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Mesenchymal stem cells (MSCs) have generated a great deal of interest in clinical situations, due princi-
pally to their potential use in regenerative medicine and tissue engineering applications. However, the
therapeutic application of MSCs remains limited, unless the favorable effects of MSCs on tumor growth
in vivo, and the long-term safety of the clinical applications of MSCs, can be more thoroughly understood.
In this study, we determined whether microRNAs can modulate MSC-induced tumor outgrowth in BALB/c
nude mice. Overexpression of miR-21 in human adipose-derived stem cells (hADSCs) inhibited hADSC-
induced tumor growth, and inhibition of miR-21 increased it. Downregulation of transforming growth
factor beta receptor Il (TGFBR2), but not of signal transducer and activator of transcription 3, in hADSCs
showed effects similar to those of miR-21 overexpression. Downregulation of TGFBR2 and overexpression
of miR21 decreased tumor vascularity. Inhibition of miR-21 and the addition of TGF-B increased the levels
of vascular endothelial growth factor and interleukin-6 in hADSCs. Transplantation of miR-21 inhibitor-
transfected hADSCs increased blood flow recovery in a hind limb ischemia model of nude mice, compared
with transplantation of control oligo-transfected cells. These findings indicate that MSCs might favor
tumor growth in vivo. Thus, it is necessary to study the long-term safety of this technique before MSCs
can be used as therapeutic tools in regenerative medicine and tissue engineering.
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1. Introduction

Mesenchymal stem cells (MSCs) not only support hematopoie-
sis, but have also been shown to differentiate along a variety of
mesodermal lineages, thereby generating osteoblasts, chondro-
cytes, and adipocytes [1-3]. Recent studies have also reported that
MSCs are more plastic than was initially thought, and are capable
of developing into diverse cell lineages, including myoblasts,
cardiomyocytes, and neural cells [4-6]. Therefore, MSCs have been
considered to represent ideal sources of cell therapy in a variety of

Abbreviations: MSC, mesenchymal stem cell; hADSCs, human adipose-derived
stem cells; TGFBR2, transforming growth factor beta receptor II; STAT3, signal
transducer and activator of transcription 3; VEGF, vascular endothelial growth
factor; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; ELISA, enzyme-linked
immunosorbent assay.

* Corresponding author at: Department of Physiology, School of Medicine, Pusan
National University, Beomeo-ri, Mulgeum-eup, Yangsan-si, Gyeongsangnam-do
626-870, Republic of Korea. Fax: +82 51 510 8076.

E-mail address: jsjung@pusan.ac.kr (J.S. Jung).

0006-291X/$ - see front matter © 2012 Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.bbrc.2012.05.040

disease processes, including cardiovascular disease [7], as well as
in the treatment of human malignancies [8].

On the basis of previous studies implicating stem cells and stro-
mal support cells in the neoplastic process [9-16], transplanted
MSCs can be expected to accelerate tumor growth in vivo. Fierro
et al. reported some changes in the proliferative capacity of MCF-7
cells following co-culture with MSCs [17]. Djouad et al. showed that
MSCs cause side effects associated with systemic immunosuppres-
sion, favoring melanoma growth in vivo [ 18], and Tsai et al. reported
that mesenchymal stem cells promote the formation of colorectal
tumors in mice [19]. Our previous study showed that human
adipose-derived stem cells (hADSCs) increased tumor growth in a
subcutaneous transplantation model of nude mice [20].

Mechanisms of MSC-induced tumor growth include MSC-
derived exosome-induced vascular endothelial growth factor
(VEGF) expression in human gastric and colon cancer cells [21],
the formation of a microenvironment favorable for tumor growth
[22], and the secretion of paracrine factors by MSCs [23]. Therefore,
there is a possibility that the modulation of MSC functions may
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affect MSC-induced tumor outgrowth. Understanding this process
is important to ensure the safety of MSC transplantation in clinical
applications.

MicroRNAs (miRNAs) have been implicated in many processes
including cell proliferation and apoptosis [24,25], fat metabolism
[24], neuronal patterning [26], and tumorigenesis [27]. Recent evi-
dence indicates that miRNAs influence stem cell functions, includ-
ing differentiation, by negatively regulating gene expression at the
post-transcriptional level [28,29]. Our recent studies showed that
miRNAs control the proliferation and differentiation of hADSCs
[30-32]. In this study, we determined whether the control of miR-
NA activity in hADSCs can modulate hADSC-induced tumor growth
in vivo, and elucidated the mechanism of action of this process.

2. Materials and methods
2.1. Culture of hADSCs and H460 cells

All protocols involving human subjects were approved by the
Institutional Review Board of Pusan National University. Superflu-
ous materials were collected from individuals undergoing elective
abdominoplasty after informed consent was given by each individ-
ual. The hADSCs were isolated according to methods described in
previous studies [33]. We used hADSCs of 3-5 passages for each
experiment. H460 cells, that were derived from a large cell carci-
noma of the human lung, were commercially obtained (ATCC)
and were cultured in Dulbecco’s Modified Eagle Medium contain-
ing 10% fetal bovine serum.

2.2. Genetic modification of hADSCs

Overexpression of miR-21 and miR-486 was induced by lentivi-
rus transduction [31,32]. Lentivirus preparation and transduction
procedures were performed as previously described [31]. We used
virus titers ranging from 5 x 10° to 1 x 107 transducing units (TU)/
ml. miRNA inhibitors (anti-miRs) and a scrambled RNA oligomer
were purchased from Ambion (Austin, TX). These were transfected
into hADSCs at a final concentration of 50 nM using the Dharma-
FECT Transfection Reagent (Dharmacon, Lafayette, CO), as per the
manufacturer’s instructions. Small interfering RNA (siRNA) duplex
oligos (on-TARGET plus SMART pool, Dharmacon) targeting STAT3
or TGFBR2 mRNA, or a non-targeting duplex oligo (negative con-
trol) were transfected into cells using the DharmaFECT Transfec-
tion Reagent.

2.3. RT-PCR

Total cellular RNA was isolated from hADSCs and reverse tran-
scribed using conventional protocols. The primer sequences used
in the experiment were as follows: glyceraldehyde 3-phosphate
dehydrogenase (GAPDH): 5-TCC ATG ACA ACT TTG GTA TCG-3/,
5'-TGT AGC CAA ATT CGT TGT CA-3’; signal transducer and activa-
tor of transcription 3 (STAT3): 5'-TGC CTT ATC AGG GCT GGG ATA
C-3’, 5-GGG ACC TIT AGA CAC GCA AGG A-3’; transforming
growth factor beta receptor Il (TGFBR2): 5-ACG TGT TGA GAG
ATC GAG G-3', 5'-CCC AGC ACT CAG TCA ACG TC-3'. All primer se-
quences were generated from established GenBank sequences.

2.4. Xenotransplantation of tumor cells

BALB/c nude mice at 7 weeks of age were purchased from the
Laboratory Animal Center of Seoul, Korea. The animals were subcu-
taneously injected with H460 cells (5 x 10°) alone, or mixed with
hADSCs (2 x 10°) into the backs of the mice, or mixed with hADSCs
(2 x 10°) into the brain. The time course of tumor growth after

subcutaneous injection was estimated by the surface area of skin
elevation at the injection site. Tumor samples were collected
10 days after the subcutaneous injection of H460 cells.

2.5. Histopathology and immunohistochemistry

Ten days after transplantation, the animals were sacrificed via
CO, inhalation, and tissue sections from paraffin-embedded tu-
mors were stained with hematoxylin and eosin. For immunohisto-
chemistry, the sections were permeabilized with 0.3% Triton X-100
for 10 min, then blocked for 1h with 8% bovine serum albumin
(BSA) at room temperature. Primary CD31 antibodies (Abcam,
Cambridge, MA) were diluted to 1:500 in phosphate-buffered sal-
ine (PBS) with 2% BSA, and were then treated overnight at 4 °C.
The primary antibody-conjugated anti-rabbit secondary antibodies
(Abcam) were diluted to 1:100 in PBS with 2% BSA and incubated
for 1 h at room temperature. Imaging was conducted with a confo-
cal microscope (Leica, Solms, Germany).

2.6. Quantitation of cytokines

At 90% confluence, the culture media of hADSCs were switched
to serum-free o-MEM and incubated for 24 h. The expression levels
of cytokines in conditioned media was assayed using the Human
Angiogenesis enzyme-linked immunosorbent assay (ELISA) Strip I
for Profiling 8 Cytokines (Signosis, Sunnyvale, CA, USA) according
to the manufacturer’s instructions. The absorbance of each well
was measured with a microplate reader (VICTOR™ X3 Multilabel
Plate Reader, PerkinElmer, Inc., USA) at 450 nm within 30 min. Pro-
tein standards provided with the Human Angiogenesis ELISA strip
were used for quantification.

2.7. Determination of proangiogenic action in hindlimb ischemia

The animal protocol used in this study was reviewed and ap-
proved by the Pusan National University Institutional Animal Care
and Use Committee (PNU-IACUC) for ethical procedures and scien-
tific care. The neovascularization capacity of the cells was investi-
gated in a murine model of hind limb ischemia that was generated
by the ligation of the proximal femoral artery in 8-week-old BALB/
¢ nude mice (Sam: TacN (SD) fbr) as previously described [34].
Briefly, animals were anesthetized with pentobarbital sodium
(0.5 mg/g), and to produce hind limb ischemia, the proximal por-
tion of the femoral artery, including the superficial and deep
branches, was ligated twice using a 7-0 silk suture. After 24 h,
1 x 10% hADSCs (180 pl of cell suspension in PBS) were injected
intramuscularly at 3 different sites into the ischemic legs. After
2 weeks, a Laser Tissue Blood Flowmeter (Omegawave, Inc., Japan)
was used to measure cutaneous blood flow.

2.8. Statistical analysis

Data were analyzed using the paired t test, and p < 0.05 was
considered statistically significant.

3. Results
3.1. MicroRNAs affect hADSC-induced tumor growth in vivo

To examine if microRNAs affect hADSC-induced tumor growth,
we overexpressed microRNAs that are either involved in hADSC
proliferation [35] or highly expressed in hADSCs [32]. To overex-
press them, we used miR-21, miR-29a, miR-196, and miR-486 lenti-
virus. Among the miRNAs tested in this experiment, overexpression
of miR-21 in hADSCs inhibited hADSC-induced tumor growth. To
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