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Extracellular vesicles from mesenchymal stem cells of dental pulp 
and adipose tissue display distinct transcriptomic characteristics 

suggestive of potential therapeutic targets 
 

Introduction 
 
MSCs are isolated from divergent adult tissues for clinical 
applications to demonstrate promising therapeutic                     
potentials[1, 2]. Many studies suggest that MSCs exert beneficial 
effects via secreted factors including extracellular vesicles 
(EVs)[3, 4]. Whereas MSCs from various tissues share common 
stem cell markers and biological behaviors, they also appear to 
possess unique properties depending on the tissue types they 
originated from[5, 6]. Diversity of MSCs from different tissue 
types may result in various efficacies of MSCs in treating a 
disease of interest[7, 8], and the MSCs with the highest efficacy 
should be chosen for successful stem cell-based therapies[9]. 
Considering the pivotal role of EVs in exerting therapeutic effects 
of MSCs, it is crucial to understand the unique properties of 
MSC-EVs of various tissue types so that MSC-EVs with the most 
desirable properties are chosen for the therapy. MSCs and MSC-
EVs can be characterized by analyzing proteins, microRNAs and 
mRNAs.  
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Abstract 
 
Objective: Mesenchymal stem cells (MSCs) are isolated from various human tissues and used for therapy, in which beneficial effects are 
attributed mainly to mesenchymal stem cell-derived extracellular vesicles (MSC-EVs). Whereas MSCs of diverse tissue types share cardinal 
stem cell features, it is becoming evident that MSCs of each tissue type possess unique properties as well. For designing efficient stem cell-
based therapies, it is crucial to understand the unique properties associated with MSCs and MSC-EVs of each tissue type. Such unique 
properties can be analyzed through transcriptomic approaches using comprehensive gene expression databases and sophisticated analytical 
tools. Here, we comparatively studied the transcriptomes in MSC-EVs of dental pulp and adipose tissue. Additionally, the transcriptomes of 
MSC-EVs were compared with the cellular transcriptomes of MSCs for the same tissue types. 
 
Methods: MSCs were cultured from human dental pulp and adipose tissue specimens. Conditioned culture media were collected to prepare 
MSC-EVs, from which RNAs were isolated and subjected to next-generation sequencing for transcriptomic analysis. Gene expression 
signatures in MSC-EVs of each tissue type were investigated using gene set analysis. 
 
Results: MSC-EVs obtained from dental pulp-derived MSCs showed distinct transcriptomic signatures of neurogenesis and neural retina 
development while MSC-EVs of adipose tissue-derived MSCs showed signatures of mitochondrial activity and skeletal system development. 
The transcriptomes of MSC-EVs resembled the cellular transcriptomes of MSCs, and the genes associated with neurogenesis were highly 
expressed in both MSCs and MSC-EVs of dental pulp. Adipose tissue-derived MSCs and MSC-EVs highly expressed genes associated with 
angiogenesis, hair growth, and dermal matrices.  
 
Conclusion: The clear and distinct signatures of neurogenesis and neural retina development in dental pulp-derived MSC-EVs imply 
neurodegenerative disorders and retinal diseases as putative therapeutic targets. In contrast, the transcripts in adipose tissue-derived MSC-EVs 
could be useful in rejuvenating the skin and musculoskeletal system. Further insights into MSC-EVs of divergent tissue types may expand the 
list of potential therapeutic targets. 

Previously, we chose to analyze mRNAs in MSCs by taking 
advantage of comprehensive transcriptome databases and powerful 
analytical tools. Transcriptomes in MSCs of dental pulp and 
adipose tissue displayed unique transcriptomic characteristics for 
the MSCs of each tissue type[10]. In the current study, we 
investigate whether MSC-EVs of dental pulp and adipose tissue 
show distinct transcriptomes, and whether MSC-EVs and MSCs of 
the same tissue type share the transcriptomic characteristics.  
 
Materials and methods 
 
Cell sources and extracellular vesicle preparation 
 
Human adipose tissues and exfoliated deciduous teeth were 
obtained from healthy donors with written informed consent. 
MSCs were cultured from the tissues to collect conditioned media 
at passage 7. Ninety-six ml of the MSC conditioned media were 
centrifuged  at  2,000 × g  for  10  minutes  and  filtered  through a  
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0.22m pore-sized membrane (Stericup Quick Release Durapore, 
Merck Millipore, MA, USA). The filtrates were ultracentrifuged at 
210,000 × g (35,000 rpm) using a SW41Ti rotor (Beckman Coulter, 
CA, USA) for 70 minutes at 4 °C. The pellets were washed with 11 
ml of PBS by ultracentrifugation at 210,000 × g (35,000 rpm) using 
the SW41Ti rotor for 70 minutes at 4 °C and resuspended in around 
250 μl of PBS. To determine the size distribution of EVs, nanoparticle 
tracking analysis was carried out using the NanoSight system 
(Malvern Instruments, Malvern, UK) on samples diluted 100-fold 
with PBS. The system focuses a laser beam through a suspension of 
the particles of interest. Particles are visualized by light scattering 
using a conventional optical microscope perpendicularly aligned to 
the beam axis, which collects the light scattered from every particle in 
the field of view. A 60-second video records all events for further 
analysis by the nanoparticle tracking analysis software (NTA2.3). The 
Brownian motion of each particle is tracked between frames to 
calculate its size using the Stokes–Einstein equation. Camera gain and 
temperature were set at value 13 and approximately 25 °C, 
respectively. 
 
Immunoblot analysis 
 
The EV protein concentration was determined by Qubit Protein Assay 
Kit (Thermo Fisher Scientific, MA, USA). Equal amounts of EV 
protein were loaded onto 4-15% Mini-PROTEAN TGXTM gels (Bio-
Rad, CA, USA). Following electrophoresis (100 V, 30 mA), the 
proteins were transferred to a polyvinylidene difluoride membrane. 
The membranes were blocked with Blocking One solution (Nacalai 
Tesque, Kyoto, Japan) and then incubated with primary antibodies. 
For the detection of EV markers[11], antibodies specific for CD63 
(clone 8A12; Cosmo Bio, Tokyo, Japan), CD81 (clone 12C4; Cosmo 
Bio), Annexin A2 (clone 5/Annexin II; BD Biosciences, NJ, USA), 
and HSP70 (clone 7/Hsp70; BD Biosciences) were used as primary 
antibodies. After washing, the membrane was incubated with 
horseradish peroxidase-conjugated sheep anti-mouse IgG (Cytiva, 
Tokyo, Japan) and then subjected to enhanced chemiluminescence 
using ImmunoStar LD (Wako, Osaka, Japan). CD63 and CD81 were 
detected under non-reducing conditions. 
 
RNA extraction and next-generation sequencing 
 
Total RNA was extracted from EVs using miRNeasy Mini Kit 
(Qiagen, Hilden, Germany). The extracted RNA was subjected to  
sequencing library construction using NEB Next Ultra II Directional 
RNA Library Prep Kit for Illumina (New England Biolabs, MA, 
USA) with NEB Next rRNA Depletion Kit (Human/Mouse/Rat) 
according to the manufacturer’s protocols. The quality of the libraries 
was assessed using Agilent 2200 TapeStation High Sensitivity D1000 
(Agilent Technologies, CA, USA). The pooled libraries of the 
samples were sequenced using NextSeq 500 (Illumina, CA, USA) in 
76-base-pair single-end reads. Sequencing adaptors, low quality reads, 
and uncalled bases were trimmed with Trimmomatic-0.38 tool[12]. The 
sequence reads were aligned to the Human reference genome (hg38) 
using STAR 2.7.1a[13]. The aligned reads were subjected to 
downstream analyses using StrandNGS 3.4 software (Agilent 
Technologies, CA, USA). The read counts allocated for each gene and 
transcript (Ensembl Genes 2016.12.01) were quantified using a 
Trimmed Mean of M-value (TMM) method[14].  
 
Gene expression data analysis 
 
Gene expression levels were evaluated based on the normalized read 
counts obtained by the next-generation sequencing. Gene expression 
signatures were assessed using gene set enrichment analysis (GSEA) 
and over-representation analysis (ORA) of WebGestalt 
(http://www.webgestalt.org/) by focusing on the biological process 
ontology in the Gene Ontology knowledgebase 
(http://geneontology.org/).  
 

Statistical analysis 
 
Statistical analyses were conducted using R software, developed by 
R Development Core Team at R Foundation for Statistical 
Computing (https://www.r-project.org/). 
 
Results 
 
Characterizing EVs prepared from stem cell conditioned media 
 
EVs were prepared from the conditioned culture media of dental 
pulp-derived human MSCs (DP-hMSCs) and adipose tissue-derived 
human MSCs (A-hMSCs), and characterized regarding their particle 
counts and size distributions (Figure 1A). The particle counts for DP-
hMSCs-derived EVs (DP-EVs) and A-hMSCs-derived EVs (A-EVs) 
were determined to be 1.30 x1011 particles/ml and                         
1.01 x1011 particles/ml, respectively. The particle sizes were peaked 
at 83 nm for DP-EVs and 102 nm for A-EVs. Immunoblotting 
analysis revealed the presence of conventional EV marker proteins 
CD63, CD81, ANXA2, and HSP70 in both DP-EVs and A-EVs, 
whereas HSP70 was less in A-EVs (Figure 1B). The data indicate the 
successful isolation of EVs from the conditioned culture media of 
hMSCs by ultracentrifugation method. Furthermore, the 
reproducibility of the method was evidenced by the constant 
detection of high levels of CD63 protein using ELISA and 
ExoScreen in multiple batches of EV preparations (data not shown).  

 
 
 

Figure 1:  Characterization of EVs derived from DP-hMSCs and A-hMSCs 
(A) Particles in conditioned culture media of DP-hMSCs (left) and A-hMSCs 

(right) were analyzed using NanoSight. Black lines indicate particle size 
distributions. Gray lines indicate accumulated counts. 

(B) EVs derived from DP-hMSCs (DP) and A-hMSCs (A) were analyzed via 
immunoblot analysis using antibodies against conventional EV markers; 

CD63, CD81, ANXA2 and HSP70. A 200 ng sample of EV proteins was used 
for the detection of CD63 and CD81. ANXA2 and HSP70 were detected using 

500 ng of EV proteins. 
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Transcripts in MSC-EVs of different tissue types 
 
RNAs were isolated from DP-EVs and A-EVs and subjected to next-
generation sequencing. Transcripts for 12,112 genes were identified 
commonly in both of DP-EVs and A-EVs while those for 1,220 and 
1,387 genes were identified exclusively in DP-EVs and A-EVs, 
respectively (Figure 2, left). In total, transcripts for 14,719 genes were 
identified either in DP-EVs, A-EVs, or both. For analyzing gene 
expression signatures, 1,195 genes with the lowest expression values 
(normalized read counts for DP-EVs and A-EVs combined were two 
or less) were removed and the remaining 13,524 genes were subjected 
to GSEA (Figure 2, right). Genes expressed exclusively in DP-EVs 
(759 genes) or A-EVs (707 genes) were subjected to ORA.  

 
 

Figure 2:  Numbers of expressed genes in EVs 
Numbers of genes, of which transcripts were identified in EVs of DP-hMSCs 

(DP) or A-hMSCs (A), are shown. The diagram on the left shows the numbers 
of all genes identified by next-generation sequencing. The diagram on the right 

shows the numbers of genes that were identified with the normalized read 
counts of three or more. 

 
 
 
GSEA demonstrated that DP-EVs are characterized by the signatures 
of neural activity, negative chemotaxis, and cardiovascular 
development (Figure 3A, blue bars). Signatures of translation and 
mitochondrial activity were associated with A-EVs (Figure 3A, 
orange bars). ORA demonstrated signatures of neurogenesis in DP-
EVs, consistent with the GSEA results, with particular emphasis on 
retina and eye morphogenesis (Figure 3B). Signatures of skeletal 
system development were evident in A-EVs (Figure 3C).  
 
 
Comparing transcriptomes of MSC-EVs and hMSCs 
 
Since MSC-EVs are generated and released from hMSCs, the 
transcriptome of MSC-EVs may resemble that of the hMSCs. To 
determine whether this is the case, transcriptomes of MSC-EVs and 
hMSCs were compared. Previously, we identified 3,760 genes 
differentially expressed between DP-hMSCs and A-hMSCs [10]. 
Among the 3,760 genes, 3,010 were identified also in the current 
analysis on MSC-EVs. Using those 3,010 genes, relative expression 
values between DP-EVs and A-EVs were compared with those 
between DP-hMSCs and A-hMSCs. As shown in Figure 4A, the 
relative expression values for MSC-EVs positively correlated with 
those for hMSCs, indicating the transcriptomic similarity between 
MSC-EVs and hMSCs.  
 
We further examined whether signature genes that characterize DP-
hMSCs and A-hMSCs are preferentially expressed in DP-EVs and A-
EVs, respectively. In the previous study, DP-hMSCs showed distinct 
gene expression signatures of neurogenesis with 18 signature genes 
that encode secreted factors. A-hMSCs, on the other hand, 
demonstrated gene expression signatures of angiogenesis with 26 
signature genes that encode secreted factors[10]. 
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Figure 3: Gene ontology terms characterizing DP-EVs and A-EVs 
Transcriptomic signatures in DP-EVs and A-EVs were identified by gene set 
analyses. (A) GSEA identified gene ontology terms associated with DP-EVs 

and A-EVs. Values represent normalized enrichment scores significantly 
higher in DP-EVs (blue bars) or A-EVs (orange bars); FDR ≤ 0.05. (B, C) 
ORA identified gene ontology terms significantly enriched in DP-EVs (B) 

and A-EVs (C). Values represent enrichment ratios; FDR ≤ 0.05. 
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Figure 4: Gene expression profiles in hMSCs and MSC-EVs 

(A) The relative expression values between DP-EVs and A-EVs, log2([DP-EVs] 
/ [A-EVs]), were plotted against the relative expression values between DP-
hMSCs and A-hMSCs, log2([DP-hMSCs] / [A-hMSCs]), for 3,010 genes that 
were differentially expressed between DP-hMSCs and A-hMSCs. The values 

for MSC-EVs and hMSCs showed a positive correlation (coefficient = 0.52, P 
< 2.2 x10-16).  (B) The relative expression values were plotted for 18 DP-

hMSCs signature genes (open circle) and 26 A-hMSCs signature genes (open 
triangle) shown in Figure 5. The values for MSC-EVs and hMSCs displayed a 

positive correlation (coefficient = 0.60, P = 1.1 x10-5). 

 
In the current study on MSC-EVs, most of the 18 DP-hMSCs 
signature genes of neurogenesis were higher in DP-EVs than in A-
EVs (Figure 5, blue), and many of the 26 A-hMSCs signature genes 
of angiogenesis were higher in A-EVs than in DP-EVs (Figure 5, 
yellow). The relative expression values of these signature genes 
positively correlated between MSC-EVs and hMSCs to further 
illustrate their transcriptomic similarity (Figure 4B). Additionally, 
genes associated with hair growth and dermal matrices, known to be 
expressed in A-hMSCs, were highly expressed in A-EVs as well 
(Figure 6).  
 

 
 

 
 

Figure 6: Transcripts in EVs for hair growth factors and dermal matrices 
Numbers represent normalized read counts (in log scale), which indicate 
expression levels of genes encoding hair growth factors (left) and dermal 

matrices (right) in DP-EVs (DP) and A-EVs (A). 
 
 
Discussion 
 
Recent studies have started to reveal the tissue-specific 
characteristics for MSC-EVs[15, 16]. Our current study sought to 
investigate the MSC-EVs of dental pulp and adipose tissue, and 
demonstrated that they possess distinct transcriptomic characteristics 
indicative of their potential therapeutic targets. Most evidently,                
DP-EVs revealed distinct transcriptomic signatures of neurogenesis 
and neural functions just like DP-hMSCs. This may suggest that DP-
EVs and DP-hMSCs are suitable for treating disorders that require 
regeneration or improved functions of neural system such as 
Alzheimer's and Parkinson's diseases. These diseases are associated 
with dysfunction in brain-derived neurotrophic factor (BDNF) 
signaling pathway. Our studies have demonstrated that BDNF is 
highly expressed in DP-hMSCs[10] and DP-EVs (Figure 5, left). It is 
tempting to speculate that BDNF, abundant in DP-EVs, can 
ameliorate the neurodegenerative disorders[17]. Besides, strong 
signatures of neural retina development in DP-EVs may imply its 
potential in treating retinal diseases. Most of the angiogenesis 
signature genes for A-hMSCs were also expressed highly in A-EVs 
(Figure 5, right). Among them, SFRP have been suggested for its 
potential in treating myocardial infarction[18] and muscle atrophy[19].  
 
The transcriptomic similarity between MSC-EVs and MSCs of the 
same tissue type was evident in the current study. This finding 
suggests the potential utility of MSC-EVs in replacing some of the 
therapeutic applications of MSCs. MSC-EVs can be an attractive 
alternative due to its low risk for embolism or rejection. We have 
been using the EVs-rich hMSCs conditioned media, StemSup Ⓡ 
(Biotherapy Institute of Japan, Tokyo, Japan), in clinical settings to 
observe promising outcomes. Many patients treated with conditioned 
media of DP-hMSCs, which are rich with DP-EVs, have been 
experiencing improved eyesight, better sleep quality, and 
amelioration of numbness or pain on the limbs. A-hMSCs 
conditioned media, which are rich with A-EVs, have been used 
successfully for treating androgenetic alopecia and skin aging.  
 
MSC-EVs have promising potential for treating various disorders. 
Novel therapeutic strategies for hard-to-treat disorders can be 
designed by understanding unique properties of MSC-EVs 
originated from various tissue types so that MSC-EVs with the most 
suitable characteristics are chosen for targeting the disease.  
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Figure 5: Signature genes 
characterizing DP-hMSCs 
and A-hMSCs 

Numbers in the ‘hMSCs’ 
columns represent log2 

ratios for the mRNA levels 
in DP-hMSCs vs. A-hMSCs. 
Positive values (blue shade) 

indicate higher levels in 
DP-hMSCs than in A-

hMSCs. Negative values 
(yellow shade) indicate 

higher levels in A-hMSCs 
than in DP-hMSCs. 

Numbers in the ‘EVs’ 
columns represent log2 

ratios for the mRNA levels 
in DP-EVs vs. A-EVs. 

Positive values (blue shade) 
indicate higher levels in 
DP-EVs than in A-EVs. 
Negative values (yellow 

shade) indicate higher levels 
in A-DVs than in DP-

hMSCs. 
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List of Abbreviations 
 
MSCs:   Mesenchymal Stem Cells 
DP-hMSCs:  Dental Pulp-Derived human Mesenchymal Stem Cells 
A-hMSCs:  Adipose Tissue-Derived human Mesenchymal Stem Cells 
EVs:   Extracellular Vesicles 
MSC-EVs:  Mesenchymal Stem Cell-Derived Extracellular Vesicles 
DP-EVs:   Dental Pulp-Derived human Mesenchymal Stem Cells-Derived Extracellular Vesicles 
A-EVs:   Adipose Tissue-Derived human Mesenchymal Stem Cells-Derived Extracellular Vesicles 
GSEA:   Gene Set Enrichment Analysis 
ORA:   Over-Representation Analysis 
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