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ABSTRACT
Objective: Transferability of significantly associated loci or GWAS “hits” adds credibility to genotype-
disease associations and provides evidence for generalizability across different ancestral populations.
We sought evidence of association of known asthma-associated single nucleotide polymorphisms
(SNPs) in an African American population.Methods: Subjects comprised 661 participants (261 asthma
cases and400controls) fromtheHowardUniversity Family Study. Forty-eight SNPspreviously reported
to be associated with asthma by GWASwere selected for testing. We adopted a combined strategy by
first adopting an “exact” approach where we looked-up only the reported index SNP. For those index
SNPs missing form our dataset, we used a “local” approach that examined all the regional SNPs in
LD with the index SNP. Results: Out of the 48 SNPs, our cohort had genotype data available for 27,
which were examined for exact replication. Of these, two SNPs were found positively associated with
asthma. These included: rs10508372 (OR = 1.567 [95%CI, 1.133-2.167], P = 0.0066) and rs2378383 (OR =
2.147 [95%CI, 1.149–4.013], P = 0.0166), located on chromosomal bands 10p14 and 9q21.31, respectively.
Local replicationof the remaining 21 loci showedassociationat twochromosomal loci (9p24.1-rs2381413
and6p21.32-rs3132947; Bonferroni-corrected P values: 0.0033 and0.0197, respectively). Of note,multiple
SNPs in LD with rs2381413 located upstream of IL33were significantly associated with asthma. Conclu-
sions: This study has successfully transferred four reported asthma-associated loci in an independent
African American population. Identification of several asthma-associated SNPs in the upstream of the
IL33, a gene previously implicated in allergic inflammation of asthmatic airway, supports the general-
izability of this finding.

Introduction

With an estimated 25.7 million people having asthma
in 2010 and an increase of its prevalence from 7.3% in
2001 to 8.4% in 2010 [1], asthma has reached epidemic
proportions in the United States. It is one of the diseases
that shows disproportionately higher incidence and
disease-associated mortality in African Americans. Cur-
rent asthma prevalence is higher among non-Hispanic
Blacks (9.5%) compared to their White counterparts
(7.8%) [2]. The asthma death rate per 1,000 persons with
asthma was 0.15 for the period 2007–2009, and was more
than 75% higher for Black persons compared to Whites
[1]. In addition, asthma appears to vary phenotypically
according to ancestry, with African Americans showing
different patterns of allergic sensitization, IgE levels, and
bronchial hyperresponsiveness, when compared with
Americans of European ancestry [3].

Asthma is a complex disease in which multiple gene-
gene and gene-environment interactions play key roles
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in its development [4]. Overall estimates for heritability of
asthma and related traits suggest that 36–75% of asthma
risk is attributable to genetic factors [5]. Genetic role
in asthma predisposition is suggested by twin, linkage,
and association studies [6,7]. Candidate gene and linkage
studies followed by positional cloning have already iden-
tified a large number of asthma susceptibility genes [8].
The advent and application of genome-wide association
studies (GWAS) has greatly improved our understand-
ing of the genetic factors responsible for asthma. To
date, more than 20 broadly defined major susceptibility
regions for asthma and related traits have been identi-
fied by GWAS [6,7] of which at least 9 loci have been
replicated in independent populations.

Findings from meta-analysis of GWASs further sub-
stantiated the heterogeneous nature and complex etiology
of asthma [9,10]. Although disproportionately afflicted
by asthma, very few GWAS and meta-analysis have
been conducted in African Americans as the discovery
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population. The first report of a genome-wide associa-
tion study for asthma focusing on populations of African
descent implicated three SNPs mapping to ADRA1B,
PRNP and DPP10 genes, all known to have poten-
tial biological relevance in asthma and allergic disease
[11]. Torgerson et al. performed a genome-wide ances-
try analysis and reported a single nucleotide polymor-
phism (rs1361549) on 6q14.1 that was associated with
asthma exclusively in African American subjects [12].
Meta-analysis of GWAS in diverse populations identified
several asthma-associated loci in three ethnic groups rep-
resenting European Americans, African Americans, and
Latinos [9]. Multiple SNPs in the PYHIN1 region showed
evidence for association only in the African Ameri-
can/African Caribbean sample suggesting that ancestry-
specific associations also contribute to the complex
genetic architecture of asthma [9].

Although GWAS offers a powerful approach to iden-
tify regions of the genome that harbor genetic variants
conferring risk for disease without prior knowledge of
location or function by simultaneously testing hundreds
of thousands of SNPs in a cost-effective way, a major
challenge is to separate true associations from false pos-
itive findings. This can be circumvented by replication
of initial finding in subsequent independent studies,
and thus, is essential for establishing the validity of the
observed association [13]. Replication is distinguished
from transferability on the basis of that the latter applies
if a follow-up sample is drawn from a different ancestral
population than the discovery sample [14]. Both repli-
cation and transferability studies are now increasingly
performed to validate reported associations as well to
examine for their generalizability in diverse ancestral
populations, and ultimately towards the final objective to
explore their potential for translational application.

We hypothesize that asthma-associated GWAS SNPs
reported in previous studies that are primarily of Euro-
pean ancestry populations will also show associations
with asthma in an African American population sample.
In this study, we examined the transferability of asthma-
associated genetic loci identified from reported GWAS
andmeta-analysis in the HowardUniversity Family Study
(HUFS), an independent sample of African Americans
from theWashingtonDCmetropolitan area. It is expected
that index SNPs tag larger regions in European-ancestry
populations compared to their African counterparts
because of the longer range of linkage disequilibrium
(LD) in European-ancestry population, in general.
Therefore, functional variants tagged by the index SNP in
European-ancestry individuals might not be in LD with
the same SNP in African-ancestry individuals. To address
this, we explored for “local” replication by examining
SNPs in LD on either side of the index SNPs identified by
GWAS.

Methods

Study sample

The study cohort comprised 661 non-related individ-
uals who participated in the Howard University Fam-
ily Study (HUFS), a population- based family study of
African Americans in the Washington, DC metropolitan
area [15]. Themajor objectives of theHUFSwere to enroll
and examine a randomly ascertained cohort of African-
American families, along with a set of unrelated individ-
uals, from theWashington DCmetropolitan area to study
the genetic and environmental basis of common com-
plex diseases including hypertension, obesity and related
comorbidities. To maximize the utility of this cohort for
the study ofmultiple common traits, participantswere not
ascertained based on any phenotype.

Participants were sought through door-to-door can-
vassing, advertisements in local printmedia, and at health
fairs and other community gatherings. Ethical approval
for the study was obtained from the Howard Univer-
sity Institutional Review Board. All individuals provided
written informed consent for the collection of samples
and subsequent analysis. During a clinical examination,
demographic information was collected from each par-
ticipant by interview. Asthma was defined as self-report
of physician’s diagnosis, and supplemented bymedication
history collected by the interviewer. The control group
included those who were never diagnosed with asthma
by a physician and never utilized any asthma-treating
medication.

Genotyping and quality control

Genome-wide genotyping was performed using the
Affymetrix R© Genome-Wide Human SNP Array 6.0, and
genotypes calls were made using the Birdseed algorithm,
version 2 [16]. SNPswere excluded if they had a call rate<

95% (n= 41,885), a minor allele frequency (MAF)< 0.01
(n = 19,154) or a Hardy–Weinberg equilibrium (HWE)
test P value <1 × 10−3 (n = 6,317). This led to a total
of 808,465 autosomal SNPs passing the quality control
(QC) filters. The average call rate for this set of SNPs was
99.55%, with concordance of blind duplicates of 99.74%.
A check for population stratification was conducted using
non-parametric clustering of genotypes using the R pack-
age AWclust [17].

Statistical analyses

Power calculations were performed usingQUANTO [18].
Assuming an additive genetic model and with a MAF of
0.05, this study had a power of 50% to 86% to detect
associations with a genetic relative risk of 1.6 to 2.0,
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Table . Clinical characteristics of the study population (n= ).

Characteristic Asthma cases Control subjects P value

No. of participants  
No. of Females (%)  (.)  (.) <.
Age, years . (.) . (.) <.
BMI, kg/m . (.) . (.) <.

Note. BMI, bodymass index. Data are shown as number (percent) ormean (SD).

respectively. For transfer in the HUFS, 48 candidate SNPs
were selected from published GWAS and meta-analyses
reports for asthma in populations from diverse ethnic
backgrounds (http://www.ebi.ac.uk/gwas/). We refer to
this set of variants as index SNPs. We tested this set of
index SNPs for association with asthma in our dataset
using either “exact” or “local” approaches [19]. Genotype
and allele frequencies were estimated by gene counting.

For a reported SNP, which was present in the HUFS
dataset, we tested that SNP for direct association. Because
different GWASs use different genome-wide chips where
the SNP panels do not totally overlap, we did not have
genotype data on some of the index SNPs reported by pre-
vious studies. For those index SNPswhere genotypes were
not available in theHUFS dataset, we evaluated for “local”
replication. For this, we comprehensively evaluated all
HapMap (http://hapmap.ncbi.nlm.nih.gov/) Phase II+III
SNPs with r2 � 0.3 and within a search window of 250 kb
on either side from the index SNP using the appropriate
representative reference population (CEU for studies of
European ancestry, YRI for studies of African ancestry,
and CHB for studies of Asian ancestry) corresponding to
the original reported association. P values obtained from
local replication were corrected for multiple testing using
the Bonferroni method, and an adjusted P value of� 0.05
was considered statistically significant. Asthma was ana-
lyzed as a binary trait (cases versus controls) under an
additive genetic model with adjustment for age, gender,
BMI and the first two principal components (PC) of the
genotypes that was computed using EIGENSTRAT [20].
The appropriate number of PCs necessary to adjust for
population substructure in the HUFS has been previously
determined [15]. All association analyses were performed
using the PLINK software package, V1.07 [21].

Results

Table 1 shows the characteristics of the asthmatic (n =
261) and non-asthmatic (n = 400) individuals. Mean age

was higher in the control individuals whereas BMI was
higher in the asthmatic individuals. A list of all 48 SNPs
examined for association with asthma in our population
is presented in Supplementary Table S1 that also shows
their comparative allele frequencies in African, European,
and Asian ancestry populations. Out of the 48 SNPs, QC-
passed genotypes were available for 27 SNPs that were
examined by exact replication. Detailed results of the
exact replication analysis are presented in Supplemen-
tary Table S2. Two SNPs, rs10508372 and rs2378383, were
found significantly associated with asthma at a nominal
replicationP value of� 0.05 (Table 2). Both rs10508372 (P
= 0.0066) and rs2378383 (P= 0.0166) are intergenic SNPs
located on chromosomal regions 10p14 and 9q21.31,
respectively. Association of rs10508372, originally discov-
ered in a Japanese population [22], was transferred in our
population with the same direction of effect. On the other
hand, rs2378383, originally reported in aGWAS in aMex-
ican population [23], was found associated in our African
American populationwith an opposite direction of effect.

For the remaining 21 SNPs that were not examined
by exact replication, we adopted an LD-based local repli-
cation strategy. Detailed results of local replication are
presented in Supplementary Table S3.We identified a total
of 721 SNPs that were in LD at our pre-defined threshold
from the 21 loci (Supplementary Table S4). Two loci were
found positively associated with asthma after adjusting
for multiple testing (Table 3). rs3132947 is located in the
intronic region of NOTCH4 (corrected P = 0.0197). It
is a proxy for index SNP rs204993, originally discovered
associated with asthma in a Japanese population [22]. The
other SNP, rs2381413 (corrected P = 0.0066) is a proxy
for rs2381416, originally reported in a meta-analysis of
European, African and Hispanic ancestry populations
[9]. rs2381413 is located upstream of IL33, a gene known
to have biological function in asthma pathophysiology.
Of particular interest, in addition to rs2381413, 9 other
SNPs in LD with rs2381416 were found associated with
asthma (Table 4). Figure 1 shows a LocusZoom plot
presenting a visual display of the asthma-associated
region flanking the IL33 gene. Thus, we have transferred
4 reported asthma-associated loci in the HUFS.

Discussion

Replication helps ensure that a genotype-phenotype
association observed in a GWAS represents a credible

Table . Exact replication of the previously reported GWAS associations with asthma in the HUFS.

SNP Chr Position Type A MAF OR (% CI) P value

rs p  Intergenic G . . (.,.) .
rs q.  Intergenic C . . (.,.) .

Note. Position based on NCBI genome build .; A, associated allele; MAF, minor allele frequency.

http://www.ebi.ac.uk/gwas/
http://hapmap.ncbi.nlm.nih.gov/
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Table . Local replication of the previously reported GWAS associations with asthma in the HUFS.

Index SNP Chr No. of SNPs Best local SNP r A MAF P value P value OR (% CI) adjusted

rs p.  rs . G . . . . (.,.)
rs p.  rs . T . . . . (.,.)

Note. Indicates total number of SNPs examined for the locus in the ± kb window with an r � . with the index SNP; A, associated allele; MAF, minor allele
frequency.

Table . Association of multiple SNPs upstream of IL gene in the HUFS.

SNP Distance (upstream) from IL (bp) Risk allele r MAF P value OR (% CI)

rs , C . . . . (.,.)
rs , C . . . . (.,.)
rs , G . . . . (.,.)
rs , G . . . . (.,.)
rs , G . . . . (.,.)
rs , C . . . . (.,.)
rs , C . . . . (.,.)
rs , C . . . . (.,.)
rs , T . . . . (.,.)
rs , C . . . . (.,.)

Note. r with the index SNP rs.

association and is not a chance finding or an artifact
due to uncontrolled biases [24]. It also helps in identi-
fying a more reliable estimate of the effect size for the
association. Replication in independent studies across
different designs and populations extends the generaliz-
ability of the association in different environmental or
genetic backgrounds. In particular, studies in populations
of recent African ancestry are likely to increase the yield of
rare variants and narrow the large chromosomal regions
of association identified in “younger” populations due to
reduced linkage disequilibrium, or the tendency for adja-
cent genetic loci to be inherited together [25,26].

In this study, we examined the association of 48
loci with asthma in an independent African American
population. The variants selected for this study are
from on-line databases that catalog published data on
GWAS. For exact replication, we have used nominal sig-
nificance (P < 0.05), which has been widely applied
by some large consortia [27], and is also an accept-
able criterion for publications [28]. By this method,
two SNPs were successfully transferred in our study
population. The C allele of rs10508372 was previously
reported to be associated with asthma in a Japanese adult
population [22]. The frequency of the associated allele

Figure . LocusZoom plot showing the asthma-association results flanking the IL gene. P-values of the SNPs on the –log scale are
shown on the vertical axis against their corresponding chromosomal position presented in the horizontal axis.
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in our population was much higher (0.8102) than that
reported in the Japanese (0.433) [22]. Our observed fre-
quency is similar to the HapMap-ASW data (0.786) and
likewise, higher than theHapMap-JPT data (0.419). Large
differences in risk-allele frequency between populations
of different ancestral background at some SNPs is con-
sistent with studies of other complex-disease-associated
SNPs [29,30]. The direction of effect observed in our asso-
ciation for rs10508372 is consistent with that reported
by Hirota et al. [22], a criterion for successful replication
[13]. Our observed relative risk (1.567) is somewhat larger
compared to their report (1.16), which could potentially
result from our modest sample size, a factor known to
impact accurate estimation of the effect size.

The other SNP, rs2378383, was originally reported
to be associated with childhood-onset asthma in Mex-
icans [23]. Although the G allele was found protective
for asthma in Mexicans (RR = 0.61 [95%CI, 0.49–0.76]),
we found the same as a susceptibility allele for asthma
in our cohort (OR = 2.147 [95%CI, 1.149–4.013]). The
frequency of the associated allele in our population was
much lower (0.0354) and is consistent with the HapMap-
ASW (0.051). Hancock et al. [23] found the frequency
much higher (0.22) in their Mexican population, which
is consistent with the HapMap-MXL (0.180). This type
of association with opposite alleles associated in pri-
mary and replication samples has been reported in other
studies of asthma [10], where “flip-flop” association has
been attributed to a genotype-environment interaction
with maternal asthma status [31] or to differences in
LD between population groups [32–34]. Genetic effect
(odds ratio) point estimates between ancestry groups have
been reported to correlate modestly (pairwise compar-
isons’ correlation coefficients: 0.20–0.33) and point esti-
mates of risks were found opposite in direction or differed
more than twofold in 57%, 79%, and 89% of the European
versus Asian, European versus African, and Asian versus
African comparisons, respectively [35].

By taking advantage of increased genetic diversity
and weaker LD in African-descent populations, we also
adopted an LD-based approach to examine for local trans-
ferability of associated loci. When a region of high inter-
marker linkage disequilibrium is tested to replicate an ini-
tial finding that is only weakly associated with disease,
the local approach is considered to be a good strategy
[19]. We performed appropriate correction of statistical
significance for multiple testing for all SNPs examined in
the LD window by Bonferroni method to reduce false-
positive findings. By this approach, two additional loci
that failed to transfer in our population by exact testing
were found associated with asthma. Although rs2381413
is an intergenic SNP located about 49kb upstream of IL33
gene, rs3132947 is located in the intron of the NOTCH4

gene. SNPs in theNOTCH4 gene have been reported to be
associated with different diseases. rs715299, an intronic
SNP inNOTCH4, has been reported to be associated with
sarcoidosis susceptibility in African Americans [36].

Another intronic SNP, rs206015, was found associated
with lung function in European-descent populations [37].
Hirota et al. [22] observed the most significant associa-
tion from their GWAS study for adult asthma at rs404860,
located in the NOTCH4 intron. rs404860 is about 33kb
away from rs2070600, a non-synonymous SNP located in
the AGER gene, which has been previously reported to
be associated with FEV1/FVC in a GWAS for lung func-
tion [38]. Although rs404860 was not replicated in our
population (Supplementary Table S2), rs3132947, also a
NOTCH4 intronic SNP and located about 7.5 kb away
from rs404860, was found positively associated in our
population. These findings support the notion that the
disease-associated variants and the previously reported
associated SNPs are not always in LD in our African
American population although they were in the discovery
population. Alternatively, the index SNP and local SNP
represent independent signals where each is significant
in only one population representing population-specific
allelic heterogeneity.

Of particular importance, we observed association of
multiple SNPs upstream of the gene IL33 with asthma.
IL33 (MIM 608678) is amember of the IL1 family that is a
ligand for the orphan IL-1 family receptor ST2 [39]. IL-33
potently drives the production of proinflammatory Th2-
associated cytokines including IL-4, IL-5, and IL-13 by in
vitro polarized Th2 cells [39] and mast cells [40]. Atopic
asthma is known as a chronic inflammatory pulmonary
disease with an underlying Th2 cell-mediated inflamma-
tory response in the airways.

Bronchial epithelium [41] and airway smooth muscle
cells [42] from asthmatics were found to express elevated
levels of IL-33 compared with that in healthy controls. IL-
33–mediated inflammatory responses of lung tissue cells
have been proposed to be involved in the chronic allergic
inflammation of the asthmatic airway [43]. Furthermore,
a recent genome-wide association study showed that a
SNP in IL1RL1 was strongly associated with asthma in
a collection of 10 different populations [44]. A SNP in
IL33 that showed a suggestive association with the cir-
culating eosinophil count was also significantly associ-
ated with atopic asthma [44]. Our observation of several
association signals upstream of the IL33 gene may repre-
sent independent loci, each with its own effect on asthma.
Alternatively, they may result from all being in LD with a
single casual SNP.

The majority of the index SNPs we tested were not
transferred in our cohort, which could be attributed to
multiple reasons. Our sample size is modest and thus
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may not have enough power to detect all associations.
An index SNP may be a poor marker for asthma due to
ancestry-specific differences in allele frequency and link-
age disequilibrium between the original study and our
admixed population. Most GWAS-identified variants are
likely to be in LD with the causal variant(s) rather than
being causal by themselves. The genetic architecture of
African Americans is substantially different and generally
shows weaker LD compared with other U.S. populations
[45], and thus,may limit the transferability of associations
from other ancestral populations.

Phenotypic heterogeneity among the cohorts of the
discovery studies and ours, especially in case definition
and recruitment strategies, may also impact chances of
replication. The use of self-reporting cases and controls
without a disease confirmation by additional phenotypic
characterization (e.g., lung function measurements, skin
prick tests, or specific IgE measurement) is a limita-
tion of our study. Etiologic heterogeneity for complex
diseases like asthma resulting from gene-gene or gene-
environment interactions may also lead to failure of
replication.

Neither the discovery nor our replication study cap-
tures exposure to all potential environmental risk factors
that can lead to asthma development in the context of
individual’s genetic background. These factors may pose
restrictions from observing the genetic association in an
independent study. Even though we adjusted for global
ancestry, differences in local ancestry between these sam-
ples could have impacted our ability to replicate asso-
ciations [46]. It is well known that the age-at-onset of
asthma is associated with different phenotypic character-
istics [47], and it has recently evidenced that age-varying
genetic associations can cause non-replication and, con-
sequently, lead to missing important genetic associations
[48]. We also conducted a GWAS for asthma in our study
population, however no SNP showed an association at
genome-wide significance level (data not shown).

Our study has several strengths. The HUFS is a rep-
resentative population of African Americans from the
Washington,DCarea. The lack of selection for disease sta-
tus makes this an optimal study sample for drawing con-
clusions regarding transferability to a broader population
of African Americans [49]. As our study included only
self-reported African Americans recruited from a defined
geographic site, population stratification is not expected
to be an issue. Many candidate gene studies rely on self-
reported ancestry to control for population stratification,
an approach that has been shown to be reliable in genetic
studies [50,51].

We performed additional ancestry analyses using a set
of ancestry informative SNPs selected from the genome-
wide panel. To maximize the utility of the study, we

carefully characterized each study participant, adjusted
for covariates in analysis and adjusted for ancestry
(admixture), which can produce spurious association
in population-based case-control study designs [52]. In
addition to examining for exact replication, we employed
a local replication strategy to evaluate transferability of the
reported loci in recognition of the well-known differences
in LD structure across the genome between African and
European ancestry individuals. It is nowwell documented
that testing associations in populations of recent African
ancestry is likely to improve the detection of new risk vari-
ants [25], as they may offer the opportunity to refine the
estimates of the position of the causal variant or to iden-
tify the causal variants [53,54].

A limitation of our study is the modest sample size.
Small sample size can result in insufficient power to detect
minor contributions of associated alleles and contribu-
tions of those with lowMAF. Similarly, small sample sizes
can provide imprecise or incorrect estimates of the mag-
nitude of the observed effects. Thus, non-transfer of asso-
ciations in our cohort should be interpreted with caution,
which could result from insufficient sample power.

Conclusions

In conclusion, we sought to transfer 48 published asthma
GWAS signals in a cohort of African Americans. Using
a combination of exact and local approaches, we suc-
cessfully transferred four asthma-associated loci in our
population, and thus provided independent support for
their role as risk factors for asthma in African Americans.
Association of multiple SNPs upstream of the IL33 gene
warrants further investigation. Although we acknowl-
edge both the strengths and limitations of our study, fur-
ther replication studies with larger sample sizes, deep
sequencing and functional studies are required to con-
firm the generalizability ofGWAS signals, to pin-point the
causal variants, and to decipher their role in the asthma
pathophysiology.
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