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Abstract

Purpose of review: We assess the implications of recent advances in the genetics of juvenile 

idiopathic arthritis (JIA) for the evolving understanding of inflammatory arthritis in children.

Recent findings: JIA exhibits prominent genetic associations with the human leukocyte antigen 

(HLA) region, extending perhaps surprisingly even to the hyperinflammatory systemic JIA 

category. Some HLA associations resemble those for adult-onset inflammatory arthritides, 

providing evidence for pathogenic continuity across the age spectrum. Genome-wide association 

studies have defined an increasing number of JIA-linked non-HLA loci, many again shared with 

adult-onset arthritis. Since most risk loci contain only non-coding variants, new experimental 

methods such as SNP-seq and innovative big-data strategies help identify responsible causative 

mutations, termed functional SNPs (fSNPs). Alternately, gene hunting in multiplex families 

implicates new genes in monogenic childhood arthritis, including the intriguing innate immune 

gene LACC1.

Summary: Genetic data indicate a continuity between JIA and adult arthritis poorly reflected in 

current nomenclature. Advancing methodologies will help to identify new pathogenic mechanisms 

that inform the understanding of biologic subdivisions within JIA. Resulting insights will facilitate 

the application of lessons learned across the age spectrum to the treatment of arthritis in children 

and adults.
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Introduction

Juvenile idiopathic arthritis (JIA) encompasses a range of clinical phenotypes characterized 

by chronic inflammatory arthritis of unknown cause beginning before age 16 years [1]. 

Clinical and epidemiological features have been employed to categorize patients with JIA 

into 7 categories under the International Leagues of Associations for Rheumatology (ILAR) 

nomenclature. The ILAR categories represent a work in progress, and their shortcomings are 

now broadly appreciated. These include intricate and often counterintuitive inclusion and 

exclusion criteria; category-switching among patients followed over time; and growing 

evidence that ILAR boundaries fail to reflect underlying disease biology. More 

fundamentally, the age cutoff at the 16th birthday as determined without no pathophysiologic 

or epidemiological basis, and yet has come to represent a yawning nomenclature gap that 

divides pediatric and adult rheumatology [2]••. With the number of new therapies now 

outstripping the availability of patients for clinical studies, it is more important than ever to 

define biologic subgroups within childhood arthritis to identify patients most likely to 

benefit from mechanism-specific targeting and so that lessons learned in arthritis patients 

across the lifespan can be applied, without the hindrance of inaccurate nomenclature, across 

the whole age spectrum.

The challenge is to define patient subgroups. Recent attempts at this difficult problem have 

employed clinical and blood-based biomarkers, joint trajectories, and informed expert 

opinion [3–5]. Such studies limit their attention to pediatric patients and face the further 

challenge that distinct processes can yield convergent clinical phenotypes. For example, 

seronegative and seropositive adult rheumatoid arthritis (RA) display remarkable clinical 

overlap despite fundamental differences in the role of autoantibodies, complement, and 

synovial T cells [2]••. Phenotypic convergence is illustrated similarly in animal models of 

arthritis, wherein similar clinical features can emerge through remarkably different pathways 

[6]. Thus, while patient phenotyping is important for subgroup definition, and indeed will be 

required for clinical practice, complementary approaches remain essential.

Genetics as a tool to understand human polygenic disease

One of these approaches is genetics. Since genetic endowment precedes disease risk, genetic 

variants associated at a statistically-robust level with disease risk conclusively implicate 

related causal mechanisms. Critically, the magnitude of the associated risk bears no 

necessary relationship to the importance of the related gene or to its potential as a drug 

target. This is because observed risk reflects the impact of the variant, not of the gene itself. 

Genome-wide association studies (GWAS) detect risk modulation resulting from common 

variants, typically with a minor allele frequency (MAF) greater than 5%, whose “survival” 

in the population all but guarantees that their functional impact is modest. This principle was 

well illustrated by an early GWAS characterizing loci associated with blood lipids [7]. 

Figure 1 depicts the linear relationship between variant effect size and allele frequency, with 

the gene encoding HMG Co-A reductase – the target of blockbuster statin therapy – hidden 

anonymously in the middle (arrow).
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A further challenge in the interpretation of GWAS studies is the ambiguity of each “hit.” 

The single nucleotide polymorphisms (SNPs) studied by GWAS tag large linkage 

disequilibrium (LD) blocks. Only rarely will the tagging SNP itself be causal. Unfortunately 

for investigators, in most cases the variant that is truly causal is only rarely evident. LD 

blocks often contain multiple genes, and in the large majority of cases (>85%) none of these 

feature any coding variant. Thus most true causal variants – we have termed these functional 

SNPs, or fSNPs [8]•• – reside somewhere in the vast stretches of non-coding DNA that make 

up 98% of the genome and act via regulation of gene expression. Since many common non-

coding variants reside in LD with each tagging SNP, fSNP identification poses a challenging 

problem. The challenge is further compounded by the fact that some loci contain several 

cooperating fSNPs within the same LD block, for example in the CD40 risk locus for RA 

and the STAT4 risk locus for JIA [8]••.

Multiple approaches are being developed to address these challenges. The Immunochip was 

designed to focus genetic studies on 186 loci of immunologic interest, each characterized in 

greater depth by means of multiple tagging SNPs (196,524 in total) to better localize 

potential causal variants [9,10]. Bioinformatic strategies can help predict non-coding 

variants, in particular those that function by modulating the binding of DNA regulatory 

proteins such as transcription factors (TFs). These strategies incorporate multiple lines of 

evidence, including epigenetic marks and predicated and/or experimentally-determined TF 

binding motifs [11]. Fine mapping employs dense SNP analysis together with targeted DNA 

sequencing to more carefully explore loci known to contain fSNPs [12]•. Finally, tools have 

been developed to identify non-coding variants using high-throughput experimental 

strategies. These include SNP-seq, a method we developed that employs restriction enzyme 

protection to identify SNPs that modulate the binding TFs (discussed further below) [8]••. 

An alternative method is the massively parallel reporter assay (MPRA), wherein target cells 

are transfected simultaneously with a large number of SNP-containing DNA constructs to 

test which best promote expression of a reporter gene [13]. Finally, families bearing multiple 

affected members can be studied to identify rare but highly-potent gene variants, combining 

traditional Mendelian genetics with high-resolution next-generation DNA sequencing. We 

will discuss the impact of these methods on the evolving understanding of JIA.

HLA associations in JIA

Extensive and well-documented associations between JIA and the HLA region have been 

recognized for more than 40 years, differing with disease phenotype [14–16]. Principal 

components analysis demonstrates that age of onset, rather than oligoarticular or 

polyarticular presentation, is a main driver of HLA association [17]•. Adult seropositive RA 

risk haplotypes containing HLA-DRB1*01/*04 actually appear protective in seronegative 

arthritis, emerging as a risk gene only in adolescence; similarly, HLA-B27 is 

overrepresented only in children presenting with arthritis after early childhood [18].

Advances in serological approaches, allele-specific DNA hybridization, and most recently 

imputation using high-density SNP genotyping have further enhanced the resolution of these 

studies. Hinks, Bowes and colleagues characterized the HLA region in 5043 JIA patients by 

imputing SNPs, classical HLA alleles and HLA amino acids [19]••. Bivariate analysis was 
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used to correlate these results with ILAR subcategory. They found three subtypes – 

persistent oligoarticular, extended oligoarticular, and seronegative polyarthritis – to be 

genetically indistinguishable, at least by HLA associations. Importantly, these associations 

overlapped markedly with those of seronegative adult RA. Correspondingly, seropositive 

polyarticular JIA resembled seropositive adult RA, enthesitis-related arthritis resembled 

adult ankylosing spondylitis, and psoriatic JIA (poorly represented in this cohort, and 

difficult to distinguish unambiguously in children) bore some similarity to adult psoriatic 

arthritis. In other words, HLA associations point to extensive continuities in arthritis across 

the age spectrum.

A further comparison of 214 patients with JIA-associated uveitis with 362 patients with 

uveitis-free JIA identified an association with serine at position 11 in HLA-DRB1 that 

achieved significance in girls but was less clear in boys, of whom fewer were available for 

study [20]. Whereas cases and controls were not fully matched on arthritis phenotype, and 

no correction for age of onset was employed, the specificity of this result for uveitis itself – 

as opposed to a uveitis-prone form of JIA with a predilection for early childhood – remains 

unclear. Using an in silico approach to model antigen presentation at 13 common HLA-

DRB1 alleles, the authors found that alleles with Ser11 (together with 3 adjacent amino 

acids in nearly perfect LD) could be distinguished by peptide binding preferences, 

potentially helping to identify antigens involved in the development of uveitis.

HLA associations are typically regarded as strong evidence for the involvement of antigen-

specific T cells in disease pathogenesis. In this context it is remarkable that the strongest 

GWAS signal in systemic JIA (sJIA), often considered an autoinflammatory disease, is also 

the HLA region. Ombrello and colleagues compared 770 sJIA patients to 6947 controls, 

finding that HLA-DRB1*11 and its defining amino acid glutamate 58 exhibited an odds 

ratio of 2.3, while only one other locus – LOC284661 on chromosome 1 – achieved 

genome-wide significance, with another (IL1RN, encoding the IL-1 receptor antagonist) 

identified via candidate gene studies [21,22]•. No evidence of shared genetic architecture 

was found when weighted genetic risk scores were used to compare sJIA with other JIA 

subtypes [23]•. Mechanisms exist whereby HLA alleles can modulate immunity without 

serving as antigen presenting molecules, for example through linked non-HLA genes in the 

locus, as targets of staphylococcal enterotoxins, and by modulating expression of gene 

elsewhere in the genome [24,25]. Nevertheless, since the HLA haplotype implicated in sJIA 

is also associated with JIA of other types, the most straightforward interpretation of this 

finding is that antigen-specific T cells play a role in sJIA biology, at least in some patients 

[17,26,27]. This conclusion is further supported by the clinical efficacy of T cell 

costimulatory blockade with CTLA4-Ig in sJIA [28]. Genetics thus inform, but do not yet 

resolve, the evolving understanding of sJIA as autoinflammatory, autoimmune, or potentially 

both [29,30].•

Non-HLA associations in JIA

As noted above, despite their relatively weak effect size, genetic associations outside of the 

HLA region are likely to provide important clues to disease pathophysiology. Prior to 2013, 

genetic studies in childhood arthritis (combined oligoarticular and polyarticular forms) had 
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identified only two associated genetic loci beyond the HLA region: PTPN22 and PTPN2. 

The Immunochip enabled a broader study of JIA despite the relatively limited number of 

available patients. Hinks, Cobb and colleagues compared 2,816 oligo- and seronegative 

polyarticular JIA patients with 13,056 controls, identifying 14 new loci at genome-wide 

significance threshold (P < 5 × 10−8) and an additional 11 at a suggestive level (P < 1 × 

10−6) [31]••. These 27 non-HLA genes are listed in Table 1, together with an additional 9 

loci added by McIntosh and colleagues using traditional SNP microarrays encompassing 

regions excluded from the Immunochip (albeit none to genome-wide significance) [32]•.

Genetics as a tool to understand disease mechanisms

What do these findings tell us about the pathogenesis of JIA? Importantly, the “label” for 

each locus cannot be assumed to represent the gene responsible for the increment in risk. In 

cases where the tagging SNP correlates with a mis-sense coding variant, a causal connection 

is typically considered likely. But such cases are relatively uncommon – only 2 out of 17 

confirmed JIA loci (Table 1) – and even these attributions remain uncertain until 

experimentally confirmed. For non-coding variants, the regulated gene (or genes) need not 

reside even within the same LD block, since modulation of expression can operate over 

considerable distances [25]. For some loci, regulatory effects may operate via perturbation 

of the densely-interconnected signaling network within the cell, without the directly-

modulated gene itself participating in a key pathogenic pathway, a possibility termed the 

“omnigenic hypothesis” that may help explain the so-called missing heredity left over after 

accounting for the effects of GWAS-defined risk variants [33]•.

With these caveats, it still makes sense to consider the potential significance of the identified 

loci for the pathogenesis of JIA, beginning with the coding variants for which the causative 

gene is plausibly inferred. For JIA, as illustrated in Table 1, these are limited to TYK2 (loss 

of function allele protective), SH2B3 (loss of function allele associated with risk), possibly 

LTBR (synonymous coding variant), and the splice variant in ERAP2 (loss of function allele 

protective). To these we can add genes for which fine mapping localizes the fSNP to a single 

gene, including STAT4, PTPN2, IL2RA, IL2RB, ZFP36L1, and probably COG6 and PRR5L 
(i.e. where the fSNP-containing LD region r2 > 0.9 resides entirely within the gene, 

suggesting but not proving that the gene itself is a regulated target). The expression of these 

genes at the mRNA level across key hematopoietic lineages, as well as major functions, are 

listed in Table 2. Most are widely expressed. Broadly, most affect T cell function, supporting 

an important role for T cells in JIA pathogenesis, consistent with the strong HLA 

association, epigenetic studies that localize GWAS hits to regions of open chromatin 

implicated in CD4+ T cell function, and evidence for clonal skewing of T cell populations 

[34–37]. Expression of JIA risk genes is also abundant in innate lineages, including natural 

killer cells, monocyte and neutrophils, again consistent with epigenetic data available from 

neutrophils and concordant with the key role of neutrophils in arthritis generally [34,38].

New approaches to identifying non-coding variants.

Two recent studies help to refine the analysis of JIA risk loci beyond the HLA. Our group 

approached the problem of finding non-coding variants using molecular biology, asking 
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whether candidate causal SNPs could be screened experimentally to identify those that bind 

TFs and are therefore more likely to be causal [8]••. We developed a method termed SNP-

seq, whereby all common SNPs within LD of GWAS-identified tagging SNPs (e.g. LD r2 > 

0.8) are positioned within synthetic DNA constructs flanked by binding sites for the type IIS 

restriction enzyme BpmI (Figure 2). Unlike most restriction enzymes, type IIS enzymes cut 

DNA at a defined distance (for Bpm1, 15 base pairs) adjacent to their binding site, in a 

sequence non-specific manner. This method enables a screening approach whereby a library 

of constructs containing different alleles can be incubated with nuclear extract containing 

mixture of TFs, exposed to BpmI, regenerated by PCR, and then quantitated via next-

generation sequencing (the “seq” in SNP-seq) to identify those sequences which were 

shielded from cleavage by a protein bound from the nuclear extract. Using this method, we 

screened 608 SNPs (1223 alleles) from the 27 JIA-associated loci implicated by Hinks, 

Bowes and colleagues to identify 148 candidate fSNPs that displayed evidence for allele-

specific protein binding. Pursuing the STAT4 locus in detail, we tested each SNP, confirming 

that 2 of 4 SNPs (rs8179673 and rs10181656, residing 502bp apart on the same haplotype) 

exhibited both allele-specific protein binding and allele-dependent regulatory function in 

luciferase reporter constructs. To “close the loop” on these fSNPs, we employed a DNA 

pulldown assay termed Flanking Restriction Enhanced Pulldown (FREP), developed 

previously in the lab to identify TFs recognizing an fSNP of interest [39]. Knockdown of the 

TFs identified in this way established specific modulation of STAT4 expression, confirming 

regulation of this T cell regulatory gene via a pair of haplotype-linked JIA risk fSNPs.

Harley and colleagues used new computational methods developed by the Weirauch lab to 

show that particular transcription factors (TFs) occupy multiple loci associated with 

individual complex genetic disorders [40]••. Interestingly it was noted that that about half of 

gene loci for systemic lupus erythematosus (SLE) and multiple sclerosis are occupied by the 

Epstein-Barr virus (EBV) enhancer protein EBNA2, along with co-clustering human TFs. 

EBNA2 interacts with multiple human TFs, reprogramming cells to promote viral survival, 

suggesting a mechanism by which EBV infection could distort immune responses to favor 

development of SLE. Intriguingly, a similar EBNA2 signature was found in other 

autoimmune diseases, including JIA, but not for unrelated diseases such as breast or prostate 

cancer. This finding raises the possibility that many loci are associated genetically with JIA 

because they are susceptible to aberrant regulation by EBV, or potentially by other viruses, 

such that infection with this nearly ubiquitous pathogen could help trigger JIA in a 

genetically susceptible host. The remarkable corollary is that development of a successful 

strategy to vaccinate against EBV – still a distant goal – could markedly reduce the 

incidence of JIA and other autoimmune diseases. This earthshattering possibility remains to 

be tested using other methods.

Subdivisions within arthritis as defined by non-HLA loci.

Just as HLA associations have been employed to explore the similarities between forms of 

arthritis, non-HLA loci can serve a similar purpose. McIntosh and colleagues evaluated the 

overlap between JIA “hits” and those from adult RA, principally from seropositive patients. 

A large meta-analysis of 30,000 RA patients and 74,000 controls had defined 101 genetic 

loci associated with either increased or decreased risk of RA [32]. McIntosh sought overlap 
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between these loci and those associated with oligo- and seronegative polyarticular JIA. 

Correcting for the different tagging SNPs used in these studies, and the more limited power 

afforded by the smaller JIA cohort, they estimated that if these diseases were identical, then 

overlap should emerge in 25.9 loci (95% confidence interval 16.5–32.7). In fact, only 9 were 

found among non-HLA GWAS-wide hits (Table 1). This finding illustrates that seronegative 

forms of JIA – like seronegative forms of adult RA – bear only modest genetic similarity to 

adult seropositive RA.

Seronegative JIA is even more distant from sJIA. Ombrello and colleagues developed a 

genetic risk score from their sJIA GWAS study and showed essentially no overlap at all with 

seronegative JIA, confirming that the marked clinical division between these subgroups 

corresponds to an equally stark genetic division [23]•.

By contrast, the similarity between seropositive forms extends across the age spectrum. 

Prahalad and colleagues demonstrated that children with RF+ JIA shared both HLA and 

non-HLA associations with RF+ adult RA [41,42]•. While far more limited data are 

available for seronegative adult RA, some associated loci confer risk for both seronegative 

RA and seronegative JIA, but not seropositive RA (Table 1) [2]••. Thus, even beyond the 

HLA, genetic signatures provide strong evidence for the continuity of arthritis across the age 

spectrum.

Rare variants that present as childhood-onset arthritis

While most childhood arthritis likely originates via a complex interplay between multiple 

predisposing genes, a subset of cases may arise through highly-penetrant single-gene 

defects. For example, Blau syndrome is an autosomal dominant autoinflammatory disease 

arising through activating mutations affecting the intracellular sensor NOD2. Patients with 

Blau syndrome often present in childhood with arthritis affecting the hands and wrists, 

sometimes together with uveitis, and so can be easily mistaken for JIA, especially when the 

characteristic granulomatous skin rash remains absent. Severe erosive polyarthritis has 

recently been described from a spontaneous gain-of-function mutation in MYD88, encoding 

a signal transducer downstream of IL-1 and Toll-like receptor signaling [43]•. A small 

number of such familial cases admixed with “garden-variety” JIA could markedly skew the 

apparent recurrence risk of JIA in siblings, λs, estimated currently at 11.6 [44].

A gene recently implicated in “familial JIA” is LACC1 (laccase domain containing 1). 

Positional techniques identified homozygous LACC1 coding variants in members of several 

consanguineous Saudi Arabian families presenting with childhood-onset febrile arthritis 

resembling sJIA [45]••. Other forms of familial childhood-onset arthritis, including highly-

inflammatory polyarthritis (without fever) and spondyloarthritis, have since been identified 

in other patients bearing LACC1 mutations, though a screen of 23 systemic JIA and 44 

polyarticular JIA patients from monoplex families failed to identify pathogenic LACC1 
mutations, suggesting that this gene may not drive ‘garden-variety’ JIA [46–48]. Murine 

studies show that LACC1 encodes a regulator of fatty acid metabolism, termed FAMIN 

(fatty acid metabolism-immunity nexus) by the authors, expressed principally in myeloid 

cells (macrophages, dendritic cells, and neutrophils) but also in B cells [49,50]•. The human 
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expression profile is likely similar, although protein was rarely observed in B cells [51]. 

LACC1 deficiency impairs the energy reserves of macrophages and neutrophils, translating 

into a reduced production of reactive oxygen species that may contribute to the association 

of LACC1 mutations with Crohn’s disease and leprosy [52,53]. LACC1-deficient mice 

demonstrate exaggerated inflammatory responses to immune stimuli, potentially reflecting 

aberrant function of energetically-deprived macrophages [49]. Under inflammatory 

conditions, mice lacking LACC1 also generate more TNF and IL-17, with enhanced Th17 

cells development and exacerbated experimental arthritis and colitis, though inflammatory 

disease did not occur spontaneously [50]. By contrast, in human carriers of a LACC1 
mutation associated with Crohn’s disease, production of IL-1β and other cytokines was 

actually reduced in response to innate immune stimulants such as NOD2 ligands, 

implicating this protein in the regulation of related intracellular pathogen detection and 

thereby potentially in pathogen clearance [54]. Together, these studies implicate LACC1 as 

an interesting new “node” in the pathogenesis of inflammatory diseases including arthritis, 

though its pathophysiological role remains to be clarified.

Summary and implications

Technical and bioinformatic advances have yielded important new insights into the genetics 

of JIA. At a most basic level, studies of both HLA and non-HLA associations show that the 

“hard stop” between JIA and adult arthritis at age 16 fails to correspond to a biologic 

dividing line. Rather, inflammatory arthritis is likely to represent a continuum across the age 

spectrum. This general claim does not preclude the existence of specific forms of arthritis 

restricted to one age group or another. In particular, oligoarticular arthritis accompanied by 

chronic anterior uveitis is common in early childhood and essentially nonexistent as a de 
novo phenotype in adults, whereas seropositive arthritis is rare in young children and HLA-

B27+ axial spondyloarthritis tends to appear first in the teenage years. Whether residual 

differences between pediatric and adult arthritis reflect true pathological differences, or 

instead differences in “substrate” – such as immune function, environmental exposures 

(including microbiome), and tissues that are growing or senescing – remains to be 

determined. Genetics will help to guide this determination and should be considered a key 

“litmus test” for proposed revisions in arthritis nomenclature.

We remain distant from the ultimate goal of personalized medicine in arthritis care, which is 

to define which therapy will provide each patient with the most benefit at the lowest risk. We 

remain even further from the prospect of specifically reprogramming immunity to achieve a 

cure, although the EBNA2 association with JIA presents the tantalizing prospect of 

prevention. Study of the loci implicated in JIA as well as adult arthritis over coming years 

should provide further insights onto genes, pathways and cells critical for disease 

pathogenesis, and thereby new roads forward in the understanding and management of 

arthritis across the age spectrum.
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KEY POINTS

• Juvenile idiopathic arthritis represents a heterogenous group of clinical 

phenotypes with divergent genetic signatures.

• Some forms of pediatric and adult inflammatory arthritis exhibit overlapping 

genetic associations, strongly suggesting pathophysiological continuity across 

the age spectrum.

• Genetic findings represent important clues to key disease pathways, but 

challenges in defining causal variants and the mechanisms they engage limit 

the degree of insight gained so far into disease processes.

• Experimental methods such as SNP-seq, as well as advanced bioinformatic 

methods, hold the potential for illuminating new mechanisms in juvenile 

idiopathic arthritis as well as potential new avenues to therapy.
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Figure 1. Inverse relationship between allele frequency and effect size in GWAS data.
Depicted are 24 GWAS “hits” associated with blood lipoproteins or lipids from reference 

[7]. The Y axis depicts effect size as the absolute value of the β-coefficient, defined as the 

proportion of one standard deviation of change (corrected for age and other clinical factors) 

per allele copy; statistics reflect Pearson correlation. The arrow depicting a SNP with allele 

frequency 0.39 and effect size β (absolute value) = 0.10 is an intronic SNP in the statin 

target HMGCR. The outlier with allele frequency 0.01 and β (absolute value) = 0.47 is 

PCSK9, a newer lipid drug target.
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Figure 2. SNP-seq methodology to screen non-coding DNA variants for regulatory protein 
binding.
Step 1) a library of synthetic DNA constructs is generated containing each allele of each 

candidate non-coding variant near a GWAS tagging SNP within its local 31bp context. Step 

2) the library of constructs is exposed to nuclear extract from candidate cells, and non-

binding proteins are washed away. Step 3) constructs are incubated with a type IIS 

restriction factor (here BpmI); constructs in which a protein binds the candidate SNP are 

shielded from cleavage. Step 4) PCR using one biotinylated and one non-biotinylated PCR 

primer are used to regenerate the library for another round of screening, typically repeated 

5–10 times to enable sufficient amplification, followed by next-generation sequencing to 

identify surviving sequences as candidate fSNPs.
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Table 1.
37 genomic loci associated with oligoarticular and polyarticular JIA by GWAS.

The first 17 loci achieved genome-wide significance (< 5 × 10−8); the latter 20 approached but did not achieve 

this threshold, and so are considered unconfirmed. Where two sets of data are presented for a single locus, the 

second represents an imputed variant determined to have a level of significance greater than the measured 

variant. For LTBR, IL6, COG6, and PRRL5 these imputed variants achieve genome-wide significance. Genes 
in bold represent plausible candidates for the causative gene at that locus, because the linked allele represents 

a non-synonymous coding variant (TYK2, SH2B3), a truncating splice variant (ERAP2), or because dense 

mapping at the locus narrows the causative variant to within one gene (linkage disequilibrium r2 > 0.9; STAT4, 

PTPN2, IL2RA, IL2RB, ZFP36L1, COG6, PRRL5; LD data are not available for McIntosh 2017 loci). LTBR 
and PTH1Rc contain coding variants, but they are synonymous. The seropositive and seronegative RA 

columns reflect the presence of an overlapping (r2 >0.8) “hit” SNP in seropositive RA per Okada 2014 [55] 

(n=29,880 cases, 88.1% seropositive, 9.3% seronegative, 2.6% unknown) or Viatte 2012 [56], Viatte 2016 

[57], and Wei 2017 [58] (n=3,323 cases, all CCP negative). Based on the smaller size of the seronegative 

cohort, some true overlap may be missed. Acknowledgements to Marc Sudman (Cincinnati Children’s 

Hospital Medical Center) for the data and analysis upon which this table is based.

Locus Chromosome Odds 
ratio Significance Seropos 

RA
Seroneg 

RA Reference

Genome-wide 
significance

1 HLA-DQB1 – HLA-
DQA2 6 6.01 3.14 × 10−174 X X Hinks, Cobb 2013

2 PTPN22 1 1.59 3.19 × 10−25 X X Hinks, Cobb 2013

3 STAT4 2 1.29 1.28 × 10−13 X X Hinks, Cobb 2013

4 PTPN2 18 1.31 1.44 × 10−12 Hinks, Cobb 2013

5 ANKRD55
5

0.78 4.40 × 10−11 X Hinks, Cobb 2013

0.79 2.73 × 10−11 X Hinks, Cobb 2013

6 IL2-IL21 4 0.79 6.24 × 10−11 X Hinks, Cobb 2013

7 TYK2 19 0.56 1 × 10−10 X Hinks, Cobb 2013

8 IL2RA 10 0.72 8 × 10−10 X Hinks, Cobb 2013

9 SH2B3-ATXN2
12

1.20 2.60 × 10−9 X Hinks, Cobb 2013

1.20 1.61 × 10−9 X Hinks, Cobb 2013

10 ERAP2-LNPEP
5

1.32 7.50 × 10−9 Hinks, Cobb 2013

1.31 7.37 × 10−9 Hinks, Cobb 2013

11 UBE2L3 22 1.24 6.20 × 10−9 X Hinks, Cobb 2013

12 C5orf56-IRF1
5

0.84 1.02 × 10−8 Hinks, Cobb 2013

0.76 9.73 × 10−10 Hinks, Cobb 2013

13 RUNX1
21

0.78 1.06 × 10−8 X Hinks, Cobb 2013

0.78 5.44 × 10−9 X Hinks, Cobb 2013

14 IL2RB 22 0.84 1.55 × 10−8 Hinks, Cobb 2013

15 ATP8B2-IL6R
1

1.33 2.75 × 10−8 Hinks, Cobb 2013

1.36 1.26 × 10−8 Hinks, Cobb 2013
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Locus Chromosome Odds 
ratio Significance Seropos 

RA
Seroneg 

RA Reference

16 FAS 10 1.18 2.93 × 10−8 Hinks, Cobb 2013

17 ZFP36L1
14

0.77 1.59 × 10−8 Hinks, Cobb 2013

0.77 1.24 × 10−8 Hinks, Cobb 2013

Suggestive 
significance

18 LTBR
12

1.20 5.10 × 10−8 Hinks, Cobb 2013

1.24 4.54 × 10−9 Hinks, Cobb 2013

19 IL6
7

1.19 5.80 × 10−8 Hinks, Cobb 2013

1.19 3.36 × 10−8 Hinks, Cobb 2013

20 COG6
13

0.84 1.61 × 10−7 X Hinks, Cobb 2013

0.84 4.52 × 10−8 X Hinks, Cobb 2013

21 13q14 13 1.18 1.77 × 10−7 Hinks, Cobb 2013

22 CCR1-CCR3 3 0.78 1.88 × 10−7 Hinks, Cobb 2013

23 PRR5L
11

0.80 3.35 × 10−7 Hinks, Cobb 2013

0.78 1.90 × 10−8 Hinks, Cobb 2013

24 PRM1-RMI2
16

0.81 4.46 × 10−7 Hinks, Cobb 2013

0.85 2.40 × 10−7 Hinks, Cobb 2013

25 RUNX3 1 1.16 4.66 × 10−7 Hinks, Cobb 2013

26 TIMMDC1-CD80
3

1.20 6.30 × 10−7 Hinks, Cobb 2013

1.22 3.64 × 10−7 Hinks, Cobb 2013

27 JAZF1
7

1.25 6.60 × 10−7 X Hinks, Cobb 2013

1.28 1.12 × 10−7 X Hinks, Cobb 2013

28 AFF3-LONRF2
2

1.25 8.83 × 10−7 X Hinks, Cobb 2013

1.24 8.10 × 10−7 X Hinks, Cobb 2013

29 JAK1 1 0.78 4.18 × 10−7 McIntosh 2017

30 PRR9_LOR 1 1.43 5.12 × 10−8 McIntosh 2017

31 PTH1Rc 3 1.23 1.87 × 10−7 McIntosh 2017

32 ILDR1_CD86 3 1.45 6.73 × 10−8 McIntosh 2017

33 LINC00L51 6 1.42 5.80 × 10−7 McIntosh 2017

34 AHI1_LINC00271 6 1.18 3.48 × 10−7 McIntosh 2017

35 HBP1 7 0.84 7.29 × 10−7 McIntosh 2017

36 WDFY4 10 1.27 1.79 × 10−7 McIntosh 2017

37 RNF215 22 1.19 3.09 × 10−7 McIntosh 2017
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