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Abstract

Genome-wide association studies (GWAS) and candidate gene studies in ulcerative colitis (UC) 

have identified 18 susceptibility loci. We conducted a meta-analysis of 6 UC GWAS, comprising 

6,687 cases and 19,718 controls, and followed-up the top association signals in 9,628 cases and 

12,917 controls. We identified 29 additional risk loci (P<5×10-8), increasing the number of UC 

associated loci to 47. After annotating associated regions using GRAIL, eQTL data and 

correlations with non-synonymous SNPs, we identified many candidate genes providing 

potentially important insights into disease pathogenesis, including IL1R2, IL8RA/B, IL7R, IL12B, 

DAP, PRDM1, JAK2, IRF5, GNA12 and LSP1. The total number of confirmed inflammatory 

bowel disease (IBD) risk loci is now 99, including a minimum of 28 shared association signals 

between Crohn’s disease (CD) and UC.

UC and CD represent the two major forms of inflammatory bowel disease (IBD: OMIM 

#266600), which together affect approximately 1:250 people in Europe, North America and 

Australasia. Clinical features, epidemiological data and genetic evidence suggest that UC 

and CD are related polygenic diseases. In contrast to CD, bowel inflammation in UC is 

limited to the colonic mucosa. While disease-related mortality is low, morbidity remains 

high and 10-20% of affected individuals will undergo colectomy. Though the precise 

etiology is unknown, the current hypothesis is a dysregulated mucosal immune response to 

commensal gut flora in genetically susceptible individuals1. Recent genome-wide and 

candidate-gene association studies have identified 18 UC susceptibility loci, including 7 that 

overlap with CD (e.g. IL23 pathway genes, NKX2-3 and IL10). Known UC specific loci 

(HNF4A, CDH1 and LAMB1) have highlighted the role of defective barrier function in 

disease pathogenesis2.
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The 18 confirmed UC loci explain approximately 11% of UC heritability (see Online 

Methods). To identify additional UC susceptibility loci and further elucidate disease 

pathogenesis, we combined data from six GWAS using genotype imputation and meta-

analysis methodology (see Online Methods). The discovery panel consisted of 6,687 cases 

and 19,718 controls of European descent with data available for at least 1.1 million SNPs 

(Supplementary Table 1). A quantile-quantile plot of the meta-analysis test statistics showed 

a marked excess of significant associations in the tail of the distribution (Supplementary 

Figure 1). Although the majority (16/18) of previously confirmed UC loci are at a genome-

wide significant level (P<5×10-8), two just failed to meet this threshold in the meta-analysis 

– 4q273, and 22q134 (Table 1), though we still consider these to be true risk loci given the 

strength of association in the initial studies (P=1.35×10-10 and P=4.21×10−8 respectively). 

Fifty loci with P< 1×10-5 and not previously associated with UC were followed up by 

genotyping the most associated SNP from each locus in an independent panel of 9,628 UC 

cases and 12,917 population controls (see Online Methods and Supplementary Table 2). Of 

these, 28 loci had evidence of association (P<0.05) in the follow-up panel and attained 

genome-wide significance (P<5×10-8) in the combined analysis of meta-analysis and follow-

up cohorts (Table 2 and Supplementary Table 3). In addition, although the locus on 1q32 

failed follow-up genotyping (rs7554511) it had been previously tested for association to UC 

in an independent cohort (rs11584383: P = 1.2×10-5)5. This alternative tag SNP achieves 

genome-wide significancein our current meta-analysis (P=3.7×10-11) and therefore we 

consider this a confirmed UC locus, bringing the total number of new UC loci to 29. It 

should be noted that 12 of the 29 loci had documented nominal evidence of association 

(5×10-8<P<0.05) to UC in previous reports (1p362, 1q326, 5q336, 6p215, 7q327, 9p245,8, 

9q345,9, 10p116, 11q235, 13q128, 13q132 and 20q1310). We also tested the 28 loci with 

follow-up genotype data for association with two clinically relevant disease sub-phenotypes 

(maximum disease extent and need for colectomy for medically refractory disease) but no 

significant associations were seen following correction for multiple testing (P<5.2×10-4) 

(Supplementary Table 4). In summary, there are 47 confirmed UC susceptibility loci, 18 

from previous studies and 29 from the current study.

As a first step towards obtaining biological insight from the identification of these 47 loci, 

we examined the gene content of the associated regions (Supplementary Figure 2). Although 

three regions contained a single gene (5p15:DAP, 6q21:PRDM1, 10q24:NKX2-3), most 

(35/47) contain multiple genes and nine are not believed to contain any gene (Table 1). We 

attempted to identify plausible candidate genes by (a) using a literature-mining tool 

(GRAIL) to identify non-random, evidence-based links between genes, (b) searching an 

existing eQTL database11 for correlations with our most associated SNPs (Supplementary 

Table 5), (c) using 1000 genomes data to identify non-synonymous SNPs in linkage 

disequilibrium (LD) (r2>0.5) with the most associated SNP in the locus (Supplementary 

Table 6), and (d) determining the gene in closest physical proximity to the most associated 

SNP (see Online Methods). These approaches (results summarized in Table 1, Table 2 and 

Supplementary Table 7) consistently identified a single candidate gene in six of the 

associated regions (2q11:IL1R2, 5p15:IL7R, 7p22:GNA12, 10p11:CCNY, 1p31:IL23R, 

16q22:ZFP90), potentially prioritizing which genes to follow up in future genetic and 

functional studies. Noteworthy candidate genes are described in Box 1. Follow-up 
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genotyping in even larger independent panels of cases and controls from a range of 

ethnicities may be needed to identify the genes containing causal variants.

BOX 1 – Candidate genes within associated loci

TNFRSF14 / MMEL1 (1p36). TNFRSF14 encodes a member of the TNF receptor 

superfamily. In a T cell transfer model of colitis, TNFRSF14 expression by innate 

immune cells has an important role in preventing intestinal inflammation22. MMEL1 

encodes membrane metalloendopeptidase-like 1. This locus is associated with 

susceptibility to celiac disease and primary biliary cirrhosis; a nsSNP in MMEL1 was 

nominally associated with multiple sclerosis.

TNFRSF9 (1p36): Tumour necrosis factor receptor superfamily member 9 is involved as 

a co-stimulator in the regulation of peripheral T cell activation, with enhanced 

proliferation and IL2 secretion. It is expressed by dendritic cells, granulocytes and 

endothelial cells at sites of inflammation. SCID mice transferred with naive CD4+ T cells 

from TNFRFSF9-deficient mice develop colitis of equal intensity as SCID mice 

transferred with wild type naïve T cells, but with amodified cytokine response23.

IL1R2 (2q11): Interleukin 1 receptor, type II binds IL1a, IL1b and IL1R1, inhibiting the 

activity of these ligands. Two alternative splice transcripts of IL1R2 have been reported. 

This protein serves to antagonise the action of IL1a and IL1b, pleiotropic cytokines with 

various roles in inflammatory processes. IL1b production by lamina propria macrophages 

is increased in patients with UC24.

This locus is immediately adjacent to a CD-associated locus containing IL18RAP, ILR1 

and other genes. It is unclear at present whether the CD-associated and UC-associated 

SNPs in these regions tag two separate loci or one locus. The lead CD SNP has a 

P=0.001 in our UC meta-analysis. There is a large recombination hotspot between IL1R2 

(UC) and IL1R1 (CD).

IL8RA / IL8RB (2q35): IL8RA and IL8RB encode two receptors for interleukin-8, a 

powerful neutrophil chemotactic factor. IL8RA expression, limited to a subpopulation of 

lamina propria macrophages and germinal centre lymphocytes in the healthy colon, is 

increased in macrophages, lymphocytes and epithelium in UC25. IL8RB expression is 

more limited and not upregulated in UC. IL8 expression is profoundly increased in 

colonic tissue from UC patients compared with controls; this increase is driven by 

inflammation26.

DAP (5p15) encodes death-associated protein. The DAPs are a heterogenous group of 

polypeptides isolated in a screen for elements involved in the IFNγ – induced apoptosis 

of HeLa cells. DAP negatively regulates autophagy and is a substrate of mTOR13.

IL7R (5p13) encodes the receptor for interleukin-7. IL7 is a key regulator of naïve and 

memory T cell survival, specifically the transition from effector to memory T cells27. T 

cells expressing high levels of IL7R are seen in human and murine colitis; selective 

depletion of these cells ameliorates established colitis 28. IL7R is a confirmed multiple 

sclerosis susceptibility gene29. The gene may have undergone extensive evolutionary 

selective pressure by intestinal helminths30.
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PRDM1 (6q21) encodes PR domain containing 1, with ZNF domain (synonym 

BLIMP1), the master transcriptional regulator of plasma cells and a transcriptional 

repressor of the IFN-β promoter. It plays important roles in the proliferation, survival and 

differentiation of B and T lymphocytes.

GNA12 (7p22) encodes guanine nucleotide binding protein (G protein) alpha 12, a 

membrane bound GTPase that plays an important role in tight junction assembly in 

epithelial cells, through interactions with ZO-1 and Src20.

IRF5 (7q32) encoding interferon regulatory factor 5, is a confirmed susceptibility gene 

for rheumatoid arthritis, SLE and primary biliary cirrhosis. This transcription factor 

regulates activity of type I interferons and induces cytokines including IL-6, IL-12 and 

TNFα, via TLR signaling. In response to mycobacterium tuberculosis infection of 

macrophages, Type I interferon expression is dependent on a pathway including IRF5, 

NOD2 and RIP231.

LSP1 (11q15): Lymphocyte-specific protein-1 is expressed by lymphocytes and 

macrophages, and also in endothelium wherein it is critical for normal neutrophil 

transmigration32.

Additional bioinformatic analyses were also performed on the entire set of genes in the 

associated regions to search for functional commonalities across this large number of loci 

(see Online Methods). Specifically, using a gene set enrichment approach the UC loci are 

seen to have more genes associated with cytokines and cytokine receptors (including IFNγ, 

several interleukins, five TNF and TNFR superfamily members), key regulators of cytokine-

mediated signaling pathways, innate and adaptive immune response, macrophage activation 

and regulation of apoptosis than would be expected by chance (Supplementary Table 8 and 

Supplementary Figure 3). Enrichment analysis of the subset of candidate loci with no known 

association to other inflammatory diseases showed significant over-representation of gene 

sets associated with MAP kinase signaling, actin binding, calcium-dependent processes, 

fatty acid and lipid metabolism (Supplementary Table 8 and Supplementary Figure 3).

The 5p15 locus contains a single gene, DAP (death-associated protein), with the most 

associated SNP in this region having a strong eQTL effect on DAP expression 

(P=2.59×10-12)11. DAP kinase expression has been shown to increase with inflammation in 

UC12, and DAP itself has recently been identified as a novel substrate of mTOR 

(mammalian target of rapamycin)13 and as a negative regulator of autophagy. While 

autophagic processes have previously been implicated in CD due to associations with 

ATG16L1 and IRGM14, this association with DAP suggests a possible link between 

autophagy and UC.

Association to loci containing PRDM1, IRF5 and NKX2-3 suggests an important role for 

transcriptional regulation in UC pathogenesis. A key example is BLIMP-1, encoded by the 

PRDM1 gene, whose most important function is in B cells, as the master transcriptional 

regulator of plasma cells15. It also functions in T cells to attenuate IL-2 production upon 

antigen stimulation16, and topromote the development of short-lived effector cells and 

regulate clonal exhaustion in both CD4 and CD8 cells17. It is noteworthy that the 11q24 
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celiac disease susceptibility locus containing ETS1, a transcription factor essential for T-bet 

induced production of IFNγ and the development of colitis in animal models, just fails to 

reach genome-wide significance in our study (P=1.22×10-7, Supplementary Table 3b)18,19.

Identification of GNA12 as the most likely candidate at the 7p22 locus suggests a role for 

intestinal barrier function as this gene is implicated in tight junction assembly in epithelial 

cells20. Barrier integrity appears to be a key pathway in UC pathogenesis given previous 

associations to loci containing HNF4A, CDH1 and LAMB12,5.

Given the phenotypic overlap between UC and CD, we examined the evidence for 

association at all 47 UC loci in our recently completed CD GWAS meta-analysis comprising 

6,333 cases and 15,056 controls14 and, conversely, for evidence of association at all 

confirmed CD loci in our UC meta-analysis (Table 3 and Supplementary Table 9). We find 

that, among the 99 confirmed IBD loci meeting genome-wide significance (P<5×10-8) either 

in UC and/or CD, 28 independent index SNPs have P<1×10-4 in both scans. Interestingly, 

all index SNPs meeting these criteria showed the same direction of effect in both diseases, 

thus pointing to a minimum of 28 shared association signals between UC and CD. Multiple 

genes involved in the IL23 signaling pathway are included in this overlapping SNP list, 

specifically IL23R, JAK2, STAT3, IL12B (p40), and PTPN2. The significance of these 

findings is underlined by the central role played by IL23 in the induction of IL17 by Th17 

lymphocytes, its established role in other autoimmune disorders, and the intense interest in 

therapeutic manipulation of the IL23-IL23R interaction through blockade of the p40 or p19 

IL23 subunits.

Loci not meeting these inclusion criteria cannot be formally discounted as shared loci, 

indeed many of the confirmed UC/CD loci with nominal association (1×10-4<P<0.05) to the 

other disease may be shared. Among the confirmed UC loci with no evidence (P>0.05) of 

association to CD are the three containing candidate genes that play a role in intestinal 

barrier function (GNA12, HNF4A, and LAMB1).

In addition to loci shared with CD, 19 of the 47 UC risk loci are also associated with other 

immune-mediated diseases (Table 1 and Table 2). In particular, these “shared loci” are 

enriched for genes involved in T-cell differentiation, specifically in the differentiation of 

TH1 and TH17 cells (e.g. loci encoding IL23R, IL21, IL10, IL7R, IFNG). Dysregulated auto-

antigen specific TH1 responses are believed to be involved in organ-specific autoimmune 

diseases, and TH17 cells are increasingly recognized to contribute to host defense and 

induction of autoimmunity and tissue inflammation21. Another shared pathway between UC 

and other immune mediated diseases involves TNF-signaling (TNFRSF9, TNFRSF14, 

TNFSF15) with widespread immunological effects including NF-κB activation, a known 

key component of the inflammatory response in IBD.

The current study has more than doubled the number of confirmed UC susceptibility loci 

and we estimate that 16% of UC heritability is explained by these loci (see Online Methods). 

We have identified potentially causal genes at several loci but confirmation of causality 

awaits detailed fine-mapping, expression and functional studies. Dense fine-mapping and 
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large-scale re-sequencing studies are underway with the goal of identifying the causal 

variation within many of these loci.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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