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Distinct Stress-Dependent Signatures of Cellular and
Extracellular tRNA-Derived Small RNAs

Guoping Li, Aidan C. Manning, Alex Bagi, Xinyu Yang, Priyanka Gokulnath,
Michail Spanos, Jonathan Howard, Patricia P. Chan, Thadryan Sweeney, Robert Kitchen,
Haobo Li, Brice D. Laurent, Sary F. Aranki, Maria I. Kontaridis, Louise C. Laurent,
Kendall Van Keuren-Jensen, Jochen Muehlschlegel, Todd M. Lowe, and Saumya Das*

The cellular response to stress is an important determinant of disease
pathogenesis. Uncovering the molecular fingerprints of distinct stress
responses may identify novel biomarkers and key signaling pathways for
different diseases. Emerging evidence shows that transfer RNA-derived small
RNAs (tDRs) play pivotal roles in stress responses. However, RNA
modifications present on tDRs are barriers to accurately quantifying tDRs
using traditional small RNA sequencing. Here, AlkB-facilitated methylation
sequencing is used to generate a comprehensive landscape of cellular and
extracellular tDR abundances in various cell types during different stress
responses. Extracellular tDRs are found to have distinct fragmentation
signatures from intracellular tDRs and these tDR signatures are better
indicators of different stress responses than miRNAs. These distinct
extracellular tDR fragmentation patterns and signatures are also observed in
plasma from patients on cardiopulmonary bypass. It is additionally
demonstrated that angiogenin and RNASE1 are themselves regulated by
stressors and contribute to the stress-modulated abundance of
sub-populations of cellular and extracellular tDRs. Finally, a sub-population of
extracellular tDRs is identified for which AGO2 appears to be required for
their expression. Together, these findings provide a detailed profile of
stress-responsive tDRs and provide insight about tDR biogenesis and stability
in response to cellular stressors.
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1. Introduction

Cells, including unicellular organisms,
have evolved sophisticated sensing mech-
anisms and signal transduction systems
for optimal response toward changes in
environmental conditions (stress) to ei-
ther ensure cell survival or alternatively
elimination if the cell is unable to cope
with the stress.[1,2] Examples of cellular
stress responses include: DNA repair
mechanisms triggered by DNA damage
during ionizing radiation[3]; the unfolded
protein response following heat shock or
exposure to chemical toxins[4,5]; activation
of autophagy in response to nutritional
deprivation[6]; induction of mitophagy to
eliminate damaged mitochondria following
hypoxic stress[7]; and adaptive responses
to oxidative stress.[8,9] Increasing evidence
has demonstrated that biological processes
associated with stress responses play piv-
otal roles in normal development[10,11]

and homeostasis,[12] and failure of the
adaptive stress response can lead to the
onset or progression of various diseases.[13]

These cellular adaptations to stress involve
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a complex reorganization of the cellular gene expression pro-
gram at the level of mRNA biogenesis,[1] which is influenced
by the dynamic regulation of the non-coding RNA (ncRNA)
transcriptome.

As one of the most abundant RNA species in cells, the canon-
ical function of transfer RNAs (tRNAs) in decoding the genetic
code during protein translation is well established.[14] More re-
cently, it has been shown that full-length tRNA molecules are pro-
cessed into smaller regulatory fragments, variously termed tRNA
fragments and tRNA halves, or tRNA-derived small RNAs (tDRs),
by stress-activated ribonucleases, including DICER, Angiogenin
(ANG), ELAC2, and RNASE1, in a regimented manner.[15,16]

tDRs can be grouped into numerous categories. Two of the most
prominent types are 1) tRNA halves that are 30–50 nucleotides
(nts) long generated by specific cleavage in or near the anticodon
region, and 2) tRNA-derived fragments that are usually 12–30 nts
in length derived from cleavage of either mature or premature
tRNAs at various positions.[17] tDRs have been shown to play ver-
satile roles in a variety of biological processes, including gene si-
lencing, RNA stability, protein translation, RNA-binding protein
sequestration, epigenetic regulation, and ncRNA regulation.[18]

However, most existing studies exploring tDR biogenesis and
regulation have used either hybridization-based methods or con-
ventional RNA sequencing techniques, which fail to capture a
significant portion of the complex tDR pool. Specifically, the pres-
ence of tRNA base modifications can hinder the reverse tran-
scription step during small RNA library generation, leading to
inaccuracies in both the quantification of tDRs and base call accu-
racy, especially at the ends of sequences.[19] Furthermore, the lack
of a widely used, uniform nomenclature system, coupled with
varied computational approaches to tDR read mapping, has led to
difficulty in defining reproducible tDR signatures that can be eas-
ily compared between studies.[20,21] Advances in RNA sequencing
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methodologies, especially those customized for the RNA mod-
ifications commonly seen in tRNAs and tDRs, have helped to
overcome the technical challenge of acquiring high-quality data.
These techniques, including AlkB-facilitated methylation se-
quencing (ARM-seq) and demethylase-thermostable group II in-
tron RT tRNA sequencing (DM-tRNA-seq), incorporate pretreat-
ment of the input RNA samples with the AlkB enzyme to remove
the modifications such as m1A, m1G, and m3C on tRNAs and
tDRs to minimize stalling of reverse transcriptase at modified
sites.[19,22]

As mediators of intercellular communication, extracellular
RNAs (exRNAs) have emerged as promising biomarkers for the
diagnosis and prognosis of various diseases from minimally in-
vasive liquid biopsies[23,24] In addition to high abundance in
cells, tDRs also comprise a significant proportion of the extra-
cellular RNAome.[25,26] This has been documented in multiple
human biofluids, including urine, serum, plasma, saliva, and
cerebrospinal fluid, and in cell-conditioned medium[24,27,28] Re-
cent studies suggest a large proportion of extracellular tDRs in
plasma or serum, notably the 5′-tRNA halves of certain tRNA
isodecoders are associated with ribonucleoproteins.[24] There
is also compelling evidence of tDRs associated with EVs in
other biofluids and cell culture medium[29,30] While the pres-
ence of full-length tRNAs within EVs and the site of tDR bio-
genesis remain topics currently under investigation[31,32] there
does appear to be a correlation between the intracellular abun-
dance of tDRs and their presence in EVs.[33] Recently, several
studies have indicated that circulating tDRs could serve as po-
tential biomarkers for cancer diagnosis, prognosis after onco-
logical therapies, monitoring cancer progression, liver fibro-
sis diagnosis, and distinguishing between subtypes of acute
stroke.[24,34] Because conventional methods for detecting tDRs
may underestimate the diversity and abundance of extracellu-
lar tDRs, building the stress-specific extracellular tDR signatures
using specialized tDR sequencing techniques promises to pro-
vide new markers of cellular processes associated with disease
pathogenesis.

Here, we systematically profile matched cellular and extracel-
lular tDRs expression using ARM-seq in a variety of human and
rat cells under three common stressors, including nutritional de-
privation, hypoxia, and oxidative stress. We describe the unique
fragmentation pattern of extracellular tDRs and the improved dis-
crimination among different cellular stress responses using the
extracellular tDR signatures. In preliminary studies, this distinct
extracellular tDR fragmentation pattern and stress-specific extra-
cellular tDR signature was observed in plasma exRNAs from pa-
tients on cardiopulmonary bypass (CPB), which is a clinical con-
dition involving acute metabolic and oxidative stress. We addi-
tionally demonstrate the critical roles of ANG and RNASE1 in
the stress-modulated cellular and extracellular tDR signatures
and identify extracellular tDRs associated with AGO2 by generat-
ing cell lines with genetic ablation of ANG, RNASE1, and AGO2,
respectively using CRISPR/Cas9 tools. These findings provide a
comprehensive landscape of the dynamics, biogenesis, and sta-
bility of cellular and extracellular tDR expression induced by com-
mon stressors and demonstrate the potential of extracellular tDR
signatures as possible biomarkers for a variety of human dis-
eases.
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www.advancedsciencenews.com www.advancedscience.com

Figure 1. ARM-seq reveals robust information about the cellular and extracellular tDR expression profiles during stress response. A) Schematic repre-
sentation of the samples collected for ARM-seq. B) Western blot validation of different stress responses in HEK cells: GSD induced the expression of
DDIT3 and the cleavage of LC3B; hypoxia stabilized HIF1a protein and induced DDIT4 expression; H2O2 induced DDIT3 expression and increased the
levels of r-H2AX. C) qPCR validation of different stress responses in HEK cells: GSD increased the mRNA levels of Ddit3 and Grp78; hypoxia activated
the transcription of Vegf, Glut1, and Ddit4; H2O2 elevated the transcript levels of Ddit4 and Ctgf. D) qPCR validation of different stress responses in CM
cells: GSD activated the expression level of Ddit3 and Ddit4; OGSD induced the angiogenesis-related genes, including Vegf and Glut1; ReO2 restored the
levels of these genes induced by OGSD. E) ARM-seq detects decent amount of tDRs reads from both cells and Exs in human and rat samples; “others”
includes mRNA, lincRNAs, and all of the other RNA species. Data are shown as means ± SEM of at least three independent experiments. The unpaired
two-tailed Student’s t-test was used in (C,D). ***p < 0.001 versus the control group.

2. Results

2.1. The Establishment of In Vitro Stress Response Models for
tDR Expression Profiling

To systematically profile the molecular signatures of tDRs under
different stress conditions, we focused on three common per-
turbations: nutritional deprivation (glucose and serum depriva-
tion, GSD), hypoxia, and oxidative stress. To enhance the rigor
of the study and determine consistent signatures across differ-

ent cell types, these three perturbations were induced in four
different in vitro cell culture systems individually, including hu-
man embryonic kidney cells—HEK293 (HEK), human choriocar-
cinoma cells—BeWo, primary neonatal rat ventricular cardiomy-
ocytes (CM), and primary neonatal rat ventricular cardiac fibrob-
lasts (CF) (Figure 1A).

HEK and BeWo cells were exposed to each stressor for 24
h. Along with cellular RNAs and proteins, exRNAs associated
with extracellular compartments (Exs) were also isolated from
the conditional cell culture medium using an exoRNeasy kit.
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Cellular stress responses were confirmed by western blot and
qPCR. As expected, GSD significantly activated autophagy and
the expression of Ddit3 and Grp78[35] (Figure 1B,C; Figure S1A,B,
Supporting Information). Hypoxia stabilized the HIF1a protein
and transactivated the expression of Vegf, Glut1, and Ddit4[36]

(Figure 1B,D; Figure S1A,C, Supporting Information). Oxidative
stress, induced by exposure to hydrogen peroxide (H2O2), sig-
nificantly induced DNA damage and activated the expression of
Ddit3 and Ctgf[37] (Figure 1B,E; Figure S1A,D, Supporting Infor-
mation). To mimic the cardiac ischemia/reperfusion injury, CM
and CF were exposed to a condition with oxygen, glucose, and
serum deprivation (OGSD), for 5 h and reoxygenated for an ad-
ditional 24 h.[38] Strikingly, there was a rapid response upon GSD
or OGSD treatment, and reoxygenation (ReO2) eliminated most
of the OGSD-responsive genes in both CMs and CFs (Figure 1D;
Figure S1E, Supporting Information). These data provide strong
support for our established in vitro stress response models to
be used to profile stress-dependent cellular and extracellular tDR
signatures.

2.2. ARM-seq Greatly Increases the Abundance and Diversity of
tDRs Detected

Previously, we developed the ARM-seq platform, which improves
the quantification of methylated tDR abundance.[19] To verify
ARM-seq improves the quantification of tDRs, small RNAs iso-
lated from HEK cells under different stressors were treated with
or without purified recombinant His-AlkB and then subjected
to deep sequencing after small RNA library preparation. Map-
ping, annotation, and analysis confirmed that AlkB treatment
dramatically increases the proportion of small RNA sequenc-
ing reads from tRNA genes (Figure S1F, Supporting Informa-
tion). Notably, reads after AlkB treatment extend through the
ubiquitously modified m1A at position 58 of most tRNAs (Fig-
ure S1G, Supporting Information). Most importantly, ARM-seq
provides an abundance of high-resolution information about the
dynamic regulation of tDRs during the stress response, includ-
ing nutrient deprivation-elevated internal fragments of tRNA-
Phe-GAA-2/3 and hypoxia-induced 5′tDRs of tRNA-Asp-GTC-2
(Figure S1H, Supporting Information), which were nearly unde-
tectable by standard small RNA-seq. As a result, we conclude that
ARM-seq performed using our purified recombinant His-AlkB
works efficiently and facilitates the accurate and robust quantifi-
cation of tDRs.

2.3. Overview of Intracellular and Extracellular tDR Expression
During the Stress Response

A total of 96 bar-coded small RNA libraries, including three in-
dependent replicates for each of the 32 conditions (4 cell types
× 4 stressors × 2 sample types) (Figure 1A), were prepared and
sequenced from our in vitro stress response models using ARM-
seq. Approximately 95.65% of the reads from human samples
mapped to the human genome, and 95.57% of the reads from rat
samples were mapped to the rat genome. Within these, a signifi-
cant proportion of the reads from both cells and Exs correspond

to tRNAs (Figure 1E). Interestingly, almost 35% of sequencing
reads were aligned to tRNA genes in CMs. In comparison, this
proportion was about 15% in other cell types, which could indi-
cate CMs as having a higher relative tDR expression (Figure 1E).
In addition, ReO2 dramatically increased the proportion of tRNA
reads in both CF and CM-derived Exs from ≈25% to ≈50% (Fig-
ure 1E), which suggests an important regulation of extracellu-
lar tDRs expression in the heart cells after ischemia/reperfusion.
tRNA isotypes exhibited similar distributions amongst the dif-
ferent cell types, except for the CMs, which had a higher pro-
portion of tRNA-Phe (Figure S2A,B, Supporting Information).
The extracellular tRNA isotype distributions were also similar
among the Exs derived from different cell types but had higher
proportions of tRNA-Glu, tRNA-Gly, and tRNA-Pro, and lower
proportions of tRNA-Arg, tRNA-Gln, and tRNA-His, when com-
pared with cellular tRNA isotypes (Figure S2A,B, Supporting
Information).

2.4. Intracellular and Extracellular tDRs have Distinct
Fragmentation Signatures

Increasing evidence has shown that tDRs are a major compo-
nent of exRNAs and account for the majority of mapped reads in
many biofluids tested[27,39] However, the fragmentation profiles
of intracellular and extracellular tDRs have not been systemati-
cally studied. Here, we first analyzed the length distribution of
tDRs amongst the 96 samples. Strikingly, the extracellular tDRs
were predominantly 31–33 nts in length across the species, cell
types, and stressors. Traditionally, tDRs of this length correspond
to tRNA-derived halves.[40] In contrast, the intracellular tDRs had
a wide range of length distribution (Figure 2A–D; Figure S3A–L,
Supporting Information), consistent with prior work.[41] This pre-
dominance for a specific length appeared to be specific to tDRs
and was not observed across other small exRNA types (Figure
S4A–P, Supporting Information). To further confirm the sub-
types of these specific extracellular tDRs, the per-base read cov-
erage across each position of the mature tRNA isodecoder was
analyzed. We observe that around 70% of the extracellular tDRs
correspond to 5′ halves of tRNAs, and about 20% derive from
the 3′ end of the transcript, whereas the intracellular tDRs are
derived explicitly from the 3′ end of tRNAs (Figure 2E–H; Fig-
ure S5A–L, Supporting Information). Looking at the termination
position of read ends, we further confirmed that the extracellu-
lar 5′tDRs end at the anticodon loop, which usually generates 5′

tRNA halves (Figure 2I–L; Figure S6A–I, Supporting Informa-
tion). Notably, almost all the extracellular tDRs derived from the
3′ end of tRNAs had a trimmed CCA tail ending with a single cy-
tosine, while most of the intracellular 3′tDRs had an intact CCA
tail (Figure 2I–L; Figure S6A–L, Supporting Information), sug-
gesting that extracellular 3′tDRs may have a specific biogenesis
mechanism that is distinct from their intracellular counterparts.
Alternatively, the trimmed CCA tail of the 3′tDRs may confer
them increased stability in the Exs, leading to increased relative
expression. In summary, these data strongly demonstrate that
tDRs have distinct fragmentation signatures between cells and
Exs.
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Figure 2. Extracellular tDRs show distinct fragmentation signatures from cellular tDRs. Extracellular tDRs are predominantly 31–33 nts in length in all
profiled cell types, including A) HEK, B) BeWo, C) CF, and D) CM. Extracellular tDRs are predominantly tRNA halves and derived from both ends of tRNA
genes while intracellular tDRs are mainly generated from 3′ end of tRNAs with various lengths in all cell types tested, including E) HEK, F) BeWo, G) CF,
and H) CM. Extracellular tDRs end at either position 33 or 74 while most of the intracellular tDRs end at position 76 in all examined cell types, including
I) HEK, J) BeWo, K) CF, and L) CM cells.

2.5. Extracellular tDR Expression Profiles Provide Better
Discrimination between Different Stress Responses Compared to
miRNAs

Extracellular miRNA expression has been extensively studied
to identify biomarkers for the diagnosis and prognosis of
diseases,[42] whereas our knowledge of extracellular tDRs is still
emerging. To evaluate the capability of tDRs to distinguish be-
tween different stress responses, we assessed the differences in
the abundance levels of different small RNA species, includ-
ing tDRs and miRNAs, across all profiled samples from each
cell type by performing principal component analysis (PCA). In-
terestingly, upon visual interrogation of the 24 samples from
HEK cells based on tDR signatures, cellular samples subjected
to different treatments were largely overlapping, whereas differ-
ent stressor-induced EV tDR profiles were clearly distinguished
from each other (Figure 3A). In contrast, clustering based on

extracellular miRNA expression profiles did not separate sam-
ples according to stressor exposure, while the cellular miRNA ex-
pression signatures were able to distinguish between them (Fig-
ure 3B). The unique property of extracellular tDR expression pro-
files to discriminate different stress responses was also demon-
strated in BeWo (Figure S7A,B, Supporting Information), CM
(Figure 3C,D), and CF (Figure S7C,D, Supporting Information)
cells.

We performed dimensionality reduction via Uniform Mani-
fold Approximation and Projection (UMAP) to further support
these findings. As expected, the UMAP for tDR signatures clearly
delineated each stressor-exposed exRNA sample from exRNA
samples exposed to other stressors in each profiled cell type. In
contrast, the extracellular miRNA expression profiles had a lim-
ited capacity to discriminate among different stress treatments
(Figure S8A–H, Supporting Information). Finally, similar to the
pattern observed for miRNA expression, tDR expression was
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Figure 3. Extracellular tDR expression landscapes provide better discrimination between different stress responses compared to miRNAs. PCA analysis
of A) tDR profiles provides better resolution to distinguish EV samples (circled) derived from HEK cells after different stress treatments than B) miRNA
profiles. PCA analysis of C) tDR profiles provides better resolution to distinguish EV samples (circled) derived from CM cells after different stress
treatments than D) miRNA profiles. E) Heatmaps of correlation coefficients (Spearman) for tDR class (left bottom) shows larger variance among
different samples than miRNA class (right top) in HEK cells. F) Heatmaps of correlation coefficients (Spearman) for tDR class (left bottom) shows
larger variance among different samples than miRNA class (right top) in CM cells. In (E,F), red boxes show the difference between intracellular samples
and extracellular samples, blue boxes indicate the difference between each stressor and control group in Exs samples, and green boxes present the
difference between different stressors in Exs samples.

highly correlated across the four different cellular samples, but
showed poor correlation between cellular and extracellular sam-
ples (Figure 3E,F; Figure S9A,B, Supporting Information), indi-
cating significant differences between cellular and extracellular
small RNA expression profiles. The tDR expression profiles ap-
peared to be more divergent between the extracellular and cel-
lular compartments and between the different stress responses
than the corresponding miRNA expression profiles (Figure 3E,F;
Figure S9A,B, Supporting Information). Taken together, these
data strongly suggest that the extracellular tDRs expression sig-
natures are not simply a reflection of the stoichiometry of cellu-

lar tDR expression and provide improved discrimination between
different stress responses than miRNA signatures.

2.6. Nutritional Deprivation-Shaped Cellular and Extracellular
tDR Signatures

Stress, especially amino acid starvation, has been shown to in-
duce dynamic expression of tDRs.[20] However, the abundance
and diversity of tDRs were previously underestimated due to the
technical shortcomings of conventional small RNA sequencing.

Adv. Sci. 2022, 2200829 © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH2200829 (6 of 20)
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To systematically study the regulation of tDRs after nutrition de-
privation, we assessed differentially expressed (DE) cellular and
extracellular tDRs in response to nutritional deprivation in all
four cell types. By tracking the expression of each tDR in HEK
cells or in Exs with or without GSD treatment, we again noted
the distinct expression profiles of cellular and extracellular tDRs
(Figure S10A, Supporting Information), confirming our previous
conclusion that extracellular tDRs do not simply reflect the sto-
ichiometry of cellular tDRs. Strikingly, extracellular tDRs were
far more dynamically regulated after GSD treatment when com-
pared with cellular tDRs (Figure S10A, Supporting Information).
In contrast, there were fewer extracellular miRNAs expressed
with or without GSD treatment, although the cellular miRNA
expression levels were comparable to the level of tDRs (Figure
S10B, Supporting Information). These findings were also noted
in BeWo (Figure S10C,D, Supporting Information), CM (Figure
S10E,F, Supporting Information), and CF cells (Figure S10G,H,
Supporting Information). Together, our results demonstrate that
the biogenesis or stability of extracellular tDRs (and to a lesser
extent, cellular tDRs) is dynamically regulated by the cellular re-
sponse to nutrient deprivation and may provide a more sensitive
marker of metabolic stress than miRNAs.

In HEK cells, differential expression analysis revealed 312 up-
regulated and 254 downregulated cellular tDRs and 1318 upregu-
lated and 1949 downregulated extracellular tDRs after GSD treat-
ment (Table S1, Supporting Information). To complement our se-
quencing data, we validated the most abundant DE tDRs, includ-
ing downregulated cellular tDR-T1-T31-Arg-CCT-2-1, downreg-
ulated extracellular tDR-37:74-Asp-GTC-2-M2, and upregulated
extracellular tDR-1:36-Asp-GTC-2, using northern blots (Figure
S11A–E, Supporting Information). In BeWo cells, there were 121
upregulated and 1232 downregulated cellular tDRs and 624 up-
regulated and 1541 downregulated extracellular tDRs after GSD
treatment (Table S1, Supporting Information). Notably, 40 DE
cellular tDRs were common to both HEK and BeWo cells with
nutritional deprivation, which are mainly derived from tRNA-
Lys and tRNA-Glu (Figure S11F, Supporting Information). As
opposed to the cellular tDRs, there were 1058 common DE ex-
tracellular tDRs upon GSD treatment, of which more than 60%
were derived from tRNA-Glu, tRNA-Pro, tRNA-Ser, and tRNA-
Gly (Figure S11F, Supporting Information). The top five signifi-
cantly differentially abundant cellular tDRs and top nine extracel-
lular tDRs are listed in Figure S11G, Supporting Information. In-
terestingly, six of these tDRs were differentially abundant in both
cells and Exs in response to GSD for both cell types, including
upregulated tDR-37:75-Glu-TTC-1-M2 and downregulated tDR-
1:32-Glu-TTC-2 (Figure S11F,G, Supporting Information).

In the rodent primary cells cultured in GSD, differential ex-
pression analysis identified 182 DE cellular tDRs in neonatal
rat CFs, and only 36 changed cellular tDRs in CMs, of which
nine were shared between the two cell types (Figure S11H, Table
S2, Supporting Information). In contrast, there were 4025 and
3500 DE extracellular tDRs for CFs and CMs after GSD, respec-
tively, of which more than 30% of these were upregulated (Fig-
ure S11H, Table S2, Supporting Information). Of the 2631 extra-
cellular tDRs that were significantly different in both cell types,
more than 50% were derived from tRNA-Glu, tRNA-Ser, tRNA-
Pro, and tRNA-Gly, which is similar to the GSD-modulated hu-
man extracellular tDRs (Figure S11H, Supporting Information).

The top four significantly differentially abundant tDRs and top
ten significant extracellular tDRs associated with both cell types
are enumerated in Figure S11I, Supporting Information. Inter-
estingly, we found several conserved extracellular tDRs among rat
and human species that were commonly regulated by GSD across
all four cell types, including the upregulated tDR-1:36-Gly-CCC-1
and tDR-1:36-Asp-GTC-2-M2, and the downregulated tDR-1:33-
Pro-AGG-1-M5 and tDR-42:74-Ser-GCT-1 (Tables S1,S2, Sup-
porting Information). These data suggest that there may be a
“universal” extracellular tDR signature of nutritional deprivation.

2.7. Hypoxia-Shaped Cellular and Extracellular tDR Signatures

The cellular response to hypoxia plays a key role in the pathogen-
esis of many diseases, including myocardial ischemia, metabolic
disorders, chronic heart and kidney diseases, and reproductive
diseases.[43] To comprehensively profile the tDR signature corre-
sponding to the cellular response to hypoxia, we compared the
abundance levels of cellular and extracellular tDRs between nor-
moxic and hypoxic conditions across the four cell types. Consis-
tent with our findings for nutritional deprivation, RNA expres-
sion tracking plots showed more dramatic changes in the expres-
sion of extracellular tDR expression than intracellular tDR ex-
pression and more pronounced changes in tDRs than miRNAs,
in all profiled cell types upon hypoxia treatment (Figure S12A–H,
Supporting Information).

We observed 743 DE cellular tDRs and 1463 DE extracellular
tDRs in HEK cells (Table S3, Supporting Information). We also
verified the most significant DE tDRs, including decreased cel-
lular tDR-T1:T20-Ser-TGA-1-1, increased cellular tDR-1:32-Asp-
GTC-2, and upregulated extracellular tDR-39:74-Glu-TTC-2, us-
ing northern blots (Figure S13A–H, Supporting Information).
Unlike the nutritional deprivation response, alternations in tDRs
abundance in response to hypoxia were less pronounced in BeWo
cells with 271 DE cellular tDRs and 173 DE extracellular tDRs
(Table S3, Figure S13I, Supporting Information). We noted an
increase of tDR-1:34-Gly-GCC-1, which was previously reported
to be induced by hypoxia in triple-negative breast cancer cells,[44]

in hypoxia-treated BeWo and HEK cells (Table S3, Supporting In-
formation). Strikingly, 117 out of 121 cellular tDRs that were al-
tered by hypoxia in both HEK and BeWo cells were downregu-
lated and more than 50% of them are derived from tRNA-Arg,
tRNA-Leu, and tRNA-Lys (Figure S13I, Table S3, Supporting In-
formation). There were 71 hypoxia-regulated extracellular tDRs
common to HEK and BeWo cells, among which 65% of them
are derived from tRNA-Glu (Figure S13I, Table S3, Supporting
Information). The top four significantly differentially abundant
cellular tDRs and top eight significant extracellular tDRs asso-
ciated with both cell types are listed in Figure S13J, Supporting
Information.

The differential expression analysis revealed more pro-
nounced changes in extracellular tDRs in OGSD-treated rat CF
and CM samples, with 3931 DE extracellular tDRs associated
with CF and 5259 DE tDRs associated with CMs (Figure S13K,
Table S4, Supporting Information). Half of the 2456 extracellu-
lar tDRs that were changed by OGSD in both cell types were de-
rived from tRNA-Glu, tRNA-Ser, tRNA-Pro, and tRNA-Gly (Fig-
ure S13K, Supporting Information), which is similar to the GSD
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treatments in both human and rat cells. However, we still iden-
tified 431 extracellular tDRs are altered explicitly by OGSD treat-
ment but not GSD treatment (Tables S2,S4, Supporting Infor-
mation). In the cells, there were 2502 DE tDRs in CM cells but
only 228 tDRs were changed in CF cells after OGSD treatment
(Figure S13K, Supporting Information). Of them, 51 are mainly
derived from tRNA-Glu, tRNA-Asp, and tRNA-Ser, which were
significantly regulated by OGSD treatment in both CF and CM
cells (Figure S13K, Supporting Information). The top five signif-
icantly altered cellular tDRs and top ten DE extracellular tDRs
are enumerated in Figure S13L, Supporting Information. No-
tably, we also found some conserved extracellular tDRs among
human and rat species that were downregulated by hypoxia in
the Exs derived from all four cell types, including tDR-37:74-Glu-
CTC-1-M2 and tDR-34:74-Met-CAT-3 (Tables S3,S4, Supporting
Information). Similar to the response of the cells to nutritional
deprivation, these data suggest that the regulation of the biogen-
esis or stability of extracellular tDRs remains distinct from that of
cellular tDRs in all the cell types examined. Furthermore, there
appear to be several key “common” extracellular signatures asso-
ciated with hypoxia in the rodent and human-derived cell lines.

2.8. Oxidative Stress-Shaped Cellular and Extracellular tDR
Signatures

The generation of tDRs through tRNA cleavage has been shown
to be a conserved response to oxidative stress in eukaryotes.[45]

Hence, we characterized the oxidative stress-specific tDR signa-
tures in the four cell types we utilized. Interestingly, most of the
DE tDRs, including both cellular and extracellular tDRs, were
downregulated upon H2O2 treatment in HEK and BeWo cells;
in contrast, oxidative stress induced by ReO2 led to a significant
increase of extracellular tDRs in both CM and CF cells. Cellu-
lar miRNAs or extracellular miRNAs only demonstrated minor
changes during oxidative stress response (Figure S14A–H, Sup-
porting Information).

954 cellular tDRs and 2301 extracellular tDRs were identified
as significantly changed in HEK cells in response to H2O2 treat-
ment (Table S5, Supporting Information). We also confirmed
by northern blots, the top DE upregulated (cellular tDR-39:72-
Asp-GTC-2-M2) and downregulated (extracellular tDR-1:34-Pro-
CGG-1-M2) tDRs (Figure S15A–D, Supporting Information). 574
DE cellular tDRs and 1153 DE extracellular tDRs were observed
in BeWo cells after H2O2 treatment (Table S5, Supporting Infor-
mation). The 107 cellular tDRs that were significantly changed in
both HEK and BeWo cells were generated from a variety of tRNA
isotypes, including tRNA-Leu, tRNA-Arg, tRNA-Tyr, and tRNA-
Lys (Figure S15E, Supporting Information). In the extracellular
samples, all of the 695 DE extracellular tDRs that were altered by
H2O2 treatment in both HEK and BeWo cells were significantly
downregulated, and over 50% of them were derived from tRNA-
Glu, tRNA-Pro, and tRNA-Ser (Figure S15E, Table S5, Supporting
Information). The top four cellular tDRs and top eight extracel-
lular tDRs that were modulated by H2O2 in both cell types are
shown in Figure S15F, Supporting Information.

As detailed above, to better phenocopy the oxidative stress in
models of cardiac ischemia/reperfusion, our model of oxidative
stress for CMs and CFs involved exposure to OGSD (0.2% O2 in

GSD condition) for 5 h and ReO2 for an additional 24 h. Unex-
pectedly, there were no DE tDRs for CF cells but there were 18
significantly changed tDRs in CM cells after ReO2 (Figure S15G,
Table S6, Supporting Information). In contrast to the changes
noted with the HEK and BeWo cells, 2164 and 1911 extracel-
lular tDRs from CM and CF cells were dramatically altered af-
ter ReO2, with most of them being upregulated (Figure S15G,
Table S6, Supporting Information), consistent with the tDR ex-
pression tracing plots (Figure S13E–H, Supporting Information).
1195 overlapping extracellular tDRs were significantly modulated
by ReO2 in both CM and CF cells and about 70% of them are
derived from tRNA-Glu and tRNA-Pro (Figure S15G, Table S6,
Supporting Information). The top four downregulated extracel-
lular tDRs and the top eight upregulated extracellular tDRs in
both cell types after the treatment of ReO2 are enumerated in
Figure S15H, Supporting Information. Of interest, we noticed
decreased expression level of tDR-1:36-Glu-CTC-1 and the in-
creased levels of tDR-1:30-Glu-CTC-1 and tDR-2:31-Glu-CTC-1 in
both CM and CF Exs in response to ReO2 (Table S6, Supporting
Information); the distinct regulation of these tDRs derived from
the same parent tRNA is suggestive of different modes of bio-
genesis or differential stability of these fragments. Strikingly, we
also uncovered several extracellular conserved tDRs among hu-
man and rat species that are downregulated by oxidative stress,
including tDR-42:74-Ser-GCT-2, tDR-42:74-Arg-CCT-4, and tDR-
39:74-Leu-AAG-2 (Tables S5,S6, Supporting Information). Our
data strongly suggested that the cellular context is essential for
interpreting the response to oxidative stress. In the case of all
the cell lines, extracellular tDRs were far more altered than cellu-
lar tDRs in response to oxidative stress. While the stress models
were different between the human and rodent-derived cells, the
differences in the directionality of the changes in the extracellular
tDRs were notable.

2.9. Specific and Shared Extracellular tDR Signatures among
Three Profiled Stressors

It is well established that the levels of tDRs in human liquid
biopsy can dynamically change under different diseases.[24] How-
ever, knowledge of the primary variables influencing extracel-
lular tDR levels remains unclear. To define the stressor-specific
and shared extracellular tDR signatures, an overlap of these DE
extracellular tDRs identified under the three stressors in both
HEK and BeWo cells was performed (Figure 4A). Interestingly,
about half of GSD-altered extracellular tDRs (507 out of 1058)
and half of the hypoxia-shaped extracellular tDRs (35 out of 71)
were also regulated by H2O2 (Figure 4A). 11 extracellular tDRs
were downregulated in Exs by all three profiled stressors (Fig-
ure 4A). These results indicated that there are shared stress re-
sponse mechanisms among nutritional deprivation, hypoxia, and
oxidative stress. Notably, more than 50% of the 542 extracellular
tDRs that were specifically regulated by GSD in both HEK and
BeWo cells are derived from tRNA-Glu, tRNA-Gly, tRNA-Ser, and
tRNA-Pro, while the majority of oxidative stress specially regu-
lated extracellular tDRs are generated from tRNA-His, tRNA-Pro,
tRNA-Glu, and tRNA-Asp (Figure 4A). There are only 27 hypoxia-
specific DE extracellular tDRs, and half of them are derived from
tRNA-Glu (Figure 4A). The top stress-specific extracellular tDR
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Figure 4. Specific and shared extracellular tDR signatures among three profiled stressors. A) Numbers of the specific and shared extracellular tDRs
altered by three profiled stressors in HEK and BeWo cell-derived Exs and their parent tRNA isotype distribution. B) The most significantly regulated
extracellular tDRs that were specifically for GSD, hypoxia, and H2O2, and were shared among three stressors in HEK and BeWo cell-derived Exs. C)
Numbers of the specific and shared extracellular tDRs altered by three profiled stressors in CF and CM cell-derived Exs and their parent tRNA isotype
distribution. D) The most significantly regulated extracellular tDRs that were specifically for GSD, OGSD, and ReO2, and were shared among three
stressors in CF and CM cell-derived Exs.
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transcripts and universal stress-altered extracellular tDRs in hu-
man cell culture models are shown in Figure 4B.

The analysis of rodent stress-shaped extracellular tDR signa-
tures revealed more pronounced changes. Although the majority
of GSD-altered and OGSD-regulated extracellular tDRs are over-
lapping, there are still 600 extracellular tDRs that were only al-
tered by GSD and 430 extracellular tDRs that were only modu-
lated by OGSD (Figure 4C). Interestingly, only a few DE extra-
cellular tDRs from GSD and OGSD groups are also regulated
by ReO2 treatment, indicating distinct stress responses in the
three groups (Figure 4C). Unlike the GSD-specific and OGSD-
specific extracellular tDRs that are derived from a variety of par-
ent tRNAs, the identified 1175 extracellular tDRs that were specif-
ically regulated by ReO2 are dominantly generated from tRNA-
Glu and tRNA-Pro (Figure 4C). 12 out of the 13 extracellular tDRs
significantly modulated by GSD, OGSD, and ReO2 treatments
are downregulated. The top stress-specific extracellular tDR tran-
scripts and universal stress-altered extracellular tDRs in rat cell
culture models are shown in Figure 4D.

2.10. Patient Plasma tDR Signatures Reveal Distinct Stress
Responses during Cardiac Surgery with CPB

Cardiac surgery remains one of the most commonly performed
major surgeries for patients with valvular abnormalities or mul-
tivessel coronary diseases.[46] During the procedure, the heart is
typically arrested and connected to a CPB machine, which pro-
vides both perfusion pressure and oxygenation to support the
circulation.[47] During this short time period, the heart is exposed
to metabolic and oxidative stress.[48] As a pilot “test” case to deter-
mine the applicability of our extracellular tDR signatures to hu-
man subjects, we collected the plasma samples from human pa-
tients at the initiation (Pre-CPB) and about 73 min of CPB (Post-
CPB). ARM-seq was performed on RNAs isolated from these
plasma EV samples. The mapping results showed that around
10% of the total reads were mapped to tRNA genes in these hu-
man plasma samples (Figure 5A); this detection was far more
robust than previously reported for plasma using conventional
small RNA-seq in previous studies.[27,49]

The distribution of reads from distinct tRNA isotypes reveals
that a large proportion of tDRs in human plasma Exs are derived
from tRNA-Glu, tRNA-Gly, or tRNA-Pro (Figure 5B), similar to
our findings from cell culture (Figure S2A, Supporting Informa-
tion). More than 60% of plasma tDRs are 31–35 nts in length,
and most of them are tRNA halves from either 5′ end or 3′ end
of tRNA genes, which end at position 32 (anticodon loop) for
the 5′ end, 72 (before the last nucleotide of 3′ end) or 74 (after
the first nucleotide of 3′ CCA tail) (Figure 5C–E). These plasma
tDR fragmentation profiles are consistent with the extracellular
tDR fragmentation profile from cell culture (Figure 2). Although
a proportion of tDRs, which were 16–18 nts in length and were
generated by dual cleavages at T-loop and position 72, were only
found in plasma Exs but not in the Exs from our cell culture sys-
tems, our findings still indicates that extracellular tDRs present
in the cell culture systems and plasma may share pathways of
biogenesis.

PCA analysis based on tDR abundance profiles showed mod-
est resolution for distinguishing pre-CPB surgery patients from

post-CPB surgery patients based on tDR signatures, while the
PCA analysis based on miRNA expression profiles showed lim-
ited resolution to distinguish the two populations (Figure 5F,G).
This suggests that extracellular tDRs may have potential as mark-
ers of the stress response. Strikingly, we identified 122 signifi-
cantly changed plasma tDRs following CPB, with 41 of them be-
ing upregulated (Figure 5H). Next, we selected tDRs that were
significantly changed during CPB and assessed any overlap with
our three common-stress-specific extracellular tDRs signatures.
25 out of 122 DE tDRs after 73 min of CPB surgery were found in
the nutritional deprivation-specific extracellular tDR signatures
and 13 of them overlapped with both nutritional deprivation-
specific and oxidative stress-specific extracellular tDR signatures;
none of them were represented in the hypoxia-specific extra-
cellular tDR signatures (Figure 5H). tDR-1:32-Gly-CCC-1-M4,
tDR-39:72-Glu-TTC-2, and tDR-39:55-Glu-CTC-1-M4 were sig-
nificantly downregulated following CPB, in common with expo-
sure to nutritional deprivation or oxidative stress in our cell cul-
ture systems (Figure 5I). Notably, among the other 94 DE plasma
tDRs that did not overlap with our cell culture models, tDR-38:74-
Arg-TCT-1 can only be detected in patients after CPB and tDR-
37:60-Ala-AGG-4-A1G dramatically decreased after completion
of CPB (Figure 5I). Overall, these results support prior data sug-
gesting that cells experience oxidative stress and nutritional de-
privation during CPB and provide a novel circulating RNA signa-
ture for these cellular processes.

2.11. ANG and RNASE1 Critically Contribute to the
Stress-Modulated Cellular and Extracellular tDR Signatures

Recent small RNA sequencing data have uncovered a vast array
of tDRs; however, mechanisms dictating their biogenesis and ex-
pression still remain largely unclear. Present knowledge suggests
that tDR production depends on several ribonucleases, including
ANG, RNASE1, ELAC2, and DICER.[20] However, their roles in
the biogenesis of cellular and extracellular tDRs during stress re-
sponse have rarely been studied. To further investigate the mech-
anisms of biogenesis and expression of cellular and extracellular
tDRs, we first examined the expression levels of these ribonucle-
ases in HEK cells subjected to different stressors. Interestingly,
in hypoxia, ANG is most significantly increased, and RNASE1 is
dramatically increased after H2O2 treatment (Figure 6A). To ex-
plore their functional roles in tDR biogenesis in response to hy-
poxia and oxidative stress, respectively, ANG and RNASE1 were
knocked out individually using CRISPR/Cas9 tools with paired
gRNAs in HEK cells and the resulting monoclonal cell lines
were selected for further study. Genomic DNA PCR results (Fig-
ure S16A,B, Supporting Information) and western blot results
(Figure 6B,C) clearly demonstrated the successful and complete
knockout of ANG and RNASE1. However, there was still a mi-
nor amount of RNASE1 protein in the RNASE1-knockout cells,
which could be attributed to either the presence of RNASE1 in
cell culture medium or to the antibody cross reactivity with other
RNases. Next, ANG-knockout cells were exposed to hypoxia treat-
ment, and RNASE1-knockout cells were treated with H2O2 for 24
h. The cellular RNAs and exRNAs from these cells with or with-
out treatments were then isolated and sequenced using ARM-
seq. Interestingly, both ANG and RNASE1 knockout significantly

Adv. Sci. 2022, 2200829 © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH2200829 (10 of 20)



www.advancedsciencenews.com www.advancedscience.com

Figure 5. Patient plasma tDR signature reveals distinct stress responses during CPB surgery. A) About 10% total reads mapped to tRNA genes in the
examined human plasma Exs samples. B) A large proportion of plasma tDRs are derived from tRNA-Glu, tRNA-Gly, tRNA-Pro, and tRNA-Val. C) Plasma
tDRs are mainly 16–18 or 31–35 nts in length. D) Plasma tDRs are predominantly tRNA halves that derived from both ends of tRNA genes. E) Plasma
tDRs end at position 32, 33, 72, or 74 of tRNAs. PCA analysis based on F) tDR landscapes provides better resolution to distinguish pre-CPB from post-
CPB surgery than the one based on G) miRNA expression. H) CPB surgery-modulated tDRs are overlapped with nutritional deprivation-shaped and
oxidative stress-shaped extracellular tDR signatures but not hypoxia-shaped extracellular tDR signature. I) Representative CPB surgery-modulated tDRs
that also found in GSD-shaped extracellular tDR signatures (red), in GSD and H2O2-regulated extracellular tDR signatures (purple), and in H2O2-shaped
extracellular tDR signatures (blue), and not found in three profiled stress-specific extracellular tDR signatures (orange). Paired two-tailed t-test.

increased the overall extracellular tRNA/tDR reads at both base-
line and stress conditions with minor influences on the total cel-
lular tRNA/tDR reads (Figure 6D; Figure S16C, Supporting Infor-
mation), suggesting ANG and RNASE1 may play critical roles in
regulating the stability of subpopulations of extracellular tDRs by
subjecting them to degradation; silencing of these RNAses would
then be expected to increase the expression of these tDRs. The
composition of tRNA isotypes within the exRNA samples were
also changed after ANG or RNASE1 knockout, especially with re-

gards to tRNA-Gly, tRNA-Pro, and tRNA-Ser (Figure S16D, Sup-
porting Information).

To identify the cellular and extracellular tDRs that are targeted
by ANG in response to hypoxia, differential expression analysis
was performed. In the ANG-knockout HEK cells, 540 cellular
tDRs were significantly increased, and 1550 cellular tDRs were
significantly decreased after hypoxia treatment (Figure 6E). Af-
ter overlapping with the hypoxia-shaped cellular tDR signatures
from HEK wild type cells, we identified 86 hypoxia-upregulated
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Figure 6. ANG and RNASE1 critically contribute to the stress-modulated cellular and extracellular tDR signatures. A) The expression levels of four
ribonucleases after the treatment of three different stressors in HEK cells. B) The strategy and western blot validation of ANG knockout in HEK cells using
CRISPR/Cas9 with paired gRNAs. C) The strategy and western blot validation of RNASE1 knockout in HEK cells using CRISPR/Cas9 with paired gRNAs.
D) Both ANG and RNASE1 knockout significantly increase the tRNA reads in exRNA samples. E) Numbers and parent tRNA isotype distribution of the
ANG-dependent cellular tDRs. F) ANG-induced cellular tDRs are dominantly derived from mature tRNAs while ANG-depleted cellular tDRs are mainly
derived from pre-tRNAs. G) ANG-induced cellular tDRs are mainly tRNA halves. H) Numbers and parent tRNA isotype distribution of the ANG-dependent
extracellular tDRs. I) Both ANG-induced and ANG-depleted extracellular tDRs are mainly derived from mature tRNAs. J) ANG-depleted extracellular tDRs
are 1 nucleotide longer than ANG-induced extracellular tDRs. K) Numbers and parent tRNA isotype distribution of the RNASE1-dependent cellular tDRs.
L) More than 60% of RNASE1-depleted cellular tDRs are derived from mature tRNAs. M) Coverage plot of RNASE1-depleted cellular tDRs. N) Numbers
and parent tRNA isotype distribution of the RNASE1-depleted extracellular tDRs. O) Most of the RNASE1-depleted extracellular tDRs are derived from
mature tRNAs. P) Coverage plot of RNASE1-depleted extracellular tDRs.
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tDRs whose expression levels were no longer significantly in-
creased in ANG-knockout cells (Figure 6E), suggesting these 86
cellular tDRs are induced by ANG in response to hypoxia. No-
tably, these 86 ANG-induced cellular tDRs were mainly derived
from mature tRNAs, including tRNA-Asp, tRNA-Glu, and tRNA-
Gly, and most of them are tRNA halves with lengths of 32/33,
36, and 41 nts, and the cleavage sites at position 33 or 36 (Fig-
ure 6E–G; Figure S16E,F, Supporting Information). These re-
sults are consistent with previous studies that demonstrate ANG
is actively involved in cellular tDR biogenesis through the cleav-
age of the anticodon loop of a subset of tRNAs.[50] In addition, 277
cellular tDRs that were significantly downregulated during hy-
poxia in wild type cells were not found to be significantly altered
under hypoxic conditions in ANG-knockout cells (Figure 6E),
which suggests that they are targeted by ANG for degradation
during hypoxic response. Unexpectedly, these 277 ANG-depleted
cellular tDRs are mainly derived from tRNA precursors (pre-
tRNAs), including tRNA-Arg, tRNA-Lys, tRNA-Tyr, and tRNA-
Gly (Figure 6E,F), which indicates that ANG could be involved
in tRNA maturation. The top four ANG-induced, ANG-depleted,
and ANG-independent cellular tDRs in the setting of hypoxic
stress are shown in Figure S16G, Supporting Information.

Similarly, we uncovered 491 ANG-induced extracellular tDRs
whose expression levels are upregulated during the hypoxic re-
sponse in wild-type cells but not ANG-knockout cells and 536
ANG-depleted extracellular tDRs that are only downregulated
in wild type HEK cells after hypoxia treatment (Figure 6H).
They are both primarily derived from mature tRNAs, with a
similar tRNA isodecoder composition (Figure 6H,I). Strikingly,
most of the ANG-depleted extracellular tDRs are 33 nts long
with cleavage at position 33, which is one nucleotide longer
than the ANG-induced extracellular tDRs (Figure 6H–J; Figure
S16H,I, Supporting Information). For example, upon hypoxia
treatment, extracellular tDR-1:33-Glu-CTC-1-M2-D5G is signifi-
cantly decreased and extracellular tDR-1:32-Glu-CTC-1-M2-D5G
is dramatically increased, while they both remain constant when
ANG is knocked out (Figure S16J, Supporting Information).
These results suggest that the presence of ANG may be neces-
sary to transform the 33 nts tDRs to generate the 32 nts tDRs in
the extracellular environment.

Distinct from ANG, RNASE1 is rarely involved in tDR bio-
genesis but predominantly contributes to targeting tDRs for
degradation in response to H2O2 treatment (Figure 6K). Only
15 RNASE1-induced cellular tDRs were identified, while 872
RNASE1-depleted cellular tDRs were observed (Figure 6K).
These RNASE1-depleted cellular tDRs are derived from various
tRNA molecules, including both mature tRNAs and pre-tRNAs,
with a wide range of lengths and cleavage sites (Figure 6K–M; Fig-
ure S16K–M, Supporting Information). Similarly, no RNASE1-
induced extracellular tDR is found, whereas 1342 extracellular
tDRs are degraded by RNASE1 during H2O2 treatment (Fig-
ure 6N). These RNASE1-depleted extracellular tDRs are mainly
tRNA halves with 31/32 nts long and are derived from mature
tRNAs (Figure 6N–P; Figure S16N–P, Supporting Information),
which is the main population of extracellular tDRs in the HEK-
derived Exs at baseline (Figure 3A,E,I). We also noticed that the
overall extracellular tRNA reads are dramatically decreased from
12% to 0.8% after H2O2 treatment but are restored to a nor-
mal level through RNASE1 knockout (Figure 6D). Together, these

findings suggest that RNASE1 is targeting a large population of
cellular and extracellular tDRs for degradation under oxidative
stress.

2.12. Identification of AGO2-Dependent Extracellular tDRs

Emerging evidence has shown that exRNAs include abundant,
full-length tRNAs and tDRs while the underlying mechanism
by which these tRNAs/tDRs are released to the extracellular en-
vironment remains poorly understood.[25] Of note, AGO2 has
been shown to extensively export miRNAs from cells to extra-
cellular environments as either free AGO2 complex or embed-
ded in EVs.[51] To elucidate whether AGO2 is involved in the
transportation of extracellular tDRs, we built AGO2-knockout
HEK monoclonal cell lines using CRISPR/Cas9 (Figure 7A). Af-
ter validating the successful knockout of AGO2 using genotyp-
ing and western blot (Figure 7B,C), we collected their conditional
medium together with those from wild-type HEK cells and se-
quenced the Exs using ARM-seq. The extracellular tRNA compo-
sition differs between AGO2-knockout and wild-type cells, espe-
cially the tRNA-Glu, tRNA-Gly, and tRNA-Pro (Figure 7D). Differ-
ential expression analysis identified 854 extracellular tDRs that
are significantly decreased upon AGO2 knockout (Figure 7E),
suggesting the transportation or stability of these extracellular
tDRs depend on AGO2. These AGO2-dependent extracellular
tDRs are mainly tRNA halves derived from tRNA-Glu, tRNA-
Arg, tRNA-Pro, tRNA-Asp, and tRNA-Ser (Figure 7F–H). Notably,
these AGO2-dependent extracellular tDRs have a wide length dis-
tribution with peaks at 27, 31, 34, and 35 nts and various termi-
nation sites at positions 28, 33, 35, 36, 70, 74, and 75, on tRNA
molecules (Figure 7G–J), while the main population of extracel-
lular tDRs in the HEK-derived Exs at baseline are 31–33 nts long
and end at positions 33 and 74 (Figure 3A,E,I). For instance,
tDR-1:36-Glu-TTC and tDR-1:36-Glu-CTC are AGO2-dependent,
whereas the expression levels of their 33nt forms, including tDR-
1:33-Glu-TTC and tDR-1:33-Glu-CTC, did not change after AGO2
knockout (Figure 7J, Table S7, Supporting Information). These
results suggest that AGO2 is necessary for transporting or stabi-
lizing a sub-population of extracellular tDRs.

3. Discussion

The expanding use of RNA sequencing technology has led to
an explosion in the discovery of novel RNA species. Recently,
considerable advances have been made with regards to our un-
derstanding of the non-coding transcriptome and its derivatives.
tDRs, which were initially described in bacteria as the 3D struc-
ture of tRNA was being solved, hinted at non-canonical functions
through interaction with other cellular systems.[52,53] A range
of subsequent studies demonstrated that these fragments were
generated through a regimented process and implicated sev-
eral ribonucleases important in their biogenesis.[16,20,45] tRNA
fragments are classified based on their position relative to the
parental molecule and include 5′-tRNA halves or fragments, 3′-
tRNA halves or fragments, and internal fragments; together, we
refer to them as tDRs. Notably, several studies have suggested
key functional roles for tDRs in the cellular response to stress,
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Figure 7. Identification of the AGO2-dependent extracellular tDRs. A) The Strategy of AGO2 knockout in HEK cells using CRISPR/Cas9 with paired
gRNAs. B) Western blot validation of AGO2 knockout cells. C) Genomic DNA PCR validation of AGO2 knockout cells. D) The tRNA isotype types of the
Exs derived from wild type or AGO2-knockout cells. E) Volcano plot identified 854 extracellular tDRs that were significantly downregulated after AGO2
knockout as AGO2-dependent extracellular tDRs. F) The parent tRNA isotype distribution of the AGO2-dependent extracellular tDRs. G) The length
distribution of AGO2-dependent extracellular tDRs. H) Coverage plot of AGO2-dependent extracellular tDRs. I) The end positions of AGO2-dependent
extracellular tDRs. J) Heatmap shows the top ten most significant AGO2-dependent extracellular tDRs.

affecting fundamental processes such as mRNA stability, silenc-
ing, ribosomal function, and stress granule formation.[16,20] Fi-
nally, tDRs appear to constitute a significant proportion of RNAs
found in the Exs across different biofluids, and their export from
cells has been shown to affect cellular phenotypes or mediate in-
tercellular signaling.[54] However, the presence of modifications
on tRNA bases (that may prevent consistent reverse transcrip-
tion), and the rapidly evolving algorithms for mapping and nam-
ing tDRs has been an obstacle in generating a comprehensive

atlas of cellular and extracellular tDRs in response to different
cellular stressors.

We have previously described a methodology that leverages
the activity of enzymes that demethylate commonly modified
bases in tRNA to better identify previously unreported tDRs.[19]

Here we systematically use ARM-seq to comprehensively profile
the cellular and extracellular tDR landscape in four different cell
types under different cellular perturbations. Our study provides
for the first time, a comprehensive atlas of tDR signatures for cel-
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lular stress, and surprisingly demonstrates the dynamic changes
in extracellular tDRs in response to stress. In a small pilot study,
we demonstrate the possible application of these signatures to
human studies; in patients undergoing CPB, a model of oxidative
stress and nutritional deprivation, we note the dynamic changes
in key tDRs previously identified in our cellular studies. More im-
portantly, we explore the functional roles of ANG and RNASE1
in the biogenesis and stability regulation of both cellular and ex-
tracellular tDRs by leveraging ARM-seq and CRISPR/Cas9 tech-
nologies. Finally, we identify a specific sub-population of extra-
cellular tDRs which are transported or stabilized by AGO2. In
addition to providing a comprehensive tDR signature for differ-
ent cellular stressors, our data provide an initial mechanistic un-
derstanding of the roles of RNases and RNA binding proteins in
the expression of extracellular tDRs.

3.1. ARM-seq to Identify Cellular and Extracellular tDRs

As expected from our prior work, ARM-seq led to a dramatic im-
provement in the detection of tDRs, with a significant increase in
both the proportion of reads mapping to tRNA genes, as well as
longer reads that spanned known methylation sites. Most notable
was the robust detection of key tDRs in response to cellular stress
that were not detected by conventional small RNA sequencing
(Figure S1G,H, Supporting Information). Therefore, this study
represents a far more accurate and comprehensive atlas of the
tDR signatures of cellular stress.

This study represents the first use of ARM-seq to detect the
profile of extracellular tDRs in response to cellular stress. We
chose to examine these profiles across a diverse set of cell lines
from two different species (rodent and human) to define whether
there are “common” signatures to different cellular stressors. At
the same time, we found interesting differences in the propor-
tion of tDRs (both cellular and extracellular) in the cells. For ex-
ample, CMs appear to have higher tDR expression at baseline
and both CMs and CFs show a robust up-regulation of extracel-
lular tDRs upon ReO2. Whether different tissues have significant
variance in the overall tDR expression at baseline (in the absence
of stress) is unclear; furthermore, any functional implication of
this finding warrants future investigation. A general theme that
emerged when examining the tDRs across the different cells was
that the extracellular profile of tDRs in terms of abundance and
type diverged significantly from the cellular tDRs. For example,
higher proportions of tDRs derived from tRNA-Glu and tRNA-
Pro were observed in the Exs. Our findings complement other
published studies,[29,30] notably the presence of 5′ halves from
tRNA-Glu-TTC, tRNA-Glu-CTC, tRNA-Gly-GCC, and tRNA-Gly-
CCC. However, the use of ARM-seq has allowed for the detec-
tion of species other than 5′-halves that have been previously de-
scribed in the aforementioned studies, such as the 3′-halves de-
rived from tRNA-Asp-GTC, tRNA-Glu-CTC, and tRNA-Asn-GTT,
3′ fragments derived from tRNA-Ser-GCT and tRNA-Pro-AGG,
and those without conventional names, especially those tDRs de-
rived from pre-tRNAs. Like the previously mentioned studies,
our work also confirmed the preponderance of 5′-tRNA halves
ending in the anticodon loop, but also demonstrated the pres-
ence of 3′-halves and intracellular tDRs that have not been previ-
ously recognized in the Exs. Interestingly, the extracellular tDRs

derived from the 3′ halves had distinct ends (at position 74) com-
pared to their cellular counterparts. Importantly, we complement
and extend our ARM-seq results with northern blots, validating
the dynamic changes of key ARM-seq-identified stress-regulated
cellular and extracellular tDRs in HEK cells treated with three
different stressors. While the sheer number of DE tDRs across
the different cell types and stressors preclude the possibility of
validating every single DE tDR in all the profiled samples, the
northern blotting data we have are a sufficient sample size to cor-
roborate the reliability of ARM-seq data to identify DE tDRs in
response to stress.

3.2. Extracellular tDRs as Unique Signatures of Cellular Stress

Our results demonstrated that extracellular tDRs had distinct
non-overlapping signatures in response to the different stres-
sors and improved discrimination between the different stressors
compared to miRNAs. Interestingly while cellular tDRs changed
with stress, as has been previously demonstrated, the pattern of
expression changes showed considerable more overlap between
the different stressors than the extracellular tDRs. This pattern
was seen in all four cell types examined, suggesting that extracel-
lular tDRs may provide better discrimination in measuring cellu-
lar stress than extracellular miRNAs or cellular tDRs. We system-
atically tracked cellular and extracellular tDRs that were altered in
response to each of the stressors (nutrient deprivation, hypoxia,
or oxidative stress) in each cell line to determine if there were
signatures that were common to all cell lines, and if there were
tDRs that were unique to individual cell types. When examining
nutrient deprivation in the human cell lines, we found far more
extracellular tDRs (1058 total) that were regulated in the same di-
rection in both HEK and BeWo cells. The top upregulated tDRs
were derived from the 5′ halves of tRNA-Gly (which has been
previously shown to be a significant contributor to EV-contained
tDRs[30]). In contrast, the top down-regulated tDRs were derived
from tRNA-Glu. Similar to the human cell lines, a large num-
ber of extracellular tDRs were altered in the rodent CM and CF
cells. Importantly, we found a set of extracellular tDRs (Figure
S11, Supporting Information) that were commonly upregulated
(≈46 tDRs) or down-regulated (≈97 tDRs) in both species. If vali-
dated in multiple other cell types, these may serve as a “universal
marker” for nutrient deprivation or metabolic stress.

Similar findings were noted with hypoxic stress, although
it appeared that most cellular and extracellular tDRs were de-
creased with hypoxic stress. Interestingly, the cancer BeWo cell
line showed less pronounced changes than HEK cells in this re-
gard. Whether cancer cells are more resistant to hypoxia would be
of interest to address in the future. Compared to these cell lines,
the cardiac primary rodent cells had a far higher number of al-
tered extracellular tDRs, with a number of these being common
between all the cell types. The generation of tDRs in response
to oxidative stress has been shown to be a conserved response
in eukaryotic cells. Interestingly, we found some marked differ-
ences between the human cell lines (most cellular and extracel-
lular tDRs were decreased) and the primary cardiac cells (where
ReO2 increased most extracellular tDRs). These data suggested
that the cellular context was influential in the biogenesis, export,
or stability of extracellular tDRs in response to oxidative stress.
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Together our findings suggest that extracellular tDRs have dis-
tinct signatures and sequences that do not simply reflect the sto-
ichiometry of cellular tDRs.

3.3. Extracellular tDRs as Biomarkers for Human Diseases

The potential of tDRs to serve as biomarkers to diagnose dis-
ease or monitor disease progression has been studied to some
extent in cancer patients.[55] However, our findings that extracel-
lular tDRs do not necessarily mirror the stoichiometry of cellu-
lar tDRs should caution investigators about extrapolating altered
levels of tDRs in tissues (such as cancer cells) and expecting sim-
ilar changes in plasma. Our finding that extracellular tDRs are
readily altered with cellular stress led us to query whether sim-
ilar changes may happen in human subjects and whether some
of the signatures we observed in our cell models were translat-
able to a clinical context. We examined the plasma tDRs in a pilot
study of patients undergoing CPB, a model of oxidative stress
and nutrient deprivation in human subjects. By measuring tDRs
at the initiation (pre-stress) and average 73 min after CPB (peak
stress), we could compare the levels of individual tDRs. Interest-
ingly, we found that similar to our cellular experiments, we de-
tected both 5′ and 3′ tRNA halves in plasma with ARM-seq and
that the cleavage pattern was similar to what was noted in the ex-
tracellular tDRs in the cell culture system. We again found that
plasma tDRs could modestly discriminate between pre-stress and
peak-stress samples while miRNAs failed to do so. Interestingly,
25 out of 122 DE tDRs after average 73 min of CPB were com-
mon with our cellular models of nutrient deprivation, while 16
of these overlapped with signatures of oxidative stress. One of
them, tDR-38:74-Arg-TCT-1, could only be detected 73 min after
CPB.

It should be noted that this was a preliminary pilot study with
a small sample size; however, we were encouraged by our results
that some of the tDR signatures of cellular stress we have iden-
tified could be readily translated into a clinical context. Whether
the presence of these signatures or degree of change is associ-
ated with clinical outcomes would be of paramount importance
in future studies.

3.4. New Insights of the Biogenesis, Stability Regulation, and
Transportation of tDRs

Notwithstanding emerging studies focusing on the functions
of tDRs in different pathophysiological processes, the biogen-
esis of these tDRs, especially the extracellular tDRs, still re-
mains unclear. We leveraged the technologies of ARM-seq and
CRISPR/Cas9 to study the roles of ANG and RNASE1 in tDR
biogenesis in response to hypoxia and oxidative stress, respec-
tively, since ANG is most significantly induced upon hypoxia and
RNASE1 is dramatically activated by oxidative stress in HEK cells.
Consistent with previous studies, we found that ANG mainly in-
duces cleavage of the anticodon loop of tRNA-Asp, tRNA-Glu,
and tRNA-Gly to generate tRNA halves in response to hypoxia.
Strikingly, we also, for the first time, demonstrated that ANG is
involved in the stability regulation of a population of cellular tDRs
that derived from pre-tRNAs. The function of ANG in the bio-
genesis of extracellular tDRs has not been reported previously.

We demonstrated that ANG is involved in the biogenesis of 491
extracellular tDRs and the stability of 536 extracellular tDRs. In-
terestingly, ANG-depleted extracellular tDRs are one nucleotide
longer than ANG-induced extracellular tDRs, and some of them
share the same parent tRNAs, such as tRNA-Glu-CTC, which
highlights the possibility that ANG may be implicated in trim-
ming some of ANG-depleted tDRs to generate the ANG-induced
tDRs. Another evidence of ANG-mediated tDR degradation is the
overall extracellular tRNA reads from ANG knockout groups are
significantly higher than wild-type groups.

Unlike ANG, RNASE1 is primarily involved in the stability reg-
ulation of cellular and extracellular tDRs as only 15 RNASE1-
induced cellular tDRs were identified. RNASE1 knockout in-
creased the overall extracellular tRNA reads under oxidative
stress. Furthermore, we identified 872 cellular tDRs and 1352
extracellular tDRs potentially targeted by RNASE1 for degrada-
tion in response to oxidative stress. RNASE1-depleted cellular
tDRs are derived from a wide range of tRNAs, including both
mature and pre-tRNAs, indicating that RNASE1 has a wide range
of cellular targets. The RNASE1-depleted extracellular tDRs also
have broad origins, and these are distinct from ANG-depleted ex-
tracellular tDRs, which suggests that the RNases secreted from
cells have unique specificity in targeting extracellular tDRs for
degradation in response to different stressors. Our data are con-
sistent with other studies that suggests that the stability (from
degradation) may be important in the expression of extracellular
tDRs.[26,56] However, we additionally demonstrate the active roles
of ANG in the biogenesis of both cellular and extracellular tDRs
and provide detailed characterization of the populations of tDRs
for which ANG and RNASE1 are critically involved in the stability
control in response to cellular stress.

As a key partner associated with extracellular miRNAs, AGO2
has been extensively reported to export miRNAs from cells and
protect miRNAs from degradation in circulation.[51] tDRs are
small RNAs with sizes reminiscent of miRNAs, which raised the
possibility that tDR exportation/protection is AGO2-dependent.
To address this question, we generated AGO2-knockout cells and
profiled their extracellular tDR expression. Although 854 AGO2-
dependent extracellular tDRs are identified, these do not consti-
tute the primary population of extracellular tDRs with the read
lengths of 31–33 nts, demonstrating AGO2 only associates with
a subset of extracellular tDRs. These results may also be in line
with previous studies suggesting that cellular tDRs mainly asso-
ciate with AGO1, AGO3, and AGO4, but not AGO2.[57] Of note,
our results suggest that AGO2 may be responsible for either the
transportation of these AGO2-dependent extracellular tDRs from
cells or protection of them from RNase-mediated degradation
thereby increasing their stability and relative expression levels.

3.5. Limitations

We recognize that we did not make a concerted effort to sepa-
rate different exRNA carriers (e.g., riboproteins, EVs, of different
size or density) in these studies, as this would have been tech-
nically difficult to conduct ARM-seq on different carriers due to
sample size constraints. As previously noted, the tDRs we de-
scribe may be associated both with EVs or with non-EV carriers
as has been previously shown.[58] While several studies have re-
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ported that a significant majority of extracellular tDRs are car-
ried in association with riboproteins, other studies have demon-
strated the presence of tDRs within EVs,[30] and importantly, a
functional role of EV-contained tDRs.[59] Future studies would be
needed to explicitly study the export and packaging of extracellu-
lar tDRs. Additionally, there has been recognition that exogenous
tDRs or RNases from bovine serum used for cell culture may con-
found analysis of extracellular tDRs; while we have used bovine
serum depleted of EVs by ultracentrifugation, we cannot exclude
the presence of these confounders. Our RNASE1 knockout ex-
periments confirm that endogenous RNASE1 plays an important
role in the stability of ex-tDRs in response to stress. Addition-
ally, for most of our stressors, the same medium was also used
for the stress conditions, making it unlikely that the changes we
observed in tDRs could be attributed to such confounders. For
those experiments that necessitated the use of different media
for the stress conditions (such as GSD or OGSD), it should be
noted that serum deprivation in these models leads to both up-
regulation and down-regulation of key tDRs, arguing against ex-
ogenous RNases (contained in serum) being the sole factor in
generation of our tDR signatures. Nonetheless, it remains a pos-
sibility that exogenous RNases may be a confounder for a subset
of the extracellular tDRs noted.

Furthermore, we did not explore the functional implications of
these findings. Whether extrusion of tDRs in response to partic-
ular stressors leads to changes in cellular phenotypes as has been
shown for T-cell activation,[60] or whether cellular stress leads to
an upregulation of extracellular tDR biogenesis would of great
interest to determine in future studies. Whether these findings
reflect distinct biogenesis, selective export, or differential stability
for extracellular tDRs cannot be directly inferred from our study.
It remains possible that the abundance of certain tDRs may re-
flect not selective biogenesis but increased stability of these frag-
ments in the Exs compared to others,[61] and support the findings
of others that the biogenesis of extracellular tDRs may be dis-
tinct from cellular tDRs.[24,25,32] These prior studies have demon-
strated the export of full-length tRNAs into the extracellular non-
EV fraction and subsequent processing by RNases to form tRNA
halves.[26,32] ARM-seq methodology was not designed to detect
full-length tRNAs, and it is therefore not surprising that we did
not detect the parental tRNAs for the abundant tDRs that were
detected. Other technologies such as DM-tRNA-seq together with
the use of northern blot may have the ability to tackle this ques-
tion. In terms of the translation of using extracellular tDRs as
biomarkers for human diseases, stem-loop-based RT-qPCR tech-
nology has been widely used to detect tDR expression, and the
results are consistent with the high-throughput sequencing data.
However, this method is yet not possible to distinguish tDRs
with only a few nucleotides difference. Emerging technologies
are being developed to simplify the detection of the tRNA/tDR ex-
pression levels, including YAMAT-seq,[62] QuantM-tRNAseq,[63]

mim-tRNAseq,[64] and Nanopore sequencing,[65] which may ulti-
mately lead to the clinical translation of these findings.

4. Conclusion

Using ARM-seq, we have provided a comprehensive profile of cel-
lular and extracellular tDRs in response to various cellular stres-
sors in several different cell types. Our studies demonstrate that

the profile of extracellular tDRs and their biogenesis may differ
from cellular tDRs and that the response to stress leads to robust
changes in the extracellular tDRs. Notably, extracellular tDRs pro-
vide far better discrimination between different types of cellular
stressors than miRNAs. In a pilot study, we demonstrate the ap-
plicability of our findings in a human subject model of nutrient
deprivation/oxidative stress. We explored the functional roles of
stress-induced RNases, ANG and RNASE1, in the biogenesis and
stability regulation of cellular and extracellular tDRs and identi-
fied a sub-population of AGO2-transported/protected extracellu-
lar tDRs. We expect that our data may be of use to investigators in
this field who wish to investigate extracellular tDRs as biomark-
ers for disease processes or examine their functional role in the
context of cellular stress.

5. Experimental Section
Generation of ANG, RNASE1, and AGO2 knockout HEK Cells: The

knockout of ANG, RNASE1, and AGO2 was performed using CRISPR/Cas9
tools with paired gRNAs as previously described.[66] Briefly, paired gR-
NAs targeting ANG exon2, RNASE1 exon3, and AGO2 exon10 were cloned
into eSpCas9-2A-puro and eSpCas9-2A-GFP vectors (GenScript) respec-
tively. HEK cells were transfected with paired gRNAs and selected with
puromycin for 6 days. Serial diluted HEK cells were then seeded into 96
well plates and the resulted monoclonal cell lines were screened by geno-
typing and validated using western blots. The complete knockout mon-
oclonal cell lines were then chosen for further experiments. gRNA se-
quences are listed in Table S8, Supporting Information.

Cellular Small RNA and Extracellular RNA Isolation: Cells were immedi-
ately lysed by adding TRIzol (Thermo Fisher, Cat# A33251) after treatment
and total RNAs were then isolated by following the manual. 40 μg total
RNAs were subjected to small RNA isolation by using mirVana miRNA
Isolation Kit (Thermo Fisher, Cat# AM1560). The cell culture medium was
collected immediately after treatment and spun twice at 2000 g for 10 min
to remove cell debris, followed by filtering through 0.8 μm filter. Next, 10–
12 mL cell culture medium was subjected to extracellular RNA isolation
using the exoRNeasy Maxi kit (Qiagen, Cat# 77164) with minor modifi-
cations. 20 μg mL−1 Glycogen was added into the upper aqueous phase
before adding 2 volumes of 100% ethanol and the aqueous phase/ethanol
mixture was incubated at −20 °C overnight to facilitate with small RNA
precipitation. The exRNAs from 1 mL CPB patient plasma samples were
isolated using the exoRNeasy Midi kit (Qiagen, Cat# 77044).

Northern Blotting: Northern blotting was performed by following pre-
vious report,[67] with significant modifications. Briefly, denatured 10–15 μg
cellular total RNAs or 200–500 ng extracellular total RNAs were separated
by 15% Criterion TBE-Urea PreCast Gels (Bio-Rad). The gels were stained
with SYBR-Gold (ThermoFisher Scientific) and transferred onto positively
charged Nylon membrane (Sigma Aldrich) using Trans-Blot Turbo Trans-
fer System (Bio-Rad). The membranes were then crosslinked with EDC
at 60 °C for 1–2 h and prehybridized with ULTRAhyb Ultrasensitive Hy-
bridization Buffer (Ambion). 50 pmol mL−1 Biotin-labeled Locked Nucleic
Acid-modified DNA probes (designed and synthesized by Qiagen) were
used for hybridization at 37 °C overnight. After washing sequentially with
high stringent buffer, low stringent buffer, and 1× SSC, the blots were then
processed and developed using Chemiluminescent Nucleic Acid Detec-
tion Module Kit (ThermoFisher Scientific).

RNA Sample Pre-Treatment and Small RNA Library Preparation for ARM-
Seq: Cellular small RNAs and exRNAs were successively treated with
DNase I (Zymo Research, Cat# R1014), T4 Polynucleotide Kinase (New
England Biolab, Cat# M0201L), and His-AlkB. After each treatment, the
RNA was cleaned to remove enzyme and buffer components using the
RNA Clean & Concentrator-5 kit (Zymo Research, Cat# R1014) before the
next treatment, with the following minor modifications. 20 μg mL−1 Glyco-
gen was added into sample/RNA Binding Buffer mixture before adding an
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equal volume of 100% ethanol and then the mixture incubated at −20 °C

overnight to facilitate small RNA precipitation. Due to the presence of high
dose heparin (250 units kg−1) in CPB patients undergoing cardiac surgery,
the CPB patient plasma RNAs were pretreated with Heparinase I (New
England Biolab, Cat# P0735L) at 30 °C for 3 h before DNase I treatment.
Then, 100–500 ng His-AlkB treated RNAs were used as input into the NEB-
Next Multiplex Small RNA Library construction kit (New England Biolab,
Cat# E7300S) and instructions were followed with the exception of 60 °C

temperature used for reverse transcription step. Size selection was per-
formed by isolating the bands from 140 to 240 bp to remove the contam-
ination of primer adaptors (around 127 bp) and longer RNAs. The quality
of libraries was confirmed by High Sensitivity DNA ScreenTape Analysis
(TapeStation, Agilent) and qPCR. Multiplexed libraries were sequenced on
an Illumina HiSeq 2000 system with paired-end 75 bp sequencing. About
seven million read pairs were generated from each library.

Mapping and tDR Naming: The accession numbers for the raw se-
quence data of in vitro stress response platforms reported in this pa-
per are GEO: GSE173806 and GSE196072. Paired-end sequencing reads
were trimmed to remove their adapter sequences and merged using
SeqPrep with the following parameters: -L 15 -A AGATCGGAAGAGCA-
CACGTC -B GATCGTCGGACTGTAGAACTC. Reads were aligned to the pre-
built tRAX [http://trna.ucsc.edu/tRAX/] hg38 or rn6 reference database us-
ing Bowtie2 in very-sensitive mode with the following parameters to al-
low for a maximum of 100 alignments per read: --very-sensitive --ignore-
quals --np 5 -k 100. Utilizing the tRAX pipeline [https://github.com/UCSC-
LoweLab/tRAX], ENSEMBL (release 96) small ncRNA annotations were
used to count the number of small RNA transcripts using only primary
alignments to prevent double counting. For tDRs, tDRnamer [http://trna.
ucsc.edu/tDRnamer/] was used to generate unique identifiers for each
of the transcripts based on the isodecoder(s) they mapped to and posi-
tions of any misincorporations. The naming conventions for tDRnamer
can be found at http://trna.ucsc.edu/tDRnamer/docs/naming/, and are
based on the full-length tRNA names derived from the Genomic tRNA
Database.[68] Raw counts were normalized using the DESeq2 package and
utilized for downstream analyses.

Read Length Distribution: To determine the read length distribution
for different small RNA types reads were extracted that either aligned to a
tRNA feature or another small RNA feature deemed “other.” The propor-
tion of read lengths was then calculated by taking the number of reads cor-
responding to each length and dividing that by the total number of reads
for that category (tRNA or other).

tDR Abundance and End Distribution: To determine the abundance dis-
tribution for tDRs across a consensus tRNA transcript, tDR normalized
read counts were extracted. For each of these transcripts, tRNA mapping
information was used to determine which positions in the mature tRNA
transcript these tDRs were derived from. Using this information, all tRNAs
were collapsed into a “consensus” tRNA and the proportion of total abun-
dance at each position was calculated by dividing the total abundance at
each position in the consensus tRNA by the total number of tDR reads.

To determine the read end distribution for these tDRs across a consen-
sus tRNA transcript, abundance values were attributed to only the final
position the tDR mapped within the mature tRNA transcript. The end fre-
quency was then calculated by dividing the total abundance at each posi-
tion in the consensus tRNA by the total number of tDR reads.

Dimensionality Reduction and Correlations: Using DESeq2 normalized
values, dimensionality reduction was performed to assess the repro-
ducibility of biological replicates. These analyses were performed for all
tDRs and miRNAs, as annotated by ENSEMBL (release 96) by first extract-
ing read counts for those transcripts prior to dimensionality reduction.
PCA was performed using the Python package sklearn v0.23.2 and the first
two components were used to generate scatter plots. UMAP projections
for each of the small RNA types were generated using the Python package
umap-learn v0.5.0. Spearman correlation coefficients were calculated us-
ing the pandas v1.2.1 “corr” function with parameters: method = “spear-
man.”

Tracking Plots: Tracking plots were generated to track the abundance
of specific tDRs and miRNAs across different cellular conditions and/or
environments using DESeq2 normalized values. Initially, tDRs were filtered

to remove potential sequencing artifacts and degradation products by set-
ting a cutoff threshold across all replicates. For miRNAs, all transcripts
with >5 reads were retained. Biological replicates were merged and log2
values were calculated for all transcript types.

Statistical Analysis: Statistical analyses of qPCR and patient sequenc-
ing data were performed using GraphPad Prism software (version 9).
qPCR data are expressed as mean ± SEM and the statistical significance
was assessed by two-tailed unpaired Student’s t-test; for CPB patient ARM-
seq data, two-tailed paired Student’s t-test was used; for all other ARM-seq
data, differential expression analysis was performed using DESeq2 to gen-
erate Benjamini–Hochberg-corrected p values (padj) to assess the statis-
tical significance. The criterion for statistical significance was p < 0.05 (*p
< 0.05, **p < 0.01, and ***p < 0.001).

Animal and Human Statement: All animal studies were approved by
the Massachusetts General Hospital Animal Care and Use Committee and
under the guidelines on the use and care of laboratory animals for biomed-
ical research published by National Institutes of Health (No. 85-23, re-
vised 1996). All human patient related studies were approved by the Part-
ners Healthcare Institutional Review Board (Boston, MA) and included in
the clinical trial NCT00985049 (https://clinicaltrials.gov/ct2/show/study/
NCT00985049).

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.

Acknowledgements
G.L., A.C.M., T.M.L., and S.D. contributed equally to this work. G.L. was
supported by an American Heart Association (AHA) postdoctoral fel-
lowship (19POST34381027). H.L. was supported by a career develop-
ment grant from AHA (20CDA35310184). J.M. was supported by grants
from NIH (R01HL118266, 1R01HL150401). S.D. was supported by grants
from NIH (1R01HL150401, R35HL150807) as well as from NCATS (1UG3
TR002878). M.K. was funded by NIH R01HL102368.

Conflict of Interest
The authors declare no conflict of interest.

Data Availability Statement
The data that support the findings of this study are openly available
in NIH_GEO at https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=
GSE173806, reference number 173806.

Keywords
cellular stress, extracellular RNAs, noncoding small RNAs, RNA associ-
ated proteins, transfer RNA

Received: February 10, 2022
Published online:

[1] E. de Nadal, G. Ammerer, F. Posas, Nat. Rev. Genet. 2011, 12, 833.
[2] S. Fulda, A. M. Gorman, O. Hori, A. Samali, Int. J. Cell Biol. 2010,

2010, 214074.

Adv. Sci. 2022, 2200829 © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH2200829 (18 of 20)



www.advancedsciencenews.com www.advancedscience.com

[3] H. H. Y. Chang, N. R. Pannunzio, N. Adachi, M. R. Lieber, Nat. Rev.
Mol. Cell Biol. 2017, 18, 495.

[4] C. Hetz, F. R. Papa, Mol. Cell 2018, 69, 169.
[5] T. Shpilka, C. M. Haynes, Nat. Rev. Mol. Cell Biol. 2018, 19, 109.
[6] L. Galluzzi, E. H. Baehrecke, A. Ballabio, P. Boya, J. M. Bravo-San Pe-

dro, F. Cecconi, A. M. Choi, C. T. Chu, P. Codogno, M. I. Colombo,
A. M. Cuervo, J. Debnath, V. Deretic, I. Dikic, E.-L. Eskelinen, G. M.
Fimia, S. Fulda, D. A. Gewirtz, D. R. Green, M. Hansen, J. W. Harper,
M. Jäättelä, T. Johansen, G. Juhasz, A. C. Kimmelman, C. Kraft, N. T.
Ktistakis, S. Kumar, B. Levine, C. Lopez-Otin, et al., EMBO J. 2017,
36, 1811.

[7] J. J. Lemasters, Rejuvenation Res. 2005, 8, 3.
[8] J. L. Martindale, N. J. Holbrook, J. Cell. Physiol. 2002, 192, 1.
[9] L. L. Ji, D. Yeo, C. Kang, T. Zhang, J. Sport Health Sci. 2020, 9, 386.

[10] G. Wang, J. Zhang, D. Moskophidis, N. F. Mivechi, Genesis 2003, 36,
48.

[11] X. Xiao, EMBO J. 1999, 18, 5943.
[12] L. Galluzzi, T. Yamazaki, G. Kroemer, Nat. Rev. Mol. Cell Biol. 2018,

19, 731.
[13] M. Delépine, M. Nicolino, T. Barrett, M. Golamaully, G. Mark Lathrop,

C. Julier, Nat. Genet. 2000, 25, 406.
[14] F. H. C. Crick, J. Mol. Biol. 1968, 38, 367.
[15] H. Fu, J. Feng, Q. Liu, F. Sun, Y.i Tie, J. Zhu, R. Xing, Z. Sun, X. Zheng,

FEBS Lett. 2009, 583, 437.
[16] Y. S. Lee, Y. Shibata, A. Malhotra, A. Dutta, Genes Dev. 2009, 23, 2639.
[17] P. Anderson, P. Ivanov, FEBS Lett. 2014, 588, 4297.
[18] Z. Su, B. Wilson, P. Kumar, A. Dutta, Annu. Rev. Genet. 2020, 54, 47.
[19] A. E. Cozen, E. Quartley, A. D. Holmes, E. Hrabeta-Robinson, E. M.

Phizicky, T. M. Lowe, Nat. Methods 2015, 12, 879.
[20] R. Magee, I. Rigoutsos, Nucleic Acids Res. 2020, 48, 9433.
[21] V. Pliatsika, P. Loher, A. G. Telonis, I. Rigoutsos, Bioinformatics 2016,

32, 2481.
[22] G. Zheng, Y. Qin, W. C. Clark, Q. Dai, C. Yi, C. He, A. M. Lambowitz,

T. Pan, Nat. Methods 2015, 12, 835.
[23] J. F. Quinn, T. Patel, D. Wong, S. Das, J. E. Freedman, L. C. Laurent,

B. S. Carter, F. Hochberg, K. V. Keuren-Jensen, M. Huentelman, R.
Spetzler, M. Y. S. Kalani, J. Arango, P. D. Adelson, H. L. Weiner, R.
Gandhi, B. Goilav, C. Putterman, J. A. Saugstad, J. Extracell. Vesicles
2015, 4, 27495.

[24] J. P. Tosar, A. Cayota, RNA Biol. 2020, 17, 1149.
[25] A. G. Torres, E. Martí, Front. Mol. Biosci. 2021, 8, 662620.
[26] J. P. Tosar, M. Segovia, M. Castellano, F. Gámbaro, Y. Akiyama, P.

Fagúndez, Á. Olivera, B. Costa, T. Possi, M. Hill, P. Ivanov, A. Cayota,
Nucleic Acids Res. 2020, 48, 12874.

[27] P. M. Godoy, N. R. Bhakta, A. J. Barczak, H. Cakmak, S. Fisher, T. C.
Mackenzie, T. Patel, R. W. Price, J. F. Smith, P. G. Woodruff, D. J. Erle,
Cell Rep. 2018, 25, 1346.

[28] S. Srinivasan, A. Yeri, P. S. Cheah, A. Chung, K. Danielson, P. De
Hoff, J. Filant, C. D. Laurent, L. D. Laurent, R. Magee, C. Moeller,
V. L. Murthy, P. Nejad, A. Paul, I. Rigoutsos, R. Rodosthenous, R. V.
Shah, B. Simonson, C. To, D. Wong, I. K. Yan, X. Zhang, L. Balaj, X.
O. Breakefield, G. Daaboul, R. Gandhi, J. Lapidus, E. Londin, T. Patel,
R. L. Raffai, et al., Cell 2019, 177, 446.

[29] E. N. M. Nolte-’T Hoen, H. P. J. Buermans, M. Waasdorp, W. Stoor-
vogel, M. H. M. Wauben, P. A. C. ’T Hoen, Nucleic Acids Res. 2012, 40,
9272.

[30] S. R. Baglio, K. Rooijers, D. Koppers-Lalic, F. J. Verweij, M. Pérez
Lanzón, N. Zini, B. Naaijkens, F. Perut, H. W. M. Niessen, N. Baldini,
D. M. Pegtel, Stem Cell Res. Ther. 2015, 6, 127.

[31] Y. Qin, J. Yao, D. C. Wu, R. M. Nottingham, S. Mohr, S. Hunicke-
Smith, A. M. Lambowitz, RNA 2016, 22, 111.

[32] G. Nechooshtan, D. Yunusov, K. Chang, T. R. Gingeras, Nucleic Acids
Res. 2020, 48, 8035.

[33] M. J. Shurtleff, J. Yao, Y. Qin, R. M. Nottingham, M. M. Temoche-Diaz,
R. Schekman, A. M. Lambowitz, Proc. Natl. Acad. Sci. U. S. A. 2017,
114, E8987.

[34] P. Huang, B. Tu, H.-J. Liao, F.-Z. Huang, Z.-Z. Li, K.-Y.e Zhu, F. Dai,
H.-Z. Liu, T.-Y.i Zhang, C.-Z. Sun, Sci. Rep. 2021, 11, 5886.

[35] P. L. Marjon, E. V. Bobrovnikova-Marjon, S. F. Abcouwer, Mol. Cancer
2004, 3, 4.

[36] H.-Y. Fang, R. Hughes, C. Murdoch, S. B. Coffelt, S. K. Biswas, A. L.
Harris, R. S. Johnson, H. Z. Imityaz, M. C. Simon, E. Fredlund, F. R.
Greten, J. Rius, C. E. Lewis, Blood 2009, 114, 844.

[37] E. Branchetti, P. Poggio, R. Sainger, E. Shang, J. B. Grau, B. M. Jack-
son, E. K. Lai, M. S. Parmacek, R. C. Gorman, J. H. Gorman, J. E.
Bavaria, G. Ferrari, Cardiovasc. Res. 2013, 100, 316.

[38] J. Li, A. M. Salvador, G. Li, N. Valkov, O. Ziegler, A. Yeri, C. Yang Xiao,
B. Meechoovet, E. Alsop, R. S. Rodosthenous, P. Kundu, T. Huan, D.
Levy, J. Tigges, A. R. Pico, I. Ghiran, M. G. Silverman, X. Meng, R.
Kitchen, J. Xu, K. Van Keuren-Jensen, R. Shah, J. Xiao, S. Das, Circ.
Res. 2021, 128, e1.

[39] R. M. Allen, S. Zhao, M. A. Ramirez Solano, W. Zhu, D. L. Michell, Y.
Wang, Y. Shyr, P. Sethupathy, M. F. Linton, G. A. Graf, Q. Sheng, K. C.
Vickers, J. Extracell. Vesicles 2018, 7, 1506198.

[40] S. Li, Z. Xu, J. Sheng, Genes 2018, 9, 246.
[41] J. P. Tosar, F. Gambaro, J. Sanguinetti, B. Bonilla, K. W. Witwer, A.

Cayota, Nucleic Acids Res. 2015, 43, 5601.
[42] M. A. Mori, R. G. Ludwig, R. Garcia-Martin, B. B. Brandão, C. R. Kahn,

Cell Metab. 2019, 30, 656.
[43] P.-S. Chen, W.-T. Chiu, P.-L. Hsu, S.-C. Lin, I.-C. Peng, C.-Y. Wang, S.-J.

Tsai, J. Biomed. Sci. 2020, 27, 63.
[44] Y. Cui, Y. Huang, X. Wu, M. Zheng, Y. Xia, Z. Fu, H. Ge, S. Wang, H.

Xie, J. Cell. Physiol. 2019, 234, 8740.
[45] D. M. Thompson, C. Lu, P. J. Green, R. Parker, RNA 2008, 14, 2095.
[46] S. J. Head, M. Milojevic, D. P. Taggart, J. D. Puskas, Circulation 2017,

136, 1331.
[47] J. H. Alexander, P. K. Smith, N. Engl. J. Med. 2016, 374, 1954.
[48] D. J. Hausenloy, E. Boston-Griffiths, D. M. Yellon, Cardiovasc. Res.

2012, 94, 253.
[49] A. Yeri, A. Courtright, R. Reiman, E. Carlson, T. Beecroft, A. Janss, A.

Siniard, R. Richholt, C. Balak, J. Rozowsky, R. Kitchen, E. Hutchins,
J. Winarta, R. Mccoy, M. Anastasi, S. Kim, M. Huentelman, K. Van
Keuren-Jensen, Sci. Rep. 2017, 7, 44061.

[50] Z. Su, C. Kuscu, A. Malik, E. Shibata, A. Dutta, J. Biol. Chem. 2019,
294, 16930.

[51] H. Geekiyanage, S. Rayatpisheh, J. A. Wohlschlegel, R. Brown, V. Am-
bros, Proc. Natl. Acad. Sci. U. S. A. 2020, 117, 24213.

[52] S. Cory, S. K. Dube, B. F. C. Clark, K. A. Marcker, FEBS Lett. 1968, 1,
259.

[53] P. S. Rudland, S. K. Dube, J. Mol. Biol. 1969, 43, 273.
[54] Q. Chen, M. Yan, Z. Cao, X. Li, Y. Zhang, J. Shi, G.-H. Feng, H. Peng,

X. Zhang, Y. Zhang, J. Qian, E. Duan, Q. Zhai, Q. Zhou, Science 2016,
351, 397.

[55] M. Nientiedt, M. Deng, D. Schmidt, S. Perner, S. C. Müller, J. Ellinger,
Sci. Rep. 2016, 6, 37158.

[56] J. P. Tosar, F. Gámbaro, L. Darré, S. Pantano, E. Westhof, A. Cayota,
Nucleic Acids Res. 2018, 46, 9081.

[57] P. Kumar, J. Anaya, S. B. Mudunuri, A. Dutta, BMC Biol. 2014, 12, 78.
[58] Z. Wei, A. O. Batagov, S. Schinelli, J. Wang, Y. Wang, R. El Fatimy, R.

Rabinovsky, L. Balaj, C. C. Chen, F. Hochberg, B. Carter, X. O. Breake-
field, A. M. Krichevsky, Nat. Commun. 2017, 8, 1145.

[59] U. Sharma, C. C. Conine, J. M. Shea, A. Boskovic, A. G. Derr, X. Y.
Bing, C. Belleannee, A. Kucukural, R. W. Serra, F. Sun, L. Song, B. R.
Carone, E. P. Ricci, X. Z. Li, L. Fauquier, M. J. Moore, R. Sullivan, C.
C. Mello, M. Garber, O. J. Rando, Science 2016, 351, 391.

[60] N.-T. Chiou, R. Kageyama, K. M. Ansel, Cell Rep. 2018, 25, 3356.

Adv. Sci. 2022, 2200829 © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH2200829 (19 of 20)



www.advancedsciencenews.com www.advancedscience.com

[61] K. M. Akat, Y. A. Lee, A. Hurley, P. Morozov, K. E. A. Max, M. Brown,
K. Bogardus, A. Sopeyin, K. Hildner, T. G. Diacovo, M. F. Neurath, M.
Borggrefe, T. Tuschl, JCI Insight 2019, 5, e127317.

[62] M. Shigematsu, S. Honda, P. Loher, A. G. Telonis, I. Rigoutsos, Y.
Kirino, Nucleic Acids Res. 2017, 45, gkx005.

[63] O. Pinkard, S. Mcfarland, T. Sweet, J. Coller, Nat. Commun. 2020, 11,
4104.

[64] A. Behrens, G. Rodschinka, D. D. Nedialkova, Mol. Cell 2021, 81,
1802.

[65] N. K. Thomas, V. C. Poodari, M. Jain, H. E. Olsen, M. Akeson, R. L.
Abu-Shumays, ACS Nano 2021, 15, 16642.

[66] G. Li, Z. Jiapaer, R. Weng, Y. Hui, W. Jia, J. Xi, G. Wang, S. Zhu, X.
Zhang, D. Feng, L. Liu, X. Zhang, J. Kang, Stem Cell Rep. 2017, 8,
1270.

[67] K. Damm, S. Bach, K. M. Müller, G. Klug, O. Y. Burenina, E. A.
Kubareva, A. Grünweller, R. K. Hartmann, Methods Mol. Biol. 2015,
1296, 41.

[68] P. P. Chan, T. M. Lowe, Nucleic Acids Res. 2016, 44, D184.

Adv. Sci. 2022, 2200829 © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH2200829 (20 of 20)




