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Abstract Mesenchymal stem cells (MSCs) are a class of pluripotent cells that can release a large 

number of exosomes which act as paracrine mediators in tumor associated microenvironment. 

However, the role of MSC-derived exosomes in pathogenesis and progression of cancer cells 

especially osteosarcoma has not yet been thoroughly clarified until now. In this study, we 

established a co-culture model for human bone marrow derived MSCs with osteosarcoma U2OS 

and MG63 cells, then extraction of exosomes from induced MSCs and study the role of 

MSC-derived exosomes in the progression of osteosarcoma cell. It was the aim of this study to 

address potential cell biological effects between MSCs and osteosarcoma cell. we found that 

MSC-derived exosomes can significantly promote osteosarcoma cells proliferation and invasion. 

we also found that miR-21-5p were significantly overexpressed in human bone marrow MSCs and 

MSC-derived exosomes compared with that of human fetal osteoblastic cell line hFOB1.19 by 

using quantitative realtime polymerase chain reaction (qRT-PCR). Proliferation and invasion of 

osteosarcoma cells U2OS and MG63 were significantly enhanced by MSC-derived exosomes that 

were transfected with miR-21-5p. Bioinformatics analysis and dual‐luciferase reporter gene assays 

validated the targeted relationship between exosomal miR‐21-5p and PIK3R1. Furthermore, we 

demonstrated that miR-21-5p-abundant exosomes derived human bone marrow MSCs could 

activate PI3K/Akt/mTOR pathway by suppressing PIK3R1 expression in osteosarcoma cells 

U2OS and MG63. In conclusion, Our findings provide new insight into the interaction between 

MSCs and osteosarcoma cells in tumor associated microenvironment. Notably, the use of a 

miR-21-5p inhibitor has an excellent restraining effect on osteosarcoma proliferation and invasion, 

which provides therapeutic potential for osteosarcoma in future clinical medicine. 
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Introduction 

Osteosarcoma (OS) is the most common primary malignant bone cancer in children and 

adolescents. Recurrence and metastasis are the main reasons for the unsatisfactory treatment of 

OS[1]. However, the mechanism of proliferation and invasion of OS is still not clear.  

As we all know, the biological behavior of tumor is not entirely determined by tumor cells alone, 

and stromal cell in tumor associated microenvironment act on tumor cells to promote tumor 

proliferation and invasion, which has become more and more concerned. As a non-tumor cell, 

Mesenchymal stem cells (MSCs) may participate in the processes of OS proliferation and invasion 



in OS associated microenvironment[2]. MSCs are a kind of non-hematopoietic progenitor cells 

with multipotent and self-renewable abilities that reside in many tissues such as bone marrow, 

umbilical cord, adipose tissue, and placenta tissue, where they are involved in maintenance and 

regeneration of surrounded tissues[3-6]. Because MSCs have biological characteristics of 

migration to cancer site where they participate in the formation of tumor associated 

microenvironment, MSCs have always been studied in the field of cancer pathogenesis and cancer 

therapy[7, 8]. MSCs not only provide the microenvironment for cancer cells, but also enhance 

cancer progression and invasion[9]. It has been found that the aneuploidy and genomic loss can 

transform MSCs into OS cells, indicating that OS cells may originate from bone marrow 

MSCs[10]. Studying the role of MSCs in OS proliferation and invasion is of great significance to 

elucidate the mechanism of OS progression. 

Classically, MSCs play its role mainly through cell contact-dependent mechanisms and soluble 

factors[11]. However, more and more studies have found that MSCs could release large amounts 

of exosomes through paracrine mechanism, which can change the microenvironment around target 

cells, thus regulating the biological functions of cell proliferation, differentiation, apoptosis[12-14]. 

Exosomes carry a variety of types of RNA, DNA, protein and other signal molecules of donor 

cells[15]. Its main biological function is to transmit the signal molecules to recipient cells, thus 

forming the information exchange and transmission between cells[16]. Exosomes participate in 

the pathological process of various diseases, including cancer[17]. 

In previous studies, we found that MSC-exosomes enhance the proliferation of OS cells, but we 

have not yet elucidated the specific molecular biological mechanism. Recently, it has been found 

that the expression of miRNA-21-5p increased during the osteogenic differentiation of MSCs[18]. 

MiRNA-21-5p is recognized as an oncogene that can promote the proliferation and invasion of 

cancer[19]. Here, we found MSC-exosomes may possess abundant miR-21-5p to further influence 

the biological properties of OS, and the exosomes protect RNA-21-5p from RNase degradation in 

OS associated microenvironment. Bioinformatics prediction found that PIK3R1 is the target gene 

of miR-21-5p and is also responsible for encoding an important regulatory subunit (p85α) of 

Phosphatidylinositol 3-Kinases(PI3K), PI3K form heterodimeric protein complexes composed of a 

catalytic p110 subunit encoded by the PIK3CA and a p85 regulatory subunit[20, 21]. The PIK3CA 

oncogene carrying a hotspot mutation exerts an oncogenic activity, on the contrary, the PIK3R1 

appears to play a tumor suppressor role because PI3K subunit p85α regulates and stabilizes 

p110[21-23].P85-type also have other two subunits: PIK3R2 and PIK3R3. PIK3R1 and PIK3R2 

are broadly expressed in tissues, whereas PIK3R3 is selectively expressed in adult testis and the 

brain[24]. Classically, p85a and p85b have been considered to be similar proteins that associate 

with activated receptor tyrosine kinases (RTK) that induce PI3K activation, however, 

PIK3R1(p85α) is the most abundant isoform in normal tissues but its expression is reduced in 
cancer, which has a tumor-suppressor function[24]. Conversely, PIK3R2/p85β expression levels 
are elevated in cancer which is regarded as a tumor driver[25-27]. Physiological activation of 

PI3K is induced by binding of p85 to activated receptor tyrosine kinases (RTKs)[28]. 

PI3K/Akt/mTOR is one of the signaling pathways closely related to apoptosis and cell 

proliferation, which is usually highly activated in OS[29].In this study, we hypothesized that 

miR‐21-5p-abundant MSC-exosomes might participate in OS cell proliferation and invasion 

through activated PI3K/Akt/mTOR signaling pathway, and miR-21-5p expression in 

MSC-exosomes may serve as a therapeutic target for OS in the future.  



 

Materials and Methods 

Cell culture 

Human U2OS and MG63 cell line (purchased from Cell Bank, Chi Scientific, Inc) were cultured 

in DMEM with 10% fetal bovine serum, 1% penicillin-streptomycin. All cells cultured in an 

incubator with a humidify atmosphere of 5% CO2 at 37℃ . Primary human MSCs were isolated 

from bone marrow of the patient who have been diagnosed as OS and were adhere-wall cultured 

to isolation, it has been detailedly described as our previous reported[30]. All patients agreed 

voluntarily to participate in the study which was approved by the ethics committee of Lanzhou 

university second hospital (Lanzhou, china). Isolated MSCs were co-cultured with OS, and 

induced MSCs were culutred in complete DMEM/F12 supplemented with 10% exosome-depleted 

fetal bovine serum and 1% penicillin-streptomycin. When wall-adhered MSCs reached 80% 

confluence, culture supernatants from MSCs was harvested. The 3rd passage of MSCs was 

collected for in-vitro phenotype analysis. 

Identification of MSCs and MSC-derived exosomes 

Cellular surface antigens of MSCs were examined with flow-cytometry and it has been detailedly 

described in previous experiment[31]. The osteogenic and adipogenic differentiation of MSCs 

were further performed by using the differentiation media and detected by Oil red O staining and 

Alizarin red staining(Cyagen Bioscience,Inc.). Cellular surface antigens were examined with 

flow-cytometry of MSCs for CD19, CD29, CD90, CD44, CD73, CD105 and CD133 markers,  

MSC-exosomes were purified according to the exosome extraction protocol[32]. In brief, cell 

culture supernatants were centrifuged at 300 ×g for 10 min to remove cells, 2000 ×g for 10 min to 

remove dead cells, and then 10, 000 ×g for 30 min to remove cell debris, and the supernatant was 

kept for the next step ultracentrifugation. After the two 100, 000 ×g ultracentrifugations for 70min, 

pellets (exosomes) are kept, and supernatants are discarded. All centrifugations should be 

performed at 4°C. The aliquots were passed through 0.22-μm filters, the pellet was carefully 
resuspended in PBS and used immediately or stored at -80°C. Purified exosomes were negatively 

stained with uranyl acetate by means of floating method, and observed by transmission electron 

microscopy. 

Co-culture experiments 

MSCs were inoculated at 6-well plate with a density of 1 × 10
4
 cells/cm

2
, and OS cells seeded in 

6-well chambers with 0.4 μm polycarbonate membrane pores. The membrane was permeable, and 

cells could not pass through the membrane, but the cytokines secreted by cells could pass through. 

Cells were co-culture for 2 weeks, then induced MSCs were collected for further experiments. 

Choice of differentially expressed miRNAs list using heat map analysis 

We obtained the microarray date from Gene Expression Omnibus (GEO, 

http://www.ncbi.nlm.nih.gov/geo/), and the GEO accession No. are GSE58027 and GSE89930. 

The heat map of the miRNAs most obvious differences was created using a method of hierarchical 

clustering by GeneSpring GX, version 7.3 (Agilent Technologies, Santa Clara, CA, USA)[33]. 

Data mining in Oncomine database 

The Oncomine database (https ://www.oncom ine.org/resou rce/login.html) is a publicly accessible, 

online cancer microarray database that helps facilitate research from genome-wide expression 

analysis[34]. We used the Oncomine database to determine the transcription level of the PIK3R1 

gene in sarcoma by retrieving expression levels of PIK3R1 mRNA (log2-transformed) in sarcoma 



vs normal tissues for statistical comparison. 

PKH26-labeled exosome and confocal microscopy 

MSC-derived exosomes were labeled by PKH26 and OS cells nuclei were labeled with 

4’,6-diamidino-2-phenylindole (DAPI) and observed the process of OS cells uptake of exosome 

under Nikon Eclipse 80i confocal fluorescence microscopy.  

Cell proliferation assays 

After reaching 80% confluence, OS cells were seeded into 96 well plates (100μL/well) at a density 

of 6 × 10
3
 cells per well.Cell growth was measured with 10μL cell counting kit  (ZP328; 

ZOMANBIO, China) according to the manufacturer’s instruction. Absorbance was read at 450 nm 

using a microplate reader (Tecan Infinite 200 Pro, Shanghai, China). OS cells labeled with CFSE，

then OS cells were co-cultured with different culture medium according to the needs of the 

experiment. OS cells were collected at 24 and 48 hrs and detected by flow cytometry (Becton 

Dickinson, US) according to the manufacturer’s instruction. 

wound-healing assay 

OS cells were seeded in a 6-well plate at 1×10
5
 cells per well and incubated at 37℃ in a 

humidified environment containing 5% CO2. When cells were grown to 90% confluence, 

monolayers were wounded by a sterile 10μL plastic micropipette tip, washed, and added different 

culture medium according to the needs of the experiment. the width of the scratch gap is viewed 

under the microscope and photographed. 

Transwell invasion assay 

OS cell invasion experiments were conducted using 24-well chambers with 8.0-μm PET 
membrane pores (Corning Incorporated). The number of cells invading through the membrane 

was counted in 10 fields/well using an Olympus inverted microscope[35]. 

Luciferase reporter assays 

OS cells were transfected with different combinations of miR-21-5p mimics/inhibitor or the 

control sequence , psiCHECK-2-PIK3R1 3’UTR-WT and psiCHECK-2-PIK3R1 3’UTR-Mut for 

48 hr. The relative luciferase activities were evaluated using the Dual-Luciferase Reporter Assay 

Kit (Promega Corporation, Madison, WI, USA)[36]. 

RNA extraction and real-time PCR analysis 

RNA extraction and real-time PCR analysis were performed as described previously[37]. For 

microRNA quantification, total RNA was reverse‐transcribed by the TaqMan MicroRNA Reverse 
Transcription (RT) Kit (Applied Biosystems, Foster City, CA) and then subjected to Taqman 

miRNA assay (Applied Biosystems) according to the manufacturer’s protocol. MiR-21-5p RT: 

5′-CTCAACTGGTGTCGTGGAGTCGGCACTGCATACGACTCAACATC-3′. U6 was used as 

the internal reference for qRT-PCR. The primer sequences are shown in Table 1.  

Table 1 The primer sequences for RT-qPCR 

Gene Sequence 

miR-21-5p Forward primer:5′-ACACTCCAGCTGGGTAGCTTATCAGACTGA-3′ 
Reverse primer:5′-TGGTGTCGTGGAGTCG-3′ 

PIK3R1 Forward primer:5′-CGTTTTGGCTGACGCTTTCA-3′ 
Reverse primer:5′-GTCCCGTCTGCTGTATCTCG-3′ 

U6 Forward primer:5′-CTCGCTTCGGCAGCACA-3′ 
Reverse primer:5′-AACGCTTCACGAATTTG CGT-3′ 

 



Western blotting 

Cell lysates were obtained with RIPA lysis buffer (Thermo Fisher Scientific). Protein extraction 

and western blotting were performed as described previously[38]. The following antibodies were 

used according to the manufacturer’s instructions: Calreticulin (CST, Danvers, MA, USA), CD63 

(CST). Specific protein bands were detected using the Chemiluminescent Substrate System 

(Thermo Fisher Scientific). Proteins were detected using specific antibodies (Abcam, Inc. 

Shanghai, China). β-actin (Sigma-Aldrich Co, St Louis, MO, USA) was used as a loading control. 

Statistical analyses  

Data were presented as mean ± standard errors of the means and statistical analyses were 

performed with IBM SPSS Statistics 21 software and GraphPad Prism 5.0 software. P-values < 

0.05 were considered to be statistically significant. All experiments were performed using at least 

three independent experiments. 

Result 

MSCs and MSC-derived exosomes Characterization 

MSCs from bone marrow of patients diagnosed with OS began to adhere to the wall after 

inoculation 24 hours, and after 2-3 passages MSCs display a fibroblast-like, spindle shaped 

morphology (Fig.1A), MSCs expressed CD29, CD90, CD44, CD73 and CD105 markers, while 

they were negative for CD19 and CD133 (Fig.1B). After 1-2 weeks of osteogenic and lipogenic 

induction, MSCs differentiated into osteocytes and adipocytes which were detected by alizarin red 

S staining and oil red O staining (Fig.1C). Substantial amounts of MSC- derived exosomes from 

culture supernatant have been demonstrated by transmission electron microscopy as typical small 

round nanoparticles with a diameter ranging from 40 to 80 nm(Fig. 1D). MSC-derived exosomes 

express primarily surface marker CD63, Calreticulin, an intracellular contaminant, was negatively express 

(Fig. 1E).    

 



Fig.1 Characterizations of human bone marrow MSCs and MSC-derived exosomes. (A)The cell morphology of 

human bone marrow MSCs was observed at 3rd passage ; grew as a fibroblast-like, spindle shaped morphology of 

cells were represented under light microscope. (B) Human bone marrow MSCs phenotypes detected by FACS 

analysis, showing positive expression of CD29, CD90, CD44, CD73 and CD105 markers, while they were 

negative for CD19 and CD133. (C) Oil red O staining showed that a small amount of lipid droplets in MSCs 

display bright red under microscope, and a large number of orange red calcium deposits were observed after 

alizarin red S staining. (D) Transmission electron microscopy images of exosomes derived from MSCs revealed 

typical small round nanoparticles with a diameter ranging from 40 to 80 nm. The scale bars indicate 100 nm. (E) 

Exosomal positive markers CD63 was detected in hBMSC-derived and hFOB1.19 cell-derived exosomes using 

western blot, whereas negative marker calreticulin was not. 

Characterization of exosome internalization by OS cells 

To investigated whether MSC-derived exosomes was internalized by OS cells, we used the 

fluorescent dye, PKH26, to labeled MSC-derived exosomes, and OS cell nuclei were dyed by 

DAPI. Under the confocal laser microscope, most of OS cells could see red fluorescence signal, 

the fluorescent exosomes are mainly located in the cytoplasm of OS cells (U2OS and MG63). For 

excluding the PKH26 dye contamination in OS cells, exosome-free supernatant was also dyed by 

PKH26 and no red fluorescence was detected when OS cells (U2OS and MG63) were treated with 

this control medium(Fig.2). 

 

Fig.2 Uptake of hBMSC-exosomes by U2OS and MG63. MSC-derived exosomes were labeled with PKH26 

(red) for 4 minutes at room temperature(B,H), exosome-free supernatant was also dyed by PKH26 as a 

negative control (E,K). U2OS and MG63 were incubated with absence (control) or presence of labeled 



exosomes for 24 hours, U2OS and MG63 were stained using DAPI (A,D,G,J). PKH26-labelled exosomes have 

been internalized by U2OS and MG63 imaging with confocal fluorescence microscopy(original magnification, 

×100)(C,I). 

 

MSC-derived exosomes promote OS cells proliferation and invasion 

In order to investigate the effect of MSC-derived exosomes on the proliferation of OS cells (U2OS, 

MG63) in vitro, OS Cells were measured at 24, 48 and 72hr after MSC-derived exosomes and 

MSC-GW4869 (blockade of exosome generation) treatment. The CCK-8 assay showed that 

compare with normal group (untreated group), the proliferation rates of both U2OS and MG63 

cells were higher after MSC-derived exosomes treatment for 72 hrs (P<0.05, Fig.3A). Therefore, 

it is suggested that MSC-derived exosomes increased OS cells proliferation. These results were 

further validated by CFSE fluorescence labeling system. After 72 hrs of co-culture, the 

proliferation of OS cells (U2OS, MG63) was evaluated by CFSE fluorescence labeling system. 

The results showed that: the proportions of U2OS and MG63 proliferation in normal group were 

separately (65.72 ± 1.33, 62.6 ± 1.41)%, in MSC-Exo group were (89.64 ± 2.14, 93.40 ± 1.75)%, 

in MSC-GW4869 group were (54.95 ±4.39, 62.8 ± 4.75)%. There were statistical differences 

between MSC-Exo group and normal group (P<0.05), while there were no difference between 

MSC-GW4869 group and normal group ((P>0.05, Fig.3B). Scratch wound healing assay were 

conducted to evaluate the effect of MSC-derived exosomes on the invasive abilities of U2OS and 

MG63. Although no obvious differences were observed between MSC-GW4869 groups and 

normal groups at 48hours, the rate of wound healing in U2OS and MG63 were significantly 

accelerated in the MSC-Exo groups at 24, 48 hr (P<0.001 ,Fig.3 C). These results were further 

validated by Transwell assays. Compared with MSC-GW4869 groups and normal groups, the 

number of transmigrated U2OS and MG63 were significantly increased 1.283- and 1.187-fold, 

respectively, after co-culture with MSC-derived exosomes for 24 hours (P<0.05 , Fig.3 D). To 

study the protein changes of proliferation and apoptosis of U2OS and MG63, Western blot 

analysis found compared with MSC-GW4869 and normal group, MSC-derived exosomes can 

up-regulate the expression of Bcl-2 in U2OS and MG63, while the expression of Bax were 

down-regulated. These results indicated that MSC-derived exosomes can effectively promote OS 

cells invasion and proliferation.  



 

Fig.3 MSC-derived exosomes promote OS cells proliferation and invasion in vitro. (A)U2OS and MG63 were re-

spectively co-cultured with MSC-derived exosomes and MSC- GW4869 for 24, 48 and 72 hours and then 

subjected to CCK-8 analyses. Compare with normal group (untreated group), the proliferation rates of both U2OS 

and MG63 cells were higher after MSC-derived exosomes treatment at 72 hours (P<0.05), whereas there were no 

significant difference between MSC-GW4869 group and normal group (P>0.05). (B)From CFSE fluorescence 

labeling system, the proportions of U2OS and MG63 proliferation in normal group were separately (65.72 ± 1.33, 

62.6 ± 1.41)%, in MSC-Exo group were (89.64 ± 2.14, 93.40 ± 1.75)%, in MSC-GW4869 group were (54.95 

±4.39, 62.8 ± 4.75)%. There were statistical differences between MSC-Exo group and normal group (P<0.001), 

while there were no difference between MSC-GW4869 group and normal group ((P>0.05).(C)Scratch wound 

healing assay test of interfering MSC-derived exosomes group, interfering MSC-GW4869 group and normal group 

at 24 and 48 hours. The wound healing assay demonstrated a stronger migration ability of U2OS and MG63 in 

interfering MSC-derived exosomes group. Compared with the normal group and interfering MSC-GW4869 group, 

there were significant differences in percentage of wound closed at 24 and 48hours (P <0.001),a weaker migration 

ability of cells in MSC-GW4869 group and normal group.(D)After 24 hours the number of U2OS and MG63 

migrated to the lower chamber of the 8 μm pore-sized membrane were analyzed by taking photos and counting the 

number of cells per visual field. Compared with MSC-GW4869 groups and normal groups, the number of U2OS 

and MG63 were significantly increased 1.283- and 1.187-fold, respectively.(P<0.05). (E)The protein levels of 

Bcl-2 and Bax in U2OS and MG63 cells of various groups which were evaluated by Western blot.Quantitative data 

from three independent experiments are shown as the mean ± SD (error bars). *P < 0.05, ***P < 0.001. (Student’s 



t-test) 

Bioinformatics prediction of exosomal miR-21-5p and targeting gene PIK3R1 

After co-culture of MSC-derived exosomes with OS cell, the proliferation and invasion of OS 

cells increased. We predict that MSC-derived exosomes, as biological vehicle, play a vital role in 

interaction between MSCs and OS. To further study the different expression of miRNA (miR) in 

MSC-derived exosomes, The miRNA profiling by array are available in the Gene Expression 

Omnibus (GEO) database(login No.GSE58027,GEO, (http://www.ncbi.nlm.nih.gov/geo/) . 

Compared with adult fibroblasts cells (AFB), miR-21-5p exhibited highly up-regulated expression 

in MSC-derived exosomes and MSCs (Fig.4A left). From Gene Expression Omnibus (GEO) 

database (login No. GSE89930), we also found miR-21-5p highly expression between OS 

cells(Fig.4A right). miR-21-5p plays the role of oncogene in human cancers[19], according to the 

prediction of miranda, targetscan, encori and pictar, we found there was a miR-21-5p binding site 

in the 3'noncoding region of PIK3R1 mRNA (Fig.4B). Pan-Cancer analysis from encori database 

found there was highly negative correlation between miR-21-5p and PIK3R1 in sarcoma (Person 

r=-0.443, P=5.31E-14; y=-0.4503X+10.7515) (Fig.4C).  

 
Fig.4 miRNA expression in human MSC and OS cells. (A) Microarray data obtained from the Gene Expression 

Omnibus database (Accession No. GSE58027, GSE89930). Heat map shows significant upexpression of 

miR-21-5p in MSCs, MSC-Exo and OS. (blue represents low expression, red represents high expression and black 

indicates no significant change in gene expression. A color change from blue to red indicates upregulation and a 

color change from red to blue indicates downregulation). (B) Schematic diagram of the miR-21-5p binding site on 

PIK3R1, bioinformatics analysis using miranda, targetscan, encori and pictar indicated that the 3'UTR of PIK3R1 

mRNA contains a complementary site for the seed region of miR-21-5p. (C) Pan-Cancer analysis found there was 

highly negative correlation between miR-21-5p and PIK3R1 in sarcoma. 

 

Down-regulation of PIK3R1 mRNA expression in human sarcoma and high-regulated 

expression of miR-21-5p in MSC-derived exosomes and OS cells 

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE85871�


We analysed the expression of PIK3R1 in human different sarcomas using Oncomine database. 

cancer vs normal samples in different patient datasets revealed that PIK3R1 expression was 

significantly lower in pleomorphic myxofibrosarcoma, myxofibrosarcoma, myxoid/round cell 

liposarcoma, leiomyosarcoma, and malignant fibrous histiocytoma (Fig.5A).  

To determine whether MSC-derived exosomes contributed to aberrant expression of miR-21-5p, 

we perform qRT-PCR to verification. The results indicated that the expression of MSCs and 

MSC-derived exosomes’ miR-21-5p were significantly higher than that of hFOB1.19 cell (P < 

0.05) (Fig. 5B). On the other hand, we use qRT-PCR to detection of miR-21-5p expression in 

U2OS and MG‐63. After co-culture with MSC-exosomes and MSC-GW8469 for 48 hrs, the 

miR-21-5p expression were correspondingly changed in U2OS and MG63.Compared with the 

normal group (OS cells without treatment), the expression of miR-21-5p in U2OS and MG63 were 

significantly upregulated after co-culture with MSC-derived exosomes. Moreover, the expression 

of miR-21-5p in the MSC-GW8469 group have no statistical difference compared with the 

expression in normal group(Fig.5C). These results indicated that miR-21-5p expression in OS can 

be effectively modulated through MSC-derived exosomes. 

 

Fig.5 The expression of PIK3R1 are downregulated in human sarcomas and the expression of miR‐21 -5p are 

upregulated in MSCs, MSC-derived exosomes and OS cells. (A) Analysis of PIK3R1gene expressions in different 

subtypes of sarcomas using the Oncomine database. Box plot derived from gene expression data in the Oncomine 

database comparing the expressions of PIK3R1 between normal tissues and cancer tissues in different subtypes of 

sarcomas, pleomorphic myxofibrosarcoma, myxofibrosarcoma, myxoid/round cell liposarcoma, leiomyosarcoma, 

and malignant fibrous histiocytoma.(B) The expression of miR‐21 -5p in MSCs, hFOB1.19 and their purified 

exosomes examined by RT-qPCR. (C) The expression of miR-21-5p in U2OS and MG63 transfected with 

MSC-derived exosomes and MGC-GW8469 for 48 hours examined by RT-qPCR. Quantitative data from three 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5810212/figure/f3-ijmm-41-04-1845/�


independent experiments are shown as the mean ± SD (error bars). *P < 0.05, ***P < 0.001 (Student’s t-test). 

 

Exosomal miR-21-5p derived from MSCs can accelerate OS cell proliferation and invasion 

To verify the prediction of bioinformatics analysis that MSCs might enhance the proliferation and 

invasion of OS cells by transferring exosomal miR-21-5p into OS cells, MSCs were treated with 

miR-21-5p inhibitor and miR-21-5p mimics for 24 hrs, then purified the MSC-derived exosomes, 

which were treated with U2OS and MG63 for 24hrs. The levels of miR-21-5p were quantified 

using qRT-PCR. The results showed that the level of miR-21-5p in U2OS and MG63 cultured 

with MSC-derived exosomes (MSC treated with miR-21-5p inhibitor) were much lower compared 

to that in normal group (p <0.05), and the level of miR-21-5p in U2OS and MG63 internalized 

with MSC-derived exosomes (MSCs treated with miR-21-5p mimic) was much higher compared 

to that in normal group (p <0.001). Additionally, we failed to find significantly altered miR-21-5p 

in U2OS and MG‐63 cells between the negative groups and the normal groups (p>0.05; Fig.6A). 

In the following experiments, we explored whether MSCs enhance the proliferation and invasion 

of OS cells by transferring exosomal miR-21-5p. The proliferative abilities of OS cells (U2OS and 

MG63) were evaluated by CCK8 assays. Compared with the normal groups, OS cells internalized 

with MSC-derived exosomes (MSCs treated with miR-21-5p mimic) remarkably increased 

(P<0.05). However, Compared with the normal groups, OS cells internalized with MSC-derived 

exosomes (MSCs treated with miR-21-5p inhibitor) have no significantly increase(P≥0.05, Fig. 

6B). The results were further validated by CFSE fluorescence labeling system, the results 

revealing that OS cells internalized with MSC-derived exosomes (MSCs treated with miR-21-5p 

mimic) proliferative abilities remarkably increased, compared with the normal groups (p <0.05), 

while U2OS and MG63 cells proliferative abilities remarkably decreased when it treated with 

MSC-derived exosomes (MSCs with miR-21-5p inhibitor) (Fig.6C). Scratch wound healing assay 

were conducted to evaluate the effect of exosomal miR-21-5p on the invasive ability of OS cells. 

Compared with that of the normal groups, the rates of wound healing in U2OS and MG63 cells 

were statistically accelerated in miR-21-5p mimic group (p <0.05). Compared with that of the 

normal groups, the rates of wound healing was significantly attenuate in the miR-21-5p inhibitor 

group(p <0.05, fig. 6D). The above findings suggested that up-regulation of exosomal miR-21-5p 

expression in MSCs could significantly enhance the proliferation and invasion abilities of OS cells 

internalizing MSC-derived exosomes, while down-regulation of exosomal miR-21-5p in MSCs 

could attenuate these abilities of OS. 



 

Fig 6. Exosomal miR-21-5p derived from MSCs promotes OS cells proliferation and invasion.(A) Expression of 

miR-21-5p in cultured U2OS and MG63 cells treated with different exosomes derived from different kinds of 

MSCs (MSCs treated with synthesized miR-21-5p mimic, miR-21-5p inhibitor, mimic-NC, inhibitor-NC, and 

without any treatment). (B) U2OS and MG63 cells proliferation following miR‐21-5p mimic treatment and 

miR-21-5p inhibitor examined by CCK-8 assay. (C) CFSE fluorescence labeling system further evaluate U2OS 

and MG63 cells proliferation in different group. (D) Scratch wound healing assay were further conducted to 

evaluate the effect of exosomal miR-21-5p on the invasive ability of U2OS and MG63.Quantitative data from 



three independent experiments are shown as the mean ± SD (error bars). *P < 0.05, ***P < 0.001. (Student’s t-test), 

miR,microRNA; NC, negative control. 

 

Exosomal miR-21-5p directly targets PIK3R1 to activate PI3K/Akt/mTOR signaling 

pathway 

To identify the targeting relationship between miR-21-5p and PIK3R1 3'UTR, we perform 

dual-luciferase reporter assay system and found PIK3R1 was a direct target gene of miR-21-5p 

(Fig.7A). Moreover, western blot analysis found that miR-21-5p inhibition of MSC-derived 

exosomes enhanced PIK3R1 protein levels, and miR-21-5p overexpression of MSC-derived 

exosomes induced the opposite effects in U2OS and MG63 cells. However, there were no 

significant differences in PIK3R2 expression between groups (Fig.7B). The results of RT-PCR 

showed the expression level of PIK3R1 have no statistical difference between miR-21-5p inhibitor 

group and miR-21-5p mimics group (Fig.7C, P>0.05). This suggests that miR-21-5p inhibits the 

expression of PIK3R1 at post-transcriptional level. 

To gain further mechanistic insights into the roles of miR-21-5p/PIK3R1 axis, we hypothesized 

that exosomal miR-21-5p derived from MSCs activated PI3K/Akt/mTOR signal pathway in OS 

leading to OS proliferation and invasion, because the PI3K regulatory subunit p85α/PIK3R1 can 
exert tumor suppressor properties through negative regulation of PI3K-Akt signaling pathway[22]. 

In western blot analysis, the expression levels of p-PI3K, p-Akt and p-mTOR in MSC-derived 

exosomes -treated OS cells (MSCs treated with miR-21-5p inhibitor ) were prominently depressed 

compared with controls, while the expression of PIK3R1were significantly increased. After 

treatment with the MSC-derived exosomes (MSCs treated with miR-21-5p mimics), the 

expression levels of p-PI3K, p-Akt and p-mTOR in OS cells were all showed a increasing trend, 

whereas the expression of PIK3R1were sharply decreased(P<0.05). However the expressions of 

PI3K, Akt and mTOR were relatively stable in OS cells (Fig.7D).  

In summary, The results indicated that bone marrow MSCs could produce amounts of exosomes, 

which may deliver miR-21-5p into OS cells and thus promote OS proliferation and invasion. The 

increased miR-21-5p in OS cells specifically targeted the 3′UTR region of PIK3R1 mRNA, 
leading to the decrease of p85α protein level and the activation of corresponding PI3K/Akt/mTOR 
signaling pathway (Fig. 7E).  



 



Fig.7 Exosomal miR-21-5p negatively regulated PIK3R1 and then activated the PI3K/AKT/mTOR signal 

pathway.(A)Luciferase reporter assays were conducted to validate the interaction between miR-21-5p and the 

3’UTR of PIK3R1 (n=4 independent experiments, one-way ANOVA).(B)The western blot assay demonstrated that 

the protein expression level of PIK3R1 was reduced by miR-21-5p overexpression of MSC-derived exosomes 

inU2OS and MG63 cells. β-actin was used as an internal control.(C)T RT-PCR showed the expression level of 

PIK3R1 have no statistical difference between miR-21-5p inhibitor groups and miR-21-5p mimics groups. (D) 

Western blot assay was implemented to measure the expression levels of p- or not PI3K, Akt and mTOR in U2OS 

and MG-63 after treatment vs normal group. All experiments were implemented in triplicate, *P <0.05, 

***P<0.001. p-, phosphorylated; wt, wild-type; mt, mutant; NC, negative control.(E) Schematic of the action of 

exosomal miR-21-5p derived from human bone marrow MSCs regulating OS cells progression. Human bone 

marrow MSCs transmit miR-21-5p to OS cells through exosomes, exosomal miR-21-5p target PIK3R1 gene of OS 

cells, then activating PI3K/Akt/mTOR signal pathway and leading to OS proliferation, invasion and anti-apoptosis. 

 

Discussion 

In recent years, accumulating evidence indicates that exosome play an important role in 

information transfer between cells[15, 39], and released by many cell types when multivesicular 

endosomes fuse with the plasma membrane[40]. Exosomes are small, lipid bilayer membrane 

vesicles of 30-100nm diameter and contain a lot of specific biologically active molecules such as 

lipids, mRNA, regulatory microRNAs, as well as proteins[41]. Studies have shown exosomes 

from different cell types involved in cancer cells proliferation, angiogenesis, differentiation, 

metastasis[42-45]. 

In our previous studies, we found exosomes derived from BMSCs can promote the proliferation 

and invasion of OS cells. MSCs were used to study the relationship with cancer because MSCs 

exist in the tumor associated microenvirionment and have a homing ability that allows them to 

migrate to sites of cancer[46].MSCs are a class of pluripotent cells that can secrete a large number 

of exosomes which act as paracrine mediators in tumor associated microenvironment. However, 

the role of MSC-derived exosomes in pathogenesis and progression of cancer cells especially OS 

has not yet been thoroughly clarified until now. Interestingly, there are contradictory reports that 

MSCs promote cancer growth. MSC-derived exosomes contain tumor supportive miRNAs, tumor 

supportive factors, bioactive lipids, lactic acid and glutamic acid, which support breast cancer cell 

proliferation and metastasis[47]. Whereas MSC-derived exosomes induce tumor associated 

microenvironment and confer stemness in gastric cancer cells by activating the Akt signaling 

pathway and serve as a novel mediators of the promoting role of MSCs in gastric[48]. Moreover, 

study has found that Bone marrow MSCs and Multiple myeloma cells mutually communicate 

through exosomes, and MSC-derived exosomes enhance Multiple myeloma cell proliferation, 

migration, and survival and induce drug resistance to bortezomib[49].These authors have 

demonstrated that MSC-derived exosomes have a role in promoting tumor growth and providing 

new insight into the interaction of MSCs in tumor development and progression. However, the 

effects of MSC-derived exosomes on different types of tumor cells proliferation may be 

completely different. Some reports studied that MSC-derived exosomes inhibit tumor initiation 

and progression[37, 50, 51]. Therefore, it is very important to study the exact mechanism of 

MSC-derived exosomes on OS proliferation and migration. Our study demonstrated the 

proliferation and migration effects of MSC-derived exosomes in OS cells and examined which 

signaling pathway is influenced by MSC-derived exosomes so as to understand the potential 



molecular mechanism on OS.  

We first successfully isolated MSCs from bone marrow by adhere-wall culture and bone marrow 

comes from petients who have been diagnosed as OS. We found that isolated MSCs have the 

potential of adipogenic and osteogenic differentiation. For further identified we found isolated 

MSCs expressed CD29, CD90, CD44, CD73 and CD105 markers, while they were negative for CD19 and 

CD133, this is consistent with the results reported in previous study [38].  

The main methods of exosome separation and extraction are gradient ultracentrifugation, kit 

extraction, ultrafiltration, density gradient centrifugation, polymeric precipitation, 

immunomagnetic beads. In this experiment, we purified MSC-derived exosomes by gradient 

ultracentrifugation which has the advantage of high purity. However, this method is complicated, 

costly and time-consuming and It requires the laboratory to have an ultra-speed centrifuge and its 

corresponding centrifugal rotor. Following co-culture of OS cells with MSCs, we found that 

MSCs induced proliferation and invasion of OS cells via delivery of exosomes.  

To further examine the mechanism responsible for the effects of MSC-derived exosomes on OS 

cell proliferation and invasion, we found that in OS associated microenvironment, MSC-exosomes 

express high level of miR-21-5p, which be regarded as oncogene in cancer[19, 52]. miR-21-5p is 

frequently overexpressed in various human tumors and in cancer cell lines, and plays an important 

role in tumorigenesis, high miR-21-5p expression was associated with poor patient performance 

and shorter survival[19]. 

Does MSCs in OS associated microenvironment involved in OS proliferation and invasion by 

mediating exosomal miR-21-5p? At present, it has not been studied. We found transfection of 

miR-21-5p mimics or miR-21-5p inhibitor to MSCs can significantly up-regulate or 

down-regulate the expression of miR-21-5p in OS cells and can significantly promote or attenuate 

the proliferation and invasion of OS. High expression of miR-21-5p in primary OS can be used as 

an indicator of diagnosis and prognosis of OS[53]. Importantly, we firstly found MSC‐derived 

exosomal miR-21-5p promotes OS proliferation and invasion by targeting PIK3R1 and activity of 

cancer-related PI3K/Akt/mTOR signaling pathway. PIK3R1 was down-regulated and the 

PI3K/Akt/mTOR signaling pathway was promoted in OS cells following treatment of 

MSC-derived exosomes containing miR-21-5p mimics, and PIK3R1 was up-regulated and 

PI3K/Akt/mTOR signaling pathway was inhibited when OS cells treated with MSC-derived 

exosomes containing miR-21-5p inhibitor. 

This study was the first to investigate the relationship between MSC‐exosomal miR-21-5p and 

targeting gene PIK3R1 in OS. Our study has revealed that PIK3R1 is the only down-expressed 

member of PI3K in OS. PI3K is the key molecule of PI3K/Akt/mTOR signaling pathway which 

was involved in the regulation of multiple transcription factors in cancer[54]. PI3K are 

heterodimers composing a regulatory (p85) and catalytic (p110) subunit and exist in four isoforms 

(a, b, c and d) with differential tissue expression, according to the different regulatory subunits, 

class I PI3Ks are divided into three categories, with different structures and functions[55]. 

PIK3R1 gene encode one of p85-type subunits: p85a[24]. PIK3R1/p85a is the most abundant 

isoform in normal tissues, but its expression is reduced in cancer[25, 56]. Therefore, PIK3R1/p85a 

acts as a tumor suppressor because it is capable of maintaining p110a subunit of PI3K in an 

inactive conformation. Loss of the p85α protein leads to downstream PI3K pathway 
activation[57-60]. Therefore, the impact of p85α down-regulation on pathway signaling could be 

caused by the loss of the inhibitory effect of p85α on p110 and PI3K pathway activity . In spite of 



the extensive knowledge on class I PI3K, until recently, the function and mechanism of PIK3R1 in 

the proliferation and invasion of malignant tumors are not clear. 

In conclusion, this report offers a comprehensive analysis of exosome that sheds light on the cell 

communication in OS associated microenvironment. The results of our study demonstrate 

that there were specific conserved sites between miR-21-5p and 3’‐UTR of PIK3R1, and 
PIK3R1 down-regulation by MSC-derived exosomes containing abundant miR-21-5p exerts 

tumor promoter properties in OS. All these results support the notion that exosomal miR-21-5p 

derived from MSCs exerts tumor promoter properties in OS by down-regulating PIK3R1 so as to 

activate of the PI3K/Akt/mTOR signaling pathway.  
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Figures

Figure 1

Characterizations of human bone marrow MSCs and MSC-derived exosomes. (A)The cell morphology of
human bone marrow MSCs was observed at 3rd passage ; grew as a �broblast-like, spindle shaped
morphology of cells were represented under light microscope. (B) Human bone marrow MSCs phenotypes
detected by FACS analysis, showing positive expression of CD29, CD90, CD44, CD73 and CD105 markers,
while they were negative for CD19 and CD133. (C) Oil red O staining showed that a small amount of lipid
droplets in MSCs display bright red under microscope, and a large number of orange red calcium deposits
were observed after alizarin red S staining. (D) Transmission electron microscopy images of exosomes
derived from MSCs revealed typical small round nanoparticles with a diameter ranging from 40 to 80 nm.
The scale bars indicate 100 nm. (E) Exosomal positive markers CD63 was detected in hBMSC-derived
and hFOB1.19 cell-derived exosomes using western blot, whereas negative marker calreticulin was not.



Figure 2

Uptake of hBMSC-exosomes by U2OS and MG63. MSC-derived exosomes were labeled with PKH26 (red)
for 4 minutes at room temperature(B,H), exosome-free supernatant was also dyed by PKH26 as a
negative control (E,K). U2OS and MG63 were incubated with absence (control) or presence of labeled
exosomes for 24 hours, U2OS and MG63 were stained using DAPI (A,D,G,J). PKH26-labelled exosomes
have been internalized by U2OS and MG63 imaging with confocal �uorescence microscopy(original
magni�cation, ×100)(C,I).



Figure 3

MSC-derived exosomes promote OS cells proliferation and invasion in vitro. (A)U2OS and MG63 were
respectively co-cultured with MSC-derived exosomes and MSC- GW4869 for 24, 48 and 72 hours and then
subjected to CCK-8 analyses. Compare with normal group (untreated group), the proliferation rates of
both U2OS and MG63 cells were higher after MSC-derived exosomes treatment at 72 hours (P<0.05),
whereas there were no signi�cant difference between MSC-GW4869 group and normal group (P>0.05).
(B)From CFSE �uorescence labeling system, the proportions of U2OS and MG63 proliferation in normal
group were separately (65.72 ± 1.33, 62.6 ± 1.41)%, in MSC-Exo group were (89.64 ± 2.14, 93.40 ± 1.75)%,
in MSC-GW4869 group were (54.95 ±4.39, 62.8 ± 4.75)%. There were statistical differences between MSC-
Exo group and normal group (P<0.001), while there were no difference between MSC-GW4869 group and



normal group ((P>0.05).(C)Scratch wound healing assay test of interfering MSC-derived exosomes group,
interfering MSC-GW4869 group and normal group at 24 and 48 hours. The wound healing assay
demonstrated a stronger migration ability of U2OS and MG63 in interfering MSC-derived exosomes
group. Compared with the normal group and interfering MSC-GW4869 group, there were signi�cant
differences in percentage of wound closed at 24 and 48hours (P <0.001),a weaker migration ability of
cells in MSC-GW4869 group and normal group.(D)After 24 hours the number of U2OS and MG63
migrated to the lower chamber of the 8 μm pore-sized membrane were analyzed by taking photos and
counting the number of cells per visual �eld. Compared with MSC-GW4869 groups and normal groups,
the number of U2OS and MG63 were signi�cantly increased 1.283- and 1.187-fold, respectively.(P<0.05).
(E)The protein levels of Bcl-2 and Bax in U2OS and MG63 cells of various groups which were evaluated
by Western blot. Quantitative data from three independent experiments are shown as the mean ± SD
(error bars). *P < 0.05, ***P < 0.001. (Student’s t-test)

Figure 4

miRNA expression in human MSC and OS cells. (A) Microarray data obtained from the Gene Expression
Omnibus database (Accession No. GSE58027, GSE89930). Heat map shows signi�cant up expression of
miR-21-5p in MSCs, MSC-Exo and OS. (blue represents low expression, red represents high expression
and black indicates no signi�cant change in gene expression. A color change from blue to red indicates



upregulation and a color change from red to blue indicates downregulation). (B) Schematic diagram of
the miR-21-5p binding site on PIK3R1, bioinformatics analysis using miranda, target scan, encori and
pictar indicated that the 3'UTR of PIK3R1 mRNA contains a complementary site for the seed region of
miR-21-5p. (C) Pan-Cancer analysis found there was highly negative correlation between miR-21-5p and
PIK3R1 in sarcoma.

Figure 5

The expression of PIK3R1 are downregulated in human sarcomas and the expression of miR21-5p are
upregulated in MSCs, MSC-derived exosomes and OS cells. (A) Analysis of PIK3R1gene expressions in
different subtypes of sarcomas using the Oncomine database. Box plot derived from gene expression
data in the Oncomine database comparing the expressions of PIK3R1 between normal tissues and
cancer tissues in different subtypes of sarcomas, pleomorphic myxo�brosarcoma, myxo�brosarcoma,
myxoid/round cell liposarcoma, leiomyosarcoma, and malignant �brous histiocytoma.(B) The expression
of miR21-5p in MSCs, hFOB1.19 and their puri�ed exosomes examined by RT-qPCR. (C) The expression
of miR-21-5p in U2OS and MG63 transfected with MSC-derived exosomes and MGC-GW8469 for 48 hours



examined by RT-qPCR. Quantitative data from three independent experiments are shown as the mean ±
SD (error bars). *P < 0.05, ***P < 0.001 (Student’s t-test).

Figure 6

Exosomal miR-21-5p derived from MSCs promotes OS cells proliferation and invasion.(A) Expression of
miR-21-5p in cultured U2OS and MG63 cells treated with different exosomes derived from different kinds
of MSCs (MSCs treated with synthesized miR-21-5p mimic, miR-21-5p inhibitor, mimic-NC, inhibitor-NC,



and without any treatment). (B) U2OS and MG63 cells proliferation following miR21-5p mimic treatment
and miR-21-5p inhibitor examined by CCK-8 assay. (C) CFSE �uorescence labeling system further
evaluate U2OS and MG63 cells proliferation in different group. (D) Scratch wound healing assay were
further conducted to evaluate the effect of exosomal miR-21-5p on the invasive ability of U2OS and
MG63.Quantitative data from three independent experiments are shown as the mean ± SD (error bars). *P
< 0.05, ***P < 0.001. (Student’s t-test), miR,microRNA; NC, negative control.

Figure 7



Exosomal miR-21-5p negatively regulated PIK3R1 and then activated the PI3K/AKT/mTOR signal
pathway.(A)Luciferase reporter assays were conducted to validate the interaction between miR-21-5p and
the 3’UTR of PIK3R1 (n=4 independent experiments, one-way ANOVA).(B)The western blot assay
demonstrated that the protein expression level of PIK3R1 was reduced by miR-21-5p overexpression of
MSC-derived exosomes inU2OS and MG63 cells. β-actin was used as an internal control.(C)T RT-PCR
showed the expression level of PIK3R1 have no statistical difference between miR-21-5p inhibitor groups
and miR-21-5p mimics groups. (D) Western blot assay was implemented to measure the expression levels
of p- or not PI3K, Akt and mTOR in U2OS and MG-63 after treatment vs normal group. All experiments
were implemented in triplicate, *P <0.05, ***P<0.001. p-, phosphorylated; wt, wild-type; mt, mutant; NC,
negative control.(E) Schematic of the action of exosomal miR-21-5p derived from human bone marrow
MSCs regulating OS cells progression. Human bone marrow MSCs transmit miR-21-5p to OS cells
through exosomes, exosomal miR-21-5p target PIK3R1 gene of OS cells, then activating PI3K/Akt/mTOR
signal pathway and leading to OS proliferation, invasion and anti-apoptosis.


