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MicroRNA-497 suppresses osteosarcoma
tumor growth in vitro and in vivo
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Abstract. It has been demonstrated that microRNA-497
(miR-497) acts as a tumor suppressor and is involved in tumor
progression, development and metastasis in several types
of cancer. However, little is known about the exact role of
miR-497 in osteosarcoma (OS). The aim of the current study
was to investigate the potential role of miR-497 in human OS.
The role of miR-497 in the growth and survival of OS cells
was determined using several in vitro approaches and a nude
mouse model. The results demonstrated that exogenous expres-
sion of miR-497 in human OS MG63 cells suppressed cell
proliferation, colony formation, migration and invasion, and
induced cell apoptosis and cell arrest at the GO/G1 phase of the
cell cycle. In addition, the results of the in vivo study indicated
that restoration of miR-497 inhibited OS tumor growth in a
nude mouse model. Overall, the results of the present study
identified a crucial tumor suppressive role of miR-497 in the
progression of OS, and suggested that miR-497 may be a
potential therapeutic agent for the treatment of OS.

Introduction

Osteosarcoma (OS) is the most frequent primary malignant
bone tumor in children and young adolescents (1,2). The
survival rates for OS have improved considerably since the
introduction of multi-agent chemotherapy in the 1980s, with
a 5-year overall survival rate of 60-65% for patients without
metastasis (3), and have remained relatively constant for the
past two decades (4,5). The development of conventional OS
is a multistep process characterized by genetic and epigen-
etic alterations that affect key cellular pathways involved in
cell growth and development (6). Therefore, an improved
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understanding of the molecular mechanisms involved in OS
initiation and progression may contribute to the identification
of a therapeutic target for the treatment of OS, which may
additionally improve the overall outcome of patients with OS.

MicroRNAs (miRNAs) are a family of small non-coding
RNAs (19-25 nucleotides long), which are involved in the
regulation of gene expression by inducing messenger (m)RNA
degradation or repressing mRNA translation (7). miRNAs have
been demonstrated to be involved in numerous physiological
processes, including cell growth, apoptosis, development and
tumorigenesis (7-12). miRNAs may act as oncogenes or tumor
suppressors in the regulation of carcinogenesis, metastasis and
drug resistance (10), and are considered to be biomarkers for
the diagnosis of various types of cancer and potential novel
targets for anticancer therapies (13).

miRNA-497 (miR-497), an important member of the
miR-15/16/195/424/497 family of miRNAs (14), is down-
regulated in various types of cancer, including ovarian (15),
breast (16), colorectal (17) and cervical cancer (18). Previous
studies have demonstrated that miR-497 exerts a tumor
suppressor function in human colorectal cancer (17), cervical
cancer (18), breast carcinoma (16), neuroblastoma (19), gastric
cancer (20) and ovarian cancer (15,21). In addition, miR-497
has been observed to be downregulated in OS cell lines,
compared with normal bone cells, using miRNA microarray
profiling in an integrative expression profiling approach (22).
However, the exact role of miR-497 in OS remains relatively
unknown. Therefore, the aim of the current study was to
investigate the role of miR-497 in OS in vitro and in vivo
in order to determine the potential use of miR-497 in OS
therapy.

Materials and methods

Cell lines and cell culture. Huoman OS MG63 cells were
obtained from the Shanghai Institute of Biochemistry and
Cell Biology of the Chinese Academy of Sciences (Shanghai,
China). The cells were cultured in RPMI-1640 medium
(Sigma-Aldrich, St. Louis, MO, USA) supplemented with 10%
Gibco fetal calf serum (FCS; Thermo Fisher Scientific, Inc.,
Waltham, MA, USA), 100 U/ml penicillin (Sigma-Aldrich)
and 100 mg/ml streptomycin (Sigma-Aldrich), and maintained
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at 37°C in a humidified atmosphere containing 5% CO,. The
complete medium was replaced every 2-3 days.

miRNA transfection. miR-497 mimic and negative control
miRNA (Shanghai GenePharma Co., Ltd., Shanghai, China)
were transiently transfected into MG63 cells in 6-well plates
(Sigma-Aldrich) using 100 nM Invitrogen Oligofectamine™
Transfection Reagent (Thermo Fisher Scientific, Inc.),
according to the manufacturer's protocol.

Reverse transcription-quantitative polymerase chain reaction
(RT-gPCR). Total RNA was extracted from MG63 cells trans-
fected with miR-497 mimic or negative control miRNA, or
from tumors of mice inoculated with cells overexpressing
miR-497 or negative control cells, using Invitrogen TRIzol®
reagent (Thermo Fisher Scientific, Inc.), according to the
manufacturer's protocol. For the detection of miR-497,
RT-qPCR was performed using SYBR Green Master Mix
(Takara Biotechnology Co., Ltd., Dalian, China) and ABI
PRISM® 7500 Sequence Detection System (Thermo Fisher
Scientific, Inc.). Amplification of miR-497 and U6 was
performed with 1 cycle at 95°C for 3 min, followed by 30 cycles
at 95°C for 10 sec and 60°C for 10 sec. The primers (Takara
Biotechnology Co., Ltd.) used were as follows: miR-497,
forward 5'-GTGCAGGGTCCGAGGT-3' and reverse 5-TAG
CCTGCAGCACACTGTGGT-3"; and U6 (control), forward
5-CTCGCTTCGGCAGCACATATACT-3"' and reverse
5'-ACGCTTCACGAATTTGCGTGTC-3'. U6 small nuclear
RNA was used as a normalization control. The relative expres-
sion of each gene was calculated and normalized using the
2-44% method (Cg<35) (23).

Western blot analysis. The transfected cells were lysed 48 h
subsequent to transfection using RIPA Lysis and Extraction
Buffer (Thermo Fisher Scientific, Inc.), and the protein concen-
tration was measured using Pierce™ BCA Protein Assay Kit
(Thermo Fisher Scientific, Inc.). Following heating at 100°C
for 10 min in the presence of a loading buffer, equal amounts
of protein lysates (50 ug) were separated using 10% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (Bio-West
Inc., Logan, UT, USA) at 100 V for 1 h, and transferred
onto Invitrogen nitrocellulose membranes (Thermo Fisher
Scientific, Inc.) at 120 V for 1 h. Following blocking with 5%
skimmed milk [diluted with phosphate-buffered saline (PBS);
Sigma-Aldrich], the membranes were incubated overnight at
4°C with the following primary antibodies: i) Monoclonal
rabbit anti-human matrix metalloproteinase (MMP)-2 (catalog
no., 13132; dilution, 1:2,000; Cell Signaling Technology,
Inc., Danvers, MA, USA); ii) monoclonal mouse anti-human
MMP-9 (catalog no., sc-12759; dilution, 1:1,000; Santa Cruz
Biotechnology, Inc., Dallas, TX, USA); iii) monoclonal mouse
anti-human urokinase plasminogen activator (uPA; catalog
no., sc-59729; dilution, 1:3,000; Santa Cruz Biotechnology,
Inc.); and iv) anti-human glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH; catalog no., sc-59729; dilution, 1:10,000;
Santa Cruz Biotechnology, Inc.). GAPDH was used as a loading
control. Subsequently, the membranes were incubated with
secondary goat anti-mouse horseradish peroxidase-conjugated
immunoglobulin G antibody (catalog no., sc-2005; dilution,
1:10,000; Santa Cruz Biotechnology, Inc.) at room temperature
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for 2 h, and proteins were detected using enhanced chemilumi-
nescence (Pierce™ ECL Western Blotting Substrate; Thermo
Fisher Scientific, Inc.).

Proliferation analysis. In vitro cell proliferation was analyzed
using Cell Counting Kit-8 (CCK-8; Dojindo Molecular Tech-
nologies, Inc., Kumamoto, Japan). Briefly, MG63 cells were
transfected with a miR-497 mimic or negative control miRNA
in 6-well plates (5x10° cells/well). Following 24 h, the cells
were trypsinized (Sigma-Aldrich) and re-seeded in 96-well
plates (Sigma-Aldrich) at a density of 1x10° cells/well. CCK-8
reagent (10 pl/well) was added at 0, 24, 48 and 72 h, and cells
were incubated for 2.5 h at 37°C. Optical density (OD) was
measured at 450 nm using a microplate reader (Multiskan
Spectrum; Thermo Labsystems, Helsinki, Finland). The
experiment was performed =3 times, and similar results were
obtained.

Colony formation assay. For the colony formation assay, 24 h
subsequent to transfection with miR-497 mimic or negative
control miRNA, the cells were seeded in a 6-well plate at a low
cell density (1,000 cells/well), and maintained in RPMI-1640
medium containing 10% FCS for 2 weeks. The colonies were
fixed with methanol (Sigma-Aldrich), and stained with 0.1%
crystal violet (Sigma-Aldrich) diluted in 20% methanol for
15 min. Colony numbers were quantified using AlphaView
software version 2.0 (ProteinSimple, San Jose, CA, USA), and
the percentage of colony formation was calculated by adjusting
the number of negative control cells to 100%.

Cell cycle and cell apoptosis assay. The effects of miR-497 on
the cell cycle and apoptosis of OS cells were examined using
flow cytometry. Briefly, MG63 cells were transfected with a
miR-497 mimic or negative control miRNA for 48 h. Cell
cycle progression was monitored using Cell Cycle Assay Kit
(Fluorometric - Green) (catalogue number, ab112116; Abcam,
Cambridge, MA, USA). The cells were acquired using BD™
LSR II flow cytometer (BD Biosciences, San Jose, CA, USA),
and analyzed using Weasel version 3.1 software (available
from http:/www.frankbattye.com.au/Weasel/WeaselDown-
load.html). The percentage of cells undergoing apoptosis
was determined with Annexin V staining and propidium
iodide exclusion using BD Pharmingen™ FITC Annexin V
Apoptosis Detection Kit I (BD Biosciences). The cells were
acquired using BD™ LSR II flow cytometer, and analyzed
using FACSDiva™ version 4.0 software (BD Biosciences).

Furthermore, the activity of caspase-3 and caspase-9 was
investigated as an additional indicator of apoptosis using
Caspase 3 Colorimetric Activity Assay Kit, DEVD and
Caspase 9 Colorimetric Activity Assay Kit, LEHD, respec-
tively (EMD Millipore, Billerica, MA, USA), according to
the manufacturer's protocol. The relative caspase activity was
calculated by adjusting the value obtained for the negative
control cells to 100%.

Transwell® migration and invasion assays. For the Transwell®
migration assays, 1x10° transfected cells were plated in the top
chamber of a Transwell® plate onto a non-coated membrane
(24-well insert; pore size, 8 ym; Corning Inc., Corning,
NY, USA). For the invasion assay, 1x10° transfected cells
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Figure 1. Overexpression of miR-497 inhibits cell proliferation and colony formation of human osteosarcoma MG63 cells. (A) Reverse transcription-quantitative
polymerase chain reaction was performed to investigate the expression levels of miR-497 in MG63 cells 48 h subsequent to transfection with a miR-497
mimic or a negative control miR. (B) Cell Counting Kit-8 assay was performed to analyze the effect of miR-497 on the proliferation of MG63 cells. (C) The
percentage of colony formation in tumor cells transfected with a miR-497 mimic was calculated by adjusting the percentage of tumor cells transfected with
miR-control to 100%. "P<0.05, “P<0.01 vs. miR-control. miR, microRNA; OD, optical density.

were plated in the top chamber of a Transwell® plate onto a
Matrigel™ -coated membrane. Each well was coated with 60 ug
BD Matrigel™ Basement Membrane Matrix (BD Biosciences)
prior to the invasion assay. The cells were incubated for 24 h
(migration assay) or 48 h (invasion assay). The cells that had
migrated to the lower chamber of the Transwell® plate were
fixed in 70% ethanol (Sigma-Aldrich) for 30 min, and stained
with 0.2% crystal violet for 10 min. The number of cells
migrating or invading through the membrane were counted in
five randomly selected fields under a light microscope (BX51;
magnification, x200; Olympus Corp., Tokyo, Japan).

Tumor growth in vivo. A total of 20 male BALB/c mice
(5-6 weeks old) were purchased from the Jilin Institute
of Experimental Animals (Changchun, China), and were
maintained under specific pathogen-free conditions at
room temperature with a 12 h light/dark cycle and humidity
of 60-70%, and provided with food (Jilin Institute of
Experimental Animals) and water ad libitum. Subsequently,
2x10° cells that were stably overexpressing miR-497 or
negative control miRNA were suspended in 100 ul PBS
and injected into the flanks of the mice (overexpressing
miR-497 group, n=10; negative control group, n=10). The
length and width of the resulting tumors were measured
every 7 days using a digital caliper (Sigma-Aldrich). Tumor
volume was calculated using the following formula: Tumor
volume (mm?®) = 0.5236 x width? x length. The mice were
sacrificed 4 weeks subsequent to inoculation, and the tumors
were resected and weighed. The tumors were used to measure
the miR-497 expression levels using the aforementioned
RT-qPCR method. All animal experiments were performed
following the standards of animal care, as outlined in the
Guide for the Care and Use of Laboratory Animals of
Jilin University (Changchun, China), following a protocol
approved by the Ethics Committee of Jilin University.

Statistical analysis. The data were presented as the
mean + standard deviation of =3 independent experiments.
The differences between the groups were analyzed using
Student's t test when there were 2 groups, or one-way analysis
of variance when there were =2 groups. The analyses were

performed using GraphPad Prism version 5 software
(GraphPad Software, Inc., La Jolla, CA, USA). P<0.05 was
considered to indicate a statistically significant difference.

Results

miR-497 inhibits cell proliferation and colony formation in
human OS MG63 cells. To examine the role of miR-497 in
the growth of OS cells, MG63 cells were transfected with a
miR-497 mimic or a negative control miRNA. Increased
expression of miR-497 in cells transfected with the miR-497
mimic was confirmed using RT-qPCR (Fig. 1A). Overexpres-
sion of miR-497 significantly decreased the proliferation of
cells, compared with negative control cells (Fig. 1B). In addi-
tion, miR-497 overexpression significantly inhibited colony
formation, compared with the corresponding negative control
(Fig. 1C). These results indicate that miR-497 exhibits a
growth-inhibitory role in OS cells.

miR-497 induces G1 arrest and apoptosis in MG63 cells. In
order to determine the effects of miR-497 on the cell cycle
in MG63 cells, flow cytometry assays were performed. As
revealed by Fig. 2A, overexpression of miR-497 increased the
percentage of cells in the G1/GO phase of the cell cycle, and
decreased the percentage of cells in the S phase, compared
with the negative control (P<0.05).

Subsequently, the role of miR-497 in the apoptosis of
MGH63 cells was assessed. There was a significantly increased
percentage of apoptotic cells in the group that was overex-
pressing miR-497, compared with the corresponding negative
control group (P<0.05; Fig. 2B). In addition, the effects of
miR-497 on caspase-3 and caspase-9 activity were analyzed.
As revealed by Fig. 2C and D, caspase-3 and caspase-9
activity was significantly increased in cells transfected with
the miR-497 mimic, compared with cells transfected with
the negative control (P<0.05). These results suggest that
overexpression of miR-497 induces OS cells to arrest at the
GO0/G1 phase of the cell cycle and undergo apoptosis.

miR-497 inhibits cell migration and invasion in MG63 cells.
Since miR-497 may act as a tumor suppressor, the present
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Figure 2. Overexpression of miR-497 induced human osteosarcoma MG63 cells to arrest at the G1 phase of the cell cycle and to undergo apoptosis.
(A) MG63 cells were transfected with a miR-497 mimic or miR-control for 48 h, and subsequently collected for cell cycle analysis using Cell Cycle Assay Kit
(Fluorometric - Green). (B) The effects of miR-497 on the apoptosis of MG63 cells were determined using flow cytometry. The activity of (C) caspase-3 and
(D) caspase-9 in MG63 cells was determined following transfection with miR-497 mimic or miR-control. 'P<0.05, “P<0.01 vs. miR-control. miR, microRNA.
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Figure 3. Overexpression of miR-497 inhibited the cell migration and invasion abilities of human osteosarcoma MGG63 cells. (A) The number of migrated
MG63 cells was determined using a Transwell® assay without Matrigel™ 24 h subsequent to transfection with miR-497 mimic or miR-control. (B) The
number of invaded MG63 cells was determined using a Transwell® assay with Matrigel™ 48 h subsequent to transfection with miR-497 mimic or miR-control.
(C) Western blot analysis of uPA, MMP-2 and MMP-9 protein expression following transfection with miR-497 mimic or miR-control. GAPDH was used as
an internal control. "P<0.05, “P<0.01 vs. miR-control. miR, microRNA; MMP, matrix metalloproteinase; uPA, urokinase plasminogen activator; GAPDH,

glyceraldehyde-3-phosphate dehydrogenase.

study investigated if restoration of miR-497 expression
would affect the migration and invasion abilities of OS cells.
A Transwell® assay without Matrigel™ demonstrated that the
migratory ability of MG63 cells was markedly decreased in
cells transfected with a miR-497 mimic, compared with cells
transfected with negative control miRNA (Fig. 3A). Subse-
quently, a Transwell® assay with Matrigel™ demonstrated
that miR-497-transfected MG63 cells displayed significantly
decreased invasive abilities, compared with the negative
control group (Fig. 3B).

Furthermore, the present study analyzed the effects of
miR-497 on the expression of uPA, MMP-2 and MMP-9
using western blot analysis. The results demonstrated that
overexpression of miR-497 resulted in a significant decrease
in the protein expression levels of uPA, MMP-2 and MMP-9,
compared with cells transfected with a negative control
(P<0.05; Fig. 3C). These findings suggest that miR-497
inhibits the migratory and invasive abilities of OS cells
in vitro by inhibiting the expression of uPA, MMP-2 and
MMP-9.
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Figure 4. miR-497 inhibits tumor growth in vivo. (A) Representative image of tumors formed in BALB/c xenograft mouse models at 28 days following injection
with human osteosarcoma MG63 cells transfected with a miR-497 mimic or miR-control. (B) Growth curve of tumors volume measured at the indicated times.
(C) Weight of xenograft tumors. (D) Reverse transcription-quantitative polymerase chain reaction analysis of the expression levels of miR-497 in tumor tissues
of miR-497 mimic and miR-control groups. "P<0.05, “P<0.01 vs. miR-control. miR, microRNA.

miR-497 inhibits tumor growth in vivo. To examine the role
of miR-497 in OS tumor development, the present study
used a BALB/c xenograft mouse model. Mice were trans-
planted with MG63 cells overexpressing miR-497 or negative
control miRNA. The mice were sacrificed, and the tumor
tissues were excised 28 days subsequent to transplantation
of the transfected MG63 cells. The results demonstrated that
miR-497-overexpressing tumors were significantly smaller
than tumors of mice transfected with negative control miRNA
(Fig. 4A). In addition, overexpression of miR-497 significantly
reduced xenograft tumor volume (Fig. 4B) and tumor weight
(Fig. 4C), compared with the negative control group. To
determine miR-497 transfection efficiency in the nude mouse
model, the present study examined the expression levels of
miR-497 in the xenograft tumors using RT-qPCR. The results
revealed that miR-497 expression was upregulated in the
xenograft tumors of mice injected with cells transfected with
the miR-497 mimic, compared with tumors of mice injected
with cells transfected with negative control miRNA (Fig. 4D).
These results imply that overexpression of miR-497 may
inhibit OS tumor growth in vivo.

Discussion

Increased expression of miR-497 has been demonstrated
to suppress cancer cell proliferation, promote apoptosis,
decrease migration and invasion, and increase chemo-
sensitivity in cancer cells (16-22). However, the roles and
mechanisms of miR-497 in OS remain unclear. To the best of
our knowledge, the current study demonstrated for the first
time that overexpression of miR-497 inhibited the prolifera-
tion, colony formation, migration and invasion abilities of OS

cells, and increased the percentage of apoptotic cells in vitro.
In addition, the present study demonstrated that restora-
tion of miR-497 expression inhibited OS tumor growth in
a nude mouse model. These results suggest that miR-497
inhibits tumor growth in vitro and in vivo, as previously
reported (16-21).

Previous studies have revealed that tumor suppressor
miRNAs are involved in the carcinogenesis and tumor
progression of OS, and exert tumor suppressor effects in
OS. Li et al (24) reported that miRNA-145 acts as a tumor
suppressor by inhibiting OS cell growth through suppression
of rho-associated, coiled-coil-containing protein kinase 1.
Sun et al (25) reported that upregulation of miRNA-646
expression inhibited OS cell proliferation, migration and
invasion by downregulating fibroblast growth factor-2. In
addition, Zhao et al (26) demonstrated that transfection of a
miRNA-410 expression plasmid into OS cells inhibited cell
proliferation and contributed to cell apoptosis by regulating
vascular endothelial growth factor (VEGF). Zhang et al (27)
revealed that miRNA-101 may act as a tumor suppressor in
OS, since it has a suppressive role in OS cell migration and
invasion by targeting enhancer of zeste homolog 2. miR-497,
another potential tumor suppressor, has been demonstrated to
be downregulated in OS cells (21). The present study identified
that overexpression of miR-497 inhibited the tumor growth of
OS cells in vitro and in vivo, which suggests that miR-497 may
be a promising therapeutic target for the treatment of patients
with OS.

miRNAs are key in the regulation of cancer cell prolif-
eration, cell cycle distribution, migration and invasion
by regulating multiple target genes (28). Several targets
have been identified that are essential in cell cycle and



2212

survival pathways, including insulin-like growth factor 1
receptor (17,18), WEE1 G2 checkpoint kinase (19), B-cell
lymphoma-2 (29), cyclin D2 (30) and VEGF (31). Previously,
checkpoint kinase 1 and hepatoma-derived growth factor were
also identified as target genes for miR-497 (32,33). Therefore,
the present study hypothesizes that miR-497 inhibits OS
cell proliferation, clonogenicity, migration and invasion, and
induces OS cell apoptosis and cell arrest at the GO/G1 phase of
the cell cycle by regulating multiple target genes.

In summary, the results of the present study indicate that
overexpression of miR-497 in OS cells is able to inhibit OS
cell proliferation, colony formation, migration and invasion,
and induce GI phase arrest and apoptosis of OS cells in vitro.
In addition, the present study revealed that overexpression of
miR-497 suppresses OS tumor growth in a xenograft mouse
model. Therefore, these findings suggest that miR-497 may be
a potential molecular target for OS therapy.
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