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Abstract

Mesenchymal stromal cells (MSCs) can be utilized clinically for treatment of conditions that
result from excessive inflammation. In a pro-inflammatory environment, MSCs adopt an
anti-inflammatory phenotype resulting inimmunomodulation. A sub-type of MSCs referred
to as “marrow-isolated adult multilineage inducible” (MIAMI) cells, which were isolated from
bone marrow, were utilized to show that the addition of autophagy modulators, tamoxifen
(TX) or chloroquine (CQ), can alter how MIAMI cells respond to IFNy exposure in vitro
resulting in an increased immunoregulatory capacity of the MIAMI cells. Molecularly, it was
also shown that TX and CQ each alter both the levels of immunomodulatory genes and
microRNAs which target such genes. However, the role of other non-coding RNAs
(ncRNAs) such as long non-coding RNAs (IncRNAs) in regulating the response of MSCs to
inflammation has been poorly studied. Here, we utilized transcriptomics and data mining to
analyze the putative roles of various differentially regulated IncRNAs in MIAMI cells exposed
to IFNy with (or without) TX or CQ. The aim of this study was to investigate how the addition
of TX and CQ alters IncRNA levels and evaluate how such changes could alter previously
observed TX- and CQ-driven changes to the immunomodulatory properties of MIAMI cells.
Data analysis revealed 693 long intergenic non-coding RNAS (lincRNAs), 480 pseudo-
genes, and 642 antisense RNAs that were differentially regulated with IFNy, IFNy+TX and
IFNy+CQ treatments. Further analysis of these RNA species based on the existing literature
data revealed 6 antisense RNAs, 2 pseudogenes, and 5 lincRNAs that have the potential to
modulate MIAMI cell’s response to IFNy treatment. Functional analysis of these genomic
species based on current literature linking inflammatory response and ncRNAs indicated
their potential for regulation of several key pro- and anti-inflammatory responses, including
NFkB signaling, cytokine secretion and auto-immune responses. Overall, this work found
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potential involvement of multiple pro-and anti-inflammatory pathways and molecules in
modulating MIAMI cells’ response to inflammation.

Introduction

Multipotent stem/stromal cells such as mesenchymal stromal/stem cells (MSCs) can be used
clinically in the treatment of various conditions typically associated with excessive inflamma-
tion [1]. MSCs can be isolated from several adult tissues such as bone marrow, adipose tissue,
and the umbilical cord; these cells can adopt an anti-inflammatory phenotype when exposed
to pro-inflammatory cytokines such as IFNy and secrete soluble factors resulting in the induc-
tion of an immunomodulatory environment [2]. Thus, in a clinical setting, MSCs are now
being explored for the treatment of various conditions associated with excessive inflammation,
including graft vs host disease (GVHD) and several autoimmune diseases such as ulcerative
colitis and rheumatoid arthritis [3]. Nevertheless, several issues that limit the therapeutic use
of MSCs have been identified as well. Because MSCs are isolated from various adult tissues
and subjects of different ages, they have variable properties, including proliferation and differ-
entiation capacities [1]. Moreover, continuous passaging of MSCs in vitro quickly leads to a
replicative senescence and a dramatic decrease in their therapeutic capacity [4, 5]. Addition-
ally, isolation of MSCs from living donors can be associated with risks which include donor
morbidity.

Approaches that can potentiate the immunoregulatory properties of MSCs by “enhancing”
their anti-inflammatory response in a pro-inflammatory milieu are being evaluated by several
laboratories [6-8]. Autophagy, the cellular catabolic stress-response pathway, contributes to
many key aspects of such cellular responses, including antigen presentation and cytokine
secretion [9]. Previously, we utilized a subpopulation of MSCs termed “MIAMI” (marrow-iso-
lated adult multilineage inducible) to study mRNA expression and associated signaling path-
ways involved in cellular responses to inflammation in the presence of autophagy modulators
[7]. We found that the addition of autophagy stimulator tamoxifen (TX) or autophagy inhibi-
tor chloroquine (CQ) changed both the mRNA and protein levels of key genes regulating anti-
inflammatory properties of MSCs. Moreover, TX- and CQ-mediated changes in gene expres-
sion predicted the enhancement of MIAMI cells’ immunoregulatory properties due to co-
treatments which was confirmed using co-culture functional assays with activated CD4+ T-
cells’ in vitro [7]. Interestingly, we also found that co-treatment with either TX or CQ also
affected the expression of microRNA (miRNA) targeting immunomodulatory genes. This was
an unexpected result because it implied that small molecules that modulate autophagy (which
is typically regulated via post-translational mechanisms [10]) also have a capacity to alter gene
expression profiles via multiple complementary mechanisms that involve non-coding RNA
species.

Noncoding RNAs (ncRNAs) can be classified as house-keeping or regulatory molecules,
however, they lack protein-coding potential but account for the majority of the transcriptome
(~98%); generally, ncRNAs contribute to gene expression regulation (both transcription and
post-transcription) and possess additional roles in cellular homeostasis (reviewed in [11]).
ncRNAs are comprised of short ncRNAs such as miRNAs, short interfering RNAs and Piwi-
associated RNAs which are typically shorter than 30 nucleotides [12]. On the other hand, long
non-coding RNAs (IncRNAs) such as pseudogene RNAs, antisense RNAs and the long inter-
genic ncRNAs (lincRNAs) are typically longer than 200 nucleotides [13]. Unfortunately, the
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Fig 1. Major interactions between non-coding RNAs, mRNA and DNA. Interactions of these molecular species with
proteins are omitted for clarity.

https://doi.org/10.1371/journal.pone.0266179.g001

exact physiological function is unknown for the majority of transcribed IncRNAs; further-
more, the role of IncRNAs in regulation of MSCs anti-inflammatory response is currently
understudied. Nevertheless, emerging research indicates that the functions of IncRNAs are
manifested at transcriptional, post-transcriptional, and post-translational levels by three types
of interactions: RNA-RNA, RNA-DNA, and RNA-protein [14]. Thus, mechanisms by which
various IncRNAs regulate gene expression involve epigenetic regulation (via genetic imprint-
ing and chromatin remodeling), regulation of transcription (by serving as molecular decoys),
post-transcriptional regulation (via splicing and mRNA decay), and, in some cases, transla-
tional regulation (Fig 1) [15]. Importantly, ncRNAs also contribute to regulation of both
innate and adaptive immune responses via several complementary (and often contradictory)
mechanisms (reviewed in [16]). For example, Lncl3 harbors a single nucleotide polymor-
phism, which contributes to the onset of type 1 diabetes by indirectly stabilizing STAT1
mRNA and thus prolonging pro-inflammatory signaling [17]. We hypothesized that the
changes in IncRNA expression due to co-treatments with TX or CQ also affect how MIAMI
cells respond to IFNy. To test this hypothesis, we examined changes in the expression of
IncRNAs in MIAMI cells exposed to IFNy with or without co-treatment with autophagy mod-
ulators TX or CQ to determine which IncRNAs may play a role in MIAMI cells’ response to
inflammation.

Methods
RNA sequencing

Identities of various differentially regulated RNA species were determined using RNAseq data
from our previous study where we reported detailed protocol for cell growth and maintenance,
treatments, and data processing [7]. Briefly, MIAMI cells (n = 3) were treated with IFNy (500
units), TX (5 uM), CQ (10 uM), IFNy+TX, or IFNy+TX; total RNA was isolated using RNAzol
according to the manufacturer’s instructions (Molecular Research Center). Integrity and con-
centration of RNA was assessed by Agilent TapeStation 4200 (Agilent Technologies). Total
RNA was subjected to 50 million pair-end directional sequencing to a minimum read length
of 150 nucleotides using Illumina NextSeq 500 [7]. The raw reads from the 18 samples were
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used for quality filtering. Clean reads were obtained by removal of reads containing adapter,
ploy-N and low quality reads from raw data. Quality control assessment was done using Illu-
mina RNAseq pipeline (RIN number was >9 for all samples) and raw reads were mapped to
the reference human genome (the most recent build GRCh38) using GSNAP [18], HISAT2
[19], and STAR aligners [20]. Mapped reads obtained from GSNAP and HISAT? aligners were
counted using HTSeq software [21]. STAR aligner was run with the option “—quantMode
GeneCounts”. Raw counts were subsequently imported into Bioconductor/R package DESeq2
(http://www.bioconductor.org/packages/release/bioc/html/ DESeq2.html), normalized and
tested for differential gene expression for each aligner. RNA species that were expressed differ-
entially based on the criteria of False Discovery Rate < 5% and Fold Change more than 2.0 in
either direction (using at least two different aligners) were examined for their role in inflam-
mation as described in the next section. Data analysis was conducted by reviewing long non-
coding RNA species that experienced the most significant changes (>2 fold) compared to
untreated cells. Heatmaps of the selected RNA species were created with Heatmapper using
the average linkage clustering method and Euclidean distance measuring method applied to
rows (http://wwwl.heatmapper.ca/). The raw RNA sequencing data have been deposited in
Gene Expression Omnibus (GEO) at NCBI (https://www.ncbi.nlm.nih.gov/geo/) under the
accession number GSE197302.

Selection of IncRN As with roles in inflammation

Gene databases http://www.Genecards.org and http://www.ensemble.org combined with the
published data from MEDLINE database were utilized to select the RNA species with a poten-
tial role in cellular response to inflammation. This role was determined based on any of the fol-
lowing key words incorporated in literature searches: inflammation, NF-xB, immune cells,
cytokines, leukocytes, lymphocytes, adaptive immunity, innate immunity, reactive oxygen spe-
cies. RNA species were also selected based on additional criteria: addition of TX and/or CQ
should alter their expression by at least 33% in either direction compared to cells treated with
IFNy. Identified IncRNA, pseudogenes, and antisense RNAs with a potential to contribute to
MIAMI cells’ response to inflammation were also analyzed for neighboring genes of interest
related to inflammation or inflammatory processes. RNA molecules of interest were sorted by
Ensemble number and NCBI Gene ID number. Gene neighbors were then identified using the
NCBI database (S1 File). NCBI defines gene neighbors as overlapping genes and the two near-
est non-overlapping genes on either side [22]. Each gene neighbor was analyzed for related
publications and general gene information to identify any relationship with inflammation.
These genes were also searched in the Innate Database, https://www.innatedb.com, a database
of genes, proteins, their interactions, and the signaling responses involved in the mammalian
innate immunity [23], to confirm each genes’ relation to the inflammatory response.

Results

Utilizing the RN Aseq data, total counts for all RNA species were evaluated based on their
known roles in various biological processes (Table 1 and Fig 2). It was found that the majority
of the differentially regulated RNAs (drRNAs) belong to protein coding RNA, whereas the
next three categories of RNAs with a high number of drRNAs were lincRNAs, pseudogenes,
and antisense RNAs. Heat maps showing all differentially regulated IncRNAs selected based
on the criteria above are depicted on Fig 3.
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Table 1. Total number of differentially regulated RNA species (left column) resulting from indicated treatments (top row).

ncRNA X cQ IENy IFNy+TX IFNy+CQ
Antisense RNA 398 547 1118 1282 1173
Linc RNA 367 586 1207 1346 1263
MicroRNA 53 90 102 173 147
Misc RNA 49 52 120 125 102
Processed pseudogene 201 331 860 984 958
Processed transcript 39 59 130 152 159
Protein coding 1357 3558 7493 8649 9850
Sense intronic 86 140 245 271 270
Sense overlapping 11 30 57 60 57
Small nucleolar RNA 32 68 117 141 135
Small nuclear RNA 50 61 93 105 94

https://doi.org/10.1371/journal.pone.0266179.t001

Differentially regulated antisense RNAs associated with inflammatory
responses

Antisense RNAs are single-stranded RNAs that bind to complementary coding strands of
mRNA and prevent translation of that transcript [24]. Fig 1 depicts this interaction and dis-
plays the unique function of antisense RNA in expression of genes. Exposure of MIAMI cells
to IFNy resulted in differential regulation of 1120 antisense RNAs; the two drugs caused fur-
ther changes in 642 antisense RNAs and the putative pro- or anti- inflammatory effects of such
changes in MIAMI cells were explored (Fig 4A).

Our analysis uncovered two anti-sense RNAs associated with cellular adhesion mecha-
nisms, VCAN-AS1 and AC011511.5. VCAN-ASI was found to be downregulated 6-fold in
response to IFNy treatment, 3-fold in response to IFNy+TX, and 14-fold in response to IFNy
+CQ (Fig 4B). VCAN-ASI codes for an antisense RNA to the VCAN gene responsible for the
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Fig 2. Quantification of differentially regulated ncRNAs using RNA sequencing data. A. Absolute numbers of
differentially regulated ncRNAs per treatment; B. Pie charts indicating the percentages of various ncRNAs whose
expression changes due to treatments; C. Pie charts indicating changes in percentages of indicated ncRNA types due to
treatments.

https://doi.org/10.1371/journal.pone.0266179.g002
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Fig 3. Heatmaps illustrating changes in antisense RNA, pseudogenes, and lincRNA due to MIAMI cells’ exposure
to interferon gamma (IFNY) alone or in combination with chloroquine (CQ) or Tamoxifen (TX).
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production of the extracellular matrix (ECM) proteoglycan versican by stromal cells and leu-
kocytes [18]. Versican binds to integrin and non-integrin receptors, as well as components of
the ECM to ensure stability of cell-cell contacts and thus may also play a major role in control-
ling inflammation by interacting with myeloid and lymphoid cells to promote their adhesion
and facilitate pro-inflammatory cytokine production [18]. Thus, blocking the incorporation of
versican into the ECM inhibits monocyte adhesion and reduces the inflammatory response.
Further downregulation of VCAN-AS1 with the addition of CQ could enhances IFNy-induced
pro-inflammatory effect(s) by increasing leukocyte adhesion and cytokine release. On the
other hand, AC011511.5 was upregulated 19-fold in response to IFNy treatment, 23-fold in
response to IFNy+TX, and 32-fold in response to IFNy+CQ (Fig 4B). AC011511.5 functions
as an antisense RNA to Intercellular Adhesion Molecules 1 and 4 (ICAM-1 and ICAM-4). As
an adhesion protein, ICAM-1 plays a significant role in the inflammatory recruitment of leu-
kocytes in response to IL-1 and TNFa. ICAM-1 is found on endothelial cells and functions as
aligand for LFA-1 found on leukocytes allowing them to bind to endothelial cells and transmi-
grate into tissues [25]. Increasing the expression of AC011511.5 in MIAMI cells would likely
result in enhancement of cellular anti-inflammatory properties (Fig 4C).

Additionally, two anti-sense RNAs, AC007728.2 and AC243772.2, were found to regulate
inflammation by impacting NFxB pathway. AC007728.2 was upregulated 30-fold in response
to IFNYy treatment, 51-fold in response to IFNy+TX and 92-fold in response to IFNy+CQ (Fig
4B). AC007728.2 is an antisense to nucleotide-binding oligomerization domain-containing
protein 2 (NOD2) and Cylindromatosis Lysine 63 Deubiquitinase (CYLD) [19]. NOD2 plays a
role in the immune response to intracellular bacterial lipopolysaccharides by triggering activa-
tion of MAP kinases and NF«B signaling and mutations in NOD2 have been correlated with
increased risk of Crohn’s disease [20]. CYLD is a deubiquitinating enzyme involved in regula-
tion of NFkB signaling [21]. Further increase of AC007728.2 upon addition of TX or CQ likely
increases MIAMI cells’ anti-inflammatory capacity by decreasing pro-inflammatory signaling

PLOS ONE | https://doi.org/10.1371/journal.pone.0266179  April 21, 2022 6/16


https://doi.org/10.1371/journal.pone.0266179.g003
https://doi.org/10.1371/journal.pone.0266179

PLOS ONE Tamoxifen and chloroquine regulate long non-coding RNA expression

A IFNg IFNg+TX B

-40 10 60 100 600 1100 1600 2100

Fold change in RNA expression

IFNg+CQ

AC007728.2 VCAN-AS1 Aﬁgj.s NRIR ACZ4§772.2 APott'sos.l
2 = 2 N

‘ NOD2 I cvml 1cam-1| || icam- stimulated CD63

genes

; |
Inflammasome
,/ / @ N o

IL-1B IL-18 maintenance
Immune cell adhesion

Fig 4. Antisense RNAs involved in MIAMI cells’ response to inflammation. A: Venn diagram showing numbers
and percentages of unique and overlapping differentially regulated antisense RNA’s; B: Fold changes in selected
antisense RNAs; C: Putative functions of selected RN As; Green bar IFNY, red bar IFNy+TX, blue bar IFNy+CQ.
Values that are significantly different are indicated by bars and asterisks as follows: *, P < 0.05; **, P < 0.01.

https://doi.org/10.1371/journal.pone.0266179.9004

(Fig 4C). AC243772.2 was upregulated 5-fold in response to IFNy treatment, 9-fold in
response to IFNy+TX, and 35-fold in response to IFNy+CQ (Fig 4B). AC243772.2 is an anti-
sense RNA to the high affinity immunoglobulin gamma Fc receptor I (FcyRI/CD64), a gene
that has been found to have a positive correlation with inflammation. FcyRI increases the for-
mation of the NLRP3 inflammasome and release of the IL-1p and IL-18 cytokines resulting in
the activation of NFxB pathway [22]. Moreover, FcyRI expression on neutrophils was found to
be significantly elevated in pediatric-onset Crohn’s disease patients [23]. Thus, further upregu-
lation of AC243772.2 in MIAMI cells with the addition of TX or CQ likely enhances cellular
anti-inflammatory properties (Fig 4C).

Our data analysis also indicates a potential role for interferon signaling pathway. Neg-
ative regulator of interferon response (NRIR) is an antisense RNA that was shown to
affect the expression of IFN-stimulated genes and its dysregulation contributes to auto-
immune diseases such as systemic sclerosis [25]. While NRIR was upregulated 172-fold
in response to IFNYy treatment, co-treatments with TX or CQ further upregulated its
expression to 562-fold and 1978-fold, respectively (Fig 4B). Further increase of NRIR
expression with the addition of TX or CQ likely have an anti-inflammatory effect in
MIAMI cells (Fig 4C).

AP004609.1, a novel antisense RNA to C-X-C chemokine receptor type 5 (CXCRS5), was
found to be downregulated 17-fold in response to IFNy treatment, 13-fold in response to TX
+IFNYy, and 34-fold in response to CQ+IFNy (Fig 4B). CXCR5 is a transmembrane receptor
for the chemokine C-X-C Motif Chemokine Ligand 13 (CXCL13) [26]. This cytokine plays a
large role in the orchestration of secondary lymphoid tissue and lymphoid neogenesis [27].
CXCR5-CXCL13 interaction has been shown to play a role in the maintenance of pathogenic
B cells in several autoimmune diseases, including rheumatoid arthritis, Sjogren’s syndrome,
Hashimoto thyroiditis, Graves’ disease, multiple sclerosis, and myasthenia gravis [28]. Further
decrease in AP004609.1 levels with the addition of CQ could result in increased pro-inflamma-
tory response (Fig 4C).
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Differentially regulated pseudogenes associated with inflammatory
responses

Though most pseudogenes do not possess protein coding potential, many have been found to
play a role in the regulation of their parent genes and other genomic loci through a variety of
regulatory RNA mechanisms. For example, pseudogenes can modulate gene expression via
competing endogenous RNA (ceRNA) activity, transcription into siRNAs and IncRNAs and
can modify chromatin architecture [29]. RNAseq yielded a total of 862 differentially regulated
pseudogenes upon IFNy treatment and further found 480 whose expression was changed by
addition of TX or CQ (Fig 5A).

Our analysis focused on two pseudogenes which met our criteria, Ferritin Heavy Chain 1
Pseudogene 11 (FTH1P11) and Hexokinase 2 Pseudogene 1 (HK2P1), which were shown pre-
viously to respond to pro-inflammatory cytokine signaling. Mechanistically, both pseudogenes
regulate levels of ceRNAs although via different mechanisms. FTH1P11 was upregulated
2-fold in response to IFNy treatment, 5-fold in response to IFNy+TX, and 8-fold in response
to IFNy+CQ (Fig 5B). An increase in FTHIP11 increases expression of its parent gene FTH1
which sequesters free iron and mitigates pro-inflammatory ROS production, thus has both
antioxidant and anti-inflammatory roles [30]. This regulation may occur through a ceRNA
that acts as a molecular sponge for miRNAs that negatively regulate FTH1 gene expression
[31]. During inflammation, NFxB upregulates FTH1 and suppresses JNK, which works down-
stream of TNFo. to mediate apoptosis induction [32]. Therefore, co-treatment with either TX
or CQ potentially enhance anti-inflammatory cellular response (Fig 5C).

HK2P1 was upregulated 4-fold in response to IFNY, 4-fold in response to IFNy+TX, and
8-fold in response to IFNy+CQ treatments (Fig 5B). HK2P1 regulates the expression of its par-
ent gene hexokinase 2 (HK2) via a ceRNA that competes with HK2 for the shared miR-6887-
3p binding site [33]. This ceRNA competitively inhibits miRNAs that repress HK2, therefore,
downregulation of HK2P1 allows for more miR-6887-3p binding to HK2 thus lowering its

IFNg IFNg+TX

A B

W HK2P1 e N |
FTH1P11 —— e

-4 -2 0 2 4 6 8 10

Fold change in RNA expression

IFNg+CQ

¢ = (o)

ceRNA l ceRNA l
FTH1P11 <:> @ HK2P1<:>“I1E

Upregulated in
rheumatoid arthritis

Fig 5. Pseudogenes involved in MIAMI cells’ response to inflammation. A: Venn diagram showing numbers and
percentages of unique and overlapping differentially regulated pseudogenes; B: Fold changes in selected pseudogenes;
C: Putative functions of selected RNAs; green bar IFNy, red bar IFNy+TX, blue bar IFNy+CQ. Values that are
significantly different are indicated by bars and asterisks as follows: *, P < 0.05; **, P < 0.01.

https://doi.org/10.1371/journal.pone.0266179.g005
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expression. Interestingly, H2K is upregulated in rheumatoid arthritis (RA), a chronic inflam-
matory disorder of the joints. Inflammatory signals, including TNFo,, have been shown to
increase HK2 expression in RA by activating and increasing nuclear localization of its tran-
scriptional regulator, yes-associated protein 1 [34]. Addition of CQ would likely stimulate pro-
inflammatory mechanisms that are mediated via HK2 (Fig 5C).

lincRNAs associated with inflammatory responses

Exposure of MIAMI cells to IFNy resulted in differential regulation of 1208 lincRNAs. Fur-
thermore, 693 IncRNAs were additionally regulated with the addition of TX or CQ and 5
lincRNAs were found to have a potential role in regulating response to inflammation based on
the available literature (Fig 6A). Our analysis indicated that such differentially regulated lincR-
NAs are linked to NF«xB regulation (LINC00520), lipid metabolism (SMIM25 and BANCR),
cell proliferation/apoptosis (BISPR) and dihydroxy-docosatrienoic acid-mediated pathway
(C150rf54) as outlined below.

While IFNy treatment led to an increase of 3.9-fold for LINC00520, co-treatments with TX
or CQ led to further upregulation of 32.7-fold and 44.8-fold, respectively (Fig 6B). LINC00520
functions as a ceRNA that increases Heat Shock Protein 27 (HSP27) expression [35] resulting
in translocation of NFxB protein complex to the nucleus of cells and initiating pro-inflamma-
tory gene expression [36, 37]. Therefore, TX or CQ co-treatments have a potential to further
stabilize this transcription factor and stimulate pro-inflammatory signaling (Fig 6C).

Similarly, IFNy treatment led to a 6.0-fold increase for Small Integral Membrane Protein 25
(SMIM25) while addition of TX or CQ led to its further upregulation of 33.0-fold and
74.0-fold, respectively (Fig 6B). SMIM25 co-expresses with CD36, a scavenger receptor char-
acterized by high affinity for uptake of long chain fatty acids, which allows for phagocytosis in
monocytes [38]. Dysregulation of this gene is seen in several autoimmune diseases of the gas-
trointestinal tract such as ulcerative colitis and Crohn’s disease [39]. While upregulation of
this lincRNA likely has a pro-inflammatory effect in macrophages [38], its effect on MIAMI
cells’ immunomodulatory properties is currently unknown (Fig 6C).
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A B

C15orf54
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W LINC0052 *
SMIM25 **

BANCR
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Fold change in RNA expression
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Dysregulated in Host cell viral prostaglandins)
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Fig 6. lincRNAs involved in MIAMI cells’ response to inflammation. A: A: Venn diagram showing numbers and
percentages of unique and overlapping differentially regulated lincRNAs; B: Fold changes in selected lincRNAs; C:
Putative functions of the selected molecules; Green bar IFNy, Red IFNy+TX, blue IFNy+CQ. Values that are
significantly different are indicated by bars and asterisks as follows: *, P < 0.05; **, P < 0.01.

https://doi.org/10.1371/journal.pone.0266179.g006
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The levels of oncogene BRAF-activated non-protein coding RNA (BANCR) was increased
538-fold with IFNYy treatment alone and co-treatments with TX or CQ led to its further upre-
gulation of 842-fold and 2134-fold, respectively (Fig 6B). BANCR is a lincRNA that facilitates
the JNK signaling pathway in vascular smooth muscle cells (VSMC) allowing for VSMC prolif-
eration and migration [40]. Upregulation of BANCR is seen in atherosclerotic plaque and pro-
motes inflammation. BANCR could affect MIAMI cells’ pro-inflammatory response by
regulating JNK signaling. Upregulation of BANCR is likely to stimulate both inflammation
and cellular proliferation in MIAMI cells (Fig 6C).

IFNy treatment alone increased 8.4-fold BST2 Interferon Stimulated Positive Regulator
(BISPR), a regulator of cell proliferation, apoptosis, and antiviral response [41], while co-treat-
ments with TX or CQ led to its further upregulation of 8.4-fold and 14.9-fold, respectively (Fig
6B). BISPR is a lincRNA that binds to miR-21-5p, a miRNA that suppresses Bcl-2 expression.
miR-21-5p was previously found to promote thyroid papillary carcinoma cell (TPC) viability,
propagation, and invasiveness [42]. Studies have shown that BISPR knockout inhibited the
proliferation and invasion of TPC cells and helped promote apoptosis. Upregulation of BISPR
could promote pro-inflammatory environment as increased cell proliferation leads to an
increase in reactive oxygen species within cells and tissues (Fig 6C).

Chromosome 15 putative open reading frame 54 (C150rf54) is a lincRNA that has a single
nucleotide polymorphism, SNP 17691453, associated with the metabolite dihydroxy-docosa-
trienoic acid, a biomarker found in heart failure [43]. IFNy treatment led to a decrease of
140.2-fold for C150rf54, co-treatments with TX or CQ led to its further downregulation of
196.1-fold and 105.9-fold, respectively (Fig 6B). Dihydroxy-docosatrienoic acid is produced
by the Cytochrome P450 pathway and exerts similar effects to prostaglandins produced by the
cyclooxygenase pathway. Downregulation of C150rf54 is likely anti-inflammatory as it would
reduce the amount of the pro-inflammatory compound dihydroxy-docosatrienoic acid (Fig
6C) [44].

Identification of neighboring genes

Since IncRNAs may regulate the expression of nearby genes by multiple mechanisms, the
neighboring genes for the thirteen IncRNAs identified as potentially involved in modulating
MIAMI cells’ response to inflammation were also examined. A total of seventy-four gene
neighbors were identified based on the criteria described in Methods section (S1 File), of
which four gene neighbors were found to have the potential to regulate the inflammatory pro-
cess: versican (VCAN), hyaluronan and proteoglycan link protein 1 (HAPLN1), heart and
neural crest derivatives expressed 2 (HAND?2), and fatty acid binding protein 4 (FABP4). The
reported functions of the identified gene neighbors can be found in the Table 2. In summary,

Table 2. Identities, ensembl numbers, and functions of neighboring genes that have a potential to be involved in immune response.

IncRNA Gene Neighbor of Interest | Contribution to Inmune function

VCAN-AS1 VCAN Interacts with immune cells via hyaluronan or via adhesion receptors (CD44, PSGL-1 and TLRs) present

(ENSG00000249835) (ENSG00000038427) on cell surface resulting in activation of NFkB, synthesis and secretion of inflammatory cytokines such as
TNFo and IL-6. Also contributes to inflammation regulation by interacting with growth factors and
cytokines thereby influencing their bioavailability and activity [55].

VCAN-AS1 HAPLN1 Induces non-canonical NF-kB activation in multiple myeloma cells [56].

(ENSG00000249835) (ENSG00000145681)

MORF4 HAND?2 Regulates IL15 expression in fibroblasts and fibroblast-derived IL15 is chemotactic for natural killer cells

(ENSG00000234801) (ENSG00000164107) [57].

FTH1P11 FABP4 Modulates pro-inflammatory cytokine production in adipocytes. Its expression correlates positively with

(ENSG00000237264) (ENSG00000170323) leptin, IL6, TNFR1, and CRP [58].

https://doi.org/10.1371/journal.pone.0266179.t002
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they were shown to regulate cell adhesion, cytokine expression and pro-inflammatory signal-
ing. This analysis indicate that IncRNAs have the potential to expand their roles by affecting
the expression of adjacent genes.

Discussion

There is a significant clinical need to enhance anti-inflammatory properties of therapeutic
MSCs, a versatile cell-based therapy for diseases where small molecules alone fall short of ther-
apeutic benefits, such as conditions caused by chronic inflammation [45]. In a pro-inflamma-
tory environment, MSCs typically increase expression and secretion of proteins and nucleic
acids with anti-inflammatory properties, resulting in creation of an immunomodulatory envi-
ronment [46]. Unfortunately, the usage of MSCs in clinical practice thus far has been ham-
pered by a need for repeated administration of a high number of cells in the treated subjects
resulting in high cost of such therapies [47]. By using a subpopulation of MSCs called MIAMI
cells, we evaluated approaches designed to enhance MSCs anti-inflammatory efficacy [7]. In
our previous proof-of-principle study, the cells were exposed to IFNYy in the presence of autop-
hagy stimulator TX or autophagy inhibitor CQ. The two autophagy modulators were chosen
because autophagy has been shown to play a role in regulating cellular response to inflamma-
tion [48]. We found that co-treatment with either drug changed levels of numerous mRNAs
and proteins known to play roles in MSCs immunoregulatory properties, resulting in enhance-
ment of cellular ability to decrease CD4 T cell activation and proliferation [7]. We also found
that the co-treatments altered the levels of several microRNAs which target mRNAs of genes
known to be involved in immunoregulation. Here, we report on additional inflammation-
related molecular mechanisms that could influence MIAMI cells’ gene expression in a pro-
inflammatory milieu and we report IncRNAs candidates that could be associated with (and
potentially predictive of) the anti-inflammatory properties of MSCs.

To evaluate these additional molecular candidates, we focused our analysis on the three
IncRNA types, pseudogenes, antisense RNA, and lincRNAs whose expression was additionally
altered with co-treatments with TX or CQ. These two drugs were shown to both change the
levels of immunomodulatory genes in MIAMI cells and increase cells’ ability to downregulate
CD4 T cell activation. This was surprising as we expected that the effect of autophagy stimula-
tion vs. inhibition on MIAMI cells’ immunomodulatory capacity will be in opposite for the
two drugs. To explain this observation, we next evaluated additional regulatory mechanisms
which are shown to be associated with inflammation signaling and processes.

Most IncRNAs such as pseudogenes, antisense RNA and lincRNAs do not possess protein
coding potential [49]. Nevertheless, these RNA species are important for the regulation of gene
expression through a variety of additional mechanisms (Fig 1) [50]. In the context of MSC
homeostasis and multi-differentiation, accumulating evidence supports the role of IncRNAs as
regulators of such processes via diverse mechanisms. For example, IncRNA H19 is a key regu-
lator in the multi-lineage commitment of MSCs: it promotes MSC osteogenic differentiation
by acting as a ceRNA which inhibits the expression of miR-22 and miR-141 and it also pro-
motes MSC osteogenesis by harvesting miR-138 resulting in the activation of FAK pathway
[51, 52]. Moreover, IncRNAs are also known to play a regulatory role in both innate and adap-
tive immunity as well as in cellular response to infection and inflammation (reviewed in [16]).

Unfortunately, much less is known regarding the role of IncRNAs in MSCs therapeutic effi-
cacy. Importantly, in addition to mediating MSCs’ response to inflammation via intracellular
mechanisms, IncRNAs may also be delivered via extracellular vesicles (such as exosomes) to
target cells, and thus could contribute to the regulation of target cells’ inflammatory state [53,
54]. Therefore, we report here the potential roles for differentially regulated IncRNAs in
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response to IFNy treatment by evaluating the known functions of IncRNAs based on the crite-
ria outlined in the Methods section. Our results indicate that the biological processes and path-
ways that may be altered due to TX or CQ co-treatments include NF«B signaling pathway,
IFN-stimulated genes, ROS, myeloid interactions with immunoglobulin, leukocyte recruit-
ment, cell adhesion and chemokine responses (Figs 4-6). While some of the IncRNAs profiled
here had a direct role in mediating inflammation (NRIR, AC243772.2, and LINC00520 to
mention a few), others (SMIM25, FTH1P11, VCAN-ASI1, and AC011511.5) have been linked
to the inflammatory process indirectly. These observations suggests that changes in expression
of IncRNAs have a potential to alter MSCs’ response to inflammation via IncRNAs’ effects on
multiple direct and indirect inflammatory pathways and molecular mechanisms. Our analysis
also uncovered that IncRNAs examined here are linked to the regulation of both pro- and anti-
inflammatory mechanisms; moreover, addition of TX or CQ altered the expression of mole-
cules in the same direction. This is somewhat unexpected and could be indicative of why both
drugs increased MIAMI cells’ immunomodulatory capacity to a similar extent and in the same
direction [7]. It is likely that the measured functional change in MIAMI cells’ ability to down-
regulate CD4 T cell activation results from alterations in the levels of multiple pro- and anti-
inflammatory molecules and pathways which includes a number of proteins and RNA species.

Conclusion

Altogether, the present study profiled the differentially expressed of IncRNAs in MIAMI cells
that were exposed to IFNy in the presence of TX or CQ; the study evaluated putative regulatory
roles and associated pathways for multiple IncRNA. A number of pathways that include both
pro-and anti-inflammatory ones were examined, including those mediated via cytokine signal-
ing and several that are linked to autoimmune responses. Future exploration and validation of
IncRNAs expression should be used to define IncRNAs’ roles in MIAMI cell-mediated immu-
nomodulation using functional assays. Additionally, because we only evaluated IncRNAs with
previously studied functions based on the available literature, the mechanistic role of other dif-
ferentially regulated IncRNAs with currently unknown functions should be considered in fur-
ther investigations.
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S1 File. LincRNAs involved in MIAMI cells’ response to inflammation (top paragraph)
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S1 Data. Excel sheet containing average values of all differentially regulated lincRNAs and
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$2 Data. Excel sheet containing average values of all differentially regulated antisense
RNAs and their expression values (vs untreated) upon exposures to IFNy, IFNy+CQ and
IFNY+TX.
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S3 Data. Excel sheet containing average values of all differentially regulated pseudogenes
and their expression values (vs untreated) upon exposures to IFNy, IFNy+CQ and IFNy
+TX.
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