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Supplementary Results

Identifying IBD candidates genes using pathway analysis and functional module analysis

We used IPA to identify candidate gene-related pathways, diseases and biological functions. The
‘Gastrointestinal Disease’ term (P = 1.06x102 — 6.22x107'%) was ranked 2™ among the ‘Top Disease and
Biological Functions’ categories (the top term being ‘Cancer’ whilst the 3™ term was ‘Organismal Injury
and Abnormalities’). Of the 34 sub-functions of ‘Gastrointestinal Disease’, we collated 104 genes from the
most significant function module (P = 6.22x107'%) (Supplementary Data 6). We employed ToppGene to
rank candidate genes according to their relatedness to known IBD genes based on functional annotation and
protein interaction network. The candidate genes were sorted by statistics generated by integrating
functional annotations and protein interaction networks. 43 genes with P < 0.05 were selected as the top
candidates (Supplementary Data 6). We used the module detection tool GIANT to identify IBD-related
genes from our candidate genes. Using GIANT’s default setting (global tissue), we identified five functional
modules, one of which was highly correlated with immunological functions including macrophage
activation, cell activation and leukocyte activation, from which we extracted its 22 genes (Supplementary
Data 6). We employed HGC to calculate the average distance of each candidate gene to known IBD genes,
then obtained 24 genes with an average HGC distance lower than 11.13 (the cutoff based on the average
distance between known IBD-associated genes) for further analyses (Supplementary Data 6).

Gene-level PheWAS using ~30K whole exomes and phenotypic information from Mount Sinai
Hospital’s BioMe BioBank

Gene-level PheWAS were performed for the 11 candidate genes. In total, 1,703 phenotypes with at least
100 cases exhibited a phenome-wide significance level of 2.9x107. The association between Parkinson’s
disease and LRRK?2 was above the phenome-wide level of significance (G20, P = 7.36x107'?). Previous
analyses have demonstrated that LRRK?2 can play important roles in both PD and IBD'. Here, the same set
of high impact rare variants has been used for the analysis of both phenotypes; therefore, the results obtained
may indicate that the comorbidity of PD and IBD is driven by LRRK? rare variants. Thus, NOD2 was the
most relevant gene to IBD, being significantly associated with Crohn's disease of the small intestine
(K50.00, P =2.63x107%) and Crohn’s disease (K50.90, P = 1.73x107%). Other than NOD2, the ICAM]I gene
was found to be associated with ulcerative (chronic) pancolitis without complication (K51.00, P =2.65%10"
%) in BioMe. In addition to IBD, ICAM1 is associated with type 1 diabetes mellitus without complications
(E10.9, P =9.09x10*). It was already known that type 1 diabetes patients have a higher risk of developing
inflammatory bowel disease??, and that the ICAM1 gene is potentially associated with the comorbidity of
both diseases. The other candidate genes did not display significant associations with IBD in the BioMe
Biobank PheWAS analyses. This is probably because of the small number of high impact rare variants
being covered in the tested exomes combined and because of the limited IBD sample size (678 IBD samples,
including CD and UC) in BioMe. We further performed conditional analysis to evaluate whether the signals
of collapsed rare variants in PheWAS were independent of the nearby common variant association signals
(£100 Kbp up- and down-stream) following previous study®. To identify most significant nearby variants,
we first extracted all common variants in the vicinity (within 100Kbp) of significant rare variants (p < 0.05)
from imputed array data of the Mount Sinai BioMe BioBank, then performed single variant tests with
SKAT-O using the same parameters as the gene level test (Method). All associations remained significant
after the conditional analysis (Supplementary Data 18). Because 7YK2 is a known type 1 diabetes-
associated gene which is located in the proximity of /ICAM1, we also performed a conditional analysis for
the most significant common variant of 7YK2 located in +100 Kbp up- and down-stream of /CAM1. The
results showed that the /CAMI-type 1 diabetes mellitus association was still signficant after conditional
testing (Supplementary Data 18).
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Supplementary Fig. 1.

Non-European samples were removed from all participants to perform a fine-scale PCA on general Europeans. The

PCA results indicated that 2,767 self-reported Jewish samples (sky-blue dots) included both European and mixed-
Jewish samples.
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Supplementary Fig. 2.

Genetically identified AJ samples from IBDGC dataset 2

As with dataset 1 (Fig 1.b), the genetically identified AJs (5,254 samples including cases other than IBD) form an
independent cluster, which overlaps with the AJ reference panel while exhibiting some distance to the European
reference panel.
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Supplementary Fig. 3.

A Manhattan plot for Crohn’s disease-specific analysis

A gene level Manhattan plot showing significantly associated genes that passed the Bonferroni adjusted threshold in
the Crohn’s disease-specific SKAT-O test. Compared to the IBD-specific Manhattan plot (Fig 2.c), only NOD2, a
well-known CD-specific gene, remained significant at the Bonferroni adjusted P value threshold. All dots represent

negative log unadjusted P values.
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Supplementary Fig. 4.
A Manhattan plot for ulcerative colitis-specific analysis

A gene level Manhattan plot showing significantly associated genes that passed the Bonferroni adjusted threshold
from the UC-specific SKAT-O test. In contrast to the CD-specific test, the NOD2 signal lost its significance.
However, we did not observe genes associated with UC, probably because of small sample size (458) of UC cases.

All dots represent negative log unadjusted P values.
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Supplementary Fig. 5.

A Manhattan plot for variant level associations from IBD analysis

Variant level association test on IBD cases and controls, each point representing a variant in association analysis
using logistic regression; the genes harboring the variants are labeled in this Manhattan plot. Cross-checking with
gene level results (Fig 2. a), the top genes generally harbor one or more variants. However, no variant passed the
genome-wide association threshold (P = 5x107®) in the variant level association test. All dots represent negative log
unadjusted P values, the statistical test is two-sided.
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Supplementary Fig. 6.

Average biological distances from random gene sets to known IBD genes.

Gene sets comprising 127 random genes were resampled in each iteration (the same size as IBD-associated genes
with P <0.01) to calculate the average biological distance to known IBD genes. The calculated average distance was
compared to that of IBD-associated genes to the known IBD genes (14.37). The P value denotes the number of
iterations with distance lower than the cutoff results from IBD-associated genes. (A), the resampling iteration was
5,000, P =0.007. (B), the resampling iteration was 10,000, P = 0.0072. All P values are unadjusted, the statistical
tests are two-sided.
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Supplementary Fig. 7.

A heatmap summarizing gene prioritization results from pathway and function analyses

Gene prioritization results, pathway and gene function module were obtained from pathway and function analyses.
Genes were weighted according to their correlation or the number of shared pathways with known IBD genes
(Online Methods). Each heatmap square represents a prioritization score, a higher score denoting a higher
probability of sharing pathways and function modules with known IBD genes. The original matrix was scaled to 0-
18 after normalization for displaying results in good contrast; only the top 50 genes are shown in the heatmap.
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Expression of the 11 candidate genes in different cell types
Heatmap showing the expression levels of the 11 candidate genes in cells across the 31 cell type clusters. The
expression levels in cells were scaled by genes.
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Supplementary Fig. 9

Cross-validation procedure implemented by Admixture to choose the best K.

Cross-validation errors for the identifications of AJ samples were obtained by comparing all AJ candidates to the AJ
reference panel and the European panel. k£ = 2 resulted in the lowest cross-validation error.
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Supplementary Fig. 10.

Admixture analyses on genetically identified AJs.

The admixture analyses for the A) Dataset 1, B) Dataset 2, and C) combined dataset together with the samples from

the AJ reference panel and the CEU population from the 1000 Genomes Project after further filtering samples with a

relatively low AJ fraction (AJ fraction < 0.69, the lowest AJ fraction in the AJ reference panel).
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Supplementary Fig. 12.
Q-Q plot with 95% confidence bands for SKAT-O analysis of controls vs. controls by using only controls
from 2 AJ-IBD datasets. All P values are unadjusted, the statistical test is two-sided.
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Supplementary Fig. 13.
Q-Q plot with 95% confidence bands for collapsing analysis of synonymous variants for IBD cases vs.
controls. All P values are unadjusted, the statistical test is two-sided.
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