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Unravelling tRNA fragments
in DENV pathogenesis: Insights
from RNA sequencing

Deeksha Madhry?, Kiran Kumari?, Varsha Meena®?, Riya Roy* & Bhupendra Verma™*

Small non-coding RNAs (sncRNAs) derived from tRNAs are known as tRNA-derived small RNAs
(tsRNAs). These tsRNAs are further categorized into tRNA-derived fragments (tRFs) and tRNA halves
(tiRNAs), which play significant roles in the various molecular mechanisms underlying certain human
diseases. However, the generation of tsRNAs and their potential roles during Dengue virus (DENV)
infection is not yet known. Here, we performed small RNA sequencing to identify the generation and
alterations in tsRNAs expression profiles of DENV-infected Huh7 cells. Upon DENV infection, tRNA
fragmentation was found to be increased. We identified a significant number of differentially
expressed tsRNAs during DENV infection. Interestingly, the 3'tRF population showed upregulation,
while the i-tRF population exhibited downregulation. Gene Ontology (GO) and Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway analysis was performed to analyze the impact of differentially
expressed tsRNAs on DENV pathogenesis. Our results suggest that differentially expressed tsRNAs
are involved in transcriptional regulation via RNA polymerase |l promoter and metabolic pathways.
Overall, our study contributes significantly to our understanding of the roles played by tsRNAs in the
complex dynamics of DENV infection.

Keywo rds DENV, Host-virus interaction, Non-coding RNA, tRNA-derived RNA fragment, Small RNA
sequencing, RNases

Dengue is considered as the leading cause of arthropod-borne viral disease in humans. It is endemic in more than
100 nations across tropical and subtropical parts of the world". There are four dengue virus serotypes: DENV-1,
DENV-2, DENV-3, and DENV-4. Each of these can causes an acute illness called as Dengue fever, characterized
by high fever and joint pain®. Dengue hemorrhagic fever (DHF) and dengue shock syndrome (DSS) are the most
severe and fatal form of DENV infection. According to WHO, half of the population of the world is at risk of
dengue with approximately 100-400 million cases occurring each year. This has a significant negative impact on
the health and economy of the affected countries, as no vaccines or antiviral drugs have been developed to combat
dengue infection’. There is a necessity to understand the molecular mechanism underlying DENV pathogenesis*.
Noncoding RNAs (ncRNAs) are the functional RNA molecules that are not translated into proteins. They
are expressed at lower levels compared to mRNAs but play crucial roles in regulatory functions. Based on their
respective roles in biology, ncRNAs are categorized into constitutively expressed infrastructural ncRNAs and
regulatory ncRNAs. Constitutively expressed infrastructural ncRNAs consist of ribosomal, transfer, small nuclear,
and small nucleolar RNAs, which are involved in chromatin modification, mRNA splicing, transcriptional and
translational modulation, and mechanisms involving physiological and biochemical functions’. Regulatory ncR-
NAs include microRNAs (miRNAs), Piwi-interacting RNAs (piRNAs), small interfering RNAs (siRNAs), long
non-coding RNAs (IncRNAs) and tRNA-derived small RNAs (tsRNAs), which is an emerging class of sncRNAs.
These tRNA fragments play an important role in regulating transcription and translation machinery®™.
tRNA-derived small RNAs (tsRNAs) typically ranges from 15 to 50 nucleotide (nt) in length. They are gen-
erated from premature and mature tRNAs by the enzymatic action of ribonucleases such as ELAC2, DICER,
RNaseZ, and Angiogenin, etc., under stressed conditions'’. Based on their length, tsRNAs are further categorized
into tRNA halves (tiRNAs) and tRNA-derived fragments (tRFs). tiRNAs, usually 31-40 nt long, are generated by
the action of ribonuclease Angiogenin (ANG), which cleaves the anticodon loop of tRNA to produce either the
5'half or the 3'half. They are typically produced in response to stress stimuli such as hypoxia, oxidative stress,
heat shock and cold shock!'"'. Additionally, tiRNAs can be generated in response to sex hormone stimulation,
referred to as Sex Hormone dependent tRNA-derived RNAs (SHOT RNAs). These can further be categorised into
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5'SHOT RNA and 3'SHOT RNA. 5'SHOT RNA contains phosphate group at the 5’ end and a cyclic phosphate
(cP) group at the 3’end while 3'SHOT RNA contains a hydroxyl group at the 5’ end and the amino acid at the
3'end". tRFs, ranging from 14 to 30 nt in length, are primarily formed by the action of DICER and RNase Z on
the D loop (dihydrouridine) and T loop (TwC) of tRNAs'®. Depending on the cleavage sites, tRFs are classified
into 3'tRF, 5'tRE and i-tRF. 5'tRFs are generated through DICER cleavage at the D-loop or at the stem positions
between the D-loop and the anticodon loop. They are further sub-categorized into tRF-5a (13-15 nt), tRF-5b
(21-23 nt), and tRF-5¢ (27-30 nt) based on nucleotide length and the site of incision. On the other hand, 3'tRFs
are generated by the action of DICER and Angiogenin cleavage at the T-loop or between T-loop and the antico-
don loop which are further classified into tRF-3a (19-23 nt) and tRF-3b (20-28 nt). i-tRFs (internal tRFs) are
produced from internal regions of mature tRNA. These consists of anticodon loop and the segments of D-loop
or T-loop"”. Additionally, two more classes of tRFs exist: tRF-1 and tRF-2. tRF-1s are generated by ribonuclease
Z (ELAC2) from 3'end of pre-tRNA containing poly-U tail. tRF-2s are generated from anticodon loop and stem
sequences (except loop regions). These tRNA-derived small RNAs play crucial roles in regulating cancer, cell-
proliferation, apoptosis, infective biology, metabolic disorders, transcription and translation machinery, and
viral infection!!-13-18-22,

Here, we have studied the expression and functional characterization of tsRNAs during DENV infection.
Our study reveals that tRNA fragments are indeed differentially expressed during DENV infection. Previous
studies has shown the modulation of various RNases during DENV infection®***, leading us to hypothesize that
tRNA fragmentation may be influenced by this modulation, potentially impacting DENV pathogenesis. In this
study, we conducted a comprehensive RNA sequencing analysis to determine the differential expression pattern
of tsRNAs in DENV-infected Huh7 cell lines relative to mock-infected controls. This research aims to provide
insight into the differential expression of tRNA fragments during DENV infection, potentially advancing our
understanding of DENV pathogenesis.

Results

DENV infection leads to differential tsRNA expression

Huh7 cells were infected with DENV and harvested at 0 h (2 h post adsorption) and 48 h post infection. RNA
sequencing was performed to determine the expression levels of tsRNAs generated upon DENYV infection,
comparing 0 h and 48 h DENV-infected samples with the mock-infected samples. Triplicate samples were
prepared for each condition. Briefly, RNA was isolated from Huh?7 cell line using miRNeasy kit (Qiagen). RNA
samples were quantified using a Qubit fluorimeter, and integrity was analysed by running them on an Agilent
Tapestation 4200 RNA HS Screentape to determine the RNA Integrity Number (RIN). A RIN value from 7 to
10 denotes intact RNA with no degradation, while a RIN value <5 represents complete degradation with poor
quality RNA. All 9 samples displayed RIN value > 7. Total RNA was then pretreated with the rtStar™ tRF and
tiRNA Pretreatment Kit to remove the RNA modifications, including the removal of 2',3’-cyclic phosphate
(3'cP) for 3’ adaptor ligation, removal of 5'-OH (hydroxyl group) for 5" adaptor ligation, and demethylation for
efficient reverse transcription. Following pre-treatment, adaptors were ligated, followed by cDNA synthesis. PCR
amplified fragments were then size selected on an 8% TBE-PAGE gel to enrich 15-50 bp insert. The size selected
reads were then sequenced on the Illumina NGS platform (Novaseq) (Fig. 1a). Raw reads were transformed
into sequenced reads by base calling, which were recorded in the FASTQ file. Following quality control (QC),
reads were aligned using MINTmap database. MINTmap v 2.0 is the repository of 640 mitochondrial as well as
nuclear tRNAs and provides results in the form of exclusive and ambiguous tRNA fragments®. Total raw reads
were subjected to MINTmap from which exclusive tRNA fragments were taken into consideration. Exclusive
tRNA fragments are those whose sequence is unique to 640 tRNAs and cannot be found in any other genomic
locations. In contrast, ambiguous tRNA fragments may be found in other genomic locations as well. Exclusive
tsRNAs were considered for further analysis. Reads with < 10 read count were discarded, and differential expres-
sion analysis was performed through DEseq2 (Fig. 1b).

The RNA sequencing analysis suggests a significant increase in tRNA fragmentation in response to DENV
infection. In Fig. 2a, the bar graph shows the number of tsRNAs generated across the different samples, while
the pie chart represents the proportions of tsRNA generated within each sample. Upon DENV infection, tRNA
fragmentation increases, as observed after DENV adsorption (0 h), and it further increases in parallel with DENV
replication, as observed at 48 h of DENV infection. A total of 26,737 tsRNAs were significantly identified across
all three samples. In Fig. 2b, Venn diagram shows that 595, 1044, and 3880 tsRNAs were specifically expressed
in mock-infected, 0 h DENV-infected, and 48 h DENV-infected samples, respectively. Additionally, 92 tsRNAs
were common in the 0 h vs mock group, 440 tsRNAs were common in the 48 h vs mock group, and 4338 tsRNAs
were common in the 0 h vs 48 h group (Fig. 2b).

3'tRFs and i-tRFs are predominately differentially expressed during DENV infection

A total of 3826 tsRNAs were identified, consistently expressed across all three samples. These tsRNAs were further
subjected to differential expression analysis using the DESeq2 package. The results were sorted using an adjusted
P value 0f<0.05 and absolute log, fold change > 2 (absolute fold change > 4). Differential tsRNAs expression was
analysed in the two groups: 0 h vs mock and 48 h vs mock. 1041 and 959 tsRNAs were identified as significant
tsRNAs that were differentially expressed in 0 h vs mock and 48 h vs mock groups, respectively (Fig. 3a). Out of
these, 733 tRFs were found to be common in both groups. Among the commonly shared 733 tsRNAs, the highly
abundant tRFs were 3'tRFs, which accounted for 47%, and i-tRFs contributing 38%, followed by 3'half, 5'half,
and 5tRF at 10%, 4%, and 1% respectively (Fig. 3b). It was observed that more than 80% of the 3'tRFs were
upregulated, and more than 60% of i-tRFs were downregulated (Fig. 3c). From the bar graph in Fig. 3c, it was also
interesting to note that the number of 3'halves and 5'halves (tiRNAs) generated were not equally distributed as a
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Figure 1. RNA sequencing. (a) Library preparation: Huh7 cells were mock-infected, 0 h DENV-infected,

and 48 h DENV-infected. The samples were prepared in triplicates. Total RNA was isolated from the samples
and analyzed with Bioanalyzer for integrity. Samples with RIN > 7 were used. After pre-treatment, adapter
ligation, cDNA synthesis, and PCR amplification, fragments were size-selected on an 8% TBE-PAGE gel. These
fragments were then used for RNA sequencing. (b) Sequencing Analysis: Illumina platform was used for
paired-end (PE) sequencing. The raw reads were quality-controlled, identified, and quantified using MINTmap
database, focusing on exclusive tRNA fragments to avoid ambiguity. Reads with a count less than 10 (< 10 read
count) were discarded, and differential expression analysis was performed through DEseq2.

result of tRNA anticodon cleavage. This indicates that following tRNA cleavage in the anticodon loop, either one
of the tiRNAs is undergoing degradation, or it is being further cleaved to produce other tRFs. The volcano plots
for the 0 h vs mock and 48 h vs mock groups are depicted in Fig. 4a,b. The heatmap illustrates the expression
pattern and hierarchical clustering of the top 40 up- and down-regulated tsRNAs in the 0 h vs mock and 48 h
vs mock groups (Fig. 4c). Hierarchical clustering results revealed distinguishable differences in the expression
profile of differentially expressed tsRNAs. The differentially expressed tsRNAs in 0 h vs mock group and 48 h vs
mock group have been provided as the supplementary material (Supplementary Tables S1 and S2).

Functional analysis of differentially expressed tsRNAs

In-silico functional analysis of the differentially expressed tsRNAs was performed. miRanda and TargetScan were
used to predict the target gene interactions. The interacting genes were selected based on binding energy. Gene
Ontology (GO) enrichment analysis, which effectively categorized outcomes into three vital domains: biological
process (BP), molecular function (MF), and cellular component (CC), as depicted in Fig. 5.

In the context of biological process (BP) analysis, our finding revealed the involvement of genes interact-
ing with tsRNAs in key processes, primarily involved in the regulation of transcription from RNA polymerase
IT promoter, signal transduction, and apoptotic pathways. In molecular function (MF) analysis, we observed
the involvement of genes in processes such as protein binding and metal ion binding. Meanwhile, the cellular
component (CC) analysis highlighted their notable presence within cellular compartments, primarily in the
cytoplasm and the nucleus. The co-localization observed within both the cytoplasm and nucleus signifies the
importance of tsRNAs across diverse biological environments. Furthermore, based on the number of interact-
ing genes, the KEGG pathway analysis revealed the most enriched pathways with an FDR <0.05, prominently
featuring metabolic pathways, pathways linked to cancer, pathways associated with Herpes Simplex Virus-1
infection, pathways of neurodegeneration, neuroactive ligand receptor interaction, and the PI3K- Akt signalling
pathway. Most of these pathways converge to the PI3K-Akt signalling pathway, as this pathway acts as a central
hub that responds to various cellular stimuli, exerting regulatory control over essential cellular functions such
as transcription, translation, proliferation, growth, and survival. The networking of this pathway with the others
strongly implies the active involvement of a substantial proportion of tsRNAs in signalling pathways in response
to DENV infection.
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Figure 2. tsRNAs generated during DENV infection. (a) Bar graph (upper panel) and pie chart (lower panel)
shows the number of tsRNAs generated and their percentage, respectively during the DENV infection in three
different samples. (b) Venn diagram represents the unique and common tsRNAs expressed in different samples.

Discussion

Dengue is an arthropod borne viral disease, which is a leading cause of severe illness and high mortality rates
in Latin American and Asian countries according to WHO report December 2023. Owing to the severity of
dengue infection, a comprehensive understanding of the pathophysiology and underlying mechanisms trig-
gered by DENV infection is important for developing effective diagnostic and treatment strategies. The role of
various novel classes of non-coding RNAs (ncRNAs), including miRNAs, PIWI-interacting RNAs, IncRNAs,
and sfRNAs, has widely been studied in the context of DENV infection in various cell lines models and also in
patient samples®*—*. These ncRNAs not only regulate gene expression under physiological circumstances but
also contribute during DENV infection and pathogenesis.

Transfer RNA-derived small RNAs (tsRNAs) like tRFs and tiRNAs are a novel class of small RNAs which have
been reported to have diverse regulatory roles in various diseases®**~*. Diverse studies have unveiled significant
characteristics of tsRNAs that enhance their significance as a potent candidates for their roles as biomark-
ers or therapeutic targets: (1) Conservation across vertebrates, encompassing fish, amphibians, reptiles, birds,
mice, non-human primates, and humans, coupled with temporal and tissue-specific expression; (2) Abundant
in-vivo presence, extending not solely to tissue cells but also to bodily fluids like serum/plasma, bile, urine,
seminal plasma, and amniotic fluid, facilitating their detection and extraction; (3) Limited but pivotal tRNA
modifications, such as 5-methylcytidine (m°C) and N2-methylguanosine (m?G), significantly improves their
stability'#4*41. Recent advancements in sequencing, software, and database technologies have substantially deep-
ened our understanding of the roles of these fragments across a spectrum of human diseases and physiological
and pathological processes®®#*-44,

The role of tRNA-derived RNA small RNAs (tsRNAs) during Dengue pathogenesis remains unexplored. The
levels of various RNases get modulated during DENV infection. Thus, we hypothesized that tRNA fragmentation
and their differential expression might play a crucial role during DENV pathogenesis. In this study, we have
carried out RNA sequencing for differential expression analysis of tsRNAs in DENV-infected Huh7 cell line.

The results indicate a substantial increase in tRNA fragmentation upon DENV infection, which correlates
with the duration of DENV infection (Fig. 2a). Interestingly, a significant number of tsRNAs were also detected
in the mock-infected samples, suggesting that tsRNAs are not exclusively generated during stressful conditions
but also have roles in normal physiological contexts. Under viral stress conditions, the production of tsRNAs
was found to be enhanced, with the highest levels observed at the 48 h time point in DENV-infected Huh7 cells.
As depicted in Fig. 2b, some tsRNAs were found to be shared among the three samples while a subset of tsRNAs
was specifically present in each sample. Specifically, 3826 tsRNAs were commonly shared across all three con-
ditions. The differential expression was analysed using the selection criteria of an adjusted P-value <0.05 and
an absolute log, fold change of>2, which showed 733 tsRNA to be commonly shared in 0 h vs mock and 48 h
vs mock groups, while 308 and 226 tsRNAs were found to be uniquely expressed in both groups, respectively
(Fig. 3a). Among these 733 tsRNAs, their composition is primarily distributed as follows: 47% are 3'tRFs, 38%
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Figure 3. Differential expression analysis of tsRNAs. (a) Venn diagram represents shared and unique tsRNAs
in the 0 h vs mock and in 48 h vs mock group. 733 tsRNAs were found to be commonly shared between both
groups. (b) Pie diagram represents the percent modulation of tsRNAs subtypes. 3'tRFs (47%) and i-tRFs (38%)
were found to be majorly modulated subtypes. (c) Bar plot shows the distribution of different types of tsRNAs.
Most of the upregulated tRFs are 3'tRFs, and most of the downregulated tRFs are i-tRFs.

are i-tRFs, 10% are 3'tiRNAs, 4% are 5'tiRNAs, and 1% are 5'tRFs (as depicted in Fig. 3b). Notably, more than
80% of 3'tRFs exhibited upregulation, while over 50% of i-tRFs displayed downregulation, as illustrated in Fig. 3c.
The differential generation of various categories of tsRNAs strongly suggests the involvement of various RNase
activity during DENV infection. Previous reports have indicated that DICER levels decrease upon DENV infec-
tion, which inhibits the RNAi machinery*. Interestingly, DICER is also known to be involved in the generation
of tsRNAs**. Consequently, the downregulation of i-tRFs may be linked to DICER-dependent cleavage, a
hypothesis that warrants experimental validation. Furthermore, we have also observed an increase in the levels
of Angiogenin during DENV infection®. Angiogenin is known to cleave tRNA within the anticodon loop to
generate tiRNAs, also referred to as tRNA halves®’. However, the abundance of 3'tiRNAs generated does not
equal to that of 5'tiRNAs. Instead, it was observed that 10% and 4% of 3'tiRNAs and 5'tiRNAs, respectively, were
generated. This observation suggests two possible scenarios: either 5'tiRNA undergoes further fragmentation
to give rise to other tRF subtypes, or it is subjected to degradation. Further investigation is required to elucidate
this phenomenon. Also, DICER and Angiogenin are recognized for their roles in cleaving the T-loop of transfer
RNA (tRNA), leading to the formation of 3’ tRNA-derived fragments (3'tRFs)'’. However, during DENV infec-
tion, DICER level decreases and Angiogenin increases, raising the possibility that Angiogenin assumes a more
prominent role in generating 3'tRFs in response to DENV infection. This hypothesis gains support from the
observation that 3'tRFs are also found to be upregulated during DENV infection.

We also performed in-silico functional analysis of differentially expressed tiRNAs/tRFs using miRanda and
TargetScan to predict target gene interactions. Gene Ontology (GO) enrichment analysis categorized outcomes
into biological process (BP), molecular function (MF), and cellular component (CC). Biological process (BP)
analysis highlighted their involvement in transcription regulation, signal transduction, and apoptosis. Molecular
function (MF) analysis showed roles in protein and metal ion binding. Cellular component (CC) analysis revealed
presence in vital cellular compartments. Notably, they co-localized in the cytoplasm and nucleus, indicating
diverse biological implications.

The KEGG pathway analysis revealed enriched pathways, primarily driven by the number of interacting
genes. Notably, these pathways encompassed crucial biological processes, including metabolism, cancer, and
Herpes Simplex Virus-1 (HSV-1) infection. A substantial proportion of these genes were found to be involved in
nucleotide and amino acid metabolism. This observation aligns with the fact that viral machinery relies on host
machinery for translation and replication, underscoring the relevance of these metabolic pathways. Moreover,
among the top 10 KEGG pathways, the PI3K- Akt signaling pathway prominently featured. This pathway serves
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Figure 4. Expression profile of differentially expressed tsRNAs. (a) Volcano plot of 0 h vs mock and (b) 48 h vs
mock group. Each dot represents tsRNAs. The green-colored dots represents down-regulated tsRNAs, the red-
colored dot represents up-regulated tsRNAs and the black colored dots represents non-significant tsRNAs. Top 5
up- and down-regulated tsRNAs have been labelled in the plot. (c) Hierarchical clustering heatmap analysis for
tsRNAs. Each row represents one tsRNA, and each column represents one sample.

as a critical hub that responds to diverse cellular stimuli, exerting regulatory control over fundamental cellular
functions such as transcription, translation, proliferation, growth, and survival. Activation of this pathway occurs
when growth factors bind to their receptor tyrosine kinase (RTK) or G protein-coupled receptors (GPCR), lead-
ing to the activation of class Ia and Ib PI3K isoforms. These PI3K enzymes generate phosphatidylinositol-3,4,5-
triphosphate (PIP3) at the cell membrane, initiating the activation of Akt. Akt, once activated, orchestrates key
cellular processes by phosphorylating specific substrates involved in apoptosis, protein synthesis, metabolism,
and the cell cycle (Fig. 6). Further analysis unveiled that the PI3K-Akt signaling pathway plays pivotal roles in
other essential pathways, including those related to cancer, Herpes Simplex Virus (HSV) infection, and Human
Papillomavirus (HPV) infection. The networking of this pathway with other pathways highlights its significance
in various cellular contexts and diseases. These findings strongly suggest that a significant proportion of tsRNAs
are actively involved in signaling pathways in response to DENV infection.

Materials and methods

Small RNA sequencing sample preparation

Huh-7 cells (Hepatocellular carcinoma cells) were procured from NCCS, Pune. The cells were cultured and
maintained in complete DMEM media (Hyclone, Cytiva) supplemented with 10% FBS (Gibco), and 1% penicil-
lin/streptomycin antibiotic (Gibco) at 37 °C with 5% CO,. The cells were either mock-infected or infected with
DENV serotype-2 strain P23085 INDI-60 at a multiplicity of infection (MOI) of 1. Samples were harvested in
TRIzol (Invitrogen) at 0 h (2 h post adsorption) and 48 h post infection (hpi). The samples were prepared in
triplicates.

RNA extraction and quantification

RNA was isolated from TRIzol extracts. Briefly, 300 pl of chloroform was added to the TRIzol extract. The tubes
were then inverted to mix well, followed by 10 min of incubation at room temperature. Subsequently, the tubes
were centrifuged at 13,000 RPM at 4 °C for about 10 min. The aqueous supernatant was collected and 600 pl of
absolute ethanol was added. Mixed it well and passed through RNA spin columns and centrifuged at 8000 RPM
for 30 s. The column was then washed with AW1 and AW2 buffers (Qiagen). After 1 min of empty spin, RNA was
finally eluted in nuclease-free water. RNA samples were quantified by NanoDrop (ND-1000). The RNA integrity
was determined by the RIN value running on Agilent Tapestation 4200 RNA HS screen tape. Samples with RIN
value > 7 were selected for library preparation®.
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Figure 5. Gene Ontology (GO) and Kyoto Encyclopaedia of Genes and Genomes (KEGG) analysis. The GO
and KEGG analysis revealed most enriched terms for Biological Processes (BP) are regulation of transcription
from RNA polymerase II promoter and signal transduction. For Molecular Functions (MF), protein binding was
identified as the most enriched term, while for Cellular Component (CC), nucleus and cytosol were identified.
KEGG pathway analysis showed metabolic pathways and pathways in cancer to be the most enriched terms.

Library preparation and sequencing

Total RNA was given pre-treatment using the rtStar™ tRF and tiRNA Pretreatment Kit (catalog no. AS-FS-005,
Arraystar, MD, USA) to remove internal methylations and terminal modifications for efficient adapter ligation.
The small RNA sequencing library was prepared using NEBNext Small RNA Library Prep set for Illumina (cata-
log no. E7330), followed by adapter ligation using Illumina’s proprietary RT primers and amplification primers.
Quality check of the constructed library was performed using Agilent 2100 bioanalyzer. For enrichment of 15-50
nt fragments, the library of 135-160 bp was selected on an 8% TBE-PAGE gel, and the Illumina NovaSeq system
was used for sequencing according to the manufacturer’s protocol.

Data analysis and differential expression

Pair-end sequencing was performed using the Illumina NovaSeq system. The original raw data was obtained
in FASTQ file format. The quality of the reads was assessed using Fast QC v 0.11.9. Cutadapt v 4.0 was used to
remove adapter from the reads. Following trimming and filtering according to the read length of minimum-max-
imum 15-50 nt, MINTmap database (https://cm.jefferson.edu/mintmap/) was then used to identify and quantify
tsRNAs. The MINTmap repository contains 640 mature tRNA sequences (508 true and 102 pseudo human
tRNAs from v 1.0 of stRNAdD, the 22 known human mitochondrial tRNAs from NCBI, and 8 exact human
tRNA lookalikes that are present in the human nuclear genome)?. Exclusive tRNA fragments were assessed
for further analysis. Differential expression profiling of number of observed fragments was done using DEseq2
package. The results were further sorted according to adjusted P-value <0.05 and absolute log, fold change >2
(absolute fold change >4).

Functional analysis of differentially expressed tsRNAs

The functional role of tsRNAs was determined using TargetScan (www.targetscan.org), and miRanda (www.
mirdb.org) to predict the target genes of differentially expressed tsRNAs. Subsequently, the target genes were
used for Gene ontology (GO; (http://www.geneontology.org)) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) enrichment analyses (http://www.kegg.jp/)**-*!. Database for Annotation, Visualization, and Integrated
Discovery (DAVID version 6.8; https://david.ncifcrf.gov/) was used to generate PI3K-Akt signalling pathway map.
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Figure 6. PI3K-Akt signalling pathway map for differentially expressed tsSRNAs target genes, generated using
DAVID software. The highlighted elements represent target genes (this image is obtained from KEGG; Kanehisa
Laboratories, with permission).

Data availability
All small RNA-seq data generated in this study have been submitted to GEO under the accession number
GSE245081.
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