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Abstract
Objectives: to investigate exosome-derived transfer RNAs (tRNAs) in the plasma of patients in the chronic
phase of ischemic stroke (IS). tRFs may be disease biomarkers, especially for disorders linked to hypoxic
and extracellular stress.

Material and methods: We assessed samples from ten patients who had ischemic stroke (IS), collected
them six months after the ictus, and compared to samples obtained from ten controls. We used small
RNA sequencing for tRNA identi�cation and quanti�cation.

Results: We found that the most abundant class of tRFs identi�ed in the patients’ samples were 3′
fragments (37.7%). Most interestingly, we found increased levels of two tRFs in patients, namely Phe-GAA

(p = 0.0146) and Leu-TAG (p = 0.0331). These two fragments originate from mitochondrial tRNAs and may
be related to mechanisms leading to abnormal regulation of cellular energy, DNA transcription, and
oxidative stress. We also identi�ed decreased tRNA-Gly and tRNA-Val derivatives in patients. Furthermore,
we found that the expression signature of tRNA Phe-GAA differentiates patients from controls with an area
under the receiver operating characteristics (ROC) curve (AUC) = 0.78.

Conclusions: Our results indicate differential expression of circulating exosome-derived tRFs in the
chronic stages of IS. The tRFs with the greatest differences in expression identi�ed in this study may be
linked to the mechanisms leading to disease, most likely related to underlying risk factors that may
persist after the acute event. Thus, we provide suggestive evidence that tRFs may assist in risk
strati�cation for individuals with increased susceptibility to IS. 

Introduction
Stroke is one of the leading causes of death and disability worldwide 1. The timely and adequate
treatment of patients with stroke determines the short- and long-term prognosis 2,3. Most importantly,
stroke treatment extends beyond the acute phase, and preventive measures addressing risk factors are
more likely to decrease disease burden with a lower cost 4–7. Currently, there is great interest in
developing treatment strategies directed toward neuroprotection and the control of mechanisms leading
to tissue damage 3. In this context, many recent studies have investigated circulating molecules,
especially non-coding RNAs (ncRNAs), as potential biomarkers and novel therapeutic targets 8–11.
ncRNAs are regulatory molecules involved in many processes relevant to stroke pathogenesis, such as
angiogenesis, vascular homeostasis, and in�ammation 12–15. ncRNAs can be released from cells through
passive apoptosis or active processes associated with lipoproteins or extracellular vesicles, such as
exosomes 16. These vesicles are responsible for intercellular communication and molecular delivery 17. In
addition, the release of exosomes is known to be induced under speci�c biological conditions 18,19,
making them a potential source of disease biomarkers 20,21. Among the many classes of ncRNAs that
may be transported inside these vesicles, there are transfer RNAs (tRNAs). These are associated with the
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translational process, representing 4–10% of all circulating RNA molecules, from which around 1% can be
observed inside circulating vesicles 22–25.

It is known that tRNAs have an important role in regulating protein synthesis and gene expression 26.
More recently, tRNAs have been linked to the control of cell death and proliferation, genome stability, and
oxidative stress 23,24,26. Most interesting, there is an increase in tRNA cleavage in certain conditions, a
phenomenon that generates tRNA fragments (tRFs) (Fig. 1) 23,26. Furthermore, tRFs have been linked to
the mechanisms leading to several diseases, including neurological disorders 28–34. Furthermore, tRNAs
have been proposed as potential biomarkers for early tissue damage in stroke 33. Indeed, a few studies
have shown increased tRF levels in the acute phase of stroke in neuronal cell cultures and patient
samples 33–35. Furthermore, the levels of tRFs increased signi�cantly in the �rst 24 h after stroke onset
and could be correlated to infarct size and hematoma volumes in patients 33. Most interestingly, higher
levels of tRFs seven days after the ictus were associated with poorer functional outcomes 33. However,
there is no information about the levels of tRNAs in the chronic phase of stroke, making it di�cult to
know whether these molecules are markers of acute tissue damage or perhaps associated with the
mechanisms leading to the disease that persists beyond the ictus. Thus, we designed the current study to
investigate exosome-derived tRNAs in the plasma of patients in the chronic phase of ischemic stroke (IS).

Methods

Cohort
We collected samples from ten patients with chronic IS, six to ten months after the ictus, and ten control
subjects without stroke. We obtained written informed consent from all patients and controls. The
research protocol and the informed consent form were approved by the Research Ethics Committee of the
University of Campinas (UNICAMP), Campinas, SP, Brazil. All subjects were over 50 years old, age-
matched, and were followed prospectively in the outpatient clinic of the UNICAMP hospital (Table 1).
Stroke diagnoses and risk factors were determined following a detailed clinical and neuroimaging
investigation performed by two neurologists, AS and WMA, who have training in neurovascular disorders.
Patients were classi�ed into IS subtypes, thrombotic or embolic, according to the TOAST classi�cation 36.
In addition, stroke severity was evaluated by the attending neurologists using the National Institute of
Health Scale Score (NIHSS) 37. Control subjects were evaluated in the hypertension clinic. Based on
clinical and magnetic resonance imaging (MRI) evaluation, they had not experienced a stroke or
neurological damage.
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Table 1
Cohort characterization according to age, sex, risk factors, and stroke classi�cation32.

  Patients with ischemic stroke Controls

Age, years (mean ± standard deviation) 65.5 ± 7.7 64.5 ± 6.2

Sex Female 5 8

Male 5 2

Hypertension Yes 4 10

No 6 0

Diabetes mellitus Yes 3 5

No 7 5

Dyslipidemia Yes 5 6

No 5 4

Smoking Yes 2 3

No 4 7

Ex 4 0

Alcoholism Yes 2 0

No 6 2

Ex 1 0

NA 1 8

Carotid Stenosis Yes 3 0

No 7 10

Stroke Classi�cation Thrombotic 5 -

Embolic 5 -

NIHSS (mean) Acute 12.2 -

Chronic 4.2 -

Thrombolysis Yes 1 -

No 5 -

NA 4 -

Analysis
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We puri�ed exosomes from plasma samples using the miRCURY Exosome Serum/Plasma kit (Qiagen,
Inc.) and extracted total RNA using the miRNeasy Serum/Plasma Advanced (Qiagen, Inc.). Then, we
performed small RNA sequencing with the QIAseq miRNA library kit (Qiagen, Inc.), following the
manufacturer’s recommended protocol. All samples were sequenced simultaneously on NextSeq 500
equipment (Illumina, Inc) with 75 single-end cycles.

The raw data were quality �ltered and trimmed by fastx_toolkit, and adaptor sequences were removed
using Cutadapt. Quality control was performed using FastQC to ensure high-quality data. Filtered reads
were �rst mapped to rat tRNA sequences using Bowtie, allowing one mismatch. Next, we analyzed the
data from patients and controls using DeSeq2, with the threshold p-value adjusted with the Bonferroni
test 38,39. We also constructed a scatterplot to observe the distribution of the fragment lengths and
positions over the tRNA molecules. Finally, we evaluated the tRNA targets using the tRFTars prediction
tool (http://trftars.cmuzhenninglab.org:3838/tar/) 40. Subsequently, we selected the genes with a false
discovery rate (FDR) < 0.05 to construct enriched molecular pathways using the Reactome Software 41.
Finally, we built receiver operating characteristic (ROC) curves using GraphPad software (San Diego, CA,
USA).

Results
We identi�ed 61 exosome-derived tRFs in patients and controls (Table 2), which corresponds to
approximately 1% of the total exosomal RNA identi�ed in the small RNA sequencing (Supplementary File,
Supplementary Fig. 1). Overall, we observed an increased concentration of tRFs in controls (57.6%)
compared with patients (42.4%). In addition, we found that 59% of the differentially expressed tRFs were
downregulated in patients, while 41% were upregulated. The distribution of the different types of tRF
fragments was 37.7% of 3′ fragments, 18% of undetermined fragments (potentially 3′ or 5′ fragments),
11.5% of half tRFs, and 6.6% of 5′ fragments (Supplementary File, Supplementary Fig. 2A and 2B). Most
interesting, we found two tRFs signi�cantly increased in patients, namely Phe-GAA (p = 0.0146) and Leu-
TAG (p = 0.0331). Although these differences were subtle and did not survive the corrections for multiple
comparisons (Table 2), they may still indicate biological relevant results, as depicted in Fig. 2.
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Table 2
Differential expression of exosome-derived tRNA fragments (tRFs)

in patients with ischemic stroke compared with controls.
tRFs baseMean log2FC p p-adj

Phe-GAA 60.13 0.62 0.0146 0.8908

Leu-TAG 50.12 0.67 0.0331 0.9816

Gly-GCC 2437.29 -0.86 0.0600 0.9816

Ser-AGA 91.07 -0.40 0.0644 0.9816

Glu-CTC 3065.82 -0.53 0.1176 0.9936

nmt-tRNA-Ser-TGA 1.06 -1.75 0.1249 0.9936

Tyr-ATA 4.51 -0.96 0.1316 0.9936

Trp-CCA 87.23 0.52 0.1527 0.9936

SeCe-TCA 17.11 -0.52 0.1895 0.9936

Cys-GCA 94.78 0.62 0.2064 0.9936

Pro-AGG 33.55 -0.31 0.2263 0.9936

Leu-AAG 76.00 0.33 0.2271 0.9936

Asp-GTC 312.51 -0.22 0.2360 0.9936

Pro-CGG 33.89 -0.30 0.2886 0.9936

Val-CAC 1011.23 -0.42 0.3119 0.9936

Val-AAC 928.28 -0.43 0.3145 0.9936

Val-TAC 39.46 -0.32 0.3227 0.9936

Tyr-GTA 30.85 0.29 0.3302 0.9936

Gln-TTG 33.56 0.34 0.3525 0.9936

Leu-CAA 68.87 -0.16 0.3882 0.9936

Pro-TGG 62.51 0.25 0.4192 0.9936

Asn-GTT 60.40 0.25 0.4778 0.9936

Cys-ACA 2.87 0.59 0.4964 0.9936
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tRFs baseMean log2FC p p-adj

Ser-TGA 156.17 0.13 0.5075 0.9936

Ile-GAT 2.29 -0.38 0.5332 0.9936

Gly-TCC 38.48 -0.13 0.5464 0.9936

Met-CAT 19.13 0.27 0.5477 0.9936

nmt-tRNA-Leu-TAA 0.41 0.93 0.5692 0.9936

Arg-TCT 67.11 -0.13 0.5702 0.9936

Sup-CTA 0.62 -0.58 0.6207 0.9936

Glu-TTC 584.30 -0.14 0.6603 0.9936

Sup-TTA 4.98 -0.23 0.6964 0.9936

Arg-TCG 25.96 -0.10 0.7245 0.9936

Ser-GCT 137.94 0.07 0.7374 0.9936

Asn-ATT 0.78 -0.34 0.7382 0.9936

Arg-CCT 23.92 -0.11 0.7449 0.9936

Thr-AGT 8.93 -0.11 0.7483 0.9936

nmt-tRNA-Pro-TGG 0.18 -0.80 0.7633 0.9936

Thr-TGT 16.89 -0.10 0.7639 0.9936

Lys-CTT 290.25 0.08 0.7657 0.9936

Leu-TAA 43.76 -0.08 0.7703 0.9936

Ala-CGC 108.38 0.06 0.8095 0.9936

nmt-tRNA-Gln-TTG 2.26 -0.15 0.8120 0.9936

iMet-CAT 67.76 -0.07 0.8132 0.9936

Ser-CGA 148.99 0.05 0.8251 0.9936

Gly-CCC 657.89 -0.06 0.8309 0.9936

Ser-ACT 2.85 0.13 0.8334 0.9936
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tRFs baseMean log2FC p p-adj

Arg-CCG 24.62 0.06 0.8663 0.9936

Lys-TTT 120.17 0.04 0.8727 0.9936

Pro-GGG 0.11 -0.44 0.8846 0.9936

Ala-AGC 102.54 0.02 0.8908 0.9936

Ala-TGC 139.91 0.03 0.9112 0.9936

Ile-AAT 39.58 0.03 0.9129 0.9936

Arg-ACG 25.56 -0.03 0.9273 0.9936

SeC-TCA 0.29 -0.16 0.9295 0.9936

His-GTG 110.25 -0.02 0.9338 0.9936

Ile-TAT 2.86 -0.04 0.9607 0.9936

nmt-tRNA-Gln-CTG 0.03 -0.13 0.9661 0.9936

Thr-CGT 35.71 0.01 0.9692 0.9936

Leu-CAG 150.69 0.01 0.9774 0.9936

Gln-CTG 70.27 0.00 0.9943 0.9943

Next, we performed a pathway analysis based on the target genes of the tRFs Phe-GAA and Leu-TAG. These
were tRFs showing differential expression based on the nominal p-value < 0.05). We also included tRFs
Glu-CTC, Glu-TTC, Gly-CCC, Gly-GCC, Val-AAC, Val-CAC due to their high sequencing depth, over 500 reads. We
observed pathways associated with DNA translation and gene expression regulation, programmed cell
death, the cell cycle, and in�ammatory processes (Supplementary File, Supplementary Table 1)41.
Furthermore, we found enrichment of some pathways, such as TRAIL signaling— correlating with the
tRNAs Leu-TAG, Glu-CTC, Glu-TTC, and Val-AAC/Val-CAC—and TP53 Regulates Transcription of Caspase
Activators and Caspases 41 – correlating with the tRNAs Glu-CTC, Glu-TTC, Gly-CCC, and Gly-GCC (Fig. 3;
Supplementary File, Supplementary Table 1). Based on these tRFs, we performed a prediction analysis to
evaluate the ability of these fragments to differentiate the patient and control groups. The greatest area
under the receiver operating characteristics (ROC) curve (area under the curve - AUC) = 0.78 was obtained
for Phe-GAA (Supplementary File, Supplementary Fig. 3).

Discussion



Page 9/20

Stroke is a multifactorial disease characterized by obstruction of the blood �ow to the brain and can be
classi�ed into two large groups, ischemic (IS) or hemorrhagic (HS) 1. In addition, the TOAST classi�cation
categorizes IS into �ve subtypes according to etiology 36. Considering the different stages of the disease,
IS can be divided into three main phases: acute (at the beginning of symptoms), sub-acute (a transition
stage for de�cit delimitation), and chronic (associated with the establishment and recovery of de�cits) 3.
Although there have been several studies in the �eld, stroke diagnosis still relies predominantly on clinical
and neuroimaging evaluations 42. Thus, there is great interest in identifying molecular biomarkers,
including ncRNAs, that could assist in the diagnosis and predict the prognosis of patients with IS.
Furthermore, these molecules could provide insights into the mechanisms leading to IS and serve as
targets for novel therapeutic and preventive measures 9,43−46.

tRNAs are novel molecules associated with several regulatory processes, such as gene expression and
ncRNA biogenesis 24. It has been observed that under speci�c biological conditions—for example, during
stress or hypoxia—cleavage on the anticodon loop of mature tRNA molecules by the endonuclease
Angiogenin may occur, creating 29–50 nucleotides molecules known as half tRFs 23,27. Depending on the
loop end, half tRFs can be classi�ed as 5′ or 3′ half tRFs 23 (Fig. 1). Another cleavage may occur by Dicer
and RNases at the mature tRNA ends, generating fragments of 14–30 nucleotides called 5′ or 3′ tRFs 23.
Thus, a disease linked to stress and hypoxic conditions could increase the number of tRNA derivatives,
which in turn may serve as biomarkers 29,34,47,48. Furthermore, it has been shown that some of these tRFs
are associated with the Argonaute (AGO) protein complex and, similarly to microRNAs, may lead to
suppression of target genes 49. However, differently from microRNAs, due to their transcription-
independent biogenesis, tRFs can respond quickly to changes in extracellular conditions 50,51. tRNA
internalization in exosomes is important to increase stability, protecting these molecules from RNase
activity 51,52.

Over the past few years, there has been signi�cant interest in investigating a possible relationship
between changes in tRNA and the mechanisms of disease 30,33,34,53,54. Indeed, it is known that the human
brain is sensitive to defects in tRNAs, and many neurological diseases may be linked to these
modi�cations 55–59. For example, reducing tRNA-ARG can cause protein misfolding in brain cells, inducing
neurodegenerative changes in mice 60. Moreover, researchers showed that a reduction in mature tRNAs
due to mutations in cleavage and polyadenylation factor I subunit 1 (CLP1) caused neuromotor
disabilities and increased oxidative stress in vivo and in vitro models 61. Furthermore, an in vitro study
found increased levels of half tRFs after cell stress induced by oxygen deprivation, which was reversed
after treatment with neuroprotective agents, leading to the normalization of tRF levels 62. In addition, 5′
tRFs could be increased in tissues by post-transcriptional modi�cations of RNA molecules. They may
affect protein translational rates and stress pathways, such as apoptosis, inducing a reduction in the size
of hippocampal and cortical neurons 55. Furthermore, disruptions in tRNA biosynthesis may change
neuronal homeostasis, leading to neuronal damage and abnormal neurological development due to
modi�cation of protein synthesis, tRNA splicing, and post-transcriptional mutations 48. In Parkinson’s
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disease, researchers identi�ed a set of tRFs that could be potential biomarkers for the presence of
dementia in patients when compared with control subjects 32. In amyotrophic lateral sclerosis, 5′ tRF-ALA

associated with the presence of the C9ORF72 variant contributes to motor neuron death and the
progression of neurodegeneration 31.

A few studies investigating tRNAs have been performed in cell culture, animal models, and biological
samples from patients with IS. However, these studies have been limited to the acute phase of the
disease 33–35, 63. The researchers generally observed higher tRNA expression in patients with acute stroke
than controls, indicating increased tRNA cleavage during hypoxia and stress conditions 33–35, 63. Li and
collaborators 63 also identi�ed an increase in 5′ half tRFs with a similar cleavage pattern 24 h after
ischemic onset in animal models of IS63, indicating that tRF biogenesis is strictly regulated during
ischemic conditions. Nguyen et al. 34 observed a set of tRNAs (Tyr-GTA, Thr-CGT, and Val-CAC) that may act
as diagnostic biomarkers in the acute stage and could distinguish among stroke subtypes: IS, HS, and
stroke mimics. In addition, Ishida et al. 33 evaluated patients in the acute and subacute stages of IS and
HS. They observed an increase in tRNAs in patients upon hospital admission. The levels of these
molecules seven at seven days after the stroke ictus correlated with the patient’s poor functional outcome
30 days after the acute event 33. Recently, Winek et al. 50 observed an increase in tRFs in the acute phase
of IS accompanied by a decrease in microRNA levels, a change that may affect the neuroimmune
response in IS by regulating the gene expression of CD14 + monocytes.

Unlike these previous reports, we performed our study in the chronic phase of IS. We aimed to investigate
whether these tRFs are only markers of acute tissue damage or may be associated with persistent
biological changes that could be observed beyond the ictus. Our results revealed an overall decrease in
tRFs in the plasma of patients in the chronic stage of IS compared with controls, indicating that after the
initial increase in tRFs due to acute tissue damage, there is a decrease in tRFs levels over time.
Furthermore, we detected increased 3′ tRFs in chronic IS, a �nding different from the increased 5′ tRFs
reported in acute IS 63, suggesting a different cleavage pattern of tRNAs during stroke recovery.

Furthermore, we identi�ed speci�c differentially expressed tRFs in patients with chronic IS compared with
controls, namely Phe-GAA (p = 0.0146) and Leu-TAG (p = 0.0331), both upregulated. We also found that the
plasma concentration of tRNA Phe-GAA could differentiate patients from controls with 78% accuracy.
These fragments are derived from mitochondrial tRNAs and have been proposed as potential biomarkers
of cancer and mitochondrial encephalomyopathy, lactic acidosis, and stroke-like episodes (MELAS)
53,64−67. In patients with leukemia, the tRFs Phe-GAA and Leu-TAG are increased 53,65, and the
overexpression of these molecules seems to be correlated with a poorer prognosis 53,65,68,69, probably due
to induction of angiogenesis and macrophage migration. Interestingly, these two mechanisms may be
relevant for stroke recovery 70–72. Furthermore, according to tRFTars and Reactome pathway analysis,
Phe-GAA and Leu-TAG regulate many genes associated with DNA replication, the cell cycle, and
in�ammation (Supplementary File, Supplementary Table 1) 40,41.
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Of note, a mutation in mtRNA-Phe was identi�ed in a patient with MELAS and carotid artery stenosis 67.
In that report, the authors speculate that tRNA-Phe mutations may affect the vessel architecture and
predispose individuals to develop embolic strokes 67. Furthermore, mutations in tRNA-Leu have been
reported in patients with cancer 65,73, MELAS 73,74, and diabetes 75. In these patients, the presence of
mutations was associated with poor survival rates and recurrent stroke episodes. Mutations of
mitochondrial tRNAs are usually described as inhibiting mitochondrial DNA translation, which affects the
regulation of homeostasis, cellular energy through the respiratory chain, and production of reactive
oxygen species 73,76.

Although not reaching statistical signi�cance, other interesting tRFs identi�ed as downregulated in our
patients are tRNA-Gly and tRNA-Val derivates (Gly-CTC, Gly-CCC, Gly-GCC, Val-AAC, and Val-CAC). These
tRNAs have been observed, as differentially expressed, in animal models of acute IS and are associated
with inhibiting angiogenesis and cell proliferation 63. Val-CAC was identi�ed as upregulated in patients
with acute IS and intracerebral hemorrhage, and its concentration was able to differentiate between the
two different stroke subtypes 34.

Our study’s strengths are that all patients were followed prospectively by the same group of neurologists
and were subjected to the same thorough clinical and imaging investigation. In addition, all individuals in
the control group had a brain MRI that excluded the possibility of an asymptomatic stroke event.
However, our study also has limitations, such as the fact that we could not classify 26.2% of the tRFs
sequenced. This limitation has been commonly reported in the literature due to technical issues in RNA
sequencing experiments and annotations 80,81. In addition, we did not study methylation and post-
translational changes that may occur in tRNAs and may impact tRNA function, structure, and stability
22,27.

In conclusion, we identi�ed a different expression signature of exosome-derived tRFs in patients with
chronic IS compared with controls. Of note, we found increased levels of Phe-GAA and Leu-TAG, which are
linked to mechanisms such as regulation of cellular energy, transcription, and oxidative stress. In
particular, the levels of Phe-GAA discriminate patients with IS from controls. Based on our results, we
hypothesize that the differential levels of circulating exosome-derived tRFs in chronic IS may be linked to
the underlying risk factors for stroke that persist after the acute event. Thus, our �ndings warrant
additional studies to explore the potential role of tRFs as biomarkers and therapeutic targets for
secondary prevention of IS, assisting in risk strati�cation of individuals with increased susceptibility for
IS.

Declarations
Funding

This work was supported by a grant from Fundação de Amparo à Pesquisa do Estado de São Paulo
(FAPESP, grant number #2013/07559-3), SP, Brazil. A.D. was supported by a studentship by FAPESP



Page 12/20

(grants #2015/25607-0) and by the international exchange program Internationalization Institutional
Program (PRINT) from the Coordenação de Aperfeiçoamento de Pessoal de Nível Superior (CAPES, grant
#88887.468872/2019-00). I.L.-C. is supported by grants from Conselho Nacional de Pesquisa (CNPq),
Brazil (grants #403299/2016-0 and 309494/2014-1), and CAPES, Brazil (grant #001). 

Author contributions

Amanda Donatti, conceptualization, methodology; Yan Yan, conceptualization, methodology; Morten T
Venø, formal analysis; Fabiana Oliveira, investigation; Alessandro Souza, clinical investigation; Wagner M
Avelar, clinical investigation; Wilson Nadruz, clinical investigation; Jørgen Kjems, supervisor; Iscia Lopes-
Cendes, supervision.

Data accessibility statement

Data available in article supplementary material

References
1. Boehme AK, Esenwa C, Elkind MSV. Stroke Risk Factors, Genetics, and Prevention. Circ Res.

2017;120(3):472–495. doi:10.1161/CIRCRESAHA.116.308398

2. Musuka TD, Wilton SB, Traboulsi M, Hill MD. Diagnosis and management of acute ischemic stroke:
speed is critical. CMAJ Can Med Assoc J. 2015;187(12):887–893. doi:10.1503/cmaj.140355

3. Dobkin BH, Carmichael ST. The Speci�c Requirements of Neural Repair Trials for Stroke.
Neurorehabil Neural Repair. 2016;30(5):470–478. doi:10.1177/1545968315604400

4. Katan M, Luft A. Global Burden of Stroke. Semin Neurol. 2018;38(2):208–211. doi:10.1055/s-0038-
1649503

5. Ekker MS, Boot EM, Singhal AB, et al. Epidemiology, aetiology, and management of ischaemic stroke
in young adults. Lancet Neurol. 2018;17(9):790–801. doi:10.1016/S1474-4422(18)30233-3

�. Meschia JF, Bushnell C, Boden-Albala B, et al. Guidelines for the primary prevention of stroke: a
statement for healthcare professionals from the American Heart Association/American Stroke
Association. Stroke. 2014;45(12):3754–3832. doi:10.1161/STR.0000000000000046

7. Ekkert A, Šliachtenko A, Grigaitė J, Burnytė B, Utkus A, Jatužis D. Ischemic Stroke Genetics: What Is
New and How to Apply It in Clinical Practice? Genes. 2021;13(1):48. doi:10.3390/genes13010048

�. Jickling GC, Ander BP, Zhan X, Noblett D, Stamova B, Liu D. microRNA expression in peripheral blood
cells following acute ischemic stroke and their predicted gene targets. PloS One. 2014;9(6):e99283.
doi:10.1371/journal.pone.0099283

9. Lv B, Cheng X, Sharp FR, Ander BP, Liu DZ. MicroRNA-122 Mimic Improves Stroke Outcomes and
Indirectly Inhibits NOS2 After Middle Cerebral Artery Occlusion in Rats. Front Neurosci. 2018;12:767.
doi:10.3389/fnins.2018.00767



Page 13/20

10. Kim SJ, Moon GJ, Bang OY. Biomarkers for Stroke. J Stroke. 2013;15(1):27–37.
doi:10.5853/jos.2013.15.1.27

11. Sepramaniam S, Tan JR, Tan KS, et al. Circulating microRNAs as biomarkers of acute stroke. Int J
Mol Sci. 2014;15(1):1418–1432. doi:10.3390/ijms15011418

12. Guo D, Ma J, Yan L, et al. Down-Regulation of Lncrna MALAT1 Attenuates Neuronal Cell Death
Through Suppressing Beclin1-Dependent Autophagy by Regulating Mir-30a in Cerebral Ischemic
Stroke. Cell Physiol Biochem Int J Exp Cell Physiol Biochem Pharmacol. 2017;43(1):182–194.
doi:10.1159/000480337

13. Cho KJ, Song J, Oh Y, Lee JE. MicroRNA-Let-7a regulates the function of microglia in in�ammation.
Mol Cell Neurosci. 2015;68:167–176. doi:10.1016/j.mcn.2015.07.004

14. Lopez JP, Diallo A, Cruceanu C, et al. Biomarker discovery: quanti�cation of microRNAs and other
small non-coding RNAs using next generation sequencing. BMC Med Genomics. 2015;8:35.
doi:10.1186/s12920-015-0109-x

15. Lee S, Choi E, Cha MJ, Hwang KC. Implications of MicroRNAs in the Vascular Homeostasis and
Remodeling. In: Muscle Cell and Tissue. IntechOpen; 2015. doi:10.5772/60740

1�. Bruno DCF, Donatti A, Martin M, et al. Circulating nucleic acids in the plasma and serum as potential
biomarkers in neurological disorders. Braz J Med Biol Res. 2020;53(10). doi:10.1590/1414-
431x20209881

17. Edgar JR. Q&A: What are exosomes, exactly? BMC Biol. 2016;14(1):46. doi:10.1186/s12915-016-
0268-z

1�. Koniusz S, Andrzejewska A, Muraca M, Srivastava AK, Janowski M, Lukomska B. Extracellular
Vesicles in Physiology, Pathology, and Therapy of the Immune and Central Nervous System, with
Focus on Extracellular Vesicles Derived from Mesenchymal Stem Cells as Therapeutic Tools. Front
Cell Neurosci. 2016;10. doi:10.3389/fncel.2016.00109

19. Raposo G, Stoorvogel W. Extracellular vesicles: exosomes, microvesicles, and friends. J Cell Biol.
2013;200(4):373–383. doi:10.1083/jcb.201211138

20. Hong SB, Yang H, Manaenko A, Lu J, Mei Q, Hu Q. Potential of Exosomes for the Treatment of Stroke.
Cell Transplant. 2019;28(6):662–670. doi:10.1177/0963689718816990

21. Zhang Y, Liu Y, Liu H, Tang WH. Exosomes: biogenesis, biologic function and clinical potential. Cell
Biosci. 2019;9(1):19. doi:10.1186/s13578-019-0282-2

22. Li J, Shen Z, Luo L, et al. tRNAIni CAT inhibits proliferation and promotes apoptosis of laryngeal
squamous cell carcinoma cells. J Clin Lab Anal. 2021;35(7):e23821. doi:10.1002/jcla.23821

23. Zhu L, Ge J, Li T, Shen Y, Guo J. tRNA-derived fragments and tRNA halves: The new players in
cancers. Cancer Lett. 2019;452:31–37. doi:10.1016/j.canlet.2019.03.012

24. Li S, Xu Z, Sheng J. tRNA-Derived Small RNA: A Novel Regulatory Small Non-Coding RNA. Genes.
2018;9(5). doi:10.3390/genes9050246



Page 14/20

25. Huang X, Yuan T, Tschannen M, et al. Characterization of human plasma-derived exosomal RNAs by
deep sequencing. BMC Genomics. 2013;14:319. doi:10.1186/1471-2164-14-319

2�. Raina M, Ibba M. tRNAs as regulators of biological processes. Front Genet. 2014;5:171.
doi:10.3389/fgene.2014.00171

27. Rashad S, Niizuma K, Tominaga T. tRNA cleavage: a new insight. Neural Regen Res. 2020;15(1):47–
52. doi:10.4103/1673-5374.264447

2�. Xi J, Zeng Z, Li X, Zhang X, Xu J. Expression and Diagnostic Value of tRNA-Derived Fragments
Secreted by Extracellular Vesicles in Hypopharyngeal Carcinoma. OncoTargets Ther. 2021;14:4189–
4199. doi:10.2147/OTT.S320176

29. Goodarzi H, Liu X, Nguyen HCB, Zhang S, Fish L, Tavazoie SF. Endogenous tRNA-Derived Fragments
Suppress Breast Cancer Progression via YBX1 Displacement. Cell. 2015;161(4):790–802.
doi:10.1016/j.cell.2015.02.053

30. Zhu L, Li Z, Yu X, et al. The tRNA-derived fragment 5026a inhibits the proliferation of gastric cancer
cells by regulating the PTEN/PI3K/AKT signaling pathway. Stem Cell Res Ther. 2021;12(1):418.
doi:10.1186/s13287-021-02497-1

31. Ivanov P, O’Day E, Emara MM, Wagner G, Lieberman J, Anderson P. G-quadruplex structures
contribute to the neuroprotective effects of angiogenin-induced tRNA fragments. Proc Natl Acad Sci
U S A. 2014;111(51):18201–18206. doi:10.1073/pnas.1407361111

32. Magee R, Londin E, Rigoutsos I. TRNA-derived fragments as sex-dependent circulating candidate
biomarkers for Parkinson’s disease. Parkinsonism Relat Disord. 2019;65:203–209.
doi:10.1016/j.parkreldis.2019.05.035

33. Ishida T, Inoue T, Niizuma K, et al. Prediction of Functional Outcome in Patients with Acute Stroke by
Measuring tRNA Derivatives. Cerebrovasc Dis Basel Switz. 2020;49(6):639–646.
doi:10.1159/000511627

34. Nguyen TTM, van der Bent ML, Wermer MJH, et al. Circulating tRNA Fragments as a Novel Biomarker
Class to Distinguish Acute Stroke Subtypes. Int J Mol Sci. 2020;22(1). doi:10.3390/ijms22010135

35. Cao Y, Liu K, Xiong Y, Zhao C, Liu L. Increased expression of fragmented tRNA promoted neuronal
necrosis. Cell Death Dis. 2021;12(9):823. doi:10.1038/s41419-021-04108-6

3�. Adams H P, Bendixen B H, Kappelle L J, et al. Classi�cation of subtype of acute ischemic stroke.
De�nitions for use in a multicenter clinical trial. TOAST. Trial of Org 10172 in Acute Stroke Treatment.
Stroke. 1993;24(1):35–41. doi:10.1161/01.STR.24.1.35

37. Kwah LK, Diong J. National Institutes of Health Stroke Scale (NIHSS). J Physiother. 2014;60(1):61.
doi:10.1016/j.jphys.2013.12.012

3�. Love MI, Huber W, Anders S. Moderated estimation of fold change and dispersion for RNA-seq data
with DESeq2. Genome Biol. 2014;15(12):550. doi:10.1186/s13059-014-0550-8

39. Upton G, Cook I. A Dictionary of Statistics. 3nd ed. Oxford Univeristy Press; 2014.



Page 15/20

40. Xiao Q, Gao P, Huang X, et al. tRFTars: predicting the targets of tRNA-derived fragments. J Transl
Med. 2021;19(1):88. doi:10.1186/s12967-021-02731-7

41. Jassal B, Matthews L, Viteri G, et al. The reactome pathway knowledgebase. Nucleic Acids Res.
2020;48(D1):D498-D503. doi:10.1093/nar/gkz1031

42. Yew KS, Cheng E. Acute Stroke Diagnosis. Am Fam Physician. 2009;80(1):33–40.

43. Markus HS. Stroke genetics: prospects for personalized medicine. BMC Med. 2012;10:113.
doi:10.1186/1741-7015-10-113

44. Ghoreishy A, Khosravi A, Ghaemmaghami A. Exosomal microRNA and stroke: A review. J Cell
Biochem. 2019;120(10):16352–16361. doi:10.1002/jcb.29130

45. Liu M, Tao G, Liu Q, Liu K, Yang X. MicroRNA let-7g alleviates atherosclerosis via the targeting of
LOX-1 in vitro and in vivo. Int J Mol Med. 2017;40(1):57–64. doi:10.3892/ijmm.2017.2995

4�. Cappelletti V, Appierto V, Tiberio P, Fina E, Callari M, Daidone MG. Circulating Biomarkers for
Prediction of Treatment Response. J Natl Cancer Inst Monogr. 2015;2015(51):60–63.
doi:10.1093/jncimonographs/lgv006

47. Huang SQ, Sun B, Xiong ZP, et al. The dysregulation of tRNAs and tRNA derivatives in cancer. J Exp
Clin Cancer Res CR. 2018;37(1):101. doi:10.1186/s13046-018-0745-z

4�. Tuorto F, Parlato R. rRNA and tRNA Bridges to Neuronal Homeostasis in Health and Disease. J Mol
Biol. 2019;431(9):1763–1779. doi:10.1016/j.jmb.2019.03.004

49. Kumar P, Anaya J, Mudunuri SB, Dutta A. Meta-analysis of tRNA derived RNA fragments reveals that
they are evolutionarily conserved and associate with AGO proteins to recognize speci�c RNA targets.
BMC Biol. 2014;12:78. doi:10.1186/s12915-014-0078-0

50. Winek K, Lobentanzer S, Nadorp B, et al. Transfer RNA fragments replace microRNA regulators of the
cholinergic poststroke immune blockade. Proc Natl Acad Sci U S A. 2020;117(51):32606–32616.
doi:10.1073/pnas.2013542117

51. Gámbaro F, Li Calzi M, Fagúndez P, et al. Stable tRNA halves can be sorted into extracellular vesicles
and delivered to recipient cells in a concentration-dependent manner. RNA Biol. 2020;17(8):1168–
1182. doi:10.1080/15476286.2019.1708548

52. Cheng L, Sharples RA, Scicluna BJ, Hill AF. Exosomes provide a protective and enriched source of
miRNA for biomarker pro�ling compared to intracellular and cell-free blood. J Extracell Vesicles.
2014;3(1):23743. doi:10.3402/jev.v3.23743

53. Karousi P, Adamopoulos PG, Papageorgiou SG, Pappa V, Scorilas A, Kontos CK. A novel,
mitochondrial, internal tRNA-derived RNA fragment possesses clinical utility as a molecular
prognostic biomarker in chronic lymphocytic leukemia. Clin Biochem. 2020;85:20–26.
doi:10.1016/j.clinbiochem.2020.07.005

54. Zhang Y, Bi Z, Dong X, et al. tRNA-derived fragments: tRF-Gly-CCC-046, tRF-Tyr-GTA-010 and tRF-Pro-
TGG-001 as novel diagnostic biomarkers for breast cancer. Thorac Cancer. Published online July 13,
2021. doi:10.1111/1759-7714.14072



Page 16/20

55. Blanco S, Dietmann S, Flores JV, et al. Aberrant methylation of tRNAs links cellular stress to neuro-
developmental disorders. EMBO J. 2014;33(18):2020–2039. doi:10.15252/embj.201489282

5�. Bednářová A, Hanna M, Durham I, et al. Lost in Translation: Defects in Transfer RNA Modi�cations
and Neurological Disorders. Front Mol Neurosci. 2017;10. Accessed February 22, 2022.
https://www.frontiersin.org/article/10.3389/fnmol.2017.00135

57. Helm M, Alfonzo JD. Post-transcriptional RNA Modi�cations: Playing Metabolic Games in a Cell's
Chemical Legoland. Chem Biol. 2014;21(2):174–185. doi:10.1016/j.chembiol.2013.10.015

5�. Alazami AM, Hijazi H, Al-Dosari MS, et al. Mutation in ADAT3, encoding adenosine deaminase acting
on transfer RNA, causes intellectual disability and strabismus. J Med Genet. 2013;50(7):425–430.
doi:10.1136/jmedgenet-2012-101378

59. Strug LJ, Clarke T, Chiang T, et al. Centrotemporal sharp wave EEG trait in rolandic epilepsy maps to
Elongator Protein Complex 4 (ELP4). Eur J Hum Genet. 2009;17(9):1171–1181.
doi:10.1038/ejhg.2008.267

�0. Ishimura R, Nagy G, Dotu I, et al. Ribosome stalling induced by mutation of a CNS-speci�c tRNA
causes neurodegeneration. Science. 2014;345(6195):455–459. doi:10.1126/science.1249749

�1. Schaffer AE, Eggens VRC, Caglayan AO, et al. CLP1 founder mutation links tRNA splicing and
maturation to cerebellar development and neurodegeneration. Cell. 2014;157(3):651–663.
doi:10.1016/j.cell.2014.03.049

�2. Elkordy A, Rashad S, Shehabeldeen H, et al. tiRNAs as a novel biomarker for cell damage assessment
in in vitro ischemia-reperfusion model in rat neuronal PC12 cells. Brain Res. 2019;1714:8–17.
doi:10.1016/j.brainres.2019.02.019

�3. Li Q, Hu B, Hu G wen, et al. tRNA-Derived Small Non-Coding RNAs in Response to Ischemia Inhibit
Angiogenesis. Sci Rep. 2016;6(1):20850. doi:10.1038/srep20850

�4. Zheng LL, Xu WL, Liu S, et al. tRF2Cancer: A web server to detect tRNA-derived small RNA fragments
(tRFs) and their expression in multiple cancers. Nucleic Acids Res. 2016;44(W1):W185-193.
doi:10.1093/nar/gkw414

�5. Katsaraki K, Adamopoulos PG, Papageorgiou SG, Pappa V, Scorilas A, Kontos CK. A 3’ tRNA-derived
fragment produced by tRNALeuAAG and tRNALeuTAG is associated with poor prognosis in B-cell
chronic lymphocytic leukemia, independently of classical prognostic factors. Eur J Haematol.
2021;106(6):821–830. doi:10.1111/ejh.13613

��. Liu G, Shen X, Sun Y, Lv Q, Li Y, Du A. Heteroplasmy and phenotype spectrum of the mitochondrial
tRNALeu (UUR) gene m.3243A > G mutation in seven Han Chinese families. J Neurol Sci.
2020;408:116562. doi:10.1016/j.jns.2019.116562

�7. Iizuka T, Goto Y ichi, Miyakawa S, et al. Progressive carotid artery stenosis with a novel tRNA
phenylalanine mitochondrial DNA mutation. J Neurol Sci. 2009;278(1–2):35–40.
doi:10.1016/j.jns.2008.11.016

��. Wang J, Ma G, Ge H, et al. Circulating tRNA-derived small RNAs (tsRNAs) signature for the diagnosis
and prognosis of breast cancer. NPJ Breast Cancer. 2021;7:4. doi:10.1038/s41523-020-00211-7



Page 17/20

�9. Kato T, Daigo Y, Hayama S, et al. A novel human tRNA-dihydrouridine synthase involved in
pulmonary carcinogenesis. Cancer Res. 2005;65(13):5638–5646. doi:10.1158/0008-5472.CAN-05-
0600

70. Harry JA, Ormiston ML. Novel Pathways for Targeting Tumor Angiogenesis in Metastatic Breast
Cancer. Front Oncol. 2021;11:772305. doi:10.3389/fonc.2021.772305

71. Luo Y, Wang X, Shen J, Yao J. Macrophage migration inhibitory factor in the pathogenesis of
leukemia (Review). Int J Oncol. 2021;59(2):1–10. doi:10.3892/ijo.2021.5242

72. Živančević K, Lović D, Andjus PR, Radenović L. Neuroin�ammation in Post-Ischemic Brain. In: Pluta
R, ed. Cerebral Ischemia. Exon Publications; 2021. Accessed December 22, 2021.
http://www.ncbi.nlm.nih.gov/books/NBK575736/

73. Brisca G, Fiorillo C, Nesti C, et al. Early onset cardiomyopathy associated with the mitochondrial
tRNALeu((UUR)) 3271T > C MELAS mutation. Biochem Biophys Res Commun. 2015;458(3):601–
604. doi:10.1016/j.bbrc.2015.01.157

74. Meseguer S, Navarro-González C, Panadero J, et al. The MELAS mutation m.3243A > G alters the
expression of mitochondrial tRNA fragments. Biochim Biophys Acta BBA - Mol Cell Res.
2019;1866(9):1433–1449. doi:10.1016/j.bbamcr.2019.06.004

75. Lin L, Zhang D, Jin Q, et al. Mutational Analysis of Mitochondrial tRNA Genes in 200 Patients with
Type 2 Diabetes Mellitus. Int J Gen Med. 2021;14:5719–5735. doi:10.2147/IJGM.S330973

7�. Povea-Cabello S, Villanueva-Paz M, Suárez-Rivero JM, et al. Advances in mt-tRNA Mutation-Caused
Mitochondrial Disease Modeling: Patients’ Brain in a Dish. Front Genet. 2021;11:610764.
doi:10.3389/fgene.2020.610764

Figures



Page 18/20

Figure 1

tRNA fragment (tRF) biogenesis from a mature tRNA molecule 23,26,27. Created with BioRender.com
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Figure 2

Graphical representation of tRFs distribution obtained by exosomal small RNA sequencing of plasma
samples obtained from patients with chronic ischemic stroke and controls.
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Figure 3

Distribution of molecular pathways according to the presence of two or more tRNA fragment (tRF) target
genes. Each bar re�ects the number of tRFs associated with the pathways.
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