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The human genome encodes hundreds of transfer RNA (tRNA)
genes but their individual contribution to the tRNA pool is not fully
understood. Deep sequencing of tRNA transcripts (tRNA-Seq) can
estimate tRNA abundance at single gene resolution, but tRNA struc-
tures and posttranscriptional modifications impair these analyses.
Here we present a bioinformatics strategy to investigate differential
tRNA gene expression and use it to compare tRNA-Seq datasets
from cultured human cells and human brain. We find that sequenc-
ing caveats affect quantitation of only a subset of human tRNA
genes. Unexpectedly, we detect several cases where the differences
in tRNA expression among samples do not involve variations at the
level of isoacceptor tRNA sets (tRNAs charged with the same amino
acid but using different anticodons), but rather among tRNA genes
within the same isodecoder set (tRNAs having the same anticodon
sequence). Because isodecoder tRNAs are functionally equal in terms
of genetic translation, their differential expression may be related
to noncanonical tRNA functions. We show that several instances of
differential tRNA gene expression result in changes in the abun-
dance of tRNA-derived fragments (tRFs) but not of mature tRNAs.
Examples of differentially expressed tRFs include PIWI-associated
RNAs, tRFs present in tissue samples but not in cells cultured
in vitro, and somatic tissue-specific tRFs. Our data support that dif-
ferential expression of tRNA genes regulate noncanonical tRNA
functions performed by tRFs.

tRNA gene expression | tRNA fragments | piRNA | tRNA sequencing |
tissue-specific expression

Transfer RNAs (tRNAs) link codons on messenger RNAs to
their cognate amino acids in the ribosome. tRNAs have a

strong secondary and tertiary structure, and undergo extensive
posttranscriptional modifications (1). The identity of each tRNA
is defined by its corresponding amino acid and by its anticodon
sequence. tRNAs charged with the same amino acid are
isoacceptor tRNAs (e.g., tRNAAla), and tRNAs with the same
anticodon sequence are known as isodecoder tRNAs (e.g.,
tRNAAla

AGC). Each isodecoder tRNA set is generated from a pool
of tRNA genes. For example, 35 genes code for tRNAAla

AGC in the
human genome (2). tRNAs can be further processed into tRNA-
derived fragments (tRFs) to perform a wide range of biological
functions. Importantly, tRNA and tRF abundance is cell- and
tissue-specific and their expression patterns are increasingly being
associated with human diseases (3–11). However, the forces driving
this variable expression are poorly understood.
Changes in the expression levels of isoacceptor tRNAs may be

adaptations to changes in transcriptome codon usage (6, 7, 10).
However, variations in the expression of individual isodecoder
tRNA genes that do not result in changes of isoacceptor tRNA
levels should not be relevant to translation efficiency. Instead, such
variations may be related to the control of noncanonical functions
performed by tRFs (12, 13). In this sense, a careful evaluation of the
contribution of specific tRNA genes to the abundance of mature
tRNAs and tRFs in different cellular systems is needed.
Small RNA sequencing can quantify individual tRNA gene ex-

pression (herein referred as “tRNA-Seq”), but suffers from several
technical limitations. First, sequencing biases may occur due to

tRNA structure and the presence of posttranscriptionally modified
residues. Second, estimating the mature tRNA pool can be chal-
lenging due to difficulties in discriminating reads from precursor-
tRNAs (pre-tRNA), mature tRNAs, or tRFs. Third, the sequence
similarity between different tRNA species can compromise the
analysis of tRNA-Seq datasets and the unambiguous assignment of
reads to a specific tRNA gene (14–18). Experimental improve-
ments have been introduced to overcome some of these biases,
including artificial removal of methylated bases on tRNAs (DM-
tRNA-Seq and ARM-Seq) (16, 17), tRNA fragmentation to disrupt
their secondary structure (Hydro-tRNA-Seq) (14, 19), and use of
modified adaptor ligations (20, 21). In contrast, improvements to
tRNA-Seq bioinformatics analyses have seldom been reported (18).
Estimation of differential tRNA expression from tRNA-Seq

datasets by well-established statistical methods, such as edgeR or
DESeq2, is based in the determination of “absolute” number of
reads mapping to any given gene after correcting for library size
(22). Importantly, this approach assumes that sequencing biases
should equally affect all datasets. However, differential sequenc-
ing biases on certain tRNA transcripts occur due, for example, to
sample- or tissue-specific tRNA modification patterns (12).
Comparisons among tRNA sequences from the same

isodecoder set should be less affected by sequencing biases, given
that their structures and modification patterns are relatively similar
(23). Thus, we have developed a numerical analysis of tRNA-Seq
datasets based on the proportional transcript contribution (per-
centage of sequencing reads) of individual tRNA genes to their
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corresponding isodecoder set. This isodecoder-specific tRNA
gene contribution profile (iso-tRNA-CP) provides “relative” ex-
pression levels of individual tRNA genes that can be compared
among different samples and experimental conditions.
Here we used DESeq2 and iso-tRNA-CP to compare different

methods of tRNA-Seq library preparation and identify preferen-
tially expressed tRNA genes, which we later validate by Northern
blotting in several human cell lines and tissues. We find that se-
quencing biases quantitatively affect only a subset of human tRNA
genes. We detect variations in levels of isodecoder tRNA genes not
reflected at the isoacceptor set level, suggesting that these varia-
tions may be unrelated to translation. These instances of differ-
ential tRNA gene expression often result in changes in the
abundance of tRFs, but not of mature tRNAs. Notably, we find
that tRFs are abundant in human tissues but absent in cell lines
under standard in vitro culture conditions, suggesting a more
prominent role for tRFs in homeostasis than previously antici-
pated. Our results indicate that tissue-specific variation of tRNA
gene transcription can be linked to the modulation of noncanonical
tRNA functions, without affecting the canonical translation func-
tion of mature tRNAs.

Results
tRNA Expression Biases Introduced by Library Preparation Methods.
To illustrate the differences between DESeq2 and iso-tRNA-CP we
used both strategies to analyze tRNA-Seq datasets obtained from
HEK293T cells (15) (SI Appendix, Fig. S1). As expected, highly
expressed tRNA genes are the main contributors to both total
tRNA transcript (DESeq2) and isodecoder (iso-tRNA-CP) pools
(Spearman correlation r = 0.861). However, some tRNA genes
presenting similar transcript abundance by DESeq2 are found to
contribute differently to their respective isodecoder pools. This is
evidenced by a relatively low Pearson correlation (r = 0.404) be-
tween DESeq2 and iso-tRNA-CP results (SI Appendix, Fig. S1).
Thus, these two strategies are not equivalent but complement each
other by extracting different information from tRNA-Seq datasets.
We applied both approaches to assess tRNA quantification

biases caused by different sequencing library preparation methods
(SI Appendix, Fig. S2) (15, 17). Datasets obtained with the standard
Illumina approach are known to be enriched in tRNA fragments
and poorly modified tRNAs, such as pre-tRNAs, due to tRNA
modifications that prevent mature tRNA reverse transcription

(RT-blocks) (datasets “Illumina-Seq”) (15). Circularization of the
reverse-transcribed products before PCR amplification (herein
“CircRNA-Seq”) allows the detection of short reads generated by
RT-blocks and reduces the number of reads observed for pre-tRNAs,
but cannot distinguish between RT-block artifacts and physiological
tRNA fragments. CircRNA-Seq libraries obtained from total RNA
or purified tRNAs as starting materials were used (“CircRNA-Seq
total RNA” and “CircRNA-Seq tRNA”) (17). RNA preparations
can be further treated with a demethylase before reverse transcrip-
tion to reduce RT-blocks and enrich datasets in reads from (artifi-
cially) unmodified mature tRNAs (DM-tRNA-Seq). DM-tRNA-Seq
libraries obtained from total RNA or purified tRNAs as starting
materials were used (“DM-tRNA-Seq total RNA” and “DM-tRNA-
Seq tRNA”) (17).
Datasets from HEK293T cells obtained with these five dif-

ferent library preparation methods were analyzed by hierarchical
clustering and principal component analyses (PCA). The Illumina-
Seq–based data emerged as the most divergent both in terms of
absolute tRNA transcript abundance and of relative contribution
to tRNA isodecoder sets (Fig. 1A and SI Appendix, Figs. S3 and
S4). Datasets obtained by CircRNA-Seq and DM-tRNA-Seq
showed overall similar tRNA expression profiles with both methods
for dataset analysis (Fig. 1A).

Clover Leaf Propensity as a Predictor of tRNA Transcript Expression.
Using the same datasets, we evaluated the correlation between the
expression of each tRNA gene and its tRNA Scan score. tRNA
Scan-SE is a frequently used in silico tool to predict tRNA genes
that takes into account the clover leaf secondary structure and
sequence conservation of the tRNA, and the presence of con-
served intragenic tRNA promoter sequences. A score (“tRNA
Scan score”) is then assigned to each putative tRNA gene. Those
genes with high scores (above ∼50) are likely bona fide tRNA
genes, while those ranked with a low score are likely pseudogenes
(12, 24). We found that, regardless of the method for sequencing
library preparation or the strategy for dataset analysis, the se-
quences that contribute the most to the tRNA pool were derived
from tRNA genes with high (above 55) tRNA Scan scores (Fig. 1B
and SI Appendix, Fig. S5). The only exceptions to this observation
were three tRNA genes with tRNA Scan scores below 55 consis-
tently identified by both DESeq2 and iso-tRNA-CP as important
contributors to the tRNA pool in Illumina-Seq libraries (green
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Fig. 1. Evaluation of tRNA gene expression by iso-
tRNA-CP and DESeq2 in HEK293T cells. (A) Heatmap
visualizing ward hierarchical clustering of individual
tRNA gene expression for each method of sequenc-
ing library preparation, as evidenced by iso-tRNA-CP
(Left) and DESeq2 (Right). Each line on the heatmap
represents a tRNA gene/gene family. High-resolution
figures are shown in SI Appendix, Fig. S3. (B) Scatter
plots of tRNA Scan score against tRNA gene expres-
sion (iso-tRNA-CP and DESeq2) for datasets obtained
with two sequencing library preparation methods
(see also SI Appendix, Fig. S5). Colored points indi-
cate tRNA genes/tRNA families having a tRNA Scan
score below 55 that, both by iso-tRNA-CP and
DESeq2 analyses, appear to contribute more to the
tRNA pool in the Illumina-Seq datasets but not in
other datasets. For visualization purposes, tRNA-SeC-
TCA-1-1 having a tRNA Scan score of 155.8 was left
out of the plots.
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points in Fig. 1B and SI Appendix, Fig. S5). Sequence coverage
analysis and Northern blotting confirmed that these three se-
quences correspond to ∼95-nt immature forms of tRNA-Val-
CAC-11 and tRNA-Glu-TTC-5-1, and ∼100-nt immature tRNA-
Asn-GTT-17-1 (SI Appendix, Figs. S6A and S7).

Cell Type- and Tissue-Specific tRNA Gene Expression. Defects on
tRNA physiology often results in neurological phenotypes (1, 13,
25). We characterized the HEK293T cell tRNA gene-expression
profile and compared it to available tRNA-Seq datasets from hu-
man brain (26) (Fig. 2A and SI Appendix, Fig. S8). To improve ac-
curacy, we combined the HEK293T datasets from non–Illumina-Seq
library preparations (17), a strategy supported by our PCA analyses
(SI Appendix, Fig. S4). Of the 379 tRNA genes/gene families con-
sidered (herein “tRNA genes”) (Materials and Methods), 106 were
not found differentially expressed in HEK293T cells and brain tissue
by any method, while 178 tRNAs were found differentially expressed
by both methods. This represents a 74.9% overlap among results
obtained by these two methodologies (Fig. 2B and Dataset S1).
We wondered if the differential expression of tRNA genes af-

fected overall abundance of isoacceptor sets. Conceptually, ap-
plying iso-tRNA-CP to the analysis of isoacceptors across samples
should not offer any advantages over using DESeq2, as both ap-
proaches may be subject to quantitative biases. Therefore, we
pooled all sequencing reads mapping to all genes belonging to the
same isodecoder set into one single “isoacceptor gene” (Materials
and Methods), and used DESeq2 to compare the HEK293T and
brain datasets.
Interestingly, only 45.5% of the isoacceptor genes analyzed

showed differential expression between the two samples (Fig. 3A
and Dataset S2). In these cases, as expected, at least one
isodecoder gene was always differentially expressed. We then
focused on the remaining nondifferentially expressed isoacceptor
genes (54.5%) and asked whether differential expression of
isodecoder genes occur within these isoacceptor sets. We found
differential expression of isodecoder tRNAs in 70% of these
isoacceptor sets (Fig. 3B and Dataset S2).

Regulation of Mature tRNA and tRF Levels by Tissue-Specific tRNA
Gene Expression. We asked whether differential expression of
isodecoder genes within invariable isoacceptor sets results in the
accumulation of alternative tRNA-related species. We designed
Northern blot probes that would bind to the 5′- or 3′-region of
target tRNAs to evaluate the nature of potential species resulting
from tRNA processing (e.g., tRFs). We determined the length of
the RNA species produced from tRNA genes that are: (i) dif-
ferentially regulated at isodecoder and isoacceptor level; (ii) dif-
ferentially regulated at isodecoder level only; (iii) nondifferentially
regulated at isodecoder or isoacceptor level. We focused on tRNA
genes with similar expression patterns by DESeq2 and iso-tRNA-
CP (Dataset S1), and analyzed them in different human cell lines
and tissues (Fig. 4).
tRNA-Arg-TCT-4-1, tRNA-Arg-CCT-4-1, and tRNA-Gly-GCC-5-1

belong to the class of tRNA genes differentially regulated at iso-
decoder and isoacceptor levels (Dataset S2). Expression of tRNA-
Arg-TCT-4-1 results in an abundant ∼74-nt species (mature tRNA)
only in brain and in U2OS cells. In addition, a band of ∼110 nt
(expected size of pre-tRNA) was observed in U2OS cells, while two
smaller bands (32–35 nt) were specifically detected in brain (Fig.
4A, Top). Interestingly, human tRNA-Arg-TCT-4-1 is homologous
to a brain-specific murine tRNA [tRNA-Arg-TCT-5-1,Mus musculus
(Mm) GRCm38/mm10] (2, 5) (SI Appendix, Fig. S9A). Only the
mature and unprocessed forms of this tRNA are present in
mouse brain (SI Appendix, Fig. S9B). Thus, expression of this
tRNA gene is tissue-specific in mammals, but its processing is cell
type- and species-specific. Levels of mature tRNA-Arg-CCT-4-1 and
tRNA-Gly-GCC-5-1 were constant, but tRFs derived from these
genes were abundant in human tissues and absent in cell lines (Fig.

4A, Middle and Bottom). Of particular interest is the tRF derived
from tRNAGly

GCC, which corresponds to a validated PIWI-associated
small RNA (piRNA piR-61648) (Fig. 4A, Bottom) (27) and is
enriched in human somatic tissues and depleted in gonadal tissues
and cell lines. We observed a similar tissue-expression pattern for
murine piR-61648 (Fig. 4D). Although we were unable to un-
equivocally assign piR-61648 reads to a specific human tRNAGly

GCC
gene (SI Appendix, Fig. S10), our results in mice suggest that this
piRNA may derive from the tRNA-Gly-GCC-2 gene family, which is
highly conserved among vertebrates (SI Appendix, Table S1).
We also evaluated the expression of tRNA-Gln-CTG-5-1, tRNA-

Arg-TCG-1-1, and tRNA-Cys-GCA-6-1 (Fig. 4B), all of which
showed differential expression only within isodecoder sets (Dataset
S2). All three genes displayed increased abundance of tRFs levels
in human tissues, without significant changes on mature tRNA
abundance. A prevalence in somatic tissues was observed for tRFs
derived from tRNA-Gln-CTG-5-1 and tRNA-Cys-GCA-6-1. Fi-
nally, we analyzed by Northern blotting the abundance of tRNA-
Arg-CCG-2-1, a tRNA belonging to the group of tRNA genes not
differentially expressed in either HEK293T or brain (Figs. 3C and
4C and Dataset S2). Notably, while not present in brain, a tRF of
∼60 nt derived from this gene was found in ovary, heart, and
skeletal muscle, indicating that this tRF also presents tissue-specific
expression.

Discussion
Here we evaluated variations in tRNA gene expression at the
isoacceptor and isodecoder levels in different cellular systems.
We developed a bioinformatics strategy (iso-tRNA-CP) that
complements DESeq2 analyses by extracting additional infor-
mation from tRNA-Seq datasets (SI Appendix, Fig. S1). We
found this combined bioinformatics approach to increase the
confidence of tRNA expression results (Figs. 2 and 4) (see be-
low). Because sequencing tRNAs is prone to biases and artifacts
(14–17), we studied how iso-tRNA-CP and DESeq2 performed
using tRNA-Seq datasets from HEK293T cells obtained with
different methods of sequencing library preparation (Fig. 1A).
Library preparations that preferentially contain mature tRNAs
showed similar expression profiles, suggesting that sequencing
biases due to the tRNA structure and modifications patterns
affect only a subset of human tRNA genes (see also below).
We asked whether the expressed genes in HEK293T cells were

bona fide tRNA genes based on their tRNA Scan scores (24).

Iso-tRNA-CP DESeq2

63 32178

Differentially expressed
tRNA genes

A B
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tR
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A
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P D
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S
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Fig. 2. Evaluation of differential tRNA gene expression in human brain and
HEK293T cells. (A) Heatmap visualization of the expression of individual
tRNA genes for human brain and HEK293T cells, as evidenced by iso-tRNA-CP
(Left) and DESeq2 (Right). Each line on the heatmap represents a tRNA gene/
gene family. High resolution figures are shown in SI Appendix, Fig. S8. (B)
Venn diagram showing the overlap (green area) between the number of
differentially expressed genes in human brain versus HEK293T cells,
according to iso-tRNA-CP (pink circle) and DESeq2 (cyan circle). Numbers
shown in each circle correspond to tRNA genes (individual genes and tRNA
families); 106 genes were not found differentially expressed by any of both
methods (not shown in figure). See also Dataset S1.
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We found that genes with tRNA Scan scores above ∼55 contribute
the most to the tRNA pool (Fig. 1B), suggesting that these genes
produce transcripts active in translation. It is possible that tRNA
genes having low tRNA Scan scores may be transcribed into tRNA-
related species with noncanonical functions. For example, the tran-
script produced by tRNA-Asp-GTC-8-1 (tRNA Scan score = 30.3)
does not adopt a tRNA-like conformation and acts as a 3′UTR Alu-
binding element in HeLa cells (28). We evaluated the expression of
tRNA-Asp-GTC-8-1 and did not find sequencing reads mapping to
this gene in HEK293T cells (Materials and Methods), suggesting that

this gene, just like other tRNA genes, presents a differential cell
type-specific expression driven by the need to regulate noncanonical
tRNA functions (see discussion below).
The comparative analyses of tRNA-Seq datasets from different

libraries allowed us to detect the expression of rare unprocessed
pre-tRNAs (Fig. 1B). Processing of pre-tRNA transcripts has been
shown to be the source of tRFs that carry out translation-
independent functions (29, 30). However, in our analysis of the
HEK293T tRNAome we did not detect tRFs related to enriched
pre-tRNAs (SI Appendix, Fig. S7).
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Fig. 3. Examples of the three different expression
patterns of isodecoder genes within isoacceptor sets
found when comparing HEK293T cells and human
brain. (A) tRNA-Arg-TCT as an example of differen-
tial tRNA gene expression among isodecoder genes
that also result in differential expression of the iso-
acceptor set. See also Fig. 4A. (B) tRNA-Arg-TCG as an
example of differential tRNA gene expression among
isodecoder genes that do not result in differential
expression of the isodecoder set. See also Fig. 4B. (C)
tRNA-Arg-CCG as an example of a nondifferentially
expressed isoacceptor set that does not have differ-
entially expressed isodecoder tRNA genes. See also
Fig. 4C. n.s., not statistically significant; ***P < 0.001;
**P < 0.01; *P < 0.05. See also Dataset S2.
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Fig. 4. Northern blot analyses of tRNA gene expression in cell lines and tissues. (A) Blotting against tRNA genes belonging to the group of tRNA genes
showing variable expression at isodecoder and isoacceptor levels (see also Dataset S2). Inverted commas are used for tRNA GlyGCC 5-1 (“5-1”) due to potential
sequence ambiguity with tRNAs derived from the tRNA-Gly-GCC-2 family (see main text for details and SI Appendix, Fig. S10A). (B) Blotting against tRNA
genes belonging to the group of tRNA genes showing variable expression at isodecoder level only (isoacceptor set nondifferentially expressed; see also
Dataset S2). (C) Blotting against tRNA-Arg-CCG-2-1 was used as a control gene that did not present differential tRNA expression between human brain and
HEK293T cell lines according to tRNA-Seq analyses (see also Dataset S2). Note the differential expression of tRFs in ovary, heart, and skeletal muscle. (D)
Blotting against piR-61648 (tRF derived from tRNAGly

GCC genes) in murine tissues. The region delimited by the dotted lines has been extracted and over-
exposed to aid in visualization. Detection of 5S ribosomal RNA is used as gel loading control. Definition on whether tRFs derive from the 5′- or 3′-tRNA arm is
based on the targeting region of the oligonucleotide used for detection by Northern blotting (see also SI Appendix).
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To identify tRNA gene products potentially relevant for brain
homeostasis (1, 13, 25), we analyzed tRNA-Seq datasets obtained
from the human brain and compared their expression profiles to
that of HEK293T cells (Fig. 2A). We detected evidence of differ-
ential expression for several tRNA genes (Fig. 2). Interestingly, the
evaluation of tRNA gene expression by both methodologies coincided
in ∼75% of tRNA genes analyzed (Fig. 2B), again suggesting that
tRNA-Seq quantification biases affect only a subset of tRNA genes.
We found several instances of brain-enriched tRNAs both at

the isodecoder and isoacceptor levels (Dataset S2), possibly
corresponding to codon usage biases between HEK293T cells
and brain tissue (i.e., canonical tRNA function). This is most
likely the case of tRNA-Arg-TCT-4-1, the only tRNA showing
significant enrichment of its mature form in human brain (Fig.
4A, Top). A mutation in a homologous brain-specific tRNA
gene (Mm tRNA-Arg-TCT-5-1) that has been associated to neu-
rodegeneration causes ribosome stalling at cognate AGA codons
in mouse cerebellum (5), suggesting that the cell type- and tissue-
specific expression levels of tRNA-Arg-TCT-4-1 are linked to its
canonical role in protein translation.
Interestingly, the abundance of other RNA species related to

this tRNA was also variable. tRFs derived from tRNA-Arg-TCT-
4-1 were abundant in human brain, whereas U2OS cells and
murine brain lacked the tRF but contained visible amounts of
immature tRNA-Arg-TCT-4-1 (Fig. 4A, Top, and SI Appendix,
Fig. S9). Thus, Homo sapiens (Hs) tRNA-Arg-TCT-4-1 is a gene
with a marked cell type- and tissue-specific expression, whose
processing may be regulated in a cell- and species-dependent
manner. This suggests that the differential expression of a specific
tRNA gene might be necessary for canonical and noncanonical
functions simultaneously (Fig. 4A and Dataset S2). We also
found mature tRNA-Arg-TCT-4-1 highly expressed in U2OS
cells, an osteosarcoma-derived cell line (Fig. 4A, Top). The re-
gion of chromosome 1 containing the Mm tRNA-Arg-TCT-5-1
gene has been linked to bone density traits in mice (31). It is
therefore possible that this tRNA may also be playing a role in
human and murine bone regulation.
Other instances of differential tRNA gene expression modify

relative isodecoder tRNA levels, but do not result in changes in
isoacceptor sets among samples (Dataset S2). We characterized
three tRNAs belonging to this category, and found them to display
a tissue-specific increase in tRFs levels without significant variations
in their mature tRNA levels (Fig. 4B). These results suggest that
the differential expression of these tRNAs is necessary to regulate
noncanonical tRNA functions carried out by tRFs (see below).
tRFs derived from the 5′-arm of tRNACys

GCA (Fig. 4B, Bot-
tom) have been shown to play a role in brain. These tRFs contain
an oligo-G terminal motif capable of forming G-quadruplexes,
and were shown to inhibit protein synthesis by displacing the
translation initiation factor eIF4G/eIF4A from m7G-capped
mRNAs (32, 33). Such regulation of translation contributes to
a neuroprotective response in motor neurons (34).
Processing of tRNAGly

GCC by angiogenin results in the produc-
tion of piR-61648 (35), which likely derives from the 5′-arm of
tRNA-Gly-GCC-2 (SI Appendix, Fig. S10). This is the most abun-
dant piRNA in human saliva (36), and is increased in human
hepatitis B patients (37). piRNAs found in gonadal tissues are
generated by the “ping-pong cycle”mechanism present in germline
cells (38–40). We found piR-61648 preferentially expressed in
human and murine somatic tissues (Fig. 4A, Bottom, and Fig. 4D).
We hypothesize that the tissue-specificity of piR-61648 expression
is linked to its biogenesis pathway, and that angiogenin-dependent
tRNA-derived piRNAs are more abundant in somatic cells. Con-
sistent with this possibility, the human Piwi protein Hiwi2 asso-
ciates to small RNAs in somatic cells, and ∼75% of these RNA
species are tRFs (27). Germline piRNAs function primarily to si-
lence transposons (38). Although the functions of tRNA-derived
piRNAs are still elusive, their high degree of conservation across

vertebrates (SI Appendix, Table S1) and the cytosolic localization of
Hiwi2 suggest they may play a role in translational control (27).
Mature tRNAs are posttranscriptionally modified with a CCA-tail

at their 3′-end. Thus, the presence of this sequence in a tRF indicates
that it was derived from a mature tRNA. On the other hand, tRFs
may derive from pre-tRNAs and contain a genetically encoded
3′—pre-tRNA trailer sequence (13). tRFs lacking 3′-extension
sequences have also been reported (41). The vast majority of
tRNA-Seq reads corresponding to 3′-derived brain tRFs validated
here by Northern blotting contained 3′-extension sequences (SI
Appendix, Table S2).
We find tRFs to be prevalent in human tissues and mostly absent

in immortalized cell lines (Fig. 4). Previously, high levels of
tRNAGly

GCC-derived tRFs were found in human fetal liver but
were scarce in human cell lines (42). Generation of tRFs in
cultured cells can be induced by treatment with sodium arsenite, but
the relative levels of tRFs that we detect in undisturbed human tissues
were much higher than those reported in cultured cells after sodium
arsenite treatment (35). Thus, it is possible that the role of human
tRFs in homeostasis is more relevant than previously anticipated.
We observe that, most commonly, tRF abundance is modulated

without changes in mature tRNA levels. This suggests that tRNA
genes can be selectively expressed to modulate noncanonical
tRNA functions without compromising the mature tRNA pool.
We propose that this mechanism is an important factor driving the
regulation of functions performed by tRFs at tissular level.

Materials and Methods
Small RNA-Seq Datasets. Datasets used in this study were as follows: Illumina-
Seq (PRJEB8019) (15) and GSE114904 (43) (generated for this study); CircRNA-
Seq and DM-tRNA-Seq (accession no. GSE66550) (17); human brain (accession
no. GSE43335) (26). Addition of several datasets per condition was needed
to obtain sufficiently high number of tRNA sequencing reads. We attempted
to analyze datasets obtained from other human tissues, including blood,
heart, and liver (accession no. GSE69825) (44), but we could not obtain re-
liable results due to low number of tRNA reads.

Mapping of tRNA Reads. Mapping and processing of RNA-Seq reads was
performed as previously described (15), except that alignments were per-
formed against the human reference genome hg38. Human hg38 predicted
tRNA genes were downloaded from the GtRNAdb v2.0 (January 2016) (2).
Only cytosolic tRNAs were evaluated. The full list of included and excluded
tRNA genes is shown in Dataset S3 (see SI Appendix for additional in-
formation). Note that tRNA-Asp-GTC-8-1 was not annotated in the GtRNAdb
at the time we downloaded the human tRNA gene coordinates; however,
because we performed the mapping against the whole genome, we were
able to verify that no reads mapped to this gene in HEK293T cells.

To reduce read assignment ambiguity we eliminated all reads mapping with
the same reported alignment score to tRNAs from different isodecoder or
isoacceptor sets (overall less than 0.001% of tRNA reads). Reads mapping to a
single isodecoder set were assigned to individual tRNA genes, and those
mapping tomultiple tRNAgeneswith identicalmature sequenceswere assigned
to a single “tRNA family” (18). We used the tRNA gene annotation of tDR
mapper (45): “W-X-Y-Z” (W: tRNA-amino acid; X: anticodon; Y: unique gene
identifier; Z: the gene number subtype) (e.g., tRNA-Ala-AGC-1-1) for individual
tRNA genes, the format “W-X-Y” (e.g., tRNA-Ala-AGC-2) for tRNA gene fami-
lies, and the format “W-X” (e.g., tRNA-Ala-AGC) for “isoacceptor genes.” In
total, we considered 563 human cytosolic tRNA genes (2). We assigned reads to
309 individual tRNA genes and 70 tRNA families (containing a total of 254 tRNA
genes) (Dataset S3) (see SI Appendix for additional information).

Small RNA-Seq Data Analysis. Unless otherwise specified, all downstream
bioinformatics analyses were performed using R-3.1 and Bioconductor (46).
Aligned and processed “final” tRNA reads (see previous section) were im-
ported in R using Rsamtools 1.18.3 and were used to generate tRNA gene
counts with the summarizeOverlaps function from the GenomicAlignments
package v1.2.2 with options mode = Union, ignore.strand = FALSE. A first
assessment of the differences between datasets was performed by PCA anal-
ysis using DESeq2 1.6.3 (22) (SI Appendix, Fig. S4). tRNA gene-expression values
were used to generate heatmaps with the pheatmap package v1.0.8 using the
“ward” clustering method and default options. Statistical significance for
differential tRNA gene expression between samples was evaluated by the
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Wilcoxon signed-rank test (iso-tRNA-CP) and by using a negative binomial
GLM fit and Wald significance test (DESeq2). Differentially expressed genes
were defined as those having a Wilcox P value (iso-tRNA-CP) or Benjamini–
Hochberg-adjusted Wald test P (DESeq2) < 0.05.

In Silico Data Curation and Selected tRNA Genes for Validation by Northern
Blotting. After the identification of differentially expressed tRNA genes by tRNA-
Seq, an additional in silico data curation stepwas performed on readsmapping to
those genes. We assessed the short-read aligner mapping quality (MAPQ). MAPQ
alignment values ≤2 correspond to a high probability of being nonunique
alignments across the genome (47). Only tRNA genes having the vast majority of
their reads with a MAPQ > 2 were considered for further analyses by Northern
blotting (e.g., SI Appendix, Fig. S6 B–D). We focused on differentially expressed
tRNA genes as evidenced by iso-tRNA-CP and DESeq2, given that the higher
proportion of contribution (%) detected for a tRNA gene by iso-tRNA-CP could
also be due to a reduced number of reads for another tRNA gene belonging to
the same isodecoder set. Therefore, we considered genes whose higher expres-
sion was also supported by an increased number of mapped reads (i.e., DESeq2).
Finally, we used the gridCoverage and regionsCoverage functions from the
htSeqTools package v1.12.0 (48) to check tRNA gene sequencing coverage and
determine whether pre-tRNAs, mature tRNAs, or tRFs are expected to be dif-
ferentially expressed (e.g., SI Appendix, Fig. S6A).

Northern Blot. Northern blotting was performed following standard proce-
dures. For technical details and oligonucleotides used as Northern blot
probes, see SI Appendix.

Cell Lines and Human Tissues.U2OS, HeLa, and HEK293T cells weremaintained
in Dulbecco’s Modified Eagle Medium, containing 10% FBS and 100 U/mL
Pen/Strep, at 37 °C/5% CO2. Total RNA was extracted using TRIzol Reagent
(Ambion), following the manufacturer’s protocol. Cell lines were plated in
10-cm Petri dishes and were lysed 48 h after plating (∼80% confluency) with
1 mL TRIzol Reagent. RNA from human tissues was commercially obtained.
First Choice Total RNA from human brain (Cat No. AM7962; Lot No.
1799894), skeletal muscle (Cat No. AM7982; Lot No. 1793003), heart (Cat No.
AM7966; Lot No. 1764389), and liver (Cat No. AM7960; Lot No. 1685090)
were obtained from Life Technologies. Total RNA from human testis (Cat No.
636533; Lot No. 1402004), ovary (Cat No. 636555; Lot No. 1511016), and
brain (Cat No. 636530; Lot No. 1711057) were obtained from Clontech. We
performed Northern blots using RNA from human brain from two different
sources to rule out potential artifacts due to sample preparation, processing
and handling, and have obtained identical results. RNA from mouse tissues
was a gift from Joan Ginovart’s laboratory, Institute for Research in Bio-
medicine, Barcelona, Spain. Frozen tissues were homogenized as previously
described (49), and RNA was extracted with TRIzol Reagent.
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