CCA addition and cleaved in the T loop were designated tRF3 or 3’'CCA tRF, while the 5-tRFs generated after cleavage by RNase P were designated
tRF-5, 5'-tRFs, or 5’leader-exon tRFs.'%270 These fragments are smaller than half-tRNAs and range in size from 13 to 20 base pairs.”® The tRNA halves
are larger and the expected size is 30—40 nucleotides; however, this appears to be quite variable.'®37.7° Megel et al proposed a universal naming, where
the letter corresponds to the extremity of the tRNA and the number (5 or 3) to the cleavage site, such as tRF3T for a 3'-tRF generated by cleavage in
the T loop.'® Utilizing the proposed general naming scheme, the newly identified intermediate tRFs would be tRF53DT. Multiple arrow heads are used to
designate regions cleaved by angiogenin (ANG) that are often variable and may occur at any point in the anticodon loop.3” While a single arrow head is
used to designate potential, Dicer, RNaseP sites, or possibly novel RNase cleavage.”

nucleotides (CCA) at their 3’ ends, which are required for their
subsequent aminoacylation.?! Mature tRNAs are also modified
at as many as eight or more base pairs during maturation into
a biologically functional molecule.”?!?? These modifications of
tRNAs may include, but are not limited to, methylation events
such as tRNA-specific modified nucleoside 1-methyladenosine,
1-methylguanosine, N?, N?-dimethylguanosine.’ Interestin-
gly, some nucleotide modifications by methyltransferases have
been reported to block cleavage into tRFs, while other modi-
fications of tRNA, specifically a 2-O-methylation event in
the anticodon loop, have been shown to enhance cleavage into
tRFs in yeast.>?3-2° However, many of the known mechanisms
of processing tRNAs into tRFs have been defined in organisms
other than mammals, and these mechanisms will need to be
further confirmed for their conservation in higher eukaryotes
as the field of tRF biogenesis advances.

Which RNases Cleave tRNAs into Functional tRFs?
Multiple RNases have been identified that cleave
tRNAs. The RNases, including Dicer, RNase Z, and angio-
genin, have all been studied for their role in cancer cells and as
potential biomarkers for predicting cancer risk.262 All three
enzymes have also been studied using siRNA knockdowns to
confirm that they have a role in the generation of tRFs in cancer

cells.0714

In contrast to tRF biogenesis, miRNA biogenesis is
a well-characterized process and frequently requires initial
processing by Drosha and Dicer to produce mature miRNAs.
However, the generation of tRFs is thought to be independent
of the Drosha cleavage, while a subset of tRFs are thought to
be generated in a Dicer-dependent manner.%26:30

One example of a tRF generated by Dicer cleavage is the
primer-binding small noncoding RNA (PBSncRNA), which
was determined to be a tRF derived from tRNA-Lys3.3!
Knockdown of PBSncRNA allows replication of human
immunodeficiency virus (HIV) and PBSncRNA has been
identified in Argonaute 2 (AGO2) complexes, suggesting
that the expression of this tRF may target HIV replication. It
has been proposed that tRFs may be part of a host response
to defend against viral infection; thus, it is hopeful that the
function of PBSncRNA will be confirmed to block HIV rep-
lication in future studies.

Evidence that RNase Z functions in the biogenesis of
tRFs. RNase Z, also known as ELAC2, has been well stud-
ied for its role in the production of mature tRNAs by trim-
ming off excess nucleotides at the 3’ end of tRNA primary
transcripts. RNase Z has recently been shown to be important
in generating a subset of tRFs, particularly tRFs generated
from the cleavage of long 3’ end tails from primary tRNAs.”10
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In addition to its role in generating tRFs, the nuclease activity
of RNase Z can also be guided by small tRFs to other target
RNA molecules inside cells in trans to regulate expression.®
Thus, RNase Z is currently being used to develop a targeted
therapeutic approach for cancer treatment based on its abil-
ity to recognize and cleave any pre-tRNA-like complex, a
method known as tRNase ZL-utilizing efficacious (TRUE)
gene silencing.’?

'The discovery that RNase Z could be engineered to target
RNA molecules led Elbarbary et al, to question if RNase Z
would bind to endogenous tRFs.” Immunoprecipitation of
RNase Z and isolation of bound RNA showed that a number
of ncRNAs were bound to RNase Z. One of the ncRNAs
identified in this study was 5-half~tRNAS". The authors went
on to show that 5-half-tRNASM was acting as a small guide
RNA and directly regulated the expression of the PPM1F
mRNA, a protein that has been shown to induce apoptosis in
HeLa cells when overexpressed.”

Angiogenin cleaves tRNAs into tRFs during stress. Of
the numerous RNases identified in the human genome, one
of the best characterized nucleases shown to be used in the
processing of tRNAs to tRFs is angiogenin. Angiogenin is
a member of the RNase A superfamily and is also known as
RNase 5. Angiogenin is well studied for its activity in cleaving
mature tRNAs.* Several studies have shown that angiogenin
activity increases its cleavage of tRNAs in response to specific
stimuli, such as nutritional deficiency, hypoxia, heat shock,
and oxidative stress.#3373> In addition, human respiratory syn-
cytial virus (RSV) infection has been shown to stimulate tRF
formation through angiogenin cleavage using lung cancer cells
as host for the RSV infection.*® Within this study, the infec-
tion of lung cancer cells with RSV was shown to specifically
increase the formation of tRF-Glu, tRF-Gly and tRF-Lys.
Interestingly, infection with a virus from the same family,
human metapneumovirus, did not increase the expression of
these tRFs, showing that there are both substrate specificity in
the generation of tRFs and a complex regulatory mechanism
governing the activation of angiogenin to act on tRNAs in
order to generate tRFs.3¢ The specificity of angiogenin in pro-
ducing tRFs in response to RSV infection was determined by
knocking down the expression of the RNA cleaving enzymes
such as angiogenin, Dicer, Drosha, RNase Z, and RNase L.
Only the knock down of angiogenin significantly reduced tRF
formation in response to RSV.3¢

Mounting evidence from high-throughput sequencing
studies suggests that many additional cleavage sites in tRNAs
may exist and that one part of the molecule is generally found
at higher levels suggesting that these ncRNAs are functionally
active.” Interestingly, the total RNA cleavage of a given tRNA
is only about a tenth of the total available tRNA, suggest-
ing that tRFs are generated from a subpopulation of the total
mature tRNA for a given tRNA transcript.’>3 Further con-
firmation that angiogenin and tRNA availability are impor-
tant in the generation of tRFs came from a comprehensive

study by Saikia et al.®® In this study, several conditions,
including oxidative stress, hypertonic stress, and increased
angiogenin expression, were tested and a microarray-based
assay was used to detect tRFs.3* One of the central findings
in this study is that different types and lengths of stress result
in differing patterns of tRF generation. As this new area of
research moves forward, it will be important to validate each
testing condition in various cell types rather than to assume
that what was found in one set of conditions will be the same
in all other cell types and cell growth conditions.

In a study of the protozoan, Terrahymena thermophila,
half~tRNAs were generated during early amino acid starva-
tion.* In this study, starvation for all amino acids or for any
one of the essential amino acids resulted in tRF formation.
T thermophila is an excellent model for studies of amino acid
starvation-induced tRNA fragmentation due to the need of
this organism to rapidly respond to changing environmental
cues. In contrast, studies of tRNA fragmentation in response
to starvation in HeLa cells was not corrected by the addition
of essential amino acids as it was in Zetrahymena.’*>® How-
ever, tRNA fragmentation was blocked by siRNA shutdown
of angiongenin.!?

The known role of angiogenin in the generation of tRFs
may collide with the role of this same protein in tumor immu-
nology. Angiogenin was known to be elevated in the process
of angiogenesis as early as 1987 and continues to be a potential
biomarker for tumors in numerous tissue sites and a potential
target for therapeutic intervention.**™* Furthermore, circulat-
ing antibodies against angiogenin have been found to be a sen-
sitive biomarker for osteosarcoma and are thought to play an
important role in tumor immunology for this cancer type.**

What is Known About the Function of tRFs?

tRFs are functionally diverse. Although tRFs have
been linked to immune function by their location in exo-
somes, the specific role of individual tRFs is currently not
well characterized.*~* Early studies examined the collective
extracellular tRF function, with one study finding that tRFs
in the conditioned media from bladder carcinoma inhibited
the growth of endothelial cells.*8 However, at that time, it was
not possible to characterize the exact tRF responsible for the
inhibitory action because methods did not exist to sequence
the tRFs in media. Studies confirming the cellular function of
tRFs are summarized in Table 1.

tRFs contribute to the inhibition of translation. A gene-
ral function of tRFs was shown to be the inhibition of trans-
lation by disrupting the cap-binding complex eIF4F.** More
recently, the function of a subset of tRFs generated by RNase
cleavage has been shown to block YB-1 binding of target tran-
scripts.3” The YB-1 protein (YBXZ gene) is an RNA binding
protein that is frequently overexpressed in cancer cells and
plays a significant role in RNA translation and stability.3”*°
YB-1 binds to tRF-Ala and specifically inhibits translation.?”
Interestingly, tRF-Ala is one of the tRFs capable of forming
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a G-quadruplex structure due to the oligo-G nucleotides it
contains, and this structure is required for translational repres-
sion.! Earlier studies of G-quadruplex structures showed that
they cause resistance to nuclease cleavage and exhibit antipro-
liferative activity in cancer cells.*

Recent studies have shown that cells treated with mim-
ics of 5-tRFs form stress granules. The synthetic mimics of
5-tRFs tRF-Ala, Gly, and Val were all tested on a human
osteosarcoma cell line, U20S cells and stress granules were
visualized.>> Stress granules are formed in response to cel-
lular stress, and they play a role in reprogramming the cell
to stop transcription and translation in response to cellular
stressors.”’ The specific set of 5’tRFs have been called tiR-
NAs for stress-induced tRFs. Translational inhibition has
been linked to 5-tRFs (5tiRNAs) by a mechanism, which
is independent of phospho-elF2alpha translational repres-
sion.** Synthetic mimics of 3'tRFs (3’tiRNAs) did not cause
stress granule formation. Taken together, these studies con-
firm that one role of a subset of 5’-tRFs is a rapid response to
downregulate RNA translation during stress.”*

tRNA modification may alter function of tRFs. Modi-
fications of tRNAs are ubiquitous, with as many as 100 or more
different modifications and eight or more modifications per
tRNA.22% Therefore, it has been hypothesized that modifica-
tions may alter the cleavage into tRFs. This is an area that will
require a great deal of study in the future and will be enhanced
by new techniques, such as AlkB-facilitated RNA methylation
sequencing (ARM-seq) described by Cozen et al.> ARM-seq
allows the removal of modifications, so that high-throughput
sequencing is not blocked by hard stop RNA modifications.

The loss of one such modifying enzyme, NSUN2,
resulted in widespread neurological abnormalities in mice
and specifically altered the expression of 5-tRFs.2* NSUN2
is a tRNA methyltransferase known to be mutated in neu-
rological disorders as well as cancer. This is one of the first
confirmations of an enzyme functioning in the regulation of
tRNA fragmentation resulting in human disease. With >100
potential modifications, it is expected that tRF expression and
function will be altered in many ways as yet undefined. This
is an area of research awaiting much study in tumor biology
and elsewhere.

tRFs as Potential Biomarkers

Identification and characterization of tRF expression.
"The variable expression and function of tRFs are just now being
elucidated. It will take some time to identify clinical applica-
bility and determine if these small RNAs have potential as
biomarkers of disease. Bioinformatic methods to identify tRFs
in deep-sequencing studies are rapidly evolving and, in some
cases, will allow the mining of historic data sets, where tRFs
were initially discarded from analysis.*>7 Revisiting data
sets, where expression of tRFs may be correlated with clini-
cal characteristics, will allow the identification of potential
tRE biomarkers in well-characterized samples. Retrospective

studies must be conducted with care and understanding of the
complication of tRNA and tRNA-like abundance in the human
genome.*’ Telonis et al outlined the difficulties in interpreting
tRF data in high-throughput sequencing studies.’” Such dif-
ficulties include, but are not limited to, the repetitive nature
of tRNA sequences in genomes, the complexity of multiple
isoacceptors for each amino acid, and the existence of base
changes thought to be resulting from modifications. Bioinfor-
matic analysis must be accompanied by a clear description of
the criteria used for data set analysis and then be followed by
experimental confirmation.

tRFs have been well documented to exist in patient serum
and other convenient biological samples at levels similar to
miRNAs. #4855 Tn prospective studies, consistent meth-
ods for patient sample collection and analysis of extracellular
RNAs will be critical as biomarker studies of tRFs move for-
ward.®® The methods utilized in each study must be carefully
controlled and reported if data are to be comparable across
samples and between studies.®* For example, the sample prep-
aration, sample storage, and RNA collection methods must be
fully described and consistent for all patients. The method of
RNA isolation and amplification, if different between studies,
may impact the resulting repertoire of fragments obtained and
characterized. The development of biomarkers is a complicated
process, and as tRFs make their way into the biomarker pipe-
line, it will be necessary to apply past experience to develop
robust biomarkers with clinical value.2:63

Expression and function of tRFs in cancer. tRF
expression has been detected in cancer patient samples from
multiple tissue sites and accessible samples.*®46* A study
of B cell lymphoma found that tRFs were downregulated in
lymphoma cell lines and primary biopsies when compared
with control B cells.®* In contrast, a study of tRF expression
in prostate cancer patients found that tRFs were increased
in metastatic samples.”® Studies of tRF expression in cancer
cell lines have revealed a diverse array of tRF expression and
have been useful as model systems to study the function of
tRFs. Mechanistic studies of tRF expression in response to
hormones in prostate and breast cancer cells suggest that
tRFs enhance cell proliferation and that their expression is
tissue dependent. 10144657

tRFs may act like miRNAs, and if confirmed, this
could mean that one tRF may regulate multiple mRNA
targets.’%* Defining the biological expression and func-
tion of tRFs is reminiscent of the early studies of miRNAs,
where much controversy occurred due to the need for novel
method development. Given that their level of expression is
similar to miRNAs, and as their functions become known,
tRFs are expected to provide a new frontier in cancer bio-
marker development.

Host tRFs regulate viral replication. tRFs have been
characterized in RSV, HIV, and Human T-cell lymphotro-
pic virus type 1 (HTLV-1) infection.13% A pyrosequencing
study showed that a tRF derived from tRNA-Lys is increased

BIOMARKER INSIGHTS 2016:11(S1) l 5


http://www.la-press.com
http://www.la-press.com/journal-biomarker-insights-j4

Diebel et al

L\

Table 1. Representative studies of tRF function.

tRF FUNCTION CELL TYPE STUDY

Alteration of cell phenotype in response to tRF expression

o *5tRFs Isolated from the media of a urinary bladder Bovine endothelial cells 48
carcinoma cell line and used to inhibit endothelial
cell growth

o 3'tRFSer Regulates cell proliferation HCT116, DU145, LNCaP 10

o 5tRFVal Cleavage of tRNAs during stress HepG2 12

e 5tRF and 3'tRFHis Ribosomal bound tRFs change with differing Yeast ribosomes 56
growth conditions

e 5tRFCU Gly, Lys Increased tRF expression in response to infection A549, primary small alveolar 36
by RSV epithelial cells

e *5'leader Neurodegeneration motor neuron loss, over CLP1 kinase dead mice 67
expression of 5" leader tRFs

e 5'tRFASP His, Lys siRNA to Estrogen and Androgen Receptor MCF7, BT-474, LNCap 14
reduce expression of 5’ fragments. Androgen LNCap-FGC
receptor dependent cleavage, increases
proliferative response

e *tRFs from all 20 amino acids Predicted in drosophila to bind conserved Bioinformatic approach not 68
Seed sequences. Showed significant gene ontology confirmed in cell lines
enrichment brain activity and aging

e 5tRFGlu,Asp, Gly, Tyr Displaces YBX1 allowing stabilization of MDA-LM2, four tRFs 37
3’ UTRs of oncogenic transcripts transfected in mice

Targeting a specific mRNA through Seed binding in the 3' UTR

o 3J'tRFLs3 Loaded into AGO2 complexes and targets HIV Hela cells 31
primer binding site

e 3'tRFCV A DICER substrate, represses RPA1 HEK293, normal B cells, 64

lost in subset of lymphomas

Targeting a specific MRNA by acting as a small guide RNA

e 5'tRFCM Down regulates PPM1F transcript HEK293 7

tRFs Regulating Translation

o *5-tiRNAs 5’-tiRNAs but not 3’-tiRNAs have a distinct U20S 13
inhibitory effect on translation

e 5'tRFAR Induces stress granule formation U20Ss 53

o 5-tiRNAAIa,Cy s YB1 is the only tiRNA binding protein needed for U20Ss 49
tiRNA induced stress granule
formation

e 5'tRFV Binds small ribosomal subunit and blocks Haloferax volcanii 18
translation

e 5'tRFCMN Inhibits protein translation Hela 69

Note: *tRFs multiple tRFs.

in cells infected with HIV and that loss of this expression
allows HIV replication. A different tRF derived from
tRNA-Pro was shown to be incorporated into HTLV-1 viral
particles and shown to act as a primer for reverse transcriptase
during replication.®® The specificity of particular tRFs to viral
regulation provides hope that these tRFs may eventually pro-
vide novel therapeutic targets to block viral infection.
Pathophysiology of tissue damage is characterized by
tRF expression. Oxidative stress results in tissue damage
and is associated with many disease states. A recent study has
shown that even before DNA damage is detectable, tRFs are
detectable. A specific RNA signature, tRNA-specific modified
nucleoside 1-methyladenosine, is detected in patients who

have kidney damage and correlates with mortality.®® Early
detection of tissue damage would be helpful in the detection
of many diseases; thus, the emerging field of tRFs provides
potential for the discovery of novel biomarkers aimed at ear-
lier detection. More studies are required to determine if tRFs
will provide promising new candidates for future biomarkers
of health and disease.
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