
UCSF
UC San Francisco Previously Published Works

Title

A genome-wide association study of bronchodilator response in Latinos implicates rare 
variants

Permalink

https://escholarship.org/uc/item/0573g4jn

Journal

Journal of Allergy and Clinical Immunology, 133(2)

ISSN

0091-6749

Authors

Drake, Katherine A
Torgerson, Dara G
Gignoux, Christopher R
et al.

Publication Date

2014-02-01

DOI

10.1016/j.jaci.2013.06.043
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/0573g4jn
https://escholarship.org/uc/item/0573g4jn#author
https://escholarship.org
http://www.cdlib.org/


A GENOME-WIDE ASSOCIATION STUDY OF BRONCHODILATOR
RESPONSE IN LATINOS IMPLICATES RARE VARIANTS

Katherine A. Drake, PhD1, Dara G. Torgerson, PhD1,*, Christopher R. Gignoux, MS1,
Joshua M. Galanter, MD1, Lindsey A. Roth, MA1, Scott Huntsman, MS1, Celeste Eng, BS1,
Sam S. Oh, PhD1, Sook Wah Yee, PhD2, Lawrence Lin, BS2, Carlos D. Bustamante, PhD3,
Andrés Moreno-Estrada, MD3, Karla Sandoval, PhD3, Adam Davis, MA, MPH4, Luisa N.
Borrell, DDS, PhD5, Harold J. Farber, MD, MSPH6, Rajesh Kumar, MD7, Pedro C. Avila, MD8,
Emerita Brigino-Buenaventura, MD9, Rocio Chapela, MD10, Jean G. Ford, MD11, Michael A.
LeNoir, MD12, Fred Lurmann, MS13, Kelley Meade, MD14, Denise Serebrisky, MD15,
Shannon Thyne, MD16, William Rodríguez-Cintrón, MD17, Saunak Sen, PhD18, José R.
Rodríguez-Santana, MD19, Ryan D. Hernandez, PhD2, Kathleen M. Giacomini, PhD2, and
Esteban G. Burchard, MD, MPH1,2

1Department of Medicine, University of California, San Francisco, San Francisco, CA
2Department of Bioengineering and Therapeutic Sciences, University of California, San
Francisco, San Francisco, CA
3Department of Genetics, Stanford University, Stanford, CA
4Children’s Hospital and Research Center Oakland, Oakland, CA
5Department of Health Sciences, Graduate Program in Public Health, Lehman College, City
University of New York, Bronx, NY
6Department of Pediatrics, Section of Pulmonology, Baylor College of Medicine and Texas
Children’s Hospital, Houston, TX
7Children’s Memorial Hospital; Feinberg School of Medicine, Northwestern University, Chicago, IL
8Division of Allergy-Immunology, Feinberg School of Medicine, Northwestern University, Chicago,
IL
9Department of Allergy and Immunology, Kaiser Permanente-Vallejo Medical Center, Vallejo, CA
10Instituto Nacional de Enfermedades Respiratorias (INER), Mexico City, Mexico
11Department of Epidemiology, Johns Hopkins Bloomberg School of Public Health, Baltimore, MD
12Bay Area Pediatrics, Oakland, CA
13Sonoma Technologies, Inc., Petaluma, CA
14Children’s Hospital and Research Center Oakland, Oakland, CA
15Pediatric Pulmonary Division, Jacobi Medical Center, Bronx, NY
16Department of Pediatrics, University of California San Francisco, San Francisco, CA

© 2013 American Academy of Allergy, Asthma and Immunology. Published by Mosby, Inc. All rights reserved.
*Corresponding Author: Dara G. Torgerson (dara.torgerson@ucsf.edu), Phone: 415-514-4383, Fax: 415-514-4365.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
J Allergy Clin Immunol. Author manuscript; available in PMC 2015 February 01.

Published in final edited form as:
J Allergy Clin Immunol. 2014 February ; 133(2): 370–378.e15. doi:10.1016/j.jaci.2013.06.043.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



17Veterans Caribbean Health Care System, San Juan, Puerto Rico
18Department of Biostatistics, University of California, San Francisco, San Francisco, CA
19Centro de Neumologia Pediatrica, San Juan, Puerto Rico

Abstract
Rationale—The primary rescue medication to treat acute asthma exacerbation is short-acting β2-
adrenergic receptor (β2AR) agonists (SABAs), however there is variation in how well an
individual responds to treatment. Although these differences may be due to environmental factors,
there is mounting evidence for a genetic contribution to variability in bronchodilator drug response
(BDR).

Methods—We performed a genome-wide association study (GWAS) for BDR in 1,782 Latino
children with asthma using standard linear regression, adjusting for genetic ancestry and ethnicity,
and performed replication studies in an additional 531 Latinos. We also performed admixture
mapping across the genome by testing for an association between local European, African, and
Native American ancestry and BDR, adjusting for genomic ancestry and ethnicity.

Results—We identified seven genetic variants associated with BDR at a genome-wide
significant threshold (p<5×10−8), all of which had frequencies below 5%. Furthermore, we
observed an excess of small p-values driven by rare variants (frequency < 5%), and by variants in
the proximity of solute carrier (SLC) genes. Admixture mapping identified five significant peaks;
fine mapping within these peaks identified two rare variants in SLC22A15 as being associated with
increased BDR in Mexicans. Quantitative PCR and immunohistochemistry identified SLC22A15
as being expressed in the lung and bronchial epithelial cells.

Conclusion—Our results suggest that rare variation contributes to individual differences in
response to albuterol in Latinos, notably in solute carrier genes that include membrane transport
proteins involved in the transport of endogenous metabolites and xenobiotics. Resequencing in
larger, multi-ethnic population samples and additional functional studies are required to further
understand the role of rare variation in BDR.

Keywords
bronchodilator drug response; genome-wide association study; admixture mapping; Latinos;
asthma; rare variants

Introduction
Short-acting β2-adrenergic receptor (β2AR) agonists (SABAs) are the primary rescue
medication for individuals having an asthma attack1,2. SABAs cause rapid bronchodilation,
or smooth muscle relaxation in the airways, by stimulating β2AR. Response to SABAs is
often measured by bronchodilator response (BDR), the percent change in forced expiratory
volume in one second (FEV1) after administration of a SABA. There is wide inter-individual
variability in BDR and not every patient responds to treatment 2,3. This variability may be
caused by several factors including asthma severity, drug-drug interactions, environmental
exposures, age, and genetic factors2.

A total of five candidate genes4–10 and one gene from a genome-wide association study
(GWAS)11 have been reported as having variation associated with BDR. However, all
together, these results provide limited information about the genetic contributions to
variation in BDR. The most commonly studied candidate gene is adrenoceptor beta 2,
surface (ADRB2), which encodes the direct target of SABAs (β2AR). However, evidence for
the association of variation in ADRB2 and BDR is inconsistent, which may be in part be due
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to variation in the single nucleotide polymorphisms (SNPs) studied, varying clinical
endpoints/study conditions, and differences in the assumed genetic model12. Four other
candidate genes have been studied to a lesser degree, including CRHR2, ADCY9, ARG1, and
THRB7–10. Lastly, a recent GWAS of BDR in European Americans identified SPATS2L as a
novel candidate gene for regulating β2AR levels11. However, there are likely additional
genes that contribute to differences in BDR that remain to be identified, notably in non-
European populations.

BDR has been shown to vary between four ethnic groups in the US. Despite having more
severe asthma, Puerto Ricans have lower BDR as compared to African Americans or
Mexicans13,14, and African Americans have lower BDR as compared to European
Americans 15. Although these differences may be due to environmental factors, they may
also be due to varying frequencies of genetic variants affecting BDR between populations.
Specifically, these differences may reside in the ancestral populations of admixed
individuals, including Latinos with varying degrees of African, European, and Native
American ancestry5,13,14. Therefore, admixture mapping, which tests for a correlation
between BDR and local genetic ancestry (rather than genotype at an individual SNP), is a
complementary strategy to a traditional GWAS that may identify novel genetic loci
associated with BDR.

In the current study, we performed a genome-wide association and admixture mapping study
for BDR in 1,782 Latinos with asthma from across the US and Puerto Rico, and attempted to
replicate our findings in an additional 266 Mexicans and 265 Puerto Ricans with asthma.

Methods
Study Subjects

GALA II—Patients with asthma in the discovery phase were recruited from the Genes-
Environments & Admixture in Latino Americans (GALA II) study, which began in 2006
and is an ongoing, clinical study of children between the ages of 8–21 both with and without
asthma. A total of 4,045 subjects including 1,976 patients with asthma were recruited from
urban study centers across the mainland U.S. and Puerto Rico through June 2011 (Table S1).
All participants who met criteria for enrollment (Table S2) completed in-person
questionnaires related to their medical, asthma, allergic, social, environmental and
demographic histories. In addition, all participants provided blood for genetic analysis and
underwent spirometry. Each participant or parent was also required to identify all four
grandparents as Latino. Local institutional review boards approved the studies and all
subjects and legal guardians provided written informed assent/consent.

Bronchodilator response (BDR) was calculated as the percent change in forced expiratory
volume (FEV1) following two doses of albuterol (post-FEV1) as compared to baseline prior
to administering albuterol (pre-FEV1). Specifically, FEV1 was measured prior to
administering albuterol and again after two doses of albuterol, with a 15-minute waiting
period following each dose. A total of six (if <16 years of age) to eight (if >=16 years of
age) total puffs of albuterol were administered. A total of 408 patients from the Centro de
Neumologia Pediatrica in Puerto Rico were recruited based on having a BDR of at least 8%;
of these, 121 patients were recruited based on having a BDR of at least 12%.

Self-reported ethnicity was divided into categories of Puerto Rican, Mexican, Mixed Latino,
and Other Latino. Puerto Rican and Mexican ethnicities were available as selections on the
questionnaire, whereas Mixed Latinos were defined as any individual who identified with
more than one Latino ethnic group. Other Latinos were defined as those who chose only one
Latino ethnic group from among Spanish/Hispanic/Latino, Cuban, Dominican, El
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Salvadorian, Guatemalan, Nicaraguan, Honduran, Colombian, Brazilian, and Argentinian.
We performed our analyses in all of GALA II, and separately in the subsets of self-reported
Puerto Ricans and Mexicans.

GALA I—Patients with asthma in the replication phase were participants in the Genetics of
Asthma in Latino Americans (GALA I) Study13. Briefly, GALA I is a study of subjects with
asthma (probands) age 8–40 and their biological parents recruited from schools, clinics, and
hospitals across four sites: San Francisco Bay Area, New York City, Puerto Rico, and
Mexico City. All probands who met criteria for enrollment (Table S2) completed in-person
questionnaires related to their medical, asthma, allergic, and demographic histories. One of
these criteria was to have self-reported ethnicity of either Mexican or Puerto Rican in all
four of the proband’s biological grandparents. All participants with asthma provided blood
for genetic analysis and underwent spirometry before and after administration of albuterol.
The Institutional Review Board at the University of California San Francisco and all
recruitment sites approved the study. BDR was measured in a similar fashion as GALA II
but with a lower dosage of albuterol. Specifically, post-FEV1 was measured after only a
single dose of albuterol (as compared to two doses in GALA II). A total of two (if <16 years
of age) to four (if >=16 years of age) total puffs of albuterol were administered (as compared
to four [if <16 years of age] and six [if >=16 years of age] in GALA II).

Genotyping and Quality Control
Genotyping of GALA II subjects was performed using the Axiom LAT1 array (World Array
4, Affymetrix, Santa Clara, CA) that contained 817,810 SNPs prior to quality control (QC).
This array was specifically designed for Latino populations, and was shown to capture 80%
of all variants with frequencies > 1% with an r2 of 0.8 in the MXL population (Mexicans in
Los Angeles, CA) and with an r2 of 0.7 in the PUR population (Puerto Ricans in Puerto
Rico) from the 1000 Genomes interim June 2011 release16. We removed SNPs with <95%
call rates and failed platform specific SNP quality criteria (n=63,328), those that deviated
from Hardy-Weinberg equilibrium within their respective populations (Puerto Rican,
Mexican, Other Latino) (p<10−6, n=1,845), and those not present in the Phase II HapMap (to
create a consensus dataset to estimate local genetic ancestry, n=179,092). The total number
of SNPs included in our analysis was 568,037. Subjects were filtered based on 97% call
rates, discrepancy between genetic sex and reported gender, cryptic relatedness (identity by
descent [IBD>0.3), and standard Affymetrix Axiom metrics. We also removed 136
individuals with missing BDR and 3 individuals who were outliers for BDR (BDR > 80 or <
−50). Following QC, a total of 1,782 subjects with asthma were included in this study.

Genotyping and estimates of genetic ancestry for GALA I have been described previously17.
Briefly, GALA I subjects were genotyped using the Affymetrix 6.0 GeneChip and after
quality control filtering on markers and subjects, genotypes were available for 729,685
markers in 529 children with asthma (253 Mexican and 276 Puerto Rican subjects).

Genetic Ancestry Estimation
We used genotypes from three populations to represent the ancestral haplotypes of Latinos
for estimating local genetic ancestry: HapMap European (CEU), HapMap African (YRI) and
95 Native Americans. First, we combined the CEU and YRI genotypes across Phase II,
Illumina Omni, and Affymetrix Axiom platforms for maximum coverage. In addition, we
genotyped 95 Native American samples on the Axiom LAT1 array. Global ancestry was
estimated using ADMIXTURE18, unsupervised and assuming 3 ancestral populations
(Figure S1). Local ancestry was estimated using LAMP under a 3-population model,
assuming 20 generations of admixture19,20 after phasing the ancestral haplotypes using
BEAGLE21.
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Replication
We attempted replication of significantly associated SNPs using in silico genotype
imputation followed by direct genotyping of two SNPs using a Taqman SNP genotyping
assay (Applied Biosystems, Carslbad, CA; rs1281748 and rs1281743). For in silico
replication we first phased the data using the program SHAPE-IT22 accounting for
relationships within trios. We then imputed 100kb regions around each SNP with a 20kb
buffer on each side using the program IMPUTE216 separately in the GALA I Mexicans and
Puerto Ricans. Reference haplotypes for imputation were from Phase I version 3 of the 1000
Genomes Project23. Finally, we removed SNPs that had an info score < 0.5 and used the
gene dosage output for all analyses to account for uncertainty in imputation.

Genotype Association Testing
All statistical analyses were conducted using R (v2.14.1)24. For each SNP we used linear
regression to test whether the number of minor alleles was associated with BDR after
adjusting for ethnicity, local and global African and Native American ancestry. In addition,
we performed the same analysis without adjusting for ethnicity separately in self-identified
Puerto Ricans and Mexicans. Confidence bands on QQ plots were determined using a β(j, n-
j+1) distribution for the jth order statistic with n SNPs being tested25.

For each genome-wide significant SNP (p<5×10−8), we performed in silico fine mapping
within 200 Kb up- and down-stream using IMPUTE216, and using reference haplotypes
from all available populations in the Phase I version 3 of the 1000 Genomes Project23. We
also examined the dose-response relationship between the number of minor alleles and
BDR, both before and after removing individuals with a BDR > 60 who were at the upper
end of the BDR distribution (but were not considered statistical outliers, which were
removed during QC). SNPs that were genome-wide significant and met three criteria were
validated using Sanger sequencing and carried forward for replication in GALA I: 1) > 5
copies of the minor allele, 2) a consistent dose-response relationship after removing
individuals with BDR > 60, and 3) high quality control measures and passed visual
inspection of cluster plots. We also attempted replication at an additional imputed SNP in
GALA II identified as genome-wide significant via in silico fine mapping. Replication was
performed using linear regression to test for an association between minor allele dosage and
BDR separately in Mexicans and Puerto Ricans, adjusting for local and global African and
Native American ancestry.

Admixture Mapping
We also tested for an association between local ancestry (African, Native American, and
European) and BDR in Mexicans and Puerto Ricans using linear regression and adjusting for
global ancestry. Traditional thresholds for genome-wide significance using allelic
associations are too stringent for ancestry associations due to increased ancestry-LD relative
to SNP-LD. Therefore, we ran 100 random permutations of BDR maintaining the haplotype
structure and the link between BDR and ethnicity to establish a threshold for statistical
significance of p<1.6×10−4 for African ancestry and p<1.0×10−4 for European and Native
American ancestry. We attempted to replicate significant admixture mapping peaks in
GALA I by testing for an association of BDR and local ancestry in the same manner as
described above for GALA II.

Quantification of Gene Expression
The expression of SLC22A15 was quantified in 12 human tissues using real-time reverse
transcription-PCR (rtPCR), and visualized in normal human lung tissue using
immunohistochemistry available from the Human Protein Atlas (http://
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www.proteinatlas.org/ENSG00000163393/normal/bronchus). Total RNA of 13 human
tissues (heart, adipose tissue, lung, placenta, total brain, small intestine, bladder, skeletal
muscle, esophagus, peripheral blood monocyte, kidney and liver) was purchased from
Clonetech. Each of these tissues was pooled from different individuals as specified in the
product insert from Clonetech. Two micrograms of RNA were reverse transcribed to cDNA
using a High Capacity cDNA Reverse Transcription kit (Applied Biosystems) using the
following thermal cycler conditions: 10 min at 22 °C, 2 hours at 37 °C, 5 min at 4 °C, 10
min at 75 °C and 5 min at 4 °C. Exonuclease I enzyme (10U/mL) was added to each sample
and the following incubation conditions were used to remove excess primers: 1 hour at 37
°C, 5 min at 4 °C and 10 min at 85 °C to inactivate the exonuclease enzyme. Samples were
then stored at −20 °C. Real-time PCR was performed using Biotrove OpenArray technology
(Life Technologies). The primers that were used to detect SLC22A15 transcripts are
AACTCGCTTCCTGGTGGGCATGA (forward strand) and
AGGCCGCCAATCGATCCTGCAA (reverse strand). The housekeeping genes used in this
experiment were human beta-actin (ACTB), glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) and beta-2-microglobulin (B2M); primers for these genes were predesigned by
Biotrove OpenArray technology. The mRNA expression level was normalized to the
geometric mean of the housekeeping genes, and then the fold difference of SLC22A15
transcription was determined using the delta-delta Ct method26 as described previously27.
The fold expression in human liver tissue was normalized to 1 and used as a reference for
relative quantification.

Results
Allelic Association Tests

After quality control, we tested for an association of BDR at a total of 568,037 SNPs in
1,782 children with asthma in all Latino individuals regardless of self-reported ethnicity, and
also separately in subsets of 823 Puerto Ricans and 572 Mexicans. In all three analyses we
observed an excess of small p-values compared to that expected by chance (Figure 1, and
Supplementary Fig. 2). However, this excess disappeared after removing SNPs with a minor
allele frequency (MAF) <5%, suggesting the excess of small p-values is being driven by rare
variation. We also observed an excess of small p-values in variants in the proximity of
solute carrier (SLC) genes (Supplementary Fig. 3), which include membrane transport
proteins involved in the transport of endogenous metabolites and xenobiotics.

A total of six SNPs were genome-wide significant in all subjects combined (p<5×10−8,
Figure 2A). Of these SNPs, two had minor alleles that were present in at least five
individuals (rs8191725 and rs77441273, Table 1), and both had a dose-response relationship
suggesting the minor allele confers an increase in BDR (Table 1). This relationship
remained consistent after removing individuals with BDR > 60, indicating the dose-response
relationship is not being driven entirely by individuals with more extreme BDR. In the
Puerto Rican and Mexican subsets, 7 and 6 rare SNPs were genome-wide significant,
respectively (Figure 2B and 2C). Three of these SNPs in Puerto Ricans and two in Mexicans
had minor alleles present in more than three individuals (Table 1). Only one of these
variants was present in more than five individuals and taken forward for replication
(rs77977790 in the Puerto Rican subset, Table 1). Three of the 7 SNPs that were genome-
wide significant in the Puerto Ricans were also significant in all of GALA II; however, in all
cases the association was driven by a single heterozygote with extreme BDR (BDR>60). Up
to 7 carriers of the minor allele (when present) were validated for 6 of the variants listed in
Table 1 using Sanger sequencing. All genotypes were successfully validated with the
exception of rs74973995 in a single individual that appeared homozygous. Rs8191725 failed
PCR design.
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We found no significant associations at SNPs previously reported as being associated with
BDR. However, two rare variants in the proximity of ADCY9 and CRHR2, were
significantly associated with BDR in our study after adjusting for multiple testing based on
the number of SNPs within 50 Kb of each gene (Table 2). No individual SNP was associated
with BDR within 50 Kb up- or downstream of SPATS2L, a gene identified through GWAS
in European Americans11.

We attempted to replicate a total of three SNPs in GALA I that had been detected in >5
individuals in GALA II, including two SNPs identified in all of GALA II (rs8191725,
rs77441273) and one identified in the subset of Puerto Ricans (rs77977790). We also
attempted replication of an additional rare variant in the proximity of rs77977790
(rs143010317) that was genome-wide significantly associated with BDR using in silico fine
mapping in Puerto Ricans in GALA II (β=−58, p=3.2×10−10). In silico replication via
imputation in GALA I resulted in only three polymorphic SNPs with information scores >
0.5. None were significantly associated with BDR (p>0.05, Table S3), however two of the
SNPs showed an effect size in the same direction in Puerto Ricans (rs77441273, β=24.3,
p=0.38; rs143010317, β=−12.6, p=0.24). Attempting replication by direct genotyping of
three SNPs, we were unable to cluster any heterozygous genotypes for the minor alleles
using custom TaqMan SNP Genotyping Assays.

Admixture Mapping
At each of the 568,037 loci, we tested for an association of BDR with local genetic ancestry
in 1,782 children with asthma in the subsets of 823 Puerto Rican and 572 Mexican children
(Table 3). In total, we identified 5 admixture mapping peaks that were significantly
associated with BDR (permutation p-value < 0.05, Figure 3, Supplemental Fig. 5, Table 3).
None of the admixture mapping peaks replicated in either Mexicans or Puerto Ricans in
GALA I (p > 0.05).

To perform fine mapping, we tested for allelic associations with BDR for SNPs within each
peak. Because we restricted our analyses to candidate regions, we applied a Bonferonni
correction for the number of SNPs within each peak. Two rare SNPs in the intron and
3′UTR of SLC22A15 were significantly associated with increased BDR in Mexicans under
the peak at 1p13 (rs1281748 and rs1281743, p = 8.8×10−5 and MAF=0.26% for both, Figure
4). Carrying one copy of the minor allele at these SNPs was associated with an increase of
18.8% in BDR. These allelic associations were specific to Mexicans in GALA II, despite the
admixture mapping peak having been identified in Puerto Ricans. The SNPs were not
significantly associated with BDR in the Puerto Rican subset of GALA II (p=0.28 for both),
or GALA I (p=0.28 for rs1281748, and p=0.19 for rs1281743). The associations similarly
failed to replicate in GALA I Mexicans, however only 1 and 2 individuals carried the minor
allele at rs1281748 and rs1281743, respectively (Table 4).

Transcription of SLC22A15 was detected in the lung and additional tissues using RT-PCR
(Figure 5a), and was consistent with previous findings that SLC22A15 (protein) is present in
the lung28. Immunohistochemistry data from the Human Protein Atlas (http://
www.proteinatlas.org/ENSG00000163393/normal/bronchus) confirmed our results, and
demonstrates that SLC22A15 is expressed within the cytoplasm and membrane of bronchial
epithelial cells (Figure 5b).

Discussion
We performed genome-wide tests for allelic and local ancestry associations with BDR in
1,782 Latino children with asthma from across the US and Puerto Rico, and found 16 rare
variants to be significantly associated with BDR in either Puerto Ricans, Mexicans, or in all
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of GALA II combined (including Puerto Ricans, Mexicans, and other Latinos) (p<5×10−8).
All of the associated variants had frequencies at or below 5%, and no common variants were
significantly associated with BDR following multiple testing correction. Although
associations with rare variation are typically studied through the use of complete
resequencing data, the Axiom LAT1 array used in our study was designed to have better
coverage of rare variants as compared to other commercial genotyping arrays, and to have
saturated coverage at 5,000 genes previously identified by GWAS including those for drug
response29. Our use of this array may have allowed us to detect associations at rare variants
not previously identified in genetic studies of BDR.

In addition, we replicated associations at two candidate genes for BDR (ADCY9 and
CRHR2) but at different variants than originally reported; both of the top associations were
with rare rather than common variants. We failed to identify any associated SNPs in
SPATS2L, looking both genome-wide and on a gene-based level. SPATS2L was identified as
a top candidate in a recent GWAS for BDR in populations of European ancestry, where top
signals of allelic associations were observed at two common variants and replicated in
independent studies (rs295137 and rs295114, MAF > 40%, neither were genome-wide
significant)11. One of the SNPs was genotyped in our study and we imputed the other
(rs295114, information score=0.992). However, neither was associated with BDR in our
study (Table 2), nor did we find any association with local ancestry and BDR at SPATS2L
(p>0.5). The most significant association within 50 Kb of SPATS2L was at a rare variant
(rs10203042, p=1.6×10−3, Table 2). However, this variant lies within an intron of the
neighboring gene KCTD18, and was not statistically significant after correcting for 71 tests.
There was little to no linkage disequilibrium between rs10203042 and either of the GWAS
implicated SNPs (rs295137: r2=0.004, D′=0.33; rs295114: r2=0.003, D′=0.29). The
difference between studies may be due to differences in genetic risk factors between
European and Latino populations, or to differences in patterns of linkage disequilibrium at
SPATS2L (i.e. differences in the coverage of variation between different genotyping arrays).

In addition to our allelic association results, we identified five admixture mapping peaks in
Puerto Ricans and Mexicans, where local ancestry (European, Native American, or African
ancestry) was significantly correlated with BDR. Given that rare variants are more likely
than common variants to differ in frequency between the ancestral populations of modern
Latinos30, the peaks we identified may be driven by differences in patterns of rare variation.
In support of this, we identified two rare variants under one of the admixture mapping peaks
(1p13) where the minor allele was significantly associated with higher BDR after correcting
for a reduced number of tests, whereas we found no significant associations at any common
variants.

Five of our top associated variants fell directly within an annotated gene (Table 1). All of
these genes are plausible candidates for being associated with BDR, and include an ion
transporter (SLC24A4), a gene involved in transcriptional regulation (NCOA3), and a gene
involved in vascular smooth muscle cell adhesion (SPON1). Two of the genes, IGF2R and
PAPPA2, are especially noteworthy. IGF2R activates TGFB231 and is a member of the
TGF-β pathway, which is well-studied in asthma susceptibility. PAPPA2 cleaves IGF-
binding protein 5 and may be a local regulator of IGF bioavailability 32. IGF is known to be
involved in airway inflammation and remodeling33. In addition to these genes identified
through allelic associations, two rare variants identified under the admixture mapping peak
at 1p13 are in SLC22A15, a member of the organic ion transporter family (SLC22), which
mediates the uptake of pharmaceutical drugs to different tissues used in the treatment of
diseases such as cancer and diabetes34. These two SNPs are in complete LD; however, one
of the SNPs lies within a promoter region identified through ChIP-seq in the ENCODE
studies35. Although we currently do not know the substrates of SLC22A15, using sequence-
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based profiling with additional bioinformatics analysis shows that SLC22A15 is clustered
closed to SLC22A7, an organic anion transporter36, which transports broad substrates of
compounds such as antiviral nucleosides analogs and endogenous compounds such as cyclic
GMP27. Our expression studies and data from the protein atlas demonstrate that SLC22A15
is expressed in the lung and bronchial epithelial cells; however, additional studies are
required to identify whether rare variation in SLC22A15 contributes to differential
transcription.

We attempted to replicate our findings in an independent sample of Latino children with
asthma (the GALA I study), which, to the best of our knowledge, is the only other large
study of BDR in Latinos. While two of the rare variants showed a consistent direction of
effect in Puerto Ricans (rs77441273 and rs143010317), none of the rare variants were
significantly associated with BDR in GALA I using in silico approaches at p<0.05.
Imputation quality scores were generally low for the rare variants we attempted to replicate
(0.19–0.88), and direct genotyping of three variants using Taqman assays suggests they may
be absent in GALA I. These findings are not surprising given the smaller sample size of the
replication study (N=531), and highlights the difficulty in replicating associations at
individual rare variants. Apart from differences in statistical power, there are differences in
the recruitment of patients between studies (see Methods), notably with respect to self-
identified ethnicity with subjects in GALA II having more diverse ethnic backgrounds.
Therefore, our results highlight the need for additional studies of BDR in larger samples of
Latino populations to fully understand the contributions of individual rare variants to drug
response.

In conclusion, we identified an enrichment of small p-values in a GWAS for BDR that was
driven by rare variants, and implicated multiple individual rare variants as being
significantly associated with BDR in Latino children with asthma. Additional studies
involving complete resequencing and larger population samples are required to further
understand the genetic contributions to differences in BDR. Future studies are also required
to investigate the transport function of SLC22A15 and its relationship to bronchodilation.

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

Acknowledgments
Sources of funding: This work was supported by grants from the National Institute of Health (HL088133 and
HL078885 to EGB, M01-RR00188 to Texas Children’s Hospital General Clinical Research Center), the National
Institute On Minority Health And Health Disparities (P60MD006902), the National Institutes of Environmental
Health Sciences (ES015794 to EGB), the National Institutes of Health Training Grant (T32 GM07175), the Flight
Attendant Medical Research Institute (FAMRI), the Sandler Foundation, and an Ernest Bazley Grant (PCA).

The authors acknowledge the families and patients for their participation and thank the numerous health care
providers and community clinics for their support and participation in GALA II. In particular, the authors thank the
study coordinator Sandra Salazar; the recruiters who obtained the data: Duanny Alva, MD, Gaby Ayala-Rodriguez,
Ulysses Burley, Lisa Caine, Elizabeth Castellanos, Jaime Colon, Denise DeJesus, Iliana Flexas, Blanca Lopez,
Brenda Lopez, MD, Louis Martos, Vivian Medina, Juana Olivo, Mario Peralta, Esther Pomares, MD, Jihan
Quraishi, Johanna Rodriguez, Shahdad Saeedi, Dean Soto, Ana Taveras, Emmanuel Viera. We would also like to
thank Cheryl Winkler, Ph.D. and William Klitz, Ph.D. for providing data that was used to help estimate local
ancestry.

Abbreviations

β2AR β2-adrenergic receptor

Drake et al. Page 9

J Allergy Clin Immunol. Author manuscript; available in PMC 2015 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



BDR bronchodilator drug response

FEV1 forced expiratory volume in 1 second

GALA II Genes-Environments & Admixture in Latino Americans study
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Key Messages

• A genome-wide association study for bronchodilator drug response (BDR) in
Latino children with asthma suggests that rare variation contributes to
differential drug response, notably in solute carrier genes.

• Rare variants in two candidate genes (ADCY9 and CRHR2) were associated with
BDR, however there was no association at the previously implicated common
variants in either gene.

• Admixture mapping identified a novel candidate gene expressed in lung and
bronchial epithelial cells (SLC22A15).

Drake et al. Page 13

J Allergy Clin Immunol. Author manuscript; available in PMC 2015 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 1. QQ plot for genome-wide allelic associations with bronchodilator response
The expected distribution of p-values is based on a uniform distribution. Black circles
indicate all SNPs (inflation factor, (λ=1.005), whereas blue circles include only common
SNPs with a MAF >= 5% (λ=1.004). The shaded region represents the 95% concentration
band. QQ plots for the subset of Puerto Ricans and Mexicans are shown in Supplementary
Figure 2.
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Figure 2. Manhattan plot of genome-wide association studies with bronchodilator response
Association testing for BDR was performed using linear regression including ethnicity,
local, and global African and Native American ancestry as covariates. SNPs meeting a
genome-wide significance threshold of p < 5×10−8 are colored in red. Manhattan plots for
the subset of Puerto Ricans and Mexicans are shown in Supplementary Figure 4.
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Figure 3. Admixture mapping in GALA II Puerto Ricans for (A) African, (B) Native American,
and (C) European ancestry
Ancestry association testing for BDR was performed using linear regression including
ethnicity, global African, and global Native American ancestry as covariates. Peaks
obtaining statistical significance based on permutations are indicated in red. Results for
Mexicans are shown in Supplementary Figures 5.
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Figure 4. Top signals of allelic association under the admixture mapping peak at 1p3 in
Mexicans
Plotted are the –log10(p-values) for tests of allelic association with BDR using linear
regression adjusting for ethnicity, local, and genomic African and Native American
ancestry. Significant associations were observed at two rare variants in the intron and 3′UTR
of SLC22A15 in Mexicans after correcting for a reduced number of tests.
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Figure 5. Expression levels of SLC22A15 in the lung
(A) Relative transcript abundance across human tissues assessed using quantitative rtPCR;
SLC22A15 mRNA was detected at levels over 50,000x higher in the lung as compared to the
liver. (B) Immunohistochemistry staining of lung tissue adapted from the Human Protein
Atlas (http://www.proteinatlas.org/ENSG00000163393/normal/bronchus), showing the
transcription of SLC22A15 (brown) in the cytoplasm and membrane of bronchial epithelial
cells (indicated by a black arrow).
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