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Abstract: The study of complex genetics in autoimmune diseases has progressed at a tremen-

dous pace over the last 4 years, as a direct result of the enormous gains made by genome wide 

association studies (GWAS). Novel genetic findings are continuously being reported alongside 

the rapid development of genetic technologies, sophisticated statistical analysis, and larger 

sample collections. It is now becoming clear that multiple genes contribute to disease risk in 

many complex genetic disorders including rheumatoid arthritis (RA) and that there are common 

genetic risk factors that underlie a spectrum of autoimmune diseases. This review details the 

current genetic landscape of RA, and describes what GWAS has taught us in terms of missing 

heritability, subsets of disease, existence of genetic heterogeneity, and shared autoimmune risk 

loci. Finally, this review addresses the initial challenges faced in translating the wealth of genetic 

findings into determining the biological mechanisms that contribute to the relationship between 

genotype and phenotype. Unraveling the mechanism of how genes directly influence the cause 

of RA will lead to a better understanding of the disease and will ultimately have a direct clinical 

impact, informing the development of new therapies that can be utilized in the 

treatment of RA.
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Introduction
Rheumatoid arthritis (RA) is a complex, chronic autoimmune disease (AID) that 

affects approximately 0.5%–1% of the population worldwide. It is characterized by 

inflammation and progressive destruction of the synovial joints leading to pain, long-

term disability, and reduced quality of life in many patients.1 Although RA primarily 

affects joints it can also result in extra-articular disease manifestations, which tend 

to occur in patients with more severe disease.2 According to most epidemiological 

studies, RA is more prevalent in women and the peak age of onset is typically around 

the fifth decade, although there is evidence to suggest this is rising.3 There are sig-

nificant variations of disease incidence and prevalence amongst different populations, 

suggesting an association of RA with ethnicity.4 RA continues to impose a substantial 

economic burden on society resulting from the significant morbidity and premature 

mortality associated with the disease, with the life expectancy of RA patients short-

ened by 3–10 years.5

The etiology of RA remains largely unknown, although it is established as a 

multifactorial disease resulting from a complex interplay between genetic and envi-

ronmental factors. A genetic link to RA was first established through the observation 

of familial clustering in cases,6 siblings of affected patients having an increased 
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relative risk of RA compared to the general population (λ
s
), 

ranging between 5 and 10.7 Twin studies have also provided 

compelling evidence to support this genetic component, 

with disease concordance between monozygotic twins 

(15%) being considerably higher compared to dizygotic 

twins (3.6%).8,9 From such studies, the overall heritability 

of RA has been estimated to be between 50% and 60%.10 

It is documented that genetic risk factors contribute to both 

occurrence and severity of disease.11 Low concordance rates 

between monozygotic twins emphasize the importance of 

environmental factors in RA susceptibility. Long-term 

smoking remains the only validated environmental factor 

that contributes to an increased risk of developing seroposi-

tive RA,12 although studies have implicated other potential 

environmental risk factors including hormones, pollution, 

diet, and infectious agents.13–15 Ongoing work will continue 

to evaluate the role of environmental factors and place 

importance on dissecting gene–environment (G–E) 

interactions.

Genetics of RA
The need to uncover the full genetic risk component of RA 

is imperative for improving understanding of the disease and 

may inform the development of new therapies, improved 

diagnosis, prevention, and potentially prediction of disease 

risk and severity.

The last 60 years have seen mounting evidence to 

support the genetic basis of RA through the identification 

of genetic susceptibility variants. Three main approaches 

have been used to identify these susceptibility loci: 

candidate gene, linkage, and genome wide association 

studies (GWAS), the third being the most successful. The 

latest GWAS meta-analysis association study has brought 

the total number of confirmed RA risk loci to 34.16 A com-

prehensive discussion of all the identified genetic loci is 

beyond the scope of this review; however the major land-

marks in the search of susceptibility loci will be covered. 

Figure 1 illustrates all confirmed RA loci to date in approxi-

mate order of discovery complete with heritability 

estimates.

Prior to the development of GWAS, RA susceptibility 

loci were discovered through candidate gene and linkage 

studies. Although these approaches led to the discovery of 

only a small number of loci, they identified the two most 

significant RA risk loci that remain to date: human leuko-

cyte antigen (HLA-DRB1) and protein tyrosine phos-

phatase, nonreceptor type 22 (PTPN22). Together 

HLA-DRB1 and PTPN22 are estimated to account for 

approximately 40% of the total genetic risk for RA.17 More 

recently these approaches have also led to the identification 

of the signal transducer and activator of transcription 4 

(STAT4) locus.
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Figure 1 Current rheumatoid arthritis (RA) genetic risk loci. Each confirmed RA risk locus has been plotted in order of approximate discovery from left to right on the 
bottom axis. For each locus the odds ratio and confidence interval of the most significant allele has been plotted against the y-axis (left). On the y-axis (right) the increase in 
heritability explained by confirmed loci has been plotted (λs = 5). * validated in east-Asian populations only.
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HLA-DRB1
The HLA region remains the most statistically significant 

and important genetic association for RA. The knowledge 

of a marked involvement of HLA-DRB1 with the immune 

response identified it as a good candidate gene for RA. 

Stastny first demonstrated an association of HLA-DRw4 with 

RA in the 1970s using serological techniques in population 

studies.18 This initial finding evolved over time to include 

association of several distinct alleles of the class II gene, 

HLA-DRB1. Molecular typing techniques were developed 

to investigate the complexity of the locus and work by 

Gregersen et  al led to the observation that the associated 

alleles encode for a conserved amino acid sequence in the 

third hypervariable region of the DRB1 chain.19 Subsequently 

this region was termed the shared epitope (SE). The SE 

hypothesis is based on the theory that these class II alleles 

are directly involved in the pathogenesis of RA. The molecu-

lar basis of this association remains elusive but present 

models suggest that structural differences between alleles 

could be involved at the level of antigen presentation or in 

the alteration of the T cell repertoire.20

The alleles in the HLA-DRB1 locus have been consistently 

associated with RA in many populations through linkage and 

association studies despite the fact that SE allele frequencies 

differ significantly between ethnic groups. More recently, studies 

have shown evidence of association for additional RA risk alleles 

within the major histocompatibility complex (MHC) region, 

adding further complexity,21 although the extended linkage 

disequilibrium (LD) across this region makes interpretation of 

these associations very difficult.22 Ongoing work has led to 

suggestions that MHC associations with RA cannot wholly be 

accounted for by the SE hypothesis and there have been several 

attempts to modify and redefine this concept.23,24 Although the 

MHC locus confers the largest risk for RA susceptibility, it is 

neither necessary nor sufficient to cause disease.

PTPN22
PTPN22 was the first locus outside the MHC to demonstrate 

consistently validated association with RA. PTPN22 is rec-

ognized as the second most important risk loci to the MHC 

in populations of European descent. The minor allele of a 

nonsynonymous single nucleotide polymorphism (SNP), 

(rs2476601, 1858 C  . T, R620W) in PTPN22 was first 

associated with type 1 diabetes (T1D) in a candidate gene 

study.25 This variant was subsequently confirmed at a similar 

time in RA through assaying 87 putative functional SNPs in 

RA candidate genes and/or linkage regions.26 Since then, the 

association with PTPN22 has been replicated in several other 

populations,27–34 and the same variant is also associated with 

a variety of other autoimmune and inflammatory diseases.35–39 

Interestingly no variants within this gene have been confirmed 

to be associated with RA in Asian populations where the 

second largest RA genetic risk factor is recognized as 

PADI4.40 The PTPN22 gene is a compelling biological can-

didate being a key component in the regulation of T cell 

receptor signaling.25 The associated risk allele encodes an 

arginine to tryptophan substitution at residue 620  in the 

polypeptide chain disrupting the binding to Csk. There is 

evidence that this change confers increased function to the 

PTPN22 protein, with the 620W variant enhancing the inhibi-

tory effect on T cell receptor signaling.41

STAT4
The association of STAT4 with RA was discovered through 

a combination of linkage and candidate gene studies. In 

contrast with HLA-DRB1 and PTPN22, the association of 

STAT4 with RA is more modest. This locus was identified 

using a fine mapping approach to examine 13 candidate genes 

previously found under a peak of linkage identified on chro-

mosome 2q.42 STAT4 is an example of a loci that confers 

susceptibility to RA across all populations tested to date as 

well as being associated with a variety of other AIDs.43–46 

STAT4 itself is part of a family of seven transcription factors 

involved in cytokine receptor signaling, initially activated 

by IL-12 signaling in T cells, and then phosphorylated by 

janus kinases. Subsequently, STAT4 is translocated to the 

cell nucleus where it initiates transcription of its target genes 

and results in the production of interferon-γ and Th1 

responses. Transgenic knockout mice for STAT4 have proved 

that it is critical to the development and function of T helper 

cells. Defective mice are resistant to proteoglycan-induced 

arthritis, do not respond to IL-12, and lack Th1 responses.47 

Although rodent models of arthritis do not perfectly duplicate 

the clinical pathology of RA they have demonstrated good 

predictability and efficacy exemplified by the successful 

development of therapeutics for clinical use.48

The use of traditional linkage and candidate gene studies 

to uncover genetic susceptibility has not led to definitive 

answers regarding the etiology of RA. The limited success 

in the application of linkage analysis to complex diseases is 

predominately due to the inadequate power and resolution 

to detect variants of modest effect.49 Candidate gene studies 

have in the past resulted in numerous associations that are 

difficult to replicate, and in some cases, to overestimated 

genetic effects.50 This approach is also limited by its reliance 

on prior knowledge of the biology of the disease and by the 
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highly subjective selection of potential genes. The alternative 

approach to these methods are GWAS which entail a sys-

tematic search of the entire genome for susceptibility 

variants. Over the past 4 years, the implementation of GWAS 

has brought tremendous gains to knowledge in many complex 

diseases.

GWAS
GWAS have become the most powerful and extensively 

employed approach in discovering susceptibility variants for 

complex disease traits. Advances in technology, reduced 

costs, and the ascertainment of large well-characterized case 

cohorts and panels of controls have made GWA scans widely 

available. GWAS have also been made possible through 

several other major advances in the last decade. The comple-

tion of the Human Genome Project in 200151 and the initial 

release of the International Hap Map project in 200352 paved 

the way forward for this approach, allowing the design of 

genotyping arrays to capture variation across the entire 

genome. These studies are based on genetic association, 

determined if genetic variants are seen more or less frequently 

in disease affected cohorts compared to non affected cohorts 

in the same population. The genetic markers typically 

used in these studies are SNPs, as they are abundant and easy 

to genotype. The SNP genotyping arrays, however, have very 

limited coverage and power to detect rare variation associated 

to disease, so the underlying rationale for GWAS is the com-

mon disease common variant hypothesis (CDCV).53 

This proposes that common disease alleles (SNPs) with a 

minor allele frequency (MAF) .1% underlie most common 

diseases.54

The success and popularity of this strategy has been 

marked, evidenced by an online catalog which contained 812 

published GWAS for 476 different complex traits as of March 

2011, and is still growing.55 As with other complex diseases, 

GWAS has expanded the number of confirmed RA suscep-

tibility loci dramatically with 34 genetic loci now confidently 

associated (Figure 1). A summary of these findings gives an 

insight to the current genetic landscape of RA.

In the same year that STAT4 was identified as a risk locus 

for RA the first major GWAS was conducted by the Wellcome 

Trust Case-Control Consortium (WTCCC). The WTCCC is 

an assembly of 50 research groups across the UK established 

in 2005. Its primary purpose is to accelerate efforts in deci-

phering the human genome sequence variation and to identify 

variants responsible for the major causes of morbidity and 

mortality.

WTCCC – GWAS
In 2007, a revolutionary GWAS was undertaken by the 

WTCCC in 14,000 cases of seven common diseases, includ-

ing 2000 United Kingdom RA cases collected by the Arthri-

tis Research United Kingdom Epidemiology Unit and ∼3000 

shared controls. This was the largest single GWAS of its 

time. Cases and controls were genotyped using the Affyme-

trix Gene Chip (Santa Clara, CA) 500 k array.56 The success 

of this study is demonstrated by the identification of 24 inde-

pendently associated regions across all seven diseases. 

Association with RA at genome-wide significance level 

(P , 5  ×  10−8) was validated at the robustly associated 

susceptibility loci: HLA-DRB1 and PTPN22. Nine other loci 

were associated in the next tier of significance (Tier 2, 

P = 1 × 10−5 - 5 × 10−7) none of which had been previously 

associated with RA. In Tier 3, 49 SNPs were identified with 

modest association with RA (P = 1 × 10−4 - 1 × 10−5). Many 

of these suggestive associations have subsequently been 

validated as RA susceptibility loci in replication studies.

Since the first WTCCC GWAS, many different strategies 

have been used in attempting to identify additional RA risk 

loci. These include validation studies, further GWAS, meta-

analysis studies, candidate gene studies, and bioinformatics 

approaches.

GWAS validation studies
With the extensive number of significant associations being 

reported through GWAS, it is imperative that the findings 

are validated through replication in large independent 

cohorts and potentially confirmed in other populations to 

ensure that they are real findings. GWAS validation studies 

have been employed extensively since the first WTCCC 

study. Many follow-up studies were initiated for the Tier 2 

and Tier 3 WTCCC SNPs, and as a result, confirmed numer-

ous novel associations. The 6q23 locus provides a good 

example of the use of this strategy. Following the WTCCC 

GWAS, Thomson et al followed up nine RA Tier 2 SNPs 

in a large independent UK cohort of 5063 cases and 3849 

controls.57 One of these SNPs, rs6920220, was replicated 

reaching a level of genome wide significance (P = 1.1 × 10−8). 

Simultaneously, this SNP and a second independent poly-

morphism was detected in the 6q23 region in a GWAS of a 

US population which confirmed its importance as a risk loci 

for RA.58 Fine mapping of this region has revealed the 

complexity of this locus which has at least three independent 

effects. Two of these alleles, rs6920220 and rs5029937, 

confer risk and one, rs13207033, confers protection to RA. 
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Also, two of the variants map to an intergenic region 

between OLIG3 and TNFAIP3 and one (rs5029937) maps 

to the second intron of TNFAIP3i.59 Since OLIG3 is involved 

in the development and differentiation of neuronal cells, 

TNFAIP3 has been selected as an attractive candidate gene 

for the 6q23 region. The product of TNFAIP3, A20, is a 

potent anti-inflammatory protein that negatively regulates 

the transcription factor nuclear factor kappa-beta (NF)-κB 

responses to tumor necrosis factor (TNF) α toll-like receptor 

and NOD2  signaling.60 Inappropriate NF-κB activity has 

been linked with many AIDs and inflammatory diseases.61,62 

This hypothesis is further supported by TNFAIP3 knockout 

mice, which develop severe multi-organ inflammation 

including inflammation of the joints.63 Interestingly, a recent 

study has shown TNFAIP3 protein expression in human 

synovium and in vitro evidence of altered TNFAIP3 tran-

scription by 6q23  intergenic SNPs associated with RA, 

further supporting its role in the pathogenesis of RA.64

Further GWAS
Since the initial WTCCC GWAS, many additional GWAS 

have been carried out in RA.55,57,65–68 Table 1 is a summary 

of the major RA GWAS from 2007 to present, their study 

designs, and the significant SNP associations reported in 

each study.

Independent RA GWAS have led to the identification and 

validation of many novel RA susceptibility loci. The major 

GWAS detailed in Table 1 evidence novel associations with 

TRAF1/C5, TNFAIP3, REL, and CCR6. REL represents a good 

example of an RA locus identified in independent GWAS not 

previously implicated by association studies.66 Gregersen et al 

initially genotyped 278,502 SNPs in 2418 cases and 4504 

controls from North America to identify the association of 

the marker SNP rs13031237 with REL. Subsequently this 

association was confirmed in an independent replication 

cohort of 2064 cases and 2882 controls and provided convinc-

ing evidence in the combined data set (P = 3.08 × 10−14). The 

association with rs1031237 which maps to an intron in REL67 

has since been confirmed in a UK population of 3962 cases 

and 3531 controls.69 REL is a strong candidate gene for RA 

as it encodes c-Rel, which is a member of the NF-κB family 

of transcription factors that are involved in immune system 

regulation. c-Rel-deficient mice are resistant to induction of 

collagen-induced arthritis and have also shown deficiency in 

Th1 type immune responses. c-Rel has also been implicated 

in the involvement of CD40 signaling pathways with effects 

on B cell proliferation and survival.66

As well as identifying novel RA loci, independent GWAS 

studies have been a useful strategy for the validation of previ-

ously reported loci and the implication of other highly sugges-

tive associations, some of which have subsequently been 

confirmed as RA susceptibility loci, eg, BLK. It is well-

documented that larger sample sizes increase the power to 

maximize the probability of being able to detect novel associa-

tions with the small effect sizes expected of complex diseases.70 

This has since led to the establishment of larger sample collec-

tions and the implementation of larger meta-analysis studies.

Meta-analysis studies
Many novel RA loci have been discovered more recently 

through meta-analysis studies. Meta-analyses combine data 

from several studies and increase the power of a study to detect 

novel associations of modest effect. The association with the 

CD40 susceptibility locus was discovered through a meta-

analysis of WTCCC and US GWAS. This association was 

validated in a replication study of 3929 cases and 5807 matched 

controls from eight case-control collections.71 Subsequently, it 

has also been confirmed in a large UK population.72 Association 

with CD40 has since been replicated in Graves disease73–75 and 

multiple sclerosis (MS).76 The RA susceptibility variant 

rs4810485 is located in the second intron of the CD40 gene, 

with the gene itself encoding a protein that is a member of the 

TNF receptor super-family (TNFSR5). The protein expressed 

by CD40 is found on the surface of antigen presenting cells 

including B cells, dendritic cells, and macrophages.70 It is 

essential in stimulating a broad range of immune and inflam-

matory responses in several autoimmune conditions which 

implicates it as a good candidate gene for RA.

The most recent RA meta-analysis included a total of 

12,307 patients and 20,169 controls of European descent. 

Seven novel RA risk alleles were identified at genome-wide 

significance following replication in an independent data set 

of 6768 RA cases and 8806 controls.16 The novel SNPs are 

located in genes related to immune function including CCR6, 

IL6ST, IRF5, PXK, RBPJ, and SPRED2. Additionally the 

study confirmed 24 previously established RA loci and fur-

ther findings of borderline significance were reported that 

will require further validation.

Candidate gene studies in the GWAS era
Identification of RA loci previously  
associated with other AIDs
Another strategy that has proved useful in finding new asso-

ciations with RA is candidate gene studies based on GWAS 
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findings from RA and other AIDs. A good example of this 

is the 4q27 region which contains four genes: KIAA1109, 

Tenr, IL2, and IL21. Originally, this region was first associ-

ated with T1D and celiac disease in two GWAS.77,78 Based 

on these findings, Zhernakova et al went on to investigate 

this disease locus in RA in a case-control study population 

and found evidence for association with rs6822844.79 

Subsequently, this association has been validated in inde-

pendent Dutch and UK populations. The 4q27 region has 

since shown association with ulcerative colitis,80 juvenile 

idiopathic arthritis,81 psoriatic arthritis,82 and Crohn’s 

disease,83 further implying that this locus is a general risk 

factor for multiple AIDs. The IL2 and IL21 genes represent 

strong candidate genes for this region because the proteins 

encoded by these genes are cytokines that play a significant 

role in the development and control of inflammation in RA. 

Animal models of RA have demonstrated a pathogenic role 

for both IL-2 and IL-21. Mice deficient in IL-2 develop severe 

autoimmunity because of defective regulatory T-cell 

production.84 In DBA/1 mice with collagen-induced arthritis, 

the administration of IL-21 receptor Fc fusion proteins has 

led to an improvement in clinical symptoms and histological 

parameters.85 Despite the potential of both these genes as 

therapeutic targets in RA susceptibility, it will be difficult to 

identify the causal polymorphisms in this region due to the 

high degree of LD.

Pathway-based bioinformatics approaches
Gene relationships across implicated loci (GRAIL) developed 

by Raychaudhuri et al is a method of prioritizing SNPs to 

follow up in a candidate gene validation study in order to 

identify novel associations.86 Raychaudhuri et al selected 370 

SNPs from 179 loci that reached P , 0.001 in a previous 

independent GWAS meta-analysis for investigation by 

GRAIL. GRAIL initially defines a genomic region in LD with 

each candidate SNP and then selects all genes within the 

region. It then uses statistical text mining of the available 

literature in PubMed to assess and score the relatedness of 

the implicated loci with genomic regions already known to 

be previously associated with disease. High GRAIL scores 

implicated 22 loci with functional connectivity. SNPs repre-

senting these candidate loci were then genotyped in an inde-

pendent study of 8096 cases and 11,822 matched controls.87 

Three of these loci, CD28, CD2/CD58, and PRDM1, were 

convincingly replicated. Limitations of the GRAIL method 

that should be considered include its use of established knowl-

edge bases, which may bias towards more characterized genes, 

and its assumption that each region only contains one 

pathogenic gene. It has however proved to be a productive 

method of analysis to identify novel susceptibility genes.

The wealth of novel susceptibility loci identified in recent 

GWAS and meta-analysis studies demonstrates that the 

GWAS approach is still proving to be hugely successful. The 

use of a more informed, focused candidate–gene approach 

alongside bioinformatics in the GWAS era has also proved 

fruitful. The use of these alternative strategies has in turn led 

to the discovery, replication, and validation of all 34 RA 

susceptibility loci to date. The wealth of genetic findings for 

RA has led to challenges and opportunities to consider that 

are likely to take focus in the post-GWAS era.

What else has GWAS taught  
us in RA?
GWAS has been greatly successful in identifying numerous 

RA risk alleles. Many themes have emerged during the search 

for these loci including: the well-debated concept of ‘missing 

heritability’, the possibility of genetically distinct clinical 

subsets of disease, the existence of ethnic heterogeneity, and 

the evidence of shared risk loci across multiple AIDs. Each 

of these topics poses a challenge to the complete understand-

ing of the pathogenesis of RA. Ongoing research in this field 

is vital to help realize the ultimate goal of establishing a 

relationship between genotype and phenotype.

Missing heritability
Although GWAS have provided valuable insights into the 

genetic basis of human disease, the identified associations 

for RA (with some exceptions) have a modest effect size with 

odds ratios (OR) <1.5. Figure 1 illustrates the heritability 

estimates for established RA loci. If we consider that the total 

sibling recurrence risk ratio (λs) is estimated to be between 

5 and 10 for RA then based on λs, the established susceptibil-

ity loci at present contribute approximately 33%–47% of 

total heritability for RA.88 This suggests that it is likely that 

>50% of the genetic risk to RA remains unknown. The con-

cept of ‘missing heritability’ is one of conflicting opinion. 

Questions remain as to why so much heritability has been 

left unexplained by GWAS findings when they capture up to 

90% of common genetic variation and what it is therefore 

likely to be. Many explanations of ‘missing heritability’ have 

been suggested, including; larger numbers of common SNPs 

of smaller effect sizes (CDCV), rarer and structural variants 

which are poorly covered in current genotyping arrays, and 

the concept that the ‘missing’ heritability can be explained 

by reevaluating the proportion of genetic variance explained 

by current associations.
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Structural variants including copy number variations 

(CNVs), insertions and deletions, and copy neutral variation 

such as translocations and inversions are an abundant source 

of genetic variation. To date, discovery of structural variation 

has been limited due to the direct focus on SNPs as mapping 

tools and probable causal variants. CNVs have gained par-

ticular attention as methods have improved to detect them 

but there has been limited work in determining their potential 

impact on disease risk. Several associations have been made 

between CNVs and autoimmunity in humans such as 

psoriasis,89 systemic lupus erythematosus,90 RA,91 Crohn’s 

disease,92 and T1D.93 A recent GWAS of CNVs in 16,000 

cases of eight common diseases and 3000 common controls 

was carried out by the WTCCC. The findings from this study 

suggested that common CNVs that can be typed on current 

genotyping platforms seemed unlikely to account for a large 

proportion of ‘missing heritability’.94 Other types of structural 

variation including inversions and translocations have been 

implicated in rare Mendelian conditions, but remain largely 

unexplored in complex traits.

The fraction of genetic risk to common diseases that is 

attributable to rare variants and structural variants is debat-

able. The detection of rare variation presents a challenge in 

current genotyping arrays as they have little power to detect 

SNPs with MAF , 1%, and structural variation is generally 

under represented in current databases to study effectively. 

Until the full extent of this variation can be ascertained, it 

would be premature to conclude what impact it will have on 

‘missing heritability’. The pilot phase of the 1000 genomes 

project has now been completed which has brought the total 

number of known SNPs to over 15 million, and structural 

variants to over 20,000.95 The next 5 years will also see a 

move towards the availability of affordable whole genome 

sequencing which will help facilitate detailed analysis of rare 

and structural variants. This will undoubtedly lead to the 

further identification and refinement of causal variations and 

help resolve some of the controversy surrounding the concept 

of ‘missing heritability’.

Other challenges faced in studying complex disease 

genetics include the role of gene–gene, G–E, and epigenetic 

modification of the genome. Established G–E associations 

exist between smoking and HLA-DRB1 SE alleles, PTPN22, 

and antibodies to cyclic citrullinated peptides;96 however 

replication of other findings has been poor. These studies are 

primarily lacking power to detect effects and face controversy 

and uncertainty in the best ways to model interaction. G–E 

interactions specifically lack well-characterized environmen-

tal exposure data and would benefit from established 

consortia with uniform data collection and better assessment 

of exposure variables.97 In essence, better study design, larger 

sample sizes, and development of analysis techniques will 

prove essential before substantial progress is made in tackling 

these issues.

Clinical subsets of disease
RA is currently defined by a broad range of criteria that has 

been revised recently by the American College of Rheuma-

tology and European League Against Rheumatism.98 RA 

exhibits extensive phenotypic heterogeneity especially in the 

early stages of disease and as such is not recognized as a 

discrete clinical entity. It has been accepted for a long time 

that there are likely to be several distinct subtypes of RA that 

will correlate to different genotypes.99

RA is already classified into two subsets of disease by 

the presence or absence of anti-citrullinated protein antibod-

ies (ACPA), with two-thirds of patients with early RA being 

ACPA-positive. ACPA are autoantibodies detected in RA 

patients and are highly predictive of the future development 

of RA,100 ACPA-positive disease being associated with a 

more destructive phenotype with higher rates of joint destruc-

tion compared to ACPA-negative disease.101 This supports 

the notion that different mechanisms may be involved in the 

development of ACPA-positive and ACPA-negative RA. 

Indeed, evidence is emerging that ACPA-positive and 

ACPA-negative disease may well vary in associations to 

different genetic and environmental risk factors.102

The majority of genetic risk factors identified for RA to 

date have been found in ACPA-positive cohorts. HLA-DRB1 

SE alleles predispose mainly to ACPA-positive RA with a 

smaller effect on ACPA-negative disease,90 contributing 18% 

to heritability of ACPA-positive disease compared to only 

2.4% in ACPA-negative disease.103 Far fewer genetic risk 

factors have been associated with ACPA-negative RA, but 

include IRF5, C-type lectin genes, and a suggestive, nonrep-

licated association with HLA-DRB1*03.102 The lack of risk 

factors associated with ACPA-negative RA could be due to 

increased heterogeneity within this disease subset or due to a 

lack of studies with large numbers of ACPA-negative patients. 

The heritability of ACPA-negative RA is similar to that of 

ACPA-positive RA, indicating that many genetic risk factors 

remain to be identified for ACPA-negative RA. It should be 

recognized that there are limitations in using an antibody-based 

biomarker like ACPA. There is still ambiguity in whether 

ACPA presentation is a cause or effect of disease and whether 

differences result from interindividual variation in immune 

response rather than from the underlying disease process.
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One goal arising from GWAS is the possibility to stratify 

patients further than the simple ACPA classification based 

on the predominant genetic background or biological path-

way that is driving their disease. It has been proposed that 

treating RA as a quantitative trait would be a better approach 

to dissect its genetic heterogeneity under the assumption that 

it is a common disorder affected by multiple underlying 

genes.104 This idea assumes that phenotypes vary along a 

continuous gradient and that a disorder such as RA can be 

considered as the extreme of a quantitative trait. Essentially 

this implies that using the present case-control design will 

confound genetic analysis, as controls are diluted with indi-

viduals who nearly meet the classification criteria. Refinement 

of statistical analyses will be important in pursuing the iden-

tification of sets of variants that could potentially relate to 

different underlying disease mechanisms and to the verifica-

tion of different subtypes of disease. Undoubtedly, this will 

help refine diagnosis, predictions of outcome and treatment 

response, and will provide the opportunity to develop selec-

tive therapies that are specif ic for an individual’s 

phenotype.

Ethnic heterogeneity in RA risk loci
Through GWAS, clear differences have emerged amongst 

the major ethnic groups with regards to the genes underlying 

RA. Some genetic polymorphisms are restricted to specific 

ethnic populations, indicating a presence of genetic hetero-

geneity in RA, whilst some are common across multiple 

ethnic groups, eg, TNFAIP3 and STAT4.40 One of the most 

striking differences seen between different populations is the 

nonsynonymous coding SNP of the PTPN22 gene 

(1858C . T). Although widely replicated across European 

populations, this polymorphism is rarely found in Asian 

populations,105 indicating that genetic heterogeneity might 

be explained by the presence of exclusive susceptibility 

alleles in specific populations. There are also clear differences 

in the association of the PADI4 gene. PADI4 was the first 

non-HLA genetic risk factor for RA initially demonstrated 

in a Japanese population.106 It has since been confirmed 

through replication in multiple East-Asian populations,107,108 

but has exhibited reports of conflicting associations in 

European populations30,109–111 despite a comparable allele 

frequency between the two populations. Risk alleles of the 

HLA-DRB1 locus have also been shown to vary significantly 

between ethnic groups. Genetic variants restricted to specific 

ethnic groups could reflect the result of migration, natural 

selection, or mutation and could explain the significant dif-

ferences that have been observed between prevalence rates 

of disease. Studies have shown a much lower prevalence of 

RA in developing countries compared to European and 

American populations.112 Differences in prevalence data 

could however result from heterogeneity in the distribution 

of environmental exposures, or age-distribution differences 

between populations. There are many methodological errors 

such as different classification criteria for case assessment, 

reporter bias and access to medical care that could also result 

in differences between prevalence that are not specific to 

underlying genetic heterogeneity.40 Populations of European 

ancestry have dominated the majority of GWAS, which could 

explain the limited replication of genetic associations in other 

ethnic populations. Some studies that have reported negative 

findings are based on relatively small sample sizes, which 

could indicate inadequate statistical power. Challenges lie 

in collecting large cohorts of homogenous samples from a 

variety of different populations. As well as conducting 

GWAS in a variety of larger well-characterized populations, 

further dissection of genetic and environmental determinants 

and their interactions will help clarify genetic heterogeneity 

between ethnic populations with regards to AIDs.

Shared autoimmune risk loci
Another theme that has emerged in the search for RA sus-

ceptibility genes is the concept that some genetic susceptibil-

ity variants predispose to multiple AIDs which gives an 

insight to the possibility of shared genetic pathways. 

Table  2  shows a selection of the RA susceptibility risk 

factors that have shown to be associated in multiple 

AIDs.37–39,44,113–121,122–147

Since the application of GWAS the number of loci pre-

disposing to multiple AIDs has increased rapidly. It is evident 

that many loci predispose to more than one AID. A review 

of recent genetic studies by Zhernakova et al revealed that 

shared genetic factors between AIDs indicate the possibility 

of common etiological pathways.140 This notion is supported 

by the clustering of AIDs within families, the overlap in 

clinical manifestations, and observation that the HLA locus 

is associated with most common AIDs. In most cases the 

same allele is associated with risk across different diseases, 

which highlights the likelihood of common underlying 

mechanisms, eg, STAT4. In some cases, the same allele 

predisposes to risk in one AID and is protective in another.148 

A good example of this would be the IL2RA gene region 

where allelic heterogeneity is known to exist between MS 

and T1D. At rs11594656 the minor allele A is associated 

with susceptibility to MS (OR 1.17) and protection from T1D 

(OR 0.87).145 Opposing risk effects at a locus suggest that 
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predisposition to related diseases could be controlled by 

over- or underexpression of genes and genomic elements in 

biological pathways. Alternatively, there are variants that 

show association between multiple AIDs, but at a different 

position within the same locus. Multiple genetic variants are 

associated differently in TNFAIP3 between SLE and RA. 

The causal polymorphism for genetic loci post-GWAS is 

generally poorly understood and it is possible if different 

SNPs are associated with different diseases that the likely 

role of the gene product in pathogenesis for each of the 

diseases will vary.

It appears that although there is much sharing of loci 

between similar diseases, not all loci overlap with all AIDs. 

This could prove useful in determining subsets of biological 

pathways perturbed in different diseases, giving an insight 

into how far common diseases share underlying susceptibil-

ity, and locate genes or pathways that uniquely affect single 

diseases, perhaps determining which one of the related dis-

eases someone is likely to develop.

Challenges in the post-GWAS era:  
a long way to go
The ultimate goal of genetic research in any disease is to 

unravel the connection between genotype and phenotype. 

With a wealth of established RA genetic loci and many 

emerging themes, we are in a greater position to understand 

the pathogenesis of RA but there is still a long way to go. 

Most GWAS studies have concentrated on finding SNP 

associations that are associated with disease susceptibility 

but have rarely invested resources in the functional charac-

terization of the identified risk loci. Whilst there are 34 sta-

tistically valid genetic loci associated with RA, the majority 

of causal variants for these associations are not known, with 

the current exception of PTPN22. This is because GWAS 

are based on the principle of LD. In regions of strong LD it 

becomes difficult to distinguish between the causal variant 

and the neighboring markers in high LD with the causal 

variant. There are other challenges that lie in the way of 

assigning functionality to susceptibility SNPs. Although 

GWAS are uncovering more risk variants, it is apparent that 

the majority of associations have modest effect sizes (OR: 

1.1–1.5) which implies that the functional effect of these 

SNPs could be subtle and hard to establish. In addition, risk 

alleles found in GWAS are often assigned to the most com-

pelling gene candidate within the region based on either its 

proximity to the marker or the biological plausibility of its 

likely involvement in the pathogenesis of disease, making 

disease pathway analysis imprecise.T
ab

le
 2

 S
el

ec
tio

n 
of

 R
A

 s
us

ce
pt

ib
ili

ty
 lo

ci
 a

ss
oc

ia
te

d 
w

ith
 o

th
er

 A
ID

A
bb

re
vi

at
io

ns
: A

D
, A

dd
is

on
’s

 d
is

ea
se

; A
S,

 a
nk

yl
os

in
g 

sp
on

dy
lit

is
; A

SA
, a

st
hm

a;
 B

D
, B

ec
he

t’s
 d

is
ea

se
; C

eD
, c

el
ia

c 
di

se
as

e;
 C

D
, C

ro
hn

’s
 d

is
ea

se
; G

D
, G

ra
ve

s’
 d

is
ea

se
; H

T
, H

as
hi

m
ot

o’
s 

th
yr

oi
di

tis
; J

IA
, j

uv
en

ile
 id

io
pa

th
ic

 a
rt

hr
iti

s;
 M

G
, 

m
ya

st
he

ni
a 

gr
av

is
; M

S,
 m

ul
tip

le
 s

cl
er

os
is

; P
sA

, p
so

ri
at

ic
 a

rt
hr

iti
s;

 P
V

, p
em

ph
ig

us
 v

ul
ga

ri
s;

 S
LE

, s
ys

te
m

ic
 lu

pu
s 

er
yt

he
m

at
os

us
; S

S,
 S

jö
gr

en
 s

yn
dr

om
e;

 S
SC

, s
ys

te
m

ic
 s

cl
er

os
is

; T
1D

 , 
T

yp
e 

1 
di

ab
et

es
; U

C
, u

lc
er

at
iv

e 
co

lit
is

; W
G

, W
eg

en
er

’s
 

gr
an

ul
om

at
os

is
.

A
ss

o
ci

at
io

n
 w

it
h

 O
th

er
 d

is
ea

se
s 

A
D

L
o

cu
s

R
ef

er
en

ce
s 

P
T

P
N

22
 

1p
13

 
37

-3
9,

 1
13

-1
15

S
T

A
T

 4
 

2q
32

 
42

, 4
4-

46
, 1

16
-1

21

C
T

L
A

4
2q

33
 

11
3,

11
6,

12
2-

12
7

H
L

A
 

6p
21

 
11

3,
12

8-
13

6

T
N

F
A

IP
3

6q
23

 
12

0,
13

7-
14

0

T
R

A
F

1/
C

5 
9q

33
.1

 
68

,1
40

-1
44

IL
2R

A
 

10
p

15
 

14
0-

14
3,

14
5,

14
6

C
D

40
20

q
13

 
73

,1
47

L
o

ca
ti

o
n

 
W

G
U

C
T

1D
S

S
c

S
S

S
L

E
P

V
P

sA
M

S
M

G
JI

A
H

T
G

D
C

eD
C

D
B

D
A

S
A

A
S

www.dovepress.com
www.dovepress.com
www.dovepress.com


Open Access Rheumatology: Research and Reviews 2011:3 submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

41

Genetics of RA

With such a wealth of genetic associations, it seems 

sensible to invest greater effort in the functional annotation 

of the GWAS findings to confidently assign association to 

genes. Initial progress in the post-GWAS era will be first 

made from identifying the causal variant/s for each RA locus, 

and then localizing the genetic signal to identify which target 

gene/s it may affect. The second stage will be to investigate 

the biological mechanism of the risk allele on causality of 

disease. There is no established gold standard approach to 

resolve these aims. This review is going to focus on the initial 

stage of functional characterization in refinement and local-

ization of the causal genetic variants, the stage currently 

occupied by many of the 34 confirmed RA loci. Strategies 

including fine-mapping and bioinformatics tools are logical 

starting methods that can be applied to associated regions.

Fine mapping/resequencing
The fine mapping approach aims to narrow a region of asso-

ciation and pinpoint the causal variant/s responsible. It 

involves genotyping all known SNPs within a region to 

resolve information about which genes in a region are likely 

to be responsible. The confirmed RA susceptibility loci 

already show different trends in their associations. For some 

loci, it appears that there are distinct single variant effects 

(PTPN22, REL, CTLA4) and others multiple independent 

effects or haplotypes that confer risk (TNFAIP3 and STAT4, 

respectively). Ultimately the aim of fine mapping these 

established susceptibility regions is to identity the causal 

SNPs and to refine the associations at these loci further. Park 

et al concluded from their findings that fine mapping studies 

of reported loci have so far failed to find novel common 

variants with larger effect sizes than their tagging SNPs.149 

Despite this, TNFAIP3 is a good example of how the fine-

mapping approach resolved the existence of three indepen-

dent effects at the RA susceptibility locus, two conferring 

susceptibility (rs6920220 and rs5029937) and one conferring 

protection (rs13207033).58 Although the success of fine map-

ping appears to be minimal, it is in its infancy and the 

Wellcome Trust has recently completed a large-scale fine-

mapping study called Immunochip. Immunochip is a custom-

ized Illumina chip with 195,806 SNPs designed for fine 

mapping and replication of established loci across a multitude 

of AIDs including ∼4500 cases from UK RA patients. This 

is the first systematic and comprehensive application of fine 

mapping to date and analysis of the data should help refine 

all current RA genetic associations, identify causal variants, 

clarify the existence of haplotypes, and confirm single or 

multiple independent effects at each locus. There are several 

limitations to the Immunochip project, which must be con-

sidered. This custom chip has been designed for use in white 

European populations and therefore will not help to refine 

or replicate associations in other ethnic groups. The chip 

contains all known SNPs to date from the dbSNP database 

and from the pilot data release of the 1000 genomes project 

in June 2010 but will miss unknown SNPs and rare variants 

that have not yet been discovered. It is also thought that the 

Immunochip will not be 100% accurate in genotyping rare 

and structural variants as it is a difficult process and it is 

envisaged that the availability of whole genome sequencing 

will prove to be more informative for these types of 

variation.150

The above mentioned limitations of fine mapping can be 

overcome by resequencing susceptibility loci. Resequencing 

has not been extensively used to identify causal variants at 

complex diseases risk regions, because it is much more 

expensive than fine mapping. However, sequencing costs are 

currently decreasing, which will make possible the utilization 

of this approach to establish comprehensive maps of genomic 

variation at disease loci in the near future.

Following the application of fine mapping and resequenc-

ing, regions with a number of putative associated SNPs that 

cannot be separated any further by strength of genetic asso-

ciation will still exist. After defining the target region with 

identification of candidate SNP variant/s the next step is to 

use computational methods for SNP prioritization and to 

build up evidence for their likely functional impact.

Bioinformatics tools to prioritize SNPs
Bioinformatics tools are a further refinement step for the 

prioritization of causal SNPs. Many tools exist to enable 

identification of a candidate for the causal variant by utilizing 

prediction of functional effects to prioritize SNPs for down-

stream analysis. One such tool is the ENCyclopedia Of DNA 

Elements (ENCODE) which is hosted by the University of 

California Santa Cruz (UCSC). The aim of ENCODE is to 

find and document all the functional elements that exist in 

the genome in both coding and noncoding regions. This 

database essentially gathers its data from wet lab experiments. 

It includes data from a range of experiments in a variety of 

tissues and cell types including transcription factor binding 

sites, chromatin profiling, and histone modification. Data 

generated from wet lab experiments potentially offer greater 

evidence of putative function compared with the current 

predictive algorithms. Such a wealth of data is available 

through UCSC and although incredibly useful is difficult and 

time consuming to interrogate. Martin et al have developed 
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a bioinformatics program (ASSIMILATOR) that quickly 

assimilates a concise summary of experimental data for 

inputted SNPs from UCSC making it much easier to compare 

and assess their biological relevance.151 This is a very 

promising method of building functional evidence to support 

prioritization of SNPs.

Another step towards functional characterization of loci 

is to explore associations between candidate SNPs and gene 

expression. Treating gene expression as a quantitative trait 

makes it possible to correlate gene transcript levels with 

SNPs (expression quantitative trait loci [eQTLs]). Gene 

expression levels have been shown to have a strong heritable 

component and variation can be due to polymorphisms close 

to the gene locus (cis) or in a different chromosome (trans). 

Many genetic variants resulting in phenotypic differences 

are mediated through changes in gene expression, and cor-

relation between gene expression and DNA polymorphisms 

can be used to aid the interpretation of genetic association, 

indicating which particular transcript is most likely to be 

influenced by the associated SNP. Indeed, several studies 

have already demonstrated that trait-associated SNPs are 

more likely to be eQTLs.152,153 Whole genome mRNA expres-

sion data are becoming publicly available for a growing 

number of cell and tissue types enabling resources, such as 

the Gene Regulators in Disease project, to aid the perfor-

mance of in silicoeQTL analysis and the correlation of geno-

type to different transcript levels.154 This is a strategy that 

can potentially help connect risk variants to their target genes. 

These are just two of the bioinformatic approaches available 

to refine the location of causal variants and implicate the 

leading positional candidate SNPs based on functional 

evidence. Several molecular methods have also proved useful 

to further investigate genetic localization of association 

signals, including Allele Specific Expression and 3C, but are 

beyond the scope of this review.

The secondary challenge of moving from an associated 

variant to a mechanism of action that explains disease causal-

ity is more substantial and will require many additional 

resources including validated functional assays, animal 

models, or in vitro models in which the causal variants can 

be assessed. This will require a lot more time, patience, and 

expertise to develop. It is anticipated that in the future the 

functional underpinning of many GWA tag SNPs can 

be elucidated. Closing the gap between genotype and phe-

notype is complicated especially since most known loci are 

outside protein coding regions and many have modest effects. 

It is important to remember that the attempt to functionally 

characterize all disease-associated SNPs is just at the 

beginning and is very far from proving causality of all 

disease-associated risk loci.

Conclusion
The GWAS approach has been used extensively to find the 

common genetic risk factors associated with RA. The results 

of these scans have been remarkable and strong associations 

with both known and novel genomic regions have been uncov-

ered, expanding the number of robustly associated RA 

loci to 34. Larger meta-analysis studies have more recently 

been employed to increase the power to detect novel associa-

tions of smaller effect sizes and to find common associations 

between related AIDs. Ongoing GWA studies alongside sta-

tistical and epidemiological refinement will undoubtedly 

deliver novel associations and potentially implicate further 

pathways that could be important in the pathogenesis of RA.

GWAS has uncovered several themes that will undoubt-

edly contribute valuable knowledge to the complete under-

standing of the pathogenesis of RA. Heritability estimates 

have suggested that more than 50% of the genetic risk to RA 

remains unknown. The concept of ‘missing heritability’ is 

likely to become much clearer once whole genome sequenc-

ing can be implemented on a larger scale and the detection 

of all common, rare and, structural variants is possible. 

Larger, well-characterized cohorts of patients from different 

ethnic backgrounds are necessary to fully resolve the exis-

tence of genetic heterogeneity between populations.

Whilst the current genetic discoveries have implicated 

many important pathways, the largest knowledge gap lies in 

how the established DNA variations contribute to the patho-

genesis of disease. It is apparent that the need to establish 

causal variants and elucidate their biological role in disease 

is imperative. It is anticipated that the use of fine-mapping 

data from the Immunochip project will help refine all the 

current regions of association with RA to identify the causal 

variants as well as giving more insight into the concept of 

shared AID loci. Bioinformatics tools can then be used to 

prioritize SNPs that can be taken forward into functional 

studies for validation of biological function. The integration 

of both genomic and functional data will be necessary to 

prove the role that implicated pathways and genes play in 

complex diseases. Identification of novel biological pathways 

susceptible to pharmacological intervention is possible, 

which in turn will enable the development of effective pre-

ventative and therapeutic agents. In addition the likely 

stratification of RA patients into more genetically homoge-

nous subgroups could well facilitate prediction of disease 

progression and response to treatment.
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