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ABSTRACT

Introduction: The regenerative capacity of mesenchymal stromal cells or medicinal signaling cells (MSCs)
is largely mediated by their secreted small extracellular vesicles (SEVs), and the therapeutic efficacy of
sEVs can be enhanced by licensing approaches (e.g., cytokines, hypoxia, chemicals, and genetic modifica-
tion). Noncoding RNAs within MSC-derived sEVs (MSC-sEVs) have been demonstrated to be responsible
for tissue regeneration. However, unlike miRNA fingerprints, which have been explored, the landscape of
long noncoding RNAs (IncRNAs) in MSC-sEVs remains to be described.

Objectives: To characterize IncRNA signatures in sEVs of human adipose-derived MSCs with or without
inflammatory cytokine licensing and depict MSC-sEV-specific and MSC-enriched IncRNA repertoires.
Methods: sEVs were isolated from MSCs with or without TNF-a and IFN-y (20 ng/mL) stimulation. High-
throughput IncRNA sequencing and an in silico approach were employed to analyze the profile of IncRNAs
in sEVs and predict IncRNA-protein interactomes.

Results: sEVs derived from human MSCs and fibroblasts carried a unique landscape of IncRNAs distinct
from the IncRNAs inside these cells. Compared with fibroblast-derived sEVs (F-sEVs), 194 MSC-sEV-spe-
cific and 8 upregulated IncRNAs in MSC-sEVs were considered “medicinal signaling IncRNAs”; inflamma-
tory cytokines upregulated 27 IncRNAs in MSC-sEVs, which were considered “licensing-responsive
IncRNAs”. Based on IncRNA-protein interactome prediction and enrichment analysis, we found that the
proteins interacting with medicinal signaling IncRNAs or licensing-responsive IncRNAs have a tight inter-
action network involved in chromatin remodeling, SWI/SNF superfamily type complexes, and histone
binding.

Conclusion: In summary, our study depicts the landscape of IncRNAs in MSC-sEVs and predicts their
potential functions via the IncRNA-protein interactome. Elucidation of the IncRNA landscape of MSC-
sEVs will facilitate defining the therapeutic potency of MSC-sEVs and the development of sEV-based
therapeutics.

© 2022 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Mesenchymal stromal cells, also known as medicinal signaling
cells [1] (MSCs), have been heralded as a putative panacea for
immunomodulation and regeneration medicine [2-6]. Over the
last decade, applications of MSCs have shown satisfactory out-
comes in numerous preclinical investigations and human clinical
trials [7-9]. Moreover, MSC-sEVs have recently drawn enormous
attention because of their broad therapeutic potential in various
diseases, similar to their parental cells of origin [8,10], and most
importantly, there have no associated practical safety issues [11].

sEVs, lipid bilayer particles < 200 nm in diameter, are released
from budding membranes of multivesicular bodies in most cell
types. sEVs play a crucial role in intercellular communication and
homeostasis by horizontally transferring miRNAs, IncRNAs, tRNAs,
mRNAs, genomic DNA, mitochondrial DNA, lipids, proteins, and
even metabolites to recipient cells through plasma membrane
fusion [12-16]. LncRNAs are defined as transcripts exceeding 200
nucleotides (nt) but not belonging to any other class of noncoding
RNAs. LncRNAs have been implicated in diseases, cellular func-
tions, and as potential therapeutics by regulating gene expression
at the transcriptional and posttranscriptional levels via biological
molecular interactions [17]. Recent reports have indicated that
IncRNAs present in MSC-sEVs possess regenerative potential in
wound healing [18], osteoarthritis [19], and acute myocardial
infarction [20] through diverse mechanisms. However, these stud-
ies applied a candidate approach to select specific IncRNAs within
MSC-sEVs and evaluated their therapeutic capability, and this
approach may obscure/overlook the quantity variance and plenary
effect of IncRNAs in MSC-sEVs. Rather than one individual mole-
cule within the vesicles, the therapeutic ability of MSC-sEVs
depends on the synergism of their intricate and numerous con-
tents, which target different therapeutic pathways in recipient
cells.

The concept of transplanted MSC adaptation to new environ-
ments [21] has been applied to enhance the regenerative efficacy
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of these cells in vitro for specific therapeutic applications. Enhanc-
ing the therapeutic ability of MSCs by genetic or culture conditions,
which is also called licensing or priming, is an emerging strategy in
the field of MSC-sEV-based therapy [4]. Inflammation is highly
associated with tissue injury and diseases and can be either bene-
ficial or deleterious to tissue regeneration [22]. The inflammatory
cytokines TNF-a0 and IFN-y stimulate MSCs in vitro, which partly
mimics the in vivo environments of various diseases [23] and is
reported to augment the immunomodulatory and tissue regenera-
tive ability of MSC-sEVs [24-29]. Although the expression profiles
of proteins and miRNAs in MSC-sEVs have been described and their
functions in tissue regeneration have been annotated [24,30-34],
the IncRNA landscape of MSC-sEVs remains largely undescribed.
Before application in clinical therapies, it is a sine-qua-non to com-
prehensively and meticulously investigate IncRNAs within MSC-
sEVs, including their favorable and putative undesirable side
effects.

To fill this critical knowledge gap, the first goal of this study was
to systematically describe the IncRNA landscape of sEVs derived
from human adipose-derived MSCs and identify MSC-specific and
MSC-enriched IncRNAs, which are defined as medicinal signaling
IncRNAs. The second objective was to delineate licensing-
responsive IncRNAs of MSC-sEVs under inflammatory stimulation.
Cataloging medicinal signaling IncRNAs and licensing-responsive
IncRNAs in sEVs derived from naive MSCs and inflammation-
licensed MSCs will have far-reaching implications in defining ther-
apeutic sEVs and strengthen the fundamental understanding of
MSCs for the development of next-generation MSC-based
therapies.

Material and methods
Cell culture and characterization

Good Manufacturing Practices (GMP)-Grade human adipose-
derived MSCs (Steminent Biotherapeutics Inc., Taiwan) were cul-
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tured in MSC maintenance medium consisting of IMDM, 10% FBS
(#10270106, Gibco®, Thermo Fisher Scientific, Waltham, MA,
USA), 10 ng/mL bFGF (#233-FB, R&D Systems, Minneapolis, MN,
USA) and 1% PSG (#10378016, Gibco®). Human skin fibroblasts
(#GMO08429, Coriell Institute, Camden, NJ, USA) were cultured in
alpha MEM supplemented with 15% FBS and 1% PSG at a seeding
density of 3000 cells/cm?, and the cells were subcultured after
reaching confluence. MSC characteristics were confirmed accord-
ing to the minimal criteria defined by the International Society
for Cell and Gene Therapy (ISCT) [35]. Surface markers were ana-
lyzed using a FACSAria Fusion Cell sorter and Cell Analyzer (BD Bio-
sciences, San Jose, CA, USA). Primary antibodies for flow cytometry
were as follows: anti-CD105, anti-CD90, anti-CD73, anti-CD34,
anti-CD45 and anti-CD11b (#800505, #328107, #344015,
#343607, #368511, #301309, BiolLegend, San Diego, CA, USA;
1:100 dilution). Multidifferentiation capacities were assessed by
alkaline phosphatase and Oil Red O, as previously described [9,36].

MSC sEV isolation and characterization

Cells were washed with PBS three times to remove the mainte-
nance medium and FBS-derived exogenous EVs, and the cells were
treated with or without 20 ng/mL TNF-o and 20 ng/mL IFN-y
(#210-TA, #285-IF, R&D Systems) for 48 h under serum-free condi-
tions to avoid FBS-derived exogenous EV interference. The condi-
tioned medium was centrifuged at 3000 x g for 20 min and
filtered through 0.22-pm filters to remove detached cells and deb-
ris. The filtered conditioned medium was then concentrated using
30-kDa Vivaspin (#28-9323-61, GE Healthcare, Chicago, IL, USA)
devices to an appropriate concentration at 4 °C. sEVs were then iso-
lated from the concentrated conditioned medium using Exo-PREP
(#HBM-EXP-C25, HansaBioMed Life Sciences Ltd, Tallinn, Estonia),
resuspended in PBS and characterized according to suggestions
from the International Society for Extracellular Vesicles [37,38].

Transmission electron microscopy (TEM)

The morphology of sEVs was observed by transmission electron
microscopy (Hitachi H-7700, Tokyo, Japan). Twenty microliters of
sEVs was dropped onto a carbon-coated formvar film
(#FC200Cu100, EM Resolution, South Yorkshire, United Kingdom)
for 15 min and then fixed with 1% glutaraldehyde (#G6257,
Sigma-Aldrich, St. Louis, MO, USA) for 15 min. The grid was washed
with ddH20 twice and stained with 2% uranyl acetate (#22400,
Electron Microscope Science, Hatfield, PA, USA). After washing
with ddH20, the sEVs were air-dried and imaged with H-7700
operating at 100 keV.

Nanoparticle tracking analysis (NTA)

The number and size distribution of sEVs was measured using
NTA version NTA 3.1 Build 3.1.45 (Nanosight NS300, Malvern Pan-
alytical, Malvern, United Kingdom). For measurement, the instru-
ment preacquisition parameters were set to 24 °C, with a slider
gain of 15, a slider shutter of 165, and a frame rate of 25 frames
per second (fps). sEVs were diluted in various amounts of filtered
PBS to determine the optimal concentration for analysis. These
measurements were analyzed by dedicated NanoSight NTA soft-
ware, with a detection threshold of 2, autoblur size, and a maxi-
mum jump distance of 14.2 pixels. The mean and mode diameter
and the concentrations of sEVs were recorded.

Western blotting

MSCs and sEVs were lysed in RIPA buffer (#ab156034, Abcam,
Cambridge, UK) with 1X protease/phosphatase inhibitor
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(#1861281, Thermo Fisher Scientific), and the protein content
was measured by BCA analysis (#23225, Thermo Fisher Scientific).
For western blotting, protein samples were separated on polyacry-
lamide gels and transferred to PVDF membranes (#IPVH00010,
Merck Millipore, Massachusetts, USA). The membranes were incu-
bated with 5% bovine serum albumin (#A9647, Sigma-Aldrich) fol-
lowed by probing with primary antibodies overnight at 4 °C and
then staining with HRP-conjugated secondary antibodies for 1 h
at room temperature. A chemiluminescent substrate (#34095,
Thermo Fisher Scientific) was added to the membranes, and
images were acquired with the ChemiDoc MP imaging system
(Bio-Rad, Hercules, CA, USA). The following primary antibodies
were used: CD63 antibody (#NBP2-42225ss, Novus Biologicals,
Centennial, USA), CD9 antibody (#10626D, Invitrogen, Carlsbad,
CA, USA), and B-actin antibody (#sc-47778, Santa Cruz).

RNA isolation, RNA sequencing and quantitative real-time PCR

RNA was extracted by TRIzol (#15596018, Invitrogen). The RNA
content and quality were determined by a NanoDrop (Thermo
Fisher Scientific) and an Agilent Bioanalyzer 2100 system (Agilent
Technologies, CA, USA). Samples with an 0D260/0D230 > 1.8,
0D260/0D280 ratio of approximately 2.0, and RNA
integrity > eight were subjected to RNA sequencing using an Illu-
mina HiSeq 2500. For quantitative PCR, cDNA was transcribed by a
High-Capacity cDNA Reverse Transcription Kit (#4368814, Applied
Biosystems, Foster City, CA, USA). Quantitative real-time PCR was
performed by using a QuantStudio™ 7 Flex Real-Time PCR System
(Applied Biosystems, Foster City, CA, USA) with Fast SYBR™ Green
Master Mix (#4385612, Thermo Fisher Scientific). The primers
are listed in Table S1.

LncRNA expression analysis

Quality control of the RNA sequencing data was conducted
using FastQC software (http://www.bioinformatics.babraham.ac.
uk/projects/fastqc/, version 0.11.7). Ensembl Automatic Gene
Annotation System (http://www.ensemble.org) and GENCODE ver-
sion 27 [39] were used to annotate and evaluate IncRNA expres-
sion. Transcripts with<200 base pairs were filtered out. The
transcript abundance of IncRNAs between each sample was nor-
malized with transcripts per million (TPM). We conducted differ-
ential expression (DE) analysis with the limma package [40]
(version 3.42.2; http://bioconductor.org/packages/release/bioc/
html/limma.html) in R 3.6.3 (RStudio Team (2020)). RStudio: Inte-
grated Development for R. RStudio, Inc., Boston, MA URL http://
www.rstudio.com/) to identify DE IncRNAs according to thresholds
of the absolute value of log2-fold-change (log2 FC) > 1 and a P
value < 0.05. The volcano plot of DE IncRNAs was generated with
GraphPad Prism 8.

LncRNA-protein interactome predictions

To predict IncRNA-protein interactions, we used the computa-
tionally expensive protein—-RNA interaction prediction method
catRAPID [41] with the large database RNAct (https://rnact.crg.
eu/). The catRAPID algorithm is based on X-ray and nuclear mag-
netic resonance (NMR) structures to estimate the interaction
propensity of RNA-protein pairs through van der Waals forces, sec-
ondary structures, and hydrogen bonding. Briefly, upregulated DE
IncRNAs in datasets (medicinal signaling IncRNAs and licensing-
responsive IncRNAs) were loaded into RNAct to predict interacting
proteins, and the predicted target proteins were used to generate
protein reactomes by using the Reactome database (version 75;
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https://reactome.org/) [42]. Functions of the IncRNA-protein inter-
actome (top 100 predicted interacting proteins of each IncRNA)
were analyzed by the PANTHER classification system [43] (version
16.0, https://www.pantherdb.org). The interaction network of the
IncRNA-protein interactome (top 30 predicted interacting proteins
of each IncRNA) was analyzed with GeneMANIA (http://genema-

nia.org) [44].

Statistical analysis

Quantitative data were analyzed as the mean + SD in the his-
togram with the data point. Statistical analyses were performed
using GraphPad Prism 8 (GraphPad Software, La Jolla, CA, USA)
with one-way ANOVA with post hoc Tukey HSD, unpaired Stu-
dent’s t-test, and multiple t-tests methods depending on the exper-
imental design. A value of P < 0.05 was considered statistically
significant.

Availability of data

All data of this study are included in this published article and
are available from the corresponding author upon request. The
RNA-Seq dataset supporting the conclusions of this article is avail-
able in the GEO database, GSM921009, GSM921016, GSM921023,
GSM921030, GSM921038, GSM921046, GSM920963, GSM920978,
GSM920994, GSM921002, GSM2049181, and GSM2049182
[45,46].

Results
Characterization of sEVs derived from human naive and licensed MSCs

Human adipose-derived MSCs, which have typical spindle-like
morphology, surface phenotypes, and multidifferentiation capaci-
ties, were used in this study (Figure S1). Fig. 1 shows the graphic
flowchart of this study. MSCs were treated with TNF-a and IFN-y
for 48 h to investigate the effects of inflammatory stimulation on
MSCs. Neither TNF-a nor IFN-y or cotreatment altered the mor-
phology (Fig. 2A), viability (Fig. 2B), or typical surface markers
(Fig. 2C) of MSCs compared with naive MSCs. However, TNF-o
and cotreatment did enlarge cell size, as measured by forward scat-
ter in flow cytometry (Fig. 2D). IFN-y, but not TNF-o, partially
enhanced expression of anti-inflammatory cytokines, including
IDO and CXCL9. Cotreatment significantly upregulated anti-
inflammatory cytokines, suggesting a synergistic effect of TNF-o
and IFN-y on MSC immunomodulatory ability (Fig. 2E).

Subsequently, we isolated sEVs from naive MSCs and TNF-o and
IFN-7v cotreated MSCs (licensed MSCs, L-MSCs) (Fig. 1). TEM analy-
sis revealed that both naive MSC-sEVs and L-MSC-sEVs had similar
oval membranous vesicle morphology (Fig. 3A). The most well-
known sEV surface signatures are endosome-specific tetraspanins
(CD9 and CD63), which are involved in the production, selective
uptake, EV heterogeneity and vesicular component sorting
[47,48]. The MSC-sEVs and L-MSC-sEVs we examined expressed
the typical characteristic markers CD63 and CD9 (Fig. 3B). In addi-
tion, hydrodynamic particle size distribution and yields were mea-
sured by NTA, with no significant difference in the distribution or
average hydrodynamic particle size between MSC-sEVs and L-
MSC-sEVs (Fig. 3C-D). The prominent peaks in particle size were
162 + 23 nm and 150 = 18 nm in MSC-sEVs and L-MSC-sEVs,
respectively (Fig. 3E). The total quantity and space-time yield of
sEVs were increased by 76.7% and 86.7%, respectively, suggesting
that licensing enhances MSC vesiculation (Fig. 3F-G). Overall, total
RNA and protein contents were not altered by licensing (Fig. 3H-I).
Our results indicate that both naive MSCs and L-MSCs liberate
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SEVs, though L-MSCs produced more sEVs than naive MSCs. Our
results suggest that licensing MSCs with TNF-a and IFN-y enhances
SEV production without affecting morphology.

Investigation of IncRNASs in sEVs derived from human fibroblasts, MSCs
and L-MSCs

We applied high-throughput IncRNA sequencing to comprehen-
sively analyze IncRNA signatures of sEVs from naive MSCs and L-
MSCs without bias and compared them with those from human
F-sEVs obtained from public databases [45,46]. The total IncRNA
counts in both MSC- and L-MSC-sEVs were higher than those in
F-sEVs; the total abundance of IncRNAs in L-MSC-sEVs was higher
than that in MSC-sEVs (Fig. 4A). The distribution of transcripts per
kilobase million (TPM) values was significantly distinct in each
group. The TPM distribution of F-sEVs was higher than that of both
MSC-sEV groups (Fig. 4B), and licensing reduced the TPM distribu-
tion, suggesting an increase in low-abundance IncRNAs in L-MSC-
sEVs (Fig. 4B). The length distribution ratio of IncRNAs is depicted
in Fig. 4C. There was no significant difference among the groups
(Table S2). The two major ranges of IncRNAs were 100,000 to
10,000 nt and 5,000 to 1,000 nt in all groups. In detail, IncRNAs
in naive MSC-sEVs ranged from 74 to 440,879 nt in length, those
in licensed MSC-sEVs ranged from 74 to 475,377 nt in length,
and those in F-sEVs ranged from 93 to 440,879 nt. We classified
the sEV-IncRNAs into nine subclasses according to the biogenesis
and structure of IncRNAs [49] (Fig. 4D), with no significant differ-
ence among all groups (Table S3). The primary types of IncRNAs
in sEVs were antisense RNA and lincRNA, together accounting for
74%-78% of all IncRNAs in all groups.

To investigate the distribution of the sEV IncRNA reference gen-
ome, we visualized the chromosomal distribution of IncRNAs by
Circos (Fig. 4E, left panel). Most IncRNAs in sEVs are transcribed
from chromosomes 1 and 17 (Fig. 4E right panel). Widespread
IncRNA distribution along all chromosomes and the distinct distri-
bution within a chromosome between three groups indicated that
the IncRNAs identified were not transcriptional noise (Fig. 4E, left
panel). In general, the differences in TPM distribution, length,
types, and chromosome distribution of IncRNAs indicated that
both lineage specificity and unique microenvironments govern
IncRNA proportions in sEVs.

IncRNA landscape in sEVs derived from human fibroblasts and MSCs

Through correlation coefficient analysis, we found that the
IncRNAs of MSC-sEVs were distinct from those of F-sEVs; surpris-
ingly, IncRNAs of MSC-sEVs and L-MSC-sEVs correlated highly
(Fig. 5A). A total of 132, 233, and 496 IncRNAs were identified in
F-sEVs, MSC-sEVs, and L-MSC-sEVs, respectively. Comparing F-
sEVs and MSC-sEVs, 93 IncRNAs were expressed only in F-sEVs,
and 194 IncRNAs were only present in MSC-sEVs; only 39 IncRNAs
were identified in both sample pools. Because MSC-sEVs, but not F-
sEVs, possess therapeutic potential, 194 MSC-specific IncRNAs
were considered potential medicinal signaling IncRNAs. Overall,
389 IncRNAs were gained and 129 IncRNAs lost after licensing
compared with MSC-sEVs. Among the three groups, 89 IncRNAs
were expressed exclusively in F-sEVs, 121 IncRNAs were only
expressed in MSC-sEVs, and 385 were newly observed in L-MSC-
sEVs. Only 34 IncRNAs were identified across the three sample
pools (Fig. 5B). These results suggest that cell-type specificity
orchestrates the disparate IncRNA signatures in sEVs for unique
sEV-mediated intercellular communication between various cell
types. Although the IncRNA profile of sEVs responds to microenvi-
ronmental stimulation, lineage specificity might restrict changes.

The ranking of IncRNA expression levels in sEVs was ordered
according to TPM value, and the top 10 enriched IncRNAs of the
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TNF-o and IFN-y for 48 h under serum-free conditions. After removing debris and concentrating the conditioned medium, EVs released by naive MSCs and licensed MSCs
(MSC-sEVs and L-MSC sEVs) were isolated by Exo-PREP. The EVs were characterized by nanoparticle tracking analysis (NTA), transmission electron microscopy (TEM) and
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computational prediction method, catRAPID. The gene ontology, protein interactome and reactome of IncRNA-interacting proteins were further deciphered using online tools,
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Fig. 2. Inflammatory cytokines stimulate human adipose-derived MSCs. MSCs were treated with TNF-o and IFN-y for 48 h under serum-free conditions. (A)
Representative morphology. Scale bar, 100 pm. (B) Cell viability was measured by the CCK-8 assay (n = 3); results were normalized to the control group. (C-D) MSC surface
phenotype (C) and relative cell size (D) were determined by flow cytometry (n = 3 to 6). (E) Expression levels of anti-inflammatory genes were measured by real-time PCR
(n = 5); results were normalized to the TNF-o. and IFN-y cotreatment group because some genes were undetectable in the control group. TNF-o, 20 ng/mL and IFN-v, 20 ng/
mL. Results are shown as the means + SD. Statistical analyses were performed using ANOVA with post hoc Tukey’s HSD in multiple comparisons. Means not sharing any

letters are significantly different (P < 0.05).

three groups are listed in Tables 1-3. The top 10 enriched IncRNAs
in sEVs accounted for the vast majority in SEVs in each group, indi-
cating that most IncRNAs in sEVs are present at a low level. Inter-
estingly, the top 10 expressed IncRNAs in the three groups highly
overlapped (Fig. 5C). The abundance of each enriched IncRNA in
F-sEVs was relatively average compared with those of MSC-sEVs
and L-MSC-sEVs. LncRNA AC051619.8, with the highest abundance
in both MSC-sEVs and L-MSC-sEVs, accounted for 69.57% and
98.28% of all IncRNAs, respectively, though it comprised only
0.8% of IncRNAs in F-sEVs. Such extreme expression of
AC051619.8 in both MSC-sEVs and L-MSC-sEVs explains the high
correlation coefficients between the two groups. On the other
hand, several enriched IncRNAs in MSC-sEVs were not exclusive.
For instance, FP236383.3, FP236383.2, and AD000090.1 were
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enriched in both MSC-sEVs and F-sEVs, suggesting that they are
nonlineage-specific IncRNAs.

Compared with F-sEVs, the top 10 new loading IncRNAs in MSC-
sEVs, such as LINC00623, LINC00317 and SNHG20, compared with
F-sEVs are shown in Fig. 5D. Fig. 5E illustrates the top 10 newly
loaded IncRNAs after licensing, such as MINCR, TTTY19, and
AC087897.2. The details of the top 10 newly loaded IncRNAs of
the two datasets are given in Tables S4 and S5. Interestingly,
increasing the TPM cutoff value to reduce potential sequencing
noise between samples dramatically decreased the numbers of
identified IncRNAs in MSC-sEVs (70.4% decrease) and L-MSC-sEVs
(88.1% decrease), indicating that most IncRNAs in MSC-sEVs are
expressed at low abundance (Fig. 5F). As we identified more
IncRNAs in L-MSC-sEVs than in MSC-sEVs (Fig. 5B), licensing might
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Fig. 3. Characterization of sEVs derived from naive MSCs and licensed MSCs. (A) Transmission electron micrographs of isolated sEVs. Scale bar at 500 nm. Arrow indicates
SEVs. (B) Western blotting analysis showed expression of the typical SEV markers CD63 and CD9 in sEVs. (C-E) NTA revealed the distribution (C), average hydrodynamic mean
(D) and mode diameter (E) of sEVs (n = 4). (F-G) The total quantity of sEVs from 10 cm culture dishes (F) and space-time yield of sEVs (G). The concentration of sEVs was
normalized to the cell number and induction period (n = 4). (H-I) The RNA and protein content in SEVs (n = 4). Results are shown as means * SD with the data points. Statistical
analyses were performed using Student’s t-test. (*P < 0.05, **P < 0.01, *** P < 0.001; ns, not significant).

increase the heterogeneity of SEV IncRNAs by altering newly
loaded IncRNAs with low abundance.

To identify potential medicinal signaling IncRNAs and licensing-
responsive IncRNAs, we performed DE analysis between two data-
sets: (I) MSC-sEVs and F-sEVs and (1) MSC-sEVs and L-MSC-sEVs. A
total of 224 and 55 IncRNAs were found to be significantly different
in MSC-sEVs vs. F-sEVs and in MSC-sEVs vs. L-MSC-sEVs, respec-
tively (Fig. 5G-H). We detected 224 DE IncRNAs in MSC-sEVs
through comparison with F-sEVs. Among them, 8 upregulated DE
IncRNAs were considered a cluster of medicinal signaling IncRNAs
(fold change > 2 and P value < 0.05) (Fig. 5G). For instance, IncRNA
LINC00623 was an upregulated DE IncRNA in MSC-sEVs and also
the most enriched new loading IncRNA (Fig. 5D). LINC00623 has
been reported to ameliorate osteoarthritis [50], indicating medici-
nal signaling potential. Additionally, we found 54 licensing-
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responsive IncRNAs, including 27 DE upregulated and 27 downreg-
ulated DE IncRNAs, in L-MSC-sEVs (Fig. 5H). The IncRNA MINCR,
upregulated by licensing, was also the top 1 newly expressed load-
ing IncRNA in L-MSC-sEVs; it has been reported to promote prolif-
eration and migration by activating Wnt/B-catenin signaling [51-
53]. The top 20 DE IncRNAs between MSC-sEVs vs. F-sEVs and
MSC-sEVs vs. L-MSC-sEVs are listed in Tables S6 and S7, respec-
tively. To verify the accuracy of the IncRNA sequencing data, we
conducted quantitative PCR on randomly selected DE IncRNAs
from the two datasets. Consistent with the sequencing results,
quantitative PCR showed that LINC00623, ZNF436-AS1 and
LINC00637 were more highly expressed in MSC-sEVs than in F-
sEVs (Fig. 5I) and that AC051619.8 and MINCR, but not
AC10967.2, were increased in L-MSC-sEVs compared with MSC-
sEVs (Fig. 5]).
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The MSC-sEV IncRNA-protein interactome

The field of IncRNA research is still in its infancy, and most of
the IncRNAs identified in this study have not yet been annotated.
Because MSC-sEV IncRNAs are unlikely to regulate recipient genes
in a cis-acting manner [54], i.e., regulating transcription of neigh-
boring mRNAs at loci where they are transcribed, we sought to gain
insight into the function of MSC-sEV IncRNAs through interacting
proteins. To investigate medicinal signaling IncRNA- and
licensing-responsive IncRNA-protein interactomes, we predicted
interacting proteins of the upregulated DE IncRNAs in the two
datasets using catRAPID in conjunction with the RNAct database.
By estimating the interaction propensity of RNA-protein pairs
through van der Waals forces, secondary structures, and hydrogen
bonding contributions, a total of 301 and 452 proteins are pre-
dicted to interact with medicinal signaling IncRNAs and
licensing-responsive IncRNAs, respectively; 251 predicted proteins
were found in both sample pools (Fig. 6A). The details of the pre-
dicted proteins are provided in Supplemental material 1-3).

To delineate categories of the IncRNA-protein interactome, we
performed Gene Ontology network analysis to decipher biological
processes, molecular functions and cellular components in which
medicinal signaling IncRNAs and licensing-responsive IncRNAs
are implicated. Both medicinal signaling IncRNA- and licensing-
responsive IncRNA-protein interactomes were enriched with simi-
lar annotations (Fig. 6B). Regarding the above GO categories, both
interactomes were significantly associated with terms including
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binding and catalytic activity, cellular processes, and cellular
anatomical entities. Protein-protein interaction network analysis
revealed a complex and highly connected cluster in both interac-
tomes (Fig. 6C-D). Functional enrichment analysis of both interac-
tomes showed that the most significantly enriched pathways
involve chromatin remodeling, the SWI/SNF superfamily type com-
plex, and histone binding (Fig. 6C-D). We subsequently analyzed
functional enrichment according to the entity reaction network,
and coverage of both medicinal signaling IncRNA- and licensing-
responsive IncRNA-protein interactomes occurred throughout the
whole reactome, including chromatin organization (Fig. GE-F).
Our results indicate that medicinal signaling IncRNAs and
licensing-responsive IncRNAs might interact with chromatin
remodeling proteins to override the regulatory machinery in the
nucleus of recipient cells.

Unique IncRNA signatures across sEVs and parental cells

sEVs exhibit lineage specificity that is dependent on cell ori-
gin, and we thus hypothesized that the IncRNA profile of sEVs is
equal to that of their parental cells. The distribution of TPM
between F-sEVs and fibroblasts was significantly distinctive,
and the same was observed between MSC-sEVs and MSCs
(Fig. 7A). sEVs contained shorter IncRNAs (<1000 bp) compared
with  their parental cells), whereas longer IncRNAs
(>500000 bp) were only observed in parental cells (Tables S2
and S8). In general, the pattern of IncRNA length distribution
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Table 1

The top 10 enriched IncRNAs in F-sEVs.
F-sEVs
IncRNAs TPM % Chr Type Length (nt)
ENSG00000281181.1_FP236383.3 225,476 22.55 chr21 lincRNA 922
ENSG00000280614.1_FP236383.2 225,476 22.55 chr21 lincRNA 922
ENSG00000283907.1_AD000090.1 168,176 16.82 chr19 antisense_RNA 23,998
ENSG00000261889.1_AC108134.2 111,412 11.14 chr16 lincRNA 747
ENSG00000280800.1_FP671120.3 69,167 6.92 chr21 lincRNA 922
ENSG00000283696.1_AL592295.4 50,692 5.07 chrl lincRNA 23,015
ENSG00000279123.1_AC027281.2 50,151 5.02 chr16 TEC 712
ENSG00000233421.4_LINC01783 21,568 2.16 chrl lincRNA 2286
ENSG00000234741.7_GAS5 12,164 1.22 chrl processed_transcript 4982
ENSG00000283029.1_AL139099.5 10,502 1.05 chr14 non_coding 299
Sum 944,784 94.5 - - -

Table 2

The top 10 enriched IncRNAs in MSC-sEVs.
MSC-sEVs
IncRNAs TPM % Chr Type Length (nt)
ENSG00000260035.1_AC051619.8 695,743 69.57 chr15 sense_intronic 307
ENSG00000283907.1_AD000090.1 89,857 8.99 chr19 antisense_RNA 23,998
ENSG00000226067.6_LINC00623 88,681 8.87 chrl lincRNA 96,016
ENSG00000270103.3_AL360012.1 67,994 6.8 chrl lincRNA 130
ENSG00000281181.1_FP236383.3 14,001 14 chr21 lincRNA 922
ENSG00000280800.1_FP671120.3 14,001 14 chr21 lincRNA 922
ENSG00000280614.1_FP236383.2 14,001 1.4 chr21 lincRNA 922
ENSG00000249087.6_ZNF436-AS1 6612.1 0.66 chrl antisense_RNA 2842
ENSG00000279123.1_AC027281.2 2149.7 0.21 chr16 TEC 712
ENSG00000266919.3_AC104984.5 1330.8 0.13 chr17 sense_intronic 93
Sum 994370.6 99.43 - - -

Table 3

The top 10 enriched IncRNAs in L-MSC-sEVs.
L-MSC-sEVs
IncRNAs TPM % Chr Type Length (nt)
ENSG00000260035.1_AC051619.8 982771.16 98.28 chr15 sense_intronic 307
ENSG00000226067.6_LINC00623 9769.68 0.98 chrl lincRNA 96,016
ENSG00000270103.3_AL360012.1 2196.64 0.22 chr1 lincRNA 130
ENSG00000249087.6_ZNF436-AS1 1338.81 0.13 chrl antisense_RNA 2842
ENSG00000281181.1_FP236383.3 710.24 0.07 chr21 lincRNA 922
ENSG00000280800.1_FP671120.3 710.24 0.07 chr21 lincRNA 922
ENSG00000280614.1_FP236383.2 710.24 0.07 chr21 lincRNA 922
ENSG00000261889.1_AC108134.2 476.68 0.05 chr16 lincRNA 747
ENSG00000283907.1_AD000090.1 285.4 0.03 chr19 antisense_RNA 23,998
ENSG00000262202.4_AC007952.4 266.98 0.03 chr17 lincRNA 636
Sum 999236.07 99.93 - - -

between F-sEVs and fibroblasts, as well as between MSC-sEVs of sEV types compared with their parental cells (Fig. 7C,
and MSCs, was consistent (Fig. 7B, Table S8). Regarding the clas- Table S9). Similar to the observation for sEVs, most IncRNAs in
sification of IncRNAs, antisense RNAs and noncoding RNAs were parental cells were transcribed from chromosomes 1 and 17,
enriched in both cell types compared with their sEVs; however, but the chromosomal distribution of IncRNAs between SsEVs
lincRNAs and sense intronic RNAs were enriched in both types and their parental cells differed (Fig. 7D-E, Table S10).

<

Fig. 5. Identification of human MSC-sEV-IncRNAs. (A) Distance mapping of IncRNAs using Pearson’s correlation coefficient between F-sEVs, MSCs-sEVs and L-MSC-sEVs. (B)
Venn diagrams illustrating convergence and noncongruency of IncRNAs. (C) Comparison of the top 10 enriched IncRNAs between F-sEVs, MSCs-sEVs and L-MSC-sEVs. (D) The
top 10 newly loaded IncRNAs in MSC-sEVs compared with F-sEVs. (E) The top 10 newly loaded IncRNAs in L-MSC-sEVs compared with MSC-sEVs. (F) Venn diagrams
illustrating convergence and noncongruency of IncRNAs. TPM cutoff > 2. (G) Differentially expressed IncRNAs of MSCs-sEVs and F-sEVs revealed by volcano plots. The abscissa
corresponds to the fold change (log2); ordinates represent significance (-log10). A log2-fold-change (log2 FC) > 1 and a P value < 0.05 were used to identify differentially
expressed IncRNAs. Red dots represent significantly upregulated IncRNAs and blue dots significantly downregulated IncRNAs in MSC-sEVs. (H) Expression levels of DE
IncRNAs between MSCs-sEVs and F-sEVs were detected by qRT-PCR (n = 3). (I) Differentially expressed IncRNAs of MSCs-sEVs and L-MSCs-sEVs revealed by volcano plots. The
abscissa corresponds to the fold change (log2); ordinates represent significance (-log10). A log2-fold-change (log2 FC) > 1 and a P value < 0.05 were used to identify
differentially expressed IncRNAs. Red dots represent significantly upregulated IncRNAs and blue dots significantly downregulated IncRNAs in L-MSC-sEVs. (J) Expression
levels of DE IncRNAs between MSCs-sEVs and L-MSCs-sEVs were detected by qRT-PCR (n = 6). Statistical analyses were performed by Student’s t-test for panels I and ]
(*P < 0.05, **P < 0.01, *** P < 0.001; ns, not significant).
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Fig. 6. Characteristics of medicinal signaling IncRNA- and licensing-responsive IncRNA-protein interactomes. (A) Venn diagrams illustrating convergence and
noncongruence of predicted interacting proteins of medicinal signaling IncRNAs and licensing-responsive IncRNAs. (B) Functional classifications of the medicinal signaling
IncRNA interactome and licensing-responsive IncRNA interactome according to their biological processes, cellular components, and molecular functions. (C-D) Functional
enrichment analysis of the medicinal signaling IncRNA interactome (C) and licensing-responsive IncRNA interactome (D) by the Genemania online tool. Purple lines indicate
coexpression of proteins, red lines indicate physical interactions between proteins, orange lines represent predicted interactions between proteins, blue lines show

colocalization between proteins, and green lines denote genetic interactions. (E-F) Overview of enriched pathways of medicinal signaling IncRNAs interactome (E) and
licensing-responsive IncRNA interactome (F) by the Reactome online tool. The yellow key represents the coverage of identified pathways.

Surprisingly, a distinct correlation of IncRNAs in sEVs and par-
ental cells was observed for both fibroblasts (Fig. 7F) and MSCs
(Fig. 7G). A total of 2235 IncRNAs were identified in fibroblasts,
with only 49 IncRNAs coexisting in F-sEVs (Fig. 7H). A total of
858 IncRNAs were identified in MSCs and fibroblasts, but only 94
coexisted in MSC-sEVs (Fig. 7I). The most enriched IncRNA in
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MSC-sEVs, AC051619.8, accounted for 69% of all IncRNAs but
accounted for only 0.04% of all IncRNAs in MSCs; F-sEV-enriched
FP236383.3 and AD000090.1 accounted for 22.5% and 16.8% of all
IncRNAs in F-sEVs but only occupied 10.8% and 0.32% of all
IncRNAs in fibroblasts, respectively. Differences in IncRNA signa-
tures between parental cells and sEVs were observed for both stem
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Fig. 7. Comparison of IncRNA characteristics between sEVs and parental cells. (A) The TPM distribution of all identified IncRNAs. (B) Length distribution of IncRNAs. (C)
Classification of IncRNAs in sEVs and parental cells into nine categories. (D-E) Chromosomal distribution of IncRNAs in F-sEVs and fibroblasts (D) and MSC-sEVs and MSCs (E).
The outer ring represents the IncRNAs labeled with chromosome number and position. A histogram revealed the percentage of chromosome distribution of IncRNAs. (F-G)
Pearson’s correlation analysis of IncRNAs from F-sEVs and fibroblasts (F) and from MSC-sEVs and MSCs (G). (H-I) Venn diagrams illustrating the convergence and
noncongruency of IncRNAs from F-sEVs and fibroblasts (H) and from MSC-sEVs and MSCs (I). TPM cutoff > 0.

84



Chien-Wei Lee, Yi-Fan Chen, Allen Wei-Ting Hsiao et al.

cells and fibroblasts, suggesting that rather than a stochastic event,
a novel mechanism exists to select the SEV IncRNA cargo The selec-
tive IncRNA packaging mechanism shapes the unique IncRNA pro-
file in sEVs and plays a vital role in cell-cell communication under
physiological and pathological conditions.

Discussion

Undisputedly, MSC-sEVs create a new therapeutic paradigm for
regenerative medicine due to their preponderance over MSC trans-
plantation [55]. MSC-sEVs possess stability, strong biocompatibil-
ity, and high therapeutic expandability via various modifications
of parental cells. Moreover, compared with parental cells, trans-
plantation of MSC-sEVs has lower risks of immunogenicity, geno-
mic alterations, senescence-induced genetic instability, and
pulmonary embolism [56,57]. Clinical trials of MSC-sEVs demon-
strate their increased application as a presumptive surrogate to
MSC-based therapeutics, yet without an understanding of their
intricate properties and how their therapeutic effects are mediated.
Indeed, a lack of a deep understanding of the intrinsic composition
of MSC-sEVs under physiological and pathological conditions will
restrict their clinical applications. Herein, we provide an atlas of
IncRNAs in MSC-sEVs with the goal of identifying medicinal signal-
ing IncRNAs using a bioinformatics approach. We further robustly
characterized MSC-sEVs under inflammatory cytokine stimulation,
which partly mimics the niche of transplanted MSCs under various
pathophysiological conditions. The core findings were that MSC-
sEVs have a unique IncRNA atlas and that the yield and intrinsic
properties of MSC-sEVs are sensitive to inflammatory stimulation,
which might correlate with their therapeutic potential in vivo. To
the best of our knowledge, this is the first study to elucidate and
annotate IncRNAs in human MSC-sEVs with or without inflamma-
tory cytokine stimulation. By identifying medicinal signaling
IncRNAs, future studies may investigate the therapeutic potential
of medicinal signaling IncRNAs under various disease conditions.

LncRNAs appear to participate in many processes, such as RNA
splicing, transcription, RNA localization, RNA decay, translation,
and epigenetic remodeling, through their unique sequence and
structure [54], and the topological structures of DNA controlled
by cohesion, CTCF, histone and chromatin-associated protein com-
plexes are dominant in the generation of gene regulatory networks.
By connecting those nuclear elements, IncRNAs alter the three-
dimensional organization of DNA to regulate transcription [58].
Functional enrichment analysis revealed medicinal signaling
IncRNA-interacting proteins to be enriched in nuclear activity such
as ATP-dependent chromatin remodeling, SWI/SNF complex and
nBAF, which is implicated in development and neuron disorders
[59]. Although sublocalization of MSC-sEV IncRNAs in recipient
cells requires further investigation, our results suggest that MSC-
sEVs regulate transcriptional activity in recipient cells by affecting
higher-order chromatin structures.

Growing evidence reveals that IncRNAs in MSC-sEVs mediate
the biological functions of these vesicles [18-20,60]. By RNA
sequencing and robust computational pipeline analysis, we identi-
fied a cluster of medicinal signaling IncRNA, which IncRNAs that
are specific to and enriched in MSC-sEVs but not F-sEVs. For
instance, LINC00623, the most abundant newly loaded IncRNA in
MSC-sEVs, is increasingly downregulated with osteoarthritis sever-
ity, which causes chondrocyte apoptosis and extracellular matrix
degradation [50]. As LINC00623 is specific and enriched in MSC-
sEVs, it might act as a dominant medicinal signaling IncRNA of
MSC-sEVs in osteoarthritis treatment [61,62]. Based on our in silico
prediction, the LINC00623-interacting proteins PIK3R4, CHMP7,
ROCK1 and ARID4B are associated with SARS-CoV-1/2 infection.
Furthermore, ROCK1 and ARID4B (HDAC complex) are associated
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with therapeutics for SARS/COVID-19 [63-65]. Indeed, inhibition
of HDAC in COVID-19 treatment seems to occur by reducing
ACE2, a receptor for SARS-CoV-1/2 entry into cells [63,66].

Unlike proteins and miRNAs, expression of IncRNAs is not con-
served across species [67,68], indicating that IncRNA expression in
the same cell type varies among species. Therefore, it is paramount
to verify IncRNAs in human sEVs prior to further mechanistic inter-
pretation and clinical application. Recently, it has been reported
that by delivering IncRNA H19, sEVs from rodent MSCs possess
therapeutic potential in wound healing and myocardial infarction
[18,20]. Exosomal IncRNA H19 from mouse MSCs accelerate
wound healing via regulation of miR-152-3p-mediated PTEN inhi-
bition, and rat MSC-exosomal IncRNA H19 protects cardiomy-
ocytes against apoptosis via regulation of miR-675 in endothelial
cells. Surprisingly, IncRNA H19 was hardly detected in human
MSC-sEVs in our study: it was identified in only one MSC-sEV sam-
ple among six samples, with a low expression level of approxi-
mately 0.05 TPM, and seems unlikely to have dramatic biological
effects compared to other abundant IncRNAs. Regardless, the pos-
sibility of the butterfly effect on transcriptomic or epigenomic reg-
ulation in recipient cells by rarely expressed IncRNAs in sEVs
should not be excluded.

Although numerous studies have proven the efficacy of MSCs
for treating inflammatory-related diseases [69], the curative effect
is not consistent. For instance, the therapeutic effectiveness of
MSCs on graft-versus-host disease ranges from 15 to 94% in clinical
trials [70-74], which might be attributed to divergent changes in
the MSC in vivo microenvironment. Indeed, previous reports have
shown that inflammatory cytokines shape protein and miRNA pat-
terns to boost the therapeutic ability of MSC-sEVs [32,75]. Herein,
we demonstrate that the IncRNA landscape also responds to
inflammatory cytokines. Inflammatory stimulation upregulated
IncRNA MINCR and DUXAPS8 in MSC-sEVs. However, MINCR and
DUXAP8 are implicated in tumor progression [51,52,76,77]
through Wnt/B-catenin pathway activation, a crucial signaling
pathway also involved in tissue regeneration [78,79]. Some identi-
fied IncRNAs in L-MSC-sEVs are related to tumor development,
which might be attributed to most investigations on IncRNAs being
in cancer studies. Indeed, there is still limited literature regarding
the role of MSC-sEV IncRNAs, and whether inflammatory stimula-
tion boosts or blunts the therapeutic efficacy of MSC-sEVs via
IncRNA reprogramming remains unclear. Our study provides
groundwork for future investigations on MSC-sEV IncRNAs regard-
ing regenerative medicine and even tumorigenesis in pathological
conditions. Further experimental characterization to identify the
accurate roles and therapeutic candidates of medicinal signaling
IncRNAs is critical for developing a IncRNA-based intervention.

Compared to protein-coding transcripts, cellular IncRNAs are
relatively lineage- and tissue-specific in a spatiotemporal manner
[80-83]. Despite the fact that tissue specificity is observed for
SsEV-IncRNAs, the patterns are distinct from their parental cells.
Similar to previous findings in cancer-associated fibroblasts and
their derived exosomes [84], distinct IncRNA profiles between par-
ental cells and sEVs were also observed for both MSCs and fibrob-
lasts, indicating a novel lineage-specific mechanism to selectively
sort IncRNAs toward sEVs rather than merely lineage specificity
of the cellular IncRNAs itself. On the other hand, the encapsulation
of exogenous therapeutic materials and genetic modification of
parental cells to boost the therapeutic ability of SEVs are new ther-
apeutic avenues. Further investigation into the selective packaging
mechanism will enhance packaging efficiency and provide better
therapeutic opportunities for patients.

Minimal criteria for defining MSCs, including morphology, sur-
face markers, and multipotency, were established by the Interna-
tional Society for Cell and Gene Therapy in 2006 [35], but those
characteristics do not reflect the clinical therapeutic efficacy and
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mechanism of action of MSCs. On the other hand, the characteris-
tics of EVs were defined in the Minimal Information for Studies of
EVs (MISEV2014) in 2014 [85] and renewed to MISEV2018 [37] by
the International Society for Extracellular Vesicles (ISEV). Although
the key definition of physical and biological characteristics of MSC-
sEVs has been discussed [38], the current criteria do not provide
guidance on functional testing of the biological activities of MSC-
sEVs, which relies on distinct components inside the vesicles,
which are distinguishable from non-MSC-sEVs, i.e., F-sEVs. Overall,
the therapeutic ability of MSC-sEVs hinges on the synergistic
effects of their intricate contents targeting different therapeutic
pathways in recipient cells rather than only a few key molecules.
In this study, we elucidated the IncRNA landscapes in MSC-sEVs
and F-sEVs. Furthermore, we improved the systematic understand-
ing of component diversity within MSC-sEVs under inflammatory
conditions, which will provide certain advantages for defining
the characteristics and therapeutic indications of MSC-sEVs as
quantifiable features.

The present in silico study still has some limitations. The protein
and miRNA profiles of MSC-sEVs are distinct in MSCs harvested
from different origins and cultured under different conditions that
impact the biological effects and therapeutic capacity of MSC-sEVs
[86-88]. We analyzed sEVs derived from human male adipose-
derived MSCs, and it remains unclear whether origin or sex affects
the IncRNA landscape in sEVs in response to inflammation. Some of
the RNA sequencing data obtained from public repositories and the
different sample preparation and library construction processes
may introduce bias; enlarging the sample size and standardizing
sample operations will reduce differences between experimental
conditions in future investigations. Because a comprehensive func-
tional annotation of IncRNAs is lacking, we predicted IncRNA func-
tion by an in silico approach, which may overlook IncRNA functions
in nature, particularly effects at the posttranscriptional level. Addi-
tionally, the functional roles of identified medicinal signaling
IncRNAs in MSC-sEVs require further investigation in vivo.

Conclusion

This study provides valuable information regarding the IncRNA
landscapes of sEVs derived from human naive MSCs and licensed
MSCs. Understanding the fingerprint of IncRNAs in MSC-sEVs will
provide a new avenue for defining a standard of therapeutic sEVs
and developing efficacious precision-engineered MSC-sEVs [89-
91]. Using next-generation CRISPR-Cas technologies and preload-
ing with specific therapeutic molecules, i.e., medicinal signaling
IncRNAs, may provide a new perspective therapeutic regimen in
precision nanomedicine.
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