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Abstract. The metastasis of osteosarcoma is a major threat 
to both adolescents and young adults. Identifying novel 
targets that may prevent osteosarcoma metastasis is critical 
in developing advanced clinical therapies for treating this 
cancer. The present study aimed to explore the mechanism 
of microRNA (miR)‑545‑5p in the metastasis of osteosar‑
coma. The present study identified miR‑545‑5p as a potential 
target that was downregulated in both osteosarcoma clinical 
samples and cell lines, and in the latter, ectopically expressed 
miR‑545‑5p caused apoptosis. In addition, miR‑545‑5p exerted 
inhibitory effects in osteosarcoma migration and invasion. 
Overexpression of miR‑545‑5p induced xenograft growth 
inhibition in vivo. In addition, miR‑545‑5p targeted dimeth‑
yladenosine transferase 1 (DIMT1), an oncogenic protein that 
facilitates osteosarcoma proliferation, migration and invasion. 
Taken together, the results of the present study suggest that 
miR‑545‑5p functions as a tumor suppressor in osteosarcoma 
that promotes apoptosis, while inhibiting migration and inva‑
sion by targeting DIMT1. Taken together, the results of the 
present study suggest two potential novel targets for osteosar‑
coma treatment and metastasis prevention.

Introduction

Osteosarcoma is the most common malignant primary bone 
tumor and frequently undergoes distal metastasis, thus making 
it a severe threat to both adolescents and young adults (1). The 
5‑year survival rate of localized osteosarcoma has reached 

80% in recent years due to major developments in clinical 
treatment (2). However, patients with metastatic osteosarcoma 
have a 5‑year survival rate of only 20% (3). Although advanced 
therapies have been developed for distal metastases from 
osteosarcoma, knowledge on novel therapy targets that would 
prevent metastasis is still lacking (4,5). Recent studies have 
demonstrated that non‑coding RNAs play a critical role in 
osteosarcoma pathology, particularly during metastasis, which 
has prompted a search for novel strategies for osteosarcoma 
treatment and metastasis prevention (6‑8). It is important to 
identify novel molecular mechanisms involved in osteosarcoma 
metastasis.

MicroRNAs (miRNAs/miRs) are small, non‑coding 
RNAs that play critical roles in almost all cellular processes 
via post‑transcriptional regulation of mRNAs, including 
cancer cell metastasis (9). miRNAs are involved at each step 
of development of osteosarcoma (10,11). RNA sequencing 
of osteosarcoma tissues and pulmonary metastatic osteosar‑
coma tissues has led to the identification of miRNAs, long 
non‑coding RNAs and mRNAs with differential expression 
in primary osteosarcoma, pulmonary metastatic osteosarcoma 
and normal controls, and has uncovered the molecular mecha‑
nisms and signaling networks that contribute to osteosarcoma 
progression (6). However, only a few differentially expressed 
miRNAs have been identified, including miR‑340, miR‑323‑3p 
and miR‑193a‑3p/5p (6,12,13). miR‑545‑5p has recently been 
reported to be upregulated in metastatic colorectal cancer 
cells compared with its localized strain (14), suggesting 
that miR‑545‑5p plays a role in cancer cell metastasis. 
Currently, only a single downstream target of miR‑545‑5p, 
delta‑aminolevulinic acid dehydratase (15), which is a critical 
regulator of heme biosynthesis and pigmentation in inverte‑
brates (16,17), has been identified. Reportedly, miR‑545 serves 
as a tumor regulator in different types of cancer, including 
hepatocellular carcinoma, cervical cancer and oral squamous 
cell carcinoma (18‑20). Recently, Miao et al (21) demonstrated 
that downregulation of miR‑545‑5p expression in colon adeno‑
carcinoma is associated with the survival and proliferation of 
colon cancer cells. However, the role of miR‑545‑5p in osteo‑
sarcoma remains unclear. 

The present study aimed to further reveal the role of 
miR‑545‑5p in the metastasis of osteosarcoma, by determining 
the expression of miR‑545‑5p in clinical osteosarcoma samples 
and Saos‑2, U2OS and MG63 osteosarcoma cell lines, and by 
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assessing its roles in apoptosis and metastasis by transfection 
with miR‑545‑5p mimics in osteosarcoma cell lines. This 
study may help to provide new insights on the understanding 
and prevention of osteosarcoma metastasis.

Materials and methods

Clinical samples and cell culture. A total of 40 patients 
with osteosarcoma (32 men and 8 women; mean age ± SD, 
30.82±5.92; age range, 18‑48 years) at Honghui Hospital (Xi'an, 
China) were enrolled in the present study between May 2018 
and April 2019. The inclusion criteria were that all patients 
were diagnosed by pathological and imaging examination and 
all cases were newly diagnosed. The exclusion criteria were 
as follows: i) Recurrent patients; ii) patients who had received 
immunotherapy, radiotherapy or chemotherapy and iii) patients 
with multiple newly diagnosed clinical disorders. Tumor 
tissues and adjacent normal tissues (0.5 cm from the tumor 
boundary) were collected via surgical resection. Both RNAs 
and proteins were extracted from the samples and conserved 
in liquid nitrogen (‑196˚C) for subsequent experimentation. 
The present study was approved by the Ethics Committee of 
Honghui Hospital (Xi'an, China; approval no. 202003059) and 
written informed consent was provided by all patients prior to 
the study start.

The human osteoblast cell line, hFOB1.19, and osteosar‑
coma cell lines, Saos‑2, U2OS and MG63 were purchased 
from The Cell Bank of Type Culture Collection of The 
Chinese Academy of Sciences, and cultured according to the 
manufacturer's instructions. Briefly, cryopreserved hFOB1.19 
cells were recovered from liquid nitrogen using the AccuVital 
cell recovery kit (AccuRef Scientific) and cultured in 1:1 
mixture of F12 medium (SH30023.01, HyClone; Cytiva) and 
DMEM (SH30021.01; HyClone; Cytiva), with 2.5 mM 
L‑glutamine (25030149; Gibco; Thermo Fisher Scientific, 
Inc.), 0.3 mg/ml G418 (A2513; APeXBIO Technology LLC) 
and 10% fetal bovine serum (FBS, 10099141; Gibco; Thermo 
Fisher Scientific, Inc.). Saos‑2 and U2OS cells were main‑
tained in McCoy's 5A medium (16600082; Gibco; Thermo 
Fisher Scientific, Inc.) supplemented with 15% FBS. MG63 
cells were maintained in MEM (MEL06‑500ML; Caisson 
Labs) supplemented with 10% FBS. All cells were cultured at 
37˚C with 95% air and 5% CO2. 

In situ hybridization of miR‑545‑5p. In situ hybridization was 
performed as previously described (18). The miR‑545‑5p probe 
tagged with Digoxigenin (DIG) modifications and modified 
with Locked Nucleic Acid (LNA) nucleotides was purchased 
from Redlandbio Technology. On day 1, 4‑µm sections of 
the TMA blocks were placed in a heater at 60˚C overnight 
to attach Super Frost Plus Slides (Thermo Fisher Scientific, 
Inc.). Next, sections were deparaffinized with xylene twice for 
5 min, rehydrated with an ethanol gradient, washed with DEPC 
water for 1 min and digested with proteinase K (15 µg/ml; 
MilliporeSigma) in PK buffer [5 mM Tris‑HCl (pH 7.5) and 
1 mM NaCl] at 37˚C for 10 min. After this, TMAs were rehy‑
drated with ethanol and air‑dried, followed by denaturing of 
LNA‑probes at 90˚C for 5 min. Following this, LNA‑probes 
miR‑545‑5p (25 nM) against miR‑545‑5p were incubated with 
the samples at 60˚C for 5 min and then at 37˚C overnight. On 

day 2, samples were washed with saline sodium citrate and 2% 
bovine serum albumin for 5 min at 4˚C twice and incubated 
with anti‑DIG/alkaline phosphate conjugated antibody (dilu‑
tion, 1:400; cat. no. 11207733910; MilliporeSigma) at 37˚C 
for 0.5 h. Next, the blue color was generated by incubation 
with with Alexa Fluor 488‑labeled antibody (dilution, 1:100; 
cat. no. A‑11078; Invitrogen; Thermo Fisher Scientific, Inc.) at 
37˚C for 1 h. The slides were then washed with TBS twice at 
room temperature and mounted using prolong gold anti‑fade 
reagent with DAPI (cat. no. P36935; Invitrogen; Thermo Fisher 
Scientific, Inc.). Slides were air dried in a dark room overnight 
and covered with nail polish before imaging in a Zeiss LSM 
880 inverted confocal microscope (Carl Zeiss AG).

Cell proliferation assay. The Cell Counting Kit‑8 (CCK‑8) 
assay (AccuRef Scientific) was performed to detect cell prolif‑
eration, according to the manufacturer's instructions. Briefly, 
2x103 cells were plated into a 96‑well plate and technical 
repeats were performed in triplicate. After 24 seeding, cells 
were transfected with miR‑545‑5p mimic with or without 
co‑transfection of DIMT1 overexpressing plasmid using 
Lipofactamine® 2000 (Invitrogen; Thermo Fisher Scientific, 
Inc.) according to the manufacturer's protocols. The cells were 
incubated at 37˚C for 48 h. Following 48 h of transfection, 
10 µl of CCK‑8 solution was added to each well and incu‑
bated at 37˚C for 2 h. The optical density of each sample was 
measured at a wavelength of at 450 nm, using a microplate 
reader (Thermo Fisher Scientific, Inc.).

In addition, the EdU assay was performed using an EdU 
proliferation kit (AccuRef Scientific), according to the manu‑
facturer's instructions. A total of 2x103 cells were seeded into 
a 96‑well plate and incubated with 20 µM EdU for 2 h, 24 h 
post‑seeding. Subsequently, cells were fixed with 4% parafor‑
maldehyde at room temperature for 30 min and stained with 
EdU additive solution at room temperature for 2 h. Samples 
were analyzed using a MoFlo Astrios cell sorter (Beckman 
Coulter, Inc.).

Cell transfection. miR‑545‑5p inhibitor (50 nM, 5'‑UCA UCU 
AAU AAA CAU UUA CUG A‑3'), inhibitor negative control 
(NC, 50 nM, 5'‑AAC CUU UAG GGU UCU AGG GAG G‑3'), 
miR‑545‑5p mimic (50 nM, 5'‑UCA GUA AAU GUU UAU UAG 
AUG A‑3') and mimic NC (50 nM, 5'‑UUG UAC UAC ACA 
AAA GUA CUG‑3') were purchased from Changzhou Ruibo 
Bio‑Technology Co., Ltd. Specific small interfering (si)RNAs 
against DIMT1 (si‑DIMT1, 50 nM, 5'‑CCA TAA TAT TGT CAG 
TGC T‑3') and si‑NC (50 nM. 5'‑CAC UGA UUU CAA AUG 
GUG CUA UU‑3') were synthesized by Shanghai GenePharma 
Co., Ltd. The plasmid construction and the corresponding NC 
were also synthesized by Shanghai GenePharma Co., Ltd. 
Plasmid transfection technology was applied to overexpress 
DIMT1, with empty vector as its control. All transfections 
were performed using Lipofectamine® 2000 (Invitrogen; 
Thermo Fisher Scientific, Inc.), according to the manufacturer's 
protocol. Briefly, miR‑545‑5p mimic, miR‑545‑5p inhibitor, 
DIMT1 siRNA or plasmid (10 µg) were diluted in serum‑free 
MEM (Caisson Labs) or McCoy's 5A medium (Gibco; Thermo 
Fisher Scientific, Inc.), mixed with Lipofectamine® 2000, and 
incubated for 20 min at room temperature. Subsequently, 
cells were incubated with the transfected mixture at 37˚C 
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with 5% CO2. Following incubation for 6 h, the medium was 
replaced with MEM or McCoy's 5A medium containing 10% 
FBS, and cells were harvested and subjected to subsequent 
experimentation 48 h post‑transfection. Transfection efficiency 
was assessed via reverse transcription‑quantitative (RT‑q)PCR 
analysis.

RT‑qPCR. RNA was extracted from tissues or cells using 
TRIzol® reagent (cat. no. 15596‑018, Invitrogen; Thermo Fisher 
Scientific, Inc.), according to the manufacturer's instructions. 
RT was performed using 500 µg RNA and the PrimeScript™ 
RT reagent kit (cat. no. RR047A; Takara Biotechnology Co., 
Ltd.) according to the manufacturer's protocol. qPCR was 
subsequently performed using SYBR Green (cat. no. RR420A; 
Takara Biotechnology Co., Ltd.) in an ABI 7500 Real time 
PCR instrument (Applied Biosystems) using the following 
conditions: 95˚C for 5 min, followed by 40 cycles of 95˚C 
for 15 sec, 58˚C for 30 sec and 72˚C for 10 sec. Fold‑changes 
were calculated using the 2‑ΔΔCq method (22). Each sample 
was analyzed in triplicate. The following primer sequences 
were used for qPCR: DIMT1 forward, 5'‑GGC TGC CTT 
AAG ACC AAC TG‑3' and reverse, 5'‑CGT GCC CTG AAC 
TCT TTT GT‑3'; GAPDH forward, 5'‑ACC AGG AAA TGA 
GCT TGA CA‑3' and reverse, 5'‑GAC CAC AGT CCA TGC CAT 
C‑3'; miR‑545‑5p forward, 5'‑TCA GTA AAT GTT TAT TAG 
ATG A‑3' and reverse, universal oligo(dT) reverse primer; and 
U6 forward, 5'‑CTC GCT TCG GCA GCA CA‑3' and reverse, 
5'‑AAC GCT TCA CGA ATT TGC GT‑3'. 

Cell apoptosis analysis. Cell apoptosis was analyzed using the 
Annexin V‑FITC Apoptosis kit (cat. no. K101; Biovision, Inc.), 
according to the manufacturer's instructions. Briefly, cells 
were seeded into 6‑well plates at a density of 3x105 cells/well 
and transfected with miR‑545‑5p mimic with or without 
co‑transfection of DIMT1 overexpressing plasmid for 48 h. 
Cells were collected and washed with PBS. Following resus‑
pension with Annexin binding buffer, cells were labeled with 
Annexin V‑FITC for 15 min at 4˚C followed by incubation with 
propidium iodide (PI) for 5 min at 4˚C. Apoptotic cells were 
subsequently analyzed using a flow cytometer (FACSCanto II; 
BD Biosciences) and CellQuest 3.0 software (BD Biosciences). 

Wound healing assay. Following the indicated treatments, a 
monolayer of Saos‑2 or MG63 cells was scratched using a 10‑µl 
pipette tip. Scratched cells were removed by rinsing twice with 
PBS. Cells were incubated at 37˚C for an additional 48 h in 
serum‑free DMEM. The wound of each sample was pictured 
at 0 and 48 h using a light microscope (Olympus Corporation) 
at x200 magnification. The wound distances were quantita‑
tively evaluated using ImageJ software (version 1.49; National 
Institutes of Health), as previously described (23). Each wound 
healing analysis was repeated in triplicate, using independent 
samples.

Transwell invasion assay. A Transwell invasion analysis was 
performed as previously described (24). Briefly, a 1:1 mix of 
matrigel and the indicated growth medium was used to coat 
the Transwell (Costar). The coated Transwell was then incu‑
bated at 37˚C for 1 h before 1x105 cells/well were seeded to the 
upper chamber, each with three replicates. The lower chamber 

was flooded with culture medium containing 10% FBS. After 
24 h of culture, the cells were fixed with 4% polyoxymethylene 
and stained with crystal violet at room temperature for 15 min. 
Following this, the stained results were captured and analyzed 
under a light microscope (Olympus Corporation) at magnifica‑
tion of x200.

Western blotting. Protein collection and western blot analysis 
were performed as previously described (25). Cells and tissue 
samples were lysed on ice for 30 min using RIPA lysis buffer 
[50 mM Tris (pH 7.4), 150 mM NaCl, 1% NP‑40, 0.5% sodium 
deoxycholate; Beijing Solarbio Science & Technology Co., 
Ltd.] before centrifuging at 4˚C, 17,000 x g for 30 min. Proteins 
were quantified using the bicinchoninic acid assay method 
(Thermo Fisher Scientific, Inc.), and equivalent protein (25 µg) 
was loaded to each lane and separated on 10% gels using 
SDS‑PAGE. Following this, proteins were transferred to poly‑
vinylidene fluoride membrane and blocked with 5% skimmed 
milk solution at room temperature for 1 h. Subsequently, 
membranes were incubated with mouse anti‑human primary 
antibodies against DIMT1 (cat. no. ab69434; Abcam) and 
rabbit anti‑human GAPDH (cat. no. ab97627; Abcam) at 4˚C 
overnight. After this, membranes were incubated with the 
rat anti‑mouse (cat. no. ab6728; Abcam) or mouse anti‑rabbit 
(cat. no. ab99697; Abcam) secondary antibody at room 
temperature for 1 h. Finally, protein bands were visualized 
using a chemiluminescence kit (cat. no. AR21PN003; AccuRef 
Scientific) and qualified using ImageJ software (version 1.49; 
National Institutes of Health).

In vivo analysis of tumor growth. For the subcutaneous 
xenograft study, 8‑week‑old male BALB/c nude mice (n=16, 
20‑25 g) were purchased from the Laboratory Animal Center 
of Xi'an Jiaotong University, and housed at 25˚C with a 
12 h light/dark cycle. The mice were reared under specific 
pathogen‑free conditions (25˚C with 55% humidity), with free 
access to food and water. 

A total of 3x106 Saos‑2 or MG63 cells transfected with 
control miRNA (mimic NC) or miR‑545‑5p mimics for 24 h 
were trypsinized, resuspend in PBS and subcutaneously 
injected into the left or right back of each mouse. The xeno‑
grafts were measured every 2 days and their volumes were 
calculated using the following formula: axb2/2 [where (a) is 
the largest, and (b) is the smallest]. The mice were euthanized 
by CO2 inhalation (CO2 flow rate, 30% of cage volume) (26) 
14 days post‑transplantation and mortality was confirmed 
via cessation of heartbeat. The tumor tissues were dissected, 
photographed and weighed. RNA was subsequently extracted 
from the xenografts and RT‑qPCR analysis. All animal experi‑
ments were performed in accordance with the Guide for the 
Care and Use of Laboratory Animals of the National Institutes 
of Health (27) and approved by the Animal Care and Use 
Committee of Hong Hui Hospital, Xi'an Jiaotong University 
(Xi'an, China; approval no. 202003059).

Dual‑luciferase reporter assay. DNA fragments containing 
wild‑type (WT) or mutated (MUT) DIMT1 DNA binding sites 
were synthesized by BGI. (https://en.genomics.cn/), and cloned 
into a pGL3 firefly reporter plasmid (Promega Corporation). 
All plasmids were purchased from Guangzhou RiboBio Co., 
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Ltd. Cells were cultured to a confluence of 70‑80% in 24‑well 
plates, followed by transfection with 100 ng pGL3‑WT or 
pGL3‑MUT, 20 ng of the transfection control Renilla vector 
(pRL‑TK; Promega Corporation) and 100 nM miR‑545‑5p 
mimic or mimic NC (Guangzhou RiboBio Co., Ltd.), using 1 µl 
Lipofectamine® 2000 (Invitrogen; Thermo Fisher Scientific, 
Inc.) according to the manufacturer's protocol. After 2 days, 
luciferase activities were detected via the dual‑luciferase 
reporter assay (Promega Corporation). The firefly luciferase 
activity was normalized to Renilla luciferase activity, and 
the relative luciferase activity in each group was calculated 
using the ratio of firefly luciferase activity to Renilla luciferase 
activity compared with that of the NC group.

Target prediction. miR‑545‑5p targeted candidate genes 
and the binding sites of miR‑545‑5p were predicted using 
the online tools, TargetScanV7.2 (http://www.targetscan.
org/vert_72), miRDB (http://www.mirdb.org/mirdb/index.
html) and DIANA‑microT (http://diana.imis.athena‑innovation.
gr/DianaTools/index.php?r=microT_CDS/index). The following 
parameters were set for each database: DIANA‑microT (miTG 
score ≥0.8); miRDB (Target score ≥80) and TargetScan 
(Cumulative weighted context++ score ≤‑0.5). The Venn 
diagram was constructed using VENNY 2.1(https://bioinfogp.
cnb.csic.es/tools/venny). The miRNA‑mRNA regulation 
network was constructed using Cytoscape (version 3.6.1) (27).

Immunohistochemistry staining. The protein expression of 
DIMT1 in clinical samples was determined using immuno‑
histochemistry. Briefly, clinical tissue samples were washed 
with PBS to remove blood on the surface and fixed with 
4% formaldehyde at 4˚C for 48 h. The tissues were then 
dehydrated with gradient ethanol and paraffin‑embedded at 
60˚C overnight. Tissues were cut into 5‑µm thick sections, 
heated at 60˚C for 1 h, de‑waxed using xylene and rehy‑
drated with gradient alcohol. Following this, antigens on 
sections were retrieved using a microwave oven and boiled 
0.01 M citrate buffer (pH 6.0) for 3 min, three times at 
5‑min intervals. After this, sections were incubated with 
3% H2O2 for 10 min at room temperature to block endog‑
enous peroxidase. Next, sections were blocked with 5% 
goat serum (Beyotime Institute of Biotechnology) at room 
temperature for 1 h. The sections were then incubated 
with mouse anti‑human DIMT1 antibody (dilution, 1:500; 
cat. no. HPA042944; MilliporeSigma) overnight at 4˚C. The 
next day, sections were incubated with donkey anti‑rabbit 
secondary antibody (dilution, 1:400; cat. no. ab207999; 
Abcam) at room temperature for 1 h and visualized using 
a DAB Substrate kit (cat. no. ab64238; Abcam) according 
to the manufacturer's protocol. The nuclei on the sections 
were counterstained with hematoxylin at room temperature 
for 5‑10 min and washed with running water. Following 
this, sections were dehydrated with ethanol, hyalinized by 
xylene and mounted with neutral resins (cat. no. E675007; 
Sangon Bioteck Co. Ltd.). Subsequently, images of the 
sections were captured and analyzed under a light micro‑
scope (Olympus Corporation). 

Statistical analysis. Statistical analysis was performed using 
GraphPad Prism 5.0 software (GraphPad Software, Inc.). 

All experiments were performed in triplicate and data are 
presented as the mean ± SD. Paired Student's t‑test was used 
to compare differences between tumor tissues and adjacent 
normal tissues. Unpaired Student's t‑test was used to compare 
differences between two groups, while one‑way ANOVA 
followed by Tukey's post hoc test were used to compare differ‑
ences between multiple groups. According to the median value 
of miR‑545‑5p expression, patients were divided into the high 
and low expression groups, and comparisons between them 
were compared with χ2 analysis. P<0.05 was considered to 
indicate a statistically significant difference.

Results

miR‑545‑5p expression is downregulated in osteosarcoma. To 
understand the role that miR‑545‑5p plays in osteosarcoma, 
RT‑qPCR analysis was performed to detect miR‑545‑5p 
expression in both clinical osteosarcoma tissues and adjacent 
normal tissues. The results demonstrated that miR‑545‑5p 
expression was significantly downregulated in osteosarcoma 
tissues compared with adjacent normal tissues (P<0.05; 
Fig. 1A). miR‑545‑5p expression was also detected in osteo‑
sarcoma cell lines. The results demonstrated that miR‑545‑5p 
expression was downregulated in all three osteosarcoma cell 
lines compared with the human normal osteoblast cell line, 
hFOB1.19, and its expression was downregulated by >50% in 
Saos‑2 and MG63 cells (P<0.05; Fig. 1B). To confirm these 
results, in situ hybridization was performed for miR‑545‑5p 
in clinical osteosarcoma tissues and adjacent normal tissues. 
The results revealed a notable decrease in the number of 
miR‑545‑5p positive cells in osteosarcoma tissues compared 
with adjacent normal tissues (Fig. 1C). 

To determine the clinical significance of miR‑545‑5p 
in patients with osteosarcoma, the association between 
miR‑545‑5p expression and the clinicopathological character‑
istics of 40 patients with osteosarcoma was assessed. Based on 
the median miR‑545‑5p expression level in clinical samples, 
patient samples were grouped into either a high or low expres‑
sion groups (n=10 for each group). The results demonstrated 
that miR‑545‑5p expression was significantly associated with 
tumor size, metastasis and differentiation (all P<0.05; Table I).

miR‑545‑5p inhibits the proliferation, migration and invasion 
of osteosarcoma cells. To determine the role of miR‑545‑5p in 
osteosarcoma, cells were transfected with miR‑545‑5p mimics 
to increase miR‑545‑5p expression in osteosarcoma cells 
(Fig. S1A). Notably, the proliferation of Saos‑2 and MG63 
cells decreased following overexpression of miR‑545‑5p 
(both P<0.05; Fig. 2A). The EdU assay was performed to 
detect the proliferation of osteosarcoma cells, and the results 
demonstrated that overexpression of miR‑545‑5p inhibited the 
proliferation of Saos‑2 and MG63 cells (both P<0.05; Fig. 2B). 
Notably, transfection with miR‑545‑5p mimics significantly 
induced apoptosis of both Saos‑2 and MG63 cells (both 
P<0.05; Fig. 2C). The Transwell and wound healing assays 
were performed to evaluate the effect of miR‑545‑5p overex‑
pression on the invasion and migration of osteosarcoma cells, 
respectively. The results demonstrated that the number of 
cells infiltrating through the Matrigel significantly decreased 
following transfection with miR‑545‑5p mimics (both 
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P<0.05; Fig. 3A), suggesting that overexpression of miR‑545‑5p 
decreases the invasive ability of Saos‑2 and MG63 cells. In 
addition, the wound healing speed decreased in both Saos‑2 
and MG63 cells following transfection with miR‑545‑5p 
mimics (both P<0.05; Fig. 3B). Taken together, these results 
suggest that miR‑545‑5p facilitates apoptosis and inhibits the 
migratory and invasive abilities of osteosarcoma cells.

miR‑545‑5p restricts tumor growth. Given that the results of 
the present study demonstrated that miR‑545‑5p inhibited 
proliferation and promoted apoptosis of osteosarcoma cells, 
tumor growth in vivo was assessed following overexpression 
of miR‑545‑5p. Xenografts generated from MG63 (P<0.05; 
Fig. 4A) and Saos‑2 (P<0.05; Fig. 4D) cells, with ectopic 
miR‑545‑5p expression, were significantly smaller than those 
transfected with mimic NC. In addition, both the weight and 
volume of the xenografts generated from MG63 (P<0.05; 
Fig. 4B and C) and Saos‑2 (P<0.05; Fig. 4E and F) cells over‑
expressing miR‑545‑5p significantly decreased compared with 
the mimic NC group, suggesting that miR‑545‑5p exerts an 
antitumor effect in vivo.

DIMT1 is a downstream target of miR‑545‑5p. To deter‑
mine the underlying molecular mechanism by which 
miR‑545‑5p regulates osteosarcoma progression, downstream 
miR‑545‑5p targets were predicted using the online databases, 
DIANA‑microT, miRDB and TargetScan. The following 
parameters were set for each database: DIANA‑microT (miTG 
score ≥0.8); miRDB (Target score ≥80) and TargetScan 

(Cumulative weighted context++ score ≤‑0.5). With these 
parameters, 14 potential downstream target genes were identi‑
fied (Fig. 5A). RT‑qPCR analysis was performed to detect the 
expression levels of all 14 genes in Saos‑2 cells transfected 
with miR‑545‑5p inhibitor. The results demonstrated that 
transfection with miR‑545‑5p inhibitor significantly upregu‑
lated DIMT1 expression compared with cells transfected with 
inhibitor NC (P<0.001; Fig. 5B). 

To determine the direct regulatory association between 
miR‑545‑5p and DIMT1, luciferase reporter plasmids 
carrying WT DIMT1 3'‑untranslated region (UTR) sequence 
(DIMT1‑WT) or a DIMT1 3'‑UTR sequence with mutated 
binding sites (DIMT1‑MUT) were co‑transfected with 
miR‑545‑5p mimics or mimic NC into osteosarcoma cells 
(Fig. 5C). The results demonstrated that in both Saos‑2 and 
MG63 cells, luciferase activities were significantly inhibited 
when miR‑545‑5p was co‑transfected with luciferase reporter 
plasmids carrying DIMT1‑WT (P<0.05; Fig. 5C). Notably, 
miR‑545‑5p had no effect on the mutated DIMT1 3'‑UTR, 
suggesting that miR‑545‑5p binds to the mRNA of DIMT1 via 
the complementary sequences predicted (Fig. 5C). 

Table I. Association between miR‑545‑5p expression and the 
clinicopathological characteristics of patients with osteosar‑
coma (n=40).

 miR‑545‑5p expression
 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Characteristic Low (n=20) High (n=20) P‑value

Age, years    0.525
  <55 10 12 
  ≥55 10 8 
Sex   0.236
  Male 18 14 
  Female 2 6 
Tumor size, cm   0.025
  <3 15 8 
  >3 5 12 
Location   0.185
  Tibia/femur 17 25 
  Elsewhere 13 5 
Clinical stage   0.507
  I 14 12 
  II 6 8 
Distant metastasis   0.018
  Absent 16 12 
  Present 4 8 
TNM stage   0.011
  I‑II 13 5 
  III‑IV 7 15 
Differentiated degree   0.044
  High/middle 15 6 
  Low/undifferentiated 5 14 

miR, microRNA; TNM, Tumor‑Node‑Metastasis. 

Figure 1. miR‑545‑5p expression is downregulated in osteosarcoma. 
(A) RT‑qPCR analysis was performed to detect miR‑545‑5p expression in 
adjacent normal tissues and osteosarcoma tissues. (B) RT‑qPCR analysis 
was performed to detect miR‑545‑5p expression in different osteosarcoma 
cell lines (MG63, U2OS and Saos‑2) and hFOB1.19 cells. (C) Representative 
images of miR‑545‑5p expression via in situ hybridization in paired 
primary tumor tissues and adjacent normal tissues. Nuclei were stained 
with DAPI (blue) and miR‑545‑5p positive regions are highlighted in green. 
Scale bar, 100 µm. *P<0.05 vs. adjacent normal tissues or hFOB1.19 cells. 
miR, microRNA; RT‑qPCR, reverse transcription‑quantitative PCR. 
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Changes in DIMT1 mRNA and protein expression levels 
in MG63 cells were detected following transfection with 
mimic NC, miR‑545‑5p mimic, inhibitor NC or miR‑545‑5p 
inhibitor, respectively. The successful transfections of 
miR‑545‑5p mimic and miR‑545‑5p inhibitor were confirmed 
using RT‑qPCR (Fig. S1A and B). Notably, transfection with 
miR‑545‑5p mimic suppressed DIMT1 expression (P<0.05), 
whereas transfection with miR‑545‑5p inhibitor significantly 
increased DIMT1 expression in Saos‑2 cells (P<0.001; 
Fig. 5D and E), confirming that DIMT1 is a downstream 
target of miR‑545‑5p. DIMT1 protein and mRNA expression 
levels were also detected in clinical samples via immunohis‑
tochemistry and RT‑qPCR analyses. The results demonstrated 
that both DIMT1 protein and mRNA expression levels were 
upregulated in clinical osteosarcoma samples (P<0.05; 
Fig. 5F and G).

DIMT1 facilitates metastasis of osteosarcoma. The present 
study investigated the role of DIMT1 in osteosarcoma. DIMT1 
protein expression was detected in five clinical osteosarcoma 
samples and the results demonstrated that DIMT1 expres‑
sion was upregulated in all samples compared with adjacent 
normal tissues (Fig. 6A). In addition, DIMT1 expression was 
notably upregulated in Saos‑2 and MG63 cells compared with 

hFOB1.19 human osteoblast cells (Fig. 6B). DIMT1 expression 
was knocked down at the mRNA level via transfection with 
siRNA, which decreased DIMT1 expression in both Saos‑2 
and MG63 cells (all P<0.05; Fig. 6C and D). Notably, DIMT1 
knockdown significantly decreased the migratory and invasive 
abilities of Saos‑2 and MG63 cells (all P<0.05; Fig. 6E and F). 
These results are similar to those observed following overex‑
pression of miR‑545‑5p, suggesting that miR‑545‑5p functions 
by regulating DIMT1 expression.

miR‑545‑5p suppresses metastasis of osteosarcoma by 
targeting DIMT1. To further validate the function of 
miR‑545‑5p via DIMT1, miR‑545‑5p and DIMT1 were 
co‑overexpressed in Saos‑2 and MG63 cells (P<0.01; 
Fig. S1C). The results demonstrated that overexpression 
of DIMT1 attenuated DIMT1 reduction induced by simul‑
taneous overexpression of miR‑545‑5p (Fig. 7A). Notably, 
overexpression of DIMT1 in both Saos‑2 and MG63 cells 
transfected with mi‑545‑5p mimics restored cell viability to 
similar levels as the mimic NC group (all P<0.05; Fig. 7B). 
Furthermore, the migratory ability of both Saos‑2 and MG63 
cells was also rescued following overexpression of DIMT1 
in cells transfected with miR‑545‑5p mimics (all P<0.05; 
Fig. 7C). 

Figure 2. miR‑545‑5p facilitates osteosarcoma cell apoptosis. (A) 2x103 MG63 or Saos‑2 cells were transfected with miR‑545‑5p mimic or mimic NC for 
48 h and proliferating cells were labeled with EdU. Nuclei were labeled with DAPI (blue) and EdU‑positive cells are highlighted in green. The number of 
proliferating cells were quantified using ImageJ software version 1.49. Cells without transfection were also analyzed (control). (Scale bar, 50 µm and magnifi‑
cation, x100). (B) The Cell Counting Kit‑8 assay was performed to detect the viability of Saos‑2 and MG63 cells transfected with miR‑545‑5p mimic of mimic 
NC for 48 h. Cells without transfection were also analyzed (control). (C) 3x105 Saos‑2 or MG63 cells transfected with 50 nM mimic NC or miR‑545‑5p mimic 
for 48 h were harvested and labeled with Annexin V‑FITC and PI. Samples were assessed via flow cytometry. The numbers in each quadrant indicate positive 
percentages of the entire population. *P<0.05 vs. control. miR, microRNA; NC, negative control; PI, propidium iodide. 
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To evaluate the effect of overexpressing DIMT1 on the 
apoptosis of osteosarcoma cells, flow cytometric analysis 
of cells labeled with Annexin V and PI was performed. 
The results demonstrated that overexpression of DIMT1 in 
Saos‑2 and MG63 cells transfected with miR‑545‑5p mimics 
significantly decreased the percentage of apoptotic cells 
compared with the control group (P<0.05; Fig. 7D). In addi‑
tion, the migratory ability of Saos‑2 and MG63 cells following 
co‑overexpression with miR‑545‑5p and DIMT1 was assessed. 
The results demonstrated that overexpression of DIMT1 
partially rescued the reduced migratory ability of Saos‑2 and 
MG63 cells following overexpression of miR‑545‑5p (Fig. 7E), 
which suggests that miR‑545‑5p functions by inhibiting 
DIMT1 expression. Taken together, the results of the present 
study suggest that miR‑545‑5p functions as a tumor suppressor 
by targeting DIMT1.

The results of the present study demonstrated that 
miR‑545‑5p expression was downregulated in clinical 
osteosarcoma patient samples and cell lines. In addition, over‑
expression of miR‑545‑5p increased apoptosis, and inhibited 
migration and invasion of osteosarcoma cells by targeting 
DIMT1. Furthermore, overexpression of miR‑545‑5p success‑
fully inhibited in vivo xenograft growth. Collectively, these 

results suggest that miR‑545‑5p is a novel miRNA that func‑
tions as a tumor suppressor in osteosarcoma, thus providing 
novel therapeutic targets for osteosarcoma.

Discussion

miRNA expression can be altered during the development 
of certain diseases, and thus may act as a critical biomarker 
for disease (28‑30). The identification of novel miRNAs with 
altered expression levels in osteosarcoma may assist current 
therapeutic strategies since miRNAs are promising targets 
for drug development (31). The results of the present study 
demonstrated that miR‑545‑5p expression was downregulated 
in osteosarcoma. However, the role of miR‑545‑5p in cancer 
development remains unknown. To the best of our knowledge, 
the present study is the first to provide experimental evidence 
supporting the function of miR‑545‑5p in osteosarcoma devel‑
opment. However, to further clarify the role of this potential 
tumor suppressor, transgenic mice are required. miR‑545‑5p 
knockout mice will be used to further determine the anti‑
cancer role of this miRNA in an in vivo model. The results 
of the present study demonstrated that miR‑545‑5p has antip‑
roliferative and proapoptotic roles in osteosarcoma. Notably, 

Figure 3. miR‑545‑5p inhibits osteosarcoma cell invasion and migration. (A) A total of 1x105 Saos‑2 or MG63 cells were transfected with mimic NC or 
miR‑545‑5p mimic for 24 h and seeded into Transwell inserts for invasion analysis. Quantification results are depicted in the top left panel. Cells without 
transfection were also analyzed (control). Scale bar, 50 µm. (B) The wound healing assay was performed to assess the migratory ability of Saos‑2 and MG63 
cells transfected with mimic NC or miR‑545‑5p mimic. Quantification results are depicted in the bottom right panel. Cells without transfection were also 
analyzed (control). Scale bar, 50 µm. *P<0.05 vs. control. miR, microRNA; NC, negative control.
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Figure 5. DIMT1 is a target of miR‑545‑5p. (A) DIANA‑microT, miRDB and TargetScan were used to predict the target mRNAs of miR‑545‑5p. The Venn diagram 
depicts 14 potential targets. The regulation network of the 14 potential target mRNAs is depicted in the top right panel. The oval nodes represent miR‑545‑5p‑tar‑
geted mRNAs. The darker the color, the greater the possibility. (B) Verification of potential targets in MG63 cells transfected with 50 nM miR‑545‑5p inhibitor or 
inhibitor NC. (C) Left panel: Sequence alignment depicting the potential interactions between miR‑545‑5p and DIMT1‑WT or DIMT1‑MUT 3'‑UTR of DIMT1. 
Right panel: Luciferase reporter activities of Saos‑2 and MG63 cells co‑transfected with plasmid containing WT or MUT DIMT1 3'‑UTR and miR‑545‑5p mimics 
or mimic NC. (D) RT‑qPCR analysis was performed to detect DIMT1 exp ression in MG63 cells transfected with 50 nM mimic NC, miR‑545‑5p mimic, inhibitor 
NC or miR‑545‑5p inhibitor. (E) Western blot analysis was performed to detect DIMT1 protein expression in MG63 cells transfected with 50 nM mimic NC, 
miR‑545‑5p mimic, inhibitor NC or miR‑545‑5p inhibitor. (F) Representative immunohistochemistry staining of DIMT1 in osteosarcoma tissues and adjacent 
normal tissues. Scale bar, 50 µm and magnification, x200. (G) RT‑qPCR analysis was performed to detect miR‑545‑5p expression in osteosarcoma tissues and 
adjacent normal tissues. *P<0.05 and ***P <0.001 vs. inhibitor NC, corresponding NC group or normal adjacent tissue. DIMT1, dimethyladenosine transferase 1; 
miR, microRNA; NC, negative control; WT, wild‑type; MUT, mutant; UTR, untranslated region; RT‑qPCR, reverse transcription‑quantitative PCR. 

Figure 4. miR‑545‑5p inhibits tumor growth in vivo. A total of 3x106 Saos‑2 or MG63 cells transfected with mimic NC or miR‑545‑5p mimic for 24 h were 
trypsinized and subcutaneously injected into BALB/c nude mice. The mice were sacrificed, and tumor tissues were dissected, photographed and weighed 
after 14 days. (A) Representative images for xenografts generated from MG63 cells transfected with mimic NC or miR‑545‑5p mimic. (B) Tumor weight and 
(C) volume of xenografts generated from MG63 cells transfected with mimic NC or miR‑545‑5p mimic. (D) Representative images for xenografts generated 
from Saos‑2 cells transfected with mimic NC or miR‑545‑5p mimic. (E) Tumor weight and (F) volume of xenografts generated from Saos‑2 cells transfected 
with mimic NC or miR‑545‑5p mimic. *P<0.05 vs. mimic NC. miR, microRNA; NC, negative control. 
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overexpression of miR‑545‑5p decreased the migratory and 
invasive abilities of osteosarcoma cells. 

miR‑545‑5p target several downstream targets in multiple 
signaling pathways that might serve critical roles in tumori‑
genesis and development, such as murine double minute 2, 
polo‑like kinase 1 and δ‑anubikevulinic acid dehydratase, 
suggesting that miR‑545‑5p functions as a major switch 
for a series of cellular processes (21,32,33). In the present 
study, activating miR‑545‑5p alone inhibited cancer growth 
by regulating the expression of DIMT1. The in vivo xeno‑
graft experiments clearly demonstrated that overexpression 
of miR‑545‑5p significantly suppressed xenograft growth. 
However, not all the observed phenotypes can be explained 
by alterations in DIMT1 levels due to modified miR‑545‑5p 
expression in osteosarcoma. Prospective studies should 
include administering miR‑545‑5p to mice with osteosarcoma 
to determine whether it induces tumor inhibition and prevents 
a localized osteosarcoma from metastasizing.

A previous study suggested that miR‑545‑5p expression 
was upregulated in colorectal cancer SW620 cells (a cell line 
derived from a metastatic site) compared with SW480 cells 
(a cell line derived from a local site in the same patient from 

which the SW620 line was derived) (14). However, the present 
study did not provide functional data to support the hypothesis 
that miR‑545‑5p participates in the transformation of a local‑
ized colon cancer cell to a metastatic colon cancer cell. The 
conclusion that miR‑545‑5p inhibits metastasis is supported 
by both the migration and invasion assays, as overexpres‑
sion of miR‑545‑5p inhibited cancer cell migration. Notably, 
the results of the present study demonstrated that DIMT1, a 
downstream target of miR‑545‑5p, facilitated the migration 
and invasion of osteosarcoma cells. Thus, miR‑545‑5p is an 
inhibitor of osteosarcoma metastasis. However, the role of 
miR‑545‑5p in cancers, particularly in colon cancer, requires 
further investigation.

The results of the present study revealed that miR‑545‑5p 
regulates DIMT1 expression by binding to the 3'‑UTR of 
DIMT1 mRNA. DIMT1, also known as DIM1, was initially 
identified as a homolog of 18S rRNA dimethylase in 
Saccharomyces cerevisiae (gene ID, 27292). DIMT1 functions 
as a downstream target of miR‑210, which regulates gastric 
epithelial cell proliferation (34). In addition, DIMT1 has been 
demonstrated to be elevated in gastric cancer cells, and it is 
considered a predictor of tumor progression and prognosis in 

Figure 6. DIMT1 promotes migration and invasion of osteosarcoma. (A) Western blot analysis was performed to detect DIMT1 protein expression in osteosar‑
coma tissues and adjacent normal tissues (n=5). Tissues were collected from five different patients. GAPDH was used as the loading control. (B) Western blot 
analysis was performed to detect DIMT1 protein expression in the human osteoblast cell line, hFOB1.19, and osteosarcoma cell lines, Saos‑2 and MG63. GAPDH 
was used as the loading control. (C) Saos‑2 and MG63 cells were transfected with 50 nM si‑NC or si‑DIMT1 for 48 h and western blot analysis was performed 
to detect DIMT1 protein expression. GAPDH was used as the loading control. (D) Reverse transcription‑quantitative PCR analysis was performed to detect 
DIMT1 expression in Saos‑2 and MG63 cells transfected with si‑NC or si‑DIMT1 for 48 h. (E) The Transwell assay was performed to detect the invasive ability 
of Saos‑2 and MG63 cells transfected with 50 nM si‑NC or si‑DIMT1 for 24 h. Quantification analysis is depicted in the middle right panel. Scale bar, 50 µm and 
magnification, x100. (F) Wound healing analysis of Saos‑2 and MG63 cells transfected with si‑NC or si‑DIMT1. Scale bar, 50 µm. *P<0.05 vs. si‑NC or control. 
DIMT1, dimethyladenosine transferase 1; si, small interfering; NC, negative control; C, osteosarcoma tissues; N, adjacent normal tissues.
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patients with gastric carcinoma (35). Furthermore, miR‑210 
regulates the DIMT1‑interferon regulatory factor 4 oncogenic 
axis in multiple myeloma under hypoxic stress (36). Although 
an oncogenic role for DIMT1 has been suggested, whether 
DIMT1 functions as an oncogene in osteosarcoma remains 
unclear.

DIMT1 is regulated by multiple miRNAs (miR‑210 and 
miR‑101) (36,37), and three different miRNAs target DIMT1 
simultaneously. Although the expression levels of miR‑210 and 
miR‑101 in osteosarcoma cells remain unclear, it is possible 
that the alteration of different miRNA expression levels creates 
different phenotypes, rather than alterations in the expression 
levels of DIMT1. However, to understand the regulatory network 

controlling DIMT1, further expression analyses are required. 
The results of the present study suggest that miR‑545‑5p 
controls apoptosis, migration and invasion of osteosarcoma 
cells via DIMT1. However, alterations in all pathways involved 
were not investigated in the present study. It is important to 
perform high throughput RNA sequencing for cells with or 
without high miR‑545‑5p levels to determine the underlying 
molecular mechanisms of how miR‑545‑5p regulates osteosar‑
coma development.

In conclusion, the results of the present study suggest 
two potential targets for inhibiting osteosarcoma metastasis, 
miR‑545‑5p and DIMT1. One can utilize miR‑545‑5p mimics 
in situ or through the circulation to induce an anticancer effect, 

Figure 7. miR‑545‑5p functions by targeting DIMT1. (A) Saos‑2 and MG63 cells were transfected with 50 nM miR‑545‑5p mimic or mimic NC, with or without 
co‑transfection of 10 µg DIMT1 overexpression plasmid for 48 h and western blot analysis was performed to detect DIMT1 protein expression. GAPDH was 
used as the loading control. (B) Saos‑2 and MG63 cells were transfected with 50 nM miR‑545‑5p mimic or mimic NC, with or without co‑transfection of 10 µg 
DIMT1 overexpression plasmid for 48 h and the Cell Counting Kit‑8 assay was performed to detect cell viability. (C) Saos‑2 and MG63 cells were transfected 
with 50 nM miR‑545‑5p mimic or mimic NC, with or without co‑transfection of 10 µg DIMT1 overexpression plasmid for 24 h and the Transwell assay was 
performed to detect cell invasion. Quantification analysis is depicted in the lower panel. Scale bar, 50 µm and magnification, x100. (D) Flow cytometric 
analysis of Saos‑2 and MG63 cells transfected with 50 nM miR‑545‑5p mimic or mimic NC, with or without co‑transfection of 10 µg DIMT1 overexpression 
plasmid for 48 h. Cells were harvested and labeled with Annexin V‑FITC and PI. The numbers in each quadrant indicate positive percentages of the entire 
population. (E) Saos‑2 and MG63 cells were transfected with 50 µm miR‑545‑5p mimic or mimic NC, with or without co‑transfection of 10 µg DIMT1 overex‑
pression plasmid and the wound healing assay was performed to detect cell migration. Quantification analysis is depicted in the right panel. Scale bar, 50 µm. 
*P<0.05 vs. mimic NC. #P<0.05 vs. miR‑545‑5p mimic. miR, microRNA; DIMT1, dimethyladenosine transferase 1; NC, negative control; PI, propidium iodide. 
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while the other can antagonize DIMT1 via small molecule 
cancer drugs, although the development of such drugs requires 
further investigation. Taken together, these results provide 
novel therapeutic targets for osteosarcoma and molecular 
insights into their regulatory network.
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