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Background: Exosomes, widely recognized natural nanovesicles, represent one of the recently 

discovered modes of intercellular communication due to their ability to transmit crucial cellular 

information that can be engineered to have robust delivery and targeting capacity. MiR-142-3p, 

one of the upregulated microRNAs (miRNAs) in many types of breast cancer, activates the 

canonical Wnt signaling pathway and transactivates the miR-150 expression, and results in the 

hyperproliferation of cancer cells in vitro and mammary glands in vivo.

Materials and methods: In this study, we exploited the exosomes isolated from bone marrow-

derived mesenchymal stem cells (MSCs-Exo) to deliver LNA (locked nucleic acid)-modified 

anti-miR-142-3p oligonucleotides to suppress the expression level of miR-142-3p and miR-150 

in 4T1 and TUBO breast cancer cell lines.

Results: The in vitro results showed that the MSCs-Exo can efficiently deliver anti-miR-142-3p 

to reduce the miR-142-3p and miR-150 levels and increase the transcription of the regulatory 

target genes, APC and P2X7R. We also evaluated in vivo distribution of the MSCs-Exo in 

tumor-bearing mice. The in vivo result indicated that MSCs-Exo can penetrate the tumor site 

and are suitable nanovehicles to deliver the inhibitory oligonucleotides into the tumor tissues 

to downregulate the expression levels of miR-142-3p and miR-150.

Conclusion: We showed that MSCs-derived exosomes could be used as a feasible nanovehicle 

to deliver drug molecules like LNA-anti-miR-142-3p in both in vitro and in vivo studies.

Keywords: MSCs-derived exosomes, tumor tropism, Wnt/β-catenin signaling pathway, breast 

cancer, LNA-antimiR-142-3p

Introduction
Exosomes are naïve nanovesicles with an approximate diameter of 30–150 nm, which 

have attracted considerable attention from the past decade due to their unique char-

acteristics such as immune compatibility, low toxicity, and nano-scale size, and are 

also relatively homogenous and stable.1,2 Exosomes are generated by almost all cell 

types through inward budding of the inner endosomal membrane followed by plasma 

membrane fusion and can be extracted from various biological fluids. Several proteins 

such as tetraspanins (CD63, CD9, CD81), heat shock proteins (Hsc70), lysosomal 

proteins (Lamp2b), and fusion proteins (flotillin, annexin) are identified on the sur-

face of exosomes.3 Exosomes exert their physiological roles through the exchange of 

biomolecules such as proteins, lipids, mRNAs, and microRNAs (miRNAs) between 

different cells. Recent studies have indicated that exosomes contribute to homeostasis 

and cell survival by ridding cells of unpleasant substances and also play important 

roles in different pathophysiological conditions.4 Since exosomes have the potential 
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to act as nanocarrier to deliver drugs and nucleic acid-based 

molecules, they have attracted much attention in nano-

medicine applications. Exosomes have different receptors or 

membranous proteins, depending on the cell of origin, and 

accordingly have different tropism in the body.5 In fact, we 

hypothesize that different exosomes with cell-specific surface 

proteins may have distinct routes and circulation pattern all 

over the body. The use of exosomes as nanovehicles in the 

field of cancer therapy requires the recognition of the tumor 

tropism of the extracted exosomes.

Mesenchymal stem cells (MSCs) have been used in the 

treatment of various diseases due to their unique character-

istics including homing to injured tissues; multilineage dif-

ferentiation; tissue repair promotion; and anti-inflammatory, 

immunosuppression, and neuroprotection effects.6 MSCs 

have the potential to produce more exosomes in comparison 

to other cell sources. It was determined that MSCs exert their 

biological functions through paracrine effectors and exosome 

release.7 Exosomes derived from MSCs have been tested in 

various studies, and their therapeutic effects have been shown 

to be similar to the MSCs of origin, for example, the MSC exo-

somes have the capacity to promote tissue repair and mediate 

regeneration.8 Moreover, it was indicated that MSCs-derived 

exosomes, as opposed to dendritic cells-derived exosomes, 

are poorly immunogenic. Accordingly, it can be predicted that 

MSCs-derived exosomes, in addition to injured tissues, exhibit 

tumor tropism similar to MSCs.9 To the best of our knowledge, 

tumor tropism of the exosomes derived from the bone marrow-

derived MSCs has not been investigated so far. So, in this work, 

we have tried to examine the biodistribution of the MSC exo-

somes in vivo in tumor-bearing mouse models to find whether 

the exosomes can be used as nanovehicles to deliver miRNA 

inhibitor molecules to the tumor. The imaging results showed 

that MSCs-derived exosomes have the ability to penetrate the 

tumor site based on the enhanced permeability and retention 

(EPR) effect. As a result, the MSCs-derived exosomes, due to 

the strong tumor tropism, are suitable nanocarriers for transfer-

ring the desired biomolecules to the tumor site.

Although significant improvements have been made in the 

field of nucleic acid-based therapies and numerous carriers 

have been used to transport molecules such as siRNA and 

miRNA inhibitors, studies on finding suitable carriers for 

these kinds of molecules are still ongoing.10 The main prob-

lem in the miRNA inhibitors transfer is their instability and 

negative charge, and hence, even in the presence of a suitable 

transfection reagent, cannot effectively penetrate the hydro-

phobic cell membranes.11 In recent years, exosomes have 

been introduced as a new alternative to the transmission of 

these kinds of therapeutic molecules.12 Here, we investigated 

whether MSCs-derived exosomes can act as a carrier to 

deliver LNA (locked nucleic acid)-modified miR-142-3p 

inhibitor to 4T1 and TUBO breast cancer cells to decrease 

cancer cell proliferation in vitro and in vivo. Our results dem-

onstrated that it can be useful to exploit the MSCs-derived 

exosomes to efficiently deliver LNA-anti-miR-142-3p, which 

significantly reduced miR-142-3p and miR-150 levels and 

enhanced transcriptional levels of the corresponding target 

genes in both in vitro and in vivo studies.

Materials and methods
Materials
DMEM, α-minimum essential medium (α-MEM), FBS, 

PBS, trypsin, and penicillin-streptomycin (pen/strep) were 

all obtained from Thermo Fisher Scientific (Waltham, MA, 

USA). ExoQuick™-TC reagent was purchased from Sys-

tem Biosciences (Mountain View, CA, USA). Exosome 

antigens and antibodies were obtained from Cell Guidance 

Systems Inc. (Babraham, Cambridge, UK). DAPI dye and 

PKH67 Green Fluorescent Cell Linker Kit were purchased 

from Sigma-Aldrich Co. (St Louis, MO, USA). MiR-142-3p 

miRCURY LNA miRNA Power Inhibitor (catalog no. 

YI04100271), miRCURY LNA miRNA Power Inhibitor 

Negative Control (catalog no. YI00199006), Universal 

cDNA Synthesis Kit II, and ExiLENT SYBR® Green Master 

Mix Kit were purchased from Qiagen (Hilden, Germany). 

CD29, CD44, CD90, CD105, CD34, and CD45 antibodies 

were obtained from eBioscience (San Diego, CA, USA). 

Annexin V-Fluos apoptosis detection kit was purchased from 

Hoffman-La Roche Ltd. (Basel, Switzerland).

Cell lines
TUBO cell line, a cloned cell line that overexpressed the 

rHER2/neu protein, was established from a lobular carcinoma 

that had spontaneously arisen in a female BALB/c mouse 

transgenic for transforming rat neu oncogene. This cell line 

was kindly provided by Dr Pier-Luigi Lollini (Department of 

Clinical and Biological Sciences, University of Turin, Orbas-

sano, Italy) and was cultured in DMEM supplemented with 

20% FBS, 100 units/mL penicillin, and 100 units/mL strep-

tomycin. All experiments involving in vitro culture of TUBO 

cell line were carried out under the approval of the Institu-

tional Ethical Committee and Research Advisory Committee 

of Mashhad University of Medical Sciences based on the 

specific National Ethical Guidelines for Biomedical Research 

issued by the Research and Technology Deputy of Ministry of 

Health and Medical Education (MOHME) of Iran (Education 
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Office, dated May 13, 2015; proposal code 931289). 4T1 cell 

line was purchased from American Type Culture Collection 

center and cultured in DMEM supplemented with 10% FBS, 

100 units/mL penicillin, and 100 units/mL streptomycin at 

37°C in humidified air with 5% CO
2
.

Mice
Four- to eight-week-old female BALB/c mice were purchased 

from the Pasteur Institute (Tehran, Iran). All animal experi-

ments and procedures were approved by the Institutional 

Ethical Committee and Research Advisory Committee 

of Mashhad University of Medical Sciences (Education 

Office, dated May 13, 2015; proposal code 931289), based 

on the Specific National Ethical Guidelines for Biomedical 

Research issued by the Research and Technology Deputy 

of Ministry of Health and Medical Education (MOHME) of 

Iran that was issued in 2005. The mice were kept in cages in 

a ventilated room with unlimited access to food and water.

Isolation and culture of mesenchymal 
stem cells
Primary MSCs were isolated from mouse bone marrow obtained 

from the femurs and tibias of 4–8-week-old BALB/c mice. The 

bones were aseptically removed, scrubbed carefully to remove 

the residual soft tissues, and transferred to a sterile culture dish 

with complete α-MEM medium on ice. The bone cavities were 

flushed with the medium until the bones appeared pale. The 

cells were then washed with PBS and suspended in α-MEM 

medium with 10% FBS. Bone marrow cells (1×107/mL) were 

placed in 75 cm2 cell culture flasks and incubated at 37°C with 

5% CO
2
. After 3 days, spindle-shaped cells appeared and non-

adherent cells were removed, and fresh culture medium was 

added. MSCs reached 70%–90% confluence within 4–6 days 

and were subcultured at a split ratio of 1:3.

Phenotypic characterization and 
differentiation studies of the isolated MSCs
Bone marrow-derived MSCs at passage three were pheno-

typed using CD29, CD44, CD90, CD105, CD34, and CD45 

by a FACS Calibur flow cytometer (Becton Dickinson, 

San Jose, CA, USA). In order to evaluate the differentiation 

abilities of MSCs, the cells (2×103/cm2) were seeded into six-

chamber slides. Osteogenic differentiation medium (α-MEM 

containing dexamethasone 1×10−8 M, β-glycerophosphate 

10 mM, ascorbic 0.3 mM, and 10% FBS) and adipogenic 

induction medium (α-MEM containing 1 µM dexametha-

sone, 10 µg/mL recombinant insulin, 0.5 mM 3-isobutyl-1-

methylxanthine, and 10% FBS) were added to the chamber 

slides. Osteocyte formation was evaluated 3 weeks later 

using Alizarin red as an indicator of calcium accumulation. 

Induction of adipocytes was assessed using Oil Red O stain 

as an indicator of intracellular lipid accumulation.

Preparation of conditioned medium and 
exosomes isolation
The MSCs at passage three or higher were used for pre-

paring conditioned medium (CM). The exosomes were 

isolated from CM according to the International Society of 

Extracellular Vesicles recommendations. In brief, 150 mL 

of CM was collected from 150 mm plates (n=10), each 

containing 13 million MSCs after 48 hours of culture in 

CM containing exo-depleted FBS. Cell debris was removed 

by centrifuging at 300× g for 5 minutes, then 2,000× g for 

20 minutes, and finally 16,000× g for 1 hour. The cleared CM 

was passed through a 0.22 µm filter and concentrated using 

100 kDa molecular weight Amicon Ultra-15 Centrifugal 

Filter (Merck Millipore, Billerica, MA, USA). The filtered 

supernatants were incubated with the appropriate volume of 

Exoquick-TC precipitation solution according to the manu-

facturer’s instructions (System Biosciences) for 16  hours 

at 4°C, and then centrifuged for 30 minutes at 1,500× g to 

pellet exosomes. Some studies have indicated that there are 

no significant differences in exosome population isolated 

by the Exoquick protocol compared with ultracentrifugation 

methods.13,14

Characterization of isolated exosomes
Morphological assessment of the exosomes was performed 

using transmission electron microscopy (TEM, Philips CM30 

electron microscope, Eindhoven, Netherlands) at 80 kV. 

Briefly, the exosome preparation was fixed for 1 hour in 4% 

paraformaldehyde and washed once with PBS. Then, the pel-

lets were fixed in 2.5% glutaraldehyde, loaded on formvar-/

carbon-coated electron microscopy EM grids. The grids were 

blocked with 5% BSA for 10 minutes. The blocked grids were 

incubated with anti-CD63 antibody overnight at 4°C, washed 

six times in 0.1% BSA, and then incubated with the recom-

mended dilution of a 10 nm-gold-coupled secondary antibody 

(Abcam, Cambridge, UK) for 1 hour at room temperature. 

The grids were then postfixed in 1% glutaraldehyde and 

contrasted successively in 2% methylcellulose/0.4% uranyl 

acetate (pH 4.0). Size distribution of purified exosomes was 

evaluated using dynamic light scattering (DLS). Briefly, 

about 20 µL of exosome sample was diluted in 1 mL PBS and 

shaken at 4°C for 20 minutes prior to DLS measurement. DLS 

measurements were conducted at 25°C using Nano Zetasizer 
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(Malvern Instruments Ltd., Malvern, UK). To identify the 

exosomal marker using Western blot, exosome proteins or 

whole cells were lysed in reducing sample buffer and boiled 

for 10 minutes at 95°C. Proteins were resolved on a 10% SDS-

PAGE, transferred to nitrocellulose membranes, blocked in 

5% non-fat powdered milk in PBS-T (0.5% Tween-20) and 

incubated separately with CD81, CD63, and calnexin-specific 

primary antibodies at the supplier recommended dilutions 

overnight at 4°C. After subsequent washing, the membranes 

were further incubated with horseradish peroxidase-coupled 

secondary antibodies. Protein bands were detected using 

enhanced chemiluminescence reagent (Amersham ECL 

Select GE healthcare life sciences, USA).

Cellular uptake of PKH67-labeled 
exosomes
MSCs-derived exosomes were fluorescently labeled using 

PKH67 dye, which is a green fluorescent dye that labels the 

lipid membranes. In brief, 100 µg of exosomes was resus-

pended in 100 µL of diluent C and then mixed with 4 µL of 

PKH67 dye diluted in 100 µL of diluent C and then incubated 

for 20 minutes at room temperature; 1 mL of PBS containing 

1% BSA was added to stop the labeling reaction and labeled 

exosomes were reisolated by Exoquick precipitation solu-

tion. 4T1 and TUBO cells were cultured in 24-well plate in 

complete DMEM and when a confluency of 60%–70% was 

reached, 5 µg of PKH67-labeled exosomes was added to 

each well and cells were incubated for 24 hours at 37°C with 

5% CO
2
. After incubation, the cells were washed with PBS 

and fixed in 4% paraformaldehyde for 20 minutes at room 

temperature. About 0.2 µg/mL of DAPI was added to nuclear 

staining and then cellular uptake of PKH67-labeled exosomes 

was visualized using confocal laser scanning microscopy 

(Leica TCS SPE; Leica Microsystems, Wetzlar, Germany).

Loading the exosomes with LNA-anti-
miR-142-3p by electroporation
In order to load the exosomes with LNA-anti-miR-142-3p 

and miRNA inhibitor negative control, electroporation 

method with the validated conditions was used (Figure S1).15 

For this purpose, the pellet of exosomes was suspended in 

pre-chilled EDTA (1 mM) and trehalose (25 mM) containing 

hypo-osmolar electroporation buffer (Eppendorf Multipora-

tor, Hamburg, Germany). MiRNA inhibitor and scrambled 

control molecules at a final concentration of 150 pmol were 

added to 1 µg/µL of the exosomes sample and the mixture 

was transferred into a cold 0.4 cm electroporation cuvette. 

Electroporation was performed at 0.200 kV and 100 µF 

with three pulses (all containers and buffers were RNase 

free). The sample was then incubated at room temperature 

for 30 minutes and subsequently treated with one unit of 

RNase H to eliminate free unincorporated anti-miR mol-

ecules, and the loaded exosomes were reisolated using the 

Exoquick protocol.

Determination of LNA-anti-miR-142-3p 
encapsulated in MSCs-Exo
In order to estimate the amount of LNA-anti-miR-142-3p 

and LNA-anti-miR negative control oligonucleotides in 

MSCs-derived exosomes, the sample preparations were 

centrifuged twice at 100,000× g for 1 hour to precipitate the 

exosomes loaded with the anti-miRNA oligonucleotides. 

The supernatant was carefully collected and the pellet (with 

loaded exosomes) was lysed by adding 5% Triton X-100 

and subsequently subjected to sonication. The anti-miRNA 

concentration was determined by measurement of absorbance 

at 260 nm (Abs
260

). The percentage of the loaded anti-miRNA 

oligonucleotides was calculated as follows:

	

Encapsulated percentage (%)

100
Abs after 

260= −
 centrifugationn

 centrifugationAbs before 
100

260

×

RNA isolation, mRNA and miRNA analysis
Expression levels of miRNA-142 and miRNA-150 were quan-

tified using the ExiLENT SYBR Green Master Mix Kit, and 

the expression levels of putative miRNA-142 and miRNA-

150 target genes, APC and P2X7R, respectively, were mea-

sured using the Roche Master Mix containing SYBR green 

on a Rotor-Gene RG-3000 real-time PCR machine (Corbett 

Research, Cambridge, UK). MiRNA quantitations were 

normalized to an endogenous control U6 snRNA, and expres-

sion levels of target genes were normalized to the β-actin 

gene. The miR-specific LNA-enhanced primers for miR-150 

and miR-142-3p, and primers for U6 snRNA were obtained 

from Exiqon. Following primers were used for amplification 

of the target genes and β-actin gene: APC forward primer: 

TGTCCCTCCGTTCTTATGGAA, APC reverse primer: 

TCTTGGAAATGAACCCATAGGAA; P2X7R forward 

primer: ATCGGCTCAACCCTCTCCTAC, P2X7R reverse 

primer: CTGGAGTAAGTGTCGATG AGGAAG; β-actin 

forward primer: TCCCTGGAGAAGAGCTACG, β-actin 

reverse primer: GTAGTTTCGTGGATGCCACA. MiRNA 

and gene quantification levels were calculated using the 

2−∆∆Ct method.
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Cell viability assay
Cell viability was determined by using the MTT assay. Each 

of the 4T1 and TUBO cell lines was seeded at a density of 

104 cells/well in 96-well plate before treatment. After over-

night plating, cells were treated with unloaded MSCs-Exo 

(exosomes isolated from bone marrow-derived mesenchymal 

stem cells), MSCs-Exo loaded with LNA-anti-miR-142-3p, 

or MSCs-Exo loaded with LNA-miRNA inhibitor negative 

control for 48 hours. The same amount of exosomes (equal 

to 5 µg) was added to each treated group.

Quantification of apoptosis by flow 
cytometry
Cell apoptosis was measured by an Annexin V-Fluos apop-

tosis detection kit according to the manufacturer’s protocol. 

In brief, 4T1 and TUBO cell lines in each treated group, 

unloaded MSCs-Exo, MSCs-Exo loaded with LNA-anti-

miR-142-3p, or MSCs-Exo loaded with LNA-miRNA inhibi-

tor negative control, were harvested and washed twice with 

PBS. Each pellet was resuspended in 400 µL PBS at a con-

centration of 1×106 cells/mL and then 100 µL of incubation 

buffer containing 2 µL of annexin V and 2 µL of propidium 

iodide was added to the cells of each experimental group. 

Treated cells, as well as control cells, were analyzed using 

a BD flow cytometer within 1 hour.

In vivo anti-tumor analyses
Female BALB/c mice were inoculated subcutaneously in 

the flank region with 4T1 or TUBO tumor cells (1×106 cells 

in 100 µL PBS) in two separate experimental groups. Eight 

days after 4T1 cells and 12 days after TUBO cells inoculation, 

when the tumors were palpable, 4T1 tumor-bearing mice or 

TUBO tumor-bearing mice were randomly divided into four 

different treatment groups. Treatment groups (n=5/group) 

included: PBS, unloaded MSCs-Exo, MSCs-Exo loaded with 

LNA-anti-miR negative control, and MSCs-Exo loaded with 

LNA-anti-miR-142-3p. Mice were injected intravenously with 

30 µg of unloaded MSCs-Exo, 30 µg of MSCs-Exo loaded 

with LNA-anti-miR-142-3p, 30 µg of MSCs-Exo loaded 

with LNA-anti-miR negative control, or with PBS as a control 

every 48 hours for 36 or 40 days. The rate of tumor growth in 

terms of tumor volume was inspected every 4 days by mea-

surement of tumor diameters with a vernier caliper. Tumor 

volume (TV) was calculated using the formula: TV (mm3) = 

(height×length×width)×0.5 cm3. Survival of mice was moni-

tored for 36 days in 4T1 tumor-bearing mice and for 40 days in 

TUBO tumor-bearing mice. A Kaplan–Meier method was used 

to evaluate the probability of mice survival, and the log-rank 

test was used to compare the fraction of surviving mice between 

groups (α=0.05). The mice at the end of the treatments were 

sacrificed by cervical dislocation, the tumors were removed, 

and the weight of each tumor tissue was measured.

In vivo visualization of intravenously 
injected exosomes
To assess the biodistribution of MSCs-derived exosomes, 

female 6–8-week-old BALB/c mice were injected with 106 

TUBO or 4T1 cells in the flank area. The mice bearing TUBO 

tumor were monitored daily. When the volume of tumors 

reached 400 mm3, 30 µg of PKH67-labeled exosomes in a 

volume of 200 µL PBS containing 5% glucose was injected 

intravenously into tumor-bearing mice and a mouse without 

tumor as a control. A tumor-bearing mouse was also injected 

with 200 µL (PBS +5% glucose) as background control. 

The tumor-bearing mice were anesthetized with 2.5% isoflu-

rane, and images were acquired after 3, 12, 24, and 48 hours 

post-exosome administration using small animal imaging 

system (in vivo imaging system [IVIS]; Kodak, Rochester, 

NY, USA). The fluorescent signal of each tissue sample was 

quantified in region of interest (ROI) draw freehand. The rela-

tive mean fluorescence intensity of each ROI was obtained 

by subtracting the mean fluorescence intensity of the corre-

sponding ROI on the blank mouse from the measured mean 

fluorescence intensity and was plotted as a function of time.

Tissue dissection and fluorescent 
microscopy
At the end of the experiments, the animals were euthanized 

by cervical dislocation. In addition to tumor tissue, the vital 

tissues including lung, liver, kidney, and spleen were dissected, 

cryopreserved in 5%, 10%, and 14% sucrose, frozen at -80°C 

in optimal cutting temperature (OCT) medium, and cryosec-

tioned using Leica CM1800 cryostat (Leica Microsystems). 

Frozen tissue sections (8 µm thick) were fixed in acetone and 

their nuclei were stained with DAPI. Fluorescently labeled 

exosomes visualized in dissected tissues using Cytation-3 Cell 

Imaging Multi-Mode Reader (Bio-Tek Instruments, Winooski, 

VT, USA). Frozen sections were also stained with H&E to 

verify the structure of the tissues.

Statistical analysis
Based on data distribution, Mann–Whitney nonparametric 

test or one-way ANOVA was used in this study to make 

comparisons between different groups, and the error bars are 

shown as the average ± standard error of the mean (SEM). 

Statistical significance was set as P,0.05.
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Results
Characterization of bone marrow 
derived-mesenchymal stem cells and 
MSCs-Exo
Murine bone marrow-derived MSCs had a defined spindle-

shaped fibroblastic morphology (Figure 1A). Differentiation 

of the MSCs into osteoblasts and adipocytes by culturing 

in appropriate culture medium confirmed their multipotent 

nature (Figure 1A). Analysis of phenotypic markers showed 

that isolated MSCs were positive for CD29, CD44, CD90, and 

CD105 and negative for CD34 and CD45 (Figure 1B). TEM 

analysis verified the disc-shape of MSCs-Exo and showed 

that the exosomes had an average size between 30 and 150 nm 

(Figure  2A). Expressions of some important exosomal 

markers such as CD81 and CD63, and not expressions of 

calnexin and endoplasmic reticulum marker, were observed 

using Western blot (Figure  2B). The average size of the 

MSCs-derived exosomes was found to be 103 nm accord-

ing to Zetasizer results (Figure 2C). These results indicated 

that MSCs and their secreted exosomes were successfully 

isolated and that they met the required verification criteria 

according to previously defined studies.43–45 We measured 

the amount of isolated exosomes from MSCs based on their 

protein content using the Bradford assay. According to the 

results, about 200 µg of exosomes were obtained from 13×107 

mesenchymal stem cells (150 mL supernatant).

Figure 1 Characterization of bone marrow-derived MSCs.
Notes: (A) Microscopy images of BMSCs phenotype on day 14 (i), osteogenesis and alkaline phosphate activity staining (ii), and adipogenesis and Oil Red O (iii). Magnification 
100×. (B) Immunophenotypic analysis of cultured BMSCs with monoclonal antibodies. Flow cytometry analysis results showed that the cells were positive for MSC markers 
CD29, CD44, CD90, CD105, and negative for markers CD34 and CD45. Scale bar: 200 µm.
Abbreviations: BMSCs, bone marrow-derived mesenchymal stem cells; CD, cluster of differentiation; FITC, fluorescein isothiocyanate; PE, phycoerythrin.
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Figure 2 Characterization of exosomal particles.
Notes: (A) Transmission electron micrograph of negatively stained exosomes with a diameter of 30–150 nm, labeled for CD63 (Low magnification, 13,000×, scale bar =150 nm, and 
high magnification, 40,000×, scale bar =60 nm). (B) Western blot analysis of positive and negative exosomal CD markers in both isolated exosomes and cellular lysate: (1) CD63 
expression in exosomes lysate, (2) CD81 expression in exosomes lysate, (3) protein marker, (4) non-expression of calnexin in exosomes lysate, (5) the existence of calnexin in the 
cell lysate. (C) Size distribution by intensity (i) and size distribution by number of MSCs-Exo (ii).
Abbreviations: CD, cluster of differentiation; MSCs-Exo, mesenchymal stem cells-derived exosomes; Pdi, polydispersity index.

Efficient delivery of LNA-miRNA-142-3p 
via MSCs-Exo after incorporating into 
4T1 and TUBO cells
One of the unique properties of exosomes compared to other 

carriers is incorporation into target cells simply through the 

co-culture method, and they can penetrate the cells through 

pathways such as endocytosis and membrane fusion. Con-

focal laser scanning microscopy showed the penetration of 

fluorescent PKH67-labeled MSCs-Exo into 4T1 and TUBO 

cells after 24 hours of co-culturing (Figure 3). Furthermore, 

our results indicated efficient loading of the MSCs-Exo with 

LNA-anti-miR-142-3p (about 57%) and LNA-anti-miR 

negative control (about 55%) oligonucleotides. Evidence of 

MSCs-derived exosome entry into the cells by fluorescent 

microscopy demonstrated that the MSCs-Exo could be used 

to transfer LNA-based anti-miRNA oligonucleotides to exert 

their inhibitory function. Therefore, we used the MSCs-Exo 

to transfer the LNA-anti-miR-142-3p to inhibit miR-142 and 

investigate the functional effects on miR-150 expression and 

their respective target genes, APC and P2X7R receptor. We 

assessed the functional effects of the MSCs-Exo mediated 

delivery of the anti-miR-142-3p on 4T1 and TUBO cells 

in four groups, including untreated, unloaded MSCs-Exo, 

MSCs-Exo loaded with anti-miR-142-3p, and MSCs-Exo 

loaded with LNA-anti-miR negative control. In order to 

inhibit miR-142 using MSCs-Exo, MSC-derived exosomes 

should be free of the miRNA-142 molecules. So, we first 

extracted the total RNA of the exosomes and demonstrated 

by quantitative real-time PCR (qRT-PCR) that MSCs-

derived exosomes did not contain miR-142 and miR-150 

(Figure S2). MSCs-Exo showed efficient functional delivery 

of anti-miR-142-3p, which is indicated by a statistically 

significant decrease in miR-142-3p levels and subsequent 

statistically significant increase in APC mRNA levels in the 

cells treated with MSCs-Exo loaded with anti-miR-142-3p 
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Figure 3 Cellular uptake of PKH67-labeled MSCs-Exo by 4T1 and TUBO cell lines.
Note: Intracellular PKH67-labeled MSCs-Exo were detected in 4T1 and TUBO cells by confocal laser scanning microscopy after 24 hours of co-culturing (inset is a higher 
magnification image).
Abbreviation: MSCs-Exo, mesenchymal stem cell-derived exosomes.

compared to other three groups of the treated cells (P,0.05) 

(Figure 4A). Additionally, exosome-mediated miR-142-3p 

inhibition resulted in a significant decrease of miR-150 levels 

and a significant increase of P2X7R receptor mRNA levels 

compared to the cells treated with unloaded MSCs-Exo or 

MSCs-Exo loaded with anti-miR negative control (P,0.05) 

(Figure 4B).

MSCs-derived exosomes had minimal 
cytotoxicity in 4T1 and TUBO cell lines
Confocal laser scanning microscopy (CLSM) observations 

indicated that MSCs-derived exosomes have potential to be 

taken up by 4T1 and TUBO cells to deliver LNA-anti-miR-

142-3p molecules; hence, cytotoxicity effect of the unloaded 

MSCs-Exo, LNA-anti-miR-142-3p loaded MSCs-Exo, and 

LNA-anti-miR negative control on 4T1 and TUBO cells were 

then investigated by MTT assay after 48 hours. Cell viability 

and proliferation of 4T1 and TUBO cells treated with MSCs-

derived exosomes were moderately increased compared to 

the untreated cells. On the other hand, cell viability of 4T1 

and TUBO cells treated with LNA-anti-miR-142-3p loaded 

MSCs-Exo was slightly reduced compared to MSCs-Exo 

and LNA-anti-miR negative control, probably due to the 

transfer of LNA-anti-miR-142-3p to the mentioned cells, as 

shown in Figure 5.

Delivery of LNA-anti-miR-142-3p 
molecules using MSCs-derived exosomes 
induces apoptosis in 4T1 and TUBO 
breast cancer cell lines
To further investigate the functional role of LNA-anti-miR-

142-3p in 4T1 and TUBO cells, the effect of LNA-anti-miR-

142-3p delivery via MSCs-derived exosomes on apoptosis 

of 4T1 and TUBO cells after 48 hours of treatment with the 

unloaded MSCs-Exo, LNA-anti-miR-142-3p loaded MSCs-

Exo, and LNA-anti-miR negative control loaded MSCs-Exo 

was assessed. To quantify the apoptosis levels of 4T1 and 

TUBO cells, annexin V/PI staining was performed according 

to the method previously mentioned in the “Materials and 

methods” section. As presented in Figure 6, MSCs-derived 

exosomes had no significant effects on apoptosis of 4T1 or 

TUBO cells compared to the untreated cells. But apoptosis 

percentage of 4T1 or TUBO cells was significantly increased 

following treatment with LNA-anti-miR-142-3p loaded 

MSCs-Exo compared to unloaded MSCs-Exo or anti-miR 

negative control loaded MSCs-Exo (P,0.05).

In vivo visualization of fluorescently 
labeled MSCs-Exo in tumor-bearing mice
Next, we assessed biodistribution and tumor penetration 

of MSCs-Exo in mice bearing TUBO tumor. To observe 
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Figure 4 Delivery of LNA-anti-miR-142-3p to the 4T1 and TUBO breast cancer cell lines via exosomes.
Notes: (A) qRT-PCR analysis of relative expression of miR-142-3p (i) and APC mRNA (ii) levels in 4T1 and TUBO cells untreated or treated with unloaded exosomes, 
exosomes loaded with LNA-anti-miR-142-3p, or exosomes loaded with anti-miR negative control, normalized to U6 snRNA. (B) qRT-PCR analysis of relative expression of 
miR-150 (i) and P2X7R mRNA (ii) levels in 4T1 and TUBO cells treated as indicated. The data are presented as mean ± SEM (*P,0.05 vs untreated or treated with unloaded 
exosomes and anti-miR negative control loaded exosomes).
Abbreviations: LNA, locked nucleic acid; snRNA, small nuclear ribonucleic acid; NC loaded exosomes, exosomes loaded with LNA-anti-miR negative control; qRT-PCR, 
quantitative real-time PCR; SEM, standard error of the mean.

the existence of PKH67-labeled exosomes in the tumors 

as well as other tissues, 30 µg of MSCs-Exo was injected 

intravenously into BALB/c tumor-bearing mice in a volume 

of 200 µL PBS containing 5% glucose. Fluorescence inten-

sity of PKH67-labeled exosomes from the injected mice 

was monitored from 3 hours to 48 hours postinjection. PBS 

was injected into one tumor-bearing mouse as a control and 

one mouse without tumor was used as a background sub-

traction control. As shown in Figure 7, fluorescent signal 

from PKH67-labeled exosomes can be readily observed 

in different tissues of the body as well as at the tumor site 

in tumor-bearing mouse compared to mouse injected with 

PBS 3 hours after injection. Despite a gradual decrease in 

the fluorescent signal from labeled exosomes all over the 

body 12 and 24 hours postinjection, it remained visible in 

tumor tissue. At 48 hours after injection, most of the labeled 

exosomes were cleared from the main tissues of the body, 

but few were still visible in the tumor site.

Ex vivo analysis of dissected organs
All mice including control mice were sacrificed at 0, 3, 12, 

24, and 48 hours after intravenous (iv) injection of labeled 

exosomes or PBS, and fluorescent signal was observed from 

freshly dissected tissues immediately using IVIS. The fluo-

rescent signal from PKH67-labeled exosomes was readily 

observed in the tumor tissue as well as in the most tissues of 

the body including lung, liver, spleen, and kidneys (Figure 8A 

and B). After 12 hours postinjection of the labeled exosomes, 

the fluorescence intensity gradually decreased in the lung 

and liver tissues and increased in the spleen and kidneys, 
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but the fluorescent signal was still visible in the tumor tissue. 

After 24 hours, the signal intensity of the injected exosomes 

was still detectable in tumor tissue but decreased in spleen 

and kidneys. However, at 48 hours post-iv injection, the 

fluorescent signal almost declined to baseline in almost 

all tissues and was similar to the signal in tissues from the 

mouse injected with PBS, but was visible to some extent in 

the tumor tissue in the tumor-bearing mouse. According to 

the quantitative fluorescence intensity results, the relative 

signal of the fluorescently labeled exosomes in the tumor site 

was significantly higher compared to the fluorescent signal 

of the tumor region of the control mouse injected with PBS 

(Figure 8C). The presence of PKH67-labeled MSCs-derived 

exosomes within tumor tissue section as well as in other 

tissue sections was confirmed by imaging using Cytation-3 

multi-mode reader system with an appropriate wavelength. 

Fluorescent signal of labeled exosomes in the tumor section 

derived from tumor-bearing mice was obviously visible 

after 3 hours of injection (Figure 9A). Accordingly, the time 

of reinjection of the MSCs-derived exosomes loaded with 

LNA-anti-miR-142-3p was set as 48 hours. H&E staining 

was performed to evaluate the histomorphology of the dif-

ferent tissues after injection. As shown in Figure  9B, no 

histological changes were observed in the lung, liver, spleen, 

kidneys, and tumor tissues in tumor-bearing mice injected 

with MSCs-derived exosomes compared to normal mice 

without injection.

In vivo anti-tumor efficiency of the 
exosomes
Anti-tumor effects of the LNA-anti-miR-142-3p delivery 

via MSC exosomes were evaluated in both murine model 

of 4T1 and TUBO breast cancer. Tumor growth analysis in 

4T1 tumor group (Figure 10A) revealed that while unloaded 

exosomes and exosomes loaded with LNA-anti-miR negative 

control had an identical impact on tumor growth rate, exo-

somes loaded with LNA-anti-miR-142-3p induced a signifi-

cant decrease in tumor volume compared to the PBS-treated 

mice. Similar results were observed in TUBO tumor group. 

Tumor growth curve analysis (Figure 10B) indicated that 

injection of exosomes loaded with LNA-anti-miR-142-3p led 

to a significant reduction in tumor growth rate compared to 

the three other control groups (the mice treated with unloaded 

exosomes, the mice treated with exosomes loaded with 

LNA-anti-miR negative control, and the PBS-treated mice). 

Survival analyses showed that the 4T1 tumor-bearing mice 

treated with MSCs-Exo loaded with LNA-anti-miR-142-3p 

had a significantly longer survival (mean survival [ms], 

37.0 days) than PBS-treated mice (ms, 21.2 days) or mice 

treated with control preparations, including both unloaded 

MSCs-Exo (ms, 18.0 days) and LNA-anti-miR negative 

control loaded MSCs-Exo (ms, 21.8 days) (Figure  10A). 

Mean survival time of the TUBO tumor-bearing mice treated 

with MSCs-Exo loaded with LNA-anti-miR-142-3p was 

29.3 days, which was significantly higher than the survival 

rate of PBS-treated mice (ms, 17.0 days) or mice treated with 

unloaded MSCs-Exo (ms, 18.5 days) and LNA-anti-miR 

negative control loaded MSCs-Exo (ms, 19.8 days) (P,0.05) 

(Figure 10B). When the tumor volume exceeded 800 mm3, 

at the end of day 36 for 4T1 tumors and at the end of day 

40 for TUBO tumors, the mice were sacrificed by cervical 

dislocation and tumor tissues were removed (Figure S3) and 

weighed. While the actual tumor weights in mice treated with 

unloaded exosomes and the mice treated with LNA-anti-miR 

negative control were similar to the control mice injected 

with PBS, actual tumor weight was significantly reduced 

in mice injected with LNA-anti-miR-142-3p encapsulating 

exosomes compared to the control groups in both 4T1 and 

TUBO tumor models (Figure 10).

Mir-142-3p inhibition in tumor tissue 
after the systemic injection of LNA-miR-
142-3p inhibitor loaded MSCs-Exo
To evaluate the efficiency of the MSCs-derived exosomes 

in the transfer of LNA-anti-miR-142-3p in vivo, all mice in 

each group were sacrificed and 4T1 or TUBO tumor tissues 

Figure 5 Evaluation of the cytotoxicity effect of exosome-based LNA-anti-miR- 
142-3p delivery on 4T1 and TUBO cells.
Notes: After 48 hours of co-culture, unloaded exosomes and LNA-anti-miR negative 
control loaded exosomes showed nonsignificant toxicity vs untreated cells, while 
LNA-anti-miR-142-3p loaded exosomes showed significant cytotoxicity in both 4T1 
and TUBO cell lines (*P,0.05). The results are representative of three independent 
experiments.
Abbreviation: LNA, locked nucleic acid.
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Figure 6 The effect of the LNA-anti-miR-142-3p loaded exosomes on cell apoptosis.
Notes: 4T1 and TUBO cells were co-cultured with different MSCs-derived exosome preparations for 48 hours followed by flow cytometry analysis of apoptotic cells.  
(A) (i) Representative dot plots of TUBO cancer cells, (ii) percentage of early apoptosis and late apoptosis in TUBO cells (*P,0.05). (B) (i) Representative dot plots of 4T1 
cancer cells, (ii) percentage of early apoptosis (positive to Annexin V and negative to PI) and late apoptosis (positive to Annexin V and PI) in 4T1 cells treated with LNA-anti-
miR-142-3p loaded exosomes showed significant enhancement vs untreated cells or treated cells with unloaded exosomes and anti-miR negative control loaded exosomes 
(*P,0.05). The data represent three independent experiments and are expressed as mean ± SEM.
Abbreviations: Exo + anti-miR-142-3p, exosomes loaded with LNA-anti-miR-142-3p; Exo + anti-miRNC, exosomes loaded with LNA-anti-miRnegative control; MSCs, 
mesenchymal stem cells; LNA, locked nucleic acid; SEM, standard error of the mean.

were removed for RNA extraction and qRT-PCR analyses. 

We observed a significant decrease in miR-142-3p level in 

4T1 and TUBO tumor-bearing mice injected with LNA-anti-

miR-142-3p loaded exosomes in comparison to three other 

groups as indicated. Next, to evaluate the functional effect 

of anti-miR-142-3p on target miRNA and target genes, we 

measured the expression level of miR-150, APC, and P2X7R 

genes by real-time PCR. As expected, reduction of miR-

142-3p led to a significant reduction of the miR-150 level 

(P,0.05) and a significant increase of target genes APC and 

P2X7R (P,0.05) (Figure 11). These results confirmed that 

MSC exosomes can be harnessed as an efficient carrier to 
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Figure 7 In vivo MSCs-derived exosomes biodistribution in tumor-bearing mice by animal imaging.
Notes: (A) BALB/c mice bearing TUBO tumor received intravenous injections of 30 µg PKH67-labeled exosomes collected from bone marrow-derived MSCs to evaluate 
whether MSCs-Exo can migrate to the tumor site. The fluorescent signal was monitored at 3, 12, 24, and 48 hours after the intravenous injection of fluorescently labeled 
MSCs-Exo using IVIS. The tumor sites in the images are marked by a red circle. (B) Control BALB/c mouse received intravenous injection of 30 µg PKH67-labeled MSCs-Exo 
and was imaged immediately after injection.
Abbreviations: IVIS, in vivo imaging system; MSCs-Exo, mesenchymal stem cells-derived exosomes.

Figure 8 In vivo tracking of fluorescently labeled MSCs-derived exosomes in harvested tissues from tumor-bearing or control mice.
Notes: (A) Exosomes labeled with PKH67 were intravenously injected (30 µg of purified exosomes from MSCs) into mice bearing TUBO tumors. Lung, liver, spleen, kidney, 
and tumor tissues were harvested after 3, 12, 24, and 48 hours postinjection for ex vivo imaging. The fluorescent signal of PKH67-labeled MSCs-Exo was detected using IVIS. 
(B) The lung, liver, spleen, and kidney were also harvested from normal mice injected with 30 µg of labeled MSCs-Exo as control immediately after injection and fluorescent 
signal was acquired using IVIS. (C) The relative mean fluorescence intensity in the lung, liver, spleen, kidneys, and tumor tissues as a function of time after intravenous injection 
of fluorescently labeled MSCs-Exo. The fluorescence intensity in tumor tissues dissected from the mice injected with fluorescent exosomes was significantly higher compared 
to the fluorescence intensity in tumor tissue dissected from the control mouse (*P,0.05).
Abbreviations: IVIS, in vivo imaging system; MSCs-Exo, mesenchymal stem cells-derived exosomes.
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Figure 9 Microscopic examination of main organs prepared by cryosectioning from tumor-bearing mice injected with fluorescently labeled exosomes.
Notes: (A) Detection of the PKH67-derived fluorescent signal in organ sections of tumor-bearing mice after intravenous injection of MSCs-derived exosomes labeled with 
PKH67 dye. The mice were euthanized 3 hours after the injection, and the sections of lung, spleen, liver, kidney, heart, and tumor tissues prepared by cryosectioning were 
observed under a fluorescent microscope. Image in first row: bright field image, second row: nuclei-labeled DAPI image, third row: PKH67-labeled MSCs-Exo image, fourth 
row: the merged image of DAPI image and PKH67 fluorescent image. Scale bar: 200 µm. (B) Evaluating histomorphology of the excised tissues from the tumor-bearing mouse 
after PKH67-labeled MSCs-Exo injection compared to the excised tissues of the normal mouse using H&E staining. Scale bar: 200 µm.
Abbreviation: MSCs-Exo, mesenchymal stem cells-derived exosomes.

deliver anti-miR molecules like LNA-anti-miR-142-3p into 

tumor tissue.

Discussion
Scientists in recent years have highlighted the role of 

exosomes in the field of cancer diagnosis and treatment.16 

Exosomes are known to be naïve nanovesicles that play 

an important role in intercellular communications and the 

transmission of messenger molecules such as miRNAs and 

fragments of DNA molecules in the body. These observa-

tions have led scientists to use exosomes as nanocarriers to 

deliver siRNAs, miRNAs, and even chemotherapy drugs 

such as doxorubicin. For the first time, Valadi et al in 2007 

found that exosomes contain mRNAs and miRNAs which 

can be delivered to recipient cell and can be functional in 

the new location.17 Exosomes carry specific molecules, 

depending on the cell of origin, and deliver their contents to 

the recipient cells through the pathways such as endocytosis 

and membrane fusion.18 Since then, exosomes isolated from 

different sources have been used to transfer nucleic acid-

based therapeutics in the treatment and diagnosis of cancer 

or many other types of diseases.15,19–24 Various types of cells 

have been used as sources of producing exosomes, including 

B cells, HEK-293 and melanoma cell lines, epithelial cells, 

immature dendritic cells, and MSCs.25–29 In this context, 

stem cell-derived exosomes have become more prominent 

due to their more functional properties than other cells in 

the clinical field. Since MSCs have the potential to produce 

large quantities of exosomes, these cells can be exploited 

to produce exosomes on a clinical scale. They also have 
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Figure 10 The anti-tumor efficiency of unloaded MSCs-Exo, MSCs-Exo loaded with LNA-anti-miR negative control, and MSCs-Exo loaded with LNA-anti-miR-142-3p in 
female BALB/c mice bearing 4T1 or TUBO breast tumor after intravenous administration every 4 days.
Notes: (A) Average 4T1 tumor volume (i), survival analyses of 4T1 tumor-bearing mice (ii), and the actual weight of the dissected 4T1 tumors from each group on day 36 (iii).  
(B) Average tumor volume (i), survival analyses of TUBO tumor-bearing mice (ii), and the actual weight of the dissected TUBO tumors from each group on day 40 (iii) (n=5, mean ± 
SEM). In vivo delivery of LNA-anti-miR-142-3p via MSCs-Exo significantly reduced tumor growth rate (*P,0.05). The mice treated with MSCs-Exo loaded with LNA-anti-miR-142-3p 
had a significantly longer survival rate than PBS-treated mice or those treated with unloaded MSCs-Exo and MSCs-Exo loaded with LNA-anti-miR negative control (P,0.05).
Abbreviations: Exo + anti-miR-142-3p, exosomes loaded with LNA-anti-miR-142-3p; Exo + anti-miRNC, exosomes loaded with LNA-anti-miRnegative control; LNA, 
locked nucleic acid; MSCs-Exo, mesenchymal stem cells-derived exosomes; SEM, standard error of the mean.
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Figure 11 Reduction of miR-142-3p and miR-150 levels and its effect on target genes by exosome-based delivery of LNA-anti-miR-142-3p in 4T1 and TUBO tumor 
tissues.
Notes: (A) qRT-PCR analysis showed significant reduction of miR-142-3p expression level (i) and significant increase of APC mRNA expression (ii) in both 4T1 and TUBO 
tumor tissues in mice injected with MSCs-Exo loaded with LNA-anti-miR-142-3p compared to three other groups, normalized to U6 snRNA. (B) Inhibition of miR-142-3p 
expression mediated by MSCs-Exo delivery of LNA-anti-miR-142-3p led to significant reduction of miR-150 expression level (i) and significant increase of P2X7R mRNA 
expression (ii) in both 4T1 and TUBO tumor tissues in mice injected with MSCs-Exo loaded with LNA-anti-miR-142-3p compared to three other groups, normalized to U6 
snRNA. Data are presented as mean ± SEM (n=3) (*P,0.05).
Abbreviations: LNA, locked nucleic acid; MSCs-Exo, mesenchymal stem cells-derived exosomes; NCloaded exosomes, exosomes loaded with LNA-anti-miRnegative 
control; qRT-PCR, quantitative real-time PCR; SEM, standard error of the mean; snRNA, small nuclear ribonucleic acid.

a large capacity for ex vivo expansion and great ability to 

differentiate into many cell types.7 MSCs are also known 

to have immunosuppressive properties and could be used 

in allogeneic transplantation. There is increasing evidence 

that the therapeutic efficiency of MSCs is mediated through 

soluble factors, especially exosomes. MSCs-derived exo-

somes, unlike exosomes derived from dendritic cells, do 

not stimulate the immune system. So, MSCs-derived exo-

somes are likely to be safe and would not elicit an intrinsic 

adverse effect or immune rejection response when used as 

drug delivery vehicles.9 Although some studies have so far 

examined the exosomal tropism in the body, the mechanisms 

of clearance and biodistribution of MSCs-derived exosomes 

have not yet been fully disclosed.29–32 It was observed that 

MSCs-derived exosomes accumulated in the kidneys of mice, 

resulting in acute kidney injury. However, the accumulation 

of MSC exosomes was mainly observed in the liver and 

spleen.33 Considering that tumor tropism of exosomes plays 

an important role in cancer treatment, we first investigated 

the tumor tropism and biodistribution of the MSC exosomes 

in tumor-bearing mice. We found that MSCs-derived exo-

somes have the ability to penetrate the tumor site after iv 

injection of the exosomes. In addition, the MSC exosomes 

were observed to accumulate in the spleen and liver, and to 

a lesser extent in the lung 3 hours after iv injection of the 

exosomes, while their concentration gradually decreased in 
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the liver and spleen, and increased in the lung and kidneys 

12 hours postinjection. After 48 hours, they were almost 

cleared from lung, liver, spleen, and kidneys, but were still 

detectable in the tumor site. This observation confirmed 

that MSC exosomes mainly excrete by spleen and liver and 

secondarily by lung and kidneys.

According to the EPR effect, the nanoparticle-based drug 

can protrude preferentially at leaky tumor vasculatures and 

remain in the tumor interstitium for an extended time.34 Since 

exosomes have an ideal particle size of 40–150 nm, they have 

potential to avoid rapid renal clearance and phagocytosis by 

mononuclear phagocyte system, and to accumulate in the 

tumor site passively via EPR effect. As shown in Figures 7 

and 8, MSCs-derived exosomes penetrated the tumor site 3 

hours postinjection due to their EPR effect, and even after 

clearance from other tissues, they were still present in the 

tumor tissue. On the other hand, tumor tropism of MSCs 

has been indicated in some studies.35 So, MSCs-derived 

exosomes can also behave like their maternal stem cells 

and exhibit tumor tropism. Furthermore, the histopathology 

findings demonstrated the low systematic toxicity of the 

intravenously injected MSCs-derived exosomes.

MiRNAs are a class of endogenous small non-coding 

single-stranded RNA molecules that regulate gene expression 

and affect multiple cellular processes including proliferation 

and development, differentiation, apoptosis, and angiogen-

esis. Gain or loss of function of specific miRNA contributes 

to tumorigenesis and cancer progression.36 Since many of the 

miRNAs can behave functionally as oncogenes, miR-targeting 

therapeutics such as 2′-O-methyl antisense and LNA-miRNA 

inhibitor oligonucleotides is an area of extensive research.37 

Due to the unstable nature, and potentially immunogenic and 

negative charge of anti-miR oligonucleotides, various carriers 

have been used to transmit the molecules into target cells in 

many studies.38 Exosomes as natural membranous nanocarri-

ers can transfer bio-macromolecules without immunogenicity 

and cytotoxicity, in contrast to conventional gene therapy 

carriers such as viral or non-viral vectors.12 Autologous 

MSCs-derived exosomes can be isolated from the recipient’s 

own cell culture and would be a perfect source of personalized 

drug vehicles without immunogenicity or cytotoxicity.

Wnt/β-catenin signaling is an ancient, highly conserved 

pathway that regulates cell proliferation, differentiation, 

adhesion, and migration through the β-catenin-dependent 

pathway. APC is a pivotal component of the demolition 

complex that destabilizes β-catenin and suppresses the 

activity of the Wnt/β-catenin signaling pathway.39 Mutations 

in the APC gene have been linked to colon cancer, but the 

APC gene is expressed not only in the intestine but also in 

other tissues such as mammary tissue. Breast cancer cells 

rarely have mutations in the APC gene, but recent studies 

have indicated that some miRNAs that target this gene might 

promote the growth of these tumor cells.40 A couple of stud-

ies have indicated that miR-142-3p expression is upregulated 

in several breast cancer subtypes. On the other hand, miR-

142-3p targets APC to upregulate Wnt/β-catenin signaling 

pathway and thereby enhances miR-150 expression which 

is also upregulated in breast cancer cells.41 Both miRNAs 

have the ability to induce hyperproliferation in mammary 

tissue. MiR-150 overexpression promotes growth and clo-

nogenicity, and reduces apoptosis in breast cancer cells by 

targeting the proapoptotic purinergic P2X7R receptor gene.42 

Our in vitro experiments indicated that the MSC exosomes 

can be efficiently loaded with LNA-anti-miR-142-3p and 

the loaded exosomes can deliver the LNA-anti-miR mol-

ecules to the 4T1 and TUBO breast cancer cells, causing 

inhibition of miRNA-142-3p, and functionally led to a 

statistically significant increase of APC gene level. On the 

other hand, miRNA-142-3p inhibition led to a significant 

decrease of miRNA-150 expression level. Since P2X7R is a 

putative target of miRNA-150 and its expression is inversely 

correlated with miRNA-150 level, successful delivery of 

LNA-anti-miR-142-3p to the 4T1 and TUBO cells led to a 

significant increase of P2X7R mRNA level. The anti-tumor 

effects of MSC exosomes containing LNA-anti-miR-142-3p 

oligonucleotides were evaluated in mice bearing 4T1 or 

TUBO breast tumors. As the clearance of the MSCs-Exo 

from major organs was observed by 48 hours postinjection 

with no observable lasting toxicity, the IV injection of the 

MSCs-derived exosomes loaded with LNA-anti-miR-142-3p 

into mice bearing 4T1 or TUBO tumor was repeated every 

48 hours. According to in vivo anti-tumor studies, the low-

est tumor volume and highest survival time were seen in 

exosomes loaded with LNA-anti-miR-142-3p group that 

showed significant anti-tumor efficiency in comparison 

with unloaded exosomes and exosomes containing LNA-

anti-miR negative control in both 4T1 and TUBO breast 

tumor-bearing mice. Moreover, qRT-PCR results confirmed 

successful inhibition of miR-142-3p in both 4T1 and TUBO 

tumor tissues, causing a significant increase in APC target 

gene of miR-142-3p. It was also shown that miR-142-3p 

inhibition led to significant inhibition of miR-150 in tumor 

tissues and significant increase of P2X7R mRNA level. The 

in vivo studies using tumor-bearing mice generally indicated 

that MSC exosomes mediated efficient delivery of LNA-anti-

miR-142-3p to the tumor tissues after IV injection.
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In general, MSCs-derived exosomes can offer safer and 

more efficient carriers to deliver RNA-based therapeutics 

compared to other common synthetic vehicles in nano-

medicine applications. So, the exosomes have provided 

new insights into the generation of new nanovehicles of 

anticancer drugs.

Conclusion
Our results demonstrate that bone marrow-derived MSCs are 

reliable producers of exosomes and that the MSCs-Exo can 

be used as suitable nanovectors for RNA-based therapeu-

tics in vitro and in vivo applications. In vitro studies using 

CLSM and qRT-PCR provided strong evidence of binding 

and uptake of MSCs-derived exosomes via fusion with lipid 

bilayer of the breast cancer cells, suggesting that the MSCs-

derived exosomes mediate effective functional delivery of 

LNA-based anti-miR-142-3p oligonucleotides, which leads 

to the downregulation of miR-142-3p and miR-150, and 

subsequently results in upregulation of the associated tumor 

suppressor genes including APC and P2X7R in the recipient 

breast tumor cells. The biodistribution findings convincingly 

indicated that MSCs-derived exosomes have the homing abil-

ity to the tumor site postinjection, and based on the EPR effect 

they remain in the tumor tissue even after the elimination 

from body’s main organs, suggesting that the MSCs-Exo can 

mediate successful delivery of LNA-based anti-miR-142-3p 

oligonucleotides to the tumor site as early as 3 hours after iv 

injection. Notably, in vivo anti-tumor analyses indicated that 

iv injection of LNA-anti-miR-142-3p loaded MSCs-Exo had 

a significant inhibitory effect on tumor growth rate. Accord-

ingly, quantitative analyses of RNA expression in the tumor 

tissues suggested that in vivo transfer of LNA-anti-miR-

142-3p loaded MSCs-Exo results in a significant reduction 

of the miR-142-3p and miR-150 levels in the tumor tissues in 

mouse models. Our results provide evidence for the concept 

of using MSCs-derived exosomes as efficient nanovehicles 

for RNA-based therapeutics in nanomedicine applications, 

especially in cancer therapy field.
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Supplementary materials

Figure S1 Optimization of loading of LNA-ant-imiR-142-3p oligonucleotide into the MSC exosomes.
Notes: (A) LNA-anti-miR-142-3p oligonucleotide was electroporated to the MSC exosomes using various voltages (0.10–0.20 kV). After electroporation, the MSC exosomes 
were re-pelleted using Exoquick precipitation solution and encapsulation efficiency was determined as described in the “Materials and methods” section. Voltage between 
0.16 kV and 0.20 kV showed more significant efficiency compared to lower voltages (0.10–0.20 kV) (P,0.05). (B) Different amounts of MSC exosomes containing 0.25, 0.5, 
1, 1.5, and 3 µg/µL exosomal proteins were electroporated in similar conditions with a voltage of 0.20 kV. The exosomal protein concentrations of 0.5–1 µg/µL were the 
most efficient concentrations for loading (*P,0.05 vs the 0.25 µg/µL concentration). (C) The same amount of LNA-anti-miR-142-3p oligonucleotide was loaded into the 
same amount of exosomal proteins via electroporation under different buffering conditions, including hypo-osmolar electroporation buffer, hypo-osmolar electroporation 
buffer with EDTA, hypo-osmolar electroporation buffer with trehalose, and hypo-osmolar electroporation buffer with EDTA + trehalose. Electroporation using hypo-
osmolar electroporation buffer with EDTA and trehalose showed more efficiency compared to hypo-osmolar electroporation buffer with trehalose and hypo-osmolar 
electroporation buffer with EDTA (*P,0.05 vs hypoosmolar electroporation buffer).
Abbreviations: HE buffer, hypo-osmolar electroporation buffer; LNA, locked nucleic acid; MSCs, mesenchymal stem cells; NS, nonsignificant.
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Figure S3 Anti-tumor effects of in vivo delivery of LNA-anti-miR-142-3p via MSCs-Exo.
Notes: (A) Representative images of female BALB/c mice bearing 4T1 breast tumor and excised tumor tissues at the end of day 36. (B) Representative images of female 
BALB/c mice bearing TUBO breast tumor and excised tumor tissues at the end of day 40.
Abbreviations: Exo + anti-miRNC, exosomes loaded with LNA-anti-miRnegative control; Exo + anti-miR-142-3p, exosomes loaded with LNA-anti-miR-142-3p; MSCs-Exo, 
mesenchymal stem cells-derived exosomes; LNA, locked nucleic acid.

Figure S2 (A) Gel electrophoresis of RNA extracted from MSCs-Exo and their donor cells. (B) The presence of U6 snRNA and the absence of the miR-142-3p and the 
miR-150 in the RNA content of the MSCs-Exo.
Abbreviations: miR, microRNA; derived exosomes.
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