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Histone demethylase JMJD3 downregulation protects against
aberrant force-induced osteoarthritis through epigenetic
control of NR4A1
Yu Jin1, Zhen Liu1, Zhenxia Li1, Hairui Li1, Cheng Zhu1, Ruomei Li1, Ting Zhou1✉ and Bing Fang1✉

Osteoarthritis (OA) is a prevalent joint disease with no effective treatment strategies. Aberrant mechanical stimuli was
demonstrated to be an essential factor for OA pathogenesis. Although multiple studies have detected potential regulatory
mechanisms underlying OA and have concentrated on developing novel treatment strategies, the epigenetic control of OA remains
unclear. Histone demethylase JMJD3 has been reported to mediate multiple physiological and pathological processes, including
cell differentiation, proliferation, autophagy, and apoptosis. However, the regulation of JMJD3 in aberrant force-related OA and its
mediatory effect on disease progression are still unknown. In this work, we confirmed the upregulation of JMJD3 in aberrant force-
induced cartilage injury in vitro and in vivo. Functionally, inhibition of JMJD3 by its inhibitor, GSK-J4, or downregulation of JMJD3 by
adenovirus infection of sh-JMJD3 could alleviate the aberrant force-induced chondrocyte injury. Mechanistic investigation
illustrated that aberrant force induces JMJD3 expression and then demethylates H3K27me3 at the NR4A1 promoter to promote its
expression. Further experiments indicated that NR4A1 can regulate chondrocyte apoptosis, cartilage degeneration, extracellular
matrix degradation, and inflammatory responses. In vivo, anterior cruciate ligament transection (ACLT) was performed to construct
an OA model, and the therapeutic effect of GSK-J4 was validated. More importantly, we adopted a peptide-siRNA nanoplatform to
deliver si-JMJD3 into articular cartilage, and the severity of joint degeneration was remarkably mitigated. Taken together, our
findings demonstrated that JMJD3 is flow-responsive and epigenetically regulates OA progression. Our work provides evidences for
JMJD3 inhibition as an innovative epigenetic therapy approach for joint diseases by utilizing p5RHH-siRNA nanocomplexes.

International Journal of Oral Science           (2022) 14:34 ; https://doi.org/10.1038/s41368-022-00190-4

INTRODUCTION
Osteoarthritis (OA) is a painful degenerative joint disease that
troubles millions of human beings and causes a great financial
burden worldwide.1 To date, no effective therapeutic strategies
have been developed and current treatment options are merely
limited to symptom relief or late-stage surgical intervention.2 As a
site whose main function is to carry weight and is closely related
to physical activities, articular cartilage is frequently subjected to
various external forces, such as stresses, strains, and pressure.3

However, under some circumstances, aberrant mechanical stimu-
lation is injuries to cartilage tissues, leading to cell apoptosis,
extracellular matrix degradation and cartilage degeneration.4–7

Specifically, joint damage, such as anterior cruciate ligament
rupture or loss of meniscus integrity, could affect joint stress
distribution, consequently resulting in OA initiation and progres-
sion.8 Therefore, aberrant mechanical force is a crucial factor for
OA pathogenesis9 and investigation of the potential regulatory
mechanism is greatly needed. Recently, an increasing number of
studies have revealed the importance of epigenetics in regulating
the formation and maintenance of joints.10

Epigenetics is the regulatory mechanism by which gene
expression is altered without changing the primary DNA

sequences.11 Specifically, there are three major epigenetic
regulation types including DNA methylation, histone modifica-
tions, and noncoding regulatory RNAs.12 Histone modifications,
including methylation, acetylation and ubiquitination, are
reported to be essential for gene expression regulation and have
been demonstrated to mediate various diseases through epige-
netic control.13 Histone 3 lysine 27 (H3K27) methylation is one of
the most important epigenetic events whose methylation or
demethylation state participates in various biological processes,
such as stem cell renewal capacity,14 inflammatory responses,15

and cancer progression.16 Jumonji domain-containing protein D3
(JMJD3) belongs to the JmjC histone demethylase family and
regulates gene expression by demethylating H3K27me3.17 Multi-
ple studies have emphasized the critical roles of JMJD3 in various
human diseases, such as infectious diseases,18 immune diseases,19

developmental diseases20 and cancer.21 Moreover, JMJD3 is
sensitive to external stimuli, including inflammatory cytokines,
oxidative stress inducers, and carcinogenetic factors.22,23 There-
fore, JMJD3 is a crucial demethylase involved in physiological and
pathological processes.
Recently, an increasing number of studies have proposed

epigenetics-based therapy methods for disease treatment,
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Fig. 1 Aberrant mechanical force induces JMJD3 in vitro and in vivo. a Primary chondrocytes were exposed to FSS and the JMJD3 mRNA
expression was evaluated by qPCR assay. b JMJD3 protein level was markedly increased after FSS stimulation. c Immunofluorescent assay
presented an increased staining intensity of JMJD3 in FSS-treated chondrocytes. Scale bar: 50 μm d Histological analysis of joint samples from
different groups. Scale bar: 100 μm e The OARSI scores of sham and ACLT group. f The mRNA level of JMJD3 in tissue samples from ACLT
group was significantly upregulated when compared to that from sham controls. g Immunohistochemistry staining of representative markers
for cartilage degradation in tissue samples from different groups. Scale bar: 50 μm h JMJD3 was strongly stained in ACLT mice samples. i A
significant upregulation of JMJD3 was detected in OA tissues when compared to normal controls from GEO database. Scale bar: 50 μm
*P < 0.05; **P < 0.01; ***P < 0.001
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Fig. 2 Pharmacological inhibition of JMJD3 by GSK-J4 alleviated the impact of SNP or FSS on primary chondrocytes. a GSK-J4 administration
could rescue SNP-induced apoptosis activities in primary chondrocytes. b GSK-J4 treatment rescued cartilage degeneration and inflammatory
responses caused by FSS. c The expression changes of COLII, SOX9, MMP13 and COX-2 were rescued by GSK-J4 treatment.
d Immunofluorescent staining of COLII and MMP13 in chondrocytes with different treatments. Scale bar: 20 μm *P < 0.05; **P < 0.01;
***P < 0.001
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especially for tumor therapy. For example, one study demon-
strated that cancer cells treated with EZH2 inhibitors are more
sensitive to genotoxic stress, providing a mechanistic basis for
epigenetic regulator-combined cancer therapies.24 Another study
identified HDAC2 as a major mediator in the cancer metastatic
cascade and the regulation of HDAC2 expression could be used
for effective epigenetic therapies.25 Epigenetics-based therapeutic
strategies have also been exploited in some other frontiers such as
Streptococcus pneumoniae26 and rheumatoid arthritis.27 Although
increasing evidence has verified the effectiveness of epigenetic
therapy, studies relating epigenetic modifications with
mechanical-related OA and potential therapeutic methods still
remain scarce. Therefore, this study determined to investigate the
epigenetic program responsible for aberrant mechanical force-
induced cartilage injury and intended to explore epigenetics-
based therapy approach for OA.
In the current study, we demonstrated that JMJD3 was induced

in aberrant force-related cartilage injury in vitro and in vivo.
Regulation of JMJD3 mediated the destructive effect of abnormal
mechanical stress on chondrocytes, and further investigation
suggested that the functional roles of JMJD3 may be achieved by
demethylating H3K27me3 at the NR4A1 promoter. In vivo anterior
cruciate ligament transection (ACLT) model validated the efficacy
of GSK-J4 or si-JMJD3 administration in preventing disease
progression. A peptide-siRNA nanoplatform was utilized to
efficiently deliver si-JMJD3 into articular cartilage to rescue OA
pathogenesis. Overall, our findings revealed an innovative
epigenetic regulatory mechanism in mechanical force-related OA
and implied the potential of targeting JMJD3 for OA therapy.

RESULTS
Aberrant force induces JMJD3 in vitro and in vivo
To detect whether JMJD3 participates in aberrant force-related
OA, we first investigated its expression in aberrant fluid shear
stress (FSS)-treated chondrocytes and OA mouse joint tissues. A
significant higher mRNA level of JMJD3 was observed in FSS-
stimulated chondrocytes (Fig. 1a). The protein level of JMJD3 was
also upregulated in chondrocytes treated with FSS, as shown by
both western blot and immunofluorescence assay (Fig. 1b, c). We
established ACLT mice modal for in vivo investigation. H&E
staining and safranin O fast green staining were performed for
histological analysis and the results indicated that OA model was
successfully constructed (Fig. 1d, e). qPCR experiments showed
JMJD3 was induced in ACLT group when compared to control
group (Fig. 1f). Immunohistochemistry assay results showed that
the relative staining intensity of COLII and SOX9 was lower, while
that of COX-2 and MMP13 was higher in OA tissues when
compared to control tissues (Fig. 1g). More importantly, a strong
activation of JMJD3 was manifested in OA group (Fig. 1h). Overall,
the above results indicated that JMJD3 is force-sensitive and may
play regulatory roles during OA pathogenesis. Furthermore, we
utilized GEO public database28 to analyze the expression level of
JMJD3 in clinical OA samples. Statistical analysis demonstrated a
significant upregulation of JMJD3 in OA tissues when compared to
normal controls, which supports its further functional roles in OA
pathogenesis (Fig. 1i).

Pharmacological inhibition of JMJD3 by GSK-J4 attenuates the
impact of FSS on primary chondrocytes
Since we confirmed the regulation of JMJD3 by FSS treatment, we
further determined to detect whether JMJD3 was involved in the
responses of chondrocytes to external stimuli. Before using GSK-J4
for in vitro experiments, we performed CCK8 assay to evaluate its
potential toxicity on primary chondrocytes. The results suggested
that the concentration of GSK-J4 ranging from 2 to 10 μmol·L−1

has negative impact on chondrocyte proliferation (Fig. S1).
Therefore, we chose the concentration of 1 μmol·L−1 GSK-J4,

which could not affect cell viability, to detect its potential
regulatory effect on aberrant force-stimulated chondrocytes.
GSK-J4 is an inhibitor functions on the catalytic JMJ domain of
KDM6B to suppress enzyme activity.17,29 To validate its effective-
ness in inhibiting JMJD3 enzymatic activity, we treated primary
chondrocytes with 1 μmol·L−1 GSK-J4 for 24 h and found that the
expression level of H3K27me3 was significantly upregulated (Fig. S2).
Based on these results, we selected 1 μmol·L−1 GSK-J4 for all
in vitro experiments in this study. Firstly, primary chondrocytes
were pretreated with or without GSK-J4 and then stimulated with
sodium nitroprusside (SNP), a common reagent used to stimulate
chondrocyte apoptosis. Flow cytometry results showed that the
apoptosis activities were greatly induced by SNP treatment, while
pretreatment with GSK-J4 effectively alleviated chondrocyte
apoptosis (Fig. 2a). In addition, pharmacological inhibition of
JMJD3 by GSK-J4 dramatically inhibited FSS-induced inflammatory
responses, extracellular matrix degradation and cartilage degen-
eration (Fig. 2b–d).

JMJD3 downregulation alleviates FSS-induced chondrocyte injury
We utilized adenovirus infection to downregulate JMJD3 in
primary chondrocytes, which was confirmed by qPCR and western
blot assay (Fig. 3a, b). Further experiments suggested that JMJD3
downregulation could mediate chondrocyte apoptosis both under
normal conditions and under SNP stimulation conditions (Fig. 3c,
d). Specifically, JMJD3 downregulation decreased chondrocyte
apoptosis and prevented SNP-induced apoptosis activities. In
addition, JMJD3 downregulation improved the expression of
cartilage-related markers in primary chondrocytes and rescued the
destructive functions of aberrant FSS (Fig. 3e–g). These results
elucidated the importance of JMJD3 in aberrant force-related OA,
implying that it is a promising therapeutic target.

Identification of NR4A1 as JMJD3-H3K27me3-target gene
mediated by FSS
In most cases, JMJD3 regulates gene expression by demethylating
H3K27me3 at target gene promotors.30 Next, we wondered
whether JMJD3 functions through epigenetic control of critical
genes through H3K27me3. Western blot results indicated FSS
leads to a silence of H3K27me3 (Fig. 4a) and immunofluorescence
staining also presented a lower intensity of H3K27me3 in FSS-
treated chondrocytes (Fig. 4b). To specify the detailed JMJD3-
H3K27me3-axis under FSS treatment, we combined the analysis of
the transcriptomic changes in chondrocytes under FSS with
H3K27me3 CUT&Tag sequencing. The volcano plot of RNA-seq
was plotted to present differentially expressed genes (DEGs)
(Fig. 4c). The expression profiles of genes in chondrocytes with or
without FSS treatment are presented in Fig. 4d. CUT&Tag
sequencing analysis results showed that 1131 genes may be
directly mediated by H3K27me3. A combined analysis of RNA-seq
and CUT&Tag-seq identified 23 genes that may act as potential
target genes (Fig. 4e). We then chose to focus on NR4A1, whose
fold-change was the most evident. The peaks of NR4A1 levels in
samples from different groups are displayed in Fig. 4f, and JMJD3
upregulation induced by FSS decreased the H3K27me3 level at
the promoter region of NR4A1. Subsequently, further experiments
verified that NR4A1 is a flow-responsive gene that can be
upregulated by high shear stress (Fig. 4g, h). To further investigate
whether the regulation of NR4A1 by H3K27me3 silencing was
mediated by JMJD3, NR4A1 expression was detected in cells
infected with sh-NC or sh-JMJD3. The remarkably lower expression
of NR4A1 confirmed the regulatory roles of JMJD3 on NR4A1
(Fig. 4i, j). Moreover, GSK-J4 treatment also suppressed the
expression of NR4A1 in primary chondrocytes (Fig. 4k, l).
Subsequently, to further analyze whether JMJD3 gene silencing
affects the regulatory effect of FSS on NR4A1, we performed
in vitro rescue experiments. Specifically, primary chondrocytes
infected with sh-NC/sh-JMJD3 or pretreated with or without GSK-
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J4 were subjected to FSS treatment. After 2 h of FSS treatment,
total RNA and protein were extracted, and qPCR and western blot
assay were performed to detect the expression level of NR4A1.
The results indicated that JMJD3 silencing could effectively
alleviate the induction of NR4A1 by FSS stimulation (Fig. 4m–p).
Therefore, these findings support our conclusion that JMJD3
mediates aberrant force-induced OA through epigenetic control of
NR4A1.

NR4A1 regulates the biological phenotypes of primary
chondrocytes and FSS-induced OA-like pathological changes
Firstly, the biological effect of NR4A1 on chondrocytes was
investigated by Ad-NR4A1 infection. NR4A1 was successfully
overexpressed in Ad-NR4A1-infected chondrocytes when com-
pared to the Ad-NC group (Fig. 5a, b, Fig. S3). Apoptosis assay
demonstrated that NR4A1 induced apoptosis activities in chon-
drocytes (Fig. 5c). Furthermore, NR4A1 overexpression inhibited
COLII and SOX9 while promoted COX-2 and MMP13 expression
(Fig. 5d, e, Fig. S4). Proinflammatory mediators (TNF-α, IL-1β, and
IL-6) were greatly induced in Ad-NR4A1 group (Fig. 5d). After-
wards, we intended to detect whether NR4A1 was involved in FSS-
related OA pathogenesis. Chondrocytes were pretreated with the
NR4A1 inhibitor DIM-C-pPhOH and then subjected to FSS
treatment. The results showed that NR4A1 inhibition by DIM-C-
pPhOH effectively alleviated SNP-induced apoptosis (Fig. 5f) and
partially rescued OA-like pathological changes (Fig. 5g, h, Fig. S5).

NR4A1 mediates chondrocytes through targeting Akt pathway
Published studies have reported that NF-κB and Akt pathways
participate in articular cartilage pathogenesis,31–33 and NR4A1 was
demonstrated to mediate NF-κB or Akt signaling in different
biological processes.34–36 Therefore, we investigated whether
NR4A1 functions through targeting NF-κB or Akt pathways in
primary chondrocytes. Representative marker proteins in the
selected pathways were evaluated by western blot assay. An
obvious activation of Akt signaling was observed in NR4A1-
overexpressing chondrocytes, while no evident changes occurred
in NF-κB pathway (Fig. 6a, Fig. S6, S7). Then, the specific Akt
pathway inhibitor LY294002 was utilized to confirm that NR4A1
functions through targeting Akt signaling. As shown in Fig. 6b–d
and Fig. S8, LY294002 pretreatment rescued NR4A1-induced
chondrocyte injury, mainly by suppressing cell apoptosis, improv-
ing cartilage differentiation-related marker levels, decreasing
extracellular matrix degradation, and alleviating inflammatory
responses. The above findings illustrated that the regulatory
functions of NR4A1 were achieved through targeting Akt pathway.

Akt signaling pathway participates in FSS-induced OA
pathogenesis
To detect the regulatory roles of Akt pathway in FSS-induced OA,
we examined marker proteins in Akt signaling. Western blot
analysis indicated Akt pathway activation in FSS-treated cells, as
demonstrated by an elevated level of p-Akt (Fig. 6e, Fig. S9).
Subsequently, the specific Akt pathway inhibitor LY294002 was
used for rescue experiments. The results indicated that LY294002
administration significantly reduced SNP-induced apoptosis activ-
ities (Fig. 6f) and alleviated aberrant force-induced chondrocyte
degeneration (Fig. 6g, h, Fig. S10). Therefore, we speculated that
JMJD3 regulates aberrant force-related OA pathogenesis through
H3K27me3-NR4A1-mediated Akt signaling activation.

Epigenetic control of JMJD3 effectively alleviates OA pathogenesis
To confirm the in vivo effect of JMJD3 regulation on mechanical-
related OA pathogenesis, we constructed ACLT OA mice model
and randomly allocated mice to the following four groups: Group I
(Sham, n= 4) mice did not undergo any treatment. Group II (ACLT,
n= 4) mice underwent ACLT surgery. Group III (ACLT+ GSK-J4,
n= 4) mice underwent ACLT surgery and injection with GSK-J4

(10 mg·kg−1, 10 μL, twice per week) in the articular regions. Group
IV (ACLT+ si-JMJD3, n= 4) mice underwent ACLT surgery and
injection with JMJD3 siRNA nanocomplex (500 nmol·L−1, 10 μL,
twice per week) in the articular regions. Samples were collected at
8 weeks after surgery. Histological analysis demonstrated obvious
cartilage degradation in OA group while GSK-J4 or si-JMJD3
nanocomplex administration partially rescued this effect (Fig. 7a).
More specifically, safranin O-positive cells were markedly
decreased in OA model, suggesting that ACLT-induced OA
resulted in a loss of glycosaminoglycan. Mice with ACLT surgery
after GSK-J4 or si-JMJD3 nanocomplex administration presented
less severe cartilage injury (Fig. 7a). For immunohistochemistry
assay, the changes of cartilage-related markers and extracellular
matrix degradation proteins were reversed by the injection of
GSK-J4 or si-JMJD3 nanocomplex (Fig. 7b). The overall epigenetic-
based regulatory mechanisms of JMJD3 in alleviating mechanical
stress-related OA are presented in Fig. 8.

DISCUSSION
OA is a prevalent disease that seriously troubles human beings,
leading to impaired life quality and great physical and psycholo-
gical burdens.37 However, due to the complex pathological factors
and pathogenesis process, there still remain no effective
approaches for OA treatment. As a joint featured by high load-
bearing properties and closely related to daily activities, cells in
the articular tissues are typically subjected to various mechanical
stimuli.3 Therefore, the investigation of how cells within the
articular tissues sense or respond to external mechanical forces is
an area of intense research. In contrast to other studies that used
proinflammatory mediators, such as IL1β, to induce OA, we
exerted abnormal mechanical stress on chondrocytes in vitro to
simulate more physiological-like conditions of the OA environ-
ment and generated ACLT mice model to mimic OA initiation and
progression in vivo. We aimed to elucidate novel mechanisms in
aberrant force-induced OA to provide evidences for innovative
therapeutic methods.
Till now, epigenetic events have been reported to occur in

many processes, including tumorigenesis,38 stem cell survival and
differentiation,39 immunity,40 and other diseases,41 while compre-
hensive investigation of epigenetic events underlying mechanical
stress-induced OA pathogenesis is still lacking. Several studies
have uncovered the involvement of epigenetic regulation in
mechanical force-related biological activities or diseases. For
example, a study found that histone methyltransferase EZH2
was suppressed in response to FSS and endothelial cells entered
into a state of cell quiescence.42 Another study demonstrated a
mechanical force-sensitive lncRNA SNHG8, which could inhibit
osteogenic differentiation by regulating EZH2 in periodontal
ligament stem cells.43 Moreover, a study illustrated the associa-
tions between mechanical forces and skeletal epigenetic changes,
which resulted in remarkable alterations in bone cell transcrip-
tional activity.44 Investigations regarding the epigenetics under-
lying mechanical force-related OA remain scarce. A study
indicated that long non-coding RNA HOTAIR was greatly induced
upon mechanical stimulation and it could interact with miR-221 to
target BBC3. HOTAIR inhibition effectively protected chondrocytes
from apoptosis induced by mechanical force, serving as a
therapeutic target.45 In addition, it was reported that excessive
mechanical stress increased the binding of BRD4 to H3K27ac on
the promoter region of Trem1, leading to TMJ OA-like pathological
changes.46 These findings provided evidences for targeting BRD4
as a promising strategy for OA therapy. In the present study, we
explored the potential epigenetic regulation mechanism during
aberrant force-induced OA.
Histone modifications among which H3K27 methylation is a

major player in multiple biological processes, and JMJD3 is a major
histone demethylase which catalyzes the removal of H3K27me3.30
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Fig. 7 Administration of GSK-J4 or si-JMJD3 nanocomplex effectively alleviates OA pathogenesis. a Histological analysis of tissue samples and
corresponding OARSI scores in different groups. Scale bar: 100 μm (b) Immunohistochemistry staining of COLII, SOX9, COX-2, and MMP13 for
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It was demonstrated that JMJD3 could be regulated by multiple
kinds of external cues and signals from different cell types. Also,
it participates in a wide array of physiological and pathological
processes. For example, JMJD3 was demonstrated to demethy-
late H3K27me3 in the promotor site of Nfatc1 gene, which is
essential for osteoclast differentiation.47 In addition, JMJD3-
induced H3K27me3 regulation acts as a crucial epigenetic
modulator during CD4 T cell activation, implying its potential
roles in immune responses.48,49 More importantly, a variety of
studies have identified the functions of JMJD3 in inflammation.
JMJD3 downregulation or GSK-J4 treatment suppressed inflam-
matory reactions in IL-1β-treated synovial fibroblasts, and this
effect was obtained mainly by controlling the methylation status
of H3K27me3 at the promoter of target genes.27 In macro-
phages, JMJD3 knockdown or GSK-J4 treatment significantly
inhibited NLRP3 inflammasome activation and proinflammatory
cytokine production caused by lipopolysaccharide stimula-
tion.29,50 Moreover, GSK-J4 was also illustrated to limit inflam-
mation by inducing a tolerogenic phenotype in dendritic cells.51

The above findings identified the critical role of JMJD3 as a
mediator in inflammatory responses and that it is a promising
epigenetic therapeutic target for disease treatment. Therefore, in
our study, we discovered the ectopic expression of JMJD3 upon
mechanical stimulation and, thus, wondered whether JMJD3 was
involved in aberrant force-related OA. Through a series of
experiments, we uncovered the functions of JMJD3 modulation
in mechanical stress-induced chondrocyte injury and the
effectiveness of the administration of GSK-J4 or si-JMJD3 for
OA therapy. In our work, we adopted a peptide-siRNA nanoplat-
form which was previously published for efficient siRNA delivery
for chondrocyte injury.52–54 This siRNA nanocomplex had the
advantage of specifically targeting inflammation in the joint
without off-target toxicities. si-JMJD3 was successfully loaded on
the peptide-siRNA nanoplatform and penetrated into injured
cartilage for epigenetic-based therapy.
Subsequently, to further elucidate the epigenetic-based regulatory

mechanism of JMJD3 in OA, a combination of RNA-seq analysis and
CUT&Tag-seq analysis was conducted, and the JMJD3-H3K27me3-
NR4A1 axis was finally identified. NR4A1, also known as Nur77, is an
important transcription factor that is closely associated with multiple
cell biological phenotypes, such as cell growth and apoptosis.55,56 For
example, a study demonstrated that inflammation induced NR4A1
expression, consequently resulting in the activation of TGF-β/SMAD-
mediated breast cancer cell migration, invasion, and metastasis.57 In
mesenchymal stem cells, elevated NR4A1 expression led to increased
cytokine and growth factor production, which was closely associated
with local immune response modulation.58 More importantly,
previous findings identified that NR4A1 is characterized by

immediate early genes that could be induced by diverse kinds of
stimuli, including growth factors, cytokines, inflammatory and
physiological stimuli.59 Moreover, NR4A1 was also suggested to
sense changes in the cellular microenvironment to mediate
physiological and pathological processes. An in vitro study showed
an immediate induction of NR4A1 in macrophages or monocytes
after lipopolysaccharide treatment or other inflammatory stimuli.
Another study demonstrated that pharmacological activation or
NR4A1 overexpression effectively suppressed the production of
inflammatory cytokines and chemokines. However, some studies
found that NR4A1 binds to mitochondria and promotes cell
apoptosis and death.60 From our perspective, the opposite effects
of NR4A1 on cell inflammation and survival may due to the fact that
NR4A1 acts its different functions dependent on different cell types
or specific circumstances. A study demonstrated an elevated level of
NR4A1 in OA, and NR4A1 knockdown decreased cleaved PARP1
expression and alleviated the apoptosis of OA chondrocytes.61 Zheng
et al. also revealed that NR4A1 significantly promotes TNF-α-induced
chondrocyte death via mitochondrial fission activation.62 The above
findings suggested that NR4A1 has a negative impact on
chondrocytes, which was in consistent with our results. In our study,
NR4A1 rapidly responded to FSS, and the inhibition of NR4A1
rescued aberrant force-related OA pathogenesis. Further experiments
implied the regulatory functions of NR4A1 may be achieved by
targeting Akt signaling. These findings revealed the JMJD3-
H3K27me3-NR4A1-Akt axis underlying aberrant force-induced OA
pathogenesis. More importantly, we provided evidences for the
prospect of epigenetic-based therapy for OA in the future.
Intraarticular injection of GSK-J4 or si-JMJD3 nanocomplex remark-
ably alleviated OA progression.
In summary, our study illustrated that epigenetic regulation is

closely involved in mechanical-related OA diseases. JMJD3 is
mechanical stress-responsive and functions through controlling
the demethylation of H3K27me3 in the promoter region of NR4A1.
Inhibition or downregulation of JMJD3 effectively rescued
mechanical force-induced chondrocyte injury. An efficient siRNA
nanoplatform was used for si-JMJD3 delivery, and the therapeutic
effect was validated. Our findings provide insights into the
epigenetic regulatory mechanism in mechanical-induced OA and
indicate the great potential for the discovery of new epigenetics-
based remedies for OA. However, there still exist some limitations
in the present study. First, the in vivo experiments we performed
for evaluating the effect of targeting JMJD3 on treating OA was
based on small animals. Additionally, no investigation was
conducted to explore the underlying mechanism of FSS-induced
JMJD3 upregulation. Large animal models or clinical trials may be
conducted to validate the therapeutic effect of JMJD3 down-
regulation on OA. More comprehensive studies will be performed
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Fig. 8 A schematic view illustrating the epigenetic regulatory mechanism of JMJD3 in aberrant mechanical force-related OA
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to illuminate the upstream signaling of JMJD3 induction caused
by FSS in the future.

MATERIALS AND METHODS
Public database
To detect the expression of JMJD3 in clinical OA samples,
we downloaded GSE1919 dataset from GEO (http://
www.ncbi.nlm.nih.gov/geo/) database, a public repository for
high-throughput microarray and next-generation sequence
datasets.28 We compared the expression level of JMJD3 in OA
samples and normal controls.

Primary chondrocyte isolation and culture
Primary chondrocytes were isolated from C57BL/6 J mice (3-week-
old). Specifically, cartilage tissues were obtained and first digested
for 30 min in 0.25% trypsin-EDTA at 37 °C. Cartilage tissues were
then cut into 1 mm3 pieces and digested in 0.2% collagenase II for
~3 h at 37 °C. Afterwards, chondrocytes were collected and
resuspended in DMEM/F12 supplemented with 10% fetal bovine
serum and 1% penicillin-streptomycin (Gibco, USA). Primary
chondrocytes from passage 1–3 were used for the following
experiments.

In vitro FSS experiment
Aberrant mechanical force was performed by a Flexcell FX-4000
strain unit (Flexcell, FX4000, Burlington, Ontario, Canada) as
previously stated.63 Primary chondrocytes in this study were
treated with 20 dyne per cm2 FSS for 2 h and collected for further
analysis.

RNA isolation and qRT-PCR
RNA was extracted by TRIzol reagent (Takara, Japan) and reverse
transcription was complemented by using a PrimeScript (Takara,
Japan). Quantitative reverse transcriptase-polymerase chain reac-
tion (qRT-PCR) was performed on a Light Cycler 480 II (Roche) with
SYBR Green Mix (Takara, Japan). All the primers were synthesized
by Sangon Biotech (Shanghai) and the detailed sequences were
listed in Table S1. The data were subjected to analysis based on
the 2−ΔΔCt method with GAPDH acting as the housekeeping gene.

RNA sequencing and differential expression analysis
RNA libraries were constructed by a TruSeq Stranded mRNA LT
Sample Prep Kit (Illumina, San Diego, CA, USA) as instructed. OE
Biotech Co., Ltd. (Shanghai, China) conducted RNA-seq and
differential expression analysis involved in this study. The
sequence platform is Illumina HiSeq X Ten platform and
differential expression analysis was performed through the DESeq
(2012) R package. Genes that met the threshold of P < 0.05 and
|logFC | >1 were determined as DEGs.

Western blot assay
Chondrocytes underwent lysis with SDS lysis buffer (Beyotime,
China). A routine procedure was conducted for western blotting as
previously described.63 Primary antibodies against COLII (Protein-
tech, USA), SOX9 (Abcam, USA), COX-2 (CST, UK), MMP13
(Proteintech, USA), H3K27me3 (CST, UK), Histone H3 (CST, UK),
NR4A1 (ABclonal, USA), JMJD3 (ABclonal, USA), p-p65 (CST, UK),
p65 (CST, UK), IκBα (CST, UK), p-Akt (CST, UK), Akt (CST, UK) and
GAPDH (Proteintech, USA) were incubated with PVDF membranes
at 4 °C overnight. After incubating with the secondary antibody for
1 h, the signals were observed on an Amersham 600 Chemilumi-
nescence System. The relative intensity of protein band was
analyzed by ImageJ.

Immunofluorescence assay
Samples were immobilized with 4% paraformaldehyde, permea-
bilized in 0.1% Triton X-100 and blocked in 3% BSA. Subsequently,

the fixed cells were incubated with primary antibodies against
H3K27me3 (CST, UK), JMJD3 (ABclonal, USA), COLII (Proteintech,
USA) and MMP13 (Proteintech, USA) overnight at 4 °C. Samples
were then incubated with Alexa Fluor-conjugated secondary
antibodies at room temperature protected from light. Cells were
observed and images were captured by an inverted fluorescence
microscope (ZEISS, Germany).

In vitro small molecular inhibitor treatment
GSK-J4, DIM-C-pPhOH, and LY294002 (Sellect, USA) were dissolved
in DMSO at a storage concentration and stored at −80 °C until use.
Primary chondrocytes were pretreated with 1 μmol·L−1 GSK-J4,
20 μmol·L−1 DIM-C-pPhOH, or 10 μmol·L−1 LY294002 for 24 h and
then subjected to FSS or SNP treatment.

Adenovirus knockdown of JMJD3
sh-JMJD3 adenovirus was provided by HanBio Technology
(Shanghai, China). Chondrocytes were infected with sh-JMJD3
adenovirus at a multiplicity of 300 when the cell density reached
~30%–50%. The culture medium was replaced after 6–8 h upon
adenovirus infection.

p5RHH-siRNA nanocomplex
We utilized a cationic amphipathic peptide, named p5RHH
peptide to deliver siRNA into articular cartilage as previously
described.52–54 The p5RHH peptide was synthesized by Genscript
(Nanjing, China) and si-JMJD3 was provided by HanBio Technol-
ogy (Shanghai, China). The detailed procedures for preparing
p5RHH-siRNA nanocomplex are as followed. A concentration of
10mmol·L−1 p5RHH peptide and 100 μmol·L−1 si-JMJD3 were
mixed at a ratio of peptide:si-JMJD3 as 100:1 in HBSS. The mixture
was then incubated on ice for 10min, after which it was injected
into articular regions at a final siRNA concentration of
500 nmol·L−1.

Flow cytometry assay
Apoptosis assay in this study was conducted by flow cytometry.
Briefly, chondrocytes were pretreated with or without 1 μmol·L−1

GSK-J4 or 20 μmol·L−1 DIM-C-pPhOH after which stimulated with
500 μmol·L−1 SNP for 24 h. Samples were harvested and stained
by an Annexin V-APC/PI Apoptosis Detection Kit (KeyGEN BioTECH,
China). Stained samples were analyzed on a flow cytometer (BD
Biosciences, USA).

CUT&Tag library generation and sequencing
CUT&Tag library was generated by NovoNGS CUT&Tag 3.0 High-
Sensitivity Kit (for Illumina) (Novoprotein, China) as previously
stated.63 Specifically, collected cells were incubated with pre-
washed ConA beads and then probed with H3K27me3 (CST, UK)
on a rotator for a more complete reaction. Secondary antibody
was then added into samples for reacting about 1 h. Afterwards,
samples were cultured with hyperactive pAG-Tn5 transposon at
room temperature for 1 h. Tagmentation was performed under
the incubation with tagmentation buffer at 37 °C, after which the
reaction was stopped by adding 10% SDS and incubated at 55 °C.
DNA was then extracted by using phenol-chloroform and ethanol
precipitation method, and PCR was conducted to amplify the
libraries. CUT&Tag-seq was finished on Illumina Novaseq (PE150)
platform.

In vivo OA animal model
The animals used in this study were approved by the Ethics Board
of Shanghai Ninth People’s Hospital affiliated to Shanghai Jiao
Tong University School of Medicine. In this study, OA was induced
by ACLT surgery in 12-week-old C57BL/6 mice as previously
indicated.64 A total of 16 mice were included and mice were
distributed to the following four groups (n= 4 per group): sham-
operated group, ACLT-induction, ACLT+ GSK-J4 and ACLT+ si-

Histone demethylase JMJD3 downregulation protects against aberrant. . .
Jin et al.

12

International Journal of Oral Science           (2022) 14:34 

http://www.ncbi.nlm.nih.gov/geo/
http://www.ncbi.nlm.nih.gov/geo/


JMJD3. Specifically, ACLT was performed on the left knee joint of
C57BL/6 mice and raised for 2 weeks. GSK-J4 or si-JMJD3
nanocomplex was then administered into the joint space twice
per week for 6 consecutive weeks. At the 8th week after ACLT
operation, mice were sacrificed and joint tissues were immediately
collected.

Histological analysis
Collected tissues were fixed in 4% paraformaldehyde and then
decalcified in 10% ethylenediaminetetraacetic acid solution for
3 weeks. Demineralized samples were embedded in paraffin after
gradient dehydration and cut into 5 μm thick sections. For
histological analysis, samples were stained with H&E and
safranin-O-fast green as the protocols indicated. The severity of
OA was determined by using the Osteoarthritis Research Society
International (OARSI) scoring system as the criteria.65

Immunohistochemistry (IHC) assay
5 mm thick-slides were deparaffinized, hydrated and submerged
into proteinase K for antigen retrieval. The slides were incubated
with COLII (Proteintech, USA), SOX9 (CST, UK), COX-2 (CST, UK),
MMP13 (Proteintech, USA), and JMJD3 (ABclonal, USA) at 4 °C
overnight. The sections were then probed with HRP-conjugated
secondary antibodies, stained with hematoxylin, dehydrated,
cleared and mounted. Images were captured and the relative
staining intensity was quantitatively calculated by ImageJ
software.

Statistical analysis
Statistical analysis was performed by using GraphPad Prism
8.0 software throughout this study. Analysis of two or more
groups was conducted by Student’s t test or one-way ANOVA, and
values of P < 0.05 were considered as statistically significant in all
analyses.
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