Assessing the Reproducibility of Asthma Candidate
Gene Associations, Using Genome-wide Data

Angela J. Rogers'-3, Benjamin A. Raby'-3 Jessica A. Lasky-Su'3, Amy Murphy'3, Ross Lazarus'3,
Barbara ). Klanderman', Jody S. Sylvia', John P. Ziniti', Christoph Lange*, Juan C. Celedon'-3

Edwin K. Silverman'-3 and Scott T. Weiss'-3.5

'Channing Laboratory, Department of Medicine, and Division of Pulmonary and Critical Care Medicine, Brigham and Women’s Hospital; *Harvard
Medical School; “Harvard School of Public Health; and >Center for Genomic Medicine, Brigham and Women’s Hospital, Boston, Massachusetts

Rationale: Association studies have implicated many genesin asthma
pathogenesis, with replicated associations between single-
nucleotide polymorphisms (SNPs) and asthma reported for more
than 30 genes. Genome-wide genotyping enables simultaneous
evaluation of most of this variation, and facilitates more compre-
hensive analysis of other common genetic variation around these
candidate genes for association with asthma.

Objectives: To use available genome-wide genotypic data to assess
the reproducibility of previously reported associations with asthma
and to evaluate the contribution of additional common genetic
variation surrounding these loci to asthma susceptibility.

Methods: lllumina Human Hap 550Kv3 BeadChip (lllumina, San
Diego, CA) SNP arrays were genotyped in 422 nuclear families
participating in the Childhood Asthma Management Program.
Genes with at least one SNP demonstrating prior association with
asthma in two or more populations were tested for evidence of
association with asthma, using family-based association testing.
Measurements and Main Results: We identified 39 candidate genes
from the literature, using prespecified criteria. Of the 160 SNPs
previously genotyped in these 39 genes, 10 SNPs in 6 genes were
significantly associated with asthma (including the firstindependent
replication for asthma-associated integrin 3 [/TGB3]). Evaluation of
619 additional common variants included in the lllumina 550K array
revealed additional evidence of asthma association for 15 genes,
although none were significant after adjustment for multiple com-
parisons.

Conclusions: We replicated asthma associations for a minority of
candidate genes. Pooling genome-wide association study results
from multiple studies will increase the power to appreciate marginal
effects of genes and further clarify which candidates are true
“asthma genes.”
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Asthma is a disease with a strong genetic component, with
estimates of heritability as high as 36 to 75% (1). A thorough
review of the literature in 2006 highlighted more than 100
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AT A GLANCE COMMENTARY

Scientific Knowledge on the Subject

Many genes have been implicated in asthma pathogenesis,
yet most prior studies assessed only a few loci within a gene.

What This Study Adds to the Field

Using genome-wide data in a well-characterized cohort of
children with asthma, we performed a comprehensive
replication study of 39 candidate genes previously associ-
ated with asthma. We found evidence for variant- and
gene-level replication for 17 genes, a minority of candidate
genes.

susceptibility genes for atopy and asthma identified through
candidate gene studies, positional cloning, or linkage studies
(2). Yet for nearly every gene putatively associated with
asthma, multiple publications have failed to replicate the
original findings. Differentiating false positives (related to
factors such as multiple comparisons, random chance, and
population stratification) from false negatives (resulting from
underpowered replication studies, random chance, or popula-
tion stratification) is difficult.

Until more recently, candidate gene studies were con-
strained largely by limitations of genotyping: technical and
monetary considerations limited the number of single-
nucleotide polymorphisms (SNPs) that could reasonably be
evaluated per study. For example, in 2001, deCODE genetics
(Reykjavik, Iceland) published the finding that 42 SNPs within
24 “asthma genes” did not differ between cases and controls (3).
Because only 94 cases and controls were studied, they could
only conclude that those mutations were unlikely to incur odds
ratios (ORs) greater than 2. After eight more years of studying
asthma genetics, additional candidate loci have been identified,
and we recognize that contributions of individual asthma genes
are almost certainly more modest, yet no additional systematic
assessments of previously identified asthma genes have been
performed.

The cost of SNP genotyping has fallen dramatically, enabling
more thorough assessment of candidate loci, both by testing
a sufficient number of SNPs to cover common variation within
the gene and by genotyping cohorts sufficiently large to detect
modest genetic associations. In this work, we used data from
a genome-wide association study (GWAS) to evaluate pre-
viously replicated asthma genes. The primary analysis of these
data identified phosphodiesterase 4D (PDE4D) as a novel
asthma susceptibility gene that replicated in seven populations
(4); that work will not be discussed further here. However, this
genotyping array also provides coverage of about 75% of
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common genetic variation in white individuals (5), thus enabling
assessment all known asthma genes in a single large, well-
phenotyped population—in this case children with mild to
moderate asthma who participated in the Childhood Asthma
Management Program (CAMP). This data set also enables us to
comprehensively assess the common genetic variation surround-
ing putative asthma susceptibility genes. Herein we describe the
results of our analysis of more than 600 SNPs in 39 replicated
asthma candidate genes, using GWAS. Some of the results of
this analysis have been previously reported in the form of an
abstract (6).

METHODS

Study Population and Human Subjects

CAMP is a multicenter North American clinical trial designed to
investigate the long-term effects of inhaled antiinflammatory medica-
tions in children with mild to moderate asthma (7, 8). Inclusion criteria
and protocols for collection of baseline phenotypic data have been
described in detail elsewhere (7).

Of the 1,041 children enrolled in the original clinical trial, 968
children and 1,518 of their parents contributed DNA samples to the
CAMP Genetics Ancillary Study. Our only selection criteria for GWAS
genotyping were (1) self-described non-Hispanic white ethnicity and (2)
availability of sufficient DNA for microarray hybridization. Four hun-
dred and twenty-two subjects and their parents met these criteria. The
Institutional Review Boards of the Brigham and Women’s Hospital
(Boston, MA) and of the other CAMP study centers approved this study.
Informed assent and consent were obtained from the study participants
and their parents to collect DNA for genetic studies.

Candidate Gene Selection

We developed a list of candidate asthma genes on the basis of
a literature review of asthma genetic association studies published
through 2005 (2), supplemented with a PubMed (www.ncbi.nlm.nih.
gov/pubmed/) search limited to articles published between September
1, 2005 and July 1, 2008 and using the terms “genetic association AND
asthma” and “case control AND asthma.” Candidate genes were
included if the following criteria were met: (/) significant association
with asthma affection status in at least two populations, (2) at least one
significant association study with no fewer than 150 cases and 150
controls or 150 trios, and (3) asthma association with SNP (as opposed
to haplotypes, microsatellite markers, or with structural genetic
variants) in at least one population (9, 10). Genes were excluded if
the associations were with asthma-associated phenotypes rather than
asthma or if inclusion criteria were met only through association
studies in the CAMP cohort (11-13).

SNP Genotyping

A Hum Hap 550Kv3 BeadChip SNP array (Illumina, San Diego, CA)
was used for SNP genotyping. Please see Table E1 in the online
supplement for detailed genotyping and quality control methods.
97.5% of SNPs passed our quality control checks, leaving 534,290
SNPs for analysis. Genotype completion rates for these SNPs averaged
99.75%.

Statistical Analysis

Association testing was performed with PBAT version 5.3.0 (Golden
Helix, Inc., Bozeman, MT). The primary association analysis assumed
an additive genetic model, with additional testing under dominant or
recessive models performed for those SNPs with prior association
under those models.

We performed two sets of association analyses. First, we assessed
SNP-level replication, testing SNPs previously associated with asthma
that were either themselves represented on the Illumina array or were
tagged with an r? = 0.80 (as calculated from the CEPH [Centre d’Etude
du Polymorphisme Humain] from Utah [CEU] HapMap genotype data)
(14, 15). SNP-level analysis tests were one-tailed, because significance
was declared only if exact replication was observed (i.e., same risk allele).
Second, we assessed gene-level replication, by testing whether other
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common genetic variants in these candidate genes were associated with
asthma. We considered all additional SNPs on the Illumina 550K array
with minor allele frequency = 0.05 mapping within 50 kb up- or
downstream of the RefSeq mRNA sequence of candidate genes (based
on the extent of CEU linkage disequilibrium and haplotype block
patterns [16]). Association tests in this second analysis were two-tailed.
Power was calculated with Quanto, assuming 400 trios and 15% disease
prevalence (17).

RESULTS

Review of the medical literature through July 2008 identified 39
genes with SNP association with asthma in at least two
populations. A complete list of genes and prior publications is
in the online supplement (see Table E2). All these genes harbor
SNPs within 50 kb of transcript that were represented on the
Illumina 550K array. We note that because lymphotaxin-a
(LTA) and tumor necrosis factor-o (TNF-a) lie within a 7-kb
region of chromosome 6, they were considered jointly (LTA/
TNF) for all analyses.

Genotyping was performed for 422 CAMP participants and
their parents, using the Illumina 550K array. After quality
control analysis and removal of 43 individuals with inadequate
genotype data, 1,169 members of 403 nuclear families were
available for analysis (see Tables E1 and E3 for details). Of the
403 probands, 63% were male, with a mean age of 8.8 (*2)
years and baseline FEV; of 93 (*=14)% predicted. The 403
probands analyzed were more frequently male and had slightly
more severe asthma than the remaining white probands in the
CAMP cohort (see Table E3 for full comparison).

SNP-level Replication

We first evaluated variants previously associated with asthma
that were testable, using the Illumina 550K array (see Table E4 in
the online supplement). One hundred and sixty SNPs within 39
genes were previously associated with asthma. Of these 160
SNPs, 93 (58%) were amenable to testing with the Illumina array:
39 SNPs were present on the array (directly tested) and 54 were
in high linkage disequilibrium (LD) (r> > 0.8 based on HapMap
CEU data) with an SNP on the array (indirectly tested). The
remaining SNPs previously associated with asthma were not
amenable to testing, because they were either not taggable (18
SNPs) or unknown (49 SNPs with no dbSNP accession number
[rs] number, or not in HapMap).

Of the 93 SNPs tested, 10 SNPs in 6 candidate genes were
nominally associated with asthma in our population, with di-
rectionality consistent with prior association studies (one-sided
P < 0.05; see Table 1). Although multiple SNP associations were
replicated in both IRAK-3 and ORMDL3, these likely reflect
a single disease susceptibility locus in each gene. In ORMDLS3,
for example, the r? between all tagged SNP is greater than 0.9,
and thus all SNPs could have been tagged had we tested only
a single marker in CAMP. Direct replication (meaning the SNP
reported in the literature was genotyped) was observed for three
genes (IRAK-3, ORMDL3, and IL4R), whereas only indirect
evidence of replication (using LD-tagging SNPs) was observed
for three genes (PHFI11, IL10, and ITGB3). To our knowledge,
this is the first independent replication of association with asthma
and ITGB3 subsequent to the two populations analyzed in the
initial publication (18). We note that we required consistent
directionality to call replication (i.e., minor allele is risk allele in
both studies). We did see evidence of a so-called flip-flop
association for two SNPs, rs946263 within CHI3LI (tags
154950928, minor allele is risk allele in our cohort; P = 0.04)
and rs5065 in NPPA (directly tested, minor allele is protective in
our cohort; P = 0.03). The significance of such associations, both
biologically and clinically, is unclear (19).
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TABLE 1. REPLICATION OF PREVIOUSLY IDENTIFIED SINGLE-NUCLEOTIDE POLYMORPHISMS USING

GENOME-WIDE ASSOCIATION STUDY

SNPs Associated in

Transmitted:
Untransmitted

Overtransmission (+) or
Undertransmission (-)

CAMP Tested MAF in CAMP Risk Allele Previous Reports P Value of Minor Allele Ratio
IRAK-3 rs1821777 0.295 (C:T) T rs1821777, rs1882200 0.03 + 167:134
PHF11 rs1046028 0.488 (C:T) C rs1046295 0.01 - 211:166
Lo rs3024490 0.236 (C:A) A rs1800872 (r2, 948) 0.02 + 151:116
ITGB3* rs11869835 0.072 (G:T) T 152317676 0.04 + 60:42

rs8067378 0.444 (A:G) A rs8067378 0.05 - 205:173
ORMDL3 152872507 0.406 (G:A) G rs8076131 (r2, 935) 0.04 - 199:164

rs4795405 0.389 (C:T) C rs4795405, 4378650 (r2, 845) 0.04 - 198:163
IL4R* rs1805015 0.163 (T:C) T rs1805015 0.03 - 122:95

Definition of abbreviations: CAMP = Childhood Asthma Management Program; MAF = minor allele frequency; SNP = single-nucleotide polymorphism.

P values are one-sided given that only minor alleles with directionality consistent with previous reports are considered significant. Boldface indicates direct replication.
r? for tagged SNPs was 1.0 unless noted otherwise. Underlining denotes asthma genes identified via positional cloning approaches.

* The minor allele has been shown to be the risk allele (18, 26) and protective allele (18, 27) in differing populations.

Gene-level Replication

SNP-level replication was observed for 6 of 34 genes. Among
possible reasons for failing to replicate the remaining SNP
associations is allelic heterogeneity, whereby more than one
variant per gene contributes independently to disease risk. To
evaluate this possibility, we next assessed whether the 39 genes
harbor other common asthma-associated variants. The Illumina

550Kv3 array includes 619 additional SNPs with minor allele
frequency (MAF) at or exceeding 0.05 mapping within or near
these loci (see Table ES).

We found additional association in 15 genes, each with at
least one SNP associated with asthma in an additive model (54
SNPs with uncorrected P < 0.05; see Table 2). The complex
nature of the associations is evident, for example, in the gene

TABLE 2. FIFTEEN GENES SHOWING ADDITIONAL EVIDENCE OF ASSOCIATION WITH ASTHMA

UCSC Location Additional

Gene (build Mar. 2006) SNPs Tested SNP < 0.05 % SNP Significant pmin rs of pmin

Lo chr1: 205000986- 7 1 14 0.01 rs3021094
205018827

CHI3L1 chrl: 201408561- 11 1 9 0.04 rs946263
201435504

NPPA chrl: 11819241- 4 2 50 0.002 rs198372
11835780

CTLA4 chr2: 204430997- 2 1 50 0.04 rs733618
204452775

DPP10 chr2: 114909360- 248 25 10 0.001 rs1914973
116350519

INPP4A chr2: 98383407- 14 1 7 0.02 rs11676357
98603871

MYLK chr3: 124774156~ 31 1 3 0.04 rs11718105
125135166

PAFAH chré: 46731657- 16 3 19 0.02 rs974670
46824038

GPR154* chr7: 34658901- 60 3 5 0.01 rs17789834
34893456

FCER1B chr 11: 59607673- 3 1 33 0.05 rs12361312
59673270

GSTP1 chr11: 67060003— 7 3 43 0.03 rs614080
67116179

IRAK-3 chr12: 64861524- 5 1 20 0.05 rs1152912
64934595

PHF11* chr13: 48920090- 20 9 45 0.01 rs2981
49007585

PTGDR chr14: 51797382~ 5 1 20 0.04 rs1953367
51828230

ITGB3 chr17: 42672021- 17 1 6 0.04 rs16969966
42751086

Definition of abbreviations: chr = chromosome; LD = linkage disequilibrium; pmin = lowest family-based association test P
value of all SNPs tested in a gene; rs of pmin = rs number of the pmin SNP; SNP = single-nucleotide polymorphism; UCSC =

University of California, Santa Cruz (UCSC) Genome Browser.

SNPs in the lllumina 550K array that were within the 39 genes and their neighboring LD-flanking region were tested for
association with asthma in an additive model. All P values here are two-sided. The SNPs that were tested for association with
previous asthma SNPs are not re-represented here. Underlining denotes asthma genes identified via positional cloning

approaches.

* SNP associations with asthma in CAMP have been previously published for these genes (28).
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Figure 1.

Results for ITGB3. Single-nucleotide polymorphisms (SNPs) in the literature are coded black, SNPs positive in Childhood Asthma

Management Program (CAMP) are blue, negative in CAMP are green. (A) The significant association between rs11869835 in CAMP and rs2317676,
which is tagged with linkage disequilibrium (LD) of 1.0. (B) Four SNPs that have been previously associated with asthma and were directly tested in
CAMP but showed no association. (C) A SNP in the promoter region of /ITGB3 that has not been previously evaluated, but was significantly
associated in CAMP with a P value of 0.04. LD map is for HapMap (CEU). Negative literature SNPs include only those SNPs reported in studies that
published at least one positive association (to ensure adequate power). Image created with the UCSC genome browser (http://genome.ucsc.edu/)

and Haploview (http://www.broad.mit.edu/mpg/haploview/).

ITGB3, as shown in Figure 1 (see Figures E1-E17 in the online
supplement for images of all genes with association). The minor
allele of rs11869835 (Figure 1A) is associated with asthma and
tags a previously identified SNP with an r> of 1.0. Four
previously identified SNPs were directly tested in CAMP and
showed no association in CAMP (Figure 1B). Finally, a SNP
upstream of /TGB3 has not been previously tested, yet was
associated with asthma here (Figure 1C); this locus demon-
strates the capacity of GWAS surveys to identify novel suscep-
tibility SNPs within the candidate genes. Only one SNP, located
in NPPA, met significance after gene-level Bonferroni correc-
tion (P < 0.013 for the four SNPs tested); none met the more
stringent Bonferroni correction for all SNPs tested in this
analysis (Pponferroni < 8 X 107> for 619 SNPs).

Factors Associated with Replication

We performed several analyses to investigate potential contrib-
utors to our replication of only a minority of previous asthma
associations (in 10 of 93 SNPs and 15 of 39 genes), using
GWAS. LD coverage of common variation was adequate for
most genes, using the Illumina 550K array (89% of HapMap
SNPs with MAF = 0.05 were directly tested or tagged),
although coverage within genes varied widely, ranging from
21% in CCL24 to 98% in IL4.

We assessed whether using the Affymetrix genome-wide
human SNP array 6.0 (Affymetrix 6.0, with >900K SNPs repre-
sented) would have increased SNP coverage and thus increase our
ability to replicate SNP associations. Coverage was not improved
with the Affymetrix 6.0 array, with only 83% of HapMap SNPs
tagged; this is a best-case estimate of Affymetrix SNP 6.0 array
coverage, as genotype completion rates of 100% were assumed for
this analysis. As shown in Figure 2, of the 160 SNPs previously
associated with asthma, fewer would be directly tested, and more
would be untaggable with Affymetrix 6.0 rather than the
Illumina 550K array.

The 403 trios included here represent a substantially larger
population than the vast majority (>90%) of prior publications
(Table E3). We had 80% power to identify ORs ranging from
1.4 to 1.7 for genes and from 1.35 to 1.8 for SNPs. Despite our
larger population, these ORs are high for complex trait
genetics; thus low power may have contributed to our failure
to replicate the majority of SNPs and genes tested.

We assessed whether genes that successfully replicated
differed from those that did not in any important ways. We
found that genes that were larger or contained more SNPs
were more likely to be significant: genes with at least one
significant SNP were a median 73 kb long and contained 11
SNPs, whereas those without significant associations were
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Figure 2. Affymetrix 6.0 versus lllumina 550K coverage of the 160
single-nucleotide polymorphisms (SNPs) previously associated with

asthma.

42 kb and contained 7 SNPs (Wilcoxon P = 0.07 and 0.11,
respectively). In contrast, the number of published replica-
tions did not vary between the two groups of genes (median,
three populations in each; P = 0.43). A higher effect estimate
in previous publications likewise was not associated with
replication in this study (median OR, 2.82 in replicated genes
vs. 2.78 in nonreplicated genes; Wilcoxon P = 0.87). Among
the 619 Illumina 550K SNPs tested for gene-level replication,
minor allele frequency was higher in the 54 significant SNPs
(MAF, 0.29 vs. MAF 0.25 in nonsignificant SNPs; P = 0.03).

DISCUSSION

The focus of most previous GWAS publications has been on
discovery of novel biology, tested in large association studies in
a “hypothesis-free” manner. Yet by virtue of their broad
genomic coverage, GWASs also include loci that have been
previously associated with phenotypes in candidate gene or fine-
mapping association studies. We thus have the opportunity to
evaluate many previously reported asthma associations in
a well-characterized asthma cohort using GWAS data, assess
the reproducibility of these associations, test additional com-
mon variants in these loci, and ask the question: “Are these
genes truly associated with asthma?” In this work, we used
GWAS data to systematically test the most promising asthma
candidate genes (i.e., those previously associated in two or more
cohorts). We were able to replicate findings at the SNP and
gene level for multiple genes, but failed to replicate many
others; both points merit discussion.

We found evidence for SNP-level replication for six genes in
this cohort. All six associations are modest, with transmitted:
untransmitted ratios of 1.18-1.43, leading to P values in the
0.01-0.05 range (see Table 1). They were appreciated here only
because of a focus on candidate genes—none would have been
detected in the context of typical GWAS analysis, where
stringent multiple comparisons correction is required (i.e., a <
107°). This is the first independent replication for integrin B3
(ITGB3). Two previous case—control analyses in white children
showed association with /TGB3, but directionality of the minor

allele differed between the two studies (18). Our study adds
support to the finding that the minor allele is actually the risk
allele at this locus. In addition, the family-based nature of our
cohort makes population stratification an unlikely false-positive
cause of these asthma associations, thus increasing the likeli-
hood that these associations are real. Another convincing
replication is in ORMDL3, a candidate gene discovered via
a GWAS (20). All associated SNPs identified in CAMP are in
strong LD with SNPs from the initial report of association
(Figure 1); although a precise causative locus for asthma risk is
uncertain, our results are certainly consistent with the findings
of others that this region harbors an asthma susceptibility locus
(20-23).

We focused not only on SNP-level replication, but also more
broadly assessed each gene and its LD-flanking region for
evidence of association with asthma. We found an additional
54 SNPs in 15 genes that were significantly associated, with P <
0.05. As shown in Figure 1, the SNPs associated with asthma in
our study were frequently distant from those noted in original
publications. Given that none of these SNPs met correction for
multiple comparisons testing (P < 8 X 107°), it is certainly
possible that some of these findings represent false positives.
Alternatively, these new associations may represent differences
between populations in LD structure or may be due to allelic
heterogeneity, with two or more causative variants resulting in
similar phenotype.

Our results may be most striking for our failure to find more
evidence of replication, at both the SNP and gene levels. Only
a small minority of previously identified SNPs (10 of 93 SNPs
either tested directly or LD-tagged) could be replicated. Only
17 of the 39 genes showed any evidence of association with
asthma (11 with association at the gene level only, 2 with only
SNP-level replication, and 4 with both). Thus, even using the
liberal standard of “any P < 0.05” to suggest replication, we
failed to find any association with asthma in the majority of
previously identified genes. Why did we not find more evidence
of replication? One potential answer is inadequate coverage of
common variation using a GWAS genotyping platform. The
INlumina 550K array tagged 70% or more of HapMap SNPs
with 72 greater than 0.8 for 29 of the 39 genes, and SNP-level
coverage would not have improved using an alternative GWAS
platform (the Affymetrix genome-wide human SNP array 6.0).
However, these estimates are derived with HapMap data (from
which LD data were used to inform SNP content on SNP
arrays) and may thus overestimate genetic coverage on current
GWAS microarray platforms. More recent estimates suggest
substantially lower coverage, approaching 50% (24). This
sparseness would diminish power (and thus sensitivity) to detect
true associations.

Poor coverage is clearly not the answer for the 93 SNPs that
were directly tagged or tested—even in those SNPs, we found
an association for only 10 SNPs. Lack of statistical power could
further explain our negative associations. We studied 403 trios,
a substantially larger population than the vast majority of
previous publications. Thus, we had 80% power to detect an
OR of 1.4-1.7 in these genes. It is certainly possible that we
missed smaller effects, however; genetic studies suffer a well-
described “winner’s curse” phenomenon, with initial publica-
tions tending to overestimate effect estimates (10, 25). Genes
were more likely to replicate if they were larger and more SNPs
were tested; in both analyses, SNPs with higher MAF were
more likely to be positive. These findings suggest that higher
power would have increased our significant findings. Thus, for
the 24 genes without evidence of replication, it may be that their
true effect size is 1.3 or less, and thus even larger sample sizes
are needed to identify a true association.
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Another potential cause of failure to replicate involves
heterogeneity between studies. Definitions of asthma vary widely.
Although we used an extraordinarily well-phenotyped cohort of
children with documented doctor-diagnosed asthma and a posi-
tive methacholine challenge test, and who were participating in
a clinical trial, many studies rely on self-reported asthma or
wheezing. Heterogeneity in the age and race of subjects could
reduce power as well. We note that although we ran our analyses
in an additive model, we also assessed for association in a re-
cessive or dominant model if these were supported in the
literature. In no case did we find additional significant SNPs;
thus, model misspecification does not contribute to our negative
results. Finally, we note that evidence of replication at either the
SNP or gene level was observed for five of six genes identified by
position-based genetic mapping approaches (i.e., linkage analysis
or GWAS, including GPR154, ORMDL3, CHI3LI1, PHFI1, and
DPPI0, but not ADAM33). This compares with replication for
less than 50% of primarily biological candidates. It is interesting
to speculate that susceptibility variants identified by hypothesis-
free gene mapping more consistently contribute to disease
liability across populations.

So what does GWAS add to our understanding of candidate
genes? It is most obviously useful when previously identified SNPs
are directly represented (the 93 SNPs testable here, for example).
As the number of available asthma GWASs increases, we may
soon be able to pool results from multiple cohorts and thus have
sufficient power to more definitively answer whether those SNPs
are truly asthma susceptibility loci. GWAS also facilitates broader
surveys of common variation within these candidate genes and can
reveal novel candidate susceptibility SNPs, as illustrated in 15
genes in this study. However, where genetic coverage is sparse,
GWAS is less well suited for “ruling out” candidate genes. In these
instances, negative studies not only require larger samples, but also
direct genotyping of candidate variants not represented (either
directly or indirectly) on the arrays.

In summary, we have performed the first systematic assessment
of asthma genes by GWAS technology. We found evidence of
SNP-level replication in 6 genes, and gene-level replication for 15.
We anticipate that GWAS data will continue to be used to evaluate
candidate genes. As results from additional asthma GWASs be-
come available and investigators pool their results, we will be able to
more definitively resolve which of these candidates are truly asthma
genes.
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