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Abstract
Osteoarthritis  (OA),  characterized by the whole joint degeneration,  is  one of the most common joint diseases worldwide,  and more than 37% people at

60 years of age or older will develop OA. So far, the exact mechanism of OA pathogenesis remains unclear, and the search for an effective disease-modifying

approach for OA has been unsuccessful. Epigenetic alterations refer to heritable changes in chromatin organization and biochemical composition that do

not involve changes to the DNA sequence itself. Recently, the roles of epigenetic modifications in ageing-related diseases have been widely studied, and

numerous OA-involved epigenetic targets have been identified.  The disruption of epigenetic information is  regarded as a reversible cause of OA. In this

review, the most recent studies on pathological processes and epigenetic changes relevant to OA, encompassing different subtypes (knee/hip/spinal, and

temporomandibular  joint-OA),  various  epigenetic  modulations  (DNA  methylation,  histone  modification,  non-coding  RNAs,  and  RNA  methylation),  and

therapeutic signaling pathways have been integrated. The current therapies targeting epigenetic machinery, future directions for epigenetic illustrations in

OA, and potential epigenetic interventions and epigenetic disease modifying-OA drugs are also further described.
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Introduction

Osteoarthritis  (OA)  is  the  most  common  joint  disease,  affecting
all  articular  joints  (i.e.,  knee,  hip,  ankle,  temporomandibular  joint
[TMJ],  etc.),  resulting  in  an  enormous  socioeconomic  burden  every
year[1].  Lifetime  prevalence  studies  estimate  that  OA  will  affect
over  40%  of  the  global  population,  with  higher  rates  in  female
patients[2].  However,  the  exact  mechanism  of  OA  pathogenesis
remains  unclear,  and  there  are  no  licensed  disease-modifying  OA
drugs (DMOADs) for OA conditions. Currently, OA patients have few
medical  options  but  to  take  palliatives  such  as  nonsteroidal  anti-
inflammatory drugs[3], and injections of hyaluronic acid[4].

OA has long been regarded as a joint degenerative disease due to
constant  wear  and  tear.  Recently,  OA  has  also  been  defined  as  a
heterogeneous  and  multifaceted  disease  with  different  molecular
subtypes  and  clinical  phenotypes.  Cartilage  degradation-driven
OA  subtype  is  characterized  by  cartilage  loss  and  damage  due
to  mechanical  wear-out,  and  is  the  most  common  OA  subtype[5].
Another  subtype  is  bone  remodeling-driven  OA.  In  this  subtype,
activated  subchondral  bone  resorption  occurs  at  an  early  stage,
preceding  cartilage  deterioration.  Patients  with  bone  remodeling-
driven OA often demonstrate typical MRI signs of subchondral bone
edema  or  bone  marrow  lesions.  With  OA  development,  the  sub-
chondral  bone plate  and trabeculae become thicker,  showing scle-
rosis  along with  decreased subchondral  trabeculae  separation[5].  In
addition, inflammation-driven subtype is another common OA sub-
type  and  is  identified  by  transcriptome  atlas  of  chronic  low-grade
inflammation[6].  Synovial  inflammation  gives  rise  to  inflammation
symptoms  including  pain,  warmth,  and  swelling  through  elevated
pro-inflammatory  cytokine  levels,  adipokines,  chemokines,  and

metabolites.  Patients  with  inflammation-driven  OA  phenotypes
have similar  manifestations to rheumatoid arthritis,  and show posi-
tive  correlations  between  high  systemic  inflammation  markers  (C-
responsive proteins), and OA severity[7]. Apart from the above three
subtypes,  many  other  factors  also  participate  in  OA  pathogenesis
and  make  OA  a  complex  multi-factorial  disease  beyond  the  joint.
For  instance,  obesity  plays  an  important  role  in  OA  pathogenesis.
Obesity-incurred excessive mechanical  loading contributes to carti-
lage  damage  and  malalignment  in  load-bearing  joints[8].  Obesity
also increases systematic pro-inflammation cytokines and the resul-
tant synovitis,  thus leading to non-load bearing joint  OA (i.e.,  hand
and wrist). Besides obesity, other metabolic dysfunctions (i.e., hyper-
tension, dyslipidemia, and glucose intolerance, etc.)  also contribute
to OA development by inducing the expression of proinflammatory
factors,  as  well  as  degradative  enzymes.  Thus,  increasing  evidence
suggests that metabolic OA is another OA subtype[9].

All these joint environmental alterations give rise to the existence
of  detrimental  molecules  and  pathogenic  cellular  biology,  and  the
related  signaling  pathways,  thus  accelerating  OA.  OA  is  therefore
a  complex  pathological  process  involving  interactions  between
various  internal  and  environmental  factors.  Mounting  evidence
indicates that OA is a polygenic inheritance[10]. Epigenetic modifica-
tion is more versatile and reversible compared with genomic modi-
fications,  and  varies  by  cell  type  and  gene[10].  Emerging  studies
demonstrate  that  epigenetic  dysregulation,  such  as  DNA  hyper-/
hypo-methylation,  histone  post-translational  modifications,  non-
coding RNA networks, and the newly characterized m6A RNA methy-
lation  plays  a  pivotal  role  in  driving  osteoarthritis  pathogenesis[11].
Currently,  some  interventions  such  as  physical  exercise  and
muscle  activity-related  myokine,  show  therapeutic  effects  on  OA
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pathogenesis  via  epigenetic  mechanisms[12].  However,  the  key
coupling  factors  between  the  environmentally  epigenetic  stimuli
(i.e.,  mechanical  overloading,  environmental  inflammation,  and
metabolite stimulation, etc.) and OA initiation and progression, have
not  been  fully  identified.  Thus,  this  study  aims  to  summarize  the
recently  identified  epigenetic  studies  and  the  relevant  therapeutic
targets in OA. Based on this, the future epigenetic OA research direc-
tions and underlying epigenetic DMOADs are further discussed. 

Roles of DNA methylation in OA progression

In  mammals,  DNA  methylation  compromises  three  steps:  DNA
methyl  group  writing,  reading,  and  erasing[13].  DNA  methyl  writers
(enzymes)  catalyze  the  additional  methyl  groups  onto  cytosine
residues,  and  initiate  DNA  methylation  (Fig.  1a).  In  OA  joints,  DNA
hypermethylation  can  trigger  silencing  of  specific  genes.  DNA
methyl  readers  recognize and subsequently  bind to methyl  groups
to  regulate  the  target  gene  expression.  Erasers  finally  modify  and
remove  the  methyl  group[13].  Physiologically,  these  processes  are
precisely coordinated and maintain homeostasis within the joint. 

DNA methylation
 

DNA methyl writer: establishing methylation
information

DNA methylation is catalyzed by DNA methyltransferases (Dnmts,
DNA methyl writer) that transfer a methyl group from C to the fifth
carbon of a cytosine residue to form 5mC. Dnmt3a and Dnmt3b are
de  novo DNA  methyl  writers,  and  are  responsible  for  transferring
methyl  groups  onto  naked  DNA  strands;  meanwhile,  Dnmt1  is
responsible  for  maintaining  the  DNA  methylation  pattern  during
replication.

Dnmt1/3a  are  elevated  in  both  human  and  mice  OA  chondro-
cytes,  meanwhile,  the hypermethylation and resultant  reduction of
chondroprotective  PPARγ accelerates  OA  progression[14].  Besides
knee cartilage,  PPARγ and its  promoter  hypermethylation also con-
tribute to TMJ OA progression in a partial discectomy (PDE)-induced
rat TMJOA model[15]. Knee cartilage is covered with hyaline cartilage;
meanwhile, the TMJ surface is coated with fibrocartilage instead[16].
These  results  imply  that  epigenetically  aberrant  hypermethylation
of  the  PPARγ promoter  is  involved  in  both  hyaline  cartilage  and
fibrocartilage  degeneration.  Therefore,  targeting  aberrant  epigene-
tic modifications shows bright therapeutic promise for both hyaline
cartilage  and  fibrocartilage  degeneration  and  OA.  Inhibition  of
Dnmt1/3a by 5aza[14,15],  or  diacerein[17] effectively restores the sup-
pression  of  PPARγ and  alleviates  surgically  induced  OA  in  mice.  In
addition  to  restoring  chondro-protective  genes,  5Aza  also  boosts
the  stemness  of  BMSCs  and  enhances  cartilage  regeneration  by
upregulating the heterochromatin-regulatory gene SPI1[18].

In  contrast  to  Dnmt1/3a,  Dnmt3b  is  downregulated  in  OA
chondrocytes[19].  Dnmt3b  gain-of-function  mice  demonstrate  a
lower  mitochondrial  activity  in  knee  chondrocytes  and  exhibit  a
joint  protection  against  cartilage  deterioration  after  meniscal  liga-
ment  injury[19].  Interestingly,  Dnmt3b−/− mice  exhibit  a  remarkable
delay in cartilage formation, maturation, and removal in the murine
tibial fracture models[19]. These Dnmt3b−/− mice displayed less bone
formation  and  impaired  bony  callus  remodeling  during  fracture
repair[19].  These  results  indicate  that  the  epigenetic  aberration  in
chondrocytes  not  only  impacts  cartilage  homeostasis,  but  also
affects  endochondral  ossification  in  fracture  healing.  In  addition  to
PPARγ,  in  OA  chondrocytes  the  Sirt1  promoter  is  also  hypermethy-
lated, which impairs the binding of C/EBPα on the SIRT1 promoter in
OA chondrocytes[20].  Inhibition of DNMTs by 5aza (5μM) suppresses
the OA-like phenotype (i.e.,  elevation of  MMPs)  in  chondrocytes[20].
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Fig.  1    Summary  of  DNA  methylation,  histone  modifications,  and  non-coding  RNA  in  OA.  (a)  Dynamic  changes  of  chromatin  and  the  resultant  gene
expression in OA. Upper panel: regions of chromatin with activate transcription; lower panel: regions of chromatin with repressed transcription. (b) The
epigenetic  modulatory  process  of  histone  modifications,  DNA  methylation,  and  non-coding  RNA;  upper  panel:  histone  modifications  (histone
modifications included methylation and acetylation); middle panel: DNA methylation (DNA methylation is dynamically maintaining the balance by adding
methyl groups and deleting methyl groups in normal chondrocytes, and abnormal changes in DNA methylation occur in the promoter regions of related
genes and signaling pathways in OA chondrocytes);  lower panel: non-coding RNAs including lncRNA and miRNA modulate the gene expression during
and post transcription. (c) Different classes of epigenetic enzymes responsible for the structural modification of chromosomes (DNA and histone) and its
regulation effects. Ac: acetylation; DNMT: DNA methyltransferase; DOT1L: Disruptor of telomeric silencing 1-like; m: methylation; EZH: enhancer of zeste
homolog;  HDAC:  histone  deacetylase;  KDM:  histone  lysine  demethylase;  NSD:  H3K36  methyltransferase;  Sirtuins:  Sirt;  TET:  ten–eleven  translocation
enzyme.
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Interestingly,  the  hypomethylation  of  some  genes  also  contributes
to  OA.  For  instance,  a  Ser/Thr  phosphatase,  Phlpp1,  is  found  to
undergo a promoter hypomethylation in OA chondrocytes, and the
resultant  upregulation  of  Phlpp1  is  correlated  with  OA  severity[21].
This  phenomenon  might  probably  be  attributed  to  the  accumula-
tion  of  inflammatory  transcription  factor  binding  sites  within  the
Phlpp1 promoter.  Thus,  the  hypomethylation  of  Phlpp1 breaks  the
normally  condensed  and  blocked  binding  sites  of  inflammation
transcription  factors  such  as  the  NF-κB  (−1,532  bp  from  the  tran-
scription starting site), THAP1 (−1,462 bp transcription starting site),
and HIF1 (−1,504 to −1,491 bp transcription starting site), thus creat-
ing an inflammation environment within the knee joint.

Femoroacetabular  impingement  (FAI)  is  a  condition  that  occurs
when the femoral  head pinches up against  the acetabulum[22].  The
constant mechanical overloading makes FAI a pre-status of OA[22,23].
Recently,  clinical  specimens  from  FAI  patients'  results  indicate  that
Dnmt3b  is  downregulated  in  FAI  and  advanced  hip  OA  cartilage.
Further, due to the reduction of Dnmt3b in OA chondrocytes, the 4-
aminobutyrate  aminotransferase  promoter  hypomethylates  and
subsequently  accumulates  in  cartilage,  leading  to  a  series  of  cata-
bolic  changes  in  hip  cartilage[24].  These  results  strengthen  the
importance  of  DNA  methylation  in  early  OA  initiation.  In  another
study,  Evseenko  et  al.  showed  Dnmt3b  was  regulated  by  the  up-
stream STAT3[25]. Deleting STAT3 in fetal chondrocytes could induce
global  hypermethylation  in  chondrocytes  and  accelerated  OA  pro-
gression  in  the  mouse  OA  (DMM)  model.  In  contrast,  activating
STAT3  by  a  small  molecule  could  induce  hypomethylation  in
primary  human  chondrocytes  and  relive  the  OA-like  phenotype[25].
In  the  future,  the  mechanism  of  epigenetic  balance  maintained  by
Dnmts  (Dnmt1/3a  and  Dnmt3b)  still  needs  to  be  illustrated,  and
mechanistic  investigation  of  different  responses  of  Dnmt1/3a
(increase), and Dnmt3b (decrease) in OA conditions is also worthy of
attention.

Apart from directly modulating gene expression in chondrocytes,
Dnmts  can  also  regulate  chondrocyte-derived  factors  in  the  ECM.
The  increased  stiffness  of  cartilage  is  a  hallmark  of  cartilage  aging
and  OA,  which  is  also  a  crucial  external  environmental  mechanical
factor.  Stiff  cartilage-incurred  mechanical  changes  drive  epigenetic
repression  of  the  anti-senescence  factor α-Klotho  in  aged  mice[26].
During  cartilage  aging,  the  downregulation  of α-Klotho  is  modu-
lated by high stiffness—triggered Dnmt1 upregulation[26].  Blockage
of  Dnmt1 by 5Aza (10 μM) could ameliorate high stiffness-incurred
aging  phenotype  in  chondrocytes[26].  In  addition  to  cartilage  ECM
aging,  environmental  chemicals  may  also  contribute  to  OA  by  epi-
genetic  modification.  Triclocarban  (TCC,  C13H9Cl3N2O)  is  a  widely
used  bacteriostatic  compound  and  has  been  identified  as  an  envi-
ronmental  endocrine-disrupting  chemical[27].  Soaked  within  a  TCC
(3 μM)  contained  environment,  zebrafish  anal  fin  joints  exhibit  an
OA-like  change,  including  a  narrow  joint  space  and  loss  of  alcian
blue  staining.  The  mechanistic  exploration  in  human  chondrocytes
reveals  that  type II  collagen is  suppressed in  TCC (3 μM) treatment
due to Dnmt1 activation and subsequent hypermethylation[27]. 

DNA methyl reader and eraser: reading and erasing
methylation information

In  mammal  cells,  DNA  methylation  and  demethylation  are
precisely  coordinated  by  the  DNA  methylation  writer,  reader,  and
eraser.  In  contrast  to  DNA  methyl  writers,  DNA  methyl  readers  can
selectively  recognize  methylated  DNA  sites  and  direct  the  recruit-
ment  of  chromatin  remodelers  such  as  methyltransferases  to
establish target-specific transcriptional repression. The methyl-CpG-
binding  domain  (MBD)  family  is  the  primary  DNA  methylation
reader,  and  the  MBD  family  is  implicated  in  many  diseases  (i.e.,
pulmonary  fibrosis,  acute  kidney  injury,  etc.),  currently,  little

attention has  been attached to  the  roles  of  DNA methyl  readers  in
OA,  which  might  be  a  potential  target  in  OA  research.  The  erasing
mechanism  is  mediated  by  erasing-related  enzymes  i.e.,  the  ten-
eleven translocation (TET) enzymes, including TET1, TET2, and TET3.
The  TET  family  facilitates  DNA  demethylation  by  oxidizing  5mC
through  iterative  hydroxylation  reactions,  converting  it  into  5hmC
(5-methylcytosine),  5fC  (5-formylcytosine),  and  5caC  (5-carboxylcy-
tosine)  intermediates  that  are  subsequently  excised  by  base  exci-
sion repair machinery[28].

Tet1 and Tet3 are upregulated in hip OA cartilage and synovium
tissues[29].  Meanwhile,  the levels  of  5hmC increase in cartilage after
OA  induction.  Nidhi  Bhutani  et  al.  demonstrated  that  Tet1−/− mice
lost 98% 5hmC-enriched sites in OA, indicating the important role of
Tet1 in regulating 5hmC deposition.  Both genetic deletion (TET1−/−

mice),  or  pharmaceutical  inhibition  (2-HG:  I.A.  injection,  100  mM
twice  a  week  for  5  weeks)  of  cartilage  TET1  attenuates  the  DMM-
induced OA phenotype[30].  Furthermore, they isolated skeletal stem
cells (SSCs) from Tet1+/+ and Tet1−/− mice and compared the differ-
ence between the two groups of SSCs. Loss of Tet1 alters the lineage
tree distribution and niche composition of  SSCs,  and enhances  the
chondrogenic differentiation ability of SSCs. The in vivo results indi-
cated  that  inhibition  of  Tet1  (I.A.  injection  of  L-2-HG  at  100  mM,
starting at 4 weeks after tibia-loading) increased the cartilage regen-
eration  after  OA  induction.  More  importantly,  they  discovered  that
inhibition  of  TET1  by  L-2-HG,  primary  human  SSCs  (PDPN+CD146−

CD73+CD164+),  and  CPSC  (PDPN+CD146−CD164+CD73−)  exhibited
significantly  higher  chondrogenesis  effects[31].  Interestingly,  they
further  discovered  that  melatonin  (1 μM)  could  mimic  the  effects
of  Tet  inhibition  and  enhanced  GAG  accumulation  in  cartilage
pellet[31].  Therefore,  melatonin  holds  the  potential  to  be  an  avail-
able epigenetic DMOAD in the future. 

Mechanisms of histone modifications in OA
progression

Modifications  of  histone  proteins  affect  cell  processes,  i.e.,  the
activation/suppression  of  transcription,  chromosome  packaging,
DNA damage, and DNA repair (Fig. 1a, b). Histone modification is an
important post-translational process and is critical in the regulation
of  gene  expression.  In  addition  to  directly  regulating  gene  expres-
sion  at  a  post-translational  level,  some  histone  modifications  also
remodel  the  structure  of  chromatin,  or  recruit  histone  modifiers  to
modulate the target gene[32]. 

Histone acetylation
Histone  acetylation  breaks  the  interaction  between  the  histones

and  DNA,  loosens  chromatin  structure,  and  usually  activates  tran-
scription of local genes, thus regulating cell proliferation, differentia-
tion, and development.

One  of  the  most  important  histone  acetylation  regulators  is  the
histone  deacetylase  (HDAC)  family.  HADCs  regulate  the  transcrip-
tion  process  by  binding  to  transcription  factors  and  catalyzing  the
removal  of  acetyl  groups  from  both  histone  and  non-histone  pro-
teins, particularly targeting lysine residues, thereby influencing tran-
scriptional activity[33]. Generally, HDACs repress transcription by dea-
cetylating  histone  lysines.  The  deacetylation  increases  chromatin
density  by  restoring  positive  charges,  thus  hindering  transcription
factor  accessibility.  HDACs  have  also  proved  to  be  related  with
multiple inflammatory factors. Global inhibition of HDACs shows OA
protection in  mice[34].  Cai  et  al.,  evidenced that  TSA,  an HDAC inhi-
bitor  (HDACi),  activated  the  Nrf2  signaling  pathway  and  markedly
ameliorated cartilage degeneration in both MIA and DMM-induced
OA models (daily subcutaneous injection for 3 weeks; 2.0 mg/kg)[34].
Meanwhile Ohzono et  al.,  found that the administration of  another
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HDACi Panobinostat,  could target and activate Foxo1, and alleviate
the  structural  changes  and  joint  pain  in  OA  mice[35].  In  addition  to
global inhibition of HDACs, regional inhibition of HDACs by Panobi-
nostat  (weekly  I.A.  injection  of  2  or  10 μg)  attenuates  nociceptive
behaviors  in  an  ACLT-induced  rat  OA  model,  including  secondary
mechanical  allodynia  and  weight-bearing  distribution[36].  Specifi-
cally,  the  HDAC  family  has  several  subtypes,  and  different  HDAC
subtypes  have  distinctive  effects.  HDAC6  is  well-recognized  for  its
role  in  tubulin  acetylation  and  microtubule  remodeling.  HDAC6  is
required for both the interleukin (IL)-1 induction of MMP expression
and  pro-inflammatory  interleukin  expression  in  chondrocytes.
Mechanistically, Young et al. identified HDAC6 as a critical regulator
of  IL-1β-triggered  NF-κB  transduction  in  OA  chondrocytes,  control-
ling  downstream  expression  of  MMPs  and  inflammation-related
genes[37].  A  small  molecule,  Tubastatin  A,  was  identified  as  an
HDAC6  inhibitor  and  can  attenuate  OA  by  normalizing  mitochon-
drial function[38].

Another  crucial  histone  acetylation  regulator  (deacetylases)  is
the  Sirtuin  (Sirt)  family  (Fig.  1c).  The  Sirt  family  is  composed  of
seven  members  (Sirt1-7),  and  functions  as  either  NAD+-dependent
deacetylases,  deacylases,  or  ADP-ribosyltransferases.  Interestingly,
different  Sirt  members  are  located  in  different  subcellular  sites,
including  the  nucleus  (Sirt6/7),  nucleus  and  cytosol  (Sirt1/2),  and
mitochondria  (Sirt3/4/5).  The  Sirt  family  maintains  chondrocyte
function  by  regulating  ECM  homeostasis,  modulating  chondrocyte
metabolism,  preventing  chondrocyte  aging,  decreasing  chondro-
cyte  apoptosis,  and  enhancing  chondrocyte  autophagy.  For  exam-
ple,  the  progressive  loss  of  Sirt6  activity  in  aging  chondrocytes
disrupts  metabolic  homeostasis,  triggering  NF-κB-mediated  cata-
bolic  responses  that  promote  cartilage  matrix  breakdown  and  OA
development[39].  Knocking  down  Sirt6  in  cartilage  mimics  ageing
and  accelerates  OA  development  in  mice  models.  Several  down-
stream pathways have been identified to be related to Sirt6 in chon-
drocytes.  For  instance,  Sirt6  deficiency  remarkably  inhibits  IGF-1
signaling  and  lowers  the  expression  of  several  ECM-related  genes
essential for cartilage homeostasis, such as Col2a1. Thus, Sirt6/IGF-1
axis  may  be  necessary  to  protect  cartilage  from  injury- or  age-
associated OA[40]. Physiologically, Sirt6 suppresses IL-15/JAK3/STAT5
signaling  in  cartilage,  and  the  downregulation  of  Sirt6  in  cartilage
contributes  to  the  upregulation  of  IL-15/JAK3/STAT5  signaling,
the  resultant  chondrocytes  senescence,  and  OA  progression[41].
OA  chondrocyte-specific  aptamer  (tgg2)-functionalized  PEGylated
PAMAM  nanoparticles  are  then  fabricated  to  precisely  deliver  MPL
(chemical  agonist  of  Sirt6),  in the treatment attenuated OA in mice
and human explant samples[41].  These results imply that Sirt6 regu-
lates the histone structural alterations, and impacts the exposure of
transcription sites in histone.

In addition to Sirt6, Sirt1 and Sirt3 are also significantly decreased
in OA cartilage. As a deacetylase, Sirt1 can directly deacetylate chon-
drogenesis-related genes and impact cartilage metabolism. In chon-
drocytes,  Sirt1  can  deacetylate  forkhead  box  O-4  (FOXO4)  and
subsequently  activate  chondrogenesis-related  genes  (i.e.,  Sox9)  to
maintain  cartilage  homeostasis[42].  Sirt1  can  also  indirectly  modu-
late  cartilage  homeostasis  by  regulating  other  pathological  pro-
cesses,  including  autophagy  and  protein  ubiquitination[43,44].  For
example, Sirt1 maintains chondrocyte autophagy by interacting and
deacetylating  of  lysine  residues  on  crucial  autophagy  proteins
(Beclin1,  ATG5,  ATG7,  LC3)[44].  Sirt3  deficiency  causes  COX4I2  loss
and  leads  to  mitochondria  respiratory  chain  dysfunction,  which
accelerate  cartilage  damage  in  DMM-induced  mice  OA  models.
Interestingly, activating Sirt3 by honokiol (a small molecule derived
from Traditional Chinese medicine Houpu) advocates mitochondrial
antioxidant defense to preserve cartilage ECM, and ameliorates OA

progression[45].  This  study  indicates  that  epigenetic  modifications
can  also  regulate  mitochondria  function  and  are  a  potential  thera-
peutic target.

In  addition  to  histone  regulating  enzymes,  levels  of  some  circu-
lating  metabolites  are  correlated  with  chromatin  opening/closing-
related  gene  expression  changes.  A  recent  study  revealed  that
elevation  of  free  fat  acids  (FFA)  induced  acetyl-CoA  upregulated
H3K27ac  level  in  murine  chondrocytes.  With  the  cleavage  under
targets and tagmentation (CUT Tag) seq technique, the global bind-
ing peak spectrums of H3K27ac in FFA-induced OA conditions were
clearly demonstrated: increased H3K27 acetylation of cartilage cata-
bolic genes and decreased acetylation of anabolic genes[46]. 

Histone methylation
Histone  lysine  methylation  plays  a  crucial  role  in  transcriptional

regulation through specialized proteins  called reader  domains  that
identify methylated histone marks (Fig. 1b). Typically, methylation of
histone H3 at lysine 4 (H3K4me),  and lysine 36 (H3K36me) is  linked
to transcriptional activation, while methylation at H3K9, H3K27, and
H4K20  correlates  with  gene  silencing  and  repressed  chromatin.
These  modifications  exist  in  mono-,  di-,  or  tri-methylated  states,
dynamically  regulated  by  opposing  enzymatic  activities:  histone
lysine  methyltransferases  (KMTs)  that  add  methyl  groups  (writers);
and histone demethylases (KDMs) that remove them (erasers).

H3K36 methylations are found to be decreased in murine ageing
chondrocytes  and  human  osteoarthritic  cartilage[47].  The  upstream
H3K36  methyltransferase  NSD1  was  then  identified  to  be  involved
in  the  reduction of  H3K36me in  OA.  Nsd1Prrx1-Cre mice  exhibited an
OA-like  joint  change,  including  cartilage  damage  and  osteophyte
formation.  Further  bioinformatic  study  showed  that  a  zinc  finger-
containing transcription factor  was  regulated by  NSD1 in  chondro-
cytes.  Osr2  complement  (I.A.  injection  of  Osr2  adenovirus)  could
relieve  Nsd1  deletion  incurring  chondrogenic  impairment[47].
Interestingly,  deletion of Nsd1 in murine mesenchymal progenitors
delayed  fracture  healing[48],  which  indicates  that  histone  methyla-
tion also plays a crucial role in bone fracture healing.

The enzyme H3K27 demethylase facilitates the removal of methyl
groups  from  H3K27me2/3.  H3K27me3  is  generally  linked  to  tran-
scriptional  repression,  whereas  H3K27me1  tends  to  correlate  with
gene  activation.  Kdm6b  is  an  H3K27me3/me1  demethylase  that
mediates  the  stepwise  removal  of  methyl  groups  from  histone  H3
lysine 27 residues[49]. In OA, Kdm6b was firstly identified to be impli-
cated in chondrogenesis and cartilage development. Kdm6b knock-
out  in  chondrocytes  (Col2a1CreERT2;  Kdm6bf/f)  leads  to  more  severe
cartilage damage in DMM-induced OA model, due to the inhibition
of  the  anabolic  metabolism  of  chondrocytes[50].  Interestingly,  in
ACLT-induced  mice  OA  model,  ablation  of  Kdm6b  with  a  small
molecule  (GSK-J4)  attenuated  cartilage  deterioration[51].  Another
H3K27me regulator, H3K27me3 demethylase Kdm6a (also named as
UTX),  can  also  regulate  joint  homeostasis  and  deterioration.  When
OA develops, the UTX is upregulated in cartilage, and contributes to
the  downstream  signaling,  including  Wnt10a  and  Fzd10  transcrip-
tion,  thus  leading  to  cartilage  degeneration  and  osteophyte
formation[52].  In  mice,  deletion  of  UTX  in  chondrocytes  (Col2a1Cre

UTXfl/fl)  led  to  fewer  signs  of  OA  and  delayed  OA  development[52].
The  small  molecule,  GSK-J4  (previously  mentioned)  could  inhibit
UTX  activity  and  prevent  cartilage  damage  in  OA  mice[53].  Further
studies are to be conducted to identify the exact drug target of GSK-
J4,  as  current  data  could  not  identify  the  exact  working  target  of
GSK-J4  in  OA.  Another  group  of  histone  lysine  methylases  are
enhancers  of  the  zeste  homolog  (EZH)  family:  EZH1/2,  which  func-
tion  as  catalytic  components  of  the  Polycomb  Repressive  Complex
2  (PRC2),  responsible  for  establishing  H3K27  mono-,  di-,  and  tri-
methylation  (H3K27me1/2/3).  In  medial  meniscectomy  (MMx)
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induced OA models,  conditional  knockout of  Ezh2 deteriorated OA
pathological conditions. Ezh2 is further evidenced to boost the heal-
ing of injured cartilage via increasing the phosphorylation of Akt by
activating  TNFSF13B  in  OA  chondrocytes[54].  In  addition,  methyla-
tion  of  lysine  79  on  histone  H3  (H3K79me),  a  chondro-protective
epigenetic  mechanism,  is  also  reduced  in  OA  cartilage.  Kdm7A/B
histone  demethylases  are  capable  of  reducing  H3K79  methylation
status  and  enhancing  the  expression  of  H3K79  in  chondrocytes.
Inhibition of Kdm2/7 histone demethylases by daminozide increases
the  expression  of  H3K79me  and  glycosaminoglycans  in  human
chondrocytes[55].  H3K79  methylation  can  also  be  regulated  by
Disruptor  of  telomeric  silencing  1-like  (DOT1L),  a  histone  methyl-
transferase.  Inhibition  of  DOT1L  by  I.A.  injecting  EPZ-5676  disrupts
chondrocyte homeostasis and triggers OA-like changes in mice even
without  OA-induction[56].  Mechanistically,  DOT1L  maintains  carti-
lage homeostasis and protects against OA progression via prevent-
ing  Wnt  signaling  activation  in  chondrocytes[56].  Thus,  restoring
DOT1L  function  is  critical  to  preserve  joint  health  and  prevent  OA,
and  might  be  a  therapeutic  target  for  OA.  The  same  group  then
evidenced that HIF1α-mediated hypoxia-signaling promotes DOT1L
expression,  driving H3K79 hypermethylation to  remodel  chromatin
landscapes.  The  hypoxia  mimetic  IOX2  (I.A.  injection,  0.5  mg/kg,
every  10  d  for  7  weeks)  stabilized  HIF1α and  increased  DOT1L
protein  and  H3K79  methylation  in  primary  human  chondrocytes
and DMM-induced murine OA chondrocytes[57].  Physiologically,  the
microenvironment  of  cartilage  is  lacking  oxygen,  and  IOX2  mimics
the physiological status of chondrocytes by histone methylation[57].
These  results  imply  that  appropriate  epigenetic  intervention  helps
restore the physiological  status in OA conditions.  Although mount-
ing  studies  have  been  conducted  on  the  mechanisms  of  histone
acetylation  and  methylation,  few  studies  have  researched  other
protein modifications, such as lactylation, ubiquitination, and SUMO
modification. Further studies are required on the alterations of these
modifications in OA. 

Non-coding RNAs in OA
 

MicroRNAs (miRNAs)
Mature miRNAs direct RNA-induced silencing complexes to post-

transcriptionally  silence  genes via mRNA  degradation  (fully  com-
plementarity),  or  translational  inhibition  (partial  complementarity)
(Fig. 1b). Numbers of miRNAs have been proven to participate in OA
pathogenesis. Prof. Kapoor's team, evidenced that miRNA-34a-5p[58],
and  miRNA-181-5p[59] contributed  to  OA  pathogenesis,  and  I.A.
blocking  of  miRNA-34a-5p  and  miRNA-181-5p  effectively  amelio-
rated  OA  progression.  In  addition  to  cartilage,  miRNAs  in  syno-
viocytes  and  synovial  fluids  also  play  important  roles  in  OA.  For
example,  miRNA-27b-3p  in  synoviocytes  (upregulation),  and  miR-
140-3p/5p  in  synovial  fluids  (downregulation),  contribute  to  syno-
vial fibrosis in knee OA[60,61].

Though a large number of miRNAs have been identified to partici-
pate in OA pathogenesis, the poor penetration of cartilage makes it
difficult  to  apply  miRNA  in  clinical  use.  Recently,  a  modified  PEGy-
lated  polyamidoamine  (PAMAM)  dendrimer  was  developed  and,  in
this system, cartilage ECM can be penetrated for sustained delivery
of  miRNA,  thereby  accelerating  the  delivery  of  miRNA  to  chondro-
cytes  embedded  in  the  cartilage  ECM.  miR-141/200c  was  encapsu-
lated  in  the  dendrimers  for  OA  therapy  and  showed  a  promising
protection against OA in a rat model[62].

In  addition  to  therapeutic  value,  miRNA  also  has  diagnostic
effects  in  preventing  OA.  For  instance,  serum  levels  of  miR-126-3p
have  been  recently  identified  as  twice  as  high  in  OA  knee  than  in
non-OA  knee  patients,  and  show  promise  as  novel  biomarkers  in
OA[63]. 

lncRNA
While  miRNAs  predominantly  function  through  sequence  com-

plementarity  to  repress  target  genes,  lncRNAs  employ  more  intri-
cate  and complicated regulatory  strategies,  and participate in  mul-
tiple  layers  of  gene  expression  controlling,  spanning  chromatin
remodeling, transcriptional modulation, and RNA processing regula-
tion,  thus  impacting  different  cell  processes  like  apoptosis  and
inflammation[64].  To  investigate  the  expression  difference  of  lncR-
NAs  in  OA  and  normal  cartilage,  van  Hoolwerff  et  al.  established
lncRNA-mRNA  co-expression  networks  by  using  paired  RNA-seq
data  from  98  human  cartilage  samples  (lesion  vs  intact  cartilage
samples  from  65  knees  and  33  hips)[65].  They  effectively  identified
5,053  robustly  expressed  lncRNAs  in  paired  lesion  and  intact  carti-
lage,  and  191  of  them  were  differentially  expressed[65].  Further
investigations  are  needed  to  elucidate  the  potential  therapeutic
targets  within  these  191  differentially  expressed  lncRNAs.  Intrigu-
ingly, to profile the lncRNA changes in obesity-associated OA, Nanus
et  al.  stratified  synovial  tissue  donors  into  three  experimental
cohorts:  non-OA  controls  with  normal  BMI  (n  =  6,  BMI:  22.9  ±  0.6),
OA patients  with normal  weight range (n = 8,  BMI:  23.3 ± 0.3),  and
obese  OA  cases  (n  =  8,  BMI:  39.8  ±  3.6).  RNA-seq  analysis  of  the
synovium  demonstrated  distinct  inflammatory  transcriptional  pro-
files  in  fibroblasts  from  the  three  cohorts.  Comparative  analysis
identified  19  differentially  expressed  lncRNAs  between  normal-
weight  OA  and  non-OA  patient  fibroblasts,  and  an  additional  19
lncRNAs showed differential expression when comparing obese OA
patients  to  their  normal-weight  OA  counterparts[66].  Among  them,
lncRNA  metastasis-associated  lung  adenocarcinoma  transcript  1
(MALAT1)  was  identified  to  be  up-regulated  in  normal-weight  OA
patients, and demonstrated further upregulated levels in obese OA
patients.  Therefore,  MALAT1 may be a therapeutic target for  obese
OA  patients[66].  In  addition  to  cartilage,  Wang  et  al.  identified  that
LncRNA H19 in subchondral osteocytes contributed to subchondral
bone  sclerosis  and  inhibition  of  LncRNA  H19  in  subchondral  bone
alleviated murine OA[67]. 

Regulation of RNA methylation in OA

m6A  methylation  represents  a  reversible  RNA  epi-transcriptomic
modification  that  post-transcriptionally  regulates  gene  expression
without  changing  DNA  sequence[68].  Like  DNA  methylation,  m6A
methylation is also driven by m6A methyltransferases (writers: Mettl
family,  WTAP,  and  VIRMA, Fig.  2),  recognized  by  m6A  binding  pro-
teins  (readers:  IGF2BPs,  YTHDCs,  and YTHDFs, Fig.  2),  and removed
by m6A demethylases (erasers: FTO and ALKBH5, Fig. 2). RNA methy-
lation  constitutes  a  versatile  epi-transcriptomic  mechanism  that
directs  the  molecular  dynamics  of  gene  expression  through  selec-
tive modulation of RNA-protein interactions[68].  Recently,  mounting
evidence  indicates  that  RNA  methylation  is  actively  implicated  in
OA. 

m6A writers
m6A methylation is  enzymatically  installed by METTL3-METTL14-

WTAP  trimeric  complexes  at  transcript-specific  consensus  sequen-
ces  (Fig.  2).  The  m6A  writer  complex  contains  diverse  proteins.
Generally,  the  overall  m6A  modification  is  found  to  be  elevated
more than five times in IL-1β-treated chondrocytes (20 μM) than the
control group, and the dysregulation of m6A modification in chon-
drocytes  led  to  the  aberrant  expression  of  genes  involved  in  ECM
synthesis and degradation, which accelerates the development and
progression of OA[69].  METTL3−METTL14 heterodimer enzymatically
generates m6A modifications, with METTL3 providing catalytic acti-
vity  and  METTL14  conferring  RNA-binding  capacity  and  allosteric
regulation.  Xiao  et  al.  discovered  that  Mettl3  expression  and  m6A
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methylation levels were significantly increased in human degenera-
tive  spinal  endplate  cartilage  tissue.  They  further  identified  the
underlying mechanism that tension stimulation inhibited the ability
of  human endplate  chondrocytes  to  synthesize  extracellular  matrix
by  inhibiting  Mettl3-meidated  SOX9  production[70].  However,  the
expression  of  Mettl3  in  human  OA  knee  cartilage  is  controversial.
Sang  et  al.  discovered  that  Mettl3  was  downregulated  in  knee  OA
cartilage  and  IL-1β induced in  vitro OA  model[71],  while  recently
Xiong  et  al.  found  that  Mettl3  is  upregulated  in  human  OA
cartilage[72].  The inconsistency of  Mettl3  expression in  human knee
OA  cartilage  indicates  that  studies  with  a  larger  sample  size  are
urgent  to  reveal  the  exact  changes  of  Mettl3  in  OA  cartilages.
Intriguingly, Mettl3 is downregulated in TNF-α-stimulated chondro-
cytes and TMJ OA cartilage (fibrocartilage). The bioinformatic analy-
sis identifies that the main m6A motifs (GGACU) of Mettl3 can bind
to  Bcl2  mRNA.  The in  vitro study  confirms  that  Mettl3  can  regulate
Bcl2 to inhibit the chondrocyte apoptosis and autophagy. Inhibition
of  Mettl3  by  small  molecule  (S-adenosylhomocysteine,  SAH,  9μM)
facilitates  the  TNFα-induced  chondrocytes  apoptosis  and  auto-
phagy, and aggravates cartilage degeneration in mice MIA-induced
TMJ OA model (SAH: 10 mg/kg, twice a week)[73].  The above in vitro
and in  vivo experiment  is  conducted  in  murine  ATDC5  cell  lines
and  murine  TMJOA  model,  respectively.  Further  investigations  on
human  hyaline  chondrocytes  are  needed  to  elucidate  the  DMOA-
potential of SAH. And the roles of the methionine cycle still need to
be investigated as the methionine cycle may also be a future thera-
peutic target in OA.

In  addition  to  the  Mettl  family,  WTAP  is  another  crucial  m6A
methyltransferase.  An  et  al.  identified  that  WTAP  significantly
increased  in  osteoarthritic  cartilage  and  TNFα-treated  chondro-
cytes. By MeRIP (methylated RNA immunoprecipitation)-sequencing
analysis,  the  Wnt/β-catenin  pathway  inhibitor  FRZB  showed  the
most  significantly  downregulated  expression  with  a  high  m6A

modification,  and  was  identified  as  the  WTAP-regulated  down-
stream  target.  In  OA  chondrocytes,  WTAP  activated  Wnt/β-catenin
pathway  by  inducing  FRZB  m6A  hypermethylation,  and  inhibiting
joint WTAP by I.A. injection of siWTAP attenuated DMM-induced OA
in mice[74].

Besides chondrocytes, FLSs (fibroblast-like synoviocytes) also par-
ticipate in OA pathogenesis. Chen et al. documented that the upre-
gulation of Mettl3 contributed to elevated m6A levels and impaired
autophagy  in  both  human  and  murine  OA  FLS.  Mechanistically,
Mettl3  can  combine  with  ATG  mRNA  and  regulate  autophagy  and
cellular  senescence.  Inhibition  of  Mettl3  effectively  suppresses
the  senescence  of  FLS  and  decelerates  OA  development  in  DMM-
induced OA models[75].  In addition to FLS, macrophagic mettl3 also
plays  an  important  role  in  OA  pathogenesis[76].  miR-1208  derived
from  hucMSCs-EVs  can  target  macrophagic  Mettl3,  and  prevent
macrophages  from  secreting  inflammatory  cytokines  and  degrad-
ing chondrogenic ECM. Recently,  Kou et al.  revealed that exosomal
FTO  derived  from  MSCs  contributed  to  m6A  demethylation  of  the
downstream  LncRNA  GLCC1,  enhancing  the  cancer  aggressiveness
of  acute  myeloid  leukemia.  Numerous  MSC-derived  exosomes  are
implicated  in  OA  pathogenesis,  and  further  investigations  need  to
be conducted to illustrate the epigenetic (m6A) enzymes within the
exosomes, and to develop the corresponding therapeutic strategies
for OA[77]. 

m6A erasers
The  m6A  demethylases  ('erasers')  modulate  m6A  epi-transcrip-

tome  by  catalyzing  the  removal  of  methyl  groups  from  m6A,
thereby converting it  back to  adenosine.  ALKBH5 is  the most  com-
mon  m6A  eraser  (demethylases).  The  m6A  demethylase  ALKBH5,
functioning  as  a  key  eraser  enzyme,  regulates  RNA  metabolism  by
altering RNA stability, transport, and processing, while also modulat-
ing  diverse  cellular  pathways.  In  chondrocytes,  loss  of  ALKBH5

 

 
Fig.  2    Schematic  diagram  of  RNA  methylation  in  OA.  OA  is  featured  by  cartilage  degeneration,  inflammatory  synovium,  periarticular  bony  changes
(subchondral bone cyst, subchondral bone loss and sclerosis, osteophytes formation), accompanied by senescence of chondrocytes and cartilage debris.
During OA progression, the function and fate of cells within the joint is regulated by N6-methyladenosine (m6A) methylation. The m6A mRNA 'life cycle':
The  m6A  mRNA  starts  in  the  nucleus  from  in  the  nucleus  during  transcription.  The  m6A  writer  complex  (box  1),  which  comprises  the  core
methyltransferase-like  protein  3  (METTL3)  and its  adaptors,  is  located in  the nucleus,  where  it  adds  m6A co-transcriptionally.  The m6A erasers  are  also
largely  localized in  the nucleus.  The main m6A eraser  acting on m6A in  mRNAs is  ALKBH5.  Fat  mass  and obesity-associated protein (FTO)  has  recently
been found to preferentially target m6Am, not m6A, with its major target being m6Am in small  nuclear RNAs (snRNAs).  While in the nucleus,  m6A can
bind  specific  nuclear  reader  proteins,  mainly  YTHDC1  (DC1),  which  may  affect  splicing  or  other  nuclear  processes  such  as  mRNA  export.  Upon  mRNA
export to the cytoplasm, m6A binds to specific reader proteins that affect the stability, translation and/or localization of the mRNA. In the cytoplasm, the
m6A readers YTHDF1 (DF1), YTHDF3 (DF3), the eukaryotic translation initiation factor eIF3, and METTL3 all favour the translation of m6A mRNAs. YTHDF2
(DF2) and DF3 mediate the degradation of m6A mRNAs, while the insulin- like growth factor 2 mRNA-binding proteins (IGF2BP1/2/3),  and the synaptic
regulator FMRP (a polyribosome-associated RNA-binding protein known to have a central role in neuronal development and synaptic plasticity) enhance
m6A mRNA stability. Am, methylated A; m6Am, N6, 2′-O- dimethyladenosine.
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accelerates  MSC  senescence  and  leads  to  spontaneous  OA-like
phenotype  in  Prx1Cre;  Alkbh5fl/fl mice[78].  Mechanistically,  ALKBH5
targets  CYP1B1  by  the  m6A  reader  IGF2BP1,  and  protects  against
senescence.  Additionally,  ALKBH5  can  also  directly  erase  the  m6A
modification  of  lncRNA  HS3ST3B1-IT1,  stabilize  the  HS3ST3B1-IT1,
and  elevate  the  maternal  gene  HS3ST3B1  expression[79].  In  OA
chondrocytes, the decrease of ALKBH5 gives rise to the downregula-
tion  of  lncRNA  HS3ST3B1-IT1  and  HS3ST3B1,  and  subsequently
decreases  chondrocyte  viability,  induces  chondrocyte  apoptosis,
and  downregulates  extracellular  matrix  deposition.  Thus,  targeting
ALKBH5/HS3ST3B1  can  be  another  therapeutic  option  in  OA
treatment. 

m6A readers
A  primary  regulatory  function  of  m6A  modification  involves  the

recruitment of specific RNA-binding proteins to methylated mRNAs.
The  YTH  domain-containing  proteins  are  the  first  m6A-binding
proteins  to  be  discovered  and  provide  a  mechanistic  basis  for
understanding  the  effects  of  m6A  in  mRNA.  ALKBH5,  a  Fe(II)/α-
ketoglutarate-dependent  dioxygenase,  serves  as  the  predominant
demethylase responsible for reversing N6-methyladenosine modifi-
cations in mRNAs[80]. As introduced above, the m6A reader Mettl3 is
upregulated in OA chondrocytes. As the m6A reader, IGFBP2 recog-
nizes the RNA methylation and mediates and stabilizes m6A modifi-
cation of STAT1, subsequently promotes STAT1 mRNA stability, and
finally  increases  the  STAT1  expression  in  OA  chondrocytes.  IL-1β
induced  nuclear  translocation  of  STAT1,  subsequently  enhancing
ADAMTS12  transcriptional  activation  and  protein  expression,  thus
contributing to OA progression[81]. The inhibition of Mettl3-IGF2BP2-
STAT1-ADAMTs12  axis  by  inhibiting  Mettl3  (I.A.  injection  of  mettl3
inhibitor  SAH)  effectively  attenuated  ACLT-induced  rat  OA
progression. 

Epigenetic crosstalk

Different  epigenetic  modifications  have  close  crosstalk  during
gene  transcription  and  post-transcription  regulation[82].  Increasing
evidence indicates that, in mammals, different epigenetic modifica-
tions would coordinate or compete with each other and orchestrate
an  epigenetic  regulatory  framework  to  maintain  the  transcription
and  post-transcription  homeostasis[82].  For  instance,  when  LncRNA
and  miRNA  share  the  same  recognition  elements,  both  of  them
could competitively bind to miRNA, forming a competitive endoge-
nous  mRNA  regulatory  network[83].  Also,  in  human  and  murine
osteoarthritic  cartilage,  the  lncRNA  IGFBP7-OT  and  its  maternal
gene,  IGFBP7,  are  upregulated  and  positively  correlated  with  carti-
lage  degeneration.  In  chondrocytes,  the  overexpression  of  lncRNA
IGFBP7-OT  enhanced  the  expression  of  IGFBP7,  and  inhibited  cell
viability,  promoted  cell  apoptosis,  and  reduced  ECM  components
(Col2a1),  thus accelerating MIA-induced OA progression. Mechanis-
tically,  lncRNA  IGFBP7-OT  suppresses  the  hypermethylation  of
IGFBP7 by interacting with DNMT1/3a at the IGFBP7 promoter,  and
upregulates the IGFBP7 expression in chondrocytes. Intriguingly, the
upregulation  of  lncRNA  IGFBP7-OT  is  found  to  be  mediated  by
Mettl3-mediated  m6A  modification.  The  identification  of  LncRNA
IGFBP7 OT-DNMT1/3a-IGFBP7 axis  not  only  provides  a  novel  thera-
peutic  target  for  OA  treatment,  but  also  reveals  the  precise  epige-
netic  regulatory  network  among  RNA  methylation  (m6A  modifica-
tion), non-coding RNA, and DNA methylation (m5C)[84]. 

Epigenomes in OA

Recently, with the development of sequencing technology, more
attention has been focussed on epigenomes in OA chondrocytes. By

conducting genome-wide association studies (GWAS) in Europeans,
multiple osteoarthritis risk loci (> 90 independent signals) have been
identified to date. The OA-related SNP rs6516886 (T > A; MAF = 0.29)
on 21q21.2 showed that the major T allele confers risk for both knee
and  hip  osteoarthritis  in  Europeans[85].  Previously,  genotype  at
rs6516886  was  identified  to  be  correlated  with  methylation  levels
(six  CpG sites)  by a  genome-wide CpG study,  and cartilage-derived
DNA  samples  from  87  patients.  The  T  risk  allele  at  rs65168886
coordinates  methylation  remodeling  across  six  CpGs  in  its  90  kb
locus  (cg00065302,  cg05468028,  cg18001427,  cg20220242,  and
cg24751378),  with  concordant  hypermethylation  (cg00065302−
cg24751378)  and  telomeric  hypomethylation  (cg16140273),  form-
ing  an  allele-specific  epigenomic  domain.  Further  analysis  of  the
associated region uncovered several genes, including tLTN1 (coding
E3 ubiquitin-protein ligase/listerin), RWDD2B (coding RWD domain-
containing  protein  2B),  USP16  (coding  ubiquitin  carboxyl-terminal
hydrolase 16), CCT8 (coding chaperonin containing TCP1 subunit 8),
and MAP3K7CL (coding MAP3K7 C-terminal–like protein). Therefore,
these  five  genes  may  be  associated  with  OA  pathogenesis,  and
further  investigation  of  the  correlation  of  these  genes  with  OA  is
important and promising for OA treatment.

In addition,  OA is  gradually  becoming a global  disease,  and how
the  whole  body  epigenome  changes  during  OA  is  also  being
actively investigated. Recently, Prof. Ali's team generated a circulat-
ing OA miRNome by collecting plasma from early- and late-stage OA
patients[86].  Among  all  215  differentially  expressed  miRNAs  (DE-
miRNAs)  in  OA  progression,  97  (45.1%)  exhibited  consistent  dysre-
gulation  across  more  than  85%  early-stage  OA  patients,  compared
to  late-stage  OA  patients.  The  panel  of  these  seven  circulating
miRNAs  (has-miR-335-3p/199a-5p/671-3p/1260b/191-3p/335-5p/
543)  may  be  promising  therapeutic  targets  or  diagnostic  parame-
ters  in  early  radiographic  knee  OA  patients[86].  Further  research  is
needed  to  elucidate  the  functional  mechanisms  of  the  discovered
miRNAs in OA pathogenesis, and to evaluate their potential as diag-
nostic markers for OA. 

Potential epigenetic targets for developing
DMOADs
 

Clinically used potential DMOADs
Currently,  11  epigenetic  modulatory  drugs  have  been  identified

and six of them are clinically used. 5-Aza, also known as Decitabine,
is one of the most promising epigenetic DMOADs. Targeting DNMT,
the  most  promising  epigenetic  DMOAD  is  Diacerein.  Approved  by
the  FDA  in  2008,  Diacerein  has  been  widely  used  to  treat  OA  in
clinics.  Long-term clinical  randomized controlled trials  are  required
however to evaluate the therapeutic effects of Diacerein against OA.
5-Aza, also known as Decitabine, was approved by the FDA in 2010
for  treating  myelodysplastic  syndromes  and  is  currently  in  clinical
trials  for  acute  myeloid  leukemia.  However,  multiple  side  effects,
including  neutropenia,  anemia,  gastrointestinal  effects,  and  sper-
matogenesis  impairment,  occur  after  using  5Aza,  limiting  the  clini-
cal  application  of  5Aza  to  OA.  In  the  future,  controlled  release  of
5aza by biomaterials might be an option for local delivery of 5aza in
OA  joints.  Melatonin  is  a  hormone  that  helps  us  sleep  and  has  not
been  approved  to  treat  OA  in  clinics.  Animal  studies  shed  light  on
the  therapeutic  potential  of  melatonin  in  OA.  In  addition  to  DNA
methylation,  targeting  histone  modifications  are  another  clinically
available  epigenetic  intervention  options.  Trichostatin  A  and
Panobinostat  are  two  HDAC  inhibitors  that  are  clinically  used  in
hematologic  disorders  and  show  therapeutic  effects  in  mice  OA
models.  Some  traditional  Chinese  herb  extract  like  Honokiol  also
participates in histone acetylation and has long been used clinically
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in China. In the future, a combination of molecular docking and arti-
ficial  intelligence  helps  researchers  discover  more  potential  epi-
DMOAD from traditional Chinese herb extracts. 

Non-clinically used DMOADs
Some  epigenetic  interventions  show  promising  anti-OA  effects

in  animal  studies  but  still  have  not  gained  the  approval  for  clinical
use.  DNA  methylation  (DNMTs  and  TETs),  and  histone  medication
(methylation  and  acetylation)  are  the  two  most  promising  epige-
netic targets, and several small molecules have been developed for
OA  treatment  in  animal  studies.  Among  them,  d-2-Hydroxyglu-
tarate  (2-HG)  is  a  small  molecule  inhibiting  TET1.  Supplementation
of 2-HG enhances the chondrogenic ability of primary human chon-
droprogenitors  isolated  from  OA  cartilage.  I.A.  injection  of 2-HG
twice a week increases cartilage area in murine OA knee joints. Since
2-HG  is  also  an  endogenous  metabolite  in  human  body  fluids[87],
local supplementation of 2-HG might be a safe and efficient way to
treat  OA,  and  further  clinical  trials  are  needed  to  verify  the  safety
and DMOA effects of 2-HG. 

Discussion
 

Summary of potential epi-DMOAD
The  aging  global  population  presents  an  unprecedented  chal-

lenge  worldwide.  By  2040,  the  Chinese  population  aged  over
60  years  is  estimated  to  reach  28%;  meanwhile,  by  2050,  the  US
population  aged  over  60  years  will  grow  from  approximately  20%
(current  data)  to  27%.  The  worldwide  population  of  individuals
aged 100 or older is projected to increase by over 100% before 2030,
with  estimates  suggesting  a  rise  to  approximately  3.4  million  by
2050  (http://esa.un.org/unpd/wpp/index.htm). Notably,  OA  is  an

aging-related disease,  and about  73% of  people  living with OA are
older  than  55  years,  the  prevalence  of  OA  has  doubled  since  the
mid-20th century due to a longer life span[88].  Therefore, elucidating
the exact OA pathogenesis and identifying the effect of DMOADs is
urgent  due to  the increasing number  of  the OA population.  Epige-
netic modification,  as one of the most pivotal  mechanisms of gene
regulation  during  aging,  participates  in  OA  pathogenesis  from
various aspects.  Epigenetic abnormality is  regarded as a direct trig-
ger to cell senescence. A recent study demonstrates that correcting
pathological  epigenetic  abnormalities  contributes  to  reversing
aging-related  phenotypes[89].  Therefore,  updates  on  epigenetic
alterations  in  OA have been summarized (Table  1),  and a  summary
has also been given for the potential epigenetic targets and poten-
tial  DMOADs  (Table  2).  Currently,  11  epigenetic  modulatory  drugs
have been identified and six of them are in clinical use (Table 3).  In
addition,  chondrogenesis  shares  a  similar  biological  process  with
endochondral  ossification.  Some  epigenetic  medications  for  frac-
ture  healing  should  also  be  trialled  for  the  development  of
DMOADs.  In the future,  clinical  trials  are urgently required to verify
the  DMOA-effects  of  these  clinically  approved  epigenetic  drugs.
These results indicate that targeting epigenetic modifications in OA
shows a bright potential for preventing OA and the development of
DMOADs. 

Future directions
Recent  advances  in  next  generation sequencing (NGS)  technolo-

gies  make  it  possible  for  us  to  conduct  investigations  and  achieve
high  throughput  of  cellular  and  molecular  alterations  at  multiple
levels  (DNA/genome,  RNA/transcriptome,  epigenome,  protein/
proteome  etc.,  as  shown  in Fig.  3).  Therefore,  it  is  necessary  for
researchers  to  take  advantage  of  these  novel  techniques  to  eluci-
date  the  chromatin  protein  changes  in  OA  (listed  in Fig.  3).  For

 

Table 1.    Epigenetic drugs and related targets in different animal studies.

Epigenetic regulation Animal model Intervention method Drug Ref.

DNA methylation Dnmts (Dnmt1/3a) DMM-induced OA (mouse) I.P. injection Decitabine (5Aza) [14]
Dnmts (Dnmt1/3a) DMM-induced OA (mouse) Oral gavage Diacerein [17]
Dnmts (DNMT1/3a) PDE-induced TMJOA (rat) I.P. injection Decitabine (5Aza) [15]
Dnmts (Dnmt1) Age-related OA (mouse) Subcutaneous

injection
β-aminopropionitrile
(BAPN)

[26]

Dnmts (Dnmt3b) DMM-induced OA (mouse) Deletion of STAT3
in chondrocytes

N/A [25]

TET (TET1) DMM-induced OA (mouse) I.A. injection 2-hydroxyglutarate (2-HG) [30]
Histone modification HDACs (Histone deacetylases) MIA-induced OA and DMM-

induced OA model (mouse)
Subcutaneous
injection

TSA (HDAC inhibitor) [34]

HDACs (Histone deacetylases) ACLT-induced OA model (rat) I.A. injection Panobinostat (LBH589,
HDAC inhibitor)

[36]

HDACs (Histone deacetylases) DMM-induced OA (mouse) I.P. Injection Panobinostat (LBH589) [35]
Sirt3 (Histone deacetylases) DMM-induced OA(mouse) I.A. injection Honokiol (derived from

Houpu)
[45]

Sirt6 (Histone deacetylases) DMM-induced OA (mouse) I.A injection tgg2-PP-MDL-800 NP [41]
JMJD3/Kdm6b (Histone
demethylase)

ACLT-induced OA (mouse) I.A. injection GSK-J4 (Kdm6b inhibitor) [51]

UTX/Kdm6a (H3K27 demethylase) Aging-related OA model (mouse) I.A. injection Lenti-virus UTX [52]
Kdm6a (Histone demethylases) DMM-induced OA (mouse) I.A. injection GSK-J4 (Kdm6a inhibitor) [53]
Kdm7a/b (Histone demethylases) DMM-induced OA (mouse) I.A. injection Daminozide [55]
DOT1L (Histone demethylases) DMM-induced OA (mouse) I.A. injection IOX2 (2 Ref) [57]
NSD1 (H3K36 methyltransferase) Age-related OA (mouse) I.A. injection adenovirus Osr2 [47]

RNA methylation ALKBH5 (m6A demethylation) MIA-induced OA (mouse) I.A. injection AAV-IT1 [79]
Mettl3 (m6A methylation) MIA-induced TMJ OA (mouse) I.A. injection S-adenosylhomocysteine

(Mettl3 inhibitor)
[73]

Mettl3 (m6A methylation) DMM-induced OA (mouse) I.A. injection Sh-Mettl3 [72]
Mettl3 (m6A methylation) ACLT-induced OA (rat) I.A. injection S-adenosylhomocysteine

(Mettl3 inhibitor)
[81]

Mettl3 (m6A methylation) DMM-induced OA (mouse) I.A. injection rAAV9.HAP-1-si-METTL3 [75]
Mettl3 (m6A methylation) DMM-induced OA (mouse) I.A. injection human umbilical cord

MSCs-derived exsomes
[76]

WTAP (m6A methylation) DMM-induced OA (mouse) I.A. injection siRNA (si-WTAP) [74]
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example,  CUT  Tag  is  an  enzyme-tethering  technique  reported  in
2019 that adds antibodies to target the chromatin proteins (histones
or transcription factors) between nucleosomes in the genome. With
this  technique,  high-resolution  sequencing  libraries  for  profiling
diverse  chromatin  components  can be precisely  achieved,  which is
an ideal tool for studying alterations in chromatin peaks. Compared
with conventional ChIP seq, CUT Tag can supply similar high-quality
chromatin  profiles  with  a  significantly  lower  number  of  cells
(5,000−500,000 cells for CUT Tag vs 1−10 million cells for ChIP seq),
without cell  fixation[90].  CUT tag have been applied to osteoporosis
studies[91], but has not been widely used in OA research. In humans,
cartilage  only  contains  1% chondrocytes;  meanwhile,  the  chondro-
cytes  are  embedded in  the condensed extracellular  matrix,  making
it  difficult  to  achieve  large  numbers  of  primary  chondrocytes  in
human  samples.  Therefore,  CUT  Tag  is  an  ideal  strategy  for  resear-
chers  to  study  the  dynamic  changes  of  chromatin  proteins  with  a
limited  number  of  chondrocytes  in  human  OA  chondrocytes.  Fur-
thermore,  multi  omics  strategies  integrating  CUT  Tag  with  other
omics  technologies,  such  as  transcriptomics,  proteomics,  and
metabolomics,  allows  us  to  precisely  understand  the  epigenetic

landscape  dynamics  in  OA.  Also,  with  the  increasingly  frequent
application  of  NGS  to  achieve  high  throughput  in  epigenomic
studies  in  OA,  researchers  will  obtain  high  volumes  of  sequencing
readout. To precisely elucidate the underlying key epigenetic regu-
lators and figure out the epigenic crosstalk frameworks,  it  is  neces-
sary for OA researchers to embrace the latest machine learning and
AI computational biology approaches.

Currently,  the  most  important  epigenomic  discoveries  are  based
on  clinical  samples  from  Europe  and  US  populations,  which  repre-
sents  the  epigenetic  and  epigenomic  profiles  of  Caucasian
populations[92,93]. But large-scale epigenomic profiles of joint tissues
from Asian and African populations are still not reported. Therefore,
another  direction  is  teamwork  and  cooperation  by  epigenetic
researchers  from  different  countries  to  decipher  the  epigenomic
profiles  of  different  races  and  compare  the  differences  of  epige-
nomic profiles in different races.

As  previously  introduced,  epigenetic  changes  are  modulated  by
different  epigenetic  enzymes,  including  Dnmt,  TET,  Sirt,  etc.  The
activity  of  most  epigenetic  enzymes  requires  a  metabolite  (amino
acids,  lactate,  free  fatty  acids,  and α-ketoglutarate)  as  a  cofactor  or

 

Table 2.    Epigenetic modifications and related signaling pathway in different OA subtypes.

Epigenetic regulation OA subtype (affected organ) Targets Trigger process Ref

DNA methylation Knee OA Dnmt1/3a-PPARγ Inflammation and oxidative stress [14,17]
Knee OA Dnmt1-α-Klotho-PI3K/Akt Senescence and mechanical force [26]

Hip FAI (Pre-Hip OA) Dnmt3b-ABAT Inflammation and mechanical force [24]
TMJ OA Dnmt1/3a-PPARγ Inflammation [15]

Knee OA Phlpp1 Inflammation [21]
Histone modification Knee OA Kdm7a/b-H3K79 Inflammation [55]

Knee OA Sirt3-COX412 Mitochondria metabolism [45]
Knee OA Sirt6-IGF1-Col2 ECM remodeling [40]
Knee OA Sirt6-IL15/JAK3/ STAT5 Senescence [41]
Knee OA DOT1L-Sirt1-Wnt Senescence [56,57]
Knee OA Ezh2-TNFSF13b Inflammation [54]
Knee OA FoxO1-PRG4 Inflammation and ECM remodeling [35]
Knee OA H3K27me-Kdm6a-Wnt10a Osteogenesis (ossification) [53]
Knee OA H3K36me-NSD1-OSR2 Senescence [47]

RNA methylation Knee OA Mettl3-ATG7-SASP Senescence [75]
Knee OA ALKBH5- HS3ST3B1-IT1- YTHDF2 Inflammation [79]
Spine OA Mettl3-Sox9 Senescence and inflammation [70]
TMJ OA Mettl3-Ythdf1-Bcl2 Apoptosis [73]

Knee OA Mettl3-Dnmt1/3a-IGFBP7 ECM degradation and apoptosis [84]
Knee OA Mettl3-IGF2BP2-STAT1 Inflammation [81]
Knee OA Mettl3-ALKBH5-CYP1B1 Senescence and inflammation [78]
Knee OA WTAP-YTHDF2-TIMP Inflammation [97]
Knee OA WTAP-FRZB-Wnt/β-catenin Inflammation [74]

 

Table 3.    Potential epi-DMOADs in the pipeline.

Drug name FDA approval date Clinical indication Epigenetic target

Clinical use Decitabine/5Aza 2010 (www.drugs.com/history/dacogen.html) Myelodysplastic syndrome;
Leukemia

Dnmt inhibition

Diacerein 2008[98] Anti-inflammation Dnmt inhibition
Melatonin Non approval (recommended as a

supplement, not for medical administration)
Sleep disorders Tet inhibition

Trichostatin A Non approval (Phase I Trial: NCT03838926) Relapsed hematologic
malignancies

HDAC inhibition

Panobinostat Approved, but finally withdrawn
(www.drugs.com/history/farydak.html)

Relapsed multiple myeloma HDAC inhibition

Honokiol Non approval (traditional Chinese
medicine, widely used in China)

Anti-bacterial Sirt3 activation

Non-clinical
use

Daminozide N/A N/A Kdm2/7 inhibition
IOX2 N/A N/A DOT1L activation (hypoxia mimetic)
S-adenosylhomocysteine N/A N/A Mettl3 inhibition (metobolites)
β-aminopropionitrile N/A N/A Dnmt inhibition
2-hydroxyglutarate N/A N/A Tet inhibition
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substrate.  For  example,  the histone deacetylase Sirt  family  requires
NAD+ as a co-substrate, meanwhile, DNA methyltransferase needs S-
adenosyl  methionine  (SAM)  as  a  co-substrate  because  the  SAM  is
the  universal  supplier  of  one-carbon  group  for  the  methylation
process.  Therefore,  concentrations  of  metabolites  can  impact
epigenic  landscape  by  interacting  with  epigenetic  enzymes,  which
is  also  a  typical  epigenetic  profile  that  environmental  alterations
(metabolite  concentration)  impact  gene  expression.  Further,  many
metabolites  have  been  identified  to  be  involved  in  metabolic-
related diseases. For example, SAM was found to be highly accumu-
lated in cachexia muscles, and resulted in the activation of DNMT3a,
and the resultant hypermethylation of downstream REDD1[94].  Inte-
restingly,  SAM  supplementation  is  recommended  in  the  US,  and
attenuative  effects  were observed in  OA patients  with dietary  SAM
supplements[95].  However,  the  therapeutic  mechanisms  of  SAM  in
OA  are  still  in  unecessary,  and  the  SAM-DNMT  axis  might  be  a
potential  working  signaling  pathway.  Besides  SAM,  many  other
metabolites are also dysregulated in OA conditions. Vitamin B1 was
recently  identified  as  a  decreased  metabolite  in  OA  synovial  fluid,
and  intra-articular  supplementation  of  Vitamin  B1  can  alleviate  OA
in  mice[96].  OA  is  a  metabolic  disorder,  and  there  is  still  a  lack  of
reasearch  analysis  of  metabolite  profiles  in  different  cells  (i.e.,
synovial macrophages, fibroblasts, chondrocytes, subchondral bone
cells,  and  synovium  fluid)  in  OA  joints.  Thus,  future  studies  are
required to decipher the key dysregulated metabolites in each cell,
and targeting metabolites might be another epigenetic DMOA stra-
tegy for OA, particularly metabolic related OA.

In  conclusion,  studies  of  epigenetic  modifications  and  epige-
nomic  investigations  in  OA  were  reviewed  in  this  study,  as  well
as  crosstalk  among  different  epigenetic  modifiers.  The  clinically-
approved  and  pending  epigenetic  DMOADs  (epi-DMOADs)  from
current  research  were  also  summarized.  Future  directions  for
researchers  in  this  field  are  proposed  to  take  more  advantages  of
NGS  and  multi-omics  techniques  to  focus  on  epigenetic  changes
between different races in OA patients, and investigate metabolite-
related  epigenetic  profiles  and  related  epigenetic  therapeutic
targets in OA. 

Ethical statements

This  is  a  retrospective  review  study,  and  ethical  approval  is  not
required. 

Author contributions

The  authors  confirm  their  contributions  to  the  paper  as  follows:
conferring  the  structure  of  the  manuscript:  Zhu  X,  Chen  T,  Cao  W;
draft  the  manuscript  and  its  outline:  Zhu  X,  Ruan  B,  Chen  T;
manuscript revision: Zhu X, Wang B, Dong J, Cai D, Hu Y. All authors
reviewed  the  results  and  approved  the  final  version  of  the
manuscript. 

Data availability

Data  sharing  is  not  applicable  to  this  article  as  no  datasets  were
generated or analyzed during the current study.

Acknowledgments

This work was supported by the National Natural Science Founda-
tion  (NSFC)  of  China  (82302728;  82100765),  the  Chinese  Postdoc-
toral  Science  Foundation  (2023M733087;  2024T170776),  and  the
Nature Science Foundation of Jiangsu Province (BK201210149).

Conflict of interest

The authors declare that they have no conflict of interest.

Dates

Received 4  January  2025; Revised  11  July  2025;  Accepted 15
August 2025; Published online 25 September 2025

References 

 Coates G,  Clewes P,  Lohan C,  Stevenson H,  Wood R,  et  al. 2023. Health
economic  impact  of  moderate-to-severe  chronic  pain  associated  with
osteoarthritis in England: a retrospective analysis of linked primary and
secondary care data. BMJ Open 13:e067545

1.

 Steinmetz JD, Culbreth GT, Haile LM, Rafferty Q, Lo J, et al. 2023. Global,
regional,  and national burden of osteoarthritis,  1990−2020 and projec-
tions  to  2050:  a  systematic  analysis  for  the  Global  Burden  of  Disease
Study 2021. The Lancet Rheumatology 5:e508−e522

2.

 Wang Y, Li D, Lv Z, Feng B, Li T, et al. 2023. Efficacy and safety of Gutong
Patch compared with NSAIDs for knee osteoarthritis: a real-world multi-
center,  prospective  cohort  study  in  China. Pharmacological  Research
197:106954

3.

 

 
Fig. 3    Overview of current multi-omics techniques in OA epigenetic research. An overview of the advanced multi-omics techniques used in OA research.
Cleavage under targets and tagmentation: CUT Tag; Assay for Transposase Accessible Chromatin: ATAC; Chromatin Immunoprecipitation: ChIP.

 
Epigenetic modifiers in osteoarthritis

Page 10 of 13   Zhu et al. Epigenetics Insights 2025, 18: e012

https://doi.org/10.1136/bmjopen-2022-067545
https://doi.org/10.1016/S2665-9913(23)00163-7
https://doi.org/10.1016/j.phrs.2023.106954


 Altman RD,  Bedi  A,  Karlsson J,  Sancheti  P,  Schemitsch E. 2016. Product
differences  in  intra-articular  hyaluronic  acids  for  osteoarthritis  of  the
knee. The American Journal of Sports Medicine 44:2158−65

4.

 Zhu  X,  Chan  YT,  Yung  PSH,  Tuan  RS,  Jiang  Y. 2020. Subchondral  bone
remodeling:  a  therapeutic  target  for  osteoarthritis. Frontiers  in  Cell  and
Developmental Biology 8:607764

5.

 Yuan  C,  Pan  Z,  Zhao  K,  Li  J,  Sheng  Z,  et  al. 2020. Classification  of  four
distinct  osteoarthritis  subtypes  with  a  knee  joint  tissue  transcriptome
atlas. Bone Research 8:38

6.

 Stürmer T, Brenner H, Koenig W, Günther KP. 2004. Severity and extent
of  osteoarthritis  and  low  grade  systemic  inflammation  as  assessed  by
high  sensitivity  C  reactive  protein. Annals  of  the  Rheumatic  Diseases
63:200−5

7.

 Christiansen BA, Anderson MJ, Lee CA, Williams JC, Yik JHN, et al. 2012.
Musculoskeletal  changes  following  non-invasive  knee  injury  using  a
novel  mouse  model  of  post-traumatic  osteoarthritis. Osteoarthritis  and
Cartilage 20:773−82

8.

 Zhuo  Q,  Yang  W,  Chen  J,  Wang  Y. 2012. Metabolic  syndrome  meets
osteoarthritis. Nature Reviews Rheumatology 8:729−37

9.

 Khaledi  F,  Ghasemi  S. 2022. A  review  on  epigenetic  effects  of  environ-
mental factors causing and inhibiting cancer. Current Molecular Medicine
22:8−24

10.

 Barter  MJ,  Bui  C,  Young  DA. 2012. Epigenetic  mechanisms  in  cartilage
and  osteoarthritis:  DNA  methylation,  histone  modifications  and  micro-
RNAs. Osteoarthritis and Cartilage 20:339−49

11.

 Espin-Garcia O, Baghel M, Brar N, Whittaker JL, Ali SA. 2022. Can genet-
ics guide exercise prescriptions in osteoarthritis? Frontiers in Rehabilita-
tion Sciences 3:930421

12.

 Moore  LD,  Le  T,  Fan  G. 2013. DNA  methylation  and  its  basic  function.
Neuropsychopharmacology 38:23−38

13.

 Zhu X, Chen F, Lu K, Wei A, Jiang Q, et al. 2019. PPARγ preservation via
promoter  demethylation  alleviates  osteoarthritis  in  mice. Annals  of  the
Rheumatic Diseases 78:1420−29

14.

 Hua  B,  Qiu  J,  Ye  X,  Kuang  Y,  Liu  X. 2023. Epigenetic  PPARγ preserva-
tion  attenuates  temporomandibular  joint  osteoarthritis. International
Immunopharmacology 124:111014

15.

 Stocum  DL,  Roberts  WE. 2018. Part  I:  development  and  physiology  of
the temporomandibular joint. Current Osteoporosis Reports 16:360−68

16.

 Chen X, Zhu X, Dong J, Chen F, Gao Q, et al. 2022. Reversal of epigenetic
peroxisome  proliferator-activated  receptor-γ suppression  by  diacerein
alleviates  oxidative  stress  and  osteoarthritis  in  mice. Antioxidants  &
Redox Signaling 37:40−53

17.

 Wang  C,  Wang  Y,  Gu  Y,  Zhu  Y,  Yin  R,  et  al. 2025. SPI1  facilitates
microfracture-mediated cartilage regeneration in the elderly by enhanc-
ing  bone  marrow  stromal  cells  ctemness. Journal  of  Tissue  Engineering
16:1−17

18.

 Shen J,  Wang C, Li  D, Xu T,  Myers J,  et al. 2017. DNA methyltransferase
3b regulates articular cartilage homeostasis by altering metabolism. JCI
Insight 2:e93612

19.

 Papageorgiou  AA,  Litsaki  M,  Mourmoura  E,  Papathanasiou  I,  Tsezou  A.
2023. DNA  methylation  regulates  Sirtuin  1  expression  in  osteoarthritic
chondrocytes. Advances in Medical Sciences 68:101−10

20.

 Bradley  EW,  Carpio  LR,  McGee-Lawrence  ME,  Castillejo  Becerra  C,
Amanatullah  DF,  et  al. 2016. Phlpp1  facilitates  post-traumatic  osteoar-
thritis  and is  induced by inflammation and promoter demethylation in
human osteoarthritis. Osteoarthritis and Cartilage 24:1021−28

21.

 Reid  GD,  Reid  CG,  Widmer  N,  Munk  PL. 2010. Femoroacetabular
impingement  syndrome:  an  underrecognized  cause  of  hip  pain  and
premature osteoarthritis? The Journal of Rheumatology 37:1395−404

22.

 Husen  M,  Leland  DP,  Melugin  HP,  Poudel  K,  Hevesi  M,  et  al. 2023.
Progression of osteoarthritis  at  long-term follow-up in patients treated
for  symptomatic  femoroacetabular  impingement  with  hip  arthroscopy
compared with  nonsurgically  treated patients. The  American  Journal  of
Sports Medicine 51:2986−95

23.

 Kamenaga  T,  Shen  J,  Wu  M,  Brophy  RH,  Clohisy  JC,  et  al. 2023. Epige-
netic dysregulation of articular cartilage during progression of hip femo-
roacetabular  impingement  disease. Journal  of  Orthopaedic  Research
41:1678−86

24.

 Sarkar  A,  Liu  NQ,  Magallanes  J,  Tassey  J,  Lee  S,  et  al. 2023. STAT3
promotes  a  youthful  epigenetic  state  in  articular  chondrocytes. Aging
Cell 22:e13773

25.

 Iijima H, Gilmer G, Wang K, Bean AC, He Y, et al. 2023. Age-related matrix
stiffening  epigenetically  regulates α-Klotho  expression  and  compro-
mises chondrocyte integrity. Nature Communications 14:18

26.

 Zhang  Y,  He  L,  Yang  Y,  Cao  J,  Su  Z,  et  al. 2023. Triclocarban  triggers
osteoarthritis via DNMT1-mediated  epigenetic  modification  and  sup-
pression  of  COL2A  in  cartilage  tissues. Journal  of  Hazardous  Materials
447:130747

27.

 Shen J,  Abu-Amer Y,  O'Keefe RJ,  McAlinden A. 2017. Inflammation and
epigenetic  regulation  in  osteoarthritis. Connective  Tissue  Research
58:49−63

28.

 Kawarai Y, Nakamura J, Hagiwara S, Suzuki-Narita M, Inage K, et al. 2024.
Alterations in DNA methylation machinery in a rat model of osteoarthri-
tis of the hip. Journal of Orthopaedic Surgery and Research 19:357

29.

 Smeriglio P, Grandi FC, Davala S, Masarapu V, Indelli PF, et al. 2020. Inhi-
bition  of  TET1  prevents  the  development  of  osteoarthritis  and  reveals
the  5hmC  landscape  that  orchestrates  pathogenesis. Science  Transla-
tional Medicine 12:eaax2332

30.

 Pandey A, Hoover M, Singla M, Bedi Y, Storaci H, et al. 2024. TET1 regu-
lates  skeletal  stem–cell  mediated  cartilage  regeneration. Arthritis  &
Rheumatology 76:216−30

31.

 Kim  S,  Kaang  BK. 2017. Epigenetic  regulation  and  chromatin  remodel-
ing in learning and memory. Experimental & Molecular Medicine 49:e281

32.

 Khan  NM,  Haqqi  TM. 2018. Epigenetics  in  osteoarthritis:  potential  of
HDAC inhibitors as therapeutics. Pharmacological Research 128:73−79

33.

 Cai  D,  Yin  S,  Yang  J,  Jiang  Q,  Cao  W. 2015. Histone  deacetylase  inhibi-
tion activates Nrf2 and protects against osteoarthritis. Arthritis Research
& Therapy 17:269

34.

 Ohzono  H,  Hu  Y,  Nagira  K,  Kanaya  H,  Okubo  N,  et  al. 2023. Targeting
FoxO  transcription  factors  with  HDAC  inhibitors  for  the  treatment  of
osteoarthritis. Annals of the Rheumatic Diseases 82:262−71

35.

 Wen ZH,  Huang JS,  Lin  YY,  Yao ZK,  Lai  YC,  et  al. 2021. Chondroprotec-
tive  effects  of  a  histone  deacetylase  inhibitor,  panobinostat,  on  pain
behavior  and  cartilage  degradation  in  anterior  cruciate  ligament  tran-
section-induced experimental osteoarthritic rats. International Journal of
Molecular Sciences 22:7290

36.

 Barter MJ, Butcher A, Wang H, Tsompani D, Galler M, et al. 2022. HDAC6
regulates  NF-κB  signalling  to  control  chondrocyte  IL-1-induced  MMP
and inflammatory gene expression. Scientific Reports 12:6640

37.

 Zheng Y, Chen Y, Lu X, Weng Q, Dai G, et al. 2020. Inhibition of histone
deacetylase  6  by  tubastatin  a  attenuates  the  progress  of  osteoarthritis
via improving  mitochondrial  function. The  American  Journal  of  Pathol-
ogy 190:2376−86

38.

 Collins  JA,  Kapustina  M,  Bolduc  JA,  Pike  JFW,  Diekman  BO,  et  al. 2021.
Sirtuin  6  (SIRT6)  regulates  redox  homeostasis  and  signaling  events  in
human  articular  chondrocytes. Free  Radical  Biology  and  Medicine
166:90−103

39.

 Collins JA, Kim CJ, Coleman A, Little A, Perez MM, et al. 2023. Cartilage-
specific Sirt6 deficiency  represses  IGF-1  and  enhances  osteoarthritis
severity in mice. Annals of the Rheumatic Diseases 82:1464−73

40.

 Ji ML, Jiang H, Li Z, Geng R, Hu JZ, et al. 2022. Sirt6 attenuates chondro-
cyte  senescence  and  osteoarthritis  progression. Nature  Communica-
tions 13:7658

41.

 Ma ZX, Xu H, Xiang W, Qi J,  Xu YY, et al. 2021. Deacetylation of FOXO4
by  Sirt1  stabilizes  chondrocyte  extracellular  matrix  upon  activating
SOX9. European  Review  for  Medical  and  Pharmacological  Sciences
25:626−35

42.

 Lu Q,  Liu P,  Miao Z,  Luo D,  Li  S,  et  al. 2022. SIRT1 restoration enhances
chondrocyte autophagy in osteoarthritis through PTEN-mediated EGFR
ubiquitination. Cell Death Discovery 8:203

43.

 Sacitharan PK, Bou-Gharios G, Edwards JR. 2020. SIRT1 directly activates
autophagy in human chondrocytes. Cell Death Discovery 6:41

44.

 Zhang Y, Liu Y, Hou M, Xia X, Liu J, et al. 2023. Reprogramming of mito-
chondrial  respiratory  chain  complex  by  targeting  SIRT3-COX4I2  axis
attenuates osteoarthritis progression. Advanced Science 10:2206144

45.

 Mei Z, Yilamu K, Ni W, Shen P, Pan N, et al. 2025. Chondrocyte fatty acid
oxidation  drives  osteoarthritis via SOX9  degradation  and  epigenetic
regulation. Nature Communications 16:4892

46.

Epigenetic modifiers in osteoarthritis
 

Zhu et al. Epigenetics Insights 2025, 18: e012   Page 11 of 13

https://doi.org/10.1177/0363546515609599
https://doi.org/10.3389/fcell.2020.607764
https://doi.org/10.3389/fcell.2020.607764
https://doi.org/10.1038/s41413-020-00109-x
https://doi.org/10.1136/ard.2003.007674
https://doi.org/10.1016/j.joca.2012.04.014
https://doi.org/10.1016/j.joca.2012.04.014
https://doi.org/10.1038/nrrheum.2012.135
https://doi.org/10.2174/1566524021666210211112800
https://doi.org/10.1016/j.joca.2011.12.012
https://doi.org/10.3389/fresc.2022.930421
https://doi.org/10.3389/fresc.2022.930421
https://doi.org/10.3389/fresc.2022.930421
https://doi.org/10.1038/npp.2012.112
https://doi.org/10.1136/annrheumdis-2018-214940
https://doi.org/10.1136/annrheumdis-2018-214940
https://doi.org/10.1016/j.intimp.2023.111014
https://doi.org/10.1016/j.intimp.2023.111014
https://doi.org/10.1007/s11914-018-0447-7
https://doi.org/10.1089/ars.2021.0219
https://doi.org/10.1089/ars.2021.0219
https://doi.org/10.1177/20417314241311073
https://doi.org/10.1172/jci.insight.93612
https://doi.org/10.1172/jci.insight.93612
https://doi.org/10.1016/j.advms.2023.02.002
https://doi.org/10.1016/j.joca.2015.12.014
https://doi.org/10.3899/jrheum.091186
https://doi.org/10.1177/03635465231188114
https://doi.org/10.1177/03635465231188114
https://doi.org/10.1002/jor.25513
https://doi.org/10.1111/acel.13773
https://doi.org/10.1111/acel.13773
https://doi.org/10.1038/s41467-022-35359-2
https://doi.org/10.1016/j.jhazmat.2023.130747
https://doi.org/10.1080/03008207.2016.1208655
https://doi.org/10.1186/s13018-024-04847-0
https://doi.org/10.1126/scitranslmed.aax2332
https://doi.org/10.1126/scitranslmed.aax2332
https://doi.org/10.1126/scitranslmed.aax2332
https://doi.org/10.1002/art.42678
https://doi.org/10.1002/art.42678
https://doi.org/10.1038/emm.2016.140
https://doi.org/10.1016/j.phrs.2017.08.007
https://doi.org/10.1186/s13075-015-0774-3
https://doi.org/10.1186/s13075-015-0774-3
https://doi.org/10.1136/ard-2021-221269
https://doi.org/10.3390/ijms22147290
https://doi.org/10.3390/ijms22147290
https://doi.org/10.1038/s41598-022-10518-z
https://doi.org/10.1016/j.ajpath.2020.08.013
https://doi.org/10.1016/j.ajpath.2020.08.013
https://doi.org/10.1016/j.ajpath.2020.08.013
https://doi.org/10.1016/j.freeradbiomed.2021.01.054
https://doi.org/10.1136/ard-2023-224385
https://doi.org/10.1038/s41467-022-35424-w
https://doi.org/10.1038/s41467-022-35424-w
https://doi.org/10.1038/s41467-022-35424-w
https://doi.org/10.26355/eurrev_202101_24621
https://doi.org/10.1038/s41420-022-00896-8
https://doi.org/10.1038/s41420-020-0277-0
https://doi.org/10.1002/advs.202206144
https://doi.org/10.1038/s41467-025-60037-4


 Shao R,  Suo J,  Zhang Z,  Kong M, Ma Y,  et  al. 2024. H3K36 methyltrans-
ferase  NSD1  protects  against  osteoarthritis  through  regulating  chon-
drocyte differentiation and cartilage homeostasis. Cell Death & Differen-
tiation 31:106−18

47.

 Shao  R,  Zhang  Z,  Xu  Z,  Ouyang  H,  Wang  L,  et  al. 2021. H3K36  methyl-
transferase  NSD1  regulates  chondrocyte  differentiation  for  skeletal
development and fracture repair. Bone Research 9:30

48.

 Shpargel  KB,  Starmer  J,  Yee  D,  Pohlers  M,  Magnuson  T. 2014. KDM6
demethylase  independent  loss  of  histone  H3  lysine  27  trimethylation
during early embryonic development. PLoS Genetics 10:e1004507

49.

 Dai J,  Yu D, Wang Y,  Chen Y,  Sun H, et al. 2017. Kdm6b regulates carti-
lage  development  and  homeostasis  through  anabolic  metabolism.
Annals of the Rheumatic Diseases 76:1295−303

50.

 Jin  Y,  Liu  Z,  Li  Z,  Li  H,  Zhu  C,  et  al. 2022. Histone  demethylase  JMJD3
downregulation  protects  against  aberrant  force-induced  osteoarthritis
through  epigenetic  control  of  NR4A1. International  Journal  of  Oral
Science 14:34

51.

 Lian WS,  Wu RW,  Ko JY,  Chen YS,  Wang SY,  et  al. 2022. Histone H3K27
demethylase  UTX  compromises  articular  chondrocyte  anabolism  and
aggravates osteoarthritic degeneration. Cell Death & Disease 13:538

52.

 Lian  WS,  Wu  RW,  Ko  JY,  Chen  YS,  Wang  SY,  et  al. 2023. Inhibition  of
histone  lysine  demethylase  6A  promotes  chondrocytic  activity  and
attenuates  osteoarthritis  development  through  repressing  H3K27me3
enhancement of Wnt10a. The International Journal of Biochemistry & Cell
Biology 158:106394

53.

 Du  X,  Chen  Y,  Zhang  Q,  Lin  J,  Yu  Y,  et  al. 2020. Ezh2  ameliorates
osteoarthritis  by  activating  TNFSF13B. Journal  of  Bone  and  Mineral
Research 35:956−65

54.

 Assi R, Cherifi C, Cornelis FMF, Zhou Q, Storms L, et al. 2023. Inhibition of
KDM7A/B  histone  demethylases  restores  H3K79  methylation  and  pro-
tects against osteoarthritis. Annals of the Rheumatic Diseases 82:963−73

55.

 Monteagudo S, Cornelis FMF, Aznar-Lopez C, Yibmantasiri P, Guns LA, et
al. 2017. DOT1L safeguards cartilage homeostasis  and protects  against
osteoarthritis. Nature Communications 8:15889

56.

 De Roover A, Núñez AE, Cornelis FM, Cherifi C, Casas-Fraile L, et al. 2021.
Hypoxia  induces  DOT1L  in  articular  cartilage  to  protect  against
osteoarthritis. JCI Insight 6:e150451

57.

 Endisha  H,  Datta  P,  Sharma  A,  Nakamura  S,  Rossomacha  E,  et  al. 2021.
microRNA-34a-5p  promotes  joint  destruction  during  osteoarthritis.
Arthritis & Rheumatology 73:426−39

58.

 Nakamura  A,  Rampersaud  YR,  Nakamura  S,  Sharma  A,  Zeng  F,  et  al.
2019. microRNA-181a-5p antisense oligonucleotides attenuate osteoar-
thritis  in  facet  and  knee  joints. Annals  of  the  Rheumatic  Diseases
78:111−21

59.

 Tavallaee G, Lively S, Rockel JS, Ali SA, Im M, et al. 2022. Contribution of
microRNA-27b-3p  to  synovial  fibrotic  responses  in  knee  osteoarthritis.
Arthritis & Rheumatology 74:1928−42

60.

 Yin CM, Suen WCW, Lin S, Wu XM, Li G, et al. 2017. Dysregulation of both
miR-140-3p and miR-140-5p in synovial fluid correlate with osteoarthri-
tis severity. Bone & Joint Research 6:612−18

61.

 Ji ML, Jiang H, Wu F, Geng R, Ya LK, et al. 2021. Precise targeting of miR-
141/200c  cluster  in  chondrocytes  attenuates  osteoarthritis  develop-
ment. Annals of the Rheumatic Diseases 80:356−66

62.

 Wilson TG, Baghel M, Kaur N,  Datta I,  Loveless I,  et  al. 2025. Circulating
miR-126-3p  is  a  mechanistic  biomarker  for  knee  osteoarthritis. Nature
Communications 16:2021

63.

 Wang Y,  Li  T,  Yang Q,  Feng B,  Xiang Y,  et  al. 2021. LncRNA THUMPD3-
AS1 enhances the proliferation and inflammatory response of chondro-
cytes in osteoarthritis. International Immunopharmacology 100:108138

64.

 van Hoolwerff  M,  Metselaar  PI,  Tuerlings  M,  Suchiman HED,  Lakenberg
N,  et  al. 2020. Elucidating  epigenetic  regulation  by  identifying  func-
tional cis-acting long noncoding RNAs and their targets in osteoarthritic
articular cartilage. Arthritis & Rheumatology 72:1845−54

65.

 Nanus DE, Wijesinghe SN, Pearson MJ, Hadjicharalambous MR, Rosser A,
et  al. 2020. Regulation  of  the  inflammatory  synovial  fibroblast  pheno-
type  by  metastasis-associated  lung  adenocarcinoma  transcript  1  long
noncoding  RNA  in  obese  patients  with  osteoarthritis. Arthritis  &
Rheumatology 72:609−19

66.

 Wang  R,  Mehrjou  B,  Dehghan-Banian  D,  Wang  BYH,  Li  Q,  et  al. 2025.
Targeting  long  noncoding  RNA  H19  in  subchondral  bone  osteocytes
and the alleviation of  cartilage degradation in  osteoarthritis. Arthritis  &
Rheumatology 77:283−97

67.

 Zaccara S, Ries RJ, Jaffrey SR. 2019. Reading, writing and erasing mRNA
methylation. Nature Reviews Molecular Cell Biology 20:608−24

68.

 Liu Q, Li M, Jiang L, Jiang R, Fu B. 2019. METTL3 promotes experimental
osteoarthritis  development  by  regulating  inflammatory  response  and
apoptosis in chondrocyte. Biochemical and Biophysical Research Commu-
nications 516:22−27

69.

 Xiao  L,  Hu  B,  Ding  B,  Zhao  Q,  Liu  C,  et  al. 2022. N(6)-methyladenosine
RNA  methyltransferase  like  3  inhibits  extracellular  matrix  synthesis  of
endplate  chondrocytes  by  downregulating  sex-determining  region  Y-
Box  transcription  factor  9  expression  under  tension. Osteoarthritis  and
Cartilage 30:613−25

70.

 Sang  W,  Xue  S,  Jiang  Y,  Lu  H,  Zhu  L,  et  al. 2021. METTL3  involves  the
progression  of  osteoarthritis  probably  by  affecting  ECM  degradation
and regulating the inflammatory response. Life Sciences 278:119528

71.

 Xiong X, Xiong H, Peng J, Liu Y, Zong Y. 2025. METTL3 regulates the m6a
modification of NEK7 to inhibit the formation of osteoarthritis. Cartilage
16:89−99

72.

 He Y, Wang W, Xu X, Yang B, Yu X, et al. 2022. Mettl3 inhibits the apop-
tosis and autophagy of chondrocytes in inflammation through mediat-
ing  Bcl2  stability via Ythdf1-mediated  m6A  modification. Bone
154:116182

73.

 An  X,  Wang  R,  Lv  Z,  Wu  W,  Sun  Z,  et  al. 2024. WTAP-mediated  m6A
modification  of  FRZB  triggers  the  inflammatory  response via the  Wnt
signaling  pathway  in  osteoarthritis. Experimental  &  Molecular  Medicine
56:156−67

74.

 Chen X, Gong W, Shao X, Shi T,  Zhang L,  et al. 2022. METTL3-mediated
m6A modification of ATG7 regulates autophagy-GATA4 axis to promote
cellular  senescence  and  osteoarthritis  progression. Annals  of  the  Rheu-
matic Diseases 81:87−99

75.

 Zhou H, Shen X, Yan C, Xiong W, Ma Z, et al. 2022. Extracellular vesicles
derived  from  human  umbilical  cord  mesenchymal  stem  cells  alleviate
osteoarthritis of the knee in mice model by interacting with METTL3 to
reduce  m6A  of  NLRP3  in  macrophage. Stem  Cell  Research  &  Therapy
13:322

76.

 Kou  R,  Li  T,  Fu  C,  Jiang  D,  Wang  Y,  et  al. 2024. Exosome-shuttled  FTO
from BM-MSCs contributes to cancer malignancy and chemoresistance
in  acute  myeloid  leukemia  by  inducing  m6A-demethylation:  a  nano-
based investigation. Environmental Research 244:117783

77.

 Ye G,  Li  J,  Yu W, Xie Z,  Zheng G,  et  al. 2023. ALKBH5 facilitates CYP1B1
mRNA  degradation via m6A  demethylation  to  alleviate  MSC  senes-
cence and osteoarthritis progression. Experimental & Molecular Medicine
55:1743−56

78.

 Tang Y, Liu Y, Zhu X, Chen Y, Jiang X, et al. 2023. ALKBH5-mediated m6A
demethylation  of  HS3ST3B1-IT1  prevents  osteoarthritis  progression.
iScience 26:107838

79.

 Fedeles  BI,  Singh  V,  Delaney  JC,  Li  D,  Essigmann  JM. 2015. The  AlkB
family  of  Fe(II)/α-ketoglutarate-dependent  dioxygenases:  repairing
nucleic  acid  alkylation  damage  and  beyond. Journal  of  Biological  Che-
mistry 290:20734−42

80.

 Yang S, Zhou X, Jia Z, Zhang M, Yuan M, et al. 2023. Epigenetic regula-
tory  mechanism  of  ADAMTS12  expression  in  osteoarthritis. Molecular
Medicine 29:86

81.

 Jaenisch R, Bird A. 2003. Epigenetic regulation of gene expression: how
the  genome  integrates  intrinsic  and  environmental  signals. Nature
Genetics 33:245−54

82.

 Guo Q, Li D, Luo X, Yuan Y, Li T, et al. 2021. The regulatory network and
potential  role of LINC00973-miRNA-mRNA CeRNA in the progression of
non-small-cell lung cancer. Frontiers in Immunology 12:684807

83.

 Tang Y, Hong F, Ding S, Yang J, Zhang M, et al. 2023. METTL3-mediated
m6A modification of IGFBP7-OT promotes osteoarthritis progression by
regulating the DNMT1/DNMT3a-IGFBP7 axis. Cell Reports 42:112589

84.

 Parker  E,  Hofer  IMJ,  Rice  SJ,  Earl  L,  Anjum  SA,  et  al. 2021. Multi-tissue
epigenetic  and  gene  expression  analysis  combined  with  epigenome

85.

 
Epigenetic modifiers in osteoarthritis

Page 12 of 13   Zhu et al. Epigenetics Insights 2025, 18: e012

https://doi.org/10.1038/s41418-023-01244-8
https://doi.org/10.1038/s41418-023-01244-8
https://doi.org/10.1038/s41418-023-01244-8
https://doi.org/10.1038/s41413-021-00148-y
https://doi.org/10.1371/journal.pgen.1004507
https://doi.org/10.1136/annrheumdis-2016-210407
https://doi.org/10.1038/s41368-022-00190-4
https://doi.org/10.1038/s41368-022-00190-4
https://doi.org/10.1038/s41419-022-04985-5
https://doi.org/10.1016/j.biocel.2023.106394
https://doi.org/10.1016/j.biocel.2023.106394
https://doi.org/10.1002/jbmr.3952
https://doi.org/10.1002/jbmr.3952
https://doi.org/10.1136/ard-2022-223789
https://doi.org/10.1038/ncomms15889
https://doi.org/10.1172/jci.insight.150451
https://doi.org/10.1002/art.41552
https://doi.org/10.1136/annrheumdis-2018-213629
https://doi.org/10.1002/art.42285
https://doi.org/10.1302/2046-3758.611.BJR-2017-0090.R1
https://doi.org/10.1136/annrheumdis-2020-218469
https://doi.org/10.1038/s41467-025-57308-5
https://doi.org/10.1038/s41467-025-57308-5
https://doi.org/10.1016/j.intimp.2021.108138
https://doi.org/10.1002/art.41396
https://doi.org/10.1002/art.41158
https://doi.org/10.1002/art.41158
https://doi.org/10.1002/art.43028
https://doi.org/10.1002/art.43028
https://doi.org/10.1038/s41580-019-0168-5
https://doi.org/10.1016/j.bbrc.2019.05.168
https://doi.org/10.1016/j.bbrc.2019.05.168
https://doi.org/10.1016/j.bbrc.2019.05.168
https://doi.org/10.1016/j.joca.2022.01.002
https://doi.org/10.1016/j.joca.2022.01.002
https://doi.org/10.1016/j.lfs.2021.119528
https://doi.org/10.1177/19476035231200336
https://doi.org/10.1016/j.bone.2021.116182
https://doi.org/10.1038/s12276-023-01135-5
https://doi.org/10.1136/annrheumdis-2021-221091
https://doi.org/10.1136/annrheumdis-2021-221091
https://doi.org/10.1136/annrheumdis-2021-221091
https://doi.org/10.1186/s13287-022-03005-9
https://doi.org/10.1016/j.envres.2023.117783
https://doi.org/10.1038/s12276-023-01059-0
https://doi.org/10.1016/j.isci.2023.107838
https://doi.org/10.1074/jbc.R115.656462
https://doi.org/10.1074/jbc.R115.656462
https://doi.org/10.1074/jbc.R115.656462
https://doi.org/10.1186/s10020-023-00661-2
https://doi.org/10.1186/s10020-023-00661-2
https://doi.org/10.1038/ng1089
https://doi.org/10.1038/ng1089
https://doi.org/10.3389/fimmu.2021.684807
https://doi.org/10.1016/j.celrep.2023.112589


modulation identifies RWDD2B as a target of  osteoarthritis  susceptibil-
ity. Arthritis & Rheumatology 73:100−9
 Ali  SA,  Gandhi  R,  Potla  P,  Keshavarzi  S,  Espin-Garcia  O,  et  al. 2020.
Sequencing  identifies  a  distinct  signature  of  circulating  microRNAs  in
early  radiographic  knee  osteoarthritis. Osteoarthritis  and  Cartilage
28:1471−81

86.

 Struys EA. 2013. 2-Hydroxyglutarate is not a metabolite;  D-2-hydroxyg-
lutarate  and  L-2-hydroxyglutarate  are! Proceedings  of  the  National
Academy of Sciences of the United States of America 110(51):E4939

87.

 Wallace IJ,  Worthington S, Felson DT, Jurmain RD, Wren KT, et al. 2017.
Knee  osteoarthritis  has  doubled  in  prevalence  since  the  mid-20th
century. Proceedings  of  the  National  Academy  of  Sciences  of  the  United
States of America 114:9332−36

88.

 Yang  JH,  Hayano  M,  Griffin  PT,  Amorim  JA,  Bonkowski  MS,  et  al. 2023.
Loss  of  epigenetic  information  as  a  cause  of  mammalian  aging. Cell
186:305−326.e27

89.

 Kaya-Okur HS, Janssens DH, Henikoff JG, Ahmad K, Henikoff S. 2020. Effi-
cient  low-cost  chromatin  profiling  with  CUT&Tag. Nature  Protocols
15:3264−83

90.

 Jiang Z, Qi G, He X, Yu Y, Cao Y, et al. 2024. Ferroptosis in osteocytes as a
target  for  protection  against  postmenopausal  osteoporosis. Advanced
Science 11:2307388

91.

 Bittner  N,  Shi  C,  Zhao  D,  Ding  J,  Southam  L,  et  al. 2024. Primary
osteoarthritis  chondrocyte  map  of  chromatin  conformation  reveals
novel  candidate  effector  genes. Annals  of  the  Rheumatic  Diseases
83:1048−59

92.

 Boer  CG,  Hatzikotoulas  K,  Southam  L,  Stefánsdóttir  L,  Zhang  Y,  et  al.
2021. Deciphering  osteoarthritis  genetics  across  826,690  individuals
from 9 populations. Cell 184(18):4784−4818.e17

93.

 Lin  K,  Wei  L,  Wang  R,  Li  L,  Song  S,  et  al. 2025. Disrupted  methionine
cycle  triggers  muscle  atrophy  in  cancer  cachexia  through  epigenetic
regulation of REDD1. Cell Metabolism 37:460−476.e8

94.

 Hosea Blewett HJ. 2008. Exploring the mechanisms behind S-adenosyl-
methionine (SAMe) in the treatment of osteoarthritis. Critical Reviews in
Food Science and Nutrition 48:458−63

95.

 Shen S, Liang Y, Zhao Y, Hu Z, Huang Y, et al. 2024. Dietary supplemen-
tation  of  vitamin  B1 prevents  the  pathogenesis  of  osteoarthritis.
Proceedings  of  the  National  Academy  of  Sciences  of  the  United  States  of
America 121:e2408160121

96.

 Lin Z, Jiang T, Zheng W, Zhang J, Li A, et al. 2023. N6-methyladenosine
(m6A) methyltransferase WTAP-mediated miR-92b-5p accelerates oste-
oarthritis progression. Cell Communication and Signaling 21:199

97.

 Kaur D, Kaur J, Kamal SS. 2018. Diacerein, its beneficial impact on chon-
drocytes and notable new clinical applications. Brazilian Journal of Phar-
maceutical Sciences 54:e17534

98.

Copyright:  ©  2025  by  the  author(s).  Published  by
Maximum Academic Press, Fayetteville, GA. This article

is  an  open  access  article  distributed  under  Creative  Commons
Attribution  License  (CC  BY  4.0),  visit https://creativecommons.org/
licenses/by/4.0/.

Epigenetic modifiers in osteoarthritis
 

Zhu et al. Epigenetics Insights 2025, 18: e012   Page 13 of 13

https://doi.org/10.1002/art.41473
https://doi.org/10.1016/j.joca.2020.07.003
https://doi.org/10.1073/pnas.1318777110
https://doi.org/10.1073/pnas.1318777110
https://doi.org/10.1073/pnas.1703856114
https://doi.org/10.1073/pnas.1703856114
https://doi.org/10.1016/j.cell.2022.12.027
https://doi.org/10.1038/s41596-020-0373-x
https://doi.org/10.1002/advs.202307388
https://doi.org/10.1002/advs.202307388
https://doi.org/10.1136/ard-2023-224945
https://doi.org/10.1016/j.cell.2021.07.038
https://doi.org/10.1016/j.cmet.2024.10.017
https://doi.org/10.1080/10408390701429526
https://doi.org/10.1080/10408390701429526
https://doi.org/10.1073/pnas.2408160121
https://doi.org/10.1073/pnas.2408160121
https://doi.org/10.1186/s12964-023-01228-8
https://doi.org/10.1590/s2175-97902018000417534
https://doi.org/10.1590/s2175-97902018000417534
https://doi.org/10.1590/s2175-97902018000417534
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

	Introduction
	Roles of DNA methylation in OA progression
	DNA methylation
	DNA methyl writer: establishing methylation information
	DNA methyl reader and eraser: reading and erasing methylation information

	Mechanisms of histone modifications in OA progression
	Histone acetylation
	Histone methylation

	Non-coding RNAs in OA
	MicroRNAs (miRNAs)
	lncRNA

	Regulation of RNA methylation in OA
	m6A writers
	m6A erasers
	m6A readers

	Epigenetic crosstalk
	Epigenomes in OA
	Potential epigenetic targets for developing DMOADs
	Clinically used potential DMOADs
	Non-clinically used DMOADs

	Discussion
	Summary of potential epi-DMOAD
	Future directions

	Ethical statements
	Author contributions
	Data availability
	References

