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Abstract

Background—Rare variants (<1%) likely contribute significantly to risk for common diseases
such as inflammatory bowel disease (IBD) in specific patient subsets, such as those with high
familiality. They are, however, extraordinarily challenging to identify.

Methods—To discover candidate rare variants associated with IBD, we performed whole exome
sequencing (WES) on six members of a pediatric-onset IBD family with multiple affected
individuals. To determine whether the variants discovered in this family are also associated with
non-familial IBD, we investigated their influence on disease in two large case-control (CC) series.
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Results—We identified two rare variants, rs142430606 and rs200958270, both in the established
IBD-susceptibility gene ILL7REL, carried by all four affected family members and their obligate-
carrier parents. We then demonstrated that both variants are associated with sporadic ulcerative
colitis (UC) in two independent datasets. For UC in CC 1: rs142430606 (OR=2.99, P,4j=0.028;
MAF 565=0.0063, MAF¢ntr015=0.0021); rs200958270 (OR=2.61, P,4j=0.082; MAF ;45¢5=0.0045,
MAFcontrols=0.0017). For UC in CC 2: rs142430606 (OR=1.94, P=0.0056; MAF3¢es=0.0071,
MAF controls=0.0045); rs200958270 (OR=2.08, P=0.0028; MAF35¢s=0.0071,
MAFcontrols=0.0042).

Conclusions—We discover in a family and replicate in two CC datasets two rare susceptibility
variants for IBD, both in ILL7REL. Our results illustrate that WES performed on disease-enriched
families to guide association testing can be an efficient strategy for the discovery of rare disease-
associated variants. We speculate that rare variants identified in families and confirmed in the
general population may be important modifiers of disease risk for patients with a family history,
and that genetic testing of these variants may be warranted in this patient subset.

Keywords

Ulcerative colitis; familial inflammatory bowel disease; inflammatory bowel disease risk; complex
disease genetics; whole exome sequencing

INTRODUCTION

Inflammatory bowel diseases (IBD) are chronic inflammatory disorders of the
gastrointestinal tract, of which the major forms are Crohn’s disease (CD), ulcerative colitis
(UC) and IBD-unclassified (IBD-U). To date, 163 single nucleotide polymorphisms (SNPs)
and multiple HLA alleles associated with IBD have been discovered (reviewed in (1-4)).
Despite this success, all variants identified thus far explain only a relatively small proportion
of the overall genetic contribution to IBD risk (13.6% for CD and 7.5% for UC) (4).

Rare variants are likely to be important factors for disease susceptibility in specific patient
subsets, such as familial clusters of affected individuals. Despite their expected significance,
the identification of rare disease-associated variants that do not segregate in strict Mendelian
fashion has been notoriously difficult, because association studies are largely underpowered
for their detection, especially after correcting for multiple testing when performing genome-
wide studies of association. Although technological advances such as next-generation
sequencing have allowed for the rapid cataloguing of rare variants in large numbers of
individuals, effective methodological approaches to investigate their association with
complex traits remain less well-developed. Traditional methods for the discovery of
causative variants in familial aggregates of complex diseases, such as linkage mapping,
require large numbers of affected and unaffected individuals from multiple families, and
yield regions in which the true causative variant must lie; the identification of the true causal
mutation often requires considerable further sequencing and analysis. Other strategies, such
as whole exome sequencing (WES) of large numbers of probands from multi-case families,
have led to the discovery of genes enriched for rare variants, but the actual contribution of
each individual variant to disease risk is not commonly assessed (5-7). Here, in a study of
familial IBD, we chose an alternative approach that fully leverages the reduced genetic
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complexity of familial disease for the discovery of rare high-penetrance variants. We
sequenced only a single family with pediatric-onset IBD and identified two rare candidate
causative variants, both of which were associated with IBD in two large case-control sets.
Our success suggests that this can be is a powerful and efficient strategy to discover rare
high-penetrance variants underlying complex human diseases.

MATERIALS AND METHODS
Study subjects

The family analyzed was ascertained through the Pediatric IBD Program at The University
of Chicago (BSK). All study subjects provided written informed consent to participate in a
study of IBD genetics that was approved by the local institutional review board. To protect
the anonymity of the study subjects, the family pedigree was altered in ways that do not
affect the genetic analysis.

Exome capture and sequencing

Germline DNA (1ug) isolated from peripheral blood leukocytes was used as a template for
WES for each of six family members. Exome capture was performed with SureSelect
Human All Exon V4+UTRs kit (Agilent Technologies, Santa Clara, USA). 100 bp paired-
end sequence reads were generated using an Illumina HiSeq2000 (Illumina, San Diego,
USA). An average of 5.31 Gigabytes of data was generated for each sample.

Variant calling and Quality Control (QC)

The sequence reads were aligned to the human reference genome hg19 using three different
alignment algorithms: Bowtie 2 (8); BWA (9); and Novoalign (10). Exon coverage was
calculated at 1x, 5x, 10x and 20x using BEDTools (11). Read duplicates were removed
using Picardtools MarkDuplicates program (12). The alignment was post-processed by
GATK 1.6 for InDel realignment and base quality score recalibration. For each alignment,
four different genotype calling algorithms (Atlas2 (13); FreeBayes (14); GATK
UnifiedGenotyper (15, 16); and SAMtools (17)) were used for variant detection and
genotype calling (see Figure, Supplemental Digital Content 1, which illustrates our
analysis pipeline). Variants with low quality (QUAL <50.0), low coverage (depth <6), and
strand bias were filtered from further consideration. To maximize calling accuracy, only
variants identified by at least two alignment algorithms and called by at least two genotype
calling algorithms were carried forward for analysis. Minor allele frequencies were
estimated using all samples in The 1000 Genomes Project database (18) (phase 1, release v3,
20101123; URL: http://browser.1000genomes.org) and the NHLBI GO Exome sequencing
project (ESP) database (ESP6500SI-VV2-SSA137; URL.: http://evs.gs.washington.edu/EVS/;
06/2012 accessed). Variants were annotated using ANNOVAR (19). An average of 16,045
high-confidence variants were identified for each individual.

Identification of candidate IBD variants

To investigate rare variation, we required that variants passing the QC pipeline above: 1)
have a minor allele frequency <0.01; 2) be either non-synonymous, a splice site modifier, or
create a stop codon; 3) be deleterious as predicted by either SIFT (20) or Polyphen-2 (21);
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and 4) be shared among all affected children and their obligate carrier parents. Variants were
further categorized as likely to influence IBD risk in this family if they were found in genes
previously associated with IBD (see Table, Supplemental Digital Content 2, which lists
known IBD-associated genes), based upon a review of the literature and the catalog of
genes associated with IBD, CD, or UC (4, 22).

Sanger sequencing confirmation of IL17REL rare variants

Association

To confirm the genotypes of rs142430606 and rs200958270 in the germline of all six family
members, we performed Sanger sequencing. The genomic region containing rs142430606
was amplified using primers synthesized by IDT (Coralville, 1A) (forward primer 5’-
CACACCCATACCCATGACAC-3; reverse primer 5’
CCCAACTGGTAGAGAACTGC-3%). The region containing rs200958270 was amplified
using: forward primer 5’- CTAAGCTCCAGCCATGCAAGTG-3’; reverse primer 5’-
CCTCATGGTGGAGTCAGACTGG-3’). PCR was performed as 50 L reactions containing
Phusion GC Buffer, 200nM dNTP, 3% DMSO, Phusion polymerase (LifeTechnologies,
Grand Island, NY), 0.5 uM forward and 0.5 pM reverse primers, and 50 ng DNA. Reactions
were carried out in a 48-well plate using a BioRad C1000 Touch Thermo Cycler (BioRad,
Hercules, CA). The PCR cycling protocol was: 1 cycle of 98°C for 30 sec; 40 cycles of
98°C for 10 sec, 63°C (rs142430606) or 60°C (rs200958270) for 10 sec, 72°C for 45 sec; 1
cycle of 72°C for 10 min. The PCR products were purified using QIAGEN QIAquick PCR
purification kit (Valencia, CA) and Sanger sequenced by The University of Chicago DNA
sequencing core facility.

analysis of rare familial ILL17REL variation in sporadic IBD datasets

To determine whether the IL17REL variants identified by familial WES analysis were also
associated with sporadic IBD, we tested for allele frequency differences between cases and
controls in two large IBD datasets, described below.

Case-Control dataset 1—The first case-control dataset (CC 1) was comprised of 1477
CD cases, 559 UC cases, and 2614 healthy controls, all of Ashkenazi Jewish (AJ) ancestry.
The cases and controls were enrolled at Cedars Sinai Medical Center, Los Angeles;
University of Toronto; Icahn School of Medicine at Mount Sinai, New York; Yale
University; and Feinstein Institute for Medical Research, New York (23, 24). All
participants provided written consent for genetic analysis at each participating site, and IBD
patients had diagnoses confirmed at each recruiting site by a health care provider, based on
standard criteria including clinical presentation, as well as endoscopic, radiologic and/or
pathologic confirmation. Participants were validated as being of full AJ ancestry using
principal components analysis of 10,313 independent autosomal markers outside established
IBD-associated genomic regions in previous genomic scans of AJ and Non-Jewish
European-ancestry individuals (4, 23). DNA samples were genotyped using the Illumina
HumanExome beadchip v1.0 (lllumina, Inc, San Diego, CA), with custom content
comprised of rare exonic variants and known IBD-associated variants. The IL17REL
mutations identified by familial WES analysis in this study were directly genotyped on this
platform. Genotyping data were generated at three centers (Philadelphia, PA; Manhasset,
NY; and Los Angeles, CA) using the same custom genotyping array and called jointly using
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GenomeStudio version 2011.1 (Illumina, Inc, San Diego, CA). Quality control was
performed using SNP metrics based on fluorescent probe intensities and genotype
frequencies following guidelines produced by the Cohorts for Heart and Aging Research in
Genome Epidemiology (CHARGE) consortium (25), as well as by visual inspection of
markers with uncertain genotyping quality. Related samples were identified and removed
using pairwise identity-by-descent detection in PLINK (URL: http://pngu.mgh.harvard.edu/
~purcell/plink/contact.shtml; --genome, pi-hat <0.125) (26). Samples with a discrepancy
between self-reported sex and genotypic sex were excluded. The final call rate for both
rs142430606 and rs200958270 was 0.999.

Case-Control dataset 2—The second case-control dataset (CC 2) was from the
Wellcome Trust Case Control Consortium (EGAS00000000084), and was comprised of
2869 UC cases and 5984 controls from the 1958 British Birth Cohort and the UK National
Blood Service control sets (27). Cases and controls were all non-Hispanic white individuals
of European ancestry genotyped on the Affymetrix SNP Array 6.0. Genotypes were
assigned using the Chiamo calling algorithm (URL: http://mathgen.stats.ox.ac.uk/
genetics_software/chiamo/chiamo.html) (27-30). We imputed a 5SMB region on
chromosome 22 that included rs142430606 and rs200958270. Prior to pre-phasing, PLINK
(26) was used to remove SNPs for: 1) overall proportion of samples missing >0.05 (--mind
0.05); 2) minor allele frequency (MAF) <0.01 (--maf 0.01); or 3) Hardy-Weinberg
equilibrium P <0.0001 (--hwe 0.0001). Samples were removed for: 1) proportion of missing
genotypes (--geno 0.02); 2) unexplained loss of heterozygosity (--het, |[F| > 0.05); or 3)
excess identity-by-descent (--genome, pi-hat >0.125). Allele assignment was adjusted to be
consistent with The 1000 Genomes Project reference files using strand and position files
(URL: http://www.well.ox.ac.uk/~wrayner/strand/).

Following QC, 2692 UC cases and 5783 controls remained for association testing. After pre-
phasing using Shapelt2(31), we performed imputation with IMPUTE2 (32), using all
samples in the 1000 Genomes reference panel (phase 3) to infer genotypes for both IL17REL
variants. The imputation info scores were 0.78 and 0.79 for rs142430606 and rs200958270,
respectively, indicating that the imputation quality was very high.

Statistical analysis—The LD (r?) between rs142430606 and rs200958270 was calculated
using ldmax (http://csg.sph.umich.edu/abecasis/GOLD/docs/Idmax.html) and all samples
from the 1000 Genomes reference panel.

For CC 1, association between disease status and SNP genotype was evaluated using
Fisher’s exact test as implemented in PLINK (--fisher) (26).

For CC 2, we used SNPTEST to test for an additive relationship between disease status and
SNP genotype. This test accounts for uncertainty in the imputed genotypes (snptest —
frequentist 1 —method score) (33).

For CC 1, we adjusted the association p-value (P,g;j) to account for multiple testing, because
we performed tests of association with both UC and CD. For both CC 1 and CC 2, no
additional adjustment to the p-value was required for testing two SNPs, because the linkage
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disequilibrium between rs142430606 and rs20095827 is very high (r2= 0.92), and so the
correlation between the two tests is 0.96. P-values are reported as one-sided.

Candidate Rare Variant Discovery in Familial IBD by Whole Exome Sequencing

We performed whole exome sequence (WES) analysis on six members of a high-penetrance
pediatric IBD family of white, non-Hispanic European ancestry (Figure 1). The four affected
individuals are two pairs of siblings who are first cousins (Individuals 1-2 and 1-3, and 11-2
and I1-3, respectively), all of whom were diagnosed with pediatric-onset IBD, primarily
involving the colon. Individuals I-2 and 1-3 were diagnosed at 13 and 14 years of age with
colon-only disease (IBD-U) and Crohn’s ileocolitis, respectively. Individual 11-2 was
diagnosed with ileocecal CD at age 18; Individual 11-3 was diagnosed with ileocolonic CD
at age 12. Individual 11-4 (not sequenced) is the 21 year old sibling of Individuals 11-2 and
11-3, and was diagnosed after ileo-colonoscopy at age19 with post-infectious irritable bowel
syndrome, diarrhea predominant (IBS-D), with normal histology. Individuals I-1 and 11-1
are full siblings, aged 56 and 55, respectively, who do not have IBD. Individual I-1 is the
mother of affected Individuals 1-2 and 1-3, and Individual 11-1 is the father of affected
Individuals 11-2 and 11-3 and unaffected Individual I1-4.

Following WES and QC, we found that for each individual sequenced, at least 98.6% of the
exome was covered at 5x and 80.0% at 20x, with average coverage depth across the exome
of 50x or greater (see Table, Supplemental Digital Content 3, which shows exome
coverage for each individual sequenced). Variants with low quality scores and those not
called by at least two genotype callers using alignments from at least two aligners were
removed. Functional categories of the variants identified in each individual are summarized
in Table, Supplemental Digital Content 4.

We assumed that the clustering of IBD in this family was at least partially because all
affected children share the same rare deleterious variant(s) inherited from their obligate-
carrier parents, Individuals 1-1 and 11-1. Since the parents do not have IBD, we also assumed
that this shared variant is incompletely penetrant for IBD.

Among the four affected children, we identified a total of 1622 rare variants, defined as
variants with a MAF <0.01 in the 1000 Genomes (18) and ESP databases. Of these, 173
were shared among all four affected children, and 156 were common to all six sequenced
individuals (see Table, Supplemental Digital Content 5, which lists all 156 rare variants
shared by all six family members). Variants were categorized as: non-frameshift insertion/
deletions (n=53), non-synonymous single nucleotide variants (SNVs, n=51), frameshift
insertion/deletions (n=31), stop gain (n=1), and unannotated (n=20). Of these 156, only 25
variants were predicted to be either deleterious or probably deleterious by either SIFT or
Polyphen-2 (Table 1) (20, 21).

To prioritize among these 25 variants, we determined the subset found in IBD-associated
genes (see Table, Supplemental Digital Content 2, which lists known 1BD-associated
genes). This reduced the list to only two variants, both located within IL17REL, and
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separated by 1791 nucleotides. The rare allele of the first variant, rs200958270 (c.452a>g),
was observed once in 536 European chromosomes in the 1000 Genomes database and
results in a glutamic acid to glutamine change at amino acid 151, a position highly
conserved in mammals. The rare allele of the second variant, rs142430606 (c.785a>t), was
also observed only once, on the same chromosome as the rare allele of rs200958270, and
results in a proline to leucine change at position 262, a residue that is also highly conserved
(34). All six family members were heterozygous for both variants. The genotypes of both
variants were confirmed by Sanger sequencing with 100% concordance.

Rare Variant Association Testing in Non-Familial IBD

Although these IL17REL variants are very rare, they are not unique to this family,
suggesting that they may predispose to IBD not only in this high-penetrance family, but in
other patients with IBD as well. To test this hypothesis, we investigated the allele
frequencies of both IL17REL variants in two large independent IBD case-control (CC) sets.

In the first (CC 1), we directly genotyped both variants in 1477 CD cases, 559 UC cases,
and 2614 healthy controls, all of AJ ancestry, using a custom Illumina BeadChip. We found
that rs142430606 was significantly associated with UC (OR=2.99, P,4j=0.028;
MAF;a5es=0.0063, MAFontro1s=0.0021), and rs200958270 was marginally associated
(OR=2.61, P,j=0.082; MAF(455=0.0045, MAF ¢ontro1s=0.0017) (Table 2). The risk alleles
were also more common in CD cases than controls, but neither association was statistically
significant (rs142430606: OR=1.29, P,4j=0.54; rs200958270: OR=1.58, P,¢j=0.39). Linkage
disequilibrium between these two SNPs was too great (r2=0.92) to determine whether one or
the other variant, or both variants independently, is driving the association and is putatively
functional.

We then investigated the association between these variants and UC in an independent case-
control dataset (CC 2) from the Wellcome Trust Case-Control Consortium 2 (WTCCC2)
project. Following QC, we analyzed 2692 UC cases and 5783 controls. Using data from The
1000 Genomes Project, we imputed the 5Mb region surrounding the variants, and then tested
both SNPs for association with UC. The imputation info score was 0.78 for rs142430606,
and 0.79 for rs200958270, indicating that each variant was imputed with high confidence.
Again, we found that both rs142430606 (OR=1.94, P=0.0056; MAF;¢es=0.0071,

MAF controls=0.0045) and rs200958270 (OR=2.08, P=0.0028; MAF 35¢s=0.0071,
MAF¢ontrols=0.0042) were associated with UC (Table 3). Importantly, these results retained
significance after incorporating the uncertainty inherent in testing associations using
imputed genotypes.

Taken together, our data identifies two novel rare risk alleles for inflammatory bowel
disease and further implicate ILL7REL as an important susceptibility locus for these
common and debilitating conditions.

DISCUSSION

In this study, we discovered two rare deleterious variants in ILL7REL by WES of a
multiplex family with early-onset IBD. By assuming a significant shared genetic component

Inflamm Bowel Dis. Author manuscript; available in PMC 2017 January 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sasaki et al.

Page 8

of susceptibility among affected family members, we propose that these variants are
associated with increased risk for IBD in this family. We then demonstrated an association
between these variants and IBD in two independent case-control studies of sporadic UC.
Because the variants are in strong linkage disequilibrium, they reflect a single association
signal, and so, it is not possible to determine which variant is likely to be causal. Although
we identified 24 other rare deleterious variants shared among all six sequenced family
members, we prioritized for association testing the variants in IL17REL because prior
evidence indicated that variation in this gene is associated with IBD risk.

It is of interest to note that the IL17REL mutations we found are significantly associated
with UC but not CD, and that although the affected individuals in the family sequenced were
diagnosed with CD, all had predominant features of colitis. ILL7REL is a homolog of
ILL7RE, a member of the IL17R family that functions in the IL17 pathway to initiate the
Th2-mediated immune response (35)+(36). Reynolds et al. studied dextran sulfate sodium-
induced colitis in 1117¢™/~ mice and noted intestinal wall thickening and increased
expression of pro-inflammatory cytokines and chemokines in the I1117c—deficient mice as
compared to WT controls (37). They further demonstrated that ectopic expression of 1117¢ in
YAMC, a colon epithelial cell line endogenously expressing 117re, resulted in increased
expression of Occludin, Claudinl and Claudin4, genes involved in tight junction function,
thereby suggesting that the IL17C-IL17RE complex may play a role in maintaining mucosal
barrier integrity. The two IL17REL risk alleles encode residues (GIn151 and Leu262) in
regions of highly conserved secondary structure, suggesting that they may alter protein
function, perhaps by interfering with oligomerization of IL17REL with other IL17R family
members, such as IL17C. In light of the likely role of IL17REL in the IL17 pathway, it is
tempting to speculate that Individual I-1 did not develop IBD because she is the only family
member sequenced who also carries a variant in IL23R, rs11209026, which has previously
been shown to protect against IBD by negatively regulating IL17 signaling (28).

Although the genetic analysis of families has led to the identification of many rare or
familial variants that are completely or nearly completely penetrant, the discovery of rare
incompletely penetrant variants remains challenging and inefficient (38—44), largely because
the unbiased canvassing of the entire exome or genome results in the performance of an
enormous number of tests of association. As a result, the p-value threshold for significance
must be adjusted to account for this large number of tests, with the inevitable consequence
that even extremely large studies are underpowered to detect rare variants. As an alternative
strategy, we used WES of a single family to guide the discovery of two rare variants, which
we then tested for association with IBD in two large case-control datasets. Thus, by taking
advantage of family structure and prior knowledge of IBD etiology, our strategy
successfully identified two new rare variants associated with UC. This method of using
families to substantially reduce the number of hypotheses tested in genetic studies of rare
variation may be of importance not only for IBD, but also for other genetically complex
disorders. Recently, a similar strategy was attempted unsuccessfully for autism spectrum
disorder, but successfully for breast cancer (45, 46). It is important to note that whereas
there are precedents for moderate- and high-penetrance susceptibility alleles for breast
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cancer in genes such as BRCAL, BRCA2 and CHEK2, few such examples exist for autism
spectrum disorder, and they are similarly lacking in IBD.

As was recently demonstrated, it is unlikely that rare variants contribute significantly to the
missing heritability for most complex disorders (47). For specific patient subsets, however,
rare variants are likely to be exceedingly important, as in patients with germline high-
penetrance BRCA mutations. Additionally, the discovery of moderate- and high-penetrance
mutations has shed considerable mechanistic light on the etiology of diseases such as breast
cancer. Thus, there is a compelling rationale for investigating highly familial occurrences of
complex diseases. The critical question is how to distinguish families that are genetically
loaded because of high-penetrance susceptibility alleles from those that are genetically
loaded because of a high polygenic burden of common variants and those that are apparently
genetically loaded because of shared exposures. For most complex traits, the occurrence of
familial aggregates of affected individuals due to chance is not uncommon. IBD is
diagnosed across the entire age spectrum and is more common in AJ’s than in non-Jews.
Therefore, a non-AJ family in which multiple individuals are diagnosed with IBD under the
age of 15 and all affected individuals share the same disease phenotype -- non-UC IBD with
features of colitis -- is unusual and potentially suggestive of a family in which the IBD-
predisposing genetic contribution to risk is not polygenic, but is instead the result of a small
number of higher penetrance risk variants.

One intriguing future study would be to investigate the role of the IL17REL variants we
identified in the context of the previously identified polygenic risk for IBD. Because our
data suggests that the relative importance of the IL17REL variants is high in this family, it
might be predicted that the burden of IBD-associated common variation would be lower in
affected individuals than is typically observed in non-familial patients. Similarly, it might be
predicted that controls harboring the rare IL17REL alleles would have an even lower burden
of common variation than those homozygous for the common alleles.

Although both IL17REL variants we identified are of moderate-penetrance, a provocative
hypothesis emerging from our study is that they may identify a subset of IBD patients at risk
for high-penetrance familial disease. Suggesting this is the example of the role of the
CHEK2*1100delC variant in familial breast cancer risk. Several large studies have
demonstrated that in patients not selected for a family history of breast cancer, the OR for
this variant ranges from 1.41-3.6. In contrast, in breast cancer patients with at least one
other affected family member, the OR was 4.8-5, and in those with both a first- and a
second-degree relative, it was 7.3 (48-50). In the two IBD CC datasets we investigated, the
OR for each of the IL17REL variants was 1.94-2.99 for cases unselected for family history.
Given that these variants were originally discovered by WES of a family selected for
analysis because of high-penetrance IBD, it would be of tremendous interest to determine
whether the odds ratios for these variants differed as a function of family history of IBD, and
to calculate the lifetime risk for IBD in carriers of the ILL17REL risk alleles stratified by
family history. It may be that IL17REL mutation status could potentially be of great clinical
utility for unaffected individuals with a family history of IBD.
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In conclusion, these results demonstrate that families with uncommon presentations of
common diseases, such as pediatric-onset IBD, may provide important clues to the existence
of moderate- or high-penetrance rare variants associated with complex diseases. They
suggest that our novel approach of intersecting WES analysis of high-penetrance families
with association testing in large case-control datasets represents a powerful, efficient, and
relatively low-cost strategy to discover rare disease-associated variants, a category of
genetic variation currently refractory to investigation in most human diseases.
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Figure 1. IBD Family pedigree
Two unaffected siblings (Individuals I-1 and 11-1) and their affected children (Individuals

I-2 and I-3, who are full siblings, and Individuals I1-2 and 11-3, who are full siblings) were
analyzed by WES. Individual 1-2 was diagnosed at 13 years of age as IBD-U, with only
colon affected and no terminal ileitis (T1). Reticulum stress was visually normal but biopsies
revealed inflammation with active segment of visual inflammation 35-50 cm. Individual I-3
was diagnosed at 14 years of age with ileocolonic CD with granulomas. Individual 11-2 was
diagnosed with ileocolonic CD at 18 years of age. Individual 11-3 was diagnosed with
ileocolonic CD at 12 years of age. Individual 11-4 is 21 years of age, and was diagnosed at
age 19 with post-infectious IBS with normal ileocolonoscopy biopsies.
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Table 3
Association results between UC and the familial-1BD predisposing IL17REL variants in

CC2

Replication results for rs142430606 and rs200958270 in UC (2692 cases and 5783 controls). All cases and
controls are of European non-Hispanic ancestry.

Ulcerative Colitis
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SNP Case MAF | Control MAF OR (SE) p-value
rs142430606 0.0071 0.0045 1.94 (0.51) | 0.0056
rs200958270 0.0071 0.0042 2.08 (0.55) | 0.0028
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