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Summary
Background Few genetic studies that focus on moderate-to-severe asthma exist. We aimed to identity novel genetic 
variants associated with moderate-to-severe asthma, see whether previously identified genetic variants for all types of  
asthma contribute to moderate-to-severe asthma, and provide novel mechanistic insights using expression analyses 
in patients with asthma.

Methods In this genome-wide association study, we used a two-stage case-control design. In stage 1, we genotyped 
patient-level data from two UK cohorts (the Genetics of Asthma Severity and Phenotypes [GASP] initiative and the 
Unbiased BIOmarkers in PREDiction of respiratory disease outcomes [U-BIOPRED] project) and used data from 
the UK Biobank to collect patient-level genomic data for cases and controls of European ancestry in a 1:5 ratio. 
Cases were defined as having moderate-to-severe asthma if they were taking appropriate medication or had been 
diagnosed by a doctor. Controls were defined as not having asthma, rhinitis, eczema, allergy, emphysema, or 
chronic bronchitis as diagnosed by a doctor. For stage 2, an independent cohort of cases and controls (1:5) was 
selected from the UK Biobank only, with no overlap with stage 1 samples. In stage 1 we undertook a genome-wide 
association study of moderate-to-severe asthma, and in stage 2 we followed up independent variants that reached 
the significance threshold of p less than 1 × 10–⁶ in stage 1. We set genome-wide significance at p less than 5 × 10–⁸. 
For novel signals, we investigated their effect on all types of asthma (mild, moderate, and severe). For all 
signals meeting genome-wide significance, we investigated their effect on gene expression in patients with asthma 
and controls.

Findings We included 5135 cases and 25 675 controls for stage 1, and 5414 cases and 21 471 controls for stage 2. We 
identified 24 genome-wide significant signals of association with moderate-to-severe asthma, including several 
signals in innate or adaptive immune-response genes. Three novel signals were identified: rs10905284 in GATA3 
(coded allele A, odds ratio [OR] 0·90, 95% CI 0·88–0·93; p=1·76 × 10–¹⁰), rs11603634 in the MUC5AC region (coded 
allele G, OR 1·09, 1·06–1·12; p=2·32 × 10–⁸), and rs560026225 near KIAA1109 (coded allele GATT, OR 1·12, 1·08–1·16; 
p=3·06 × 10–⁹). The MUC5AC signal was not associated with asthma when analyses included mild asthma. The 
rs11603634 G allele was associated with increased expression of MUC5AC mRNA in bronchial epithelial brush 
samples via proxy SNP rs11602802; (p=2·50 × 10–⁵) and MUC5AC mRNA was increased in bronchial epithelial 
samples from patients with severe asthma (in two independent analyses, p=0·039 and p=0·022).

Interpretation We found substantial shared genetic architecture between mild and moderate-to-severe asthma. We 
also report for the first time genetic variants associated with the risk of developing moderate-to-severe asthma that 
regulate mucin production. Finally, we identify candidate causal genes in these loci and provide increased insight into 
this difficult to treat population.
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Introduction
Asthma is a common disease and was identified as the 
most prevalent chronic respiratory disease in the Global 
Burden of Diseases, Injuries, and Risk Factors Study 
(GBD) 2015.1,2 10–15% of individuals with asthma have 
severe asthma and substantial unmet clinical needs, with 
symptoms including debilitating breathlessness, associ­
ated frequent exacerbations, and increased hospital 

admissions despite the high use of medicines.3 Both 
genetic and environmental factors contribute to disease 
risk, with genetic factors thought to account for 35–95% of 
the susceptibility to develop asthma.4 Previous genome-
wide association studies5–20 have identified 38 regions of 
association with asthma, including signals in or near 
PEX14, IL6R, PYHIN1 (African American individuals 
only), ADAMTS4, CD247, TNFSF18, DENND1B, ADORA1, 
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ID2, IL1RL1/IL18R1, D2HGDH, LPP, TLR1, USP38 
(Japanese individuals only), PDE4D, TSLP/WDR36, 
RAD50/IL13, NDFIP1, GPX5, HLA-C/NOTCH4/HLA-
DRB1/HLA-DQA1, GRM4, BACH2, CDHR3, SLC30A8 
(Japanese individuals only), ZBTB10, IL33, EQTN, GATA3, 
LRRC32, IKZF4, STAT6, RAD51B, RORA, SMAD3, 
CLEC16A, ERBB2/GSDMB/ORMDL3, ZNF652, and 
IL2RB. Asthma signals substantially overlap with signals 
reported in genome-wide association studies of self-
reported allergy and allergic sensitisation—eg, TLR1, 
WDR36, IL1RL1, SMAD3, STAT6, C11orf30 (EMSY), 
IL1RL1, and TLR1.21,22 In a 2018 genome-wide association 
study of allergic disease and asthma,23 the authors showed 
a genetic correlation between asthma and allergic disease 
with evidence of specific loci being unique to asthma—
eg, ORMDL3.

The concept of shared genetic origins between different 
allergic diseases has been tested in a large genome-wide 
association study24 with 180 129 cases (asthma, allergic 
rhinitis, or atopic dermatitis) and 180 709 controls. The 
study identified 99 genetic susceptibility loci, including 
136 independent signals implicating genes involved 
predominantly in immune function, with only six signals 
showing some disease specificity—eg, ORMDL3 specific 
for asthma.

In the first genome-wide association study in severe or 
difficult to treat asthma,25 which used the Epidemiology 
and Natural History of Asthma: Outcomes and Treatment 
Regimes (TENOR) cohort, associations with known 
asthma loci were found—eg, with single nucleotide 

polymorphisms (SNPs) in the RAD50/IL13 and HLA-DR/
HLA-DQ regions. Similarly, the Asthma UK Genetics of 
Severe Asthma (AUGOSA) study19 of moderate-to-severe 
asthma replicated the known 17q21 association at 
ORMDL3/GSDMB/ZPB2. Neither study identified any 
new signals that met genome-wide significance, potentially 
because the number of cases was small. Therefore, we 
aimed to complete a large genome-wide association study 
of moderate-to-severe asthma to address three specific 
objectives: first, we aimed to identify novel signals 
predicting disease risk for moderate-to-severe asthma 
(as opposed to mild asthma); second, we wanted to see 
whether asthma signals that have been previously 
described were specifically associated with moderate-to-
severe asthma; and finally, we aimed to translate genetic 
findings into disease mechanisms via initial functional 
studies using the Unbiased BIOmarkers in PREDiction of 
Respiratory Disease Outcomes (U-BIOPRED) integrated 
asthma patient genomics resource,26 which might in turn 
identify new targets for therapeutic intervention.

Methods
Study design and participants
In this genome-wide association study, we used a 
two-stage design to identify novel and significant genome-
wide associations that confer susceptibility to moderate-
to-severe asthma. We used a two-stage case-control 
design, with variants that showed suggestive association 
(p<1 × 10–⁶) in stage 1 tested in stage 2 and then meta-
analysed across the two stages to maximise power. 

Research in context

Evidence before this study
We searched the National Human Genome Research 
Institute-European Bioinformatic Institute Catalog of 
published genome-wide association studies from database 
inception to January, 2018, for studies that tested the 
association between genetic variants and asthma using the 
search term “asthma”, and manually searched the findings to 
identify studies that used a diagnosis of asthma to define cases. 
We examined the original publications and included studies 
with more than 500 cases and 500 controls and we considered 
signals of relevance to be those that met genome-wide 
significance (p<5 × 10⁻⁸). These previous studies reported 
38 regions associated, at genome-wide significance, with 
susceptibility to develop asthma, providing novel insight into 
disease biology. To date, only two genome-wide association 
studies have specifically investigated moderate-to-severe 
asthma; however, the power of these studies was restricted by 
the number of cases included (<1000).

Added value of this study
To our knowledge, this is the largest genetic study of 
moderate-to-severe asthma to date. We identified three novel 
genome-wide significant genetic associations that imply 
MUC5AC, GATA3, and KIAA1109 have an association with 

susceptibility to the development of moderate-to-severe 
asthma. Altered expression of the pathogenic mucin MUC5AC 
potentially contributes to mucus plugging and airway 
obstruction, GATA3 is a transcription factor linked to the T-cell 
response in asthma and eosinophilia, and the KIAA1109 locus 
has previously been associated with allergic sensitisation. We 
also describe and further characterise the contribution of 
21 previously described asthma signals to this phenotype, 
and identify potential candidate causal genes.

Implications of all the available evidence
Identification of genetic associations with variants in multiple 
genes of the innate or adaptive immune (type 2 inflammation) 
pathways suggest that targeting this pathway could be a 
therapeutic opportunity in moderate-to-severe asthma. The 
association identified between variants in the MUC5AC locus 
adds to evidence of alterations in the airway epithelium and 
mucin dysregulation in more severe forms of asthma, and 
potentially supports specific targeting of MUC5AC expression 
and induction in severe asthma. Identification of the GATA3 and 
KIAA1109 signals further extend the data that genetic variants 
in these regions are associated with asthma, potentially via 
eosinophilia and allergic sensitisation, two drivers of asthma 
that are also important in moderate-to-severe disease.
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For stage 1, we selected individuals of European 
ancestry with moderate-to-severe asthma who had been 
recruited from primary and secondary care settings 
across the UK as part of the Genetics of Asthma Severity 
and Phenotypes (GASP) initiative, with additional cases 
included from the U-BIOPRED asthma cohort26 and the 
UK Biobank May, 2015,27,28 genetic data release (appendix). 
Genotyped data were assessed for quality control (details 
are in the appendix). From GASP and U-BIOPRED, we 
identified patients with moderate-to-severe asthma by 
assessing clinical records that indicated that a patient was 
taking medication required for patients defined as having 
moderate-to-severe asthma according to the British 
Thoracic Society (BTS) 2014 guidelines.29 From the UK 
Biobank, cases of moderate-to-severe asthma were 
defined as having asthma diagnosed by a doctor, taking 
medication for asthma, no diagnosis of emphysema or 
chronic bronchitis by a doctor, and meeting the definition 
of moderate-to-severe asthma by BTS criteria. Therefore, 
cases were selected from individuals for whom medi­
cation information was available and who met BTS 
stage 3–5 criteria—ie, for stage 3, taking a long-acting 
β₂ agonist plus inhaled corticosteroid; stage 4, taking 
higher dose inhaled corticosteroids than stage 3 patients, 
and addition of a fourth drug (eg, leukotriene receptor 
antagonist, theophylline); and stage 5, taking oral corti­
costeroid or omalizumab, or both. A complete list of 
medications used to identify patients with moderate-to-
severe asthma is in the appendix. Controls for stage 1 
were identified from the UK Biobank by taking the 
remaining subjects for whom genotyped data were 
available that passed quality control and excluding 
individuals with asthma, rhinitis, eczema, allergy, 
emphysema, or chronic bronchitis as diagnosed by a 
doctor, or if medication data were not available to assign 
to either the mild-moderate or moderate-severe asthma 
group. Additional controls for stage 1 were included from 
U-BIOPRED to ensure we had controls from each cohort. 
Patients in the U-BIOPRED cohort had not been screened 
for rhinitis or eczema, and so this information was not 
available for these controls at time of selection. For stage 
2, both cases and controls were selected from the UK 
Biobank May, 2017, release using the same criteria to 
define cases and controls as in stage 1. There was no 
overlap in the patients included in stage 1 and stage 2. A 
case-control ratio of 1:5 was chosen for both stages to 
balance power and computational time. Cases and 
controls were matched across age and sex strata, and in 
stage 1 across genotyping arrays. All cohorts included 
individuals with self-reported European ancestry; 
individuals of non-European ancestry were excluded to 
reduce confounding of the study by ancestry. 

UK Biobank has ethical approval from the UK National 
Health Service (NHS) National Research Ethics Service 
(Ref 11/NW/0382). All other studies were approved by an 
appropriate ethics committee. Informed consent was 
obtained from all participants.

Procedures
In stage 1, cases and controls were genotyped using the 
Affymetrix Axiom (Affymetrx, Santa Clara, CA, USA) UK 
BiLEVE array30 and the later-generation Affymetrix 
Axiom UK Biobank array, which are 95% identical in 
content. In stage 2, only the later-generation Affymetrix 
Axiom UK Biobank array was used. If the sentinel SNP 
from stage 1 was not available in stage 2, a proxy was 
chosen with the highest linkage disequilibrium to the 
sentinel SNP. Genotyping and imputation procedures 
are described in the appendix. After imputation using 
UK10K Project31 and 1000 Genomes Project Phase 332 
reference panels, 33 771 858 SNPs were available for 
association testing in stage 1 (appendix).

Statistical analysis
Descriptive statistics of baseline characteristics were 
compared using a χ² test to check for imbalances in 
comorbidities, smoking, and oral corticosteroid use 
between cases in stage 1 and 2. Our sample sizes were 
determined by the number of moderate-to-severe cases 
in each cohort for each stage. We then collected data for 
an excess of potenial controls and used a ratio of 1:5 cases 
to controls to maximise the power of our study.

For stage 1, we used a logistic model of association to 
determine genome-wide associations for susceptibility 
to moderate-to-severe asthma and assumed an additive 
genetic model of asthma status with imputed genotype 
dose fitted (effect allele count continuous over the range 
0–2 to reflect uncertainty in genotype imputation) using 
SNPTEST version 2.5,33 adjusted for ancestry using the 
first ten principal components of genotypic variance 
derived by EIGENSOFT 6.1.4. In stage 1, we used 
conditional analyses (Genome-wide Complex Trait 
Analysis version 1.26.034) to identify additional independ­
ent signals in the same loci (passing the same threshold 
of p<1× 10–⁶ as for the unconditional analysis) and we did 
a sensitivity analysis to check for array effects. In stage 2, 
we followed up independent variants that reached the 
p value significance threshold of less than 1 × 10–⁶ in 
stage 1 association testing. 

Variants with p<1 × 10–⁶ in stage 1 were then meta-
analysed across stage 1 and stage 2 using inverse-
variance weighted meta-analyses. Variants with the 
same direction of effect in stages 1 and 2, with a 
genome-wide significant association (ie, p<5 × 10–⁸) in 
the meta-analyses of stages 1 and 2 and a p value of less 
than 0·05 in stage 2, were included in further analyses. 
We used a Bonferroni correction for the number of 
putative novel signals as the threshold for independent 
replication in stage 2. We controlled for age and sex 
by selecting cases and controls with similar age 
and sex distributions. Ancestry was controlled by 
selecting European samples and including ten principal 
components as covariates. To avoid missing data, we 
only included samples with complete phenotype, age, 
sex and covariate data.

See Online for appendix
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Because we excluded patients with allergic disease 
from the controls in stage 1 and 2, we could potentially 
have inflated shared genetic signals associated with 
allergic comorbidities in the asthma population. Hence, 
we also did a sensitivity analysis that included stage 2 
cases and controls including individuals with rhinitis, 
eczema, and allergy.

To investigate whether novel variants we identified as 
associated with moderate-to-severe asthma showed an 
association with susceptibility to all types of asthma (mild, 
moderate, and severe), we interrogated a large genome-
wide association study of asthma,5 which included 

28 399 cases of self-reported asthma and 128 843 controls. 
We also investigated SNPs previously associated with 
asthma5–20 and allergic diseases23,24 at genome-wide 
significance (p<5 × 10–⁸) in our stage 1 dataset.

For all signals we determined to have a genome-wide 
significant association with moderate-to-severe asthma, 
we investigated the lead SNP (and SNPs in linkage 
disequilibrium—ie, r²>0·4) for association with mRNA 
levels in cells and tissues using expression quantitative 
loci (eQTL) datasets. For lung tissue we used an eQTL 
database with data for 1110 subjects,35 and for blood cells 
we used an eQTL database with data for 5311 subjects,36 

27 082 controls including those 
with rhinitis, eczema, or 
allergy (sensitivity 
analyses) 

156 460 samples genotyped
2976 from GASP

755 from U-BIOPRED
152 729 from UK Biobank (May, 2015)

87 875 samples imputed
 1859 from GASP
 360 from U-BIOPRED
 85 656 from UK Biobank (May, 2015)

5135 cases with moderate-to-
 severe asthma

1858 from GASP
281 from U-BIOPRED

2996 from UK Biobank

80 704 controls
0 from GASP

75 from U-BIOPRED
80 629 from UK Biobank

25 675 controls
0 from GASP

75 from U-BIOPRED
25 600 from UK Biobank

68 585 excluded
 1117 from GASP

688 did not pass control
429 did not meet case or control 
 criteria 

395 from U-BIOPRED
329 did not pass quality control
 66 did not meet case or control
 criteria

67 073 from UK Biobank
59 937 did not meet case or control
 criteria
 6656 not of European ancestry 

480 did not pass quality control

2036 excluded because related*
 1 from GASP
 4 from U-BIOPRED
 2031 from UK Biobank

55 029 unused controls from 
UK Biobank

488 377 samples genotyped from UK Biobank 
final release (May, 2017) 

280 643 samples imputed

5414 cases with moderate-to-
 severe asthma

21 471 controls (main analysis)

207 734 excluded
 145 853 already in stage 1
 32 820 did not meet case or control criteria 
 28 093 not of European ancestry 
 968 did not pass quality control
 
 
 

28 589 excluded because related to stage 1 or 2 cases 

5611 excluded with rhinitis,
 eczema, or allergy

246 640 controls

219 558 unused

Stage 1 Stage 2

Figure 1: Quality control and sample selection
GASP=Genetics of Asthma Severity and Phenotypes. U-BIOPRED=Unbiased BIOmarkers in PREDiction of respiratory disease outcomes. *Related samples (second degree or closer) were removed; see 
appendix for more details of sample selection. 
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and we used a 10% false discovery rate for eQTLs for 
these two databases. To complement these resources, we 
used five additional U-BIOPRED eQTL datasets37–39 for 
blood (n=345), sputum (n=91), bronchial biopsy samples 
(n=84), bronchial brushing (n=117), and nasal brushing 
(n=75), and for these datasets we used a 5% false 
discovery rate (appendix). For the U-BIOPRED cohort, 
DNA from whole blood was extracted and genotyped as 
outlined and after imputation (SHAPEIT2 for pre-
phasing and IMPUTE 2, using 1000 Genome Phase 3 as 
reference panel) and quality control, 2 536 796 SNPs were 
available for association testing. Transcriptomic analysis 
was done with the Affymetrix HT HG-U133 1 PM 
GeneChip (Affymetrix, Santa Clara, Calif) on extracted 
RNA from the different samples. When the sentinel SNP 
was not available we used a proxy with the highest 
linkage disequilibrium. We considered an association 
signal meeting the designated false discovery rate for any 
dataset to be of interest.

For novel signals for which an eQTL effect was 
observed, we investigated the expression of proteins in 
human lung tissue using Protein Atlas40 to identify 
relevant airway cell types for further study. We also 
investigated mRNA levels in patients with severe asthma 
using two gene expression omnibus datasets to see if 
altered expression is a feature of these patients compared 
with patients with mild asthma, which might imply a 
mechanistic role in moderate-to-severe disease, 
(appendix). GSE4369641 includes Agilent Human GE 

4×44K V2 Gene Expression data for bronchial epithelial 
cells from 20 controls, 50 patients with mild asthma, and 
38 patients with severe asthma. GSE8980942 contains 
Affymetrix HT HG-U133+ PM GeneChip data for 
18 controls, and 14 patients with mild asthma, 13 with 
moderate asthma, and 11 with severe asthma. The 
definition of asthma severity was different between 
these studies. In GSE43696, patients with mild-to-
moderate asthma had a predicted forced expiratory 
volume in 1 s of less than 60%, with or without a 
low-to-moderate dose of inhaled corticosteroids, and 
patients with severe asthma were defined as having 
continuous use of high-dose inhaled corticosteroids or 
frequent use of oral corticosteroids, or both, with 
continuing symptoms or chronic airflow limitations. In 
GSE89809, patients with mild asthma were defined as 
taking β₂ agonists alone, those with moderate asthma as 
taking inhaled corticosteroids, and those with severe 
asthma had persistent symptoms despite taking high-
dose inhaled corticosteroids and oral corticosteroids. 
Both of these studies defined patients as having 
moderate-to-severe asthma by use of medication, and so 
comparable definitions were used between these 
genome-wide association studies and our study. Robust 
multi-array average data was extracted from these datasets 
for KIAA1109 and MUC5AC and expression was 
compared across groups (Kruskal-Wallace test).

To provide insight into the disease mechanism, 
we investigated lead SNPs (and SNPs in linkage 

Stage 1 cohort Stage 2 cohort

Cases 
(n=5135)

Controls 
(n=25 675)

Cases 
(n=5414)

Controls 
(n=21 471)

Controls for 
sensitivity analyses* 
(n=27 082)

Age, years 55 (12) 56 (8) 58 (8) 58 (8) 58 (8)

Sex

Female 3170 (61·7%) 14 626 (57·0%) 3354 (62·0%) 13 135 (61·2%) 16 816 (62·1%)

Male 1965 (38·3%) 11 049 (43·0%) 2060 (38·0%) 8336 (38·8%) 10 266 (37·9%)

FEV1, % predicted 72·4% (21·4) 91·8% (17·4) 84·5% (17·2) 93·7% (14·1) 93·9% (13·9)

FEV1/FVC 0·67 (0·12) 0·76 (0·06) 0·73 (0·09) 0·77 (0·06) 0·77 (0·06)

Smoking status

Ever smoker 2265 (44·1%) 11 913 (46·4%) 2509 (46·3%) 9479 (44·2%) 11 707 (43·2%)

Never smoker 2647 (51·6%) 13 487 (52·5%) 2787 (51·5%) 11 621 (54·1%) 14 918 (55·1%)

Unknown 223 (4·3%) 275 (1·1%) 118 (2·2%) 371 (1·7%) 457 (1·7%)

Rhinitis or eczema status

Yes 1897 (36·9%) 8† 2556 (47·2%) 0 5541 (20·5%)

No 2062 (40·2%) 25 667† 2858 (52·8%) 21 471 (100%) 21 541 (79·5%)

Unknown 1176 (22·9%) 0† 0 0 0

Oral corticosteroid use (prednisolone) 222/3710 (6·0%) NA 162/5414 (3·0%) NA NA

Data are mean (SD) or n (%), unless otherwise stated. FEV1=forced expiratory volume in 1 s. FVC=forced vital capacity. NA=not applicable. U-BIOPRED=Unbiased BIOmarkers 
in PREDiction of respiratory disease outcomes. *Including all controls with rhinitis, eczema, and allergy. †Patients in the U-BIOPRED cohort were not screened for rhinitis or 
eczema before sample selection but were subsequently found to comprise eight patients with rhinitis, eczema, or allergy.

Table 1: Baseline characteristics of stage 1 and stage 2 cohorts
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disequilibrium with r²>0·4) at the novel loci using the 
HaploReg version 4 resource43 and the deep-learning 
functional prediction resource DeepSEA.44 We used 
GRASP45 and a GWAS catalog46 to identify whether any 
variants in linkage disequilibrium with the three novel 
signals had previously been reported in genome-wide 
association studies of other diseases or quantitative 
outcomes.

Role of the funding source
The funder of the study had no role in study design, data
collection, data analysis, data interpretation, or writing of 
the report. IS and LVW had full access to all the data in 
the study and had final responsibility for the decision to 
submit for publication. 

Results
For the stage 1 analyses, after genotyping of the GASP 
and U-BIOPRED cohorts and using available data from 
the UK BioBank (May, 2015,  release), data were available 
for 5135 moderate-to-severe asthma cases, (GASP 
n=1858, U-BIOPRED n=281, and UK Biobank n=2996), 
and 25 675 controls (U-BIOPRED n=75, and UK Biobank 
n=25 600; figure 1). For the independent stage 2 cohort, 
5414 cases and 21 471 controls were selected from the UK 
Biobank (May, 2017, release) after excluding the cases 
and controls in stage 1. Baseline characteristics for the 
stage 1 and 2 cohorts are in table 1.

Cases in the stage 1 cohort had lower lung function and 
higher use of oral corticosteroids than cases in stage 2,  
suggesting a higher severity of asthma among the stage 1 
cases. Cases in the stage 1 and 2 cohorts did not differ 
significantly by the proportion who had allergic 

comorbidities (allergic rhinitis or eczema, or both; 
p=0·51) or a history of smoking (p=0·21).

In stage 1, 32 independent signals were associated (ie, 
p<1 × 10–⁶) with susceptibility to moderate-to-severe 
asthma, of which 21 additionally met genome-wide 
significance (p<5 × 10–⁸) in stage 1 alone (figure 2; 
appendix). Array sensitivity analyses did not identify any 
array effects (appendix). The 32 signals included 
independent secondary signals at the TSLP, IL13/RAD50, 
and HLA loci (appendix).

All 32 signals showing association in stage 1, including 
11 potentially novel signals (appendix), were further 
analysed in the stage 2 cohort dataset. In stage 2 
analyses, 26 signals showed consistent direction of 
effect and p values of less than 0·05 for association 
(appendix).

After meta-analyses of data from stages 1 and 2, we 
identified 25 signals that showed consistent direction 
of effect and overall genome-wide significance. After 
sensitivity analyses in stage 2, the rs61816761 (Filaggrin, 
FLG) signal was excluded because the signal was at least 
in part driven by atopy (appendix).

Of the 24 signals, after exclusion of FLG (table 2), 
three were novel for asthma (figure 3): the sentinel SNP 
rs10905284 in GATA3 (coded allele A, odds ratio [OR] 0·90, 
95% CI 0·88–0·93; p=1·76 × 10–¹⁰) and rs11603634 in the 
MUC5AC region (coded allele G, OR 1·09, 1·06–1·12; 
p=2·32 × 10–⁸). The third signal included an indel 
(rs560026225, proxy in stage 2 rs72687036) in a locus 
covering KIAA1109 (coded allele GATT, OR 1·12, 
1·08–1·16; p=3·06 × 10–⁹). rs10905284 (GATA3) is a novel 
signal for asthma independent from previously described 
signals in the GATA3 region for asthma—eg, rs10508372,15 
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rs2589561,11 and rs12413578.5 Confirmed by conditional 
analyses, we identified a second signal in the GATA3 
region, rs61840192 (labelled LOC101918272 because it is 
distal from GATA3; table 2), which is in linkage 
disequilibrium with the previously described signals at 
rs12413578 (r²=0·166) and rs2589561 (r²=0·161). Both the 
KIAA1109 and GATA3 signals meet the threshold for 
independent replication based on Bonferroni correction 
threshold (p<0·005, Bonferroni correction for 11 potentially 
novel signals); however, the MUC5AC signal did not meet 
this threshold but was nominally significant (p=0·018; 
table 2) 

To identify if the novel signals for moderate-to-severe 
asthma were also associated with all asthma including 
mild disease, we checked the association results from a 
large independent genome-wide association study.5 We 
found both the KIAA1109 and GATA3 signals were 
significantly associated with all asthma, including mild 
asthma (KIAA1109 [proxy rs72687036 coded allele G]: 
OR 1·06, 95% CI 1·04–1·08; p=3·96 × 10–⁷; and GATA3 
[rs10905284, risk allele C]: OR 1·04, 1·02–1·06; 
p=2·72 × 10–⁵). No association was identified between the 
MUC5AC signal and all asthma (rs11603634, coded 
allele G: OR 1·00, 0·97–1·02; p=0·809; appendix).

In our systematic investigation of all previously 
described signals associated with asthma published to 
date (appendix),5–20 we found that 60 (75%) of 80 previously 
reported SNPs showed an association with moderate-to-
severe asthma (p<6 × 10–⁴ after Bonferroni correction), 
and a further ten (8%) SNPs showed a nominally 
significant association in our stage 1 cohort (p<0·05; 
appendix). The effect estimates (ORs) for previously 
described asthma signals in this study range from 1·08–
1·24 (appendix). Similarly, we investigated previously 
reported SNPs associated with allergic diseases in two 
large studies23,34 (appendix). Of the 136 signals identified 
in the study by Ferreira and colleagues,24 87 (64%) were 
nominally associated (p<0·05) with moderate-to-severe 
asthma, 40 (29%) signals had an association (ie, p<6 × 10–⁴ 
after Bonferroni correction). Similarly, for the 38 signals 
identified in the study by Zhu and colleagues,23 
35 (92%) were nominally associated with moderate-to-
severe asthma, with 28 (74%) signals meeting a 
Bonferroni corrected threshold.

In our eQTL analyses of the three novel signals we 
found rs11603634 (MUC5AC) was an eQTL for MUC5AC 
in bronchial epithelial brush cells (via proxy SNP 
rs11602802, r²=0·46; appendix). The rs11603634 asthma 
risk allele (G) was correlated with rs11602802 (A) allele, 
which was associated with increased levels of MUC5AC 
mRNA (figure 4). Although they did not meet the 5% 
false discovery rate, MUC5B mRNA levels showed an 
opposite association with the rs11602802 SNP (appendix). 
Similarly, the proxy SNP rs17454584 (r²=0·57) for 
rs560026225 (KIAA1109) was an eQTL for KIAA1109 in 
lung tissue with the asthma risk allele (GATT) associated 
with decreased expression of KIAA1109 (rs560026225 

Po
si

ti
on

Va
ria

nt
Lo

cu
s

N
on

-
co

de
d

Co
de

d
M

in
or

 
al

le
le

M
AF

rs
id

.u
kb

 
(p

ro
xy

 r²
)

St
ag

e 
1 

co
ho

rt
St

ag
e 

2 
co

ho
rt

M
et

a-
an

al
ys

es
 o

f s
ta

ge
 1

 a
nd

 2

O
R 

(9
5%

 C
I)

p 
va

lu
e

O
R 

(9
5%

 C
I)

p 
va

lu
e

O
R 

(9
5%

 C
I)

p 
va

lu
e

(C
on

tin
ue

d 
fro

m
 p

re
vi

ou
s p

ag
e)

12
56

 4
49

 8
75

rs
73

05
46

1
RP

S2
6

A
C

A
44

·6
1%

rs
11

31
01

7 
(0

·9
8)

0·
88

 
(0

·8
4–

0·
92

)
1·

65
 ×

 10
⁻⁸

0·
94

 
(0

·9
0–

0·
98

)
2·

51
 ×

 10
⁻³

0·
91

 
(0

·8
8–

0·
94

)
1·

01
 ×

 10
⁻⁹

12
57

 4
97

 0
05

rs
70

38
16

ST
AT

6
T

C
C

43
·4

1%
rs

70
38

16
1·

16
 

(1
·1

1–
1·

21
)

1·
18

 ×
 10

⁻¹¹
1·

08
 

(1
·0

3–
1·

13
)

4·
31

 ×
 10

⁻⁴
1·

12
 

(1
·0

9–
1·

15
)

3·
69

 ×
 10

⁻¹³

15
61

 0
68

 70
4

rs
10

51
90

68
RO

RA
G

A
A

12
·7

5%
rs

10
51

90
68

0·
85

 
(0

·7
9–

0·
90

)
4·

81
 ×

 10
⁻⁷

0·
85

 
(0

·7
9–

0·
90

)
5·

76
 ×

 10
⁻⁷

0·
85

 
(0

·8
1–

0·
89

)
1·

84
 ×

 10
⁻¹²

15
67

 4
41

 75
0

rs
72

74
34

61
SM

AD
3

C
A

A
23

·6
0%

rs
72

74
34

61
1·

18
 

(1
·1

2–
1·

24
)

1·
03

 ×
 10

⁻¹⁰
1·

11
 

(1
·0

6–
1·

17
)

2·
35

 ×
 10

⁻⁵
1·

14
 

(1
·1

1–
1·

19
)

4·
52

 ×
 10

⁻¹⁴

16
11

 23
0 

70
3

rs
72

03
45

9
CL

EC
16

A
T

C
C

24
·5

6%
rs

72
03

45
9

0·
81

 
(0

·7
7–

0·
86

)
7·

83
 ×

 10
⁻¹⁶

0·
90

 
(0

·8
5–

0·
94

)
2·

33
 ×

 10
⁻⁵

0·
86

 
(0

·8
3–

0·
89

)
4·

37
 ×

 10
⁻¹⁸

17
37

 9
10

 36
8

rs
29

41
52

2
IK

ZF
3

C
T

T
48

·2
9%

rs
29

41
52

2
1·

13
 

1·
08

–1
·1

8)
1·

46
 ×

 10
⁻⁸

1·
10

 
(1

·0
5–

1·
14

)
1·

97
 ×

 10
⁻⁵

1·
11

 
(1

·0
8–

1·
15

)
2·

32
 ×

 10
⁻¹²

17
47

 4
39

 30
2

rs
11

25
02

96
0

ZN
F6

52
G

A
A

35
·9

2%
rs

12
95

25
81

 (0
·9

8)
1·

14
 

(1
·0

9–
1·

20
)

6·
05

 ×
 10

⁻⁹
1·

08
 

(1
·0

4–
1·

13
)

3·
92

 ×
 10

⁻⁴
1·

11
 

(1
·0

8–
1·

15
)

4·
12

 ×
 10

⁻¹¹

Re
su

lts
 fr

om
 ca

se
-c

on
tr

ol
 a

na
ly

se
s f

or
 th

e 
va

ria
nt

s t
ha

t w
er

e 
sig

ni
fic

an
t i

n 
st

ag
e 

1 
an

d 
st

ag
e 

2,
 sh

ow
in

g 
th

e 
sa

m
e d

ire
ct

io
n 

of
 e

ffe
ct

 a
nd

 re
ac

he
d 

ge
no

m
e-

w
id

e 
sig

ni
fic

an
ce

 in
 th

e 
m

et
a-

an
al

ys
is 

of
 st

ag
es

 1
 a

nd
 2

. M
AF

 co
rre

sp
on

ds
 to

 th
at

 fr
om

 th
e 

st
ag

e 
1 

st
ud

y 
an

d 
w

e 
gi

ve
 th

e O
R 

pe
r c

op
y o

f t
he

 co
de

d 
al

le
le

. r
s1

43
86

73
 w

as
 co

nd
iti

on
ed

 o
n 

rs
18

37
25

3,
 rs

19
86

00
9 

w
as

 co
nd

iti
on

ed
 o

n 
rs

37
49

83
3,

 a
nd

 rs
77

61
11

17
6 

w
as

 co
nd

iti
on

ed
 o

n 
rs

92
73

41
0.

 S
ta

ge
 1

 p
 v

al
ue

s h
av

e 
ge

no
m

ic 
co

nt
ro

l a
pp

lie
d.

rs
61

81
67

61
 (F

LG
) w

as
 e

xc
lu

de
d 

an
d 

no
t i

nc
lu

de
d 

he
re

 fo
llo

w
in

g 
se

ns
iti

vi
ty

 a
na

ly
se

s. 
r² 

be
tw

ee
n 

st
ag

e 
2 

an
d 

st
ag

e 
1 

va
ria

nt
s a

re
 g

iv
en

 if
 a

 p
ro

xy
 w

as
 u

se
d 

in
 st

ag
e 

2.
 M

AF
=m

in
or

 a
lle

le
 fr

eq
ue

nc
y. 

rs
id

.u
kb

=r
s n

um
be

r o
f v

ar
ia

nt
 u

se
d 

in
 st

ag
e 

2 
an

al
ys

es
 

us
in

g 
UK

 B
io

ba
nk

 im
pu

te
d 

da
ta

. O
R=

od
ds

 ra
tio

. 

Ta
bl

e 2
: G

en
e 

va
ria

nt
s w

it
h 

ge
no

m
e-

w
id

e 
si

gn
ifi

ca
nc

e 
fo

r m
od

er
at

e-
to

-s
ev

er
e 

as
th

m
a,

 b
y 

ch
ro

m
os

om
e



Articles

www.thelancet.com/respiratory   Published online December 11, 2018   http://dx.doi.org/10.1016/S2213-2600(18)30389-8	 9

GATT allele correlated with rs17454584 G allele; figure 5). 
No significant eQTL association was observed for the 
rs10905284 (GATA3) signal. We identified significant 
eQTL associations for 16 (76%) of 21 previously reported 
asthma signals in the lungs or blood, or both (appendix). 
We identified a large number of potential candidate 
causal genes in the type 2 inflammatory pathway, 
including the following subset: adaptive and innate 
immune response genes; CD247, IL1RL1, IL18R1, TSLP, 
human leukocyte antigen genes, BACH2, IL33, and 
STAT6, and genes that might be important in airway 
structural cell homoeostasis, integrity, or function—eg, 
MUC5AC, D2HGDH, ING5, WDR36, RAD50, SLC22A5, 
SMAD3, ORMDL3, GSDMA, and GSDMB.

We found MUC5AC and KIAA1109 expression is present 
in airway epithelium and localised to the cytoplasm and 
membrane (appendix); therefore, we hypothesised that 
concentrations of MUC5AC and KIAA1109 could be 
altered in airway epithelium in patients with severe 
asthma. We found high levels of MUC5AC mRNA in 
patients with severe asthma (figure 4) but did not identify 
any differential expression of KIAA1109 in the same 
bronchial epithelial datasets (figure 5).

Using HaploReg, we identified a large number of  
potentially functional consequences of MUC5AC, 
KIAA1109, and GATA3 sentinel SNPs and SNPs in 
linkage disequilibrium (appendix). In the MUC5AC 
locus, multiple SNPs including the lead SNP 
(rs11603634) altered Fox family transcription factors 
(appendix). For the KIA1109 and GATA3 signals, many 
potentially functional changes were apparent (appendix). 
Using DeepSEA, the moderate-to-severe asthma risk 
allele (G) at the sentinel SNP rs11603634 near MUC5AC 
was predicted to result in a log₂ fold change of more 
than 1·5 in function at Forkhead Box A1 (FOXA1) and 
Forkhead Box A2 (FOXA2) binding sites in airway 
epithelium (appendix). For the rs10905284 (GATA3), the 
asthma risk allele (C; proxy rs3802597; r²=0·93) had an 
effect on upstream stimulatory factor 1 (USF1) and 2 
(USF2) binding in various cell types, including airway 
epithelium (appendix). rs560026225 (KIAA1109; proxy 
rs17389644; r²=0·57) had a functional effect on a DNase 
hypersensitivity site in human microvascular endothelial 
and human umbilical vein endothelial cell types 
(appendix).

TMEM80

EPS8L2

TALDO1

PDDC1

NS3BP

CEND1

SLC25A22

PIDD

RPLP2

SNORA52

CD151

TSPAN4

CHID1

AP2A2

MUC6

MUC2

MUC5AC

MUC5B

TOLLIP

LOC255512

BRSK2 DUSP8

rs560026225

122·6 122·8 123·0 123·2 123·4

0

1

2

3

4

5

6

7

0

20

40

60

80

100

–lo
g 10

 (p
 v

al
ue

)

Recom
bination rate (cM

/M
b)

ANXA5

TMEM155

PP12613

EXOSC9

CCNA2

BBS7

TRPC3

KIAA1109 ADAD1

IL2

IL21

A

rs10905284

rs 11603634

7·8 8·0 8·2 8·4 8·6

0

2

4

8

6

10

0

20

40

60

80

100

–lo
g 10

 (p
 v

al
ue

)

Recom
bination rate (cM

/M
b)

B

0·8
0·5
0·2

r2

0·8 1·0 1·2 1·4 1·6

0

2

4

8

6

0

20

40

60

80

100

–lo
g 10

 (p
 v

al
ue

)

Recom
bination rate (cM

/M
b)

Position on chromosome (Mb)

C

ITIH5 ITIH2

KIN
ATP5C1

TAF3

GATA3−AS1

GATA3

Three genes omitted

Figure 3: Regional association plots of novel signals KIAA1109 (A), GATA3 
(B), and MUC5AC (C) associated with moderate-to-severe asthma

Regional association plots from stage 1 analyses for the three novel signals that 
show statistically replicated association in stages 1 and 2 and met genome-wide 

significance in the meta-analyses. Significance of each single nucleotide 
polymorphism (SNP) is on the –log10 scale as a function of chromosome position 

(NCBI build 37). The sentinel SNP at each locus is shown by the blue peak, and 
data points are colour coded to show the correlations (r²) of each of the 

surrounding SNPs to the sentinel SNP. The green line indicates signals meeting 
criteria for inclusion in stage 2 (p<1 × 10⁻⁶) and the red line indicates 

genome-wide significance (p<5 × 10⁻⁸).
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GRASP and GWAS catalog analyses of the three novel 
signals, and variants in linkage disequilibrium identified 
genome-wide significant associations. The rs560026225 
(KIAA1109) asthma risk allele (GATT; allele associated 
with increased risk of moderate-to-severe asthma) was 
associated with risk of allergic sensitisation (proxy 
rs17454584, with the rs560026225 GATT allele correlated 
with rs17454584 G allele),22 the rs10905284 (GATA3) 
asthma risk allele (C) was associated with an increased 
number of eosinophils in the blood,47 and the rs11603634 
(MUC5AC) asthma risk allele (G; proxy rs4077759, 
rs11603634 G allele correlated with rs4077759 T allele) was 
associated with risk of pulmonary fibrosis (appendix).48

Discussion
To our knowledge, we present the largest genetic-
association study of moderate-to-severe asthma to date, 
with 10 549 cases and 47 146 controls, identifying 
24 signals that reach genome-wide significance in the 
meta-analysis of stages 1 and 2. 21 (88%) of 24 signals 
have previously been reported in studies that 
predominantly assessed samples from patients with mild 
asthma, suggesting a substantial shared genetic 
architecture between mild and moderate-to-severe 
asthma. Our findings suggest that additional factors 
might drive the development of more severe forms of 
asthma—eg, environmental exposures or epigenetics, 
and the presence of comorbidities. We also provide 
increased insight into the identification of candidate 
casual genes in many of these loci, including several 
genes associated with type 2 inflammation. Three signals 

we identify here have not previously been reported for 
asthma in genome-wide association studies: rs11603634 
in the MUC5AC region (coded allele G, frequency 
50·4%, risk), rs1090584 in GATA3 (coded allele A, 
frequency 57·06%, protective), and rs560026225 (coded 
allele GATT, frequency 23·60%, risk) in a locus covering 
KIAA1109. The rs11603634 signal is specific to moderate-
to-severe asthma and we identified that MUC5AC is 
increased in bronchial epithelial cells of carriers of the 
risk allele, with MUC5B being decreased in carriers of 
the risk allele, albeit not reaching our significance 
threshold. This genotype specific expression might be 
caused by alterations in FOXA transcription activity. For 
the GATA3 and KIAA1109 signals we saw an association 
with all asthma, while GATA3 has been previously 
reported to be associated with increased concentrations 
of blood eosinophil47 and KIAA1109 has been reported as 
being associated with self-reported allergy.21 Therefore, 
we provide additional insight into the genetic architecture 
of moderate-to-severe asthma and we report the first 
evidence that genetic variants associated with the risk of 
developing moderate-to-severe asthma regulate mucin 
production.

In this study, we identified 21 previously reported 
signals as being associated with asthma, including some 
previously associated with asthma that is severe or 
difficult to treat: RAD50 and HLA-DR/HLA-DQ,25 and 
17q21 (ORMDL3/GSDMB/ZPB2).19 Using eQTL analyses, 
we identified candidate causal genes for moderate-to-
severe asthma; however, the level of evidence for each 
potential candidate gene based on linkage disequilibrium 
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 (A) MUC5AC mRNA expression stratified by rs11602802 genotype. The boxes show the mean and SD and the whiskers show the IQR for each genotype. Generated 
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patients with mild or moderate (n=50) and severe (n=38) asthma from the GSE43696 dataset and GC-RMA data for MUC5AC. MUC5AC levels were significantly higher 
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GC-RMA=GeneChip robust multi-array average. U-BIOPRED=Unbiased BIOmarkers in PREDiction of respiratory disease outcomes. *p<0·05 by Kruskal-Wallace test.

For NCBI website see 
https://www.ncbi.nlm.nih.gov/
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with sentinel SNP, relevant tissue and cell type, and 
statistical significance varied from highly supportive to 
suggestive. Overall, these signals highlight the role of 
innate and adaptive immunity and type 2 inflammation 
in moderate-to-severe asthma including: CD247, which 
encodes T-cell receptor ζ; trans-acting T-cell specific 
transcription factor GATA-3 (GATA3), an important 
transcription factor in T cells; interleukin-18 receptor 1 
(IL18R1) and interleukin-1 receptor-like 1 (IL1RL1), 
receptors for key cytokines interleukin-18 and 
interlukin-33, respectively; thymic stromal lymphopoietin 
(TSLP), which drives type 2 inflammation; human 
leukocyte antigen genes that encode the major histo­
compatibility complex; transcription regulator protein 
BACH2 (BACH2), a transcriptional regulator in type 2 
inflammation; interleukin-33 (IL33), an innate cytokine; 
and signal transducer and activator of transcription 6 
(STAT6), a signalling molecule downstream of 
interleukin 4 and 13, which are drivers of type 2 
inflammation. The other genes identified highlight 
roles in homoeostasis of airway cells, including D-2-
hydroxyglutarate dehydrogenase (D2HGDH), which 
regulates α-ketoglutarate concentrations, influencing 
histone and DNA methylation;49 sodium/hydrogen ex­
changer 2 (SLC9A2), a sodium-hydrogen exchanger 
involved in the regulation of cell pH and volume;50 
inhibitor of growth protein 5 (ING5), a transcription 
factor involved in epithelial to mesenchymal transition;51 
DNA repair protein RAD50 (RAD50), which is involved 
in DNA double-strand break repair; solute carrier family 
22 member 5 (SLC22A5), an organic cation trans­
porter with a role in epithelial cells; protein CLEC16A 
(CLEC16A), a regulator of autophagy;52 gasdermin-B 
(GSDMB), which is linked with airway smooth-muscle 
contraction;53 and  ORM1-like protein 3 (ORMDL3), 
which is linked with airway remodelling.54 

This is the first report, to our knowledge, of the 
MUC5AC locus being specifically associated with 
increased susceptibility to development of moderate-to-
severe asthma in a genome-wide association study. We 
showed this association in both stages 1 and 2 of our 
investigation, and in our meta-analyses; however, the 
higher severity of asthma in the cases (and associated 
power) in stage 1 than among those in stage 2 could 
explain the different significance levels between the 
stages—ie, cases in stage 1 had lower lung function than 
those in stage 2 and reported higher use of oral 
corticosteroids than those in stage 2. The proportion of 
cases with allergic comorbidities (allergic rhinitis or 
eczema, or both) or smoking history did not differ 
significantly between stages 1 and 2. The association 
between the asthma risk allele (G) of rs11603634 and 
increased concentrations of MUC5AC mRNA in 
bronchial epithelial brush samples, and the predicted 
effect on FOXA transcription factors provide putative 
mechanisms because FOXA2 regulates mucin-5AC 
(MUC5AC) production.55 We found this eQTL association 

to be the most significant for MUC5AC in the bronchial 
epithelial cell dataset. This signal of moderate-to-severe 
asthma has also previously been identified as associated 
with pulmonary fibrosis (proxy rs4077759, r²=0·42);48 
however, rs11603634 reported in our study and 
rs35705950 (the main idiopathic pulmonary fibrosis 
signal) are not in linkage disequilibrium (r²=0·01), 
suggesting distinct signals. Similarly, the signal we 
reported is independent from that reported (rs1132440) 
in a candidate gene study for asthma.56 We also identified 
an association between rs11603634 on MUC5B mRNA 
levels in bronchial epithelial brush samples, with carriers 
of risk alleles having lower concentrations than those 
who are not carriers, although this association did not 
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meet our significance threshold. MUC5AC protein 
concentrations are increased in the sputum of patients 
with asthma during exacerbations compared with 
patients with stable asthma and controls, whereas 
concentrations of mucin-5B (MUC5B) are decreased 
among patients with asthma—ie, alterations in the ratio 
of MUC5AC to MUC5B are a feature of asthma.57 This 
altered ratio of MUC5AC to MUC5B in asthma might be 
partially explained by the opposite effect of our novel 
asthma risk allele (G) of rs11603634 on MUC5AC and 
MUC5B production. MUC5AC has pathogenic roles and 
has been linked to airway hyper-responsiveness and 
mucus plugging during exacerbation.58 MUC5AC 
deficient mice develop allergic airway disease; however, 
the severity and abundance of mucus plugging is 
attenuated.59 Loss of MUC5B in a mouse knock-out study 
led to airway inflammation, suggesting a role in 
homoeostasis.60 Overall, these data suggest targeting of 
specific mucins could be a therapeutic opportunity for 
moderate-to-severe asthma.

The KIAA1109 (rs72687036) novel signal we identified 
has previously been associated with self-reported allergy21 
and allergic sensitisation,22 type 1 diabetes,61 ulcerative 
colitis,62 mean platelet volume,47 and with allergic disease 
(asthma, hayfever, allergic rhinitis, or eczema).23 The 
region is rich in candidate genes (eg, IL2 and IL21); 
however, our eQTL data suggest that the potential causal 
gene is KIAA1109. Little is known about KIAA1109. Mice 
deficient in KIAA1109 have preweaning lethality 
(International Mouse Phenotyping Consortium) and a 
suggested role in synaptic vesicle recycling in Drosophila 
has been identified.63

The third novel signal we identified, rs1090584 in 
GATA3, asthma risk allele C, is also associated with 
rheumatoid arthritis (proxy rs3824660; r²=0·86)64 and 
increased concentrations of blood eosinophils,47 a known 
effector cell in asthma. This signal has been associated 
with allergic disease (asthma, hayfever, allergic rhinitis, or 
eczema).23 The rs1090584 signal in GATA3 identified in 
this study is independent to those previously described for 
asthma, including rs10508372 in Japanese individuals,15 
rs2589561 in European or multi-ancestry individuals,11 and 
rs12413578 in European individuals.5 The second signal in 
GATA3 (rs61840192) we report is in linkage disequilibrium 
with rs12413578 and rs2589561 (r²=0·16). These data 
suggest that multiple genetic signals within the GATA3 
locus might contribute to asthma. We identified potential 
effects of rs1090584 on USF1 and USF2 in airway cells; 
however, we did not identify an eQTL association. USF1 is 
important in regulating GATA family genes, including 
GATA5.65 GATA3 is a transcriptional regulator associated 
with differentiation—eg, in type-2 innate lymphoid cell 
differentiation,66 an effector cell in type 2 inflammation.

We also investigated all previously reported asthma 
signals to date, with general replication of previous 
results. The previously described signals that did not 
replicate in our dataset were associated with a specific 

asthma phenotype (eg, PDE4D and mild-to-moderate 
childhood asthma with bronchial hyper-responsiveness16) 
or were reported in people of non-European ancestry (eg, 
NOTCH415). The effect sizes for previously described 
asthma signals in stage 1 of this moderate-to-severe 
asthma cohort (OR range 1·08–1·24) are comparable 
with those reported in large studies of asthma.5,11 
Similarly, we investigated allergic disease signals 
identified in two large genome-wide association 
studies,23,24 and found a large proportion of these signals 
were associated with moderate-to-severe asthma; how­
ever, our case-control design used moderate-to-severe 
asthma cases and controls excluding individuals with 
asthma, rhinitis, eczema, and allergy diagnosed by a 
doctor, and so the ability to identify genetic signals 
associated with allergic comorbidities in the asthma 
population will be enhanced compared with these 
previous studies.

Our study had several limitations. Regarding the 
design of the study, we considered alternative approaches 
when planning the analysis, such as using patients with 
mild asthma as the control group. However, we opted to 
compare patients with moderate-to-severe asthma with 
healthy controls in the initial discovery analysis because 
we felt that this comparison would minimise the risk of 
misclassification between mild and moderate asthma 
and so be a more powerful strategy for a genetic study. 
We included a large genome-wide association study of 
asthma5 to specifically address the issue of specificity of 
the signals we found in our cohort to moderate-to-severe 
asthma. Cases in stage 1 have more severe asthma than 
those in stage 2 because patients from GASP and 
U-BIOPRED in stage 1 were predominantly recruited 
from secondary care. This potential difference between 
cases in stage 1 and 2 might have contributed to the 
attenuated association with, for example, the MUC5AC 
signal in the stage 2 cohort; however, this difference also 
potentially provided additional power for stage 1. We also 
acknowledge that we defined asthma severity on the 
basis of medication use alone and additional measures 
including symptoms, exacerbation frequency, and other 
markers would have enhanced the definition, although 
these data were not available. Importantly, all cases in 
our analyses required a doctor diagnosis of asthma for 
inclusion before stratification on the basis of medication. 
Severe asthma is defined by the requirement for high 
dose of inhaled corticosteroid or maintenance oral 
corticosteroid, with persistent poor control or a high risk 
of developing poor control if these therapies are stepped 
down. Similarly, the Global Initiative for Asthma 
treatment steps are used as surrogates of severity. Thus, 
using the treatment step as a measure of severity is in 
keeping with current guidelines and has the advantage 
that it provides maximum sample sizes because 
medication data are available for a greater number of 
patients than, for instance, symptom scores. Additionally, 
for cases who were prescribed oral corticosteroids, we 
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did not undertake individual case reviews to exclude the 
possibility that some patients might have been receiving 
oral corticosteroids for other comorbid conditions, and 
we did not record additional information on current 
asthma control or exacerbation frequency, which would 
have been informative. Advances in imputation mean 
that the widely used threshold for genome-wide 
significance of a p value of less than 5 × 10–⁸, historically 
defined on the basis of 1 million independent tests, 
could be considered too lenient for an analysis of 
33 million SNPs (representing >1 million independent 
tests). Had we applied a threshold p value of less than 
5 × 10–⁹, recommended as an appropriate threshold for 
studies of whole-genome sequence data from European 
populations,67 the signals at GATA3 (p=1·76 × 10–¹⁰) and 
KIAA1109 (p=3·06 × 10–⁹) would still have been 
significant. Overall, the MUC5AC signal was weaker in 
terms of significance compared with other signals 
identified—eg, in stage 2, this signal only met nominal 
significance not Bonferroni correction and was just 
within the threshold for genome-wide significance in 
the meta-analysis. Finally, asthma is a complex disease 
involving both genetic and environmental influences 
and we have not formally assessed the role of the 
environment, which could be critical for the development 
of more severe asthma. Accumulating data suggest a 
role for several factors in the development of severe 
disease (eg, comorbidities such as atopic dermatitis in 
severe asthma68 and environmental or epigenetic 
mechanisms69) but further work is needed.

In summary, to our knowledge, this is the largest 
genome-wide association study of moderate-to-severe 
asthma published to date, in which we have identified 
that the genetic architecture of moderate-to-severe 
asthma is similar to mild disease, three novel genome-
wide significant associations, and potential candidate 
causal genes underlying these signals. These findings 
provide new understanding for this difficult to treat 
population and adds to the accumulating evidence that 
strategies to target mucins might have therapeutic value. 
Similarly, our findings add to evidence that targeting type 
2 inflammation in asthma could be particularly useful 
for moderate-to-severe asthma, potentially in carriers of 
genetic variants in genes of relevance to innate or 
adaptive immunity.
Contributors
IS and LVW designed and supervised the study. APH, CKB, DS, ZEKP, 
AF, TMM, ASin, LGH, AHM, RC, NCT, JWH, GAL, PHH, RD, JH, RN, 
ASim, KFC, PJS, JDB, IMA, DDS, MvdB, DCN, IPH, DS, YB, and CEB 
recruited and genotyped cases. NS, MAP, CJ, MSA, NB, RH, JL, AA, 
RJP, IMA, SH, YG, MO, and MDT did the analyses and experiments. IS, 
LVW, NS, MAP, and CJ wrote the manuscript with input from all 
authors. NS, MAP, CJ, MSA, NB, RH, JL, AA, RJP, MO, IMA, SH, YG, 
and MDT had access to the raw data.

Declaration of interests
JDB reports personal fees and non-financial support from Boehringer 
Ingelheim, AstraZeneca, and Napp, non-financial support from 
GlaxoSmithKline and Virginia Commonwealth University, and personal 
fees from Novartis and Teva outside of the submitted work. CEB reports 

grants from AirPROM, Asthma UK, and National Institute for Health 
research (NIHR) Biomedical Research Centre during the conduct of the 
study. RC reports personal fees and non-financial support from 
AstraZeneca and Novartis, and personal fees from GlaxoSmithKline and 
Teva outside of the submitted work. KFC has received honoraria for 
participating in Advisory Board meetings of the pharmaceutical industry 
regarding treatments for asthma and chronic obstructive pulmonary 
disease and has also been remunerated for speaking engagements. 
RD reports receiving fees for lectures at symposia organised by Novartis, 
AstraZeneca, and Teva, consultation for Teva and Novartis as a member 
of advisory boards, and participation in a scientific discussion about 
asthma organised by GlaxoSmithKline; he is a co-founder, current 
consultant, and has shares in Synairgen, University of Southampton, 
Southampton, UK. RH reports grants from GlaxoSmithKline and 
Boehringer Ingelheim outside of the submitted work. LGH reports 
grants and personal fees from AstraZeneca, Circassia, Amgen, 
Boehringer Ingelheim, Novartis, GlaxoSmithKline, and Teva outside of 
the submitted work. PHH reports personal fees from GlaxoSmithKline 
and grants from Boehringer Ingelheim outside of the submitted work. 
CJ reports grants from UK Medical Research Council during the conduct 
of the study. AHM reports personal fees, non-financial support, and other 
fees from GlaxoSmithKline, AstraZeneca, Novartis, Napp 
Pharmaceuticals, Sanofi, Teva, Boehringer Ingelheim, and others outside 
of the submitted work. DCN is an employee of Merck & Co. IS reports 
grants from GlaxoSmithKline, AnaptysBio, and Boehringer Ingelheim 
outside of the submitted work. DS reports speaker fees from Novartis, 
AstraZeneca, and Teva, and advisory board fees from GlaxoSmithKline 
and AstraZeneca. ASim reports grants from NIHR and North West Lung 
Centre Charity during the conduct of the study. DDS reports grants from 
Merck, personal fees from Sanofi-Aventis, Regeneron, and Novartis, and 
grants and personal fees from Boehringer Ingelheim and AstraZeneca 
outside of the submitted work. ASin reports grants from AirPROM, 
Asthma UK, and NIHR Biomedical Research Centre during the conduct 
of the study. PJS reports grants from Innovative Medicines Initiative 
during the conduct of the study. MDT and LVW report grants from 
GlaxoSmithKline and Pfizer outside of the submitted work. LVW holds a 
GlaxoSmithKline and British Lung Foundation Chair in Respiratory 
Research. All other authors declare no competing interests.

Acknowledgments
Genotyping of the stage 1 samples was funded by an Asthma UK grant 
to IS, IPH, DS, and CEB (AUK-PG-2013-188); a Rosetrees Trust grant to 
IS; AirPROM; and a U-BIOPRED grant (EU-IMI 115010). This work was 
supported by the UK Medical Research Council (grant number 
MC_PC_12010) to IPH, MDT, and LVW.

References
1	 GBD 2015 Chronic Respiratory Disease Collaborators. 

Global, regional, and national deaths, prevalence, disability-adjusted 
life years, and years lived with disability for chronic obstructive 
pulmonary disease and asthma, 1990–2015: a systematic analysis for 
the Global Burden of Disease Study 2015. Lancet Respir Med 2017; 
5: 691–706.

2	 Masoli M, Fabian D, Holt S, Beasley R. The global burden of 
asthma: executive summary of the GINA Dissemination Committee 
report. Allergy 2004; 59: 469–78.

3	 Jarjour NN, Erzurum SC, Bleecker ER, et al. Severe asthma: lessons 
learned from the National Heart, Lung, and Blood Institute Severe 
Asthma Research Program. Am J Respir Crit Care Med 2012; 
185: 356–62.

4	 Ober C, Yao TC. The genetics of asthma and allergic disease: 
a 21st century perspective. Immunol Rev 2011; 242: 10–30.

5	 Pickrell JK, Berisa T, Liu JZ, Ségurel L, Tung JY, Hinds DA. 
Detection and interpretation of shared genetic influences on 
42 human traits. Nat Genet 2016; 48: 709–17.

6	 Ferreira MA, Matheson MC, Duffy DL, et al. Identification of IL6R 
and chromosome 11q13.5 as risk loci for asthma. Lancet 2011; 
378: 1006–14.

7	 Torgerson DG, Ampleford EJ, Chiu GY, et al. Meta-analysis of 
genome-wide association studies of asthma in ethnically diverse 
North American populations. Nat Genet 2011; 43: 887–92.

8	 Sleiman PM, Flory J, Imielinski M, et al. Variants of DENND1B 
associated with asthma in children. N Engl J Med 2010; 362: 36–44.



Articles

14	 www.thelancet.com/respiratory   Published online December 11, 2018   http://dx.doi.org/10.1016/S2213-2600(18)30389-8

9	 Bønnelykke K, Sleiman P, Nielsen K, et al. A genome-wide association 
study identifies CDHR3 as a susceptibility locus for early childhood 
asthma with severe exacerbations. Nat Genet 2014; 46: 51–55.

10	 Ramasamy A, Kuokkanen M, Vedantam S, et al. Genome-wide 
association studies of asthma in population-based cohorts confirm 
known and suggested loci and identify an additional association 
near HLA. PLoS One 2012; 7: e44008.

11	 Demenais F, Margaritte-Jeannin P, Barnes KC, et al. Multiancestry 
association study identifies new asthma risk loci that colocalize with 
immune-cell enhancer marks. Nat Genet 2018; 50: 42–53.

12	 Gudbjartsson DF, Bjornsdottir US, Halapi E, et al. Sequence variants 
affecting eosinophil numbers associate with asthma and myocardial 
infarction. Nat Genet 2009; 41: 342–47.

13	 Ferreira MA, Matheson MC, Tang CS, et al. Genome-wide 
association analysis identifies 11 risk variants associated with the 
asthma with hay fever phenotype. J Allergy Clin Immunol 2014; 
133: 1564–71.

14	 Moffatt MF, Gut IG, Demenais F, et al. A large-scale, 
consortium-based genome wide association study of asthma. 
N Engl J Med 2010; 363: 1211–21.

15	 Hirota T, Takahashi A, Kubo M, et al. Genome-wide association 
study identifies three new susceptibility loci for adult asthma in the 
Japanese population. Nat Genet 2011; 43: 893–96.

16	 Himes BE, Hunninghake GM, Baurley JW, et al. Genome-wide 
association analysis identifies PDE4D as an asthma-susceptibility 
gene. Am J Hum Genet 2009; 84: 581–93.

17	 Noguchi E, Sakamoto H, Hirota T, et al. Genome-wide association 
study identifies HLA-DP as a susceptibility gene for pediatric 
asthma in Asian populations. PLoS Genet 2011; 7: e1002170.

18	 Almoguera B, Vazquez L, Mentch F, et al. Identification of four novel 
loci in asthma in European American and African American 
populations. Am J Respir Crit Care Med 2017; 195: 456–63.

19	 Wan YI, Shrine NR, Soler Artigas M, et al. Genome-wide association 
study to identify genetic determinants of severe asthma. Thorax 2012; 
67: 762–68.

20	 Moffatt MF, Kabesch M, Liang L, et al. Genetic variants regulating 
ORMDL3 expression contribute to the risk of childhood asthma. 
Nature 2007; 448: 470–73.

21	 Hinds DA, McMahon G, Kiefer AK, et al. A genome-wide association 
meta-analysis of self-reported allergy identifies shared and 
allergy-specific susceptibility loci. Nat Genet 2013; 45: 907–11.

22	 Bønnelykke K, Matheson MC, Pers TH, et al. Meta-analysis of 
genome-wide association studies identifies ten loci influencing 
allergic sensitization. Nat Genet 2013; 45: 902–06.

23	 Zhu Z, Lee PH, Chaffin MD, et al. A genome-wide cross-trait analysis 
from UK Biobank highlights the shared genetic architecture of 
asthma and allergic diseases. Nat Genet 2018; 50: 857–64.

24	 Ferreira MA, Vonk JM, Baurecht H, et al. Shared genetic origin of 
asthma, hay fever and eczema elucidates allergic disease biology. 
Nat Genet 2017; 49: 1752–57.

25	 Li X, Howard TD, Zheng SL, et al. Genome-wide association study 
of asthma identifies RAD50-IL13 and HLA-DR/DQ regions. 
J Allergy Clin Immunol 2010; 125: 328–35.

26	 Shaw DE, Sousa AR, Fowler SJ, et al. Clinical and inflammatory 
characteristics of the European U-BIOPRED adult severe asthma 
cohort. Eur Respir J 2015; 46: 1308–21.

27	 UK Biobank. Genotyping and quality control of UK Biobank, a 
large-scale, extensively phenotyped prospective resource. v1.2 
Oct 2015. http://biobank.ctsu.ox.ac.uk/crystal/docs/genotyping_qc.
pdf (accessed Dec 4, 2018).

28	 Sudlow C, Gallacher J, Allen N, et al. UK Biobank: an open access 
resource for identifying the causes of a wide range of complex 
diseases of middle and old age. PLoS Med 2015; 12: e1001779.

29	 British Thoracic Society. SIGN 141. British guideline on the 
management of asthma. Scottish Intercollegiate Guidelines 
Network, October, 2014. https://www.brit-thoracic.org.uk/
document-library/clinical-information/asthma/btssign-asthma-
guideline-2014/ (accessed Dec 4, 2018).

30	 Wain LV, Shrine N, Miller S, et al. Novel insights into the genetics 
of smoking behaviour, lung function, and chronic obstructive 
pulmonary disease (UK BiLEVE): a genetic association study in 
UK Biobank. Lancet Respir Med 2015; 3: 769–81.

31	 Walter K, Min JL, Huang J, et al. The UK10K project identifies rare 
variants in health and disease. Nature 2015; 526: 82–90.

32	 Auton A, Brooks LD, Durbin RM, et al. A global reference for 
human genetic variation. Nature 2015; 526: 68–74.

33	 Marchini J, Howie B, Myers S, McVean G, Donnelly P. A new 
multipoint method for genome-wide association studies by 
imputation of genotypes. Nat Genet 2007; 39: 906–13.

34	 Yang J, Lee SH, Goddard ME, Visscher PM. GCTA: a tool for 
genome-wide complex trait analysis. Am J Hum Genet 2011; 
88: 76–82.

35	 Lamontagne M, Couture C, Postma DS, et al. Refining susceptibility 
loci of chronic obstructive pulmonary disease with lung eqtls. 
PLoS One 2013; 8: e70220.

36	 Westra HJ, Peters MJ, Esko T, et al. Systematic identification of 
trans eQTLs as putative drivers of known disease associations. 
Nat Genet 2013; 45: 1238–43.

37	 Hekking PP, Loza MJ, Pavlidis S, et al. Pathway discovery using 
transcriptomic profiles in adult-onset severe asthma. 
J Allergy Clin Immunol 2017; 141: 1280–90.

38	 Lefaudeux D, De Meulder B, Loza MJ, et al. U-BIOPRED clinical 
adult asthma clusters linked to a subset of sputum omics. 
J Allergy Clin Immunol 2017; 139: 1797–807.

39	 Bigler J, Boedigheimer M, Schofield JPR, et al. A severe asthma 
disease signature from gene expression profiling of peripheral 
blood from U-BIOPRED cohorts. Am J Respir Crit Care Med 2017; 
195: 1311–20.

40	 Uhlén M, Fagerberg L, Hallström BM, et al. Proteomics. Tissue-based 
map of the human proteome. Science 2015; 347: 1260419.

41	 Voraphani N, Gladwin MT, Contreras AU, et al. An airway epithelial 
iNOS-DUOX2-thyroid peroxidase metabolome drives Th1/Th2 
nitrative stress in human severe asthma. Mucosal Immunol 2014; 
7: 1175–85.

42	 Singhania A, Wallington JC, Smith CG, et al. Multitissue 
transcriptomics delineates the diversity of airway T cell functions in 
asthma. Am J Respir Cell Mol Biol 2018; 58: 261–70.

43	 Ward LD, Kellis M. HaploReg v4: systematic mining of putative 
causal variants, cell types, regulators and target genes for human 
complex traits and disease. Nucleic Acids Res 2016; 44: D877–81.

44	 Zhou J, Troyanskaya OG. Predicting effects of noncoding variants with 
deep learning-based sequence model. Nat Methods 2015; 12: 931–34.

45	 Leslie R, O’Donnell CJ, Johnson AD. GRASP: analysis of 
genotype-phenotype results from 1390 genome-wide association 
studies and corresponding open access database. Bioinformatics 
2014; 30: i185–94.

46	 MacArthur J, Bowler E, Cerezo M, et al. The new NHGRI-EBI Catalog 
of published genome-wide association studies (GWAS Catalog). 
Nucleic Acids Res 2017; 45: D896–901.

47	 Astle WJ, Elding H, Jiang T, et al. The allelic landscape of human 
blood cell trait variation and links to common complex disease. 
Cell 2016; 167: 1415–29.

48	 Fingerlin TE, Murphy E, Zhang W, et al. Genome-wide association 
study identifies multiple susceptibility loci for pulmonary fibrosis. 
Nat Genet 2013; 45: 613–20.

49	 Lin AP, Abbas S, Kim SW, et al. D2HGDH regulates 
alpha- ketoglutarate levels and dioxygenase function by modulating 
IDH2. Nat Commun 2015; 6: 7768.

50	 Moeser AJ, Nighot PK, Ryan KA, Simpson JE, Clarke LL, 
Blikslager AT. Mice lacking the Na+/H+ exchanger 2 have impaired 
recovery of intestinal barrier function. Am J Physiol Gastrointest 
Liver Physiol 2008; 295: G791–97.

51	 Zhao QY, Ju F, Wang ZH, Ma XZ, Zhao H. ING5 inhibits 
epithelial-mesenchymal transition in breast cancer by suppressing 
PI3K/Akt pathway. Int J Clin Exp Med 2015; 8: 15498–505.

52	 Tam RC, Li MW, Gao YP, et al. Human CLEC16A regulates autophagy 
through modulating mTOR activity. Exp Cell Res 2017; 352: 304–12.

53	 Das S, Miller M, Beppu AK, et al. GSDMB induces an asthma 
phenotype characterized by increased airway responsiveness and 
remodeling without lung inflammation. Proc Natl Acad Sci USA 
2016; 113: 13132–37.

54	 Chen J, Miller M, Unno H, Rosenthal P, Sanderson MJ, Broide DH. 
Orosomucoid-like 3 (ORMDL3) upregulates airway smooth muscle 
proliferation, contraction, and Ca²+ oscillations in asthma. 
J Allergy Clin Immunol 2018; 142: 207–18.

55	 Lachowicz-Scroggins ME, Finkbeiner WE, Gordon ED, et al. 
Corticosteroid and long-acting β-agonist therapy reduces epithelial 
goblet cell metaplasia. Clin Exp Allergy 2017; 47: 1534–45.



Articles

www.thelancet.com/respiratory   Published online December 11, 2018   http://dx.doi.org/10.1016/S2213-2600(18)30389-8	 15

56	 Johnson L, Shah I, Loh AX, et al. MUC5AC and inflammatory 
mediators associated with respiratory outcomes in the British 1946 
birth cohort. Respirology 2013; 18: 1003–10.

57	 Lachowicz-Scroggins ME, Yuan S, Kerr SC, et al. Abnormalities in 
MUC5AC and MUC5B protein in airway mucus in asthma. 
Am J Respir Crit Care Med 2016; 194: 1296–99.

58	 Bonser LR, Erle DJ. Airway mucus and asthma: the role of 
MUC5AC and MUC5B. J Clin Med 2017; 6: E112.

59	 Evans CM, Raclawska DS, Ttofali F, et al. The polymeric mucin 
MUC5AC is required for allergic airway hyperreactivity. 
Nat Commun 2015; 6: 6281.

60	 Livraghi-Butrico A, Grubb BR, Wilkinson KJ, et al. Contribution of 
mucus concentration and secreted mucins MUC5AC and MUC5B to 
the pathogenesis of muco-obstructive lung disease. Mucosal Immunol 
2017; 10: 395–407.

61	 Plagnol V, Howson JM, Smyth DJ, et al. Genome-wide association 
analysis of autoantibody positivity in type 1 diabetes cases. 
PLoS Genet 2011; 7: e1002216.

62	 Anderson CA, Boucher G, Lees CW, et al. Meta-analysis identifies 
29 additional ulcerative colitis risk loci, increasing the number of 
confirmed associations to 47. Nat Genet 2011; 43: 246–52.

63	 Verstreken P, Ohyama T, Haueter C, et al. Tweek, an evolutionarily 
conserved protein, is required for synaptic vesicle recycling. 
Neuron 2009; 63: 203–15.

64	 Okada Y, Wu D, Trynka G, et al. Genetics of rheumatoid arthritis 
contributes to biology and drug discovery. Nature 2014; 
506: 376–81.

65	 Chen B, Hsu R, Li Z, et al. Upstream stimulatory factor 1 activates 
GATA5 expression through an E-box motif. Biochem J 2012; 
446: 89–98.

66	 McKenzie AN. Type-2 innate lymphoid cells in asthma and allergy. 
Ann Am Thorac Soc 2014; 11 (suppl 5): S263–70.

67	 Pulit SL, de With SA, de Bakker PI. Resetting the bar: statistical 
significance in whole-genome sequencing-based association studies 
of global populations. Genet Epidemiol 2017; 41: 145–51.

68	 Lee JK, Han D. Atopic dermatitis is an important comorbidity in 
severe asthma. Ann Allergy Asthma Immunol 2018; 120: 661–62.

69	 Perry MM, Lavender P, Kuo CS, et al. DNA methylation modules in 
airway smooth muscle are associated with asthma severity. 
Eur Respir J 2018; 51: 1701068.



Supplementary appendix
This appendix formed part of the original submission and has been peer reviewed. 
We post it as supplied by the authors. 

Supplement to: Shrine N, Portelli MA, John C, et al. Moderate-to-severe asthma in 
individuals of European ancestry: a genome-wide association study. Lancet Respir Med 
2018; published online Dec 11. http://dx.doi.org/10.1016/S2213-2600(18)30389-8.



1 
 

Supplementary Material 

Stage 1 case and control selection 

Genotyping quality control 
In each genotyping batch samples were excluded: (i) if their genetically inferred sex didn’t match their sex in 
the sample manifest; (ii) if they had outlying heterozygosity within the batch (outside either 2 or 3 standard 
deviations from the mean depending on batch); (iii) if they had a call rate < 95% across genotyped variants; 
(iv) if cryptically related to another sample (2nd degree related or higher using IBD estimates calculated by 
PLINK 1.90), 1 sample of the pair was removed; (v) if the sample shows significant deviation from European 
ancestry as determined by a plot of the first two principal components calculated using EIGENSOFT 6.1.4. 

Genetics of Asthma Phenotypes & Severity (GASP) cases for stage 1 
Moderate-severe asthma cases were recruited as part of GASP defined as moderate-severe asthma as per the 
British Thoracic Society (BTS) guidelines (2014) and the British National Formulary (September 2015) 
essentially as previously described1. We recruited adult subjects with asthma (age 16-60) from eight UK 
centres; Nottingham (recruited 1990-2015), Belfast (recruited 2008-2009), Birmingham (2005-2014), 
Cumbria (recruited 2013-2015), Manchester (recruited 2008-2014), Southampton (recruited 2003-2014), 
Glasgow (recruited 2002-2014) and Leicester (recruited 2004-2015). 2,976 GASP samples were genotyped, 
744 using the Affymetrix Axiom® UK BiLEVE array and 2,232 with the Affymetrix Axiom® UK Biobank 
array. 688 samples failed genotyping quality control, leaving 2,288 samples in the genotype imputation. Out 
of the 2,288 samples in the genotype imputation 1 was excluded for relatedness and 429 did not meet the 
criteria for moderate-severe asthma leaving 1,858 cases in the analysis. 

Unbiased BIOmarkers in PREDiction of respiratory disease outcomes (U-BIOPRED) cases and controls 
for stage 1 
Recruitment to the U-BIOPRED cohort involved 16 clinical centres in 11 European countries and has been 
described in detail2 (recruited 2013-2015). 755 U-BIOPRED samples were genotyped on the Affymetrix 
Axiom® UK Biobank array. Following quality control, 281 U-BIOPRED cases (as per criteria described for 
GASP) and 75 controls were included in stage 1.  

Selection of UK Biobank cases for stage 1 
Genotyping data was available from UK Biobank for 152,729 of the 502,682 individuals recruited by UK 
Biobank (May 2015 interim release). 480 individuals were removed as recommended by UK Biobank for 
outlying genome-wide heterozygosity or having more than 5% missing genetic data. 6,656 individuals were 
excluded as non-European ancestry (data field 21000 – values other than 1, 1001, 1002, 1003). 
Moderate-severe asthma subjects were selected from UK Biobank under the following criteria; Asthma – 
doctor diagnosis (data field 6152), Exclude doctor diagnosed Emphysema/chronic bronchitis (data field 6152) 
and moderate-severe asthma based on British Thoracic Society (BTS) guidelines (2014) and the British 
National Formulary (September 2015) (data field 20003). From 146,073 European ancestry individuals 
available in the first release of UK Biobank genetic data, 18,010 subjects recorded yes to doctor diagnosed 
asthma and 3,105 met the criteria for moderate-severe asthma, 2,996 of which passed genotyping quality 
control. 
 
Defining moderate-severe asthma 
For the GASP and U-BIOPRED cohorts recruited from secondary care in specialist respiratory centres 
moderate-severe asthma definition was as per the BTS guidelines (2014) and the British National Formulary 
(September 2015) and was defined by the collaborating centre, i.e.  BTS stage 3-5 criteria; i.e. for Stage 3 
taking - long acting2 agonist, plus inhaled corticosteroid (ICS), Stage 4 – higher dose ICS and addition of a 
fourth drug e.g. leukotriene receptor antagonist, SR theophylline, and Stage 5 – oral corticosteroid (OCS) 
and/or Omalizumab. 
 
In UK Biobank cases were defined by (i) having doctor diagnosed asthma, (ii) taking medication for asthma, 
(iii) exclusion of doctor diagnosed emphysema/chronic bronchitis and (iv) meeting the definition of 
moderate-severe asthma using British Thoracic Society (BTS) criteria. Cases were therefore selected from 
individuals for whom medication information was available and who met BTS stage 3-5 criteria as outlined.  
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Medicines relevant to all asthma subjects and those used to identify moderate-severe asthma in UK Biobank 
are listed below. 
 
Medicines relevant to all asthma diagnosed subjects including UKB id code  
 
1140855298 salbulin 2mg tablet 
1140855302 salbulin 2mg/2ml liquid 
1140855304 salbuvent 2mg tablet 
1140855308 salbuvent 2mg/5ml syrup 
1140855372 asmaven 100micrograms inhaler 
1140855374 cobutolin 100micrograms inhaler 
1140855376 aerolin-400 100micrograms inhaler 
1140855380 salbuvent 100micrograms inhaler 
1140855384 salbuvent 5mg/ml respirator solution 
1140855390 monovent 5mg tablet 
1140855466 bextasol 100micrograms inhaler 
1140855500 asma-vydrin spray 
1140855508 bronchilator inhaler 
1140855520 duo-autohaler inhaler 
1140855524 iso-brovon pressurised inhaler 
1140855528 medihaler duo inhaler 
1140855534 rybar no-1 inhaler 
1140855536 rybar no-2 inhaler 
1140855538 taumasthman tablet 
1140861996 salbulin 100micrograms inhaler 
1140861998 ventolin 100micrograms inhaler 
1140862008 steri-neb salamol 2.5mg/2.5ml nebulisation unit 
1140862016 ventodisks 200micrograms/blister disks+diskhaler 
1140862060 ventolin 2mg tablet 
1140862066 volmax 4mg m/r tablet 
1140862070 ventolin cr 4mg m/r tablet 
1140862086 salamol 100micrograms inhaler 
1140862110 berotec 100 inhaler 
1140862118 pirbuterol 
1140862120 exirel 10mg capsule 
1140862124 exirel 200micrograms inhaler 
1140862134 bronchodil 500micrograms inhaler 
1140862140 pulmadil 200micrograms inhaler 
1140862380 becloforte 250micrograms inhaler 
1140862382 becotide 50 inhaler 
1140862406 filair 50 inhaler 
1140862476 beclazone 50 inhaler 
1140862526 sodium cromoglycate 
1140862532 intal 5mg inhaler 
1140862560 ventide inhaler 
1140862572 budesonide 
1140862574 pulmicort ls 50micrograms inhaler 
1140862584 pulmicort ls 50micrograms spacer inhaler 
1140862600 cromogen 5mg inhaler 
1140862610 aerocrom inhaler 
1140881856 salbutamol 
1141157418 budesonide product 
1141157486 salbutamol product 
1141195280 novolizer budesonide 200micrograms/dose cartridge+inhaler 
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Medicines identifying moderate-severe asthma including UKB id code 
 
1140883548 ipratropium 
1141182628 tiotropium 
1140855320 isoetharine hydrochloride* 
1140855322 numotac 10mg m/r tablet 
1140855328 aleudrin 20mg tablet** 
1140855330 aleudrin 1% spray for nebuliser** 
1140855332 iso-autohaler 80micrograms inhaler** 
1140855358 theodrox tablet 
1140855360 sabidal sr-270 424mg m/r tablet 
1140855366 pro-vent 300mg m/r capsule 
1140855400 bronchodil 20mg tablet 
1140855424 theograd 350mg m/r tablet 
1140855426 biophylline 350mg m/r tablet 
1140855442 adrenaline+atropine compound spray 
1140855496 alupent expectorant 20mg tablet* 
1140855504 bricanyl compound tablet 
1140855506 bricanyl expectorant elixir 
1140855530 nethaprin dospan m/r tablet 
1140855540 tedral tablet 
1140855542 tedral elixir 
1140855540 tedral tablet 
1140855542 tedral elixir 
1140862092 maxivent 100micrograms inhaler 
1140862144 salmeterol 
1140862148 serevent 25mcg inhaler 
1140862162 bricanyl 5mg tablet 
1140862168 bricanyl 250mcg inhaler 
1140862222 brelomax 2mg tablet 
1140862224 respacal 2mg tablet 
1140862236 atrovent 20micrograms inhaler 
1140862260 aminophylline 
1140862266 phyllocontin continus 225mg m/r tablet 
1140862274 pecram 225mg m/r tablet 
1140862280 bambec 10mg tablet 
1140862290 adrenaline product 
1140862292 medihaler-epi 280micrograms inhaler 
1140862294 adrenaline acid tartrate 280micrograms inhaler 
1140862306 cam 4mg/5ml s/f mixture 
1140862310 medihaler-iso 80micrograms inhaler 
1140862320 alupent 20mg tablet* 
1140862336 amnivent 225 sr m/r tablet 
1140862346 choline theophyllinate 
1140862348 choledyl 100mg tablet 
1140862362 duovent inhaler 
1140862364 franol tablet 
1140862374 ephedrine hydrochloride+theophylline 11mg/120mg tablet 
1140862412 theophylline product 
1140862414 nuelin 125mg tablet 
1140862418 lasma 300mg m/r tablet 
1140862424 slo-phyllin 60mg m/r capsule 
1140862432 theo-dur 200mg m/r tablet 
1140862438 uniphyllin continus 200mg m/r tablet 
1140862474 aerobec 50mcg autohaler 
1140868364 prednisone 
1140868370 decortisyl 5mg tablet 
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1140881862 oxivent 100mcg inhaler 
1141157264 salmeterol product 
1141157402 prednisolone product 
1141173346 cortisone 
1141176832 seretide 50 evohaler 
1141182632 spiriva 18micrograms inhalation capsule 
1141195224 formoterol 
1141195232 budesonide+formoterol 
1141157126 montelukast product 
1141157132 singulair 10mg tablet 
1141168340 zafirlukast 
1141168344 accolate 20mg tablet 
 
* Historic first-line bronchodilator. Now only used in severe asthma for when the patient is on standard 
therapy ** Historic bronchodilator 
 

Selection of UK Biobank controls for stage 1 
Controls were selected from UK Biobank under the following criteria; disease exclusion 1 (doctor diagnosed 
asthma, rhinitis, eczema, allergy, Emphysema/chronic bronchitis) (data field 6152), disease exclusion 2: 
individuals taking medicine for lung related conditions (data field 20003), exclude if one or more admission 
for asthma (ICD10 codes J45-J46) or COPD & bronchiectasis (ICD10 codes J40-J44, J47). From 146,073 
European ancestry individuals available in the first release of UK Biobank genetic data, this selection gave 
97,267 individuals available prior to age and sex matching to cases. 80,629 selected controls passed genotyping 
quality control and from these we selected 25,600 samples to give a 1:5 case-control ratio to balance statistical 
power and computational time. 

Stage 2 case and control selection 

Selection of moderate-severe asthma patients from UK Biobank for stage 2 and 2a 
The second release of UK Biobank included 488,377 individuals of which 460,223 were of self-reported white 
ethnicity (data field 21000 - codes 1, 1001, 1002, 1003). From those not already included in stage 1, we 
identified 5,756 potential cases using the same criteria as stage 1 of which 5,499 passed genotyping quality 
control. 85 related individuals (2nd degree or closer) were excluded (68 related to stage 1 samples; 17 related 
to other stage 2 samples) leaving 5,414 severe asthma cases for replication. 

Selection of UK Biobank controls for stage 2 and 2a 
In the full release of UK Biobank genotype data 314,431 individuals of self-reported white ethnicity who were 
not genotyped in the interim release from which stage 1 sample were selected. From these we identified 
275,820 eligible controls by excluding individuals with self-reported doctor-diagnosed asthma or 
emphysema/chronic bronchitis (data field 6152). 275,144 samples passed genotyping quality control from 
which we excluded 28,504 samples that were 2nd degree or closer related to stage 1 or stage 2. From the 
remaining 246,640 we selected 27,082 age and gender matched controls to give a 1:5 case-control ratio, and 
from these we additionally excluded 5,611 individuals with self-reported rhinitis, eczema and allergy in data 
field 6152 leaving 21,471 controls in the stage 2 analysis. For stage 2a (sensitivity analyses) we used all 27,082 
age and gender matched controls prior to exclusion of self-reported rhinitis, eczema and allergy in data field 
6152. 

Phasing and imputation 
To improve accuracy, phasing and imputation was done across all samples in the Stage 1 genotyping batches 
which included the case and control samples for this study. Accordingly, after quality control there were 
102,247 samples included in the phasing and imputation. Variants with minor allele frequency <1%, Hardy-
Weinberg P <10-6 and call rate <95% were excluded leaving 589,812 quality controlled variants to be phased 
and used as the imputation input. 
Phasing was performed using SHAPEIT v33 and imputation was performed using IMPUTE v2.3.24 using 
combined 1000 genomes phase 3 and UK10K5 reference panels (merged with IMPUTE v2.3.2) comprising 
81.6 million variants. After imputation we retained 33.6 million well-imputed variants (imputation INFO score 
> 0.5 and minor allele count >= 3) for association testing. 
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In stage 2 we used the genotypes provided with the UK Biobank final release comprising 39 million variants 
imputed to the Haplotype Reference Consortium (HRC) [Bycroft 2017 https://doi.org/10.1101/166298]. 

Stage 1 genome-wide analyses 
Genome-wide association testing was run with SNPTEST v2.56 using a logistic model to associate moderate-
severe asthma risk with imputed genotype dose (continuous from 0-2 reflecting imputation uncertainty), 
including the first 10 ancestry principal components as the only covariates (samples were matched in age-sex 
strata during selection) and using the fast score test option for computational speed. 
We applied genomic control using the LD score regression intercept (LDSC software)7 as the inflation factor 
λ to appropriately correct test statistics for inflation due to confounding (Supplementary Figure 1). 

Selection of signals for stage 2 
We used a threshold of P <10-6 to select signals for follow up in stage 2. In order to define our initial set of 
associated loci, we selected the most significant variant as the sentinel variant and all variants within ±500kb 
as belonging to the locus represented by this sentinel. We then select the next most significant variant outside 
the newly defined locus as the next sentinel and so on until there are no more variants with P <10-6 not already 
attributed to a locus. We then performed stepwise conditional analysis on the variants within each locus, 
conditioning on the sentinel variant initially, to identify independent signals within each 1 Mb locus, thereby 
obtaining a set of independently associated signals for follow up in stage 2. 

Checking for array effects in stage 1 
In stage 1 1707 cases and 8329 controls (1:4.88 case-control ratio) were genotyped on the Affymetrix Axiom® 
UK BiLEVE array8 and 3428 cases and 17346 controls on the Affymetrix Axiom® UK Biobank array (1:5.06 
case-control ratio) with moderate-severe asthma case status independent of array (Fisher exact test P=0.27). 
We performed a sensitivity analysis of the stage 1 association testing to any array effects by repeating the 
association test with array as a covariate for our 32 signals followed up in stage 1. There was no significant 
change in effect size (Supplementary Figure 2) or association P value between adjusted and unadjusted results. 

Stage 2 case-control analyses and meta-analyses 
The stage 2 and 2a (sensitivity) replication association testing was performed in an identical manner to stage 
1. Stage 1 and stage 2 were meta-analysed using inverse-variance weighted meta-analysis. In cases where a 
variant was not available or poorly imputed in stage 2, a proxy was chosen (rsid.ukb in Supplementary Table 
2) and used in the meta-analysis of stage 1 and stage 2. 

Expression quantitative trait loci (eQTL) 
The variants identified as associated with susceptibility to moderate-severe asthma as well as variants in LD 
(r2 > 0.4) were investigated in two eQTL datasets; a blood eQTL database9 and a lung eQTL database10,11. The 
blood cell resource contained eQTL data for variants showing any association with peripheral blood samples 
from 5,311 individuals. Subjects were genotyped on various platforms and imputed using HapMap. The lung 
eQTL database consisted of non-tumour lung tissue from 1,110 individuals who had undergone lung resection 
and genotyped on the Illumina Human1M-Duo BeadChip array. A FDR threshold of 10% was used for eQTLs 
in these two databases. 
To complement these eQTL resources we also had access to an additional five eQTL datasets generated as part 
of the U-BIOPRED initiative including; blood n=345, sputum n=91, biopsy n=84, bronchial brushing n=117 
and nasal brushing n=75. To maximise power we included all subjects from U-BIOPRED in the eQTL 
analyses, i.e. a: severe non-smoking asthma, b: severe smoking asthma, c: mild-moderate asthma and d: healthy 
controls.  
 
Traits  Blood (n)         Sputum (n)     Biopsy (n)  Bronchial brushing (n)  Nasal brushing (n) 
Cohort(a/b/c/d) 161/65/59/60   44/19/16/12    36/10/22/16     41/14/29/33    26/9/19/21 
 
The U-BIOPRED cohort was genotyped using the Affymetrix Axiom® UK Biobank array and after imputation 
(SHAPEIT2 for pre-phasing) and IMPUTE 2, using 1000 Genome-phase3 as reference panel) and quality 
control, there were 2,536,796 SNPs for association testing. Transcriptomic analysis was performed with the 
Affymetrix HT HG-U133 1 PM GeneChip (Affymetrix, Santa Clara, Calif) on extracted RNA. Technical and 
biological quality checks were performed according to Affymetrix recommendations with only RNA samples 
of high purity (RNA integrity number > 6.5) used for amplification 12,13. A FDR threshold of 5% was used for 



6 
 

the smaller U-BIOPRED eQTL resources. For the MUC5AC rs11603634 eQTL (via proxy rs11602802) 
identified in bronchial brushings we also repeated analyses in asthma subjects alone with similar findings. 

mRNA analyses in control and asthma subject biological samples 
To determine the relative expression of MUC5AC and KIAA1109 in bronchial epithelial cell brush samples 
from asthma and control subjects we used two freely available gene expression datasets from the Gene 
Expression Omnibus (GEO) resource (https://www.ncbi.nlm.nih.gov/geo/). The datasets included; GSE43696 
which includes Agilent Human GE 4×44K V2 Gene Expression data for 20 control, 50 mild and 38 severe 
asthma subjects14. Asthma severity was defined based on; mild/moderate-severe asthma had an FEV1 of 
>60%predicted, with/without low–moderate dose inhaled CS and severe asthma subjects had continuous use 
of high-dose inhaled CS and/or frequent use of oral CS with continuing symptoms and/or chronic airflow 
limitation. We also used,GSE89809 which includes Affymetrix HT HG-U133+ PM GeneChip data for 18 
control, 14 mild, 13 moderate and 11 severe asthma subjects15. Asthma severity was defined based on; mild 
patients with asthma on 2-agonists alone, 17 subjects with moderate asthma on ICS and 14 subjects with 
severe asthma with persistent symptoms despite high-dose ICS (n =14) and oral corticosteroids (n = 4).   
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Supplementary Figures and Tables 
 
Supplementary Figure 1: Quantile-quantile (QQ) plot for Stage 1: the unadjusted genomic inflation 
factor λ was 1.124. After correcting for polygenicity using LD score regression7 the residual 
inflation factor used for genomic control was 1.029. 
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Supplementary Figure 2: Sensitivity of association testing to array effects. The effect sizes for the 
32 signals followed up from stage 1 are plotted, betas (log odds ratios) adjusted for array effects vs. 
unadjusted betas. Error bars are the standard errors of the effect estimates. 
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Supplementary Figure 3: Regional association plots for 32 signals taken forward in stage 1. 
Significance of each single nucleotide polymorphism (SNP) on the –log10 scale as a function of 
chromosome position (NCBI build 37). The sentinel SNP at each locus is shown by the blue peak, 
and data points are colour coded to show the correlations (r²) of each of the surrounding SNPs to the 
sentinel SNP. The green line indicates criteria for inclusion in stage 2 (P <1×10⁻⁶) and the red line 
indicates genome-wide significance (P <5×10⁻⁸). 
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Supplementary Figure 4: rs11603634 shows a non-significant association with MUC5B mRNA 
expression in bronchial epithelial brush samples. Bronchial epithelial brush samples (n=117) were 
collected as part of the U-BIOPRED study, DNA was extracted and genotypes generated using the 
Affymetrix Axiom® UK Biobank array and imputation, RNA was extracted and transcriptomic 
analysis was performed using the Affymetrix HT HG-U133 1 PM GeneChip. rs11603634 was not 
directly genotyped, therefore proxy rs11602802 was used. The rs11603634 asthma risk allele (G) is 
correlated with rs11602802 (A) allele. The graph shows the data for MUC5B mRNA expression 
stratified by rs11602802 genotype, the box and whiskers show the mean and IQR for each 
genotype. P= 0.295 (FDR). 
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Supplementary Figure 5: KIA1109 expression in the human lung. Bronchial epithelial cells show 
low level expression that is cytoplasmic/membranous. Figure from Protein Atlas (see 
https://www.proteinatlas.org/ENSG00000138688-KIAA1109/tissue/bronchus#img).  
 

 
 
 
 
 
  



28 
 

Supplementary Figure 6: MUC5AC expression in the human lung. Bronchial epithelial cells show 
high level expression that is cytoplasmic/membranous. Figure from Protein Atlas (see 
https://www.proteinatlas.org/ENSG00000215182-MUC5AC/tissue/bronchus#img).  
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Supplementary Table 1: Summary of results for 32 variants associated with susceptibility to moderate-severe asthma in stage 1 discovery GWAS 
(P <10−6) and analysed in Stage 2 and Meta-analysis. In Stage 1 the P value is bold if it is genome-wide significant (P <5×10−8; 21 variants). In the Stage 
2 columns the OR is bold if there is a consistent direction of effect with stage 1 (30 variants) and the P value is bold if it is nominally significant 
(P <0.05; 26 variants). The meta-analysis P value is bold if it is genome-wide significant (P <5×10−8; 25 variants). 

Chr Position Variant Locus Non-coded coded Minor allele condition MAF 

Stage 1 Stage 2 Meta 

OR [95% CI] P OR [95% CI] P OR [95% CI] P 
               
Novel               
1 8,501,786 rs301819 RERE A G A  40.90% 1.12 [1.07-1.17] 2.84E-07 1.05 [1.00-1.10] 2.89E-02 1.08 [1.05-1.12] 2.66E-07 
1 12,144,801 rs137907825 TNFRSF8 CTG C C  27.89% 1.13 [1.08-1.18] 8.78E-07 1.03 [0.98-1.08] 2.78E-01 1.08 [1.04-1.11] 2.38E-05 
1 111,890,568 rs147639436 PIFO A G G 

 
1.43% 1.67 [1.38-2.02] 1.31E-07 0.96 [0.80-1.16] 6.94E-01 1.25 [1.10-1.43] 7.43E-04 

1 152,285,861 rs61816761 FLG G A A 
 

2.37% 1.50 [1.28-1.76] 4.70E-07 1.26 [1.09-1.45] 2.18E-03 1.36 [1.22-1.51] 1.18E-08 
4 123,055,701 rs560026225 KIAA1109 G GATT GATT 

 
23.60% 1.15 [1.09-1.21] 4.62E-07 1.09 [1.04-1.15] 7.50E-04 1.12 [1.08-1.16] 3.06E-09 

5 180,078,030 rs551660440 FLT4 G A A 
 

0.79% 2.08 [1.56-2.79] 7.46E-07 1.01 [0.80-1.28] 9.31E-01 1.35 [1.12-1.62] 1.45E-03 
7 46,682,176 rs56192946 TNS3 C T T 

 
18.27% 0.87 [0.82-0.92] 6.50E-07 0.97 [0.92-1.03] 3.25E-01 0.92 [0.88-0.96] 3.22E-05 

9 140,853,067 rs551372748 CACNA1B A G G 
 

0.72% 2.34 [1.70-3.22] 1.72E-07 0.90 [0.67-1.20] 4.67E-01 1.39 [1.12-1.72] 2.80E-03 
10 8,115,362 rs10905284 GATA3 C A C 

 
42.94% 0.87 [0.84-0.91] 2.01E-09 0.94 [0.90-0.98] 2.25E-03 0.90 [0.88-0.93] 1.76E-10 

11 1,136,478 rs11603634 MUC5AC A G A 
 

49.64% 1.13 [1.08-1.18] 2.30E-08 1.05 [1.01-1.10] 1.82E-02 1.09 [1.06-1.12] 2.32E-08 
13 100,112,522 rs9517738 LINC01232 G A G 

 
29.76% 1.13 [1.08-1.19] 3.32E-07 1.04 [0.99-1.09] 1.31E-01 1.08 [1.05-1.12] 3.24E-06 

               
Previous               
1 167,427,247 rs7523907 CD247 C T C 

 
45.92% 1.14 [1.10-1.20] 1.64E-09 1.05 [1.01-1.10] 2.11E-02 1.10 [1.06-1.13] 4.82E-09 

2 102,949,161 rs12479210 IL1RL1 C T T 
 

38.73% 1.20 [1.15-1.26] 4.77E-16 1.19 [1.14-1.24] 4.82E-15 1.19 [1.16-1.23] 1.57E-29 
2 242,698,640 rs34290285 D2HGDH G A A 

 
25.74% 0.82 [0.78-0.87] 1.41E-14 0.85 [0.81-0.89] 1.16E-10 0.84 [0.81-0.87] 2.24E-23 

5 110,401,872 rs1837253 TSLP T C T 
 

25.84% 1.24 [1.18-1.30] 8.49E-18 1.14 [1.08-1.20] 1.75E-07 1.19 [1.15-1.23] 1.95E-22 
5 110,467,499 rs1438673 WDR36 C T T rs1837253 49.22% 0.87 [0.84-0.91] 2.35E-09 0.91 [0.87-0.95] 1.33E-05 0.89 [0.86-0.92] 3.29E-13 
5 131,799,626 rs3749833 C5orf56 T C C 

 
26.08% 1.17 [1.12-1.23] 1.14E-10 1.11 [1.06-1.16] 2.69E-05 1.14 [1.10-1.18] 5.60E-14 

5 131,887,986 rs1986009 RAD50 C A A rs3749833 18.71% 1.18 [1.11-1.24] 1.39E-08 1.16 [1.10-1.23] 4.11E-08 1.17 [1.13-1.22] 2.43E-15 
6 32,581,739 rs776111176 HLA-DQA1 A AAT A rs9273410 14.85% 0.82 [0.77-0.88] 1.81E-08 0.85 [0.81-0.90] 2.62E-09 0.84 [0.81-0.88] 2.61E-16 
6 32,627,250 rs9273410 HLA-DQB1 C A C 

 
44.70% 1.26 [1.20-1.32] 1.07E-24 1.16 [1.11-1.21] 2.14E-10 1.21 [1.17-1.25] 5.62E-32 

6 91,001,332 rs367983479 BACH2 CA C C 
 

38.50% 0.88 [0.85-0.93] 7.12E-08 0.92 [0.88-0.96] 1.12E-04 0.90 [0.87-0.93] 6.30E-11 
8 81,266,924 rs71266076 MIR5708 C CT C 

 
36.93% 0.87 [0.83-0.91] 4.21E-09 0.91 [0.87-0.95] 1.57E-05 0.89 [0.86-0.92] 6.53E-13 

9 6,208,030 rs144829310 IL33 G T T 
 

16.40% 1.23 [1.16-1.30] 3.68E-12 1.19 [1.13-1.26] 1.12E-09 1.21 [1.16-1.26] 2.29E-20 
10 9,043,404 rs61840192 LOC101928272 G A A 

 
42.70% 0.85 [0.81-0.88] 8.42E-14 0.86 [0.82-0.89] 1.14E-12 0.85 [0.83-0.88] 8.33E-25 

11 76,293,726 rs7936312 C11orf30 G T T 
 

47.42% 1.14 [1.10-1.19] 1.09E-09 1.19 [1.14-1.24] 3.38E-16 1.17 [1.13-1.20] 6.18E-24 
12 56,449,875 rs7305461 RPS26 A C A 

 
44.61% 0.88 [0.84-0.92] 1.65E-08 0.94 [0.90-0.98] 2.51E-03 0.91 [0.88-0.94] 1.01E-09 

12 57,497,005 rs703816 STAT6 T C C 
 

43.41% 1.16 [1.11-1.21] 1.18E-11 1.08 [1.03-1.13] 4.31E-04 1.12 [1.09-1.15] 3.69E-13 
15 61,068,704 rs10519068 RORA G A A 

 
12.75% 0.85 [0.79-0.90] 4.81E-07 0.85 [0.79-0.90] 5.76E-07 0.85 [0.81-0.89] 1.84E-12 

15 67,441,750 rs72743461 SMAD3 C A A 
 

23.60% 1.18 [1.12-1.24] 1.03E-10 1.11 [1.06-1.17] 2.35E-05 1.14 [1.11-1.19] 4.52E-14 
16 11,230,703 rs7203459 CLEC16A T C C 

 
24.56% 0.81 [0.77-0.86] 7.83E-16 0.90 [0.85-0.94] 2.33E-05 0.86 [0.83-0.89] 4.37E-18 

17 37,910,368 rs2941522 IKZF3 C T T 
 

48.29% 1.13 [1.08-1.18] 1.46E-08 1.10 [1.05-1.14] 1.97E-05 1.11 [1.08-1.15] 2.32E-12 
17 47,439,302 rs112502960 ZNF652 G A A 

 
35.92% 1.14 [1.09-1.20] 6.05E-09 1.08 [1.04-1.13] 3.92E-04 1.11 [1.08-1.15] 4.12E-11 
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Supplementary Table 2: Summary of results for stage 2a sensitivity analysis (controls with atopy) for variants associated with susceptibility to moderate-
severe asthma in stage 1 discovery GWAS (P < 10−6). In the Stage 2a columns the OR is bold if there is a consistent direction of effect with stage 1 
(30 variants) and the P value is bold if it is nominally significant (P <0.05; 25 variants). The meta-analysis P value is bold if it is genome-wide significant 
(P <5×10−8; 24 variants). 

          Stage 2a  Meta-analysis 

Chr Position Variant Locus 
Non-
coded coded 

Minor 
allele condition MAF 

rsid.ukb 
(proxy r2) OR [95% CI] P OR [95% CI] P 

              
Novel              
1 8,501,786 rs301819 RERE A G A   40.90% rs301819 1.04 [1.00-1.09] 6.85E-02 1.08 [1.05-1.11] 1.15E-06 
1 12,144,801 rs137907825 TNFRSF8 CTG C C   27.89% rs12133231 (1.00) 1.03 [0.98-1.08] 2.18E-01 1.08 [1.04-1.11] 1.68E-05 
1 111,890,568 rs147639436 PIFO A G G   1.43% rs147639436 0.95 [0.79-1.13] 5.68E-01 1.24 [1.09-1.41] 1.39E-03 
1 152,285,861 rs61816761 FLG G A A   2.37% rs61816761 1.19 [1.04-1.37] 1.17E-02 1.32 [1.19-1.46] 1.81E-07 
4 123,055,701 rs560026225 KIAA1109 G GATT GATT   23.60% rs72687036 (0.66) 1.08 [1.02-1.13] 3.54E-03 1.11 [1.07-1.15] 2.59E-08 
5 180,078,030 rs551660440 FLT4 G A A   0.79% rs143214597 (0.70) 0.98 [0.78-1.23] 8.42E-01 1.31 [1.09-1.57] 3.51E-03 
7 46,682,176 rs56192946 TNS3 C T T   18.27% rs56192946 0.97 [0.92-1.03] 3.07E-01 0.92 [0.89-0.96] 3.23E-05 
9 140,853,067 rs551372748 CACNA1B A G G   0.72% rs551372748 0.93 [0.70-1.24] 6.30E-01 1.40 [1.13-1.73] 1.78E-03 
10 8,115,362 rs10905284 GATA3 C A C   42.94% rs10905284 0.94 [0.90-0.98] 3.69E-03 0.91 [0.88-0.94] 4.15E-10 
11 1,136,478 rs11603634 MUC5AC A G A   49.64% rs11603634 1.05 [1.01-1.09] 2.54E-02 1.09 [1.06-1.12] 4.48E-08 
13 100,112,522 rs9517738 LINC01232 G A G   29.76% rs9517738 1.03 [0.98-1.08] 2.38E-01 1.08 [1.04-1.11] 1.14E-05 
              
Previous              
1 167,427,247 rs7523907 CD247 C T C   45.92% rs7523907 1.05 [1.00-1.09] 3.65E-02 1.09 [1.06-1.12] 1.46E-08 
2 102,949,161 rs12479210 IL1RL1 C T T   38.73% rs12479210 1.17 [1.12-1.22] 2.39E-13 1.18 [1.15-1.22] 1.14E-27 
2 242,698,640 rs34290285 D2HGDH G A A   25.74% rs34290285 0.86 [0.82-0.91] 3.36E-09 0.84 [0.81-0.87] 6.71E-22 
5 110,401,872 rs1837253 TSLP T C T   25.84% rs1837253 1.15 [1.09-1.20] 3.87E-08 1.19 [1.15-1.23] 2.70E-23 
5 110,467,499 rs1438673 WDR36 C T T rs1837253 49.22% rs1438673 0.91 [0.87-0.94] 3.33E-06 0.89 [0.86-0.92] 7.65E-14 
5 131,799,626 rs3749833 C5orf56 T C C   26.08% rs3749833 1.10 [1.05-1.15] 7.37E-05 1.13 [1.10-1.17] 2.56E-13 
5 131,887,986 rs1986009 RAD50 C A A rs3749833 18.71% rs1986009 1.14 [1.08-1.20] 8.27E-07 1.16 [1.11-1.20] 7.96E-14 
6 32,581,739 rs776111176 HLA-DQA1 A AAT A rs9273410 14.85% rs3997872 (0.82) 0.83 [0.79-0.88] 1.21E-12 0.83 [0.80-0.86] 1.29E-19 
6 32,627,250 rs9273410 HLA-DQB1 C A C   44.70% rs9273410 1.15 [1.10-1.21] 1.35E-10 1.21 [1.17-1.24] 4.58E-32 
6 91,001,332 rs367983479 BACH2 CA C C   38.50% rs1504215 (0.89) 0.92 [0.88-0.96] 3.22E-04 0.90 [0.88-0.93] 2.35E-10 
8 81,266,924 rs71266076 MIR5708 C CT C   36.93% rs13274067 (0.97) 0.91 [0.87-0.95] 2.75E-05 0.89 [0.87-0.92] 1.38E-12 
9 6,208,030 rs144829310 IL33 G T T   16.40% rs144829310 1.20 [1.13-1.26] 9.15E-11 1.21 [1.16-1.26] 2.57E-21 
10 9,043,404 rs61840192 LOC101928272 G A A   42.70% rs1775555 (0.98) 0.86 [0.83-0.90] 7.24E-12 0.86 [0.83-0.88] 5.93E-24 
11 76,293,726 rs7936312 C11orf30 G T T   47.42% rs7936312 1.18 1.13-1.23] 9.98E-15 1.16 [1.13-1.20] 1.05E-22 
12 56,449,875 rs7305461 RPS26 A C A   44.61% rs1131017 (0.98) 0.94 [0.90-0.98] 4.96E-03 0.91 [0.88-0.94] 3.02E-09 
12 57,497,005 rs703816 STAT6 T C C   43.41% rs703816 1.07 [1.03-1.12] 9.57E-04 1.12 [1.08-1.15] 1.44E-12 
15 61,068,704 rs10519068 RORA G A A   12.75% rs10519068 0.86 [0.80-0.92] 4.31E-06 0.85 [0.82-0.89] 9.72E-12 
15 67,441,750 rs72743461 SMAD3 C A A   23.60% rs72743461 1.09 [1.04-1.15] 2.34E-04 1.13 [1.10-1.17] 1.17E-12 
16 11,230,703 rs7203459 CLEC16A T C C   24.56% rs7203459 0.91 [0.87-0.96] 3.22E-04 0.86 [0.83-0.89] 2.30E-16 
17 37,910,368 rs2941522 IKZF3 C T T   48.29% rs2941522 1.09 [1.04-1.13] 8.01E-05 1.11 [1.08-1.14] 1.30E-11 
17 47,439,302 rs112502960 ZNF652 G A A   35.92% rs12952581 (0.98) 1.08 [1.03-1.13] 5.16E-04 1.11 [1.08-1.14] 6.71E-11 
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Supplementary Table 3: Summary of stage 1 results for variants previously associated with asthma susceptibility in GWAS (2007-2018) 
Reported 

SNP 
CHR BP Phenotype Gene reported Ancestry #rsid R2 noncoded coded 

coded 
freq. 

INFO OR [95% CI] P GWAS reported 

rs662064 1 10,557,251 Asthma PEX14 European rs662064 1 T C 67.82% 0.982 0.98 [0.93-1.02] 0.34173941 Pickrell 2016 
rs4129267 1 154,426,264 Asthma IL6R European Affx-5389767 1 C T 40.86% 1 1.04 [1.00-1.08] 0.08688645 Ferreira 2011 
*rs1102000 1 158,932,907 Asthma PYHIN1 African American ND ND ND ND ND ND ND ND Torgerson 2011 
rs4233366 1 161,159,147 Asthma ADAMTS4 European rs4233366 1 C T 26.48% 0.995 1.08 [1.03-1.14] 0.0012221 Pickrell 2016 
rs1723018 1 167,433,420 Asthma CD247 European rs1723018 1 A G 40.68% 0.997 0.88 [0.84-0.92] 5.27E-09 Pickrell 2016 
rs6691738 1 173,152,036 Asthma TNFSF18 European rs6691738 1 å G 30.05% 0.892 1.08 [1.03-1.14] 0.00131315 Pickrell 2016 

rs2786098 1 197,325,908 
Moderate-severe 
childhood asthma 

DENND1B European Affx-6456370 1 T G 77.97% 1 1.00 [0.95-1.05] 0.91947932 Sleiman 2010 

rs6683383 1 203,100,504 Asthma ADORA1 European rs6683383 1 T A 32.94% 0.991 0.97 [0.93-1.02] 0.23183104 Pickrell 2016 
rs13412757 2 8,458,080 Asthma ID2 European rs13412757 1 G A 33.85% 0.982 0.91 [0.87-0.96] 9.92E-05 Pickrell 2016 

rs1558641 2 102,765,865 
Childhood asthma 
+ exacerbations 

IL1R1 European rs1558641 1 G A 15.86% 0.972 0.89 [0.84-0.94] 7.39E-05 Bonnelykke 2014 

rs202011557 2 102,913,642 Asthma IL1RL1 European rs202011557:102913642:A:AAAAC 1 A AAAAC 13.18% 0.96 0.83 [0.78-0.89] 3.38E-08 Pickrell 2016 
rs13408661 2 102,955,082 Asthma IL1RL1/IL18R1 European rs13408661 1 G A 13.67% 0.993 0.84 [0.79-0.90] 7.06E-08 Ramasamy 2012 
rs10173081 2 102,957,348 Asthma IL1RL1 European rs10173081 1 C T 13.79% 0.999 0.84 [0.79-0.90] 6.61E-08 Torgerson 2011 
rs1420101 2 102,957,716 Asthnma IL1RL1 European/Multiancestry Affx-17140840 1 C T 38.37% 1 1.19 [1.14-1.25] 3.21E-15 Demenais 2018 

rs1420101 2 102,957,716 Asthma IL1RL1 European Affx-17140840 1 C T 38.37% 1 1.19 [1.14-1.25] 3.07E-15 
Gudbjartsson 

2009 

rs10197862 2 102,966,549 
Asthma + hay 

fever 
IL1RL1 European rs10197862 1 A G 13.76% 0.996 0.84 [0.79-0.89] 5.83E-08 Ferreira 2014 

rs3771166 2 102,986,222 Asthma IL1RL1/IL18R1 European rs3771166 1 G A 38.10% 0.993 0.88 [0.82-0.90] 2.54E-11 Moffatt 2010 
rs34290285 2 242,698,640 Asthma D2HGDH European rs34290285 1 G A 25.74% 0.995 0.82 [0.79-0.87] 1.41E-14 Pickrell 2016 
rs73196739 3 188,402,471 Asthma LPP European Affx-21876745 1 C T 16.59% 1 0.94 [0.88-0.99] 0.02294229 Pickrell 2016 
rs5743618 4 38,798,648 Asthma TLR1 European rs5743618:38798648:C:A 1 C A 22.87% 0.988 0.93 [0.88-0.98] 0.00461438 Pickrell 2016 

rs4833095 4 38,799,710 
Asthma + hay 

fever 
TLR1 European Affx-24449268 1 T C 20.13% 1 0.92 [0.87-0.97] 0.00209226 Ferreira 2014 

rs7686660 4 144,003,159 Asthma USP38 Japanese Affx-23554961 1 T G 25.60% 1 0.94 [0.90-0.99] 0.0139806 Hirota 2011 

rs1588265 5 59,369,794 
Mild-moderate 

childhood asthma 
with BHR 

PDE4D European Affx-26773647 1 A G 31.76% 1 0.97 [0.92-1.01] 0.14276726 Himes 2009 

rs1837253 5 110,401,872 Asthma TSLP European Affx-25366072 1 T C 74.16% 1 1.24 [1.18-1.30] 8.49E-18 Torgerson 2011 
rs1837253 5 110,401,872 Asthma TSLP Japanese Affx-25366072 1 T C 74.16% 1 1.24 [1.18-1.30] 8.49E-18 Hirota 2011 

rs1837253 5 110,401,872 
Asthma + hay 

fever 
TSLP European Affx-25366072 1 T C 74.16% 1 1.24 [1.18-1.30] 8.49E-18 Ferreira 2014 

rs1837253 5 110,401,872 Asthma TSLP European Affx-25366072 1 T C 74.16% 1 1.24 [1.18-1.30] 8.49E-18 Pickrell 2016 
rs10455025 5 110,404,999 Asthma SLC225A46, TSLP European/Multiancestry rs10455025 1 A C 35.74% 0.9959 1.19 [1.14-1.24] 3.74E-14 Demenais 2018 

rs2416257 5 110,435,490 Asthma WDR36 European Affx-25366478 1 C T 13.89% 1 0.89 [0.84-0.95] 0.0005117 
Gudbjartsson 

2009 

rs1438673 5 110,467,499 
Asthma + hay 

fever 
WDR36 European rs1438673 1 C T 49.22% 0.969 0.84 [0.81-0.88] 2.11E-14 Ferreira 2014 

rs2244012 5 131,901,225 Asthma RAD50 European Affx-25638647 1 A G 19.46% 1 1.13 [1.07-1.19] 7.53E-06 Pickrell 2016 

rs6871536 5 131,969,874 
Childhood asthma 
+ exacerbations 

RAD50 European rs6871536 1 T C 19.17% 0.995 1.13 [1.07-1.20] 7.11E-06 Bonnelykke 2014 

rs20541 5 131,995,964 Asthma IL13, RAD50, IL4 European/Multiancestry Affx-25639687 1 A G 81.50% 1 0.85 [0.80-0.88] 8.47E-09 Demenais 2018 

rs7705042 5 141,492,419 Asthma 
NDFIP1, 

GNDPA1, SPRY4 
Multiancestry rs7705042 1 C A 61.85% 1 1.08 [1.04-1.13] 4.43E-04 Demenais 2018 

*rs200634877 5 141,529,761 Asthma NDFIP1 European ND ND ND ND ND ND ND ND Pickrell 2016 
rs1233578 6 28,712,247 Asthma GPX5, TRIM27 European rs1233578 1 A G 17.51% 0.9994 1.04 [0.98-1.10] 1.76E-01 Demenais 2018 
rs2428494 6 31,322,197 Asthma HLAC European rs2428494:31322197:T:A 1 T A 47.91% 0.997 1.15 [1.10-1.20] 5.04E-10 Pickrell 2016 
rs404860 6 32,184,345 Asthma NOTCH4 Japanese Affx-28468816 1 T C 17.77% 1 1.00 [0.95-1.06] 0.89916188 Hirota 2011 

rs2855812 6 31472720 Asthma 
MICB, HCP5, 

MCCD1 
European/Multiancestry Affx-28458189 1 G T 26.06% 1 1.09 [1.04-1.15] 3.72E-04 Demenais 2018 

rs3104367 6 32,603,487 Asthma HLADRB5 European rs3104367:32603487:T:C 1 T C 62.08% 0.956 1.22 [1.17-1.28] 1.47E-18 Pickrell 2016 

rs9272346 6 32,604,372 Asthma 
HLADRB1, 
HLADQA1 

European/Multiancestry rs9272346 1 G A 61.45% 0.9462 1.22 [1.16-1.27] 1.17E-17 Demenais 2018 

rs9273373 6 32,626,601 
Asthma + hay 

fever 
HLA-DQB1 European rs9273373:32626601:A:G 1 A G 60.62% 0.995 1.24 [1.18-1.29] 3.12E-21 Ferreira 2014 
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Reported 
SNP 

CHR BP Phenotype Gene reported Ancestry #rsid R2 noncoded coded 
coded 
freq. 

INFO OR [95% CI] P GWAS reported 

rs987870 6 33,042,880 
Childhood onset 

asthma 
HLA-DPA1 Japanese Affx-28513044 1 A G 14.48% 1 1.03 [0.97-1.09] 0.42324422 Noguchi 2011 

rs1776883 6 34,156,444 Asthma GRM4 European rs1776883 1 C T 53.25% 0.973 0.98 [0.94-1.02] 0.32358767 Almoguera 2016 
rs58521088 6 90,985,198 Asthma BACH2 European rs58521088 1 A T 35.54% 0.997 0.88 [0.85-0.93] 1.06E-07 Pickrell 2016 

rs2325291 6 90,986,686 Asthma 
BACH2, GJA10, 

MAP3K7 
European/Multiancestry rs2325291 1 G A 35.53% 0.9974 0.89 [0.85-0.93] 1.32E-07 Demenais 2018 

rs6967330 7 105,658,451 
Childhood asthma 
+ exacerbations 

CDHR3 European Affx-29418884 1 G A 16.64% 1 1.04 [0.98-1.10] 0.20843707 Bonnelykke 2014 

rs6959584 7 105,676,505 Asthma CDHR3 European rs6959584 1 C T 12.89% 0.989 1.06 [1.00-1.13] 0.06402029 Pickrell 2016 

rs3019885 8 18,025,645 
Childhood onset 

asthma 
SLC30A8 Japanese rs2047963 0.996 T C 45.37% 0.999 0.97 [0.93-1.01] 0.10761244 Noguchi 2011 

rs12543811 8 81,278,885 Asthma TPD52, ZBTB10 European/Multiancestry rs12543811 1 G A 64.95% 0.9925 0.88 [0.84-0.92] 5.39E-08 Demenais 2018 
rs10957978 8 81,285,139 Asthma ZBTB10 European rs10957978 1 G T 64.49% 0.984 0.89 [0.85-0.93] 2.46E-07 Pickrell 2016 

rs7009110 8 81,291,879 
Asthma + hay 

fever 
ZBTB10 European rs7009110 1 T C 61.65% 0.994 0.88 [0.85-0.92] 6.92E-08 Ferreira 2014 

rs72699186 9 6,175,855 
Asthma + hay 

fever 
IL33 European rs72699186 1 A T 16.44% 0.991 1.23 [1.16-1.30] 8.38E-12 Ferreira 2014 

rs1342326 9 6,190,076 Asthma IL33 European Affx-33938382 1 A C 16.62% 1 1.22 [1.15-1.29] 2.06E-11 Moffatt 2010 
rs2381416 9 6,193,455 Asthma IL33 European Affx-33938420 1 C A 73.63% 1 0.85 [0.81-0.89] 1.60E-11 Torgerson 2011 

rs144829310 9 6,208,030 Asthma IL33 European rs144829310 1 G T 16.40% 0.991 1.23 [1.16-1.30] 3.68E-12 Pickrell 2016 
rs992969 9 6,209,697 Asthma RANBP6, IL33 European/Multiancestry rs992969 1 A G 74.68% 0.9901 0.84 [0.80-0.88] 5.95E-12 Demenais 2018 

rs928413 9 6,213,387 
Childhood asthma 
+ exacerbations 

IL33 European rs928413 1 G A 74.09% 0.984 0.84 [0.80-0.89] 1.53E-11 Bonnelykke 2014 

rs72721168 9 27,308,288 Asthma EQTN European rs72721168 1 A C 3.71% 0.991 1.05 [0.94-1.18] 0.37310685 Almoguera 2016 
rs10508372 10 8,972,018 Asthma GATA3 Japanese Affx-3813772 1 G A 5.17% 1 0.95 [0.85-1.03] 0.18978182 Hirota 2011 
rs2589561 10 9,046,645 Asthma GATA3, CELF2 European/Multiancestry rs2589561 1 A G 80.26% 0.9176 0.87 [0.82-0.92] 7.32E-07 Demenais 2018 
rs12413578 10 9,049,253 Asthma GATA3 European Affx-3823389 1 C T 10.42% 1 0.77 [0.73-0.84] 2.38E-11 Pickrell 2016 
rs7130588 11 76,270,683 Asthma LRRC32 European Affx-5959929 1 A G 35.95% 1 1.12 [1.07-1.17] 6.68E-07 Ferreira 2011 
rs7936323 11 76,293,758 Asthma C11orf30 European rs7936323 1 G A 47.45% 0.998 1.14 [1.10-1.19] 1.22E-09 Pickrell 2016 

rs2155219 11 76,299,194 
Asthma + hay 

fever 
LRRC32 European Affx-5960597 1 G T 50.01% 1 1.13 [1.08-1.18] 4.40E-08 Ferreira 2014 

rs7927894 11 76,301,316 Asthma EMSY, LRRC32 European/Multiancestry Affx-5960642 1 C T 38.94% 1 1.14 [1.09-1.19] 1.51E-08 Demenais 2018 
rs1701704 12 56,412,487 Asthma IKZF4 Japanese Affx-8212375 1 T G 34.24% 1 1.11 [1.06-1.16] 1.16E-05 Hirota 2011 

rs167769 12 57,503,775 Asthma 
STAT6, NAB2, 

LRP1 
Multiancestry Affx-8225554 1 C T 40.13% 1 1.15 [1.11-1.21] 1.58E-10 Demenais 2018 

rs3001426 12 57,509,055 Asthma STAT6 European rs3001426 1 T C 45.67% 0.984 1.14 [1.09-1.19] 3.94E-09 Pickrell 2016 
rs3784099 14 68,749,927 Asthma RAD51B European Affx-10832504 1 G A 27.81% 1 1.06 [1.01-1.11] 0.01229815 Pickrell 2016 
rs10519068 15 61,068,704 Asthma RORA European rs10519068 1 G A 12.75% 0.997 0.85 [0.80-0.90] 4.81E-07 Pickrell 2016 

rs11071558 15 61,069,421 Asthma 
RORA, NARG2, 

VPS13C 
European/Multiancestry rs11071558 1 A G 12.97% 0.9967 0.86 [0.81-0.91] 1.61E-06 Demenais 2018 

rs11071559 15 61,069,988 Asthma RORA European Affx-11799439 1 C T 12.78% 1 0.85 [0.80-0.91] 1.61E-06 Moffatt 2010 
rs744910 15 67,446,785 Asthma SMAD3 European Affx-11880511 1 G A 51.41% 1 0.90 [0.86-0.94] 2.05E-06 Moffatt 2010 

rs56375023 15 67,448,363 Asthma SMAD3 European rs56375023 1 G A 23.57% 0.997 1.18 [1.12-1.24] 1.32E-10 Pickrell 2016 
rs2033784 15 67,449,660 Asthma SMAD3, SMAD6 European/Multiancestry Affx-11880551 1 A G 29.79% 1 1.16 [1.11-1.21] 6.43E-10 Demenais 2018 

rs17294280 15 67,468,285 
Asthma + hay 

fever 
SMAD3 European rs17294280 1 A G 25.59% 0.903 1.15 [1.09-1.21] 2.04E-07 Ferreira 2014 

rs17806299 16 11,199,980 Asthma 
CLEC16A, DEXI, 

SOCS1 
European/Multiancestry rs17806299 1 G A 19.92% 0.9988 0.85 [0.80-0.89] 8.57E-10 Demenais 2018 

rs62026376 16 11,228,712 
Asthma + hay 

fever 
CLEC16A European rs62026376 1 C T 25.11% 0.997 0.82 [0.78-0.86] 1.34E-14 Ferreira 2014 

rs7203459 16 11,230,703 Asthma CLEC16A European rs7203459 1 T C 24.56% 0.996 0.81 [0.78-0.86] 7.83E-16 Pickrell 2016 

rs2952156 17 37,876,835 Asthma 
ERBB2, PGAP3, 

MIEN1 
European/Multiancestry rs2952156 1 A G 69.08% 0.9973 0.90 [0.86-0.94] 1.30E-05 Demenais 2018 

rs11655198 17 38,026,169 Asthma ZPBP2 European rs11655198 1 C T 51.31% 1 0.90 [0.86-0.94] 9.70E-07 Pickrell 2016 
rs2305480 17 38,062,196 Asthma GSDMB European Affx-13850821 1 G A 46.65% 1 0.91 [0.87-0.95] 2.89E-05 Moffatt 2010 

rs2305480 17 38,062,196 
Childhood asthma 
+ exacerbations 

GSDMB European Affx-13850821 1 G A 46.65% 1 0.91 [0.87-0.95] 2.89E-05 Bonnelykke 2014 

rs11078927 17 38,064,405 Asthma GSDMB European rs11078927 1 C T 46.63% 1 0.91 [0.87-0.95] 2.99E-05 Torgerson 2011 
rs7216389 17 38,069,949 Childhood asthma ORMDL3 European Affx-13850945 1 C T 48.44% 1 1.11 [1.07-1.16] 1.58E-06 Moffatt 2007 
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Reported 
SNP 

CHR BP Phenotype Gene reported Ancestry #rsid R2 noncoded coded 
coded 
freq. 

INFO OR [95% CI] P GWAS reported 

rs4794820 17 38,089,344 
Moderate-severe 

asthma 
ORMDL3/GSDMB European rs4794820 1 A G 54.97% 0.984 1.08 [1.03-1.13] 0.00052197 Wan 2012 

rs3894194 17 38,121,993 Asthma GSDMA European Affx-13851698 1 G A 45.10% 1 1.06 [1.02-1.11] 0.00459175 Moffatt 2010 

rs7212938 17 38,122,680 
Asthma + hay 

fever 
GSDMA European Affx-13851705 1 G T 50.30% 1 0.95 [0.91-0.99] 0.01268569 Ferreira 2014 

rs17637472 17 47,461,433 Asthma ZNF652, PHB European/Multiancestry rs17637472 1 G A 39.79% 0.9556 1.14 [1.09-1.19] 2.78E-08 Demenais 2018 
rs2284033 22 37,534,034 Asthma IL2RB European Affx-19547973 1 G A 43.45% 1 0.95 [0.91-0.99] 0.0141752 Moffatt 2010 

 
 Studies focused to reported GWAS for asthma with >500 cases and controls and SNPs meeting genome wide significance (P<5x10-8) 
 Sentinel SNP reported in each study was analysed. 
 Gene reported are those commented on in the original manuscript. 
 *SNPs not evaluated (not determined) 
 80 SNPs tested overall (Bonferroni Correction P<0.0006), SNPs meeting criteria shown in bold (60 individual SNPs). 
 Of 24 SNPs that did not meet correction, 10/24 showed nominal association (P<0.05). 
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Supplementary Table 4: Summary of stage 1 results for variants previously associated with allergic diseases in the Study of Ferreira et. al 2017. 
87 signals with P<0.05 for moderate-severe asthma have their P value in bold; 40 signals had P<3.68×10-4 for moderate-severe asthma (Bonferroni 
correction for 136 tests). 

    Allergic diseases (Ferreira et al. 2017) Moderate-severe asthma (this study) 

Genecontext rsid Position (b37) 
Effect/ 
other allele 

Effect allele 
frequency OR (95% CI) P-value 

Effect allele 
frequency OR (95% CI) P 

TNFRSF14-[]-FAM213B rs10910095 1:2510755 G/A 84% 1.04 (1.03, 1.06) 2.70E-08 86% 1.04 (0.9, 1.11) 1.62E-01 
[RERE] rs301806 1:8482078 T/C 54% 1.05 (1.04, 1.06) 1.80E-20 58% 1.12 (1.07, 1.17) 3.47E-07 
[RUNX3] rs760805 1:25251923 T/A 58% 1.04 (1.03, 1.05) 6.40E-13 57% 1.07 (1.03, 1.12) 1.06E-03 
SFPQ-[]-ZMYM4 rs76167968 1:35681738 T/C 93% 1.06 (1.04, 1.08) 1.30E-08 92% 1.01 (0.92, 1.09) 8.67E-01 
C1orf54-[]-MRPS21 rs7512552 1:150265704 C/T 52% 1.03 (1.02, 1.04) 1.40E-09 51% 1.04 (0.99, 1.08) 1.14E-01 
[FLG] rs61816761 1:152285861 A/G 1% 1.22 (1.17, 1.28) 7.40E-21 2% 1.5 (1.28, 1.75) 3.04E-07 
RPTN-[]-HRNR rs12123821 1:152179152 T/C 5% 1.11 (1.08, 1.14) 6.80E-17 5% 1.25 (1.13, 1.38) 9.67E-06 
[RORC] rs11204896 1:151796742 C/G 90% 1.06 (1.05, 1.08) 2.40E-12 90% 1.02 (0.92, 1.09) 6.43E-01 
[IL6R] rs2228145 1:154426970 C/A 35% 1.04 (1.03, 1.05) 4.30E-13 41% 1.04 (1, 1.09) 7.00E-02 
NDUFS2-[]-FCER1G rs2070901 1:161185058 T/G 26% 1.04 (1.03, 1.05) 1.30E-11 27% 1.08 (1.03, 1.14) 1.11E-03 
[CD247] rs2988277 1:167431352 C/T 66% 1.04 (1.03, 1.05) 4.00E-14 60% 1.14 (0.84, 1.19) 1.08E-08 
TNFSF18--[]-TNFSF4 rs4090390 1:173146921 A/C 22% 1.05 (1.04, 1.06) 1.30E-15 24% 1.09 (1.04, 1.15) 6.48E-04 
FASLG-[]--TNFSF18 rs1102705 1:172700868 G/A 11% 1.06 (1.04, 1.08) 3.10E-10 11% 1.06 (0.87, 1.14) 9.89E-02 
[ITPKB] rs697852 1:226914734 A/G 85% 1.04 (1.03, 1.05) 1.60E-09 82% 1.09 (1.03, 1.15) 2.43E-03 
[LINC00299] rs10174949 2:8442248 G/A 68% 1.07 (1.05, 1.08) 7.30E-31 71% 1.11 (0.86, 1.16) 1.55E-05 
[LOC339807] rs4671601 2:64836267 C/T 83% 1.04 (1.03, 1.05) 8.80E-09 80% 1.04 (0.91, 1.1) 1.56E-01 
[IL18R1] rs10865050 2:102941311 G/A 85% 1.13 (1.11, 1.15) 7.00E-61 86% 1.19 (0.79, 1.26) 3.04E-08 
IL1RL2-[]-IL18R1 rs12470864 2:102926362 A/G 35% 1.06 (1.05, 1.07) 4.20E-26 39% 1.2 (1.15, 1.25) 5.06E-16 
BCL2L11--[]--ANAPC1 rs4848612 2:112388538 A/G 76% 1.04 (1.03, 1.05) 2.30E-10 77% 1.03 (0.98, 1.09) 2.18E-01 
BCL2L11--[]--ANAPC1 rs13403656 2:112269127 A/T 16% 1.05 (1.03, 1.06) 2.20E-08 13% 1.04 (0.9, 1.11) 1.85E-01 
[IL1B] rs1143633 2:113590467 C/T 70% 1.03 (1.02, 1.04) 1.70E-10 64% 1.03 (0.93, 1.08) 1.92E-01 
KYNU-[]-ARHGAP15 rs74847330 2:143831599 A/G 88% 1.05 (1.03, 1.06) 1.80E-09 87% 1.05 (0.9, 1.11) 1.59E-01 
[PLCL1] rs1064213 2:198950240 G/A 47% 1.04 (1.03, 1.04) 5.40E-12 52% 1.02 (0.94, 1.06) 3.74E-01 
CCL20-[]-DAW1 rs13384448 2:228707862 T/C 76% 1.04 (1.03, 1.05) 2.80E-12 76% 1.08 (1.02, 1.13) 3.61E-03 
[INPP5D] rs1057258 2:234115629 C/T 80% 1.05 (1.03, 1.06) 1.40E-10 82% 1.06 (0.89, 1.12) 4.58E-02 
[D2HGDH] rs34290285 2:242698640 G/A 73% 1.08 (1.07, 1.1) 4.00E-33 74% 1.21 (0.79, 1.27) 5.79E-15 
[GLB1] rs6776757 3:33069091 G/A 47% 1.03 (1.02, 1.04) 3.10E-10 51% 1.08 (0.89, 1.12) 9.13E-04 
LINC00870--[]-RYBP rs61192126 3:72394852 T/C 69% 1.04 (1.03, 1.05) 8.90E-11 71% 1.02 (0.94, 1.06) 5.36E-01 
FAM172BP-[]-TRMT10C rs13088318 3:101242751 A/G 62% 1.03 (1.02, 1.04) 8.60E-09 66% 1.05 (0.91, 1.1) 3.36E-02 
[SLC15A2] rs75557865 3:121652141 G/A 57% 1.03 (1.02, 1.04) 1.60E-08 52% 1.05 (0.92, 1.09) 4.24E-02 
[RASA2] rs10663129 3:141321836 ACT/A 33% 1.04 (1.03, 1.05) 1.10E-13 33% 1.06 (1.01, 1.11) 1.36E-02 
[LPP] rs60946162 3:188133336 T/C 42% 1.04 (1.03, 1.05) 8.60E-15 45% 1.05 (1.01, 1.1) 1.83E-02 
[LPP] rs17607589 3:188402586 C/T 84% 1.05 (1.04, 1.07) 1.80E-14 83% 1.07 (0.88, 1.14) 1.57E-02 
BCL6--[]--LPP-AS2 rs519973 3:187633268 A/G 35% 1.03 (1.02, 1.04) 4.50E-10 34% 1.04 (1, 1.09) 8.13E-02 
BCL6--[]-LPP-AS2 rs2030030 3:187793833 T/C 86% 1.04 (1.03, 1.05) 1.00E-08 84% 1.08 (0.88, 1.14) 1.46E-02 
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FBXO45-[]-CEP19 rs80064395 3:196372546 C/T 94% 1.07 (1.05, 1.09) 1.60E-12 91% 1.14 (0.81, 1.23) 6.48E-04 
STX18--[]-MSX1 rs10033073 4:4775401 G/A 35% 1.04 (1.03, 1.05) 1.20E-10 37% 1.01 (0.96, 1.05) 7.71E-01 
[TLR1] rs5743618 4:38798648 C/A 70% 1.1 (1.09, 1.11) 3.30E-58 77% 1.08 (0.88, 1.13) 4.01E-03 
[MANBA] rs227275 4:103593898 C/A 56% 1.03 (1.02, 1.04) 3.70E-11 53% 0.99 (0.95, 1.04) 7.71E-01 
[ADAD1] rs4145717 4:123316076 T/G 34% 1.06 (1.05, 1.07) 9.20E-27 33% 1.05 (1, 1.1) 4.10E-02 
IL2-[]-IL21 rs150254607 4:123454110 ATAT/A 7% 1.08 (1.06, 1.1) 4.60E-14 10% 1.15 (1.07, 1.24) 1.62E-04 
[FAM105A] rs16903574 5:14610309 G/C 8% 1.07 (1.05, 1.09) 1.40E-12 49% 1.04 (0.99, 1.09) 8.83E-02 
[IL7R] rs7717955 5:35862841 C/T 71% 1.07 (1.06, 1.08) 9.10E-36 72% 1.1 (0.87, 1.15) 8.58E-05 
DAB2---[]--PTGER4 rs7714574 5:40492655 T/C 53% 1.03 (1.02, 1.04) 5.90E-10 60% 1.04 (0.99, 1.08) 9.74E-02 
WDR36-[]-CAMK4 rs6594499 5:110470137 C/A 48% 1.08 (1.06, 1.09) 4.60E-46 50% 1.18 (0.81, 1.23) 1.33E-14 
SLC25A46-[]--TSLP rs6869502 5:110166083 T/A 18% 1.08 (1.07, 1.09) 6.40E-29 16% 1.12 (1.05, 1.18) 2.42E-04 
SLC25A46--[]-TSLP rs1837253 5:110401872 C/T 78% 1.07 (1.06, 1.08) 1.60E-31 74% 1.24 (1.18, 1.3) 2.81E-18 
SLC25A46-[]--TSLP rs1814576 5:110159879 C/T 9% 1.12 (1.1, 1.15) 1.40E-22 4% 1.05 (0.93, 1.18) 4.42E-01 
[TNFAIP8] rs250308 5:118684297 T/C 37% 1.03 (1.02, 1.04) 4.00E-09 39% 1.05 (0.91, 1.1) 3.36E-02 
[IL13] rs848 5:131996500 A/C 24% 1.07 (1.05, 1.08) 1.50E-24 18% 1.17 (0.81, 1.24) 1.15E-08 
[C5orf56] rs3749833 5:131799626 C/T 30% 1.04 (1.03, 1.05) 3.30E-11 26% 1.18 (1.12, 1.23) 5.43E-11 
RAD50-[]-IL13 rs3091307 5:131989136 G/A 20% 1.06 (1.05, 1.07) 3.60E-21 19% 1.15 (1.09, 1.21) 7.85E-07 
[NDFIP1] rs10068717 5:141494934 T/C 62% 1.04 (1.03, 1.05) 4.80E-15 62% 1.08 (1.04, 1.13) 3.36E-04 
[DIAPH1] rs740474 5:140925362 C/T 42% 1.03 (1.02, 1.04) 5.60E-11 39% 1.05 (0.91, 1.1) 2.34E-02 
MIR3142-[]-MIR146A rs2910162 5:159909345 G/A 68% 1.03 (1.02, 1.04) 2.50E-09 57% 1.03 (0.98, 1.07) 2.76E-01 
LMAN2-[]-RGS14 rs13153019 5:176782218 C/T 26% 1.04 (1.02, 1.05) 1.30E-08 25% 1.03 (0.98, 1.08) 2.25E-01 
HLA-DQA1-[]-HLA-DQB1 rs34004019 6:32626403 A/G 70% 1.1 (1.09, 1.11) 3.80E-52 79% 1.21 (0.78, 1.27) 6.28E-13 
[HLA-B] rs2854001 6:31323012 A/G 18% 1.06 (1.05, 1.07) 1.20E-19 23% 1.08 (1.02, 1.13) 3.81E-03 
HLA-B-[]-MICA rs2507978 6:31351664 G/A 41% 1.04 (1.02, 1.05) 1.20E-10 44% 0.98 (0.98, 1.03) 4.11E-01 
[ITPR3] rs10947428 6:33647058 C/T 19% 1.05 (1.03, 1.06) 3.50E-13 21% 1.01 (0.96, 1.07) 6.17E-01 
[HLA-J] rs9259819 6:29893575 G/T 50% 1.04 (1.02, 1.05) 2.40E-09 52% 0.97 (0.99, 1.01) 1.71E-01 
NCR3-[]-AIF1 rs28895016 6:31574525 C/T 91% 1.1 (1.07, 1.12) 9.40E-16 94% 1.07 (0.86, 1.17) 1.24E-01 
[HLA-DPA1] rs3097670 6:33046752 G/C 88% 1.06 (1.05, 1.08) 7.70E-12 88% 1.02 (0.92, 1.09) 5.92E-01 
[BACH2] rs2134814 6:90987512 C/G 65% 1.05 (1.04, 1.06) 1.70E-17 64% 1.13 (0.85, 1.18) 6.82E-08 
[ATG5] rs9372120 6:106667535 G/T 18% 1.04 (1.03, 1.05) 4.20E-11 21% 1.07 (1.02, 1.13) 7.24E-03 
[PTPRK] rs35469349 6:128294709 A/T 26% 1.04 (1.03, 1.05) 2.30E-10 31% 1.1 (1.05, 1.15) 1.30E-04 
[TNFAIP3] rs5029937 6:138195151 G/T 97% 1.08 (1.05, 1.11) 2.40E-08 97% 1.27 (0.7, 1.43) 5.32E-05 
[ARID1B] rs9383820 6:157419508 C/T 76% 1.04 (1.02, 1.05) 1.20E-08 79% 1.03 (0.92, 1.09) 2.68E-01 
RNASET2-[]-MIR3939 rs72033857 6:167390671 C/CCTTT 11% 1.06 (1.04, 1.08) 1.20E-09 10% 1.03 (0.96, 1.11) 3.59E-01 
ITGB8--[]-ABCB5 rs6461503 7:20560996 T/C 53% 1.04 (1.03, 1.05) 1.70E-14 48% 1.07 (0.9, 1.11) 3.68E-03 
[ITGB8] rs10486391 7:20376018 A/G 53% 1.03 (1.02, 1.04) 6.80E-09 59% 1.05 (0.91, 1.09) 4.11E-02 
[JAZF1] rs6977955 7:28156887 T/C 21% 1.05 (1.03, 1.06) 7.10E-13 20% 1.06 (1, 1.11) 4.40E-02 
C7orf72-[]-IKZF1 rs17664743 7:50253897 A/G 20% 1.04 (1.03, 1.05) 6.20E-11 21% 1.02 (0.97, 1.08) 4.00E-01 
[GSAP] rs4296977 7:77018542 C/T 16% 1.06 (1.04, 1.07) 2.10E-13 14% 1.07 (0.88, 1.14) 2.87E-02 
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MIR5708--[]--ZBTB10 rs7824394 8:81292599 A/C 37% 1.05 (1.04, 1.06) 3.50E-20 36% 1.13 (0.85, 1.18) 1.72E-07 
[MYC] rs6990534 8:128814091 A/G 36% 1.04 (1.03, 1.05) 6.40E-14 29% 1.07 (0.89, 1.12) 6.30E-03 
RANBP6--[]-IL33 rs144829310 9:6208030 T/G 16% 1.09 (1.08, 1.1) 1.20E-35 16% 1.23 (1.16, 1.3) 1.91E-12 
RANBP6-[]--IL33 rs343478 9:6051399 G/A 52% 1.03 (1.02, 1.04) 2.60E-10 55% 1.07 (0.9, 1.12) 3.48E-03 
[JAK2] rs16922576 9:5064193 C/T 32% 1.04 (1.02, 1.05) 3.20E-10 28% 1.06 (1.01, 1.11) 1.51E-02 
PHF19-[]-TRAF1 rs10760123 9:123650534 T/G 38% 1.03 (1.02, 1.04) 5.20E-09 35% 1.01 (0.95, 1.05) 7.41E-01 
C9orf114-[]-LRRC8A rs12551834 9:131613191 G/A 92% 1.06 (1.04, 1.08) 3.00E-09 90% 1.08 (0.86, 1.16) 3.14E-02 
[IL2RA] rs61839660 10:6094697 T/C 7% 1.08 (1.06, 1.1) 4.40E-19 10% 1.07 (1, 1.15) 5.39E-02 
[IL2RA] rs4747846 10:6074451 C/G 52% 1.04 (1.03, 1.05) 1.00E-11 50% 1.09 (1.04, 1.14) 1.30E-04 
GATA3---[]---SFTA1P rs12413578 10:9049253 C/T 90% 1.1 (1.08, 1.11) 1.30E-27 90% 1.27 (0.73, 1.36) 1.20E-11 
GATA3---[]---SFTA1P rs1444789 10:9064361 C/T 20% 1.07 (1.05, 1.08) 1.50E-22 21% 1.16 (1.1, 1.23) 1.81E-07 
GATA3--[]SFTA1P rs11255753 10:8605553 T/G 26% 1.04 (1.03, 1.05) 2.00E-12 27% 1.09 (1.03, 1.14) 7.94E-04 
GATA3---[]---SFTA1P rs72782676 10:9032555 C/G 98% 1.3 (1.21, 1.41) 3.20E-11 99% 1.73 (0.44, 2.28) 7.95E-05 
GATA3---[]---SFTA1P rs2025758 10:8841669 T/C 58% 1.04 (1.03, 1.05) 4.70E-15 54% 1.09 (0.88, 1.13) 1.92E-04 
GATA3---[]---SFTA1P rs11255968 10:8936162 C/T 96% 1.09 (1.06, 1.12) 7.70E-09 97% 1.25 (0.7, 1.43) 1.21E-03 
[ZNF365] rs2893907 10:64382359 C/A 58% 1.03 (1.02, 1.04) 1.80E-09 56% 1.04 (0.99, 1.09) 1.02E-01 
C10orf95-[]-ACTR1A rs10883723 10:104225832 C/T 31% 1.03 (1.02, 1.04) 1.60E-08 35% 1.03 (0.98, 1.07) 2.28E-01 
AP5B1-[]-OVOL1 rs479844 11:65551957 G/A 57% 1.04 (1.03, 1.05) 1.60E-13 56% 1.07 (1.02, 1.11) 2.49E-03 
WNT11--[]-LRRC32 rs7936323 11:76293758 A/G 46% 1.09 (1.08, 1.1) 2.20E-63 47% 1.14 (1.1, 1.19) 7.00E-10 
WNT11--[]-LRRC32 rs55646091 11:76299431 A/G 5% 1.18 (1.15, 1.21) 2.30E-40 5% 1.36 (1.23, 1.51) 2.00E-09 
WNT11--[]-LRRC32 rs11236814 11:76343428 A/T 91% 1.07 (1.05, 1.09) 4.00E-14 90% 1.06 (0.88, 1.13) 1.41E-01 
SESN3--[]-FAM76B rs59593577 11:95425526 C/T 87% 1.05 (1.04, 1.07) 1.60E-11 87% 1.05 (0.89, 1.12) 9.97E-02 
LAYN-[]-SIK2 rs7130753 11:111470567 C/T 69% 1.05 (1.03, 1.06) 7.00E-15 73% 1.07 (0.89, 1.13) 4.64E-03 
DDX6-[]-CXCR5 rs12365699 11:118743286 G/A 85% 1.06 (1.05, 1.08) 5.10E-18 84% 1.05 (0.9, 1.12) 8.29E-02 
KIRREL3-AS3---[]--ETS1 rs56129466 11:128158189 A/G 79% 1.05 (1.03, 1.06) 1.90E-13 78% 1.08 (0.88, 1.13) 4.40E-03 
[HDAC7] rs55726902 12:48196982 G/A 80% 1.05 (1.04, 1.06) 2.60E-16 76% 1.1 (0.87, 1.15) 2.16E-04 
[AQP2] rs11169225 12:50345671 A/T 18% 1.05 (1.03, 1.06) 1.20E-11 20% 1.09 (1.04, 1.15) 8.44E-04 
[STAT6] rs1059513 12:57489709 T/C 89% 1.08 (1.07, 1.1) 1.00E-22 89% 1.18 (0.79, 1.26) 2.80E-06 
SUOX-[]-IKZF4 rs10876864 12:56401085 G/A 39% 1.05 (1.04, 1.06) 1.40E-19 43% 1.13 (0.85, 1.18) 2.18E-08 
[ATXN2] rs7137828 12:111932800 T/C 54% 1.03 (1.02, 1.04) 2.20E-10 51% 1.01 (0.97, 1.05) 7.42E-01 
SPPL3-[]-HNF1A-AS1 rs6489785 12:121363724 T/C 37% 1.04 (1.03, 1.05) 1.60E-15 40% 1.06 (0.9, 1.11) 9.06E-03 
C12orf65-[]-CDK2AP1 rs63406760 12:123742692 T/TG 77% 1.05 (1.03, 1.06) 3.00E-13 79% 1.03 (0.98, 1.09) 2.63E-01 
[FOXO1] rs4943794 13:41173408 C/G 23% 1.04 (1.03, 1.06) 7.20E-12 21% 1.06 (1.01, 1.12) 2.30E-02 
PIBF1-[]-KLF5 rs9573092 13:73627275 A/G 70% 1.03 (1.02, 1.04) 2.70E-08 65% 1.03 (0.93, 1.08) 1.55E-01 
[PSMA6] rs1048990 14:35761675 G/C 16% 1.04 (1.03, 1.05) 1.00E-08 16% 1.07 (1.01, 1.13) 3.10E-02 
FOXA1-[]--TTC6 rs111914382 14:38097001 TG/T 27% 1.04 (1.02, 1.05) 8.10E-09 24% 1.01 (0.96, 1.06) 6.50E-01 
[RAD51B] rs2104047 14:68754417 T/C 36% 1.04 (1.03, 1.05) 1.60E-13 28% 1.06 (0.9, 1.11) 1.38E-02 
JDP2-[]-BATF rs9323612 14:75968608 A/G 70% 1.03 (1.02, 1.04) 8.60E-09 67% 1.03 (0.93, 1.08) 1.73E-01 
RCOR1-[]-TRAF3 rs9989163 14:103235012 A/G 49% 1.03 (1.02, 1.04) 1.90E-08 47% 1 (0.96, 1.05) 9.21E-01 
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RTF1-[]-ITPKA rs12440045 15:41782684 C/A 55% 1.03 (1.02, 1.04) 4.90E-10 53% 1.07 (1.02, 1.11) 4.36E-03 
[RORA] rs10519067 15:61068347 G/A 86% 1.06 (1.04, 1.07) 9.30E-13 87% 1.18 (0.8, 1.26) 3.91E-07 
[SMAD3] rs56375023 15:67448363 A/G 21% 1.07 (1.06, 1.09) 8.20E-32 24% 1.18 (1.12, 1.24) 7.18E-11 
[IQGAP1] rs3540 15:91045408 G/A 65% 1.04 (1.03, 1.05) 3.30E-11 68% 1.01 (0.95, 1.06) 6.37E-01 
CLEC16A-[]-RMI2 rs11644510 16:11277358 C/T 64% 1.07 (1.06, 1.08) 6.10E-38 63% 1.17 (0.82, 1.22) 1.61E-11 
RMI2-[]--LITAF rs12596613 16:11491007 C/G 67% 1.03 (1.02, 1.04) 6.10E-09 66% 0.98 (0.97, 1.03) 4.05E-01 
SMTNL2-[]-ALOX15 rs71368508 17:4521473 C/A 99% 1.12 (1.08, 1.17) 2.00E-09 98% 1.24 (0.7, 1.43) 4.58E-03 
[GSDMB] rs921650 17:38069076 A/G 48% 1.06 (1.05, 1.07) 5.70E-30 48% 1.11 (1.06, 1.15) 3.91E-06 
CCR7-[]-SMARCE1 rs112401631 17:38764524 A/T 1% 1.26 (1.21, 1.31) 2.20E-26 2% 1.26 (1.08, 1.46) 3.29E-03 
CCR7-[]-SMARCE1 rs11464691 17:38770641 TA/T 57% 1.05 (1.04, 1.06) 1.40E-21 63% 1.06 (1.02, 1.11) 5.81E-03 
[PSMD3] rs11652139 17:38149033 A/G 59% 1.05 (1.04, 1.06) 7.50E-22 60% 1.06 (1.02, 1.11) 8.86E-03 
[STAT5B] rs7207591 17:40414862 A/G 76% 1.04 (1.03, 1.05) 1.40E-09 73% 1.06 (0.89, 1.12) 1.21E-02 
MAP3K14-[]-ARHGAP27 rs7214661 17:43430696 G/A 32% 1.03 (1.02, 1.04) 1.20E-08 34% 1.03 (0.99, 1.08) 1.93E-01 
[ZNF652] rs9889262 17:47398070 A/T 35% 1.04 (1.03, 1.05) 9.70E-16 36% 1.13 (1.09, 1.19) 2.07E-08 
DYNAP-[]--RAB27B rs4801001 18:52336175 T/C 42% 1.03 (1.02, 1.04) 5.90E-09 41% 1.02 (0.94, 1.07) 3.40E-01 
[TNFRSF11A] rs4574025 18:60009814 T/C 56% 1.03 (1.02, 1.04) 6.80E-09 53% 1.01 (0.96, 1.05) 8.08E-01 
SLC7A10-[]-CEBPA rs10414065 19:33721455 C/T 92% 1.1 (1.08, 1.12) 6.10E-18 94% 1.19 (0.77, 1.3) 1.94E-04 
[NFATC2] rs3787184 20:50157837 A/G 78% 1.05 (1.04, 1.06) 1.10E-12 83% 1.02 (0.93, 1.08) 5.15E-01 
[ZNF217] rs2766678 20:52208356 G/A 21% 1.06 (1.04, 1.07) 5.00E-18 21% 1.08 (0.88, 1.14) 3.89E-03 
[RTEL1] rs6011033 20:62322699 G/A 78% 1.05 (1.03, 1.06) 3.50E-14 76% 1.09 (1.03, 1.14) 1.14E-03 
[RUNX1] rs73205303 21:36467830 A/G 13% 1.04 (1.03, 1.06) 7.90E-10 15% 1.15 (1.08, 1.22) 8.30E-06 
[SIK1] rs76081789* 21:44846426 T/C 94% 1.07 (1.04, 1.09) 1.30E-08 -  -  - 
TEF-[]-TOB2 rs5758343 22:41816652 A/T 22% 1.05 (1.04, 1.06) 4.80E-14 20% 1.08 (0.88, 1.14) 4.59E-03 

 
*rs76081789 was not available in our asthma study nor a suitable proxy. 
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Supplementary Table 5: Summary of stage 1 results for variants previously associated with allergic diseases in the Study of Zhu et. al 2018 
35 signals with P<0.05 for moderate-severe asthma have their P value in bold; 28 signals had P<1.32×10-3 for moderate-severe asthma (Bonferroni 
correction for 38 tests). 

    Asthma, Allergy and meta-analysis (Zhu et al. 2018) Moderate-severe asthma (this study) 

Nearest gene rsid Position (b37) Effect/ other allele Asthma P Allergy P Meta OR Meta P 
Effect allele 
frequency OR (95% CI) P 

HLA-DQB1 rs9273374 6:32626614 A/G 1.31E−35 1.17E−4 0.84 7.87E−35 39% 0.81 (0.77, 0.84) 7.13E-22 

C11orf30 rs7936070 11:76293527 T/G 2.17E−21 4.40E−22 1.08 2.81E−28 47% 1.14 (1.1, 1.19) 8.33E-10 

IL1RL1 rs72823641 2:102936159 A/T 7.43E−18 4.27E−24 0.89 1.58E−27 14% 0.84 (0.79, 0.9) 5.25E-08 

SMAD3 rs56062135 15:67455630 T/C 2.62E−23 6.23E−13 1.16 1.56E−22 24% 1.18 (1.12, 1.24) 8.31E-11 

IL33 rs9775039 9:6177453 A/G 7.41E−23 4.84E−8 1.18 4.42E−22 16% 1.22 (1.15, 1.29) 7.38E-12 

CLEC16A rs36045143 16:11224966 G/A 9.05E−17 8.94E−17 0.93 1.83E−21 25% 0.82 (0.78, 0.86) 3.84E-15 

TSLP rs1837253 5:110401872 T/C 1.81E−20 1.07E−13 0.93 4.38E−21 26% 0.81 (0.77, 0.85) 2.81E-18 

SLC25A46 rs7705653 5:110142816 G/A 4.58E−10 1.88E−20 1.14 1.12E−19 15% 1.13 (1.06, 1.2) 1.03E-04 

TLR10 rs28393318 4:38784267 G/A 2.61E−10 6.67E−20 0.92 2.14E−19 20% 0.92 (0.88, 0.97) 2.83E-03 

GSDMB rs869402 17:38068043 C/T 7.02E−18 6.70E−4 1.12 4.15E−17 48% 1.11 (1.07, 1.16) 1.10E-06 

D2HGDH rs34290285 2:242698640 A/G 3.89E−11 1.54E−15 0.93 5.17E−17 26% 0.82 (0.79, 0.87) 5.79E-15 

LINC00299 rs10174949 2:8442248 A/G 6.08E−10 5.72E−16 0.94 1.70E−16 29% 0.9 (0.86, 0.95) 1.55E-05 

SMARCE1 rs9911533 17:38775476 C/T 2.08E−07 1.65E−16 0.92 9.70E−16 37% 0.94 (0.9, 0.99) 8.54E-03 

LOC101928272 rs12413578 10:9049253 T/C 3.27E−14 4.63E−10 0.91 1.09E−14 10% 0.79 (0.73, 0.84) 1.20E-11 

IL7R rs6881270 5:35879095 T/C 7.87E−6 2.61E−15 0.91 1.53E−14 28% 0.91 (0.87, 0.95) 6.33E-05 

SUOX rs10876864 12:56401085 G/A 1.43E−12 8.49E−10 1.05 1.41E−13 43% 1.13 (1.08, 1.18) 2.18E-08 

STAT6 rs1059513 12:57489709 C/T 1.18E−11 1.62E−09 0.92 7.65E−13 11% 0.85 (0.79, 0.91) 2.80E-06 

IL2 rs56267605 4:123363109 C/A 3.29E−10 6.59E−10 1.05 2.56E−12 33% 1.05 (1, 1.1) 3.82E-02 

FLG-AS1 rs61816766 1:152319572 C/T 3.10E−8 3.07E−11 1.14 4.63E−12 4% 1.33 (1.18, 1.5) 3.85E-06 

IL2RA rs61839660 10:6094697 T/C 6.86E−4 3.98E−12 1.12 2.30E−11 10% 1.07 (1, 1.15) 5.39E-02 

RAD50 rs2706362 5:131925187 C/T 1.27E−11 1.73E−7 1.06 3.75E−11 19% 1.13 (1.07, 1.19) 8.43E-06 

CD247 rs1214598 1:167426424 A/G 6.66E−8 4.54E−10 0.95 5.14E−11 38% 0.88 (0.85, 0.92) 3.05E-08 

LAYN rs659529 11:111436896 T/A 3.45E−7 1.20E−10 0.95 6.03E−11 29% 0.92 (0.88, 0.97) 8.29E-04 

LOC101927770 rs2766664 20:52171241 A/G 1.72E−3 1.41E−11 1.08 8.07E−11 24% 1.03 (0.98, 1.09) 1.98E-01 

TPD52L3 rs2169282 9:6350235 A/G 3.13E−11 1.30E−5 1.09 1.80E−10 40% 1.12 (1.07, 1.17) 4.06E-07 

KIF3A rs10074523 5:132060583 C/A 4.15E−11 1.13E−5 1.1 2.37E−10 25% 1.1 (1.04, 1.15) 2.69E-04 
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    Asthma, Allergy and meta-analysis (Zhu et al. 2018) Moderate-severe asthma (this study) 

Nearest gene rsid Position (b37) Effect/ other allele Asthma P Allergy P Meta OR Meta P 
Effect allele 
frequency OR (95% CI) P 

SLC7A10 rs10414065 19:33721455 T/C 6.78E−9 2.74E−8 0.91 2.63E−10 6% 0.84 (0.77, 0.92) 1.94E-04 

ABCB5 rs6461503 7:20560996 T/C 2.13E−9 8.16E−8 1.05 3.19E−10 48% 1.07 (1.02, 1.11) 3.68E-03 

RTEL1 rs3208007 20:62322288 T/C 9.27E−9 2.81E−8 0.95 3.22E−10 24% 0.92 (0.88, 0.97) 2.08E-03 

LINC00708 rs10795656 10:8595839 A/G 2.10E−6 3.19E−10 1.05 4.07E−10 27% 1.07 (1.02, 1.13) 3.84E-03 

C5orf56 rs2548992 5:131808668 A/G 7.96E−11 5.40E−4 1.1 4.54E−10 26% 1.17 (1.11, 1.23) 2.10E-10 

ZBTB10 rs2136016 8:81300681 G/A 3.72E−10 3.57E−4 1.09 2.11E−9 39% 1.13 (1.08, 1.18) 6.01E-08 

IVL rs61815704 1:152893891 G/C 4.08E−7 5.51E−8 1.14 5.16E−9 2% 1.3 (1.13, 1.5) 2.38E-04 

RERE rs301805 1:8481016 T/G 6.01E−8 3.36E−7 0.96 6.43E−9 42% 0.89 (0.86, 0.93) 3.58E-07 

RUNX3 rs742230 1:25251424 G/A 5.95E−6 1.27E−8 0.96 1.02E−8 43% 0.93 (0.89, 0.97) 1.06E-03 

RAD51B rs8008961 14:68752643 T/C 2.14E−7 3.01E−7 1.05 1.24E−8 28% 1.06 (1.01, 1.11) 1.83E-02 

NRROS rs4916533 3:196373582 T/C 2.79E−7 3.62E−7 0.93 1.66E−8 8% 0.88 (0.81, 0.95) 1.12E-03 

EVI5 rs12743520 1:93037112 A/C 3.02E−3 6.87E−9 0.93 3.83E−8 26% 0.96 (0.91, 1) 7.06E-02 
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Supplementary Table 6: Summary of results for 3 novel signals for moderate-severe asthma in the 23&Me asthma GWAS  
 

Chr Position Variant Locus Non-coded coded Minor allele MAF Meta-analyses     23&Me       

                OR [95% CI] P rsid 
proxy 

r2 
Alleles 
(A/B) OR [95% CI] P 

4 123,055,701 rs560026225 KIAA1109 G GATT GATT 23.60% 1.12 [1.08-1.16] 3.06E-09 rs72687036 0.66 A/G 1.06 [1.04-1.08] 3.96E-07 

10 8,115,362 rs10905284 GATA3 C A C 42.94% 0.90 [0.88-0.93] 1.76E-10 rs10905284 1.00 A/C 1.04 [1.02-1.06] 2.72E-05 

11 1,136,478 rs11603634 MUC5AC A G A 49.64% 1.09 [1.06-1.12] 2.32E-08 rs11603634 1.00 A/G 1.00 [0.97-1.02] 8.09E-01 

 
The corresponding effect size (OR) defined as per copy of the B allele.   
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Supplementary Table 7: GRASP and GWAS catalog look up for variants in LD (r2 > 0.4) with 3 novel signals for moderate-severe asthma 
 

Gene Sentinel  
Reported 
genes 

Reported 
SNP Band.  r2 phenotype p-value N 

First author/ 
Journal PMID Year 

KIAA1109 rs560026225 KIAA1109 rs45515895 4q27 0.562 Mean platelet volume 8.00E-10 164,454 Astle WJ, Cell 27863252 2017 

KIAA1109 rs560026225 IL2, ADAD1, 
KIAA1109, 
IL21 

rs17454584 4q27 0.573 Allergic sensitization 6.00E-10 31,879 Bonnelykke K, 
Nat. Genet. 

23817571 2014 

GATA3 rs10905284 FLJ45983 rs7897792 10p14 0.808 Rheumatoid arthritis 1.90E-10 58,284 Okada Y, Nature 24390342 2014 

GATA3 rs10905284 GATA3 rs10905284 10p14 1.000 Eosinophil counts 7.00E-09 172,275 Astle WJ, Cell 27863252 2017 

MUC5AC rs11603634  - rs4077759 11p15.5 0.416 Fibrotic idiopathic interstitial 
pneumonias (pulmonary fibrosis) 

8.47E-13 50,410 Fingerlin TE, Nat. 
Genet. 

23583980 2013 
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Supplementary Table 8: Results of eQTL analyses for variants meeting genome wide significance (P < 5 × 10−8) with susceptibility to moderate-severe 
asthma. 

 
 
 
Chr 

 
 
 
Position 

 
 
 
Variant 

 
 
 
Locus 

         
 
 
eQTL P  

 
 
 
Probeset id  

 
 
 
Gene  

   
 
Direction 

 
 
Tissue  

 
 
Dataset  

 
Sentinel SNP 

 
Proxy  

 
No. SNPs 

 
R2  

Effect allele  

                              

1 167,427,247 rs7523907 CD247 rs7523907 n/a 1 1 8.00E-15 6290400 CD247 C + Blood 
Westra-cis-
eQTL 

2 102,949,161 rs12479210 IL1RL1 rs12479210 n/a 168 1 6.20E-10 100136977_TGI_at IL18R1 C + Lung, Blood 

UBio-cis-
eQTL (2), 
UBC-cis-
eQTL 

          n/a 843 1 8.70E-35 

100148210_TGI_at, 
100302151_TGI_at, 
100148162_TGI_at, 
100302783_TGI_at, 
100312840_TGI_at 

IL1RL1 C + Lung 
UBC-cis-
eQTL 

          rs6543114 1 0.681875 1.82E-05 100129736_TGI_at SLC9A2 A + Lung 
UBC-cis-
eQTL 

2 242,698,640 rs34290285 D2HGDH rs34290285 n/a 31 1 0.000001 100154978_TGI_at D2HGDH G + Lung 
UBC-cis-
eQTL 

          n/a 26 1 2.64E-08 100135940_TGI_at ING5 G + Lung 
UBC-cis-
eQTL 

4 123,055,701 rs560026225 KIAA1109 
4:123055701:G:GATT 
(rs560026225) 

rs17454584 3 0.573326 1.51E-05 100144991_TGI_at KIAA1109 A + Lung 
UBC-cis-
eQTL 

5 110,467,499 rs1438673 WDR36 rs1438673 rs2289277 2 0.745315 1.73E-05 100142361_TGI_at TSLP C + Lung 
UBC-cis-
eQTL 

5 131,799,626 rs3749833 C5orf56 rs3749833 rs2548992 72 0.970592 0.00000494 100132153_TGI_at RAD50 G - Lung 
UBC-cis-
eQTL 

          n/a 41 1 2.84E-10 100123073_TGI_at SLC22A5 T - Lung 
UBC-cis-
eQTL 

          n/a 37 1 1.91E-08 100150988_TGI_at U46120 T - Lung 
UBio-cis-
eQTL 

5 131,887,986 rs1986009 RAD50 rs1986009 rs12652920 5 0.984912 0.0000139 100158314_TGI_at BC043424 G + Lung 
UBC-cis-
eQTL 

          n/a 72 1 0.00000597 100132153_TGI_at RAD50 C - Lung 
UBC-cis-
eQTL 

          rs12652920 29 0.984912 1.75E-13 100158314_TGI_at SLC22A5 G + Lung, Blood 

Westra-cis-
eQTL, 
UBC-cis-
eQTL 

6 32,581,739 rs776111176 HLA-DQA1 
chr6:32581739 
(rs776111176) 

rs2395175 2 0.501612 8.89E-11 100304000_TGI_at PSORS1C3 G - Lung 
UBC-trans-
eQTL 

          rs2760982 1 0.448833 1.24E-12 100134503_TGI_at ENST00000342748 G - Lung 
UBC-trans-
eQTL 

6 32,627,250 rs9273410 HLA-DQB1 rs9273410 rs9274607 10 0.838508 9.83E-19 
100126665_TGI_at, 
100135327_TGI_at 

AGPAT1 G - Lung 
UBC-cis-
eQTL 

          rs9271383 2 0.638051 3.41E-06 100139818_TGI_at BAT2 C + Lung 
UBC-cis-
eQTL 

          rs9274607 28 0.838508 7.10E-11 100158347_TGI_at C19orf6 C - Lung 
UBC-trans-
eQTL 

          rs9271383 140 0.638051 5.63E-07 
100161395_TGI_at, 
100129037_TGI_at 

TAP2 C + Lung 
UBC-cis-
eQTL 

          rs3129758 32 0.584267 7.43E-11 100303039_TGI_at CDSN G - Lung 
UBC-trans-
eQTL 
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          rs9273527 2 0.618033 1.72E-10 100161253_TGI_at BTN3A2 T + Lung 
UBC-trans-
eQTL 

          rs9273527 4 0.618033 6.72E-11 100303994_TGI_at ZFP57 T _ Lung 
UBC-trans-
eQTL 

          rs72844114 2 0.457473 3.67E-11 100306864_TGI_at ZNF764 G + Lung 
UBC-trans-
eQTL 

          rs72853984 3 0.459233 1.45E-10 100134503_TGI_at ENST00000342748 T + Lung 
UBC-trans-
eQTL 

          rs9273481 4 0.620469 1.51E-10 100129349_TGI_at HLA-A G + Lung 
UBC-trans-
eQTL 

          rs9274607 6 0.838508 8.36E-80 100313766_TGI_at HLA-DQA2 C + Lung 
UBC-cis-
eQTL 

          n/a 1058 1 9.36E-14 
209480_at, 
100311704_TGI_at, 
100300398_TGI_at 

HLA-DQB1 A - 

Nasal 
Brush, 
Bronchial 
Brush, 
Blood, 
Lung, 
Sputum 

UBio-cis-
eQTL, 
UBC-cis-
eQTL 

          rs9274607 112 0.838508 0.00000372 100311684_TGI_at HLA-DQB2 C - Lung 
UBC-cis-
eQTL 

          rs9274607 234 0.838508 1.35E-19 100125275_TGI_at HLA-DRB1 C - Lung 
UBC-cis-
eQTL 

          rs9273241 134 0.831772 4.05E-24 100139572_TGI_at HLA-DRB3 C + Lung 
UBC-trans-
eQTL 

          rs9274607 135 0.838508 2.29E-73 100127159_TGI_at HLA-DRB4 C + Lung 
UBC-trans-
eQTL 

          rs9274607 154 0.838508 7.74E-21 100302940_TGI_at HLA-DRB5 C - Lung 
UBC-cis-
eQTL 

          rs9274607 138 0.838508 5.50E-40 100160430_TGI_at HLA-DRB6 C + Lung 
UBC-cis-
eQTL 

11 1,136,478 rs11603634 MUC5AC rs11603634 rs11602802 4 0.460739 2.50E-05 214303_x_at MUC5AC A + 
Bronchial 
brush 

UBio-cis-
eQTL 

11 76,293,726 rs7936312 C11orf30 rs7936312 n/a 15 1 4.48E-13 100143158_TGI_at C11orf30 G + Lung 
UBC-cis-
eQTL 

12 56,449,875 rs7305461 RPS26 rs7305461 rs1081975 55 0.917454 2.61E-242 100146882_TGI_at 
40S ribosomal 
protein S26 
pseudogene 

C - Lung 
UBC-trans-
eQTL 

          rs705700 43 0.894132 0.0000166 100146593_TGI_at CDK2 T - Lung 
UBC-cis-
eQTL 

          rs2271194 1 0.930264 0.000119964 1510564 CNPY2 A - Blood 
Westra-cis-
eQTL  

          rs1131017 55 0.981593 3.68E-43 100156286_TGI_at ENST00000299756 G - Lung 
UBC-trans-
eQTL 

          rs1131017 55 0.981593 1.50E-240 100131680_TGI_at ENST00000356247 G - Lung 
UBC-trans-
eQTL 

          rs1131017 7 0.981593 0.00000201 100144439_TGI_at FAM62A A - Lung 

UBio-cis-
eQTL, 
UBC-cis-
eQTL  

          rs1131017 8 0.981593 2.27E-10 100129882_TGI_at hCT32692 G - Lung 
UBC-trans-
eQTL 

          n/a 1 1 0.001296289 1090433 RNF41 A + Blood 
Westra-cis-
eQTL  

          rs1131017 55 0.981593 6.98E-190 100312533_TGI_at 
similar to 40S 
ribosomal protein 
S26 

G - Lung 
UBC-cis-
eQTL 
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12 57,497,005 rs703816 STAT6 rs703816 n/a 91 1 5.12E-36 
100310285_TGI_at, 
100156721_TGI_at, 
100305452_TGI_at 

STAT6 T - Lung, Blood 

Westra-cis-
eQTL, 
UBC-cis-
eQTL 

15 67,441,750 rs72743461 SMAD3 rs72743461 rs17228058 1 0.995669 4.68E-06 6840328 SMAD3 G - Blood 
Westa-cis-
eQTL  

16 11,230,703 rs7203459 CLEC16A rs7203459 n/a 14 1 6.10E-09 100143389_TGI_at AK124470 T + Lung 
UBC-cis-
eQTL  

          rs34540843 1 0.968229 0.000390341 231221_at CLEC16A G + Blood 
UBio-cis-
eQTL 

          rs2241099 5 0.963908 2.60E-40 1990300 DEXI G - Blood 
Westra-cis-
eQTL  

17 37,910,368 rs2941522 IKZF3 rs2941522 n/a 536 1 3.28E-11 

100307813_TGI_at, 
100152237_TGI_at, 
100305614_TGI_at, 
100307813_TGI_at 

CRKRS T - Lung 
UBC-cis-
eQTL  

          n/a 211 1 2.43E-18 100138145_TGI_at GSDMA T - Lung 
UBC-cis-
eQTL  

          n/a 211 1 1.00E-14 
100144966_TGI_at, 
219233_s_at 

GSDMB T + Lung, Blood 
Westra-cis-
eQTl, UBC-
cis-eQTL  

          rs907091 88 0.97553 0.0000122 100127152_TGI_at ORMDL3 C - Lung 
UBC-cis-
eQTL 

          rs903506 64 0.471 4.48E-10 100145295_TGI_at PERLD1 G + Lung 
UBC-cis-
eQTL 

          rs2952140 4 0.963009 0.000015 100134069_TGI_at PLXDC1 C - Lung 
UBC-cis-
eQTL 

          rs876493 1 0.3443 3.43E-07 100125568_TGI_at PNMT G + Lung 
UBC-cis-
eQTL 

          rs36095411 5 0.865581 1.49E-10 100126839_TGI_at ZPBP2 T - Lung 
UBC-trans-
eQTL 

17 47,439,302 rs112502960 ZNF652 rs112502960 rs4794029 7 0.480575 1.72E-08 100124455_TGI_at GNGT2 C - Lung 
UBC-cis-
eQTL 

 
 

 UBC-cis-eQTL – University of British Columbia Lung eQTL dataset10 (10% FDR) 
 Westra – Blood cell dataset9 (10% FDR) 
 UBio – U-BIOPRED datasets from blood cells, sputum, lung biopsy, bronchial brushing and nasal brushing12,13 (5% FDR). 
 No. SNPs – number of SNPs identified in LD (r2<0.4) with sentinel SNP and showing association at designated FDR. 
 P value reported corresponds to lowest p-value for any SNP/probe combination and R2 is the linkage disequilibrium between this reported SNP 

and the sentinel SNP from the case-control association results. 
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Supplementary Table 9: ENCODE analyses of rs11603634 (shown in red) and proxies (r2>0.4) highlighting potential regulatory mechanisms underlying 
eQTL for MUC5AC 

 
Data from HaploReg v4.1 (http://archive.broadinstitute.org/mammals/haploreg/haploreg.php)  
  

                              

SNP 
 
LD 
(R²) 

 
Promoter 
histone marks 

 
Enhancer histone marks 

 
DNAse 

 
Proteins bound 

 
Motifs changed 

rs11602802  
0.46 

- ESDR, LNG, MUS, KID, GI, BRN, BONE LNG,BRST,SKIN,MUS,BRN,LNG - NF-Y 

rs11600289 0.45 - LNG, ADRL, GI - - HDAC2,PRDM1 

rs12791023 0.45 - IPSC, GI - - LBP-1,LBP-9 

rs11603634 1 - GI GI,MUS,SKIN  Fox,Foxa,Foxc1,Foxd3,Foxj1,Foxk1,HDAC2,PPAR,Z
fp105,p300 

rs10902099 1 - - - - Evi1,Foxo,Foxp1,GATA,HDAC2,HNF1,Hoxa10,TAT
A,Zfp105 

rs10902102 0.44 - - - - HMG-IY,Hoxa9,Mef2,Nkx6-1,Pou2f2,Zfp105 

rs11245979 0.45 - - - - CTCF,NF-kappaB 

rs28490880 
0.4 LNG, CRVX ESC, ESDR, LNG, FAT, STRM, BLD, 

MUS, SKIN, GI, LIV, BRN, BONE 
ESDR,BLD,BLD,BLD,BLD,GI,LN
G,BLD,CRVX,BRN 

ERALPHA_A,NFKB,PU1,
AP2GAMMA,FOSL2,ZB
TB7A 

Ets,GR,Hic1,NF-kappaB,Roaz,SREBP,Znf143 
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Supplementary Table 10: ENCODE analyses of rs560026225 (proxy rs72687036 shown in red) and proxies (r2>0.4) highlighting potential regulatory 
mechanisms underlying eQTL for KIA1109.  
 

SNP 
 
LD 
(R²) 

 
Promoter 
histone marks 

 
Enhancer histone marks 

 
DNAse 

 
Proteins bound 

 
Motifs changed 

rs17518038 0.42 - - - - Pou2f2,STAT 

rs3108402 0.41 - - - - HDAC2 

rs3108401 0.42 - GI - - Bcl6b,Ehf,Elf3,Irf,STAT,Tel2 
rs1949945 0.41 - - - - - 
rs941130 0.41 - ESDR, LNG - - - 

rs10021288 0.69 - - - - - 

rs4279237 0.74 - LNG - - - 

rs3115230 0.45 - - - - Foxo,Mef2 

rs76080510 0.59  FAT, LNG, SKIN - - Bcl6b,CEBPG,Gfi1,Hoxc9,Lhx3,Ncx,Nkx6-
1,OTX,Pax-6,Pou3f4,STAT 

rs77130822 0.58  FAT, LNG, SKIN BRN,BRN,LNG,GI,SKIN - Ets,Pax-5,Pax-6,STAT 

rs6534338 0.48 - - - - INSM1,Maf,Pou2f2,Pou5f1,YY1,ZBTB7A 

rs114785709 0.72 BLD ESC, BLD - - AP-2,LF-A1,PU.1,Rad21,SP1,SREBP,Zbtb12 
rs56035021 0.55 - - - - Foxd1,NRSF 
rs112481526 0.68 - BLD - - EBF,Pax-5 
rs62323898 0.54 - BLD - - - 
rs10857090 0.51 - - - - - 

rs139735807 
0.94 - - - - Arid5b,ERalpha-

a,GCNF,HDAC2,HEY1,MZF1::1-
4,NR4A,Nkx2,Pou1f1,RORalpha1,SF1 

rs72687029 0.95 - - - - Arid3a,Mef2,Myb,TATA 

rs55969942 0.56 - VAS - - Hsf,Pou2f2 

rs55904957 0.56 - VAS - CFOS AFP1,AIRE,Pax-4 

rs7671357 0.56 - - - - - 

rs4505848 0.55  FAT - -    Mef2,Myc 

rs5861560 0.57 BLD BLD - - Barx1,DMRT2,DMRT4,Foxa,HNF1,PLZF,Pou
2f2,TATA 

rs45605540 0.73 - - - - CCNT2,GATA,Hand1,LF-A1,TAL1 
rs7664452 0.58 - - - - E4BP4,Foxk1,Foxo,Foxp3,HDAC2,STAT 
rs72687036 1 - STRM, HRT - - - 
rs143502740 0.96 - - - - Cdx2,Hoxa10,Hoxd10,Nanog,Pou1f1,p300 
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rs202035542 0.44 - - - -       Nanog,Pou1f1 

rs6827756 0.49 - BLD - - Arid3a,Mef2,Pou2f2,p300 

rs45515895 0.99 - BLD - - - 

rs72687044 0.57 LNG - - - HES1,TATA 

rs13147049 0.57 - - - - Nkx6-1,Pdx1,Pou3f4,Sp100 

rs6534347 0.49 - - - - AIRE,ERalpha-a 

rs28854492 0.55 - - MUS - EBF,MZF1::1-4,Sin3Ak-20 
rs144914346 0.95 - - - - Arid5b,Rad21,Smad 

rs34834002 0.54 - - - - Barx1,Bsx,Dlx2,Egr-1,Ets,GATA,Hoxa5,LUN-
1,NERF1a,STAT 

rs7693745 0.7 - - - - CTCFL,GATA,HNF4 
rs200269026 0.47 - - FAT, STRM, BLD -  

rs7699742 0.53 - - - - CEBPG,GATA,HEY1,Myc,Smad3,TATA,p53 

rs11722421 0.54 - - - - - 

rs45528737 0.44 - - - - E2F 

rs1127348 0.9 - - - - Brachyury,Zbtb12 

rs201757131 

0.5 - - - - Barhl1,Barx2,CDP,Dbx1,Dbx2,En-
1,Esx1,Foxd1,Foxp1,HMG-
IY,HNF1,Hlx1,Hmx,Hoxa10,Hoxa3,Hoxa7,Hox
b4,Hoxc6,LUN-1,Lhx3,Mef2,Msx-
1,Nkx2,OTX,Pax-4,Pax-
6,Pax7,Phox2a,Pou2f2,Pou3f2,Prrx1,Prrx2,Vax
2,Zfp105 

rs33976078 0.54 - - - -       Dbx1,Foxd1,Foxp1,Foxq1,HMG-
IY,Hoxa10,Mef2,OTX,Pax-4,Zfp105 

rs11727369 0.47 ESC, IPSC, 
PLCNT 

ESC, ESDR, IPSC, BLD, SKIN, LIV - YY1,MAFF,MAFK DBP,Znf143 

rs56313700 0.9 - - - - PPAR,THAP1 
rs151275015 0.43 - - - - NF-kappaB,PLZF 
rs1383046 0.88 - - - - - 
rs4145717 0.53 - - - - Hoxa9,Pbx-1 

rs17388568 0.66 - - - - CDP,Cdc5,Pou2f2,RFX5 

rs12499753 0.52 - - - - - 

rs1904522 0.51 - - - - DMRT5,PLZF 

rs55896948 0.51 - - - - - 

rs716501 0.51 - - - - GR 

rs17454584 0.86 - - - - Mrg1::Hoxa9,Pou2f2,Pou5f1 
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Data from HaploReg v4.1 (http://archive.broadinstitute.org/mammals/haploreg/haploreg.php)  

  

rs35914000 0.64 - BLD - - Irf 
rs56360035 0.51 - - - - HDAC2,LXR,PRDM1,Pax-4,SP1,UF1H3BETA 

rs56267605 0.51     ELF1,Ets,Irf,Nkx3,PU.1,Pax-8 
 

rs3136534 0.51     DMRT2,Pou2f2,TCF4 

rs2069772 

0.63 BLD    Arid3a,Barx2,Dbx2,En-1,Evi-
1,Gbx1,Gbx2,HNF1,Hlxb9,Hoxa4,Hoxa7,Hoxb
4,Hoxb7,Hoxc6,Hoxd8,Msx-1,Msx2,Ncx,Nkx6-
1,Nkx6-2,Nobox,Pax-
6,Pax7,Phox2a,Pou2f2,Pou3f2,Pou3f3,Pou3f4,P
ou4f3,Pou6f1,Prrx1,Sox 

rs2069763 0.51 BLD, GI BLD THYM  Hand1,Msx-1 

rs58939053 0.49      

rs45599938 0.5     CTCF,Pax-5,Rad21 

rs11098659 0.51     Bbx,En-1,Foxp1,Gfi1b,Hdx,Msx-1,YY1 

rs45454992 0.62     NF-I,TLX1::NFIC 

rs45610037 0.84  FAT, LNG, BLD BLD,SKIN  AP-1,CEBPB,Sox,Zec 
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Supplementary Table 11: ENCODE analyses of rs10905284 (GATA3, shown in red) and proxies (r2<0.4) highlighting potential mechanisms 

SNP 
 
LD 
(R²) 

 
Promoter 
histone marks 

 
Enhancer histone marks 

 
DNAse 

 
Proteins bound 

 
Motifs changed 

rs2275806 

0.41 ESC, ESDR, IPSC, 
FAT, BRST, BLD, 
MUS, BRN, SKIN, LIV, 
PLCNT, GI, HRT, 
CRVX, VAS 

ESC, ESDR, IPSC, FAT, BLD, 
BRN, SKIN, GI, LNG, MUS, 
THYM, HRT, PANC, SPLN 

ESC,ESDR,ESDR,ESDR,ESDR,ESC,IPSC,IPSC,
BRST,BLD,BLD,BLD,BLD,BLD,BLD,SKIN,AD
RL,BRN,HRT,KID,LNG,MUS,MUS,PLCNT,GI,
THYM,MUS,GI,LNG,BLD,LIV,BRST,MUS,VA
S,BLD,SKIN 

CTCF,RAD21,SMC3,Y
Y1,ZNF143,POL2,CTC
FL,HAE2F1 

GR,ZBRK1 

rs3781094 
0.55 BRST, BLD, SKIN, 

FAT, ADRL, KID, VAS 
ESC, ESDR, IPSC, BLD, MUS, 
BRN, SKIN, LNG, HRT, SPLN 

ESC,ESDR,ESDR,ESDR,ESDR,ESC,IPSC,IPSC,
BRST,BLD,BLD,BLD,BLD,SKIN,ADRL,BRN,L
NG,GI,THYM,BRST,VAS,BLD 

 Hbp1,Pou2f2,TCF12 

rs3802604 

0.58 ESC, ESDR, FAT, 
BRST, BLD, MUS, 
SKIN, ADRL, KID, 
LNG, GI, THYM, VAS, 
BRN 

ESC, ESDR, IPSC, FAT, BLD, 
BRN, SKIN, LNG, MUS, GI 

ESC,ESDR,ESDR,ESDR,ESDR,ESC,LNG,IPSC,
BRST,BLD,BLD,BLD,BLD,BLD,SKIN,SKIN,S
KIN,ADRL,BRN,KID,LNG,MUS,PLCNT,GI,TH
YM,GI,BLD,BRST,MUS,MUS,VAS,BRN,SKIN,
LNG 

BATF,EBF1,POL2,SIX
5,NFKB,P300,RAD21,
ZNF263 

BDP1,ERalpha-a,EWSR1-
FLI1,GR,NRSF,PU.1,Rad21,SMC3,Sp
z1,TATA,WT1,ZNF263,Znf143 

rs477771 
0.48 ESDR, BLD, KID, GI, 

THYM, BRST, VAS, 
SKIN 

ESC, ESDR, IPSC, BRST, BLD, 
FAT, GI, ADRL, MUS, BRN 

ESDR,ESC,IPSC,BRST,BLD,BLD,SKIN,THYM,
BLD 

EBF1,NFKB PLAG1,TATA,p300 

rs444762 
0.5 ESDR, BLD, KID, GI, 

THYM, BRST, VAS, 
SKIN 

ESC, ESDR, IPSC, BRST, BLD, 
FAT, ADRL, MUS, SPLN, BRN 

ESC,ESDR,ESDR,ESDR,ESC,IPSC,BRST,BLD,
BLD,BLD,SKIN,PLCNT,THYM,BLD,BRST,VA
S,SKIN 

POL2  

rs376397 
0.5 BLD, KID, GI, THYM, 

BRST, VAS 
ESC, ESDR, IPSC, BRST, BLD, 
FAT, ADRL, MUS, SPLN, BRN 

ESC,ESDR,ESDR,ESDR,IPSC,BRST,BLD,BLD,
BLD,SKIN,ADRL,PLCNT,THYM,BLD,BRST,V
AS,SKIN 

POL2 GATA 

rs409560 0.49 BLD, ADRL, KID, GI, 
BRST, VAS 

ESC, ESDR, IPSC, BRST, BLD, 
FAT, SPLN, BRN 

SDR,ESDR,ESDR,ESDR,ESC,IPSC,BLD,BLD,S
KIN,PLCNT,THYM,BLD,VAS,SKIN 

 HEY1,Mrg,Nkx2,TATA 

rs374641 0.63 BLD, BRST ESC, ESDR, IPSC, BRST, BLD, 
FAT, LNG, PLCNT, SPLN, BRN 

ESDR,BRST,BLD,BLD,PLCNT,VAS,SKIN,LNG EGR1,HAE2F1,POL2 CTCF,NRSF,Pbx3,SMC3 

rs386680 0.64 BLD, BRST ESC, ESDR, IPSC, BRST, BLD, 
SKIN, FAT, THYM, SPLN, BRN 

BRST,BLD,BLD,PLCNT,VAS,BLD,SKIN,LNG EGR1,HAE2F1,POL2 BCL,CTCF,NRSF,Sin3Ak-20 

rs371668 
0.64 BLD, BRST ESC, ESDR, IPSC, BRST, BLD, 

FAT, ADRL, PLCNT, SPLN, 
VAS, BRN 

ESDR,ESDR,BRST,BLD,BLD,BLD,BLD,PLCN
T,THYM,VAS,BLD,BRN,SKIN,LNG 

EGR1,HAE2F1,POL2 EBF,HEY1,LBP-1,LBP-
9,NRSF,Pbx3,Rad21,p300 

rs3824660 0.64 ESDR, BRST, KID, 
VAS 

ESC, ESDR, IPSC, BRST, BLD, 
SKIN, FAT, THYM, SPLN, BRN 

PLCNT  BCL,BDP1,NF-kappaB,YY1 

rs2277228 

0.7 ESC, ESDR, KID, 
PLCNT 

ESDR, IPSC, ESC, BRST, BLD, 
MUS, SKIN, FAT, ADRL, 
PLCNT, THYM, HRT, LNG, 
SPLN 

ESC,ESDR,ESDR,ESDR,ESC,IPSC,IPSC,PLCN
T,THYM,VAS,SKIN 

 CDP,PLAG1 

rs201042786 
0.7 ESC, KID ESC, ESDR, IPSC, BRST, BLD, 

SKIN, FAT, ADRL, PLCNT, 
THYM, MUS 

 GATA2 EWSR1-FLI1,Evi-1,Irf 

rs570730 
0.61 ESC, KID ESC, ESDR, IPSC, BRST, BLD, 

SKIN, FAT, LIV, BRN, ADRL, 
PLCNT, MUS, VAS 

ESC,BLD,MUS,VAS,SKIN  Gm397,Nkx2,Zfp691 
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Data from HaploReg v4.1 (http://archive.broadinstitute.org/mammals/haploreg/haploreg.php)  
  

rs570613 
0.61 ESC, KID ESC, ESDR, IPSC, BRST, BLD, 

SKIN, FAT, LIV, BRN, ADRL, 
PLCNT, MUS, VAS 

ESDR,ESDR,ESC,IPSC,IPSC,MUS,VAS,SKIN  GR,Pbx3,SETDB1 

rs568727 
0.61 ESC, KID ESC, ESDR, IPSC, BRST, BLD, 

SKIN, FAT, ADRL, PLCNT, 
VAS 

ESC,IPSC,IPSC,BRST,BLD,ADRL,BRST,VAS,S
KIN 

POL2 Maf,Nr2f2 

rs10752126 0.7 -  ESC,ESC,IPSC,IPSC,BLD,ADRL,THYM,VAS POL2  

rs10905279 0.69 -  BLD,GI,MUS,VAS,SKIN GATA2,GABP,POL2 CEBPA 

rs7897792 0.74 - ESC, ESDR, IPSC, BRST, BLD, 
SKIN, FAT, THYM 

VAS,SKIN POL2 Foxp1,GATA,HDAC2,Pax-
5,TATA,p300 

rs537544 0.62 - ESC, ESDR, IPSC, BRST, BLD, 
SKIN, FAT, THYM 

VAS  GR,Gfi1,Irf 

rs3847417 0.81 -    BLD   GATA,GR,ZID 

rs3802597 0.98 - ESDR, ESC, IPSC, BRST, BLD, 
THYM, PLCNT, HRT, VAS 

ESC,ESDR,ADRL,MUS,BRN CMYC,POL2 EBF,THAP1,YY1 

rs10905284 1 -  ESDR,THYM,VAS  DMRT2,YY1 

rs34610379 0.67 -  PLCNT,SKIN  Dbx1,TATA 
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Supplementary Table 12: DeepSEA analyses of rs11603634 (MUC5AC) and proxies (r2>0.4) identifies potential alterations in Fox transcription 
factor activity for rs11603634 and alterations in several factors for rs12788104.  
 
 

(A)  rs11603634 
 
 
 
 
 
 
 
 

 
 

(B)  rs12788104 (r2 0.47 with rs11603634) 
 

Chromatin feature Cell Type Treatment Log2 fold change E-Value 

GATA2 K562 None -5.2408 0.0001 

TAL1 K562 None -4.762 0.000089 

GATA2 K562 None -4.7 0.000026 

GATA1 K562 None -4.4207 0.000009 

p300 K562 None -4.1833 0.000545 

ZEB1 GM12878 None 1.8451 0.000787 

 
E is short for 'Expect', and E-value is defined as the expected proportion of SNPs with larger predicted effect (from reference allele to 
alternative allele) for this chromatin feature. The predicted effect magnitude is measured as the product of relative and absolute change, i.e. 
|log(p_ref/(1-p_ref))-log(p_alt/(1-p_alt))| * |p_ref-p_alt| . E-value is computed based on the empirical distributions of predicted effects for 1000 
Genomes SNPs.  

Chromatin feature Cell Type Treatment Log2 fold change E-Value 

FOXA1 HepG2 None 1.6612 0.001328 

FOXA2 HepG2 None 1.6506 0.001216 

FOXA1 HepG2 None 1.643 0.001216 

FOXA1 T-47D DMSO_0.02pct 1.5325 0.000406 

DNase LNCaP androgen 1.348 0.006265 
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Supplementary Table 13: DeepSEA analyses of rs10905284 (GATA3) and proxies (r2>0.4) identifies potential functional effects for rs10905284 
and rs3802597. 

 
(A)  rs10905284 

 
Chromatin feature Cell Type Treatment Log2 fold change E-Value 

MafK HepG2 None 0.80585 0.027291 

MafF HepG2 None 0.77694 0.026661 

MafK HepG2 None 0.77479 0.024518 

MafK IMR90 None 0.70611 0.027451 

MafK K562 None 0.61198 0.024304 

 
 

(B) rs3802597 (r2 0.93 with rs10905284) 
 

Chromatin feature Cell Type Treatment Log2 fold change E-Value 

Max HUVEC None 2.0529 0.0028 

USF1 SK-N-SH_RA None 1.9338 0.0061 

USF2 HepG2 None 1.8769 0.0084 

USF1 A549 EtOH_0.02pct 1.8565 0.0064 

USF1 HepG2 None 1.8417 0.0037 

 
 
E is short for 'Expect', and E-value is defined as the expected proportion of SNPs with larger predicted effect (from reference allele to 
alternative allele) for this chromatin feature. The predicted effect magnitude is measured as the product of relative and absolute change, i.e. 
|log(p_ref/(1-p_ref))-log(p_alt/(1-p_alt))| * |p_ref-p_alt| . E-value is computed based on the empirical distributions of predicted effects for 1000 
Genomes SNPs. 
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Supplementary Table 14: DeepSEA analyses of rs560026225 (KIAA1109) and proxies (r2>0.4) identifies potential functional effects for 
rs17389644. 
 

(A)  rs17389644 (r2 0.57 with rs560026225) 
 

Chromatin feature Cell Type Treatment Log2 fold change E-Value 

DNase HMVEC-dBl-Ad None 1.9371 0.000929 

DNase HPAEC None 1.8865 0.000845 

DNase HMVEC-dLy-Neo None 1.8511 0.000955 

DNase HMVEC-LBl None 1.8486 0.001183 

Pol2-4H8 HUVEC None 1.8327 0.000344 

 
 
 
E is short for 'Expect', and E-value is defined as the expected proportion of SNPs with larger predicted effect (from reference allele to 
alternative allele) for this chromatin feature. The predicted effect magnitude is measured as the product of relative and absolute change, i.e. 
|log(p_ref/(1-p_ref))-log(p_alt/(1-p_alt))| * |p_ref-p_alt| . E-value is computed based on the empirical distributions of predicted effects for 1000 
Genomes SNPs. 
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