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Abstract17

Background: Autologous chondrocyte implantation (ACI) requires a large number of18

human hyaline chondrocytes. Unfortunately, human hyaline chondrocytes often19

undergo dedifferentiation in vitro. Long non-coding RNAs (lncRNA) play a20
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regulatory role in gene expression in many pathological and physiological processes.21

However, their role in human hyaline chondrocyte dedifferentiation remains unclear.22

This study aimed to investigate the expression profiles of lncRNAs in human hyaline23

chondrocyte dedifferentiation.24

Methods: Human hyaline chondrocytes were cultured in vitro and screened for the25

occurrence of dedifferentiation using real-time quantitative PCR (qPCR),26

immunofluorescence, and western blotting. The expression profiles of lncRNAs and27

mRNAs during dedifferentiation were analyzed by microarray analysis and real-time28

qPCR. We used pellet culture to redifferentiate chondrocytes and the expression of29

related lncRNAs were assessed. The function of lncRNA AP001505.930

(ENST00000569966) was determined by overexpression, fluorescence in situ31

hybridization, competing endogenous RNA (ceRNA) analysis, and double luciferase32

labeling.33

Results: We probed human hyaline chondrocytes dedifferentiation and identified 33434

upregulated and 381 downregulated lncRNAs. The expression of downregulated35

lncRNA AP001505.9 in dedifferentiation was reversed by pellet culture. The36

overexpression of AP001505.9 inhibited dedifferentiation by promoting the37

expression of SRY-Box transcription factor 9 (SOX-9) and inhibiting the expression38

of type I collagen (COL1) both in vitro and in vivo.39

Conclusion: This study reveals for the first time the expression profiles of lncRNAs40

in human hyaline chondrocyte dedifferentiation, thereby providing a new perspective41
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for exploring the potential mechanism of chondrocyte dedifferentiation.42

Keywords: Long noncoding RNA, dedifferentiation, chondrocyte, autologous43

chondrocyte implantation, osteoarthritis, microRNA44

45

Background46

Articular cartilage injury and degeneration are few of the most common diseases47

worldwide, with their prevalence increasing with patients’ age (1,2). There are no48

blood vessels or nerves in articular cartilage and its nutrition mainly depends on49

diffusion mechanism from the synovial fluid. Therefore, once articular cartilage is50

damaged, it is difficult to self-repair. Osteoarthritis (OA) may occur if the cartilage is51

not repaired in time with typical pathological features including chondrocyte52

degeneration, extracellular matrix degradation, and osteogenesis (3). OA can occur in53

multiple joints and causes clinical symptoms such as joint pain, swelling, stiffness,54

deformity, and limited movement (4-6). Although symptoms can be relieved by55

medication in the early stages of OA (7,8), patients may need surgical treatment (9)56

such as artificial joint replacement. There is still a lack of effective treatment for57

cartilage injury and defects. Progress has been made in microfractures and autologous58

cartilage grafts; however, several disadvantages remain such as limited cartilage59

source, small repair area, and microfractures that often cause fibrocartilage repair60

(10,11).61

Autologous chondrocyte implantation (ACI) is an effective method for the treatment62
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of chronic articular cartilage defect in recent years, which may aid in rehabilitation of63

patients with cartilage defects. ACI technology was first established in 1994 and has64

been developed to the third generation, namely matrix-associated ACI (MACI) (12).65

ACI technology involves obtaining a small piece of tissue with autologous hyaline66

chondrocytes from healthy sites, isolating and subculturing sufficient number of67

hyaline chondrocytes in vitro, and implanting the cells to the site of cartilage defect,68

thus repairing the defect (13). However, human hyaline chondrocytes often undergo69

dedifferentiation in vitro (14). Dedifferentiation refers to the process in which70

well-differentiated mature cells gradually lose their differentiated phenotype and71

transform into undifferentiated cells (15). It is reported that the dedifferentiation of72

human hyaline chondrocytes occurs during passage culture in vitro. The expression of73

hyaline chondrocyte marker genes such as COL2 (type II collagen) and SOX-974

(SRY-Box transcription factor 9) are downregulated. Conversely, the expression of75

fibrosis chondrocyte marker genes such as COL1 (type I collagen) is upregulated76

(16,17). Due to dedifferentiation, it is impossible to obtain enough hyaline77

chondrocytes. There are two methods to make dedifferentiated chondrocytes undergo78

redifferentiation. One is to add a variety of cytokines, such as TGF-β1, BMP-2, and79

growth differentiation factor 5 (GDF-5) (18-20). The other method is to employ80

three-dimensional culture, such as pellet, suspension, and gel cultures (21,22). In81

addition, some studies have demonstrated a “dedifferentiated-like” phenotype that82

might also contribute to chondrocyte degeneration. However, limited data about83

mechanism of dedifferentiation are available. Therefore, clarifying the mechanism of84
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dedifferentiation is important for the development of ACI technology (23,24).85

Long non-coding RNA (lncRNA) refers to non-coding RNA with a length of more86

than 200 nucleotides. It has a regulatory role in a variety of physiological and87

pathological processes. Many lncRNAs were identified in cartilage, such as88

lncRNA-HIT and ROCR (25). In addition, several lines of evidence suggest that89

lncRNAs play a role in OA. It was revealed that lncRNA-GAS5 contributes to the90

pathogenesis of OA through negative regulation of miRNA (miR)-21 (26). It was also91

identified that lncRNA-MEG3 inhibits angiogenesis in OA (27). TMSB4 pseudogene92

lncRNA promotes cartilage degeneration in human OA as competing endogenous93

RNA (ceRNA; 28). However, the role of lncRNAs in the process of human hyaline94

chondrocyte dedifferentiation remains unknown.95

In this study, we identified the expression profiles of lncRNAs during human hyaline96

chondrocyte dedifferentiation. Among them, we selected a typical lncRNA97

(AP001505.9) to study its specific mechanism in chondrocyte dedifferentiation,98

thereby laying a foundation for further study on the pathogenesis of dedifferentiation99

and OA.100

101

METHODS102

Articular cartilage donors103

Human cartilage tissues were harvested from donors immediately after death or104

trauma (n = 3; age = 39, 55, 67 years; 2 male and 1 female). All tissues were105
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examined by safranin O staining and graded according to a modified Mankin scale.106

The tissues with scores < 2 were considered normal hyaline cartilage. All three107

patients or their families included in the study signed informed consent. This study108

was approved by the Clinical Ethics Committee of China-Japan Union Hospital of109

Jilin University.110

Passage culture of chondrocytes in vitro111

Cartilage tissues were cut into small pieces and incubated overnight in Dulbecco’s112

modified Eagle’s medium (DMEM; HyClone, SH30023.01) containing 1 mg/mL type113

II collagenase (Sigma, YDM2138) at 37°C and 5% CO2. Primary chondrocytes were114

cultured in DMEM supplemented with 10% fetal bovine serum (FBS; TransGen115

Biotech Co. Ltd., Beijing, China, FS201-02) and 1% penicillin-streptomycin116

(Invitrogen, USA, 15140122) at a density of 25,000 cells/cm2. The culture medium117

was changed every two days. When more than 80% chondrocytes fused, cells were118

passaged with 0.25% trypsin-EDTA (Gibco, USA, 25200056) until P5, and the P1 and119

P5 chondrocytes were selected for further experiments.120

Real-time quantitative PCR (qPCR)121

TRIzol Reagent (Invitrogen, 15596026) was used to extract total RNA according to122

manufacturer’s instructions. One-Step gDNA Removal (TransGen) and cDNA123

Synthesis SuperMix (TransGen, AT311-03) were used for mRNA and lncRNA124

real-time qPCR following the manufacturer’s instructions. All-in-One First-Strand125

cDNA Synthesis Kit (GeneCopoeia, USA, QP014) was used for synthesizing cDNA126
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for microRNA real-time qPCR following the manufacturer’s instructions.127

We used Applied Biosystems 7300 Plus Real-time PCR System for real-time qPCR128

detection. ChamQ Universal SYBR qPCR Master Mix (Vazyme, Nanjing, China,129

Q711) kit was used for mRNA and lncRNA real-time qPCR. The primers of target130

genes (Table S1) were purchased from Sangon Biotech Co. Ltd, Shanghai, China.131

All-in-One miRNA qRT-PCR Reagent Kit (GeneCopoeia, QP002) was used for132

real-time qPCR of miRNAs. The primers for miRNA used are presented in Table S2.133

The reaction system was set up as per the instructions of the kit manufacturer.134

GAPDH (glyceraldehyde-3-phosphate dehydrogenase), β-actin and U6 were used as135

internal references and relative quantitative statistical analysis was performed using136

the 2-△△Ctmethod.137

Western blotting138

Chrondrocytes total protein was extracted with RIPA (radioimmunoprecipitation assay)139

Lysis Buffer (Beyotime, P0013D) containing 1% protease inhibitor140

phenylmethylsulfonyl fluoride (Beyotime, P1011). The protein sample (10–30 mg)141

was separated using 10% PAGE and transferred to polyvinylidene difluoride142

membrane. After elution, the target antibodies were added: anti-COL2 (Rockland,143

ab17771), anti-COL1 (Abcam, ab34710), anti-SOX-9 (Millipore, AB5535),144

anti-β-actin (CMC TAG), and anti-GAPDH (CMC TAG, AT0002) and allowed to145

incubate overnight. The goat anti-rabbit/anti-mouse IgG (Amersham Pharmacia146

Biotech Ltd.) was labeled with horseradish peroxidase (ELISA) and the147
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hypersensitive ECL (enhanced chemiluminescence) kit was used to develop the color148

in the gel imager. ImageJ software was used to analyze and count the gray value of149

the electrophoresis image after color rendering.150

Immunofluorescence151

Cells were inoculated into 24-well plates at a density of 5 × 104/well. After 24 h of152

incubation at 5% CO2 and 37°C, the cells were fixed with 4% paraformaldehyde,153

perforated with 0.1% Triton X-100, and incubated with 10% goat serum for 1 h. The154

primary antibodies anti-COL2 (Rockland), anti-COL1 (Abcam), and anti-SOX-9155

(Millipore) were added and incubated at 4°C overnight. The next day, fluorescent156

antibodies were used to block the cells for 1 h, and Hoechst 33342 (Beyotime) was157

used to stain the nuclei. The results were observed under inverted phase contrast158

fluorescence microscope.159

Microarray analyses160

Arraystar Human LncRNA Microarray V4.0 was used to detect 40,173 lncRNAs and161

20,730 coding transcripts. The hybridized arrays were washed, fixed, and scanned162

using the Agilent DNA Microarray Scanner System (part number G2505C). Agilent163

Feature Extraction software (version 11.0.1.1) was used to analyze the acquired array164

images.165

The coding-non-coding gene co-expression (CNC) network166

CNC network was constructed based on the correlation analysis between the167

differentially expressed lncRNAs and mRNAs. LncRNAs and mRNAs with Pearson168
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correlation coefficients not less than 0.99 were selected to draw the network using169

open source bioinformatics software Cytoscape (Institute of Systems Biology in170

Seattle).171

CeRNA analyses172

To identify potential targets of miRNAs, they are predicted with miRNA target173

prediction software based on TargetScan and miRanda. By merging commonly174

targeted miRNAs, we constructed a ceRNA network.175

Chondrocyte redifferentiation176

P5 chondrocytes were inoculated in a 15 mL centrifugal tube at a density of 2 × 105177

cells and cultured with 0.5 mL cartilage induction medium (DMEM High Glucose;178

TransGen Biotech Co. Ltd., Beijing, China) containing 0.4% sodium pyruvate, 0.1%179

proline, 0.25% vitamin C, 0.1% TGF-β3, 1% ITS (insulin-transferrin-selenium), 0.2%180

dexamethasone, and 1% penicillin-streptomycin double antibody. The culture medium181

was replaced every two days and terminated on day 7.182

Histological staining183

Hematoxylin-eosin (HE) staining: After 48 h of fixation, the cartilage pellets were184

embedded in paraffin and sliced. After xylene dewaxing and washing, the sections185

were soaked in hematoxylin solution for 5 min, differentiated in 1% hydrochloric186

acid-alcohol mixture, dipped in weak aqueous ammonia, stained in eosin dye solution187

for 15 min, dehydrated using gradient alcohol, and sealed.188
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Saffron O staining: After dewaxing and washing, sections were stained in189

hematoxylin solution for 10 min, washed, differentiated in 1% acetic acid solution,190

stained in saffron O dyeing solution for 10 min, dehydrated with gradient alcohol, and191

sealed.192

Alcian blue staining: After dewaxing and washing, the sections were stained in Alcian193

blue for 30 min, washed in water for 5 min, stained in nuclear fixing red dye for 10194

min, washed, dehydrated with gradient alcohol, transparentized with xylene, and195

sealed.196

Immunohistochemistry197

After dewaxing and washing, the sections were incubated in peroxidase blocking198

solution. After incubation with normal non-immune animal serum, the following199

primary antibodies were added: anti-COL2 (Rockland), anti-COL1 (Abcam), and200

anti-SOX-9 (Millipore), and incubated overnight. After washing, the sections were201

incubated with goat anti-mouse/rabbit IgG labeled with biotin for 10 min. After PBS202

washing, Streptomyces antibiotic-peroxidase solution was added to the sections and203

incubated for 10 min. Sections were stained with DAB (3,3'-diaminobenzidine)204

reagent kit, as per the instructions of the manufacturer. The sections were re-dyed205

with hematoxylin solution, dehydrated with gradient alcohol, transparentized with206

xylene, and sealed with neutral gum. The images were observed and photographed207

using an inverted microscope (Olympus).208

Lentiviral transfection209
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P5 human chondrocytes were inoculated into a 24-well plate at a density of 5 ×210

104/well and cultured in culture medium mentioned above. After 24 h, it was replaced211

with viral transfection solution (Genechem Co. Ltd, China). Cells were transduced212

with lentiviruses carrying AP001505.9 (Genechem Co. Ltd, China) at multiplicity of213

infection (MOI) = 75. Transduced chondrocytes were subcultured after 80%214

confluency.215

FISH216

Cells, seeded at 5 × 104/well in 24-well plates, were incubated for 24 h, fixed with 4%217

paraformaldehyde, and permeated with 0.5% Triton X-100. LncRNA Probe Mix218

(RiboBio) and Fluorescent In Situ Hybridization Kit (RiboBio) were used for219

detection following the manufacturer’s instructions. U6 and 18S were used as internal220

references.221

Double luciferase labeling222

293T cells in logarithmic growth phase were seeded at 1.5 × 104/well in 96-well223

plates and cultured in 37°C for 24 h. The transfection concentration was 50 nM, and224

the plasmid concentration was 50 ng/pore. Each group had three pores. After 48 h of225

transfection, the culture medium was discarded, and the fluorescence value was226

determined by adding 1× PBS and luciferase substrate with 35 μL/pore, and227

oscillating for 10 min. The fluorescence value was determined by fluorescence228

photometer after adding 30 μL stop reagent and oscillating for 10 min.229

miR-495 mimic transfection230
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Cells were inoculated into a 24-well plate at a density of 5 × 104/well. The cell density231

reached 30%–50% at the time of transfection. The cells were transfected with232

Transfection Reagent (RiboBio) and miR-495 Mimic (RiboBio) according to the233

manufacturer’s instructions. After 72 h, RNA and protein were extracted for real-time234

qPCR and western blotting, respectively.235

Subcutaneous transplantation in nude mice236

The BALB/C A-nu (nude) mice (male, 4–5 weeks old, about 15 g) used in the237

experiment were purchased from Beijing HFK BioScience Co. Ltd. All the animal238

experiments were approved by the Animal Experiment Ethics Committee of the Basic239

Medical College of Jilin University (#202003). Intraperitoneal injection of 0.8%240

pentobarbital sodium was used for anesthesia. Using 100 μL porcine fibrin sealant kit241

(Guangzhou Bioseal Biotech Co. Ltd.) as scaffold material, the P5 chondrocytes242

transfected with LV-AP001505.9 (1 × 106) were transplanted into the left dorsal243

subcutaneous tissue of ten male nude mice. The same number of chondrocytes244

transfected with negative control (NC)-lentivirus were transplanted into the right245

dorsal subcutaneous tissue of the same mouse. One month later, all the mice were246

sacrificed, and the samples were used for histological and immunohistochemical247

analysis.248

Statistical analysis249

SPSS19.0 software was used to analyze the data in this study. The measurement data250

were tested using t-test and counting data using chi-squared test. Variance analysis251
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was performed for all data, and Fisher's minimum significant difference test was252

applied where appropriate. In all experiments, the data are expressed in the form of253

mean ± SD (standard deviation), and P < 0.05 was considered significant.254

Results255

Human hyaline chondrocytes underwent dedifferentiation during passage256

culture257

During passage culture, the shape of human hyaline chondrocytes gradually changed258

from polygonal or near-circular to flat and long and spindly (Figure 1a). Compared259

with P1 chondrocytes, the expression of COL2A1 and SOX-9 in P5 chondrocytes was260

significantly downregulated, while the expression of COL1A1 was significantly261

upregulated (Figure 1b). Levels of COL2 and SOX-9 proteins in P5 chondrocytes262

were significantly lower than those in P1 chondrocytes, while the levels of COL1 in263

P5 chondrocytes were significantly higher than those in P1 chondrocytes (Figures264

1c-g). These results suggest that dedifferentiation of human hyaline chondrocytes265

occurs during passage culture in vitro.266

Expression profile of lncRNAs in human chondrocyte dedifferentiation267

Microarray analysis of P1 and P5 human chondrocytes revealed that 334268

lncRNAs were upregulated and 381 lncRNAs were downregulated in P5 human269

chondrocytes compared with P1 human chondrocytes. Among these, the expression of270

49 lncRNAs in P5 chondrocytes was more than twice of that in P1 chondrocytes,271

while the expression of 83 lncRNAs in P5 chondrocytes was more than two-fold272
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lower. Seven lncRNAs were upregulated more than five-fold, and 13 lncRNAs were273

downregulated more than five-fold (Figures 2a-c). The top 20 lncRNAs with the274

greatest change in expression are shown in Table S3. These results indicate that the275

number of downregulated lncRNAs was higher than the upregulated lncRNAs,276

suggesting that these lncRNAs may play a regulatory role in the process of human277

hyaline chondrocyte dedifferentiation in vitro.278

We also detected differentially expressed mRNAs during dedifferentiation of279

human chondrocytes. The expression of 51 genes in P5 human chondrocytes was280

significantly upregulated by more than two-fold, and the expression of 191 genes was281

significantly downregulated by more than two-fold. Two of these were upregulated282

more than five-fold, 42 were downregulated more than five-fold (Figures 2d-f), and283

the top ten altered mRNAs are listed in Table S4. COL9A1, a marker gene of284

chondrocytes, was downregulated by approximately 25-fold in P5 chondrocytes.285

These differentially expressed genes might be involved in the process of regulating286

dedifferentiation.287

Gene ontology (GO) analysis results suggest that differentially expressed genes288

may lead to dedifferentiation by regulating the expression and activity of biological289

processes, cellular components, and molecular functions (Figures 2g, h). Pathway290

analysis revealed downregulated pathways including DNA replication, nitrogen291

metabolism, Hippo signaling, and butyrate metabolism during the dedifferentiation of292

human chondrocytes (Figure 2i). The upregulated pathways include P53 signaling,293

purine metabolism, ErbB signaling, HIF1 signaling, and pyrimidine metabolism294
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(Figure 2j). Therefore, we hypothesize that differentially expressed lncRNAs may295

directly or indirectly regulate the expression of target genes, thereby altering the296

expression of downstream signaling pathways, ultimately leading to human297

chondrocyte dedifferentiation in vitro.298

Expression of selected lncRNAs validated by real-time qPCR299

We selected ten lncRNAs that met the following conditions: (1) Fold change and300

P value: the lncRNAs should have higher fold change and smaller P value; (2) Raw301

intensity: the raw intensity of the lncRNAs should more than 200; (3) RNA length: the302

length of the lncRNAs should generally less than 2000 bp to facilitate the follow-up303

function research; (4) Relationship: sense-overlap lncRNAs were avoided (5) Source:304

RefSeq, UCSC Known Gene, or GENCODE for lncRNAs. We performed real-time305

qPCR for these selected lncRNAs and several mRNAs that showed significant change306

in expression to validate the results of microarray analysis. Except for G062245307

(T268788), the qPCR results of all selected lncRNAs were consistent with those of308

microarray analysis. The expression of LINC01021 (NR_038848) and GS1-600G8.5309

(ENST00000412485) have the most fold change in upregulating lncRNAs (Figure 3a).310

The expression of AP001505.9 (ENST00000569966, LINC00165) and LINC00162311

(NR_024089) have the most fold change in downregulating lncRNAs (Figure 3b).312

The expression of selected mRNAs in real-time qPCR was consistent with microarray313

analysis (Figure 3c, d). These results demonstrate that microarray analysis results314

were accurate and thus, can be used for further experiments. Next, we analyzed the315

gene co-expression network of AP001505.9, LINC00162, LINC01021, and316
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GS1-600G8.5 and explored potential target genes for future research (Figure 3e).317

LncRNA expression reversed during chondrocyte redifferentiation318

Dedifferentiated chondrocytes can be redifferentiated using pellet culture (21). In319

order to further clarify whether the expression of lncRNAs in chondrocyte320

redifferentiation can be reversed, P5 chondrocytes were cultured in pellet culture in321

vitro. Firstly, we found that chondrocytes after pellet culture had typical hyaline322

chondrocyte characteristics and the extracellular matrix was increased significantly323

after pellet culture (Figures 4a-c). The expression of COL1 was significantly324

downregulated, while the expression of COL2 and SOX-9 was significantly325

upregulated (Figure 4d-g). This suggests that dedifferentiated P5 chondrocytes can be326

redifferentiated using pellet culture. Then, we further examined the expression of327

previously selected lncRNAs during redifferentiation. Real-time qPCR analysis328

showed that AP001505.9 and LINC00162 were upregulated, while LINC01021 and329

GS1-600G8.5 were downregulated (Figures 4h and 4i). This suggests that the330

expression of lncRNAs was reversed during chondrocyte redifferentiation.331

AP001505.9 promotes the maintenance of human chondrocyte phenotype and332

inhibits dedifferentiation333

To further analyze the effects of AP001505.9, we transfected lentiviruses334

carrying AP001505.9 into P5 chondrocytes to overexpress AP001505.9. Fluorescence335

microscopy confirmed 80% transfection efficiency (Figure 5a). Real-time qPCR336

showed that the expression of AP001505.9 was upregulated approximately 20-fold337
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qPCR (Figure 5b), confirming successful lentiviral transfection of human338

chondrocytes. Overexpression of AP001505.9 led to significant upregulation of339

expression of SOX-9 at both genetic and protein levels, while significantly340

downregulating COL1 (Figure 5c-h). These results suggest that overexpression of341

AP001505.9 promoted the maintenance of hyaline chondrocyte phenotype and342

inhibited dedifferentiation in chondrocytes.343

Next, we explored the role of AP001505.9 in vivo using a subcutaneous344

transplantation mice model. Compared to the control group, the pellet formed by345

transplantation of overexpressed AP001505.9 chondrocytes showed typical cartilage346

morphology and increased extracellular matrix content (Figure 6a, e). The expression347

of COL2 and SOX-9 was significantly higher than that of the control group, while the348

expression of COL1 was significantly lower than that of the control group (Figure 6349

b-d, f-h). The results showed that AP001505.9 also promoted the maintenance of350

chondrocyte phenotype and inhibited dedifferentiation in vivo.351

AP001505.9 promoted SOX-9 expression and inhibited COL1 expression, thus352

inhibiting dedifferentiation353

We demonstrated that AP001505.9 was mainly located in cytoplasm (Figure 7a)354

and thus assessed potential mechanism of AP001505.9-inhibited hyaline chondrocyte355

dedifferentiation. CeRNA analysis showed that AP001505.9 may regulate SOX-9356

expression by inhibiting the expression of four miRNAs: hsa-miR-495-3p,357

hsa-miR-518a-5p, hsa-miR-5688, and hsa-miR-6887-3p (Figure 7b). Further,358
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real-time qPCR results showed that the expression of miR-495-3p and miR-518a-5p359

was significantly upregulated during dedifferentiation of human chondrocytes, while360

the expression of miR-5688 was significantly downregulated (Figure 7c). The361

expression of miR-495-3p and miR-518a-5p was significantly downregulated in the362

process of regeneration (Figure 7d). Overexpression of AP001505.9 inhibited the363

expression of miR-495-3p but had no significant impact on miR-518a-5p and364

miR-5688 (Figure 7e). These results suggest that AP001505.9 may promote SOX-9365

expression by inhibiting the expression of miR-495-3p.366

SOX-9 was previously identified as a target of miR-495-3p (29). Therefore, we367

established chondrocytes overexpressing miR-495 using miR-495-3p mimics to probe368

the regulation of SOX-9. The expression of miR-495-3p was upregulated nearly369

20-fold after transfection (Figure 7f). However, AP001505.9 was significantly370

downregulated (Figure 7g). Also, expression of SOX-9 was significantly371

downregulated at both mRNA and protein levels (Figure 7h-j). To verify whether372

AP001505.9 was directly regulated by miR-495-3p, we screened for potential binding373

sites of miR-495-3p on AP001505.9 (Figure 7k) and designed a double luciferase374

experiment. Interestingly, reported fluorescence of wild-type vectors of AP001505.9375

was not significantly downregulated by miR-495-3p mimic, suggesting the possibility376

of an indirect co-regulatory mechanism (Figure 7l). Based on these results, we377

conclude that overexpression of AP001505.9 promoted the expression of SOX-9 and378

inhibited the expression of COL1, thus inhibiting human chondrocyte379

dedifferentiation.380
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Discussion381

Articular cartilage injury and degeneration brings serious economic burden to382

their families and the society (30). The rise of ACI technology has brought hope for383

rehabilitation of these patients and is currently considered to be the best treatment for384

cartilage injury (31). Although stem cells such as bone marrow mesenchymal stem385

cells, embryonic stem cells, pluripotent stem cells, and umbilical cord blood stem386

cells can be used as seed cells, the use of stem cells has many problems, such as387

ethical factors, differentiation instability, and cancer risk (32). Therefore, human388

autologous chondrocytes are the most suitable seed cells and have been applied in389

ACI technology. However, their application is limited due to dedifferentiation in390

subculture, characterized by the absence of hyaline chondrocyte phenotype and the391

enhancement of fibrochondrocyte phenotype, conditions that are very similar to the392

formation of OA.393

LncRNAs have been a research hotspot in recent years and have been identified394

to play an important role in the differentiation of cartilage and the formation of OA395

(26-28). In this study, the expression profiles of lncRNAs during the process of396

dedifferentiation of in vitro human hyaline chondrocytes were obtained for the first397

time. A large number of differentially expressed lncRNAs were identified. We398

hypothesize that AP001505.9 and LINC00162, which were downregulated during399

dedifferentiation, may play a role in inhibiting chondrocyte dedifferentiation.400

LINC01021 and GS1-600G8.5 were identified to promote chondrocyte401

dedifferentiation. We selected pellet culture to make the dedifferentiated chondrocytes402
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redifferentiate. In the process of redifferentiation, the expression of lncRNAs was403

reversed, with the upregulation of AP001505.9 being nearly three-fold. In view of404

these four lncRNAs regulating dedifferentiation, we first studied the role of405

AP001505.9 in chondrocyte dedifferentiation and its mechanism.406

Pathway analysis showed that there were significant changes in the expression of407

signaling pathways during dedifferentiation. DNA replication, nitrogen metabolism,408

Hippo signaling, and butyrate metabolism pathways were significantly downregulated,409

while P53 signaling, purine metabolism, ErbB signaling, HIF1 signaling, and410

pyrimidine metabolism pathways were significantly upregulated. Studies have shown411

that these signaling pathways are also involved in the formation and progression of412

OA, such as DNA replication (33), Hippo signaling (34), p53 signaling pathway, (35)413

and HIF1 pathway (36). These results showed that the process of dedifferentiation is414

very similar to the pathogenesis of OA.415

An important role of lncRNA is to act as a ceRNA to inhibit the expression of416

miRNAs, thus promoting the expression of target genes (37, 38). SOX-9 is an417

HMG-box (high mobility group box) transcription factor that plays an essential role in418

chondrocyte development by directing the expression of chondrocyte-specific genes419

(38). Studies have shown that SOX-9 can promote the expression of chondrocyte420

marker genes and inhibit dedifferentiation (39). However, when SOX-9 was knocked421

out, the expression of chondrocyte marker genes was found to be significantly422

downregulated (40). Many microRNAs (miRNAs) in chondrocytes can regulate the423

expression of SOX-9, thus promoting the pathogenesis of OA, such as miR-145 (41),424
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miR-495 (29), and miR-1247 (42). In our ceRNA analysis, we found that AP001505.9425

may regulate SOX-9 expression through four miRNAs; miR-495-3p, miR-518a-5p,426

miR-5668, and miR-6887. We detected these miRNAs separately and found that the427

expression of miR-495-3p was significantly upregulated during dedifferentiation and428

downregulated during redifferentiation in pellet culture. Overexpression of429

AP001505.9 significantly decreased the expression of miR-495-3p. Luciferase assay430

indicated that AP001505.9 cannot directly bind to miR-495-3p, therefore,431

AP001505.9 may regulate the expression of miR-495-3p through other indirect ways.432

AP001505.9 promoted the expression of SOX-9 by regulating miR-495-3p, ultimately433

promoting the maintenance of chondrocyte phenotype and inhibiting dedifferentiation.434

This was also verified by in vivo experiments. That is,435

AP001505.9/miR-495-3p/SOX-9 axis promoted phenotype maintenance and436

suppressed the dedifferentiation of chondrocytes.437

The limitations of this study include the lack of description of the role of438

AP001505.9 in animal model of cartilage injury. It is very difficult to obtain hyaline439

cartilage in clinical settings; therefore, it is very important to carry out in vivo animal440

experiments. In the future, we will study whether AP001505.9 can maintain441

chondrocyte phenotype and inhibit dedifferentiation in animal models of cartilage442

injury. We will also study the cartilage in OA to investigate the expression profiles of443

lncRNAs in OA patients, as the process of dedifferentiation is similar to the process of444

OA.445

In conclusion, this study, for the first time, elucidated the expression and446
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characteristics of lncRNAs in the process of human hyaline chondrocyte447

dedifferentiation in vitro. We identified that AP001505.9 can inhibit dedifferentiation448

and promote the maintenance of chondrocyte phenotype by regulating SOX-9. This449

discovery paves the way for further study on the mechanism of dedifferentiation and450

the treatment of OA. Further functional studies of lncRNAs are required to explore451

the underlying regulatory mechanisms.452
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636

Figure legends:637

638

Figure 1. The dedifferentiation of human hyaline chondrocytes occurred during639

passage culture in vitro. a: Morphological observation of chondrocytes of passage 1640

(P1) and P5 chondrocytes. b: Real-time quantitative PCR (real-time qPCR) results of641

COL1A1 (alpha-1 type I collagen), COL2A1, and SOX-9 in P1 and P5 chondrocytes.642

GAPDH (glyceraldehyde-3-phosphate dehydrogenase) was used as the internal643

reference. Data are represented as the means ± standard deviation (n=3). c,d: Western644
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blot of COL1, COL2, and SOX-9 in P1 and P5 chondrocytes. β-actin was used as the645

internal reference. e-g: Immunofluorescence of COL1, COL2, and SOX-9. *P<0.05,646

**P<0.01, ***P<0.001. Scale bar, 100μm.647
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648

Figure 2. The results of high-throughput sequencing of lncRNAs (long non-coding649

RNA) and mRNAs in P1 and P5 chondrocytes (P1: A1, A2, A3; P5: B1, B2, B3). a:650
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Thermal map, b: scatter map, and c: volcanic map of lncRNAs. d: Thermal map, e:651

scatter plot, and f: volcano plot of mRNAs. Green dots represent downward652

adjustment, red dots represent upward adjustment, and black dots represent no653

significant change. g: Compared with P1 chondrocytes, the typical downregulated654

biological processes, cellular components, and molecular functions in P5655

chondrocytes. h: The typical upregulated biological processes, cellular components,656

and molecular functions in P5 chondrocytes. i: The typical downregulated pathways657

in P5 chondrocytes. j: The typical upregulated pathways in P5 chondrocytes.658
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659

Figure 3. LncRNAs and mRNAs were selected for real-time qPCR verification. a:660

Real-time qPCR results of five upregulated lncRNAs. b: Real-time qPCR results of661
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five downregulated lncRNAs. c: Real-time qPCR results of three upregulated mRNAs.662

d: Real-time qPCR results of four downregulated mRNAs. e: Co-expression network663

analysis of lncRNAs and mRNAs, red circle represents lncRNAs, blue circle664

represents mRNAs, solid line represents positive regulation, and dotted line represents665

negative regulation. GAPDH and β-actin were used as the internal references. Data666

are represented as means ± standard deviation (n=3). *P<0.05, **P<0.01, ***P<0.001.667

NS, not significant.668

669

Figure 4. Pellet culture of P5 chondrocytes for seven days made chondrocytes670

undergo redifferentiation. a: Hematoxylin-eosin (HE) staining results. b: The results671

of safranin O staining. c: The results of Alcian staining. d: Immunohistochemistry of672

COL2. e: Immunohistochemistry of SOX-9. f: Immunohistochemistry of COL1. g:673

Real-time qPCR of cartilage-related marker genes (COL1A1, COL2A1, and SOX-9).674
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h,i: Real-time qPCR of lncRNAs (AP001505.9, LINC00162, LINC01021, and675

GS1-600G8.5). GAPDH was used as the internal reference. Data are represented as676

means ± standard deviation. *P<0.05, **P<0.01, ***P<0.001. Scale bar, 50μm.677

678

Figure 5. Lentiviral transfection experiments show the overexpression of AP001505.9.679

a: The results of phase contrast microscopy and fluorescence microscopy. Green680

fluorescence represents the successful chondrocyte transfected by lentivirus. LNC681

represented the chondrocyte transfected by AP001505.9 lentivirus. NC represented682

the chondrocyte transfected by negative control lentivirus b: Real-time qPCR of683

AP001505.9. c: Real-time qPCR of COL1A1, COL2A1, and SOX-9. d,e: Western blot684

of COL1, COL2, and SOX-9. f-h: Immunofluorescence of COL1, COL2, and SOX-9.685

GAPDH was used as the internal reference. Data are represented as means ± standard686

deviation. *P<0.05, **P<0.01, ***P<0.001. NS, not significant. Scale bar, 100μm.687
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688

Figure 6. Results of histology and immunohistochemistry in vivo four weeks after689

transplantation. a, b: The results of safranin O staining. Immunohistochemistry of (c, f)690

COL1, (d, g) COL2, and (e, h) SOX-9. LNC represented the chondrocyte transfected691

by AP001505.9 lentivirus. NC represented the chondrocyte transfected by negative692

control lentivirus. Scale bar, 50μm.693
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694

Figure 7. Mechanism of AP001505.9 inhibiting dedifferentiation. a: Fluorescence in695

situ hybridization of AP001505.9. U6 and 18S were used as internal reference probes696
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in nucleus and cytoplasm. b: Competing endogenous RNA (ceRNA) analysis of697

AP001505.9, the blue circles represent cartilage-related genes, the red circles698

represent miRNAs, and the green circles represent lncRNAs. c: Real-time qPCR of699

miRNAs in dedifferentiation. d: Real-time qPCR of miRNAs in redifferentiation. e:700

Real-time qPCR of miRNAs after AP001505.9 overexpression. f: Real-time qPCR of701

miR-495. G: qRT-PCR of AP001505.9 after miR-495 overexpression. h: Real-time702

qPCR of COL1A1, COL2A1, and SOX-9 after miR-495 overexpression. i, j: Western703

blot of COL1, COL2, and SOX-9 after miR-495 overexpression. k: Potential binding704

sites of AP001505.9 and miR-495. l: Double luciferase experiment of AP001505.9705

and miR-495. LNC represented the chondrocyte transfected by AP001505.9 lentivirus.706

miR495 represented the chondrocyte transfected by miR-495 mimic. NC represented707

the chondrocyte transfected by negative control lentivirus or mimic. GAPDH was708

used as the internal reference. Data are represented as means ± standard deviation.709

*P<0.05, **P<0.01, ***P<0.001. NS, not significant. Scale bar, 100μm.710

Supplemental Information:711

Table S1. Primers used in mRNA and lncRNA real-time qPCR.712

Gene name Sequences of primers

COL1A1
F:5’GTTGCTGCTTGCAGTAACCTT3’

R:5’AGGGCCAAGTCCAACTCCTT3’

COL2A1
F:5’TGGACGATCACGAAACC3’

R:5’GCTGCGGATGCTCTCAATCT3’



41

SOX-9
F:5’AGCGAACGCACATCAAGAC3’

R:5’CTGTAGGCGATCTGTTGGGG3’

AK5
F:5’GCAGAGCAAATTATGAGC3’

R:5’TAGCTGGGAAGCAAACAGT3’

VNN1
F:5’CCGCTAGCACCATGACTACTC3’

R:5’GCTCGAGCTACCAACTTAATGA3’

GDF5
F:5’CGATAAGACCGTGTATGAGT3’

R:5’CTCGCAGTGGAAAGCCTCGT3’

EGLN3
F:5’CATCAGCTTCCTCCTGTC3’

R:5’CCACCATTGCCTTAGACC3’

FGFBP2
F:5’TGGGAACATTGTTGGAAACC3’

R:5’GGTTGTCTGTCAGGGAGAGG3’

MMP3
F:5’AGTCTTCCAATCCTACTGTTGCT3’

R:5’TCCCCGTCACCTCCAATCC3’

COL9A1
F;5’TCGATGGCTTTGCTGTGCTGGG3’

R:5’TGGGTCGCAGGGGGTCACAAT3’

CLYBL-AS1
F:5'ACCAAGAAGCAGGATAGTTAGG3’

R:5’ TGCCAGGCTCATTGTCATA3’

LINC01021
F:5' ACTGACCCTTCAATGTGCCC3’

R:5’ CATTTCTCAAGCCCCGTGTT3’

AP001505.9
F:5'GCCTCTTGTTTTCCTTCCC3’

R:5’ TGCTTCGTGGTGAGACTCCT3’
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713

Table S2. Primers used in microRNA real-time qPCR.714

microRNA Source Identifier

RP6-65G23.3
F:5'CTCCCCTTTATGAGGACTGC3’

R:5’ CTCAGCATGGTTGTAAGCAGTA3’

G012825
F:5'CTTCCTACTCCAGGTAAACCC3’

R:5’ TCTCCATCAGCAGTCCAAAC3’

G062245
F:5'CCCAGTAGGAGGATAGTCAAGG3’

R:5’ TGTGGTGATGGGACTTCGTG3’

AC020594.5
F:5'CGCCCACTACAGGAAATGAAG3’

R:5’ CCACGGGACAAATACTACTCAGA 3’

LINC00473
F:5'AGCCAAAAGGGTTTAGAGTCAG3’

R:5’ GAGCAGGTAGGGAAATGATGTT3’

LINC00162
F:5'CGCTGAACTGCCTGGACTTT3’

R:5’ TGTGCGGTCTCCTCTTGGGT3’

GS1-600G8.5
F:5'CGGGGAGTCTTGAGAATGGG3’

R:5’ TAATCAGGCCGGAGTTGCA3’

GAPDH
F:5’CGCTCTCTGCTCCTCCTGTT3’

R:5’ CCATGGTGTCTGAGCGATGT3’

β-Actin
F:5’GTGGCCGAGGACTTTGATTG3’

R:5’CCTGTAACAACGCATCTCATATT3’
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hsa-miR-518a-5p GeneCopoeia HmiRQP0579

hsa-miR-495-3p GeneCopoeia HmiRQP0537

hsa-miR-5668 GeneCopoeia HmiRQP2716

snRNAU6 GeneCopoeia HmiRQP9001

715

Table S3. Top 20 differentially expressed lncRNAs in human chondrocyte716

dedifferentiation in vitro.717

Seqname GeneSymbol Fold Change Regulation

ENST00000610087 RP11-53B2.6 13.61615 down

NR_024089 LINC00162 9.0286718 down

T117110 G027615 8.539106 down

ENST00000605537 RP4-555D20.3 8.1710518 down

NR_026860 LINC00473 7.0314198 down

ENST00000525376 AF186192.1 6.6547277 down

T166066 G038554 6.0541931 down

NR_046283 NEBL-AS1 5.1958752 down

NR_027082 SFTA1P 5.0757797 down

ENST00000554032 RP6-65G23.3 4.6948336 down

T009872 G002089 4.6358255 down

NR_033997 RNF144A-AS1 4.4444077 down
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ENST00000569966 AP001505.9 4.3928127 down

ENST00000608286 LL22NC03-N14H11.1 4.0253927 down

T117111 G027616 4.0109597 down

NR_036503 PRKCQ-AS1 3.969014 down

T268788 G062245 3.7967111 down

T327661 G076785 3.6682149 down

ENST00000603720 RP11-297J22.1 3.6442772 down

TCONS_00006002 XLOC_002629 3.6380732 down

NR_038848 LINC01021 13.268177 up

uc001szi.3 AK022997 5.5453205 up

NR_120384 CLYBL-AS1 5.0195295 up

T214806 G049673 4.8163804 up

T191664 G044136 4.6401846 up

ENST00000412485 GS1-600G8.5 3.8646113 up

NR_036540 LINC00622 3.2450684 up

ENST00000609674 RP11-563K23.1 3.1289083 up

uc.185- uc.185 3.1146988 up

ENST00000451982 LINC00969 2.9062816 up

T328268 G076957 2.8993137 up

ENST00000573950 TAPT1-AS1 2.7537015 up

ENST00000608605 RP11-804H8.6 2.7520865 up

uc003ifn.3 AK090904 2.7447524 up
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T132722 G031137 2.7103456 up

ENST00000423781 AC004870.4 2.6490488 up

uc.185+ uc.185 2.5668814 up

NR_024006 LINC00950 2.5124995 up

NR_120623 TCERG1L-AS1 2.4902614 up

NR_131012 NEAT1 2.4842201 up

718

Table S4. Significant differentially expressed mRNAs in human chondrocyte719

dedifferentiation in vitro.720

Seqname GeneSymbol Fold Change Regulation

NM_022073 EGLN3 32.531482 down

NM_031950 FGFBP2 28.505518 down

NM_002422 MMP3 25.838385 down

NM_001851 COL9A1 25.715546 down

NM_006408 AGR2 14.594614 down

NM_004867 ITM2A 14.22944 down

NM_002425 MMP10 13.706152 down

NM_016445 PLEK2 13.044514 down

NM_173662 RNF175 12.99444 down

NM_001242668 C8orf87 11.733266 down

NM_152770 C4orf22 8.5786754 up
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NM_003619 PRSS12 6.766859 up

NM_174858 AK5 4.5321298 up

NM_004666 VNN1 3.6649314 up

ENST00000374375 GDF5OS 3.6237528 up

NM_001148 ANK2 3.2715659 up

NM_144488 RGS3 3.0256487 up

NM_002655 PLAG1 3.0189914 up

NM_015713 RRM2B 2.9571532 up

NM_182597 LSMEM1 2.9430627 up

721



Figures

Figure 1

The dedifferentiation of human hyaline chondrocytes occurred during passage culture in vitro. a:
Morphological observation of chondrocytes of passage 1 (P1) and P5 chondrocytes. b: Real-time
quantitative PCR (real-time qPCR) results of COL1A1 (alpha-1 type I collagen), COL2A1, and SOX-9 in P1
and P5 chondrocytes. GAPDH (glyceraldehyde-3-phosphate dehydrogenase) was used as the internal
reference. Data are represented as the means ± standard deviation (n=3). c,d: Western blot of COL1,
COL2, and SOX-9 in P1 and P5 chondrocytes. β-actin was used as the internal reference. e-g:
Immuno�uorescence of COL1, COL2, and SOX-9. *P<0.05, **P<0.01, ***P<0.001. Scale bar, 100μm.



Figure 2

The results of high-throughput sequencing of lncRNAs (long non-coding RNA) and mRNAs in P1 and P5
chondrocytes (P1: A1, A2, A3; P5: B1, B2, B3). a: Thermal map, b: scatter map, and c: volcanic map of
lncRNAs. 651 d: Thermal map, e: scatter plot, and f: volcano plot of mRNAs. Green dots represent
downward adjustment, red dots represent upward adjustment, and black dots represent no signi�cant
change. g: Compared with P1 chondrocytes, the typical downregulated biological processes, cellular



components, and molecular functions in P5 chondrocytes. h: The typical upregulated biological
processes, cellular components, and molecular functions in P5 chondrocytes. i: The typical
downregulated pathways in P5 chondrocytes. j: The typical upregulated pathways in P5 chondrocytes.

Figure 3

LncRNAs and mRNAs were selected for real-time qPCR veri�cation. a: Real-time qPCR results of �ve
upregulated lncRNAs. b: Real-time qPCR results of �ve downregulated lncRNAs. c: Real-time qPCR results



of three upregulated mRNAs. d: Real-time qPCR results of four downregulated mRNAs. e: Co-expression
network analysis of lncRNAs and mRNAs, red circle represents lncRNAs, blue circle represents mRNAs,
solid line represents positive regulation, and dotted line represents negative regulation. GAPDH and β-
actin were used as the internal references. Data are represented as means ± standard deviation (n=3).
*P<0.05, **P<0.01, ***P<0.001. NS, not signi�cant.

Figure 4

Pellet culture of P5 chondrocytes for seven days made chondrocytes undergo redifferentiation. a:
Hematoxylin-eosin (HE) staining results. b: The results of safranin O staining. c: The results of Alcian
staining. d: Immunohistochemistry of COL2. e: Immunohistochemistry of SOX-9. f:
Immunohistochemistry of COL1. g: Real-time qPCR of cartilage-related marker genes (COL1A1, COL2A1,
and SOX-9). h,i: Real-time qPCR of lncRNAs (AP001505.9, LINC00162, LINC01021, and GS1-600G8.5).
GAPDH was used as the internal reference. Data are represented as means ± standard deviation. *P<0.05,
**P<0.01, ***P<0.001. Scale bar, 50μm.



Figure 5

Lentiviral transfection experiments show the overexpression of AP001505.9. a: The results of phase
contrast microscopy and �uorescence microscopy. Green �uorescence represents the successful
chondrocyte transfected by lentivirus. LNC represented the chondrocyte transfected by AP001505.9
lentivirus. NC represented the chondrocyte transfected by negative control lentivirus b: Real-time qPCR of
AP001505.9. c: Real-time qPCR of COL1A1, COL2A1, and SOX-9. d,e: Western blot of COL1, COL2, and
SOX-9. f-h: Immuno�uorescence of COL1, COL2, and SOX-9. GAPDH was used as the internal reference.
Data are represented as means ± standard deviation. *P<0.05, **P<0.01, ***P<0.001. NS, not signi�cant.
Scale bar, 100μm.



Figure 6

Results of histology and immunohistochemistry in vivo four weeks after transplantation. a, b: The results
of safranin O staining. Immunohistochemistry of (c, f) COL1, (d, g) COL2, and (e, h) SOX-9. LNC
represented the chondrocyte transfected by AP001505.9 lentivirus. NC represented the chondrocyte
transfected by negative control lentivirus. Scale bar, 50μm.



Figure 7

Mechanism of AP001505.9 inhibiting dedifferentiation. a: Fluorescence in situ hybridization of
AP001505.9. U6 and 18S were used as internal reference probes in nucleus and cytoplasm. b: Competing
endogenous 697 RNA (ceRNA) analysis of AP001505.9, the blue circles represent cartilage-related genes,
the red circles represent miRNAs, and the green circles represent lncRNAs. c: Real-time qPCR of miRNAs in
dedifferentiation. d: Real-time qPCR of miRNAs in redifferentiation. e: Real-time qPCR of miRNAs after



AP001505.9 overexpression. f: Real-time qPCR of miR-495. G: qRT-PCR of AP001505.9 after miR-495
overexpression. h: Real-time qPCR of COL1A1, COL2A1, and SOX-9 after miR-495 overexpression. i, j:
Western blot of COL1, COL2, and SOX-9 after miR-495 overexpression. k: Potential binding sites of
AP001505.9 and miR-495. l: Double luciferase experiment of AP001505.9 and miR-495. LNC represented
the chondrocyte transfected by AP001505.9 lentivirus. miR495 represented the chondrocyte transfected
by miR-495 mimic. NC represented the chondrocyte transfected by negative control lentivirus or mimic.
GAPDH was used as the internal reference. Data are represented as means ± standard deviation. *P<0.05,
**P<0.01, ***P<0.001. NS, not signi�cant. Scale bar, 100μm.
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