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Abstract
Background—Asthma is a common disease of children with a complex genetic origin.
Understanding the genetic basis of asthma susceptibility will allow disease prediction and risk
stratification.
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Objective—We sought to identify asthma susceptibility genes in children.

Methods—A nested case-control genetic association study of children of Caucasian European
ancestry from a birth cohort was conducted. Single nucleotide polymorphisms (SNPs, n=116,024)
were genotyped in pools of DNA samples from cohort children with physician-diagnosed asthma
(n=112) and normal controls (n=165). A genomic region containing the ATPAF1 gene was
significantly associated with asthma. Additional SNPs within this region were genotyped in
individual samples from the same children and in eight independent study populations consisting
of Caucasian, African American, Hispanic, or other ancestries. SNPs were also genotyped or
imputed in two consortia control populations. ATPAF1 expression was measured in bronchial
biopsies from asthmatics and controls.

Results—Asthma was associated with a cluster of SNPs and SNP haplotypes containing the
ATPAF1 gene with two SNPs achieving significance at a genome-wide level (p=2.26×10−5 to
2.2×10−8). Asthma severity was also associated with SNPs and haplotypes in the primary
population. SNP and/or gene-level associations were confirmed in the four non-Hispanic
populations. Haplotype associations were confirmed in the non-Hispanic populations (p=0.045 to
0.0009). ATPAF1 total RNA expression was significantly (p<0.01) higher in bronchial biopsies
from asthmatics than controls.

Conclusion—Genetic variation in the ATPAF1 gene predisposes children of different ancestry to
asthma.
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single nucleotide polymorphism; SNP

INTRODUCTION
Asthma is a debilitating chronic inflammatory disease of the conducting airways whose
symptoms often manifest early in childhood. Many affected children struggle with this
disease throughout their lives. Asthma is remarkably common, with the prevalence in
children exceeding 30% in some parts of the world.1, 2 Indeed, it is a disease of concern
world-wide with particularly high incidence in Northwestern Europe, the USA, and in some
populations of Hispanic ancestry.2–4 Gene variations, in tandem with environmental factors,
are believed to be the primary drivers behind asthma development and symptom
exacerbations. Therefore, we undertook a study to determine susceptibility genes for asthma
in a birth cohort of children from the UK with the rationale that understanding genetic
factors will allow us to predict disease risk. Despite numerous studies, few genes have
emerged as underlying asthma in the majority of populations examined5–7 thus, the hunt for
asthma susceptibility genes continues.

There are a growing number of populations thoroughly characterized for asthma and related
phenotypes and several of these have been extensively genotyped. Consequently, these
populations provide a powerful means for assessing the genetic contributions to asthma. The
Isle of Wight birth cohort was established over 20 years ago for the purpose of investigating
asthma during childhood8 and is the primary population in this study. The replication
populations that were examined for this report are similarly well-established, providing
access to children with asthma and their families. The more recent genetic data generated in
these populations can provide a new dimension to our understanding of asthma in children.

Here we report a multi-stage genetic association study for childhood asthma in the Isle of
Wight birth cohort as the primary population with replication studies conducted in eight
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additional groups. Support for an associated gene was pursued by comparing expression
levels between asthmatics and controls.

MATERIAL AND METHODS
Study design

The objective of our study was to identify asthma susceptibility genes in the Isle of Wight
birth cohort of children.8 We used an efficient and sequential strategy to optimize the search
for asthma susceptibility genes. We first examined approximately 100K SNPs across the
genome using pooled DNA samples from a case-control subset of the cohort. A linkage
disequilibrium (LD) block on chromosome 1p33-p32.31 was significantly associated with
asthma. Additional SNPs within this region were then genotyped in individual samples from
the same children. The region of interest was next examined in additional populations that
had been characterized for asthma and genotyped genome-wide or were able to specifically
genotype selected SNPs for replication purposes. These SNPs were also genotyped or
imputed in two consortia control populations. Finally, functional relevance of the associated
gene, ATPAF1 (ATP synthase mitochondrial F1 complex assembly factor 1), was assessed
by gene expression studies.

Subjects
The primary study population was a case-control subset of children from the Isle of Wight
1989–1990 birth cohort study. Asthma diagnosis was assessed at age 10 years and controls
randomly selected from among cohort children who had never wheezed nor been given a
diagnosis of asthma in their life. In addition, asthma severity in the Isle of Wight subjects
was categorized based on the Global Initiative for Asthma (Update 2007: GINA Report)
classification scheme. The additional populations of asthmatic children that were examined
for replication purposes have been described elsewhere9–14 and their key characteristics are
summarized in Table I. Briefly, the Wessex population consisted of families with at least
two biologic siblings with a current physician’s diagnosis of asthma.14 The publically
available SHARP data used were the trios from the Childhood Asthma Research and
Education (CARE) network15, 16 and the Childhood Asthma Management Program (CAMP)
project.9, 13, 16 The two populations from the Genetics of Asthma in Latino Americans
(GALA) study10 consisted of asthma cases and both parents. The Mexico Childhood
Asthma Study11, 17 was also a case-parent trio design. To enhance the power of our study
additional consortia controls were acquired from the Wellcome Trust Case Control
Consortium (WTCCC)18 and the Genetics of Systemic Lupus Erythematosus (SLEGEN)
study.19 The asthma status of the consortia controls was unknown, therefore, their sample
sizes were adjusted to account for potential misclassification based on a predicted asthma
prevalence rate of 15%.

Gene expression studies were conducted on bronchial biopsy samples collected from
asthmatic and control individuals from the Montreal area of Quebec, Canada.20, 21

Ethics approval was granted by local research ethics committees for the Isle of Wight
population and written (parental) consent was obtained. Ethics approval for each of the other
populations has been reported previously9–14 and permission for access to the consortia and
SHARP data was obtained (study accession: phs000166.v2.p1).22

Statistical analyses
Hybridization intensity comparisons of the case and control pools were used to identify
significant allele frequency differences for each SNP.23 Z2 p-values were calculated and
then ordered as a means for ranking all SNPs. A 40 kb sliding window identified clusters of
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significant SNPs. An allelic model was used in the analysis of pooled SNP data as individual
genotypes were not available.

Asthma associations with individual polymorphisms in Isle of Wight subjects were
determined by chi-square tests of an allelic model implemented with PLINK software (v.
1.0).24 Odds ratios for SNPs were calculated via SNP.assoc (v.1.4)25 implemented in R (v.
2.5.1).26 Chi-square p-values determined with PLINK software were also utilized to detect
asthma associations with haplotypes in Isle of Wight and Wessex subjects. Regression
models were used to compute odds ratios for the haplotypes for the case-control data using
SNPassoc (v.1.4) 25 and haplo.stats (v.1.3.8)27 programs implemented in R (v.2.5.1), 26

incorporating haplotype ambiguity.

SNPs in the region of interest were examined for associations with asthma in the replication
populations (methods details in Table II and online repository). Genotype data from prior
genome wide association studies (GWAS) for families in the CAMP9, CARE15, GALA10,
and Mexico Childhood Asthma studies28 were analyzed across the region of interest in or
near the ATPAF1-C1ORF223-KIAA0494 LD block. GWAS data were not available for the
Wessex study, thus, specifically genotyped in the Wessex subjects were the tag SNPs
examined in the Isle of Wight individuals.

We further explored associations with GINA classification of asthma severity in Isle of
Wight subjects using PLINK to examine allelic tests for asthma severity quantitative scores.
Examined were individual SNPs, the 11-SNP haplotype, and 3-SNP sliding window
haplotypes with significance indicated by Wald test asymptotic p-values.

The initial association analysis done in the Isle of Wight population was performed on a
genome-wide level and correction for multiple testing was performed. The genome-wide
false discovery rate cut off of alpha=0.05 was Z2 p-value of 2.27×10−5. The follow-up
studies in the Isle of Wight and replication populations were performed on a limited number
of SNPs that were located almost exclusively within a single LD block, thus, multiple
testing corrections for these studies were not applied.

Gene expression
Expression of the asthma-associated gene, ATPAF1, along with S9 ribosomal protein gene
were measured by the StepOnePlus PCR system (Applied Biosystems Inc, Foster City, CA,
USA) in 17 bronchial biopsy samples from normal, mild asthmatic, and severe asthmatic
subjects (see online repository for more methods details). In brief, endoscopic bronchial
biopsies were obtained, tissue RNA was extracted, and total RNA was reverse transcribed.
ATPAF1 levels were normalized using ribosomal protein S9 gene expression. Primers
spanned at least one intron. Expression data were analyzed with Kruskal-Wallis followed by
Dunn’s multiple comparison tests.

RESULTS
SNP associations

The gene discovery study of the 100K arrays yielded 98,921 SNPs of sufficient quality for
analysis. The sliding window analysis yielded 60 clusters of SNPs with Z2 p-value<0.005
throughout the genome. SNP rs2289447 (Z2 p-value=2.2×10−8, Table II) ranked 6th among
all SNPs on the microarray and was located in a SNP cluster on chromosome 1p33-p32.31
containing the ATPAF1 and neighbouring C1ORF223 and KIAA0494 genes (Fig 1, Table
E1). This region had sustained significance (Z2 p-value range=0.0124 to 2.2×10−8, Table II)
across a cluster of 6 SNPs (rs2289447, rs1150068, rs1048380, rs2275380, rs1150064, and
rs1440486) and was therefore selected for further study.
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This region was next targeted for focused genotyping in individual samples; the same
subjects (n=227) were used as in the pools. Nine of eleven informative SNPs in the LD
block containing ATPAF1, C1ORF223, and KIAA0494 were significantly associated with
asthma in the Isle of Wight population (Table II) and the minor alleles were found to be
protective (OR=0.44, CI 0.27–0.73 to OR=0.52, CI 0.33–0.82; Table E2). The use of
consortia controls in our association analysis, assuming a 15% misclassification rate,
increased power at least 20% and supported the original associations in the Isle of Wight
cohort (nine SNPs) and added support for an additional SNP, rs2275380 (Table E3).

Transmission disequilibrium tests (TDT) in the Wessex replication population confirmed the
association of rs2275380 with asthma diagnosis (Table II). Due to genotyping platform
differences, identical SNPs were not examined in the other replication populations.
However, gene-level replication was found in the Caucasian American, African American,
and other ethnicity populations within the CAMP and CARE studies (Table II). No SNPs
reached significance in any of the populations of Hispanic descent (CAMP and CARE
Hispanic, GALA Mexican or Puerto Rican, and Mexico Childhood Asthma Study families)
(Table II).

Haplotype associations
Common haplotypes were found in the Isle of Wight and Wessex populations (Fig 1, Table
III). In the Isle of Wight cohort haplotypes I and III were found to confer asthma risk (Chi-
square p=0.035) and protection (Chi-square p=0.0048), respectively (Table III). Odds ratios
for the haplotypes indicated more than two-fold decreased risk of asthma associated with
haplotype III (OR 0.45, 95% CI 0.26–0.78, p=0.0042) as compared to haplotype I as a
reference. Transmission disequilibrium tests in the Wessex population confirmed the
association of haplotype I with increased risk of asthma diagnosis (Chi-square p=0.0156).
Several two- and three-marker haplotype associations with asthma were seen in the CAMP
and CARE Caucasian American, African American, and other ethnicity families (p=0.0008
to 0.045, Table E4).

Asthma severity associations
Asthma severity scores of 0 to 4 were represented in the Isle of Wight population (Table
E5). Nine SNPs were significantly associated with asthma severity (p=0.02 to 0.005, Table
IV), the same SNPs associated with asthma. In addition, haplotype III, which is the 11-SNP
haplotype of 34124342131 (A=1, C=2, G=3, T=4) for SNPs rs1258000| rs2289447|
rs620431| rs1150068| rs1048380| rs2275380| rs1150064| rs1440487| rs1440486| rs2218189|
rs6670495 (as shown in Fig 1 and Table III) was significantly associated with asthma
severity (p=0.00763). Finally, multiple 3-SNP sliding window haplotypes were significant
for asthma severity in the Isle of Wight with Wald asymptotic p-values of 0.02 to 0.007
(data not shown).

ATPAF1 relevance to asthma
The expression of ATPAF1 in bronchial biopsy samples obtained from subjects with severe
asthma was markedly (50-fold) elevated as compared to controls (p<0.01, Fig 2).

DISCUSSION
A genomic region on chromosome 1q33-q32.31 met genome-wide significance for asthma
in the Isle of Wight cohort. Subsequent detailed examination using a combination of
targeted genotyping and haplotype analysis in the primary population, along with
genotyping plus imputation in consortia controls, confirmed the association with an LD
block containing ATPAF1, C1ORF223, and KIAA0494 genes. Furthermore, asthma severity
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was associated with SNPs and haplotypes in this LD block. Replication studies pursued in
eight independent populations revealed instances of strict replication with specific SNPs and
haplotypes in a Caucasian European population. Further gene-level association was found
with additional SNPs and haplotypes (genotyped using other platforms) in the other three
non-Hispanic replication populations. Thus, while not all significant findings in the primary
population were replicated, major trends in association were identified across the LD block
in all but the populations of Hispanic descent. Finally, data demonstrating differential
upregulation of ATPAF1 expression in asthmatics as compared to control subjects lend
support for a role for this gene, which is novel to asthma.

While no previous asthma linkage or association has been as finely mapped on 1p3 as the
current study, our work supports previous studies that implicated the 1p31 to 1p36
region.29–38 Indeed, the chromosome region 1p has been consistently identified in genome
screens for asthma and related phenotypes in populations of different races and
ethnicities.29–31, 33 Thus, our finding of association of asthma with a 115 kb LD block at
1p33-p32.31 both support and extend these earlier studies.

ATPAF1, C1ORF223, and KIAA0494 are adjacent genes on chromosome 1p33-p32.31 and
occupy much of a 115 kb LD block (Fig 1).38 Little is known about C1ORF223 (open
reading frame for protein LOC37497, which is expressed predominately in testes)39 and
KIAA0494 (widely expressed inferred calcium binding ion protein)39 genes and due to the
overlap of coding and regulatory sequence among the three genes, additional studies on each
gene are warranted. While we cannot exclude C1ORF223 or KIAA0494 from having a role
in asthma, we chose to prioritize further study of ATPAF1 because 1) there is a well-
established relationship between puringeric (ATP and adenosine) signalling and
bronchoconstriction,40, 41 and 2) epithelial cell expression of the Th2 promoting cytokine
IL-33 is regulated by purinergic signalling.42

ATPAF1 is a nuclear gene encoding ATPAF1 (ATP11), which is a soluble mitochondria
protein that binds to unassembled β subunits of the F1-ATP synthase43 and prevents the F1
alpha and beta subunits from aggregating in the matrix.44 The mechanism of correct
assembly of the ATP synthase F1 complex requires ATPAF145 and is preserved in all
eukaryotic lineages capable of ATP synthesis via oxidative phosphorylation.46 ATPAF1 is
widely expressed, including in whole lung tissue.47

Functional significance is predicted for several of the SNPs associated with asthma in this
study.38, 48 Specifically, sequence encompassing rs1258000 is typical of regulatory
elements.38, 49 Similarly, rs620431 has high regulatory potential and also lies 60 bp
downstream of the exon 6/intron 6 boundary making it a potential splicing modulating
element for the alternatively spliced exon 7.38

The most direct evidence of functional relevance of the ATPAF1 gene in asthma comes from
its differential expression in bronchial tissue between asthmatics and controls (Fig 2).
ATPAF1 was highly expressed in bronchial biopsies from those with severe asthma. Not
only does this suggest a mechanism by which the gene may modify asthma risk, but it is also
consistent with the findings of Chen et al50 in which they report that genes that are
differentially expressed have a greater likelihood of containing variants that cause disease.
Furthermore, the elevated ATPAF1 expression in bronchial tissue from severe asthmatics is
consistent with and builds upon our findings of SNP and haplotype associations with asthma
severity among the Isle of Wight children. Indeed, the importance of ATP-signalling in
bronchoconstriction makes the link that we have identified between asthma severity and
ATPAF1 expression and genetic variants all the more compelling.
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The risk of reporting statistical significance merely by chance is a major concern in
association studies in which a high number of tests are conducted. However, this is unlikely
in the present study as several SNPs retained significance at the genome-wide level after
correction for multiple testing, the outcomes were consistent across individual SNP and
haplotype analyses, and SNPs and haplotypes showed association with asthma in the
replication populations of the same race. In addition, data showing functional relevance of
ATPAF1 further reinforce the validity of our findings.

For replication, we chose populations that had previously been studied for asthma genetics.
We did not limit our selection to populations of the same ancestry as the primary cohort
because inclusion of diverse populations broadens the relevance of the information
generated. Indeed, variability in replication between cohorts has been a feature of studies of
asthma genetics.7, 51, 52 We found significant associations in all the Caucasian populations,
along with the one African American population, and one population of other ethnicity (not
Caucasian, African American, or Hispanic). Interestingly, none of the populations of
Hispanic descent (Hispanic, Puerto Rican and Mexican) showed association, indicating a
race-specific trend. As expected, there were allele frequency differences between the
populations of different races (Table E6). The allele frequencies across the four populations
of Hispanic origin were fairly consistent with one another, with their minor allele
frequencies in most cases ≥10% higher than in the three Caucasian populations. However,
the minor allele frequency differences tended to be greatest between the Caucasian and
African populations, which would not explain the observed trend. Other possible
explanations for lack of replication in the Hispanic ancestry populations include type II error
due to lack of power and differences in environmental exposures between cohorts.

In conclusion, our sequential strategy, as well as the use of well-phenotyped populations, led
to identification of an association between ATPAF1 region variants and asthma. Studies to
further understand the mechanistic role of this gene in asthma are being pursued.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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KEY MESSAGES

• Variants in and around the ATPAF1 gene modify the risk of asthma in children.

• ATPAF1 –related genetic susceptibility to asthma occurred in different ancestral
groups of children, but not those of Hispanic descent.

• Asthma severity is associated with variants in and around ATPAF1 and ATPAF1
expression is upregulated in severe asthmatics as compared to controls.
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Figure 1.
ATPAF1, C1ORF223, KIAA0494 genes HapMap phase data illustrating the three main
haplotypes (a), the CEU LOD linkage disequilibrium plot with block pattern based on
confidence intervals (Gabriel et al)53 (b), and the UCSC gene track38, 48 (c).
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Figure 2.
Gene expression study of ATPAF1 from biopsied bronchial tissue.20, 21 # indicates statistical
significance for severe asthma versus no asthma (p< 0.01). Median expression value
indicated by red horizontal line; and first and third quantiles indicated by brackets.
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