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INTRODUCTION 
 

Osteosarcoma (OS) has a high incidence in the 

adolescent population, among whom it is the most 

common primary malignant bone sarcoma [1]. 

Recently, there has been a significant improvement in 

the prognosis of OS patients owing to the combination 

of neoadjuvant chemotherapy, advanced diagnostic 
methods, and surgery [2]. Despite such progress, many 

patients still respond poorly to normative drug therapy 

and 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, resulting in a diagnostic and treatment 

“bottleneck.”. Therefore, it is crucial to investigate 

innovative strategies to improve clinical outcomes. 

 

Competing endogenous RNAs (ceRNAs) are critical  

in determining gene expression regulation in many 
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ABSTRACT 
 

Circular RNAs (circRNAs) have been demonstrated to have critical regulatory roles in tumorigenesis. However, the 
contribution of circRNAs to OS (osteosarcoma) remains largely unknown. 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 
fluorescence in situ hybridization were used to evaluate the interaction between circRBMS3 and micro (mi)-R-424-
5p. For in vivo tumorigenesis experiments, Subcutaneous and Orthotopic xenograft OS mouse models were built. 
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 osteosarcoma cells. Mechanistically, we showed that circRBMS3 could regulate eIF4B and YRDC, 
through ‘sponging’ miR-424-5p. Furthermore, knockdown of circRBMS3 inhibited malignant phenotypes and bone 
destruction of OS in vivo. Our results reveal an important role for a novel circRBMS3 in the growth and metastasis 
of malignant tumor cells and offer a fresh perspective on circRNAs in OS progression. 
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malignant tumors. Dysregulation and disruption of 

ceRNA networks have been found to may be 

predominant in tumorigenicity [4]. Circular RNAs 

(CircRNAs), which are remarkably stable, show strong 

evolutionary conservation and high abundance and are 

crucial in regulating gene expression by mimicking 

ceRNAs. Intracellular circRNAs may act as miRNA 

‘sponges’, sequestering miRNA when it binds with 

MREs (microRNA response elements), leading to strong 

inhibition of miRNA activity and, therefore, gene 

expression regulation [5]. Several studies have reported 

the circRNA role as “miRNA sponges”, among which 

CDR1 as or ciRS-7 [6, 7] 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 [8]. 

Although a few preliminary investigations have been 

conducted regarding the circRNAs role in OS [9–11], the 

circ-RNAs overall pathophysiological contributions to 

OS are still non-understood to a large extent. 

 

microRNAs (miRNAs) are 19–25 nucleotides long, 

non-coding RNAs that directly govern target gene 

expression by binding to the 3’-untranslated position of 

target mRNAs. miRNAs modulate various pathological 

processes, including OS progression [12]. Aberrant 

miRNA expression is suggested to be frequent in 

various tumors, exerting several impacts to promote 

and/or inhibit tumorigenesis, development, and 

metastasis [13, 14]. An association between the MiR-

424-5p (miR-424) dysregulation and many malignant 

tumors has been found [15, 16]. However, how 

circRNA regulates miR-424 in OS is still poorly under-

stood. 
 

Herein, we used RNA-sequencing (RNA-seq) to 

compare the circRNAs expression between OS and 

chondroma tissues. We show that a circRNA 

(circRBMS3) originating from the RBMS3 gene 

transcript is upregulated in OS tissue. The circRBMS3 

role in the growth and metastasis of tumors needed to be 

further explored. 

 

RESULTS 
 

circRNA expression patterns in human OS and 

chondroma tissues 
 

From clinical OS and chondroma tissues, we performed 

circRNA deep sequencing of ribosomal RNA-depleted 
total RNA for generating a circRNA-profiling database. 

The RNA sequencing from three human osteoblastic OS 

samples and three chondroma tissues was performed by 

an Illumina Hiseq X Ten. The mapping of the  

obtained reads was to a ribosomal RNA reference 

(Bowtie2, http://bowtie-bio.sourceforge.net/bowtie2/)  

as well as to a reference genome (TopHat2, 

http://ccb.jhu.edu/software/tophat/) [17, 18]. The 

extraction and alignment of twenty bases from either 

end of the unmapped reads were to the reference 

genome in order to identify distinct anchor positions 

inside the splice sites. The alignment Anchor reads in 

the reverse orientation (head-to-tail) demonstrated 

circRNA splicing and were subsequently submitted to 

find_circ (https://omictools.com/find-circ-tool) for the 

circRNAs identification [19]. A candidate circRNA was 

one that was detected if at minimum one of two 

distinctive back-spliced reads from a single sample. 

Identification of 25224 circRNAs was made using  

this method (Supplementary Figure 1A) [20]. The 

annotation of the detected candidates was then 

performed via the RefSeq database [21]. The origination 

of most circRNAs was from protein-coding exons, 

whereas other originated from introns, 5’-UTRs, and 3’-

UTRs (Supplementary Figure 1B). The majority of 

detected circRNAs did not exceed 2000 nucleotides (nt) 

in length (Supplementary Figure 1C). There was a non-

significant variation in the chromosomal distribution of 

detected circRNAs between the OS and chondroma 

group, whereas there was a downregulation in the 

circRNAs total expression in the OS group 

(Supplementary Figure 1D, 1E). Analysis of circRNAs 

numbers from host genes demonstrated the ability of 

one gene for multiple circRNAs productions 

(Supplementary Figure 1F), which accords with prior 

findings [22]. The circRNAs abundance within a single 

gene locus (n¼3,687) was investigated. The thick line 

indicates the median, while the ends of the boxes 

represent the 25th and 75th centiles, as well as the bars 

represent the 5th and 95th centiles (Supplementary 

Figure 1G). This finding indicated the frequently most 

abundantly expressed circRNA isoform from one gene 

location. The OS and chondroma groups displayed 

differential circRNA expression patterns (Figure 1A). 

Next, the further selection was performed. The 

identification of the 214 circRNAs differentially 

expressed in OS and chondroma was performed by 

RNA-seq mapping to the reference genome (hg38, 

human genome), with | log2FC(OS/chondroma) | >1, 

among which 183 circRNAs showed significant 

overexpression and 31 circRNAs showed significant 

downregulation. Then, we listed the top 15 significantly 

upregulated circRNAs in OS and chondroma with 

log2FC(OS/chondroma) >1 and mean chondroma value 

> 0 (Supplementary Table 1). We focused on candidates 

with the most significant differential expression 
between OS and chondroma groups, then matched them 

with circbase (http://www.circbase.org/. Among these 

specific candidates, novel_circ_0064644, listed in the 

http://bowtie-bio.sourceforge.net/bowtie2/
http://ccb.jhu.edu/software/tophat/
https://omictools.com/find-circ-tool
http://www.circbase.org/
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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 
amplified 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 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). * P < 0.05. 
(F) CircRBMS3 expression was higher in human OS than in chondroma tissue. Representative images are shown (400 × magnification).  
(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, 
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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 fluorescence 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-specific 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. 
 

top three upregulated circRNAs in OS, formed by  

exon 7 circularizing to exon 10 of RBMS3, attracted our 

attention. 

 

Identification of circRBMS3 as a circRNA 

 

To verify that exons 7 to 10 of RBMS3 form an 

endogenous circRNA, convergent as well as divergent 

primers were constructed to specifically amplify the 

RBMS3 canonical or back-spliced forms (Figure 1B). 

Employing cDNA and genomic DNA (gDNA) as 

templates from HOS and 143B cell lines, only by  

using divergent primers was possible to make the 

circRBMS3 amplification, and there was no sign of  

an amplification product coming from the gDNA 

(Figure 1B). Performing RT-qPCR further confirmed 

the circRBMS3 resistance to RNase R, while RBMS3 

mRNA levels showed significant reduction following 

RNase R treatment (Figure 1C). 

 

To find out the circRBMS3 role in OS development, 

the circRBMS3 expression level was assessed 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) and as 

consistent with the RNA-seq analysis, we observed an 

elevated circRBMS3 expression in OS than in 

chondroma tissues or normal cells (Figure 1D–1F). We 

then performed Sanger sequencing to confirm the 

circRBMS3 junction (Figure 1G). Endogenous 

circRBMS3 was further revealed by a junction-specific 

probe in northern blotting (Figure 1H). To establish the 

circRBMS3 cellular localization, we performed 

fluorescence in situ hybridization (FISH) analysis. The 

junction probe revealed high cytoplasmic circRBMS3 

expression in HOS cells. Additionally, qPCR analysis 

from different cell fractions verified the circRBMS3 

predominant localization within the cytoplasm  

(Figure 1I, lower panel). 

 

The expression of circRBMS3 in OS can be regulated 

by ADAR1 

 

RBMS3 is a novel candidate gene for suppressing tumors 

as in esophageal squamous cell carcinoma (ESCC) [23], 

breast cancer [24], nasopharyngeal cancer (NPC)  

[25], and lung squamous cell carcinoma (LSCC) [26]. 

Although the significant overexpression of circRBMS3 

in OS cell lines, the RBMS3 protein levels were 

downregulated (Figure 2I), suggesting that the elevated 

circRBMS3 expression 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 (Figure 1J). As RNA-

binding proteins could govern circRNAs [27] post-

transcriptionally, we suggested that circRBMS3, but  

not RBMS3 mRNA, is governed by specific RNA-

binding proteins post-transcriptionally during human  

OS development. For validating our hypothesis, the 

circRBMS3 expression was measured in OS cell lines 

following the individual knockdown of all two human 

RNA-binding proteins [28–30] reported governing the 

circRNAs biogenesis broadly, including adenosine 

deaminase 1 acting on RNA (ADAR1) and DExH-Box 

Helicase 9 (DHX9). Among these two RNA-binding 

proteins, DHX9 is essential in OS development [31–33]. 

After knocking down ADAR1(p110) but not DHX9, 

circRBMS3 was upregulated, while RBMS3 mRNA  

did not show significant changes (Figure 1K). Notably, 

mRNA and protein levels of ADAR1 showed 

downregulation in OS cell lines (Figure 1L). Together, 

the downregulation of ADAR1 in human OS is at  

least partially responsible for the overexpression of 

circRBMS3. 

 

Effects of circRBMS3 on OS cell lines 

 

For further exploration of the circRBMS3 biological 

functions, we introduced two circRBMS3-knockdown 

short interfering (si)-RNAs to target the circRBMS3 

junction sites into HOS and 143B OS cells.  

The circRBMS3 expression showed significant 

downregulation in siRNA-transfected cells (Figure 2A). 

Meanwhile, the RBMS3 mRNA expression showed no 

significant change (Figure 2B). The capabilities of HOS 

and 143B cells to proliferate and form colonies 

decreased upon circRBMS3 inhibition (Figure 2C, 2D). 

The influence of circRBMS3 knockdown on OS cells 
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Figure 2. Knockdown of circRBMS3 inhibits the migration and invasion of OS cell lines in vitro. (A, 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 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, significantly 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 Matrigel™ 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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apoptosis rate was determined via the Flow cytometric 

analysis. Notably, inhibition of circRBMS3 augmented 

cellular apoptosis (Figure 2E). 

 

Furthermore, circRBMS3 knockdown in HOS and 143B 

cells led to overexpression of Bax and cleaved-

caspase3, while the downregulation of Bcl2 was 

indicated by western blot (Supplementary Figure 2A). 

Consistent with this, a wound-healing assay revealed 

significant suppression of cell migration in HOS  

and 143B cells following circRBMS3 knockdown 

(Figure 2F). Moreover, inhibition of circRBMS3 also 

led to the downregulation of migration and invasion of 

OS cell lines in transwell migration and Matrigel 

invasion assays (Figure 2G). CircRBMS3 knockdown 

in HOS and 143B cells also decreased E-cadherein, N-

cadherein, vemitin, snail, and slug expression indicated 

by western blot (Supplementary Figure 2B). We also 

found that transfecting circRBMS3 siRNA did not 

affect the RBMS3 protein level (Figure 2H). 

Knockdown of circRBMS3 did not alter total protein 

levels (Figure 2I) or the interaction of RBMS3 with its 

partners (Figure 2J). The above findings revealed the 

circRBMS3 involvement in growth, migration, and 

invasion of the tumor cells in vitro. 

 

Molecular mechanism of circRBMS3 in OS 

 

CircRNA acts as a sponge for miRNA in malignant 

cells [6, 7]. Depending on freely available AGO2 

immunoprecipitation data, such as high-throughput 

sequencing from doRiNA, we carried out an analysis 

based on the circRBMS3 abundance in the cytoplasm. 

We observed a great level of AGO2 occupancy in the 

circRBMS3 region, which is substantially conserved in 

many vertebrate species (Supplementary Figure 3A). for 

the verification of this, an RNA immunoprecipitation 

for AGO2 in 143B cells was performed, revealing that 

endogenous circRBMS3 pulled-down from AGO2 

antibodies was specifically enhanced by RT-qPCR 

analysis in contrast with circRBMS3 knockdown cells 

(Figure 3A). To validate the circRBMS3 aggregation 

ability regarding miRNAs in OS cells, we choose 11 

candidate miRNAs by overlapping the anticipated 

findings of miRNA recognition elements in the 

circRBMS3 sequence by miRanda (Score Threshold > 

140), Targetscan (at least 6mer binding site), and 

RNAhybrid (Figure 3B). After that, we looked at 

whether or not circRBMS3 was capable of directly 

binding these candidate miRNAs. The design and 

verification of a biotin-labeled circRBMS3 probe were 

performed in OS cell lines, and the pull-down efficiency 

was established (Figure 3C, 3D and Supplementary 
Figure 3B). The miRNAs extraction followed the pull-

down assay, and the RT-qPCR determined the levels of 

11 candidate miRNAs. As Figure 3E illustrates, the 

miR-15a/497/424 cluster was the only one abundantly 

pulled down by circRBMS3 in HOS and 143B cells. 

Because circRBMS3 contained miR-15a/497/424 

binding sites (Figure 3F), we transfected miR-

15a/497/424 mimics into HEK-293T cells and noticed 

the insertion of the circRBMS3 binding sequence in the 

3’ untranslated regions (3’-UTR) downregulated 

luciferase activity (Figure 3G). Compared with controls, 

miR-424 lowered luciferase activity to the maximum 

degree (~45%) (Figure 3G). We then mutated the 

binding sites, and the 3 miRNAs transfection showed no 

significant impact on luciferase activity when the 

appropriate target locations in the luciferase reporter 

were mutated (Figure 3G). We then chose miR-424 for 

further investigation. FISH assays demonstrated the 

circRBMS3 interaction with miR-424 in OS cells 

cytoplasm (Figure 3H). These findings assumed the 

circRBMS3 sponge functions for miR-424. 

 

miR-424 suppresses OS cell migration, invasion, and 

proliferation in vitro 

 

By performing qPCR and FISH, miR-424 downregulation 

was observed in human OS samples than in chondroma 

tissues (Figure 4A, 4B). MiR-424 was also reduced in 

OS cells than in hFOB1.19 cells (Figure 4C). We then 

investigated whether miR-424 has a tumor repressor role 

during OS cell proliferation. Pre-miR-424 or miR-424 

sponges were transfected into HOS and 143B cell lines, 

as well as the control vector. The RT-qPCR verified 

miR-424 expression (Supplementary Figure 3C). CCK-8 

and colony formation assay findings indicated the miR-

424 overexpression in OS cells caused significant 

inhibition of cell proliferation (Figure 4D, 4E). Contrary, 

the proliferation rates of OS cells transfected with the 

miR-424 sponge showed more significant elevation than 

those transfected with the control vector (Figure 4D). 

The miR-424 ectopic expression caused a significant rise 

in the apoptosis rate 48 h after transfection of miR-424 

mimics (Figure 4F). the wound healing assay (Figure 4G) 

and Transwell assay (Figure 4H) revealed the miR-424 

upregulation reduced OS cells migration and invasion. 

The above findings confirmed that miR-424 decreased 

OS cells proliferation, migration, and invasion. 

 

EIF4B and YRDC are direct targets of miR-424 

 

Bioinformatics analysis was conducted to search for 

possible regulatory targets of miR-424. We got 1287 

potential targets of miR-424 from Targetscan 

(https://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 chose 5 candidate 

genes by overlapping the anticipated findings of  

gene recognition elements using mRNA sequencing, 

https://www.targetscan.org/
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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 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. (D) Pre-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). (E) 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. (F) 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, significantly different compared with the vector group. (G) 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. (H) 
Cell migration and invasion of HOS and 143B cells, transfected with pre-miR-424 or vector, were evaluated by transwell migration and 
Matrigel™ invasion assays. Data represent mean ± SD (n  =  3). * P < 0.05. Scale bar, 200 μm. 



www.aging-us.com 1572 AGING 

Targetscan, and Mass Spec analysis (Figure 5A–5D and 

Supplementary Figure 4A–4H). Among these genes, 

EIF4B and YRDC, whose inhibition leads to the highest 

apoptosis rates in OS, were selected as targets for further 

analysis (Supplementary Figures 4I, 4J). RT-qPCR and 

immunohistochemistry demonstrated the overexpression 

of EIF4B and YRDC in OS tissues compared to 

chondroma tissues (Figure 5E, 5F). Kaplan-Meier 

survival curves from the TCGA sarcoma dataset 

demonstrated that increased expression patients (cut-off 

by the median gene expression value) of EIF4B or YRDC 

had a lower 10-year overall survival rate (Figure 5G). 

 

To verify whether EIF4B and YRDC are direct targets 

of miR-424, we designate 3’UTR sensors along with 

co-transfected HEK-293T cells with miR-424 mimic 

or NC (negative control). A reduction in luciferase 

activity of EIF4B and YRDC 3’ UTR was noticed in 

the miR-424 presence (Figures 5H, 5I). For verifying 

target specificity, we produced mutant variants of  

the EIF4B and YRDC 3’-UTR, where the miR-424-

binding site was eliminated (Figure 5H). Co-

transfection of miR-424 mimics alongside the mutant 

structure prevented the reduction in wild-type 3’-UTR 

luciferase activity, suggesting that miR-424 regulates 

EIF4B and YRDC expression in a particular manner 

(Figure 5I). 

 

To determine if miR-424 could influence the eIF4B and 

YRDC expressions, HOS and 143B cells were 

transfected with miR-424 mimics, suppressors, or 

respective controls. The results of immunofluorescence 

(Figure 5J) and western blotting analyses (Figure 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, 

there was a similar downregulation in mRNA and 

protein levels of eIF4B and YRDC (Figure 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 significant reduction in 

proliferation after inhibition of eIF4B and YRDC 

expression (*P < 0.05; Figure 6A, 6B). Furthermore, the 

knockdown of eIF4B and YRDC clearly induced higher 

levels of apoptosis (Figure 6C, *P < 0.05). In addition, 

the wound healing (Figure 6D) and transwell assays 

(Figure 6E) revealed the inhibition of eIF4B and YRDC 
reduced tumor cells migration and invasion. The above 

findings suggest 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 the miR-424 sponge and the 

circRBMS3 knockdown constructs into OS cells. There 

was a significant overexpression in protein and mRNA of 

eIF4B and YRDC in OS cells co-transfected with 

shcircRBMS3 plasmid and the miR-424 sponge than in 

cells transfected with shcircRBMS3 alone (Figure 7A, 

7B). Immunofluorescence investigation verified the 

overexpression of eIF4B and YRDC in 143B and HOS 

cells transfected with shcircRBMS3 and a miR-424 

sponge contrasted to shcircRBMS3 alone (Figure 7C). 

The miR-424 and circRBMS3 knockdown caused a more 

elevated growth rate than the circRBMS3 suppression 

group (Figure 7D). The miR-424 and circRBMS3 

downregulation enhanced colony formation more than 

cells transfected with shcircRBMS3 alone (*P < 0.05 for 

both; Figure 7E). Furthermore, apoptotic cell numbers 

were decreased after treatment with miR-424 sponge and 

shcircRBMS3 in co-transfected cells compared with 

shcircRBMS3 transfected cells (Figure 7F). Furthermore, 

wound healing assays (Figure 7G) and transwell 

Matrigel™ invasion experiments (Figure 7H) revealed 

the enhancement to invasion and migration capabilities 

caused by OS cells co-transfected with the miR-424 

sponge and shcircRBMS3 expression constructs when 

compared to shcircRBMS3-transfected cells. Strikingly, 

we observed that inhibition of miR-424 in OS cells 

significantly strengthened the anchorage-independent 

growth ability of circRBMS3 knockdown cells  

(Figure 7I). The findings mentioned above suggested 

that circRBMS3 increases cell migration, invasion, and 

proliferation through sponging miR-424 and then 

stimulates the expression of EIF4B and YRDC in vitro. 

 

circRBMS3 functions as a miR-424 sponge to 

promote tumorigenesis in vivo 

 

To explore the circRBMS3 and miR-424 effects in vivo, 

nude mice followed injection subcutaneously for  

35 days with 143B cells transfected with circRBMS3-

deficient, miR-424 sponge, or vector, and then tumor 

volumes were measured. Cells lacking miR-424 and 

circRBMS3 showed a higher tumor growth rate  

when compared to circRBMS3-deficient stable cells 

(Figure 8A, 8B). Similarly, co-expression of miR-424 

inhibition and circRBMS3 knockdown constructs 

rescued the volume of 143B-derived tumors in vivo 

(Figure 8C), compared with the circRBMS3-deficient 

group alone. We observed the same findings for mean 

tumor wet weight across all 3 groups (Figure 8D). 
 

For further evaluation of the circRBMS3 antitumor 

influence in vivo, we designated an orthotopic OS 
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Figure 5. EIF4B and YRDC are direct targets of miR-424. (A) Volcano plots of protein profiles. 143B Cells were transfected with 

shcircRBMS3, followed by protein profiles, with 3 repeats for each sample. (B) KEGG analysis of protein profiles. 143B cells were transfected 
with shcircRBMS3, followed by protein profiles, 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 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 immunofluorescence; 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 Annexin V-FITC/PI 
staining. The percentage of apoptotic cells is shown as the mean ± SD from the 3 independent experiments. * P < 0.05, significantly 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. 
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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 
immunofluorescence 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 
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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 Matrigel™ 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. 

 

model by injecting 143B cells intra-tibial. The mice 

followed intra-tibial injection with circRBMS3-

deficient, miR-424 sponge, or stable vector cells. As 

indicated in Figures 8E, 8F, in vivo imaging data 

demonstrated the growth inhibition of in situ tumors by 

the circRBMS3, while mice with tumors lacking both 

miR-424 and circRBMS3 had a higher tumor size and 

posterior limb weight (Figure 8G). 

 

The circRBMS3 and two target genes relationship was 

then assessed in vivo. CircRBMS3 knockdown caused 

downregulation of the eIF4B and YRDC mRNA levels 

(Figure 8H). This corresponded to a reduction of eIF4B 

and YRDC expression, as determined by western blot 

(Figure 8K). Moreover, inhibition of both miR-424 and 

circRBMS3 rescued these effects (Figure 8H–8K). As 

shown in Figure 8L, circRBMS3 knockdown in tumor 

tissues resulted in a significant overexpression 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, the circRBMS3 impact on the bone 

microarchitecture of the tumor-bearing tibia was 

investigated by micro-computed tomography (CT) in 
vivo. As a result, circRBMS3 knockdown significantly 

reduced bone destruction (Figure 8M). The trabecular 

bone volume (BV/TV; from 0.013 to 0.208) was 

significantly improved after circRBMS3 knockdown 

(Figure 8M). Similar tendency was noticed for the BV 

(12.3 mm3 in the control group compared to 21.3 mm3 

in the treated group), while miR-424 inhibition rescued 

these effects (Figure 8M). The abovementioned findings 

suggested that the circRBMS3 sponge role for miR-424 

and that miR-424 governs the circRBMS3 tumorigenic 

function in vivo (Figure 8N). 

 

DISCUSSION 
 

circRNAs are a new family of persistent and widespread 

endogenous RNAs governing mammalian gene 

expression [34]. Compared to linear RNA, circRNAs 

have more stability and resistance to RNA exonuclease 

or RNase due to their covalently-closed loop structures 

[35]. CircRNAs may be crucial in several malignancies, 

such as gastric and lung cancer, hepatocellular and colon 

carcinoma, sarcoma, and leukemia [36]. Due to the cell 

type and the specific features of the developmental 

stage, circRNAs may be vital in OS progression, 

offering novel therapeutic targets for OS treatment. 

 

The differentially expressed circRNAs between OS and 

chondroma tissues were screened by RNA-seq, focusing 

on the function as well as the mechanism behind 

circRBMS3 overexpression in OS progression. RBMS3 

(known as RNA binding motif), an interacting protein 3 

with a single strand, belongs to the MSSP protein 

family. RBMS3 is widely expressed from embryonic 

stages through to adulthood and can promote fibrosis of 

the liver and participate in the formation of cartilage. 

RBMS3 is considered a novel malignancies inhibitor 

gene, including in breast cancer, esophageal squamous 

cell carcinoma, and nasopharyngeal carcinoma [23–26], 

thus attracting widespread attention. In particular, the 

level of RBMS3 in OS has not been investigated. Our 

research found a significant overexpression in the 

circRBMS3 levels in OS, while a downregulation in 

mRNA together with protein levels of RBMS3. In 

addition, in vitro, functional assays demonstrated the 

knockdown of circRBMS3 could enhance OS cell 

apoptosis and inhibit OS cell proliferation, invasion, 

and migration. Based on past research, we confirmed 

that ADAR1 could downregulate the formation of 

circRBMS3 but have no effects on the mRNA. 

 

We demonstrated the upstream signal of circRBMS3  

and further investigated the downstream effectors of 

circRBMS3. In comparison to circRNAs, miRNAs are 

hugely well-studied. Dysregulation of miRNA has been 

identified to have a close association with tumorigenesis. 

Generally, miRNAs decrease mRNA translation when 

they bind to the 3’-UTR of target genes [37], and they 

are also crucial in OS progression and metastasis [38]. 

Notably, circRNAs mainly function as miRNA sponges, 

leading to miRNA function loss and elevated their 

endogenous targets levels [39]. CeRNA networks are 

complicated, and the interactions between circRNAs and 

miRNAs have already been implicated as playing 

essential roles in a variety of cancers. An important 

example is CDR1 as a unique circRNA, for which 

exceeding 70 binding sites of miR-7 have been 
identified. CDR1as thus has an enormous capability to 

suppress miR-7 activity [19]. Another circRNA, termed 

circHIPK3, derived from exon 2 of HIPK3, serves as 

miR-558 and miR-124 sponge [40]. We screened 



www.aging-us.com 1577 AGING 

 
 

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 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, J) 
Knockdown efficiency 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 quantification of the specific 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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multiple anticipated binding miRNAs via bioinformatics 

analysis, confirming the miR-424 ability to bind with 

circRBMS3 via a biotin-coupled probe pull down assay. 

MiR-424 is reported to be a tumor inhibitor in multiple 

cancers [41–43]. MiR-424 suppresses the progression of 

OS by directly targeting YRDC and eIF4B in OS, as 

demonstrated by our functional investigations and 

luciferase reporter assay. 

 

Consequently, we reveal a novel regulatory axis created 

byADAR1-circRBMS3-miR-424-YRDC/eIF4B in OS. 

Taken together, we are able to confirm the circRBMS3 

regulatory function and its sponging influence on 

miRNAs in OS depending on functional and molecular 

analyses. These findings are in full accordance with our 

hypothesis that circRBMS3 protects YRDC/eIF4B and 

promotes OS progression by sponging tumor-suppressive 

miRNAs. 

 

RNA binding protein is a tumor suppressor gene 

inhibiting various tumor progression, including 

glioblastoma, oral squamous cell carcinoma, gastric 

cancer, astrocytic glioma, and colon cancer [44, 45]. In 

eukaryotes, RNA editing is an essential post-

transcriptional RNA mechanism generating RNA and 

protein diversity. A typical form of RNA editing is 

adenosine-to-inosine editing, which is dependent on 

RNA-acting members of the adenosine deaminase 

family (ADARs). In mammals, ADAR1 exists in many 

tissues, can edit non-coding RNAs, influences their 

biogenesis, and modify their target gene specificity. 

ADAR1 affects various biological processes, including 

miRNA processing [46], forming protein–protein 

complexes [47], and influencing gene expression [48]. 

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 [49]. However, the ADAR1 function in 

malignancies is still unobvious. The ADAR1 

expression and role in the human OS have never been 

mentioned before. We discovered the significant 

downregulation of ADAR1 in mRNA and protein 

levels in OS cells, besides the ADAR1 inhibition 

ability on the circRBMS3 expression levels, assumed 

its tumor-suppressive function in OS. Nevertheless, 

ADAR1 obviously edits other circRNAs or lncRNAS 

in OS progression. Therefore, the function of ADAR1 

requires further exploration. Nuclear RNA helicase 

DHX9 is widely distributed and mostly attaches to 

inverted-repeat Alu elements, suppressing circRNAs 

production when it binds to their flanking inverted 

complementary sequences and inhibits their pairing 

[31]. DHX9 is essential in OS development [31–33]; 
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 vital in ribosomal scanning via structured 

mRNA leaders [50, 51], has been shown its involvement 

in translating several proliferative or anti-apoptotic 

mRNAs with highly structured 5’ UTRs and thereby 

influences cell growth and survival [52]. Abnormal 

eIF4B levels or phosphorylation are closely related to 

various tumors, including breast cancer, leukemia, 

Kaposi’s sarcoma, and lymphoma [53–55]. 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 [56]. Nevertheless, we do 

not know much about 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 specific 

siRNAs. We found that either si-YRDC or si-eIF4B 

could lead to suppressive effects on OS cell proliferation 

and migration. Furthermore, a luciferase reporter assay, 

immunofluorescence (IF), western blotting (WB), or RT-

qPCR experiments were employed to validate further 

that YRDC and EIF4B are direct miR-424 targets. 

 

In conclusion, the current study investigates the 

regulatory function of a newly-found circRBMS3 

(hsa_circ_0064644) that is overexpressed in human OS 

as well as can efficacy sponge miR-424 to enhance 

YRDC/eIF4B expression. Through the circRBMS3- 

miR-424-YRDC/eIF4B axis, circRBMS3 performed 

specific regulatory roles affecting the tumorigenesis of 

OS. In this study, although miR-424 significantly 

inhibited OS cell migration and invasion, the miR-424 

sponge could only partially reverse the effects induced 

by circRBMS3 knockdown in in vivo study. However, 

CircRBMS3-miR-424-YRDC/eIF4B axis is actually 

essential in OS proliferation and invasion. Hence, it is 

reasonable to assume that other genes or regulatory 

pathways may participate in the roles of circRBMS3 in 

OS tumorigenesis. CircRBMS3 might serve as a new 

biomarker regarding poor prognosis in OS. Furthermore, 

the circRBMS3- miR-424-YRDC/eIF4B axis is a new 

signaling pathway with the potential treat OS patients. 

Our study also provides novel evidence to suggest that 

circRNAs act as “microRNA sponges”, offering a new 

OS treatment. 

 

CONCLUSIONS 
 

Our results reveal an essential role for a novel 

circRBMS3 in OS cell growth and metastasis, 

providing a fresh point of view on circRNAs in the 

progression of OS. Mechanistically, our in vitro as well 

as in vivo experiments revealed the CircRBMS3 role as 

a ceRNA for miR-424 and governed the EIF4B and 

YRDC expression in OS progression. Thus, the critical 

role of circRBMS3-miR-424-eIF4B/YRDC axis may 
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appear to be a new diagnostic and therapeutic target  

for OS. 

 

MATERIALS AND METHODS 
 

Cell culture and transfection 

 

DMEM-F12 medium (Gibco) was used for the Human 

fetal osteoblasts hFOB1.19 culture. RPMI 1640 medium 

(Gibco) with 10% fetal bovine serum (FBS) (Gibco) 

and antibiotics (100 IU/mL penicillin as well as 100 

lg/mL streptomycin) was utilized for the Human OS cell 

lines HOS and 143B culture that followed standard 

techniques in an incubator with humidity and 5% (v/v) 

CO2. 

 

Analysis of circRNA expression profile 

 

Between 2016 and 2018, at the Department of 

Orthopaedic Surgery of The Second Affiliated Hospital 

of Zhejiang University (Hangzhou, China) and Sir Run 

Run Shaw Hospital, Medical College of Zhejiang 

University (Hangzhou, China) with permission from the 

Ethics Committee, respectively, our group obtained 12 

osteoblastic OS (IIB stage) and 12 chondroma tissues 

from patients and then analyzed them via the circRNAs 

chips. Kang Chen Biotech, Shanghai, China, hybridized 

the microarray and collected data. On the bias of 

circRNAs expressing values, we performed the top five 

overexpressed and downregulated circRNAs with their 

hierarchical clustering assessment via the Cluster and 

TreeView program. 

 

Cell culture 
 

The purchase of hFOB1.19, human OS, HOS, and 143B 

cell lines were from FuHeng Cell Center (Shanghai, 

China). ShangHai Biowing Applied Biotechnology Co. 

Ltd authenticated the OS cell lines, based on STR 

profiling analysis in accordance with the ATCC 

Standards Organization's Capes-Davis description and 

the ANSI Standard (ASN-0002). The Venor GeM 

Mycoplasma Detection Kit (Minerva Biolabs, Berlin, 

Germany) was used for the mycoplasma testing. 

Detailed tissue culture 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) performed the total RNA 

extraction from OS tissues and cells. The divergent 

primer performed CircRNAs amplification, and the 

RNase R was utilized for linear RNA degradation. The 

prime Script RT reagent Kit (TaKaRa) together with 

SYBR Premix Ex Taq II (TaKaRa) carried out  

the QRT-PCR analysis on both CircRNAs and  

mRNA. As a control, β-actin was used. Regarding 

miR-424 assessment, the treatment of miRNA with 

DNase I was performed for genomic DNA elimination, 

while Mir-X miR First-Strand Synthesis Kit (TaKaRa) 

performed cDNA synthesis with U6 as a standard 

internal control. A thrice replication was done to every 

sample, and the Ct values comparison performed the 

data analysis. 

 

Cell proliferation and cloning formation assays 

 

For the cell proliferation assay, 96-well plates were 

seeded with 2,000 transfected cells/well. At 0, 24, 48, 

72, and 96 h following seeding, the cell counting kit-8 

(CCK-8) system (Dojindo, Japan) performed the cell 

viability measurement per the protocols. The 10 μl 

CCK-8 solution addition into every well was followed 

by a 37° C incubation of the plate for one hour in 

darkness. Moreover, a microplate reader (Tecan, 

Switzerland) measured the absorbance at 450 nm for 

every well. 

 

For the colony formation assay, the seeding of 400 

transfected OS cells took place onto 6-well plates. 

Following 2-week incubation, the cells underwent 

fixation and staining with methanol as well as 0.1% 

crystal violet, respectively. Then we got images for the 

colonies and counted them. 

 

Ago2-binding sites from CLIP data sets 

 

The online cross-linking immunoprecipitation (CLIP) 

data sets comprising Ago2 HITS-CLIP as well as 

PAR-CLIP data from several lymphoma cells  

along with HEK-293 cells. The download of the 

available data sets was from doRiNA (an RNA 

interactions database in post-transcriptional regulation, 

http://dorina.mdc-berlin.de/regulators), and the Ago2-

binding sites of circRBMS3 genomic region were 

acquired. 

 

Subcutaneous and orthotopic xenograft OS mouse 

models 

 

Nude mice (nu/nu, male aged 3-4 weeks) followed 

subcutaneous or tibial medullary cavity injection of 5  × 

106 143B stable cells. This formula: volume (ml3) = 

ab2/2, was used for tumor volumes calculation where (a) 

is for length and (b) for width. After a Five-weeks 

injection followed by mice euthanize, tumors were 

harvested, measured, weighed, and then underwent 4% 
paraformaldehyde fixation. Each group's wet tumor 

weight was calculated as the mean weight ± standard 

deviation (SD). 

http://dorina.mdc-berlin.de/regulators
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MicroCT analysis 

 

A high-resolution microcomputed tomography (Skyscan 

1076) was used for scanning the tibias at 50 kV and 200 

mA with a 0.5 mm aluminum filter. Moreover, every 

0.6° during 180° of rotation, images were captured, and 

Skyscan software performed their analysis. 

Quantification of trabecular structures was performed 

across a length of one mm beginning 0.2 mm below the 

growth plate. Bone volume (BV)/tumor volume (TV) 

and bone volume (BV) of cortical bones were assessed. 

 

RNA immunoprecipitation 

 

Utilizing the magna RIP RNA-Binding Protein 

Immunoprecipitation Kit (Millipore, Bedford, MA, 

USA), we carried out the Ago-RIP assay in HOS cells. 

The circRBMS3 siRNAs and sicontrol transfection into 

HOS was done first. The sedimentation and resuspension 

of about 1 × 107 cells were with an equivalent RIP Lysis 

Buffer pellet volume with a protease blocker cocktail as 

well as RNase blockers. After incubating cell lysates 

(200 µl) with 5 µg of anti-Ago2 antibody (Millipore, 

Billerica, MA, USA) or control rabbit IgG-coated beads, 

the mixture was then rotated at 4° C overnight. Following 

treatment with proteinase K buffer, RNeasy MinElute 

Cleanup Kit (Qiagen, Duesseldorf, Germany) performed 

the immunoprecipitated RNAs extraction, while the 

reverse transcription was by Prime- Script RT Master 

Mix (TaKaRa, Tokyo, Japan). The RT–qPCR assay 

detected the circRBMS3 abundance. 

 

Luciferase reporter assay 

 

The seeding of HEK293T cells took place into 96-well 

plates and underwent culture to 50–70% confluence 

prior to transfection. For circRBMS3 and miR-424, 600 

ng plasmids of circRBMS3-wt and circRBMS3-mut, 20 

nmol miR-424 and N.C. were transfected. Following 

incubation for 48 hours, the detection of firefly and 

Renilla luciferase activities was conducted by the 

Promega Dual-Luciferase system. For providing an 

internal reference, firefly luciferase activities were 

evaluated with a 100 ml Luciferase Assay Reagent II 

(LAR II) (Luciferase Assay Reagent, Promega), and 

then 20 ml lysis buffer, moreover 100 ml Stop and 

Glo® Reagent (Luciferase Assay Reagent, Promega) 

was utilized for evaluating Renilla luciferase activities. 

Calculation of the difference between a firefly and 

Renilla luciferase activities was to evaluate relative 

luciferase activity. 

 

Cell apoptosis assays 
 

For detecting cell apoptosis, an annexin V-FITC/PI 

apoptosis kit (BD Biosciences, San Jose, USA) 

performed the staining, and flow cytometry analyzed 

them. In each experiment, a comparison between early 

and late apoptotic cell ratio and the obtained values 

from the controls was performed. 

 

Western blot 

 

Utilizing the radioimmunoprecipitation assay buffer 

(RIPA, Beyotime, China) together with bicinchoninic 

acid (BCA) analysis (Beyotime, China), the cell lysis 

and protein harvesting, and quantification were 

performed, respectively. The separation of extracted 

proteins was by 10% SDS-PAGE, and the transfer was 

to polyvinylidene fluoride (PVDF) membranes (Sigma-

Aldrich, USA). Following being incubated with high-

affinity antibodies, including anti-eIF4B (1:1000) 

(Abcam), anti-YRDC (1:1000) (Abcam), and anti-

GAPDH (1:2000) (Cell Signaling Technology, USA), 

other membranes incubation with a secondary antibody 

(1:5000, Cell Signaling Technology, USA) took place. 

Upon washing, the signal detections were performed by 

a chemiluminescence system (Bio-Rad, USA), followed 

by their analysis via Image Lab Software. 

 

Northern blot  

 

The Northern blot analysis was conducted using 

Northern blot kit (Ambion, USA). The denature of 

almost total RNAs (30 μg) of OS cells was within 

formaldehyde and then underwent 1% agarose–

formaldehyde gel electrophoresis. Then followed by an 

RNAs transfer to a Hybond-N + nylonmembrane 

(Beyotime, China) and hybridization using biotin-

labeled DNA probes. A biotin chromogenic detection 

kit (Thermo Scientific, USA) helped in the detection of 

bound RNAs. The membranes underwent exposure and 

analysis via Image Lab software (Bio-Rad, USA). 

 

RNA in situ hybridization 

 

RNA in situ hybridization:  MiR-424 probe labeled by 

Cy3 and CircRBMS3 probe labeled by Alexa Fluor 488 

were produced by RiboBio technology (Guangzhou, 

China). RNA FISH staining was performed according  

to manufacturer’s instructions. The specimen analysis 

was performed on a Nikon inverted fluorescence 

microscope. 

 

Pull-down assay with biotinylated circRBMS3 probe 

 

The 1 × 107 HOS and 143B cell harvest followed by 

lysing and sonicate. For generating probe-coated beads, a 

2 h incubation of circRBMS3 probe with C-1 magnetic 
beads (Life Technologies, Gaithersburg, MD, USA) at 

25° C was performed. Incubating cell lysates overnight at 

4° C with circRBMS3 or oligo probes. Following the 
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washing buffer, RNA complexes were eluted and 

extracted for RT–qPCR or qPCR experiments. RiboBio 

(Guangzhou, China) was used in constructing and 

synthesizing the Biotinylated-circRBMS3 probe. 

 

Wound healing assay 

 

Six-well plates were used for HOS and 143B cells 

culture, and the tip of a 200 µl pipette was used for 

scraping at time point 0. Cells migrating into ‘wounded’ 

areas were assessed at 24 h by an inverted microscope 

(Olympus, Tokyo, Japan) along with microphotographed. 

The healing rate quantification was determined by the 

extent of gap sizes. 

 

Transwell migration and Matrigel™ invasion assays 

 

200 µl of the serum-free medium was used as a 

suspension for approximately 5 × 104 of the transfected 

cells, and then the upper chambers of every transwell (8 

µm pore size, Costar, NY, USA) were used for seeding 

them; those chambers were covered with or without 

Matrigel (BD Biosciences, San Jose, CA, USA) for the 

two assays. The bottom chamber included 10% FBS 

medium as a chemoattractant. Following 37° C incubation 

with 5% CO2 for 48 and 24 h of the invasion and 

migration assay, respectively, Cotton swabs were used to 

remove cells in the upper chamber, while for the cells in 

the lower surface, fixation and 0.1% crystal violet staining 

were performed. Migration and invasion rates were 

calculated by cell counts in minimum 3 random fields. 

 

Statistical analysis 

 

SPSS v22.0 software carried out the statistical analyses. 

The independent sample t-tests performed the two 

groups comparison, while the one-way analysis of 

variance (ANOVA) utilized an LSD-t for multiple 

group comparisons (equal variance assumed). P < 0.05 

was regarded as statistically significant. 

 

Availability of supporting data 

 

The datasets used and/or analyzed during the current 

study are available from the corresponding author on 

reasonable request. 

 

Abbreviations 
 

OS: Osteoarthritis; CircRNAs: Circular RNA; ADAR1: 

adenosine deaminase 1-acting; CeRNAs: Competing 

endogenous RNAs; MREs: MicroRNA response 

elements; RNA-seq: RNA-sequencing; qRT-PCR: 

Quantitative real-time polymerase chain reaction; RIP: 

RNA immunoprecipitation; FISH: Fluorescent In Situ 

Hybridization; CISH: Chromogenic in situ hybridization; 

ESCC: Esophageal squamous cell carcinoma; NPC: 

Nasopharyngeal cancer; LSCC: Lung squamous cell 

carcinoma; DHX9: DExH-Box Helicase 9; EIF4B: 

eukaryotic translation initiation factor 4B; YRDC: N6-

threonylcarbamoyltransferase domain containing. 

 

AUTHOR CONTRIBUTIONS 
 

Zhe Gong, Panyang Shen and Haitao Wang contributed 

to this work equally. Zhe Gong, Panyang Shen and 

Haitao Wang performed the experiments and wrote the 

manuscript. Kefan Wang, Yunfei Mi, Jinjin Zhu, and 

Kaiyu Liang performed experiments and arranged 

figures. Shuying Shen, Xiangqian Fang and Gang Liu 

designed this study. All authors analyzed the data and 

revised the manuscript. All authors read and approved 

the final manuscript. 

 

CONFLICTS OF INTEREST 
 

The authors declare no conflicts of interest. 

 

ETHICAL STATEMENT AND CONSENT 
 

The present study was authorized by the Ethics 

Committee of the Sir Run Run Shaw Hospital for 

human and animal experiments. The protocol number is 

20210218-30. All patients offered written informed 

consent approving the samples for research.  

 

FUNDING 
 

The study was sponsored by National Natural Science 

Foundation of China (81802680, 81871797, 81472064 

and 81601925), Key Project of Zhejiang Medical Science 

and Technology Plan (2015145597), Key Project of 

Zhejiang Provincial Natural Science Foundation 

(LZ15H06002), Medical Science and Technology Project 

of Zhejiang Province (2017179447), and  the Medical 

Health Science and Technology Project of Zhejiang 

Province (No. 2021KY280). No benefits in any form 

have been or will be received from a commercial party 

related directly or indirectly to the subject of this study. 

 

REFERENCES 
 
1. Lamoureux F, Trichet V, Chipoy C, Blanchard F, Gouin F, 

Redini F. Recent advances in the management of 
osteosarcoma and forthcoming therapeutic strategies. 
Expert Rev Anticancer Ther. 2007; 7:169–81. 

 https://doi.org/10.1586/14737140.7.2.169 
PMID:17288528 

2. Liao D, Zhong L, Duan T, Zhang RH, Wang X, Wang G, 
Hu K, Lv X, Kang T. Aspirin Suppresses the Growth and 
Metastasis of Osteosarcoma through the NF-κB 

https://doi.org/10.1586/14737140.7.2.169
https://pubmed.ncbi.nlm.nih.gov/17288528


www.aging-us.com 1582 AGING 

Pathway. Clin Cancer Res. 2015; 21:5349–59. 
 https://doi.org/10.1158/1078-0432.CCR-15-0198 

PMID:26202947 

3. Lamora A, Talbot J, Bougras G, Amiaud J, Leduc M, 
Chesneau J, Taurelle J, Stresing V, Le Deley MC, 
Heymann MF, Heymann D, Redini F, Verrecchia F. 
Overexpression of smad7 blocks primary tumor growth 
and lung metastasis development in osteosarcoma. 
Clin Cancer Res. 2014; 20:5097–112. 

 https://doi.org/10.1158/1078-0432.CCR-13-3191 
PMID:25107916 

4. Yoshino H, Seki N, Itesako T, Chiyomaru T, Nakagawa 
M, Enokida H. Aberrant expression of microRNAs in 
bladder cancer. Nat Rev Urol. 2013; 10:396–404. 

 https://doi.org/10.1038/nrurol.2013.113 
PMID:23712207 

5. Cottrell KA, Chaudhari HG, Cohen BA, Djuranovic S. 
PTRE-seq reveals mechanism and interactions of RNA 
binding proteins and miRNAs. Nat Commun. 2018; 
9:301. 

 https://doi.org/10.1038/s41467-017-02745-0 
PMID:29352242 

6. Salzman J, Gawad C, Wang PL, Lacayo N, Brown PO. 
Circular RNAs are the predominant transcript isoform 
from hundreds of human genes in diverse cell types. 
PLoS One. 2012; 7:e30733. 

 https://doi.org/10.1371/journal.pone.0030733 
PMID:22319583 

7. Hansen TB, Jensen TI, Clausen BH, Bramsen JB,  
Finsen B, Damgaard CK, Kjems J. Natural RNA circles 
function as efficient microRNA sponges. Nature. 
2013; 495:384–8. 

 https://doi.org/10.1038/nature11993 PMID:23446346 

8. Liu W, Zhang J, Zou C, Xie X, Wang Y, Wang B, Zhao Z, 
Tu J, Wang X, Li H, Shen J, Yin J. Microarray Expression 
Profile and Functional Analysis of Circular RNAs in 
Osteosarcoma. Cell Physiol Biochem. 2017; 43:969–85. 

 https://doi.org/10.1159/000481650 PMID:28957794 

9. Xiao-Long M, Kun-Peng Z, Chun-Lin Z. Circular RNA 
circ_HIPK3 is down-regulated and suppresses cell 
proliferation, migration and invasion in osteosarcoma. 
J Cancer. 2018; 9:1856–62. 

 https://doi.org/10.7150/jca.24619 PMID:29805712 

10. Liu X, Zhong Y, Li J, Shan A. Circular RNA circ-NT5C2 
acts as an oncogene in osteosarcoma proliferation and 
metastasis through targeting miR-448. Oncotarget. 
2017; 8:114829–38. 

 https://doi.org/10.18632/oncotarget.22162 
PMID:29383123 

11. Song YZ, Li JF. Circular RNA hsa_circ_0001564 regulates 
osteosarcoma proliferation and apoptosis by acting 
miRNA sponge. Biochem Biophys Res Commun. 2018; 

495:2369–75. 
 https://doi.org/10.1016/j.bbrc.2017.12.050 

PMID:29229385 

12. Tan X, Fan S, Wu W, Zhang Y. MicroRNA-26a inhibits 
osteosarcoma cell proliferation by targeting IGF-1. 
Bone Res. 2015; 3:15033. 

 https://doi.org/10.1038/boneres.2015.33 
PMID:27468358 

13. Tay Y, Rinn J, Pandolfi PP. The multilayered complexity 
of ceRNA crosstalk and competition. Nature. 2014; 
505:344–52. 

 https://doi.org/10.1038/nature12986 PMID:24429633 

14. Wesselhoeft RA, Kowalski PS, Anderson DG. 
Engineering circular RNA for potent and stable 
translation in eukaryotic cells. Nat Commun. 2018; 
9:2629. 

 https://doi.org/10.1038/s41467-018-05096-6 
PMID:29980667 

15. Kalantzakos TJ, Sullivan TB, Gloria T, Canes D, 
Moinzadeh A, Rieger-Christ KM. MiRNA-424-5p 
Suppresses Proliferation, Migration, and Invasion of 
Clear Cell Renal Cell Carcinoma and Attenuates 
Expression of O-GlcNAc-Transferase. Cancers (Basel). 
2021; 13:5160. 

 https://doi.org/10.3390/cancers13205160 
PMID:34680309 

16. Ning D, Chen J, Du P, Liu Q, Cheng Q, Li X, Zhang B, 
Chen X, Jiang L. The crosstalk network of XIST/miR-424-
5p/OGT mediates RAF1 glycosylation and participates 
in the progression of liver cancer. Liver Int. 2021; 
41:1933–44. 

 https://doi.org/10.1111/liv.14904 PMID:33909326 

17. Langmead B, Salzberg SL. Fast gapped-read alignment 
with Bowtie 2. Nat Methods. 2012; 9:357–9. 

 https://doi.org/10.1038/nmeth.1923  
PMID:22388286 

18. Kim D, Pertea G, Trapnell C, Pimentel H, Kelley R, 
Salzberg SL. TopHat2: accurate alignment of 
transcriptomes in the presence of insertions, deletions 
and gene fusions. Genome Biol. 2013; 14:R36. 

 https://doi.org/10.1186/gb-2013-14-4-r36 
PMID:23618408 

19. Memczak S, Jens M, Elefsinioti A, Torti F, Krueger J, 
Rybak A, Maier L, Mackowiak SD, Gregersen LH, 
Munschauer M, Loewer A, Ziebold U, Landthaler M, et 
al. Circular RNAs are a large class of animal RNAs with 
regulatory potency. Nature. 2013; 495:333–8. 

 https://doi.org/10.1038/nature11928  
PMID:23446348 

20. Glažar P, Papavasileiou P, Rajewsky N. circBase: a 
database for circular RNAs. RNA. 2014; 20:1666–70. 

 https://doi.org/10.1261/rna.043687.113 

https://doi.org/10.1158/1078-0432.CCR-15-0198
https://pubmed.ncbi.nlm.nih.gov/26202947
https://doi.org/10.1158/1078-0432.CCR-13-3191
https://pubmed.ncbi.nlm.nih.gov/25107916
https://doi.org/10.1038/nrurol.2013.113
https://pubmed.ncbi.nlm.nih.gov/23712207
https://doi.org/10.1038/s41467-017-02745-0
https://pubmed.ncbi.nlm.nih.gov/29352242
https://doi.org/10.1371/journal.pone.0030733
https://pubmed.ncbi.nlm.nih.gov/22319583
https://doi.org/10.1038/nature11993
https://pubmed.ncbi.nlm.nih.gov/23446346
https://doi.org/10.1159/000481650
https://pubmed.ncbi.nlm.nih.gov/28957794
https://doi.org/10.7150/jca.24619
https://pubmed.ncbi.nlm.nih.gov/29805712
https://doi.org/10.18632/oncotarget.22162
https://pubmed.ncbi.nlm.nih.gov/29383123
https://doi.org/10.1016/j.bbrc.2017.12.050
https://pubmed.ncbi.nlm.nih.gov/29229385
https://doi.org/10.1038/boneres.2015.33
https://pubmed.ncbi.nlm.nih.gov/27468358
https://doi.org/10.1038/nature12986
https://pubmed.ncbi.nlm.nih.gov/24429633
https://doi.org/10.1038/s41467-018-05096-6
https://pubmed.ncbi.nlm.nih.gov/29980667
https://doi.org/10.3390/cancers13205160
https://pubmed.ncbi.nlm.nih.gov/34680309
https://doi.org/10.1111/liv.14904
https://pubmed.ncbi.nlm.nih.gov/33909326
https://doi.org/10.1038/nmeth.1923
https://pubmed.ncbi.nlm.nih.gov/22388286
https://doi.org/10.1186/gb-2013-14-4-r36
https://pubmed.ncbi.nlm.nih.gov/23618408
https://doi.org/10.1038/nature11928
https://pubmed.ncbi.nlm.nih.gov/23446348
https://doi.org/10.1261/rna.043687.113


www.aging-us.com 1583 AGING 

PMID:25234927 

21. Pruitt KD, Tatusova T, Brown GR, Maglott DR. NCBI 
Reference Sequences (RefSeq): current status, new 
features and genome annotation policy. Nucleic Acids 
Res. 2012; 40:D130–5. 

 https://doi.org/10.1093/nar/gkr1079  
PMID:22121212 

22. Zhang XO, Wang HB, Zhang Y, Lu X, Chen LL, Yang L. 
Complementary sequence-mediated exon 
circularization. Cell. 2014; 159:134–47. 

 https://doi.org/10.1016/j.cell.2014.09.001 
PMID:25242744 

23. Li Y, Chen L, Nie CJ, Zeng TT, Liu H, Mao X, Qin Y,  
Zhu YH, Fu L, Guan XY. Downregulation of RBMS3 is 
associated with poor prognosis in esophageal 
squamous cell carcinoma. Cancer Res. 2011; 
71:6106–15. 

 https://doi.org/10.1158/0008-5472.CAN-10-4291 
PMID:21844183 

24. Yang Y, Quan L, Ling Y. RBMS3 Inhibits the Proliferation 
and Metastasis of Breast Cancer Cells. Oncol Res. 2018; 
26:9–15. 

 https://doi.org/10.3727/096504017X14871200709504 
PMID:28409548 

25. Chen J, Fu L, Zhang LY, Kwong DL, Yan L, Guan XY. 
Tumor suppressor genes on frequently deleted 
chromosome 3p in nasopharyngeal carcinoma. Chin J 
Cancer. 2012; 31:215–22. 

 https://doi.org/10.5732/cjc.011.10364 
PMID:22360856 

26. Liang YN, Liu Y, Meng Q, Li X, Wang F, Yao G, Wang L, 
Fu S, Tong D. RBMS3 is a tumor suppressor gene that 
acts as a favorable prognostic marker in lung 
squamous cell carcinoma. Med Oncol. 2015; 32:459. 

 https://doi.org/10.1007/s12032-014-0459-9 
PMID:25588924 

27. Ashwal-Fluss R, Meyer M, Pamudurti NR, Ivanov A, 
Bartok O, Hanan M, Evantal N, Memczak S, Rajewsky 
N, Kadener S. circRNA biogenesis competes with pre-
mRNA splicing. Mol Cell. 2014; 56:55–66. 

 https://doi.org/10.1016/j.molcel.2014.08.019 
PMID:25242144 

28. Wang IX, So E, Devlin JL, Zhao Y, Wu M, Cheung VG. 
ADAR regulates RNA editing, transcript stability, and 
gene expression. Cell Rep. 2013; 5:849–60. 

 https://doi.org/10.1016/j.celrep.2013.10.002 
PMID:24183664 

29. Li ZZ, Kondo T, Murata T, Ebersole TA, Nishi T, Tada K, 
Ushio Y, Yamamura K, Abe K. Expression of Hqk 
encoding a KH RNA binding protein is altered in human 
glioma. Jpn J Cancer Res. 2002; 93:167–77. 

 https://doi.org/10.1111/j.1349-7006.2002.tb01255.x 
PMID:11856480 

30. Bian Y, Wang L, Lu H, Yang G, Zhang Z, Fu H, Lu X, Wei 
M, Sun J, Zhao Q, Dong G, Lu Z. Downregulation of 
tumor suppressor QKI in gastric cancer and its 
implication in cancer prognosis. Biochem Biophys Res 
Commun. 2012; 422:187–93. 

 https://doi.org/10.1016/j.bbrc.2012.04.138 
PMID:22569043 

31. Fidaleo M, Svetoni F, Volpe E, Miñana B, Caporossi D, 
Paronetto MP. Genotoxic stress inhibits Ewing sarcoma 
cell growth by modulating alternative pre-mRNA 
processing of the RNA helicase DHX9. Oncotarget. 
2015; 6:31740–57. 

 https://doi.org/10.18632/oncotarget.5033 
PMID:26450900 

32. Cheng DD, Zhang HZ, Yuan JQ, Li SJ, Yang QC, Fan CY. 
Minichromosome maintenance protein 2 and 3 promote 
osteosarcoma progression via DHX9 and predict poor patient 
prognosis. Oncotarget. 2017; 8:26380–93. 

 https://doi.org/10.18632/oncotarget.15474 
PMID:28460433 

33. Zucchini C, Rocchi A, Manara MC, De Sanctis P, Capanni 
C, Bianchini M, Carinci P, Scotlandi K, Valvassori L. 
Apoptotic genes as potential markers of metastatic 
phenotype in human osteosarcoma cell lines. Int J 
Oncol. 2008; 32:17–31. 

 https://doi.org/10.3892/ijo.32.1.17 
 PMID:18097539 

34. Jeck WR, Sorrentino JA, Wang K, Slevin MK, Burd CE, 
Liu J, Marzluff WF, Sharpless NE. Circular RNAs are 
abundant, conserved, and associated with ALU 
repeats. RNA. 2013; 19:141–57. 

 https://doi.org/10.1261/rna.035667.112 
PMID:23249747 

35. Suzuki H, Tsukahara T. A view of pre-mRNA splicing 
from RNase R resistant RNAs. Int J Mol Sci. 2014; 
15:9331–42. 

 https://doi.org/10.3390/ijms15069331 
PMID:24865493 

36. Meng S, Zhou H, Feng Z, Xu Z, Tang Y, Li P, Wu M. 
CircRNA: functions and properties of a novel potential 
biomarker for cancer. Mol Cancer. 2017; 16:94. 

 https://doi.org/10.1186/s12943-017-0663-2 
PMID:28535767 

37. Selbach M, Schwanhäusser B, Thierfelder N, Fang Z, 
Khanin R, Rajewsky N. Widespread changes in protein 
synthesis induced by microRNAs. Nature. 2008; 
455:58–63. 

 https://doi.org/10.1038/nature07228 PMID:18668040 

38. Leichter AL, Sullivan MJ, Eccles MR, Chatterjee A. 

https://pubmed.ncbi.nlm.nih.gov/25234927
https://doi.org/10.1093/nar/gkr1079
https://pubmed.ncbi.nlm.nih.gov/22121212
https://doi.org/10.1016/j.cell.2014.09.001
https://pubmed.ncbi.nlm.nih.gov/25242744
https://doi.org/10.1158/0008-5472.CAN-10-4291
https://pubmed.ncbi.nlm.nih.gov/21844183
https://doi.org/10.3727/096504017X14871200709504
https://pubmed.ncbi.nlm.nih.gov/28409548
https://doi.org/10.5732/cjc.011.10364
https://pubmed.ncbi.nlm.nih.gov/22360856
https://doi.org/10.1007/s12032-014-0459-9
https://pubmed.ncbi.nlm.nih.gov/25588924
https://doi.org/10.1016/j.molcel.2014.08.019
https://pubmed.ncbi.nlm.nih.gov/25242144
https://doi.org/10.1016/j.celrep.2013.10.002
https://pubmed.ncbi.nlm.nih.gov/24183664
https://doi.org/10.1111/j.1349-7006.2002.tb01255.x
https://pubmed.ncbi.nlm.nih.gov/11856480
https://doi.org/10.1016/j.bbrc.2012.04.138
https://pubmed.ncbi.nlm.nih.gov/22569043
https://doi.org/10.18632/oncotarget.5033
https://pubmed.ncbi.nlm.nih.gov/26450900
https://doi.org/10.18632/oncotarget.15474
https://pubmed.ncbi.nlm.nih.gov/28460433
https://doi.org/10.3892/ijo.32.1.17
https://pubmed.ncbi.nlm.nih.gov/18097539
https://doi.org/10.1261/rna.035667.112
https://pubmed.ncbi.nlm.nih.gov/23249747
https://doi.org/10.3390/ijms15069331
https://pubmed.ncbi.nlm.nih.gov/24865493
https://doi.org/10.1186/s12943-017-0663-2
https://pubmed.ncbi.nlm.nih.gov/28535767
https://doi.org/10.1038/nature07228
https://pubmed.ncbi.nlm.nih.gov/18668040


www.aging-us.com 1584 AGING 

MicroRNA expression patterns and signalling pathways 
in the development and progression of childhood solid 
tumours. Mol Cancer. 2017; 16:15. 

 https://doi.org/10.1186/s12943-017-0584-0 
PMID:28103887 

39. Kristensen LS, Hansen TB, Venø MT, Kjems J. Circular 
RNAs in cancer: opportunities and challenges in the 
field. Oncogene. 2018; 37:555–65. 

 https://doi.org/10.1038/onc.2017.361  
PMID:28991235 

40. Li Y, Zheng F, Xiao X, Xie F, Tao D, Huang C, Liu D, Wang 
M, Wang L, Zeng F, Jiang G. CircHIPK3 sponges miR-558 
to suppress heparanase expression in bladder cancer 
cells. EMBO Rep. 2017; 18:1646–59. 

 https://doi.org/10.15252/embr.201643581 
PMID:28794202 

41. Hershkovitz-Rokah O, Modai S, Pasmanik-Chor M, 
Toren A, Shomron N, Raanani P, Shpilberg O, Granot G. 
Restoration of miR-424 suppresses BCR-ABL activity 
and sensitizes CML cells to imatinib treatment. Cancer 
Lett. 2015; 360:245–56. 

 https://doi.org/10.1016/j.canlet.2015.02.031 
PMID:25697481 

42. Yu L, Ding GF, He C, Sun L, Jiang Y, Zhu L. MicroRNA-
424 is down-regulated in hepatocellular carcinoma and 
suppresses cell migration and invasion through c-Myb. 
PLoS One. 2014; 9:e91661. 

 https://doi.org/10.1371/journal.pone.0091661 
PMID:24675898 

43. Yang H, Zheng W, Shuai X, Chang RM, Yu L, Fang F, 
Yang LY. MicroRNA-424 inhibits Akt3/E2F3 axis and 
tumor growth in hepatocellular carcinoma. 
Oncotarget. 2015; 6:27736–50. 

 https://doi.org/10.18632/oncotarget.4811 
PMID:26315541 

44. Chen AJ, Paik JH, Zhang H, Shukla SA, Mortensen R, Hu 
J, Ying H, Hu B, Hurt J, Farny N, Dong C, Xiao Y, Wang 
YA, et al. STAR RNA-binding protein Quaking 
suppresses cancer via stabilization of specific miRNA. 
Genes Dev. 2012; 26:1459–72. 

 https://doi.org/10.1101/gad.189001.112 
PMID:22751500 

45. Fu X, Feng Y. QKI-5 suppresses cyclin D1 expression 
and proliferation of oral squamous cell carcinoma cells 
via MAPK signalling pathway. Int J Oral Maxillofac Surg. 
2015; 44:562–7. 

 https://doi.org/10.1016/j.ijom.2014.10.001 
PMID:25457822 

46. Yang G, Fu H, Zhang J, Lu X, Yu F, Jin L, Bai L, Huang B, 
Shen L, Feng Y, Yao L, Lu Z. RNA-binding protein 
quaking, a critical regulator of colon epithelial 
differentiation and a suppressor of colon cancer. 

Gastroenterology. 2010; 138:231–40.e1. 
 https://doi.org/10.1053/j.gastro.2009.08.001 

PMID:19686745 

47. Heale BS, Eulalio A, Schulte L, Vogel J, O’Connell MA. 
Analysis of A to I editing of miRNA in macrophages 
exposed to Salmonella. RNA Biol. 2010; 7:621–7. 

 https://doi.org/10.4161/rna.7.5.13269 
PMID:21037424 

48. Nemlich Y, Greenberg E, Ortenberg R, Besser MJ, 
Barshack I, Jacob-Hirsch J, Jacoby E, Eyal E, Rivkin L, 
Prieto VG, Chakravarti N, Duncan LM, Kallenberg DM, 
et al. MicroRNA-mediated loss of ADAR1 in metastatic 
melanoma promotes tumor growth. J Clin Invest. 2013; 
123:2703–18. 

 https://doi.org/10.1172/JCI62980 PMID:23728176 

49. Shoshan E, Mobley AK, Braeuer RR, Kamiya T, Huang L, 
Vasquez ME, Salameh A, Lee HJ, Kim SJ, Ivan C, 
Velazquez-Torres G, Nip KM, Zhu K, et al. Reduced 
adenosine-to-inosine miR-455-5p editing promotes 
melanoma growth and metastasis. Nat Cell Biol. 2015; 
17:311–21. 

 https://doi.org/10.1038/ncb3110 PMID:25686251 

50. Yang J, Wang J, Chen K, Guo G, Xi R, Rothman PB, 
Whitten D, Zhang L, Huang S, Chen JL. eIF4B 
phosphorylation by pim kinases plays a critical role in 
cellular transformation by Abl oncogenes. Cancer Res. 
2013; 73:4898–908. 

 https://doi.org/10.1158/0008-5472.CAN-12-4277 
PMID:23749639 

51. Harms U, Andreou AZ, Gubaev A, Klostermeier D. 
eIF4B, eIF4G and RNA regulate eIF4A activity in 
translation initiation by modulating the eIF4A 
conformational cycle. Nucleic Acids Res. 2014; 
42:7911–22. 

 https://doi.org/10.1093/nar/gku440 PMID:24848014 

52. Sen ND, Zhou F, Harris MS, Ingolia NT, Hinnebusch AG. 
eIF4B stimulates translation of long mRNAs with 
structured 5' UTRs and low closed-loop potential but 
weak dependence on eIF4G. Proc Natl Acad Sci USA. 
2016; 113:10464–72. 

 https://doi.org/10.1073/pnas.1612398113 
PMID:27601676 

53. Madden JM, Mueller KL, Bollig-Fischer A, Stemmer P, 
Mattingly RR, Boerner JL. Abrogating phosphorylation 
of eIF4B is required for EGFR and mTOR inhibitor 
synergy in triple-negative breast cancer. Breast Cancer 
Res Treat. 2014; 147:283–93. 

 https://doi.org/10.1007/s10549-014-3102-8 
PMID:25129346 

54. Kuang E, Fu B, Liang Q, Myoung J, Zhu F. 
Phosphorylation of eukaryotic translation initiation 
factor 4B (EIF4B) by open reading frame 45/p90 

https://doi.org/10.1186/s12943-017-0584-0
https://pubmed.ncbi.nlm.nih.gov/28103887
https://doi.org/10.1038/onc.2017.361
https://pubmed.ncbi.nlm.nih.gov/28991235
https://doi.org/10.15252/embr.201643581
https://pubmed.ncbi.nlm.nih.gov/28794202
https://doi.org/10.1016/j.canlet.2015.02.031
https://pubmed.ncbi.nlm.nih.gov/25697481
https://doi.org/10.1371/journal.pone.0091661
https://pubmed.ncbi.nlm.nih.gov/24675898
https://doi.org/10.18632/oncotarget.4811
https://pubmed.ncbi.nlm.nih.gov/26315541
https://doi.org/10.1101/gad.189001.112
https://pubmed.ncbi.nlm.nih.gov/22751500
https://doi.org/10.1016/j.ijom.2014.10.001
https://pubmed.ncbi.nlm.nih.gov/25457822
https://doi.org/10.1053/j.gastro.2009.08.001
https://pubmed.ncbi.nlm.nih.gov/19686745
https://doi.org/10.4161/rna.7.5.13269
https://pubmed.ncbi.nlm.nih.gov/21037424
https://doi.org/10.1172/JCI62980
https://pubmed.ncbi.nlm.nih.gov/23728176
https://doi.org/10.1038/ncb3110
https://pubmed.ncbi.nlm.nih.gov/25686251
https://doi.org/10.1158/0008-5472.CAN-12-4277
https://pubmed.ncbi.nlm.nih.gov/23749639
https://doi.org/10.1093/nar/gku440
https://pubmed.ncbi.nlm.nih.gov/24848014
https://doi.org/10.1073/pnas.1612398113
https://pubmed.ncbi.nlm.nih.gov/27601676
https://doi.org/10.1007/s10549-014-3102-8
https://pubmed.ncbi.nlm.nih.gov/25129346


www.aging-us.com 1585 AGING 

ribosomal S6 kinase (ORF45/RSK) signaling axis 
facilitates protein translation during Kaposi sarcoma-
associated herpesvirus (KSHV) lytic replication. J Biol 
Chem. 2011; 286:41171–82. 

 https://doi.org/10.1074/jbc.M111.280982 
PMID:21994950 

55. Horvilleur E, Sbarrato T, Hill K, Spriggs RV, Screen M, 
Goodrem PJ, Sawicka K, Chaplin LC, Touriol C, Packham 
G, Potter KN, Dirnhofer S, Tzankov A, et al. A role for 
eukaryotic initiation factor 4B overexpression in the 
pathogenesis of diffuse large B-cell lymphoma. 
Leukemia. 2014; 28:1092–102. 

 https://doi.org/10.1038/leu.2013.295  
PMID:24135829 

56. Huang B, Zhai W, Hu G, Huang C, Xie T, Zhang J, Xu Y. 
MicroRNA-206 acts as a tumor suppressor in bladder 
cancer via targeting YRDC. Am J Transl Res. 2016; 
8:4705–15. 

 PMID:27904673 

  

https://doi.org/10.1074/jbc.M111.280982
https://pubmed.ncbi.nlm.nih.gov/21994950
https://doi.org/10.1038/leu.2013.295
https://pubmed.ncbi.nlm.nih.gov/24135829
https://pubmed.ncbi.nlm.nih.gov/27904673


www.aging-us.com 1586 AGING 

SUPPLEMENTARY MATERIALS 

 

Supplementary Figures 

 

 

 

 
 

Supplementary Figure 1. Profiling of circular RNAs in human OS and chondroma tissues. (A) RNA-seq read abundance distribution 

of identified circular RNAs (circRNAs); x-axis, the back-spliced read numbers of circRNAs detected by RNA-seq; y-axis, the abundance of 
circRNAs classified by different read numbers. The majority of named circRNAs in the study were supported by more than 10 reads. (B) Venn 
plot showing the number of circRNAs derived from different genomic regions. (C) Length distribution of the identified circRNAs; x-axis, the 
length of circRNAs detected in this study; y-axis, the abundance of circRNAs classified by length. (D) The distribution of identified circRNAs in 
chromosomes. The yellow and cyan bars represent the location of detected circRNAs within different chromosomes in chondroma and tumor 
samples, respectively. (E) Number of circRNAs produced from one gene. (F) Numbers of identified circRNAs in different chromosomes. The 
yellow and cyan bars represent the numbers of circRNAs within different chromosomes detected in chondroma and tumor samples, 
respectively. (G) Predominant circRNAs analysis of all samples. 
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Supplementary Figure 2. circRBMS3 knockdown promotes OS cells apoptosis and reduces OS cells invasion. (A) Bcl2, Bax, and 

cleaved caspase3 proteins expression in 143B and HOS cells after circRBMS3 knockdown indicated by Western blot. (B) E-cadherein,  
N-cadherein, Vemitin, Snail, and Slug proteins expression in 143B and HOS cells after circRBMS3 knockdown indicated by Western blot. 
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Supplementary Figure 3. Efficiency of miR-424 overexpression and knockdown in OS cells. (A) Schematic illustration showing 

conservation across 100 vertebrate species and AGO2 binding sites in the circRBMS3 genomic region. (B) Lysates prepared from HOS and 
143B cells were subject to RNA pull-down assay and tested by qPCR. Relative levels of U6 were normalized to input. (C) Efficiency of miR-424 
overexpression (miR-424 mimics or pre-miR-424) and knockdown (miR-424 inhibitor or miR-424 sponge) in HOS and 143B cells. 
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Supplementary Figure 4. (A) Expression ratio of 184 differential proteins, 115 up (red) 69 down (green). (B) Summary column chart – Gene 
ontology (GO) enrichment analysis concept map: the Figure shows the first ten of the top of BP, CC, and MF enrichment analysis results. (C) 
Column showing the differences in protein GO enrichment (BP, CC, MF) and KEGG pathway enrichment results, and significant (p-value < 
0.05) values are summarized. (D) Analysis of protein-protein interaction shows the top ranking KEGG pathways and the interactions between 
proteins. (E) Customized vertical histogram showing the top ranking 10 entries of the biological process enrichment analysis results.  
(F) Volcano plots of RNA sequencing. (G) Heatmap of RNA-seq. (H) Go and KEGG results of RNA sequencing. (I) 143B cells were transfected 
with siRNA of EIF4B, GATAD2A, DYNC1L1, HMGA1 and YRDC 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, significantly different compared with the vector group.  
(J) Efficiency of target gene knockdown by RT-qPCR experiments. 
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Supplementary Table 
 

 

Supplementary Table 1. Top 15 differentially expressed circRNAs (upregulated) in osteosarcoma and chondroma. 

Id Log2FC(osteosarcoma/chondroma) Regulate Significant Mean_osteosarcoma Mean_chondroma 

19:16790795|16793319 4.87446229929571 Up Yes 3.82767979 0.03389881 

1:59805630|59844509 4.42274198 Up Yes 14.2568823 0.5693945 

3:29910349|29941246 4.13421094 Up Yes 2.38025213 0.04124541 

10:32759992|32762951 4.12224656 Up Yes 3.55077865 0.10963589 

6:170852689|170858201 3.89178864 Up Yes 12.3500482 0.73873722 

17:4186093|4210418 3.8039949 Up Yes 4.99644877 0.26488087 

10:74468041|74475660 3.76790046 Up Yes 11.6283293 0.7609642 

8:52773405|52773806 3.7547412 Up Yes 43.3253503 3.11701884 

6:79770195|79770535 3.64156625 Up Yes 2.88024131 0.13879804 

15:31266517|31269158 3.61655163 Up Yes 2.40739166 0.10442389 

8:42317414|42323435 3.22589057 Up Yes 1.38553735 0.05877925 

6:163876311|163956157 3.20727759 Up Yes 1.76984863 0.10245089 

6:170846322|170858201 3.19972312 Up Yes 3.66183094 0.30943658 

5:135489281|135489852 3.12372202 Up Yes 1.25361264 0.05529604 

4:154547299|154553990 2.9236355 Up Yes 0.93846363 0.03686403 

(Selection for upregulated CircRNAs: log2FC(osteosarcoma/chondroma) >1 and mean chondroma value > 0). 


