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Abstract

Background—Epidemiological studies consistently show associations between asthma and
obesity. Shared genetics may account for this association.

Objective—To identify genetic variants associated with both asthma and obesity.

Methods—Based on a literature search, we identified genes from: 1) Genome-wide association
studies (GWAS) of Body Mass Index (BMI) (n=17 genes), 2) GWAS of asthma (n=14) and 3)
candidate gene studies of BMI and asthma (n=7). We used GWAS data from the Childhood Asthma
Management Program (CAMP) to analyze associations between single nucleotide polymorphisms
(SNPs) in these genes and asthma (n=359 subjects) and BMI (n=537).

Results—One top BMI GWAS SNP from the literature, rs10938397 near GNPDAZ2, was associated
with both BMI (p=4 x 10~%) and asthma (p=0.03). Of the top asthma GWAS SNPs and the candidate
gene SNPs, none was found to be associated with both BMI and asthma. Gene-based analyses that
included all available SNPs in each gene found associations (p<0.05) with both phenotypes for
several genes: NEGR1, ROBO1, DGKG, FAIM2, FTO and CHST8 among the BMI GWAS genes;
ILRL1/IL18R1, DPP10, PDE4D, MYB, PDE10A, IL33 and especially PTPRD among the asthma
GWAS genes; and PRKCA among the BMI and asthma candidate genes.

Conclusions—SNPs within several genes showed associations to BMI and asthma at a gene level,
but none of these associations were significant after correction for multiple testing. Our analysis of
known candidate genes reveals some evidence for shared genetics between asthma and obesity, but
other shared genetic determinants are likely to be identified in novel loci.
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Introduction

Methods

Asthma and obesity are complex disorders that are influenced by environmental and genetic
factors. During the past decades, the prevalence of both traits has markedly increased in
children and adults, contributing substantially to morbidity and health costs worldwide.!
Epidemiological studies have consistently shown an association between asthma and obesity,
and longitudinal studies suggest that obesity precedes asthma.1=3 Twin studies indicate that
shared genetic pathways for asthma and obesity may partly account for the observed
associations between these conditions.* > Asthma and obesity are believed to have a strong
genetic background and numerous genetic variants have been associated with both phenotypes.
6-8 Individual studies that have focused on either asthma or obesity have identified genes,
including ACE, ADRB2 and VDRS: 7, that may influence both diseases. Genes such as LEP,
PRKCA and TNF have also been evaluated for pleiotrophic effects that influence both asthma
and obesity simultaneously.®~11 Recent genome-wide association studies (GWAS) have
identified variants at several loci that are associated with BMI and/or obesity.12=20 It is unclear
if these loci contribute only to BMI/obesity, or if they also influence asthma risk. Likewise, it
is unclear if variants identified through recent asthma GWAS also contribute to BMI/obesity.
21=26 The aim of this project is to identify common genetic variants that are associated with
asthma and obesity. We used GWAS data from the Childhood Asthma Management Program
(CAMP) to study associations between single nucleotide polymorphisms (SNPs) in genes
previously associated to BMI and/or asthma. All SNPs identified in GWAS for BMI/obesity
and asthma published to date were evaluated systematically, as well as SNPs from candidate
gene studies that have been associated with both asthma and obesity.

Study design

Genotyping

CAMP was a multicenter clinical trial in children with mild to moderate asthma.2’ All recruited
children had asthma as defined by having 2 or more symptoms per week, using an inhaled
bronchodilator at least twice weekly or asthma medication daily, and airway responsiveness
to methacholine < 12.5 mg/ml. Children with severe asthma or other clinically significant
conditions were excluded. Of the 1,041 children enrolled in the original clinical trial, 968
children and 1,518 of their parents contributed DNA samples. At randomization, baseline data,
including measurements of BMI, were collected. Overweight was defined as an age and sex
adjusted BMI between the 85 and 95t percentile and obesity as an age and sex adjusted BMI
equal to or above the 95™ percentile.28 Written informed consent was obtained from parents
of participating children. The CAMP study was approved by the Institutional Review Boards
of Brigham and Women’s Hospital and the other participating centers.

A subset of 422 white (non-Hispanic) CAMP probands were genotyped on lllumina’s Human-
Hap550 Genotyping BeadChip (lllumina, Inc., San Diego, CA) and used as cases in a case-
control study design with white population controls (n= 1,533, adults) obtained from lllumina’s
iControlDB public repository. As reported previously, strict quality control (QC) procedures,
including implementation of the genetic matching (GEM) algorithm to reduce population
stratification, reduced the case-control asthma GWAS to 1,205 subjects (359 cases, 846
controls) and 518,230 SNPs?3. For the BMI GWAS, data from an additional 211 CAMP
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probands obtained with the Illumina Infinium HD Human610-Quad BeadChip were available,
and a merged HumanHap550/Human610-Quad dataset composed of 633 CAMP children was
created. After QC, 537 asthma cases and 511,782 SNPs remained in the BMI dataset. Because
matched Illumina iControlDB controls were not available for the merged dataset, only genetic
association to BMI was estimated in this dataset. Please see Online Repository Material for
further genotyping and QC details.

Literature search

The online GWAS Catalog?? was accessed on December 30, 2009 and used to search for
published BMI and asthma GWAS. Inclusion of SNP-based associations was limited to those
with p-values < 1.0 x 10~° (with the exception of two asthma GWAS SNPs in MYB and WDR36/
TSLP and one BMI GWAS SNP in INSIG2, which were included despite higher p-values
because they are widely studied and biologically plausible candidates). In addition, a PubMed
(www.ncbi.nlm.nih.gov/pubmed) search was performed on December 30, 2009 using the terms
1) “asthma” together with 2) “body mass index”, “BMI” or “obesity” and 3) “association” or
“genetic association”. Genes with previous evidence of association with both BMI and asthma
in candidate gene studies were included using less stringent criteria (any SNP or other variant
associated at p<0.05 level). Thus, we used the gene as the unit of association and the same SNP
or variant needed not to be associated to both phenotypes for inclusion. Some genes have been
evaluated for association individually to asthma or BMI/obesity in multiple populations as
summarized in reviews by Ober et al®, Rankinen et al” and Rogers et al8. In the current study,
we refer to these reviews when referencing most known associations, rather than the original
studies. For identified genes not included in these reviews, we reference original publications.

Statistical analyses

Results

Genes indentified through the literature search were evaluated for associations with asthma
and BMI in CAMP. For asthma, CAMP/Illumina case-control associations (allelic tests) were
measured in PLINK30 as previously described.23 BMI was analyzed as a continuous trait with
linear regression in PLINK, using an additive genetic model adjusted for age, gender and
informative principal components (to adjust for potential population substructure). PLINK
output files were exported to the WGAViewer software31, which was used for gene-based and
SNP-specific analyses. This software’s annotation results are based on the latest Ensembl Core,
Variation, and GO databases. The annotation span for gene-based analyses was 10K base pairs
beyond the 5" and 3" gene ends. A total of 2,583 SNPs were identified as being within the span
of the 38 identified genes of interest. With a conservative Bonferroni correction, an adjusted
p-value for significance was estimated to be 1.9 x 107> (=0.05/2,583). All reported p-values
are two-sided.

Baseline characteristics of the CAMP children are presented in Table 1. No differences were
observed between the asthma and BMI subjects. Thirteen percent of the children met the criteria
for obesity and a further 16% for overweight. This is agreement with recent national figures
from the Center for Disease Control.28 Based on the systematic literature search in PubMed
and the online GWAS Catalog?®, SNPs and genes were classified as 1) 29 SNPs in 17 genes
identified in previous BMI GWAS [Table 2], 2) 14 SNPs in 14 genes identified in previous
asthma GWAS [Table 3], and 3) multiple SNPs in 7 genes associated with both BMI and asthma
in candidate gene studies [Table 4].

BMI GWAS genes

Table 2 summarizes the top association hits, original p-values and source population from
published BMI GWAS to date. Of the 29 top SNPs, which are in or near 17 genes (or gene
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regions), 17 SNPs were available in the dataset used in this study. For the remaining 12 SNPs,
association to a genotyped proxy SNP with high LD to the original SNP was reported. Only
one SNP, rs10938397 near GNPDA?2, was associated with BMI in CAMP (p=4 x 1074), and
this SNP was also associated with asthma (p=0.03) [Table 2]. We extended our search for
association by considering other SNPs within all identified genes. Using the WGAViewer31,
we obtained all annotated SNPs in each gene (range 1-878 SNPs per gene) [Tables E1-E6]
and tested for association with a “gene-based” approach. A few SNPs (0-7 per gene) of this
larger BMI GWAS *“gene-based” set had nominal p-values <0.05 for BMI or asthma [Table
El and E2].

Associations to both asthma and BMI were not seen for any single SNP in this set, although
different SNPs in NEGR1, ROBO1, DGKG, FAIM2, FTO and CHST8 were associated with
both asthma and BMI.

Asthma GWAS genes

None of the 14 top SNPs in 14 asthma GWAS genes were associated with BMI and only the
top SNPs in PDE4D and ORMDL3 were associated with asthma as previously reported?3
[Table 3]. Gene-based analyses showed that ILRL1/IL18R1, DPP10, PDE4D, MYB, PDE10A,
PTPRD and IL33 were nominally associated with both asthma and BMI [Tables E3 and E4].
Two specific SNPs showed association to both phenotypes; rs13431828 in ILRL1/IL18R1, with
p=8 x 1074 for asthma and p<0.05 for BMI, and rs10758982 in PTPRD, with p=4 x 1073 for
asthma and p=0.03 for BMI.

Candidate genes for asthma and BMI

Of the reported top SNPs in candidate genes previously associated with both BMI and asthma,
PRKCA was associated with BMI only and ACE with asthma only [Table 4]. Gene-based
analyses showed that additional SNPs in PRKCA were nominally associated with both asthma
and BMI, and SNPs in LEP with BMI only [Tables E5 and E6]. No associations to asthma or
BMI were seen for SNPs in the other four candidate genes.

Discussion

In the past few years, GWAS have implicated a number of new loci in BMI/obesity. These loci
were evaluated in this study, but were not convincingly associated with BMI in CAMP
asthmatics apart from a SNP near GNPDAZ2. This suggests that other unknown genes may be
of importance for BMI in the presence of asthma. Although several asthma and BMI GWAS
genes showed an association with both BMI and asthma in CAMP, different SNPs in each gene
were associated with each phenotype and no associations survived adjustment for multiple
testing. Despite evidence of shared genetic pathways for asthma and BMI/obesity in
epidemiological studies, our results do not provide strong evidence for common genetic links
in the candidate genes that were studied. This suggests that shared genetic determinants
between BMI and asthma are likely to be in unidentified loci.

Several different explanations to the observed epidemiological obesity-asthma link have been
proposed: direct effects of obesity on mechanical functioning of the lung; proinflammatory
effects of adipose tissue; hormonal effects, possibly sex-specific; fetal programming and
epigenetics; and shared genetic effects.2 A recent Dutch study shows that in children with at
least one parent with asthma, the risk of asthma in children at 8 years of age increases if the
mother was overweight before pregnancy.32 No association was observed in children without
a hereditary predisposition. This study supports the fetal programming and shared genetics
hypotheses, although mechanisms are not clear. The shared genetics component is believed to
be substantial but yet of moderate effect size; estimates from twin studies indicate that 8% of
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the genetic component of obesity is shared with asthma.# Cross-twin, cross-trait risks for
obesity and asthma are also reported to be higher in identical than in fraternal twins, supporting
a common genetic source.® This finding was restricted to females, which is in agreement with
epidemiological data being more consistent in women than men.2 In children, the sex-specific
association is not observed in most studies until after puberty.3

Given that there are common pathophysiological pathways in asthma and obesity, it is
biologically plausible that genes such as TNF and ADRB2 could have pleiotrophic effects. The
literature is, however, sparse with reports of convincing examples of shared genetics between
asthma and obesity. Only LEP, PRKCA and TNF have been evaluated for pleiotrophic effects
in the same population, and all three reports were published in 2009.%~11 Different variants in
each of these genes have been associated with asthma and obesity and no study has identified
an allele that actually associates with the two traits. For both LEP -2549T/G and TNF -308G/
A, opposite allelic effects have been observed: LEP -2549T has been associated with asthma
risk, while LEP -2549G has been associated with higher BM111, and TNF -308A has been
associated with asthma risk and being underweight.® PRKCA was identified as a candidate
gene for BMI via positional cloning in a Costa Rican population ascertained on asthma
affection status.10 Association to asthma was also demonstrated in the same population with
replication in an independent population (CAMP), but not to the same SNPs that were
associated with BMI. Because CAMP was included as a replication dataset in the original
study, our current PRKCA findings are not novel.10

Our study does not find convincing evidence for shared genetic factors based on analysis of
known BMI/obesity genes. NEGR1, ROBO1, DGKG, FAIM2, FTO and CHST8 showed
nominal associations (any SNP with p<0.05) with both BMI and asthma. For most of these
genes, only one or two SNPs were associated with modest p-values, which does not support a
true pleiotrophic effect. One SNP near GNPDAZ2, rs10938397, showed evidence of pleiotrophic
effects on both asthma and BMI. Three other GNPDA2 SNPs were identified by WGAViewer,
but the only one of these that was available in our dataset was not associated with either
phenotype.

ROBO1 was recently identified in a 100K SNP GWAS where strong age-gene interaction
effects on obesity were observed.1> CAMP was included as a replication dataset for the top
SNP and confirmed the age-varying association in that the effect was seen only after the age
of 10. Here, we used BMI at randomization (mean age 8.8 years) as outcome, which likely
explains why only 2/149 ROBO1 SNPs were significantly associated with BMI. Association
to ROBO1 was also seen for asthma (7/149 SNPs with p<0.05). In the most recent asthma

GWAS, ROBO1 showed suggestive, but not genome-wide significant, associations to asthma.
26

Of the BMI GWAS top hits, 16/29 loci were originally identified in adult studies [Table 2].
Most of these loci have shown associations with BMI also in children, supporting a role for
these genes in BMI across age groups.33 Surprisingly, only one of the top BMI GWAS SNPs
and few other SNPs in these genes, including FTO, were associated with BMI in CAMP. This
suggests that other unknown genes may be of importance for BMI in asthmatics. To our
knowledge, differences between the genetics of BMI in healthy individuals and genetics of
BMI in an ascertained asthma population are, however, poorly studied. Lack of power is also
a possible explanation why reported associations to BMI did not replicate in this study, and a
larger dataset would be ideal for confirmation of our results. In CAMP, we cannot estimate the
epidemiological link between BMI and asthma per se because all children were ascertained on
the basis of asthma. Previous analyses in CAMP show that lower forced expiratory volume/
forced vital capacity ratios are correlated with increasing BMI, while BMI was not strongly
associated with asthma symptoms or atopy.3* It is possible that other intermediate phenotypes
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of asthma have a stronger genetic overlap with BMI/obesity than asthma per se. Another
limitation with the present study is the inclusion of SNPs in the gene-based analyses in
WGAViewer. Here, we used a rather narrow annotation span, +/— 10K around the 5" and 3'
ends, which means that SNPs further upstream or downstream of this span were not included
in the analyses. Furthermore, SNPs not annotated to a specific gene by the Ensembl database
were also missed.

Since 2007, six GWAS on asthma have been published and 14 new loci have been identified.
Despite rather limited study power, we could replicate several of these associations with
asthma. We found strong associations between PDE4D SNPs and asthma, as well as between
ORMDL3/GSDML SNPs and asthma, as previously reported.23 In addition, the ILIRL1/
IL18R1 locus was convincingly associated with asthma (7/21 SNPs were associated, lowest
p= 8 x 10~ for rs13431828 in the 5’ UTR region), as well as DPP10 (35/260 SNPs were
associated, lowest p= 9 x 107 for the intronic rs1914973). In addition to DPP10, ADRA1B
and PRNP were identified as asthma candidate genes in a recent GWAS on subjects with
African ancestry.2® The findings could not be replicated in additional African American or
European datasets, which is in agreement with our results on ADRA1B and PRNP. IL33 was
recently identified in an Icelandic GWAS for sequence variants affecting eosinophil counts
and asthma.?! Three out of twenty 1L33 SNPs had p<0.05 for asthma in our study. Additionally,
we could not replicate associations between DENND1B SNPs and asthma in our study.26

ILRL1/IL18R1, DPP10, PDE4D, MYB, PDE10A, PTPRD and IL33 showed evidence of
association with both asthma and BMI, although associations to BMI were modest (p-values
0.01-0.05) and not significant after correction for multiple comparisons. The only exception
is PTPRD with three SNPs with p-value around 3 x 10~ and a total of 66 SNPs associated
with BMI out of 878. Association was also seen between PTPRD SNPs and asthma (lowest
p=2x 1073). The PTPRD protein is a member of the protein tyrosine phosphatase (PTP) family
involved in a variety of cellular processes including cell growth, differentiation and oncogenic
transformation.3®> PTPRD showed suggestive association to asthma in the most recent
GWAS26 as well as in a previous asthma study.36 Association with BMI or obesity has to our
knowledge not been reported previously, although other members of the PTP family, such as
LAR/PTPRF, have been associated with BMI and insulin resistance.3%: 37 In total, two SNPs
in asthma GWAS genes showed association with both phenotypes, rs13431828 in ILRL1/
IL18R1 and rs10758982 in PTPRD.

A few studies have associated ACE polymorphisms with asthma, especially the insertion/
deletion variant in intron 16, although other studies have failed to do s0.6 Few studies have
actually evaluated other ACE variants. Association between the ACE -262 A/T polymorphism
and aspirin-intolerant asthma has been reported, but not with asthma per se.38 In this study,
7/14 ACE SNPs had p<0.05 for asthma (lowest p=6 x 1079).

In conclusion, we have systematically identified genes found to be associated with asthma and
BMI in previous GWAS and tested whether these associations hold in a well-characterized
study of asthmatic children. We did not find convincing evidence from analyses of known
candidate genes that asthma and obesity share genetic determinants, which is consistent with
a thorough literature review. However, our results suggest that GNPDA2, PTPRD and
ROBO1 deserve further study for a potential role in influencing both conditions. Because
epidemiological studies, including twin studies, show strong evidence that asthma and obesity
share common genetic determinants, combined large-scale GWAS studies of asthma and
obesity will likely uncover new genetic loci that underlie both of these conditions.

Key messages

e Shared genetics may account for the link between obesity and asthma
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e Association analyses of known asthma and BMI genes show some evidence for a
shared genetic predisposition to asthma and obesity in children

e Othershared genetic determinants for obesity and asthma are likely to be identified
in novel loci
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Table 1
Baseline Characteristics of Subjects in CAMP

Asthma GWAS BMI GWAS

Asthmatics 359 537

Age, years” 8.8(52-132)  8.9(5.2-13.2)
Gender, female 38.3% 40.4%

BMI™ 17.8 (13.0-29.1) 18.0(13.0-29.4)
Overweight childrent ~ 16:5% 16.2%

Obese children® 13.4% 13.2%

*
Numbers represent mean value and range (in brackets).

TOverweight was defined as an age and sex adjusted BMI between the 85th and g5th percentile and obesity as an age and sex adjusted BMI equal to

or above the 95th percentile.
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