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Abstract. MicroRNAs (miRNAs) are small, non‑coding 
RNAs that are key regulators of gene expression by directly 
binding to the 3'‑untranslated region of their target mRNAs, 
resulting in translational repression or degradation of mRNA. 
It has been demonstrated that miRNAs have key roles in a 
variety of human malignancies, including osteosarcoma. The 
present study aimed to assess the molecular mechanism of 
miR‑93 in the regulation of osteosarcoma cell proliferation. 
Reverse‑transcription quantitative PCR and western blot assays 
were used to examine mRNA and protein expression. An 
MTT assay and flow cytometry were performed to determine 
the cell proliferation and cell cycle distribution. A luciferase 
reporter assay was performed to confirm the direct targeting of 
cyclin‑dependent kinase inhibitor 1A (CDKN1A), also known 
as P21, by miR‑93, which was suggested by a bioinformatics 
analysis. The results showed that the expression of miR‑93 was 
frequently and significantly increased in a total of 19 osteosar-
coma tissues compared to their matched adjacent non‑tumor 
tissues, and the upregulation of miR‑93 was associated with 
the malignant progression of osteosarcoma. Furthermore, 
miR‑93 was also upregulated in the human osteosarcoma cell 
lines Saos‑2, U2OS, SW1353 and MG63 when compared with 
that in the human osteoblast cell line hFOB1.19. Transfection 
with miR‑93 inhibitor significantly reduced the miR‑93 levels 
and inhibited the proliferation of U2OS and MG63 osteosar-
coma cells. The protein levels of P21 were negatively regulated 
by miR‑93 in U2OS and MG63 cells. Knockdown of miR‑93 
caused cell cycle arrest at G1 stage in U2OS and MG63 cells, 
identical to the effect of P21 overexpression. Finally, P21 was 
found to be significantly downregulated in osteosarcoma 
tissues compared to their matched adjacent non‑tumor tissues, 
suggesting that the inhibition of P21 may be due to increased 

miR‑93 expression in osteosarcoma tissues. In conclusion, the 
present study demonstrated that miR‑93 enhances the prolif-
eration of osteosarcoma cells, at least in part via inhibiting P21 
expression and thus promoting cell cycle progression.

Introduction

Osteosarcoma is the most common type of malignant bone 
tumor and mainly affects adolescents and young adults (1,2). 
Deregulation of oncogenes or tumor suppressors have been 
found to have crucial roles in the tumorigenesis and malignant 
progression of osteosarcoma (1,3,4). Accordingly, revealing 
the exact roles of these oncogenes or tumor suppressors may 
help in identifying novel therapeutic targets or drug candidates 
for osteosarcoma.

MicroRNAs (miRNAs) are a class of non‑coding small 
RNAs with 22‑25 nucleotides (5,6). It has been well established 
that miRNAs have key roles in the regulation of gene expres-
sion through directly binding to the 3' untranslated region 
(UTR) of their target mRNAs, thus leading to translational 
repression (7). Moreover, various miRNAs have been found to 
be deregulated in human cancers, and certain specific miRNAs 
participate in the development and progression of osteosar-
coma through regulating the expression of oncogenes or tumor 
suppressors (8,9). However, the targets of numerous miRNAs 
in osteosarcoma have remained largely elusive. Investigations 
on these miRNAs and their target genes are important for 
identifying novel therapeutic targets for osteosarcoma.

miRNA‑93 (miR‑93) has been reported to be significantly 
upregulated and to have a promoting role in several cancer 
types (10,11). For instance, the expression of miR‑93 was found 
to be significantly increased in esophageal squamous cell carci-
noma (12). Moreover, miR‑93 can promote the transforming 
growth factor (TGF)‑β‑induced epithelial‑to‑mesenchymal 
transition through directly targeting neural precursor cell 
expressed developmentally downregulated gene 4‑like in lung 
cancer cells (13). Recently, miR‑93 was found to promote the 
proliferation of osteosarcoma cells by suppressing the protein 
expression of the tumor suppressor phosphatase and tensin 
homolog (14). However, further targets of miR‑93 involved in 
osteosarcoma growth remain to be identified.

Cyclin‑dependent kinase inhibitor 1A (CDKN1A) encodes 
a potent cyclin‑dependent kinase inhibitor named P21, which 
can directly bind to cyclin‑cyclin‑dependent kinase 2 or 
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cyclin‑cyclin‑dependent kinase 4 complexes, and further 
inhibit their activity (15). Therefore, P21 can function as a 
regulator of cell cycle progression at the G1 checkpoint (15). 
Recently, P21 was found to be frequently downregulated in 
osteosarcoma, and upregulation of P21 was shown to inhibit 
the proliferation of osteosarcoma cells (16,17). However, the 
mechanisms of the regulation of P21 expression in osteosar-
coma cells have remained to be fully elucidated.

The present study aimed to investigate the molecular 
mechanisms of miR‑93 in enhancing osteosarcoma cell prolif-
eration with regard to regulation of P21.

Materials and methods

Tissue collection and ethics statement. The present study was 
approved by the Ethics Committee of the Second Xiangya 
Hospital (Central South University, Changsha, China). A 
total of 19 paired human osteosarcoma tissues and adjacent 
non‑tumor tissues were collected at the Second Xiangya 
Hospital (Changsha, China) from April 2012 to June 2014, and 
were histologically confirmed by pathologists. Among these 
19 samples, 10 were T1‑T2 stage, and 9 were T3‑T4 stage (18). 
Written informed consent was obtained from all patients. 
None of the patients received any pre‑operative radiotherapy 
or chemotherapy. Tissues were immediately snap‑frozen in 
liquid nitrogen after surgical removal and stored at ‑80˚C prior 
to analysis.

Cell culture. Human OS cell lines (Saos‑2, U2OS, SW1353 
and MG63), the hFOB1.19 human osteoblast cell line and the 
HEK293 human embryonic kidney cell line were obtained 
from the Cell Bank of Central South University (Changsha, 
China). All cell lines were cultured in RPMI‑1640 medium 
(Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) 
with 10% fetal bovine serum (FBS; Gibco; Thermo Fisher 
Scientific, Inc.) at 37˚C in a humidified atmosphere with 5% 
CO2.

Reverse‑transcription quantitative polymerase chain reaction 
(RT‑qPCR) analysis. Total RNA was extracted using TRIzol 
Reagent (Life Technologies; Thermo Fisher Scientific, Inc.) 
according to the manufacturer's protocol. The expression levels 
of mRNA were determined using the standard SYBR‑Green 
RT‑PCR kit (Takara Bio Inc., Dalian, China) on an ABI 7500 
PCR system (Thermo Fisher Scientific, Inc.), in accordance 
with the manufacturer's instructions. GAPDH was used as 
an internal reference. The reaction conditions were 95˚C for 
3 min, and 45 cycles of denaturation at 95˚C for 15 sec and 
annealing/elongation at 58˚C for 30 sec. The specific primers 
(Sangon Biotech Co., Ltd., Shanghai, China) as follows: 
P21 forward, 5'‑CGA​TGG​AAC​TTC​GAC​TTT​GTC​A‑3' and 
reverse, 5'‑GCA​CAA​GGG​TAC​AAG​ACA​GTG‑3'; GAPDH 
forward, 5'‑GGA​GCG​AGA​TCC​CTC​CAA​AAT‑3' and reverse, 
5'‑GGC​TGT​TGT​CAT​ACT​TCT​CAT​GG‑3'. To determine the 
expression levels of miRNA, a mirVana™ real‑time RT‑PCR 
microRNA detection kit (Life Technologies; Thermo Fisher 
Scientific, Inc.) was used according to the manufacturer's 
instructions. U6 was used as an internal reference. The reaction 
conditions were 95˚C for 3 min, and 45 cycles of denaturation 
at 95˚C for 15 sec and annealing/elongation at 58˚C for 30 sec. 

miR‑93 (cat. no. miRQP0074) and U6 (cat. no. miRQP9901) 
primers were purchased from Genecopoeia (Guangzhou, 
China; sequence not provided). Fold changes were calculated 
by relative quantification (2‑ΔΔCt) (19).

Cell transfection. Negative control (NC) inhibitor 
(GenePharma, Shanghai, China), miR‑93 inhibitor 
(GenePharma), pcDNA3.1‑P21 open reading frame (ORF) 
plasmid (Amspring, Changsha, China) or pcDNA3.1 vector 
(NC) was individually diluted with OPTI‑MEM (Life 
Technologies; Thermo Fisher Scientific, Inc.). The diluted 
Lipofectamine 2000 was then added to each diluted vector. 
Subsequent to incubation at room temperature for 20 min, 
each mixture was added to a cell suspension, which was then 
incubated at 37˚C, followed by incubation for 6 h. The trans-
fection mixture was replaced with RPMI‑1640 medium with 
10% FBS. After transfection for 48 h, the transfected cells 
were used for subsequent assays.

Western blot analysis. Cells were lysed in cold radioim-
munoprecipitation buffer (Sigma‑Aldrich; Merck‑Millipore, 
Darmstadt, Germany) and the protein concentration was 
determined using the BCA Protein Assay kit (Pierce; 
Thermo Fisher Scientific, Inc.). Protein was separated by 10% 
SDS‑PAGE, transferred to a polyvinylidene difluoride (PVDF) 
membrane (Life Technologies; Thermo Fisher Scientific, Inc.), 
and then blocked in 5% powdered milk dissolved in PBS (Life 
Technologies; Thermo Fisher Scientific, Inc.) containing 0.1% 
Tween‑20 (Sigma‑Aldrich; Merck‑Millipore). Then the PVDF 
membrane was incubated with monoclonal mouse anti‑human 
P21 (1:200 dilution; ab7903) or monoclonal mouse anti‑human 
GAPDH (1:200 dilution; ab8245) primary antibodies (both 
Abcam, Cambridge, MA, USA) for 3 h at room temperature 
and then washed with PBS for 10 min. The PVDF membrane 
was then incubated with the rabbit anti‑mouse secondary 
antibody (1:5,000 dilution; ab190475; Abcam) for 1 h at room 
temperature, and then washed 3  times with Tris‑buffered 
saline containing Tween 20. The immune complexes were 
then detected using the ECL Western Blotting kit (Pierce; 
Thermo Fisher Scientific, Inc.) and X‑ray film (Eastman 
Kodak, Rochester, NY, USA). ImageJ software (version 1.25; 
National Institutes of Health, Bethesda, MD, USA) was used 
to analyze the relative protein expression, represented as the 
density ratio vs. GAPDH.

Luciferase reporter assay. Targetscan software 3.1 (www.
targetscan.org) was used to predict the putative target 
genes of miR‑93. The predicted miR‑93 binding sites in 
the wild‑type (WT) 3'UTR of P21 were cloned into the 
pGL3 vector (Promega Corp., Madison, WI, USA), named 
as pGL3‑P21‑WT‑3'UTR. The mutant type (MT) miR‑93 
binding sites in the 3'UTR of P21 (Yearthbio, Changsha, 
China) were constructed by using the Quick‑Change 
Site‑Directed Mutagenesis kit (Stratagene, La Jolla, CA, 
USA), in accordance with the manufacturer's protocol, which 
was also inserted into the pGL3 vector (Promega Corp.), 
named as pGL3‑MUT‑P21‑3'UTR. HEK293 cells were 
seeded in 96‑well plates and co‑transfected with 300 ng 
pGL3‑WT‑P21‑3'UTR or pGL3‑MUT‑P21‑3'UTR, and 
100 nM of miR‑NC or miR‑93 mimics, using Lipofectamine 
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2000, in accordance with the manufacturer's protocol. The 
dual‑luciferase reporter assay system (Promega Corp.) was 
used to determine the activities of Renilla luciferase and 
firefly luciferase after co‑transfection for 48 h. The firefly 
luciferase activity was normalized to Renilla luciferase 
activity.

Cell proliferation assay. Cells (104) were plated into a 96‑well 
plate and cultured at 37˚C with 5% CO2 for 0, 12, 24, 48 or 
72 h. Subsequently, 20 µl MTT (5 mg/ml; Life Technologies; 
Thermo Fisher Scientific, Inc.) was added, followed by incuba-
tion at 37˚C for 4 h. A total of 150 µl DMSO was then added, 
followed by incubation at room temperature for 10 min. The 
optical density at 570 nm was determined using the XT‑96DJ 
ELISA analyzer (Safeda Technology, Beijing, China).

Cell cycle analysis. Cells (1x106) were washed twice with 
DPBS (Thermo Fisher Scientific, Inc.), resuspended in 70% 
ethanol, and fixed overnight at ‑20˚C. Cells were subsequently 
washed twice in DPBS with 3% bovine serum albumin (BSA; 
Thermo Fisher Scientific, Inc.) and incubated for 30 min at 
room temperature in propidium iodide (PI) staining buffer 
containing 3% BSA, 40 µg/ml PI (Yearthbio), and 0.2 mg/ml 

RNase (Thermo Fisher Scientific, Inc.) in DPBS. DNA content 
analyses were carried out using a flow cytometer (C6; BD 
Biosciences, Franklin Lakes, NJ, USA). Accuri C6 software 
was used for analysis (version 1; BD Biosciences).

Statistical analysis. Values are expressed as the mean  ±  stan-
dard error of the mean. Differences between groups were 
analyzed using Student's t‑test for 2‑group comparisons and 
one‑way analysis of variance for multiple‑group comparisons 
using SPSS 17.0 software (SPSS, Inc., Chicago, IL, USA). 
P<0.05 was considered to indicate a statistically significant 
difference between groups.

Results

miR‑93 is upregulated in osteosarcoma. To reveal the exact 
role of miR‑93 in osteosarcoma, RT‑qPCR analysis was used 
to examine the miR‑93 levels in a total of 19 paired of osteo-
sarcoma tissues and adjacent non‑tumor tissues. It was found 
that the expression of miR‑93 was frequently and significantly 
increased in osteosarcoma tissues compared to that in their 
matched non‑tumor tissues (Fig. 1A and B). Moreover, the 
osteosarcoma tissues of stage T3‑T4 showed higher miR‑93 

Figure 1. The expression of miR‑93 in (A‑C) a total of 19 paired osteosarcoma tissues and adjacent non‑tumor tissues, and (D) the human osteosarcoma cell 
lines Saos‑2, U2OS, SW1353, and MG63, and the human osteoblast cell line hFOB1.19 was determined by reverse‑transcription quantitative polymerase chain 
reaction analysis. **P<0.01 vs. Normal in B, vs. T1‑T2 in C and vs. hFOB1.19 in D. T, tumor stage; miR, microRNA.
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levels when compared to those in the osteosarcoma of the 
T1‑T2 stage (Fig.  1C), suggesting that high expression of 
miR‑93 was associated with the malignant progression of 
osteosarcoma.

In addition, the miR‑93 levels in several common human 
osteosarcoma cell lines, namely Saos‑2, U2OS, SW1353 and 
MG63, were determined. The results showed that miR‑93 
was also upregulated in osteosarcoma cell lines compared 
to the normal human osteoblast hFOB1.19 cells (Fig. 1D). 
Accordingly, miR‑93 was significantly upregulated in 
osteosarcoma.

Knockdown of miR‑93 inhibits the proliferation of osteosar‑
coma cells. As miR‑93 was upregulated in osteosarcoma cell 

lines, U2OS and MG63 cells were further transfected with 
miR‑93 inhibitor. RT‑qPCR indicated that transfection with 
miR‑93 inhibitor significantly reduced the miR‑93 levels in 
U2OS and MG63 cells compared to those in the control group, 
while transfection with the NC inhibitor showed no effect 
on its expression (Fig. 2A and B). An MTT assay was then 
performed to determine the cell proliferation. Knockdown of 
miR‑93 was found to significantly suppress the proliferation of 
U2OS and MG63 cells when compared to that in the control 
group (Fig.  2C  and  D). Therefore, knockdown of miR‑93 
inhibited the proliferation of osteosarcoma cells.

As cell cycle progression is responsible for cell prolif-
eration, flow cytometry was performed to examine the cell 
cycle distribution in U2OS and MG63 cells with or without 

Figure 2. (A and B) miR‑93 levels in (A) U2OS and (B) MG63 cells transfected with NC inhibitor or miR‑93 inhibitor were determined by reverse‑transcription 
quantitative polymerase chain reaction analysis. (C and D) An MTT assay was performed to examine the cell proliferation. (E and F) Flow cytometry was 
used to examine the cell cycle distribution. Non‑transfected cells were used as a Control. **P<0.01 vs. Control. NC, negative control; miR, microRNA; OD, 
optical density.
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transfection with miR‑93 inhibitor. The results indicated that 
knockdown of miR‑93 led to a significant cell cycle arrest at 
the G1 stage in U2OS and MG63 cells (Fig. 2E and F), which 
probably contributed to the inhibitory effect of miR‑93 knock-
down on osteosarcoma cell proliferation.

miR‑93 directly targets P21 in osteosarcoma cells. A bioin-
formatics analysis was performed to investigate the potential 
target genes of miR‑93 involved in the regulation of cell cycle 
progression. Analysis with Targetscan software indicated that 
P21, a CDKN, is a putative target gene of miR‑93 (Fig. 3A). 
Therefore, a luciferase reporter assay was performed to 
confirm whether P21 was a direct target of miR‑93. The WT 
or MT miR‑93‑binding sequence in the 3'UTR of P21 was 
respectively subcloned into the pGL3 vector downstream of the 
firefly luciferase reporter gene (Fig. 3B and C). Subsequently, 
HEK293 cells were co‑transfected with pGL3‑WT‑P21‑3'UTR 
or pGL3‑MT‑P21‑3'UTR, and miR‑93 mimics or miR‑NC, 
respectively. After transfection for 48 h, the luciferase activity 
in HEK293 cells co‑transfected with pGL3‑WT‑P21‑3'UTR 
and miR‑93 mimics was significantly decreased compared to 
that in the control group. However, the luciferase activity in 
cells co‑transfected with pGL3‑MT‑P21‑3'UTR and miR‑93 
mimics showed no difference from the control group (Fig. 3D), 
indicating that the P21 3'UTR indeed contained a binding sites 
for miR‑93.

As miRNAs generally inhibit the expression of their 
target genes, the effect of miR‑93 on the expression of 
P21 at the mRNA and protein level was then examined. 

RT‑qPCR showed that knockdown of miR‑93 had no 
effect on the mRNA levels of P21 in U2OS and MG63 
cells (Fig. 4A and B). However, western blot analysis indi-
cated that U2OS and MG63 cells showed a higher protein 
level of P21 after transfection with miR‑93 inhibitor 
(Fig. 4C and D), indicating that miR‑93 negatively regulates 
the expression of P21 at the post‑transcriptional level in 
osteosarcoma cells.

P21 is involved in the miR‑93‑mediated proliferation of 
osteosarcoma cells. As knockdown of miR‑93 caused an 
upregulation of P21, as well as a cell cycle arrest at G1 stage 
in osteosarcoma cells, it was speculated that P21 may act as a 
downstream effector in miR‑93‑mediated osteosarcoma cell 
proliferation. Thus, U2OS and MG63 cells were transfected 
with the pcDNA3.1‑P21 ORF plasmid. After transfection, 
the mRNA and protein expression of P21 was markedly 
increased compared to that in the control group; however, 
transfection with the blank pcDNA3.1 vector did not affect 
the P21 expression in U2OS and MG63 cells (Fig. 5A and B). 
MTT assay data further indicated that overexpression of P21 
also suppressed the proliferation of U2OS and MG63 cells, 
identical to the effect of miR‑93 knockdown (Fig. 5C and D). 
Moreover, flow cytometry data showed that P21 upregulation 
indeed induced cell cycle arrest at the G1 stage in osteo-
sarcoma cells, similar to the effect of miR‑93 knockdown 
(Fig. 5E and F). Accordingly, the results suggested that P21 
is indeed involved in the miR‑93‑mediated proliferation of 
osteosarcoma cells.

Figure 3. (A) Targetscan software predicted P21 as a direct target gene of miR‑93. (B and C) The WT or MT of the miR‑93‑binding sequence in the 3'UTR of P21 
was subcloned into the downstream of the firefly luciferase reporter gene in the pGL3 vector. (D) The luciferase activity in HEK293 cells co‑transfected with 
pGL3‑WT‑P21‑3'UTR and miR‑93 mimics was significantly decreased compared to that in the control group. However, the luciferase activity in cells co‑trans-
fected with pGL3‑MT‑P21‑3'UTR and miR‑93 mimics showed no difference from that in the control group. Groups: Control, HEK293 cells transfected with 
pGL3‑WT‑P21‑3'UTR or pGL3‑MT‑P21‑3'UTR vector, respectively; NC, HEK293 cells co‑transfected with pGL3‑WT‑P21‑3'UTR or pGL3‑MT‑P21‑3'UTR 
vector, respectively, and miR‑negative control mimic; miR‑93, HEK293 cells co‑transfected with pGL3‑WT‑P21‑3'UTR or pGL3‑MT‑P21‑3'UTR, respec-
tively, and miR‑93 mimics. **P<0.01 vs. Control. MT, mutant type; WT, wild‑type; UTR, untranslated region; NC, negative control; miR, micro RNA; hsa, 
Homo sapiens; HSV, herpes simplex virus; F, firefly; R, Renilla; CDKN1A, cyclin D kinase inhibitor 1A (P21).
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P21 is downregulated in osteosarcoma. Finally, the expres-
sion of P21 in human osteosarcoma tissues and cell lines was 
examined. RT‑qPCR data indicated that the mRNA expression 
of P21 was significantly decreased in osteosarcoma tissues 
compared to that in their matched adjacent non‑tumor tissues 
(Fig. 6A). In contrast to miR‑93, the osteosarcoma of T3‑T4 
stage showed a lower P21 expression level when compared 
to that in the osteosarcoma of the T1‑T2 stage (Fig.  6B), 
suggesting that the decreased expression of P21 was associated 
with the malignant progression of osteosarcoma. In addition, 
the mRNA and protein expression of P21 was also signifi-
cantly reduced in osteosarcoma cell lines when compared to 
that in the normal human osteoblast hFOB1.19 cells (Fig. 6C 
and D). Therefore, it was demonstrated that the expression of 
P21 is decreased in osteosarcoma, suggesting that the down-
regulation of P21 may be due to the upregulation of miR‑93 in 
osteosarcoma tissues and cell lines.

Discussion

miRNAs have been found to have key roles in the tumorigen-
esis and malignant progression of osteosarcoma (4,20,21). 
However, the underlying mechanisms remain to be fully 
investigated. The present study aimed to reveal the role 
and molecular mechanisms of miR‑93 in the regulation 
of osteosarcoma cell proliferation. It was found that the 
expression of miR‑93 was significantly increased in 19 
osteosarcoma tissues compared to that in their matched 
adjacent non‑tumor tissues, and its levels were higher in 
osteosarcoma tissues with advanced stage. Besides, miR‑93 
was also upregulated in the human osteosarcoma cell lines 
Saos‑2, U2OS, SW1353 and MG63 when compared with 
that in the hFOB1.19 human osteoblast cell line. In vitro 
experiments indicated that knockdown of miR‑93 inhibited 
U2OS and MG63 cell proliferation, accompanied with 

Figure 4. (A and B) The mRNA levels of P21 in (A) U2OS and (B) MG63 cells transfected with NC inhibitor or miR‑93 inhibitor, respectively, were determined 
by reverse‑transcription quantitative polymerase chain reaction analysis. (C and D) Western blot analysis was used to examine the protein levels of P21. 
Non‑transfected were used as a Control. **P<0.01 vs. Control. NC, negative control; miR, microRNA.RETRACTED
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a cell cycle arrest at G1 stage. P21 was further identi-
fied as a direct target of miR‑93, and was involved in the 
miR‑93‑mediated osteosarcoma cell proliferation. In addi-
tion, it was found that P21 was significantly downregulated 
in osteosarcoma tissues compared to that in their matched 
adjacent non‑tumor tissues, suggesting that the inhibition 
of P21 may be due to the increased miR‑93 expression in 
osteosarcoma tissues.

miR‑93 is a member of the miR‑106b‑25 cluster, which 
includes miR‑106b, miR‑93 and miR‑25, and also a paralog 
of members of the miR‑17‑92 cluster (22). In recent years, 
miR‑93 has been found to be deregulated and to generally 
have a promoting role in certain human cancer types (23,24). 

For instance, miR‑93 can directly inhibit the expression of 
the tumor suppressor gene FUS1, and is thus involved in the 
development of lung cancer (25). Besides, miR‑93 enhances 
angiogenesis and metastasis by targeting large tumor 
suppressor kinase 2 (26). The present study found that the 
expression of miR‑93 was significantly increased in osteosar-
coma tissues and cell lines, and suggested that the upregulation 
of miR‑93 was associated with the malignant progression of 
osteosarcoma. Therefore, miR‑93 may have an oncogenic role 
in osteosarcoma. To verify this speculation, U2OS and MG63 
cells were transfected with miR‑93 inhibitor, which caused a 
marked decrease in miR‑93 levels and suppressed the prolif-
eration of U2OS and MG63 cells. Recently, Kawano et al (14) 

Figure 5. (A and B) Western blot analysis was used to examine the protein levels of P21 in (A) U2OS and (B) MG63 cells transfected with blank pcDNA3.1 
vector or pcDNA3.1‑P21 open reading frame plasmid, respectively. (C and D) An MTT assay was used to examine the cell proliferation. (E and F) Flow 
cytometry was used to examine the cell cycle distribution. Non‑transfected cells treated with blank pcDNA3.1 were used as a control. **P<0.01 vs. Control. 
OD, optical density. Blank, non‑transfected cells.
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also reported that miR‑93 promoted the proliferation of osteo-
sarcoma cells, consistent with the present findings.

The present study further investigated the underlying 
mechanism by which knockdown of miR‑93 inhibited the 
proliferation of osteosarcoma cells. It was shown that miR‑93 
knockdown caused cell cycle arrest at G1 stage, which contrib-
uted to the reduced cell proliferation. As miRNAs mainly 
function through directly suppressing the translation of their 
target genes (27), the potential target genes of miR‑93 in osteo-
sarcoma were then examined. Among the putative target genes 
of miR‑93, P21 is a key regulator of cell cycle progression 
at the G1 checkpoint (28). In addition, P21 can also interact 
with proliferating cell nuclear antigen, a DNA polymerase 
accessory factor, and has a regulatory role in S phase DNA 
replication and DNA damage repair (29). To clarify whether 
P21 is a direct target of miR‑93, a luciferase reporter assay was 
performed, which demonstrated that miR‑93 directly bound 
to the 3'UTR of the P21 gene. Further investigation indicated 
that miR‑93 knockdown increased the protein expression of 
P21 in U2OS and MG63 cells, and overexpression of P21 
also suppressed the proliferation of U2OS and MG63 cells, 
as did knockdown of miR‑93. Therefore, it is suggested that 
P21 acts as a downstream effector of miR‑93 in the regulation 
of osteosarcoma cell proliferation. In contrast to miR‑93, the 

expression levels of P21 were found to be significantly reduced 
in osteosarcoma tissues and cell lines. Moreover, its expression 
levels were lower in osteosarcoma tissues of T3‑T4 stage when 
compared with that in osteosarcoma tissues of T1‑T2 stage. 
Therefore, the results suggested that the downregulation of 
P21 is at least partly due to the upregulation of miR‑93, which 
is associated with the malignant progression of osteosarcoma.

The targeting association between miR‑93 and P21 has also 
been found in other cell types. For instance, Jiang et al (30) 
found that miR‑93 promoted the proliferation of ovarian gran-
ulosa cells through directly targeting P21 in polycystic ovarian 
syndrome. Petrocca  et  al  (31) demonstrated that miR‑93 
impaired TGF‑β‑mediated tumor inhibition by directly 
targeting P21 and Bim. Moreover, Kim et al (32) reported that 
miR‑93 inhibited the expression of P21 and ectopic expression 
of miR‑93 led to activation of CDK2 and facilitation of G1/S 
phase transition in gastric cancer cells. Therefore, the present 
study expanded the current understanding of the role of the 
miR‑93/P21 axis in human cancers.

In conclusion, the present study demonstrated that miR‑93 
has a promoting role in the proliferation of osteosarcoma cells, 
at least partly via inhibiting P21 expression and facilitating cell 
cycle progression. Therefore, miR‑93 may become a potential 
therapeutic target for osteosarcoma treatment.

Figure 6. (A and B) The mRNA expression of P21 in a total of 19 osteosarcoma tissues and their matched adjacent non‑tumor tissues was assessed using 
RT‑qPCR analysis. (C and D) RT‑qPCR and western blot analysis were used to determine the mRNA and protein expression of P21, respectively in the human 
osteosarcoma cell lines, Saos‑2, U2OS, SW1353, and MG63, and the human osteoblast cell line hFOB1.19. **P<0.01 vs. Normal in A, vs. T1‑T2 in B and vs. 
hFOB1.19 in C. RT‑qPCR, reverse‑transcription quantitative polymerase chain reaction; T, tumor stage.
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