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miR-23b-3p promotes the apoptosis and inhibits the proliferation
and invasion of osteosarcoma cells by targeting SIX1
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Abstract. Osteosarcoma (OS) is the most common primary
malignant bone tumor and the third most common cancer that
occurs during childhood and adolescence. Increasing evidence
has suggested that microRNA (miR)-23b-3p has an important
role in OS tumorigenesis; however, the underlying molecular
mechanisms remain unknown. The aim of the present study
was to investigate the expression levels of miR-23b-3p and sine
oculis homeobox homolog 1 (SIX1) in OS tissues and cell lines
(MG-63, Sa0S-2 and U20S), as well as to observe the effects
of miR-23b-3p on U20S cell viability, cell cycle, apoptosis and
invasive ability. The results revealed that the expression levels
of miR-23b-3p were significantly decreased in OS tissues and
cell lines compared with tumor-adjacent normal tissues and a
non-cancerous human fetal osteoblastic cell line (hFOBI1.19).
To investigate the underlying mechanisms of miR-23b-3p in
OS tumorigenesis and progression, human U20S cell lines
over- or under expressing miR-23b-3p were established. The
effects of miR-23b-3p on U20S cell viability, cell cycle, apop-
tosis and invasion properties were determined by performing
Cell Counting Kit-8, flow cytometry and Transwell invasion
assays. miR-23b-3p was revealed to suppress cell viability,
proliferation and invasion, and to enhance the levels of cell
apoptosis. Furthermore, SIX1 mRNA and protein expression
levels in OS tissues and cell lines were significantly upregulated
when compared with tumor-adjacent normal tissues and hFOB
1.19 cells, which suggested that SIX1 expression levels may be
inversely associated with miR-23b-3p levels in OS. Luciferase
reporter system analysis demonstrated that miR-23b-3p binds
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to the STX7 3'-untranslated region. miR-23b-3p downregulation
contributed to SIX1 upregulation, which facilitated the poten-
tiation of cyclin D1 and vascular endothelial growth factor-C
expression levels, as well as the inhibition of caspase-3 expres-
sion. Collectively, these results suggested that miR-23b-3p
is downregulated and SIX1 is upregulated in OS cells, and
that miR-23b-3p inhibition may suppress the proliferation
and invasion of OS cells, and contribute to cell apoptosis via
negative regulation of SIX1. miR-23b-3p/SIX1 may therefore
represent a potential target for the treatment of OS.

Introduction

Osteosarcoma (OS) represents the most common primary
malignant bone tumor, and most frequently occurs in
individuals <20 years of age (1). Pulmonary metastases occur-
ring during OS account for nearly all associated cases of
mortality (2,3). The 5 year survival rate for patients with local-
ized OS remains at 60-70% when receiving multimodality
therapy, including surgery and radio- and chemotherapy (4).
By contrast, the 5 year survival rate for patients with aggressive
metastases is only 10-30%, thereby indicating an unsatisfac-
tory response rate to multimodality therapy (5). However, as
the mechanisms underlying the regulation of OS progression
have not yet been clearly characterized, it remains difficult for
currently available therapeutic strategies to effectively treat
OS (6). Therefore, previous studies have focused on broad-
ening the understanding of biological targets associated with
OS cell malignant biological behavior, which has important
theoretical and clinical significance (7,8).

MicroRNAs (miRs/miRNAs) are comprised of short
non-coding RNA with a length of 22 nucleotides that typi-
cally inhibit the translation and stability of mRNAs, as well as
regulate genes involved in cellular processes, including inflam-
mation, apoptosis, cell-cycle, invasion and migration (9-12).
As post-transcriptional regulators of developmental processes,
miRNAs have an important role in almost all biological
processes, and aberrant miRNA expression is associated with
numerous diseases, including cancer (13). Emerging evidence
has revealed that miRNAs are involved in human carcino-
genesis by functioning as tumor suppressors or oncogenes,
and thus have prognostic value for patients with cancer (14).
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In addition, previous studies have also demonstrated that the
expression of miR-23 is dysregulated in angiogenesis, coro-
nary artery disease, immune responses and cancer (15-19);
the dysregulation of miR-23 is associated with numerous of
cancer (20-22).

The miR-23 protein family has two members: mir-23a and
mir-23b (23). Cai et al (20) demonstrated that the levels of
miR-23a were decreased in prostate cancer and that low levels
of miR-23a were associated with poor prognosis. Furthermore,
the expression of miR-23a has been demonstrated to be
decreased in OS due to hypermethylation of its promoter (21).
Aghaee-Bakhtiari et al (24) further demonstrated that miR-23a
and miR-23b were significantly downregulated in prostate
cancer, whereas their overexpression in prostate cell lines was
revealed to decrease interleukin-6R expression, which has an
important role in the mitogen-activated protein kinase (MAPK)
and Janus kinase/signal transducer and activator of transcription
signaling pathways, and in suppressing cell proliferation and
neoplastic transformation. Campos-Viguri et al (25) demon-
strated that the expression of miR-23b was also downregulated
via methylation of its promoter, which has been suggested to
inversely regulate the expression of c-Met, zinc finger E-box
binding homeobox 1 and plasminogen activator, urokinase in
cervical cancer cell lines.

In addition, Begum e al (26) demonstrated that inhibition
of miR-23b in non-small cell lung carcinoma (NSCLC) cell
lines (H1437 and H1944) significantly decreases cell doubling
time (27), which is consistent with the findings of Yan et al (27)
that miR-23b may inhibit ovarian cancer tumorigenesis and
progression via downregulation of cyclin G1 (27). MiR-23b-3p
may also inhibit autophagy mediated by autophagy related
12 and high mobility group box 2, and sensitize gastric
cancer cells to chemotherapy (28). By contrast, Jin et al (29)
determined that miR-23b-3p is highly upregulated in human
breast cancer, whereas knocking down miR-23b-3p signifi-
cantly decreased cell proliferation and migration. Therefore,
it remains unclear whether miR-23b-3p functions as a tumor
suppressor or as an oncogene. Dysregulation of miR-23b-3p
is currently considered to be associated with various human
cancers; however, the effects of miR-23b-3p on the biological
behavior of OS cells are largely unknown.

Sine oculis homeobox homolog 1 (SIX1), a develop-
mental transcription factor, represents a member of the Six
gene family, which contains six members (SIX1-6) in verte-
brates (30). At present, SIX1 is the most widely studied gene
from this family, a previous study demonstrating that SIXI is
associated with the development of tissues and organs (31).
Previous studies have indicated that SIX1 may regulate cell
growth, proliferation, differentiation, migration and apop-
tosis (2,32). Furthermore, overexpression of SIX1 may induce
epithelial-to-mesenchymal transition (EMT) and metastasis of
colorectal cancer cells, whereas SIX1 knockdown may mark-
edly suppress cell proliferation, invasion and migration (33).
Similarly, SIX1 overexpression in human breast cancer cells
has been demonstrated to promote EMT and metastatic
dissemination (34). Consistently, SIX1 has been revealed to be
highly overexpressed in breast cancer cell lines derived from
the metastatic site (35). A further study observed that SIX1
induces lymphangiogenesis and metastasis via the upregula-
tion of vascular endothelial growth factor (VEGF)-C in mouse
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models of breast cancer (36). Notably, it has been suggested
that nuclear factor-xB may be involved in VEGF-C expres-
sion via the p38 MAPK signaling pathway in cancer (37-39).
Furthermore, our previous study demonstrated that SIX1 is
upregulated in OS cell lines when compared with the human
osteoblastic cell line, hFOBI1.19 (2). Preliminary analyses
using online software (www.targetscan.org) suggested that
SIX1 may represent a target gene of miR-23b-3p, therefore
we hypothesized that miR-23b-3p may be downregulated
and inversely regulate the expression of SIX1 in OS cells and
thereby have an important role in the occurrence and develop-
ment of OS.

The aims of the present study were to investigate the
expression of miR-23b-3p and SIX1 in OS tissues and cell
lines by reverse transcription-quantitative polymerase chain
(RT-gPCR) and western blotting analysis, and to observe
changes in the cell viability, cell cycle, apoptosis and invasive
abilities of U20S cells following enhanced and suppressed
expression of miR-23b-3p. These results may provide an
experimental basis for the future application of miR-23b-3p
and SIXI in the treatment of OS.

Materials and methods

Samples. The present study was granted ethical approval by
the Clinical Research Ethics Committee of the Haian Hospital
of Traditional Chinese Medicine (Nantong, China), and written
informed consent was obtained from all patients prior to
enrollment. Fresh OS tissues and matched adjacent non-tumor
tissues were collected from 11 patients who underwent resec-
tion surgery between August 2011 and July 2016 (Table I).
None of the included patients had undergone preoperative
chemotherapy, radiotherapy, other treatment history for OS
or suffered from additional inflammatory diseases. All tissue
samples were immediately frozen in liquid nitrogen and then
stored at -80°C for subsequent experimentation.

Reagents. Cell culture reagents were obtained from Gibco;
Thermo Fisher Scientific, Inc. (Waltham, MA, USA). OS
cell lines (MG-63, Sa0S-2 and U20S) and a non-cancerous
human fetal osteoblastic cell line (hFOBI1.19) were obtained
from the American Type Culture Collection (Manassas,
VA, USA). The following primer sequences were purchased
from Shanghai Generay Biotech Co., Ltd. (Shanghai, China):
miR-23b-3p forward, 5'-CGGGCATCACATTGCCAG
G-3' and reverse, 5'-CAGCCACAAAAGAGCACAAT-3;
U6 (GI:161087014) forward, 5'-CTCGCTTCGGCAGCA
CA-3', and reverse, 5'-AACGCTTCACGAATTTGCGT-3";
SIX1 (NM_005982.3) forward, 5"-TGTCCTGCGGGAGTG
GTA-3', and reverse, 5" TGATGCTGGTGGGTCTGC-3";
and B-actin (NM_001101.3) forward, 5'-GTGGACATCCGC
AAAGAC-3', and reverse, 5-AAA GGGTGTAACGCAACT
AA-3'. The following stem loop sequence was also purchased
from Shanghai Generay Biotech Co., Ltd.: 5-CCTGTTGTC
TCCAGCCACAAAAGAGCACAATATTTCAGGAGACAA
CAGGGGTAATC-3". A bicinchoninic acid (BCA) protein
concentration assay kit, TRIzol® reagent, propidium iodide,
MTT, Annexin V-fluorescein isothiocyanate (FITC) kit, Cell
Counting Kit-8 (CCK-8), radioimmunoprecipitation assay
(RIPA) buffer and RNase A were all purchased from Beyotime
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Table I. microRNA-23b-3p expression in osteosarcoma tissues and its association with clinical pathological factors.
Pathological parameters No. of patients miR-23b-3p expression negative rate n (%) $ P-value
Tissue type
Adjacent healthy tissue 11 1(9.09) 5.30 0.02
Carcinoma tissue 11 10 (90.91)
Sex
Male 4 4 (100.00) 0.03 0.86
Female 7 6 (85.71)
Age (years old)
<20 9 8 (88.89) 0.01 0.92
=20 2 2 (100.00)
Size of primary carcinoma (cm)
<5 5 4 (80.00) 0.06 0.80
=5 6 6 (100.00)
Enneking stage
I 4 3 (75.00) 0.10 0.95
I 3 3 (100.00)
I 4 4 (100.00)
Lung metastasis
Negative 5 4 (80.00) 0.06 0.80
Positive 6 6 (100.00)

miR, microRNA.

Institute of Biotechnology (Haimen, China). Polyvinylidene
fluoride (PVDF) membranes were purchased from Bio-Rad
Laboratories, Inc. (Hercules, CA, USA). A Transwell chamber
was obtained from Corning Costar Corp. (Cambridge, MA,
USA). Rabbit anti-SIX1 (ab211359)), rabbit anti-caspase-3
(ab44976) and goat anti-VEGF-C (ab18883) polyclonal anti-
bodies were purchased from Abcam (Cambridge, MA, USA).
Mouse anti-human cyclin D1 (556470) monoclonal antibodies
(BD Biosciences, San Jose, CA, USA), rabbit anti B-actin
(250920) polyclonal antibodies (Abbiotec, San Diego, CA,
USA), as well as horseradish peroxidase (HRP)-conjugated
rabbit anti-goat IgG (81-1620), rabbit anti-mouse IgG (61-6520)
and goat anti-rabbit IgG (32460) (Invitrogen; Thermo Fisher
Scientific, Inc.) antibodies, were all purchased for use in the
present study. Electrochemiluminescence (ECL) solution was
purchased from Pierce (Thermo Fisher Scientific, Inc.).

RT-gPCR to determine SIXI and miR-23b-3p expression
levels. Total RNA was extracted from OS tissue (100 mg) or
OS cells (5x107) using either 1 ml TRIzol® reagent or TagMan
miRNA isolation kit (Applied Biosystems; Thermo Fisher
Scientific, Inc.), according to the manufacturer's protocol.
cDNA was then synthesized at 42°C for 45 min using the
first Strand cDNA Synthesis kit (Qiagen GmbH, Hilden,
Germany), and the PCR reaction was subsequently performed
using the Applied Biosystems 7500 Fast Real-Time PCR
System (Applied Biosystems; Thermo Fisher Scientific, Inc.).
The RT-qPCR reaction was carried out at a final volume of
25 pl with the addition of 5 ul cDNA, and the thermocycling
conditions used were as follows: an initial denaturation at 94°C

for 3 min, followed by 30 cycles of denaturation at 94°C for
30 sec, annealing at 56°C for 30 sec and extension at 72°C
for 30 sec. Following this, the reaction mixture was incubated
at 72°C for 10 min. -actin was used as an internal reference
gene. TagMan miRNA Assay and TagMan Universal PCR
Master Mix (Applied Biosystems; Thermo Fisher Scientific,
Inc.) were used to detect the expression of mature miR-23b-3p
in normal human osteoblasts (hFOB 1.19) and OS cell lines
(MG-63, SaOS -2 and U20S), and U6 was used as the internal
reference gene. The PCR reaction conditions were as those
already provided. All reactions were performed in triplicate.
Relative mRNA and miRNA expression levels were calculated
using the 2724 method (40).

Western blotting. Total protein was extracted from OS tissues
and OS cell lines using RIPA buffer [150 mM NacCl, 1% NP40,
0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate,
50 mM Tris (pH 7.9), 10 mM NaF, phenylmethylsulfonyl
fluoride, and 1X protease inhibitors (complete cocktail tablets;
Roche Diagnostics GmbH, Mannheim, Germany)], and quan-
titative analysis of the protein concentration was subsequently
performed using a BCA kit. Total protein (50 ug per lane) was
separated by 12% SDS-PAGE, and then transferred to PVDF
membranes. Following this, PVDF membranes were blocked
with 5% non-fat milk in Tris-buffered saline containing
Tween-20 (TBST; 10 mM Tris HCI, 150 mM NaCl, and 0.1%
Tween-20, pH 7.5) at room temperature for 1 h. The PVDF
membranes were subsequently incubated at 4°C overnight with
the following primary antibodies: Rabbit anti-SIX1 polyclonal
antibodies (1:1,000), rabbit anti-caspase-3 polyclonal antibodies
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Figure 1. Relative expression of miR-23b-3p in OS tissues and cell lines. (A) The relative expression of miR-23b-3p in OS tissues. 'P<0.05 vs. normal
tumor-adjacent tissues. (B) The relative expression of miR-23b-3p in OS cell lines. "P<0.05 vs. hFOB 1.19 cells. miR, microRNA; OS, osteosarcoma.
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Figure 2. (A) Histograms presenting the relative expression of miR-23b-3p and (B) the relative cell viabilities of U20S cells. “P<0.01 vs. negative control.

miR, microRNA.

(1:2,000), goat anti-VEGF-C polyclonal antibodies (1:2,000),
monoclonal mouse anti-cyclin D1 antibodies (1:2,000) and
rabbit anti [3-actin antibodies (1:2,000). Following this, PVDF
membranes were washed with TBST and then incubated with
HRP-conjugated secondary antibodies (1:2,000) at 37°C for
1 h. Finally, PVDF membranes were washed again with TBST
and the bands were subsequently visualized using ECL reagent.
Densitometric analysis was performed using QuantityOne
software version 4.62 (Bio-Rad Laboratories, Inc.).

Cell culture. Human OS MG-63, SaOS-2 and U20S cells
were cultured in RPMI-1640 supplemented with 10% fetal
bovine serum (FBS) (Gibco; Thermo Fisher Scientific, Inc.)
and 1% penicillin/streptomycin at 37°C in a humidified atmo-
sphere containing 5% CO,. hFOBI1.19 cells were cultured in
Dulbecco's modified Eagle medium F-12 (Gibco; Thermo
Fisher Scientific, Inc.) containing 0.5 mM sodium pyruvate,
2.5 mM L-glutamine, 15 mM HEPES, 1% penicillin/strepto-
mycin and 10% FBS (Invitrogen; Thermo Fisher Scientific,

Inc.) at 34°C in a humidified atmosphere containing 5% CO,.
Inverted microscopes were used to observe the growth rate of
OS cells. When cells reached 70-80% confluence, they were
digested using 0.25% trypsin. Cells in the logarithmic growth
phase were isolated for further experimentation.

Cell treatment. U20S cells were selected for the performance
of subsequent experiments. Normal cultured U20S cells
(3x10%) were inoculated into 6-well plates. Following cell adher-
ence, miR-23b-3p mimics (50 nM; cat. no. miR10000418-1-5;
Guangzhou RiboBio Co., Ltd., Guangzhou, China), miR-23b-3p
inhibitors (100 nM; cat. no. miR20000418-1-5; Guangzhou
RiboBio Co., Ltd.) and scrambled miRNA mimic (50 nM; cat.
no. miR01201-1-5; Guangzhou RiboBio Co., Ltd.) were trans-
fected into U20S cells using Lipofectamine® 2000 (Invitrogen;
Thermo Fisher Scientific, Inc.) according to manufacturer's
protocol. miR-23b-3p mimics, miR-23b-3p inhibitors and scram-
bled miRNA mimic were diluted with RPMI-1640 medium in
the absence of FBS. Diluted Lipofectamine® 2000 was then
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Figure 3. Effect of miR-23b-3p on U20S cell cycle phase distribution. Representative flow cytometry images and comparisons of the cell cycle phase distribu-
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experiments. “"P<0.01 vs. negative control. miR, microRNA.

separately incubated with miR-23b-3p mimics, miR-23b-3p
inhibitors and scrambled miRNA mimic at room temperature for
20 min in order for the complexes to form. Following this, U20S
cells were incubated with the complex mixture at 37°C for 5 h in
a humidified atmosphere of 5% CO,. Finally, the culture medium
was replaced with RPMI-1640 medium containing 10% FBS and
further incubated at 37°C for 48 h.

CCK-8 assays. Normal cultured U20S cells (1x10%) were
inoculated into 96-well plates. Following cell adherence,
according to the Lipofectamine® 2000 transfection reagent
protocol, the transfection of miR-23b-3p mimics, miR-23b-3p
inhibitors and negative controls was performed. At 24, 48
and 72 h time intervals post-transfection, 10 ul CCK-8 solu-
tion (Beyotime Institute of Biotechnology) was added to each
well, the plates were then incubated for 48 h at 37°C. Optical
density (OD) values at 450 nm were determined using an
ELx808 absorbance microplate reader (BioTek Instruments,
Inc., Winooski, VT, USA).

Flow cytometry analysis. Normal cultured U20S cells (1x10°)
were inoculated into 96-well plates. Following transfection,
the U20S cells were fixed with 70% cold ethanol at 4°C for
18 h and then stained with propidium iodide (30 pg/ml) at
37°C for 30 min. The percentage of U20S cells in each phase
of the cell cycle were determined using a BD FACSCalibur
flow cytometer (BD Biosciences, Franklin Lakes, NI,
USA) and BD CellQuest™ Pro software version 5.1 (BD
Biosciences). Following this, U20S cells were digested via
0.25% trypsin, washed using PBS and then resuspended in
195 ul of Annexin V-FITC binding buffer. Subsequently,
Annexin V-FITC solution (2.5 pg/ml) was added and the
solution was then incubated for 10 min at room temperature
in the dark. Propidium iodide staining solution (5 #g/ml) was
then added and the solution was incubated for 15 min at room
temperature. Finally, the percentage of spontaneously apop-
totic U20S cells was determined using a BD FACSCalibur
flow cytometer using BD CellQuest™ Pro software version
5.1 (BD Biosciences).
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Transwell invasion analysis. The invasive capability of
U20S cells was investigated using Transwell invasion assays.
miR-23b-3p mimics, miR-23b-3p inhibitors and negative
controls were transfected into U20S cells. RPMI-1640 medium
(200 pl) containing 1x10° U20S cells was subsequently added
to the Matrigel-coated, upper chamber (Corning Incorporated,
Corning, NY, USA). The lower Transwell chamber was filled
with 500 gl of RPMI-1640 medium containing 10% FBS.
Following a 48 h incubation period, U20S cells in the upper
chamber were removed using a cotton swab. U20S cells
that invaded into the Matrigel and through the filter into the
bottom of the transwell chamber were collected and stained
with 100 ul of 0.5mg/ml MTT for 4 h at 37°C. The reaction
was terminated by adding 200 ul/well dimethyl sulfoxide and
absorbance at 570 nm was subsequently determined using an
ELx808 absorbance microplate reader (BioTek Instruments,
Inc.). All experiments were performed in triplicate.

Dual-luciferase reporter assay. In preliminary analyses,
TargetScan tools (release 7.2; www.targetscan.org/) were
used to predict the potential targets of miR-23b-3p, and the
SIX1 3'-UTR was identified as a candidate region. Firstly,
the 3'-untranslated region (UTR) fragment of the SIX/ gene
was amplified via PCR using genomic DNA isolated from
hFOBI.19 cells, which was performed in accordance with the
protocol outlined in the RT-qPCR subsection. Specific point
mutations were then introduced into the 3'-UTR of the SIX/
gene by overlap extension PCR cloning (41). Following this,
PCR products were cloned into the pmiR-RB-Report™ reporter
vector (Guangzhou RiboBio Co., Ltd.). A luciferase reporter
plasmid (Guangzhou RiboBio Co., Ltd.) was constructed, which
included either the wild type (SIX1-W) 3'-UTR or mutated
(SIX1-M) 3'-UTR. 293 cells (3x10°/ml) were inoculated into
6-well plates, and then the luciferase plasmid containing either
SIX1-W 3-UTR or SIX1-M 3'-UTR, and miR-23b-3p mimics
or mimic negative controls (Genepharma Co., Ltd.), were

cotransfected into 293 cells using Lipofectamine® 2000. At
48 h post-transfection, 293 cells were collected and luciferase
activity was determined using a luciferase assay kit (Promega
Corporation, Madison, WI, USA) with a microplate reader.
The reporter luciferase was normalized to Renilla luciferase
activity.

Statistical analysis. All data are presented as the
mean + standard error of the mean from at least three inde-
pendent experiments. SPSS statistical software version 17.0
(SPSS Inc., Chicago, IL, USA) was used to perform statistical
analyses. To determine statistically significant differences, the
Student's t-test was used for comparisons between two groups,
and one-way analysis of variance followed by Tukey's post hoc
test was used for multiple comparisons. P<0.05 was consid-
ered to indicate a statistically significant difference. GraphPad
Prism software version 5.0 (GraphPad Software, Inc., La Jolla,
CA, USA) was used to plot graphs.

Results

miR-23b-3p expression levels are downregulated in OS tissues
and cells. The results of RT-qPCR analyses demonstrated that
the expression of miR-23b-3p was significantly suppressed in
OS tissues when compared with tumor-adjacent normal tissues
(P<0.05; Table I and Fig. 1A). However, the expression of
miR-23b-3p in patients with OS was not associated with clini-
copathological characteristics (P>0.05). The expression profile
of miR-23b-3p in the three OS cell lines (MG-63, SaOS-2 and
U20S) was similar to that exhibited by OS tissues, and was
significantly decreased when compared with the expression
level observed in normal osteoblast hFOBI1.19 cells (Fig. 1B).

miR-23b-3p suppresses OS cell viability and proliferation. To
investigate the effects of miR-23b-3p on OS cells, miR-23b-3p
mimics, miR-23b-3p inhibitors and negative controls were
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transfected into U20S cells, and the expression of miR-23b-3p
was detected by RT-qPCR. The results demonstrated that
the expression of miR-23b-3p was significantly suppressed
in the miR-23b-3p inhibitor transfection group and signifi-
cantly enhanced in the miR-23b-3p mimic transfection group
when compared with the negative control group (P<0.01;
Fig. 2A), which confirmed that human OS U20S cells, in
which miR-23b-3p was either overexpressed or depleted, were
successfully established.

The effect of miR-23b-3p on U20S cell viability was
determined using a CCK-8 kit. The OD value was significantly
decreased in the miR-23b-3p mimic transfection group and
significantly increased in the miR-23b-3p inhibitor transfec-
tion group when compared with the negative control group
(P<0.01; Fig. 2B), which revealed that miR-23b-3p suppressed
the cell viability of U20S cells.

The effect of miR-23b-3p on U20S cell cycle phase distri-
bution was investigated via flow cytometry. The percentage
of U20S cells in the S and G2-M phases were significantly
decreased in the miR-23b-3p mimic transfection group and
significantly increased in the miR-23b-3p inhibitor transfec-
tion group when compared with the negative control group
(Fig. 3). By contrast, the percentage of U20S cells at the
GO0-Gl1 phase was significantly increased in the miR-23b-3p
mimic transfection group and significantly decreased in the
miR-23b-3p inhibitor transfection group when compared with
the negative control group (Fig. 3). These results demonstrated
that miR-23b-3p inhibited OS cell cycle progression.

miR-23b-3p promotes OS cell apoptosis and suppresses OS
cell invasion. The effect of miR-23b-3p on the apoptosis of
U20S cells was detected by flow cytometry analysis. The
number of apoptotic cells in the miR-23b-3p mimic transfec-
tion group was significantly increased (P<0.01), and number
of apoptotic cells in the miR-23b-3p inhibitor transfection
group was significantly decreased when compared with the
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Figure 6. SIX1 represents a target of miR-23b-3p, as determined by a
dual-luciferase reporter assays. “P<0.01 vs. corresponding mimic negative
control groups. SIX1, sine oculis homeobox homolog 1; miR, microRNA; W,
wildtype; M, mutant.

negative control group (P<0.01; Fig. 4A), which suggested that
miR-23b-3p promoted OS cell apoptosis.

The effect of miR-23b-3p on the invasion of U20S cells was
detected via transwell invasion assays. The number of invasive
cells was significantly suppressed in the miR-23b-3p mimic
transfection group (P<0.01), and significantly increased in the
miR-23b-3p inhibitor transfection group when compared with
the negative control group (P<0.01; Fig. 4B). These results indi-
cated that miR-23b-3p suppressed the invasive ability of OS cells.

Effects of miR-23b-3p on the expression levels of cyclin DI,
caspase-3 and VEGF-C in U20S cells. To investigate the
mechanisms underlying the effects of miR-23b-3p on the
biological behavior of OS cells, the expression levels of cyclin
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Figure 7. Effect of miR-23b-3p on the expression of SIX1 in osteosarcoma cells. (A) Representative western blotting images for SIX1 are presented. (B) The
protein expression levels of SIX1 among the different groups. ‘P<0.05 vs. negative control. SIX1, sine oculis homeobox homolog 1; miR, microRNA.

D1, caspase-3 and VEGF-C were determined by western blot-
ting. The expression levels of cyclin D1 and VEGF-C were
downregulated in the miR-23b-3p mimic transfection group
(P<0.01), and significantly upregulated in the miR-23b-3p
inhibitor transfection group, compared with the negative
control group (P<0.01; Fig. 5). By contrast, the expression of
caspase-3 was upregulated in the miR-23b-3p mimic transfec-
tion group (P<0.01), and downregulated in the miR-23b-3p
inhibitor transfection group, compared with the negative
control group (P<0.01; Fig. 5). These results suggested that
miR-23b-3p may be associated with decreased expression
levels of cyclin DI and VEGF-C, and increased expression
levels of caspase-3, in U20S cells.

SIX1 constitutes a direct target gene of miR-23b-3p. In the
present study, luciferase reporter gene analyses demonstrated
that the activity of luciferase was significantly decreased in
293 cells co-transfected with the miR-23b-3p mimic and
SIX1-W 3'-UTR when compared with cells co-transfected
with either the mimic negative control and SIX1-W 3'-UTR, or
the miR-23b-3p mimic and SIX1-M 3-UTR (P<0.01; Fig. 6).
Our previous study revealed that the expression of SIX/
mRNA in OS cell lines was significantly increased compared
with normal human osteoblasts (2), which indicated that there
was an inverse association between the expression of SIXI
and miR-23b-3p in OS. To investigate the role of miR-23b-3p
in the regulation of SIX1 expression, western blotting was
performed to determine the protein expression levels of SIX1
in U20S cells transfected with either miR-23b-3p mimics
or inhibitors. The results demonstrated that the expression
levels of SIX1 protein were significantly suppressed in the
miR-23b-3p mimic transfection group (P<0.01), and signifi-
cantly enhanced in the miR-23b-3p inhibitor transfection
group, compared with the negative control group (P<0.01;
Fig. 7), which demonstrated that miR-23b-3p may inhibit the

expression of SIX1 protein in U20S cells. Together, these
results supported the hypothesis that SIX/ represents a target
gene of miR-23b-3p in OS cells.

Discussion

In the present study, the results of RT-qPCR analyses revealed
that miR-23b-3p was significantly downregulated in OS tissues
and cell lines when compared with tumor-adjacent normal
tissues or normal osteoblast hFOB1.19 cells. The expression
profile of miR-23b-3p in OS was similar to that exhibited
in prostate cancer, cervical cancer and NSCLC (24-26),
which suggested that miR-23b-3p may function as a tumor
suppressor in OS. Despite the limited number of patients in
the present study, the results indicated that the downregulation
of miR-23b-3p may be associated with the tumorigenesis and
progression of OS.

To further investigate the role of miR-23b-3p in OS,
miR-23b-3p mimics, miR-23b-3p inhibitors and negative
controls were transfected into U20S cells to establish U20S
cells in which miR-23b-3p was either overexpressed or
depleted. Using these lines, it was revealed that miR-23b-3p
suppressed U20S cell viability. The effects of miR-23b-3p
on the U20S cell cycle were determined via flow cytometry,
and it was demonstrated that miR-23b-3p inhibited OS cell
proliferation. These results were consistent with those of a
previous study, which suggested that in human colon cancer,
downregulated miR-23b-3p regulates either frizzled class
receptor 7 or MAPK kinase kinase 1, subsequently mediating
cancer proliferation as well as numerous stages of metas-
tasis in vivo (42). Considering that cyclin D1 has been well
established to represent an important regulator of cellular
proliferation and tumorigenesis (43,44), the expression of
cyclin D1 in U20S lines was determined in the present study.
The results demonstrated that miR-23b-3p is involved in the



suppression of cyclin DI expression in U20S cells, which
suggested that miR-23b-3p may inhibit OS cell proliferation
by suppressing the levels of cyclin D1. In addition, flow cytom-
etry analyses demonstrated that miR-23b-3p also promotes
OS cell apoptosis. Furthermore, a previous study revealed that
miR-23b-3p promoted apoptosis and sensitized gastric cancer
cells to chemotherapy (31), which indicated that miR-23b-3p
may be applied for treatment for OS as well as the prediction
of drug resistance, thus supporting the results of the present
study. In addition, the results of the present study indicated
that miR-23b-3p may be associated with increased caspase-3
expression levels, which represents one of the most important
biochemical markers of apoptosis (45) and a final effector of
the apoptosis process (46), and thus may induce U20S cell
apoptosis.

Metastasis represents the leading cause of mortality
in patients with OS (47). In the present study, the results of
Transwell invasion assays revealed that miR-23b-3p suppressed
the invasive ability of OS cells, which was consistent with
previous findings in human colon cancer (42). Furthermore, in
our previous study it was demonstrated that SIX1, a develop-
mental transcription factor predicted to represent a potential
target gene of miR-23b-3p, may enhance the expression of
VEGF-C in OS (2). VEGF-C promotes cervical cancer cell
invasion and migration (48), and enhances the metastatic
ability of esophageal carcinoma (49), whereas knocking
down VEGF-C suppresses gastric cancer cell migration (50).
Therefore, VEGF-C was investigated in the present study, and
the results demonstrated that miR-23b-3p is associated with
decreased expression levels of VEGF-C in U20S cells.

In addition, the results of our previous study revealed that
SIX1 is upregulated in OS cell lines and that upregulated SIX1
may be associated with the promotion of the growth, prolifera-
tion and migration of U20S cells, as well as the inhibition of
U20S cell apoptosis (2), which was in agreement with previous
studies suggesting that enhanced SIX1 expression is associ-
ated with metastasis status or degree in breast cancer (35).
Furthermore, our previous study also revealed that transfec-
tion with SIX1 increased cyclin D1 and VEGF-C expression
levels, and decreased caspase-3 expression levels (2). In the
present study, it was demonstrated that miR-23b-3p directly
interacted with the SIX/ 3'UTR and suppressed the expres-
sion of SIX1 protein in OS cells. Therefore, we hypothesized
that miR-23b-3p downregulation may inversely regulate the
expression of SIX1 in OS cells, thereby having an important
role in the occurrence and development of OS.

The results of the present study demonstrated that
miR-23b-3p was downregulated in OS, potentially because
miR-23b-3p suppressed the proliferation and invasion abili-
ties of OS cells, and enhanced OS cell apoptosis. In addition,
the downregulated miR-23b-3p subsequently upregulated
SIX1 expression, which may have induced the expression
of cyclin D1 and VEGF-C, and inhibited the expression of
caspase-3. In conclusion, these results suggested that OS
exhibited downregulated miR-23b-3p and upregulated SIX1
expression levels, with the former inducing enhanced prolif-
eration and invasion in OS cells, as well as the suppression of
cell apoptosis via negative regulation of SIX1. Therefore, the
miR-23b-3p/SIX1 pathway may represent a potential target
for the treatment of OS.
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