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Genome-wide ancestry association testing identifies a
common European variant on 6q14.1 as a risk factor for
asthma in African American subjects
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Background: Genetic variants that contribute to asthma
susceptibility might be present at varying frequencies in
different populations, which is an important consideration and
advantage for performing genetic association studies in admixed
populations.
Objective: We sought to identify asthma-associated loci in
African American subjects.
Methods: We compared local African and European ancestry
estimated from dense single nucleotide polymorphism genotype
data in African American adults with asthma and nonasthmatic
control subjects. Allelic tests of association were performed
within the candidate regions identified, correcting for local
European admixture.
Results: We identified a significant ancestry association peak
on chromosome 6q. Allelic tests for association within this
region identified a single nucleotide polymorphism
(rs1361549) on 6q14.1 that was associated with asthma
exclusively in African American subjects with local European
admixture (odds ratio, 2.2). The risk allele is common in
Europe (42% in the HapMap population of Utah residents
with Northern and Western European ancestry from the
Centre d’Etude du Polymorphisme Humain collection) but
absent in West Africa (0% in the HapMap population of
Yorubans in Ibadan, Nigeria), suggesting the allele is present
in African American subjects because of recent European
admixture. We replicated our findings in Puerto Rican
subjects and similarly found that the signal of association is
largely specific to subjects who are heterozygous for African
and non-African ancestry at 6q14.1. However, we found no
evidence for association in European American or Puerto
Rican subjects in the absence of local African ancestry,
suggesting that the association with asthma at rs1361549 is
due to an environmental or genetic interaction.
Conclusion: We identified a novel asthma-associated locus that
is relevant to admixed populations with African ancestry and
highlight the importance of considering local ancestry in genetic
association studies of admixed populations. (J Allergy Clin
Immunol 2012;nnn:nnn-nnn.)
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Abbreviations used

CEU: Utah residents with Northern and Western European ancestry

from the Centre d’Etude du Polymorphisme Humain

collection

CSGA: Collaborative Study on the Genetics of Asthma

GALA: Genetics of Asthma in Latino Americans

GWAS: Genome-wide association study

LAMP: Local Ancestry in Admixed Populations

LD: Linkage disequilibrium

PC1: First principal component

SARP: Severe Asthma Research Program

SNP: Single nucleotide polymorphism

YRI: Yoruba in Ibadan, Nigeria
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Key words: Asthma, population structure, genome-wide association
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Asthma is a chronic respiratory disease characterized by
airway inflammation, airway obstruction, and episodic respira-
tory symptoms. Although it is a common disease shared across
diverse human populations, African American subjects have
higher rates of asthma and steroid dependency and a more limited
response to treatment compared with European American sub-
jects,1 which might not be attributable to differences in access to
health care alone.2,3 Although there is a strong environmental
component, recent estimates of the heritability of asthma are
approximately 75%,2,3 suggesting there are important genetic
contributions to asthma susceptibility. As of 2006, polymor-
phisms in more than 100 genes had been associated with asthma
and asthma-related phenotypes, with more than 40 genes showing
replication in at least 1 independent population.4 More recently,
numerous genome-wide association studies (GWASs) have iden-
tified additional candidate genes and genetic loci that contribute
to asthma susceptibility.5-11 Although the majority of GWASs
have focused largely on populations of European origin,6,7,9-11

candidate loci have also been identified through GWASs in
African American,8 Puerto Rican,12 and Mexican5 subjects.

One of the challenges of performing genetic association studies
in African American subjects is avoiding confounding resulting
from complex population structure. Because of differences in
demographic histories, populations of African origin exhibit
higher levels of genetic variation, reduced linkage disequilibrium
(LD), and proportionally more rare variation compared with
European populations.13 The colonization of the Americas by
Europeans, followed by the African slave trade, resulted in popu-
lations with ‘‘mixed’’ genetic ancestry in the Americas (admixed
populations), including African American subjects, who have
approximately 20% European ancestry on average.14 Because
European admixture is relatively recent, recombination has yet
to break up the European and African haplotypes completely,
resulting in long haplotypes specific to each ancestral back-
ground. Identifying regions whereby admixture varies between
cases and control subjects is important to avoid confounding
because of the population structure in genetic association studies.
However, it can also be used to perform admixture mapping to
identify novel disease susceptibility loci.15

Admixture mapping in African American subjects has proved to
be a valuable tool for identifying novel risk alleles for diseases such
as multiple sclerosis,16 prostate cancer,17 obesity,18 and
hypertension.19 In theory admixture mapping is applicable to ge-
netic studies of admixed populations for any disease in which risk
alleles vary in frequency between the ancestral populations, such
that detecting differences in ancestry can identify regions that con-
tain variants associated with disease. Admixture mapping has pre-
viously implicated the 5q23 locus in asthma susceptibility in Puerto
Rican subjects,12 indicating that this method of analysis is relevant
to genetic studies of asthma. A potential advantage of admixture
mapping is to increase the power of genetic association studies,
for example by identifying candidate regions to look for allelic as-
sociations to reduce the multiple-testing burden (eg, Zhu et al20)
and by increasing genomic coverage through long-range tagging
of single nucleotide polymorphisms (SNPs) with local ancestry
(ancestry LD). Although admixture mapping has historically used
a set of ancestry informativemarkers,methods are available to iden-
tify local ancestry by using dense SNP genotype data,21,22 enabling
genome-wide ancestry association testing at a higher resolution and
accuracy than more traditional admixture mapping.

To identify genetic loci that contribute to asthma susceptibility
in African American subjects, we performed genome-wide
ancestry association testing using estimates of local ancestry
inferred from approximately 1 million genotyped SNPs in 355
African American adults with asthma and 444 African American
adult control subjects. We performed allelic tests of association
within an ancestry association peak on chromosome 6q while
adjusting for local ancestry and identified a polymorphism on
6q14.1 that is associated with asthma exclusively in African
American adults with local European admixture. We replicated
both the ancestry and allelic association in the same direction in
an independent population of Puerto Rican subjects. The risk
allele is common in the HapMap population of Utah residents
with Northern and Western European ancestry from the Centre
d’Etude du Polymorphisme Humain collection (CEU) but absent
in the HapMap population of Yorubans in Ibadan, Nigeria (YRI),
suggesting the allele is present in African American subjects
because of recent European admixture.
METHODS

Study subjects
This research was approved by the Institutional Review Boards at the

University of Chicago and Wake Forest University. Adults and children with

asthma and adult nonasthmatic control subjects were recruited as part of the

Collaborative Study on the Genetics of Asthma (CSGA)23 and the Severe

Asthma Research Program (SARP).24,25 The CSGA study sample includes

subjects recruited at the University of Chicago, the University of Maryland,

and Wake Forest University from (1) families ascertained through affected

sib pairs, (2) trios of affected children and their parents, (3) adults and children

with severe persistent asthma, and (4) nonasthmatic control subjects (>18

years of age). The multicenter SARP study sample includes patients with

mild-to-severe asthma and control subjects. In both studies subjects were care-

fully characterized by using similar procedures.23-25 In addition to having a

physician’s diagnosis of asthma, all patients with asthmamet objective criteria

of bronchial hyperresponsiveness after a methacholine challenge or reversibil-

ity to an inhaled bronchodilator. Subjects with a significant history of smoking

were excluded.

Because 65% of the cases and 100% of the control subjects were older than

17 years at the time of recruitment, we limited our study to those subjects to

reduce phenotypic heterogeneity. Among these subjects, the mean age at



FIG 1. Results of genome-wide ancestry and allelic association testing in African American adults with

asthma and healthy control subjects by using logistic regression. A, 2log10(P values) across the genome

showing the location of 4 ancestry association peaks with P values of less than .01 (above the dashed

line). B, Average local European ancestry in the cases (red) and control subjects (blue) on chromosome

6; vertical lines indicate the boundaries of the ancestry association peak with a P value of less than .01,

and the horizontal line indicates local European ancestry averaged across the genome. C, Tests of allelic as-

sociationwithin the ancestry association peak on 6q in African American subjects (by using local ancestry as

a covariate) and European American subjects in CSGA/SARP.
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enrollment was 36 years of age, themean age of onset was 14 years of age, and

70%of the participantswere female.All of the primary subjects included in the

current study were self-reported African American subjects; however, we also

present results from self-reported European American subjects who partici-

pated in the CSGA/SARP studies (complete results will be presented

elsewhere).
Genotyping and quality control
Genotyping was performed on the Illumina 1Mv1 platform (Illumina,

San Diego, Calif), with individual genotypes called by using clustering

algorithms as implemented in the BeadStudio software by Illumina. After an

initial round of clustering and genotype calling, 3 additional rounds of
clustering were performed, alternating between filtering of subjects and

markers based on call rates of less than 95% and less than 90%, respectively.

SNPs were then filtered for ‘‘Cluster_Sep’’ values of less than 0.3 (score of

genotype cluster separation) and for ‘‘GenTrain’’ scores of less than 0.75.

The resulting number of SNPs was 1,033,467 before additional quality

control measures.

Data quality control was performed with PLINK,26 R (http://www.R-

project.org), and EIGENSTRAT.27,28 SNPs were filtered based on 95% call

rates, Hardy-Weinberg equilibrium P values of greater than 1026, consistency

in allele frequency from the HapMap population of African ancestry in the

Southwest US (P > 1026, x2 test), and less than 5 heterozygous genotype calls

in male subjects for X-linkedmarkers. The total number of markers after qual-

ity control checks was 1,026,072. Subjects were filtered based on greater than

http://www.R-project.org
http://www.R-project.org


FIG 2. Comparison of the observed distribution of P values to a uniform dis-

tribution by using the function qqplot in R for SNPs within the admixture

mapping peak on chr6q. Local ancestry was included as a covariate in tests

of association.
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95% call rates, consistency between genetic and reported sex (Fstat from X-

linked markers between 20.2 and 0.3 for female subjects and between 0.8

and 1 for male subjects), consistency in self-reported ethnicity (no obvious

clustering with the HapMap CEU population in a principal component analy-

sis and 3 iterations of outlier removal on the first 3 principal components), and

high or low heterozygosity (Fstat <0.5 and >20.2). Samples were also flagged

for unexpected pairwise relatedness (identity by descent, >30%) or genetic

identity (identity by state, >90%). The total number of subjects remaining after

quality control was 355 cases and 444 control subjects.
Population structure and ancestry association

testing
Genotypes were oriented to the plus strand after the removal of 5634 A/

T and C/G SNPs and merged with the 11 phase 3 HapMap populations by

using PLINK to evaluate the extent of global European admixture. SNPs

were filtered for LD based on r2 values of greater than 0.5, and a principal

component analysis was conducted in EIGENSTRAT with no outlier itera-

tions (outliers were removed in the quality control process). Global esti-

mates of European admixture were estimated from the first principal

component that separated the HapMap CEU and YRI populations (see

Fig E1 in this article’s Online Repository at www.jacionline.org). Global

ancestry was compared between cases and control subjects by using logistic

regression in R.

Segments of local European ancestry were estimated by using Local

Ancestry in Admixed Populations (LAMP).21 Admixture in African American

subjects was modeled under 7 generations of admixture with a 2-population

model of 81% ancestry from Africa and 19% ancestry from Europe, as esti-

mated based on the first principal component in the principal component anal-

ysis described above. Windows were offset by a factor of 0.2, the cutoff for

linkage was set to 0.1, and a constant recombination rate was set to 1028

bp21. Ancestry association testing was performed by using logistic regression

in R, comparing the estimated number of African chromosomes in cases ver-

sus control subjects at individual loci including global ancestry as a covariate

(Asthma ; Local ancestry 1 Global ancestry). A total of 100 permutations

were performed genome wide by shuffling the case-control labels to maintain

the haplotype structure of the African and European segments. Statistical sig-

nificance was evaluated based on the distribution of P values expected at the

genomic level under the null hypothesis of no significant differences in local

ancestry between cases and control subjects. An ancestry association peakwas

defined as a window of unadjusted P values of less than .01.
Association testing
Tests of allelic associations were performed for SNPs within ancestry

association peaks by using logistic regression in R while controlling for local

ancestry at each SNP (Asthma ; Genotype 1 Local ancestry). Using this
approach, we tested for allelic associations with asthma beyond those

explained by the local population structure. We also ran a stratified compar-

ison to identify allelic associations specific to 1 ancestral background at a

locus by separating cases and control subjects into 3 groups: (1) subjectswith 2

chromosomes of European ancestry, (2) subjects with 1 chromosome of

European ancestry and 1 chromosome of African ancestry, and (3) subjects

with both chromosomes of African ancestry. The distribution of allelic

associationP values was compared to a uniform distribution by using the func-

tion qqplot in R. Tests of allelic association were performed in a similar man-

ner for the European American samples for SNPs within the ancestry

association peak identified in the African American sample. Imputation

of genotypes from the 1000 Genomes Pilot Project29 was performed by using

IMPUTE2,30,31 with all of the European and African populations as a

reference.
Replication studies
The Genetics of Asthma in Latino Americans (GALA) study included 277

asthma cases and 191 asthma control subjects recruited from schools, clinics,

and hospitals in New York City and Puerto Rico whose parents and 4 sets of

grandparents self-identified as Puerto Rican. The research was approved by

the Institutional Review Board at the University of California, San Francisco.

Although the GALA study also includes subjects of Mexican ancestry, we

restricted our analysis to Puerto Rican subjects because they have a higher

degree of African ancestry.32 Asthmawas defined as a physician’s diagnosis of

mild-to-moderate asthma, having had 2 or more symptoms of asthma in the

previous 2 years at the time of recruitment (wheezing, coughing, and/or short-

ness of breath), and current use of asthma medications. The mean age at

enrollment was 14 years, the mean age of onset was 3.2 years, and the propor-

tion of female subjects was 45%. Control subjects were recruited from the

same locations and determined to have a negative history of asthma based

on a standardized questionnaire.

Subjects were genotyped at greater than 900,000 SNPs by using the

Affymetrix 6.0 GeneChip Array (Affymetrix, Santa Clara, Calif) and filtered

by using standard quality control procedures including a greater than 95% call

rate and consistency with Hardy-Weinberg equilibrium (P > 1025). Local

ancestry was estimated with LAMP in a similar manner as for the CSGA/

SARP subjects but with 20 generations of admixture and a 3-populationmodel

with genomic ancestral proportions of 16% African ancestry, 66% European

ancestry, and 18% Native American ancestry, as estimated by using ADMIX-

TURE.33 Replication of ancestry and allelic association for the top associated

SNP was performed by using logistic regression in R including global African

ancestry as a covariate in tests of ancestry association and local African and

European ancestry as covariates in tests of allelic association (to account for

3 different local ancestries).
RESULTS
After subject and marker quality control, our study included a

total of 1,026,072 genotyped SNPs in 355 African American
adults with asthma and 444 African American nonasthmatic
control subjects. Estimates of global African ancestry among self-
reported African American subjects ranged from 30% to 100%
African ancestry (mean, 81%) based on the first principal
component with the HapMap CEU and YRI populations as a
reference for European and African ancestry (see Fig E1). How-
ever, there was no significant difference in the distribution of
global European admixture between cases and control subjects
(logistic regression P5 .78, see Fig E2 in this article’s Online Re-
pository at www.jacionline.org), suggesting that the proportion of
European and African ancestry when pooled across the genome
was balanced between cases and control subjects. Mean local an-
cestry as estimated by using LAMP was highly correlated with
global estimates of ancestry based on the first principal compo-
nent in EIGENSTRAT (see Fig E3 in this article’s Online

http://www.jacionline.org
http://www.jacionline.org


TABLE I. Top signals of allelic association at SNPs within an ancestry association peak on 6q in African American subjects

SNP

(major/minor)

Closest gene

(distance)

MAF (cases,

control subjects)

P value,

local ancestry

P value, allelic,

no correction

P value, allelic,

global correction

P value, allelic,

local correction

P value, allelic, European

Americans (frequency:

cases, control subjects)

rs1361549 (G/A) FAM46A (2171661) 0.093, 0.069 .00079 .0472 .0527 1.87 3 1026 .428 (0.42, 0.40)

rs6926330 (G/A) BACH2 (232265) 0.013, 0.052 .00049 1.13 3 1024 1.14 3 1024 3.70 3 1025 .851 (0.0015, 0.0018)

rs576231 (A/G) PRDM13 (275107) 0.028, 0.079 .0090 3.19 3 1025 1.67 3 1025 4.38 3 1024 .15 (0.25, 0.28)

rs9363108 (C/T) EPHA7 (2332718) 0.25, 0.31 .00062 .013 .014 6.32 3 1024 .52 (0.0066, 0.0089)

rs1414614 (T/C) EPHA7 (2331225) 0.38, 0.46 .00062 1.65 3 1023 1.83 3 1023 6.93 3 1024 .40 (0.33, 0.31)

Included in the table are logistic regression P values from local ancestry association testing and allelic association testing with no correction for ancestry (no correction), a

correction for global ancestry based on PC1 (global correction), and a correction for local ancestry (local correction). Results of association testing in European American subjects

are shown in the last column, and the top signals of allelic association at SNPs using only a global correction for population structure are shown in Table E1.

TABLE II. Allele frequencies and estimated odds ratios for

rs1361549 in African American, European American, and Puerto

Rican cases and control subjects

Sample

Frequency

in cases (N)

Frequency

in control

subjects (N)

Odds ratio

(95% CI)

HapMap YRI population — 0 (120) —

African American subjects (all) 0.09 (355) 0.07 (444) 1.4 (0.98-2.1)

African ancestry 0 (243) 0 (257) —

African/European ancestry 0.27 (104) 0.14 (165) 2.2 (1.4-3.5)

European/European ancestry 0.63 (8) 0.27 (22) 4.3 (1.2-18)

European American subjects 0.42 (678) 0.40 (561) 1.1 (0.9-1.3)

Puerto Rican subjects (all) 0.31 (277) 0.29 (191) 1.1 (0.79-1.4)

African ancestry 0 (21) 0 (3) —

African/non-African ancestry 0.20 (73) 0.11 (47) 2.1 (0.92-5.0)

Non-African ancestry 0.38 (183) 0.36 (141) 1.1 (0.78-1.5)

HapMap CEU population — 0.42 (120) —

Comparisons for African American and Puerto Rican cases and control subjects are

shown for subjects regardless of local ancestry (all), subjects homozygous for African

ancestry (African ancestry), subjects heterozygous for African/European or African/

Native American ancestry (African/European ancestry, African/non-African ancestry),

and subjects homozygous for non-African ancestry (Native American or European

ancestry).
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Repository at www.jacionline.org). Patterns of local European
ancestry were variable both within and between subjects, as ex-
pected under a model of more recent European admixture (see
Fig E4 in this article’s Online Repository at www.jacionline.org).

We identified 4 ancestry association peaks suggestive of
differences in local ancestry between African American cases
and control subjects (P <.01; Fig 1, A). Two of the peaks were on
chromosome 4 (4p and 4q) in the direction of increased European
ancestry in cases (P 5 4.0 3 1023 and P 5 4.4 3 1024, respec-
tively; Fig 1, B), and 2 of the peaks were on chromosomes 6 (6q)
and 7 (7p) in the direction of increased African ancestry in cases
(P5 2.53 1024 and P5 2.73 1023, respectively; Fig 1,C). The
ancestry association peak on 6q reached genome-wide signifi-
cance based on 100 permutations across approximately
1,000,000 SNPs, (permutation P < .01).

We then tested for allelic associations with asthma for 9266
SNPs within the ancestry association peak on 6q while
adjusting for local ancestry (Fig 1, D). The most significant
SNP, rs1361549, had an association P value that passed Bon-
ferroni correction for 9266 tests at 6q14.1 (P 5 1.87 3
1026, a9,266 5 5.4 3 1026, Fig 2). Notably, rs1361549 is
only weakly associated with asthma unless local ancestry is in-
cluded as a covariate in the logistic regression model (P 5 .047
with no covariates and P 5 .053 with global ancestry from the
first principal component (PC1) as a covariate, Table I). Fur-
thermore, when we correct for both local and global ancestry,
the association at rs1361549 is moderately increased (P 5
6.6 3 1027). Comparisons of allele frequencies at rs1361549
for cases and control subjects with and without local European
admixture indicated that the signal of association is exclusive
to African American subjects with at least 1 chromosome of
European ancestry at rs1361549 (Table II). The frequency of
the minor allele in African American cases heterozygous for
European ancestry at rs1361549 was 27% compared with
only 14% in control subjects heterozygous for European an-
cestry (odds ratio, 2.2; 95% CI, 1.4-3.5). Although the number
of subjects is small, the frequency of the risk allele was 63% in
8 African American cases homozygous for European ancestry
compared with 27% in 22 African American control subjects
homozygous for European ancestry (odds ratio, 4.3; 95% CI,
1.2-18). In subjects homozygous for local African ancestry,
rs1361549 was monomorphic in both cases and control
subjects. Stratified tests of allelic association based on local
ancestry (see the Methods section) for 287 SNPs within
500 Kb of rs1361549 identified additional SNPs that show
similar but weaker signals of association exclusively for
African American subjects with local European ancestry that
were not identified in the logistic model. None of the SNPs
within 500 Kb of rs1361549 were significantly associated
with asthma in the European American subjects (Fig 1, D,
and see Table E1 in this article’s Online Repository at www.
jacionline.org); however, we replicated both the ancestry asso-
ciation (P 5 5.3 3 1023) and allelic association (P 5 .025)
with asthma at rs1361549 in Puerto Rican subjects in GALA
(Table III), which was attributable to subjects who were heter-
ozygous for African and either Native American or European
ancestry (non-African ancestry, Table II). Although we attemp-
ted to replicate the signal of allelic association in African
American subjects in the Genomic Research on Asthma in
the African Diaspora study and in families from Barbados,8

rs1361549 was not genotyped directly, and imputed genotypes
were of low quality (imputation R2 5 0.43).

Lastly, we performed in silico fine mapping by imputing 7124
SNPs from the 1000 Genomes Project within 500 Kb of
rs1361549 and identified an additional variant (rs4706896)
that shows a similarly strong signal of association when adjust-
ing for local ancestry (P 5 2.7 3 1026, Fig 3). The SNP is 49
Kb more proximal to the centromere than rs1361549; however,
it is in high LD (r2 5 0.97 in the HapMap CEU population)
and shows similar patterns of allele frequencies as rs1361549

http://www.jacionline.org
http://www.jacionline.org
http://www.jacionline.org
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TABLE III. Replication of ancestry and allelic association with asthma at rs1361549 in Puerto Rican cases and control subjects included

in the GALA study

Logistic model

Primary/discovery sample,

African American subjects, CSGA/SARP

Replication sample,

Puerto Rican subjects, GALA

Regression coefficient SE P value Regression coefficient SE P value

Local African ancestry 0.96 0.29 7.9 3 1024 0.22 0.080 5.4 3 1023

rs1361549 (no correction) 0.094 0.047 .0472 0.01 0.036 .79

rs1361549 (global ancestry correction) 0.093 0.048 .0527 0.007 0.036 .85

rs1361549 (local ancestry correction) 0.28 0.058 1.9 3 1026 0.099 0.044 .025

rs1361549 (2 African chrom) NA NA NA NA NA NA

rs1361549 (1 African, 1 European/Native American) 0.25 0.059 2.5 3 1025 0.19 0.11 .073

rs1361549 (2 European/Native American) 0.35 0.12 5.4 3 1023 0.068 0.050 .18

The sign of the regression coefficient indicates the direction of the effect, which is consistent between the 2 studies. The regression coefficient for tests of association at rs1361549

in European American subjects in CSGA/SARP was 0.066 (P 5 .43). Also shown are stratified tests of association in African American subjects based on local ancestry.

NA, Not applicable.
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(frequency in the CEU population, 41%; frequency in the YRI
population, 0%).
DISCUSSION
In this study we performed genome-wide ancestry association

testing using genotypes from approximately 1 million SNPs in
344 African American adults with asthma and 444 nonasthmatic
control subjects. Given the relatively low effect sizes of asthma-
associated SNPs identified in previous GWASs,5-11 our study was
underpowered for performing a traditional GWAS. We therefore
used genome-wide ancestry association testing to identify ances-
try association peaks and then performed allelic tests of associa-
tion within an associated region. This strategy significantly
decreases the multiple-testing burden inherent in GWASs. We
identified a significant ancestry association peak at 6q14.1 that
is more likely to have underlying differences in patterns of allele
frequencies between cases and control subjects compared with a
randomly selected region of the genome. By focusing on SNPs
within this peak, we identified an intergenic SNP, rs1361549,
with an association P value that surpassed Bonferroni correction
for a reduced number of tests after adjusting for local ancestry.

The signal of association with asthma at rs1361549 is highly
dependent on correcting for local rather than global ancestry. We
observed only a minor difference in the allele frequency between
cases and control subjects before including local ancestry as a
covariate in the logistic model. The risk allele is common in
Europe (frequency in the CEU population, 42%) and either rare or
absent in West Africa (frequency in the YRI population, 0%),
highlighting the importance of adjusting for population structure
in allelic tests of association at this SNP. Admixture association
testing identified increased African ancestry in the cases com-
pared with the control subjects at 6q14.1, and therefore under the
null hypothesis of no association, the frequency of the minor
allele is expected to be higher in the control subjects (because of
increased European ancestry, for which the allele is more
common). By including local ancestry in the model, this prior
expectation was taken into consideration, leading to the identi-
fication of a signal of association with asthma at rs1361549 that
would have otherwise gone unnoticed.

By comparing the frequency of rs1361549 between cases and
control subjects after stratifying by local ancestry, we discovered
that the frequency of the risk allele is only increased in African
American cases with local European admixture. Moreover, we
found additional but weaker signals of association at SNPs more
proximal to the centromere that showed a similar pattern to
rs1361549 (see Table E2 in this article’s Online Repository at
www.jacionline.org). However, neither rs1361549 nor any of
the nearby SNPs showed an association with asthma in European
American subjects, suggesting that the underlying causal variant
(or variants) only increases the risk of asthma when present on an
African genetic background. In support of this, we replicated our
signal of association at rs1361549 in Puerto Rican subjects in the
same direction (Table III) and similarly found that the frequency
of the risk allele was predominantly increased in cases heterozy-
gous for local African and non-African ancestry.

Although the number of subjects was small, rs1361549 also
showed a signal of association with asthma in African American
subjects homozygous for local European ancestry; however, we
found no significant association in Puerto Rican subjects homo-
zygous for non-African ancestry (either Native American or
European). Our findings suggesting the association at rs1361549
could be due to an environmental or genetic interaction with a
variant (or variants) more common in Africa. Under the latter
scenario, we hypothesize that the risk of asthma can only be
increased for admixed subjects who carry both the minor allele at
rs1361549 and an unobserved allele that is more common on
African haplotypes. However, becausewe observed an increase in
African ancestry in cases compared with control subjects in both
African American and Puerto Rican subjects at this locus, we
cannot rule out the possibility that there are additional untyped
and untagged variants that increase the risk of asthma for subjects
homozygous for African ancestry that are independent of the
effect of rs1361549.

In silico fine mapping identified 1 additional SNP in high LD
with rs1361549 that showed a similar pattern of association
(rs4706896). Both rs1361549 and rs4706896 lie within an inter-
genic region that is approximately 170 Kb downstream of the
closest annotated gene, FAM46A. FAM46A codes for a protein
of unknown function; however, it is expressed in the lung and var-
ious immune-related cells, including B cells, natural killer cells,
and monocytes,34 suggesting a potential avenue for involvement
in asthma susceptibility. In addition, there are 2 reported tran-
scripts within 36 Kb of rs1361549 in GenBank, including
AF130064, a cDNA identified from fetal liver cells, and
AK126547, a cDNA identified from mesenchymal cells. Patterns
of LD suggest the underlying causal variant or variants might be
more proximal to the centromere (see Figs E5 and E6 in this

http://www.jacionline.org


FIG 3. Tests of allelic association controlling for local ancestry within 500 Kb of rs1361549 in African

American subjects in CSGA/SARP at both genotyped and imputed SNPs from the 1000 Genomes Project.
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article’s Online Repository at www.jacionline.org). Within this
region, there are multiple candidate expression quantitative
loci35 in weak LD with rs1361549 (r2 > 0.3) that show an associ-
ation P value of less than .001 (see Table E1), including expres-
sion quantitative trait loci for Fc receptor–like and mucin-like
1 (FCRLA), proline-rich 15 (PRR15), and cannabinoid receptor
2 (macrophage) (CNR2). The function of PRR15 is unknown;
however, FCRLA is involved in B-cell development, and
increased levels of the FCRLA protein have been found in
patients with rheumatoid arthritis.36 CNR2 is a cannabinoid/G
protein–coupled receptor that is also expressed in B cells and
might function to mediate immunoglobulin class-switching
from IgM to IgE.37 IgE production is known to play an important
role in asthma; however, additional characterization of the genetic
variation within this region is required to determine the underly-
ing mechanism behind the association of rs1361549 with asthma
susceptibility.

An important consideration is whether estimates of local
European admixture around rs1361549 were accurately assigned.
In support of this, we found that rs1361549 was monomorphic in
both African American and Puerto Rican subjects homozygous
for African ancestry, which is consistent with our expectations
based on the SNP being absent in the HapMap YRI population.
Given our estimate that African American subjects in CSGA/
SARP have approximately 19% European ancestry, if the variant
were attributable solely to European admixture, we would expect
the frequency of the minor allele to be approximately 8% given a
frequency of 42% in the HapMap CEU population (42% 3 19%
European ancestry), which is similar to what we observe (7.8%).
Therefore our results suggest that rs1361549 is present in African
American subjects predominantly because of recent European
admixture and that estimates of local ancestry at this locus are
accurately distinguishing between African and European
chromosomes.

From a methodological viewpoint, our results highlight the
importance of considering local ancestry in genetic association
studies of admixed populations. This was accomplished by
including local ancestry as a covariate in allelic tests of associ-
ation. However, it is foreseeable that in some situations a stratified
analysismight be necessary to identify allelic associations that are
unique to a specific genetic background. For example, we
identified a hidden signal of association at rs1361549 when using
local ancestry as a covariate in a logistic model, in part because of
the SNP being monomorphic on the African chromosomes that
minimized the signal to noise ratio. Signals of association at
nearby SNPs that were polymorphic on both African and Euro-
pean chromosomes were exclusively identified in a stratified
analysis because signals were weakened in the combined subjects
as a result of the majority of subjects having local African
ancestry (and the SNPs not being associated in these subjects).
Although we did not address the issue of false-positive associa-
tions in our current study, it is important to note that correcting for
local ancestry is likely equally important for avoiding spurious
signals of association.

In summary, we identified an ancestry association peak on 6q
and an SNP on 6q14.1 that increases the risk of asthma
exclusively for subjects heterozygous for local African and
non-African ancestry. Genetic associations that are dependent on
local ancestry present unique challenges at both the discovery
and replication stages, highlighting the need for additional large-
scale genetic studies of asthma in admixed populations. Overall,
our results demonstrate the utility of ancestry association testing
for identifying novel genetic variants that are associated with
asthma and the importance of considering local rather than
global genetic ancestry in association studies involving admixed
populations.
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Key messages

d Genome-wide comparisons of local ancestry in African
American subjects identified an admixture mapping
peak on 6q that is more likely to contain variants associ-
ated with asthma.

d An allele at 6q14.1 that is common to European popula-
tions is associated with an increased risk of asthma in Af-
rican American and Puerto Rican subjects but not in
European American subjects.

d A consideration of local genetic ancestry is essential when
performing GWASs in admixed populations.

REFERENCES

1. Barnes KC, Grant AV, Hansel NN, Gao P, Dunston GM. African Americans with

asthma: genetic insights. Proc Am Thorac Soc 2007;4:58-68.

2. Thomsen SF, van der Sluis S, Kyvik KO, Skytthe A, Backer V. Estimates of asthma

heritability in a large twin sample. Clin Exp Allergy 2010;40:1054-61.

3. Willemsen G, van Beijsterveldt TC, van Baal CG, Postma D, Boomsma DI. Her-

itability of self-reported asthma and allergy: a study in adult Dutch twins, siblings

and parents. Twin Res Hum Genet 2008;11:132-42.

4. Ober C, Hoffjan S. Asthma genetics 2006: the long and winding road to gene dis-

covery. Genes Immun 2006;7:95-100.

5. Hancock DB, Romieu I, Shi M, Sienra-Monge JJ, Wu H, Chiu GY, et al. Genome-

wide association study implicates chromosome 9q21.31 as a susceptibility locus

for asthma in Mexican children. PLoS Genet 2009;5:e1000623.

6. Himes BE, Hunninghake GM, Baurley JW, Rafaels NM, Sleiman P, Strachan DP,

et al. Genome-wide association analysis identifies PDE4D as an asthma-

susceptibility gene. Am J Hum Genet 2009;84:581-93.

7. Li X, Howard TD, Zheng SL, Haselkorn T, Peters SP, Meyers DA, et al. Genome-

wide association study of asthma identifies RAD50-IL13 and HLA-DR/DQ

regions. J Allergy Clin Immunol 2010;125:328-35.e11.

8. Mathias RA, Grant AV, Rafaels N, Hand T, Gao L, Vergara C, et al. A genome-

wide association study on African-ancestry populations for asthma. J Allergy

Clin Immunol 2010;125:336-46.e4.

9. Moffatt MF, Gut IG, Demenais F, Strachan DP, Bouzigon E, Heath S, et al. A

large-scale, consortium-based genomewide association study of asthma. N Engl

J Med 2010;363:1211-21.

10. Moffatt MF, Kabesch M, Liang L, Dixon AL, Strachan D, Heath S, et al. Genetic

variants regulating ORMDL3 expression contribute to the risk of childhood

asthma. Nature 2007;448:470-3.

11. Sleiman PM, Flory J, Imielinski M, Bradfield JP, Annaiah K, Willis-Owen SA,

et al. Variants of DENND1B associated with asthma in children. N Engl J Med

2010;362:36-44.

12. Choudhry S, Taub M, Mei R, Rodriguez-Santana J, Rodriguez-Cintron W, Shriver

MD, et al. Genome-wide screen for asthma in Puerto Ricans: evidence for associ-

ation with 5q23 region. Hum Genet 2008;123:455-68.

13. Boyko AR, Williamson SH, Indap AR, Degenhardt JD, Hernandez RD, Lohmuel-

ler KE, et al. Assessing the evolutionary impact of amino acid mutations in the hu-

man genome. PLoS Genet 2008;4:e1000083.

14. Murray T, Beaty TH, Mathias RA, Rafaels N, Grant AV, Faruque MU, et al. Afri-

can and non-African admixture components in African Americans and an African

Caribbean population. Genet Epidemiol 2010;34:561-8.
15. Patterson N, Hattangadi N, Lane B, Lohmueller KE, Hafler DA, Oksenberg JR,

et al. Methods for high-density admixture mapping of disease genes. Am J Hum

Genet 2004;74:979-1000.

16. Reich D, Patterson N, De Jager PL, McDonald GJ, Waliszewska A, Tandon A,

et al. Awhole-genome admixture scan finds a candidate locus for multiple sclerosis

susceptibility. Nat Genet 2005;37:1113-8.

17. Freedman ML, Haiman CA, Patterson N, McDonald GJ, Tandon A, Waliszewska

A, et al. Admixture mapping identifies 8q24 as a prostate cancer risk locus in

African-American men. Proc Natl Acad Sci U S A 2006;103:14068-73.

18. Cheng CY, Kao WH, Patterson N, Tandon A, Haiman CA, Harris TB, et al. Admix-

ture mapping of 15,280 African Americans identifies obesity susceptibility loci on

chromosomes 5 and X. PLoS Genet 2009;5:e1000490.

19. Cheng CY, Reich D, Wong TY, Klein R, Klein BE, Patterson N, et al. Admixture

mapping scans identify a locus affecting retinal vascular caliber in hypertensive

African Americans: the Atherosclerosis Risk in Communities (ARIC) study.

PLoS Genet 2010;6:e1000908.

20. Zhu X, Young JH, Fox E, Keating BJ, Franceschini N, Kang S, et al. Combined

admixture mapping and association analysis identifies a novel blood pressure

genetic locus on 5p13: Contributions from the CARe consortium. Hum Mol Genet

2011;20:2285-95.

21. Sankararaman S, Sridhar S, Kimmel G, Halperin E. Estimating local ancestry in

admixed populations. Am J Hum Genet 2008;82:290-303.

22. Price AL, Tandon A, Patterson N, Barnes KC, Rafaels N, Ruczinski I, et al. Sen-

sitive detection of chromosomal segments of distinct ancestry in admixed popula-

tions. PLoS Genet 2009;5:e1000519.

23. Lester LA, Rich SS, Blumenthal MN, Togias A, Murphy S, Malveaux F, et al. Eth-

nic differences in asthma and associated phenotypes: collaborative study on the

genetics of asthma. J Allergy Clin Immunol 2001;108:357-62.

24. Moore WC, Bleecker ER, Curran-Everett D, Erzurum SC, Ameredes BT, Bacharier

L, et al. Characterization of the severe asthma phenotype by the National Heart,

Lung, and Blood Institute’s Severe Asthma Research Program. J Allergy Clin

Immunol 2007;119:405-13.

25. Moore WC, Meyers DA, Wenzel SE, Teague WG, Li H, Li X, et al. Identification

of asthma phenotypes using cluster analysis in the Severe Asthma Research Pro-

gram. Am J Respir Crit Care Med 2010;181:315-23.

26. Purcell S, Neale B, Todd-Brown K, Thomas L, Ferreira MA, Bender D, et al.

PLINK: a tool set for whole-genome association and population-based linkage

analyses. Am J Hum Genet 2007;81:559-75.

27. Patterson N, Price AL, Reich D. Population structure and eigenanalysis. PLoS

Genet 2006;2:e190.

28. Price AL, Patterson NJ, Plenge RM, Weinblatt ME, Shadick NA, Reich D. Princi-

pal components analysis corrects for stratification in genome-wide association

studies. Nat Genet 2006;38:904-9.

29. Durbin RM, Abecasis GR, Altshuler DL, Auton A, Brooks LD, Durbin RM, et al.

A map of human genome variation from population-scale sequencing. Nature

2010;467:1061-73.

30. Howie BN, Donnelly P, Marchini J. A flexible and accurate genotype imputation

method for the next generation of genome-wide association studies. PLoS Genet

2009;5:e1000529.

31. Marchini J, Howie B, Myers S, McVean G, Donnelly P. A new multipoint method

for genome-wide association studies by imputation of genotypes. Nat Genet 2007;

39:906-13.

32. Choudhry S, Coyle NE, Tang H, Salari K, Lind D, Clark SL, et al. Population strat-

ification confounds genetic association studies among Latinos. Hum Genet 2006;

118:652-64.

33. Alexander DH, Novembre J, Lange K. Fast model-based estimation of ancestry in

unrelated individuals. Genome Res 2009;19:1655-64.

34. Su AI, Wiltshire T, Batalov S, Lapp H, Ching KA, Block D, et al. A gene atlas of

the mouse and human protein-encoding transcriptomes. Proc Natl Acad Sci U S A

2004;101:6062-7.

35. Gamazon ER, Zhang W, Konkashbaev A, Duan S, Kistner EO, Nicolae DL, et al.

SCAN: SNP and copy number annotation. Bioinformatics 2010;26:259-62.

36. Huizinga TW, Ioan-Facsinay A. Soluble FcgammaRIIIa as a marker for rheumatoid

arthritis: the use of genetics in selected populations to study pathogenetic path-

ways. J Rheumatol 2003;30:1904-6.

37. AgudeloM,NewtonC,WidenR,SherwoodT,NongL,FriedmanH, et al.Cannabinoid

receptor 2 (CB2)mediates immunoglobulin class switching fromIgMto IgE incultures

of murine-purified B lymphocytes. J Neuroimmune Pharmacol 2008;3:35-42.



REFERENCE

E1. Gamazon ER, Zhang W, Konkashbaev A, Duan S, Kistner EO, Nicolae DL, et al.

SCAN: SNP and copy number annotation. Bioinformatics 2010;26:259-62.

J ALLERGY CLIN IMMUNOL

VOLUME nnn, NUMBER nn

TORGERSON ET AL 8.e1



FIG E1. Principal component analysis of African American adults with

asthma and healthy control subjects and the phase 3 HapMap CEU, YRI,

and Asian (ASN) populations. Global estimates of European ancestry were

extrapolated from PC1.
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FIG E2. Distribution of global European admixture in African American

adults with asthma and nonasthmatic control subjects, as estimated from

PC1.
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FIG E3. Correlation between mean local African ancestry calculated across

the genome and estimates of global African ancestry from PC1.
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FIG E4. Estimates of local European ancestry in a single African American subject with asthma across

chromosome 1 (top) and mean local European admixture across the genome in 444 nonasthmatic African

American adults (bottom).
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FIG E5. LD (r2) between genotyped SNPs in African American subjects with local European ancestry within a

100-Kb region centered on rs1361549. *Location of rs1361549.
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FIG E6. LD (r2) between genotyped SNPs in African American subjects with local European ancestry at

rs1361549 within a 1-Mb region centered on rs1361549. *Location of rs1361549.
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TABLE E1. Top signals of allelic association at SNPs within an ancestry association peak on 6q in African American subjects correcting

for global ancestry (global correction)

SNP Position (hg18)

P value,

local ancestry

P value, allelic,

global correction

P value, allelic,

local correction Freq CEU Freq YRI

rs10498989 95446907 6.30 3 1024 8.56 3 1026 1.46 3 1023 0.295 0.897

rs9345075 91799831 4.94 3 1024 1.61 3 1025 1.36 3 1023 0.902 0.367

rs9363229 95415689 6.30 3 1024 1.67 3 1025 2.29 3 1023 0.323 0.895

rs576231 100245282 9.18 3 1024 1.67 3 1025 4.38 3 1024 0.239 0.014

rs2207428 95209649 6.17 3 1025 4.20 3 1025 3.47 3 1023 0.332 0.003

None of the SNPs pass a Bonferroni correction for 9266 tests (P < 5.4 3 1026). Included in the table are logistic regression P values from local ancestry association testing, and

allelic association testing is corrected for local ancestry (local correction). Included are the reference allelic frequencies (Freq) in the HapMap CEU and YRI populations (release

28), indicating that all of the top SNPs are informative for European-African ancestry.
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TABLE E2. SNPs with association P values of less than .01 among 257 genotyped SNPs within a 1-Mb region centered on rs1361549 in

stratified tests for African American subjects with 1 or more chromosomes of local European ancestry (admixed) or 2 chromosomes of

local African ancestry (African)

SNP Position

P value,

African

Coefficient,

African

P value,

admixed

Coefficient,

admixed

P value, European

American subjects

Distance from

rs136154 and LD (r2)

eQTL candidates* (gene,

population, P value)

rs10455382 82077709 .97 0.0049 9.4 3 1025 20.69 .33 2266695 (0.24) PRR15, CEU, 3e-05

SPSB1, YRI, 4e-05

ASB2, YRI, 8e-05

rs12055792 82079376 .86 0.03 9.6 3 1023 20.58 .51 2265028 (0.08) IGF2BP3, CEU, 3e-05

rs4706889 82129155 .88 20.02 6.4 3 1024 0.62 .28 2215249 (0.32) PRR15, CEU, 4e-05

rs1015916 82129430 .38 20.28 4.9 3 1023 20.76 .69 2214974 (0.05) IGF2BP3, CEU, 5e-05

rs9341883 82148380 .91 20.015 4.8 3 1024 20.62 .91 2196024 (0.24) NA

rs2323252 82155910 .86 20.024 3.5 3 1024 0.67 .23 2188494 (0.33) PRR15, CEU, 2e-05

rs11756740 82165844 .48 20.41 5.5 3 1023 20.92 .30 2178560 (0.033) IGF2BP3, CEU, 0.0001

rs7741650 82185636 .64 0.06 6.5 3 1023 20.47 .91 2158768 (0.22) CNR2, YRI, 2e-05

GMIP, YRI, 0.0001

rs1343232 82187051 .53 20.09 3.5 3 1023 0.53 .30 2157353 (0.32) FCRLA, YRI, 2e-06

CNR2, YRI, 2e-05

PRR15, CEU, 0.0001

rs6940202 82190504 .29 0.14 3.9 3 1023 20.50 .83 2153900 (0.26) CNR2, YRI, 2e-05

FCRLA, YRI, 9e-05

VIPR1, YRI, 0.0001

rs2120533 82206201 .38 20.12 2.0 3 1023 0.56 .31 2138203 (0.30) NA

rs17438648 82216223 .38 0.12 1.9 3 1023 20.57 .30 2128181 (0.30) FCRLA, YRI, 1e-05

CNR2, YRI, 6e-05

PRR15, CEU, 0.0001

rs1361549 82344404 NA NA 1.1 3 1025 21.1 .43 0 (1) NA

rs2298053 82424008 1.4 3 1023 1.6 .32 20.42 .58 79604 (0.012) NA

rs12664410 82428442 1.1 3 1023 1.5 .21 20.52 .58 84038 (0.013) NA

rs1935420 82745959 .60 0.20 6.9 3 1023 1.4 .82 401555 (0.034) FGL2, CEU, 6e-05

TP53INP1, CEU, 0.0001

Association P values are also shown for the CSGA/SARP European American subjects. SNPs are ordered based on position; P values of less than .01 in any one of the stratified

tests are shaded; the strongest signal of association is with rs1361549 (in boldface). Estimates of LD with rs1361549 were calculated in African American subjects with local

European ancestry by using Haploview (Figs E5 and E6).

eQTL, Expression quantitative trait locus; NA, not applicable.

*From www.scandb.org.E1
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