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Abstract: Human gingival mesenchymal stem cells (hGMSCs) have outstanding characteristics of
proliferation and are able to differentiate into osteogenic, chondrogenic, adipogenic, and
neurogenic cell lineages. The extracellular vesicles (EVs) secreted by hGMSCs contain proteins,
lipids, mRNA and microRNA have emerged as important mediators of cell‐to‐cell communication.
In this study, we analyzed the transcriptome of hGMSCs‐derived EVs using Next Generation
Sequencing (NGS). The functional evaluation of the transcriptome highlighted 26 structural protein
classes and the presence of “non‐coding RNAs”. Our results showed that EVs contain several
growth factors such as Transforming Growth Factor‐β (TGF‐β), Fibroblast Growth Factor (FGF),
and Vascular Endothelial Growth Factors (VEGF) implicated in osteoblast differentiation and in
angiogenetic process. Furthermore, the transcriptomic analysis showed the presence of glial
cell‐derived neurotrophic factor (GDNF) family ligands and neurotrophins involved in neuronal
development. The NGS analysis also identified the presence of several interleukins among which
some with anti‐inflammatory action. Moreover, the transcriptome profile of EVs contained
members of the Wnt family, involved in several biological processes, such as cellular proliferation
and tissue regeneration. In conclusion, the huge amount of growth factors included in the
hGMSCs‐derived EVs could make them a big resource in regenerative medicine.
Keywords: extracellular vesicles; human gingival mesenchymal stem cells; next generation
sequencing; transciptome

1. Introduction
The oral cavity has been identified as an easily‐accessible reservoir of human mesenchymal
stem cells (hMSCs) [1,2]. The oral hMSCs were successfully isolated and characterized from a variety
of oral tissues, including dental pulp [3], apical papilla [4], exfoliated deciduous teeth [5], dental
follicle [6], periodontal ligament [7], and gingiva [8]. Oral stem cells originate from neural crests and
represent a transient population of embryonic pluripotent stem cells [9,10]. Among oral derived
hMSCs, human gingival MSCs (hGMSCs) show a self‐renewal ability and a fast proliferation rate.
Several studies report a multilineage differentiation ability of hGMSCs into osteoblastic, adipocytic,
chondrocyte, endothelial, and neural directions [11]. Moreover, the hGMSCs show spindle‐like cell
morphology and plastic adherence [12–14]. For standardization purposes, studies commonly refer to
the marker arrangement proposed by the International Society for Cellular Therapy (ISCT) for
hGMSCs’ identification [15]. In line with the evidence present in literature, our research group, using
Genes 2020, 11, 118; doi:10.3390/genes11020118

www.mdpi.com/journal/genes

Genes 2020, 11, 118

2 of 19

the cytofluorimetric evaluation, has already demonstrated that our hGMSCs show an expression
profile characterized by specific cell surface markers, such as CD29, CD44, CD73, CD90, and CD105,
and stemness associated markers, as OCT3/4, SSEA4, and SOX2 [16,17].
The striking positive attributes of hGMSCs make them attractive cellular sources in the field of
tissue engineering regenerative medicine for several therapeutic applications such as bone defects
regeneration, skin wound repair, periodontal regeneration, rheumatoid arthritis, and other
autoimmune diseases [14].
The hGMSCs exert their therapeutic effects also through the release of extracellular vesicles
(EVs) [18]. The EVs are small membrane vesicles containing abundant proteins, lipids, a pool of
soluble cytokines and nucleic acids such as mRNA and microRNA [19]. EVs represent intercellular
communication systems able to interact with target cells by binding to the cell surface receptors,
transferring membrane proteins, merging their membrane contents into cell recipient cell plasma
membrane [20,21]. In this regard, the EVs isolated from different cell sources represent a new tool for
a regenerative and therapeutic approach in tissue regeneration applications [22].
The positive involvement of the EVs suggests the inclusion of several transcripts involved in
various basic biological processes. Therefore, in this study, we want to analyze the content of
hGMSC‐derived EVs. For this reason, we inspected the transcriptomic profile of the hGMSC‐derived
EVs using NGS analysis in order to evaluate the family of the transcripts that are included and
therefore understand their potential therapeutic efficacy in the field of regenerative strategy.
2. Materials and Methods
2.1. hGMSCs Culture Estabilishment
All subjects gave their informed consent for inclusion before they participated in the study. The
study was conducted in accordance with the Declaration of Helsinki, and the protocol was approved
by the Medical Ethics Committee at the Medical School, “G. d’Annunzio” University, Italy (n°266 17
April 2014, Principal Investigator: Trubiani Oriana). Gingival tissue biopsies were obtained from six
healthy adult volunteers with no gingival inflammation during teeth removal for orthodontic
purpose. The gingival specimens were de‐epithelialized with a scalpel for the exclusion of most of
the keratinocytes resident in the gingival tissue as previously described [23]. After collection,
hGMSCs was washed several times with PBS (Lonza) and subsequently cultured using MSCGM‐CD
medium (Mesenchymal Stem Cell Growth Medium Chemically Defined) (Lonza, Basel, Switzerland)
at 37 °C with 5% of CO2.
2.2. hGMSCs–Derived EVs Isolation
The conditioned medium (CM; 10 mL) after 48 h of incubation were collected from hGMSCs at
passage 2. The CM was centrifuged at 3000× g for 15 min to eliminate suspension cells and debris.
For the EVs extraction we used an ExoQuick TC commercial agglutinant (System Biosciences,
Euroclone SpA, Milan, Italy). Briefly, 2 mL ExoQuick TC was added to 10 mL of CM recovered from
hGMSCs. The mix was incubated overnight at 4 °C without rotation; one centrifugation step was
performed at 1500× g for 30 min to sediment the EVs and the pellets were resuspended in 500 μL PBS
(Ca2+ and Mg2+).
2.3. RNA Extraction and Transcriptomic Analysis
RNA isolation was executed using the Total Exosome RNA and Protein Isolation Kit (catalog #
4478545; Thermo Scientific, Rockford, IL, USA) according to the manufacturer’s protocol. A final
volume of 30 μL RNA solution was collected from each. Eppendorf BioSpectrometer fluorescence
was used for measuring RNA quality and concentration.
The library preparation was carried out according to the TruSeq RNA Exome protocol
(Illumina, San Diego, CA, USA) following manufacturer instructions. 3 EVs batches were analyzed
by RNA sequencing. Briefly, RNA extracted by each sample was fragmented at 94 °C for 8 min and
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the first strand of cDNA was synthesized using the SuperScript II Reverse Transcriptase (Invitrogen,
Milan, Italy). After the second strand of cDNA was synthesized and purified by AMPure XP beads
(Beckman Coulter, Brea, CA, USA). The 3′ ends of the cDNA were adenylated to allow the adaptor
ligation in the following step. After the ligation of indexing adapter, the libraries were purified with
AMPure XP beads. A first PCR amplification step was performed to enrich those fragments of DNA
that have adaptors on both ends, and also to enhance the quantity of DNA in the library. The library
has been validated using the Agilent Technologies 2100 Bioanalyzer. After that, 200 ng of each DNA
library were combined and the first hybridization step was performed. In order to eliminate
nonspecific binding, magnetic beads coated with streptavidin were used to capture probes
hybridized to the target regions, followed by two heated washes to discharge the nonspecific
binding from the beads. Then, the enriched libraries were eluted from the beads and were ready for
a second cycle of hybridization. This hybridization step was necessary to obtain a wide specificity of
regions of capture. After that, the libraries were purified through the AMPure XP bead, and
amplified. Libraries were quantified and certified with the Agilent High Sensitivity Kit on a
bioanalyzer. Libraries were normalized to 12 pM and subjected to cluster, and single read
sequencing was executed on a MiSeq instrument (Illumina) following the protocol guidelines. The
produced libraries were loaded for clustering on a MiSeq Flow Cell and then sequenced with a
MiSeq Instrument (Illumina). The cluster density validation had been executed by the software of
the instrument throughout the run.
The quality of the reads was analysed using the software fastQC (Babraham Institute,
Cambridge, UK). The software Trimmomatic (Usadel Lab, Aachen, Germany) was used to remove
the adapters and the low‐quality bases [24]. Next, the reads were aligned against the reference
genome of “Homo Sapiens” available on the University of California Santa Cruz (UCSC) website
using Spliced Transcripts Alignment to a Reference (STAR) RNA‐seq aligner [25]. Finally, the genes
were identified with Cufflinks software (Trapnell Lab, Washington, DC, USA) version 2.2.1 [26]. The
genes classification of our dataset was performed using PANTHER[27]. In addition, the last
non‐cording RNA genes list (release 32) were retrieved by GENCODE website in GTF format. The
analysis of the transcripts performed with Cufflinks was matched against this list in order to select
all the non‐coding genes in our dataset. Finally, the genes from which the transcripts are processed
were characterized using the “non‐coding RNAs” group (475) from HUGO Gene Nomenclature
Committee website. The plots depiction was made with R software.
3. Results
Transcriptomic Investigation of EVs
The functional evaluation of the transcriptome performed by Panther highlighted 26 structural
protein classes as displayed in the Figure 1. Among the 15,380 genes identified by EVs analysis
(Table S1), 15,168 genes are identified by Panther and 8930 hit the “protein class” classification.
Specifically, the most represented class is “nucleic acid binding” with 1262 genes able to interact
with DNA or RNA. Overrepresented classes are also the hydrolase, the enzyme modulator, the
transcription factor, the transferase, the receptor and the transporter with 1067, 886, 808, 768, 562,
and 541 genes respectively.
The transcriptomic analysis revealed also 1155 non‐coding genes. The “non‐coding RNAs”
(ncRNAs) classification retrieved by HUGO website characterizes 431 genes in 20 classes (Figure 2).
The most represented class is the “Antisense RNAs” in which are included 187 genes involved in the
blocking of the mRNA translation process. Overrepresented classes are also the “Long intergenic
non‐protein coding RNAs” where 63 genes participated as chromatin remodeling or RNA
stabilization and 41 genes are “Long non‐coding RNAs with non‐systematic symbols”; 28 genes
belonged to “Variant U1 small nuclear RNAs” that are similar in sequence to U1 small nuclear,
involved in the splicing of the pre‐mRNA, and 23 genes in “Small nucleolar RNAs, C/D box” that
guide chemical modifications and, in particular, methylation. The other classes that included “Small
nucleolar RNA non‐coding host genes”, “MicroRNA non‐coding host genes”, “Long non‐coding
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RNAs with FAM root symbol”, “Small Cajal body‐specific RNAsr”, “Small nucleolar RNAs, H/ACA
box”, “Small nuclear RNAs”, “Divergent transcripts”, “MicroRNAs”, “MicroRNA MIR1302 family”,
“MicroRNA MIR451 family”, “MicroRNA MIR24 family”, “MicroRNA MIR219 family”,
“MicroRNA MIR194 family”, “Intronic transcripts”, and “Cytoplasmic transfer RNAs” were less
represented. The huge repertoire of ncRNA found, demonstrates that these cells are flooded with
these RNAs, which constitute a hidden layer of molecular genetic signals.
The transcriptomic analysis of the EVs revealed that 84 transcripts belonged to the “Receptor
ligands” classification in HUGO website and specifically they can be divided in 7 groups including
“Transforming growth factor β superfamily”, “Interleukins”, “Fibroblast growth factor family”,
“Wnt family”,” VEGF family”, “Neurotrophins”, and “GDNF family ligands”. The classification of
these transcripts in the groups in detail is represented in the Figure 3. Specifically, 19 of them
belonged to the Interleukins (Table 1) that take part mainly in inflammatory and immune responses.
Furthermore, 27 transcripts belonged to “TGF‐β signaling” (Table 2) and it includes 3 transcripts of
the canonical pathway, 21 of the bone morphogenic proteins involved in osteoblast differentiation
and neurogenesis and 3 of the activin expressed in the initial development. They play a role in the
ossification and bone mineralization, in neuron development and differentiation as well as negative
regulation of neuron apoptotic process and in vasculogenesis and regulation of the angiogenesis.
The “Wnt signaling” (Table 3) included 10 transcripts of the canonical pathway that regulates gene
transcription and cell cycle but also 2 genes of the non‐canonical calcium mediated pathway that is
responsible for the regulation of intracellular calcium. They are involved in osteoblast differentiation
and bone mineralization but especially in the nervous system development and maintenance. The
Table 4 includes 16 genes of the “Fibroblast growth factor family”, 2 genes of “GDNF family
ligands”, 4 genes of the “VEGF family” and 4 “Neurotrophins” involved in a wide amount of
processes of the basic or neuronal, bone or vascular development. Furthermore, the Figure 4
represents the distribution of the genes inside the 7 aforementioned groups using a bubble chart. The
size of the bubble indicates the number of genes in that particular group while the position in the x
axis shows the median distribution of the genes expression in the group. Noteworthy, the “VEGF
family”, the “Canonical TGF‐β”, and the “Non canonical Wnt” groups include few genes that are
highly expressed by median, whereas “BMP TGF‐β” contains most of the genes, but less expressed.
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Figure 1. Functional evaluation of the transcriptome performed by Panther. The analysis highlighted
the presence of 26 structural proteins classes.

Figure 2. Pie chart representation of the non‐coding RNA included in the extracellular vesicles (EVs)
transcriptomic profile characterized by HUGO database.
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Figure 3. Genes representation of the EVs transcriptomic profile.

Figure 4. Genes distribution of the EVs transcriptomic profile. The size of the bubble indicate the
amount of genes in the group while the x axis shows the median of the expression level of the genes
in the group.
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Table 1. EVs transcripts encoding for Interleukins.
Transcript
IL19
IL37

Name
Interleukin 19
Interleukin 37

IL21

Interleukin 21

IL17A

Interleukin 17A

IL15

Interleukin 15

IL12A

Interleukin 12A

IL12B

Interleukin 12B

IL6

Interleukin 6

IL7

Interleukin 7

IL5

Interleukin 5

IL25
IL24
IL27
IL32

Interleukin 25
Interleukin 24
Interleukin 27
Interleukin 32

IL1B

Interleukin 1 β

IL36B
IL16
IL36G
IL33

Interleukin 36 β
Interleukin 16
Interleukin 36 γ
Interleukin 33

Biological Process
Apoptotic process; immune response
Inflammatory response; immune response; neutrophil chemotaxis
Immune response; positive regulation of cell population proliferation; positive regulation of B cell proliferation; positive regulation of
tissue remodeling; positive regulation of T cell proliferation
Inflammatory response; immune response; positive regulation of osteoclast differentiation; apoptotic process; fibroblast activation
Neutrophil activation; positive regulation of cell population proliferation; lymph node development; inflammatory response; immune
response; positive regulation of tissue remodeling; macrophage differentiation; cell‐cell signaling; cell maturation; cellular response to
vitamin D
Cell cycle arrest; positive regulation of natural killer cell mediated cytotoxicity directed against tumor cell target; immune response;
positive regulation of dendritic cell chemotaxis; defense response to Gram‐positive bacterium
Positive regulation of lymphocyte proliferation; positive regulation of tissue remodeling; sensory perception of pain; positive
regulation of osteoclast differentiation; defense response to Gram‐negative bacterium; positive regulation of memory T cell
differentiation
Regulation of dendritic cell differentiation; positive regulation of osteoblast differentiation; regulation of odontoblast differentiation;
negative regulation of neuron apoptotic process; inflammatory response; liver regeneration; immune response; regulation of
osteoclast differentiation; positive regulation of biomineral tissue development; neuron differentiation
Cell‐cell signaling; positive regulation of organ growth; immune response; bone resorption; negative regulation of apoptotic process;
positive regulation of T cell differentiation; positive regulation of B cell proliferation
Positive regulation of eosinophil differentiation; inflammatory response; positive regulation of B cell proliferation; positive regulation
of podosome assembly
Inflammatory response to antigenic stimulus; eosinophil differentiation
Positive regulation of cell population proliferation
Inflammatory response; response to bacterium; innate immune response; regulation of T cell proliferation
Immune response; cell adhesion
Activation of MAPK activity; positive regulation of T cell mediated immunity; inflammatory response, apoptotic process; cell‐cell
signaling; positive regulation of vascular endothelial growth factor production; astrocyte activation; positive regulation of glial cell
proliferation
Inflammatory response; innate immune response; neutrophil chemotaxis
Immune response; leukocyte chemotaxis
Inflammatory response; innate immune response; cell‐cell signaling; neutrophil chemotaxis
Microglial cell activation involved in immune response; microglial cell proliferation; negative regulation of interferon‐γ production

EVs transcripts encoding for Interleukins. The column Name highlights the gene approved names retrieved by “HUGO Gene Nomenclature Committee” website.
Panther database provides a set of biological processes in which the transcripts are involved.
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Table 2. EVs transcripts encoding for protein of the TGF‐β family.
Transcript

Name

TGFB1

Transforming
Growth Factor β 1

TGFB2

Transforming
Growth Factor β 2

TGFB3

Transforming
Growth Factor β 3

BMP7

Bone Morphogenetic
Protein 7

AMH
GDF9
BMP4
BMP3
BMP8A
BMP8B
BMP6
GDF3

GDF2

Anti‐Mullerian
Hormone
Growth
Differentiation Factor
9
Bone Morphogenetic
Protein 4
Bone Morphogenetic
Protein 3
Bone Morphogenetic
Protein 8a
Bone Morphogenetic
Protein 8b
Bone Morphogenetic
Protein 6
Growth
Differentiation Factor
3
Growth
Differentiation Factor
2

Biological Process
Hematopoietic progenitor cell differentiation; embryonic liver development; positive regulation of protein import into nucleus; positive
regulation of vascular permeability; epithelial to mesenchymal transition; positive regulation of MAP kinase activity; positive regulation of
cell population proliferation; lymph node development; heart development; positive regulation of cell division; neural tube development;
BMP signaling pathway; positive regulation of bone mineralization; regulation of blood vessel remodeling; vasculogenesis; positive
regulation of microglia differentiation
Negative regulation of angiogenesis; glial cell migration; kidney development; positive regulation of ossification; epithelial to mesenchymal
transition; heart development; cranial skeletal system development; neuron development; BMP signaling pathway; cardiac muscle
proliferation; generation of neurons
Digestive tract development; BMP signaling pathway; positive regulation of bone mineralization; negative regulation of neuron apoptotic
process; positive regulation of epithelial to mesenchymal transition; ossification involved in bone remodeling
Axon guidance; skeletal system development; ossification; hindbrain development; cellular response to BMP stimulus; positive regulation of
bone mineralization; response to vitamin D; neuron projection morphogenesis; cardiac muscle tissue development; positive regulation of
dendrite development
Cell‐cell signaling; BMP signaling pathway
Positive regulation of cell population proliferation; BMP signaling pathway; negative regulation of cell growth
Positive regulation of kidney development; cellular response to BMP stimulus; telencephalon development; positive regulation of neuron
differentiation; positive regulation of osteoblast differentiation; BMP signaling pathway involved in heart induction
Regulation of MAPK cascade; skeletal system development; osteoblast differentiation
Regulation of MAPK cascade, ossification
Regulation of MAPK cascade; skeletal system development; ossification
Positive regulation of neuron differentiation; positive regulation of osteoblast differentiation; skeletal system development; kidney
development; cellular response to BMP stimulus; positive regulation of bone mineralization
Negative regulation of BMP signaling pathway; skeletal system development

Positive regulation of angiogenesis; blood vessel morphogenesis; ossification; osteoblast differentiation
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GDF1

GDF6

GDF5

BMP2

Growth
Differentiation Factor
1
Growth
Differentiation Factor
6
Growth
Differentiation Factor
5
Bone Morphogenetic
Protein 2

INHA

Bone Morphogenetic
Protein 1
Bone Morphogenetic
Protein 10
Bone Morphogenetic
Protein 5
Bone Morphogenetic
Protein 15
Growth
Differentiation Factor
15
Growth
Differentiation Factor
11
Growth
Differentiation Factor
10
Inhibin Subunit α

INHBA

Inhibin Subunit β A

INHBC

Inhibin Subunit β C

BMP1
BMP10
BMP5
BMP15
GDF15

GDF11

GDF10

9 of 19

Regulation of MAPK cascade; regulation of apoptotic process; BMP signaling pathway

Positive regulation of neuron differentiation; regulation of MAPK cascade
Negative regulation of mesenchymal apoptotic process; positive regulation of neuron differentiation; ossification involved in bone
remodeling; negative regulation of neuron apoptotic process
Activation of MAPK activity; inflammatory response; skeletal system development; positive regulation of osteoblast proliferation; bone
mineralization involved in bone maturation; telencephalon development; positive regulation of neuron differentiation; positive regulation of
osteoblast differentiation; heart development
Skeletal system development; ossification
Positive regulation of cardiac muscle cell proliferation; regulation of MAPK cascade; positive regulation of cell proliferation involved in heart
morphogenesis
Skeletal system development; positive regulation of dendritic development
Regulation of MAPK cascade; BMP signaling pathway
Positive regulation of MAPK cascade; activation of MAPK cascade; BMP signaling pathway

Regulation of MAPK cascade; skeletal system development

Regulation of MAPK cascade; skeletal system development; BMP signaling pathway
Regulation of MAPK cascade; skeletal system development; negative regulation of interferon‐γ biosynthetic process
Regulation of MAPK cascade; nervous system development; negative regulation of interferon‐γ biosynthetic process; GABAergic neuron
differentiation
Regulation of MAPK cascade

EVs transcripts encoding for Interleukins. The column Name highlights the gene approved names retrieved by “HUGO Gene Nomenclature Committee” website.
Panther database provides a set of biological processes in which the transcripts are involved.
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Table 3. EVs transcripts encoding for protein of the Wnt family.
Transcript
WNT2B

Name
Wnt Family Member 2B

WNT3

Wnt Family Member 3

WNT10A

Wnt Family Member 10A

WNT10B

Wnt Family Member 10B

WNT4
WNT8A
WNT9A
WNT16

Wnt Family Member 4
Wnt Family Member 8A
Wnt Family Member 9A
Wnt Family Member 16

WNT7A

Wnt Family Member 7A

WNT11
WNT5B

Wnt Family Member 11
Wnt Family Member 5B

WNT5A

Wnt Family Member 5A

Biological Process
Neuron differentiation; forebrain reorganization; canonical Wnt signaling
Axon guidance; canonical Wnt signaling pathway involved in osteoblast differentiation; pathway involved in midbrain
dopaminergic neuron differentiation; neuron differentiation; regulation of neurogenesis
Neural crest cell differentiation; neuron differentiation; canonical Wnt signaling pathway
Positive regulation of osteoblast differentiation; regulation of skeletal muscle tissue development; canonical Wnt signaling
pathway; positive regulation of bone mineralization; neuron differentiation
Kidney development; positive regulation of bone mineralization; neuron differentiation; canonical Wnt signaling pathway
Neuron differentiation; canonical Wnt signaling
Neuron differentiation; canonical Wnt signaling
Bone remodeling; neuron differentiation
Central nervous system vasculogenesis; axonogenesis; positive regulation of synapse assembly; neuron differentiation;
excitatory synapse assembly; neurotransmitter secretion; dendritic spine morphogenesis; regulation of axon diameter; cell
proliferation in forebrain
Neuron differentiation; artery morphogenesis; osteoblast differentiation; bone mineralization
Neuron differentiation
Axon guidance; positive regulation of angiogenesis; activation of MAPK activity; inhibitory synapse assembly; excitatory
synapse assembly; positive regulation of ossification; chemoattraction of serotonergic neuron axon; chemorepulsion of
dopaminergic neuron axon; positive regulation of fibroblast proliferation; positive regulation of protein localization to synapse;
positive regulation of neuron projection development; neuron differentiation; Wnt signaling pathway involved in midbrain
dopaminergic neuron differentiation; regulation of postsynaptic cytosolic calcium ion concentration

EVs transcripts encoding for Interleukins. The column Name highlights the gene approved names retrieved by “HUGO Gene Nomenclature Committee” website.
Panther database provides a set of biological processes in which the transcripts are involved.
Table 4. EVs transcripts encoding for Growth factors.
Transcript

Name

FGF10

Fibroblast Growth Factor 10

FGF5

Fibroblast Growth Factor 5

FGF2

Fibroblast Growth Factor 2

FGF13
FGF19

Fibroblast Growth Factor 13
Fibroblast Growth Factor 19

Biological Process
Activation of MAPK activity; angiogenesis; positive regulation of fibroblast proliferation; radial glial cell differentiation;
positive regulation of MAPK cascade; pituitary gland development; actin cytoskeletal reorganization; tissue regeneration; blood
vessel remodeling
Nervous system development; glial cell differentiation
Positive regulation of cardiac muscle cell proliferation; positive regulation of angiogenesis; activation of MAPK activity;
nervous system development; negative regulation of cell death; somatic stem cell population maintenance;
Nervous system development; hippocampus development; learning; memory; cerebral cortex cell migration
MAPK cascade; nervous system development
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FGF18
FGF1
FGF9

Fibroblast Growth Factor 18
Fibroblast Growth Factor 1
Fibroblast Growth Factor 9

FGF12

Fibroblast Growth Factor 12

FGF7
FGF6
FGF11
FGF4
FGF23
FGF20

Fibroblast Growth Factor 7
Fibroblast Growth Factor 6
Fibroblast Growth Factor 11
Fibroblast Growth Factor 4
Fibroblast Growth Factor 23
Fibroblast Growth Factor 20

FGF14

Fibroblast Growth Factor 14

PSPN

Persephin
Glial Cell Derived
Neurotrophic Factor
Placental Growth Factor

GDNF
PGF
VEGFA

VEGFC
VEGFB

Vascular Endothelial Growth
Factor A
Vascular Endothelial Growth
Factor C
Vascular Endothelial Growth
Factor B

NGF

Nerve Growth Factor

NTF3

Neurotrophin 3

NTF4

Neurotrophin 4

BDNF

Brain Derived Neurotrophic
Factor

Positive regulation of MAP kinase activity; positive regulation of angiogenesis
Positive regulation of MAP kinase activity; positive regulation of angiogenesis; lung development
Positive regulation of cardiac muscle cell proliferation; angiogenesis; osteoblast differentiation; substantia nigra development
Regulation of neuronal action potential; neuromuscular process; nervous system development; chemical synaptic transmission;
heart development
Epidermis development; actin cytoskeleton reorganization
MAPK cascade; angiogenesis
Nervous system development
Stem cell population maintenance; MAPK cascade
Vitamin D catabolic process; negative regulation of osteoblast differentiation; negative regulation of bone mineralization
Positive regulation of dopaminergic neuron differentiation; negative regulation of neuron apoptotic process
Regulation of postsynaptic membrane potential; regulation of synaptic vesicle recycling; regulation of synaptic plasticity;
nervous system development
Axon guidance; nervous system development
Axon guidance; nervous system development
Positive regulation of angiogenesis
Positive regulation of angiogenesis; response to hypoxia; positive regulation of MAP kinase activity; commissural neuron axon
guidance; positive regulation of blood vessel endothelial cell migration; dopaminergic neuron differentiation; hearth
morphogenesis; positive regulation of neuroblast differentiation; artery morphogenesis; positive regulation of axon extension
involved in axon guidance
Positive regulation of angiogenesis; response to hypoxia; positive regulation of neuroblast proliferation; negative regulation of
blood pressure
Positive regulation of angiogenesis; negative regulation of neuron apoptotic process; response to hypoxia
Neuron projection morphogenesis; positive regulation of neuron differentiation; memory; nerve development; negative
regulation of neuron apoptotic process; positive regulation of axonogenesis; peripheral nervous system development
Nervous system development; neuron projection morphogenesis; regulation of neuron differentiation; memory; nerve
development; negative regulation of neuron apoptotic process; peripheral nervous system development
Neuron projection morphogenesis; peripheral nervous system development; regulation of neuron differentiation; nerve
development; negative regulation of neuron apoptotic process; long‐term memory
Nervous system development; neuron projection morphogenesis; axon guidance; regulation of neuron differentiation; memory;
nerve development; negative regulation of neuron apoptotic process; positive regulation of neuron projection development

EVs transcripts encoding for Interleukins. The column Name highlights the gene approved names retrieved by “HUGO Gene Nomenclature Committee” website.
Panther database provides a set of biological processes in which the transcripts are involved.
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4. Discussion
The hGMSCs are interesting as candidates for cell therapy in tissue repair and regeneration,
both due to their ability to differentiate in multiple lineage cells and through the secretion of EVs
[28]. EVs released by hGMSCs are involved in a multitude of physiological events as important
mediators of intercellular communication. Indeed, EVs act as vehicles to transfer lipids, proteins,
and nucleic acids, such as mRNAs, microRNAs, and long non‐coding RNA, in the receiving cells. In
particular, it was demonstrated that EVs can mediate the horizontal mRNA transfer to a recipient
cell, that in this way was able to produce the relative protein [29]. In this way, EVs are able to modify
the phenotype and function of the receiving cells, modulating multiple cellular pathways and
activating regenerative mechanisms. Therefore, the application of hGMSCs‐derived EVs can provide
a new strategy for tissue engineering and regenerative medicine [30].
Our research group has already characterized the hGMSCs‐derived EVs, indicating that they
represent a heterogeneous population of vesicles. In particular, two main dimensional populations
were identified, where the average diameters of the 2 populations were 93 ± 24 nm and 1200 ± 400
nm, while the ζ‐potential was −10.7 ± 0.9 mV. The atomic force microscope evidenced that EVs
showed a central depression and a relatively smooth surface. In addition, hGMSCs‐derived EVs
showed the presence of specific membrane‐associated proteins, such as CD9, CD63, CD81, and
tumor suppressor gene 101 [31].
The analysis of our transcriptome revealed the presence of different transcripts belonging to
several classes, such as nucleic acid binding, hydrolase, enzyme modulator, transcription factor.
Moreover, our results showed that hGMSCs‐derived EVs also secrete several ncRNAs, that may
mediate self‐renewal, differentiation, maturation, efficiency of cellular reprogramming and cell fate
determination [32–34]. The ncRNAs are non‐protein coding RNAs, which represent part of the
genome that does not encode genetic information into proteins. They are broadly categorized into
short ncRNAs and long ncRNAs (lncRNAs) or long intergenic ncRNA (lincRNA). These RNAs
appear to comprise a hidden layer of internal signals that control various levels of gene expression in
physiology and development, including chromatin architecture/epigenetic memory, transcription,
RNA splicing, editing, translation and turnover [35]. Furthermore, the ncRNAs are known to be
sorted into EVs thus modulating cellular processes [36].
In particular, our findings demonstrate that the most represented ncRNA classes were
“Antisense RNAs” and “lncRNAs”. lncRNAs have now been recognized to represent an important
class of transcripts in all organisms, with increasing impact along the evolutionary ladder. However,
the mechanisms underlying EVs‐associated lncRNAs secretion and their biological roles are less
described and are only more recently starting to be explored [37]. Since ncRNAs are central to gene
regulation and cellular fates, it can be speculated that most of the EVs‐mediated regulatory roles
elicited in cells/organs are mediated through ncRNAs. Therefore, EVs‐derived ncRNAs are potential
mediators of the paracrine effects of stem cells. In our study, the analysis of the transcriptome of the
hGMSCs‐derived EVs identified the presence of transcripts (TGFB1, TGFB2, TGFB3) that encoded
respectively for the three Transforming Growth Factors‐β (TGF‐β) isoforms. All three TGF‐β
isoforms are involved in several functions in a variety of cell types, including regulation of
proliferation, differentiation, wound healing, development and cytokine secretion [38,39]. Also,
TGF‐β1 is a pleiotropic growth factor with significant anti‐inflammatory and immunosuppressive
properties and plays a central roles in homeostasis of the immune system [40]. The results of our
transcriptome are in accordance with the previous study of our research group that highlighted the
therapeutic effects of TGF‐β present in EVs derived from human Periodontal Ligament Stem Cells
(hPDLSCs), in Experimental Autoimmune Encephalomyelitis (EAE), a mouse model of multiple
sclerosis. The presence of TGF‐β in hPDLSCs‐derived EVs revealed through western blot analysis,
suggested that the anti‐inflammatory effect of EVs in EAE might be due to TGF‐β [41]. The
anti‐inflammatory actions of TGF‐β contained in CM derived from hGMSCs was evaluated in an in
vivo study, conducted by Rajan et al. in mechanically injured murine motor‐neuron‐like NSC‐34
cells. Specifically, western blot analysis results showed that, due to activating trophic factors
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expression such as TGF‐β, CM derived from hGMSCs provided neuroprotection in scratch‐injured
motor‐neuron‐like NSC‐34 cells by suppressing apoptosis, oxidative stress, and inflammation [42].
In line with our results, the presence for the mRNA encoding members of the TGF‐β family was
evidenced also in EVs derived from different MSCs. Specifically, EVs from porcine Adipose Tissue
derived MSCs were particularly enriched for TGF‐β related genes, containing high levels of several
mRNAs that encode for protein ligands within the TGF‐β family, including TGFB1 and TGFB3 [43].
TGFB1 mRNA was also detected in Bone Marrow MSCs‐derived EVs and in Cord Blood
MSCs‐derived EVs [29].
Our analysis also showed the presence of anti‐inflammatory interleukins such as IL‐37, IL‐19,
and IL‐27. Their expression highlights the beneficial effects of the hGMSCs‐derived EV in the role of
inflammation disorders. Our transcriptomic analysis of hGMSCs‐derived EVs showed the presence
of 12 transcripts (BMP2, BMP4, BMP7, BMP3, BMP8A, BMP8B, BMP6, BMP1, BMP5, BMP10, BMP15,
and AMH) that encode for the family of the Bone Morphogenetic Proteins (BMPs). All these
transcripts, except AMH, BMP10, and BMP15, induce endochondral/intramembranous ossification
and chondrogenesis. Indeed, inducing the differentiation of mesenchymal stem cells towards the
osteoblastic lineage, they are fundamental for maintaining skeletal integrity and bone repair [44–48].
Additionally, in our transcriptome are present Growth Differentiation Factors (GDFs) (GDF2, GDF3,
GDF5, GDF6, GDF10, and GDF11), secreted signaling molecules within the BMP family, that could
be involved in bone and cartilage formation [44]. Diomede et al. showed that EVs derived from both
hGMSCs and hPDLSCs, seeded on different scaffolds, in vitro, are able to promote the osteogenic
differentiation of both hGMSCs and hPDLSCs. Specifically, EVs or polyethylenimine
(PEI)‐engineered EVs (PEI‐EVs), in the presence of scaffolds, increased the osteogenic differentiation
of hGMSCs and hPDLSCs as demonstrated by the increased gene expression of osteogenic markers,
such as RUNX2 and BMP2/4 [49,50]. In detail, the increased gene expression of BMP2/4, found in this
work is in accordance with our transcriptomic analysis and highlights the osteogenetic capacity of
EVs. Also in vivo, the constructs enriched with EVs/PEI‐EVs increased the levels of BMP2/4 in rats
subjected to calvaria defects compared to a scaffold or oral hMSCs alone, thus obtaining the
complete repair of the calvarial defect [49]. Therefore the osteogenetic capacity of EVs, already
demonstrated in the previous studies [49,31], could be related to pro‐osteogenic factors that they
contain, as showed in this work.
Interestingly, the analysis of the hGMSCs‐derived EVs reveals 4 members of Wnt family
(WNT4, WNT11, WNT10B, and WNT16) that encode to Wnt family members. Specifically, they are
involved in bone tissue development by the promotion of the osteoblast differentiation and
activation and as well as the inhibition of osteoblast apoptosis [50,51]. Thus, the presence of these
transcripts in our hGMSCs‐derived EVs highlights their importance in the field of bone
regeneration.
Additionally, in our transcriptome, we found INHA and INHBA that are implicated in the
osteogenesis process. INHA encodes for the α subunit of the inhibins whereas INHBA encodes for
the subunit β. Inhibins are involved in the regulation of different functions such as hypothalamic
and pituitary hormone secretion, gonadal hormone secretion, germ cell development and
maturation, erythroid differentiation, insulin secretion, nerve cell survival, embryonic axial
development, or bone growth, depending on their subunit composition. In particular, it has been
already shown that the overexpression of the Inhibin A increases bone formation stimulating mature
osteoblast activity [52]. Therefore, the presence of this transcript in our hGMSCs‐derived EVs could
demonstrate the possible therapeutic implication of EVs in bone remodeling.
Furthermore, our analysis also identified the presence of 4 proteins belonging to the Vascular
Endothelial Growth Factor (VEGF) family, including VEGF‐A, VEGF‐C, VEGF‐B, and Placental
Growth Factor (PGF). All these proteins are crucial regulators of vascular development during
embryogenesis as well as blood‐vessel formation in the adult [53]. Specifically, VEGF‐A protein,
commonly called VEGF, was the first member to be discovered and plays a key role in angiogenesis
but is also important for bone growth and regeneration [54]. In rats subjected to calvarial defects, the
scaffolds enriched with EVs/PEI‐EVs and hPDLSCs improved also the vascularization process.
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Indeed, the pro‐angiogenic factor VEGF resulted more expressed in the calvaria of the rats grafted
with the scaffold [55]. Therefore, the expression of the pro‐angiogenic factors in our EVs, as
demonstrated in this work, supports the angiogenetic properties of EVs and their possible
therapeutic role in the field of tissue repair. In compliance with our results, Ragni E. et al. showed
that VEGFA mRNA was abundant in EVs from Bone Morrow MSCs and Cord Blood MSCs [29]. A
proteomic study, showed that also EVs isolated from porcine adipose tissue‐derived MSCs are
enriched in VEGF. Moreover, it has also been demonstrated that EVs may not only deliver the VEGF
protein but also upregulate its production in recipient cells [56].
The transcriptomic analysis highlighted also the presence of growth factors (FGF1, FGF2, FGF6,
FGF9, FGF18, FGF23, FGF10, FGF5, FGF13, FGF19, FGF12, FGF7, FGF11, FGF20, FGF4, and FGF14)
belonging to the Fibroblast Growth Factor (FGF) family. FGFs are involved in many biological
processes, including angiogenesis, embryogenesis, differentiation, and proliferation [57].
Specifically, FGF1 and FGF2 are potent angiogenic factors that induce the promotion of endothelial
cell proliferation and the physical organization of endothelial cells into tube‐like structures [58].
Additionally, they are also involved in the expression of osteogenic markers and mineralization,
demonstrating a possible role in bone regeneration [59]. In line with our results, a mRNA
transcriptomic analysis showed that FGF2 and FGF7 were consistently accumulated in Bone Marrow
MSCs‐derived EVs and in Cord Blood MSCs‐derived EVs. In particular, FGF7 was among most
enriched transcripts in both types of EVs [29]. Moreover, exosomes derived from adipose MSCs
were reported to contain FGF1 transcript [60]. Interestingly, other members of this family, such as
FGF6, FGF9, FGF18, and FGF23, show regulatory activity in bone development [61,62]. The
expression of the FGFs in the transcriptomic profile of the hGMSCs‐derived EVs support their
potential for application in regenerative medicine. In addition, the FGFs play also a role in the
nervous system development and maintenance [63]. Specifically, FGF20, FGF14, FGF13, and FGF12
are involved in the regulation of synaptic plasticity and postsynaptic membrane potential, in the
differentiation of the dopaminergic neurons and in regulation of the neuronal action potential as
well as in learning and memory.
Also, Wnt family is involved in the homeostasis of neuron cells, from neurogenesis to neuron
survival [64,65]. In detail, WNT10A takes place in neural crest cell differentiation, WNT3 in the
regulation of neurogenesis [66], WNT2B in forebrain reorganization while WNT8A, WNT9A, and
WNT5B are involved in aspecific neuron differentiation [66,67]. On the other hand, WNT5A and
WNT7A are the best characterized; they regulate the assembly of the excitatory and inhibitory
synapsis, the neurotransmitter secretion, the neuron projection development and the ion
concentration in post‐synaptic neurons [68,67].
The regulation of the nervous system is mediated also by neurotrophins, neurotrophic factor
specialized in the promotion of neuron survival, escaping from programmed neural cell death and
stimulating the neurogenesis. Additionally, they can regulate axonal growth in neurons [69].
Interestingly, the transcriptomic profile of the hGMSCs‐derived EVs reveals NGF, BDNF, NTF3, and
NTF4 that respectively encode for the neurotrophins Nerve Growth Factor (NGF), Brain Derived
Neurotrophic Factor (BDNF), Neurotrophin 3 (NTF3), and Neurotrophin 4 (NTF4). They are
specifically implied in memory, nerve development, axonogenesis and axon guidance, neuronal
survival, proliferation, and negative regulation of apoptosis [70]. NGF, the best characterized
neurotrophin, is mainly involved in the intra‐cellular signal communication from the axon to the cell
body. BDNF is a neurotrophic factor known to promote neural cell proliferation and survival in the
developing human brain [71,72]. BDNF protein expression is especially high in the hippocampus,
but it can also affect the survival and proliferation rate of several neural cells, including the
cerebellar and cortical neurons [71,73]. An in vitro study of scratch‐injured NSC‐34 cells treated with
hGMSCs‐derived CM, the neuroprotective actions of BDNF and NTF3 was evaluated. More than
untreated injured cells, scratch‐injured NSC‐34 cells treated with hGMSCs‐derived CM showed an
increased presence of neurotrophins BDNF and NTF3 [42]. In compliance with our results, this data
demonstrated how hGMSCs‐derived CM or EVs may provide neuroprotection via elevating the
level of BDNF and NTF3. In addition, hGMSCs‐derived EVs profile shows GDNF and PSPN
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transcripts that are neurotrophic factors of the Glial cell line‐derived neurotrophic factor family.
Their role in nervous system development and axon guidance in dopaminergic and motoneurons, as
well as in neuronal survival, differentiation and plasticity, find an implication in neurodegenerative
disease like Parkinson’s disease and amyotrophic lateral sclerosis [74]. Also exosomes derived from
adipose derived MSCs were reported to contain GDNF, BDNF, and NGF transcripts, that may play a
role in the nerve regeneration [60]. NGF and BDNF transcripts were also present in Bone Marrow
MSCs‐derived EVs and in Cord Blood MSCs‐derived EVs [29].
A deep characterization of the transcripts identified in the transcriptome would be important
and, in this context, it would be interesting to evaluate their role and how their lack can affect the
vesicular function or cell fate. Several studies evaluated the role of specific transcripts knocking
down the relative gene in order to evaluate the most important functions. In particular, a study
demonstrated that the knockdown of Wnt4 in human umbilical cord derived MSCs exosomes
inhibited the activation of β‐catenin and skin cell proliferation and migration, reducing the
therapeutic effects in vivo. These data indicated that Wnt4 is the main mediator carried by in human
umbilical cord derived MSCs exosomes for wound healing [75]. Moreover, another work
demonstrated that VEGF mRNA and protein contained inside EVs is the responsible of the
protection in hyperoxic lung injury, indeed VEGF knockout EVs were not able to mediate the
protective effects [76]. These data may indicate that several transcripts may be necessary for EVs to
exert a specific function. However, it is important to notice that EVs’ content is not static and it can
change in response to different cell stimuli, such as differentiation [77,78]. Sun et al. evidenced that
different miRNA were differentially expressed with and without chondrogenic induction [77]. In
addition, their content may vary also during the different stage of osteogenic differentiation, as
demonstrated by Wang et al., that evidenced that the EVs content of miRNA was different between
early and late stages of differentiation and in particular the cargo transferred during the late stage of
differentiation induced osteogenic differentiation [78].
5. Conclusions
The transcriptomic profile of hGMSCs‐derived EVs evidenced that the transcripts belonged to
different protein classes, but also ncRNAs, with important functions in the regulation of gene
expression, were present. Our analysis reveals transcripts that encode for proteins of the
Interleukins, TGF‐β, BMPs, GDFs, Wnt, VEGF, FGF, and neurotrophins families. They are
specifically involved in inflammatory and immune response (interleukins), ossification and bone
mineralization, in neuron development and differentiation, as well as negative regulation of neuron
apoptotic process and in vasculogenesis and regulation of angiogenesis (TGF‐β, BMPs, and GDFs).
Furthermore, osteoblast differentiation and bone mineralization, especially in nervous system
development and maintenance, involves Wnt, and a huge amount of processes—basic or neuronal,
bone or vascular development—involve VEGF, FGF, and neurotrophins. Therefore, our results show
that hGMSCs‐derived EVs could effectively support therapeutic approaches in the field of
regenerative medicine.
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