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ABSTRACT

Transfer RNA fragments (tRFs) are an emerging class of small RNA molecules derived from mature or
precursor tRNAs. They are found across a wide range of organisms and tissues, in small RNA fraction or
loaded to Argonaute in numbers comparable to microRNAs. Their functions and mechanisms of action
are largely unknown, and results obtained on individual tRFs are often hard to generalize. Here we
predicted binding mechanisms and specific target interaction sites of 26 human Argonaute-loaded tRFs
of different types using large-scale meta-analyses of available experimental data. Strikingly, our findings
matched all interaction sites detected in a recent experimental screen, confirming the validity of our
computational approach. Such sites are primarily located on the 5 end of tRFs and often involve
additional binding along the tRF length, similar to microRNAs. Indicative of multiple layers of regulation,
diverse regulatory non-coding RNAs comprised a third of the tRF targets, with the rest being protein-
coding transcripts. In the latter, coding sequence and 3' UTRs were the likely primary target regions,
although we observed interactions of tRFs with 5° UTRs. Another novel phenomenon we report, a large
number of putative interactions between tRFs and introns, is compatible with the roles of Argonaute in
the nucleus. Further, observed tRF-intron binding modes suggest a mechanism of interaction of tRFs
with Argonaute-dependent introns, and we predict here >20 candidate introns of this type. Taken
together, these results present tRFs as regulatory molecules with a rich functional spectrum.
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tRFs have been posited to arise from directed cleavage of
cellular tRNAs, including both tRNA precursors and mature
tRNA molecules. They are categorized into two groups based
on the length of the small RNA: tRNA halves (28 ~ 40 nts)
and tRNA-derived fragments (16 ~ 24 nts). tRNA halves are
considered to be a product of cleavage of mature tRNAs
under stress conditions [3-5].

On the other hand, tRFs can be classified into four distinct
subgroups based on their location: tRF-5, tRF-i, tRF-3 and tRF-1
(following the general notation of the first tRF report [6]). tRF-5
are derived from the 5' end of the mature tRNA molecule
through endonucleolytic cleavage near the D loop/arm [7].
tRF-i (internal tRFs) is the most recently identified type of
tRFs, which span a variety of contiguous regions across tRNA
molecules other than the very 5’ and 3’ ends [8,9]. The last two
subgroups originate from the 3’ end of the transfer RNA mole-
cule. 3' CCA tRFs (tRF-3) contain the post-transcriptional CCA
trinucleotide addition and they are products of direct cleavage of
the mature tRNA molecule (most frequently at the T arm/loop),
while tRF-1 (also known as 3 ‘U tRFs) derive from the uracil-rich
sequence on the 3’ end of the precursor tRNA molecule [10].

tRFs have often been excluded from small-RNA studies
and considered to be non-functional degradation products
of their parental molecules. However, there is both biochem-
ical and computational evidence for the role of tRFs as func-
tional molecules in multiple biological processes [11-14]. tRFs

Introduction

Recent advances in RNA sequencing technologies have contrib-
uted substantially towards the discovery of novel non-coding
RNAs (ncRNAs). Based on their size, ncRNAs can be grouped
into three categories: long (>200 nts), medium (>40 nts) and
small RNAs (<40 nts). In this study we focused on a particular
type of small RNAs that originate from transfer RNA (tRNA)
genes and are called tRNA-derived fragments (tRFs).

Mature tRNAs are usually less than 90 nts long and their
secondary structure resembles a cloverleaf. Properly folded
tRNAs contain four distinct arms: D arm, anticodon loop,
T arm and a variable loop. Transfer RNAs are crucial compo-
nents of the cell’s translational machinery. They facilitate
translation of mRNA codons into amino-acids through base
pairing between the mRNA codon and the anti-codon trinu-
cleotide located in the middle of the tRNA molecule. Despite
the fact that there are only 64 codons encoding for 20 amino
acids, the number of tRNA genes ranges in hundreds for
multiple species. For example, the human genome contains
more than 600 tRNA genes, ranking them among the most
abundant RNA molecules in the human transcriptome [1,2].
Such abundance of tRNA genes suggests that these molecules
may have additional functions and properties. Hence, it is not
surprising that recently there has been an explosion of reports
describing abundant levels and potential novel functions of
their fragments (tRFs) in different species.
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have been shown to bind to Argonaute complexes in multiple
species [10,12] and they have been proposed to function
similarly to microRNAs (miRNAs) by regulating mRNAs or
by affecting miRNA loading and processing [15-17].
Supporting these similarities between miRNAs and tRFs,
a recent study has shown two miRNAs being, in fact, tRF-1
species derived from the trailer sequences of tRNA genes [18].

Most of the experimental studies of tRFs have focused on
a one or two of molecules; there is no overlap and the findings
are hard to generalize. The mode of action for tRFs with
regards to RISC mediated post transcriptional RNA silencing
still remains vague. It is unclear if tRFs act as plant miRNAs
(which are almost fully complementary to their target RNAs)
or as animal miRNAs (which recognize their targets based on
complementarity of a short ‘seed’ region located on the 5’ end
of the small RNA molecule). Different results have been
reported for such seed regions in tRFs. One group has demon-
strated a silencing mechanism similar to miRNAs and based
on the complementarity of the 5' seed sequence of a tRF to
a 3' UTR of a reporter gene [19]. Another study has shown
that such a seed region can be on the 3’ end of a tRF molecule
and can induce mRNA repression [20]. In our previous work
in fruit fly and rat we have found that a seed region can be
located on either end of a tRF molecule based on matches
with conserved target sequences primarily found in 3" UTRs
of mRNAs [12,13].

The seed-driven target identification is a standard practice
for miRNAs, and it has been simply adopted for tRFs with
limited support from computational and experimental data
[10,12,19]. On the other hand, there is also an increasing
amount of evidence for non-canonical hybridization modes
for both miRNAs and tRFs [19-21]. Additionally, we have
shown earlier that potentials seed sequences with exact match
to conserved 3’ UTRs are much more frequent in tRF-3
compared to tRF-5 in rat brain suggesting possible differences
in binding for different tRF types [13]. Thus in order to
effectively study tRFs, there is a need to identify and under-
stand their targeting/hybridizing modes.

Here we investigated targeting sites of tRFs and their
putative binding mechanisms using computational analysis
of large-scale datasets produced by several experimental pro-
jects. In our ab initio analysis of tRF targeting modes we used
the Crosslinking, Ligation, and Sequencing of Hybrids
(CLASH) data series from Agol pulldowns in HEK293 cells
[22], which has generated a valuable resource of chimeric
sequences containing putative interacting guide and target
RNAs. This dataset has been used for finding tRFs in an
earlier paper [10], reporting thousands of tRF-containing
chimeras. However, tRF binding patterns inferred from
CLASH were not the main focus of that work, which has
provided examples of just five targets as an illustration. In
our study, we performed a comprehensive bioinformatic ana-
lysis of the CLASH chimeras and identified 1321 tRF isoforms
(including hundreds of isoforms not detected earlier [10])
using them to infer tRF targeting patterns on a tRFome-
wide scale.

We found that Agol-loaded tRFs target a wide range of
transcripts including coding and ncRNAs. We report a novel
phenomenon - a large number of putative interactions
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between tRFs and intronic sequences, consistent with the
evidence of Ago function in the nucleus [23,24]. We also
found that tRFs may be operating as guide molecules enabling
Ago interactions with a specific group of short introns,
recently identified as agotrons [25].

We analysed sequences of chimeras formed in vivo
between tRFs and their targets to identify clusters of RNA-
RNA interaction signatures. We catalogued possible binding
patterns between different types of tRF guides and targeted
sequences and identified motifs that may be responsible for
these interactions. Finally, we compared our computational
predictions of target interaction sites with those found in
a recent experimental screen. Strikingly, for three common
tRFs the predictions matched the seed location determined in
luciferase assays [26], demonstrating the predictive power of
our approach. Our results support the emerging view of the
Ago-enabled tRF action and demonstrate the possibility of
inferring the binding regions and mechanisms of tRF/target
interactions computationally.

Results
1. Ago-1 loaded tRNA fragments

To investigate tRF/target RNA interactions, we analysed
a series of CLASH (Cross Linking and Sequencing of
Hybrids) libraries, originally used to study miRNAs and
their interactome in HEK293 cells [22]. Similar to miRNAs
and their targets, CLASH captures exact tRF/target RNA
interactions in vivo, and this allowed us to identify high
confidence interactions. This dataset has been previously
used [10] to identify a subset of tRFs and their targets.
However, we found that a large portion of them has been
missed in that earlier study (we detected >3-fold higher num-
bers of tRF isoforms, including 258 tRF-5, 406 tRF-3, 160 tRF-
1 and 497 tRF-i). Further, our analysis provides additional
insights into the tRF mechanism of action by using the
sequences of tRF/target pairs to systematically find their bind-
ing patterns and potential interaction sites.

We identified hybrid reads starting with a tRF sequence
and used BLAST [27] to find the best match for the remainder
of each read. Potential guide tRFs were mapped to the full
tRNA sequences, including mature tRNAs. Hybrid reads that
passed all the quality control filters (see Materials and
Methods) were considered tRF/target RNA chimeras and
used for downstream analyses. We observed a total of 41,219
CLASH chimeras (supported by at least two different reads)
containing guide tRFs and a variety of target RNAs. After
collapsing all combinations of one tRF with the same
sequences of the same target, we obtained 6,117 unique chi-
meras, with most of the tRFs being of nuclear origin. Unlike
the prominent presence of Ago-loaded mitochondrial tRFs
(mt-tRFs) in Drosophila [12] and in human tRF databases
[9], only 44 unique CLASH chimeras contained mt-tRFs.

We noted an overwhelming excess of tRF-3 that derived
from mature tRNAs (with added CCA), followed by tRF-5
and tRF-i (Fig. 1A). The least frequent chimeras were formed
between tRF-1 and target RNAs (Fig. 1A), in agreement with
earlier results [10]. We then asked if CLASH chimeras



1072 (&) L GUAN ET AL.

A 70 B 16
3805
60 14
50
*
c 40
o
5
230
o
a
20
908 860
10 544
tRF-5 tRF-i tRF-3 tRF-1 -40 -30 -20 -10 0
C dG (kcal/mol)
250
BN tRF-5
BN tRF-i
i B tRF-3
i mm tRF-1
o
- |
Y
(o]
—_
(O]
'Q -
€
=]
=2
15 20 35 40

25 30
Length (nt)

Figure 1. Ago-1 loaded tRFs. A) Distribution of guide tRF types identified from CLASH RNA chimeras (%% on the y-axis and actual counts of unique chimeras
containing specific tRF types given above the histogram bars). B) Minimum Free Energy (MFE) histogram for tRF/target RNA chimeras (green histogram) and for
randomly generated control interactions (black line). C) tRF length distribution in chimeras identified from CLASH data.

contained non-random pairs of tRFs with their targets and
considered the specificity of their pairing based on binding
energy, using RNAhybrid [28] to calculate the minimum free
energy (MFE) of hybridization for each tRF/target chimera.
Binding within CLASH chimeras was significantly stronger
than that for simulated chimeras of observed tRFs with ran-
dom RNA (difference of 10.7 kcal/mol. p-value < 10", Fig.
1B). Further, we compared the MFE distributions of CLASH
chimeras for each tRF type with the MFE of simulated
shuffled chimeras, where targets were randomly picked from
chimeras of three other tRF types. The tRF-3, tRF-1 and tRF-5
MFE showed the largest and most significant differences
(mean energy gains of 8.1, 4.7 and 2.7 kcal/mol, respectively)
in such chimera reshuffling, while tRF-i MFE gain was less
significant (Fig. 3, energy differences and p-values in the
rightmost column).

Next, we examined whether tRFs are generated by cleavage
at specific sites and noted clear differences in length distribu-
tion and abundance of different tRFs, resembling our earlier
results in rat brains [13]. We observed a narrow peak of tRF-
3, with the most prominent peak for fragments of length 18
nts (Fig. 1C) and much wider distributions for other tRF
types, with the tallest peaks in tRF-5 and tRF-1 close to
miRNA sizes (Fig. S1).

As another test for non-randomness of tRF generation
processes, we considered potential correlation between the
levels of mature tRNAs and their corresponding fragments

in HEK293 cells. We compared the abundance of Agol-
loaded tRFs with tRNA abundance determined by hydro-
tRNAseq [29] and also with tRF levels from small RNA [30]
sequencing (not Ago-loaded) in the same cell line. We found
no correlation between Agol-loaded tRFs and total cytoplas-
mic tRF abundance or tRNA levels (Table S1). This was
consistent with the unequal loading of tRFs from the same
tRNA gene to Agol that we observed (Fig. 2).

Taken together, these results suggest that distinct types of
tRFs are likely to be generated by multiple mechanisms of
cleavage, in agreement with our previous findings for diver-
gent changes in abundance with age for different tRFs in
Drosophila [12] and rat brains [13]. This further supports
the notion that tRFs have specific cleavage sites and are not
byproducts of random degradation.

2. General features of tRF/target interactions

We analysed all interactions between tRFs and their respective
RNA targets, identified as distinct transcript fragments within
the same chimera. Following the logic of CLASH experiments,
we considered frequent occurrences of the same tRF/target
RNA pair as evidence of interaction with a target. We did not
restrict ourselves to protein coding genes (for an illustrative
set of 100 most frequent mRNA targets see Table S2) and took
into account every possible hybrid read formed between a tRF
and its target RNA. We found that tRFs interact with a wide
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Figure 2. Abundance heatmap for tRFs generated from mature nuclear tRNAs. The scale on the right represents the count of unique chimeric reads found in CLASH

data that contained each specific type of tRF as a guide sequence.

variety of RNAs including mRNAs, lincRNAs and miRNAs
(Fig. 3). Similarly, mRNA and lincRNAs have been earlier
identified as targets of miRNAs [22]. Less frequently targeted
transcripts were categorized under ‘Other’ and most of them
were annotated in Ensembl transcriptome as miscellaneous
RNAs (‘misc_RNAS’, 30% of targets), processed transcripts
(23%) and pseudogenes (12%).

Next, we calculated the targeting frequency of individual
regions of mRNAs by tRFs. We found that almost all types of
tRFs primarily targeted coding sequences (CDS) and 3
untranslated regions (UTRs) of mRNAs followed by intronic
regions and 5" UTRs (Fig. 3), expanding beyond the canonical
3'UTR targeting mode of miRNAs [31,32]. We have pre-
viously predicted intron targeting based on k-mer conserva-
tion [12], and this is the first report of introns as tRF targets
based on CLASH experiments. Our observation is compatible
with the evidence that Ago proteins also localize in the
nucleus [23,24].

In our analysis we considered possibilities of finding func-
tional elements in introns, such as miRNAs or other ncRNAs
and it is conceivable that such yet unannotated elements are
being targeted by tRFs. None of the intron targeting cases
reported here contained currently annotated RNAs. However,

there was one striking exception. We found that tRFs can
potentially guide Ago to a specific type of short introns called
agotrons. Agotrons are relatively rare (82 are known), they are
defined based on their length (<150 nts) and association with
Ago proteins: Ago-2 has been reported to bind ~30 nts on the
5’ end of the agotrons [25]. We found five known agotrons in
chimeras with tRFs in Agol, with targets starting precisely at
agotron 5' ends (Fig. S2). Such coincidence suggests
a mechanism whereby tRFs may guide Ago proteins to the
agotron borders and drive their excision (or interact with
agotrons after the excision).

We reasoned that if such mechanism indeed existed, there
could be other cases of such tRF/agotrons chimeras at the
borders of unknown agotrons, and we searched for such
events. We detected 28 total unique chimeras (Table S3) join-
ing tRFs or miRNAs with agotrons borders (or a 1 nt offset in
six border cases, including those in Fig. S2). Notably, two of
these miRNAs had almost the same sequence as tRFs (1 nt
missing or added to the 3’ end) and may be misannotated
miRbase entries (Table S3). In four other cases, however,
genuine miRNAs (one of which, hsa-mir-6747 was tran-
scribed from the intron of EEF1G gene) appeared to be
interacting with agotron borders. It remains to be determined
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Figure 3. tRFs guide Ago1 to a variety of RNA targets. tRF target distribution plots (left, %% on the y-axis and actual unique chimera counts given above the
histogram bars), targeting frequency of mRNA regions (middle) and MFE histograms of tRF/target RNA unique chimeras (right). Mean MFE of matching tRF and target
pairs were lower than the MFE of randomly matched pairs, as indicated by dm, difference of means, and t-test p-value. Rows depict tRF-5 (A), tRF-i (B), tRF-3 (C) and

tRF-1 (D).

if these introns are real agotrons, although they show typical
characteristics of this class [25]. Nevertheless, to the best of
our knowledge, none of the cases of tRF or miRNA interac-
tion with agotrons (or such agotrons candidates) has been
reported. The agotron-targeting tRFs shared similar sequences
and a 12-nt motif with strong triple C at the 5 end was
revealed for the tRFs (Fig. S2). Interestingly we observed
uncommon G richness at the 5’ end and C richness at the 3’
end of these specific introns targeted by the tRFs (Table S4).

In addition to sense transcripts, we found that tRFs poten-
tially also target Natural Antisense Transcripts (NATS)
[33-35], with 1,373 unique interactions between tRFs and
NATs. We observed that the tRF/NAT chimeras (i) were

less favoured energetically compared to chimeras with sense
transcripts, (ii) included longer isoforms of tRF-5 and tRF-i
and (iii) showed much lower tRF-3 abundance (Fig. S3).

3. tRF/target hybridization modes

We inferred binding modes of tRFs in CLASH chimeras as
follows. We predicted the hybridization patterns between tRFs
and their CLASH targets with RNAhybrid [28] and encoded
each tRF base as target-binding (1) or not binding (0). We
selected tRF-3 (as forming the most of unique interactions) of
the length 18 nts (the highest peak in the respective length
distribution in Fig. 1C) and applied k-means clustering to



reveal distinct binary signatures of interactions. We consid-
ered chimeras with targets differing by <5 nts in length at
either end as identical (i.e. a target overhang of 5 or more
bases was considered a different chimera). This gave us 1,687
unique chimeras with 18-nt tRF-3.

Five clusters of consistent and similarly shaped binding
patterns between the nucleotides of guide tRFs and their
target RNAs (Fig. 4) were different in size and in their average
MEFE of hybridization. These cluster shapes revealed several
main recurrent themes in tRF/target interactions.

Many chimeras showed binding primarily on the 5’ end of
the respective tRFs, often involving their 3’ end as well (espe-
cially nts 16-17) to enable the strongest interactions. Cluster 4
contained chimeras with no 5" binding nucleotides yielding
the weakest interactions. Overall, these binding patterns
include nucleotides located across the whole length of a tRF,
consistent with what has been reported for miRNAs [21].

tRFs targeting the same gene were typically found in the
same cluster and more than 90% of the targets in Fig. 4
specifically interacted with tRFs in one cluster. The Gene
Ontology analysis of targets revealed that they many of them
were involved in regulation and some may have a certain
cluster-specific functionality (with enrichment p-values
below at least 107*). E.g. genes in clusters 1 and 5 were
enriched for protein transport and localization and in cluster
3 - for protein methylation. Targets regulating various aspects
of the cell cycle were in clusters 1, 2 and 5. The targets of tRFs
in cluster 5 showed enrichment for embryo development,
including the brain development, similar to the ageing-
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associated tRFs in flies and rat brain [12,13]. Additionally,
genes in that cluster regulated and participated in mRNA
processing (and 3'-end processing), its splicing and export
from the nucleus.

4. Analysis of tRF/target pairs reveals interaction sites
for tRFs

To determine whether tRF/target interactions can be driven by
seed regions or motifs, we used MEME [36] to find statistically
overrepresented sequences among the target RNAs for each
major tRF isoform that had a minimum of five distinct target
genes (longest target RNA was selected for each gene). For each
such overrepresented sequence we checked whether it matched
a reverse complementary sub-sequence of the respective guide
tRF using FIMO [37] to identify likely interacting regions.

We found that targets of 26 tRFs of all types (20 tRE-3, four tRF-
5, one tRF-i and one tRF-1) contained an enriched motif and
a reverse complement match the respective guide tRF; we consid-
ered these as seeds/interacting sites for tRFs (Fig. S4). We used the
following notation for each tRFs

genelID-origin-type-position,

which reflects its host tRNA gene ID, Nuclear or
Mitochondrial origin of the tRNA (N or M), followed by the
tRF type represented as 5p/3p/Mi/3t (for tRF-5/tRF-3/tRF-i/
tRF-1, respectively) and specific start-end nucleotide positions
in the tRNA gene). For AlaAGC, CysGCA and GluCTC, we
found multiple isoforms from tRNA genes with slight differ-
ences in sequence (and in seed region) but many different

< N0 O~
— Lo T e B B |

_|—1
Nucleotide

Figure 4. Base-pairing patterns for unique tRF-3/target chimeras. Each line represents a guide tRF from a unique CLASH chimera. Paired nucleotides are depicted in
black and unpaired nucleotides are shown in white. The labels C1 through C5 mark the vertical centre points of the five identified clusters and the average MFE for

the interactions in each cluster is shown.
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targets. Seed regions were found mostly at the 5" end of a tRF,
with instances of central interaction sites (LysTTT, SerCGA,
ThrATG, ThrTGT and AlaAGC), as also reported for
miRNAs [21,38]. Two tRFs, AspGTC and LysCTT, contained
a likely interaction site at the 3’ end, while one motif matched
both 5’ and 3’ end of the LeuAAG.

The location of these motifs generally matched the hybridiza-
tion patterns of the respective tRFs (Fig. S4). We also plotted for
each 7-mer along the tRF length the frequency of its occurrence in
gene regions (5'UTR, CDS, 3'UTR) conserved across 100 animal
genomes (using the approach we applied to fly and mammalian
genomes earlier [12,13]). We observed that mostly major but
sometimes minor peaks of 7-mer conservation appeared right
next to the starts of motifs/interaction sites or within them (Fig.
S4). Such agreement between the three independent lines of evi-
dence (motifs found in sets of targets, hybridization patterns of
tRFs/targets and 7-mer conservation) strongly suggests that our
predictions represent functional interaction sites compatible with
the regulatory mode of action of Ago-guide RNA complexes.

Recently, 5" seed regions (of at least 6 nts in length) have been
experimentally validated for three different tRF-3 (Leu-AAG, Leu-
TAA, Cys-GCA) in HEK293 cells [26]. These three tRFs were the
most abundant among Agol-loaded ones (Fig. 2). Notably, we
observed significant motifs for all three of them (Fig. 5 and Fig. $4).
Furthermore, for all three tRFs the interaction sites we predicted
were found on the 5’ end of the tRF in the experiment. This is
a striking agreement and a very strong combined evidence that all
three tRFs recognize targets with a 5’ seed. However, despite this
match in the location of the seed sequence, its length, as predicted
by our pipeline, can vary. We report motifs of 5-13 nts and note
that some nucleotides on the 3’ end of the guide tRF might be
required for effective binding to target RNAs, in agreement with
the clustering results (Fig. 4). Interestingly, for Leu-AAG we found
the same motif on both ends of the tRF (underlined in Fig. 5).

Given that guide binding may be imperfect and involve
bulges, we also searched for motifs with GLAM2 [39], allow-
ing for gapped motifs, and mapped them back to tRFs using
GLAM2SCAN [39]. Most of the MEME motifs were also
found using GLAM2 and their potential gap/bulge locations
are shown with black arrows in Fig. S4.

Discussion
In this report we characterized tRFs and their respective targets
loaded to Agol proteins and identified putative targeting modes

of tRFs using CLASH dataset from a human HEK293 cell line. We
showed that tRFs target a wide variety of transcripts through

ATCQCCACC(HCTGCCACCA
CGGGTGCCCCLTCCA
ACCCCACTCCTGGTACCA

distinct modes of hybridization, as summarized by several clusters
of typical patterns (Fig. 4). Some of the interaction sites, as shown
before [10,12,13], are similar to 5'-localized seed sequences pre-
viously identified for miRNAs. We also observed other sites,
located in 3'-end and central parts of tRFs or extending across
the whole tRF molecule (Fig. S4). We found all types of tRFs in
CLASH chimeras (including tRF-i, not detected previously [10]),
with tRF-3 originating from mature tRNAs being vastly abundant.
The most frequent tRFs were 17 to 21 nts long, but longer iso-
forms (>30 nt) were also frequent among tRF-5 and tRF-i.

In the past, tRFs have been often neglected as products of
random degradation of parental tRNA molecules. As an argu-
ment against randomness, earlier studies have pointed to the
lack of correlation between the levels of different tRFs from the
same gene [10] or between the tRNA gene copy numbers and
tRF levels [40-42], although not in Agol. Here, we extended this
argument further using CLASH data to compare in HEK293
cells (Table S1) levels of tRFs loaded to Agol, the total cellular
tRFs fraction and the expression of the parental tRNA gene
measured using hydro-tRNAseq [29]. Consistent lack of correla-
tion between tRNA and tRF levels in different experimental
systems supports the view that tRFs are not products of random
degradation and different types of tRFs may be produced
through different mechanisms. Our results also highlight the
difference between the spectra of tRF isoforms in the total
cellular tRFs fraction and in complex with Agol.

The main targets of tRFs were mRNAs, followed by various
ncRNAs (comprising some 1/3 of the targets). Further, multi-
ple ribosomal proteins (RPL35A, RPLPO, RPS14, RPS19 and
RPL7L1) and such genes as a translation initiation factor
EIF3C were among the most frequent targets of Ago-loaded
tRFs (Table S2). This observation is consistent with
a hypothesis put forth in a recent Drosophila study [43],
suggesting that tRFs may be involved in global translational
control in addition to posttranscriptional regulation of speci-
fic RNAs. Interference with translation via ribosome targeting
has also been reported for tRFs [44]. On the other hand, we
noted plentiful targets not directly involved in such global
translational control. Among mRNA regions, we observed
that CDS and 3" UTRs were most frequently targeted by
tRFs followed by introns and 5’ UTRs.

We report that tRFs also target miRNAs when loaded to
Agol. The original CLASH study has shown that Ago-loaded
miRNAs can target tRFs [22]. Taken together, these findings
suggest that tRFs and miRNAs may regulate each other in
addition to their respective coding or non-coding targets,
creating additional layers of regulation.

Leu-AAG / tRF-3001a
Cys-GCA / tRF-3003a

Leu-TAA / tRF-3009a

Figure 5. Computationally and experimentally identified interaction sites for tRF-3 type tRFs. Computationally predicted interaction site locations are shown in red
boxes. The 5' tRF end has been proposed as the location of the seed regions for these three tRFs on the basis of luciferase assays [26], and nucleotides at positions

2-8 are shown in bold letters.



For an unbiased view of tRF targeting modes, we selected
unique tRF/target RNA chimeras and performed clustering
analysis for the most abundant type of tRFs. We found
a variety of binding patterns in tRFs, not always limited to
specific 5’ nucleotides positions of 2-8 (P2-8) in miRNA-like
seeds (Fig. S4). Clusters of binding patterns involving nucleo-
tides located on the 5’ end of the guide tRF generally showed
stronger binding (lower MFE) compared to clusters with
hybridizing nucleotides in the middle of the tRF.
Hybridization of 3’ located nucleotides also seems to play an
important role since it was evident for the largest proportion
of interactions (Fig.4, ¢3-5). Thus, in addition to the 5’ P2-8
miRNA-like seed sequence [12,13,19,20], tRFs likely recognize
their targets through multiple binding regions.

To further detail the trends highlighted by the clusters, we
used an ab initio approach to search for motifs/interaction
sites across tRFs without restrictions to the canonical P2-8
seed binding. Overall, there were some 2/3 of the motifs
found close to the 5’ end of tRFs with some extensions to
the 3’ end, two cases of 3’ motifs, with the rest of motifs
centrally located (Fig. S4). Several cases of 5 tRF seeds at
P2-8 or close coordinates have been reported, both in com-
putational and experimental studies [10,12,13,19,20,26]. Also,
3’ tRF seeds have been found computationally [12,13] in other
organisms and experimentally in human [20] but we did not
find this exact tRF isoform in CLASH chimeras. We know of
no reports of central binding sites, sites at multiple locations
or those extending across 2/3 of the length of a tRF. We note
that the sites we detected reflect the existing sampling of tRFs
and targets in the CLASH dataset and might change some-
what as the full set of targets becomes known.

Our predicted interaction sites were in agreement with the
experiment for all three tRFs, for which the minimal 5 seeds
have been recently validated [26]. However, we observed varia-
tions in the length of the seeds we identified computationally,
compared to the uniform size proposed in that work. For distinct
Cys tRF isoforms we saw further variability in the interaction
site, and the longest motif extended further towards the 3’ end of
a tRF (Fig. S4). Additionally, for Leu-AAG we observed that the
enriched motif was present both at the 5" and 3’ end of the tRF. It
is worth noting that the experimental data (see Fig. 4A in Kuscu
et al. [26]) also show support for binding over a part of the 3'
instance of this motif.

Our analysis was based on finding motifs in multiple
targets of individual tRFs, thus we focused on the function-
ality related to target binding. In terms of chimera yield, MFE
and detecting seed regions, our results are overwhelmingly in
favour of a target-binding functional role of tRF-3 isoforms,
with lower support of tRF-5 (as was the case in rat, with 4-fold
more seeds in tRF-3 vs tRF-5 [13]) and tRF-1 plus the weakest
and often non-significant evidence for tRF-i. However, this
does not completely negate a possible cellular role of the latter
tRF class. It is conceivable that functionality of some tRFs
requires not conserved but species-specific seed matches
(hence no conserved motifs), or simply a displacement of
other guide RNA from Ago (hence randomly paired chimeras
and weaker MFE). For example, a very different mechanism,
involving a formation of tetramolecular RNA G-quadruplexes,
has been reported for certain tRFs [45].

RNA BIOLOGY 1077

There is evidence on the nuclear localization of Ago pro-
teins [24,46] and tRF-5 [10] as well as potential roles of
miRNAs in the nucleus [47]. Remarkably, in CLASH analysis
we observed a high relative frequency of interaction of tRF-5
with intronic regions, compatible with such earlier evidence.
However, we note that other tRF types also have intronic
targets, thus they may also be present in the nucleus. Ago
proteins in complexes with miRNAs and siRNAs have been
shown to be actively involved in transcriptional regulation
and pre-mRNA splicing [24,46-48], and tRFs may also be
utilized by Ago in these processes. Changes in gene expression
in the progeny of low-protein or high-fat diet fathers con-
ferred by the tRF fragments in mouse sperm [49,50] may be
related to such mechanisms.

Interestingly, our results suggest a possible role for tRFs in
guiding Ago to the 5" end of short introns, recently classified
as agotrons [25]. Agotrons are identified based on their length
(< 150 nts) and interaction with Ago2 in the first 30 nts of
their 5" end. We found that tRF-3 in chimeras next to the
borders of agotrons in Agol and therefore are likely to be
involved in agotron biogenesis or to interact with them.

Our finding of agotron-like targets of tRFs may shed
further light on this intron family and its biogenesis and
function. The 14 potential novel agotrons we identified have
no overlap with reported mirtrons [51] although we cannot be
certain whether they are in fact Dicer-independent agotrons
or undiscovered Dicer-dependent mirtrons. An exception for
miRNA to bypass the Dicer has been reported, whereby the
pre-miR-451 could be loaded into Ago2 in mice and zebrafish
and cleaved by its endonucleolytic slicer activity [52,53].
Although murine Agol may load but not cleave the pre-miR
-451 [52], it is still possible that the pre-miRNA can function
in Agol as an agotron-like species using its 5 part, such
example has been reported for pre-miR-151a [25]. Together,
our observation of agotron-like targets of tRFs in Agol raises
an intriguing possibility of a new mechanism for the Agol
facilitated by tRFs to participate in excision of agotrons.
Alternatively, tRFs may interact with already excised agotrons,
targeting their 5’ end in Agol complex. Notably, we did not
detect agotrons as guide sequences in Agol chimeras.

We also found other characteristics in addition to those
reported (Ago associated, highly structured and GC
enriched) for agotrons [25]. These specific GU-AG introns
have G-rich 5-end following the consensus donor site
sequence GURAGU (R = purine) which is responsible for
interacting with the 5’ terminus of the Ul snRNA in the early
splicing. Another observation for the agotrons is the C-rich
3'-end followed by the consensus AG acceptor site. The
upstream of the acceptor site, named as polypyrimidine
(PY) tract, is usually U-rich in human and acts as
a canonical binding site for the U2 snRNP auxillary factor
U2AF65 [54]. The weak C-rich binding sites may require
additional cis-elements or motifs such as the G-rich or
G-rich motifs upstream of the weak PY tract [54]. The
G-rich 5" end and C-rich 3’ end have also been observed for
specific groups of mirtrons (those hairpin boundaries are
intron boundaries) reported in [51]. Hence, our finding of
tRFs targeting the 5’ end of the introns in CLASH may
indicate that these unexpected molecules as well as Agol
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facilitate the splicing of specific introns without strong
U2AF65 binding sites. Given the mirtron hairpin example
[51], it is tempting to speculate that the C-rich motif of tRFs
(Fig. S2) may be interacting with potential hairpin elements
in agotrons in this process.

Unlike miRNAs, tRFs are produced from tRNA genes,
which have a very different function. Could this function or
its evolutionary consequences (e.g. codon usage) affect tRF
generation? In addition to showing no correlation between
the tRNA and tRF levels, we checked if there was a link
between the codon utilization in transcripts and the tran-
script being targeted by the respective tRFs. We could not
detect any clear connection (e.g. increased or decreased
codon usage in the targets) between these two measures.
That is further illustrated by a comparison of the codon
usage plots for the targets of the three tRFs with identical
anticodon, CysGCA (Fig. S5). The largest differences
between these transcripts occur in unrelated codons, while
the usage of TGC codon itself shows clearly distinct trends
between the targets of all three tRFs (below, equal or higher
than background, respectively). Thus, at least in the CLASH
screen, we found no evidence of a consistent over- or
underutilization of a tRF codon the corresponding targets.

In conclusion, we note that our results strongly support the
emerging complex regulatory functionality of tRFs and
demonstrate the possibility of inferring the seed regions and
mechanisms of tRF/target interactions computationally. We
are aware of only a few human tRF interaction sites described
and validated to some extent since the report of tRFs by Lee at
al [6]. Including the three of our bioinformatic predictions
matching validated seed locations, we provide here integrated
evidence for 26 binding regions. The motifs/seed sequences
we report can be directly assayed for tRF binding or utilized
for predicting and validating additional potential tRF targets.

Materials and methods
CLASH data analysis

CLASH data for HEK293 cells were downloaded from the
GEO database (GSE50452) [22]. We used fastx_toolkit 0.0.13
(http://hannonlab.cshl.edu/fastx_toolkit/) to remove barcode
and adapter sequences and collapse identical reads. We used
an in house developed aligner script to identify tRFs from
hybrid reads, allowing no mismatches, indels or end dissim-
ilarities and giving preference to longer tRF isoforms. In
detail, the aligner determines if a hybrid read starts with
a known tRNA sequence and checks if the next nucleotide
can still be part of the tRF sequence, stopping at the first
mismatch. This way, the longest tRF isoform (216 nts) is
identified as the guide sequence and the remainder of the
hybrid read is considered the targeted sequence.

For tRF-5 we selected matches that started within the
first 5 nucleotides of known tRNA sequences. For tRF-3,
we selected matches that ended within the 5 nucleotides at
the end of mature tRNA sequences (including the addi-
tional CCA). For tRF-1, we selected matches that ended
within 3 nts to 40 nts of the tRNA trailer sequences (to
distinguish them from tRF-3). All the identified tRF

containing hybrids were confirmed not to be full tRNAs
or pre-tRNAs by running blastn, word size 7, default
scoring matrix against the union of tRNA sequences
from two independent databases [2,55]. The portion of
the hybrid read following the tRF sequence was considered
the targeted sequence and it was searched against the
human transcriptome [56] and the human genome
(hg38) using blastn, word size 7, default scoring matrix
and 10 maximum hits. Reads were considered chimeras if
a hit had an e-value less than or equal to 0.1 and the
combined length of the targeted sequence and the tRF
sequence was greater than or equal to 75% of the total
length of the chimeric read. Chimeras supported by at
least two different reads were included in the analysis.
Chimeras containing rDNA targets (10° reads) were
excluded to minimize bias in the results.

Small RNA sequencing and hydro-tRNAseq data analysis

Hydro-tRNAseq data for HEK293 cells and small RNA
sequencing data from whole cytoplasmic fraction of HEK293
cells were downloaded from the GEO database (GSE95683
and GSE75136) [29,30]. fastx_toolkit 0.0.13 was used to
remove adapter sequences and collapse identical reads.
Sequencing read alignments were performed using bowtie
1.1.1 aligner (http://bowtie-bio.sourceforge.net/manual.
shtml). We aligned the sequenced reads against the human
genome (version hg38) and also to the union of human tRNA
sequences from two independent databases [2,55]. For each
replicate, the raw read counts were normalized by the total
number of reads that mapped to the human genome. For
hydro-tRNAseq we allowed up to two mismatches as in the
original publication [29].

Hybridization pattern analysis

We used RNAhybrid 2.1.2 [28] with default parameters to
calculate minimum free energy for observed tRF/target RNA
interactions and for random controls. To examine the binding
mode of tRFs, we utilized the secondary structures for unique
tRF/target chimeras obtained using RNAhybrid. We encoded
each nucleotide across the tRF/target RNA chimera as 0 (if it
was predicted not to bind) or 1 (if it was predicted to bind
with a nucleotide from the target RNA) and we performed
clustering analysis for the most abundant isoforms (with
regards to fragment length) for each type of tRFs. We used
scikit-learn (http://scikit-learn.org/) to perform unsupervised
clustering using k-means algorithm. To explore the functional
difference of tRFs with specific interaction pattern, we
selected the genes targeted by tRFs in each cluster and per-
formed the Gene Ontology (GO) analysis [57] to find
enriched terms in the target genes list.

Seed and target motif enrichment analysis

In order to identify enriched motifs within tRF targets (Fig.
S4), we selected for every tRNA gene a representative major
isoform of each tRF type if they were identified on the tRNA
gene. tRF isoforms of the same type and same tRNA gene but
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located > 5 nt away (based on the start and end coordinates)
were classified into different group using Wards’ minimum
variance clustering method. We took into account tRFs with
at least 5 unique target genes according to CLASH data. We
used MEME [36] with default parameters (e-value < 0.01) and
searched for enriched motifs longer than 5 nucleotides across
the longest targeted sequences for each target gene for a given
tRF isoform. Next, we used FIMO [37] with default para-
meters (p-value < 0.001) to match such over-represented
motifs back to tRF sequences to find potential seeds/interac-
tion sites. To search for gapped motifs in the same tRFs and
targeted sequences, we also used GLAM2 [39] with default
parameters and found the reverse complementary match of
the motif with the highest score on the tRF sequence using
GLAM2SCAN [39] with default parameters.

To investigate if the seed of tRFs have enriched matches in
the conserved genomic regions, we generated 7-mer sub-
sequences of tRFs by applying a 7-nt sliding window and
shifting by one nucleotide from the 5’ to the 3’ end. We
calculated the number of exact matches for each of these sub-
sequences in the 5'UTR, CDS and 3'UTR of all human protein
coding genes that were conserved across 100 vertebrates. The
frequency of matches in human genome (hg38, masked
repeats excluded) was used as a background frequency.
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