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Editorial on the Research Topic

Small non-coding RNAs in diseases

Small non-coding RNAs in diseases

Non-coding RNAs (ncRNAs) are RNA molecules that are not translated into

proteins. They show great potential to serve as novel biomarkers and prophylactic/

therapeutic targets of human diseases, including cancer, neurodegenerative disease,

viral infection, and inflammatory diseases (Skalsky and Cullen, 2010; Carpenter et al.,

2013; Maoz et al., 2017; Damas et al., 2019; Wang et al., 2019). Based on their size,

ncRNAs are generally grouped into long ncRNAs (lncRNAs, >200 nt) and small

ncRNAs (sncRNAs, <200 nt). Major sncRNA classes include microRNAs (miRNAs),

small nucleolar RNAs (snoRNAs), small nuclear RNAs (snRNAs), piwi-interacting

RNA (piRNA), and tRNA-derived RNA Fragment (tRFs) (Liao et al., 2010; Fu et al.,

2015; Hombach and Kretz, 2016; Haack et al., 2019). This special issue focused on the

sncRNAs and their essential roles in physiological and pathological conditions to

explore the mechanisms of sncRNA-mediated human diseases.

miRNAs-regulated gastrointestinal inflammation

In addition to the roles of lncRNAs and circular RNAs in human inflammatory bowel

diseases (Lin et al., 2020), miRNAs were also reported to regulate intestinal epithelial

integrity in mice recently (Wang et al., 2017). In this Research Topic, an original research

paper from Dr. Haque’s group found increased expression of miR-122 and miR-21 in

stool in children with increased intestinal permeability (IIP) (Rashid et al.). The finding

was from a large sample (n = 442) and through integrative analysis of miRNA profiling,
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mucosal inflammation, and intestinal permeability. The

association of enhanced miR-122 and miR-21 expression with

international permeability suggests that assessing these miRNAs

may serve as a new diagnosis method of IIP in children who

suffer diseases associated with intestinal barrier dysfunction.

This topic also reviewed miRNA-regulated primary biliary

cholangitis (PBC) (Zhang et al.), with highlighted functions of

miRNAs participating in PBC inflammation and related

pathogenesis pathways, supporting ncRNAs being potential

diagnostic biomarkers and/or therapeutic targets.

sncRNAs and infectious diseases

This Research Topic includes three original research

manuscripts about ncRNAs in viral infections. Two are

related to severe acute respiratory syndrome coronavirus 2

(SARS-CoV-2) infection with high volumes of views (Zhang

et al.; Wu et al.). The results fromDr. Bao’s group demonstrated

that tRFs are the most impacted sncRNAs in the

nasopharyngeal swab specimens of SARS-CoV-2-positive

patients and SARS-CoV-2-infected airway epithelial cells.

The group also revealed several SARS-CoV-2-derived

sncRNAs with a predicted structure similar to tRFs (Wu

et al.). The study also established physiologically relevant cell

models for tRF functional studies and a new sequencing (seq)

method, called T4 PNK (polynucleotide kinase)-RNA-seq, to

accurately quantify the tRFs. These tools will benefit future

sncRNA studies. Changes in a tRF profile have been

demonstrated in other viral infections, with some being

virus-specific and functionally crucial in viral replication

(Wang et al., 2013; Ruggero et al., 2014; Selitsky et al.,

2015). Therefore, rather than simply serving as biomarkers,

any mechanisms associated with tRF biogenesis and function

would also reveal potential targets to control viral replication.

In addition to tRFs, four SARS-CoV-2-impacted lncRNAs were

discovered by applying microarrays to peripheral blood

mononuclear cells from healthy donors and COVID-19

patients (Zhang et al.). Although the lncRNA research is a

bit off the topic scope, the urgent need to configure disease

mechanisms of SARS-CoV-2 and the finding on the correlation

between lncRNA expression in T cells and monocytes and the

disease severity made us include this into the topic.

Respiratory syncytial virus (RSV) is the leading cause of acute

lower respiratory tract infections in children worldwide. For the

first time, Dr. Casola’s group showed a time-dependent increase

in piRNAs in RSV-infected small airway epithelial (SAE) cells

(Corsello et al.). Her group also identified genes related to

cytoskeletal or Golgi organization and nucleic acid/nucleotide

binding to be the most significantly altered by RSV-induced

piRNAs, increasing the knowledge of the piRNA in viral infection

and the potential of novel therapeutic targets for viral-mediated

lung diseases.

We also included an original manuscript studying the roles of

nematode miRNAs in T cell differentiation and cytokine

production in macrophages (Soichot et al.), providing a new

mechanism on how parasite miRNAs shape host gene

expression.

miRNA and intervertebral disc
degeneration (IDD)

IDD is one of the main causes of lower back pain, but its

pathogenesis mechanism remains unclear. An original

research manuscript from Dr. Zhang’s group highlighted

the importance of let-7b-5p plays a critical role in the

maintenance of intervertebral disc structure and function

(Zhuang et al.). The group showed that let-7b-5p in the

exosome, secreted by nucleus pulposus stem cells derived

from the degenerative intervertebral disc, can exacerbate

annulus firbosus cell degeneration via inhibiting IGF1R

expression and subsequently blocking the activation of the

PI3K-Akt pathway.

sncRNAs and their future directions

A review from Dr. Dutta’s group reviewed the functions

and therapeutic implications of tRNA-derived small RNAs

(Wilson and Dutta), which were found to be a dominant

sncRNA group using Thermostable Group II Intron Reverse

Transcriptase (TGIRT)-seq in bladder cancer samples (Su

et al.). Their biogenesis mechanisms and functions in

posttranscriptional gene silencing, regulating nascent RNA

expression, altering protein translation, and affecting

protein function were comprehensively discussed (Wilson

and Dutta). The group also discussed the challenge when

using tRFs as therapeutic targets, which is applicable to all

sncRNA-based therapeutic development. Among them, the

effectiveness of oligonucleotide delivery is a major issue. To

overcome this, several tissue-specific delivery methods,

including using lipid nanoparticles, N-acetylgalactosamine

conjugation, and encapsulation of oligonucleotide in

extracellular vesicles, were recently developed and showed

the promise. In addition to the delivery issue, the

oligonucleotide stability in circulation is another concern.

tRFs/tRNAs are full of modifications, which may be

functionally important including stabilizing sncRNAs.

How to determine the modification location and their

functions is challenging and raising difficulties of

therapeutic oligo design. Overall, sncRNA-based

therapeutic development is a challenging task. However,

with more accumulating data revealing their biogenesis

and function mechanisms, we may have the chance to

target the pathways involved in biogenesis and functions,
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not necessarily direct oligo-based therapy, to prevent and

treat the diseases.
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MicroRNA Expression and Intestinal
Permeability in Children Living in a
Slum Area of Bangladesh
Humaira Rashid1*, Towfida J. Siddiqua2, Biplob Hossain1, Abdullah Siddique1,
Mamun Kabir1, Zannatun Noor1, Masud Alam1, Mamun Ahmed3 and Rashidul Haque1

1Emerging Infections and Parasitology Laboratory, International Centre for Diarrheal Disease Research, Dhaka, Bangladesh,
2Nutrition and Clinical Service Division (NCSD), International Centre for Diarrheal Disease Research, Dhaka, Bangladesh,
3Department of Biochemistry and Molecular Biology, University of Dhaka, Dhaka, Bangladesh

Introduction: MicroRNAs (miRNAs) are small, non-coding RNAs that post-
transcriptionally regulate gene expression. Changes in miRNA expression have been
reported in a number of intestinal diseases, in both tissue samples and readily accessible
specimens like stools. Pathogenic infections, diet, toxins, and other environmental factors
are believed to influence miRNA expression. However, modulation of miRNAs in humans is
yet to be thoroughly investigated. In this study, we examined the expression levels of two
human miRNAs (miRNA-122 and miRNA-21) in stool samples of a group of Bangladeshi
children who had an altered/increased intestinal permeability (IIP).

Methods: Stool samples were collected from children with IIP (L:M > 0.09) and normal
intestinal permeability (NIP) (L:M ≤ 0.09). Quantitative PCR was performed to quantify the
levels of miRNA-122 and miR-21 in stools. Commercial ELISA kits were used to measure
gut inflammatory markers Calprotectin and REG1B. Serum samples were tested using
Human Bio-Plex Pro Assays to quantify IL-1β, IL-2, IL-5, IL-10, IL-13, IFN-γ, and TNF-α.
Total nucleic acid extracted from stool specimens were used to determine gut pathogens
using TaqMan Array Card (TAC) system real-time polymerase chain reaction.

Results: The expression levels of miRNA-122 (fold change 11.6; p < 0.001, 95% CI:
6.14–11.01) and miR-21 (fold change 10; p < 0.001, 95% CI: 5.05–10.78) in stool were
upregulated in children with IIP than in children with normal intestinal permeability (NIP).
Significant correlations were observed between stool levels of miR-122 and miR-21 and
the inflammatory cytokines IL-1β, IL-2, IFN-γ, and TNF-α (p < 0.05). Children with IIP were
frequently infected with rotavirus, Campylobacter jejuni, Bacteroides fragilis, adenovirus,
norovirus, astrovirus, and various Escherichia coli strains (ETEC_STh, ETEC_STp,
EAEC_aaiC, EAEC_aatA) (p < 0.001). miR-122 significantly correlated with the fecal
inflammatory biomarkers REG1B (p � 0.015) and Calprotectin (p � 0.030), however
miR-21 did not show any correlation with these fecal biomarkers.

Keywords: intestinal permeability, intestinal barrier dysfunction, qPCR, cytokines, fecal miRNA

Edited by:
Inhan Lee,

miRcore, Ann Arbor, MI, United States

Reviewed by:
Amit Kumar Pandey,

Amity University Gurgaon, India
Giuseppe Losurdo,

University of Bari Medical School, Italy
Chengyuan Lin,

Hong Kong Baptist University, Hong
Kong SAR, China

*Correspondence:
Humaira Rashid

humairarashid777@gmail.com
humaira.rashid@icddrb.org

Specialty section:
This article was submitted to

Molecular Diagnostics and
Therapeutics,

a section of the journal
Frontiers in Molecular Biosciences

Received: 26 August 2021
Accepted: 22 November 2021
Published: 08 December 2021

Citation:
Rashid H, Siddiqua TJ, Hossain B,

Siddique A, Kabir M, Noor Z, Alam M,
Ahmed M and Haque R (2021)

MicroRNA Expression and Intestinal
Permeability in Children Living in a

Slum Area of Bangladesh.
Front. Mol. Biosci. 8:765301.

doi: 10.3389/fmolb.2021.765301

Frontiers in Molecular Biosciences | www.frontiersin.org December 2021 | Volume 8 | Article 7653011

ORIGINAL RESEARCH
published: 08 December 2021

doi: 10.3389/fmolb.2021.765301

7

http://crossmark.crossref.org/dialog/?doi=10.3389/fmolb.2021.765301&domain=pdf&date_stamp=2021-12-08
https://www.frontiersin.org/articles/10.3389/fmolb.2021.765301/full
https://www.frontiersin.org/articles/10.3389/fmolb.2021.765301/full
https://www.frontiersin.org/articles/10.3389/fmolb.2021.765301/full
http://creativecommons.org/licenses/by/4.0/
mailto:humairarashid777@gmail.com
mailto:humaira.rashid@icddrb.org
https://doi.org/10.3389/fmolb.2021.765301
https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org/journals/molecular-biosciences#editorial-board
https://doi.org/10.3389/fmolb.2021.765301


Conclusion: miR-122 and miR-21 may be associated with
intestinal permeability. Assessment of these miRNAs may
provide new tools for diagnosis of IIP in children from
developing countries suffering diseases associated with
intestinal barrier dysfunction.

INTRODUCTION

The fundamental function of the intestinal tract is to absorb and
digest nutrients. Additionally, apart from being the largest immune
organ, the intestinal tract is also the largest reservoir of endotoxins
and bacteria. The intestinal epithelium functions as a barrier that
separates the body from the outside environment (Vancamelbeke
and Vermeire, 2017). The most essential function of intestinal
epithelial cells is maintenance of the intestinal epithelial barrier
(Ulluwishewa et al., 2011). Disruption of the intestinal epithelial
barrier is associated with inflammation and disturbance of the
immune system. Earlier research indicated that toxins, pro-
inflammatory cytokines, in vitro mild irritants and pathogens
open the tight junctions and increase paracellular permeability
(Fukui, 2016). Enteric pathogens also play a significant role in
disruption of the epithelial barrier. Pathogens may stimulate
immune and intestinal epithelial cells to secrete pro-
inflammatory cytokines, including interleukin-1β (IL-1β), tumor
necrosis factor-α (TNF-α), and interferon-γ (IFN-γ). These pro-
inflammatory cytokines can induce intestinal barrier dysfunction
and increase intestinal permeability (Bruewer et al., 2003).
Intestinal epithelial barrier dysfunction has been documented to
affect the children of low- and middle-income countries (LMIC),
such as Bangladesh. Repeated chronic exposure to fecal pathogens
and toxins can induce intestinal inflammation, which allows
inflammatory molecules such as unwanted toxins, colonic
bacteria and bacterial antigens to cross the barrier and intensify
the immune response (Bischoff et al., 2014; Martinez-Medina and
Garcia-Gil, 2014; Nishida et al., 2018). In Bangladesh, children who
suffer persistent infections caused by astrovirus, adenovirus,
rotavirus, norovirus, enterotoxigenic Escherichia coli, enteric
protozoa (amebiasis, cryptosporidiosis, giardiasis),
Campylobacter jejuni or Bacteroides fragilis are at risk of a
sharp decline in growth and impaired nutritional status
(Mondal et al., 2012; König et al., 2016; Prendergast and Kelly,
2016; George et al., 2018; Bray et al., 2019). These findings suggest
that pathogen colonization may induce chronic inflammation and
trigger changes in the intestinal microbiota that lead to disruption
of the intestinal barrier (Buret et al., 2002; DeMagistris et al., 2003;
Mondal et al., 2012; Bischoff et al., 2014).

MicroRNAs (miRNAs) are short, highly conserved, non-
coding 18–23 nucleotide RNA molecules that bind to the
untranslated regions (UTRs) of mRNAs to control gene
expression at the post-transcriptional level (Ha and Kim,
2014). The miRNAs function as post-transcriptional regulators
by binding to their complementary sequences, which results in
translational repression or degradation of specific mRNAs
(O’Brien et al., 2018). As miRNAs regulate many important
physiological processes in eukaryotic cells, their altered
expression has been linked to a variety of diseases. This can

lead to remarkable alterations to gene expression, and thus induce
inflammatory conditions (Cichon et al., 2014). Intense exposure
to enteric pathogens during infection induces inflammation,
which allows pathogens to directly adhere to and invade the
intestinal epithelial barrier, which in turn disrupt the tight
junctional protein complexes composed of proteins such as
occludin and claudins, leading to the onset and progression of
intestinal diseases (Lee, 2015). MiRNAs have been shown to play
crucial roles during infection with viruses such as the adenovirus,
enterovirus, rotavirus, which are mainly responsible for
gastroenteritis as well as changes in enterocyte and bacterial
microflora (Maudet et al., 2014; Das et al., 2016; Huang et al.,
2018; Mukhopadhyay et al., 2021).

In addition, a recent study reported that miRNAs are relevant to
intestinal-associated disorders induced by infection and impact the
regulation of inflammatory and immune responses (Sheedy and
O’Neill, 2008; Bi et al., 2009). For instance, miRNAs, such asmiR-21
and miR-122 target negative regulators of the immune response to
promote inflammation. Expression of miR-122 and miR-21 have
been reported to be dysregulated in patients with increased
intestinal permeability (IIP) induced by various inflammatory
stimuli (Zhang et al., 2015; Zhang et al., 2017). miR-21 is a
ubiquitously expressed miRNA that is, traditionally considered
as oncogenic (Li et al., 2012). However numerous miRNAs are
commonly altered during pathogen infection and also induced by
TNF-α and other cytokine molecules (Staedel and Darfeuille, 2013;
Zhang et al., 2014; Drury et al., 2017). Persistent exposure to
multiple enteropathogens induces a rapid change in miR-122
and miR-21 expression in enterocytes. Previous research
indicates that children with enteric dysfunction caused by
pathogen-induced inflammation have altered intestinal
permeability, implying that inflammatory bowel syndrome (IBS)
and other inflammatory-related gut pathologies may be exacerbated
through such barrier dysfunction (Shulman et al., 2008).

The present study aimed to evaluate whether persistent
exposure to multiple fecal pathogens leads to IIP and
decreased barrier function that cause aberrant expression of
miRNA-21 and miRNA-122. We also investigated whether
aberrant levels of miRNA-122 and miRNA-21 can also
influence the risk of intestinal inflammation. We assessed
children living in communities where sanitation is often poor
and hygiene practices are sub-optimal. IBS-like symptoms are
widely accepted to persist in a small percentage of patients after a
documented episode of intestinal viral or bacterial infection. Also,
dysregulation of miRNAs has been implicated in several pediatric
non-neoplastic diseases (Omran et al., 2013). Therefore, from our
study we can determine that aberrant expression of microRNAs
in children with an IIP can play a pathogenic role in diseases,
including those primarily affecting the gut (Hollander et al., 1986;
Distrutti et al., 2016).

MATERIALS AND METHODS

Study Area and Human Subjects
This study was performed as a nested observational study
(2016–2019) within a longitudinal birth cohort study in
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Mirpur slum areas of Dhaka city, Bangladesh (Kirkpatrick et al.,
2015). A total of 442 children aged 2-years-old were selected for
this study. Inclusion criteria for the current study were: mothers
willing to sign informed consent form, no obvious congenital
abnormalities or birth defects. The exclusion criteria were
children aged below or above 2 years-of-age, children who do
not have any major congenital anomalies and parents who are not
willing to have child’s blood drawn.

Sample and Data Collection
Urine samples were collected from the children (n � 442)
over 5 h after ingestion of lactulose and mannitol solution.
The selection of children for miRNA expression analysis was
based on the availability of fecal samples from a previously
conducted larger study. We assessed approximately 120 mg
stool samples from 85 randomly selected children. From IIP
group we selected 43 children and from NIP group we
selected 42 children for miRNA-122 gene expression
analysis and identical stool samples from 36 children (16
children with IIP and 20 children with NIP) for miRNA-21
gene expression analysis. However, remaining 49 children
were not included for the miRNA-21 gene expression
analysis because they did not have adequate stool volume
to perform qPCR. The fecal biomarkers REG1B and
Calprotectin were also assessed in the same stool samples
used to determine miRNA-122 and miRNA-21. From the
same children we also analyzed 3-ml blood samples to
quantify inflammatory cytokines and correlate with
miRNA-122 and miRNA-21. Diarrheal stools were
assessed to detect enteropathogens. The urine, blood and
stool samples were transported from the field clinic to the
Parasitology Lab, Icddr,b in a cold box and samples were
stored at −70°C prior to analysis.

Anthropometry
Anthropometric measurements were taken at the time of
enrolment using a calibrated digital baby scale (UC-321; A &
D Co., Tokyo, Japan) and standardized supine length
measurement equipment (TALC, St Albans, Herts, UK) to
determine height-for-age (HAZ) z-score and weight-for-age
(WAZ) z-scores, measures of stunting and underweight,
respectively (World Health Organization, 1995). A HAZ less
than −2 SD is defined as stunting and a WAZ less than −2 SD
is defined as underweight.

Measures of Intestinal Permeability
The L/M ratio is a test of intestinal permeability. Individuals with
intestinal barrier dysfunction exhibit increased absorption of
lactulose due to increased mucosal permeability and decreased
absorption of mannitol due to a decrease in the intestinal surface
area (Zhang et al., 2000). The lactulose and mannitol was given to
the children at a dose of 2 ml/kg of body weight. The solution in
water included 250 mg/ml of lactulose and 50 mg/ml of mannitol.
Urine was collected upto 2 h after lactulose and mannitol
ingestion. The assay was conducted using high-performance
anion exchange chromatography (HPAEC-PAD). Children
with a lactulose to mannitol ratio (L:M > 0.09) were

considered to have increased IIP and children with a (L:M ≤
0.09), NIP (Musa et al., 2019).

MicroRNA Extraction in Stool Specimens
Given that miRNAs have previously been detected in other body
fluids (Cortez et al., 2011), we compared the presence of miRNAs
in the fecal samples of children with IIP and NIP.

Total RNA was extracted from the stool samples using
miRNAeasy Mini Kits (Qiagen). Stool (120 mg) was mixed
with RNAse free water and homogenized using a vortex mixer
in Qiazol lysis reagent for 30 s. RNA was precipitated by adding
chloroform into a 2 ml RNAse-free tube, vortexed for 15 s,
incubated at room temperature for 2–3 min, centrifuged at
12,000 g for 15 min at 4°C and total stool RNA was eluted in
RNase free water. Finally, the RNA concentration was measured
using a Nanodrop 2000 (Thermo Fisher Scientific, Wilmington,
DE, United States).

Reverse Transcription and Real-Time PCR
The Revert Aid First Strand cDNA Synthesis Kit (Thermo
Scientific, United States) was used to perform reverse
transcription (RT) according to the manufacturer’s
instructions. A RT universal stemloop primer and total treated
RNAwas used to perform the RT reaction (Raymond et al., 2005).
Each 20 μL RT reaction mixture contained 0.1‒5 μg/1 μL treated
total RNA, 1 μL of stem-loop RT primer (5 μM), 1 μL of 10 mM
dNTP blend, 4 μL of reaction buffer, 1 μL of Ribolock RNase
inhibitor (20 U/μL), and 1 μL of Revert Aid MMuLV Reverse
Transcriptase (200 U/μL). The mixtures were incubated at 65°C
for 5 min, then at 42°C for 60 min, and stopped by heating to 70°C
for 5 min. The cDNA was stored at −20°C until further use.

SYBR Green [EXPRESS SYBR® GreenER™ qPCR SuperMix
Universal (Invitrogen)] was used to quantify the miRNAs in the
stool nucleic acid samples. Reverse-transcribed RNA was
quantified using a Bio-Rad CFX96 real-time PCR detection
system. A 12 µL PCR reaction volume included 5 µL of SYBR
green super mix, 1 µL of RT product and 0.4 µL of primer
(forward and reverse, 1 µM each). The reactions were
incubated at 50°C for 2 min, 95°C for 2 min, followed by 40
cycles of 95°C for 15 s, 60°C for 60 s. The expression levels of
miRNA were measured using the quantification cycle values (Cq
values). U6 RNA was used as an endogenous control/
housekeeping gene for data normalization and the assay was
quantified by the 2−△△Cq method (Livak and Schmittgen, 2001;
Bustin et al., 2009; Jacobsen et al., 2011). The 2−ΔΔCT method
[ΔΔCT � ΔCT (a miRNA of interest)-ΔCT (U6 RNA as a
normalizer accounting for sample-to-sample variation)] was
used to analyze the relative expression of miRNA-122 and
miRNA-21.

TaqMan Array Card for the Detection of
Enteric Pathogens
Total nucleic acid extracted from stool samples was used to detect
multiple enteropathogens using The TaqMan Array Card system
real-time polymerase chain reaction format by Applied
Biosystems ViiA7 Real-Time PCR system (Life Technologies,
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Foster City, CA, United States), which can rapidly detect and
quantify 27 enteropathogens, including helminths and viruses.
TAC enables the identification of a wide range of
enteropathogens in a fast and precise manner with a
quantitative detection.

Stool Enzyme-Linked Immunosorbent
Assay
Fecal Calprotectin a gut inflammatory biomarker for intestinal
mucosal inflammation and gut damage (Harper et al., 2018) was
measured following the manufacturer’s instructions by using
commercially available ELISA kits (Calprotectin ELISA,
BÜHLMANN Laboratories AG, Basel, Switzerland) (Jensen
et al., 2011). Fecal Calprotectin was quantified using a
standard curve generated using the kit standards and
expressed as µg/g stool.

Another inflammatory biomarker fecal REG1B which is a
potential indicator of intestinal injury and repair (Peterson et al.,
2013) was also measured using ELISA technique (TECHLAB,
Inc., Blacksburg, VA, United States) to quantify REG1B
concentration (µg/g) in stool samples to evaluate epithelial health.

Cytokine Measurements
The serum samples were tested for IL-1β, IL-2, IL-5, IL-10, IL-13,
IFN-γ, and TNF-α using Human Bio-Plex Pro Assays (Bio-Rad,
Hercules, CA) (Jiang et al., 2014) on a Bio-Plex 200 platform (Bio-
Rad, Hercules, CA, United States). Bio-Plex Manager software
version 6.0 was used for data analysis.

Statistical Analysis
Statistical analyses were conducted using SPSS (version 17.0) or
GraphPad prism 8.0 software (San Diego, CA, United States).
Results were expressed as mean ± standard deviation (SD).
Differences were considered significant if p ≤ 0.05. Data were
compared using Mann–Whitney U tests and t-test was applied to
test the association of miRNAs and pathogenic infections with
intestinal permeability. Bivariate correlations between variables,
including miRNA levels, cytokines and fecal inflammatory
biomarkers, were examined using Pearson’s correlation
coefficient (r). The sensitivity and specificity of miRNAs for
identifying children with IIP (L:M > 0.09) were calculated by
receiver operating characteristic (ROC) curve analysis.

RESULTS

Nutritional Status of Children
A total of 442 children were available for this study; 47.2% of the
children were female (Table 1) and 37.5% (166/442) had elevated
L:M ratio (> 0·09) suggestive of increased intestinal permeability
(IIP). Of these 442 children, 30.3% of the children were less than
−2 WAZ and 32.3% were less than −2 HAZ.

42% (69/166) of children with IIP were less than −2 WAZ
while only 23.5% (65/276) with normal intestinal permeability
(NIP) children were less than −2 WAZ which is statistically
significant (p � 0.0001). Similarly, 40% (66/166) of children with
IIP were less than −2 HAZ whereas, 27.8% (77/276) children with
NIP were less than −2 HAZ which is also statistically significant
(p � 0.012). We also checked for the nutritional status of the
selected 85 children for miRNA-122 expression analysis; 27%
children were less than −2WAZ and 28.2% children were less
than −2HAZ.

miR-122 and miR-21 Expression Levels in
Stool
miR-122 and miR-21 expression analyzed from the fecal RNA
where the total RNA concentration was from 661 to 2,298 ng/μL.
Data derived from RT-qPCR are presented as normalized ΔCT
values. A significant differential expression was determined in
stool samples of children with IIP compared to NIP children for
miR-122 (p < 0.001). Similarly, fecal samples of children with IIP
showed significant differential expression of miR-21 compared to
children with NIP (p < 0.001). The mean ± standard deviation
(SD) normalized ct values for miR-122 and miR-21 were
significantly different in children with IIP compared to
children with NIP (miR-122: 6.99 ± 2.75 vs. 10.53 ± 1.51;
miR-21: 6.78 ± 3.24 vs. 10.12 ± 1.40). miR-122 and miR-21
expression levels of stool were upregulated 11.6; (p < 0.001, 95%
CI: 6.146–11.01) and 10; (p < 0.001, 95% CI:5.055–10.78) times
respectively in children with an increased intestinal permeability
when compared to children with a normal intestinal permeability.
These results are graphically presented in Figure 1.

Receiver Operating Characteristic Curve
Analysis for miRNA-122 and miRNA-21
Biomarkers are important for early disease identification, as early
diagnosis can help to avoid and improve prognosis. Stool-based
miRNA detection has high sensitivity and specificity (Yau et al.,
2019). To investigate the possibility that these miRNAs may serve
as new and potential biomarkers for increased intestinal
permeability, receiver operating characteristic (ROC) curve
analysis was carried out to evaluate the diagnostic potential of
stool miRNA-122 and miRNA-21 levels. As shown in Figure 2,
the AUC values for miR-122 and miR-21 were 0.893 [95%
confidence interval (CI) 0.822–0.964, p � 0.0001] and 0.850
[95% confidence interval (CI) 0.706–0.94, p � 0.0001],
respectively. This result demonstrated that miR-122 and miR-
21 have potentials for detection of IIP. Thus, the stool miRNA-

TABLE 1 | Clinical and demographic features of children in Mirpur slum area,
Dhaka, Bangladesh. Moderate underweight −3 ≤WAZ < −2, severely
underweight WAZ < −3.

Characteristics (442 children) Number Percentage

Age in years 2 —

Female 209 47.2
Moderate underweight 111 25.1
Severely underweight 23 5.2
Moderate stunted 102 23
Severely stunted 41 9.2

Moderate stunted −3 ≤HAZ < −2, severely stunted HAZ < −3.
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122 and miRNA-21 levels could be considered as promising
biomarkers for the diagnosis of IIP in children.

We also compared the stoolmiRNA expression levels with the L:M
ratios of the children to identify cut-off values of miR-122 andmiR-21
that indicate IIP. A L:M ratio >0.09 is regarded as increased intestinal
permeability and a L:M ratio ≤0.09 is regarded as normal intestinal
permeability. Using a cut-off of 9.8 for miR-122 (normalized ct value)
84% (36/43) of children with IIP were below this cut-off. Thus, at this
cut-off value miRNA-122 had a sensitivity of 84% and specificity of
71.4% to detect IIP. Using the same cut-off value formiR-21, 88% (14/
16) children with IIP were below this cut-off, with a sensitivity of 88%
and specificity of 75% (Tables 2A,B).

Association of Enteric Pathogens With
Intestinal Permeability

We compared the presence of enteric pathogens in children
with IIP and children with NIP. Rotavirus, Campylobacter
jejuni, Bacteroides fragilis, adenovirus, norovirus, astrovirus,
and Escherichia coli strains (Enterotoxigenic Escherichia coli-
STh, Enterotoxigenic Escherichia coli-STp, Enteroaggregative
Escherichia coli-_aaiC, Enteroaggregative Escherichia coli-
aatA) were significantly more frequent in children with IIP
compared to children with NIP (p-value < 0.001)
(Supplementary Figure).

FIGURE 1 | Comparison of expression levels of miRNA-122 (A) and miRNA-21 (B) between normal and increased intestinal permeability respectively. Statistical
analysis was carried out by the Mann-Whitney U test.

FIGURE 2 | Area under curve (AUC) of receiver operating characteristic (ROC) analysis for miR-122 and miR-21 relative expression in fecal samples for
discriminating increased and normal intestinal permeability. ROC curve analysis revealed that fecal miR-122 andmiR-21 relative expression has significant specificity and
sensitivity to distinguish between children with IIP and NIP. (A): miR-122 yield an area under the curve (AUC) value of 0.893 (p-value � 0.0001). (B): miR-21 yield an area
under the curve (AUC) value of 0.850 (p-value � 0.0001).
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Correlation of Inflammatory Cytokines With
miRNAs
We assessed the correlations between the inflammatory
cytokines (IL-1β, IL-2, IL-5, IL-10, IL-13, IFN-γ, and TNF-
α), with the levels of miRNAs (miR-122 and miRNA-21). The
cytokines IL-1β, IL-2, IFN-γ, and TNF-α levels were correlated
significantly with the levels of the miRNAs. The expression
level of miRNA-122 correlated with the levels of IL-1β (r �
−0.3939, p � 0.007), IL-2 (r � −0.385, p � 0.008), IFN-γ (r �
−0.2683, p � 0.05), and TNF-α (r � −0.3222, p � 0.030) The
expression level of miRNA-21 correlated with the levels of IL-
1β (r � −0.390, p � 0.018), IL-2 (r � −0.441, p � 0.007), IFN-γ
(r � −0.466, p � 0.004) and TNF-α (r � −0.495, p � 0.002)
(Figures 3A,B). No significant correlations were observed
between miRNA levels (miR-122 and miRNA-21) with
inflammatory cytokines IL-5, IL-10, or IL-13.

Correlations Between miRNA-122 and
miRNA-21 and Fecal Inflammatory
Biomarkers
Significant correlations were observed between miR-122 and
REG1B. The stools of children with a high concentration of
REG1B contained higher expression levels of miRNA-122 (r �
−0.259, p < 0.015) compared to children with low concentration
of REG1B. Calprotectin, the most common inflammatory
biomarker observed during disease progression, correlated
significantly with miRNA-122 (r � −0.278, p < 0.030).
However, both REG1B and Calprotectin fecal biomarkers were
not correlated significantly with miR-21 (Figure 4).

DISCUSSION

Exposure to various enteric pathogens causes extensive mucosal
disruption (Kosek et al., 2017) and intestinal inflammation
leading to IIP and microbial translocation. We assessed
intestinal permeability among 442 children using the lactulose/
mannitol assay of urine samples; 166 children had a L:M ratio
>0.09, indicative of altered/increased intestinal permeability.
Previous studies associated IIP with the presence of enteric
pathogens, suggesting a mechanism of intestinal and systemic
inflammation (Amour et al., 2016; Rogawski et al., 2017). In our
study, we demonstrated that the expression levels of miR-122 and
miR-21 were significantly upregulated in children with IIP
compared to children with normal intestinal permeability.

Compared to children with normal intestinal permeability,
miRNA-122 (fold change 11.6; p < 0.001) and miR-21 (fold
change 10; p < 0.001) were significantly upregulated in children
with IIP. Similarly, previous research identified that unique
miRNA expression profile signatures in intestinal-related
diseases and persistent exposure to multiple fecal pathogens
lead to IIP and decreased barrier function, which may cause
aberrant expression of miRNA-122 and miRNA-21 (Ye et al.,
2011; Zhang et al., 2015; Johnston et al., 2018; Al-Sadi et al., 2020;
Rashid et al., 2020). Zhang et al. (2015) observed significant
overexpression of miRNA-21 was associated with increased tight
junction permeability in vitro. Another study showed the levels of
several miRNAs, including miR-21, miR-122, miR-155, miR-
146a, miR-429, and miR-874, were altered in small intestinal
epithelial cells isolated from patients in a burns unit with IIP
(Morris, 2018; Zhang et al., 2018) found that miRNA-21 is
upregulated during intestinal barrier dysfunction (Ye et al.,
2011; Liu et al., 2019). Reported that miRNA-122 and
miRNA-21 may also play an important role in the
maintenance of intestinal barrier function, thus dysregulation
of miRNA-122 and miRNA-21 can lead to altered intestinal
barrier function.

The levels of specific miRNAs have also been reported to be
modulated in the feces of patients affected by enteric pathogens
(Liu et al., 2016; Liu and Weiner, 2016; Sarshar et al., 2020),
suggesting these miRNAs may be involved in the pathogenesis of
intestinal barrier dysfunction and could potentially represent
diagnostic or prognostic tools for altered intestinal
permeability/intestinal barrier dysfunction (Zhou et al., 2010;
Zhang et al., 2015; Zhang et al., 2017). In our study, a number of
pathogens were detected in children with altered intestinal
permeability. Adenovirus, rotavirus, different strains of
Escherichia coli (ETEC_STh, ETEC_STp, EAEC_aaiC,
EAEC_aatA), Campylobacter. jejuni, Bacteroides. fragilis,
norovirus, and astrovirus were frequently detected in the stool
samples of children with IIP. The presence of pathogens can affect
miRNA expression, which in turn may disrupt the intestinal
barrier. This suggestion is in line with a growing body of evidence
that indicates enteric pathogens can induce intestinal
inflammation by modifying the intestinal microbiota,
weakening the intestinal barrier, and priming the intestine for
chronic inflammatory responses (Amour et al., 2016; Kosek et al.,
2017; Fahim et al., 2018; Fahim et al., 2020). Moreover, the

TABLE 2 | (A) Normalized miR-122 ct value (DCT) *Lactulose: Mannitol ratio (L:M)
Status Crosstabulation. L:M status 1 indicates children with (L:M > 0.09)
considered to have increased IIP and L:M status 0 indicates children with (L:M ≤
0.09), considered to have NIP. DCT 1 indicates normalized miR-122 ct value ≤9.8
and DCT 2 indicates normalized miR-122 ct value >9.8. (B) Normalized miR-
21 ct value (DCT)*Lactulose: Mannitol ratio (L:M) status crosstabulation. L:M
status 1 indicates children with (L:M > 0.09) were considered to have
increased IIP and 0 indicates children with (L:M ≤ 0.09), were considered to
have NIP. DCT 1 indicates normalized miR-21 ct value ≤9.8 and DCT 2
indicates normalized miR-21 ct value >9.8.

Count

L:M status
(Lactulose:
Mannitol status)

Total

0 1
DCT (normalized miR-122 ct value) 1 12 36 48

2 30 07 37
Total 42 43 85

Count

L:M status
(Lactulose:
Mannitol status)

Total

0 1
DCT (normalized miR-21 ct value) 1 05 14 19

2 15 02 17
Total 20 16 36
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FIGURE 3 | (A): Correlation of expression levels of miRNA-122 with inflammatory cytokines. The X-axis indicates the miR-122 relative expression, while the Y-axis
denotes cytokines. We performed the Pearson’s correlation test for statistical evaluation. (B): Correlation of expression levels of miRNA-21 with inflammatory cytokines.
The X-axis indicates the miR-21 relative expression, while the Y-axis denotes cytokines. We performed the Pearson’s correlation test for statistical evaluation.
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expression of miRNAs can change dramatically during the course
of infection with pathogens (Zhao et al., 2015; Drury et al., 2017).
Infections with viruses such as rotavirus are one of the most
common causes of diarrhoea in children <5 years, and no
effective drug is available to treat these viruses. One study
showed that oral administration of a mimic miRNA-7 agomir
inhibited the replication of rotavirus in mice, indicating miR-7
may suppress the replication of rotavirus (Zhou et al., 2020). In
another study, compared to controls children infected with
adenovirus showed altered microRNA expression profiles
(Huang et al., 2018). Similarly, as notable findings of this
study, infections caused by enteric pathogens were associated
with aberrant levels of miRNA-122 and miRNA-21, which could
have a profound impact on the development and growth of
children. These fecal miRNAs are related to the dysbiosis and
inflammation of the host. Dysbiosis of the normal intestinal
microbiota can lead to a number of diseases including

inflammatory bowel diseases (Tlaskalová-Hogenová et al.,
2011). In addition, miRNAs have been found to play a vital
role in modulating pathogenic infections, and are primarily
responsible for alterations to the bacterial microflora
(Schönauen et al., 2018). Thus, the potential of miRNAs as
tools for genetic research, diagnosis and treatment of
pathogenic infections caused by bacteria, viruses, parasites, and
fungi in human merits further investigation.

Expression of REG1B and Calprotectin are elevated in tissue
samples from patients with benign diseases, such as acute amoebic
colitis (Peterson et al., 2011), Crohn’s disease and ulcerative colitis
(Lawrance et al., 2001; Bjarnason, 2017). In one study, the levels of
fecal miRNAs correlated with fecal Calprotectin levels (Schönauen
et al., 2018). Interestingly, in this study, the fecal biomarker
REG1B—a putative measure of intestinal injury and
repair—correlated significantly with the levels of miRNA-122 in
stool samples. Also, Calprotectin—the most commonly assessed

FIGURE 4 | Correlation of expression levels of miRNA-122 and miRNA-21 values with fecal biomarkers (with Reg1b and Calprotectin). The X-axis indicates the
relative expression of miR-122, while the Y-axis denotes fecal biomarkers. We performed Pearson’s correlation test for statistical evaluation which showed a significant
association between miRNA-122 (A, B) and fecal biomarkers, but no significant association was seen between miRNA-21 and fecal biomarkers (C, D).
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inflammatory biomarker of disease progression—significantly
correlated with miRNA-122. However, both REG1B and
Calprotectin fecal biomarkers was not statistically significant with
miR-21, most likely due to low subject numbers.

This study examined a population in which undernutrition, as
well as pathogen exposure, are prevalent. One study showed that
Escherichia coli is characterized by destruction of epithelial cells and
are associated with an upregulation of cytokines such as TNF-α and
IFN-γ (Shea-Donohue et al., 2010). Our results indicate that
although the prevalence of IBD is lower in Bangladesh than
among children in western countries, the high infection burden
induces increased expression of inflammatory cytokines, which leads
to aberrant miR-21 and miR-122 expression among children with
IIP. Furthermore, numerous published studies suggest a significant
link between miRNAs and cytokine activities, since miRNA
expression is regulated in response to cytokine stimulation.
Furthermore, our analysis suggests that the Ct values of miR-122
andmiR-21 in stools negatively correlate with the serum levels of the
inflammatory cytokines TNF-α, INF-γ, IL-1β, and IL-2 (r< 0) where
low Ct values indicates higher expression of miRNA-122 and
miRNA-21. These findings are in line with (Chen et al., 2014;
Yan et al., 2020) who found that miR-21 and miR-122 can
promote the production of inflammatory cytokines that are
closely related to the pathogenesis of IBD, such as TNF-α, IFN-γ,
and IL-1β. In general, miRNA-122 and miRNA-21 target negative
regulators of the immune response to promote inflammation.
Several studies found that miRNA-21 and miRNA-122 exerted
inflammatory roles in intestinal barrier dysfunction that leads to
impaired barrier function (Ye et al., 2011; Zhang et al., 2015; Zhang
et al., 2017). Showed that TNF-α can abruptly upregulate miRNA-
122 and miRNA-21 in enterocytes and intestinal tissues, and
consequently lead to barrier disruption and IIP.

To our knowledge, no previous studies have examined the
expression levels of miRNA-122 and miRNA-21 in the fecal
samples of Bangladeshi children or explored the association of
these miRNAs with IIP and the presence of enteric pathogens.
The findings of this study provide critical evidence that dysregulation
ofmiRNAs during inflammation could be potentially involved in the
pathogenesis of intestinal-related diseases. Furthermore, the
correlations between these miRNAs and other inflammatory
biomarkers offers new possibilities to use miRNAs as disease
biomarkers.

However, this study has limitations. Firstly, correlation between
fecal inflammatory biomarkers REG1B and Calprotectin and
miRNA-21 did not show a statistical significance. However, the
correlation was seen to be significant with miRNA-122. We also did
not see any correlation between fecal pathogens and miRNA-122
and miRNA-21. This could be due to small sample size that limits
statistical power to detect differences. Secondly, this study was
conducted in children residing in the slum areas of Mirpur,
Bangladesh. To validate these findings, large clinical studies in
different geographical regions are needed. Our findings suggest
fecal miRNA-21 and miRNA-122 may have potential as clinically
useful, non-invasive prognostic and diagnostic biomarkers for
pediatric patients, though this suggestion requires confirmation in
large validation groups. Additional studies with larger sample sizes
are required to reliably validate our findings. Also, our data point

towards a molecular mechanism by which dysregulation of miRNAs
due to altered intestinal permeability can lead to impaired growth/
malnutrition, and correction of the levels of miRNAs using
therapeutics could potentially help to manage environmental
enteric dysfunction.

In conclusion, we show that Bangladeshi children with IIP have
substantially altered levels of miRNAs in their stools. Two fecal
miRNAs were closely linked to disease activity and easily accessible
surrogate biomarkers, such as REG1B, fecal Calprotectin, and the
serum levels of inflammatory cytokines. Furthermore, this study
demonstrates that the levels of miRNAs in feces are very stable and
can be reproducibly detected, even after long term storage. Overall,
in conjunction with previous findings the levels of miRNAs in feces
correlate with disease activity, our results indicate miRNAs merit
further research as potential biomarkers of gut barrier diseases.
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Exosomes Secreted by Nucleus
Pulposus Stem Cells Derived From
Degenerative Intervertebral Disc
Exacerbate Annulus Fibrosus Cell
Degradation via Let-7b-5p
Yin Zhuang1†, Sheng Song1†, Dan Xiao2, Xueguang Liu1, Xiaofei Han1, Shihao Du1, Yuan Li1,
Yanming He1 and Shujun Zhang1*

1Department of Spine Surgery, Wuxi 9th Affiliated Hospital of Soochow University, Wuxi, China, 2Department of Spine Surgery,
Orthopedics Center, Guangdong Provincial People’s Hospital, Guangdong Academy of Medical Sciences, Guangzhou, China

The pathogenesis of intervertebral disc degeneration (IDD) is complex and remains
unclear. Nucleus pulposus stem cells (NPSCs) and annulus fibrosus cells (AFCs) play a
critical role in the maintenance of intervertebral disc structure and function. Exosome-
mediated miRNAs regulate cell proliferation, differentiation, apoptosis, and degradation.
However, it is not clear whether the degenerative intervertebral disc-derived nucleus
pulposus stem cells (D-NPSCs) can regulate the function of AFCs by delivering exosomes.
Here, we show that exosomes secreted by nucleus pulposus stem cells derived from
degenerative intervertebral disc (D-DPSC-exo) can exacerbate AFC degeneration via
inhibiting cell proliferation, migration, matrix synthesis, and promoting apoptosis.
Specifically, let-7b-5p was highly expressed in D-DPSC-exo. Transfection of let-7b-5p
mimic was found to promote apoptosis and inhibit proliferation migration and matrix
synthesis of AFCs. In addition, transfection with let-7b-5p inhibitor caused the effect of
D-DPSC-exo on AFCs to be reversed. Furthermore, we found that D-DPSC-exo and let-
7b-5p inhibited IGF1R expression and blocked the activation of the PI3K–Akt pathway.
Results suggested that NPSC-exo exacerbated cell degeneration of AFCs via let-7b-5p,
accompanied by inhibition of IGF1R expression, and PI3K–Akt pathway activation.
Therefore, insights from this work may provide a clue for targeted molecular therapy of
intervertebral disc degeneration.

Keywords: intervertebral disc degeneration, nucleus pulposus stem cells, annulus fibrosus cell, proliferation,
apoptosis, miRNA

INTRODUCTION

Intervertebral disc degeneration (IDD) is one of the main causes of lower back pain, but its specific
pathogenesis remains unclear (Nakashima et al., 2020). Surgical treatment can relieve symptoms and
alleviate pain, but it has no effect on the underlying disease itself (Dowdell et al., 2017). The
intervertebral disc is mainly composed of nucleus pulposus cells and annulus fibrosus cells (AFCs),
and the senescence and degeneration of these cells are the basis of IDD (Zhang et al., 2019b). Recent
advances in strategies to engage stem cell transplantation for IDD therapy have established as a new
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avenue for the treatment of IDD and achieved many
encouraging results (Urits et al., 2019; Vadala et al., 2019),
However, there are still many challenges and limitations that
need to be further improved, such as short survival time, poor
cell activity, and difficulty in differentiation, and the most
important issue is that exogenous stem cells cannot tolerate
the adverse microenvironment of local hypoxia,
hyperosmolarity, low pH, and nutrient deficiency that
develops after intervertebral disc degeneration (Wang et al.,
2015; Hang et al., 2017; Ma et al., 2019). It may be possible to
render the use of stem cells more practical using endogenous
nucleus pulposus stem cells (NPSCs) to repair and reconstruct
intervertebral disc function, taking advantage of the fact that
most adult tissues have their own stem cell niche (Vickers et al.,
2019).

NPSCs are mesenchymal stem cells (MSCs) derived from the
endogenous nucleus pulposus tissues (Ying et al., 2019). They have
the characteristics of self-renewal and differentiation into
intervertebral disc cells (Lazzarini et al., 2019). NPSCs can better
tolerate the local acidic microenvironment of degenerated disc than
other tissue-derived mesenchymal stem cells, and they play an
important role in the biological treatment of IDD (Choi et al.,
2015). Research has shown that the characteristics of nucleus
pulposus stem cells derived from degenerative intervertebral disc
(D-DPSCs) and derived from normal intervertebral disc (N-DPSCs)
are not exactly the same (Liu et al., 2019). With patient aging and
aggravation of intervertebral disc degeneration, the proliferation and
stemness of NPSCs decreased, which was not conducive to self-
repair of the intervertebral disc (Sakai et al., 2012; Wu et al., 2018).
Rather, it was more likely to aggravate the degeneration of the
intervertebral disc tissue (Vergroesen et al., 2015).

In addition to direct differentiation into nucleus pulposus
cells, the regulation of NPSCs on damaged tissues can also be
realized through the paracrine pathway of their secretions (such
as exosomes and cytokines) (Schneider and Simons, 2013).
Exosomes are lipid bilayer membrane vesicles with diameters
of approximately 30–150 nm, which can be secreted by most cell
types. Exosomes have the ability to carry proteins, lipids, RNA,
and a variety of other biological macromolecules that play an
important role in cell-to-cell transfer of materials and
information (Du et al., 2017; Liu et al., 2017). Moreover,
some studies indicated that MSC-derived exosomes can
promote angiogenesis (Aziz et al., 2020) and wound healing
(An et al., 2021), as well as regulate immunity (Whiteside,
2018), while aging MSC-derived exosomes do not have this
ability. Other studies have shown that aging bone-derived
extracellular vesicles inhibited the proliferation of bone
marrow stem cells and induced stem cell senescence (Davis
et al., 2017).

The effect of NPSCs-derived exosomes on the surrounding
tissue cells in the microenvironment of intervertebral disc
degeneration is still unknown. In this study, we explored the
differential effect of exosomes secreted by nucleus pulposus stem
cells derived from degenerative intervertebral disc (D-DPSC-exo)
and exosomes secreted by nucleus pulposus stem cells derived
from normal intervertebral disc (N-DPSC-exo) on annulus
fibrosus cells. Results showed that D-DPSC-exo exacerbated

AFCs degradation through let-7b-5p by inhibiting the PI3K/
AKT signaling pathway.

MATERIALS AND METHODS

Cell isolation and culture
All the experimental protocols were approved by the Ethics
Committee of Wuxi 9th Affiliated Hospital of Soochow
University and were obtained with the informed consent of the
patients. Normal nucleus pulposus tissues were obtained from five
patients (2 females and 3 males, aged 18–49 years) who underwent
spine surgery of burst thoracolumbar fracture and degenerative
nucleus pulposus, and the annular fibers tissues were gently
obtained from 11 patients (4 females and 7 males, aged
37–61 years) who underwent surgery of disc excision for lumbar
degenerative disease. Nucleus pulposus tissues were washed three
times with PBS, then cut into pieces, and digested with 1 mg/ml of
type II collagenase (Solarbio, China) for 4 h at 37°C. After being
filtered through a 70-μm filter, the suspension was centrifuged at
300 × g for 5 min, and the isolated cells were cultured in Complete
Culture Medium of Mesenchymal Stem Cell (Cyagen, China)
containing 88% basal medium, 10% MSC cell-qualified fetal
bovine, 1% penicillin-streptomycin, and 1% glutamine. Annular
fibers tissues were washed three times with PBS, then cut into
pieces, and digested with 1 mg/ml of type I collagenase (Solarbio,
China) for 2 h at 37°C. After being filtered through a 70-μm filter,
the suspension was centrifuged at 300 × g for 5 min, and the
isolated cells were cultured in Dulbecco’s Modified Eagle
Medium/Nutrient Mixture F-12 (DMEM/F12) (Gibco,
United States) containing 10% fetal bovine serum (FBS)
(Gemini, China) and 1% penicillin–streptomycin (Gibco, USA).
Finally, all the isolated NPSCs and AFCs were incubated at 37°C in
a humidified atmosphere of 5% CO2 with the culture medium
replaced every 3 days.

Cell identification
The NPSCs were identified by flow cytometry analysis and
multipotential differentiation. The multipotential differentiation of
NPSCs was determined using an MSCs Adipogenic Differentiation
Kit (Cyagen, China) and an MSCs Osteogenic Differentiation Kit
(Cyagen, China), respectively. Oil red O staining and Alizarin red
staining were used to assess adipogenic and osteogenic
differentiation. For the detection of surface markers by flow
cytometry, NPSCs were stained for 30 min with fluorescein
isothiocyanate (FITC)-conjugated or phycoerythrin (PE)-
conjugated anti-human CD29, CD34, CD44, CD45, CD73,
CD90, CD105, and HLA-DR monoclonal antibodies, and
characterized using flow cytometry (BD Biosciences, USA). The
monoclonal antibodies were all purchased from BioLegend, Inc.

The AFCs were identified by immunofluorescence analysis and
toluidine blue staining. For the detection of type II collagen
immunohistochemical staining, AFCs were incubated with
primary antibody type II collagen (1:200, Abcam, USA) at 4°C
overnight. After PBS washing three times, cells were incubated
with FITC-conjugated goat-anti-rabbit secondary antibody (1:
1,000, Beyotime, China) at room temperature for 1 h before
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FIGURE 1 | Identification of nucleus pulposus stem cells (NPSCs), annulus fibrosus cells (AFCs), and NPSC-exo. (A) Process of isolation and culture of NPSCs from
nucleus pulposus tissue. Cultured NPSCs at passage 1 (P1) were spindle shaped. (B) Differentiation potential of osteogenesis and adipogenesis of NPSCs was
confirmed by Alizarin red staining and Oil red O staining after 2 weeks after in vitro induction, respectively. (C) Identification of surface makers of NPSCs indicated that the
harvested NPSCs were positive expressions for CD29, CD44, CD73, and CD105 makers, and were negative expressions for CD34, CD45, and HLA-DR makers.
(D) The cell morphology of cultured AFCs at passage 1 (P1) displayed long fusiform or polygonal shaped. (E) Immunofluorescence staining indicated that AFCs
expressed type II collagen and toluidine blue staining showed AFCs were purple and exhibitedmetachromatic granules. (F) The typical saucer-likemorphology of NPSC-
exo was captured by transmission electron microscopy. (G) Particle size of NPSC-exo was characterized by flow nano analysis. (H) NPSC-exo were positive
expressions for exosomal surface markers TSG101, CD81, and CD9 by Western blotting.
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counterstaining with DAPI (Solarbio, China). Images were obtained
using a fluorescencemicroscopy (Olympus, Japan). For toluidine blue
staining, AFCs stained with 1% toluidine blue for 30min at room
temperature before fixing in 4% paraformaldehyde for 30min, then
briefly rinsed in ethanol and observed using an inverted biological
microscope (Olympus, Japan).

Exosome isolation, purification, and
identification
N-NPSCs and D-NPSCs were cultured in exosome-free medium
for 2 days. NPSC-exo was isolated from supernatant by
ultracentrifugation. The culture medium was centrifuged at
1,000 × g for 10 min at 4°C to remove dead cells and
centrifuged at 10,000 × g for 30 min at 4°C to remove cell
debris. Next, exosomes were centrifuged by ultracentrifugation
at 100,000 × g for 70 min after filtering through 0.22-μm
membrane filters. Moreover, exosomes were purified by a
commercial kit using ExoJuice (WeinaBio, China) according to
the instruction of the manufacturer. Briefly, exosome samples were
transferred to 5-ml ultracentrifuge tubes and 500 µl of Exojuice was
added to the bottom. The tube was then centrifuged at 100,000 × g
for 70 min at 4°C, carefully recovered, and fractionated from the
bottom. The first 200 µl of the liquid from the bottom of the tube
was discarded, then the next 200 µl fraction of solution from the
bottom was collected, which contained the purified exosomes.

After purification, morphology was observed by transmission
electron microscopy, particle diameter and concentration were
analyzed by flow nano analysis, and the exosomal markers, such
as CD9, CD81, and TSG101 (Affinity, USA) were detected by
Western blotting assay.

Cell counting kit-8 assay
Cell counting kit-8 (CCK-8) assay was used to value the proliferation
capacity of AFCs. Briefly, AFCs were plated in 96-well plates at a
density of 5 × 103 cells per well with 100 μl of complete culture
medium. After 24 h, cells were treated with exosomes (or miRNA
mimic/inhibitor) and incubated for 48 h, respectively. Finally, 10 μl
of CCK-8 reagents (APExBIO, USA) was added to each well and
then incubated for another 2 h at 37°C. The absorbance value at
450 nm was detected by a microplate reader (Biorad imark, USA).

Transwell assay
Transwell assay was used to value the migration capacity of AFCs.
Briefly, AFCs (5 × 104 cells per well) in 100 μl of serum-freemedium
was transferred to the upper chambers of the Transwell, then 600 μl
of medium treated with exosomes (ormiRNAmimic/inhibitor) was
added to the bottom chambers, as previously described, respectively.
After 24 h, cells were fixed in 4% paraformaldehyde and stained
with 0.1% crystal violet. Then the cells were observed and the
stained migrated cells were counted by using a microscope.

Western blotting
Exosomes or cells were lysed with RIPA buffer, then the protein
concentration was measured using the BCA protein detection kit
(Beyotime, China). Each sample was mixed with protein loading
buffer (5×) and heated at 95°C for 10min to denature. Then

FIGURE 2 | Degenerative intervertebral disc-derived nucleus pulposus stem
cells secreted exosomes (D-NPSC-exo) inhibited proliferation, migration, and
extracellular matrix synthesis, and promoted apoptosis of AFCs. (A) Proliferation of
AFCs treated with D-NPSC-exo, normal intervertebral disc-derived nucleus
pulposus stem cells secreted exosomes (N-NPSC-exo), or PBS (control group) was
evaluated by cell counting kit 8 (CCK-8) assay. D-NPSC-exo in both low (10 μg/ml)
and high (50 μg/ml) concentrations significantly inhibited cell proliferation, and
N-NPSC-exo inhigh (50 μg/ml) concentrationspromotedcell proliferation, oppositely.
(B) Migration of AFCs was evaluated by Transwell assay. D-NPSC-exo in both low
(10 μg/ml) andhigh (50 μg/ml) concentrations significantly inhibitedcellmigration, and
N-NPSC-exo promoted cell migration, oppositely. (C) Apoptosis of AFCs was
evaluated by Annexin V/PI apoptosis detection kit. D-NPSC-exo in both low (10 μg/
ml) and high (50 μg/ml) concentrations significantly promoted cell apoptosis.
However, N-NPSC-exo in high (50 μg/ml) concentrations reduced the apoptotic rate
of AFCs. (D) Protein expression levels of Col II, and MMP13 were detected by
Western blotting. D-NPSC-exo in high (50 μg/ml) concentrations significantly
promoted the expression of MMP13 and inhibits the expression of Col II. *p < 0.05;
**p < 0.01.
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protein samples were separated by 10% SDS–polyacrylamide gel
electrophoresis and transferred to polyvinylidene fluoride
membranes (PVDF) (Millipore, Germany). PVDF membranes were
blocked with 5% skim milk for 1 h, and primary antibody (MMP-13,
collagenase II, IGFR1, p-PI3K, p-AKT,GAPDH, and β-ACTIN) (Bioss,
China) was added in for incubating overnight at 4°C, then the
secondary antibody conjugated with horseradish peroxidase was
incubated for 2 h at room temperature. Fluorescence was analyzed
using the enhanced chemiluminescence kit (Tanon, China) and imaged
by the luminescent image analyzer (Tanon, China), and the absorbance
value of each band was calculated using the ImageJ software.

Flow cytometry analysis
Apoptosis rates were evaluated using an Annexin V/PI apoptosis
detection kit (BD Biosciences, USA) according to the instruction
of the manufacturer. Annexin V-FITC (5 μl) and PI (5 μl)
solutions were added into 100 μl of cell suspension,
respectively. The cells were incubated at room temperature for
15 min in the dark, cells were detected, and analyzed by flow
cytometry (Beckman, USA).

miRNA sequencing
Exosomal miRNAs were sequenced in N-NPSC-exo and
D-NPSC-exo. The total RNA was isolated from the exosomes

using TRIzol reagent (Life Technologies, United States) according
to the instructions of the manufacturer. The extracted RNA was
then quantified using the OneDrop (WuYi, China). The sample
quality control, library preparation, and sequencing were
performed by HuaYing, China.

Analysis of the effects of miRNAmimics and
inhibitors
According to the results of the miRNA sequencing of exosomes,
the mimics and inhibitors of let-7b-5p and the control were
synthesized by WeinaBio (Foshan, China).

AFCs were transfected with miRNA mimics or control at
100 nM with Lipofectamine 3,000 reagent (Invitrogen, USA) and
then cultured for 48 h. To further confirm the effects of miRNAs
in exosomes, AFCs were cultured in medium with D-NPSC-exo
(50 μg/ml) and then were transfected with miRNA inhibitors
(100 nM) or control for 48 h. Cell proliferation, migration, and
apoptosis was detected by CCK-8 assay, Transwell assay, and flow
cytometry analysis, and the relative proteins were detected by
Western blotting.

qRT-PCR assay
The total RNA was isolated from the exosomes and cells by
using TRIzol reagent (Life Technologies, USA). For miRNA,

FIGURE 3 | Profiling of the expression of miRNA in N-NPSC-exo and D-NPSC-exo. (A) The miRNA profiles of N-NPSC-exo and D-NPSC-exo are represented in
the heat map and hierarchical clustering-based dendrograms. (B) Volcano plot showing up- and downregulated miRNAs in N-NPSC-exo compared with D-NPSC-exo.
(C) Fold changes observed in miRNA expression in N-NPSC-exo compared with D-NPSC-exo on microarray data. (D) Real-time PCR of hsa-let-7b-5p in N-NPSC-exo
compared with D-NPSC-exo. *p < 0.05; **p < 0.01.
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the first-strand cDNA was synthesized by using miRNA 1st
Strand cDNA Synthesis Kit (Vazyme, China), then real-time
PCR was performed by miRNA Universal SYBR qPCR Master
Mix (Vazyme, China) under LightCycler480 Real-Time PCR
Detection System (Roche, Switzerland). For mRNA, the first-
strand cDNA was synthesized by using HiScript III 1st Strand
cDNA Synthesis Kit (Vazyme, China), then real-time PCR
was performed by Universal SYBR qPCR Master Mix
(Vazyme, China). U6 was used as an internal reference for
miRNAs, and beta-actin was for mRNAs. Comparative
quantification was determined using the 2−ΔΔCt method.
The primer sequences used are summarized in
Supplementary Table S1.

Statistical analysis
GraphPad Prism 8 software was used for statistical analysis. Data
are expressed as mean ± standard deviation. The differences

between the two groups were analyzed with the unpaired
t-test. A p-value < 0.05 was considered statistically significant.

RESULTS

Cell identification
Isolated NPSCs displayed fibroblast-like morphology and vortex-
styled adherent growth in culture (Figure 1A). The results of
induced differentiation in vitro showed visible calcium deposits
formed and stained bright red by Alizarin red staining after
osteogenic differentiation, and lipid droplets appeared and stained
red by Oil red O staining after adipogenic differentiation
(Figure 1B). Based on the flow cytometry analysis, NPSCs were
positive for surface markers CD29, CD44, CD73, and CD105
(>90%), and negative for surface markers CD34, CD45, and
HLA-DR (<2%) (Figure 1C). AFCs displayed a long spindle or

FIGURE 4 | Overexpression of let-7b-5p inhibited proliferation, migration, and extracellular matrix synthesis, and promoted apoptosis of AFCs. AFCs were
transfected with let-7b-5pmimic, NCmimic, or PBS (mock group). (A) Let-7b-5pmimic inhibited cell proliferation of AFCs by CCK-8 assay. (B) Let-7b-5pmimic inhibited
cell migration of AFCs by Transwell assay. (C) Let-7b-5pmimic promoted cell apoptosis of AFCs by Annexin V/PI apoptosis detection kit. (D) Let-7b-5pmimic promoted
the expression of MMP13 and inhibits the expression of Col II by Western blotting. *p < 0.05; **p < 0.01.
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polygon shape (Figure 1D), and expressed type II collagen by
immunofluorescence staining (Figure 1E left panel). The
toluidine blue staining showed AFCs were purple and exhibited
metachromatic granules (Figure 1E right panel).

Exosome identification
Morphology, diameter, and surface markers of NPSC-exo were
characterized by transmission electron microscopy, flow nano
analysis, and Western blotting, respectively. NPSC-exo was
displayed as cup-shaped vesicles using transmission electron
microscopy (Figure 1F). The mean diameter of the exosomes
was 66.64 nm, and the concentration of exosomes was
8.8 × 109 particles/ml using flow nano analysis (Figure 1G).
Western blotting results showed that NPSC-exo were positive

for exosomal surface markers TSG101, CD81, and CD9
(Figure 1H).

Effect of N-NPSC-Exo and D-NPSC-Exo on
cell proliferation, migration, apoptosis, and
extracellular matrix metabolism
To explore the effect of the NPSC-exo in AFCs, N-NPSC-exo and
D-NPSC-exo in concentrations of 10 and 50 μg/ml were incubated
with AFCs, respectively. Then cell proliferation, migration, apoptosis,
and extracellular matrix metabolism were analyzed using CCK-8
assay, Transwell migration assay, flow cytometry, and Western
blotting, respectively. Our results showed that D-NPSC-exo in low
and high concentrations also significantly inhibited cell proliferation

FIGURE 5 | Inhibition of let-7b-5p in D-NPSC-exo alleviated cell degeneration of AFCs. AFCs were treated with D-NPSC-exo, then transfected with let-7b-5p
inhibitor or NC inhibitor. (A) Inhibition of exosomal let-7b-5p promoted cell proliferation of AFCs by CCK-8 assay. (B) Inhibition of exosomal let-7b-5p promoted cell
migration of AFCs by Transwell assay. (C) Inhibition of exosomal let-7b-5p inhibited cell apoptosis of AFCs by Annexin V/PI apoptosis detection kit. (D) Inhibition of
exosomal let-7b-5p inhibits the expression of MMP13 and promoted the expression of Col II by Western blotting. *p < 0.05; **p < 0.01.
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(Figure 2A), suppressed cell migration (Figure 2B), and promoted
the apoptosis of AFCs (Figure 2C). On the contrary, N-NPSC-exo on
high concentration tended to promote cell proliferation and
migration, and inhibit cell apoptosis. In order to detect the effect
of NPSC-exo on extracellular matrix metabolism in AFCs, protein
expression levels of Col II, and MMP13 were detected by Western
blotting. D-NPSC-exo in high (50 μg/ml) concentrations significantly
promoted the expression of MMP13 and inhibits the expression of
Col II. However, the N-NPSC-exo had no effect on extracellular
matrix secretion in AFCs (Figure 2D).

Differentially expressed miRNAs in
N-NPSC-Exo and D-NPSC-Exo
To detect the different miRNA constituents of N-NPSC-exo and
D-NPSC-exo, miRNA sequencing was conducted. A clustered heat
map (Figure 3A) shows the upregulated and downregulated miRNA
expressions, and a volcano plot (Figure 3B) shows log 2 (fold change)
(N-NPSC-exo vs. D-NPSC-exo) on the x-axis and −log 10 (p-value)
on the y-axis. Ten significantly up-/downregulated miRNAs in
N-NPSC-exo compared with D-NPSC-exo were listed
(Figure 3C), and let-7b-5p was upregulated in D-NPSC-exo on
the microarray data. Consistent with the sequencing results, the
expression of let-7b-5p was upregulated in D-NPSC-exo compared
with N-NPSC-exo by real-time PCR analysis (Figure 3D).

Overexpression of let-7b-5p inhibited
proliferation, migration, and extracellular
matrix synthesis, and promoted apoptosis
of annulus fibrosus cells
The results of CCK-8 assay and transwell assay showed that
overexpression of let-7b-5p by transfecting with let-7b-5p mimic

significantly inhibited proliferation (Figure 4A) and migration
(Figure 4B) of AFCs. The transfection of let-7b-5p mimic
significantly promoted the apoptotic ratio compared with the
NC mimic by Annexin V/PI apoptosis detection kit (Figure 4C).
Moreover, the decreased protein level of Col II and elevated
MMP13 expression demonstrated that overexpression of let-7b-
5p mimic affected the synthesis of the extracellular matrix
(Figure 4D).

Inhibition of let-7b-5p in D-NPSC-Exo
alleviated cell degeneration of annulus
fibrosus cells
To further confirm that D-NPSC-exo inhibited proliferation,
migration, and extracellular matrix synthesis, and promoted
apoptosis of AFCs by delivering let-7b-5p, the let-7b-5p
inhibitor was applied to transfect with D-NPSC-exo-treated
AFCs. The overall effects of D-NPSC-exo on AFCs were
abolished by the let-7b-5p inhibitor. Compared with the NC
inhibitor groups, the cell proliferation (Figure 5A) and migration
(Figure 5B) of AFCs were promoted, and cell apoptosis
(Figure 5C) of AFCs was reduced. Meanwhile, the protein
expression of MMP13 was reduced, and the protein expression
of Col II was promoted (Figure 5D). Collectively, exosomal let-
7b-5p plays important roles in cell degeneration of AFCs.

Exosomal let-7b-5p leads to targeted
inhibition of IGF1R followed by inhibiting the
activation of the PI3K/Akt pathway in
annulus fibrosus cells
Finally, we explored the mechanism by which exosomal let-7b-5p
aggravated cell degeneration of AFCs. A binding site at 3′-UTR of

FIGURE6 |D-NPSC-exo aggravated cell degeneration of AFCs by inhibiting the activation of the IGF1R/PI3K/Akt pathway. (A) Shown are let-7b-5p binding sites in
the IGF1R 3′ UTR as predicted in TargetScan. (B)mRNA expression level of IGF1R in AFCs transfected with let-7b-5p mimic was detected by real-time PCR. (C)mRNA
expression level of IGF1R in AFCs treated with D-NPSC-exo was detected by real-time PCR. (D) Protein expression levels of IGF1R, p-PI3K, and p-AKT in AFCs
transfected with let-7b-5p mimic were detected by Western blotting. (E) Protein expression levels of IGF1R, p-PI3K, and p-AKT in AFCs treated with D-NPSC-exo
were detected by Western blotting. *p < 0.05; **p < 0.01.
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IGF1R was predicted on let-7b-5p by TargetScan (Figure 6A). The
result of real-time PCR confirmed that the mRNA expression of
IGF1Rwas significantly decreased in AFCs by transfecting with let-
7b-5p (Figure 6B). Similarly, this decrease in the mRNA
expression of IGF1R appeared in D-NPSC-exo-treated AFCs
(Figure 6C). To test whether exosomal let-7b-5p modulates
IGF1R and the PI3K/Akt signal pathway, protein expression
levels of IGF1R, p-PI3K, and p-AKT in AFCs transfected with
let-7b-5p mimic were detected by Western blotting. The result of
Western blotting confirmed that the protein expressions of IGF1R,
p-PI3K, and p-AKT were decreased in AFCs by transfecting with
let-7b-5p (Figure 6D). Similarly, this decrease in the protein
expressions of IGF1R, p-PI3K, and p-AKT appeared in
D-NPSC-exo-treated AFCs (Figure 6E). Collectively, exosomal
let-7b-5p leads to targeted inhibition of IGF1R followed by
inhibiting the activation of the PI3K/Akt pathway in AFCs.

DISCUSSION

In recent years, stem cell transplantation has become a research
hotspot for biological treatment of IDD (Xia et al., 2019). Some
studies found that transplantation of autologous NPSCs into
degenerative intervertebral disc tissues can significantly delay
the development of IDD (Chen et al., 2016). NPSCs are
progenitors of nucleus pulposus cells, and they have
considerable potential for proliferation and differentiation,
and some results have been observed in both normal and
degenerative intervertebral disc tissues. Endogenous NPSCs
can better tolerate the local acidic and hypertonic
microenvironment and play a key role in stem cell biological
treatment of IDD (Tao et al., 2013; Han et al., 2014). However,
Sakai found that the number of NPSCs in the nucleus pulposus
gradually decreased with aging and the degree of intervertebral
disc degeneration in rats and humans. Sakai also pointed out
that the intervertebral disc degeneration may be caused by the
depletion of NPSC apoptosis (Sakai et al., 2012). A study by Liu
showed that the biological characteristics of NPSCs derived
from normal and degenerative intervertebral discs were
different (Liu et al., 2019).

Currently, researchers believe that secreting exosomes is one
of the important ways in which stem cells perform biological
functions (Phinney and Pittenger, 2017; Mendt et al., 2019). To
determine whether there are functional differences between
N-NPSC-exo and D-NPSC-exo, we studied the effects of
N-NPSC-exo and D-NPSC-exo on the proliferation,
migration, apoptosis, and extracellular matrix synthesis of
degenerated AFCs. The results showed that N-NPSC-exo was
beneficial to AFCs. However, D-NPSC-exo inhibited AFC
proliferation, migration, and matrix synthesis, and promoted
apoptosis.

miRNAs, important intermediaries of the exosome function,
play an important role in maintaining normal homeostasis (Shan
et al., 2019). Exosomes transport miRNAs to recipient cells and
participate in such physiological processes as cell proliferation,
differentiation, migration, and apoptosis (Zhang et al., 2020). To
further explore howD-NPSC-exo affects AFCs, N-NPSC-exo and

D-NPSC-exo were sequenced and found to be discrepant in some
miRNAs. This difference may regulate the cellular function of
AFCs. We found that let-7b-5p was upregulated in D-NPSC-exo,
and was confirmed by real-time PCR, which suggested a possible
connection between the increase of miRNA and the AFCs
degeneration. The mimic and inhibitor of let-7b-5p were used to
establish the effects of miRNA in D-DPSC-exo. After transfection
with the let-7b-5p mimic, the proliferation, migration, and
extracellular matrix synthesis were reduced, and the rate of
apoptosis among AFCs increased significantly. After transfection
with the let-7b-5p inhibitor, the effect of D-DPSC-exo on AFCs was
reversed. This indicated that D-DPSC-exo may exacerbate AFC
degeneration by delivering let-7b-5p.

Let-7b-5p is a miRNA with a wide range of biological
functions (Mandolesi et al., 2021). It plays a very important
role in cell migration and proliferation and in antitumor
processes (Babapoor et al., 2017; Wu et al., 2020). Let-7b-5p
has been shown to regulate proliferation and apoptosis in
multiple myeloma by targeting IGF1R (Xu et al., 2014). The
results of the study of Zhang indicated that let-7b suppressed
proliferation and invasion of osteosarcoma cells via targeting
IGF1R (Zhang et al., 2019a). In this present work, real-time PCR
and Western blotting analysis confirmed that the mRNA and
protein expression of IGF1R were significantly decreased in AFCs
by transfecting with let-7b-5p.

Many studies confirmed that IGF1R is one of the upstream
regulatory molecules of the PI3K-Akt pathway, involved in cell
proliferation, apoptosis, and metabolism (Park et al., 2018). Here,
we confirmed that the activation of the PI3K/Akt pathway could
be blocked by the let-7b-5p mimic targeting IGF1R. Our results
also suggested that D-NPSC-exo exacerbated cell degeneration of
AFCs via let-7b-5p, possibly by blocking the IGF1R/PI3K/Akt
pathway.

CONCLUSION

In summary, let-7b-5p carried by D-NPSC-exo was found to
regulate the function of AFCs by downregulating IGF1R and
blocking the PI3K/Akt pathway, thus, ultimately exacerbating cell
degeneration of AFCs. These results suggest the clinical
application prospect of D-NPSC-exo-derived let-7b-5p,
possibly as a molecular target in the treatment of IDD.
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The ongoing pandemic of coronavirus disease 2019 (COVID-19), which results from the
rapid spread of the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), is a
significant global public health threat, with molecular mechanisms underlying its
pathogenesis largely unknown. In the context of viral infections, small non-coding
RNAs (sncRNAs) are known to play important roles in regulating the host responses,
viral replication, and host-virus interaction. Compared with other subfamilies of sncRNAs,
including microRNAs (miRNAs) and Piwi-interacting RNAs (piRNAs), tRNA-derived RNA
fragments (tRFs) are relatively new and emerge as a significant regulator of host-virus
interactions. Using T4 PNK-RNA-seq, a modified next-generation sequencing (NGS), we
found that sncRNA profiles in human nasopharyngeal swabs (NPS) samples are
significantly impacted by SARS-CoV-2. Among impacted sncRNAs, tRFs are the most
significantly affected andmost of them are derived from the 5′-end of tRNAs (tRF5). Such a
change was also observed in SARS-CoV-2-infected airway epithelial cells. In addition to
host-derived ncRNAs, we also identified several small virus-derived ncRNAs (svRNAs),
among which a svRNA derived from CoV2 genomic site 346 to 382 (sv-CoV2-346) has the
highest expression. The induction of both tRFs and sv-CoV2-346 has not been reported
previously, as the lack of the 3′-OH ends of these sncRNAs prevents them to be detected
by routine NGS. In summary, our studies demonstrated the involvement of tRFs in COVID-
19 and revealed new CoV2 svRNAs.

Keywords: SARS-CoV-2, TRF, SARS-CoV-2-derived sncRNAs, tRF5DC, viral replication and SARS-CoV-2-derived
sncRNAs
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INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
is a beta coronavirus belonging to the sarbecovirus subgenus of
Coronaviridae family (Zhu et al., 2020). It is a positive-sense
single-stranded RNA virus with a genome length of ~30 kb. By
the middle of January 2022, the ongoing coronavirus disease 2019
(COVID-19) pandemic, caused by SARS-CoV-2, has respectively
caused more than 320 million infectious cases and over five
million deaths globally (World Health, 2021).

Small non-coding RNAs (sncRNAs) have diverse functions
through various regulatory mechanisms. They virtually
participate in all biological pathways, including cell
proliferation, differentiation, apoptosis, autophagy, and tissue
remodeling. sncRNAs are also essential to regulate host
responses to viral infections (Choudhuri, 2010; Beermann
et al., 2016; Romano et al., 2017; Rajput et al., 2020; Wu et al.,
2020). Among sncRNAs, the most widely studied sncRNAs are
microRNAs (miRNAs), which are 18–24 nt in length, carry 5′
monophosphate and 3′ hydroxyl (3′-OH) ends, and generally
regulate genes via the argonaute (AGO) platform (Schwarz et al.,
2004; Fabian and Sonenberg, 2012).

Other than miRNAs, piwi-interacting RNAs (piRNAs), small
nucleolar RNAs (snoRNAs), and tRNA-derived RNA fragments
(tRFs) are also important members of sncRNAs (Dozmorov et al.,
2013). Currently, there is very limited information on whether or
how SARS-CoV-2 regulates the sncRNA expression, except the
reports on SARS-CoV-2-impacted miRNAs (Mallick et al., 2009;
Hasan et al., 2014; Khan et al., 2020).

Using T4 polynucleotide kinase (T4 PNK)-RNA-seq, a
modified next-generation sequencing (NGS), we found that
tRFs and piRNAs were the two most abundant sncRNAs in
nasopharyngeal swabs (NPS) samples of the SARS-CoV-2-
positive group. However, only tRFs were significantly
enhanced in SARS-CoV positive samples. Generally, tRFs are
generated by specific cleavages within pre-tRNAs or mature
tRNAs (Lee et al., 2009). Compared with other sncRNAs, tRFs
are relatively new members. However, their importance in
diseases, such as cancer, infectious diseases, neurodegenerative
diseases, and metabolic diseases, was quickly acknowledged after
the discovery (Wang et al., 2013; Selitsky et al., 2015; Shen et al.,
2018; Sun et al., 2018; Zhu et al., 2018; Choi et al., 2020; Qin et al.,
2020; Wu et al., 2021). tRFs are classified mainly into tRF-1 series,
tRF-3 series, and tRF-5 series (Fu et al., 2009). tRF-1 series are
usually those from the 3′-trailer sequences of pre-tRNA, while
tRF-3 and tRF-5 series are aligned to the 3′- and 5′- end of the
mature tRNAs respectively. Among SARS-CoV-2-impacted tRFs,
the most impacted tRFs belonged to tRF5s. In addition, the
impacted tRF profile seemed to be SARS-CoV-2 specific,
which is consistent with what we and others found previously
on the changes in tRF signatures being virus-dependent (Wang
et al., 2013; Selitsky et al., 2015), implicating tRFs as potential
prognosis and diagnosis biomarkers. The impacted tRFs were also
observed in SARS-CoV-2 infected human alveolar type II-like
epithelial cells expressing human angiotensin-converting enzyme
2 (A549-ACE2) and human small airway epithelial cells (SAECs)
in the air-liquid interface (ALI) culture.

In addition to host-derived ncRNAs, viral genomes can also
encode ncRNAs. These viral ncRNAs vary in length and have
diverse biological functions, including the regulation of viral
replication, viral persistence, host immune evasion, host
inflammatory response, and cell transformation (Tycowski
et al., 2015). For example, SARS-CoV-encoded small RNAs
contribute to SARS-CoV-induced lung injury (Morales et al.,
2017), and SARS-CoV-2-encoded miRNAs enhance
inflammation (Cheng et al., 2021). In this study, we revealed
several new small viral RNA (svRNA) fragments, with the length
of 25 nt, 33 nt, and 36 nt, by T4 PNK-RNA-seq. Among svRNAs
derived from CoV-2 (sv-CoV2), a svRNA spanning from site 346
to site 382 of nsp1(sv-CoV2-346) had the highest expression.

In summary, this is the first report demonstrating the altered
tRFs by SARS-CoV-2. T4 PNK pretreatment also enabled small
RNA seq to reveal additional new sv-CoV2. In the future, we will
characterize the biogenesis and function mechanisms of these
new sncRNAs associated with SARS-CoV-2 infection.

MATERIALS AND METHODS

Nasopharyngeal Swab Specimens
NPS were collected from patients who visited outpatient clinics of
the University of Texas Medical Branch (UTMB) for SARS-CoV-
2 screening in April 2020. NPS samples in universal viral
transport media were transported to the Molecular Pathology
laboratory, directed by Dr. Jianli Dong, and subjected to SARS-
CoV-2 test using Abbott m2000 SARS-CoV-2 RT-PCR assay. The
limit of detection (LOD) of detection assays is 100 viral genome
copies/ml.

Thirteen anonymous NPS samples were used in this study,
including seven SARS-CoV-2 negative (51.7 ± 13.7 years old) and
six SARS-CoV-2 positive (49.2 ± 10.5 years old) samples. The
protocol was approved by the Institutional Review Boards (IRB)
of UTMB at Galveston, under the IRB protocol # 02-089 and
03-385.

RNA Isolation
After the SARS-CoV-2 validation, 1 ml of NPS sample from each
individual was subjected to RNA extraction using the mirVana
PARIS kit (Invitrogen, MA, United States) according to the
manufacturer’s protocol. At the elution step, samples were
incubated on the column for 5 min at 65°C, and the RNA was
eluted with 45 µL nuclease-free water. To extract RNAs from
cells, TRIzol reagents (Thermo Fisher Scientific, MA,
United States) were used for total RNA preparation, as
described (Choi et al., 2020), followed by qRT-PCR.

T4 PNK-RNA-seq and Data Analyses
To study whether other sncRNAs than miRNAs are impacted by
SARS-CoV-2, we used T4 PNK-RNA-seq, a modified NGS, to get
sncRNA profiles for samples derived from NSP or cultured cells,
similarly as described in (Honda et al., 2015; Giraldez et al., 2019).
A flowchart of the T4 PNK-RNA-seq is shown in Supplementary
Figure S1A and data have been deposited in GEO (GSE193555).
Basically, we treated sample RNAs with T4 PNK before the
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library construction and small RNA-seq to make the 3′-end of
RNAs homogenous with -OH, as the ligation of the 3′-end of
sncRNAs with sequencing barcodes requires the presence of 3′-
OH and not all sncRNAs have 3-OH ends. The seq was done in
the NGS Core of UTMB. In brief, the RNA samples were
pretreated with 10 units of T4 PNK using 14 µL extracted
RNAs in a final reaction volume of 50 µL and incubated at
37°C for 30 min, and then were heat-inactivated at 65°C for
20 min. The RNA was purified and concentrated within 6 µL
nuclease-free water using Zymo RNA Clean and Concentrator kit
(Irvine, CA, United States). Ligation-based small RNA libraries
were prepared with an RNA input of 6 µL using NEB Next
Multiplex Small RNA Library Prep Set for Illumina (Ipswich,
MA, United States). Libraries were sequenced using the Illumina
NextSeq 550 Mid-Output sequencing run. About 7,680 Mb of
sequence data was generated.

To analyze the seq data, adaptor sequences were first removed
using Cutadpat and reads with a length of more than 15 bp were
extracted. We further filtered out RNAs with counts of less than
10 and all rRNA sequences, using the remainders as cleaned input
reads. In terms of the mapping databases, we prepared tRF5 and
tRF3 databases using the same sequences derived from different
tRNAs [sequences downloaded from tRNA genes using the Table
Browser of the UCSC genome browser (Karolchik et al., 2004)].
We also prepared tRF1 sequences using genome locations of
tRNAs. Our in-house small RNA database includes 1) these tRFs,
2) miR/snoR sequences downloaded from the UCSC genome

browser, and 3) piRNA sequences downloaded from piRBase
(http://www.regulatoryrna.org/database/piRNA/). The cleaned
input reads were mapped to our inhouse small RNA database
using bowtie2 (v2.4.1) allowing two mismatches (option N -1).
After we mapped the cleaned input reads to the small RNA
database, the unmapped sequences were thenmapped to the hg38
genome using the bowtie2 pre-built index (GRCh38_noalt_as) to
detect all human sequences. The unmapped sequences to the
human genome were then mapped to the SARS-CoV-2 reference
genome (NC_045512) using the same parameters.

Raw read counts were normalized with the DEseq2 median of
ratios method. Differentially expressed genes were determined by
p-value < 0.05, fold change >2, and mean of normalized counts
>10 in either Control (CN) or SARS-CoV-2 group. Unsupervised
hierarchical clustering was performed using the Pearson
correlation coefficient. A flowchart of the sequencing data
analyses is summarized in Supplementary Figure S1B.

Cell Culture and Viruses
African green monkey kidney epithelial cells (Vero E6) were
obtained from ATCC (Manassas, VA, United States) and
maintained in a high-glucose DMEM (Gibco, MA,
United States) supplemented with 10% fetal bovine serum
(FBS), 10 units/ml penicillin, and 10 μg/ml streptomycin. The
human alveolar type II-like epithelial cells expressing human
angiotensin-converting enzyme 2 (A549-ACE2) cells were a kind
gift from Dr. Shinji Makino and were cultured in DMEM (Gibco,

FIGURE 1 | The schematic summaries on tRF quantification by qRT-PCR (A) and the detection of sv-CoV2-346 by RT-PCR (B). (C) The sequence information on
sv-CoV2-346 and associated primers and the 3′ RNA linker for its detection.
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MA, United States) containing 10% FBS, 10 units/ml penicillin,
and 10 μg/ml streptomycin.

Small airway epithelial cells (SAECs), isolated from the normal
distal portion of the lung in the 1 mm bronchiole area, were
purchased from Lonza (Basel, Switzerland) to generate cells in the
air-liquid interface (ALI) culture. The cells were cultured and
differentiated using Complete PneumaCult™-Ex plus medium
and PneumaCult™-ALI-S Maintenance medium (Stemcell
Technologies, Vancouver, Canada), respectively, according to
the manufacturer’s instructions.

Briefly, the cells at passage two (P2) were expanded in the T-25
flask using the complete PneumaCultTM-Ex plus medium, with a
medium change every other day. For ALI cultures, the cells (P3)
were seeded into Corning Costar 12 mm transwell inserts
(Corning, NY, United States) at a concentration of 11 × 104

cells/insert in 0.5 ml medium/insert, and another 1 ml/well
medium was added to the basal chamber. Cells were
submerged cultured in Complete PneumaCultTM-Ex plus
medium, with a medium change every other day. After
reaching ~100% confluency, ALI was initiated by removing
the apical medium and replacing the PneumaCultTM-Ex plus
medium in the basal compartment with PneumaCult™-ALI-S
Maintenance medium. The basal compartment medium was
changed every other day. It took about 21 days to complete
cell differentiation.

SARS-CoV-2 (USA-WA1/2020 strain) was obtained from the
World Reference Center for Emerging Viruses and Arboviruses
(WRCEVA) at the UTMB. Viral stocks were prepared by

propagation in Vero E6 cells. Viral titers were determined by
plaque assay as described (Blanco-Melo et al., 2020). All
experiments using live SARS-CoV-2 were performed in a
biosafety level 3 (BSL-3) laboratory with redundant fans in the
biosafety cabinets. All personnel wore powered air-purifying
respirators (Breathe Easy, 3M) with Tyvek suits, aprons,
booties, and double gloves. All cell cultures, cell lines or
primary cultured cells, and viruses have been approved for use
by the Institutional Biosafety Committee of UTMB (NOU#
2018056 and NOU# 2020043).

Viral Infection
To infect A549-ACE2 cells in monolayer culture, the cells were
seeded into the 24-well plate 24 h prior to the infection to allow
the cells to reach 80–90% confluence in the following day. For
infection, the cells were incubated with viruses in DMEM media
with 10% FBS at a multiplicity of infection of 0.1 (MOI = 0.1).
After 1 h incubation, cells were washed with PBS three times to
remove the remaining viruses and cultured in fresh media
containing 10% FBS. The cells were collected on day 4 post-
infection.

Regarding the infection of SAECs in ALI culture, the infection
was performed when hallmarks of excellent differentiation were
evident, such as extensive apical coverage with cilia. Prior to
infection, the apical side of the cells was washed five times with
PBS, and the basal surface was washed once with PBS. Viruses
were diluted to the specified MOI in 200 µL MEM medium and
inoculated onto the apical surface of the ALI cultures. After a 2-h

TABLE 1 | Sequence information for tRF5s, RNA linker, RT primer, qPCR primers and PCR primers.

tRFs Sequence (5’-3’)

tRF5-GlyGCC tRFs GCAUUGGUGGUUCAGUGGUAGAAUUCUCGCC
Forward primer GCATGGGTGGTTCAGTG
Reverse primer CGTCGGACTGTAGAACTCTCAAAGC

tRF5-GluCTC tRFs UCCCUGGUGGUCUAGUGGUUAGGAUUCGGCGCU
Forward primer TCCCTGGTGGTCTAGTG
Reverse primer CGTCGGACTGTAGAACTCTCAAAGC

tRF5-LysCTT tRFs GCCCGGCUAGCUCAGUCGGUAGAGCAUGAGACU
Forward primer GCCCGGCTAGCTCAGTCGGTAG
Reverse primer CGTCGGACTGTAGAACTCTCAAAGC

tRF5-ValCAC tRFs GUUUCCGUAGUGUAGUGGUUAUCACGUUCGCU
Forward primer GTTTCCGTAGTGTAGTGGTTATC
Reverse primer CGTCGGACTGTAGAACTCTCAAAGC

tRF5-CysGCA tRFs GGGUAUAGCUCAGUGGUAGAGCAUUUGACUGC
Forward primer AGTGGTAGAGCATTTGACTGC
Reverse primer CGTCGGACTGTAGAACTCTCAAAGC

tRF5-GlnCTG tRFs UGGUGUAAUAGGUAGCACAGAGAAUUCUGG
Forward primer GGTGTAATAGGTAGCACAGAG
Reverse primer CGTCGGACTGTAGAACTCTCAAAGC

5sRNA Forward primer GGGAATACCGGGTGCTGTAGG
Reverse primer CGTCGGACTGTAGAACTCTCAAAGC

U6 Forward primer GATGACACGCAAATTCGTGAAGCG
Reverse primer CGTCGGACTGTAGAACTCTCAAAGC

3’RNA linker /5Phos/GAACACUGCGUUUGCUGGCUUUGAGAGUUCUACAGUCCGACGAUC/3ddC/
RT primer CGTCGGACTGTAGAACTCTCAAAGC
CoV2-346 CoV2-346 CGUACGUGGCUUUGGAGACUCCGUGGAGGAGGUCUU

RT primer CGTCGGACTGTAGAACTCTCAAAGC
Forward primer ACGACGTACGTGGCTTTG
Reverse primer GCAAACGCAGTGTTCAAGA
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incubation at 37°C with 5% CO2, unbound viruses were removed
by washing the surface with PBS three times. The cells were
collected on day 1 or 3 post-infection. The SARS-CoV-2 S gene
was detected using qRT-PCR with primers as follows: S forward
primer, 5′ CCTACTAAATTAAATGATCTCTGCTTTACT;
reverse primer, 5′’ CAAGCTATAACGCAGCCTGTA.

qRT-PCR and RT-PCR
To evaluate sncRNAs expression, qRT-PCR was performed, as
described previously (Choi et al., 2020; Wu et al., 2021). A
schematic summary of tRF quantification by qRT-PCR is
shown in the left panel of Figure 1A. Briefly, the total RNA
was treated with T4 PNK, and then ligated to a 3′-RNA linker
using T4 RNA ligase from Thermo Fisher Scientific (Waltham,
MA, United States). The product was used as a template for
reverse transcription (RT) with a linker-specific reverse primer
using TaqMan Reverse Transcription Reagents from Thermo
Fisher Scientific. The cDNA was subjected to SYBR Green qPCR
using iTaq™ Universal SYBR Green Supermix kit from Bio-Rad
(Hercules, CA, United States) and primers specific to the 5′-end
of tRFs and RNA linker. U6 was used for normalization. The
addition of a 3′-RNA linker enables the detection of tRF5s
without the signal interference from its corresponding parent
tRNAs, possibly because 1) the 3-end of tRNA is usually attached
with an amino acid, preventing RNA linker attachment, and 2)

reverse transcription annealing temperature sets tRFs, not tRNAs,
to be annealed by the primer, as tRNA cloverleaf structure
requires a specific denaturing temperature before annealing
(right panel of Figure 1A) (Choi et al., 2020; Wu et al., 2021).
The primers and 3′-RNA linker sequences are listed in Table 1.

To validate the seq data of CoV2-encoded small RNAs (CoV2-
346), RT-PCR was performed, using RT and PCR primers listed
in Table 1. The overall experimental design to detect CoV2-346
by RT-PCR is illustrated in Figure 1B, with detailed seq
information of primers and the RNA linker shown in
Figure 1C. In brief, RNAs, pretreated with or without T4
PNK, were ligated to a 3′-RNA linker. The RT was done using
primers complementary to the RNA linker, followed by PCR
using forward primers annealing to 5′-end of CoV2-346 and
reverse primers annealing to the last 4 nt of CoV2-346 and the
first 15 nt of RNA linker.

Northern Blot
Northern hybridization for tRF5-GluCTC was performed as
described (Wang et al., 2013). Briefly, 3 µg RNA was loaded
on 15% denaturing polyacrylamide gel with 7 M ureas and then
transferred to a positively charged nylon membrane (Amersham
Biosciences, NJ, United States). The membrane was hybridized
with a 32P-labeled DNA probe in ULTRAhyb-Oligo solution (Life
Technologies, Grand Island, NY, United States), followed by

FIGURE 2 | Impacted sncRNAs by SARS-CoV-2 infection in patients. (A) The relative sequencing frequency of miRNAs, tRFs, piRNAs, and snoRNAs was
calculated by normalizing their raw reads with the DEseq2 median ratio method. (B) The volcano plot showed that sncRNAs were differentially expressed between and
control group (CN) and SARS-CoV-2 patient group (SARS-COV-2). (C) Heatmap for unsupervised clustering of the differently expressed tRFs with >20 mean of
normalized counts in any groups according to Pearson correlation. Data are shown as means ± standard error (SE). The single asterisk represents p values
of <0.05.
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TABLE 2 | Changes in tRFs by SARS-CoV-2.

Mean Log2FC Fold Change (FC) p-value Padj

CN COVID-19

Down-regulated
tRF1_chr5_24_Lys_CTT_26198538 19.94 1.62 −3.65 12.54 0.00607 0.02862
Up-regulated
tRF5-Val-TAC-1-2 1.43 32.82 4.31 19.79 0.00047 0.00439
tRF5-Val-CAC-chr1-93 65.75 869.52 3.72 13.20 0.00056 0.00498
tRF5-Val-CAC-3-1 3.38 27.07 2.86 7.26 0.00781 0.03457
tRF5-Val-CAC-2-1 6.11 120.86 4.34 20.25 0.00010 0.00151
tRF5-Und-NNN-4-1 9.13 128.84 3.79 13.85 0.00007 0.00117
tRF5-Thr-CGT-6-1 5.28 95.45 4.08 16.86 0.00019 0.00220
tRF5-Ser-CGA-2-1 0.92 10.74 4.81 28.14 0.00112 0.00798
tRF5-SeC-TCA-2-1 41.06 609.64 3.94 15.34 0.00006 0.00099
tRF5-nmt-Gln-TTG-6-1 0.39 21.22 5.23 37.52 0.00079 0.00632
tRF5-Lys-CTT-chr15-5 0.45 14.56 4.60 24.24 0.00389 0.02083
tRF5-Lys-CTT-6-1 27.07 118.09 2.09 4.27 0.01283 0.04915
tRF5-Lys-CTT-3-1 13.01 199.40 3.89 14.80 0.00005 0.00089
tRF5-Lys-CTT-2-5 40.64 667.89 4.03 16.29 0.00000 0.00006
tRF5-Leu-TAG-3-1 2.23 73.96 5.23 37.54 0.00000 0.00003
tRF5-Leu-CAG-2-1 2.55 32.99 3.57 11.84 0.00132 0.00913
tRF5-Leu-AAG-3-1 7.52 247.62 5.12 34.87 0.00000 0.00000
tRF5-iMet-CAT-1-8 3.33 109.22 4.89 29.56 0.00001 0.00017
tRF5-His-GTG-2-1 3.93 34.02 3.00 8.03 0.01555 0.05736
tRF5-Gly-CCC-6-1 4.71 20.69 2.14 4.39 0.02402 0.07725
tRF5-Glu-TTC-chr1-138 82.66 458.76 2.48 5.59 0.00270 0.01595
tRF5-Glu-TTC-8-1 140.13 1637.50 3.54 11.63 0.00028 0.00287
tRF5-Glu-TTC-1-2 13.42 47.61 1.85 3.60 0.04498 0.12120
tRF5-Glu-CTC-3-1 1.18 12.02 4.17 18.05 0.00619 0.02892
tRF5-Glu-CTC-2-1 8234.45 83040.94 3.33 10.08 0.00012 0.00173
tRF5-Ala-TGC-3-2 3.89 27.72 2.98 7.89 0.01629 0.05924
tRF5-Ala-CGC-3-1 2.93 29.71 3.41 10.60 0.00335 0.01915
tRF5-Ala-CGC-2-1 1.59 27.28 3.95 15.42 0.00182 0.01173
tRF5-Ala-AGC-4-1 2.44 27.91 3.41 10.62 0.00566 0.02723
tRF3-Val-TAC-3-1 1.08 49.08 5.17 35.90 0.00001 0.00024
tRF3-Val-TAC-1-2 3.11 79.25 4.47 22.16 0.00002 0.00040
tRF3-Val-CAC-chr1-93 0.72 47.24 5.62 49.09 0.00001 0.00018
tRF3-Val-AAC-4-1 1.25 43.10 4.81 28.06 0.00008 0.00122
tRF3-Trp-CCA-5-1 0.16 16.24 5.45 43.78 0.00011 0.00156
tRF3-Trp-CCA-4-1 2.46 112.29 5.26 38.29 0.00000 0.00001
tRF3-Thr-TGT-5-1 7.34 36.03 2.62 6.14 0.01642 0.05924
tRF3-Thr-CGT-4-1 1.83 14.12 2.86 7.24 0.03537 0.09972
tRF3-Thr-CGT-3-1 0.59 10.11 3.69 12.94 0.00596 0.02835
tRF3-Thr-CGT-1-1 0.00 12.25 5.76 54.09 0.00010 0.00151
tRF3-Thr-AGT-5-1 0.49 12.34 4.34 20.24 0.00116 0.00823
tRF3-Thr-AGT-4-1 0.16 12.77 5.11 34.64 0.00054 0.00485
tRF3-Thr-AGT-3-1 0.33 12.24 4.50 22.66 0.00120 0.00843
tRF3-SeC-TCA-2-1 2.95 128.28 5.28 38.72 0.00000 0.00002
tRF3-Pro-TGG-3-5 38.00 215.39 2.53 5.77 0.00515 0.02533
tRF3-Phe-GAA-10-1 4.75 119.56 4.54 23.34 0.00001 0.00033
tRF3-nm-Tyr-GTA-chr21-2 2.28 12.21 2.29 4.90 0.03717 0.10322
tRF3-nmt-Gln-TTG-9-1 7.30 276.42 5.16 35.76 0.00000 0.00001
tRF3-nmt-Gln-TTG-7-1 7.17 278.12 5.15 35.42 0.00000 0.00001
tRF3-Lys-TTT-14-1 4.97 73.70 3.84 14.29 0.00686 0.03108
tRF3-Lys-CTT-9-1 0.00 10.54 5.54 46.55 0.00011 0.00163
tRF3-Leu-TAG-3-1 6.59 143.71 4.32 20.02 0.00001 0.00024
tRF3-Leu-TAG-2-1 15.06 196.02 3.74 13.35 0.00006 0.00099
tRF3-Leu-TAG-1-1 3.46 72.59 4.61 24.39 0.00005 0.00089
tRF3-Leu-CAG-chr9-7 6.77 50.14 2.95 7.74 0.01033 0.04250
tRF3-Leu-CAG-1-6 7.52 51.42 2.93 7.64 0.00670 0.03063
tRF3-Leu-AAG-7-1 2.89 45.39 3.81 14.06 0.00025 0.00271
tRF3-Leu-AAG-2-4 14.00 184.25 3.75 13.46 0.00001 0.00017
tRF3-iMet-CAT-1-6 0.52 15.97 4.67 25.41 0.00067 0.00567
tRF3-Gly-TCC-2-5 1.86 201.79 6.53 92.33 0.00000 0.00000
tRF3-Gly-CCC-7-1 14.44 134.89 3.22 9.29 0.00075 0.00611
tRF3-Gln-TTG-3-3 1.08 12.93 3.26 9.57 0.00691 0.03113

(Continued on following page)
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membrane washing and image development. The 32P-labeled
DNA probe for tRF5-GluCTC was 5′-CGCCGAATCCTAACC
ACTAGACCACCA-3′.

Statistical Analysis
The experimental results were analyzed using Graphpad Prism 5
software. To compare the sncRNAs expression of NPS between
SARS-CoV-2 negative and positive groups, an unpaired two-
tailed Mann-Whitney U test was used. To compare the sncRNAs
expression in SARS-CoV-2 infected cells and mock-infected cells,
an unpaired two-tailed t-test was employed. A p-value < 0.05 was
considered to indicate a statistically significant difference. Single
and two asterisks represent a p-value of <0.05 and <0.01,
respectively. Means ± standard errors (SE) are shown.

RESULTS

T4 PNK-RNA-seq Revealed SARS-CoV-2-
Impacted sncRNAs in NPS Samples.
To identify SARS-CoV-2-impacted sncRNAs, we initialized
T4 PNK-RNA-seq for the NPS samples from four SARS-CoV-
2 positive patients with their ages at 54.3 ± 4.0 years old and
four SARS-CoV-2 negative subjects, with matched age at
50.5 ± 10.2 years old. The seq data were analyzed similarly
as described in (Wang et al., 2013; Liu et al., 2018). In brief,
the sequences with length >15 bp and reads >10 were mapped
to the in-house small RNA database containing tRFs, miR/
snoRs, and piRs to address redundant tRNA sequences across
the genome after removing rRNAs. Unmapped sequences
were then mapped to the hg38 human genome to identify
other human-derived sequences and their composition. We

found that piRNAs and tRFs were the two most abundant
sncRNAs in SARS-CoV-2 positive samples. The top-10
ranked piRNAs and tRFs in the SARS-CoV-2 positive
group are listed in Supplementary Tables S1, S2,
respectively. As shown in Supplementary Table S2, all
tRFs were derived from the 5′-ends of tRNAs, therefore
tRF5s. Compared with the tRFs and piRNAs, the overall
reads of miRNAs were much less (Figure 2A). We also
compared the sncRNA profiles between SARS-CoV-2
positive and negative samples. As shown in Figure 2A,
while the tRFs consisted of about 14% of all sncRNA
counts in the control group, tRFs counts became 42% in
the COVID-19 group, demonstrating a significant increase by
COVID-19. In contrast, the overall expression of miRNAs
and piRNAs was not impacted by COVID-19 (Figure 2A).

Differential expression analysis for individual sncRNAs was
also performed for SARS-CoV-2 negative and positive groups. As
shown in Figure 2B, there were more up-regulated tRFs than
down-regulated tRFs, while SARS-CoV-2 down-regulated
snoRNAs were more than up-regulated ones. We also listed
sncRNAs, which were significantly altered by SARS-CoV-2 in
Tables 2–4. The cutoff was set as a fold change >2, with the
significance of p < 0.05 in changes by SARS-CoV-2, and the mean
of normalized counts >10 in the negative or positive group. The
differentially expressed tRFs, miRNAs, and snoRNAs were listed
in Tables 2–4, respectively.

As shown in Table 2, tRFs were significantly impacted by
SARS-CoV-2 in NPS. Among those, 2 tRFs belong to the tRF1
series, 28 tRFs were tRF5s, and 53 tRFs were tRF3s. However, top-
ranked SARS-CoV-2-impacted tRFs all belong to the tRF5. In
Figure 2C, the mean of normalized counts >20 in the control
(CN) or SARS-CoV-2 positive (SARS-CoV-2) group were

TABLE 2 | (Continued) Changes in tRFs by SARS-CoV-2.

Mean Log2FC Fold Change (FC) p-value Padj

CN COVID-19

tRF3-Gln-CTG-5-1 0.82 12.55 3.63 12.37 0.00186 0.01193
tRF3-Gln-CTG-1-5 0.23 19.81 5.73 53.01 0.00007 0.00108
tRF3-Cys-GCA-9-4 0.33 14.30 4.70 26.06 0.00061 0.00525
tRF3-Cys-GCA-5-1 0.82 15.93 3.98 15.77 0.00106 0.00777
tRF3-Cys-GCA-4-1 0.69 16.86 4.33 20.09 0.00059 0.00514
tRF3-Cys-GCA-24-1 0.71 15.60 4.20 18.42 0.00082 0.00645
tRF3-Cys-GCA-23-1 0.62 21.73 4.77 27.20 0.00023 0.00257
tRF3-Cys-GCA-21-1 0.16 19.72 5.74 53.58 0.00006 0.00095
tRF3-Cys-GCA-17-1 1.10 19.03 3.89 14.79 0.00084 0.00657
tRF3-Cys-GCA-10-1 0.26 14.50 5.26 38.21 0.00018 0.00211
tRF3-Arg-TCT-1-1 2.49 118.78 5.66 50.51 0.00000 0.00001
tRF3-Arg-CCT-5-1 1.58 12.23 2.77 6.84 0.03258 0.09412
tRF3-Arg-CCT-4-1 2.60 13.48 2.19 4.57 0.03323 0.09521
tRF3-Arg-CCG-2-1 4.96 61.43 3.51 11.36 0.00072 0.00595
tRF3-Ala-TGC-4-1 1.46 30.32 4.16 17.91 0.00033 0.00320
tRF3-Ala-TGC-3-1 3.57 44.92 3.53 11.52 0.00091 0.00693
tRF3-Ala-TGC-2-1 0.91 75.23 6.13 70.14 0.00000 0.00001
tRF3-Ala-TGC-1-1 0.16 58.71 7.31 159.08 0.00000 0.00001
tRF3-Ala-CGC-4-1 14.18 93.77 2.66 6.30 0.00456 0.02318
tRF3-Ala-AGC-4-1 0.98 80.87 6.19 72.78 0.00000 0.00001
tRF3-Ala-AGC-2-2 14.67 92.70 2.60 6.07 0.00638 0.02969
tRF1_chr2_6_Glu_TTC_75124115 0.00 13.35 5.86 58.15 0.00022 0.00249
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selected to plot the heatmap and their sequences were listed in
Table 5.

Experimental Validation of
SARS-CoV-2-Impacted tRFs
To validate the seq data, we used modified qRT-PCR to detect the
expression of tRF5-GluCTC, tRF5-LysCTT, and tRF5-ValCAC,
three top-ranked tRF5s in SARS-CoV-2-positive patients
according to the seq data, as we previously described (Choi
et al., 2020; Wu et al., 2021). Compared with Northern blot
validation, the modified qRT-PCR with T4 PNK pretreatment
and 3′-end RNA linker ligation provides the possibility to validate
as many tRFs as possible for NPS samples, which usually have a
limited yield of RNAs. Our results demonstrated that tRF5-

GluCTC, tRF5-LysCTT, and tRF5-ValCA were significantly
increased in the SARS-CoV-2 group (Figures 3A–C). Unlike
SARS-CoV-2, which could induce tRF5-ValCAC, respiratory
syncytial virus (RSV), a negative-sense RNA virus, does not
induce tRF5-ValCAC infected cells (Wang et al., 2013),
suggesting the change in tRF profile in response to viral
infections is virus-specific.

Other than the three tRF5s mentioned above, tRF5-CysGCA,
tRF5-GlnCTG and tRF5-GlyGCC were also chosen for the
validation, as these three tRFs are highly inducible by RSV
with the function tRF5-GlyGCC and tRF5-GlnCTG being vital
in promoting RSV replication (Choi et al., 2020; Zhou et al.,
2017). Although the function of tRF5-CysGCA in RSV is not clear
in viral infection, it is important in regulating stress responses and
neuroprotection (Ivanov et al., 2014). We validated that tRF5-

TABLE 3 | Changes in miRNAs by SARS-CoV-2.

Mean Log2FC Fold Change (FC) p-value Padj

CN COVID-19

Up-regulated
hsa-miR-4443 1.99 497.56 8.16 286.11 3.6E-11 1.5E-08
hsa-miR-12116 0.23 36.13 6.57 95.26 9.1E-06 0.00024
hsa-miR-765 0.00 14.76 6.02 65.02 0.00027 0.00282
hsa-miR-1224-3p 0.00 13.04 5.84 57.20 0.00014 0.00181
hsa-miR-6880-3p 0.00 12.98 5.83 56.87 0.00012 0.00165
hsa-miR-6886-3p 0.00 11.95 5.71 52.37 0.00017 0.00202
hsa-miR-6758-5p 0.16 19.09 5.68 51.37 0.00019 0.0022
hsa-miR-4716-5p 0.00 11.28 5.64 49.85 0.00032 0.00317
hsa-miR-1281 0.00 10.01 5.45 43.62 0.00137 0.0093
hsa-miR-6741-3p 0.45 23.94 5.31 39.69 7.7E-05 0.00122
hsa-miR-769-5p 0.26 14.85 5.31 39.64 0.00013 0.00181
hsa-miR-877-3p 1.17 54.42 5.26 38.26 1.5E-05 0.00033
hsa-miR-1469 0.16 13.97 5.26 38.23 0.00164 0.01068
hsa-miR-10401-5p 1.58 59.29 5.07 33.70 0.00067 0.00567
hsa-miR-7111-3p 0.23 12.72 5.07 33.59 0.00073 0.00597
hsa-miR-4646-3p 0.23 10.42 4.78 27.49 0.00106 0.00777
hsa-miR-204-3p 0.66 24.52 4.73 26.59 0.0005 0.00463
hsa-miR-7107-5p 2.14 59.30 4.62 24.67 0.00018 0.00215
hsa-miR-6510-5p 0.49 17.34 4.55 23.44 0.00052 0.00473
hsa-miR-6823-3p 0.85 23.17 4.48 22.27 0.00048 0.00441
hsa-miR-3196 8.17 141.16 4.04 16.41 0.0004 0.00389
hsa-miR-665 0.78 14.73 3.89 14.79 0.00153 0.0102
hsa-miR-7847-3p 2.36 30.55 3.53 11.52 0.00358 0.01993
hsa-miR-1268b 3.52 32.94 3.05 8.30 0.00432 0.02222
hsa-miR-139-3p 1.28 12.34 3.00 7.98 0.01266 0.04865
hsa-miR-4728-5p 1.10 10.31 2.98 7.89 0.01414 0.05307
hsa-miR-320c 8.22 62.47 2.85 7.20 0.00743 0.03314
hsa-miR-92b-5p 87.47 600.46 2.77 6.80 0.00429 0.02216
hsa-miR-320b 13.69 93.88 2.71 6.56 0.00109 0.00783
hsa-miR-140-3p 1.48 11.69 2.70 6.49 0.01402 0.05278
hsa-miR-186-5p 6.64 39.95 2.46 5.50 0.02296 0.07477
hsa-miR-378a-3p 9.29 50.19 2.34 5.07 0.02429 0.07761
hsa-miR-1268a 5.61 27.61 2.15 4.43 0.02005 0.06879
hsa-miR-762 5.81 27.57 2.13 4.38 0.03574 0.09995
hsa-miR-2110 8.28 38.68 2.12 4.35 0.02247 0.07433
Down-regulated
hsa-miR-34b-3p 43.92 1.10 −5.20 36.68 0.0003 0.00306
hsa-miR-328-3p 26.78 3.38 −2.93 7.60 0.02036 0.06968
hsa-miR-6510-3p 15.86 1.64 −3.25 9.54 0.01166 0.04608
hsa-miR-26a-5p 143.78 25.93 −2.45 5.48 0.01568 0.05743
hsa-miR-99a-5p 657.50 163.26 −2.01 4.03 0.01872 0.06548
hsa-miR-92b-3p 346.22 42.48 −3.02 8.12 0.00127 0.0089
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CysGCA and tRF5-GlnCTG were also significantly enhanced in
the SARS-CoV-2 group, compared with the control (CN) group
(Figures 3D,E). However, SARS-CoV-2 did not affect tRF5-
GlyGCC expression (Figure 3F). Given the fact that RSV
induces significantly tRF5-GlyGCC (Wang et al., 2013), the
result of Figure 3F supported virus-specific induction of tRFs
and tRFs as potential biomarkers of viral infection.

Impacted tRFs in SARS-CoV-2-Infected
Cells
A549-ACE2 is a common cell model to study coronaviruses, such
as SARS-CoV and SARS-CoV-2 (Mossel et al., 2005; Blanco-Melo
et al., 2020; Weston et al., 2020; Buchrieser et al., 2021). Herein,
we studied whether the induction of tRFs can be recapitulated in

SARS-CoV-2-infected A549-ACE2. As shown in Figures 4A–E,
A549-ACE2 cells, at day 4 post-infection (p.i.) of SARS-CoV-2,
had dramatically induction of tRF5-GluCTC, tRF5-LysCTT,
tRF5-ValCAC, tRF5-CysGCA, and tRF5-GlnCTG. The
northern blot also confirmed the induction of tRF5-GluCTC
(Figure 4F), which was the most abundant tRF5 among the
tested four tRF5s, confirming the liability of our newly developed
qRT-PCR.

We also used primary SAECs in ALI culture, a commonly
acknowledged physiology airway infection model (Bhowmick
and Gappa-Fahlenkamp, 2016; Chandorkar et al., 2017), to
confirm SARS-CoV-2-affected tRFs. SAECs, after a few weeks
of ALI culture, have been shown to establish a pseudostratified
cell layer that resembles the small airway epithelium as found in
vivo (Hiemstra et al., 2018). Moreover, SAECs in ALI cultures

TABLE 4 | Changes in snoRNAs by SARS-CoV-2.

Mean Log2FC Fold Change (FC) p-value Padj

CN COVID-19

Down-regulated
hg38_wgRna_ACA49 227.26 0.27 −9.25 609.86 1.9E-09 3.4E-07
hg38_wgRna_ACA40 180.98 0.53 −8.40 338.05 1.7E-09 3.4E-07
hg38_wgRna_ACA28 219.23 0.72 −8.22 299.21 8.6E-09 1.1E-06
hg38_wgRna_ACA8 409.75 8.53 −5.57 47.58 9.1E-08 7.7E-06
hg38_wgRna_U92 79.97 1.72 −5.49 44.82 2.1E-06 8E-05
hg38_wgRna_E3 162.73 3.73 −5.41 42.66 4.4E-08 4.7E-06
hg38_wgRna_ACA25 38.67 0.92 −5.31 39.75 3.6E-05 0.00069
hg38_wgRna_ACA16 158.54 4.34 −5.13 34.92 2E-08 2.3E-06
hg38_wgRna_ACA3 206.55 7.70 −4.74 26.71 2E-05 0.00042
hg38_wgRna_U73a 25.28 1.01 −4.62 24.63 0.00062 0.00531
hg38_wgRna_U35A 99.03 4.05 −4.58 23.87 4.2E-07 2.1E-05
hg38_wgRna_ACA38 35.59 1.45 −4.53 23.09 0.00024 0.00258
hg38_wgRna_mgU6-77 93.30 4.01 −4.50 22.65 7.6E-06 0.0002
hg38_wgRna_HBII-82B 36.20 1.76 −4.50 22.57 0.00015 0.00187
hg38_wgRna_E2 88.91 4.05 −4.48 22.26 4.5E-05 0.00087
hg38_wgRna_ACA63 122.12 5.51 −4.45 21.84 0.00016 0.00192
hg38_wgRna_HBII-180A 157.02 7.50 −4.39 21.04 4E-06 0.00013
hg38_wgRna_U71a 38.72 1.83 −4.39 20.95 0.00019 0.00221
hg38_wgRna_ACA41 21.63 1.00 −4.31 19.86 0.00372 0.02024
hg38_wgRna_U90 86.50 4.66 −4.18 18.07 5E-05 0.00089
hg38_wgRna_ACA10 38.56 2.01 −4.15 17.73 0.00162 0.0106
hg38_wgRna_U97 89.21 4.93 −4.14 17.68 0.00013 0.00181
hg38_wgRna_ACA44 114.67 7.12 −3.97 15.72 1.1E-05 0.00027
hg38_wgRna_ACA9 13.58 1.00 −3.75 13.48 0.00509 0.02516
hg38_wgRna_ACA51 85.91 6.42 −3.72 13.16 0.0003 0.00306
hg38_wgRna_ACA3-2 124.34 9.63 −3.68 12.78 0.00082 0.00645
hg38_wgRna_U15A 87.31 6.73 −3.67 12.73 0.00036 0.00352
hg38_wgRna_U15B 37.76 3.37 −3.53 11.57 0.00156 0.01027
hg38_wgRna_ACA1 28.02 2.69 −3.43 10.81 0.00929 0.0395
hg38_wgRna_ACA53 62.15 5.85 −3.41 10.60 0.0027 0.01595
hg38_wgRna_SNORD123 21.14 2.10 −3.36 10.30 0.00525 0.02556
hg38_wgRna_U17b 86.15 8.67 −3.32 10.02 0.00015 0.00184
hg38_wgRna_ACA6 31.12 3.13 −3.31 9.89 0.00373 0.02024
hg38_wgRna_U34 33.68 3.92 −3.15 8.87 0.00286 0.01669
hg38_wgRna_U18B 16.65 1.90 −3.07 8.38 0.01113 0.04479
hg38_wgRna_SNORA38B 13.91 1.82 −2.91 7.49 0.01566 0.05743
hg38_wgRna_U32A 70.17 9.50 −2.86 7.27 0.00813 0.03551
hg38_wgRna_U52 41.92 6.17 −2.79 6.92 0.03576 0.09995
hg38_wgRna_U51 26.73 4.02 −2.75 6.73 0.02161 0.07241
hg38_wgRna_U17a 28.75 4.49 −2.64 6.21 0.00479 0.02396
hg38_wgRna_HBII-85-18 38.90 6.61 −2.53 5.76 0.02759 0.08448
hg38_wgRna_U19-2 18.33 4.68 −2.00 4.00 0.04758 0.12608
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have been found to express the receptor for SARS-CoV-2,
therefore, a physiologically relevant cell model to study SARS-
CoV-2 (Zhang et al., 2020; Zhu et al., 2020; Schweitzer et al.,
2021). Therefore, we also studied tRF5s expression in SAECs in
ALI culture. As shown in Figures 5A,B, the cilia were oriented
towards the upper transwell compartment, after the cells were in
ALI culture for 21 days. The differentiated cultures were infected
with SARS-CoV-2 at an MOI of 0.1 for 1 or 3 days, followed by
viral S gene quantification using qRT-PCR (Figure 5C). Our
qRT-PCR confirmed the expression change in tRF5-GlnCTG and
tRF5-ValCAC, two tRFs with relatively low abundance in SARS-
CoV-2 positive NPS samples and infected A549-ACE2 cells, can
also be detected in SAECs in ALI culture (Figures 5D, E). Since
the cleaved tRNAs account for a very tiny portion of parent
tRNAs, the difference in the induction folds of tRF5-GlnCTG and
tRF5-ValCAC should not be determined by the abundance of
their parent tRNAs, but possibly resulted from the distinct
sensitivities of their parent tRNAs to the cleavage during the
infection. Overall, in this study, we established two cell models,
A549-AEC2 cells in monolayer culture and SAECs in ALI culture,
to characterize SARS-CoV-2-induced tRFs in the future.

Identification of SARS-CoV-2-Encoded
svRNAs
Viral-derived sncRNAs are also an important family of sncRNAs
(Tycowski et al., 2015). To investigate whether SARS-CoV-2-
encoded svRNAs are produced in the context of SARS-CoV-2
infection, the seq data were also aligned to the complete genome

sequence of SARS-CoV-2 isolate Wuhan-Hu-1 (NC_045512.2).
Several SARS-CoV-2-derived svRNAs were identified in SARS-
CoV-2 positive samples. The eight most abundant SARS-CoV-2-
encoded svRNAs are listed in Table 6.

We further analyzed the sequences of svRNAs. Since only
RNA <200 bp were selected for the cDNA library, our results
should not give svRNAs larger than 200 bp. We found that the
length of mapped svRNAs ranged from 17 to 75 nt. Interestingly,
svRNAs with the length of 25 nt, 33 nt, and 36 nt were enriched
(Figure 6A, two representatives are shown). In Figure 6B, the
locations of the top 8 svRNAs along the SARS-CoV-2 genome
are shown.

Experimental Validation of
SARS-CoV-2-Encoded svRNAs
Among CoV-2-derived svRNAs (sv-CoV2), a 36 nt sv-CoV2,
derived from genomic site 346 to site 382 of nsp1 (sv-CoV2-
346) had the highest expression. To further validate the presence
of sv-CoV2-346, NPS RNAs from two control samples and two
COVID-19 samples were treated with T4 PNK and linked to a 3′
RNA linker, and then the RT-PCR was performed. The RT-PCR
was also performed without the T4 PNK treatment and RNA
linker addition so that the importance of such treatments can be
demonstrated. The overall workflow is illustrated in Figures
1B,C. The specific 55 nt RT-PCR products of sv-CoV2-346
were observed in SARS-CoV-2 samples, but not in the control
samples, when samples were pretreated with T4 PNK and ligated
with an RNA linker (Figure 7A). The length reflected the 36 nt

TABLE 5 | tRF5s with mean of normalized counts > 20 in Control (CN) or COVID-19 groups.

Mean Log2FC Fold
Change (FC)

p-value Padj Sequence Length
(nt)CN COVID-

19

Up-regulated
tRF5-Ala-TGC-3-2 3.89 27.72 2.98 7.89 0.01629 0.05924 GGGGAUGUAGCUCAGUGGC 19
tRF5-Ala-CGC-3-1 2.93 29.71 3.41 10.60 0.00335 0.01915 GGGGAUGUAGCUCAGUGG 18
tRF5-Val-CAC-2-1 6.11 120.86 4.34 20.25 0.00010 0.00151 GCUUCUGUAGUGUAGUGGUUAUCACGUUCG

CCUC
34

tRF5-Val-CAC-
chr1-93

65.75 869.52 3.72 13.20 0.00056 0.00498 GUUUCCGUAGUGUAGUGGUUAUCACGU
UCGCC

32

tRF5-SeC-TCA-2-1 41.06 609.64 3.94 15.34 0.00006 0.00099 AGUGGUCUGGGGUGC 15
tRF5-Leu-AAG-3-1 7.52 247.62 5.12 34.87 0.00000 0.00000 GGUAGCGUGGCCGAGC 16
tRF5-Leu-TAG-3-1 2.23 73.96 5.23 37.54 0.00000 0.00003 GGUAGCGUGGCCGAGU 16
tRF5-Lys-CTT-6-1 27.07 118.09 2.09 4.27 0.01283 0.04915 AGCUCAGUCGGUAGAGCAUGGGACA 25
tRF5-Glu-TTC-1-2 13.42 47.61 1.85 3.60 0.04498 0.12120 AUGGUCUAGCGGUUAGGAUUCCUGGU 26
tRF5-Gly-CCC-6-1 4.71 20.69 2.14 4.39 0.02402 0.07725 AGUGGUAGAAUUCUCGCC 18
tRF5-Glu-TTC-8-1 140.13 1637.50 3.54 11.63 0.00028 0.00287 UCCCCUGUGGUCUAGUGGUUAGGAUUC

GGCGCU
33

tRF5-Lys-CTT-3-1 13.01 199.40 3.89 14.80 0.00005 0.00089 GCCCGGCUAGCUCAGUCGGUAGAGCAU
GAGACC

33

tRF5-Glu-CTC-2-1 8234.45 83040.94 3.33 10.08 0.00012 0.00173 UCCCUGGUGGUCUAGUGGUUAGGAUUC
GGCGCU

33

tRF5-Lys-CTT-2-5 40.64 667.89 4.03 16.29 0.00000 0.00006 GCCCGGCUAGCUCAGUCGGUAGAGCAU
GAGACU

33

tRF5-Glu-TTC-
chr1-138

82.66 458.76 2.48 5.59 0.00270 0.01595 UCCCUGGUGGUCUAGUGGCUAGGAUUC
GGCGCU

33

tRF5-Und-NNN-4-1 9.13 128.84 3.79 13.85 0.00007 0.00117 UCCCUGUAGUCUAGUGGUUAGGAUUCG
GCGCU

32
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sv-CoV2-346 along with the 3′ RNA linker. In addition, we found
that the RT-PCR product of one SARS-CoV-2 sample was more
than another one, which was consistent with their read frequency
in Seq-data. The presence of sv-CoV2-346 was confirmed in
SARS-CoV-2-infected A549-ACE2 cells using RT-PCR
(Figure 7B).

Coronavirus-encoded svRNAs have been previously reported
to be 18–22 nt long and therefore, share similar lengths with
miRNAs (Morales et al., 2017; Cheng et al., 20212021).
Coronavirus-encoded svRNAs with lengths longer than 30 nt
have not been identified. Herein, we think that the identification
of additional SARS-CoV-2-derived svRNAs was benefited from
the treatment of T4 PNK and RNA linker ligation at their 3′-end.
As shown in Figure 7C, both patient or infected cell samples,
without such treatments, did not result in the band presence,
supporting the lack of 3′-OH end of sv-CoV2-346 and the
necessity of specific T4 PNK treatment for sv-CoV2-346
detection.

Herein, we also initialed to characterize sv-CoV2-346 by
predicting the secondary RNA structure of svRNAs. Besides
sv-CoV2-346, there were two other svRNAs, sv-CoV2-299 and
svCoV2-404, near the region where sv-CoV-346 was derived

(Table 7). sv-CoV2-299, sv-CoV2-346, and sv-CoV2-404 were
derived from nucleotide 299 to 328, 346 to 382, and 400 to 443,
respectively. Therefore, we took the viral genome spanning from
289 to 485, which covers all these three regions with some nt
extension on both ends and predicted its RNA secondary
structure using RNAfold web server based on minimum free
energy to have a clue of biogenesis mechanisms (Hofacker, 2003)
(Figure 8A). We found that nucleotides 299, 328, 400, 443, and
382 are all located on loops, implying the cleavage at these five
sites along with the single-stranded RNA by ribonuclease
(Figure 8A). Only nucleotide 346 was in the middle of the
stem (Figure 8A). Interestingly, we found that 68 nt long
svRNAs (sv-CoV2-314) overlapped with sv-CoV2-346
(Table 7). We, therefore, took the genome section spanning
from 314 to 382 and run the secondary and tertiary structures
of sv-CoV2-314 using RNAfold web server and RNAComposer,
respectively (Hofacker, 2003; Popenda et al., 2012) (Figures
8B,C). This 68 nt fragment contained three hairpin loops and
was folded into an L-shaped-like tertiary structure, and
nucleotide 346 was located within the bottom loop (Figures
8B,C). The secondary and tertiary structures of sv-CoV2-314
were similar to tRNA, and nucleotide 346 location was similar to

FIGURE 3 | Changes in the expression of tRF5s in NPS samples by SRAS-CoV-2. qRT-PCR was performed to detect tRF5-GluCTC (A), tRF5-LysCTT (B), tRF5-
ValCAC (C), tRF5-CysGCA (D), tRF5-GlnCTG (E), and tRF5-GlyGCC (F) in the NPS from SARS-COV-2 and control (CN) patients. U6 was used as an internal control.
Unpaired two-tailed Mann-Whitney U tests were performed for statistical comparisons. Single and double asterisks represent p values of <0.05 and <0.01, respectively.
Data are shown as means ± SE.
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the cleavage site of tRFs (Figures 8D,E). Thus, we speculated that
68 nt sv-CoV2-314 may be the precursor of 36 nt sv-CoV2-346
and the virus may use endonuclease involved in tRF biogenesis to
generate viral small RNAs fragments.

DISCUSSION

In this study, we identified the change in sncRNA expression by
SARS-CoV-2. Among sncRNAs, miRNAs have been getting lots
of attention in the studies (Vaz et al., 2010; Plieskatt et al., 2014;
Max et al., 2018; Hou and Yao, 2021). Standard barcode-ligation-
based small RNA-seq are usually designed to capture miRNAs,
which usually have 3′-OH ends (Hafner et al., 2008). It is
increasingly acknowledged that the 3′-ends of other types of
sncRNAs are heterogeneous (Honda et al., 2015), resulting in
unsuccessful sequencing barcode ligation in the standard small
RNA-seq. In our study, T4 PNK-RNA-seq was employed to
profile sncRNAs with heterogeneous ends. Sequencing data
revealed that piRNAs and tRFs had higher global expression
than miRNAs in NPS (Figure 2A). sncRNAs may carry various

unidentified modifications, which are insensitive to T4 PNK
treatment. Therefore, T4 PNK-RNA-seq may leave some
SARS-CoV-2-impacted sncRNAs unidentified. Herein, the
consistency among the seq data, qRT-PCR result, and NB data
of tRF5-GluCTC suggested the reliability of T4 PNK-RNA-seq
for tRF5 detection.

Notable, among differently expressed tRF5s with mean of
normalized counts >20 in control (CN) or SARS-CoV-2
groups (Table 5), we found four tRF5s: tRF5-GluTTC-1-2,
tRF5-GlyCCC-6-1, tRF5-LysCTT61 and tRF5-SecTCA-2-1,
were not classic tRF5s. While their 3′-ends commonly stop
around the anticodon region like classical tRF5s, they lack the
first 10-15 nt of the tRNA 5′end. Since they span the complete
region of the D loop and the first half of the anticodon loop, we
subgrouped and named them as tRF5DC (Supplementary Figure
S2). Interestingly, tRF5DC and classic tRF5s were derived from
the different tRNA isoacceptors tRNA, suggesting different
biogenesis mechanisms of these two type tRFs.

This study further supported that tRFs induction is virus-
specific. Previously, we and others have shown that RSV, hepatitis
B virus (HBV), and hepatitis C virus (HCV) infections lead to

FIGURE 4 | SARS-CoV-2-impacted tRF5s in A549-ACE2 cells. (A–E) A549-ACE2 cells were infected with SARS-CoV-2 at anMOI of 0.1 for 4 days, qRT-PCRwas
performed to detect tRF5-GluCTC (A), tRF5-LysCTT (B), tRF5-ValCAC (C), tRF5-CysGCA (D), and tRF5-GlnCTG (E). A northern blot was performed to detect tRF5-
GluCTC (F). Mock-infected cells (those without SARS-CoV-2 infection) were used as control (CN). Unpaired two-tailed t-tests were performed for statistical
comparisons. Single and double asterisks represent p values of <0.05 and <0.01, respectively. Data, shown as means ± SE, are representative of three
independent experiments.

Frontiers in Molecular Biosciences | www.frontiersin.org February 2022 | Volume 9 | Article 82113712

Wu et al. SARS-CoV-2-Regulated sncRNA Expression

41

https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles


FIGURE 5 | SARS-CoV-2-affected tRF5s in ALI-cultured SAECs. (A)Histological examination SAECs in ALI culture. After SAECswere in ALI culture for 21 days, the
insert was fixed with 4% polyoxymethylene, followed by tissue processing, sectioning, and H&E staining. (B) Transmission electron microscopy (TEM) of SAECs in ALI
culture. (C) ALI-cultured SEACs were apically infected with SARS-CoV-2 at an MOI of 0.1 for 1 or 3 days, qRT-PCR was performed to detect SARS-CoV-2 S gene
expression. GAPDHwas used as an internal control. (D,E)On day 3 postinfection, tRF5-GlnCTG (D) and tRF5-ValCAC (E) expressions were measured using qRT-
PCR.Mock-infected cells were used as control (CN). Unpaired two-tailed t-tests were performed for statistical comparisons. Single asterisks represent p values of <0.05.
Data are shown as means ± SE and are representative of three independent experiments.

TABLE 6 | SARS-CoV-2-encoded svRNAs.

sv-CoV2 small
RNAs

G enome
position

Sequence Length
(nt)

Derived ORFs of SARS
CoV-2

Raw reads

Sample
1

Sample
2

sv-CoV2-346 346–382 CGUACGUGGCUUUGGAGACUCCGUGGAGGA
GGUCUU

36 nsp1 43071 3258

sv-CoV2-2825 2,825–2,861 AAUGAGAAGUGCUCUGCCUAUACAGUUGAACUCGGU 36 nsp3 13535 4426
sv-CoV2-6286 6,286–6,311 CUGGUGUAUACGUUGUCUUUGGAGC 25 nsp3 11743 2939
sv-CoV2-14728 14,728–14,751 AAGGAAGGAAGUUCUGUUGAAUU 23 nsp12 2026 2188
sv-CoV2-15954 15,954–15,979 AGGGGCCGGCUGUUUUGUAGAUGAU 25 nsp12 10998 1846
sv-CoV2-20364 20,364–20,415 ACAUCUACUGAUUGGACUAGCUAAACGUUUUAAGGA

AUCACCUUUUGAAUU
51 nsp15 10510 3422

sv-CoV2-21145 21,145–21,171 CUUGGAGGUUCCGUGGCUAUAAAGAU 26 nsp16 3134 1394
sv-CoV2-26183 26,183–26,216 AUGAUGAACCGACGACGACUACUAGCGUGCCUU 33 3a 15134 4925
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different tRF profile changes (Wang et al., 2013; Selitsky et al.,
2015; Zhou et al., 2017; Choi et al., 2020). Compared with tRF
induction by RSV, we found that SARS-CoV-2 could induce
tRF5-ValCAC, while RSV cannot. On the other hand, we found
that tRF5-GlyGCC, which is significantly inducible by RSV, was
not induced by SARS-CoV-2. The virus-specific changes in tRFs
suggest them to be promising biomarkers for viral infections.

Other than host-derived sncRNAs, sncRNAs can also be
derived from viruses. svRNAs have been reported to be
involved in the regulation of viral replication, viral persistence,
host immune evasion, and cellular transformation (Tycowski
et al., 2015). SARS-CoV-2-encoded sncRNAs have been
demonstrated by two independent groups (Cheng et al.,
20212021; Fu et al., 2021). Using T4-PNK-RNA-seq, several
novel svRNAs in SARS-CoV-2 NPS samples were identified.
One of them, sv-CoV2-346, was verified to be present in
SARS-CoV-2-infected A549-ACE2 cells as well. Due to the
limited NPS RNA samples, the leftover RNAs after sequencing
were not enough for stem-loop qRT-PCR to validate svRNAs.
Thus, we detected sv-CoV2-346 by RT-PCR using the same
cDNA generated by the RT step for the qRT-PCR assays for
tRF5s. Our RT-PCR revealed a sv-CoV2-346 specific band
around 55 nt and a non-specific band. In the future, we will

study the relationship between SARS-CoV-2 svRNAs and viral
loads/disease severity.

The most widely studied viral sncRNAs are miRNAs-like
svRNAs. Both DNA and RNA viruses could encode miRNAs-
like svRNAs via Dicer-dependent miRNAs biogenesis pathways
(Tycowski et al., 2015; Grundhoff and Sullivan, 2011). Among
RNA viruses, cytoplasmic restricted RNA viruses were thought
incapable of producing miRNA-like svRNAs. However,
accumulating evidence indicates cytoplasmic RNA viruses,
such as H5N1 influenza virus, enterovirus 71(EV71), West
Nile virus (WNV), SARS-CoV, and SARS-CoV-2, also encode
viral miRNAs (Morales et al., 2017; Cheng et al., 20212021; Fu
et al., 2021; Perez et al., 2010; Li et al., 2018; Weng et al., 2014;
Hussain et al., 2012). These cytoplasmic RNA viruses generate
viral miRNAs via multiple non-canonical miRNAs biogenesis
mechanisms. Dicer, not Drosha, is involved in WNV and EV71
viral miRNAs generation (Weng et al., 2014; Hussain et al., 2012).
H5N1 influenza virus and SARS-CoV encode viral miRNAs in a
Dicer-and Drosha-independent way (Morales et al., 2017; Li et al.,
2018). Besides viral miRNAs, the induction of functional svRNAs,
which do not look like miRNAs, was reported for cytoplasmic
RNA viruses (Perez et al., 2010). However, the knowledge on how
cytoplasmic RNA viruses produce svRNAs is limited. One of the

FIGURE 6 | Sequence information of virus-derived sncRNAsA. (A) Length distribution of viral small RNAs from two representative patient samples. (B) Two
representative visual inspections of the small RNA sequences aligning with the SARS-CoV-2 genome. The names of viral genes and the genome positions (nt) are
indicated.
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interesting observations of newly discovered sv-CoV2 is that sv-
CoV2-314 may have a similar tertiary structure as tRNAs and
function as the potential precursor of 36 nt svCoV2-346
(Figure 8). Whether a tRNA-like shape (three-leafed clover) of
svRNAs makes them as prone as tRNAs to the cleavage during
SARS-CoV-2 infection will be investigated in the future. Recently,
the cleavage of tRNAs has been reported to be regulated by nt

modifications and tRNA anticodon loop is enriched with
modification (Blanco et al., 2014; Ranjan and Rodnina, 2016).
Therefore, it is possible that the anticodon and/or D loop
experience nt modification changes in SARS-CoV-2 infection,
resulting in the cleavage. It has been also previously reported that
the cleavage of tRNAs is mediated by specific ribonuclease(s) (Lee
et al., 2009; Wang et al., 2013; Zhou et al., 2017; Choi et al., 2020).

FIGURE 7 | Experimental validation of sv-CoV2-346. (A) RT-PCR was performed to detect sv-CoV2-346 in NPS samples of two control (CN, SARS-CoV-2
negative) and two SARS-CoV-2 patients. (B) The presence of svCoV2-346 in SARS-CoV-2-infected A549-ACE2 cells. (C) Detection of sv-CoV2-346 needs the
pretreatment of T4 PNK. The 3′-end of sv-CoV2-346 does not have –OH, as samples without pretreatment of T4 PNK did not result in sv-CoV2-346 bands. All
experiments were independently repeated twice.

TABLE 7 | RNA sequence information for those with high raw reads and mapping to viral nucleotides 289–485.

sv-CoV2 small RNAs
fragments

Genome
position

Sequence Length
(nt)

Raw reads

Sample
1

Sample
2

sv-CoV2-346 346–382 CGUACGUGGCUUUGGAGACUCCGUGGAGGAGGUCUU 36 43,071 3,036
sv-CoV2-299 299–328 ACACACGUCCAACUCAGUUUGCCUGUUUU 29 1,931 636
sv-CoV2-404 404–443 AAAGAUGGCACUUGUGGCUUAGUAGAAGUUGAAAAAGGC 39 1,311 586
sv-CoV2-314 314–382 AGUUUGCCUGUUUUACAGGUUCGCGACGUGCUCGUACGUGGCUUUGGA

GACUCCGUGG AGGAGGUCUU
68 126 13
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Therefore, it is also possible SARS-CoV-2 favors the activation of
certain enzymes to enrich the corresponding sncRNA population.
How viruses use the host proteins to control the biogenesis of
sncRNAs is still unclear and awaits investigation.

In summary, we investigated COVID-19-impacted
sncRNAs comprehensively using the NPS samples by T4
PNK-RNA-seq and modified qRT-PCR method. We are
aware that our study has some limitations. For example,
T4 PNK-RNA-seq may not catch all types of sncRNAs. In
addition, our NPS samples were all from outpatient clinics,
which set the limitation to study the correlation of tRF
changes with the disease severity. We are closely working
with our Molecular Diagnosis Laboratory to obtain the
samples from outpatient, inpatient, and ICU services so
that whether tRFs serve as disease biomarkers can be
determined. Our recent publication on the correlation of
tRF changes with Alzheimer’s disease severity supports
tRFs to be promising disease biomarkers (Wu et al., 2021).
Other than biomarkers, the studies of tRFs in viral infections
may also provide insight into therapeutic/prophylactic
strategy development. In RSV infection, we found some
induced tRFs promote viral replication (Wang et al., 2013;
Zhou et al., 2017; Choi et al., 2020). Therefore, any
mechanisms associated with their biogenesis and function
would not only reveal potential targets to control viral
replication but also benefit the ncRNA research community.

DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and
accession number(s) can be found below: Gene Expression
Omnibus accession number: GSE193555.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by University of Texas Medical. IRB committee. The
patients/participants provided their written informed consent to
participate in this study.

AUTHOR CONTRIBUTIONS

WW and XB wrote the manuscript; WW, E-JC, BW,
KZ, contributed to the experiment performance and data
analyses. LT, PH, RG, II, LH, and IL contribute to the
deep seq data analyses and related methodology
establishment. GH and JD developed IBM protocols for
sample collection and NSP sample handling. JD, TW, and
XB contributed to overall project management and
experimental design.

FIGURE 8 | Structure prediction of viral small RNA. (A) The secondary structure of viral nucleotides 289–485. The secondary (B) and tertiary (C) structure of sv-
CoV2-314. The secondary (D) and tertiary (E) structure of a tRNA example GluCTC. Arrows indicated cleavage sites.

Frontiers in Molecular Biosciences | www.frontiersin.org February 2022 | Volume 9 | Article 82113716

Wu et al. SARS-CoV-2-Regulated sncRNA Expression

45

https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles


FUNDING

This work was supported by grants from the NIH R01 AI116812,
R21AG069226, andResearchPilotGrant from the Institute forHuman
Infections and Immunity (IHII) at UTMB to XB and NIH grants
R01AI127744 (TW), R21 AI140569 (TW), and R21 EY029112 (TW).

ACKNOWLEDGMENTS

We thank Darby L. Buck for the manuscript editing.

SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fmolb.2022.821137/
full#supplementary-material

Supplementary Figure 1 | The pipeline of T4 PNK-RNA-seq and data analyses. (A)
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analyses.

Supplementary Figure 2 | Biogenesis of tRF5s and tRF5DC. tRF5s are generated
by the cleavage on the anticodon loop (black arrows); tRF5DCs are derived from the
cleavage on the D arm (red or blue arrow) and anticodon loop (black arrows).
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Function and Therapeutic Implications
of tRNA Derived Small RNAs
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tRNA derived small RNAs are mainly composed of tRNA fragments (tRFs) and tRNA halves
(tiRs). Several functions have been attributed to tRFs and tiRs since their initial
characterizations, spanning all aspects of regulation of the Central Dogma: from
nascent RNA silencing, to post-transcriptional gene silencing, and finally, to
translational regulation. The length distribution, sequence diversity, and multifaceted
functions of tRFs and tiRs positions them as attractive new models for small RNA
therapeutics. In this review, we will discuss the principles of tRF biogenesis and
function in order to highlight their therapeutic potential.

Keywords: tRNA fragments, RNA therapeutics, translation inhibition, post-transcriptional regulation of gene
expression, RNA silencing

INTRODUCTION

The widespread introduction of small RNA sequencing technologies has uncovered a wide variety of
non-microRNA (miRNA) small RNAs (nmsRNA) (Lee et al., 2009; Falaleeva and Stamm, 2013;
Jackowiak et al., 2017; Cherlin et al., 2020). tRNA fragments (tRFs) and tRNA halves (tiRs) are one of
the most highly abundant class of small RNAs, and depending on the cell type or condition, may
reach higher levels than miRNAs (Sharma et al., 2016). Initially thought to be degradation products
of tRNAs, the smaller tRFs were systematically characterized and found to have discrete length peaks
(Kumar et al., 2014). Later, the longer tiRs were discovered and were found to be the result of tRNA
cleavage by angiogenin (ANG) during stress (Yamasaki et al., 2009).

Initial characterizations focused primarily on tRFs having a miRNA-like mechanism, due to the
similar size distribution betweenmiRNAs and tRFs (Lee et al., 2009; Haussecker et al., 2010). To date,
however, several other functions have been identified, covering all aspects of the Central Dogma
including nascent RNA silencing, post-transcriptional gene silencing, and translational regulation
(Yamasaki et al., 2009; Haussecker et al., 2010; Guzzi et al., 2018; Kuscu et al., 2018; Fricker et al.,
2019; Di Fazio et al., 2022). While tRFs and tiRs have experienced a boom in basic biological and
functional (Table 1) insights, miRNAs and siRNAs have experienced a renaissance in their
therapeutic applications. Although many reviews focus on the role of tRFs and tiRs in disease
and as potential biomarkers (Jia et al., 2020; Zeng et al., 2020; Fagan et al., 2021; Zong et al., 2021),
here, we will discuss recent tRF and tiR functional insights, with emphasis on their potential
therapeutic applications.

BIOGENESIS OF tRNA Fragments and tRNA Halves

tRNA derived small RNAs are divided into two major classes based on length: shorter tRFs and
longer tRNA halves (Figure 1). The two major classes can be further subdivided based on the
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location from which they arise on the parental tRNA. tRNA
halves are 31–40 nucleotides long and generally arise from a
mature parental tRNA (Kumar et al., 2016; Su et al., 2020). tRNA
halves are classified based on whether it comes from the 5′ or 3′
end (tiR-5s come from the 5′ end, tiR-3s from the 3′ end). tRFs
are generally between 14 and 30 nucleotides. tRF-5s come from
the 5′ end of the mature parental tRNA. tRF-3s arise from the
mature parental 3′ end; tRF-1s come from the trailer of the
parental precursor tRNA. tRF-5s and tRF-3s can be further
subclassified based on length distribution, with peaks of tRF-5s
at 14 to 16 nucleotides (tRF-5a), 22 to 24 nucleotides (tRF-5b),
and 28 to 30 nucleotides (tRF-5c). tRF-3s have peak lengths at
around 18 nucleotides (tRF-3a) and 22 nucleotides (tRF-3b)
(Kumar et al., 2016; Su et al., 2020).

The discrete length distributions of tRFs suggest specific
cleavage by cellular ribonucleases. However, with the
exception of tRF-1s, a general biogenesis mechanism for
highly expressed tRFs remains to be elucidated. tRF-1s were
one of the first tRFs to be characterized (Lee et al., 2009). tRF-1s
arise from RNase Z (also known as ELAC1/2) cleavage of the
precursor tRNA trailer sequence (Figure 1). tRF-5s and tRF-3s
on the other hand, have a generally unelucidated biogenesis

mechanism (Figure 1). Several groups have suggested the role of
DICER1 in tRF biogenesis (Maute et al., 2013; Liu S. et al., 2018;
Reinsborough et al., 2019; Di Fazio et al., 2022), however
DICER1 knockout cell lines still have unaltered amounts of
several highly abundant tRF-5s, tRF-3s, and tRF-1s (Kumar
et al., 2016; Kuscu et al., 2018). Although DICER1 may not play
a general role in tRF biogenesis, some tRFs may be produced by
DICER1 cleavage. For example, Hasler et al. (2016) found that
in the absence of the tRNA maturation protein SSB/La, some
tRNAs may fold into an alternative structure, producing a
hairpin (Hasler et al., 2016). This hairpin structure is then an
optimal substrate for DICER1 cleavage. Additionally, Di Fazio
et al. (2022) show that a subset of tRFs decrease under DICER1
knockdown conditions, and that tRNAs incubated with DICER1
can produce tRFs (Di Fazio et al., 2022). The discrepancy
between Di Fazio et al. (2022) and Kumar et al. (2016) or
Kuscu et al. (2018) may be due to the tRFs analyzed. Perhaps the
different approaches for DICER1 depletion also affect the levels
of tRFs. One technical limitation of both studies is that no spike-
ins were used. Since miRNAs make up the majority of reads in
small RNA sequencing data, and total mapped reads are used to
normalize small RNA sequencing data, a substantial amount of

TABLE 1 | The multifaceted functions of tRFs and tiRs.

Function tRF type tRF Examples References

Post-transcriptional gene silencing (via association with
RISC)

tRF-5s several tRF-5s (bind AGO1,3,4) Kumar et al. (2014)
tRF-3s several tRF-5s (bind AGO1,3,4) Kumar et al. (2014)
tRF-3 tRF-3001a,tRF-3003a, tRF-3009a Kuscu et al. (2018)
tRF-3 cand14 Haussecker et al. (2010)
tRF-3 CU1276 Maute et al. (2013)
tRF-3 Bj-tRF001,Bj-tRF002 Ren et al. (2019)
tRF-5 Bj-tRF003 Ren et al. (2019)
tRF-5 tRF5-GluCTC Deng et al. (2015)

Role in cell proliferation tRF-1 tRF-1001 Lee et al. (2009)
Endogenous retroviral reverse transcriptional silencing tRF-3 tRF ETn (18 nt) (MERV) Schorn et al. (2017)
Exogenous retroviral reverse transcriptional silencing tRF-3 PBSncRNA (HIV) Yeung et al. (2009)
Exogenous retroviral reverse transcriptional enhancement tRF-3 tRF-3019 (HTLV-1) Ruggero et al. (2014)
Endogenous retroviral post-transcriptional silencing tRF-3 tRF ETn (22 nt) (MERV) Schorn et al. (2017)
Endogenous retroviral chromatin mediated silencing tRF-5 tRF-GlyGCC (MERVL) Sharma et al. (2018), Boskovic et al. (2020)
Nascent RNA silencing tRF-3

(precursor)
tsRNA SPINT1 Di Fazio et al. (2022)

tRF-5 tsRNA LINC00665 Di Fazio et al. (2022)
tRF-5 tsRNA EGFR/MET Di Fazio et al. (2022)
i-tRF tsRNA BCL2 Di Fazio et al. (2022)

Translational gene silencing tRF-5 Val-tRF Gebetsberger et al. (2012)
tRF-5 tRF(Gln) Sobala and Hutvagner (2013)
tRF-5 tRF(Val) Sobala and Hutvagner (2013)
tRF-5 tRF(Lys) Sobala and Hutvagner (2013)
tiRs stress-induced tiRs Yamasaki et al. (2009)
tiR-5 tRNA-Ala Ivanov et al. (2011)
tiR-5 tRNA-GlyGCC Ivanov et al. (2011)
tiR-5 tRNA-GlyCCC Ivanov et al. (2011)
tiR-5 tRNA-Cys Ivanov et al. (2011)
tiR-3 tRNA-Pro Ivanov et al. (2011)

Translational enhancement tiR-3 tRNA-ThrAGU (T. brucei) Fricker et al. (2019)
tRF-3 tRNA-LeuCAG Kim et al. (2017)

RNA protein binding i-tRFs tRNA-Glu,-Asp,-Tyr,-Gly (binds YBX1) Goodarzi et al. (2015)
tRF-3 tRNA-Glu (binds NCL) Falconi et al. (2019)
tiRs 20 ANG-dependent tiRs (binds

Cytochrome C)
Saikia et al. (2014)

tRF-1 tRF_U3_1 (binds SSB/La) Cho et al. (2019)
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bias can be introduced. Finally, a DICER1 dependent and
DICER1 independent biogenesis mechanism are not
incompatible. Perhaps, as Hasler et al. (2016) have shown for
a particular subset of tRFs, some tRNAs can fold into a hairpin
structure, making them a higher affinity DICER1 substrate,
while other tRNAs are more likely to form a canonical
cloverleaf structure (Figure 1). The propensity of a particular
tRNA to fold into a hairpin vs. cloverleaf and how this influences
tRF biogenesis is understudied. However, it would not be
surprising if there were cell type variations due to differential
tRNA expression, modification, or protein binding. As such,
these experiments would require a modification-aware tRNA
folding approach.

tiR biogenesis may also have more than one mechanism.
Initially, tiRs were found to be upregulated under various

stress conditions, giving them the name stress-induced
tRNA halves. The RNase IV enzyme, angiogenin (ANG),
was identified to be the enzyme responsible for tiR
production under stress conditions and the 5′-terminal
oligoguanylate (TOG) motif was found to be present in
these tiRs (Ivanov et al., 2011; Saikia et al., 2014; Honda
et al., 2015; Liu S. et al., 2018; Hogg et al., 2020). However,
ANG KO does not reduce the levels of basally expressed (non-
stress induced) tiRs (Su et al., 2019). Evidence of tiR
production by other RNases is accumulating. RNase L was
found to produce tiRs in a TOG independent manner
(Donovan et al., 2017). Other RNase A family members
have also been suggested to play a role in tiR production
(Akiyama et al., 2019). These findings highlight the
granularity of tRF and tiR production: ultimately, the

FIGURE 1 |Biogenesis and classification of tRFs and tRNA halves. Above dashed line: tRNAs undergo extensive processing andmodification to generate amature
tRNA capable of being amino acylated. Precursor tRNAs have 5′ leader sequences removed by RNase P. 3′ trailer sequences removed by ELAC1/2 (also known as
RNase Z) produces tRF-1s. Introns must be removed by the TSEN complex. Addition of a non-templated CCA, along with installment of necessary RNA modifications
completes tRNA maturation. Cleavage of the mature tRNA produces tRFs classified based on length and origin on the parental tRNA. It is unclear if DICER1 is
responsible for tRF biogenesis when tRNAs are folded in an alternative hairpin structure, rather than the canonical cloverleaf structure. It is important to note that DICER1
knockout does not eliminate production of many tRFs, leaving the identity of the enzyme that is necessary for tRF biogenesis unknown. In stressful conditions (lightning
bolt), RNase A family members, such as ANG, cleavemature tRNAs in the anticodon loop, producing tRNA halves (tiRs). SLFN2 can block ANGmediated tRNA cleavage
under stress conditions. Below dashed line: classification of tRFs and tiRs and the top two functions associated with each class based on the amount of experimental
evidence. The functions also represent the potential therapeutic application for each tRF/tiR class. PTGS, post-transcriptional gene silencing; NRS, nascent RNA
silencing.

Frontiers in Molecular Biosciences | www.frontiersin.org April 2022 | Volume 9 | Article 8884243

Wilson and Dutta tRFs: Function and Therapeutic Implications

50

https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles


identification of a grand, unifying biogenesis mechanism for
all tRFs and tiRs may not be attainable.

FUNCTION OF tRFs and tiRs

tRFs Enter RISC and Engage in
Post-transcriptional Gene Silencing
In order to highlight the potential of tRFs to enhance therapeutic
small RNA development, it is important to understand their
endogenous cellular roles. The first report of a biological function
for tRFs was reported for tRF-1001 (Lee et al., 2009). This tRF was
highly abundant in cancer cell lines and was found to be required
for cell proliferation. Of note, no detectable miRNA-like function
was found for tRF-1001 in this study. The mechanism by which
tRF-1001 regulates cellular proliferation still remains to be
determined, but a miRNA-like mechanism is unlikely.

The lack of miRNA-like functions for tRF-1s was also
established in another study (Haussecker et al., 2010).
Transfection of a reporter and an oligonucleotide antisense to
cand45 (tRFdb ID tRF-1001) did not derepress the luciferase
reporter. Surprisingly, the reporter was further repressed by anti-
tRF-1001 introduction. These results may be explained by a
mechanism in which addition of an antisense oligo stabilizes
tRF-1001, rather than interfering with its function. Interestingly,
a more global meta-analysis of tRFs associated with AGO
proteins revealed a striking absence of tRF-1s with AGO1-4
(Kumar et al., 2014). Both results make it clear that tRF-1s
generally lack base-pair mediated repression of target mRNAs
under basal conditions.

In the one case that tRF-1s are associated with miRNA-like
repression, the tRF-1 is generated by DICER1 cleavage. DICER1
cleavage of tRNAs can occur when the precursor tRNA maturation
protein, SSB/La, is depleted (Hasler et al., 2016). Under these
conditions, RNase Z cannot cleave the precursor trailer sequence,
allowing the tRNA to possibly form a hairpin, a substrate amenable
to DICER1 cleavage. Overexpression of the tRF-1, either via mimic
transfection, shRNA, or parental tRNAmediated overexpression led
to repression of a luciferase reporter. Although these data clearly
support a role for tRF-1 mediated repression, it is unclear if the
effects are mediated by the SSB/La-DICER1 regulatory axis, as the
parental tRNA overexpression followed by luciferase reporter was
not conducted in SSB/La or DICER1 deficient cells.

Unlike tRF-1s, tRF-3s have been shown to readily enter RISC
and repress gene expression in a base-pairing specific manner. As
alluded to previously, overexpression of parental tRNAs leads to a
direct upregulation of tRF expression. Parental tRNA overexpression
leads to tRF-3001a, -3003a, and -3009a generation and entry into
AGO for efficient repression of luciferase reporters (Kuscu et al.,
2018). Haussecker et al. (2010) also showed that type I tRFs (tRF-3s)
can behave like miRNAs because transfection of an antisense oligo
derepressed a luciferase reporter. In the context of cancer, CU1276
(tRF-3027b) was found to be absent from germinal center derived
lymphomas, present in normal germinal centers, and can
downregulate RPA1 in a sequence specific manner (Maute et al.,
2013). For tRF-3 the evidence is strong that the repression does not
require DICER1, because tRNA overexpression mediated repression

of tRF-3 reporters continues in DICER1 knock-out cells (Kuscu
et al., 2018). Importantly, the repression of tRF-3 targets when
tRNAs are overexpressed requires AGO and requires seed-match
with the 3’ UTR of the target (Kuscu et al., 2018).

The difference between the ability of tRF-1s and tRF-3s to
repress target gene expression is unclear. The answer may lie in
the inherent differences between the two classes: 1) different
biogenesis enzymes (Vogel et al., 2005); 2) tRF-1s are likely to be
single stranded (Lee et al., 2009), while the biogenesis of tRF-3s
may involve a double stranded intermediate; or 3) undescribed
sequence or modification difference; 4) differential association
with RISC accessory proteins (Haussecker et al., 2010).

Another report found that two tRF-3s and one tRF-5 produced
by rhizobial bacteria are enriched in soybean root nodules (Ren
et al., 2019). These tRFs appeared to regulate soybean host genes
in a miRNA-like manner because rhizobial tRF targets were
predicted using plant miRNA target rules, overexpression of
mimic rhizobial tRFs repressed predicted targets, and
depletion of rhizobial tRFs resulted in an increase in predicted
targets. A tRF-5 was also identified to regulate gene expression
post-transcriptionally via base-pairing in the context of
respiratory syncytial virus (RSV) infection (Deng et al., 2015).
In this case, a tRF-5 derived from GluCTC downregulated
expression of APOER2, which enhanced RSV replication.
These findings highlight the ability of tRFs to behave like bona
fide miRNAs, function in viral pathogenesis, and function across
the kingdoms of life.

Perhaps one of the most important roles for tRFs may be in the
function of stem cells and germ cells, hinting at a fundamental
and primordial function for this class of small RNAs derived from
tRNAs. tRFs have been found to be highly expressed in mouse
stem cells where they suppress retrotransposition of endogenous
retroviruses (Schorn et al., 2017). The 18 nucleotide tRF-3as
accomplish this by blocking reverse transcription. 22 nucleotide
tRF-3bs suppress retrotransposition via post-transcriptional
silencing of retrotransposon gene expression. tRF’s ability to
interact with a retroelement may not come as a surprise, since
retroviruses usurp host cell tRNAs for priming in reverse
transcription (Mak and Kleiman, 1997). In another example of
tRF’s roles in early embryogenesis and germ cells, tRFs were
found to be highly abundant in mature mouse sperm (Sharma
et al., 2016; Sharma et al., 2018). tRF-5 from tRNA-GlyGCC (tRF-
GG) was determined to be a repressor of MERVL via regulation
of histone protein level and Cajal-body dependent noncoding
RNAs (Boskovic et al., 2020). Finally, it has been shown that tRFs
derived from tRNA primers can inhibit HIV reverse transcription
(Yeung et al., 2009), or enhance HTLV-1 reverse transcription
(Ruggero et al., 2014).

Therapeutic Potential of tRFs in
Post-transcriptional Gene Silencing
Interestingly, most studies that determine tRF mediated
repression, either endogenously or via tRNA or tRF mimic
overexpression, observe at most a 40–60% reduction in target
luciferase reporter expression (Haussecker et al., 2010; Maute
et al., 2013; Kuscu et al., 2018). This is perhaps due to the fact that
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most tRFs appear to enter AGO1, 3 and 4, rather than AGO2
which has slicer activity. Overexpression of either AGO2
(Haussecker et al., 2010; Maute et al., 2013) or knockout of
DICER1 (Kuscu et al., 2018) in these systems leads to enhanced
repression. These data suggest that availability of AGO2 binding
is essential for miRNA-like efficiency in repression. This makes
potential tRF-like therapeutics less useful if maximal repression of
the target gene is required, which may lead to questioning of the
utility of tRF mediated post-transcriptional gene silencing as a
therapeutic approach. However, the moderate attenuation of gene
expression mediated by tRFs may prove useful in disease contexts
in which gene expression needs to be knocked down, but some
degree of expression is still required for normal function. For
example, Beckwith-Wiedemann syndrome is an imprinting
disorder in which IGF2, among other genes, expression is too
high (Wang et al., 2019; Borjas Mendoza and Mendez, 2021).
IGF2 is a necessary gene for intrauterine growth and
development, so too much repression of this gene would be
detrimental. In fact, loss of IGF2 expression leads to Russell-
Silver syndrome, a congenital growth syndrome which leads to
failure to thrive (Saal et al., 2002). Thus, the correct balance of
IGF2 expression needs to be achieved, and a tRF-like mechanism
may be more amenable to this sort of repression, rather than
siRNA or miRNA-like approaches.

tRFs can Regulate Nascent RNAExpression
One of the newest functions of tRFs is in nascent RNA silencing
(Di Fazio et al., 2022). DICER1 dependent tRFs were found to
target introns of genes in the nucleus in an AGO2 dependent
manner. Nuclear functions of RISC have been reported (Gagnon
et al., 2014), however, this is the first time tRFs have been
attributed with this function. One potential reason tRFs may
be uniquely suited to regulate nuclear gene expression either co-
or post-transcriptionally may be their single stranded nature.
David Corey and colleagues reported that single stranded small
RNAs can readily bind nuclear AGO2, whereas double stranded
siRNAs can only bind cytoplasmic AGO2, likely due to the
nucleus missing accessory double stranded RNA loading factors.

There may be several reasons that tRFs are able to engage in
nascent RNA silencing besides their single strandedness. One
underexplored feature may be the modifications present on tRFs.
It is possible that certain modifications allow tRFs to enter the
nucleus and regulate gene expression. Although exciting, a more
thorough understanding of nascent RNA silencing machinery
and biochemistry will be necessary if it is to become a potential
therapeutic modality.

tRFs and tiRs can Alter Translation
tRF-3s, and under certain conditions, tRF-1s, have been shown to
regulate gene expression post-transcriptionally via base-pairing
(Haussecker et al., 2010; Maute et al., 2013; Deng et al., 2015;
Kuscu et al., 2018; Ren et al., 2019). Sobala and Hutvagner
suggested that tRF-5s do not function in this way, and in fact
are capable of reducing mRNA translation in the absence of base-
pairing (Sobala and Hutvagner, 2013). In particular, a “GG”
dinucleotide appears to be necessary, but not sufficient, to
mediate repression of a luciferase reporter (Sobala and

Hutvagner, 2013). These tRFs repress translation by
associating with polysomes. This work is in line with previous
work showing that tRNA fragments and halves derived from the
5′ end of tRNAs generally inhibit translation across the domains
of life (Yamasaki et al., 2009; Zhang et al., 2009; Ivanov et al.,
2011; Gebetsberger et al., 2012). tiR-5s can be produced under
stress conditions. For example, stress induced by arsenite
treatment, heat shock, and UV radiation induced cleavage of
tRNAs via ANG, which led to translation inhibition in a
phospho-eIF2⍺ independent manner (Yamasaki et al., 2009).
In a follow-up study, tiRs were found to work with YB-1 to
displace eIF4G/A and eIF4F from uncapped mRNAs and m7G
caps, respectively (Ivanov et al., 2011). Four to five guanines, or 5′
terminal oligo guanine (5′-TOG) motifs, were also found to be
important for translation inhibition in this study, as tiR-5s from
tRNA-Ala and tRNA-Cys with 5′-TOG motifs inhibit translation
much more efficiently than tiRs without the motif. In sum, tiR-5s
and tRF-5s seem to reduce global translation, and multiple
guanines seem to be important for this mechanism.

As opposed to tiR-5s, much less seems to be known about tiR-
3 function. A tiR-3 derived from tRNA-ThrAGU was found to be
upregulated in starvation conditions in Trypanosoma brucei, one
of the parasitic protozoans that causes the neglected disease
sleeping sickness (Fricker et al., 2019). In contrast to tRF-5s
and tiR-5s, the tiR-3 stimulated translation during starvation
recovery (Fricker et al., 2019). Perhaps targeting this tiR-3 and
preventing translation stimulation in post-starvation protozoa
could be an alternative therapeutic approach for sleeping sickness
caused by this subspecies.

Therapeutic Potential of tRF and tiR
Translation Inhibition
The ability of tRFs and tiRs to regulate global translation sets up a
potential paradigm for designing a new class of small RNA
therapeutics. tRF-5s and tiR-5s may be designed to inhibit
translation in disease states where an aberrant upregulation in
translation is essential for pathogenesis. For example, mRNA
translation is an essential process in rapidly proliferating cancer
cells (Malina et al., 2012). The mTOR inhibitor everolimus is used
alone or as part of chemotherapeutics regimens in breast cancer,
renal clear cell carcinoma, subependymal giant cell astrocytoma,
and advanced neuroendocrine tumors (DRUGBANK, 2022). In
the case of renal clear cell carcinoma, patients often develop
resistance to mTOR inhibitors everolimus and temsirolimus
(Voss et al., 2011). In the future, it will be interesting to
evaluate the effectiveness of tRF-5/tiR-5 mediated global
translation inhibition as a cancer therapy.

The benefit of tRF and tiR mediated translation inhibition as a
therapeutic approach is that it does not require the target cell to
contain or efficiently use the RNA interference machinery. This is
especially important in the context of bacteria, which does not
have a system analogous to RNA interference. Antimicrobial
resistance is one of the top 10 global health threats to humanity
according to the World Health Organization (WHO, 2022),
therefore novel approaches are needed to address this issue.
tRNA fragments were first described in E. coli (Levitz et al.,

Frontiers in Molecular Biosciences | www.frontiersin.org April 2022 | Volume 9 | Article 8884245

Wilson and Dutta tRFs: Function and Therapeutic Implications

52

https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles


1990), but only recently has research into the global expression
and biological roles of tRFs in microbes been conducted (Li and
Stanton, 2021). Of note, several currently used antibiotics are
small molecule inhibitors of translation (Chellat et al., 2016),
positioning tRF and tiR mediated inhibition of translation as a
viable approach. The development of antisense oligonucleotides
as antibiotics is of great interest due to the ease of design,
alterations in response to resistance, and clear targeting (Kole
et al., 2012; Xue et al., 2018). Delivery of oligonucleotides is a
grand challenge in eukaryotic oligonucleotide therapeutics
(Hammond et al., 2021), and this challenge is no different in
prokaryotes. However, conjugating oligonucleotides to peptides,
vitamin B12, or encapsulation in nanoparticles has greatly
improved the delivery of oligonucleotides into bacteria (Xue
et al., 2018). It is also becoming clear that microbes (including
Gram positive bacteria) are able to package RNAs and other cargo
into extracellular vesicles (Domingues and Nielsen, 2017; Liu Y.
et al., 2018; Toyofuku et al., 2019). These vesicles enable cross-talk
between other bacteria as well as the host. As mammalian
extracellular vesicles and other nanoparticles are being
developed as vectors for carrying small RNA therapies (Bost
et al., 2021), it is conceivable that bacterial vesicles may also
function as drug delivery vehicles. This seems to be the case and
has been an active area of study (Li and Liu, 2020). Most
antibiotic oligonucleotide therapy development focuses on
antisense technology, however, tRFs and tiRs that inhibit
translation could also be conjugated or encapsulated into
delivery vehicles and could provide another tool in the
antibiotic oligonucleotide therapy toolbox.

Of note, one limitation of tRF/tiR antibiotics might be the role
that tiRs appear to play in the regulation of the RNA repair
operon (Hughes et al., 2020). The function of this operon is
important for survival following DNA damage, and tiR-5s bind
the CARF domain of RtcR, leading to oligomerization and
activation of the RNA repair operon. Potentially giving a
growth advantage to bacteria with DNA damage may be
circumvented by utilizing tiR based therapies without a 3′
cyclic phosphate (3′ cP), as a 3′ cP was necessary for optimal
CARF domain binding. The role of alternative 3′ ends in tRF/tiR
mediated translation inhibition requires further study.

Other Functions of tRFs
tRFs can Enhance Translation of Specific Transcripts
A surprising connection between tRFs and ribosomes was recently
discovered. A 22 nucleotide tRF-3 derived from LeuCAG tRNA was
found to bind and enhance the translation of RPS15 and RPS28
ribosomal mRNA (Kim et al., 2017). The tRF-3 binds RPS28mRNA
in the coding region across vertebrates and within the 3′ UTR in
primates. The enhancement of translation is post-initiation and is
conserved betweenmouse and human (Kim et al., 2019). Loss of this
tRF results in apoptosis of cells in an orthotopic hepatocellular
carcinoma model, indicating its importance in proliferation and
tumorigenesis. These findings indicate that tRFs can be oncogenic.

tRFs can Bind Proteins and Affect Their Function
There are also reports of tRFs binding proteins and altering
their function. For example, YBX1 binds to oncogenic

transcripts and stabilizes them (Goodarzi et al., 2015).
Internal tRFs (i-tRFs) derived from the anticodon region of
parental tRNAs from Glu, Asp, Tyr, and Gly have a consensus
sequence that binds and sequesters YBX1 from oncogenic
transcripts, destabilizing them. These i-tRFs, therefore,
function as tumor suppressors. A tumor suppressor tRF-3
derived from Glu tRNA was found to be expressed in
normal mammary tissue but not breast cancer (Falconi
et al., 2019). This tRF-3 could bind nucleolin (NCL), which
sequestered NCL away from p53 mRNA and enhanced p53
mRNA translation (Falconi et al., 2019). In another study, 20
ANG dependent tiRs were found to interact with cytochrome c
and reduce apoptosis in hyperosmotic conditions (Saikia et al.,
2014). Finally, tRFs have also been implicated in viral
pathogenesis. During tRNA maturation SSB/La binds to the
trailer sequence and aids in tRNA maturation. Cho et al.
(2019) found that SSB/La could interact with tRF_U3_1,
derived from tRNA-Ser(TGA) also known as tRF-1001, and
become sequestered in the cytoplasm. Since SSB/La binds to
hepatitis C viral (HCV) internal ribosomal entry sites (IRES)
(Pudi et al., 2003), sequestration of SSB/La by tRF_U3_1
reduced translation via the HCV IRES (Cho et al., 2019).

As we discover more biological roles of tRFs and tiRs and
delineate their functions from miRNAs, we may begin to
develop unique tRF-mimic and tRF antagonist based
therapeutics. Such therapies are being developed for
miRNAs, although there are no miRNA therapeutics in
phase III clinical trials (Zhang et al., 2021). One major
roadblock for miRNA based therapeutics that is absent in
siRNA based therapeutics is the large number of putative
miRNA targets, such that sponging or overexpression of
miRNA may cause off-target effects (Zhang et al., 2021).
This may also be a major roadblock in tRF based
therapeutics, although rigorous prediction and validation of
tRF targets is still in its infancy.

Delivery of Oligonucleotide Therapeutics is
a Major Challenge
Delivery of oligonucleotides to their site of action is a major
challenge (Dowdy, 2017; Roberts et al., 2020; Hammond et al.,
2021). tRF based therapeutics would have many of the same
delivery issues. Oligonucleotide delivery can be broadly classified
into two steps: 1) tissue delivery, and 2) cytoplasmic delivery or
endosomal escape. Tissue specific delivery of oligonucleotides is
more amenable to organs that are involved in blood filtration,
such as the liver and kidney. Tissue delivery is also currently more
amenable to organ systems that can be directly accessed via
injection, such as the eye or brain and spinal cord by intrathecal
injection. Furthermore, Alnylam has had success with liver
specific delivery of siRNA-based therapies that are conjugated
to N-acetylgalactosamine (GalNAc) (Springer and Dowdy, 2018).
Lipid nanoparticles (LNPs) also enable more targeted delivery
into tissues. LNPs have been successfully used for delivery of
COVID-19 mRNA vaccines and the recently approved PCSK9
siRNA for the treatment of hypercholesterolemia (Fitzgerald
et al., 2017; Buschmann et al., 2021).
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Delivery of small RNAs to tissues may also be enhanced by
encapsulation in extracellular vesicles (O’Brien et al., 2020). In
support of the use of extracellular vesicles as tRF and tiR delivery
agents, tRFs and tiRs are enriched in T cell extracellular vesicles
(Chiou et al., 2018). tRFs were packaged into extracellular vesicles
and released from activated T cells. Reduced expression of tRFs
that are normally packaged and released leads to enhanced T cell
activation. Although the effect of endogenous extracellular vesicle
tRFs and tiRs on recipient cells is underexplored, it is clear that
overexpressed tiRs can be delivered to recipient cells and alter
gene expression (Gámbaro et al., 2020). Mouse epididymosomes
can also deliver tRF-5s to maturing sperm, which ultimately
represses MERVL (Sharma et al., 2016).

Another challenge for tissue delivery is oligonucleotide
stability in circulation (Paunovska et al., 2022). Much of this
issue has been solved, either by encapsulation of the
oligonucleotide in an LNP, or by installment of RNA
modifications (Yu et al., 2019). Interestingly, tRNAs, and likely
tRFs, are one of the most highly modified RNAs in the cell, which
may confer some enhanced stability in the circulation (Pan,
2018).

The second challenge of delivery, endosomal escape, is still a
major unresolved bottleneck in the oligonucleotide therapeutics
field (Dowdy, 2017). Small molecules such as nigericin and
chloroquine have been found to enhance endosomal escape
(Heath et al., 2019; Orellana et al., 2019), however, these
compounds are too toxic for clinical use (Brown et al., 2020).
It does appear that LNP platforms are better suited for endosomal
escape than GalNAc conjugated siRNA mediated delivery, but
this comes at the expense of duration of action (Brown et al.,
2020). Any tRF or tiR therapeutic would also need to overcome
these barriers.

A Word of Caution for tRNA Based
Therapeutics
Although tRNA based therapies are outside the scope of this review,
it is a burgeoning field of development because nonsense suppressor
tRNAs can prevent the formation of truncated, dysfunctional
proteins (Porter et al., 2021). It is clear, however, that
overexpressed tRNAs produce tRNA fragments. These tRNA
fragments may cause off-target effects and lead to unpredictable
side effects. In order to circumvent these effects, the biogenesis of
tRFs and tiRs must continue to be thoroughly investigated. For
example, it is clear that certain modifications can affect the
production of tRFs ((He et al., 2021; Nagayoshi et al., 2021) and
reviewed in (Lyons et al., 2018)). Parental tRNA cleavage induced by
reactive oxygen species can also be prevented in T cells by binding
Schlafen 2 (SLFN2) (Yue et al., 2021) (Figure 1). Findings like these
will enable rational design of stable tRNA therapeutics.

CONCLUSIONS AND FUTUREDIRECTIONS

It is clear that tRFs/tiRs have important roles in biology in all
domains of life. Mechanistically, tRFs/tiRs function

differently, even between and within class distinctions.
General trends in tRF/tiR’s role in regulating nascent gene
silencing, post-transcriptional gene silencing, and mRNA
translation make this class of small RNAs one of the most
versatile classes discovered to date. Small RNA therapeutics
based on basic knowledge about miRNA function are
experiencing a renaissance, with several RNAi based
therapeutics on the market. Perhaps tRFs and tiR based
therapeutics will follow suit. In order for tRFs/tiRs to reach
the clinic, several challenges must be addressed. For example, it
is clear that tRF-5s and tiR-5s can behave as protein synthesis
inhibitors. What is less clear is whether there is an RNA
modification or RNA sequence code that is important for
tRF-5 and tiR-5 mediated protein synthesis inhibition. For
example, PUS7 mediated pseudouridylation is important for
protein synthesis inhibition in stem cells (Guzzi et al., 2018;
Guzzi et al., 2022). Since tRNAs have on average thirteen
modifications per molecule (Pan, 2018), it would not be
surprising if other tRF/tiR modifications regulate protein
synthesis, perhaps in a combinatorial or tissue specific
manner. tRF/tiR modifications may provide other useful
roles and insights into tRF and tiR based therapeutics. For
example, tRF and tiR modifications from species adapted to
extreme conditions, such as some bacteria and archea (Babski
et al., 2014; Li and Stanton, 2021), may be useful for further
stabilization of synthetic tRFs and tiRs or confer novel
functions.

Another challenge is understanding the role that tRFs play
in nascent RNA silencing and post-transcriptional gene
silencing. Do all tRFs follow the same rules (i.e. seed based
pairing, supplemental base pairing, etc) as miRNAs when it
comes to post-transcriptional gene silencing?What role do tRF
modifications play in nascent RNA silencing and post-
transcriptional gene silencing? Since most tRF target
prediction tools are built on miRNA-based assumptions and
rules or more general complementary pairing (Li et al., 2021;
Xiao et al., 2021; Zhou et al., 2021), are we capturing the most
robust tRF targets? Finally, it is unclear what features of tRFs/
tiRs make them more likely to behave primarily as miRNAs,
interact with RNA binding proteins, or interact with other
RNAs. In order for tRFs/tiRs to be useful in the clinical setting,
these questions will need to be addressed.
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Comparative Analysis of Long
Non-Coding RNA Expression and
Immune Response in Mild and Severe
COVID-19
Yongting Zhang, Fan Shi, Yuchong Wang, Yuting Meng, Qiong Zhang, Kaihang Wang,
Ping Zeng and Hongyan Diao*

State Key Laboratory for Diagnosis and Treatment of Infectious Diseases, National Clinical Research Center for Infectious
Disease, Collaborative Innovation Center for Diagnosis and Treatment of Infectious Diseases, The First Affiliated Hospital, College
of Medicine, Zhejiang University, Hangzhou, China

Background: Coronavirus disease 2019 (COVID-19) is a worldwide emergency, caused
by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). Long non-coding
RNAs (lncRNAs) do not encode proteins but could participate in immune response.

Methods: In our study, 39 COVID-19 patients were enrolled. The microarray of peripheral
blood mononuclear cells from healthy and COVID-19 patients was applied to identify the
expression profiles of lncRNAs and mRNAs. Identified differentially expressed (DE)
lncRNAs were validated by qRT-PCR. Then, the lncRNA–mRNA network was
constructed and visualized using Cytoscape (3.6.1) based on the Pearson correlation
coefficient. The enrichment of DE mRNAs was analyzed using Metascape. The difference
in frequencies of immune cells and cytokines was detected using CIBERSORT and
ImmPort based on DE mRNAs.

Results: All patients with COVID-19 displayed lymphopenia, especially in T cells, and
hyper-inflammatory responses, including IL-6 and TNF-α. Four immune-related lncRNAs in
COVID-19 were found and further validated, including AC136475.9,
CATG00000032642.1, G004246, and XLOC_013290. Functional analysis enriched in
downregulation of the T-cell receptor and the antigen processing and presentation as well
as increased apoptotic proteins, which could lead to T-cell cytopenia. In addition, they
participated in monocyte remodeling, which contributed to releasing cytokines and
chemokines and then recruiting more monocytes and aggravating the clinical severity
of COVID-19 patients.

Conclusion: Taken together, four lncRNAs were in part of immune response in COVID-
19, which was involved in the T-cell cytopenia by downregulating the antigen processing
and presentation, the T-cell receptor, and an increased proportion of monocytes, with a
distinct change in cytokines and chemokines.
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INTRODUCTION

The coronavirus disease 2019 (COVID-19) outbreak has caused a
worldwide emergency owing to its rapid spread and high mortality
rate. Mostly, COVID-19 patients may have asymptomatic or mild
symptoms, while severe patients can develop pneumonia to acute
respiratory or multiorgan failure and death (Yang Y et al.,2020).

Multiple studies, focused on COVID-19, have highlighted the
changes in peripheral immune response, including marked pro-
inflammatory cytokine release and pronounced lymphopenia,
especially reduction in T cells (Song et al., 2020). Therefore, there
is an urgent need for further studies on the host immune response to
screen prognostic and diagnostic indicators and to provide
appropriate therapeutic interventions for severe COVID-19.

Long non-coding RNAs (LncRNAs) are a class of molecules
with more than 200 nucleotides in length, which are incapable of
coding proteins but participate in the regulation of gene
expression through epigenetic, transcriptional, and post-
transcriptional changes (Shen et al., 2020).

Recent studies primarily demonstrated that lncRNAs took
part in various biological and physiological processes, including
the cell cycle and proliferation, apoptosis, and differentiation
(Wang et al., 2014). Lnc-DC was exclusively upregulated in DCs
during DC differentiation, with regulation of CD40, CD80, CD86,
and HLA-DR. The knockdown of lnc-DC failed to present
antigens, activate T-cells, and induce cytokine production
(Chen et al., 2017).

Therefore, it is essential to explore the potential of lncRNA in
peripheral immune response to provide immunotherapy targets
in COVID-19. In this study, we applied microarrays to investigate
the potential lncRNA of peripheral blood mononuclear cells
(PBMCs) from COVID-19 patients.

MATERIALS AND METHODS

Patients
Thirty-nine COVID-19 patients and five healthy donors were
enrolled, admitted in The First Affiliated Hospital, Zhejiang
University School of Medicine, between 28th January and 20th
February, 2020. COVID-19 was confirmed using the SARS-CoV-2-
specific RT-PCR test. The patients (Supplementary Table 1) were
diagnosed with the severe, who required critical care and met one or
more of following criteria: dyspnea and respiratory rate ≥30 time/
min, blood oxygen saturation ≤93%, PaO2/FiO2 ratio <300mmHg,
and lung infiltrates on CT scan >50% within 24–48 h, or those who
exhibited respiratory failure, septic shock, and/or multiple organ
dysfunction/failure. Meanwhile, all patients’ demographics, clinical
characteristics, and laboratory results are shown in Tables 1, 2.

Isolated RNA From Peripheral Blood
Mononuclear Cells
Sequencing samples are organized in three sets of five, including five
healthy donors, five mild COVID-19, and five severe COVID-19,
with matched ages and genders and exclusion of patients with any
comorbidity. PBMCs were isolated from peripheral venous blood by

Ficoll density gradient centrifugation. Isolated cells were treated
using RNAiso Plus (TAKARA) reagents under the instruction of the
manufacturer for RNA isolation.

Microarray Analysis
For preparations of rRNA depleted sequencing, mRNAwas purified
using the mRNA-ONLY™ Eukaryotic mRNA Isolation Kit
(Epicenter). Then, fluorescent cRNA, which was amplified and
transcribed from mRNA, was generated using the Arraystar Flash
RNA Labeling Kit (Arraystar). A measure of 3 μg of purified cRNA
per sample using the RNeasy Mini Kit (Qiagen) was used for
hybridizations through Arraystar Human LncRNA Microarray
V5.0 and then was washed, fixed, and scanned through the
Agilent DNA Microarray Scanner (part number G2505C).

Data Analysis
The gathered array images were analyzed using Agilent Feature
Extraction software (version 11.0.1.1). The GeneSpring GX v12.1
software package (Agilent Technologies) normalized and
processed the raw data. The flags from at least five out of 15
samples were positive in present or marginal (“All Targets Value”),
and then the selected mRNAs were used for further analysis. The
Benjamini corrected the p-values to control the false discovery rate
(FDR). Differentially expressed genes (DEGs) conformed to the
following criteria: adjusted p-value ≤ 0.05 and fold-change ≥ 2
between pairwise combinations of two groups. Also, DE lncRNAs
(Raw ≥100) were further analyzed. The weighted gene co-
expression network was constructed using the WGCNA
package (R, Bioconductor), while the normalized expression
index of genes (both mRNA and lncRNA) with top 30%
standard deviation was chosen as an input. A gene tree was
plotted to present the results of hierarchical clustering, and the
dynamic tree-cutting algorithm was applied to segment the gene
modules. Finally, the gene lists constituting each module were
extracted for further analysis (Zhang and Horvath, 2005).

DE mRNAs, related to lncRNAs, were concluded based on the
Pearson correlation coefficient (absolute value ≥ 0.9, p-value ≤
0.01). Metascape Resource was applied for the GO and KEGG
pathway annotations (https://metascape.org/gp/index.html). GO
or KEGG pathways/terms with p-value < 0.01, a minimum count
of 3, and an enrichment factor >1.5 were defined as a threshold, in
which the term was statistically enriched. Heatmaps, ggplot2,
correlation heatmaps, and bar plots were obtained by lc-bio.cn.
online analysis. GO terms, Sankey diagrams, and principal
component analysis (PCA) were obtained by http://www.
bioinformatics.com.cn. CIBERSORT assessed the immune
subtype, according to the expression file (https://cibersortx.
stanford.edu/). ImmPort focused on immunologically relevant
gene sets for analyzing cytokines and chemokines associated with
lncRNAs (http://www.immport.org/).

Construction of the Long Non-Coding
RNA–mRNA Co-Expression Network
The lncRNA–mRNA network was constructed and visualized
using Cytoscape (3.6.1) based on the Pearson correlation
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coefficient (absolute value ≥ 0.9, p-value ≤ 0.01). The
protein–protein interaction (PPI) was established through
the STRING database. The correlation between selected

lncRNA and mRNA was analyzed using the co-expression
network and Sankey diagrams (http://www.bioinformatics.
com.cn).

TABLE 1 | Demographics and clinical characteristics of all patients.

Variable/Group Normal Mild (26) Severe (13) p-value

Age (years) - 44.5 72 <0.05
Male (%) - 13 (50%) 9 (70%) NS
Onset of symptoms to hospital admission, days - 6.5 (3–20) 9 (4–14) <0.05
Exposure to Wuhan - 11 (42%) 4 (31%) NS
Any comorbidity
Hypertension - 7 (27%) 10 (77%) <0.05
Diabetes - 3 (8%) 2 (15%) NS
Malignancy - 0 0
Chronic liver disease - 0 0

Fever
Highest temperature (°C)
<37.3 - 4 (15%) 3 (23%)
37.3–38.0 - 13 (50%) 6 (46%)
38.1–39.0 - 8 (30%) 2 (15%)
>39.0 - 1 (5%) 2 (15%)
Cough - 14 (54%) 9 (69%) NS
Expectoration - 13 (50%) 6 (46%) NS
Myalgia or fatigue - 8 (31%) 1 (8%) NS
Nausea and vomiting - 1 (4%) 1 (8%) NS
Sore throat - 3 (12%) 0 NS
Shortness of breath - 5 (20%) 2 (15%) NS
Chest pain - 2 (8%) 0 NS
Diarrhea - 2 (8%) 4 (31%) NS

Data are median or n (%), compared by the Mann–Whitney U-test or χ2 test between mild and severe COVID-19.

TABLE 2 | Laboratory results of hospitalized patients with infected SARS-Cov-2.

Laboratory results Normal range Normal Mild (26) Severe (13) p-value

Laboratory results 4.0–10.0*10̂9 - 5.1 13 <0.05
Leukocyte (10E9/L) 2.0–7.0*10̂9 - 3.3 11.9 <0.01
Neutrophil (10E9/L) 0.8–4.0*10̂9 - 0.8 0.5 <0.01
Lymphocyte (10E9/L) 3.68–5.13 - 4.3 3.95 NS
Red blood cells (10E12/L) 113–151 - 130.5 121 NS
Hemoglobin (g/L) 101–320 - 197 174 <0.05
Platelet (10E9/L) 0–700 - 400 705 <0.01
D-dimer (ug/L) 0.00–20.06 - 13.23 6.58 NS
IFN-γ (pg/ml) 0.00–2.31 - 3.82 7.94 <0.05
IL-10 (pg/ml) 0.00–4.13 - 1.14 2.09 NS
IL-2 (pg/ml) 0.00–6.61 - 13.58 47.18 <0.05
IL-6 (pg/ml) 0.00–33.27 - 9.345 22.51 NS
TNF-α (pg/ml) 70.0–140.0 - 137 126 NS
Complement3 (mg/dL) 10.0–40.0 - 43 34 <0.05
Complement4 (mg/dL) 0.00–8.00 - 9.42 67.95 NS
Hypersensitive C-reactive protein (mg/L) 0.00–0.05 - 0.04 0.09 <0.01
Procalcitonin (ng/ml) 0–40 - 36 46 NS
Brain natriuretic peptide (pg/ml) 7–40 - 13 17 NS
ALT (U/L) 13–35 - 20 19 NS
AST (U/L) 100.0–420.0 - 218 218 NS
Immune globulin (Ig)A (mg/dL) 860.0–1740.0 - 1330 1606 NS
Immune globulin (Ig)G (mg/dL) 30.0–220.0 - 115 60 NS
Immune globulin (Ig)M (mg/dL) 4.0–10.0*10̂9 - 5.1 13 <0.05

Data are median, compared by the Mann–Whitney U-test between mild and severe COVID-19.
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Treatment of HuT 78 Cells With Spike-ECD
and Hemagglutinin Proteins
The human monocytic cell line THP-1 and the human T-cell
line HuT 78 were purchased from the Cell Bank of Type
Culture Collection of the Chinese Academy of Sciences.
THP-1 was cultured in the RPMI 1640 medium,
supplemented with 10% fetal bovine serum (Gibco), 1%
penicillin/streptomycin, and 100 ng/ml phorbol 12-myristate
13-acetate (PMA; MCE, United States). After 24 h, THP-1 cells
were stimulated by 50 ng/ml spike protein of severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2)
(GenScript) or the hemagglutinin (HA) protein of influenza
A H1N1 (A/California/04/2009) (Sino Biological) for 24 h. The
cells were then co-cultured with HuT 78 for another 6 and
12 h, followed by RNA isolation and the subsequent qRT-
PCR assay.

Quantitative RT-PCR
A measure of 1 μg of total RNA was reverse-transcribed to cDNA
using HiScript II Q Select RT SuperMix (Vazyme). Quantitative
real-time PCR was performed using SYBR qPCR Master Mix
(Vazyme), and the amplifications were performed using
QuantStudio 5 (Applied Biosystems). For quantification of gene
expression, the 2-ΔΔCt method was used. The housekeeping gene
glyceraldehyde-3-phosphate dehydrogenase (GAPDH)was used in
all reactions as an endogenous control. The 5′–3′ sequences of
primer pairs were as follows: GAPDH: GTCTCCTCT:GACTTC
AAC AGCG (F) and ACCACCCTGTTGCTG TAG CCA A (R);
AC005083.1: ACACCTCTGCCTCTATGGGA (F) and AGCCAG
CCCTTTTGTCTGAT (R); AC136475.9: GGAGTTCCTTCCTTT
CGCCT (F) and ATTACGTCCTGTGCACGCTC (R);
XLOC_013290: GGGTATCAGGTGTCTGGGTG (F) and CCA
GAAATCCTGCCACTCCG (R); G004246: TGCCAGTAGACC
ATGACTCG (F) and TTTGGCACTCTTGGGCACTT (R);
CATG00000032642.1: AGCACTTTGCAGAGGGACAC (F) and
ACAGCAACAAGGGTTGAGGG (R); HLA-DRA: AGGTTG
AGGGACGGAGATTT (F) and TGGCTGCATCTCGAGACT
TT (R); HLA-DMA: GGGAGATGCTCCTGCCATTT (F) and
AGCGATAGGAAACCCTCTGG (R); HLA-DMB: GAGCTG
GCCACTCTAGTTACA (F) and GGAGAGGCATGGTAGCAT
CA (R); HLA-DQB2: CCGTGGAGTGGCGACCT (F) and GAC
ACAGGCAGCTAGGAATTCTG (R); HLA-DOA: CAACGG
CCAAACTGTCACTG (F) and GTCATAGACGTCCTCGGC
TG (R); LAT: GCAGACCCTTGGGGCCTA (F) and GCACAC
ACAGTGCCATCAAC (R); VAV1: ACGTCGAGGTCAAGC
ACATT (F) and GGCCTGCTGATGGTTCTCTT (R); LCK:
GGAGGACCATGTGAATGGGG (F) and CATTTCGGATGA
GCAGCGTG (R).

Statistical Analysis
GraphPad Prism 8.0 (GraphPad Software, San Diego, CA) was
adopted for the t-test or Wilcoxon matched-pair test.
Continuous variables were expressed as median (IQR) and
compared using the Mann–Whitney U-test. Categorical
measurement variables were displayed as count (%) and
compared using the χ2 test or Fisher’s exact test. The Pearson

correlation test was conducted to assess correlation between two
quantitative variables. p-value < 0.05 was considered statistically
significant.

RESULTS

Sample Collection and Identification of
Biomarker Long Non-Coding RNAs by
Microarrays
All patients’ demographics, clinical characteristics, and
laboratory results are shown in Tables 1, 2. The severe group
exhibited lymphopenia, especially in T-cell cytopenia, and hyper-
cytokines, notably increased TNF-α and IL-6 (Supplementary
Figures S1A,B).

To discover the underlying mechanism of specific immune
response in COVID-19 patients, PBMCs were isolated from
laboratory-confirmed mild (n = 5) and severe COVID-19
patients (n = 5) as well as healthy controls (n = 5). There was
no significant difference in age between each other
(Supplementary Figure S1C).

Then microarray was applied and analyzed as the flow
chart (Figure 1A). The corresponding expression profiles, in
which each row represents a separate gene and each column
represented a separate individual, were presented with
clustered heatmaps, according to the severity of COVID-
19 (Figure 1B). The volcano plots of DE lncRNAs (Raw
≥100) and DE mRNAs were shown by adjusted p-values
(p-value < 0.05) and FC ratios (|log2FC|≥ 1) Supplementary
Figure S2).

To screen out lncRNA signatures, UpSet analysis was
performed in each comparison group (Figure 1C). Two types
of lncRNAs were defined as candidate lncRNA biomarkers: 1)
lncRNAs consistently downregulated (13) and 2) lncRNAs
consistently upregulated (18). The lncRNAs were filtered by p-
value& 0.01 and the length of lncRNAs among 400–3000 nts and
the difference between pairwise combinations of two groups, and
only 5 lncRNAs conform to the criteria, including AC005083.1,
AC136475.9, CATG00000032642.1, G004246, and
XLOC_013290 (p < 0.001) (Figure 1D). These lncRNAs
significantly increased in COVID-19, especially in severe
COVID-19.

Validation of Selected Long Non-Coding
RNAs by Quantitative RT-PCR
For further validation of selected lncRNAs, we performed
qRT-PCR. After stimulation with the S-protein and HA for
0, 6, and 12 h, we observed that four of five lncRNA, including
AC136475.9, CATG00000032642.1, G004246, and
XLOC_013290, significantly increased, excluding
AC005083.1. (Figures 2A,B), consistent with the
aforementioned microarray results. Also, the results
suggested that the immune response to H1N1 and SARS-
COV-2 was obviously different.
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Functional Enrichment With the Four Long
Non-Coding RNAs in COVID-19
We performed WGCNA analysis, in which selected lncRNAs
played the role in viral release from the host cell. (Figure 3). To
better understand the function of lncRNAs in COVID-19, we
computed the Pearson correlation coefficient (PCC) between
mRNAs and four lncRNAs. We identified 2,890 mRNAs

correlated with lncRNA biomarkers (r > 0.9 and p ≤ 0.01)
(Supplementary Table 2). Then, we performed GO and KEGG
enrichment analysis (Supplementary Table 3).

The KEGG pathway was performed in Figure 3. “T-cell receptor
signaling pathway,” “antigen processing and presentation,” and
“apoptosis” were enriched in COVID-19, especially in severe
patients. Surprisingly, Staphylococcus aureus infection was also

FIGURE 1 | Identification of biomarker lncRNAs. (A) Research experimental design. (B) Heatmap comparison of DE lncRNAs and mRNAs within PBMCs from
normal control (n = 5), mild (n = 5), and severe (n = 5) patients; each row and column respectively represent a separate gene and individual. (C) UpSet plot shows the
number of DE lncRNAs with different tendencies; the heatmap shows the consistently increased or decreased lncRNAs by log2FC between mild vs. normal and severe
vs. normal. (D) Filtered by p-value& 0.01 and the length of lncRNAs among 400–3000 nts and the difference between pairwise combinations of two groups, with
expression of lncRNAs in each group. N (Normal: n = 5), M (Mild: n = 5), and S (Severe: n = 5). Comparisons were done using the ANOVA test. Mild and severe patients
were colored by yellow and red, respectively. Statistical comparisons are indicated by the arrows; pp < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; Mild and severe
patients were colored by yellow and red, respectively.
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found in COVID-19 patients. It suggested that patients were
more susceptible to bacteremia, such as Gram-positive bacteria
(Cusumano et al., 2020).

Analysis of the Long Non-Coding
RNA–mRNA Network in COVID-19
Based on the aforementioned KEGG pathway, with the Pearson
correlation (|R| > 0.94 and p ≤ 0.01), we constructed the
lncRNA–mRNA co-expression network (Figure 4A). A total
of 142 lncRNA–mRNA pairs were filtrated, and the top 24
genes were shown using the Sankey diagram (Figure 4B).

XLOC_013290 and CATG00000032642.1 were negatively
correlated with HLA-DQB2 and HLA-DRB1, respectively
(Figure 4C). Also, HLA-DRA, HL-DMA, and HL-DMB
decreased in COVID-19, especially in severe cases, consistent
with Mudd PA’s result, who reported that abundances of HLA-
DR of monocytes significantly reduced in COVID-19 (Mudd
et al., 2020). After stimulation with the S-protein for 0, 6, and 12 h
in vitro, the mRNA HLA-DOA-related antigen presentation
appeared to have a decline in trend after an initial increase
(Supplementary Figure S4A).

LAT, VAV1, ZAP70, and CARD11, as the key components of
T-cell receptor, exhibited a significant decrease with severity in

FIGURE 2 | Validation by Quantitative RT-PCR. (A,B) Expressions of lncRNAs were detected after stimulation by S-protein and HA for 0, 6, and 12 h in HuT 78 cell
co-cultured with the activated THP-1; statistical comparisons are indicated by the arrows; pp < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; comparisons were done
using the ANOVA test.

FIGURE 3 | KEGG functional characteristics for the predicted target genes of four lncRNAs in immune response between mild and severe COVID-19.
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COVID-19, negative with G004246 and CATG00000032642.1.
(Figure 4D). Meanwhile, the gene expression of VAV1 and
LCK also declined, after stimulation with the S-protein for 12 h

in vitro (Supplementary Figure S4B). Moreover, BCL2, an
important antiapoptotic protein, shows a decreasing trend in
COVID-19. Also, GADD45G, HRK, and BAK, as proapoptotic

FIGURE 4 | Analysis of the lncRNA–mRNA network in COVID-19. (A) Integrated lncRNA–mRNA network; (B) 4 lncRNA and selected 24 mRNA are shown using
the Sankey diagram; (C,D) correlation between lncRNA and targeted mRNAs in mild and severe groups compared to healthy controls, respectively. The Y-axes
correspond to the log2FC of lncRNAs and mRNAs. The number of samples: M (n = 5) and S (n = 5); mild and severe patients were colored by yellow and red dots,
respectively.
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proteins, showed a significant increase with severity in COVID-19
(Figure 4D, Supplementary Figure S4C). These results indicated
that SARS-CoV2 could induce T-cell apoptosis. Also, higher levels
of both TLR2 and TLR6 genes were observed with the severity of

COVID-19 (Supplementary Figure S4D) (Taniguchi-Ponciano
et al., 2021). These results implied that lncRNAs could participate
in T-cell reduction, with the dysfunction of TCR and HLA as well
as increased apoptotic proteins.

FIGURE 5 | Validation of lncRNAs as biomarkers by differences in immune cell compositions. (A) Profiles of immune subtypes are shown using bar plots; PCA
between normal and COVID-19. (B) Difference in immune subtypes among three groups is shown using the Mann–Whitney test, including T cells, CD4+ T cells, and
monocytes. (C, D)Correlation between 4 lncRNAs and T cells andmonocytes in normal, mild, and severe groups. The normal, mild, and severe patients were colored by
green, yellow, and red dots, respectively. ns: non-significant; *p < 0.05; **p < 0.01.
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Validation of Long Non-Coding RNAs as
Biomarkers by Differences in Immune Cell
Compositions, Especially in T-Cell
Cytopenia
Next, to further identify whether lncRNAs play a role in T-cell
cytopenia under COVID-19 conditions, the potential mRNAs of
lncRNAs were applied with CIBERSORT and eight major cell
subpopulations were successfully identified in peripheral blood
using the bar plot. (Figure 5A). Principal component analysis
(PCA) showed that there were significant differences in immune
cell composition, also in the severity of COVID-19 (Figure 5A).

The fraction of total T cells was lower in COVID-19
(Figure 5B), especially in CD4T, and not in CD8T
(Supplementary Figure S5A), and only marginal differences
in B cells were observed (Supplementary Figure S5A). The
adaptive immune cell subsets were depleted in COVID-19,
including follicular helper T cells (TFh), regulatory T cells
(Tregs) cells, and gamma delta T (γδT) cells (Supplementary
Figure S5B). Surprisingly, the proportion of monocytes
significantly increased in COVID-19 (Figure 5B). In contrast,
the frequencies of activated natural killer (NK) cells and dendritic
cells (DCs) decreased in both mild and severe COVID-19
(Supplementary Figure S5C). The frequency of neutrophils
increased slightly in COVID-19, although the neutrophils were
normally excluded from PBMCs (Supplementary Figure S5C).
Furthermore, 4 lncRNAs were negatively correlated with T-cell
cytopenia but positively correlated with an increased frequency of
monocytes (Figures 5C,D). It implied that 4 lncRNAs might
participate in not only T-cell cytopenia but also increased
monocytes.

Monocytes have been implicated in the physiopathology of
COVID-19, and differences in transcriptional signatures about
monocytes are shown in Supplementary Figure S6A based on
Aaron J. Wilk’s single-cell RNA sequencing (scRNA-seq) (Wilk
et al., 2020). Both Mudd et al. (2020) and Zhou et al. (2021)
reported SARS-CoV2 could inhibit antigen-presenting ability in
monocytes, which led to T-cell cytopenia.

Furthermore, both Wen et al. (2020) and Zhou F et al. (2020)
observed that monocytes significantly increased and proved that
pro-inflammatory cytokines and chemokines genes were also
upregulated. A distinct change in cytokines and chemokines
was shown in mild and severe COVID-19, derived from
ImmPort (Bhattacharya et al., 2018), which were associated
with lncRNAs (|R| > 0.90 and p ≤ 0.01). (Supplementary
Figure S6B,C).

It indicated that SARS-Cov2 led to the upregulation of
lncRNA, T-cell cytopenia, and transcriptional differences of
monocytes, with a distinct change in cytokines and
chemokines, especially in severe COVID-19.

DISCUSSION

Previous studies reported lncRNAs played a potential role in
immune response. In order to find the lncRNA associated with

COVID-19, we performed a whole genomemicroarray of PBMCs
from COVID-19 and healthy donors.

In this study, we have demonstrated that 1) lncRNAs
AC136475.9, CATG00000032642.1, G004246, and
XLOC_013290 are active participants in COVID-19; 2) their
function enriched in dysregulation of TCR and HLA as well as
increased apoptotic proteins, which could be in part of T-cell
cytopenia; and 3) they also participated in monocyte
reprogramming, with a distinct change in cytokines and
chemokines.

Both the routine laboratory results and bioinformatics analysis
demonstrated that lymphopenia in the periphery was the
prominent feature in COVID-19, which was similar to
recently published data (Giamarellos-Bourboulis et al., 2020;
Huang et al., 2020; Tan et al., 2020; Chen et al., 2020)
(Supplementary Figure S1). Also, lymphocyte counts in
severe cases performed lower than those in mild cases, which
implied that the degree of lymphocytopenia was relevant to the
severity of COVID-19 (Qin et al., 2020; Wang et al., 2020).
Moreover, our results showed that the absolute number or
frequency of several immune subsets in severe COVID-19
significantly decreased compared to that in mild COVID-19,
including CD4 T cells, CD8 T cells, and natural killer cells (Kuri-
Cervantes et al., 2020) (Supplementary Figure S1, Figure 5).

Several explanations accounted for lymphopenia, caused by
SARS-CoV-2. First, the peripheral lymphopenia is possibly
attributed to the redistribution or recruitment of lymphocytes
from the periphery to the respiratory tract or lymphoid organs,
accompanied by the accumulation of lymphocytes (Liao et al.,
2020; Wichmann et al., 2020). Second, enrichment analysis
included the “apoptosis signaling pathway,” and viral infection
of lymphocytes might lead to cell death by apoptosis, necrosis, or
pyroptosis (Yue et al., 2018; Tan et al., 2007). Last, increased levels
of cytokines may be associated with lymphopenia. TNF-a led to
lymphocyte apoptosis, particularly for CD8 T-cell apoptosis
(Mehta et al., 2018). IL-10 was known as an
immunosuppressive effect, which also induced CD4 T and
CD8 T inactivation (Brooks et al., 2006). Type-I IFN had an
impact on lymphocyte proliferation, apoptosis, and expression of
cytokines and cytokine receptors and disrupted modulation of
S1P-S1P1 for lymphocyte recirculation (Kamphuis et al., 2006).
Moreover, COVID-19 patients who were admitted had a
substantial accumulation of inflammatory cytokines, including
TNF-a, IL-6, IL-2, and IL-10 (Supplementary Figure S1B),
especially in severe COVID-19.

Meanwhile, increased plasma inflammatory biomarkers were
accompanied by worsened symptoms, including C-reactive
protein, ferritin, and D-dimers, and neutrophil-to-lymphocyte
ratio (Wu et al., 2020; Ruan et al., 2020; Zhou et al.,2020).
Although the fraction of T cells decreased in severe COVID-
19, the frequency of monocytes and the levels of inflammatory
cytokines and chemokines evidently increased (Chen et al., 2020;
Gong et al., 2020; Huang et al., 2020; Qin et al., 2020; Yang L et al.,
2020). The aforementioned results indicated there is a potential
interaction between T-cell reduction and an increased proportion
in monocytes.
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Aaron J. Wilk found that the phenotype of the monocyte was
remodeled, in which the CD16+ monocyte was depleted, but they
did not find the series of pro-inflammatory cytokine genes coding
in the monocyte (Wilk et al., 2020). A single-cell analysis of
PBMCs from COVID-19 found that CD14+ monocytes were
significantly increased, while an observed decrease was shown in
CD16+ monocytes (Wen et al., 2020; Huang et al., 2021). Zhou Y
et al. (2020) not only observed that CD14+CD16+ monocytes
significantly increased but also proved that monocytes secreted a
large amount of IL-6 and GM-CSF. Moreover, substantial pro-
inflammatory cytokines and chemokines genes, associated with
CD14+ monocytes, were upregulated, such as IL1β, JUN, and
CCL4 (Wen et al., 2020). In addition, they suggested that pro-
inflammatory monocytes contribute to the potential cytokine
storm and also implied that various cytokines and chemokines
migrate to lung and lymph organs and then activate a series of
inflammatory immune cells and aggravate lung injury.

Despite the extensive clinical research studies on lncRNAs,
several questions still need to be further addressed. Several risk
factors, which affected the expression of peripheral lncRNAs,
must be observed to make more accurate predictions of
potential lncRNAs. First, Pujadas et al. (2020) reported that
there is an independent relationship between high viral load and
mortality. Among the enrolled patients in isolation wards or
intensive care units, the absolute viral load was not measured.
The laboratory result of SARS-COV-2 was positive or not. It is
difficult to determine the accuracy of lncRNAs in the
development and progression of COVID-19. Second, recent
research indicated that some of the risk factors could alter
the potential lncRNA expression in peripheral immune
response, including age (Lee et al., 2012), sex (Scully et al.,
2020), and some other comorbidities. In our studies, the
majority of the samples were male. As a specific biomarker
in COVID-19, whether lncRNAs were applied to female or not,
it is needed to be further verified. Furthermore, as the positive
control, patients, who did not suffer from COVID-19 but from
pneumonia or acute respiratory distress syndrome, were not
enrolled, and the specificity of non-coding RNA biomarkers still
need validation.

CONCLUSION

In this study, we reported the potential lncRNAs and their
correlation with T-cell cytopenia and an increased frequency
of monocytes in COVID-19. Our analysis provided bases for
therapeutic targets in COVID-19 as well as the SARS-CoV-2-
specific vaccines.

DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and
accession number(s) can be found in the article/
Supplementary Material.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by the Clinical Research Ethics Committee of The First
Affiliated Hospital, School of Medicine, Zhejiang University
(Approval notice 2020-38). The patients/participants provided
their written informed consent to participate in this study.
Written informed consent was obtained from the individual(s)
for the publication of any potentially identifiable images or data
included in this article.

AUTHOR CONTRIBUTIONS

YZ and HD conceived and designed the study. YZ, FS and YW
performed the experiments and statistical and bioinformatic
analysis. YM, QZ, KW and PZ collected and characterized
samples. YZ and HD wrote and edited the manuscript. All
authors read and approved the final manuscript.

FUNDING

This work was supported by the Key Research and Development
Plan of Zhejiang Province (2019C04005) and the National Key
Research and Development Program of China
(2018YFC2000500).

SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fmolb.2022.835590/
full#supplementary-material

Supplementary Figure S1 | Difference of peripheral lymphocyte subsets and
cytokines in COVID-19 patients. (A) Cell counts or frequency of lymphocytes,
neutrophils, monocytes, CD3+ T cells, CD4+ T cells, CD8+ T cells, NK cells,
and B cells in mild and severe groups were analyzed. (B) Levels of IL-6, TNF-a,
IFN-γ, IL-2, and IL-10 from mild and severe patients. (C) Characteristics of all
subjects for the microarray. The shaded region shows the normal range of the
indicated cell subset. M: mild; S: severe; Mild and severe patients were colored by
yellow and red, respectively. The data were compared by the Mann–Whitney U-test.
ns: non-significant; pp < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

Supplementary Figure S2 | Volcano plot of DE lncRNAs and mRNAs among three
groups.

Supplementary Figure S3 | WGCNA was performed for analysis of co-relation
between lncRNA and mRNA. The brown and green modules respectively are
AC136475.9, G004246, XLOC_013290, and CATG00000032642.1.

Supplementary Figure S4 | Expression and correlation of lncRNAs and mRNA; (A,
B) Expression of mRNA, related antigen presentation, and TCR were detected by
RT-PCR after stimulation by S-protein and HA for 0, 6, and 12 hours in HuT 78 cells
co-cultured with the activated THP-1; (C) correlation between lncRNAs and
apoptosis; (D) correlation between lncRNAs and TLRs. Statistical comparisons
are indicated by the arrows; ns: non-significant; pp < 0.05, **p < 0.01; Comparisons
were done by the ANOVA test.

Supplementary Figure S5 | Difference in immune cells among three groups; the
normal, mild, and severe patients were colored by green, yellow, and red,
respectively. Data were compared by the Mann–Whitney test; ns: non-significant;
*p < 0.05; **p < 0.01.
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Supplementary Figure S6 | Cytokine and chemokine profiles in COVID-19 patients.
(A) Heatmap of DE genes related to monocytes; (B) number of genes in 17 immune-
related pathways; (C) heatmap comparison of chemokines and cytokines; (D)

correlation heatmap between 4 lncRNAs with cytokines and chemokines. p-values
generated by one-way ANOVA with multiple comparisons by Tukey’s test. ns: non-
significant; *p < 0.05; **p < 0.01, ***p < 0.001, ****p < 0.0001.
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NematodemicroRNAs can Individually
Regulate Interferon Regulatory Factor
4 and mTOR in Differentiating T Helper
2 Lymphocytes and Modulate
Cytokine Production in Macrophages
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Parasitic nematodes are masterful immunomodulators. This class of pathogens has
evolved a spectrum of sophisticated strategies to regulate and evade host immune
responses, mediated through the release of various molecules. In this context, the
release of microRNAs (miRNAs), short post-transcriptional regulators of gene
expression, has been of particular interest in the host-parasite interplay. Evidence that
parasite-derived miRNAs modulate host innate and adaptive immune responses has
become increasingly compelling. However, since miRNAs are usually contained in
extracellular vesicles containing other mediators, it is difficult to assign an observed
effect on host cells to miRNAs specifically. Here, the effects of some abundantly
secreted miRNAs by nematodes used as models of gastrointestinal infections
(Heligmosomoides polygyrus bakeri, Trichuris muris and Ascaris suum) were evaluated,
addressing the potential of parasite miRNAs to impair in vitro differentiation of two
important types of immune cells in the context of helminth infections, Th2 lymphocytes
and macrophages. Mimicking a continuous exposure to low concentrations of nematode
miRNAs, the interferon gamma signaling, the IL-2/STAT5 signaling, and the mTOR
signaling pathways were identified as downregulated by Hpo-miR-71-5p. Interferon
regulatory factor 4 (Irf4) was validated as a target of Hpo-miR-71-5p, while Mtor is
targeted by Asu-miR-791-3p, abundant in the T. muris secretions. By trend, Hpo-miR-
71-5p impacts mildly but consistently on the amounts of inflammatory cytokines in
unpolarized macrophages but leads to slightly increased IL-10 level in alternatively
activated cells. In addition, our data suggests that transfected miRNAs remain for days
in recipient cells, and that Hpo-miR-71-5p can incorporate into mouse Argonaute protein
complexes. Nematode miRNAs can impair both innate and adaptive arms of host
immunity. Hpo-miR-71-5p in particular, absent in mammals, interacts with host genes
and pathways with crucial involvement in anthelmintic immune responses. This report
brings new insights into the dynamics of miRNA-driven immunomodulation and highlights
putative targeted pathways. Although the absolute repression is subtle, it is expected that
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the dozens of different miRNAs released by nematodes may have a synergistic effect on
surrounding host cells.

Keywords: parasitic nematode, microRNA, immunomodulation, T cells, macrophages, IRF4, mTOR, cytokines

INTRODUCTION

Parasitic helminths are macroscopic pathogens of plants and
animals, including humans. In 2013, over 2 billion human cases
were attributed to the main helminth species (Herricks et al.,
2017). In 2020, 24% of the world’s population was infected with
soil-transmitted helminths (Ascaris lumbricoides, Trichuris
trichiura, and the hookworms Necator americanus and
Ancylostoma duodenale), affecting primarily the poorest and
most deprived populations of tropical and subtropical areas of
the world (World Health Organization, 2020). However,
helminth infections cause not only diseases of the poor but
also have a colossal economic impact in Western countries,
especially in the livestock industry. Gastrointestinal (GI)
nematodes alone cause production losses in up to 50% of
ruminant farms analyzed in several European studies (Charlier
et al., 2014). Improvements in diagnostics and control
interventions will be crucial, as the development of drug
resistance has been fast and severe, for the most part in
livestock parasites (Kaplan and Vidyashankar, 2012; Selzer and
Epe, 2020).

Upon host colonization, helminth infections and resulting
diseases tend to become stable and chronic. This is at least in
part due to the exceptional abilities of this class of pathogens to
manipulate their hosts and modify surrounding tissues to their
own advantage (Maizels and McSorley, 2016).

The so-called “modified type 2 immunity” elicited by
helminths in their mammalian hosts is characterized by a
CD4+ T helper 2 (Th2)-driven response, accompanied by
regulatory T cell (Treg) subsets that dampen inflammation
(Allen and Maizels, 2011; Girgis et al., 2013). Th2 responses
confer partial resistance to parasitic worms and help control
infection and inflammation while promoting wound healing.
While hosts mount immune responses to constrain the
detrimental impact of such infections, helminths have evolved
a spectrum of sophisticated strategies to regulate and evade host
immune responses. As a result, the immune pathways that would
be engaged to lead to worm expulsion are neutralized, and
immunity is globally dampened, also affecting responses to
unrelated bystander antigens (Maizels and McSorley, 2016).
These effects are mediated through the release of parasite-
derived molecules of various types.

Excretory/secretory (E/S) molecules of the phylum Nematoda
have been studied extensively for their immunomodulatory
properties. E/S soluble proteins in particular affect host
immune responses through various mechanisms from
mimicking host molecules, to inhibiting immune processes,
degrading key host molecules, or facilitating entry into and
movement within hosts (Bellafiore et al., 2008; Hewitson et al.,
2009; Shepherd et al., 2015; Tritten et al., 2021). Other types of
molecules contribute to the continuous dialogue between

helminth and host, including glycans, lipids (Whitehead et al.,
2020) and nucleic acids (Buck et al., 2014; Sotillo et al., 2020).
Following pioneering studies demonstrating host gene
modulatory effects of nematode microRNAs (miRNAs) (Buck
et al., 2014), non-coding RNAs have been of particular interest in
the host-parasite interplay. miRNAs are short post-
transcriptional regulators of gene expression that are integral
to virtually all biological processes in eukaryotes. Silencing of the
partially complementary mRNA targets occurs through a
combination of translational repression and/or mRNA
destabilization, ultimately leading to mRNA degradation
(Jonas and Izaurralde, 2015). For their regulatory functions,
miRNAs associate with protein complexes including
Argonaute proteins (AGO), part of the RNA induced silencing
complex. The way a targeted mRNA becomes silenced depends
on the degree of complementarity between miRNA and the
mRNA site. Full complementarity enables catalytically active
AGO to cleave the mRNA directly, while incompletely
complementary miRNAs require recruitment of additional
protein partners to mediate silencing through a combination
of repression, deadenylation, decapping, and degradation of the
transcript (Jonas and Izaurralde, 2015). miRNA-driven
repression is characterized by both redundancy and pleiotropy
in targeted genes and pathways. Evidence that parasite-derived
miRNAs modulate host innate and adaptive immune responses
has become increasingly compelling (Coakley et al., 2015, 2016).
Available data suggest a widespread incorporation of helminth
miRNAs into a broad range of host cells. Various crucial host
immune functions are repressed by nematode miRNAs in vitro
following internalization of parasite-derived extracellular vesicles
(EVs), as well as in vivo (Buck et al., 2014; Zamanian et al., 2015;
Coakley et al., 2017; Eichenberger et al., 2018a; Liu et al., 2019;
Meningher et al., 2020; Tran et al., 2021). miRNAs released from
Litomosoides sigmodontis were preferentially detected in host
macrophages in vivo (Quintana et al., 2019), similar to
miRNAs from Schistosoma japonicum EVs (Liu et al., 2019).
miRNAs found in S. japonicum EVs regulated host macrophage
functions and are able to incorporate into mouse AGO2 in vitro
(Liu et al., 2019). Schistosoma mansoni EV-contained miRNAs
are taken up by host T helper cells and impair Th2 differentiation
by targeting MAP3K7 and inhibiting NF-κB activity. The same
paper reported the presence of S. mansoni miRNAs in Peyer’s
patches and mesenteric lymph nodes of infected hosts
(Meningher et al., 2020). Similarly, Haemonchus contortus-
derived circulating miRNAs were detected in infected sheep
lymph nodes (Gu et al., 2017). The trematode Fasciola
hepatica hijacks host miRNA machinery in macrophages,
where they negatively regulate production of inflammatory
cytokines and modulate early immune response to the parasite
(Tran et al., 2021). Several gaps remain in our understanding of
host gene repression by helminth miRNAs (Claycomb et al.,
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2017). Currently, it seems that in order to regulate host genes,
helminth miRNAs must be loaded onto host AGO2 proteins,
taking advantage of the effector machinery in place (Donnelly
and Tran, 2021), an interaction likely dictated by miRNA
sequence and structure, and perhaps also by cell-specific needs
(Ricafrente et al., 2020; Brosnan et al., 2021; Donnelly and Tran,
2021; Luo et al., 2021).

In addition to cells of the innate immune system such as
macrophages, important recipient cells of nematode miRNAs
(Quintana et al., 2019), a few reports indicate that T lymphocyte
development and differentiation may be commonly targeted by
helminth-derived miRNAs (Duguet et al., 2020; Meningher et al.,
2020). Here, we studied the effects of some abundantly secreted
miRNAs by nematodes used as models of gastrointestinal
infections (Heligmosomoides polygyrus bakeri, Trichuris muris
and Ascaris suum). Computational target predictions in the
mouse genome identified the master transcription factor of
Th2 differentiation Gata3 among other important genes. We
addressed the potential of parasite miRNAs to impair Th2 and
macrophage differentiation in vitro, which evolved as a response
to helminth infections and confer some degree of anthelmintic
resistance (Allen and Maizels, 2011). We showed that crucial
pathways for the differentiation into Th2 cells are downregulated
by transfection of synthetic nematode miRNAs and validated
interactions with some of their predicted targets. By trend,
macrophages exposed to nematode miRNAs produced reduced
amounts of inflammatory cytokines. We conclude that nematode
miRNAs can impair both the innate and adaptive arms of host
immunity by interacting with essential genes.

MATERIALS AND METHODS

Bioinformatics Analysis
Secreted miRNA lists from H. polygyrus bakeri, T. muris, and A.
suum were retrieved from the literature (Buck et al., 2014; Tritten
et al., 2017; Eichenberger et al., 2018b; Hansen et al., 2019). Target
prediction in the mouse genome for the top 20 most abundant
miRNAs was performed as described previously (Duguet et al.,
2020) using the TargetScan software package v. 7 (http://www.
targetscan.org), implemented as a standalone workflow under
iPortal (Kunszt et al., 2015) and openBIS (Bauch et al., 2011),
using default parameters (Agarwal et al., 2015). The model takes
14 different features of the miRNA, miRNA site, or mRNA into
account to predict which sites within mRNAs are most effectively
targeted by miRNAs and further relies on a multi-species
alignment of 3′UTR across 84 vertebrate species derived from
the UCSC genome browser. Results were deposited in Mendeley
Data: https://data.mendeley.com//datasets/358nm9mhpr/1).
Predicted targets were screened using R Studio (4.0.3 (R Core
Team, 2017)) against lists of typical gene markers and molecules
involved in development of Th2 cells (Stubbington et al., 2015;
Zhu, 2015), as well as all mouse genes listed in the 15 KEGG
pathways under 5.1. “Immune system” (Kanehisa et al., 2017)
accessed in May-June 2018. KEGG pathways comprised:
Hematopoietic cell lineage, Toll-like receptor signaling
pathway, NOD-like receptor signaling pathway, C-type lectin

receptor signaling pathway, Natural killer cell mediated
cytotoxicity, Antigen processing and presentation, T cell
receptor signaling, Th1 and Th2 cell differentiation, Th17 cell
differentiation, IL-17 signaling pathway, Fc epsilon RI signaling
pathway, Fc gamma R-mediated phagocytosis, Leukocyte
transendothelial migration, Intestinal immune network for IgA
production, and Chemokine signaling pathway.

T Cell Differentiation
Wild-type female C57BL/6J mice were ordered from Envigo
(Netherlands) and euthanized with CO2 between 5 and
12 weeks of age to isolate naïve CD4+ T cells. The spleen and
the inguinal, axillary, brachial, and cervical lymph nodes were
dissected and processed as described (Flaherty and Reynolds,
2015), with some modifications. Under sterile conditions, tissues
were crushed against a 100 μm cell strainer (Corning) and filtered
through a second 100 μm cell strainer. Cells were pelleted at 475 x
g for 5 min at 4°C. Cells from lymph nodes were resuspended in
sterile PBS and kept on ice. Splenic cells were resuspended in 1 ml
ACK lysis buffer (Gibco) for 1 min to remove erythrocytes and
washed twice with PBS.

Naïve CD4+ T cells were purified by depletion of memory
CD4+ T cells and non-CD4+ T cells using a mouse Naïve CD4+

T cell Isolation Kit (Miltenyi Biotec) on LS columns (Miltenyi
Biotec), following the manufacturer’s instructions. Isolated naïve
CD4+ T cells were counted and cultured in anti-CD3ε (clone 145-
2C11, eBioscience) and α-CD28 (clone 37.51, eBioscience) coated
plates in 500 µl RPMI complete (RPMI-1640 containing 10% v/v
FBS (Corning), 100 U/ml penicillin, 100 μg/ml streptomycin,
2 mM L-glutamine and 50 μM β-mercaptoethanol),
supplemented with 10 ng/ml recombinant mouse IL-4
(Biolegend), 30 U/ml recombinant human IL-2 (Biolegend),
and 5 μg/ml anti-IFN-γ (clone XMG1.2, eBioscience), and
2 μg/ml anti-CD28 (Flaherty and Reynolds, 2015)). Cells were
cultured at 37°C, 5% CO2. After 48 h, 500 µl fresh RPMI complete
were added to each well. Cells were counted at 72 h and seeded at
1 × 106 cells/ml in RPMI complete containing only 20 U/ml
recombinant human IL-2 (Biolegend) and 5 μg/ml anti-mouse
IFN-γ (clone XMG1.2, eBioscience). After 92 h in culture, cells
were re-stimulated at 1 × 106 cells/ml with 1 μg/ml anti-CD3ε
(clone 145-2C11, eBioscience) for 4 h prior to RNA extraction, or
with 1 μg/ml ionomycin (Merck) and 10 ng/ml PMA (Sigma-
Aldrich) for 4 h with the addition of 3 μg/ml brefeldin A
(ThermoFisher Scientific) for the last 3 h for FACS analysis, as
described (Flaherty and Reynolds, 2015). Total RNA was
extracted using an RNeasy Plus mini kit (Qiagen). RNA
concentration was quantified using a Qubit 4 Fluorometer.
Prior to FACS analysis, cells were treated with 10 μg/ml
brefeldin A and with a dilution of 1:1,000 Live/Dead Fixable
Near-IR Dead Cell Stain Kit (Invitrogen) according to the
manufacturer’s instructions. Cells were fixed and
permeabilized with a BD Cytofix/Cytoperm kit (BD
Biosciences) and intracellular staining was carried out with
APC anti-mouse IFN-γ antibody (Biolegend) diluted 1:20 and
PE-efluor610 anti-mouse IL-13 antibody (Invitrogen) diluted 1:
100. Data were acquired on a Cytoflex S flow cytometer (Beckman
Coulter) and further analyzed in FlowJo Software v10.8.
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Compensation matrix was created using VersaComp Antibody
Capture Bead Kit (Beckman Coulter).

Differentiating T Cell miRNA Transfection
Cells were transfected with synthetic miRNAs once or several
times at various time points, between 0 and 90 h after culture
start. We used mirVana miRNA mimics (Ambion,
LifeTechnologies) of Hpo-miR-71-5p (mature sequence: UGA
AAGACAUGGGUAGUGAGAC), Hpo-miR-100-5p (mature
sequence: AACCCGUAGAUCCGAACUUGUGU), and Hpo-
miR-10021-5p (mature sequence: UGAGAUCAUCACCAU
AAGCACA), as they are among the most abundant freely
circulating miRNAs found in H. polygyrus bakeri culture
supernatants (Buck et al., 2014; Tritten et al., 2017). We used
additionally Hpo-miR-1-3p (mature sequence: UGGAAUGUA
AAGAAGUAUGUA) the mirVana miRNA mimic universal
negative control #1 (Ambion, LifeTechnologies), a random
sequence miRNA mimic molecule validated to not produce
identifiable effects on known miRNA function in human cells.
miRNAmimics were transfected into 2 × 105—1 × 106 cells using
lipofectamine RNAiMax (Invitrogen) and OPTI-MEM I 1x
(Gibco) following the manufacturer’s protocol at final
concentrations of 10 nM or 50 nM. A combination of miR-71,
miR-10021, and miR-100 was also tested at the same total
concentration (e.g., 3.33 nM of each individual miRNA).
Information on miRNAs used in this work is provided in
more detail in Supplementary Table S4.

Transfection Efficiency and Imaging
The proportion of transfected Th2 cells was determined by FACS
analysis following transfection with 50 nM BLOCK-iT
fluorescent oligo (Invitrogen) and lipofectamine RNAiMax
(Invitrogen) as described above. The proportion of FITC-
labeled cells was determined 1–48 h post-transfection in cells
at various stages throughout the differentiation protocol (from
naïve CD4+ T cells to 96 h in culture) exposed to i) BLOCK-iT
fluorescent oligo + lipofectamine, ii) BLOCK-iT fluorescent oligo
without lipofectamine and iii) lipofectamine only. Cells
transfected with 40 nM BLOCK-iT fluorescent oligo were
imaged 1 and 3 h post-transfection and co-stained with
LysoTracker Red DND-99 (Invitrogen) for live cell imaging in
a Leica DMI6000 B inverted fluorescence microscope (Leica
Microsystems, Germany) equipped with a Leica DFC365 FX
camera (Leica) and recorded using the LAS X software (Leica).
Images were compiled in ImageJ (v.1.53k).

Transcriptome Analysis
Total RNA from 3 independent experiments of differentiating
Th2 cells treated every 24 h with 10 nM miRNA was quality
controlled using the fragment analyzer (Agilent Technologies,
Santa Clara, CA, United States) at the Functional Genomics
Center Zurich. Subsequent library preparation and sequencing
was performed using Illumina Truseq mRNA library protocol.
RNA sequencing was performed using an Illumina Novaseq
6000 sequencer with single read 100bp. Sequencing reads were
aligned using STAR (Spliced Transcripts Alignment to a
Reference) (Dobin et al., 2013) with the Ensembl mouse

genome build GRCm38.p6 (provided by GENCODE M23
release) as reference. Gene expression values were obtained
with the function featureCounts from the R package Rsubread
(Liao et al., 2013). Differential expressed (DE) genes analysis
was computed with the Bioconductor package EdgeR.
Determination of cell types and their proportion in our
samples was assessed by Digital Sorting Algorithm (Zhong
et al., 2013). Following the analysis of the estimated cell type
fractions, DE genes were computed comparing different
miRNA treatments versus the universal negative control, or
versus lipofectamine (the transfection reagent) only, using the
donor mouse as experimental factor. Variability caused by
differences in cell type composition was estimated and
modeled using the RUVSeq package (Risso et al., 2014).
Raw data was deposited on GEO https://www.ncbi.nlm.nih.
gov/geo/query/acc.cgi?acc=GSE180829 (reviewer token:
qrchacisjnojnmv) DE genes (cutoff: p < 0.01) were subjected
to pathway analysis in Enrichr (Kuleshov et al., 2016; Xie et al.,
2021), using the MSigDB Hallmark 2020 as library (Liberzon
et al., 2015).

Macrophage Assays–miRNA Transfections
and Polarization
Raw 264.7 blood macrophages (cell line 91062702, ECACC) were
seeded at a density of 5 × 105 cells in 500 µl DMEM 1x (Gibco)
containing 10% v/v FBS (Corning), 100 U/ml penicillin, and
100 μg/ml streptomycin, and transfected with 100 nM mirVana
mimics (list) and lipofectamine RNAiMax (Invitrogen). After 24
h, cells were collected, washed with PBS and resuspended in
500 µl fresh media without further addition (M0: neutral
activation status), or polarized with 20 ng/ml IFN-γ
(Biolegend) and 100 ng/ml lipopolysaccharide (eBioscience;
M1: classical activation), or 10 ng/ml recombinant mouse IL-4
(Biolegend; M2: alternative activation). Cells were incubated for
6 h at 37°C, 5% CO2, and collected for RNA isolation.
Supernatants were centrifuged for 10 min at 1,500 x g, 4°C to
remove debris and frozen at -80°C. The experiment was
conducted 3 times independently.

Luminex Assay–Cytokines in Supernatants
Supernatants from Raw 264.7 macrophages were analyzed on a
Luminex FlexMAP 3D using a Milliplex MAP Mouse Cytokine/
Chemokine Magnetic kit (MCYTMAG-70K-PX32; Merck
Millipore) for the simultaneous measurement of 32 cytokines
and chemokines, following the manufacturer’s
recommendations. Median fluorescent intensity data were
analyzed in GraphPad Prism (v. 9.2.0) using a five-parameter
logistic curve-fitting method for calculating cytokine/chemokine
concentration as recommended by the manufacturer. Data were
produced for 3 independent experimental replicates.
Concentrations and the Dunnett’s test were computed in
RStudio.

Reporter Assays
Predicted target sites were inserted on the pmirGLO dual
luciferase miRNA target expression vector (Promega) and
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cloned into HeLa cells. Briefly, 20,000 cells were seeded into
Costar flat-bottom white 96-well plates in 200 µl media
(DMEM 1x high-glucose (Gibco) containing 10% v/v FBS
(Corning), 100 U/ml penicillin and 100 μg/ml streptomycin)
and allowed to attach for 24 h at 37°C, 5% CO2. HeLa cells were
co-transfected with 200 ng/well vector (with or without target
site insert) and different miRNA concentrations (50, 25, or
0 nM) using lipofectamine reagent 3000 (Invitrogen),
following manufacturer’s instructions. Cells were lysed and
luminescence was quantified sequentially (Firefly followed by
Renilla) using the Dual-Glo luciferase assay system (Promega).
Assays were conducted 3 times independently, with 5-6 well
per condition. A two-step normalization analysis was
undertaken to quantify luciferase relative activity (Campos-
Melo et al., 2014). Dunnett’s tests were performed for each
miRNA concentrations separately, with the luminescence
ratios obtained on the vector containing the insert versus
those obtained from the empty vector, as described
(Campos-Melo et al., 2014).

Mouse AGO2 Pull Down Assays and
RT-qPCR
To verify that synthetic miRNAs were incorporated into host
cell silencing machinery, differentiating mouse Th2 cells were
transfected at 92 h with 75 nM mirVana mimic Hpo-miR-71-
5p, which is a nematode-specific miRNA, absent in
mammalian cells. Mouse AGO2 pull-down assays followed
by miRNA isolation were conducted 4 h later using a
microRNA Isolation kit Mouse Ago2 (Fujifilm). For each
condition (Hpo-miR-71-5p transfected and untransfected
samples), 4 × 106 cells were used in 3 biological replicates
representing different donor mice. The same procedure was
applied to fresh mesenteric lymph nodes from 2 H. polygyrus
bakeri infected mice. A custom-designed stem-loop RT-qPCR
assay (modified from (Tritten et al., 2014); stem-loop primer
for RT: 5′-CCA GTG CAG GGT CCG AGG TA-3′, forward
primer: 5′-TCG GGT AGT GAA AGA CAT GGG TAG T-3′,
universal reverse primer: 5′-CCA GTG CAG GGT CCG AGG
TA-3′, probe: 5′- FAM - CGC ACT GGA TAC GAC GTC TC-
MGBQ5 - 3′) was employed to detect the presence of
transfected Hpo-miR-71-5p in miRNAs isolated from
mouse Ago2 pull-downs. We used the RT Maxima H Minus
reverse transcriptase (Thermo Scientific) and the TaqMan Fast
Advanced master mix (Applied Biosystems); amplification was
performed on a QuantStudio 7 Flex real-time PCR system
(Applied Biosystems/Life Technologies).

Ethics Approval
Ethical clearance for work involving mice was obtained from
the Cantonal Veterinary Office of Zurich (permit number
ZH186/18). All experiments were conducted in accordance
with the Swiss cantonal and national regulations on animal
experimentation. The H. polygyrus bakeri life cycle is
maintained by Prof. J. Keiser at the Swiss TPH (University
of Basel), under license 2070 granted by the Cantonal
Veterinary Office of Basel-Stadt.

RESULTS

Hypothesizing that nematode miRNAs present at higher
concentrations may have a greater impact on host gene
expression, we focused our analysis arbitrarily on the 20
miRNAs most abundantly secreted by three parasitic species,
H. polygyrus bakeri, T. muris and A. suum (Supplementary Table
S1). Genes resulting from target predictions of these miRNAs
were matched to genes functionally relevant for T cells and
macrophages. The number of predicted interactions between
miRNAs and each gene—regardless of the nature of the
predicted miRNA binding site and without taking overlapping
binding sites into consideration—highlights putative differences
in miRNA-mediated host gene regulation by the three nematodes
(Supplementary Table S2). For instance, Gata3 is predicted to be
targeted 5x by H. polygyrus bakeri, 1x by T. muris, and 8x by A.
suum miRNAs. Guided by the transcriptional network and
positive feedback regulation during Th2 cell differentiation
(summarized in (Yang et al., 2013; Zhu, 2015), Figure 1), we
functionally validated several predicted targets of interest in
differentiating Th2 cells. Several key elements of the
transcriptional network for Th2 differentiation represent
computationally predicted targets (Figure 1). Among them
were genes encoding the Th2 master regulator GATA3 and
the IL-4Rα, another molecule central to Th2 immunity elicited
against helminths (Allen and Maizels, 2011). Also, the
mechanistic target of rapamycin (mTOR) was among the
predicted gene targets of T. muris secreted miRNAs. The most
frequently targeted genes by H. polygyrus bakeri and A. suum
abundantly secreted miRNAs: D1ertd622e (or macrophage
immunometabolism regulator (MACIR)), predicted to be
targeted 169x and 162x, respectively, followed by cAMP
response element modulator (Crem 113x and 119x,
respectively), and Mapk10, (84x and 85x, respectively).
miRNAs secreted by T. muris were predicted to target
D1ertd622e 191x, Crem 113x, and catenin delta 1 (Ctnnd1),
79x (Supplementary Table S2).

Individual Abundant Nematode miRNAs
Enter Host Cells but do Not Abrogate Th2
Differentiation or Proliferation
To reproduce the regular or constant exposure to worm
secretions, as expected during an ongoing infection, the
impact of daily transfections with synthetic nematode miRNA
on cell proliferation was monitored at 92 h in several experiments
(two to eight replicated per condition). Cell counts were not
significantly different across miRNA treatments or controls (p =
0.58, Figure 2A).

The proportion of Th2 cells, measured by flow cytometry at
96 h and defined by expression of IL-13, varied markedly across
experiments (Figure 2B). This was also observed with cells from
different individual mice of the same batch (age and sex matched,
but not necessarily litter mates). On average per transfection
condition, only 7.66% (±3.45%; based on 2 experiments) of cells
exposed to the 3-miRNA combination (combo; miR-71 + miR-
100 + miR-10021) expressed IL-13; 12.23% (±5.45% miR-71) and
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19.0% (±6.49%; miR-10021) of cells were considered fully
differentiated Th2. Untransfected cells reached on average
13.69% (±4.62%) of Th2; cells exposed to the universal
negative control (UNC) showed on average 15.79% (±5.64%)
differentiated Th2 cells (Figure 2B). Th2 proportions across
treatments and controls were not significantly different (p =
0.20). The remaining cells were most likely not fully
differentiated or uncommitted as in vitro differentiation
procedures usually yield a maximum of 25% of Th2 cells
(Flaherty and Reynolds, 2015). Cells expressing IFN-γ were in

the range of 1% of the population or below, confirming a clean
Th2 culture.

Transfection efficiency in macrophages and differentiating
Th2 lymphocytes was assessed with a fluorescently labeled
oligonucleotide (Figure 3). Unpolarized and alternatively
activated macrophages (M2) showed a high rate of oligo
uptake (>80%), only when the transfection reagent was used.
In contrast, M1 macrophages showed a lower transfection
efficiency, with a third of cells displaying fluorescence.
Regardless of time in culture and differentiation status, at least

FIGURE 1 | Schematic transcriptional network and positive regulation during Th2 lymphocyte differentiation and interference by nematode miRNAs. Elements in
red represent genes of which at least some isoforms represent predicted targets of the 20 most abundantly secretedH. polygyrus bakeri, T. muris and A. suummiRNAs.
Briefly, T cell receptor (TCR) stimulation activates downstream molecules such as nuclear factor of activated T-cells (NFAT), nuclear factor-κB (NFκB), and AP-1, in turn
leading to upregulation of interferon regulatory factor 4 (IRF4) (Zhu, 2015). IL-4-mediated Stat6 activation and other signaling pathways also induce GATA3
expression. GATA3 may directly or indirectly regulate Th2 cytokine expression by inducing other transcription factors such as c-Maf, JunB, or Dec2, some of which may
further sustain GATA3 expression. The IL-2—Stat5 axis is also crucial for Th2 cytokine production and was significantly downregulated by our transfected miRNAs
(orange block). Activated T cells produce IL-2 and IL-4, among others, upregulating IL-2 and IL-4 receptors, creating a positive feedback loop. mTOR in the complex
mTORC2 is required for Th2 differentiation via two mechanisms: i) repression of expression of negative regulators of IL4-R and STAT6, and ii) promotion of NF-κB-
mediated transcription (Chi, 2012). Some elements of this image were created with Biorender.com

FIGURE 2 | Cell counts and proportions of fully differentiated Th2 cells. Cell counts after 92 h into culture (A) and proportion of Th2 cells at the end of the
experiments (96 h, (B), as reflection of IL-13 positive labeling, measured by FACS. Colors indicate independent experiments; stars indicate the mean for each miRNA
treatment. Cell counts are expressed in log10 of average cell counts.
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FIGURE 3 | Transfection efficiency. (A–C) Raw 264.7 macrophages (mϕ) transfected with a fluorescent oligonucleotide (representative examples). (A) 83.8% of
unpolarized macrophages showed FITC fluorescence 1 h post transfection with BLOCK-iT fluorescent oligonucleotide (FITC labeled) and lipofectamine (red). Cells
exposed to the oligo only are shown in blue, or to the transfection reagent only, in orange. (B) Classically activated macrophages (M1) showed only 31.7% transfection
efficiency with the fluorescent oligo and lipofectamine (red). (C) Alternatively activated macrophages (M2) showed a high transfection efficiency, similar to M0 cells,
with 82.7% cells showing FITC labeling. Transfection efficiency in differentiating Th2 cells (D–F). CD4+ naïve T cells were transfected with BLOCK-iT fluorescent oligo
upon start of the differentiation protocol (day 0). Transfection efficiency was measured after 1 h (D) and again after 48 h (E). Cells transfected at the end of the
differentiation protocol (96 h) showed 87.8% of FITC-labelled cells when the oligo was introduced into cells with lipofectamine (F). (G) Live cell imaging of transfected
differentiating Th2 cells. CD4+ T cells were transfected at 96 h of Th2 differentiation with a FITC-labelled oligo (green) and imaged 1 h post-transfection (magnification: 60
x). Lysosomes were stained with Lyso-Tracker red DND-99 (red). There is a priori no co-localization between introduced oligonucleotides and lysosomes. (H) Real-time
PCR amplification of Hpo-miR-71-5p frommiRNA following mouse AGO pull-downs, 4 h after transfection of Th2 cells with miRNAmimics. miRNA transfected samples
are represented by blue, red, and green replicate curves.
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60% of live CD4+ T cells showed detectable signal by FACS
analysis, as early as 1 h post-exposure to lipofectamine-
oligonucleotide complexes. The signal was still detectable in
64.8 and 70% of cells 48 h post-transfection (2 samples, one of
them shown in Figures 3D,E). A maximum of 10% of cells
exposed to the oligonucleotide only (without transfection
reagent) showed staining. Live cell imaging 1 h post-
transfection allowed the detection of FITC-labeled
oligonucleotide in small clusters, which did not co-localize
with lysosomes and other acidic organelles (Figure 3G).
However, this does not exclude the possibility that diffusion of
oligonucleotides into the cytosol may have occurred.
Lipofectamine transfection reagents are typically expected to
deliver their contents via fusion with the cell membrane,
rather than by active endocytosis, thereby releasing their cargo
into the cytosol.

Nematode miR-71 Incorporates Into AGO2
Protein Complexes in Transfected
Differentiating Th2 Cells to Regulate Mouse
Gene Expression
Our understanding of host gene repression by helminth miRNAs
remains incomplete. A currently popular concept is that helminth

miRNAs must be loaded onto host silencing protein complexes
(AGO2 in particular) to regulate host genes (Donnelly and Tran
2021). This interaction is likely to be at least partially dictated by
miRNA sequence and structure (Luo et al., 2021). Because miR-
71 is specifically expressed by nematodes and does not have a
close homolog in mammalian systems, we asked whether it would
also be able to interact with host AGO2. Differentiating Th2 cells
(after 92 h in culture) were transfected with miR-71; cells were
lysed for AGO2 precipitation after 4 h, followed by miRNA
isolation. As expected, the mature Hpo-miR-71-5p was
detected by RT-qPCR (Average CT = 28.78 ± 0.18) in
transfected cells but not detected in untransfected cells (CT >
37; Figure 3H). However, using the same real-time PCR assay,
miR-71 was not detected in the mesenteric lymph nodes from H.
polygyrus bakeri infected mice, likely present below the detection
capacity of the assay.

Nematode miRNAs Downregulate Critical
Genes and Pathways of the Th2
Differentiation Process
Throughout the 4-day differentiation, CD4+ cells were
transfected daily with low doses (10 nM) of the three most
abundant H. polygyrus bakeri secreted miRNAs, to reproduce

TABLE 1 | Most strongly up- and downregulated pathways. DE genes (p < 0.01) were submitted to Enrichr for pathway enrichment against the MSigDB Hallmark 2020
library. Combo: combination of miR-100, miR-10021, and miR-71 in equal parts, where the total amount of miRNA introduced is the same as for individual miRNAs
(i.e., 10 nM). UNC: universal negative control. Data for miR-100, miR1 and combo are from two independent experiments only.

Downregulated Pathways by miRNA transfection Compared with the UNC miRNA

Pathway Name Adj. p-value Contributing genes

miR-100* vs UNC - - -

miR-71 vs UNC Interferon Gamma Response <0.01 IFITM3, EIF4E3, IRF4, PSMA2
IL-2/STAT5 Signaling 0.04 IFITM3, IRF4, CD48
mTORC1 Signaling 0.04 EBP, TFRC, CCNG1

miR-10021 vs UNC - - -

Combo* vs UNC Interferon Alpha Response 0.07 LGALS3BP, IFIH1, LY6E

miR-1* vs UNC Protein Secretion 0.06 AP2S1, VPS45, SEC24D
Oxidative Phosphorylation 0.06 UQCRQ, MRPS11, MRPS12, ATP6V1D
mTORC1 Signaling 0.06 SLC9A3R1, SQSTM1, ATP6V1D, NFKBIB
Myc Targets V1 0.06 PSMA2, RUVBL2, NHP2, SNRPA

Transfection reagent vs UNC IL-2/STAT5 Signaling <0.01 PENK, LRRC8C, PIM1, LIF, CD48
mTORC1 Signaling 0.01 TFRC, DHCR24, TMEM97, ATP6V1D
Inflammatory Response 0.01 OSM, LIF, LTA, CD48
Fatty Acid Metabolism 0.04 GPD2, FASN, DHCR24

Upregulated pathways by miRNA transfection compared with the UNC miRNA

- Pathway name Adj. p-value Contributing genes

Transfection reagent vs UNC TNF-alpha signaling via NF-kB <0.01 NR4A1, BTG2, EGR2, IRF1, PDE4B, MXD1
Apoptosis 0.01 TGFBR3, BTG2, CASP7, BCL2L11, IRF1
Interferon Gamma Response 0.01 CASP7, IRF1, PDE4B, JAK2, SAMHD1
Complement 0.01 CASP7, SRC, BRPF3, IRF1, JAK2
UV Response Up 0.03 NR4A1, BTG2, BCL2L11, IRF1
IL-2/STAT5 Signaling 0.04 CTLA4, CAPN3, MXD1, IGF1R
Inflammatory Response 0.04 BTG2, IRF1, PDE4B, MXD1
heme Metabolism 0.04 BTG2, CIR1, TENT5C, KDM7A
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the expected constant pressure exerted by nematode miRNAs on
surrounding host cells. A whole transcriptome analysis was
carried out with total RNA collected after 4 days in culture.
Sequenced transcripts from three independent differentiation-
transfection experiments resulting from a whole transcriptome
analysis displayed strong batch effects and inter-individual
variability across donor mice. To correct for non-specific
responses upon introduction of nucleic acids into cells, all
pairwise comparisons were made against treatment with UNC,
for which no target is known. Only between 11 and 110 genes
were DE across comparisons between synthetic miRNA
treatments and the UNC miRNA, cutoff: p < 0.01, across all
fold-changes and FDRs (Table 1, Supplementary Table S3). No
upregulated pathways appeared below the p-value threshold of
0.05, except in the comparison between the transfection reagent
without miRNA and the UNC. The upregulation of these eight
pathways can be interpreted as non-specifically downregulated by
the UNC miRNA. Some of these overlap with pathways
downregulated by other miRNAs, however, without overlap of
the contributing genes.

A closer look at the most strongly up- and downregulated
genes provides further insights into the effects of nematode
miRNA mimics on expression of individual genes. SpiB, a
transcription factor associated with the DN3 stage in T cells,
was among genes with the highest fold change after
transfection with miR-71, miR-100, and miR-10021
individually or in combination. Among the most strongly
downregulated genes, a large fraction shows involvement in
cell metabolism, with no unique functions in T lymphocytes.
Determinants of lysosomal function (e.g., transcription factor
EB (Tfeb) and N-sulfoglucosamine sulfohydrolase (Sgsh)) were
downregulated. Of special interest was the downregulation of
interferon-inducible transmembrane (IFITM) proteins
(Ifitm3) and homeodomain-only protein homeobox (Hopx),
both associated with CD4+ T cells differentiation potential
(Opejin et al., 2020; Yánez et al., 2019, 2020). CD48 is crucial
for CD4+ T cell activation, as observed in CD48-deficient mice
(González-Cabrero et al., 1999); however, downregulation by

miR-71 is likely non-specific since Cd48 expression was
decreased by the transfection reagent alone. The mTOR
signaling controls multiple effector T cell fates, including
Th2. mTORC1 regulates exit from quiescence of naïve
T cells, which undergo metabolic reprogramming (Yang
et al., 2013). For instance, mTORC1 activates transcription
factors (e.g., HIF-1α and MYC), which in turn stimulate
transcription of the transferrin receptor (TFRC;
downregulated upon miR-71 treatment), required to import
cofactor Fe3+ to support cell growth and proliferation (Truillet
et al., 2017). Among molecules of the transcriptional network
and positive regulation of Th2 lymphocyte differentiation
(Figure 1), our transcriptome analysis did not confirm
significant regulation of Gata3, Il4ra, Nfat, NFkB, or c-Maf.
However, interferon regulatory factor 4 (Irf4) showed a modest
but significant decrease (log2 FC = -0.19) in miR-71 exposed
cells. IRF4 promotes differentiation of naïve CD4+ T cells into
Th2, Th9, Th17, or T follicular helper cells. It is required for
functional effector regulatory T cells, as well as for the
differentiation of many myeloid, lymphoid, and dendritic
cells (Huber and Lohoff, 2014). Several mechanisms exist:
IRF4 may promote IL-4 production by binding to the IL-4
promoter directly and in cooperation with members of the
NFAT transcription factor family, by indirectly regulating IL-
2-mediated Th2 expansion, or by upregulating GATA3
expression. In fact, overexpression of GATA3 may rescue
IL-4 production in Irf4−/− Th2 cells, suggesting a pivotal
role for IRF4-dependent GATA3 expression for T cell
differentiation into Th2 (Lohoff et al., 2002; Huber and
Lohoff, 2014). IRF4 expression is primarily induced by
antigen receptor engagement, stimulation with LPS, or
signaling induced by CD40 or IL-4 (Gupta et al., 1999). In
T cells, its expression declines after reaching peaking levels
within a few hours following TCR stimulation, when cells
return to a resting state (Huber and Lohoff, 2014). IRF4 also
likely acts in conjunction with BATF and JUN. Finally, IL-
2—STAT5 signaling is among pathways tuned down by miR-
71, via downregulation of several genes, which is another key

FIGURE 4 | Validation of direct interactions between miRNAs and predicted targets. Relative luciferase activity is significantly decreased due to the insertion of a
miR-71 binding site on Irf4 (A). Signal repression was stronger at 50 nM miRNA (p < 0.001, t-test) than at 25 nM (p = 0.02). Similarly, 50 nM or 25 nM miR-791 led to a
decrease in luminescence signal (p = 0.02 and p = 0.03, respectively; (D), confirming an interaction betweenmiR-791 and its predicted binding site inMtor. No significant
decrease in luminescence was detected in all other miRNA:binding site combinations (Gata3:miR-10021 (B), and Il4ra:miR-87a (C)). *p < 0.05, ***p < 0.01.
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element of the transcriptional network for Th2 cell
differentiation.

Nematode miRNAs Interact Directly With
Predicted Binding Sites on Host Genes
Because of expected compensatory regulatory mechanisms and
potential indirect effects in cell systems, we investigated the
accuracy of some computationally predicted targets. Four
genes were selected from the Th2 transcriptional network, and
from the downregulated pathways identified by RNA sequencing.
Predicted binding sites for several miRNAs in Gata3, Irf4, Mtor,

Il4ra, and Arginase 1 (Arg1) were cloned into the pmirGLO dual
luciferase vector (Supplementary Table S4). These genes present
multiple miRNA binding sites; miRNAs with the most promising
computed context scores (TargetScan) were selected for
validation. We validated that a direct interaction occurs
between the cloned predicted miR-71 binding site on the Irf4
mRNA, which supports results from the transcriptome analysis;
exposure to 50 nM miR-71 (+ transfection reagent) led to a 25%
reduction in luminescence, while 25 nM led to a 20% reduction
(Figure 4). Similarly, the interaction betweenMtor and miR-791
was confirmed, 50 and 25 nMmiRNA leading to reduction of the
relative Luciferase activity by 22 and 20%, respectively. In both

FIGURE 5 | Cytokine/chemokine concentrations in supernatants of macrophages exposed to nematode miRNAs. For each analyte, colors indicate replicates,
stars indicate the mean across three data points. (A,B) Chemokine/cytokine concentration (in pg/ml) varying upon miRNA transfection of M0 macrophages. (C)
Chemokine/cytokine concentration (in pg/ml) varying uponmiRNA transfection and polarization toward the alternative activation profile M2. IP-10: IFN-γ-induced protein
10 (Cxcl10); MCP-1: monocyte chemoattractant protein 1 (CCl2); MIP-1a: macrophage inhibitory protein 1a; MIP-2: macrophage inhibitory protein 2; RANTES:
regulated upon activation, normal T cell expressed and presumably secreted (CCl5); IL-10: interleukin 10; KC: keratinocytes-derived chemokine (CxCl1); M-CSF:
macrophage colony-stimulating factor (Csf1); TNF-α: tumor necrosis factor 1α. All concentrations were within range of detection 3.2–10,000 pg/ml (and
12.8–40,000 pg/ml for IL-13). Statistical significance of variation across conditions was performed against Neg. ctrl (UNC) using the Dunnett’s test.
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cases, there was a very mild concentration dependence, in which
the higher miRNA concentrations had a slightly more
pronounced effect. The minor difference between both
concentrations likely suggests saturation of the system, where
only one binding site was cloned into the luciferase plasmid. We
could not confirm an interaction between Gata3 and miR-10021
or miR-71 (relative luciferase activity unchanged, not shown).
miR-87a was found to be weakly interact with Il4ra, which did not
reach significance levels. miR-71 did not affect luminescence
signals when its most likely binding site on Il4ra was inserted
into the vector. There was no identifiable interaction between
miR-100 and its predicted site on Mtor and on Arg1.

miR-71 Impacts Macrophage Cytokine
Expression
Helminths and helminth EVs influence macrophages. The
individual capacity of miRNAs (as opposed to whole EVs,
containing many other molecules) to modulate the capacity of
macrophages to differentiate was assessed. Without further
stimuli, Raw 264.7 macrophages are unpolarized (M0). Cells
were transfected with miR-71 alone or combined with miR-
100 and miR-10021 (combo), or with the UNC; 24 h later,
polarization was initiated either toward the classical activation
profile (M1) or the alternative activation profile, associated with
Th2 responses (M2). Supernatants were collected after 6 h for
multiplex cytokine/chemokine analysis. Among the 32 measured
analytes, most variation was observed in the unpolarized M0
population. Despite substantial variation across three biological
replicates, the direction of regulation is reproducible across
independent experiments and thus, lends some confidence in
the data, although based on a tiny sample size, that did not reach
significance. While more samples will be necessary to obtain fully
conclusive results, in most cases, miR-71 showed an inhibitory
effect by trend, compared to the UNC. IP-10 (CxCl10), MCP-1
(CCl2), MIP-1a, MIP-2, RANTES (CCl5) (Figure 5A), IL-10, KC
(CxCl1), M-CSF (Csf1), and TNF-α, showed slight reductions in
concentration (Figure 5B). The picture is not so clear regarding
the effects produced by transfection with the three-miRNA
combination, suggesting that the other two miRNAs (miR-100
and miR-10021) do not have the same effect as miR-71. It also
shows concentration-dependence, as miR-71 is diluted 1:3 in the
combo treatment, unless the other miRNAs have a stimulatory
effect on cytokine production. Cytokine/chemokine
concentrations produced by M1 macrophages were not
affected by miR-71 or the miRNA combination compared to
the UNC. In M2 supernatants, only IL-10 and M-CSF showed
altered levels compared to the UNC, however, with large inter-
replicate variation for M-CSF (Figure 5C). In M2 macrophages,
IL-10 was mildly increased upon prior exposure to miR-71, which
would support an active regulatory role of this helminth miRNA
by acting on innate immune cells in type 2 immune responses. IP-
10 is predicted to be targeted by miR-100 (see Supplementary
Table S4 and target predictions: https://data.mendeley.com//
datasets/358nm9mhpr/1). miR-71 is predicted to target
transcripts of MIP-1a, KC, M-CSF via 7mer-1 or 7mer-8
binding sites. miR-1 is predicted to target MIP-1a and M-CSF

via both kinds of 7mer sites as well. Similarly, miR-10021 is
predicted to bind to MIP and M-CSF, while miR-100 is predicted
to interact with IP-10. TNF-α, MCP-1, and RANTES were not
among putative targets of the miRNAs we used in transfection
experiments.

DISCUSSION

Parasitic helminths are large eukaryotic pathogens with complex
life histories that tend to persist for relatively long periods of time
in their hosts. Through the release of molecular messages in their
surroundings, they master the art of host manipulation. A
contribution of EVs in interspecific crosstalk has been
increasingly documented. However, EVs represent
inhomogeneous entities showing a great molecular diversity
derived from parent cells. It is difficult to assign an observed
effect on host cells to a specific molecule in this case.
Differentiating helminth products that are important for
infection from those that are not involved in the ‘negotiations’
between hosts and parasites will likely require a thorough
breakdown of the molecular spectrum constituting E/S
products (ESP), using models that can reduce the complexity
of host-parasite communication.

Previously, H. polygyrus bakeri EVs were shown to have
various effects on MODE-K cells (an intestinal cell line) (Buck
et al., 2014). The most strongly downregulated gene was Dusp1
(dual-specificity phosphatase 1), a regulator of MAPK signaling
associated with dampening the type 1 pro-inflammatory
responses. Another gene significantly downregulated by
exosomes is Il1rl1 (also known as IL33R in humans), the
ligand-specific subunit of the receptor for IL-33, key in
responses to helminths (Buck et al., 2014; Coakley et al., 2017).

Heligmosomoides polygyrus bakeri, T. muris and A. suum are
commonly used as models of human intestinal infections. They
infect laboratory mice for at least a part of their life cycle. Previous
studies suggested macrophages and T cells as particularly exposed
to nematode secreted miRNAs and predicted a functional
impairment (Quintana et al., 2019; Duguet et al., 2020;
Meningher et al., 2020). In this work, a small fraction of the
miRNA complement of helminth ESP was examined for host
gene regulatory properties in cells of the innate and adaptive arms
of immunity. Helminths typically elicit a Th2 effector cell
polarization, along with the induction of a prominent
regulatory T cell (Treg) population. To assess whether
nematode miRNAs are indeed capable of modulating T cell
differentiation or proliferation, we relied on a simplistic
conditioning in vitro model (without reaching the fully
differentiated state), that allowed for manipulation but has a
limited ability to reflect the complexity and intercellular
interactions required to produce an immune response in vivo.
Moreover, despite our effort to expose cells repeatedly, our assay
setup likely did not accurately mirror the constant exposure of
local immune cells to helminth products. miRNA overexpression
studies have shown that cells start to recover normal gene
expression levels as soon as 12 h post-transfection, indicating
that effects are transient (Jin et al., 2015). The combination of low
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miRNA concentrations and punctate transfections may have
contributed to the observation of only a small number of DE
genes in the transcriptome analysis. Nevertheless, the approach
identified IRF4 (also known as NF-EM5, PIP, MUM1, or
ICSAT), a crucial and direct interactor of GATA3, the
master regulator of Th2 differentiation, as a target of one of
the most abundantly secreted nematode miRNAs. Repression
observed in reporter assays was in the range of prior
observations with nematode miRNAs (Buck et al., 2014;
Meningher et al., 2020). Of note, dendritic cells (DCs)
expressing IRF4 (IRF4+ CD11c+ CD11b+ DCs) are potent
drivers of type 2 immunity in T. muris infection, while other
DC populations are associated with establishment of chronic
infections (Mayer et al., 2017; Else et al., 2020). T. muris,
however, does not express miR-71, and hence, does not rely
on this particular modulatory mechanism (Sotillo et al., 2020;
White et al., 2020). In macrophages too, the mTORC2-IRF4
signaling axis is essential for alternative activation (M2), a
profile observed upon H. polygyrus bakeri infection. Hence,
given the importance of IRF4 at several levels in the anti-
helminth immune response(s), modulation of this gene is
expected to have functional consequences. This will require
verifications, especially in additional cell types such as DCs or
macrophages, given their prominent role in responses to
nematode infections.

To validate additional and potentially crucial nematode
miRNA targets in Th2 cell differentiation, we selected a
number of miRNA:mRNA sites for closer examination using
reporter assays. We confirmed an interaction between miR-791
and its binding site on Mtor. Th2 cell differentiation requires
mTORC2 activity (Delgoffe et al., 2011). In addition, the
mTORC1-mediated pathway links signal-dependent
metabolic reprogramming (through CD28 or TCR) to exit
the quiescent state, and subsequently orchestrate cell
proliferation and fate decisions. Together with Raptor, the
mTORC1 complex connects glucose metabolism to cytokine
responsiveness and Th2 cell differentiation and expansion
(Yang et al., 2013). EVs released from the filarial nematode
Brugia malayi, enriched for miR-100, miR-71, miR-34, and
miR-7, downregulate the host mTOR pathway as well
(Ricciardi et al., 2021). Their target predictions agreed with
ours, in that miR-100 was predicted to target mTOR, among
other mRNAs (e.g., eukaryotic translation initiation factor 4E
binding protein 1 (EIF4E3BP1)) in the mTOR signaling
pathway. EIF4E3BP1 was not identified among the targets of
miRNAs from our nematode species, but Eif4e3 was among
downregulated genes following transfection with miR-71,
according to transcriptomics data. Recent evidence shows
that EIF4E3 acts in re-programming the translatome to
promote ‘stress resistance’ and adaptation and is recruited
the mTOR pathway is inhibited (Weiss et al., 2021). A
further gene downregulated by miR-71 treatment was Ifitm3,
which is constitutively expressed in CD4+ T cells and is
downregulated upon cell activation. In a mouse model and in
contrast to Ifitm2, Ifitm3 deletion did not reduce the Th2
response; hence, its role in a context of cell polarization
remains incompletely understood (Yánez et al., 2019). Ifitm3

was not among direct targets of the transfected miRNAs, hence,
the effect is likely indirect.

Raw 264.7 macrophages transfected with miR-71 or the
miRNA combo (miR-71, miR-100, miR-10021 combined)
resulted in mild alterations of mRNAs encoding some
cytokines/chemokines. Especially in non-polarized cells,
cytokine levels were low at baseline and differences subtle.
Although not statistically significant and based on limited
sample sizes, miR-71 exposure led to systematically decreased
analyte levels by trend, compared to UNC treatment, and the
direction of regulation was reproducible across independent
experiments. In both non-polarized (M0) and alternatively
activated macrophages, miR-71 and the miRNA combination
decreased macrophage colony-stimulating factor (M-CSF)
levels. M-CSF is required for macrophage differentiation.
Lowered M-CSF levels might lead to impairment of the
innate immune response and weakened macrophage capacity
to respond appropriately to worm infection. While Zamanian
and colleagues reported substantial increases in monocyte
chemoattractant protein (MCP-1), macrophage inhibitory
protein 2 (MIP-2), RANTES, and TNF-α following uptake of
B. malayi larvae EVs, in line with the classical activation profile,
we observed the opposite upon introduction of miR-71 into
cells. EVs, however, represent more complex entities than just a
handful of miRNAs, and EV composition (including miRNAs)
tend to vary in a species- and stage-specific manner (Zamanian
et al., 2015; Sotillo et al., 2020). Decreases in IP-10 (IFN-γ-
induced protein, or CxCl10), MIP-1, and KC (CxCl1, a
neutrophil chemoattractant), and increased levels of IL-10
(an anti-inflammatory cytokine) in M2 macrophages suggest
that miR-71 (and to some extent combo, where miR-71 is
“diluted” with other miRNAs) has potential both anti-
inflammatory and immunosuppressing properties and would
overall favor polarization toward the alternative activation
profile.

In general, miRNAs are considered key mediators in
development, activation and regulation of immune cells (Arora
et al., 2017). In light of their redundant and pleiotropic properties,
it is likely that only a handful of different miRNAs are not
sufficient to produce a phenotype. Indeed, we did not observe
any significant difference in terms of cell counts or Th2
proportions. miRNA-driven silencing is often relatively subtle:
they are “micromanagers” contributing to of regulatory circuits
and control fine-tune of protein expression (Arora et al., 2017). In
addition, cells are expected to have many compensatory
mechanisms to function when one pathway gets slowed down.
Hence, it is likely that the cumulative effects of multiple different
miRNAs may have more pronounced, synergistic effects on
host cells.

In C. elegans, miR-71 promotes longevity and stress resistance
(Boulias and Horvitz, 2012). In addition, miR-71 is specifically
required for the starvation-induced stress response and plays a
critical role in long-term survival by repressing the expression of
insulin receptor/PI3K pathway genes and genes acting downstream
or in parallel to the pathway (Zhang et al., 2011): mutating miR-71
drastically reduces the survival rate of animals in first stage larvae
(L1) diapause (Zhang et al., 2011), a stress-resistant, developmentally
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quiescent, and long-lived larval stage. In Echinococcus multilocularis,
miR-71 is required for metacestode normal development in vitro
(Pérez et al., 2019). Taken together and integrating data presented
here, it is likely thatmiR-71 fulfills multiple roles, both endogenously
and exogenously.

Only few predicted targets have translated into validated
targets using reporter assays. Generally, the most effective
canonical site types are the 8mer sites, where a
Watson–Crick match to mature miRNA positions two to
eight with an A opposite position 1 is observed (Lewis et al.,
2005; Agarwal et al., 2015), followed by 7mer sites. Finally, 6mer
site types are associated with weaker preferential conservation
and much lower efficacy (Friedman et al., 2009; Agarwal et al.,
2015). In line with this, the predicted 6mer sites on IL4-Rα and
GATA3 upon interaction with miR-71 resulted in no decrease in
luminescence in reporter assays. Binding sites between miR-71
and IRF4 andmTOR and miR-791 were 8mer-1a, and 7mer-m8,
respectively. Despite optimal site conservation, GATA3 and IL-
4Rα are not confirmed as biochemical targets of miR-10021
(8mer-1a) and miR-87a (7mer-m8), respectively. Therefore,
predicted targets, even with high context scores and optimal
site conservation parameters, require experimental validation.

The fact that a nematode-specific miRNA, without a close
mammalian homologue, may incorporate into host AGO
protein complexes support the hypothesis that the silencing
machinery does not need to be transferred along with small
RNAs (Donnelly and Tran, 2021). miR-71 was not detected in
mesenteric lymph nodes of H. polygyrus bakeri infected mice,
likely present below the detection level of the assay. Meningher
et al. reported measurable amounts of miR-10 and Bantam from
the mesenteric lymph nodes and Peyer’s patches of S. mansoni
infected mice, but not in the inguinal lymph node nor in the
spleen (Meningher et al., 2020); adult worms reside in the
mesenteric and small intestine venules and hence, have a
more direct contact with lymphoid tissue surrounding the
parasite, than would do the gastrointestinal nematodes.

Whether nematode miRNA concentrations achieve
biologically relevant in vivo (for local and systemic effects) is
currently under investigation in our laboratory. However, the low
miRNA doses (10 nM for 2 × 105 to 1 × 106 cells) we used in the
present work support the hypothesis that they might indeed at
least have mild but reliable local regulatory effects.

This work demonstrates that repeated exposure to low
concentrations of lipid-encased synthetic nematode miRNAs
can result in a mild modulation of host gene expression
in vitro, which was partially confirmed by reporter assays. In
particular, abundant GI nematode miRNA sequences may get
loaded onto host AGO proteins and target important
components of the Th2 differentiation process: IRF4 and
mTOR. Immunomodulatory effects exerted by individual
parasite miRNAs are very mild in comparison to whole worms
or EVs but are in line with their proposed roles as fine-tuning
entities of gene and protein expression. Further mechanistic
insights are required in order to fully grasp the extent of
miRNA-mediated host modulation.
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Primary biliary cholangitis (PBC) is an autoimmune-mediated chronic cholestatic liver
disease, fatigue, and skin itching are the most common clinical symptoms. Its main
pathological feature is the progressive damage and destruction of bile duct epithelial cells.
Non-coding RNA (NcRNA, mainly including microRNA, long non-coding RNA and circular
RNA) plays a role in the pathological and biological processes of various diseases,
especially autoimmune diseases. Many validated ncRNAs are expected to be
biomarkers for the diagnosis or treatment of PBC. This review will elucidate the
pathogenesis of PBC and help to identify potential ncRNA biomarkers for PBC.

Keywords: primary biliary cholangitis, non-coding RNA, autoimmunity, ursodeoxycholic acid, biomarker

INTRODUCTION

Primary biliary cholangitis (PBC) is a chronic cholestatic liver disease mediated by autoimmunity.
Fatigue and pruritus are the most common clinical symptoms, usually preceding the appearance of
jaundice by years (Erice et al., 2018; Beuers et al., 2015). The main histological features are chronic
progressive damage and destruction of bile duct epithelial cells (non-suppurative cholangitis), portal
inflammation (mainly lymphocytes, plasma cells, and eosinophils) and increased fibrosis (Poupon,
2010; Tsuneyama et al., 2017; Pandit and Samant, 2022). PBC is globally distributed and can occur in
all races and ethnicities. A recent meta-analysis (Lv et al., 2021) showed that both the incidence and
prevalence of PBC are on the rise globally, with an annual incidence rate of 0.23/100,000–5.31/
100,000, and a prevalence of 1.91/100,000–40.2/100,000. The highest in North America and Nordic
countries (Kim et al., 2000; Koulentaki et al., 2014; Metcalf et al., 1997; Marschall et al., 2019), and the
lowest in Canada (Witt-Sullivan et al., 1990) and Australia (Watson et al., 1995). Population-based
epidemiological data on PBC are still lacking in China. A recent meta-analysis (Zeng et al., 2019)
estimated that the prevalence of PBC in China was 20.5/100,000, ranking second in the Asia-Pacific
region after Japan. Figure 1. The cause of PBC is unknown, and may be caused by a highly complex
interaction between genetic and environmental factors. There is also extensive evidence that
inflammation and immune disorders have an important impact on PBC. The disease mostly
affects middle-aged women (i.e., 85%–90% patients onset at 40–60 years old), with female-to-
male ratios is about 1:10, while higher mortality was described in men (Gonzalez and Washington,
2018). Moreover, there are also recent literature of increasing in male PBC (Lleo et al., 2016). This
may be related to additional environmental exposures, higher prevalence of viral hepatitis, greater
awareness of the disease by physicians and patients and unknown gender factors that may modulate
immunity (Lleo et al., 2016). The specific reasons need to be further explored.

PBCwas also previously known as primary biliary cirrhosis. The name change reflects the fact that
cirrhosis only occurs in the late stage, so it is difficult to correctly identify patients with early disease.
According to the AASLD (American Association for the Study of Liver Diseases), two of the
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following three criteria are met to confirm the diagnosis of PBC:
1) biochemical evidence of cholestasis based on alkaline
phosphatase (ALP) elevation; 2) anti-mitochondrial antibody
(AMA) positivity; 3) histological evidence of intrahepatic
destructive cholangitis (Carey et al., 2015). Among them,
serum AMA, especially the positive AMA-M2 subtype, has
high sensitivity and specificity for the diagnosis of PBC, and
are recognized as distinct diagnostic biomarkers. There is also a
PBC patient subpopulation (~5%–10%) who have the same
clinical and histological features as classic PBC, but AMAs are
negative even with the most sensitive detection methods. For
these patients, the diagnosis is mainly based on liver biopsy
(Kouroumalis et al., 2018). However, problems can arise in the
presence of ascites or infection and are not easily accepted by
patients.

The first-line treatment of PBC is the daily administration of
ursodeoxycholic acid (UDCA), which improves prognosis in ~2/3
of patients in early stage of the disease. This means up to 40% of
patients have an incomplete response to UDCA, and the long-
term survival rate is lower than that of the general population
(Parés et al., 2006). UDCA was approved by the United States
FDA (Food and Drug Administration) in 2016 as a second-line
treatment for patients with primary biliary cholangitis who are
unresponsive to UDCA; however, approximately 50% of patients
might need additional treatments to reach therapeutic goals.
Otherwise, these patients may progress to liver transplantation
or even die (Gulamhusein and Hirschfield, 2020). Therefore,
identification of novel and promising biomarkers is crucial for
PBC early diagnosis and (or) treatment.

Non-coding RNA (NcRNA) refers to a functional RNA
molecule that cannot be translated into protein. They can
perform their respective biological functions at the RNA level
(Wang et al., 2019). Due to increasing development of microarray
sequencing techniques, accumulating data have suggested
ncRNAs play important roles in regulating autoimmunity and
inflammation (Kempinska-Podhorodecka et al., 2017; Young
et al., 2017; Wang et al., 2018a). In addition, different cells
and tissues have different ncRNA expression profiles (Chen

et al., 2016; Katsumi et al., 2016; Zheng et al., 2017a; Erice
et al., 2018; Xiang et al., 2019). Erice studies have shown that
miR-506 is overexpressed in cholangiocytes of PBC, induces
PBC-like characteristics in cholangiocytes and promotes
immune activation (Erice et al., 2018). Dai et al. compared
miRNAs in renal biopsy samples from patients with class II
lupus nephritis (LN) and nephrectomy samples from patients
with renal tumors. The results showed that there were 66
differentially regulated miRNAs (36 upregulated and the
remaining 30 downregulated) in lupus nephritis patients (Dai
et al., 2009). Wu et al. showed that linc0949 and linc0597 were
significantly decreased in patients with SLE compared with
patients with RA and healthy control subjects. Moreover,
linc0949 was positively correlated with SLEDAI-2K scores and
negatively correlated with complement component C3 levels (Wu
et al., 2015). However, the roles of these specifically expressed
ncRNAs in the pathogenesis of PBC have not been fully
elucidated.

In the present review, some functional ncRNAs are listed in
Table 1, mainly including microRNAs (miRNAs), long non-
coding RNAs (lncRNAs), and circular RNAs (circRNAs)
(Katsushima et al., 2014; Nakagawa et al., 2017; Wang et al.,
2017; Wasik et al., 2017; Afonso et al., 2018; Wasik et al., 2020).
We aimed to elucidate the dysregulated ncRNAs in PBC that
contribute to the understanding of the pathogenesis of PBC by
reviewing all currently published studies. Most importantly,
helping to identify those aberrantly expressed ncRNAs in PBC
will facilitate the exploration of promising biomarkers for early
diagnosis and treatment of PBC.

MICRORNAS AND PRIMARY BILIARY
CHOLANGITIS
Broad Roles of MicroRNAs in Various
Diseases
MiRNAs are evolutionarily conserved, non-coding small
RNAs of 18–25 nucleotides in length. MiRNAs incompletely
bind to complementary sequences in the 3′ untranslated region
(3′UTR) of messenger RNA (mRNA) and regulate the
expression of target genes at the post-transcriptional level
by promoting the degradation of mRNA or repressing its
translation (Tavasolian et al., 2018). MiRNAs can regulate
about 90% of protein-coding genes and play important roles in
various biological processes such as metabolism, cell
differentiation, proliferation, apoptosis, and the
maintenance of immune homeostasis (Alvarez-Garcia and
Miska, 2005; Baltimore et al., 2008; Check Hayden, 2008).
Disturbances in miRNAs expression profiles are associated
with a variety of human diseases, including autoimmune
diseases, such as systemic lupus erythematosus (SLE), PBC,
and rheumatoid arthritis (RA) (Young et al., 2017; Wang et al.,
2018a; Erice et al., 2018). Some of them have been proposed as
non-invasive biomarkers of disease.

As shown in Table 1, various miRNAs were dysregulated in
PBC. These miRNAs can regulate target genes of cytokines,
oxidative stress, immunity and inflammation-related

FIGURE 1 | The prevalence of PBC in different countries around the
world.
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TABLE 1 | Aberrant expressed ncRNAs in PBC.

NcRNA Target Site Expression Signaling Role References

MiRNA

miR-506 AE2/InsP3R3 Intrahepatic bile
ducts

Up --- Binds the 3′UTR region of
AE2 mRNA, prevents
protein translation;
Decreased AE2 activity;
Impair bile secretion

Erice et al. (2018)

miR-155 SOCS-1 Liver tissues Up VDR-miRNA 155-
SOCS1 pathway

Sustained inflammatory
responses are elicited
through the VDR-
miRNA155-SOCS1
pathway

Kempinska-Podhorodecka
et al. (2017)

miR-139-5p c-FOS/TNF-α Serum Down NF-κB signaling Regulated TNF-α and
c-FOS.

Katsumi et al. (2016)
Liver tissues
(lymphocytes or
hepatocytes)

Up-
lymphocytes
Down-
hepatocytes

miR-21/miR-150 cMyb/
RASGRP1/
DNMT1

Serum, liver
tissue, and
PBMC in AMA (-)
patient

Up --- A feature of anti-
mitochondrial antibody-
negative PBC.

Wasik et al. (2020)

miR-425 N-Ras Peripheral blood
CD4+ T cell

Down TCR signaling Downregulation of
inflammatory cytokines (IL-
2 and IFN-γ)

Nakagawa et al. (2017)

miR-223-3p/miR-
21-5p

TGFBR1 Peripheral blood
B cells

Down TGF-β1 signaling Associated with
progression of PBC.

Wang et al. (2017)

miR-34a/miR-132 NRF2 Liver tissues Down Oxidative stress Oxidative stress;
Autophagy

Wasik et al. (2017)

miR-21 CDK2AP1 Liver tissues Up Regulated necrosis MiR-21 ablation
ameliorates liver damage
and necroptosis

Afonso MB, et al., (2018)

miR-92a IL-17A Plasma and
PBMC

Down Th17 signaling Direct regulation of IL-17A Liang et al. (2016)

miR-181a BCL-2 Peripheral blood
CD4+ T cell

Down TCR signaling Regulated Th17 cells
distribution via upregulated
BCL-2

Song et al. (2018)

miR-122a/miR-26a ---/EZH2 Liver tissues Down Apoptosis/
inflammation/oxidative
stress/metabolism

Affected cell proliferation,
apoptosis, inflammation,
oxidative stress, and
metabolism

Padgett et al. (2009)
miR-328/miR-299-5p --- Up

miR-26a IL-17A Th17 cell Up --- Regulates IL-17, induces
apoptosis and proliferation

Tang (2009)

miR-34a TGIF2 Peripheral blood Up TGF-β1/Smad Induction of EMT and
fibrosis in intrahepatic bile
duct epithelium

Pan et al. (2021)

Circulating miRNAs

miR-299-5p --- Peripheral blood Up --- MiR-299-5p was
associated with ALP, γ-GT,
TBIL and immunoglobulin
M levels

Katsushima, et al. (2014)

let-7b --- PBMC Down --- miR-let-7b expression was
correlated with Mayo risk
scores, IL-18 and ALP.

Qian et al. (2013)

miR-451a/miR-
642-3p

--- Plasma
exosomes

Up --- Regulated the expression
of the co-stimulatory
molecules CD86 and CD80
in peripheral antigen-
presenting cells

Tomiyama et al. (2017)

miR-197-3p/miR-
505-3p

--- Serum Down --- As a clinical biomarker
for PBC.

Ninomiya et al. (2013)

miR-122-5p/miR-
141-3p

--- Serum Up --- As potential biomarkers
of PBC.

Tan et al., (2014)

miR-26b-5p Down
(Continued on following page)

Frontiers in Molecular Biosciences | www.frontiersin.org July 2022 | Volume 9 | Article 9159933

Zhang et al. NcRNA and PBC

87

https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles


molecules, thereby participating in the pathogenesis or/and
progression of PBC (Padgett et al., 2009; Qian et al., 2013;
Liang et al., 2016; Erice et al., 2018; Song et al., 2018). Several
published literatures have extensively explored the molecular
mechanisms of differentially expressed miRNAs in PBC,
particularly regarding their altering effects on inflammation
and autoimmunity (Liang et al., 2016; Nakagawa et al., 2017;
Erice et al., 2018).

The Role of MiR-506 in the Pathogenesis of
Primary Biliary Cholangitis
Anion exchanger 2 (AE2) is essential in the maintenance of the
protective bicarbonate- rich umbrella on the surface of BECs
via regulation of biliary HCO3

− secretion, which shields BECs
from noxious luminal bile acids (Rodrigues et al., 2018).
Banales et al. (2012) demonstrated that miR-506 is
upregulated in cholangiocytes from PBC patients, binds the
3′UTR region of AE2 mRNA and prevents protein translation,
resulting in diminished AE2 activity and impaired biliary
secretory functions. Given the putative pathogenic role of

decreased AE2 in PBC, miR-506 may constitute a potential
therapeutic target for this disease. Furthermore, miR-506 also
regulates other genes involved in maintaining the integrity of
bicarbonate umbrellas, the type III inositol 1,4,5-triphosphate
receptor, an important regulator of calcium release from
cholangiocytes (Ananthanarayanan et al., 2015; Erice et al.,
2018). Under physiological conditions, acetylcholine increases
the level of inositol triphosphate (InsP3) in cholangiocytes,
resulting in an increase in the level of cytoplasmic Ca2+. Apical
Cl− secretion is further stimulated by the Ca2+ activated Cl−

channel transmembrane protein 16F (TMEM16A), ultimately
leading to bicarbonate secretion through AE2 (Minagawa
et al., 2007). The downregulation of InsP3R3 expression in
cholangiocytes from PBC patients leads to decreased
intracellular Ca2+ signaling and bicarbonate secretion,
thereby triggering cholestasis (Shibao et al., 2003). InsP3R3
mRNA contains two highly conserved miR-506 binding sites,
both of which are functional. In miR-506-overexpressed
cholangiocytes, InsP3R3 mRNA and protein levels were
reduced, resulting in a marked reduction in Ca2+ release
from the endoplasmic reticulum and failure of bile secretion

TABLE 1 | (Continued) Aberrant expressed ncRNAs in PBC.

NcRNA Target Site Expression Signaling Role References

miR-4311/miR-
4714-3p

--- Serum Down --- Potential biomarkers for
use in the development of
treatment of patients with
refractory PBC.

Sakamoto et al. (2016)

miR-122/miR-378 Up

miR-155-5p AKT3 PBMC Down MAPK/TCR/BCR
signaling

A new disease marker
of PBC.

Yang. et al. (2013)
miR-150-5p --- Up

LncRNA

lncRNA
NONHSAT250451.1

EGR1 PBMC Up Inflammation/immune
activation/TCR
signaling/NF-κB
signaling/chemokine
signaling

It is involved in
inflammation, immune cell
activation, TCR signaling
pathway, etc., which may
be related to the
occurrence of PBC.

Xiang et al. (2019)

lncRNA AK053349 --- Peripheral blood
CD8+ T cell and
PBMC

Up Autoimmunity and T
lymphocyte activation

Targeted regulation of
EGR1 may be involved in
the occurrence of PBC.

Pang et al. (2009)

lncRNA XIST Inflammatory
cytokines

NK and CD4+ T
lymphocytes

Up Th1/Th17 Stimulated the secretion of
IFN-γ, IL-17, TGF-β and
ROR-γ T cells, and increase
the proportion of Th1 and
Th7 cells, led to the
occurrence of PBC.

She (2020)

lncRNA H19 --- Liver tissue Up HSC activation and
proliferation

Promoted HSC activation
and proliferation,
aggravate PBC.

(Li et al. (2018a); Liu et al.
(2019); Li et al. (2020a))

CircRNA

circ_402458/
circ_087631/
circ_406329

hsa-miR-522-
3p/hsa-
miR-943

Plasma Up Inflammation-
related signaling

Candidate biomarkers
for PBC.

Zheng et al. (2017a)

circ_407176/
circ_082319

Down

--- represents unknown.
PBMC, peripheral blood lymphocyte mononuclear cells; EMT, epithelial-mesenchymal transition; ALP, alkaline phosphatase; γ-GT, γ-glutamyl transpeptidase; TBIL, total bilirubin; TCR,
T cell receptor; BCR, B cell receptor; NF-κB, nuclear factor-κB; MAPK, mitogen-activated protein kinase; HSC, hepatic stellate cell.
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(Ananthanarayanan et al., 2015). In vitro data demonstrate
that upregulation of proinflammatory, profibrotic, and
senescent markers in miR-506-overexpressing
cholangiocytes results in increased cellular stress and
increased sensitivity to toxic hydrophobic bile acids (Erice
et al., 2018). These results suggest a mechanistic link between
epigenetic regulation, cellular damage, and immune
dysregulation in PBC. Banales’ team further expiored the
role of inflammatory factors, such as interleukins (IL)-1β,
IL-6, IL-8, IL-12, IL-17, IL-18, tumor necrosis factor alpha
(TNF-α) and interferon gamma (IFN-γ), transforming growth
factor beta 1 (TGF-β1), estrogens (17β-estradiol, 17β-E2), bile
acids [cholic acid (CA), UDCA and tauroursodeoxycholic
(TUCA)] and other factors in regulating miR-506
expression in cholangiocytes and the role of miR-506 in
cholangiocyte pathophysiology and immunomodulation in
PBC. The result show different inflammatory factors
enhance the expression of miR-506 in biliary epithelial cells.
MiR-506 induces PBC-like features in cholangiocytes and
promotes immune activation (Erice et al., 2018). Figure 2.
Intriguingly, miR-506 is an X- linked miRNA localized to
Xq27.3, which helps explain the possibility that females
predominate in PBC disease, although whether this

hypothesis applies to human remains to be demonstrated
(Arora et al., 2013).

Expression Profiles of MicroRNAs in
Peripheral Blood and Liver Tissue of
Primary Biliary Cholangitis Patients
Liang et al. (2016) used microarrays to identify 16 differentially
expressed miRNAs (9 miRNAs upregulated and 7 miRNAs
downregulated) in plasma from 3 PBC patients and 3 healthy
controls. The most prominent finding was the downregulation of
miR-92a, and the expression of miR-92a was negatively
correlated with the Th17 cell population. Furthermore, the
expression of miR-92a was colocalized with IL-17A in
peripheral blood mononuclear cells (PBMCs) of patients,
implying a direct regulation of IL-17A by miR-92a. Notably,
studies have shown that Th17 cells and the IL-17 secreted by the
cells may induce epithelial-mesenchymal transition (EMT) in
intrahepatic bile ducts through IL-17A-IL-17RA-Act1 activation
of the NF-κB pathway, and participate in the progression of PBC
disease (Huang et al., 2016). Figure 2. Domestic studies have
found that there are differences in the expression of miR-26a in
initial CD4+ T cells, memory CD4+ T cells and effector CD4+

FIGURE 2 | Signaling pathway of miRNAs in PBC. MiRNA are involved in regulating inflammation and autoimmunity. Some miRNAs are encapsulated in
nanovesicles and exert critical effects on inflammatory and immune cells. miRNAs participate in PBC inflammation and autoimmune disorders primarily through NF-κB,
TGF-β1, Th17, and so on.
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T cells of PBC patients, and no expression in Jurkat cells (human
T cell line). The authors then cultured Th17 cells (derived from
human CD4+ T cells) and transfected pre-miR-26a and anti-miR-
26a, respectively. The results showed that compared with the
normal control, the cells transfected with pre-miR-26a
significantly decreased IL-17, significantly decreased the
activities of NF-κB and AP-1, and induced increased apoptosis
after activation; transfected with anti-miR-26a cells, IL-17
mRNA, NF-κB and AP-1 activities were significantly
increased, cell proliferation activity increased, and apoptosis
induced by activation decreased. The luciferase reporter
further demonstrated that miRNA-26a could indeed regulate
IL-17. Therefore, this study shows that miRNA-26a regulates
the function of Thl7 cells by affecting apoptosis and cell
proliferation activities induced by IL-17 activation (Tang,
2009). Figure 2. The above studies demonstrate that miRNAs
may play a significant role in the fibrosis of bile duct epithelial
cells in PBC patients through IL-17.

Pan et al. (2021) found that miR-34a was significantly
overexpressed in the serum of PBC patients (30 PBC vs.30
controls). miR-34a upregulation inhibits proliferation of
intrahepatic bile duct epithelium and increases
mesenchymal markers zonula occluden-1 (ZO-1), laminin 1,
vimentin and fibroblast-specific protein 1 (FSP-1) and
expression of fibrotic markers α-SMA, and collagen I. The
authors further demonstrated that miR-34a targets TGIF2 to
induce EMT and fibrosis in intrahepatic bile duct epithelium
through the TGF-β1/smad pathway (Pan et al., 2021).
Figure 2. MiR-139-5p was significantly downregulated in
clinically advanced PBC compared to control. In situ
hybridization and RT-qPCR showed that the expression of
miR-139-5p in lymphocytes of PBC patients was higher than
that of lymphocytes of other liver diseases (chronic viral
hepatitis and autoimmune hepatitis), while miR-139-5p in
hepatocytes of PBC was lower than that in other liver
disease, suggesting that lymphocytes are the main source of
miR-139-5p. In vitro studies showed that with the
upregulation of miR-139-5p, the level of TNF-α in the cell
supernatant was significantly increased, the transcription of
the c-FOS gene was inhibited, and the NF-κB signaling
pathway was finally activated. Activation of NF-κB further
induces the production of TNF-α, and increased levels of TNF-
α may accelerate bile duct injury through positive feedback.
The authors revealed a novel inflammation-regulatory
mechanism between TNF-α and c-FOS transcription
through miR-139-5p in the NF-κB pathway (Katsumi et al.,
2016). Figure 2. Therefore, miR-139-5p could become not
only a biomarker of disease progression, but also a novel
therapeutic target for patients with progressive PBC. In
addition, the expression of miR-155 was enhanced in
PBMCs and liver tissues of PBC patients, accompanied by
vitamin D receptor (VDR) mRNA and protein, cytokine
signaling inhibitor 1 (SOCS1) protein expression decreased,
indicating that the decreased VDR expression may lead to the
dysregulation of the negative feedback loop through the VDR-
miRNA155-SOCS1 pathway, thereby triggering a sustained
inflammatory response (Kempinska-Podhorodecka et al.,

2017). Padgett et al. (2009) analyzed liver tissue from 6
patients with end-stage PBC and 5 control subjects using a
miRNA microarray platform. The results showed that 35
differentially expressed miRNAs (11 upregulated and 24
downregulated) were identified in the liver tissue of PBC
patients compared with the liver tissue of normal controls.
The targets they predicted were associated with the regulation
of cell proliferation, apoptosis, inflammation, oxidative stress,
and metabolism. According to the above studies, we can
conclude that miRNAs may be derived from various
immune cells and play a significant effect in the occurrence
and development of PBC by inflammatory factors and
immune-inflammatory pathways (such as TGF-β1/smad,
TCR, NF-κB, and so on). Subsequent studies on miRNAs
and PBC can start from immune cells and immune-
inflammation-related pathways. Subsequent studies on
miRNAs and PBC can start from immune cells (not only
B cells, T cells, but also Th17 cells, Treg cells, macrophages,
etc.), inflammatory factors and immune-inflammation-related
pathways.

MicroRNAs and Therapeutic Targets for
Primary Biliary Cholangitis
Nakagawa et al. (2017) examined total RNAs of CD4+ T cells
from 6 PBC patients and 6 healthy controls using miRNA
microarrays. The authors found that the expression levels of
16miRNAs were significantly different in PBC patients compared
with healthy controls (p < 0.05, fold change >1.2). Among them,
five of these miRNAs were significantly downregulated in PBC
patients by qRT-PCR. The integral analysis of miRNA and
mRNA identified four significantly downregulated miRNAs
(miR-181a, miR-181b, miR-374b, and miR-425) related to the
T-cell receptor (TCR) signaling pathway in CD4+ T cells of PBC.
N-Ras, a regulator of the TCR signaling pathway, was found to be
targeted by all four identified miRNAs. In addition, in vitro assays
confirmed that decreased miR-425 strongly induced
inflammatory cytokines (IL-2 and IFN-γ) via N-Ras
upregulation in the TCR signaling pathway. Therefore, the
restoration of decreased miR-425 or the suppression of N-Ras
may be promising for an immunotherapeutic strategy
against PBC.

The authors believe that miR-122 is the most noteworthy
therapeutic target for PBC. MiR-122 is a conserved liver-specific
miRNA, accounting for 70% of total liver miRNAs (Chang et al.,
2008). Multiple studies have shown that miR-122 plays a key role
in lipid metabolism (Esau et al., 2006), cell differentiation (Kim
et al., 2011), liver polyploidy (Hsu et al., 2016), hepatitis C virus
replication (Luna et al., 2015), acetaminophen toxicity
(Chowdhary et al., 2017; Yang et al., 2021), liver fibrosis in
innate immunity of hepatocytes (Xu et al., 2019). Decreased
miR-122 expression was found in HCV-negative liver cancer
and was associated with metastasis in hepatocellular carcinoma
(HCC) patients (Coulouarn et al., 2009; Tsai et al., 2009).

Tan et al. (2014) analyzed miRNA expression by Illumina
sequencing of serum samples from 3 PBC patients and 3 controls
and assessed the expression of selected miRNAs in a screened
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group (n = 40) by qRT-PCR. A logistic regression model was then
constructed using the training cohort (n = 192) and validated
with another cohort (n = 142). The results showed that serum
miR-122-5p levels were elevated in PBC patients. Compared with
ALP and ANA, the miRNA panel (hsa-miR-122-5p, hsa-miR-
141-3p, and hsa-miR-26b-5p) was a more sensitive and specific
biomarker for PBC (Tan et al., 2014). Circulating miR-122 levels
have been reported to correlate with liver histological stage,
inflammation grade, and ALT activity (Lewis and Jopling,
2010; Zhang et al., 2010; Hu et al., 2012; Wang et al., 2012;
Iino et al., 2013). MiR-122 expression was significantly decreased
in a carbon tetrachloride (CCl4)-induced mouse model of liver
fibrosis and HCC (Li et al., 2013; Hayes and Chayama, 2016).
Similarly, Padgett et al. (2009) used the miRNA array platform to
analyze the liver tissue of 6 patients with end-stage PBC and 5
control subjects, and the results showed that miR-122 was also
downregulated in the liver tissue of PBC patients. This is an
interesting result. It means that the liver may overexpress miR-
122 compensatory in the early stage of PBC. However, most of
miR-122 reaches the peripheral circulation, which increases miR-
122 in peripheral circulation in PBC patients; or in PBC patients,
other tissues, organs or cells abnormally express miR-122 in
addition to the liver. The above-mentioned known immune cells
and inflammatory factors play an important role in the
occurrence and development of PBC. Therefore, the authors
speculate that in the peripheral blood of PBC patients, various
immune cells are activated (such as T cells, B cells, Th cells, Treg
cells, macrophages, etc.) abnormally expressing miR-122
increases the level of miR-122 in serum/plasma. MiR-122 is a
negative regulator of liver fibrosis. Li et al. (2013) found that miR-
122 inhibited the proliferation and activation of Lx2 in hepatic
stellate cells (HSC) by targeting P4HA1, regulating collagen
production, and inhibiting liver fibrosis.

Tsai et al. (2012) generated a mutant mouse strain with a
germline deletion of Mir122a using homologous recombination
(Mir122a−/−). Histological examination of the livers of Mir122a−/
− mice revealed extensive lipid accumulation and reduced
glycogen storage, as well as inflammation and fibrosis,
compared with WT controls. A strong positive reaction to the
anti-F4/80 antibody, which is specific for mouse macrophages
and monocytes, was detected in the Mir122a−/− livers. Teng et al.
(2020) also found that knockout of miR-122 in mouse liver
developed spontaneous liver fibrosis. Therefore, the authors
speculate that miR-122 may be a novel gene therapy strategy
for patients with advanced PBC, especially targeting the liver.
Whether the anti-fibrotic mechanism of miR-122 is related to its
regulation of hepatic fatty acid and cholesterol synthesis still
needs to be further explored (Esau et al., 2006; Naderi et al., 2017).
In addition, due to the ability of miR-122 to enhance HCV
replication, vigilance and monitoring of HCV infection should
be exercised when using miR-122 (Luna et al., 2015). In the early
stage of PBC, the main lesions are chronic inflammation and
fibrosis of the intrahepatic bile ducts. Whether miR-122 can
regulate the proliferation and apoptosis of intrahepatic bile
duct cells has not been reported in the literature. This is also
the direction our research group is working on.

Immunomodulatory Role of Exosomal
MicroRNAs in Primary Biliary Cholangitis
Extracellular vesicles (EVs) are nano- or micro-lipid bilayer
spheres produced by different cells. They are released into the
extracellular space where they participate in intercellular
communications. They are also found in bile and contain
miRNAs (Li et al., 2014). Several nanovesicle-delivered
miRNAs have been identified that are specifically expressed in
PBC and play a modifying role in inflammation and
autoimmunity (Olaizola et al., 2018). Exosomes are small
vesicles formed by budding from endosomal membrane and
released to extracellular by fusion with plasma membrane,
which are important mediators of intercellular communication
(Hirsova et al., 2016a; Martínez and Andriantsitohaina, 2017).
Recent studies have reported that exosomes-mediated transfer of
ncRNAs, proteins and lipids are associated with a variety of
human diseases, including liver disease (Bala et al., 2012; Hirsova
et al., 2016a; Debabrata and Mukhopadhyay, 2017; Pan et al.,
2017; Szabo and Momen-Heravi, 2017). Hepatic epithelial cells,
including cholangiocytes and hepatocytes, are exosomes-
releasing cells (Masyuk et al., 2010; Masyuk et al., 2013;
Hirsova et al., 2016b; Worst et al., 2017). Tomiyama et al.
(2017) found plasma-derived exosomal miR-451a and miR-
642a-3p were increased in PBC patients compared with
healthy controls, and could regulate the expression of the co-
stimulatory molecules such as CD86 and CD80 in peripheral
antigen-presenting cells. Figure 2. In conclusion, accumulating
evidence points to the critical role of miRNAs in regulating
inflammation and autoimmunity, and many mature miRNAs
are expected to be candidate biomarkers and therapeutic targets
for PBC (Ninomiya et al., 2013; Qian et al., 2013; Yang, 2013;
Katsushima et al., 2014; Tan et al., 2014; Sakamoto et al., 2016).

LONG NON-CODING RNA AND PRIMARY
BILIARY CHOLANGITIS
Expression Profiles of Long Non-Coding
RNAs in Autoimmune Diseases
LncRNAs are highly conserved RNA sequences >200 nucleotides
in length that can epigenetically regulate gene expression and
broadly affect cellular biological processes (Mercer et al., 2009;
Ponting et al., 2009). Published literature on lncRNA have been
focused on cancer (Chan and Tay, 2018; Mitobe et al., 2018; Tian
et al., 2018), and studies on lncRNA in innate immunity are
relatively scarce, accounting for only about 4% of all lncRNA
papers (Robinson et al., 2020). With increasing interest of
lncRNA in autoimmune diseases, it has been found that
different autoimmune diseases (including PBC) have specific
lncRNA expression profiles in different cells and tissues
(Zhang et al., 2013; Sigdel et al., 2015; Hur et al., 2019; Liang
et al., 2019). Previous studies have shown that the lncRNA
AK053349 is highly expressed in CD8+ T cells and is
associated with autoimmunity and T lymphocyte activation
(Pang et al., 2009). Zhang et al. (2013) wrote in his doctoral
dissertation that the lncRNA AK053349 was increased in PBMC
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of PBC patients and positively correlated with the Mayo risk
score, emphasizing its potential relevance to the pathogenesis of
PBC and worthy of further study (Zhang et al., 2013). Another
recent domestic study (She, 2020) found that the expression level
of lncRNA XIST in NK cells and CD4+ T lymphocytes of PBC
patients was significantly higher than that of healthy controls, and
could be clearly located in the nucleus. The high expression of
lncRNA XIST in Naïve CD4+ T cells of PBC patients can promote
the proliferation of Naïve CD4+ T cells, stimulate the secretion of
IFN-γ, IL-17, TGF-β and ROR-γ T cells, and increase the
proportion of Th1 and Th7 cells, which led to the occurrence
of PBC. This further supports the critical role of immune cells and
inflammatory factors, especially IL-17 in PBC disease.

Exosomal Long Non-Coding RNA H19
Promotes Bile Duct Proliferation and Liver
Fibrosis
Huiping Zhou et al. (Li et al., 2017) used Mdr2−/− mice as an
animal model of cholestatic biliary disease. Their study showed
that H19 expression was significantly increased in the liver and
bile duct cells of female Mdr2−/− mice compared with male

Mdr2−/− mice, and that abnormal H19 expression was
associated with the severity of biliary fibrosis in female
Mdr2−/− mice. Knockdown of H19 alleviate cholestatic liver
injury in female Mdr2−/− mice. Furthermore, both Taurocholic
acid (TCA) and Estradiol 2 (E2) upregulated the expression of
H19, but there was no superposition or synergy. The role of H19
in cholestatic injury in female Mdr2−/− mice may be related to
extracellular regulated protein kinase 1/2 (ERK1/2) signaling
pathway. In a follow up study, Huiping Zhou’s team further
demonstrated that exosomal H19 is derived from bile duct cells
and transferred to hepatocytes, inhibit the expression of small
heterodimeric partner (SHP) in hepatocytes and promote
cholestatic injury (Li et al., 2018a). Figure 3. To further
determine the effect of H19 expression in the progression of
liver fibrosis, the authors examined the expression levels of
hepatic H19, Ck19, and fibrosis marker genes (Acta2, Loxl2,
and Collagen 1) in both male and female 2-week bile duct ligation
(BDL) mice and in 100 day old female Mdr2−/−mice and perform
a linear analysis. The results showed that the expression level of
hepatic H19 was significantly positively correlated with Ck19 and
fibrosis marker genes. Similarly, in primary sclerosing cholangitis
(PSC) and PBC patients, the hepatic mRNA levels of H19, CK19,

FIGURE 3 | Molecular mechanism of lncRNAH19 promoting cholestasis and activating macrophages.
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and fibrosis marker genes were all increased. In BDL mice with
H19 knockout (H19KO-BDL), collagen deposition and α-SMA-
positive fibroblast distribution near the bile ducts of mice were
significantly reduced. H19 deficiency also significantly alleviated
serum AST, ALT, ALP, and total bile acid (TBA) levels induced
by BDL. H19 deficiency in DKO (Mdr2 and H19 double
knockout) mice significantly reduced bile duct proliferation,
immune cell infiltration and fibrosis in the periportal area.
Next, the authors isolated exosomes from H19-enriched and
H19-free (control) cholangiocytel culture medium and injected
mice via tail vein. The results showed that bile duct proliferation,
hepatic inflammation, collagen deposition, and fibroblast
activation were more severe in mice treated with H19-
enriched exosomes when compared to those treated with
control exosomes. This effect is related to the promotion of
hepatic stellate cell (HSC) activation and proliferation by
exosomal H19 (Liu et al., 2019). Furthermore, cholangiocyte-
derived exosomal H19 promotes macrophage activation,
differentiation, chemotaxis and liver inflammation through the
CCL-2/CCR-2 signaling pathway. Figure 3. H19-deficiency
ameliorates the liver cholestasis and macrophage activation in
both BDL and Mdr2−/− Mice (Li et al., 2020a). Thus, exosomal
H19 represents a noninvasive biomarker and potential
therapeutic target for cholestatic disease. Notably, Mdr2−/−

mice are actually a suitable model for PSC and not an animal
model for PBC disease. What role lncRNA H19 plays in PBC
disease and whether the molecular mechanism is the same
remains to be discussed.

CIRCULAR RNAS AND PRIMARY BILIARY
CHOLANGITIS

CircRNA is an endogenous non-coding RNA, the most
representative characteristic of which is the covalently closed
RNA circle (Salzman, 2016; Ouyang et al., 2017). Circularization
results in resistance and high stability of RNA to exonuclease-
mediated degradation. In addition, circRNAs are abundant and
evolutionarily conserved in the cytoplasm. These properties make
circRNAs potentially more suitable as clinical biomarkers than other
types of RNAs (Jeck and Sharpless, 2014; Lasda and Parker, 2014; Li
et al., 2015). Most importantly, the expression profiles of circRNAs
are specific in different cell types and can generally be found in
peripheral blood, exosomes, and tissues. Due to their various forms
of epigenetic modifications, circRNAs play important roles in
various diseases, such as cancer, neurologic disorders and
cardiovascular diseases (Zhao et al., 2017; Yang et al., 2018a;
Ojha et al., 2018; Sheng et al., 2018). Ma et al. (2019) showed
that circARSP91 promotes cancer immune surveillance by
regulating NK cells in liver cancer, suggesting a key role of
circRNAs in tumor immunity. Furthermore, circRNA Malat-1 is
thought to act as a key regulator of alloimmune rejection by
promoting dendritic cell-induced T cell exhaustion and regulatory
T cell generation, suggesting a critical role for circRNAs in adaptive
immunity (Zhang et al., 2018). In conclusion, circRNAs play key
roles not only in innate immunity but also in adaptive immunity.

In recent years, accumulated studies have shown that
circRNAs are closely related to the occurrence and
development of autoimmune diseases (Yang et al., 2018b),
including SLE (Li et al., 2018b; Wang et al., 2018b), RA
(Zheng et al., 2017b), PBC (Zheng et al., 2017a), etc. Zheng
et al. (2017a) used microarray to identify 22 aberrantly expressed
circRNAs (18 upregulated, 4 downregulated) in the plasma of
PBC patients. Notably, PBC patients who did not receive UDCA
had higher levels of hsa-circ-402458 than those who received
UDCA. Hsa-circ-402458 may target hsa-miR-943 and hsa-miR-
522-3p. For miR-522-3p, it may be an effective target for
regulating chronic inflammatory diseases. Therefore, the
authors speculate that hsa-circ-402458 may act as a miRNA
sponge to regulate inflammation-related pathways, thereby
promoting the development of PBC. Unfortunately, there are
few studies on the relationship between circRNAs and PBC, and
the molecular mechanism behind the regulation of circRNAs in
PBC disease is still unclear. Whether circRNAs, like miRNAs
and/or lncRNAs, play a role in PBC through signaling pathways
such as TGF-β, NF-κB, TLR, TCR and oxidative stress, remains to
be further explored.

CONCLUSION AND FUTURE DIRECTIONS

Studies on ncRNAs in human biology have gained much interest
in the scientific world in recent years (Kapoor et al., 2021; Makkos
et al., 2021; Wang et al., 2021). The role of ncRNAs in immune
regulation, inflammation and autoimmunity can be of significant
translational implication in medicine. Although specific
expression profiles of miRNAs, lnRNAs, and cirRNAs have
been well-documented in the literature (Padgett et al., 2009;
Sigdel et al., 2015; Zheng et al., 2017a), the underlying
mechanisms of ncRNAs in the development of PBC is unclear
and may involve autoimmune regulatory pathways such as TGF-
B1, NF-kB, Th17, and TCR. Furthermore, the effects of ncRNAs
in oxidative stress, apoptosis, immune cells homing, and others in
PBC are also confounding factors. Further studies including a
combination of wet-bench studies and the use of bioinformatics
tools (Li et al., 2020b; Zhu and Leung, 2021) to discover the target
gene networks of non-coding RNAs are necessary to decipher the
mechanistic role of ncRNAs in the pathogenesis of PBC and their
potential application as diagnostic markers and/or therapeutic
checkpoints.
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non-coding RNAs and their
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workflow
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Background: Bladder cancer (BLCA) is one of the most common cancer types

worldwide. The disease is responsible for about 200,000 deaths annually, thus

improved diagnostics and therapy is needed. A large body of evidence reveal

that small RNAs of less than 40 nucleotides may act as tumor suppressors,

oncogenes, and disease biomarkers, with a major focus on microRNAs.

However, the role of other families of small RNAs is not yet deciphered.

Recent results suggest that small RNAs and their modification status, play a

role in BLCA development and are promising biomarkers due to their high

abundance in the exomes and body fluids (including urine). Moreover, free

modified nucleosides have been detected at elevated levels from the urine of

BLCA patients. A genome-wide view of small RNAs, and their modifications, will

help pinpoint the molecules that could be used as biomarker or has important

biology in BLCA development.

Methods: BLCA tumor tissue specimens were obtained from 12 patients

undergoing transurethral resection of non-muscle invasive papillary

urothelial carcinomas. Genome-wide profiling of small RNAs less than

40 bases long was performed by a modified protocol with TGIRT

(thermostable group II reverse transcriptase) to identify novel small RNAs

and their modification status.

Results: Comprehensive analysis identified not only microRNAs. Intriguingly,

57 ± 15% (mean ± S.D.) of sequencing reads mapped to non-microRNA-small

RNAs including tRNA-derived fragments (tRFs), ribosomal RNA-derived

fragments (rRFs) and YRNA-derived fragments (YRFs). Misincorporation

(mismatch) sites identified potential base modification positions on the small

RNAs, especially on tRFs, corresponding to m1A (N1-methyladenosine), m1G

(N1-methylguanosine) and m2
2G (N2, N2-dimethylguanosine). We also detected
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mismatch sites on rRFs corresponding to known modifications on 28 and

18S rRNA.

Conclusion: We found abundant non-microRNA-small RNAs in BLCA tumor

samples. Small RNAs, especially tRFs and rRFs, containmodifications that can be

captured as mismatch by TGIRT sequencing. Both the modifications and the

non-microRNA-small RNAs should be explored as a biomarker for BLCA

detection or follow-up.

KEYWORDS

bladder cancer, non-coding RNA, small RNA, RNA modification, tRNA-derived
fragment, rRNA-derived fragment, YRNA-derived fragment

Introduction

Bladder cancer (BLCA) is the sixth most common cancer

worldwide with high morbidity and mortality rates. With

550,000 annual new incidents and 200,000 deaths, BLCA

poses a significant disease burden globally (Bray et al.,

2018). About 75% of incidents present as non-muscle

invasive (NMIBC), consisting of a heterogeneous

population of tumors (Kirkali et al., 2005; Burger et al.,

2013). Currently there is no routine screening for NMIBC

or BLCA in general. Patients with NMIBC usually display

urinary tract symptoms i.e., hematuria, pain or frequent

urination, and is then subject to cystoscopy as the first step

in the diagnostic process. If the initial workup reveals a tumor,

the affected individual often undergoes surgery. In addition,

patients may receive radiation therapy, chemotherapy,

immunotherapy and targeted therapy. Despite a 70–80%

recurrence rate, NMIBC has a favorable prognosis and a 5-

year survival rate greater than 85% (van Rhijn et al., 2009).

However, up to 30% of NMIBC cases progress into more

advanced stages with less favorable prognosis, and 5-year

survival rate drops to about 5% for metastatic disease

(Schrier et al., 2004; Sanli et al., 2017; Boegemann and

Krabbe, 2020). This lifelong menace necessitates an

exhaustive post-operative control scheme burdening both

patients and healthcare systems. In fact, BLCA is in the top

tier of the most expensive cancer type to treat, both when

considering cost per patient and lifetime cost, in addition to

the invaluable expense of life quality reduction (James and

Gore, 2013). Thus, urgent improvement of diagnostics and

follow-up is required. Despite tremendous effort, the

development of sensitive biomarkers and non-invasive

methods for cost-effective diagnostics and surveillance of

patients remains a challenge. However, the family of small

non-coding RNAs and their modifications, appear as a

promising addition to the future clinical toolbox.

Non-coding RNAs (ncRNAs), including both long non-

coding RNAs (lncRNAs) and small RNAs (sRNAs), have

gained much attention lately for their key role as mediators

of gene expression in cancer (Slack and Chinnaiyan, 2019).

They are considered well-suited as therapeutic targets or

agents due to their small size and chemical properties,

which allow them to cross tissue barriers and reach tumor

cell interior better than macromolecular antibody drugs (Li

et al., 2020). In particular, the primary focus of sRNA research

in BLCA has been directed towards microRNAs (miRNAs).

Extensive RNA sequencing by The Cancer Genome Atlas

reported epigenetic regulation of ncRNA, especially

miRNAs, in BLCA (Yoshino et al., 2013; Cancer Genome

Atlas Research, 2014). In recent years, dysregulated

expression of hundreds of miRNAs have been reported in

BLCA by large-scale analysis from close to 20 research groups

(Lee et al., 2016). Functional studies suggest that miRNAs are

involved in different aspects of BLCA development and

progression (Li et al., 2011; Morais et al., 2014; Wang

et al., 2015). Moreover, miRNAs dysregulated in tumor

tissue can also be detected in biological fluids such as

serum and urine, suggesting their potential usage as non-

invasive diagnostic or prognostic tools (Yun et al., 2012;

Armstrong et al., 2015; Fang et al., 2016; Borkowska et al.,

2019; Yin et al., 2019).

Besides microRNAs, other emerging small RNAs are

detected at high abundance thanks to the technological

advances in next-generational sequencing. For example,

tRNA-derived fragments (tRFs) have gained attention as

their diverse biological functions are being discovered

(Magee and Rigoutsos, 2020). These sRNAs have high

promise due to their biological functions in different

diseases and their high abundance in bodily fluids as

recently reviewed (Su et al., 2020b). So far only a few

reports focused on tRFs or other non-microRNA-small

RNAs in BLCA. tRF expression showed context-dependent

association with mRNA expression across 32 cancer types in

TCGA, highlighting differences in tRF-mRNA connection by

sex in bladder cancer (Telonis et al., 2019). Furthermore,

analysis of TCGA data found association between elevated

level of a specific tRF (5′-tRF-LysCTT) and early progression

and poor outcome in BLCA (Papadimitriou et al., 2020),

calling for further investigation of tRF functions in BLCA.

In addition to tRFs, other small RNAs such as ribosomal
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RNA-derived fragments (rRFs) and Y RNA-derived fragments

(YRFs) have also been reported in humans but not

investigated as much. Important to note, TCGA small

RNA-seq data was collected focusing on microRNAs

(~22 nucleotides long) and has a strict size cut-off of

30 nucleotides, losing potential information on RNAs

longer than this size range.

Moreover, sRNAs harbor a range of chemical

modifications providing a second layer of biological

information (Zhang et al., 2016; Li et al., 2021). This

modification information is often missing and even leads to

under-representation of modification-containing sRNAs

during conventional small RNA-seq library preparation (Shi

et al., 2021). Enzyme-assisted library preparation improves the

cloning of modification-containing sRNAs, and suggests that

their abundance was formerly far under-appreciated.

Altogether, there is a great need to understand the relative

abundance of non-microRNA-small RNAs and modification

status on different small RNAs, both of which have not been

comprehensively profiled in BLCA samples.

We aimed to establish a workflow that can profile both

microRNA (miRs) and non-miR small RNAs in a genome-wide

fashion that can be applied to patient samples. Small RNA-seq

has been a powerful method for high-throughput profiling and

sequence-level information that is important for base-level

analysis. However, regular small RNA-seq protocol is known

to suffer from the stalling of the reverse transcriptase at sites

containing modifications that disrupt Watson-Crick base-

pairing, including but not limited to m1A (N1-

methyladenosine), m1G (N1-methylguanosine), and m2
2G

(N2, N2-dimethylguanosine) (Behrens et al., 2021; Shi et al.,

2021). Recently we showed TGIRT (thermostable group II

intron reverse transcriptase) can be used in small RNA-seq

to overcome under-cloning of m1A-containing RNAs during

regular small RNA-seq protocol, and further be used to identify

the modification base position via mismatch (Su et al., 2022).

The under-representation of m1A-containing small RNAs and

loss of quantitative mismatch ratio by a commonly used

M-MuLV reverse transcriptase (ProtoScriptII) indicates the

regular small RNA-seq pipeline is biased against

m1A-modified small RNAs. Intrigued by this result, we

wondered whether TGIRT can also overcome and capture

the other RNA modifications that disrupt Watson-Crick

base-pairing. In addition to A-type mismatch, we noticed

TGIRT also produced more G-type mismatch than

ProtoScriptII from the same HEK293T RNAs

(Supplementary Figure S1A), suggesting TGIRT can

potentially capture modifications on guanosine as well. Here

we report a comprehensive profiling of small RNAs and their

modification status in BLCA patient samples by this modified

small RNA-seq pipeline. From 12 tumor samples, we identified

non-microRNA-small RNA reads that are comparable in

abundance to microRNAs. These non-microRNA-small

RNAs include tRNA-fragments, rRNA-fragments, Y-RNA-

fragments, snoRNA-fragments and more. Their length

distribution and cleavage patterns were distinctly different.

RNA modification as indicated by TGIRT mismatch pattern

was mostly found on tRFs over other small RNA types.

Mismatch sites on specific tRFs correspond to known m1A,

m1G and m2
2G annotations on mature tRNAs, suggest a large

proportion of tRFs harbor these modifications. Furthermore,

mismatch sites were also identified on rRFs at known

modification positions on 28 and 18S rRNAs. This analysis

confirms the high potential of using TGIRT to enable

modification-friendly profiling of small RNAs in clinical

samples.

Materials and methods

Human subject and sample collection

Patients diagnosed and treated for papillary urothelial

NMIBC at the Vestre Viken Hospital Trust hospitals were

enrolled in the study. Cold cup biopsies were harvested prior

to surgical resection of the tumor, and the specimens were kept

on −20°C in RNAlater preservation solution (Ambion #AM7020)

until preparation and further analyses.

Anonymized collective patient information of the 12 samples

used is listed in Table 1.

RNA extraction

Purification of total RNA was done using the RNAzol RT

reagent (MRC Inc. #RN190). Subsequently RNA quality was

determined using RNA ScreenTape on TapeStation (Agilent

Tech. #5067-5576) or Agilent RNA 6000 Pico Kit on

Bioanalyzer (Agilent Tech. #5067-1513).

TABLE1 NMIBC patient information.

Patient # Sex Age range Primary or recidive

Patient #1 Female 40-49 Primary

Patient #2 Male 70-79 Primary

Patient #3 Male 70-79 Primary

Patient #4 Male 60-69 Primary

Patient #5 Male 70-79 Primary

Patient #6 Male >80 Primary

Patient #7 Male 60-69 Primary

Patient #8 Male 50-59 Primary

Patient #9 Male 40-49 Primary

Patient #10 Male 50-59 Primary

Patient #11 Male >80 Primary

Patient #12 Female 70-79 Primary
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Small RNA library preparation by TGIRT
and sequencing

Small RNA-seq library preparation was performed as

previously reported (Su et al., 2019; Su et al., 2020a) using

NEBNext Small RNA Library Prep Set for Illumina (NEB

#7330) with changes to use TGIRT for cDNA synthesis.

TGIRT condition is based on m1A mapping on polyA-

enriched RNAs by TGIRT-seq (Li et al., 2017) with the

modifications described below. Total RNAs of 0.3–1 μg were

ligated with the corresponding 3′ and 5’ adaptor within the

NEBNext kit. Ligated RNAs were converted to cDNA by 1 μL

TGIRT-III enzyme (InGex #TGIRT50) per reaction at 60°C for

15 min. TGIRT reaction was carried out in buffer (50 mM Tris,

pH 8.3, 75 mM KCl, 3 mM MgCl2, 1 mM dNTP, 10 mM DTT)

with addition of 1 μL RNase Inhibitor. The reaction is stopped by

addition of 250 mM (final concentration) NaOH at 95°C for

3 min and 65°C for 15 min. Same amount of HCl was added to

neutralize the reaction after the reaction cools down. The cDNA

is further purified by QIAquick Nucleotide Removal Kit (Qiagen

#28304) or ZYMO oligo clean and concentrator kit (ZYMO

#D4060) or Dynabeads MyOne Silane (Thermo Fisher

#37002D). cDNA is amplified by 15–16 cycles of PCR with

indexed NEBNext primers (NEB #E6609). The individual

amplified libraries were purified with ZYMO DNA Clean and

Concentrator Kit (ZYMO #D4033) and run on 8% TBE

polyacrylamide Novex gel (Thermo Fisher #EC6215). The

position corresponding to RNA insert of 15–40 nucleotides

long was cut out from the gel and purified via crush-and-soak

method. Care was taken to cut the region longer than primer

dimer and shorter than full-length tRNA. Gel-recovered eluate

was purified and concentrated by ethanol precipitation according

to NEB kit instruction. Final libraries were quantified by Qubit

fluorometer and pooled for sequencing on Illumina sequencer.

HEK293T small RNA-seq data by ProtoScriptII andTGIRT can be

accessed from GEO: GSE171040 (GSM5217188 and GSM5217193 for

ProtoScriptII; GSM5217184 and GSM5217186 for TGIRT).

General mapping strategy for small RNA
TGIRT-seq data analysis

Small RNA-seq data was analyzed similarly as before (Su et al.,

2019; Su et al., 2020a). Briefly, cutadapt v1.15 (Martin, 2011) was used

to trim 3′ adaptor sequence and discard trimmed read length shorter

than 15 nt. To avoidmis-annotation of 5′NEBNext adaptor sequence
to hsa-miR-3168, reads containing 5′ adaptor sequence were

discarded with cutadapt. In general, each library has 2–10 million

mapped reads. Unitas v1.7.3 (Gebert et al., 2017) with SeqMap v1.0.13

(Jiang and Wong, 2008) was used to map small RNAs. Priority of

mapping was given to first map the reads to miRBase Release 22

(Kozomara et al., 2019) human sequence. The remaining reads were

mapped to other small RNA sequences including genomic tRNA

database (Chan and Lowe, 2016) and Ensembl Release 97. Additional

rRNA and YRNA reference sequences were used for rRF and YRF

mapping: 18S (NR_145820.1), 5S (NR_023363.1), 28S (NR_003287.4)

and 5.8S (NR_145821.1); RNY1 (NR_004391.1), RNY3

(NR_004392.1), RNY4 (NR_004393.1) and RNY5 (NR_001571.2).

miRNA mapping was done allowing 2 non-templated 3’ nucleotides

addition and 1 internalmismatch.Other nmsRNAmappingwas done

allowing 1 mismatch and 0 insertion/deletion, unless otherwise

specified (for example Supplementary Figure S1). When a given

read is mapped to multiple reference RNAs (multi-mapping),

fractionated count was calculated assuming even distribution

among all possible references. For all the analysis, reads per

million (RPM) was calculated to adjust for total mapped reads in

each library.

Mismatch calculation for small RNA
TGIRT-seq data analysis

After initial mapping as above, tRF/rRF/YRF reads were re-

mapped to only the corresponding reference RNAs with unitas

v1.7.3 (Gebert et al., 2017) allowing 1 mismatch and 0 insertion/

deletion. The mapping start/end position and mismatch position

were recorded for each read. The reads were aggregated onto the

whole length of reference RNAs into a coverage plot to facilitate

visualization, withX axis representing each nucleotide position of

the reference RNA and Y axis representing the abundance of all

reads that covered that specific position. Mismatch index (on a

scale of 0–100%) was calculated for each position by taking the

reads with mismatch at that position and divided by total reads

that covered that specific position. Mismatch index was

visualized by color on the coverage plot (red means higher

mismatch). For tRFs (Figure 4), coverage was aggregated by

tRNA amino acid groups.

Coverage plot on secondary structure of
YRNA-derived fragments

YRNA secondary structures were retrieved from RNAcentral

v19 based on Rfam (RF00019). The dot-bracket notation was

used to generate secondary structure plot by StructureEditor v6.1.

To color each base based on the relative abundance, coverage of

each base is normalized to the highest coverage for that YRNA.

Results

An updated small RNA-seq workflow for
modification-friendly global analysis

We collected 12 NMIBC tumor samples (patient

information summarized in Table 1) to test the updated
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small RNA-seq workflow (Figure 1A). High-quality total RNAs

were used as input and first ligated with 3′ adaptor and 5’

adaptor. Ligated RNA was converted into cDNA by reverse

transcriptase TGIRT, which has been shown to produce more

mismatch (misincorporation) than hard-stop products at m1A

modification sites than other reverse transcriptases (Li et al.,

2017; Su et al., 2022). When sequencing HEK293T RNAs, we

noticed TGIRT protocol is better at capturing non-microRNA-

small RNAs than the regular ProtoScriptII protocol

(Supplementary Figure S1A). The higher G-type mismatch

from the same HEK293T RNAs by TGIRT (Supplementary

Figure S1B), suggests TGIRTmight detect certain modifications

on guanosine as well. To be noted, base modifications that

disrupt base pairing such as m1A, m1G, m2
2G are more prone to

produce RT-induced mismatch, while other RNAmodifications

including m6A and pseudouridine are less affected. Only the

fully ligated and converted cDNAs can be further amplified by

the next PCR amplification. Lastly, the PCR products are size

selected experimentally to enrich for small RNAs of size less

than 40 nucleotides long. To avoid ambiguous mapping of very

short sequences, we only mapped reads that are at least

15 nucleotides long. Each clean read was first mapped to

human microRNA sequences, and the remaining reads were

then mapped to other reference sequences to identify non-

microRNA-small RNAs (nmsRNA) (Supplementary Figure

S1C). The largest increase in mapping of nmsRNAs (of

25–150%) was seen specifically with tRFs compared to other

nmsRNAs (Supplementary Figure S1D). In contrast allowing

indels of 1 nt did not increase mapping numbers

(Supplementary Figure S1E). Overall we found a very high

percentage of nmsRNA reads in these libraries, constituting

42–72% of all mapped reads (Figure 1B). The most abundant

nmsRNAs include tRNA-derived fragments (tRFs), ribosomal

RNA-derived fragments (rRFs), mitochondrial tRFs,

mitochondrial rRFs, Y-RNA-derived fragments (YRFs), small

nucleolar RNA-derived fragments (snoRFs), small nuclear

RNA-derived fragments (snRFs), lncRNA-derived fragments

(lncRFs) and protein-coding mRNA-derived fragments

(mRFs). Among these, the four most abundant groups are

rRFs, tRFs, snoRFs and lncRFs (Figure 1B). It was striking

FIGURE 1
An updated small RNA-seqworkflow formodification-friendly global analysis. (A) Scheme of collecting tumor samples from 12 NMIBC patients.
Small RNA-sequencing libraries by TGIRT were prepared from total RNAs to profile relative abundance and potential RNA modifications (based on
mismatch/misincorporation) for small RNAs less than 40 bases long. (B) Overall distribution of total mapped reads between microRNAs (dark grey)
and non-microRNA small RNAs (nmsRNAs), including rRFs (yellow), tRFs (red) and more. (C) Distribution of mapped percentage for each sub-
group of small RNAs shown as box-whisker plot. Box plot center represents median value, bounds represent upper and lower quartile, whiskers
represent 1.5* interquartile range from the bounds.
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that in some patients (patients 2, 5, 6, 8 and 12), rRF read counts

were nearly equal to or more than microRNAs. Interestingly,

relative read distribution among different small RNA sub-

groups was quite variable for different patients (Figure 1C).

microRNAs and nmsRNAs
(non-microRNA-small RNAs) show
distinct size distribution

To further understand the characteristics of the nmsRNAs,

we checked the length distribution of each subtype. As expected,

microRNAs have a specific size of 22 nucleotides (average from

12 samples shown in Figure 2A, individual patient samples

shown in Supplementary Figure S2). Meanwhile, the other

small RNAs showed distinct size distributions that were

different from microRNAs. For example, tRFs (Figure 2B),

rRFs (Figure 2C), mitochondrial tRFs (Figure 2D), YRFs

(Figure 2E), mitochondrial rRFs (Figure 2F) and snoRFs

(Figure 2G) all have a longer size range than microRNAs.

snRFs have a peak at 20 nucleotides and additional peaks at

longer size of 37 and 39 nucleotides (Figure 2H). This also

suggests these longer nmsRNAs were missed or under-

represented if a library was size selected around 22 nucleotides.

Similar to what we found before (Kumar et al., 2014), tRFs

display specific peaks in length at 33, 27, 22 and 18 nucleotides

(Figure 2B), which will be further discussed in the next

section. Intriguingly, mitochondrial tRFs display additional

peaks at 38 and 32 nucleotides (Figure 2D). In addition, both

genomic and mitochondrial rRFs are represented by a very

specific peak (39 and 37 nucleotides) (Figure 2C and

Figure 2F). YRFs have peaks of 33, 35 and 31 nucleotides

(Figure 2E), whereas snoRFs have peaks of 35 and

28 nucleotides (Figure 2G). On the other hand, lncRFs and

mRFs have predominantly shorter reads of 15 nucleotides,

(Figures 2I–J) which is the size cut-off for our bioinformatics

analysis (we discarded reads shorter than 15 nucleotides to

avoid ambiguous mapping). This may suggest more non-

specific cleavage on lncRNA and mRNAs than the other

RNAs. In general, the pre-dominant size for each small

RNA subtype was consistently observed across 12 tumor

samples, which shows distinct pattern between different

RNA subtypes (Supplementary Figure S2). Below we

describe specific nmsRNA subtypes in more details.

FIGURE 2
microRNAs and non-microRNA small RNAs show distinct size distribution. Size distribution (X-axis in nucleotides, Y-axis in reads per million
mapped reads) of each subtype of small RNAs including (A)microRNAs, (B) tRFs, (C) rRFs, (D)mitochondrial tRFs, (E) YRFs, (F)mitochondrial rRFs, (G)
snoRFs, (H) snRFs, (I) lncRFs and (J) mRFs. Major peaks in length are labeled for each small RNA subtype. RPM values are averaged from 12 samples
(individual samples plotted in Supplementary Figure S2).
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TGIRT-seq detects tRNA halves and tRFs in
the microRNA-size range at an abundance
comparable to microRNAs

tRFs are grouped by their start and end positions on parental

tRNAs, including 5′ fragments and 3′ fragments from mature

tRNAs and tRF-1s from precursor tRNA trailers (Figure 3A).

Both 5′ and 3′ fragments can be further divided into longer

fragments (or called tRNA halves, tiRs) and shorter tRFs.

Generally, expression levels for microRNAs are higher than

that of tRFs (Figure 3B, one-sided Kolmogorov-Smirnov test,

p = 1E-5). The most abundant microRNAs detected by TGIRT-

seq include miR-21-5p, let-7-5p, miR-200b-3p, miR-148a-3p

and miR-143-3p (each more than 10,000 reads per million).

When compared with these highly abundant microRNAs,

specific tRFs are also expressed at high levels, including 5′
halves/fragments from tRNAGly, tRNAGlu, tRNALys, tRNAVal, 3’

half from tRNAArg and tRF-1 from tRNASer, all of which exceed

1,000 reads per million averaged from 12 samples (Figure 3B).

The abundance (1,000-10,000 RPM) of these five tRFs is

comparable to that of 29 unique microRNAs (let-7b-5p, let-

7e-5p, miR-100-5p, miR-101-3p, miR-103a-3p, miR-10a-5p,

miR-10b-5p, miR-125a-5p, miR-126-3p, miR-148b-3p, miR-

151a-3p, miR-191-5p, miR-199a-3p, miR-200a-3p, miR-200c-

3p, miR-203a-3p, miR-205-5p, miR-23a-3p, miR-23b-3p, miR-

25-3p, miR-26a-5p, miR-26b-5p, miR-27a-3p, miR-27b-3p,

miR-30d-5p, miR-378a-3p, miR-92a-3p, miR-98-5p, miR-

99b-5p).

Both 5′ and 3′ fragments have a major peak corresponding

to the tRNA halves that are cleaved in the anticodon loop,

FIGURE 3
Abundant tRFs show distinct size distribution. (A) Major subtypes of tRFs. (B) Comparison of relative abundance of microRNAs and tRFs by
histogram (X-axis: log 10 scale of reads permillion). Top expressedmiRs and tRFs (RPM >1,000) are labeled. tRF is grouped by each of the five types in
(A) and further by anticodon. (C) Size distribution (X-axis in nucleotides, Y-axis in reads per million mapped reads) of each tRF subtype. (D) tRF
abundance shown as a heatmap grouped by tRF types and anticodons. RPM values are averaged from 12 samples (individual samples plotted in
Supplementary Figure S3).
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with other minor peaks representing shorter isoforms

(average from 12 samples shown in Figure 3C, individual

patient samples shown in Supplementary Figure S3). 5′
fragments have dominant size of 32–34 nt (5′ halves), 27 nt

(tRF-5c) and 19 nt (tRF-5a). 3′ fragments have dominant size

of 37–38 nt (3’ halves), 22 nt (tRF-3b) and 18 nt (tRF-3a).

tRF-1s are generally shorter than 25 nt with a major peak at

20 nt (Figure 3C). Again, the size distribution pattern is

FIGURE 4
TGIRT-seq captures mismatch at specific positions corresponding to RNA modification sites. (A) A- and G-type mismatch is abundantly
detected in tRFs by TGIRT-seq. In particular, A-type mismatch is enriched in 3′ fragments while G-type mismatch is enriched in 5′ fragments. Each
dot represents one patient sample (n = 12), separated by mismatch types (by color) and tRF types (X-axis). Y axis represents the percentage of reads
that contain specific type of mismatch. (B) Scheme of known common tRNA modifications that are detected on tRFs by TGIRT. (C,D) Example
coverage plot of 5’ (C) and 3’ (D) tRNA fragments with mismatch positions highlighted at each position (patient #1 shown as example). (E–G)
Heatmap of tRF mismatch index (percentage) at specific positions representing m1G/A9 (E), m2

2G26 (F) and m1A58 (G). All tRF reads are combined
and clustered on the length of parental tRNAs. Each column represents one tumor sample (n = 12). Grey squares represent no read coverage at that
site.
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overall consistent among 12 samples (Supplementary

Figure 3).

tRF reads are derived from different tRNA genes (Figure 3D).

tRF-1 expression shows the lowest correlation with the other tRF

types, with the highest tRF-1 expression from tRNA-Ser-TGA

(tRF-1001). The most abundant fragments are tiR-5, tRF-5 and

tiR-3 from tRNA-Glu-C/TTC and tRNA-Gly-C/GCC. tRF-3s

have highest expression from tRNAGln, tRNALeu and tRNAAla.

TGIRT-seq captures mismatch at specific
positions corresponding to RNA m1G,
m2

2G and m1A modification sites

Allowing one nucleotide mismatch increased tRF

mapping (Supplementary Figure S1), suggesting tRFs likely

bear mismatch-inducing RNA modifications. We checked

what type of mismatch was captured in the TGIRT library

and found around 15% of tRF reads contain A- > C/G/T

mismatch and 15% contain G- > A/C/T mismatch, both of

which are much higher than the percentage seen in

microRNA reads (Supplementary Figure S4). This is

consistent with the fact that tRNAs bear an array of RNA

modifications, including modified adenosines and guanosines

(Clark et al., 2016; Behrens et al., 2021). Specifically, the

G-type mismatch mainly happens on the 5′ fragments,

whereas the A-type mismatch is strongly enriched in 3′
fragments (Figure 4A). Common guanosine or adenosine

modification on tRNAs (Figure 4B) include m1G, m2G and

m2
2G on the 5’ half of tRNA or anticodon loop, and m1A on

the T-loop or on the ninth position of specific tRNAs. The

presence and relative abundance of these modifications on

tRFs have not been extensively investigated, especially in

bladder cancer.

High mismatch rate was detected by TGIRT-seq at specific

positions on specific tRFs (patient #1 shown as example in

Figures 4C,D). For example, G-type mismatch was detected at

the ninth position on the highly abundant 5′ fragment from

tRNAGlu (Figure 4C), consistent with the known m1G site on the

parental tRNAs. Interestingly, another highly abundant 5’

fragment, from tRNAGly, does not have high mismatch rate

detected, despite having guanosine at its ninth position.

Across 12 tumor samples, the mismatch pattern at ninth

position (Figure 4E) corresponds very well with previous

measurements of mismatch on mature tRNAs: high mismatch

rate on tRFAsn, tRFArg, tRFGln, tRFPro and tRFiMet, moderate

mismatch rate on tRFGlu and tRFThr.

A-type mismatch at the ninth position was also detected

on tRFAsp (Figure 4C), corresponding to the reported m1A

modification on tRNAAsp. Similarly, we detected G-type

mismatch frequently at the 26th position on specific 5′
fragments across 12 samples (Figure 4F): high mismatch

rate on tRFIle, tRFLeu, tRFMet, tRFPhe, tRFSer and tRFTrp,

moderate mismatch rate on tRFAla, tRFAsn, tRFArg and

tRFTyr. Lastly, TGIRT detects overall high mismatch rate at

m1A58 position on 3’ tRNA fragments across 12 samples with

slightly lower rate on tRFAla, tRFCys, tRFGlu, tRFLeu and tRFThr

(Figure 4G) and very low mismatch on tRFAsp (Figures 4D, G).

Overall TGIRT-seq captures mismatch at specific positions on

tRFs, with a mismatch pattern similar to that expected from

the mismatch pattern of the corresponding tRNAs. This

suggests modifications like m1G, m2
2G and m1A are highly

prevalent on tRFs.

TGIRT-seq detects abundant rRFs with
overall low mismatch rate but high
mismatch at specific positions

Another group of abundant nmsRNAs is rRFs (Figure 1).

The rRF reads are mapped to all four mature rRNA sequences,

18, 28, 5.8 and 5S. rRFs are highly abundant with comparable

RPMs to abundant miRs or tRFs. The rRF coverage along the

length of rRNAs is not evenly distributed, as would be

expected if they were random degradation products, but

interestingly concentrated at discrete regions (Figure 5A,

patient #2 shown as an example, all 12 samples shown in

Supplementary Figure S5). Consistent with the dominant peak

at 39 nt of all rRFs (Figure 2C), these discrete regions show up

as peaks of around 39 nt at various sites on the rRNAs

(Figure 5A). The rRFs from 18S RNA have the two highest

peaks at 0, 1200 bases along the length or the RNA, and this

general pattern is seen across 12 patients, with new rRF source

sites towards 3’ end seen in patient #6 (Supplementary Figure

S5). We do not know the explanation for the different pattern

in individuals, but there may be interesting biological

differences in the tumor accounting for the difference.

Similar analysis was done for rRFs from 5.8S

(Supplementary Figure S6), 5S (Supplementary Figure S7)

and 28S (Supplementary Figure S8), which shows generally

conserved patterns across 12 patients.

Unlike tRFs, rRFs are not associated with high mismatch

reads on an overall view (Figure 5). However, mismatch is

observed at specific position, for example position 1322 on

fragments from 28S rRNA (Figure 5B). This position is

known to bear m1A but has not been reported on the rRFs.

We were able to detect highmismatch at position 4530 of 28S rRF

(Figure 5C) corresponding to known m3U modification and

position 1248 of 18S rRF (Figure 5D) corresponding to

m1acp3Ψ. All these modifications are known to disrupt base

pairing therefore induce mismatch during reverse transcription.

We didn’t observe high mismatch (>10%) at positions consistent

in multiple patients from 5.8S to 5S rRFs (Supplementary Figures

S6, 7). Lastly, these three rRF mismatch sites are consistently

detected among 12 patients with overall very high mismatch rate

(Figure 5E). This suggests specific rRFs could harbor
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modifications from the parental rRNAs, which will require

further future investigation.

Specific and abundant YRNA fragments
with overall low mismatch rate

In addition to tRFs and rRFs, we also detected abundant

YRNA fragments (YRF) from all four YRNAs, RNY1, RNY3,

RNY4 and RNY5 (Figure 6A, patient #1 shown as an example, all

12 patient samples shown in Supplementary Figure S9). Themost

abundant YRF is 3′ fragment from RNY5 (~10,000 RPM), which

is close to the most abundant microRNA level (Figure 3B).

Interestingly, the fragmentation pattern is very specific and

generates 5′ and 3′ molecules similar in length to the tRNA

halves, although they are not themselves exactly half of a YRNA

(Figure 6B). YRNAs share conserved secondary structure with a

~20 bp stem formed by annealing of the 5′ and 3’ ends, which is

adjacent to a loop (preterminal loop) (Figure 6B). The YRF

cleavage occurs at single-stranded region of YRNAs, especially

within the preterminal loop of RNY1, 4 and 5 (Figure 6B). This

cleavage pattern is highly consistent among 12 patient samples

FIGURE 5
TGIRT-seq detects abundant rRFs with overall low mismatch rate and high mismatch at specific positions. (A) Example coverage plot of rRFs
mapped on each rRNA sequences with mismatch highlighted at each position (patient #2 shown as example). Coverage plots for all 12 samples are
shown in Supplementary Figures S5–8. Squared boxes are further zoomed in panel (B) to show highmismatch positions. (B–D)Highmismatch at (B)
position 1322 on 28S rRNA (C) position 4530 on 28SrRNA and (D) position 1248 on 18S rRNA are highlighted. (E) Patient-to-Patient variation of
the mismatch% at the three high mismatch positions on rRFs (B–D).
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with some patient-to-patient variation in abundance

(Supplementary Figure S9), suggesting specific cleavage.

Overall, YRFs are not associated with high mismatch reads

(Figure 6A).

NmsRNAs in the 18–24 base range, that
may enter argonaute complexes

Given the emerging reports of tRF involvement in

Argonaute-mediated gene silencing activity (Maute et al.,

2013; Kuscu et al., 2018; Ren et al., 2019), it is important to

determine how many and which nmsRNAs are likely to enter

Argonaute and potentially affect gene expression. We used the

following criteria: 1) 18–24 base long and so expected to enter

Argonaute complexes, 2) consistently detected in at least 10 out

of the 12 samples, 3) present at an abundance comparable to that

of microRNAs. As listed in Supplementary Table S1, 12 unique

nmsRNA sequences in this size range were seen at an abundance

of 500–15,000 RPM, an abundance at which we see 96 unique

microRNA sequences (isomiRs were not combined due to

sequence variations). These include tRF-1001, tRF-3001a, tRF-

5027b and tRF-5004a (3 nt shorter than annotated sequence). All

have been detected in AGO PAR-CLIP (photoactivatable

ribonucleoside-enhanced crosslinking and

immunoprecipitation) except tRF-1001 (Kumar et al., 2014;

FIGURE 6
Specific Y-RNA fragments with overall lowmismatch rate. (A) Example coverage plot of YRFsmapped on each Y-RNA sequences withmismatch
highlighted at each position (patient #1 shown as example). Coverage plots for all 12 samples are shown in Supplementary Figure S9. (B) YRF base
coverage shown with Y-RNA secondary structures. Base coverage is color coded with red showing highest coverage and black showing lowest
coverage. YRF cleavage site as indicated by the coverage drop is indicated by arrow.
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Kumar et al., 2015). The identities of nmsRNAs that have the

potential to enter productively into Argonaute complexes by

virtue of their length, and are present at an abundance

comparable to that of microRNAs, is listed in Supplementary

Table S1. Various rRFs have been detected associated with AGO

(Guan and Grigoriev, 2021). However, the abundant rRFs that we

have identified in this paper have not been reported in

association with AGO, but this could either be because these

rRFs are not sufficiently abundant in the cell lines where the AGO

PAR-CLIP experiments were done, or because there is a

mechanism that keeps these fragments away from being

loaded into AGO. This analysis suggests that tRF-3001a, tRF-

5027b and tRF-5004a should be studied further in BLCA for their

microRNA-like activity, and the other nmsRNAs in

Supplementary Table S1 may also emerge as being important

for BLCA biology through mechanisms waiting to be elucidated.

Discussion

We utilized TGIRT-seq of small RNAs that were size-selected

to include RNAs that are usually discarded during microRNA

profiling. The results identified a large array of non-microRNA-

small RNAs (nmsRNAs) and associated modifications in bladder

cancer tumor samples. nmsRNAs are as abundant as the well-

studied microRNAs (Figure 1). nmsRNAs display different size

distribution thanmicroRNAs of 22 nucleotides, with a significant

portion with a longer length (Figure 2). General abundance,

cleavage patterns and potential modification sites were reported

for nmsRNAs, including tRNA-derived fragments (tRFs), rRNA-

derived fragments (rRFs) and YRNA-derived fragments (YRFs)

(Figures 3–6). Overall, this highlights the usefulness of TGIRT-

seq to profile both abundance and RNA modifications on small

RNAs from clinical samples.

Emerging evidence suggests technical biases in small RNA-

seq leads to under-representation of certain RNAs. The great

abundance of nmsRNAs of length greater than 22 nucleotides

(Figure 2) indicates they are often excluded by the size selection

that is used during microRNA profiling. Furthermore, both

internal RNA modifications that interfere with reverse

transcription and terminal modifications that interfere with

ligation could lead to under-cloning (Shi et al., 2021). Here

we utilized TGIRT, a thermostable group-II intron reverse

transcriptase based on bacterial retrotransposons, that has

been developed into a powerful research tool (Belfort and

Lambowitz, 2019). TGIRT can mitigate the RT-stalling

problem caused by certain internal modifications, but RNAs

with other modifications may still be under-cloned. Newer

techniques to tackle this gap in true short RNA representation

are needed (Alfonzo et al., 2021).

The most abundant nmsRNAs are tRFs and rRFs (Figures

3–5), both with sequences present at similar abundance as the

most abundant microRNAs (500-15,000 RPM). Diverse

biological functions of tRFs have been reported in cancers (Su

et al., 2020b). The highly abundant tRFs detected in BLCA

samples by this study include 19-nt tRF-1001 from tRNASer

(Figure 3 and Supplementary Table S1) that was initially

reported in cancer cell lines and associated with cell

proliferation (Lee et al., 2009). Another abundant tRF

reported here is 18-nt tRF-3001a from tRNALeu, which has

been shown to enter Argonaute complexes (Kumar et al.,

2014) and is capable of repressing target gene expression in a

seed sequence match manner (Kuscu et al., 2018). In addition,

both 5′ and 3′ tRNA halves from tRNAGlu, tRNAGly, tRNALys and

tRNAVal appear to be very abundant in BLCA samples (Figure 3).

Despite their high abundance, the functions of these tRNA halves

have not been extensively studied in cancers. tRNA halves can be

induced by various stress conditions but can also be detected at

endogenous non-stress condition. While 5′ tRNA halves have

been associated with translational repression (Ivanov et al.,

2011), non-coding RNA levels and histone levels (Boskovic

et al., 2020) and more recently tRNA transcription (Chen

et al., 2021), much less work has been done on 3’ tRNA

halves. So far, correlational studies based on tRF expression in

BLCA patients suggests tRFs very likely play a role in BLCA gene

regulation (Telonis et al., 2019; Papadimitriou et al., 2020),

however future investigation in a refined experimental system

is required to establish a direct association.

In addition to tRFs, we also detected abundant rRFs and

YRFs in BLCA samples (Figures 5, 6). Biological significance and

functions are still awaiting investigation for rRFs and YRFs, as

recent evidence suggests they are not random degradation

products. Profiling of rRFs (<34 nt) in 1000 Genome Project

revealed sex- and population-dependent patterns (Cherlin et al.,

2020). Furthermore, rRFs ~20 nt are identified associated with

Argonaute and paired with cellular transcripts with enriched

motifs that are different from microRNA rules (Guan and

Grigoriev, 2021). Intriguingly, the abundant rRFs detected in

this study were not identified in the Argonaute association

studies. Similarly, YRFs ~31 nt could be regulated by stress

and were not found associated with Ago, as recently reviewed

(Guglas et al., 2020). This could be either because these

nmsRNAs are not abundant in the cell lines where the

association studies were performed or have been under-cloned

due to RT-stalling modifications, or more intriguingly, have

other Ago-independent functions. Further investigation is

needed to shed light on these abundant nmsRNAs, both the

Ago-compatible species and the longer species. Interestingly,

relative distribution among different RNA sub-groups is quite

variable from sample to sample, with some samples having

higher percentage of nmsRNAs than others (Figure 1). In the

future, it will be worthwhile to survey potential causes for such

difference in a more systematic analysis. Such causes could be

technical (sample handling or contamination) or biological

(dysregulation of small RNA homeostasis or correlation with

certain clinical features).
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We also tested whether TGIRT-mediated mismatches

identify known modification sites (m1G, m1A and m2
2G) on

tRFs and rRFs (Figure 4 and Figure 5). In general, the mismatch

pattern on tRFs corresponds very well with the sites of

modification detected previously on mature tRNAs (Clark

et al., 2016; Behrens et al., 2021). The very low m1A

mismatch on tRFAsp (Figures 4D,G) is consistent with the very

low m1A58 on tRNAAsp. Similarly, the A1322 position is known

to bear m1A on large ribosomal subunit RNA across species and

is catalyzed by nucleomethylin (also known as RRP8) in humans

(Waku et al., 2016; Sharma et al., 2018). The U1248 position of

18S is known to be m1acp3Ψ modified and is located within the

ribosome decoding region (Meyer et al., 2011). The

U4530 position of 28S is known to be m3U modified (Tan

et al., 2021). These three rRF modification sites were detected

with high mismatch by TGIRT (Figure 5). Interestingly, 18S:1248

(m1acp3Ψ) was suggested to have a lower modification level based

on mismatch pattern from long RNA-seq in TCGA tumors,

especially READ, UCEC and COAD (Tan et al., 2021).

Surprisingly, although rRNA modifications on human

ribosomes have very recently been visualized by Cryo-EM

(Natchiar et al., 2017), a lot of the rRNA modification

enzymatic processes are not well elucidated in humans. The

mismatch profile may also be used to identify unannotated

modification sites in the parental RNAs in the future but will

need to be verified with orthogonal methods. How could these

modifications alter in disease conditions and whether they have

any impact on ncRNA functions will be an interesting

prospective research topic. Recently we reported m1A impedes

tRF-3 gene-silencing activity and is over-expressed in BLCA

tumor, coinciding with over-expression of the writer enzyme

proteins TRMT6/61A and dysregulation of the tRF-3 targetome

(Su et al., 2022). In addition to bladder cancer, TRMT6/61A is

also over-expressed in liver cancer and glioma. This is

particularly important for cancer since disruption of many

RNA modification enzymes has been linked to cancer (Janin

et al., 2020; Chujo and Tomizawa, 2021).

Alterations in urinary RNA modification levels hold

potential to serve as a non-invasive way to diagnose

patients with BLCA and moreover as a monitoring tool to

detect disease recurrence. Several studies have reported

elevated levels of modified nucleosides detected in urine

from BLCA patients, including m1A (Kvist et al., 1993;

Zhang et al., 2014; Sun et al., 2015). The significance of

miRNA in BLCA carcinogenesis and as urine cancer

biomarkers has been well studied (Yoshino et al., 2013;

Hammouz et al., 2021). However, the role of nmsRNAs in

BLCA pathogenesis, or as clinically relevant biomarkers, is

only beginning to emerge. Interestingly, urine was one of the

biofluids with the highest proportion of tRFs detected in

healthy donors (Yeri et al., 2017; El-Mogy et al., 2018;

Godoy et al., 2018). Both YRNAs and YRFs are recognized

as biomarkers in various malignancies as reviewed (Guglas

et al., 2020). They are generally downregulated in BLCA and a

low expression of RNY1, 3 and 4 is associated with muscle

invasiveness, lymph node metastases, advanced stage, and an

unfavorable prognosis (Tolkach et al., 2017). Our observed

specific YRNA cleavage pattern taken together with the

previous knowledge of YRNA in BLCA suggests a potential

regulatory role in the pathogenesis. Yet, whether YRNAs or

YRFs are useful urine biomarkers require further

investigation.
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Piwi-interacting RNAs (piRNAs) are small non-coding RNAs (sncRNAs) of about

26–32 nucleotides in length and represent the largest class of sncRNA

molecules expressed in animal cells. piRNAs have been shown to play a

crucial role to safeguard the genome, maintaining genome complexity and

integrity, as they suppress the insertional mutations caused by transposable

elements. However, there is growing evidence for the role of piRNAs in

controlling gene expression in somatic cells as well. Little is known about

changes in piRNA expression and possible function occurring in response to

viral infections. In this study, we investigated the piRNA expression profile, using

a human piRNAmicroarray, in human small airway epithelial (SAE) cells infected

with respiratory syncytial virus (RSV), a leading cause of acute respiratory tract

infections in children. We found a time-dependent increase in piRNAs

differentially expressed in RSV-infected SAE cells. We validated the top

piRNAs upregulated and downregulated at 24 h post-infection by RT-qPCR

and identified potential targets. We then used Gene Ontology (GO) tool to

predict the biological processes of the predicted targets of the most

represented piRNAs in infected cells over the time course of RSV infection.

We found that the most significant groups of targets of regulated piRNAs are

related to cytoskeletal or Golgi organization and nucleic acid/nucleotide

binding at 15 and 24 h p.i. To identify common patterns of time-dependent

responses to infection, we clustered the significantly regulated expression

profiles. Each of the clusters of temporal profiles have a distinct set of

potential targets of the piRNAs in the cluster Understanding changes in

piRNA expression in RSV-infected airway epithelial cells will increase our

knowledge of the piRNA role in viral infection and might identify novel

therapeutic targets for viral lung-mediated diseases.
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Introduction

Respiratory syncytial virus (RSV) is a single-strandedRNAvirus

that belongs to the family of Pneumoviridae (Rima et al., 2017) and

is the leading cause of acute lower respiratory tract infections in

children worldwide, and it also results in severe respiratory

infections in the elderly and immunocompromised patients (Shi

et al., 2017; Shi et al., 2020). An effective treatment or vaccine is not

currently available for RSV infection, and many molecular

mechanisms regarding RSV-induced lung disease are still

unknown (Mazur et al., 2015; Domachowske et al., 2021). Piwi-

interacting RNAs (piRNAs) are a novel class of small non-coding

RNAs (sncRNAs) which are between 26 and 32 nucleotides in

length and have a 2′-O-methylated residue on their 3′ terminal base

(Kirino andMourelatos, 2007 (Fu andWang, 2014). piRNAs can be

grouped into four classes according to their origin: 1)

transposon—derived piRNAs, coming from RNA transcripts of

active transposable element copies; 2) piRNAs originated from

the three untranslated regions (UTRs) of messenger RNAs

(mRNAs); 3) non-coding RNAs derived piRNAs and 4)

Caenorhabditis piRNAs found in worms with unique properties

(Han and Zamore, 2014; Yang et al., 2016; Ernst et al., 2017),

although their biogenesis is still not fully understood. piRNAs

interact with the P-element Induced Wimpy Testis (PIWI)

proteins, forming RNA-protein complexes known as piwi-

interacting RNA complex (piRC). The piRC are involved in

multiple cellular functions as gene regulation, chromatin

modifications and transposon silencing in different organisms

(Iwasaki et al., 2016; Monga and Banerjee, 2019). piRNAs were

originally discovered in germ cells, maintaining the genome integrity

and repressing mutations via transposable elements (Weick and

Miska, 2014). Recently, they have been characterized in multiple

organs and somatic cells (Zamore, 2010; Théron et al., 2014), and

their unique expression profile is associated with the development of

several diseases, including cancer, diabetes, cardiovascular and

neurodegenerative disorders (Moyano and Stefani, 2015;

Wakisaka and Imai, 2019; Wu et al., 2020; Rayford et al., 2021;

Zeng et al., 2021). However, little is known about changes in piRNA

expression and possible function occurring in response to viral

infections. In our previous published work, we identified piRNAs

among the sncRNAs present in extracellular vesicles altered by

infection of airway epithelial cells with RSV (Chahar et al., 2018). In

this study, we examined the changes in piRNA profile in primary

small airway epithelial (SAE) cells infected with RSV, using a human

piRNA microarray. We found that RSV infection of SAE cells was

associated with a time-dependent increase in differentially expressed

piRNAs, when compared to uninfected cells. Among the detected

piRNAs, we validated six of the top ten upregulated at 24 h p. i. By

RT-qPCR method. We used Gene Ontology (GO) analysis to

predict the biological processes, molecular function and cell

components of the most represented predicted targets of piRNAs

over the three time points and we performed cluster analysis of the

expression profiles. Identification of human piRNAs and their

targets in airway epithelial cells will help to uncover new roles of

this class of sncRNAs following viral infections, and to identify

possible biomarkers and/or novel therapeutic targets for viral-

mediated lung diseases.

Materials and methods

Small airway epithelial (SAE) culture and
Respiratory syncytial virus infection

SAE cells (Lonza Inc., San Diego, CA), derived from terminal

bronchioli of two different cadaveric donors (25- and 38-years old

donors), were grown in growth medium, containing 7.5 mg/ml

bovine pituitary extract (BPE), 0.5 mg/ml hydrocortisone, 0.5 μg/ml

hEGF, 0.5 mg/ml epinephrine, 10 mg/ml transferrin, 5 mg/ml

insulin, 0.1 μg/ml retinoic acid, 0.5 μg/ml triiodothyronine,

50 mg/ml gentamicin and 50 mg/ml bovine serum albumin. For

preparation of RSV stocks, RSV Long strain was grown in Hep-2

cells and purified by centrifugation on discontinuous sucrose

gradient as described previously (Ueba, 1978). SAE cells were

switched to basal media (not supplements added) prior to RSV

infection. At 90%–95% confluence, cell monolayers were infected

with RSV at multiplicity of infection (MOI) of 3. An equivalent

amount of 30% sucrose solution was added to uninfected SAE cells

as a control (mock cells). Cells were collected at 6, 15 and 24 h RSV

post-infection (p.i.) for the next analysis. We used two different

donors and three replicates per time point.

Total RNA extraction and Piwi-interacting
RNAs microarray

Total RNA was extracted using ToTALLY RNA kit from

Ambion (Life Technologies). piRNA microarray analysis was

performed by Go Beyond RNA Company (Arraystar Inc.,

Rockville, MD). RNA samples were quantified using a Nanodrop

Spectrophotometer (Nanodrop Technologies) and integrity was

assessed using standard denaturing agarose gel electrophoresis.

The Arraystar HG19 piRNA array was designed for profiling of

piRNAs in human cells. Human piRNAswere downloaded from the

NCBI database and mapped to the HG19 genome sequence using

UCSC Blat. DQ (accession ID) was used to search exact piRNA in

theGenBank sequences, NCBI database (Wang et al., 2019). piRNAs

with good match were selected, and on this array, probes of about

23,000 piRNAs were designed successfully using a duplex method.

piRNA sample labeling was performed using an RNA ligasemethod.

Briefly, 1 μg of each sample was 3′-end-labeled with Cy3 fluorescent
label, using T4 RNA ligase using the following procedure: RNA in

2.0 μl of water was combined with 1.0 μl of CIP buffer and CIP

(Exiqon). The mixture was incubated for 30 min (min) at 37°C, and

was terminated by incubation for 5 min at 95°C. Then 3.0 μl of

labeling buffer, 1.5 μl of fluorescent label (Cy3), 2.0 μl of DMSO,
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2.0 μl of labeling enzyme were added into the mixture. The labeling

reactionwas incubated for 1 h at 16°C, and terminated by incubation

for 15 min at 65°C. After stopping the labeling procedure, the Cy3-

labeled samples were hybridized on the Arraystar Human piRNA

Array. Hybridization was performed at 65°C for 18 h in Agilent’s

SureHyb Hybridization Chambers. After being washed in an ozone-

free environment, the slides were fixed and scanned using the

Agilent DNA Microarray Scanner.

Data analysis of the Piwi-interacting RNAs
microarray

Agilent Feature Extraction software (version 11.0.1.1) was used

to analyze the acquired array images. Quantile normalization and

subsequent data processing were performed using the GeneSpring

GX v12.1 software package (Agilent Technologies). After quantile

normalization of the raw data, piRNAs with Present or Marginal

calls (microarray quality control flags) for at least four out of the

24 samples (six replicates for four time points) were chosen for

further data analysis. Consistency between the two groups of three

replicates at each time point was confirmed by visual inspection of

the corresponding scatterplot. Differentially expressed piRNAs were

identified through Fold Change filtering, combined with paired

t-test across the six replicates. The t-test analysis was performed on

log-transformed expression values. The use of logarithmic

transformation is justified based on the skewness test (mean

skewness of log transformed data k3 = −0.3, which signifies only

moderate deviation from normal distribution). Differentially

expressed piRNAs between two groups were defined through a

cut-off fold ratio, and significance, equivalent to Volcano Plot

filtering. The resulting data were listed as fold ratios and p-values.

Predicted targets of Piwi-interacting RNAs
and functional analysis

Prediction of potential targets of the piRNAs was performed by

combining piRNA alignments with lists of genomic features, using

the bedtools package. To annotate the potential targets of the

identified piRNAs, we used the genomic coordinates of the

piRNAs, as available from the piRNAQuest resource, http://

bicresources.jcbose.ac.in/zhumur/pirnaquest/, (Ghosh et al.,

2022). We used the UCSC liftOver tool (Hinrichs et al., 2006)

and BEDTools (Quinlan and Hall, 2010) to identify overlaps of

piRNA sequences with genomic features, as in the piRNAdb

database. We verified the implementation by comparing selected

results against piRNAdb. We used Panther version 17.0 to analyze

the Gene Ontology (GO) annotations and enrichments within the

significant predicted target genes for the differentially active piRNAs

between each two timepoints (p value <0.01 for differential

expression). The cutoff for calling enrichments in Panther was

set as FDR <0.05 for Fisher exact test. We examined the three

primary GO categories: biological process, molecular function, and

cell component. Relative frequencies were calculated against the

entire human genome as background.

Reverse transcription quantitative PCR
(RT-qPCR)

Briefly, 600 ng total RNA containing the piRNA was reversed

transcribed into cDNA in 1XRT buffer, 50 nMRTprimers (Table 1),

250 nM dNTPs, 0.6 U RNase Inhibitor, and 3 U M-MuLV Reverse

Transcriptase in a 20 μl reaction volume. The reaction was incubated

at 16°C for 30°min, 42°C for 40°min, and 85°C for 5 min 20°μl of the

synthesized cDNA was diluted in 100 μL water. The 2 μl cDNA

dilutionwasmixedwith 5 μl Arraystar SYBR® Green Real-time qPCR

Master Mix and 0.5 μl of 10 μM Forward and Reverse PCR primers

(Table 2) in a 10 μL reaction volume. The qPCR was carried out in

QuantStudio5 Real-time PCR System (Applied Biosystems) by one

cycle of (95°C for 10min) and 40 cycles of (95°C for 10°s, 60°C for

1°min, optical reading). U6 RNA was used as the housekeeping gene

reference. ΔΔCt method was used to calculate the differential

expression. Reverse transcription was performed using the First

Strand cDNA Synthesis Kit (Arraystar). Quantitative PCR was

conducted using the SYBR Green qPCR Master Mix (Arraystar),

according to the manufacturer’s instructions. Primer sequences are

available upon request. For the viral replication quantification, RSVN

TABLE 1 Top 10 highly up- (≥2 fold) and down-regulated (≤2 fold)
piRNAs by RSV 6 h p.i (p ≤ 0.01). DQ is the accession number of
piRNA in the NCBI database.

Name Accession number Fold change (Log2)

piR-61505 DQ595393 2.29

piR-38587 DQ600521 1.61

piR-47139 DQ579027 1.51

piR-36425 DQ598359 1.48

piR-30033 DQ569921 1.42

piR-30123 DQ570011 1.38

piR-55301 DQ588189 1.28

piR-44781 DQ576669 1.25

piR-36222 DQ598156 1.24

piR-43294 DQ575182 1.22

piR-45856 DQ577744 −2.74

piR-45855 DQ577743 −2.45

piR-45854 DQ577742 −2.29

piR-45512 DQ577400 −2.19

piR-32882 DQ582770 −2.13

piR-56993 DQ589881 −2.11

piR-31311 DQ571199 −2.08

piR-30049 DQ569937 −2.01

piR-47273 DQ579161 −2.00

piR-32318 DQ582206 −1.99
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gene was amplified using specific primers, as previously described (Li

et al., 2015).

Statistical analysis

The statistical analysis of the piRNA microarray was run

using the PDL:Stats and Statistics:PointEstimation modules from

CPAN. Differentially expressed piRNAs were identified for every

pair of timepoints (6 h versus mock, 15 h versus mock, 24 h

versus mock). Fold change of the differentially expressed piRNA

by microarray were calculated as linear average or Log2 average

ratio. Fold change of RT-qPCR experiments was calculated by

2-ΔΔCt method and represent mean ± SEM using GraphPad

Prism v4 (GraphPad 160 Software). p value <0.05 or 0.01 was

considered statistically significant.

Results

RSV infection induces changes in piRNAs
profile expression

To investigate the impact of infection on the piRNA

expression profile in primary airway epithelial cells, we

analyzed piRNAs changes in human SAE cells infected with

RSV for 6, 15 and 24 h p. i., using the Arraystar HG19 piRNA

array, which probes for 23,677 different piRNAs. Total RNA

from each sample was extracted and assessed for quality control.

We measured viral repliation by detecting RSV N gene as shown

in Supplementary Figure 1. Samples were labeled and hybridized

to perform the piRNA microarray according to the company’s

protocol. After quantile normalization and subsequent data

processing, we detected 548 (6 h p.i.), 897 (15 h p.i.) and

1,644 (24 h p.i.) differentially expressed piRNAs in RSV-

infected cells compared to mock (uninfected) cells. A total of

120, 321 and 772 piRNAs were significantly upregulated at 6,

15 and 24 h p. i., respectively. Interestingly, there was a higher

number of downregulated piRNAs in response to viral infection,

with 428, 576 and 872 differentially expressed piRNAs at 6,

15 and 24 h p. i., respectively (Figure 1). Among the differentially

expressed piRNAs, 244 were shared between the time points of

6 and 15 h p.i.; 221 between 6 and 24 h p.i. And 515 between

15 and 24 h p.i., with 157 piRNAs commonly detected over all

time points, as represented in the intersecting Venn diagram

(Figure 2). The top ten piRNAs upregulated and downregulated

(≤2 Fold) for each time point p. i. Are shown in Table 1 (6 h),

Table 2 (15 h) and Table 3 (24 h). The complete list of piRNAs

whose expression in SAE cells was changed in a time-dependent

manner after RSV infection is shown in Supplementary files 1,

two and 3.

We then validated the expression of six or eight of the top

ten upregulated or downregulated piRNAs at 24 h p.i. Listed

in Table 3. Total RNA was isolated from SAE mock or RSV

infected cells at 24 h p.i. And subjected to RT-qPCR. We

found that piR-54651 (DQ587539), piR-32372 (DQ582260)

TABLE 2 Top 10 highly up- (≥4 fold) and down-regulated (≤4 fold)
piRNAs by RSV 15 h p.i. (p ≤ 0.01). DQ is the accession number of
piRNA in the NCBI database.

Name Accession number Fold change (Log2)

piR-38587 DQ600521 8.26

piR-61505 DQ595393 7.95

piR-47139 DQ579027 7.06

piR-61160 DQ595048 6.61

piR-37886 DQ599820 5.86

piR-32372 DQ582260 5.76

piR-45936 DQ583610 5.51

piR-50722 DQ577824 5.37

piR-32201 DQ582089 5.32

piR-54651 DQ587539 4.98

piR-38945 DQ600879 −2.26

piR-56993 DQ589881 −2.17

piR-32318 DQ582206 −2.12

piR-32882 DQ582770 −2.10

piR-45856 DQ577744 −2.06

piR-37981 DQ599915 −2.03

piR-45512 DQ577400 −2.00

piR-45855 DQ577743 −1.96

piR-30049 DQ569937 −1.84

piR-46025 DQ577913 −1.77

FIGURE 1
Numbers of upregulated (black bars) and downregulated
(grey bars) piRNAs in RSV infected SAE cells at 6, 15 and 24 h p. i.
Compared to the mock (uninfected) SAE cells. Data is
representative of six replicates for each time point with
p < 0.01.
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and piR-61160 (DQ595048) levels increased more than

threefold, and the other three piRNAs, piR-61505

(DQ595393), piR-37886 (DQ599820) and piR-50722

(DQ583610) increased one and half fold in viral-infected

cells compared to mock (uninfected) cells, as shown in

Figure 3A. We observed more than two fold decreased

levels of piR-46025 (DQ577913) and piR-38945

(DQ600879), and the other two piRNAs, piR-41627

(DQ573515) and piR-30049 (DQ5699370) showed more

than one and half fold of decreased levels in viral-infected

cells compared to mock (uninfected) cells Figure 3B.

In general, fold change values of piRNAs analyzed by

microarray were at least two times higher than the

fold change of the same piRNAs validated by RT-qPCR.

Potential targets and Gene Ontology
prediction of the viral-induced up- and
down-regulated piRNAs

To characterize potential targets of piRNAs identified in

RSV-infected SAE cells for each time point, we combined the

piRNA alignments with lists of genomic features, using the

bedtools package, and verified the approach by comparing

selected results against the piRNAdb database (Piuco and

Galante, 2021). At the stricter threshold for piRNA

regulation at p < 0.01, we identified a total of 629,

1,044 and 2,750 targets, including 519, 874, and

2,118 targets of down-regulated piRNAs, and 153, 245 and

886 targets of up-regulated piRNAs, all respectively at 6,

15 and 24 h p. i. With RSV. Using the inclusive approach,

we found a total of 2,874, 2,341, and 6,967 potential targets of

regulated piRNAs at 6, 15 and 24 h p. i. Compared to mock

(uninfected cells) with a p value <0.05, respectively. Of these,

1961, 1978, and 5,778 are targets of down-regulated piRNAs,

and 1,313, 568, and 2,684 are targets of up-regulated piRNAs

at 6, 15 and 24 h p. i. We found that most of the piRNAs had

multiple target genes and that several piRNAs shared common

gene targets. Potential targets of selected upregulated piRNAs

following RSV infection are listed in Table 4. Most of the

predicted targets belong to the class of long noncoding RNAs

(lncRNAs), including long intergenic non-coding RNAs

(lincRNAs) such as LINC01297, LINC01087 and

LINC01087. LincRNAs are autonomously transcribed RNAs

of more than 200 nucleotides in length that do not overlap

protein-coding genes (Ransohoff et al., 2018). Other identified

targets of the upregulated piRNAs were the endosome protein

Pleckstrin Homology Domain Containing B2 (PLEKHB2),

and the cytoplasm proteins the Adaptor Related Protein

Complex five Subunit Zeta 1 (AP5Z1), the Probable ATP-

dependent RNA helicase (DDX4), and the Signal transducer

and activator of transcription 2 (STAT2). PLEKHB2 is

involved in retrograde transport of recycling endosomes.

TABLE 3 Top 10 highly up- (≥4 fold) and down-regulated (≤4 fold)
piRNAs by RSV 24 h p.i. (p ≤ 0.01). DQ is the accession number of
piRNA in the NCBI database.

Name Accession number Fold change (Log2)

piR-38587 DQ600521 9.97

piR-61505 DQ595393 9.41

piR-37886 DQ599820 8.67

piR-47139 DQ579027 8.57

piR-61160 DQ595048 8.24

piR-32372 DQ582260 8.03

piR-50722 DQ583610 7.33

piR-54651 DQ587539 7.26

piR-32201 DQ582089 7.08

piR-45936 DQ577824 6.92

piR-37981 DQ599915 −3.42

piR-42627 DQ574515 −2.85

piR-46025 DQ577913 −2.73

piR-30049 DQ569937 −2.72

piR-41627 DQ573515 −2.66

piR-38945 DQ600879 −2.64

piR-32318 DQ582206 −2.64

piR-53794 DQ586682 −2.51

piR-50660 DQ583548 −2.45

piR-60132 DQ594020 −2.31

FIGURE 2
Intersecting Venn diagram showing the numbers of up- and
down-regulated piRNAs differentially expressed at the three
different time points (6, 15 and 24 h) RSV p. i. Compared to the
mock (uninfected) SAE cells. The numbers in overlapping
area(s) represent the differential regulated number of piRNAs
shared among all the time points. Data is representative of six
replicates for each time point with p < 0.01.
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AP5Z1 belongs to the family of Clathrin adaptor proteins,

known also as adaptin proteins (APs), and participates in the

processes of homologous recombination DNA double-strand

break repair (HR-DSBR). DDX4, highly expressed in the ovary

and testis, has been involved in the production of piRNAs in

fetal male germ cells through a ping-pong amplification cycle,

and in the secondary piRNAs metabolic process (Li et al.,

2010). STAT2 protein is critical to the biological response of

type I interferons (IFNs) with a DNA-binding transcription

factor activity (Park et al., 2000). The complete lists of the

potential target genes for each time point of RSV infection are

presented in Supplementary files 1 (6 h p.i.), 2 (15 h p.i.) and 3

(24 h p.i.).

To characterize the prevalent functions of the predicted

targets of the differentially expressed piRNAs we use the Gene

Ontology (GO) functional classification (biological process,

cellular component, and molecular function). We found that

the most significant groups of targets of regulated piRNAs

are related to cytoskeletal or Golgi organization and nucleic

acid/nucleotide binding at 15 and 24 h p.i. (p < 0.01). A

summary of the GO biological process of the predict targets

of piRNAs upregulated at 24 h RSV p.i (p < 0.05) is listed in

Table 5. The most enriched biological processes at 24 h p.i.

included endosomal, intracellular and nitrogen compound

transports with regulation of vesicles-mediated transport.

The GO analysis also showed Golgi organelle and

cytoskeleton organizations and interestingly immune

response mediated by cells involved in somatic

diversification process (immunological memory). Complete

GO analysis of biological process, cellular component,

and molecular function (BP, CC and MF) for all three

time points is provided as supplementary files 4, 5 and 6

(6 h p.i.), files 7, 8 and 9 (15 h p. i.), and files 10, 11 and 12

(24 h p.i.).

Clustering of piRNA expression profiles

To identify common patterns of time-dependent responses

to infection, we clustered the significantly regulated expression

profiles. Specifically, we used the piRNAs with a significant

change at p < 0.01 in at least one of the time points, p.i.,

compared to control. The expression profiles were converted

to the log2 scale, averaged over the six replicates, and

normalized to levels in uninfected cells and root mean

square deviation (rmsd) was equal to 1, rmsd = 1. The

preprocessed data were clustered using an in-house

implementation of the Hartigan-Wong k-Means algorithm.

After conducting an elbow test as shown in Figure 4, we

assessed that the most informative clustering was either

into three or five groups of temporal profiles. The results of

the clustering into five groups are shown in Figure 5. The five

basic types of behavior are early (6 h) upregulation, followed

by remaining in the upregulated, or uninfected-base level

(cluster 0), early downregulation, remaining downregulated

(cluster 1), steady downregulation (cluster 2), steady

upregulation (cluster 3), and early upregulation, followed

by strong downregulation (cluster 4). The complete list of

FIGURE 3
Validation of up (A) or down (B) regulated piRNAs expression in SAE cells infected with RSV at 24 h p. i. RNA extracted from SAE mock
(uninfected) and RSV infected cells (24 h) was subjected to piRNAs analysis by RT-qPCR. Fold changes in piRNA expression were determined by
2−ΔΔCT method and represent mean ± SEM normalized to a small nuclear RNA, U6. * and ** indicates a statistical difference comparing RSV infected
versus mock cells (*p value <0.05; **p value <0.01). Data is representative of three independent experiments.
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piRNAs for both type of clustering, three or five groups, is

included in the supplementary files 13 and 14 named

“clustered_list_3. xlsx, and clustered_list_5. xlsx”.

Each of the clusters of temporal profiles have a distinct set

of potential targets of the piRNAs in the cluster. Moreover, the

targets are associated with enrichment of different functional

categories that can be expressed in terms of Gene Ontology

biological process enrichments. For example, the early

upregulated cluster 0 is enriched with targets with a role in

protein transport and localization. The targets of early

downregulated piRNAs (cluster 1) are enriched in organelle

organization, including Golgi, cytoplasm, and membranes, but

depleted in genes coding for regulatory proteins. The piRNAs

steadily upregulated (Cluster 3) have potential targets

enriched in regulatory genes and inter-cellular signaling.

The full lists of the significantly enriched/depleted GO

biological process categories for the five clusters are

included in the supplementary file 15. We analyzed if

specific clusters shown in Figure 5 correlate with subsets of

GO categories. The overlaps, for GO BP categories significant

at p value <0.01 are listed in Table 6. We found that the early

(cluster 0) and the steadily upregulated (cluster 3) piRNAs, for

TABLE 4 Predicted target genes of selected upregulated piRNAs
during the course of RSV infection.

piRNAs Target gene

piR-38587 FOXK1, AP5Z1

piR-54651 PLEKHB2

piR-32372 LINC01087

piR-61160
and piR-50722

ANKRD18A and RP11-146D12.2

piR-50722 FAR2P1, LINC01297

piR-49367 SUCLG1

piR-36763 RP11-20I23.6, PDPK1, AC141586.5, PDPK2P

piR-39104 CTD-2210P24.1

piR-42026 AC093627.9

piR-53025 CAND2

piR-48109 MRPL45P1

piR-54343 RP11-753D20.1

piR-57616 NBPF11
NBPF12

piR-55323 RNF219-AS1

piR-33637 PDXDC1

piR-54439 RP11-386M24.3

piR-51361 TBC1D3P4, USP6
TBC1D3P3

piR-54546 RP1-63G5.5

piR-59040 LINC00837

piR-36425 RP11-17M15.2

piR-30123 TXNRD1

piR-55301 RP11-403P17.5, TK2

piR-44781 RP11-386M24.9

piR-36222 TRIM14

piR-43294 SQSTM1, C5orf45

piR-48124 LRIG2, RLIMP2

piR-51401 NOD2

piR-40148 TRAP1

piR-57640 STAT2

piR-49095 DDX4

TABLE 5 Gene Ontology (GO), biological processes (BP) analysis for
the top gene targets of piRNAs (time point, RSV 24 h p.i) with p
values <0.01 or <0.05

Biological process (BP) Fold
enrichment

Golgi organization (GO:0007030) 3.29

activation of GTPase activity (GO:0090630) 2.94

endosomal transport (GO:0016197) 2.11

regulation of small GTPase mediated signal transduction
(GO:0051056)

1.93

localization within membrane (GO:0051668) 1.84

protein localization to membrane (GO:0072657) 1.83

regulation of vesicle-mediated transport (GO:0060627) 1.69

intracellular protein transport (GO:0006886) 1.65

cytoskeleton organization (GO:0007010) 1.62

establishment of protein localization (GO:0045184) 1.59

protein transport (GO:0015031) 1.59

protein localization (GO:0008104) 1.56

cellular protein localization (GO:0034613) 1.48

cellular macromolecule localization (GO:0070727) 1.48

macromolecule localization (GO:0033036) 1.48

intracellular transport (GO:0046907) 1.46

establishment of localization in cell (GO:0051649) 1.43

nitrogen compound transport (GO:0071705) 1.43

organelle organization (GO:0006996) 1.42

cellular localization (GO:0051641) 1.39

organic substance transport (GO:0071702) 1.35

cellular component assembly (GO:0022607) 1.29

transport (GO:0006810) 1.28

establishment of localization (GO:0051234) 1.27

cellular component organization (GO:0016043) 1.26

regulation of signaling (GO:0023051) 1.25

cellular component organization or biogenesis (GO:
0071840)

1.25

regulation of cell communication (GO:0010646) 1.24

localization (GO:0051179) 1.24

regulation of biological quality (GO:0065008) 1.24

cellular process (GO:0009987) 1.07

biological process (GO:0008150) 1.05

Unclassified (UNCLASSIFIED) 0.71

immune response (GO:0006955) 0.67

G protein-coupled receptor signaling pathway (GO:
0007186)

0.5

adaptive immune response (GO:0002250) 0.4
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example, were linked to GO subcategories regulating the

mediated signal transduction of small GTPase, typically

involved in the viral immune response. Many cellular

functions such as protein transport, intracellular or

membrane protein localization, etc. GO subsets were highly

associated with targets of piRNAs from the steady

downregulated level (cluster 2), which was also associated

with adaptive immune response subset. The piRNA targets

from the steadily downregulated or upregulated clusters (2 and

three respectively) were interestingly connected to GO

subcategories involved in the regulation of cellular signaling

or biological quality.

Discussion

The present study is the first to report changes in

piRNAs expression in response to RSV infection of

human primary airway epithelial cells. piRNAs are the

largest class of sncRNA molecules expressed in animal

cells and they can be derived from multiple sources,

including transposons, mRNAs, and ncRNAs, such as

lncRNAs, snoRNAs and tRFs. Among these piRNAs, only

the function of transposon-derived piRNAs in gonadal cells

has been relatively well studied (Weick and Miska, 2014).

piRNAs have been shown to play a crucial role to safeguard

genome, maintaining the genome complexity and integrity,

as they suppress the insertional mutations caused by

transposable elements, however, there is growing

evidence of their role in controlling gene expression in

somatic cells as well. The biogenesis and function of

piRNAs is associated with three different proteins,

namely PIWI, Argonaute-3 (AGO3), and Aubergine

(AUB). PIWI proteins are found both in somatic cells

and germ cells, while AGO3 and AUB are observed

primarily in germ cells. Precursors of piRNAs are

exported from the nucleus into the cytoplasm to be

further processed into smaller sequences and reach their

partners to form piRNA-PIWI complexes. These complexes

can migrate back to the nucleus to block the transcription of

target genes. There are several mechanisms underlying

piRNA-mediated gene regulation. The better

characterized one relates to epigenetic changes, including

DNA methylation and histone modifications, whereas

piRNA–PIWI complex can bind to the promoter region

of a gene and favors recruitment of methylation factors,

enabling transcriptional silencing. Some examples of this

mode of gene regulation in somatic cells are the silencing of

killer immunoglobulin-like receptor, the immune receptor

CD1A and the antioxidant enzyme glutathione-S-

transferase (Zhang et al., 2016; Zhang et al., 2020). In

addition, piRNAs can also regulate gene expression at

the post-transcriptional level, as in the case of piRNA-

30840 which binds to IL-4 pre-mRNA, leading to its

degradation (Zhong et al., 2015), and piR-FTH1, a

piRNA found in breast cancer cells, which downregulates

ferritin heavy chain mRNA (Balaratnam et al., 2018). One

last mechanism by which piRNAs regulate gene expression

has been recently identified and it related to the interaction

with the cellular RNA methylation machinery, leading to

changes in mRNA m6A methylation, a post-transcriptional

FIGURE 4
The elbow test indicates that the most informative
representations of the categories of temporal profiles of the
differentially regulated piRNAs are classifications into three
clusters or into five clusters. X-axis: number of clusters,
Y-axis: detrended (residual) Total Within Sum of Squares, a
measure of structure unexplained by the clustering.

FIGURE 5
The k-means clustering of the temporal profiles of X-axis:
time post-infection with RSV (cluster zero represents uninfected
cells). Y-axis: normalized expression profile, averaged over the
replicates, and shown in the log2 scale.

Frontiers in Molecular Biosciences frontiersin.org08

Corsello et al. 10.3389/fmolb.2022.931354

120

https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://doi.org/10.3389/fmolb.2022.931354


TABLE 6 Correlation of Gene Ontology (GO) biological processes (BP) subset categories with the clustering of the temporal profiles of X-axis.

Overlaps of GO BP categories at 6 h RSV p.i

GO:0007030 clusters: 1 2 4 Golgi organization

GO:0010256 clusters: 1 2 4 endomembrane system organization

GO:0006996 clusters: 1 2 organelle organization

Overlaps of GO BP categories at 15 h RSV p.i

GO:0007030 clusters: 1 2 4 Golgi organization

GO:0007186 clusters: 1 2 G protein-coupled receptor signaling pathway

Overlaps of GO BP categories at 24 h RSV p.i

GO:0007030 clusters: 1 2 4 Golgi organization

GO:0090630 clusters: 2 4 activation of GTPase activity

GO:0016197 cluster: 2 endosomal transport

GO:0051056 clusters: 0 3 regulation of small GTPase mediated signal transduction

GO:0051668 clusters: 0 2 localization within membrane

GO:0072657 clusters: 0 2 protein localization to membrane

GO:0060627 clusters: 0 2 regulation of vesicle-mediated transport

GO:0006886 clusters: 0 2 intracellular protein transport

GO:0007010 clusters: 2 cytoskeleton organization

GO:0045184 clusters: 0 2 establishment of protein localization

GO:0015031 clusters: 0 2 protein transport

GO:0008104 clusters: 0 2 protein localization

GO:0034613 clusters: 0 2 cellular protein localization

GO:0070727 clusters: 0 2 cellular macromolecule localization

GO:0033036 clusters: 0 2 macromolecule localization

GO:0046907 clusters: 0 2 intracellular transport

GO:0051649 clusters: 0 2 establishment of localization in cell

GO:0071705 clusters: 0 2 nitrogen compound transport

GO:0006996 clusters: 1 2 organelle organization

GO:0051641 clusters: 0 2 cellular localization

GO:0071702 clusters: 0 2 organic substance transport

GO:0022607 clusters: 0 2 cellular component assembly

GO:0006810 cluster: 2 transport

GO:0051234 cluster: 2 establishment of localization

GO:0016043 cluster: 2 cellular component organization

GO:0023051 clusters: 2 3 regulation of signaling

GO:0071840 cluster: 2 cellular component organization or biogenesis

GO:0010646 clusters: 2 3 regulation of cell communication

GO:0051179 cluster: 2 localization

GO:0065008 clusters: 2 3 regulation of biological quality

GO:0009987 cluster: 2 cellular process

GO:0008150 cluster: 2 BP

GO:0006955 clusters: 2 4 immune response

GO:0007186 clusters: 1 2 G protein-coupled receptor signaling pathway

GO:0002250 cluster: 2 adaptive immune response

GO:0050906 cluster: 2 detection of stimulus involved in sensory perception

GO:0009593 clusters: 1 2 detection of chemical stimulus

GO:0007606 cluster: 2 sensory perception of chemical stimulus

GO:0007608 cluster: 2 sensory perception of smell

GO:0050907 cluster: 2 detection of chemical stimulus involved in sensory perception

GO:0050911 cluster: 2 detection of chemical stimulus involved in sensory perception of smell
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modification of mRNAs in mammals that plays a

fundamental role in RNA stability and translation (Gao

et al., 2020).

Although the role of piRNAs was initially confined to

gonad development, recent studies have identified specific

expression profile of piRNAs from multiple organs and cell

types. Currently, piRNA-disease association data are

available for several diseases, including various types of

cancers, cardiovascular diseases, autoimmune and

neurodegenerative disorders (Muhammad et al., 2019).

Surprisingly, almost nothing is known regarding piRNA

generation/function and PIWI proteins in the context of

viral infections. In our recent published study, analysis of

RNA content of exosomes isolated from RSV-infected airway

epithelial cells identified piRNAs as an important component

of the exosomal cargo (Chahar et al., 2018) Next-generation

sequencing analysis revealed that 52 piRNAs were commonly

present in both mock and RSV exosomes, with

28 upregulated and 24 downregulated piRNAs in RSV

exosomes, with 3 and 19 piRNAs that uniquely present in

mock and RSV exosomes, suggesting a biological function for

this class of sncRNAs during infection. In the current study,

we show for the first time that RSV infection can lead to

significant changes in piRNAs in infected SAE cells in a time-

dependent manner. Our piRNA microarray analysis revealed

an enrichment in numbers of up- and down-regulated

piRNAs in airway epithelial cells upon RSV infection

compared to mock cells, with the highest numbers of

differentially expressed piRNAs detected at 24 h p. i. With

RSV. Significant changes in the expression profiles of piRNAs

was recently reported for Coxsackievirus B3 (CVB3)

infection in human HeLa cells using high-throughput

sequencing. Similar to RSV, CVB3 infection was associated

with time-dependent changes in piRNAs numbers, although

the highest number of differentially expressed piRNAs was

observed at the early time points post-infection (Yao et al.,

2020). In an animal model of ducks infected with avian

influenza virus, piRNAs represented the highest class of

sncRNAs expressed after infection compared to other

snRNA classes, such as microRNAs (miRNAs) and small

nucleolar RNAs (snoRNAs) (Samir et al., 2020). There were

major organ-specific differences in sncRNA populations at

baseline and substantial reprogramming of all sncRNA

classes throughout infection.

Target prediction analysis suggested that piR-38587 could

possibly target AP5Z1, the adaptin proteins 5 (AP5). Very little is

known on AP5 because it is the most recently identified adaptin

complex. Although AP5 has not been investigated in the context of

viral infection, AP2, another type of AP complex has been shown to

function as a target of ocular infection upon human adenovirus

species D type 37 (HAdV-D37) infection (Lee et al., 2020) or be

involved in the entry process of human enterovirus 71 (HEV71)

(Hussain et al., 2011). Similarly, piR-4095 target includes

DDX4 which is an RNA helicases enzyme. Different DDX

enzymes, as DDX1, DDX3X, and DDX5, have been known to

play important roles in the replication cycle of coronaviruses

(Taschuk and Cherry, 2020). piR-57640 could target

STAT2 which is involved in RSV infection. It is known that RSV

is a potent inducer of type I interferon release from infected airway

epithelial cells (Garofalo et al., 1996), and the virus specifically

downregulates human STAT2 protein expression, thus enabling

RSV to evade the host type I interferon response (Elliott et al.,

2007). The Gene Ontology functional classification found that the

most significant groups of targets of regulated piRNAs are related to

long noncoding RNA, DNA- and protein-binding, transcriptional

and post-transcriptional regulation.

Although piRNA function in response to an infection in

mammalian cells has not been explored yet, murine neural stem

cells (NSCs) were recently shown to release piRNA-containing

exosomes/microvesicles with antiviral immunity (Ikhlas et al.,

2022). When NSCs were exposed to RNA fragments of

SARSCoV-2 genome, the derived extracellular vesicles displayed

enhanced antiviral activity. The increased antiviral effect of these

vesicles was associated with increased expression of piRNA species

some of which were predicted to target SARS-CoV-2 genome.

Knockout of piRNA-interacting protein PIWIL2 in NSCs led to

a reduction in the induced antiviral effect, suggesting that the PIWI-

piRNA system is important for these antiviral actions (Ikhlas et al.,

2022). A recent study of bacterial pneumonia using a knockout

mouse for MIWI2, the mouse homologue of human PIWIL4,

revealed an important role of this piwi protein in lung innate

immune response. MIWI2 was expressed by a subpopulation of

multiciliated airway epithelial cells, and its expression was increased

following infection with S. pneumoniae (Wasserman et al., 2017).

RNA sequencing found that MIWI2-positive cells expressed a

significantly different transcriptome compared with neighboring

cells that did not express MIWI2, and MIWI2 −/− was associated

with enhanced innate immune responses and faster bacterial

clearance (Wasserman et al., 2017).

In conclusion, our study provides insights into changes of

the expression profile of piRNAs during RSV infection and

highlight the need for more detailed investigations of the

piRNA/PIWI protein pathway in the context of viral

infection to establish their potential role in regulation of

cellular responses. A better understanding of this pathway

could potentially identify novel therapeutic targets for future

piRNA-mediated strategies to modulate RSV-associated lung

disease, as well as potential biomarkers for disease diagnosis

and prognosis.

Data availability statement

The original contributions presented in the study are

included in the article/Supplementary Material, further

inquiries can be directed to the corresponding author.

Frontiers in Molecular Biosciences frontiersin.org10

Corsello et al. 10.3389/fmolb.2022.931354

122

https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://doi.org/10.3389/fmolb.2022.931354


Author contributions

TC designed and performed the experiments, analyzed the

data, wrote the manuscript; AK. contributed to piRNA data

analysis and drafting of the manuscript; TL was the technical

support of the cell culture. AC contributed to the conception of

the manuscript, literature review, financial support, and final

manuscript editing.

Funding

This research was funded by NIH grant AI062885, AI125434,

AI142570. TC was supported in part by the Jeane B. Kempner

Postdoctoral Scholar Award from UTMB.

Acknowledgments

The authors would like to thank Cynthia Tribble for

assistance with submission of the manuscript.

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations,

or those of the publisher, the editors and the reviewers. Any product

that may be evaluated in this article, or claim that may be made by its

manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/fmolb.

2022.931354/full#supplementary-material

References

Balaratnam, S., West, N., and Basu, S. (2018). A piRNA utilizes HILI and
HIWI2 mediated pathway to down-regulate ferritin heavy chain 1 mRNA in
human somatic cells. Nucleic Acids Res. 46 (20), 10635–10648. 5068339[pii]
[doi]. doi:10.1093/nar/gky728

Chahar, H. S., Corsello, T., Kudlicki, A. S., Komaravelli, N., and Casola, A.
(2018). Respiratory syncytial virus infection changes cargo composition of
exosome released from airway epithelial cells. Sci. Rep. 8 (1), 387. doi:10.
1038/s41598-017-18672-5

Domachowske, J. B., Anderson, E. J., and Goldstein, M. (2021). The future of
respiratory syncytial virus disease prevention and treatment. Infect. Dis. Ther. 10
(1), 47–60. doi:10.1007/s40121-020-00383-6

Elliott, J., Lynch, O. T., Suessmuth, Y., Qian, P., Boyd, C. R., Burrows, J. F.,
et al. (2007). Respiratory syncytial virus NS1 protein degrades STAT2 by using
the Elongin-Cullin E3 ligase. J. Virol. 81 (7), 3428–3436. doi:10.1128/JVI.
02303-06

Ernst, C., Odom, D. T., and Kutter, C. (2017). The emergence of piRNAs against
transposon invasion to preserve mammalian genome integrity.Nat. Commun. 8 (1),
1411. doi:10.1038/s41467-017-01049-7

Fu, Q., and Wang, P. J. (2014). Mammalian piRNAs: Biogenesis, function, and
mysteries. Spermatogenesis 4, e27889. doi:10.4161/spmg.27889

Gao, X.Q., Zhang, Y.H., Liu, F., Ponnusamy,M., Zhao, X.M., Zhou, L. Y., et al. (2020).
The piRNA CHAPIR regulates cardiac hypertrophy by controlling METTL3-dependent
N(6)-methyladenosinemethylation of Parp10mRNA.Nat. Cell Biol. 22 (11), 1319–1331.
doi:10.1038/s41556-020-0576-y

Garofalo, R., Mei, F., Espejo, R., Ye, G., Haeberle, H., Baron, S., et al. (1996).
Respiratory syncytial virus infection of human respiratory epithelial cells up-
regulates class I MHC expression through the induction of IFN-beta and IL-1
alpha. J. Immunol. 157 (6), 2506–2513.

Ghosh, B., Sarkar, A., Mondal, S., Bhattacharya, N., Khatua, S., and Ghosh, Z.
(2022). piRNAQuest V.2: an updated resource for searching through the
piRNAome of multiple species. RNA Biol. 19 (1), 12–25. doi:10.1080/15476286.
2021.2010960

Han, B. W., and Zamore, P. D. (2014). piRNAs. Curr. Biol. 24 (16), R730–R733.
doi:10.1016/j.cub.2014.07.037

Hinrichs, A. S., Karolchik, D., Baertsch, R., Barber, G. P., Bejerano, G.,
Clawson, H., et al. (2006). The UCSC genome browser database:
Update 2006. Nucleic Acids Res. 34, D590–D598. doi:10.1093/nar/gkj144

Hussain, K. M., Leong, K. L., Ng, M. M., and Chu, J. J. (2011). The essential role of
clathrin-mediated endocytosis in the infectious entry of human enterovirus 71. J.
Biol. Chem.. 286 (1), 309–321. doi:10.1074/jbc.M110.168468

Ikhlas, S., Usman, A., Kim, D., and Cai, D. (2022). Exosomes/
microvesicles target SARS-CoV-2 via innate and RNA-induced immunity
with PIWI-piRNA system. Life Sci. Alliance 5 (3), e202101240. doi:10.26508/
lsa.202101240

Iwasaki, Y. W., Murano, K., Ishizu, H., Shibuya, A., Iyoda, Y., Siomi, M. C., et al.
(2016). Piwi modulates chromatin accessibility by regulating multiple factors
including histone H1 to repress transposons. Mol. Cell. 63 (3), 408–419. doi:10.
1016/j.molcel.2016.06.008

Lee, J. S., Mukherjee, S., Lee, J. Y., Saha, A., Chodosh, J., Painter, D. F., et al. (2020).
Entry of epidemic keratoconjunctivitis-associated human adenovirus type 37 in
human corneal epithelial cells. Invest. Ophthalmol. Vis. Sci.. 61 (10), 50. doi:10.1167/
iovs.61.10.50

Li, H. J., Yu, N., Zhang, X. Y., Jin, W., and Li, H. Z. (2010). Spermatozoal
protein profiles in male infertility with asthenozoospermia. Chin. Med. J. 123 (20),
2879–2882.

Li, H., Ma, Y., Escaffre, O., Ivanciuc, T., Komaravelli, N., Kelley, J. P., et al. (2015).
Role of hydrogen sulfide in paramyxovirus infections. J. Virol. 89 (10), 5557–5568.
doi:10.1128/JVI.00264-15

Mazur, N. I., Martinón-Torres, F., Baraldi, E., Fauroux, B., Greenough, A.,
Heikkinen, T., et al. (2015). Lower respiratory tract infection caused by
respiratory syncytial virus: current management and new therapeutics. Lancet
Respir. Med. 3 (11), 888–900. doi:10.1016/s2213-2600(15)00255-6

Monga, I., and Banerjee, I. (2019). Computational identification of piRNAs using
features based on RNA sequence, structure, thermodynamic and physicochemical
properties. Curr. Genomics. 20 (7), 508–518. doi:10.2174/1389202920666191129112705

Moyano, M., and Stefani, G. (2015). piRNA involvement in genome stability and
human cancer. J. Hematol. Oncol. 8 38. doi:10.1186/s13045-015-0133-5

Muhammad, A.,Waheed, R., Khan, N. A., Jiang, H., and Song, X. (2019). piRDisease
v1.0: a manually curated database for piRNA associated diseases. Database. (Oxford)
2019, baz052. doi:10.1093/database/baz052

Park, C., Li, S., Cha, E., and Schindler, C. (2000). Immune response in Stat2 knockout
mice. Immunity 13 (6), 795–804. doi:10.1016/s1074-7613(00)00077-7

Piuco, R., and Galante, P. A. F. (2021). piRNAdb: A piwi-interacting RNA
database. bioRxiv. 2021.2009.2021.461238. doi:10.1101/2021.09.21.461238

Frontiers in Molecular Biosciences frontiersin.org11

Corsello et al. 10.3389/fmolb.2022.931354

123

https://www.frontiersin.org/articles/10.3389/fmolb.2022.931354/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmolb.2022.931354/full#supplementary-material
https://doi.org/10.1093/nar/gky728
https://doi.org/10.1038/s41598-017-18672-5
https://doi.org/10.1038/s41598-017-18672-5
https://doi.org/10.1007/s40121-020-00383-6
https://doi.org/10.1128/JVI.02303-06
https://doi.org/10.1128/JVI.02303-06
https://doi.org/10.1038/s41467-017-01049-7
https://doi.org/10.4161/spmg.27889
https://doi.org/10.1038/s41556-020-0576-y
https://doi.org/10.1080/15476286.2021.2010960
https://doi.org/10.1080/15476286.2021.2010960
https://doi.org/10.1016/j.cub.2014.07.037
https://doi.org/10.1093/nar/gkj144
https://doi.org/10.1074/jbc.M110.168468
https://doi.org/10.26508/lsa.202101240
https://doi.org/10.26508/lsa.202101240
https://doi.org/10.1016/j.molcel.2016.06.008
https://doi.org/10.1016/j.molcel.2016.06.008
https://doi.org/10.1167/iovs.61.10.50
https://doi.org/10.1167/iovs.61.10.50
https://doi.org/10.1128/JVI.00264-15
https://doi.org/10.1016/s2213-2600(15)00255-6
https://doi.org/10.2174/1389202920666191129112705
https://doi.org/10.1186/s13045-015-0133-5
https://doi.org/10.1093/database/baz052
https://doi.org/10.1016/s1074-7613(00)00077-7
https://doi.org/10.1101/2021.09.21.461238
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://doi.org/10.3389/fmolb.2022.931354


Quinlan, A. R., and Hall, I. M. (2010). BEDTools: a flexible suite of utilities for
comparing genomic features. Bioinformatics 26 (6), 841–842. btq033 [pii][doi].
doi:10.1093/bioinformatics/btq033

Ransohoff, J. D., Wei, Y., and Khavari, P. A. (2018). The functions and unique
features of long intergenic non-coding RNA. Nat. Rev. Mol. Cell Biol. 19 (3),
143–157. doi:10.1038/nrm.2017.104

Rima, B., Collins, P., Easton, A., Fouchier, R., Kurath, G., Lamb, R. A., et al.
(2017). ICTV Virus Taxonomy Profile: Pneumoviridae. J. Gen. Virol. 98 (12),
2912–2913. doi:10.1099/jgv.0.000959

Rayford, K. J., Cooley, A., Rumph, J. T., Arun, A., Rachakonda, G., Villalta, F.,
et al. (2021). piRNAs as modulators of disease pathogenesis. Int. J. Mol. sci.. 22 (5),
2373. doi:10.3390/ijms22052373

Samir, M., Vidal, R. O., Abdallah, F., Capece, V., Seehusen, F., Geffers, R., et al.
(2020). Organ-specific small non-coding RNA responses in domestic (Sudani)
ducks experimentally infected with highly pathogenic avian influenza virus (H5N1).
RNA Biol.. 17 (1), 112 –124. doi:10.1080/15476286.2019.1669879

Shi, T., Denouelt, A., Tietjen, A. K., Campbell, I., Moran, E., Li, X., et al.
(2020). Global Disease Burden Estimates of Respiratory Syncytial Virus-
Associated Acute Respiratory Infection in Older Adults in 2015: A
Systematic Review and Meta-Analysis. J. Infect. Dis. 222 (Suppl 7),
S577–S583. doi:10.1093/infdis/jiz059

Shi, T., McAllister, D. A., O’Brien, K. L., Simoes, E. A. F., Madhi, S. A., Gessner, B.
D., et al. (2017). Global, regional, and national disease burden estimates of acute
lower respiratory infections due to respiratory syncytial virus in young children in
2015: A systematic review and modelling study. Lancet. 390 (10098), 946–958.
doi:10.1016/s0140-6736(17)30938-8

Taschuk, F., and Cherry, S. (2020). DEAD-box helicases: Sensors, regulators, and
effectors for antiviral defense. Viruses 12 (2), 181. doi:10.3390/v12020181

Théron, E., Dennis, C., Brasset, E., andVaury, C. (2014).Distinct features of the piRNA
pathway in somatic and germ cells: From piRNA cluster transcription to piRNA
processing and amplification. Mob. DNA. 5 (1), 28. doi:10.1186/s13100-014-0028-y

Ueba, O. (1978). Respiratory syncytial virus. I. Concentration and purification of
the infectious virus. Acta Med. Okayama. 32 (4), 265–272.

Wakisaka, K. T., and Imai, Y. (2019). The dawn of pirna research in various
neuronal disorders. Front. Biosci. (Landmark Ed.). 24 1440–1451. doi:10.2741/4789

Wang, J., Zhang, P., Lu, Y., Li, Y., Zheng, Y., Kan, Y., et al. (2019). piRBase: A
comprehensive database of piRNA sequences. Nucleic. Acids Res. 47 (D1),
D175–D180. doi:10.1093/nar/gky1043

Wasserman, G. A., Szymaniak, A. D., Hinds, A. C., Yamamoto, K., Kamata, H.,
Smith, N. M., et al. (2017). Expression of Piwi protein MIWI2 defines a distinct
population of multiciliated cells. J. Clin. Invest. 127 (10), 3866–3876. doi:10.1172/
JCI94639

Weick, E. M., and Miska, E. A. (2014). piRNAs: from biogenesis to function.
Development 141 (18), 3458–3471. doi:10.1242/dev.094037

Wu, X., Pan, Y., Fang, Y., Zhang, J., Xie, M., Yang, F., et al. (2020). The Biogenesis
and Functions of piRNAs in Human Diseases. Mol. Ther. Nucleic. Acids. 21
108–120. doi:10.3390/ijms22052373

Yang, J. X., Rastetter, R. H., and Wilhelm, D. (2016). Non-coding RNAs: An
Introduction. Adv. Exp. Med. Biol. 886, 13–32. doi:10.1007/978-94-017-7417-8_2

Yao, H., Wang, X., Song, J., Wang, J., Song, Q., and Han, J. (2020). Coxsackievirus
B3 infection induces changes in the expression of numerous piRNAs. Arch. Virol..
165 (1), 105–114. doi:10.1007/s00705-019-04451-2

Zamore, P. D. (2010). Somatic piRNA biogenesis. The EMBO J. 29 (19),
3219–3221. doi:10.1038/emboj.2010.232

Zeng, Q., Cai, J., Wan, H., Zhao, S., Tan, Y., Zhang, C., et al. (2021). PIWI-
interacting RNAs and PIWI proteins in diabetes and cardiovascular disease:
Molecular pathogenesis and role as biomarkers. Clin. Chim. Acta.. 518, 33–37.
doi:10.1016/j.cca.2021.03.011

Zhang, L., Meng, X., Pan, C., Qu, F., Gan, W., Xiang, Z., et al. (2020). piR-
31470 epigenetically suppresses the expression of glutathione S-transferase pi
1 in prostate cancer via DNAmethylation. Cell. Signal. 67, 109501. doi:10.1016/j.
cellsig.2019.109501

Zhang, X., He, X., Liu, C., Liu, J., Hu, Q., Pan, T., et al. (2016). IL-4 inhibits the
biogenesis of an epigenetically suppressive PIWI-interacting RNA to upregulate
CD1a molecules on monocytes/dendritic cells. J. Immunol. 196 (4), 1591–1603.
doi:10.4049/jimmunol.1500805

Zhong, F., Zhou, N., Wu, K., Guo, Y., Tan, W., Zhang, H., et al. (2015). A
SnoRNA-derived piRNA interacts with human interleukin-4 pre-mRNA and
induces its decay in nuclear exosomes. Nucleic Acids Res. 43 (21), 10474–10491.
doi:10.1093/nar/gkv954

Frontiers in Molecular Biosciences frontiersin.org12

Corsello et al. 10.3389/fmolb.2022.931354

124

https://doi.org/10.1093/bioinformatics/btq033
https://doi.org/10.1038/nrm.2017.104
https://doi.org/10.1099/jgv.0.000959
https://doi.org/10.3390/ijms22052373
https://doi.org/10.1080/15476286.2019.1669879
https://doi.org/10.1093/infdis/jiz059
https://doi.org/10.1016/s0140-6736(17)30938-8
https://doi.org/10.3390/v12020181
https://doi.org/10.1186/s13100-014-0028-y
https://doi.org/10.2741/4789
https://doi.org/10.1093/nar/gky1043
https://doi.org/10.1172/JCI94639
https://doi.org/10.1172/JCI94639
https://doi.org/10.1242/dev.094037
https://doi.org/10.3390/ijms22052373
https://doi.org/10.1007/978-94-017-7417-8_2
https://doi.org/10.1007/s00705-019-04451-2
https://doi.org/10.1038/emboj.2010.232
https://doi.org/10.1016/j.cca.2021.03.011
https://doi.org/10.1016/j.cellsig.2019.109501
https://doi.org/10.1016/j.cellsig.2019.109501
https://doi.org/10.4049/jimmunol.1500805
https://doi.org/10.1093/nar/gkv954
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://doi.org/10.3389/fmolb.2022.931354


+41 (0)21 510 17 00 
frontiersin.org/about/contact

Avenue du Tribunal-Fédéral 34
1005 Lausanne, Switzerland
frontiersin.org

Contact us

Frontiers

Explores biological processes in living organisms 

on a molecular scale

Focuses on the molecular mechanisms 

underpinning and regulating biological processes 

in organisms across all branches of life.

Discover the latest 
Research Topics

See more 

Frontiers in
Molecular Biosciences

https://www.frontiersin.org/journals/Molecular Biosciences/research-topics

	Cover

	FRONTIERS EBOOK COPYRIGHT STATEMENT
	Small non-coding RNAs in diseases
	Table of contents
	Editorial: Small non-coding RNAs in diseases
	Small non-coding RNAs in diseases
	miRNAs-regulated gastrointestinal inflammation
	sncRNAs and infectious diseases
	miRNA and intervertebral disc degeneration (IDD)
	sncRNAs and their future directions
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References

	MicroRNA Expression and Intestinal Permeability in Children Living in a Slum Area of Bangladesh
	Introduction
	Materials and Methods
	Study Area and Human Subjects
	Sample and Data Collection
	Anthropometry
	Measures of Intestinal Permeability
	MicroRNA Extraction in Stool Specimens
	Reverse Transcription and Real-Time PCR
	TaqMan Array Card for the Detection of Enteric Pathogens
	Stool Enzyme-Linked Immunosorbent Assay
	Cytokine Measurements
	Statistical Analysis

	Results
	Nutritional Status of Children
	miR-122 and miR-21 Expression Levels in Stool
	Receiver Operating Characteristic Curve Analysis for miRNA-122 and miRNA-21
	Association of Enteric Pathogens With Intestinal Permeability
	Correlation of Inflammatory Cytokines With miRNAs
	Correlations Between miRNA-122 and miRNA-21 and Fecal Inflammatory Biomarkers

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Acknowledgments
	Supplementary Material
	References

	Exosomes Secreted by Nucleus Pulposus Stem Cells Derived From Degenerative Intervertebral Disc Exacerbate Annulus Fibrosus  ...
	Introduction
	Materials and methods
	Cell isolation and culture
	Cell identification
	Exosome isolation, purification, and identification
	Cell counting kit-8 assay
	Transwell assay
	Western blotting
	Flow cytometry analysis
	miRNA sequencing
	Analysis of the effects of miRNA mimics and inhibitors
	qRT-PCR assay
	Statistical analysis

	Results
	Cell identification
	Exosome identification
	Effect of N-NPSC-Exo and D-NPSC-Exo on cell proliferation, migration, apoptosis, and extracellular matrix metabolism
	Differentially expressed miRNAs in N-NPSC-Exo and D-NPSC-Exo
	Overexpression of let-7b-5p inhibited proliferation, migration, and extracellular matrix synthesis, and promoted apoptosis  ...
	Inhibition of let-7b-5p in D-NPSC-Exo alleviated cell degeneration of annulus fibrosus cells
	Exosomal let-7b-5p leads to targeted inhibition of IGF1R followed by inhibiting the activation of the PI3K/Akt pathway in a ...

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References

	Changes of Small Non-coding RNAs by Severe Acute Respiratory Syndrome Coronavirus 2 Infection
	Introduction
	Materials and Methods
	Nasopharyngeal Swab Specimens
	RNA Isolation
	T4 PNK-RNA-seq and Data Analyses
	Cell Culture and Viruses
	Viral Infection
	qRT-PCR and RT-PCR
	Northern Blot
	Statistical Analysis

	Results
	T4 PNK-RNA-seq Revealed SARS-CoV-2-Impacted sncRNAs in NPS Samples.
	Experimental Validation of SARS-CoV-2-Impacted tRFs
	Impacted tRFs in SARS-CoV-2-Infected Cells
	Identification of SARS-CoV-2-Encoded svRNAs
	Experimental Validation of SARS-CoV-2-Encoded svRNAs

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References

	Function and Therapeutic Implications of tRNA Derived Small RNAs
	Introduction
	Biogenesis of tRNA Fragments and tRNA Halves
	Function of tRFs and tiRs
	tRFs Enter RISC and Engage in Post-transcriptional Gene Silencing
	Therapeutic Potential of tRFs in Post-transcriptional Gene Silencing
	tRFs can Regulate Nascent RNA Expression
	tRFs and tiRs can Alter Translation
	Therapeutic Potential of tRF and tiR Translation Inhibition
	Other Functions of tRFs
	tRFs can Enhance Translation of Specific Transcripts
	tRFs can Bind Proteins and Affect Their Function

	Delivery of Oligonucleotide Therapeutics is a Major Challenge
	A Word of Caution for tRNA Based Therapeutics

	Conclusions and Future Directions
	Author Contributions
	Funding
	References

	Comparative Analysis of Long Non-Coding RNA Expression and Immune Response in Mild and Severe COVID-19
	Introduction
	Materials and Methods
	Patients
	Isolated RNA From Peripheral Blood Mononuclear Cells
	Microarray Analysis
	Data Analysis
	Construction of the Long Non-Coding RNA–mRNA Co-Expression Network
	Treatment of HuT 78 Cells With Spike-ECD and Hemagglutinin Proteins
	Quantitative RT-PCR
	Statistical Analysis

	Results
	Sample Collection and Identification of Biomarker Long Non-Coding RNAs by Microarrays
	Validation of Selected Long Non-Coding RNAs by Quantitative RT-PCR
	Functional Enrichment With the Four Long Non-Coding RNAs in COVID-19
	Analysis of the Long Non-Coding RNA–mRNA Network in COVID-19
	Validation of Long Non-Coding RNAs as Biomarkers by Differences in Immune Cell Compositions, Especially in T-Cell Cytopenia

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References

	Nematode microRNAs can Individually Regulate Interferon Regulatory Factor 4 and mTOR in Differentiating T Helper 2 Lymphocy ...
	Introduction
	Materials and Methods
	Bioinformatics Analysis
	T Cell Differentiation
	Differentiating T Cell miRNA Transfection
	Transfection Efficiency and Imaging
	Transcriptome Analysis
	Macrophage Assays–miRNA Transfections and Polarization
	Luminex Assay–Cytokines in Supernatants
	Reporter Assays
	Mouse AGO2 Pull Down Assays and RT-qPCR
	Ethics Approval

	Results
	Individual Abundant Nematode miRNAs Enter Host Cells but do Not Abrogate Th2 Differentiation or Proliferation
	Nematode miR-71 Incorporates Into AGO2 Protein Complexes in Transfected Differentiating Th2 Cells to Regulate Mouse Gene Ex ...
	Nematode miRNAs Downregulate Critical Genes and Pathways of the Th2 Differentiation Process
	Nematode miRNAs Interact Directly With Predicted Binding Sites on Host Genes
	miR-71 Impacts Macrophage Cytokine Expression

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References

	Roles of Non-Coding RNAs in Primary Biliary Cholangitis
	Introduction
	MicroRNAs and Primary Biliary Cholangitis
	Broad Roles of MicroRNAs in Various Diseases
	The Role of MiR-506 in the Pathogenesis of Primary Biliary Cholangitis
	Expression Profiles of MicroRNAs in Peripheral Blood and Liver Tissue of Primary Biliary Cholangitis Patients
	MicroRNAs and Therapeutic Targets for Primary Biliary Cholangitis
	Immunomodulatory Role of Exosomal MicroRNAs in Primary Biliary Cholangitis

	Long Non-Coding RNA and Primary Biliary Cholangitis
	Expression Profiles of Long Non-Coding RNAs in Autoimmune Diseases
	Exosomal Long Non-Coding RNA H19 Promotes Bile Duct Proliferation and Liver Fibrosis

	Circular RNAs and Primary Biliary Cholangitis
	Conclusion and Future Directions
	Author Contributions
	Funding
	References

	Characterization of novel small non-coding RNAs and their modifications in bladder cancer using an updated small RNA-seq wo ...
	Introduction
	Materials and methods
	Human subject and sample collection
	RNA extraction
	Small RNA library preparation by TGIRT and sequencing
	General mapping strategy for small RNA TGIRT-seq data analysis
	Mismatch calculation for small RNA TGIRT-seq data analysis
	Coverage plot on secondary structure of YRNA-derived fragments

	Results
	An updated small RNA-seq workflow for modification-friendly global analysis
	microRNAs and nmsRNAs (non-microRNA-small RNAs) show distinct size distribution
	TGIRT-seq detects tRNA halves and tRFs in the microRNA-size range at an abundance comparable to microRNAs
	TGIRT-seq captures mismatch at specific positions corresponding to RNA m1G, m22G and m1A modification sites
	TGIRT-seq detects abundant rRFs with overall low mismatch rate but high mismatch at specific positions
	Specific and abundant YRNA fragments with overall low mismatch rate
	NmsRNAs in the 18–24 base range, that may enter argonaute complexes

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Acknowledgments
	Supplementary material
	References

	Respiratory syncytial virus infection changes the piwi-interacting RNA content of airway epithelial cells
	Introduction
	Materials and methods
	Small airway epithelial (SAE) culture and Respiratory syncytial virus infection
	Total RNA extraction and Piwi-interacting RNAs microarray
	Data analysis of the Piwi-interacting RNAs microarray
	Predicted targets of Piwi-interacting RNAs and functional analysis
	Reverse transcription quantitative PCR (RT-qPCR)
	Statistical analysis

	Results
	RSV infection induces changes in piRNAs profile expression
	Potential targets and Gene Ontology prediction of the viral-induced up- and down-regulated piRNAs
	Clustering of piRNA expression profiles

	Discussion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References

	Back Cover




