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ABSTRACT

Background: Atopy, an endotype underlying allergic diseasbas a substantial genetic
component.

Objective: Our goal was to identify novel genes associatéti atopy in asthma-ascertained
families.

Methods: We implemented a three-step analysis stratedlgrae datasets: The Epidemiological
study on the Genetics and Environment of Asthma HEJGdataset: 1,660 subjects; The
Saguenay-Lac-Saint-Jean (SLSJ) dataset: 1,138 ctstbend The Medical Research Council
(MRC) dataset: 446 subjects). This strategy inaudesingle-SNP genome-wide association
study (GWAS), the selection of related gene paaseld on statistical filtering of GWAS results
and text-mining filtering using GRAIL and SNP-SNRdraction analysis of selected gene pairs.
Results We identified the 5q14 locus, harboring the adivess protein-coupled receptor V1
(ADGRV1) gene, that showed genome-wide significant asBoniawith atopy (rs4916831;
Pmet=6.8x10%. Statistical filtering of GWAS results followed, liext-mining filtering revealed
relationships betweeADGRV1 and three genes showing suggestive associatiom awdapy
(P<10™). SNP-SNP interaction analysis betwedBDGRV1 and these three genes showed
significant interaction betweeADGRV1 rs17554723 and two correlated SNPs (rs2134256 and
rs1354187) within dynein axonemal heavy chaiDBIAH5) gene Pmet.in=3.6x10° and 6.1x10

® that met the multiple-testing corrected threshofd7.3x10°). Further conditional analysis
indicated that rs2134256 alone accounted for ttexantion signal with rs17554723.

Conclusion As both DNAH5and ADGRV1 contribute to function of cilia, thisudly suggests
that cilia dysfunction may represent a novel medmnunderlying atopy. Combining GWAS
and epistasis analysis driven by statistical anmledge-based evidence represents a promising

approach for identifying new genes involved in ctewraits.
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Key Messages:
* ADGRV1 genetic variants are associated with atopy innaatfamilies
e Interaction betwee®DGRV1 and DNAH5 variants is associated with atopy; these two
genes are involved in ciliary function
» Use of a strategy that combines genome-wide aggntianalysis and epistasis analysis
driven by statistical and knowledge-based evidesare successfully identify new genes

underlying complex traits.

Capsule summary:
This study in three family-based studies identifesgociation betweeADGRV1 and atopy and

interaction betweeADGRV1 andDNAHS5, two genes that contribute to ciliary functions.

Key words: atopy, asthma, genetics, genome-wide associdiioly,sgene-gene interaction, text-

mining, ADGRV1, DNAHS5, ciliary function

Abbreviations:

ADGRV1: adhesion G protein-coupled receptor V1

DNAHS5: dynein, axonemal, heavy chain 5

SNP: single nucleotide polymorphism

GWAS: genome-wide association study

SPT: skin prick test

EGEA: Epidemiological study on the Genetics andiEemment of Asthma

SLSJ: Saguenay-Lac-Saint-Jean study

MRCA: Medical Research Council funded collectiomatlear families with Asthma

MRCE: Medical Research Council funded collectiomotlear families with Eczema
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GRAIL: Gene Relationships Across Implicated Loci
QC: quality control

MAF: minor allele frequency

PCs: principal components

LD: linkage disequilibrium

ORs: odds-ratios

GTEXx: Genotype-Tissue Expression

ETS: environmental tobacco smoke

Cl: confidence interval



97 INTRODUCTION

98 Allergies and asthma are among the most commomsksein industrialized countries. Although
99 environmental factors play an important role iredjlc diseases, estimates of heritability of
100  allergy, which range between 25% and 80%, sugdgsifisant genetic contributioh.Genome-
101  wide association studies (GWAS) have identified tanber of loci associated with allergic
102 diseases (i.e., asthma, atopic dermatitis, rh)ifitibut these loci only explain a small part of the
103  genetic risk. Part of the difficulty encountereddentifying the genetic factors involved in these
104 allergic diseases is due to the heterogeneity eddldiseases and the uncertainty of diagnosis.
105  However, this problem can be alleviated by the wtfcan endotype underlying allergic diseases,
106  such as allergic sensitization or atopy.

107  Atopy is characterized by the production of allergpecific immunoglobulin E against
108  environmental allergens. Estimates of heritabibfyatopy range from 40% to 85%. Many
109  candidate genetic studies of atopy have been ctedibet have often led to inconsistent resllts.
110  While the first GWAS of allergic sensitization ormgported a few loci;*° two recent large-scale
111 meta-analyses of allergic sensitizafibmnd self-reported allerdfy increased the number of
112 associated loci to 10 and 16 loci, respectivelywkler, other loci may influence atopy as it is
113  well known that GWAS alone cannot reveal the whgdmetic landscape underlying complex
114  phenotypes.

115  Heterogeneity across studies, which may be caugedtiability in the genetic background of
116  the populations, environmental exposures, or stlebygn, may be a limitation of meta-analyses
117 of GWAS for identifying new loci associated withteit. Notably, the importance of data
118 sampling was recently highlighted by a positionaining study of eczema, where association

119  with ANO3/MUC15 genetic variants was only found in family sampéssertained through
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asthmatic subjects but neither in families asceegi through eczema patients nor in a
case/control study of eczertia.

Another limitation of GWAS is that they typicallpdus on the analysis of individual single
nucleotide polymorphisms (SNPs) and are underpaiviereletect genetic factors which have a
small marginal effect but rather interact with eamther. Gene-gene interaction analysis (or
epistasis analysis) has the ability to reveal ngegles involved in complex traits but raises an
enormous multiple-testing problem when performedhat genome-wide level. Statistical and
biological filtering pipelines can be used to limtie search for SNP-SNP interactidfs.
Following the *“guilt-by-association” assumption whi states connected genes are usually
participating in the same or related cellular fimvs;"® search for interactions can be restricted to
genes pointed out by a preliminary GWAS (e.g., rextBons of genes harboring significant
association signals with genes harboring suggesissociations) and showing relationships
based on prior knowledge. One knowledge-based apprthat can be particularly useful to
prioritize genes for epistasis analysis is textimgnof the literature as it can highlight
relationships between gefsaccording to their co-occurrence with the samedwan scientific

articles.

The objective of this study was to identify novehgtic factors influencing atopy by combining a
GWAS and epistasis analysis driven by statistical lklnowledge-based evidence in three family
samples ascertained through asthmatic subjects:Fteach Epidemiological study on the
Genetics and Environment of Asthma (EGEA; 1,66(exb), the French-Canadian Saguenay-
Lac-Saint-Jean study (SLSJ; 1,138 subjects) aniédical Research Council UK study (MRC,;
446 subjects). Our overall analysis strategy inetlthree main steps: (1) a genome-wide single-

SNP association analysis, (2) the selection otedlgene pairs based on statistical filtering from
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GWAS results and text-mining filtering using the r@eRelationships Across Implicated Loci

(GRAIL) approachand (3) a SNP-SNP interaction analysis for thecsetegene pairs.

MATERIALS AND METHODS

Study datasets and definition of atopy

The EGEA study combines a case-control and a fab@ked study of asthma. The whole study
population includes 388 families ascertained thhoagleast one asthmatic proband recruited in
chest clinics (1,705 probands and first-degredivels) plus 415 population-based controls (total
of 2,120 subjects). All subjects were born in Feaand were of European ancestry. The protocol
of this study has been described elsewh&f&Atopy was assessed by skin prick tests (SPT)
performed in 1,978 subjects. A positive SPT respamas defined as a wheal diamet&@mm to

at least one of 11 aeroallergens belonging to tgreeps (indoor allergens, outdoor allergens,
molds). After quality control (QC) of genotypic dat925 atopic and 735 non-atopic subjects
were included in the analysis.

The Saguenay-Lac-Saint-Jean and Quebec City Famdithma Collection (SLSJ) consists of a
French-Canadian founder population panel of 253tigererational families from Saguenay-
Lac-Saint-Jean region, ascertained through twonzstih probandé' This study has been
described elsewhefé.Skin tests were done in 1,195 SLSJ subjects aopyawas defined
similarly as in EGEA. After QC of genotypic dathgetanalysis dataset included 641 atopic and
497 non-atopic subjects.

The Medical Research Council (MRC) UK study inclei@®7 nuclear families, recruited through
at least one proband with childhood-onset asthmRGM sample). The study protocol has been
described elsewhefé.Atopy was defined similarly as in EGEA. To increathe number of

unaffected subjects (controls), we included subjéaim another MRC-UK dataset that were



168  recruited through probands with eczema (MRCE samnflely subjects without asthma, without
169 eczema and with low IgE levels were used as cantrothis study. We checked that the age and
170  gender distributions were similar in MRCA and MR&&mples. After QC of genotypic data, the
171 analysis sample included 106 atopic and 340 nopiagubjects. The whole UK sample will be
172 subsequently designated as the MRC sample.

173 Protocols of EGEA, SLSJ and MRC studies have beenoaed by the local ethical committees.
174  All adult participants and child’'s legal guardigrsvided written informed consent.

175

176  Genotyping

177 Both EGEA and SLSJ datasets were genotyped usinijitimina 610-Quad array (lllumina, San
178  Diego, CA), as part as of the Gabriel asthma cditsorGWAS? Stringent quality criteria were
179  applied to select both individuals and SNPs andeHasen previously detailéd?* After QC,
180 there was a final set of 501,167 autosomal SNPsiatysis.The offspring in MRCA families
181 and MRCE controls were genotyped using the IllumBentrix HumanHap300 BeadChip
182 (307,981 autosomal SNPs), as part of the firsmaatG WAS?***QC for MRC samples has been
183 detailed elsewheré:® In order to get a number of SNPs in MRC sampléaage as in EGEA
184 and SLSJ samples, SNP imputation was performed W8#&CH v1.00 software and HapMap?2
185 release 21 CEU haplotypes as reference pampluted SNPs were kept for analysis if their
186  imputation quality score (rsgfjwas> 0.5 and minor allele frequency wa%%.

187

188  Descriptive statistics and strategy of analysis

189  Descriptive statistics of atopy together with saege and asthma status were assessed in each

190 dataset using Stata® V14.1 (distributed by Statep@ation, College Station, Texas, USA). The
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workflow of our three-step analysis strategy is marized in Figure 1 and presented in the

following paragraphs.

Genome-wide single-SNP analysis

We performed a two-stage GWAS. In the first staaggsociation analysis between individual
SNPs and atopy was carried out in the EGEA datddes analysis was based on a logistic
regression model assuming an additive model for 8fétt, using Stata® V14.1. This model
was adjusted for significant effects of age anda®ktwo principal components (PCs) to account
for population structure. We took into account fihidependencies using the cluster and robust
options of the logit function in Stata®. Test of BMffect was based on a Wald-test. In a second
stage, the SNPs reachiRg10” in EGEA were followed—up in SLSJ and MRC. The a&sion
analysis in SLSJ and in MRC used the same modiel B&EA. The results of stage 2 datasets
and, then, of the three datasets were combined) #sifixed-effects meta-analysis. SNPs were
declared significantly associated with atopy if theee datasets meta-analyBiwvalue Pmetd
reached the genome-wide significance level of 108xThis threshold was obtained by dividing
the type | error of 5% by the effective number miiependent SNPs in the lllumina 610-Quad

array”®

Selection of gene pairs using both statistical and text-mining filters

The statistical filtering consisted of selectingptgets of genes using the GWAS results: genes
showing significant association with atopy (setfh)l genes showing suggestive association with
atopy (set-2). The set-1 included all genes lying distance of 50 kb or less from SNPs reaching

the genome-wide significance level in the GWAS ratalysis. The set-2 included all genes that

10
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were at most 50 kb apart from SNPs hasd.0* in the stage 1 EGEA dataset and were not part
of set-1. To assign SNPs to genes, we used NCBNBbBuild 137 and human Genome Build
37.3. We further filtered gene pairs (formed byssing set-1 genes with set-2 genes) through
GRAILY text-mining of PubMed abstracts (available in ®et02014). For each gene, GRAIL
builds a vector of words where the elements of teitor are weights that take values between 0
and 1 depending on how often a word is found witigeme in an abstract. Then, GRAIL
computes pairwise similarity between genes fromefgard vectors and ranks the similarities
between each gene from set-1 and all genes ofethenge. ThégraL Of a gene from set-2 with

a gene from set-1 is equal to the proportion ofyates that have similarity with the set-1 gene
greater than the similarity between set-2 and sgéries (i.e. rank divided by total number of
genes across the genome). We used the thresh@lgraif< 0.10, as recommendeéffo select

related gene pairs for further epistasis analysis.

SNP-SNP interaction analysis for selected gene pairs

As for the single-SNP association analysis, we qoeréd a two-stage SNP-SNP interaction
analysis. At stage 1, we analyzed all SNP-SNP actems for the GRAIL-selected gene pairs in
the EGEA dataset. For each gene, we consider&Nadk lying within gene boundaries. Pairwise
SNP-SNP interactions were evaluated by logisticaggion assuming an additive model for SNP
main effects and interaction and adjusting for faene covariates (age, sex, PCs) as in the
GWAS, using Stata® V14.1. We used the same codihgrse as usually proposed for SNP-SNP
interaction modelling® We modeled the additive effect of a SNP by codimg genotypes of
homozygotes for the minor allele, heterozygotes lamghozygotes for the major allele as 1, 0,
and -1; the interaction term between two SNPs vimaimed by multiplication of these genotypic

values for the two SNPs. Test of interaction wasedaon a likelihood-ratio test which follows a

11



238  Chi-square distribution with one degree of freedbve. discarded all SNP pairs for which one or
239  more of the nine genotypic combinations appeardévirer than five subjects (cases or controls).
240 In a second stage, all SNP pairs showing suggestinence for interaction in EGER(<5x10

241 ) were followed-up in SLSJ and MRC. The resultshef stage 2 datasets and, then, of the three
242  datasets were meta-analyzed using a fixed-effeattem

243  To correct for multiple testing, we computed, fack gene pair investigated, the effective
244 number of independent interaction tests from thgemialues of the correlation matrix of
245  products of SNP variables, using an extension afrid Ji's method® The corrected threshold to
246  declare an interaction statistically significantswegqual to the 5% type | error divided by the sum
247  of effective number of independent interactiondester all gene pairs tested.

248

249  Stratified analyses according to asthma status

250 Because family samples were ascertained throudtmasic probands, we investigated whether
251  SNP associations and SNP-SNP interactions detagtbedatopy might be related to the presence
252 of asthma. Single-SNP and SNP-SNP interaction amalyvere repeated in the two groups of
253 asthmatic and non-asthmatic subjects separatelyseranalyses were performed for the SNPs
254  that showed significant results in the meta-analysiethe three datasets. Homogeneity of the
255  odds-ratios (ORS) between the two groups was testied) the Cochran’s Q statistic.

256

257

258 RESULTS

259  Descriptive statistics

260 A total of 1,660 EGEA, 1,138 SLSJ and 446 MRC stiigjavere included in this study. The

261  proportion of atopic subjects was similar in EGEAI&ELSJ (55.7% and 56.3% respectively) but

12
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was lower in MRC (23.8%P<107). In each study, there was a higher proportiomafes in
atopic than in non-atopic subjects and atopic sibj@ere younger than non-atopic subjects (see
Table E1 in the Online Repository). As expected,gloportion of asthmatic subjects was higher
in atopic than in non-atopic subjects in all datag@able E1). In EGEA (respectively in SLSJ
and MRC), 78.0% (75.0% and 78.3%) of atopic subjéetd positive SPT to indoor allergens,

55.5% (77.5% and 52.8%) to outdoor allergens, @n@&% (14.8% and 12.3%) to molds.

Genome-wide single-SNP analysis

In the stage 1 EGEA dataset, no SNP reached trengewide significance level of 1.5x1@see
guantile-quantile (QQ) plot and Manhattan plot igufes E1 and E2). However, 73 SNPs lying
in 47 loci showed associations with atopy exceedieyscreening threshold 10, These
SNPs were followed-up in the stage 2 SLSJ and MBtasgts and meta-analyzed (Table E2).
The SNP rs4916831 withiADGRV1 gene at 5q14 reached the genome-wide significancs |
(Pmet=6.8x10% in the overall meta-analysis of the three daga¢Bable 1). Four other SNPs at
that locus, in moderate linkage disequilibrium (LBjh rs4916831 (rranging between 0.51 and

0.79), showed suggestive association (4.3xB,e<3.8x10% Table I).

Selection of gene pairs using both statistical and text-mining filters

The gene set-1 includeADGRV1, the only gene significantly associated with atoplyere were
30 genes that lied fewer than 50 kb apart from@5eSNPs at 46 loci having<10* in EGEA
(after exclusion oADGRV1 SNPs) and formed gene set-2 (Table E3). When GRves applied
to 30 gene pairs (date accessed: 04/24/2015), tbbyesach of these 30 genes WRDGRV1,
three genes were related WADGRV1 at Pgra <0.10: DNAHS5 on 5p15 Pgra =0.084),CHD7

on 8912 Pgrai=3.2x10%) andATP8B1 on 18721 Pgrai=0.016).
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SNP-SNP interaction analysis for selected gene pairs

In the stage 1 EGEA dataset, the three GRAIL-setectiene-pairs ADGRV1I/DNAHS5,
ADGRV1/CHD7, ADGRVI/ATP8B1) were each examineidr SNP-SNP interactions, making a
total of 5,324 SNP pairs. There were 37 SNP phs teachedP;, < 5x10° in EGEA and were
followed-up in SLSJ and MRC at stage 2. Two of h&NPs pairs, which are related to the
ADGRV1 and DNAH5 gene pair, met the multiple-testing corrected shotd, estimated to be
7.3x10° (see Table E4), in the meta-analysis of the thegasets (Table Il). The two significant
interactions involved the same SNP rs17554723 witdGRV1 and two SNPs withilDNAHS5,
rs2134256 Rmeta-in=3.6x10°) and rs1354187 Plnewaine6.1x10°), that are in moderate LD
(r>=0.50; D'=0.95). However, further conditional ress®n analysis in each of the strata defined
by genotypes atADGRV1 rs17554723 showed thdDNAHS5 rs1354187 was no longer
significantly associated with atopl%0.15) when conditioning oBNAHS5 rs2134256. The most
significant SNP pair shows a pattern of interactrowhich the ORs for atopy associated with TT
(or CC) genotype @DNAHS5 rs2134256 are in opposite direction accordingheogenotype, AA
(or GG), atADGRV1 rs17554723 (Figure 2). This pattern was consisierdll three datasets

(Figure 2).

Stratified analyses according to asthma status

Association analyses of atopy with the genome-vaimificant ADGRV1 rs4916831 SNP in
asthmatic and non-asthmatic subjects did not shopwralationship with presence of asthma in
the stage 1 and stage 2 datasets and meta-anafytie three dataset®dochran for test of
homogeneity between the two grougs82; Table ESA). In the meta-analysis, the evidefor

association was even stronger although not sigmiflg in non-asthmatics (P=7.8x1)0than in

14
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333

asthmatics (P=1.4x1. Similarly, interaction analyses f&DGRV1 and DNAH5 SNPs did not
show any relationship with asthmctenare> 0.30; Table ESB). The evidence for interaction was
only significant in non-asthmatic subjects (Tab&BIE this can be at least partly explained by the

larger sample size of non-asthmatic (N=1,849) #ethmatic subjects (N=1,354).

Functional annotations of SNPs showing significamesults

All SNPs that show significant association (or ratgion) with atopy are intronic. The two
ADGRV1 SNPs, rs4916831 and rs17554723 on 5ql4, detdatedgh GWAS and interaction
analysis, lie 120 kb apart in introns 83 (rs4916884d 70 (rs17554723) and are in low LD
(r’=0.20, D’'=0.75). The twd®NAH5 SNPs (rs2134256 and rs1354187) at 5p15.2 aréetbia
introns 58 and 60 (8 kb apart) but only rs21342&&ants for the interaction signal (see above).
By interrogating the Genotype-Tissue Expression E©Tdatabas& rs4916831 was found
associated witiADGRV1 expression in esophagus mucoBa.5x10’).3? We also investigated
whether theADGRV1 and DNAH5 SNPs (as well as their proxie$>0.80) map to functionally
important regulatory regions using HaploReg¥4s shown in Table E6, these SNPs and/or
proxies map to binding sites of various transooiptfactors (TFs). In addition, four proxies of
ADGRV1 rs4916831 map to enhancer histone marks in lung and skinewdproxy ofDNAH5

rs2134256 maps to promoter and enhancer marksmatopoietic stem cells.

DISCUSSION

By combining genome-wide single-SNP analysis andtagis analysis driven by statistical and
knowledge-based evidence in three asthma-asceaitéanaly datasets, we identified significant
association of atopy at a novel 5q14 locus harigphDGRV1 gene and significant interaction

betweerADGRV1 andDNAH5 genetic variants.
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The interaction betweeADGRV1 and DNAHS5 variants has biological relevance as these two
genes are both involved in ciliopathies and cilifugction. Ciliopathies comprise a group of
disorders associated with genetic mutations engodefective proteins, which result in either
abnormal formation or function of cilid.Mutations in the adhesion G protein-coupled remept
V1 (ADGRV1) gene cause Usher syndrome type IIC, a ciliopatiaracterized by hearing loss
and visual impairment*® while mutations of dynein axonemal heavy chairDBIAH5) gene
cause primary ciliary dyskinesia type 3, a cilidgatvhich combines upper and lower tract
respiratory manifestations, male infertility, anidus inversus’ The ADGRV1 protein (also
called GPR98) is a component of the Usher protetwark that functions in stereocilia of inner
ear hair cells and photoreceptor cilia. The hedwjrcof axonemal dynein, encoded DMAH5,

is part of a microtubule-associated motor proteimplex that is responsible for cilia mobility,
especially in respiratory epithelial cells wherkacmotility is essential for mucus transport and
airway clearanc& Although the respective function of ADGRV1 and DN# proteins was
initially described in different organs, these pios may also have related functions. Indeed, the
cilium in photoreceptors is ultrastructurally vesiynilar to the nasal ciliated epithelium and the
nasal ciliated epithelium of Usher syndrome Il @ats was found to have a lower ciliary beat
frequency than healthy contrdfSMoreover, Usher syndrome has been reported tesecited
with bronchiectasis, sinusitis and reduced nasalatiliary clearancé’

Besides the involvement of both ADGRWdnd DNAH5 proteins in cilia functions, which
supports the statistical interaction found betwdese two genes, bodNAH5 and ADGRV1
genes have been previously associated with respjrdiseases and related phenotypes. Recent
GWAS reported significant association DNAH5 variants with total lung capacity in chronic
obstructive pulmonary dised$eand suggestive association with Immunoglobulinegrss

sensitizatior?. However, the SNP reported by that latter study matsin LD with theDNAH5
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SNPs interacting witiADGRV1 SNP in this study {<0.13). Based on an approach similar to
ours, which combined genome-wide expression dataasal epithelial cells, allele frequency
variation between populations and literature setydelect candidate genes, nominal association
of asthma withDNAH5 was reported and stronger association was founl KiliF3, a gene
involved in transport of protein complexes withitiacand potentially in allergen clearance as
DNAH5.? In addition, DNAH5 belongs to the same gene family BNAH9 which showed
interaction with environmental tobacco smoke (E&g)osure for bronchial hyperresponsiveness
in EGEA and SLSJ famili€€. Moreover, suggestive association ADGRV1 with asthma has
been recently reported by a meta-analysis of GWAShough most previously reported
associations concern asthma or respiratory pheestyihe interaction betweekDGRV1 and
DNAH5 SNPs associated with atopy in the present studgappindependent of asthma, as
shown by the stratified analysis on asthma. Althotige mechanism by which these two genes
influence atopy is still unknown, we can hypothedizat they are involved in dysfunction of cilia
that move secreted mucus containing trapped foneagticles up and out of the airways, which
favors allergic sensitization. This is supportedrbgent observations of a differential mMRNA
expression of bottADGRV1 and DNAH5 genes in sputum from House Dust Mite (HDM)-
sensitized wheezing subjects as compared to ngueatontrols!® FurthermoreDNAH5 as well

as other genes of the same family includiDByAH9 were among the highest-ranking co-
expression hubs in one of the HDM-wheezing assedigene modules, which was strongly
enriched with genes involved in the function ofatéd epithelial cell§> All these observations
suggest cilia-related genes may constitute an itappbemerging pathway for atopy.

The strategy used in this study, that enabled ify&my novel relevant candidates for atopy,
combined genome-wide single-SNP analysis and gene-gnteraction analysis based on both

statistical filtering of GWAS results and text-nmgi filtering. It is of note that our three-step
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405

strategy was designedpriori and SNP-SNP interaction tests were only perforfoedene pairs
selected through our two filtering processes. Tkhaome-wide single-SNP analysis pointed
towards one geneADGRV1) which harbored the lead SNP rs4916831 reachimprge-wide
significance and four other SNPs showing suggestssociation. By increasing the density of
SNPs through Hapmap2-based imputation at that Joams additional SNP %0.80 with
rs4916831) reached genome-wide significance andtiier SNPs had P-values within one order
of magnitude of the genome-wide threshold (resuttisshown), which strengthens our finding.
Further conditional analysis in that region showreat association with atopy was only accounted
for by the lead genotyped SNP. The subsequenststatiand text-mining filters, used prior to
epistasis analysis, made it possible to detect-gene interaction by lowering the multiple
testing burden. Indeed, use of both filters redutednumber of interaction tests by 9-fold as
compared to using the statistical filter only. Th®t-mining filter was based on GRAIL that was
shown to be successful in pointing out true diseag®ns that were validatéd Although many
sources of biological information can be used tonast genes, such as co-expression gene
networks or protein-protein interaction networkess advantage of GRAIL is to provide a broader
framework for revealing gene-gene relationships aofy origin through literature search.
However, GWAS and candidate gene studies, whicldiaven by researchers’ expectations, can
create a bias towards genes that are frequenttytezpin the literature. An appropriate approach
would be to utilize the existing knowledge and dorect for potential bias but, to our knowledge,

such method does not exist yet.

In conclusion, this study shows that the propodeategyyy that combines GWAS and epistasis
analysis driven by statistical and knowledge-baeelence can successfully identify strong

candidate genes for complex phenotypes as atopg. ifiteraction betweedNAH5 and
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406  ADGRV], two genes involved in cilia functions, is of bigloal relevance and provides a novel
407  mechanism underlying atopy. Further studies, inalgdunctional and experimental studies, are
408 needed to confirm the current findings and to ideie functional variants.
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Table I. ADGRV1 locus on 5914 showing significant association \atibpy

Stage 1 Stage 2 Overall Meta-Analysis
EGEA (N=1,660) SLSJ (N=1,138) MRC (N=446) Meta-Angsis
SNP P?Ifl;t)'g N Alleles’ MAF*| beta (se)f pl beta (se)® pl beta (sef Pl beta (se)’ Poagez | beta(sef  Poea'  Peochran

rs4244205 90,188 A/G  0.41 | -0.35(0.08) 1.1x10° | -0.19 (0.10) 6.0x10°> -0.14 (0.18) 0.45 -0.18 (0.09) 4.4x10° | -0.27 (0.06) 3.8x10° 0.35

rs4916831 90,212 A/G  0.44 | -0.40(0.08) 1.0x10| -0.32(0.11) 2.3x1® -0.21(0.17) 0.23 -0.29(0.09) 1.2x18 | -0.35(0.06) 6.8x10°  0.59

rs10060641 90,213 T/C  0.38 | -0.39 (0.08) 7.2x107 | -0.17 (0.11) 0.11  -0.24(0.19) 0.22 -0.18 (0.09) 4.8x10? | -0.30 (0.06) 4.3x10°  0.23

rs12054681 90,217 C/A  0.37 | -0.39(0.08) 9.7x10| -0.14(0.11) 0.18  -0.29(0.21) 0.16-0.17 (0.09) 6.5x1B | -0.30 (0.06) 7.8x10  0.18

rs949787 90,251 G/T  0.28 | -0.33 (0.08) 5.5x10° | -0.23 (0.10) 2.0x10° -0.19(0.20) 0.36 -0.22 (0.09) 1.2x10% | -0.28 (0.06) 3.2x10°  0.65

"Position in kilobases (kb) according to NCBI dbSBild 137

"Major allele/Minor allele

*Minor allele frequency

Speta is the regression coefficient for a one-uritéase of the effect allele in logistic regressissuming an additive model; se is the standaci associated
with the regression coefficient.

Ip is theP-value associated with the Wald test of SNP effect.

- Psiage2iS theP-values associated with the Wald test of meta-aeal\5NP effect in the stage 2 datasets (SLSJ ard)MR

P, wis theP-value associated with the Wald test of meta-ama\&NP effect in the three datasets (EGEA, SLSICMBReP-value is shown in bold when it
reached the multiple-testing corrected thresholtl.5%10’.

P enranis theP-value associated with Cochran’s Q test of homoityaeross the three datasets.
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Table Il. SNP pairs showing significant interaction for atop

Stage 1 Stage 2 Overall Meta-analysis
EGEA (N=1,660) SLSJ (N=1,138) MRC (N=446) Meta-Analysis
I
Genes  Alleles Main effect Interaction Main effect Interaction Main effect  Interaction Main effect Interaction Main effect Interaction
beta . beta o beta beta beta
beta (SEy (sej' Pint beta (Sey (sejl Pint beta (Seﬂ (sejl beta (Seﬂ (sejl F)Slagez—lmth beta (Sey (sejl Pme!a—imii PCochran§§
-0.06 (0.10) 0.02 (0.13) 0.13 (0.23) 0.04 (0.11) -0.02 (0.08)
038 5 ox10° ) 1.1x10? R ) 6.1x10° o~ 3.6x10°
(0.12) (0.16) (0.33) (0.14) (0.09) ™
0.13 (0.09) -0.06 (0.13) 0.03 (0.26) -0.04 (0.12) 0.06 (0.07)
0.03 (0.09) 0.34 0.13 (0.11) 0.35 0.19 (0.21) b.16 0.14 (0.10) 0.32 0.08 (0.06) 0.33
-v. -v. -v. -U. 3 -J. 5
(©0.11) 3.3x10° (0.14) 1.4x10? 029 % (0.12) 9.3x10 (0.08) 6.1x10
0.08 (0.08) -0.04 (0.11) 0.05 (0.22) -0.02 (0.10) 0.04 (0.06)

“Chr is the chromosome number where the SNP isddcat

'Gene symbol of gene where SNP lies

*Major allele/Minor allele

SMinor allele frequency

Ibeta for the main effect is the regression cogffitifor a one-unit increase of the effect allelddgistic regression assuming an additive modeta lor
interaction is the regression coefficient for hoygmtes for the minor allele at the two loci or haygotes for the major allele at the two loci witsspect to
heterozygotes at either one or the two loci ushgdoding scheme under an additive genetic modadridbed in the methods section; se is the stanelaot
associated with the regression coefficient.

" P is theP-value of the likelihood-ratio test for interactitvetween SNPs (which follows a chi-square distitsutvith one degree of freedom assuming an
additive model).

”Pstagez_imis theP-values associated with the Wald test of meta-aealynteraction effect in the stage 2 datasets JSiel MRC).

P, emintiS theP-values associated with the Wald test of meta-aedyinteraction effect in the three datasets (EGELSJI, MRC); Reta.intis shown in bold
when it reached the multiple-testing correctedshedd of 7.3x10.

3P oenranis theP-value associated with Cochran’s Q test of homoigeaeross the three datasets.
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The two DNAHS SNPs, rs1354187 and rs2134256, showing signifigatetaction withADGRV1 SNP are in moderate linkage disequilibrium (r260.5
D'=0.95).
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FIGURE LEGENDS

Figure 1. Three-step analysis strategy

Figure 2. Odds-ratio (ORs) and 95% confidence intervals dtwpy associated with each
genotype atDNAHS5 rs2134256 (TT, CT, CC) in each of the strata defiby genotypes at
ADGRV1 rs17554723 (AA, AG, or GG). These ORs were catedlaising the genotype coding
scheme defined in the text and are shown for ehtieahree datasets (EGEA, SLSJ, MRC) and

for the combined dataset.
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Two-stage Genome-wide Association Study of atopy (GWAS)
Stage 1: EGEA (n=1.660)

Stage 2: SLSJ (n=1,138) & MRC (n=460)
h Meta-analysis of stage 1 & stage 2

|

Step 2 f Selection of gene pairs using two filters

» Statistical filter to select 2 gene sets
- Gene set-1: genes significantly associated with atopy (P < 5x10-%)
- Gene set-2: genes showing suggestive association with atopy (P < 10-4)

» Text-mining filter applied to gene set-1 & gene set-2 (GRAIL)

K b Gene-pairs with Pgpap <0.10

Step 3 Two-stage SNP-SNP Interaction analysis of selected gene pairs

Stage 1: EGEA
Stage 2: SLSJ & MRC

b Meta-analysis of stage 1 & stage 2
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Figure E1: Quantile-quantile plot of GWAS results of atopytle stage 1 EGEA dataset

Observed -logqo(P)

Expected -logy(P)

Quantile-quantile (QQ) plot for the associatioratipy with 501,167 genotyped SNPs that passedtgualitrol (QC) in the stage 1 EGEA dataset. This do
represent the distribution of observed —log10(Ryes against the expected —log10(P) values frotmearétical chi-square distribution. The straigheli
represents the theoretical distribution of expeeted10(P) values under the null hypothesis of sepaiation. There was no evidence of any systerhatc

the genomic inflation factof\j was equal to 1.017.



Figure E2: Manhattan plot of GWAS results for atopy in theget 1 EGEA dataset
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They axis shows the —lggP-values of the association test of individuals SMRk atopy in the stage 1 EGEA dataset andxtbgis shows the SNP
chromosomal positions. The solid horizontal lindidates the genome-wide significance levet1.5x10"); the dotted horizontal line indicates the

suggestive association lev®H10) to select SNPs for follow-up in stage 2 SLSJ BIRC datasets.



Table E1.Descriptive statistics of EGEA, SLSJ and MRC detsis

EGEA SLSJ MRC
Non-atopics Atopics Non-atopics  Atopics Non-atopics Atopics
N=735 N=925 P N=497 N=641 P N=340 N=106 P

Sex (male), n (%) 329 (44.8) 539 (58.3) <10*| 205 (41.3) 317 (49.5) 5.9x10°| 117 (34.4) 68(64.2) <10*
Age (yrs), mean (SD) | 35.9 (16.7) 27.5(15.7) <10*| 45.1 (23.4) 32.5(18.4) <10* | 19.6 (14.7) 12.7 (4.3) <10*

Asthma, n (%) 114 (16.0) 514 (56.3) <10*| 144 (29.0) 405 (63.2) <10* 84 (24.7) 93(87.7) <10*
Indoor allergen’s n (%) - 720 (78.0) - 481 (75.0) - 83 (78.3)
Outdoor allergerfs n (%) - 512 (55.5) - 497 (77.5) - 56 (52.8)

Molds®, n (%) - 320 (34.8) - 95 (14.8) - 13 (12.3)

"P-values for tests of distribution of each featusex( age, asthma) between atopic and non-atopjecssiin each dataset (chi-square test for sexaatiina;
Wilcoxon-Mann-Whitney test for age).

"Indoor allergens included house dust mite, cockr@am cat in EGEA; house dust mite, dust and c&LiBJ; dust mite and cat in MRC.

*Outdoor allergens included timothy grass, olivechni ragweed and pellitory in EGEA; herbs, trees amimals in SLSJ; timothy grass in MRC.

SMolds includedAlternaria, Aspergillus and Cladosporium in EGEA; Alternaria, Aspergillus, Cladosporium, Hormodendrum and Penicillium in SLSJ;
Aspergillus andCladosporiumin MRC.



Table E2.Loci showing suggestive association with atop<t0* in the stage 1 EGEA dataset and followed-up igesstaSLSJ and MRC datasets

Stage 1 Stage 2 Overall Meta-Analysis
EGEA (N=1,660) SLSJ (N=1,138) MRC (N=446) Meta-Angsis

SNP chr P(zzjt;on Nearest genes (kb distancé) Alleles EAF®| OR (95% CI)l pit OR (95% ci) ! ptt orl P OR(95% Cl)l  Pywes” | OR (95% Cl)l Praa’*
rsl252146 1 237 154 MTR (87);RYR2 (51) CIT 031 1.41(1.19:1.67) 8.9x1C° | 0.75 (0.60;0.93) 8.9x10° 1.03 (0.68:1.58) 0.88] 0.80 (0.66:0.97) 0.02 | 1.10(0.97:1.25) 0.15
rs0428818 1 239172  ZP4(1118);CHRM3 (620) CIT  008| 1.74(1.32;2.29) 8.9xiq 1.60 (1.07;2.41) 2.3x70 1.07 (0.52;2.21) 0.851.46 (1.02;2.08)  0.04| 1.63(1.31:2.02) 1.3%1p
rs1340975¢ 2 7610  RNF144A (425);LINC00299 (538) CIT  0.80 | 0.64(0.53;0.79) 2.5x10° | 1.05(0.84:1.32) 0.66  0.95 (0.63;1.45) 0.83| 1.03 (0.84;1.26) 0.78 | 0.82(0.71;0.94) 5.9x10°
rs7567384 2 7611 RNF144A (426); LINCO0299 (537) CIT  0.80| 0.65(0.530.79) 2.8x10 1.05(0.84;1.32) 0.66  0.96 (0.63;1.45) 0|82.03 (0.85:1.25) 0.77| 0.82(0.71,0.95) 6.8%1D
rs1561574 2 7647  RNF144A (463);LINC00299 (501) CIT  0.15| 1.60(1.29;2.00) 2.2x10° | 1.07 (0.83;1.37) 0.6  1.13(0.73;1.75) 0.57| 1.08 (0.87;1.35) 0.46 | 1.32 (1.13;1.54) 4.3x10"
rs3819892 2 37510 PRKD G/T 086 0.63(0.50:0.79) 8.1xtQ 1.09 (0.81;1.48) 0.56  0.89(0.46;1.7) 0[72.05(0.80;1.39) 0.71| 0.78(0.65:0.93) 5.7X1D
rs10497664 2 186 260 ZNF804A (456); FSIP2(343) G/IT 0.41 | 1.38(1.18;1.61) 5.5x10° | 0.89 (0.74;1.08) 0.24 0.79 (0.54;1.14) 0.21| 0.87 (0.74;1.03) 0.11 1.11 (0.99;1.25) 0.06
rs13006333 2 186268  ZNFS04A (464);FS P2 (335) GIT 043 1.38(1.18:1.61) 3.4x%0 0.89(0.74:1.08) 023  0.76 (0.52;1.11) 0/16.86 (0.73:1.02) 009 | 1.12(1.00;1.25)  0.03
rs12328639 2 211676 CPSL (132); ERBBA4 (564) AIG 0.9 | 1.50(1.23;1.84) 6.4x10° | 1.11 (0.89:1.39) 0.35 1.04 (0.64:1.69) 0.88| 1.10(0.90:1.34) 0.36 | 1.29 (1.12;1.48) 4.8x10*
rs1016403 2 211704 CPSL (161); ERBBA4 (536) AIG 016 1.60(1.29;1.99) 1.6xI0 1.17(0.92:1.48) 019  1.01(0.63;1.63) 0/95.14 (0.92:1.40) 0.23| 1.35(1.16;1.56) 9.9%X1D
rs2689860 3 801 CHLL1 (349); CNTN6 (334) AIC  0.63 | 1.37(1.18;1.59) 5.1x10° | 0.83 (0.68;1.02) 7.9x10° 1.10 (0.77;1.57) 0.60| 0.89 (0.75;1.06) 0.20 | 1.14(1.02;1.28) 0.02
rs445518 3 28004  EOMES(240);CMCL (279) CIT 032 0.71(0.61,0.84) 6.5x10 1.21(0.99;1.47) 6.6x10 1.08 (0.75;1.55) 0.601.17 (0.99;1.40) 0.07| 0.90 (0.80;1.02) 0.0
rs1007368 3 93961  NSUN3 (115);EPHAG (2 573) AIG 087 | 1.59(1.28;1.99) 4.2x10° | 0.99 (0.71;1.40) 0.98 1.37 (0.75;2.48) 0.30| 1.07 (0.80;1.44) 0.63 | 1.38(1.16;1.65) 3.8x10"
rs1584930 3 93962  NSUN3 (116);EPHAG (2572) AIG 013 0.62(050,0.78) 3.6xEQ 1.00 (0.71;1.41) 1 0.73(0.4;1.33) 0{3D.92(0.69:1.25) 0.61| 0.72(0.60;0.86) 3.IX1D
rs3900940 3 108 148 MYH15 CIT 0.68 | 1.39(1.18;1.64) 9.3x10° | 0.93 (0.74;1.16) 0.51 1.20 (0.84;1.73) 0.32| 1.00(0.82;1.21) 0.98 1.21 (1.07;1.37) 3.1x10°
rs11917965 3 108 189 MYH15 AIC 0.41| 0.72(0.62;0.85) 5.9x%q 1.05 (0.85;1.29) 0.66 0.81 (0.57;1.15) 0}2@.98 (0.82;1.17) 0.83 0.83 (0.74;0.93) 1.6%1p
rs7633227 3 116831 LSAMP-ASA (180):IGSF11 (1 789) CIT 062 0.73(0.62:0.85) 7.9x10° | 0.97 (0.79;1.18) 0.73  1.13(0.77;1.65) 0.54| 1.00(0.84:1.19) 0.98 | 0.84 (0.75:0.94) 3.2x10°
rs4681369 3 147419  FLJ30375 (279);AGTRL (997) GIT 020 0.62(051:0.74) 3.4xi0 1.01(0.80:1.29) 0.91  1.03 (0.69;1.54) 0/89.02 (0.83:1.25) 0.87 | 0.77 (0.67;0.89) 2.3%1D
rs795540 5 13818 DNAHS5 CIT 056 | 0.73(0.62;0.85) 8.3x10° | 1.02 (0.84:1.23) 0.86  0.95 (0.67;1.35) 0.76| 1.00 (0.85;1.18) 0.99 | 0.85 (0.75:0.95) 4.4x10°
rs17194068 5 39 821 DAB2 (396); PTGER4 (859) AIG 028 1.44(1.21;1.70) 3.3x20 0.81(0.66;1.00) 5.1xT0 0.87 (0.6;1.26) 0.450.82(0.69;0.99)  0.04| 1.11(0.98;1.26)  0.11
rs7711329 5 65 126 NLN (1); ERBB2IP (96) CIT 0.9 | 0.68(0.56;0.83) 8.3x10° | 1.07 (0.83:1.37) 0.61  1.07 (0.65;1.77) 0.80| 1.07 (0.85;1.33) 0.57 | 0.82(0.71;0.95) 8.7x10°
rs10942608 5 90 083 ADGRV1 CIT 023 0.71(0.60,0.84) 8.2x%0 0.99 (0.81;1.21) 0.92  0.75(0.49;1.16) 0[10.94 (0.78:1.13)  0.52| 0.81(0.71,0.92) 8.4%1D
rs4244205 5 90 189 ADGRV1 AIG 0.41 | 0.71 (0.61;0.83) 1.1x10° | 0.83 (0.68;1.01) 6.0x10° 0.87 (0.62;1.24) 0.45| 0.84 (0.70;1.00) 0.04 0.76 (0.68;0.86) 3.8x10°
rs4916829 5 90 195 ADGRV1 TIG 0.35| 0.70(0.61;0.83) 1.0x1Q 0.94 (0.78;1.16) 0.59 0.88 (0.59;1.31) 0}5Q.93 (0.75;1.18) 0.44 0.79 (0.70;0.89) 1.2%1p
rs4916831 5 90 212 ADGRVL AIG  0.44 | 0.67(0.58;0.79) 1.0x10° | 0.72 (0.59:0.89) 2.3x10° 0.81 (0.58;1.14) 0.23| 0.75 (0.63:0.89) 1.2x10° | 0.71 (0.63;0.79) 6.8x10°
rs10060641 5 90 213 ADGRV1 TIC 0.38 | 0.67 (0.58;0.79) 7.2x1Q 0.85 (0.68;1.04) 0.11 0.79 (0.54;1.16) 0}22.83 (0.69;1.00) 0.05 0.74 (0.66;0.83) 4.3%1D
rs12054681 5 90218 ADGRV1 CIA 037 | 0.68(0.58:0.79) 9.7x107 | 0.87 (0.70;1.06) 0.18  0.75(0.5:1.12) 0.16| 0.84 (0.70;1.01) 0.06 | 0.74 (0.66;0.84) 7.8x10"
rs949787 5 90 251 ADGRV1 G/T 028 0.72(0.61:0.84) 5.5xtQ 0.79 (0.66;0.96) 1.9x10 0.83 (0.56:1.23) 0.35 0.80 (0.67:0.95)  0.01| 0.76 (0.67,0.85) 3.2%1D
rs12522571 5 90 259 ADGRV1 AIG 022 0.66(0.56;0.78) 1.9x10° | 0.90 (0.73;1.12) 0.36  0.75 (0.46;1.23) 0.25| 0.88 (0.72;1.07) 0.19 | 0.74 (0.65;0.85) 7.4x10°
rs7769042 6 106156  PREP (305);PRDM1 (378) AIG 057 | 1.38(1.18;1.62) 7.4xE] 1.14(0.93;1.39) 021  0.61(0.43;0.87) 0,00.98 (0.82:1.16) 0.79| 1.18(1.051.33) 5.9%1p
rs12660166 6 120894  MIR3144 (557); C60rfl70 (507) CIT 025 0.70 (0.59:0.84) 7.4x10° | 1.11 (0.87;:1.42) 0.41  0.95(0.62;1.45) 0.80| 1.07 (0.86;1.32) 0.55 | 0.83 (0.73:0.95) 7.2x10°
rs121904792 6 121085  MIR3144 (348); C60rf170 (316) CIT  058| 1.37(1.18:1.60) 4.3xiq 0.90(0.74:1.09) 0.27  1.04(0.69:1.58) 0/83.92 (0.78;1.10)  0.36| 1.16(1.03:1.30)  0.01
rs1880617 7 53138 POM121L12 (33);FLJ45974 (585) GIT 039 | 1.36(1.17:1.59) 9.5x10° | 1.02 (0.81;1.27) 0.89  0.85 (0.57;1.25) 0.40| 0.97 (0.80;1.18) 0.77 | 1.19(1.06:1.35) 4.3x10°
rs12530936 7 91187 FZD1 (289); MTERF (315) CT  013| 0.64(0.51;0.80) 9.9xiq 0.86(0.63:1.17) 0.34  0.83(0.43;1.6) 0/50.85(0.65;1.13) 0.27| 0.72(0.60;0.85) 1.8%1D
rs10279056 7 115847 TFEC (176); TES (4) AIG 057 | 1.40(1.20;1.62) 1.0x10° | 0.90 (0.74;1.10) 0.30  1.05 (0.75;1.48) 0.77| 0.94 (0.79:1.11) 0.45 | 1.17 (1.05;1.31) 4.9x10°
rs17138756 7 116 135 TES (236);CAV2 (4) AIG 010 058(0450.75) 3.4xE] 0.99(0.77;1.28)  0.95  0.93(0.51;1.7) 0[88.98 (0.78:1.24) 0.89| 0.77 (0.65:0.92) 3.9%1p
rs10253511 7 130797 MKLNL CIT 091 | 0.59(0.46;0.76) 4.8x10° | 0.88 (0.61:1.25) 0.46  1.97 (0.82;4.74) 0.13| 0.98 (0.71;1.37) 0.92 | 0.71(0.58;0.87) 1.6x10°
rs4237038 8 61731 CHD7 AIG  0.25| 1.44(1.20;1.73) 7.3xE] 0.97(0.80;1.18) 0.77  1.08(0.7;1.67) 0[78.99 (0.83;1.18) 0.89| 1.19(1.051.35) 7.6X1D
rs10957162 8 61 758 CHD7 AIG 0.27 | 1.44(1.20;1.72) 8.5x10° | 0.99 (0.82;1.21) 0.95 0.98 (0.63;1.51) 0.92| 0.99(0.83;1.18) 0.92 1.19 (1.05;1.35) 7.3x10°
rs7357565 8 134817  ST3GALL (233);ZFAT (673) AIG 051 0.73(0.62;0.86) 9.7xIQ 1.00 (0.82:1.22) 1 0.63(0.41;0.96) 0/08.92(0.77;1.10) 0.36| 0.81(0.72;0.91) 3.9%1p
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1.67 (1.11;2.52) 0.01
1.67 (1.02;2.72) O
0.79 (0.54;1.14) 0.20
1.49 (1.01;2.18) 0
0.85 (0.56;1.28) 0.43
0.79 (0.52;1.19) 0
1.19 (0.78:1.79) 0.42
1.14 (0.65,1.99) 0.6
1.20 (0.82;1.75) 0.35
0.88 (0.49;1.57) 0.6
0.95 (0.58;1.57) 0.85
0.86 (0.51;1.45) 0
1.13 (0.67;1.9) 0.65
0.69 (0.38;1.26) 0.2
1.04 (0.71;1.52) 0.85
0.73 (0.44;1.21) 0O
1.23 (0.87;1.76) 0.24
0.73(0.51.06) 0
1.16 (0.78;1.72) 0.45
1.24 (0.81;1.89) 0.3
1.04 (0.64:1.69) 0.87
0.90 (0.58;1.41) 0
0.89 (0.52;1.52) 0.67
1.37 (0.94;1.99) 0
0.84 (0.56;1.25) 0.39
0.94 (0.62;1.43) 0
1.04 (0.66;1.64) 0.86
0.69 (0.47;1.03) 0
0.55 (0.28;1.06) 0.07
1.80 (1.06;3.07) 0.0
1.47 (0.88;2.46) 0.14
0.68 (0.41;1.13) O
1.12 (0.76;1.63) 0.57

1.11 (0.92;1.33)
02.06 (0.85;1.32)
1.03 (0.85;1.24)
04.1 (0.93;1.30)
1.11 (0.93:1.33)
25.07 (0.89;1.28)
0.89 (0.75;1.07)
1 1.02 (0.73;1.44)
1.19 (1.00:1.42)
51.17 (0.87;1.57)
0.86 (0.67;1.10)
50.73 (0.54;0.97)
1.38 (1.03:1.84)
80.89 (0.67;1.17)
0.90 (0.76;1.07)
20.89 (0.72;1.10)
0.90 (0.75;1.08)
10.97 (0.81;1.16)
1.10 (0.94:1.29)
80.86 (0.72;1.02)
1.03 (0.82;1.30)
66.01 (0.84;1.22)
1.00 (0.75:1.33)
10.08 (0.91;1.28)
0.84 (0.70;1.00)
78.05 (0.85;1.30)
1.09 (0.89:1.33)
00.89 (0.74;1.07)
0.68 (0.51;0.93)
B 1.37 (1.08;1.74)
1.03 (0.82;1.29)
1@.99 (0.79;1.24)

0.97 (0.80;1.17)

0.27
0.62
0.78
0.27
0.24
0.46
0.21
0.89
0.05
0.31
0.22
0.03
0.03
0.41
0.22
0.28
0.27
0.73
0.23
0.09
0.77
0.90
0.99
0.36
0.05
0.66
0.39
0.22
0.01
0.01
0.81
0.91
0.77

1.26 (1.12;1.43) 2.1x10*
0.81(0.71;0.94) 5.00%1
0.83 (0.74;0.94) 4.0x10°
0.88 (0.78;0.99) 0.04
1.25(1.11;1.41) 1.6x10*
1.25(1.11;1.41) 2.0%1
0.8 (0.71;0.90) 1.5x10*
1.41(1.151.72) 1.1X1
0.90 (0.80;1.02)  0.09
1.46 (1.19;1.79) 2.4%1
1.20 (1.02;1.41) 0.03
1.24 (1.05;1.47) 0.01
0.80 (0.68;0.95)  0.01
1.24 (1.01;1.54) 0.04
1.14 (1.02;1.28)  0.02
1.16 (1.00;1.35) 0.05
1.16 (1.03;1.30) 0.02
0.81(0.72;0.92) 7.1%1
0.89 (0.79;0.99) 0.04
1.11 (0.99;1.25) 0.07
1.27 (1.10;1.47) 1.1x10°
0.83(0.74;0.94) 2.4%1
1.33 (1.10;1.60) 3.2x10*
0.87 (0.78;0.97) 0.02
1.12 (1.00;1.26)  0.05
1.27 (1.10;1.47)  1.2%1
1.3(1.13;1.49) 2.7x10*
0.77 (0.68;0.88)  8.3%1
0.61 (0.50;0.75) 2.5x10°
1.49 (1.26;1.77) 3.7%1
1.28 (1.11;1.49) 9.5x10*
0.79 (0.68;0.91) 1.3%1
0.82(0.72;,0.92) 1.1x10°

(=}

(=]

(=]

(=}

(=]

(=}

(=}

(=]

"Chr is the chromosome number where the SNP isddcat

"The gene where the SNP is located is indicatechwtse the genes on either side of the SNP areatefictogether with the distance between the SNRjened
boundary (using Build 37.3)
‘Baseline/Effect allele

SEffect allele frequency
loR is the Odds Ratio associated with the effeetalinder an additive model. 95% Cl is the 95% identce interval associated with the Odds Ratio.
" P is theP-value associated with the Wald test statisticP%ffect
”Pstagezis theP-value associated with the Wald test of meta-ama\&NP effect in the stage 2 datasets (SLSJ and)MRC
P eais theP-values associated with the Wald test of meta-aea\5NP effect in the three datasets (EGEA, SLMREL)



Table E3. List of genes (gene set-2) tested for their retesiop with ADGRV1 (gene set-1) using

GRAIL
Genesymoal  (CEES T Eon T Cnten Pow
CHD7 rs4237038 8912 61,731 7.3x10° 3.2x10°
ATP8B1 rs2571225 1821 55,462 2.0x10° 0.016
DNAH5 rs795540 5p15 13,818 8.3x10° 0.084
NDUFAF7 rs3819892 (34) 2p22 37,510 8.1x10° 1
PRKD3 rs3819892 2p22 37,510 8.1x10° 1
MYH15 rs3900940 3q13 108,148 9.3x10° 1
NLN rs7711329 (1) 5012 65,126 8.3x10° 1
PDE1C rs11763324 7p14 32,171 2.3x10° 1
POM121L12 rs1880617 (33) 7p12 53,138  9.5x10° 1
TES rs10279056 (4) 70931 115,847 1.0x10° 1
CAV2 rs17138756 (4) 7931 116,135  3.4x10° 1
LINC-PINT rs10253511 (3) 70932 130,797 4.8x10° 1
MKLN1 rs10253511 7932 130,797  4.8x10° 1
ADAMTSL1 rs1433831 9p22 18,869 5.7x10° 1
FXN rs2309394 9921 71,671 8.4x10° 1
PRKACG rs2309394 (42) 9g21 71,671 8.4x10° 1
TIP2 rs7859021 (42) 9g21 71,694  8.6x10° 1
PLPPR1 rs2771064 9g31 103,921 6.4x10° 1
TMEM268 rs13286744 (36) 932 117,444  3.6x10° 1
DENNDIA rs12000625 9¢33 126,686 4.4x10° 1
IMJIDIC rs10995495 10921 65,062  4.7x10° 1
C100rf35 rs12771265 (18) 10022 71,411 3.2x10° 1
COL13A1 rs4746906 (46) 10022 71,516  9.1x10° 1
RERGL rs4475974 (19) 12p12 18,262 2.5x10° 1
CPM rs7315435 12q15 69,284  7.4x1C° 1
MDM2 rs7315435 (45) 12q15 69,284 7.4x10° 1
NUAK1 rs2434080 (3) 12023 106,454  5.0x10° 1
ADCY9 rs13338087 16p13 4,105 2.0x10° 1
PAK5 rs6056732 20p12 9,577 3.2x10° 1
CBLN4 rs4389378 (12) 20q13 54,592 6.7x10° 1

"Genes are located at most 50 kb apart from SNAsgB\< 10” in the stage 1 EGEA dataset

"The distance (in kilobases; build 37.3) of neaBP to each gene is indicated in parentheses when

the SNP lies outside of a gene.
*SNP position in kilobases (Build 37.3)



Table E4.Number of SNP pairs tested for the three selecte@ gairs and multiple-testing corrected

threshold

Number of Effective number T?S:negf;c;ve

Genesetl Geneset2 SNP pairs of independent | .
) independent SNP
tested SNP pairs tested : N
pairs tested

ADGRV1 CHD7 808 110
ADGRV1 ATP8B1 1450 223 688
ADGRV1 DNAH5 3066 355

"The total effective number of independent SNP pasted is estimated by the sum of the effective

number of independent SNP pairs tested by genepeirall gene pairs examined.

The multiple-testing corrected threshold is thusado the 5% type | error divided by the totaleetfve
number of independent SNP pairs testEd7(3x10°).



Table E5A. Stratified analysis on asthma for #®l@GRV1 SNP significantly associated with atopy at theagee-wide level

Stage 1 Stage 2 Overall Meta-Analysis
SNPs  Gene Alleles’ MAF* Grou
P OR (95% CIj  P* OR (95% CIj Pstaged™ OR (95% Clj  Ppea !
Asthmatics ~ 0.67 (0.48-0.92 0.01 | 0.69 (0.53-0.89) 3.9x10° | 0.68 (0.56-0.83) 1.4x10"
rs4916831 ADGRV1 A/G  0.44 : , ] > =
Non-asthmatics 0.69 (0.57-0.84 1.8x10*| 0.72 (0.55-0.94) 1.4x10 0.70 (0.60-0.82) 7.8x10
Peochrar 0.86 0.82 0.82

Table E5B. Stratified analysis on asthma for the interacAlfsRV1/DNAHS SNP pair significantly associated with atopy

Stage 1 Stage 2 Overall Meta-Analysis
SNPs Genes Alleles’ MAF* Group Interaction Effect Interaction Effect Interaction Effect
OR(95% CIf  Pnl | OR(95% Clj  Puagerit | OR(95% Clf  Pretacnt '
rs17554722 ADGRV1 A/G 0.33 Asthmatics  0.77 (0.47-1.24) 0.28 0.73(0.48-1.12) 0.15 0.74 (0.54-1.02) 0.07
rs2134256 DNAH5 T/C  0.25 | Non-asthmatics 0.64 (0.46-0.89) 7.3x10° | 0.53 (0.34-0.82) 4.2x10° | 0.60 (0.46-0.78) 1.1x10"
=
Peochran 0.55 0.29 0.30

The two groups contained 1,354 asthmatics (628, 548 for EGEA, SLSJ and MRC respectively) and @,8dn-asthmatics (997, 583, 269 for EGEA, SLSJ and
MRC)

*Gene symbol

"Major allele/Minor allele

*Minor allele frequency

SOR is the Odds-Ratio for single SNP effect (TaléJFor interaction between SNPs (Table E5B) assediwith atopy assuming an additive model. 95%sGhée
95% Confidence Interval of the OR.

Ip andP;, are theP-values associated with the Wald test of SNP effEable E5A) and interaction effect (Table E5B).

** Pstage28N0Psager-ini@re theP-values associated with the Wald test of meta-aealsingle SNP effect (Table E5A) and interactietween SNPs (Table E5B) in the
stage 2 datasets (SLSJ and MRC).

P, eta@NdPerainare theP-values associated with the Wald test of meta-aealgingle SNP effect (Table E5A) and interactietween SNPs (Table ESB) in the
three datasets (EGEA, SLSJ and MRC).

HPcocnranis theP-value associated with the Cochran’s Q test for dgeneity between the two groups of asthmatic amdasthmatic subjects.



Table E6. Functional annotations &DGRV1 andDNAH5 SNPs

r* with Regulatory elements
Position on the DNasel
Variant  significant Promoter Enhancer ase
Gene SNP chromosome 5 . : hyper . . )
Location ~ SNP(s) in - Transcription factor binding sites
our . histones marks histones marks sen§|t|V|ty
analysis site
ADGRV1 rs4916831 90,916,459 intronic - No No No SOX, TCF12

rs4637585 90,889,700 intronic 0.8 No Yes (lung) No DB FOXO. GATA MEF2, NCX, PAX, PDX, SOX.

rs10045202 90,890,830 intronic 0.8 No No No NERF1A

rs4244205 90,893,069 intronic 0.8 No No No DOBOX4

rs4580808 90,894,483 intronic 0.82 No Yes (lung) No PAX4, SREBP, SIN3AK20

rs4496735 90,894,600 intronic 0.82 No No No EVI1, OSF2, SIX5

rs10035307 90,906,182 intronic 0.83 No No No FOX, SP2

rS6858917 90,909,376 intronic 0.96 No Yelzrfg')"”’ No  AHR, CTCF, RAD21, SMAD
ARID3A, CDX, DBX1, FOXL1, HOXB13, HOXB9,

rs6889986 90,911,582 intronic 0.99 No Yes (lung) No HOXD10, MEF2, NCX, PBX1, POU2F2, POU3F2, SOX,
TATA, TEF, ZFP10!

rs10078568 90,915,831 intronic 0.8 No No No CDX

rs17554723 90,793,497 intronic - No No No -

rs11745546 90,794,895 intronic 1 No No No CCNT2, E2F, MZF1

rs13186025 90,827,511 intronic 0.8 No No No DMRT2, HDAC2

DNAH5  rs2134256 13,768,544 intronic - No No No SMC3, TCF12

rs6862904 13,750,128 intronic 0.83 No No MRG, NRSF, PBX3, TGIF1, ZNF143

rs11745096 13,750,128 intronic 0.84 Yes (blood) Yes (blood) No -

rs34789506 13,757,027 intronic 0.93 No No No GR

rs11742383 13,762,604 intronic 0.95 No No No GR

rs13156606 13,765,320 intronic 0.93 No No No BATF, HDAC2, IRF

rs60499013 13,772,775 intronic 0.94 No No No  CDPX DMRT2, DMRTS, DBX1, FOXA, HDAC2, HOXALD,

HOXB13, HOXD10, NF, PAX, STAT

The ADGRV1 rs4916831 SNP is significantly associated wittpgtehe ADGRV1 rs17554723 anBNAHS5 rs2134256 SNPs show significant interaction irpgtdhese three

SNPs and their proxies 6.8, using the 1,000 Genomes project database)mapped to regulatory elements using the HaploRefteol (http://archive.broadinstitute.org/

mammals/haploreg/haploreg.php)
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