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Abstract

Background
Circular RNAs (circRNAs) have been shown to have critical regulatory roles in tumorigenesis. However, the
contribution of circRNAs to OS (osteosarcoma) remains largely unknown.

Methods
CircRNA deep sequencing was performed to the expression of circRNAs between OS and chondroma
tissues. The regulatory and functional role of circRBMS3 (a circRNA derived from exons 7 to 10 of the
RBMS3 gene, hsa_circ_0064644) upregulation was examined in OS and was validated in vitro and in vivo,
upstream regulator and downstream target of circRBMS3 were both explored. RNA pull down, a luciferase
reporter assay, biotin-coupled microRNA capture and �uorescence in situ hybridization were used to
evaluate the interaction between circRBMS3 and micro (mi)-R-424-5p. For in vivo tumorgenesis
experiments, Subcutaneous and Orthotopic xenograft OS mouse models were built.

Results
Expression of circRBMS3 was higher in OS tissues due to the regulation of adenosine deaminase 1-
acting on RNA (ADAR1), an abundant RNA editing enzyme. Our in vitro data indicated that ShcircRBMS3
inhibits the proliferation and migration of malignant tumor cells. Mechanistically, we show that
circRBMS3 can regulate eIF4B and YRDC, through ‘sponging’ miR-424-5p. Furthermore, knockdown of
circRBMS3 inhibited malignant phenotypes and bone destruction of OS in vivo.

Conclusions
Our results reveal an important role for a novel circRBMS3 in the growth and metastasis of malignant
tumor cells and provide a fresh perspective on circRNAs in OS progression.

Introduction
Osteosarcoma (OS) mainly affects children and adolescents and is the most common primary malignant
bone sarcoma 1. In recent years, the prognosis of patients with OS has greatly improved owing to the
combination of neoadjuvant chemotherapy, advanced diagnostic methods, and surgery 2. Despite such
progress, a large number of patients still respond poorly to normative drug therapy, as well as curative
tumor resection, and suffer local relapse or distant metastasis 3. Moreover, little is known concerning the
underlying mechanisms surrounding oncogenesis, development, distant metastasis, and drug resistance
in OS. Indeed, no precise diagnostic markers or effective therapeutic targets for OS have been discovered,
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resulting in a diagnostic and treatment “bottleneck”. Therefore, it is of great importance to explore novel
strategies to improve clinical outcomes.

Micro (mi)-RNAs are 19–25 nucleotides long, non-coding RNAs, that directly regulate target gene
expression through binding to the 3′-untranslated region of target mRNAs. Increasing evidence suggests
that aberrant expression of miRNA is frequent in a variety of tumors, and this expression exerts multiple
in�uences in both promoting and/or inhibiting tumorigenesis, development and metastasis 4,5.

Competing endogenous RNAs (ceRNAs) are critical in determining gene expression regulation in many
malignant tumors. Recent studies have found that dysregulation and disruption of ceRNA networks may
play a predominant role in tumorigenicity 6. Circular RNAs (CircRNAs), which are remarkably stable, show
strong evolutionary conservation and high abundance, and have been shown to play crucial roles in the
regulation of gene expression by mimicking ceRNAs. Intracellular circRNAs may act as miRNA ‘sponges’
that sequester miRNA by binding with MREs (microRNA response elements), leading to strong inhibition
of miRNA activity, and therefore gene expression regulation 7. Several studies have reported the role of
circRNA as “miRNA sponges”, among which CDR1 as or ciRS-7 8,9 appears to be the most understood.
Containing 74 canonical binding sites for miR-7, CDR1as effectively combines with and sponges miR-7,
leading to the attenuated interaction between CDR1 and miR7. CircRNA dysregulation has been found in
various tumors, and a previous study indicated that certain circRNAs are aberrantly expressed in OS 10.
However, only preliminary studies on the role of circRNAs in OS have been performed 11,12,13, and the
overall pathophysiological contributions of circRNAs to OS remain largely unknown.

In the present study, by using RNA-sequencing (RNA-seq), we compared the expression of circRNAs
between OS and chondroma tissues. We further characterized one circRNA derived from exons 7–10 of
RBMS3 and termed it circRBMS3. The role of circRBMS3 in the growth and metastasis of tumors was
further explored.

Materials And Methods
Cell culture and transfection

Human fetal osteoblasts hFOB1.19 was cultured in DMEM-F12 medium (Gibco) and Human
osteosarcoma cell lines HOS and 143B were cultured in RPMI 1640 medium (Gibco) with 10% fetal
bovine serum (FBS) (Gibco) and antibiotics (100 IU/mL penicillin and 100 lg/mL streptomycin). Cells
were cultured according to standard techniques in a humidi�ed incubator in 5% (v/v) CO2 atmosphere.

Analysis of circRNA expression pro�le

Our group obtained 12 osteoblastic osteosarcoma(IIB stage)and 12 chondroma tissues from patients at
Department of Orthopaedic Surgery of the The Second A�liated Hospital of Zhejiang University
(Hangzhou, China) and Sir Run Run Shaw Hospital, Medical College of Zhejiang University (Hangzhou,
China) with the permission from the Ethics Committee respectively, between 2016 and 2018 and
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analyzed using the circRNAs chips. The microarray hybridization and collection of data were performed
by KangChen Biotech, Shanghai, China. The �ve most up- and down-regulated circRNAs and their
hierarchical clustering analysis were performed based on their expression value using the Cluster and
TreeView program.

Sample separation by nLC and analysis by MS/MS.

After nephrectomy, fresh ccRCC and adjacent normal tissues were cut on ice to homogenize in 4 % SDS
and 100m M Tris solution, following BCA assay for total protein concentration. Approximate 200 µg total
protein from tissue was proteolysed on 10 kDa Filter (PALL Life Sciences) using a Filter Aided Sample
Preparation (FASP) protocol. Tryptic digests for each sample were quantitated by colorimetric peptides
assay. Peptide solution was then transferred to Solid Phase Extraction Cartridge (Empore 7mm/3ml) for
desalting and clean-up of sample. Peptide samples were resuspended in water with 0.1% formic acid
(v/v) and analyzed by nano-LC-MS/MS.

For label-free, relative quantitative analysis, 1 µg of the digest sample were analyzed by nano-LC-MS/MS,
each sample were analysis once. LC separations were conducted on the Easy nano LC system (Thermo
Scienti�c). Chromatography solvents were water (A) and acetonitrile (B), both with 0.1% formic acid.
Peptide samples were concentrated and washed on an reverse phase trap column (75 µm × 2 cm; 5 µm;
100 Å; C-18, Thermo Scienti�c) with 0.1% formic acid, then they were eluted from the analytic column (75
µm × 50 cm; 3 µm; 100Å; C-18, Thermo Scienti�c) with the following gradient 5 to 40% B (130 min). At
140 min, the gradient increased to 90% B and was held there for 10 min. At 160 min, the gradient returned
to 5% to re-equilibrate the column for the next injection. Eluting peptides were directly analyzed via
tandem mass spectrometry (MS/MS) on an Fusion mass spectrometer (Thermo Scienti�c) equipped with
a nanoelectrospray ion source. A spray voltage of 1.8 kV and an ion transfer tube temperature of 275°C
were applied. The instrument was calibrated using standard compounds and operated in the data-
dependent mode. The MS spectra were acquired in a data-dependent manner in the m/z range of 350 to
1800 and survey scans were acquired in Orbitrap mass analyzer at a mass resolution of 60,000 at 400
m/z. MS/MS data was acquired in the orbitrap at a mass resolution of 30,000 at 400 m/z using HCD
(high collision dissociation) experiments, normalized collision energy of 30%, AGC for survey and MS/MS
scans were 4e5 and 2e5 respectively. MS scans were recorded in pro�le mode, while the MS/MS was
recorded in centroid mode, to reduce data �le size. Dynamic exclusion was set to a repeat count of 1 with
a 60 s duration.

Tissue culture

hFOB1.19, human OS, HOS, and 143B cell lines were purchased from FuHeng Cell Center (Shanghai,
China). The OS cell lines were authenticated by the ShangHai Biowing Applied Biotechnology Co. Ltd., by
STR pro�ling analysis, as described by Capes-Davis and according to the ANSI Standard (ASN-0002) set
forth by the ATCC Standards Development Organization. Mycoplasma testing was performed using the
Venor GeM Mycoplasma Detection Kit (Minerva Biolabs, Berlin, Germany). Detailed tissue culture



Page 6/37

methods, as well as details of transfection and viral infection, can be found in the Supplementary
information.

RNA extraction and quantitative real-time polymerase chain reaction (qRT-PCR)

TRIzol Reagent (Invitrogen) was used to extract total RNA from osteosarcoma tissues and cells. CircRNAs
were ampli�ed by divergent primer and RNase R was used to degrade linear RNA. QRT-PCR analysis on
circular RNAs and mRNA was performed using Prime Script RT reagent Kit (TaKaRa) and SYBR Premix Ex
Taq II (TaKaRa). β-actin was used as a control. For miR-424 analysis, miRNA was treated with DNase I to
eliminate genomic DNA and cDNA was synthesized by Mir-X miR First-Strand Synthesis Kit (TaKaRa).
SYBR Premix Ex Taq II (TaKaRa) was used for qRT-PCR. U6 was used as an internal standard control.
Each sample was replicated three times and data was analyzed by comparing Ct values.

Cell proliferation assay and cloning formation assay

For cell proliferation assay, the transfected cells were seeded into 96-well plates at a density of 2000 cells
per well. At 0, 24, 48, 72 and 96 h after seeding, cell viability was measured by the cell counting kit-8 (CCK-
8) system (Dojindo, Japan) according to the manufacturer’s instructions. Brie�y, each well was added
with 10 µl CCK-8 solution and the plate was incubated at 37°C for 1 h in dark. Absorbance at 450 nm of
each well was measured using a microplate reader (Tecan, Switzerland).

For colony formation assay, 400 transfected osteosarcoma cells were seeded in 6-well plates. After 2
weeks of incubation, the cells were �xed with methanol and staining with 0.1% crystal violet and the
colonies were imaged and counted.

Ago2-binding sites from CLIP data sets

The published online cross-linking immunoprecipitation (CLIP) data sets include Ago2 HITS-CLIP and
PAR-CLIP data from several lymphoma cells and HEK-293 cells. We downloaded the available data sets
from doRiNA (a database of RNA interactions in post-transcriptional regulation, http://dorina.mdc-berlin.
de/regulators) and acquired the Ago2-binding sites of circRBMS3 genomic region.

Subcutaneous and Orthotopic xenograft OS mouse models

Nude mice (nu/nu, male 3- to 4-weeks-old) were injected subcutaneously or into the medullary cavity of
tibia with 5 × 106 143B stable cells. Tumor volumes were calculated from the length (a) and width (b) by
using the following formula: volume (ml3) = ab2/2. Five weeks after injection, the animals were sacri�ced,
and tumors were harvested, measured and weighed, and �xed in 4% paraformaldehyde. Wet tumor weight
was calculated as mean weight ± standard deviation (SD) in each group.

MicroCT analysis
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Tibias were scanned using high-resolution microcomputed tomography (Skyscan 1076) at 50 kV and 200
mA using a 0.5 mm aluminum �lter. Images were captured every 0.6° through 180° rotation and analyzed
using Skyscan software. Trabecular structures positioned 0.2 mm below the growth plate were quanti�ed
over a length of 1 mm. Bone volume (BV)/tumor volume (TV) and bone volume (BV) of cortical bones
were determined.

RNA immunoprecipitation

The Ago-RIP assay was conducted in HOS cells using the Magna RIP RNA-Binding Protein
Immunoprecipitation Kit (Millipore, Bedford, MA, USA). We �rst transfected the circRBMS3 siRNAs and
sicontrol into HOS. Approximately 1 × 107 cells were sedimented and resuspended with an equal pellet
volume of RIP Lysis Buffer plus a protease inhibitor cocktail and RNase inhibitors. Cell lysates (200 µl)
were incubated with 5 µg of antibody against Ago2 (Millipore, Billerica, MA, USA) or control rabbit IgG-
coated beads and mixed by rotation at 4°C overnight. After treating with proteinase K buffer, the
immunoprecipitated RNAs were extracted by RNeasy MinElute Cleanup Kit (Qiagen, Duesseldorf,
Germany) and reverse transcribed using Prime- Script RT Master Mix (TaKaRa, Tokyo, Japan). The
abundance of circRBMS3 was detected by RT–qPCR assay.

Luciferase reporter assay

HEK293T cells were seeded in 96-well plates and cultured to 50–70% con�uence before transfection. For
circRBMS3 and miR-424, 600 ng plasmids of circRBMS3-wt and circRBMS3-mut, 20 nmol miR-424 and
N.C. were transfected. After 48 h incubation, the Promega Dual-Luciferase system was used to detect
�re�y and Renilla luciferase activities. Using 100 ml Luciferase Assay Reagent II (LAR II) (Luciferase
Assay Reagent, Promega) and, subsequently, 20 ml lysis buffer, �re�y luciferase activities were measured
to provide an internal reference, and Renilla luciferase activities were also measured using 100 ml Stop &
Glo® Reagent (Luciferase Assay Reagent, Promega). Finally, the differences between �re�y and Renilla
luciferase activities were calculated to determine relative luciferase activity.

Cell apoptosis assays

To detect cell apoptosis, cells were stained using an annexin V-FITC/PI apoptosis kit (BD Biosciences,
USA) and analyzed using �ow cytometry. The ratio of early apoptotic cells and late apoptotic cells was
compared to the values obtained for the controls in each experiment.

Western blot

Cells were lysed with radio immunoprecipitation assay buffer (RIPA, Beyotime, China), and protein was
harvested and quanti�ed by bicinchoninic acid (BCA) analysis (Beyotime, China). Protein extractions were
separated by 10% SDS-PAGE and transferred onto polyvinylidene �uoride (PVDF) membranes (Sigma-
Aldrich, USA). After the incubation with a high a�nity anti-eIF4B antibody (1:1000) (abcam), anti-YRDC
antibody (1:1000) (abcam) and anti-GAPDH antibody (1:2000) (Cell Signaling Technology, USA), the
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membranes were then incubated with a secondary antibody (1:5000, Cell Signaling Technology, USA).
After washes, signals were detected using a chemiluminescence system (Bio-Rad, USA) and analyzed
using Image Lab Software.

Northern blot

Northern blot analysis was performed with northern blot kit (Ambion, USA). Brie�y, about total RNAs (30
µg) of osteosarcoma cells were denatured in formaldehyde and then electrophoresed in a 1% agarose–
formaldehyde gel. The RNAs were then transferred onto a Hybond-N + nylonmembrane (Beyotime, China)
and hybridized with biotin-labeled DNA probes. Biotin chromogenic detection kit (Thermo Scienti�c, USA)
was used to detect the bound RNAs. Finally, the membranes were exposed and analyzed using Image Lab
software (Bio Rad, USA).

RNA in situ hybridization

Cy3-labeled locked nucleic acid miR-424 probes and Alexa Fluor 488-labeled circRBMS3 probes were
designed and synthesized by RiboBio, using a Fluorescent In Situ Hybridization Kit (RiboBio) according to
the manufacturer’s instructions. Specimens were analyzed on a Nikon inverted �uorescence microscope.

Pull-down assay with biotinylated circRBMS3 probe

Brie�y, 1 × 107 HOS and 143B cells were harvested, lysed, and sonicated. The circRBMS3 probe was
incubated with C-1 magnetic beads (Life Technologies, Gaithersburg, MD,USA) at 25°C for 2 h to generate
probe-coated beads. The cell lysates were incubated with circRBMS3 probe or oligo probe at 4°C
overnight. After washing with wash buffer, RNA complexes were eluted and extracted for RT–qPCR or
qPCR experiments. Biotinylated-circRBMS3 probe was designed and synthesized by RiboBio (Guangzhou,
China).

Wound healing assay

HOS and 143B cells were cultured in six-well plates and scraped with the tip of a 200 µl pipette at
timepoint 0. Cells migrating into ‘wounded’ areas were evaluated at 24 h using an inverted microscope
(Olympus, Tokyo, Japan) and microphotographed. The healing rate was quanti�ed by the extent of gap
sizes.

Transwell migration and Matrigel TM invasion assays

Approximately 5 × 104 transfected cells were suspended in 200 µl of serum-free medium and seeded into
the upper chambers of each transwell (8 µm pore size, Costar, NY, USA), which were coated with or
without Matrigel (BD Biosciences, San Jose, CA, USA) for invasion and migration assays. The bottom
chamber contained 10% FBS medium as a chemoattractant. The cells were incubated at 37°C with 5%
CO2 for the invasion assay (48 h) and for the migration assay (24 h). After incubation, cells in the top
chamber were removed with cotton swabs and the cells on the lower surface were �xed and then stained
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with 0.1% crystal violet. Migration and invasion rates were quanti�ed by counting cells in at least 3
random �elds.

Statistical analysis
Statistical analyses were performed with SPSS v22.0 software. Data are represented as means with SDs,
and statistical signi�cance was determined using unpaired Student’s t-tests, unless indicated otherwise. P
values less than 0.05 were considered statistically signi�cant.

Results

CircRNA expression patterns in human OS and chondroma
tissues
To generate a circRNA-pro�ling database, we performed circRNA deep sequencing of ribosomal RNA-
depleted total RNA from clinical OS and chondroma tissues. RNA from three human osteoblastic
osteosarcoma samples and three chondroma tissues were sequenced using an Illumina Hiseq X Ten. The
reads obtained were mapped to reference ribosomal RNA (Bowtie2, http://bow tie-
bio.sourceforge.net/bowtie2/) and to a reference genome (TopHat2, http://ccb.jhu.edu/software/tophat/)
14,15. Twenty bases from either end of the unmapped reads were extracted and aligned to the reference
genome, to identify unique anchor positions within the splice sites. Anchor reads that aligned in the
reverse orientation (head-to-tail) indicated circRNA splicing and were then subjected to �nd_circ
(https://omictools.com/�nd- circ-tool) to identify the circRNAs 16. A candidate circRNA was identi�ed if it
was supported by at least two unique back-spliced reads in one sample. A total of 25224 circRNAs were
identi�ed using this approach (Supplementary Figure S1A) 17. We next annotated the identi�ed
candidates using the RefSeq database 18. Most of the circRNAs originated from protein-coding exons,
while others aligned with introns, 5′-UTRs and 3′-UTRs (Supplementary Figure S1B). The majority of
identi�ed circRNAs were less than 2000 nucleotides (nt) in length (Supplementary Figure S1C). The
chromosomal distribution of identi�ed circRNAs showed no obvious differences between the OS and
chondroma groups, while the total expression of circRNAs in the OS group was downregulated
(Supplementary Figure S1D and E). Analysis of the number of circRNAs from host genes revealed that
one gene could produce multiple circRNAs (Fig. 1F), which is consistent with previous reports19. We
further investigated the abundance of circRNAs within one gene locus (n¼3,687). The thick line indicates
the median, ends of the boxes de�ne the 25th and 75th centiles and bars de�ne the 5th and 95th centiles.
The top �ve expressed circRNAs were presented in Supplementary Figure S1G. This result indicated that
there is often a predominantly expressed circRNA isoform from one gene locus. The OS and chondroma
groups displayed differential circRNA expression patterns (Fig. 1A). We focused on candidates that had
the greatest differential expression between OS and chondroma groups, then matched them with circbase
(http://www.circbase.org/. Among these speci�c candidates, novel_circ_0064644, which is formed by
circularization of exon 7 to exon 10 of RBMS3, attracted our attention.
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Identi�cation Of Circrbms3 As A Circrna
To verify that exons 7 to 10 of RBMS3 form an endogenous circRNA, we designed convergent and
divergent primers that speci�cally ampli�ed the canonical or back-spliced forms of RBMS3 (Fig. 1B).
Using cDNA and genomic DNA (gDNA) from HOS and 143B cell lines as templates, circRBMS3 could only
be ampli�ed using divergent primers, and no ampli�cation product was observed from gDNA (Fig. 1B). By
using reverse transcriptase-real-time polymerase chain reaction (RT-qPCR), we further con�rmed that
circRBMS3 was resistant to RNase R, while RBMS3 mRNA levels were signi�cantly reduced following
RNase R treatment (Fig. 1C).

To investigate the function of circRBMS3 in OS development, we assayed the expression level of
circRBMS3 in 12 pairs of chondroma and OS tissues, respectively, as well as in OS cell lines. Taking
advantage of RT-qPCR and chromogenic in situ hybridization (CISH), we observed, consistent with the
RNA-seq analysis, that circRBMS3 expression was higher in OS than in chondroma tissues or normal
cells (Fig. 1D-F). Next, Sanger sequencing was used to con�rm the circRBMS3 junction (Fig. 1G).
Endogenous circRBMS3 was further revealed using a junction-speci�c probe in northern blotting
(Fig. 1H). To establish the cellular localization of circRBMS3, we conducted �uorescence in situ
hybridization (FISH) analysis. The junction probe detected abundant cytoplasmic circRBMS3 expression
in HOS cells. Additionally, qPCR analysis from different cell fractions con�rmed that circRBMS3 is
predominantly located in the cytoplasm (Fig. 1I, lower panel).

The expression of circRBMS3 in OS can be regulated by ADAR1

It has been previously reported that RBMS3 is a novel tumor suppressor gene, in esophageal squamous
cell carcinoma (ESCC) 20, breast cancer 21, nasopharyngeal cancer (NPC) 22 and lung squamous cell
carcinoma (LSCC)23. Although circRBMS3 was signi�cantly upregulated in OS cell lines, the protein levels
of RBMS3 were downregulated (Fig. 2I). This �nding suggests that the higher expression of circRBMS3 in
OS is not simply a by-product of splicing, but may be functional.

Next, we explored the reasons for circRBMS3 upregulation in OS, alongside RBMS3 mRNA and RBMS3
protein downregulation (Fig. 1J). As circRNAs could be regulated by RNA-binding proteins 24 post-
transcriptionally, we assumed that circRBMS3, but not RBMS3 mRNA, is regulated by certain RNA-binding
proteins post-transcriptionally during human OS development. To test this hypothesis, we measured the
expression of circRBMS3 in OS cell lines after individually knocking down all two human RNA-binding
proteins 25,26,27 reported to broadly regulate the biogenesis of circRNAs, including adenosine deaminase 1
acting on RNA (ADAR1) and DExH-Box Helicase 9 (DHX9). Among these two RNA-binding proteins, DHX9
has been reported to play an important role in OS devepment28,29,30. After knocking down ADAR1(p110),
but not DHX9, circRBMS3 was upregulated, while RBMS3 mRNA did not show signi�cant changes
(Fig. 1K). Notably, mRNA and protein levels of ADAR1 were downregulated in OS cell lines (Fig. 1L). Taken
together, the upregulation of circRBMS3 is, at least partly, caused by the downregulation of ADAR1 in
human OS.
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Effects of circRBMS3 on OS and other tumor cell lines

To further explore the biological functions of circRBMS3, we introduced two circRBMS3-knockdown short
interfering (si)-RNAs, targeting the junction sites of circRBMS3 into HOS and 143B OS cells. The
expression of circRBMS3 was signi�cantly reduced in siRNA-transfected cells (Fig. 2A). Meanwhile, the
expression of RBMS3 mRNA showed no apparent change (Fig. 2B). To investigate the function of
circRBMS3 in other tumor cells, we investigated the effect of circRBMS3 knockdown in sk-Hep1 (hepatic
cellular carcinoma), AGS (gastric cancer), MCF-7 (breast cancer), HT1080 (sarcoma), and RBE
(cholangiocarcinoma) cell lines (Supplementary Figure S2A). The proliferation and colony formation
abilities of HOS and 143B cells decreased upon circRBMS3 inhibition (Fig. 2C-D), as did that of other
tumor cell lines following circRBMS3 knockdown (Supplementary Figure S2B). Flow cytometric analysis
was conducted to determine the effect of circRBMS3 knockdown on the apoptosis rate of OS cells and
other tumor cells. Notably, inhibition of circRBMS3 augmented cellular apoptosis (Fig. 2E, Supplementary
Figure S2C). Consistent with this, a wound-healing assay demonstrated a signi�cant inhibition of cell
migration in HOS and 143B cells following circRBMS3 knockdown (Fig. 2F). Moreover, inhibition of
circRBMS3 also suppressed migration and invasion of OS cell lines and malignant tumor cell lines in
transwell migration and Matrigel invasion assays (Fig. 2G, Supplementary Figure S2D). We also found
that transfecting circRBMS3 siRNA did not affect the RBMS3 protein level (Fig. 2H). Knockdown of
circRBMS3 did not alter total protein levels (Fig. 2I) or interaction of RBMS3 with its partners (Fig. 2J).
Together, these results indicate that circRBMS3 is involved in tumor cell growth, migration, and invasion
in vitro.

Molecular Mechanism Of Circrbms3 In Os
It has been previously reported that circRNA functions as an miRNA sponge in cancer cells8,9. As
circRBMS3 is abundant in the cytoplasm, we performed an analysis using freely available AGO2
immunoprecipitation data, including high-throughput sequencing from doRiNA. We observed a high
degree of AGO2 occupancy in the circRBMS3 region, which is highly conserved across several vertebrate
species (Supplementary Figure S3A). To validate this result, we conducted RNA immunoprecipitation for
AGO2 in 143B cells and found that endogenous circRBMS3 pulled-down from AGO2 antibodies was
speci�cally enriched by RT-qPCR analysis when compared to circRBMS3 knockdown cells (Fig. 3A). To
con�rm whether circRBMS3 could aggregate miRNAs in OS cells, we selected 11 candidate miRNAs by
overlapping the prediction results of miRNA recognition elements in the circRBMS3 sequence, using
miRanda (Score Threshold > 140), Targetscan(at least 6mer binding site), and RNAhybrid (Fig. 3B). Next,
we investigated whether circRBMS3 could directly bind these candidate miRNAs. A biotin-labeled
circRBMS3 probe was designed and veri�ed in OS cell lines, and the pull-down e�ciency was established
(Fig. 3C and D, Supplementary Figure S3B). The miRNAs were extracted following the pull-down assay,
and the levels of 11 candidate miRNAs were determined by RT-qPCR. As shown in Fig. 4E, the miR-
15a/497/424 cluster was the only one abundantly pulled down by circRBMS3 in both HOS and 143B
cells. Because circRBMS3 contained miR-15a/497/424 binding sites (Fig. 3F), we transfected miR-
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15a/497/424 mimics into HEK-293T cells and observed the insertion of the circRBMS3 binding sequence
in the 3′ untranslated region (3’-UTR) downregulated luciferase activity (Fig. 4G). Compared with controls,
miR-424 decreased luciferase activity to the greatest extent, (~ 45%) (Fig. 3G). We then mutated the
binding sites and transfection of the 3 miRNAs had no signi�cant effect on luciferase activity when the
corresponding target sites were mutated in the luciferase reporter (Fig. 3G). We then chose miR-424 for
further investigation. FISH assays revealed that circRBMS3 interacts with miR-424 in the cytoplasm of OS
cells (Fig. 3H). These results suggested that circRBMS3 functions as a sponge for miR-424.

MiR-424 inhibits OS cell migration, invasion, and proliferation in vitro

Using qPCR and FISH, we observed miR-424 downregulation in human OS samples compared with
chondroma tissues (Fig. 4A and B). MiR-424 was also expressed at low levels in OS cells compared with
hFOB1.19 cells (Fig. 4C). We then investigated whether miR-424 has a tumor repressor role during OS cell
proliferation. Pre-miR-424 or miR-424 sponge were transfected into HOS and 143B cell lines, as well as
the control vector. Expression of miR-424 was veri�ed by RT-qPCR (supplementary Figure S3C & FigureS
4A). Results of CCK-8 and colony formation assays showed that overexpression of miR-424 in OS cells
results in signi�cant inhibition of cell proliferation (Fig. 4D and E, supplementary Figure S4B). In contrast,
the proliferation rates of OS cells transfected with miR-424 sponge were signi�cantly higher than those
transfected with the control vector (Fig. 4D). Furthermore, we demonstrated that ectopic expression of
miR-424 clearly increases the apoptosis rate 48 h after transfection of miR-424 mimics (Fig. 4F,
supplementary Figure S4C). In addition, the wound healing assay (Fig. 4G) and Transwell assay (Fig. 4H,
supplementary Figure S4D) showed that overexpression of miR-424 inhibits the migration and invasion
of OS cells. Furthermore, Kaplan-Meier survival curves of the TCGA sarcoma dataset showed that
patients with high expression (cut-off by the median gene expression value) of miR-424 had an elevated
10-year overall survival rate (Fig. 4I). These results con�rmed that miR-424 reduced the proliferation,
migration and invasion ability of osteosarcoma cells.

EIF4B and YRDC are direct targets of miR-424

Bioinformatics analysis was used to search for potential regulatory targets of miR-424. We got 1287
potential target of miR-424 from Targetscan (www.targetscan.org) with the standard “at least 6mer
binding sites”, 270 circRBMS3-regulating genes from RNA sequence and 190 circRBMS3-regulating
proteins from Mass Spec analysis. We selected 5 candidate genes by overlapping the prediction results
of gene recognition elements using mRNA sequencing, Targetscan, and Mass Spec analysis (Fig. 5A-D,
Supplementary Figure S5A-H). Among these genes, EIF4B and YRDC, whose inhibition leads to the
highest apoptosis rates in OS, were selected as targets for further analysis (Supplementary Figure S5I
and J). RT-qPCR and immunohistochemistry demonstrated that EIF4B and YRDC were overexpressed in
OS tissues compared with chondroma tissues (Fig. 5E-F). In addition, Kaplan-Meier survival curves from
the TCGA sarcoma dataset showed that patients with high expression (cut-off by the median gene
expression value) of EIF4B or YRDC had a lower 10-year overall survival rate (Fig. 5G).

http://dorina.mdc-berlin/
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To verify whether EIF4B and YRDC are direct targets of miR-424, we constructed 3’UTR sensors and co-
transfected HEK-293T cells with miR-424 mimic or NC (negative control). We observed reduced luciferase
activity of EIF4B and YRDC 3’ UTR in the presence of miR-424 (Figs. 5H and I). To verify target speci�city,
we generated mutated forms of the EIF4B and YRDC 3′-UTR, in which the miR-424-binding site was
abolished (Fig. 5H). Co-transfection of miR-424 mimics alongside the mutant construct abrogated the
decrease in wild-type 3’-UTR luciferase activity, indicating that miR-424 speci�cally regulates EIF4B and
YRDC expression (Fig. 5I).

To determine whether miR-424 could affect the expression of eIF4B and YRDC, HOS and 143B cells were
transfected with miR-424 mimics, inhibitors, or respective controls. The results of immuno�uorescence
(Fig. 5J) and western blotting analyses (Fig. 5K) showed that miR-424 mimics markedly suppressed
eIF4B and YRDC protein levels in OS cells, while the miR-424 inhibitor clearly promoted eIF4B and YRDC
protein expression. Moreover, following transfection, mRNA and protein levels of eIF4B and YRDC were
similarly downregulated (Fig. 5L). In summary, these results strongly suggest that miR-424 directly
regulates eIF4B and YRDC in OS cell lines.

EIF4B and YRDC are known as oncogenes in some tumor types, while their function in OS is currently not
understood. We explored the effect of eIF4B and YRDC on OS tumorigenesis by CCK-8 and colony
formation experiments. There was a signi�cant decrease in proliferation after inhibition of eIF4B and
YRDC expression (*P < 0.05; Fig. 6A-B, supplementary Fig. 6A-C). Furthermore, knockdown of eIF4B and
YRDC clearly induced higher levels of apoptosis (Fig. 6C, supplementary Fig. 6D, *P < 0.05). In addition,
the wound healing (Fig. 6D) and transwell assays (Fig. 6E, supplementary Fig. 6E) showed that inhibition
of eIF4B and YRDC inhibits the migration and invasion of tumor cells. These results suggested that eIF4B
and YRDC are tumorigenic and are direct targets of miR-424.

Knockdown of miR-424 reverses shcircRBMS3-induced attenuation of OS cell proliferation, migration, and
invasion

We co-transfected miR-424 sponge and the circRBMS3 knockdown construct into OS cells. Both protein
and mRNA expression of eIF4B and YRDC signi�cantly increased in OS cells co-transfected with
shcircRBMS3 plasmid and the miR-424 sponge compared with cells transfected with shcircRBMS3 alone
(Fig. 7A and B). Immuno�uorescence analysis con�rmed that the expression of eIF4B and YRDC
increased in 143B and HOS cells transfected with shcircRBMS3 and miR-424 sponge together when
compared with shcircRBMS3 alone (Fig. 7C). Knockdown of both miR-424 and circRBMS3 resulted in a
higher growth rate than the circRBMS3 inhibition group (Fig. 7D). In addition, downregulation of both
miR-424 and circRBMS3 promoted colony formation when compared with cells transfected with
shcircRBMS3 alone (*P < 0.05 for both; Fig. 7E). Furthermore, apoptotic cell numbers were decreased after
treatment with miR-424 sponge and shcircRBMS3 in co-transfected cells compared with shcircRBMS3
transfected cells. (Fig. 7F). Furthermore, wound healing assays (Fig. 7G) and transwell Matrigel TM

invasion experiments (Fig. 7H) indicated that OS cells co-transfected with miR-424 sponge and
shcircRBMS3 expression constructs demonstrated enhanced invasion and migration capabilities when
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compared with shcircRBMS3-transfected cells. Strikingly, we observed that inhibition of miR-424 in OS
cells signi�cantly strengthened the anchorage-independent growth ability of circRBMS3 knockdown cells
(Fig. 7I). Together, these data suggested that circRBMS3 promotes cell migration, invasion, and
proliferation via sponging miR-424 and subsequently induces EIF4B and YRDC expression in vitro.

CircRBMS3 functions as miR-424 sponge to promote tumorigenesis in vivo

To explore the effects of circRBMS3 and miR-424 in vivo, 143B cells transfected with circRBMS3-
de�cient, miR-424 sponge, or vector were injected subcutaneously into nude mice for 35 days and then
tumor volumes were measured. Compared with circRBMS3-de�cient stable cell, cells lacking both miR-
424 and circRBMS3 had a higher tumor growth rate (Fig. 8A and B). Similarly, co-expression of miR-424
inhibition and circRBMS3 knockdown constructs rescued the volume of 143B-derived tumors in vivo
(Fig. 8C), compared with the circRBMS3-de�cient group alone. We observed the same results for average
tumor wet weight across all 3 groups (Fig. 8D).

To further evaluate the antitumor effect of circRBMS3 in vivo, an orthotopic OS model was established by
intra-tibial injection of 143B cells. The mice were intra-tibial injected with circRBMS3-de�cient, miR-424
sponge, or vector stable cells. As indicated in Fig. 8E and F, in vivo imaging results showed that
circRBMS3 inhibited the growth of in situ tumors, while mice with tumors lacking both miR-424 and
circRBMS3 had a higher tumor size and posterior limb weight (Figs. 8G).

We next evaluated the relationship between circRBMS3 and two target genes in vivo. CircRBMS3
knockdown reduced the levels of eIF4B and YRDC mRNA (Fig. 9H). This corresponded to a reduction of
eIF4B and YRDC expression, as determined by western blot (Fig. 8K). Moreover, inhibition of both miR-424
and circRBMS3 rescued these effect (Fig. 8H-K). As shown in Fig. 8L, circRBMS3 knockdown in tumor
tissues resulted in a signi�cant increase of terminal dUTP nick end labeling (TUNEL)-positive cells,
whereas the levels of Ki67, eIF4B or YRDC were decreased, while inhibition of miR-424 reversed these
effects.

Furthermore, we investigated the effect of circRBMS3 on bone microarchitecture of the tumor-bearing
tibia using micro computed tomography (CT) in vivo. As a result, circRBMS3 knockdown signi�cantly
reduced the bone destruction (Fig. 8M). Indeed, the trabecular bone volume (BV/TV; from 0.013 to 0.208)
was signi�cantly improved after circRBMS3 knockdown (Fig. 8M). The same tendency was observed for
the BV (12.3 mm3 in control vs. 21.3 mm3 in treated group), while miR-424 inhibition rescued these
effects (Fig. 8M). These results suggested that circRBMS3 acts as a sponge for miR-424, and that miR-
424 mediates the tumorigenic function of circRBMS3 in vivo (Fig. 8N).

Discussion
In mammals, there is a novel class of stable and widely-endogenous RNAs that regulate gene expression,
termed circular RNA (circRNAs) 31. CircRNAs are more stable than linear RNA and are resistant to RNA
exonuclease or RNase, due to their covalently-closed loop structures 32. It has been suggested that
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circRNAs may have important roles in malignant tumors, including gastric cancer, lung cancer,
hepatocellular carcinoma, colon carcinoma, sarcoma and leukemia33. Due to the cell type and
developmental stage-speci�c characteristics, circRNAs may also play roles in OS progression and provide
new therapeutic targets for the treatment of OS.

Here, we screened circRNAs that are differentially expressed between OS and chondroma tissues by RNA-
seq, focusing on the function and underlying mechanism of upregulated circRBMS3 expression in OS
progression. RBMS3, which is also termed as the RNA binding motif, single stranded interacting protein 3,
is a member of the MSSP family of proteins. RBMS3 is widely expressed from embryonic stages through
to adulthood and can promote �brosis of the liver and participate in the formation of cartilage. Recent
studies have documented that RBMS3 is a novel tumor suppressor gene, including in breast cancer,
esophageal squamous cell carcinoma, and nasopharyngeal carcinoma 20–23, thus attracting widespread
attention. In particular, the level of RBMS3 in OS has not been investigated. Interestingly, in our study, the
level of circRBMS3 was signi�cantly upregulated in OS, while mRNA and protein levels of RBMS3 were
downregulated. In addition, in vitro functional assays showed that knockdown of circRBMS3 could
induce OS cell apoptosis, and inhibit OS cell proliferation, invasion, and migration. Based on post
research, we con�rmed that ADAR1 could downregulate the formation of circRBMS3 but have no effects
on the mRNA.

We demonstrated the upstream signal of circRBMS3 and further investigate the downstream effectors of
circRBMS3. In comparison to circRNAs, miRNAs are hugely well studied. Dysregulation of miRNA has
been identi�ed to be closely associated with tumorigenesis. Generally, miRNAs inhibit mRNA translation
through binding to the 3′-UTR of target genes 34. Previous studies have documented that miRNAs play
important roles in OS progression and metastasis 35. Notably, circRNAs mainly function as miRNA
sponges, which results in a loss of miRNA function accompanied with increased levels of their
endogenous targets 36. CeRNA networks are complicated and the interactions between circRNAs and
miRNAs have already been implicated as playing important roles in a variety of cancers. An important
example is CDR1as a unique circRNA, for which more than 70 binding sites of miR-7 have been identi�ed.
CDR1as thus has an enormous capability to suppress miR-7 activity 16. Another circRNA, termed
circHIPK3, which is derived from exon 2 of HIPK3, was observed to serve as a sponge for miR-558 and
miR-124 37. Here, we screened several predicted binding miRNAs via bioinformatics analysis, and
con�rmed that miR-424 was able to bind with circRBMS3 using a biotin-coupled probe pull down assay.
MiR-424 is reported to be a tumor inhibitor in multiple cancers 38–40. Our further functional studies and
luciferase reporter assay also veri�ed that miR-424 inhibits OS progression by directly targeting YRDC
and eIF4B in OS.

Therefore, we present a novel regulatory axis formed by ADAR1-circRBMS3-miR-424-YRDC/eIF4B in OS.
Taken together, we were able to con�rm the regulatory role of circRBMS3 and its sponging effect on
miRNAs in OS through functional and molecular analyses. The results were in full accordance with our
hypothesis that circRBMS3 protects YRDC/eIF4B and promotes OS progression by sponging tumor
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suppressive miRNAs. Besides, we also demonstrated that circRBMS3 is involved in other malignant
tumor cell growth, migration, and invasion in vitro, such as breast cancer, gastric cancer, sarcoma, hepatic
cellular carcinoma and cholangiocarcinoma cell lines. To our knowledge, this is the �rst report that
generally investigates the expression, function, mechanism, and clinical implication of circRBMS3 in
malignant tumors.

RNA binding protein has been reported to serve as a tumor suppressor gene that inhibits the development
of various types of tumors, including glioblastoma, oral squamous cell carcinoma, gastric cancer,
astrocytic glioma, and colon cancer 41–42. RNA editing is a prominent post-transcriptional RNA process,
generating RNA and protein diversity in eukaryotes. One common form of RNA editing is adenosine-to-
inosine editing, which is dependent upon members of the family of adenosine deaminases that act on
RNA (ADARs). In mammals, ADAR1 exists in many tissues, can edit non-coding RNAs, affects their
biogenesis and alters their target gene speci�city. ADAR1 has been demonstrated to affect various
biological processes, including processing of miRNA 43, creating protein–protein complexes 44and
in�uencing gene expression 45. ADAR1 has also been shown to be downregulated in melanoma
development and ADAR1-editing miRNA-455-5p can inhibit melanoma growth and metastasis in vivo 46.
However, the role of ADAR1 in cancers remains unclear. The expression and function of ADAR1 in human
OS has never been reported. In the current study, we found that mRNA and protein levels of ADAR1 were
both signi�cantly downregulated in OS cells, and that ADAR1 could inhibit the expression of circRBMS3,
suggesting a tumor-suppressive role of ADAR1 in OS. However, ADAR1 obviously edit other circRNAs or
lncRNAS in OS progression. Therefore, the function of ADAR1 requires further exploration. DHX9 is an
abundant nuclear RNA helicase, mainly binds to inverted-repeat Alu elements. It can inhibit the production
of circRNAs by binding to their �anking inverted complementary sequences and inhibiting the pairing of
these sequences28. DHX9 has been reported to play an important role in OS devepment28,29,30, however, in
the current study, DHX9 knockdown did not affect the expression of circRBMS3 or RBMS3 mRNA.

Eukaryotic translation initiation factor 4B (eIF4B), which is necessary for ribosomal scanning through
structured mRNA leaders 47,48, has been shown to be involved in the translation of numerous proliferative
or anti-apoptotic mRNAs with highly structured 5′ UTRs and subsequently affects cell growth and survival
49. Abnormal phosphorylation or levels of eIF4B protein are closely linked with a variety of tumors
including breast cancer, leukemia, Kaposi’s sarcoma, and lymphoma 50–52. YRDC is ubiquitously
expressed in human tissues, especially in the pancreas and liver. Recent studies have indicated that
YRDC functions as an oncogene and can promote cell proliferation in bladder cancer, colon cancer, and
gastric carcinoma 53–55. However, little is known regarding the biology of these two genes in OS. To study
the function of YRDC and eIF4B in OS, YRDC or eIF4B were knocked down using speci�c siRNAs. We
found that either si-YRDC or si-eIF4B could lead to suppressive effects on OS cell proliferation and
migration. Furthermore, luciferase reporter assay, immuno�uorescence (IF), western blotting (WB), or RT-
qPCR experiments were employed to further con�rm that YRDC and EIF4B are direct targets of miR-424.
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In conclusion, the current study investigated the regulatory function of a newly-found circRBMS3
(hsa_circ_0064644) that is upregulated in human OS, and which can e�ciently sponge miR-424 to
promote YRDC/eIF4B expression. Through the circRBMS3- miR-424-YRDC/eIF4B axis, circRBMS3
performed speci�c regulatory roles affecting the tumorgenesis of OS, as well as other malignant tumors.
CircRBMS3 could be a novel biomarker of poor prognosis in OS. In addition, the circRBMS3- miR-424-
YRDC/eIF4B axis is a novel signaling pathway, which could be a potential therapeutic target for OS
patients. Our study also provides novel evidence to suggest that circRNAs act as “microRNA sponges”
and may provide a new therapeutic target for the treatment of OS.

Conclsion
Our results reveal an important role for a novel circRBMS3 in the growth and metastasis of malignant
tumor cells and provide a fresh perspective on circRNAs in OS progression. Mechanistically, in vitro and in
vivo experiments in this study identi�ed that CircRBMS3 acted as a ceRNA for miR-424 and regulated the
EIF4B and YRDC expression in OS progression. Thus, the critical role of circRBMS3-miR-424-eIF4B/YRDC
axis may appear to be a new diagnostic and therapeutic targets for OS.
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Figure 1

circRBMS3 validation and expression in OS tissue and cells. (A) Heat map of all differentially expressed
circRNAs between chondroma and OS tumor tissues. (B) The presence of circRBMS3 was validated in
HOS and 143B OS cell lines by RT–qPCR. Divergent primers ampli�ed circRBMS3 in cDNA, but not in
genomic DNA. GAPDH was used as a negative control. (C) The expression of circRBMS3 and RBMS3
mRNA in HOS and 143B cells treated with or without RNase R was detected by qPCR. The relative levels
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of circRBMS3 and RBMS3 mRNA were normalized to the value measured in the mock treatment. Data
represent the mean ± SD (n  =  3). * P < 0.05. (D) CircRBMS3 expression in hFOB1.19 and OS (OS) cell
lines (HOS and 143B) was evaluated by RT-qPCR. Data represent the mean ± standard deviation (SD) (n  
=  3). * P < 0.05 (E) CircRBMS3 expression was higher in human OS than in chondroma tissue. Data
represent the mean ± SD (n  =  12). (F) CircRBMS3 expression was higher in human OS than in
chondroma tissue. Representative images are shown (400 × magni�cation). (G) Schematic illustration
showing RBMS3 exon 7–10 circularization forming circRBMS3 (black arrow). The presence of
circRBMS3 was validated by RT–qPCR, followed by Sanger sequencing. Red arrow represents “head-to-
tail” circRBMS3 splicing sites. (H) Northern blots for detecting circRBMS3 in HOS and 143B cells treated
with or without RNase R digestion. The upper panels show the probed blots of circRBMS3, and the red
triangle represents the circRBMS3 band size (341 bp). The lower panels show the gel electrophoretic
results of RNA with or without RNase R digestion. (I) RNA �uorescence in situ hybridization (FISH)
showed that circRBMS3 was predominantly localized in the cytoplasm. CircRBMS3 probes were labeled
with Alexa Fluor 488. Nuclei were stained with DAPI. Scale bar, 50 μm. Upper panel: FISH with junction-
speci�c probes indicates the cellular localization of circRBMS3. Scale bars = 5 µM. Lower panel:
circRBMS3 was detected in different cell fractions. Nuclear and cytoplasmic RNA was extracted, and
junction primers were used for circRBMS3 detection. U6 was used as an internal control of nuclear RNA,
and GAPDH was used as internal control for cytoplasmic RNA. Values are the average ± SD of 3
independent experiments. (J) RBMS3 expression in hFOB1.19 and OS (OS) cell lines (HOS and 143B) was
evaluated by WB and RT-qPCR. Data represent the mean ± standard deviation (SD) (n  =  3). * P < 0.05. (K)
RT-qPCR for RBMS3 mRNA and circRBMS3 upon DHX9 and ADAR1 depletion using RNAi in OS cell lines.
(L) ADAR1 expression in hFOB1.19 and OS cell lines (HOS and 143B) was evaluated by RT-qPCR and WB.
Data represent the mean ± standard deviation (SD) (n  =  3). * P < 0.05
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Figure 2

Knockdown of circRBMS3 inhibits the migration and invasion of OS cell lines in vitro. (A and B) The
expression levels of circRBMS3 and RBMS3 mRNA in HOS and 143B cells after stable transfection of
circRBMS3 short hairpin RNAs or vector plasmids were detected by qPCR. Data represent the mean ± SD
(n  =  3). *P < 0.05. (C) SiRNA-mediated circRBMS3 knockdown suppressed OS cell proliferation, as
determined by CCK-8 assays. Data represent the mean ± SD (n = 6). (D) CircRBMS3 knockdown
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suppresses cell growth, as determined by colony formation assays (details are shown in the insets). Error
bars represent the mean ± SD of three independent experiments. * P < 0.05. (E) HOS and 143B cells were
transfected with sicircRBMS3, followed by Annexin V-FITC/PI staining. The percentage of apoptotic cells
is shown as the mean ± SD from three independent experiments. * P < 0.05, signi�cantly different
compared with the vector group. (F) The effect of sicircRBMS3 on cell migration capability was evaluated
by wound healing assays using HOS and 143B cells. Data are the mean ± SD, n = 3. *P < 0.05. Scale bar,
200 μm. (G) CircRBMS3 knockdown suppresses cell migration and invasion abilities of HOS and 143B
cells, as evaluated by transwell migration and MatrigelTM invasion assays. Data represent the mean ±
SD (n  =  3). * P < 0.05. Scale bar, 200 μm. (H) CircRBMS3 knockdown did not affect linear RBMS3
expression. (I) Total cell lysates were separated by SDS-PAGE and Coomassie blue staining. (J) Cell
lysates were precipitated with anti-RBMS3 antibody followed by SDS-PAGE and Coomassie blue staining.
Transfection with circRBMS3 siRNA did not affect the interaction of RBMS3 with its partners.
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Figure 3

CircRBMS3 serves as a sponge for miR-424 in OS cells. (A) AGO2 RNA immunoprecipitation assay for
circRBMS3 levels in 143B cells stably expressing shcircRBMS3. Data represent the mean ± SD for three
experiments. * P < 0.05. (B) Schematic illustration showing overlapping of the target miRNAs of
circRBMS3 predicted by miRanda, Targetscan, and RNAhybrid. (C-D) Lysates prepared from HOS and
143B cells were subjected to an RNA pull-down assay and tested by (C) RT–qPCR and (D) qPCR. Relative



Page 28/37

levels of circRBMS3 were normalized to input. Data represent the mean ± SD (n  =  3). * P < 0.05 versus
oligo probe (Student’s t-test). (E) The relative levels of 11 miRNA candidates in HOS and 143B cell lysates,
as detected by qPCR and RT–qPCR. (F) Schematic illustration demonstrating complementary miR seed
sequence with circRBMS3. Lowercase letters indicate mutated nucleotides. (G) 293T cells were co-
transfected with miR mimics and a luciferase reporter construct containing wild-type (WT) or mutated
(MUT) circRBMS3. Data represent the mean ± SD (n  =  3). * P < 0.05. (H) FISH images showing co-
localization of circRBMS3 and miR-424 in 143B cells. CircRBMS3 probes were labeled with Alexa Fluor
488. Locked nucleic acid miR-424 probes were labeled with Cy3. Nuclei were stained with DAPI. Scale bar,
50 μm.
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Figure 4

miR-424 is associated with OS cell migration and invasion (A) MiR-424 expression was lower in human
OS than in chondroma tissue. Data represent the mean ± SD (n  =  12). (B) MiR-424 expression was lower
in human OS than in chondroma tissue. Representative images are shown. (C) MiR-424 expression in
hFOB1.19 and OS cell lines (143B and HOS) was evaluated by RT-qPCR. Data represent the mean ± SD (n
 = 3). * P < 0.05. (D) MiR-424 overexpression did not affect circRBMS3 and RBMS3 expressions. (E) Pre-
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miR-424 or miR-424 sponge mediated miR-424 overexpression and inhibition of OS cell proliferation, as
determined by the CCK-8 assay. Data are presented as the mean ± SD (n = 6). (F) MiR-424 overexpression
suppressed cell growth, as determined by the colony formation assay (details are shown in the insets).
Error bars represent the mean ± SD of 3 independent experiments. * P < 0.05. (G) HOS and 143B cells
were transfected with miR-424 mimics, followed by Annexin V-FITC/PI staining. The percentage of
apoptotic cells is shown as the mean ± SD from 3 independent experiments. * P < 0.05, signi�cantly
different compared with the vector group. (H) The effect of pre-miR-424 on cell migration capability was
evaluated by a wound-healing assay in HOS and 143B cells. Data are the mean ± SD, n = 3. * P < 0.05.
Scale bar, 200 μm. (I) Cell migration and invasion of HOS and 143B cells, transfected with pre-miR-424 or
vector, were evaluated by transwell migration and MatrigelTM invasion assays. Data represent mean ±
SD (n  =  3). * P < 0.05. Scale bar, 200 μm. (J) Kaplan-Meier survival analysis of miR-424 in OS patients
(log rank test).
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Figure 5

EIF4B and YRDC are direct targets of miR-424. (A) Volcano plots of protein pro�les. 143B Cells were
transfected with shcircRBMS3, followed by protein pro�les, with 3 repeats for each sample. (B) KEGG
analysis of protein pro�les. 143B cells were transfected with shcircRBMS3, followed by protein pro�les,
with 3 repeats for each sample. (C) Schematic illustration showing overlapping of the target mRNAs of
circRBMS3 and miR-424 predicted by RNA-seq, Targetscan, and by Mass Spec analysis. (D) Heatmap of
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differentially expressed proteins after circRBMS3 knockdown. (E) EIF4B and YRDC expression levels were
higher in human OS than in chondroma tissue examined by T test. Data represent the mean ± SD (n  = 
12). (F) EIF4B and YRDC expression levels were higher in human OS than in chondroma tissue.
Representative images are shown. (G) Kaplan-Meier survival analysis of EIF4B and YRDC low and high
sarcoma patients (log rank test). (H) Schematic illustration showing complementarity to the miR-424
seed sequence in the 3′-UTR of EIF4B and YRDC. Lowercase letters indicate mutated nucleotides. (I) 293T
cells were co-transfected with pre-miR-424 and luciferase reporter constructs containing wild-type (WT) or
mutated EIF4B and YRDC 3′-UTRs. Data represent the mean ± SD (n  =  3). * P < 0.05. (J-L) MiR-424
overexpression reduced EIF4B and YRDC (J, K) protein and (L) mRNA levels while miR-424 inhibition
increased EIF4B and YRDC (J, K) protein and (L) mRNA levels. Cells were transfected with NC or miR-424
mimic/inhibitor, and mRNA or protein levels evaluated. Protein expression was evaluated by western blot
and immuno�uorescence; mRNA levels were evaluated by RT-qPCR. Data represent the mean ± SD (n  =  
3). * P < 0.05. Scale bars = 50 μm.
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Figure 6

EIF4B and YRDC inhibit the migration and invasion of OS cells in vitro. (A) SiRNA-mediated EIF4B and
YRDC knockdown suppressed OS cell proliferation, as determined in the CCK-8 assay. Data represent the
mean ± SD (n = 6). (B) EIF4B and YRDC knockdown suppressed cell growth, as determined by the colony
formation assay (details are shown in the insets). Error bars represent the mean ± SD of 3 independent
experiments. * P < 0.05. (C) HOS and 143B cells were transfected with EIF4B or YRDC siRNA, followed by
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Annexin V-FITC/PI staining. The percentage of apoptotic cells is shown as the mean ± SD from the 3
independent experiments. * P < 0.05, signi�cantly different compared with the vector group. (D) The
effect of EIF4B or YRDC siRNA on cell migration capability was evaluated by a wound-healing assay
using HOS and 143B cells. Data are mean ± SD, n = 3. * P < 0.05. Scale bar, 200 μm. (E) EIF4B or YRDC
knockdown suppresses cell migration and invasion abilities of HOS and 143B cells, as evaluated by
Transwell migration and Matrigel invasion assays. Data represent the mean ± SD (n  =  3). * P < 0.05.
Scale bar, 200 μm.



Page 35/37

Figure 7

Knockdown of miR-424 reverses shcircRBMS3-induced attenuation of cell proliferation, migration, and
invasion in OS cells. (A) The expression of EIF4B and YRDC in HOS and 143B cells was detected by
western blot analysis. Cells were co-transfected with shcircRBMS3 and miR-424 sponge or control vector.
Data represent the mean ± SD (n  =  3). (B) The mRNA expression of EIF4B and YRDC in HOS and 143B
cells was detected by RT-qPCR analysis. Cells were transfected with control vector and shcircRBMS3 with
or without miR-424 sponge. Data represent the mean ± SD (n  =  3). * P < 0.05 (C) The expression of EIF4B
and YRDC in HOS and 143B cells was detected by immuno�uorescence analysis. Cells were transfected
with control vector and shcircRBMS3, with or without miR-424 sponge. Data represent the mean ± SD (n 
=  3). Scale bars = 50 μm. (D) Proliferation of OS cells transfected with control vector and shcircRBMS3,
with or without miR-424 sponge, was evaluated by the CCK-8 assay. Data represent the mean ± SD of
three independent experiments. (E) miR-424 downregulation rescued the growth inhibition of circRBMS3
knockdown in OS cells, as determined by colony formation assays (details are shown in the insets). Data
represent the mean ± SD (n  =  3). * P < 0.05. (F) Downregulation of both circRBMS3 and miR-424 resulted
in fewer apoptotic cells in OS cells, compared with circRBMS3 inhibition alone. Apoptosis rates were
determined by Annexin V-FITC/PI staining and FACS. Data represent the mean ± SD (n  =  3). * P < 0.05.
(G) The downregulation of circRBMS3 and miR-424 on cell migration capability was evaluated by a
wound-healing assay in HOS and 143B cells. Data represent mean ± SD (n  =  3). * P < 0.05. Scale bar,
200 μm. (H) Effects of circRBMS3 inhibition on cell migration and invasion were eliminated by miR-424
downregulation. Migration and invasion of OS cells transfected with control vector and shcircRBMS3,
with or without miR-424 sponge, were evaluated by the MatrigelTM and transwell invasion assays. Scale
bars = 50 μm. (I) OS cells transfected with control vector and shcircRBMS3 with or without miR-424
sponge were cultured in soft agar for 20 days. Colonies were photographed.
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Figure 8

CircRBMS3 functions as a miR-424 sponge to promote tumorigenesis in vivo (A-B) Nude mice were
injected with 5 × 106 143B stable cells. Four weeks later, tumors were dissected and photographed. (C)
The graph represents tumor volumes (v = ab2/2) at injection with control cells or cells transfected with
circRBMS3 short hairpin (sh)-RNA or co-transfected with circRBMS3 shRNA and miR-424 sponge (n = 6
per group). Data represent the mean ± SD (n = 8). (D) Average tumor weight in each group at the end of
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the experiment. Data represent the mean ± SD (n = 8). * P < 0.05. (E) In vivo imaging of tibia tumor. (F)
Average radiance of orthotopic xenograft nude mice. (G) The limb weight of orthotopic xenograft nude
mice. (H) RT-qPCR analysis of EIF4B and YRDC expression in tumors from xenograft mice. (I and J)
Knockdown e�ciency of circRBMS3 and miR-424 in tumors from orthotopic xenograft nude mice. (K)
Western blot analysis of EIF4B and YRDC in tumors from xenograft mice. (L) Histological analysis of
tumor tissues by hematoxylin and eosin staining. EIF4B and YRDC expression was examined by
immunohistochemistry. Representative images are shown. (M) MicroCT quanti�cation of the speci�c
trabecular bone volume [BV/TV (%)] and the cortical BV (mm3)] were calculated for the tibia of tumor-
bearing mice in the different groups. (N) Schematic illustration of the circRBMS3/miR-424 axis.
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