
ORIGINAL ARTICLE

Genetic variation in uncontrolled childhood asthma despite
ICS treatment
M Leusink1,2, SJH Vijverberg1,3, L Koenderman3, JAM Raaijmakers1, JC de Jongste4, PJ Sterk5, EJ Duiverman6, NC Onland-Moret2,
DS Postma7, A de Boer1, PIW de Bakker2,8, GH Koppelman6,9 and AH Maitland-van der Zee1,9

Genetic variation may partly explain asthma treatment response heterogeneity. We aimed to identify common and rare genetic
variants associated with asthma that was not well controlled despite inhaled corticosteroid (ICS) treatment. Data of 110 children
was collected in the Children Asthma Therapy Optimal trial. Associations of genetic variation with measures of lung function (FEV1%
pred), airway hyperresponsiveness (AHR) to methacholine (Mch PD20) and treatment response outcomes were analyzed using the
exome chip. The 17q12-21 locus (containing ORMDL3 and GSMDB) previously associated with childhood asthma was investigated
separately. Single-nucleotide polymorphisms (SNPs) in the 17q12-21 locus were found nominally associated with the outcomes.
The strongest association in this region was found for rs72821893 in KRT25 with FEV1%pred (P= 3.75*10�5), Mch PD20 (P= 0.00095)
and Mch PD20-based treatment outcome (P= 0.006). No novel single SNPs or burden tests were significantly associated with the
outcomes. The 17q12-21 region was associated with FEV1%pred and AHR, and additionally with ICS treatment response.
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INTRODUCTION
Childhood asthma is a chronic inflammatory disease of the
airways, which is associated with significant morbidity.1,2 Asthma
is characterized by airway inflammation, airway hyperresponsive-
ness (AHR) and recurrent episodes of reversible airway
obstruction.3 Despite international guidelines on asthma treat-
ment advising inhaled corticosteroids (ICS) as treatment to
provide asthma control,4 some patients still have respiratory
symptoms, exacerbations and get admitted to the hospital. There
is increasing evidence that, in addition to environmental factors,
genetic variation may partly explain heterogeneity in asthma
treatment response.5 Genome-wide association studies (GWAS)
have mainly focused on (childhood) asthma susceptibility or
severity6 and have identified the 17q12-21 locus, containing IKZF,
GSDMB and ORMLD3, which was consistently replicated in other
studies.7–9 One genome-wide study focusing on ICS treatment
response has identified a single-nucleotide polymorphism (SNP) in
the GLCCI1 gene to be associated with change in forced expiratory
volume in 1 s (FEV1%pred) upon ICS treatment in asthma.10

Although providing cost-effective genome-wide coverage of
common variation (SNPs 45%), GWAS yields little information
about rare variation. To specifically investigate the role of func-
tional variation in protein-coding genes, the exome chip was
developed which contains not only the putatively functional and
mostly rare (minor allele frequency (MAF) o1%) exonic variants
but also includes more common SNPs selected for a specific

purpose (for example, validated SNPs by GWAS,11 ancestry
informative SNPs, human leukocyte antigen SNPs and so on).
In the current study we have performed a post-hoc pharma-

cogenomic analysis using exome-chip12 data of participants of
the Children Asthma Therapy Optimal (CATO) study.13 This trial
compared stepwise treatment of asthmatic children based on AHR
and symptoms, or based on symptoms only.
We aimed to identify both common and rare genetic variation

associated with asthma that was not well controlled despite ICS
treatment, focusing on lung function and AHR as main outcomes.
We investigated common genetic variation in a per-SNP approach,
both genome-wide and focusing specifically on the previously
mentioned 17q12-21 locus. Rare genetic variation was separately
investigated in a gene-based approach.

MATERIALS AND METHODS
CATO study
The CATO study is a 2-year randomized clinical multicenter trial
(ClinicalTrials.gov: NCT00158834) designed to compare treatment gui-
dance of asthmatic children based on methacholine (Mch) bronchial
provocation testing (provocative dose of methacholine that caused a fall in
(FEV1) of 20%, Mch PD20) and asthma symptoms, or based on asthma
symptoms only. The design of the study has been published previously.13

Briefly, atopic asthmatic children using ICS, who had a positive radio-
allergosorbent test result (⩾0.35 KU l− 1) for ⩾ 1 airborne allergen were
included based on current symptoms and/or AHR. Children were
randomized to adjustment of treatment on symptom scores or to

1Division of Pharmacoepidemiology & Clinical Pharmacology, Utrecht Institute for Pharmaceutical Sciences, Utrecht University, Utrecht, The Netherlands; 2Julius Center for Health
Sciences and Primary Care, University Medical Center Utrecht, Utrecht, The Netherlands; 3Department of Respiratory Medicine, University Medical Center Utrecht, Utrecht, The
Netherlands; 4Department of Pediatric Respiratory Medicine, Erasmus University Medical Center, Rotterdam, The Netherlands; 5Department of Respiratory Medicine, Academic
Medical Center, University of Amsterdam, Amsterdam, The Netherlands; 6Department of Pediatric Pulmonology and Pediatric Allergology, Beatrix Children’s Hospital, Groningen
Research Institute for Asthma and COPD, University Medical Center Groningen, University of Groningen, Groningen, The Netherlands; 7Department of Pulmonology, Groningen
Research Institute for Asthma and COPD, University Medical Center Groningen, University of Groningen, Groningen, The Netherlands and 8Department of Medical Genetics,
University Medical Center Utrecht, Utrecht, The Netherlands. Correspondence: Dr AH Maitland-van der Zee, Division Pharmacoepidemiology & Clinical Pharmacology, Utrecht
Institute for Pharmaceutical Sciences, PO Box 80082, Utrecht 3508 TB, The Netherlands.
E-mail: a.h.maitland@uu.nl
9These authors contributed equally to this work.
Received 6 November 2014; revised 2 March 2015; accepted 26 March 2015

The Pharmacogenomics Journal (2015), 1–6
© 2015 Macmillan Publishers Limited All rights reserved 1470-269X/15

www.nature.com/tpj

http://dx.doi.org/10.1038/tpj.2015.36
mailto:a.h.maitland@uu.nl
http://www.nature.com/tpj


adjustment of treatment based on bronchial provocation testing and
symptom scores. Participants were followed up for 2 years, with study visits
every three months. During each visit the following parameters were
measured: symptom-free days in the 2 weeks before each visit based on
diary cards, lung function (FEV1%pred)14 and AHR (Mch PD20). AHR was
tested by methacholine challenge using a dosimeter method.15 Treatment
dosage was when necessary adjusted upon each study visit according to
the algorithm of the symptom (reference) or the AHR/symptom (interven-
tion) strategy. The study was approved by the medical ethical committees
of all the participating centers.

Medication levels
Study medication was divided into five increasing levels (Table 1). Levels 1
and 2 consisted of ICS maintenance treatment only. In levels 3–5 a long-
acting beta agonist was added to the ICS regime. All medication was
administered via Diskus dry powder inhalers (GlaxoSmithKline, Brentford, UK).

Outcomes
Four outcomes were studied (specified below), two reflecting continuous
measurements of phenotypes relevant to asthma, and two binary
outcomes reflecting poor treatment response. As there was no significant
effect of the intervention in the CATO study,13 we did not adjust for the
treatment arm in these analyses.

Outcomes reflecting lung function and AHR
The measured outcomes FEV1%pred and Mch PD20 were used to find
SNPs affecting these parameters during treatment which was closely
monitored (for further explanation see statistical methods). These out-
comes are referred to as ‘continuous outcomes’.

● FEV1%pred expressed as a percentage of the average value for sex and
height, corrected for medication level.

● Mch PD20 as a continuous variable was log-transformed, and adjusted
for age, sex and medication level.

Outcomes reflecting treatment response
To assess treatment response, we calculated a summary statistic to
describe the increase or decrease of FEV1%pred and AHR. We fitted a linear
regression model for each subject and continuous outcome (FEV1%pred
and log PD20), with time as the independent variable. A positive or a
negative value of the regression coefficient indicates an overall increase or
decrease in the outcome (Figure 1). The following outcomes are referred to
as ‘treatment response outcomes’.

● Poor treatment response based on decrease in lung function
despite high levels of treatment

Poor treatment response based on lung function was defined as a
decreasing FEV1%pred during the trial. Furthermore, children were required
to have an FEV1%predo100% at baseline, while medication administered
was at levels 4 or 5 for at least five out of nine visits. Children not belonging
to this group were considered to be responders to treatment. This outcome
is referred to as ‘Lung function-based treatment outcome’.

● Poor treatment response based on persistent AHR (low PD20)
despite high levels of treatment

Poor treatment response for AHR was defined as starting with a PD20
value lower than the median of the whole group, which decreased over
time, while medication administered was at level 4 or 5 for at least five out
of nine visits. Children not belonging to this group were considered to be
responders to treatment. This outcome is referred to as ‘AHR-based
treatment outcome’.

Genotyping
DNA, isolated from buccal swabs, was available from 143 individuals
and was extracted using a salt extraction method. Genotyping was
performed using the Infinium HumanExome chip (Illumina, San Diego,
CA, USA), version 1.1, which contains 242 902 variants. The chip is
designed to focus on nonsynonymous variation, but also features
SNPs found associated to various phenotypes in previous GWAS,

human leukocyte antigen tagging SNPs, ancestry informative markers
and so on. Genotype calling was done using zCall16 to facilitate calling of
rare SNPs.

Quality control
The genetic data set was filtered to include only SNPs with genotyping call
rates ⩾ 95%, which were nonmonomorphic (MAF40%), and had a Hardy–
Weinberg Equilibrium P-value41× 10− 6. Samples were filtered to include
those with a call rate ⩾ 95%, which were of European ancestry, verified
using EIGENSTRAT.17 Identity-by-descent estimates from PLINK were used
to identify siblings or otherwise related children (pi-hat 40.2), one of
which was randomly excluded.

Common SNP analysis
Using a cutoff of MAF⩾ 1%, 36 519 SNPs were selected for the common
SNP analysis. The continuous outcomes FEV1%pred and the log-
transformed Mch PD20 were measured longitudinally. A linear mixed
model approach was used to incorporate all data available in the trial,
taking into account the correlated data within individuals. The results thus
show the effect a SNP has on the outcome, adjusting for the fact that it has
this effect at every time point.
Using the nlme R package,18 a mixed model was fitted with age, sex

(both only for AHR), and current level of medication as covariates. The
random part of the model consisted of random slopes (allowing for
systematic effects in the data) and random intercepts. Significance of each
SNP was assessed using a likelihood ratio test comparing the model with
and the model without the SNP.
Common SNP analyses for treatment response (a binary out-

come) were performed using PLINK19 for logistic regression analysis,19

grouping children with a poor treatment response as ‘cases’, and the rest
of the group as ‘controls’, adjusting for age and sex.
P-values were Bonferroni corrected for 36 519 tests to adjust

for multiple testing, giving a cutoff value of 1.4 × 10− 6 for the common
SNP analyses.

Rare SNP analyses
We used rare variant burden testing to group rare variants per gene,
as these are unsuitable for single SNP testing. Gene and exon locations
were based on RefSeq, including all nonsynonymous, splice and stop
variants with a MAFo1%. 24 944 SNPs were available for the rare SNP
analyses in 10 157 genes, which resulted in a Bonferroni corrected
P-value threshold of 4.9 × 10− 6. Calculations were performed using
R version 2.15.2 (ref 20) and the nlme package for the continuous
outcomes FEV1%pred and Mch PD20. For these outcomes a T1 test was
used, summing the number of variant alleles in a gene for each participant.
This number is then used as the independent variable in the linear mixed
model analysis.
For the treatment response outcomes two tests were used in SCORE-

SEQ version 5.2:21 a simple sum of variants in a gene for each participant
(T1 test) and the Sequence Kernel Association Test (SKAT).22 SKAT allow for
different directions of effect, possibly giving more power to detect effects.

Analysis of the 17q12-21 locus
We selected the whole 17q12-21 locus that is known to be associated with
childhood-onset asthma6,8 and asthma treatment response,23 to specifi-
cally investigate variants previously found to be associated with asthma,
lung function and AHR. We compared the frequency of the rs7216389
T-allele (the strongest previous association with asthma in this region) in
the study population to the frequency in the Dutch population (samples of
500 parents from the GoNL project [23]) using a Χ2-test.

Table 1. Levels of medication used in the CATO trial

Level of
medication

Description

Level 1 100-μg Fluticasone per day
Level 2 200-μg Fluticasone per day
Level 3 200-μg Fluticasone and 100-μg salmeterol per day
Level 4 500-μg Fluticasone and 100-μg salmeterol per day
Level 5 1000-μg Fluticasone and 100-μg salmeterol per day
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For the association analyses the locus was defined as the region starting
100 kb upstream of the first SNP found associated with asthma in GWAS
(rs907092 in GSDMB, base pair (BP) 37922259) and ending 100 kb
downstream of the last SNP found associated with asthma (rs758632,
upstream of KRT25, BP 38892689), the region of interest thus ranging from
BP 37822259 to BP 38992689 on chromosome 17. All BP locations are based
on NCBI build 37. This region contained 47 SNPs with a MAF⩾ 1% on the
genotyping array used. When adjusting for multiple testing with a
Bonferroni correction, this results in a significance threshold of 0.001.

RESULTS
Baseline statistics
Hundred and ten children with European ancestry (80%) were
included in the analyses, with age ranging from 6 to 16 years; 66
of which were boys (Table 2). During the trial, the mean FEV1%
pred remained stable, while the geometric mean PD20 rose from
88.7 to 333 μg. Fifteen out of 110 subjects were classified as
nonresponders based on lung function, and 10 out of 110 subjects
were nonresponders when considering AHR. There was little
overlap between the two nonresponder phenotypes, three
subjects being nonresponders for both outcomes. Nonresponders
were on average a bit younger, and received more medication.
Airway hyperresponsiveness decreased (higher Mch PD20) on
average, and increased for AHR nonresponders. Lung function did
not change for the whole group, both nonresponder groups
showed decreasing lung function over time.

Genetic data quality control
After quality control, 64 581 variants were retained for analysis.
24 944 SNPs had a MAF o 1% and were included in the rare SNP
analyses, leaving 39 637 SNPs for the common SNP analysis.

Lung function and AHR
Common SNPs. Using FEV1%pred as the outcome and the mixed
model approach to account for the correlated measured within
individuals, we did not find chip-wide significant statistically
results (Supplementary Figure S1). Lead SNPs from the loci with
Po1 × 10− 4 are shown in Table 3.
Using AHR as the outcome, the most significant finding was

rs921561 at P= 8.26 × 10− 6. Rs10484568 in the human leukocyte
antigen region was associated with nominal statistical significance
with both the FEV1%pred outcome (at P= 7.28 × 10− 5) and the
AHR outcome (P= 9.30 × 10− 5).

Rare SNPs (burden tests). Using the T1 burden test with 10 157
genes, we found three genes associated at Po1 × 10− 4 (LAG3,
ANK3 and NPBWR2; Table 4). LAG3 and ANK3 were associated with
both FEV1%pred and PD20.

17q21. The frequency of the T-allele of rs7216389, the SNP in the
17q21 region with the strongest association in earlier research,
and incurring a higher risk for asthma,6 was higher (61 vs 50%,
P= 0.00165) in the CATO population compared to a representative
sample of the Dutch population (GoNL24).
Several common SNPs in the 17q12-21 region were found to be

nominally statistically significantly associated with the outcomes
of this study when investigating the 17q12-21 region. For the
FEV1%pred outcome (Supplementary Table S1), the most sig-
nificant SNP was rs72821893 in the KRT25 gene (P= 3.97 × 10− 5),
ranked third in the chip-wide analysis of common SNPs. One SNP
reached nominal significance for PD20 Mch (Supplementary Table
S2), rs72821893 (P= 0.000954), which is the same SNP as the most
significant SNP for the FEV1%pred outcome.

Figure 1. Progress over time of FEV1% pred, PD20 and current level of medication for three subjects during the course of the study.
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Treatment response phenotypes
Common SNPs. Neither for treatment response based on
FEV1%pred, nor when based on AHR as the outcome, we found
chip-wide significant results (Manhattan and QQ-plots in Supple-
mentary Material). The five most significant loci for both outcomes
are shown in Table 5.

Rare SNPs (burden tests). Using the T1 and SKAT burden tests, we
tested 10 157 genes on their association with treatment response.
The most significant result for the burden tests of treatment
response was the DOCK2 gene, with a P-value of 7.10 × 10− 4 for
the T1 test and 2.62 × 10− 4 for the SKAT test (Table 6).
For the treatment response based on AHR, the gene GAB1 was

ranked in the top 5 of both types of test (P= 4.12 × 10− 4 for T1 and
P= 4.12 × 10− 4 for SKAT, Table 6).

17q21. Several SNPs in the 17q12-21 locus were found to be
associated at Po0.05 to FEV1%pred-based treatment response
(Supplementary Table S3), such as rs907092 (P= 0.0275) and
rs9303277 (P= 0.0271). The risk allele of the lead SNP at this locus
found in GWAS, rs7216389, is found at an allele frequency of 50%
in a Dutch reference population,24 at 61% in the CATO participants
and 73% in the group not responding to treatment based on
FEV1%pred (P= 0.0551 in the association analysis).

For the ARH-based treatment outcome (Supplementary Table
S4), the same SNP found associated to the continuous outcomes
FEV1%pred and PD20 MCh, rs72821893, was found as the
strongest association in this region (P= 0.00593).

DISCUSSION
In an analysis of 36 519 common SNPs, no SNP was statistically
significantly associated with lung function or AHR during ICS
treatment. Several other findings seem relevant since analyses
of the different phenotypes in this study pointed in the same

Table 2. Characteristics of study subjects

All subjects Nonresponders FEV1 Nonresponders PD20

N (% of total) 110 15 (13%) 10 (8.7%)
Number of males (% male) 66 (59%) 7 (47%) 7 (70%)
Age, years 10.9 (2.47) 10.4 (1.84) 10.5 (2.42)
FEV1%pred at start of trial 97.6 (13.2) 91.9 (5.86) 100 (8.52)
FEV1%pred at end of trial 97.1 (15.0) 86.7 (9.08) 89.5 (14.7)
PD20 (μg) at start of triala 88.7 (4.86) 55.1 (3.72) 133 (5.76)
PD20 (μg) at end of triala 333 (5.01) 250 (4.94) 71.0 (7.36)
Mean level of medicationb 3.58 (1.24) 4.35 (0.729) 4.41 (0.688)

Values are mean (s.d.) unless noted otherwise. aGeometric mean and geometric s.d. bMean level of all visits.

Table 3. Loci with Po1 ×10− 4 for the continuous outcomes (FEV1%pred and Mch PD20)

Chromosome pos. SNP Nearby gene(s) MAF Effect (s.e.) P-value

FEV1%pred
6p24.3 rs35742417 RREB1 0.1503 10.5 (2.13) 2.44× 10− 6

16q24.3 rs117053233 GAS8 0.01748 − 32.4 (7.41) 2.63× 10− 5

17q21.2 rs72821893 KRT25 0.03497 − 20.8 (5.00) 6.14× 10− 5

6p21.32 rs10484568 BRD2, HLA-DOA 0.04545 − 16.14 (3.9) 6.21 × 10− 5

7p12.2 rs1456896 IKZF1 0.3112 − 7.62 (1.80) 7.42× 10− 5

5q34 rs11953266 RPS15P6 0.3986 7.17 (1.76) 8.80× 10− 5

Mch PD20
11q22.1 rs921561 CNTN5, JRKL-AS1 0.4792 − 0.960 (0.212) 1.44× 10− 5

12q21.31 rs1551120 OTOGL 0.3427 0.977 (0.224) 2.56× 10− 5

13q22.2 rs716655 TBC1D4 0.4097 0.885 (0.204) 2.67× 10− 5

6q21 rs847005 SCML4 0.3776 − 0.861 (0.201) 5.56× 10− 5

19q13.11 rs142299823 ZNF30 0.01389 − 3.239 (0.766) 4.49× 10− 5

10q11.23 rs2574951 SGMS1 0.1049 − 1.97 (0.47) 4.60× 10− 5

1p22.3 rs4655852 LMO4 0.4371 0.82 (0.2) 4.68 × 10− 5

19q13.41 rs12462608 ZNF766 0.03147 − 3.3 (0.79) 5.18× 10− 5

5p13.1 rs151191974 C5orf51, OXCT1 0.01399 − 3.44 (0.84) 6.44× 10− 5

19q13.43 rs34282745 ZNF154 0.03846 − 2 (0.49) 8.13× 10− 5

4p16.3 rs17768776 ZFYVE28 0.0979 − 1.29 (0.32) 8.69× 10− 5

6p21.32 rs10484568 BRD2, HLA-DOA 0.04545 − 1.88 (0.47) 9.30× 10− 5

Abbreviations: HLA, human leukocyte antigen; MAF, minor allele frequency; SNP, single-nucleotide polymorphism. Effect, s.e. and P-value from mixed model
analysis, P-value calculated from likelihood ratio test.

Table 4. Burden test associations with continuous outcomes

Outcome Gene Beta s.e. P

FEV1%pred
FEV LAG3 − 43.36 8.95 5.0 × 10− 6

FEV ANK3 − 24.93 5.89 4.2 × 10− 5

Mch PD20
PD20 LAG3 − 4.85 1.09 1.7 × 10− 5

PD20 ANK3 − 2.97 0.72 5.8 × 10− 5

PD20 NPBWR2 − 4.44 1.10 8.9 × 10− 5
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direction. Our results show that in an asthmatic population treated
with ICS, enriched for SNPs associated with asthma, these same
SNPs may affect lung function and AHR. When investigating the
17q12-21 locus we found an enrichment of the risk allele of the
lead SNP previously found in GWAS,8 rs7216389, in our population
when compared with the general Dutch population. Furthermore,
several SNPs in this locus were nominally associated with FEV1%
pred, including SNPs previously associated with asthma suscept-
ibility. The SNP in this locus with the strongest associations,
rs72821893 (in the keratin 25 (KRT25) gene), was associated with a
reduction in FEV1%pred by 20.8 percentage points per T-allele (95%
CI − 30.4; − 11.3, P=3.75×10−5). Rs72821893 lowered PD20 Mch by
2.00 μg per T-allele (95% confidence interval − 3.16; −0.830,
P=0.001), agreeing in direction with the effect found for FEV1%
pred. This same SNP was found to be associated with AHR treatment

response. A sevenfold risk increase for being a poor responder was
found per T-allele (odds ratio 7.73, 95% confidence interval 1.31;
45.5; P: 0.00593). The effect sizes found are very large compared to
results from most GWAS, for example, an odds ratio larger than
seven is very rare in these studies. Since the SNP is relatively rare
(MAF in this study 4%), and not often directly genotyped, it is
possible that it is partly responsible for the associations of the
17q12-21 region as a whole and was not picked up in earlier
genome-wide studies. There is considerable discussion on which
gene(s) in this locus are responsible for the associations with asthma,
and our result suggests another gene than the often quoted GSDMA,
GSDMB and ORMDL3. KRT25 is a keratin gene, an important protein
in epithelial cells, but this family of proteins was not previously
associated with asthma or pulmonary function. While rs72821893 is
a nonsynonymous SNP, further investigation is necessary to explain

Table 5. Five most significant loci for treatment response outcomes

Chromosome pos. SNP Nearby gene(s) OR (s.e.) P-value

FEV1%pred treatment response
1q32.1 rs12748961 NUCKS1, SLC45A3 17.3 (0.710) 5.76× 10− 5

8p11.23 rs4994 ADRB3 22.4 (0.781) 6.96× 10− 5

16p12.1 rs113388806 TNRC6A 184 (1.33) 9.46× 10− 5

6q25.3 rs894124 SYTL3 10.2 (0.622) 0.000229
16q24.1 rs72799568 CRISPLD2 10.9 (0.667) 0.000339

Mch PD20 treatment response
5p15.33 rs11745750 IRX1 33.6 (0.875) 6.42× 10− 5

3p26.3 rs2727943 CNTN4 13.6 (0.741) 0.000426
11q12.3 rs1293035 AHNAK 35.6 (1.03) 0.000546
11p15.1 rs61733595 MRGPRX3 23.4(0.923) 0.000633
20q11.22 rs3746429 EDEM2 7.01 (0.577) 0.000732

Abbreviations: MAF, minor allele frequency; OR, odds ratio; SNP, single-nucleotide polymorphism. OR, s.e. and P-value from logistic regression (Wald test).

Table 6. Burden test results for rare SNPs (MAF o1%) for both T1 and SKAT tests

Outcome Gene Test Rank T1 P T1 Rank SKAT P SKAT

FEV1%pred treatment response, top T1 results
FEV1 treat. resp. DOCK2 T1 1 0.00071 4 0.000262
FEV1 treat. resp. MTF1 T1 2 0.00184 51 0.00346
FEV1 treat. resp. DNAH5 T1 3 0.00191 928 0.0883
FEV1 treat. resp. BACH2 T1 4 0.00198 17 0.00141
FEV1 treat. resp. ZNF518B T1 5 0.00253 132 0.0105

FEV1%pred treatment response, top SKAT results
FEV1 treat. resp. PWP2 SKAT 3181 0.441 1 6.62× 10− 5

FEV1 treat. resp. RNASE10 SKAT 8278 1 2 0.000118
FEV1 treat. resp. C3orf15 SKAT 2312 0.418 3 0.000148
FEV1 treat. resp. DOCK2 SKAT 1 0.00071 4 0.000262
FEV1 treat. resp. CHD6 SKAT 5422 0.571 5 0.000304

Mch PD20 treatment response, top T1 results
PD20 treat. resp. ARSF T1 1 0.000355 58 0.00438
PD20 treat. resp. GAB1 T1 2 0.000412 8 0.000412
PD20 treat. resp. CDH12 T1 3 0.000449 82 0.00650
PD20 treat. resp. BICC1 T1 4 0.000571 57 0.00428
PD20 treat. resp. ZNF518B T1 5 0.000675 131 0.0105

Mch PD20 treatment response, top SKAT results
PD20 treat. resp. C20orf152 SKAT 424 0.0427 1 0.000366
PD20 treat. resp. GAB1 SKAT 2 0.000412 2 0.000412
PD20 treat. resp. ACTL8 SKAT 479 0.0466 3 0.000562
PD20 treat. resp. NQO2 SKAT NA NA 4 0.000765
PD20 treat. resp. ERRFI1 SKAT 7059 0.762 5 0.000798

Abbreviations: MAF, minor allele frequency; SKAT, Sequence Kernel Association Test; SNP, single-nucleotide polymorphism.
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this association. It has to be added that the three phenotypes
associated with this SNP are correlated, and an agreement between
the separate results was therefore anticipated.
The common SNP analysis for both treatment response

outcomes showed no statistically significant results. However the
first-ranking SNP, rs12748961 (close to SLC45A3) which was
previously described in relation with the number of peripheral
blood basophils (components of allergic inflammation),25 is 2 kb
away from a SNP associated with lung function decline in asthma
(rs16856186, r2 with rs12748961 = 0.002).26

The burden tests for treatment response did not reveal
statistically significant associations. DOCK2 was found in the top-
20 of both the T1 and SKAT test of FEV1%pred-based treatment
response, as was BACH2. The fact that we did not find rare variants
with a large effect size might suggest that their importance for
complex diseases such as asthma is small.
The greatest strength of our study is the longitudinal nature of

the data, with follow-up for 2 years, and measurements of several
clinically relevant phenotypes in a standardized way. Using a
mixed model, we made optimal use of this data. In addition the
cohort was well characterized, and treatment was standardized.
With these features this study is a unique albeit small resource for
asthma related investigations. The main weakness of our study is
the low number of participants. This results in low power to find
associations, although this is partially compensated by the
longitudinal data. Our replication of associations at the 17q12-21
locus shows that a relatively low number of participants may be
useful in (pharmaco)genetic research, if detailed phenotype data
are available. The assessment of treatment responses in children
with asthma is complex and response phenotypes are often
simplified and do not take into account fluctuations of symptoms
over time.27 We were able to assess phenotypes over a longer
time period, diminishing the impact of fluctuating phenotypes
and measurement errors.
In conclusion, we used the exome chip to find SNPs associated

with lung function and AHR, and their treatment response based
on the improvement of both variables during ICS treatment.
We could not identify rare SNPs with major effects on these
asthma phenotypes. We did show that the main asthma risk allele
from GWAS8 (in the 17q12-21 locus) was more frequent in our
population than in unaffected Dutch controls. This locus is
associated with FEV1%pred, AHR to methacholine and AHR-
based treatment response, with rs72821893 in KRT25 as the most
significant result for all three outcomes. Our study suggests that
the 17q12-21 locus affects both asthma and treatment response
to ICS in asthma.
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Supplemental results

Continous outcomes

Manhattan and QQ-plots for the chip-wide analysis

a) Manhattan plot b) QQ-plot

Figure S1 Manhattan and QQ-plots for the chip-wide analysis of lung function.

a) Manhattan plot b) QQ-plot

Figure S2 Manhattan and QQ-plots for the chip-wide analysis of AHR.



17q21

Continuous outcomes

Table S1 Association of all SNPs in the 17q21 locus with FEV1.
SNP CHR BP Allele MAF BETA SE P
rs35464006 17 37840860 C 0.01399 -4.88441 6.97427 0.4842
rs2643195 17 37853118 A 0.4266 2.119985 1.940872 0.278077
rs1136201 17 37879588 G 0.2238 -0.80572 2.082727 0.704474
rs907092 17 37922259 A 0.3566 -3.19367 2.006653 0.113547
rs112301322 17 37944519 G 0.03846 0.889188 4.36802 0.839136
rs9303277 17 37976469 T 0.4196 -2.83604 1.96021 0.150513
rs11557467 17 38028634 T 0.3951 -3.05663 1.966577 0.123536
rs2872507 17 38040763 A 0.3531 -3.20134 1.983409 0.107829
rs8067378 17 38051348 G 0.4126 -2.83604 1.96021 0.150513
rs2305480 17 38062196 A 0.3427 -3.41387 1.951795 0.081376
rs2305479 17 38062217 T 0.3811 -3.20328 1.919001 0.097455
rs35266519 17 38062390 T 0.01399 -5.98443 6.863059 0.390591
rs35104165 17 38062503 C 0.03846 0.579456 4.329649 0.894044
rs11078928 17 38064469 C 0.3427 -3.41387 1.951795 0.081376
rs2290400 17 38066240 C 0.4056 -3.14803 1.928544 0.104281
rs7216389 17 38069949 C 0.3916 -3.35297 1.931838 0.084827
rs72832968 17 38100673 G 0.06294 5.383617 3.392832 0.113992
rs17609240 17 38110689 T 0.3077 -2.7246 1.734553 0.118892
rs7212944 17 38122686 A 0.2867 -3.44119 1.862406 0.066673
rs56030650 17 38131187 C 0.4441 -4.74017 1.764126 0.008476
rs4794822 17 38156712 T 0.4615 4.152019 1.907009 0.0351
rs4135012 17 38450248 A 0.03147 -2.86608 5.0143 0.568123
rs13706 17 38457151 A 0.1154 8.251209 3.581588 0.022488
rs202055764 17 38519545 A 0.03497 -2.99535 4.735996 0.531707
rs13695 17 38545193 A 0.2517 0.030473 2.017959 0.987937
rs34300454 17 38547868 T 0.03497 -2.99535 4.735996 0.531707
rs2290207 17 38640744 T 0.2343 1.644896 2.224404 0.459874
rs3764424 17 38645125 G 0.2448 1.374939 2.160484 0.525001
rs1901187 17 38646147 C 0.3951 2.133978 1.715396 0.214143
rs2228015 17 38715186 C 0.01748 1.29228 6.967 0.852257
rs7221109 17 38770286 T 0.3776 1.192204 1.922475 0.534106
rs2469825 17 38841662 A 0.4965 0.660706 1.922074 0.731889
rs2462961 17 38855772 C 0.4965 0.73063 1.903572 0.701751
rs874889 17 38857446 A 0.4825 0.207934 1.86869 0.911358
rs9972941 17 38867922 A 0.1538 -3.12822 2.584286 0.227833
rs72821893 17 38907448 T 0.03497 -20.926 4.880925 3.75E-05
rs9898164 17 38928014 G 0.1294 0.497476 2.748353 0.856522
rs62622790 17 38933388 C 0.05944 -0.35566 3.616243 0.921303
rs981684 17 38935812 A 0.4336 -2.92101 1.866225 0.119306
rs17558560 17 38936659 T 0.4301 2.490202 1.879211 0.184685
rs12453124 17 38938316 T 0.1294 0.497476 2.748353 0.856522
rs7209228 17 38955991 T 0.1783 -0.90686 2.571373 0.723299
rs142165420 17 38956007 G 0.01399 6.705188 6.92168 0.331974
rs77919366 17 38978462 T 0.2308 -3.3702 2.122197 0.112593
rs150048434 17 38978703 C 0.01049 -1.18113 7.991175 0.881974
rs17474506 17 38990780 G 0.03846 3.163107 4.216579 0.455136
rs1044806 17 38991052 G 0.2133 -1.54475 2.413386 0.52055
Base pair position is based on NCBI build 37. CHR: chromosome, BP: base pair, MAF: minor allele frequency, P: p-
value based on likelihood ratio test.



Table S2 Association of all SNPs in 17q21 locus with AHR.
SNP CHR BP Allele MAF BETA SE P
rs35464006 17 37840860 C 0.01399 0.283398 0.817354 0.735195
rs2643195 17 37853118 A 0.4266 -0.04944 0.227732 0.827365
rs1136201 17 37879588 G 0.2238 0.026878 0.241115 0.910865
rs907092 17 37922259 A 0.3566 -0.23265 0.234058 0.319098
rs112301322 17 37944519 G 0.03846 0.168737 0.509023 0.739286
rs9303277 17 37976469 T 0.4196 -0.10543 0.23317 0.649848
rs11557467 17 38028634 T 0.3951 -0.16151 0.233928 0.488415
rs2872507 17 38040763 A 0.3531 -0.20052 0.235606 0.393324
rs8067378 17 38051348 G 0.4126 -0.10543 0.23317 0.649848
rs2305480 17 38062196 A 0.3427 -0.16786 0.232489 0.468838
rs2305479 17 38062217 T 0.3811 -0.12802 0.228737 0.574219
rs35266519 17 38062390 T 0.01399 0.936119 0.80237 0.24562
rs35104165 17 38062503 C 0.03846 0.168737 0.509023 0.739286
rs11078928 17 38064469 C 0.3427 -0.16786 0.232489 0.468838
rs2290400 17 38066240 C 0.4056 -0.05615 0.230119 0.806369
rs7216389 17 38069949 C 0.3916 -0.10996 0.230634 0.632118
rs72832968 17 38100673 G 0.06294 0.260997 0.401436 0.513909
rs17609240 17 38110689 T 0.3077 -0.18771 0.205531 0.361795
rs7212944 17 38122686 A 0.2867 -0.2062 0.221728 0.352228
rs56030650 17 38131187 C 0.4441 0.093105 0.214491 0.663782
rs4794822 17 38156712 T 0.4615 -0.13852 0.22878 0.545287
rs4135012 17 38450248 A 0.03147 -0.45062 0.593747 0.447511
rs13706 17 38457151 A 0.1154 0.180882 0.429797 0.672575
rs202055764 17 38519545 A 0.03497 -0.59749 0.558997 0.287219
rs13695 17 38545193 A 0.2517 0.206851 0.236321 0.379659
rs34300454 17 38547868 T 0.03497 -0.59749 0.558997 0.287219
rs2290207 17 38640744 T 0.2343 0.184921 0.261368 0.480107
rs3764424 17 38645125 G 0.2448 0.172921 0.253707 0.497336
rs1901187 17 38646147 C 0.3951 0.248433 0.20203 0.224508
rs2228015 17 38715186 C 0.01748 0.151125 0.818608 0.853781
rs7221109 17 38770286 T 0.3776 -0.24233 0.22662 0.289302
rs2469825 17 38841662 A 0.4965 0.032303 0.226417 0.886108
rs2462961 17 38855772 C 0.4965 0.020907 0.22433 0.925467
rs874889 17 38857446 A 0.4825 -0.04732 0.220087 0.829077
rs9972941 17 38867922 A 0.1538 -0.07249 0.30551 0.814402
rs72821893 17 38907448 T 0.03497 -2.00683 0.594934 9.54E-04
rs9898164 17 38928014 G 0.1294 0.12883 0.322701 0.694732
rs62622790 17 38933388 C 0.05944 0.172348 0.424256 0.685196
rs981684 17 38935812 A 0.4336 -0.46891 0.218622 0.034162
rs17558560 17 38936659 T 0.4301 0.460999 0.218975 0.035696
rs12453124 17 38938316 T 0.1294 0.12883 0.322701 0.694732
rs7209228 17 38955991 T 0.1783 -0.32691 0.301765 0.283036
rs142165420 17 38956007 G 0.01399 0.138165 0.817832 0.868395
rs77919366 17 38978462 T 0.2308 -0.17665 0.252281 0.482521
rs150048434 17 38978703 C 0.01049 0.427082 0.935348 0.647651
rs17474506 17 38990780 G 0.03846 0.528498 0.495429 0.302257
rs1044806 17 38991052 G 0.2133 -0.30142 0.284018 0.289243
Base pair position is based on NCBI build 37. CHR: chromosome, BP: base pair, MAF: minor allele frequency, P: p-
value based on likelihood ratio test.



Treatment response

Table S3 Association of all SNPs in 17q12-21 locus with FEV1 treatment response.
SNP CHR BP Allele MAF OR SE P
rs35464006 17 37840860 C 0.01399 1.233 0.2744 0.3622
rs2643195 17 37853118 A 0.4266 0.4212 0.8302 0.129
rs1136201 17 37879588 G 0.2238 0.572 0.1221 0.086
rs907092 17 37922259 A 0.3566 0.518 0.1156 0.02748
rs112301322 17 37944519 G 0.03846 1.097 0.06044 0.5495
rs9303277 17 37976469 T 0.4196 0.491 0.1291 0.02713
rs11557467 17 38028634 T 0.3951 0.4899 0.1334 0.03141
rs2872507 17 38040763 A 0.3531 0.496 0.1472 0.05712
rs8067378 17 38051348 G 0.4126 0.491 0.1291 0.02713
rs2305480 17 38062196 A 0.3427 0.511 0.1301 0.04216
rs2305479 17 38062217 T 0.3811 0.4965 0.1237 0.02452
rs35266519 17 38062390 T 0.01399 1.233 0.1979 0.5183
rs35104165 17 38062503 C 0.03846 1.097 0.06044 0.5495
rs11078928 17 38064469 C 0.3427 0.511 0.1301 0.04216
rs2290400 17 38066240 C 0.4056 0.4786 0.152 0.04808
rs7216389 17 38069949 C 0.3916 0.4767 0.1574 0.0551
rs72832968 17 38100673 G 0.06294 0.6093 0.6005 0.2615
rs17609240 17 38110689 T 0.3077 0.4359 0.2595 0.2564
rs7212944 17 38122686 A 0.2867 0.4529 0.2656 0.3332
rs56030650 17 38131187 C 0.4441 0.4007 0.3397 0.4624
rs4794822 17 38156712 T 0.4615 0.4315 0.3313 0.5483
rs13706 17 38457151 A 0.1154 1.081 0.04791 0.3945
rs13695 17 38545193 A 0.2517 0.4216 0.62 0.4088
rs2290207 17 38640744 T 0.2343 0.5102 0.3466 0.9069
rs3764424 17 38645125 G 0.2448 0.4904 0.3414 0.8166
rs1901187 17 38646147 C 0.3951 0.3754 0.5018 0.9021
rs2228015 17 38715186 C 0.01748 1.238 0.2547 0.3923
rs7221109 17 38770286 T 0.3776 0.432 0.3929 0.8397
rs2469825 17 38841662 A 0.4965 0.4244 0.4839 0.803
rs2462961 17 38855772 C 0.4965 0.4223 0.4902 0.7857
rs874889 17 38857446 A 0.4825 0.4161 0.5102 0.7317
rs9972941 17 38867922 A 0.1538 0.5161 0.5841 0.3586
rs72821893 17 38907448 T 0.03497 1.131 0.1154 0.9599
rs9898164 17 38928014 G 0.1294 0.6034 0.2704 0.8356
rs62622790 17 38933388 C 0.05944 0.7621 0.2238 0.9964
rs981684 17 38935812 A 0.4336 0.4168 0.8772 0.09986
rs17558560 17 38936659 T 0.4301 0.4589 0.1999 0.1217
rs12453124 17 38938316 T 0.1294 0.6034 0.2704 0.8356
rs7209228 17 38955991 T 0.1783 0.5408 0.4378 0.6653
rs77919366 17 38978462 T 0.2308 0.4408 0.6712 0.2912
rs17474506 17 38990780 G 0.03846 1.053 0.1046 0.8534
rs1044806 17 38991052 G 0.2133 0.5186 0.4499 0.6748
Not all available SNPs are listed as for the rarer SNPs (MAF < 2%) the model could not always be fitted. 5 SNPs
were removed for this reason. Base pair position is based on NCBI build 37. OR is odds ratio per minor allele
(additive model). CHR: chromosome, BP: base pair, MAF: minor allele frequency, P: p-value based on likelihood
ratio test.



Table S4 Association of all SNPs in 17q12-21 locus with AHR treatment response.
SNP CHR BP Allele MAF OR SE P
rs2643195 17 37853118 A 0.4266 1.237 0.4962 0.668
rs1136201 17 37879588 G 0.2238 1.612 0.5002 0.3398
rs907092 17 37922259 A 0.3566 0.833 0.5313 0.7309
rs9303277 17 37976469 T 0.4196 0.5872 0.5442 0.3279
rs11557467 17 38028634 T 0.3951 0.6158 0.5439 0.3727
rs2872507 17 38040763 A 0.3531 0.8148 0.5339 0.7013
rs8067378 17 38051348 G 0.4126 0.5872 0.5442 0.3279
rs2305480 17 38062196 A 0.3427 0.8678 0.5266 0.7877
rs2305479 17 38062217 T 0.3811 0.6635 0.5348 0.4431
rs35266519 17 38062390 T 0.01399 3.278 1.212 0.3272
rs11078928 17 38064469 C 0.3427 0.8678 0.5266 0.7877
rs2290400 17 38066240 C 0.4056 0.6087 0.5427 0.3604
rs7216389 17 38069949 C 0.3916 0.6391 0.5412 0.4081
rs72832968 17 38100673 G 0.06294 0.6476 1.063 0.6828
rs17609240 17 38110689 T 0.3077 1.153 0.442 0.7471
rs7212944 17 38122686 A 0.2867 1.065 0.4846 0.897
rs56030650 17 38131187 C 0.4441 1.042 0.4791 0.9312
rs4794822 17 38156712 T 0.4615 0.9929 0.509 0.9889
rs13695 17 38545193 A 0.2517 0.4624 0.6462 0.2326
rs2290207 17 38640744 T 0.2343 0.16 1.049 0.08071
rs3764424 17 38645125 G 0.2448 0.1623 1.044 0.08167
rs1901187 17 38646147 C 0.3951 0.09721 1.029 0.02344
rs7221109 17 38770286 T 0.3776 0.631 0.5273 0.3825
rs2469825 17 38841662 A 0.4965 0.4766 0.5125 0.1481
rs2462961 17 38855772 C 0.4965 0.49 0.5088 0.1609
rs874889 17 38857446 A 0.4825 0.5263 0.4989 0.1983
rs9972941 17 38867922 A 0.1538 0.9665 0.6709 0.9594
rs72821893 17 38907448 T 0.03497 11.21 0.8784 0.005932
rs981684 17 38935812 A 0.4336 1.006 0.4903 0.99
rs17558560 17 38936659 T 0.4301 1.489 0.482 0.4091
rs7209228 17 38955991 T 0.1783 1.115 0.665 0.8701
rs77919366 17 38978462 T 0.2308 0.6473 0.5976 0.4668
rs17474506 17 38990780 G 0.03846 1.287 0.9921 0.7991
rs1044806 17 38991052 G 0.2133 0.7717 0.6484 0.6894
Not all available SNPs are listed as for the rarer SNPs (MAF < 2%) the model could not always be fitted. 12 SNPs
were removed for this reason. Base pair position is based on NCBI build 37. OR is odds ratio per minor allele
(additive model). CHR: chromosome, BP: base pair, MAF: minor allele frequency, P: p-value based on likelihood
ratio test.
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