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Supplementary Information

IBD risk loci are enriched in multigenic regulatory modules encompassing

causative genes.

Momozawa et al.
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Supplementary note 1: Genes with strong DAP-EAP correlation

IL18R1 encodes the IL-18r1, the receptor of IL-18, a potent proinflammatory
cytokine governing host-microorganism homeostasis and is postulated to play a
role in IBD12. However, IL-18/IL-18r1 precise contribution to the disease remains
controversial. Indeed, compared to wild-type mice, 118/~ and 1118r1-/- full KO mice
are more susceptible to AOM/DSS-induced colitis and polyp formation3. However,
targeted deletion of [118/- and Il18r1-/- in intestinal epithelial cells confers
protection from colitis and mucosal damage in mice*. In human, several studies
have associated circulating or local IL-18 with IBD severity, suggesting that IL-18

could be an effector cytokine in IBD®.

IL6ST encodes the interleukin 6 signal transducer protein (IL6ST), also called IL6
beta, GP130 or CD130. IL6ST is a common transmenbrane receptor for all family
members of IL6 that include IL-6, IL-11, ciliary neurotrophic factor (CNTF),
cardiotrophin-1 (CT-1), cardiotrophin like cytokine (CLC), leukaemia inhibitory
factor (LIF), oncostatin M (OSM), neuropoitin (NPN) and interleukin-27 (IL-27)¢.
IL6 family members / IL6ST signaling pathways involve the activation of JAK
(Janus kinase) family members, leading to the activation of STAT (signal
transducers and activators of transcription) family, as well as the activation of
MAPK (mitogen-activated protein kinase) pathway. These pathways are involved
in cell survival, apoptosis, differentiation and proliferation®. The involvement of
IL6/IL6ST/STAT3 in the pathophysiology of IBD is well documented?’. Indeed,
high circulating levels of IL6 is associated with increased severity of the disease’.
T cells from IBD patient show increased STAT3 activation with increased
expression of IL6ST and enhanced resistance to apoptosis®. A pilot clinical trial
(phase 1) targeting of IL6/IL6ST pathway in patients with CD has shown that
blocking this pathway has effects similar to the inhibition of TNF?10,

THEMIS encodes the thymocyte-expressed molecule involved in selection
(THEMIS), the expression of which is limited to lymphoid tissues. In mice, THEMIS
is highly expressed in pre-TcR thymocytes and plays an important role in T-cell
development and TCR activation signaling!!12. Its expression is reduced in

differentiated T lymphocytes'?. THEMIS deficiency in mice is associated with the



37
38
39
40
41
42
43
44
45

46
47
48
49
50
51
52

53
54
55
56

57
58
59
60
61
62
63
64

65
66
67

Momozawa et al. Supplemental material Page 3 of 32

presence of higher percent of Treg cells, with reduced TCR-mediated T cell
response, increased proportion of memory CD4 and CD8 T cells and reduced
proportions of naive-phenotype populations'2. Interestingly, all these T cells
associated feathers are implicated in the pathogenesis of IBD. Indeed, lamina
propria T cells in IBD are hypo-responsive to TCR stimulation and high number of
effector T cells are present in the inflamed bowel!3. As for Treg, only moderate
expansion was seen in intestinal lesions of Crohn’s patients suggesting that their
suppressive activity is probably not sufficient against the overwhelming effector

T cells activity3.

APEH encodes the acylpeptide hydrolase (APEH) enzyme that contributes to
protein degradation processes in concert with the proteasome. It catalyzes the
removal of N-acylated amino acids from acetylated peptides!4. Its physiological
role is not well undertood. SNPs in APEH gene hves been associated with both CD
and UC?>. Like other ubiquitin proteasome systems (UPS) such as USP40 or CYLD,
APEH may also regulate the NF-kB pathway. Under this scenario, an alteration of

NF-kB signaling may lead to aberrant immune response and inflammation.

ANKRD55 encodes an Ankyrin repeat domain-containing protein 55 with
unknown function. Ankyrin repeats are composed of 33-34 aa and are the most
abundant motifs in nature with highly diverse cellular functions'®. SNPs at the

ANKRDS55 locus have also been associated with multiple sclerosis!” and RA18.

CISD1 gene encodes a highly conserved iron-sulfur domain-containing protein A,
known as mitoNEET. This iron-containing protein is a dynamic redox-sensitive
molecule that serves an important role in mitochondrial functions. It participates
in critical process such as electron shuttling through the electron transport chain,
regulation of enzymatic activity, and synthesis of heme and iron-sulfur
clusters'®20, Deregulation of iron metabolism and associated anemia has been
associated with IBD?. The role that mitoNEET plays in the etiology of IBD remains

to be determined.

CPEB4 gene encodes the cytoplasmic polyadenylation element-binding protein 4
(CEBP4), which belongs to a family of proteins that bind mRNAs and contain a
cytoplasmic polyadenylation element (CPE) in their 3’-UTR. Binding results in 3'-
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poly(A) tail extension and translational upregulation of target mRNAs. Cpeb4
mRNA is rhythmically regulated in mouse liver, conferring temporal translational
regulation. In the absence of CPEB4, a large number of mRNAs are transcribed,
but remain untranslated until needed?2. A recent study, using knockout mice
models, showed that CPEB4 was required for translation of numerous proteins
involved in ER homeostasis and CPEB4 loss resulted in mitochondrial dysfunction
and defective lipid metabolism, two hallmarks of ER stress. Cpeb4 KO livers were
highly susceptible to ER stress-induced apoptosis and to development of NAFLD?23.

In CD, reduced CPEB4 may also lead to ER stress and mitochondrial dysfunction.

DOCK7 encodes dedicator of cytokinesis 7 protein (Dock7), a member of Dock
proteins family and an activator of Rac GTPases. DOCK7 plays an important role
in axon outgrowth, Schwann cell migration, and axon myelination?4. Mutation in
this gene in mice leads to hypopigmentation suggesting a non-redundant role in
the distribution and function of dermal and follicular melanocytes. However,
mutant mice show normal neuronal function despite the high expession of DOCK7
in the developping brain, suggesting redundancy with other Docks?5. The role of

DOCK?7 in IBD and immune cells function is totally unknown.

ERAP2 gene encodes an endoplasmic reticulum aminopeptidase (ERAP2Z), an
enzyme involved in trimming of peptides for MHC-I loading. Aberrant ERAP2
function could influence peptide-HLA-B27 stability, formation of MHC-I free heavy
chains and ER stress?6:27.28, SNPs in ERAPZ gene have been associated with CD?°.
Although the underlying mechanisms are not known, it is possible that ERAP2
modification contributes to the reported reduction of MHCI on CD4 T cells from
CD patients30. ERAP2 modification may also contribute to the epithelial ER stress
associated with CD and UC.

GNA12 encodes Guanine nucleotide-binding protein subunit alpha-12 or Ga1z,
which belongs to the heterotrimeric G proteins. Gaiz is found in tight junctions
(T]) where it interacts with Z0-131 and plays important roles in para-cellular
permeability3233. Gaiz is ubiquitously expressed and interacts, upon receptor-
mediated activation, with certain Rho guanine nucleotide exchange factors

(RhoGEFs) which in turn mediate activation of the small GTPase RhoA3#. Intestinal
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permeability and barrier dysfunction is a hallmark of CD and UC. Several studies
reported changes in the expression of several T] proteins in both diseases3®. Itis
conceivable that modifications in the Gaiz pool leads to alteration of intestinal
permeability. Tissue-specific Gaiz-deficient mice revealed important functions of
this protein in modulating T cell trafficking and proliferation, as well as in the
response to foreign and self antigens36, important processes that may affect

susceptibility for T cell-mediated diseases.

GPX1 encodes the glutathione peroxidase 1 (GPX1), a highly abundant and
ubiquitously expressed cytosolic enzyme. Like all glutathione peroxidases family
members, GPX1 catalyzes the reduction of H202 by glutathione and consequently,
protects cells from oxidative damage. In IBD, it is believed that intestinal and
colonic injuries and dysfunction is at least partially due to elevation of reactive
metabolites of oxygen and nitrogen3’. Although the role of GPX1 is not known in
IBD, deficiency of both GPX1 and GPX2 in mice lead to spontaneous ileo-colitis and
intestinal cancer38. A protective role of GPX1 and GPX2 against oxidative stress has
also been suggested by studies reporting elevated Gpx1/2 gene expression in
gastric mucosa after H. pylori infection3?. Association of the elevated expression of

Gpx1/2 gene with tumorigenesis could be due to its anti-apoptotic activity4.

GSDMB encodes Gasdermin-B protein (GSDMB) the function of which is largely
unknown. The expression of GSDMB has been associated with differentiated
epithelial cells and with regions containing proliferating cells or stem cells,

respectively, of the esophagus and the gastric mucosa*!42,

JAZF1, also known as TIP27, encodes a transcriptional repressor of NR2(CZ2, also
known as TAKI or TR476. Mice deficient in NR2C2 show low IGF1 serum
concentrations and perinatal and early postnatal hypoglycemia, as well as growth
retardation’’. JAZF1 also affects variation in human height’8. SNPs in JAZ1F have
been associated with type II diabetes??, prostate8? and endometrial cancer8! and
with systemic lupus erythematosus®2. However, the role of JAZF1 in immune

response and autoimmunity remains to be elucidated.

LSP1 encodes a leukocyte-specific protein 1 (LSP1), a Ca?*-activated, intracellular



129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144

145
146
147
148
149

150
151
152
153
154
155
156
157
158

Momozawa et al. Supplemental material Page 6 of 32

filamentous actin-binding protein that interacts with the cytoskeleton and is
expressed in hematopoietic lineage and in endothelial cells”?. Evidence from mice
model studies suggest that LSP1 plays a negative regulatory role on neutrophil
and T cell migration’172, A recent study identified a novel LSP1 deletion variant
for RA susceptibility through CNV GWAS73. The copy number of LSP1 was found
to be significantly lower in RA patients and was associated with increased T cell
migration’3. We found a positive correlation of LSP1 expression (in CD14+ cells)
with UC, but not with CD. UC, as well as CD, is characterized by an increased
infiltration of immune cells in inflamed tissues. Our finding is therefore surprising
if we consider the concept of an association between increased cell migration
with LSP1 CNVs and LSP1 insufficiency. It is possible that LSP1 plays an additional,
yet unknown role in monocytes. On the other hand, if LSP1 participates actively in
the cross-talk between leukocytes and endothelial cells during leukocyte
transmigration, the physiological differences in microvasculature and the
integrins involved may dictate organ-specific roles for LSP1 in leukocyte

recruitment into the inflammatory sites.

NXPE1: Encodes Neuroexophilin and PC-esterase domain family member 1
(NXPE1). A human gastointestinal tract (GIT) specific transcriptome and
proteome study validate the expression pattern of this gene and protein in the
intestine 74, NXPE1 was recently identified as a novel target gene for IBD-

associated variants?>. Its function remains largely unknown.

ORMDL3 encodes ORM1-like protein 3, a negative regulator of sphingolipid
synthesis and a regulator of endoplasmic reticulum-mediated calcium signaling*>.
ORMDL3 is involved in the regulation of eosinophil and T cell functios**4’. It also
facilitate B cells survival and regulates autophagy through the ATF6 signaling
pathway*8. Genetic variants regulating ORMDL3 expression have been associated
with susceptibility to ashma*?, T1D59, atherosclerosis®!, ankylosing spondylitis>2
and IBD>3. ORMDL3 might be associated with IBDs and other autoimmune and
inflammatory diseases by activating ERS, inducing autophagy and/or promoting

immune cells activation.



159
160
161
162

163
164
165
166
167
168
169
170

171
172
173
174
175
176
177
178
179

180
181
182
183
184
185
186
187
188

Momozawa et al. Supplemental material Page 7 of 32

REXO02Z2 encodes an oligoribonuclease protein. Its depletion, using RNAI, causes a
significant decrease of mtDNA and mtRNA and impaired de novo mitochondrial
protein synthesis83. REX02’s function remains unknown but it may be involved in

the well documented mitochondrial defects associated with IBD84.

RNASETZ2 is the only RNase T2 family member in humans and is potentially
involved in the inhibition of tumorigenesis, metastasis and angiogenesis8>8°, Loss-
of-function of RNASET2 protects fibroblasts from oxidative stress8® while its
overexpression in melanocytes and keratinocytes sensitizes these cells to
oxidative-stress-induced apoptosis?. Interestingly, CD is characterized by an
impaired immune cells apoptosis associated with elevated H202 in PBMC during
the active phase of the disease®l. Although speculative, it is possible that reduced

RNASET?2 contributes to the altered oxidative stress in CD.

SKAPZ2 encodes the Src kinase-associated phosphoprotein 2 (Skap2), a cytosolic
adaptor protein expressed in a variety of cell types including hematopoietic
cells>#5556, Skap2 has been implicated in cell adhesion through association to
integrins and cytoplasmic actin®5, and is required for global actin reorganization.
It interacts with different molecules implicated in integrin signaling events>456.57,
Loss of SkapZ in mice results in reduced inflammation in experimental
autoimmune encephalomyelitis as well as defects in macrophage migration into
tumor metastasis, suggesting a physiologically important role of Skap2 for

leukocyte recruitment in vivo5558,

UBEZL3 gene encodes an atypical Ubiquitin E2 Conjugase (UBE2L3) the role of
which has been recently uncovered. It is an indirect human and mouse Caspase-1
target and plays an important role in the maturation of IL-1§3. UBE2L3 depletion
in mice increases pro-IL-13 levels and mature-IL-13 secretion by
inflammasomes®l. Several GWAS identified polymorphisms in the genomic locus
of UBEZL3 that are associated with multiple autoimmune diseases®? including
CD?°. Decreased secretion of the inflammasome cytokine IL-13 was noted in
monocytes of Crohn’s disease patients®3. It is therefore tempting to speculate that

UBEZL3 contributes to disease at least partially by modulating IL-1f3 secretion.
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ZMIZ1 encodes Zmiz1,a member of the protein inhibitor of activated STAT (PIAS)-
like family of coregulators®4. Zmiz1 is widely and variably expressed®. In GWAS,
a SNP within ZMIZ1 gene was associated with early-onset Crohn’s disease and
IBD®%. ZMIZ1 is co-expressed with activated NOTCH1 across a broad range of T-
ALL oncogenomic subgroups. Its inhibition slows human T-ALL cell proliferation
and/or sensitizes them to y-Secretase inhibitors (GSI)¢’. Evidence from Zmiz1-
deficient mice demonstrated that Zmizl is a direct Notchl cofactor that
heterogeneously regulates Notch1 target genes and plays an important role in T
cells development®8. Altered expression of ZMIZ1 has been reported to affect
Smad3-mediated transcription®. Interestingly, our analysis shows that increased
UC disease risk was associated with decrease of both SMAD3 and ZMIZ1
expression while no association was observed with NOTCH1. This association was
observed in different tissues/cell types suggesting a possible trans effect of ZMIZ1
on SMAD3 expression.
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Supplementary Table 1

Naive (r*2 based) Frequentist (Nica et al., 2010) Theta-based

Cell type Overlaps Overlaps Overlaps Overlaps Overlaps Overlaps
P value P value P value

observed expected observed expected observed expected
CD4 12 33 <0.01 14 4.9 <0.01 17 8.4 <0.01
CD8 12 3.5 <0.01 18 4.3 <0.01 16 6.9 <0.01
CD14 8 3.3 0.061 9 4.7 0.211 10 7.1 0.720
CD15 4 1.9 0.646 4 2 0.720 7 5.1 0.909
CD19 7 2 0.010 7 3.6 0.410 12 5.8 0.044
PLA 4 0.9 0.010 3 0.9 0.475 5 1.8 0.119
IL 4 1.6 0.432 7 2.1 0.027 8 4.1 0.281
TR 6 2.6 0.211 5 35 0.928 11 6 0.086
RE 5 1.5 0.103 6 2.4 0.204 9 5.5 0.509

Enrichment of DAP-EAP matching in 63 of 97 CD risk loci covered by the Immunochip. For each cell type, we provide the number of
matches (or overlaps) observed with the top disease-associated SNPs (MAF > 0.05), as well as the number of matches expected with the
same number of SNPs (MAF > 0.05) sampled at random in the same 63 risk loci. The analyses were conducted using three "colocalisation”
methods (Naive, Frequentists and Theta-based). The p-values were determined by simulation (1,000 sets of 63 randomly sampled SNPs)
and Bonferroni corrected for the analysis of 9 cell types. < 0.01 means that the number of matches observed with the real disease-
associated SNPs was never observed with any set (out of 1,000) of randomly sampled SNPs.
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Tissue ‘ Nr of samples ‘ Nr of probes Nr of PCs

CD4 303 13,466 38
CD8 294 13,317 35
CDh19 282 12,648 40
CD14 286 13,170 36
CD15 289 11,069 27
PLA 251 6,565 23
IL 200 15,401 59
TR 271 15,082 50
RE 267 14,844 53

Number of usable samples, probes and PC for each tissue type.
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219  Supplementary Table 3

220
Tissue Nrofprobes FDR<0.25 FDR<0.10 FDR<0.05 FDR<0.01
CD4 13,466 7,417 4,957 4,176 3,247
CD8 13,317 6,760 4,309 3,599 2,779
CD19 | 12,648 4,984 3,138 2,549 1,953
CDh14 | 13,170 7,118 4,728 3,961 3,106
CD15 | 11,069 3,611 2,396 1,983 1,512
PLA 6,565 1,404 996 854 653
IL 15,401 2,769 1,728 1,426 1,031
TR 15,082 5,183 3,391 2,807 2,160
RE 14,844 4,180 2,726 2,295 1,731

221

222 Number of cis-eQTL found in the nine analyzed cell types for different FDR
223  thresholds (see also Suppl. Figure 7).
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Supplementary Figures

1. Supplementary Figure 1
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Absolute values of 9 for pairs of eQTL driven by distinct regulatory variants (blue),
and for pairs of eQTL driven by the same regulatory variants (red). The first (blue)
were obtained by confronting real cis-eQTL with in silico simulated eQTL
explaining the same variance as the real eQTL but driven by a randomly chosen
SNPs in a 2Mb window centered around the probe. The second (red) were
obtained by confronting eQTL obtained by reanalyzing two mutually exclusive
halves of the CEDAR population separately in a region harboring a real cis-eQTL.
It can be seen that 9 very effectively discriminates between pairs of eQTL driven
by distinct (blue) vs the same (red) regulatory variants. By choosing 0.6 as
threshold value for 9, one captures most red pairs (~88%) with minimum
contamination of blue pairs (~5%). Log(1/p): eQTL are sorted by the smallest
log(1/p) value of the two eQTL being compared.
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241 2. Supplementary Figure 2
242

243

244  Graphical representation (using Cytoscapel) of 269 cis acting regulatory modules
245  (cRM) including at least three genes (see Suppl. Table 2). Every node corresponds
246  toacis-eQTL involving a specific gene-tissue combination. Edges connect pairs of
%47 cis-eQTL for which |9 = 0.6.

248 1. Shannon, P. et al. Genome Res. 13, 2498-2504 (2003).
249
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250 3. Supplementary Figure 3
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253 Number of cRM detected in each cell type. Blue: shared cRM (i.e. also detected
254 in at least one other cell type). Red: Unique (i.e. detected only in that cell type).
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4. Supplementary Figure 4
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Proportion of multigenic cRM amongst DAP matching cRM

Across the entire genome, the proportion of multigenic cRM was shown to be
0.10 (see also main text, figure 1B). Amongst DAP matching cRM (mapping to
63 of 200 studied IBD risk loci; main text Table 1) this proportion was shown
to be 0.33, hence a highly significant enrichment. To ensure that this
enrichment was not only due to the fact that matching between DAP and EAP
was de facto tested multiple times for multigenic cRM and only once for other
cRM, we only tested one randomly sampled EAP per cRM (whether monogenic
or multigenic). This was repeated 100,000 times and yielded the distribution
of the proportion of multigenic cRM amongst DAP matching cRM shown above.
The average was 0.22, and we never observed values < 0.11, i.e. the genome-
wide average.
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5. Supplementary Figure 5
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The 63 IBD risk loci with matching cRM are 2- to 3-fold enriched in multigenic
cRM (p < 107°). This could be due to the fact that the LD is higher in IBD
regions than in the rest of the genome. To test this, we downloaded LD-based
recombination maps of the human genome from
https://github.com/joepickrell/1000-genomes-genetic-maps. The average
recombination rate across the human genome was 1.23 centimorgan per
megabase (cM/Mb). The average recombination rate for the 63 IBD risk loci
with matching cRM was 1.34 cM/Mb, i.e.less LD than in the rest of the genome.
Regions encompassing eQTL (and hence cRM) may differ from the rest of the
genome with regards to LD. Thus, we further sampled 1,000 sets of 63 loci
centered on cRM (from our list of 9,720) that were matched for size and
chromosomal location with the 63 cRM-matching IBD risk loci. The mean
recombination rate for the cRM-centered genome was 1.43 cM/Mb. The figure
shows the frequency distribution of the corresponding mean cRM/Mb per set
(black), the mean of means of the 1,000 sets of 63 randomly drawn loci (red),
and the mean of the 3 IBD risk loci (blue). The mean of the 63 IBD risk loci did
not differ significantly from the rest of the cRM centered portion of the genome
(two-tailed p-value: 0.46).
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292 6. Supplemental Figure 6
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295  Comparison of the alternative allele frequency for 1,781 variants observed in this
296  study and in 55,860 non-Finnish European samples from the GNMAD study.
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7. Supplementary Figure 7
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QQ-plot for the module-based burden test (A), disease plus age-of-onset-based
burden test (B), and disease plus familiality-based burden test (C). Ranked
log(1/p) values obtained when considering LoF and damaging variants (full
circles), or synonymous variants (empty circles). The circles are labeled in blue
when the best p-value for that gene is obtained with CAST, in red when the best
p-value is obtained with SKAT, or in purple for the module-based test (as some
genes in the module may have their best p-value with CAST and other with
SKAT). The black line corresponds to the median log(1/p) value obtained (for
the corresponding rank) using the same approach on permuted data (LoF and
damaging variants). The grey line marks the upper limit of the 95% confidence
band. The name of the genes/modules exceeding the nominal p-value of 0.05
are given. The inset p-values correspond to the significance of the upwards
shift in log(1/p) values estimated by permutation.
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8. Supplementary Figure 8
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Fold increase in sample size (wWhen compared to this study)

Present study: 6,600 CD cases and 5,500 controls

Effect of increasing sample size on the log(1/p) values of a one-sided burden
test assuming that the effects observed for TYKZ (blue), ERAPZ (red) and
CARD9 (green) observed in this study are real unbiased. The dotted horizontal
black line corresponds to an hypothetical experiment-wide significance
threshold assuming the realization of 200 independent tests (targeting for
instance 100-200 genes selected on the basis of coincident DAP-EAP patterns).
The plain horizontal black line corresponds to an hypothetical genome-wide
significance threshold assuming the realization of 20,000 independent tests
(targeting all genes). It can be seen that an at least 4-fold increase in sample
size is needed to achieve significance in the first scenario and at least 7-fold
increase in the second scenario.



333
334

335

336
337

338

Momozawa et al. Supplemental material Page 21 of 32

9. Supplementary Figure 9
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Proportion of usable probes with cis-eQTL at various levels of FDR in the nine
analyzed cell types.
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10. Supplementary Figure 10
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Graphical illustration of the relationship between rw, rws and 9. The penalty
function applied to rws to generate 9, corresponds to m The graph is

shown for k= 30 and T=0.3, the values used in this study.

The point here is that if two association patterns are “similar” (driven by the same
variants), the correlation (rw in Suppl. Methods) between -log(1/p) values is
expected to be positive. If two association patterns are different (driven by
distinct variants) they may generate strong negative correlations (rw). The first
part of the method aims at weeding out such instances (negative rv). One way to
do this is to choose a simple threshold value for rw. We herein propose an
approach that offers more flexibility: it generates a penalty that increases when
the correlation decreases with an adaptable rate. As shown in Suppl. Fig. 8, the
values of k=30 and T=0.3 essentially correspond to a threshold value of 0.3. As
can also be seen from Suppl. Fig. 8, there is (as expected) a strong linear
relationship with slope 1 between rwand |7,¢| (and hence between ry and |9| for
pairs with ry > 0.3). Because we subsequently use a threshold value || > 0.6, the
choice T has very little impact on the outcome unless one approaches 0.6.
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11.Supplementary Figure 11
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Schematic representation of the key features of the implemented “burden test”.

The analysis is restricted to rare variants with MAF < 0.005 to ensure that the new
signal is independent of the one that lead to the identification of the corresponding
risk loci by GWAS (based on common and low frequency variants). Variants can
be sorted in (i) singletons (i.e. observed only ones in the analyzed samples), (ii)
perfect (i.e. observed more than ones in the sample but perfectly associated with
disease status), and (iii) other (i.e. observed more than ones in the sample in both
cases and controls).

We test two hypotheses. The first assumes that disruptive variants are either
enriched in cases or in controls as a function of the sign of the correlation between
DAP and EAP (if decreased expression is associated with increased risk, disruptive
“risk” variants are expected to be enriched in cases; if increased expression is
associated with increased risk, disruptive “protective” variants are expected to be
enriched in controls). Thetestisimplemented with CAST and in essence performs
a one-sided test of independence (what is the probability to observe the excess of
disruptive variants in cases (respectively controls) by chance alone?). The second
hypothesis tests whether the distribution of the variants in cases and controls is
characterized by too many variants that tend to be overrepresented either in cases
or in controls. Thus, this hypothesis allows some disruptive variants to increase
risk and others to be protective. This hypothesis does not use information from
singletons. Testing this hypothesis is implemented with SKAT. It can be seen in
simplified form as combining the p-values (from a test of independence) across
variants (without considering the sign of the effect) using for instance Fisher’s
method.
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400 12. Supplementary Figure 12
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404  Distribution of permutation-based -log(p) values obtained for 68 analyzed genes
405  with synonymous variants using CAST (A), and SKAT (B), indicating that CAST is
406  conservative (, while SKAT is too permissive (Ag;c = 1.73). The 68 genes
407  correspond to the 47 genes reported in this study, plus 21 genes sequenced in the
408 same cohort as part of another study.
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