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Genetic Architectures of Childhood- and Adult-Onset
Asthma Are Partly Distinct

Manuel A.R. Ferreira,1,* Riddhima Mathur,1 Judith M. Vonk,2,11 Agnieszka Szwajda,3 Ben Brumpton,4,5,6

Raquel Granell,4 Bronwyn K. Brew,3 Vilhelmina Ullemar,3 Yi Lu,3 Yunxuan Jiang,7

23andMe Research Team,7 eQTLGen Consortium,8 BIOS Consortium,9 Patrik K.E. Magnusson,3

Robert Karlsson,3 David A. Hinds,7 Lavinia Paternoster,4 Gerard H. Koppelman,10,11

and Catarina Almqvist3,12

The extent to which genetic risk factors are shared between childhood-onset (COA) and adult-onset (AOA) asthma has not

been estimated. On the basis of data from the UK Biobank study (n ¼ 447,628), we found that the variance in disease liability ex-

plained by common variants is higher for COA (onset at ages between 0 and 19 years; h2g ¼ 25.6%) than for AOA (onset at ages

between 20 and 60 years; h2g ¼ 10.6%). The genetic correlation (rg) between COA and AOA was 0.67. Variation in age of onset

among COA-affected individuals had a low heritability (h2g ¼ 5%), which we confirmed in independent studies and also among

AOA-affected individuals. To identify subtype-specific genetic associations, we performed a genome-wide association study

(GWAS) in the UK Biobank for COA (13,962 affected individuals) and a separate GWAS for AOA (26,582 affected individuals)

by using a common set of 300,671 controls for both studies. We identified 123 independent associations for COA and 56 for

AOA (37 overlapped); of these, 98 and 34, respectively, were reproducible in an independent study (n ¼ 262,767). Collectively,

28 associations were not previously reported. For 96 COA-associated variants, including five variants that represent COA-specific

risk factors, the risk allele was more common in COA- than in AOA-affected individuals. Conversely, we identified three variants

that are stronger risk factors for AOA. Variants associated with obesity and smoking had a stronger contribution to the risk of

AOA than to the risk of COA. Lastly, we identified 109 likely target genes of the associated variants, primarily on the basis of corre-

lated expression quantitative trait loci (up to n ¼ 31,684). GWAS informed by age of onset can identify subtype-specific risk vari-

ants, which can help us understand differences in pathophysiology between COA and AOA and so can be informative for drug

development.
Introduction

The age at which asthma (MIM: 600807) symptoms

first develop is often used for identification of different dis-

ease subtypes,1–7 broadly separating individuals into two

groups: those with childhood-onset disease and those

with adult-onset disease. Perinatal factors, atopy (MIM:

147050), viral respiratory-tract infections, and the micro-

biome are thought to play a key role in the development

of childhood-onset asthma (COA),8–11 whereas adult-onset

asthma (AOA) is more strongly associated with obesity

(MIM: 601665), smoking, and other environmental and

occupational exposures.12,13 Such differences in etiology

suggest that genetic risk factors might also be partly

distinct between COA and AOA. This hypothesis, which

to our knowledge has not been formally tested to date, is

supported by the observations that asthma risk alleles are

enriched among individuals with early-onset disease.14–16
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Moreover, it has been shown that the efficacy of novel

anti-cytokine asthma therapies, such as those involving

anti-IL-517 and the anti-IL-5Ra,18 is greater in adult-onset

disease, again pointing to age-of-onset-dependent disease

mechanisms.

In this study, we used genetic data and information

on asthma reported by participants from the UK Biobank

study to address three main questions: To what extent

do the same genetic variants influence the risk of

both COA and AOA? Do genetic variants influence the spe-

cific age at which asthma first develops during childhood

and during adulthood? Can we identify genetic variants

that are risk factors for one disease subtype but not (or

less so) for the other? Addressing these questions can

potentially help us understand differences in pathophysi-

ology between individuals with COA and individuals

with AOA; this understanding could have implications

for identifying age-of-onset-specific drug targets.
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Subjects and Methods

Selection of Asthma-Affected Individuals from the UK

Biobank Study
We first identified 53,031 individuals with self-reported doctor-

diagnosed asthma among 488,365 participants from the UK Bio-

bank study.19 We identified them on the basis of information

from four data fields: field 6152 (‘‘Has a doctor ever told you that

you have had any of the following conditions?’’ asked on a

touchscreen questionnaire), field 20002 (verbal interview), field

41202 (Diagnoses—main ICD10), and field 41204 (Diagnoses—

secondary ICD10). Specifically, affected individuals had (1) either

a report of ‘‘asthma’’ in field 6152 and a code for asthma in field

20002 or an ICD10 code for asthma in field 41202 or 41204;

and (2) no report of chronic obstructive pulmonary disease

(COPD; MIM: 606963) in fields 6152 or 20002, nor of other respi-

ratory diseases in field 20002. We then excluded 9,984 individuals

(leaving 43,047) on the basis of two data fields that recorded infor-

mation age at asthma onset: field 3786 (‘‘What was your age when

the asthmawas first diagnosed?’’ asked on a touchscreen question-

naire) and field 22147 (‘‘Age you were first diagnosed by a doctor’’

on an online follow-up questionnaire completed only by a subset

of participants). Specifically, we excluded asthma-affected individ-

uals with (1) missing information for field 3786 (n ¼ 7,393); (2) a

diagnosis of asthma after the age of 60 (to further minimize poten-

tial confounding with COPD; n ¼ 1,723); or (3) age at asthma

onset reported in field 22147 that was >10 years apart from that

reported in field 3786 (n ¼ 868). Lastly, we excluded 2,503 asth-

matics who (1) did not cluster within five standard deviations of

the mean for the first and second MDS components estimated

for individuals from the five European ancestry groups (CEU,

GBR, FIN, IBS, and TSI) of the 1000 Genomes Project, as described

previously;15 (2) had a self-reported sex different from their genet-

ically inferred sex; (3) were outliers with regard to genotype

missing rates and/or genome-wide heterozygosity levels; (4) had

more than 10 third-degree relatives or were excluded from kinship

inference; and/or (5) were not present in the imputed dataset

released in July 2017. After these exclusions, there were 40,544

asthmatics available for analysis.
Classification of UK Biobank Asthma-Affected

Individuals into Three Groups Based on Age at First

Diagnosis
We used the age at first diagnosis reported in fields 3786 and 22147

(the age was averagedwhen values in both fields were available; see

Figure S1) to group the 40,544 asthmatics into three non-overlap-

ping groups: those first diagnosed as (1) a child or teenager, specif-

ically at or before age 19 (n ¼ 13,962); (2) a young or middle-aged

adult, between the ages of 20 and 39 (n ¼ 11,709); or (3) an older

adult, between the ages of 40 and 60 (n ¼ 14,873). We used a cut-

off of age 19 to define COA so that those diagnosed as an adoles-

cent or teenager (ages 13 to 19; n ¼ 3,164) were included in the

same group as those diagnosed as a child (ages 0 to 12; n ¼
10,798). For heritability and genetic-correlation analyses, we

initially split those diagnosed as adults into two groups because

data from longitudinal epidemiological studies show that asthma

that presents in early to mid-adult life often has its onset in

childhood.20–23 As such, those diagnosed between 20 and 39

were expected to represent a more heterogeneous group of

asthma-affected individuals with respect to the underlying disease

course. We used a cut-off age of 39 so that both groups spanned a
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similar age range (�20 years). We refer to the three affected groups

as those with COA, those with young adult-onset asthma (yAOA),

and those with older-adult-onset asthma (oAOA), respectively.

Demographics for the three groups are summarized in Table S1.

The main clinical differences between these groups were a male

predominance in COA and a female predominance in AOA;

affected individuals with AOA were also more likely to be obese.

On the basis of results from the heritability and genetic correlation

analyses, we then combined the yAOA and oAOA into a single

AOA group (n ¼ 26,582) for genome-wide association analyses.
Variation in Asthma Liability That Is Explained by

Common Genetic Variants
We used the BOLT-REML24 algorithm to estimate what proportion

of phenotypic variance in asthma case-control status that was

explained by common single-nucleotide polymorphisms (SNPs);

we call this proportion SNP heritability (h2g). This analysis was per-

formed separately for COA, yAOA, oAOA, and AOA; controls for

these analyses were all other individuals who were of European

ancestry, who were included in the UK Biobank study, who did

not satisfy the specific case definition for each group, and who

passed the quality-control filters described above. Specifically, we

identified 433,306 individuals without COA, 435,559 without

yAOA, 432,395 without oAOA, and 420,686 without AOA. We

did not exclude from the control groups individuals who suffered

from the other asthma subtypes because this would have resulted

in inflated heritability estimates (as a result of excluding controls

who suffered from a genetically correlated trait).

We included as model SNPs in the BOLT-REML analysis

�1 million autosomal SNPs from HapMap3. These had minor-

allele frequencies (MAF) >1% and a <2% missing rate; discrete

(i.e., hardcall) genotypes for these SNPs were derived from the

ukb_imp_chr[1:22]_v3.bgen files with PLINK v. 2.00,25 with a

missing genotype assigned when the inferred minor-allele dosage

was>0.1 from the nearest hardcall (i.e., 0, 1 or 2). We included sex

and an indicator of the array used for genotyping as covariates.

The estimated SNP heritability (and its standard error) was con-

verted to the liability scale with the formula described by Lee

et al.26
Overlap in Genetic Risk Factors between COA and AOA
To determine the extent to which the same genetic risk factors

contribute to the risk of COA and AOA, we used BOLT-REML as

described above to estimate the pairwise genetic correlation be-

tween COA (13,962 affected individuals and 433,306 controls)

and (1) yAOA (11,709 affected individuals and 435,559 controls),

(2) oAOA (14,873 affected individuals and 432,395 controls), and

(3) AOA (26,582 affected individuals and 420,686 controls). Pairs

of genetic correlations were compared statistically with a Z test.

For comparison, genetic correlations were also estimated with

a different approach, linkage disequilibrium (LD)-score regres-

sion,27 based on association results from �1 million autosomal

SNPs from HapMap3.

To understand whether the genetic etiology of COA and AOA

had a comparable allergic component, we used BOLT-REML to es-

timate the genetic correlation between asthma-onset subtypes and

a hay fever (MIM: 607154) and eczema (MIM: 603165) combined

phenotype created with information provided in data field 6152,

which asked, ‘‘Has a doctor ever told you that you had any of

the following conditions?’’. Of the individuals who were of Euro-

pean descent and answered this question but did not meet the
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exclusion filters described above, 106,782 selected the ‘‘Hayfever,

allergic rhinitis or eczema’’ option and so were considered to be

affected individuals, whereas the remaining 353,418 individuals

were considered to be controls.
Contribution of Common SNPs to Variation in Age at

First Diagnosis
The SNP heritability of age at first diagnosis in the UK Biobank

study was estimated separately for affected individuals with COA

(n ¼ 13,962) and for those with AOA (n ¼ 26,582) through the

use of BOLT-REML as described above. Age at first diagnosis was

normalized via an inverse normal transformation (ties were

broken randomly) prior to the BOLT-REML analysis.We also deter-

mined whether the observed heritability of age of onset in COA-

affected individuals of the UK Biobank study was consistent

with that estimated on the basis of data from 3,649 COA-affected

individuals identified in two independent studies described below:

the Avon Longitudinal Study of Parents and Children (ALSPAC),28

described in detail in the Supplemental Data, and the Child and

Adolescent Twin Study in Sweden (CATSS).28

ALSPAC

We identified 1,326 unrelated children who were of European

descent and whose parent gave a positive response to the question

‘‘Did your child have asthma in the past 12 months?’’ in surveys

completedwhen the childwas approximately 7, 8, 9, 11, or 13 years

old. Age of onset was defined as the age at which ‘‘wheeze’’ or

‘‘wheezing and whistling’’ was first reported in these surveys. The

presence of wheezing was identified on the basis of a positive

response to the question: ‘‘Has your child hadwheezing, breathless-

ness,or episodesof stoppingbreathing inpast12monthsor sincehe

was (age at last questionnaire)?’’ ‘‘Wheezing and whistling’’ was

identified on the basis of a positive response to the question: ‘‘Has

your childhad anyperiodswhen therewaswheezingwithwhistling

inhis chestwhenhebreathed in the past 12months or since hewas

(age at last questionnaire)?’’ We then performed a GWAS of age of

onset (which was normalized with an inverse normal transforma-

tion) by using SNPTEST with sex included as a covariate; we tested

8.4million SNPs imputed on the basis of the 1000Genomes Project

reference panel (phase 1, version 3, released in December 2013).

CATSS

Data on asthma during childhood was collected from parental

questionnaires conducted through the Swedish Twin Registry for

twins born between 1992 and 1999. The questionnaires were

completed when the twins were aged 9, 12, and 15. Specifically,

the parents reported the age at which the twins first had asthma

or wheezing or breathlessness. This information was supple-

mented with data from (1) the National Patient Register (NPR),29

which specifically provided the age at which asthma was first diag-

nosed by a doctor (ICD-10 code J45 or J46 or ICD-9 code 493), and

(2) the Swedish Prescribed Drug Register (SPDG), which specif-

ically provided the age at which the first asthma preventer

medication was recorded (ATC codes R03AK, R03BA, and

R03DC) for anyone with two or more prescriptions before age

20. Asthma age of onset was defined as the youngest age across

all three data sources (i.e., parental questionnaires, NPR, and

SPDG). After excluding individuals of non-European ancestry,

we identified 2,323 twins (42% female) with asthma onset at or

before age 19 (mean age of onset of 3.6). DNA samples from these

twins were genotyped on the Illumina PsychChip (which includes

a genome-wide association study [GWAS] backbone consisting of

265,000 tag SNPs) and, after sample and SNP quality control
The Ame
(described in the Supplemental Data), imputed on the basis of

the 1000 Genomes phase 3 reference panel. The association be-

tween age of onset (for which quantiles were normalized) and

SNP allelic dosage was tested with RAREMETALWORKER version

4.13.8; known relatedness within the sample was accounted for.

Meta-Analysis and Estimation of SNP Heritability

Age-of-onset GWAS results from the ALSPAC and CATSS studies

were combined via an inverse-variance-weighted, fixed-effects

meta-analysis.29 We then applied the LD-score regression

approach,30 based on 1.1 million HapMap3 SNPs, to the meta-

analysis results to estimate the proportion of age-of-onset variance

explained by common variants.
Identification of Genetic Associations with COA

and AOA
We performed a GWAS of COA (13,962 affected individuals versus

300,671 controls) and a GWAS of AOA (26,582 affected individ-

uals versus 300,671 controls) in the UK Biobank study. We used

a common set of 300,671 controls who did not suffer from any

allergic disease (asthma, hay fever, eczema, or other allergies).

We used this selected subset of controls for the GWAS, and not

the larger set (�430,000) used in the heritability analyses, because

one can improve the power to detect associations with asthma by

excluding from the control group individuals who suffer from

other genetically correlated allergic diseases.31

To identify the 300,671 non-allergic controls, we used informa-

tion provided in the data fields described above (6152, 20002,

41202, 41204), as well as in field 22127: ‘‘Has a doctor ever told

you that you have had any of the conditions below?’’ which

included ‘‘hay fever or allergic rhinitis’’ and ‘‘asthma’’ as possible

answers. SNPs were tested for association via the linear mixed

model implemented in BOLT-LMM.32 This model accounted for

the presence of related individuals and for any residual population

stratification among Europeans. We included as model SNPs

553,880 autosomal variants that were directly genotyped and

had anMAF>1%, a call rate>95%, and a Hardy-Weinberg equilib-

rium p value >10�6. Age, sex, and an indicator of the genotyping

array used were included as discrete covariates.

Of the 92 million variants with imputed data released by the UK

Biobank, we retained results for nine million variants that (1) had

an MAF >1%, (2) had matching alleles and were polymorphic in

Europeans (n ¼ 294) from the 1000 Genomes project, (3) had a

unique reference sequence (rs) number and genomic position

(based on hg19), and (4) had an imputation info score >0.5. For

each SNP, the beta and SE were estimated on the basis of a linear

model, and so both were subsequently adjusted according to the

formulae adj beta ¼ beta/(mu*(1-mu)) and adj SE ¼ SE/(mu*

(1-mu)), where mu is approximated by the case/control ratio.

The resulting SE was then inflated by the square root of the

LD-score-regression33 intercept (respectively 1.039 and 1.018 for

COA and AOA), which most likely reflects inflation of test statis-

tics as a result of unaccounted biases, and the association p value

recalculated on the basis of the corrected SE. We used a p value

threshold of 3 3 10�8 for genome-wide significance, as suggested

for studies that analyze variants with a MAF >1%.34

For secondary analyses, we used the same approach to perform

a GWAS each of (1) asthma onset type, specifically by comparing

COA-affected individuals (n ¼ 13,962, coded as ‘‘1’’) with AOA-

affected individuals (n ¼ 14,873, coded as ‘‘0’’), i.e., an

affected-individual-only association analysis; and (2) asthma

case-control status, where affected individuals were identified
rican Journal of Human Genetics 104, 665–684, April 4, 2019 667



irrespective of age at first diagnosis (40,544 affected individuals

versus 300,671 controls; SE and p value adjusted for an LD-

score-regression intercept of 1.053). We performed the latter

analysis to determine how many associations identified in the

COA or AOA GWAS would have been identified had we instead

performed an asthma GWAS that was not informed by age-of-

onset information.

Identification of Variants with a Statistically

Independent Association with Asthma Risk
We used the approximate joint association analysis option of

GCTA35 to identify variants that remained associated with asthma

risk at a p< 33 10�8 in the COA and AOAGWAS after accounting

for the effects of nearby (<10 Mb) more strongly associated vari-

ants. We refer to these as sentinel risk variants. LD was estimated

on the basis of a random subset of 5,000 individuals from the

UK Biobank study.

Validation of SNP Associations
To determine whether SNP associations identified in the UK Bio-

bank study were reproducible, we used the same age cut-offs

described above to identify COA-affected individuals, AOA-

affected individuals, and allergy-free controls (i.e., no asthma,

eczema, rhinitis or any other allergic conditions) among research

participants of the personal genetics company 23andMe (see Sup-

plemental Data). After we restricted the analyses to unrelated indi-

viduals of confirmed European descent, sample sizes for the three

association analyses performed in the replication studywere as fol-

lows: (1) 31,759 COA-affected individuals versus 214,890 controls;

(2) 16,297 AOA-affected individuals versus 217,711 controls; and

(3) 31,002 COA-affected individuals (coded ‘‘1’’) versus 16,297

AOA-affected individuals (coded ‘‘0’’). The number of controls

was lower in analysis (1) than in (2) because an additional 2,821

controls were relatives of COA-affected individuals and so were

excluded from the analysis. Similarly, 757 COA-affected individ-

uals were relatives of AOA-affected individuals and so were not

included in analysis (3). Sentinel SNPs identified in theUKBiobank

GWAS were tested for association in the 23andMe study through

the use of logistic regression, for which an additivemodel for allelic

effects was assumed and age, sex, and five ancestry-informative

principal components were included as covariates. Association re-

sults from these analyses were conservatively adjusted for genomic

control inflation factors of 1.101, 1.061, and 1.047, respectively.

Sentinel Risk Variants Not Previously Implicated in the

Etiology of Allergic Disease
To determine whether a sentinel variant was in LD with an SNP

previously reported to associate with any allergic disease, we (1)

identified all SNPs in LD (r2 > 0.05) with that sentinel variant by

using genotype data from European-descended individuals from

the 1000 Genomes Project36 (n ¼ 294, release 20130502_v5a);

and (2) determined whether the sentinel variant or any of the

correlated SNPs identified were reported to associate with any

allergic disease (asthma, hay fever, eczema, food allergy, or atopy)

in the NHGRI-EBI GWAS catalog database,37 which was down-

loaded on the 30th of September 2018.

Genetic Correlation between COA and AOA and Other

Complex Diseases or Traits
To provide some insight into potential differences in genetic etiol-

ogy between COA and AOA, we used the LD-score-regression
668 The American Journal of Human Genetics 104, 665–684, April 4,
approach to estimate the pairwise genetic correlation between

each disease subtype and all 227 common traits or diseases with

GWAS data currently available in LD Hub.38 We uploaded to LD

Hub association results from �1.1 million HapMap3 SNPs, ob-

tained when comparing 13,962 affected individuals with

433,306 controls for COA, and when comparing 26,582 affected

individuals with 420,686 controls for AOA, as done in the BOLT-

REML analysis.
Using LD with Expression Quantitative Trait Loci and

Non-Synonymous SNPs to Predict Target Genes of

Sentinel Variants
We performed the following steps to identify genes for which vari-

ation in gene expression and/or protein sequence was associated

with sentinel SNPs identified in the COA and AOA GWAS:

First, we identified SNPs associated with variation in gene

expression (i.e., expression quantitative trait loci, eQTLs) in

published transcriptome studies of five broad tissue types rele-

vant for asthma: individual immune cell types, lung, skin,

spleen, and whole blood. We identified a total of 50 transcrip-

tome studies reporting results from eQTL analyses in any one

of those five tissue types (Table S2). Some studies included

multiple cell types, experimental conditions, and/or eQTL

types, resulting in a total of 130 separate eQTL datasets. For

each eQTL dataset, we then (1) downloaded the original publi-

cation tables or files containing results for the eQTLs reported,

(2) extracted the SNP identifier, gene name, association p value,

and directional effect (if available; beta or z score and effect

allele), (3) excluded eQTLs located >1 Mb from the respective

gene (i.e., trans eQTsL) because often these are thought to be

mediated by cis effects,39 (4) excluded eQTLs with an associa-

tion p > 8.9 3 10�10, a conservative threshold that corrects

for 55,765 genes (on the basis of GENCODE v. 19), each tested

for association with 1,000 SNPs (as suggested by others40–42);

and (5) for each gene, we used the --clump procedure in

PLINK25 to reduce the list of eQTL identified (which often

included many correlated SNPs) to a set of ‘‘sentinel eQTLs,’’

defined as the SNPs with the strongest association with gene

expression and in low LD (r2 < 0.05, LD window of 2 Mb)

with each other.

Second, we identified genes for which a sentinel eQTL re-

ported in any of the 130 eQTL datasets described above was in

high LD (r2 > 0.8) with a sentinel variant identified in the

COA or AOA GWAS. That is, we only considered genes for which

there was high LD between a sentinel eQTL and a sentinel

asthma risk variant, which reduces the chance of spurious

co-localization.

Third, we used wANNOVAR43 to identify non-synonymous

SNPs among all variants in LD (r2> 0.8) with any sentinel variants.

We identified SNPs in LD with sentinel variants by using geno-

type data from European-descended individuals from the 1000

Genomes Project36 (n ¼ 294; release 20130502_v5a).

It is important to note that genes identified as likely target genes

on the basis of LD between risk SNPs and eQTLs and/or non-syn-

onymous variants represent predictions that need to be confirmed

by subsequent functional studies.
Ethical Approval
Appropriate informed consent was obtained from all study partic-

ipants. Ethical approval for the study was obtained from the Hu-

man Ethics Committee of the QIMR Berghofer Medical Research
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Table 1. Liability-Scale SNP-Based Heritability (Diagonal) of, and Genetic Correlation (Lower Diagonal) between, COA and AOA in the UK
Biobank Study

COA (Onset: 0–19 yr) yAOA (Onset: 20–39 yr) oAOA (Onset: 40–60 yr) AOA (Onset: 20–60 yr)

13,962 versus 433,306 11,709 versus 435,559 14,873 versus 432,395 26,582 versus 420,686

COA 0.256 (0.007) - - -

yAOA 0.831 (0.032) 0.098 (0.006) - -

oAOA 0.469 (0.031) 0.856 (0.050) 0.078 (0.005) -

AOA 0.667 (0.023) - - 0.106 (0.004)

Liability-scale SNP-based heritability is shown on the diagonal, and genetic correlation is shown on the lower diagonal. Standard error of the heritability estimate is
shown in parentheses.
Institute, the ALSPAC Ethics and Law Committee, and the local

research ethics committees.
Results

Overlap in Genetic Risk Factors Between COA and AOA

When affected individuals in the UK Biobank study were

defined as asthmatics who reported disease onset as a child

(age 0 to 19, n ¼ 13,962; demographics in Table S1) and

controls as all other individuals (n ¼ 433,306), the

liability-scale SNP heritability (h2g) estimated with the

BOLT-REML algorithm24 was 25.6% (SE ¼ 0.67%; Table 1).

Substantially lower SNP heritability estimates were ob-

tained when we considered asthmatics who reported

developing asthma as a young adult (age 20 to 39;

11,709 affected individuals versus 435,559 controls) or

older adult (age 40 to 60; 14,873 affected individuals versus

432,395 controls): h2g¼ 9.8% (SE¼ 0.59%) and h2g ¼ 7.8%

(SE ¼ 0.49%), respectively (Table 1).

We then estimated the extent to which the same genetic

risk factors contributed to the heritability of COA and

AOA. Using BOLT-REML, we observed a modest genetic

correlation (rg ¼ 0.47, SE ¼ 0.03; Table 1) between

COA and oAOA. Similar results were obtained with the

LD-score-regression approach (rg ¼ 0.42, SE ¼ 0.06). In

contrast, larger genetic correlations were observed between

yAOA and both COA (rg ¼ 0.83, SE ¼ 0.03) and oAOA

(rg ¼ 0.86, SE ¼ 0.05).

The large genetic correlation observed between yAOA

and oAOA, together with their similar heritability esti-

mates, suggests that most SNPs associated with developing

asthma in adulthood have broadly similar allele fre-

quencies in yAOA and oAOA cases. This is not the case be-

tween COA and yAOA, nor between COA and oAOA, given

the large differences in SNP heritability and, in the case of

oAOA, also the modest pairwise genetic correlation. For

these reasons, we then combined the yAOA- and oAOA-

affected individuals into a single group with AOA (n ¼
26,582). When we compared AOA-affected individuals

against all other individuals as controls (n ¼ 420,686),

we observed an SNP heritability on the liability scale of

10.6% (SE ¼ 0.38%), and the genetic correlation with

COAwas estimated to be 0.67 (SE¼ 0.023; Table 1). Similar
The Ame
results were obtained with LD-score regression (rg ¼ 0.63,

SE¼ 0.054). These results show that the genetic correlation

between COA and AOA is significantly lower than 1 (p ¼
10�46).

To investigate whether the genetic etiology of COAhad a

larger allergic component than AOA, we then estimated

their pairwise genetic correlation with a combined hay-fe-

ver-and-eczema phenotype measured in the same UK Bio-

bank participants (n ¼ 447,268). Using BOLT-REML, we

found that genetic risk factors for hay fever and eczema

(h2g ¼ 15.6%, SE ¼ 0.26%) significantly overlapped those

for both COA and AOA, but the overlap was larger for

the former: rg ¼ 0.70 (SE ¼ 0.013) versus rg ¼ 0.57 (SE ¼
0.017). Similar results were obtained when we analyzed

doctor-diagnosed hay fever (rg ¼ 0.67 versus rg ¼ 0.56);

those data were available for a subset of UK Biobank indi-

viduals (n ¼ 111,664).

Collectively, these results demonstrate that in the UK

Biobank study, asthma reported to first develop in child-

hood has a genetic architecture that is partly similar to

and partly distinct from asthma reported to first develop

in adulthood.
Contribution of Common SNPs to Variation in Age at

First Diagnosis among Affected Individuals with COA

and AOA

Next, we used BOLT-REML to test whether common SNPs

also influenced the specific age at which asthma was diag-

nosed during childhood and, separately, during adult-

hood. We first performed this analysis in the 13,962

affected individuals with COA in the UK Biobank study.

We found that only 5.1% (SE ¼ 2.2%) of the variance in

self-reported asthma age of onset was explained by com-

mon SNPs; this estimate was borderline significantly

greater than 0% (p ¼ 0.011). A similarly low estimate

was obtained using the GCTA-GREML approach (4.5%,

SE ¼ 2.2%, p ¼ 0.017), and also when considering the

26,582 individuals from the UK Biobank study with

AOA (onset between 20 and 60; 4.4%, SE ¼ 1.2%, p ¼
0.0002). To confirm this finding, we then performed the

same analysis in two independent studies conducted in

children: ALSPAC (n ¼ 1,326) and CATSS (n ¼ 2,323)

for a combined sample size of 3,649 cases with COA.
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Because age of onset in both studies was derived from lon-

gitudinal information provided during childhood, we ex-

pected measurement error or recall bias to have a smaller

effect on this dataset than in the UK Biobank study. Using

the LD-score-regression approach,27 we found that com-

mon SNPs explained a larger but still relatively modest

fraction of the variation in age of onset (10.9%, SE ¼
12.0%, p ¼ 0.182). Collectively, these findings indicate

that common SNPs explain a relatively modest amount

of variation in self-reported age of onset amongst COA

and AOA cases.

Identification and Validation of Genetic Associations

with COA and AOA

We then set out to identify genetic risk factors for COA and

AOA separately. In a COA GWAS (Figure 1 and Figure S2),

which included 13,962 affected individuals and 300,671

controls who did not report any allergic disease in the

UK Biobank Study (i.e., these were individuals without

asthma, hay fever, eczema, or other allergies), we identified

123 SNPs with an independent association with disease

risk at a p < 3 3 10�8 (we call these variants sentinel

SNPs; Table S3), located in 83 loci >1 Mb apart. In a sepa-

rate GWAS of AOA (26,582 affected individuals and the

same 300,671 controls; Figure 1 and Figure S3), we identi-

fied 56 sentinel risk SNPs (at 40 loci), including 19 that

were in low LD (r2 < 0.05) with COA sentinel variants

(Table S4). Consistent associations for all sentinel variants

were observed when individuals with hay fever, eczema, or

other allergies were not excluded from the control group

(Figure S4).

Overall, 27/123 (22%) COA and 5/56 (9%) AOA associa-

tions would not have been identified at the genome-wide

significance level had we compared all asthma-affected

individuals (i.e., irrespective of age of onset, n ¼ 40,544)

against the same 300,671 controls (Tables S5 and S6). For

example, the COA variant rs9391997 (in IRF4 [MIM:

601900]) had only a modest association with asthma risk

when all asthma-affected individuals (odds ratio [OR] ¼
1.02, p ¼ 0.001) were considered.

To replicate the associations identified, we used data

from research participants of the personal genetics com-

pany 23andMe. Using the same age cut-offs as for the

UK Biobank Study, and after restricting the analyses to un-

related individuals of confirmed European descent, we

found 31,759 COA-affected individuals and 214,890

asthma- and allergy-free controls. Of the 123 sentinel

SNPs identified in the UK Biobank GWAS of COA, 108

were available for replication, and 98 of these had both

a (1) reproducible association (p < 0.05 and same direc-

tion of effect) in the independent 23andMe study per se

and (2) a genome-wide significant association in the

meta-analysis of the UK Biobank and 23andMe studies

(45,721 COA-affected individuals versus 515,561 controls;

Table 2 and Table S7).

For AOA, data were available for 16,297 affected individ-

uals and 217,711 controls in the 23andMe study. Accord-
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ing to the same criteria, 34 (of 46 tested) sentinel SNPs

for AOA were associated with disease risk in the 23andMe

study and in the overall meta-analysis (42,879 affected in-

dividuals versus 518,382 controls; Table 3 and Table S8).

Shared or Disease Onset-Specific SNP Associations?

To formally test whether the 132 (98 þ 34) SNP associa-

tions identified differed between COA and AOA, for each

sentinel variant, we compared the frequency of the risk

allele between COA- and AOA-affected individuals. Based

on combined results from the UK Biobank and 23andMe

studies (44,964 COA-affected individuals versus 42,879

AOA-affected individuals), we found that the risk allele

was more common in individuals with COA than in those

with AOA for all 98 COA sentinel variants—significantly so

for 96 SNPs (p < 0.05; Table S9). Therefore, most if not all

98 COA sentinel SNPs are stronger risk factors for COA

than for AOA. At least five sentinel SNPs are likely to repre-

sent COA-specific risk factors (Figure 2A) because they were

not associated with AOA risk (OR �1 in the meta-analysis

of UK Biobank and 23andMe studies; Table S9).

A similar pattern of results was observed for 31 of the 34

sentinel SNPs identified for AOA (Table S10), that is, the

risk allele was observed at a significantly higher (22

SNPs) or similar (nine SNPs) frequency in individuals

with COA compared to those with AOA. For the remain-

ing three AOA sentinel SNPs (rs2381712 near TEX41,

rs2544026 in HDAC7 [MIM: 606542], and rs28635831 in

COG6 [MIM: 606977]), we observed a different pattern

of results: the risk allele was significantly more common

in AOA-affected individuals than in COA-affected individ-

uals, suggesting that these SNPs are stronger risk factors

for AOA. Notably, one of these SNPs is likely to represent

an AOA-specific risk factor, given the lack of association

with COA (OR ¼ �1): rs2381712 near TEX41 (Figure 2B

and Table S10).

Of the seven SNPs reported in two previously published

GWASs of asthma age of onset, six were tested in our anal-

ysis, and four, those located in or near IL1RL1, HLA-DQA1,

IL33, andGSDMB, had a consistent association (Table S11).

The two variants for which the reported association was

not supported by results from our analysis were located

in or near CYLD and CRBN; neither was associated with

asthma onset type (Table S11), nor with COA or AOA risk

(not shown).

Sentinel Variants Not Reported in Previous GWAS of

Asthma or Other Allergic Diseases

We determined which of the 132 sentinel variants identi-

fied above represented novel associations for allergic dis-

ease in general, that is, when all previously reported

associations with p < 5 3 10�8 for asthma, hay fever,

eczema, food allergy, and/or atopy were considered. Of

the 98 sentinel variants confirmed for COA, 73 were in

LD (r2 > 0.05) with variants previously reported to asso-

ciate with allergic disease (Table S12), and the remaining

25 represent novel SNP associations at the genome-wide
2019



Figure 1. Summary of Association Results from the GWAS of COA and AOA in the UK Biobank Study
The middle panel shows the Manhattan plots (left for COA, based on 13,962 affected individuals and 300,671 controls; right for AOA,
based on 26,582 affected individuals and 300,671 controls) with variants associated with disease risk at a p < 33 10�8 (red vertical line)
are circled in red; associations with p < 10�21 are shown with p ¼ 10�21. For COA, sentinel variants that were in low LD (r2 < 0.05) with
previously reported associations for allergic disease are shown with a black circle (25 out of 123 in total); the green line points to addi-
tional information on the adjacent left panel. Specifically, the left panel indicates: (1) whether the association with COA was replicated
in the independent 23andMe study (p < 0.05 and same direction of effect; ‘‘1’’ ¼ yes, ‘‘0’’ ¼ no, ‘‘NA’’ ¼ results not available); (2) the
minor-allele frequency (MAF; in %) in the case group; the square indicates whether the risk allele occurred at a significantly greater
(in black; p < 0.05 and OR > 1 in the COA versus AOA case-case analysis, i.e., there was a stronger risk factor for COA), similar (in
gray; p R 0.05 in the case-case analysis, i.e., there was a similar association with COA and AOA), or lower (in white; p < 0.05 and
OR < 1 in the case-case analysis; i.e., there was a stronger risk factor for AOA) frequency in COA-affected individuals than in AOA-
affected individuals; and (3) the location of the sentinel risk variant relative to the nearest genes (in black font) or, for variants with
an association that was replicated in the 23andMe study and with a target gene prediction, the likely target gene(s) based on LD
(r2 > 0.8) with non-synonymous or sentinel eQTL (in blue font). The location of the sentinel risk variant (when shown) is indicated
by ‘‘gene1–[]–gene2,’’ the two closest genes (upstream and downstream), when the variant was intergenic; the distance to each gene
is proportional to the number of ‘‘-‘‘ shown. Otherwise, when the risk variant was located within a gene, the respective gene name is
shown between square brackets (i.e. [gene]). The right panel shows the same information for all 56 sentinel variants associated with
AOA; these variants were grouped into those that (1) were in LD (r2 > 0.05) with sentinel variants identified in the COA GWAS (37
variants; highlighted by a black line); (2) were in LD (r2 > 0.05) with previous reported associations for allergic disease (eight variants;
highlighted by an orange line); or (3) were not in LD (r2 < 0.05) with sentinel variants for COA, and did not have previous reported
associations for allergic disease (11 variants; highlighted by a green line).
significance level (Table 1). Of the 34 sentinel associations

for AOA, 28 have previously been described (Table S13),

but six, including three not discovered in our GWAS
The Ame
of COA (in or near PTPRC [MIM: 151460], TEX41, and

COG6), were novel (Table 2). Therefore, overall, we identi-

fied 28 (25 þ 3) novel associations for asthma.
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Table 2. Independent SNP Associations with Risk of COA Discovered in the UK Biobank Study (13,962 Affected Individuals versus 300,671
Controls) and Validated in the 23andMe Study (31,759 Affected Individuals versus 214,890 Controls)

Chr bp Sentinel SNP Context A1

Discovery (UK Biobank) Replication (23andMe) Meta-Analysis

OR SE P value A1 freq OR SE P value OR SE P value

Sentinel SNPs that Represent Novel Associations for Allergic Disease

1 9356676 rs67551275 [SPSB1] T 1.071 0.012 1.3E-08 0.53 1.067 0.010 5.9E-11 1.069 0.008 3.8E-18

1 172715702 rs78037977 FASLG-[ ]–TNFSF18 A 1.116 0.018 1.4E-09 0.88 1.066 0.015 1.6E-05 1.086 0.011 6.2E-13

1 213056427 rs12750027 [FLVCR1] A 1.150 0.024 3.9E-09 0.07 1.075 0.022 1.4E-03 1.109 0.016 2.6E-10

2 224664050 rs6755248 [AP1S3] G 1.070 0.012 1.6E-08 0.41 1.046 0.009 1.3E-06 1.055 0.007 3.2E-13

2 228670437 rs10187276 SLC19A3-[ ]-CCL20 T 1.116 0.014 7.0E-16 0.25 1.059 0.011 6.2E-08 1.079 0.009 1.5E-19

3 127912846 rs11412402 [EEFSEC] D 1.073 0.012 3.2E-09 0.47 1.047 0.009 4.9E-07 1.057 0.007 3.9E-14

3 176852038 rs7626218 [TBL1XR1] A 1.083 0.012 3.1E-11 0.60 1.031 0.009 1.5E-03 1.051 0.007 3.6E-11

6 409119 rs9391997 [IRF4] G 1.077 0.012 3.1E-10 0.53 1.038 0.009 5.9E-05 1.052 0.007 3.8E-12

7 22780322 rs6954667 IL6-[ ]-TOMM7 A 1.074 0.013 2.6E-08 0.31 1.028 0.010 6.0E-03 1.045 0.008 3.0E-08

8 120063542 rs2450083 TNFRSF11B-[ ]-
COLEC10

C 1.070 0.012 1.1E-08 0.50 1.037 0.009 1.2E-04 1.049 0.007 7.8E-11

9 23585839 rs274943 DMRTA1—[ ]–ELAVL2 T 1.080 0.012 9.1E-11 0.52 1.051 0.009 6.8E-08 1.062 0.007 2.6E-16

10 6093139 rs12722502 [IL2RA] C 1.326 0.044 2.0E-10 0.98 1.235 0.053 4.3E-05 1.288 0.034 6.8E-14

10 6621773 rs943451 [PRKCQ] T 1.105 0.013 7.5E-15 0.31 1.041 0.010 4.7E-05 1.063 0.008 3.5E-15

10 94384514 rs113092121 [KIF11] I 1.092 0.012 1.8E-13 0.56 1.058 0.009 1.8E-09 1.070 0.007 2.5E-20

11 10664033 rs2052690 [MRVI1] T 1.077 0.013 1.5E-08 0.29 1.043 0.010 3.2E-05 1.056 0.008 1.1E-11

11 36365253 rs10836538 [PRR5L] G 1.083 0.012 1.2E-10 0.65 1.040 0.010 5.4E-05 1.057 0.007 2.7E-13

12 55368291 rs62623446 [TESPA1] T 1.138 0.023 1.7E-08 0.07 1.103 0.021 6.2E-06 1.119 0.016 8.0E-13

13 99974492 rs1887704 [UBAC2] G 1.102 0.013 1.4E-14 0.68 1.059 0.010 4.8E-09 1.075 0.008 4.7E-20

16 27349168 rs3785356 [IL4R] T 1.116 0.013 2.7E-17 0.29 1.073 0.010 2.5E-12 1.089 0.008 8.5E-27

16 50745926 rs2066844 [NOD2] T 1.172 0.028 1.5E-08 0.05 1.086 0.022 2.5E-04 1.119 0.017 1.3E-10

18 48647640 rs1893380 SMAD4-[ ]-MEX3C C 1.083 0.012 5.2E-11 0.38 1.039 0.009 5.7E-05 1.055 0.007 3.6E-13

18 51816408 rs12965763 [POLI] A 1.100 0.014 2.3E-11 0.22 1.034 0.011 2.3E-03 1.059 0.009 4.3E-11

19 1152656 rs892225 [SBNO2] G 1.080 0.012 3.4E-10 0.38 1.040 0.010 9.7E-05 1.057 0.008 1.1E-12

X 13023741 rs850637 TMSB4X-[ ]-FAM9C G 1.064 0.010 2.2E-10 0.56 1.036 0.008 3.3E-06 1.046 0.006 8.3E-14

X 49139787 rs5953283 [PPP1R3F] A 1.064 0.010 3.1E-10 0.40 1.024 0.008 2.2E-03 1.038 0.006 5.6E-10

Sentinel SNPs in LD (r2 > 0.05) with Variants Previously Reported to Associate with Allergic Disease

1 151801680 rs4845604 [RORC] G 1.140 0.017 9.5E-15 0.86 1.062 0.014 9.2E-06 1.092 0.011 1.5E-16

1 152179152 rs12123821 RPTN-[ ]-HRNR T 1.523 0.028 4.0E-51 0.05 1.163 0.025 1.1E-09 1.307 0.018 7.6E-48

1 161185058 rs2070901 NDUFS2-[ ]-FCER1G T 1.093 0.013 2.4E-11 0.27 1.105 0.010 4.2E-22 1.100 0.008 2.8E-32

1 167436270 rs1617333 [CD247] A 1.098 0.012 9.9E-15 0.60 1.061 0.009 4.3E-10 1.075 0.007 2.5E-22

1 173131493 rs10158467 TNFSF18–[ ]-TNFSF4 G 1.116 0.013 6.3E-17 0.28 1.079 0.010 5.0E-14 1.093 0.008 8.3E-29

1 203093201 rs12023876 MYOG-[ ]-ADORA1 G 1.080 0.012 7.8E-10 0.67 1.071 0.010 4.3E-12 1.074 0.008 4.9E-21

2 8459404 rs3856439 [LINC00299] C 1.113 0.012 6.0E-18 0.66 1.070 0.010 7.0E-12 1.087 0.008 6.2E-28

2 102798245 rs74180212 IL1R1-[ ]-IL1RL2 G 1.123 0.012 1.1E-20 0.44 1.087 0.010 1.6E-17 1.101 0.008 5.3E-37

2 102882352 rs78545931 IL1RL2-[ ]-IL18R1 A 1.408 0.033 4.2E-25 0.98 1.391 0.027 5.9E-37 1.398 0.021 8.8E-59

2 102936159 rs72823641 [IL18R1] T 1.341 0.017 6.9E-68 0.86 1.281 0.014 5.4E-75 1.305 0.011 2E-136

2 102966906 rs1861245 [IL1RL1] C 1.194 0.013 9.3E-45 0.66 1.124 0.010 3.9E-32 1.150 0.008 2.3E-69

2 112268732 rs143326447 BCL2L11–[ ]–ANAPC1 C 1.108 0.018 1.8E-08 0.12 1.047 0.015 2.0E-03 1.071 0.011 1.8E-09

(Continued on next page)
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Table 2. Continued

Chr bp Sentinel SNP Context A1

Discovery (UK Biobank) Replication (23andMe) Meta-Analysis

OR SE P value A1 freq OR SE P value OR SE P value

2 242698640 rs34290285 [D2HGDH] G 1.198 0.013 3.3E-41 0.74 1.142 0.012 5.5E-29 1.168 0.009 4.2E-69

3 33047662 rs35570272 [GLB1] T 1.106 0.012 7.8E-17 0.39 1.029 0.009 2.3E-03 1.057 0.007 4.1E-14

3 121716171 rs1806656 [ILDR1] C 1.082 0.013 6.3E-10 0.68 1.036 0.010 6.4E-04 1.053 0.008 1.2E-10

3 141150026 rs7625643 [ZBTB38] G 1.070 0.012 2.1E-08 0.44 1.029 0.009 2.7E-03 1.044 0.007 4.9E-09

3 188128979 rs9860547 [LPP] A 1.135 0.012 1.9E-26 0.45 1.087 0.009 1.5E-19 1.105 0.007 3.6E-42

3 188401138 rs55661102 [LPP] A 1.101 0.016 9.0E-10 0.83 1.093 0.013 2.4E-12 1.096 0.010 4.1E-20

4 38798648 rs5743618 [TLR1] C 1.210 0.014 2.1E-43 0.76 1.141 0.011 1.7E-36 1.165 0.008 3.2E-74

4 123353432 rs17454584 ADAD1-[ ]-IL2 G 1.126 0.014 1.5E-16 0.21 1.106 0.011 2.1E-20 1.114 0.009 5.9E-36

5 14610309 rs16903574 [FAM105A] G 1.191 0.023 2.1E-14 0.07 1.122 0.017 7.9E-12 1.145 0.013 1.0E-23

5 110158844 rs7734635 SLC25A46-[ ]–TSLP G 1.176 0.016 3.7E-23 0.15 1.084 0.012 1.8E-11 1.116 0.009 1.9E-30

5 110401872 rs1837253 SLC25A46–[ ]-TSLP C 1.182 0.013 1.2E-35 0.74 1.189 0.011 1.6E-59 1.186 0.008 7.1E-94

5 110470137 rs6594499 WDR36-[ ]-CAMK4 C 1.147 0.012 3.3E-31 0.51 1.126 0.009 5.4E-38 1.134 0.007 3.9E-66

5 131799626 rs3749833 [C5orf56] C 1.109 0.013 1.3E-14 0.26 1.057 0.011 2.2E-07 1.077 0.008 1.2E-19

5 131916940 rs2299012 [RAD50] C 1.191 0.015 1.9E-31 0.19 1.115 0.011 7.6E-23 1.141 0.009 1.0E-49

5 132105698 rs113010607 [SEPT8] C 1.172 0.022 4.1E-13 0.07 1.101 0.017 6.1E-09 1.126 0.013 2.0E-19

5 141533062 rs449454 [NDFIP1] G 1.084 0.012 3.0E-11 0.62 1.070 0.010 1.1E-12 1.076 0.007 2.0E-22

6 31303324 rs114444221 [HLA-B] A 1.231 0.027 2.3E-14 0.97 1.095 0.017 1.2E-07 1.133 0.015 9.0E-18

6 33033824 rs111789468 [HLA-DPA1] T 1.222 0.030 1.3E-11 0.03 1.069 0.013 4.1E-07 1.092 0.012 2.2E-13

6 33099538 rs3116989 HLA-DPB2-
[ ]-COL11A2

G 1.151 0.017 5.3E-16 0.87 1.060 0.014 3.2E-05 1.096 0.011 2.6E-17

6 90976609 rs62408233 [BACH2] G 1.113 0.012 2.9E-18 0.64 1.096 0.010 3.3E-21 1.103 0.008 2.8E-38

6 106667535 rs9372120 [ATG5] G 1.106 0.015 5.5E-12 0.21 1.078 0.011 4.2E-11 1.088 0.009 8.8E-21

6 128293562 rs55743914 [PTPRK] T 1.105 0.014 4.8E-13 0.24 1.051 0.011 5.0E-06 1.071 0.009 1.5E-15

6 138002175 rs6927172 OLIG3–[ ]–
LOC100130476

C 1.090 0.014 1.4E-09 0.78 1.051 0.011 1.1E-05 1.067 0.009 3.3E-13

7 20423923 rs149317277 [ITGB8] D 1.087 0.012 6.6E-12 0.61 1.050 0.009 3.0E-07 1.064 0.007 8.4E-17

7 20544209 rs12531500 ITGB8-[ ]–ABCB5 A 1.103 0.012 1.8E-16 0.57 1.056 0.009 5.3E-09 1.073 0.007 6.7E-22

7 28156606 rs4722758 [JAZF1] G 1.126 0.015 6.2E-16 0.20 1.090 0.011 6.1E-15 1.103 0.009 2.8E-28

8 81294702 rs2221641 MIR5708–[ ]–ZBTB10 C 1.112 0.012 2.4E-18 0.38 1.074 0.009 2.2E-14 1.088 0.007 1.8E-30

8 128777719 rs13277355 POU5F1B–[ ]-MYC A 1.103 0.013 1.4E-13 0.27 1.072 0.010 7.1E-12 1.084 0.008 9.5E-24

9 6081804 rs340934 RANBP6-[ ]–IL33 T 1.208 0.015 1.6E-36 0.81 1.142 0.012 8.7E-30 1.167 0.009 3.1E-62

9 6213468 rs7848215 RANBP6–[ ]-IL33 T 1.255 0.014 4.1E-63 0.25 1.181 0.010 1.3E-59 1.206 0.008 5E-115

10 8606014 rs17144046 GATA3–[ ]—SFTA1P G 1.102 0.013 7.0E-13 0.28 1.044 0.010 3.3E-05 1.066 0.008 2.9E-15

10 9049253 rs12413578 GATA3—[ ]—SFTA1P C 1.204 0.019 1.7E-22 0.89 1.160 0.016 7.7E-21 1.178 0.012 9.1E-41

10 9064716 rs1612986 GATA3—[ ]—SFTA1P C 1.168 0.015 4.5E-24 0.18 1.110 0.012 8.3E-19 1.131 0.009 8.3E-41

10 64391375 rs10995245 [ZNF365] A 1.073 0.012 1.3E-08 0.35 1.033 0.010 9.2E-04 1.048 0.007 3.6E-10

11 65551957 rs479844 AP5B1-[ ]-OVOL1 G 1.116 0.012 1.4E-20 0.55 1.052 0.009 3.9E-08 1.075 0.007 3.2E-23

11 76299431 rs55646091 WNT11–[ ]-LRRC32 A 1.513 0.028 3.9E-50 0.05 1.283 0.021 8.5E-30 1.364 0.017 5.9E-74

11 76299649 rs11236797 WNT11–[ ]-LRRC32 A 1.214 0.012 2.4E-60 0.45 1.132 0.009 1.0E-41 1.162 0.007 1E-93

11 118743286 rs12365699 DDX6-[ ]-CXCR5 G 1.141 0.016 6.1E-17 0.83 1.106 0.013 4.2E-16 1.119 0.010 4.3E-30

11 128172836 rs140522418 KIRREL3-AS3—[ ]–ETS1 D 1.095 0.015 4.8E-09 0.82 1.039 0.012 1.9E-03 1.062 0.010 4.3E-10

(Continued on next page)
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Table 2. Continued

Chr bp Sentinel SNP Context A1

Discovery (UK Biobank) Replication (23andMe) Meta-Analysis

OR SE P value A1 freq OR SE P value OR SE P value

12 56389293 rs705700 [RAB5B] C 1.108 0.012 8.1E-18 0.42 1.060 0.009 4.3E-10 1.078 0.007 2.5E-24

12 57509102 rs3122929 [STAT6] T 1.141 0.012 7.6E-28 0.40 1.067 0.009 5.7E-12 1.095 0.007 2.4E-34

12 112059557 rs11065979 ATXN2-[ ]-BRAP C 1.085 0.012 6.5E-12 0.56 1.054 0.009 1.3E-08 1.066 0.007 4.8E-18

12 121365431 rs188074962 SPPL3-[ ]-HNF1A-AS1 G 1.112 0.012 8.8E-18 0.35 1.048 0.010 1.9E-06 1.073 0.008 1.6E-20

12 123635096 rs1716183 [PITPNM2] C 1.098 0.016 2.2E-09 0.83 1.049 0.013 1.2E-04 1.067 0.010 3.5E-11

14 68754695 rs1885013 [RAD51B] G 1.098 0.013 1.0E-12 0.28 1.078 0.010 4.4E-14 1.085 0.008 2.9E-25

14 103244070 rs71421264 [TRAF3] G 1.081 0.012 1.0E-10 0.59 1.032 0.009 7.2E-04 1.050 0.007 2.8E-11

15 41787585 rs1655558 [ITPKA] G 1.087 0.012 2.8E-12 0.55 1.056 0.010 1.7E-08 1.068 0.007 2.2E-18

15 61069988 rs11071559 [RORA] C 1.185 0.017 1.9E-22 0.87 1.121 0.014 2.5E-17 1.145 0.011 2.0E-37

15 67441750 rs72743461 [SMAD3] A 1.196 0.014 1.7E-37 0.23 1.127 0.011 3.8E-29 1.152 0.009 6.4E-63

15 67475764 rs34445740 [SMAD3] D 1.111 0.013 4.7E-16 0.70 1.055 0.010 1.8E-07 1.076 0.008 7.7E-20

16 11219041 rs12935657 [CLEC16A] G 1.154 0.014 6.1E-26 0.75 1.122 0.011 1.3E-27 1.133 0.009 1.0E-49

17 38061439 rs4795399 [GSDMB] T 1.303 0.012 3E-111 0.53 1.280 0.009 2E-155 1.289 0.007 1E-257

17 38064971 rs117097909 [GSDMB] A 1.355 0.026 1.5E-31 0.05 1.247 0.022 3.7E-22 1.292 0.017 1.6E-51

17 38755021 rs9893132 CCR7-[ ]-SMARCE1 G 1.095 0.012 1.4E-13 0.64 1.047 0.010 1.7E-06 1.065 0.007 3.0E-17

17 38764524 rs112401631 CCR7-[ ]-SMARCE1 A 1.354 0.043 1.6E-12 0.02 1.265 0.044 1.9E-07 1.310 0.031 2.1E-18

17 43457886 rs9895436 MAP3K14-[ ]-
ARHGAP27

A 1.089 0.012 1.8E-12 0.40 1.058 0.009 1.4E-09 1.070 0.007 5.9E-20

17 47448346 rs12952581 ZNF652-[ ]-PHB A 1.094 0.012 2.4E-13 0.36 1.069 0.010 3.2E-12 1.078 0.007 4.4E-24

18 60009814 rs4574025 [TNFRSF11A] T 1.092 0.012 1.3E-13 0.53 1.036 0.010 2.2E-04 1.058 0.007 8.0E-14

18 61442619 rs12964116 [SERPINB7] G 1.293 0.031 3.0E-16 0.04 1.143 0.041 1.1E-03 1.236 0.025 8.4E-18

19 8785744 rs2918302 ADAMTS10–[ ]-ACTL9 A 1.107 0.016 5.8E-10 0.15 1.037 0.013 3.5E-03 1.064 0.010 4.8E-10

19 33726578 rs117710327 SLC7A10-[ ]-CEBPA C 1.205 0.024 4.7E-15 0.94 1.189 0.021 1.2E-16 1.196 0.016 2.8E-29
Genetic Correlation between COA and AOA and Other

Complex Diseases or Traits

To provide some clues into the potential differences in

genetic etiology between COA and AOA, we used LD

Hub38 to estimate the overlap in genetic risk factors between

COA and AOA and 227 human traits or diseases with pub-

licly available GWAS results. We observed a number of

genetic correlations that were significantly different from

0 (at a p < 0.05/227 ¼ 0.0002; Table S14), and we highlight

three of these groups. First, significant correlations with a

similar magnitude between COA and AOA were observed

for lung-function traits, for example forced expiratory vol-

ume (FEV1) and forced vital capacity (FVC) (rg ¼ �0.35 for

both). Because the SNP heritability of COA was larger than

that of AOA, these results indicate that genetic variants

that influence variation in lung function explain a larger

proportion of variation in disease risk for COA than for

AOA. Second, the genetic correlation was significant with

COA but not with AOA for two traits: eczema (rg ¼ 0.60

versus rg ¼ 0.04) and years of schooling (rg ¼ 0.11 versus

rg ¼ �0.09). Lastly, the genetic correlation was significant

with AOA but not with COA for six sets of traits: (1)
674 The American Journal of Human Genetics 104, 665–684, April 4,
obesity-related traits (e.g., beingoverweight, rg¼ 0.08 versus

rg¼ 0.28), (2) age when first child was born (rg¼ 0.07 versus

rg ¼ �0.27), (3) ever having been a smoker (rg ¼ �0.07

versus rg ¼ 0.23), (4) rheumatoid arthritis (rg¼�0.09 versus

rg ¼ 0.18; [MIM: 180300]), (5) insomnia (rg ¼ �0.03 versus

rg ¼ 0.21), and (6) depressive symptoms (rg ¼ 0.02 versus rg
¼ 0.19).

Likely Target Genes of the Sentinel Risk Variants

Finally, we found that 11 sentinel variants were in high

LD (r2 R 0.8) with missense or non-synonymous SNPs

in 12 genes, including four with variants that were pre-

dicted by both SIFT and PolyPhen-2 to have a damaging

effect on the protein: these genes were HLA-C, ITGB8,

NOD2, and TESPA1 (Table S15). On the other hand, 62

sentinel variants were in high LD with a sentinel eQTL

associated with gene expression in disease-relevant tissues

or cell types at a conservative p < 8.9 3 10�10 (Table S2),

implicating an additional 97 genes as likely targets of

asthma risk variants (Tables S16 and S17). Of the 109

genes (12 þ 97; Table S18), 25 were the predicted targets

of novel sentinel risk SNPs for asthma (Table 4; we
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Table 3. Independent SNP Associations with Risk of AOA Discovered in the UK Biobank Study (26,582 Affected Individuals versus 300,671
Controls) and Validated in the 23andMe Study (16,297 Affected Individuals versus 217,711 Controls)

Chr bp Sentinel SNP Context A1

Discovery (UK Biobank) Replication (23andMe) Meta-Analysis

OR SE P value A1 freq OR SE P value OR SE P value

Sentinel SNPs that Represent Novel Associations for Allergic Disease

1 198640488 rs17668708 [PTPRC] C 1.096 0.014 2.4E-11 0.90 1.069 0.020 6.9E-04 1.087 0.011 3.0E-13

2 146145018 rs2381712 TEX41–[ ]—
PABPC1P2

G 1.056 0.008 9.5E-11 0.52 1.057 0.012 4.9E-06 1.056 0.007 2.5E-16

10 6093139 rs12722502 [IL2RA] C 1.237 0.032 1.9E-11 0.98 1.156 0.067 2.8E-02 1.222 0.029 4.3E-12

13 40319954 rs28635831 [COG6] A 1.051 0.009 1.7E-08 0.65 1.030 0.013 1.9E-02 1.044 0.007 4.3E-09

13 100070457 rs4771332 MIR548AN-[ ]-
TM9SF2

C 1.061 0.009 9.8E-11 0.69 1.035 0.013 9.5E-03 1.053 0.007 5.5E-12

16 27369502 rs3024655 [IL4R] G 1.133 0.018 1.1E-12 0.94 1.051 0.025 4.9E-02 1.105 0.015 1.1E-11

Sentinel SNPs in LD (r2 > 0.05) with Variants Previously Reported to Associate with Allergic Disease

1 167420299 rs2056625 [CD247] G 1.060 0.009 5.6E-12 0.59 1.027 0.012 2.9E-02 1.048 0.007 7.6E-11

2 102892339 rs60227565 IL1RL2-[ ]-IL18R1 G 1.146 0.012 1.8E-28 0.87 1.082 0.018 7.7E-06 1.125 0.010 1.4E-32

2 102926362 rs12470864 IL1RL2-[ ]-IL18R1 A 1.104 0.009 2.3E-30 0.38 1.061 0.012 1.5E-06 1.089 0.007 1.1E-31

2 242698640 rs34290285 [D2HGDH] G 1.100 0.010 2.9E-23 0.74 1.091 0.016 1.8E-08 1.097 0.008 2.2E-28

3 33083985 rs4491851 [GLB1] A 1.056 0.008 1.0E-10 0.53 1.035 0.012 4.0E-03 1.050 0.007 3.7E-13

4 123359569 rs62322662 ADAD1-[ ]-IL2 G 1.096 0.016 8.1E-09 0.08 1.059 0.023 1.2E-02 1.084 0.013 7.9E-10

5 35881376 rs11742240 IL7R-[ ]-CAPSL G 1.063 0.009 6.1E-11 0.72 1.045 0.014 1.1E-03 1.058 0.007 9.1E-14

5 110161473 rs540485182 SLC25A46-[ ]–TSLP I 1.090 0.012 1.7E-13 0.15 1.058 0.016 4.2E-04 1.078 0.010 3.8E-15

5 110401872 rs1837253 SLC25A46–[ ]-TSLP C 1.084 0.010 2.9E-17 0.74 1.055 0.014 1.1E-04 1.074 0.008 1.4E-18

5 110408002 rs1898671 [TSLP] T 1.082 0.009 5.5E-19 0.35 1.060 0.013 4.9E-06 1.074 0.007 1.4E-22

5 131787137 rs6866614 [IRF1] G 1.075 0.009 2.0E-17 0.57 1.074 0.012 6.9E-09 1.075 0.007 4.4E-23

5 141518940 rs10699671 [NDFIP1] I 1.051 0.009 9.9E-09 0.61 1.055 0.012 1.6E-05 1.052 0.007 2.4E-12

6 90985198 rs58521088 [BACH2] A 1.074 0.009 5.1E-16 0.64 1.026 0.013 4.6E-02 1.058 0.007 2.5E-14

8 81302012 rs35204956 MIR5708–[ ]-ZBTB10 D 1.063 0.009 2.2E-12 0.39 1.057 0.012 6.9E-06 1.061 0.007 4.0E-16

9 6047765 rs62557312 RANBP6-[ ]–IL33 C 1.104 0.011 2.0E-19 0.82 1.049 0.016 2.1E-03 1.085 0.009 8.0E-20

9 6209697 rs992969 RANBP6–[ ]-IL33 A 1.115 0.010 2.4E-29 0.25 1.059 0.014 2.8E-05 1.095 0.008 2.0E-29

10 8777640 rs10795672 GATA3—[ ]—SFTA1P A 1.061 0.009 5.4E-12 0.47 1.040 0.013 2.5E-03 1.054 0.007 1.0E-12

10 9054340 rs1775554 GATA3—[ ]—SFTA1P A 1.109 0.008 3.0E-34 0.57 1.085 0.012 4.2E-11 1.102 0.007 3.1E-47

11 76293726 rs7936312 WNT11–[ ]-LRRC32 T 1.089 0.008 6.1E-24 0.47 1.062 0.012 5.8E-07 1.081 0.007 2.5E-31

12 48186563 rs2544026 [HDAC7] T 1.060 0.010 1.7E-09 0.75 1.066 0.014 6.2E-06 1.062 0.008 2.0E-13

12 56449435 rs7302200 RPS26-[ ]-ERBB3 A 1.071 0.009 1.8E-14 0.34 1.036 0.013 5.3E-03 1.059 0.007 4.4E-15

12 57489709 rs1059513 [STAT6] T 1.119 0.013 5.3E-17 0.89 1.072 0.020 3.7E-04 1.105 0.011 4.7E-20

15 61049569 rs7183955 [RORA] A 1.070 0.011 4.3E-10 0.81 1.049 0.015 1.6E-03 1.063 0.009 8.3E-12

15 67441750 rs72743461 [SMAD3] A 1.097 0.010 1.7E-20 0.23 1.067 0.014 3.8E-06 1.087 0.008 1.4E-24

16 11213021 rs35441874 [CLEC16A] T 1.081 0.010 1.1E-15 0.75 1.067 0.014 2.5E-06 1.076 0.008 1.2E-19

17 47465743 rs10667251 ZNF652-[ ]-PHB D 1.049 0.009 2.2E-08 0.58 1.033 0.012 9.0E-03 1.043 0.007 5.4E-09

19 33726578 rs117710327 SLC7A10-[ ]-CEBPA C 1.152 0.017 9.3E-17 0.94 1.089 0.027 1.5E-03 1.134 0.014 2.8E-18

21 36464631 rs11088309 [RUNX1] G 1.088 0.012 2.4E-12 0.14 1.035 0.017 4.7E-02 1.070 0.010 5.2E-12
highlight eleven on the basis of a stricter LD threshold

(r2 > 0.95): CCL20 (rs10187276; [MIM: 601960]), IL2RA

(rs12722502; [MIM: 147730]), PRKCQ (rs943451; [MIM:
The Ame
600448]), PRR5L (rs10836538; [MIM: 611728]), CCR12P

(rs4771332), TESPA1 (rs62623446; [MIM: 615664]),

NSMCE1 (rs3785356; [MIM: 617263), NOD2 (rs2066844;
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Figure 2. Association between Sentinel Variants and Risk of COA and AOA
The two panels (A and B) respectively show results for COA and AOA sentinel SNPs that were identified in the UK Biobank GWAS and
that were subsequently validated in the 23andMe replication study. The x axis shows SNP effects (odds ratio; ‘‘OR’’) estimated in the
COA-affected individuals versus control individuals meta-analysis of the UK Biobank and 23andMe studies, and the y axis shows the
effect in the AOA-affected individuals versus control individuals meta-analysis of the same two studies.
In panel (A), variants for which the odds ratio in the AOA-affected individuals versus control individuals analysis was <1.005 are high-
lighted in red; their genomic context is also highlighted.
Similarly, in panel (B), variants in red had an odds ratio <1.005 in the COA-affected individuals versus control individuals analysis. To
help interpret the correlation in odds ratios between the two disease subtypes, we have shown regression lines with increasing beta co-
efficients (‘‘b,’’ from 0.1 to 1) in blue.
[MIM: 605956]), RP11-729L2.2, SMAD4 (rs1893380;

[MIM: 600993]), and GPX4 (rs892225; [MIM: 138322).
Discussion

Wefound that in theUKBiobankStudy, (1) commongenetic

variants collectively explain a larger fraction of variation in

liability to COA than to AOA; (2) the genetic correlation

between COA and AOA is high but significantly different

from 1, and (3) variation in the specific age at which asthma

first develops within each asthma subtype has a relatively

low SNP heritability. We also identified and validated 98 in-

dependentgenetic associations forCOAand34 forAOA,and

we identified 109 likely target genes of the risk variants.

The observed difference in SNP heritabilities between

COA and AOA, together with a genetic correlation that

was significantly different from 1, indicates that the ge-

netic architectures of COA and AOA are similar but not

identical. Exactly how they might differ is unclear because

the observed heritabilities and genetic correlation might

arise under difference scenarios. For example, a genetic cor-

relation different from 1 might arise not only when there

are subtype-specific risk variants (i.e., associated with one

disease subtype but not the other) but, in some situations,

also when all risk variants are shared between COA and

AOA, as shown by Carey et al.44 Specifically, a genetic cor-

relation will be lower than 1 even when all risk loci are

shared if there is little (or no) correlation in genetic effects
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between the two diseases. The latter scenario is relatively

extreme and is not supported by the results of our

GWAS, which found evidence for subtype-specific associa-

tions. Amore realistic scenario is that for some variants, ge-

netic effects are highly correlated between COA and AOA,

and so these contribute to a higher genetic correlation. In

contrast, other variantsmight have subtype-specific associ-

ations or genetic effects that are weakly correlated between

COA and AOA; such variants would contribute to a lower

genetic correlation. Under such a model, where the corre-

lation in genetic effects differs between groups of variants,

on balance, the genetic correlation between COA and AOA

would be high but significantly different from 1. Associa-

tion results for the sentinel SNPs identified in our GWAS

suggest that this model is plausible (Figure 2).

The observation that COA and AOA have partly distinct

genetic architectures is perhaps surprising given their broad

similarity in clinical presentation. For comparison, the

genetic overlap between COA and a combined hay fever

and eczema phenotype (rg ¼ 0.7) was similar to the genetic

overlap between COA and AOA. We speculate that these

results imply that theremight be distinct genes ormolecular

pathways involved in COA but not (or less so) in AOA, or

vice-versa, in which case identifying such pathways could

be informative with regard to the development of drugs

tailored specifically for COA or AOA. Another possibility,

however, is that a particular gene contributes to the patho-

physiology of both disease subtypes and that its expression

is dysregulated in COA- and AOA-affected individuals by
2019



Table 4. Genes with a Sentinel eQTL and/or Non-Synonymous SNP in LD (r2 R 0.8) with Sentinel Asthma Risk Variants Identified in the
GWAS of COA or AOA

Chr bp Sentinel SNP
Novel
Association Context

LD between Sentinel eQTL/Non-Synonymous SNP
and Sentinel GWAS SNPa

r2 R 0.95 0.8 % r2 < 0.95

Sentinel SNPs Identified in the GWAS of COA

1 151801680 rs4845604 No [RORC] RORC, TUFT1 -

1 161185058 rs2070901 No NDUFS2-[ ]-FCER1G F11R, FCER1G, TOMM40L, USF1 -

1 167436270 rs1617333 No [CD247] CD247 -

1 173131493 rs10158467 No TNFSF18–[ ]-TNFSF4 TNFSF4 -

1 203093201 rs12023876 No MYOG-[ ]-ADORA1 ADORA1, CHIT1, MYBPH,
PPFIA4, RP11-335O13.7

-

1 213056427 rs12750027 Yes [FLVCR1] - FLVCR1, FLVCR1-AS1

2 102882352 rs78545931 No IL1RL2-[ ]-IL18R1 IL18RAP, IL1RL1 MFSD9

2 102936159 rs72823641 No [IL18R1] MFSD9 -

2 102966906 rs1861245 No [IL1RL1] - AC007278.3, IL18R1, IL1RL1

2 228670437 rs10187276 Yes SLC19A3-[ ]-CCL20 CCL20 -

2 242698640 rs34290285 No [D2HGDH] PDCD1 -

3 141150026 rs7625643 No [ZBTB38] - ZBTB38

3 188128979 rs9860547 No [LPP] BCL6 -

4 38798648 rs5743618 No [TLR1] TLR1* -

4 123353432 rs17454584 No ADAD1-[ ]-IL2 KIAA1109 -

5 14610309 rs16903574 No [FAM105A] FAM105A* -

5 110470137 rs6594499 No WDR36-[ ]-CAMK4 - CTC-551A13.2, TSLP, WDR36

5 131799626 rs3749833 No [C5orf56] C5orf56,SLC22A4 -

5 131916940 rs2299012 No [RAD50] SLC22A5 -

5 141533062 rs449454 No [NDFIP1] NDFIP1 -

6 31303324 rs114444221 No [HLA-B] - HLA-C*, NOTCH4

6 33033824 rs111789468 No [HLA-DPA1] HLA-DPA1 HLA-DPB1, HLA-DQB1, TAPBP

7 20423923 rs149317277 No [ITGB8] - ITGB8*

7 28156606 rs4722758 No [JAZF1] JAZF1 -

10 6093139 rs12722502 Yes [IL2RA] IL2RA -

10 6621773 rs943451 Yes [PRKCQ] PRKCQ -

10 94384514 rs113092121 Yes [KIF11] - EIF2S2P3, HHEX, KIF11

11 10664033 rs2052690 Yes [MRVI1] - RNF141

11 36365253 rs10836538 Yes [PRR5L] PRR5L -

11 65551957 rs479844 No AP5B1-[ ]-OVOL1 OVOL1 EFEMP2, SNX32

11 76299649 rs11236797 No WNT11—[ ]-LRRC32 LRRC32 -

11 128172836 rs140522418 No KIRREL3-AS3—[ ]—ETS1 - ETS1

12 55368291 rs62623446 Yes [TESPA1] TESPA1 -

12 56389293 rs705700 No [RAB5B] RPS26,SUOX -

12 112059557 rs11065979 No ATXN2-[ ]-BRAP TCTN1,TRAFD1 SH2B3*

12 121365431 rs188074962 No SPPL3-[ ]-HNF1A-AS1 SPPL3 -

13 99974492 rs1887704 Yes [UBAC2] - GPR183, UBAC2

(Continued on next page)
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Table 4. Continued

Chr bp Sentinel SNP
Novel
Association Context

LD between Sentinel eQTL/Non-Synonymous SNP
and Sentinel GWAS SNPa

r2 R 0.95 0.8 % r2 < 0.95

14 103244070 rs71421264 No [TRAF3] TRAF3 -

15 41787585 rs1655558 No [ITPKA] - D-JC17, ITPKA, RTF1, ZFYVE19

15 61069988 rs11071559 No [RORA] - RP11-554D20.1

15 67441750 rs72743461 No [SMAD3] AAGAB -

15 67475764 rs34445740 No [SMAD3] SMAD3 -

16 11219041 rs12935657 No [CLEC16A] - SOCS1

16 27349168 rs3785356 Yes [IL4R] NSMCE1 IL4R

16 50745926 rs2066844 Yes [NOD2] NOD2 -

17 38061439 rs4795399 No [GSDMB] GSDMB,ORMDL3 GSDMA, IKZF3, RP11-94L15.2,
ZPBP2

17 38755021 rs9893132 No CCR7-[ ]-SMARCE1 SMARCE1 -

17 43457886 rs9895436 No MAP3K14-
[ ]-ARHGAP27

CRHR1,CRHR1-IT1,DND1P1,
LRRC37A4P,RP11-105N13.4

-

17 47448346 rs12952581 No ZNF652-[ ]-PHB GNGT2 -

18 48647640 rs1893380 Yes SMAD4-[ ]-MEX3C RP11-729L2.2,SMAD4 -

18 60009814 rs4574025 No [TNFRSF11A] PIGN -

18 61442619 rs12964116 No [SERPINB7] SERPINB7 -

19 1152656 rs892225 Yes [SBNO2] GPX4 -

Sentinel SNPs Identified in the GWAS of AOA

1 167420299 rs2056625 No [CD247] CD247 -

2 102892339 rs60227565 No IL1RL2-[ ]-IL18R1 - IL18RAP, IL1RL1, MFSD9

2 102926362 rs12470864 No IL1RL2-[ ]-IL18R1 IL18R1 IL18RAP

2 242698640 rs34290285 No [D2HGDH] PDCD1 -

4 123353432 rs17454584 No ADAD1-[ ]-IL2 KIAA1109 -

5 35881376 rs11742240 No IL7R-[ ]-CAPSL IL7R -

5 131787137 rs6866614 No [IRF1] AC116366.5, P4HA2, SLC22A5 IRF1, SLC22A4

5 141518940 rs10699671 No [NDFIP1] NDFIP1 -

10 6093139 rs12722502 Yes [IL2RA] IL2RA -

11 76293726 rs7936312 No WNT11–[ ]-LRRC32 - LRRC32

12 48186563 rs2544026 No [HDAC7] - HDAC7, RPAP3

12 56449435 rs7302200 No RPS26-[ ]-ERBB3 ERBB3, GDF11, IKZF4, RAB5B,
RPS26, SUOX

CDK2

12 57489709 rs1059513 No [STAT6] METTL21B, NAB2, STAT6 -

13 40319954 rs28635831 Yes [COG6] - COG6

13 100070457 rs4771332 Yes MIR548AN-[ ]-TM9SF2 CCR12P -

15 67441750 rs72743461 No [SMAD3] AAGAB -

aThe pattern used for gene names is as follows. Italic only: genes implicated by an eQTL but not by a non-synonymous variant. Italic and asterisk: genes implicated
by a non-synonymous variant but not an eQTL. Italic and underlined: genes implicated by both an eQTL and a non-synonymous variant.
different mechanisms: inherited risk alleles in the former

and acquired epigenetic modifications in the latter. Such

epigenetic modifications in AOA-affected individuals could

potentially result from long-term exposure to environ-
678 The American Journal of Human Genetics 104, 665–684, April 4,
mental risk factors, such as a low-quality diet45 or smok-

ing.46 For example, we recently highlighted that lower

expression of PITPNM2 (MIM: 608920), a gene poten-

tially involved in neutrophil function, is independently
2019



associated with an allergy-predisposing allele and smoking-

induced CpG methylation.15 Studies that carefully investi-

gate the contribution of epigenetic modifications to the

etiology of asthma, particularly with adult onset, are war-

ranted; we suggest first investigating genes implicated by

genetic studies.

Results from our heritability analysis also indicate that

common SNPs explain only about 5%–10% of the varia-

tion in the specific age at which asthma was reported to

be diagnosed during childhood and during adulthood.

This observation, together with the widespread allele fre-

quency differences observed between COA- and AOA-

affected individuals, indicates that SNP associations

discovered during analysis of the full spectrum of age of

onset (i.e., spanning early childhood to older adulthood)

must be interpreted with care. Specifically, one should

consider whether a specific association is likely to reflect

allele frequency differences between affected individuals

with different asthma-onset subtypes (e.g., COA versus

AOA) or between affected individuals with the same

asthma subtype (e.g., COA) but with different age of onset.

Our results suggest that the former scenario will be more

common than the latter. By extension, our findings also

suggest that measurement error and/or environmental

risk factors have the largest contribution to variation in

specific age of onset within each disease subtype. In child-

hood, candidate environmental-risk factors that might

affect age of onset include the timing, frequency, and dura-

tion of chest infections, allergen exposure, pet ownership,

maternal smoking, and low-quality diet during preg-

nancy.47–53 In adulthood, additional risk factors might

include occupational exposures, active smoking, and

obesity.20,22,54–56

To identify genetic risk factors that could be specific to

COA or AOA, we performed two GWASs in the UK Bio-

bank study. We separately compared 13,962 COA-affected

individuals and 26,582 AOA-affected individuals against a

common set of 300,671 asthma- and allergy-free controls.

Despite a relatively small case sample size in the GWAS of

COA, we identified a large number of independent SNP

associations with asthma risk, 123 in total. A relatively

smaller number of associations (56) were identified in

the GWAS of AOA, consistent with the lower overall

SNP heritability estimated for this disease subtype. For

comparison, the largest number of independent associa-

tions reported to date in a single GWAS of asthma was

27 (based on 28,399 affected individuals and 128,843

controls57).

To validate the observed associations, we repeated the as-

sociation analyses in the independent 23andMe study,

comprising a total of 265,767 individuals. Of the 179

(123 þ 56) associations discovered in the UK Biobank

Study, 132 (98 þ 34) were also detected in the replication

study, and they remained of genome-wide significance in

the combined analysis. When we took into account all as-

sociations reported to date for allergy-related traits in the

GWAS catalog,58 and on the basis of a conservative LD r2
The Ame
threshold of 0.05, we found that 28 of the combined 132

sentinel risk SNPs represented novel associations for

asthma. Among these were the first two genome-wide-sig-

nificant associations for asthma reported for variants on

the X chromosome: rs850637, which overlaps a predicted

transcription-factor binding site for RELA and is located

between TLR7 (MIM: 300365) and TLR8 (MIM: 300366),

two genes involved in anti-viral immunity;59–61 and

rs5953283, located 18 kb upstream of FOXP3 (MIM:

300292), which is central to the establishment and main-

tenance of regulatory T cells.62

To determine whether the associations with COA and

AOA were likely to be subtype specific, we then compared

the frequency of the disease-predisposing allele for each

sentinel risk SNP between the COA- and AOA-affected in-

dividuals. We found that for most sentinel SNPs, identified

in either the COA or AOA GWAS, the predisposing allele

was significantly more common in COA-affected individ-

uals than in AOA-affected individuals, consistent with a

stronger association with COA. This includes five variants

that are likely to represent COA-specific risk factors

because the frequency of the predisposing allele was

similar in AOA-affected individuals and non-asthmatic

controls (i.e., OR�1 in the GWAS of AOA). On the basis

of LD with sentinel eQTLs and non-synonymous variants,

we were able to identify a likely target gene for only one of

these five COA-specific risk variants (rs4574025): PIGN

(MIM: 606097), a component of the glycosylphosphatidy-

linositol (GPI)-anchor biosynthesis pathway,63 which is

involved in anchoring proteins to the cell surface64 and

in ATP release.65

We also found one example of a sentinel SNP that is

likely to represent an AOA-specific risk factor: rs2381712

near TEX41, which encodes a long non-coding RNA. Of

note, rs2381712 is in moderate LD (r2 ¼ 0.41; D’ ¼ 0.75)

with a variant (rs10193706) reported to associate with

smoking behavior (heavy versus never smokers).66 The

rs10193706:C allele that was associated with heavy smok-

ing was associated with a lower risk of AOA, which is unex-

pected given that smoking is thought to be a risk factor for

AOA and given the overall positive genetic correlation that

we observed between smoking behavior and AOA risk. As

such, it is possible that the two associations (rs2381712

with AOA and rs10193706 with smoking) do not tag the

same underlying causal variant. We did not find any

sentinel eQTLs or non-synonymous SNPs in high LD

with rs2381712, and so the likely target gene of this risk

variant remains to be identified. A nearby gene of potential

interest to asthma is ZEB2 (MIM: 605802), which encodes

a transcription factor that regulates T-cell and dendritic-

cell development,67–69 as well as mast-cell signaling.70

For two additional sentinel SNPs, the observed difference

in risk-allele frequency between the two case groups (AOA>

COA) suggests that they represent stronger risk factors for

AOA: rs2544026 in HDAC7 and rs28635831 in COG6.

HDAC7 was identified as a likely target gene of rs2544026

on the basis of eQTL information from macrophages
rican Journal of Human Genetics 104, 665–684, April 4, 2019 679



exposed to live bacterial pathogens (Listeria and Salmonella);

results were consistent between two different eQTL

studies.71,72 Specifically, in infected macrophages but not

in non-infected cells, the rs2544026:T disease-predisposing

allele was associated with lower HDAC7 expression. This

observation is consistent with reduced overall HDAC activ-

ity in individuals with asthma73,74 and COPD.75 How lower

HDAC7 expression in infected macrophages might then

result in a higher risk of asthma needs to be determined.

Because HDAC7 is thought to be a repressor of macro-

phage-specific genes,76 one possibility is that lower HDAC7

expression in macrophages results in a more exuberant in-

flammatory response against bacterial infections, which

might contribute to an asthma-prone environment in the

airways. Interestingly, COG6 was also identified as a likely

target of rs28635831 solely on the basis of eQTLs described

in macrophages stimulated with Salmonella. Variants in

moderate to high LD with rs28635831 have been reported

to associate with auto-immune diseases, namely psoriasis

(MIM:177900),77 rheumatoidarthritis, andlupuserythema-

tosus (MIM: 152700).78COG6 is part of the conserved oligo-

meric Golgi complex, andmutations in this gene have been

described in individuals with congenital disorders of glyco-

sylation; core clinical features include recurrent infections

and hyperkeratosis.79 These observations suggest that

COG6 might play a role in immune-cell function; studies

that address this possibility are warranted.

Results from the genetic-correlation analysis between

both COA and AOA and other complex traits or diseases

provided some clues into disease mechanisms that are dys-

regulated by genetic variants in one disease subtype but

not (or less so) in the other. First, we found a larger genetic

correlation with eczema for COA than for AOA. This obser-

vation, which supported findings from the genetic-correla-

tion analysis of hay fever that we performed in the UK

Biobank study, indicates that SNPs that influence molecu-

lar pathways underlying allergies explain a larger propor-

tion of variation in disease risk for COA than for AOA.

Second, we found that alleles associated with achieving a

higher education level were collectively associated with a

higher risk of COA, consistent with some epidemiological

studies,80,81 but a lower risk of AOA. These opposing ef-

fects suggest that different mechanisms underlie both

associations. For example, on the one hand, the develop-

ment of asthma in childhood might result in an increased

preference later in life for a professional career that re-

quires a higher education. On the other hand, higher edu-

cation is associated with a lower BMI in adulthood,82

which is protective for asthma. These potential causal rela-

tionships and other possible explanations (e.g., genetic

pleiotropy) for the observed genetic correlations with edu-

cation attainment should be explored in future studies.

Lastly, we found that variants associated with three risk

factors for asthma—obesity, smoking, and age at the birth

of one’s first child (or puberty)—had a stronger contribu-

tion to the risk of AOA than of COA. As highlighted above,

a significant genetic correlation might arise because of a
680 The American Journal of Human Genetics 104, 665–684, April 4,
causal effect of these risk factors on asthma risk.83–86 At

least for obesity, such a causal effect does not appear

to extend to other allergies,87 which could potentially

explain the difference in genetic correlation between

AOA and COA.

A caveat of our analysis is that some asthma-affected in-

dividuals who were included in the UK Biobank Study and

who were also included in our AOA group might not have

recollected having been diagnosed with asthma when

they were children. Such misclassification of true COA

as AOA would tend to inflate the estimate of the genetic

correlation between COA and AOA and also to decrease

the power of the analysis to detect AOA-specific SNP

associations.

In conclusion, we show that COA has a genetic etiology

that is partly distinct from asthma that first develops in

adult life. GWAS informed by age of onset can identify sub-

type-specific genetic risk factors, which can explain differ-

ences in pathophysiology between childhood and adult

asthma.
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SUPPLEMENTAL FIGURES  

 

 

Figure S1. UK Biobank data fields used to classify individuals with COA or AOA. 

 

  



 

 

 

Figure S2. Distribution of the observed and expected association P-values for the GWAS of 

COA in the UK Biobank study. The genomic inflation factor (lambda, estimated as the median 

chi-square divided by 0.4549) is also shown. The intercept of LD score regression was 1.039. 

 

  



 

 

 

Figure S3. Distribution of the observed and expected association P-values for the GWAS of 

AOA in the UK Biobank study. The genomic inflation factor (lambda, estimated as the median 

chi-square divided by 0.4549) is also shown. The intercept of LD score regression was 1.018. 

  



 

 

 

 
 
Figure S4. SNP associations when individuals with other allergies were not excluded from the 

control group used in the GWAS. The association (odds ratio) between the sentinel variants and 

asthma risk was consistent when comparing results from the analysis described in the main 

manuscript (i.e. asthma cases vs. atopy-free controls; x-axis) and an analysis that did not exclude 

individuals with other allergies (e.g. hay fever or eczema; y-axis) from the control group. 

    



 

 

SUPPLEMENTAL METHODS  

The Avalon Longitudinal Study of Parent and Children (ALSPAC)  

Pregnant women resident in Avon, UK with expected dates of delivery 1st April 1991 to 31st 

December 1992 were invited to take part in the study. The initial number of pregnancies enrolled is 

14,541 (for these at least one questionnaire has been returned or a “Children in Focus” clinic had 

been attended by 19/07/99). Of these initial pregnancies, there was a total of 14,676 foetuses, 

resulting in 14,062 live births and 13,988 children who were alive at 1 year of age. When the oldest 

children were approximately 7 years of age, an attempt was made to bolster the initial sample with 

eligible cases who had failed to join the study originally. As a result, when considering variables 

collected from the age of seven onwards (and potentially abstracted from obstetric notes) there are 

data available for more than the 14,541 pregnancies mentioned above. The number of new 

pregnancies not in the initial sample (known as Phase I enrolment) that are currently represented on 

the built files and reflecting enrolment status at the age of 24 is 904 (452, 254 and 198 recruited 

during Phases II, III and IV respectively), resulting in an additional 811 children being enrolled. The 

phases of enrolment are described in more detail in the cohort profile paper (see footnote 4 below). 

Please note that phase 4 enrolment (age 18-24) is not currently included in the cohort profile. The 

total sample size for analyses using any data collected after the age of seven is therefore 15,247 

pregnancies, resulting in 15,458 foetuses. Of this total sample of 15,656 foetuses, 14,973 were live 

births and 14,899 were alive at 1 year of age. A 10% sample of the ALSPAC cohort, known as the 

Children in Focus (CiF) group, attended clinics at the University of Bristol at various time intervals 

between 4 to 61 months of age. The CiF group were chosen at random from the last 6 months of 

ALSPAC births (1432 families attended at least one clinic). Excluded were those mothers who had 

moved out of the area or were lost to follow-up, and those partaking in another study of infant 

development in Avon. Please note that the study website contains details of all the data that is 

available through a fully searchable data dictionary and variable search tool 

(http://www.bristol.ac.uk/alspac/researchers/our-data/). 

 



 

 

Child and Adolescent Twin Study in Sweden (CATSS) 

The CATSS is an ongoing longitudinal twin study targeting all twins born from 1992 and living in 

Sweden. Since 2004, twins are invited to participate in CATSS following their ninth birthday. 

During the first three years of data collection, twelve-year-old twins were also invited. Participation 

in CATSS starts with a parental telephone interview on the children’s health, perinatal factors, living 

situation. A module including questions regarding the twin pair’s physical similarities is the basis 

for an algorithm-based assessment of zygosity. Since 2008, twins have also been offered a DNA-

based zygosity test using the saliva samples collected by mail in connection with invitation to the 

study. DNA from saliva is then stored in the biobank of Karolinska Institutet. To date, 

approximately n=29,100 twins have participated in CATSS-9/12.  DNA was extracted from saliva 

samples using either the Chemagic STAR instrument from Hamilton Robotics, with magnet bead 

purification kits from Chemagen, or the Puregene extraction kit (Gentra systems, Minneapolis, 

USA). Genotyping was performed in 18 batches at the SNP&SEQ Technology Platform in Uppsala, 

Sweden, using the Illumina PsychArray bead chip. Genotype calls from the zCall algorithm for rare 

variants were combined with those from the Illumina GenCall algorithm to increase sensitivity at 

low minor allele frequencies. After initial intensity-level quality control, 18,193 samples remained. 

Additional QC filtering was applied as follows: SNPs with missingness > 2%, SNPs with more than 

10% discordant genotypes across replicates or MZ pairs, SNPs out of Hardy-Weinberg equilibrium 

(exact test P-value < 10-6), SNPs with clear batch effects or absolute MAF difference from 1000 

Genomes European samples > 10%, Y-chromosome and mitochondrial SNPs, and SNPs with minor 

allele count <= 1 were all excluded. Further, individuals with missingness > 2%, individuals with 

deviant autosomal heterozygosity (autosomal inbreeding coefficient F outside [-0.02, 0.02]), 

individuals showing excessive mean relatedness to the rest of the sample (mean relatedness > 6 s.d. 

above the sample mean), individuals where genotype-based sex did not match phenotype 

information, and individuals identified as non-European ancestral outliers were excluded. Non-

genotyped monozygous twins in the study were imputed from their genotyped twin, resulting in a 

total of 21,752 individuals with genotypes. Genotypes were imputed to the 1000 genomes phase 3 



 

 

version 5 reference panel using Shapeit  v2.r790 and Minimac version 1.0.13. 

 

23andMe 

All research participants included in the analyses provided informed consent and answered surveys 

online according to our human subjects protocol, which was reviewed and approved by Ethical & 

Independent Review Services, a private institutional review board (http://www.eandireview.com). 

We restricted participants to a set of individuals who have >97% European ancestry, as determined 

through an analysis of local ancestry. Briefly, our algorithm first partitions phased genomic data into 

short windows of about 100 SNPs. Within each window, we use a support vector machine (SVM) to 

classify individual haplotypes into one of 31 reference populations. The SVM classifications are 

then fed into a hidden Markov model (HMM) that accounts for switch errors and incorrect 

assignments, and gives probabilities for each reference population in each window. Finally, we used 

simulated admixed individuals to recalibrate the HMM probabilities so that the reported 

assignments are consistent with the simulated admixture proportions. The reference population data 

is derived from public datasets (the Human Genome Diversity Project, HapMap, and 1000 

Genomes), as well as 23andMe customers who have reported having four grandparents from the 

same country. A maximal set of unrelated individuals was chosen for each analysis using a 

segmental identity-by-descent (IBD) estimation algorithm. Individuals were defined as related if 

they shared more than 700 cM IBD, including regions where the two individuals share either one or 

both genomic segments identical-by-descent. This level of relatedness (roughly 20% of the genome) 

corresponds approximately to the minimal expected sharing between first cousins in an outbred 

population. DNA extraction and genotyping were performed on saliva samples by CLIA-certified 

and CAP-accredited clinical laboratories of Laboratory Corporation of America. Samples have been 

genotyped on one of four genotyping platforms. The V1 and V2 platforms were variants of the 

Illumina HumanHap550+ BeadChip, including about 25,000 custom SNPs selected by 23andMe, 

with a total of about 560,000 SNPs. The V3 platform was based on the Illumina OmniExpress+ 

BeadChip, with custom content to improve the overlap with our V2 array, with a total of about 



 

 

950,000 SNPs. The V4 platform in current use is a fully custom array, including a lower redundancy 

subset of V2 and V3 SNPs with additional coverage of lower-frequency coding variation, and about 

570,000 SNPs. Samples that failed to reach 98.5% call rate were re-analyzed. Individuals whose 

analyses failed repeatedly were re-contacted by 23andMe customer service to provide additional 

samples, as is done for all 23andMe customers.  

 Participant genotype data were imputed against the March 2012 “v3” release of 1000 

Genomes reference haplotypes. We phased and imputed data for each genotyping platform 

separately. First, we used Beagle (version 3.3.1) to phase batches of 8000-9000 individuals across 

chromosomal segments of no more than 10,000 genotyped SNPs, with overlaps of 200 SNPs. We 

excluded SNPs with Hardy-Weinberg equilibrium P<10−20, call rate < 95%, or with large allele 

frequency discrepancies compared to European 1000 Genomes reference data. Frequency 

discrepancies were identified by computing a 2x2 table of allele counts for European 1000 

Genomes samples and 2000 randomly sampled 23andMe customers with European ancestry, and 

identifying SNPs with a chi squared P<10-15. We imputed each phased segment against all-ethnicity 

1000 Genomes haplotypes (excluding monomorphic and singleton sites) using Minimac2, using 5 

rounds and 200 states for parameter estimation. For the non-pseudoautosomal region of the X 

chromosome, males and females were phased together in segments, treating the males as already 

phased; the pseudoautosomal regions were phased separately. We then imputed males and females 

together using minimac, as with the autosomes, treating males as homozygous pseudo-diploids for 

the non-pseudoautosomal region. 
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