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Supplementary Text 
 

Genetic architecture of osteoarthritis 
 

Replication of previously-reported osteoarthritis signals 
We determined if previously reported signals are replicated in this meta-analysis, at the 
nominal significance level (P value <0.05) and in the same direction of effect. We find that 
among the 435 previously-reported osteoarthritis-associated variants (some of which 
overlap across phenotypes), 420 show association at nominal significance (P value < 0.05), 
and 249 reach study-wide significance (P value ≤1.3x10-8) at the exact same variant, in at 
least one osteoarthritis phenotype with the same direction of effect as previously reported 
(Supplementary Table 4). Fifteen variants were not replicated in this study: 4 did not meet 
our quality control criteria and didn’t proceed to meta-analysis; 1 was first identified in 
African American ancestry individuals and is nominally significant here in the African only 
hip and/or knee osteoarthritis dataset, but with a different direction of effect; 3 are rare 
variants with loss of power mainly due to variants not present in the updated deCODE 
cohort; 4 variants had been reported for self-reported osteoarthritis and early-onset 
osteoarthritis, which have not been investigated here; 2 variants had been reported in build 
36 of the human genome, which might indicate a mapping issue; and 1 deletion variant 
(5:67817769). The 4 previously-reported female-specific variants replicated in the female 
analyses but not in the main analysis, and one variant replicated in the European ancestry 
analysis only for osteoarthritis at any site, rather than in the main analysis here.  
 

Accuracy of self-reported data 
To evaluate the classification accuracy of self-reported disease status, we performed a 
sensitivity analysis for osteoarthritis at any site by excluding the 27 GWAS (30% of the total 
number of datasets) that contain self-reported osteoarthritis (Methods). The remaining 60 
datasets contained up to a maximum of 309,125 cases and 793,538 controls. We compared 
the results of this meta-analysis with the main analysis. In summary, there were 1977 
variants in the without self-reported osteoarthritis at any site meta-analysis that reach 
genome-wide significance (P value < 5x10-8) and 100% had the same direction of effect as 
the main osteoarthritis at any site meta-analysis. 1888 (95%) of these variants are also 
study-wide significant in the main meta-analysis and the remaining 89 variants range from P 
value = 5.1x10-5 to P value = 1.32x10-8. If all overlapping variants are included, we find that 
17,129,725 (83%) have the same direction of effect (Supplementary Figure 5). We observed 
no additional signals after removal of self-reported osteoarthritis patients. In summary, 
these results indicate a strong correlation between the osteoarthritis at any joint site with 
and without the inclusion of GWAS datasets that include self-reported osteoarthritis cases. 
This confirms previous studies, which have reported that self-reported osteoarthritis 
definition is a powerful tool for genetic association studies1-3. 
To further validate these results, we have conducted a GWAS using the UKBB dataset, the 
largest dataset in the main meta-analysis, by excluding individuals with self-reported 
osteoarthritis. The number of cases was 4.14 times lower (N=19885) than the main UKBB 
GWAS (N=82420), where the number of controls remained the same (N=323032). In 
accordance with the above results, we find high correlation between the UKBB GWAS with 
and without the inclusion of self-reported osteoarthritis individuals (Supplementary Figure 
6). In addition, the UKBB GWAS without self-reported patients, did not reveal any new 
signals compared to the main meta-analysis, highlighting the accuracy of phenotype 
definition. 
 



Symptomatic versus structural only osteoarthritis 
We have performed a sensitivity meta-analysis for osteoarthritis at any site restricting to 
those cohorts with phenotypes based on imaging-only (Methods). We observed no 
additional genome-wide significant signals from the imaging-only meta-analysis. This is not 
surprising given the lower power. In order to look further into the differences/similarities of 
effects across the main and sensitivity meta-analysis we have extracted variants based on 4 
different criteria (Supplementary Figure 4): (1) Significant/suggestive in both meta-analyses: 
We included variants that are study-wide significant (P value <1.3x10-8) in the main meta-
analysis and nominally significant (P value <0.05) in the imaging-only meta-analysis. This 
resulted in 1172 variants, and 1165 (99%) have concordant directions of effect. (2) 
Significant in main meta-analysis: We included variants that are study-wide significant in the 
main meta-analysis, and this resulted in 7803 variants, with 6033 (77%) having concordant 
directions of effect. (3) Suggestive in the imaging-only meta-analysis: We included all 
variants that are nominally significant (P value <0.05) in the imaging-only meta-analysis 
which resulted in 446,469 variants, and 282,488 (63%) have concordant direction of effect. 
(4) All overlapping variants: If we include all overlapping variants there are 8,906,420 
variants, and 4,839,084 (54%) have concordant direction of effect. We also compared the -
log10(P value) for each scenario and the Pearson correlations ranged from 0.04 (scenario 4) 
to 0.2 for scenario 1. In conclusion, we see concordant directions of effect between the main 
and imaging-only meta-analysis. We do not observe additional signals in the imaging-only 
meta-analysis, but this could be ascribed to relatively limited power.  
 

Causal variant fine-mapping 
Statistical fine-mapping on the regions underlying the 962 independently-associated 
osteoarthritis signals generated 855 95% credible sets containing potentially causal variants 
(Methods, Supplementary Table 9). The mean distance spanned by the variants in the 
credible sets was 92 kb. For the 107 regions which did not report credible sets, or the lead 
variant was not in the credible set, we report no credible set and include the lead variant 
only for the purposes of effector gene scoring (Supplementary Table 9). 
 

Transcription factor enrichment 
Variants can affect their target gene by altering gene regulation. We find that 57 of the 
affected transcription factor-binding motifs are significantly enriched for osteoarthritis-
associated variants (P value <9.17x10-8). We also find that 15 of the enriched transcription 
factor motifs are known to be involved in transcription initiation and general gene regulation 
(Supplementary Table 12, Supplementary Figure 7). Sixteen are linked to cell development 
and differentiation, and 14 to neuro/endocrine development and function. There are also 
motifs linked with involvement of immune response and development (n=11), cellular 
apoptosis (n=2) and cellular stress response (n=1).  
 
We examined if any of the proteins binding to transcription factor motifs enriched for 
genetic signal are produced by effector genes (Supplementary Table 12, Supplementary 
Figure 7). For 12 of the enriched transcription factor binding motifs, the gene expressing the 
relevant transcription factor is also an osteoarthritis effector gene. We find that 22 of these 
transcription factors are an effector gene (Supplementary Table 14). The ERalpha-1 motif 
and ESR1 are of particular interest, as there is evidence of increased prevalence of 
osteoarthritis in women compared to men4,5 and hormones have been suggested as a 
possible explanation for this disparity6. ESR1 is the target of 28 approved drugs for 
indications such as menopause, atrophy, postmenopausal osteoporosis and breast cancer 
(Supplementary Table 30).   
 



Lines of evidence assessment 
We find that the major lines of evidence in support of known osteoarthritis genes are mouse 
and human musculoskeletal and pain phenotypes, chondrocyte HiC, differential chondrocyte 
methylation and protein abundance, transcript contains all variants in the 95% credible set, 
and a 95% credible set variant has a moderate-high impact (Methods, Supplementary 
Table12, Supplementary Figure 8).  Some lines of evidence overlap between this study and 
the Boer, Hatzikotoulas, Southam et al. study, and this may skew the results of this analysis. 
Notably these are human musculoskeletal phenotype, mouse neuronal phenotype, human 
pain disorder, human pain gene, mouse musculoskeletal and the fine-mapping to transcript 
and variant impact. For known osteoarthritis genes prior to Boer, Hatzikotoulas, Southam et 
al., a similar ranking between the lines of evidence is seen, albeit the human 
musculoskeletal and chondrogenesis single cell lines rank higher in terms of sensitivity in this 
subset of known genes. This may reflect previous approaches used for the selection of 
osteoarthritis candidate genes to functionally investigate, in which genes with a human 
musculoskeletal phenotype or developmental roles may have been prioritised for 
investigation. We also examined the number of effector genes supported by each line of 
evidence within each biological process. The same lines of evidence consistently contribute 
more to the identification of effector genes in each process (Extended Data Fig. 2). Since 
many of these major lines of evidence are specific to chondrocytes, there may be a greater 
likelihood of detecting pathway enrichment related to chondrocyte function. In support of 
these results, genetic heritability analysis, revealed that the same lines of evidence exhibit 
the highest variance explained estimates (Supplementary Table 22). In contrast, no particular 
line of evidence appeared to be more informative than others from a GWAS variant 
perspective (Supplementary Tables 13, 21 and 22). 
 

Biological Insights 
To understand the role played by the effector genes and the biological mechanisms at each 
locus, we performed: a deep dive into the literature, pathways analysis (Methods, 
Supplementary Table 26, Extended Data Fig. 3), allelic imbalance analysis in subchondral 
bone (Methods, Supplementary Table 27, Supplementary Figure 10), and colocalization with 
plasma pQTLs (Methods, Supplementary Table 28).  
 

Pathway analysis 
We identified significant (FDR < 0.05) enrichment of genetic association signal for biological 
pathways (Supplementary Table 26, Extended Data Fig. 3). The 8 highlighted pathways have 
related Gene Ontology pathways that show enrichment for genetic signal:  Retinoic acid 
signalling (response to retinoic acid, PFDR = 9.17 x 10-5), TGFB signalling (cellular response to 
transforming growth factor beta stimulus, PFDR = 3.50 x 10-11), Circadian rhythm (regulation 
of circadian rhythm, PFDR = 2.75 x 10-2), glial cell related pathways (glial cell differentiation, 
PFDR = 1.09 x 10-9), FGF signalling (fibroblast growth factor receptor signalling pathway, PFDR = 
3.456 x 10-6), Wnt signalling (positive regulation of Wnt signalling pathway, PFDR= 6.62 x 10-6), 
BMP signalling (response to BMP, PFDR = 3.20 x 10-13), ECM assembly and organisation 
(regulation of extracellular matrix organization, PFDR = 7.98 x 10-7).  
 

Subchondral bone allelic imbalance 
We calculated the allelic expression imbalance (AEI) in individuals heterozygous for each of 
the 262 variants (Methods) and identified 15 unique coding variants located in 11 unique 
genes showing significant (FDR<0.05) AEI in subchondral bone (Supplementary Table 27, 
Supplementary Figure 10). 
 



Colocalization with plasma pQTLs 
Ten plasma pQTLs colocalize with osteoarthritis GWAS signals. Six colocalizing plasma pQTLs 
are effector genes COL2A1, FURIN, FES, APOE, ADM and MAX. COL2A1, is the joint highest 
ranking effector gene in the locus (scoring 6) and a major component of the ECM. Due to 
cartilage degradation and remodelling during osteoarthritis, COL2A1 and associated 
degradation products have been investigated as potential disease biomarkers7. No COL2A1 
molecular QTLs (methylation, expression or protein) in primary tissues colocalized with 
osteoarthritis GWAS signals (Supplementary Table 13). FES (scoring 7) and FURIN (scoring 5) 
are located at the same, newly-identified, locus, with a single independent signal affecting 
osteoarthritis at any site, hip and/or knee osteoarthritis, hip osteoarthritis, THR, TKR and 
TJR. Osteoarthritis GWAS signals colocalize with FURIN methylation QTLs in cartilage 
(degraded and intact) and synovium, and FES methylation QTLs colocalized in cartilage 
(degraded and intact). Three of the 10 pQTLs, which colocalize with GWAS signals (Methods, 
Supplementary Table 28), are associated with effector genes in highlighted pathways; FURIN 
(TGFB related, extracellular matrix (ECM) related), COL2A1 (BMP and ECM related) and APOE 
(Wnt and ECM related). COL2A1 and APOE are previously reported effector genes and 
COL2A1 is the target of 2 approved drugs (Supplementary Table 30).  
 

Retinoic acid signalling  
The highest scoring effector gene is ALDH1A2, with a score of 11, which encodes RALDH2, an 
enzyme that irreversibly catalyses the synthesis of all trans-retinoic acid (atRA) from 
retinaldehyde. atRA is a derivative of vitamin A (retinol) and a hormonal signalling molecule 
that has an essential role in embryonic development and in the maintenance of adult tissues 
including cartilage and bone. Tretinoin, the drug version of atRA, is used for the treatment of 
acne and acute promyelocytic leukaemia8,9. This locus was the first genome-wide association 
identified for hand osteoarthritis, discovered in individuals from Iceland and the 
Netherlands10. In this study, 2 variants (rs3204689, in the 3′ UTR of the ALDH1A2 transcript; 
and rs4238326, intronic in ALDH1A2) were also associated with allelic imbalance in intact 
and degraded cartilage. Both variants are present in the finger and thumb osteoarthritis 95% 
credible sets. Functional characterisation studies determined that osteoarthritis risk is 
associated with a decreased expression of ALDH1A2 dependent upon rs1291590111 in joint 
tissues (rs12915901 is present in the finger osteoarthritis credible set). Subsequent analysis 
found that the rs3204689 and rs4238326 risk variants were associated with low expression 
of ALDH1A2 in individuals with hand osteoarthritis12. They also demonstrate that 
administration of Taralozole, a Retinoic Acid Metabolism Blocking Agent (RAMBA) decreased 
mechano-inflammatory genes in chondrocytes and decreased osteophyte formation in mice. 
Taralazole is a drug that inhibits CYP26A-C1 (Extended Data Fig. 4). CYP26A-C1 are 
monooxygenases that essentially eliminate atRA, and inhibition of these proteins results in 
increased cytosolic RA, which has an anti-inflammatory role. CYP26B1 is the highest scoring 
effector gene associated with 2 independent signals for hip osteoarthritis and hand 
osteoarthritis. For the hand osteoarthritis signal, 5 variants make up the credible set; a 
missense variant, an intronic variant and 3 variants in the 3’UTR of CYP26B1. The missense 
variant, rs2241057, is internally validated in 9 European cohorts (nominally significant with 
the same direction of effect). According to SIFT, PolyPhen, CADD and AlphaMissense, 
rs2241057 is not predicted to be deleterious. A group investigating atherosclerosis and 
inflammation have shown that the hand osteoarthritis risk allele possessed enhanced 
retinoid catabolism associated with increased local inflammation13. The hip osteoarthritis 
signal at the same locus contains 24 variants in the credible set, all intergenic and residing 
between CYP26B1 and DYSF (also a high-scoring effector gene with a score of 5). One of the 
hip credible set variants, rs6751566, is located in an enhancer that loops to a promoter site 
at the 5’ end of CYP26B1. The enhancer site appears to be cell-type specific, only present in 



the ENCODE MSC-chondrocyte cell line according to HaploReg version 4.214. RARRES2, an 
effector gene related to this pathway, was initially discovered in skin graft cultures where it 
was observed that RARRES2 was found to be expressed at lower levels in psoriatic versus 
non-lesional psoriatic skin graft cultures. Following topical application with Tazarotene, an 
increased expression of RARRES2 in the psoriatic cultures was observed15. The gene product 
of RARRES2 is chemerin, an adipokine, for which levels are positively correlated with obesity, 
metabolic syndrome and type 2 diabetes, and are affected by diet and time of day16-18. 
Chemerin has also been detected in synovial fluid and positively correlated with severity of 
knee osteoarthritis19. RARRES2 has decreased expression and protein abundance in high-
grade compared to low-grade chondrocytes (Supplementary Table 13). This is contrary to the 
observation in synovium and knee osteoarthritis severity. The mechanistic link between 
chemerin levels and disease have not been established and tissue differences have been 
observed20, which may account for the differences in observations. Chemerin is a regulator 
of adipogenesis, is elevated in obesity, is associated with inflammation and vascular 
dysfunction, and is an attractive drug target and biomarker for various metabolic 
conditions21. A further effector gene associated with the retinaldehyde pathway, RLBP1, is 
expressed in retinal pigment epithelial and functions in the visual cycle as a carrier of 11-cis-
retinol and 11-cis-retinal and has a role in dark adaptation. Mutations in RLBP1 are 
associated with autosomal recessive retinitis pigmentosa22,23. It has been shown that 
osteoarthritis and age-related macular degeneration are chronic comorbidities shared by 
older adults24-26. 
 

Transforming growth factor signalling 
TGFB signalling plays major roles in numerous biological processes throughout embryonic 
and neonatal development, and adult homeostasis. LTBP1, with a score of 10, is the only 
effector gene in a locus which contains a single independent signal associated with multiple 
osteoarthritis phenotypes (osteoarthritis at any site, hip osteoarthritis, hip and/or knee 
osteoarthritis, knee osteoarthritis, TJR and TKR). LTBP3 is also an effector gene and the 
highest scoring in its locus. LTBP1 and LTBP3 are structural and signalling extracellular matrix 

proteins that associate with fibrillin microfibrils and control the bioavailability of TGFB 1-
327,28. TGFB is involved in a plethora of cellular processes, including remodelling of the 
extracellular matrix (ECM), differentiation, proliferation, migration and apoptosis. In turn, 
these can have an impact on inflammation, wound healing, fibrosis and tumour progression. 
The TGFB pathway has an established role in osteoarthritis and 28 effector genes are linked 
to the TGFB pathway, including many genes that have previously been reported as effector 
genes: LTBP1, LTBP3, TGFB1, SMAD3, GDF5, RUNX2, NOG, FBN2 and TNC (Supplementary 
Tables 13 and 29). Below we describe the 28 effector genes that are associated with the 
TGFB pathway. 
 
One gene is involved in the processing of TGFB; FURIN is the highest scoring effector gene in 
the respective locus, with a single independent signal associated with multiple osteoarthritis 
phenotypes (osteoarthritis at any site, hip osteoarthritis, hip and/or knee osteoarthritis, 
THR, TJR). FURIN is a protease that is involved with the processing of TGFB1 by cleavage of 
the pro-peptide (LAP), in the golgi apparatus, an essential step in the activation of 
TGFB129,30. FURIN plasma pQTLs also colocalized with an osteoarthritis locus associated with 
THR and osteoarthritis at any site (Supplementary Table 28); the osteoarthritis risk allele is 
associated with decreased plasma FURIN. 
 
Multiple genes are involved in the regulation of the TGFB1 pathway either by interacting 
with receptors or signalling: FUT8 is the highest scoring effector gene in a newly identified 
locus associated with knee osteoarthritis. FUT8 has decreased protein abundance in high-



grade compared to low-grade chondrocytes (Supplementary Table 13). FUT8 is involved in 
core fucosylation, adding fucosyl moieties to glycoproteins. FUT8 can regulate TGFB 

signalling pathway by core fucosylation of the TGFB receptor and it has been demonstrated 
in multiple tissues that inhibition of FUT8 and suppression of core fucosylation attenuates 
TGFB signalling31-34. Altered glycosylation patterns have been observed in osteoarthritis 
chondrocytes35. Chondrocyte core fucosylation by FUT8 has been linked with extracellular 
matrix resilience in osteoarthritis36. ITGB3 is a new effector gene at a known locus with 2 
independent signals, one of which is newly-identified here and associated with osteoarthritis 
at any site. Integrins are cell surface receptors made up of an alpha and beta chain. ITGB3 is 
the beta chain and is involved in multiple processes depending upon cell type and alpha-
beta chain combination. Integrins can modulate signalling by TGFB and, conversely, TGFB can 
alter the transcription of integrins and their ligands. The bi-directional interaction between 
integrin and TGFB is complex and important in fibrosis, cancer and wound repair. ITGB3 has 
been shown to accelerate the onset of senescence in human primary fibroblasts by 
activating the TGFB pathway, and has been identified as a potential therapeutic target during 
early carcinogenesis and aging37. SKI is the highest scoring effector gene in a newly-identified 
locus with a single independent signal associated with osteoarthritis at any site. SKI is a 
negative regulator of TGFB signalling by interacting with SMAD members. SMADs are signal 
transducers and transcriptional modulators38. Accelerated chondrocyte differentiation was 
observed in chick chondrocytes following inhibition of TGFB1 by SKI39. SMAD3 and newly-
identified SMAD6 are both effector genes in a locus associated with 3 independent signals 
and multiple osteoarthritis phenotypes: a previously-reported signal associated with 
osteoarthritis at any site, hip osteoarthritis, hip and/or knee osteoarthritis, THR, TJR, TKR 
and spine osteoarthritis; and 2 new signals, one associated with hip osteoarthritis and the 
other associated with osteoarthritis at any site and knee osteoarthritis. SMAD6 inhibits BMP 
signalling of the TGFB pathway40. In Xenopus embryos and in mammalian cells, it was shown 
that Smad6 interacts with Smad1 and alters the formation of the Smad1 and Smad4 
complex41. In mice, loss of Smad6 results in skeletal defects, with Smad6 required to limit 
BMP signalling during endochondral bone formation42. STUB1 is associated with a single 
independent signal with TKR, it is among 6 effector genes identified for this locus and ranks 
the second highest. STUB1 is an E3 ligase involved in a multitude of biological processes by 
regulating the stability of proteins. It has many roles in cancer progression and immunity43 
and has been demonstrated to be a pluripotency regulator in embryonic stem cells44. 
STRUB1 has been demonstrated to negatively regulate osteoblast differentiation by 
interacting with Runx245 (RUNX2 is another effector gene) and involved in bone 
remodelling46,47. It has been shown to interact with Smad1/4 to block BMP signalling48 and 
to modulate TGFB signalling via ubiquitin-mediated degradation of Smad349. NCOR2 is one 
of eight effector genes associated with 2 signals at a known locus associated with 
osteoarthritis at any site, hip osteoarthritis, hip and/or knee osteoarthritis, knee 
osteoarthritis and TJR, THR and TKR. NCOR2 is recruited by SKIL to repress TGFB signalling 
via SMAD2 and SMAD450.  
 
A number of genes affect the TGFB pathway via BMP signalling: FST is associated with a 
single independent signal with osteoarthritis at any site, hip osteoarthritis, hip and/or knee 
osteoarthritis, knee osteoarthritis, THR and TJR, and is a joint top effector gene for this locus 
along with MOCS2. FST demonstrated a decrease in expression and protein abundance in 
high-grade compared to low-grade chondrocytes (Supplementary Table 13). FST is a 
myostatin- and activin-binding protein. FST deficient mice have skeletal defects and reduced 
muscle mass, and die shortly after birth51. FST is an antagonist of some bone morphogenetic 
proteins52,53 (BMP-2, BMP-4, and BMP-7). FST has been investigated as a potential 
therapeutic agent for injury-induced osteoarthritis and metabolic inflammation in obesity54. 



BMP2 is associated with a single independent signal for osteoarthritis at any site, hip 
osteoarthritis, hip and/or knee osteoarthritis, THR and TJR, and is the only effector gene in 
this locus. There are controversial findings regarding BMP2 levels and osteoarthritis with 
some findings supporting a role of BMP2 in disease and others in repair processes55,56. BMP2 
may have a role protecting cartilage from destruction during osteoarthritis57. This has led to 
a number of tissue engineering and stem cell therapy studies with promising results 
investigating effective treatment methods with BMP2 for joint degeneration, such as 
traumatic cartilage injury and cartilage defects associated with osteoarthritis58,59 and also in 
bone defects60. In a proof-of-concept trial in an in vivo murine model, the sustained release 
of BMP2 and BMP7 demonstrated promising results by promoting chondrogenesis and 
improving cartilage repair58. Recombinant BMP2 was approved in the US for local bone 
formation61. BMPR1B is associated with a single independent signal for knee osteoarthritis 
and is the highest scoring effector gene in the locus. It demonstrated differential methylation 
and an increased expression in high-grade compared to low-grade chondrocytes 
(Supplementary Table 13). BMPR1B is a receptor for ligands of the TGFB superfamily 
including BMP-2 and GDF5, both effector genes that have affinity for BMPR1B62. Expression 
analysis in murine knees indicate distinct roles of Gdf5 and Bmp2 in knee joint biology63. 
Homozygous mutations in BMPR1B have been linked to Hunter-Thomas type disease, which 
gives rise to skeletal defects in limbs64. 
 
Several effector genes are involved in non-canonical TGFB signalling and/or interconnected 
pathways. TNF is associated with knee osteoarthritis. TNF is a proinflammatory cytokine and 
a ligand for the tumour necrosis factor receptor superfamily, involved in multiple processes 
including immune response, haematopoiesis and morphogenesis65. TNF has a known role in 
inflammatory bone resorption and rheumatoid arthritis66, and it has been shown that TGFB 
can regulate a TNF-dependent inflammatory osteoclastogenic pathway, which opens up 
further translational options for treatment of inflammatory osteolysis67. Signalling of TNF 

activates other pathways including NFB1. NFB1 is one of 3 effector genes associated with 
a single independent signal for osteoarthritis at any site, hip osteoarthritis, hip and/or knee 

osteoarthritis, knee osteoarthritis, THR and TJR in a known locus. NFB1 is a Rel family 
member that acts as a homo or heterodimer in transcriptional regulation, and is involved in 

many cellular processes including immune and inflammatory response68. The NFB pathway 

has been linked to osteoarthritis pathology via cartilage catabolism, making NFB pathway 

members attractive translational targets69. There is cross talk between the NFB pathway to 
the TGFB pathway via SMAD7 and TAK170. MAPK3 is an effector gene associated with 
osteoarthritis at any site and knee osteoarthritis. MAPK3 demonstrated decreased protein 
abundance in high-grade compared to low-grade cartilage (Supplementary Table 13). MAPK3 
is an extracellular signal-regulated kinase (ERK), also known as ERK1, is involved in 
differentiation and cell proliferation and is rapidly activated via non-canonical TGFB 
signalling. MAPK9 is associated with osteoarthritis at any site, hip osteoarthritis, hip and/or 
knee osteoarthritis, and demonstrated decreased protein abundance in high-grade 
compared to low-grade cartilage (Supplementary Table 13). MAPK9 is a c-Jun N-terminal 
kinase member (JNKs), also known as JNK2, and is activated by the TGFB non-canonical 
pathway. It is involved in multiple processes, including cell proliferation, differentiation, 
survival, apoptosis, and inflammation. PRKCZ is one of 4 effector genes associated with a 
single independent signal for osteoarthritis at any site. PRKCZ plays a role in various cellular 
processes, including cell polarity, survival, proliferation and neuronal function71. TGFB has a 
role in cell polarity and the regulation of epithelial-to-mesenchymal transition, in which 
PRKCZ forms a complex with PARD6 via SMURF1 and RHOA, which is also an effector gene 
associated with osteoarthritis at any site. This leads to the loss of tight junctions, thereby 
controlling epithelial morphology72-74.  



 
Multiple effector genes have links with TGFB signalling in connection with ECM composition, 
which has an important role in osteoarthritis pathology75. TGFB signalling is important in 
regulating the production of extracellular matrix components such as COL1A2 and COL3A176. 
COL1A2 is the highest-scoring effector gene in a locus associated with TKR. COL1A2 
demonstrated increased expression and protein abundance and differential splicing in high-
grade compared to low-grade chondrocytes (Supplementary Table 13). COL3A1 is associated 
with hip osteoarthritis and THR, and showed increased gene expression and protein 
abundance in high-grade compared to low-grade chondrocytes, in addition to differential 
methylation (Supplementary Table 13). FMOD is joint top scoring gene in a locus associated 
with a single independent association with hip osteoarthritis. FMOD is a small leucine-rich 
proteoglycan (SLURP) and an important regulator of matrix component assembly. SLURPs 
have been linked to the pathology of osteoarthritis via multiple mechanisms including 
changes in the ECM and modulation of TGFB members77. FMOD can bind and potentially 
inhibit TGFB activity by sequestering it in the ECM78. 
 

Bone morphogenetic protein signalling 
BMP signalling exerts diverse effects on joint tissues and contributes to various aspects of 
osteoarthritis pathology. Here, we focus on the effector genes that are BMP family 
members, receptors and BMP antagonists. There are 4 effector genes that are BMP 
subfamily members, 3 of which are newly reported (BMP2, BMP6, GDF6, plus previously 
reported GDF5). A number of studies have investigated BMP family members from a 
regenerative standpoint: BMP2 and BMP6 have osteogenic activities79 and have been 
identified as having important roles in cartilage and bone regeneration and repair80-82. BMP2 
may have a role protecting cartilage from destruction during osteoarthritis57. In a trial using 
an autologous bone graft substitute with recombinant BMP6 in patients undergoing surgery 
to delay medial osteoarthritis, accelerated bone healing was observed compared to the 
placebo83. GDF5 is also involved in cartilage homeostasis. In chondrocytes, GDF5 
predominantly signals via BMPR1B, another effector gene84. GDF5 and was shown to also act 
as an inhibitor of BMP2 signalling by an unknown mechanism, possibly by a new co-
receptor85, and is associated with joint repair; it is highly expressed after injury and up-
regulated during the early stages of osteoarthritis86. GDF6 has been investigated in 
regenerative medicine, in which differentiating mesenchymal stem cells were derived from 
human embryonic stem cells for cell-mediated bone regeneration87, and has shown 
promising effects in intervertebral disc regeneration therapies88. Five effector genes are key 
BMP antagonists89: CHRD is an antagonist of BMP2/4/789 and CHRDL2 which was shown to 
promote osteosarcoma proliferation and metastasis via BMP990. NOG also inhibits BMP2 and 
TGFB1 expression, and prevented cartilage destruction91,92. SOST (described in main text and 
below) and FST (described above). Three effector genes encode receptors (BMPR1B, SORL1 
and KDR). KDR is described below. In addition, BMPR1B was shown to act as a cartilage 
stabilizer during joint morphogenesis by preventing chondrocyte hypertrophy93. SORL1 (also 
known as LR11) is an intracellular receptor that sorts cargo proteins, including kinases, 
phosphatases, and signalling receptors, to their destined subcellular location94. In mice, Lr11 
was shown to negatively regulate thermogenesis by binding to BMPRs and inhibiting 
BMP/TGFB signalling to suppress activation of thermogenic genes in adipocytes95. The 
remaining BMP-related effector genes are involved in modulating or response of BMP 
signalling.  
 

Wnt signalling 
The Wingless-related integration site family members are encoded by 19 genes, 2 of which 
are effector genes (WNT3 and WNT5a) (Supplementary Table 29). WNT3 is essential for 



primary axis formation during vertebrate embryogenesis in the mouse96. In humans, 
homozygous nonsense mutations in WNT3 cause tetra-amelia, in which all 4 limbs are 
missing, indicating that WNT3 is necessary during the initial phases of human limb 
formation97. Wnt signalling can induce a wide variety of intracellular pathways and has both 
catabolic and anabolic effects on cartilage and bone, depending on the context and 
signalling pathway involved98-100. WNT5a has been shown to promote early chondrocyte 
differentiation and to repress chondrocyte hypertrophy101, and has an important role in 
regulating longitudinal growth of the developing long bones102. The expression of WNT5a 
has been shown to be positively correlated with osteoarthritis103 and also demonstrates 
increased expression in degraded compared to intact cartilage104 (Supplementary Table 13). 
Most effector genes are involved with the modulation of the Wnt signalling pathway and for 
those effector genes with GO terms related to Wnt signalling half are associated with 
negative regulation and half with positive regulation of the Wnt signalling pathway 
(according to The Gene Ontology (GO) knowledgebase105,106;  http://geneontology.org). 
Moderate Wnt activity is essential for chondrocyte proliferation and maintenance, whilst 
excessive activation or suppression of the Wnt-β-catenin pathway results in cartilage 
degradation. WLS, a transmembrane protein located in the endoplasmic reticulum, is 
essential for the intracellular transport and secretion of Wnt proteins for the initiation of 
Wnt signalling107,108. WLS has been shown to be differentially methylated between degraded 
and intact articular cartilage samples109,110. DOT1L methylates lysine 79 on histone 3 
(H3K79), resulting in a histone modification and in gene expression changes. DOT1L was 
shown to be protective against osteoarthritis by preventing Wnt hyper-activation through 
negative modulation of SIRT1 Wnt signalling111. Variants in the DOT1L gene have been 
associated with cartilage thickness112 (joint space width). SFRP4, located at a newly-
discovered locus, mostly functions as a Wnt antagonist113. In bone, SFRP4 affects osteoblast 
and osteoclast functioning during development and remodelling, with a loss of SFRP4 
preventing age-related bone loss in the trabecular bone114. Mutations in SFRP4 are 
associated with Pyle disease, which is characterised by increased trabecular bone, cortical 
bone thinning and increased fracture risk due to fragility115. Five of the effector genes in this 
pathway express proteins that are the targets of approved drugs (TGFB1, SOST, PSMB8, 
PSMC3 and COL6A1). SOST is primarily expressed by osteocytes, although it is also expressed 
in chondrocytes. Mutations in SOST are associated with sclerosteosis and Van Buchem 
disease, in which increased bone formation causes bone thickening116. Inhibition of SOST 
inhibits bone resorption and promotes bone formation117. Two more effector genes may be 
associated with an antiosteoporotic therapeutic: WNT5a and NFATC1. NFATC1 has a role in 
chondrogenesis and cartilage growth118, and has been shown to regulate bone mass in 
osteoblasts and osteoclasts119,120. Strontium ranelate (SrRan) is an anti-osteoporotic 
treatment that increases bone formation and decreases bone resorption121,122. SrRan 
activates NFATC1 signalling in osteoblasts, and the canonical and non-canonical Wnt 
signalling pathways are involved in the induced osteoblastogenesis. In addition, SrRan was 
shown to increase the expression of WNT5a, further supporting a role of WNT5a in 
osteoblastogenesis123. Targeting the Wnt signalling may hold therapeutic potential for 
managing osteoarthritis and mitigating its progression.  
 

Fibroblast growth factor signalling 
Here we highlight the involvement of 5 prominent fibroblast growth factor (FGF) pathway 
effector genes (FGF and FGFRs) and their involvement in osteoarthritis. There are 22 FGFs, 2 
of which are effector genes (FGF1, FGF18), both belonging to a paracrine subfamily. FGF18 
and FGF1 share some overlapping functions, but they can exert distinct effects on different 
aspects of osteoarthritis pathogenesis. FGF1 is similar in structure to FGF2, for which a lot of 
research has been carried out, linking it with rheumatoid arthritis124,125. FGF1 has a 



pathological role in osteoarthritis progression126,127. In rat cranium, FGF1 was shown to 
enhance bone regeneration due to angiogenic properties128. Angiogenesis has been 
observed in early-stage osteoarthritis, with serum FGF1 concentrations being positively 
correlated with radiographic early-stage knee osteoarthritis129. FGF1 levels were also shown 
to be significantly increased in late-stage osteoarthritis in synovial fibroblasts130. FGF18 
demonstrates anti-osteoarthritis effects in chondrocytes via the PI3K-AKT signalling pathway 
and by augmenting mitochondrial fusion and fission processes131. FGF18 has been 
implicated in promoting cartilage repair and regeneration processes132, and has shown 
significant healing of articular cartilage after surgical repair in a number of in vivo preclinical 
animal models involving Sprifermin, which is recombinant human FGF18133,134 (also 
described in the main text). Functionally it has been shown that FGF18 regulates 
chondrocyte proliferation via binding to FGFR3, another effector gene, and regulates 
osteogenesis via binding to other FGFRs135,136. FGFs signal through 5 FGFRs (FGFR1-4, 
FGFRL1), and 3 of these are effector genes (FGFR3, FGFR4, FGFRL1). FGF signalling has a 
critical role in chondrocyte maturation and skeletal development137. It has been shown that 
dynamic balance of receptors can play an important role in osteoarthritis pathology. For 
example, FGF2 exerts catabolic and anti-anabolic effects in human articular chondrocytes 
primarily through FGFR1, whereas the beneficial effects are through FGFR3138. Mutations in 
FGFR3 give rise to multiple skeletal disorders, such as thanatophoric dysplasia, 
achondroplasia, and hypochondroplasia139. In the growth plate, in mature chondrocytes and 
in vitro in primary chondrocytes, FGF signalling via FGFR3 can lead to attenuation of 
chondrocyte growth and bone formation137,140-142. The involvement of FGFR4 in 
osteoarthritis pathology is unclear; mice without Fgfr4 develop normally. However, mice 
with double homozygote mutations in Fgfr3 and Fgfr4 demonstrate growth defects (much 
smaller than sibling controls) and exhibit shorter life spans; the underlying mechanism for 
the slow growth has not been established143. In neonatal mouse calvaria, the expression 
patterns of Fgfr4 suggest that it may be an important regulator of osteogenesis144. FGFRL1 is 
different to the other FGFRs, in that it lacks the intracellular protein tyrosine kinase domain. 
It is the latest FGFR to be discovered and has been found to be expressed in skeletal tissues 
and postulated to be a decoy receptor145. In pancreatic islet beta cells, it has been shown 
that FGFRL1 enhances FGF signalling via SHP-1 and via MAPK/ERK signalling146. MAP3K (aka 
ERK1) is also an effector gene. The FGF pathway leads to the activation of multiple 
downstream pathways including, Ras/Raf/mitogen-activated protein kinase 
kinase/extracellular signal-regulated kinase (MAPK/ERK pathway), Phosphoinositide 3-kinase 
(PI3K/AKT), Phospholipase C gamma/diacylglycerol/protein kinase C (PLCγ/DAG/PKC) and 
signal transducer and activator of transcription (STAT) pathways. The remaining 14 effector 
genes are involved with the modulation of upstream and downstream signalling. For 
example, PIK3R1 encodes a regulatory subunit of the phosphoinositide 3-kinase enzyme, 
part of the PI3K/AKT signalling pathway; and SPRY2 is a negative regulator of the FGF 
pathway147. 
 

Extracellular matrix  
Constituting ~90% of cartilage, the extracellular matrix (ECM) plays an important role in 
mechanosensing and mechanoadaption to the environment148. The disruption of ECM 
organization compromises cartilage integrity and leads to cartilage degeneration. 
Inflammation-triggered alterations in the ECM can disrupt cellular processes necessary for 
cartilage self-regeneration149.  Degradation of the pericellular matrix may initiate changes 
associated with osteoarthritis150. Sixty-one effector genes are associated with ECM assembly. 
GWAS associations clustered near the ACAN gene have been identified for a number of 
phenotypes, including height151, but none previously for osteoarthritis. The newly-identified 
osteoarthritis associated locus is linked to 4 osteoarthritis phenotypes, all at weight-bearing 



joints (hip osteoarthritis, hip and/or knee osteoarthritis, THR and TJR). The effector gene 
evidence included differential splicing, methylation and protein abundance, with lower 
protein abundance of ACAN in degraded compared to intact cartilage. There are 2 variants in 
the respective 95% fine-mapping credible sets: these are rs1879529 (intronic in ACAN) and 
rs3817428 (missense in ACAN), which has the highest posterior probability of inclusion 
ranging from 0.793-0.954. rs3817428 has mixed predictions for functional impact; 
deleterious in SIFT and pathogenic in AlphaMissense152, whilst tolerated in Polyphen, CADD, 
REVEL and METALR (http://grch37.ensembl.org). In a study investigating ACAN and lumbar 
back pain, rs3817428 was among 3 variants predicted to be pathogenic by in-silico functional 
analysis153. rs3817428 overlaps 4 ACAN transcripts (ENST00000352105, ENST00000439576, 
ENST00000559004 and ENST00000561243). In human osteoarthritis degraded and intact 
chondrocytes, the most abundant transcripts of ACAN are ENST00000558604 (40% of all 
transcripts) and ENST00000439576 (~30% of all transcripts) (information provided by the 
author of 104). ENST00000558604 is a retained intron, whilst in ENST00000439576 rs3817428 
resides in exon 15, in the G3 region of the protein which is thought to be essential for 
normal trafficking of aggrecan within the chondrocyte and for its secretion into the ECM154. 
This region appears to be degraded over time due to aging155.  
 

Circadian rhythm 
The basic circadian molecular clock has a period of ∼24 hours and is intrinsic to most cells 
and tissues. Circadian clocks influence the timing of cellular processes, including those 
involved in tissue repair and maintenance. Here, we discuss the circadian relevance of the 20 
effector genes related to this pathway (Supplementary Table 29, Extended Data Fig. 6). Three 
effector genes are key clock components. The basic core components include CLOCK, ARNTL 
(also known as BMAL1), PER1-3 and CRY1-2 and NR1D1 (also known as REV-ERBα). CLOCK 
and ARNTL are both newly-identified effector genes, which form heterodimers that bind to 
enhancer-box (E-Box) elements and activate the expression of PER and CRY. PER and CRY 
proteins accumulate, dimerise and act as repressors for CLOCK/ARNTL, thereby regulating 
their own expression. The third effector core clock gene is NR1D1 which is activated via E-
box binding by CLOCK/ARNTL. NR1D1 is a is a nuclear hormone receptor that competes with 
ROR for binding to a shared DNA binding element, RORE, to regulate the expression of 
ARNTL (repression by ARNTL1 and activation by ROR) and thereby controlling the period 
length of rhythms in gene expression156,157. These 3 effector genes all have links to 
osteoarthritis: ARNTL expression was progressively reduced as osteoarthritis severity 
increased in human cartilage and as age increased in murine cartilage. In addition, in a 
chondrocyte-specific Bmal1-knockout mouse, a progressive degeneration and severity of 
lesions in articular cartilage of the knee (but not hip) was observed over time, indicating that 
Bmal1 expression is essential in chondrocytes for preserving the structural integrity of 
cartilage tissue in the knee158. In clock mutant mice (ClockΔ19), cartilage degradation and 
inflammation are observed159. The circadian rhythm pathway was shown to be significantly 
dysregulated in osteoarthritis-affected cartilage from human donors, with decreased 
expression of NR1D1 and ARNTL observed in human osteoarthritis affected cartilage and 
also in aged cartilage compared to young cartilage in mice. It was shown that reduced 
expression of NR1D1 and ARNTL in chondrocytes leads to deleterious changes in TGFB 
signalling, which has a key role in cartilage homeostasis160.  
 
Six genes are involved in entrainment of the circadian clock. NR3C1 which encodes the 
glucocorticoid receptor, can act as a transcriptional regulator of transcription factors or as a 
transcription factor binding to glucocorticoid response elements (GREs). GREs are found in 
the promoters of circadian clock genes161-164 and the production of glucocorticoids are under 
circadian control165,166. The entrainment of extra-suprachiasmatic nucleus (SCN) clocks in 



multiple tissues have been shown to be dependent upon the rhythmic secretion of 
glucocorticoids in tissues that also express NR3C1, and evidence suggests that misalignment 
between central and peripheral clocks has detrimental effects167.  
 
CRTC1 has been associated with major depression, obesity and circadian and sleep 
dysregulation168,169. CRTC1 is preferentially expressed in brain tissue and regulates the 
transcription of cAMP response element binding protein (CREB) target genes following 
neuronal activity170. Following light stimulation, CRTC1 and CREB activate the expression of 
PER and SIK1. SIK1 acts in a negative feedback manner by phosphorylating and deactivating 
CRTC1, and suppressing the impact of light on the circadian clock171. CRTC1 appears to be a 
major player in bone osteogenesis; it has been shown that BMP2 reduces SIK1 expression 
resulting in the activation of CRTC1-CREB and the transcription of osteogenic genes172. 
 
GFPT1 is the initial rate-limiting enzyme of the hexosamine biosynthetic pathway (HBP), 
which is driven by nutrient availability (glucose, glutamine, acetyl-coenzyme A and uridine-
5′-triphosphate) from carbohydrate, amino acid, lipid and nucleotide metabolism, 
respectively. The HBP is involved in the synthesis of uridine diphosphate -N-
acetylglucosamine (UDP-GlcNAc), which is the substrate for N- or O-linked glycosylation and 
O-GlcNAcylation173. The activity of HBP enzymes, and thus the protein O-GlcNAcylation 
rhythm, is regulated by both the circadian clock and feeding-fasting174. In mice, it was 
demonstrated that ARNTL and CLOCK are rhythmically O-GlcNAcylated, which prevents their 
degradation, thereby altering the amplitude and phase of the clock oscillation and conveying 
nutritional signals to the core circadian timing system175. PGM3, a further effector gene, is 
also part of the HBP. HBP-related processes have been investigated as potential therapeutic 
targets following cartilage trauma176, although the therapeutic efficacy of glucosamines for 
osteoarthritis remains controversial177. 
 
DDH encodes an enzyme responsible for the synthesis of 2 neurotransmitters (dopamine 
from L-DOPA and serotonin from L-5-hydroxytryptophan) and also synthesises tryptamine 
from L-tryptophan. DDC has an indirect involvement with the circadian clock via the 
synthesis of both neurotransmitters, which are known to modulate the circadian clock and 
can affect the main SCN clock178-180. For example, in the retina, dopamine mediates the 
effects of light in many circadian processes181. Serotonin is implicated in various processes 
including sleep-wake cycles182.  
 
MAPK9 is a member of the MAP kinase family and involved in multiple cellular processes. It 
is closely related to MAPK8. MAPK8 and MAPK9 (or JNKs), capable of transmitting light 
signals to the ARNTL–CLOCK complex183. They regulate the speed of oscillation and the 
phase response of the master clock by phosphorylating clock proteins in both positive and 
negative branches, affecting ARNTL protein stability and PER2 phosphorylation184. 
 
PRKG2 encodes a serine/threonine protein kinase that can bind to and inhibit the activation 
of several receptor tyrosine kinases. Mice deficient in cGKII (also known as PRKG2) are 
unable to reset their circadian clocks according to light, and the mechanism appears to be 
via activation of Per2 and attenuation of Per1185. 
 
One effector gene, KCNMA1, is involved in circadian rhythm orchestration. KCNMA1 encodes 
the alpha subunits of calcium-activated BK (big potassium) channels, which form the pore. 
KCNMA1 is an important regulator of neuronal activity in the SCN and plays a vital role in 
orchestrating circadian rhythms. It has been demonstrated that the expression of KCNMA1 
varies over the circadian cycle with increased expression during the night186 which suppress 



neuronal activity in the SCN during the evenings in mice186,187. In addition, knocking-out 
Kcnma1 in mice or blocking BK channels, results in increased spontaneous firing of the SCN 
neurons at night, demonstrating a critical role of BK channels in regulating rhythmicity in the 
SCN188-190. 
 
Four effector genes are involved in sleeping patterns. HCRTR2 is a high-affinity receptor for 
the neuropeptides orexin-A and orexin-B, and functions in sleep-awake cycles and feeding 
behaviour191. It has been associated with narcolepsy192 and cluster headaches, which are the 
most severe of the primary headache syndromes typified by recurring headaches occurring 
in a circannual rhythm193,194. 
 
UTS2 is a potent vasoconstrictor195, also expressed in the central nervous system, and plays a 
role in modulating rapid eye movement (REM) sleep via its receptor, which is expressed in 
the cholinergic neurons of the pedunculopontine tegmental nuclei, an area with a known 
involvement in sleep-awake patterns and important for the on- and offset of REM sleep196-

198. 
 
CHRNB2 gene encodes a subunit of the nicotinic acetylcholine receptor. CHRNB2 mutations 
have been associated with autosomal dominant nocturnal frontal lobe epilepsy199, 
characterised by clustered epileptic attacks during sleep. In mice, it was demonstrated that 
the expression of Chrnb2 showed odor-evoked circadian rhythm under the control of 
BMAL1200. 
 
OPRL1 is an opioid receptor that binds nociception and has several roles including pain, 
learning and memory, emotional states, neuroendocrine control, food intake and motor 
control201. OPRL1 has a role in circadian rhythm regulation and sleep-wake control. In a 
study examining two regions of the prefrontal cortex in human post-mortem brain samples, 
OPRL1 was one of the most rhythmic genes identified202. OPRL1 agonism has also been 
associated with sleep-wake control, increased non-REM sleep and suppression of REM 
sleep203. OPRL1 is also associated with re-entrainment of the clock following alteration in the 
environmental light/dark cycle by down-regulation of PER2204. Curcumin and curcumin-
Boswellia act as nociceptin receptor antagonists and selectively down-regulate OPRL1 
expression, which is associated with pain relief205. Their combination has been investigated 
for improved pain treatment in knee osteoarthritis206. 
 
Four effector genes are transcription factors involved in the regulation of circadian-related 
genes. MEF2D is involved in muscle and neuronal development and differentiation207,208. 
MEF2D binds as a homo or heterodimer to consensus sequences when activated by p38 
mitogen-activated protein (MAP) kinase signalling209. A target gene of MEF2D, PPARGC1A, is 
activated in response to cytokines and exercise210,211, and plays a role in the circadian clock 
response to energy, by inducing mitochondrial oxidative metabolism. Ppargc1a also 
stimulates the expression of Bmal1, Clock, Per2, and Rev-erbα through coactivation of 
ROR212,213. Mef2 (the MEF2D equivalent in Drosophila) has been linked to normal circadian 
behaviour in Drosophila214 and Mef2d−/− mice demonstrate lengthened circadian free-
running periods and altered behavioural activity patterns215.  
 
NCOA6, previously known as PRIP, is a coactivator that interacts with various transcription 
factors and enhances the ability of the nuclear receptors to activate the transcription of 
target genes. For example, NCOA6 interacts with PPARs and RXR, retinoic acid receptor, 
thyroid hormone receptors, glucocorticoid receptor, liver X receptor, vitamin D receptor, and 
androgen receptor as part of a coactivator complex that can influence the expression of 



circadian clock genes. In addition, there is cross-talk between the PPARs/RXR-regulated 
system and the CLOCK/BMAL1-regulated system216-218. 
 
NKX2-1 (aka TTF1) is a transcription factor vital for the development and differentiation of 
various tissues, including the thyroid, lung, and ventral forebrain. In the preoptic area of the 
hypothalamus of rodents, the upregulation of NKX2-1 expression coincides with darkness 
and precedes the transcriptional oscillations of gonadotropin-releasing hormone. ARNTL1, 
CLOCK, and PER1 suppressed Ttf1 promoter activity and CRY1 was found to activate Ttf1 
transcription. Furthermore, Ttf1 was observed to repress the transcription of Nr1d1219 and 
Ttf1 and was shown to interact with Per2 in SCN220. 
 
TNF is a pleiotropic proinflammatory cytokine activating a number of signalling pathways 
and thus involved in the regulation of a wide range of biological processes. TNF signals 
through 2 main receptors; TNFRSF1A and TNFRSF1B, the latter also an effector gene.  
Expression of TNF shows a circadian pattern and there are numerous connections of TNF to 
the circadian clock221. Evidence suggests that there is a reciprocal inhibitory effect between 
melatonin and TNF222. Melatonin plays a pivotal role in circadian control. The expression 
levels of melatonin peak during the evening (as expression is inhibited by light). In 
inflammatory conditions, resulting in increased TNF, the nocturnal synthesis of melatonin 
can be disrupted for short periods of time223. In addition, TNF can activate and repress the 
expression of clock-related genes due to the activation of p38 Mitogen-activated protein 

kinases224 and/or accumulation of calcium225, and via TGFB and inhibition CIRBP226, resulting 
in both inhibition and activation of Per and Cry, as well as activation of Rev-erbα (NR1D1) 
and Bmal1 (ARNTL). Multiple studies have investigated the therapeutic effect of TNF 
inhibitors in cartilage repair processes227. 
 
Two effector genes demonstrate circadian oscillations. ATG7 encodes an enzyme that is a key 
regulator in the autophagic process, essential for the conjugation of autophagy-related 
proteins and the formation of autophagosomes. Many autophagy genes have been shown to 
be regulated in a circadian-dependent manner, and ATG7 expression and activity exhibit 
circadian rhythmicity. In the liver and heart, the expression of ATG7 peaks during specific 
times of the day, aligning with the circadian regulation of autophagy228,229. In the liver, CRY1 
is degraded by autophagy228 and evidence suggests that autophagic degradation of ARNTL 
promotes ferroptosis230, a type of cell death shown to be associated with osteoarthritis 
pathogenicity231. Fifteen effector genes are involved in the clock-controlled autophagy in 
bone metabolism pathway (Wikipathways WP5205) (Supplementary Figure 12). 
 
NTRK1 is a neurotrophic tyrosine kinase receptor, for which the main ligand is NGF. In mice, 
it was demonstrated that Ngf and TrkA RNA (which is the mouse homologue of the nerve 
growth factor receptor) oscillate in a circadian manner in the SCN, in phase with p75NTR and 
Per1232 and tyrosine kinases. Additionally, upregulated expression levels of NGF and NTRK1 
were observed in human chondrocytes affected by osteoarthritis233. NGF can also promote 
neuronal sprouting and pain, and has been linked with neuronal plasticity234 and 
contribution to peripheral inflammatory pain235. In addition to circadian effects on bone and 
joint, the severity of inflammation in the joints may vary over the course of the day due to 
circadian fluctuations in immune system and cytokine activity236.  
 

Glial cell-related  
Glial cells include oligodendrocytes, astrocytes, and microglia in the central nervous system 
(CNS); and satellite cells and Schwann cells in the peripheral nervous system. The 39 effector 
genes associated with glial cells traverse multiple cellular processes, including glial cell 



differentiation, regulation, migration, and development. Here, we provide a few examples: 
ACAN is a core ECM component also expressed by developing astrocytes and has an 
important role in the control of glial cell maturation during brain development237. DAG1 is 
ubiquitously expressed, including in neuroepithelial cells during early development238, as 
well as in adult glial cells239. DAG1 is associated with a number of neuromuscular diseases 
and has multiple roles in the nervous system240, including peripheral nerve myelination241. 
Two examples of effector genes involved with astrocytes are CLCF1 and CDK6. CLCF1 (also 
known as CLC) has the ability to differentiate neural stem cells into astrocytes within the 
developing brain and is associated with neuro-regeneration242. YAP regulation of CDK6 
signalling prevents premature senescence of astrocytes, resulting in delayed brain aging and 
aging-related neurodegenerative diseases243. Further examples of effector genes associated 
with oligodendrocytes include NKX2.1 and TPPP. Loss of Nkx2.1 function in mice causes loss 
of the pallidal structure and loss of GABAergic interneurons and oligodendrocytes in the 
dorsal telencephalic region244. Additionally, Nkx2.1 controls embryonic spatiotemporal 
astroglial production245. TPPP is specifically expressed in myelinating oligodendrocytes246 
and plays an important role in cytoskeletal rearrangement during the process elongation of 
oligodendrocytes247. Loss of RhoA-dependent immune regulation in microglia causes brain 
inflammation, synapse loss, neurotoxicity and memory problems. Additionally, during 
neuroinflammatory conditions the deficiency of RhoA can further worsen microglial necrosis 
and trigger apoptosis, leading to increased microglial cell death248. The process in which glial 
cells may contribute to osteoarthritis pathology and pain is complex. Here, we outline a 
simplified model to illustrate the different processes involved and provide osteoarthritis-
relevant examples. Within the osteoarthritic joint, injury can cause the activation of immune 
and glial cells causing neurogenic inflammation249 and the release of neuropeptides from 
sensory nerve fibres leading to local vasodilation, plasma extravasation and the recruitment 
of immune cells to the joint250,251. Glial cells can also interact with sensory nerves to regulate 
neurogenic inflammation and the release of inflammatory mediators (e.g. IL1, IL-6, TN, 
chemokines, and PGE2) that contribute to tissue inflammation and pain. In osteoarthritis, 
glial cell activation may enhance neurogenic inflammation in the joint, exacerbating tissue 
damage and pain252. This sustained neurogenic inflammation can further sensitise 
nociceptive neurons, which contributes to the maintenance of peripheral sensitisation and 
further amplifies the pain signalling from the joint to the central nervous system (CNS). 
Neuroinflammation is characterised by activation of glial cells in the peripheral nervous 
system (PNS) and CNS which can further drive peripheral sensitisation. Activated glial cells 
release pro-inflammatory cytokines and chemokines, contributing to neuroinflammation 
within the CNS and central sensitisation253. Proinflammatory responses and 
neuroinflammation in adult and aged mice with osteoarthritis has been found to lead to 
increased expression of cytokines and glia markers. In addition, the impact of pain on 
physical disabilities in the aged mice was found to be more pronounced254. In a rat model of 
osteoarthritis, the onset of pain-related behaviour coincided with increased sensory and 
sympathetic innervation of the joints and alterations in glial cells within the dorsal horn of 
the spinal cord255. In the PNS, satellite glial cells have also been implicated in the 
programming of dorsal root ganglia macrophages into a pro-algesic phenotype that 
maintains pain in osteoarthritis256. Glial activation and the release of pro-inflammatory 
cytokines and chemokines can enhance pain signalling in osteoarthritis, leading to chronic 
pain and hyperalgesia257. In rodents with induced experimental osteoarthritis, behavioural 
pain responses were associated with the presence of activated microglia and astrocytes in 
the spinal cord, indicating that osteoarthritis joint pain is associated with central 
sensitisation258. Chronic pain can manifest due to neural plasticity and due to dysfunction of 
glial cells259. Although the role of glial cells in osteoarthritis-associated chronic plain has not 
been fully established, glial cells have a role in central sensitisation and chronic pain 



associated osteoarthritis249,258. The correlation of pain associated with articular joint damage 
in osteoarthritis is variable, and a number of clinical features have been assessed with some 
studies showing a correlation and others not260,261. In knee osteoarthritis, different markers 
associated with inflammation showed a weak to moderate correlation with pain262. Some of 
these observed inconsistencies may be due to differences in neuroplastic changes in the 
peripheral and central nervous system, which can result in a reduction of the pain threshold, 
allodynia and hyperalgesia in certain individuals263,264. Osteoarthritis can have a significant 
impact on an individual's mental health and well-being due to chronic pain, concerns about 
worsening symptoms, stress caused by coping strategies and disrupted sleeping patterns. A 
number of studies show a positive correlation between osteoarthritis and mental health 
conditions; including dementia, Alzheimer’s disease, anxiety and depression265-267. 
Depression, anxiety and stress also have links with glial cell involvement.  
 

Effector genes traversing biological processes 
A total of 263 genes are implicated across the eight biological processes, with 190 being 
unique. Of these, 52 genes overlap between different processes. The majority of overlapping 
genes (38 out of 52) are shared between two processes, 8 genes are shared between three, 
5 between four, and 1 gene is shared across five processes. Specifically, 28 genes are 
involved in the TGFB signalling pathway, with 24 of them being shared across two or more 
biological processes. For the other pathways, the numbers are as follows: 21 out of 33 for 
BMP signalling, 21 out of 57 for Wnt signalling, 7 out of 20 for FGF signalling, 29 out of 61 for 
ECM assembly and organisation, 5 out of 21 for Circadian rhythm, 18 out of 39 for Glial cell 
related pathways, and none for retinoic acid signalling (0 out of 4) (Supplementary Table 29). 
 

Quantitative comparisons between the biological processes 
We have conducted variant heritability analysis and find that the processes with the highest 
number of effector genes such as ECM and Wnt signalling show higher levels of 
osteoarthritis heritability explained, consistently across the 11 phenotypes (Supplementary 
Figure 9). The higher heritability attributed to these processes can be largely explained by 
the greater number of effector genes identified within them, but this might also reflect the 
fundamental roles that processes like cartilage development and remodelling play in 
osteoarthritis pathogenesis. 
 

Drug Targets 
Of the 473 identified approved drugs, 33 are approved for pain or inflammation in 
osteoarthritis, and an additional 46 drugs are approved for pain relief in other indications, 
and/or for other musculoskeletal diseases. The 33 drugs prescribed for osteoarthritis target 
just 2 genes: NR3C1, and PTGS1. NR3C1 is the target of 65 approved drugs, 15 of which have 
indications for osteoarthritis due to their anti-inflammatory action. PTGS1 is targeted by 45 
drugs, including 18 nonsteroidal anti-inflammatory drugs that provide pain relief in 
osteoarthritis. We find a decrease of PTGS1 in degraded compared to intact osteoarthritis-
affected chondrocytes (Supplementary Table 13). In humans and mouse models, PTGS1 
expression was significantly elevated in damaged cartilage and osteoarthritis-affected 
synovial cells compared to non-osteoarthritis-affected cells. Treatment with naproxen (one 
of the approved drugs) suppressed PTGS1 expression in synovial tissue, inhibited the 
migratory and invasive capabilities of osteoarthritis synoviocytes and increased their 
apoptosis rate268. 
 
Ten of the effector genes associated with glial cells have proteins that are the target of 
approved drugs: 5 genes with approved indications for cancer treatment (ERBB2, MAP2K1, 
CDK6, CSF1R and RAF1), 2 genes for eye disease (LAMB2 and COL6A1 (also indicated for 



collagen build-up treatment)), 2 genes for autoimmune conditions (TNF, NR3C1), and TGFB1, 
which is indicated for anaemia (Supplementary Tables 29 and 30). 
 
Three effector genes linked to BMP signalling encode proteins that are the targets of 
approved drugs (Supplementary Table 30) (COL2A1, SOST (described below and in the main 
text) and KDR). KDR is the target of 19 approved drugs, all of which act as inhibitors for 
treatment of various indications, including fibrosis. KDR (also known as VEGFR2) responds to 
VEGF and is involved in endothelial migration and proliferation. During hypoxia, BMP2 (via 
Delta like Canonical Notch Ligand 4) and BMP6 (via TAZ-Hippo) have been shown to regulate 
VEGF signalling by differentially modifying the availability of VEGFR2 and thereby inducing 
angiogenesis, suggesting that BMP2/6 may be potential targets for anti-/pro-angiogenic 
therapy269.  
 
Six proteins encoded by effector genes that are linked with the TGFB pathway are the target 
of at least one approved drug (Supplementary Table 30). TNF is the target of 5 drugs, all 
inhibitors, to treat conditions involving the immune system and inflammation, with 
indications for use in rheumatoid arthritis, spondylitis, ankylosing spondylitis and psoriatic 
arthritis. COL1A2 and COL3A1 are both targeted by 2 drugs indicated in abnormalities of 
connective tissue and Dupuytren’s contracture. ITGB3 is inhibited by 4 drugs and has 
indications in myocardial infarction and recurrent thrombophlebitis. PRKCZ is the target of a 
drug with cancer-related indications, and TGFB1 is also targeted by a single drug, which has 
indications for anaemia (Supplementary Table 30).  
 
Targeting the Wnt signalling may hold therapeutic potential for osteoarthritis. There are 5 
effector genes, for which the protein is the target of an approved drug (TGFB1, SOST, 
PSMB8, PSMC3 and COL6A1). SOST antagonises Wnt signalling via binding to LRP co-
receptors and also antagonises BMP-signalling270. Romosozumab, a monoclonal anti-
sclerostin antibody, has been licenced for use in osteogenesis imperfecta, osteopenia and 
prevention of fractures in postmenopausal women and men with osteoporosis with 
promising results, although reports also suggest a higher risk of cardiovascular events271-273. 
 

Similarities and differences between the effector genes identified in this study, and 
those in large pain datasets. 
We have compiled a comprehensive set of 562 variants previously reported to be associated 
with various pain phenotypes at genome-wide significance, derived from 33 GWAS studies 
(Supplementary Table 31). These variants have been mapped to 445 genes. Of the 700 
osteoarthritis effector genes in our study, 41 genes (5.3%) have been classified as pain-
related genes. Five out of 69 (7.2%) of the effector genes encoding proteins targeted by 
approved drugs have also been identified as pain-related genes. These genes are mainly 
associated with multisite chronic pain and pain intensity. 

Supplementary Methods 
Cohorts, phenotypes and genotypes 
Ancestry groups were assigned according to genetic similarity with 1000 Genomes Project 
groupings274 using 6 broad ancestry groups (individuals of European ancestry (EUR), East 
Asian (EAS) ancestry, African American (AFR) ancestry, South Asian (SAS) ancestry, Hispanic 
(HIS) ancestry and mixed ancestry (ADM)). Each study imputed genotypes to the most 
suitable reference panel available for them, which was either the Haplotype Reference 
Consortium panel275 (HRC), 1000 Genomes Project274, Trans-Omics for Precision Medicine276 
(TOPMed) or cohort-specific reference panels (Supplementary Table 2).  
 



GWAS summary statistics quality control and meta-analysis 
To check for file naming discrepancies, we used this script https://github.com/hmgu-
itg/Genetics-of-Osteoarthritis-2.0/filename_checker.py. Followed by 
https://github.com/hmgu-itg/Genetics-of-Osteoarthritis-2.0/preQC to check that the column 
headers were correct, calculated the effect allele frequency, converted any odds ratios (OR) 
to beta and standard error (SE), excluded missing or nonsense data (e.g., P values > 1, 
infinite betas, mono-allelic variants). If applicable, we converted the linear regression 
coefficients to log-OR. To do this, the beta and SE were multiplied by 1/(pi*(1-pi)) where pi is 
the proportion of the sampled individuals that are cases277. Diagnostic plots were visualized, 
including: chromosome span, number of variants per chromosome, Manhattan plot, uniform 
qq-plot for P values, normal qq-plot for beta and SE, beta vs EAF plot and a histogram of the 
beta. Most of the GWAS provided were imputed to the HRC275 (http://www.haplotype-
reference-consortium.org) or 1000 Genomes Project274 and were analysed using 
GRCh37/hg19. A minority of GWAS (6 cohorts) were imputed using their own reference 
panel or TOPMed276 (https://topmed.nhlbi.nih.gov) using GRCh38/hg38. To harmonise 
across GWAS and account for differences in the reference genome build and insertion-
deletion allele nomenclature, we used the following script  https://github.com/hmgu-
itg/Genetics-of-Osteoarthritis-2.0/runliftnorm, which implements BCFtools278 
(https://samtools.github.io/bcftools/bcftools.html) and CrossMap279 and creates a 
standardized variant identifier across all datasets in GRCh37/hg19 coordinates with left-
aligned insertion-deletion variants with the format chromosome:position_reference 
allele_alternate allele. Finally, we used Easy QC280 to exclude variants with poor imputation 
quality (R2<0.3), effective sample size <20, minor allele count <6. For some cohorts, in which 
the number of cases was small and there was case:control imbalance, we additionally 
excluded variants with effective allele count (EAC)<20 and imputation accuracy (INFO)<0.8. 
We checked that the P value matched the corresponding beta value. We checked the allele 
frequency against the HRC imputation reference (http://www.haplotype-reference-
consortium.org/) or 1000Genomes (https://www.internationalgenome.org) to determine if 
there were allele coding errors. Variants with frequency below 1% were not included in the 
meta-analyses. 
 
We performed sensitivity analyses to establish if including cohort summary statistics, in 
which the number of cases was very low, introduced errors. To do this, we performed the 
meta-analysis for each phenotype including only GWAS summary statistics, in which the 
number of cases was >1,000, >100, and across all datasets. For each phenotype, the 
correlation was high between the meta-analyses regardless of the number of cases. We did 
not observe any spurious additional signals due to inclusion of all datasets regardless of the 
number of cases.  
 

Defining independent signals and loci 
The stepwise conditional regression model as implemented in COJO-GCTA, uses the LD 
between the index variants to correct β and P values of neighboring variants and then runs 
through the same process in a stepwise manner to identify the number of independent 
variants in a region (Methods). Independence was declared if the variant remained 
significant (P value ≤1.3x10-8).  
 

Chromosome X meta-analysis 
In some of the contributing datasets, the scaffold and imputation quality was lower on 
chromosome X compared to the autosomes. Where this was the case, each cohort 
converted the imputed genotype probabilities to hard calls using a threshold of 0.9 in 
PLINK281. Each cohort excluded any variant that was heterozygous in males or had a Hardy 



Weinberg Equilibrium P value <0.0001 in females. For each set of chromosome X GWAS 
summary statistics, we carried out the same central quality control steps as described above 
as for the autosomal data. We performed a 2 step meta-analysis; in step 1, we analyzed 
female and male cohorts separately using METAL282, using the inverse variance weighted 
approach for females and a Z-score analysis in males, to control for potential differences in 
allele coding between different analysis software. In step 2, we meta-analyzed the males and 
females using Z-scores in METAL. We observed no study-wide significant associations (P 
value ≤1.3x10-8) on the X chromosome. 
 

Sex-differentiated meta-analysis 
The sex-differentiated analysis resulted in 468 study-wide significant variants with the 
majority being intergenic or intronic (57% and 29% respectively). We considered 8 lines of 
evidence to define effector genes, as the other lines of evidence in the effector gene scoring 
are based on mixed sex data and therefore not appropriate for inclusion here. Four genes 
scored 2, and 10 scored 1 point (Supplementary Table 6). 
 

Genetic risk score analyses 
GRS was derived using PLINK version 2.0. Only the lead variants were included in the analysis 
(Defining independent signals and loci). The predictive performance of GRS was assessed in 
multi-ancestry and ancestry-stratified MVP veterans, adjusting for covariates age, sex, and 
the first 10 PCs of genetic data. We contrasted the performance of the covariates-only model 
with the covariates plus GRS model. In an effort to disentangle the potential confounder of 
body mass index (BMI), we generated models with and without BMI included among the 
covariates (https://arocco.shinyapps.io/go2_grs/). In addition to this, we generated models 
where PCs were not introduced among the covariates but included in the GRS prediction to 
measure the overall cumulative effect of genetics on osteoarthritis prediction. We consider 
only the AUCs that have a significant P (P<0.05) between the individuals in the top 5% 
highest GRS scores compared to individuals in the lowest 5% GRS scores. 
The GRS performed the best at predicting hip osteoarthritis in multi-ancestry veterans 
(Supplementary Table 7). When including BMI in the model, veterans with the top 5% 
highest GRS had a 2.4-fold increased risk of osteoarthritis in comparison with the lowest 5% 
of GRS scores (Supplementary Table 7). When we examined GRS performance in ancestry-
stratified MVP veterans, veterans in the top highest 5% GRS scores were 2.5-fold more likely 
to have hip osteoarthritis compared to the lowest 5% of GRS scores, whereas African 
American and Admixed American veterans in the top 5% of the GRS were 1.5 and 2.2. fold 
more likely to have hip osteoarthritis than those in with the lowest GRS, respectively 
(Supplementary Table 7).  
 

Effector gene identification by combining 24 lines of evidence 

Determination of genes in osteoarthritis-associated loci 
We produced a list of all of the genes in each locus using the Ensembl REST API 
(http://grch37.rest.ensembl.org; Methods) using overlap/region/human. As different 
databases can give slightly different results and in order to be more comprehensive, we also 
performed the same search using University of California Santa Cruz (UCSC) Genome 
Browser283 and added additional genes with ENSG identifiers to the list for each locus. For 
the 286 loci, we extracted 8,785 unique genes, based on ENSG identifier. 
 

Variant annotation and fine-mapping  
For each variant in the credible set, we added all annotations available using Ensembl284 
(http://grch37.ensembl.org/Tools/VEP), for each locus with no credible set, we included the 

http://grch37.ensembl.org/Tools/VEP


lead variant only. We extracted the most severe consequence for each variant along with the 
associated gene and impact rating 
(https://www.ensembl.org/info/genome/variation/prediction/predicted_data.html) 
(Supplementary Table 9). For effector gene scoring, we used an impact of moderate to high. 
A variant annotation with an impact of moderate to high corresponds to the following high 
Sequence Ontology (SO) terms: transcript_ablation, splice_acceptor_variant, 
splice_donor_variant, stop_gained, frameshift_variant, stop_lost, start_lost, 
transcript_amplification, feature_elongation, feature_truncation and the following moderate 
SO terms: inframe_insertion, inframe_deletion, missense_variant, protein_altering_variant. 
In addition, we scored a gene as being potentially important if all of the variants in the 
credible set reside within the canonical transcript of the gene. For the 84 moderate to high 
impact variants, we identified the gene affected and gave it a score of 1 point for the effector 
gene ranking. We identified 142 genes, in which all variants in the credible set reside within 
the transcript (Supplementary Tables 9 and 13).  
 

Active promoter 
To glean as much information as possible from the non-coding credible set variants, we 
performed an in-silico search to identify putative transcription factor binding motifs that are 
altered by the variant. We used the HaploReg version 4.214 database from the ENCODE 
project14,285 to identify potential promoters that are altered by the variant. We included all 
credible set variants, and for each locus with no credible set, we included the lead variant 
only. We identified 34 variants situated in active histone marks related to a promoter and 
predicted TATA-BOX motif and annotated these manually to the closest gene. For 5 variants, 
there was no gene nearby (the nearest gene was > 3kb away). We scored 23 unique genes a 
score of 1 point for the effector gene ranking (Supplementary Tables 13 and 15).  
 

Chondrocyte Hi-C loop overlap 
To consider the 3-dimensional spatial organization of the genome in chondrocytes and 
search for long-range regulatory elements, we integrated high-throughput chromosome 
conformation capture (Hi-C) data generated in patient-derived primary chondrocyte cells286. 
We utilised the ROADMAP epigenome Chromatin Hidden Markov Models(HMM) 15-state 
model287, which identifies the following: Active Transcription Start Site (1_TssA), Flanking 
Active Transcription Start Site (2_TssAFnk), Transcription at gene 3’ and 5’ (3_Tx_Flnk)., Genic 
Enhancers (6_EnhG), Enhancer (7_Enh),Bivalent/Poised Transcription Start Site (10_TssBiv), 
Flanking Bivalent/Poised Transcription Start Site (11_BivFlnk) and Bivalent Enhancer 
(12_EnhBiv). We used Mesenchymal stem cell-derived chondrocytes as a model cell type 
(E049)287. The HiC contact file was lifted to GRCh37 with HiCLift288. We overlayed the 
credible set variants with loop anchor regions identified with 4 different loop calling 
algorithms using P value or FDR ≤ 0.1. To determine if any of these reside in an enhancer 
region, we checked if those variants residing in a loop anchor region overlap with any of the 
ChromHMM states 3,6,7,11 or 12. To further check if the loop anchor containing a variant in 
an enhancer is in contact with a loop anchor containing a promoter, we checked if the 
contact loop anchors contain regions with ChromHMM states 1,2 or 10 (Supplementary 
Table 16). To link the promoter to a gene, we used -1,500 bp and +500 bp relative to the 
transcriptional start site (TSS) using Ensembl BioMart289 (release 110, GRCh37). We used the 
ENSG identifier for the mapping to the gene list, and for each locus with no credible set, we 
included the lead variant only (Supplementary Table 17). We score 1 point to all genes in the 
list linked to an enhancer-promoter variant (Supplementary Table 13). We identified 10,078 
variants residing in a loop region, 836 residing in an enhancer and, of these, 814 variants 
looped to a promoter, for 1155 unique genes. Fifty-two percent of the 1,155 unique genes (n 
= 599) were among the 8,785 genes in the GWAS associated loci; 493 genes were in the 



same locus as the looped enhancer variant, 89 genes were in a different locus and 17 genes 
were linked to looped enhancer-variants in the same and different loci.  
 

Genes involved in gene regulatory networks important in fetal development 
To identify if any of the credible set variants were located in an enhancer that is linked to a 
gene involved in gene regulatory networks important in foetal development, we 
interrogated data from the development atlas. Single cell multi-ome data (scRNA-seq and 
scATAC-seq) were generated in hip, knee and shoulder tissue to investigate osteogenesis and 
chondrogenesis (personal communication). The data were analysed using the GRNBoost2 
algorithm in Scenic+ software290, which quantifies co-expression and accessibility. We used 2 
metrics associated with the enhancer-gene links; the importance and the correlation 
coefficient to filter the data. These 2 values are used for the purpose of matching TF with 
bound regions and target genes. Initially, the links were filtered by rho (|rho| > 0.03) and 
then sorted by importance score290, we selected the top (most important) 3 regions per 
gene and investigated if any of the credible set variants reside in these regions. In order to 
map the variants, we firstly lifted the region coordinates from GRCh38 to GRCh37 using the 
UCSC Genome Browser291 (http://genome.ucsc.edu) and scored the gene if variants in the 
credible set reside in this window. For each locus with no credible set, we included the lead 
variant only. We find 146 unique genes in which the credible set variants are located in an 
enhancer-gene linked region involved in gene regulatory networks important in the 
development of the fetal skeleton. Ninety-eight are associated with chondrogenesis, 81 with 
osteogenesis and 33 associated with both developmental processes (Supplementary Tables 
13 and 18). 
 

Multi-omics in primary osteoarthritis cartilage  
We performed a look-up for all genes located in the 286 osteoarthritis loci using the largest 
functional datasets available in chondrocyte osteoarthritis tissue to determine if any of the 
genes in the loci were differentially expressed. We investigated differences between paired 
low-grade (intact) cartilage and high-grade (degraded) cartilage from individuals who had 
undergone joint replacement due to osteoarthritis. We examined differences in terms of 
gene expression (n=124 individuals), protein abundance (n=99 individuals) and methylation 
(n=90 individuals)104,109,292. We used the published definitions for declaring differential 
status. For the gene expression and protein abundance, Ensembl gene name and ENSG 
identifier were used to perform the search. For differential methylation, we included 
methylation sites annotated to at least one gene name based on the Illumina manifest file 
for the 450k array. For methylation, the Ensembl gene name and aliases were used for the 
search and mapping for the effector gene scoring. Aliases were identified using HUGO Gene 
Nomenclature Committee (HGNC) Biomart (https://biomart.genenames.org). Seventy-six 
genes were differentially expressed, 31 had lower expression and 45 had increased 
expression in degraded compared to intact cartilage. Seventeen genes and 18 transcripts 
demonstrated differential usage; 8 transcripts had increased usage and 10 transcripts had 
decreased usage in degraded compared to intact cartilage. Thirty-nine genes were 
differentially spliced in degraded compared to intact cartilage. We identified 431 genes 
associated with differential protein abundance, 241 with decreased abundance and 190 with 
increased abundance in degraded compared to intact cartilage. There were 1,297 genes 
associated with at least differentially methylated site between degraded and intact cartilage 
(Supplementary Table 13). 
 

Colocalization with molecular QTLs in osteoarthritis relevant tissues 
We performed statistical colocalization analyses in primary osteoarthritis high-grade 
(degraded) cartilage, low-grade (intact) cartilage and synovium. For synovium, we used gene 



expression (n=77 individuals)292 and methylation (n=78 individuals) QTL data from 
osteoarthritis patients109. Cartilage data from osteoarthritis patients were collected from 
degraded and intact tissue and included gene expression (degraded: n=87 individuals, intact: 
n=95 individuals), protein abundance (n=99)292 and methylation (degraded: n=90 individuals, 
intact: n=98 individuals) QTL data109. For the loci that included more than one independent 
variant, we performed conditional analyses with COJO293 to generate adjusted summary 
statistics for each index variant by conditioning all variants in the locus on the other 
independent index variants. For each signal and each QTL dataset, we included all variants in 
the respective window. Colocalization was conducted for each respective molecular feature 
(for instance gene, protein or CpG sites) that contained at least one QTL (using a threshold of 
<5% false discovery rate). In addition, for the methylation data, colocalization was conducted 
only if the CpG site was annotated to a gene, based on the Illumina manifest file for the 450k 
array. We used the coloc.abf function from the coloc R package (version 5.2.2)294. We used 
the default prior probabilities of the coloc R package. We considered evidence for suggestive 
colocalization if the posterior probability of H4 (PP4) was > 0.8. For each suggestive 
colocalizing signal, we calculated a 95% credible set for the causal variant by taking the 
cumulative sum of the variants’ posterior probabilities to be causal, conditional on H4 being 
true. We considered robust evidence of a shared signal if the 95% credible set of the 
colocalization overlapped at least by one variant with the 95% credible set of the GWAS fine-
mapping or the lead GWAS risk variant (Supplementary Table 19). If a methylation site was 
associated with >1 gene, these genes were both scored (Supplementary Table 19).  
 

Human and mouse musculoskeletal and pain/neuronal phenotypes 
We performed bioinformatics searches to identify genes in the loci involved in mouse or 
human musculoskeletal phenotype or linked to a pain or neuropathy disorder. Genes 
associated with mouse musculoskeletal phenotypes (code MP:0005390 (skeleton 
phenotype), MP:0005369 (muscle phenotype) and MP:0005387 (immune system)) or 
neuronal phenotype (code MP:0003631 (nervous system phenotype) were retrieved from 
the Mouse Genome Informatics (MGI) database (www.informatics.jax.org) and International 
Mouse Phenotyping Consortium (IMPC) (http://www.mousephenotype.org/). Genes 
associated with human monogenic musculoskeletal phenotypes (MeSH code C05) were 
identified from Online Mendelian Inheritance in Man (OMIM) database 
(https://www.omim.org/). For human genes linked to monogenic pain disorders, we 
extracted any genes containing phenotypes with the key words pain and sensory neuropathy 
in the OMIM database. Additionally, we identified genes associated with human 
musculoskeletal phenotypes according to the Nosology and classification of genetic skeletal 
disorders295. We also searched the Butterfield et al publication296 for genes identified as 
having a role in abnormal joint formation in mice, in data generated by the Origins of Bone 
and Cartilage Disease Project. Additionally, we downloaded the gene lists which have been 
linked to pain from the curated Human Pain Genetics Database 
(https://humanpaingeneticsdb.ca/hpgdb/). We found 204 genes to be linked to a human 
musculoskeletal phenotype, 57 to a monogenic human pain disorder and 96 genes to be 
associated with pain in the curated Human Pain Genetics Database (Methods). In the mouse 
searches, 1,358 genes were linked to a musculoskeletal phenotype and 763 to a pain 
phenotype. 
 

Lines of evidence assessment 
To investigate if certain lines of evidence are more informative than others, we extracted 77 
known osteoarthritis unique effector genes from Boer, Hatzikotoulas, Southam et al.297. We 
identified which of these were from loci previously reported (n=48). LMX1B is present at 2 
different loci (1 known and 1 novel) we considered this gene as previously reported. There 



are 18/77 genes that are not included in this study, this is likely due to locus definition 
differences between Boer, Hatzikotoulas, Southam et al. and this study as 11/18 reside 
within 500kb of loci in this study. There were 2 genes TACC3 and ENHO that are not 
considered as effector genes in this study because they score <3, the difference is due to 
updated or different datasets utilised in this study compared to that in Boer, Hatzikotoulas, 
Southam et al for the colocalisation and differential analysis respectively. For the analysis we 
used 57 known osteoarthritis genes from Boer, Hatzikotoulas, Southam et al and we also 
counted the lines of evidence separately for the 36 of these that were previously reported 
(Supplementary Table 13). To establish the sensitivity, we divided the counts for each line of 
evidence by 57 and 36 for the known osteoarthritis from Boer, Hatzikotoulas, Southam et al. 
and previously reported osteoarthritis genes, respectively (Supplementary Figure 8). 
Additionally, we estimated variant heritability of each line of evidence by using LDAK v6 
software298 (https://www.ldak.org). We used summary statistics from the meta-analysis for 
each of 11 binary traits.  
To further investigate if any line of evidence is more informative from a GWAS variant 
perspective, we mapped the implicated genes from each line of evidence to their 
corresponding GWAS loci, selecting the lead variant for each locus. The effect sizes and 
posterior probabilities of these lead variants were then compared using one-way ANOVA 
and Tukey’s Honestly Significant Difference post-hoc test (Supplementary Tables 13, 21 and 
22).  
 

Biological insights additional analysis 
 

Pathway analysis 
We included all human genes as the background, with the Gene Ontology biological 
processes as the reference. The thresholds used for the minimum and maximum number of 
genes in each pathway were 10 and 300, respectively. Over-represented gene sets required a 
minimum of 5 genes to overlap with the examined gene set. The significance threshold was 
set at FDR < 0.05. Pathway analyses were performed using the R package ClusterProfiler299 
(version 4.8.2) (Supplementary Table 26, Extended Data Fig. 3, Supplementary Note). 
 

Subchondral bone allelic imbalance 
Details on RNA isolation, RNA-sequencing, alignment, and quality control are provided 
elsewhere300. The approach to determine AEI was based on two previous studies301,302. In 
short, variants located in the coding region in high LD (R2>0.6) with the fine mapped variants 
in the credible set were identified, for each locus with no credible set we included the lead 
variant only. In total, we used 262 variants. The LD reference panel used was 1000 Genomes 
CEU. Subsequently, the count fraction of the alternative allele among the alternative and 
reference allele together (ϕ) was calculated for each heterozygote. Then, a meta-ϕ and FDR 
were generated by performing a meta-analysis. An FDR<0.05 was considered a significantly 
different allelic expressed imbalance compared to the null hypothesis genomic median allelic 
imbalance: ϕ=0.49 (Supplementary Note, Supplementary Table 27, Supplementary Figure 
10). 
 

Carriage of risk alleles by pathway 
Treatment and/or clinical trial success may be enhanced by targeting patients who harbor 
risk alleles associated with effector genes that are involved in a pathway related to the mode 
of action/target of the drug. We investigated how many osteoarthritis patients carry risk 
alleles associated with the effector genes for each of the 8 pathways. We investigated 3 
osteoarthritis phenotypes: osteoarthritis at any site, knee osteoarthritis and hip 
osteoarthritis, and restricted the analyses to individuals of European ancestry, due to sample 

https://www.ldak.org/


size considerations, from the UK Biobank (82,420 with osteoarthritis at any site; 25,293 with 
knee osteoarthritis; and 16,867 with hip osteoarthritis) and MVP (56,848 with osteoarthritis 
at any site, 37,814 with knee osteoarthritis and 11,783 with hip osteoarthritis). For each of 
the 8 pathways (retinoic acid signalling, TGFB signalling, BMP signalling, Wnt signalling, FGF 
signalling, ECM assembly and organization, circadian rhythm, and glial cell related), we 
mapped each of the pathway-associated effector genes to their respective locus 
(Supplementary Table 33). For each variant, we counted 1 if a case included at least 1 risk 
allele and 0 otherwise. For UKBB: BGEN bgenix was used to extract the variants303. PLINK281 
was used to extract the cases and genotypes, and R version 4.3.2 (2023-10-31)304 was used 
to count the number of risk alleles. Three variants were not included in the UK Biobank 
genotyping data (Supplementary Table 32, Extended Data Fig. 7). For MVP: PLINK2 was used 
to extract the cases and genotypes, and R version 4.0.3 was used to count the number of risk 
alleles (Extended Data Fig. 8). 
 

Transcription factor enrichment 
There were 1,585 unique variants located in a gene regulatory region that significantly 
altered a regulatory transcription factor (TF) binding motif. These variants affected in total 
344 unique transcription factors. We performed enrichment analysis after generating TF 
motif background counts. The enrichment was established using a propensity test in R 
(prop.test function), using the generated background counts as the background input for the 
enrichment calculation. The significance threshold (Bonferroni correction) was set to the 
number of variants tested (1,585) and number of TF factors tested (344), and we report 57 
significantly enriched TFs (P value <9.17x10-8) (Supplementary Table 12, Supplementary 
Figure 7). The HaploReg resource14 constructed a library of position weight matrices (PWMs) 
based on motif-finding analysis of the ENCODE project and scored if variants had an effect 
on the regulatory motif using the PWMs14,285. Only variants that significantly (P value <4x10-

8) changed the PWM, and significantly altered the transcription factor binding motif, were 
reported. Transcription factor binding motif naming convention was harmonized to identify 
the number of unique transcription factors (example: TATA_known01 and TATA_known02 
were harmonized to TATA). 
 
To establish a random background set, we used a previously generated list of independent 
variants associated with unique GWAS phenotypes, as previously described305. Briefly, only 
phenotype-associated variants with genome-wide significant associations (P value <5×10−8) 
and variants that were present in populations of European descent were selected. To ensure 
independence, variants with a r2>0.1 and <100kb away from a more strongly associated 
GWAS lead variant were removed. This resulted in a set of 56,182 LD-pruned variants 
scattered throughout the genome305. Using this list of independent phenotype-associated 
variants, we performed the same analysis as we have done for all our identified 
osteoarthritis associated variants. We selected at random 285 variants and their LD-block 
(variants in high LD (r2≥0.8)). From this list, we selected all variants that overlapped with 
gene regulatory regions in human mesenchymal stem cell-derived chondrocytes and altered 
a transcription factor binding motif. We repeated this analysis for 1000 permutations. Finally, 
we combined all data to produce the average occurrence of TF motifs for use as a 
background set for the enrichment analysis, which consisted of a propensity test in R 
(prop.test function).  
 

Biological Insights 
We used information from the pathways analysis and Enrichr306,307 to check the pathway 
membership across different sources. We combined gene set information from Gene 



Ontology105,106, Reactome308, Wikipathways309 and manual curation based on literature to 
interconnect the genes.  

Cohort Descriptions 
arcOGEN 
Arthritis Research UK Osteoarthritis Genetics (arcOGEN) is a collection of 7410 unrelated, 
UK-based individuals of European ancestry with knee and/or hip osteoarthritis from the 
arcOGEN Consortium. Samples were collected in 2 stages from 10 United Kingdom locations 
(London, Nottingham, Oxford, Sheffield, Southampton, Edinburgh, Newcastle-Upon-Tyne, 
Sheffield, Wansbeck, and Worcester). The majority of cases had primary osteoarthritis 
requiring joint replacement of the hip or knee while a smaller number were ascertained by 
radiographic evidence of disease (Kellgren-Lawrence (KL) grade ≥2). The exclusion criteria 
included the need for joint replacement due to fracture, secondary osteoarthritis of any 
cause, and developmental, vascular, or infective causes of joint disease. 
https://www.arcogen.org.uk United Kingdom  

ARGO-Athens 
The ARGO study was set up to investigate the genetic architecture of hip and knee 
osteoarthritis in a Greek population. More than 1,500 patients with severe osteoarthritis, 
undergoing hip and/or knee total joint replacement were recruited from the cities of Athens 
and Larissa. The ARGO collection was conducted in three public hospitals (Attikon University 
General Hospital of Athens, Nea Ionia General Hospital Konstantopouleio, and KAT Hospital) 
and one private hospital (Lefkos Stavros General Hospital) in the city of Athens, Greece 
between February of 2015 and March 2017. All studies were approved by the relevant 
hospital Institutional Review Board and conducted in accordance with the principles set out 
in the Declaration of Helsinki. All patients provided written informed consent prior to 
participation. 

ARGO-Larissa 
The ARGO-Larissa study was set up to investigate the genetic architecture of knee 
osteoarthritis in a Greek population. It included individuals with primary knee osteoarthritis 
undergoing total knee arthroplasty. The osteoarthritis participants’ recruitment was 
conducted in the city of Larissa, central Greece. Verbal informed consent was given by all 
research participants prior to the collection of blood samples for the research. The research 
participant recruitment, consent process, and study protocol were approved by the 
Institutional Review Board of the University Hospital of Larissa and conform to the ethical 
principles set out in the Declaration of Helsinki (1975). 

BioMe BioBank Program 
The BioMe BioBank Program is dedicated to advancing the application of human blood-
derived biospecimen and clinical data to life science research to accelerate the development 
of personalized healthcare and medical solutions. From September 2007, over 65,000 
Mount Sinai Health System patients have enrolled in the Electronic Medical Record-linked 
Bio Me Biobank Program. The program is designed to generate a large collection of DNA and 
plasma samples, phenotypic (questionnaire-based and EMR-linked) and genomic data, that 
are stored in a way that protects the patient’s privacy. The three major self-reported 
racial/ethnic populations include 33% EA (European Ancestry), 22% AA (African Ancestry, 
35% HA (Hispanic Ancestry). The biobank enables research to be performed on de-
identified, comprehensive, electronic clinical information extracted from the Mount Sinai 
Data Warehouse (MSDW). More than 31,900 of the BioMe participants have genotype data 
available for genetic analyses. Data include whole exome sequencing, genome-wide 
genotyping array (GSA), and for a subset of participants (N~12,000) whole genome 
sequencing data is available. 



Bunkyo Health Study 
Bunkyo Health Study is a prospective cohort study of over 10 years, which recruited older 
subjects aged 65–84 years living in Bunkyo-Ku, an urban area in Tokyo, Japan. Among the 68 
communities in Bunkyo-Ku, we selected 13 communities based on probability proportionate 
to size sampling. We obtained the name and address of all residents aged 65-84 years in the 
selected communities from residential registries. The exclusion criteria were to have a 
pacemaker or defibrillator placement and diabetes mellitus requiring insulin therapy. 

China Kadoorie Biobank 
CKB is a prospective cohort study of 512,713 adults aged 30-79 years, recruited between 
2004 and 2008 from 5 urban and 5 rural areas across China. Baseline information included a 
laptop-based questionnaire, physical measurements, and blood sample collection. Incident 
osteoarthritis outcomes were identified from long-term follow up through electronic linkage 
of each participant’s unique national identification number to the Chinese national health 
insurance system. 

deCODE 
The deCODE genetics osteoarthritis study is an ongoing population based study in Iceland 
that was initiated in 1997. The study includes information on all subjects who have 
undergone total joint replacement in Iceland, and on osteoarthritis status from the 
Landspitali University Hospital electronic health records. Information on hand osteoarthritis 
patients is derived from a database of hand osteoarthritis patients that was initiated in 1972. 
Subjects have given blood or buccal samples to deCODE genetics biobank, which has 
gathered genotypic and medical data from more than 160,000 volunteer participants. 
https://www.decode.com/. 
The details of osteoarthritis definition and analyses have been described previously10,310. 

CHB+DBDS 
The Danish cohort is based on material from 2 separate studies, 1) Genetics of Pain and 
Degenerative Musculoskeletal Diseases – a Genome-Wide Association study on repository 
samples from Copenhagen Hospital Biobank (CHB) and 2) the Danish Blood Donor Study 
(DBDS). Both cohorts are supplemented with data from high-quality National Danish Health 
Registers, including the Danish National Patient Register, the Central Person Registry, the 
Danish Knee Arthroplasty Register, and the Danish Hip Arthroplasty Register. CHB is a 
regional biobank in which leftover EDTA whole blood samples from type and screen analyses 
are stored for patients admitted to hospitals in the Capital Region of Denmark311. CHB 
contains samples from >450,000 patients, and in this study, genome-wide genotype data 
(Illumina Infinium Global Screening Array) is available for >250,000 patients under the 
present study (approval number: NVK-1803812, P-2019-51). DBDS is a prospective cohort 
that includes >140,000 Danish Blood Donors312. Whole blood and plasma samples are 
consecutively collected for all DBDS donors, along with phenotypic data from questionnaires 
and National Danish Health Registers. Additionally, DBDS participants have been genotyped 
using Illumina Infinium Global Screening Array. Eligibility for inclusion in DBDS is equivalent 
to eligibility for blood donations, which includes being 17-70 years old, weighing >50 kg, and 
having overall good health (full, updated list of eligibility criteria is available at 
https://bloddonor.dk/). Blood donation and participation in DBDS is voluntary and unpaid. 
DBDS data are included under approval number NVK-1700407, P-2019-99). 

eMERGEIII 
The Electronic Medical Records and Genomics (eMERGE) network is a network of medical 
centers with electronic medical records linked to existing biorepository samples for genomic 
discovery and genomic medicine research. The eMERGE phase III cohort includes 105,108 
individuals recruited from 12 contributing medical centers with deidentified demographics, 
diagnosis information based on the International Classification of Diseases (ICD) codes, and 
genotyping data.  Genetic data from 83 Illumina and Affymetrix genotype array bathes were 



unified and imputed to HRC1.1 panel using minimac 3 algorithm via Michigan Imputation 
Server313. 

Estonian Biobank 
The Estonian Biobank cohort is a volunteer-based sample of the Estonian resident adult 
population (aged ≥18 years). Estonians represent 83%, Russians 14%, and other nationalities 
3% of all participants. The current number of participants is > 205,000 and represents a large 
proportion, >15%, of the Estonian adult population, making it ideally suited to population-
based studies. General practitioners (GPs) and medical personnel in the special recruitment 
offices have recruited participants throughout the country. At baseline, the GPs performed a 
standardised health examination of the participants, who also donated blood samples for 
DNA, white blood cells and plasma tests and filled out a 16-module questionnaire on health-
related topics such as lifestyle, diet and clinical diagnoses described in WHO ICD-10. A 
significant part of the cohort has whole genome sequencing (3000), whole exome 
sequencing (2500), genome-wide single nucleotide polymorphism (SNP) array data (200 
000) and/or NMR metabolome data (11 000) available. The data are continuously updated 
through periodical linking to national electronic databases and registries. A part of the 
cohort has been re-contacted for follow-up purposes and resampling, and targeted 
invitations are possible for specific purposes, for example people with a specific diagnosis.  
For the current GWAS data freeze including approximately 205,000 gene donors was applied. 
Osteoarthritis cases were chosen from ca 205000 participants of Estonian Biobank by using 
ICD 10 codes. To specify THR, TKR and TJR cases, the codes from NOMESCO Classification of 
Surgical Procedures were used in addition (https://genomics.ut.ee/en/access-biobank)314. 

FinnGen 
The FinnGen study is a large-scale genomics initiative that has analyzed over 500,000 Finnish 
biobank samples and correlated genetic variation with health data to understand disease 
mechanisms and predispositions. The project is a collaboration between research 
organisations and biobanks within Finland and international industry partners. 

GeisingerMyCode_F60k and GeisingerMyCode_New30k 
Geisinger is an integrated health care provider located in central and northeastern 
Pennsylvania and New Jersey.  Geisinger’s electronic health record (EHR) consists of 
comprehensive longitudinal clinical information including patients’ demographic data, 
diagnoses (including co-morbidities), lab measurements, prescriptions, procedures, vital 
signs, and, of relevance for this study, surgical procedure logs. The EHR captures a median of 
14 years of health data for patients within the MyCode®Community Health Initiative 
biorepository. Through the Geisinger-Regeneron DiscovEHR collaboration, whole exome 
sequence and genome wide genotype data are available from more than 92,000 MyCode® 
participants to date. These high dimensional clinical data linked to genetic data provide 
opportunities to conduct precision health research at an unprecedented scale that can lead 
to significant clinical insights. https://www.geisinger.org/precision-health/mycode  
The details of MyCode Community Health Initiative have been described previously315.  
Genotyping was performed in two batches on the Illumina Infinium OmniExpress Exome 
array and GSA-24v1-0 array for Geisinger 60k and Geisinger 30k cohorts, respectively. The 
Michigan Imputation Server was used to impute genotypes for both cohorts to HRC.r1-1 EUR 
reference genome (GRCh37 build) separately. Pre-imputation QC included sample call rate 
and marker call rate >90%, HWE p-value >1e-15, MAF>1%. A/T & G/C SNPs were removed if 
MAF > 0.4. SNPs with differing alleles, SNPs with > 0.2 allele frequency difference, SNPs not 
in HRC reference panel were also removed.  Variants with imputation info score > 0.3 and 
MAC >5 were included in the analyses. We used ICD-code based method to define 
osteoarthritis cases and controls. We adopted a linear mixed model built in BOLT_LMM 
(N>5000) or GEMMA (N<5000) for the association tests while accounting for the relatedness 



and population structure (first 20PCs).  PLINK1.9 was used for genetic data quality control 
and PC calculation. 

Generation Scotland 
The Generation Scotland: Scottish Family Health Study (GS:SFHS) is a family-based 
population cohort with DNA, biological samples, socio-demographic, psychological and 
clinical data from approximately 24,000 adult volunteers across Scotland. Although data 
collection was cross-sectional, GS:SFHS became a prospective cohort due to of the ability to 
link to routine Electronic Health Record (EHR) data. Over 20,000 participants were selected 
for genotyping using a large genome-wide array. 

Genes & Health 
Genes & Health is a long-term longitudinal population study of target 100,000 volunteers 
(currently 62,000 recruited) of British-Bangladeshi and British-Pakistani origin, adults aged 
16 or over, living in England. Data is linked to NHS health record data (primary care, hospital 
secondary care, and national NHS England) using NHS number. Oragene saliva DNA was 
provided at enrollment, and genotyped using Illumina GSAv3EAMD and TOPMED-r2 
imputation.  

Health and Retirement Study 
The Health and Retirement Study (HRS) is a longitudinal survey of a representative sample of 
approximately 20,000 people in America over the age of 50.  The study interviews 
respondents every two years about income and wealth, health and use of health services, 
work and retirement, and family connections. DNA was extracted from saliva collected 
during a face-to-face interview in the respondents' homes.  These data represent 
respondents who provided DNA samples and signed consent forms in 2006, 2008, 2010, and 
2012. 

Hong Kong Degenerative Disc Disease Population Cohort (HKDDDPC) 
Hong Kong Degenerative Disc Disease Population Cohort (HKDDDPC) is a population-based 
cohort with subjects openly recruited via newspapers advertisement, posters and e-mails, 
regardless of their social and economic status. The study call was for any participant who 
agreed to a study on the lumbosacral spine with MRI, clinical questionnaires and follow-up 
assessments. Participants with prior surgical treatment of the spine, spinal tumours and 
fractures, and marked spinal deformities were excluded from the study. Subjects selected 
were not based on the presence or absence of clinical symptoms. All qualified subjects 
underwent T1-weighted axial MRI and T2-weighted sagittal MRI of the lumbosacral spine 
(L1-S1) after informed consent was obtained from participants and ethics was approved by a 
local institutional board. MRI Protocol: 1.5T or 3T MRI machines were used for axial and 
sagittal imaging at L1-S1. Subjects were oriented in the supine position. For T1-weighted 
axial scans, the field of view was 21cmx21cm, slice thickness was 4mm, slice spacing was 
0.4mm, and imaging matrix was 218x256. For T2-weighted sagittal scans, the field of view 
was 28cm 28cm, slice thickness was 5mm, slice spacing was 1mm, and imaging matrix was 
448 336. The repetition time for T1- and T2-weighted MRI were 500ms-800ms and 3320ms 
respectively, and their echo time was 9.5ms and 85ms. According to the pedicle and disc 
levels, 11 parallel slices were made at each spinal level with reference to the adjacent 
endplates. Definition of osteoarthritis on x-rays: For the lumbar lateral radiographs, each disc 
level (L1-2, L2-3, L3-4, L4-5, L5-S1) was measured for osteophytes and vertebral narrowing. 
Grade 0 was considered none; grade 1 was mild; grade 2 was moderate; and grade 3 was 
severe. The L5-S1 disc was narrowed when its height was less than the disc space of L3-4. 
Diagnosis of osteoarthritis was based on the criteria as described by de Schepper et al316. 
Disc space narrowing was present with grade ≥1 and osteophytes with grade ≥2. 
Osteoarthritis had either “narrowing”, “osteophytes” or “both”. Narrowing was considered 
with grade ≥1 narrowing at 2 or more vertebral levels and osteophytes were considered with 
grade ≥2 at 2 or more vertebral levels. With both narrowing and osteophytes, then “both” 



was considered. Conversion of MRI for osteoarthritis diagnosis: Conversion of MRI for 
osteoarthritis diagnosis was dependent on two MRI ratings: disc bulging and Schneiderman 
score. Disc bulging was divided into 4 categories: 0 = no disc bulging; 1 = posterior disc 
bulging (disc displaced beyond a virtual line connecting the posterior edges of two adjacent 
vertebrae); 2 = disc extrusion (distance between the edge of the protruded disc into the 
spinal canal was greater than the distance between edges of the base of the disc); 3 = disc 
sequestration (disc material detached and migrated away from the level of the intervertebral 
disc)317-319. The Schneiderman score320 was used to describe the disc signal intensity and was 
evaluated by a 4-point scale: 0 = normal disc height and signal intensity; 1 = speckled pattern 
or heterogeneous decreased disc signal intensity; 2 = diffuse loss of signal; 3 = signal void. 
Each lumbar intervertebral disc was rated for disc bulging and Schneidermann score.  
Lumbar spine osteoarthritis was defined to be present if (1) At least 1 disc with 
Schneidermann score 3, OR (2) At least 1 disc with Schneidermann score 2 and Bulging score 
2, OR (3) At least 2 discs with Schneidermann score 2 AND disc bulging score 1, There were 
587 of subjects with X-rays as well. We validated our definition based on MRI by testing and 
confirming its equivalence with X-ray diagnoses using these subjects. DNA samples were 
genotyped using the Illumina humanOmniZhongHua-8 v1.2 BeadChip. Quality control (QC) 
of the genotyped data were conducted based on pipeline provided by Anderson et al321. 
Imputation of single nucleotide polymorphisms (SNPs) was performed using reference 
panels from the Haplotype Reference Consortium (HRC)322. We wish to acknowledge grant 
support from the Hong Kong Research Grant committee: AoE/M-04/04, T12-708/12-N and 
C7044-19G. 

HUNT study 
The Trøndelag Health Study (HUNT) is a large population-based cohort from the county 
Trøndelag in Norway. All residents in the county, aged 20 years and older, have been invited 
to participate. Data was collected through three cross-sectional surveys, HUNT1 (1984-
1986), HUNT2 (1995-1997) and HUNT3 (2006-2008), and has been described in detail 
previously323, with the fourth survey recently completed (HUNT4, 2017-2019).  DNA from 
whole blood was collected from HUNT2 and HUNT3, with genotypes available from 71,860 
participants. All genotyped participants have signed a written informed consent regarding 
the use of data from questionnaires, biological samples and linkage to other registries for 
research purposes. The current study was approved by the Regional Committee for Medical 
and Health Research Ethics (REK) 2015/573. https://www.ntnu.edu/hunt. Quality control: In 
total, DNA from 71,860 HUNT samples was genotyped using one of three different Illumina 
HumanCoreExome arrays (HumanCoreExome12 v1.0, HumanCoreExome12 v1.1 and UM 
HUNT Biobank v1.0). Samples which failed to reach a 99% call rate, had contamination > 
2.5% as estimated with BAF Regress324, large chromosomal copy number variants, lower call 
rate of a technical duplicate pair and twins, gonosomal constellations other than XX and XY, 
or whose inferred sex contradicted the reported sex, were excluded. Samples that passed 
quality control were analysed in a second round of genotype calling following the Genome 
Studio quality control protocol described elsewhere325. Genomic position, strand orientation 
and the reference allele of genotyped variants were determined by aligning their probe 
sequences against the human genome (Genome Reference Consortium Human genome 
build 37 and revised Cambridge Reference Sequence of the human mitochondrial DNA; 
http://genome.ucsc.edu) using BLAT326. Variants were excluded if their probe sequences 
could not be perfectly mapped to the reference genome, cluster separation was < 0.3, 
Gentrain score was < 0.15, showed deviations from Hardy Weinberg equilibrium in unrelated 
samples of European ancestry with p-value < 0.0001), their call rate was < 99%, or another 
assay with higher call rate genotyped the same variant. Imputation was performed on the 
69,716 samples of recent European ancestry using Minimac3275 (v2.0.1, 
http://genome.sph.umich.edu/wiki/Minimac3) with default settings (2.5 Mb reference 



based chunking with 500kb windows) and a customized Haplotype Reference consortium 
release 1.1 (HRC v1.1) for autosomal variants and HRC v1.1 for chromosome X variants322. 
The customized reference panel represented the merged panel of two reciprocally imputed 
reference panels: (1) 2,201 low-coverage whole-genome sequences samples from the HUNT 
study and (2) HRC v1.1 with 1,023 HUNT WGS samples removed before merging. We 
excluded imputed variants with Rsq < 0.3 resulting in over 24.9 million well-imputed 
variants. 

INTERMOUNTAIN 
The HerediGene: Population Study is a collaboration between Intermountain Health and 
deCODE Genetics targeting the enrolment of 500,000 subjects. The purpose of this study is 
to link genomic and genetic data to medical records with the intent of improving predictive, 
prognostic, and diagnostic potential across diseases. Among its population based initiative, 
this study inherently includes subjects (>/= 18 years of age and United States resident) 
predisposed to, diagnosed with, and/or who have undergone a procedure associated with 
osteoarthritis. 

JoCoOA  
JoCo OA began in 1990 as a community-based prospective cohort of European-ancestry and 
African American men and women with and without osteoarthritis (OA). JoCo OA was 
designed to estimate the incidence and progression of knee and hip osteoarthritis among 
Europeans and African Americans, and the study has expanded to study the hand, lumbar 
spine, ankles and feet during successive follow-up visits (occurring approximately every 5 
years). The sampling methods and study protocol have been previously reported. At 
baseline, 3187 European-ancestry and African American adults aged 45 years or older (35% 
men; 32% African American; mean age 61±10 years) were recruited from six townships in 
Johnston County, North Carolina, and completed a clinical examination visit during 1991–
1997. An additional 1019 Johnston County residents 45+ years old were enrolled and 
attended a clinic visit during 2003–2004. The genotyped sample consists of those 
participants from baseline who returned for the first follow-up from 1999 to 2003, and the 
enrichment cohort of new participants in 2003–2004. 

LifeLines 
Lifelines participants were initially recruited through general practitioners in the three 
provinces in the northern part of the Netherlands: Groningen, Friesland and Drenthe1). 
General practitioners invited all their patients between 25 and 50 years old (on Terschelling 
18+), resulting in ~81.500 participants at baseline. 
These individuals were then asked to invite their family members (parents, partner, children, 
parents-in-law), resulting in an additional ~64.500 participants at baseline. 
~21.500 interested individuals registered directly for baseline participation via the Lifelines 
website. 

Mass General Brigham Biobank  
The Mass General Brigham Biobank provides banked samples (plasma, serum, DNA,buffy 
coats, and, for some of our COVID-19 inpatient cohort, PBMCs) collected from patients who 
consented to broad-based research. These samples are linked to clinical data from the 
Electronic Health Record (EHR), quantitative data derived from medical images, and survey 
data on lifestyle, environment, and family history. The Biobank also provides genotype data 
and exome sequencing data. 

Million Veteran Program 
The Million Veteran Program (MVP), initiated by the Department of Veterans Affairs (VA), 
aims to collect bio-samples with consent from at least one million veterans. Presently, blood 
samples have been collected from over 800,000 enrolled participants. The size and diversity 
of the MVP cohort, as well as the availability of extensive VA electronic health records, make 



it a promising resource for precision medicine. MVP is conducting array-based genotyping to 
provide a genome-wide scan of the entire cohort, in parallel with whole-genome 
sequencing, methylation, and other ‘omics assays. Here, we present the design and 
performance of the MVP 1.0 custom Axiom array, which was designed and developed as a 
single assay to be used across the multi-ethnic MVP cohort. A unified genetic quality-control 
analysis was developed and conducted on an initial tranche of 485,856 individuals, leading 
to a high-quality dataset of 459,777 unique individuals. 668,418 genetic markers passed 
quality control and showed high-quality genotypes not only on common variants but also on 
rare variants. We confirmed that, with non-European individuals making up nearly 30%, 
MVP’s substantial ancestral diversity surpasses that of other large biobanks. We also 
demonstrated the quality of the MVP dataset by replicating established genetic associations 
with height in European Americans and African Americans ancestries. This current dataset 
has been made available to approved MVP researchers for genome-wide association studies 
and other downstream analyses. Further data releases will be available for analysis as 
recruitment at the VA continues and the cohort expands both in size and diversity. 

The Netherlands Epidemiology of Obesity (NEO) study  
The Netherlands Epidemiology of Obesity (NEO) study is a population-based, prospective 
cohort study, with an oversampling of overweight or obese individuals.  In short, men and 
women between 45 and 65 years with a self-reported body mass index (BMI) ≥ 27 kg/m2 
living in the greater area of Leiden (the Netherlands) were eligible to participate. In addition, 
all inhabitants aged between 45 and 65 years from one municipality (Leiderdorp) were 
invited to participate irrespective of their BMI, allowing for a reference BMI distribution 
comparable to the general Dutch population. The collection of data started in September 
2008 and was completed at the end of September 2012. In total, 6,671 participants were 
included in the NEO study. In this study 5706 participants with genotype data were included. 
The Medical Ethical Committee of the Leiden University Medical Center (LUMC) approved 
the design of the study. All participants gave their written informed consent. 

NHS: Nurses Health Study and Nurses Health Study II 
The Nurses' Health Studies are among the largest prospective investigations into the risk 
factors for major chronic diseases in women (http://nurseshealthstudy.org/). The NHS is a 
prospective cohort study established in 1976. Blood samples were collected from a subset of 
participants in 1989-90. DNA was collected from cheek cells from another subset of 
participants in 2001-2004. The NHS II was established in 1989 to study a population younger 
than the original NHS cohort. Blood samples were collected on a subset of participants in 
1996-1999. DNA from cheek cells was collected in 2006 from another subset of participants. 
Self-reported cases of total hip replacement from the NHS and NHS2 were analysed for the 
GO meta-analysis. 

NIHRBioResource 
The aim of the NIHR BioResource is to further health research within the UK. We help 
research organisations with volunteer recruitment, specifically by genotype and/or 
phenotype. The NIHR BioResource is a recallable resource of over 250,000 volunteers, with 
and without health conditions who have agreed to take part in health-related research. 

Norwegian Arthroplasty Register (NAR) 
Patients from the NAR were contacted and asked to participate after pre-defined protocol327. 
The cohort was after linked to HUNT. 

The Osteoarthritis Initiative (OAI) 
The Osteoarthritis Initiative (OAI) is a prospective longitudinal study designed to identify risk 
factors for the incidence and progression of symptomatic tibiofemoral knee osteoarthritis.  A 
total of 4,796 men and women of any race/ethnicity aged 45 – 79 years were enrolled into 
pre-defined progression or incidence sub-cohorts328. Briefly, the progression sub-cohort 
included individuals who had symptomatic radiographic knee osteoarthritis while the 



incidence sub-cohort included individuals who were considered to be at increased risk for 
developing symptomatic radiographic knee osteoarthritis based on weight, knee symptoms, 
history of knee injuries/surgeries, family history of knee replacement and hand 
osteoarthritis.  Participants were recruited at four clinical sites: 1) Brown University 
(Providence, RI); 2) The Ohio State University (Columbus, OH); 3) University of Maryland and 
The Johns Hopkins University (Baltimore, MD); and 4) University of Pittsburgh (Pittsburgh, 
PA). Participants underwent bilateral posteroanterior fixed flexion knee radiographs at 
baseline and annually up to 96 months, and pelvic and hand radiographs at baseline and 48 
months. Genome-wide genotyping is available for 3,302 European ancestry and 709 African 
ancestry participants329,330.   

QIMR [Over 50’s (Aged) and Osteoarthritis (OA) Studies] 
The QIMR cohort consists of twins recruited to two studies conducted at QIMR Berghofer 
Medical Research Institute: The Over 50’s (Aged) and Osteoarthritis (OA) Studies. The Aged 
Study was conducted in 1993 as a multi-wave mailout to 4562 twins (2281 pairs) aged over 
50 years old who were registered with the Australian Twin Registry. In total, 3116 individuals 
(1279 complete pairs and 558 singles) completed and returned the 16-page questionnaire 
form. Self-report osteoarthritis data was collected in the ‘Bones and Joints’ section in 
collaboration with the Australian Arthritis Foundation, and in consultation with Nick Bellamy 
and David Duffy. Participants were questioned about ever having experienced pain, swelling 
or stiffness in any joints; prior diagnosis of osteoarthritis or degenerative arthritis, 
rheumatoid arthritis, and other forms of arthritis or rheumatism; as well as prior bone 
fracture or joint injury. Self-report of pain and/or swelling in the joints of the hands, hips and 
knees were used as indicators of potential osteoarthritis, excluding those joints indicated to 
have sustained prior injury. Genome-wide data are available for 933 participants for 
osteoarthritis at any site and age of onset for osteoarthritis. The OA Study was designed to 
investigate how similar identical and non-identical twins are to each other and reach an 
estimate of the effect of genetic and environmental influences on osteoarthritis in the 
general population. The study conducted in 1994 where 441 twin pairs answered questions 
about prior diagnosis of osteoarthritis; presence of pain or swelling in target joints for 
osteoarthritis; and onset of joint pain/swelling not due to trauma after age 45. In addition, 
clinical examinations were performed by three Rheumatologists on 159 subjects, where 
approximately half were considered to be normal. Examinations of the twin's medical 
records and joint radiographs were conducted, where available. Osteoarthritis diagnosis 
involved comparing the self-report, clinical examination and radiological assessments. GWAS 
data is available for 1,073 participants (including 931 of the Aged Study participants) for 
osteoarthritis at any site, hip osteoarthritis, knee osteoarthritis, hand osteoarthritis and hip-
knee osteoarthritis. 

QIMR - PISA [Prospective Imaging Study of Ageing: Genes, Brain and Behaviour] 
The scientific aims of the Prospective Imaging Study of Ageing: Genes, Brain and Behaviour 
(PISA Study) are to predict healthy and pathological ageing, quantify behavioural and 
psychological phenotypes, establish a cohort of patients with pre-clinical AD for future 
testing of interventions, and to inform novel diagnostic criteria for subtypes of disease 
(including stages before clinical symptoms occur). All participants in previous studies 
conducted by the Genetic Epidemiology group at QIMR Berghofer Medical Research Institute 
who were aged 40-70 years old and had genome-wide genotype data available (N=~15000) 
were invited to participate in the PISA Study. Self-report osteoarthritis data collected 
between 2018 and 2019 in the ‘Pain and Health’ section of the online questionnaire is 
available for 1,539 PISA participants (note: PISA data collection is ongoing). Osteoarthritis 
data is available for osteoarthritis at any site (454 cases and 1083 controls), as well as for hip 
osteoarthritis, knee osteoarthritis, hip-knee osteoarthritis, hand osteoarthritis, spine 
osteoarthritis, total joint replacement, total knee replacement and total hip replacement331. 



QIMR - GBP [Australian Genetics of Bipolar Disorder Study] 
The Australian Genetics of Bipolar Disorder (GBP) Study is a nation-wide cohort of Australian 
adults aged 18-90 years old with lived experience of bipolar disorder (BD). The study aims to 
detect the relationships between genetic risk, symptom severity, and the lifetime prevalence 
of BD, treatment-response and medication side-effects, and patterns and costs of health 
care usage. Self-report osteoarthritis data (osteoarthritis at any site) was collected between 
2018 and 2021 and is available for 3,092 GBP participants with genome-wide genotype data. 

QIMR - AGDS [Australian Genetics of Depression Study] 
The Australian Genetics of Depression Study (AGDS) was established to recruit a large 
sample of Australian participants aged 18-90 years old who have lived experienced of 
depression. Self-report osteoarthritis and genotype data is available for osteoarthritis at any 
site (1733 cases, 5240 controls), and for hip osteoarthritis, knee osteoarthritis, hip-knee 
osteoarthritis, hand osteoarthritis, spine osteoarthritis, total joint replacement, total knee 
replacement and total hip replacement. 

RAAK study 
The RAAK study is an ongoing collection of blood, articular cartilage and subchondral bone 
samples of thoroughly phenotyped osteoarthritis patients undergoing joint replacement 
surgery at Leiden University Medical Center and the Alrijne Hospital332. Materials are 
collected to allow, histology, isolation of RNA and DNA as well as cells (human bone marrow 
derived stem cells, primary chondrocytes) to employ in-vitro models. High dimensional 
molecular datasets (transcriptome (mRNA, miRNA and lncRNA) and methylome) were 
generated from preserved and lesioned OA cartilage and subchondral bone 
samples110,300,333,334. 

RIKEN Study 
The Japanese cohort of knee osteoarthritis GWAS (disease cohort) consists of 900 cases and 
3,400 controls. The cases were all symptomatic osteoarthritis. They were diagnosed and 
recruited by expert orthopedic surgeons based on clinical and radiographic examination. All 
had clinical records for osteoarthritis and radiographs (standing knee A-P). The controls were 
obtained from Biobank Japan. The genotyping was done by using Illumina HumanHap550v3 
Genotyping BeadChip. After excluding cases with call rate of <0.98, we applied SNP QC (call 
rate of ≥0.99 in both cases and controls and P value of Hardy-Weinberg equilibrium test of 
≥1.0×10−6 in controls). Finally, 459,393 SNPs on autosomal chromosomes passed the QC 
filters335. 

The Rotterdam Study 
The Rotterdam study is a large longitudinal population-based cohort study designed to study 
the risk factors for all major diseases of the elderly. The study started in 1991, has grown to 
up to 15000 individuals and has detailed phenotyping for cardiovascular, neurodegenerative, 
endocrine and locomoter diseases and more. For osteoarthritis, longitudinal X-rays on 
multiple joints and knee MRI’s are available (and scored), as well as information on joint 
pain. GWAS data is available for all individuals of the Rotterdam Study, as well as additional 
molecular layers (such as RNA, methylation, microbiome). Genomic studies in the Rotterdam 
Study are led by the Genetic Laboratory, Department of Internal Medicine of the ErasmusMC 
in Rotterdam (http://www.epib.nl/research/ergo.htm, http://www.glimdna.org). 

Shimane CoHRE Study 
Shimane CoHRE Study is a part of the cohort study conducted by the Center for Community-
based Healthcare Research and Education in Shimane University. The study is an ongoing 
health examination for the community-dwelling people in Shimane prefecture, Japan. 

SHIP START and SHIP TREND 
SHIP (Study of Health in Pomerania): The Study of Health In Pomerania (SHIP) is a 
prospective longitudinal population-based cohort study in Mecklenburg-Western Pomerania 



assessing the prevalence and incidence of common diseases and their risk factors336,337. SHIP 
encompasses the two independent cohorts SHIP-START and SHIP-TREND. Participants aged 
20 to 79 with German citizenship and principal residency in the study area were recruited 
from a random sample of residents living in the three local cities, 12 towns as well as 17 
randomly selected smaller towns. Individuals were randomly selected stratified by age and 
sex in proportion to population size of the city, town or small towns, respectively. A total of 
4,308 participants were recruited between 1997 and 2001 in the SHIP-START cohort. 
Between 2008 and 2012 a total of 4,420 participants were recruited in the SHIP-TREND 
cohort. Individuals were invited to the SHIP study centre for a computer-assisted personal 
interviews and extensive physical examinations. The study protocol was approved by the 
medical ethics committee of the University of Greifswald. Oral and written informed consent 
was obtained from each of the study participants. 

SIMPLER-SIMPLER, SIMPLER-COSMC and SIMPLER-SMCC 
The Swedish Infrastructure for Medical Population-based Life-course and Environmental 
Research - SIMPLER - comprises two population-based longitudinal cohorts: the Swedish 
Mammography Cohort and the Cohort of Swedish Men. Almost 110 000 participants (born 
from 1914 through 1952) are included in the two cohorts with health questionnaires, 
including diet and lifestyle on repeated occasions. The women entered the cohort in 1987-
1990 and the men in 1997. Complete follow-up of diseases is accomplished by use of the 
individual personal registration number provided to all Swedish citizens and different 
national registers. Participants in two sub-cohorts, SMCC and COSMC, have also visited 
research clinics in Uppsala and Västerås for biometric measurements and for sampling 
various types of fasting biological samples. DNA was extracted from whole blood samples in 
the sub-cohorts and saliva samples for the rest of SIMPLER's participants. 

Tohoku Medical Megabank Organisation 
The Tohoku Medical Megabank (TMM) Project338 was launched for the purpose of 
reconstruction from the Great East Japan Earthquake and establishment of personalized 
healthcare and medicine. In the TMM Community-Based Cohort Study339, which is a 
population-based cohort study as a part of the TMM Project, a total of more than 80,000 
residents aged 20 years or older living in Iwate and Miyagi Prefectures, located on the Pacific 
side of Tohoku (northeastern) region of Honshu (the main island of Japan), were recruited 
from May 2013 to March 2016. In the study, only the participants in Miyagi Prefecture were 
used. 

TwinsUK 
TwinsUK is the UK’s largest adult twin registry and the most clinically detailed in the world. 
Professor Tim Spector from King’s College London set up the cohort in 1992 to investigate 
the incidence of osteoporosis and other rheumatologic diseases in several hundred 
monozygotic (identical) twins. We now have almost 14000 identical and non-identical twins 
from across the UK, with ages between sixteen and one hundred and our research has 
expanded to include multiple diseases and conditions. TwinsUK aims to investigate the 
genetic and environmental basis of a range of complex diseases and conditions. Current 
research includes the genetics of metabolic syndrome, cardiovascular disease, the 
musculoskeletal system, ageing, sight as well as how the microbiome affects human health. 
The TwinsUK cohort is now probably the most genotyped and phenotyped cohort in the 
world. TwinsUK data have enabled multiple collaborations with research groups worldwide 
and the publication of research papers. http://twinsuk.ac.uk/. Details on osteoarthritis 
definition as in 10 and GWAS, QC imputation as described in 340. 

UK Biobank 
The UK Biobank study is a large population-based prospective study of >500,000 participants 
with ages ranging 40–69 years. All participants signed consent to participate in UK Biobank 
and UK Biobank’s scientific protocol and operational procedures were reviewed and 



approved by the North West Research Ethics Committee (REC reference number 
06/MRE08/65), North West Multicentre Research Ethics Committee (REC reference 
11/NW/0382), the National Information Governance Board for Health and Social Care and 
the Community Health Index Advisory Group. In total, 503,325 participants who registered 
in the National Health Service were recruited out of 9.2 million mailed invitations between 
2006 and 2010 in 22 assessment centres throughout the UK341. Most participants visited the 
centre once, but some individuals visited the centre at up to three times. Baseline data were 
collected using electronic signed consent, a self-completed touch-screen questionnaire, a 
brief computer-assisted interview, physical and functional measures, and collection of 
biological samples and genetic data. The UK Biobank genetic data contains genotypes for 
488,377 participants. All detailed genotyping, quality control, and imputation procedures are 
described at the UK Biobank website (http://biobank.ctsu.ox.ac.uk). Briefly, 50,000 samples 
were genotyped using the UKBiLEVE array and the remaining samples were genotyped using 
the UK Biobank Axiom array (Affymetrix) for ~800,000 SNPs. Population structure was 
captured by principal component analysis on ~500,000 UK Biobank samples using ~100,000 
SNPs. After sample and SNP quality control (QC) of the directly-typed genotypes, resulting in 
670,739 autosomal markers in 487,442 individuals, data were prephased using SHAPEIT3342 
and imputed using the IMPUTE4 program (https://jmarchini.org/software/). Both analyses 
were carried out centrally343 and the full dataset consisted of approximately 96 million 
variants in 487,411 individuals. https://www.ukbiobank.ac.uk/  
This work was based on the third UK Biobank release, which includes the full set of 
genotypes imputed on the Haplotype Reference Consortium322 and the merged UK10K and 
1000 Genomes phase 3 reference panels1000 Genomes Consortium344. Access to UK 
Biobank genetic and phenotypic data was given through the UK Biobank Resource under 
application number 9979. 

UK Household Longitudinal Study (UKHLS) 
UKHLS also known as Understanding Society, is a longitudinal panel survey of 40,000 UK 
households (England, Scotland, Wales and Northern Ireland) representative of the UK 
population. Participants are surveyed annually since 2009 and contribute information 
relating to their socioeconomic circumstances, attitudes, and behaviours via a computer 
assisted interview. The study includes phenotypical data for a representative sample of 
participants for a wide range of social and economic indicators as well as a biological sample 
collection encompassing biometric, physiological, biochemical, and haematological 
measurements and self-reported medical history and medication use. 
https://www.understandingsociety.ac.uk/  
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Ethics and study approval 
arcOGEN 
The arcOGEN study was ethically approved by appropriate review committees, and the 
prospective collections were approved by the National Research Ethics Service in the United 
Kingdom. All subjects in this study provided written, informed consent.  

ARGO-Athens 
All studies were approved by the relevant hospital Institutional Review Board and conducted 
in accordance with the principles set out in the Declaration of Helsinki. All patients provided 
written informed consent prior to participation. 

ARGO-Larissa 
Verbal informed consent was given by all research participants prior to the collection of 
blood samples for the research. The research participant recruitment, consent process, and 
study protocol were approved by the Institutional Review Board of the University Hospital of 
Larissa and conform to the ethical principles set out in the Declaration of Helsinki (1975) 

BioMe BioBank Program 
Study participants were recruited from the BioMe Biobank Program of the Charles Bronfman 
Institute for Personalized Medicine at Mount Sinai Medical Center from 2007 onward. 
TheBioMe Biobank Program (Institutional Review Board 07-0529) operates under a Mount 
Sinai Institutional Review Board-approved research protocol. All study participants provided 
written informed consent. 

Bunkyo Health Study 
The study protocol was approved by the ethics committee of Juntendo University in 
November 2015 (Nos. 2015078, 2016138, 2016131, 2017121, and 2019085). This study was 
carried out in accordance with the principles outlined in the Declaration of Helsinki. All 
participants gave written informed consent and were informed that they had the right to 
withdraw from the trial at any time. 

China Kadoorie Biobank 
Ethical approval for CKB was obtained jointly from the University of Oxford, the Chinese 
Centre for Disease Control and Prevention (CCDC) and the regional CCDC from the 10 study 
areas. All participants provided written informed consent. Genotyping data were exported 
from China to the Oxford CKB International Coordinating Centre under Data Export 
Approvals 2014-13 and 2015-39 from the Office of Chinese Human Genetic Resource 
Administration. 

deCODE 
All participants who donated samples gave informed consent and the National Bioethics 
Committee of Iceland approved the study (VSN 14-148) which was conducted in agreement 



with conditions issued by the Data Protection Authority of Iceland.  Personal identities of the 
participant's data and biological samples were encrypted by a third-party system (Identity 
Protection System), approved and monitored by the Data Protection Authority. 

CHB+DBDS 
Genetics of Pain and Degenerative Musculoskeletal Diseases – a Genome-Wide Association 
study on repository samples from Copenhagen Hospital Biobank” is approved by the Danish 
National Committee on Health Research Ethics (NVK- 1803812) and the Capital Region Data 
Protection Office (P-2019-51). The Danish Blood Donor Study is approved by the Capital 
Region Data Protection Office and the Scientific Ethical Committee system. 

eMERGEIII 
All 11 sample collection sites consented participants under Institutional Review Board (IRB)-
approved protocols and the two sequencing centers had IRB-approved protocols that 
deferred consent to the participating sites. Protocol numbers are as follows: 
Partners Healthcare (2015P000929), Baylor College of Medicine (#H-40455). https://emerge-
network.org/phase-iii-consent-forms/ 

Estonian Biobank 
The activities of the EstBB are regulated by the Human Genes Research Act, which was 
adopted in 2000 specifically for the operations of the EstBB. Individual level data analysis in 
the EstBB was carried out under ethical approval [1.1-12/624] from the Estonian Committee 
on Bioethics and Human Research (Estonian Ministry of Social Affairs), using data according 
to release application [N05] from the Estonian Biobank. 

FinnGen 
Patients and control subjects in FinnGen provided informed consent for biobank research, 
based on the Finnish Biobank Act. Alternatively, separate research cohorts, collected prior 
the Finnish Biobank Act came into effect (in September 2013) and start of FinnGen (August 
2017), were collected based on study-specific consents and later transferred to the Finnish 
biobanks after approval by Fimea (Finnish Medicines Agency), the National Supervisory 
Authority for Welfare and Health. Recruitment protocols followed the biobank protocols 
approved by Fimea. The Coordinating Ethics Committee of the Hospital District of Helsinki 
and Uusimaa (HUS) statement number for the FinnGen study is Nr HUS/990/2017. 
The FinnGen study is approved by Finnish Institute for Health and Welfare (permit numbers: 
THL/2031/6.02.00/2017, THL/1101/5.05.00/2017, THL/341/6.02.00/2018, 
THL/2222/6.02.00/2018, THL/283/6.02.00/2019, THL/1721/5.05.00/2019 and 
THL/1524/5.05.00/2020), Digital and population data service agency (permit numbers: 
VRK43431/2017-3, VRK/6909/2018-3, VRK/4415/2019-3), the Social Insurance Institution 
(permit numbers: KELA 58/522/2017, KELA 131/522/2018, KELA 70/522/2019, KELA 
98/522/2019, KELA 134/522/2019, KELA 138/522/2019, KELA 2/522/2020, KELA 
16/522/2020), Findata permit numbers THL/2364/14.02/2020, 
THL/4055/14.06.00/2020,,THL/3433/14.06.00/2020, THL/4432/14.06/2020, 
THL/5189/14.06/2020, THL/5894/14.06.00/2020, THL/6619/14.06.00/2020, 
THL/209/14.06.00/2021, THL/688/14.06.00/2021, THL/1284/14.06.00/2021, 
THL/1965/14.06.00/2021, THL/5546/14.02.00/2020 and Statistics Finland (permit numbers: 
TK-53-1041-17 and TK/143/07.03.00/2020 (earlier TK-53-90-20)).  
The Biobank Access Decisions for FinnGen samples and data utilized in FinnGen Data Freeze 
7 include: THL Biobank BB2017_55, BB2017_111, BB2018_19, BB_2018_34, BB_2018_67, 
BB2018_71, BB2019_7, BB2019_8, BB2019_26, BB2020_1, Finnish Red Cross Blood Service 
Biobank 7.12.2017, Helsinki Biobank HUS/359/2017, Auria Biobank AB17-5154 and 
amendment #1 (August 17 2020), Biobank Borealis of Northern Finland_2017_1013,  
Biobank of Eastern Finland 1186/2018 and amendment 22 § /2020, Finnish Clinical Biobank 
Tampere MH0004 and amendments (21.02.2020 & 06.10.2020), Central Finland Biobank 1-
2017, and Terveystalo Biobank STB 2018001.  



GeisingerMyCode_F60k and GeisingerMyCode_New30k 
MyCode Governing Board and an external Ethics Advisory Council approved the study and 
informed consent was obtained from all subjects as detailed in this reference: 315. 

Generation Scotland 
Ethical approval for the GS:SFHS study was obtained from the Tayside Committee on Medical 
Research Ethics (on behalf of the National Health Service). 

Genes and Health 
East London Genes & Health (ELGH) operates under ethical approval, 14/LO/1240, from 
London South East NRES Committee of the Health Research Authority, dated 16 September 
2014. Stage 1 volunteers complete a brief questionnaire, give consent to lifelong EHR linkage 
and donate a saliva sample for DNA extraction and genetic tests.  
A favourable ethical opinion for the main Genes & Health research study was granted by 
NRES Committee London - South East (reference 14/LO/1240) on 16 Sept 2014. 

Health and Retirement Study 
This study was approved by the University of Michigan Institutional Review Board (IRB), and 
informed consent was obtained from all participants 

Hong Kong Degenerative Disc Disease Population Cohort (HKDDDPC) 
Informed consent was obtained from participants and ethics was approved by a local 
institutional board. 

HUNT study 
All genotyped participants have signed a written informed consent regarding the use of data 
from questionnaires, biological samples and linkage to other registries for research 
purposes. The current study was approved by the Regional Committee for Medical and 
Health Research Ethics (REK) 2015/573. 

INTERMOUNTAIN 
Subjects (≥ 18 years and U.S. resident) visiting an Intermountain Health facility and willing to 
provide a blood sample or a blood sample that would otherwise be discarded following a 
routine standard of care blood draw procedure were recruited for study participation.  
Subjects were informed of and provided written and verbal consent to the study protocol 
and procedures. This study was approved by an Institutional Review Board (Intermountain 
Health, Salt Lake City, UT USA). 

JoCoOA  
This study was approved by the Institutional Review Boards of the Centers for Disease 
Control and Prevention and the University of North Carolina at Chapel Hill. Informed consent 
was obtained from all participants for collection of data and biospecimens including use for 
genetic studies. 

LifeLines 
The Lifelines protocol has been approved by the UMCG Medical ethical committee under 
number 2007/152 

Mass General Brigham Biobank  
The Mass General Brigham IRB has approved the Mass General Brigham Biobank (Biobank) 
to distribute data and samples collected via the Biobank protocol to MGB investigators for 
research use. The PI has used de-identified MGB samples with the approved MGB Biobank 
Data Use Agreement. All data analysis was done internally at MGB and aligned with the 
terms of the Biobank Consent form. 

Million Veteran Program 
The work described in this manuscript received ethical and study protocol approval from the 
Veterans Affairs Central Institutional Review Board as well as the University of Alabama at 
Birmingham (UAB) in accordance with the principles outlined in the Declaration of Helsinki. 



UKB data were analyzed after approved review of proposal no. 30350 by the UKB Research 
Ethics and Governance committee. 

The Netherlands Epidemiology of Obesity (NEO) study  
The study was approved by the medical ethical committee of the Leiden University Medical 
Center (LUMC). 

NHS: Nurses Health Study and Nurses Health Study II 
This study was approved by the Institutional Review Boards of the Harvard T. H. Chan School 
of Public Health and Brigham and Women's Hospital. Informed consent was obtained from 
all subjects for the collection of biospecimens for genotyping and the use of their genotype 
and de-identified data for research. 

NIHRBioResource 
Ethics approval and consent to participate The UK IBD BioResource has been reviewed and 
approved by Cambridge Central Research Ethics Committee (ref 15/EE/0286). All patients 
provided written informed consent at initial recruitment. For this nested phase 2 study 
within in the UK IBD BioResource, Human Research Ethics Committee approval was granted 
by London – Stanmore Research Ethics Committee (Ref 19/LO/1891). Participants in this 
study provided consent by progressing from the patient information leaflet to the 
questionnaire. 

Norwegian Arthroplasty Register (NAR) 
The current study was approved by the Regional Committee for Medical and Health 
Research Ethics (REK) 2015/573. All patients in NAR have signed a written informed consent 
regarding the use of data from and linkage to other registries for research purposes. 

The Osteoarthritis Initiative (OAI) 
The study was approved by the IRB at each participating clinical center. All participants 
provided informed consent for collection of data and biospecimens.   

QIMR [Over 50’s (Aged) and Osteoarthritis (OA) Studies] 
Informed consent was obtained from participants. Ethical approval for these studies has 
been granted by the QIMR Berghofer Medical Research Institute Human Research Ethics 
Committee (P1204). 

QIMR - PISA [Prospective Imaging Study of Ageing: Genes, Brain and Behaviour] 
Informed consent was obtained from participants. The components of the PISA study 
protocol used in this project (P2210) has approval from the Human Research Ethics 
Committees (HREC) of QIMR Berghofer Medical Research Institute. 

QIMR - GBP [Australian Genetics of Bipolar Disorder Study] 
Participants who completed the online survey provided written informed consent for the 
study online. Participants who completed the abridged paper survey completed a paper 
consent form. Ethics approval for all aspects of the project was obtained from the QIMR 
Berghofer Medical Research Institute Human Research Ethics Committee for the GBP 
(P3408) and AGDS (P2118) studies. 

QIMR - AGDS [Australian Genetics of Depression Study] 
Participants provided written informed consent for the study online. All protocols and 
questionnaires for the AGDS cohort were approved by the QIMR Berghofer Medical 
Research Institute Human Research Ethics Committee (P2118). 

RAAK study 
RAAK-study is granted by the medical ethics committee of Leiden University Medical Center 
with protocol numbers P08.239/P19.013. 

RIKEN Study 
The Ethical committee of RIKEN Yokohama Institute approved the study. Informed consent 
was obtained from all subjects. 



The Rotterdam Study 
The Rotterdam Study has been approved by the Medical Ethics Committee of the Erasmus 
MC (registration number MEC 02.1015) and by the Dutch Ministry of Health, Welfare and 
Sport (Population Screening Act WBO, license number 1071272-159521-PG). The Rotterdam 
Study has been entered into the Netherlands National Trial Register (NTR; 
www.trialregister.nl) and into the WHO International Clinical Trials Registry Platform (ICTRP; 
www.who.int/ictrp/network/primary/en/) under shared catalogue number NTR6831. All 
participants provided written informed consent to participate in the study and to have their 
information obtained from treating physicians. 

Shimane CoHRE Study 
The study protocol was approved by the Ethics Committee of Shimane University School of 
Medicine. Written informed consent was obtained from all participants. 

SHIP START and SHIP TREND 
Written informed consents were obtained from all participants according to the principles of 
the Declaration of Helsinki. The studies were approved by the Ethics Committee at the 
University Medicine Greifswald, Germany (approval number BB 39/08). 

SIMPLER-SIMPLER, SIMPLER-COSMC and SIMPLER-SMCC 
Written informed consent was obtained from all participants. 

Tohoku Medical Megabank Organisation 
The study was approved by the Institutional Review Board of Tohoku Medical Megabank 
Organization, Tohoku University (2021-4-048), and all the participants gave written informed 
consents. 

TwinsUK 
Ethics approval was obtained from the Guy’s and St. Thomas’ Hospital Ethics Committee. 
Written informed consent was obtained from every participant. 

UK Biobank 
All participants signed consent to participate in UK Biobank and UK Biobank’s scientific 
protocol and operational procedures were reviewed and approved by the North West 
Research Ethics Committee (REC reference number 06/MRE08/65), North West Multicentre 
Research Ethics Committee (REC reference 11/NW/0382), the National Information 
Governance Board for Health and Social Care and the Community Health Index Advisory 
Group. 

UK Household Longitudinal Study (UKHLS) 
The UKHLS has been approved by the University of Essex Ethics Committee, and informed 
consent was obtained from every participant.  
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Supplementary Figure 1. Joint-specific genetic architecture of osteoarthritis. 
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Per phenotype meta-analysis based odd ratios (OR) of the 962 index variants (y-axis) as a function of their risk allele frequency (x-axis; RAF), and 
phenotypic variance explained (VEP) for each variant indicated by the varying size of each circle. Osteoarthritis at any site (ALLOA) n=175 variants, 
hip osteoarthritis (HipOA) n=151 variants, knee osteoarthritis (KneeOA) n=146 variants, hip and/or knee osteoarthritis (HipKneeOA) n=131 variants, 
spine osteoarthritis (SpineOA) n=4 variants, hand osteoarthritis (HandOA) n=14 variants, finger osteoarthritis (FingerOA) n=7 variants, thumb 
osteoarthritis (ThumbOA) n=5 variants, total hip replacement (THR) n=136 variants, total knee replacement (TKR) n=92 variants and total hip and/or 
knee replacement (total joint replacement; TJR) n=101 variants.  



Supplementary Figure 2. Manhattan and quantile-quantile plots for the main analysis, 
non-European ancestry and sex-stratified meta-analysis. 
 
Main analysis 
Osteoarthritis at any site (n=489,975 cases and 1,472,094 controls) 
 
 
 
 
 
 
 
 
 
 
Hip and/or knee osteoarthritis (n=213,839 cases and 1,080,482 controls)  
 
 
 
 
 
 
 
 
 
 
Hip osteoarthritis (n= 97,328 cases and 1,055,379 controls) 
 
 
 
 
 
 
 
 
 
 
 
Knee osteoarthritis (n=172,256 cases and 114,4244 controls) 
 
 
 
 
 
 
 
 
 
 
 
 



Hand osteoarthritis (n= 40,904 cases and 849,561 controls) 
 
 
 
 
 
 
 
 
 
 
 
Finger osteoarthritis (n= 16,455 cases and 709,038 controls) 
 
 
 
 
 
 
 
 
 
 
 
Thumb osteoarthritis (n=16,892 cases and 784,547 controls) 
 
 
 
 
 
 
 
 
 
 
 
Spine osteoarthritis (n=76,169 cases and 856,428 controls) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Total joint replacement (n=77,192 cases and 789,225 controls) 
 
 
 
 
 
 
 
 
 
 
Total hip replacement (n=49,874 cases and 981,172 controls) 
 
 
 
 
 
 
 
 
 
 
 
Total knee replacement (n=48,161 cases and 958,463 controls) 
 
 
 
 
 
 
 
 
 
 
 
East Asian ancestry analysis 
Osteoarthritis at any site (n=10,408 cases and 128,633 controls) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Hip and/or knee osteoarthritis (n=5,506 cases and 126,769 controls) 
 
 
 
 
 
 
 
 
 
 
 
Hip osteoarthritis (n=65 cases and 2,619 controls) 
 
 
 
 
 
 
 
 
 
 
 
Knee osteoarthritis (n=5,433 cases and 126,769 controls) 
 
 
 
 
 
 
 
 
 
 
 
Spine osteoarthritis (n=3,799 cases and 70,581 controls) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



South Asian ancestry analysis 
Osteoarthritis at any site (n=2,422 cases and 18,894 controls) 
 
 
 
 
 
 
 
 
 
 
 
Hip and/or knee osteoarthritis (n=1,087 cases and 18,871 controls) 
 
 
 
 
 
 
 
 
 
 
 
Knee osteoarthritis (n=993 cases and 18,871 controls) 
 
 
 
 
 
 
 
 
 
 
 
Spine osteoarthritis (n= 506 cases and 18,870 controls) 
 
 
 
 
 
 
 
 
 
 
 
 
 



African ancestry analysis 
Osteoarthritis at any site (n=25,698 cases and 34,718 controls) 
 
 
 
 
 
 
 
 
 
 
 
Hip and/or knee osteoarthritis (n=4,149 cases and 21,448 controls) 
 
 
 
 
 
 
 
 
 
 
 
Hip osteoarthritis (n=1,357 cases and 21,394 controls) 
 
 
 
 
 
 
 
 
 
 
Knee osteoarthritis (n=3,463 cases and 21,448 controls) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Hand osteoarthritis (n=949 cases and 14,129 controls) 
 
 
 
 
 
 
 
 
 
 
 
Finger osteoarthritis (n=253 cases and 8,523 controls) 
 
 
 
 
 
 
 
 
 
 
 
Thumb osteoarthritis (n=166 cases and 8,523 controls) 
 
 
 
 
 
 
 
 
 
 
 
Spine osteoarthritis (n=1,973 cases and 21,394 controls) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Hispanic ancestry analysis 
Osteoarthritis at any site (n=8,128 cases and 9,759 controls) 
 
 
 
 
 
 
 
 
 
 
 
Hip and/or knee osteoarthritis (n=842 cases and 3,489 controls) 
 
 
 
 
 
 
 
 
 
 
 
 
Hip osteoarthritis (n=288 cases and 3,486 controls) 
 
 
 
 
 
 
 
 
 
 
 
Knee osteoarthritis (n=523 cases and 2,903 controls) 
 
 
 
 
 
 
 
 
 
 
 
 



Hand osteoarthritis (n=242 cases and 3,471 controls) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Sex-stratified analysis 
Osteoarthritis at any site  
Female n=199,234 cases and 588,852 controls 
Male n=129,191 cases and 515,493 controls 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
Hip and/or knee osteoarthritis 
Female n=107,705 cases and 442,452 controls 
Male n=72,281 cases and 380,585 controls 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Hip osteoarthritis 
Female n=45,562 cases and 413,714 controls 
Male n=29,536 cases and 362,133 controls 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Knee osteoarthritis 
Female n=75,727 cases and 410,599 controls 
Male n=50,135 cases and 363,279 controls 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Hand osteoarthritis 
Female n=27,339 cases and 401,542 controls 
Male n=10,074 cases and 342,593 controls 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Finger osteoarthritis 
Female n=10,655 cases and 338,289 controls 
Male n=4,333 cases and 117,585 controls 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Thumb osteoarthritis 
Female n=11,426 cases and 322,724 controls 
Male n=3,742 cases and 315,372 controls 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Spine osteoarthritis 
Female n=41,963 cases and 423,373 controls 
Male n=27,125 cases and 375,475 controls 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Total joint replacement 
Female n=38,898 cases and 362,729 controls 
Male n=26,488 cases and 309,220 controls 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Total hip replacement 
Female n=22,269 cases and 358,515 controls 
Male n=14,048 cases and 302,489 controls 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Total knee replacement 
Female n=19,140 cases and 34,4258 controls 
Male n=13,633 cases and 30,9914 controls 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Each point represents a variant passing quality control in the meta-analysis, plotted with their association p-value (on a -log10 scale; y-axis) as a 
function of genomic position (NCBI build 37; x-axis). The dashed horizontal gray line indicates study-wide significance (-log10(1.3x10-8)). Only 
Manhattan and quantile-quantile plots with sufficient variants that pass all internal quality control are displayed here. 

  



Supplementary Figure 3. Example of the quality control plots for GWAS datafiles prior 
to EasyQC. 
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For each GWAS diagnostic plots were visualised using the PreQC script from here: https://github.com/hmgu-itg/go2-scripts. These include 
the following: (A) The chromosome (x-axis) span (y-axis) in the data, the red line indicates the expected length of each chromosome and 
the circle the number observed. (B) The number of variants (y-axis) in the file per chromosome (x-axis). (C) A coverage plot across the 
genome (chromosomes on y-axis and their position on the x-axis). (D) Quantile-quantile (QQ)-plot (uniform) for -log10(P) with the expected 
values on the x-axis and the observed ones on the y-axis. (E) QQ-plot (normal) for beta/se. (G) Manhattan plot. The association p-value of 
the variants (on a -log10 scale) on the y-axis, as a function of genomic position (NCBI build 37; x-axis). (H) Histogram of the variant allele 
sizes (number of alleles on the x-axis and their frequency on the y-axis).  
 

https://github.com/hmgu-itg/go2-scripts


Supplementary Figure 4. Sensitivity analysis for osteoarthritis at any site for imaging-
only datasets (n=6,816 cases and 9,624 controls). Beta and -log10(P) comparisons for 
osteoarthritis at any site between the imaging-only meta-analysis and main meta-
analysis. 
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(A) Correlation of 1165 variants that are study-wide significant (P < 1.3 x 10-8) in the main meta-analysis and with suggestive significance 
(P<0.05) in the imaging-only meta-analysis. (B) Correlation of 7,803 variants study-wide significant (P < 1.3 x 10-8) in the main meta-
analysis. (C) Correlation of 446,469 variants with suggestive significance (P<0.05) in the imaging-only meta-analysis. 4 variants are excluded 
from the imaging-only meta-analysis with beta > 10 or < -10 (for visualisation purposes) (D). Correlation of all 8,906,420 overlapping 
variants with the exclusion of variants in the imaging-only meta-analysis with beta > 5 or < -5 (for visualisation purposes). The black 
correlation line represents y~x. 

 
 
 
 
  

  



Supplementary Figure 5. Sensitivity analysis for osteoarthritis at any site for datasets 
without any self-reported definitions included (n=309,125 cases and 793,538 
controls). Manhattan and quantile-quantile plots for osteoarthritis at any site for the 
meta-analysis without self-reported osteoarthritis.  Beta and -log10(P) comparisons for 
osteoarthritis at any site between the meta-analysis without self-reported 
osteoarthritis and the main meta-analysis. 
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(A) Manhattan and quantile-quantile plots for the osteoarthritis at any site meta-analysis excluding individuals with self-reported osteoarthritis. The 
horizontal dashed grey line indicates study-wide significance (P value ≤ 1.3 x 10-8). (B) Correlation of 1,977 variants that are genome-wide significant 
(P < 5 x 10-8) for osteoarthritis at any site between the meta-analysis without self-reported osteoarthritis and the main meta-analysis. (C) Correlation 
of all 20,571,594 overlapping variants for osteoarthritis at any site between the meta-analysis without self-reported osteoarthritis and the main 
meta-analysis. In (B) and (C) the Pearson and Spearman correlations are provided below each plot. The red correlation line indicates y=x and the 
black correlation line indicates y~x. 



Supplementary Figure 6. Osteoarthritis at any site GWAS in UK Biobank (UKBB): 
Sensitivity analysis comparing the main UKBB GWAS analysis to UKBB without self-
reported definition included. 
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Manhattan and quantile-quantile (QQ) plot in UK Biobank for osteoarthritis at any site. The dashed grey line represents genome-wide significance (P 
value = 5 x 10-8) (A) Main analysis, including all cases (n=82,420 individuals) (B) Excluding self-reported cases (n=19,885 individuals). The number of 
controls remained the same between the two analyses (n=323,032). GWAS correlation of beta and -log10(P values) for osteoarthritis at any site in UK 
Biobank between main analysis and without self-reported cases. (C) Includes variants that are genome-wide significant (P value < 5 x 10-8) in either 
GWAS (n = 621). (D) Includes all overlapping variants (n = 7,638,131). The red correlation line indicates y=x and the black correlation line indicates 
y~x. 



Supplementary Figure 7. Significant enrichment altered Transcription Factor binding 
Motifs. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The bars indicate the number of times this TF-motif was found to be altered by one of the 95% credible set variants located in 
osteoblast/chondrogenic regulatory regions. The TF-motif are grouped based on the general function of the matching transcription factor. TF-Motif: 
significantly enriched altered transcription factor binding motif; N= the number of times this TF-motif was found to be altered by one of the 95% 
credible set variants located in osteoblast/chondrogenic regulatory regions. P-value: the P-value of the propensity test for enrichment. 

 
 



Supplementary Figure 8. Bar plot illustrating the sensitivity of the 24 lines evidence for known osteoarthritis genes pre and post Boer, 
Hatzikotoulas, Southam et al. 2021. 
 

 
The x-axis indicates the sensitivity results. The y-axis indicate the supporting lines of evidence used for establishing effector genes for 57 known genes from Boer, Hatzikotoulas, Southam et al. (orange bars) and 36 know osteoarthritis genes prior to Boer, 
Hatzikotoulas, Southam et al. (blue bars).   



Supplementary Figure 9. Genetic heritability for each of the 8 biological processes.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The bars depict the heritability estimates (y-axis) for various phenotypes across eight biological processes (x-axis). Each colored bar represents a specific phenotype.  Osteoarthritis at any site (ALLOA), hip osteoarthritis (HIP), knee osteoarthritis (KNEE), 
hip and/or knee osteoarthritis (HIPKNEE), spine osteoarthritis (SPINE), hand osteoarthritis (HAND), finger osteoarthritis (FINGER), thumb osteoarthritis (TUMB), total hip replacement (THR), total knee replacement (TKR) and total hip and/or knee 
replacement (total joint replacement; TJR). 



Supplementary Figure 10. Allelic imbalance in subchondral bone. 

 
For each Allelic Imbalance variant mentioned in Supplementary Table 27 (A-O), the alternative allele (letter in point) ratio (Alt Ratio; y-axis) for each 
heterozygote (anonymized Raak-00; x-axis) in the RAAK in subchondral bone. The dotted line reflects the 1:1 allele ratio reference (Alt ratio = 0.5). 
Significant ratios (FDR < 0.05) are coloured orange, insignificant ratios blue. 



Supplementary Figure 11. Additional pathways related to FGF signalling that have 
relevance to osteoarthritis. 
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Additional pathways related to FGF signalling that have relevance to osteoarthritis that contain further effector genes not included directly in the 
FGF signalling pathway. A) Wikipathways FGFR3 signaling in chondrocyte proliferation and terminal differentiation (WP4767). 10 effector genes are 
highlighted in red. B) Osteoarthritic chondrocyte hypertrophy (WP5373), which is associated with dysregulation of FGF, hypoxia and angiogenesis 346, 
16 effector genes are highlighted in red. 

 

  



Supplementary Figure 12. Additional Wikipathways (WP5205) for genes involved in 
clock-controlled autophagy. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fifteen effector genes are highlighted in red. 
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