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Purpose: Mesenchymal stem cells (MSCs) are largely studied for their potential clinical 
use. Recently, there has been gained further interest in the relationship between MSCs and 
tumorigenesis. MSCs are reported to both promote and abrogate tumor growth. The present 
study was designed to investigate whether miRNAs are involved in the interactions between 
MSCs and tumor cells in the tumor microenvironment.
Materials and Methods: Rat bone marrow-derived MSCs (rMSCs) were cultured with or 
without tumor-conditioned medium (TCM) to observe the effect upon MSCs by TCM. 
Microarrays and real-time PCR were performed between the two groups. A series of 
experiments were used to reveal the functional significance of microRNA-503 (miR-503) 
in rMSCs. Furthermore, the antitumorigenic effect of silencing of miR-503 in rMSCs (miR- 
503-i-rMSCs) in vivo was measured.
Results: We found that rMSCs in vitro exhibited tumor-promoting properties in TCM, and 
the microRNA profiles of rMSCs were significantly altered in TCM. However, miR-503- 
i-rMSCs can decrease the angiogenesis and growth of A549 cells. We also demonstrated in 
an in vivo tumor model that miR-503-i-rMSCs inhibited A549 tumor angiogenesis and 
significantly abrogated tumor initiation and growth. CD133 assays in peripheral blood and 
A549 xenografts further validated that miR-503-i-rMSCs, rather than rMSCs, exerted an 
antitumorigenic action in the A549 tumor model.
Conclusion: Our results suggest that miR-503-i-rMSCs are capable of tumor suppression. 
Further studies are required to develop clinical therapies based on the inhibition of the tumor- 
promoting properties and potentiation of the anti-tumor properties of MSCs.
Keywords: mesenchymal stem cells, microRNA-503, tumor-conditioned medium, tumor 
angiogenesis

Introduction
Mesenchymal stem cells (MSCs) have been found in a variety of adult tissues in 
our body, such as the bone marrow, adipose tissue, lung, peripheral blood, umbilical 
cord blood, placenta, and fetal tissues, which are capable of differentiating into 
multiple lineages that are easily isolated and propagated, this makes MSCs an 
attractive choice for use as cellular therapeutic agents.1,2 The MSC research field 
has expanded rapidly, and more and more attention is being paid to the relationship 
between stem cells and tumor cells. Experimental evidence indicates that MSCs can 
home to sites of tumorigenesis and inhibit tumor cell function.3,4 On the other hand, 
there is growing evidence that MSCs can support tumor growth and the 

Correspondence: Xiaoying Zhang  
Public Health, Guilin Medical University, 1 
Zhiyuan Road, Lingui District, Guilin 
541100, People’s Republic of China  
Tel/Fax +86773-3680605  
Email xiaoyingzhang79@163.com

submit your manuscript | www.dovepress.com OncoTargets and Therapy 2021:14 67–81                                                                        67

http://doi.org/10.2147/OTT.S282322 

DovePress © 2021 Huang et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms. 
php and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the 

work you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For 
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

OncoTargets and Therapy                                                                    Dovepress
open access to scientific and medical research

Open Access Full Text Article

O
nc

oT
ar

ge
ts

 a
nd

 T
he

ra
py

 d
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.d
ov

ep
re

ss
.c

om
/

F
or

 p
er

so
na

l u
se

 o
nl

y.

mailto:xiaoyingzhang79@163.com
http://www.dovepress.com
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress
http://www.dovepress.com/permissions.php
http://www.dovepress.com


development of metastasis in vitro and in vivo,5 and can 
also act as a target for neoplastic transformation.6 These 
conflicting data suggest that MSC function can vary in the 
tumor microenvironment, depending on genetic, epige-
netic, and/or environmental effects.7 Thus, it will be 
important to elucidate details of the interactions between 
tumor cells and MSCs in the tumor microenvironment, and 
determine how MSCs might act as an anti-tumor agent to 
suppress tumors growth.

MicroRNAs (miRNAs) are evolutionarily conserved, 
endogenous noncoding RNAs that play critical roles in 
gene regulation.8,9 Recent studies have implicated a role 
for miRNAs in stem cells, and alterations in miRNA levels 
have been shown to influence stem cell fate, including 
self-renewal and differentiation.10,11 The present study 
was designed to investigate whether miRNAs are involved 
in the interactions between MSCs and tumor cells in the 
tumor microenvironment. Specifically, our aims were to 
determine whether tumor cells and the tumor microenvir-
onment were capable of decreasing the intrinsic antitumor 
properties and/or increasing the intrinsic tumor-promoting 
properties of MSCs, and to establish the true role of MSCs 
in tumorigenesis. Surprisingly, we found that although rat 
MSCs (rMSCs) could promote tumor growth, silencing of 
miR-503 in rMSCs could instead exert a profound anti-
tumorigenic effect on a lung tumor cell line (A549), and 
mediated through inhibition of tumor angiogenesis and 
tumor growth.

Materials and Methods
Cells
MSCs were obtained from femoral bone marrow from 
Wistar rat (3–4 weeks old males, purchased from the 
Chinese Academy of Sciences). These rMSCs were iso-
lated, cultured and identified as we previously 
described.12,13 The protocol was approved by the 
Seventh Medical Center of PLA General Hospital 
Ethics Committee. These rMSCs were proven to be 
positive for CD73, CD44, CD90, CD166, and CD29, 
and negative for CD14, CD34, CD45, and also can 
differentiate into fat, bone, and cartilage in conditional 
medium (Figure S1). And these rMSCs were cultured in 
F12 medium with 10% fetal bovine serum (FBS, Gibco- 
BRL, NY, USA) as we previously reported. A549 
(Human lung adenocarcinoma epithelial cell line, pur-
chased from Institute of Basic Medical Sciences Chinese 
Academy of Medical Sciences) cells were cultured in 

1640 (Gibco-BRL, NY, USA), with 10% FBS at 37°C 
in 5% CO2.

Exposure of MSCs to TCM
A549 cells were cultured in 1640 with 10% FBS culture 
medium and the tumor-conditioned medium (TCM) from 
A549 cells was harvested after 16 h and centrifuged at 
3000 rpm for 5 min and supernatant was passed through 
0.22 μm membrane (Millipore). MSCs were exposed to 
fresh TCM repeatedly and the TCM was changed every 
twice day.

Antibodies
Antibodies to Ki67 (Bioworld), MMP-3 (Bioworld), IGF-1 
(Bioworld), SDF-1 (Bioworld), and VEGF (Bioworld) and 
CD133 (Boster) were used for immunohistochemistry or 
immunofluorescence. PE-conjugated anti-mouse CD133 
antibody (eBioscience), PE-conjugated isotypic-matched 
antibody (Biolegend) were used for flow cytometric 
analysis.

miRNAs Mimics and miRNA Inhibitors
RNA strands: miRNA mimics (miR-503, miR-nc) and 
miRNA inhibitors, including antisense strands (AS) for 
miR-503 (miR-503 AS), AS for miR-nc (miR-nc AS), 
were purchased from GenePharma. Sequences were listed 
in Table S1.

Vectors
PGCMV-EGFP-rno-miR-503 (p-miR-503), and pGCMV- 
EGFP-rno-miR-nc (p-miR-nc) were miRNA expressing 
vectors, whereas, pGPU6-rno-miR-503 (pGPU6-miR 
-503) and pGPU6-miR-nc were miRNA blocking vector, 
these vectors were purchased from GenePharma.

Reverse Transcription Reaction and 
Quantitative Real-time PCR
Total RNAs were purified with the Absolutely RNA 
Nanoprep kit (Stratagene, Amsterdam, The Netherlands). 
Reverse transcription (RT) reactions and quantitative real- 
time PCR were carried out as we previously described.8,14 

The 2−ΔΔCT method was used to calculate gene expression. 
The relative levels of miRNA and mRNA were normalized 
to U6 and β-actin (rat) or GAPDH (human), respectively. 
Primers were listed in Table S1.
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Transient Transfection
Transfections were performed using a Lipofectamine 2000 
kit (Invitrogen, CA, USA) according to the manufacturer’s 
instructions and our previous report.8,14

Microarray Experiments and Data 
Analysis
miRNA expression analyses were performed using an 
Affymetrix Gene-Chip miRNA Array (Affymetrix, Santa 
Clara, California) according to the manufacturer’s instruc-
tions and our previous report.15 Transcripts expression 
analysis was performed using an Agilent Expression 
Array (Agilent Technologies, USA, V2, G2519F/28,282) 
according to the manufacturer’s instructions. The data 
images processed with GenePix pro 6.1 software 
(Molecular Devices, USA), and the data normalized 
using Agilent_Analyze_V1.0 software (Agilent 
Technologies, USA). Only genes exhibiting expression 
level changes of 1.5-fold or more in treated cells, as 
compared with the respective control cell population, 
were considered as showing altered expression levels.

Capillary Growth
Capillary-like structures were generated by using matrigel 
(BD Bioscience) as described previously.16 In brief, matrigel 
was added to 96-well culture plates (50 μL/well), then 100 mL 
cells (rMSCs, or A549 cells, 3 ×104 cells per well) in different 
supernatant were seeded on the matrigel coated wells. 
Capillary-like tube formation was observed after 
6-h incubation and was quantified by counting the number of 
cell junctions and tubes in 10 randomly chosen fields using 
Metamorph software (Microvision Instruments, Evry, 
France).

Measurement of Cell Proliferation
Cells with or without miRNA transfection were seeded in 
96-well plates. Assessment of cell proliferation was mea-
sured with a proliferation kit (XTT, Boehringer 
Mannheim, Germany) as we previously described.8 

Optical density was read with a microplate reader (BIO- 
RAD) 4 hours later.

Measurement of Cell Apoptosis by Flow 
Cytometry
Cells transiently transfected with miRNA were plated in 
6-well plates with or without TCM medium, then the cells’ 
apoptosis was measured by ApopNexinTM FITC 

Apoptosis Detection Kit (APT750, Millipore, Temecula, 
CA) as we previously described.8 Briefly, cells were har-
vested, washed and resuspended in 1× bind buffer. Then, 
cell samples added annexin conjugate ApopNexin TM 

FITC and PI solution, mixed and incubated for 15 mins. 
Fluorescence due to FITC and PI staining was measured in 
a flow cytometer (Cytomics FC 500, Beckman Coulter, 
Brea, CA).

Immunofluorescence
Cells were incubated with antibodies against CD133, 
matrix metalloproteinase (MMP)-3, insulin-like growth 
factor (IGF)-1, stromal cell-derived factor (SDF)-1, or 
vascular endothelial growth factor (VEGF) (1:50) as the 
primary antibody. A goat anti-rabbit IgG conjugated with 
FITC (Jackson ImmunoResearch) was used as the second-
ary antibody at a dilution of 1:200. Samples were counter-
stained with Hoechst 33,258 and photographed using 
a confocal microscope (Nikon, C1 Si, Japan).

Immunohistochemistry
Immunohistochemistry was performed according to the 
standard procedure. Briefly, mouse xenografts samples 
were washed, fixed, embedded in paraffins and sectioned 
into 4-μm thick. After deparaffinization and rehydration, 
sections were blocked and then incubated with antibodies 
against Ki67, MMP-3, IGF-1, SDF-1, VEGF or CD133 
(1:100) as the primary antibody, and then with biotinylated 
secondary antibody (1:200).

Animal Model
Male athymic nude mice were purchased from the Chinese 
Military Medicine Academy (Beijing, China). Mice aged 
3–4 weeks (mean weight, 20 g) were maintained in 
a pathogen-free facility and used in accordance with the 
recommendations outlined in the Guide for the Care and 
Use of Laboratory Animals of the National Institutes of 
Health. The protocol was approved by the Seventh 
Medical Center of PLA General Hospital Ethics 
Committee. The animals were divided randomly into 6 
groups, to receive subcutaneous injections into the dorsal 
surface of differing cells mixtures into the nape region: (I) 
phosphate-buffered saline (PBS) without any cells; (II) 
rMSCs cells (3×106) alone; (III) A549 cells (3×106) 
alone; (IV) rMSCs (3×105 cells) plus A549 cells 
(3×106); (V) rMSCs transfected with p-miR-503 (miR- 
503-rMSCs, 3×105) plus A549 cells (3×106); (VI) rMSCs 
transfected with pPGU6-miR-503 (miR-503- 
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i-rMSCs,3×105) plus A549 cells (3×106). For groups II– 
VI, the cells were suspended in 100 µL of 50% Matrigel. 
At two weeks post-injection, the animals were euthanized 
with intraperitoneal sodium pentobarbital, and the tumor 
xenografts excised for measurement, fixation and experi-
mental analysis.

Measurement of CD133 by Flow 
Cytometry
Peripheral blood of athymic nude mice was collected in 
a tube containing EDTA by orbital sinus under anesthesia. 
Before flow cytometric analysis, red blood cells (RBCs) 
were removed from the peripheral blood with an RBC 
lysis buffer (Sigma). Cells were resuspended in PBS con-
taining 2% FBS and stained for 30 minutes on ice with 
either phycoerythrin (PE)-conjugated anti-mouse CD133 
antibody or PE-conjugated isotypic-matched antibody. 
Fluorescence due to staining with PE was measured 
using a flow cytometer (Cytomics FC 500, Beckman 
Coulter).

Statistical Analysis
All the data were expressed as the mean ± standard devia-
tion. Student’s t-test was used for comparisons between 
two groups. Analysis of variance (ANOVA), with either 
the least significant difference (LSD; homogeneity of var-
iance) or Tamhane’s T2 (unequal variance) post hoc test, 
was employed for multiple comparisons. The statistical 
significance level was set at p < 0.05.

Results
Effect of Tumor-Conditioned Medium on 
rMSCs in vitro
Recent studies have demonstrated that when exposed to 
tumor-conditioned medium (TCM) from breast cancer cells, 
MSCs assume a carcinoma-associated fibroblasts (CAF)-like 
myofibroblastic phenotype, and exhibit functional properties 
of CAFs.17,18 Furthermore, CAFs have been reported to con-
tribute to the progression of tumors toward malignant 
phenotypes.17,18 Consistent with these data, we found signifi-
cantly increased expression levels of genes for various CAF 
markers,18 including α-SMA, FAP, FSP and TNC in rMSCs 
exposed for 7 days to TCM from A549 cells, as compared 
with control rMSCs (Figure 1A). There were no significant 
differences in the expression of CAF markers between rMSCs 
with and without exposure to TCM for 24 hours (Figure 1A).

To determine the gene expression profile associated 
with the initiation of rMSCs transformation in a tumor 
microenvironment, microarray studies were used to com-
pare gene expression levels between rMSCs with or with-
out exposure to TCM for 24 hours. There were 555 
up-regulated and 510 down-regulated genes in rMSCs 
exposed to TCM for 24 hours (Table S2), the top 15 up- 
regulated genes were OLR1142, CCL20, HTR3B, IL1B, 
LOC683206, CXCL2, CXCL3, LOC100910497, CXCL1, 
ASS1, CCL7, CCL2, PLA2G2A, DRD1, and MMP-3. 
Thus, despite there being no significant changes in the 
expressions of CAF markers after 24 hours of exposure 
to TCM, the levels of tumor-promoting factors (such as 
CCL20, IL1β, CXCL2, CXCL3, CXCL1, CCL7, CCL2, 
MMP-3) were greatly elevated. Three pathways were iden-
tified that were enriched in genes induced by exposure of 
rMSCs to TCM for 24 hours, namely NOD-like receptor 
signaling pathway, p53 signaling pathway, and 
Neurotrophin signaling pathway (Table 1).

Next, we investigated the proliferative and apoptotic 
potential of rMSCs to examine whether the biology of 
these cells was affected by exposure to TCM for only 24 
hours. Figure 1B and C revealed that there were small but 
significant differences between rMSCs cultured in TCM for 
24 hours and those cultured in control medium. As expected, 
a capillary growth assay demonstrated no significant differ-
ences in tube formation between rMSCs exposed to TCM 
for 24 hours and control rMSCs (data not shown). Together, 
these data indicate that rMSCs exposed to a tumor micro-
environment become transformed and initiate multiple cel-
lular responses, including an immune response and cell 
growth, at an earlier stage than was previously thought. In 
turn, this would imply that a better understanding of the 
early phase of rMSCs transformation in a tumor microenvir-
onment and of the tumor-promoting potential of these cells 
would facilitate the development of strategies for improving 
MSC-based clinical therapies.

miR-503 is Significantly Up-Regulated in 
TCM Exposed rMSCs
As miRNAs have been reported to play key roles in the 
regulation of stem cell fate and behavior through the fine- 
tuning of proteins,10,11 we were interested in determining 
whether miRNAs might be involved in the transformation 
of rMSCs in a tumor microenvironment. Therefore, we con-
ducted a microarray analysis to identify miRNAs that were 
associated with the induction of rMSCs by TCM. A total of 
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12 miRNAs were significantly up-regulated in TCM-induced 
MSCs, as compared with control MSCs, of these, miR-503 
was found to exhibit the biggest increase (Figure S3). These 

observations were confirmed by quantitative real-time PCR: 
the expression levels of miR-503 in rMSCs exposed to TCM 
were significantly up-regulated 2.7-fold at 12 hours, 3.3-fold 

Figure 1 Effect of TCM on rMSCs in vitro. (A) Relative mRNA expressions of carcinoma-associated fibroblast (CAF)-related genes in MSCs, with or without exposure to 
TCM for 24 hours, were detected using real-time PCR. (B) The TCM had a significant effect on cell proliferation as assessed by XTT (2–3-bis(2-methoxy-4-nitro- 
5-sulfophenyl)-5-[(phenylamino)carbonyl]-2H-tetrazolium hydroxide), 24 hours after exposure. (C) The TCM also affected cell apoptosis, as analyzed using flow cytometry. 
Exposure time: 24 hours. All data are shown as the mean ± standard deviation based on three independent experiments.

Table 1 Induced KEGG Pathways in rMSCs Exposed to TCM

Description Function 
Classification

Function Sub- 
Classification

Gene Name

NOD-like receptor 
signaling pathway

Organismal 
systems

Immune system CXCL1;NFKBIA;IL1B;CXCL2;CCL5;CCL12;TNF;HSP90AB1;BIRC3;TNFAIP3;NFKB1;NFKBIB; 
TAB1;RELA;TAB2;CARD9;BIRC2;HSP90B1;MAPK3;HSP90AA1;MAPK1

p53 signaling 
pathway

Cellular 
processes

Cell growth and 
death

SERPINE1;GADD45A;BAX;GADD45B;MDM2;BBC3;IGFBP3;TP53;CDKN2A;CCNE1;CDK4; 
CDK6;CDKN1A;TSC2;SESN2;STEAP3;PMAIP1;CCND3;IGF1;CYCS;PTEN;RRM2;CCNB1; 
CDK1;APAF1;CCND2;SESN3;SHISA5

Neurotrophin 

signaling pathway

Organismal 

systems

Nervous system NFKBIA;BAX;NFKBIE;CALM2;ABL1;ARHGDIB;IRAK3;TP53;SH2B2;PSEN2;NFKB1;IRS2; 
ATF4;RAPGEF1;YWHAG;KIDINS220;NFKBIB;SH2B3;PSEN1;RELA;NGF;MAP2K5;BCL2; 
CALM1;MAPK3;CDC42;YWHAE;YWHAB;YWHAQ;KRAS;RAP1B;FRS2;PIK3CA;RHOA; 
RPS6KA3;RAF1;GSK3B;NGFRAP1;YWHAH;SOS1;CAMK2G;IRAK1;MAPK1;CSK;RAP1A; 
MAGED1;HRAS
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at 24 hours, 9.7-fold at 7 days and 14.3-fold at 14 days, 
compared with control rMSCs (Figure 2). These observations 
indicate that miR-503 may have an important role in regulat-
ing rMSCs behavior in a tumor microenvironment.

Silencing of miR-503 Blocks the 
Transformation of rMSCs in a Tumor 
Microenvironment
Analysis with real-time PCR revealed that rMSCs trans-
fected with p-miR-503 showed a ~5-fold increase in miR- 
503 levels compared with p-miR-nc transfection (Figure 
3A), while rMSCs transfected with pGPU6-miR-503 
exhibited a 8-fold decrease in miR-503 levels compared 
with pGPU6-miR-nc transfection (Figure 3A). 
Furthermore, these changes in rMSCs miR-503 levels 
were associated with corresponding changes in the 
mRNA levels of various CAF markers (α-SMA, FAP, 
FSP, TNC) and tumor-promoting factors (CCL20,19 

IL1β,9,20,21 CXCL2,20,22 CXCL322) (Figure 3A).
Next, we used a series of experiments to determine the 

functional significance of miR-503 in rMSCs. To avoid the 
influence of fluorescence of vectors on results, herein, we 
transfected miR-503 RNA strands (miR-503 mimics or 
inhibitors/AS) into rMSCs. We found that overexpression 
or silence of miR-503 did not influence the ability of 
rMSCs to differentiate into mesenchymal lineages such 
as fat and bone (data not shown). Having identified 
a proliferative action of TCM on rMSCs (Figure 1B), we 
examined the effects of miR-503 overexpression or silence 
on rMSCs proliferation in a tumor microenvironment. 

Silencing of miR-503 expression in rMSCs abolished the 
TCM-induced enhancement of rMSCs proliferation, 
whereas augmentation of endogenous miRNA function 
through ectopic expression of miR-503 led to an enhance-
ment of TCM-induced rMSCs proliferation (Figure 3B). 
Exposure to TCM significantly down-regulated rMSCs 
apoptosis levels, and this down-regulation was signifi-
cantly inhibited by miR-503 AS transfection and signifi-
cantly exaggerated by miR-503 mimics transfection 
(Figure 3C). Interestingly, we found that miR-503 could 
affect rMSCs angiogenesis. Although the tube formation 
capacity of rMSCs was not affected by exposure to TCM 
for 24 hours, overexpression of miR-503 induced the for-
mation of capillary-like structures in TCM-exposed MSCs. 
Conversely, rMSCs with miR-503 AS transfection were 
unable to form capillary tubes (Figure 3D). These data 
suggest that miR-503 is associated with cell growth, apop-
tosis and angiogenesis of rMSCs in a tumor 
microenvironment.

Effect of miR-503-i-rMSCs on A549 Cells 
in vitro
MSCs have been reported to both promote and abrogate 
tumor growth.3,5 Having observed that TCM could influence 
the biological behavior of rMSCs, we next sought to deter-
mine the effects of rMSCs on A549 tumor cells. A549 cells 
were co-cultured with either control rMSCs or rMSCs with 
various vectors transfection types or cultured in basal medium 
(Figure 4A). Co-culture with the various rMSCs types had no 
effect on the proliferation of A549 cells at 24 hours or 48 
hours. However, at 72 hours, co-culture with rMSCs or miR- 
503-rMSCs resulted in a significant elevation of A549 cell 
proliferation, whereas co-culture with miR-503-i-rMSCs 
caused a significant decrease in proliferation, as compared 
with control A549 cells cultured in basal medium (Figure 
4B). Similarly, A549 cell apoptosis was decreased at 72 hours 
when these cells were co-cultured with rMSCs or miR-503- 
rMSCs but increased when the cells were co-cultured with 
miR-503-i-rMSCs (Figure 4C).

We hypothesized that these various co-culture models 
would also differ with regard to the angiogenesis of A549 
cells. As shown in Figure 4D, A549 cells were able to generate 
a capillary tube on matrigel when cultured for 24 hours in 
basal medium, or when co-cultured for 24 hours with rMSCs 
or miR-503-rMSCs. However, tube formation was signifi-
cantly inhibited by co-culture with miR-503-i-rMSCs. 
Collectively, these data indicated that the three types of 

Figure 2 Relative rno-miR-503 expression in rMSCs with or without TCM expo-
sure was detected using real-time PCR. All data are shown as the mean ± standard 
deviation based on three independent experiments.
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rMSCs can affect cancer cells biology, with A549 growth and 
angiogenesis enhanced by control rMSCs or miR-503-rMSCs, 
but inhibited by miR-503-i-rMSCs. Interestingly, we found 

that overexpression of miR-503 in A549 cells suppressed the 
proliferation of A549 cells and tube formation, and enhanced 
their apoptosis (Figure S2). This would indicate that the 

Figure 3 Effect of miR-503 on rMSCs in the tumor microenvironment in vitro. (A) Relative expressions of genes in rMSCs transfected with p-miR-503 or pGPU6-miR-503, or their 
respective controls, after exposure to TCM for 24 hours. (B) XTT assay was used to detect cell proliferation in rMSCs transfected with miR-503 mimics or miR-503 AS, or their 
respective controls after exposure to TCM for 24 hours. (C) Flow cytometry assay was used to detect cell apoptosis levels in rMSCs transfected with miR-503 mimics or miR-503 AS, or 
their respective controls after exposure to TCM for 24 hours. (D) Matrigel assay was used to detect the formation of capillary-like tubes in rMSCs transfected with miR-503 mimics or 
miR-503 AS, or their respective controls after exposure to TCM for 24 hours. Bar: 100 μm. All data are shown as the mean ± standard deviation based on three independent 
experiments. Vectors transfection in A, and RNA strands transfection in B–D. 
Abbreviations: miR-nc AS, antisense strands for miR-nc; miR-503 AS, antisense strands for miR-503.
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presence of miR-503-i-rMSCs, and not miR-503 overexpres-
sion in itself, exerts a tumor-suppressive action on A549 cells 
in vitro.

To identify whether angiogenic factors were 
involved in tumor suppression regulated by miR-503- 

i-rMSCs, real-time PCR and immunofluorescence 
experiments were performed to determine the expres-
sion levels of genes associated with tumor angiogen-
esis. The results showed that angiogenic factors, 
including VEGF, SDF-1, IGF-1, and MMP-3, were 

Figure 4 Effect of different MSC types on A549 cells in vitro. (A) Co-culture model. A549 cells seeded in the bottom chamber of a Transwell Permeable Supports chamber 
(Corning) were exposed to different MSC types (control MSCs, miR-nc-rMSCs, miR-503-rMSCs, miR-nc-i-rMSCs, or miR-503-i-rMSCs) or to medium only, placed in the 
upper chamber. A 0.4 μm mesh separated the upper and lower chambers. (B) XTT assay was used to detect cell proliferation levels in a549 cells co-cultured with different 
MSC types (control MSCs, miR-nc-rMSCs, miR-503-rMSCs, miR-nc-i-rMSCs, or miR-503-i-rMSCs) or to medium only. (C) Flow cytometry assay was used to detect cell 
apoptosis levels in a549 cells co-cultured with different MSC types (control MSCs, miR-nc-rMSCs, miR-503-rMSCs, miR-nc-i-rMSCs, or miR-503-i-rMSCs) or to medium 
only. Before co-culture, apoptosis inducer (Cisplatin, 1 μM, Beyotime) were added to the culture. All data are shown as the mean ± standard deviation based on three 
independent experiments. **p<0.01, compared with A549 without cisplatin inducing. (D) Matrigel assay was used to detect the formation of capillary-like tubes in A549 cells 
co-cultured with different MSC types (control MSCs, or rMSCs transfected with either p-miR-nc, p-miR-503, pGPU6-miR-nc, or pGPU6-miR-503) or to medium only. Co- 
culture time: 24 hours. Bar: 100 μm. 
Abbreviations: miR-nc-rMSCs, rMSCs transfected with p-miR-nc; miR-503-rMSCs, rMSCs transfected with p-miR-503; miR-nc-i-rMSCs, rMSCs transfected with pGPU6- 
miR-nc; miR-503-i-rMSCs, rMSCs transfected with pGPU6-miR-503.
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significantly inhibited in A549 cells co-cultured with 
miR-503-i-rMSCs, as compared with A549 cells co- 
cultured with miR-503-rMSCs or cultured alone in 
basal medium (Figure 5A, B). Interestingly, we found 
that CD133, a tumor marker in a variety of cancer 
types, including human non-small cell lung carcinoma 

(NSCLC),23 was significantly inhibited in A549 cells 
co-cultured with miR-503-i-rMSCs, as compared with 
A549 cells co-cultured with miR-503-rMSCs or cul-
tured alone in basal medium (Figure 5C). To verify 
the effect of CD133 on capillary tube formation, an 
anti-CD133 antibody was added to a suspension of 

Figure 5 Effect of miR-503-i-rMSCs on A549 cells by regulating angiogenic genes in vitro. (A) Relative mRNA expressions of angiogenic genes in A549 cells after 24 h co- 
culture, was detected using real-time PCR. All data are shown as the mean ± standard deviation based on three independent experiments. (B) Confocal imaging of A549 
cells, left panel: angiogenic proteins (green), right panel: merge image for nuclei (blue, stained with Hochest 33,258) and angiogenic proteins (green). MMP-3, IGF-1, SDF-1, 
and VEGF were expressed at high level in A549 cells co-cultured with miR-503-i-rMSCs. Co-culture time: 24 h. Bar: 20 μm. (C) Confocal imaging of A549 cells, left panel: 
CD133 expression (green), right panel: merge image for nuclei (blue, stained with Hochest 33,258) and CD133 (green) expression. CD133 was expressed at lower levels in 
cells co-cultured with miR-503-i-rMSCs compared with miR-503-rMSCs co-culture. Co-culture time: 24 h. Bar: 20 μm. (D) Matrigel assay was used to detect the formation 
of capillary-like tubes in A549 cells treated with or without an antibody anti-CD133 (a rabbit neutralizing antibody, 1:100 dilution). Bar: 100 μm.
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A549 cells just before they were plated onto 
Matrigel. We found that tube formation was greatly 
inhibited by the anti-CD133 antibody (Figure 5D), 
indicating that CD133, in addition to other 
angiogenic factors (VEGF,24,25 SDF-1,25,26 IGF-1,27 

MMP-328) is involved in A549 cell vasculogenesis.

miR-503-i-rMSCs Abolished the Tumor- 
Promoting Effects of rMSCs in vivo
To test the effects of rMSCs on tumor formation in vivo, 
nude mice were injected with A549 cells in the absence or 
presence of various rMSCs types, as described in the 
Methods. As expected, control mice (injected with PBS; 
n = 5) did not form tumors, whereas those transfected with 
A549 cells only (n = 5) did form tumors (Figure 6A). 
Moreover, mice co-injected with either rMSCs plus A549 
cells, or miR-503-rMSCs plus A549 cells, exhibited larger 
tumor volumes than pure A549 xenografts (Figure 6A). In 
contrast, heterogeneous xenografts were detected in 4 of 5 
mice transplanted with rMSCs only, while xenografts were 
only detected in 2 of 5 mice co-transplanted with miR- 
503-i-rMSCs plus A549 cells (Figure 6A). Surprisingly, 
when sections were examined after hematoxylin and eosin 
staining, no tumor cells were observed in one of two 
xenografts in the miR-503-i-rMSCs plus A549 cell co- 
injection group (Figure 6B, lower-middle panel), while 
the other xenograft showed only sporadic occurrences of 
small, encapsulated, nodular tumors (Figure 6B, lower- 
right panel); moreover, the tumor xenograft volumes 
were significantly smaller than those observed in the 
other 3 groups (Figure 6A). As expected, the tumors of 
mice injected with A549 cells presented as large, spherical 
tumor nests, with invasive growth into skeletal muscle 
observed in some cases (Figure 6B, upper-left panel). 
Furthermore, tumors in the rMSCs plus A549 cells group 
or the miR-503-rMSCs plus A549 cells group showed 
invasive patterns of growth into the surrounding skeletal 
muscle, with coarse tumor margins and an enriched peri- 
tumoral vascularity; the tumor area also showed evidence 
of fibrous tissue and spotty necrosis (Figure 6B, upper- 
right and lower-left panels). Masson’s trichrome staining 
was much more pronounced (Figure 6C).

Immunohistochemistry experiments revealed that ki67- 
positive cells were rare and sporadically distributed within 
the xenografts of mice injected with miR-503-i-rMSCs 
plus A549 cells, with most ki67-positive cells present in 
small nodular tumors (Figure 7A). In contrast, there were 

significantly more ki67-positive cells in xenografts of pure 
A549 cells or A549 cells mixed with the other rMSCs 
types (Figure 7A).

Next, we detected the expressions of angiogenic factors 
(VEGF, SDF-1, IGF-1, MMP-3) in tumor xenografts 
in vivo. Xenografts in mice injected miR-503-i-rMSCs 
plus A549 cells secreted lower levels of these proteins 
compared with xenografts of pure A549 cells or A549 
cells mixed with the other rMSCs types (Figure 7B). 
These data were further confirmed by real-time PCR ana-
lysis (Figure 7C).

CD133 expression in peripheral blood was approxi-
mately 4.5-fold higher in mice transplanted with A549 
cells than in control mice injected with PBS. A similar 
phenomenon has been observed in patients with lung 
cancer.29 CD133 has been reported to be associated with 
tumor vasculogenesis and tumor growth,30,31 and high 
CD133 levels are associated with poor survival in 
a variety of solid tumors, including lung, colon and pros-
tate cancer.23,32 Remarkably, our study demonstrated that 
CD133 expression in peripheral blood was significantly 
lower in mice co-transplanted with miR-503-i-rMSCs 
plus A549 cells than in mice co-transplanted with pure 
A549 cells or A549 cells mixed with the other rMSCs 
types (Figure 7D). Moreover, immunohistochemistry also 
confirmed the results (Figure 7E). These results suggest an 
important role for CD133 in tumor initiation and tumor 
growth, thus, CD133 may serve as a biomarker of tumor 
progression, further helping to define the indications for 
the potential use of miR-503-i-rMSCs in tumor therapy.

Taken together, our results indicate that the tumor- 
promoting effects of rMSCs can be abolished by miR- 
503 silence in these cells, and that miR-503-i-rMSCs 
inhibit tumor growth in vivo.

Discussion
Our carefully designed experiments support the concept 
that rMSCs can be induced to transformed into CAF-like 
phenotype in the tumor microenvironment, and that these 
alterations in rMSCs in turn can affect on tumor cells. 
Furthermore, miR-503-i-rMSCs but not rMSCs can effec-
tively suppress the formation and progression of A549 cell 
lung tumors by regulating tumor angiogenesis and growth.

Recently, MSCs have been shown to display pro- 
tumorigenic properties.33–35 Galie et al demonstrated 
a phenotypical similarity between MSC and mesenchymal 
tumor cells (MTC), which have a dramatically enhanced 
capacity to promote angiogenesis and play a decisive role 
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in supporting tumor growth through the supply of blood.34 

Numerous studies have found that MSCs can differentiate 
into CAFs, that promote tumor growth through multiple 
mechanisms, including the secretion of tumor-promoting 

factors.18,35 Thus, MSCs are potential candidates for the 
tumor-promoting or tumorigenic phenotypical changes 
induced by neoplastic microenvironment.34 Consistent 
with this, our results revealed that gene expression in 

Figure 6 miR-503-i-rMSCs inhibited tumor growth in vivo. (A) Summary of the xenograft and tumor frequencies and tumor volumes. All data are shown as the mean ± 
standard deviation based on three independent experiments. (B) Representative images of xenografts at 2 weeks stained with hematoxylin and eosin. Upper-left: pure A549 
xenograft; large in size with a spherical tumor nodule; the arrow indicates invasive growth into the muscle. Upper-middle: Pure rMSCs xenograft; no tumor cells were 
present. Upper-right: rMSC plus A549 cells mixed xenograft; the tumor nodule was divided by fibrous tissue, and there were multiple areas of spotty necrosis and 
inflammatory cell infiltration. Lower-left: miR-503-rMSCs plus A549 cells mixed xenograft; there was invasive growth of the primary tumor with infiltration of surrounding 
skeletal muscles (arrow). Lower -middle and right: miR-503-i-rMSCs plus A549 cells mixed xenograft; tumor tissue was replaced by granulation tissue, and was either 
acellular (middle) or evident as a small encapsulated tumor without invasive growth (arrow, right). Bar: 100 μm. (C) Representative images of xenografts at 2 weeks stained 
with Masson's trichrome stain. Tumor tissue has been replaced with granulation tissue in miR-503-i-rMSCs plus A549 cells mixed xenograft. However, fibrous tissue also 
could be observed in the pure A549 cells xenograft, the MSCs plus A549 cells mixed xenograft or the miR-503-rMSCs plus A549 cells mixed xenograft (small arrows); these 
xenografts also showed enriched vascularity and vascular engorgement in these xenografts (large arrows). Arrow: small tumor nodule; Bar: 100 μm.
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rMSCs exposed to TCM was altered as early as at 24 
hours; the genes involved included tumor-promoting fac-
tors such as CCL20, IL1β, CXCL2, CXCL3, CXCL1, 
CCL7, CCL2, MMP-3. Thus, the blocking of neoplastic 
differentiation at an early phase will likely be very impor-
tant for further improving both the safety and efficiency of 

anti-cancer therapy. Interestingly, we found that miR-503- 
i-rMSCs had tumor-inhibiting effects: 1) miR-503- 
i-rMSCs significantly increased the apoptosis and reduced 
the proliferation of A549 cells, and inhibited tube forma-
tion by A549 cells in vitro, possibly through the regulation 
of angiogenesis-related genes including VEGF, SDF-1, 

Figure 7 Antitumorigenic effect of miR-503-i-rMSCs was through regulating tumor growth and angiogenesis in vivo. (A) Ki67 expression in xenograft tissues was detected by 
immunohistochemistry assay. Bar: 100 μm. (B) Angiogenic proteins levels in xenograft tissues were detected by immunohistochemistry assay. Bar: 100 μm. (C) Relative mRNA 
expressions of angiogenic genes in xenograft tissues was detected using real-time PCR. (D) CD133 expression in peripheral blood was detected by flow cytometry. CD133 positive cells 
(%) are represented by the red peaks merged with the isotype control each (black peaks), the value obtained is its “ CD133 cells %” positive value, statistical analysis is shown on the right. 
All data are shown as the mean ± standard deviation based on three independent experiments. (E) CD133 expression in xenograft tissues was detected by immunohistochemistry assay. 
CD133 was mostly expressed in tumor cells in the four groups. CD133 expression was much lower in miR-503-i-rMSC plus A549 cells mixed xenografts than in pure A549 cells 
xenografts, miR-503-rMSC plus A549 cells mixed xenografts, or rMSC plus A549 cells mixed xenografts. Arrow: typical CD133 expression patterns, mostly distributed on the tumor cell 
surface, bar: 100 μm.
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IGF-1, MMP-3 and CD133; and 2) miR-503-i-rMSCs sig-
nificantly inhibited A549 tumor initiation (from 5/5 to 1/5 
mice) and tumor volumes (from 17.61±7.16 to 4.6 mm3) in 
an in vivo animal transplantation model, likely by modu-
lating angiogenesis and tumor proliferation. Similarly, 
Shangguan et al have observed that blocking the differen-
tiation of MSCs into CAFs, through inhibition of trans-
forming growth factor beta (TGFβ)/SMAD signaling, 
resulted in reduced breast tumor volumes and decreased 
tumor initiation (from 5/5 to 3/5).18

MSCs also have been reported to display anti- 
tumorigenic properties.4 Otsu et al found direct inoculation 
of MSCs into subcutaneous melanomas caused apoptosis 
and abrogated tumor growth. Khakoo et al found that 
MSCs inhibited Kaposi’s sarcoma by exerting an anti- 
angiogenic effect through direct cell-cell contact.3 

Furthermore, tumors from animals treated with MSCs 
contained a greater stromal portion.3 The increased fibrous 
tissue seen within the tumors of MSC-treated animals may 
represent a host response to enhanced tumor necrosis 
mediated by MSCs.3 On the other hand, MSCs have 
been reported to be precursors of stromal cells.36 

Therefore, it is possible that within the tumor microenvir-
onment, stromal components derived from MSCs may 
play a role in inhibiting tumor growth.3 In our study, 
however, we found that all rMSCs types, including those 
showing overexpression or silence of miR-503 could affect 
A549 cell behavior. Although tumors from mice treated 
with rMSCs had increased fibrous tissue accompanied by 
spotty necrosis within A549 tumor (as compared with 
mice injected with A549 cells only), these changes are 
unlikely to have played a determining role in preventing 
tumor growth, given the observed tumor volumes and 
incidences (Figure 6A). Instead, rMSCs appeared to accel-
erate the angiogenic switch and enhance the proliferation 
and viability of tumor cells. Thus, rMSCs conferred more 
pro-tumorigenic than anti-tumorigenic effects. We further 
provided evidence of anti-tumor effects of miR-503- 
i-rMSCs. Xenografts from mice treated with miR-503- 
i-rMSCs contained an encapsulated small tumor nest (1/ 
5) or relatively acellular granulation tissue (1/5). Given 
these findings, we suggest that miR-503-i-rMSCs be cap-
able of tumor suppression and show promise for clinical 
development as an anti-tumor therapy.

MiR-503 is reported to play an important role in 
tumorigenesis.37,38 In our study, we found that up- 
regulation of miR-503 in rMSCs could reduce the apopto-
sis levels, and enhance the proliferation and capillary tube 

formation of rMSCs cultured in TCM. However, up- 
regulation of miR-503 in A549 cells had the opposite 
effects, i.e. a reduction in proliferation and capillary tube 
formation and increased apoptosis of A549 cells. 
Consistent with this, Yang et al also found that the ectopic 
expression of miR-503 suppressed the proliferation and 
metastasis-related traits of NSCLC both in vitro and 
in vivo, supporting an anti-cancer role for miR-503 in 
the progression of NSCLC.39 Paradoxically, Li et al 
reported that miR-503 expression in an adenoma cell line 
promoted a malignant transformation in vitro as well as 
in vivo, and that blocking miR-503 suppressed the angio-
genic signature of cells, indicating that miR-503 plays pro- 
oncogenic effects in the transformation of colon adenoma 
to adenocarcinoma.40 Thus, these discrepancies demon-
strate the precise role of miR-503 may be changed in 
a cell type-dependent manner or developmental stage,37 

and reflect the multitude of gene networks regulated by 
miR-503, demonstrating that miR-503 may exert multiple 
effects. Unfortunately, we did not find the exact target 
gene for miR-503 during this anti-tumor process in vivo, 
one explanation is that miR-503 had multitudinous target 
genes may play redundant functions in regulating tumor 
initiation and growth in vivo.

It is worth noting that miR-503-i-rMSCs rather than 
rMSCs inhibit tumor initiation and growth in A549 xeno-
grafts in vivo. Thus, our study provides greater insights 
into the biological processes during which miR-503 mod-
ulates the intrinsic properties of rMSCs in the tumor 
microenvironment, and influences tumor initiation and 
growth. Our results at the very least suggest that the 
potential exists to exploit the biology of miR-503- 
i-rMSCs to treat a subset of human malignancies. Of 
course, further research will be needed to 1) evaluate the 
role of miR-503-i-rMSCs in other malignancies; 2) evalu-
ate the role of miR-503-i-rMSCs in animal models with 
immune systems to better-mimetic what happens 
in vivo; 3) evaluate anti-tumor effects of human-derived 
MSCs. Such studies may broaden the translational aspects 
of miR-503-i-MSCs, which are shown to have therapeutic 
potential, and improve the safety of stem cell treatments 
for clinical use.

Conclusion
The present study demonstrated that miR-503 is expressed 
after the transformation of rMSCs in a tumor microenvir-
onment. We found that miR-503-i-rMSCs but not rMSCs 
are capable of tumor suppression both in vitro and in vivo. 
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Further studies are required to provide a detailed analysis 
of the characteristics of miR-503-i-rMSCs or miR-503- 
i-MSCs in the tumor environment and to develop clinical 
therapies based on inhibition of the tumor-promoting prop-
erties and potentiation of the anti-tumor properties of 
MSCs.
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