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Abstract

Background

Mesenchymal stromal/stem cell (MSC) transplantation is a promising therapy for tissue

regeneration. Extracellular vesicles (EVs) released by MSCs act as their paracrine effectors

by delivering proteins and genetic material to recipient cells. To assess how their cargo

mediates biological processes that drive their therapeutic effects, we integrated miRNA,

mRNA, and protein expression data of EVs from porcine adipose tissue-derived MSCs.

Methods

Simultaneous expression profiles of miRNAs, mRNAs, and proteins were obtained by high-

throughput sequencing and LC-MS/MS proteomic analysis in porcine MSCs and their

daughter EVs (n = 3 each). TargetScan and ComiR were used to predict miRNA target

genes. Functional annotation analysis was performed using DAVID 6.7 database to rank pri-

mary gene ontology categories for the enriched mRNAs, miRNA target genes, and proteins.

STRING was used to predict associations between mRNA and miRNA target genes.

Results

Differential expression analysis revealed 4 miRNAs, 255 mRNAs, and 277 proteins enriched

in EVs versus MSCs (fold change >2, p<0.05). EV-enriched miRNAs target transcription

factors (TFs) and EV-enriched mRNAs encode TFs, but TF proteins are not enriched in

EVs. Rather, EVs are enriched for proteins that support extracellular matrix remodeling,

blood coagulation, inflammation, and angiogenesis.
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Conclusions

Porcine MSC-derived EVs contain a genetic cargo of miRNAs and mRNAs that collectively

control TF activity in EVs and recipient cells, as well as proteins capable of modulating cellu-

lar pathways linked to tissue repair. These properties provide the fundamental basis for con-

sidering therapeutic use of EVs in tissue regeneration.

Introduction

Mesenchymal stromal/stem cells (MSCs) are being tested in clinical trials to evaluate their

therapeutic efficacy in a broad spectrum of diseases [1]. The potential medical benefits of

MSCs reside in their remarkable differentiation capabilities, as well as potent pro-angiogenic

and immunomodulatory properties [2]. Given that MSCs can be easily obtained from a variety

of tissues, including adipose tissue, these cells offer an important advantage in clinical applica-

tions compared to other stem cell types.

Accumulating evidence indicate that the reparative effects of MSCs are primarily paracrine-

mediated, including secretion of extracellular vesicles (EVs) composed of microvesicles and

exosomes that mediate intercellular communications. Microvesicles (50-1000nm) are formed

by outward budding and fission of the plasma membrane, whereas exosomes (40-100nm) are

released as a consequence of multi-vesicular endosome fusion with the plasma membrane.

Studies have shown that MSCs produce the highest amount of EVs among different cell types

[3]. Furthermore, MSC-derived EVs recapitulate the pro-angiogenic and immunomodulatory

functions of their parent MSCs by acting as vehicles for transferring genes, micro-RNA (miR-

NAs), and proteins to recipient cells [4, 5]. Consequently, EVs might constitute a promising

platform for non-cellular regenerative therapies to complement the use of MSCs in tissue

regeneration and repair, which are currently being tested in several clinical trials that evaluate

the safety, tolerability, and efficacy of MSCs in treating a myriad of diseases [6].

Consistent with these concepts, we have previously shown that porcine adipose tissue-

derived MSCs contain a combination of mRNAs and miRNAs that are in principle capable of

regulating the expression of genes that control angiogenesis, adipogenesis, and other pathways

in targeted cells [7]. We have also recently shown that these EVs contain proteins that may

contribute to molecular mechanisms linked to MSC-mediated tissue repair, including modula-

tors of angiogenesis, blood coagulation, extracellular matrix remodeling, apoptosis, and

inflammation [8]. However, the regulatory interactions among components of the MSC regu-

lome remain poorly characterized. Understanding the interactions among the different com-

ponents of the EV regulome is critical for understanding the mechanisms responsible for

MSC-induced tissue repair and ensuring the clinical success of MSC therapy.

In the current study, we performed a comprehensive integrated analysis of the mRNA and

miRNA transcriptomes and proteome of porcine MSC-derived EVs, to assess whether these

different types of molecular cargo are capable of mutual regulation, are functionally interre-

lated, and/or may together target distinct cellular pathways that converge on the same biologi-

cal goals. Our results indicate that porcine MSC-derived EVs are selectively enriched for

mRNAs and miRNAs that are predicted to interact and control the activity of transcription

factors, while EV proteins are capable of modulating multiple cellular phosphorylation path-

ways. Collectively, these observations support the premise that EVs selectively incorporate

genetic material and regulatory proteins that support MSC-mediated tissue regeneration.
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Materials and methods

The study was approved by the Mayo Clinic Animal Care and Use Committee. Fig 1 summa-

rizes the experimental design and data analysis. Abdominal fat was collected from 3 female

domestic pigs. Animals were anaesthetized with 0.25g of intramuscular tiletamine hydrochlo-

ride/zolazepam hydrochloride and 0.5g of xylazine, and anesthesia was maintained with intra-

venous ketamine (0.2mg/kg/min) and xylazine (0.03mg/kg/min). The abdominal region

lateral to the umbilicus was draped and prepped under standard sterile technique using alcohol

and local anesthesia (2mL 2% lidocaine). A small superficial 0.5cm skin incision was per-

formed, and adipose tissue collected and stored in sterilized tubes. Analgesics (topical 1% lido-

caine; Buprenorphine 0.005–0.02mg/kg IM, IV q6-12h) were administered for 24hrs days after

fat biopsy.

MSC and EV isolation, characterization, and culture

Primary MSCs were isolated from abdominal fat (5-10g) using collagenase-H, cultured for 3

weeks in advanced MEM medium (Gibco/Invitrogen) supplemented with platelet lysate

(PLTmax, Mill Creek Life Sciences, Rochester, MN), and used at the third passage, as previ-

ously shown [7, 9–13]. MSC cultures did not include any animal products with the exception

of porcine MSCs. Cells were characterized in vitro by positive immuno-fluorescent staining

and fluorescence activated cell sorting analysis for CD44, CD73, CD90, and CD105, as previ-

ously described [9, 10, 14] and consistent with our observations in human MSCs [15, 16].

EVs were isolated from MSC supernatants (10x106 cells) by ultracentrifugation, as previ-

ously described [7]. Samples were centrifuged at 2,000g for 20min, the supernatant collected,

and samples subsequently centrifuged at 100,000g for 1h at 4˚C. EVs were then collected, sus-

pended in wash buffer medium 199, and centrifuged at 100,00g for 1hr. Transmission electron

microscopy was performed to investigate size and structure of MSC-derived EVs using digital

electron microscopy (JEOL 1200 EXII, Mayo Clinic’s electron microscopy core) [8]. EVs were

then characterized based on the expression of both EV (CD9, CD29, and CD63) and MSC

(CD73 and CD105) surface markers by western blot (AbD Serotec cat#: MCA1189 and

AA120-175, and Abcam cat#: ab61873, ab115289, and ab135528). In addition, EV concentra-

tion and size distribution were assessed by nanoparticle tracking analysis (NTA) using Nano-

Sight NS300. EVs were diluted with PBS and samples continuously run through a flow-cell

top-plate at 25μL/min. Three videos (120 seconds each) of Brownian motion of nanoparticles

were recorded and 1,000 completed tracks analyzed using NTA 2.3.5.

Transcriptome analysis

RNA sequencing analysis was performed as described [16]. Sequencing RNA libraries were

prepared according to the manufacturer’s protocol (TruSeq RNA Sample Prep Kit v2, Illu-

mina) and loaded onto flow cells (8-10pM) to generate cluster densities of 700,000/mm2 fol-

lowing the standard protocol for the Illumina cBot and cBot Paired-end cluster kit version-3.

Cells were sequenced on an Illumina HiSeq 2000 using TruSeq SBS kit version 3 and HCS

v2.0.12 data collection software and data analyzed using the MAPRSeq v.1.2.1 system and the

Bioinformatics Core standard tool, which includes alignment with TopHat 2.0.6 [17, 18] and

gene counts with the featureCounts software [19]. miRNA-Seq data were analyzed using CAP-

miRSeq v1.1 [20] and normalization and differential expression analysis performed using

edgeR 2.6.2 [21]. Gene expression was normalized to 1 million reads and corrected for gene

length (reads per kilobasepair per million mapped reads, RPKM), and miRNA expression lev-

els expressed as normalized total reads.
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Fig 1. Overview of experimental design and data analysis. Abdominal fat was collected from female

domestic pigs, and mesenchymal stem cells (MSCs) and their daughter extracellular vesicles (EVs) isolated

and characterized. mRNA and miRNA sequencing analysis and LC-MS/MS proteomic analysis were

performed in both MSCs and EVs (n = 3 each). Differentially expression analysis was performed and EV-

enriched miRNA, mRNA, and proteins identified. miRNA predicted targets were identified with TargetScan

and ComiR. Functional annotation clustering analysis was performed using DAVID 6.7 database to obtain a

ranking of primary gene ontology categories for the enriched mRNA, miRNA target genes, and proteins. Venn

diagrams were used to visualize genes shared between each group and their interactions, and STRING to

predict associations between mRNA and miRNA target genes.

https://doi.org/10.1371/journal.pone.0174303.g001
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Proteome analysis

Liquid chromatography mass spectrometry (LC-MS/MS) proteomic analysis was performed as

previously described [22, 23]. MSC and EV pellets were solubilized and lysed, and protein

samples denatured by incubation at 85˚C for 10min. Aliquots were resolubilized in reducing

sample buffer and samples electrophoresed in 4–20% TGX Ready gels at 200V for 30min.

Gel sections were digested with trypsin [23], and peptides extracted and transferred onto a

35cmx100μm PicoFrit column 9 (NewObjective), self-packed with Agilent Poroshell 120S

2.7μm EC-C18 stationary phase, using a Dionex UltiMate 3000 RSLC LC system (Thermo-

Fisher Scientific). Peptides were separated and eluting peptides analyzed using a QExactive

mass spectrometer (Thermo-Fisher Scientific). Label-free peptide MS1 intensity-based meth-

ods were used to identify differentially expressed proteins between MSCs and EVs. Data

quality was assessed using MaxQuant 1.5.1) software [24] and reversed protein sequences

appended to the database for estimating protein identification false discovery rates (FDRs).

Protein group intensities of each sample were log2 transformed, normalized, and modeled

using a Gaussian-linked generalized linear model. Data was normalized by protein loading,

and differential p-values FDR-corrected using the Benjamini-Hochberg-Yekutieli procedure

[25].

Validation of RNAseq and proteomic analysis

SMAD2 and POU2F1 mRNAs, miR-140-3p and miR-378 miRNAs, and C2 and TGFβ-1 pro-

teins, which were all enriched in EVs, were selected for validation, and their expression in EVs

and MSCs measured by quantitative PCR and Western blot, respectively.

Human Umbilical Vein Endothelial Cells (HUVEC) studies

In vitro experiments were performed in HUVECs (Cell Applications, cat# 200K-05f). Cells

were characterized by the expression of the endothelial markers CD31 and cultured and main-

tained at 37˚C in endothelial culture media supplied by the company. Then, HUVECs were

sub cultured in T-75 flasks either untreated or treated with red fluorescence labeled (PKH26,

Sigma) EVs (100μg of protein each) for 24hrs. Expression of the candidate miRNAs (miR-140-

3p and miR-378), genes (SMAD2 and POU2F1), and proteins (C2 and TGFβ-1) was measured

by quantitative PCR and western blot (six wells per group).

Integrated bioinformatic analysis of miRNA, mRNA, and protein data

miRNA, mRNA, and proteins with fold-change (EVs/MSCs) >2 and p values<0.05 (EVs vs.

MSCs, 2-tail Student t-test) were considered enriched in EVs [16]. We used TargetScan 7.1

(http://www.targetscan.org/vert_71) and ComiR (http://lagavulin.ccbb.pitt.edu/comir/index.

php) to predict target genes of miRNAs enriched in EVs. Proteins enriched in EVs were classi-

fied by their molecular function and cellular localization using Protein Analysis Through Evo-

lutionary Relationships (PANTHER) [26]. Functional annotation clustering analysis was

performed using DAVID6.7 database (http://david.abcc.ncifcrf.gov/) [27, 28] to obtain a rank-

ing of primary gene ontology categories for the enriched mRNAs, miRNA target genes, and

proteins. Three-way Venn diagrams were constructed using VENNY 2.1 (http://bioinfogp.

cnb.csic.es/tools/venny/) to visualize common mRNAs, miRNA target genes, and proteins

upregulated in EVs, as well as common TF mRNAs, miRNA target TFs, and TF proteins

enriched in EVs. Functional annotation clustering analysis of shared genes was performed

using DAVID6.7. Search Tool for the Retrieval of Interacting Genes (STRING) version 9.1

Stem cell extracellular vesicles
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(http://string-db.org/) was used to predict associations between mRNA TFs and miRNA target

TFs.

Results

MSC and EV characterization

MSCs expressed mesenchymal markers (CD44, CD90, and CD105), were negative for endo-

thelial (CD31) and inflammatory (CD14 and CD45) markers, and trans-differentiated into

osteocytes, chondrocytes, and adipocytes in-vitro, as previously described [7, 9–13]. Transmis-

sion electron microscopy demonstrated that cultured MSCs release microparticles (Fig 2A)

that express EV (CD9, CD29, and CD63) and MSC (CD73 and CD105) surface markers (Fig

2B). EV size/concentration distribution showed a similar proportion of exosomes and small

microvesicles (Fig 2C). The prominent production of EVs by MSCs provides a compelling

argument for the general working hypothesis that EVs are integral components of the basic tis-

sue repair machinery of MSCs.

4 miRNAs were enriched in EVs

miRNA-Seq analysis identified a total of 413 miRNAs, among which miR-183, miR-378, miR-

140-3p, and miR-222 were enriched in EVs compared to MSCs (Fig 3A). Target prediction

analysis revealed that miR-183, miR-140-3p, and miR-222 target over 400 genes, whereas miR-

378 targets only 222 genes (Fig 3B). Venn diagram analysis shows a small number of miRNAs

sharing target genes (Fig 3B). Functional annotation clustering analysis of mRNAs targeted by

this set of miRNAs identified genes primarily associated with transcription (Fig 3C), including

SMAD Family Member 2 (SMAD2), POU Class-2 Homeobox 1 (POU2F1), MDM4, P53 Reg-

ulator (MDM4), and One Cut Homeobox 2 (ONECUT2). These observations suggest that the

miRNA cargo of EVs may alter the phenotype of recipient cells by mediating translational con-

trol of transcription factors.

255 mRNAs were enriched in EVs

Of all annotated genes (n = 11,956), mapping of RNA reads revealed 255 mRNAs that were

upregulated in EVs compared to their parent MSCs (Fig 4A). Annotation analysis showed that

EVs selectively contain genes encoding positive or negative regulators of transcription (Fig

4B), including Transcriptional Repressor GATA Binding 1 (TRPS1), ELK4, ETS Transcription

Factor (ELK4), Kruppel-Like Factor 7 (KLF7), and Nuclear receptor interacting protein 1

(NRIP1) (Fig 4C). The presence of TF mRNAs in EVs conforms to the model that EVs may

provide genetic instructions to recipient cells.

277 proteins were enriched in EVs

Proteomic analysis identified a total of 5,623 proteins, including 277 selectively enriched in

MSC-derived EVs (Fig 5A). The majority of the proteins enriched in EVs showed catalytic

activity (53.5%), and were mostly distributed in the extracellular region (Fig 5B). Functional

classification revealed an important diversity of biological roles, with glycoproteins and extra-

cellular matrix proteins showing the highest enrichment scores, whereas the remaining

categories, similarly distributed, included blood coagulation, inflammatory response, TGF-β
signaling pathway, and angiogenenic proteins (Fig 5C). This proteomic cargo is consistent

with biological activities of EVs in tissue repair.

Stem cell extracellular vesicles
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Fig 2. Characterization of MSC-derived EVs. A: Transmission electron microscopy showing cultured MSCs releasing EVs.

B: EVs express common EV (CD9, CD29, and CD63) and MSC (CD73 and CD105) markers. C: Size distribution of isolated

EVs revealed a similar proportion of small microvesicles and exosomes.

https://doi.org/10.1371/journal.pone.0174303.g002
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Validation of RNAseq and proteomic analysis

Expression of the candidate miRNAs, genes, and proteins followed the same patterns as the

proteomics findings. Specifically, miR-140-3p, miR-378, SMAD2, POU2F1, C2, and TGFβ-1

were higher in EVs compared to their parent MSCs (Fig 6A).

Fig 3. miRNA enriched in EVs. A. Heat map, miRNA expression, and fold change showing that ssc-miR-183,

ssc-miR-378, ssc-miR-140-3p, and ssc-miR-222 were upregulated in EVs compared to MSCs. B. Number (top)

and distribution (bottom) of miRNA targets of EV-enriched miRNAs. C: Functional annotation clustering of

miRNA targets.

https://doi.org/10.1371/journal.pone.0174303.g003
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HUVEC studies

MSC-derived EVs were internalized by cultured HUVECs (Fig 6B). Incubation of HUVECs

with EVs increased HUVEC expression of miR-140-3p, miR-378, SMAD2, POU2F1, C2, and

TGFβ-1.

Integrated miRNA, mRNA, and protein analysis

Venn diagrams identified 41 EV-enriched mRNAs that also are targeted by miRNAs enriched

in EVs (Fig 7A). Functional annotation analysis revealed that these mRNAs primarily encode

proteins involved in regulation of transcription, including specifically the subcategory of zinc

finger proteins (Fig 7B). However, the collection of EV-enriched proteins does not overlap

with predicted miRNA targets (n = 11, 0.7%) or mRNAs (n = 5, 0.3%). The few genes that

appear in common are likely attributable to stochastic events. A Venn diagram of TF mRNAs,

Fig 4. mRNA enriched in EVs. A. Heat map of 255 mRNAs enriched in EVs. B. Functional annotation

clustering of EV-enriched mRNAs. C: Fold change (EVs/MSCs) of 30 genes involved in regulation of

transcription enriched in EVs.

https://doi.org/10.1371/journal.pone.0174303.g004
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miRNA that target TFs, and TF proteins enriched in EVs revealed that 16 TF mRNAs may rep-

resent direct miRNA targets (Fig 7C, S1 Table), yet none of the TF proteins provided are

related to either TF mRNAs or TFs targeted by miRNAs. Hence, the EVs do not appear to con-

tain mRNAs and their encoded protein, but rather one or the other.

To examine the regulatory interactions between mRNAs that encoded TFs and miRNAs

that target these TF mRNAs, we used STRING as a computational method to infer gene

Fig 5. Proteins enriched in EVs. A. Heat map of 277 proteins upregulated in EVs compared to MSCs. B.

Panther analysis of molecular function and cellular component of proteins upregulated in EVs. C. Functional

annotation clustering of EV-enriched proteins.

https://doi.org/10.1371/journal.pone.0174303.g005
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functional interaction networks. We found a total of 529 known or predicted interactions and

the most relevant of these include protein homology, co-expression, and experimentally deter-

mined interactions (S2 Table, Fig 8). Several TF mRNAs and TF-related miRNA targets exhib-

ited high interaction scores, including MDM2-MDM4 (0.99), RUNX1T1- CBFA2T2 (0.95),

Fig 6. Validation of RNAseq and proteomic analysis. Expression of the candidate miRNAs (miR-140-3p

and miR-378), genes (SMAD2 and POU2F1), and proteins (C2 and TGFβ-1) was concordant with the

RNAseq and proteomics findings. MSC-derived EVs (PKH26, red) were internalized by cultured of human

umbilical vein endothelial cells (HUVECs) (CD31, green). DAPI DAPI = blue, nuclei. Incubation of HUVECs

with EVs increased HUVEC expression of miR-140-3p, miR-378, SMAD2, POU2F1, C2, and TGFβ-1.

*p<0.05 vs. MSCs, ‡p<0.05 vs. HUVECs.

https://doi.org/10.1371/journal.pone.0174303.g006
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CCNT2-CCNT1 (0.91), MAP3K2-PAK2 (0.91), and ELK1-MAPK-1 (0.85). Thus, mRNAs and

miRNAs enriched in EVs may be linked to the same regulatory circuits.

The data generated in this study have been deposited in the NCBI Gene Expression Omni-

bus (GEO, accession number GSE87790), the Mass spectrometry Interactive Virtual Environ-

ment (MassIVE, accession number MSV000080245), and ProteomeXchange (accession

number PXD005147).

Fig 7. Interactions among miRNA, mRNA and proteins enriched in EVs. A. Venn diagram showing

distribution of miRNA, mRNA, and proteins enriched in EVs, and their interactions. B. Functional annotation

clustering of 41 common miRNA targets and mRNAs enriched in EVs. C. Distribution of transcription factor

(TF) miRNA targets, TF mRNA, and TF proteins enriched in EVs.

https://doi.org/10.1371/journal.pone.0174303.g007
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Discussion

The beneficial effects of MSCs have been attributed in part to the release of EVs, which partici-

pate in intercellular communication between MSCs and damaged cells. Coupled with their

potential to alter the phenotype of recipient cells and exert tissue trophic and reparative effects

[29], EVs have emerged as a novel and viable alternative to whole cell therapies. In this study,

we have evaluated the molecular relatedness and putative functions of mRNAs, miRNAs, and

Fig 8. Interactions between Transcription Factor (TF) miRNA targets and TF mRNAs enriched in EVs.

TF miRNA targets and mRNA TF network derived from STRING. Nodes represent TF miRNA targets and

mRNA TFs, and color lines their interactions according to the functional association networks from the

STRING database. Red circles indicate common (TF) miRNA targets and TF mRNAs enriched in EVs.

https://doi.org/10.1371/journal.pone.0174303.g008
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proteins packed in MSC-derived EVs. Importantly, we found that the mRNA, miRNA, and

protein content of EVs is distinct and mostly independent. Proteins present in EVs are distinct

from those encoded by mRNAs included in EVs, and most of the miRNAs enriched in EVs

target mRNAs distinct from those enriched in EVs. Hence, there is no direct regulatory corre-

lation between mRNAs, miRNAs and proteins, in the sense that EVs do not incorporate

mRNAs that encode for the same proteins that they contain. These findings are consistent

with the premise that mRNAs are not translated in EVs and miRNAs do not actively silence

translation of their cognate mRNAs.

A key advantage of the molecular diversity of mRNAs, miRNAs, and proteins packed in

EVs is that EVs can provide recipient cells with several different regulatory options: (i) EV pro-

teins can directly exert a biochemical effect upon release from EVs, (ii) mRNAs can be trans-

lated to generate proteins at levels greater than could be achieved by shuttling them within

EVs (or that would otherwise be incompatible with EV generation or transport), and (iii) miR-

NAs can suppress translation of proteins and/or degrade mRNA species in cells targeted by

EVs. Collectively, our observations suggest that EVs shuttle a selective three-component cargo

(mRNA, miRNA and protein), which in molecular proportions might be different from that of

donor cells. This cargo selectivity is consistent with the important putative roles of EVs as vec-

tors of MSC function and intercellular communication, as well as the potential role of MSC-

derived EVs in stimulating tissue repair.

Because EVs are enriched with an independent molecular tool kit comprising distinct pro-

teins, mRNAs, and miRNAs, it is essential to link their activity with regulatory principles and

biological activities that can be leveraged for therapeutic gain. Our study shows that the

mRNAs and miRNAs of MSC-derived EVs are linked to pathways that control transcription

in the nucleus, presumably to regulate gene expression in recipient cells. In contrast, proteins

present in EVs seem to be associate with a broad spectrum of cellular signal transduction path-

ways that may control how recipient cells respond to external signals. Thus, our integrated

analysis of the RNA and protein cargo of EVs from MSCs reveals an apparent dichotomy in

both the cellular location and specific biochemical mechanisms that are targeted. This dichot-

omy would permit a model in which EVs command both the regulatory input and phenotypic

expression output of the cells that they interact with.

Moreover, the identity of specific miRNAs, mRNAs, and proteins provides important clues

about their regulatory potential. For example, our miRNA-seq analysis revealed that miR-183,

miR-378, miR-140-3p, and miR-222 are enriched in EVs compared to MSCs. These miRNAs

modulate differentiation commitments and fate of MSCs. For example, miR-183 regulates β1

integrin expression and thus cell adhesion of MSCs [30], whereas miR-378 promotes MSC sur-

vival and vascularization under hypoxic-ischemic conditions [31]. miR-140 (both miR-140-5p

and miR-140-3p) regulates osteogenic lineage commitment in undifferentiated MSCs [32],

whereas miR-222 regulates the expression of cell cycle regulatory proteins, endothelial cell

function, and angiogenesis [33]. Therefore, transfer of these miRNAs to other damaged MSCs

might promote proliferation and neovascularization, and their transfer to other cell types

might condition them to interact with MSCs or EVs.

Functional annotation clustering analysis of mRNAs targeted by this set of miRNAs identi-

fied genes primarily associated to transcription. Likewise, EVs were selectively enriched with

255 genes encoding positive or negative regulators of transcription, including TRPS1, ELK4,

KLF7, and NRIP1. Contrarily, functional classification of 277 proteins enriched in EVs

revealed an important diversity of biological roles, including glycoproteins, extracellular

matrix, blood coagulation, inflammatory response, TGF-β signaling pathway, and angiogenic

proteins. Importantly, our RNAseq and proteomic findings correlate with previous observa-

tions in human MSCs [34] [35], suggesting that the MSC-derived EV ‘regulome’ has a high
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homology with the human counterpart. Hence, MSC-derived EVs contain an extensive and

heterogeneous genetic and protein cargo capable of modulating several pathways in recipient

cells. Indeed, we have recently shown in pigs with metabolic syndrome and renovascular dis-

ease that 4 weeks after intra-renal injection MSC-derived EVs incorporated into several cell

types in the post-stenotic kidney, including proximal tubules, distal tubules, and macrophages

[36], and attenuated tubular injury, fibrosis, and inflammation. In the current study, we

noticed that MSC-derived EVs were enriched with genes, miRNAs, and proteins capable of

modulating renal injury and fibrosis (e.g. TGFBI, TGFβ1, MMP-2), and inflammation (e.g.

TNFAIP6, NFKBIZ, miR-140-3p), suggesting that the MSC-derived EV cargo matches the

need of the tissue.

Furthermore, to test the capability of EVs to transfer their cargo to target cells, we incubated

HUVECs with EVs. We found that MSC-derived EVs were internalized by cultured HUVECs.

Notably, incubation of HUVECs with EVs increased the expression of several miRNAs, genes,

and proteins enriched in those EVs, suggesting transfer of genetic and protein cargo.

Interestingly, despite the mostly independent EV miRNA, mRNA, and protein content,

we identified a significant number of EV-enriched mRNAs that did overlap with miRNA

target genes upregulated in EVs. miRNAs are small non-coding RNA molecules that act as

post-transcriptional negative regulators through base-pairing interactions with their targets

mRNAs, leading to their degradation or translational repression. Among overlapping EV-

enriched mRNAs and miRNA target genes are Serine/Threonine Kinase-17b (STK17B) and

Tet Methylcytosine Dioxygenase-2 (TET2), which modulate MSC proliferation [37, 38], and

RPTOR Independent Companion Of MTOR Complex-2 (RICTOR), an adaptor protein of

the mammalian target of rapamycin (mTOR) multiprotein complex-2 that modulates MSC

differentiation [39]. Therefore, EV miRNA-induced posttranscriptional regulation of these

genes may be one of the mechanisms by which MSCs regulate their neighbors’ proliferation

and differentiation.

Alternatively, miRNAs can inhibit cellular transcriptional repressors, and, thereby allow

transcription. For example, Zinc Finger and BTB Domain Containing-32 (ZBTB32), a com-

mon mRNA and miRNA target gene enriched in EVs, functions as a transcriptional repressor

to regulate the differentiation and activation of helper T-cells [40]. Therefore, miRNA-induced

transcriptional regulation of this gene may be implicated in MSC-induced modulation of the

immune response. Likewise, runt-related transcription factor-1 (RUNX1T1), a member of the

myeloid translocation gene family that recruits a range of corepressors to facilitate transcrip-

tional repression, overlapped between EV-enriched mRNAs and miRNA target genes. Impor-

tantly, down-regulation of this gene is required for adipocyte differentiation of MSCs [41].

Therefore, post-transcriptional regulation of RUNX1T1 expression may trigger adipocyte dif-

ferentiation in EV recipient cells.

Functional annotation analysis of common miRNA target genes and mRNAs enriched in

EVs showed that over 70% are related to TFs. These proteins bind to specific DNA sequences,

controlling transcription of genetic information from DNA to mRNAs. MSC self-renewal,

proliferation, potency, and fate are regulated by coordinated transcription factor networks

[42]. In line with this notion, gene functional interaction network analysis revealed multiple

associations with overlapping mRNAs and miRNA target TFs, including interactions between

MDM2 and MDM4, negative regulators of p53 that play a key role in the initiation of the MSC

adipogenic program [43]. Furthermore, we found interactions of MAPK1 with SMAD2 and

SMAD4, which might be implicated in regulation of both cell survival and apoptosis [44].

Therefore, our observations suggest that interactions between EV TFs participate in the tran-

scriptional control of cellular function in recipient cells.
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We acknowledge limitations to this study, including the low number of samples and inabil-

ity to identify MSC and EV post-translational changes by LC-MS/MS proteomic analysis.

Despite these caveats, this study has a number of strengths, including the novel comprehensive

characterization of the mRNA, miRNA, and proteomic cargo of porcine MSC-derived EVs,

and a joint analysis using an integrated system level approach to elucidate their molecular net-

works and interactions.

Conclusions

In summary, our study shows that porcine MSC-derived EVs contain mRNAs, miRNAs, and

proteins capable of modifying recipient cell phenotype and function, modulating multiple cel-

lular pathways, and activating regenerative mechanisms. Moreover, differences in miRNA,

mRNA, and protein composition between EVs and their parent MSCs suggest a complex

mechanism of EV cargo sequestration and packaging. Notably, we identified a significant

number of overlapping mRNAs and miRNAs TFs enriched in EVs, suggesting that interac-

tions between mRNA and miRNA target TFs may be an important mechanism driving MSC-

based repair. These observations support proposed shuttling mechanisms mediated by EV-

dependent signaling between MSCs and recipient cells, and encourage development of EV-

based regenerative strategies. Our present studies provide a platform for further studies to elu-

cidate the molecular mechanisms by which proteins, transcriptional factors, and translational

regulators transferred by MSC-derived EVs may activate tissue repair in recipient cells.

Supporting information

S1 Table. Transcription factors enriched in Extracellular Vesicles (EVs). Sixteen transcrip-

tion factors enriched in EVs that overlap with mRNA transcription factor targets of 4 miRNAs

enriched in EVs.

(PDF)

S2 Table. Interactions between mRNA Transcription Factors (TFs). Interactions between

mRNA TFs and miRNA TF target genes enriched in extracellular vesicles (EVs) using Search

Tool for the Retrieval of Interacting Genes (STRING).

(PDF)

Author Contributions

Conceptualization: AE LL.

Data curation: AE XYZ AP JRW HT SD LL.

Formal analysis: AE AP SD AvW LL.

Funding acquisition: AE LL.

Investigation: AE XYZ AP JRW HT SD.

Methodology: AE AL AvW LL.

Project administration: LL.

Resources: LL.

Software: JRW SD.

Supervision: LL.

Stem cell extracellular vesicles

PLOS ONE | https://doi.org/10.1371/journal.pone.0174303 March 23, 2017 16 / 19

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0174303.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0174303.s002
https://doi.org/10.1371/journal.pone.0174303


Validation: AL AvW LL.

Visualization: AE LL.

Writing – original draft: AE.

Writing – review & editing: AE XYZ AP JRW HT SD AL AvW LL.

References
1. Li S, Wang X, Li J, Zhang J, Zhang F, Hu J, et al. Advances in the Treatment of Ischemic Diseases by

Mesenchymal Stem Cells. Stem Cells Int. 2016; 2016:5896061. https://doi.org/10.1155/2016/5896061

PMID: 27293445

2. Chen PM, Yen ML, Liu KJ, Sytwu HK, Yen BL. Immunomodulatory properties of human adult and fetal

multipotent mesenchymal stem cells. J Biomed Sci. 2011; 18:49. https://doi.org/10.1186/1423-0127-

18-49 PMID: 21762539

3. Yeo RW, Lai RC, Zhang B, Tan SS, Yin Y, Teh BJ, et al. Mesenchymal stem cell: an efficient mass pro-

ducer of exosomes for drug delivery. Adv Drug Deliv Rev. 2013; 65(3):336–41. https://doi.org/10.1016/

j.addr.2012.07.001 PMID: 22780955

4. Yeo RWY, Lai RC, Zhang B, Tan SS, Yin Y, Teh BJ, et al. Mesenchymal stem cell: an efficient mass

producer of exosomes for drug delivery. Adv Drug Deliv Rev. 2013; 65(3):336–41. https://doi.org/10.

1016/j.addr.2012.07.001 PMID: 22780955

5. Lai RC, Chen TS, Lim SK. Mesenchymal stem cell exosome: a novel stem cell-based therapy for cardio-

vascular disease. Regen Med. 2011; 6(4):481–92. https://doi.org/10.2217/rme.11.35 PMID: 21749206

6. Squillaro T, Peluso G, Galderisi U. Clinical Trials With Mesenchymal Stem Cells: An Update. Cell Trans-

plant. 2016; 25(5):829–48. https://doi.org/10.3727/096368915X689622 PMID: 26423725

7. Eirin A, Riester SM, Zhu XY, Tang H, Evans JM, O’Brien D, et al. MicroRNA and mRNA cargo of extra-

cellular vesicles from porcine adipose tissue-derived mesenchymal stem cells. Gene. 2014; 551(1):55–

64. https://doi.org/10.1016/j.gene.2014.08.041 PMID: 25158130

8. Eirin A, Zhu XY, Puranik AS, Woollard JR, Tang H, Dasari S, et al. Comparative proteomic analysis of

extracellular vesicles isolated from porcine adipose tissue-derived mesenchymal stem/stromal cells.

Sci Rep. 2016;In Press.

9. Eirin A, Zhu XY, Krier JD, Tang H, Jordan KL, Grande JP, et al. Adipose tissue-derived mesenchymal

stem cells improve revascularization outcomes to restore renal function in swine atherosclerotic renal

artery stenosis. Stem Cells. 2012; 30(5):1030–41. https://doi.org/10.1002/stem.1047 PMID: 22290832

10. Ebrahimi B, Eirin A, Li Z, Zhu XY, Zhang X, Lerman A, et al. Mesenchymal stem cells improve medullary

inflammation and fibrosis after revascularization of swine atherosclerotic renal artery stenosis. PLoS

One. 2013; 8(7):e67474. https://doi.org/10.1371/journal.pone.0067474 PMID: 23844014

11. Eirin A, Zhang X, Zhu XY, Tang H, Jordan KL, Grande JP, et al. Renal vein cytokine release as an index

of renal parenchymal inflammation in chronic experimental renal artery stenosis. Nephrol Dial Trans-

plant. 2014; 29(2):274–82. https://doi.org/10.1093/ndt/gft305 PMID: 24097799

12. Eirin A, Zhu XY, Ebrahimi B, Krier JD, Riester SM, van Wijnen AJ, et al. Intrarenal Delivery of Mesen-

chymal Stem Cells and Endothelial Progenitor Cells Attenuates Hypertensive Cardiomyopathy in

Experimental Renovascular Hypertension. Cell Transplant. 2015; 24(10):2041–53. https://doi.org/10.

3727/096368914X685582 PMID: 25420012

13. Eirin A, Zhu XY, Ferguson CM, Riester SM, van Wijnen AJ, Lerman A, et al. Intra-renal delivery of mes-

enchymal stem cells attenuates myocardial injury after reversal of hypertension in porcine renovascular

disease. Stem Cell Res Ther. 2015; 6:7. https://doi.org/10.1186/scrt541 PMID: 25599803

14. Zhu XY, Urbieta-Caceres V, Krier JD, Textor SC, Lerman A, Lerman LO. Mesenchymal stem cells and

endothelial progenitor cells decrease renal injury in experimental swine renal artery stenosis through dif-

ferent mechanisms. Stem Cells. 2013; 31(1):117–25. https://doi.org/10.1002/stem.1263 PMID:

23097349

15. Dudakovic A, Camilleri ET, Lewallen EA, McGee-Lawrence ME, Riester SM, Kakar S, et al. Histone

deacetylase inhibition destabilizes the multi-potent state of uncommitted adipose-derived mesenchymal

stromal cells. J Cell Physiol. 2014. Epub 2014/06/10.

16. Dudakovic A, Camilleri E, Riester SM, Lewallen EA, Kvasha S, Chen X, et al. High-resolution molecular

validation of self-renewal and spontaneous differentiation in adipose-tissue derived human mesenchy-

mal stem cells cultured in human platelet lysate. J Cell Biochem. 2014. Epub 2014/06/07.

17. Kalari KR, Nair AA, Bhavsar JD, O’Brien DR, Davila JI, Bockol MA, et al. MAP-RSeq: Mayo Analysis

Pipeline for RNA sequencing. BMC Bioinformatics. 2014; 15(1):224. Epub 2014/06/29.

Stem cell extracellular vesicles

PLOS ONE | https://doi.org/10.1371/journal.pone.0174303 March 23, 2017 17 / 19

https://doi.org/10.1155/2016/5896061
http://www.ncbi.nlm.nih.gov/pubmed/27293445
https://doi.org/10.1186/1423-0127-18-49
https://doi.org/10.1186/1423-0127-18-49
http://www.ncbi.nlm.nih.gov/pubmed/21762539
https://doi.org/10.1016/j.addr.2012.07.001
https://doi.org/10.1016/j.addr.2012.07.001
http://www.ncbi.nlm.nih.gov/pubmed/22780955
https://doi.org/10.1016/j.addr.2012.07.001
https://doi.org/10.1016/j.addr.2012.07.001
http://www.ncbi.nlm.nih.gov/pubmed/22780955
https://doi.org/10.2217/rme.11.35
http://www.ncbi.nlm.nih.gov/pubmed/21749206
https://doi.org/10.3727/096368915X689622
http://www.ncbi.nlm.nih.gov/pubmed/26423725
https://doi.org/10.1016/j.gene.2014.08.041
http://www.ncbi.nlm.nih.gov/pubmed/25158130
https://doi.org/10.1002/stem.1047
http://www.ncbi.nlm.nih.gov/pubmed/22290832
https://doi.org/10.1371/journal.pone.0067474
http://www.ncbi.nlm.nih.gov/pubmed/23844014
https://doi.org/10.1093/ndt/gft305
http://www.ncbi.nlm.nih.gov/pubmed/24097799
https://doi.org/10.3727/096368914X685582
https://doi.org/10.3727/096368914X685582
http://www.ncbi.nlm.nih.gov/pubmed/25420012
https://doi.org/10.1186/scrt541
http://www.ncbi.nlm.nih.gov/pubmed/25599803
https://doi.org/10.1002/stem.1263
http://www.ncbi.nlm.nih.gov/pubmed/23097349
https://doi.org/10.1371/journal.pone.0174303


18. Kim D, Pertea G, Trapnell C, Pimentel H, Kelley R, Salzberg SL. TopHat2: accurate alignment of tran-

scriptomes in the presence of insertions, deletions and gene fusions. Genome Biol. 2013; 14(4):R36.

Epub 2013/04/27. https://doi.org/10.1186/gb-2013-14-4-r36 PMID: 23618408

19. Liao Y, Smyth GK, Shi W. featureCounts: an efficient general purpose program for assigning sequence

reads to genomic features. Bioinformatics. 2014; 30(7):923–30. Epub 2013/11/15. https://doi.org/10.

1093/bioinformatics/btt656 PMID: 24227677

20. Sun Z, Evans J, Bhagwate A, Middha S, Bockol M, Yan H, et al. CAP-miRSeq: a comprehensive analy-

sis pipeline for microRNA sequencing data. BMC Genomics. 2014; 15:423. https://doi.org/10.1186/

1471-2164-15-423 PMID: 24894665

21. Robinson MD, McCarthy DJ, Smyth GK. edgeR: a Bioconductor package for differential expression

analysis of digital gene expression data. Bioinformatics. 2010; 26(1):139–40. https://doi.org/10.1093/

bioinformatics/btp616 PMID: 19910308

22. Hogan MC, Johnson KL, Zenka RM, Charlesworth MC, Madden BJ, Mahoney DW, et al. Subfractiona-

tion, characterization, and in-depth proteomic analysis of glomerular membrane vesicles in human

urine. Kidney Int. 2014; 85(5):1225–37. Epub 2013/11/08. https://doi.org/10.1038/ki.2013.422 PMID:

24196483

23. Hogan MC, Bakeberg JL, Gainullin VG, Irazabal MV, Harmon AJ, Lieske JC, et al. Identification of Bio-

markers for PKD1 Using Urinary Exosomes. J Am Soc Nephrol. 2015; 26(7):1661–70. Epub 2014/12/

06. https://doi.org/10.1681/ASN.2014040354 PMID: 25475747

24. Cox J, Hein MY, Luber CA, Paron I, Nagaraj N, Mann M. Accurate proteome-wide label-free quantifica-

tion by delayed normalization and maximal peptide ratio extraction, termed MaxLFQ. Mol Cell Proteo-

mics. 2014; 13(9):2513–26. Epub 2014/06/20. https://doi.org/10.1074/mcp.M113.031591 PMID:

24942700

25. Kim KI, van de Wiel MA. Effects of dependence in high-dimensional multiple testing problems. BMC

Bioinformatics. 2008; 9:114. Epub 2008/02/27. https://doi.org/10.1186/1471-2105-9-114 PMID:

18298808

26. Mi H, Lazareva-Ulitsky B, Loo R, Kejariwal A, Vandergriff J, Rabkin S, et al. The PANTHER database of

protein families, subfamilies, functions and pathways. Nucleic Acids Res. 2005; 33(Database issue):

D284–8. Epub 2004/12/21. https://doi.org/10.1093/nar/gki078 PMID: 15608197

27. Huang DW, Sherman BT, Lempicki RA. Systematic and integrative analysis of large gene lists using

DAVID bioinformatics resources. Nat Protoc. 2009; 4(1):44–57. https://doi.org/10.1038/nprot.2008.211

PMID: 19131956

28. Huang DW, Sherman BT, Lempicki RA. Bioinformatics enrichment tools: paths toward the comprehen-

sive functional analysis of large gene lists. Nucleic Acids Res. 2009; 37(1):1–13. https://doi.org/10.

1093/nar/gkn923 PMID: 19033363

29. Quesenberry PJ, Aliotta J, Deregibus MC, Camussi G. Role of extracellular RNA-carrying vesicles in

cell differentiation and reprogramming. Stem Cell Res Ther. 2015; 6:153. https://doi.org/10.1186/

s13287-015-0150-x PMID: 26334526

30. Poitz DM, Stolzel F, Arabanian L, Friedrichs J, Docheva D, Schieker M, et al. MiR-134-mediated beta1

integrin expression and function in mesenchymal stem cells. Biochim Biophys Acta. 2013; 1833

(12):3396–404. https://doi.org/10.1016/j.bbamcr.2013.10.003 PMID: 24135056

31. Xing Y, Hou J, Guo T, Zheng S, Zhou C, Huang H, et al. microRNA-378 promotes mesenchymal stem

cell survival and vascularization under hypoxic-ischemic conditions in vitro. Stem Cell Res Ther. 2014;

5(6):130. https://doi.org/10.1186/scrt520 PMID: 25418617

32. Hwang S, Park SK, Lee HY, Kim SW, Lee JS, Choi EK, et al. miR-140-5p suppresses BMP2-mediated

osteogenesis in undifferentiated human mesenchymal stem cells. FEBS Lett. 2014; 588(17):2957–63.

https://doi.org/10.1016/j.febslet.2014.05.048 PMID: 24928442

33. Lambeth LS, Yao Y, Smith LP, Zhao Y, Nair V. MicroRNAs 221 and 222 target p27Kip1 in Marek’s dis-

ease virus-transformed tumour cell line MSB-1. J Gen Virol. 2009; 90(Pt 5):1164–71. https://doi.org/10.

1099/vir.0.007831-0 PMID: 19264608

34. Baglio SR, Rooijers K, Koppers-Lalic D, Verweij FJ, Perez Lanzon M, Zini N, et al. Human bone mar-

row- and adipose-mesenchymal stem cells secrete exosomes enriched in distinctive miRNA and tRNA

species. Stem Cell Res Ther. 2015; 6:127. https://doi.org/10.1186/s13287-015-0116-z PMID:

26129847

35. Anderson JD, Johansson HJ, Graham CS, Vesterlund M, Pham MT, Bramlett CS, et al. Comprehensive

Proteomic Analysis of Mesenchymal Stem Cell Exosomes Reveals Modulation of Angiogenesis via

Nuclear Factor-KappaB Signaling. Stem Cells. 2016; 34(3):601–13. https://doi.org/10.1002/stem.2298

PMID: 26782178

36. Eirin A, Z XY, Puranik AS, Tang H, McGurren KA, Van Wijnen AJ, et al. Mesenchymal stem cell-derived

extracellular vesicles attenuate kidney inflammation. Kidney Int. 2017;In Press.

Stem cell extracellular vesicles

PLOS ONE | https://doi.org/10.1371/journal.pone.0174303 March 23, 2017 18 / 19

https://doi.org/10.1186/gb-2013-14-4-r36
http://www.ncbi.nlm.nih.gov/pubmed/23618408
https://doi.org/10.1093/bioinformatics/btt656
https://doi.org/10.1093/bioinformatics/btt656
http://www.ncbi.nlm.nih.gov/pubmed/24227677
https://doi.org/10.1186/1471-2164-15-423
https://doi.org/10.1186/1471-2164-15-423
http://www.ncbi.nlm.nih.gov/pubmed/24894665
https://doi.org/10.1093/bioinformatics/btp616
https://doi.org/10.1093/bioinformatics/btp616
http://www.ncbi.nlm.nih.gov/pubmed/19910308
https://doi.org/10.1038/ki.2013.422
http://www.ncbi.nlm.nih.gov/pubmed/24196483
https://doi.org/10.1681/ASN.2014040354
http://www.ncbi.nlm.nih.gov/pubmed/25475747
https://doi.org/10.1074/mcp.M113.031591
http://www.ncbi.nlm.nih.gov/pubmed/24942700
https://doi.org/10.1186/1471-2105-9-114
http://www.ncbi.nlm.nih.gov/pubmed/18298808
https://doi.org/10.1093/nar/gki078
http://www.ncbi.nlm.nih.gov/pubmed/15608197
https://doi.org/10.1038/nprot.2008.211
http://www.ncbi.nlm.nih.gov/pubmed/19131956
https://doi.org/10.1093/nar/gkn923
https://doi.org/10.1093/nar/gkn923
http://www.ncbi.nlm.nih.gov/pubmed/19033363
https://doi.org/10.1186/s13287-015-0150-x
https://doi.org/10.1186/s13287-015-0150-x
http://www.ncbi.nlm.nih.gov/pubmed/26334526
https://doi.org/10.1016/j.bbamcr.2013.10.003
http://www.ncbi.nlm.nih.gov/pubmed/24135056
https://doi.org/10.1186/scrt520
http://www.ncbi.nlm.nih.gov/pubmed/25418617
https://doi.org/10.1016/j.febslet.2014.05.048
http://www.ncbi.nlm.nih.gov/pubmed/24928442
https://doi.org/10.1099/vir.0.007831-0
https://doi.org/10.1099/vir.0.007831-0
http://www.ncbi.nlm.nih.gov/pubmed/19264608
https://doi.org/10.1186/s13287-015-0116-z
http://www.ncbi.nlm.nih.gov/pubmed/26129847
https://doi.org/10.1002/stem.2298
http://www.ncbi.nlm.nih.gov/pubmed/26782178
https://doi.org/10.1371/journal.pone.0174303


37. Wu YH, Wang J, Gong DX, Gu HY, Hu SS, Zhang H. Effects of low-level laser irradiation on mesenchy-

mal stem cell proliferation: a microarray analysis. Lasers Med Sci. 2012; 27(2):509–19. https://doi.org/

10.1007/s10103-011-0995-x PMID: 21956279

38. Mahaira LG, Katsara O, Pappou E, Iliopoulou EG, Fortis S, Antsaklis A, et al. IGF2BP1 expression in

human mesenchymal stem cells significantly affects their proliferation and is under the epigenetic con-

trol of TET1/2 demethylases. Stem Cells Dev. 2014; 23(20):2501–12. https://doi.org/10.1089/scd.2013.

0604 PMID: 24915579

39. Martin SK, Fitter S, Dutta AK, Matthews MP, Walkley CR, Hall MN, et al. Brief report: the differential

roles of mTORC1 and mTORC2 in mesenchymal stem cell differentiation. Stem Cells. 2015; 33

(4):1359–65. https://doi.org/10.1002/stem.1931 PMID: 25537496

40. Price JD, Hotta-Iwamura C, Zhao Y, Beauchamp NM, Tarbell KV. DCIR2+ cDC2 DCs and Zbtb32

Restore CD4+ T-Cell Tolerance and Inhibit Diabetes. Diabetes. 2015; 64(10):3521–31. https://doi.org/

10.2337/db14-1880 PMID: 26070317

41. Wang SS, Huang HY, Chen SZ, Li X, Zhang WT, Tang QQ. Gdf6 induces commitment of pluripotent

mesenchymal C3H10T1/2 cells to the adipocyte lineage. FEBS J. 2013; 280(11):2644–51. https://doi.

org/10.1111/febs.12256 PMID: 23527555

42. Tsai CC, Hung SC. Functional roles of pluripotency transcription factors in mesenchymal stem cells.

Cell Cycle. 2012; 11(20):3711–2. https://doi.org/10.4161/cc.22048 PMID: 22951581

43. Hallenborg P, Feddersen S, Francoz S, Murano I, Sundekilde U, Petersen RK, et al. Mdm2 controls

CREB-dependent transactivation and initiation of adipocyte differentiation. Cell Death Differ. 2012; 19

(8):1381–9. https://doi.org/10.1038/cdd.2012.15 PMID: 22388350

44. Javelaud D, Mauviel A. Crosstalk mechanisms between the mitogen-activated protein kinase pathways

and Smad signaling downstream of TGF-beta: implications for carcinogenesis. Oncogene. 2005; 24

(37):5742–50. https://doi.org/10.1038/sj.onc.1208928 PMID: 16123807

Stem cell extracellular vesicles

PLOS ONE | https://doi.org/10.1371/journal.pone.0174303 March 23, 2017 19 / 19

https://doi.org/10.1007/s10103-011-0995-x
https://doi.org/10.1007/s10103-011-0995-x
http://www.ncbi.nlm.nih.gov/pubmed/21956279
https://doi.org/10.1089/scd.2013.0604
https://doi.org/10.1089/scd.2013.0604
http://www.ncbi.nlm.nih.gov/pubmed/24915579
https://doi.org/10.1002/stem.1931
http://www.ncbi.nlm.nih.gov/pubmed/25537496
https://doi.org/10.2337/db14-1880
https://doi.org/10.2337/db14-1880
http://www.ncbi.nlm.nih.gov/pubmed/26070317
https://doi.org/10.1111/febs.12256
https://doi.org/10.1111/febs.12256
http://www.ncbi.nlm.nih.gov/pubmed/23527555
https://doi.org/10.4161/cc.22048
http://www.ncbi.nlm.nih.gov/pubmed/22951581
https://doi.org/10.1038/cdd.2012.15
http://www.ncbi.nlm.nih.gov/pubmed/22388350
https://doi.org/10.1038/sj.onc.1208928
http://www.ncbi.nlm.nih.gov/pubmed/16123807
https://doi.org/10.1371/journal.pone.0174303

