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Abstract. Although osteosarcoma (OS) is the most common 
type of primary bone tumor in adolescents and young adults, its 
mechanism remains unclear. A previous study by the authors 
demonstrated that miR-214-3p was upregulated in OS patients. 
Therefore, the present study aimed to investigate the effect 
and molecular mechanism of miR-214-3p in OS cells. OS cell 
lines, U2OS and MNNG/HOS Cl#5, were transiently trans-
fected with miR-214-3p mimics, a control mimic, miR-214-3p 
inhibitors and a control inhibitor. Subsequent assays revealed 
that elevated miR-214-3p promoted the proliferative, migra-
tory and invasive abilities of OS cells, while the opposite 
effects were observed in cells that were transfected with 
miR-214-3p inhibitors. The interaction between miR-214-3p 
and cell adhesion molecule 1 (CADM1) 3'untranslated region 
(UTR) was verified by a dual luciferase assay, which indicated 
that the relative luciferase activity was decreased in 293T 
cells that were co-transfected with miR-214-3p mimic and 
psiCHECK2-CADM1-3'UTR compared with cells that were 
co-transfected with psiCHECK2-CADM1-3'UTR and control 
mimic. The knockdown of CADM1 using small-interfering 
RNA enhanced the proliferative, migratory and invasive 
abilities of OS cells. Furthermore, downregulated CADM1 
expression increased the expression of phosphorylated P44/42 
mitogen activated kinase (MAPK). In conclusion, miR-214-3p 
was able to directly target CADM1 and decrease its expression. 
This resulted in the activation of the P44/42 MAPK signaling 
pathway, and thereby promoted the proliferation, migration 
and invasion of OS cells.

Introduction

Osteosarcoma (OS) is the most common type of primary 
bone tumor in adolescents and young adults with an inci-
dence of 4-5/1,000,000 and a 5-year overall survival rate of 
60-70% (1-3). A number of factors have been demonstrated 
to affect the prognosis, including the axial localization of 
the primary tumor, the tumor diameter and the histological 
response to preoperative chemotherapy (4). Although extensive 
advancements in diagnostic methods and surgical techniques 
have been developed, the molecular etiology of osteosarcoma 
has not been fully elucidated (5).

MicroRNAs (miRNAs/miRs) are small non-coding RNAs 
of 20-25 nucleotides, which have been demonstrated to func-
tion in various biological processes, including cancer initiation, 
growth and progression, by targeting genes for post-transcrip-
tional degradation via their 3'untranslated region (UTR) (6,7).

miR-214, located within the sequence of the long 
non-coding Dmn3os transcript, has been reported not only to 
be highly dysregulated but also highly variable in its expres-
sion level in multiple types of cancer (8,9). This suggests that 
miR-214 may function as a tumor suppressor and may have a 
tumorigenic role. In previous studies, researchers have demon-
strated that miR-214 was upregulated in osteosarcoma and 
associated with tumor progression and poor prognosis (10,11). 
However, little progress has been achieved in terms of eluci-
dating the molecular mechanisms of miR-214-3p-mediated 
tumorigenesis in OS.

In the present study, it was demonstrated that miR-214-3p 
directly targeted the 3'-UTR of cell adhesion molecule 1 
(CADM1) and therefore suppressing the expression of 
CADM1. The transfection of miR-214-3p mimic was able to 
promote the proliferation, migration and invasion of OS cells 
in vitro by activating the P44/42 mitogen activated kinase 
(MAPK) signaling pathway.

Materials and methods

Cell culture. Human OS cell lines, MNNG/HOS Cl#5 and 
U2OS, and normal human 293T cells were obtained from The 
Cell Bank of Type Culture Collection of Chinese Academy of 
Sciences (Shanghai, China) and cultured in Dulbecco's modi-
fied Eagle's medium (DMEM), supplemented with 10% fetal 
bovine serum (FBS) and 100 U/ml penicillin-streptomycin 
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(all from HyClone; GE Healthcare, Chicago, IL, USA). 
The cells were cultured at 37˚C in a humidified incubator 
containing 5% CO2.

RNA isolation and reverse transcription‑quantitative poly‑
merase chain reaction (RT‑qPCR). Total RNA of MNNG/HOS 
Cl#5 and U2OS was isolated using TRIzol (Thermo Fisher 
Scientific, Inc., Waltham, MA, USA), according to the 
manufacturer's protocol. Reverse transcription of mature 
miRNAs was performed using 1 µg RNA, M-MLV Reverse 
Transcriptase (catalog no. M1701), Recombinant RNasin® 
Ribonuclease inhibitor (catalog no. N2511) and dNTP (catalog. 
no U1515) (all from Promega Corporation, Madison, WI, USA) 
as described in a previous study (12). The stem-loop primer 
sequences used are as follows: miR-214-3p, 5'-CTC AAC TGG 
TGT CGT GGA GTC GGC AAT TCA GTT GAG ACT GCC TG-3' 
and U6, 5'-CGC TTC ACG AAT TTG CGT GTC AT-3'. Reverse 
transcription of CADM1 was performed using the ReverTra 
Ace® PCR-qRT kit (catalog no. FSQ-101; Toyobo Life Science, 
Osaka, Japan) according to the manufacturer's protocol.

The expression of CADM1 mRNA and mature miR-214-3p 
was determined by RT-qPCR using a KAPA SYBR® FAST 
Universal qPCR kit (catalog no. KK4601; Kapa Biosystems, 
Inc., Wilmington, MA, USA), according to the manufacturer's 
protocol. In brief, 20 µl mixture was heated at 95˚C for 3 min 
for enzyme activation, then the 20 µl reaction mixture were 
incubated as follows: 95˚C for 3 sec and 60˚C for 20 sec for 
40 cycles. 18S and U6 were used as internal controls for 
CADM1 and miR-214-3p, respectively. The primer sequences 
(Beijing Genomics Institute, Shenzhen, Guangdong, China) 
used are as follows: CADM1, forward, 5'-GCA AAT CGG AGG 
TGG AAG A-3', and reverse, 5'-GCA CTT GAG GCT TAT ACT 
GTA CTT-3'; 18S, forward, 5'-CAG CCA CCC GAG ATT GAG 
CA-3', and reverse, 5'-TAG TAG CGA CGG GCG GTG TG-3'; 
miR-214-3p, forward, 5'-ACA CTC CAG CTG GGA CAG CAG 
GCA CAG ACA-3', and reverse, 5'-TGG TGT CGT GGA GTC 
G-3', and U6, forward, 5'-CTC GCT TCG GCA GCA CAT ATA 
CT-3', and reverse, 5'-ACG CTT CAC GAA TTT GCG TGT C-3'. 
The 2-∆∆Cq method was used to quantify the expression of 
miR-214-3p and CADM1, and each experiment was performed 
in triplicate (13).

Cell transfection. A total of 2x105 MNNG/HOS Cl#5 or U2OS 
cells were seeded per well into 6-well plates and transfected 
transiently with 50 nM miR-214-3p mimic/inhibitor and 
NC/inhibitor NC (Shanghai GenePharma Co., Ltd., Shanghai, 
China) or CADM1 siRNA and siNC (Biotend, Shanghai, China) 
using 3 µl Lipofectamine® 2000 (Thermo Fisher Scientific, 
Inc.) according to the manufacturer's protocol. The sequences 
of miRNA mimics, inhibitor, NC and CAM1 siRNAs 1-3 used 
in assays are presented in Table I. During transfection, DMEM 
without FBS was used. For the cell function assay, cells were 
collected 12 h after transfection. For RT-qPCR and western 
blotting, cells were collected 24 and 48 h after transfection. 
For the dual luciferase assay, cells were collected 48 h after 
transfection.

MTT assay. Transfected MNNG/HOS Cl#5 or U2OS cells 
were seeded into 96-well plates at 3x103 cells/well. A total 
of 20 µl MTT (5 mg/ml; Sangon Biotech Co., Ltd., Shanghai, 

China) was added to each well, and incubated with the cells for 
4 h at 37˚C. Supernatant fractions were discarded, and 150 µl 
dimethyl sulfoxide was added to each well to dissolve the 
crystals. Absorbance values were obtained at 490 nm in quin-
tuplicate using a spectrophotometric plate reader (Infinite® 200 
PRO; Tecan Group, Ltd., Mannedorf, Switzerland).

Scratch assay. The transfected MNNG/HOS Cl#5 or U2OS 
cells were seeded into 12-well plates to form adherent mono-
layers. A 200-µl pipette tip was used to make a scratch, and 
then the plates were washed twice in PBS to remove the 
resultant debris and floating cells. The cell culture medium 
was immediately replaced with DMEM containing 1% FBS. 
The images of the scratch were taken at different time points 
(0, 12, 24 and 48 h) using a Leica Microsystems DMI3000B 
light microscope (Leica Microsystems GmbH, Wetzlar, 
Germany). The assays were performed in triplicate.

Transwell assay. For the migration assay, transfected cells 
were suspended in FBS-free DMEM medium containing 
0.1% bovine serum albumin (Bioworld Technology, Inc., St. 
Louis Park, MN, USA) and 5x104 cells/200 µl were seeded 
into the upper chamber. For the invasion assay, Matrigel (BD 
Biosciences, Franklin Lakes, NJ, USA) was diluted 1:4 with 
serum-free DMEM medium and used to coat the Transwell 
inserts (pore size, 8-µm; EMD Millipore, Billerica, MA, USA) 
to form a matrix barrier. Transfected cells were suspended 
in FBS-free DMEM medium containing 0.1% bovine serum 
albumin, and 5x104 cells/200 µl were seeded into the upper 
chamber. A total of 600 µl medium containing 15% FBS was 
added to the lower chamber. The cells were incubated at 37˚C 
for different durations. Then, the cells that had migrated or 
invaded through the membrane were fixed with 95% ethyl 
alcohol for 15 min at room temperature and stained with 0.1% 
crystal violet for 10 min at room temperature. The images of 
the cells on the lower surface were captured and counted in 5 
random fields of view.

Dual luciferase assay. The human CADM1 3'UTR seed region 
was amplified by PCR using the following primers: CADM1 
3'UTR forward, 5'-GGC CTC GAG GGA ACT TGC GAG AAA 
TTC GTG T-3', and reverse, 5'-TTA AGC GGC CGC AAT GCG 
AAT GGG AAC ATA TGG A-3'. The transcript was then cloned 
into a psiCHECK-2 vector (Promega Corporation), downstream 
of the Renilla luciferase gene. The vector also contained the 
Firefly luciferase gene. A total of 4x105 293T cells were seeded 
per well into 6-well plates and co-transfected with either 
50 nM miR-214-3p mimics or miRNA NC and 2 µg plasmid 
vector using Lipofectamine® 2000, according to the manufac-
turer's protocol. The cells were lysed and assayed for luciferase 
activity at 48 h post-transfection using a Dual-Luciferase Assay 
kit (catalog no. E1910; Promega Corporation). The assays were 
independently repeated ≥3 times. The firefly luciferase was 
used as a reference for normalization.

Western blotting. The cells were lysed using radioimmu-
noprecipitation assay buffer (catalog no. P00138; Beyotime 
Institute of Biotechnology, Haimen, China) supplemented 
with protease inhibitors (Complete™ Protease Inhibitor 
Cocktail; catalog no. 04693116001; Roche Diagnostics, 
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Basel, Switzerland; PMSF; catalog no. ST505; Beyotime 
Institute of Biotechnology) and phosphatase inhibitors 
(catalog no. 04906845001PhosSTOP™, Roche Diagnostics). 
The supernatant was collected, and the protein concentra-
tion was quantified using a BCA kit and a plate reader 
(Infinite® M200 PRO, Group, Ltd., Mannedorf, Switzerland). 
A total of 30 µg protein was subjected to 10% SDS-PAGE 
and transferred to polyvinylidene fluoride membranes for 
120 min at 200 mA. Then, the blots were blocked with 5% 
fat free milk at room temperature for 1 h and incubated 
overnight at 4˚C with anti‑P44/42 MAPK (dilution, 1:1,000; 
catalog no. 4695; Cell Signaling Technology, Inc., Danvers, 
MA, USA), anti-phospho-P44/42 MAPK (dilution, 1:1,000; 
catalog no. 4370; Cell Signaling Technology), anti-CADM1 
(dilution, 1:1,000; catalog no. 14335-1-AP, ProteinTech Group, 
Inc., Chicago, IL, USA) and anti-GAPDH (AP0063, Bioworld 
Technology, Inc., St. Louis Park, MN, USA). Following 
washing three times with PBST (1xPBS with 1% Tween-20) 
for 5 min, the blots was incubated with horseradish peroxi-
dase-conjugated goat anti-rabbit (dilution, 1:5,000; catalog 
no. 4412; Cell Signaling Technology) at room temperature 
for 1 h, and then washed with PBST for 5 min three times. 
The proteins were visualized using Pierce ECL Western 
Blotting substrate (catalog no. 32209; Invitrogen; Thermo 
Fisher Scientific, Inc.) and a Tanon 5200 Multi system (Tanon 
Science and Technology Co., Ltd., Shanghai, China). The 
grayscale value was measured using ImageJ software (version 
no. 2006.02.01; National Institutes of Health, Bethesda, MD, 
USA).

Bioinformatics analysis. Potential target genes of miR-214-3p 
were predicted using TargetScan Human 7.1 (http://www.
targetscan.org/vert_71/) and mirTarBase (http://mirtarbase.
mbc.nctu.edu.tw/php/index.php), and miR-214-3p was used as 
a search term. The Kyoto Encyclopedia of Genes and Genomes 
pathways of the potential target genes were predicted using 

GeneCoDis (http://genecodis.cnb.csic.es/) and the target genes 
of miR-214-3p were used as search terms. All the sites were 
accessed on May 20th, 2015.

Statistical analysis. All statistical analyses were performed 
using SPSS (version 21.0; IBM Corp., Armonk, NY, USA). 
Comparisons between 2 different groups were performed 
using Student's t‑test. Comparisons between ≥3 independent 
groups were performed using one-way analysis of variance 
(ANOVA) followed by Scheffé's post hoc test was used. 
Multivariate ANOVA was used for the comparison of multiple 
groups at different time points. All data are presented as the 
mean ± standard deviation. P<0.05 was considered to indicate 
a statistically significant difference.

Results

miR‑214‑3p affects the proliferation, migration and invasion 
of OS cells. In a previous study by the authors, miR-214-3p 
expression was detected in cancerous and noncancerous bone 
tissues from 92 children treated for primary osteosarcoma (12). 
The previous study revealed that upregulated expression of 
miR-214 may be associated with tumor progression and adverse 
prognosis in pediatric osteosarcoma (13,14). To investigate 
the effect of miR-214-3p on OS in vitro, miR-214-3p mimics 
and miR-NC were transfected into U2OS and MNNG/HOS 
Cl#5 cells in the present study (Fig. 1A). A MTT assay was 
performed to examine the proliferative ability of OS cells that 
overexpress miR-214-3p. Upregulated miR-214-3p expression 
was able to significantly increase the proliferation of OS cells 
(Fig. 1B). To evaluate the role of miR-214-3p in migration and 
invasion, scratch assay and Transwell assays were performed, 
revealing that miR-214-3p mimic was able to promote the 
migration and invasion of OS cells (Fig. 1C-E). In addition, 
inhibition of miR-214-3p expression in OS cells reduced their 
proliferative, migratory and invasive abilities compared with 

Table I. Sequences of miRNA mimics, inhibitor, NC and CAM1 siRNAs 1-3.

Name Sense/antisense Sequence

miR-214-3p mimics Sense 5'-ACAGCAGGCACAGACAGGCAGU-3'
 Antisense 5'-UGCCUGUCUGUGCCUGCUGUUU-3'
miRNA NC Sense 5'-UUCUCCGAACGUGUCACGUTT-3'
 Antisense 5'-ACGUGACACGUUCGGAGAATT-3'
miR-214 inhibitor  5'-ACUGCCUGUCUGUGCCUGCUGU-3'
miRNA inhibitor NC  5'-CAGUACUUUUGUGUAGUACAA-3'
CADM1-siRNA-1 Sense 5'-GGUGGAAGGUGAGGAGAUUdTdT-3'
 Antisense 5'-AAUCUCCUCACCUUCCACCdTdT-3'
CADM1-siRNA-2 Sense 5'-UCAGGUGGUUCAAAGGGAAdTdT-3'
 Antisense 5'-UUCCCUUUGAACCACCUGAdTdT-3'
CADM1-siRNA-3 Sense 5'-CCAACCUGUUCAUCAAUAAdTdT-3'
 Antisense 5'-UUAUUGAUGAACAGGUUGGdTdT-3'
siNC Sense 5'-UUCUCCGAACGUGUCACGUdTdT-3'
 Antisense 5'-ACGUGACACGUUCGGAGAAdTdT-3'

miRNA, microRNA; siRNA, small interfering RNA; NC, negative control; CADM1, cell adhesion molecule 1.



CAI et al:  miR-214-3p ACTS AS AN ONCOGENE IN OSTEOSARCOMA CELLS 2623

the inhibitor NC group (Fig. 2). These findings indicate that 
miR-214-3p may act as an oncogene in OS cells.

CADM1 is a direct target of miR‑214‑3p. To elucidate the 
underlying molecular mechanisms of miR-214-3p in the 
proliferation, migration and invasion of OS cells, the potential 
target genes of miR-214-3p were predicted using TargetScan 
Human 7.1 and mirTarBase. The pathways of the potential 
target genes were predicted using GeneCoDis (Fig. 3A). 
CADM1 was identified as a putative target of miR‑214‑3p, and 
the potential binding site between miR-214-3p and CADM1 

is presented in Fig. 3B. CADM1 was selected for further vali-
dation by examining CADM1 mRNA expression following 
overexpression or knockdown of miR-214-3p in U2OS and 
MNNG/HOS Cl#5 cells. CADM1 expression was suppressed 
by overexpression of miR-214-3p and increased by knockdown 
of miR-214-3p (Fig. 3C). To further verify whether miR-214-3p 
targets CADM1 directly, the CADM1 3'UTR was cloned into 
psiCHECK-2 prior to dual luciferase assay. As indicated in 
Fig. 3D, a significant decrease in the Renilla luciferase/Firefly 
luciferase ratio was identified following co‑transfection of the 
CADM1-3'UTR plasmid with miR-214-3p mimic, but not with 

Figure 1. Upregulated miR-214-3p expression promotes proliferation, migration and invasion of osteosarcoma cells. (A) Relative expression of miR-214-3p 
in U2OS and MNNG/HOS Cl#5 cells that were transiently transfected with miR-214-3p or NC. U6 was used as an internal control. The y-axis refers to the 
fold change. The value of each sample was calculated using the 2-ΔΔCq method and analyzed using Student's t-test. Data are presented as the mean ± standard 
deviation. (B) Growth curves of cells that were transfected with miR-214-3p or NC as detected by MTT assays. The OD values were detected at 490 nm. 
(C) A scratch assay was used to detect the motility of U2OS and MNNG/HOS Cl#5 cells that were transfected with miR-214-3p or NC. Migration rate is 
expressed as fold change relative to NC and miR-214-3p at 0 h. (D) Quantitative results of Transwell migration assays in miR-214-3p-overexpressing U2OS 
and MNNG/HOS Cl#5 cells. U2OS cells and MNNG/HOS Cl#5 cells were incubated for 24 and 12 h, respectively (E) Quantitative results of the Transwell 
invasion assay in miR-214-3p-overexpressing U2OS and MNNG/HOS Cl#5 cells. U2OS cells and MNNG/HOS Cl#5 cells were incubated for 48 and 24 h, 
respectively. *P<0.05, **P<0.01 and ***P<0.001 vs. NC. miR, microRNA; NC, negative control; OD, optical density.
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miR-NC, suggesting that miR-214-3p may be able to repress 
CADM1 expression by directly binding the 3'UTR of CADM1.

CADM1 knockdown facilitates the proliferation, migration 
and invasion of OS cells by activating P44/42 signaling. To 
further verify the effect of CADM1 on OS cells, U2OS and 
MNNG/HOS Cl#5 cells were separately transfected with 3 
CADM1 siRNAs (siCADM1s). siCADM1-3 was selected for 
subsequent experiments due to its higher interference efficiency 

(Fig. 4A). The assays demonstrated that the knockdown of 
CADM1, similarly to the overexpression of miR-214-3p, was 
able to promote proliferation, migration and invasion of OS 
cells (Fig. 4B-E).

In order to elucidate the mechanism of CADM1 in regu-
lating the growth and motility of OS cells, western blotting 
was used to identify the signaling pathway implicated in the 
process. The level of phosphorylated P44/42 MAPK was 
elevated in CADM1-knocked down cells compared with 

Figure 2. Knockdown of miR-214-3p inhibits proliferation, migration and invasion in osteosarcoma cells. (A) Relative expression of miR-214-3p in U2OS 
and MNNG/HOS Cl#5 cells that were transiently transfected with miR-214-3p inhibitors or inhibitor NC. U6 was used as an internal control. The value of 
each sample was calculated using the 2‑ΔΔCq method and analyzed using Student's t-test. Data are presented as the mean ± standard deviation. (B) Scratch 
assays were used to detect the motility of U2OS and MNNG/HOS Cl#5 cells that were transfected with miR-214-3p inhibitor or inhibitor NC. Migration 
rate is expressed as fold change relative to inhibitor NC and miR-214-3p inhibitor at 0 h. (C) Growth curves of osteosarcoma cells that were transfected with 
miR-214-3p inhibitor or inhibitor NC as detected by MTT assays. The OD values were detected at 490 nm. (D) Quantitative results of Transwell migration 
assays in miR-214-3p-downregulated U2OS and MNNG/HOS Cl#5 cells. U2OS and MNNG/HOS Cl#5 cells were incubated for 24 and 12 h, respectively. 
(E) Quantitative results of Transwell invasion assay in miR-214-3p-downregulated U2OS and MNNG/HOS Cl#5 cells. U2OS and MNNG/HOS Cl#5 cells 
were incubated for 48 and 24 h, respectively. *P<0.05, **P<0.01 and ***P<0.001 vs. inhibitor NC. miR, microRNA; NC, negative control; OD, optical density.
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siNC-transfected cells (Fig. 4F), suggesting that the knock-
down of CADM1 was able to activate the P44/42 signaling 
pathway, which subsequently affected the cellular functions 
that are modulated by the pathway.

Discussion

Previous studies have demonstrated that miR-214 functions 
either as an oncogene or a tumor suppressor in a number of 
human cancer types, including lung, prostate, colorectal and 
esophageal cancer (15-18). Previous studies have indicated that 
elevated miR-214-3p is associated with OS progression, but a 
limited number of studies have focused on the function and 
mechanism of miR-214-3p (10,11,19,20). In a previous study 
by the authors, it was demonstrated that upregulated miR-214 
expression was associated with aggressive clinicopatho-
logical features (tumor size, metastasis status and response to 
pre-operative chemotherapy) and poor prognosis of pediatric 
osteosarcoma (11). In the present study, it was demonstrated 
that miR-214-3p may act as an oncogene, where it promotes 
the proliferation, migration and invasion of OS cells. The 
knockdown of miR-214-3p was able to decrease the cell 

growth rate and mobility, which was consistent with the results 
of Xu and Wang (21).

To clarify the potential mechanism of miR-214-3p in OS, 
potential target genes were identified using target prediction 
tools. CADM1 was identified as a candidate target of miR‑214‑3p, 
which was verified by RT‑qPCR and dual luciferase assays. 
293T cells were co-transfected with CADM1 3'UTR-containing 
plasmids and scrambled miRNAs, which were used as a 
negative control. In the experimental group, 293T cells were 
co-transfected with CADM1 3'UTR-containing plasmids and 
miR-214-3p mimic. However, a plasmid containing a mutation 
in the seed sequence of the CADM1 3'UTR would provide a 
more convincing control for indicating the direct targeting of 
the CADM1 3'UTR by miR-214-3p.

CADM1 is located on chromosome 11q23.2, and is an inter-
cellular adhesion molecule that is part of the immunoglobulin 
superfamily (22,23). Silencing of CADM1 is frequently 
observed in various types of cancer, including lung, prostate, 
gastric, breast, pancreatic, nasopharyngeal and cervical cancer, 
and this is accompanied by increased proliferation, invasion 
and metastatic potential of tumors cell (24-27). However, 
to the best of our knowledge, only one previous study has 

Figure 3. miR-214-3p directly targets the 3'UTR of CADM1. (A) Kyoto Encyclopedia of Genes and Genomes pathways that are associated with tumor char-
acteristics were predicted by GeneCodis. (B) The binding site between miR-214-3p and CADM1 3'UTR as predicted by TargetScan. (C) CADM1 expression 
in U2OS and MNNG/HOS Cl#5 cells that were transiently transfected with miR-214-3p or inhibitor, relative to NC. 18S was used as an internal control. The 
value of each sample was calculated using the 2‑ΔΔCq method and analyzed using Student's t-test. Data are presented as the mean ± standard deviation. (D) 293T 
cells were co-transfected with a plasmid containing CADM1 3'UTR and scrambled miRNAs, which were used as a negative control. In the experimental 
group, 293T cells were co-transfected with the plasmid containing CADM1 3'UTR and miR-214-3p mimic. The luciferase activity was measured using a 
dual‑luciferase reporter assay. Each experiment was repeated ≥3 times in triplicate. *P<0.05, **P<0.01 vs. NC. miR, microRNA; 3'-UTR, 3'untranslated region; 
CADM1, cell adhesion molecule 1; NC, negative control; Rluc/Fluc, Renilla/firefly luciferase activity.
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investigated CADM1 in OS, which indicated that CADM1 
may be a potential diagnostic marker (22). In the present study, 
CADM1 expression was suppressed using siRNA, and that 
downregulation of CADM1 resulted in increased proliferative, 

migratory and invasive abilities of OS cells, which was consis-
tent with the effects of miR-214-3p.

Although it was demonstrated that miR-214-3p was able 
to modulate the proliferative, migratory and invasive abilities 

Figure 4. Knockdown of CADM1 promotes the proliferation, migration and invasion of OS cells by activating the extracellular-signal-regulated kinase 
signalling pathway. (A) Relative expression of CADM1 in U2OS and MNNG/HOS Cl#5 cells that were transiently transfected with siCADM1, 2 or 3 or siNC. 
18S was used as an internal control. The value of each sample was calculated using the 2‑ΔΔCq method and analyzed by one-way analysis of variance. Data 
are presented as the mean ± standard deviation. (B) Growth curves of OS cells that were transfected with siCADM1 or siNC represent OD values at 490 nm 
measured by MTT assays. (C) A scratch assay was used to detect the motility of U2OS and MNNG/HOS Cl#5 cells that were transfected with siCADM1 
or siNC. (D) Quantitative results of Transwell migration assays in CADM1 knocked down-U2OS and MNNG/HOS Cl#5 cells. U2OS and MNNG/HOS 
Cl#5 cells were incubated for 24 h. (E) Quantitative results of Transwell invasion assays in CADM1 knocked down-U2OS and MNNG/HOS Cl#5 cells. U2OS 
and MNNG/HOS Cl#5 cells were incubated for 48 h. (F) The protein expression levels of CADM1, p-P44/42 MAPK and P44/42 MAPK were measured 
by western blotting. GAPDH was used as an internal control and Student's t-test was used. Data are presented as the mean ± standard deviation. *P<0.05, 
**P<0.01, ***P<0.001 vs. siNC. CADM1, cell adhesion molecule 1; si, small interfering RNA; NC, negative control; OD, optical density; OS, osteosarcoma; 
p-, phosphorylated; siNC, negative siRNA control.
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of OS cells by directly targeting the 3'UTR of CADM1, 
the molecular mechanism underlying the involvement of 
CADM1 remains unclear. CADM1 has been reported to be 
implicated in several pathways. Vallath et al (26) reported 
that CADM1 inhibited the progression of squamous cell 
carcinoma by reducing signal transducer and activator of 
transcription 3 activity. Zhang et al (24) demonstrated that 
CADM1 regulated the G1/S phase transition and repressed 
tumorigenesis via the Rb-E2F pathway in hepatocellular 
carcinoma (24). Murakami et al (28) demonstrated that 
trans-homophilic interactions, mediated by CADM1, acti-
vated the phosphoinositide-3-kinase pathway to reorganize 
the actin cytoskeleton and form the epithelial cell structure. 
To the best of our knowledge, the present study is the first 
to demonstrate that the downregulation of CADM1 is able 
to activate the P44/42 MAPK signaling pathway, which has 
been reported to be associated with cell proliferation, migra-
tion and invasion (29,30).

In conclusion, miR-214-3p was able to activate P44/42 
MAPK signaling by downregulating CADM1 expression, 
thereby promoting the proliferation, migration and invasion of 
OS cells. These results indicate that miR-214-3p and CADM1 
may be useful diagnostic markers for OS.
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