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Abstract

Mesenchymal stromal/stem cells (MSCs) are clinically useful for cell-based therapy, but concerns
regarding their ability to replicate limit their human application. MSCs release extracellular
vesicles (EVs) that mediate at least in part the paracrine effects of the parental cells. To understand
the molecular basis of their biological properties, we characterized the RNA cargo of EVs from
porcine adipose-tissue derived MSCs. Comprehensive characterization of mRNA and miRNA
gene expression using high-throughput RNA sequencing (RNA-seq) revealed that EVs are
selectively enriched for distinct classes of RNAs. For example, EVs preferentially express mRNA
for transcription factors (e.g. MDFIC, POU3F1, NRIP1) and genes involved in angiogenesis (e.g.
HGF, HES1, TCF4) and adipogenesis (e.g. CEBPA, KLF7). EVs also express Golgi apparatus
genes (ARRB1, GOLGA4) and genes involved in TGF- signaling. In contrast, mitochondrial,
calcium signaling, and cytoskeleton genes are selectively excluded from EVs, possibly because
these genes remain sequestered in organelles or intracellular compartments. RNA-seq generated
reads for at least 386 annotated miRNAs, but only miR148a, miR532-5p, miR378, and let-7f were
enriched in EVs compared to MSCs. Gene ontology analysis indicates that these miRNA target
transcription factors and genes that participate in several cellular pathways, including
angiogenesis, cellular transport, apoptosis, and proteolysis. Our data suggest that EVs transport
gene regulatory information to modulate angiogenesis, adipogenesis, and other cell pathways in
recipient cells. These observations may contribute to development of regenerative strategies using
EVs to overcome potential complications of cell-based therapy.
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1. Introduction

Mesenchymal stromal/stem cells (MSCs) are undifferentiated non-embryonic stromal cells
with multi-lineage potential reflecting their stem cell-like properties. Their ability to
differentiate into a broad spectrum of mesenchymal cell lineages and their
immunomodulatory properties offer therapeutic avenues for both tissue repair and
regeneration®: 2. Importantly, MSCs can be isolated from a variety of tissues, including the
stromal vascular fraction of subcutaneous adipose tissue, which is easily accessible and
often abundantly available.

Considerable experimental evidence shows that delivery of MSCs can lead to structural and
functional improvement of many organs and tissues3. In line with these observations, we
have previously shown in porcine renovascular disease that adipose tissue-derived MSCs
improved stenotic kidney function and structure after renal revascularization® ° and
improved function in the non-revascularized stenotic-kidney®. Furthermore, several clinical
studies have shown that MSCs are well tolerated and have an excellent safety record”: 8.
Notwithstanding preclinical efficacy and safety in ongoing clinical trials, challenges remain
in clinical applications as reports have documented that MSCs may promote tumor growth,
malformation, or micro-infarctions®. Hence, safe and effective alternatives for their
application are desired.

Recent data suggest that extracellular vesicles (EVs) released from MSCs mediate their
paracrine effect by transferring proteins, lipids, and genetic material to target cells1® 11,
Furthermore, experimental studies have shown that MSC-derived EVs emulate the effect of
MSCs in various experimental models, stimulating cell proliferation and repairl? 13, Yet,
safe and effective application of this therapy requires a thorough characterization of their
molecular content.

Pigs are very effective disease models in biomedical research, particularly for translating
findings to humans. The porcine model mimics several characteristics of human physiology,
allowing deeper insight into clinically-relevant pathogenic mechanisms and developing
regenerative strategies to ameliorate disease progression!?. In this study, we addressed the
molecular basis for the therapeutic potential of porcine MSC-derived EVs. We
comprehensively characterized the mRNA and miRNA expression profile of EVs derived
from porcine adipose tissue-MSCs using high-throughput RNA sequencing (RNA-seq)
analysis. One key finding is that EVs from porcine MSCs are selectively enriched for
distinct classes of MRNAs and miRNAs compared to the MSCs that produce them. Our
results provide a molecular basis for understanding the therapeutic potential of EVs derived
from MSCs.
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2. Methods

2.1. MSC and EV characterization and culture

Autologous MSCs were collected from abdominal fat (5-10g) of 4 female domestic pigs.
Adipose tissue was digested in collagenase-H for 45min, filtered, and cultured for 3 weeks
in advanced MEM medium (Gibco/Invitrogen) supplemented with 5% platelet lysate
(PLTmax, Mill Creek Life Sciences, Rochester, MN) in 37 degree/5% CO2. The 3" passage
was collected and kept in Gibco Cell Culture Freezing Medium (Life Technologies) at -80°C
for in-vitro phenotype/function analysis. We avoided the use of any animal products
(beyond porcine MSCs) in our cell culture procedures to approximate a clinical-grade tissue
culture product. Cellular phenotype was examined in-vitro with immuno-fluorescent
staining of porcine MSCs positive for CD90, CD44, and CD105, as previously

described® 1% 16 and consistent with our experience with human MSCs17: 18,

EVs were isolated from supernatants of 10x10% MSCs and cultured for 48h in advanced
MEM medium without supplements. After centrifugation at 2000g, cell-free supernatants
were ultra-centrifuged at 100,000g for 1h at 4°C, washed in serum-free medium containing
HEPES 25mM and submitted to a second ultracentrifugation. EVs were collected and
characterized based on the expression of both microvesicle (B1-integrins, CD73, and CD40)
and exosome (CD9 and CD81) markers using fluorescence activated cell sorting (FACS)1°.

2.2. RNA sequencing & bioinformatic analysis

RNA sequencing and bioinformatic analysis was performed as previously described8. The
following Annotation Sources were used to establish porcine libraries: UCSC Genome
Browser assembly 1D: susScr3; Sequencing/Assembly provider ID: Swine Genome
Sequencing Consortium Sscrofal0.2; Assembly date: Aug. 2011; GenBank accession ID:
GCA _000003025.4; NCBI Genome information: NCBI genome/84 (Sus scrofa); NCBI
Assembly information: NCBI assembly/304498 (Swine Genome Sequencing Consortium
Sscrofal0.2); BioProject information: NCBI Bioproject: 13421;Gene sets: NCBI &
Ensembl.

Sequencing RNA libraries were prepared according to the manufacturer's protocol (TruSeq
RNA Sample Prep Kit v2, lllumina). In brief, poly-A mRNA, purified from total RNA using
oligo dT magnetic beads, was fragmented at 95°C for 8 minutes, eluted from the beads and
primed for first strand cDNA synthesis. RNA fragments were copied into first strand cDNA
using SuperScript 111 reverse transcriptase and random primers (Invitrogen), while second
strand cDNA synthesis was done using DNA polymerase-1 and RNase-H. A single AMPure
XP bead (Agencourt) clean-up step purified the double-stranded cDNA. Then, cDNA ends
were repaired and phosphorylated using Klenow, T4 polymerase, and T4 polynucleotide
kinase followed by a single AMPure XP bead clean-up. Blunt-ended cDNAs were modified
to include a single 3’ adenylate (A) residue using Klenow exo- (3’ to 5’ exo minus). Paired-
end DNA adaptors (Illumina) with a single “T” base overhang at the 3’ end were
immediately ligated to the ‘A tailed’ cDNA population. Unique indexes, included in the
standard TruSeq Kits (12-Set A and 12-Set B) were incorporated at the adaptor ligation step
for multiplex sample loading on the flow cells. The resulting constructs were purified by two
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consecutive AMPure XP bead clean-up steps. The adapter-modified DNA fragments were
enriched by 12 cycles of PCR using primers included in the lllumina Sample Prep Kit. The
concentration and size distribution of the libraries was determined on an Agilent
Bioanalyzer DNA 1000 chip. A final quantification using Qubit fluorometry (Invitrogen)
was performed to confirm sample concentrations.

Libraries were loaded onto flow cells at concentrations of 8-10pM to generate cluster
densities of 700,000/mm? following the standard protocol for the Illumina cBot and cBot
Paired-end cluster kit version 3. Flow cells were sequenced as 51 x 2 paired end reads on an
Illumina HiSeq 2000 using TruSeq SBS sequencing kit version 3 and HCS v2.0.12 data
collection software. Base-calling was performed using Illumina's RTA version 1.17.21.3.
The mRNA-Seq data were analyzed using the MAPRSeq v.1.2.1 system for RNA-
sequencing data analysis (http://bioinformaticstools.mayo.edu/research/maprseq/), the
Bioinformatics Core standard tool, which includes alignment with TopHat 2.0.62%: 21 and
gene counts with the featureCounts software?2. The miRNA-Seq data were analyzed using
CAP-miRSeq v1.123. Normalization and differential expression analysis were performed
using edgeR 2.6.224,

2.3. mRNA expression analysis

Expression values for each gene were normalized to 1 million reads and corrected for gene
length (reads per kilobasepair per million mapped reads, RPKM). Genes with RPKM>0.1,
fold-change (EVS/MSCs) >1.4 and p values <0.05 (EVs vs. MSCs, Student's t-test) were
classified as genes enriched in EVs18. Genes with RPKM>0.1 and fold-change (EVs/MSCs)
<0.7 were considered excluded from EVs. Functional annotation clustering analysis was
performed using DAVID6.7 database (http://david.abcc.nciferf.gov/)2> 26 to obtain a
ranking of primary gene ontology categories for the up-regulated (enriched) and down-
regulated (depleted) genes.

2.4. miRNA expression analysis

3. Results

miRNA expression levels (normalized total reads) in EVs and MSCs, as well as the fold-
change enrichment in EVs or MSCs were calculated. We used miRDB (Version 6.2) to
predict target genes of miRNA with fold-change >1.4 and p-values <0.05 (Student's t-test),
using a target prediction score 28027, Gene ontology analysis was performed using
DAVIDG6.7.

3.1. MSC and EV characterization in culture

Porcine MSCs from adipose tissue display a fibroblast-like, spindle-shaped morphology,
expressed CD44, CD90, and CD105 markers, and trans-differentiated into osteocytes,
chondrocytes, and adipocytes in-vitro (Figure 1A). Transmission and scanning electron
microscopy demonstrated that cultured MSCs release substantial amounts of EVs (Figure
1B). Harvested EVs express primarily microvesicle (e.g. 81-integrins, CD40, and CD73)
and some exosome (e.g. CD9 and CD81) markers, as well as surface markers of their parent
cells (CD44 and HLA Class 1) (Figure 1C).

Gene. Author manuscript; available in PMC 2015 November 01.


http://bioinformaticstools.mayo.edu/research/maprseq/
http://david.abcc.ncifcrf.gov/

1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Page 5

3.2. mRNA expression

In both MSCs and EVs, the 100 most highly expressed genes account for 46% of all mapped
transcripts (Figure 2A). These most abundant mMRNAS (expressed at > 100 RPKM) encode
mostly proteins involved in translation (e.g., ribosomal and extracellular matrix proteins)
(Figure 2B). Of all annotated genes (n=17,628), mapping of RNA reads from cultured MSCs
and their descendant EVs reveals that 30.2% (n=5,320) are expressed at levels >1 RPKM
(Figure 2C). This proportion was similar between MSCs and EVs, yet EVs showed a higher
number of extracellular matrix genes compared to their parent MSCs (Figure 2D). Only
3.5% of genes expressed at levels >1 RPKM changed by more than 4-fold in EVs compared
to MSCs, while only a smaller subset showed >10-fold-change in mMRNA expression (Figure
3A). Annotation analysis revealed that EVs preferentially contain mRNAs encoding for
transcription factors (71.4%), Golgi apparatus components (21.4%), and proteins involved in
TGF- signaling (7.21%) (Figure 3B). In contrast, mMRNAs for mitochondrial, calcium
signaling, and cytoskeleton components were selectively depleted from EVs (Figure 4A-C).

3.3. Selective enrichment of mMRNAS enriched in EVs

The mRNAs for 40 transcription factors were selectively enriched in EVs (Table 1). This set
of mMRNAs encode positive or negative regulators of transcription, zinc-finger transcription
factors, and proteins involved in related functions associated with alternative splicing,
apoptosis, and chromosome organization. Fourteen genes (35%) were negative (e.g. MDM4,
SKIL, HIVEP1, JARID2, LCOR, KDM6B, ZNF238, ZHX1) and 9 (22.5%) positive (e.g.
MDFIC, POU3F1, NRIP1, REL) regulators of transcription. Seven (17.5%) zinc-finger
transcription factors and 18 (45%) genes involved in alternative splicing (e.g. TMF1,
BAZ2B, JMJD1C, MYNN, NFKBIZ, PEG3, KCNH6, RUNX1T1, SUFU) were also
enriched in EVs. Finally, transcription factors involved in apoptosis (e.g. MDM4, IFT57,
PEG3, PDCD4) and chromosome organization (e.g. FOXP3, IMJD1C, KDM6B) were
present in higher levels in EVs compared to MSCs.

EVs are also rich in transcription factors involved in pro-angiogenic pathways, including
hepatocyte growth-factor (HGF, RPKM=13.0+3.5, fold-change=2.3+1.5), as well as hairy-
and-enhancer of split (HES)1 and T-cell factor (TCF)4 (fold-change=1.6+0.2 and 1.8+0.3,
respectively). Transcription factors involved in adipogenesis, like CCAAT/enhancer binding
protein alpha (CEBPA, RPKM=1.8+0.8, fold-change=1.9+0.6) and Kruppel-like factor
(KLF)7 (RPKM=3.5£0.4, fold-change=2.1+0.8) were also upregulated in these EVs
compared to adipose tissue-derived MSCs.

Expression of Golgi apparatus genes was also upregulated in EVs compared to their parent
MSCs. Arrestin beta (ARRB)1 and intraflagellar transport (IFT)57 were the most
prominently up-regulated (RPKM=5.3+9.7 and 5.1+9.1, respectively), while Golgi
autoantigen, golgin subfamily A (GOLGA)4 showed the highest fold-change (4.2+3.9). In
addition, EVs express high levels of the TGF-B-related genes TGFB1, TGFB3, FURIN, and
endoglin (ENG). EVs express robust levels of TGFB1 (RPKM=10.8+3.4, fold-
change=2.7+0.5), and particularly FURIN (RPKM=46.2+12.8, fold-change=1.9+0.1).
TGFB3 (RPKM=2.1+0.8, fold-change=1.7+0.3) and ENG (RPKM=0.6+0.2, fold-
change=1.5+0.1) showed relatively lower enrichment in EVs.
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3.4. Selective depletion of mMRNAs in EVs

EVs do not contain appreciable levels of mitochondrial mRNAsS, like mitochondrial
ribosomal protein L11 (MRPL11, RPKM=4.9+0.7, fold-change=-0.6+0.1), translation
elongation factor, mitochondrial (TSFM, RPKM=4.7+0.9, fold-change=-0.6+0.1), and
cytochrome C oxidase subunit 5A (COX5A, RPKM=25.8+6.7, fold-change=-0.7+0.1), all
encoded by the mitochondrial genome. In addition, EVs exhibit a selective depletion of
mRNAs involved in calcium signaling, including S100 calcium binding protein A1l
(S100A11, RPKM=30.5+11.7, fold-change=-0.5£0.1), calcium activated nucleotidase 1
(CANT1, RPKM=6.6+1.8, fold-change=-0.7+0.1), and reticulocalbin 1, EF-hand calcium
binding domain (RCN1, RPKM=83.0+33.9, fold-change=-0.6+0.2). Furthermore,
expression of cytoskeleton mRNA is at or below the level of detection, including actin,
alpha 2, smooth muscle, aorta (ACTA2, RPKM=3.8+1.9, fold-change=-0.2+0.1) and myosin
IC (MYOL1C, RPKM=16.1+1.1, fold-change=-0.540.1).

3.5. Selective recruitment of several miRNAs in EVs

Analysis of miRNA species in either EVs or parent MSCs revealed that only 4 annotated
miRNAs (1.2%) were enriched in EVs compared to MSCs (Figure 5A-B). We note that at
present less than quarter of the known mammalian miRNAs has been annotated in the pig
genome. Hence, the absolute number of enriched miRNA species is an under-estimate of the
actual number of miRNAs expressed in MSCs that may be selectively recruited to EVs. We
performed target gene prediction analysis of these four annotated miRNAs to understand the
biological significance of their presence in MSC derived EVs. These miRNAS except let-7f
are presented in order of their relative abundance in EVs.

Let-7f is a member of a large family of let-7 related miRNAs. There are only 196 putative
target genes for let-7f, but after filtering by target prediction score >80, only 16 genes
remain. These genes have been associated to transcription (LIN28B, HMGA2, ADRB2) and
membrane-associated proteins (GATM, IGDCC3, LRIG3).

miR148a-3p targets 371 genes, but only 56 showed target prediction score >80. Among
them are transcription factors (EIF2C4, FMR1, TNRC6A) and genes that regulate apoptosis
(ZFYVE26, MMD, GADDA45A), proteolysis (ATP6AP2, RPS6KA5, USP33), angiogenesis
(FLT1, QKI, MEOX2, S1PR1), and cellular transport (SOS2, YWHAB, ARFIP1).

miR532-5p modulates the expression of 367 genes, yet only 31 have a target prediction
score >80. This set of genes incudes transcription factors (CPEB3, RAB11A, ATP13A3),
mitochondrial genes (GABPA, MRPL18, SLC25A32), and genes involved in apoptosis
(ZFP91, PAKY7, CYCS) and membrane-associated proteins (FZD3, CHST6, UTP14A).

miR378 targets 481 genes, with 73 genes showing a target prediction score >80. These
genes are related mainly to mitochondria (OPA3, MRP63, 1VD), transcription (RRP7A,
TRDMT1, PCBP2), cytoskeleton (TMOD2, GAS7, ENAH), calcium signaling (CACNGS,
CCBEL, HPCALA4), apoptosis (DFFA, STAMBP, CTSB), and proteolysis (ABHD15,
CMBL, GDPD1).
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4. Discussion

This study examined the genetic content of EVs derived from MSCs isolated from porcine
adipose tissue to understand the therapeutic efficacy of this clinically versatile source for
tissue repair. We comprehensively determined the molecular characteristics of EVs using
RNA-seq to interrogate mMRNA and miRNA expression in EVs and their parent MSCs. Our
data demonstrate that MSC-derived EVs contain a combination of mMRNA and miRNA
capable of regulating transcription of genetic information and modulating angiogenesis,
adipogenesis, and other pathways in recipient cells. These observations could greatly
contribute towards development of regenerative strategies using EVs to overcome the
potential complications of cell-based therapy.

EVs are novel mediators of intercellular communication, which possess the ability to deliver
complex biological messages among cells28. These vesicular structures, constantly released
from all cells in response to several stimuli, travel in the extracellular space and can be
internalized by target cells via membrane fusion or endocytosis, with subsequent release of
their cargo?®. Based on their origin and diameter EVs can be classified as exosomes
(originating from multivesicular bodies, 10-100nm) or microvesicles (derived from the
plasma membrane, 100-1000nm)2°. EVs express a combination of microvesicle- and
exosome-specific markers, such as #1-integrins, CD73, and CD81, as well as surface
markers of their parent cells. Importantly, EVs carry a broad range of functional mRNAs
and miRNAs, which can be translated and induce phenotypic changes in the recipient
cells30. Therefore, EVs may potentially serve as novel cell-free therapies in regenerative
medicine.

Emerging evidence indicate that MSCs are avid producers of EVs10: 11 and that their
delivery stimulates cell proliferation and repair? 13, For example, MSC-derived EVs exert
pro-survival effect on renal cells by inducing the expression of anti-apoptotic genes, and
downregulating the expression of pro-apoptotic genes2. Similarly, MSC-derived EVs
reduce infarct size in a pig model of ischaemia/reperfusion injury3L. However, there is a
need to elucidate the mechanisms responsible for their benefits to tailor regenerative
therapies for patients with pathological conditions.

In this study, we characterized the mRNA and miRNA cargo of EVs harvested from adipose
tissue-derived MSCs. We found that EVs express multiple transcription factors involved in
related functions associated with alternative splicing, apoptosis, and chromosome
organization. Among them are transcription factors that modulate the expression of genes
involved in stem cell survival and function. For example, POU3F1 (TST-1, OCT6) is a
transcription factor of the Pit-Oct-Unc (POU) family involved in developmental processes
and stem cell functions32. Similarly, Jumonji, AT Rich Interactive Domain-2 (JARID2) is a
transcriptional repressor that interacts with the Polycomb repressive complex-2 (PRC2),
which plays an essential role in stem cell self-renewal33. In addition, EVs are enriched for
mRNA s that regulate apoptosis via the p53 pathway, such as the p53-negative regulators
MDM434 and paternally expressed-3 (PEG3)3. Taken together, the gene expression results
show that EVs possess an important set of transcription factors, which might be able to
reprogram target cells or otherwise modify their biological phenotype.
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EVs are also rich in transcription factors involved in pro-angiogenic pathways, like HGF
that stimulates proliferation and migration of endothelial and vascular smooth muscle
cells36: 37 HES1 is a critical downstream effector of the Notch signaling pathway, and its
activation regulates vascular remodeling and arterial fate of endothelial cells3®. Importantly,
activation of the Notch signaling pathway also increases human MSC survival3®. Similarly,
TCF4 is a key downstream effector of Wnt signaling, a canonical pathway that plays a
central role in vascular development#? and in determining and maintaining the phenotype
and functional properties of human stem cells*1. Therefore, intercellular transmission of
EVs containing HGF, HES1, and TCF4 may have both pro-angiogenic and pro-survival
effects.

Also of note is the up-regulation of transcription factors involved in adipogenesis. CEBPA is
a key transcriptional regulator of adipocyte differentiation, also involved in regulation of cell
proliferation and differentiation in several organs*2 43, Likewise, KLF7 participates in
regulation of cell functions in pre-adipocytes, mature adipocytes, pancreatic -cells and
skeletal muscle cells. KLF7 is also involved in the pathogenesis of type-2 diabetes**. These
observations highlight the importance of EVs as key mediators for genetic transfer of
metabolic information and that EVs have the ability to stimulate adipocyte differentiation of
the recipient cells.

Apart from the transcription factors, EVs express robust levels of Golgi apparatus genes.
GOLGAM4, which showed the highest fold-change, is anchored to the trans-Golgi network
membranes, interacts with microtubule proteins, and participates in delivery of transport
vesicles to the cell periphery®®. In contrast, ARRB1 and IFT57 are expressed on the outside
of the Golgi cisternae and are mostly involved in post-Golgi vesicle-mediated transport*®. In
addition, EVs contain high levels of several mRNASs that encode for protein ligands within
the TGFp family that regulate proliferation, differentiation, extracellular matrix production
and apoptosis. TGFBL1 is a multifunctional protein secreted by a number of cell lineages, and
the most prevalent isoform of TGF-B47. Previous studies have shown that TGFB1 increases
mRNA expression of FURIN, its own converting enzyme*8. Interestingly, FURIN showed
the highest enrichment in EVs among all TGF-f-related genes. Thus, EVs from MSCs may
control TGFp signaling by direct delivery of mRNAs for TGFB1 and a key enzyme capable
of regulating the bioavailability of TGFp. In sum, our observations suggest that EVs have
effects on diverse molecular functions of the target cells, such as molecular signaling,
extracellular matrix remodeling, and intracellular transport.

Notably, our data show that mitochondrial, calcium signaling, and cytoskeleton mRNA are
selectively depleted from MSC-derived EVs. The mitochondrial genome is located in the
mitochondrial matrix and contains all polypeptides and molecules needed for intra-
mitochondrial protein synthesis. Mitochondrial ribosomes translate mRNA synthesized from
the mitochondrial genome in the matrix of the mitochondria®®. Therefore, mitochondrial
mMRNA is enclosed within the double mitochondrial membrane (rather than free in the
cytoplasm), which effectively would exclude its sequestration in EVs. From a technical
perspective, the virtual absence of highly abundant mitochondrial mRNAs in EVs suggests
that our EV preparations are a bona fide biological product rather than random membrane-
encased cell remnants.
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Our results show selective depletion in EVs of mMRNAs involved in calcium signaling and
the actin-cytoskeleton. Similar to organelle-specific seclusion of mMRNAs that prevents their
incorporation into EVs, sequestration by regionally-specialized ribosomes may clarify their
relative absence from EV. For example, specific ribosomal sequestration of mMRNAs
involved in calcium signaling vesicles, which are linked to smooth endoplasmic-reticulum
(ER)®Y, may account for their enrichment in EVs. While the smooth ER lacks ribosomes,
ribosomes on the rough ER may selectively interact with mRNAs that function in calcium
signaling thus effectively prevent their partitioning in EVs. Similarly, in several cell types,
mMRNAs for cytoskeletal proteins (e.g. B-actin) are located in peripheral regions of the cell in
association with microtubules. Transport of mMRNA into sites of actin polymerization serves
to deliver cytoskeletal proteins over long distances®!. Regional sequestration of mMRNASs in
actin-bound ribosomes may prevent packaging of actin mMRNAs into EVs. Taken together,
our observations suggest that mRNAs excluded from EVs are those sequestered in
mitochondria with double membranes, in membrane-bound ribosomes attached to the
endoplasmic reticulum, or in cytoskeleton-associated ribosomes.

Our results show that EVs contain several small noncoding RNAs and the production of
these miRNA s is predicted to mediate post-transcriptional control of gene expression and as
such modulate survival and metabolic activities of recipient cells. Interestingly, EVs contain
only a small number of distinct miRNA types. The four annotated miRNAS characterized in
our study are predicted to regulate expression of transcription factors, as well as genes that
participate in cellular pathways like transport, apoptosis, angiogenesis and proteolysis.

Specifically, miR148a is known to modulates expression of transcription factors and genes
involved in apoptosis, proteolysis, angiogenesis, and cellular transport®2 53 and may control
MSC identity®*. A second miRNA, miR532-5p, targets transcription factors, mitochondrial
genes, and genes involved in apoptosis and membrane-associated proteins. Among these
targets are the receptor for Wnt proteins frizzled-class-receptor-3 (FZD3), involved in MSCs
differentiation into hepatocytes®® and the zinc-finger-protein-91 (ZFP91), which affect
engraftment of hematopoietic stem cells®®. Similarly, growth-arrest specific gene-7 (Gas?7)
and S/G2 cyclin, cyclin G2 (CCNG2), targets of mir378, regulate stem cell

differentiation®: 58, Other targets of miR378 include genes related mainly to mitochondria,
transcription, cytoskeleton, calcium signaling, apoptosis, and proteolysis, underscoring the
versatility of EV-miRNA.

Finally, let-7f, also upregulated in EVs, targets genes associated to transcription and
membrane-associated proteins with implications in cellular reprogramming and growth, like
the upregulated lin-28 homolog-B (LIN28B)39, high-mobility-group AT-hook-2
(HMGAZ2)%, and the insulin-like growth factor-2 mRNA binding protein-1 (IGF2BP1)51.
Collectively, our observations suggest that EVs are potential modulators of tissue repair by
reprogramming target cells.

5. Conclusions

Our study used mRNA and miRNASeq analysis to identify gene expression signatures in
EVs isolated from porcine adipose tissue-derived MSCs. We found that EVs preferentially
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are enriched for mRNAs encoding transcription factors (involved in angiogenic and
adipogenic pathways), Golgi apparatus proteins, and proteins involved in TGF-J signaling,
while proteins associated with mitochondrial, calcium signaling, and cytoskeletal functions
were selectively depleted from EVs. Furthermore, we detected 4 miRNA that are highly
enriched in EVs compared to MSCs. Among these were several miRNA that target
transcription factors, as well as genes that participate in several cellular pathways, including
angiogenesis, cellular transport, apoptosis, and proteolysis. Our data provide insight into the
mechanistic underpinnings for the principal capabilities of EVs derived from MSCs with
respect to their potential to modulate several pathways in the recipient cells, such as
angiogenesis, adipogenesis, or extracellular matrix turnover. These observations provide a
molecular framework for biomedical applications of clinical-grade MSC-derived EVs for
tissue repair.
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RNA-seq
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HGF
HES
TCF
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KLF
ARRB
IFT
GOLGA
ENG
MRPL11
TSFM
COX5A
S100A11
CANT1
RCN1
ACTAZ2
MYO1C
POU
JARID2
PRC2
PEG3
FzD3
ZFP91
Gas7
CCNG2
LIN28B

Mesenchymal stromal/stem cells
Extracellular vesicles

RNA sequencing

Fluorescence activated cell sorting

Reads per kilobasepair per million mapped reads
Hepatocyte growth-factor
Hairy-and-enhancer of split

T-cell factor

CCAAT/enhancer binding protein alpha
Kruppel-like factor

Aurrestin beta

Intraflagellar transport

Golgi autoantigen, golgin subfamily A
Endoglin

Mitochondrial ribosomal protein L11
Translation elongation factor, mitochondrial
Cytochrome C oxidase subunit 5A

S100 calcium binding protein A11

Calcium activated nucleotidase 1

Reticulocalbin 1, EF-hand calcium binding domain
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Myosin IC

Pit-Oct-Unc

Jumonji, AT Rich Interactive Domain-2
Polycomb repressive complex-2
Paternally expressed-3
Frizzled-class-receptor-3
Zinc-finger-protein-91
Growth-arrest specific gene-7

S/G2 cyclin, cyclin G2
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Figure 1.
A: MSCs displayed a fibroblast-like, spindle-shaped morphology, expressed MSC markers,

and transdifferentiated into osteocytes, chondrocytes, and adipocytes. B: Transmission (left)
and scanning (right) electron microscopy demonstrated that cultured MSC release
substantial amounts of EVs. C: EVs expressed microvesicle, exosome, and MSC markers.
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Figure 2.
A: The 100 most highly expressed genes in MSCs and EVs account for 46% of all mapped

transcripts. B: mRNAs expressed at >100 RPKM encode mostly proteins involved in
translation. C: 30.2% of all annotated genes are expressed at levels >1 RPKM. D: Pie chart
of data in panel C, expression (RPKM) of the 100 most abundant genes relative to other
genes, and differential expression of genes in MSCs and EVs.
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MRNA expression. B: mMRNA RPKM (top) and fold-change (bottom) showing that EVs
preferentially expressed transcription factors, Golgi apparatus genes, and genes involved in

TGF-B signaling.
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A: Only 4 miRs were enriched in EVs. B: miR148a, miR532-5p, miR378, and let-7f total
reads in MSCs and EVs.
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Table 1

Transcription factors enriched in extracellular vesicles

Official gene symbol

Gene name

CEBPA
KLF7
MXD1
MDM4
MDFIC
POU3F1
SKIL
TMF1
BAZ2B
CREG1
FOXP3
HES1
HIVEP1
RBAK
IFT57
JMJD1C
JARID2
LCOR
KDM6B
MYNN
NFKBIZ
NRIP1
PEG3
KCNH6
PDCD4
PROX2
RUNX1T1
SSBP2
SNAPC1
SUFU
TCF4
TRPS1
REL
ZBTB1
ZNF217
ZNF238
ZNF461
ZNF568
ZNF667

CCAAT/enhancer binding protein (C/EBP)-alpha
Kruppel-like factor-7

MAX dimerization protein-1

Mdm4 p53 binding protein homolog

MyoD family inhibitor domain containing

POU class 3 homeobox-1

SKI-like oncogene

TATA element modulatory factor-1

bromodomain adjacent to zinc-finger domain-2B

cellular repressor of E1A-stimulated genes 1

forkhead box P3

hairy and enhancer of split-1

human immunodeficiency virus type-I enhancer binding protein-1
hypothetical LOC389458; RB-associated KRAB zinc-finger
intraflagellar transport-57 homolog

jumonji domain containing-1C

jumonji, AT-rich interactive domain-2

ligand dependent nuclear receptor corepressor

lysine (K)-specific demethylase-6B

myoneurin

nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor-zeta

nuclear receptor interacting protein-1

paternally expressed-3; PEG3 antisense RNA (non-protein coding); zinc finger, imprinted-2

potassium voltage-gated channel, subfamily-H (eag-related), member-6
programmed cell death-4 (neoplastic transformation inhibitor)
prospero homeobox-2

runt-related transcription factor-1; translocated to-1 (cyclin D-related)
single-stranded DNA binding protein-2

small nuclear RNA activating complex, polypeptide-1, 43kDa
suppressor of fused homolog

transcription factor-4

trichorhinophalangeal syndrome-I

v-rel reticuloendotheliosis viral oncogene homolog

Zinc-finger and BTB domain containing-1

Zinc-finger protein-217

Zinc-finger protein-238

Zinc-finger protein-461

Zinc-finger protein-568

Zinc-finger protein-667
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Official gene symbol

Gene name

ZHX1

Zinc-fingers and homeoboxes-1
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