POINT OF VIEW I
Transcription 6:4, 74-77; July/August 2015; © 2015 Taylor & Francis Group, LLC

Every little piece counts: the many faces of tRNA transcripts

David Lalaouna, Marie-Claude Carrier, and Eric Massé*

Department of Biochemistry; RNA Group; Université de Sherbrooke; Sherbrooke, Québec, Canada

Keywords: 3'ETS, ITS, junk RNA, regu-
latory RNA, TLR, tRFs, tRNA, tRNA
halves

Abbreviations: 3’ETS, 3’external tran-
scribed spacer; ITS, internal transcribed
spacers; TLR, tRNA-linked repeats; tRFS,
tRNA-derived fragments; tRNA, transfert
RNA

*Correspondence  to:
masse@usherbrooke.ca

Submitted: 07/30/2015
Revised: 09/02/2015

Eric Massé; Email: eric.

Accepted: 09/03/2015
http://dx.doi.org/10.1080/21541264.2015.1093064

74

or over half a century, tRNAs have

been exclusively known as decoders of
genomic information. However, recent
reports evidenced that tRNA transcripts
are also bearers of functional RNAs, which
are able to execute various tasks through
an array of mechanisms. Here, we suc-
cinctly review the diversity and functions
of RNAs deriving from tRNA loci.

Transfer RNAs (tRNAs) are stable 70-
90 nt long molecules found in all king-
doms of life."* They are characterized by
a universally conserved cloverleaf second-
ary structure composed of the D-loop, the
anticodon loop and the T-loop, from 5’ to
3'CCA end (Fig. 1). tRNAs are com-
monly considered to be amino acid car-
riers that decode information contained in
the nucleotide sequence of messenger
RNAs (mRNAs) into specific polypeptide
sequences and thus play a crucial role in
protein synthesis. Besides this function,
mature tRNAs are also involved in various
biological processes including  stress
response, gene regulation and plasmid
replication (for a review see refs.” 4. For
example, in Escherichia coli, when cells are
nutrient-starved, uncharged tRNAs act as
signal molecules to activate the stringent
response through induction of ppGpp
alarmone and thereby promote cell sur-
vival.” Under similar stress conditions,
uncharged tRNAs play the role of ligands
for T-box riboswitches,
5'untranslated region (5" UTR) elements
regulating the expression of downstream
coding sequences.”

tRNAs are transcribed as monocis-
tronic or polycistronic  (with others
tRNAs, rRNAs or mRNAs; only in pro-
karyotic organisms) pre-tRNA transcripts
and are processed by ribonucleases and

which are

diverse modification enzymes to release
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mature tRNAs."? In general, the 5’ exter-
nal transcribed spacer (5'ETS) is removed
by RNase P cleavage. Maturation of the
3'ETS, also named 3’ trailer, requires
tRNase Z or RNase E depending on the
organism (tRNase Z in Eukaryotes and
Archaea; RNase E in Eubacteria). RNA
fragments derived from (RNA transcripts
were, for a long time, considered as non-
functional “junk” RNA. However, the last
few years have witnessed an abundance of
reports revealing that tRNA loci also serve
as a source of small RNA fragments in dif-
ferent organisms representing all domains
of life. These RNA fragments, derived by
cleavage of either mature tRNAs or pre-
tRNAs, form an heterogeneous group,
notably in size, processing pattern and
function (for a review see refs.>”"®). This
emerging family of functional regulatory
RNAs has been subdivided into 2 major
classes based on tRNA fragment size and
origin: tRNA halves and tRNA-derived
fragments (tRFs) (Fig. 1).

tRNA halves

First described in E. coli, tRNA halves
average 30-35 nt in length and can derive
from both 5 and 3’ parts of mature
tRNAs after cleavage near the anticodon
(for a review see refs.>”™). In bacteria,
generation of tRNA halves is generally
observed when cells are subjected to stress.
For example, in E. coli, the tRNA antico-
don nuclease PrrC specifically cleaves
endogenous tRNA" in response to bacte-
riophage infection.” Other tRNA halves
can be generated by colicin D and colicin
E5 cleavage from specific tRNAs.” In
Shigella, Salmonella and Leptospira, VapC
toxin acts by cleaving tRNA™" at a pre-
cise location in the anticodon loop.'®!"
The specificity of tRNAs cleavage suggests
that the processing of tRNA halves is not
randomly performed. In a similar way,
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whether these are merely by-prod-
ucts from the maturation process or
yet another type of functional tRF.
Further experiments are required to
address this issue.

Functions of tRNA-derived
RNA fragments

Overall, tRNA-derived RNA
p fragments seem to be involved in
translation regulation and gene
silencing.

In the archaecon Haloferax volca-
nii, a 26 nt-long 5" (RF processed
from mature tRNAYY! targets the
small ribosomal subunit, interferes
with peptydil transferase activity
and, as a consequence, reduces pro-
tein synthesis.'® In human cells, a
similar mechanism has recently
been reported."”

Accumulating evidence indicates
that tRNA fragments can also act as
miRNAs or siRNAs in post-tran-
scriptional gene silencing as they
have been shown to interact with
Argonaute proteins. Indeed, a

22 nt-long 3’ RF, generated by

Dicer from tRNAY and associated

Figure 1. Overview of identified RNA fragments derived from tRNA transcripts. Various stable RNA mole-
cules originate from mature tRNA [5" and 3’ tRNA halves, 5" and 3’ tRNA-derived fragments (tRFs)] and pre-
tRNA transcript [3’external transcribed spacer (3'ETS) or 3’ trailer]. The 5’ and 3’ tRNA halves derive from
both 5’ and 3’ sides of mature tRNA after cleavage at the close vicinity of the anticodon. The 5’ and 3’ tRFs
originate from cleavage in the D-loop and T-loop, respectively. Recent findings describe internal tran-
scribed spacers (ITS) as putative functional RNA molecules; however, there is still no evidence of free stable

with  Argonaute proteins,
shown to inhibit RPA1 protein syn-
thesis, presumably by binding to its
3 UTR.” Additionally, Yeung

was

ITS in the cell.

et al.?° reported that an 18 nt-long

studies in eukaryotes unveiled the fact that
the cleavage of tRNAs to produce half
molecules also often occurs in stressful
conditions. Indeed, the Rnylp protein, a
member of the RNase T2 family in yeast,
is induced in adverse conditions and is
responsible for generating tRNA halves.'?
Moreover, in mammalian cells, angioge-
nin, a member of the RNase A family, is
responsible for the cleavage of tRNAs and
accumulating evidence suggest a role of
angiogenin in cell survival under harsh
conditions."?

tRNA-derived fragments

tRNA-derived fragments (tRFs), which
are usually shorter than tRNA halves,
measure approximately 20 nt. They are
subdivided into 3 major groups: 5’ tRFs
(or tRFs-5'%), 3/ (RFs (also called tRFs-
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3% or 3'CCA tRFs") deriving from
mature tRNAs and 3’ trailer RNAs
derived from pre-tRNAs (also called 3
ETS,'® 3'U RFs’ or tRF-1'%). In
Eukaryotes, the mechanisms adopted to
generate 5 and 3’ tRFs are not fully
understood but often require Dicer. While
5" tRFs originate from cleavage in the D-
loop, 3’ tRFs originate from cleavage in
the T-loop. In addition, 3’ trailers are
sometimes longer (between 20 and 60 nt)
and are released by RNase Z in Eukar-
yotes'# and by RNase E in E. coli."®

Upon close analysis of the RNAseq
data reported by Ghosal etal.'’, we
noticed the presence of highly enriched
tRNA fragments corresponding to the
region between the anticodon loop and
the T-loop of RNA®" (RNA™"
tRNA®"™ and tRNA", It remains unclear
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3’ t{RF of tRNAM* could target the
primer binding sequence used to
initiate reverse transcriptase in the HIV
RNA genome, thereby inducing mRNA
degradation. Recently, a 31 nt-long 5’
tRNA half, processed from (RNA“™M, has
been reported to suppress apolipoprotein
E receptor 2 (APOER2) expression by
interacting with its 3UTR.>" The repres-
sion of APOER2, which has been
described as an antiviral protein, promotes
respiratory syncytial virus (RSV) replica-
tion. Interestingly, RSV itself induces
tRNAS™ half production and thus favors
its own replication.

tRFs could also compete with miR-
NAs/siRNAs for RISC loading. Lee
et al.'% noticed that tRF-1001, a tRF
released from the 3’ ETS of a tRNA"
precursor by the tRNA endonuclease
ELAC2 (homolog of RNase Z), seems to
be necessary for cell viability. According
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to Haussecker et al.??, this tRF could be
involved in gene silencing modulation.
tRFs can also use uncommon mecha-
nisms such as protein sequestrzltion23 or
buffering of other regulatory RNAs."®

In breast cancer cells, tRFs can sequester
YBX1, a versatile RNA binding protein that
stabilizes oncogenic transcripts and enhances
their translation. By displacing YBX1 from
the 3’ untranslated regions (3’ UTR) of
these transcripts, the tRFs antagonize YBX1
activity and suppress metastatic progres-
sion.” This post-transcriptional control is
reminiscent of motif mimicry used by some
sRNAs in bacteria (e.g., CstB/C chelating
CsrA protein®).

Buffering of regulatory RNAs via tRFs
can occur in bacterial cells, as demonstrated
by our group in early 2015."° The use of a
novel technique to identify RNA-RNA
interactions led us to discover that 2 small
regulatory RNAs (i.e. RyhB and RybB) of
E. coli interact with the 3’ ETS of the glyW-
cysT-lenZ  pre-tRNA  transcript. ~ This
~50 nt-long 3" ETS is released from the
pre-tRNA by RNase E cleavage close to the
3’ CCA of leuZ and is detectable in vivo in
various normal and stressful growth condi-
tions. The interaction of this tRF with both
RyhB and RybB sRNAs was first thought to
be a demonstration of tRNA levels being
regulated by sRNAs. However, this hypoth-
esis promptly shifted when it was revealed
that mature levels of tRNA GlyW, CysT, or
LeuZ were unaffected by either sRNAs.
Through different methods, we were able to
unveil the legitimate role of this tRF, which
is to suppress RyhB and RybB transcrip-
tional noise in non-stressful conditions.
Because sSRNA promoters are remarkably
strong to properly respond to environmental
stress, they can hardly be fully repressed. We
demonstrated that cells developed a sponge-
based system to nullify sSRNA transcriptional
noise. Indeed, the sequestration of sRNAs
by 3’ ETS"* sets a concentration threshold,
which sRNAs need to overcome in order to
regulate their targetome. This tRF-based
mechanism prevents regulation of targets in
absence of stress, thus improving bacterial
fitness. Despite being detected in lower cel-
lular concentration than mature tRNAs, the
3" ETS““ molecule fulfills versatile roles.
This molecule directly buffers regulatory
RNAs and indirectly plays an important
role in post-transcriptional regulation of a
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broad pool of mRNAs. Moreover, this
unique bacterial tRF acting as an RNA
sponge is even able to modulate cellular sen-
sitivity to antibiotic and adaptation to car-
bon sources. Coupling this information
with the high sequence conservation of the
3 ETS““ in organisms expressing RyhB or
RybB-like sSRNAs suggests the strong signif-
icance of such tRFs.

Recently brought to light by Ghosal
et al.'”, bacterial tRFs and tRNA halves
can be found in outer membrane vesicles
(OMV) released by E. coli and, conse-
quently, in the extracellular medium.
Although it is not known whether these
RNAs serve any particular function, their
presence outside the bacterial cell is remi-
niscent of the work by Dhahbi et al.?,
whose report demonstrated that eukary-
otic 5 tRNA halves circulate in blood.
The authors proposed that circulating 5’
tRNA halves might act as signaling mole-
cules. Along the same lines, it is tempting
to speculate that extracellular tRFs and
tRNA halves could play a role in

exchanges between bacteria.

Other putative functional elements
encoded in tRNA transcripts

Pre-tRNA transcripts can conceal other
elements with the potential to be func-
tional such as internal transcribed spacers
(ITS) and tRNA-linked repeats (TLR).

ITS are short sequences (between 1 and
61 nt in E. coli) found between 2 tRNAs
of the same polyscistronic transcript. In
the light of our work,'® ITS appear to
have a functional role beyond tRNA mat-
uration. Indeed, our group demonstrated
that both ITS”*”*W and 1TS"*W7",
from the metZ-metW-metV pre-tRNA
transcript, are able to interact with 2
sRNAs: RybB and MicF.'® Since both
ITS cannot be detected in vivo as separate
entities, we suggest that different forms of
the pre-tRNA transcript act as functional
RNAs. However, their exact roles have yet
to be described. Our preliminary data
already suggest a distinct mechanism of
action from 3'ETS"*%,

Also deriving from pre-tRNAs tran-
scripts, another type of tRFs found in bac-
terial cells are tRNA-linked repeats
(TLR). At least 20 TLRs are present in E.
coli. These RNA molecules, located imme-
diately downstream of tRNA genes, share
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the last 18-19nt of the 3’ end of tRNA
sequences. According to Rudd,”® “the
TLR repeats may be remnants of repeated
utilization of tRNA genes for phage or
plasmid integrations and excisions, which
can leave small regions of duplicated
tRNA gene ends behind as debris from
horizontal gene transmissions.” Contra-
dicting the hypothesis of debris is the
tyrTV operon, where 3 178-long repeats
can be found. Each of those repeats, rtV1,
rtV2, and rtV3, contains 19 nt of the
3’end of (RNA™"?” Whereas the most
studied TLR is rtV1, which encodes a
small protamine-like protein called Tpr,
rtV2, and rtV3 act as Rho-dependent
transcriptional terminators. Given that no
other TLR has been studied so far, we can-
not exclude an additional functional role
for these elements.

Conclusion

Long considered as “junk” RNAs, tRFs
and tRNA halves turn out to be important
functional elements of eukaryotic and pro-
karyotic cells. With the help of high-
throughput sequencing and genome-wide
analysis, recent reports have described sur-
prising functions for these molecules.
Although roles of most identified tRNA
fragments are still elusive, latest discoveries
demonstrate that they could used similar
mechanisms than well-characterized regu-
latory RNAs (gene silencing, protein
sequestration, sRNA buffering). Taking
into consideration the latest findings in
this field, it appears clear that tRNAs rep-
resent an impressive source of various

functional RNAs.
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