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INTRODUCTION 
 

Osteoarthritis (OA), a leading cause of joint damage and 

disability, is associated with impaired quality of life, 

shortened working duration, and increased all-cause 

mortality [1–3]. The prevalence of OA continues to grow 

in recent years, which will further deteriorate with aging 

population and obesity epidemic [4–6]. A study based on 

the National Health Interview Survey indicates that 

 

approximately 14 million persons have symptomatic 

knee OA and more than half of them are younger than 

65 years old, with high possibility for joint disability 

over the next 30 years [7]. Several pharmacological 

agents are helpful in improving the symptoms of early-

stage OA, but they can hardly inhibit or block the 

pathological progression of OA [8]. Eventually, most of 

advanced-stage victims may undergo total joint 

replacement owing to serious afflicted joint pain and 
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ABSTRACT 
 

The current study was aimed at exploring the potential roles and possible mechanisms of miR-10a-5p in 
osteoarthritis (OA). We performed RT-qPCR, Western blot, CCK8, EdU Assay, and flow cytometry assay to clarify 
the roles of miR-10a-5p in OA. Furthermore, the whole transcriptome sequencing together with integrated 
bioinformatics analyses were conducted to elucidate the underlying mechanisms of miR-10a-5p involving in OA. 
Our results demonstrated that miR-10a-5p was upregulated in OA and acted as a significant contributing factor 
for OA. A large number of circRNAs, lncRNAs, miRNAs, and mRNAs were identified by overexpressing miR-10a-
5p. Functional enrichment analyses indicated that these differentially-expressed genes were enriched in some 
important terms including PPAR signaling pathway, PI3K-Akt signaling pathway, and p53 signaling pathway. A 
total of 42 hub genes were identified in the protein-protein interaction network including SERPINA1, TTR, 
APOA1, and A2M. Also, we constructed the network regulatory interactions across coding and noncoding RNAs 
triggered by miR-10a-5p, which revealed the powerful regulating effects of miR-10a-5p. Moreover, we found 
that HOXA3 acted as the targeted genes of miR-10a-5p and miR-10a-5p contributed to the progression of OA by 
suppressing HOXA3 expression. Our findings shed insight on regulatory mechanisms of miR-10a-5p, which 
might provide novel therapeutic targets for OA. 
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disability [9]. Mountains of studies suggest that aberrant 

expression of genes are associated with the initiation 

and progression of OA [10], but the exact pathogenesis 

remains to be further clarified.   

 

Non-coding RNAs (ncRNAs) are a group of RNA 

molecules accounting for a large proportion of the RNA 

and there are several types of ncRNAs, such as 

microRNAs (miRNAs), long non-coding RNAs 

(lncRNAs), and circular RNAs (circRNAs) [11, 12]. 

miRNA, one of the most widely-studied ncRNAs, 

suppresses the expression of target genes through 

binding to the 3’UTR of their corresponding mRNAs 

[13]. LncRNAs are a group of ncRNAs with lengths 

exceeding 200 nucleotides and can regulate gene 

expression at transcription and post-transcription level 

[14]. CircRNAs are a special type of ncRNAs with 

covalently closed ring structure originating from back-

splicing of pre-mRNAs at the downstream 5' splice site 

and the 3' splice site [15]. The rapid development of 

RNA-sequencing and bioinformatics analysis reveal 

that numerous miRNAs, lncRNAs and circRNAs are 

identified in various human diseases, including OA  

[16–18]. Accumulating evidence indicated that 

complicated communication networks across mRNA, 

miRNAs, lncRNAs and circRNAs participated in the 

onset and progression of OA and acted as potential 

therapeutic targets for OA. Wang and coworkers found 

that miR-483-5p was upregulated in OA and inhibition 

of miR-483-5p attenuated the progression of OA via 

Matn3 and Timp2 in vivo [19]. LncRNA-TM1P3 was 

significantly over-expressed in OA and promoted 

extracellular matrix degradation by regulating miR-

22/TGF-β signaling/MMP13 pathway [20]. 

CircSERPINE2 participated in regulating chondrocytes 

metabolism and apoptosis through miR-1271/ERG axis 

and overexpression of CircSERPINE2 repressed the 

progression of OA in the rabbit model [17]. Actually, 

the crosstalk across coding and noncoding RNAs has 

been attributed increasing importance since Salmena et 

al. firstly proposed the ceRNA (competing endogenous 

RNA) hypothesis in 2011 [21]. Of the ceRNA networks, 

miRNAs play a central role to connect coding and 

noncoding RNAs via microRNA response elements 

(MREs), which act as the critical communicate bridges 

[21]. Furthermore, increasing studies suggested that 

miRNAs participated in the development and 

progression of diseases through triggering alterations of 

the whole transcriptome. For instance, overexpression 

of circRNA-Filip1l induced by decrease of miRNA-

1224 facilitated chronic inflammatory pain via 

upregulation of Ubr5 in an Ago2-dependent manner 

[22]. Ye and colleagues also revealed that 

overexpression of miR-145 suppressed breast cancer 

progression and induced alterations of mRNAs, 

miRNAs, lncRNAs and circRNAs [23]. Therefore, it is 

essential to further explore the network regulatory 

interactions across coding and noncoding RNAs 

induced by miRNAs, which may provide novel 

diagnostic biomarkers and potential drug targets for 

OA. miR-10a-5p is a member of miR-10 family and 

could regulate cell proliferation, apoptosis, and 

inflammatory factors in many inflammation-associated 

diseases, including atopic dermatitis and rheumatoid 

arthritis [24–26]. Previous studies also indicated that 

miR-10a-5p was over-expressed in OA [16, 27]. 

However, the potential roles and molecule mechanisms 

of miR-10a-5p in OA were not fully elucidated. 

 

In the current study, we verified that miR-10a-5p was 

significantly upregulated in OA and acted as a potential 

promising biomarker. Furthermore, we found that miR-

10a-5p inhibited chondrocyte proliferation and 

promoted chondrocyte apoptosis. To in-depth explore 

the mechanisms of miR-10a-5p in OA, we performed 

RNA sequence for the whole transcriptome. 

Subsequently, integrated bioinformatics analyses were 

employed to illuminate the alterations of the whole 

transcriptome induced by miR-10a-5p. The workflow of 

study design is shown in Figure 1. Our findings may 

open up a new sight into regulatory mechanism of 

miRNAs, which may provide novel therapeutic targets 

for OA.  

 

RESULTS  
 

miR-10a-5p is upregulated in OA and acts as a 

potential promising biomarker  

 

To explore the potential roles of miR-10a-5p in OA, we 

firstly detected the relative expression level of miR-10a-

5p in OA and normal articular cartilage using RT-qPCR 

(Figure 2A). The results indicated that miR-10a-5p was 

upregulated in OA articular cartilage. Previous studies 

indicated that miRNAs in PBMC acted as promising 

biomarkers [28, 29]. In the current study, we also 

explore whether miR-10a-5p can act as a potential 

biomarker in OA. The results showed that miR-10a-5p 

was upregulated in PBMC of OA patients and might act 

as a promising predictor for OA with an area under the 

curve of 0.84 (95% confidence interval 0.65–1.04, 

P=0.02; Figure 2B–2C). Consistently, we also verified 

that miR-10a-5p was significantly over-expressed in 

mouse OA model (Figure 2D–2E) and IL-1β induced 

chondrocytes (Figure 3A).  

 

Overexpression of miR-10a-5p inhibits chondrocyte 

proliferation and promotes chondrocyte apoptosis 

and cartilage matrix degradation   
 

Subsequently, we evaluated the effect of miR-10a-5p on 

chondrocyte proliferation, apoptosis and metabolism 
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after overexpressing miR-10a-5p in HC-a (Figure 3B). 

CCK-8 assay, EDU assay, and flow cytometry assay 

indicated that overexpression of miR-10a-5p inhibited 

chondrocyte proliferation (Figure 3C–3E) and promoted 

chondrocyte apoptosis (Figure 3F–3G). Also, we 

performed western blot to explore the effect of miR-

10a-5p on extracellular matrix metabolism. Western 

blot results indicated that overexpression of miR-10a-5p 

inhibited the expression of COL2A1 and promoted the 

expression of MMP13 (Figure 3H). Taken together, 

these results demonstrated that miR-10a-5p may act as a 

significant contributing factor for OA.  

 

Overexpression of miR-10a-5p induces alteration of 

the whole transcriptome in human primary 

chondrocyte  
 

To explore the potential mechanism of miR-10a-5p in 

OA, we performed the whole transcriptome sequencing 

to identify differentially-expressed genes on HC-a via 

miR-10a-5p overexpressing. These results indicated that 

overexpression of miR-10a-5p induced the alteration of 

the whole transcriptome, which involved 395 up-

regulated and 278 down-regulated mRNAs (Figure 4A), 

202 up-regulated and 223 down-regulated lncRNAs 

(Figure 4B), 1 up-regulated and 4 down-regulated 

miRNAs (Figure 5A), and 8 up-regulated and 2 down-

regulated circRNAs (Figure 5B). The detailed 

differentially-expressed mRNAs, lncRNAs, miRNAs, 

and circRNAs were showed in Supplementary Tables 

2–5. Moreover, RT-qPCR showed that the expression 

level of 12 selected differentially-expressed genes  

were basically consistent with the results of RNA-seq  

(Figure 6).   

 

Functional enrichment analyses for differentially-

expressed mRNAs, circRNAs, and lncRNAs 

 

Furthermore, we undertook functional enrichment 

analyses for these dysregulated genes. GO enrichment 

analysis for dysfunctional mRNAs indicated that they 

were mainly enriched in chromatin assembly 

(GO:0031497), extracellular structure organization 

(GO:0043062), protein-DNA Complex (GO:0032993),

 

 
 

Figure 1. The workflow of study design. 
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extracellular matrix (GO:0031012), and 

glycosaminoglycan binding (GO:0005539) (Figure 7A, 

Supplementary Tables 6–8). KEGG enrichment 

analysis for dysfunctional mRNAs revealed that they 

mainly enriched in systemic lupus erythematosus 

(HSA05322), alcoholism (HSA05034), complement 

and coagulation cascades (HSA04610), and cholesterol 

metabolism (HSA04979) (Figure 7B, Supplementary 

Table 9). Functional enrichment analyses for cis-genes 

of differentially expressed lncRNAs showed that they 

were enriched in positive regulation of mesenchymal 

cell proliferation (GO:0002053), peptidyl-proline 

modification (GO:0018208), Alcoholism (HSA05034), 

Arachidonic acid metabolism (HSA00590) (Figure 7C, 

7D, Supplementary Tables 10–13). Functional 

enrichment analyses for parental genes of 

differentially expressed circRNAs showed that they 

mainly participated in somatic diversification of T cell 

receptor genes (GO:0002568), positive regulation of 

brown fat cell differentiation (GO:0090336), Adherens 

junction (HSA04520) (Figure 7E, 7F, Supplementary 

Tables 14–17). Also, GSEA for differentially 

expressed mRNAs verified that they were mainly 

associated with organ regeneration (GO:0031100), 

nucleosome assembly (GO:0006334), negative 

regulation of phosphorylation (GO:0042326), 

complement and coagulation cascades (HSA04610), 

tyrosine metabolism (HSA00350), PPAR signaling 

pathway (HSA03320), PI3K-Akt signaling pathway 

(HSA04151), p53 signaling pathway (HSA04115), 
FoxO signaling pathway (HSA04068) (Figure 8A–8F, 

Supplementary Tables 18–19).  

 

PPI network analysis  
 

The protein-protein regulatory network contained 365 

nodes and 2210 edges (Figure 9A). MCODE analysis 

indicated that thirteen modules were extract from the 

PPI network, but the 42 genes from module 1 had the 

highest node degree according to CytoHubba 

(Supplementary Table 20). Therefore, these genes from 

module 1 were identified as hub genes. Subsequently, 

we conducted functional enrichment analyses for these 

hub genes using Metascape [30]. The results revealed 

that they were mainly enriched in blood microparticle 

(GO:0072562), endoplasmic reticulum lumen 

(GO:0005788), complement and coagulation cascades 

(HSA04610) (Figure 9B).  

 

 
 

Figure 2. miR-10a-5p is upregulated in OA and acts as a potential promising biomarker. (A) The relative expression of miR-10a-5p 
in OA and control cartilage tissues analyzed by RT-qPCR (8 OA cartilage vs. 7 control cartilage, **P < 0.01); (B) The relative expression of miR-
10a-5p in OA and control PBMC analyzed by RT-qPCR (8 OA cartilage vs. 8 control cartilage, *P < 0.05); (C) ROC analysis of miR-10a-5p in 
PBMC for the diagnosis of OA (AUC,0.84; P=0.02); Representative pictures of articular cartilage in sham group (D left) and DMM group  
(D right) stained by H&E. Scale bar, 200 um. (E) The relative expression of miR-10a-5p in sham group and DMM group analyzed by RT-qPCR  
(6 sham vs. 6 DMM cartilage, **P < 0.01).  
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Figure 3. miR-10a-5p acts as a significant contributing factor for OA. (A) The relative expression of COL2A1, MMP13, SOX9, and miR-
10a-5p in control and IL-1β induced Hc-a analyzed by RT-qPCR (n=3; **P < 0.01, ****P < 0.0001). (B) The relative expression of miR-10a-5p 
after transfecting miR-10a-5p mimics, ***P < 0.001. (C) The effect of miR-10a-5p overexpression on cell proliferation detected by CCK8 assay 
(n=3; *P < 0.05, **P < 0.01, ***P < 0.001). (D, E) The effect of miR-10a-5p overexpression on cell proliferation detected by EDU assay (n=3; *P 
< 0.05). (F, G) The effect of miR-10a-5p overexpression on cell apoptosis detected by flow cytometry assay (n=3; ****P < 0.0001). (H) Effects 
of miR-10a-5p overexpression on Col2a1, MMP13, BAX, and GAPDH protein levels detected by western blot.  
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Construction of ceRNA regulatory networks 
 

We also constructed the network regulatory interactions 

across coding and noncoding RNAs triggered by miR-

10a-5p. Considering that miRNAs play critical pivotal 

roles in ceRNA interactions, we constructed ceRNA 

regulatory networks centralized on significant 

upregulated and downregulated miRNAs. 

Downregulated miRNAs-associated ceRNA networks 

contained 1 circRNA, 42 lncRNA, 5 miRNA and 112 

mRNA (Figure 10). Especially, miR-10a-5p was the 

only upregulated miRNA after miR-10a-5p 

overexpression. The ceRNA network centered on miR-

10a-5p consisted of 27 lncRNA, 1 miRNA, and 10 

mRNA (Figure 10). The complicated regulatory 

networks across coding and noncoding RNAs revealed 

the powerful regulating effects of miR-10a-5p. 

 

HOXA3 acts as a targeted gene of miR-10a-5p  

 

To seek for the potential target of miR-10a-5p, we 

firstly identify the downregulated mRNAs in OA. A 

total of 767 downregulated mRNAs were identified in 

IL-1β induced primary chondrocytes after processing 

the data of GSE74220 using BioJupies [31] (Figure 

10A). Furthermore, we investigated that HOXA3 was 

 

 
 

Figure 4. Differentially expressed mRNAs and lncRNAs between miR-10a-5p overexpression group (exp) and control group 
(ctrl). (A) Heat map (left) and volcano plot (right) of differentially expressed mRNAs (red color denotes upregulated mRNAs and green color 
denotes downregulated mRNAs). (B) Heat map (left) and volcano plot (right) of differentially expressed lncRNAs (red color denotes 
upregulated lncRNAs and green color denotes downregulated lncRNAs). 
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the only overlapping mRNA across the downregulated 

mRNAs in GSE74220, the predicted targets of miR-

10a-5p via Targetscan, and the downregulated mRNAs 

in our RNA-seq results (Figure 11B). Subsequently, we 

found that HOXA3 was downregulated in OA cartilage 

after analyzing the results of GSE114007 (Figure 11C). 

The results of Targetscan showed that the seed region of 

miR-10a-5p was well-paired with 3’UTR of HOXA3, 

which was conservative among vertebrates (Figure 

11D). According to TarBase v.8 [32], high-throughput 

experiments including PAR-CLIP and HITS-CLIP 

indicated that miR-10a-5p was the direct inhibition to 

HOXA3 in HEK293, TZMBL, and 293S (Figure 11E). 

Furthermore, dual luciferase reporter assay confirmed 

that luciferase activity of HOXA3-wt was obviously 

inhibited by miR-10a-5p mimics as compared with that 

 

 
 

Figure 5. Differentially expressed miRNAs and circRNAs between miR-10a-5p overexpression group (exp) and control group 
(ctrl). (A) Heat map (left) and volcano plot (right) of differentially expressed miRNAs (red color denotes upregulated miRNAs and green color 
denotes downregulated miRNAs). (B) Heat map (left) and volcano plot (right) of differentially expressed circRNAs (red color denotes 
upregulated circRNAs and green color denotes downregulated circRNAs).  
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in HOXA3-mut group (Figure 11F–11G). RT-qPCR 

and western blot results showed that HOXA3 was 

significantly inhibited in IL-1β induced HC-a (Figure 

11H–11I) and miR-10a-5p overexpression (Figure 11J–

11K). Taken together, these results indicated that 

HOXA3 was downregulated in OA and acted as the 

targeted genes of miR-10a-5p.  

 

miR-10a-5p exerts biological functions in OA cell 

model by targeting HOXA3  
 

Based on the above results, we found that miR-10a-5p 

was a significant contributor to the pathogenesis of OA. 

RNA-sequencing together with integrated 

bioinformatics analyses identified that miR-10a-5p 

promoted the progression of OA through triggering the 

alterations of the whole transcriptome. Subsequently, 

one of the most representative downstream genes, 

HOXA3 (the targeted gene of miR-10a-5p) was chosen 

to verify the predicted mechanisms from bioinformatics 

analyses. Three siRNAs were designed to knockdown 

the expression of HOXA3. RT-qPCR results showed 

that si-HOXA3-1 had the highest silence efficiency, 

which was further confirmed by western blot (Figure 

12A, 12B). Therefore, si-HOXA3-1 was chosen to 

perform subsequent experiments. CCK-8 assay, EDU

 

 
 

Figure 6. Validation of 12 selected downregulated genes after miR-10a-5p overexpression through RT-qPCR. (A) SORCS2; (B) 
NDUFA4L2; (C) SULT1B1; (D) MKX; (E) CA9; (F) NLGN4X; (G) CPXM2; (H) HCAR1; (I) ADM2; (J) CAPN6; (K) OTUD6B-AS1; (L) hsa_circ_0010029. 
(n=3; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001). 
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assay, flow cytometry assay, and western blot verified 

that silence of HOXA3 significantly inhibited 

chondrocyte proliferation (Figure 12C, 12D, 12F), 

promoted chondrocyte apoptosis (Figure 12E, 12G) and 

cartilage matrix degradation (Figure 12H). Next, we 

further investigated whether miR-10a-5p functioned in 

IL-1β induced HC-a through targeting HOXA3. We 

treated HC-a with IL-1β and then co-transfected miR-

10a-5p inhibitor and si-HOXA3. Western blot also 

indicated that si-HOXA3 partly reversed the protective 

effect of miR-10a-5p inhibitor on IL-1β treated HC-a 

(Figure 13A). CCK-8 and EDU assay indicated that 

miR-10a-5p inhibitor partly restored IL-1β-induced 

inhibition of HC-a proliferation, while si-HOXA3 

attenuated the effect of miR-10a-5p inhibitor on IL-1β 

treated HC-a (Figure 13B, 13D, 13F). Flow cytometry

 

 
 

Figure 7. Functional enrichment analyses for differentially-expressed mRNAs, lncRNAs, and circRNAs. (A) GOBubble plot shows 
GO terms enriched in differentially-expressed mRNAs. (B) KEGG terms enriched in differentially-expressed mRNAs. (C) GOBubble plot shows 
GO terms enriched in ci-genes of differentially-expressed lncRNAs. (D) KEGG terms enriched in ci-genes of differentially-expressed lncRNAs. 
(E) GOBubble plot shows GO terms enriched in parent genes of differentially-expressed circRNAs. (F) KEGG terms enriched in parent genes of 
differentially-expressed circRNAs. 
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assay showed that miR-10a-5p inhibitor partly reversed 

IL-1β-induced chondrocyte apoptosis, while si-HOXA3 

antagonized the effect of miR-10a-5p inhibitor on IL-1β 

treated chondrocyte (Figure 13C, 13E). Collectively, 

these finding indicated that miR-10a-5p exerts 

biological functions in OA cell model by targeting 

HOXA3. 

 

DISCUSSION 
 

In the study, our findings indicated that miR-10a-5p 

was upregulated in OA and acted as a potential 

biomarker. Moreover, we found that miR-10a-5p 

overexpression inhibited chondrocyte proliferation and 

facilitated chondrocyte apoptosis and cartilage matrix 

degradation. Subsequently, RNA-seq together with 

integrated bioinformatics analyses was performed to 

comprehensively explore the potential mechanisms of 

miR-10a-5p in OA. Further experiments based on 

bioinformatics analyses demonstrated that miR-10a-5p 

exerted biological functions in OA cell model by 

targeting HOXA3.  

 

The results of RNA-seq revealed that overexpression of 

miR-10a-5p triggered the alteration of mRNAs, 

miRNAs, lncRNAs, and circRNAs. Accordingly, 

functional enrichment analyses including GO, KEGG, 

and GSEA were performed for these differentially-

expressed genes induced by miR-10a-5p. GO analyses 

indicated that they were enriched in many significant 

terms, such as extracellular structure organization, 

extracellular matrix, and glycosaminoglycan binding. It 

was well-known that extracellular matrix was the main 

component of articular cartilage and extracellular matrix

 

 
 

Figure 8. Gene set enrichment analysis (GSEA) for differentially-expressed mRNAs using NGSEA. Representative three 
significantly GO enrichment plot in GSEA: (A) organ regeneration (GO:0031100); (B) nucleosome assembly (GO:0006334); (C) negative 
regulation of phosphorylation. Representative three significantly KEGG enrichment plot in GSEA: (D) complement and coagulation cascades 
(HSA04610); (E) tyrosine metabolism (HSA00350); (F) PPAR signaling pathway (HSA03320).  
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Figure 9. PPI network analysis for differentially-expressed mRNAs. (A) PPI network of differentially-expressed mRNAs analyzed by 
STRING database and Module (1-13) were selected from PPI network using MCODE analysis. (B) Functional enrichment analysis of hub genes 
(Module 1) were performed using Metascape.  
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degradation was regarded as the key pathological 

hallmark of OA. Numerous studies revealed that  

many promising therapeutic targets aimed at  

promoting extracellular matrix generation significantly 

repressed the progression of OA [33, 34]. Also, 

glycosaminoglycans (GAGs) were the important 

building foundation of articular cartilage and GAGs 

bindings may play important roles in pathogenesis of 

OA. Flannery and coworkers identified that ADAMTS-

4 existed multiple GAG-binding sites and may 

contribute to extracellular matrix degradation through 

recognizing these bindings in the aggrecan core protein 

[35]. Another study indicated that PRELP, a GAG 

binding protein, inhibited osteoclastogenesis through 

repressing NF-κB transcriptional activity [36]. 

Considering that PRELP was highly-expressed in 

cartilage and activation of NF-κB signaling pathway 

was a significant contributor in OA [36, 37], the 

potential roles of PRELP in OA deserved further 

exploration. KEGG analyses indicated that these 

differentially-expressed genes induced by miR-10a-5p 

were enriched in PPAR signaling pathway, PI3K-Akt 

signaling pathway, and P53 signaling pathway. PPARs 

used to be regarded as a group of ligand-inducible 

transcription factors participating in lipid and glucose 

homeostasis, but increasing evidence showed that they 

remained fundamental to normal cartilage development 

[38]. Further studies indicated that PPARγ deficiency 

facilitated the formation of accelerated spontaneous 

OA, whereas PPARγ preservation alleviated the 

development and progression of OA [39, 40]. 

Furthermore, increasing evidence indicated that PI3K-

Akt signaling pathway participated in the pathogenesis 

of OA and inhibiting PI3K/AKT/NF-κB signal pathway 

repressed the progression of osteoarthritis [41, 42]. P53 

was identified as an ultimate tumor-suppressor gene, but 

 

 
 

Figure 10. ceRNA regulation network centered on downregulated and upregulated miRNAs after overexpressing miR-10a-5p 
in Hc-a. The circle represents circRNA, square represents mRNA and triangle represents miRNA, and inverted triangle represents lncRNA.  
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recent studies showed that it also involved in OA 

chondrocytes apoptosis. Islam and colleagues 

demonstrated that hydrostatic pressure induced OA 

chondrocytes apoptosis though upregulating the 

expression of p53 [43]. Hashimoto and coworkers found 

that p53 was overexpressed in OA chondrocytes and 

silencing of p53 can alleviate chondrocytes apoptosis 

induced by shear strain [44]. These studies implied that 

downregulation of p53 may act as a potential 

therapeutic approach in OA treatment. Taken together, 

these important biological processes and pathways 

induced by miR-10a-5p played important roles in OA, 

which enlarged our understanding for the underlying 

mechanism of miR-10a-5p in OA and may provide 

novel therapeutic targets for OA.     

 

We also performed PPI network analysis for 

differentially-expressed mRNAs induced by miR-10a-

5p. A total of 42 hub genes were identified in the PPI 

network including SERPINA1, TTR, APOA1, and 

 

 
 

Figure 11. HOXA3 acts as a targeted gene of miR-10a-5p. (A) Volcano plot of differentially expressed mRNAs between control group 
and IL-1β induced primary chondrocyte group from GSE74220. (B) Venn plot of the overlapping mRNA across the downregulated mRNAs in 
GSE74220, the predicted targets of miR-10a-5p in Targetscan, and the downregulated mRNAs in our RNA-seq. (C) The expression level of 
HOXA3 in OA cartilage from GSE114007, **P < 0.01. (D) Targetscan shows that the seed region of miR-10a-5p is well-paired with 3’UTR of 
HOXA3, which was conservative among vertebrates. (E) High-throughput experiments verified that HOXA3 was the direct target of miR-10a-
5p in HEK293, TZMBL, and 293S from TarBase v.8. (F) The sequencing results of cloned fragments in luciferase reporter vectors and the 
yellow highlighted sequence is the target test site. (G) Interaction between miR-10a-5p and HOXA3 was verified by luciferase report assay in 
293T cells. (H, I) The relative expression of HOXA3 in control and IL-1β induced Hc-a analyzed by RT-qPCR and western blot (n=3, *P < 0.05). 
(J, K) The relative expression of HOXA3 after transfecting miR-10a-5p mimics analyzed by RT-qPCR and western blot (n=3, **P < 0.01).  
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A2M. Previous studies found that SERPINA1, a 

chondrogenic differentiation gene, was significantly up-

regulated in OA [45, 46]. Furthermore, Yoshida et al. 

identified that alpha1-antitrypsin, a protein encoded by 

SERPINA1, could interact with ADAMTS-4 in vivo, 

although the potential significance of their interaction 

was largely unknown [47]. Therefore, the possible roles 

and mechanism of SERPINA1 in OA should be further 

elucidated. TTR, a common amyloidogenic protein, was 

found to be highly deposited in OA cartilage and

 

 
 

Figure 12. Silence of HOXA3 inhibited chondrocyte proliferation and promoted chondrocyte apoptosis. (A) The relative 
expression of HOXA3 after transfecting si-HOXA3 analyzed by RT-qPCR (n=3; ***P < 0.001). (B) The relative expression of HOXA3 after 
transfecting si-HOXA3 analyzed by western blot. (C) The effect of HOXA3 knockdown on cell proliferation detected by CCK8 assay (n=3; *P < 
0.05, **P < 0.01). (D, F) The effect of HOXA3 knockdown on cell proliferation detected by EDU assay (n=3; *P < 0.05). (E, G) The effect of 
HOXA3 knockdown on cell apoptosis detected by flow cytometry assay (n=3; *P < 0.05). (H) Effects of HOXA3 knockdown on Col2a1, MMP13, 
BAX, and GAPDH protein levels detected by western blot. 
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promoted OA progression [48, 49]. Moreover, TTR 

deposition inducing extracellular matrix degeneration 

can be alleviated in part by TLR4 and p38 MAPK [48]. 

APOA1, a protein related to lipid metabolism, was also 

deposited in OA cartilage [50]. Further studies showed 

that the expression levels of IL-6, MMP-1 and MMP-3 

were significantly upregulated after stimulating 

chondrocytes and fibroblast-like synoviocytes with 

ApoA1. Interestingly, Tsezou et al. revealed that 

cholesterol efflux genes including ApoA1 were 

significantly downregulated in OA cartilage and 

activation of cholesterol efflux through LXR agonist 

increased the expression of ApoA1 [51]. Regardless of 

those inconsistences, the dysfunction of ApoA1 may act 

as a critical player in OA and further studies should be 

warranted to clarify its roles in OA. A2M was identified 

as an endogenous inhibitor to the ADAMTS family 

including ADAMTS-4, ADAMTS-5, ADAMTS-7, and 

ADAMTS-12, which were critical aggrecanase 

responsible for aggrecan degradation in OA [52, 53]. In 

 

 
 

Figure 13. miR-10a-5p functioned in IL-1β induced Hc-a through targeting HOXA3. Hc-a was treated with IL-1β and then co-
transfected miR-10a-5p inhibitor and si-HOXA3. (A) HOXA3, Col2a1, MMP13, BAX, and GAPDH protein levels were detected by western blot. 
(B, D, F) cell proliferation detected by CCK8 (B; n=3; *P < 0.05, ***P < 0.001) and EDU assay (D, F; n=3, *P < 0.05, **P < 0.01, ***P < 0.001). 
(C, E) cell apoptosis detected by flow cytometry assay (n=3, **P < 0.01, ***P < 0.001).  
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addition, intra-articular injection of A2M significantly 

suppressed the progression of OA in vivo, which 

suggested that A2M may be a promising target for OA 

treatment [54]. Considering the potential roles of these 

hub genes in OA, we postulated that miR-10a-5p may 

promote the development of OA through regulating the 

important hub genes.     

 

Apart from downregulation of mRNAs, miR-10a-5p 

overexpression also induced downregulation or 

upregulation of numerous ncRNAs including miRNAs, 

lncRNAs, and circRNAs. Many studies revealed that 

TFs regulated the expression of RNAs. Therefore, 

downregulation of TFs induced by miR-10a-5p 

overexpression may be responsible for inhibitory 

expression of ncRNAs. Conventionally, miRNAs were 

thought to function in RNA silencing, but recent studies 

demonstrated that miRNAs located in the nucleus, or 

NamiRNA could activate gene transcription by 

targeting enhancers [55]. Accordingly, miR-10a-5p in 

the nucleus might bind to some key enhancers, thus 

promoting the upregulation of ncRNAs and mRNAs. 

We also constructed the ceRNA regulatory networks 

centralized on significant upregulated and 

downregulated miRNAs triggered by miR-10a-5p. The 

regulatory networks reflected the complicated 

molecular mechanisms of miR-10a-5p involving in OA, 

which might provide potential scientific foundation for 

future studies.  

 

Mountains of studies demonstrated that miRNAs 

regulated the expression of genes through binding to the 

3' untranslated regions (UTRs) of target mRNAs, so we 

also identified the potential direct targets of miR-10a-5p 

in OA. We found that HOXA3 acted as a downstream 

target of miR-10a-5p. HOXA3 was a member of 
homeobox (HOX) genes and previous studies revealed 

that dysfunction of HOX genes may be associated with 

initiation and development of OA, although the exact 

mechanism remained to be further explored [56]. To 

further verify the results from bioinformatics analyses, 

we merely chose one of the most representative 

downstream genes, HOXA3 (the targeted gene of miR-

10a-5p) to verify the predicted mechanisms. We found 

that HOXA3 was down-regulated in OA and silencing 

of HOXA3 inhibited chondrocyte proliferation, 

promoted chondrocyte apoptosis and cartilage matrix 

degradation. Furthermore, we also demonstrated that 

miR-10a-5p exerted biological functions in OA cell 

model by targeting HOXA3. Collectively, our findings 

demonstrated that miR-10a-5p accelerated the 

progression of OA by targeting HOXA3.   

 

To sum up, the current study revealed that 

overexpression of miR-10a-5p inhibited chondrocyte 

proliferation and facilitated chondrocyte apoptosis and 

cartilage matrix degradation. Furthermore, 

bioinformatics analyses followed by experimental 

verification indicated that miR-10a-5p facilitated the 

progression of OA through triggering the alterations of 

the whole transcriptome. Our findings shed insight on 

regulatory mechanism of miR-10a-5p involving in the 

pathogenesis of OA, which might provide novel 

therapeutic targets for OA.  

 

MATERIALS AND METHODS 
 

Clinical sample collection and animal experiments  
 

Degenerative articular cartilage tissues were obtained 

from eight OA patients undergoing total hip 

arthroplasty, while control tissues from seven patients 

with femoral neck fracture undergoing total hip 

arthroplasty. Peripheral blood (6ml) from elbow venous 

blood of another OA patients (n=8) and matched non-

OA patients (n=8) were collected for further peripheral 

blood mononuclear cell (PBMC) isolation. PBMCs 

were separated using density centrifugation (400×g for 

30 min) at room temperature after 6ml of blood was 

layered onto the same volume of Histopaque-1077 

(Sigma-Aldrich). Adult male C57BL/6 mice (n=6; 8 

weeks old) from Guangdong Medical Laboratory 

Animal Center were used to induce DMM OA models 

as previously described [57]. DMM operations and 

sham operations were performed in the right knee joints 

of the mice in DMM group and control group 

respectively. The left ones of all the mice remained 

intact. Furthermore, the right knee joints were harvested 

for subsequent histological analysis. Briefly, knee joints 

were fixed in 4% paraformaldehyde for 24 h, 

decalcified in 10% EDTA for 10 days and embedded in 

paraffin. The medial compartment of the joints was cut 

into 5 micrometer thick sections and the sections were 

stained with H&E. All subjects were provided written 

informed consents before the study. This study was 

approved by the Human and Animal Experiments 

Ethics Committee of the Fifth Affiliated Hospital of Sun 

Yat-Sen University.  

 

Cell culture and cell transfection 
 

Human primary chondrocytes (HC-a; Catalog #4650) 

was purchased from ScienCell Research Laboratories. 

The cells were seeded into 35mm dishes (Corning 

Incorporated) and maintained in Chondrocyte Medium 

(ScienCell, Catalog #4651) in a humidified incubator at 

37 °C with 5% CO2. Only cells within the fifth passage 

were used for the current experiments. miR-10a-5p 

mimics and NC were purchased from Guangzhou 

RiboBio (Guangzhou, China). Si-HOXA3 and their 

negative controls were purchased from GenePharma 

(Shanghai, China). The sequences for si-HOXA3 are 
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shown in Supplementary Table 1. Cell transfection was 

undertaken using Lipofectamine 3000 (Invitrogen) 

according to the protocol of the manufacturer. Cells 

were harvested for further experiments at 48 hours after 

transfection.  

 

Cell viability assay and edu staining  
 

Cell viability was detected using the Cell Counting Kit-8 

(CCK-8) assay (Dojindo). Cells were seeded into 96-well 

plates (5000 cells per well) and transfected with miR-

10a-5p mimics and mimic-NC or si-NC and si-HOXA3 

for 24h, 48h, 72h, and 96h. The OD absorbance at 450 

nm was measured with Synergy™ HTX Multi-Mode 

Microplate Reader (BioTek). Edu staining was performed 

following the previous protocol [58].  

 

Flow cytometry assay 

 

Flow cytometry was used to detect the apoptosis rate of 

HC-a using FITC Annexin V Apoptosis Detection Kit I 

(BD Pharmingen™) following the protocol of the 

manufacturer. At 48 hours after transfection, cells were 

washed and collected using pre-chilled phosphate-

buffered saline. And then, cells were resuspended in 

100 μL of annexin binding buffer (1x) followed by 

incubating with 5 μL of FITC annexin V and 5 μL of PI 

working solution at room temperature for 15 min. 

Subsequently, 400 μL of annexin binding buffer (1x) 

was added to the mixture. Finally, the apoptosis rate of 

cells was analyzed by CytoFLEX LX Flow Cytometer 

(Beckman Coulter).  

 

RNA isolation, reverse transcription (RT), and real-

time quantitative PCR (RT-qPCR)   

 

Total RNA from tissues (articular cartilage) and cells 

(PBMCs and HC-a) was isolated using HP Total RNA 

Kit and EZNA Total RNA kit I (Omega Bio-tek, USA) 

respectively, following the protocols of the 

manufacturer. The concentration of RNA was measured 

using NanoDrop 2000 (Thermo Scientific). RNA was 

synthesized into cDNA using RevertAid First Strand 

cDNA Synthesis Kit (Thermo Scientific) following the 

protocols of the manufacturer. PCR reaction was 

performed with Forget-Me-Not™ EvaGreen® qPCR 

Master Mix (Biotium) using CFX96TM Real-Time PCR 

Detection Systems (BIO-RAD) as following: 95°C for 2 

min and then 40 cycles of 95°C for 5s, 60°C for 10s, 

and 72°C for 10s. The relative expression were 

calculated using the 2-∆∆Ct method. The bulge-loop™ 

miRNA qRT-PCR Primer Set (one RT primer and a pair 

of qPCR primers) specific for has-miR-10a-5p is 

designed and synthetized by RiboBio (Guangzhou, 

China). The expression of miRNA was normalized to 

U6, while mRNA, lncRNA, and circRNA normalized to 

GAPDH. The primer sequences are shown in 

Supplementary Table 1. 

 

Western blot  
 

The total protein of cells was extracted using RIPA 

buffer (Solarbio Biotech, Beijing, China). Protein 

concentrations were examined using BCATM protein 

assay kit (Beyotime Biotechnology, Shanghai, China). 

A total of 30ug protein was loaded onto the PAGE 

(EpiZyme, Shanghai, China), separated by 

electrophoresis and then transferred onto PVDF 

membranes (Immunoblot, Bio-Rad). The membranes 

were blocked with 5% non-fat milk (Difco™ Skim 

Milk, BD) for 1 h at room temperature and incubated 

with primary antibodies against COL2A1 (Proteintech, 

Wuhan, China), MMP13 (Santa Cruz, UK), BAX (CST, 

USA), HOXA3 (Santa Cruz, USA), GAPDH (CST, 

USA) at 4 °C overnight. Next, the membranes were 

incubated with secondary antibodies (Santa Cruz, USA) 

for 1 h at room temperature. The protein signaling were 

visualized with ECL chemiluminescence kit (Santa 

Cruz Biotechnology, Dallas, TX, USA) using Molecular 

Imager ChemiDoc XRS System (Bio-Rad).  

 

High throughput sequencing and bioinformatics 

analysis 
 

The total RNA from HC-a transfected with miR-10a-5p 

mimics or NC were extracted using the aforementioned 

methods. The concentration and integrity of total RNA 

was examined using Qubit 3.0 Fluorometer (Invitrogen, 

Carlsbad, California) and Agilent 2100 Bioanalyzer 

(Applied Biosystems, Carlsbad, CA), respectively. High 

throughput sequencing for the whole transcriptome were 

performed at Guangzhou Geneseed Biotech Co., Ltd 

(Guangzhou, China). Briefly, mRNA, lncRNA and 

circRNA libraries were established using Total RNA-seq 

(H/M/R) Library Prep Kit (Illumina) after ribosomal RNA 

depletion. High throughput sequencing was performed to 

obtain raw reads on Illumina HiSeq X10 PE150 (Illumina, 

San Diego, CA) after finishing RNA library construction 

and quality control using Agilent 2100 Bioanalyzer. And 

then, clean reads were selected after filtering out low-

quality data, reads containing jointed-sequence, and reads 

containing many N sequences from raw reads. 

Furthermore, effective reads were obtained following 

removing ribosomal RNA sequences. For mRNAs 

expression analysis, the reads were mapped to the latest 

UCSC transcript set using Bowtie 2 version 2.1.0 and the 

transcripts set from Lncipedia was used for lncRNAs 

expression analysis [59, 60]. For circRNA expression 

analysis, the reads were mapped to genome using the 

STAR and DCC was used to identify the cirRNA and 

estimate the circRNA expression [61, 62]. For miRNA 

sequencing, small RNA library was prepared using 
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VAHTSTM Small RNA Library Prep Kit for Illumina® 

Vazyme Biotech). ExceRpt was used to estimate the 

miRNA expression in miRBase and novel miRNAs were 

identified with miRDeep2 [63]. TMM (trimmed mean of 

M-values) was used to normalize the expression of 

lncRNA, mRNA, circRNA, and miRNA. Differentially 

expressed genes were identified using the edgeR program 

and differentially-expressed genes with adjusted p-value < 

0.1 and more than two fold changes were considered to be 

significant. GO enrichment analyses were visualized 

using GO plot package, while KEGG enrichment analyses 

using clusterProfiler package. Protein-protein interaction 

(PPI) network analysis for differentially expressed 

mRNAs was performed using String 11.0 and CytoHubba 

was employed to identify hub genes in the PPI network 

[64]. Molecular complex detection (MCODE) was used to 

identify key modules from PPI networks with default 

algorithms. Network-based gene set enrichment analysis 

for differentially expressed mRNAs was undertaken using 

NGSEA [65]. miRanda was used to predict the potential 

binding relationship between differentially expressed 

miRNAs and mRNAs, lncRNAs and circRNAs. The 

circRNA–miRNA–mRNA and lncRNA–miRNA–mRNA 

regulatory networks were visualized using the Cystoscope 

software V3.6.0.  

 

Luciferase reporter assay 
 

To verify the interaction between miR-10a-5p and 

HOXA3, 293T cells were co-transfected with either the 

WT or mutated HOXA3 reporter plasmids and miR-

10a-5p mimics or miR-NC. After 48 h of incubation, 

the luciferase signals were measured with a Dual 

Luciferase Reporter Assay System (Promega).  

 

Statistical analysis  
 

All the statistical analyses were performed using 

GraphPad Prism 7.0 (GraphPad Software Inc., San 

Diego, CA). Student T-test was employed to compare 

the difference across two groups. Results are reported as 

the mean ± standard deviation (SD). A p value less than 

0.05 was considered to be statistically significant. 

 

Abbreviations 
 

OA: Osteoarthritis; ncRNAs: Non-coding RNAs; 

miRNAs: microRNAs; lncRNAs: long non-coding 

RNAs; circRNAs: circular RNAs; MREs: microRNA 

response elements.  
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SUPPLEMENTARY MATERIALS 
 

Supplementary Tables 
 

Supplementary Table 1. Sequences of RT-qPCR primers used. 

Gene Name Forward (5'-3') Reverse (5'-3') 

GAPDH CCTGCACCACCAACTGCTTA GGCCATCCACAGTCTTCTGAG 
U6 CTCGCTTCGGCAGCACA AACGCTTCACGAATTTGCGT 
OTUD6B-AS GACATATCCGGGTGACGTTTTT TTGTTCCACTGTCTTCTGGCATT 

has_circ_0010029 AGCTGCTGCTGACTTGAGTG TTGCTAGTTCTGGAGGCACC 

ADM2 TACACGCAGTGCTGGTACG CTGCTCGTCCAGACATGGC 

CAPN6 CAGCAGACTTTTCTGTGATCCA GGGGACGTTTCCACACCAC 

CPXM2 GTGCGCGGGAAGAAATGAC CCTCCCTTGAGTGATGACACC 

HCAR1 AATTTGGCCGTGGCTGATTTC CCGTAAGGAACACGATGCTCC 

NDUFA4L2 CCTGAGCCCCAATGACCAATA TCTGGCCGGTCCTTCTTCA 

SORCS2 GTCACCACCGTCATCGACAAT TTCGTCTGCGCTGAGGAATAG  

CA9 GGATCTACCTACTGTTGAGGCT CATAGCGCCAATGACTCTGGT 

MKX CGAACACTACCATGATGGGAAA TTCTGATGACGATGGAGACACTA 

NLGN4X GGTTTACCGCCAATTTGGATACT CCGTGGGCACGTAGATGTT 

SULT1B1 TTTATCTGGCTCGTAATGCCAAG CCATAGGCCACTTTTCCAGTT 

HOXA3 GCAAAAAGCGACCTACTACGA CGTCGGCGCCCAAAG 

COL2A1 TGAGCCATGATTCGCCTCG CCCTTTGGTCCTGGTTGCC 

SOX9 CTGGGAACAACCCGTCTACA TTCTGGTTGGTCCTCTCTTTCTT 

MMP13 CACTTTATGCTTCCTGATGACG TCCTCGGAGACTGGTAATGG 

si-HOXA3 
  

HOXA3-homo-1 CCAACGGGUUCGCUUAUAATT UUAUAAGCGAACCCGUUGGTT 

HOXA3-homo-2 GUGGCUAUCUGAACUCUAUTT AUAGAGUUCAGAUAGCCACTT 

HOXA3-homo-3 CCAGCCCUCUUUGGUCUAATT UUAGACCAAAGAGGGCUGGTT 

 

Please browse Full Text version to see the data of Supplementary Tables 2 and 3. 

 

Supplementary Table 2. Detailed differentially expressed mRNAs between miR-10a-5p overexpression group (exp) 
and control group (ctrl). 

Supplementary Table 3. Detailed differentially expressed lncRNAs between miR-10a-5p overexpression group (exp) 
and control group (ctrl). 

Supplementary Table 4. Detailed differentially expressed miRNAs between miR-10a-5p overexpression group (exp) 
and control group (ctrl). 

miRNA Chr_Start_End_Strand miRBaseID logFC 
foldCha

nge 

PValu

e 
pAdj 

diffSt

ate 
M3 M4 NC-3 NC-4 

hsa-miR-

10a-5p 

chr17_48579904_485799

26_- 

MIMAT000

0253 

13.230

01 
9607.938 

1.2E-

106 

4.3E-

104 
up 

404.40

72 

475.71

28 
0 

0.0601

4 

hsa-miR-

100-5p 

chr11_122152275_12215

2296_- 

MIMAT000

0098 

-

1.0019

7 

0.499319 
1.19E-

05 

0.0015

87 
down 

1604.7

97 

1714.6

44 

2999.0

9 

3574.0

08 

hsa-miR-

193b-3p 

chr16_14304017_143040

38_+ 

MIMAT000

2819 

-

1.0918

4 

0.469164 
1.32E-

05 

0.0015

87 
down 

361.76

29 

296.01

47 

452.38

04 

933.97

64 

hsa-miR-

3619-3p 

chr22_46091090_460911

11_+ 

MIMAT001

9219 

-

8.5800

5 

0.002613 
0.0001

92 

0.0138

39 
down 0 0 

4.4718

34 

7.0965

37 

hsa-miR-496 
chr14_101060628_10106

0649_+ 

MIMAT000

2818 

-

8.8021

1 

0.00224 
0.0001

2 

0.0107

82 
down 0 0 

5.4387

17 

8.0587

79 
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Supplementary Table 5. Detailed differentially expressed circRNAs between miR-10a-5p overexpression group (exp) 
and control group (ctrl). 

Chr_Start_

End_Strand 

circBank 

ID 

Circ 

base 

ID 

spliced 

Seq 

Length 

Gene 

mouse_ 

conserved_ 

circRNA 

start 

End 

Regio

n 

logFC 
fold 

Change 
PValue pAdj 

diff 

State 
M1 M2 NC-3 NC-4 

chr17_81042813_81043199_+  METRNL  exon-

exon 

6.462

089 

88.16225 2.88E-

05 

0.003701 up 1.042

58 

0.22

7358 

0 0 

chr14_99723

807_997241

76_- 

hsa_circ

BCL11B

_002 

hsa_c

irc_0

03314

4 

369 BCL11B mmu_circ_

0000414 

exon-

exon 

6.010

497 

64.46734 8.65E-

06 

0.001669 up 0.417

032 

0.53

0503 

0 0 

chr15_89656

955_896597

52_+ 

hsa_circ

ABHD2_

007 

hsa_c

irc_0

00709

9 

300 ABHD2 mmu_circ_

0014410 

exon-

exon 

6.002

8 

64.12433 7.12E-

05 

0.005499 up 0.695

053 

0.22

7358 

0 0 

chr13_76195898_76335174_+  LMO7  exon-

exon 

5.322

277 

40.00966 0.00028

8 

0.015907 up 0.347

527 

0.22

7358 

0 0 

chr7_262328

70_2623299

3_- 

hsa_circ

HNRNP

A2B1_01

9 

hsa_c

irc_0

00168

9 

123 HNRNPA

2B1 

 exon-

exon 

5.322

277 

40.00966 0.00028

8 

0.015907 up 0.347

527 

0.22

7358 

0 0 

chr14_35331

249_353315

28_- 

hsa_circ

BAZ1A_

004 

hsa_c

irc_0

00613

7 

279 BAZ1A  exon-

exon 

4.920

285 

30.27982 0.00173

5 

0.076806 up 0.208

516 

0.22

7358 

0 0 

chr16_85667

519_856677

38_+ 

hsa_circ

KIAA01

82_001 

hsa_c

irc_0

00072

2 

219 GSE1 mmu_circ_

0001730 

exon-

exon 

4.110

917 

17.27864 6.68E-

05 

0.005499 up 0.417

032 

1.59

1509 

0 0.090

727 

chr1_155646

338_155649

303_- 

hsa_circ

YY1AP1

_008 

hsa_c

irc_0

01460

6 

459 YY1AP1  exon-

exon 

2.450

128 

5.464644 0.00282

7 

0.099192 up 0.973

075 

0.45

4717 

0.160

478 

0.090

727 

chr5_647473

01_6476977

9_- 

hsa_circ

ADAMT

S6_004 

hsa_c

irc_0

07268

8 

1352 ADAMTS

6 

mmu_circ_

0004419 

exon-

exon 

-

2.129

68 

0.228508 0.00196

8 

0.076806 down 0.139

011 

0.30

3145 

0.802

389 

1.088

72 

chr1_141049

12_1410932

6_+ 

hsa_circP

RDM2_0

11 

hsa_c

irc_0

01002

9 

4414 PRDM2  exon-

exon 

-

5.250

35 

0.026272 0.00199 0.076806 down 0 0 0.160

478 

0.362

907 

 

Please browse Full Text version to see the data of Supplementary Tables 6 to 10. 

 

Supplementary Table 6. Detailed GO analysis (biological process) of differentially expressed mRNAs. 

 

Supplementary Table 7. Detailed GO analysis (cellular component) of differentially expressed mRNAs. 

 

Supplementary Table 8. Detailed GO analysis (molecular function) of differentially expressed mRNAs. 

 

Supplementary Table 9. Detailed KEGG analysis of differentially expressed mRNAs. 

 

Supplementary Table 10. Detailed GO analysis (biological process) of ci-genes of differentially expressed lncRNAs. 
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Supplementary Table 11. Detailed GO analysis (cellular component) of ci-genes of differentially expressed lncRNAs. 

databaseID Description type geneRatio bgRatio pvalue padj qvalue enrichScore overlapGeneList 
overlapGene

Count 

GO:0030120 vesicle coat 
cellular 

component 
5/267 48/18678 0.000596 0.177015 0.177015 7.286985 

PEF1/COPZ1/EPN2

/SYNRG/SEC24B 
5 

GO:0030117 
membrane 

coat 

cellular 

component 
6/267 86/18678 0.001459 0.177015 0.177015 4.880585 

PEF1/COPZ1/EPN2

/SYNRG/VPS33B/

SEC24B 

6 

GO:0048475 
coated 

membrane 

cellular 

component 
6/267 86/18678 0.001459 0.177015 0.177015 4.880585 

PEF1/COPZ1/EPN2

/SYNRG/VPS33B/

SEC24B 

6 

GO:0031463 

Cul3-RING 

ubiquitin 

ligase 

complex 

cellular 

component 
3/267 34/18678 0.012465 0.640758 0.640758 6.172505 ENC1/GAN/PEF1 3 

GO:0005667 

transcription 

factor 

complex 

cellular 

component 
9/267 270/18678 0.015966 0.640758 0.640758 2.331835 

BRF1/BRF2/JUNB/

SFPQ/SNF8/HAND

2/SIX1/TBX2/NFY

C 

9 

GO:0030658 

transport 

vesicle 

membrane 

cellular 

component 
7/267 188/18678 0.018699 0.640758 0.640758 2.60471 

PEF1/RAB1A/SCA

MP1/DNM1L/SPR

ED2/SYNRG/SEC2

4B 

7 

GO:0030118 clathrin coat 
cellular 

component 
3/267 41/18678 0.020646 0.640758 0.640758 5.118663 

EPN2/SYNRG/VPS

33B 
3 

GO:0044815 

DNA 

packaging 

complex 

cellular 

component 
5/267 113/18678 0.023175 0.640758 0.640758 3.095356 

HIST2H3D/SMC4/

H2BFWT/HIST1H2

AI/HIST4H4 

5 

GO:0062023 

collagen-

containing 

extracellular 

matrix 

cellular 

component 
11/267 399/18678 0.02902 0.640758 0.640758 1.928586 

A1BG/ADAMTS1/

COL4A5/COL9A2/

FGA/FMOD/SERPI

NB6/LOXL1/ADA

MTS9/IGFBP7/LT

BP3 

11 

GO:0030135 
coated 

vesicle 

cellular 

component 
8/267 261/18678 0.034503 0.640758 0.640758 2.144216 

EPGN/PEF1/SCAM

P1/COPZ1/EPN2/S

YNRG/VPS33B/SE

C24B 

8 

GO:0030662 

coated 

vesicle 

membrane 

cellular 

component 
6/267 169/18678 0.034792 0.640758 0.640758 2.483611 

EPGN/PEF1/COPZ

1/EPN2/SYNRG/S

EC24B 

6 

GO:0031012 
extracellular 

matrix 

cellular 

component 
12/267 468/18678 0.037407 0.640758 0.640758 1.793719 

A1BG/ADAMTS1/

CHI3L1/COL4A5/

COL9A2/FGA/FM

OD/SERPINB6/LO

XL1/ADAMTS9/IG

FBP7/LTBP3 

12 
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Supplementary Table 12. Detailed GO analysis (molecular function) of ci-genes of differentially expressed lncRNAs. 

databaseID Description type geneRatio bgRatio pvalue padj qvalue enrichScore overlapGeneList 
Overlap 

GeneCount 

GO:0016651 oxidoreductase 

activity, acting on 

NAD(P)H 

molecular 

function 

6/247 96/16969 0.002787 0.375998 0.372662 4.293775 AKR1C2/AKR1C

3/CBR1/TXNRD2

/DHRS4/MIOX 

6 

GO:0004033 aldo-keto 

reductase (NADP) 

activity 

molecular 

function 

3/247 23/16969 0.004351 0.375998 0.372662 8.960922 AKR1C2/AKR1C

3/MIOX 

3 

GO:0004722 protein 

serine/threonine 

phosphatase 

activity 

molecular 

function 

4/247 49/16969 0.005557 0.375998 0.372662 5.608196 CTDSP2/DUSP4/

PPA2/UBLCP1 

4 

GO:0003755 peptidyl-prolyl 

cis-trans 

isomerase activity 

molecular 

function 

3/247 26/16969 0.006186 0.375998 0.372662 7.92697 FKBP11/FKBP2/F

KBP8 

3 

GO:0016859 cis-trans 

isomerase activity 

molecular 

function 

3/247 28/16969 0.007629 0.375998 0.372662 7.360758 FKBP11/FKBP2/F

KBP8 

3 

GO:0016614 oxidoreductase 

activity, acting on 

CH-OH group of 

donors 

molecular 

function 

6/247 120/1696

9 

0.008242 0.375998 0.372662 3.43502 AKR1C2/AKR1C

3/CBR1/DHRS4/

MIOX/VKORC1L

1 

6 

GO:0016655 oxidoreductase 

activity, acting on 

NAD(P)H, 

quinone or similar 

compound as 

acceptor 

molecular 

function 

4/247 57/16969 0.009467 0.375998 0.372662 4.821081 AKR1C2/AKR1C

3/CBR1/DHRS4 

4 

GO:0097718 disordered domain 

specific binding 

molecular 

function 

3/247 31/16969 0.010139 0.375998 0.372662 6.648426 FKBP8/KCNA1/G

APDH 

3 

GO:0046982 protein 

heterodimerization 

activity 

molecular 

function 

14/247 497/1696

9 

0.014367 0.480885 0.476619 1.935223 GABPB1/APOA2/

BCL2/HIST2H3D

/PEF1/SMC4/SRG

AP2C/TMCC1/H

AND2/H2BFWT/

HIST1H2AI/HIST

4H4/NFYC/SUCL

G2 

14 

GO:0019902 phosphatase 

binding 

molecular 

function 

7/247 177/1696

9 

0.015129 0.480885 0.476619 2.716965 BCL2/EIF2AK3/P

PP1R3G/SYK/JA

K1/VCP/MAGI2 

7 

GO:0004715 non-membrane 

spanning protein 

tyrosine kinase 

activity 

molecular 

function 

3/247 37/16969 0.016446 0.487889 0.483561 5.570303 CLK1/SYK/JAK1 3 

GO:0016706 oxidoreductase 

activity, acting on 

paired donors, 

with incorporation 

or reduction of 

molecular oxygen, 

2-oxoglutarate as 

one donor, and 

incorporation of 

one atom each of 

oxygen into both 

donors 

molecular 

function 

3/247 40/16969 0.020259 0.514465 0.509901 5.15253 ASPHD1/EGLN1/

KDM4C 

3 

GO:0016616 oxidoreductase 

activity, acting on 

the CH-OH group 

of donors, NAD or 

NADP as acceptor 

molecular 

function 

5/247 108/1696

9 

0.02084 0.514465 0.509901 3.180574 AKR1C2/AKR1C

3/CBR1/DHRS4/

MIOX 

5 

GO:0005201 extracellular 

matrix structural 

constituent 

molecular 

function 

6/247 158/1696

9 

0.028244 0.514465 0.509901 2.608876 CHI3L1/COL4A5/

COL9A2/FGA/F

MOD/IGFBP7 

6 

GO:0016853 isomerase activity molecular 

function 

5/247 122/1696

9 

0.03299 0.514465 0.509901 2.81559 FKBP11/FKBP2/F

KBP8/HPGDS/K

5 
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ATNAL1 

GO:0070888 E-box binding molecular 

function 

3/247 49/16969 0.034364 0.514465 0.509901 4.206147 SFPQ/HAND2/TF

AP4 

3 

GO:0019903 protein 

phosphatase 

binding 

molecular 

function 

5/247 132/1696

9 

0.043906 0.514465 0.509901 2.602288 BCL2/EIF2AK3/P

PP1R3G/JAK1/V

CP 

5 

GO:0015171 amino acid 

transmembrane 

transporter 

activity 

molecular 

function 

3/247 55/16969 0.045956 0.514465 0.509901 3.747295 SLC25A22/SLC3

6A1/SLC6A18 

3 

 

Supplementary Table 13. Detailed KEGG analysis of ci-genes of differentially expressed lncRNAs. 

databaseID Description geneRatio bgRatio pvalue padj qvalue enrichScore overlapGeneList 
overlapGene

Count 

hsa04724 Glutamatergic 

synapse 

5/102 114/7946 0.015404 0.823484 0.823484 3.416753 GNAI1/GNG11/GRM6/

DLGAP1/SHANK2 

5 

hsa05034 Alcoholism 6/102 184/7946 0.030703 0.823484 0.823484 2.540281 GNAI1/GNG11/HIST2H

3D/H2BFWT/HIST1H2A

I/HIST4H4 

6 

hsa05202 Transcriptional 

misregulation in 

cancer 

6/102 186/7946 0.032134 0.823484 0.823484 2.512966 HIST2H3D/IGFBP3/TGF

BR2/ID2/SIX1/ZBTB16 

6 

hsa04974 Protein 

digestion and 

absorption 

4/102 95/7946 0.033515 0.823484 0.823484 3.280083 COL4A5/COL9A2/SLC3

6A1/SLC7A7 

4 

hsa00240 Pyrimidine 

metabolism 

3/102 57/7946 0.036469 0.823484 0.823484 4.100103 DCTD/NT5E/NT5M 3 

hsa05134 Legionellosis 3/102 57/7946 0.036469 0.823484 0.823484 4.100103 CLK1/RAB1A/VCP 3 

hsa00590 Arachidonic 

acid metabolism 

3/102 63/7946 0.046869 0.823484 0.823484 3.709617 AKR1C3/CBR1/HPGDS 3 

 

 

 

Please browse Full Text version to see the data of Supplementary Table 14. 
 

Supplementary Table 14. Detailed GO analysis (biological process) of parent genes of differentially expressed 
circRNAs. 
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Supplementary Table 15. Detailed GO analysis (cellular component) of parent genes of differentially expressed 
circRNAs. 

Database 

ID 
Description type geneRatio bgRatio pvalue padj qvalue enrichScore 

Overlap 

GeneList 

Overlap 

GeneCount 

GO:0070603 SWI/SNF 

superfamily-type 

complex 

cellular 

component 

2/9 68/18678 0.000462 0.013516 0.007114 61.03922 YY1AP1/BAZ1A 2 

GO:1904949 ATPase complex cellular 

component 

2/9 92/18678 0.000845 0.013516 0.007114 45.11594 YY1AP1/BAZ1A 2 

GO:0097524 sperm plasma 

membrane 

cellular 

component 

1/9 6/18678 0.002888 0.030805 0.016213 345.8889 ABHD2 1 

GO:0031010 ISWI-type complex cellular 

component 

1/9 11/18678 0.005289 0.038433 0.020228 188.6667 BAZ1A 1 

GO:0031011 Ino80 complex cellular 

component 

1/9 15/18678 0.007206 0.038433 0.020228 138.3556 YY1AP1 1 

GO:0033202 DNA helicase 

complex 

cellular 

component 

1/9 15/18678 0.007206 0.038433 0.020228 138.3556 YY1AP1 1 

GO:0000790 nuclear chromatin cellular 

component 

2/9 309/18678 0.009095 0.041578 0.021883 13.43258 YY1AP1/BAZ1A 2 

GO:0097346 INO80-type 

complex 

cellular 

component 

1/9 22/18678 0.010553 0.042213 0.022217 94.33333 YY1AP1 1 

GO:0044454 nuclear 

chromosome part 

cellular 

component 

2/9 469/18678 0.020151 0.071649 0.03771 8.850036 YY1AP1/BAZ1A 2 

GO:0000785 chromatin cellular 

component 

2/9 500/18678 0.022729 0.072732 0.03828 8.301333 YY1AP1/BAZ1A 2 

GO:0015030 Cajal body cellular 

component 

1/9 75/18678 0.035571 0.096195 0.050629 27.67111 HNRNPA2B1 1 

GO:0071013 catalytic step 2 

spliceosome 

cellular 

component 

1/9 82/18678 0.038833 0.096195 0.050629 25.30894 HNRNPA2B1 1 

GO:0036126 sperm flagellum cellular 

component 

1/9 84/18678 0.039763 0.096195 0.050629 24.70635 ABHD2 1 

GO:0097729 9+2 motile cilium cellular 

component 

1/9 89/18678 0.042085 0.096195 0.050629 23.31835 ABHD2 1 

GO:0001669 acrosomal vesicle cellular 

component 

1/9 103/18678 0.04856 0.099885 0.052571 20.14887 ABHD2 1 

GO:0016363 nuclear matrix cellular 

component 

1/9 106/18678 0.049942 0.099885 0.052571 19.57862 HNRNPA2B1 1 

 

Supplementary Table 16. Detailed GO analysis (molecular function) of parent genes of differentially expressed 
circRNAs. 

Database 

ID 
Description type geneRatio bgRatio pvalue padj qvalue enrichScore 

Overlap 

GeneList 

overlapGene

Count 

GO:00971

57 

pre-mRNA 

intronic 

binding 

molecular 

function 

1/10 6/16969 0.00353

1 

0.047093 0.022776 282.8167 HNRNPA2B

1 

1 

GO:00473

72 

acylglycerol 

lipase activity 

molecular 

function 

1/10 7/16969 0.00411

9 

0.047093 0.022776 242.4143 ABHD2 1 

GO:19902

47 

N6-

methyladenosin

e-containing 

RNA binding 

molecular 

function 

1/10 7/16969 0.00411

9 

0.047093 0.022776 242.4143 HNRNPA2B

1 

1 

GO:00985

05 

G-rich strand 

telomeric DNA 

binding 

molecular 

function 

1/10 10/16969 0.00587

9 

0.047093 0.022776 169.69 HNRNPA2B

1 

1 

GO:00430

47 

single-stranded 

telomeric DNA 

binding 

molecular 

function 

1/10 11/16969 0.00646

5 

0.047093 0.022776 154.2636 HNRNPA2B

1 

1 

GO:00988

47 

sequence-

specific single 

stranded DNA 

binding 

molecular 

function 

1/10 13/16969 0.00763

7 

0.047093 0.022776 130.5308 HNRNPA2B

1 

1 

GO:00351

98 

miRNA 

binding 

molecular 

function 

1/10 31/16969 0.01812

4 

0.077857 0.037655 54.73871 HNRNPA2B

1 

1 

GO:00421 telomeric DNA molecular 1/10 34/16969 0.01986 0.077857 0.037655 49.90882 HNRNPA2B 1 
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62 binding function 2 1 

GO:00012

28 

DNA-binding 

transcription 

activator 

activity, RNA 

polymerase II-

specific 

molecular 

function 

2/10 390/16969 0.02098

6 

0.077857 0.037655 8.702051 BCL11B/PR

DM2 

2 

GO:00619

80 

regulatory 

RNA binding 

molecular 

function 

1/10 37/16969 0.02159

7 

0.077857 0.037655 45.86216 HNRNPA2B

1 

1 

GO:00180

24 

histone-lysine 

N-

methyltransfera

se activity 

molecular 

function 

1/10 43/16969 0.02506 0.077857 0.037655 39.46279 PRDM2 1 

GO:00420

54 

histone 

methyltransfera

se activity 

molecular 

function 

1/10 52/16969 0.03023

3 

0.077857 0.037655 32.63269 PRDM2 1 

GO:00037

07 

steroid 

hormone 

receptor 

activity 

molecular 

function 

1/10 54/16969 0.03137

9 

0.077857 0.037655 31.42407 ABHD2 1 

GO:00360

02 

pre-mRNA 

binding 

molecular 

function 

1/10 54/16969 0.03137

9 

0.077857 0.037655 31.42407 HNRNPA2B

1 

1 

GO:00162

79 

protein-lysine 

N-

methyltransfera

se activity 

molecular 

function 

1/10 57/16969 0.03309

6 

0.077857 0.037655 29.77018 PRDM2 1 

GO:00162

78 

lysine N-

methyltransfera

se activity 

molecular 

function 

1/10 58/16969 0.03366

8 

0.077857 0.037655 29.2569 PRDM2 1 

GO:00037

30 

mRNA 3'-UTR 

binding 

molecular 

function 

1/10 67/16969 0.0388 0.084446 0.040842 25.32687 HNRNPA2B

1 

1 

GO:00082

76 

protein 

methyltransfera

se activity 

molecular 

function 

1/10 80/16969 0.04616

9 

0.087124 0.042137 21.21125 PRDM2 1 

GO:00425

62 

hormone 

binding 

molecular 

function 

1/10 81/16969 0.04673

4 

0.087124 0.042137 20.94938 ABHD2 1 

GO:00081

70 

N-

methyltransfera

se activity 

molecular 

function 

1/10 86/16969 0.04955

3 

0.087124 0.042137 19.7314 PRDM2 1 

 

Supplementary Table 17. Detailed KEGG analysis of parent genes of differentially expressed circRNAs. 

databaseID Description geneRatio bgRatio pvalue padj qvalue enrichScore overlapGeneList overlapGeneCount 

hsa00310 Lysine degradation 1/3 61/7946 0.022857 0.039856 0.013984 43.42077 PRDM2 1 

hsa04520 Adherens junction 1/3 71/7946 0.02657 0.039856 0.013984 37.30516 LMO7 1 

 

Please browse Full Text version to see the data of Supplementary Tables 18 to 20. 

 

Supplementary Table 18. Detailed GSEA (biological process) of differentially expressed mRNAs. 

 

Supplementary Table 19. Detailed GSEA (KEGG) of differentially expressed mRNAs. 

 

Supplementary Table 20. The network degreee analysis of all the differentially-expressed mRNAs using CytoHubba. 


