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Abstract 

Autoimmunity is believed to develop when genetically predisposed individuals undergo epigenetic modifications in response to environmental factors. Recent advances in the understanding of epigenetic mechanisms suggest, in autoimmune diseases, a multi-step process involving environmental factors (e.g., drugs, stress) and endogenous factors (e.g., cytokines, gender), both leading to the deregulation of the epigenetic machinery (DNA methylation, histone modifications, miRNA), that in turn specifically affects the immune system and/or the target organ(s). Such effect is reinforced in those patients with risk variants mapping to epigenetically-controlled regulators of immune cells. As a consequence, autoreactive lymphocytes and autoantibodies are produced leading to the development of the autoimmune disease. Potential new therapeutic strategies and biomarkers are also addressed.
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Core tip: The present editorial focuses on recent progress made in elucidating the relationship between environmental factors, epigenetics, genetics and the pathogenesis of autoimmune diseases. Because of their primary function, epigenetic mechanisms offer potential advantages in terms of prevention, diagnosis, and treatment of complicated diseases such as autoimmune diseases.
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INTRODUCTION
Autoimmune diseases (AID), which jointly affect 5% to 10% of the general population in developed countries, are the third leading cause of morbidity. Onset of AID occurs from childhood to late adulthood and disproportionately affects women at all ages. AID can affect persons of all racial, ethnic, and socioeconomic groups, although the impact of racial background varies among AID. Over 80 different AID have been characterized and they are defined by the presence of autoreactive lymphocytes (T and B) and autoantibodies. Since the 1950s, AID have been divided into two classes: organ-specific AID in which the immune-mediated injuries are localized to a single organ or tissue, such as the pancreas in type 1 diabetes (T1D); and non-organ-specific (systemic) AID in which the immune reactions are directed against many different organs and tissues resulting in widespread injury, such as systemic lupus erythematosus (SLE), rheumatoid arthritis (RA) and primary Sjögren’s syndrome (pSS)
 ADDIN EN.CITE 
[1]
. No definitive diagnostic markers exist for most AID and classification criteria (but not diagnostic criteria) were introduced to circumvent this difficulty in order to categorize the patients into groups. However, classification criteria suffer from many limitations, one of which is a lack of sensitivity since, in some cases, it takes one to two decades to verify the status relative to the criteria. In fact, AID should be viewed as an “immunological disease continuum” driven first by a deregulation of the immune system and leading, in the end, to a classic AID2[]
. Another important limitation of this classification is related to the therapeutic responses, which can be extremely variable from one patient to another, especially when highly specific new biotherapy treatments are used, thus suggesting that a specific AID can result from several pathways.
At the beginning of 2015, the ENCODE program (Encyclopedia of DNA elements) has shown the close connection between epigenetic factors, genetic factors and the different immune cell subsetsADDIN EN.CITE.DATA 
 ADDIN EN.CITE 
[3]
. Indeed, Farh et al3


[ ADDIN EN.CITE ]
 demonstrated that susceptibility genes associated with AID were concentrated, not at the level of protein-coding genes, but rather in non-coding regions (90%). These new regions were characterized and it was revealed that they were the major target of epigenetic modifications sensitive to endogenous factors, and were, in particular, specific to one or more immune cell subsets. As a consequence (Figure 1), the development of AID can be viewed as a multi-step process that involves environmental and endogenous factors, both leading to deregulation of the epigenetic machinery, which in turn specifically affects the immune system and/or the target organs. The cellular impact of the epigenetic dysregulation can be amplified in the case of genetic mutations. As a consequence autoreactive lymphocytes and autoantibodies are produced leading subsequently to the development of the AID.
ENVIRONMENTAL FACTORS
Several lines of evidence strongly support a critical and pathogenic role for environmental factors in AID development. An elegant way in which to evaluate the environmental factor hypothesis consists of determining the disease concordance rate (CR) between monozygotic twins (MZ). Applied to several AID, the use of MZ twins has been decisive in characterizing those AID with high environmental components, such as systemic sclerosis (SSc; CR 5%) and RA (CR 5%-20%), compared to AID with high genetic components, such as Crohn’s disease (CD; CR 75%-85%) and psoriasis (CR 40%-65%). In between, SLE (CR 24%-57%), pSS (CR 15%-25%), T1D (CR 30%-50%) have an intermediate CR, indicating a scenario in which genetics and environmental factors are equally involved4[]
.
MZ twin studies discordant for AID have further demonstrated the importance of epigenetic modifications in the affected twin. Applied to SLE, studies have revealed that peripheral blood leukocyte CpG methylation profiles are demethylated in MZ twins discordant for SLEADDIN EN.CITE.DATA 
 ADDIN EN.CITE 
[5]
. Differences in DNA methylation between unaffected and affected twins were also reported using peripheral lymphocytes from SSc and primary biliary cirrhosis patients
 ADDIN EN.CITE 
[6,7]
, in T cells from psoriasis patientsADDIN EN.CITE.DATA 
 ADDIN EN.CITE 
[8]
, and in monocytes from T1D patientsADDIN EN.CITE.DATA 
 ADDIN EN.CITE 
[9]
. Such observations have to be interpreted in relation to the observations that DNA methylation patterns and histone acetylation profiles diverge with age in healthy MZ, with the greatest differences in those who have distinctly different lifestylesADDIN EN.CITE.DATA 
 ADDIN EN.CITE 
[10]
. Direct evidence has been provided previously that drugs, UV light, cigarette smoking as well as chemicals can induce important epigenetic changes11[]
.
ENDOGENOUS FACTORS
Targeting the proinflammatory cytokines of the innate immune system, such as TNF-alpha and IL-6, has been very effective in management of AID. T cell and B cell directed therapies, such as the anti-CD20 monoclonal antibody (mAb) B-cell-depleting agent rituximab, are also effective
 ADDIN EN.CITE 
[12,13]
. Treating patients with biotherapy has powerful influence on the epigenetic machinery. In RA, treating patients with anti-TNF-alpha mAb therapy was shown to increase the histone acetyltransferase/histone deacetylase (HAT/HDAC) ratio through the control of HDAC1, whereas rituximab increased nuclear activity of both HAT and HDAC14[]
. Similarly, we have observed that treating pSS patients with rituximab restores global DNA methylation in salivary gland epithelial cells
 ADDIN EN.CITE 
[15]
, and that using anti-IL6 receptor mAb (itolizumab) repairs the defective DNMT1 pathway and DNA methylation in SLE B cells
 ADDIN EN.CITE 
[16]
.
EPIGENETICS
The pioneering argument supporting epigenetic dysregulation in AID was provided by analyzing the effects of two drugs, procainamide, used to treat cardiac arrhythmias, and hydralazine, used to treat hypertension, which are associated with a 5% and 20% incidence risk for developing drug-induced lupus, respectively. It has been demonstrated for both drugs that they interfere with CpG DNA methylation directly (procainamide) by inhibiting DNMT1, the main DNA methyl transferase, or indirectly (hydralazine) by blocking the MEK/Erk activation pathway that controls DNMT1 expression
 ADDIN EN.CITE 
[17]
. Another argument to consider with regards to epigenetic dysregulation is related to the abnormal detection of retrotransposons in AID
 ADDIN EN.CITE 
[18,19]
. Retrotransposons, which comprise 45% of the genome, are known to affect the human genome in different ways: first by generating insertions or modifications into protein-coding regions that can result in genetic diseases; second by introducing long-range gene regulatory elements (enhancer, repressor/silencer, insulator); third by producing transposon-derived proteins with antigenic and/or immunosuppressive functions; and, in some cases, by promoting fusion proteins
 ADDIN EN.CITE 
[20,21]
. One example is related to the human T cell leukaemia related endogenous retrovirus (HRES-1) that is inserted in the long arm of chromosome 1 at position 1q42. HRES-1 expression is controlled at the epigenetic level by DNA methylation22[]
 and an association between SLE and HRES-1 polymorphisms has been described
 ADDIN EN.CITE 
[23]
. When expressed, HRES-1 has the capacity to produce a p38gag protein that can, in turn, induce the development of Abs as observed in 52% of patients with SLE in contrast to 3.6% in healthy donors
 ADDIN EN.CITE 
[24]
.
CELLULAR SPECIFICITY
Defects in CpG DNA methylation are usually seen in AID with the particularity that distinct cell-types are involved. In pSS, DNA demethylation involves epithelial cells with a reduction of DNMT1 and an increase of Gadd45alpha
 ADDIN EN.CITE 
[15]
. In SLE, T cells, B cells and monocytes are demethylated due to a decrease in the enzymatic activity of DNMT1 and DNMT3a, and an increase in the enzymatic activity of Gadd45alpha and MBD425[]
. In RA, synoviocytes are demethylated which is associated with a reduction in DNMT1, MBD2 and the methyl donor S-adenosylmethionine (SAM). In contrast, DNA hypermethylation has been described in endothelial cells from SSc patients and keratinocytes from patients with psoriasis. Changes in histone modifications are also detected in AID. Global H3 and H4 hypoacetylation and hyper H3k9 trimethylation, plus a negative correlation of H3 acetylation with the disease activity, characterize CD4+ T cells from SLE patients. In synovial cells from RA patients, HDAC1 overexpression has been demonstrated.
GENETICS
The first revelation of strong associations between AID and genetic factors was established with the human leukocyte antigen (HLA) region. The HLA super-locus is present in chromosomal position 6p21, spanning approximately 4 megabases, and contains 132 protein-coding genes composed partly of the classic HLA class I (HLA-A, -B, and -C) and class II (HLA-DP, -DQ, and -DR) genes which are involved in antigen processing and presentation to CD8 and CD4 T cells, respectively. Furthermore, the HLA locus is characterized by an exceptionally high degree of polymorphism, and most of the HLA variants characterized to date have relative associations with specific AID when present.

Moreover, with the development of the genome-wide association study (GWAS) project, up to one hundred non-HLA genetic associations were characterized in AID26[]
. The list is not exhaustive as next-generation sequencing (NGS) technologies contributed to the characterization of rare single nucleotide polymorphisms (SNPs) and additional SNPs, copy number variations (CNV) and microsatellites associated with AID. Non-HLA gene associations are not disease specific and odds ratios (OR) are usually modest (1.1 to 1.8) in contrast to the HLA genes (OR, usually > 2). Another important point is the distribution of the AID-associated causal genetic factors that are present within protein coding regions (5%), splice junctions (0.2%), promoters (8%), 3’ UTRs (3%) and, last but not least, within cell-specific long range gene-regulatory sequences (60%)ADDIN EN.CITE.DATA 
 ADDIN EN.CITE 
[3]
.
AUTOREACTIVITY
Lymphocyte differentiation starts in the bone marrow from hematopoietic multipotent stem cells, and specific epigenetic signatures accompany each stage. Thus, coordinated transcriptional regulation by DNA methylation/demethylation and histone post-translational modifications (e.g., H3K4me3, H3K27me3) is necessary for cytokine polarization in T helper cells, CD8 cytotoxic T cell differentiation, the selection of regulatory T cells and possibly B cell autoreactivity via rearrangement of the antigen receptor gene
 ADDIN EN.CITE 
[27,28]
. Indeed, blocking DNA methylation with specific inhibitors in activated B- and T-cells leads to the emergence of autoreactive lymphocytes and development of a SLE/pSS-like disease when passively transferred to normal mice
 ADDIN EN.CITE 
[29,30]
. The implication of DNA methylation in the control of lymphocyte autoreactivity is reinforced by the analysis of lymphocytes in the immunodeficiency centrometric region instability and facial anomalies syndrome (ICF), which is characterized by a non-functional DNMT3bADDIN EN.CITE.DATA 
 ADDIN EN.CITE 
[31]
. In these patients, there is an absence of mature T cells and accumulation of immature B cells with an autoreactive B cell receptor.
THERAPEUTIC POSSIBILITIES
The beneficial effect of HDAC inhibitors (HDACi) has been demonstrated in several autoimmune models. When used in the spontaneous lupus mouse model MRL/lpr/lpr, trichostatin A, a known inhibitor of HDACs, leads to a decrease in renal disease by modulating cytokines, but the autoAb production was not affectedADDIN EN.CITE.DATA 
 ADDIN EN.CITE 
[32]
. HDACi ameliorates other autoimmune animal models, including: the rat collagen-induced arthritis (CIA); the multiple sclerosis model, experimental autoimmune encephalomyelitis (EAE); and the T1D model. In addition, it is suspected that epigenetically modified chromatin complexes represent an important immunogenic stimulus leading to autoantibody production
 ADDIN EN.CITE 
[33]
.
Another recently identified therapeutic set of epigenetic targets in autoimmune diseases is spermidine/spermine N1-acetyltransferase 1 (SAT1) involved in the polyamine pathway which can entail excessive consumption of the cell’s methyl donor, SAM, by the S-adenosylmethionine decarboxylase (AMD1)
 ADDIN EN.CITE 
[34,35]
. Both SAT1 and AMD1 are elevated in synovial fibroblasts from RA patients while, at the same time, DNA methyltransferase (DNMT1) and global DNA methylation are decreased
 ADDIN EN.CITE 
[36]
. Blocking SAT1 activity with specific siRNAs restores DNA methylation
 ADDIN EN.CITE 
[37]
. Therefore, development of specific SAT1 inhibitors is emerging as a new therapeutic approach. Computational tools can greatly accelerate drug discovery targeting SAT1 since crystal structures of wild type human SAT1 are available along with known inhibitors as references, such as N1, N11-bis(ethyl)norspermine (BE-3-3-3) with fairly well understood mechanisms of inhibition (Figure 2).
To date, among the five epigenetic drugs approved by the food and drug administration (FDA), only one, tofacitinib, a Jak1/2 inhibitor that controls histone phosphorylation, has been proven efficacious in RA. Several Jak inhibitors are currently being tested in AID, and more than 100 epigenetic drugs are in various stages of development. However, the main limitations of these drugs in chronic diseases such as AID are related to the relative lack of specificity, the lack of cellular specificity, the limited activity, as well as the risk of major side effects. As a consequence, new epigenetic medications need to circumvent these limitations. Furthermore, the development of epigenetic biomarkers may also help screen high-risk populations before the onset of the disease for prevention, and to provide a rationale to select responder patients that can benefit from epigenetic drugs.
CONCLUSION
The arguments presented here indicate that epigenetic changes precede AID and confer risk for AID suggesting a strong argument for epigenetic causality in genetically predisposed individuals. As a consequence, better understanding of the pathways leading to epigenetic deregulation would undoubtedly have benefits for prevention, follow-up and treatment of AID.
ACKNOWLEDGEMENTS
We are also grateful to Simone Forest and Geneviève Michel for their help in typing the paper. The research leading to these results has received support from the Innovative Medicines Initiative Joint Undertaking under grant agreement n°115565, resources of which are composed of financial contribution from the European Union’s Seventh Framework Programme (FP7/2007-2013) and EFPIA companies’ in-kind contribution.
REFERENCES 
1 Witebsky E, Rose NR, Terplan K, Paine JR, Egan RW. Chronic thyroiditis and autoimmunization. J Am Med Assoc 1957; 164: 1439-1447 [PMID: 13448890 DOI: 10.1001/jama.1957.02980130015004]

2 McGonagle D, McDermott MF. A proposed classification of the immunological diseases. PLoS Med 2006; 3: e297 [PMID: 16942393]

3 Farh KK, Marson A, Zhu J, Kleinewietfeld M, Housley WJ, Beik S, Shoresh N, Whitton H, Ryan RJ, Shishkin AA, Hatan M, Carrasco-Alfonso MJ, Mayer D, Luckey CJ, Patsopoulos NA, De Jager PL, Kuchroo VK, Epstein CB, Daly MJ, Hafler DA, Bernstein BE. Genetic and epigenetic fine mapping of causal autoimmune disease variants. Nature 2015; 518: 337-343 [PMID: 25363779]

4 Brooks WH, Le Dantec C, Pers JO, Youinou P, Renaudineau Y. Epigenetics and autoimmunity. J Autoimmun 2010; 34: J207-J219 [PMID: 20053532 DOI: 10.1016/j.jaut.2009.12.006]

5 Javierre BM, Fernandez AF, Richter J, Al-Shahrour F, Martin-Subero JI, Rodriguez-Ubreva J, Berdasco M, Fraga MF, O'Hanlon TP, Rider LG, Jacinto FV, Lopez-Longo FJ, Dopazo J, Forn M, Peinado MA, Carreño L, Sawalha AH, Harley JB, Siebert R, Esteller M, Miller FW, Ballestar E. Changes in the pattern of DNA methylation associate with twin discordance in systemic lupus erythematosus. Genome Res 2010; 20: 170-179 [PMID: 20028698 DOI: 10.1101/gr.100289.109]

6 Selmi C, Cavaciocchi F, Lleo A, Cheroni C, De Francesco R, Lombardi SA, De Santis M, Meda F, Raimondo MG, Crotti C, Folci M, Zammataro L, Mayo MJ, Bach N, Shimoda S, Gordon SC, Miozzo M, Invernizzi P, Podda M, Scavelli R, Martin MR, Seldin MF, Lasalle JM, Gershwin ME. Genome-wide analysis of DNA methylation, copy number variation, and gene expression in monozygotic twins discordant for primary biliary cirrhosis. Front Immunol 2014; 5: 128 [PMID: 24734033 DOI: 10.3389/fimmu.2014.00371]

7 Selmi C, Feghali-Bostwick CA, Lleo A, Lombardi SA, De Santis M, Cavaciocchi F, Zammataro L, Mitchell MM, Lasalle JM, Medsger T, Gershwin ME. X chromosome gene methylation in peripheral lymphocytes from monozygotic twins discordant for scleroderma. Clin Exp Immunol 2012; 169: 253-262 [PMID: 22861365 DOI: 10.1111/j.1365-2249.2012.04621.x]

8 Gervin K, Vigeland MD, Mattingsdal M, Hammerø M, Nygård H, Olsen AO, Brandt I, Harris JR, Undlien DE, Lyle R. DNA methylation and gene expression changes in monozygotic twins discordant for psoriasis: identification of epigenetically dysregulated genes. PLoS Genet 2012; 8: e1002454 [PMID: 22291603]

9 Rakyan VK, Beyan H, Down TA, Hawa MI, Maslau S, Aden D, Daunay A, Busato F, Mein CA, Manfras B, Dias KR, Bell CG, Tost J, Boehm BO, Beck S, Leslie RD. Identification of type 1 diabetes-associated DNA methylation variable positions that precede disease diagnosis. PLoS Genet 2011; 7: e1002300 [PMID: 21980303]

10 Fraga MF, Ballestar E, Paz MF, Ropero S, Setien F, Ballestar ML, Heine-Suñer D, Cigudosa JC, Urioste M, Benitez J, Boix-Chornet M, Sanchez-Aguilera A, Ling C, Carlsson E, Poulsen P, Vaag A, Stephan Z, Spector TD, Wu YZ, Plass C, Esteller M. Epigenetic differences arise during the lifetime of monozygotic twins. Proc Natl Acad Sci USA 2005; 102: 10604-10609 [PMID: 16009939 DOI: 10.1073/pnas.0500398102]

11 Le Dantec C, Gazeau P, Mukherjee S, Brooks WH, Renaudineau Y. How the environment influences epigenetics, DNA methylation, and autoimmune diseases. In: Epigenetics and Dermatology, 1st edition. Academic Press, 2015: 467-485 [DOI: 10.1016/B978-0-12-800957-4.00021-7]
12 Seret G, Le Meur Y, Renaudineau Y, Youinou P. Mesangial cell-specific antibodies are central to the pathogenesis of lupus nephritis. Clin Dev Immunol 2012; 2012: 579670 [PMID: 22162716 DOI: 10.1155/2012/579670]

13 Devauchelle-Pensec V, Pennec Y, Morvan J, Pers JO, Daridon C, Jousse-Joulin S, Roudaut A, Jamin C, Renaudineau Y, Roué IQ, Cochener B, Youinou P, Saraux A. Improvement of Sjögren's syndrome after two infusions of rituximab (anti-CD20). Arthritis Rheum 2007; 57: 310-317 [PMID: 17330280 DOI: 10.1002/art.22536]

14 Klein K, Gay S. Epigenetics in rheumatoid arthritis. Curr Opin Rheumatol 2015; 27: 76-82 [PMID: 25415526 DOI: 10.1097/BOR.0000000000000128]

15 Thabet Y, Le Dantec C, Ghedira I, Devauchelle V, Cornec D, Pers JO, Renaudineau Y. Epigenetic dysregulation in salivary glands from patients with primary Sjögren's syndrome may be ascribed to infiltrating B cells. J Autoimmun 2013; 41: 175-181 [PMID: 23478041 DOI: 10.1016/j.jaut.2013.02.002]

16 Garaud S, Le Dantec C, Jousse-Joulin S, Hanrotel-Saliou C, Saraux A, Mageed RA, Youinou P, Renaudineau Y. IL-6 modulates CD5 expression in B cells from patients with lupus by regulating DNA methylation. J Immunol 2009; 182: 5623-5632 [PMID: 19380809 DOI: 10.4049/jimmunol.0802412]

17 Deng C, Lu Q, Zhang Z, Rao T, Attwood J, Yung R, Richardson B. Hydralazine may induce autoimmunity by inhibiting extracellular signal-regulated kinase pathway signaling. Arthritis Rheum 2003; 48: 746-756 [PMID: 12632429 DOI: 10.1002/art.10833]

18 Le Dantec C, Vallet S, Brooks WH, Renaudineau Y. Human endogenous retrovirus group E and its involvement in diseases. Viruses 2015; 7: 1238-1257 [PMID: 25785516 DOI: 10.3390/v7031238]

19 Renaudineau Y, Vallet S, Le Dantec C, Hillion S, Saraux A, Youinou P. Characterization of the human CD5 endogenous retrovirus-E in B lymphocytes. Genes Immun 2005; 6: 663-671 [PMID: 16107871 DOI: 10.1038/sj.gene.6364253]

20 Garaud S, Le Dantec C, Berthou C, Lydyard PM, Youinou P, Renaudineau Y. Selection of the alternative exon 1 from the cd5 gene down-regulates membrane level of the protein in B lymphocytes. J Immunol 2008; 181: 2010-2018 [PMID: 18641338 DOI: 10.4049/jimmunol.181.3.2010]

21 Renaudineau Y, Hillion S, Saraux A, Mageed RA, Youinou P. An alternative exon 1 of the CD5 gene regulates CD5 expression in human B lymphocytes. Blood 2005; 106: 2781-2789 [PMID: 15998834 DOI: 10.1182/blood-2005-02-0597]

22 Fali T, Le Dantec C, Thabet Y, Jousse S, Hanrotel C, Youinou P, Brooks WH, Perl A, Renaudineau Y. DNA methylation modulates HRES1/p28 expression in B cells from patients with Lupus. Autoimmunity 2014; 47: 265-271 [PMID: 24117194 DOI: 10.3109/08916934.2013.826207]

23 Magistrelli C, Samoilova E, Agarwal RK, Banki K, Ferrante P, Vladutiu A, Phillips PE, Perl A. Polymorphic genotypes of the HRES-1 human endogenous retrovirus locus correlate with systemic lupus erythematosus and autoreactivity. Immunogenetics 1999; 49: 829-834 [PMID: 10436175 DOI: 10.1007/s002510050561]

24 Perl A, Colombo E, Dai H, Agarwal R, Mark KA, Banki K, Poiesz BJ, Phillips PE, Hoch SO, Reveille JD. Antibody reactivity to the HRES-1 endogenous retroviral element identifies a subset of patients with systemic lupus erythematosus and overlap syndromes. Correlation with antinuclear antibodies and HLA class II alleles. Arthritis Rheum 1995; 38: 1660-1671 [PMID: 7488288 DOI: 10.1002/art.1780381119]

25 Le Dantec C, Chevailler A, Renaudineau Y. Epigénétique et auto-immunité. Revue Francophone des Laboratoires 2013; 457: 67-73 [DOI: 10.1016/S1773-035X(13)72268-8]
26 Konsta OD, Le Dantec C, Brooks WH, Renaudineau Y. Genetics and epigenetics of autoimmune diseases. eLS. John Wiley & Sons, Ltd: Chichester ed, 2015

27 Yang BH, Floess S, Hagemann S, Deyneko IV, Groebe L, Pezoldt J, Sparwasser T, Lochner M, Huehn J. Development of a unique epigenetic signature during in vivo Th17 differentiation. Nucleic Acids Res 2015; 43: 1537-1548 [PMID: 25593324 DOI: 10.1093/nar/gkv014]

28 Russ BE, Olshanksy M, Smallwood HS, Li J, Denton AE, Prier JE, Stock AT, Croom HA, Cullen JG, Nguyen ML, Rowe S, Olson MR, Finkelstein DB, Kelso A, Thomas PG, Speed TP, Rao S, Turner SJ. Distinct epigenetic signatures delineate transcriptional programs during virus-specific CD8(+) T cell differentiation. Immunity 2014; 41: 853-865 [PMID: 25517617 DOI: 10.1016/j.immuni.2014.11.001]

29 Mazari L, Ouarzane M, Zouali M. Subversion of B lymphocyte tolerance by hydralazine, a potential mechanism for drug-induced lupus. Proc Natl Acad Sci U S A 2007; 104: 6317-6322 [PMID: 17404230 DOI: 10.1073/pnas.0610434104]

30 Quddus J, Johnson KJ, Gavalchin J, Amento EP, Chrisp CE, Yung RL, Richardson BC. Treating activated CD4+ T cells with either of two distinct DNA methyltransferase inhibitors, 5-azacytidine or procainamide, is sufficient to cause a lupus-like disease in syngeneic mice. J Clin Invest 1993; 92: 38-53 [PMID: 7686923 DOI: 10.1172/JCI116576]

31 Ehrlich M, Sanchez C, Shao C, Nishiyama R, Kehrl J, Kuick R, Kubota T, Hanash SM. ICF, an immunodeficiency syndrome: DNA methyltransferase 3B involvement, chromosome anomalies, and gene dysregulation. Autoimmunity 2008; 41: 253-271 [PMID: 18432406 DOI: 10.1080/08916930802024202]

32 Mishra N, Reilly CM, Brown DR, Ruiz P, Gilkeson GS. Histone deacetylase inhibitors modulate renal disease in the MRL-lpr/lpr mouse. J Clin Invest 2003; 111: 539-552 [PMID: 12588892 DOI: 10.1172/JCI200316153]

33 Thabet Y, Cañas F, Ghedira I, Youinou P, Mageed RA, Renaudineau Y. Altered patterns of epigenetic changes in systemic lupus erythematosus and auto-antibody production: is there a link? J Autoimmun 2012; 39: 154-160 [PMID: 22709855 DOI: 10.1016/j.jaut.2012.05.015]

34 Bale S, Lopez MM, Makhatadze GI, Fang Q, Pegg AE, Ealick SE. Structural basis for putrescine activation of human S-adenosylmethionine decarboxylase. Biochemistry 2008; 47: 13404-13417 [PMID: 19053272 DOI: 10.1021/bi801732m]

35 Brooks WH, Renaudineau Y. Epigenetics and autoimmune diseases: the X chromosome-nucleolus nexus. Front Genet 2015; 6: 22 [PMID: 25763008 DOI: 10.3389/fgene.2015.00022]

36 Karouzakis E, Gay RE, Gay S, Neidhart M. Increased recycling of polyamines is associated with global DNA hypomethylation in rheumatoid arthritis synovial fibroblasts. Arthritis Rheum 2012; 64: 1809-1817 [PMID: 22170508 DOI: 10.1002/art.34340]

37 Neidhart M, Karouzakis E, Jüngel A, Gay RE, Gay S. Inhibition of spermidine/spermine N1-acetyltransferase activity: a new therapeutic concept in rheumatoid arthritis. Arthritis Rheumatol 2014; 66: 1723-1733 [PMID: 24578214 DOI: 10.1002/art.38574]

38 Bewley MC, Graziano V, Jiang J, Matz E, Studier FW, Pegg AE, Coleman CS, Flanagan JM. Structures of wild-type and mutant human spermidine/spermine N1-acetyltransferase, a potential therapeutic drug target. Proc Natl Acad Sci USA 2006; 103: 2063-2068 [PMID: 16455797 DOI: 10.1073/pnas.0511008103]

P-Reviewer: Martinez-Lostao L, Yamakawa M S-Editor: Ji FF L-Editor: E-Editor: 

[image: image1.jpg]



Figure 1 Multiple factors are necessary to promote autoimmune diseases in genetically predisposed individuals.
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Figure 2 Human wild type spermidine/spermine N1-acetyltransferase. Spermidine/spermine N1-acetyltransferase (SAT1) functions as a dimer with two channels in which the acetylation reaction occurs. A: Top – SAT1 with spermine and acetyl CoA docked in one channel. Bottom – the normal substrates, spermidine and spermine, are shown along with a known inhibitor, BE-3-3-3; B: Top - Close-up of acetyl CoA docked in the channel. Yellow dashes denote hydrogen bonds. The substrate will enter the other end of the channel and bind. Bottom – Spermine and acetyl CoA bind in close proximity in SAT1 so that the acetyl group can transfer to the substrate at which point CoA is released and the acetylspermine has reduced affinity so it releases. Structure of SAT1ADDIN EN.CITE.DATA 
 ADDIN EN.CITE 
[38]
 is 2B4D.pdb from the Protein Data Bank (www.rcsb.org).
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