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Abstract

Rheumatoid arthritis (RA) is the most common inflammatory arthritis and exhibits genetic overlap
with other autoimmune and inflammatory disorders. Although predominant associations with the
HLA-DRBI locus have been known for decades, recent data have revealed additional insight into
the likely causative variants within HLA-DRBI as well as within other HLA loci that contribute to
disease risk. In addition, more than 100 common variants in non-HLA loci have been implicated in
disease susceptibility. Genetic factors are involved not only in the development of RA, but also
with various disease subphenotypes, including production and circulating levels of autoantibodies
and joint destruction. The major current challenge is to integrate these new data into a precise
understanding of disease pathogenesis, including the critical cell types and molecular networks
involved as well as interactions with environmental factors. We predict that delineating the
functional effects of genetic variants is likely to drive new diagnostic and therapeutic approaches
to the disease.
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1. INTRODUCTION

Rheumatoid arthritis (RA) is the most common immune-mediated arthritis in adults. The
disease is female predominant, with a 3:1 to 4:1 female:male ratio (15) and a worldwide
prevalence of 0.5-0.8% (92, 184). Inflammatory processes in RA lead to bony destruction of
the joints (33) and can involve the lungs, skin, and other organs (33). Because of the clinical
overlap with other forms of arthritis and the heterogeneity of the associated antibody
serologies, the definition of RA continues to evolve. Indeed, these serological differences
between patients have been important for understanding the underlying genetics as well as
the role of environmental factors in RA. The overlap of risk alleles in RA with alleles for
many other autoimmune disorders suggests shared mechanistic pathways between these
conditions. A major challenge for all autoimmune disorders is to understand genetic
variations in the context of a deeper functional understanding of disease pathogenesis and
then to apply this information to improve disease management. Our discussion in this review
attempts to put the current knowledge of RA genetics into this context.

2. PHENOTYPIC AND SEROLOGICAL DIVERSITY IN RHEUMATOID
ARTHRITIS

Since the seminal discovery of rheumatoid factor (RF) in the late 1940s, serological studies
have played a critical role in diagnosing and defining RA (117). The presence or absence of
a specific serology has long been used to define seropositive and seronegative RA. But RF
was quickly recognized to be nonspecific for RA; it may be present in patients with other
autoimmune diseases, infections, or liver diseases (131). Despite early evidence of
additional informative serological specificities (94), it was not until 50 years later that
serological reactivity to citrullinated peptides was identified as a marker for seropositive RA
(123). Anti-citrullinated protein/peptide antibodies (ACPASs) are now recognized as more
highly specific for RA than RF (123, 124), and ACPAs are now part of the official diagnostic
criteria for the disease (1). These antibodies have provided a powerful method of identifying
a phenotypic subgroup, both for characterizing disease populations and for performing
genetic analysis. The anti-cyclic citrullinated peptide (CCP) antibody is a widely used
clinical test to quantify ACPAs. Meta-analysis has shown that 67% of patients with RA are
positive for anti-CCP antibodies (95). Positivity of ACPA correlates with that of RF; more
than 90% of ACPA(+) RA patients are positive for RF, and approximately half of ACPA(-)
RA patients are positive for RF (155). Strictly speaking, seronegative RA should be negative
for both ACPA and RF, although in practice seropositive disease is often defined with either
specificity. It is important to note that methods for detecting ACPA(+) are rapidly evolving,
and mixtures of different autoantigens are detected by the various methods. This can also
influence the definition of seropositive and may impact genetic studies of this serological
subgroup.
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3. FAMILIAL AGGREGATION AND HERITABILITY OF RHEUMATOID
ARTHRITIS

Evidence for familial aggregation of RA was reported shortly after the discovery of RF (75,
79). Familial studies revealed that individuals with affected first-degree relatives have a risk
of developing RA that is two to four times the risk of those without such relatives. Frisell et
al. (35) examined Swedish patient registries with more than 80,000 subjects and observed an
increased risk of seropositive RA in individuals with a first-degree relative with seropositive
RA [odds ratio (OR) = 3.7-4.2]. They observed a similar but weaker effect in seronegative
RA (OR = 2.3-3.4). The risk was independent of gender. This study showed potential
heterogeneity in the heritability of seropositive and seronegative RA. A related study by
Hemminki et al. (48) used the Multigeneration Register in Sweden and reported that the
standardized incidence ratio of RA was 3.02 for offspring, 4.64 in siblings, 9.31 in multiplex
families, 6.48 in twins, and 1.17 in spouses. A study using the Danish nationwide registry
reported that the hazard ratio for RA in offspring is 2.6—2.9 regardless of parental and
offspring gender (135).

Twin studies have also been informative for estimating the heritability of RA. Most
published results are from European populations. The proportion of variance in developing
the disease that is attributable to genetic factors is called broad-sense heritability; the
proportion of variance explained by additive effects of genetic components is called narrow-
sense heritability. MacGregor et al. (85) studied a total of 185 and 231 twins in the United
Kingdom and Finland, respectively, and estimated the narrow-sense heritability of RA to be
53-65%. A Dutch twin study using 148 RA twins estimated the heritability of RA to be
66% (169). A Swedish study using a total of 12,590 twins estimated the heritability of RA to
be 39% (49). A recent study reported from Demark that recruited 162 twins reported a much
lower heritability estimate of 12% (148). In addition to these twin studies, a Swedish family-
based study estimated the heritability of RA as 40% (35), and calculation from a genome-
wide association study (GWAS) estimated the heritability as 52% (136). Although twin
studies outside European countries have not yet been reported, a study of Japanese twins has
estimated the heritability of RAin the Japanese population to be approximately 62% (150),
which is comparable to reports in European populations. Thus, with a few exceptions, the
estimated heritability of RA seems to fall consistently in the range of 40-60%.

As discussed below, major histocompatibility complex (MHC) associations explain
approximately 12% of total heritability. Recent GWAS investigations have identified a total
of 100 non-human leukocyte antigen (HLA) susceptibility genes, yet these variants together
explain only approximately 5.5% of the total variance of RA susceptibility (101), although a
somewhat higher fraction of variance could be explained by adjusting for poor tagging of
causal variants by the GWAS markers (44). Stahl et al. (138) estimated that approximately
18% of heritability could be explained by additional polygenic signals, capturing
undiscovered common variant associations. Therefore, in aggregate, the known alleles and
polygenic signals explain 3 5 % of the total liability, which falls short of known heritability
estimates of approximately 50%. This discrepancy may reflect the heterogeneity of
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phenotypic definitions used in twin studies compared with population-based studies, gene-
gene interactions, gene-environment interactions, or undiscovered alleles.

4. ENVIRONMENTAL FACTORS

The development of RA occurs after a prolonged preclinical period in which autoantibodies
develop in susceptible individuals, which is followed by the appearance of clinical disease
(Figure 1). Several environmental risk factors for RA have been identified, including
smoking, obesity (82), and exposure to air pollution (28), which likely act during the
preclinical period. Smoking is the most well-established risk factor, increasing risk of
disease 1.3- and 2.0-fold for women and men, respectively (143). Smoking is a particularly
important consideration in the context of this review because it has been shown to interact
with genotype, particularly in northern European populations (62, 84, 103). This has led to a
model of pathogenesis in which smoking exposure may lead to the presence of citrullinated
proteins in the lung, which is followed by the development of ACPAs in susceptible
individuals (12). Data showing production of anti-citrulline antibodies in the inflamed
rheumatoid joint reinforce the importance of anti-citrulline specificity in disease
pathogenesis (2).

Inasmuch as it likely reflects the action of an environmental exposure, the presence of ACPA
antibodies in an unaffected individual is clearly a risk factor for the future development of
RA. Johansson et al. (59) further demonstrated that a combination of smoking, the presence
of HLA risk alleles, and the presence of PTPN22risk alleles (discussed below) leads to very
high risk for the development of RA within a period of years, at least in some populations.
This observation is one of the best examples of gene-environment interactions in the field of
autoimmunity and emphasizes that consideration of environmental factors is important for
the discovery and understanding of genetic contributions to disease pathogenesis.

Including environmental measurements in GWAS analysis is challenging because of the
difficulty of collecting accurate data. However, doing so will likely be important for
integrating genetic data into models of RA patho genesis.

5. GENETIC DISCOVERY

5.1. Refining HLA Associations with Rheumatoid Arthritis

Polymorphisms in the HLA loci within the MHC are by far the strongest source of genetic
susceptibility to RA (140), with a subgroup of DRB1*04 alleles conferring greatest risk of
disease (38, 141). The MHC molecules are critical for the presentation of self and foreign
antigens. The MHC class | proteins are encoded by HLA-A, -B, and - C genes; they are
expressed in almost all nucleated cells and function to present antigen to CD8* T cells. The
MHC class 1l molecules are encoded by HLA-DR, -DP, and - DQ genes. These proteins
present peptide antigens to CD4* T cells and are expressed mainly on professional antigen-
presenting cells, such as dendritic cells, B cells, and macrophages. The HLA genes encoding
both class I and class 1l molecules are located in a single region on chromosome 6. The
region is under a high degree of selection and is thus highly polymorphic, with complex
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patterns of linkage disequilibrium structure (162). This makes it extremely challenging to
sort out the independent effects of risk loci in this region.

5.1.1. HLA alleles.—The first evidence for an association of RA with HLA class Il
alleles dates back to the cellular and serological studies by Stastny (140, 141) and colleagues
in the 1970s. Careful examination of individual alleles in patient cohorts revealed
associations among some but not all alleles corresponding to the DR4 serotype. For
example, studies demonstrated case associations with DRB1*04:01 (141), DRB1*04:04
(93), and DRB1*04:05 but failed to show associations between DRB1*04:02 or
DRB1*04:03 and RA (180). Other associations with non-DR4 serotypes were also
recognized, including associations with DRB1*01:01, DRB1*10:01 (183), and DRB1*14:02
(92).

The advent of molecular cloning and sequencing of HLA alleles in the 1980s led to the
definition of the shared epitope (SE), a common peptide sequence (positions 70-74) shared
among many different HLA class Il alleles at the DRBI locus (43). This provided a
structural rationale for the diverse patterns of DRBI allelic associations. However, some
variation was observed among different populations. For example, DRB1*09:01 in Asian
populations confers strong susceptibility to RA (97), yet it differs at position 74 from other
SE alleles while sharing a triple arginine sequence with the DRB1*10:01 susceptibility
alleles found in Caucasians. Thus, subtle structural differences among DRBI risk alleles
required explanation.

5.1.2. Fine mapping HLA alleles to individual amino acid sites.—More recent
studies have taken advantage of large-scale single-nucleotide polymorphism (SNP) data
collected for GWAS and have utilized HLA imputation to infer HLA alleles (24, 56, 185).
This has been an important methodological advance because direct HLA typing remains
costly, even with next-generation sequencing approaches; the highly polymorphic nature of
these genes makes even targeted sequencing difficult without very long reads. The
availability of highly dense GWAS data in reference populations with known HLA typing
allows for the construction of haplotypes and imputation of specific HLA alleles in
individuals with GWAS data. Based on the combination of amino acid residues encoded by
the genotyped or imputed alleles, HLA alleles or amino acid residues can be inferred and
tested for associations (56). Construction of ethnicity-specific reference panels leads to more
accurate imputation results (104).

Using this approach with 5,018 cases and 14,974 controls, Raychaudhuri et al. (112) refined
and extended the SE hypothesis and highlighted the predominant importance of amino acid
position 13 in the DRB1 molecule, at the base of the antigen-binding cleft, with secondary
independent associations at positions 71 and 74. These three positions together explain 9.7%
of the liability of seropositive RA, corresponding to approximately one-fifth of the total
heritability of RA. Together, these positions define the P4 binding pocket in DRB1,
suggesting that this pocket plays a critical role in antigen binding and triggering of a critical
immune response. Indeed, this structural feature of the DRB1 protein may be important for
binding of citrullinated antigenic peptides that either initiate or perpetuate the disease (122).
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Using detailed conditional analysis, these studies have also implicated additional loci within
the MHC that influence disease susceptibility, including position 9 in HLA-B, position 9 in
HLA-DPBI, and position 77 in HLA-A (46, 112) (Figure 2). All of these amino acid sites
are in peptide-binding grooves that are critical for antigen recognition to discern self and
nonself peptides. Okada et al. (98) applied a similar approach in Asian populations and
demonstrated that ACPA(+) RA shows associations with HLA amino acid residues and
positions in these populations that are similar to those in European populations. Although
positions 11 and 13 are tightly linked in European populations, this study identified position
13 as the strongest position in Asian populations, and the difference from European
populations was contributed mainly by DRB1*09:01. Intriguingly, the authors argued for the
potential importance of amino acid position of 57 in HLA-DRB1, possibly reflecting cross-
ethnic differences of DRB1*04:05 in Asian populations. Reynolds et al. (115) genotyped
561 African American cases for HLA-DRB1 and showed that amino acid position 13
conferred most of the susceptibility associations. In conditional analysis, they found an
additional significant signal in amino acid position of 57, similar to that in Asians.

It should be noted that the HLA region includes the other proteins with multiple
polymorphisms that were not imputed by the method, including nonclassical HLA alleles.
Thus, there is potential for additional discoveries within the MHC region as more
sophisticated sequencing-based approaches are developed and implemented.

5.1.3. HLA interactions.—Investigators have reported excess risk for heterozygous
genotypes composed of certain combinations of HLA-DRBI1 alleles. These results have
suggested that HLA alleles interact with each other to confer the risk of developing RA (55,
181). These interactions might be mediated, for example, by complementary binding of
pathogenic antigens. A challenge in this area is understanding whether the increased risk is
due to partial dominance effects of individual alleles or to interactions between allelic
combinations. Hall et al. (45) reported that subjects carrying a combination of DRB1*04:01
and DRB1*04:04 had a risk of developing RA that was thirty times that of subjects carrying
no risk alleles. Fries et al. (34) confirmed the increased risk of this heterozygote combination
in 2002.

In the largest examination of HLA allelic interactions so far, Lenz et al. (78) systematically
analyzed interactive effects for RA, psoriasis, celiac disease, type | diabetes, and achalasia.
They observed that HLA-DRBI1 alleles showed significant interactive effects for RA
susceptibility. The HLA alleles showing significant interactive effects for RA susceptibility
included combinations of DRB1*01:01 and *04:01, DRB1*03:01 and *04:01, DRB1*01:01
and *15:01, and DRB1*01:01 and *07:01. Although the heterozygote of DRB1*04:01 and
*04:04 showed higher odds ratios than homozygotes of DRB1*04:01 or *04:04, with an
overlap of confidence intervals, the interaction was not significant. They found a suggestive
dominant effect of DRB1*04:01. Collectively, the combination of partial dominance effects
and interaction effects could explain 1.4% of the variance of RA development.
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5.2. Genetic Mapping of Non-MHC Loci

Although the MHC contains the strongest individual risk alleles for RA, a much larger
number of risk alleles have been defined outside of the MHC region. Most of these risk
alleles are fairly common, although an increasing number of rare susceptibility variants are
also being identified.

5.2.1. Common variants.—Major research efforts to identify genes outside of the
MHC have been carried out over nearly two decades; these efforts have included linkage
analysis, candidate gene studies, and most recently GWAS. Although linkage analysis was
largely unsuccessful, researchers were able to identify PTPN22and CTLA4 via a candidate
approach that prioritized genes with specific immune functions (6, 127). Similarly, candidate
gene studies in Japanese cases identified 2AD/4, encoding a citrullination enzyme (144);
FCRL3(67); SLC22A4 (161); and CD244 (145). Technical advances have enabled the
performance of GWAS by genotyping hundreds of thousands to millions of SNPs. The first
GWAS reports for RA were made in 2007, resulting in the identification of 7TRAF1/C5(107)
and STAT4 (114) as susceptibility loci for RA in Swedish and American patient cohorts.
Another group contemporaneously reported 7TRAF1/C5in a study that used a candidate gene
approach (73). Since then, many RA GWAS and their meta-analyses have identified various
non-HLA susceptibility genes not only in European populations but also in Asian
populations (29, 40, 57, 66, 87, 100, 101, 106, 111, 113, 137, 153, 157, 160) (Figure 3,
Table 1). These variants implicate a wide range of candidate pathways, including pathways
important for activation and development of T and B cells, regulation and synthesis of
immunoglobulins and cytokines, cell signaling, innate immunity, apoptosis, ubiquitination,
and citrullination. It is important to note that the major findings from these GWAS results
focused mainly on ACPA(+) RA.

5.2.2. Rare genetic variants.—Following the success in identifying common risk
alleles, researchers have now focused their attention on the discovery of rare variants that
may have high effect sizes and penetrance. Although rare variants are unlikely to explain
substantial heritability in RA, they may lead to a deeper understanding of the disease
mechanisms because the discovery of such variants might clearly pinpoint causal genes in
loci and derive alleles that are more amenable to functional follow-up. The effect of PCSK9
variants in cholesterol regulation is perhaps the most compelling example in which
uncommon or rare variant analysis has led to drug discovery (17, 142). This approach has
been successfully applied to discover rare alleles in RA and other autoimmune diseases. For
example, Nejentsev et al. (90) identified four rare protective coding alleles of /F/H1
associated with type | diabetes, and Rivas et al. (116) identified multiple rare variants,
including four independent variants in NODZ, associated with inflammatory bowel diseases.
This paradigm could well lead to similar insights that affect the treatment of autoimmune
diseases and therefore justifies further efforts in this area.

In 2011, Eyre et al. (30) took advantage of the Wellcome Trust Case Control Consortium
genotyping data to address enrichment of rare variant signals in the regions showing linkage
signals. However, they found that enrichment of the signals was driven by the MHC region
and failed to identify independent signals of the MHC. To address rare variants that affect
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RA susceptibility, Diogo et al. (26) focused on the 25 genes identified as RA susceptibility
genes up to 2012 and performed deep exon sequencing using 500 cases and 650 controls,
followed by a replication study consisting of 10,609 cases and 35,605 controls. They found a
suggestive trend of enrichment of rare CDZ2 coding alleles in RA, but no replication studies
have confirmed these findings.

In 2014, Bang et al. (5) used a multifaceted approach to select a total of 398 genes and
performed exon sequencing for 1,217 cases and 717 controls. They also used GWAS data on
4,799 individuals and immunochip data on 4,722 individuals. However, they failed to
identify any single rare variants associated with RA beyond the GWAS significant level or a
significant burden signal in any gene. A subsequent study by Diogo et al. (25) integrated
immunochip dense genotyping, exome chip genotyping, and targeted exon sequencing for a
total of 13,066 cases and 30,671 controls and identified a total of three protein-coding
variants in 7YKZ2as independent susceptibility variants with RA. Intriguingly, one study has
examined the role of a rare deletion on chromosome 12 in risk for RA, with the conclusion
that loss of one copy of SLC2A3, encoding the glucose receptor GLUT3, may confer
protection for RA (172). Collectively, these results suggest that very large sample sizes will
be needed to definitively identify rare variant signals. Whole-genome sequencing using a
large number of RA patients has not been reported to date but could deepen our
understanding of RA genetics, especially for noncoding regions.

5.3. Seronegative Rheumatoid Arthritis

Many consider seronegative RA to be a distinct subphenotype of RA that has a different
genetic basis and clinical course from seropositive RA (72, 97, 102). There is substantial
evidence that seronegative RA has a heritable component, although it may be less heritable
than seropositive RA (35). The study of seronegative RA has been complicated by potential
clinical heterogeneity; other seronegative inflammatory arthritides with atypical
presentations can be misclassified as seronegative RA. For example, individuals with
psoriatic arthritis presenting before the appearance of psoriasis can be classified as having
seronegative RA, as might individuals who are negative for anti-CCP antibodies but positive
for other ACPA serologies not utilized in a clinical setting. This heterogeneity has been seen
in genetic studies of seronegative RA (46,108). It was recognized early on that HLA
associations with seronegative RA and seropositive RA are quite distinct from one another.
Verpoort et al. (175) reported an association between DRB1*03 and ACPA(-) RA using 171
ACPA(-) RA and 423 healthy subjects. Irigoyen et al. (54) contemporaneously reported the
association between DRB1*03 and ACPA(-) RA. Ohmura et al. (97) studied 185 Japanese
ACPA(-) cases and 1,508 controls and demonstrated different genetic associations with the
HLA alleles. In an expanded study of 869 Japanese ACPA(-) cases and 2,008 controls,
Terao et al. (154) identified three distinct susceptibility alleles for ACPA(-) RA:
DRB1*12:01, DRB1*14:03, and homozygotes of DRB1*08. HLA differences between
ACPA(-) RF(+) RA and ACPA(-) RF(-) RA have also been observed (152).

Han et al. (46) comprehensively fine mapped the HLA alleles in seronegative RA. They took
advantage of 2,406 ACPA(-) RA cases and 13,930 controls and revealed that ACPA(-) RA
is associated with DRB1*03, which is characterized by a serine residue at amino acid
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position 13, and HLA-B*08, which is characterized by an aspartate residue at amino acid
position 9; both of these positions are associated with ACPA(+) RA. The serine residue at
position 13 showed opposing effects between ACPA(-) RA and ACPA(+) RA, indicating
that this position plays a critical role in the production of ACPAs in RA. Critical to the
success of this large study was the recognition of clinical heterogeneity, in particular the
understanding that misclassified seropositive cases constitute a substantial proportion of
seronegative RA cohorts. Successful fine mapping requires the application of statistical
methods to correct for this heterogeneity and the use of highly sensitive ACPA assays to
validate findings.

For non-HLA regions, identification of novel alleles has been challenging. Using a candidate
gene approach, Viatte et al. (176) genotyped 2,040 ACPA(-) RA cases and 13,009 controls
for a total of 36 SNPs and identified the SE, ANKRD55/IL6ST, BLK, and PTPN22 as
susceptibility genes in European populations. In an unbiased approach, Padyukov et al.
(102) performed a GWAS using 774 ACPA(-) patients and 1,079 controls from the Swedish
population and failed to identify any loci with genome-wide significance. Similarly, Bossini-
Castillo et al. (8) analyzed a total of 1,922 patients with ACPA(-) RA and 7,087 controls
and did not find any significant associations in the non-HLA region. Terao et al. (155)
reported a GWAS of 670 ACPA(-) RA cases and 16,891 controls in Japanese subjects
followed by a replication study of 916 ACPA(-) RA cases and 3,764 controls, and also
failed to identify signals with genome-wide significance. A recent Chinese GWAS also did
not identify alleles beyond the GWAS significant level outside of the HLA region in
ACPA(-) RA patients (57).

5.4. Gene-Environment and Gene-Gene Interactions in Rheumatoid Arthritis

Gene-environment and gene-gene interactions have been investigated in RA, especially in
the context of ACPA(+) subsets. Interactions between ACPA production and genetic factors
suggest alleles that are specific to seropositive RA. For example, a study in the Dutch
population reported that smoking and DRB1*01:01, *01:02, or *10:01 showed interaction
with ACPA(+) RA development (167). In 2006, Linn-Rasker et al. (80) reported that
smoking is associated with ACPAs only in subjects carrying the SE. Pedersen et al. (103)
carried out a nationwide study in Denmark and reported a strong gene-environment effect on
ACPA(+) RA development, namely, the combination of the SE and smoking, coffee
consumption, or use of an oral contraceptive. A recent report described an association of
HLA risk alleles and smoking with specific ACPA isotypes in a Swedish cohort (147).
Another study of Dutch populations reported that smoking increased the number of ACPA
isotypes even in SE-negative subjects (174); further studies are necessary to clarify the entire
picture of interaction among the SE, smoking, and ACPAs.

PTPNZ2is also associated with ACPA production (88), and an interaction between PTPN22
and smoking in production of anti-a.-enolase CEP1 antibodies has been reported (86).
Kéllberg et al. (60) reported an interaction between the SE and PTPN22 using three different
cohorts comprising 1,977 subjects.

Although multiple studies have reported interactive effects between HLA alleles, smoking,
and PTPNZ22, these studies did not evaluate interaction effects in the same way. In the US
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cohorts, they did not find interactions defined by effects beyond the multiplicative model
between the SE and smoking (76) or among the SE, PTPN22, and smoking that affected the
production of ACPAs in RA cases (88). Some studies have utilized a multiplicative model
and found a significant interaction beyond multiplicative effects for part of the results (60,
86), whereas others have detected significance only for additive interactions (88). In general,
the evidence for multiplicative effects is more modest than the evidence for additive effects
(60, 86).

6. FUNCTIONAL IMPLICATIONS OF GENETIC FINDINGS

6.1.

Functional follow-up on disease alleles is crucial if genetic discoveries are to yield
mechanistic insights. However, functional investigation of disease alleles has been
challenging in RA, and indeed in many other complex diseases. A common approach is to
consider the current biological knowledge surrounding the genes in each associated region
and attempt to develop hypotheses. This method is hampered by incomplete knowledge of
the biology of candidate genes as well as uncertainty about exactly which gene is causative
within a given associated haplotype. Ideally, one variant or combination of variants would
lead to an RA-like disease in a mouse model. In practice, however, it is not clear that these
models can translate directly to functions for specific candidate genes across species. For
example, the SKG mouse carrying the Zap70 mutation has altered T cell signaling and
develops arthritis, and is regarded as a good mouse model of RA (119). However, genetic
investigation of RA in humans has failed to identify disease-associated variants of ZAP70in
humans. Investigation of 7RAFI, the susceptibility gene first identified by an RA GWAS, in
the KRN/I-A97 mouse model by knockout demonstrated no altered arthritis phenotype (14).

Implicated Genome Elements, eQTLs, Pathways, and Cell Types

An alternative approach is to begin by understanding what cell types and biological
pathways are implicated by the expression of candidate genes. Hu et al. (52) took advantage
of a compendium of gene expression data in different immune and nonimmune cell types
and assessed whether genes within GWAS loci were specifically expressed within any of
these cell types. They found that effector memory CD4* T cells showed enrichment for
expression of genes within RA susceptibility loci, suggesting the important involvement of
effector memory T cells in the initial stages of RA pathogenesis. In a subsequent study, Hu
et al. (51) quantified gene expression of effector memory CD4* T cells before and after the
stimulation of T cell receptors. They used an expanded list of SNPs associated with
susceptibility to RA and other immunological diseases. They observed expression
quantitative trait locus (eQTL) signals specific to cell state or specific to effector memory
CD4* T cells undetected in peripheral blood mononuclear cells and found several variants
that completely explained eQTL signals in the regions.

Using a complementary approach, Trynka et al. (163) focused on cell type-specific histone
marks and overlap between cell-specific peaks of histone marks and susceptibility SNPs.
They found that trimethylation of histone H3 on lysine 4 (H3K4me3) was the most cell type-
specific mark and found significant overlap between RA and histone marks in CD4*
regulatory T cells. Finucane et al. (32) partitioned RA heritability and analyzed the
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polygenic contributions of cell type-specific functional annotations. They found the
strongest enrichment of H3K4mel in stimulated Th17 cells among cell type-specific
elements.

Okada et al. (101) expanded the functional analysis using 101 susceptibility SNPs from a
multiple-ethnicity GWAS meta-analysis and found enrichment in regulatory T cells in
eQTLs and histone marks. Based on the mega-GWAS of RA, the 44% of SNPs showing the
strongest association signals in the regions have cis-eQTL effects, indicating that alteration
of the expression of RA-related genes is critical for the development of RA. They also
showed that there is an overlap of susceptibility genes between RA and primary immune
deficiency or hematopoietic cell malignancies. Their genetic findings also suggest the
importance of B cell pathways and cytokine signal pathways as well as CD4* T cell
pathways. Finally, a recent attempt to integrate genome annotations to identify causal
variants for autoimmunity implicated both CD4* T cell and B cell involvement in RA
pathogenesis (31).

6.2. Quantitative Immune Traits

The identification of disease-relevant quantitative immune traits is likely to be essential in
order to fully understand the role of genetics in RA and other immune disorders (41).
Quantitative immune traits, or endophenotypes, are more directly regulated by risk alleles
than are highly complex disease phenotypes. We take the view that defining the factors
involved in relevant endophenotypes provides a more tractable approach to defining the
components of risk for disease (Figure 4). The selection of endophenotypes for study is
driven by accumulating immunobiological knowledge, observing phenotypes in mice, and
integrating data on cell-specific gene regulation and annotation as well as evolving gene
network analysis. Although the current genetic data are extensive, they are not complete,
particularly for uncommon or rare variants, and thus future discovery will be an iterative
process, as depicted in Figure 1. Because some murine quantitative traits do not translate
directly to humans, direct human studies are essential to confirm observations. Therefore,
genetically characterized human volunteer populations have emerged as an important
resource for research (22, 41). For example, Hu et al. (51) identified a SNP that altered
CDA4+ effector memory T cell proliferation in response to nonantigenic bead stimulation.

Although quantitative effects on gene expression are a common feature of disease risk
alleles for RA and other autoimmune disorders, relatively few autoimmune disease risk
alleles have been directly related to an immune endophenotype. With regard to RA-
associated alleles, the intracellular phosphatase gene P7PN22 has been of major interest
because it is the most strongly associated locus after the MHC (allelic OR of approximately
1.8) (6). Risk for RA is conferred by a single amino acid change, R620W, in a region of the
molecule that disrupts binding to the intracellular kinase CSK. Studies in cell lines, mice,
and humans are consistent with the risk allele leading to a change in the signaling threshold
for T cell receptors (9). However, the data are complex and generally conflicting with
respect to findings in mouse and human systems. Thus, a lower threshold for T cell receptor
signaling is generally observed in mice, with expansion and activation of memory T cells, in
both knockout and knock-in animals (47, 110). By contrast, human carriers of the PTPN22
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620W allele appear to have reduced signaling activity in many studies (110). In addition to
effects on T cell receptor signaling, P7PN22 has been implicated in B cell receptor signaling
as well as Toll-like receptor signaling, leading to reduced production of interferon in
myeloid cells (179). In the latter context, differences in binding of PTPN22 to TRAF3 are
observed with the disease allele. More recently, Chang et al. (13) reported that P7TPN22
variants can bind to PADI4 and affect citrullination activity in myeloid cells.

Although the PTPN22620W allele is also a risk factor for many other autoimmune diseases,
such as type 1 diabetes, systemic lupus erythematosus, and myasthenia gravis, the patterns
of association are quite different when considering the larger universe of autoimmune
disorders (139). In particular, PTPN22has no impact on risk for multiple sclerosis but is
protective for risk of inflammatory bowel disease (139). Interestingly, PTPNZ22has been
associated with protection against some infectious diseases (7). Thus, it is clear that more
work on PTPN22function needs to be completed in order to understand its role in disease
susceptibility.

In contrast to PTPN22, BLK offers an example of an RA risk gene in which quantitative
functional effects in mice and humans appear to be well aligned. BLK has been associated
with RA (40) and other autoimmune disorders (39, 50, 96). The risk haplotype is associated
with reduced expression of BLK in B cell lines, native B cells (133), and resting and
stimulated CD4* T cells (51). Previous studies in B/k knockout mice showed no obvious
phenotypes (159), and this was presumed to be secondary to redundant functions with other
Src kinases involved in B cell receptor signaling, such as Lyn and Fyn (118). However, more
recent studies have shown subtle effects on B cell function in hemizygous mice, including
enhanced activation after B cell receptor triggering, as well as changes in B cell subsets and
some susceptibility to lupus-like phenotypes (120, 121). Consistent with these effects of
quantitative expression, it is now apparent that the BLKrisk haplotype is also associated
with enhanced B cell responsiveness in humans, relatively increased CD86 expression, and
increased ability to activate T cell responses. This also translates into increased numbers of
switched memory B cells and changes in the B cell repertoire (132). Overall, these data are
consistent with a negative regulatory function of BLK (Figure 5).

These are some of the first examples of specific quantitative immune traits involving RA risk
loci, and these data indicate that primary endophenotypes in both B and T cells are likely to
be involved in disease susceptibility. Similar examples of quantitative immune traits have
been reported for other autoimmunity risk alleles, such as alleles in PRDM1 (61) and /L23R
(23). Given that more than 100 common risk alleles in a variety of putative risk genes have
been reported for RA (see Table 1), there is clearly much more to be done, and we expect
that the paradigm illustrated in Figure 4 will be useful in focusing on relevant
endophenotypes to explore.
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7. CLINICAL SUBPHENOTYPES IN RHEUMATOID ARTHRITIS:
ADDITIONAL CONSIDERATIONS

7.1. Autoantibody Reactivity and Titers

As discussed above, the genetic factors underlying ACPA(+) and ACPA(-) RA as defined by
standard clinical testing are clearly distinct. However, recent data suggest that the fine
specificities of ACPA are also under genetic control. Lundberg et al. (83) showed that the
associations among the SE, P7PN22, and smoking are different among fine-specific ACPAs.
A study in a Dutch population reported that the SE is associated with citrullinated vimentin
antibody and not with citrullinated fibrinogen antibody (173). Additional refinements in the
genetic influence on ACPA specificities have emerged from studies considering
combinations of HLA and non-HLA risk loci (134).

In addition to specificity, the titers of autoantibodies need to be considered as a separate
trait. Previous studies have revealed that ACPA titers are strongly affected by genetic factors,
and in particular by the HLA alleles. In addition to the HLA-DRBI SE alleles, Irigoyen et
al. (54) reported that DRB1*03 showed a significant association with decreasing ACPA
levels. Cui et al. (19) reported that the heritability of ACPA levels is 44% based on a
calculation by the Genome-Wide Complex Trait Analysis (GCTA) tool (182) using GWAS
data from 1,975 RA subjects. They found strong association signals in the HLA region, all
of which are in linkage disequilibrium with DRB1*03. Balsa et al. (4) also found suggestive
evidence of an independent signal outside of the HLA genes. Laid et al. (74) reported that
DRB1*15 is associated with high levels of ACPA in European populations.

In Japanese populations, Okada et al. (99) performed a study of 1,883 ACPA(+) subjects and
found that DRB1*09:01, a frequent allele in Asians, is associated with decreasing ACPA
levels. Terao et al. (151) replicated this finding in a study of 2,457 independent ACPA(+)
subjects and additionally found an association with DRB1*15:01. A meta-analysis of these
the two studies demonstrated associations with DRB1*09:01, *15:01, *15:02, *14:06, and
*08:03 as well as involvement of amino acid positions 74, 60, or 57 in HLA-DRB1 (156).

Anti-carbamylated protein antibodies (anti-CarPs) are newly identified autoantibodies in
patients with RA (130). Carbamylation is a nonenzymatic posttranslational modification in
which isocyanic acid is bound to the amino terminus residues. Anti-CarPs are also present in
patients with other diseases, including chronic kidney disease, cardiovascular disease, and
juvenile idiopathic arthritis (130). There are not yet clear data to evaluate the presence of
anti-CarPs in patients with other autoimmune diseases. Shi et al. (128, 130) observed anti-
CarPs in 30% of ACPA(-) patients and 70% of ACPA(+) patients, but genetic influences on
this reactivity have not been reported. A recent study reported that anti-CarP positivity was
not associated with the HLA-DRBI1 SE alleles, PTPN22, or smoking in two cohorts
comprising a total of 2,831 Swedish subjects with RA (58).

7.2. Clinical Outcome

As indicated in Figure 1, the rate of progression and clinical outcome vary among patients
with RA. The development of bony erosions and joint destruction is a major marker of
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progressive disease, and there is evidence for a genetic influence on this phenotype. Van der
Helm-van Mil et al. (166) reported a smaller variation of joint destruction in monozygotic
twins compared with dizygotic twins and uncorrelated pairs, indicating some heritability of
the degree of joint destruction in RA. In a study of Icelandic individuals affected by joint
destruction, Knevel et al. (64) estimated that 45-58% of the joint destruction was
attributable to genetic components.

Many studies have reported strong associations of HLA-DRBI risk alleles, such as SE
alleles, with joint destruction (146, 149). However, ACPA positivity and RF positivity are
also strongly associated with these alleles and with joint destruction. As a result, separating
causality from joint damage, serologies, and HLA alleles is challenging. A majority of
recent studies in European populations indicate that the SE alone has a negligible effect on
progression to erosive disease independent of ACPA status (125, 149, 170). By contrast,
Suzuki et al. (146) reported that, when they analyzed a total of 865 patients for erosions
using the total Sharp score (TSS) stratified by ACPA positivity, they still found a significant
association between TSS and the SE. Another Japanese study of 861 patients with ACPA(+)
RA analyzed TSS data at year 5 after RA onset (158). The component of the association
between TSS and the SE independent of ACPA status was largely explained by HLA-
DRB1*04:05. Overall, these data suggest that, in some patient populations, HLA
background may contribute to bony erosion independent of the patient’s serological status.
This conclusion is supported by an analysis of HLA polymorphisms in a large longitudinal
cohort of RA (177) in which haplotypes of amino acid positions 11, 71, and 74 of HLA-
DRB1 were significantly associated with the Larsen score independent of ACPA status.

Genetic variants outside of the MHC have also been implicated in the development of bony
erosions in RA. The degree of erosive disease is highly dependent on the duration of the
disease because the erosions develop over time. Therefore, the most convincing studies
involve observations in longitudinal cohorts, preferably with serial radiographic data. At a
minimum, assessment of erosive disease must take disease duration into account. A recent
study implicated PAD/4 polymorphisms in disease outcome independent of ACPA status
(146). Van der Linden et al. (168) reported that rs4810485 in CD40was associated with TSS
in two different cohorts as well. SNP variants in MMP9 (20), IL2RA (63), /L4, and IL4R
(70) as well as other loci (65) have also been reported to be associated with progression to
erosive disease. In general, these effects are rather modest. FOXO3 has been implicated in
the outcome of several inflammatory and infectious diseases, including Crohn’s disease,
malaria, and RA (77). These data were initially not replicated in a mixture of several
populations (171), but a more recent large cohort study of RA in the United Kingdom has
confirmed this association (K. Smith, personal communication). This association is of
interest because it implicates a TGF-p pathway in monocytes involved in regulating both
pro-and anti-inflammatory cytokines (42).

7.3. Genetic Regulation of Response to Therapy

The introduction of biological therapies such as tumor necrosis factor (TNF) inhibitors has
brought about a paradigm shift in the treatment of RA, with dramatic improvements in long-
term erosive outcome. TNF inhibition leads to changes in peripheral blood gene expression
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pattern as well as regulatory T cell subsets (11, 27, 89). Nevertheless, there are no
established predictors of response to anti-TNF therapy, and although some studies have
identified putative biomarkers of response to biological therapy, these have not been
validated. In fact, there is no direct evidence of heritability of drug response to these agents,
and many candidate gene studies of this issue (71, 81, 105, 164) have not been convincingly
replicated. A large GWAS has suggested a very modest effect of CD84 on response (18).
However, it is important to emphasize that the phenotype of drug response is extremely
difficult to measure reliably, particularly in retrospective analysis. Genetic predictors of
response to biological drugs targeted to other pathways, such as IL6 (178), have been at best
suggestive with modest effects, and have not yet been replicated.

8. CLINICAL IMPLICATIONS OF RHEUMATOID ARTHRITIS GENETICS

8.1. Clarifying Ambiguous Diagnoses

The definition of genetic risk alleles for RA and other diseases may benefit the management
of patients in clinical settings. For patients with no symptoms, the clinical predictive value of
these alleles is very limited. However, there is a potential application for patients with
undefined inflammatory arthritides. We anticipate that, ultimately, many of these patients
will be genotyped to enhance diagnostic accuracy. In these instances, genotypic data might
help to clarify ambiguous diagnoses. A genetic risk assessment for RA, gout, psoriatic
arthritis, ankylosing spondylitis, and other conditions can be used to define probabilities of
likely diseases. The integration of epidemiological information and autoantibody status with
genetic data (126) should lead to better accuracy in supporting ambiguous diagnoses by
applying prior probabilities.

8.2. Intermediate Biomarkers That Predict Disease

Because ACPA is often found in at-risk populations before RA develops, further clarification
of pre-RA status could lead to potential preventive therapies. The establishment of the
Studies of the Etiology of Rheumatoid Arthritis (SERA) study has been a major step
forward in addressing this issue by recruiting and following first-degree relatives of patients
with RA (53).

Detailed information about ACPA or other autoantibodies and inflammatory biomarkers may
provide useful information regarding the risk of developing RA (68, 69). Demoruelle et al.
(21) reported that pre-RA patients may have a different ACPA repertoire in comparison with
non-pre-RA subjects positive for ACPA. Van de Stadt et al. (165) reported that they did not
find skewing antigen preferentially recognized by ACPA in pre-RA patients and that epitope
spreading occurred during pre-RA without specific patterns. Arkema et al. (3) reported that
monocyte chemotactic protein 1 was elevated in both seropositive and seronegative pre-RA
subjects. Several studies have reported that anti-CarPs could be detected in pre-RA patients
and were associated with RA development independent of ACPA status (36, 129).
MicroRNAs have been explored as biomarkers, but their clinical utility remains to be
established (16). Recent data suggest that assessment of novel environmental exposures may
add to the predictive power of these immune biomarkers (37). The integration of genetic
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information and intermediate biomarkers may lead to more efficient interpretation of pre-RA
status, offering opportunities for early intervention.

9. FUTURE DIRECTIONS OF RHEUMATOID ARTHRITIS GENETICS

Over the last decade, RA research efforts have benefited from the remarkable technological
progress that has enabled genome-wide association mapping. However, we are still in the
early stages of understanding the functional significance of the many risk variants that have
been identified. For many associations, the actual causative alleles have not been defined,
implying the need for even greater efforts to fine map all risk loci. This will require even
larger data sets of patients and controls, including analyses across the major population
groups. The Rheumatoid Arthritis Consortium International will likely be a leader in this
effort, bringing together most of the world’s major research groups and facilitating sharing
and analysis of data in a single location at the New York Genome Center. Integration of
genetic data with genome annotation will clearly be important for progress, and this
information then needs to inform targeted functional studies of disease-relevant
endophenotypes.

In addition to these basic studies to elucidate disease pathogenesis, the integration of genetic
information and novel biomarkers into clinical practice should be achievable, even if it has
so far been elusive. This will clearly require the development of longitudinal cohorts of
patients, an effort that is well established in the European research community. We believe
that progress will also depend on the application of techniques to query the noncoding
genome, such as the assay for transposase-accessible chromatin with high-throughput
sequencing (ATAC-seq) method (10, 109), which can be applied to small numbers of cells
and will likely reflect both genetic and environmental factors that affect disease risk and
expression. In addition, most functional and biomarker studies have focused on peripheral
blood analysis, which may not capture important aspects of disease heterogeneity at the
tissue level. The Accelerating Medicines Partnership is an international collaborative effort
to address this issue by examining the biological diversity of synovial tissue, the major site
of inflammatory lesions in RA.

Just as the extraordinary technological advances of the last decade have enabled a rapid
expansion of the list of risk loci for all common human diseases, we expect that further
technological advances will lead to new insights into disease heterogeneity and
pathogenesis. These advances will yield more specific correlations between genotype and
phenotype, leading in turn to more precisely targeted treatment and management of RA.
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Diverse outcomes

Erosive disease

Response to prescription drugs
Extra-articular disease
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The stages of development of rheumatoid arthritis. Genetic susceptibility can interact with
environmental factors, which together with chance (stochastic factors) can lead to the
initiation of autoimmune and inflammatory subclinical phenotypes in a subset of individuals.
These phenotypes may in turn progress to overt clinical disease in some individuals. It is
likely that a combination of genetics and other endophenotypes (detectable with appropriate
cellular assays or biomarkers) can influence disease heterogeneity and longer-term clinical

outcomes.
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Figure2.
Three-dimensional structures of amino acid positions in HLA class | and 1l molecules that

affect susceptibility to seropositive and seronegative rheumatoid arthritis (RA). Modified
from Reference 46 with permission.
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Non-HLA susceptibility loci for rheumatoid arthritis. The chromosomal positions of markers
outside of the HLA region that are associated with susceptibility to rheumatoid arthritis are
indicated. Table 1 lists the leading candidate genes associated with these marker regions.
Ellipses indicate uncertainty about the actual locus with respect to the gene name.
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Figure 4.
Schematic representation of an iterative approach to establishing the identity and function of

rheumatoid arthritis risk alleles. Further population studies will be needed to identify all
statistically convincing risk alleles. These alleles in turn will be integrated with expression
quantitative trait locus (eQTL) analysis and genomic annotation to determine likely cell
types in which these alleles act. The results may drive further examination of genetic
variation, which can in turn be combined with functional information from mouse studies to
drive the examination of candidate immune endophenotypes in human populations, often
using a living biobank of normal subjects who are characterized for the presence of risk
alleles. The identification of disease-relevant endophenotypes will lead to a deeper
understanding of disease pathogenesis.
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B cell receptor signaling pathways and B cell-related endophenotypes mediated by BLK
risk alleles. Blk seems to act mainly as a negative regulator of B cell activation, leading to
increased B cell-T cell interactions and enhanced immunoglobulin class switching, even in
normal carriers of the rheumatoid arthritis risk allele. Abbreviations: pPLCvy2,
phospholipase Cy2; pSHP2, SH2 domain—containing phosphatase 2; P, phosphorylated; Y,
tyrosine. Modified from Reference 132 with permission. Copyright © 2015, American

College of Rheumatology.
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Non-HLA loci found in genome-wide association studies of rheumatoid arthritis, grouped by putative
functional relationships

Asian European
Frequency of Al Frequency of A1
Allele
Chr SNP Gene (AVA2) Case | Control | OR (95% CI) | Control Case OR (95% ClI)
T cell
1] rs624988 cp2 TIC 043 | 043 098 601')92‘ 042 | 040 | 1.09(1.06-1.12)
152476601 PTPN22 AIG NA NA NA 016 | ooss | 80 t(318)7 8-
2 1.10(L.00- 1.13 (1.09-
rs1980422 cp2s8 ot | oos3 | 0067 50 025 | 024 o
1.12 (1.06— 1.15 (L12—
153087243 CTLA4 GIA 078 | 074 R 059 | o055 2%
1.16(1.10- 1.12 (1.09-
511889341 STAT4 TIC 034 | 030 ) 025 | 023 256
4 | rs45475795 1121121 GIA NA NA NA 0085 | 0.074 | 1.14(1.08-1.20)
6 | rso451258 TAGAP TIC 097 | o098 L (317'3)1‘ 067 | 064 | 110(1.07-1.13)
10 1.04 (0.99— 1.12 (1.09-
15706778 1L2RA TIC 057 | 056 1% 043 | 040 )
53824660 GATA3 o 036 | 035 103 g%)gf" 041 | 039 | 110(1.06-1.13)
121 1510774624 SH2B3-PTPN11 GIA NA NA NA 051 | 050 10Y 513')06‘
18 1.18(L.13- 112 (1.08-
158083786 PTPNZ GIA 037 | 034 o 017 | o1 2%
21| 152236668 1COSLG-AIRE o 068 | 066 1.09(1.03- 073 | o7 1.07 (1.03-
1.16) 1.10)
22 0.99 (0.90— 1.08 (1.04-
rs3218251 1L2RB AT | 0076 | 0072 1) 028 | 027 5
B cdl
2 1.00 (0.88— 113 (1.09-
534695944 REL ot | o033 | 0038 5 039 | 036 156
4| rs13142500 CLNK o 058 | 056 1'18(115?4’ 047 | 045 | 110(1.06-1.15)
8 1.15 (1.09— 1.09 (1.06—
152736337 BLK o 071 | o067 ) 026 | 025 1%
10 1.18(L.12- 1.15 (L.11-
rs71508903 ARIDS5B TIC 025 | 024 1o 02 | o2 25
111 rs508970 cD5 AIG NA NA NA 050 | 049 o7 %)04‘
20| 154239702 cD40 o 065 | 062 108 &')03‘ 075 | 072 | 11411-1.18)
Immunoglobulin related
| rs2317230 FCRL3 TIG 041 | 039 1'13(116:?5‘ 044 | 043 | 106(1.03-109)
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Asian European
Frequency of Al Frequency of A1
Allele
Chr SNP Gene (AVA2) Case | Control | OR (95% CI) | Control Case OR (95% ClI)
(572717009 FCGR2A TIC NA NA NA 012 | o012 112 %')07‘
chrl:161644258 | FCGR2B cIG 029 | o029 L1z %)06‘ NA NA NA
6 | chre:14103212 | cos3 TIC 018 | 015 1'1f(214§’9‘ 0056 | 0053 | 1.10(1.02-1.18)
18 111 (L.07— 1.05 (1.02—
(52469434 CD226 o 039 | 037 155 042 | o041 26
Cytokine
1 _ TNFRSF14- 1.16(1.09-
chr1:2523811 s GIA 061 | 058 T} 072 | 070 | 110(1.07-1.14)
111 (1.08— 1.00 (0.97—
(5227163 TNFRSF9 o 044 | o042 156 042 | o042 o0
1.10(1.05- 1.07 (1.04-
(52228145 IL6R AIC 061 | 060 5 062 | 060 15
3 | rs9s26828 1L20RB AIG NA NA NA 0023 | 0.018 | 1.44(128-161)
5 1.12 (1.07- 1.07 (1.01-
rs657075 1L3-CSF2 AIG 035 | 035 ) 010 | 0.007 159
6 1.10(1.04- 1.09 (105
(59378815 1RF4 clG 038 | 038 25 067 | o066 1)
128 (1.22— 113 (L10-
rs1571878 CCR6 o 053 | o048 i 047 | 044 15
7 _ 1.11 (105 1.12 (1.08-
chr7:128580042 | 1RF5 GIA 025 | 023 T 048 | 046 2
9 | rs11574914 ccLig-ccLzi AG | oos2 | 0046 1.05(0.92- 036 | 033 1.13 (1.09-
1.19) 1.16)
rs10985070 TRAFI-C5 ciA 053 | 052 108 %)03‘ 044 | 042 | 1.09(1.06-1.12)
1| rs331463 TRAF6-RAGL/2 TIA 093 | 092 1.03(0.94- 086 | oss [ 112(L07-
1.12) 1.16)
1510790268 CXCR5 GIA 085 | 085 103 501.)96— 081 | 079 | 117(1.13-1.22)
16 112 (1.06— 112 (1.08-
513330176 1RF8 AT 045 | 044 ) 025 | 023 %
171 chri7:38031857 | 1KkzF3-CSF3 GIT 028 | 026 1'03(115'?4’ 047 | o046 | 1.09(1.06-1.12)
Y| chrag:n0771041 | 2273 o NA NA NA 098 | 097 L4t g17')30‘
534536443 TYK2 GIC NA NA NA 097 | o095 | 1462.33-160)
21 1.03 (0.98- 1.13 (1.08-
573194058 1FNGR?2 CIA 050 | 048 L 089 | os87 158
Cell signaling
| rs28a11352 MTF1-INPP5B TIC 025 | 023 L1z %)06‘ 028 | 025 | 110(1.07-1.14)
rs17668708 PTPRC o NA NA NA 091 | 089 L 518')06‘
2| 1510175798 LBH AIG 036 | 033 Lo 513')02‘ 064 | 062 | 1.09(1.06-1.12)
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Asian European
Allde Frequency of Al Frequency of A1
Chr SNP Gene (AVA2) Case | Control | OR (95% CI) | Control Case OR (95% ClI)
rs1858037 SPRED2 TIA 020 | o016 1'119_(2152‘ 068 | 065 | 1.091.06-1.13)
159653442 AFF3 o 048 | 047 1'13(116?5_ 049 | o046 1'15%)09‘
3 | rs3806624 EOMES GIA 084 | o084 1'0613&%99‘ 047 | o046 1'02.512')05‘
4| rs2664035 TEC AG 030 | o029 1'0%%)97‘ 042 | 040 1'0?.(111')05‘
1510028001 ANXA3 TIA 046 | 044 1'11_517')06‘ 038 | 037 1'05_8%38‘
6 [ rs7752903 TNFALP3 6T | 0083 | 0.067 1'3f_£11é§3‘ 0041 | 0031 1'41_212')31‘
517264332 TNEALP3 GIA NnAa | NA NA 024 | 021 | 117@13-121)
152234067 ETV7 cIA 097 | 09 1'2?5'11')06‘ 088 | 087 | 114(1.09-1.19)
152233424 NFKBIE TIC 024 | o021 1'2f.(3,1i§7_ 0052 | 0.043 1'33_217')20‘
T | rse7250450 JAZF1 Tic | 0017 | 0014 1.05203.)84— 080 | 079 1'11&)07‘
(54272 CDK6 oA | o012 | on 1'0?_505')98‘ 023 | 021 | 110@07-1.14)
8 | rsoos731 TPDS52 TIC 085 | o085 1-055%)96‘ 045 | 044 | 1.091.06-1.12)
15678347 GRHL2 GIA 080 | 080 1'0'*1”.5%)98‘ 029 | 027 | 110(1.06-1.13)
101 15047474 PRKCQ AG 089 | o088 1'05503';"’8‘ 083 | o081 1'15(116')08‘
s6479800 RTKNZ2 ciG 011 | o010 1'13(2151‘ 024 | 023 1'°§_%)°4‘
| rsaq00785 CEP57 cr | o008 | 0076 1'1?97')07‘ 019 | 017 1'15516')08‘
chr11:107967350 | ATM AG NA | NA NA 093 | 09 1'21_%)13‘
573013527 ETSI o 074 | 072 1'1f_(21i§)8‘ 051 | o050 1'0513‘511')05‘
121 15773125 CDK2 AG 080 | 079 1'13(117'?4‘ 062 | 060 | 1.09(1.06-1.12)
51633360 CDK4 TIC 027 | o024 1'0%%)98‘ 060 | 058 1'0?.(111')05‘
14| rs3783782 PRKCH AG 024 | 022 1'11‘_(119;)9‘ 0013 | 0011 1'15_%’6‘
15| rs8032939 RASGRP1 o 062 | 060 1'15_517')06‘ 028 | 025 1.15517.)09—
17| rs1877030 MED1 o 083 | o083 1'0?_&')04‘ 085 | 084 | 1.09(1.05-1.13)
2| chro1:35928240 | RCANZ cIT 096 | 094 1'02_501')97‘ 089 | o088 1'1i§17')‘)7‘
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Asian European
Frequency of Al Frequency of A1
Alldle
Chr SNP Gene (AVA2) Case | Control | OR (95% CI) | Control Case OR (95% ClI)
RUNX1- 1.06(1.01-
158133843 N 06403 AIG 052 | 050 T 064 | 062 | 1091.06-112)

X | chrx:78a6a616 | P2RYIO AIC 048 | 044 LILQAO07= | 6008 | 0008 [ 1160078~

1.15) 1.75)
155987194 IRAKI clG 078 | 075 L 92')08‘ 015 | 013 | r16(1.12-1.21)

Innate immunity

1 1.05 (1.00- 1.01 (0.98
54656942 LY9-CD244 G/A | 071 070 1.11) o.rr | ot 1.05)

10 1.22 (114~ 0.96 (0.86—
5726288 SFTPD TIC 021 | o018 5 0028 | 0028 %

17 1.12 (L07- 1.12 (106
572634030 C108P AlC 067 | 065 1.18) 0073 | 0.066 1.19)

Apoptosis

2| rs6715284 CFLAR-CASP8 GIC NA NA NA 011 | ooo7 | B %)10‘

3 DNASEIL3- 1.18 (L11-
573081554 ONASELLS TIC NA NA NA 0082 | 0.073 055

11 1.09(1.04- 1.05 (101
511605042 ARAPI GIA 056 | 051 S 052 | o051 5

Ubiquitination

21| (51893502 UBASH3A AIC 077 | o075 111 (1.05- 073 | 072 1.11 (1.07-

1.18) 1.15)

22| 1511089637 UBE2L3-YDJC o 048 | 046 1'05(116?2_ 017 | o016 | 1.101.06-1.15)

Citrullination

1 1.19(1.14- 1.11 (L07-
152301888 PAD14 GIA 046 | 041 198 067 | 065 154

Others

1 1512140275 LOC339442 AT NA NA NA 077 | o075 “i &')07‘
152105325 LOC100506023 cIA 093 | 092 1.13(1.04- 077 | 074 1.12 (1.08-

1.23) 1.15)

2 1.14(1.07— 1.08 (1.02-
513385025 B3GNTZ AIG 027 | o026 50 013 | 012 T
16732565 ACOXL AIG 061 | 059 1'°f%1é§)°‘ 064 | 062 | 110(1.07-1.14)

3 1.04 (0.99- 1.11 (108
154452313 PLCL2 TIA 054 | 053 ) 031 | 029 155

4| rs11933540 Cdorfs2 cT NA NA NA 034 | o031 L 519')11‘

5 157731626 ANKRDS55 GIA NA NA NA 067 | 063 12% %)17‘

1.04 (0.98— 1.11 (1.08-
152561477 C50rf30 GIA 073 | o072 1% 070 | 068 15
6 | rs9372120 ATGS5 G | o00ss | 0054 1'115(21é())5‘ 022 | 020 | 1.10(1.06-1.14)
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Asian European
Frequency of Al Frequency of A1
Allele
Chr SNP Gene (AVA2) Case | Control | OR (95% CI) | Control Case OR (95% ClI)
111 (1.07— 1.07 (1.02—
159373594 PPIL4 TIC 034 | 033 ) 085 | oss T
8 | rsis16071 PVTI TIC NA NA NA 088 | o087 | r1611-1.21)
101 1512413578 10p14 o NA NA NA 091 | 090 120 99')12‘
1.09(L 04— 1.07 (1.04-
rs793108 ZNF438 TIC 049 | o048 S 052 | o050 15
152671692 WDFY4 AIG 031 | 029 1'15(114?5‘ 065 | 063 | 1.06(1.03-1.09)
11 FADSI-FADS2- 1.12 (1.07-
5968567 anr o NA | NA NA 084 | o083 %
13 1.08(L.02- 111 (L.O7-
(59603616 coG6 o 077 | 075 e 068 | 066 L
141 151950897 RAD51B TIC 089 | o088 1'15(215'5’8‘ 073 | 071 | 109(1.06-1.12)
52582532 PLD4-AHNAKZ o 075 | 073 1.18(1.11~ 099 | 099 0.93 (0.72-
1.25) 1.21)
15[ rsgo26898 LOC145837 AG | 0067 [ 0052 1.14(1.02- 029 | o027 115111~
1.27) 1.18)
16 [ rsa780401 TXNDC11 TG 048 | 049 103 g%)gg‘ 060 | 059 | 1.09(1.06-1.13)
22 123 (1.14- 1.11 (1.08—
15909685 SYNGRI AT 086 | 085 0% 032 | 030 1%

Abbreviations: Chr, chromosome; ClI, confidence interval; NA, not applicable; OR, odds ratio; SNP, single-nucleotide polymorphism.
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