A genome-wide association study of bronchodilator
response in Latinos implicates rare variants
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Background: The primary rescue medication to treat acute
asthma exacerbation is the short-acting [3,-adrenergic receptor
agonist; however, there is variation in how well a patient
responds to treatment. Although these differences might be due
to environmental factors, there is mounting evidence for a genetic
contribution to variability in bronchodilator response (BDR).
Objective: To identify genetic variation associated with
bronchodilator drug response in Latino children with asthma.
Methods: We performed a genome-wide association study
(GWAS) for BDR in 1782 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 7 genetic variants associated with BDR at
a genome-wide significant threshold (P < 5 x 10~%), all of which
had frequencies of less than 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 5 significant peaks; fine
mapping within these peaks identified 2 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 SLC genes that include membrane transport proteins
involved in the transport of endogenous metabolites and
xenobiotics. Resequencing in larger, multiethnic population
samples and additional functional studies are required to
further understand the role of rare variation in BDR. (J Allergy
Clin Immunol 2013 ;uum:EEE-EEN,)

Key words: Bronchodilator response, genome-wide association
study, admixture mapping, Latinos, asthma, rare variants

Short-acting [3,-adrenergic receptor agonists (SABAs) are the
primary rescue medication for subjects having an asthma
attack."? SABAs cause rapid bronchodilation, or smooth muscle
relaxation in the airways, by stimulating [3,-adrenergic receptor
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Abbreviations used
B2AR: B,-Adrenergic receptor
BDR: Bronchodilator response
GALA I: Genetics of Asthma in Latino Americans
GALA II: Genes-Environments & Admixture in Latino Americans
GWAS: Genome-wide association study
IGF: Insulin-like growth factor
LD: Linkage disequilibrium
MAF: Minor allele frequency
QC: Quality control
SABA: Short-acting 3,-adrenergic receptor agonist
SLC: Solute carrier
SNP: Single nucleotide polymorphism

(B>AR). Response to SABAs is often measured based on
the bronchodilator response (BDR), which is defined as the
percentage change in FEV, after administration of a SABA.
There is wide interindividual variability in the BDR, and not
every patient responds to treatment.>* This variability can be
caused by several factors, including asthma severity, drug-drug
interactions, environmental exposures, age, and genetic factors.’

Five candidate genes*'* and 1 gene from a genome-wide associ-
ation study (GWAS)'! have been reported as having variations
associated with BDR. However, altogether, these results provide
limited information about the genetic contributions to variation in
BDR. The most commonly studied candidate gene is adrenoceptor
B2, surface (ADRB?2), which encodes the direct target of SABAs
(B>AR). However, evidence for the association of variation in
ADRB?2 and BDR is inconsistent, which might be in part due to vari-
ation in the single nucleotide polymorphisms (SNPs) studied, vary-
ing clinical end points/study conditions, and differences in the
assumed genetic model.'? Four other candidate genes have been
studied to a lesser degree, including corticotropin releasing hor-
mone receptor 2 (CRHR?2), adenylate cyclase 9 (ADCY?9), arginase
1 (ARG]), and thyroid hormone receptor, beta (THRB).HO Lastly, a
recent GWAS of BDR in patients of European ancestry identified
spermatogenesis associated, serine-rich 2-like (SPATS2L) as a
novel candidate gene for regulating B,AR levels.'! 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 among 4 ethnic groups in the
United States. Despite having more severe asthma, Puerto
Ricans have lower BDR compared with African Americans or
Mexicans,'>'* and African Americans have lower BDR compared
with patients of European ancestry.15 Although these differences
might be due to environmental factors, they could also be due to
varying frequencies of genetic variants affecting BDR between
populations. Specifically, these differences might reside in the an-
cestral populations of admixed subjects, including Latinos with
varying degrees of African, European, and Native American ances-
try.5 1314 Therefore admixture mapping, which tests for a correla-
tion between BDR and local genetic ancestry (rather than genotype
at an individual SNP), is a complementary strategy to a traditional
GWAS that might identify novel genetic loci associated with BDR.

In the current study we performed a genome-wide association
and admixture mapping study for BDR in 1782 Latinos with
asthma from across the United States and Puerto Rico and
attempted to replicate our findings in an additional 266 Mexicans
and 265 Puerto Ricans with asthma.
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METHODS
Study subjects

Genes-Environments & Admixture in Latino Ameri-
cans study. Patients with asthma in the discovery phase were recruited
from the Genes-Environments & Admixture in Latino Americans (GALA 1I)
study, which began in 2006 and is an ongoing clinical study of children
between the ages of 8 and 21 years both with and without asthma. A total of
4045 subjects, including 1976 asthmatic patients, were recruited from urban
study centers across the mainland United States and Puerto Rico through June
2011 (see Table E1 in this article’s Online Repository at www.jacionline.org).
All participants who met the criteria for enrollment (see Table E2 in this
article’s Online Repository at www.jacionline.org) completed in-person
questionnaires related to their medical, asthma, allergic, social, environmen-
tal, 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 4 grandparents as Latino. Local institutional
review boards approved the studies, and all subjects and legal guardians
provided written informed assent/consent.

BDR was calculated as the percentage change in FEV, after 2 doses of
albuterol (post-FEV,) compared with baseline values before administration
of albuterol (pre-FEV,). Specifically, FEV, was measured before administer-
ing albuterol and again after 2 doses of albuterol, with a 15-minute waiting
period after each dose. A total of 6 (if <16 years of age) to 8 (if >16 years
of age) 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 subject who identified with more than 1 Latino
ethnic group. Other Latinos were defined as those who chose only 1 Latino
ethnic group from among Spanish/Hispanic/Latino, Cuban, Dominican, El
Salvadorian, Guatemalan, Nicaraguan, Honduran, Colombian, Brazilian, and
Argentinian. We performed our analyses in all of the GALA II participants and
separately in the subsets of self-reported Puerto Ricans and Mexicans.

Genetics of Asthma in Latino Americans study.
Patients with asthma in the replication phase were participants in the Genetics
of Asthma in Latino Americans (GALA I) study.13 Briefly, GALA I is a study
of subjects with asthma (probands) age 8 to 40 years and their biological
parents recruited from schools, clinics, and hospitals across 4 sites: the
San Francisco Bay Area, New York City, Puerto Rico, and Mexico City.
All probands who met the criteria for enrollment (see Table E2) 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 4 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 in GALA II but with a lower dosage of albuterol. Specifically, post-
FEV, values were measured after only a single dose of albuterol (compared
with 2 doses in GALA 1II). Two (if <16 years of age) to 4 (if >16 years of
age) total puffs of albuterol were administered (compared with 4 [if <16 years
of age] and 6 [if >16 years of age] in GALA II).

Genotyping and quality control

Genotyping of GALA 1I subjects was performed with the Axiom LATI
array (World Array 4; Affymetrix, Santa Clara, Calif), which contained
817,810 SNPs before quality control (QC). This array was specifically
designed for Latino populations and was shown to capture 80% of all variants
with frequencies of greater than 1% with an / value of 0.8 in the MXL
population (Mexicans in Los Angeles, Calif) and with an  value of 0.7 in
the PUR population (Puerto Ricans in Puerto Rico) from the 1000 Genomes
interim June 2011 release.'® We removed SNPs with less than 95% call rates
and failed platform-specific SNP quality criteria (n = 63,328), those that
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deviated from Hardy-Weinberg equilibrium within their respective popula-
tions (Puerto Rican, Mexican, and 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 sex, cryptic
relatedness (identity by descent > 0.3), and standard Affymetrix Axiom
metrics. We also removed 136 subjects with missing BDR data and 3 subjects
who were outliers for BDR (BDR of >80 or <—50). After QC, 1,782 asthmatic
subjects were included in this study.

Genotyping and estimates of genetic ancestry for GALA I have been
described previously.'” Briefly, GALA 1 subjects were genotyped with the
Affymetrix 6.0 GeneChip, and after QC 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 3 populations to represent the ancestral haplo-
types 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
by using ADMIXTURE'® unsupervised and assuming 3 ancestral populations
(see Fig El in this article’s Online Repository at www.jacionline.org). Local
ancestry was estimated by using Local Ancestry in adMixed Populations using
LD (LAMP-LD) under a 3-population model, assuming 20 generations of
admixture'®? after phasing the ancestral haplotypes with BEAGLE.?!

Replication

We attempted replication of significantly associated SNPs using in silico
genotype imputation, followed by direct genotyping of 2 SNPs with a TagMan
SNP genotyping assay (Applied Biosystems, Carslbad, Calif; rs1281748 and
rs1281743). For in silico replication, we first phased the data using the
program SHAPE-IT,* accounting for relationships within trios. We then
imputed 100-kb regions around each SNP with a 20-kb buffer on each side
using the program IMPUTE2'® separately in the GALA I Mexicans and Puerto
Ricans. Reference haplotypes for imputation were from the Phase I version 3
of the 1000 Genomes Project.”® Finally, we removed SNPs that had an
information score of less than 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 with R software (version 2.14.1).%*
For each SNP, we used linear regression to test whether the number of minor
alleles was associated with BDR after adjusting for ethnicity and 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 quantile-quantile plots
were determined by using a 3(j, n-j+ 1) distribution for the jth order statistic,
with n SNPs being tested.>

For each genome-wide significant SNP (P < 5 X 10~%), we performed
in silico fine mapping within 200 kb upstream and downstream using
IMPUTE2'® and reference haplotypes from all available populations in the
Phase 1 version 3 of the 1000 Genomes Project.”> We also examined the
dose-response relationship between the number of minor alleles and BDR,
both before and after removing subjects with a BDR of greater than 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 3 criteria were validated by using Sanger
sequencing and carried forward for replication in GALA I: (1) more than 5
copies of the minor allele, (2) a consistent dose-response relationship after
removing subjects with BDRs of greater than 60, and (3) high QC measures
and passed visual inspection of cluster plots. We also attempted replication
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at an additional imputed SNP in GALA II identified as genome-wide
significant through in silico fine mapping. Replication was performed with
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 because of increased ancestry linkage disequilibrium
(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 a statistical significance of a P value of less than
1.6 X 10~ for African ancestry and a P value of less than 1.0 X 10~* 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 1II.

Quantification of gene expression

The expression of SLC22A15 was quantified in 12 human tissues by using
real-time RT-PCR and visualized in normal human lung tissue by
using immunohistochemistry available from the Human Protein Atlas
(http://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 Clontech (Mountain
View, Calif). Each of these tissues was pooled from different subjects, as
specified in the product insert from Clontech. Two micrograms of RNA
was reverse transcribed to cDNA by using a High Capacity cDNA Reverse
Transcription kit (Applied Biosystems) with the following thermal cycler
conditions: 10 minutes at 22°C, 2 hours at 37°C, 5 minutes at 4°C, 10 minutes
at 75°C, and 5 minutes at 4°C. Exonuclease [ enzyme (10 U/mL) was added to
each sample, and the following incubation conditions were used to remove
excess primers: 1 hour at 37°C, 5 minutes at 4°C, and 10 minutes at 85°C
to inactivate the exonuclease enzyme. Samples were then stored at —20°C.
Real-time PCR was performed with Biotrove OpenArray technology (Life
Technologies, Carlsbad, Calif). The primers that were used to detect
SLC22A15 transcripts were AACTCGCTTCCTGGTGGGCATGA (forward
strand) and AGGCCGCCAATCGATCCTGCAA (reverse strand). The
housekeeping genes used in this experiment were human {-actin (ACTB),
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), and 3,-microglobu-
lin (B2M); primers for these genes were predesigned by using 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 by using the AA cycle threshold
method,?® as described previously.?” The fold expression in human liver tis-
sue was normalized to 1 and used as a reference for relative quantification.

RESULTS
Allelic association tests

After QC, we tested for an association of BDR at a total of
568,037 SNPs in 1,782 asthmatic children in all Latino subjects
regardless of self-reported ethnicity and also separately in subsets
of 823 Puerto Ricans and 572 Mexicans. In all 3 analyses we
observed an excess of small P values compared with those expected
by chance (Fig 1 and see Fig E2 in this article’s Online Repository at
www.jacionline.org). However, this excess disappeared after
removing SNPs with a minor allele frequency (MAF) of less than
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
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FIG 1. Quantile-quantile plot for genome-wide allelic associations
with BDR. The expected distribution of P values is based on a uniform
distribution. Black circles indicate all SNPs (inflation factor, A = 1.005),
whereas blue circles include only common SNPs with an MAF of 5% or
greater (A = 1.004). The shaded region represents the 95% concentration
band. Quantile-quantile plots for the subset of Puerto Ricans and Mexicans
are shown in Fig E2.

(see Fig E3 in this article’s Online Repository at www.jacionline.
org), which include membrane transport proteins involved in the
transport of endogenous metabolites and xenobiotics.

Six SNPs were genome-wide significant in all subjects
combined (P <5 X 10~%; Fig 2 and see Fig E4 in this article’s
Online Repository at www.jacionline.org). Of these SNPs, 2 had
minor alleles that were present in at least 5 subjects (rs8§191725
and rs77441273, Table I), and both had a dose-response relation-
ship, suggesting the minor allele confers an increase in BDR
(Table I). This relationship remained consistent after removing
subjects with BDRs of greater than 60, indicating the dose-
response relationship is not being driven entirely by subjects
with more extreme BDR. In the Puerto Rican and Mexican
subsets 7 and 6 rare SNPs were genome-wide significant,
respectively (see Fig E4). Three of these SNPs in Puerto Ricans
and 2 in Mexicans had minor alleles present in more than 3 subjects
(Table I). Only 1 of these variants was present in more than 5 sub-
jects and taken forward for replication (rs77977790 in the Puerto
Rican subset, Table I). Three of the 7 SNPs that were genome-
wide significant in the Puerto Rican population were also signi-
ficant in all of the GALA II participants; however, in all cases
the association was driven by a single heterozygote with extreme
BDR (BDR >60). In silico fine mapping identified 1 additional
rare variant to be more strongly associated with BDR than a
directly genotyped SNP (see Figs ES-E11 in this article’s Online
Repository at www.jacionline.org). Up to 7 carriers of the minor
allele (when present) were validated for 6 of the variants listed in
Table I by using Sanger sequencing. All genotypes were success-
fully validated with the exception of rs74973995 in a single sub-
jects who appeared homozygous. rs8191725 failed PCR design.

We found no significant associations at SNPs previously
reported as being associated with BDR. However, 2 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 II). No individual SNP was associated with BDR within
50 kb upstream or downstream of SPATS2L, a gene identified
through a GWAS in patients of European ancestry.''

We attempted to replicate 3 SNPs in GALA I that had been
detected in more than 5 subjects in GALA I, including 2 SNPs
identified in all of GALA II (rs8191725 and rs77441273) and
1 SNP identified in the Puerto Rican subset (rs77977790). We also
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attempted replication of an additional rare variant in the proximity
of rs77977790 (rs143010317) that was genome-wide signifi-
cantly associated with BDR using in silico fine mapping in Puerto
Ricans in GALAII (B = —58, P = 3.2 X 10~ '°, Fig E8). In silico
replication through imputation in GALA I resulted in only 3
polymorphic SNPs with information scores of greater than 0.5.
None were significantly associated with BDR (P > .05, see
Table E3 in this article’s Online Repository at www.jacionline.
org); however, 2 of the SNPs showed an effect size in the same
direction in Puerto Ricans (rs77441273: B = 24.3, P = .38;
rs143010317: B = —12.6, P = .24). Attempting replication by
means of direct genotyping of 3 SNPs in GALA I, we were unable
to cluster any heterozygous genotypes for the minor alleles by
using custom TagMan 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 asthmatic children in
the subsets of 823 Puerto Rican and 572 Mexican children
(Table III). In total, we identified 5 admixture mapping peaks that
were significantly associated with BDR (permutation P < .05,
Fig 3, Table II, and see Fig E12 in this article’s Online Repository
at www.jacionline.org). None of the admixture mapping
peaks replicated in either Mexicans or Puerto Ricans in GALA
I (P >.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’ untranslated region of SLC22A 15 were significantly
associated with increased BDR in Mexicans under the peak at
1p13 (rs1281748 and rs1281743, P = 8.8 X 10> and MAF of
0.26% for both; Fig 4). Carrying 1 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 = .28 for both) or
GALA I (P = .28 for rs1281748 and P = .19 for rs1281743).
The associations similarly failed to replicate in GALA I
Mexicans; however, only 1 and 2 subjects carried the minor allele
at rs1281748 and rs1281743, respectively (Table IV).

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

DISCUSSION

We performed genome-wide tests for allelic and local ancestry
associations with BDR in 1782 Latino children with asthma from
across the United States and Puerto Rico and found 16 rare
variants to be significantly associated with BDR in either
Puerto Ricans, Mexicans, or all of the GALA II population
combined (including Puerto Ricans, Mexicans, and other Latinos;
P <5 X 107®). All of the associated variants had frequencies of
5% or less, and no common variants were significantly associated
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FIG 2. Manhattan plot of GWASs with BDR. Association testing for BDR was performed by using linear
regression, including ethnicity and local and global African and Native American ancestry as covariates.
SNPs meeting a genome-wide significance threshold of a P value of less than 5 X 10~2 are colored in red.
Manhattan plots for the subset of Puerto Ricans and Mexicans are shown in Fig E4.

TABLE I. Top signals of allelic association with BDR

Mean BDR by copies of minor allele
(no. of subjects)

Population SNP ID Gene Annotation MAF P value B 0 1 2
All rs8191725* IGF2R Intronic 0.82% 33 x107° 10.2 9.9 (1750) 20.4 (29) —
rs77441273%* SLC24A4 Missense 0.17% 40 x 1071 23.6 10 (1776) 33.6 (6) —
Puerto Rican rs77977790* PAPPA2 Intronic 2.8% 46 x 1071 9.5 11.5 (776) 20.6 (46) —
rs77149876 SPONI Intronic 0.18% 14 x 1078 32.5 11.9 (819) 44.1 (3) —
rs115501901 NCOA3 3'UTR 0.18% 42 x 1078 31.5 11.9 (819) 43.1 (3) —
Mexican rs116551936 Intergenic 0.26% 59 x 107° 27.0 7.8 (566) 36 (3) —
rs74973995 Intergenic 0.18% 1.3 x 1078 32.6 7.8 (569) 39.9 (2) —

UTR, Untranslated region.
*SNPs we attempted to replicate in GALA I (see Table E3).

TABLE Il. Top signals of allelic association within 50 kb of previously reported candidate genes

Gene SNP ID Position P value Coefficient MAF No. of SNPs
ADRB?2 rs10476900 148162955 .040 1.32 10.3% 56
rs1042713 148206440 71 —0.37 44%
rs1042714 148206473 .76 —0.13 22%

ADCY?9 rs144315541 4191522 .0004* —6.66 0.7% 81
rs2230739 4033436 .33 0.98 27%

CRHR?2 1s73294475 30701596 .0011* 3.19 4.2% 39
rs7793837 30726777 .98 —0.0096 39%

ARGI 179631493 131951607 .077 2.00 2.6% 24
rs2781659 131891820 .29 —1.06 45%

SPATS2L rs10203042 201354866 .0016 4.10 2.1% 71
rs295137 201150040 48 —=0.71 38%
rs295114 201195602 .73 0.12 65%

THRB rs73038406 24573150 .010 —3.97 1.5% 179
rs892940 24538838 .34 0.96 35%

Candidate SNPs associated with BDR in prior studies are shown in italics.

*Statistically significant after Bonferroni correction for the total number of SNPs within 50 kb upstream and downstream of the transcription start and stop site of each gene.

with BDR after 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
compared with other commercial genotyping arrays and to have
saturated coverage at 5000 genes previously identified by
GWASs, including those for drug response.*® Our use of this array
might have allowed us to detect associations at rare variants not
previously identified in genetic studies of BDR.

In addition, we replicated associations at 2 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 did not identify any associated
SNPs in SPATS2L, looking at both the genome-wide level and a
gene-based level. SPATS2L was identified as a top candidate in
a recent GWAS for BDR in populations of European ancestry,
in which top signals of allelic associations were observed at
2 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
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TABLE Ill. Location of admixture mapping peaks
Population Ancestry P value Coefficient* Genome coordinates (hg19 [P < .01]) Cytoband
Puerto Rican NAM/EUR 9.4 X 107+ —2.58/2.05 Chromosome 1: 116204807-117505312 1p13
Puerto Rican NAM/EUR 7.6 X 107% 2.96/—2.56 Chromosome 2: 235202022-236278203 2q37
Puerto Rican AFR 1.7 X 1072 —2.83 Chromosome 1: 157995576-158687163 1923
Puerto Rican AFR 1.5 %1073 2.69 Chromosome 8: 5585682-6024650 8p23
Mexican AFR 13X 107 3.88 Chromosome 14: 98812269-98932579 14932

AFR, African; EUR, European; NAM, Native American.
*Coefficient is for the top of the admixture mapping peak.
fMinimum P value in Native American peak.

fMinimum P value in European peak.
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FIG 3. Admixture mapping in GALA Il Puerto Ricans for African (A), Native American (B), and European
(C) ancestry. Ancestry association testing for BDR was performed by using linear regression, including
ethnicity and 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 Fig E12.

differences in genetic risk factors between European and Latino

(Table II), nor did we find any association with local ancestry and
BDR at SPATS2L (P > .5). The most significant association
within 50 kb of SPATS2L was at a rare variant (rs10203042,
P=16X 1073, Table II). However, this variant lies within an
intron of the neighboring gene KCTDI18 and was not statistically
significant after correcting for 71 tests. There was little to no
LD between rs10203042 and either of the GWAS-implicated
SNPs (rs295137: /* = 0.004, D’ = 0.33; rs295114: /* = 0.003,
D’ = 0.29). The difference between studies might be due to

populations or to differences in patterns of LD at SPATS2L
(ie, differences in the coverage of variation between different
genotyping arrays).

In addition to our allelic association results, we identified 5
admixture mapping peaks in Puerto Ricans and Mexicans in
which 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
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FIG 4. Top signals of allelic association under the admixture mapping peak at 1p13 in Mexicans. Plotted are
the —logqo(P values) for tests of allelic association with BDR by using linear regression adjusting for
ethnicity, local, and genomic African and Native American ancestry. Significant associations were observed
at 2 rare variants in the intron and 3’ untranslated region of SLC22A15 in Mexicans after correcting for a

reduced number of tests.

TABLE IV. Top signals of allelic association and replication under 1p13 admixture mapping peak

rs1281748 rs1281743
Study P value Coefficient MAF P value Coefficient MAF
GALA 1II Puerto Rican 28 —2.65 1.04% 28 —2.65 1.04%
GALA TI Mexican 8.8 X 107° 18.8 0.26% 8.8 X 1077 18.8 0.26%
GALA I Puerto Rican 28 5.9 1.80% .19 7.7 1.50%
GALA I Mexican .56 —5.25 0.39% A7 —-9.2 0.19%
frequency between the ancestral populations of modern  drugs to different tissues used in the treatment of diseases, such

Latinos,*® the peaks we identified might be driven by differences
in patterns of rare variation. In support of this, we identified 2 rare
variants under one of the admixture mapping peaks (1pl3) in
which 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 I). 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 (SPONI). Two of the genes, IGF2R and
PAPPA2, are especially noteworthy. /GF2R activates TGFB2*'
and is a member of the TGF-f3 pathway, which is well studied
in asthma susceptibility. PAPPA2 cleaves insulin-like growth
factor (IGF)-binding protein 5 and might be a local regulator of
IGF bioavailability.>> IGF is known to be involved in airway
inflammation and remodeling.*”

In addition to these genes identified through allelic associa-
tions, 2 rare variants identified under the admixture mapping peak
at 1pl3 are in SLC22A15, a member of the organic ion transporter
family (SLC22), which mediates the uptake of pharmaceutical

as cancer and diabetes.>* These 2 SNPs are in complete LD;
however, one of the SNPs lies within a promoter region identified
through ChIP-seq in the ENCODE studies.’”> Although we
currently do not know the substrates of SLC22A1S5, using
sequence-based profiling with additional bioinformatics analysis
shows that SLC22A15 is clustered close to SLC22A7, an organic
anion transporter’®, which transports broad substrates of
compounds, such as antiviral nucleosides analogs, and endoge-
nous compounds, such as cyclic guanosine monophosphate.*’
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 contribu-
tes 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. Although 2 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 by using in silico approaches
at a P value of less than .05. Imputation quality scores were
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FIG 5. Expression of SLC22A15in the lung. A, Relative transcript abundance across human tissues assessed
by using quantitative real-time RT-PCR; SLC22A15 mRNA was detected at levels more than 50,000 times
higher in the lung compared with 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 (indi-

cated by a black arrow).

generally low for the rare variants we attempted to replicate
(0.19-0.88), and direct genotyping of 3 variants with TagMan
assays suggests they might be absent in GALA 1. 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 the Methods section), 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.

We thank the families and patients for their participation and the numerous
health care providers and community clinics for their support and participa-
tion in GALA 1II. In particular, we thank the study coordinator, Sandra
Salazar, and the recruiters who obtained the data: Duanny Alva, MD; Gaby
Ayala-Rodriguez; Ulysses Burley; Lisa Caine; Elizabeth Castellanos; Jaime
Colon; Denise Delesus; 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; and Emmanuel Viera. We also thank Cheryl Winkler, PhD, and
William Klitz, PhD, for providing data that were used to help estimate local
ancestry.

Key messages

e A GWAS for BDR in Latino children with asthma

suggests that rare variation contributes to a differential
drug response, notably in SLC genes.
Rare variants in 2 candidate genes (ADCY9 and CRHR?2)
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 ex-
pressed in lung and bronchial epithelial cells (SLC22A15).
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FIG E1. Admixture proportions for GALA Il cases. Each vertical bar represents 1 subject. For each subject,
the proportions of Native American (red), African (blue), and European (tan) ancestry are displayed.
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FIG E2. Quantile-quantile plots for genome-wide allelic associations with
BDR in all of the GALA Il population (inflation factor: A = 1.005 for all SNPs
and \ = 1.004 for common SNPs; A), GALA Il Puerto Ricans (A = 0.98 for all
SNPs and A = 0.99 for common SNPs; B), and GALA Il Mexicans (A = 0.98
for all SNPs and A = 0.996 for common SNPs; C). The expected distribution
of P values is based on a uniform distribution. Black circles indicate all
SNPs, whereas blue circles include only common SNPs with an MAF of
5% or greater. The shaded region represents the 95% concentration band.
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FIG E3. Quantile-quantile plots for genome-wide allelic associations with BDR for 17,295 SNPs in the
proximity of 457 SLC genes in all of the GALA Il population (A), GALA Il Puerto Ricans (B), and GALA I
Mexicans (C). The expected distribution of Pvalues is based on a uniform distribution. Black circles indicate
all SNPs, whereas blue circles include only common SNPs with an MAF of 5% or greater. The shaded region

represents the 95% concentration band.
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FIG E4. Manhattan plots of GWASs with BDR in Puerto Ricans (A) and Mexicans (B). Association testing for
BDR was performed by using linear regression, including ethnicity and local and global African and Native
American ancestry as covariates. SNPs meeting a genome-wide significance threshold of a P value of less
than 5 X 1078 are colored in red.
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FIG E5. Results of in silico fine mapping around rs8191725 by using imputed genotypes from the Phase |
Thousand Genomes Project in all GALA Il asthma cases. Association testing for BDR was performed by
using linear regression on genotype dosage, including ethnicity and local and global African and Native
American ancestry as covariates.
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FIG E6. Results of in silico fine mapping around rs77441273 by using imputed genotypes from the Phase |
Thousand Genomes Project in all GALA |l asthma cases. Association testing for BDR was performed by
using linear regression on genotype dosage, including ethnicity and local and global African and Native
American ancestry as covariates.



9.e7 DRAKE ET AL

J ALLERGY CLIN IMMUNOL

10 1s77149876
8 *
T 6
=)
2
e
g
< 44 ®

SPON1— < RRAS2 <—COPBL|
T T T T T T T
13.8 13.9 14 141 14.2 14.3 14.4
Position on chr11 (Mb)

FIG E7. Results of in silico fine mapping around rs77977790 (red) by using imputed genotypes from the
Phase | Thousand Genomes Project in Puerto Rican asthma cases. Association testing for BDR was
performed by using linear regression on genotype dosage, including local and global African and Native
American ancestry as covariates. A rare imputed variant (rs143010317, MAF = 0.20%) was slightly more
significantly associated with BDR, but in the opposite direction (3 = —58, P = 3.2 X 10~ '°), than the top
genotyped SNP (B = 9.5, P = 4.6 X 107 '°). rs143010317 did not replicate in GALA | Puerto Ricans by using
imputed genotypes (P = .24); however, the effect was in a similar direction (B = —12.6).
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FIG E8. Results of in silico fine mapping around rs77149876 by using imputed genotypes from the Phase |
Thousand Genomes Project in Puerto Rican asthma cases. Association testing for BDR was performed by
using linear regression on genotype dosage, including local and global African and Native American

ancestry as covariates.
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FIG E9. Results of in silico fine mapping around rs115501901 by using imputed genotypes from the Phase |
Thousand Genomes Project in Puerto Rican asthma cases. Association testing for BDR was performed by
using linear regression on genotype dosage, including local and global African and Native American

ancestry as covariates.
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FIG E10. Results of in silico fine mapping around rs116551936 by using imputed genotypes from the Phase |
Thousand Genomes Project in Mexicans asthma cases. Association testing for BDR was performed by using
linear regression on genotype dosage, including local and global African and Native American ancestry as
covariates.
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FIG E11. Results of in silico fine mapping around rs74973995 by using imputed genotypes from the Phase |
Thousand Genomes Project in Mexicans asthma cases. Association testing for BDR was performed by using
linear regression on genotype dosage, including local and global African and Native American ancestry as
covariates.
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FIG E12. Genome-wide ancestry associations with BDR in GALA Il Mexicans for African ancestry (A), Native
American ancestry (B), and European ancestry (C). Y-axis, —logio of the P value for the specified local
ancestry in the linear regression of BDR on the specified local ancestry, corresponding global ancestry,
and ethnicity. X-axis, Chromosome and position. Colors alternate for clarity. Significant loci are highlighted

in red.
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TABLE E1. Participating study centers and institutions in the GALA Il study with the number of cases with asthma included in the

current study

Study center Institution No. of cases
Chicago Northwestern University 95
Children’s Memorial Hospital 206
Houston Baylor College of Medicine Ben Taub Children’s Center, Texas Children’s Hospital 194
New York City Jacobi Medical Center 285
Puerto Rico Centro de Neumologia Pediatrica (San Juan) 408
VA Medical Center (San Juan) 296
San Francisco Bay Area Kaiser Permanente
Richmond Medical Center 5
Oakland Medical Center 4
Vallejo Medical Center 33
Bay Area Pediatrics (Oakland) 3
Children’s Hospital (Oakland) 14
La Clinica de la Raza (Oakland) 99
San Francisco General Hospital 130
Alta Vista (Oakland) 10
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TABLE E2. Eligibility criteria for participation of asthmatic patients in GALA Il versus GALA |

DRAKE ET AL 9.e14

Criterion GALA Il GALA |

Age (y) 8-21 8-40
Self-reported ethnicity of child and all 4 grandparents Hispanic or Latino Mexican or Puerto Rican
History of physician-diagnosed asthma Yes Yes
Symptoms of coughing, wheezing, or shortness of breath in the past 2 y Yes Yes

No respiratory tract infections for >6 wk (clinical stability) Yes Yes

No asthma exacerbations for >6 wk (clinical stability) Yes Yes

Less than 10 pack year smoking history and no smoking in the last year Yes Yes

If pregnant, less than third trimester Yes Yes

No history of other lung diseases or other chronic illnesses Yes Yes
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TABLE E3. Results from in silico replication of four SNPs through imputation in GALA |
GALA | Puerto Ricans GALA | Mexicans

SNP Information score P value Coefficient Information score P value Coefficient
rs8191725 0.57 .990 -04 0.88 939 1.1
1s77441273 0.66 376 24.3 .37 NA NA
1877977790 .28 NA NA .19 NA NA
rs143010317 .59 24 —12.6 5 NA NA

NA, Not applicable.
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