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ABSTRACT

Extracellular RNAs participate in intercellular com-
munication, and are being studied as promising min-
imally invasive diagnostic markers. Several studies
in recent years showed that tRNA halves and dis-
tinct Y RNA fragments are abundant in the extracel-
lular space, including in biofluids. While their reg-
ulatory and diagnostic potential has gained a sub-
stantial amount of attention, the biogenesis of these
extracellular RNA fragments remains largely unex-
plored. Here, we demonstrate that these fragments
are produced by RNase 1, a highly active secreted
nuclease. We use RNA sequencing to investigate the
effect of a null mutation of RNase 1 on the levels of
tRNA halves and Y RNA fragments in the extracellu-
lar environment of cultured human cells. We comple-
ment and extend our RNA sequencing results with
northern blots, showing that tRNAs and Y RNAs in
the non-vesicular extracellular compartment are re-
leased from cells as full-length precursors and are
subsequently cleaved to distinct fragments. In sup-
port of these results, formation of tRNA halves is
recapitulated by recombinant human RNase 1 in our
in vitro assay. These findings assign a novel function
for RNase 1, and position it as a strong candidate for
generation of tRNA halves and Y RNA fragments in
biofluids.

INTRODUCTION

Cells secrete a variety of RNA molecules to the extracellu-
lar environment. These RNAs can be present outside cells
in extracellular vesicles (EVs) (1), in lipoprotein particles
(2), or as lipid-free particles—either in ribonucleoprotein
complexes (3,4) or as free-floating RNAs (5). Interest in
the characterization of extracellular RNAs (exRNAs) has

risen in recent years, propelled by the discovery that they
can be involved in intercellular communication (1,6) and the
realization of their diagnostic potential (7). Several studies
have cataloged the complement of RNAs present in various
extracellular environments, from conditioned tissue culture
medium (8-10) to various biofluids such as serum, plasma,
urine, saliva and others (11-17). Across those studies, spe-
cific fragments that are derived from tRNAs and Y RNAs
have consistently been found to be highly abundant.

The most abundant extracellular tRNA fragments bear
a striking similarity to tRNA fragments produced intracel-
lularly by angiogenin in response to various stress condi-
tions (18,19). Angiogenin cleaves mature tRNAs at the anti-
codon loop, producing fragments termed tRNA halves. The
sequence of 5 tRINA halves starts at the 5’ end of the ma-
ture tRNA and ends at the anticodon loop. 3' tRNA halves
start at the anticodon loop and end at the 3’ end of the ma-
ture tRNA. In stressed cells, intracellular tRNA halves have
been shown to repress translation and induce the assembly
of stress granules, where stalled translation pre-initiation
complexes accumulate (20). They have also been shown to
bind cytoplasmic cytochrome ¢, resulting in protection of
cells from apoptosis following osmotic stress (21). Notably,
intracellular tRNA halves have been implicated in several
diseases. They are involved in protection of motor neurons
from stress (22), and mutations in angiogenin have been
found in several neurodegenerative diseases (23,24). tRNA
halves are produced specifically in hormone dependent tu-
mors. They are elevated in estrogen receptor positive breast
cancer cell lines and tumor-derived samples, as well as in
androgen receptor positive prostate cancer cell lines. Pro-
duction of these tRNA halves is induced by sex hormones,
and leads to enhanced cell proliferation through an as yet
uncharacterized mechanism (25). Furthermore, intracellu-
lar tRNA half levels are modulated in response to hepatitis
virus infection (26) and respiratory syncytial virus (RSV) in-
fection (27). Of note, a tRNA half produced following RSV
infection promotes viral replication by posttranscriptional
silencing of a host antiviral gene (28).
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The source and roles of extracellular tRNA halves are
only beginning to unravel. Several studies of mouse sperm
have shown that tRNA halves can be delivered from the epi-
didymal epithelium to sperm cells during their maturation
in the epididymis. The transfer of tRNA halves and other
small RNAs occurs via the extracellular environment, po-
tentially by extracellular vesicles of epididymal source. Fol-
lowing fertilization, these tRNA halves modulate embry-
onic gene expression in response to paternal diet (29-31).
The levels of tRNA halves in biofluids have been shown to
respond to various cues, such as ageing and calorie restric-
tion (12) as well as inflammation and viral infection (32).
Following these findings, several studies have explored the
use of extracellular levels of tRINA halves as biomarkers of
prostate (33), breast (14), liver (34) and gastric (35) cancer,
as well as clear cell renal cell carcinoma (36,37) and squa-
mous cell carcinoma (38).

Human Y RNAs are a group of 83-113 nucleotide (nt)
noncoding RNAs. They were initially identified as compo-
nents of ribonucleoprotein particles that form autoantigens
in systemic lupus erythematosus (39). Intracellular Y RNAs
have been implicated in quality control of ribosomal RNA
(40) and in DNA replication initiation (41). While intra-
cellular Y RNAs are largely unprocessed in unstimulated
cells, they are cleaved following various apoptotic stimuli
in a caspase-dependent manner (42). The role of Y RNA
fragmentation during apoptosis is still unclear. Y RNAs
present in the extracellular environment have been studied
in the context of several pathological processes. Y4 RNA
in chronic lymphocytic leukemia EVs contributes to for-
mation of a tumor supportive microenvironment by induc-
ing the expression of immunosuppressive PD-L1 and the
release of inflammatory cytokines by monocytes. This ef-
fect is mediated by endosomal TLR7 signaling (43). Extra-
cellular Y RNA fragments were also shown to modulate
the immune response of macrophages to protect cardiomy-
ocytes after ischemia-reperfusion (44). Further evidence for
the involvement of extracellular Y RNAs in immunomod-
ulation was provided by Hizir et al. (45), who showed that
fragments derived from the 5" and 3’ ends of Y RNAs are
upregulated in the serum of atherosclerosis patients. These
fragments, complexed with Ro60, induce inflammation and
apoptosis in lipid-laden macrophages by activation of the
NFkappa-B and caspase 3 pathways. Here too, the effect of
Y RNAs is mediated by TLR7 signaling. Changes in serum
levels of Y RNA fragments were explored as minimally-
invasive diagnostic markers for breast cancer (14) and squa-
mous cell carcinoma (38). Furthermore, Y RNA fragments
in serum have been suggested as diagnostic and prognostic
markers in coronary artery disease (46).

In spite of their regulatory and diagnostic potential, there
is little knowledge about the biogenesis of extracellular
tRNA and Y RNA fragments. Here, we show that tRNA
halves and distinct Y RNA fragments in the extracellular
environment are produced through the action of RNase 1,
a broad specificity ribonuclease with proposed role as scav-
enger of extracellular RNA (47). Our results strongly in-
dicate that tRNAs and Y RNAs are released to the extra-
cellular space as full-length RNAs rather than pre-formed
fragments. Following their release, tRNAs and Y RNAs are
processed by RNase 1 into specific fragments. Our findings

position RNase 1 as a strong candidate for formation of
tRNA halves and Y RNA fragments circulating in serum
and other biofluids.

MATERIALS AND METHODS
Tissue culture

Cells were grown in a humidified incubator at 37°C with
5% CO,. Cells were cultured in RPMI 1640 (Thermo
Fisher Scientific) supplemented with 10% fetal bovine
serum (Thermo Fisher Scientific), penicillin (100 units/ml),
streptomycin (100 pg/ml) and glutamine (4 mM) (Thermo
Fisher Scientific), or in QBSF-55 serum-free medium (Qual-
ity Biological). K562 cell line identity was verified by short
tandem repeat profiling, and cells tested negative for the
presence of Mycoplasma. Cell viability during culturing
and medium conditioning was >95%, as monitored by try-
pan blue staining.

Generation of an RNASE] null mutant

Stable Cas9 expression was established in the K562 hu-
man chronic myelogenous leukemia cell line (ATCC CCL-
243) by lentiviral transduction of the pLentiV-Cas9-puro
transfer vector. Lentiviral particles were produced by trans-
fection of pLentiV-Cas9-puro (gift from Chris Vakoc Lab,
Cold Spring Harbor Laboratory), psPAX2 and pCMV-
VSV-G plasmids into the 293FT cell line (Thermo Fisher
Scientific). Upon 48 h post-infection (high multiplicity of
infection), cells were subjected to puromycin selection to
obtain an antibiotic-resistant bulk population.

To generate RNASEI mutant cell lines, six sgRNA con-
structs (Supplementary Table S1) were designed to target
regions of the RNASEI gene that encode residues impor-
tant for catalytic activity of the protein. A control cell line
carrying wild type RNASEI was generated using sSgRNA
Rosa26_(Mm) (Supplementary Table S1). This sgRNA tar-
gets the Rosa26 locus in mice, which is absent from human
cells. The sgRNAs were cloned into the lentiviral sgRNA
expression vector, LRG2.1 (gift from the Chris Vakoc
Lab; available from Addgene). This vector expresses the
GFP reporter from the EFS promoter. Each sgRNA con-
struct was infected at single copy (MOI < 0.2) into K562-
Cas9 cells and GFP-positive populations were derived by
fluorescence-activated cell sorting. Clonal lines were gener-
ated by sorting for single GFP-positive cells. The RNASE]
null clone that was chosen for use in the present work was
generated with sgRNA RNASE1 471.58 (Supplementary
Table S1). Cells carrying wild type RNASE! that were used
in this work represent a bulk population of GFP-positive
K562-Cas9 cells infected with sgRNA Rosa26_(Mm). All
cell lines were characterized by Sanger sequencing, PCR
and RT-qPCR (Supplementary Figure S1A, C and D).

Medium conditioning

For conditioning of RPMI medium, cells were grown in
complete RPMI to a density of ~2.75 x 10° cells/ml. Cul-
tures were spun 10 min at 300 g, the medium was removed,
and the cells were gently resuspended in 10 ml of serum-
free RPMI. The cell suspension was spun again as above,



supernatant was aspirated, and cells were resuspended gen-
tly in serum-free RPMI to a density of ~2.75 x 103 cells/ml.
Cells were then returned to the incubator for 24 h, followed
by collection of conditioned medium.

Cells grown in QBSF-55 serum-free medium were cul-
tured for at least seven passages before medium condi-
tioning experiments, to ensure full adaptation and normal
growth. For medium conditioning in QBSF-55, cells were
cultured to a density of ~2 x 103 cells/ml. Cells were then
diluted 15-fold by addition of fresh medium, grown to a
density of ~4 x 103 cells/ml, followed by collection of con-
ditioned medium.

Isolation of extracellular vesicles and vesicle-depleted
medium

Extracellular vesicles were collected essentially as previ-
ously described (48). Briefly, conditioned medium was spun
twice 10 min at 300 g to remove cells. Then, the super-
natant was spun 10 min at 2000 g and 30 min at 10 000 g
to remove debris. The supernatant was then spun 70 min
at 100 000 g to pellet EVs. The supernatant, containing
vesicle-depleted conditioned medium (hereafter referred to
as non-EV conditioned medium) was collected. The pel-
let was resuspended in ice-cold phosphate-buffered saline
(PBS; Thermo Fisher Scientific) and spun again 70 min at
100 000 g. All centrifugation steps were carried out at 4°C.
Isolated EVs were resuspended in ice-cold PBS and kept
overnight at 4°C before RNA extraction.

RNA preparation

Before RNA isolation, EV suspensions in PBS (250 1) were
treated with a combination of RNase A and RNase T1
before RNA isolation by addition of 10 pl RNase Cock-
tail (Thermo Fisher Scientific) and incubation at 37°C for
30 min. Non-EV conditioned medium was concentrated
at 4°C from 15 ml to 1 ml on 3 kDa cutoff Amicon fil-
ters (Millipore-Sigma), as per manufacturer’s instructions.
Cells for RNA isolation were washed once in 1 ml ice-cold
PBS and pelleted by centrifuging 7 min at 300 g at 4°C.
Pellets were flash frozen in liquid N, and kept at —80°C
until use. RNA was isolated with a mirVana miRNA iso-
lation kit (Thermo Fisher Scientific). The manufacturer’s
protocol for total RNA isolation was used, with the fol-
lowing exceptions. For EV suspensions and non-EV con-
ditioned medium, RNA isolation was started by addition
of two volumes of mirVana Lysis Buffer, and volumes in
subsequent steps were scaled up accordingly; organic ex-
traction was spun at 9400 g instead of 10 000 g. RNA in-
tended for sequencing was treated with DNase by using a
TURBO DNA-free kit (Thermo Fisher Scientific). Up to 10
wg of RNA was incubated with 2 units of TURBO DNase
in 1x DNase buffer (kit-supplied) for 25 min at 37°C. Re-
actions were inactivated by using the kit-supplied inactiva-
tion reagent. RNA was ethanol-precipitated, resuspended
in diethyl pyrocarbonate (DEPC)-treated water (Thermo
Fisher Scientific) and quantitated using a Qubit fluorom-
eter (Thermo Fisher Scientific). RNA size profiles were an-
alyzed on a Bioanalyzer instrument (Agilent Technologies),
using RNA 6000 Pico chips for extracellular RNA samples
and RNA 6000 Nano chips for cell RNA samples.
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RNA pretreatments for RNA sequencing

All RNA samples for sequencing were decapped with Cap-
Clip acid pyrophosphatase (Cellscript). RNA (up to 1 pg
in 21 pl DEPC-treated water) was incubated 2 min at 85°C
and transferred to ice for 1 min. 2.5 wl of manufacturer sup-
plied Cap-Clip buffer, 20 units of RNase inhibitor (ANTI-
RNase; Ambion) and 2.5 units of Cap-Clip enzyme were
added and the reaction (final volume: 25 wl) was incu-
bated for 1 h at 37°C. Following incubation, RNA was
phenol-chloroform extracted and ethanol-precipitated. Un-
less otherwise noted, RNA samples were also treated with
T4 polynucleotide kinase (PNK; New England BioLabs).
RNA (up to 1 pgin 37.5 ul DEPC-treated water) was com-
bined with 5 pl of manufacturer supplied PNK buffer and
2.5 w1 (25 units) PNK. The reaction was incubated 10 min at
37°C, then 5 w1l 10 mM ATP was added, followed by 30 min
incubation at 37°C. RNA was phenol-chloroform extracted
and ethanol-precipitated. Where applicable, the aforemen-
tioned PNK treatment was replaced by treatment with the
rtStar tRF&tiRNA Pretreatment Kit (Arraystar) as per the
manufacturer’s protocol. The kit workflow includes 3" dea-
cylation, followed by end-healing with PNK in the presence
of ATP and demethylation by AlkB.

RNA sequencing

Starting material for RNA sequencing library preparations
was 100 ng (before pretreatments as described above). Li-
braries were prepared using the NEXTFLEX Small RNA-
Seq Kit v3 (Bioo Scientific) following the manufacturer’s
protocol. Reverse transcription reaction bead cleanup was
performed in accordance with the manufacturer’s alterna-
tive protocol without size selection. Libraries were ampli-
fied using 16 PCR cycles. Products were size selected on
2% agarose gels to include products larger than the adapter
dimer and up to 350 bp (corresponding to RNA inserts up
to ~225 nt). The resulting libraries were sequenced on the
Illumina NextSeq 500 platform.

Analyses of RNAseq data

The primary assembly of the human genome sequence
GRCh38.p12 Release 28 was downloaded from GEN-
CODE (https://www.gencodegenes.org/) and used for all
analyses in this study. A customized transcript annota-
tion file was constructed as described below. The GEN-
CODE comprehensive gene annotation for the primary
assembly of the human genome GRCh38.p12 Release 28
was used as the main source of gene annotations. This
annotation does not contain tRNA gene annotations or
annotations of RNY5 and its pseudogenes. Therefore, it
was complemented with the annotations of tRNA genes
from GtRNAdb (49,50) and with manually prepared an-
notations of the RNY5 gene and of its five pseudogenes
(RNY5PI1, RNY5P3, RNY5P4, RNY5P5, RNY5PS). Co-
ordinates of RNY5 and its pseudogenes were converted
from the gene annotation for the previous genome assem-
bly (GRCh37.p13 Release 19) with the LiftOver tool in
UCSC Genome Browser (https://genome.ucsc.edu/cgi-bin/
hgLiftOver). The resulting customized transcript annota-
tion file is available upon request. Genome indices were gen-
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erated with STAR v.2.6.1d (51) using our custom transcript
annotation file and with --sjdbOverhang 100 parameter.

Small RNAseq data that were produced in this work
were mapped with STAR with the following parameters:
--clip3pAdapterSeq TGGAATT CTC --clip3pAfter Adapte
rNbases 4 --clipSpNbases 4 --outSAMunmapped W ithin
--outSAMtype BAM Sorted By Coordinate --outFilter Mult
imapNmax 20 --outFilter MismatchNover Lmax 0.05 --out
FilterScore MinOverLread 0 --outFilter MatchNminOverL
read 0.85 --outFilter MatchNmin 15 --out MultimapperOrd
er Random.

Public small RNAseq data from (52) were used for anal-
ysis of tRNA fragments and of tRNA CCA tails in hu-
man serum samples. These data were downloaded from
SRA accessions SRR7360493, SRR7360492, SRR 7360495,
SRR7360494, SRR7360487, SRR7360486, SRR7360555,
SRR7360554, SRR7360510, SRR7360511, SRR7360508
and SRR7360509. Reads were extracted with fastq-dump
v.2.7.0 and mapped with STAR as above, with the follow-
ing changes to parameters: --clip3pAdapterSeq TCGTATG
CCG --clip3pAfter AdapterNbases 5 --clipSpNbases 0.

Publicly available long RNAseq data were used to quan-
tify the gene expression levels of catalytically active pan-
creatic RNases in the K562 cell line. These data were
from the ENCODE Project (53) and they were downloaded
from SRA accession SRX159822. Reads were extracted
with fastq-dump with --split-3 parameter. Extracted reads
were mapped with STAR with the following parameters:
--outSAMtype BAM Sorted ByCoordinate --outSAMunm
apped Within --outFilterType BySJout --outFilter Multim
apNmax 20 --alignSJoverhang Min 8 --alignSJ D Boverhang
Min 1 --outFilter MismatchNmax 999 --outFilter Mismatch
NoverLmax 0.04 --alignIntronMin 20 --alignintron Max 100
0000 --alignMates Gap Max 1000000 --quant Mode Transcri
ptomeSAM . Expression levels were calculated with RSEM
v.1.2.28 (54) with the following parameters: --paired-end --f
orward-prob 0.5 --seed 12345.

Y RNA and tRNA genes have multiple pseudogenes with
highly similar sequences across the genome. In addition,
some tRNA genes are also present in multiple identical or
highly similar copies. Therefore, our analyses were not lim-
ited to uniquely mapping reads, but also included primary
read alignments for all multimapping reads. Primary read
alignments for unique and multimapping reads were ex-
tracted with SAMtools v.0.1.19-44428cd (55). The resulting
set of reads was used for all analyses of Y RNAs and tRNAs
and of their fragments. Primary alignments were assigned
to features in a strand-specific fashion with featureCounts
v.1.6.1 (56).

For analysis of Y RNAs, reads that were assigned to
Y RNA genes and their corresponding annotated pseudo-
genes were counted. Primary alignments that were not as-
signed to any annotated features were further tested for
overlap with Y RNA repeats by using BEDTools v.2.17.0
(57). Annotation of Y RNA repeats (annotated as HY1,
HY3, HY4 and HYS) was obtained from RepeatMasker
(last update date: 2018-08-10). RepeatMasker data were
downloaded through the UCSC Table Browser. Reads that
mapped to all pseudogenes of a particular Y RNA gene
were grouped and counted together. Reads that mapped to
all repeats that corresponded to a particular Y RNA gene
were also grouped and counted together.

Reads for our analysis of tRNA fragments and of pro-
cessing of tRNA CCA tails by RNase 1 were selected as out-
lined below. First, mitochondrially-encoded tRNAs, which
differ somewhat in length and structure from their nuclear
counterparts (58), were excluded from these analyses. Sec-
ond, reads were filtered out if they had deletions, insertions
or unannotated introns. Third, reads were excluded if they
did not have 3’ adapter sequences. Remaining reads were
trimmed of adapter sequences before further analysis. Ma-
ture human tRNAs are modified to contain a nontemplated
CCA tail at their 3’ ends. In the next steps, potential pres-
ence of an intact CCA or a processed CC or C tail at the
3’ end was taken into account for the reads whose align-
ments reached the 3’ end of their corresponding tRNA gene
annotations. We refer to those reads as ‘tailed’” hereafter.
Adapter-trimmed reads were included into the analysis, if
their trimmed length was equal to the sum of alignment
matches denoted in the CIGAR string. Tailed reads that
contained exactly an intact CCA or a processed CC or C
tail sequence at the 3’ end were allowed to be longer than
the length of all alignment matches in the CIGAR string
by the length of the tail sequence that did not map to the
genome. Included reads were further required to not align
to pre-tRNA sequences. A read was considered as align-
ing to pre-tRNA sequence, if its alignment overlapped by at
least one nucleotide with either an intron of a tRNA gene
or with a sequence outside the annotated mature tRNA. Of
note, if a tailed tRNA read mapped to a gene that is fol-
lowed in the genome by CCA, CC or C, the sequence of
the intact CCA or a processed CC or C tail of this tailed
read could completely or partially map outside of the corre-
sponding tRNA gene annotation. Such reads were not con-
sidered as aligning to pre-tRINA and were included into our
analysis.

Reads that qualified for analysis were used for quantifica-
tion of 5" and 3’ tRNA halves and for determination of CCA
tail status. A read was classified as representing a 5’ tRNA
half, if the alignment of such read started no farther than
at the fifth nucleotide and ended within nucleotides 2941
of the corresponding tRNA annotation. A read was consid-
ered as representing a 3’ tRNA half, if the alignment started
within nucleotides 29-41 and ended within the last five nu-
cleotides of the corresponding tRNA annotation. For anal-
yses presented on Supplementary Figures S5A, F and G,
reads that mapped to tRNA genes with identical sequences
were grouped together. Detailed data used for producing
panels A and F of this figure are presented in Supplemen-
tary Table S2.

For analyses of CCA tail status, we counted reads whose
alignments reached the annotated end of a tRNA gene and
did not have nontemplated nucleotides, or had only C, only
CC or the intact CCA sequence following the annotated se-
quence.

Northern blots

RNA samples were separated on denaturing 8% poly-
acrylamide (acrylamide/bis 19:1), 7.8 M urea gels. After
electroblotting and UV-crosslinking to nylon membranes
(Zeta-probe; Bio-Rad), RNA was detected using end-
labeled DNA probes (Supplementary Table S1). Hybridiza-
tions were performed in Rapid-hyb buffer (GE Healthcare).



In vitro treatment with recombinant human RNase 1

Vesicle-depleted conditioned medium was pre-incubated
for 5 min at 37°C, followed by addition of recombinant
human RNase 1 (Bon Opus Biosciences) to the indicated
concentration. After 30 min incubation at 37°C, RNA was
isolated as described above. RNA was also isolated from
vesicle-depleted conditioned medium that was left on ice
with no added enzyme. Isolated RNA was analyzed by
northern blot.

RESULTS
Generation of an RNASE]T mutant cell line

Pancreatic ribonucleases (RNases) are a family of secreted
enzymes. Among human members of this family, RNase 1
has a unique combination of high catalytic activity and ro-
bust expression in a wide variety of tissues ((59) and Sup-
plementary Figure S2A). In addition, RNase 1 is present
in various biofluids, such as serum, urine, saliva, milk, and
seminal plasma (60-62). We reasoned that these traits make
it a likely candidate to be the factor responsible for biogen-
esis of extracellular tRNA halves and Y RNA fragments.
We used CRISPR-Cas9 mutagenesis to target the
RNASEI gene in the human leukemia cell line K562, which
expresses RNASE! (Supplementary Figure S2B). We ob-
tained a clone carrying a homozygous 19 bp deletion in the
coding sequence of RNASEI. This deletion creates a non-
sense mutation that is expected to truncate the 128 amino
acid wild type mature protein into an N-terminal 45 amino
acid polypeptide. The resulting polypeptide would lack two
of the three catalytic residues conserved in all catalytically
active family members (Supplementary Figure S1A, B).

The size profile of extracellular RNA changes according to
RNASEI status

To assess the gross effect of RNase 1, we compared the
size profiles of RNA isolated from RNASE! wild type and
mutant cells, their extracellular vesicles (EVs) and non-EV
conditioned media (Figure 1A). The size profiles of cellular
RNA and of EV RNA did not vary substantially between
RNASEI wild type and mutant source cells. However, the
size profile of non-EV extracellular RNA (exRNA) showed
a clear shift toward larger sizes in the absence of active
RNase 1 (Figure 1B). In addition, RNA yields from non-EV
conditioned medium of the mutant were ~3.6-fold higher
(Supplementary Figure S3A), whereas cell RNA yields re-
mained unchanged (Supplementary Figure S3B). These dif-
ferences suggest that RNase 1 is mainly active in the non-
vesicular extracellular environment, in line with RNase 1
being a secreted enzyme that is inhibited inside cells by the
endogenous ribonuclease inhibitor (63).

RNase 1-dependent formation of distinct extracellular tRNA
and Y RNA fragments

Based on the differences observed in the size profiles, we
decided to sequence non-EV exRNA from wild type and
mutant cells. Pancreatic ribonucleases, including RNase 1,
leave a 3’ terminal phosphate and a 5 terminal hydroxyl
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medium. (Sup.) supernatant. (B) Representative Bioanalyzer traces of cell
RNA, EV RNA and non-EV exRNA from RNASE! wild type (WT) and
mutant (mut) source cells. The 25 nt peak is the lower size marker.
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Figure 2. Effect of RNase | on formation of tRNA halves. (A) Fraction of tRNA halves in RNAseq datasets of non-EV exRNA from RNASE! wild
type (WT) and mutant cells. Reads considered for tRNA half analysis were required to align to the genome end-to-end after adapter trimming, except
that nontemplated additions of C, CC or CCA were allowed after tRNA gene annotation end. See Materials and Methods for definition of halves. Results
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GtRNAdD (49). Nontemplated CCA tail is shaded.

at the cleavage site (64). These ends are not amenable to
ligation by RNA ligases used in commercial RNAseq li-
brary preparation kits. In order to achieve an inclusive anal-
ysis, input RNA was treated with T4 polynucleotide ki-
nase (PNK) before library construction. Y RNA and tRNA
genes both have multiple pseudogenes with highly simi-
lar sequences across the genome. In addition, some tRNA
genes are also present in multiple identical or highly similar
copies. We thus included multimapping reads in the analy-
sis.

When we compared non-EV exRNA from RNASEI
wild type and mutant cells, a clear difference emerged.
While reads representing tRNA halves constituted 17.3% of
mapped reads in RNA from the wild type, they accounted
for only 1.6% of mapped reads in the mutant (Figure 2A).
When tRNA genes are visualized on the UCSC Genome
Browser, tRNA halves appear to be the main fragments ac-
cumulated in non-EV exRNA from the wild type (Figure
2B). The pattern of processing observed here for extracellu-
lar tRNAs is analogous to the previously described pattern
of processing of tRNAs by angiogenin inside cells (19,25).
These results support the hypothesis that RNase 1 is respon-
sible for formation of tRNA halves in the non-EV extracel-
lular compartment.

The size distribution of tRNA fragments in RNASE]
wild type non-EV exRNA peaked at 32 and 37 nt (Fig-
ure 3A), corresponding to 5 and 3’ halves, respectively.
Counts of smaller tRNA-derived fragments (65) were very

low, as were counts of reads mapping to mitochondrially-
encoded tRNAs (under 0.003% of non-EV exRNA). ¥
halves accounted for 53% of tRNA halves detected, whereas
3’ halves accounted for the remaining 47% (Figure 3B). In-
terestingly, reads reaching the 3’ end of tRNA in wild type
non-EV exRNA generally terminated with a nontemplated
C directly after the end of the annotated mature tRNA.
Conversely, tRNA reads reaching the 3’ end of tRNAs in
RNASEI mutant non-EV exRNA mostly ended with an
intact nontemplated CCA tail (Figure 3C). This implies
that tRNA halves are processed from mature tRNAs with
a nontemplated CCA tail, and that this tail is cleaved in
an RNase 1-dependent manner. This cleavage is most likely
performed by RNase 1, and is consistent with its substrate
specificity. Nonetheless, we cannot rule out the possibil-
ity that this is done by another nuclease, subsequently to
RNase 1-dependent cleavage of the anticodon loop. We also
re-analyzed publicly available RNAseq data from human
serum samples (52) (Supplementary Figure S4). The results
of this analysis show that the pattern of CCA tail cleavage
in serum samples is similar to the pattern in our RNASE]
wild type samples.

The most abundant tRNA halves in our wild type non-
EV exRNA were 5 halves derived from tRNA-Gly-GCC
(24.9%) and tRNA-Glu-CTC (17.3%), and 3’ halves de-
rived from tRNA-Asp-GTC (25.8%) (Table 1). 5’ halves of
tRNA-Gly-GCC and tRNA-Glu-CTC have been reported
to be highly abundant in human plasma, serum, urine and
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Table 1. Most abundant tRNA halves in RNAseq of non-EV exRNA
from RNASEI wild type cells

Fragment % of all tRNA halves?
tRNA-Asp-GTC 3’ half 258 + 2.1
tRNA-Gly-GCC 5’ half 249 £ 5.9
tRNA-Glu-CTC 5 half 17.3 £ 0.7
tRNA-Glu-TTC 3’ half 73 £ 1.6
tRNA-GIu-CTC 3’ half 6.7 £ 2.5
tRNA-Val-TAC 3’ half 55+1
tRNA-Lys-CTT 5 half 2.8 £ 1.1
tRNA-Val-CAC 5 half 24+ 0.5
tRNA-Gly-CCC 5 half 1.6 + 0.4
tRNA-Val-TAC 5 half 1.5+ 03

@Mean + SD of four independent replicates.

saliva (16), as well as extracellular RNA from glioblastoma
primary cells (9) and from mammary epithelial cell lines
(8). 3/ halves of tRNA-Asp-GTC have not been reported as
abundant in sequencing datasets of exRNA, although both
halves of this tRNA are abundant inside breast and prostate
cancer cells (25).

Among reads mapping to Y RNA genes, RNYS5 reads
represented 56% (Figure 4A). In wild type non-EV exRNA,
we observed a prominent 33 nt fragment derived from the
5’ side of the RNYS primary transcript, as well as a shorter
3’ fragment. These fragments were nearly absent in datasets
from the mutant, where RNYS5 was represented by fewer,
less distinct fragments (Figure 4B, C). These results indi-
cate that in addition to its role in formation of extracellular
tRNA halves, RNase 1 is also involved in formation of dis-
tinct extracellular Y RNA fragments.

Validation of RNAseq results by northern blots

Small RNA sequencing suffers from several shortcomings.
First, the reverse transcriptase enzyme used for synthesiz-
ing cDNA from adapter-ligated RNA has low processiv-
ity and stops synthesis upon reaching stable structures in
the RNA (66). Additionally, the advance of reverse tran-
scriptase along the template is hindered by various base
modifications (67). Since tRNAs are characterized by both
stable secondary structure and abundant base modifica-
tions (68), full-length mature tR NAs are inefficiently cloned
to RNAseq libraries. Conversely, tRNA halves have less
secondary structure and a lower number of modifications
per molecule. Hence, they can be more efficiently cloned
to RNAseq libraries. Furthermore, mature tRNAs may be
aminoacylated on their 3’ end, which would preclude their
cloning to an RNAseq library.

Northern blots are not subject to the above biases. There-
fore, we proceeded to validate and expand the results ob-
tained with RNAseq using this approach. Northern anal-
ysis of several genes (Figure SA-E) showed that tRNAs
in cell RNA were full-length regardless of RNASEI status.
Importantly, non-EV exRNA from the RNASEI mutant
contained almost exclusively the full-length tRNA, with a
small amount of fragment present for some genes. Con-
versely, non-EV exRNA from wild type contained almost
exclusively fragments corresponding in size to tRNA halves.
These results show that RNase 1 forms extracellular tRNA
halves, corroborating our RNAseq findings. Furthermore,
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the results suggest that extracellular tRNA halves are made
in the extracellular environment from full-length mature
tRNAs. Notably, the small amount of full-length tRNA
present in wild type non-EV exRNA was slightly shorter
than in the mutant and in cells. This is likely due to cleavage
within the CCA tail, as observed in RNAseq results.

Our RNAseq data suggest that most tRNAs are present
in non-EV exRNA as either mostly 5 or mostly 3’ halves
(Supplementary Figure SSA). Imbalanced 5'/3’ representa-
tion has been observed in previous exRNA sequencing stud-
ies (8,12,17). We used northern analysis in order to under-
stand whether such imbalance is a result of incomplete rep-
resentation in sequencing libraries or a genuine biological
phenomenon. We chose to analyze both 5 and 3’ halves of
tRNA-Gly-GCC, which showed only 5" halves on RNAseq
and of tRNA-Asp-GTC, which showed only 3’ fragments
on RNAseq (Supplementary Figure S5B). For both genes,
we found that substantial signal existed for both 5" and 3’
halves. This means that at least for some genes, both halves
remain intact in non-EV exRNA even if this is not evident
from RNA sequencing.

Similarly to tRNAs, Y RNAs form stable secondary
structures (69) that can impede their cloning to RNAseq
libraries. Indeed, our RNAseq results of mutant non-EV
exRNA showed a decrease in the number of reads that cor-
respond to fragments of RNYS, which is the most abun-
dantly represented Y RNA in our RNAseq datasets. This
decrease was not accompanied by an increase in the num-
ber of full-length RNYS5 reads (Figure 4C). Therefore, we
also performed a northern analysis for RNYS (Figure 5F).
This analysis showed that RNY 5 was full-length in cells and
mostly full-length in mutant non-EV exRNA. Conversely,
in wild type non-EV exRNA, full-length RNY5 signal was
very low, whereas a 5’ fragment was abundant. The size of
this fragment agreed with the 33 nt fragment size observed
in RNAseq. These findings support the notion that Y RNA
fragments are produced by RNase 1 from full-length tran-
scripts in the extracellular environment.

tRINA modifications contribute to imbalanced 5’ /3" half rep-
resentation in RNAseq data

tRNAs are highly modified (68) and may be aminoacylated.
Since these factors can be expected to impede cloning to
RNAseq libraries, we hypothesized that they may be an un-
derlying reason for imbalanced 5'/3" half representation of
individual tRNAs. To address this question, we repeated
our RNA sequencing with added steps for RNA deacyla-
tion followed by base demethylation using AlkB (70). Anal-
ysis of these datasets revealed a significant increase in tRNA
half detection (Supplementary Figure S5C). When we ana-
lyzed the overall balance between 5 and 3’ tRNA halves, we
did not detect significant differences (Supplementary Fig-
ure S5D). This suggests that 5 and 3’ tRNA halves are
affected by the additional treatments to a similar extent.
If aminoacylation were a substantial obstacle to cloning
of 3’ tRNA halves, an increase in the detection of these
fragments, specifically, would be expected. Since this was
not observed, it appears that deacylation does not con-
tribute appreciably to the representation of tRNA halves
in exXRNA. We then analyzed individual tRNA genes, and



Nucleic Acids Research, 2020, Vol. 48, No. 14 8043

Wild type

3041- Wild type

5213-

Mutant Mutant

| ..

Glu-TTC-2-2<<< EEERIRIRR RN IRIE IR ERERRRTRLT

565- 185

Asp-GTC-2-10<<< TTIIITITIITITITIETITITINN

exRNA
(non-EV)
WT mut

exRNA
(non-EV)
WT mut

cell
WT mut

cell

WT mut

tRNA-Asp-GTC 3’ tRNA-GIu-TTC 3’

Wild type Wild type

5094-

E

4724-

Mutant

636- -|

Glu-CTC-1-1>>> EEEEEEEEEES S SSSSSSRSRESRSNEE]

123- Mutant:

|

Gly-GCC-1-5<<< R IR R TETRRT

exRNA
(non-EV)
WT mut

exRNA
(non-EV)

SM WT mut  WT mut
73
31
23

tRNA-GIu-CTC 5’

cell
WT mut

cell

tRNA-Gly-GCC 5’

C

3173-

83-

Wild type

Mutant

Val-TAC-1-1<<< R R AR AR RA LAY

F

exRNA

(non-EV) cell

SM WT mut WT mut
73
31
23

1016-

360-

RNY5>>>

| e
h

tRNA-Val-TAC 3’

Wild type

Mutant

exRNA
(non-EV)
WT mut

cell
WT mut

RNYS

Figure 5. Northern blots of tRNAs and RNYS from wild type (WT) and RNASEI mutant (mut) non-EV exRNA and cell RNA. Probe targets are
indicated under each blot. exRNA lanes were loaded with RNA from 2.5 ml of EV-depleted conditioned medium (3.5 ml for RNYS). Cell RNA lanes were
loaded with 500 ng total RNA from cells that were used for conditioning of serum-free RPMI (700 ng for RNY'S). UCSC Genome Browser screenshots for
representative tRNA genes (A-E) or for RNY'5 (F) are presented above each blot. Coverage (vertical axis) is displayed over a tRNA (panels A-E) or RefSeq
(panel F) gene annotation track. Arrowheads next to gene name denote transcription direction. (SM) end-labeled RNA size marker. Note that sizing is
approximate due to incomplete denaturation of stable secondary structures. This is particularly pronounced for 3’ tRNA halves. Full-length mature tRNAs
analyzed here are 74-76 nt long (including the CCA tail). Full-length RNY5 is 84 nt long. Note that most full-length tRNAs and Y RNAs are inefficiently
cloned into sequencing libraries (see text).



8044 Nucleic Acids Research, 2020, Vol. 48, No. 14

no
incubation mut

D ————— ) -]
WT mut i

sl rhRNase 1

SM

0.5 ml conditioned medium

Figure 6. Recombinant human RNase 1 recapitulates formation of tRNA
halves in vitro. Where indicated, EV-depleted conditioned medium from
RNASEI wild type (WT) or mutant (mut) cells was incubated at 37°C
with recombinant human RNase 1 (thRNase 1). Recombinant enzyme
was added to a final concentration of 0.5, 1.5, 5 or 15 ng/ml. RNA was
isolated and a northern blot was performed with a probe against the 5’
half of tRNA-Gly-GCC. (SM) end labeled RNA size marker.

found that for some of them, the 5'/3’ imbalance was re-
duced (Supplementary Figure SS5E). Globally, the percent-
age of individual tRNAs that have less than 10:1 imbalance
between their two halves increased from 18.4% to 40.6%
(Supplementary Figure SSF, G). This indicates that RNA
demethylation can decrease the 5'/3’ imbalance of individ-
ual tRNAs in RNAseq libraries by facilitating broader de-
tection of tRNA halves. Taken together, our northern anal-
ysis and our results from sequencing after RNA demethyla-
tion suggest that both parts of tRNA molecules cleaved by
RNase 1 can be preserved in the extracellular environment.

Recombinant RNase 1 recapitulates tRNA half formation in
conditioned medium

In order to further verify that RNase 1 is capable of pro-
ducing tRNA halves outside cells, we added recombinant
human RNase 1 to vesicle-depleted conditioned medium
from RNASEI mutant cells. We then isolated RNA from
the medium and performed a northern blot using a probe
for the 5" half of tRNA-Gly-GCC. As shown in Figure 6,
untreated medium contains mainly full-length tRNA and
only a small amount of fragments. Addition of recombinant
human RNase 1 caused a dose-dependent decrease in full-
length tRNA and concomitant formation of fragments cor-
responding to tRNA halves. Furthermore, remaining full-
length tRNA becomes slightly shorter in the presence of
RNase 1. This is similar to northern results of non-EV
exRNA from RNASEI wild type cells (Figure SA-D), and

likely reflects cleavage in the nontemplated CCA tail. These
results further demonstrate that RNase 1 is capable of form-
ing tRNA halves.

Presence of extracellular tRNA halves is independent of
stress-induced intracellular tRNA cleavage

In this study, medium conditioning was performed in
serum-free RPMI medium in order to avoid the abun-
dant RNases and bovine RNA present in fetal bovine
serum. However, a previous study reported that various
stress conditions, including serum deprivation, can lead
to angiogenin-mediated formation of intracellular tRNA
halves (19). If released, these fragments could serve as a
source of extracellular tRNA halves. To address this con-
cern, we repeated our RNAseq study with QBSF-55, a
serum-free medium capable of supporting long-term K562
growth. As shown in Supplementary Figure S6A, the results
from QBSF-55 conditioned medium were similar to those
with serum-free RPMI (compare to Figure 2A). High lev-
els of tRNA halves were present in non-EV exRNA from
wild type cells, whereas they were present in low levels in
exRNA from RNASEI mutant cells. Furthermore, tRNA
halves were undetectable in northern analysis of cell RNA
isolated from cells after 24 h in serum-free RPMI (Fig-
ure SA-E and Supplementary Figure S6B). Taken together,
these results make it unlikely that tRNA halves observed in
non-EV exRNA are produced inside cells due to stress in
our experimental setup.

DISCUSSION

Studies of RNA in the extracellular environment have ex-
posed an unexpected abundance of small noncoding RNAs
in this compartment. While the function of extracellular
small RNAs gets a considerable amount of study, the mech-
anisms that bring about their abundant presence remain
largely unexplored. In this work, we aimed to characterize
the biogenesis of two highly abundant groups of noncoding
RNAs in the extracellular space- namely, tRNA halves and
Y RNA fragments. By targeting the RNASEI gene, which
gives rise to the highly active and widely present enzyme
RNase 1, we showed evidence that tRNAs and Y RNAs are
released by cells as full-length precursors. These precursors
are then cleaved in the extracellular environment by R Nase
1 to yield tRNA halves and distinct Y RNA fragments.
Since angiogenin is known to produce intracellular tRNA
halves under stress (18,19), it has been suggested that it may
also be responsible for formation of tRNA halves in the
extracellular space. Our findings suggest that RNase 1, a
member of the same family of enzymes, operates in the ex-
tracellular space in an analogous manner to angiogenin in-
side cells, by cleaving tRNAs in the anticodon loop. Fur-
thermore, our data show that tRNAs in non-EV exRNA
from RNASEI wild type cells are cleaved at their CCA tail,
likely by RNase 1. Cleavage at the CCA tail has also been
shown for angiogenin (71). Notably, RNase 1-dependent
cleavage of the CCA tail occurs between the two cytidine
residues of the CCA tail, whereas angiogenin cleaves be-
tween the second cytidine and the adenosine, probably due
to the substrate preference of this enzyme (71). Several re-
cent studies claim that tRNA halves are produced in cells



even in the absence of angiogenin (72,73), or that cleavage of
tRNAs at both anticodon loop and CCA tail is performed
in the absence of angiogenin (74). Further work is needed
to establish whether RNase 1 is involved in formation of in-
tracellular tRNA halves in response to stress.

While processing of tRINAs by RNase 1 gives rise to ex-
tracellular fragments that are similar to those produced in-
side cells, an important difference can be noted. The pres-
ence of tRNA fragments outside cells is independent of in-
tracellular stress-induced tRINA cleavage. This is supported
by several lines of evidence. First, our northern analysis of
total RNA from cells incubated in serum-free RPMI for
the duration of medium conditioning shows no evidence
of stress-induced tRNA cleavage (Figure SA-E and Sup-
plementary Figure S6B). Second, tRNA halves are abun-
dant in non-EV exRNA from cells grown in the serum-
free medium QBSF-55, which supports long-term growth
of K562 cells (Supplementary Figure S6A). In line with this,
a previous study, using defined media in a different experi-
mental setup (8) showed that the presence of tRNA halves
derived from tRNA-Gly-GCC and tRNA-Glu-CTC in EV-
depleted conditioned medium is not a result of stress from
serum deprivation. Finally, tRNA halves are abundant in
biofluids from healthy individuals, further supporting the
notion that extracellular tRNA halves can be produced in
the absence of cell stress.

Various studies of extracellular RNA indicate that the
vast majority of tRNA halves detected are 5 halves
(8,12,15,17). In our datasets, however, 3’ halves are well rep-
resented. 47% of all tRNA halves detected are 3’ halves
(Figure 3B), and among the 10 most abundant tRNA
halves, four are 3’ halves (Table 1). While this difference
from previous studies could be a specific attribute of K562
cells, we suggest a different explanation. Since RNase 1
leaves a 3’ phosphate (usually a 2’-3’ cyclic phosphate) and
a 5 hydroxyl at the cleavage site, the resulting fragments
are not amenable to adapter ligation by RNA ligases used
in library preparation protocols. Considering this charac-
teristic of RNase 1, we decided to treat our RNA samples
with PNK before library preparation. However, most pre-
vious RNAseq studies describing tRNA halves do not re-
port using this step. To assess the importance of PNK treat-
ment, we also prepared RNAseq libraries omitting PNK
treatment. These libraries display a sharp decrease in rep-
resentation of 3’ tRNA halves compared to libraries from
PNK treated RNA (Supplementary Figure S7TA). We also
re-analyzed publicly available human serum RNA sequenc-
ing datasets prepared with and without PNK treatment
(52). This analysis showed a rise in 3’ tRNA half representa-
tion after PNK treatment (Supplementary Figure S7B). Itis
unclear why 3’ fragments are more affected by this problem.
It is possible that a certain phosphatase activity removes 3’
phosphates from cleaved RNAs whereas the complemen-
tary 5 end-healing activity is not available to the same ex-
tent. Additionally, as our data show, most 3’ halves are the
result of two cleavages by RNase 1 (at the anticodon loop
and at the 3’ CCA tail). Conversely, 5’ fragments are the
product of a single cleavage. Thus, 5’ halves require end
healing only on their 3’ end, whereas 3’ halves require end
healing on both 5" and 3’ ends, which may be less efficient.
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Although the overall representation of 5 and 3’ tRNA
halves in our PNK-treated non-EV exRNA datasets is sim-
ilar (Figure 3B), the majority of individual tRNAs appear
as either mostly 5 or mostly 3’ halves (Supplementary Fig-
ure S5A). However, our northern analysis showed that at
least for two abundant tRNAs, both 5 and 3’ halves are
present in exXRNA despite sharply imbalanced representa-
tion on RNAseq (Supplementary Figure S5B). A recent
study (31) also reported northern detection of tRNA frag-
ments that were not detected by RNAseq. We hypothesized
that at least two factors could contribute to 5'/3’ biased
tRNA half representation. First, tRNAs are heavily mod-
ified (68), and some of these modifications hinder reverse
transcription (67). Since cloning of RNAs to small RNA
sequencing libraries requires end-to-end reverse transcrip-
tion, even the presence of one such modification per tRNA
half could interfere with cloning. Second, tRNAs may have
an amino acid covalently attached to their 3’ end, which
would block adapter ligation. We attempted to minimize
these sources of bias by adding steps to demethylate and
deacylate the RNA before library construction. Indeed, our
analysis showed that the 5'/3’ imbalance of individual tR-
NAs is reduced by these steps (Supplementary Figure S5G
and compare Supplementary Figures SSA and S5F), prob-
ably mainly by demethylation. Our northern results, com-
bined with results of demethylated RNA sequencing, indi-
cate that both tRNA halves made by RNase 1 may be pre-
served in the extracellular RNA of K562 cells. Careful as-
sessment is needed in order to establish whether this may
apply to other environments rich in RNase 1, such as bioflu-
ids. Furthermore, our findings do not exclude the possibility
that for some tRNAs, one of the halves is bound in a com-
plex that protects it from degradation whereas the other half
is efficiently degraded.

Our results also show that some tRNAs are not affected
by demethylation and deacylation, and their representation
on RNAseq remains imbalanced (Supplementary Figure
SSE). In that regard, it should be noted that dozens of dif-
ferent types of RNA modifications are known (75), and only
some of them are methylations. Furthermore, AlkB, used in
this work to demethylate RNA, only removes several types
of base methylations (70). Thus, it is very likely that many
modifications that hinder reverse transcription remain af-
ter treatment with AlkB. Nevertheless, our findings clearly
show that standard sequencing methods employed to de-
tect tRNA fragments leave many tRNA halves undetected.
A combination of 3’ deacylation, modification removal, end
healing, and specialized library preparation procedures (76)
is anticipated to substantially improve detection of tRNA
halves. These improvements may also have implications for
biomarker discovery.

A small subset of genes dominates the category of tRNA
halves in our RNAseq datasets. 5’ halves of tRNA-Gly-
GCC and tRNA-GIlu-CTC, and 3’ halves of tRNA-Asp-
GTC, are extremely abundant, together accounting for 68%
of all tRNA halves detected (Table 1). The high abundance
of specific tRNA halves in the extracellular environment
may be dictated by several factors. First, some tRNAs can
be more highly expressed than others. Second, some tR-
NAs may be exported more efficiently. Finally, some tRNA
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halves may be more stable than others, either due to bind-
ing by a protein factor, or due to intrinsic properties of the
RNA molecule. Earlier reports have highlighted 5’ halves
of tRNA-Gly-GCC and tRNA-GIlu-CTC as highly abun-
dant (8,9,16). A recent report (5) showed that these tRNA
halves can form homo- and hetero-dimers, and that such
dimerization contributes to their stability. Unlike tRNA-
Gly-GCC and tRNA-Glu-CTC, tRNA-Asp-GTC has not
been reported to give rise to high-abundance tRNA halves.
However, the expression of specific tRNA genes can vary
substantially between different cell types (77). Further-
more, certain cancer cells were shown to upregulate spe-
cific tRNAs (78). Thus, it is possible that K562 cells over-
express tRNA-Asp-GTC. Such overexpression may explain
the abundance of fragments derived from tRNA-Asp-GTC
in our datasets. Technical considerations may also under-
lie the abundant representation of these fragments. Our li-
brary preparation procedure used a kit that employs four
randomized nucleotides at the ends of RNA adapters. This
is meant to reduce biases typical to ligation-based library
preparation procedures, and thus may enhance detection of
fragments that are poorly cloned when other kits are used.
tRNAs are known to give rise to various fragments differ-
ent from halves. These fragments can be produced as a result
of cleavage at sites other than the anticodon loop, by nucle-
ases other than angiogenin (79). As evident from the size
distribution of reads mapping to tRNAs, the vast majority
of these reads in our samples have lengths typical to tRNA
halves. Other sizes do not appear to be present in appre-
ciable amounts (Figure 3A). It is possible that the nucleases
that produce tRNA fragments other than halves are inactive
under the conditions we tested. Alternatively, these nucle-
ases may be limited to intracellular activity and the resulting
fragments may remain inside cells. Given the wide substrate
specificity of RNase 1, this enzyme could be expected to give
rise to a wider array of products than observed for tRNAs
and Y RNAs. It appears likely that bound proteins, base
modifications and/or RNA structure limit the spectrum of
fragments that can be produced from these RNAs.

In spite of our findings showing that RNase 1 is respon-
sible for formation of tRNA halves and Y RNA fragments,
some of them are still observed in non-EV exRNA from
the mutant (Figure 5). These fragments could have several
sources. First, all members of the pancreatic RNase family
possess a signal peptide, and could thus be present and ac-
tive in conditioned medium, albeit to a lesser extent than
RNase 1. RNases from other families could also be present
and produce some fragments. Second, K562 cells in our
study were grown in complete medium containing bovine
serum RNases. Although cells were carefully washed be-
fore medium conditioning, some bovine RNase could re-
main in the medium. Lastly, fresh RPMI medium, as well as
QBSF-55 medium may contain contaminating RNase ac-
tivity. Notably, fragments in exRNA from the mutant tend
to be larger than those present in exRNA from wild type
cells. It is possible that bases at the middle of the anticodon
loop are the most susceptible to attack, and any pancre-
atic RNase activity present preferentially cleaves them be-
fore proceeding to cleave further towards the stem. This
phenomenon is also evident in our in vitro processing as-
say (Figure 6), where products of cleavage by lower concen-

trations of RNase 1 run larger than those produced in the
presence of higher concentrations of enzyme. The difference
in size between 3’ tRINA halves in wild type vs. mutant non-
EV exRNA may also be explained by differences in the level
of cleavage in the CCA tail.

Our in vitro processing assay shows that recombinant
RNase 1 is able to recapitulate formation of tRNA halves
in cleared conditioned medium from the mutant (Figure 6).
The concentration of RNase 1 that gives the most similar
processing pattern to that found in RNASE! wild type non-
EV exRNA is 15 ng/ml. Average serum concentrations of
RNase 1 in healthy individuals have been reported to be
189 ng/ml (80) and 400 ng/ml (81). While these concentra-
tions are substantially higher, serum may differ from cleared
conditioned medium in ionic strength, pH, protein factors
present and redox potential. These factors may affect pro-
cessing efficiency. More importantly, blood is a dynamic
system in which there is constant addition of new substrate,
whereas our in vitro processing system is static in that re-
gard, since it does not contain cells.

While the catalytic mechanism of RNase 1 has been stud-
ied in detail, the role of this enzyme remains less well de-
fined. Several studies have suggested RNase 1 as a scavenger
of extracellular RNA, involved in immunomodulation and
modulation of coagulation (82-84). The results of our study
suggest a novel role for RNase 1 as a factor involved in pro-
duction of abundant extracellular tRNA halves and distinct
Y RNA fragments. Clearly, biofluids are a much more com-
plex environment than conditioned medium from cultured
cells. However, considering that at least in plasma, RNase 1
constitutes the majority of ribonucleolytic activity (82), our
results position RNase 1 as a likely candidate for producing
extracellular tRNA halves and Y RNA fragments in vivo.
Future studies will have to validate this, as well as address
the functional and diagnostic relevance of these extracellu-
lar fragments.

DATA AVAILABILITY

The data reported in this paper were deposited in the Gene
Expression Omnibus (GEO) database, www.ncbi.nlm.nih.
gov/geo (accession no. GSE148516).

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.

ACKNOWLEDGEMENTS

The authors wish to thank Alex Dobin for assistance with
data analysis, and Jorg Drenkow, Cassidy Danyko and Tara
Gallagher for technical assistance.

FUNDING

National Institutes of Health [SIROIHG009318-03]; G.N.
acknowledges support from the Louis Morin Charitable
Trust. Funding for open access charge: National Institutes
of Health [STRO1HG009318-03].

Conflict of interest statement. None declared.


http://www.ncbi.nlm.nih.gov/geo
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaa526#supplementary-data

REFERENCES

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Valadi,H., Ekstrom,K., Bossios,A., Sjostrand,M., Lee,J.J. and
Lotvall,J.O. (2007) Exosome-mediated transfer of mRNAs and
microRNAs is a novel mechanism of genetic exchange between cells.
Nat. Cell Biol., 9, 654-659.

. Vickers,K.C., Palmisano,B.T., Shoucri,B.M., Shamburek,R.D. and

Remaley,A.T. (2011) MicroRNAs are transported in plasma and
delivered to recipient cells by high-density lipoproteins. Nat. Cell
Biol., 13, 423-433.

. Arroyo,J.D., Chevillet,J.R., Kroh,E.M., Ruf,I.K., Pritchard,C.C.,

Gibson,D.F., Mitchell,P.S., Bennett,C.F., Pogosova-Agadjanyan,E.L.,
Stirewalt,D.L. et al. (2011) Argonaute2 complexes carry a population
of circulating microRNAs independent of vesicles in human plasma.
Proc. Natl. Acad. Sci. U.S. A., 108, 5003-5008.

. Turchinovich,A., Weiz,L., Langheinz,A. and Burwinkel,B. (2011)

Characterization of extracellular circulating microRNA. Nucleic
Acids Res., 39, 7223-7233.

. Tosar,J.P., Gambaro,F., Darre,L., Pantano,S., Westhof,E. and

Cayota,A. (2018) Dimerization confers increased stability to
nucleases in 5" halves from glycine and glutamic acid tRNAs. Nucleic
Acids Res., 46, 9081-9093.

. Zhang,Y., Liu,D., Chen,X., Li,J., Li,L., Bian,Z., Sun,F.,, Lu,J., Yin,Y.,

Cai,X. et al. (2010) Secreted monocytic miR-150 enhances targeted
endothelial cell migration. Mol. Cell, 39, 133-144.

. Quinn,J.F., Patel, T., Wong,D., Das,S., Freedman,J.E., Laurent,L.C.,

Carter,B.S., Hochberg,F., Van Keuren-Jensen,K., Huentelman,M.
et al. (2015) Extracellular RNAs: development as biomarkers of
human disease. J Extracell Vesicles, 4, 27495.

. Tosar,J.P., Gambaro,F., Sanguinetti,J., Bonilla,B., Witwer,K.W. and

Cayota,A. (2015) Assessment of small RNA sorting into different
extracellular fractions revealed by high-throughput sequencing of
breast cell lines. Nucleic Acids Res., 43, 5601-5616.

. Wei,Z., Batagov,A.O., Schinelli,S., Wang,J., Wang,Y., El Fatimy,R.,

Rabinovsky,R., Balaj,L., Chen,C.C., Hochberg,F. et al. (2017)
Coding and noncoding landscape of extracellular RNA released by
human glioma stem cells. Nat. Commun., 8, 1145.

Gyuris,A., Navarrete-Perea,J., Jo,A., Cristea,S., Zhou,S., Fraser,K.,
Wei,Z., Krichevsky,A.M., Weissleder,R., Lee,H. et al. (2019) Physical
and molecular landscapes of mouse glioma extracellular vesicles
define heterogeneity. Cell Rep., 27, 3972-3987.

Godoy,PM., Bhakta,N.R., Barczak,A.J., Cakmak,H., Fisher,S.,
MacKenzie,T.C., Patel, T., Price,R.W., Smith,J.F., Woodruff,P.G. et al.
(2018) Large differences in small RNA composition between human
biofluids. Cell Rep., 25, 1346-1358.

Dhahbi,J.M., Spindler,S.R., Atamna,H., Yamakawa,A., Boffelli,D.,
Mote,P. and Martin,D.I. (2013) 5’ tRNA halves are present as
abundant complexes in serum, concentrated in blood cells, and
modulated by aging and calorie restriction. BMC Genomics, 14, 298.
Dhahbi,J.M., Spindler,S.R., Atamna,H., Boffelli,D., Mote,P. and
Martin,D.I. (2013) 5-YRNA fragments derived by processing of
transcripts from specific YRNA genes and pseudogenes are abundant
in human serum and plasma. Physiol. Genomics, 45, 990-998.
Dhahbi,J.M., Spindler,S.R., Atamna,H., Boftelli,D. and Martin,D.I.
(2014) Deep sequencing of serum small RNAs identifies patterns of 5
tRNA half and YRNA fragment expression associated with breast
cancer. Biomark. Cancer, 6, 37-47.

Yeri,A., Courtright,A., Reiman,R., Carlson,E., Beecroft,T., Janss,A.,
Siniard,A., Richholt,R., Balak,C., Rozowsky.,J. et al. (2017) Total
extracellular small RNA profiles from plasma, saliva, and urine of
healthy subjects. Sci. Rep., 7, 44061.

El-Mogy,M., Lam,B., Haj-Ahmad,T.A., McGowan,S., Yu,D.,
Nosal,L., Rghei,N., Roberts,P. and Haj-Ahmad,Y. (2018) Diversity
and signature of small RNA in different bodily fluids using next
generation sequencing. BMC Genomics, 19, 408.

Srinivasan,S., Yeri,A., Cheah,P.S., Chung,A., Danielson,K., De
Hoff,P, Filant,J., Laurent,C.D., Laurent,L.D., Magee,R. et al. (2019)
Small RNA sequencing across diverse biofluids identifies optimal
methods for exRNA isolation. Cell, 177, 446-462.

Yamasaki,S., Ivanov,P., Hu,G.F. and Anderson,P. (2009) Angiogenin
cleaves tRNA and promotes stress-induced translational repression.
J. Cell Biol., 185, 35-42.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Nucleic Acids Research, 2020, Vol. 48, No. 14 8047

Fu,H., Feng,J., Liu,Q., Sun,F,, Tie,Y., Zhu,J., Xing,R., Sun,Z. and
Zheng,X. (2009) Stress induces tRNA cleavage by angiogenin in
mammalian cells. FEBS Lett., 583, 437-442.

Emara,M.M., Ivanov,P.,, Hickman,T., Dawra,N., Tisdale,S.,
Kedersha,N., Hu,G.F. and Anderson,P. (2010) Angiogenin-induced
tRNA-derived stress-induced RNAs promote stress-induced stress
granule assembly. J. Biol. Chem., 285, 10959-10968.

Saikia,M., Jobava,R., Parisien,M., Putnam,A., Krokowski,D.,
Gao,X.H., Guan,B.J,, Yuan,Y., Jankowsky.E., Feng,Z. et al. (2014)
Angiogenin-cleaved tRNA halves interact with cytochrome c,
protecting cells from apoptosis during osmotic stress. Mol. Cell. Biol.,
34, 2450-2463.

Ivanov,P., O’Day,E., Emara,M.M., Wagner,G., Licberman,J. and
Anderson,P. (2014) G-quadruplex structures contribute to the
neuroprotective effects of angiogenin-induced tRNA fragments. Proc.
Natl. Acad. Sci. US.A., 111, 18201-18206.

van Es,M.A., Schelhaas,H.J., van Vught,P.W., Ticozzi,N.,
Andersen,P.M., Groen,E.J., Schulte,C., Blauw,H.M., Koppers,M.,
Diekstra,F.P. et al. (2011) Angiogenin variants in Parkinson disease
and amyotrophic lateral sclerosis. Ann. Neurol., 70, 964-973.

Wu,D., Yu,W,, Kishikawa,H., Folkerth,R.D., Iafrate,A.J., Shen,Y.,
Xin,W., Sims,K. and Hu,G.F. (2007) Angiogenin loss-of-function
mutations in amyotrophic lateral sclerosis. Ann. Neurol., 62, 609-617.
Honda,S., Loher,P., Shigematsu,M., Palazzo,J.P., Suzuki,R.,
Imoto,I., Rigoutsos,l. and Kirino,Y. (2015) Sex hormone-dependent
tRNA halves enhance cell proliferation in breast and prostate
cancers. Proc. Natl. Acad. Sci. U.S.A., 112, E3816-3825.
Selitsky,S.R., Baran-Gale,J., Honda,M., Yamane,D., Masaki,T.,
Fannin,E.E., Guerra,B., Shirasaki, T., Shimakami,T., Kaneko,S. et al.
(2015) Small tRNA-derived RNAs are increased and more abundant
than microRNAs in chronic hepatitis B and C. Sci. Rep., 5, 7675.
Wang,Q., Lee,l., Ren,J., Ajay,S.S., Lee,Y.S. and Bao,X. (2013)
Identification and functional characterization of tRNA-derived RNA
fragments (tRFs) in respiratory syncytial virus infection. Mol. Ther.,
21, 368-379.

Deng,J., Ptashkin,R.N., Chen,Y., Cheng,Z., Liu,G., Phan,T.,
Deng,X., Zhou,J., Lee,I., Lee,Y.S. ez al. (2015) Respiratory Syncytial
Virus Utilizes a tRNA Fragment to Suppress Antiviral Responses
Through a Novel Targeting Mechanism. Mol. Ther., 23, 1622-1629.
Chen,Q., Yan,M., Cao,Z., Li,X., Zhang,Y., Shi,J., Feng,G.H.,
Peng,H., Zhang,X., Zhang,Y. et al. (2016) Sperm tsRNAs contribute
to intergenerational inheritance of an acquired metabolic disorder.
Science, 351, 397-400.

Sharma,U., Conine,C.C., Shea,J.M., Boskovic,A., Derr,A.G.,
Bing,X.Y., Belleannee,C., Kucukural,A., Serra,R.W., Sun,F. ef al.
(2016) Biogenesis and function of tRNA fragments during sperm
maturation and fertilization in mammals. Science, 351, 391-396.
Sharma,U., Sun,F., Conine,C.C., Reichholf,B., Kukreja,S.,
Herzog,V.A., Ameres,S.L. and Rando,0.J. (2018) Small RNAs are
trafficked from the epididymis to developing mammalian sperm. Dev.
Cell, 46, 481-494.

Zhang,Y., Zhang,Y., Shi,J., Zhang,H., Cao,Z., Gao,X., Ren,W.,,
Ning,Y., Ning,L., Cao,Y. et al. (2014) Identification and
characterization of an ancient class of small RNAs enriched in serum
associating with active infection. J. Mol. Cell Biol., 6, 172-174.
Zhao,C., Tolkach,Y., Schmidt,D., Muders,M., Kristiansen,G.,
Muller,S.C. and Ellinger,J. (2018) tRNA-halves are prognostic
biomarkers for patients with prostate cancer. Urol. Oncol., 36, 503.
Zhu,L., Li,J., Gong,Y., Wu,Q., Tan,S., Sun,D., Xu,X., Zuo.,Y.,
Zhao,Y., We1,Y.Q et al. 2019) Exosomal tRNA-derived small RNA as
a promising biomarker for cancer diagnosis. Mol. Cancer, 18, 74.
Zhu,L., Li,T., Shen,Y., Yu,X., Xiao,B. and Guo.J. (2019) Using
tRNA halves as novel biomarkers for the diagnosis of gastric cancer.
Cancer Biomark, 25, 169-176.

Zhao,C., Tolkach,Y., Schmidt,D., Kristiansen,G., Muller,S.C. and
Ellinger,J. (2018) 5'-tRNA halves are dysregulated in clear cell renal
cell carcinoma. J. Urol., 199, 378-383.

Nientiedt,M., Deng,M., Schmidt,D., Perner,S., Muller,S.C. and
Ellinger,J. (2016) Identification of aberrant tRNA-halves expression
patterns in clear cell renal cell carcinoma. Sci. Rep., 6, 37158.
Victoria Martinez,B., Dhahbi,J.M., Nunez Lopez,Y.O.,
Lamperska,K., Golusinski,P., Luczewski,L., Kolenda,T., Atamna,H.,
Spindler,S.R., Golusinski,W. ez al. (2015) Circulating small



8048 Nucleic Acids Research, 2020, Vol. 48, No. 14

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

55.

56.

57.

58.

59.

non-coding RNA signature in head and neck squamous cell
carcinoma. Oncotarget, 6, 19246-19263.

Lerner,M.R., Boyle,J.A., Hardin,J.A. and Steitz,J.A. (1981) Two
novel classes of small ribonucleoproteins detected by antibodies
associated with lupus erythematosus. Science, 211, 400-402.
Hogg,J.R. and Collins,K. (2007) Human Y5 RNA specializes a Ro
ribonucleoprotein for 5S ribosomal RNA quality control. Genes Dev.,
21, 3067-3072.

Krude,T., Christov,C.P., Hyrien,O. and Marheineke,K. (2009) Y
RNA functions at the initiation step of mammalian chromosomal
DNA replication. J. Cell Sci., 122, 2836-2845.

Rutjes,S.A., van der Heijden,A., Utz,P.J.,, van Venrooij, W.J. and
Pruijn,G.J. (1999) Rapid nucleolytic degradation of the small
cytoplasmic Y RNAs during apoptosis. J. Biol. Chem., 274,
24799-24807.

Haderk,F., Schulz,R., Iskar,M., Cid,L.L., Worst,T., Willmund,K.V.,
Schulz,A., Warnken,U., Seiler,J., Benner,A. et al. (2017)
Tumor-derived exosomes modulate PD-L1 expression in monocytes.
Sci. Immunol, 2, eaah5509.

Cambier,L., de Couto,G., Ibrahim,A., Echavez,A K., Valle,J.,
Liu,W.,, Kreke,M., Smith,R.R., Marban,L. and Marban,E. (2017) Y
RNA fragment in extracellular vesicles confers cardioprotection via
modulation of IL-10 expression and secretion. EMBO Mol. Med., 9,
337-352.

Hizir,Z., Bottini,S., Grandjean,V., Trabucchi,M. and Repetto,E.
(2017) RNY (YRNA)-derived small RNAs regulate cell death and
inflammation in monocytes/macrophages. Cell Death. Dis., 8, €2530.
Repetto,E., Lichtenstein,L., Hizir,Z., Tekaya,N., Benahmed,M.,
Ruidavets,J.B., Zaragosi,L.E., Perret,B., Bouchareychas,L.,
Genoux,A. et al. (2015) RNY-derived small RNAs as a signature of
coronary artery disease. BMC Med., 13, 259.

Lomax,J.E., Eller,C.H. and Raines,R.T. (2017) Comparative
functional analysis of ribonuclease 1 homologs: molecular insights
into evolving vertebrate physiology. Biochem. J., 474, 2219-2233.
Thery,C., Amigorena,S., Raposo,G. and Clayton,A. (2006) Isolation
and characterization of exosomes from cell culture supernatants and
biological fluids. Curr. Protoc. Cell Biol.,
doi:10.1002/0471143030.cb0322s30.

Chan,P.P. and Lowe, T.M. (2009) GtRNAdb: a database of transfer
RNA genes detected in genomic sequence. Nucleic Acids Res., 37,
D93-D97.

Chan,P.P. and Lowe, T.M. (2016) GtRNAdb 2.0: an expanded
database of transfer RNA genes identified in complete and draft
genomes. Nucleic Acids Res., 44, D184-D189.

Dobin,A., Davis,C.A., Schlesinger,F., Drenkow,J., Zaleski,C., Jha,S.,
Batut,P., Chaisson,M. and Gingeras,T.R. (2013) STAR: ultrafast
universal RNA-seq aligner. Bioinformatics, 29, 15-21.

Akat,K.M., Lee,Y.A., Hurley,A., Morozov,P., Max,K.E., Brown,M.,
Bogardus,K., Sopeyin,A., Hildner,K., Diacovo,T.G. et al. (2019)
Detection of circulating extracellular mRNAs by modified
small-RNA-sequencing analysis. JCI Insight, 4, €127317.

Djebali,S., Davis,C.A., MerkelLA., Dobin,A., Lassmann,T.,
Mortazavi,A., Tanzer,A., Lagarde,J., Lin,W., Schlesinger,F. ef al.
(2012) Landscape of transcription in human cells. Nature, 489,
101-108.

Li,B. and Dewey,C.N. (2011) RSEM: accurate transcript
quantification from RNA-Seq data with or without a reference
genome. BMC Bioinformatics, 12, 323.

Li,H., Handsaker,B., Wysoker,A., Fennell,T., Ruan,J., Homer,N.,
Marth,G., Abecasis,G., Durbin,R. and 1000 Genome Project Data
Processing Subgroup. (2009) The Sequence Alignment/Map format
and SAMtools. Bioinformatics, 25, 2078-2079.

Liao,Y., Smyth,G.K. and Shi,W. (2014) featureCounts: an efficient
general purpose program for assigning sequence reads to genomic
features. Bioinformatics, 30, 923-930.

Quinlan,A.R. and Hall,I.M. (2010) BEDTools: a flexible suite of
utilities for comparing genomic features. Bioinformatics, 26, 841-842.
Suzuki,T., Nagao,A. and Suzuki,T. (2011) Human mitochondrial
tRNAs: biogenesis, function, structural aspects, and diseases. Annu.
Rev. Genet., 45, 299-329.

Sorrentino,S. (2010) The eight human “canonical” ribonucleases:
molecular diversity, catalytic properties, and special biological actions
of the enzyme proteins. FEBS Lett., 584, 2194-2200.

60.

6l.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

Morita,T., Niwata,Y., Ohgi, K., Ogawa,M. and Irie,M. (1986)
Distribution of two urinary ribonuclease-like enzymes in human
organs and body fluids. J. Biochem., 99, 17-25.

Beintema,J.J., Blank,A., Schieven,G.L., Dekker,C.A., Sorrentino,S.
and Libonati,M. (1988) Differences in glycosylation pattern of
human secretory ribonucleases. Biochem. J., 255, 501-505.
Sorrentino,S., De Prisco,R. and Libonati,M. (1989) Human seminal
ribonuclease. Immunological quantitation of cross-reactive enzymes
in serum, urine and seminal plasma. Biochim. Biophys. Acta, 998,
97-101.

Dickson,K.A., Haigis,M.C. and Raines,R.T. (2005) Ribonuclease
inhibitor: structure and function. Prog. Nucleic Acid Res. Mol. Biol.,
80, 349-374.

Yang,W. (2011) Nucleases: diversity of structure, function and
mechanism. Q. Rev. Biophys., 44, 1-93.

Shen,Y., Yu,X., Zhu,L., Li,T., Yan,Z. and Guo,J. (2018) Transfer
RNA-derived fragments and tRNA halves: biogenesis, biological
functions and their roles in diseases. J. Mol. Med. ( Berl.), 96,
1167-1176.

Mohr,S., Ghanem,E., Smith,W., Sheeter,D., Qin,Y., King,O.,
Polioudakis,D., Iyer,V.R., Hunicke-Smith,S., Swamy,S. et al. (2013)
Thermostable group II intron reverse transcriptase fusion proteins
and their use in cDNA synthesis and next-generation RNA
sequencing. RNA, 19, 958-970.

Motorin, Y., Muller,S., Behm-Ansmant,I. and Branlant,C. (2007)
Identification of modified residues in RNAs by reverse
transcription-based methods. Methods Enzymol., 425, 21-53.

Pan,T. (2018) Modifications and functional genomics of human
transfer RNA. Cell Res., 28, 395-404.

van Gelder,C.W., Thijssen,J.P., Klaassen,E.C., Sturchler,C., KrolLA.,
van Venrooij,W.J. and Pruijn,G.J. (1994) Common structural features
of the Ro RNP associated hY'1 and hYS RNAs. Nucleic Acids Res.,
22, 2498-2506.

Cozen,A.E., Quartley,E., Holmes,A.D., Hrabeta-Robinson,E.,
Phizicky,E.M. and Lowe, T.M. (2015) ARM-seq: AlkB-facilitated
RNA methylation sequencing reveals a complex landscape of
modified tRNA fragments. Nat. Methods, 12, 879-884.

Czech,A., Wende,S., Morl,M., Pan,T. and Ignatova,Z. (2013)
Reversible and rapid transfer-RNA deactivation as a mechanism of
translational repression in stress. PLoS Genet., 9, e1003767.

Su,Z., Kuscu,C., Malik,A., Shibata,E. and Dutta,A. (2019)
Angiogenin generates specific stress-induced tRNA halves and is not
involved in tRF-3-mediated gene silencing. J. Biol. Chem., 294,
16930-16941.

Rashad,S., Abe,T., Tominaga,T. and Niizuma,K. (2020) The cell and
stress specific dynamics of in vivo and in vitro canonical and
non-canonical tRNA cleavage. bioRxiv doi:
https://doi.org/10.1101/2020.02.04.934695, 05 February 2020,
preprint: not peer reviewed.

Akiyama,Y., Lyons,S.M., Fay, M.M., Abe,T., Anderson,P. and
Ivanov,P. (2019) Multiple ribonuclease A family members cleave
transfer RNAs in response to stress. bioRxiv doi:
https://doi.org/10.1101/811174, 21 October, 2019, preprint: not peer
reviewed.

Limbach,P.A., Crain,P.F. and McCloskey,J.A. (1994) Summary: the
modified nucleosides of RNA. Nucleic Acids Res., 22, 2183-2196.
Xu,H., Yao,J., Wu,D.C. and Lambowitz,A.M. (2019) Improved
TGIRT-seq methods for comprehensive transcriptome profiling with
decreased adapter dimer formation and bias correction. Sci. Rep., 9,
7953.

Torres,A.G., Reina,O., Stephan-Otto Attolini,C. and Ribas de
Pouplana,L. (2019) Differential expression of human tRNA genes
drives the abundance of tRNA-derived fragments. Proc. Natl. Acad.
Sci. U.S.A., 116, 8451-8456.

Goodarzi,H., Nguyen,H.C.B., Zhang,S., Dill,B.D., Molina,H. and
Tavazoie,S.F. (2016) Modulated expression of specific tRNAs drives
gene expression and cancer progression. Cell, 165, 1416-1427.
Soares,A.R. and Santos,M. (2017) Discovery and function of transfer
RNA-derived fragments and their role in disease. Wiley Interdiscip.
Rev. RNA, 8, ¢1423.

Martin,L., Koczera,P., Simons,N., Zechendorf,E., Hoeger,J.,
Marx,G. and Schuerholz, T. (2016) The human host defense
ribonucleases 1, 3 and 7 are elevated in patients with sepsis after
major surgery—a pilot study. Int. J Mol. Sci., 17, 294.


https://www.doi.org/10.1101/2020.02.04.934695
https://www.doi.org/10.1101/811174

Nucleic Acids Research, 2020, Vol. 48, No. 14 8049

81. Weickmann,J.L., Olson,E.M. and Glitz,D.G. (1984) Immunological 83. Gansler,J., Preissner,K.T. and Fischer,S. (2014) Influence of
assay of pancreatic ribonuclease in serum as an indicator of proinflammatory stimuli on the expression of vascular ribonuclease 1
pancreatic cancer. Cancer Res., 44, 1682-1687. in endothelial cells. FASEB J., 28, 752-760.

82. Garnett,E.R., Lomax,J.E., Mohammed,B.M., Gailani,D., 84. Schwartz,L., Cohen,A., Thomas,J. and Spencer,J.D. (2018) The
Sheehan,J.P. and Raines,R.T. (2019) Phenotype of ribonuclease 1 Immunomodulatory and antimicrobial properties of the vertebrate

deficiency in mice. RNA, 25, 921-934. ribonuclease A superfamily. Vaccines (Basel), 6, 76.



