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Abstract

Purpose of Review Osteoarthritis is a complex and highly polygenic disease. Over 100 reported osteoarthritis risk variants
fall in non-coding regions of the genome, ostensibly conferring functional effects through the disruption of regulatory ele-
ments impacting target gene expression. In this review, we summarise the progress that has advanced our knowledge of gene
enhancers both within the field of osteoarthritis and more broadly in complex diseases.

Recent Findings Advances in technologies such as ATAC-seq have facilitated our understanding of chromatin states in spe-
cific cell types, bolstering the interpretation of GWAS and the identification of effector genes. Their application to osteoarthri-
tis research has revealed enhancers as the principal regulatory element driving disease-associated changes in gene expression.
However, tissue-specific effects in gene regulatory mechanisms can contribute added complexity to biological interpretation.
Summary Understanding gene enhancers and their altered activity in specific cell and tissue types is the key to unlocking
the genetic complexity of osteoarthritis. The use of single-cell technologies in osteoarthritis research is still in its infancy.
However, such tools offer great promise in improving our functional interpretation of osteoarthritis GWAS and the identi-
fication of druggable targets. Large-scale collaborative efforts will be imperative to understand tissue and cell-type specific

molecular mechanisms underlying enhancer function in disease.
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Osteoarthritis: A Complex Genetic Disease

Osteoarthritis is a degenerative disease of the articulating
joint, most commonly the hip, knee, or hand. All joint tissues
can be affected, resulting in synovial inflammation, subchon-
dral bone thickening, osteophyte formation and ligament
degeneration, yet the disease is conventionally hallmarked
by cartilage degradation [1]. Osteoarthritis is common,
impacting the lives of approximately 40% of adults over 70
[2], and is genetically complex. The proportion of osteoar-
thritis risk attributed to heritability has been estimated to be
22.5% at any joint site (14.7% for knee; 51.9% for hip) [3].
To date, over 100 independent single nucleotide variants
(SNVs) significantly associated with osteoarthritis have been
reported through genome-wide association studies (GWAS),
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emphasising the highly polygenic nature of this disease [4,
Se]. As with other complex diseases, most reported osteoar-
thritis GWAS variants reside within non-coding regions of
the genome [6]. Therefore, these SNVs likely contribute to
pathogenicity via modulation of enhancer activity, impacting
the expression of a target (or disease effector) gene. Osteo-
arthritis risk SN'Vs individually exert modest effects (most
with individual odds ratios < 1.5) [7] but the accumulation
of multiple risk alleles can exceed the ‘liability threshold’
in which a tipping point is reached, subsequently leading to
disease development and progression [8].

‘Enhanceropathy’ as a Disease Classification

Each cell within the human body shares an identical
genome, yet individual populations exhibit strikingly dis-
tinct phenotypes to allow for their unique functional prop-
erties. The cellular plasticity that occurs throughout the life
course is achieved by the stringent spatiotemporal expres-
sion of proteins. Underlying this expression are complex
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gene regulatory networks (GRNs) [9]. GRNs encompass the
interplay between a gene and its regulators, including cis-
regulatory elements (CRESs), trans-acting transcription fac-
tors (TFs) and regulatory non-coding RNAs (ncRNAs) [10].

CREs are genomic regions that can be categorised as
promoters (proximal to a gene’s transcriptional start site),
repressors, insulators (which define topologically associating
domains (TADs) within the 3D genome), or enhancers [11].
Enhancers typically reside within non-coding (intergenic
and intronic) regions and consist of numerous transcription
factor (TF) binding sites that facilitate gene regulation [12].
They can be up- or downstream of their target gene, within
a gene body, or physically distal. Multiple models have been
proposed for the mechanism of physical interaction between
enhancers and promoters, yet the consensus is that enhancers
are brought into physical proximity with a promoter through
chromatin looping, amplifying the recruitment of RNA Pol
II for transcription [13].

In 2014, Smith and Shilatifard coined the term
‘enhanceropathies’ as a novel classification of disease [14e].
Such diseases encompass three distinct mechanisms by
which altered enhancer function can underlie pathology: dis-
ruptions to enhancer-promoter interactions through chromo-
somal deletions or rearrangements (including p-thalassemia
and Burkitt’s lymphoma [15, 16]), rare mutations within
genes encoding regulators of enhancer activity (including
P300 and KMT2D [17, 18]), and common polymorphism
within enhancer sequences [19]. Human SNVs falling within
gene enhancer regions can alter the binding affinity of tran-
scription factors, subsequently leading to changes in target
gene expression (Fig. 1A) and contributing to phenotypic
variation, including disease.

Epigenetic Influences upon Enhancer
Function

The methylation of DNA (DNAm) at cytosine-guanine
dinucleotides (CpGs) is the most widely studied epigenetic
mark [20]. DNAm is intrinsically linked to transcriptional
regulation, commonly gene repression, by preventing the
binding of transcriptional activators to promoter regions
and through the recruitment of repressive methyl-binding
proteins. However, the relationship between DNAm and
gene expression is far from straightforward, with gene body
methylation often correlating with active transcription [21].
Generally, it is considered that DNAm within enhancers is
repressive to the expression of a target gene [22], with the
‘active’ enhancer histone modification, H3K27ac, negatively
correlating with DNAm levels in multiple cell and tissue
types [23]. However, traditional bulk analyses of enhancer
states often fail to directly correlate methylation state with
gene expression, potentially due to cell-type heterogeneity
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[24]. This has been confirmed most recently by Kreibich
et al. who employed single molecule footprinting in mouse
embryonic stem cells to demonstrate that CpGs with nega-
tive DNAm-chromatin accessibility (CA) correlations are
most frequently located centrally within enhancers, where
CA is the highest [25e¢]. They further identified that nega-
tive DNAm-CA correlations within enhancers are cell-type
specific but, where such a relationship exists, the DNAm
can directly modulate the recruitment of TFs to the CRE.
This relationship is depicted in Fig. 1B.

Whilst environmental factors are traditionally considered
to be the principal factor governing changes to the methy-
lome, a considerable proportion (10-20%) of DNAm is
regulated in cis by genotype at a proximal SNV [26-29].
Co-localisation analysis, which tests whether a shared vari-
ant has a causal impact on both disease risk and DNAm,
has identified that~25% of osteoarthritis SNVs co-local-
ise with methylation Quantitative Trait Loci (mQTLs) in
human adult articular cartilage [4]. This interplay between
the genome and epigenome supports an important role for
CpG methylation in the molecular mechanisms underlying
osteoarthritis.

The integration of epigenetic datasets with GWAS sig-
nals has facilitated the statistical fine mapping of SNVs and
the prioritisation of effector genes [5ee]. This includes the
identification of mQTLs falling within annotated CREs in
relevant cell types. Of the 108 reported CpGs comprising car-
tilage osteoarthritis mQTLs (OA-mQTLs) [30, 31, 32e, 33,
34], 23.1% fall within annotated chondrocyte enhancers and
25% within promoters (Fig. 2). This corresponds to a signifi-
cant enrichment of osteoarthritis mQTLs in articular chon-
drocyte enhancers (P <0.0001) and depletion in promoters
(P=0.0123). The distribution of CpG sites on the Infinium
HumanMethylation450 BeadChip array is heavily weighted
towards promoters rather than enhancers [35]. This suggests
that the current figures of OA-mQTLs may be an underrep-
resentation of the true number. Increasing epigenome cover-
age offered by the next generation of arrays including the
HumanMethylationEPIC (EPIC) should provide more accu-
rate estimates. This is supported by a recent mQTL analysis
of DNA from the infrapatellar fat pad, which utilised the
EPIC array and identified co-localisation with 44% of tested
osteoarthritis SN'Vs [36]. The identification of OA-mQTLs
is integral in the prioritisation of putative disease enhancers.

In recent years, several studies have used epigenetic
editing to functionally link OA-mQTLs and their enhanc-
ers to effector genes. These have included the expression of
deactivated Cas9 (dCas9) fused to the epigenetic modula-
tors DNMT?3a, a de novo DNA methyltransferase, and the
de-methylating enzyme TET1, precisely editing chondro-
cyte DNAm in vitro. This functional fine-mapping approach
has identified mechanistic links between mQTLs and fur-
ther confirmed COLGALT?2 [37, 38, 39ee], TGFBI [40],
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Fig.1 SNVs can directly or indirectly affect enhancer activity. A
The presence of a single nucleotide variant (SNV) within a transcrip-
tion factor (TF) binding motif alters TF binding affinity within an
enhancer region. Left, TF binds in the presence of the T allele, result-
ing in the recruitment of co-factors and interaction with the promoter
of a target gene. This results in increased target gene expression.
Right, the A allele within the binding motif of the TF reduces TF
binding, decreasing enhancer activity and downstream gene expres-
sion. B SNVs modulate proximal CpG methylation status, leading
to differential TF binding and enhancer activity. Top, the A allele
has no effect on proximal CpG methylation status; therefore, TFs
that preferentially bind unmethylated CpGs bind the enhancer and
regulate target gene expression. Bottom, the T allele recruits DNA

RWDD2B [41] and, most recently, WWP2 [42] as osteoar-
thritis effector genes. WWP2 encodes an E3 ubiquitin ligase
with multiple isoforms known to target different Smad sig-
nalling proteins [43]. Here, the osteoarthritis risk allele (G)
at rs34195470 was shown to correlate with increased DNAm
at 14 CpGs within the gene body in chondrocytes isolated
from osteoarthritis cartilage [42]. Using dCas9-DNMT3a to
increase DNAm levels at these CpGs in TC28a2 immortal-
ised chondrocytes, effectively recapitulating the observed
mQTL effect, resulted in increased expression of full-length
and N-terminus WWP2, confirming these isoforms as tar-
gets of osteoarthritis risk. This supported earlier reports of
allelic expression imbalance of WWP2 in articular cartilage
[44, 45] and uncovered the functional molecular mechanism
underlying an osteoarthritis effector gene.
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methyltransferase enzymes (DNMTs) that increase proximal CpG
methylation status; therefore, TFs that preferentially bind methylated
CpGs (mTF) bind the enhancer and regulate target gene expression.
This effect can operate in reverse or lead to TF competition for bind-
ing site occupancy. C SNVs affect the expression of genes encoding
histone modifiers. This results in altered patterns of histone modifica-
tions and enhancer activity. Top, the A allele induces enhancer-asso-
ciated histone modifications, including histone 3 lysine 27 acetylation
(H3K27ac) and histone 3 lysine 4 mono-methylation (H3K4mel),
activating enhancer activity and increasing transcriptional activation
potential of target genes. Bottom, the T allele does not affect histones
proximal to the poised enhancer, leaving it inactivated and reducing
the transcriptional activation potential of target genes

As both the DNA methylome and GRNs are heavily
dependent upon cellular context, it is vital to investigate
such effects in disease-relevant cell lines and tissues.
This further complicates osteoarthritis research, beyond
the heterogeneity of tissues themselves, as choosing the
‘correct’ tissue is not always straightforward. Increasingly,
studies of this disease are expanding to include non-
cartilaginous tissues. Recently, co-localisation of
osteoarthritis risk signals and mQTLs has been conducted
in other osteoarthritis-relevant tissue types, revealing
significant mQTLs in both synovium [46ee] and fat pad
[36], a proportion of which appear to exert tissue-specific
effects. We discuss the tissue specificity of osteoarthritis
enhancers in more detail below.
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Fig.2 Osteoarthritis cartilage mQTLs are enriched in chondrocyte
enhancer regions. Intersection of CpGs on the [llumina Infinium Human-
Methylation450 BeadChip array (left) and the 108 reported osteoarthritis
cartilage mQTLs (right) with chromatin state data from the Roadmap Epi-
genomics Project in MSC-derived chondrocytes (E049) reveals enrich-
ment for cartilage mQTLs in enhancer-annotated regions (P <0.0001) and
depletion in promoter-annotated regions (P=0.0123). No significant dif-
ference was identified for transcribed (P=0.4549), repressed (P=0.9035),
quiescent (P=0.4223), or other regions (P=0.2869). Intersection was
performed using ‘bedtools Intersect intervals’ within Galaxy. Statistical
test: Fisher’s exact test (GraphPad Prism 10)

Osteoarthritis Risk SNVs and Chromatin
Remodelling Proteins

Enhanceropathies encompass pathologies that result in direct
inhibition of TF binding to enhancer regions and, addition-
ally, those which affect chromatin state and enhancer acces-
sibility. Several osteoarthritis-associated SNVs map to genes
encoding post-translational modifiers of histone proteins,
including the histone methyltransferase gene DOTIL and
the histone acetylation and de-ubiquitinase gene SUPT3H
[47, 48]. Loss of DOT1L-mediated methylation of histone 3
lysine 79 (H3K79me) following the addition of the small mol-
ecule S-adenosyl methionine competitive inhibitor EPZ-5676
in human primary articular chondrocytes has been shown to
reduce the expression of chondrocyte markers COL2A1 and
ACAN. Moreover, intra-articular injection of EPZ-5676 into
the knee of adult mice triggered cartilage loss marked by his-
tological staining [49]. To the best of our knowledge, no func-
tional data has been reported describing the role of SUPT3H in
cartilage. However, allelic expression imbalance (AEI) studies
using nucleic acids from human articular chondrocytes have
identified a risk allele correlating with increased SUPT3H
expression in synovium, cartilage and trabecular bone sam-
ples derived from patients undergoing arthroplasty for primary
osteoarthritis [50]. Together, these results are suggestive that
dysregulation of histone modification proteins, and a subse-
quent change in chromatin accessibility and enhancer function,
can contribute to osteoarthritis pathogenesis (Fig. 1C). Fur-
ther investigations are required to understand the mechanisms
underlying such dysregulation, and characterise the functional
impact upon the epigenome.
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Chromatin State at Chondrocyte Enhancers
in Osteoarthritis

Over the last decade, multiple technologies have been
developed and successfully applied to identify tissue-
specific gene enhancers. The main techniques along
with their respective advantages and limitations are out-
lined in Table 1. These technologies quantify a range
of parameters to define chromatin state ranging from
CA, long-range interactions (LRI), and post-translational
histone modifications (PTMs). Together, they enable the
designation of active enhancer elements and their target
genes in disease-relevant cell types. Many public data-
bases have made such datasets available across multiple
cell and tissue types and are summarised in Table 2. The
availability of epigenomic datasets has enabled the pri-
oritisation of enhancer elements for functional follow-up
studies and the identification of osteoarthritis effector
genes [4].

Histone Post-Translational Modifications (PTMs)

Histone PTMs provide valuable information on chro-
matin state. Typically, histone 3 lysine 4 mono-meth-
ylation (H3K4mel) and H3K27 acetylation (H3K27ac)
are associated with enhancer activity. Other histone
marks are associated with transcriptionally repressed
regions (H3K27 tri-methylation, me3), active pro-
moters (H3K4me3) and actively transcribed regions
(H3K36me3). Performing chromatin immunoprecipita-
tion with high-throughput sequencing (ChIP-Seq) on his-
tone modifications has facilitated the epigenome-wide
annotation of regulatory elements within different cell
types, defined by specific combinations of histone marks.
This provides a useful tool for prioritising enhancer
regions in specific cell types (Table 1). Several large-
scale projects have defined histone PTMs across many
cell types and provide a useful resource for investigators,
including ENCODE, FANTOM and Roadmap (Table 2)
[60, 61, 62e¢]. The NIH Roadmap epigenomics project
used chromatin state learning approaches to produce mul-
tiple models to predict the chromatin state in the epig-
enome of over 111 cell types [62ee]. This included cells
originating from articular joints: mesenchymal stem cells
(MSCs) and MSC-derived cultured chondrocytes. Under-
standing histone modification changes during cartilage
development, as well as in healthy and diseased mature
cells, has provided a better understanding of enhancers
that drive disease.

In 2020, Cheung et al. performed histone ChIP-Seq
on hMSCs cultured in monolayer or differentiated into
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with ChIP-Seq may not be suitable for
CUT&RUN and require validation

Disadvantages

e Requires fewer cells and is more economi- e Antibodies previously validated for use

cal than ChIP-Seq

Advantages

Detects histone modifications and TF
binding to DNA by selectively cleaving

Brief description

Release Using Nuclease)

Table 1 (continued)
CUT&RUN (Cleavage Under Targets and

Approach
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o Can define histone modifications and

TFBS genome wide

be analysed by next-generation sequencing e Improved signal-to-noise ratio compared

antibody-tagged chromatin with a micro-

coccal nuclease (MNase), which can then

to ChIP-Seq

chondrocytes [63]. Classification of histone ChIP-Seq data
using a 16-state chromatin model showed a high degree
of similarity of enhancer regions (marked by H3K4mel
and H3K27ac modifications) between terminally differen-
tiated hMSCs and Roadmap E049 chondrocytes. Integra-
tion with epigenome-wide DNAm array data identified that
CpGs that became demethylated during chondrogenesis
were overrepresented in enhancer regions. To assess the
functional role of DNAm at these putative enhancers, six
regions encompassing the demethylated sequences were
cloned into luciferase reporter vectors and, in all cases, the
unmethylated enhancer sequence demonstrated increased
reporter activity in the SW1353 chondrosarcoma cell line
when compared to methylated vectors. These functional
validation studies suggest that DNAm modulates TF
binding and chondrocyte enhancer activity at these sites
(Fig. 1B).

The utility of integrating histone ChIP-Seq data with
other epigenetic datasets is an effective strategy towards
enhancer identification. The availability of large public data-
sets (Table 2) provides a valuable resource for investigators
to apply to their own studies. Future studies aiming to char-
acterise PTMs in primary cells, which can be challenging
to collect in sufficient numbers required for ChIP-Seq, may
choose to opt for CUT&RUN (Cleavage Under Targets and
Release Under Nuclease) [59] (Table 1). Using CUT&RUN,
which requires as few as 10,000 cells per assay, Sarkar et al.
have recently investigated binding sites of the TF STAT3 in
human foetal, adult, and osteoarthritis chondrocytes [64].

Chromatin Accessibility (CA)

Open, accessible chromatin facilitates the binding of TFs
that modulate gene expression. Therefore, measuring CA
in relevant cell types can provide valuable insight into cell
type-specific CREs [65]. Historically, DNase I Hypersensi-
tivity Site (DHS) [66] with sequencing (DNase-Seq), which
identifies nucleosome-depleted regions of the genome that
are accessible for cleavage by DNase I, and Formaldehyde-
Assisted Isolation of Regulatory Elements with Sequenc-
ing (FAIRE-Seq) [67], which utilises phase separation of
crosslinked protein-DNA structures and high-throughput
sequencing, have been used to identify accessible chromatin
(Table 1). However, these technologies are limited by the
requirement for large cell numbers which can be difficult to
acquire in matrix-dense, hypocellular tissues such as bone
and cartilage. More recently, the Assay for Transposase
Accessible Chromatin with Sequencing (ATAC-Seq) was
developed. This technology employs Tn5 transposase to
‘tagment’ accessible DNA via cleavage and tagging with
sequencing adaptors, facilitating the detection of open
chromatin regions whilst requiring as little as 50,000 cells



Curr Rheumatol Rep

npo-psnm-Aemajesowouagdide/:dny

eyep orwouadids jo uonesifensia pue uonediaeu syroddng
d[qe[TeAe osTe ST eiep bag-eseN

SIOOUBYUD SE Yons SJUSW[d

K103B[NS2I pUE RUOTIOUNJ OJUT SWOUIF JUSW IS 0} S}ase)ep
umo o3 pardde oq ued sfopowr SuTuILY[ 9JBIS UNBWOIYD)

DHe
1Ad-VIYD @ I1osmorg awouadidg Nysep

$ad£) [[99 JUBAJ[QI-STILIY)IEOISO FUIpN[OUL bog-aseN( e
/rerrod—qam/dewpeor/npapisnmz339//:sdny  ‘sowouddide 9ouardjer bag-gruD suoisty £z Jo A1oysodar y bag-dIyD suoisiy e dVINaAVOd
sad£1 1190 94¢ ssoxoe
syasejep bag-qyD (sIoje[nSor unewoIyo pue SI0JeAnOE
/na-3a1s1o-dewary/:dny -00 ‘s 1) Joje[n3a1 [euondriosuen 678z JO UONOI[0d Y bag-duD e deNoy
RI0D YVASVI, Se S3oel DS Se 9qe
-[TeA® dIe SyIow SuIpurg "popnyoul I SJIOW PIjepIeAun
pue (bag-dIyD £q PAYHUAPI) SJHOW PAIBPI[EA "dSEqEIEp
ouarxifo-redsely/:sdny Jnow 3urpuiq J10joej uondrrosuer) pajeInd A[enuew y sa1s urpurq J0joey uondriosuel], e AVASVI
eyep bag-aseN pue bag-dIuyD suoisty Aq payorius ‘syead
/G/dluaytros3-wojueyy/:sdyy OV £q pejeard s1aouequa pue siojowoid jo sepje uy (O VD) uorssaxdxy auan jo sisAreuy de)) e SINOINVA
Ke1re wyN( e
OHe
1d-VIUD e
K[oAT30adsar ‘syuawrafe A1038[N3aI-510 9)BP bag-oseN( e
-IpuEd 9snow pue Uewny Jo %4°¢ PU. %6 L SULIA0D ‘Bjep bag-OVIV e
/310100loxdopoouammmy//:sdny  JVINQVOY Surpnpout ‘sjuswefe YN Jo eipaedofohoud uy  bag-druD urejoid pojeroosse-unewond pue Suolsiy e AdODNA
D-1H 10} 9[qe[ieAe are sadA) anssn
St ‘IAd-VIUD I0J o[qe[reae ore sad£) anssn 9 'Jso1olur Jo D-TH
/P uISIMIOU WSy owouadpe//:dny  suor3ar orwouad Joj SUOTIOBIAIUT UNRWIOIYD JO UOTESI[ensIA 1Ad-VIUD e 19SMOIg QWoUdn) (¢
NUT[GoM uondrsaq (s)ad£y ereq 90In0§

A30[01q IoouBqUD 0) JUBAQ[AI BIEp otwouadido pue orwouas J[qeasn Jurpraoid saseqerep Junsixa 9y} jo Arewwing g ajqel

pringer

As


http://3dgenome.fsm.northwestern.edu/
https://www.encodeproject.org/
https://fantom.gsc.riken.jp/5/
https://jaspar.elixir.no
http://remap.cisreg.eu/
https://egg2.wustl.edu/roadmap/web_portal/
http://epigenomegateway.wustl.edu

Curr Rheumatol Rep

(Table 1) [68]. To date, five osteoarthritis-relevant ATAC-
Seq studies have been reported.

In 2018, Liu et al. mapped chromatin accessibility in
human articular chondrocytes (hACs) derived from eight
Japanese primary osteoarthritis patients undergoing knee
arthroplasty [69]. They identified 109,215 accessible chro-
matin regions, of which 71% reside within enhancers marked
by Roadmap DHS annotations, cross-validating ATAC-Seq
against the more established DNase-Seq. They intersected
the peaks with the physical location of osteoarthritis-asso-
ciated SNVs and found that 68% fell within accessible chro-
matin regions, again emphasising the role of these regulatory
elements in osteoarthritis gene dysregulation.

The role of CA in critical TF for knee gene expression
in osteoarthritis was further supported by an independent
ATAC-seq study in 2021. Barter et al. demonstrated that
stimulation of the chondrosarcoma cell line SW1353 with
proinflammatory cytokine Interleukin-1 (IL-1) resulted in
241 significant differentially accessible regions (DARS),
which were enriched in Roadmap chondrocyte enhancers
[70]. Conversely, the changes were underrepresented in
promoter regions, suggesting that the disruption of GRNs
within the joint in response to inflammatory stimuli is pre-
dominantly driven by enhancers. Furthermore, the authors
functionally validated these regions in driving the inflamma-
tory response using CRISPR-Cas9 to delete an IL-1-induced
open chromatin region within MMP13, encoding matrix
metalloproteinase-13 (a well-characterised initiator of car-
tilage catabolism) from the genome of SW1353 immortal-
ised chondrosarcoma cells. Deletion of this gene enhancer
resulted in an attenuated upregulation of MMP13 following
IL-1 stimulation.

To date, the most comprehensive analysis of a gene
enhancer associated with osteoarthritis pathogenesis [71ee]
was published in 2020. Disease-associated SN'Vs mapping
to GDF5, encoding growth differentiation factor 5, a bone
morphogenic protein with known roles in mammalian knee
development [72], were intersected with embryonic mouse
and human knee ATAC-Seq peaks to prioritise putative
causal variants. Richard et al. identified the presence of
rs6060369 within a common knee open chromatin region
in mice and humans [71ee], the deletion of which resulted
in reduced GDF5 expression in the chondrocyte cell line
TC28a2. Murine studies of the CRE further demonstrated
that deletion of the region resulted in morphological changes
to condyle curvature and width and led to the development
of osteoarthritis in aged mice. Computational modelling pre-
dicted that rs6060369 occupied and disrupted the TF binding
site for pituitary homeobox-1 (PITX1), a critical TF for knee
development [73], which was functionally validated using
ChIP-Seq, supportive of the enhanceropathy model depicted
in Fig. 1A. This study was the first to demonstrate that an
osteoarthritis-associated enhancer variant controlling early
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development of the human knee joint can predispose humans
to osteoarthritis in later, post-reproductive life: a phenom-
enon known as antagonistic pleiotropy [74].

To further understand the developmental origins of the
functional gene dysregulation that contributes to osteoar-
thritis and temporal changes in chromatin accessibility in
cartilage, our laboratory performed ATAC-Seq on 12 human
foetal cartilage samples taken from the proximal (hip) and
distal (knee) ends of developing long bones and 10 osteo-
arthritis cartilage samples from patients undergoing arthro-
plasty at hip and knee joint sites [32e]. Significant DARs
(113,887 hip and 121,050 knee) were identified between
foetal and osteoarthritis cartilage. Once more, these regions
showed significant enrichment of enhancer annotations, indi-
cating that changes in gene expression are driven by altered
enhancer function (rather than promoters). Interestingly, 36
osteoarthritis-associated SN'Vs overlapped with ATAC-Seq
peaks uniquely in foetal cartilage (n=16) or osteoarthritis
cartilage (n=20), suggesting that genetic determinants of
osteoarthritis risk may function at specific stages of the life
course. Future functional studies and fine-mapping of risk
loci to target genes must consider tissues taken through-
out the life course, post-development, yet before disease
initiation.

Understanding disease-specific changes to enhancer
accessibility contributes to our understanding of pathol-
ogy. In 2023, Wang et al. applied ATAC-Seq to identify
DARs between primary chondrocytes taken from patients
with osteoarthritis (n=2) or Kashin-Beck disease (KMD,
n=2) to understand specific differences in these cartilage-
degrading diseases. Of the 51,900 accessible chromatin
peaks identified for osteoarthritis chondrocytes, 14,541 were
not present in KMD chondrocytes. These uniquely acces-
sible chromatin regions may therefore provide insight into
osteoarthritis-specific enhancer dysregulation and warrant
further investigation.

Long Range Chromatin Interactions (LRI)

The spatial organisation of the non-linear genome provides
important context to regulatory elements that act at physi-
cally distal regions. Chromosome conformation technolo-
gies are therefore valuable tools to determine targets of
enhancer activity. Chromatin conformation capture tech-
nologies (including Capture Hi-C) allow high-throughput
detection of LRIs following DNA—protein crosslinking and
base-pair resolution sequencing (Table 1) [75]. These LRI
maps depicting enhancer-promoter interactions can provide
insights into the molecular mechanisms by which SNVs
drive susceptibility to common, complex diseases [76]. For
example, the application of Capture Hi-C data in human
mesenchymal stem cells (hMSCs) has identified that the
thumb osteoarthritis SNV rs11588850, which resides within
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the gene body of SNAP47, physically interacts with the 200
kb-upstream transcription start site (TSS) of WNT9A. The
WNTO9A gene is differentially expressed between high and
low-grade osteoarthritic cartilage and known to play a key
role in joint formation [77, 78].

Additional studies have applied chromatin conformation
data in silico to prioritise osteoarthritis risk SNVs and effec-
tor genes. Using existing Chromatin Interaction Analysis
by Paired-End Tag sequencing (ChIA-PET) data (Table 1),
Kehayova et al. identified physical interactions between the
locations of osteoarthritis mQTL CpGs identified in adult
cartilage tissue and the 3’ untranslated region of COL-
GALT?2, subsequently confirming this as an osteoarthritis
effector gene through functional analysis [37]. Similarly,
LRIs were identified between the TSSs of TMEM 129 and
SLBP and an osteoarthritis-associated differentially meth-
ylated region, with functional studies confirming a regula-
tory role of this putative enhancer in modulating TMEM 129
expression in chondrocytes [79].

Tissue-Specific Enhancers Within
the Osteoarthritic Joint

Historically, investigations into osteoarthritis aetiology at
the molecular level have been cartilage-centric, yet progres-
sively the paradigm is shifting to consider osteoarthritis as
a disease affecting the whole joint [1]. Transcriptomic and
epigenomic studies increasingly include non-cartilaginous
joint tissues, such as synovium [46ee, 80], infrapatellar fat
pad [36] and subchondral trabecular bone [81, 82].

Direct comparisons of enhancer methylation status at
the sites of known OA-mQTLs have identified one notable
example of opposing allelic impacts upon DNAm measured
in distinct joint tissue environments [39ee]. At this locus, har-
bouring the gene COLGALT?2 and marked by osteoarthritis
risk SNV rs11583641, 8 CpGs cluster within a 500-bp region
of an intronic enhancer. In osteoarthritis cartilage, 3/8 CpGs
exhibited significant mQTLs, with the major (risk) allele cor-
relating with decreased levels of DNAm. Functional expres-
sion studies involving CRISPR-Cas9 deletion of the region
and precision editing of the methylome at this site confirmed
COLGALT? as the target gene, with a decrease in methyla-
tion corresponding with an increase in gene expression [37].
Interestingly, this epigenetic effect was much greater in human
foetal cartilage, and the chromatin at the enhancer was signifi-
cantly more accessible, indicating that the conferred overex-
pression of the protein in cartilage in those carrying the risk
allele is also active during skeletal development [83]. The dis-
cussion of the role of enhancers during cartilage development,
and how this contributes to osteoarthritis in later life, was
recently intricately described [84] and so has been excluded
from the scope of this review.

Analysis of the identified OA-mQTLs within adult osteo-
arthritis synovium revealed that at all § enhancer CpGs, the
risk allele correlated with significantly increased DNAm, and
a subsequent decrease in gene expression, between which a
functional link was again confirmed through epigenome editing
[39ee]. This is an example of biological pleiotropy, in which
the impact of a risk variant (or haplotype) produces a differ-
ent phenotypic outcome between two tissues. Such effects are
known and already add substantial complexity to the pharma-
cological targeting of pathways resulting from GWAS studies.
It is estimated that~30% of GWAS SNVs exhibit pleiotropic
effects (associating with multiple traits or diseases) which map
to>60% of genes [85]. However, such antagonistic effects are
seemingly rare within multiple tissues of the same organ, which
have the potential to contribute to the same disease. To date,
relatively few studies have directly contrasted such effects
between tissues of the articulating joint, and amongst those
that have, only a small number of all known osteoarthritis risk
loci have been included [41, 46ee, 50, 86]. On an epigenome-
wide scale (considering all SNV-CpG correlations), Kreitmaier
et al. identified just 33 mQTL pairs demonstrating an antago-
nistic effect between osteoarthritis knee cartilage and synovium
(0.02%) [34]. The extent to which such biological pleiotropy
within the joint could impact future pharmacological targeting
of osteoarthritis remains unclear. Rigorous molecular investiga-
tions into the impact of SN'Vs upon target genes, coupled with
biological studies into the encoded protein function, within the
context of multiple joint tissues are essential to inform pre-
clinical drug development studies.

Finally, the consideration of cartilage as a heterogeneous
tissue must not be overlooked. Mature articular cartilage
has long been considered to consist of a single cell type: the
articular chondrocyte. Whilst this central dogma still stands,
the advent of single-cell (sc) technologies has revealed and
defined subsets of articular chondrocytes [87] within both
diseased and healthy tissue [88] at the transcriptome level.
To date, scATAC and scMethyl-seq have not been applied
in human chondrocytes, yet bulk sequencing technologies
have paved the way for the identification of disease-driving
chondrocyte subsets within cartilage and the identification
of subset-specific enhancers [89]. It is wholly possible that
in cartilage, as has been described in other tissues, bulk epi-
genomic investigations can mask correlations between the
epigenome and transcriptome.

SNV to Gene Studies: The Missing Link
and Future Directions

In keeping with the ‘liability threshold’ model, an indi-
vidual who inherits sufficient osteoarthritis risk alleles is
likely to exhibit aberrant enhancer function and dysregula-
tion of essential genes for normal joint development and
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function, resulting in osteoarthritis. However, functional
interpretation of osteoarthritis risk SNVs is impeded by
several factors: they often reside within linkage disequilib-
rium (LD) blocks, meaning reported variants (the array tag
SNVs) are likely a proxy for the causal variant; SNVs exert
tissue-specific effects, i.e., they may regulate a target gene
in one tissue whilst having no effect on gene expression in
another or even have opposing effects in distinct tissues; and
the three-dimensional structure of chromatin may result in
SNVs regulating genes that are physically close but linearly
distant. Unravelling these mechanisms therefore relies on
researchers being able to characterise regulatory elements in
disease-relevant tissue types, combining chromatin organisa-
tion and structure with epigenetic marks such as DNAm and
histone modifications.

Effector genes of complex traits, including osteoarthri-
tis, have been prioritised through powerful statistical fine-
mapping approaches, including the co-localisation of causal
candidate SNVs with expression QTL (eQTL) from datasets
such as GTEx. However, evidence suggests that less than
half of GWAS signals co-localise with eQTLs [90]. One
further limitation to this approach is the tissue-specificity of
eQTLs (as also observed with mQTLs), creating a hindrance
to conclusive results in diseases such as osteoarthritis, where
there is a lack of disease-relevant datasets. A recent study,
applying scRNA-seq in circulating immune cells, found no
evidence to support that cell-type QTL specificity arises
from differences in gene expression, or from low statistical
power, indicating that transcription factor expression and/
or binding site accessibility (within enhancers) drive such
effects [91]. In addition to the contribution of cellular con-
text to the co-localisation of eQTLs with GWAS signals, it
has been reported that a limitation of this overlap is in part
because GWAS and eQTL studies are powered to identify
different types of SNV. This report, from Mostafavi et al.,
demonstrated using GWAS analysis of the UK Biobank (in
44 complex traits), and GTEx eQTL data (in 38 tissues)
that GWAS hits fall within regions of high evolutionary
constraint, and their effector genes have large, complex
regulatory elements, enriched for functional annotation,
unlike eQTLs [92¢]. Whilst similar biases are predicted in
the discovery of other molecular QTLs, it has been shown
that epigenetic QTLs are more highly enriched for disease
heritability.

Across the field of complex disease research, including
osteoarthritis, a multifaceted interdisciplinary approach is
required to identify the target genes of enhanceropathies.
The integration of multiple lines of larger genetic, epige-
netic, and transcriptomic datasets, generated in relevant
tissues throughout the life course, must be combined with
powerful functional tools such as Cas9 (epi)genome editing
and massively parallel reporter assays [93]. Such endeav-
ours will only be bolstered by recent advances in single-cell
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technologies yet still require the global collaborative efforts
of osteoarthritis researchers to combine resources and
expertise.

Author contributions JBR and SJR wrote the manuscript text. JBR
prepared figures. All authors reviewed the manuscript.

Funding JBR is funded by the Ruth and Lionel Jacobson Charitable
Trust. SJR is funded by a Versus Arthritis Career Development Fel-
lowship (22615), The Royal Society (RGS\R1\231319) and the John
George William Patterson JGWP) Foundation.

Declarations
Competing interests The authors declare no competing interests.

Human and Animal Rights and Informed Consent This article does not
contain any studies with human or animal subjects performed by any
of the authors.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Papers of particular interest, published recently, have
been highlighted as:

e Of importance

ee Of major importance

1. Loeser RF, Goldring SR, Scanzello CR, Goldring MB. Osteo-
arthritis: a disease of the joint as an organ. Arthritis Rheum.
2012;64:1697-707. https://doi.org/10.1002/art.34453.

2. Steinmetz JD, Culbreth GT, Haile LM, Rafferty Q, Lo J, Fukutaki
KG, et al. Global, regional, and national burden of osteoarthri-
tis, 1990-2020 and projections to 2050: a systematic analysis
for the Global Burden of Disease Study 2021. Lancet Rheuma-
tol. 2023;5:e508-22. https://doi.org/10.1016/S2665-9913(23)
00163-7.

3. Tachmazidou I, Hatzikotoulas K, Southam L, Esparza-Gordillo
J, Haberland V, Zheng J, et al. Identification of new therapeutic
targets for osteoarthritis through genome-wide analyses of UK
Biobank data. Nat Genet. 2019;51:230-6. https://doi.org/10.
1038/S41588-018-0327-1.

4. Aubourg G, Rice SJ, Bruce-Wootton P, Loughlin J. Genetics of
osteoarthritis. Osteoarthritis Cartilage. 2021. https://doi.org/10.
1016/j.joca.2021.03.002.

5.ee Boer CG, Hatzikotoulas K, Southam L, Stefansdéttir L, Zhang
Y, Coutinho de Almeida R, et al. Deciphering osteoarthritis
genetics across 826,690 individuals from 9 populations. Cell.


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1002/art.34453
https://doi.org/10.1016/S2665-9913(23)00163-7
https://doi.org/10.1016/S2665-9913(23)00163-7
https://doi.org/10.1038/S41588-018-0327-1
https://doi.org/10.1038/S41588-018-0327-1
https://doi.org/10.1016/j.joca.2021.03.002
https://doi.org/10.1016/j.joca.2021.03.002

Curr Rheumatol Rep

10.

11.

12.

13.

14.0

15.

16.

17.

18.

20.

21.

2021;184:4784-4818.e17. https://doi.org/10.1016/J.CELL.2021.
07.038. Report of the largest osteoarthritis GWAS to date,
including cohorts from multiple ancestries.

Claringbould A, Zaugg JB. Enhancers in disease: molecu-
lar basis and emerging treatment strategies. Trends Mol Med.
2021;27:1060-73. https://doi.org/10.1016/J. MOLMED.2021.07.
012.

Loughlin J. Three decades of osteoarthritis molecular genetics
research: from early discussions to impressive breakthroughs.
Osteoarthr Cartil. 2023. https://doi.org/10.1016/J.JOCA.2023.11.
005.

Dempster ER, Lerner IM. Heritability of threshold characters.
Genetics. 1950;35:212-36. https://doi.org/10.1093/GENET
1CS/35.2.212.

Erwin DH, Davidson EH. The evolution of hierarchical gene
regulatory networks. Nat Rev Gen. 2009;10:141-8. https://doi.
org/10.1038/nrg2499.

Panigrahi A, O’Malley BW. Mechanisms of enhancer action:
the known and the unknown. Genome Biol. 2021;22:1-30.
https://doi.org/10.1186/S13059-021-02322-1.

Wittkopp PJ, Kalay G. Cis-regulatory elements: molecular
mechanisms and evolutionary processes underlying divergence.
Nat Rev Gen. 2011;13:59-69. https://doi.org/10.1038/nrg3095.
Panigrahi A, O’Malley BW. Mechanisms of enhancer action: the
known and the unknown. Genome Biol. 2021; 22. https://doi.org/
10.1186/S13059-021-02322-1.

Blackwood EM, Kadonaga JT. Going the distance: a current view
of enhancer action. Science. 1979;1998(281):60-3. https://doi.
org/10.1126/SCIENCE.281.5373.60/ASSET/2618B8F1-0EA6-
459B-87E7-234ABBCCO6EED/ASSETS/GRAPHIC/SE288
6647005.JPEG.

Smith E, Shilatifard A. Enhancer biology and enhanceropathies.
Nat Struct Mol Biol. 2014;21:210-9. https://doi.org/10.1038/
nsmb.2784. First definition of the term ‘“enhanceropathy”
and discussion of enhancers in disease biology.

Gillies SD, Morrison SL, Oi VT, Tonegawa S. A tissue-spe-
cific transcription enhancer element is located in the major
intron of a rearranged immunoglobulin heavy chain gene. Cell.
1983;33:717-28. https://doi.org/10.1016/0092-8674(83)90014-4.
Banerji J, Olson L, Schaffner W. A lymphocyte-specific cellular
enhancer is located downstream of the joining region in immu-
noglobulin heavy chain genes. Cell. 1983;33:729-40. https://doi.
org/10.1016/0092-8674(83)90015-6.

Miyake N, Koshimizu E, Okamoto N, Mizuno S, Ogata T, Nagai
T, et al. MLL2 and KDM6A mutations in patients with Kabuki
syndrome. Am J Med Genet A. 2013;161:2234-43. https://doi.
org/10.1002/AIMG.A.36072.

Zimmermann N, Ferrer Acosta AMB, Kohlhase J, Bartsch O.
Confirmation of EP300 gene mutations as a rare cause of Rubin-
stein-Taybi syndrome. Eur ] Hum Genet. 2007;15:837-42. https://
doi.org/10.1038/sj.ejhg.5201791.

Corradin O, Saiakhova A, Akhtar-Zaidi B, Myeroft L, Willis
J, Cowper-Sallari R, et al. Combinatorial effects of multiple
enhancer variants in linkage disequilibrium dictate levels of gene
expression to confer susceptibility to common traits. Genome
Res. 2014;24:1-13. https://doi.org/10.1101/GR.164079.113.
Villicafia S, Bell JT. Genetic impacts on DNA methyla-
tion: research findings and future perspectives. Genome Biol.
2021;22:1-35. https://doi.org/10.1186/S13059-021-02347-6.
Wolf SF, Jolly DJ, Lunnen KD, Friedmann T, Migeon BR. Meth-
ylation of the hypoxanthine phosphoribosyltransferase locus on
the human X chromosome: implications for X-chromosome inac-
tivation. Proc Natl Acad Sci U S A. 1984;81:2806—10. https://doi.
org/10.1073/PNAS.81.9.2806.

22.

23.

24.

25.00

26.

27.

28.

29.

30.

31.

32.e

33.

34.

Schiibeler D. Function and information content of DNA methyla-
tion. Nature. 2015;517:321-6. https://doi.org/10.1038/NATUR
E14192.

Sharifi-Zarchi A, Gerovska D, Adachi K, Totonchi M, Pezeshk
H, Taft RJ, et al. DNA methylation regulates discrimination of
enhancers from promoters through a H3K4mel-H3K4me3 see-
saw mechanism. BMC Genom. 2017;18:1-21. https://doi.org/10.
1186/S12864-017-4353-7/FIGURES/6.

Alajem A, Roth H, Ratgauzer S, Bavli D, Motzik A, Lahav S,
et al. DNA methylation patterns expose variations in enhancer-
chromatin modifications during embryonic stem cell differentia-
tion. PLoS Genet. 2021;17:¢1009498—e1009498. https://doi.org/
10.1371/JOURNAL.PGEN.1009498.

Kreibich E, Kleinendorst R, Barzaghi G, Kaspar S, Krebs AR.
Single-molecule footprinting identifies context-dependent regula-
tion of enhancers by DNA methylation. Mol Cell. 2023;83:787-
802.e9. https://doi.org/10.1016/J.MOLCEL.2023.01.017.
Description of functional consequence of enhancer methyla-
tion in cell-type specific context.

Van Dongen J, Nivard MG, Willemsen G, Hottenga JJ, Helmer
Q, Dolan CV, et al. Genetic and environmental influences interact
with age and sex in shaping the human methylome. Nat Commun.
2016;7:1-13. https://doi.org/10.1038/ncomms11115.

Hannon E, Knox O, Sugden K, Burrage J, Wong CCY, Belsky
DW, et al. Characterizing genetic and environmental influences
on variable DNA methylation using monozygotic and dizygotic
twins. PLoS Genet. 2018;14:e1007544. https://doi.org/10.1371/
JOURNAL.PGEN.1007544.

Bell JT, Tsai PC, Yang TP, Pidsley R, Nisbet J, Glass D, et al.
Epigenome-wide scans identify differentially methylated regions
for age and age-related phenotypes in a healthy ageing popu-
lation. PLoS Genet. 2012;8:¢1002629. https://doi.org/10.1371/
JOURNAL.PGEN.1002629.

Rowlatt A, Hernandez-Suarez G, Sanabria-Salas MC, Serrano-
Lépez M, Rawlik K, Hernandez-Illan E, et al. The heritability
and patterns of DNA methylation in normal human colorectum.
Hum Mol Genet. 2016;25:2600-11. https://doi.org/10.1093/
HMG/DDWO072.

Rushton MD, Reynard LN, Barter MJ, Refaie R, Rankin KS,
Young DA, et al. Characterization of the cartilage DNA meth-
ylome in knee and hip osteoarthritis. Arthritis Rheumatol.
2014;66:2450-60. https://doi.org/10.1002/ART.38713/ABSTR
ACT.

Rice SJ, Tselepi M, Sorial AK, Aubourg G, Shepherd C, Almarza
D, et al. Prioritization of PLEC and GRINA as osteoarthritis
risk genes through the identification and characterization of
novel methylation quantitative trait loci. Arthritis Rheumatol.
2019;71:1285-96. https://doi.org/10.1002/ART.40849/ABSTR
ACT.

Rice SJ, Brumwell A, Falk J, Kehayova YS, Casement J, Parker
E, et al. Genetic risk of osteoarthritis operates during human skel-
etogenesis. Hum Mol Genet. 2023;32:2124-38. https://doi.org/
10.1093/HMG/DDAC251. Description of OA-mQTL:s present
in human foetal cartilage.

Rice SJ, Cheung K, Reynard LN, Loughlin J. Discovery and
analysis of methylation quantitative trait loci (mQTLs) mapping
to novel osteoarthritis genetic risk signals. Osteoarthr Cartil.
2019;27:1545-56. https://doi.org/10.1016/J.JOCA.2019.05.017.
Kreitmaier P, Suderman M, Southam L, Coutinho de Almeida R,
Hatzikotoulas K, Meulenbelt I, et al. An epigenome-wide view
of osteoarthritis in primary tissues. Am J Hum Genet. 2022; 109:
1255-71. https://doi.org/10.1016/J.AJHG.2022.05.010.
Bibikova M, Barnes B, Tsan C, Ho V, Klotzle B, Le JM, et al.
High density DNA methylation array with single CpG site reso-
lution. Genomics. 2011;98:288-95. https://doi.org/10.1016/J.
YGENO.2011.07.007.

@ Springer


https://doi.org/10.1016/J.CELL.2021.07.038
https://doi.org/10.1016/J.CELL.2021.07.038
https://doi.org/10.1016/J.MOLMED.2021.07.012
https://doi.org/10.1016/J.MOLMED.2021.07.012
https://doi.org/10.1016/J.JOCA.2023.11.005
https://doi.org/10.1016/J.JOCA.2023.11.005
https://doi.org/10.1093/GENETICS/35.2.212
https://doi.org/10.1093/GENETICS/35.2.212
https://doi.org/10.1038/nrg2499
https://doi.org/10.1038/nrg2499
https://doi.org/10.1186/S13059-021-02322-1
https://doi.org/10.1038/nrg3095
https://doi.org/10.1186/S13059-021-02322-1
https://doi.org/10.1186/S13059-021-02322-1
https://doi.org/10.1126/SCIENCE.281.5373.60/ASSET/2618B8F1-0EA6-459B-87E7-234ABBCC6EED/ASSETS/GRAPHIC/SE2886647005.JPEG
https://doi.org/10.1126/SCIENCE.281.5373.60/ASSET/2618B8F1-0EA6-459B-87E7-234ABBCC6EED/ASSETS/GRAPHIC/SE2886647005.JPEG
https://doi.org/10.1126/SCIENCE.281.5373.60/ASSET/2618B8F1-0EA6-459B-87E7-234ABBCC6EED/ASSETS/GRAPHIC/SE2886647005.JPEG
https://doi.org/10.1126/SCIENCE.281.5373.60/ASSET/2618B8F1-0EA6-459B-87E7-234ABBCC6EED/ASSETS/GRAPHIC/SE2886647005.JPEG
https://doi.org/10.1038/nsmb.2784
https://doi.org/10.1038/nsmb.2784
https://doi.org/10.1016/0092-8674(83)90014-4
https://doi.org/10.1016/0092-8674(83)90015-6
https://doi.org/10.1016/0092-8674(83)90015-6
https://doi.org/10.1002/AJMG.A.36072
https://doi.org/10.1002/AJMG.A.36072
https://doi.org/10.1038/sj.ejhg.5201791
https://doi.org/10.1038/sj.ejhg.5201791
https://doi.org/10.1101/GR.164079.113
https://doi.org/10.1186/S13059-021-02347-6
https://doi.org/10.1073/PNAS.81.9.2806
https://doi.org/10.1073/PNAS.81.9.2806
https://doi.org/10.1038/NATURE14192
https://doi.org/10.1038/NATURE14192
https://doi.org/10.1186/S12864-017-4353-7/FIGURES/6
https://doi.org/10.1186/S12864-017-4353-7/FIGURES/6
https://doi.org/10.1371/JOURNAL.PGEN.1009498
https://doi.org/10.1371/JOURNAL.PGEN.1009498
https://doi.org/10.1016/J.MOLCEL.2023.01.017
https://doi.org/10.1038/ncomms11115
https://doi.org/10.1371/JOURNAL.PGEN.1007544
https://doi.org/10.1371/JOURNAL.PGEN.1007544
https://doi.org/10.1371/JOURNAL.PGEN.1002629
https://doi.org/10.1371/JOURNAL.PGEN.1002629
https://doi.org/10.1093/HMG/DDW072
https://doi.org/10.1093/HMG/DDW072
https://doi.org/10.1002/ART.38713/ABSTRACT
https://doi.org/10.1002/ART.38713/ABSTRACT
https://doi.org/10.1002/ART.40849/ABSTRACT
https://doi.org/10.1002/ART.40849/ABSTRACT
https://doi.org/10.1093/HMG/DDAC251
https://doi.org/10.1093/HMG/DDAC251
https://doi.org/10.1016/J.JOCA.2019.05.017
https://doi.org/10.1016/J.AJHG.2022.05.010.
https://doi.org/10.1016/J.YGENO.2011.07.007
https://doi.org/10.1016/J.YGENO.2011.07.007

Curr Rheumatol Rep

36.

37.

38.

30.00

40.

41.

42.

43.

44.

45.

46.00

47.

48.

49.

Kreitmaier P, Park Y-C, Swift D, Gilly A, Wilkinson JM, Zeg-
gini E, et al. Epigenomic profiling of the infrapatellar fat pad in
osteoarthritis. Hum Mol Genet. 2023. https://doi.org/10.1093/
HMG/DDAD198.

Kehayova YS, Watson E, Wilkinson JM, Loughlin J, Rice
SJ. Genetic and epigenetic interplay within a COLGALT2
enhancer associated with osteoarthritis. Arthritis Rheumatol.
2021;73:1856-65. https://doi.org/10.1002/art.41738.

Kehayova YS, Wilkinson JM, Rice SJ, Loughlin J. Independent
osteoarthritis risk-conferring alleles mediate the same epigenetic
and transcriptional effect on a shared target gene, COLGALT?2.
Arthritis Rheumatol. 2022;75:910-22. https://doi.org/10.1002/
ART.42427/ABSTRACT.

Kehayova YS, Wilkinson JM, Rice SJ, Loughlin J. Osteoarthritis
genetic risk acting on the galactosyltransferase gene COLGALT2
has opposing functional effects in articulating joint tissues.
Arthritis Res Ther. 2023;25:83. https://doi.org/10.1186/S13075-
023-03066-Y/FIGURES/7. Description of OA-mQTLs showing
antagonistic effects between tissues of the human knee joint.
Rice SJ, Roberts JB, Tselepi M, Brumwell A, Falk J, Steven
C, et al. Genetic and epigenetic fine-tuning of TGFB1 expres-
sion within the human osteoarthritic joint. Arthritis Rheumatol.
2021;73:1866-77. https://doi.org/10.1002/ART.41736.

Parker E, Hofer IMJ, Rice SJ, Earl L, Anjum SA, Deehan DJ,
et al. Multi-tissue epigenetic and gene expression analysis
combined with epigenome modulation identifies RWDD2B as
a target of osteoarthritis susceptibility. Arthritis Rheumatol.
2021;73:100-9. https://doi.org/10.1002/ART.41473.

Roberts JB, Lucy O, Boldvig G, Aubourg G, Deehan DJ, Rice SJ.
Specific isoforms of the ubiquitin ligase gene WWP?2 are targets
of osteoarthritis genetic risk via a differentially methylated DNA
sequence. 2024. https://doi.org/10.21203/RS.3.RS-3687365/V 1.
Soond SM, Chantry A. Selective targeting of activating and
inhibitory Smads by distinct WWP2 ubiquitin ligase isoforms
differentially modulates TGFp signalling and EMT. Oncogene.
2011;30:2451-62. https://doi.org/10.1038/ONC.2010.617.

den Hollander W, Pulyakhina I, Boer C, Bomer N, van der
Breggen R, Arindrarto W, et al. Annotating transcriptional effects
of genetic variants in disease-relevant tissue: transcriptome-wide
allelic imbalance in osteoarthritic cartilage. Arthritis Rheumatol.
2019;71:561-70. https://doi.org/10.1002/art.40748.

de Almeida RC, Tuerlings M, Ramos Y, Den HW, Suchiman
E, Lakenberg N, et al. Allelic expression imbalance in articular
cartilage and subchondral bone refined genome-wide associa-
tion signals in osteoarthritis. Rheumatology. 2023;62:1669-76.
https://doi.org/10.1093/RHEUMATOLOGY/KEAC498.
Kreitmaier P, Suderman M, Southam L, Coutinho de Almeida
R, Hatzikotoulas K, Meulenbelt I, et al. An epigenome-wide
view of osteoarthritis in primary tissues. Am J Hum Genet.
2022;109:1255-71. https://doi.org/10.1016/J.ATHG.2022.05.010.
Description of multi-tissue OA-mQTL analysis allowing
direct comparison of effects between cartilage and synovium.
Evangelou E, Valdes AM, Castano-Betancourt MC, Doherty M,
Doherty S, Esko T, et al. The DOT1L rs12982744 polymorphism
is associated with osteoarthritis of the hip with genome-wide sta-
tistical significance in males. Ann Rheum Dis. 2013;72:1264-5.
https://doi.org/10.1136/ANNRHEUMDIS-2012-203182.
Zeggini E, Panoutsopoulou K, Southam L, Rayner NW, Day-
Williams AG, Lopes MC, et al. Identification of new susceptibil-
ity loci for osteoarthritis (arcOGEN): a genome-wide association
study. Lancet. 2012;380:815-23. https://doi.org/10.1016/S0140-
6736(12)60681-3.

Monteagudo S, Cornelis FMF, Aznar-Lopez C, Yibmantasiri
P, Guns LA, Carmeliet P, et al. DOT1L safeguards cartilage

@ Springer

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.00

63.

64.

homeostasis and protects against osteoarthritis. Nat Commun.
2017; 8. https://doi.org/10.1038/NCOMMS 15889.

Rice SJ, Aubourg G, Sorial AK, Almarza D, Tselepi M, Dee-
han DJ, et al. Identification of a novel, methylation-dependent,
RUNX2 regulatory region associated with osteoarthritis risk.
Hum Mol Genet. 2018; 27. https://doi.org/10.1093/hmg/ddy257.
Buenrostro JD, Wu B, Chang HY, Greenleaf WJ. ATAC-seq: a
method for assaying chromatin accessibility genome-wide. Curr
Protoc Mol Biol. 2015;109:21-9. https://doi.org/10.1002/04711
42727.MB2129S109.

Giresi PG, Kim J, McDaniell RM, Iyer VR, Lieb JD. FAIRE
(formaldehyde-assisted isolation of regulatory elements) isolates
active regulatory elements from human chromatin. Genome Res.
2007;17:877-85. https://doi.org/10.1101/GR.5533506.

Boyle AP, Davis S, Shulha HP, Meltzer P, Margulies EH, Weng
Z, et al. High-resolution mapping and characterization of open
chromatin across the genome. Cell. 2008;132:311-22. https://doi.
org/10.1016/J.CELL.2007.12.014.

Dekker J, Rippe K, Dekker M, Kleckner N. Capturing chromo-
some conformation. Science. 2002;295:1306—11. https://doi.org/
10.1126/SCIENCE.1067799.

Lieberman-Aiden E, Van Berkum NL, Williams L, Imakaev
M, Ragoczy T, Telling A, et al. Comprehensive mapping of
long-range interactions reveals folding principles of the human
genome. Science. 2009;326:289-93. https://doi.org/10.1126/
SCIENCE.1181369.

Dryden NH, Broome LR, Dudbridge F, Johnson N, Orr N,
Schoenfelder S, et al. Unbiased analysis of potential targets of
breast cancer susceptibility loci by Capture Hi-C. Genome Res.
2014;24:1854-68. https://doi.org/10.1101/GR.175034.114.

Li G, Fullwood MJ, Xu H, Mulawadi FH, Velkov S, Vega V, et al.
ChIA-PET tool for comprehensive chromatin interaction analysis
with paired-end tag sequencing. Genome Biol. 2010; 11. https://
doi.org/10.1186/GB-2010-11-2-R22.

Robertson G, Hirst M, Bainbridge M, Bilenky M, Zhao Y, Zeng
T, et al. Genome-wide profiles of STAT1 DNA association
using chromatin immunoprecipitation and massively parallel
sequencing. Nat Methods. 2007;4:651-7. https://doi.org/10.1038/
NMETH1068.

Skene PJ, Henikoff S. An efficient targeted nuclease strategy for
high-resolution mapping of DNA binding sites. Elife. 2017; 6.
https://doi.org/10.7554/ELIFE.21856.

Abascal F, Acosta R, Addleman NJ, Adrian J, Afzal V, Aken B,
et al. Expanded encyclopaedias of DNA elements in the human
and mouse genomes. Nature. 2020;583:699-710. https://doi.org/
10.1038/s41586-020-2493-4.

Andersson R, Gebhard C, Miguel-Escalada I, Hoof I, Bornholdt
J, Boyd M, et al. An atlas of active enhancers across human cell
types and tissues. Nature. 2014; 507. https://doi.org/10.1038/
nature12787.

Roadmap Epigenomics Consortium, Kundaje A, Meuleman W,
ErnstJ, Bilenky M, Yen A, et al. Integrative analysis of 111 refer-
ence human epigenomes. Nature. 2015;518:317-29. https://doi.
org/10.1038/nature14248. Publication of over 100 reference
epigenomes in different human cell and tissue types.

Cheung K, Barter MJ, Falk J, Proctor CJ, Reynard LN, Young
DA. Histone ChIP-Seq identifies differential enhancer usage dur-
ing chondrogenesis as critical for defining cell-type specificity.
FASEB J. 2020;34:5317-31. https://doi.org/10.1096/FJ.20190
2061RR.

Sarkar A, Liu NQ, Magallanes J, Tassey J, Lee S, Shkhyan R,
et al. STAT3 promotes a youthful epigenetic state in articular
chondrocytes. Aging Cell. 2023; 22. https://doi.org/10.1111/
ACEL.13773.


https://doi.org/10.1093/HMG/DDAD198
https://doi.org/10.1093/HMG/DDAD198
https://doi.org/10.1002/art.41738
https://doi.org/10.1002/ART.42427/ABSTRACT
https://doi.org/10.1002/ART.42427/ABSTRACT
https://doi.org/10.1186/S13075-023-03066-Y/FIGURES/7
https://doi.org/10.1186/S13075-023-03066-Y/FIGURES/7
https://doi.org/10.1002/ART.41736
https://doi.org/10.1002/ART.41473
https://doi.org/10.21203/RS.3.RS-3687365/V1
https://doi.org/10.1038/ONC.2010.617
https://doi.org/10.1002/art.40748
https://doi.org/10.1093/RHEUMATOLOGY/KEAC498
https://doi.org/10.1016/J.AJHG.2022.05.
https://doi.org/10.1136/ANNRHEUMDIS-2012-203182
https://doi.org/10.1016/S0140-6736(12)60681-3
https://doi.org/10.1016/S0140-6736(12)60681-3
https://doi.org/10.1038/NCOMMS15889
https://doi.org/10.1093/hmg/ddy257
https://doi.org/10.1002/0471142727.MB2129S109
https://doi.org/10.1002/0471142727.MB2129S109
https://doi.org/10.1101/GR.5533506
https://doi.org/10.1016/J.CELL.2007.12.014
https://doi.org/10.1016/J.CELL.2007.12.014
https://doi.org/10.1126/SCIENCE.1067799
https://doi.org/10.1126/SCIENCE.1067799
https://doi.org/10.1126/SCIENCE.1181369
https://doi.org/10.1126/SCIENCE.1181369
https://doi.org/10.1101/GR.175034.114
https://doi.org/10.1186/GB-2010-11-2-R22
https://doi.org/10.1186/GB-2010-11-2-R22
https://doi.org/10.1038/NMETH1068
https://doi.org/10.1038/NMETH1068
https://doi.org/10.7554/ELIFE.21856
https://doi.org/10.1038/s41586-020-2493-4
https://doi.org/10.1038/s41586-020-2493-4
https://doi.org/10.1038/nature12787
https://doi.org/10.1038/nature12787
https://doi.org/10.1038/nature14248
https://doi.org/10.1038/nature14248
https://doi.org/10.1096/FJ.201902061RR
https://doi.org/10.1096/FJ.201902061RR
https://doi.org/10.1111/ACEL.13773
https://doi.org/10.1111/ACEL.13773

Curr Rheumatol Rep

65.

66.

67.

68.

69.

70.

T1.00

72.

73.

74.

75.

76.

7.

78.

79.

Klemm SL, Shipony Z, Greenleaf WJ. Chromatin accessibility
and the regulatory epigenome. Nat Rev Genet. 2019;20:207-20.
https://doi.org/10.1038/s41576-018-0089-8.

Boyle AP, Davis S, Shulha HP, Meltzer P, Margulies EH, Weng
Z, et al. High-resolution mapping and characterization of open
chromatin across the genome. Cell. 2008;132:311-22. https://doi.
org/10.1016/J.CELL.2007.12.014.

Giresi PG, Kim J, McDaniell RM, Iyer VR, Lieb JD. FAIRE
(formaldehyde-assisted isolation of regulatory elements) isolates
active regulatory elements from human chromatin. Genome Res.
2007;17:877-85. https://doi.org/10.1101/GR.5533506.
Buenrostro JD, Wu B, Chang HY, Greenleaf WJ. ATAC-seq: a
method for assaying chromatin accessibility genome-wide. Curr
Protoc Mol Biol. 2015;109:21-9. https://doi.org/10.1002/04711
42727.MB2129S109.

Liu Y, Chang JC, Hon CC, Fukui N, Tanaka N, Zhang Z, et al.
Chromatin accessibility landscape of articular knee cartilage
reveals aberrant enhancer regulation in osteoarthritis. Sci Rep.
2018;8. https://doi.org/10.1038/S41598-018-33779-Z.

Barter MJ, Cheung K, Falk J, Panagiotopoulos AC, Cosimini
C, O’Brien S, et al. Dynamic chromatin accessibility land-
scape changes following interleukin-1 stimulation. Epigenetics.
2021;16:106-19. https://doi.org/10.1080/15592294.2020.1789266.
Richard D, Liu Z, Cao J, Kiapour AM, Willen J, Yarlagadda
S, et al. Evolutionary selection and constraint on human knee
chondrocyte regulation impacts osteoarthritis risk. Cell.
2020;181:362-381.e28. https://doi.org/10.1016/j.cell.2020.02.
057. Description of cartilage enhancers controlling human
skeletal development and predisposition to osteoarthritis;
example of antagonistic pleiotoropy.

Settle SH, Rountree RB, Sinha A, Thacker A, Higgins K, Kings-
ley DM. Multiple joint and skeletal patterning defects caused by
single and double mutations in the mouse Gdf6 and Gdf5 genes.
Dev Biol. 2003;254:116-30. https://doi.org/10.1016/S0012-
1606(02)00022-2.

Nemec S, Luxey M, Jain D, Huang Sung A, Pastinen T, Drouin
J. Pitx1 directly modulates the core limb development program
to implement hindlimb identity. Development (Cambridge).
2017;144:3325-35. https://doi.org/10.1242/dev.154864.

Byars SG, Voskarides K. Antagonistic pleiotropy in human
disease. J] Mol Evol. 2020;88. https://doi.org/10.1007/
$00239-019-09923-2.

Mifsud B, Tavares-Cadete F, Young AN, Sugar R, Schoenfelder
S, Ferreira L, et al. Mapping long-range promoter contacts in
human cells with high-resolution capture Hi-C. Nat Genet.
2015:;47:598-606. https://doi.org/10.1038/NG.3286.
Miguel-Escalada I, Bonas-Guarch S, Cebola I, Ponsa-Cobas J,
Mendieta-Esteban J, Atla G, et al. Human pancreatic islet three-
dimensional chromatin architecture provides insights into the
genetics of type 2 diabetes. Nat Genet. 2019;51:1137-48. https://
doi.org/10.1038/S41588-019-0457-0.

Spater D, Hill TP, O’Sullivan RJ, Gruber M, Conner DA,
Hartmann C. Wnt9a signaling is required for joint integrity
and regulation of Thh during chondrogenesis. Development.
2006;133:3039—49. https://doi.org/10.1242/DEV.02471.

CG Boer MS Yau SJ Rice De Almeida RC K Cheung U Styrkars-
dottir et al 2021 Genome-wide association of phenotypes based
on clustering patterns of hand osteoarthritis identify WNT9A as
novel osteoarthritis gene. Ann Rheum Dis. 80 367 75. https://doi.
org/10.1136/ANNRHEUMDIS-2020-217834

Brumwell A, Aubourg G, Hussain J, Parker E, Deehan DIJ,
Rice SJ, et al. Identification of TMEM129, encoding a ubiqui-
tin-protein ligase, as an effector gene of osteoarthritis genetic
risk. Arthritis Res Ther. 2022; 24. https://doi.org/10.1186/
S13075-022-02882-Y.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.e

93.

Steinberg J, Southam L, Roumeliotis TI, Clark MJ, Jayasuriya
RL, Swift D, et al. A molecular quantitative trait locus map for
osteoarthritis. n.d. https://doi.org/10.1038/s41467-021-21593-7.
Jeftries MA, Donica M, Baker LW, Stevenson ME, Annan AC,
Beth Humphrey M, et al. Genome-wide DNA methylation study
identifies significant epigenomic changes in osteoarthritic sub-
chondral bone and similarity to overlying cartilage. Arthritis
Rheumatol. 2016;68:1403—14. https://doi.org/10.1002/ART.
39555/ABSTRACT.

Zhang Y, Fukui N, Yahata M, Katsuragawa Y, Tashiro T, Ikegawa
S, et al. Identification of DNA methylation changes associated
with disease progression in subchondral bone with site-matched
cartilage in knee osteoarthritis. Sci Rep. 2016; 6. https://doi.org/
10.1038/SREP34460.

Rice SJ, Brumwell A, Falk J, Kehayova YS, Casement J, Parker
E, et al. Genetic risk of osteoarthritis operates during human
skeletogenesis. Hum Mol Genet. 2022. https://doi.org/10.1093/
HMG/DDAC251.

Richard D, Capellini TD, Diekman BO. Epigenetics as a mediator
of genetic risk in osteoarthritis: role during development, homeo-
stasis, aging, and disease progression. Am J Physiol Cell Physiol.
2023;324:C1078-88. https://doi.org/10.1152/AJPCELL.00574.
2022/ASSET/IMAGES/LARGE/AJPCELL.00574.2022_F001.
JPEG.

Watanabe K, Stringer S, Frei O, Umiéevi¢ Mirkov M, de Leeuw
C, Polderman TJC, et al. A global overview of pleiotropy and
genetic architecture in complex traits. Nat Genet. 2019;51:1339—
48. https://doi.org/10.1038/s41588-019-0481-0.

Sorial AK, Hofer IMJ, Tselepi M, Cheung K, Parker E, Deehan
DJ, et al. Multi-tissue epigenetic analysis of the osteoarthritis sus-
ceptibility locus mapping to the plectin gene PLEC. Osteoarthr
Cartil. 2020. https://doi.org/10.1016/j.joca.2020.06.001.

Ji Q, Zheng Y, Zhang G, Hu Y, Fan X, Hou Y, et al. Single-cell
RNA-seq analysis reveals the progression of human osteoarthri-
tis. Ann Rheum Dis. 2019;78:100-10. https://doi.org/10.1136/
ANNRHEUMDIS-2017-212863.

Rai MF, Collins KH, Lang A, Maerz T, Geurts J, Ruiz-Romero C,
et al. Three decades of advancements in osteoarthritis research:
insights from transcriptomic, proteomic, and metabolomic stud-
ies. Osteoarthr Cartil. 2023. https://doi.org/10.1016/J.JOCA.
2023.11.019.

Rai MF, Wu CL, Capellini TD, Guilak F, Dicks AR, Muthu-
irulan P, et al. Single cell omics for musculoskeletal research.
Curr Osteoporos Rep. 2021;19:131-40. https://doi.org/10.1007/
S11914-021-00662-2/FIGURES/3.

Aguet F, Brown AA, Castel SE, Davis JR, He Y, Jo B, et al.
Genetic effects on gene expression across human tissues. Nature.
2017;550:204-13. https://doi.org/10.1038/nature24277.

Yazar S, Alquicira-Hernandez J, Wing K, Senabouth A, Gordon
MG, Andersen S, et al. Single-cell eQTL mapping identifies cell
type-specific genetic control of autoimmune disease. Science.
1979;2022:376. https://doi.org/10.1126/SCIENCE.ABF3041/
SUPPL_FILE/SCIENCE.ABF3041_MDAR_REPRODUCIB
ILITY_CHECKLIST.PDF.

Mostatavi H, Spence JP, Naqvi S, Pritchard JK. Systematic dif-
ferences in discovery of genetic effects on gene expression and
complex traits. Nat Genet. 2023;55:1866-75. https://doi.org/10.
1038/S41588-023-01529-1. Description of the limitations in
overlap between GWAS and QTL studies.

Klein JC, Keith A, Rice SJ, Shepherd C, Agarwal V, Loughlin J,
et al. Functional testing of thousands of osteoarthritis-associated
variants for regulatory activity. Nat Commun. 2019;10. https://
doi.org/10.1038/s41467-019-10439-y.

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1038/s41576-018-0089-8
https://doi.org/10.1016/J.CELL.2007.12.014
https://doi.org/10.1016/J.CELL.2007.12.014
https://doi.org/10.1101/GR.5533506
https://doi.org/10.1002/0471142727.MB2129S109
https://doi.org/10.1002/0471142727.MB2129S109
https://doi.org/10.1038/S41598-018-33779-Z
https://doi.org/10.1080/15592294.2020.1789266
https://doi.org/10.1016/j.cell.2020.02.057
https://doi.org/10.1016/j.cell.2020.02.057
https://doi.org/10.1016/S0012-1606(02)00022-2
https://doi.org/10.1016/S0012-1606(02)00022-2
https://doi.org/10.1242/dev.154864
https://doi.org/10.1007/s00239-019-09923-2
https://doi.org/10.1007/s00239-019-09923-2
https://doi.org/10.1038/NG.3286
https://doi.org/10.1038/S41588-019-0457-0
https://doi.org/10.1038/S41588-019-0457-0
https://doi.org/10.1242/DEV.02471
https://doi.org/10.1136/ANNRHEUMDIS-2020-217834
https://doi.org/10.1136/ANNRHEUMDIS-2020-217834
https://doi.org/10.1186/S13075-022-02882-Y
https://doi.org/10.1186/S13075-022-02882-Y
https://doi.org/10.1038/s41467-021-21593-7
https://doi.org/10.1002/ART.39555/ABSTRACT
https://doi.org/10.1002/ART.39555/ABSTRACT
https://doi.org/10.1038/SREP34460
https://doi.org/10.1038/SREP34460
https://doi.org/10.1093/HMG/DDAC251
https://doi.org/10.1093/HMG/DDAC251
https://doi.org/10.1152/AJPCELL.00574.2022/ASSET/IMAGES/LARGE/AJPCELL.00574.2022_F001.JPEG
https://doi.org/10.1152/AJPCELL.00574.2022/ASSET/IMAGES/LARGE/AJPCELL.00574.2022_F001.JPEG
https://doi.org/10.1152/AJPCELL.00574.2022/ASSET/IMAGES/LARGE/AJPCELL.00574.2022_F001.JPEG
https://doi.org/10.1038/s41588-019-0481-0
https://doi.org/10.1016/j.joca.2020.06.001
https://doi.org/10.1136/ANNRHEUMDIS-2017-212863
https://doi.org/10.1136/ANNRHEUMDIS-2017-212863
https://doi.org/10.1016/J.JOCA.2023.11.019
https://doi.org/10.1016/J.JOCA.2023.11.019
https://doi.org/10.1007/S11914-021-00662-2/FIGURES/3
https://doi.org/10.1007/S11914-021-00662-2/FIGURES/3
https://doi.org/10.1038/nature24277
https://doi.org/10.1126/SCIENCE.ABF3041/SUPPL_FILE/SCIENCE.ABF3041_MDAR_REPRODUCIBILITY_CHECKLIST.PDF
https://doi.org/10.1126/SCIENCE.ABF3041/SUPPL_FILE/SCIENCE.ABF3041_MDAR_REPRODUCIBILITY_CHECKLIST.PDF
https://doi.org/10.1126/SCIENCE.ABF3041/SUPPL_FILE/SCIENCE.ABF3041_MDAR_REPRODUCIBILITY_CHECKLIST.PDF
https://doi.org/10.1038/S41588-023-01529-1
https://doi.org/10.1038/S41588-023-01529-1
https://doi.org/10.1038/s41467-019-10439-y
https://doi.org/10.1038/s41467-019-10439-y

	Osteoarthritis as an Enhanceropathy: Gene Regulation in Complex Musculoskeletal Disease
	Abstract
	Purpose of Review 
	Recent Findings 
	Summary 

	Osteoarthritis: A Complex Genetic Disease
	‘Enhanceropathy’ as a Disease Classification
	Epigenetic Influences upon Enhancer Function
	Osteoarthritis Risk SNVs and Chromatin Remodelling Proteins
	Chromatin State at Chondrocyte Enhancers in Osteoarthritis
	Histone Post-Translational Modifications (PTMs)
	Chromatin Accessibility (CA)
	Long Range Chromatin Interactions (LRI)

	Tissue-Specific Enhancers Within the Osteoarthritic Joint
	SNV to Gene Studies: The Missing Link and Future Directions
	References


