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One Sentence Summary: Analysis of hand OA cartilage stratified by ALDH1A2 polymorphic variants reveals a targetable, anti-inflammatory role for retinoic acid in OA.  

Abstract: Over 40% of individuals will develop osteoarthritis (OA) during their lifetime, yet there are currently no licensed disease modifying treatments for this disabling condition. Common polymorphic variants in ALDH1A2, that encodes the key enzyme in the synthesis of all-trans retinoic acid (atRA), have been associated with severe hand OA. In this study, we sought to elucidate the biological significance of this association. We first confirmed that ALDH1A2 risk variants were associated with hand OA in UK Biobank. Articular cartilage was acquired from 33 consenting individuals with hand OA at the time of routine hand OA surgery. They were stratified by genotype and RNA sequencing performed. A reciprocal relationship between ALDH1A2 mRNA and inflammatory genes was observed. Articular cartilage injury up-regulates similar inflammatory genes by a process that we have previously termed mechanoflammation, and which we believe is a primary driver of OA. Cartilage injury was also associated with a concomitant drop in atRA-dependent genes, indicative of cellular atRA levels, and both responses to injury were reversed using talarozole, a retinoic acid metabolism blocking agent (RAMBA). Suppression of mechanoflammation by talarozole was mediated by a peroxisome proliferator activated receptor (PPAR)- dependent mechanism. Talarozole, delivered by minipump, was able to suppress mechano-inflammatory genes in articular cartilage in vivo 6h after mouse knee joint destabilization, and reduced cartilage degradation and osteophyte formation after 4 weeks. These data show that boosting atRA suppresses mechanoflammation in the articular cartilage in vitro and in vivo, and identifies RAMBAs as potential disease modifying drugs in OA.



Introduction
Osteoarthritis (OA) is one of the leading causes of musculoskeletal morbidity, affecting all articulating joints and resulting in enormous socioeconomic burden (1). There are currently no disease modifying OA drugs and there is an urgent need to uncover novel treatment approaches. OA is a mechanically induced disorder whereby increased shear stress on the articulating surfaces is thought to drive protease-dependent degradation of the articular cartilage, which is associated with remodelling of the subchondral bone and synovial hypertrophy (2, 3). Low-grade synovitis is often observed, but anti-inflammatory strategies, such as those used in rheumatoid arthritis, have thus far failed to demonstrate clinical efficacy (4, 5). 
We have shown that mechanical stress can activate inflammation in articular cartilage directly, through a process that we have called mechanoflammation (6). Indeed, injuring (cutting) the synovium or cartilage activates inflammatory signalling and induces inflammatory response genes including cyclooxygenase (Cox2), interleukin 6 (Il6), arginase-1 (Arg1), interleukin-1(Il1), C-C motif chemokine ligand 2 (Ccl2), and key disease related proteases such as a disintegrin and metalloproteinase with thrombospondin repeats (Adamts4 and Adamts5) (7). The same inflammatory genes are also induced in experimental models of rodent OA in which the joint is surgically destabilized (8-10). Other consequences of joint stress include induction of cyclin-dependent kinase inhibitor 1A (Cdkn1a), also known as p21, indicative of cell senescence, which has also been shown to contribute to OA development (11). The highly mechanosensitive nature of experimental OA is demonstrated by showing that after joint destabilization, inflammatory gene regulation can be abrogated by joint immobilization and this is associated with protection from developing OA (8).
The hands are not weight-bearing joints, but nonetheless sustain significant mechanical strains and develop OA with an overall prevalence of 27% (rising to 80% among older adults) (12, 13). This leads to substantial disability through pain and the loss of hand function (14). A genome-wide association study (GWAS) in hand OA identified the association of polymorphic variants in aldehyde dehydrogenase 1 family member A2 (ALDH1A2) with severe hand OA (15). Two of these reference single nucleotide polymorphisms (SNPs), rs3204689 and rs4238326 are common (with effect allele frequencies of 52 % and 41 % respectively) leading to overall odds ratios for severe hand OA of 1.46 and 1.44 respectively. The ALDH1A2 gene encodes the enzyme that irreversibly catalyses the production of all-trans retinoic acid (atRA) from retinaldehyde. 
atRA is an active metabolite of vitamin A, maintained at low nanomolar concentrations by a tightly orchestrated balance between its synthesis and degradation (16). Once delivered to the nucleus, atRA can bind to one of three retinoic acid receptors (RARα, RARβ and RARγ), or to peroxisome proliferator activated receptors (PPAR) to form a heterodimer with retinoid X receptors (RXRα, RXRβ and RXRγ). Each of these dimeric receptors binds to their respective retinoic acid response elements (RARE) or peroxisome proliferator response elements (PPRE) to activate or repress transcription of target genes (17). atRA isomers can also be generated and these display variable affinities at nuclear receptor binding sites (17). atRA metabolising enzymes, the CYP26s (CYP26A1, CYP26B1 and CYP26C1), hydrolyse atRA thus inactivating it (18). RARs and CYP26 genes are known atRA-responsive genes and contain RAREs in their promoter regions (19). Blocking CYP26-mediated destruction using drugs called atRA metabolism blocking agents (RAMBAs), enhances atRA levels in vivo (20-22). Talarozole is the most specific available CYP26 inhibitor in this class (23).
atRA has an indispensable role in upper limb development but its role in adult cartilage is poorly understood (19, 24-27). Here, we interrogate the biology of atRA by performing RNA sequencing of human hand OA cartilage, stratified according to polymorphic variants in ALDH1A2. Using normal cartilage from mouse and pig, we reveal that atRA is a highly mechanosensitive anti-inflammatory molecule in chondrocytes, acting through PPAR. Finally, we reveal that talarozole, by maintaining endogenous atRA levels, suppresses mechanoflammation both in vitro and in vivo and attenuates the development of post-traumatic OA. As RAMBAs have been tested clinically for other disease indications (22, 28), we propose that boosting cellular atRA using RAMBAs represents a novel disease-modifying strategy in OA.
Results
Replication of SNP associations with hand OA in UK Biobank.
We first confirmed that the two biallelic genome-wide significant SNPs at the ALDH1A2 locus (15q22), reported in the Icelandic GWAS of hand OA: rs3204689 and rs4238326 (15), were replicated in UK Biobank. Using primary and secondary ICD-10 diagnoses for hand OA, both SNPs were highly suggestive of association with hand OA (rs3204689 - OR 1.15 (95% CI 1.08-1.23), p = 2.5x10-5; rs4238326 - OR1.16 (95% CI 1.09-1.25), p = 1.1x10-5), being below the Bonferroni-corrected significance threshold of p<0.025 for replication of two SNPs (Table 1). 
Polymorphic risk variants of ALDH1A2 are associated with low levels of ALDH1A2 in articular chondrocytes from individuals with hand OA.
To explore the biological consequences of the ALDH1A2 polymorphic variants, 33 trapezia were collected from consenting adults undergoing trapeziectomy as part of their planned usual care for symptomatic, radiographic base of thumb OA. The trapezium is the carpal bone forming the proximal part of the first carpometacarpal joint (Fig. 1A). OA at this joint exhibits classical histological features of OA (Fig. 1B). For each trapezium received, cartilage and bone were separated and snap frozen within one hour of surgery. Genomic DNA was extracted from bone for genotyping (Fig. 1C). Among the participant samples (25/33 female), we detected a high prevalence of the risk-conferring C allele in the two common SNPs in ALDH1A2 (25/33 for rs3204689[C/G] and 22/33 for rs4238326[C/T]). The genotype and characteristics of the 33 participants are listed in supplementary Table S1. To determine the functional importance of polymorphic variants in ALDH1A2 in hand OA, we extracted mRNA from individuals’ trapezium articular cartilage and tested the expression of ALDH1A2 gene by real-time polymerase chain reaction (RT-PCR). ALDH1A2 mRNA was significantly lower (HET: 0.43±0.35, HO: 0.48±0.31) in tissue from individuals who were homozygous or heterozygous for the risk variants compared with the low risk alleles (Fig. 1D). 12/13 individuals were homozygous for both alleles, consistent with their being in tight linkage disequilibrium (15), ALDH1A2 levels were similar in those individuals with copies of either or both allelic risk variants. 

High risk ALDH1A2 variants are associated with inflammatory gene expression pathways.
[bookmark: bfig3]To investigate the transcriptional impact of the ALDH1A2 variants and to discover genes whose expression was associated with that of ALDH1A2 we compared articular cartilage RNA-sequencing data from 19 patients (7 homozygous for the low-risk variants and 12 homozygous for both high-risk ALDH1A2 variants). We first sought to identify differences in gene expression between the individuals with low and high risk ALDH1A2 variants. Using a model that included patient gender and hand dominance as covariates, we found 15 significantly differentially expressed genes (DESeq2 analysis, BH adjusted p < 0.1) (Fig. S1 A and B, Supplementary data file S1). 10 genes with higher expression in low-risk (WT) samples included those normally expressed in erythrocytes (e.g. HBB, HBA1 and HBA2) that showed strong expression in only a few samples in a pattern indicative of unexpected tissue heterogeneity within this group. In contrast, five genes, CADM3, INO80C, RGS1, DLX4 and FAH showed patterns of higher expression in the samples from the patients with the high-risk ALDH1A2 variants that were more consistent with genuine differential expression (Fig. S1B). To further explore transcriptional differences between the genotypes we adopted a pathway-level approach. Gene set enrichment analysis identified a number of Gene Ontology (GO) Biological Processes that showed higher enrichment in the high-risk (HO) samples including “response to interferon-gamma”, “regulation of IL-1 beta production” and “lymphocyte proliferation” that were suggestive of a link between the high-risk ALDH1A2 variants and a more inflammatory phenotype (Fig. S1C and supplementary data file S2). We complemented these unbiased analyses with a PhenomeExpress analysis that was targeted to find sub-networks of proteins previously annotated to Osteoarthritis in the Human Phenotype Onotology  (HP:0002758) that were enriched in genes that showed changes in expression level between the low and high-risk ALDH1A2 variant patient samples (29). This analysis identified 27 sub-networks with above-background enrichments (empirical p-values < 0.05, Supplementary Table S2) including those associated with “complement activation”, “chemokine-mediated signaling pathway”, “positive regulation of osteoblast differentiation extracellular matrix organization”, “extracellular matrix organization”, “extracellular matrix organization 1”, “extracellular matrix organization 2” and “positive regulation of canonical Wnt signaling pathway chemokine-mediated signaling pathway” (Fig. 1E-K). Together, while we found relatively few genes that showed differential expression (potentially due to cohort size and heterogeneity), the pathway and network analyses provide evidence that the high-risk ALDH1A2 variant is associated with a more inflammatory cartilage phenotype.
ALDH1A2 expression in hand OA cartilage is associated with reduced expression of inflammatory pathways and chemokines. 
We reasoned that factors other than ALDH1A2 variant status may have influenced ALDH1A2 expression in our patient samples. To gain insight into the biological processes associated with retinoic acid signalling in this tissue we therefore directly assessed the genes and pathways that co-varied with ALDH1A2 expression level in osteoarthritic articular cartilage. In total, we found n=2,944 genes to be significantly positively correlated, and n=2,796 genes to be significantly negatively correlated in expression with ALDH1A2 (Spearman correlation, BH adjusted p < 0.05, Fig. 2A and supplementary data file S3). At the pathway level, gene set enrichment analysis revealed that GO biological processes associated with higher ALDH1A2 expression included “cilium movement” and “growth plate cartilage chondrocyte growth” while those associated with lower ALDH1A2 expression included “regulation of cell cycle G2/M phase transition”, “osteoclast differentiation”, “Fc receptor signalling pathway”, “TNF-mediated signalling pathway” and “response to interferon-gamma” (Fig S2 and supplementary data file S4). Selected examples of significantly positively and negatively correlated genes that were also identified in the osteoarthritis-targeted PhenomeExpress sub-network analysis are shown in Fig. 2B and C. Heart and neural crest derivatives expressed 2 (HAND2), SMAD family member 3 (SMAD3), complement C4A (C4A), aggrecan (ACAN), regulating synaptic membrane exocytosis 2 (RIMS2), complement C4B (C4B), cartilage oligomeric matrix protein (COMP) and desmoplakin (DSP) positively correlated with the expression of ALDH1A2, while cyclin dependent kinase inhibitor 1A  (CDKN1A), ADAM metallopeptidase with thrombospondin type 1 motif 4 (ADAMTS4), exostosin glycosyltransferase 1 (EXT1), SMAD family member 2 (SMAD2), matrix metallopeptidase 1 (MMP1), matrix metallopeptidase 13 (MMP13),	C-X-C motif chemokine ligand 2 (CXCL2) and C-X-C motif chemokine ligand 5 (CXCL5) were inversely correlated. In keeping with the differential expression analysis results, these data suggested that lower levels of retinoic acid are associated with a more inflammatory phenotype.

Cartilage injury strongly down-regulates atRA-responsive genes whilst increasing inflammatory genes.
Mechanical injury is an important etiological factor in OA by triggering mechanoflammation (9, 30). As several genes that correlated with ALDH1A2 were also known to be induced by cartilage mechanical injury, we investigated the effect of injury on regulation of atRA-responsive genes. atRA-responsive genes in articular chondrocytes include several genes that are part of the canonical synthetic pathway of atRA (Fig. S3). Porcine cartilage injury strongly down-regulated atRA-responsive genes CYP26A1, CYP26B1, and retinoic acid receptors (RARA, RARB and G) (Fig. 3A), while inflammatory genes including CDKN1A, IL6, ADAMTS4, MMP3, TIMP1, COX2, and CCL2 were up-regulated as seen previously (Fig. 3B) (31). Similar results were seen after murine cartilage injury (Supplementary Fig. S4). Porcine cartilage injury was associated with a reduction in ALDH1A2 protein from 4h after injury (Fig. 3C, D). 
Maintaining cellular atRA levels with talarozole suppresses mechanoflammation following cartilage injury through a mechanism involving PPAR.
We next explored whether maintaining levels of atRA at time of injury could prevent mechanoflammation. Porcine metacarpophalangeal joints were pre-injected with talarozole (TLZ) or vehicle prior to cartilage injury (Fig. 4A). TLZ prevented the drop in atRA-dependent genes, CYP26A1 and CYP26B1, after injury (Fig. 4B), and suppressed the regulation of several inflammatory genes following injury including CDKN1A, IL6, ADAMTS4, ADAMTS5, CCL2, TIMP1, and COX2 (Fig. 4C). MMP3 was the only gene significantly increased by TLZ after injury. The anti-inflammatory effect of TLZ was not specific for mechanoflammation as TLZ or atRA was able to suppress IL1-induced inflammatory gene regulation in isolated porcine chondrocytes (Fig. S5). To investigate the mechanism by which atRA, maintained by TLZ, suppressed cartilage mechanoflammation, we first examined whether TLZ was able to suppress TAK1-dependent inflammatory signalling, a known upstream mediator of mechanoflammation (9). Using the same porcine joint injury model (Fig. 4A), cartilage injury activated the TAK1-dependent, mitogen activated protein kinases (MAPKs), c-Jun N-terminal kinase (JNK) and extracellularly regulated kinase (ERK) within 5 minutes of cutting injury. Pre-incubation with a TAK1 inhibitor suppressed MAPK phosphorylation (Fig. 5A and B), but TLZ did not alter the pattern of MAPK activation (Fig. 5C and D), indicating that the anti-inflammatory effects of talarozole were downstream of MAPK activation. However, TAK1 inhibition did prevent the drop of atRA responsive genes indicating that this pathway is important for controlling atRA levels after injury (Fig. 5E). As PPAR has been associated with anti-inflammatory actions (32, 33), we speculated that the anti-inflammatory effects of TLZ was mediated through PPREs. Injection of joints with TLZ alone or in combination with a PPAR inhibitor (GW9662) reversed the anti-inflammatory effects of TLZ for IL6, COX2, ADAMTS4, and TIMP1 indicating that PPAR mediates the anti-inflammatory effects of TLZ (Fig. 5F).  PPARhad no effect on classical RARE-dependent genes in the presence of talarozole (CYP26B1, RARA, RARB, RARG) (Fig. 5G).
Subcutaneous administration of talarozole suppresses mechano-inflammatory genes in articular cartilage early after surgical joint destabilisation.
To test the in vivo relevance of our findings we next investigated whether systemic delivery of TLZ was able to suppress mechano-inflammatory genes in the articular cartilage in vivo after destabilistion of the medial meniscus (DMM). Talarozole was delivered subcutaneously by osmotic minipumps, from 3 days before DMM surgery, and cartilage was harvested after 6h (Fig. 6A). Cyp26a1 and Cyp26b1 mRNA increased in TLZ treated mice when normalized to the vehicle contralateral control (Fig. 6B), confirming target engagement of TLZ in cartilage after systemic delivery. Of the inflammatory genes regulated in articular cartilage 6h post joint destabilization, Il1b, Il6, Adamts4, Mmp3, and Ccl2 were significantly suppressed by TLZ (results normalized to respective 0h control). Two up-regulated genes, Timp1 and Cox2, were unaffected by TLZ (Fig. 6C).
Subcutaneous administration of TLZ attenuates the development of post-traumatic OA.
Finally, we investigated whether systemic administration of TLZ could prevent post-traumatic OA in mice. OA was induced by partial meniscectomy (PMX). TLZ was delivered for 23 days (from 2 days prior to surgery to 3 weeks after surgery), and joints harvested at 4 weeks (Fig. 7A).  Statistically significant reduction in histological cartilage degradation (OARSI score) (Fig 7B and 7C) and marked reduction in osteophyte size (Fig. 7D) and maturity (Fig. 7E) were observed in the TLZ treated group.
Discussion  
In this study, we confirm that ALDH1A2 allelic variants, discovered in the Icelandic population, are also associated with hand OA in a large UK cohort. RNA-sequencing of hand OA cartilage, stratified according to ALDH1A2 genotype and gene dosage, suggested a number of differentially regulated cellular networks and identified atRA as a potential anti-inflammatory molecule in articular cartilage. Maintaining atRA levels at the time of cartilage injury, by blocking its cellular metabolism with talarozole, not only abrogated mechano-inflammatory gene regulation by a mechanism involving PPARbut prevented structural joint damage in vivo in mice with surgically induced OA. 
One striking feature in talarozole treated OA mice was suppression of osteophyte development. These results suggest that atRA is not only suppressing mechanoflammation in articular cartilage but also affecting mechano-sensitive signalling in bone. It may be relevant that PPAR strongly suppresses osteogenesis (34). Florid osteophyte formation and bone expansion in hand OA is often observed in severely affected patients and could explain why ALDH1A2 variants are associated with symptomatic hand OA rather than large joint disease (35). Our results indicate that atRA-dependent genes fall into two principal categories. Those genes that are directly induced by atRA such as CYP26 (A1, B1) and RAR (A, B and G). These genes have classical RAREs in their promoter regions (17). The second group are those that are suppressed in an atRA-dependent manner. These appear to be largely dependent on PPAR suggesting that the RXR-PPAR heterodimer is an important anti-inflammatory regulator in chondrocytes. Anti-inflammatory actions of both atRA and PPAR have been described previously including by transcriptional activation of IB, epigenetic histone modification and direct repression of gene transcription through PPRE binding (36-39). Our study highlights that atRA controls the anti-inflammatory effects of PPAR. This conclusion is consistent with the observation that genetic deletion of PPAR accelerates surgically induced murine OA (40), but PPAR agonists are not disease modifying (41). In essence, we conclude that atRA determines the activity of PPAR-RXR transcriptional regulation and thus controls anti-inflammatory actions of PPARFig. 7F). 
The mechanism by which inflammation is triggered by cartilage mechanical injury remains unclear. In vascularized tissues this involves a breach of the endothelium, exposure of tissue factor and activation of platelets and immune cells (42). Cartilage is avascular and so these mechanisms are not relevant. As phosphorylation of MAPKs upon injury is not affected by TLZ, but TAK1 inhibition prevents the drop in atRA-dependent genes, our data suggest that the drop in cellular atRA levels modulates the inflammatory response but is not the primary driver of inflammatory signalling. The cellular mechanisms underlying the activation of MAPKs and the drop in atRA upon injury are currently being pursued in our laboratory.
atRA analogues have been used to increase atRA levels for the treatment of acute promyelocytic leukaemia (22, 43), inflammatory disorders such as psoriasis (44-48), and inflammatory intestinal diseases (28, 49). RAMBAs such as ketoconazole, liarozole, and talarozole offer advantages over atRA analogues and have been used in clinical trials (21, 22, 50). Among these, TLZ is the most CYP26-specific inhibitor currently available with IC50 of 4-5 nM (50). As talarozole has shown therapeutic efficacy in psoriasis and acne vulgaris in humans, with an acceptable safety profile (21), our experimental findings make a compelling case for blocking atRA metabolism using a RAMBA to modify disease in OA.
There are a number of recognised limitations in our study. Firstly, we always recognised that we were likely to be underpowered when performing an RNA sequencing exercise on human diseased cartilage samples stratified by polymorphic variants. This was only possible as the polymorphic variants were common in the population (around 50%), in linkage disequilibrium with one another, and the variants conferred a sizeable change in the expression level of ALDH1A2. Consequently, we were able to identify a limited number of genes significantly regulated by genotype, but were able to glean more about the biology when we examined ALDH1A2 gene correlations. This was sufficient to allow us to test some specific hypotheses to verify that atRA was an important anti-inflammatory agent in chondrocytes and amenable to pharmacological interference. Our in vivo experiments were substantially restricted by talarozole’s short half-life, requiring it to be delivered continuously through minipump. Some of our mice failed to tolerate the pumps and had to be culled early. This was further complicated by talarozole’s low solubility which limited the total amount of drug that could be carried by the minipump and thus limited the maximum delivery time to three weeks. We were therefore only able to assess the disease modifying ability of talarozole in post-traumatic  OA at one early time point. Nonetheless, these results showed significant structure modification with marked effects on osteophyte formation as well as cartilage damage. As the mice were carrying subcutaneous minipumps on their backs, we were unable to assess pain behaviour by incapacitance testing, as per our usual practice. Some of these aspects will be addressed in later studies after incorporation of talarozole into the chow or by manufacturing slow-release preparations. 
Materials and Methods 
Study Design
The aim of this study was to uncover the role of atRA in OA using a combination of human OA tissue taken at the time of hand OA surgery, and normal mouse and porcine articular cartilage subjected to mechanical injury either in vitro or in vivo. RNAseq of human tissue was always likely to be underpowered. We collected 33 human samples (the largest recorded collection of this sort) of which 19 samples went into the sequencing analysis (12 homozygous for the risk variant and 7 homozygous for the low risk variant). Using these numbers we were able to use PhenomeExpress and Spearman correlation to develop hypotheses that could be tested more robustly in other models. In vitro cartilage injury studies are well developed in our laboratory and 3-6 samples is typically what we have used in the past to show robust regulation of genes upon injury. These numbers were empirically increased when using pharmacological inhibitors. Typically, we also increase the concentration of inhibitor (10-fold) when injecting into a joint cavity compared with what we would use in vitro. For in vivo murine experiments we performed power calculations assuming a 50% reduction in cartilage degradation score using talarozole. The PMX model is more aggressive than DMM (destabilisation of the medial meniscus), that is used by most others in the field, and this allowed us to assess the effect of the inhibitor at an early time point, 4 weeks. All surgery was performed by one operator (JZ). Mice were randomised to vehicle or talarozole pumps, and to sham or PMX surgery. Scoring of histological sections was performed blind by two independent scorers (JZ and LZ). Two mice were excluded from the analysis as they needed to be culled early after surgery due to problems with the minipump. Otherwise, all data were included (outliers were not excluded from any analyses). N numbers used in each experiment are indicated in the respective figures/ legends. 
Reagents and antibodies
Cyp26 inhibitor talarozole (A3853-APE) was obtained from Stratech. All-trans retinoic acid (R2625) was purchased from Sigma-Aldrich. Anti-ALDH1A2 antibody (ab75674) was purchased from Abcam (MA, USA); anti-total ERK (T-ERK) (sc-94) was obtained from Osmotic pumps (2001, 2002) were purchased from Alzet Osmotic pumps (Canada). The kits for RNA extraction were from Qiagen (RNeasy Mini Kit and RNeasy Micro Kit). The reverse transcription kit, PowerUp™ SYBR® green master mix and TaqMan™ universal PCR master mix were from Applied Biosystem (CA, USA). DNAzol™ Reagent (10503027) was from ThermoFisher Scientific. The DNA clean kit (DNA Clean & ConcentratorTM-5) was from Zymo Research. Anti-phospho-SAPK/JNK antibody (#9251) and anti-phospho-p44/42 MAPK (Erk1/2) antibody (#9101) were obtained from Cell Signaling Technology (MA, USA). The PPARγ inhibitor, GW9662, was from Sigma-Aldrich.
Human hand OA tissue
UK Biobank has approval from the North West Multi-Centre Research Ethics Committee (11/NW/0382). This study was part of UK Biobank Project ID 22572 (“The Genetics and Epidemiology of Common Hand Conditions”). Trapezia were collected at the time of surgery (from individuals with severe base of thumb OA). Human tissues, generated as part of the procedure, were collected in an approved project within the Oxford Musculoskeletal Biobank. Tissue collection, storage and processing was undertaken following informed written consent and in full compliance with national and institutional ethical requirements, the UK Human Tissue Act, and the Declaration of Helsinki (HTA Licence 12217 and REC reference number 09/H0606/11). The trapezium cartilage was dissected from the bone within 2 hours of surgical removal from the joint and was snap frozen in liquid nitrogen and stored at -80 °C before RNA extraction. In total 33 trapezium samples were collected.
Human single nucleotide polymorphism genotyping
Human trapezium bone tissue was ground to a powder using Cryo-Cup Grinder (Biospec, Bartlesville), from which genomic DNA (gDNA) was extracted using DNAzol (10503027, ThermoFisher Scientific). Primers were designed based on the 1000 nucleotide sequence adjacent to the target SNP allele, and amplified PCR fragments of the expected sizes were confirmed by Agarose gel electrophoresis. Primers for rs3204689: CATAGGTTTGATTTGTTCCTTCTC (forward), GGTTCGTTCTTATTCTGCCAC (reverse), and for rs4238326: CACACACACCCCAAAACTG (forward) and GGGATAAAGGGAGGAGGAGG (reverse). The purified PCR products were Sanger sequenced by Eurofins Genomic. 
RNA Sequencing
After genotyping, only samples that were homozygous at both rs3204689 and rs4238326 for the wild type (WT) or alternate allele (HO) were processed for RNA-sequencing. (WT n = 8, HO n = 12). Total RNA was extracted using the Qiagen RNeasy Micro Kit according to the manufacturer’s instructions, and its concentration was determined with the NanopDrop 1000 spectrophotometer and RNA quality assessed with the Agilent Bioanalyzer. PolyA-selected sequencing libraries were prepared using the TruSeq protocol (Illumina). Libraries were subject to 75 bp paired-end sequencing (Illumina HiSeq 4000). One sample (WT; OMB0901) was excluded from the analysis due to the low RIN number (5.5). Sequence reads were aligned to the human genome with Hisat2 (version 2.1.0) (51) using a “genome_trans” index built from the GRCh38 release of the human genome and Ensembl version 91 annotations (two-pass strategy to discover novel splice sites; with parameters: --dta and --score-min L,0.0,-0.2). Data quality was assessed using pipeline_readqc.py (https://github.com/cgat-developers/cgat-flow/). The average alignment rate was 97.15% (as assessed with picard tools v2.10.9, https://github.com/broadinstitute/picard). Mapped reads were counted using featureCounts (Subread version 1.6.3; Ensembl version 91 annotations; with default parameters) (52). Salmon v0.9.1 was used to calculate TPM values (53) using a quasi-index (built with Ensembl version 91 annotations and k=31) and gc bias correction (parameter “--gcBias”). 

Differential expression (DE) analysis of WT vs HO samples was performed using Bioconductor package DESeq2 (v1.22.0) (54). Prior to analysis, genes were filtered so as to retain n=14,195 protein coding genes expressed at a TPM > 1 in at least three samples of one of the two conditions.  Based on exploratory analysis and expert biological knowledge the variables “Tissue from hand” (i.e. whether the tissue was taken from the dominant hand) and “gender” were included as co-variates in the linear model. Outliers counts (n=89 genes) were excluded (Cook’s distance cutoff = 5). Gene set enrichment analysis with FGSEA was performed using the n=14,106 genes tested for differential expression by DESeq2 (i.e. after independent filtering) using the multilevel procedure with GO Biological Process (BP), Cellular Component (CC) and Molecular Function (MF) and KEGG pathway annotations (55). To help remove redundant pathways we applied the FGSEA ‘collapsePathways’ function (results provided in Supplemental Data File S2).  The metadata used for the differential expression analysis are provided in Supplementary Data File S5.

The PhenomeExpress analysis was performed using the Cytoscape PhenomeScape app (29).  The Human network was loaded, and the set of genes tested for differential expression with DESeq2 analysis (n=14,106 genes, supplementary Data files S4) was used as the input for the targeted Osteoarthritis (HP:0002758) phenotype analysis.
For the ALDH1A2 gene expression level correlation analysis, genes were not filtered by biotype.  Lowly expressed genes were removed (average log CPM values < -1; as computed using the ‘aveLogCPM’ edgeR function (56)), and counts for the remaining n=17,348 genes normalized with DESeq2 and subjected to variance stabilizing transformation prior to computation of the Spearman correlations. FGSEA analysis was performed as before with the n=17,348 genes that passed the initial expression filter using Spearman’s rho as the ranking metric (full results provided in Supplemental data file S4) (55). 

Cartilage injury and culture
Porcine cartilage: articular cartilage was dissected from metacarpophalangeal (MCP) joints from trotters (forelimb) of freshly slaughtered 3-6 months old male pigs from a local supplier. Trotters were first immersed in 2% Virkon for decontamination, and then equilibrated at 37 0C for one hour. 1 ml of serum free Dulbecco’s modified Eagle’s medium (DMEM) with or without inhibitor (Cyp26 inhibitor (talarozole) (5 μM), GW9662 (PPAR inhibitor) (10 μM),  or TAK1 inhibitor (5 μM)), or vehicle was injected into the MCP joint. Trotters were incubated for another hour at 37 0C. The joint was then opened and cartilage was rapidly dissected from the articular surface either directly onto dry ice (0h) or was cut into small pieces as described previously (57) and cultured for the indicated times in medium with or without inhibitor. Tissue extracts were generated using radioimmunoprecipitation assay (RIPA) buffer containing phosphatase inhibitors (45min on ice) for western blotting or Trizol for qPCR.
RNA extraction and real-time quantitative reverse transcription–polymerase chain reaction (qPCR) 
Total RNA extraction from porcine cells, cartilage explants and murine tissue was performed using a Trizol and Qiagen RNeasy Mini Kit according to the manufacturer’s instructions. Complementary DNA (cDNA) was synthesized from RNA using a high capacity cDNA Reverse Transcription Kit (Applied Biosystems).  Primers for porcine genes were designed and listed in Table S3, and real-time PCR was performed with the ViiA™ 7 system (Applied Biosystems), using SYBR green Master-Mix (Applied Biosystems) according to the manufacturer’s instructions. Expression of the respective genes was normalized to that of 18s as an internal control, using the ∆∆Ct method. Human trapezial cartilage was ground to a powder using Cryo-Cup Grinder (Biospec, Bartlesville) and then RNA was extracted using Qiagen RNeasy Micro Kit. 
TaqMan Low-Density Array (TLDA) microfluidic cards
Complementary DNA (cDNA) was generated from RNA using a High Capacity cDNA kit (Applied Biosystems) according to the manufacturer’s instructions. TLDA microfluidic cards were custom designed to order from Applied Biosystems. All thermocycling was carried out on the ViiA™ 7 system (Applied Biosystems). 50 μl cDNA template in nuclease-free water and 50 μl of TaqMan Universal PCR Master Mix (Applied Biosystems) were mixed and added to each TLDA loading port. The TLDA card was then centrifuged and sealed. Ct values were obtained after manually choosing the Ct threshold. Expression of the respective genes was normalized to that of 18s as an internal control, using the 2-∆∆Ct method. The Taqman probes used for human and mouse genes were purchased from Applied Biosystems and listed in Table S5.
Western blotting
Porcine cartilage explant lysates were resolved by 10% sodium dodecyl sulfate–polyacrylamide gel electrophoresis, and immunoblotted for ALDH1A2 or for phosphorylated proteins p-JNK, p-ERK and total ERK. Quantification of three separate experiments was performed using FIJI-App, ImageJ-win64 Gel Analysis program, normalised to total ERK1/2.
Animals 
Animal experiments were carried out under ethical approval in agreement with local policy. 4-5 mice per cage were housed in standard individually ventilated cages under a 12 hour light/dark cycle. 4 or 10-week-old C57BL/6 male mice were obtained from Charles Rivers, UK laboratory. 
Talarozole in vivo experiment: 11-week-old mice received talarozole via pump (mini-osmotic pump, Alzet, model 2001 and 2002) for a period of 3 days or 4 weeks. Talarozole was dissolved in PEG 300 and DMSO (50:50) to a daily dosage of 4 mg/kg/day (2001, 3 days) or 2.5 mg/kg/day (2002, 4 weeks). Mice undergoing surgery were anesthetized by inhalation of isoflurane (3% induction and 1.5–2% maintenance) in 1.5–2 liters/minute oxygen. All animals received a subcutaneous injection of buprenorphine (Vetergesic; Alstoe Animal Health) immediately before surgery. Mice were fully mobile within 3–5 minutes after withdrawal of isoflurane. A small incision was made on the right flank and a mini pump was inserted subcutaneously and the wound was closed by suture. For the short time experiment, destabilization of the medial meniscus (DMM) surgery was conducted on the right leg of mice as previously described (16).  6 hours post DMM, mice were culled by CO2, and cartilage from DMM joint and contralateral joint was collected separately by microdissection as described previously. For the longer time experiment, partial meniscoectomy was carried out two days after the minipump implantation. These mice were culled four weeks post the implantation of the minipump and right joints were harvested.
Immunohistochemistry.
Paraformaldehyde-fixed joints from mice 4 weeks postsurgery (PMX or sham) were decalcified in EDTA for 2 weeks and then embedded in paraffin. Joints were sectioned coronally and stained with Safranin O, FastGreen and hematoxylin for microscopic inspection and histological scoring. Histological analyses of the knee joints was done, according to a standard system, by 2 observers under blinded conditions, and a summed score (sum of the 3 highest total section scores for any given joint, minimum of 10 sections per joint, 80 µm apart) was obtained. Osteophytes were scored by size (0-3) and maturity (0-3) as previously described. (58)
Statistical analysis
Data for replicate experiments are expressed as the mean ± SEM. Analysis was performed using Prism 7 software (GraphPad). Student’s t-tests were used to establish statistical significance between two groups. One-way analysis of variance (ANOVA) was used to compare multiple groups. Two way ANOVA with Bonferroni’s post test was performed for multiple comparisons. Mann-Whitney U test was used to analyse PMX-Ctrl and PMX-TLZ histological pathology scores.  p values less than 0.05 were considered statistically significant. 


Supplementary Materials
Materials and methods.
Table S1. Characteristics of individuals for each hand OA sample included in the study. 
Table S2. Summary of PhenomeExpress Networks in Fig. 1. 
Table S3. Primers and Taqman probes used for Real-Time PCR.  
Fig. S1. Differentially expressed genes and enriched biological pathways in WT vs HO samples.
Fig. S2. Pathways enriched in genes showing correlation in expression with ALDH1A2.
Fig. S3. atRA-responsive genes in porcine chondrocytes.
Fig. S4. Reciprocal relationship between atRA-responsive and inflammatory genes following murine cartilage injury.
Fig. S5. Exogenous atRA or talarozole supresses IL-1 induced inflammatory response genes in isolated porcine chondrocytes. 
Data file S1. Differential expression analysis results, WT vs HO.
Data file S2. Gene set enrichment analysis (FGSEA) against Ontology and KEGG pathways using differential expression analysis results, WT vs HO.
Data file S3. Significant Spearman Correlation Coefficients of expression of ALDH1A2 in hand OA cartilage, relating to Fig. 2.
Data file S4. Gene set enrichment analysis (FGSEA) against Ontology and KEGG pathways using gene list of Spearman Correlation analysis, WT vs HO.

. 
Data file S5. Metadata for Human RNA seq.


References
 1.	T. Vos, R. M. Barber, B. Bell, A. Bertozzi-Villa, S. Biryukov, I. Bolliger, F. Charlson, A. Davis, L. Degenhardt, D. Dicker, L. Duan, H. Erskine, V. L. Feigin, A. J. Ferrari, C. Fitzmaurice, T. Fleming, N. Graetz, C. Guinovart, J. Haagsma, G. M. Hansen, S. W. Hanson, K. R. Heuton, H. Higashi, N. Kassebaum, H. Kyu, E. Laurie, X. Liang, K. Lofgren, R. Lozano, M. F. MacIntyre, M. Moradi-Lakeh, M. Naghavi, G. Nguyen, S. Odell, K. Ortblad, D. A. Roberts, G. A. Roth, L. Sandar, P. T. Serina, J. D. Stanaway, C. Steiner, B. Thomas, S. E. Vollset, H. Whiteford, T. M. Wolock, P. Ye, M. Zhou, M. A. Ãvila, G. M. Aasvang, C. Abbafati, A. A. Ozgoren, F. Abd-Allah, M. I. A. Aziz, S. F. Abera, V. Aboyans, J. P. Abraham, B. Abraham, I. Abubakar, L. J. Abu-Raddad, N. M. Abu-Rmeileh, T. C. Aburto, T. Achoki, I. N. Ackerman, A. Adelekan, Z. Ademi, A. K. Adou, J. C. Adsuar, J. Arnlov, E. E. Agardh, M. J. Al Khabouri, S. S. Alam, D. Alasfoor, M. I. Albittar, M. A. Alegretti, A. V. Aleman, Z. A. Alemu, R. Alfonso-Cristancho, S. Alhabib, R. Ali, F. Alla, P. Allebeck, P. J. Allen, M. A. AlMazroa, U. Alsharif, E. Alvarez, N. Alvis-Guzman, O. Ameli, H. Amini, W. Ammar, B. O. Anderson, H. R. Anderson, C. A. T. Antonio, P. Anwari, H. Apfel, V. S. A. Arsenijevic, A. Artaman, R. J. Asghar, R. Assadi, L. S. Atkins, C. Atkinson, A. Badawi, M. C. Bahit, T. Bakfalouni, K. Balakrishnan, S. Balalla, A. Banerjee, S. L. Barker-Collo, S. Barquera, L. Barregard, L. H. Barrero, S. Basu, A. Basu, A. Baxter, J. Beardsley, N. Bedi, E. Beghi, T. Bekele, M. L. Bell, C. Benjet, D. A. Bennett, I. M. Bensenor, H. Benzian, E. Bernabe, T. J. Beyene, N. Bhala, A. Bhalla, Z. Bhutta, K. Bienhoff, B. Bikbov, A. B. Abdulhak, J. D. Blore, F. M. Blyth, M. A. Bohensky, B. B. Basara, G. Borges, N. M. Bornstein, D. Bose, S. Boufous, R. R. Bourne, L. N. Boyers, M. Brainin, M. Brauer, C. E. Brayne, A. Brazinova, N. J. Breitborde, H. Brenner, A. D. Briggs, P. M. Brooks, J. Brown, T. S. Brugha, R. Buchbinder, G. C. Buckle, G. Bukhman, A. G. Bulloch, M. Burch, R. Burnett, R. Cardenas, N. L. Cabral, I. R. C. Nonato, J. C. Campuzano, J. R. Carapetis, D. O. Carpenter, V. Caso, C. A. Castaneda-Orjuela, F. Catala-Lopez, V. K. Chadha, J.-C. Chang, H. Chen, W. Chen, P. P. Chiang, O. Chimed-Ochir, R. Chowdhury, H. Christensen, C. A. Christophi, S. S. Chugh, M. Cirillo, M. Coggeshall, A. Cohen, V. Colistro, S. M. Colquhoun, A. G. Contreras, L. T. Cooper, C. Cooper, K. Cooperrider, J. Coresh, M. Cortinovis, M. H. Criqui, J. A. Crump, L. Cuevas-Nasu, R. Dandona, L. Dandona, E. Dansereau, H. G. Dantes, P. I. Dargan, G. Davey, D. V. Davitoiu, A. Dayama, V. De la Cruz-Gongora, S. F. de la Vega, D. De Leo, B. del Pozo-Cruz, R. P. Dellavalle, K. Deribe, S. Derrett, D. C. Des Jarlais, M. Dessalegn, G. A. deVeber, S. D. Dharmaratne, C. Diaz-Torne, E. L. Ding, K. Dokova, E. R. Dorsey, T. R. Driscoll, H. Duber, A. M. Durrani, K. M. Edmond, R. G. Ellenbogen, M. Endres, S. P. Ermakov, B. Eshrati, A. Esteghamati, K. Estep, S. Fahimi, F. Farzadfar, D. F. Fay, D. T. Felson, S.-M. Fereshtehnejad, J. G. Fernandes, C. P. Ferri, A. Flaxman, N. Foigt, K. J. Foreman, F. G. R. Fowkes, R. C. Franklin, T. Furst, N. D. Futran, B. J. Gabbe, F. G. Gankpe, F. A. Garcia-Guerra, J. M. Geleijnse, B. D. Gessner, K. B. Gibney, R. F. Gillum, I. A. Ginawi, M. Giroud, G. Giussani, S. Goenka, K. Goginashvili, P. Gona, T. G. de Cosio, R. A. Gosselin, C. C. Gotay, A. Goto, H. N. Gouda, R. l. Guerrant, H. C. Gugnani, D. Gunnell, R. Gupta, R. Gupta, R. A. Gutierrez, N. Hafezi-Nejad, H. Hagan, Y. Halasa, R. R. Hamadeh, H. Hamavid, M. Hammami, G. J. Hankey, Y. Hao, H. L. Harb, J. M. Haro, R. Havmoeller, R. J. Hay, S. Hay, M. T. Hedayati, I. B. H. Pi, P. Heydarpour, M. Hijar, H. W. Hoek, H. J. Hoffman, J. C. Hornberger, H. D. Hosgood, M. Hossain, P. J. Hotez, D. G. Hoy, M. Hsairi, H. Hu, G. Hu, J. J. Huang, C. Huang, L. Huiart, A. Husseini, M. Iannarone, K. M. Iburg, K. Innos, M. Inoue, K. H. Jacobsen, S. K. Jassal, P. Jeemon, P. N. Jensen, V. Jha, G. Jiang, Y. Jiang, J. B. Jonas, J. Joseph, K. Juel, H. Kan, A. Karch, C. Karimkhani, G. Karthikeyan, R. Katz, A. Kaul, N. Kawakami, D. S. Kazi, A. H. Kemp, A. P. Kengne, Y. S. Khader, S. E. A. Khalifa, E. A. Khan, G. Khan, Y.-H. Khang, I. Khonelidze, C. Kieling, D. Kim, S. Kim, R. W. Kimokoti, Y. Kinfu, J. M. Kinge, B. M. Kissela, M. Kivipelto, L. Knibbs, A. K. Knudsen, Y. Kokubo, S. Kosen, A. Kramer, M. Kravchenko, R. V. Krishnamurthi, S. Krishnaswami, B. K. Defo, B. K. Bicer, E. J. Kuipers, V. S. Kulkarni, K. Kumar, G. A. Kumar, G. F. Kwan, T. Lai, R. Lalloo, H. Lam, Q. Lan, V. C. Lansingh, H. Larson, A. Larsson, A. E. Lawrynowicz, J. L. Leasher, J.-T. Lee, J. Leigh, R. Leung, M. Levi, B. Li, Y. Li, Y. Li, J. liang, S. Lim, H.-H. Lin, M. Lind, M. P. Lindsay, S. E. Lipshultz, S. Liu, B. K. Lloyd, S. L. Ohno, G. Logroscino, K. J. Looker, A. D. Lopez, N. Lopez-Olmedo, J. Lortet-Tieulent, P. A. Lotufo, N. Low, R. M. Lucas, R. Lunevicius, R. A. Lyons, J. Ma, S. Ma, M. T. Mackay, M. Majdan, R. Malekzadeh, C. C. Mapoma, W. Marcenes, L. M. March, C. Margono, G. B. Marks, M. B. Marzan, J. R. Masci, A. J. Mason-Jones, R. G. Matzopoulos, B. M. Mayosi, T. T. Mazorodze, N. W. McGill, J. J. McGrath, M. McKee, A. McLain, B. J. McMahon, P. A. Meaney, M. M. Mehndiratta, F. Mejia-Rodriguez, W. Mekonnen, Y. A. Melaku, M. Meltzer, Z. A. Memish, G. Mensah, A. Meretoja, F. A. Mhimbira, R. Micha, T. R. Miller, E. J. Mills, P. B. Mitchell, C. N. Mock, T. E. Moffitt, N. M. Ibrahim, K. A. Mohammad, A. H. Mokdad, G. L. Mola, L. Monasta, M. Montico, T. J. Montine, A. R. Moore, A. E. Moran, L. Morawska, R. Mori, J. Moschandreas, W. N. Moturi, M. Moyer, D. Mozaffarian, U. O. Mueller, M. Mukaigawara, M. E. Murdoch, J. Murray, K. S. Murthy, P. Naghavi, Z. Nahas, A. Naheed, K. S. Naidoo, L. Naldi, D. Nand, V. Nangia, K. M. V. Narayan, D. Nash, C. Nejjari, S. P. Neupane, L. M. Newman, C. R. Newton, M. Ng, F. N. Ngalesoni, N. T. Nhung, M. I. Nisar, S. Nolte, O. F. Norheim, R. E. Norman, B. Norrving, L. Nyakarahuka, I. H. Oh, T. Ohkubo, S. B. Omer, J. N. Opio, A. Ortiz, J. D. Pandian, C. I. A. Panelo, C. Papachristou, E.-K. Park, C. D. Parry, A. J. P. Caicedo, S. B. Patten, V. K. Paul, B. I. Pavlin, N. Pearce, L. S. Pedraza, C. A. Pellegrini, D. M. Pereira, F. P. Perez-Ruiz, N. Perico, A. Pervaiz, K. Pesudovs, C. B. Peterson, M. Petzold, M. R. Phillips, D. Phillips, B. Phillips, F. B. Piel, D. Plass, D. Poenaru, G. V. Polanczyk, S. Polinder, C. A. Pope, S. Popova, R. G. Poulton, F. Pourmalek, D. Prabhakaran, N. M. Prasad, D. Qato, D. A. Quistberg, A. Rafay, K. Rahimi, V. Rahimi-Movaghar, S. u. Rahman, M. Raju, I. Rakovac, S. M. Rana, H. Razavi, A. Refaat, J. Rehm, G. Remuzzi, S. Resnikoff, A. L. Ribeiro, P. M. Riccio, L. Richardson, J. H. Richardus, A. M. Riederer, M. Robinson, A. Roca, A. Rodriguez, D. Rojas-Rueda, L. Ronfani, D. Rothenbacher, N. Roy, G. M. Ruhago, N. Sabin, R. L. Sacco, K. Ksoreide, S. Saha, R. Sahathevan, M. A. Sahraian, U. Sampson, J. R. Sanabria, L. Sanchez-Riera, I. S. Santos, M. Satpathy, J. E. Saunders, M. Sawhney, M. I. Saylan, P. Scarborough, B. Schoettker, I. J. Schneider, D. C. Schwebel, J. G. Scott, S. Seedat, S. G. Sepanlou, B. Serdar, E. E. Servan-Mori, K. Shackelford, A. Shaheen, S. Shahraz, T. S. Levy, S. Shangguan, J. She, S. Sheikhbahaei, D. S. Shepard, P. Shi, K. Shibuya, Y. Shinohara, R. Shiri, K. Shishani, I. Shiue, M. G. Shrime, I. D. Sigfusdottir, D. H. Silberberg, E. P. Simard, S. Sindi, J. A. Singh, L. Singh, V. Skirbekk, K. Sliwa, M. Soljak, S. Soneji, S. S. Soshnikov, P. Speyer, L. A. Sposato, C. T. Sreeramareddy, H. Stoeckl, V. K. Stathopoulou, N. Steckling, M. B. Stein, D. J. Stein, T. J. Steiner, A. Stewart, E. Stork, L. J. Stovner, K. Stroumpoulis, L. Sturua, B. F. Sunguya, M. Swaroop, B. L. Sykes, K. M. Tabb, K. Takahashi, F. Tan, N. Tandon, D. Tanne, M. Tanner, M. Tavakkoli, H. R. Taylor, B. J. Te Ao, A. M. Temesgen, M. T. Have, E. Y. Tenkorang, A. S. Terkawi, A. M. Theadom, E. Thomas, A. L. Thorne-Lyman, A. G. Thrift, I. M. Tleyjeh, M. Tonelli, F. Topouzis, J. A. Towbin, H. Toyoshima, J. Traebert, B. X. Tran, L. Trasande, M. Trillini, T. Truelsen, U. Trujillo, M. Tsilimbaris, E. M. Tuzcu, K. N. Ukwaja, E. A. Undurraga, S. B. Uzun, W. H. van Brakel, S. van de Vijver, R. V. Dingenen, C. H. van Gool, Y. Y. Varakin, T. J. Vasankari, M. S. Vavilala, L. J. Veerman, G. Velasquez-Melendez, N. Venketasubramanian, L. Vijayakumar, S. Villalpando, F. S. Violante, V. V. Vlassov, S. Waller, M. T. Wallin, X. Wan, L. Wang, J. Wang, Y. Wang, T. S. Warouw, S. Weichenthal, E. Weiderpass, R. G. Weintraub, A. Werdecker, K. R. R. Wessells, R. Westerman, J. D. Wilkinson, H. C. Williams, T. N. Williams, S. M. Woldeyohannes, C. D. Wolfe, J. Q. Wong, H. Wong, A. D. Woolf, J. L. Wright, B. Wurtz, G. Xu, G. Yang, Y. Yano, M. A. Yenesew, G. K. Yentur, P. Yip, N. Yonemoto, S.-J. Yoon, M. Younis, C. Yu, K. Y. Kim, M. E. S. Zaki, Y. Zhang, Z. Zhao, Y. Zhao, J. Zhu, D. Zonies, J. R. Zunt, J. A. Salomon, C. J. Murray, Global, regional, and national incidence, prevalence, and years lived with disability for 301 acute and chronic diseases and injuries in 188 countries, 1990–2013: a systematic analysis for the Global Burden of Disease Study 2013. The Lancet 386, 743-800 (2015).
2.	R. F. Loeser, S. R. Goldring, C. R. Scanzello, M. B. Goldring, Osteoarthritis: a disease of the joint as an organ. Arthritis Rheum. 64, 1697 (2012).
3.	K. D. Brandt, P. Dieppe, E. L. Radin, Commentary: Is It Useful to Subset “Primary” Osteoarthritis? A Critique Based on Evidence Regarding the Etiopathogenesis of Osteoarthritis. Seminars in arthritis and rheumatism 39, 81-95 (2009).
4.	X. Chevalier, F. Eymard, P. Richette, Biologic agents in osteoarthritis: hopes and disappointments. Nat. Rev. Rheumatol. 9, 400 (2013).
5.	T. L. Vincent, Of Mice and Men; converging on a common molecular understanding of Osteoarthritis. Lancet Rheumatology 2, E633-E645, (2020).
6.	T. L. Vincent, Mechanoflammation in osteoarthritis pathogenesis | Elsevier Enhanced Reader. Seminars in arthritis and rheumatism 49, S36-38 (2019).
7.	K. W. Chong, A. Chanalaris, A. Burleigh, H. Jin, F. E. Watt, J. Saklatvala, T. L. Vincent, Fibroblast growth factor 2 drives changes in gene expression following injury to murine cartilage in vitro and in vivo. Arthritis Rheum. 65, 2346-2355 (2013).
8.	A. Burleigh, A. Chanalaris, M. D. Gardiner, C. Driscoll, O. Boruc, J. Saklatvala, T. L. Vincent, Joint immobilization prevents murine osteoarthritis and reveals the highly mechanosensitive nature of protease expression in vivo. Arthritis Rheum. 64, 2278-2288 (2012).
9.	H. M. Ismail, A. Didangelos, T. L. Vincent, J. Saklatvala, Rapid Activation of Transforming Growth Factor β–Activated Kinase 1 in Chondrocytes by Phosphorylation and K63-Linked Polyubiquitination Upon Injury to Animal Articular Cartilage. Arthritis Rheum. 69, 565-575 (2017).
10.	H. M. Ismail, J. Miotla‐Zarebska, L. Troeberg, X. Tang, B. Stott, K. Yamamoto, H. Nagase, A. J. Fosang, T. L. Vincent, J. Saklatvala, Brief Report: JNK‐2 Controls Aggrecan Degradation in Murine Articular Cartilage and the Development of Experimental Osteoarthritis. Arthritis Rheum. 68, 1165-1171 (2016).
11.	O. H. Jeon, C. Kim, R.-M. Laberge, M. Demaria, S. Rathod, A. P. Vasserot, J. W. Chung, D. H. Kim, Y. Poon, N. David, D. J. Baker, J. M. van Deursen, J. Campisi, J. H. Elisseeff, Local clearance of senescent cells attenuates the development of post-traumatic osteoarthritis and creates a pro-regenerative environment. Nature medicine 23, 775-781 (2017).
12.	J. Bijsterbosch, I. Watt, I. Meulenbelt, F. R. Rosendaal, T. W. Huizinga, M. Kloppenburg, Clinical burden of erosive hand osteoarthritis and its relationship to nodes. Ann Rheum Dis 69, 1784-1788 (2010).
13.	I. K. Haugen, M. Englund, P. Aliabadi, J. Niu, M. Clancy, T. K. Kvien, D. T. Felson, Prevalence, incidence and progression of hand osteoarthritis in the general population: the Framingham Osteoarthritis Study. Ann Rheum Dis 70, 1581-1586 (2011).
14.	Y. Zhang, J. Niu, M. Kelly-Hayes, C. E. Chaisson, P. Aliabadi, D. T. Felson, Prevalence of symptomatic hand osteoarthritis and its impact on functional status among the elderly: The Framingham Study. Am. J. Epidemiol. 156, 1021-1027 (2002).
15.	U. Styrkarsdottir, G. Thorleifsson, H. T. Helgadottir, N. Bomer, S. Metrustry, S. Bierma-Zeinstra, A. M. Strijbosch, E. Evangelou, D. Hart, M. Beekman, Severe osteoarthritis of the hand associates with common variants within the ALDH1A2 gene and with rare variants at 1p31. ‎Nat. Genet. 46, 498 (2014).
16.	J. A. Williams, M. Kane, T. Okabe, M. Enomoto-Iwamoto, J. L. Napoli, M. Pacifici, M. Iwamoto, Endogenous retinoids in mammalian growth plate cartilage: analysis and roles in matrix homeostasis and turnover. J. Biol. Chem., jbc. M110. 151878 (2010).
17.	Z. Al Tanoury, A. Piskunov, C. Rochette-Egly, Vitamin A and retinoid signaling: genomic and nongenomic effects Thematic Review Series: Fat-Soluble Vitamins: Vitamin A. Journal of lipid research 54, 1761-1775 (2013).
18.	N. Y. Kedishvili, Enzymology of retinoic acid biosynthesis and degradation. J. Lipid Res. 54, 1744-1760 (2013).
19.	T. J. Cunningham, G. Duester, Mechanisms of retinoic acid signalling and its roles in organ and limb development. Nat. Rev. Mol. Cell Biol. 16, 110 (2015).
20.	F. Stevison, C. Hogarth, S. Tripathy, T. Kent, N. Isoherranen, Inhibition of the all trans-retinoic acid hydroxylases CYP26A1 and CYP26B1 results in dynamic, tissue-specific changes in endogenous atRA signaling. Drug Metabolism and Disposition, dmd. 117.075341 (2017).
21.	C. H. Nelson, B. R. Buttrick, N. Isoherranen, Therapeutic potential of the inhibition of the retinoic acid hydroxylases CYP26A1 and CYP26B1 by xenobiotics. Curr. Top. Med. Chem. 13, 1402-1428 (2013).
22.	V. C. O. Njar, L. Gediya, P. Purushottamachar, P. Chopra, T. S. Vasaitis, A. Khandelwal, J. Mehta, C. Huynh, A. Belosay, J. Patel, Retinoic acid metabolism blocking agents (RAMBAs) for treatment of cancer and dermatological diseases. Bioorg. Med. Chem. 14, 4323-4340 (2006).
23.	C. H. Nelson, B. R. Buttrick, N. Isoherranen, Therapeutic Potential of the Inhibition of the Retinoic Acid Hydroxylases CYP26A1 and CYP26B1 by Xenobiotics. Current topics in medicinal chemistry 13, 1402-1428 (2013).
24.	D. Lohnes, M. Mark, C. Mendelsohn, P. Dolle, A. Dierich, P. Gorry, A. Gansmuller, P. Chambon, Function of the retinoic acid receptors (RARs) during development (I). Craniofacial and skeletal abnormalities in RAR double mutants. Development 120, 2723-2748 (1994).
25.	K. Niederreither, S. Abu-Abed, B. Schuhbaur, M. Petkovich, P. Chambon, P. Dollé, Genetic evidence that oxidative derivatives of retinoic acid are not involved in retinoid signaling during mouse development. ‎Nat. Genet. 31, 84 (2002).
26.	F. A. Mic, R. J. Haselbeck, A. E. Cuenca, G. Duester, Novel retinoic acid generating activities in the neural tube and heart identified by conditional rescue of Raldh2 null mutant mice. Development 129, 2271-2282 (2002).
27.	K. Yashiro, X. Zhao, M. Uehara, K. Yamashita, M. Nishijima, J. Nishino, Y. Saijoh, Y. Sakai, H. Hamada, Regulation of retinoic acid distribution is required for proximodistal patterning and outgrowth of the developing mouse limb. Dev. Cell 6, 411-422 (2004).
28.	F. Stevison, J. Jing, S. Tripathy, N. Isoherranen, Role of retinoic acid-metabolizing cytochrome P450s, CYP26, in inflammation and cancer. Adv. Pharmacol. 74, 373-412 (2015).
29.	J. Soul, S. L. Dunn, T. E. Hardingham, R. P. Boot-Handford, J. M. Schwartz, PhenomeScape: a cytoscape app to identify differentially regulated sub-networks using known disease associations. Bioinformatics 32, 3847-3849 (2016).
30.	J. Gruber, T. L. Vincent, M. Hermansson, M. Bolton, R. Wait, J. Saklatvala, Induction of interleukin-1 in articular cartilage by explantation and cutting. Arthritis Rheum. 50, 2539-2546 (2004).
31.	F. E. Watt, H. M. Ismail, A. Didangelos, M. Peirce, T. L. Vincent, R. Wait, J. Saklatvala, Src and fibroblast growth factor 2 independently regulate signaling and gene expression induced by experimental injury to intact articular cartilage. Arthritis Rheum. 65, 397-407 (2013).
32.	D. S. Straus, C. K. Glass, Anti-inflammatory actions of PPAR ligands: new insights on cellular and molecular mechanisms. Trends Immunol. 28, 551-558 (2007).
33.	G. Augimeri, C. Giordano, L. Gelsomino, P. Plastina, I. Barone, S. Catalano, S. Andò, D. Bonofiglio, The Role of PPARγ Ligands in Breast Cancer: From Basic Research to Clinical Studies. Cancers (Basel) 12, 2623 (2020).
34.	H. Zhuang, X. Zhang, C. Zhu, X. Tang, F. Yu, X. Cai, Molecular mechanisms of PPAR-γ governing MSC osteogenic and adipogenic differentiation. Curr. Stem Cell Res. Ther. 11, 255-264 (2016).
35.	M. Marshall, F. E. Watt, T. L. Vincent, K. Dziedzic, Hand osteoarthritis: clinical phenotypes, molecular mechanisms and disease management. Nat. Rev. Rheumatol., 641–656 (2018).
36.	C. Zhang, X. Kong, G. Ning, Z. Liang, T. Qu, F. Chen, D. Cao, T. Wang, H. S. Sharma, S. Feng, All-trans retinoic acid prevents epidural fibrosis through NF-κB signaling pathway in post-laminectomy rats. Neuropharmacology 79, 275-281 (2014).
37.	W.-H. Choi, K.-A. Ji, S.-B. Jeon, M.-S. Yang, H. Kim, K.-j. Min, M. Shong, I. Jou, E.-H. Joe, Anti-inflammatory roles of retinoic acid in rat brain astrocytes: Suppression of interferon-γ-induced JAK/STAT phosphorylation. Biochem. Biophys. Res. Commun. 329, 125-131 (2005).
38.	S. A. Morosky, J. Zhu, A. Mukherjee, S. N. Sarkar, C. B. Coyne, Retinoic-acid induced gene-1 (RIG-I) associates with nucleotide-binding oligomerization domain-2 (NOD2) to negatively regulate inflammatory signaling. J. Biol. Chem. 286, 28574-28583 (2011).
39.	L. Lu, Q. Lan, Z. Li, X. Zhou, J. Gu, Q. Li, J. Wang, M. Chen, Y. Liu, Y. Shen, D. D. Brand, B. Ryffel, D. A. Horwitz, F. P. Quismorio, Z. Liu, B. Li, N. J. Olsen, S. G. Zheng, Critical role of all-trans retinoic acid in stabilizing human natural regulatory T cells under inflammatory conditions. Proceedings of the National Academy of Sciences 111, E3432-E3440 (2014).
40.	F. Vasheghani, Y. Zhang, Y.-H. Li, M. Blati, H. Fahmi, B. Lussier, P. Roughley, D. Lagares, H. Endisha, B. Saffar, PPARγ deficiency results in severe, accelerated osteoarthritis associated with aberrant mTOR signalling in the articular cartilage. Annals of the rheumatic diseases 74, 569-578 (2015).
41.	J. T. H. Nielen, F. de Vries, P. C. Dagnelie, B. J. F. van den Bemt, P. J. Emans, A. Lalmohamed, A. de Boer, A. Boonen, Use of thiazolidinediones and the risk of elective hip or knee replacement: a population based case-control study. Br. J. Clin. Pharmacol. 81, 370-378 (2016).
42.	F. Gaertner, S. Massberg, Patrolling the vascular borders: platelets in immunity to infection and cancer. Nature Reviews Immunology 19, 747-760 (2019).
43.	M. Huang, Y.-c. Ye, S. Chen, J.-R. Chai, J.-X. Lu, L. Zhoa, L. Gu, Z.-Y. Wang, Use of all-trans retinoic acid in the treatment of acute promyelocytic leukemia. Blood 72, 567-572 (1988).
44.	P. Van De Kerkhof, Update on retinoid therapy of psoriasis in: an update on the use of retinoids in dermatology. Dermatologic therapy 19, 252-263 (2006).
45.	D. DiSepio, M. Malhotra, R. A. Chandraratna, S. Nagpal, Retinoic acid receptor-nuclear factor-interleukin 6 antagonism A novel mechanism of retinoid-dependent inhibition of a keratinocyte hyperproliferative differentiation marker. Journal of Biological Chemistry 272, 25555-25559 (1997).
46.	C. Verfaille, C. Thissen, H. Bovenschen, J. Mertens, P. Steijlen, P. Van De Kerkhof, Oral R115866 in the treatment of moderate to severe plaque‐type psoriasis. Journal of the European Academy of Dermatology and Venereology 21, 1038-1046 (2007).
47.	T. C. Roos, F. K. Jugert, H. F. Merk, D. R. Bickers, Retinoid metabolism in the skin. Pharmacological reviews 50, 315-333 (1998).
48.	N. Y. Kedishvili, Enzymology of retinoic acid biosynthesis and degradation thematic review series: fat-soluble vitamins: vitamin A. Journal of lipid research 54, 1744-1760 (2013).
49.	H. L. Penny, T. R. Prestwood, N. Bhattacharya, F. Sun, J. A. Kenkel, M. G. Davidson, L. Shen, L. A. Zuniga, E. S. Seeley, R. Pai, Restoring retinoic acid attenuates intestinal inflammation and tumorigenesis in APCMin/+ mice. Cancer immunology research 4, 917-926 (2016).
50.	C. J. Verfaille, M. Borgers, M. A. Van Steensel, Retinoic acid metabolism blocking agents (RAMBAs): a new paradigm in the treatment of hyperkeratotic disorders. J. Dtsch. Dermatol. Ges. 6, 355-364 (2008).
51.	D. Kim, B. Langmead, S. L. Salzberg, HISAT: a fast spliced aligner with low memory requirements. Nat. Methods 12, 357-360 (2015).
52.	Y. Liao, G. K. Smyth, W. Shi, featureCounts: an efficient general purpose program for assigning sequence reads to genomic features. Bioinformatics 30, 923-930 (2014).
53.	R. Patro, G. Duggal, M. I. Love, R. A. Irizarry, C. Kingsford, Salmon provides fast and bias-aware quantification of transcript expression. Nat. Methods 14, 417-419 (2017).
54.	M. I. Love, W. Huber, S. Anders, Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome Biol. 15, 550 (2014).
55.	A. A. Sergushichev, An algorithm for fast preranked gene set enrichment analysis using cumulative statistic calculation. bioRxiv, 060012 (2016).
56.	M. D. Robinson, D. J. McCarthy, G. K. Smyth, edgeR: a Bioconductor package for differential expression analysis of digital gene expression data. Bioinformatics 26, 139-140 (2009).
57.	T. Vincent, M. Hermansson, M. Bolton, R. Wait, J. Saklatvala, Basic FGF mediates an immediate response of articular cartilage to mechanical injury. Proc. Natl. Acad. Sci. U. S. A. 99, 8259-8264 (2002).
58.	C. Little, A. Barai, D. Burkhardt, S. Smith, A. Fosang, Z. Werb, M. Shah, E. Thompson, Matrix metalloproteinase 13–deficient mice are resistant to osteoarthritic cartilage erosion but not chondrocyte hypertrophy or osteophyte development. Arthritis & Rheumatism: Official Journal of the American College of Rheumatology 60, 3723-3733 (2009).
59.        Bycroft C, Freeman C, Petkova D, et al. Genome-wide genetic data on ~500,000 UK Biobank participants. bioRxiv  doi: 10.1101/166298 (2017)
60.         Wiberg A, Douaud G, Ng M, et al. Human Handedness: Genetics, Microtubules, Neuropsychiatric Diseases and Brain Language Areas. bioRxiv  doi: 10.1101/454660 (2018)
61.        Ho DE, Imai, K., King, G., & Stuart, E. A. . MatchIt: nonparametric preprocessing for parametric causal inference. J Stat Softw 42, 1-28 (2011).
62.         Loh P-R, Kichaev G, Gazal S, et al. Mixed-model association for biobank-scale datasets. ‎Nat Genet 50, 906-908 (2018)

Acknowledgements: 
Tissue samples and/or data were obtained from the Oxford Musculoskeletal Biobank and were collected with informed donor consent in full compliance with national and institutional ethical requirements, the UK Human Tissue Act, and the Declaration of Helsinki (HTA Licence 12217 and Oxford REC C 09/H0606/11). We thank the Oxford Hand Surgery Team who include: Nick Riley, Michelle Spiteri, Ian McNab, Christopher Little, Lucy Cogswell, Paul Critchley, Henk Giele, Rebecca Shirley and our centre tissue coordinators Louise Hill and Katherine Groves for facilitating collection of tissues.  We thank Dr. Mino Medghalchi and Mr. Albertino Bonifacio for their technical support with the minipump implantation. We thank colleagues from the Kennedy histology lab Ida Parisi and Grace Wilson for their kind help with the immunohistochemistry staining. We thank Moustafa Attar for his help with the RNA-seq sample processing.
Funding:
Centre for OA Pathogenesis Versus Arthritis (grant numbers 20205 and 21621).
National Institute for Health Research (NIHR) Oxford Biomedical Research Centre (BRC)
Wellcome Trust Intermediate Fellowship to DF (WT097152).
UKRI Future Leaders Fellowship to FEW (MR/S016538/1). 
Author contributions: 
Study design: LZ, SS and TLV 
Method development, data acquisition and analysis: LZ, PK, LK, JMZ, AC, HI, HM. 
Recruitment of patients, tissue acquisition and clinical governance: DF, FEW, MDG, the Oxford Hand Surgeons.
Replication of SNP analysis in UK Biobank:  DF, AW, MN
Writing of manuscript: LZ, TLV.
All authors critically reviewed the final draft.
Disclaimer: The views expressed are those of the author(s) and not necessarily those of the NHS, the NIHR or the Department of Health. 



3

Table 1. The rs4238326 and rs3204689 markers at 15q22 associated with severe hand osteoarthritis in UK Biobank cohort. Hand OA cases = 2,140, controls = 10,700 (matched on age, sex and genotyping platform).
	SNP ID
	Chromo-some
	Position
	Ancestral 
	Effect Allele
	Effect Allele Frequency
	OR
	OR (95%CI - Lower)
	OR (95%CI - Upper)
	P Value

	rs4238326
	15
	58336000
	T
	C
	0.38
	1.16
	1.09
	1.25
	1.10x10-5

	rs3204689
	15
	58246802
	G
	C
	0.47
	1.15
	1.08
	1.23
	2.50x10-5
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Fig. 1. Gene regulation in cartilage from people with hand OA after stratification by polymorphic variants in ALDH1A2. Trapezia from 33 individuals undergoing trapeziectomy for hand OA were collected and dissected within 2h of surgery. (A) Radiographic image showing typical features of joint space narrowing, bony sclerosis and subchondral cyst formation at the first carpo-(trapezium) metacarpal joint, indicative of OA. (B) Safranin O staining of trapezial cartilage affected by OA. (C) DNA sequence analysis of two common ALDH1A2 SNPs. (D) mRNA levels of ALDH1A2 in wild type (WT), heterozygotes (HET) and homozygotes (HO) for rs3204689 or rs4238326 considered separately and in combination. Bars represent mean ± SEM. *p < 0.05, **p < 0.01 compared with wild type via one-way ANOVA. (E-K) Selected examples of sub-networks of osteoarthritis associated proteins that were identified by PhenomeExpress analysis as being enriched in genes that showed changes in expression level between the low and high-risk ALDH1A2 variant patient samples: (E) complement activation, (F) chemokine-mediated signaling pathway, (G) positive regulation of osteoblast differentiation extracellular matrix organization, (H) extracellular matrix organization 1, (I) extracellular matrix organization, (J) extracellular matrix organization 2. (K) positive regulation of canonical Wnt signaling pathway chemokine-mediated signaling pathway. Nodes are colored by fold change, green: higher in HO, red: higher in WT.
  [image: ]                                                                                               
Fig. 2. Correlation of genes with ALDH1A2 level in hand OA cartilage. (A) Heatmap of the n=5740 genes significantly correlated with ALDH1A2 expression (VST transformed values, BH adjusted p < 0.05). Samples (columns) are ordered according to expression of ALDH1A2 gene in corresponding sample and genes (rows) sorted by Sperman’s coefficient correlation rho according to expression of ALDH1A2 in data set. Participant characteristics including handedness (hand), gender, genotype and side of disease (Tissue from hand) are shown. Linear regression was performed on the central nodes identified from Phenome Express. (B) Genes that positively correlated with ALDH1A2. (C) Genes that negatively correlated with ALDH1A2.
[image: ]
Fig. 3. Porcine cartilage injury strongly supresses atRA-responsive genes and enhances inflammatory response genes. (A) Articular cartilage was dissected from the porcine metacarpophalangeal joint either onto dry ice (0h) or into serum free medium for 4h before extracting RNA. atRA-responsive genes (A), or inflammatory response genes (B), were measured by quantitative PCR, normalised to 18s and expressed relative to 0h (mean ± SEM, n =3) (C) Representative ALDH1A2 protein by immunoblot from cartilage lysates post injury. (D) Quantitative analysis of ALDH1A2 protein (ALDH1A2/ERK) from three independent experiments. Statistical significance was determined using unpaired multiple t-tests. Data are mean ± SEM, n = 3 independent experiments. 
[image: ]
Fig. 4. Talarozole prevents the drop of atRA-responsive genes after injury and suppresses injury-induced inflammatory genes. (A) Schematic showing the protocol for porcine MCP joint inhibitor injection. Porcine MCP joints were injected with 5 μM talarozole (TLZ) or vehicle. After 1h at 37 oC, cartilage was explanted and either snap frozen (0h) or cultured in the presence of inhibitor or vehicle for 4h. Total RNA was extracted and gene expression levels for atRA-responsive genes (B) and inflammatory genes (C), measured by quantitative PCR. n = 3-6 (as shown) for each group. Statistical analysis was performed using one-way ANOVA with Tukey’s post hoc analysis. Bars represent the mean ± SEM, *p < 0.05, **p < 0.01, and ***p < 0.001. 
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Fig 5. Talarozole does not modulate inflammatory MAPK signalling but suppresses mechanoflammation at the transcriptional level through a PPAR-dependent manner. Western blot analysis was conducted to investigate the phosphorylation of JNK and ERK in injured porcine cartilage explants in the presence of a TAK-1 inhibitor (5 μM) (TAK1i) (A) or talarozole (5 μM) (TLZ) (B). Porcine MCP joints were pre-injected as described in Fig. 4 but were cultured for 5, 10 or 30 min before lysis. Lysates were immunoblotted for phospho-JNK (p-JNK), phospho-ERK (p-ERK) and total-ERK (t-ERK). Representative immunoblots (A, C), with quantification of three independent experiments (B, D) are shown. (E) Gene regulation of atRA-responsive genes 4h after injury in the presence of TAK1i (mean ± SEM, n=3 by two-way ANOVA). Gene regulation of inflammatory response genes (F), or atRA-responsive genes (G), after pre-injection with a PPAR inhibitor (10 μM), TLZ (5 μM), vehicle or a combination of inhibitors (mean ± SEM, n=9 individual injected joints). Statistical analysis was performed using Two-way ANOVA with Bonferroni’s post hoc analysis. *p < 0.05, **p < 0.01, and ***p < 0.001. 
[image: ]
Fig 6. Subcutaneous administration of TLZ by minipump suppressed inflammatory response genes in the articular cartilage 6 hour post joint destabilisation. (A) 10 week old Male C57BL/6 mice were implanted with minipumps containing TLZ (delivering 4 mg/kg) or vehicle. Three days after implantation, destabilisation of the medial meniscus (DMM) was performed on the right knee joint. Six hours post DMM, cartilage was micro-dissected. Cartilage from four mice was pooled for analysis. DMM and contralateral (CL) tissues were snap frozen in RNAlater. (B) Quantitative PCR was performed for atRA-responsive genes and (C) inflammatory response genes (mean ± SEM, n=4). Some genes show fewer than 4 data points due to the undetermined expression level. Results were normalised to 18s and expressed relative to CL vehicle control (B), or expressed relative to CL for respective treatment group (C). Two-way ANOVA with Bonferroni’s post hoc analysis. *p < 0.05, **p < 0.01, and ***p < 0.001.
[image: ]
Fig 7. TLZ attenuates the development of post-traumatic OA; suppressing chondropathy and reducing osteophyte formation. (A) Time course for the in vivo experiments. 11-week-old male C57BL/6 mice were implanted with minipumps containing TLZ  (delivering at 2.5 mg/kg) or vehicle control. Two days after the implantation, PMX or sham surgery was performed on the right knee joint. TLZ was delivered by minipump for three weeks and was left in situ for the duration of the experiment. At four weeks, whole joints were harvested for histological scoring. (B) Representative histological sections at 4 weeks. Histological chondropathy scores (OA score) (C), osteophyte size (D) and osteophyte maturity (E) of sham, vehicle and TLZ treated PMX groups. Scale bar = 200 µm. Sham, n=5; PMX-Ctrl, n=13; PMX-TLZ, n=14. Two mice from (one from each group) were culled early due to a problem with the minipump. Statistical significance was determined by Mann‐Whitney U tests. *p < 0.05, **p < 0.01, and ***p < 0.001. Error bars denote mean ± SEM. (F) Schematic of anti-inflammatory role of atRA after cartilage injury. atRA is maintained at high levels in healthy tissue leading to constitutive expression of RARE-dependent genes. After injury, TGFβ-activated kinase 1 (TAK1) is phosphorylated which leads to a drop in atRA and the induction of inflammatory genes. The drop in atRA leads to a reduction in RARE-dependent genes and a loss of PPAR-mediated suppression of inflammatory genes, which is reversed in the presence of talarozole. Blue triangles – atRA or one of its isomers. Blue circle – PPAR ligand (multiple endogenous candidates including atRA). 
 


Supplementary Methods:
Materials and Methods 
UK Biobank replication study
The analysis was performed after approval from UK Biobank (application number 22572). Hand OA cases were selected from UK Biobank participants on the basis of the following diagnostic codes under either Primary or Secondary ICD-10 diagnoses: M18 (Arthrosis of first carpometacarpal joint + all sub-codes), M15.1 (Heberden’s nodes with arthropathy), and M15.2 (Bouchard’s nodes with arthropathy). The genotyping, QC and imputation methodology employed by UK Biobank are described in detail elsewhere (59), and full details of our SNP- and sample-level quality control (QC) pipeline have been previously described (60). Briefly, SNP-level QC reduced the number of SNPs from 784,256 to 547,011, and sample-level QC reduced the cohort from 488,377 to 401,656 individuals of white British ancestry confirmed on principal component analysis. There were 2,140 hand OA cases post-QC. 
Matching was performed using R V8.3.1, and we used the R package MatchIt (61) to match hand OA cases to controls. Controls were selected from the non-hand OA UK Biobank population, and were matched to cases 1:5 based on the following parameters, using the “nearest” matching method: sex, year of birth, genotyping platform (UK BiLEVE Axiom Array or UK Biobank Axiom Array), and UK Biobank recruitment centre. 2,140 hand OA cases were matched to 10,700 controls. Genome-wide association testing was undertaken across 547,011 common-frequency genotyped SNPs (minor allele frequency (MAF) ≥ 0.01) and ~8.4 million imputed SNPs (MAF ≥ 0.01, Info Score ≥ 0.9) using a linear mixed non-infinitesimal model implemented in BOLT-LMM v2.3 (62) to account for population structure and relatedness.  We extracted association summary statistics (including odds ratios and p-values) for the two SNPs of interest (rs3204689 and rs4238326), and considered a statistically significant association to be less than the Bonferroni corrected p-value for two tests (0.05/2 = 0.025).
Porcine chondrocyte isolation and culture
Freshly dissected porcine cartilage was chopped finely and placed in DMEM with 10% fetal calf serum (Invitrogen) and 1.0 mg/ml type II collagenase (Roche). Tissue was incubated at 370C overnight (18-24h). Cells were plated at a density of 2 million cells in each well of 6-well tissue culture plates in complete DMEM containing 10% fetal bovine serum, 1% penicillin/streptomycin, and amphotericin. Prior to stimulation with atRA, IL-1, talarozole, or vehicle, cells were serum starved for 24h. 
Cartilage injury and culture
Mouse cartilage: 5-6 week-old mice (C57BL/6) were culled by CO2. The hip joint was exposed by blunt dissection and the femoral cap was avulsed using forceps, as described previously (7). Hip cartilage was snap frozen (0h) or cultured for 4h post avulsion in serum free medium. Four hips were pooled for one data point. 16 mice were used in total. All dissected cartilage was stored at -80 0C until extraction of total RNA. 





Table S1. Characteristics of individuals for each hand OA sample included in the study. 
	Sample ID
	Age
	Gender
	        Genotype

	
	
	
	SNP rs4238326*
	SNP rs3204689#

	 
	 
	 
	T/C
	G/C

	OMB15/0198
	60
	M
	WT
	WT

	OMB15/0230
	54
	M
	WT
	WT

	OMB15/0383
	58
	M
	WT
	WT

	OMB15/0252
	69
	F
	WT
	WT

	OMB0022
	72
	F
	WT
	WT

	OMB0862
	54
	F
	WT
	WT

	OMB0901
	75
	F
	WT
	WT

	OMB0894
	54
	F
	WT
	WT

	OMB15/0173
	58
	F
	HO
	HO

	OMB15/0206
	60
	F
	HO
	HO

	OMB15/0319
	69
	F
	HO
	HO

	OMB15/0373
	52
	F
	HO
	HO

	OMB15/0384
	69
	F
	HO
	HO

	OMB15/0393
	54
	F
	HO
	HO

	OMB0052
	63
	F
	HO
	HO

	OMB0481
	71
	F
	HO
	HO

	OMB0861
	66
	M
	HO
	HO

	OMB0866
	83
	M
	HO
	HO

	OMB0877
	75
	F
	HO
	HO

	OMB0885
	64
	F
	HO
	HO

	OMB15/0185
	56
	F
	WT
	HO

	OMB15/0315
	50
	F
	WT
	HET

	OMB0023
	57
	M
	WT
	HET

	OMB15/0244
	50
	M
	HO
	HET

	OMB0027
	58
	M
	HET
	HET

	OMB0061
	75
	F
	HET
	HET

	OMB0087
	65
	M
	HET
	HET

	OMB0140
	68
	F
	HET
	HET

	OMB0316
	62
	F
	HET
	HET

	OMB15/0275
	67
	F
	HET
	HET

	OMB15/0380
	50
	F
	HET
	HET

	OMB0529
	54
	F
	HET
	HET

	OMB0876
	65
	F
	HET
	HET


*For SNP rs4238326, WT represents homozygocity for the ancestral T allele, HO represents homozygocity for the alternate C allele, and HET represents heterozygocity.
#For SNP rs3204689, WT represents homozygocity for the ancestral G allele, HO represents homozygocity for the alternate C allele, and HET represents heterozygocity.
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Table S2. Summary of PhenomeExpress Networks in Figure 1. Differentially regulated sub-networks related to OA phenotypes. The size, empirical p-value and function is indicated for each network.
	Network number
	Top GO biological process
	Size
	Empirical P-value

	1
	innate immune response
	8
	0.03

	2
	cellular response to drug
	32
	0.015

	3
	positive regulation of osteoblast differentiation
	46
	0.001

	4
	innate immune response_1
	14
	0.014

	5
	cyclooxygenase pathway
	11
	0.009

	6
	positive regulation of canonical Wnt signaling pathway
	4
	0.012

	7
	positive regulation of tyrosine phosphorylation of Stat3 protein
	6
	0.027

	8
	nucleotide-binding domain, leucine rich repeat containing receptor signaling pathway
	8
	0.015

	9
	extracellular matrix organization
	8
	0.017

	10
	anterior/posterior pattern specification
	11
	0.008

	11
	extracellular matrix organization_1
	10
	0.022

	12
	bone mineralization
	9
	0.048

	13
	phosphatidylinositol-mediated signaling
	10
	0.014

	14
	cholesterol biosynthetic process
	24
	0.001

	15
	NADP metabolic process
	4
	0.005

	16
	anterior/posterior axon guidance
	5
	0.019

	17
	chemokine-mediated signaling pathway
	11
	0.002

	18
	endocardial cushion to mesenchymal transition involved in heart valve formation
	5
	0.014

	19
	cell division
	7
	0.011

	20
	chemokine-mediated signaling pathway_1
	22
	0.014

	21
	complement activation
	16
	0.006

	22
	extracellular matrix organization_2
	15
	0.008

	23
	osteoblast development
	6
	0.015

	24
	positive regulation of cAMP biosynthetic process
	7
	0.031

	25
	hemoglobin biosynthetic process
	4
	0.001

	26
	cellular nitrogen compound metabolic process
	4
	0.016

	27
	regulation of mitotic nuclear division
	5
	0.037



Table S3. Primers and Taqman proves used for Real-Time PCR.  

	 
	Gene ID
	Description
	Pig
	Mouse Gene Probe ID
	Human Gene Probe ID

	 
	
	
	Forward Primer
	Reverse Primer
	
	

	Reference Gene
	18s
	eukaryotic 18S rRNA
	5'-TGCAGAATCCTCGCCAATACA-3'
	5'-AGTCGCTCCAAGTCTTCACG-3'
	Hs99999901s1
	Hs99999901s1

	 
	ALDH1A2 
	aldehyde dehydrogenase 1 family member A2
	*
	Mm00501306m1
	Hs00180254m1

	atRA     Responsive Genes
	CYP26A1
	cytochrome P450 family 26 subfamily A member 1
	5'-GCAGCCACATCTCTCATTACTTA-3'
	5'-CTTCAGCTCCTCTCGCACT-3'
	Mm00514486m1
	Hs00175627m1

	
	CYP26B1
	cytochrome P450 family 26 subfamily B member 1
	5'-GCACGGCAGATCCTACAGA-3'
	5'-TGTCCAGAGCATCCGAGTAG-3'
	Mm00558507m1
	Hs01011223m1

	
	RARα
	retinoic acid receptor alpha
	5'-CGGAACAAGAAGAAGAAGGAGG-3'
	5'-CCAGAGGTCAATGTCCAGAGA-3'
	Mm01296312m1
	Hs00940446m1

	
	RARβ
	retinoic acid receptor beta
	5'-CCGACCTTGTGTTCACCTTC-3'
	5'-CCGTCTCTGTGTCATCCATC-3'
	Mm01319677m1
	Hs00977140m1

	
	RARγ
	retinoic acid receptor gamma
	5'-GTCCTCTGGCTACCACTACG-3'
	5'-CACAGCTTCCTTGGACATGC-3'
	Mm00441091m1
	Hs01559234m1

	Inflammatory Response      Genes
	ADAMTS4
	ADAM metallopeptidase with thrombospondin type 1 motif 4
	5'-ACACGCCTCCGATACAGCTT-3'
	5'-GTAGAACGTGGCGTTGAAGGA-3'
	Mm00556068m1
	Hs00192708m1

	
	IL6
	interleukin 6
	5'-ATGCTTCCAATCTGGGTTCAA-3'
	5'-CACAAGACCGGTGGTGATTCT-3'
	Mm00446190m1
	Hs00174131m1

	
	COX2
	prostaglandin-endoperoxide synthase 2
	5'-CCGACAGCCAAAGACACTCA-3'
	5'-CGGAGGTGTTCAGGAGTGTGA-3'
	Mm00478374m1
	Hs00153133m1

	
	CCL2
	C-C motif chemokine ligand 2
	5'-TGTGCCTGCTGCTCACTG-3'
	5'-GCAGCAGGTGACTGGAGAAT-3'
	Mm00441242m1
	Hs00234140m1

	
	TIMP1
	TIMP metallopeptidase inhibitor 1
	5'-GAGCCCCAGAGTTCAACCAGAC-3'
	5'-GGCGGGGGCGTAGATGA-3'
	Mm00441818m1
	Hs00171558m1

	
	MMP3
	matrix metallopeptidase 3
	5'-GGAGTTCCTGATGTTGGTTACTTC-3'
	5'-CAAAACTTTTCCAGGTCCGTCAAA-3'
	Mm00440295m1
	Hs00968305m1

	 
	CDKN1A
	cyclin Dependent Kinase Inhibitor 1A
	5'-CTCCCAGGGCAGGAAACG-3'
	5'-TTGTTTCCAGCAGGACAAGG-3'
	Mm00432448m1
	Hs00355782m1

	 
	IL1b
	interleukin 1 beta
	5'-GAGGCAGTGAAATTTGACATGG-3'
	5'-GGCAATGAACAACTTTGGATGGG-3'
	Mm00434228m1
	Hs01555410m1



* unable to design functioning primers
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Fig. S1. Differentially expressed genes and enriched biological pathways in WT vs HO samples. (A) MA and volcano plot of the n=15 significant differentially expressed genes (DESeq2 analysis, BH adjusted p values < 0.1). Positive fold change values show higher expression in the WT samples. (B) Heatmap of the expression of the n=15 significant differentially expressed genes. (C) Top GO Biological Processes found to be differentially regulated between the WT and HO samples (FGSEA analysis).
[image: ]
Fig S2. Pathways enriched in genes that show correlation in expression with ALDH1A2. Top GO Biological Processes found to be enriched amongst genes correlated in expression with ALDH1A2 (FGSEA analysis).
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Fig. S3. atRA-responsive genes in porcine chondrocytes. Primary porcine chondrocytes were stimulated with atRA at the indicated concentrations or vehicle (0) for 4h. Total RNA was extracted and reverse-transcribed, and the expression levels of atRA-responsive genes were analyzed by qPCR. Fold changes were normalised to 18s and expressed relative to vehicle (0) (mean ± SEM, n = 3). *p<0.05, *p<0.01, and ***p< 0.001 compared with vehicle (0) by one-way ANOVA.

[image: ]
[bookmark: OLE_LINK5]Fig. S4. Reciprocal relationship between atRA-responsive and inflammatory response genes following murine cartilage injury. The cartilaginous femoral cap was avulsed using forceps from 5-6 week-old mice (C57BL/6). Hip cartilage was snap frozen (0h) or cultured for 4h post avulsion in serum free medium. Four hips were pooled for one data point. 16 mice were used in total. Selective atRA-responsive genes (A) and inflammatory genes (B) were validated by qPCR.  Results were normalised to 18s and expressed relative to 0h (mean ± SEM, n = 4 experimental replicates for each time point), *p<0.05, **p<0.01 and ***p< 0.001 compared with 0h by multiple t-test. 
[image: ]
Fig. S5. Exogenous atRA or talarozole supress IL-1 induced inflammatory response genes in isolated porcine chondrocytes. Primary porcine chondrocytes were treated with 20 ng/ml IL-1 in combination with different concentrations of atRA or talarozole (500 nM). qPCR was performed for select inflammatory response genes, normalised to 18s and expressed relative to the untreated control (mean ± SEM, n = 6). ###p < 0.001, IL-1 group compared with vehicle control. Statistical analysis was performed using one-way ANOVA with Tukey’s post hoc analysis.  *p < 0.05, **p < 0.01, and ***p < 0.001 all other groups compared with IL1. 


image1.jpeg
C SNP rs4238326 SNP rs3204689

130

TEETAT THRAR CATCTGTAGT
320 MMAMA@
T CCTACTAAA CATCTETRAGST

O
m

O
W
>
Py

PCK1
*k *ok
5 2.0 — E 25 * - E 20 —_—
Q Q [ V]
245 ~F g = XS 2, b
2 . . E ole 2 .
(&} . 015 %) .
D10 Cha .. % e . T 10 . -
K .“ L 1.0 1 T 4 .‘
~N Rl 2 g .® . N i .
S 08 T o5 ‘ S 05
5| N L 5] Es
< 0o Z T 00 ; 22 =
WT HET HO WT HET HO WT HET HO
rs3204689 rs4238326 rs3204689 & rs4238326
PLIN1
CXCL6
F oo G H ADAMTS7
LIPE
GNA15 o CSTA PKP2 COL9A1
TF1
cXe PLEKHJ1 ~ap GSKIP FABP4 OS
' Q
| ﬁ
SL1 CEPT1 ~) O
SDK1 O INTS
‘ A
RIMs2 ~ CDKWA O
HAND2 UST CEBPA
3 | oo ) Rspos
INPP TCEAL6
LéORBS3 QXD13 SPO1 LGRS
O AB3  LBP
KIF1A . &
ADAMTSL4 PPARG SMAD
LRRC29 —@——0 RSPO4
FBN2 / S ATATD C4
O K
O TNFIP6
PRKAR1A COL5A1 T
Q CoL5A3 O
SLC254A
=8 8A5 IMP3 MMP13
AD MSS
O

200 T2

Log, fold change




image2.jpeg
RN G-notype
[ B N N LR
R Gender
El "B B Age
RN | BMI
N A\LDH1A2 expr
POl Tissue from hand

rho=0.670

~—EXT1

o -ADAMTS4

@ \MMP13

@

o

8

<

[

=

(=}

o

]

2 ~ MMP1 Expression

% : ~SMAD2 (VST)

2 =—=—= —cokniA B°
—CXCL2 2

= ~CXCLs | q

17

L]

c

D

o

E ——

[

g § —HAND2

o SMAD3

= Z CaA

g ~-ACAN

= S Albs2

8 }cg)MP
DSP

Gender Age BMI

BHO Left MF 0 50
BwTt Right B M Iso 40
70 30
60 20
50
40
ALDH1A2 expr Tissue from hand
12 I Dominant
l10 M Not Dominant
8

[

81 pq=0.0128 14 10
N 6 Pa . ™ 12 B 8
g . : 9,: 10 o= T
g LT 5 8 tho=0.703 © 4

2 0 6 p,g=0.0084 2

o 4l o 144

2 4 6 81012 4 6 8 10 12 4 6 8 10 12 4 6 8 10 12

ALDH1A2 ALDH1A2 ALDH1A2 ALDH1A2
rho=0.730 rho=0.753 rho=0.763

81Paq=0.0060 8 o . "1Pag=0.0044 15 00038
N 6 . Q o/ :

4 - . . 18 £ °
NP Y S / 50
x2 - o] thofo.74a ©17y & 5| 7

| 0l padj=0-0049 | e ol
2 4 6 81012 4 6 8 10 12 2 4 6 81012 2 4 6 81012
ALDH1A2 ALDH1A2 ALDH1A2 ALDH1A2
rho=-0.623
rho=-0.795 _
14,7ho=-0.856 8 . 201p,=0.0020 8 padj:0.0225
Paqi<0.0001 3 & .
12 Y neg ® o ™ 15 o - 6 . .
~ o, ~ Q - b
£ 10 R S, T Ly oS4 TR
. . AN
w s g ,|rho=-0.821 g 5 3 g, L

6 < “ p,g=0.0008

4+ 0+ 0- 0+

4 6 8 10 12 4 6 8 10 12 4 6 8 10 12 4 6 8 10 12

ALDH1A2 ALDH1A2 ALDH1A2 ALDH1A2
rho=-0.560 rho=-0.550
_ ho=-0.575 - :
14,1ho=-0.614 14 |r0 ‘f=0 Pt 51Paq=0.0447 61Paq=0.0459
g pad]—00248 E 12{Fadi ." s ~ 4 ¢/ . 0 .
12 S 10 s\_’\ s ™ 4 s @
< > . [(§) L NS O 5
O [A . .o
510{ T ] 8 52 N PR
6 1 * s
8+ 44 0+ 0+ <t
4 6 8 10 12 4 6 8 10 12 4 6 8 10 12 4 6 8 10 12
ALDH1A2 ALDH1A2 ALDH1A2 ALDH1A2




image3.jpeg
C

5 Injury time (h) 0 0.5 1 2 4 8 24 48
=]
£1.0
£ ALDH1A2 -~ —
-t B oh
u_°_0'5. O 4h T-ERK — — o —
T l| T -  —— S an— — o —
GOPN N o @ O
I AR
XM\ -
B¢ ¢ D 215
100 % =
O D D D DR TS g :
2 T T T 21-0' T _
510; T L E
=
o = £ _
o il P 0.5
[ 2 -
o
0.1 . ' \ n:o.o-b 05 1 2 4 8 24 48
K AN N 99 K : :
\L\\ k“« 4\“‘ © “3“ v Time (h)
P oY
V




image4.jpeg
CYP26A1

Porcine joint Q Incubated rf:iﬁ P
injection = for 4h Oh 4h 24h Oh 4h 24h
Vehicle TLZ
CDKN1A TIMP1 ADAMTS4
%ok
£ 40- Kok - £25, | ** —_ £15- — ns
2 — ns %20 %k %
& 301 — 2 20; —_— g
c c 15- c 104
@ [ ©
£ 20 = o=
0 o 104 U 5_
T 10; 2 5] B
0 (<) o
uoé.,.—g.f,tﬂ_ “—o_rﬁiﬂ,lﬁﬁ_"‘o%.ﬁ..
Oh 4h Oh 4 Oh 4h Oh 4h Oh 4h Oh 4h
Vehicle TLZ Vehicle TLZ Vehicle TLZ
IL6 coxX2 CCL2
koK "k
£10,  kkkH—————— £507 ek —* | a0 — %
L= L — (=] —_ =) —_—
o 84 o 404 _ @ ns
te)] ns te)) [ 2 0!30‘ —_
& 61 s — S 301 -+ *ok § 20
_: |—‘ -
O 41 S 20/ S
2 2 2 10 ﬁ 210 éL
€ l3h | | e ﬁ L oplema | | ope Loolmfen | | gt |
Oh 4h Oh 4h Oh 4h Oh 4h Oh 4h Oh 4h
Vehicle TLZ Vehicle TLZ Vehicle TLZ

CYP26B1
S 2.0
& 1:51
g
5 1.04
1_.“o.
So.
Oh 4h 24h Oh 4h 24h
Vehicle TLZ
ADAMTSS
%k
% ——
£ 5 — ns
2 ° p—l
o 44
e
-
O 24
°
Ml el
W ol : : :
Oh 4h Oh 4h
Vehicle TLZ
MMP3
%k
—_
515- _ *kok
o —
210-
@
S
5..
°
AL
L o—-@T : :
Oh 4h Oh 4h
Vehicle TLZ




image5.jpeg
Time B
(min) O 5 10 30 O 5 10 30

Ve
% o
w w
- [c
o A=
o 3
: ;
a2 a
‘—H—, Time (min) 0 51030 0 5 1030 0 51030 0 51030
Vehicle TAK1i Vehicle  TAKI1i Vehicle  TAK1i
Time D
; ns ns
(min) 0 5 10 30 0 5 10 30 _ . | |
54kDa
pJNK < X
<«4— 46kDa w 8
[
44kDa 5
42kDa alp
44kDa X 2 1L
Time (min) 0 51030 0 5 1030 0 51030 0 51030
Vehicle TLZ Vehicle TLZ
—— G CYP26B1
*
— Kok ok
Rk kxk sokk dkkk
£ g ——— £
g =)
—
)
o
c
©
R
&
o
(o)
L
Injury
TLZ

CYP26A1
ok
- 4 &k
: 3 7
gozlﬁ ) V%
L 0.2
i Oh 4h 24h Oh 4h 24h
CTRL TAK1I
CYP26B1
%k
< 3.0 ¥
~ 2.0
> siu—'"ﬂ . %
5 Y
S 0z 11
CTRL TAK1i
RARA




image6.jpeg
DMM Microdissection

\ 2 /

—+

0

72

78

Time after minipump implantation (h)

Cdkn1a

ns ns
©20, — —_
o
£1.5 T
O 1.
S1om (1
E 0.5 .

0.0
CL DMM CL DMM
Vehicle TLZ
16
= * *
Q 200, ——+———
() —
g!150 .
g 100 +
K} 50 ol® .
u°_ 0 oto BN
CL DMM CL DMM
Vehicle TLZ

Timp1

= Fxkxk ns
2 60 F 1k = 4
Q p—
2 40 T
2
O 20 -i- i
kel
Lo otna

CL DMM CL DMM

Vehicle

Cox2

] kR ns
8 200 |L.c
o
o 150
c
f‘: 100
< 50
S 0

CL DMM CL DMM

Vehicle

TLZ

Fold Change / CL veh

B

*ok
0, —

Cyp26a1

2
15
1

[

. J
: i
0L 2220 oe0e i

CL DMM CL DMM

Vehicle

TLZ

Adamts4

Aekk

—

_I_

Fold Change / CL
aoaS
© unoocoo

[

I

k%

ns
—_—

il

CL DMM CL DMM

Vehicle

(&)

TLZ

Ccl2
*

600
c 400
200

ge /

Fold Cha

ns

0 CL DMM CL DMM

Vehicle

TLZ

Cyp26b1

*ok
——

10

sm-z:iﬁ

CL DMM CL

DMM

Fold Change / CL veh

Vehicle

111b

L

Kkk

*%

‘“ 200
1 50
100 -

50

Fold Chang
L ]

ns
—_

eu B

CL _DMM

CL DMM

Vehicle

TLZ

Mmp3

*

Kk

200
150 )

100 4
50 oe

ns
—

wece L

Fold Change / CL

0
CL DMM

CL DMM

Vehicle

TLZ




image7.jpeg
A

Day 0
Minipump PMX/sham Joints l
implanted surgery terminates harvested
B Sham PMX-veh PMX TLZ
C
o 2
50 g 3 25
© 40 ® £ 2.0
S 30 > @ 15
n oY >
< 20 () _g- 1.0
O 10 2 S 0.5
0 O n 0.0
@ sham Veh TLZ

PMX

F Healthy Injury

RA 44 TALAROZOLE pTAK1

TAK1 B Y l ' 4

(not phosphorylated) RA ++ RA+

Inflammatory Inflammatory
No Inflammatory ++ genes ++ genes

genes up- suppressed
regulated **





image8.png
GO Biological Process (BH adjusted p < 0.05)

phagosome maturation

Fc receptor mediated stimulatory signaling pathway
regulation of interleukin-1 beta production

myeloid leukocyte differentiation

leukocyte proliferation

regulation of interleukin-6 production

lymphocyte chemotaxis

oxidative phosphorylation

negative regulation of interleukin-1 beta production
T cell costimulation

myeloid cell activation involved in immune response
regulation of transcription involved in G1/S transition of mitotic cell cycle
proton transmembrane transport

membrane invagination

regulation of defense response to virus by virus
regulation of pH

response to immobilization stress

negative regulation of immune response

antigen processing and presentation

immune response-regulating signaling pathway
proteasomal ubiquitin-independent protein catabolic process
interleukin—2 production

entry into host

neutrophil mediated immunity

tricarboxylic acid cycle

spermatogenesis

mRNA processing

peptidyl-lysine modification

sensory perception of sweet taste

cardiac conduction

histone methylation

spinal cord development

regulation of RNA splicing

peripheral nervous system development
insulin-like growth factor receptor signaling pathway
cellular response to caffeine

NADH regeneration

regulation of DNA—templated transcription, elongation
tongue development

cell proliferation in external granule layer
regulation of megakaryocyte differentiation

|
o

[ Gernotype
s 7 I—ra | Cenope Hnd
W HO W Left
e HBA1 BB e Goncer MO Mot
prep M LETN .- [] -.:_ 0 Age . 9
. N BMI ender
s100A12 NN SN 4L0H1A2 uF
o CUEETTEETW W Tissue from hand L
2 CXCR2 cxXch2 Age BMI
Y PPBP 90 50
4 HBB 80 Fa0
g 70 a0
5 HBA1 o o
% HBA2 50
N [t T Tl N, | 40
I A FAH ALAS2 Tissue from hand
- S100412 1 Dominant
DLX4 1 MMP25 I Not Dominant
CADM3 HAND2 ALDH1A2
-2 RGS1 TLE2 (vst transformed counts)
II r CADMS 6 8 10 12
INO8OC
Expression
Zf:‘: (row scaled TPM)
5 oo sizo = ! -
average expression (l0g2) I I I FAH -
C transferrin transport
response to interferon-gamma B
negative regulation of innate immune response legend
regulation of myeloid leukocyte mediated immunity o
bone resorption higher in WT

B vigher in HO

-1

o

1 2
Normalised enrichment score (NES)




image9.png
GO Biological Process (BH adjusted p < 0.05)

regulation of chromosome segregation

ephrin receptor signaling pathway

anaphase-promoting complex-dependent catabolic process
oxidative phosphorylation

sister chromatid segregation

collagen metabolic process

regulation of transcription involved in G1/S transition of mitotic cell cycle
osteoclast differentiation

negative regulation of viral life cycle

cell-cell junction organization

regulation of systemic arterial blood pressure by hormone
protein insertion into mitochondrial membrane

Fc receptor signaling pathway

endothelial cell migration

tumor necrosis factor-mediated signaling pathway
chromosome segregation

morphogenesis of a polarized epithelium

mitochondrial membrane organization

immune response-activating cell surface receptor signaling pathway
endothelium development

antigen processing and presentation of exogenous peptide antigen
response to interferon-gamma

regulation of cell cycle G2/M phase transition

response to interferon-beta

antigen proc. & pres. of exogenous peptide antigen via MHC class |, TAP-dependent
myeloid cell activation involved in immune response
phagosome maturation

tricarboxylic acid cycle

myeloid leukocyte differentiation

lymphocyte chemotaxis

spermatogenesis

histone methylation

spermatogenesis, exchange of chromosomal proteins
regulation of megakaryocyte differentiation

response to ammonium ion

growth plate cartilage chondrocyte growth

intraciliary transport

retina morphogenesis in camera-type eye

regulation of DNA-templated transcription, elongation
photoreceptor cell maintenance

insulin-like growth factor receptor signaling pathway

NADH regeneration

cilium movement

-2

Assocation with
ALDH1A2
expression

Positive

. Negative

-1 1 2
Normalised enrichment score (NES)

o




image10.jpeg
CYP2681

CYP26A1

5 oBuey plod

*— ]

e T

g —

{

o

IR

ebueyd pio3

S “, 1

ke «HC

b I— “, ] T

] *e@s s il

e,
b

g 2 c " §88 28 °

ebBuey pjoJ ebueyd pio4
P ", —
Kl o, —
.i v &

e —

0 1a” -

o —

§ 22 - s °

abueyd pio3




image11.jpeg
1000,

e

8

Tl

& *
v‘@ o« & & ¢

Fold Change / Oh
3

0.

©

I @‘

-
[m]

=
Ss | K
s
g
22 N
5
=
31
2
ol
5 Y
& & &





image12.jpeg
CDKN1A
37 :
@® 2 ‘|’
L =
(3] Al .
Al
w
0
L1 - + + + +
atRA - - 10 100 -
TLZ - - - +
ccL2

Fold Change
- N W
S 88
__ B
B
i}
i H

des [T
oﬁ

IL-1 N I
atRA - - 10 100 -
TLZ - - -+

250

i
200
150 —_
100
dkk Fhk
ﬁ oy 1

Fold Change
g

e [ [L ] 1] ]

0 m

IL-1 - + + + +

atRA - - 10 100 -

TLZ - - +
TIMP1

g2.5 HHt

gzo *kk *kk

= dkk

0

E m

o0

u.

IL-1

atRA - - 10 100 -

TLZ - - - -+

Fold Change
S & 8

o

IL-1

=8
Ng

Fold Change
a S &

o

IL-1
atRA
TLZ

ADAMTS4

Ht

kK

cox2

ﬂmm

*kk

- 10 100

Fold Change
S888

-
=]





