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Abstract
Cartilage degeneration has been reported to deteriorate osteoarthritis (OA), a prevalent joint disease caused by intrinsic and
epigenetic factors. This study aimed to examine the molecular mechanism of enhancer of zeste 2 polycomb repressive
complex 2 subunit (EZH2)/microRNA-138 (miR-138)/syndecan 1 (SDC1) and its epigenetic regulation in cartilage
degeneration in OA. An OA cell model was induced by stimulating chondrocytes with interleukin (IL)-1β at a final
concentration of 10 ng/mL, followed by alterations in EZH2 and miR-138 expression. Afterwards, cell apoptosis was
analyzed using flow cytometry. The expression patterns of cartilage catabolism-related factors (MMP-13, ADAMTS-4, and
ADAMTS-5) were determined using RT-qPCR and western blot analyses. The EZH2 and H3K27me3 enrichment at the
miR-138 promoter region were determined using ChIP-qPCR. Finally, an OA mouse model was constructed to verify the
function of EZH2 in vivo. EZH2 was expressed at high levels in OA models. EZH2 depletion ameliorated OA, as evidenced
by reduced cell apoptosis in IL-1β-treated chondrocytes and decreased levels of cartilage catabolism-related factors.
Moreover, EZH2 promoted histone methylation at the miR-138 promoter to suppress miR-138 expression, thereby
upregulating the expression of SDC1, a target gene of miR-138. Changes in this pathway increased the expression of
cartilage catabolism-related factors in vitro while promoting cartilage degeneration in vivo. Our data provided evidence
that EZH2 inhibits miR-138 expression by promoting the histone methylation of its promoter, which induces
cartilage degeneration in OA models by upregulating SDC1 expression, suggesting a novel mechanistic strategy for
OA treatment.

Introduction

Osteoarthritis (OA) is characterized by the loss of joint
function and increasing pain and progresses to a critical
threat to human health. Moreover, the slow progression of
the disease causes sustained and chronic pain in patients.
Thus, a better understanding of the pathological process
of OA is imperative for the development of effective
therapies [1]. Degeneration of the articular cartilage is a

typical symptom of OA and primarily occurs due to
chondrocyte apoptosis [2, 3]. Additionally, cartilage
degeneration is also implicated in the development of OA,
which further induces the production of pro-inflammatory
cytokines, including interleukin (IL)-1β, thus invoking an
inflammatory response [4]. Numerous studies have
attempted to elucidate the underlying mechanism med-
iating cartilage degeneration. For example, Wang et al.
have reported the involvement of DNA methylation in
chondrocyte apoptosis in knee OA by modifying genetic
expression [5]. However, the detailed mechanism by
which DNA methylation modulates OA remains to be
elucidated.

Notably, enhancer of zeste 2 polycomb repressive com-
plex 2 subunit (EZH2), one of the polycomb repressive
complex 2 catalytic subunits, potentially directs histone
methylation and promotes H3 lysine-27 trimethylation
(H3K27me3) [6]. Moreover, EZH2 has also been reported
to affect OA development by regulating the Wnt/β-catenin
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pathway [7]. Accordingly, EZH2 was shown to be involved
in microRNA (miR)-128a methylation, which further reg-
ulates the degree of OA [8]. Based on these findings, we
anticipated the existence of other potential miRNAs that
possibly interact with EZH2. Intriguingly, one miRNA was
miR-138, which modulates cell survival and regulates
chondrocytes in OA through the Wnt/β-catenin pathway [9].
Coincidentally, after reviewing the literature, we found that
EZH2 interacts with miR-138 and regulates miR-138
expression via EZH2-induced methylation in multiple
myeloma [10]. However, the effect of this interaction on
cartilage degeneration or OA remains unknown. On the
other hand, syndecan 1 (SDC1) and WIN55 function in
human OA articular chondrocytes [11]. Moreover, previous
studies have reported a regulatory relationship between
SDC1 and different miRNAs, such as hsa-miR-19b and hsa-
miR-19a [12]. However, a comprehensive understanding of
the correlation between SDC1 and miR-138 in OA
remained to be elucidated.

Accordingly, the present study attempted to provide
evidence that EZH2 is essential for cartilage degeneration
in OA and affects the progression of OA by mediating
histone methylation. Moreover, OA cell models and OA
cartilage tissues were employed to explore the regulatory
mechanism of EZH2 in the process of OA. By deter-
mining the interactions of EZH2/miR-138/SDC1, we
speculated that epigenetic modifications were involved in
the development of OA, hence providing a contemporary
basis for the development of a potential therapeutic target
for OA.

Materials and methods

Bioinformatics analysis

The OA-related microarray GSE82107 dataset comprising
ten OA synoviocyte samples and seven normal synoviocyte
samples was retrieved from the Gene Expression Omnibus
database (https://www.ncbi.nlm.nih.gov/geo/). Subse-
quently, using a |log2 of fold change| > 2 and p value < 0.05
as the threshold value, the limma microarray package was
employed to screen the differentially expressed genes
(DEGs) enriched in OA. Then, a protein–protein interaction
(PPI) analysis of DEGs with a confidence coefficient of 0.4
was conducted using the STRING online website. The
results of the PPI analysis were subsequently visualized
with the Cytoscape software to screen DEGs with a degree
value ≥ 2. Lastly, the upstream regulatory miRNAs of the
DEGs were predicted using the miRanda (http://www.
microrna.org/microrna/home.do) and Starbase databases
(http://starbase.sysu.edu.cn/). The predicted miRNAs were
finally intersected.

Cell culture and identification

Extraction and culture of human chondrocytes

OA articular cartilage tissues were acquired from 25
patients with OA (10 males, 15 females; aged 31–63 years,
with a mean age of 48.68 ± 9.57 years) (grade III–IV) who
underwent total knee arthroplasty at Shanghai Ninth Peo-
ple’s Hospital, Shanghai Jiao Tong University School of
Medicine. In addition, another 25 normal articular cartilage
tissues were collected from patients (11 males, 14 females;
aged 37–65 years, with a mean age of 47.72 ± 7.83 years
old) who underwent amputation surgery or corrective sur-
gery. Moreover, cartilage sections were harvested from
human samples (healthy and OA articular cartilage tissues).
Then, normal and OA cartilage tissues were digested with
0.25% trypsin for 30 min and then cultured in Dulbecco’s
Modified Eagle’s Medium with Ham’s F-12 medium
(DMEM/F12) containing antibiotics and 2 mg/mL collagen
II (Col II) at 37 °C for 6 h. Thereafter, cells were suspended,
seeded in tissue culture flasks, and cultured with DMEM/
F12 supplemented with 10% fetal bovine serum and 1%
penicillin–streptomycin at 37 °C in the presence of 5% CO2.

The isolated chondrocytes were trypsinized and cultured
in a 24-well plate coated with polylysine at a density of 2 ×
104 cells/well for 24 h. The cells were then fixed with 95%
ethyl alcohol for 20 min and stained with 1% toluidine blue
in ethanol for 20 min. Subsequently, the cells were moun-
ted, observed, and photographed using an inverted fluor-
escence microscope.

Cell slides were prepared used similar procedures as
described above, and identified using Col II immuno-
fluorescence staining. Briefly, cells were fixed with 4%
paraformaldehyde for 20 min, permeabilized with 0.2%
Triton X-100 for 10 min, and incubated with phosphate-
buffered saline containing 1% bovine serum albumin for 15
min. Subsequently, the cells were probed with a rabbit
polyclonal antibody against Col II (1:5000; ab34712;
Abcam Inc., Cambridge, UK) overnight at 4 °C and then re-
probed with a DyLight 488-conjugated goat anti-rabbit
fluorescent secondary antibody (A23220; Abbkine, CA,
USA) for 1 h. Finally, the cells were stained with 4′,6-dia-
midino-2-phenylindole for 30 min, mounted, observed, and
photographed.

Construction of OA cell models

Normal human chondrocytes were treated with IL-1β
(Sigma-Aldrich; Merck KGaA; St. Louis, MO, USA) at a
final concentration of 10 ng/mL [13, 14] and then incubated
with 5% CO2 in a 37 °C incubator for 24 h. Cells that did
not receive a treatment were selected as controls. Then, the
chondrocytes were observed under the microscope and we
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observed cytoplasmic shrinkage and vacuoles in chon-
drocytes, indicating the successful establishment of the
model, with a success rate of 100%.

Cell grouping and transfection

Following OA model construction, cells were treated with a
small interfering RNA sequence targeting EZH2 (si-EZH2),
miR-138 mimic plasmids, interleukin (IL)-1β, 3-
deazaneplanocin A (1 μM; an inhibitor of EZH2) [15], or
their relevant negative controls (NC), alone or in combi-
nation. The aforementioned overexpression vector
pcDNA3.1 was developed by Invitrogen Inc., (Carlsbad,
CA, USA) and the remaining plasmids were designed and
established by Shanghai GenePharma Co., Ltd (Shanghai,
China). 3-Deazaneplanocin A was purchased from Med-
ChemExpress (MCE, HY-10442, USA). Cells at 30–50%
confluence were transfected with the aforementioned plas-
mids. After 12 h, the culture medium was replaced upon
achieving more than 95% of viable cells. Then, at 72 h post
culture, the transfected cells were collected and a Western
blot analysis was performed to assess the transfection effi-
ciency of overexpression or knockdown plasmids. The
sequences of miR-138, si-NC and si-EZH2 were as follows:
miR-138 mimic (5′-AGCUGGUGUUGUGAAUCAGG
CCG-3′) [16], si-NC (sense: 5′-UUCUCCGAACGUGU-
CACGUdTdT-3′; antisense: 5′-ACGUGACACGUUCGG
AGAAdTdT-3′), and si-EZH2 (sense: 5′-GACACCCG-
GUGGGACUCAGAAG-3′; antisense: 5′-CUUCUGA-
GUCCCACCGGGUGUC-3′) [17]. The subsequent
transfection was conducted using the Lipofectamine 2000
reagent (Invitrogen) according to the manufacturer’s pro-
tocol. The transfection efficiency was 90–100%. After 72 h
of culture, the stably transformed cells were collected and
used in subsequent experiments.

RNA isolation and quantification

Total RNA was extracted using the RNeasy Mini Kit
(Qiagen, Valencia, CA, USA). For mRNA detection, the
extracted RNA was reverse transcribed into complementary
DNAs (cDNAs) using reverse transcription kits (RR047A;
Takara, Tokyo, Japan). For miRNA detection, the extracted
RNA was reverse transcribed into cDNAs using the miRNA
First Strand cDNA Synthesis (Tailing Reaction) kit
(B532451-0020; Sangon, Shanghai, China). Samples were
amplified using the SYBR® Premix Ex TaqTM II (Perfect
Real Time) kits (DRR081; Takara). Reverse transcription-
quantitative polymerase chain reaction (RT-qPCR) was
subsequently conducted using an ABI 7500 instrument
(Applied Biosystems, Foster City, CA, USA). Three repli-
cate wells were established for each condition. The miRNA
universal negative primers and U6 (human and mouse)

upstream primers were provided by the miRNA First Strand
cDNA Synthesis (Tailing Reaction) kit. Other primers were
synthesized by Sangon Biotech Co., Ltd. (Shanghai, China)
(Table 1). After normalization to U6 as the loading control
for miR-138 and to glyceraldehyde-3-phosphate dehy-
drogenase as the loading control for the remaining genes,
relative expression was analyzed using the 2−△△Ct method.

Western blot analysis

Total protein was extracted from tissues or cells using
radioimmunoprecipitation assay lysis buffer supplemented
with phenylmethylsulfonyl fluoride. The extracted proteins
were then separated using sodium dodecyl sulfate-

Table 1 Primer sequences for RT-qPCR.

Target Primer sequences

EZH2 (H) F: 5′-AATCAGAGTACATGCGACTGAGA-3′

R: 5′-GCTGTATCCTTCGCTGTTTCC-3′

miR-138 (H) F: 5′-AGCTGGTGTTGTGAATCAGGCCG-3′

SDC1 (H) F: 5′-CCACCATGAGACCTCAACCC-3′

R: 5′-GCCACTACAGCCGTATTCTCC-3′

MMP-13 (H) F: 5′-ACTGAGAGGCTCCGAGAAATG-3′

R: 5′-GAACCCCGCATCTTGGCTT-3′

ADAMTS-4 (H) F: 5′-GAGGAGGAGATCGTGTTTCCA-3′

R: 5′-CCAGCTCTAGTAGCAGCGTC-3′

ADAMTS-5 (H) F: 5′-GAACATCGACCAACTCTACTCCG-3′

R: 5′-CAATGCCCACCGAACCATCT-3′

β-actin (H) F: 5′-AACAGTCCGCCTAGAAGCAC-3′

R: 5′-CGTTGACATCCGTAAAGACC-3′

EZH2 (M) F: 5′-AGTGACTTGGATTTTCCAGCAC-3′

R: 5′-AATTCTGTTGTAAGGGCGACC-3′

miR-138 (M) F: 5′-GCCGGATAAGTGTTGTGGTCGA-3′

SDC1 (M) F: 5′-AGCAACACCGAGACTGCTTTT-3′

R: 5′-GTGCGGATGAGATGTGACAG-3′

MMP-13 (M) F: 5′-CTTCTTCTTGTTGAGCTGGACTC-3′

R: 5′-CTGTGGAGGTCACTGTAGACT-3′

ADAMTS-4 (M) F: 5′-ATGGCCTCAATCCATCCCAG-3′

R: 5′-AAGCAGGGTTGGAATCTTTGC-3′

ADAMTS-5 (M) F: 5′-GGAGCGAGGCCATTTACAAC-3′

R: 5′-CGTAGACAAGGTAGCCCACTTT-3′

β-actin (M) F: 5′-GGTGAGGTCCTTGCCTACTT-3′

R: 5′-CCTCTATGCCAACACAGTGC-3′

ChIP F: 5′-CTGCCACTTGTTTCCAACCGA-3′

R: 5′-GCACGGCCCAGCACACAAAGA-3′

RT-qPCR reverse transcription-quantitative polymerase chain reaction,
EZH2 (H) enhancer of zeste 2 polycomb repressive complex 2 subunit
(human), EZH2 (M) enhancer of zeste 2 polycomb repressive complex
2 subunit (mouse), miR-138 microRNA-138, SDC1 syndecan 1,MMP-
13 matrix metallopeptidase 13, ADAMTS-4 ADAM metallopeptidase
with thrombospondin type 1 motif 4, ChIP chromatin immunopreci-
pitation, F forward, R reverse.
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polyacrylamide gel electrophoresis and transferred onto a
polyvinylidene fluoride (PVDF) membrane. The PVDF
membrane was then incubated at 4 °C overnight with the
diluted primary rabbit antibodies (Cell Signaling Technol-
ogy, Danvers, MA, USA) against EZH2 (1:1000; 4905S)
and SDC1 (1:1000; 12922S), while a rabbit antibody
against β-actin (1:1000; 4970S) was used as the internal
reference. On the next day, after washes with Tris-buffered
saline containing Tween-20, the membrane was incubated
with horseradish peroxidase-conjugated goat anti-rabbit
immunoglobulin G (IgG) (1:2000; ab97051; Abcam) for
1 h and developed with enhanced chemiluminescence
reagent (BB-3501; Amersham Biosciences, Piscataway, NJ,
USA). The band intensities were photographed using the
Bio-Rad Image analysis system (Bio-Rad, Hercules, CA,
USA) and analyzed using Quantity One v4.6.2 software.
The relative protein level was calculated as the ratio of the
gray value of the target band to the β-actin band. Each
experiment was repeated 3 times to obtain the mean value.

Dual-luciferase reporter gene assay

The pmiRGLO luciferase reporter plasmids containing wild
type (WT) and mutant (MUT) SDC1 were designed by
GenePharma (Shanghai, China). Then, the WT-SDC1-3′
untranslated region (3′UTR) and MUT-SDC1-3′UTR were
co-transfected with the NC mimic and miR-138 mimic
respectively into the OA cell models. Cells were collected
48 h after transfection and then lysed. The subsequent
procedures were performed using a luciferase assay kit
(K801-200; BioVision, Milpitas, CA, USA) and the ana-
lysis system (Promega Corporation, Madison, WI, USA).
The relative luciferase (RLU) activity was calculated as the
ratio of the RLU activity of firefly luciferase/RLU activity
of Renilla luciferase. Each experiment was repeated 3 times
to obtain the mean value.

Chromatin immunoprecipitation (ChIP)

The ChIP assay was performed using the EZ-Magna ChIP
A/G kits (17-371; Millipore, Billerica, MA, USA). Briefly,
the cells were sonicated and centrifuged at 12000 × g for 10
min at 4 °C to remove the insoluble precipitate. Then, the
cells were incubated with Protein G Agarose at 4 °C for 1 h
and centrifuged at 5000 × g for 1 h, followed by the removal
of the supernatant. Ten microliters of the supernatant (1%)
were then removed and used as the input, while the
remaining supernatant was divided into three aliquots and
incubated with antibodies against EZH2 (1:25; 4905S; Cell
Signaling Technology), H3K27me3 (1:50; 9733S; Cell
Signaling Technology), and NC rabbit anti-human IgG
(1:25; ab2410; Abcam) at 4 °C overnight. The protein-DNA
complex was precipitated by an incubation with Protein G

Agarose at 4 °C for 1 h, followed by the removal of the
crosslinks. DNA fragments were purified, collected, and
then used as an amplification template for RT-qPCR. Primer
sequences are shown in Table 1.

Flow cytometry

Cells were collected 48 h after transfection. Then, cell
apoptosis was analyzed using the Annexin V-fluorescein
isothiocyanate (FITC) Apoptosis Assay Kits (BD Bios-
ciences, San Jose, CA, USA). After Annexin V-FITC-
propidium iodide double staining, cells were analyzed using
a flow cytometer (FACSCalibur; BD Biosciences).

Experimental OA mouse models and lentivirus
injection

Seventy C57BL/6J WT mice (aged 8 weeks; weighing
18–22 g, with a mean calculated weight of 19.55 ± 1.02 g)
were purchased from the Laboratory Animal Center of
Shanghai Ninth People’s Hospital, Shanghai Jiao Tong
University School of Medicine. All mice were housed on a
12 h light/dark cycle with free access to water and food.
Then, the OA model was established in 60 mice via an
operation. Briefly, the right medial collateral ligaments and
anterior cruciate ligaments of OA model mice were
removed, followed by transection of the medial meniscus in
the right knee. Meanwhile, the remaining ten mice were
subjected to a sham operation in which only the skin of the
mouse right knee joint was incised. Before the surgical
procedure, all mice were anesthetized with an intraper-
itoneal injection of pentobarbital sodium at a dose of 40 mg/
kg [18], and the mice were euthanized 5 weeks after knee
surgery to collect the knee joint specimens. The success rate
of OA modeling was 83.3%.

The recombinant lentivirus and agomir were designed
by HanBio (Shanghai, China). Then, mice were divided
into the sham group (mice that received the sham opera-
tion), the OA group (mice that underwent OA modeling),
the OA+ Lv-oe-NC+ agomir-NC group (mice injected
with lentivirus-mediated nonsense control and miRNA
overexpression sequence), the OA+ Lv-oe-EZH2+ ago-
mir-NC group (mice injected with EZH2 overexpression
lentivirus and nonsense miRNA sequence), and the OA+
Lv-oe-EZH2+miR-138 agomir group (mice injected
with EZH2 overexpression lentivirus and miR-138 over-
expression sequence), with ten mice in each group. The
lentivirus vector was injected at a volume of 10 μL (4 ×
108 TU/mL), while agomir-NC and miR-138 agomir were
injected at a dose of 250 μM [19]. On days 7 and 14 after
model establishment, OA mice were injected with the
corresponding lentiviruses, miR-138 agomir, or agomir
NC, twice per injection [19]. At 5 weeks after model
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establishment, mice were euthanized by carbon dioxide
inhalation, and the articular cartilage tissue from the right
knee was frozen in liquid nitrogen or embedded in
paraffin.

Safranin O staining

Paraffin sections were stained with the fast green solution
for 5 min, washed with a 1% acetic acid solution for 15 s,
and then stained with a 0.1% safranin O solution for 5 min.
Next, the sections were dehydrated twice with 95% ethyl
alcohol, absolute ethyl alcohol, and xylene, respectively
(2 min each). Finally, the sections were photographed with a
Zeiss AxioCam digital camera, and the pathological grade
of OA mice was evaluated using the Osteoarthritis Research
Society International (OARSI) scoring system.

Statistical analysis

All statistical analyses of the data were performed with
SPSS 22.0 software (IBM Corp., Armonk, NY, USA), and
the results are presented as the means ± standard devia-
tions. Differences between the two groups were deter-
mined using an unpaired t test, while one-way analysis of
variance was performed to determine statistically sig-
nificant differences among multiple groups, followed by

Tukey’s post hoc test. The correlations between the
expression of various cytokines in OA models were ana-
lyzed by calculating Pearson’s correlation coefficients. In
all statistical analyses, p < 0.05 represents statistical
significance.

Results

EZH2 was upregulated in OA models, and EZH2
knockdown suppressed OA progression

RT-qPCR and western blot analyses were employed to
determine the expression patterns of EZH2 in OA and
healthy articular cartilage tissues (Fig. 1A). EZH2 was
expressed at much higher levels in OA articular cartilage
tissues than in healthy articular cartilage tissues (p < 0.05).
Then, OA chondrocytes and normal chondrocytes were
obtained from OA and healthy articular cartilage tissues,
respectively, after primary culture. Since proteoglycan and
Col II are the main indicators of chondrocyte function,
toluidine blue staining (Fig. 1B) and Col II immuno-
fluorescence staining (Fig. 1C) were performed, respec-
tively. Monolayer cells displaying polygonal growth and a
bluish-violet cytoplasm or cells in which the cytoplasm and
membrane exhibited distinct green fluorescence and a
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Fig. 1 The expression of EZH2 in OA and its effect on OA.
A EZH2 expression patterns in OA and healthy articular cartilage
tissues detected using RT-qPCR and western blotting. *p < 0.05
compared with healthy articular cartilage tissues (n= 25). Repre-
sentative Western blot images are presented. B Toluidine blue staining
(×200). C Col II immunofluorescence staining (×400), from the left to
the right, positive staining, spontaneous fluorescence and a merged
image are shown. D EZH2 expression patterns in OA and normal
chondrocytes after 48 h of culture, as measured using RT-qPCR and
western blotting. *p < 0.05 compared with normal chondrocytes.

E EZH2 expression detected at 0, 12, and 24 h after IL-1β treatment
using RT-qPCR and western blotting. F EZH2 expression in normal
chondrocytes receiving various treatments in the presence/absence of
IL-1β (10 ng/mL), as analyzed using RT-qPCR and western blotting.
G Cell apoptosis detected by flow cytometry. H Expression of bio-
markers of cartilage catabolism (MMP-13, ADAMTS-4, and
ADAMTS-5) determined using RT-qPCR. n= 3. In (E, F), *p < 0.05
compared with cells transfected with si-NC; #p < 0.05 compared with
cells treated with IL-1β.
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comparatively large, circular or oval, and blue nucleus
located in the center of the cells were regarded as chon-
drocytes. Additionally, our results of RT-qPCR and western
blot analyses (Fig. 1D) revealed increased EZH2 expression
in OA chondrocytes (p < 0.05).

To our knowledge, the pro-inflammatory cytokine IL-1β
represents one of the pathogenic factors leading to OA [20].
The RT-qPCR and Western blot analyses revealed that EZH2
expression in normal chondrocytes was increased by the
IL-1β (10 ng/mL) treatment in a time-dependent manner
(Fig. 1E). Then, the OA cell model was constructed after
normal chondrocytes were subjected to the IL-1β (10 ng/mL)

treatment for 24 h. Normal chondrocytes were treated with si-
NC, si-EZH2, IL-1β, or the combination of si-EZH2 and IL-
1β to investigate the effect of EZH2 knockdown on both
normal chondrocytes and the OA cell model. Subsequently,
the EZH2 expression patterns were determined using RT-
qPCR and Western blot analyses (Fig. 1F), and EZH2
expression was significantly decreased in the cells with
EZH2 silencing, but a significant increase was observed in the
cells treated with IL-1β compared to the si-NC treatment (all
p < 0.05). Additionally, EZH2 expression was also distinctly
reduced following dual treatment with si-EZH2 and IL-1β
compared to treatment with IL-1β alone (p < 0.05).

Fig. 2 The regulatory relation between EZH2 and histone
methylation at the miR-138 promoter. A Expression of miR-138 in
OA cartilage tissue and the OA cell model determined using RT-
qPCR. *p < 0.05 compared with healthy cartilage tissues or normal
chondrocytes (n= 25). B Pearson’s correlation coefficients between
EZH2 and miR-138 expression in OA cartilage tissues (n= 25)
determined by calculating Pearson’s correlation coefficient.
C Expression of miR-138 after EZH2 knockdown in the OA cell
model, as measured using RT-qPCR. *p < 0.05 compared with the OA
cell model with si-NC transfection. D Content of the miR-138 pro-
moter immunoprecipitated by the EZH2 antibody in OA and normal
chondrocytes, as analyzed using ChIP and RT-qPCR. *p < 0.05
compared with OA cell models. E The quantity of the miR-138 pro-
moter immunoprecipitated by the H3K27me3 antibody in OA and
normal chondrocytes, as analyzed using the ChIP-qPCR. *p < 0.05
compared with OA cell models. F The quantity of the miR-138

promoter immunoprecipitated by the EZH2 antibody after EZH2
knockdown, as detected using ChIP-qPCR. *p < 0.05 compared with
cells transfected with si-NC. G The quantity of the miR-138 promoter
immunoprecipitated by the H3K27me3 antibody after EZH2 knock-
down. *p < 0.05 compared with cells transfected with si-NC.
H Western blot showing EZH2 levels in OA cells treated with IL-1β
alone or in combination with 3-deazaneplanocin A. *p < 0.05 com-
pared with OA cells treated with IL-1β+ PBS. I The quantity of the
miR-138 promoter immunoprecipitated by the EZH2 antibody in cells
treated with IL-1β alone or in combination with 3-deazaneplanocin A,
as detected using ChIP-qPCR. *p < 0.05 compared with OA cells
treated with IL-1β+ PBS. J The quantity of the miR-138 promoter
immunoprecipitated by the H3K27me3 antibody in cells treated with
IL-1β alone or in combination with 3-deazaneplanocin A, as detected
using ChIP-qPCR. *p < 0.05 compared with OA cells treated with
IL-1β+ PBS. n= 3.
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Subsequently, flow cytometry was performed to analyze
cell apoptosis after the various treatments (Fig. 1G).
According to the results, apoptosis was reduced in the cells
treated with si-EZH2, but increased following the IL-1β
treatment compared to the si-NC-treated cells (all p < 0.05).
In contrast to the IL-1β treatment, apoptosis was markedly
decreased after treatment with IL-1β in cells transfected
with si-EZH2 (p < 0.05). Finally, biomarkers of cartilage
catabolism, including matrix metallopeptidase 13 (MMP-
13), a disintegrin and metalloproteinase with thrombos-
pondin motifs 4 (ADAMTS-4), and ADAMTS-5 were
detected in cells receiving various treatments using RT-
qPCR (Fig. 1H). The expression of MMP-13, ADAMTS-4,
and ADAMTS-5 was significantly decreased in cells treated
with si-EZH2 (compared with si-NC) and with the combi-
nation of IL-1β and si-EZH2 (compared with treatment with
IL-1β alone). However, the expression of MMP-13,
ADAMTS-4, and ADAMTS-5 was significantly increased
upon treatment with IL-1β compared to the si-NC treatment
(all p < 0.05). Based on these findings, EZH2 expression
was upregulated in OA and promoted the
progression of OA.

EZH2 inhibited miR-138 expression by promoting
histone methylation on the miR-138 promoter

In an attempt to discover the downstream regulatory
mechanism underlying the effect EZH2 on cartilage
degeneration in OA, we reviewed the relevant literature and
found that miR-138 is expressed at low levels in human OA
cartilage tissues and that miR-138 overexpression inhibits
the progression of OA [21]. Furthermore, EZH2 inhibits
miR-138 expression by promoting the methylation of his-
tones at the miR-138 promoter in multiple myeloma [10].
Thus, we anticipated that EZH2 would similarly regulate
the expression of miR-138 in OA cell models.

The expression of miR-138 was detected in both OA
cartilage tissues and cell models using RT-qPCR to further
verify our hypothesis (Fig. 2A). A substantial reduction in
miR-138 expression was observed in both OA cartilage
tissues and OA cell models compared to the respective
controls (all p < 0.05). Meanwhile, Pearson’s correlation
analyses revealed a negative correlation of EZH2 with miR-
138 expression in OA cartilage tissues (n= 25) (Fig. 2B).
Moreover, OA cell models were treated with a siRNA tar-
geting EZH2 and its NC, after which miR-138 expression
was measured using RT-qPCR (Fig. 2C). Substantially
higher miR-138 expression was observed in cells trans-
fected with si-EZH2 than cells transfected with its NC (p <
0.05). Then, the quantity of the miR-138 promoter immu-
noprecipitated with EZH2 and H3K27me3 antibodies was
measured using the ChIP assay and RT-qPCR in normal
chondrocytes and IL-1β-treated chondrocytes (Fig. 2D, E).

According to the results, a greater amount of the miR-138
promoter was present in the immune complexes from the
IL-1β-treated chondrocytes than in normal chondrocytes (p
< 0.05). Finally, the amount of the miR-138 promoter in the
immune complexes was observed again using the ChIP
assay and RT-qPCR, which showed a decrease in the
amount of the miR-138 promoter in the immune complexes
following EZH2 knockdown (p > 0.05, Fig. 2F, G). Next,
we treated cells with IL-1β alone or in combination with 3-
deazaneplanocin A and performed a Western blot analysis
to determine the levels of EZH2. Decreased EZH2 levels
were observed in cells treated with IL-1β and 3-
deazaneplanocin A (Fig. 2H). Additionally, the ChIP-
qPCR results revealed a much lower level of the miR-138
promoter in the immune complexes from cells treated with
both IL-1β and 3-deazaneplanocin A than in cells treated
with IL-1β alone (Fig. 2I, J). Taken together, EZH2 indeed
inhibited miR-138 expression by increasing histone
methylation at its promoter.

SDC1 was a target gene of miR-138

Furthermore, an analysis of DEGs was performed using the
OA-related expression dataset GSE82107, and 85 DEGs
were identified, including 45 upregulated and 39 down-
regulated genes (Fig. 3A). Then, the online STRING data-
base was used to conduct a PPI analysis of these DEGs, and
the Cytoscape software was employed to visualize the PPI
results (Fig. 3B) with a degree ≥ 22 set as the threshold.
Finally, 19 DEGs with prominent interactions were
obtained. Subsequently, the p values of these 19 genes were
compared in the GSE82107 dataset, after which the SDC1
gene with the smallest p value was obtained. SDC1 was
subsequently selected as the cytokine that potentially
represents a key regulator of OA. The upstream miRNA
regulating SDC1 was predicted using the miRanda and the
Starbase databases (Fig. 3C), and miR-138 was identified as
the most probable miRNA targeting SDC1, as suggested by
the existence of a binding site for miR-138 in the SDC1
mRNA predicted by the RNA22 bioinformatics website
(Fig. 3D).

SDC1 expression patterns were detected in OA cartilage
tissues and OA cell models using RT-qPCR and Western
blot analyses to further verify these predictions (Fig. 3E, F).
Higher SDC1 expression was observed in both OA cartilage
tissues and OA cell models than in their relevant NC
samples (p < 0.05). Moreover, a dual-luciferase reporter
gene assay (Fig. 3G) revealed decreased luciferase activity
in cells co-transfected with the WT-SDC1-3′UTR and miR-
138 mimic compared to cells co-transfected with the WT-
SDC1-3′UTR and NC mimic (p < 0.05). However, notice-
able changes in luciferase activity were not detected in cells
co-transfected with the MUT-SDC1-3′UTR and miR-138
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mimic (p > 0.05). Additionally, Pearson’s correlation ana-
lysis revealed that miR-138 expression was negatively
correlated with SDC1 expression in human OA cartilage
tissues (Fig. 3H). Finally, the OA cell model was trans-
fected with the miR-138 mimic and its NC (Fig. 3I), and
SDC1 expression was remarkably decreased in the OA cell
model transfected with miR-138 mimic compared to cells
transfected with the NC mimic (p < 0.05). Based on these
findings, SDC1 was a target gene of miR-138.

EZH2 inhibited miR-138 expression and upregulated
SDC1 to promote the expression of biomarkers of
cartilage catabolism in the OA cell model

With the aim of elucidating the mechanism by which the
EZH2/miR-138/SDC1 axis influenced OA, cell models
were transfected with the EZH2 overexpression plasmid,
miR-138 mimic or their relevant NCs alone or in combi-
nation. Then, RT-qPCR was applied to detect the expres-
sion patterns of EZH2, miR-138, and SDC1 in OA cell
models with various treatments (Fig. 4A). OA cell models
overexpressing EZH2 and the NC mimic exhibited sig-
nificantly increased EZH2 and SDC1 expression, while
miR-138 expression was decreased compared to the rele-
vant NC treatment. However, the OA cell model over-
expressing EZH2 and the miR-138 mimic showed no
changes in EZH2 expression, elevated miR-138 expression
and decreased SDC1 expression compared with the oe-
EZH2 treatment alone (all p < 0.05).

Additionally, cell apoptosis was detected in transfected
OA cell models using flow cytometry (Fig. 4B). Apoptosis
was increased in cells with EZH2 overexpression and the
NC mimic but reduced in cells overexpressing EZH2 and
the miR-138 mimic compared with their relevant NCs (all
p < 0.05). Moreover, RT-qPCR (Fig. 4C) indicated sig-
nificantly increased expression of MMP-13, ADAMTS-4,
and ADAMTS-5 in cells overexpressing EZH2 and the NC

mimic, but the expression of these mRNAs was sig-
nificantly downregulated in cells overexpressing EZH2 and
the miR-138 mimic compared to the NCs (all p < 0.05).
Therefore, EZH2 induced the expression of cartilage
catabolism-related factors by regulating miR-138/
SDC1 signaling.

EZH2 accelerated cartilage degeneration through
the methylation of histones at the miR-138
promoter in vivo

Cartilage degeneration is a fundamental pathological feature
of OA, and thus the progression of cartilage degeneration in
mice was analyzed after the modulation of the EZH2/miR-
138/SDC1 axis. Mice were assigned to the sham group, the
OA group, the OA+ Lv-oe-NC+ agomir-NC group, the
OA+ Lv-oe-EZH2+ agomir-NC group, and the OA+ Lv-
oe-EZH2+miR-138 agomir group. Subsequently, the
expression of EZH2, miR-138, SDC1, MMP-13,
ADAMTS-4, and ADAMTS-5 was detected in the cartilage
tissues from mouse knee joints using RT-qPCR. The
expression of EZH2, SDC1, MMP-13, ADAMTS-4, and
ADAMTS-5 was significantly increased and miR-138
expression was decreased in the OA+ Lv-oe-EZH2+
agomir-NC group. On the other hand, miR-138 expression
was increased and SDC1 expression was reduced, but no
changes in EZH2 expression were observed in the OA+
Lv-oe-EZH2+miR-138 agomir group compared to the
OA+ Lv-oe-EZH2+ agomir-NC group (all p < 0.05)
(Fig. 5A).

Thereafter, paraffinized cartilage tissue sections from
mouse knee joints were prepared, stained with safranin O
and subjected to histological scoring according to the
standard provided by OARSI. Mice in the OA+ Lv-oe-
EZH2+ agomir-NC group showed thinner cartilage tis-
sues, accelerated cartilage destruction, proteoglycan loss,
a relatively increased loss of bone trabecula connection
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density and an increased degree of bone trabecular
directional distribution of cortical bone, accompanied by a
higher score evaluated according to the OARSI criteria.
However, the cartilage tissues were thicker in the mice
from the OA+ Lv-oe-EZH2+miR-138 agomir group, as
cartilage destruction was reduced, proteoglycan loss was
decreased and the loss of bone trabecula connection
density was inhibited to result in a lower OARSI score (all
p < 0.05) (Fig. 5B). Based on these findings, EZH2 pro-
moted cartilage degeneration in OA mice by regulating
miR-138/SDC1 signaling.

Discussion

Epigenetic regulation is achieved through various mechan-
isms, such as genomic DNA methylation and histone
modifications [22]. However, its role in OA remains to be
elucidated. The role of miRNAs in the progression of OA is
well established, and miR-21-5p [23] and miR-186 [24]
have been identified as prospective therapeutic targets for
OA. However, to date, the association between these target
miRNAs and their epigenetic regulation in OA, which
might be a key mechanism contributing to their functions,
has not been investigated. Therefore, in the current study,
both OA cell and OA mouse models were established. Our
data not only described the methylation of histones at the
miR-138 promoter and its effect on OA but also revealed
the regulatory mechanism underlying the effect of EZH2 on
miR-138 methylation in OA. Moreover, the pro-
inflammatory factor IL-1β is well-regarded as a main
pathological factor in OA [20]. Thus, we attempted to
establish cell models of OA induced by IL-1β using the
methods described in previous studies, in which chon-
drocytes were treated with IL-1β for 24 h to establish the
OA cell model [25, 13]. Hence, EZH2 may represent a
novel biomarker of articular cartilage degeneration in indi-
viduals with OA.

Notably, EZH2 is a histone methyltransferase that is
reported to be associated with several types of skeletal tis-
sue dysfunction [26]. In addition, the methyltransferase
EZH2 functions in regulating the expression of the long
non-coding RNA MEG3 and is also implicated in chon-
drogenic differentiation, suggesting that EZH2 may have a
critical a role in regulating OA [27]. However, another
study documented increased levels of EZH2 in subjects
with OA, changes that were suppressed by the administra-
tion of 3-deazaneplanocin A [28]. OA and healthy cartilage
tissues, as well as OA and normal chondrocytes were used
in the present study; our data further verified that EZH2 was
expressed at high levels in OA samples. Subsequently, we
investigated the mechanism by which EZH2 affected OA.
EZH2 silencing significantly reduced the expression of

cartilage catabolism factors, including MMP-13,
ADAMTS-4, and ADAMTS-5. Moreover, reduced cell
apoptosis and MMP-13, ADAMTS-4, and ADAMTS-5
levels were also observed upon silencing of EZH2. Con-
sistent with the results of our study, MMP-13, ADAMTS-4,
and ADAMTS-5 expression are closely related to anabolic
activity and OA [29]. Moreover, the changes in the
expression of these matrix-degrading enzymes (MMP-13,
ADAMTS-4, and ADAMTS-5) suggest a novel trend in cell
apoptosis [30]. Therefore, EZH2 potentially accelerated the
progression of OA, while the knockdown of EZH2 effec-
tively ameliorated OA.

Based on the findings described above, we speculated
that a better understanding of the downstream mechanism
of EZH2 in OA would be very important. Interestingly,
previous studies have reported the aberrant expression of
miR-138 and its role in OA, illustrating that miR-138 was
expressed at low levels in OA tissues and suppressed OA
[21]. Notably, the EZH2 is also known to be associated
with the regulation of miRNAs involved in chondrogenic
differentiation in individuals with renal cell cancer [31].
Additionally, miR-138 functions as a tumor suppressor
and negatively regulate EZH2 in renal cell cancer [32]. In
the current study, we discovered that miR-138 was
negatively correlated with EZH2 expression in OA
samples.

Furthermore, in our study, ChIP-qPCR was conducted in
a series of OA cell models to measure the quantity of the
miR-138 promoter in the immune complexes generated
using EZH2 and H3K27me3 antibodies. EZH2 methylated
histones at the miR-138 promoter and then subsequently
inhibited miR-138 expression. Notably, the findings from
the present study were distinguished from previously
reported studies that have rarely discussed the relationship
between EZH2 and methylated miR-138.

The discovery of the relationship between EZH2 and
miR-138 allowed us to determine the role of miR-138 in
OA. Our results obtained from the STRING online database
and Cytoscape software illustrated that SDC1 was the DEG
with the lowest p value in the GSE82107 microarray.
Recent studies have highlighted the involvement of SDC4
in the altered expression of cartilage catabolism factors
(MMP-13, ADAMTS-4, and ADAMTS-5), whereas upre-
gulated SDC4 has been shown to exacerbate the dysfunc-
tion of articular cartilage [33]. Consistent with these reports,
miR-138 targeted SDC1 in the present study. Notably, miR-
138 promotes cartilage degeneration in human chon-
drocytes via FOXC1 [34]. SDC1 expression has been
reported to be upregulated in the early stage of articular
cartilage degeneration [35]. However, SDC1 expression is
suppressed by miR-494 to modulate the epithelial-
mesenchymal transition, migration, and invasion in pan-
creatic cancer [36].
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As shown in the present study, EZH2 downregulated the
expression of miR-138 and increased SDC1 expression
through the methylation of histones at the miR-138 pro-
moter during OA development (Fig. 6). Moreover, the
EZH2-mediated regulatory mechanism also facilitated car-
tilage degeneration in OA mouse models. Collectively, the
aforementioned results confirmed the requirement for EZH2
in the process of cartilage degeneration in OA. Nonetheless,
in-depth studies are required to highlight the regulatory
effects of SDC1 on both cartilage degeneration and OA and
its associated epigenetic mechanisms underlying OA.
Moreover, our current research is still in the theoretical
stage with no clinical trials involved. However, in further
studies, we will employ the DZNep mouse model to verify
the findings of the present study and potentially develop
effective therapies to treat OA.
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