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INTRODUCTION  
 

Osteoarthritis (OA) is the most widespread joint 

degenerative disease around the world and a leading 

cause of pain and severe impairment of mobility in 

adults [1]. It is estimated that OA influences around 

18% of females and 10% of males over 60 years old, 

leading to a substantial socioeconomic burden [2]. OA 

is characterized by degraded articular cartilage, 

subchondral bone thickening, synovial inflammation, 

osteophyte formation, and degeneration of ligaments 

[3]. Growing studies reveal that the etiology of OA is a 

complicated multi-factorial mechanism related to heredi- 

 

ty, aging, joint injury, as well as obesity [4]. To date, 

the detailed mechanisms underlying OA progression 

remain to be thoroughly investigated, and there are no 

effective interventions to cure degraded cartilage or 

slow OA progression.  

 

As a primary pathological manifestation, cartilage 

degeneration takes place in the presence of mechanical 

damages or low-grade local or systemic inflammatory 

responses related to obesity, trauma, genetic pre-

disposition, and metabolic syndrome, which are the 

main risk factors for the initiation and progression of 

OA [5, 6]. In contrast, chondrogenesis is a process of 
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ABSTRACT 
 

MicroRNAs (miRNAs) play an essential role in the chondrogenesis and the progression of osteoarthritis (OA). 
This study aimed to determine miRNAs associated with chondrogenesis of human mesenchymal stem cells 
(hMSCs) and chondrocyte metabolism. MiRNAs were screened in hMSCs during chondrogenesis by RNA-seq 
and qRT-PCR. MiRNA expression was determined in primary human chondrocytes (PHCs), and degraded 
cartilage samples. MiRNA mimics and inhibitors were transfected to cells to determine the effect of miRNA. 
Bioinformatic analysis and luciferase reporter assays were applied to determine the target gene of miRNA. The 
results demonstrated that miR-520d-5p was increased in hMSCs chondrogenesis. The overexpression and 
knockdown of miR-520d-5p promoted and inhibited chondrogenesis, and regulated chondrocyte metabolism. 
Histone deacetylase 1 (HDAC1) was decreased in hMSCs chondrogenesis, and HDAC1 was a targeting gene of 
miR-520d-5p. CI994, HDAC1 inhibitor, elevated cartilage-specific gene expressions and promoted hMSCs 
chondrogenesis. In IL-м-̡treated PHCs, CI994 promoted AGGRECAN expression and suppressed MMP-13 
expression, abolishing the effect of IL-м ̡on PHCs. Taken together, these results suggest that miR-520d-5p 
promotes hMSCs chondrogenesis and regulates chondrocyte metabolism through targeting HDAC1. This study 
provides novel understanding of the molecular mechanism of OA progression.   
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the generation of chondrocytes that occurs both 

embryogenesis and adulthood, resulting in the 

formation of cartilage [7]. Chondrocytes originate from 

the chondrogenic differentiation of mesenchymal stem 

cells (MSCs) [8], in which a number of cytokines and 

transcription factors are associated with the chondrocyte 

differentiation, including Runx protein family (Runx1, 

Runx2, and Runx3) [9] and Sox family (Sox5, Sox6, 

and Sox9) [10]. Beyond that, chondrocyte-specific 

enhancer elements, such as COL2A1, COL9A1, 

COL10A2, and AGGRECAN, interact with trans-

cription factors to impact cartilage-specific gene 

expressions, indicating that the chondrogenesis is 

involved in multiple factors and signaling pathways 

[11]. Therefore, much attention so far is being drawn 

toward investigating the cellular and molecular 

mechanisms underlying the cartilage degeneration and 

chondrogenesis in OA.  

 

In the past decade, microRNAs (miRNAs), a class of 

non-coding short RNAs of 18-22 nucleotides [12], are 

critical regulatory factors for gene expression at the 

post-transcriptional level, in which miRNAs can inhibit 

translation through directly binding to 3'UTR of target 

mRNA and promote mRNA degradation [13]. 

Numerous studies suggest that miRNAs participate in 

various cellular processes, such as proliferation, 

inflammation, stress response, apoptosis, and migration 

[14]. It has been demonstrated that miRNAs play an 

essential role in the regulation of cartilage degeneration 

and chondrogenesis [15, 16]. For example, the 

expression of miR-194 decreases during the 

chondrogenesis of human adipose-derived stem cells 

(hASCs), and the downregulation of miR-194 promotes 

the expression of SOX5, leading to enhanced 

chondrogenic differentiation [17]. The upregulation of 

miR-365 in the pre-hypertrophic zone plays a positive 

role in chondrocyte proliferation by targeting histone 

deacetylase 4 (HDAC4) [18].  

 

Histone deacetylases (HDACs) is an essential enzyme 

family associated with the modulation of histone 

acetylation [19], an important mechanism modulating 

the gene expression at the transcriptional level [20]. 

Currently, HDACs are classified into four 

families  (class I, II, III, and IV), according to their 

function, structure, distribution, as well as expression 

pattern [21ï23], of which class I, including HDAC1, 2, 

3, and 8, has been reported to be essential for the 

progression of osteoarthritis and chondrogenesis [24]. 

HDAC1, in particular, plays a vital role in murine 

development while it is required for the formation of 

craniofacial cartilage and pectoral fins in zebrafish [25]. 

Higher expressions of HDAC1 and HDAC2 are found 

in the chondrocytes of diseased cartilages of patients 

with OA, which inhibit the expressions of matrix 

proteins, such as AGGRECAN and COL2A1 [26]. In 

addition, HDAC1 promotes TGF-ɓ1-mediated 

chondrogenesis through downregulating canonical Wnt 

signaling pathway [27].  

 

In this study, RNA-seq analysis and functional 

experiments revealed that miR-520d-5p was an essential 

miRNA associated with the chondrogenic differen-

tiation of human mesenchymal stem cells (hMSCs) 

and chondrocyte metabolic activities. By bioinformatic 

prediction, we found that miR-520d-5p might directly 

target HDAC1. In addition, we demonstrated that miR-

520d-5p plays an essential role in chondrogenesis 

and cartilage degradation by inhibiting HDAC1, 

thereby modulating the expressions of cartilage-

specific genes.  

 

RESULTS  
 

Elevated expression of miR-520d-5p and decreased 

level of HDAC1 in hMSCs chondrogenesis 
 

By RNA-Seq analysis, a group of differentially 

expressed miRNAs was found in hMSCs that were 

induced to differentiate to chondrocytes at 0 days and 

21 days (Figure 1A), of which miR-520d-5p was one of 

the upregulated miRNAs (Figure 1A). We then applied 

qRT-PCR to verify the results obtained from RNA-Seq 

assay, we found that miR-520-5p showed the highest 

increasing rate compared with other upregulated 

miRNAs in hMSCs (Figure 1B). These results 

suggested that miR-520d-5p might be an essential 

regulator in the chondrogenesis of hMSCs. Meanwhile, 

we also found that mRNA and protein expressions of 

HDAC1 was decreased in hMSCs at 21 days after 

chondrogenic induction (Figure 1C and 1D). In 

addition, both mRNA and protein expressions of 

chondrogenic markers AGGRECAN, COMP, COL2A1, 

and SOX9 and the hypertrophic markers COL10A1 and 

RUNX2 were elevated in hMSCs at 21 days after 

chondrogenic induction, compared with those at 0 days 

of the chondrogenesis (Figure 1E and 1F).  

 

MiR -520d-5p inhibited the expression of HDAC1 in 

chondrogenesis hMSCs  
 

According to the observation that miR-520d-5p and 

HDAC1 displayed opposite expression patterns in hMSCs 

during chondrogenesis, we used miR-520d-5p inhibitors 

and mimics to knockdown and overexpress miR-520d-5p 

in hMSCs. The results suggested that the levels of miR-

520d-5p were dramatically inhibited and enhanced in 

hMSCs transfected with miR-520d-5p inhibitors and miR-

520d-5p mimics, respectively (Figure 2A and 2B). Also, 

we found that the mRNA expressions of HDAC1 were 

increased in hMSCs transfected with miR-520d-5p 
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inhibitors while decreased in those treated with miR-

520d-5p mimics (Figure 2C). In addition, the knockdown 

of miR-520d-5p was associated with the decreased 

mRNA expressions of AGGRECAN, COMP, COL2A1, 

SOX9, RUNX2, whereas increased expression of 

COL10A1 (Figure 2D). The opposite results were 

observed in hMSCs with overexpression of miR-520d-5p 

(Figure 2F). For protein expressions, miR-520d-5p 

inhibitors increased the expression of HDAC1 while 

suppressed the levels of SOX9 and COL2A1 (Figure 2E). 

 

 
 

Figure 1. Elevated expression of miR-520d-5p and decreased level of HDAC1 in the chondrogenesis of hMSCs. (A) Volcano plot 
showing the differentially expressed miRNAs in hMSCs during chondrogenesis at 0 days and 21 days, as detected by RNA-seq assay. Red and 
green dots represent upregulated and downregulated miRNAs, respectively, according to fold change > 2 and p < 0.05. (B) Heatmap showing 
the expressions of differentially expressed miRNAs, as detected by qRT-PCR. (C) mRNA expression of HDAC1 in hMSCs at 0 days and 21 days 
of chondrogenesis. (D) Protein expression of HDAC1 in hMSCs at 0 days and 21 days of chondrogenesis. (E) mRNA expressions of the 
chondrogenic markers AGGRECAN, COMP, COL2A1, and SOX9 and the hypertrophic markers COL10A1 and RUNX2 at 0 days and 21 days of 
chondrogenesis. (F) Protein expressions of the chondrogenic markers AGGRECAN, COMP, COL2A1, and SOX9 and the hypertrophic markers 
COL10A1 and RUNX2 at 0 days and 21 days of chondrogenesis. For each experiment, at least three replicates were available for the analysis. 
Data were expressed as meanÑstandard deviation (SD). *P < 0.05; ** P < 0.01; *** P < 0.001. 
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Figure 2. miR-520d-5p affects the expression of HDAC1 in hMSCs during chondrogenesis. In these experiments, hMSCs were 
transfected with miR-520d-5p inhibitor (miR-520d-5p-IN) or miR-520d-5p mimics (miR-520d-5p-MI) at 0 day and then were induced to 
differentiate into chondrocytes for 21 days. All experiments were conducted at 21 days after chondrogenic induction. (A, B) Expressions of 
miR-520d-5p in hMSCs. (C) mRNA expressions of HDAC1 in hMSCs. (D) mRNA expressions of the chondrogenic markers AGGRECAN, COMP, 
COL2A1, and SOX9 and the hypertrophic markers COL10A1 and RUNX2 in hMSCs transfected with miR-520d-5p-IN at 0 days of 
chondrogenesis. (E) Protein expressions of HDAC1, SOX9, and COL2A1 in hMSCs transfected with miR-520d-5p-IN at 0 days of 
chondrogenesis. (F) mRNA expressions of the chondrogenic markers AGGRECAN, COMP, COL2A1, and SOX9 and the hypertrophic markers 
COL10A1 and RUNX2 in hMSCs transfected with miR-520d-5p-MI at 0 days of chondrogenesis. (G) Protein expressions of HDAC1, SOX9, and 
COL2A1 in hMSCs transfected with miR-520d-5p-MI at 0 days of chondrogenesis. (H) Immunohistochemistry assay for collagen type II in 
hMSCs transfected with miR-520d-5p-IN or miR-520d-5p-MI at 0 days of chondrogenesis (16× magnification). Scale bar = 100 ɛm. For each 
experiment, at least three replicates were available for the analysis. Data were expressed as meanÑstandard deviation (SD). *P < 0.05; ** P < 
0.01; *** P < 0.001. 
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In contrast, miR-520d-5p mimics inhibited the expression 

of HDAC1 while enhanced the expression of SOX9 and 

COL2A1 in hMSCs (Figure 2G). Furthermore, as 

shown in the immunohistochemistry assay for collagen 

type II, the knockdown of miR-520d-5p played a 

negative role in the chondrogenic differentiation of 

hMSCs, which was opposite to the effect of over-

expression of miR-520d-5p on the chondrogenesis of 

hMSCs (Figure 2H). As such, these results indicate that 

there is an inverse correlation between miR-520d-5p 

and HDAC1 and that miR-520d-5p is associated with 

hMSCs chondrogenesis. 

 

Expressions of miR-520d-5p and HDAC1 in IL -1ɓ-

treated PHCs 

 

IL-1ɓ has been demonstrated as a proinflammatory 

cytokine in OA cartilage degradation and plays an 

inhibitory role in the chondrogenesis [28, 29] and 

chondrocytes metabolism [30]. Thus, we attempted to 

determine the effect of IL-1ɓ on the expression of miR-

520d-5p. The results showed that IL-1ɓ treatment (5 

ng/mL) significantly decreased the expression of miR-

520d-5p (Figure 3A) while increased the mRNA levels of 

HDAC1 and MMP-13 (Figure 3B and 3C). In addition, the 

effect of IL-1ɓ on the expressions of miR-520d-5p, 

HDAC1, and MMP-13 exhibited a time- and dose-

dependent manner (Figure 3Dï3I). By western blotting 

assay, the protein expression of HDAC1 was increased by 

IL-1ɓ treatments in a dose-dependent manner (Figure 3J). 

These results together demonstrate that IL-1ɓ treatment 

exerts the opposite role in the expressions of miR-520d-5p 

and HDAC1, compared with those in chondrogenesis. 

 

miR-520d-5p promotes chondrocytes metabolism by 

targeting HDAC1 
 

To further determine the correlation between miR-

520d-5p and HDAC1 in chondrocytes, PHCs, and OA 

chondrocytes were transfected with miR-520d-5p 

inhibitors or miR-520d-5p mimics (Figure 4A, 4D, 4G, 

and 4J). In PHCs, the overexpression of miR-520d-5p 

dramatically inhibited the mRNA expression of 

HDAC1 and COL10A1 while enhanced the mRNA 

levels of AGGRECAN, COMP, COL2A1, RUNX2, 

and SOX9 (Figure 4B and 4C). Meanwhile, the 

knockdown of miR-520d-5p significantly increased 

the mRNA expressions of HDAC1 and COL10A1, 

whereas decreased the expressions of AGGRECAN, 

COMP, COL2A1, RUNX2, and SOX9 (Figure 4E and 

4F). In OA chondrocytes, forced expression of miR-

520d-5p suppressed the mRNA expressions of HDAC1 

and MMP-13 while promoted the mRNA expressions 

of AGGRECAN, COMP, COL2A1, and SOX9 (Figure 

4H and 4I). Also, the suppression of miR-520d-5p 

showed the opposite role, compared with those of the 

overexpression of miR-520d-5p (Figure 4K and 4L). 

By western blotting assay, the knockdown of miR-

520d-5p was associated with decreased protein 

expression of acetylated histone H3, whereas the 

overexpression of miR-520d-5p elevated the level of 

acetylation of histone H3 (Figure 4M). By predicting 

on bioinformatics programs, including miRanda [31], 

TargetScan [32] as well as miRWalk [33], the results 

revealed a putative miR-520d-5p binding site in 3'UTR 

of HDAC1 (Figure 4N). Then, luciferase reporter 

plasmids containing wild-type or mutant miR-520d-5p 

binding site were transfected to PHCs. We found that 

the luciferase activity was increased in PHCs 

transfected with plasmids containing wild-type miR-

520d-5p binding site in the presence of miR-520d-5p 

inhibitor while was decreased in response to miR-

520d-5p mimics (Figure 4O). Collectively, the results 

revealed that miR-520d-5p regulates chondrocytes 

metabolism by directly targeting HDAC1.  

 

CI994 promotes chondrogenic differentiation of hMSCs 
 

As an HDAC1 inhibitor [34], we applied CI994 

(tacedinaline) in the chondrogenic medium to determine 

the role of CI994 in the chondrogenic differentiation of 

hMSCs. Compared with the chondrogenic medium 

without CI994, the treatment of CI994 (100 nM) increased 

the mRNA expressions of AGGRECAN, COMP, 

COL2A1, COL10A1, RUNX2, and SOX9 in hMSCs 

(Figure 5A). Meanwhile, the protein expressions of 

COL2A1 and acetylated histone H3 were also increased by 

CI994 treatment supplemented in the chondrogenic 

medium (Figure 5B). Immunohistochemistry assay 

revealed that CI994 treatment was associated with more 

Collagen type II-positive cells compared with those in the 

chondrogenic medium without CI994 (Figure 5C).  

 

CI994 reverses the effect of IL -1ɓ on PHCs 

 

Next, we determined the effect of CI994 on PHCs. We 

found that CI994 treatment increased the mRNA 

expressions of AGGRECAN, COMP, COL2A1, and 

SOX9 while decreased the mRNA level of COL10A1 in 

time- and dose-dependent manner (Figure 6A and 6C). 

Also, the protein expressions of AGGRECAN, COL2A1, 

and acetylated histone H3 were increased by CI994 

treatment in time- and dose-dependent manner (Figure 6B 

and 6D). Furthermore, based on the observations 

mentioned above, we uncovered that the effect of IL-1ɓ 

on PHCs was reversed by CI994 treatment, in which the 

increased expression of MMP-13 was inhibited by CI994 

treatment at 8 and 24 hours post-treatment (Figure 6E and 

6F). The similar effect of CI994 treatment was also 

observed in the protein expressions of AGGRECAN and 

MMP-13 (Figure 6G). Together, the results reveal that 

CI994 can reverse the effect of IL-1ɓ in PHCs. 
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Figure 3. Expressions of miR-520d-5p and HDAC1 in IL-м-̡treated PHCs. (AςC) Expressions of miR-520d-5p, HDAC1, and MMP-13 in 
IL-м-̡treated PHCs at 24 hours post-IL-мʲ ǘǊŜŀǘƳŜƴǘ όр ƴƎκƳ[ύΣ ǊŜǎǇŜŎǘƛǾŜƭȅΦ όDςF) Expressions of miR-520d-5p, HDAC1, and MMP-13 in IL-м-̡
treated PHCs at 6, 12, 24, and 48 hours post-IL-мʲ ǘǊŜŀǘƳŜƴǘ όмл ƴƎκƳ[ύΣ ǊŜǎǇŜŎǘƛǾŜƭȅΦ όGςI) Expressions of miR-520d-5p, HDAC1, and MMP-
13 in PHCs treated with 0, 5, 10, 20 ng/mL IL-мʲ ŀǘ нп ƘƻǳǊǎ Ǉƻǎǘ-treatment, respectively. (J) Protein expression of HDAC1 in PHCs treated 
with 0, 5, 10, 20 ng/mL IL-мʲ ŀǘ пу ƘƻǳǊǎ Ǉƻǎǘ-treatment.  For each experiment, at least three replicates were available for the analysis. Data 
were expressed as ƳŜŀƴ ҕ ǎǘŀƴŘŀǊŘ ŘŜǾƛŀǘƛƻƴ ό{5ύΦ *P < 0.05; ** P < 0.01; *** P < 0.001. 
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Knockdown of HDAC1 attenuates the effect of the 

downregulation of miR-520d-5p in PHCs 

 

To further determine the effect of HDAC1 in the 

chondrocytes metabolism, we applied HDAC1 siRNA 

to knockdown the expression of HDAC1 in PHCs. The 

results suggested that the knockdown of HDAC1 was 

associated with increased mRNA expressions of 

AGGRECAN, COMP, COL2A1, and SOX9 while 

decreased mRNA level of COL10A1 (Figure 7A). In 

addition, the inhibition of HDAC1 elevated the protein 

expressions of COL2A1, SOX9, and acetylated histone 

H3 (Figure 7B). Furthermore, we found that the effect 

of miR-520d-5p inhibitor was reversed by the 

knockdown of HDAC1, in which the decreased mRNA 

expressions of AGGRECAN, COMP, COL2A1, and 

SOX9 induced by miR-520d-5p inhibitor were 

reversed in the presence of HDAC1 siRNA (Figure 

7C). Similar changing patterns were also found in the 

protein expressions of COL2A1, SOX9, and acetylated 

histone H3 (Figure 7D). Therefore, these results 

collectively suggested that the effect of the down-

regulation of miR-520d-5p can be reversed by the 

knockdown of HDAC1, further indicating the 

functional interaction between miR-520d-5p and 

HDAC1 in chondrocytes metabolism. 

 

 
 

Figure 4. miR-520d-5p regulates the chondrocyte metabolism through targeting HDAC1. (A, B) Expressions of miR-520d-5p 
and HDAC1 in PHCs treated with miR-520d-5p negative control (miR-520d-5p-NC) or miR-520d-5p mimics at 24 hours post-treatment, 
respectively. (C) mRNA expressions of the chondrogenic markers AGGRECAN, COMP, COL2A1, and SOX9 and the hypertrophic markers 
COL10A1 and RUNX2 in PHCs treated with miR-520d-5p negative control (miR-520d-5p-NC) or miR-520d-5p mimics at 24 hours post-
treatment. (D, E) Expressions of miR-520d-5p and HDAC1 in PHCs treated with miR-520d-5p negative control (miR-520d-5p-NC) or 
miR-520d-5p inhibitors at 24 hours post-treatment, respectively. (F) mRNA expressions of the chondrogenic markers AGGRECAN, 
COMP, COL2A1, and SOX9 and the hypertrophic markers COL10A1 and RUNX2 in PHCs treated with miR-520d-5p negative control 
(miR-520d-5p-NC) or miR-520d-5p inhibitors at 24 hours post-treatment. (GïH) Expressions of miR-520d-5p and HDAC1 in OA 
chondrocytes treated with miR-520d-5p negative control (miR-520d-5p-NC) or miR-520d-5p mimics at 24 hours post-treatment, 
respectively. (I) mRNA expressions of the chondrogenic markers AGGRECAN, COMP, COL2A1, MMP-13, and SOX9 in OA chondrocytes 
treated with miR-520d-5p negative control (miR-520d-5p-NC) or miR-520d-5p mimics at 24 hours post-treatment. (J, K) Expressions of 
miR-520d-5p and HDAC1 in OA chondrocytes treated with miR-520d-5p negative control (miR-520d-5p-NC) or miR-520d-5p inhibitors 
at 24 hours post-treatment, respectively. (L) mRNA expressions of the chondrogenic markers AGGRECAN, COMP, COL2A1, MMP-13, 
and SOX9 in OA chondrocytes treated with miR-520d-5p negative control (miR-520d-5p-NC) or miR-520d-5p inhibitors at 24 hours 
post-treatment. (M) Acetylation of histone H3 in PHCs treated with miR-520d-5p negative control (miR-520d-5p-NC), miR-520d-5p 
inhibitors, or miR-520d-5p mimics at 48 hours post-treatment, respectively. (N) The putative or mutated miR-520d-5p binding site at 
3'UTR of HDAC1. (O) Luciferase reporter assay in PHCs with wild-type or mutant 3ôUTR in the presence of miR-520d-5p negative 
control (miR-520d-5p-NC), miR-520d-5p inhibitors, or miR-520d-5p mimics. For each experiment, at least three replicates were 
available for the analysis. Data were expressed as meanÑstandard deviation (SD). *P < 0.05; ** P < 0.01; *** P < 0.001. 


