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Abstract

The development of disease-modifying pharmacologic therapy for osteoarthritis currently faces 

major obstacles largely because the pathogenetic mechanisms for development of osteoarthritis 

remain unclear. Previous studies suggest that the alterations in expression of catabolic and 

anabolic genes in articular chondrocytes may be involved in the pathogenesis of osteoarthritis. 

However, the regulatory mechanisms for gene expression in osteoarthritic chondrocytes are 

largely unknown.

The objective of this review is to highlight the recent studies on epigenetic regulation of gene 

expression in the development of osteoarthritis. The review will begin with current understanding 

of epigenetic mechanisms, especially the newly emerging areas including the regulatory role of 

non-coding RNAs in gene expression and crosstalk among the epigenetic mechanisms. The main 

content of this review focuses on the significance of epigenetic regulation of the expression of 

catabolic and anabolic genes in osteoarthritic chondrocytes, including the regulatory roles of 

various epigenetic mechanisms in the expression of genes for specific matrix-degrading 

proteinases, cytokines, and extracellular matrix proteins. Recent novel findings on the epigenetic 

regulation of specific transcription factor genes are particularly important for the understanding of 

osteoarthritis pathogenesis, as these transcription factors may act as upstream regulators of 

multiple catabolic and anabolic genes.

In conclusion, these recent advances in epigenetic studies have shed light on the importance of 

epigenetic regulation of gene expression in the development of osteoarthritis, leading to a better 

understanding of the epigenetic mechanisms underlying the pathogenesis of osteoarthritis. This 

may promote the development of new epigenetics-based strategies for the treatment of 

osteoarthritis.
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1. Introduction

Osteoarthritis (OA) is the most common form of arthritis and the leading cause of chronic 

disability in middle-aged and older populations (Murphy and Helmick, 2012). As OA 

mainly occurs in load-bearing joints, such as the knee and hip, OA has long been thought of 

as a mechanical issue (Carter et al., 2004). However, there is a growing body of evidence 

supporting the notion that OA is a result of the interaction between mechanical and 

molecular events in the affected joint (Chen et al., 2013). There is no single specific cause 

that has been identified for OA to date. Some risk factors, including age, gender, obesity, 

joint injury, genetics, and mechanical abnormalities, have been shown to be associated with 

the development of OA (Blagojevic et al., 2010). However, how these risk factors trigger the 

onset of OA is not fully understood. While OA is a disease of the whole joint and may affect 

all of the joint tissues, articular cartilage degradation is a major hallmark of OA (Loeser et 

al., 2012). Aberrant gene expression in articular chondrocytes (ACs) of OA joints has been 

well documented in both animals and humans. Nevertheless, the underlying regulatory 

mechanism for the aberrant gene expression in OA cartilage remains to be elucidated.

Classically, “epigenetics” is referred to as changes in gene transcription caused by 

mechanisms other than changes in the underlying DNA sequences. Recently, non-coding 

RNAs (ncRNAs) which possess epigenetic-like properties in the regulation of gene 

expression have also been considered as one of the epigenetic mechanisms (Dawson and 

Kouzarides, 2012, Saetrom et al., 2007). In addition to the importance of epigenetics in 

normal development and tumorigenesis (Dawson and Kouzarides, 2012), recent studies on 

epigenetic changes in ACs have provided new insights into the pathogenesis of OA and 

potential therapeutic strategies for OA.

As the general concept of epigenetics has been previously reviewed elsewhere (Jenuwein 

and Allis, 2001, Jones, 2012, Mattick and Makunin, 2006), this review article will start with 

a brief discussion on the current understanding of epigenetic mechanisms, including DNA 

methylation, histone modification, and the emerging new areas: regulatory role of ncRNAs 

in gene expression and crosstalk among the epigenetic mechanisms. The main content of 

this review will focus on the epigenetic regulation of catabolic and anabolic genes and its 

significance in the pathogenesis of OA.

2. Current understanding of epigenetic mechanisms

2.1. DNA methylation

DNA methylation is a biochemical process whereby a methyl group is added to the cytosine 

or adenine, mainly at the C5 position of CpG dinucleotides, by DNA methyltransferases 

(DNMTs). At least four DNMTs (DNMT1, DNMT3A, DNMT3B and DNMT3L) have been 

identified for the de novo or maintenance of DNA methylation (Jin and Robertson, 2013). 

Methylated DNA can be passively or actively demethylated. 5-azacytidine is one of the 
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chemical compounds for passive DNA demethylation, whereas three ten-eleven 

translocation proteins (TETs) and 5-methycytosine oxidases have been discovered to be 

responsible for active DNA demethylation (Wu and Zhang, 2014) (Figure 1). Theoretically, 

DNA methylation should be widespread in the genome; however, the first global 

methylomes analysis showed that CpG methylation follows a bimodal distribution, 

especially in the CpG islands (CGIs, which are averagely 1,000 base pairs long with 

increased GC density) in the promoter regions (Weber et al., 2007). To date, most of our 

knowledge of DNA methylation in the regulation of gene expression has come from the 

functional studies of DNA methylation in gene promoter region. DNA hypermethylation has 

been frequently described as a silent mark for gene transcription, while DNA 

hypomethylation is associated with active gene transcription. Although the detailed 

mechanisms by which DNA methylation suppresses gene expression are fairly well 

understood, two modes have been envisaged by Bird to explain the mechanism of DNA 

methylation-mediated transcriptional repression. The first mode involves direct interference 

of the methyl group in binding of a protein to its cognate DNA sequence; while the second 

mode involves proteins that are attracted to, rather than repelled by, methyl-CpG (Bird, 

2002). Basically, DNA methylation alters protein-DNA interactions, especially blocking the 

binding of transcription effector molecules to promoter region (Figure 1).

2.2. Histone modifications

DNA is the ultimate template of heredity, which is in a tightly condensed form called 

chromatin. The role of distinct histone amino-terminal modifications in dictating dynamic 

transition between transcriptionally active or silent chromatin states has long been noticed. 

The notion of “histone code” has been proposed to explain the role of histone modifications 

in extending the information potential of the genetic code from DNA (Jenuwein and Allis, 

2001). Histone modifications are enzymatic post-translational modifications which include 

methylation, acetylation, phosphorylation, sumoylation, ubiquitination, etc. (Bird, 2007, 

Vaquero et al., 2003). These modifications primarily occur within the amino-terminal tails 

of histone proteins which regulate gene expression by changing the chromatin structure 

(Cosgrove et al., 2004). Histone modifications are highly dynamic processes regulated by 

the opposing action of two families of enzymes, such as histone acetyltransferases (HATs) 

and histone deacetylases. Herein, we take well-studied histone methylation as an example. 

Histone methylation mainly occurs on lysine residues at positions 4, 9, 20, 27, 36 and 79 of 

histone 3. In contrast to other histone modification forms, lysine can be mono-, di- or tri-

methylated. Histone lysine methyltransferases (HKMTs) and histone demethylase 

dynamically regulate the lysine methylation status. Lysine-specific demethylase 1 (LSD1) is 

the first identified lysine demethylase which has been found to target mono- and di-

methylation of H3K4 (Shi et al., 2004), while lysine-specific demethylase 4A (KDM4A) 

demethylates tri-methylated lysines (Whetstine et al., 2006). The effects of histone 

modification on regulation of gene expression lie in two aspects: influencing the overall 

structure of chromatin and/or regulating the binding of transcription effector molecules 

(Bannister and Kouzarides, 2011). With the deposition of transcriptionally active histone 

codes such as H3K4 methylation, histone acetylation and phosphorylation, the structure of 

chromatin will be opened as euchromatin, which facilitates the binding of transcription 

effector molecules to promoter region and initiates gene expression. When the histone is 
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modified by repressive codes, such as H3K9 and H4K20 methylation, chromatins will be 

condensed into heterochromatin, which closes the DNA binding sites for transcription 

effector molecules and turns off the gene expression (Figure 2).

2.3. Non-coding RNAs (ncRNAs)

A gene is traditionally assumed to be transcribed into messager RNA (mRNA) and then 

translated into proteins; however, the finding of ncRNAs encoding genes extended the 

definition of a gene. The ncRNA genes produce transcripts functioning as structural, 

catalytic or regulatory RNAs rather than being translated into proteins. ncRNAs can be 

mainly divided into short ncRNAs (<30 nucleotides) and long ncRNAs (lncRNAs, >200 

nucleotides). Short ncRNAs include microRNAs (miRNAs), short interfering RNAs 

(siRNAs) and piwi-interacting RNAs (piRNAs) (Mattick and Makunin, 2006). As for 

miRNAs, they are transcribed from miRNA genes as long primary transcripts (pri-miRNAs) 

characterized by a hairpin structure and are processed as pre-miRNAs (around 70-

nucleotides long) in the nucleus. After being transported into the cytoplasm, pre-miRNAs 

are cleaved by Dicer and then matured into miRNA of 22-24 nucleotides. Generally, 

miRNAs modify protein expression mainly at the post-transcriptional level in cytoplasm by 

binding to a specific target mRNA with a complimentary sequence to induce cleavage, 

degradation or block translation (Bartel, 2004) (Figure 3). Recent progress in the study of 

ncRNAs has revealed the importance of ncRNAs in development and disease (Esteller, 

2011, Stefani and Slack, 2008). The sequence-specific working manner of miRNAs makes 

miRNA an ideal target for the development of gene-specific therapeutic strategies for certain 

diseases, including OA (Shi et al., 2015).

2.4. Crosstalk among the epigenetic mechanisms

Although tremendous progress has been made to advance our understanding of epigenetic 

mechanisms in the past decade, the crosstalk among these epigenetic mechanisms in the 

regulation of gene expression adds another layer of complexity to epigenetics (Matzke and 

Mosher, 2014). For example, DNA methylation may dictate histone methylation (Okitsu and 

Hsieh, 2007) and DNA methylation of miRNA genes regulates miRNA expression (Vrba et 

al., 2010); miRNAs have also been shown to control the DNA methylation (Garzon et al., 

2009). Moreover, miRNA-140 and miRNA-222 have been found to target histone 

deacetylases 4 in articular cartilage; miRNA-455 may target deacetylase Sirtuin 1, indicating 

miRNAs may control histone modifications (Songa et al., 2015, Swingler et al., 2015, 

Tuddenham et al., 2006). Furthermore, inactive unmethylated CpG island promoters have 

shown elevated levels of dimethylation of Lysine 4 of histone H3, suggesting that this 

chromatin mark may protect DNA from methylation (Weber, Hellmann, 2007). Histone 

deacetylase inhibitors, SAHA (vorinostat) and LBH589 (panobinostat), may elevate 

miRNA-146a expression and enhance negative regulation of interlukin 1-β (IL-1β) signaling 

in OA fibroblast-like synoviocytes (Wang et al., 2013).
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3. Epigenetic mechanisms underlying the aberrant metabolic activities of 

OA chondrocytes

Adult articular cartilage is an avascular tissue in which chondrocytes are the unique cellular 

component for the maintenance of low-turnover of the extracellular matrix (ECM) via the 

delicate expression balance of catabolic and anabolic genes. Degradation of articular 

cartilage ECM is a major feature of OA. Increased expression of catabolic genes and 

decreased expression of anabolic genes are usually observed in OA chondrocytes, which 

disrupt the metabolic balance in articular cartilage. Epigenetic mechanisms may play an 

important role in the aberrant gene expression during the development of OA (Hollander et 

al., 1995, Huang and Wu, 2008). Early epigenetic studies using OA chondrocytes began 

with epigenetic regulation of catabolic genes, such as matrix-degrading proteinases. More 

recently, OA researchers have found that the expression of several transcription factor genes 

is also regulated by epigenetic mechanisms during the development of OA. This is a 

significant advance in epigenetic research because a transcription factor may regulate 

multiple target genes.

3.1. Epigenetic regulation of catabolic genes

3.1.1. Aggrecanases—ADAMTS (a disintegrin and metalloproteinase with 

thrombospondin motifs)-4 and -5 are two major aggrecanases which have been shown to 

play important role in development of OA (Glasson et al., 2005, Rogerson et al., 2008, 

Stanton et al., 2005, Tortorella et al., 2001). Increased ADAMTS-4 expression may be 

mediated by the loss of DNA methylation at specific CpG sites in the ADAMTS-4 promoter 

in OA chondrocytes (Cheung et al., 2009). In OA cartilage, specifically and highly 

expressed lncRNA-CIRs not only control the expression of collagen and aggrecan but also 

regulate the expression of matrix metalloproteinase 13 (MMP13) and ADAMTS-5 (Liu et 

al., 2014). Moreover, several miRNAs have also been found to regulate ADAMTS-5 

expression in human OA cartilage (Ukai et al., 2012). In a study of cultured SW1353 

chondrosarcoma cells and primary human chondrocytes, Young et al. demonstrated that 

histone deacetylase inhibitors decrease the level of collagenolytic enzymes in conditioned 

culture medium by down-regulating the expression of MMPs and ADAMTSs (Young et al., 

2005).

3.1.2. Collagenases—MMP13, a major type II collagen (COL2A1)-degrading 

collagenase, not only contributes to the onset of OA, but also contributes to irreversible joint 

damage during the progression of OA (Little et al., 2009, Neuhold et al., 2001). In late-stage 

OA chondrocytes, loss of methylation at CpG sites in the promoter region has been found to 

be associated with increased expression of MMP-3, -9, -13, and ADAMTS-4 (Harper et al., 

2015, Roach et al., 2005). The elevated histone deacetylase 7 expression in cartilage from 

OA patients was associated with up-regulated MMP13 gene expression (Higashiyama et al., 

2010). Moreover, a recent study reported that miRAN-222 regulates MMP13 expression by 

targeting histone deacetylase 4 during the progression of OA (Songa, Jina, 2015). These 

studies suggest that all three epigenetic mechanisms (DNA methylation, histone 

modification, and ncRNA) play a role in regulation of expression of those matrix-degrading 

proteinases during the progression of OA.
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3.1.3. Pro-inflammatory cytokines—It has been well-documented that cytokines play 

important roles in the development of rheumatoid arthritis (RA) which is a typical 

autoimmune disease in human joints (Feldmann et al., 1996). A new concept that OA is a 

joint disease of inflammation involving immune reaction has recently been proposed based 

on the findings of aberrant expression of pro-inflammatory cytokines in OA cartilage from 

humans and animals (Goldring and Otero, 2011). Although many cytokines have been 

implicated in OA, IL-1β, IL-6 and tumor necrosis factor-α (TNF-α) are the three main pro-

inflammatory cytokines contributing to the degradation of articular cartilage (Goldring, 

2000, Kapoor et al., 2011).

The epigenetic regulation of IL-1β expression in OA cartilage has been extensively studied. 

Specific CpG site at -299 bp of the IL-1β promoter has a significant impact on its promoter 

activity, and methylation of this site results in marked suppression of its transcriptional 

activity in human ACs (Hashimoto et al., 2013). Demethylation of this site increases the 

transcriptional response of IL-1β to other inflammatory cytokines in human ACs 

(Hashimoto et al., 2009). In addition, miRNA-149 is down-regulated in OA chondrocytes, 

and a functional study showed that this miRNA regulates the production of TNF-α, IL-1β 

and IL-6 (Santini et al., 2014). In addition to being regulated by epigenetic mechanisms, 

IL-1β also modulates epigenetic events in OA cartilage because stimulation of OA 

chondrocytes with IL-1β can affect miRNA production (Akhtar et al., 2010). Moreover, the 

overall methylation status of ACs in different histological zones of human cartilage was 

found to be different upon IL-1β stimulation (Akhtar and Haqqi, 2012).

The role of pro-inflammatory IL-6 in the development of OA has been extensively studied. 

IL-6 polymorphism has been found to be associated with the risk of hip OA (Pola et al., 

2005). Moreover, the mRNA and protein levels of IL-6 were up-regulated in human and 

mouse OA cartilage (Ryu et al., 2011). Histone acetylation of the IL6 promoter induces an 

increase in IL-6 production in synovial fibroblasts of RA joints (Wada et al., 2014). Both 

DNA methylation and histone modification are involved in the control of TNF-α expression 

in cultured cell lines (Sullivan et al., 2007). However, the epigenetic status of IL-6 and TNF-

α in osteoarthritic chondrocytes remains to be elucidated.

3.1.4. Runx2—Runt-related transcription factor 2 (Runx2), also known as core-binding 

factor subunit alpha-1 (Cbfa1), is a key transcription factor in osteogenesis (Kundu et al., 

2002, Yoshida et al., 2002). Runx2 is required for chondrocyte maturation and osteoblast 

differentiation during skeletal development; global deletion of Runx2 results in a complete 

lack of bone formation in mice (Enomoto et al., 2000, Otto et al., 1997). In adult mice, 

Runx2 contributes to the pathogenesis of OA by promoting chondrocyte hypertrophy and 

matrix breakdown in articular cartilage. Runx2+/− mice exhibit decreased cartilage 

destruction and osteophyte formation, along with reduced type X collagen and MMP-13 

expression, as compared with wild-type mice (Kamekura et al., 2006). Recently, differential 

methylation in RUNX2 has been identified in a genome-wide DNA methylation study in 

human OA cartilage (Jeffries et al., 2014). Decreased histone deacetylase 4 is associated 

with human cartilage degeneration by up-regulation of RUNX2 (Cao et al., 2014). 

Furthermore, two miRNAs, miRNA-602 and miRNA-608, have been shown to regulate 

sonic hedgehog (SHH) expression in human OA cartilage (Akhtar et al., 2015). Since the 
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hedgehog signaling interacts with the Runx2 signaling pathway during the development of 

OA (Lin et al., 2009), these two miRNAs may play a significant role in the pathogenesis of 

OA..

3.2. Epigenetic regulation of anabolic genes

Collagen and proteoglycans are the major ECM protein components of articular cartilage. 

The maintenance of the normal amount and architecture of these components are required 

for articular cartilage to fulfill its mechanical properties (Kempson et al., 1973, Rizkalla et 

al., 1992). Therefore, aberrant expression of ECM genes (usually down-regulation) is one of 

the molecular characteristics of OA. Additionally, transcription factors possessing anabolic 

activities, such as SOX9, a member of the sex-determining region Y-type high mobility 

group box family of DNA binding proteins, play critical roles in the regulation of gene 

expression of ECM proteins in articular cartilage (Cucchiarini et al., 2007).

3.2.1. Aggrecan—Aggrecan is the major proteoglycan in articular cartilage, and loss of 

aggrecan is one of the characteristics of OA. In addition to the degradation by cartilage 

aggrecanases which play a critical role in the development of OA (Malfait et al., 2002, Song 

et al., 2007), decreased aggrecan expression is often evident in OA cartilage (Chambers et 

al., 2002, Eid et al., 2006). The expression of SIRT1, a member of HDACs, is decreased in 

human OA cartilage, and inhibition of SIRT1 significantly decreases the expression of 

aggrecan in both normal and OA human chondrocytes (Fujita et al., 2011). This finding 

indicates that histone acetylation may regulate the aggrecan expression in OA development. 

miRNA-146a has been found highly expressed in OA cartilage (Yamasaki et al., 2009). In a 

functional study, Li et al found that miRNA-146a functions in an anti-catabolic manner in 

articular cartilage by antagonizing the IL-1 induced expression of cartilage-degrading 

enzymes MMP13 and ADAMTS5, while simultaneously antagonizing IL-1 induced 

suppression of ECM proteins such as aggregan and collagen type II (Li et al., 2011). 

Nevertheless, a study on the correlation between gene methylation and expression of 

aggrecan (ACAN) in chondrocytes failed to find a significant correlation of ACAN mRNA 

expression levels and DNA methylation status in normal aged and osteoarthritic 

chondrocytes. This result suggests that DNA methylation does not play a central role in 

switching off ACAN promoter activity in human adult ACs (Poschl et al., 2005).

3.2.2. Collagens—Collagen type II is one of the major extracellular matrix components of 

articular cartilage. Transgenic mice bearing a small deletion mutation in type II collagen 

gene developed OA-like lesions (Saamanen et al., 2000). Histone acetyl-transferase CBP/

P300 and the Class III NAD-dependent histone deacetylase Sirtuin 1 (SirT1) have been 

shown to co-regulate COL2A1 mRNA expression in cooperation with SOX9 (Dvir-Ginzberg 

et al., 2008, Tsuda et al., 2003). A recent study using human chondrocytes found that histone 

methyltransferase Set7/9 elevated trimethylated lysine 4 on histone 3 in the COL2A1 

promoter, resulting in increased COL2A1 expression (Oppenheimer et al., 2014). Several 

miRNAs, such miRNA-146a, -140 and -675 have been found to regulate COL2A1 

expression in articular chondrocytes (Dudek et al., 2010, Li, Gibson, 2011, Miyaki et al., 

2010). Recently, Imagawa et al. found that there was no relationship between DNA 

methylation changes in the 309-bp COL2A1 enhancer and increased COL2A1 mRNA levels 
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in OA chondrocytes which was a compensatory response to the absence of Type IX collagen 

(COL9A1) gene (Imagawa et al., 2014).

Although Type IX collagen is not as much as Type II collagen in articular cartilage, mice 

lacking Col9a1 develop normally but display OA-like cartilage degradation in the knee 

joints as they aged (Fassler et al., 1994). DNA methylation has also been found to control 

the decreased expression of COL9A1 mRNA in OA chondrocytes; CpG sites in the COL9A1 

promoter were hypermethylated, and hypermethylated CpG sites attenuated SOX9 binding 

to the COL9A1 promoter, resulting in down-regulation of COL9A1 expression in OA 

cartilage (Imagawa, de Andres, 2014).

3.2.3. Sox9—SOX9 is a master transcription factor for chondrogenesis during the 

development of the skeletal system, in cooperation with SOX5 and SOX6 (Bi et al., 1999, 

Lefebvre et al., 1998). Although mice with conditional postnatal deletion of Sox9 in articular 

cartilage did not develop OA even by the age of 18 months (Henry et al., 2012), later OA 

usually is associated with decreased SOX9 expression (Lee and Im, 2011). Kim et al. 

recently reported that down-regulated SOX9 expression in advanced hip OA chondrocytes is 

mediated by DNA methylation and histone modification, including histone methylation and 

acetylation (Kim et al., 2013). In mouse ACs, we found Sox9 mRNA and protein were 

highly expressed in ACs during joint development but significantly decreased after 2 months 

of age. No histopathological features of osteoarthritis were observed in examined joints by 

18 months. Epigenetic study revealed that the reduction of SOX9 expression in ACs of adult 

mice is primarily regulated by H3K4me2 (a histone modification for transcriptional 

activation) (Zhang et al., 2015a). miRNA-145 has been identified as an inhibitor of SOX9 

expression in human cartilage and chondrosarcoma (Mak et al., 2015); increased 

miRNA-145 directly represses SOX9 expression, causing reduced expression of COL2A1 

and aggrecan with an increased level of MMP13 (Martinez-Sanchez et al., 2012). In 

addition, miRAN-199a-3p and miRNA-193b have been found to down-regulate SOX9 

expression (Ukai, Sato, 2012). While SOX9 is considered a typical anabolic factor in 

articular cartilage, the response of cultured chondrocytes to forced expression of SOX9 has 

been controversial. Kypriotou et al. found that overexpression of SOX9 itself was unable to 

restore the chondrocyte phenotype in dedifferentiated osteoarthritic chondrocytes 

(Kypriotou et al., 2003), whereas Cucchiarini et al. reported that r-AAV mediated SOX9 

gene transfer up-regulated the expression levels of proteoglycans and type II collagen in 

normal and OA ACs (Cucchiarini, Thurn, 2007).

3.2.4. Nfat1—NFAT1 (Nfat1/NFATc2) is a member of the Nuclear Factor of Activated T-

cells (NFAT) transcription factor family originally identified as a regulator of the expression 

of cytokine genes during the immune response (Hodge et al., 1996, Xanthoudakis et al., 

1996). NFAT1 has recently been shown to play an important role in maintaining the 

permanent cartilage phenotype in adult mice. Nfat1 knockout (Nfat1−/−) mice exhibit 

normal skeletal development, but display over-expression of numerous matrix-degrading 

proteinases and pro-inflammatory cytokines and loss of collagen-2 and aggrecan during the 

initiation stage of OA. These initial changes are followed by articular chondrocyte 

clustering, formation of chondro-osteophytes, progressive articular surface destruction, 
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formation of subchondral bone cysts, and exposure of thickened subchondral bone, all of 

which resemble human OA (Wang et al., 2009).

Our recent studies have demonstrated that NFAT1 regulates the chondrocyte function 

through its age-dependent expression in mouse articular cartilage. NFAT1 expression in 

wild-type articular chondrocytes was low in the embryonic, but high in the adult stage (2 to 

6 months old). Our epigenetic studies (Rodova et al., 2011) revealed that an increase in 

NFAT1 expression in articular chondrocytes is associated with increased H3K4me2, while a 

decrease in NFAT1 expression in articular chondrocytes is correlated with increased 

H3K9me2 (a histone modification linked to transcriptional repression). Knockdown of Lsd1 

in embryonic ACs up-regulates NFAT1 expression concomitant with increased H3K4me2 at 

the Nfat1 promoter. Knockdown of Jmjc-containing histone demethylase-2a (Jhdm2a) in 6-

month ACs down-regulates NFAT1 expression concomitant with increased H3K9me2 at the 

Nfat1 promoter. These results suggest that the age-dependent NFAT1 expression in ACs is 

regulated by dynamic histone methylation (Rodova, Lu, 2011). Further study should be 

directed to investigate the expression of NFAT1 in aged articular cartilage and its underlying 

epigenetic mechanisms.

3.3. Dysregulation of gene expression in initiation and progression of OA

Even though the pathogenesis of OA is not fully understood, the development of OA can be 

generally divided into two stages: initiation and progression. Aberrant gene expression 

mediated by various epigenetic mechanisms has been found to be involved in the 

development of OA. Although it is not well defined in which stage a specific gene is 

involved, genetic and epigenetic studies suggest that OA could be initiated by 

overexpression of Mmp-13 (Neuhold, Killar, 2001), deletion of Col9a1 (Hu et al., 2006), or 

deletion of Nfat1 (Wang, Gardner, 2009); these three genes are known to be involved in OA 

initiation. Therefore, epigenetic mechanisms that regulate the expression of these genes in 

ACs may play an essential role in the initiation of OA. Mutation of COL2A1 has been linked 

to the development of human OA (Ala-Kokko et al., 1990, Knowlton et al., 1990, 

Ritvaniemi et al., 1995); however, the onset of OA seems secondary to the developmental 

defect and chondrodysplasia induced by COL2A1 mutation. Therefore, COL2A1 deficiency 

is not considered an initiator of OA. The progression of OA is usually a slow and 

irreversible process. A large number of OA-associated genes identified to date may be 

involved in the progression of OA, including some of the genes for the initiation of OA. The 

progression of OA from the early-stage to the end-stage OA involves multi-phase 

pathophysiological changes in multiple joint tissues. Previous studies have revealed that 

multiple epigenetic mechanisms are involved in the regulation of gene expression during the 

progression of OA. However, which epigenetic mechanism plays a key role in a phase-

specific gene expression profile and in a specific joint tissue remains to be elucidated.

4. Future perspectives

The recent advances in epigenetic studies have greatly enhanced our understanding of the 

pathogenesis of multifactorial diseases, such as cancer and OA. With the use of new 

techniques, especially the application of new sequencing technology in the study of 

epigenetics (Schones and Zhao, 2008), the era of epigenetic study in the pathogenesis of OA 
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is coming (Blanco and Rego-Perez, 2014). Genome wide analysis of epigenetic alterations 

in OA-related cells is being undertaken and more detailed epigenetic alterations in OA will 

be identified (Akhtar and Haqqi, 2012, Aref-Eshghi et al., 2015, den Hollander et al., 2015, 

Fu et al., 2015, Jeffries, Donica, 2014, Moazedi-Fuerst et al., 2014, Rushton et al., 2014, 

Shi, Wei, 2015, Zhang et al., 2015b). Clearly, further research is required to determine 

specific upstream regulators of methyltransferases and demethylases. It is also important to 

further elucidate the interactions among the different epigenetic mechanisms. The upcoming 

epigenetic findings may not only broaden our knowledge to appreciate the molecular 

mechanisms underlying the pathogenesis of OA (Kobayashi et al., 2015, Rushton et al., 

2015), but also promote the development of new therapeutic strategies, such as epigenetic 

reprogramming of mesenchymal stem cells (Ezura et al., 2009) and miRNAs (Nakamachi et 

al., 2015), for the treatment of OA.

5. Conclusion

The recent advances in epigenetic studies have shed light on the importance of epigenetic 

regulation of gene expression in the pathogenesis of OA. Accumulative influence of risk 

factors which trigger epigenetic events such as DNA methylation, histone modifications and 

miRNAs in chondrocytes, may result in aberrant expression of specific genes for matrix-

degrading proteinases, cytokines, transcription factors, collagens, and proteoglycans in 

articular cartilage. Abnormal expression of these genes may compromise the balance of 

catabolic and anabolic activity and disrupt cartilage homeostasis, leading to cartilage 

degradation, which is the key step of the development of OA (Figure 4). Further studies are 

required to determine specific risk factors triggering epigenetic events and interactions 

among the different epigenetic mechanisms during the initiation and progression of OA.
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Abbreviations

OA osteoarthritis

ACs articular chondrocytes

ncRNA non-coding RNAs

DNMTs DNA methyltransferases

TETs ten-eleven translocation proteins

CGIs CpG islands

HATs histone acetyltransferases

HKMTs histone lysine methyltransferases

LSD1 Lysine-specific demethylase 1
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KDM4A while lysine-specific demethylase 4A

mRNA messager RNA

miRNAs microRNAs

siRNAs short interfering RNAs

piRNAs piwi-interacting RNAs

IL-1β interlukin 1-β

ECM extracellular matrix

ADAMTS a disintegrin and metalloproteinase with thrombospondin motifs

MMP13 matrix metalloproteinase 13

COL2A1 type II collagen

COL9A1 type IX collagen

RA rheumatoid arthritis

TNF-α tumor necrosis factor-α

Runx2 Runt-related transcription factor 2

Cbfa1 core-binding factor subunit alpha-1

SHH sonic hedgehog

ACAN aggrecan

NFAT Nuclear Factor of Activated T-cells

Jhdm2a Jmjc-containing histone demethylase-2a
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Figure 1. 
DNA methylation and gene expression. DNA methylation at a CpG island in the promoter 

region is mediated by DNA methyltransferases (DNMTs), which blocks the binding of 

transcription effector molecules to DNA and powers off gene transcription. Once methylated 

CpGs are reversibly demethylated by 5-methylcytosine oxidase ten-eleven translocation 

proteins (TETs) or 5-azacytidine, the promoter region becomes accessible for transcription 

effector molecules to bind and turn on gene transcription.
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Figure 2. 
Histone modification and gene expression. While the histone is modified by repressive 

codes, such as H3K9 and H4K20 methylation, chromatins are condensed as 

heterochromatin, which close transcription effector molecules binding sites and turn off the 

gene transcription. Upon deposition of transcriptionally active histone codes, such as H3K4 

methylation, histone acetylation and phosphorylation, the structure of chromatin will be 

changed into euchromatin, which opens the DNA binding sites for transcription effector 

molecules to initiate gene transcription.
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Figure 3. 
Biogenesis of miRNA and gene expression. miRNAs are transcribed from miRNA genes to 

long primary transcripts (pri-miRNAs) characterized by a hairpin structure, and are then 

processed to pre-miRNAs (around 70-nucleotide long) in the nucleus. After being 

transported into the cytoplasm, pre-miRNAs are cleaved by Dicer and finally matured into 

miRNA of 22-24 nucleotides. A partial binding of miRNAs to their complementary mRNAs 

leads to translational repression; a complete binding of miRNAs to their complementary 

mRNAs results in the cleavage of the targeted mRNAs.
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Figure 4. 
Possible roles of epigenetic changes in the pathogenesis of OA. Under the accumulative 

effect of risk factors, chondrocytes undergo epigenetic events that result in aberrant 

expression of genes for specific transcription factors, cytokines, matrix-degrading 

proteinases, and ECM structural proteins in articular cartilage. Abnormal expression of these 

factors may disrupt the balance of catabolic and anabolic activities and compromise 

cartilage homeostasis, leading to articular cartilage degradation and the development of OA.
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