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Spondyloarthritis (SpA) is a chronic inflammatory disorder resulting from a combination of genetic predisposition and environmental factors. Despite recent advances, a substantial fraction of its genetic basis remains poorly understood. Several mechanisms have been proposed to account for this unexplained heritability, including epigenetics which can play a role at the interface between genetic and environmental susceptibility factors. Epigenetics refers to changes in gene expression that are not encoded in the DNA sequence itself. Such mechanisms may include DNA methylation, histone modifications and non-coding RNAs. Disruption of one of these systems can lead to inappropriate gene expression, which in turn might favour the development of disease. Thanks to recent technological progress, there has been a growing interest in the field of epigenetics in complex diseases, including SpA. However, epigenetic studies face some methodological limitations that hamper interpretation of their results: small sample size, absence of biological replication, lack of adequate controls for potential confounders, studies not performed in the most relevant cell/tissues. In the future, integration of epigenetics with other "omics" data will probably be necessary to improve our understanding of SpA pathogenesis. These issues need to be addressed before considering the use of epigenetic marks in clinical routine, as biomarkers or as drug targets.

1) INTRODUCTION

Complex diseases such as spondyloarthritis (SpA) result from a combination of genetic predisposition and environmental factors. SpA has a strong genetic component dominated by the HLA-B27 allele of the major histocompatibility complex (MHC). Several large genome-wide association studies (GWAS) have uncovered more than 40 other susceptibility loci outside the MHC [START_REF] Costantino | Prevalence of spondyloarthritis in reference to HLA-B27 in the French population: results of the GAZEL cohort[END_REF]. However, only about 25% of the heritability is likely to be explained by currently known risk loci [START_REF] Ellinghaus | Analysis of five chronic inflammatory diseases identifies 27 new associations and highlights disease-specific patterns at shared loci[END_REF]. Several mechanisms have been proposed to account for the unexplained heritability, including epigenetic variations. Notably, epigenetic effects may be affected by the environment and thus potentially represent a major interface between genetic and environmental susceptibility factors.

Introduced in the early 1940s by Conrad Waddington, the term epigenetics initially refers to "the branch of biology which studies the causal interactions between genes and their products which bring the phenotype into being" [START_REF] Waddington | Towards a theoretical biology[END_REF]. Over the years, the meaning of the word has gradually narrowed and may be defined today as "all meiotically and mitotically heritable changes in gene expression that are not coded in the DNA sequence itself" [START_REF] Egger | Epigenetics in human disease and prospects for epigenetic therapy[END_REF]. Epigenetic mechanisms include DNA methylation, histone modifications, and non-coding RNAs, thereby regulating gene expression (Figure 1). Epigenetic modifications can occur during development, under endogenous stimulations, or be environmentally induced. They are also reversible and can be inherited during cell divisions [START_REF] Jaenisch | Epigenetic regulation of gene expression: how the genome integrates intrinsic and environmental signals[END_REF].

Epigenetic modifications are key regulators of gene activation states. Thus, disruption of one of these interacting systems can lead to inappropriate gene expression, which in turn might favour the development of diseases. Aberrant epigenetic profiles have been described, mainly in cancer [START_REF] Yan | Epigenome-based personalized medicine in human cancer[END_REF], and more recently in several chronic inflammatory diseases [START_REF] Surace | The Role of Epigenetics in Autoimmune/Inflammatory Disease[END_REF]. Investigating epigenetic modifications is expected to provide new insights into SpA pathogenesis that can also lead to the development of innovative diagnostic or prognostic tools as well as the identification of new drug targets. In this review, we summarize and discuss the current state of research and knowledge on epigenetic modifications occurring in SpA.

2) EPIGENETIC PROCESSES

a) DNA methylation DNA methylation refers to the addition of a methyl group to a cytosine to form 5-methylcytosine. It predominantly occurs on cytosine phosphate guanine (CpG)-paired bases, often clustered in particular regions of the genome, called CpG islands, located in the promoter of nearly 60% of genes [START_REF] Jones | Functions of DNA methylation: islands, start sites, gene bodies and beyond[END_REF]. The process of methylation establishment and maintenance is carried out by the DNA methyltransferase (DNMT) proteins family: DNMT3A, DNMT3B and DNMT3L for de novo methylation and DNMT1 to maintain DNA methylation during cellular replication. DNA methylation is frequently described as a 'silencing' epigenetic mark (Figure 1A). However, it has been recently shown that the effect of DNA methylation on gene expression varies with context and with the position of the methylation relative to the transcriptional unit. Methylation in the immediate vicinity of the transcription start site blocks transcription initiation, leading to a decrease of messenger RNA (mRNA) production. On the contrary, methylation in the gene body has been correlated with transcription elongation and might be involved in splicing mechanism [START_REF] Jones | Functions of DNA methylation: islands, start sites, gene bodies and beyond[END_REF].

b) Post-translational modifications of histones

The basic element/unit of chromatin is the nucleosome, a nucleoprotein complex composed by DNA wrapped around a histone octamer (two copies of H2A, H2B, H3 and H4). The poorly structured Nterminal 'tails' of histone proteins that protrude from the nucleosome are subjected to addition of a diversity of chemical groups also termed as histones marks [START_REF] Gates | Histone Marks in the 'Driver's Seat': Functional Roles in Steering the Transcription Cycle[END_REF]. Methylation, acetylation, phosphorylation and ubiquitination are among these modifications. They can act as synergistic, complementary or antagonistic signals to dynamically modulate transcription outcome in the cell by altering chromatin structure and regulating DNA accessibility to transcription factors (Figure 1B) [START_REF] Bannister | Regulation of chromatin by histone modifications[END_REF].

Histone marks can be either deposited or removed by different sets of histone-modifying enzymes called "writers" and "erasers" respectively [START_REF] Allis | The molecular hallmarks of epigenetic control[END_REF]. This particular aspect im<plies that histone marks are reversible in order to activate or silence gene expression. Moreover, histones can bear multiple marks on different residues influencing mutually each other. This observation early suggested the existence of crosstalk that fine-tunes transcription regulation in a context-dependent manner. It is the interplay between these modifications that inspired Jenuwein and Allis to propose almost 20 years ago the hypothesis of the histone code [START_REF] Jenuwein | Translating the Histone Code[END_REF]. c) MicroRNAs Among non-coding RNAs, microRNAs (miRNAs) have been the most studied -especially in translational research -and are predominantly involved in gene expression modulation. Other types of non-coding RNAs, including long non-coding (lncRNAs), have been recently involved in the pathogenesis of inflammatory diseases [START_REF] Yarani | The emerging role of lncRNAs in inflammatory bowel disease[END_REF].

MiRNAs are small noncoding, single stranded, endogenously expressed RNAs molecules [14]. The canonical biogenesis of miRNA is predominant and requires several steps. First DNA sequence is transcribed into primary miRNA (pri-miRNA) which is secondary cleaved into precursor miRNAs (pre-miRNA) by the microprocessor complex comprised of Drosha and DGCR8. The pre-miRNA is then exported to the cytoplasm and processed by Dicer, resulting in a mature miRNA duplex which is loaded into the Argonaute family of proteins to form the minimal miRNA-induced silencing complex (miRISC). Finally miRISC can interact with complementary sequences on the 3'UTR of target mRNAs to induce translational repression through mRNA deadenylation and decapping leading to 5′-3′ degradation. [START_REF] Baek | The impact of microRNAs on protein output[END_REF]. Generally, miRNAs do not completely silence their target genes, but rather decrease their expression.

A given miRNA may have hundreds of different mRNA targets, and a given target might be regulated by multiple miRNAs. This leads to a complex dynamic modulation of gene expression, which has been shown to play a critical role in numerous cellular processes including development, proliferation, invasion, and apoptosis. Moreover, numerous studies have demonstrated that miRNAs can be released into extracellular fluids, and might act as autocrine, paracrine, or endocrine regulators to modulate cellular activities [START_REF] Iftikhar | Evidence and potential in vivo functions for biofluid miRNAs: From expression profiling to functional testing: Potential roles of extracellular miRNAs as indicators of physiological change and as agents of intercellular information exchange[END_REF].

3) FACTORS INFLUENCING EPIGENETIC MODIFICATIONS

Epigenetic marks can be affected by a variety of factors described below. These factors are important to keep in mind when considering an experimental design to identify specific alterations of the epigenome in a given disease to avoid spurious findings.

a) Cell type

On the contrary to the primary sequence of the human genome which is largely preserved in all human cell types and tissue, the epigenome varies considerably among cell types, as extensively studied by the NIH Roadmap Epigenomics Program and ENCyclopedia Of DNA Elements (ENCODE) project [START_REF] Kundaje | Integrative analysis of 111 reference human epigenomes[END_REF][START_REF]An integrated encyclopedia of DNA elements in the human genome[END_REF]. This cell specificity must be considered in analytic perspectives, especially to critically evaluate epigenomic studies, taking into account that a high proportion has been performed in peripheral blood with a mixture of different cell types. Thus, differences observed between conditions might be related to a difference in the proportion of different cell types rather than to the studied condition. b) Individual characteristics Among demographic factors, age seems to have a strong influence on epigenetic marks [START_REF] Kane | Epigenetic changes during aging and their reprogramming potential[END_REF].

Epigenome is also influenced by ethnicity [START_REF] Kader | DNA methylation-based variation between human populations[END_REF][START_REF] Huang | Population differences in microRNA expression and biological implications[END_REF] and by sex [START_REF] Mccarthy | Meta-analysis of human methylation data for evidence of sex-specific autosomal patterns[END_REF][START_REF] Cui | Identification and Analysis of Human Sex-biased MicroRNAs[END_REF].

c) Lifestyle and environmental factors

All epigenetic marks can be altered by exposure to lifestyle factors such as smoking, medication, alcohol and diet and environmental factors such as air pollution [START_REF] Alegría-Torres | Epigenetics and lifestyle[END_REF][START_REF] Bollati | Environmental epigenetics[END_REF].

d) Interindividual variations of the DNA sequence

Interindividual variations of the DNA sequence (such as single nucleotide polymorphism) are a substantial determinant of epigenetic marks. Indeed, DNA polymorphism can influence both DNA methylation state [START_REF] Van Dongen | Genetic and environmental influences interact with age and sex in shaping the human methylome[END_REF], miRNA expression [START_REF] Huan | Genome-wide identification of microRNA expression quantitative trait loci[END_REF] and histone post-translational modifications magnitude [START_REF] Mcvicker | Identification of genetic variants that affect histone modifications in human cells[END_REF]. It may be particularly useful to identify the functional consequences of disease associated variants [START_REF] Chen | Genetic Drivers of Epigenetic and Transcriptional Variation in Human Immune Cells[END_REF].

4) MEASUREMENT AND ANALYSIS OF EPIGENETIC MARKS a) DNA methylation

DNA methylation information is erased by standard molecular biology techniques, such as polymerase chain reaction (PCR). Therefore, almost all DNA methylation analysis techniques rely on a 2-step process: a methylation-dependent pre-treatment of the DNA, followed by amplification or hybridization [START_REF] Laird | Principles and challenges of genomewide DNA methylation analysis[END_REF]. DNA pre-treatment relies on three main approaches: methylation-sensitive endonuclease digestion, affinity enrichment or bisulphite conversion (considered as the gold standard). Once genomic DNA has been treated with one of the methylation-dependent steps, probe hybridization or sequencing can be used to reveal the location of the methylated residues. The combination of these two steps has resulted in the development of numerous techniques, details of which can be found elsewhere [START_REF] Laird | Principles and challenges of genomewide DNA methylation analysis[END_REF]. All these techniques were initially restricted to limited regions, but many of them can now be used on a genome-wide scale. To date, the most common method of DNA methylation assessment relies on Illumina® BeadChip® arrays because they offer a good compromise between cost and number of measured sites. b) Post-translational modifications of histones.

Chromatin immunoprecipitation followed by sequencing (ChIP-seq) extensively contributed to our understanding of the relationship between histone marks and transcription regulation occurring during cell differentiation [START_REF] Barski | High-Resolution Profiling of Histone Methylations in the Human Genome[END_REF]. Histone mark enrichment profiles, often referred as epigenome maps, are used to segment and annotate whole-genome regions into distinct "chromatin states", which represent more detailed characteristic epigenetic signatures (e.g., weak transcription and poised promoter) [START_REF] Jiang | Integrating ChIP-seq with other functional genomics data[END_REF]. Analysis of the distribution of either H3K4me3 active or H3K27me3 repressive marks allows reliable prediction of transcription states at promoters genome-wide.

But most of all, histone marks allow ab initio prediction of non-coding regulatory sequences such as enhancers. Enhancers are key elements involved in cell-specific transcription regulation through long distance interactions with promoter sequences [START_REF] Schoenfelder | Long-range enhancer-promoter contacts in gene expression control[END_REF]. They have been involved in many genetic disorders and developmental diseases as their malfunction can lead to aberrant gene expression. If their prediction remains highly challenging, enhancers are known to be associated with certain epigenetic signatures, the best known being H3K27ac and H3K27ac/H3K4me1 that respectively describe primed and active elements [START_REF] Calo | Modification of Enhancer Chromatin: What, How, and Why?[END_REF].

c) Micro-RNAs

MiRNAs can be isolated from cells, tissues -but also body fluids (such as serum, plasma, tears, or urine), from which they are much harder to extract (due to a lower quantity). A significant improvement has been observed in miRNAs isolation methods, from the traditional phenolchloroform extraction followed by RNA precipitation, with high level of contaminants, to columnbased RNA adsorption method and complementary specific techniques -including protocol for separation of small RNAs [START_REF] Lu | MicroRNA[END_REF].

Detection of miRNA is challenging because of their small size (21 to 24 nucleotides), low levels of expression and high sequence similarity with other expressed miRNAs. A suitable method should be chosen based on the requirements of the investigation (e.g. single-target investigation or genomewide study) and the experimental conditions (amount of RNA, level of expression, sample type…).

Current methods used for detecting miRNAs include quantitative PCR (qPCR) or in situ hybridization for detection of specific miRNA, micro-arrays or RNA sequencing for genome-wide detection.

Identifying target genes and functional effects of a defined miRNA is another challenge. Different methods can be used, each with varying benefit/limitation ratio: in silico-based target prediction; transient transfection of a miRNA mimic or inhibitor followed by whole transcriptome sequencing; CRISPR/Cas9 strategy; cross-linking of RNA-protein complexes followed by immunoprecipitation and RNA sequencing to detect miRNA/mRNA binding [START_REF] Lu | MicroRNA[END_REF].

5) EPIGENETIC VARIATIONS IN SPONDYLOARTHRITIS

To date, most of the epigenetic studies in SpA have been focused on miRNAs. Less than 10 studies investigating DNA methylation have been published and even less investigated histone modifications.

a) DNA methylation profile in SpA

Variants in DNMT3A, DNMT3B and DNMT3L genes have been recently associated with ankylosing spondylitis (AS) [START_REF] Ellinghaus | Analysis of five chronic inflammatory diseases identifies 27 new associations and highlights disease-specific patterns at shared loci[END_REF], implying that DNA methylation could be important for AS pathogenesis. However, only a few studies have investigated this epigenetic mechanism in SpA, all of them focused on AS. Their designs and main results are summarized in Table 1.

Only two such studies were performed genome-wide [START_REF] Hao | Genome-wide DNA methylation profile analysis identifies differentially methylated loci associated with ankylosis spondylitis[END_REF][START_REF] Coit | Genome-wide DNA methylation analysis in ankylosing spondylitis identifies HLA-B*27 dependent and independent DNA methylation changes in whole blood[END_REF]. The first one published in 2017 compared a limited number of AS patients with healthy controls (5 in each group) and identified 1,915 differentially methylated positions (DMPs). The most significant DMP was located in HLA-DQB1, a MHC class II locus often in linkage disequilibrium with HLA-B [START_REF] Hao | Genome-wide DNA methylation profile analysis identifies differentially methylated loci associated with ankylosis spondylitis[END_REF]. Thus, given the HLA-B27 frequency bias between cases and controls, it cannot be excluded that such a difference is linked to HLA-B27 rather than to the disease status itself. More recently, the influence of the HLA-B27 on the genome-wide DNA methylation profile was studied by comparing three groups of patients: 12 HLA-B27+ AS, 12 HLA-B27-AS patients and 12 patients with HLA-B27-osteoarthritis (OA) [START_REF] Coit | Genome-wide DNA methylation analysis in ankylosing spondylitis identifies HLA-B*27 dependent and independent DNA methylation changes in whole blood[END_REF].

Interestingly, more DMPs were detected between HLA-B27-positive and -negative AS patients (n=159) than between AS and OA (n = 67), suggesting a strong influence of HLA-B27 on the DNA methylation profile.

Other studies were centred on known AS-genetically associated regions and/or inflammatory-related genes [START_REF] Aslani | Evaluation of DNMT1 gene expression profile and methylation of its promoter region in patients with ankylosing spondylitis[END_REF][START_REF] Lai | Association between cytokines and methylation of SOCS-1 in serum of patients with ankylosing spondylitis[END_REF][START_REF] Zhang | DNA methylation and transcriptome signature of the IL12B gene in ankylosing spondylitis[END_REF][START_REF] Chen | Ankylosing spondylitis is associated with aberrant DNA methylation of IFN regulatory factor 8 gene promoter region[END_REF][START_REF] Karami | Promoter hypermethylation of BCL11B gene correlates with downregulation of gene transcription in ankylosing spondylitis patients[END_REF]. Almost all of them examined correlation between methylation levels and parameters such as disease activity or clinical manifestations, but due their small sample sizes they were rather underpowered. Regarding studies of previously reported AS-associated genes, it is noteworthy that none of them investigated whether the associated SNPs at these loci operated through effects on methylation.

b) Histone modifications in SpA

As for DNA methylation, only few studies have addressed so far alterations of histone marks in SpA and none of them has been performed at genome-wide level. Most of them concerned AS-associated SNPs whose positions correlated with enhancers signature. By integrating prediction of candidate causal variants based on dense genotyping data with enhancer mapping in different immune cell types using H3K27ac distribution, Farh et al. detected enrichment of associated SNPs in active enhancers from Th0, Th1 and Th17 cells [START_REF] Farh | Genetic and epigenetic fine mapping of causal autoimmune disease variants[END_REF]. Studying H3K4me1 mark allowed the identification of an enhancer close to the IL23R gene that encodes a component of the heterodimeric IL-23 receptor. This could potentially account for the effect of the AS-risk allele of SNP rs11209032 on increasing Th1 proliferation [START_REF] Roberts | An ankylosing spondylitisassociated genetic variant in the IL23R-IL12RB2 intergenic region modulates enhancer activity and is associated with increased Th1-cell differentiation[END_REF]. Surprisingly however, if the level of H3K4me1 in this region was decreased in patients homozygous for the risk allele, no change in IL23R mRNA was observed, suggesting a more complex regulatory mechanism involving this enhancer. A similar strategy led to explain the putative role of rs4648889, an AS-associated SNP that falls in a H3K27ac/H3K4me1-enriched enhancer of RUNX3 [START_REF] Vecellio | The genetic association of RUNX3 with ankylosing spondylitis can be explained by allele-specific effects on IRF4 recruitment that alter gene expression[END_REF]. Both H3K4me1 and RUNX3 mRNA levels were consistently decreased in CD8+ T cells from AS patients carrying the risk allele. As RUNX3 is known to enhance CD8 T-cell development, the lower expression of RUNX3 induced by rs4648889 might explain the lower number of CD8+ T cells previously reported in AS patients [START_REF] Igas | Identification of multiple risk variants for ankylosing spondylitis through high-density genotyping of immune-related loci[END_REF]. Despite the lack of comprehensive data from large cohort of patients, these data suggest a strong association between SpA and cis-regulatory genetic polymorphisms inducing chromatin remodeling.

Mutations in histone modifying enzymes that regulate global level of histone modifications were pointed out in numerous diseases, such as cancers, due to their impact on the expression level of many genes simultaneously [START_REF] Chen | Genetic Drivers of Epigenetic and Transcriptional Variation in Human Immune Cells[END_REF]. To date, only few of them were correlated with SpA. The global level of acetylated histones in the cell depends on a balance between Histone Acetyl Transferase (HAT) and Histone Deacetylase (HDAC) that regulate transcription factors and RNA polymerase recruitment on promoters. A HAT/HDAC activity change was assayed in AS patients treated with TNFα inhibitor [START_REF] Toussirot | Biological treatments given in patients with rheumatoid arthritis or ankylosing spondylitis modify HAT/HDAC (histone acetyltransferase/histone deacetylase) balance[END_REF]. Treatment was associated with a significant increase in HAT activity that can explain similarity between the anti-inflammatory effects of TNFα inhibitors and that of some HDAC inhibitors [START_REF] Toussirot | Imbalance between HAT and HDAC activities in the PBMCs of patients with ankylosing spondylitis or rheumatoid arthritis and influence of HDAC inhibitors on TNF alpha production[END_REF]. An increased level of HDAC3, that regulates the c-Jun N-terminal kinase pathway and NF-κB activity was also detected in peripheral blood mononuclear cells from AS patients [START_REF] Jiang | Role of histone deacetylase 3 in ankylosing spondylitis via negative feedback loop with microRNA-130a and enhancement of tumor necrosis factor-1α expression in peripheral blood mononuclear cells[END_REF].

c) MicroRNAs in SpA

There is growing evidence that aberrant miRNA expression is linked to inflammatory diseases, such as rheumatoid arthritis (RA) or inflammatory bowel diseases. During the last decade, involvement of miRNAs has been studied in the context of AS [START_REF] Li | The Role of MicroRNAS in Ankylosing Spondylitis[END_REF] with two main approaches: (i.) miRNAs as actors of SpA pathogenesis, as discussed in the paragraph below or (ii.) miRNAs as diagnostic, prognostic or therapeutic biomarkers, as discussed in the next section.

MiRNA expression profile of SpA patients has been studied in nearly 40 studies to date. More than two third of them concerned bulk samples (whole blood, peripheral blood mononuclear cells, serum, plasma) with non overlapping thus inconclusive results. The others focused on sorted cell subsets, such as the circulating CD14 + monocytes or CD4 + T cells, two cell types thought to be critically involved in disease pathogenesis. In SpA patients, both cell types were shown to harbor significant modifications in miRNAs expression profile (with 13 and 11 differential expressed miRNAs, respectively). These miRNAs were predicted to be involved in disease relevant pathways such as inflammation, intestinal permeability, or bone formation [START_REF] Fogel | Deregulation of microRNA expression in monocytes and CD4+ T lymphocytes from patients with axial spondyloarthritis[END_REF][START_REF] Lai | Aberrant expression of microRNAs in T cells from patients with ankylosing spondylitis contributes to the immunopathogenesis[END_REF]. Some variations are consistent with the pro-inflammatory cytokine environment reported in SpA. For instance, IL-23 was shown to induce a differential miRNAs expression profile in T cells from AS patients, including overexpression of miR-29b-1-5p [START_REF] Lai | Aberrant expression of interleukin-23regulated miRNAs in T cells from patients with ankylosing spondylitis[END_REF]. Moreover, Perez-Sanchez et al. identified several miRNAs overexpressed in SpA patient with an influence on the production of inflammatory cytokines such as IL-1 [START_REF] Perez-Sanchez | Circulating microRNAs as potential biomarkers of disease activity and structural damage in ankylosing spondylitis patients[END_REF]. The role of T helper 17 (Th17) cells is well described in SpA pathophysiology. Interestingly, miR-10b was significantly increased in AS Th17 cells, as compared to cells from healthy controls. This overexpression seemed to be induced by TNF-α and IL-6 and inhibited the production of IL17A [START_REF] Chen | miR-10b-5p is a novel Th17 regulator present in Th17 cells from ankylosing spondylitis[END_REF].

Several studies searched for a correlation between miRNAs expression profile and markers of 2. Of note, one study compared miRNAs between HLA-B27 positive and -negative axial SpA patients and observed significantly different expression profiles [START_REF] Toussirot | Imbalance between HAT and HDAC activities in the PBMCs of patients with ankylosing spondylitis or rheumatoid arthritis and influence of HDAC inhibitors on TNF alpha production[END_REF].

Despite the strong influence of DNA sequence on miRNA expression, few studies have tried to determine whether miRNAs deregulation might be an independent genetic determinant of AS/SpA. Niu et al. and Xu et al. tried to identify a specific association between miR-146a polymorphisms, known to be involved in immune responses, and SpA [START_REF] Niu | Common MIR146A Polymorphisms in Chinese Ankylosing Spondylitis Subjects and Controls[END_REF][START_REF] Xu | Association between ankylosing spondylitis and the miR-146a and miR-499 polymorphisms[END_REF]. However, no strong association has been clearly identified. Morevoer, none of the GWAS hits map to a miRNA gene [START_REF] Ellinghaus | Analysis of five chronic inflammatory diseases identifies 27 new associations and highlights disease-specific patterns at shared loci[END_REF].

5) FUTURE DIRECTIONS FOR EPIGENETIC STUDIES IN SPA

a) How to improve quality of studies?

Studies examining DNA methylation, miRNA and histone modifications in SpA have suffered from several methodological limitations, which hamper interpretation of their results: small sample size, absence of biological replication, lack of adequate controls for potential confounders, studies not performed in the most relevant cell/tissues. These issues need to be addressed to increase their reliability and to consider the potential use of epigenetic marks in clinical routine. Table 3 summarizes key points which should be taken into account in the design of future epigenetic studies in the context of SpA.

b) Integration with other -omics dataé

No single technology can capture the complexity of the molecular mechanisms that lead to human disease. Thus, the combination of several technologies such as dense genotyping, transcriptomics, epigenomics, metabolomics and proteomics could help to provide a deeper comprehension of the disease pathogeny. However, this multi-omics approach introduces new computational and interpretation challenges [START_REF] Karczewski | Integrative omics for health and disease[END_REF]. To date no systematic multi-omics approach has been applied to SpA but efforts have been made in this direction, for example by linking together AS associated variants and epigenetic marks [START_REF] Hao | Genome-wide DNA methylation profile analysis identifies differentially methylated loci associated with ankylosis spondylitis[END_REF][START_REF] Coit | Genome-wide DNA methylation analysis in ankylosing spondylitis identifies HLA-B*27 dependent and independent DNA methylation changes in whole blood[END_REF][START_REF] Zhang | DNA methylation and transcriptome signature of the IL12B gene in ankylosing spondylitis[END_REF]. Integration with microbiota data could also be very useful due to the strong pathophysiologic link between gut and joint in SpA [START_REF] Breban | The microbiome in spondyloarthritis[END_REF].

c) From bench to bedside Epigenetic marks provide new insights into disease pathogenesis but might also be useful in clinical practice, with two main domains of application: biomarkers and drug development.

Epigenetic biomarkers refer to any epigenetic mark or altered epigenetic mechanism which can be measured in the body fluids or tissues and which is able to contribute to diagnose or predict the outcome of a disease or to predict/monitor responses to therapy [START_REF] García-Giménez | Epigenetic biomarkers: Current strategies and future challenges for their use in the clinical laboratory[END_REF]. In SpA, the lack of relevant studies in the field strongly hampers their translation into clinical application. Some tried to use circulating miRNAs expression profiling as a diagnosis tool for AS but performance on validation cohorts still need to be assessed [START_REF] Perez-Sanchez | Circulating microRNAs as potential biomarkers of disease activity and structural damage in ankylosing spondylitis patients[END_REF][START_REF] Qian | Identification of Serum miR-146a and miR-155 as Novel Noninvasive Complementary Biomarkers for Ankylosing Spondylitis[END_REF]. Few studies also tried to define the relation between miRNAs expression profile and treatment response in the perspective of using miRNAs as a therapeutic strategy tool but the process of validation has not been performed yet [START_REF] Ciechomska | Changes in MiRNA-5196 Expression as a Potential Biomarker of Anti-TNF-α Therapy in Rheumatoid Arthritis and Ankylosing Spondylitis Patients[END_REF][START_REF] Guo | Predictive value of microRNA-132 and its target gene NAG-1 in evaluating therapeutic efficacy of non-steroidal anti-inflammatory drugs treatment in patients with ankylosing spondylitis[END_REF].

During the last 20 years, the perspective of epigenome reversible intervention to treat human diseases has emerged, historically beginning in the field of cancerology. Some encouraging results and promising developments have been observed in numerous indications, including haematopoietic and solid cancers: for example, DNMT and HDAC inhibitors, and more recently small molecules targeting specific genetic alterations [START_REF] Ahuja | Epigenetic Therapeutics: A New Weapon in the War Against Cancer[END_REF]. More recent studies have been carried for the discovery of epigenetic drugs to treat inflammatory disease, especially in RA, systemic lupus and systemic-onset juvenile idiopathic arthritis [START_REF] Ballestar | New insights into the epigenetics of inflammatory rheumatic diseases[END_REF]. Advances in SpA epigenetic treatment strategy is ongoing: an example of promising targeted-strategy drug development has been recently published by Cribbs et al., showing the potential in vitro effect on Th17 cells differentiation of an H3K27 demethylases inhibitor [START_REF] Cribbs | Histone H3K27me3 demethylases regulate human Th17 cell development and effector functions by impacting on metabolism[END_REF] .
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Figure 1. Epigenetic mechanisms and their influence on gene expression

(A) DNA methylation refers to the addition of a methyl group to a cytosine. It is described as a 'silencing' epigenetic mark. (B) Nucleosomes, composed of DNA wrapped around histone proteins, can change conformation to modulate DNA accessibility. Histone tails are post-translationally modified by the addition or removal of chemical groups (also called 'histones marks', such as H3K27Me3 -associated with chromatin compaction and repression of transcription, or H3K4Me3 -associated with chromatin opening and enabling of transcription). (C) Noncoding RNAs, especially micro-RNA, can mediate the recognition and binding of RNAs that become targeted for degradation.
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• Depending on the method of detection initially used, consider the interest of a technical validation (same samples assessed with a different method, most often PCR) • Replication of the results in an independent cohort is highly recommended.