
DNA methylation and noncoding RNA in OA: Recent findings 
and methodological advances

Vladislav Izdaa, Jake Martina, Cassandra Sturdya, Matlock A. Jeffriesa,b,*

aOklahoma Medical Research Foundation, Arthritis & Clinical Immunology Program, Oklahoma 
City, OK, USA

bUniversity of Oklahoma Health Sciences Center, Department of Internal Medicine, Division of 
Rheumatology, Immunology, And Allergy, Oklahoma City, OK, USA

Abstract

Introduction: Osteoarthritis (OA) is a chronic musculoskeletal disease characterized by 

progressive loss of joint function. Historically, it has been characterized as a disease caused 

by mechanical trauma, so-called ‘wear and tear’. Over the past two decades, it has come 

to be understood as a complex systemic disorder involving gene-environmental interactions. 

Epigenetic changes have been increasingly implicated. Recent improvements in microarray and 

next-generation sequencing (NGS) technologies have allowed for ever more complex evaluations 

of epigenetic aberrations associated with the development and progression of OA.

Methods: A systematic review was conducted in the Pubmed database. We curated studies that 

presented the results of DNA methylation and noncoding RNA research in human OA and OA 

animal models since 1985.

Results: Herein, we discuss recent findings and methodological advancements in OA 

epigenetics, including a discussion of DNA methylation, including microarray and NGS studies, 
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and noncoding RNAs. Beyond cartilage, we also highlight studies in subchondral bone and 

peripheral blood mononuclear cells, which highlight widespread and potentially clinically 

important alterations in epigenetic patterns seen in OA patients. Finally, we discuss epigenetic 

editing approaches in the context of OA.

Conclusions: Although a substantial body of literature has already been published in OA, 

much is still unknown. Future OA epigenetics studies will no doubt continue to broaden 

our understanding of underlying pathophysiology and perhaps offer novel diagnostics and/or 

treatments for human OA.
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1. Introduction

Osteoarthritis (OA) is a debilitating musculoskeletal disease that is characterized by a 

progressive loss of joint function. Patients who suffer from OA often exhibit chronic, 

significant pain, mobility loss, and functional impairments involving diarthrodial joints 

(hips, knees, and hands). As average life expectancy rises, OA has emerged as the most 

rapidly growing major health condition and the leading cause of chronic disability in the 

United States [1,2]. Our understanding of OA in recent years has changed drastically. Once 

thought as simple ‘wear and tear’, it is now well understood that a variety of processes, 

including inappropriate joint loading [3], dysfunctional healing responses to cartilage injury 

and low-level chronic inflammation [4], both in the synovium [5] and systemically [6] 

play significant roles. The contributions of genetic variation to OA susceptibility are varied 

depending on the joint involved; large twin studies have estimated the heritability of severe 

hip OA to average 73%, whereas the heritability of severe knee OA is far less at 45% [7].

A variety of non-genetic factors have been demonstrated as key contributors to the 

development of OA, including age, mechanical trauma, and local inflammatory processes 

[3]. Among many cellular mechanisms responsible for the physiological integration of these 

environmental signals, epigenetics has emerged as one of the most significant, and has 

been linked to both development and progression of OA. Epigenetics refers to the study 

of any heritable changes in gene expression caused by mechanisms other than genomic 

DNA mutations. Through epigenetics, gene transcription patterns are altered as a response 

to various internal and environmental signals. The canonical epigenetic control mechanisms 

include cytosine genomic DNA methylation, noncoding RNA, and histone post-translational 

modifications [8].

DNA methylation is a process during which DNA methyltransferase (DNMT, see Table 

1 for list of abbreviations) enzymes transfer a methyl group from S-adenosyl methionine 

(SAM, the ‘methyl donor’) onto the C5 position of cytosine (5 mC) occurring most often in 

CpG dinucleotides. In vertebrates to date there have been three DNMTs identified (DNMT1, 

DNMT3a, DNMT3b) [9]. DNMT1 is the maintenance methyltransferase, functioning to 

maintain existing DNA methylation patterns during DNA replication, whereas DNMT3a and 

DNMT3b play a role in de novo creation of DNA methylation patterns. Hypermethylation 
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in gene regulatory regions generally suppresses gene transcription whereas hypomethylation 

generally enhances it. DNA methylation changes are a fluid process with changes occurring 

throughout an organism's lifespan. However, several months or years after birth, there 

is a tremendous rise in DNA methylation levels [10] where the majority of methylation 

patterns are ‘set’ in differentiated tissues. Active ‘demethylation’ of cytosine ‘occurs 

when ten-eleven translocases (TET) convert 5 mC into 5-hydroxymethylcytosine (5 hmC), 

5-formylcytosine (5 fC), or 5-carboxylcytosine (5caC) intermediates which are rapidly 

converted to unmethylated cytosine [11-13], thereby facilitating gene expression.

Among the noncoding RNAs, the most commonly studied are microRNAs (miRNAs), 

long noncoding RNAs (lncRNA), Piwi-interacting RNAs (piRNA), small nucleolar RNAs 

(snoRNAs) [14,15], and circular RNAs (circRNAs) [16] MicroRNAs are the most widely 

studied non-coding RNAs that have the ability to bind to specific messenger RNAs inducing 

their cleavage or degradation that ultimately alters protein expression. These short 22 

nucleotide-long sequences can alter gene expression by binding to the 3’ tail of mRNAs 

thus targeting them for degradation. Furthermore, miRNAs can also bind and destabilize 

mRNAs without inducing degradation [17]. In contrast to miRNAs, lncRNAs, as their name 

suggests, are long RNAs encompassing a more heterogeneous group of noncoding RNAs 

that are more than 200 nucleotides in length. lncRNAs perform numerous activities in the 

body [18] such as using RNA-protein interactions, recruitment of regulatory complexes, and 

acting as direct local regulators [19] of gene expression.

In this review article, we seek to systematically review the recent literature on altered 

epigenetic patterns associated with OA in humans and animal models, with a specific 

focus on DNA methylation and noncoding RNAs. As opposed to reviewing studies 

chronologically, we will instead group publications based on the methodology used, 

including array-based and next generation sequencing-based approaches to quantification 

of DNA methylation as well as array-based and sequencing-based noncoding RNA studies.

2. Brief methods: DNA methylation quantitation by sodium bisulfite 

treatment

Only a handful of emerging sequencing technologies have the ability to read DNA 

methylation patterns. To the present day, the gold standard remains sodium bisulfite 

conversion of genomic DNA. Treatment of genomic DNA with sodium bisulfite 

results in deamination of unmethylated cytosines into uracils, whereas methylated and 

hydroxymethylated (5 mC and 5 hmC) cytosines are left unconverted. Following subsequent 

PCR amplification, uracil is converted to thymine, while methylated and hydroxymethylated 

cytosines are amplified as cytosines. After this process, the treated DNA can be sequenced 

either by PCR pyrosequencing methods, microarrays, or by large parallel sequencing 

methods which fall into the category of ‘next generation sequencing’, discussed later in this 

article. Each of these technologies ultimately differentiates methylated from unmethylated 

cytosine based on the ratio of cytosine to thymine in the final bisulfite-converted and 

sequenced product, allowing quantification of DNA methylation patterns at a single 

nucleotide resolution [20, 21].
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3. DNA methylation analyses in OA

3.1. Historical context

Alterations of DNA methylation patterns as a feature of OA pathogenesis has been 

suggested since the mid-1980s, when it was found that type I and type II collagen 

genes were epigenetically regulated in chick embryos [22]. The first evaluation of DNA 

methylation in OA specifically was performed in 2005, when several key catabolic genes 

were shown to be demethylated in OA, including ADAMTS4, MMP3, MMP9, and MMP13 
[23]. The adipokine leptin was later added to the list of differentially methylated genes in 

OA [24]. More recent single-gene epigenetic studies have included the OA susceptibility 

gene GDF5 [25], the Wnt and BMP-Smad signaling gene sclerostin (SOST) [26], and many 

other key transcription factors, catabolic, and anabolic factors including SOX9, MMP13, and 

COL9A1 [27-29]. Candidate analysis of inflammation-related genes have also demonstrated 

differential methylation within cartilage, including interleukin 8 (IL8) [30], interleukin 1 

(IL-1β) [31,32].

Starting in the 1990s, DNA microarray technology emerged as both a time and cost-saving 

solution for large-scale genetic analyses, with subsequent adaptation of this technology 

to epigenetic analysis. The field has been dominated by Illumina's Infinium BeadArray 

and BeadChip (Illumina, San Diego, CA, USA) technology since the release of their 

Infinium HumanMethylation27 BeadArray in 2009 [33]. This first-generation chip provided 

quantification of roughly 27,000 CpG sites throughout the genome (covering nearly half 

of known coding regions). As research in epigenetics expanded, it was discovered that the 

DNA methylations occurring outside of the CpG islands were also vital factors contributing 

to the alteration of gene expression [34]. To encompass these regions, Illumina created an 

expanded Infinium HumanMethylation450 BeadChip that allowed surveillance of around 

470,000 CpG sites throughout the genome in the early 2010s. However, that still only 

covered about 2% of CpG loci in the entire human genome. The latest release from 

Illumina is the Infinium HumanMethylationEPIC BeadChip that covers nearly 850, 000 

CpG sites of the genome along with, non-CpG differentially methylated sites, enhancers, 

open chromatin, transcription factor binding sites, and miRNA promoter regions. The 

Illumina microarrays consist of two types of probes/beads. The M bead type is designed 

to measure the methylated loci, while the U bead type measures unmethylated loci. Total 

methylation levels of all the covered loci are calculated by measuring the ratio of the 

fluorescent signals emitted from methylated over unmethylated sites generally expressed by 

a beta-value (quantitative methylation ratio that ranges from 0 to 1).

Although not as widely utilized, Agilent Technologies also produces microarrays for genetic 

and epigenetic analyses. Agilent Human Promoter Microarrays (Agilent Technologies, Santa 

Clara, CA, USA) currently come in three sizes covering different numbers of CpG sites 

each. All of their arrays cover roughly 21,000 human genes as represented by RefSeq with 

the only difference being the resolution at which the genes are analyzed. The largest in size 

is their SurePrint G3 Human Promoter Kit 1 × 1M that covers 966,092 distinct biological 

features, followed by SurePrint G3 Human promoter 2 × 400 K Kit (covers 414,043 distinct 
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biological features), with the smallest being Human Promoter Microarray Kit 1 × 244 K 

(covers 243,504 distinct biological features).

3.2. Infinium HumanMethylation27 BeadChip

The development of the 27 k microarray allowed, for the first time, a relatively inexpensive 

and highly reproducible way to quantify genome-wide DNA methylation levels. In 2014, 

Fernández-Tajes et al. [35] were the first to apply this technology to determine methylome 

changes in OA cartilage (Overview of differentially methylated pathways from studies 

included in this article in Fig. 1, timeline of microarray publications Fig. 2). The study 

identified a total of 91 differentially methylated probes between patients with OA and 

healthy controls. Among those, the runt-related transcription factor-1 (RUNX1) was the 

most hypomethylated, while msh homeobox-1 (MSX1) was the most hypermethylated in 

OA patients relative to controls. Runx1 was recently noted as the gene that plays a vital 

role in articular cartilage maintenance by enhancing matrix production [36]. Interestingly, in 

supervised clustering analysis, this study also identified a subset of OA patients that had a 

variety of epigenetic changes of genes related to inflammatory regulations, activation motifs, 

and cytokine production.

3.3. Infinium HumanMethylation450 BeadChip

Following this initial report, three other papers were published in 2014 and included a 

wider coverage of the DNA methylation sites leveraging the 450 k microarray (Fig. 2). 

With over 450,000 CpG sites now covered, there was a clear demonstration that there 

are epigenetic differences between the hip and knee OA samples along with differences 

between the OA samples and healthy cadaveric controls [37-39]. One important finding that 

den Hollander and colleagues discovered was that four HOX clusters were differentially 

methylated between knee and hip articular cartilage; they went on to confirm differential 

gene expression among these genes within human cartilage samples as well. Rushton 

et al. [37] conducted a similar study using hip and knee OA human cartilage samples 

and found that hip OA samples are clearly distinguishable from neck-of-femur fracture 

control patients, and identified 5322 differentially methylated position (DMP). Those DMPs 

were associated with catabolic genes involved in breakdown of cartilage extracellular 

matrix (ECM), including ADAMTS2, ADAMTS4, ADAMTS5, ADAMTS10, ADAMTS17, 
MMP13, MMP16. Additionally, genes involving various cartilage homeostatic pathways 

were also reported as epigenetically altered including members of TGFβ signaling pathway. 

Importantly, they confirmed a subset of their patient samples, both hips and knees, exhibited 

differential methylation of immunologically related genes, similar to the Fernandez-Tajes et 

al. report [35].

Our group published a study using the same 450 k arrays with hip OA patient samples 

using a unique internally controlled design, where we compared eroded to intact regions 

within the same joint. We identified 550 DM sites, the majority (378) hypomethylated [38]. 

Of importance was that DM sites identified were very concentrated in enhancer regions 

(87%). Analysis of DMPs and their corresponding genes revealed FURIN (proprotein 

convertase [40]) as the most hypomethylated, followed by RUNX1 (previously identified 

as hypomethylated by Fernandes-Tajes et al.), DLX5, and HTRA1. Hypermethylated 
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DMPs included COL11A2 (which plays a role in maintenance of the diameter and 

cohesive strength of cartilage matrix [41]), along with the growth factor receptor FGFR2. 

Furthermore, DM genes were enriched with upstream regulators including miR-128, 

miR-27a (MMP regulator), and miR-9 (chondroblast survival regulator).

We then expanded beyond cartilage and applied the same methodology to a DNA 

methylation analysis of subchondral bone, comparing eroded and intact sections within the 

same joint as well as comparing subchondral bone to overlying cartilage [42]. Somewhat 

surprisingly, we found roughly an order of magnitude more differential methylation in 

subchondral bone compared to cartilage, although many of the gene pathways were similar 

to our (and others') previous analyses, including EIF2C2 (RISC - associated), TGFB3, 
NFATC1, HDAC4, CD6, HOXA7 HOXA2. We again identified a differential methylation 

within a number of previously reported OA susceptibility genes from the Human Genome 

Epidemiology Network (HuGENet) [43] including FTO, LRP5, IGFBP7, COL13A1, and 

NCOR2.

These findings were corroborated and expanded upon by Zhang and colleagues [44]. In 

their examination of subchondral bone methylation patterns, there were 72 significant 

DMPs found between tibial plateau regions that had intermediate and no cartilage erosion. 

In comparison of eroded to intact regions, 397 significant DMPs were identified, while 

intermediate vs. intact regions had 257 DMPs. Similar to our findings, subchondral bone 

methylation analysis showed enrichment in the enhancer regions. GO analysis elucidated 

novel differentially methylated genes (DMGs) associated with OA progression such as 

WNT11, vital component in osteogenesis [45]. Among the DMGs, the homeobox gene 

family was found to be altered in all 3 comparison groups which are interestingly also 

altered in intermediate-stage to late-stage OA cartilage comparison [46]. An additional 

11 genes showed both methylation and expression changes, however, no consistent 

methylation-expression pattern was identified. Matching the subchondral and cartilage 

methylation patterns revealed cAMP-mediated signaling, G-protein coupled receptor 

signaling and tRNA splicing as the top canonical pathways. Furthermore, comparison of 

intermediate-stage to late-stage bone and cartilage groups revealed 111 shared DMPs and 

41 DMGs signifying common pathological alterations at the late stage of OA. Among the 

41 DMGs, enrichments were found in morphogenesis, skeletal system development, and 

homeobox transcription factors centered on TGFB node all of which play various roles in 

metabolism of cartilage and subchondral bone.

A number of additional studies have been subsequently carried out over the past several 

years leveraging the Infinium HumanMethylation450 BeadChip in knee and hip OA. A 

recurrent theme among these studies was the finding of differential methylation within 

enhancer regions that play a vital role in the OA phenotype development [47]. Among these 

studies, Alvarez-Garcoa and collegues used the data gained from the array and validated 

with in vitro experiments the link between the DNA methylation and gene expression 

thus showing a subset of 6 transcription factors to be significantly hypermethylated and 

down-regulated in OA cartilage (ATOH8, MAFF, NCOR2, TBX4, ZBTB16, ZHX2) [48]; 

following treatment with the DNA methylation inhibitor decitabine, expression of all 6 

transcription factors increased in vitro.
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Over the past several years, OA epigenetics researchers have begun adding context to 

the growing body of OA epigenetics data by performing multi-omics analyses of relevant 

OA tissues. A good example of this was a study performed by Steinberg and colleagues 

[49] in 2017, which combined epigenetic analysis via 450 k array with gene expression 

via RNA-Seq and proteomics by mass spectrometry of eroded and intact cartilage from 

knee and hip OA samples (29 knee samples and 9 hip samples). They identified 209 

differentially abundant proteins, 349 differentially expressed genes and 9896 DMPs. Among 

49 genes identified as differentially regulated in OA in at least 2 -omics domains, 16 of 

those were never previously implicated in OA progression. Pathways associated with OA 

included extracellular matrix degradation, collagen catabolism and angiogenesis. In the final 

analysis, three genes stood out as differentially regulated across all three -omics levels: 

AQP1, COL1A1 and CLEC3B, all three previously associated with OA either in humans or 

animal models.

OA is not a strictly human disease, although curiously it does not affect all mammals. To 

date, there have been two studies utilizing the Illumina 450 k arrays for OA studies in non-

human primates, both conducted on baboons, which develop OA during aging at a similar 

rate to human patients. The first, published by Housman and colleagues in 2019, studied 

knee OA from five adult female baboons compared to animals without macroscopic OA. 

Approximately 44% of 450 k probes aligned to the baboon genome. Out of those matched 

probes, filtering was necessary to produce reliable results, after which 6 significant DMPs 

were identified between OA cartilage samples and healthy cartilage samples. Curiously, the 

most differentially methylated genes included RFXAP and RUNX1 genes which have been 

previously linked to OA pathophysiology. Additionally, probes linked to KLHL26, RFXAP, 
MIR497, MIR195, ELF1, ACSL1, and CMIP genes were found in baboons but were 

never previously linked to human OA, therefore meriting further inspection. Housman and 

colleagues also published a newer expanded Baboon study using the Human Methylation 

EPIC (850 k) array from Illumina, discussed in the next section.

With so many studies of knee and hip OA using 450 k array, it has become increasingly 

difficult to make sense of the voluminous (and sometimes disparate) data regarding DNA 

methylation aberrations and OA pathogenesis. Many variables, particularly during data 

analysis, contribute to these differences, including differential filtering of methylation probe 

data, various methods of statistically significant P value thresholds and corrections and 

various methods of preprocessing data. An expertly conceived review article by Reynard 

and colleagues [50] attempted to rectify various 450 k OA data. In it, the authors identified 

34.1% similarly DM sites in knee and hip OA comparing the Rushton et al., 2014 [37] and 

den Hollander et al., 2014 [39] studies. Additionally, the study found ~71% similarity of 

DM sites between intact and eroded OA hip cartilage when compared to DM sites of intact 

and eroded hips and knees combined [38,51]. Further, they identified overlaps in a third of 

DM sites of healthy and eroded knee cartilages compared to similar hip cartilage [37,48] 

specimens. An overview of the pathway overlaps identified in this review is presented in 

Fig. 1. These findings both strengthened the case for an underlying epigenetic contribution 

to OA pathology, as substantial overlap was noted in both individual DM sites as well as 

DM-associated gene pathways, as well as highlighting the need for consensus processing 

procedures to reduce inter-laboratory variability in future large-scale epigenetic analyses.
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3.4. Infinium HumanMethylation850 (EPIC) BeadChip

Only a couple of studies have so far been published using the newer Illumina EPIC array, 

which expands coverage to >850,000 CpG sites throughout the genome (Fig. 1). The first by 

Housman and colleagues examined genome-wide DNA methylation patterns in right distal 

femoral cartilage and subchondral bone of adult baboons and compared them to healthy 

controls [52]. Overall, they found that cartilage sample comparison showed more DMPs and 

DMRs than bone tissue, a curious finding given previous data regarding expanded DNA 

methylation aberrancies in human subchondral bone compared to cartilage [42,44]. There 

were a total of 39 DMPs that separated healthy bone from OA bone, while 4298 DMPs were 

noted in comparison of healthy to OA cartilage. After gene ontological (GO) analysis of 

those cartilage DMPs, several vital OA-related biological processes were enriched. Among 

those were skeletal system, connective tissue, and cartilage development. Although many 

of the CpGs associated with OA in this study diverged from previously published human 

OA epigenetic associations, the study managed to find overlapping loci that were conserved 

between the species and play a role in organ system development, cell differentiation, 

inflammatory responses, and Wnt signaling.

The second was work by our group, a pilot study using peripheral blood mononuclear cell 

DNA methylation patterns to develop models predictive of OA progression [53]. In it, we 

identified 58 individuals from the large US-based osteoarthritis initiative (OAI) cohort who 

had evidence for radiographic progression in the 24 months following their entry into the 

cohort and matched with 58 non-progressive controls. Using a combination of 450 k and 

EPIC arrays, global DNA methylation patterns in peripheral blood mononuclear cells from 

baseline blood draws were quantified. Using a machine learning-based approach, we then 

developed and tested methylation-based models to predict future progression; models based 

on DNA methylation M-values (a −log10--transformed beta value) exhibited significant 

accuracy in discriminating future progressors from nonprogressors (mean accuracy 73%, 

area under receiver operator curve ROC-AUC = 0.81) compared to previous biochemical 

biomarker models (e.g. the Foundation for the NIH Osteoarthritis Biomarker Consortium, 

ROC-AUC = 0.631 [54]).

3.5. Agilent Human promoter microarray 244 K

Although the majority of DNA methylation microarray studies have been performed using 

Illumina products, there has been one study published utilizing the Agilent promoter 

microarray, a whole-genome DNA methylation microarray designed to analyze DNA 

derived from methylated DNA immunoprecipitation (MDIP) approaches, which covers 

~240,000 CpG sites across 28,500 CpG islands. One study that utilized this approach 

examined the knee cartilage methylation difference between the severe and mild cases 

of human knee OA [55]. When low vs. high scoring OARSI knees were compared, 

1214 DM genetic targets were discovered with 1070 of those hypermethylated and 144 

hypomethylated. Among the genetic targets of importance were IL32, TGF-beta2, RUNX3, 
BMP7, WNT11, IL1RN. Interestingly, BMPs are important contributors to cartilage 

development [56], and BMP2, 4, and 7, in particular, regulate chondrocyte proliferation 

and matrix synthesis with the assistance of MMP13 [57,58]. Meanwhile, TGF-beta plays 

a significant role in SOX9 mRNA expression [59] which is one of the key modulators of 
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OA pathogenesis [60]. Reassuringly, many of these genes have been previously found as 

differentially methylated using other epigenetic approaches, including the Illumina arrays.

4. Noncoding RNA analyses in OA

4.1. Agilent arrays

We will move now to a discussion of another canonical epigenetic control mechanism, 

noncoding RNA (Table 2). Originally, microRNA (miRNA) levels were quantified using 

qRT-PCR and individual primers. However, arrays by Ilumina and Agilent were developed 

and subsequently entered widespread use, they allow screening of hundreds of miRNA 

sequences simultaneously. The first large-scale array related to OA was done by Iliopoulos 

et al. [61]. Using the TaqMan array, they defined the expression pattern of 365 miRNAs 

from 33 hip and knee OA cartilage samples. They found 16 differentially expressed 

miRNAs in knee OA, with 9 of them up- and 7 downregulated. Interestingly, this study 

correlated Body Mass Index (BMI) with miRNA expression changes in OA patients; 

among the 16 differentially expressed miRNAs, 5 were correlated to BMI. Among these 

5, miRNA-22 and miRNA-103 were positively correlated, while miRNA-25, miRNA-337, 

and miRNA-29a were negatively correlated. This study also performed protein analysis of 

various miRNA-targeted genes, identifying PPARA, BMP7, IL1B, ITGA5, and SREBP1 

proteins as correlated to BMI. A key finding of this study was regulation of BMP7 and 

PPARA by miRNA-22; furthermore, when miRNA-22 was inhibited, PPARA and BMP7 

were upregulated which blocked inflammatory signaling by IL1B, while also inhibiting 

catabolic gene expression including MMP13. Ultimately, by matching the differentially 

expressed miRNAs with their putative protein targets, 17 miRNAs were identified as 

likely pathogenic, including miR-22:PPARA/BMP7, miR-140:ADAMTS5, miR-16:TPM2, 

miR223-GDF5, miR-509:SOX9.

Another study that used large-scale analysis of miRNA involvement in OA was done by 

Diaz-Prado et al. [62]. Using the larger Agilent Human miRNA Microarray chips, they 

analyzed 723 miRNAs in cartilage micropellets cultured from human knee OA patient 

samples. Seven miRNAs showed statistically significant differential expression with one 

of them being upregulated in OA (hsa-miR-483) and 6 downregulated (hsa-miR-149, hsa-

miR-582–3p, hsa-miR-1227, hsa-miR-634, hsa-miR-576–5p, hsa-miR-641). Further gene 

ontology analysis showed that these were associated with TGF-beta, Wnt signaling, MAPK 

expression, mTOR signaling, focal adhesion, and regulation of actin cytoskeleton, all 

pathways previously associated with OA.

A seminal OA microarray-based miRNA study was published by Ntoumou et al. [63] 

in 2017. This study analyzed miRNA patterns in the serum of OA patients as potential 

diagnostic biomarkers. They scanned 2549 miRNAs using Agilent's SurePrint G3 Human 

miRNA, 8 × 60K microarray (Agilent Technologies Inc., Santa Clara, CA, USA). Among 

those, 279 miRNAs were differentially expressed in serum (205 up- and 74 downregulated) 

of OA patients compared to healthy controls. The study failed to produce a significant 

hierarchical clustering and was unable to show a clear difference between OA and control 

serum samples. However, in the past, it has been reported that hsa-miR-140 plays a vital 

role in homeostasis and chondrogenesis [64] and has been differentially expressed in OA 
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cartilage [65], but not in the serum of OA patients. This study found hsa-miR-140–3p 

differentially expressed in serum which opens the door to the potential use of miRNAs as an 

OA diagnostic tool.

Several other microRNA surveys have since been conducted. In 2020, Rosseau and 

colleagues evaluated the circulating miRome of 10 women with knee OA and 10 age-

matched healthy controls. They identified serum miR-146-a-5p as significantly increased 

in women with OA compared to controls; further, they noted the likelihood of OA 

development was linked to the level of miR-146a-5p; that is, for each quartile increase 

in serum miR-146a-5p levels, the odds ratio for OA development incrased by 1.866. A 2019 

study by de Almeida and colleagues evaluated miRNAs within human cartilage, comparing 

macroscopically eroded and intact cartilage from both OA knees and hips, using the more 

powerful technique of RNA sequencing [67]. They identified 142 miRNAs as differentially 

expressed; following computational prioritization, 62 miRNAs were localized in a regulatory 

network. This network was then characterized by pathway enrichment analysis as related 

to ‘nervous system development’ with a particularly enriched target of NTF3, a neuronal 

gene related to nerve growth factor, itself the target of OA therapeutics in clinical trials. 

A study published by Ali and colleagues in 2020 also used a next generation sequencing 

approach to the identification of differentially expressed miRNAs within plasma from a 

much larger cohort (n = 91) of patients with early or late knee OA, defined radiographically 

[68]. They identified 97 miRNAs which were highly associated with OA progression (e.g. 

85% or more of plasma samples demonstrated a change in the median expression in the 

early OA vs. late OA groups); among these, seven miRNAs were present in at least 95% of 

samples, including has-miR-335–3p, has-miR-199a-5p, has-miR-671–3p, has-miR-1260 b, 

has-miR-191–3p, hisa-miR-335–5p, and has-miR-543.

A growing body of literature has also demonstrated the pathogenic and/or disease-modifying 

potential of specific miRNA. For example, knockdown via antisense oligonucleotide 

of miR-181a-5p attenuates murine OA [69], whereas miRNA-34a-5p promotes joint 

destruction in murine models [70] Two homologous miRNAs, miR-204 and miR-211, work 

in concert to maintain joint homeostasis and prevent OA development, principally through 

controlling Runx2 expression [71]. miRNA-128a worsens murine OA by suppressing 

chondrocyte autophagy via controlling Atg12 expression [72] and in human chondrocytes 

via interactions with WISP1 suppressing apoptosis and inflammation [73]. miR-29a reduces 

synovitis in synovium of human knee OA patients and has been shown in vitro to target 

VEGF [74]. Several lines of evidence have demonstrated that miR-9 is associated with 

OA development in human patients [75], and in a rat OA model, intraarticular injection 

of miR-9-5p reduces OA pathology by downregulating SDC1 [76] and suppresses the key 

matrix metalloproteinase MMP1377. Many other miRNAs have been linked, either in vitro 
or in vivo with OA development (recent miRNA-specific review articles [78,79]).

Although miRNA are the most commonly studied noncoding RNA species, many others 

have been described. For example, Fu and colleagues [80] in 2015 evaluated long noncoding 

RNA (lncRNA) expression patterns in eroded cartilage from knee OA patients compared to 

disease-free cartilage from control subjects using the Human lncRNA Array v2.0 (8 × 60 

k) Arraystar microarray chip, which can detect 33,045 lncRNAs and 30,215 mRNAs. They 
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identified 15,099 lncRNAs as differentially expressed in OA cartilage with 3007 of them 

at least two-fold upregulated and 1707 downregulated in comparison to healthy controls. 

Using these data, they then constructed a coding-non-coding gene coexpression network 

and identified 48 lncRNAs that were predicted to have more than five cis-regulated targeted 

genes. Gene ontology analysis revealed upregulated transcripts enriched for anatomical 

structure development, cell periphery, and lipid binding, while downregulated transcripts 

were enriched for metabolic processes, intracellular parts, and RNA binding.

Circular RNAs have also been evaluated in OA, and function principally as ‘sponges’, 

binding to and removing various miRNAs. CDR1as binds miR-641 and promotes OA 

progression in human patients [81]. CircRNA-CER is a sponge for miR-136, thereby 

increasing the expression of the matrix metalloproteinase and key OA effector MMP13 
[82]. Hsa_circ_0045,714 binds miR-139 b and is downregulated in OA, thereby decreasing 

expression of collagen and aggrecan [83]; similarly, CircSERPINE2 is downregulated in 

OA, typically binds to miR-1271 which targets ERG, resulting in increased expression 

of matrix metalloproteinases MMP3, MMP13, and ADAMTS-4 [84]. Numerous other 

associations have also been described, as outlined by a recent review article [85].

5. Next generation sequencing (NGS)-based approaches to epigenetics 

analysis

Next-generation sequencing (NGS) has emerged as a useful tool in the study of epigenetics 

over the past decade (Fig. 3). Compared to array-based methods, NGS approaches offer 

several advantages. First, the design of methylation arrays requires prior knowledge of the 

region to be targeted and includes only a small subset of genomic CpG sites, generally 

in regions thought to be important for gene regulation. NGS approaches, particularly whole-

genome bisulfite sequencing, overcomes these limitations by providing coverage of nearly 

the entire genome. Disadvantages of NGS include a requirement for increased sequencing 

depth, as bisulfite treatment reduces the genomic code to a 3-base (ATG) rather than a 

4-base (CATG) system, difficulty in sequencing through certain genomic locations, and 

increased cost. There are several variations of NGS-based epigenetic analyses, which we 

discuss in more detail below.

5.1. Reduced representation bisulfite sequencing (RRBS)

RRBS was one of the first NGS-based epigenetic methodologies to be applied to 

OA. This approach relies on restriction enzyme digestion, most commonly with MspI 

(targeting CCGG motifs), followed by adapter ligation and sequencing [86]. This approach 

substantially reduces the total number of nucleotides to sequence by approximately 99% 

while still capturing most promoter regions and repeating sequences [87]. Although cost-

effective and practical, (requiring less than 300 ng of DNA input) this approach to whole-

genome sequencing only recognizes 40–220 base pair regions and leaves out a plethora of 

cleaved regions that are lengthier. Ultimately, this approach still provides a better depth and 

coverage than bisulfite sequencing and array approaches [88,89] thus making it a valuable 

tool in epigenetic research.
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The first study to utilize RRBS in OA cartilage examination was done by Bonin et al., 

in 2016 and identified more than 1000 DM regions (39,322 DM sites) in eroded knee 

OA cartilage compared to intact cartilage from the same joint, with 442 of those being 

hypermethylated and 560 hypomethylated (Fig. 3) [90]. Using a sliding window technique, 

19 DMRs were found to contain 5 or more DM sites in first exons/introns and gene 

promoters. The group went on to confirm gene expression effects of differential DNA 

methylation via both qPCR of primary cartilage tissue, and in vitro in chondrocyte cell 

line culture following treatment with the DNA methylation inhibitor 5-Azacytidine. Five 

of 6 hypermethylated genes were noted to have reduced expression, although only 1 of 6 

hypomethylated genes had corresponding increases in gene expression level.

5.2. Analyses of hydroxymethylation in OA

Until very recently, epigenetic analyses of human disease have focused on only one 

modification of genomic DNA: methylation. However, other covalent modifications exist 

as intermediaries between ‘fully’ methylated and unmethylated cytosine states during 

active DNA demethylation and include 5′-hydroxymethylation (5-hmC), -formylation, and 

-carbosylation. Although 5′-formylcytosine and 5′-carboxylcytosine are rapidly converted 

to cytosine by the action of TET and TDG enzymes, 5-hmC is more stable and is thought 

to exist as a sort of transition state between epigenetic activation and inactivation [91], 

although recent studies suggest it may exist as a stable and heritable epigenetic mark [92]. 

The presence of 5-hmC varies widely between tissues, as frequent as ~0.7% in brain tissue 

and as low as ~0.05% in heart tissue [93].

Quantitation of hydroxymethylation involves methods such as Oxidative Bisulfite 

sequencing (oxBS-seq), Tet-assisted Bisulfite Sequencing (TAB-seq), reduced representation 

hydroxymethylation profiling (RRHP), and 5-hmC pull-down sequencing. OxBS-Seq 

relies on chemical conversion of hydroxymethylated cytosine to formylcytosine, which is 

then converted via bisulfite treatment to cytosine. ‘Traditional’ bisulfite sequencing (see 

introduction earlier in this article) is performed in parallel, and hydroxymethylated sites 

are computed as the difference between oxBS sequences and bisulfite-treated sequences. 

Conversely, in TAB-Seq, genomic 5-hmC is first ‘protected’ with glucosylation, then 

all methylated cytosines are converted using Tet1 enzyme; remaining cytosines are 

interpreted as hydroxymethylated in the original sample. Both approaches have substantial 

disadvantages such as loss of DNA due to degradation in the additional oxidative step 

(oxBS-seq), and reliance on the reduced efficiency of TET enzyme compared to ‘traditional’ 

bisulfite conversion (leaving less than 10% of methylated residues unconverted compared 

to <1% unconverted) [94,95]. Analogous to the RRBS discussed previously, researchers 

have also developed reduced representation hydroxymethylation profiling (RRHP), which 

combines protection via glucosylation of 5-hmC sites followed by enzymatic digestion 

and sequencing using RRBS protocols. RRHP allows mapping of 5 hmC sites at a single-

base resolution that avoids harsh chemical conversion processes with increased sequencing 

quality [96].

Only a handful of publications have evaluated sequence-specific hydroxymethylation 

patterns in the context of OA. Following on a 2014 publication where they demonstrated 
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global increases in 5-hmC among OA patient cartilage (Fig. 3) [97], in 2015, Taylor 

et al. [98] analyzed 5-hmC patterns in monolayer chondrocyte cultures from patients 

with a history of knee OA and disease-free articular chondrocytes. They demonstrated 

widespread increases in 5-hmC associated with OA, particularly in gene bodies and 

intergenic regions; in total, 70,591 regions demonstrated differential hydroxymethylation. 

The investigators coupled their hydroxymethylation analysis with gene expression via 

microarray and demonstrated that increases in 5-hmC in gene bodies was associated with 

transcriptional upregulation of a number of key OA-associated genes including MMP3, 
LRP5, GDF5, and COL11A1. In 2020, the same group expanded their analysis of 5-hmC to 

an OA animal model (disruption of the medial meniscus or DMM). Similar to their human 

studies, they identified a gain of ~40,000 differentially hydroxymethylated cytosine sites 

throughout the mouse genome following OA induction [99]. Importantly, these epigenomic 

changes occurred at 6 weeks following surgery, prior to the onset of histopathologic OA. 

Also similar to human analyses, the bulk of these sites were located within gene bodies 

with only a small fraction occurring within promoter regions. Furthermore, when TET1 was 

pharmacologically knocked down in vitro in human OA cartilage explants, a 25% reduction 

of 5-hmC was produced.

6. Pitfalls in DNA methylation and noncoding RNA OA research

Although we now have a large number of studies reporting both differential DNA 

methylation and noncoding RNA results throughout the OA field, there are a number of 

hurdles that must be overcome and pitfalls that must be avoided both in analyzing these 

epigenetic data within the context of a single study and in comparing and synthesizing 

data from multiple studies. In human studies, the tissue studied has a significant impact on 

both DNA methylation and noncoding RNAs. Roughly half of human OA cartilage studies, 

for example, include comparisons between eroded and intact sections of the same joint, 

whereas the remainder compare eroded or intact sections from OA samples to disease-free 

specimens. As it is both quite invasive and likely OA-inducing to obtain cartilage specimens 

from living healthy donors, these disease-free controls are routinely sourced either from 

cadavers (raising concerns about epigenetic shifts due to anoxia in the post-mortem period) 

or from patients undergoing joint replacement for a non-OA condition, e.g. neck-of-femur 

fracture patients (raising concerns about epigenetic shifts due to other underlying medical 

conditions, such as osteoporosis).

From a data analysis standpoint, a key concern is setting the threshhold of what one 

characterizes as ‘statistically significantly different’ within epigenetics data. A particular 

problem within array-based DNA methylation approaches and next-generation bisulfite 

sequencing, the question of where the false discovery rate (FDR) correction threshhold 

for statistical significance is placed is a contentious one, mirroring debate within the larger 

scientific community regarding type 1 error correction [100]. Generally speaking, rigorous 

Bonferroni or Sidak adjustment are thought overly conservative and screen out too many 

true positive results. The Benjamini-Hochberg FDR method is the most commonly reported 

among OA literature, but it does not account for any correlation among DMPs within 

underlying DNA methylation datasets [101]. Some have gone so far as to recommend no 

FDR correction at all for array-based DNA methylation analyses; rather, simply setting a 
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significant threshhold of e.g. P < 9E-8 [102] using a Student t-test. A more sophisticated 

view, and one that is likely to become more prevalent in the coming years, is to analyze 

regional differences in DNA methylation, thereby taking into account local linkage in 

methylation when computing statistical significance. This method, commonly referred to 

as bump hunting, combines both appropriate FDR control and high power for detection 

of differential methylation across the genome [103,104], although questions about bump 

stability and comparability among studies remain.

Another contentious debate in the OA epigenetics field is the threshhold for defining 

meaningful change in mean DNA methylation values (either among DMLs or DMRs), 

typically denoted as ‘delta-beta’ when describing DMLs. This term describes how ‘different’ 

DNA methylation values must be in order to have a biologically relevant effect, for which 

we unfortunately do not have empirical evidence. Generally speaking, researchers define 

this threshhold at between 10 and 15% difference in mean DNA methylation (beta) values 

between groups of interest; higher or more strict threshholds will result in a reduced number 

of reportable DMLs or DMRs, whereas lower values will result in increases. Cellular 

composition can also affect these threshholds significantly; for example, analyses of human 

cartilage, which consists almost exclusively of one cell type (chondrocytes) tend to be 

more homogeneous in their DNA methylation patterns and therefore more amenable to 

higher delta-beta threshholds, whereas methylation differences within a poorly-represented 

cell mixture (e.g. regulatory T cells in a mixed peripheral blood sample) may be diluted 

within the larger sample and necessitate a lower threshhold. Along these same lines, careful 

consideration must be paid in analyses of mixed cellularity to ensure that DNA methylation 

(or noncoding RNA) group differences represent true changes in the underlying epigenetic 

state rather than variation in cellular composition within the examined groups.

A final potential pitfall will become ever more important in the coming years with an 

increasing number of research projects utilizing deep sequencing of either DNA methylation 

or noncoding RNA research. Success in these large-scale analyses is predicated both on 

depth of sequencing; that is, how many nucleotide strands within each sample align to 

a particular location of interest, and breadth of sequencing; that is, how well the entire 

genome (or defined portions of the genome) were covered in a given sequencing run. 

DNA methylation analysis via deep sequencing using the bisulfite method presents a 

unique challenge in that it converts the genome to a 3-base code rather than 4-base, 

as unmethylated cytosines and cytosines not within CpG dinucleotides are converted to 

uracil. Therefore, sequence read alignment becomes more difficult and requires longer 

overlapping regions, thereby necessitating increased read length and sequencing depth to 

achieve adequate quality. Whole-genome sequencing of certain regions of the genome can 

also prove difficult, particularly in regions that are adenine/thymine or guanosine/cytosine-

rich [105]. Amplification-free library preparation is one of the best ways to address this 

shortcoming, assusming that adequate DNA is available from the source tissue to obviate 

the need for amplification [106]. Researchers and readers alike should be cognizant of 

these potential sources for bias within studies, and should take time to carefully examine 

the specific methodologies utilized in these large-scale epigenetic analyses of OA samples, 

particularly when comparing studies of dissimilar methodological approach.
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7. DNA methylation editing in OA

Despite the numerous individual CpG sites and gene pathways identified as differentially 

methylated in association with OA, studies elucidating the specific, causal relationships 

between these epigenetic changes and OA pathogenesis are still rare. These studies on 

OA epigenetic editing can be divided into two broad categories: analyses of global DNA 

methylation alteration via either pharmacologic inhibition of various key epigenetic effectors 

(i.e. the DNA methyltransferases) or via genetic knockouts of these effectors, or specific 
DNA methylation modifications, spurred by recent advances in DNA localization and 

targeting. From a global DNA methylation modification perspective, in 2020 Smeriglio 

and colleagues published a pivotal article evaluating OA in Tet1 knockout mice. This work 

followed up on their previous description of increases in 5-hydroxymethyl cytosine (5-hmC, 

the ‘intermediate’ between methylated and unmethylated cytosine states) in OA [97,98]. 

Remarkably, Tet1−/− mice were prevented from 5-hmC modification at 98% of the loci 

associated with DMM-induced OA. Furthermore, administration of 2-hydroxyclutarate, a 

small molecule inhibitor of Tet1, reduced OA pathology in mice and modified the expression 

of OA effectors in human chondrocyte culture.

Recent technological advances in epigenetic editing have, over the past several years, 

allowed investigators to evaluate the downstream effects of altering specific CpG loci in 

the context of OA. These advances hinged on the identification and further development 

of highly specific DNA localization/binding moieties which allow a tethered epigenetic 

effector to have a local effect. These include zinc finger proteins (ZFPs) [107], endogenous 

DNA binding proteins found in most eukaryotes that consist of ~30 amino acids, generally 

constructed as six-mers targeting ~18 base pairs of DNA [108]. This system is limited by 

construct complexity and lack of modularity, and has not yet been applied to OA studies. A 

second DNA targeting technology are transcription activator-like effectors (TALEs), proteins 

isolated from Xanthomas bacteria following plant infection [109]. Their natural function 

is to activate expression of specific plant genes, thereby aiding in infection. They consist 

of a central 33–34 amino acid repeat segment responsible for DNA binding and sequence 

specificity [110]. Much like ZFPs, construction of TALE arrays is technically challening, 

non-modular, and expensive, and thus have not been applied to OA studies. A third, 

much more widely applied DNA binding technology is based on the Clustered Regularly 

Interspersed Short Palindromic Repeats (CRISPR)/Cas9 system. Originally identified as a 

bacterial defense system, CRISPR/Cas9 consists of an endonuclease protein targeted to a 

genomic location via the binding of a short segment of RNA (guide RNA, gRNA) which 

provides sequence specificity [111]. Although used widely for genetic studies, particularly 

by producing site-specific DNA double strand breaks and point mutations/insertions, 

nuclease-defective Cas9 (dCas9) has emerged as an invaluable tool in epigenetic editing 

experiments, owing to its modularity, ease of targeting (by synthesizing various gRNAs), 

and high degree of sequence specificity [112].

So far, OA efforts utilizing dCas9 as an epigenetic editor have been restricted to in vitro 
studies. First, Parker et al. published last year a genome-wide methylation-expression 

quantitative loci (meQTL) analysis [113]. mQTLs are genomic loci whereby differential 

methylation of CpG sites act in concert with genomic polymorphisms to affect gene 
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expression. Although several meQTLs were identified, the group went on to demonstrate 

that forced DNA demethylation of a specific CpG site (cg20220242) within the gene 

RWDD2B, via a dCas9-TET1 fusion protein-expressing human chondrocyte cell line, 

not only increased RWDD2B expression but could modulate the impact of the OA-

associated SNP rs6516886. Earlier this year, the same laboratory published a similar study 

demonstrating the relationship between DNA methylation at three CpG sites within the 

COLGALT2 gene enhancer and the OA-associated SNP rs11583641 [114]. These two 

studies demonstrate the power of epigenetic editing techniques to confirm and expand on 

previous OA DNA methylation hypotheses, and are no doubt harbingers of many more such 

investigations in the future.

8. Conclusion

Through recent advances in sequencing technology, new epigenetic analysis methodologies, 

and reagent and sequencing costs, epigenetic research in OA has been exponentially 

increasing. Although OA pathogenesis is still not fully elucidated, increasing evidence 

points to a combination of genetic and environmental factors, with epigenetic modifications 

playing a potentially vital role in integrating these two factors. Over the past several years, 

our understanding of the potential epigenetic underpinnings of OA have expanded both 

through increasing depth of DNA methylation and noncoding RNA sequencing resolution as 

well as increased sample sizes of OA patient studies and greater integration of new study 

data with previously existing datasets. Particularly, integrative analyses have begun to shed 

light on the ways in which the underlying genome, DNA methylation, noncoding RNA, and 

chromatin accessibility interact with each other and conspire to increase OA risk both in 

human patients and animal models. Future studies in OA epigenetics will doubtless reveal 

additional insights into disease pathogenesis and potential biomarkers. Additionally, next-

generation epigenetic editing approaches will no doubt expand beyond in vitro studies to in 
vivo work and help to further solidify our understanding DNA methylation modifications 

in the development and progression of OA. These insights will help both researchers in the 

laboratory and clinicians treating OA patients to identify patients sooner and with higher 

fidelity, advancing the fight against this devastating disease.

Acknowledgement of other contributors

National Institute of Arthritis and Musculoskeletal and Skin Diseases, K08AR070891, Dr. Matlock A Jeffries 
National Institute of General Medical Sciences, P20GM125528 ,Dr. Matlock A JeffriesNational Institute of 
Arthritis and Musculoskeletal and Skin Diseases, R61AR078075, Dr. Matlock A JeffriesNational Institute of 
Arthritis and Musculoskeletal and Skin Diseases, R01AR076440, Dr. Matlock A JeffriesCongressionally Directed 
Medical Research Programs, PR191652, Dr. Matlock A JeffriesPresbyterian Health Foundation, PDSA, Dr. 
Matlock A JeffriesOklahoma Center for the Advancement of Science and Technology (US), HR16-066, Dr. 
Matlock A Jeffries.

Declaration of funding

All sources of funding should be declared as an acknowledgement at the end of the text.

Role of the funding source

Authors should declare the role of study sponsors, if any, in the study design, in the collection, analysis and 
interpretation of data; in the writing of the manuscript; and in the decision to submit the manuscript for publication. 
If the study sponsors had no such involvement, the authors should state this.

Izda et al. Page 16

Osteoarthr Cartil Open. Author manuscript; available in PMC 2022 March 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



References

[1]. Dieppe PA, Lohmander LS, Pathogenesis and management of pain in osteoarthritis, Lancet 365 
(9463) (2005) 965–973. [PubMed: 15766999] 

[2]. Hunter DJ, Schofield D, Callander E, The individual and socioeconomic impact of osteoarthritis, 
Nat. Rev. Rheumatol 10 (7) (2014) 437–441. [PubMed: 24662640] 

[3]. Johnson VL, Hunter DJ, The epidemiology of osteoarthritis, Best Pract. Res. Clin. Rheumatol 28 
(1) (2014) 5–15. [PubMed: 24792942] 

[4]. Scanzello CR, Plaas A, Crow MK, Innate immune system activation in osteoarthritis: is 
osteoarthritis a chronic wound? Curr. Opin. Rheumatol 20 (5) (2008) 565–572. [PubMed: 
18698179] 

[5]. Loeser RF, Goldring SR, Scanzello CR, Goldring MB, Osteoarthritis: a disease of the joint as an 
organ, Arthritis Rheum. 64 (6) (2012) 1697–1707. [PubMed: 22392533] 

[6]. Scanzello CR, Role of low-grade inflammation in osteoarthritis, Curr. Opin. Rheumatol 29 (1) 
(2017) 79–85. [PubMed: 27755180] 

[7]. Magnusson K, Scurrah K, Ystrom E, et al. , Genetic factors contribute more to hip than knee 
surgery due to osteoarthritis - a population-based twin registry study of joint arthroplasty, 
Osteoarthritis Cartilage 25 (6) (2017) 878–884. [PubMed: 27986619] 

[8]. Bird A, Perceptions of epigenetics, Nature 447 (7143) (2007) 396–398, 10.1038/nature05913. 
[PubMed: 17522671] 

[9]. Cui D, Xu X, DNA methyltransferases, DNA methylation, and age-associated cognitive function, 
Int. J. Mol. Sci 19 (5) (2018), 10.3390/ijms19051315.

[10]. Wikenius E, Moe V, Smith L, Heiervang ER, Berglund A, DNA methylation changes in infants 
between 6 and 52 weeks, Sci. Rep 9 (1) (2019) 17587. [PubMed: 31772264] 

[11]. Tahiliani M, Koh KP, Shen Y, et al. , Conversion of 5-methylcytosine to 5-hydroxymethylcytosine 
in mammalian DNA by MLL partner TET1, Science 324 (5929) (2009) 930–935. [PubMed: 
19372391] 

[12]. Ito S, D'Alessio AC, Taranova OV, Hong K, Sowers LC, Zhang Y, Role of Tet proteins in 5mC 
to 5hmC conversion, ES-cell self-renewal and inner cell mass specification, Nature 466 (7310) 
(2010) 1129–1133. [PubMed: 20639862] 

[13]. Ito S, Shen L, Dai Q, et al. , Tet proteins can convert 5-methylcytosine to 5-formylcytosine and 
5-carboxylcytosine, Science 333 (6047) (2011) 1300–1303. [PubMed: 21778364] 

[14]. Collins LJ, Schönfeld B, Chen XS, Chapter 4 - the epigenetics of non-coding RNA, in: Tollefsbol 
T (Ed.), Handbook of Epigenetics, Academic Press, 2011, pp. 49–61.

[15]. Carthew RW, Sontheimer EJ, Origins and Mechanisms of miRNAs and siRNAs, Cell 136 (4) 
(2009) 642–655. [PubMed: 19239886] 

[16]. Zhang W, Qi L, Chen R, et al. , Circular RNAs in osteoarthritis: indispensable regulators 
and novel strategies in clinical implications, Arthritis Res. Ther 23 (1) (2021) 23. [PubMed: 
33436088] 

[17]. Pratt AJ, MacRae IJ, The RNA-induced silencing complex: a versatile gene-silencing machine, J. 
Biol. Chem 284 (27) (2009) 17897–17901. [PubMed: 19342379] 

[18]. Ma L, Bajic VB, Zhang Z, On the classification of long non-coding RNAs, RNA Biol. 10 (6) 
(2013) 925–933. [PubMed: 23696037] 

[19]. Engreitz JM, Haines JE, Perez EM, et al. , Local regulation of gene expression by lncRNA 
promoters, transcription and splicing, Nature 539 (7629) (2016) 452–455. [PubMed: 27783602] 

[20]. Frommer M, McDonald LE, Millar DS, et al. , A genomic sequencing protocol that yields a 
positive display of 5-methylcytosine residues in individual DNA strands, Proc. Natl. Acad. Sci. 
U. S. A 89 (5) (1992) 1827–1831. [PubMed: 1542678] 

[21]. Susan JC, Harrison J, Paul CL, Frommer M, High sensitivity mapping of methylated cytosines, 
Nucleic Acids Res. 22 (15) (1994) 2990–2997. [PubMed: 8065911] 

[22]. Fernández MP, Young MF, Sobel ME, Methylation of type II and type I collagen genes in 
differentiated and dedifferentiated chondrocytes, J. Biol. Chem 260 (4) (1985) 2374–2378. 
[PubMed: 2579068] 

Izda et al. Page 17

Osteoarthr Cartil Open. Author manuscript; available in PMC 2022 March 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[23]. Roach HI, Yamada N, Cheung KSC, et al. , Association between the abnormal expression of 
matrix-degrading enzymes by human osteoarthritic chondrocytes and demethylation of specific 
CpG sites in the promoter regions, Arthritis & Rheumatology. 52 (10) (2005) 3110–3124.

[24]. Iliopoulos D, Malizos KN, Tsezou A, Epigenetic regulation of leptin affects MMP-13 
expression in osteoarthritic chondrocytes: possible molecular target for osteoarthritis therapeutic 
intervention, Ann. Rheum. Dis 66 (12) (2007) 1616–1621. [PubMed: 17502362] 

[25]. Reynard LN, Bui C, Canty-Laird EG, Young DA, Loughlin J, Expression of the osteoarthritis-
associated gene GDF5 is modulated epigenetically by DNA methylation, Hum. Mol. Genet 20 
(17) (2011) 3450–3460. [PubMed: 21642387] 

[26]. Papathanasiou I, Kostopoulou F, Malizos KN, Tsezou A, DNA methylation regulates sclerostin 
(SOST) expression in osteoarthritic chondrocytes by bone morphogenetic protein 2 (BMP-2) 
induced changes in Smads binding affinity to the CpG region of SOST promoter, Arthritis Res. 
Ther 17 (2015) 160. [PubMed: 26071314] 

[27]. Kim K-I, Park Y-S, Im G-I, Changes in the epigenetic status of the SOX-9 promoter in human 
osteoarthritic cartilage, J. Bone Miner. Res 28 (5) (2013) 1050–1060. [PubMed: 23225119] 

[28]. Imagawa K, de Andrés MC, Hashimoto K, et al. , Association of reduced type IX collagen 
gene expression in human osteoarthritic chondrocytes with epigenetic silencing by DNA 
hypermethylation, Arthritis Rheum. 66 (11) (2014) 3040–3051.

[29]. Bui C, Barter MJ, Scott JL, et al. , cAMP response element-binding (CREB) recruitment 
following a specific CpG demethylation leads to the elevated expression of the matrix 
metalloproteinase 13 in human articular chondrocytes and osteoarthritis, Faseb. J 26 (7) (2012) 
3000–3011. [PubMed: 22505473] 

[30]. Takahashi A, de Andrés MC, Hashimoto K, Itoi E, Oreffo ROC, Epigenetic regulation of 
interleukin-8, an inflammatory chemokine, in osteoarthritis, Osteoarthritis Cartilage 23 (11) 
(2015) 1946–1954. [PubMed: 26521741] 

[31]. Akhtar N, Haqqi TM, Level of il-1-induced epigenetic modifications differ in chondrocytes from 
different histological zones of human cartilage, Arthritis Rheum. 64 (Suppl 10) (2012) 29.

[32]. Hashimoto K, Oreffo ROC, Gibson MB, Goldring MB, Roach HI, DNA demethylation at specific 
CpG sites in the IL1B promoter in response to inflammatory cytokines in human articular 
chondrocytes, Arthritis Rheum. 60 (11) (2009) 3303–3313. [PubMed: 19877066] 

[33]. Bibikova M, Le J, Barnes B, et al. , Genome-wide DNA methylation profiling using Infinium® 
assay, Epigenomics 1 (1) (2009) 177–200. [PubMed: 22122642] 

[34]. Wiench M, John S, Baek S, et al. , DNA methylation status predicts cell type-specific enhancer 
activity, EMBO J. 30 (15) (2011) 3028–3039. [PubMed: 21701563] 

[35]. Fernández-Tajes J, Soto-Hermida A, Vázquez-Mosquera ME, et al. , Genome-wide DNA 
methylation analysis of articular chondrocytes reveals a cluster of osteoarthritic patients, Ann. 
Rheum. Dis 73 (4) (2014) 668–677. [PubMed: 23505229] 

[36]. Yano F, Ohba S, Murahashi Y, Tanaka S, Saito T, Chung U-I, Runx1 contributes to articular 
cartilage maintenance by enhancement of cartilage matrix production and suppression of 
hypertrophic differentiation, Sci. Rep 9 (1) (2019) 7666. [PubMed: 31113964] 

[37]. Rushton MD, Reynard LN, Barter MJ, et al. , Characterization of the cartilage DNA methylome 
in knee and hip osteoarthritis, Arthritis Rheum. 66 (9) (2014) 2450–2460.

[38]. Jeffries MA, Donica M, Baker LW, et al. , Genome-wide DNA methylation study identifies 
significant epigenomic changes in osteoarthritic cartilage, Arthritis Rheum. 66 (10) (2014) 2804–
2815.

[39]. den Hollander W, Ramos YFM, Bos SD, et al. , Knee and hip articular cartilage have distinct 
epigenomic landscapes: implications for future cartilage regeneration approaches, Ann. Rheum. 
Dis 73 (12) (2014) 2208–2212. [PubMed: 25261579] 

[40]. Moldovan F, Pelletier J-P, Mineau F, Dupuis M, Cloutier J-M, Martel-Pelletier J, Modulation of 
collagenase 3 in human osteoarthritic cartilage by activation of extracellular transforming growth 
factor β: role of furin convertase, Arthritis Rheum.: Official Journal of the American College of 
Rheumatology 43 (9) (2000) 2100–2109.

[41]. Li Y, Lacerda DA, Warman ML, et al. , A fibrillar collagen gene, Col11a1, is essential for skeletal 
morphogenesis, Cell 80 (3) (1995) 423–430. [PubMed: 7859283] 

Izda et al. Page 18

Osteoarthr Cartil Open. Author manuscript; available in PMC 2022 March 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[42]. Jeffries MA, Donica M, Baker LW, Genome-Wide DNA Methylation Study Identifies Significant 
Epigenomic Changes in Osteoarthritic Subchondral Bone and Similarity to Overlying Cartilage, 
Arthritis. Published online, 2016. https://onlinelibrary.wiley.com/doi/abs 10.1002/art.39555.

[43]. Yu W, Gwinn M, Clyne M, Yesupriya A, Khoury MJ, A navigator for human genome 
epidemiology, Nat. Genet 40 (2) (2008) 124–125. [PubMed: 18227866] 

[44]. Zhang Y, Fukui N, Yahata M, et al. , Identification of DNA methylation changes associated with 
disease progression in subchondral bone with site-matched cartilage in knee osteoarthritis, Sci. 
Rep 6 (2016) 34460. [PubMed: 27686527] 

[45]. Li J, Hu C, Han L, et al. , MiR-154-5p regulates osteogenic differentiation of adipose-derived 
mesenchymal stem cells under tensile stress through the Wnt/PCP pathway by targeting Wnt11, 
Bone 78 (2015) 130–141, 10.1016/j.bone.2015.05.003. [PubMed: 25959411] 

[46]. Zhang Y, Fukui N, Yahata M, et al. , Genome-wide DNA methylation profile implicates potential 
cartilage regeneration at the late stage of knee osteoarthritis, Osteoarthritis Cartilage 24 (5) 
(2016) 835–843. [PubMed: 26746145] 

[47]. Lin X, Li L, Liu X, et al. , Genome-wide analysis of aberrant methylation of enhancer DNA in 
human osteoarthritis, BMC Med. Genom 13 (1) (2020) 1.

[48]. Alvarez-Garcia O, Fisch KM, Wineinger NE, et al. , Increased DNA methylation and reduced 
expression of transcription factors in human osteoarthritis cartilage, Arthritis Rheum. 68 (8) 
(2016) 1876–1886.

[49]. Steinberg J, Ritchie GRS, Roumeliotis TI, et al. , Integrative epigenomics, transcriptomics and 
proteomics of patient chondrocytes reveal genes and pathways involved in osteoarthritis, Sci. Rep 
7 (1) (2017) 8935. [PubMed: 28827734] 

[50]. Reynard LN, Analysis of genetics and DNA methylation in osteoarthritis: what have we learnt 
about the disease? Semin. Cell Dev. Biol 62 (2017) 57–66. [PubMed: 27130636] 

[51]. den Hollander W, Meulenbelt I, DNA methylation in osteoarthritis, Curr. Genom 16 (6) (2015) 
419–426.

[52]. Housman G, Quillen EE, Stone AC, An evolutionary perspective of DNA methylation patterns in 
skeletal tissues using a baboon model of osteoarthritis, J Orthop Res. Published online December 
16 (2020), 10.1002/jor.24957.

[53]. Dunn C M, Nevitt MC, Lynch JA, Jeffries MA, A pilot study of peripheral blood DNA 
methylation models as predictors of knee osteoarthritis radiographic progression: data from the 
Osteoarthritis Initiative (OAI), Sci. Rep 9 (1) (2019) 16880. [PubMed: 31727952] 

[54]. Kraus VB, Collins JE, Hargrove D, et al. , Predictive validity of biochemical biomarkers in knee 
osteoarthritis: data from the FNIH OA Biomarkers Consortium, Ann. Rheum. Dis 76 (1) (2017) 
186–195. [PubMed: 27296323] 

[55]. Moazedi-Fuerst FC, Hofner M, Gruber G, et al. , Epigenetic differences in human cartilage 
between mild and severe OA, J. Orthop. Res 32 (12) (2014) 1636–1645. [PubMed: 25212754] 

[56]. Nishimura R, Hata K, Matsubara T, Wakabayashi M, Yoneda T, Regulation of bone and cartilage 
development by network between BMP signalling and transcription factors, J. Biochem 151 (3) 
(2012) 247–254. [PubMed: 22253449] 

[57]. Davidson E, Vitters EL, van Lent PL, van de Loo FAJ, van den Berg WB, van der Kraan PM, 
Elevated extracellular matrix production and degradation upon bone morphogenetic protein-2 
(BMP-2) stimulation point toward a role for BMP-2 in cartilage repair and remodeling, Arthritis 
Res. Ther 9 (5) (2007) R102, 10.1186/ar2305. [PubMed: 17922907] 

[58]. van der Kraan PM, Blaney Davidson EN, van den Berg WB, Bone morphogenetic proteins and 
articular cartilage: to serve and protect or a wolf in sheep clothing's? Osteoarthritis Cartilage 18 
(6) (2010) 735–741. [PubMed: 20211748] 

[59]. Roman-Blas JA, Stokes DG, Jimenez SA, Modulation of TGF-beta signaling by proinflammatory 
cytokines in articular chondrocytes, Osteoarthritis Cartilage 15 (12) (2007) 1367–1377. 
[PubMed: 17604656] 

[60]. Zhang Q, Ji Q, Wang X, et al. , SOX9 is a regulator of ADAMTSs-induced cartilage degeneration 
at the early stage of human osteoarthritis, Osteoarthritis Cartilage 23 (12) (2015) 2259–2268. 
[PubMed: 26162802] 

Izda et al. Page 19

Osteoarthr Cartil Open. Author manuscript; available in PMC 2022 March 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://onlinelibrary.wiley.com/doi/abs


[61]. Iliopoulos D, Malizos KN, Oikonomou P, Tsezou A, Integrative microRNA and proteomic 
approaches identify novel osteoarthritis genes and their collaborative metabolic and inflammatory 
networks, PloS One 3 (11) (2008), e3740. [PubMed: 19011694] 

[62]. Díaz-Prado S, Cicione C, Muiños-López E, et al. , Characterization of microRNA expression 
profiles in normal and osteoarthritic human chondrocytes, BMC Muscoskel. Disord 13 (2012) 
144.

[63]. Ntoumou E, Tzetis M, Braoudaki M, et al. , Serum microRNA array analysis identifies 
miR-140-3p, miR-33b-3p and miR-671-3p as potential osteoarthritis biomarkers involved in 
metabolic processes, Clin. Epigenet 9 (2017) 127.

[64]. Miyaki S, Sato T, Inoue A, et al. , MicroRNA-140 plays dual roles in both cartilage development 
and homeostasis, Genes Dev. 24 (11) (2010) 1173–1185. [PubMed: 20466812] 

[65]. Tardif G, Pelletier J-P, Fahmi H, et al. , NFAT3 and TGF-β/SMAD3 regulate the expression of 
miR-140 in osteoarthritis, Arthritis Res. Ther 15 (6) (2013) R197. [PubMed: 24257415] 

[66]. Rousseau J-C, Millet M, Croset M, Sornay-Rendu E, Borel O, Chapurlat R, Association of 
circulating microRNAs with prevalent and incident knee osteoarthritis in women: the OFELY 
study, Arthritis Res. Ther 22 (1) (2020) 2. [PubMed: 31898522] 

[67]. Coutinho de Almeida R, Ramos YFM, Mahfouz A, et al. , RNA sequencing data integration 
reveals an miRNA interactome of osteoarthritis cartilage, Ann. Rheum. Dis 78 (2) (2019) 270–
277. [PubMed: 30504444] 

[68]. Ali SA, Gandhi R, Potla P, et al. , Sequencing identifies a distinct signature of circulating 
microRNAs in early radiographic knee osteoarthritis, Osteoarthritis Cartilage 28 (11) (2020) 
1471–1481. [PubMed: 32738291] 

[69]. Nakamura A, Rampersaud YR, Nakamura S, et al. , microRNA-181a-5p antisense 
oligonucleotides attenuate osteoarthritis in facet and knee joints, Ann. Rheum. Dis 78 (1) (2019) 
111–121. [PubMed: 30287418] 

[70]. Endisha H, Datta P, Sharma A, et al. , MicroRNA-34a-5p promotes joint destruction during 
osteoarthritis, Arthritis rheumatol 73 (3) (2021) 426–439. [PubMed: 33034147] 

[71]. Huang J, Zhao L, Fan Y, et al. , The microRNAs miR-204 and miR-211 maintain joint 
homeostasis and protect against osteoarthritis progression, Nat. Commun 10 (1) (2019) 2876. 
[PubMed: 31253842] 

[72]. Lian W-S, Ko J-Y, Wu R-W, et al. , MicroRNA-128a represses chondrocyte autophagy and 
exacerbates knee osteoarthritis by disrupting Atg12, Cell Death Dis. 9 (9) (2018) 919. [PubMed: 
30206206] 

[73]. Chen S, Li B, MiR-128-3p post-transcriptionally inhibits WISP1 to suppress apoptosis and 
inflammation in human articular chondrocytes via the PI3K/AKT/NF-κB signaling pathway, Cell 
Transplant. 29 (2020), 963689720939131. [PubMed: 32830547] 

[74]. Ko J-Y, Lee MS, Lian W-S, et al. , MicroRNA-29a counteracts synovitis in knee osteoarthritis 
pathogenesis by targeting VEGF, Sci. Rep 7 (1) (2017) 3584. [PubMed: 28620193] 

[75]. Gu R, Liu N, Luo S, Huang W, Zha Z, Yang J, MicroRNA-9 regulates the development of 
knee osteoarthritis through the NF-kappaB1 pathway in chondrocytes, Medicine 95 (36) (2016), 
e4315. [PubMed: 27603333] 

[76]. Jin Z, Ren J, Qi S, Exosomal miR-9-5p secreted by bone marrow-derived mesenchymal stem 
cells alleviates osteoarthritis by inhibiting syndecan-1, Cell Tissue Res. 381 (1) (2020) 99–114. 
[PubMed: 32377874] 

[77]. Zhang H, Song B, Pan Z, Downregulation of microRNA-9 increases matrix metalloproteinase-13 
expression levels and facilitates osteoarthritis onset, Mol. Med. Rep 17 (3) (2018) 3708–3714. 
[PubMed: 29286096] 

[78]. Mihanfar A, Shakouri SK, Khadem-Ansari MH, et al. , Exosomal miRNAs in osteoarthritis, Mol. 
Biol. Rep 47 (6) (2020) 4737–4748. [PubMed: 32277444] 

[79]. Xie F, Liu Y-L, Chen X-Y, et al. , Role of MicroRNA, LncRNA, and exosomes in the progression 
of osteoarthritis: a review of recent literature, Orthop. Surg 12 (3) (2020) 708–716. [PubMed: 
32436304] 

[80]. Fu M, Huang G, Zhang Z, et al. , Expression profile of long noncoding RNAs in cartilage from 
knee osteoarthritis patients, Osteoarthritis Cartilage 23 (3) (2015) 423–432. [PubMed: 25524778] 

Izda et al. Page 20

Osteoarthr Cartil Open. Author manuscript; available in PMC 2022 March 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[81]. Zhang W, Zhang C, Hu C, Luo C, Zhong B, Yu X, Circular RNA-CDR1as acts as the sponge of 
microRNA-641 to promote osteoarthritis progression, J. Inflamm 17 (1) (2020) 8.

[82]. Liu Q, Zhang X, Hu X, et al. , Circular RNA related to the chondrocyte ECM regulates MMP13 
expression by functioning as a MiR-136 “sponge” in human cartilage degradation, Sci. Rep 6 
(2016) 22572. [PubMed: 26931159] 

[83]. Li B-F, Zhang Y, Xiao J, et al. , Hsa_circ_0045714 regulates chondrocyte proliferation, apoptosis 
and extracellular matrix synthesis by promoting the expression of miR-193b target gene IGF1R, 
Hum. Cell 30 (4) (2017) 311–318. [PubMed: 28795385] 

[84]. Shen S, Wu Y, Chen J, et al. , CircSERPINE2 protects against osteoarthritis by targeting 
miR-1271 and ETS-related gene, Ann. Rheum. Dis 78 (6) (2019) 826–836. [PubMed: 30923232] 

[85]. Liu D, Liang Y-H, Yang Y-T, et al. , Circular RNA in osteoarthritis: an updated insight into the 
pathophysiology and therapeutics, Am J Transl Res 13 (1) (2021) 11–23. [PubMed: 33527005] 

[86]. Maunakea AK, Nagarajan RP, Bilenky M, et al. , Conserved role of intragenic DNA methylation 
in regulating alternative promoters, Nature 466 (7303) (2010) 253–257. [PubMed: 20613842] 

[87]. Meissner A, Gnirke A, Bell GW, Ramsahoye B, Lander ES, Jaenisch R, Reduced representation 
bisulfite sequencing for comparative high-resolution DNA methylation analysis, Nucleic Acids 
Res. 33 (18) (2005) 5868–5877. [PubMed: 16224102] 

[88]. Wang L, Sun J, Wu H, et al. , Systematic assessment of reduced representation bisulfite 
sequencing to human blood samples: a promising method for large-sample-scale epigenomic 
studies, J. Biotechnol 157 (1) (2012) 1–6. [PubMed: 21763364] 

[89]. Gu H, Smith ZD, Bock C, Boyle P, Gnirke A, Meissner A, Preparation of reduced representation 
bisulfite sequencing libraries for genome-scale DNA methylation profiling, Nat. Protoc 6 (4) 
(2011) 468–481. [PubMed: 21412275] 

[90]. Bonin CA, Lewallen EA, Baheti S, et al. , Identification of differentially methylated regions in 
new genes associated with knee osteoarthritis, Gene 576 (1 Pt 2) (2016) 312–318. [PubMed: 
26484395] 

[91]. Carvalho ATP, Gouveia L, Kanna CR, Wärmländer SKTS, Platts JA, Kamerlin SCL, 
Understanding the structural and dynamic consequences of DNA epigenetic modifications: 
computational insights into cytosine methylation and hydroxymethylation, Epigenetics 9 (12) 
(2014) 1604–1612. [PubMed: 25625845] 

[92]. Bachman M, Uribe-Lewis S, Yang X, Williams M, Murrell A, Balasubramanian S, 5-
Hydroxymethylcytosine is a predominantly stable DNA modification, Nat. Chem 6 (12) (2014) 
1049–1055. [PubMed: 25411882] 

[93]. Li W, Liu M, Distribution of 5-hydroxymethylcytosine in different human tissues, J. Nucleic 
Acids 2011 (2011) 870726. [PubMed: 21772996] 

[94]. Yu M, Hon GC, Szulwach KE, et al. , Base-resolution analysis of 5-hydroxyme-thylcytosine in 
the mammalian genome, Cell 149 (6) (2012) 1368–1380. [PubMed: 22608086] 

[95]. Booth MJ, Branco MR, Ficz G, et al. , Quantitative sequencing of 5-methylcytosine and 5-
hydroxymethylcytosine at single-base resolution, Science 336 (6083) (2012) 934–937. [PubMed: 
22539555] 

[96]. Petterson A, Chung TH, Tan D, Sun X, Jia X-Y, RRHP: a tag-based approach for 5-
hydroxymethylcytosine mapping at single-site resolution, Genome Biol. 15 (9) (2014) 456. 
[PubMed: 25248841] 

[97]. Taylor SEB, Smeriglio P, Dhulipala L, Rath M, Bhutani N, A global increase in 5-
hydroxymethylcytosine levels marks osteoarthritic chondrocytes, Arthritis & rheumatology 66 
(1) (2014) 90–100. [PubMed: 24449578] 

[98]. Taylor SEB, Li YH, Wong WH, Bhutani N, Genome-wide mapping of DNA hydroxymethylation 
in osteoarthritic chondrocytes, Arthritis Rheum. 67 (8) (2015) 2129–2140.

[99]. Smeriglio P, Grandi FC, Davala S, et al. Inhibition of TET1 Prevents the Development of 
Osteoarthritis and Reveals the 5hmC Landscape that Orchestrates Pathogenesis. doi:10.1126/
scitranslmed.aax2332.

[100]. Zhou Z, Lunetta KL, Smith AK, et al. , Correction for multiple testing in candidate-gene 
methylation studies, Epigenomics 11 (9) (2019) 1089–1105. [PubMed: 31240951] 

Izda et al. Page 21

Osteoarthr Cartil Open. Author manuscript; available in PMC 2022 March 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[101]. Popovic M, Fasanelli F, Fiano V, Biggeri A, Richiardi L, Increased correlation between 
methylation sites in epigenome-wide replication studies: impact on analysis and results, 
Epigenomics 9 (12) (2017) 1489–1502. [PubMed: 29106300] 

[102]. Mansell G, Gorrie-Stone TJ, Bao Y, et al. , Guidance for DNA methylation studies: statistical 
insights from the Illumina EPIC array, BMC Genom. 20 (1) (2019), 10.1186/s12864-019-5761-7.

[103]. Li D, Xie Z, Pape ML, Dye T, An evaluation of statistical methods for DNA methylation 
microarray data analysis, BMC Bioinf. 16 (1) (2015) 217.

[104]. Jaffe AE, Murakami P, Lee H, et al. , Bump hunting to identify differentially methylated 
regions in epigenetic epidemiology studies, Int. J. Epidemiol 41 (1) (2012) 200–209. [PubMed: 
22422453] 

[105]. Benjamini Y, Speed TP, Summarizing and correcting the GC content bias in high-throughput 
sequencing, Nucleic Acids Res. 40 (10) (2012) e72. [PubMed: 22323520] 

[106]. Olova N, Krueger F, Andrews S, et al. , Comparison of whole-genome bisulfite sequencing 
library preparation strategies identifies sources of biases affecting DNA methylation data, 
Genome Biol. 19 (1) (2018), 10.1186/s13059-018-1408-2.

[107]. Sera T, Uranga C, Rational design of artificial zinc-finger proteins using a nondegenerate 
recognition code table, Biochemistry 41 (22) (2002) 7074–7081. [PubMed: 12033941] 

[108]. Gersbach CA, Gaj T, Barbas CF 3rd, Synthetic zinc finger proteins: the advent of targeted gene 
regulation and genome modification technologies, Acc. Chem. Res 47 (8) (2014) 2309–2318. 
[PubMed: 24877793] 

[109]. Boch J, Bonas U, Xanthomonas AvrBs3 family-type III effectors: discovery and function, Annu. 
Rev. Phytopathol 48 (2010) 419–436. [PubMed: 19400638] 

[110]. Sun N, Zhao H, Transcription activator-like effector nucleases (TALENs): a highly efficient 
and versatile tool for genome editing, Biotechnol Bioeng. Published online (2013). http://
onlinelibrary.wiley.com/doi 10.1002/bit.24890/full.

[111]. Bolotin A, Quinquis B, Sorokin A, Ehrlich SD, Clustered regularly interspaced short 
palindrome repeats (CRISPRs) have spacers of extrachromosomal origin, Microbiology 151 (Pt 
8) (2005) 2551–2561. [PubMed: 16079334] 

[112]. Liu XS, Wu H, Ji X, et al. , Editing DNA methylation in the mammalian genome, Cell 167 (1) 
(2016) 233–247, e17. [PubMed: 27662091] 

[113]. Parker E, Hofer IMJ, Rice SJ, et al. , Multi-tissue epigenetic and gene expression analysis 
combined with epigenome modulation identifies RWDD2B as a target of osteoarthritis 
susceptibility, Arthritis Rheum. 73 (1) (2021) 100–109.

[114]. Kehayova YS, Watson E, Wilkinson JM, Loughlin J, Rice SJ, Genetic and epigenetic interplay 
regulates COLGALT2, contributing to osteoarthritis genetic risk, Arthritis Rheumatol. Published 
online March 24 (2021), 10.1002/art.41738.

[115]. Si H-B, Yang T-M, Li L, et al. , MiR-140 attenuates the progression of early-stage osteoarthritis 
by retarding chondrocyte senescence, Mol. Ther. Nucleic Acids 19 (2020) 15–30. [PubMed: 
31790972] 

[116]. Zhang W, Hsu P, Zhong B, et al. , MiR-34a enhances chondrocyte apoptosis, senescence and 
facilitates development of osteoarthritis by targeting DLL1 and regulating PI3K/AKT pathway, 
Cell. Physiol. Biochem 48 (3) (2018) 1304–1316. [PubMed: 30048987] 

[117]. Yamasaki K, Nakasa T, Miyaki S, et al. , Expression of MicroRNA-146a in osteoarthritis 
cartilage, Arthritis Rheum. 60 (4) (2009) 1035–1041. [PubMed: 19333945] 

[118]. Zhang X, Wang C, Zhao J, et al. , miR-146a facilitates osteoarthritis by regulating cartilage 
homeostasis via targeting Camk2d and Ppp3r2, Cell Death Dis. 8 (4) (2017), e2734. [PubMed: 
28383548] 

Izda et al. Page 22

Osteoarthr Cartil Open. Author manuscript; available in PMC 2022 March 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://onlinelibrary.wiley.com/doi
http://onlinelibrary.wiley.com/doi


Fig. 1. 
Venn diagram demonstrating gene pathways and families differentially methylated among 

various knee and hip OA groups.
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Fig. 2. 
Timeline of major advances in methodologies for studying DNA methylation using array-

based techniques, with article references.
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Fig. 3. 
Timeline of major advances in methodologies for studying DNA methylation using next 

generation sequencing-based techniques, with article references.
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Table 1

Abbreviations used in this review and commonly featured in OA epigenetics research.

Abbreviation Definition

DMP/DML Differentially methylated position or differentially methylated loci, refers to a statistically significant difference in DNA 
methylation within a target tissue or cell subset of an individual cytosine within a CpG oligodeoxynucleotide.

DMR Differentially methylated region, refers to a statistically significant difference n DNA methylation within a target tissue or cell 
subset of a CpG-dense region. Various definitions of DMR sizes exist; a commonly-used criteria would define a ‘bandwidth’ 
of 1000 nucleotides with a standard deviation of 500 nucleotides, including a CpG density of at least 2 CpG sites (CpG 
‘bandwidth’) within 10 nucleotides of each other.

NGS Next generation sequencing, refers to a suite of technologies allowing sequencing of an entire genome at relatively low cost. 
The most commonly used of these high-throughput DNA sequencing methods is Illumina sequencing by synthesis, operating 
at an accuracy of ~99.9% with reads on the order of 50-500bp.

SNP Single nucleotide polymorphism, refers to a germline substitution of a single nucleotide at a given position within the genome.

CpG Cytosine-guanosine dinucleotide, the location within the genome wherein DNA methylation occurs (5′ carbon position of 
cytosine) within fully differentiated tissues.

DMM Disruption of the medial meniscus, a surgical technique commonly used to induce OA-like changes within a mouse stifle 
(knee) joint

5-hmC 5-hydroxymethylcytosine, a ‘transition state’ between methylated cytosine and unmethylated cytosine. The conversion of 
5-mC to 5-hmC is catalyzed by the TET1 enzyme.
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