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Abstract

Epidemiological and clinical studies have suggested that the pathogenesis of inflammatory bowel 

disease (IBD) is strongly influenced by genetic predisposition. Beyond the limitations of linkage 

analysis, multiple genome-wide association studies, their meta-analyses, and targeted genotyping 

array techniques have broadened our understanding of the genetic architecture of IBD. Currently, 

over 200 single nucleotide polymorphisms are known to be associated with susceptibility to IBD 

and through functional analysis of genes and loci, a substantial proportion of pathophysiologic 

mechanisms have been revealed. However, because only a modest fraction of predicted heritability 

can be explained by known genes/loci, additional strategies are needed including the identification 

of rare variants with large effect sizes to help explain the missing heritability. Considerable 

progress is also being made on applying outcomes of genetic research in diagnostics, 

classification, prognostics, and the development of new therapeutics of IBD.
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1. Introduction

The inflammatory bowel diseases (IBD), including Crohn’s disease (CD) and ulcerative 

colitis (UC), are chronic inflammatory diseases of the gastrointestinal tract of unknown 

pathogenesis. As described in the landmark article by Crohn et al., familial aggregation of 
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IBD implicates genetic background in the development of IBD.1 Although not yet fully 

understood, dysregulated mucosal immune response to microbes in a genetically susceptible 

individual is thought to be pathogenic mechanism of IBD.2 It is hoped that genetic studies 

will possibly answer questions including which individuals are destined to suffer from IBD 

and which IBD patients will more likely suffer a disabling course of disease. Unlike classical 

Mendelian disorders, IBD is genetically complex disorder, where traditional genetic 

analytics are not able to shape the real features of disease. However, with rapid technologic 

developments, such as gene chip and computational/statistical techniques over the past a few 

decades, very significant progress has been made in our understanding of the genetic 

architecture of IBD. This review will cover both historical and the current status of IBD 

genetic research, as well as identified genes/loci associated with IBD, and potential clinical 

application of our knowledge on IBD genetics.

2. History of genetic research for IBD

Epidemiologic observations showing clear familial clustering of IBD and higher risk of CD 

in Jews, especially in Ashkenazi Jews prompted researchers to be interested in heritability 

and genetic risk of IBD.3,4 In addition, when combing 6 twin studies from Europe, the 

concordance rates of 30.3% in 112 monozygotic twins vs. 3.6% in 196 dizygotic twins for 

CD and 15.4% in 143 monozygotic twins vs. 3.9% in 206 dizygotic twins for UC supported 

further the impact of genetics in IBD risk.5 According to previous genetic epidemiologic 

studies, a lifetime risk of developing IBD for first-degree relatives of a CD patient was 

estimated to be 4.8%–5.2% for non-Jews and 7.8% for Jews.3,6,7 The corresponding figures 

for first-degree relatives of a patient with UC are 1.6% for non-Jews and 5.2% for Jews.3 

Accordingly, the familial aggregation of IBD, the observed concordance in twin studies, and 

increased risk of developing IBD in relatives of proband triggered molecular genetic studies 

on IBD.

3. Linkage studies

Due to the technical limitation and high cost of sequencing, early IBD genetic studies were 

inevitably restricted to studying a number of genetic variants in a small number of 

individuals.8 Therefore, the earliest studies were designed around understanding the patterns 

of disease inheritance within a specific family having diseases of interest. By tracing the 

DNA segments that segregated depending on disease status within families, sections of the 

genome that were likely to confer risk to the specific disease could be identified.8 This 

approach called linkage analysis was useful for detecting variants with high penetrance that 

segregate well with disease status.8 In 1996, the first linkage study in IBD identified a 

portion on chromosome 16 (IBD1 locus) with CD,9 a finding supported in subsequent 

studies.10–15 Further studies also identified and replicated areas of significant linkage on 

additional chromosomes which were designated as IBD2-IBD9.16 A natural extension of 

identifying these regions was to perform fine-mapping and through this approach CARD15/
NOD2 was identified as the underlying gene at IBD1 in 2001.17 At the same time, two 

independent studies, using a candidate gene approach, also identified the role of CARD15/

NOD2 in CD susceptibility.18 Three single nucleotide polymorphisms (SNPs), R702W, 

G908R, and L1007fsinsC, were revealed to represent 81% of disease-causing mutations 
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within CARD15/NOD2.19 Further replication studies confirmed that these three SNPS are 

independently associated with CD.20–22 Identification of CARD15/NOD2 remained one of 

the few robustly replicated genetic risk loci discovered through following up linkage 

analysis signals, not just in IBD, but across common diseases.8 The widespread failure of 

linkage analyses, in general, strongly suggested that common diseases do not have a single, 

highly penetrant genetic causes, but that they are likely driven by the accumulation of 

multiple risk factors of only modest effect (the ‘common disease, common variant’ 

hypothesis).23 Discovering genetic associations via linkage analysis under this scenario is 

very difficult, as the genetic risk may be spread throughout the genome rather than 

concentrated in a single locus.23 Therefore, alternative association analyses approaches 

which test if the population-level allele frequencies of cases and controls are statistically 

different, were thought to be much more powerful because it would be possible to select the 

right variant to test among millions of variants existing in human population.8,23

4. Genome-wide association studies

The development of publicly available databases such as the SNP Consortium and the 

International HapMap Consortium, that contain increasingly comprehensive information 

about SNPs across the genome, together with an increased understanding of linkage 

disequilibrium structures in humans as well as the development of new microarray 

technologies leading to genome-wide SNP chip, opened the way to genome-wide 

association studies (GWAS).8,24–27 GWAS compare the allele frequency of a particular 

variant between unrelated cases and controls. These new approaches were correctly hailed as 

the next step to unravel the genetic architecture of complex diseases like IBD. GWAS-based 

approaches avoid underlying assumptions for biological or positional candidate loci, genes, 

and variants.28 Therefore, GWAS have been labeled as a “hypothesis-free or unbiased” 

approach, overcoming the limitations imposed by our incomplete understanding of the 

pathophysiology of complex diseases.28 In the first GWAS for IBD, Yamazaki and 

colleagues explored 72,738 SNPs and identified several associated SNPs with CD in 

Japanese populations at the TNFSF15 gene, a finding replicated in European cohorts.29 In 

the first European ancestry GWAS study, CD-risk variants were identified in the interleukin 

23 receptor (IL23R) gene.30 Further independent replication studies confirmed IL23R CD 

associations and also extended the association to UC.30 A study adopting a slightly different 

approach, through studying non-synonymous variants across the genome, identified an 

association to a protein-coding variant in ATG16L1 with CD, providing the first evidence for 

the importance of autophagy in CD.31 GWAS approaches also revealed a pair of associations 

on chromosomes 5p13 and 10q21 located in gene deserts, thereby suggesting the important 

role of regulatory and non-coding elements in CD.32,33 Further GWAS have shown 

association of other genes related with innate (TLR4, STAT3, NKX2-3, CARD9) and 

adaptive (TNFSF15, PTPN2, IL-12B, IRF5) immune response pathways and highlight the 

role of autophagy and intracellular bacterial handing (CARD15/NOD2, ATG16L1, IRGM) 

in CD.8,34 These initial CD studies also suggested a partial overlap between CD and other 

immune-related disorders. Around 30% of associated variants in these initial studies on CD 

were shared with UC, while close to 50% of loci were revealed to be shared with at least one 

other immune-mediated disease such as type 1 diabetes, celiac disease or rheumatoid 
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arthritis.35,36 Additional GWAS in UC cohorts lead to the discovery of multiple novel UC-

specific loci.37–40 Three loci associated with biologically relevant candidate genes, HNF4A, 

CDH1, and LAMB1, suggested a possible role of epithelial barrier defects in UC 

pathogenesis.8,39 GWAS on UC also confirmed the association between UC and human 

leukocyte antigen (HLA) locus.41 In contrast to UC, where several variants in HLA-B make 

the largest contribution to genetic risk (ORs 1.4–1.5), genes in the HLA region confer only a 

modest effect on CD risk (ORs 1.1–1.2).36,42

5. Current status of genetic research for IBD

5.1 GWAS meta-analysis

Although early GWAS identified multiple loci associated with CD and UC, thereby 

generating new biological hypothesis for IBD, the relatively weak associations only 

explained a fraction of the heritability expected from twin studies.8 This ‘missing 

heritability’ was partially attributed to types of variation not adequately captured by GWAS 

(e.g. non-European ethnicity, as well as rare and structural variations).8,43–45 In addition, it 

was recognized that a substantial number of additional and yet-unidentified common 

variants with even smaller effect size (e.g. ORs < 1.2 or even 1.1) than those identified by 

early GWAS, requiring much larger sample sizes, existed.8,36,44 The need for large sample 

sizes re-energized The International IBD Genetics Consortium (IIBDGC) (http://

www.ibdgenetics.org/) with the aim of bringing together investigators and GWAS datasets 

from IBD genetics groups around the world in order to search for variants with small effect 

size not detected by underpowered GWAS.8,36 The first meta-analysis combined data from 

over 13,000 individuals from three previously published GWAS and identified 21 new CD 

loci including another autophagy gene, LRRK2.46 Two years later, a second CD meta-

analysis of six GWAS with a total sample size of over 50,000 individuals identified 30 new 

loci, bringing the total number of CD susceptibility loci to 71, explaining 23.3% of the 

estimated heritability for CD in European ancestry populations.47 The first GWAS meta-

analysis of UC patients combined 3 studies in a discovery set and performed replication in 

the independent population.48 As a result, thirteen novel loci were identified and multiple 

previously reported UC- and CD-associated loci were confirmed, increasing the number of 

UC loci to approximately 30.48 Additional meta-analysis of six UC GWAS datasets, 

comprising 48,950 individuals, identified 29 additional risk loci with genome-wide 

significance, increasing the number of UC-associated loci to 47, with an estimated 16% of 

heritability explained.49 The recent meta-analysis of 15 GWAS for CD and/or UC as well as 

additional typing on the Immunochip (totalling over 75,000 subjects) identified 71 novel 

IBD loci, increasing the number of IBD-associated loci to 163 (110 associated with both CD 

and UC, 30 CD-specific, and 23 UC-specific).42 Out of 53 disease-specific loci, 43 showed 

the same direction of effect in both CD and UC, suggesting that nearly all of the biological 

mechanisms involved in one disease play some role in the other.4,42 Collectively, multiple 

pathways were implicated as IBD-related mechanisms, including those involved in innate 

immunity, JAK/STAT signaling pathway, cytokine production (interferon-gamma, IL-12, 

tumor-necrosis-factor-alpha, and IL-10 signaling) and lymphocyte activation.8,42 

Approximately 70% of IBD risk loci (113 out of 163) were revealed to be shared with other 

complex diseases or traits, including 66 loci shared with other immune-mediated disorders 
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(especially ankylosing spondylitis and psoriasis).42 Moreover, six out of 8 genes linked to 

Mendelian susceptibility to mycobacterial disease overlapped with IBD and seven out of 8 

loci known to be associated with leprosy by GWAS were also shared with IBD.42 These 

overlaps suggest that selection pressures arising from mycobacterial infection may have 

shaped the genetic architecture of IBD.36,42

5.2 IBD genetic studies in non-European populations

Historically, GWAS in IBD had centered around subjects of European ancestry with the 

exception of the first ever GWAS which was a Japanese CD study.29 Although TNFSF15 
was identified as a CD gene in Japanese, previous replication studies have shown lack of 

common CARD15/NOD2 variants in Japanese CD patients.29,50,51 This lack of association 

between CARD15/NOD2 variants and CD in Japanese was replicated in Koreans.52,53 

Replication studies on the association between IL23R and IBD have shown conflicting 

results. A Japanese study showed that none of the 10 IL23R SNPs from the original study by 

Duerr et al. was associated with CD.54 However, in a Korean study, two variants (rs1004819 

and rs1495465) were associated with CD.55 Of the 35 known IL23R SNPs studied in Han 

Chinese cohort, only one non-synonymous SNP, rs11465788 (C>T), was associated with 

CD.56 This association had not been identified in previous studies but was replicated in a 

subsequent Korean study.57 Following the first GWAS in Asians,29 subsequent GWAS on 

Japanese and Korean CD patients demonstrated that some risk loci for CD are shared 

between East Asians and European ancestry populations, while some appear to be peculiar 

to the East Asian populations including a loci on chromosome 4p14, 10q25, in the 

ATG16L2-FCHSD2 region on11q13, and in the SLC25A15-ELF1-WBP4 region on 

13q14.58,59 GWAS on Asian UC patients have shown a tendency to more extensive genetic 

overlap with European ancestry populations than that seen in CD.60,61 Recent GWAS from 

northern India also identified shared contribution of a proportion of UC-susceptibility genes 

between northern Indians and Europeans as well as identifying 3 HLA-independent loci.62 

In a similar fashion to studies performed on European populations, researchers have utilized 

other platforms in East Asians including a study utilizing the Immunochip in Koreans, which 

identified six additional CD loci thereby increasing the total explained genetic variance for 

CD from 5.31% to 7.27%.63 A similar approach in UC has increased the risk loci to 13 

including 3 previously reported by GWAS in Koreans.64 Immunochip analysis of African 

Americans showed overlaps with Caucasian and Asian studies, through replication of 5 

(IL23R, FCGR2A, PTGER4, CARD15/NOD2, and IKZF3) out of 163 SNPs from the 

Caucasian study and showing the strongest associations between UC and HLA rs9271366, 

replicating an association previously observed in both Japanese and Korean UC 

GWAS.42,61,65,66 Most recently, the first trans-ethnic association study of both CD and UC 

by the IIBDGC, with GWAS or Immunochip data on 86,640 Europeans and Immunochip 

data from 9,846 individuals of East Asian, Indian or Iranian descent was published.67 As a 

result, 38 newly associated loci (27 with both CD and UC, 7 specific to CD, and 4 specific to 

UC) were identified, increasing the number of known IBD risk loci to 231 independent 

SNPs within 200 loci.67 Among those, the majority were shared across diverse ancestry 

groups, with only a handful demonstrating population-specific effects driven by 

heterogeneity in risk allele frequency (for example, CARD15/NOD2) or effect size (for 

example, TNFSF15-TNFSF8).67 Still, the number of genes/loci associated with IBD in 
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Asian population is currently fewer than that of Western patients due, at least in part, to the 

smaller studies performed to date in Asians and other populations. It was suggested that 

genetic factors could play a critical role in shaping the microbiota in IBD patients as well as 

healthy subjects.68,69 Our speculation for a lower incidence of IBD in Asians is that 

differences in genetic architecture between Western and Eastern IBD populations could 

result in differences in microbial milieu, thereby causing different incidences of IBD 

depending on ethnicity. However, regarding host genetics, microbiome, their crosstalk, and 

the contribution of other environmental factors, more extensive research is needed, 

especially in Asians. The CD, UC, or IBD-associated loci revealed by GWAS, GWAS meta-

analysis, and Immunochip analysis are summarized in Table 1. The number of IBD-

associated loci identified among various ethnic groups over the past 15 years is presented in 

Figure 1.

5.3 Beyond GWAS

With GWAS, Immunochip, their meta-analysis and the recently published trans-ethnic study, 

the number of identified IBD-associated loci has increased approximately 100-fold during 

the past 15 years.67 However, this approach is still based on the ‘common disease, common 

variant’ hypothesis,23 and is mostly capturing variants identified from European ancestry 

populations.8,67 The latest estimates suggest that the Immunochip and GWAS identified 

variants listed above only explain 19% and 26% of the heritability, respectively for CD and 

corresponding figures of 15% and 19%, respectively, for UC.70 This missing heritability 

could be attributed to the regions overlooked by GWAS, such as the sex chromosomes, as 

suggested by recent studies which identified ARHGEF6 and XIAP as IBD-related 

genes.8,71–75 It is also important to recognize that heritability estimates are prone to error 

and are an inexact science.

Rare or low frequency variants—Generally, rare variants have a low correlation with 

the marker SNPs used in the traditional genotyping platforms that are, on the whole, 

designed to capture common variation with a minor allele frequency over 0.05.8,76 

Therefore, to discover a rare or low frequency disease-associated allele, direct testing of the 

variants is necessary. In addition, with the infrequency of such alleles in the population, even 

the largest catalogues of known human variation will not contain all variants of interest as 

novel variants are discovered every time a human genome is sequenced.8 Therefore, 

sequencing of an entire region, not just the known variable sites would be required to 

discover rare or low frequency variations. With the introduction of next generation 

sequencing (NGS) technology, progress in this area will soon be realized. Early NGS studies 

for IBD were focused on early-onset IBD, under the hypothesis that these are more severe 

cases and may be closer to single gene or Mendelian disorders than adult-onset IBD.8 

Exome sequencing in a male child who presented at 15 months with very severe CD-like 

presentation identified a XIAP mutation leading to immunodeficiency with bowel 

manifestations that improved significantly after allogenic hematopoietic progenitor cell 

transplant.72 Subsequently, according to a recent German study, private variants in XIAP 
were commonly observed in about 4% of male patients with pediatric onset CD.75 Similar 

examples of rare mutations found in very early onset IBD (VEO IBD) subjects were 

identified in genes encoding the IL-10R subunit proteins,77 and a deletion mutation in 
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ADAM17 that was homozygous in both of two children born to consanguineous parents.78 

Further application of NGS technology for searching rare and low frequency variation in 

candidate IBD loci across cases and controls will likely reveal additional variants. Deep 

resequencing of GWAS loci in 350 cases of CD and 350 controls, followed by genotyping of 

70 rare and low-frequency protein-altering variants in independent case-control series 

identified four additional independent risk loci in CARD15/NOD2, two additional protective 

variants in IL23R, and a highly significant association with a protective splice variant in 

CARD9.79 A similar targeted sequencing approach on 55 candidate genes in 200 cases of 

UC and 150 controls with follow-up genotyping of 42 rare non-synonymous variants in 

independent case-control cohorts confirmed significant association of rare variants in both 

IL23R and CARD9, previously identified from sequencing of CD loci and identified a novel 

association in RNF186.80 Ideally, the next step will be the deep sequencing of whole 

genome across sufficient number of cases and controls, not limited to candidate genes. 

However, minor allele frequency of a targeted rare variant is very low, thereby needing 

extremely large number of cases and controls to obtain a meaningfully significant difference 

unless variants with a very strong effect are identified. In addition to difficulty in enrolling 

large number of study subjects, the cost of deep sequencing of the whole genome remains a 

barrier as does the intensity of the subsequent analyses. Before whole genome sequencing 

becomes common place as costs continue to drop, a compromise approach of whole exome 

(coding regions in the genome) sequencing will likely become common place, as exomes 

represent only 1% of the complete genome.81 One example of successful exome sequencing 

is the discovery of a novel A-to-C missense variant (c.694A>C) in exon 6 of the FOXP3 
gene on chromosome X in VEO IBD.82 Interestingly, GWAS-based studies have shown that 

a substantial proportion of IBD-associated loci are located in non-coding regions, suggesting 

rare variants regulating gene expression may also be important in IBD pathogenesis.8 The 

roles of non-coding regions on their pathogenic effects through modulation of gene 

expression are being identified by expression quantitative trait loci (eQTL)-GWAS mapping 

analysis.27

A further example of regions potentially missed by GWAS-based approaches was also 

suggested by a recent functional methylome map of UC colonic mucosal tissues which 

identified sixty-one genomic regions with differential methylations patterns that were also 

associated with nearby differentially expressed transcripts, implicating epigenetic regulation 

of gene expression in contributing to UC pathogenesis.27,83 Various types of micro-RNAs 

have also been implicated in IBD pathogenesis through the regulation of several IBD-

associated genes, such as CARD15/NOD2, ATG16L1, and IL-23R.84–86 Another suggested 

approach is sequencing many individuals at low depth and combining data across individuals 

to generate accurate calls in shared stretches of chromosome.87 This approach may also 

provide useful disease-specific reference panels that can drive imputation into additional 

samples to increase power further.87

5.4 Identifying the causal variants and genes

Although genome-wide scanning, meta-analyses, and Immunochip analyses have identified 

over 200 SNPs associated with CD and/or UC, the question on ‘functionality’ and 

‘causality’ of these findings remains elusive. Increasing resources are being directed to 
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identifying causal variants and thereby implicating genes within known loci.8 Traditional 

approaches to ‘prove’ causality included experimental validation of suggested genes using in 
vitro cellular or animal models. This approach is difficult and a time-consuming process, but 

can be complemented by fine-mapping strategies capitalizing on the large number of 

samples already genotyped by GWAS and Immunochip platforms. It is believed that the 

majority of GWAS-identified risk variants are not likely themselves to be causally affecting 

the trait, but rather, are correlated to the true causal variant through linkage disequilibrium.88 

Therefore, real causal variants could be identified in fine-mapping studies through targeted 

sequencing followed by prioritization of variants for functional validation.88 For 

prioritization purpose, a novel framework integrating association strength with functional 

genomic annotation data has been proposed recently.88 In addition, an algorithm which is 

integrating fine-mapped genetic and epigenetic data to identify candidate causal variants for 

21 autoimmune diseases has also been suggested.89

6. Genes/loci associated with IBD risk

6.1 CARD15/NOD2

The identification of CARD15/NOD2 in the IBD1 locus as a CD-associated gene was a 

major breakthrough for IBD genetic research. NOD2 consists of two amino-terminal caspase 

recruitment domains (CARDs), a centrally located nucleotide binding domain and multiple 

leucine rich repeats (LRRs) at its carboxyterminal end.17 The LRR serves as a receptor for 

muramyl dipeptide, a small molecule derived from the cell wall peptidoglycan of gram-

positive and gram-negative bacteria.90 Three different variants located in or near the LRR 

region are independently associated with CD in European ancestry populations: the 

frameshift mutation (L1007fsinsC), which causes a truncated protein transcript and two 

nonsynonymous polymorphisms (Arg702Trp and Gly908Arg).17,20–22 Carriage of one copy 

of the risk allele increases the risk of developing CD 2- to 4-fold and carriage of two risk 

alleles increases the risk of disease 20- to 40-fold in adults.16 However, the allele frequency 

of the 3 SNPs, and thus the population-attributable risk for CD from these mutations varies 

widely depending on ethnicity, showing no effect in East Asians.19,20,51–53,91–96 Studies on 

the function of CARD15/NOD2 have shown that variants are associated with an impairment 

in intracellular killing of Salmonella, increased susceptibility to infection with Listeria 
monocytogenes, and decreased expression of certain cryptdins.97,98 In addition, CARD15/
NOD2-mutant mouse showed elevated NF-κB activation in response to muramyl dipeptide, 

more severe colitis induced by dextran sodium sulphate, and increased macrophage 

apoptosis and levels of IL-1β.99 Recently, nod1 and nod2 proteins were also implicated as 

having a role in autophagy by recruiting atg16l1 protein to the plasma membrane at the point 

of bacterial entry, and by inducing autophagosome formation.100–102 In CD patients with 

CARD15/NOD2 variants, ileal expression of α-defensin was more pronouncedly diminished 

than in those with wild-type.103 CARD15/NOD2 variants are not associated with UC and 

some data suggest that they may decrease the risk of colonic inflammation.19,104 In 

summary, CARD15/NOD2 mutations which are functionally linked to a deficient 

antimicrobial defense, are significantly associated with risk of CD in European ancestry, but 

not in East Asians.
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6.2 Autophagy genes

Autophagy is a natural cellular mechanism removing unnecessary or dysfunctional cellular 

components for maintaining cellular and tissue homeostasis.105 The representative 

autophagy genes, ATG16L1 and IRGM have been shown to play roles as restriction factors 

for pathogens through autophagy.105 The discovery of the association of the Thr300Ala 

(rs2241880) in ATG16L1 with CD was a significant advance in our understanding of the 

pathogenesis of IBD. In 2007, three GWAS from Germany, UK, and North America 

identified a significant association of ATG16L1 with CD.31,33,106 Subsequent studies from 

multiple European cohorts confirmed this association.107–111 A Japanese study of 1311 CD 

cases and 6585 controls did not find any association between ATG16L1 variants and CD.96 

However, a subsequent Korean study of 1809 cases and 2436 controls, did demonstrate 

Thr300Ala association with CD.112 Interestingly, a Korean GWAS suggested an association 

between ATG16L2 and CD.59 Atg16l2 protein is a homologue of atg16l1, but its role in 

autophagy has not been confirmed yet.59,112,113 The association of another autophagy gene, 

IRGM, with CD was also reported in European population studies.106,107,114 However, 

replication studies on Asians showed conflicting results.96,115–118 Immunochip and GWAS-

based studies in UC have not shown any significant association in Europeans and 

Asians.37,38,116,117 A knock-in mouse model expressing the ATG16L1 Thr300Ala variant 

showed morphological defects in Paneth and goblet cells.119 Selective autophagy was also 

reduced in multiple cell types from Thr300Ala knock-in mice compared with wild type 

mice.119 ATG16L1 Thr300Ala protein showed more susceptibility to caspase 3- and caspase 

7-mediated cleavage than wild type atg16l1 protein, resulting in decreased protein stability 

and effects on antibacterial autophagy and inflammatory cytokine production.119 In a 

subsequent study, increased proportions of abnormal Paneth cells were associated with the 

presence of Thr300Ala risk allele.120 The cumulative number of ATG16L1 Thr300A and 

CD-associated CARD15/NOD2 variants had an additive effect on the proportion of 

abnormal Paneth cells as well.120 Abnormal Paneth cells were also associated with a faster 

time to disease recurrence after surgical resection in CD cases.120 Based on evidences from 

these studies, therapeutic approaches influencing autophagy could be a rational and 

promising agent for a subset of CD in the near future.121

6.3 IL23R

The first published European ancestry GWAS identified association between several 

common variants at IL23R and IBD,30 an association confirmed in subsequent GWAS and 

replication studies.106,122 Among multiple associated alleles in the IL23R gene region, the 

most significant association was observed at rs11209096 (Arg181Gln) where having the 

minor glutamine allele gives a 2- to 3-fold protection against developing IBD.27,30 

Subsequent functional studies revealed that the glutamine is a loss-of-function allele, and 

confers attenuated IL-23-mediated Th17 effector function, decrease of circulating CD4+ 

Th17 cells and CD8+ Tc17 cells, and reduced levels of proinflammatory cytokine 

secretion.123–125 These findings suggested that blocking the IL-23 signaling pathway may 

be effective in treating IBD and studies blocking both the IL-12/23 pathway with 

monoclonal antibody to p40 subunit of IL-12/23 and targeting IL-23 pathway through 

blocking p19 (subunit of IL-23) have shown promise in active CD patients, especially for 

patients who have failed anti-TNF therapy. 124,127
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6.4 TNFSF15

The first ever GWAS on IBD which was performed in a Japanese population identified 

TNFSF15 as an IBD locus. Tnfsf15_28 (14,340T→C in intron 3 of TNFSF15) was the most 

significantly associated variant with CD among several associated SNPs at this locus.29 In 

the UK cohort from the same study, five polymorphic markers (tnfsf15_26, 31, 35, 36 and 

41) were associated with IBD.29 Subsequently, the association of TNFSF15 with CD was 

confirmed in replication studies, GWAS and deep resequencing from both Japan and 

Korea.58,59,128–130 In European ancestry populations, the association of TNFSF15 with CD 

was confirmed, although the observed effect size was smaller than that seen in East 

Asians.46,131,132 Tnfsf15 protein, also known as TL1A is a proinflammatory molecule which 

stimulates proliferation and effector functions of CD8(+) cytotoxic T cells as well as 

Th1,Th2, and Th17 cells in the presence of TCR stimulation.133 Currently, TL1A is believed 

to be involved in the pathogenesis of IBD by stimulation of effector T cells and upregulation 

of proinflammatory cytokine production, defective generation of peripheral Tregs, and 

dampening suppressive activity of preexisting Tregs.133 A recent study revealed that 

monocyte-derived macrophages from rs6478108 A allele CD risk-carriers in the TNFSF15 
region showed increased tnfsf15 expression, and increased pattern-recognition receptor-

induced signaling and cytokines compared with GG carriers.134 TNFSF15 variants have also 

been associated with stricturing phenotype in CD.135 Collectively, these findings suggest 

that targeting tnfsf15 could be a promising therapeutic area for IBD patients. In a mouse 

model, antibody to TL1A prevented DSS-induced chronic colitis and T cell-mediated 

chronic colitis, as well as attenuating established DSS-induced chronic colitis by down-

regulating of both Th1 and Th17 activation.136 In the near future, it is likely that TL1A 

blocking agents will be trialed in IBD patients.

6.5 HLA

The HLA region on chromosome 6p21 contains many genes related to immune function. 

The association between the HLA region and IBD has been studied for many years, and 

multiple associated loci have been reported including confirming early serological-based 

associations with HLA. The recent GWAS/Immunochip meta-analysis demonstrated that 

SNP rs6927022 near the class I gene HLA-DQA1 is the strongest UC-associated locus in the 

genome, and rs9264942 located in the HLA-B gene locus of the HLA class I region is the 

strongest CD-associated HLA locus.42 The recent high-density genotyping for 7406 SNPs 

within the HLA region in a total of 66954 individuals (18,405 with CD, 14,308 with UC, 

and 34,241 controls) identified multiple risk alleles associated with one or both diseases, 

with HLA-DRB1*01:03 being the most strongly associated with both CD and UC.137 They 

also showed that the contribution of class I and class II HLA variants to disease risk is 

relatively equivalent in CD, but HLA class II variation has a more important role in UC.137 

In addition, most associated HLA alleles had a predominant role in either CD or UC, with 

very few conferring shared IBD risk.137

7. Clinical application of genetics in IBD

Considering significant heterogeneity in phenotype, natural history, and therapeutic 

response, IBD could be an ideal model for personalized or precision medicine, which 
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incorporates individual variability in building prevention and treatment strategies.138 The 

significant advances in understanding the genetic architecture of IBD may be helpful in 

clinical practice in areas such as diagnostics, prognostics, and therapeutics.

8. Diagnosis of IBD

Despite abundant knowledge acquired from multiple studies on genetic traits associated with 

IBD, low pre-test probability (i.e. low prevalence of IBD in the general population) and 

moderate genotype-relative risks of IBD-associated loci limit the utility of genetic testing for 

new diagnosis of IBD.27,139 One example of this limitation is poor agreement on direction of 

risk of CD between two direct-to-consumer (DTC) genetic testing products with 3 out of 5 

individuals receiving discordant CD risk-estimates from the 2 DTCs.140 An alternative 

strategy of combining serological, genetic, and inflammatory markers to differentiate non-

IBD, CD, and UC has been attempted.141 Using a total of 17 markers (8 serological markers, 

4 genetic markers, and 5 inflammatory markers) for a diagnostic random forest algorithm, 

the IBD vs. non-IBD discrimination area under the curve (AUC) was 0.87, which was 

significantly higher than the AUC for serology-only panel, 0.80 (P = 0.0001).141 Similarly, 

the AUC for CD vs. UC increased from 0.78 of serology-only panel to 0.93 with the 

combined panel (P = 0.0001).141 However, the contribution of genetic markers on this model 

needs to be evaluated further and the validity of this approach remains to be confirmed in 

additional cohorts.27 Although there is a long way to go for applying genetic tests of 

common variants as a screening or diagnostic tool of IBD, tests for single genes causing IBD 

could contribute to both diagnosis and intervention based on pathogenesis as well as genetic 

counseling.27 Known examples of single genes resulting in VEO IBD are the previously 

discussed XIAP, IL-10R, ADAM17, and FOXP3.72,77,78.82 Because 50 or more single genes 

causing IBD are implicated in VEO IBD, a useful IBD gene panel test including multiple 

candidate genes may guide clinicians to aid diagnosis and management of VEO IBD.

9. IBD subphenotypes and prognosis

In addition to the genetic variation associated with overall IBD risk, there has been 

considerable interest in the association between genetic variation and IBD subphenotypes, 

prognosis, and natural history. There have been multiple studies on the association between 

IBD susceptibility genes and prognosis, mainly among European ancestry subjects. The 

CARD15/NOD2 SNPs have been associated with ileal CD, stricturing disease, penetrating 

disease, familial disease, and earlier onset of disease.19–21,92,142–146 CARD15/NOD2 was 

also significantly associated with both bowel resection and complicated disease course 

(defined as one or more of the following: stenosing or internal penetrating behavior; perianal 

disease; or bowel resection) from a recent European multinational, multicenter study.145 

Subphenotypic associations of CARD15/NOD2 for CD was also confirmed in a study 

involving 49 sites in 16 countries in Europe, North America, and Australia, which suggested 

that CARD15/NOD2 primary association was predominantly with disease location (ileal) 

and not with a stricturing phenotype.147 Among autophagy genes, the ATG16L1 T300A 

variant has been associated with ileal CD,55,110,148,149 and IRGM was associated with 

internal and perianal fistula in Italian CD patients.150 IL23R variation was also associated 

with ileal involvement (rs7517848),151 and with stricturing or penetrating phenotype 
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(rs1004819, rs1495965, and rs11465804).55,145 For HLA, the DR3 DQ2 haplotype was 

predictive of extensive UC rather than distal disease.152 For CD, HLA-DRB1*01:03 was 

associated with pure colonic CD rather than ileal involvement and also with later age of 

diagnosis.144,153 In contrast, HLA-DRB1*07:01 and DRB1*04 were associated with ileal 

CD.144 The most recent multicenter study also confirmed the association between HLA and 

IBD subphenotypes, especially disease location.147 Three SNPs in the TNFSF15 
(rs6478109, rs7848647, and rs4979462) were associated with perianal lesions in Japanese 

patients with CD.128 In Korean CD patients, rs6478108 CC genotype was associated with 

stricture and non-perianal penetrating complications, and rs4574921 CC genotype with 

perianal fistula.135 The rs4263839 in the TNFSF15 was related with bowel resection in CD 

patients with European ancestry.145 Comparing medically refractory UC (MRUC) and 

controls, the contribution of the HLA region to severe disease was confirmed and 2 

additional loci reached a suggestive level of responsibility including TNFSF15.154

Understanding the limitation of a prognostic test based on a single variant with limited effect 

size, researchers have combined genetic variants to produce composite or gene-risk scores. 

Previously, a genetic risk score from the total number of risk alleles (0, 1, or 2) across 46 

risk SNPs associated with MRUC ‘explained’ 48% of the variance for colectomy risk.154 In 

addition, when UC patients were grouped into four categories based on quarterly-divided 

risk score, the proportion of MRUC for the four groups was: less than 1%; 17%; 74%; and 

100%, respectively (P < 2.2 × 10−16).154 In the most recent genotype-phenotype association 

study from the IIBDGC, information from 193 SNPs and 23 HLA types which are known to 

be associated with IBD was accumulated and used to generate genetic risk scores (CD score 

and UC score).147 As a result, CD vs. UC risk score showed very strong correlations with 

CD location and behavior (P = 1.65 × 10−78, or P = 9.23 × 10−18 after excluding the 

individual loci that achieved genome-wide, CARD15/NOD2, HLA, and 3p21).147 Moreover, 

predictive models based on genetic risk score strongly distinguished colonic from ileal CD 

and based on genetic risk score, patients with IBD could be much better characterized into 3 

groups (ileal CD, colonic CD, and UC) rather than CD and UC as currently defined.147 This 

modeling could be clinically useful for differential diagnosis of IBD, especially for colonic 

IBD. Genetically, it appears that colonic CD is ‘closer’ to UC than it is to pure ileal CD.147 

Further work using ‘finer’ phenotyping characteristics and classification may be able to 

delineate this further.147 Another approach is developing a composite model including 

genetic variables and other variables such as clinical and serologic markers to predict the 

course of IBD. For example, a combination of phenotypic, serologic, and genetic variables 

‘predicted’ time to first surgery in CD more accurately than clinical only, genetics only, and 

clinical + serology models.155 In that study, variation at the IL12B locus showed a consistent 

association with both the need for surgery and the time to surgery in all models, thereby 

suggesting IL12B may be a potential target for therapeutic intervention.155 A group of 

researchers combined demographics, clinical characteristics such as disease location and 

perianal involvement, serologic markers, and CARD15/NOD2 genotypes to build a 

validated, individualized, and web-based tool to visualize individual risks for developing CD 

complication.156 As a result, a multivariate model including disease location, serologic 

markers (ASCA, CBir1, ANCA), the CARD15/NOD2 frameshift mutation was associated 
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with the risk of complication, and a web-based tool based on the multivariate model was 

able to individualized disease outcomes in a patient-friendly format.156

10. Pharmacogenetics associated with IBD therapy

Identification of genetic variations related with effects or adverse events related with IBD 

therapy are recognized as an area that is most likely to benefit from advances in genetic 

technologies. The thiopurines are commonly-used drugs for treating IBD and it is well 

established in Caucasians that genetic polymorphisms in the thiopurine S-methyltransferase 

(TPMT) gene leading to reduced TPMT activity and high 6-TGN concentration are 

associated with the development of myelotoxicity.157 However, despite lower frequency of 

TPMT mutations in Asians including Koreans, Japanese, and Chinese than in European 

ancestry, the frequency of thiopurine-associated leukopenia was considerably higher in 

Asians.158 Moreover, even in Europeans, only around 25% of myelosuppressive episodes 

during thiopurine therapy are associated with a TPMT deficient genotype.159,160 These 

findings suggest that additional factors involved in thiopurine-associated myelosuppression 

exist. A recent Korean Immunochip-based association study in 978 Korean patients with CD 

treated with thiopurines identified association between a nonsynonymous SNP in NUDT15, 

rs116855232 (encoding p.Arg139Cys) and early leukopenia (allele frequency of 55.3% in 

early leukopenia cases vs. 3.4% in thiopurine-treated cases without leukopenia, OR 35.6; 

Pcombined = 4.88 × 10−94).158 The presence of this NUDT15 allele also showed a high 

sensitivity and specificity for early leukopenia (89.4% and 93.2%, respectively), with an area 

under the curve value of 0.92 (95% CI 0.88–0.97).158 This SNP is rare in European ancestry 

individuals but is also associated with thiopurine-induced leukopenia in Europeans and the 

association with bone marrow toxicity has also been reproduced in Japanese IBD 

patients.158,161,162 Pancreatitis is one of the dose-independent adverse reactions related with 

thiopurines limiting their use in IBD.157 In a recent worldwide study to identify genetic 

markers predicting pancreatitis within 3 months of starting thiopurines in patients with IBD, 

a GWAS on 172 cases and 2035 controls as well as additional validation was performed.163 

As a result, strong evidence of association within the class II HLA region, with the most 

significant association identified at rs2647087 (OR 2.59, P = 2 × 10−16), with further 

replication in an independent set, was observed.163 Clinically, individuals homozygous for 

the risk allele at rs2647087 had an approximate 17% risk for pancreatitis, and a risk of 9% in 

rs2647087 heterozygotes was observed.163 Therefore, genetic information on the risk of 

myelosuppression (including both NUDT15 and TPMT variants) and pancreatitis 

development could be utilized as a screening panel that could aid clinicians to reduce the 

risk of serious adverse events related with thiopurines for IBD patients through choosing 

alternative approaches such as methotrexate for those at high-risk for these events.158,163

Given the failure of anti-TNF agents for a substantial number of IBD patients, multiple 

attempts to reveal genetic factors in predicting responses to anti-TNF agents have been 

attempted. Early studies showed inconsistent results and no association was observed 

between CARD15/NOD2 and non-response.139 In a study on 90 patients with UC, who were 

treated with infliximab as an induction therapy, patients homozygous for IBD risk-increasing 

IL23R variants (rs1004819, rs2201841, rs10889677, rs11209032, rs1495965) were more 

likely to have a response than those homozygous for risk-decreasing IL23R variants 
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(rs7517847, rs10489629, rs11465804, rs1343151) (74.1 vs. 34.6 % ; P = 0.001).164 Based 

on the finding that infliximab acts partly through inducing apoptosis of activated T cells, 

whether SNPs involved in apoptosis-related pathway is associated with infliximab response 

was investigated by the Leuven group. They constructed a novel ‘apoptotic pharmacogenetic 

index’ (ranging from 0 to 3) by assigning points for 3 SNPs in the apoptosis-related genes 

(Fas ligand −843 C>T, Fas −670 G >A, and caspase-9 93 C>T) based on their association 

with response to infliximab in CD.165,166 Response and remission rates after infliximab 

administration significantly increased with apoptotic pharmacogenetic index score in both 

luminal CD and fistulizing CD with some influence by age, medication, or CRP levels in 

some subgroups.166 Another approach of searching for genetic variation related with anti-

TNF therapeutic response is analyzing gene expression profile in tissues such as bowel 

mucosa.139 A Belgian study performed microarray analysis of total RNA from pre-treatment 

rectal mucosal biopsy samples from refractory UC patients.167 As a result, the top five 

differentially expressed genes (osteoprotegerin, stanniocalcin-1, prostaglandin-endoperoxide 

synthase 2, IL-13 receptor alpha 2 and IL-11) could separate infliximab responders from 

non-responders with 89.1% overall accuracy, 95.0% sensitivity, and 84.6% specificity.167 

Using similar methods for CD, the top 5 differentially expressed genes (TNFAIP6, S100A8, 

IL11, G0S2, S100A9) could completely separate responders and non-responders to 

infliximab in the colonic CD group, but not in an ileal CD group.168 Interestingly, predictive 

genes from UC and colonic CD datasets showed near complete overlap, and the top five 

differentially expressed gene panel in UC predicted response to infliximab in colonic CD 

with 94.7% of accuracy.167,168 These findings provide insight into the molecular 

mechanisms involved in anti-TNF responsiveness, which appear similar between UC and 

colonic CD, but not with ileal CD.167,168 A small study of 94 pediatric IBD patients 

attempted to build a model to predict primary nonresponse to anti-TNFs.169 A composite 

model with three novel loci (rs975664 in the TACR1, rs4855535 in the FAM19A4, 

rs6100556 in the PHACTR3), one known IBD susceptibility loci (rs2836878 in the 

BRWDI), pANCA positivity, and UC diagnosis could predict the primary nonresponse to 

anti-TNFs with an R2 of 0.82 and an AUC of 0.98.169 In conclusion, genetic variations 

involved in the immune pathways and drug metabolism seem to have a greater effect on 

TNF responsiveness than IBD susceptibility genes. Moreover, the combination of genotype, 

serotype, and phenotype may be useful in predicting response to anti-TNFs, resulting in 

proper use of anti-TNF drugs for right patients.139,169 However, it is important to stress that 

these underpowered study findings’ need validation in additional cohorts. More recently it 

has become apparent that there is considerable pharmacokinetic variation between 

individuals exposed to anti-TNFs and it is likely that true non-responders can only be 

determined after adequate drug exposure has been confirmed.

11. Conclusions

During the past decades, the research community has achieved remarkable advances in the 

understanding of the genetics of IBD and various other related immune-mediated disorders 

through approaches including linkage analysis, GWAS, and GWAS meta-analysis, etc. 

Through experience with working on individual cohort GWAS sets, it became clear that 

large numbers were essential for advancing the field towards an understanding of the 
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molecular architecture of IBD. This recognition led to the collaboration of researchers from 

multiple centers in Europe, North America, and Australia. This multinational collaborative 

approach should be a model for other groups such as those studying Asian populations, in 

whom there is a rising incidence of IBD. Despite multiple susceptibility genes/loci 

discovered through chip-based technologies such as GWAS and Immunochip, only a modest 

portion of the expected heritability has been explained, which may be inherent in the basic 

concept of ‘common disease, common variant’ hypothesis. Therefore, rare variants with 

greater effect sizes on IBD development need investigating and various strategies are 

currently being pursued to achieve this. The ultimate goal of genetic studies is to make 

advances in the management of IBD, including diagnosis, subclassification, predicting 

course of disease, and the development of new therapeutics. These fields are evolving 

rapidly in parallel with other ‘omic’ advances which, it is anticipated, will lead to an 

increasingly personalized management of IBD patients and a realization of precision 

medicine in the near future.

12. Expert commentary

In European ancestry populations, more than half of predicted heritability of IBD cannot be 

explained by genes/loci discovered to date, a figure that is considerably higher in Asian IBD 

populations. Furthermore, the majority of IBD-associated loci involve non-coding variation, 

which is in contrast to the traditional concept of disease-causing nonsynonymous, coding 

region variations. Well-designed, adequately powered fine mapping and deep sequencing 

strategies coupled with gene expression studies in appropriate tissues, will help define the 

functional role of these multiple non-coding variants. One interesting phenomenon is that 

the majority of people carrying IBD-associated risk variants remain healthy, others may 

develop another immune-mediated disease such as spondyloarthropathy, while a third, 

unfortunate, group may develop more than one condition. These observations suggest that 

other factors including gene-environment, gene-gut microbome, and even perhaps gene-gene 

interactions need to be studied to determine why some subjects get disease and others 

remain healthy (even within a family sharing similar environmental exposures). 

Furthermore, additional studies on epigenetic regulation of genes are necessary to extend our 

knowledge on the pathogenesis and natural history of IBD.

13. 5-year view

Our current knowledge on the architecture of IBD genetics has been achieved by embracing 

advances such as microarray technology, novel analytic programs, and statistical 

methodologies handling huge volumes of data. The same will be true for future development 

of IBD genetics, and next generation sequencing technology and further rapidly developing 

advanced technologies are expected to reveal more variants associated with IBD 

susceptibility and its prognosis. The collegiate and collaborative nature of the IIBDGC has 

been pivotal in driving the advances in this arena and it is evident that large sample sizes 

with well-defined subjects’ characteristics are required for more accurately characterizing 

the genetic architecture of IBD populations. It is imperative that the potential benefits of 

these genetic advances are available to all populations and the establishment of an Asian 

IBD genetic consortium as well as additional efforts in African-American populations 
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together with trans-ethnic studies will be necessary to achieve these aims. Furthermore, 

designing new genotyping chips containing loci specifically designed to capture common 

and rare variants in these populations will also be beneficial. These populations with a 

rapidly expanding prevalence are crucial to study both environmental influences and 

therefore also gene by environmental associations. Findings from these studies will be of 

benefit to all IBD populations.

14. Key issues

• Genetic contribution on IBD development was strongly suggested by 

epidemiologic observation such as familial disease clustering, high 

concordance rates in twins, and the different prevalences of IBD observed 

in different ethnicities.

• GWAS opened a new era into IBD genetic research, helping overcome the 

limitation of linkage analysis for discovering causal variants responsible 

for complex immune-mediated chronic disorders.

• GWAS, GWAS meta-analysis and Immunochip analyses expanded the 

number of IBD-associated loci to 163 (110 with IBD, 30 CD-specific, and 

23 UC-specific) in European ancestry populations.

• The recent genetic association studies on Asian and African ancestry are 

showing both overlap and some ethnic specificity in the molecular 

architecture of IBD.

• The trans-ethnic Immunochip analysis increased the number of IBD risk 

loci to 231 independent SNPs within 200 loci, with the majority shared 

across diverse ancestry groups.

• Even with IBD-associated loci from multiple genetic association studies 

and meta-analyses, only a modest fraction of predicted heritability can be 

explained in both European ancestry and Asian populations. To overcome 

this limitation, searching for rare or low frequency disease-associated 

alleles with deep resequencing, whole genome sequencing, and whole 

exome sequencing approaches using next generation sequencing 

technology will extend our knowledge on the genetic architecture of IBD.

• From a screening and diagnostic point of view, the clinical application of 

IBD genetics is still limited.

• Multiple loci have been known to be associated with specific IBD 

subphenotypes and prognosis. A genetic risk scoring system could be 

more helpful for classification, subphenotyping, and prognostication of 

IBD in the future especially if therapeutic approaches targeting some of 

the implicated genetic pathways are developed.

• Genetic knowledge on genes associated with thiopurine-related adverse 

events such as myelosuppression and pancreatitis is expanding, leading to 

direct clinical benefit in IBD.

Ye and McGovern Page 16

Expert Rev Clin Immunol. Author manuscript; available in PMC 2017 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



• History has taught us that collaborative approaches are needed to assemble 

adequately powered cohorts for genetic research and these principles 

should be continued to be followed as investigators study non-European 

ancestry populations and also extend the studies to other modalities such 

as sequencing or the study of epigenetics.
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Figure 1. 
Progress of discovery of inflammatory bowel disease-associated loci in three ethnic groups 

over the past 15 years.
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