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Abstract. Accumulating evidence shows that the disruption of
competing endogenous RNA (ceRNA) networks plays a signif-
icant role in osteosarcoma (OS) initiation and progression.
However, the specific roles and functions of the ceRNAs in
OS remain unclear. First, differentially expressed microRNAs
(DEMs) were identified by mining the E-MTAB-1136 and
GSE28423 datasets. MiRWalk website was used to predict the
target gene of miRNA. OS-associated circular RNA (circRNA)
expression profiles were downloaded from the published
microarray databases. Gene expression levels were assessed
through reverse transcription-quantitative PCR and western
blotting. The biological effects of circKEAP1, microRNA
(miR)-486-3p and membrane-associated RINGCH finger
protein 1 (MARCHI1) in OS cells were investigated using
Cell Counting Kit-8, Transwell, colony formation and wound
healing assays. miR-486-3p was aberrantly downregulated
in OS tissues and cell lines and was packed with exosomes.
miR-486-3p overexpression was shown to inhibit OS cell
progression and promoted cell cycle arrest in vitro. In addition,
MARCHI was identified as a direct downstream molecule of
miR-486-3p in OS cells. circKEAPI was found to be upregu-
lated in OS tissues and cells. circKEAP1 was found to have
binding sites with miR-486-3p. Mechanistically, circKEAP1
positively regulated MARCHI1 expression by sponging
miR-486-3p. Exosomal miR-486-3p inhibited the progression
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of OS by sponging the circKEAP1I/MARCHI1 axis. These
findings may provide a promising treatment approach for OS.

Introduction

Osteosarcoma (OS) is one of the most common primary malig-
nancies of the bone in adolescents and children (1). During
the last few decades, the wide use of resection surgery and
addition of neoadjuvant chemotherapy have led to an increase
in the 5-year survival rate of patients with OS to 60-70% (2,3).
However, the survival rates of patients who experience distant
metastasis or local recurrence are still far from satisfactory (3).
Therefore, new treatment modalities need to be investigated in
order to improve the survival of patients with OS.

MicroRNAs (miRNAs or miRs) are small non-coding
RNA molecules 19-25 nucleotides in length that impede gene
expression by binding to the 3'-untranslated region (UTR)
of their target mRNAs (4,5). Currently, the dysregulation of
miRNAs has been identified in several types of human solid
tumors, including prostate cancer, breast cancer, gastric cancer
hepatocellular carcinoma and glioblastoma (6-10). In addi-
tion, increasing evidence shows that miRNAs play important
roles in various aspects of tumor biology, such as cell cycle,
progression, apoptosis and metabolism (11-13). For instance,
Xin et al (14) demonstrated that miR-519¢ was significantly
downregulated in pancreatic cancer, in which this miRNA
significantly suppressed cell migration and metabolism under
hypoxic conditions. Ren et al (15) showed that miR-210-3p was
significantly increased in bone metastatic prostate cancer, and
that miR-210-3p silencing inhibited epithelial-mesenchymal
transition, invasion and migration of prostate cancer cells.
Despite advances in the field, few miRNAs have been fully
investigated in OS.

Recently, increasing evidence reports that miRNA can
also be regulated by other regulators (16). Circular RNAs
(circRNAs) have been shown to competitively sponge miRNAs
and diminish their suppression of target mRNAs (17,18), act
as competing endogenous RNA (ceRNA) (17). Experimental
results have underscored the key role of circRNAs acting as
ceRNAs in tumor development and progression (19,20). To
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the best of our knowledge, however, studies on the role and
mechanism of circRNA and ceRNA in OS remain in their
infancy.

The present study aimed to investigate the role of
circKEAP1/miR-486-3p/MARCHI axis in OS progression to
provide understanding of the role of miR-486-3p in the patho-
genesis of OS and provide novel insights into the molecular
mechanisms and therapeutic targets for OS.

Materials and methods

Bioinformatics analysis. First, the raw OS circRNA
[GSE140256 (21)], miRNA [E-MTAB-1136 (22) and
GSE28423 (23)] and mRNA data [TARGET-OS (24)
and GSE12865 (25)], and the corresponding clin-
ical information were downloaded from the Gene
Expression Omnibus (https://www.ncbi.nlm.nih.
gov/geo/), The Cancer Genome Atlas (https://www.cancer.
gov/ccg/research/genome-sequencing/tcga) and ArrayExpress
(https://www.ebi.ac.uk/biostudies/arrayexpress) databases.
The expression matrix was standardized according to the
Robust Multichip Average (RMA) and Linear Models for
Microarray data (LIMMA) algorithms (26). Next, the differ-
entially expressed genes (DEGs) between experiment and
control groups were identified using the DESeq2 package with
the thresholds of logFC>1.3 [log(fold change)] and P<0.05 (27).
The candidate molecules were identified by overlapping DEGs
with predicted targets and visualized using the VennDiagram
1.7.3 package (cran.r-project.org/).

Cell culture and transfection. MNNG/HOS, U20S and
hFOBI.19 cells were obtained from the Cell Bank of the Type
Culture Collection of Chinese Academy of Sciences (Beijing,
China). The OS cell lines were cultured in Eagle's minimal
essential medium (Gibco; Thermo Fisher Scientific, Inc.) with
10% FBS (Gibco; Thermo Fisher Scientific, Inc.). The hFOB
1.19 was maintained in DMEM/F-12 (Gibco; Thermo Fisher
Scientific, Inc.) supplemented with 10% FBS and 0.3 mg/ml
G418. The cell culture environment was maintained at 37°C
with 5% CO,.

The OS cells were cultured in six-well plates at a
concentration of 3x10* cells per well. Lipofectamine® 3000
(Invitrogen; Thermo Fisher Scientific, Inc.) was used for the
plasmids (5 ug/plate) and miRNA mimic (50 nM) or inhib-
itor (100 nM) transfection. Briefly, plasmid cloning DNA
[wild-type (wt)], miR-486-3p inhibitor or mimic as well as
the respective controls (Mut-Type/inhibitor-NC/mimic-NC)
were first mixed with Opti-MEM (Invitrogen; Thermo
Fisher Scientific, Inc.), incubated for 5 min, co-incubated
with Lipofectamine® 3000 for 20 min and transfected into
cells for 72 h at 37°C. In the construction of overexpres-
sion vector, the CircKEAPIsequence was cloned into the
pLC5-circ vector (Guangzhou Geneseed Biotech Co.,
Ltd. Cat: GS0108) and the full-length (wt) MARCHI1 was
cloned into pcDNA3.1 (Thermo Fisher Scientific, Inc.; cat:
V79020), the corresponding empty carrier was used as a
control. As for the knockdown vectors, lentivirus short
hairpin RNA (shRNA, 20uM/L) MARCHI sequences
(shRNA-MARCH1#1) which were ligated into the plasmid
of pGC-silencer-U6/Neo and scrambled control shRNA

(shRNA-NC) were established and synthesized by Jimon
Biotechnology (Shanghai) Co., Ltd. Cells were then
harvested for a later experiment.

Reverse transcription-quantitative PCR (RT-gPCR). TRIzol®
(Invitrogen; Thermo Fisher Scientific, Inc.) was used to isolate
total RNA. Reverse transcription was performed using the
PrimeScript™ RT Reagent kit (Takara Bio, Inc.), and the
First Strand cDNA Synthesis kit for miRNA (Sangon Biotech
Co., Ltd.) was used according to the manufacturer's instruc-
tions. SYBR® Premix Ex Taq (Takara Bio, Inc.) was used for
RT-gPCR on an Applied Biosystems StepOne-Plus Real-time
PCR System, according to the manufacturer's instructions.
Thermocycling conditions of PCR cycling were as following:
Activation of TagMan at 95°C for 10 min, and then 40 cycles
of denaturation at 95°C for 10 sec, and annealing/extension at
60°C for 60 sec. B-Actin served as a control for cellular RNA
and mRNA. The level of miRNA was normalized against the
endogenous reference U6. Quantification was performed using
the 2244 method (28). Primer sequences are listed in Table SI.

Colony formation assay. Transfected OS cells were seeded
into six-well plates at a density of 5x10* cells/well. After
2 weeks of incubation at 37°C, these plates were fixed by 10%
formaldehyde at room temperature and stained with 0.5%
crystal violet solution at room temperature. The colonies were
defined as >50 cells/colony and images were captured using an
inverted microscope (Olympus IX71; Olympus Corporation).
The numbers of colonies was then counted and measured
using ImageJ software (version 1.8.0.112; National Institutes
of Health).

5-Ethynyl-2'-deoxyuridine (EAU) analysis. Cell proliferation
was detected using the EdU assay kit (Guangzhou RiboBio
Co., Ltd.). Briefly, cells were seeded into 96-well plates at a
density of 1x10* cells/well. The OS cells were then treated
with culture medium containing 50 uM EdU reagent at 37°C
for 2 h, and fixed with 4% formaldehyde for 30 min at room
temperature. The nuclei were stained with Hoechst 33342
(10 ug/ml; MedChemExpress; Cat: HY-15559). Finally, the
results were photographed using a fluorescence microscope
(Nikon Corporation), and the number of EdU-positive cells
were quantified and analyzed.

Wound healing assay. The transfected cells were implanted
into a six-well plate. When cells had reached 80% confluence,
they were scratched with a 200-u1 sterile plastic tip, followed
by culture in 2% serum culture medium at 37°C for 48 h.
Images of cells were captured.

Transwell cell migration and invasion assays. Briefly, for cell
migration assay, 2x10* OS cells were suspended in 200 ul
medium free of serum and added into the top chamber. A total
of 500 ul culture medium containing 30% FBS was added
into the lower chamber. A total of 24 h after incubation at
37°C, the cells on the upper surface of the membrane were
removed gently and fixed in 4% paraformaldehyde for 10 min
at room temperature. Next, 0.5% crystal violet was used to
stain these cells for 20 min at room temperature. Images of the
migratory or invasive cells were captured and counted under
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a light microscope. However, for cell invasion assay, the filter
membranes were precoated with Matrigel (Corning, Inc.) at
37°C for 30 min, and other steps were performed as described
in the migration assay.

Nucleic acid electrophoresis and Sanger sequencing.
PCR products were separated by electrophoresis on a 2%
agarose gel and gels were cut and sent to Shanghai Sangon
Bioengineering Co., Ltd. for sequencing following observation
in a UV imaging system.

Western blotting. Cell lysate was extracted using RIPA buffer
(cat. no. POO13B; Beyotime Institute of Biotechnology) and
then quantified with BCA Protein Assay (cat. no. PO012;
Beyotime Institute of Biotechnology). Proteins (30 pg/lane)
were separated via 10% SDS-PAGE, transferred to PVDF
membranes (Millipore Sigma), blocked with 5% non-fat milk
for 2 h at room temperature and probed with anti-MARCH1
(cat. no. PA5-69223; 1:1,000; Invitrogen; Thermo Fisher
Scientific, Inc.) and anti-B-actin (cat. no. 66009-1-Ig; 1:5,000;
ProteinTech Group, Inc.) primary antibodies overnight at
4°C. This was followed by incubation with rabbit anti-mouse
horseradish peroxidase-conjugated secondary antibodies
(cat. no. #58802; CST; 1/1,000) for 60 min at room tempera-
ture. Enhanced chemiluminescence (Pierce; Thermo Fisher
Scientific, Inc.) was performed to visualize the band signals,
which were collected using the ChemiDoc XRS molecular
imager system (Bio-Rad Laboratories, Inc.).

Flow cytometry. Harvested cells were fixed in 75% ethanol
for 8 h at 4°C. The cells were then washed twice with cold
phosphate-buffered saline and resuspended in propidium
iodide (50 ug/ml)/ribonuclease A (RNaseA; 50 yg/ml)-mixed
staining solution for 30 min. Finally, a Beckman Coulter
FACSCalibur (BD Biosciences) flow cytometer with the
FlowJo 10.6.2 software system (Tree Star, Inc.) was employed
to detect and analyze apoptotic cells.

Dual-luciferase reporter gene assay. miR-486-3p binding sites
on MARCHI1 were predicted using miRWalk3.0. For miRNA
target gene luciferase reporter assays, the promoter region of
MARCHI was synthesized and subcloned into the pGL3 vector
(GeneCreate Biotech). A total of 1x10°> OS cells were planted in
a 24-well plate and cultured for 24 h at 37°C. The pGL3 reporter
vector bearing wt or mutant (mut) MARCHI1 was then trans-
fected into OS cells using Lipofectamine® 3000 (Invitrogen;
Thermo Fisher Scientific, Inc.). CircRNAs containing wild or
mutant full length of CircKEAP1 binding to miR-486-3p were
synthesized and cloned into psiCHECK?2 vector (Promega
Corporation). Subsequently, cells were transfected with
miR-486-3p mimic, inhibitor or control. After 48 h of transfec-
tion at 37 °C, relative luciferase activity was analyzed using Dual
Luciferase Reporter Assay System (Promega Corporation).
Renilla luciferase activity was used for normalization.

RNA immunoprecipitation (RIP) assay. Anti-Flag
(Flag-M ARCHI) antibody (10 pl, cat. no. 14793, Cell Signaling
Technology, Inc.) and anti-IgG antibodies (10 ul, cat. no. 8726S,
Cell Signaling Technology, Inc.) were incubated with protein
A+G beads at 4°C for 1 h following the instructions provided

with the RIP kit (cat. no. PO101; Geneseed Biotech Co., Ltd.).
Briefly, 1 ml of Buffer A working solution containing 1%
volume protease inhibitor and 1% volume RNase inhibitor was
prepared before use. A total of 1x107 OS cells were used for
each IP reaction and added to 1 ml of the configured RIP lysis
buffer. The lysate (5 mg/ml, 400 ul) was then centrifuged at
14,000 x g for 10 min at 4°C. The resulting supernatant was
incubated with the antibody-attached magnetic beads for 1 h at
4°C. The product was obtained by centrifugation at 12,000 x g
for 1 min at 4°C. The captured RNAs and target protein were
finally eluted and purified for RT-qPCR.

Exosome experiments. Culture medium was pre-cleared
by filtration through a 0.22-pym filter (MilliporeSigma),
and exosomes were collected using a high-speed centrifuge
(100,000 x g) at 4°C for >I h. The following exosome isolation
was performed according to the manufacturer's instructions
(Invitrogen; Thermo Fisher Scientific, Inc.). NP100 nanopores
(NanoSight NS500; Zetaview) of the measurement system
were calibrated using particles of known size (CPC100
standard solution) and washed twice with PBS. The exosome
sample was diluted 1,000 times with PBS and subsequently
added to the nanopores for the recording and tracking of
each visible particle (NTA, Nanoparticle tracking analysis).
and the morphology was captured by electron microscopy.
For exosomal RNA extraction, an equal number of exosomes
pre-treated with RNase were used for RNA extraction. For the
in vitro exosome treatment, 1 ug exosomes (collected from
~5x10° cells) were added to 2x10° recipient cells. PKH26 (cat:
HY-D1451) and GW4869 (Cat: HY-19363) were purchased
from MedChemExpress. PKH26 (10 M) was incubated with
exosomes for 5 min at 37°C to labels exosomes. GW4869
(20 uM) was incubated with cells for 30 min at 37°C to inhibit
the release of exosomes.

Statistical analysis. Data are presented as the mean + SD and
were analyzed using R language (4.0.2, cran.r-project.org/)
and GraphPad Prism 8.0 software (GraphPad Software, Inc.;
Dotmatics). Unless otherwise specified, all experiments were
performed at least three times. An unpaired t-test was used
to estimate the statistical differences between two groups.
One-way analysis of variance was used to determine the differ-
ences between three or more groups and followed by Tukey's
post hoc test. The data met the assumptions of the tests. An
estimate of variance was performed within each group of
data. The variation is similar between the groups. P<0.05 was
considered to indicate a statistically significant difference.

Results

miR-486-3p is aberrantly downregulated in OS tissues and
cells. First, a total of 6 differentially expressed microRNAs
(DEMs) were identified by overlapping analysis of OS-related
datasets from the published microarray data (E-MTAB-1136
and GSE28423; Fig. 1A). As shown in the volcano plot, these
DEMs were significantly downregulated in tumor tissue
compared with that in normal tissues (Fig. 1B and C). Next,
the expression level of these DEMs was investigated in OS cell
lines and tissues. Of note, only miR-486-3p was significantly
downregulated in OS cell lines (MNNG/HOS and U20S), as
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Figure 1. MiR-486-3p is downregulated in OS tissues and cells. (A) Venn diagram showed the DEMs in OS tissue using bioinformatics analysis based on
E-MTAB-1136 and GSE28423 microarray datasets. (B) Volcano plot of 6 DEMs mined from E-MTAB-1136 dataset. (C) Volcano plot of 6 DEMs mined from
GSE28423 dataset. (D) Reverse transcription-quantitative PCR analysis of the 6 DEMs in MNNG/HOS, U20S and hFOBI1.19 cells. (E) The expression level
of miR-486-3p level in the OS tissues compared with para-normal tissue in GSE28423. miR, microRNA; OS, osteosarcoma; DEMs, differentially expressed

microRNAs. “P<0.01, “"P<0.001.

compared with normal osteoblast cells (hFOBI1.19; Fig. 1D);
these findings were consistent with those in OS tissues from
the GSE28423 dataset (Fig. 1E). These results suggested that
miR-486-3p downregulation may play a key role in the occur-
rence and progression of OS.

miR-486-3p overexpression inhibits the progression of OS
cells. To further investigate the biological effect of miR-486-3p,
miR-486-3p mimics or inhibitors were transfected into
MNNG/HOS and U20S cells to upregulate or downregulate
miR-486-3p expression. As shown in Fig. 2A, the transfection
efficiency yielded a satisfactory result. The colony formation
and EdU incorporation assays indicated that miR-486-3p over-
expression inhibited MNNG/HOS and U20S cell proliferation,
and miR-486-3p silencing significantly promoted cell prolifera-
tion in these two cell lines (Fig. 2B and C). Moreover, Transwell
invasion assay demonstrated that miR-486-3p overexpression
significantly impeded MNNG/HOS and U20S cell migra-
tion (Fig. 2D) and invasion (Fig. 2E). In addition, the wound
healing assay demonstrated that miR-486-3p overexpression
could significantly inhibit OS cell migration (Fig. 3A). The cell
cycle was analyzed by flow cytometry and the results showed
that the percentage of OS cells in S phase was reduced in the
miR-486-3p mimic group (Fig. 3B), suggesting that miR-486-3p
overexpression halted the cell cycle in the G1/S transition.
Comparatively, miR-486-3p deficiency produced the reverse
effect in MNNG/HOS and U20S cells. In combination, these

data suggested that miR-486-3p overexpression can delay the
progression of OS cells.

MARCHI is a direct target of miR-486-3p. To improve
understanding of the underlying mechanisms of miR-486-3p,
the bioinformatics datasets TARGET-OS, GSE12865 and
miRWalk3.0 database were searched to predict potential
target genes of miR-486-3p, as previously reported (29-32).
As demonstrated in the Venn diagram, a total of eight genes
were identified as the underlying target of miR-486-3p
(Fig. 4A). Among them, five genes (PDE10A, THRB,
UNC5C, MARCHI1 and ROBO2) were simultaneously
upregulated in OS samples compared with the non-cancerous
samples, as shown in the volcano plots (Fig. 4B and C). The
expression levels of these genes in OS cells were analyzed
using RT-qPCR. As compared with the hFOBI.19 cells,
only MARCHI1 expression was elevated in both OS cells
(Fig. 4D). Furthermore, a significantly decreased expres-
sion of MARCHI1 following miR-486-3p overexpression
was identified in MNNG/HOS and U20S cells (Fig. 4E).
The MARCH1 mRNA was found to have potential binding
sites for miR-486-3p (Fig. 4F). Next, the luciferase reporter
assay was carried out to validate their binding, and it was
observed that the co-transfection of the wt MARCHI1
vector (Luc-MARCHI1-wt) and miR-486-3p mimics, but
not the mut MARCHI1 vector (Luc-MARCHI1-mut), signifi-
cantly suppressed luciferase activity in MNNG/HOS and
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Figure 2. miR-486-3p overexpression inhibits the progression of osteosarcoma cells. (A) Reverse transcription-quantitative PCR analysis of miR-486-3p
expression with miR-486-3p overexpression or miR-486-3p knockdown in MNNG/HOS and U20S cells. (B) Cell proliferative ability was measured by
colony formation with miR-486-3p overexpression or miR-486-3p knockdown in MNNG/HOS and U20S cells. (C) EdU incorporation assays were performed
to assess the cell proliferation ability. (D and E) Transwell assay was exploited to explore the invasive and migratory ability with miR-486-3p mimics or

miR-486-3p inhibitors in MNNG/HOS and U20S cells. miR, microRNA; EdU, 5-Ethynyl-2'-deoxyuridine; NC, negative control. “P<0.01, ““P<0.001.

U20S cells (Fig. 4G). RIP experiments also proved that they
are bond with each other (Fig. 4H). Therefore, MARCHI1 was
the downstream target gene of miR-486-3p in OS.
MARCHI1 overexpression in MNNG/HOS and U20S cells
increased the colony numbers, an affect that could be largely
attenuated by miR-486-3p mimic transfection (Fig. 4I).
The same trend as that of cell proliferation was observed
in EdU incorporation experiments (Fig. 4]). Similarly, the

overexpression of miR-486-3p could reverse the increase in
cell migration and invasion caused by MARCHI1 overexpres-
sion (Fig. 4K and L). Overall, the findings of the present study,
indicated that miR-486-3p could suppress the progression of
OS cells by targeting MARCHI.

circKEAPI directly targets miR-486-3p in OS cells.
Accumulating evidence indicates that the ceRNA networks
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Figure 3. MiR-486-3p overexpression inhibits the migration and blocks cell cycle of osteosarcoma cells. (A) Cell mobility was evaluated by wound-healing
assay with miR-486-3p overexpression or miR-486-3p knockdown in MNNG/HOS and U20S cells. (B) Cell cycle was measured by flow cytometry analyses
with miR-486-3p overexpression or miR-486-3p knockdown in MNNG/HOS and U20S cells. miR, microRNA; NC, negative control. “P<0.01, ““P<0.001.

play a significant role in the occurrence and progression of
cancer (20). To investigate potential circRNAs that regulate
miR-486-3p expression in OS, differentially expressed
circRNAs (DECs) from GSE140256 were overlapped with
predicted targets from the circBank database. As a result, a
total of four DECs (hsa_circ_0078767, hsa_circ_0010220,
hsa_circ_0020378 and hsa_circ_0049271) were identified
(Fig. 5A). Among them, two circRNAs were upregulated and
two were downregulated in the OS samples compared with the
non-cancerous samples, as shown in the volcano plot (Fig. 5B).
Next, the expression level of these 4 DECs were determined
in OS cell lines, and it was found that only hsa_circ_0049271
(circKEAPI1) was validated by PCR amplification using
divergent primers from the cDNA of OS cell lines (Fig. 5C).
Hsa_circ_0049271 derived from the KEAP1 gene exon 2,
and Sanger sequencing confirmed the head-to-tail splicing
structure in circKEAP1 (Fig. 5D). In addition, the circular
properties of circKEAP1 were also identified using diver-
gent and convergent primers (Fig. SE). circKEAP1 was also
significantly upregulated in OS cells, as revealed by RT-qPCR
(Fig. 5F). Of note, miR-486-3p overexpression decreased
the expression of circKEAP1, while miR-486-3p silencing
increased the expression of circKEAP1 in MNNG/HOS and
U20S cell lines (Fig. 5G). Moreover, dual luciferase reporter
assay indicated a direct regulatory association between
miR-486-3p and circKEAP1 (Fig. SH).

To further explore the pathological role of circKEAPI in
OS cells, circKEAP1 overexpression vectors (circKEAP1-OE)
were transfected into MNNG/HOS and U20S cells. As
compared with the blank control group, the expression level

of circKEAP1 was significantly upregulated in both cell
types following transfection with circKEAP1-OE (Fig. 5I).
It was subsequently investigated whether circKEAP1 plays a
tumor-promoting role by sponging miR-486-3p by co-trans-
fecting MNNG/HOS and U20S cells with miR-486-3p
mimics and circKEAPI1 overexpression vectors. circKEAP1
upregulation blocked the inhibition of cell proliferation, migra-
tion and invasion caused by miR-486-3p mimics (Fig. 5J-L).
In combination, these results suggested that circKEAP1 can
sponge miR-486-3p to affect OS cell proliferation, migration
and invasion.

circKEAPI promotes OS cell proliferation and migration
through MARCHI upregulation. To investigate whether
circKEAP1 plays a promoting role in OS by upregu-
lating MARCHI1, sh-MARCHI1 alone or combined with
circKEAPI-OE plasmid was transfected into OS cells. As
shown by the colony formation assay results, following
circKEAPI1 upregulation, the cell proliferation ability exhib-
ited by the two OS cell lines was significantly increased,
which was effectively reversed by MARCHI1 downregula-
tion (Fig. 6A). Similarly, EdU-positive cells were increased
following circKEAP1-OE plasmid transfection, whereas
following MARCHI1 knockdown reversed this increase
(Fig. 6B). Furthermore, the Transwell assay results revealed
that MARCHI knockdown could reverse the promoting effect
of circKEAPI overexpression on the invasion and migration
ability of MNNG/HOS and U20S cells (Fig. 6C and D).
Collectively, these results suggested that circKEAPI1 regulated
MARCHI expression by sponging miR-486-3p in OS cells.
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Exosomal miR-486-3p reverses OS cell progression via  miR-486-3p was examined to explore whether extracellular
packing into exosomes. The presence mode of extracellular ~ miR-486-3p regulates the progression of OS by packing into
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exosomes. The level of miR-486-3p in the culture medium was
not disturbed following RNase A treatment but was signifi-
cantly reduced when Triton 100 and RNase A were treated
simultaneously (Fig. 7A), demonstrating that miR-486-3p was
wrapped with extracellular vesicles instead of being secreted
directly. Next, exosomes were extracted from culture medium
to verify this hypothesis. Nanoparticle tracking analysis
revealed that the size of exosomes was 30-200 nm (Fig. 7B).
In addition, exosome markers TSG101 and CD63 confirmed
the identity of exosomes (Fig. 7C). In addition, the expression
levels of extracellular miR-486-3p were almost equivalent
to that of exosomal miR-486-3p (Fig. 7D), suggesting that
extracellular miR-486-3p was mainly carried by exosomes.
As revealed in Fig. 7E, exosomal miR-486-3p levels had a
mostly high expression in culture medium from hFOB cells
and low expression in culture medium from MNNG/HOS
and U20S cells. Next, it was further explored whether
miR-486-3p-bearing exosomes were taken up by the recipient
cells. First, exosomes were isolated from hFOB cells, labeled
with PKH26 dye, and incubated with MNNG/HOS and
U20S cells for 48 h. A strong red signal in the recipient cells
presented in Fig. 7F indicated exosome intake by recipient
cells. miR-486-3p expression in exosomes derived from
hFOB cells decreased significantly following transfection
with miR-486-3p inhibitors (Fig. 7G). Following co-culture
with exosomes derived from hFOB cells transfected with
miR-486-3p mimics and inhibitors, the cell viability of
MNNG/HOS and U20S cells was significantly decreased
and enhanced, respectively (Fig. 7H). Finally, it was explored
whether exosomal miR-486-3p played a deterministic role.
Exosome production was blocked using GW4869 (Fig. 71
and J). Incubation with culture medium from hFOB cells
treated with GW48609 failed to influence the cell viability of
MNNG/HOS and U20S cells (Fig. 7K). In conclusion, the

extracellular miR-486-3p inhibited OS cell viability through
exosomes.

Discussion

OS is the most common primary malignancy of the bone,
and its treatment remains far from satisfactory due to its
high propensity for recurrence, local invasion and early
metastasis (33). Emerging evidence has underscored the
roles of mMRNA-miRNA-circRNA network in tumorigen-
esis and tumor development (17,34). In the present study,
a circRNA named circKEAP1 was found to be signifi-
cantly increased in OS tissues. A function assay showed
that circKEAP1 could act as a sponge for miR-486-3p to
relieve the suppression of this miRNA for its target gene,
MARCHI, in OS cells.

miRNAs play a major role in the pathogenesis of OS and
various other types of cancer (35,36). Theoretically, mRNAs
can bind to miRNAs and play a functional role in a ceRNA
pattern (37). Recently, circRNAs acting as ceRNAs, have been
reported to play important roles in miRNA sponges (38). In the
present study, it was first shown that miR-486-3p was downregu-
lated in OS tissues when compared with para-cancerous normal
tissues. Similarly, miR-486-3p exhibited a low expression in OS
cell lines, indicating the potential role of miR-486-3p in OS
progression. Subsequent results indicated that the overexpres-
sion of miR-486-3p significantly suppressed cell proliferation,
invasion and migration. An opposite trend was observed in OS
cells with miR-486-3p knockdown. miR-486-3p can block the
progression of OS cells and play a regulatory role in cancer
growth, migration and invasion (39-41). However, the mecha-
nisms explaining how miR-486-3p acts as a regulator during
carcinogenesis and cancer progression have not been fully
elucidated. In the present study, the bioinformatics analysis was
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Figure 7. miR-486-3p inhibits osteosarcoma development through packaging into exosomes. (A) Extracellular miR-486-3p was degraded by treatment with
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nanoparticle tracking analysis; RT-qPCR, reverse transcription-quantitative;

used to search for the downstream target of miR-486-3p, and
the MARCHI gene was finally screened out. Dual-luciferase
reporter gene assay also confirmed the binding relationship
between miR-486-3p and MARCHI.

MARCH]1, as a member of the membrane-anchored E3
ubiquitin ligases (42), has been reported to be overexpressed
in ovarian cancer, hepatocellular carcinoma and colorectal
cancer, and its downregulation has been reported to contribute
to cancer treatment (43-45). In addition, circRNA-6 has
been shown to suppress bladder cancer growth by sponging
miR-653 to regulate MARCHI levels (46). In the present

m GW4869-treated hFOB cells. “P<0.01 and ““P<0.001. miR, microRNA; NTA,
NC, negative controls

study, it was found that MARCHI1 was highly expressed in
OS cells. MARCHI1 overexpression promoted the prolifera-
tion, invasion and migration of OS cells. More importantly,
MARCHI overexpression could reverse the tumor inhibition
effect mediated by overexpression of miR-486-3p, further
demonstrating that MARCH]1 was an important target gene
for circKEAP1 and miR-486-3p.

It was confirmed that miRNAs could participate in the
occurrence and progression of tumors through the secretion
of exosomes (47). It was also determined whether extracellular
miR-486-3p exerts its roles through incorporating into exosomes.
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miR-486-3p could be packed into exosomes and, consistent
with its intracellular expression, the exosomal miR-486-3p
expression of hFOB cells was higher than that in other OS cell
lines. Therefore, exosomes were extracted from derived hFOB
cells to conduct co-culture experiments for increased exosomal
miR-486-3p expression levels. The proliferation ability of OS
cells was suppressed following their treatment with exosomes
originating from hFOB cells. These results demonstrated
that miR-486-3p could be transmitted between cells through
exosomes to inhibit OS cell proliferation.

In conclusion, these data indicated that miR-486-3p was
downregulated in OS tissues and cells and acted as a tumor
suppressor to impede the malignant behaviors of OS cells.
Furthermore, circKEAP1 was highly expressed in OS tissue
and cells. Mechanistically, circKEAP1 effectively sponged
miR-486-3p, and subsequently increased MARCH]1 expression
to enhance the malignant behaviors of OS cells. Therefore, the
circKEAP1/miR-486-3p/MARCHI1 pathway may be critical
for regulating the development and progression of OS and may
serve as a therapeutic target for OS.
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